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A B S T R A C T 

We present a spatially resolved analysis of four star-forming galaxies at z = 4 . 44 − 5 . 64 using data from the JWST Public 
Release Imaging for Extragalactic Research (PRIMER) and ALMA-[C II] Resolved ISm in STar-forming galaxies with ALma 
(CRISTAL) surv e ys to probe the stellar and interstellar medium properties on the sub- kpc scale. In the 1 − 5 μm JWST NIRCam 

imaging we find that the galaxies are composed of multiple clumps (between 2 and ∼8) separated by � 5 kpc , with comparable 
morphologies and sizes in the rest-frame ultraviolet (UV) and optical. Using BAGPIPES to perform pix el-by-pix el spectral 
energy distribution (SED) fitting to the JWST data, we show that the star formation rate (SFR) ( � 25 M � yr −1 ) and stellar mass 
( log 10 ( M � / M �) � 9 . 5) derived from the resolved analysis are in close ( � 0 . 3 dex ) agreement with those obtained by fitting the 
integrated photometry. In contrast to studies of lower mass sources, we thus find a reduced impact of outshining of the older 
(more massive) stellar populations in these normal z � 5 galaxies. Our JWST analysis recovers bluer rest-frame UV slopes 
( β � −2 . 1) and younger ages ( � 100 Myr ) than archi v al v alues. We find that the dust continuum from ALMA-CRISTAL seen 

in two of these galaxies correlates, as expected, with regions of redder rest-frame UV slopes and the SED-derived A V 

, as well 
as the peak in the stellar mass map. We compute the resolved IRX –βrelation, showing that the IRX is consistent with the local 
starburst attenuation curve and further demonstrating the presence of an inhomogeneous dust distribution within the galaxies. 
A comparison of the CRISTAL sources to those from the FirstLight zoom-in simulation of galaxies with the same M � and SFR 

reveals similar age and colour gradients, suggesting that major mergers may be important in the formation of clumpy galaxies 
at this epoch. 

Key words: galaxies: high-redshift – galaxies: irregular – galaxies: ISM - galaxies:star formation. 
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 full understanding of the formation and evolution of early galaxies 
equires spatially resolved information. An analysis of the emitted 
est-frame ultraviolet (UV) and optical light provides a measure 
f the stellar properties at the time of observation, as well as the
tar formation history (SFH) of the galaxy by probing stars of
ifferent ages. The continuum and line emission in this wavelength 
ange can also be impacted by (potentially inhomogeneous) dust 
ttenuation (e.g. Abdurro’uf et al. 2023 ; Hashimoto et al. 2023 ;
illi et al. 2024 ) and/or metallicity gradients (e.g. identified through 

pectroscopic studies; Tripodi et al. 2024 ; Venturi et al. 2024 ). The
avelength dependent morphology further provides information on 

he formation mechanism of high-redshift galaxies by highlighting 
ny signatures of merging activity, for example through the iden- 
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ification of multiple discrete clumps (Barisic et al. 2017 ; Bowler
t al. 2017 ; Hashimoto et al. 2019 ), or established stellar discs
hrough the detection of a centralized redder component attributed 
o older stars (Ji et al. 2024 ; Fujimoto et al. 2024 ; Setton et al.
024 ). 
The Hubble Space Telescope (HST) has provided a wealth of 

nformation about the morphology and colour of galaxies up to very
igh redshifts ( z � 11, e.g. Oesch et al. 2010 ; Holwerda et al. 2015 ).
o we ver, at z > 5 the HST /Wide-Field Camera 3 (WFC3) imaging is

imited to probing the rest-frame UV regime, where dust obscuration 
an play a significant role. It is therefore not clear if the clumpy
orphology observed in many z � 5 galaxies is a result of mergers

r if these components are embedded in an underlying disc (e.g.
arisic et al. 2017 ). With the advent of imaging from the JWST Near

nfrared Camera (NIRCam) instrument, it is possible for the first time
o obtain sub-kpc scale imaging in the rest-frame optical for galaxies
p to z � 10. These measurements provide a step change in the study
f the rest-frame optical continuum and emission line properties at 
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hese redshifts, which were previously only inferred from relatively
oor resolution Spitzer /Infrared Array Camera (IRAC) photometry
e.g. Stefanon et al. 2023 ). 

The majority of known z > 4 galaxies have been identified via
he detection of the Ly α break in the rest-frame UV, sometimes in
ombination with a narrow-band filter to pick up the Ly α emission
ine itself (see Stark 2016 for a re vie w). The physical properties of the
alaxies are then obtained through spectral energy distribution (SED)
tting of the observed optical and near-infrared (NIR) photometry.
ue to the compact sizes of the majority of galaxies at z � 4, even in

WST imaging the galaxies are marginally resolved (with half-light
adii of ∼1 kpc; Morishita et al. 2024 ; Ono et al. 2024 ; Varadaraj et al.
024 ). Global properties such as the stellar mass and star formation
ate (SFR) are therefore derived from the integrated light of the
ource. While the biases that can occur in properties derived from
ED fitting have been extensively discussed for galaxies at z � 2
e.g Sorba & Sawicki 2018 ; Leja et al. 2019 ), it is not clear how
iscrepant resolved and integrated properties of galaxies might be
t high redshift. For example the reduced cosmic time available and
he potential lack of dust attenuation (Fudamoto et al. 2020a ; Bowler
t al. 2024 ) could in principle simplify the SED fitting process making
lobally derived properties robust. With the unique combination of
ensitivity, spatial resolution, and spectroscopic capabilities of JWST
t > 1 μm, it is now possible to perform spatially resolved analyses
hat probe the rest-frame optical for the first time. This allows the
esting of the previously obtained physical properties for a wide range
f z � 4 galaxies. 
Using JWST NIRCam imaging of five lensed z � 5 . 2–8.5 galaxies,

im ́enez-Arteaga et al. ( 2023 ) found that when spatially resolving
he galaxies, the rest-frame UV light was dominated by com-
act regions that show young ages, as revealed by strong [O III]
λ4959 , 5007 emission lines. The resolved SED fitting revealed
egions of the galaxies with substantial stellar mass, but less current
tar formation and older ages. While the light from these regions is
easured in the integrated photometry, these areas of high stellar
ass are ‘outshone’ by the younger pockets of star formation, which

hen leads to an underestimate of the stellar mass when fitting to the
ntegrated photometry by up to 1 dex . A similar effect is seen in the
trongly lensed galaxy nicknamed the ‘Cosmic Grapes’ introduced in
ujimoto et al. ( 2024 ). In this g alaxy, Gim ́enez-Arteag a et al. ( 2024 )
emonstrate the effect of outshining and the inability of a variety
f typically assumed SFHs in reproducing the galaxy properties
rom the global photometry. These studies, based on JWST -selected
trongly lensed galaxies, demonstrate that outshining appears to
e significant at log 10 ( M � / M �) < 9 in ‘typical’ sources (lying on
he galaxy main sequence). It might be expected that such effects
ould be reduced at higher stellar masses, where in general the
alaxy is experiencing less extreme or dominant pockets of very
oung star formation. Indeed, P ́erez-Gonz ́alez et al. ( 2023 ) find no
ystematic offset between stellar masses derived from a resolved
nd integrated SED fitting analysis using a sample of red galaxies
t z > 3 with log 10 ( M � / M �) � 10. Further results at z � 4 indicate
 reduced effect of outshining at log 10 ( M � / M �) � 10 . 5, reco v ering
imilar spatially resolved properties to those obtained from fitting
he integrated/global photometry (Nelson et al. 2023 ; Setton et al.
024 ). The goal of this work is to connect these studies, which
robe widely different mass ranges and are based on various sample
elections, by determining the significance of outshining in ‘typical’
ain-sequence galaxies at z � 5. 
The ALMA-[C II ] resolved ISM in star-forming galaxies with

LMA (CRISTAL: Herrera-Camus, in press) large programme aims
o revolutionize studies of the rest-frame UV to far-infrared (FIR)
NRAS 539, 2685–2706 (2025) 
EDs of z � 5 galaxies, with high-resolution ( ∼0.3 arcsec, equi v a-
ent to ∼2.0 kpc at z = 4 . 5) [C II] and dust continuum observations in
 sample of o v er 20 main-sequence galaxies. Previous observations of
he FIR emission in high-redshift galaxies has shown that the stellar

ass range of log 10 ( M � / M �) = 9–10 is key for understanding the
uild-up of dust at early times. As shown in samples of galaxies
bserved through various ALMA large programmes, within this
ass range the obscured SFR fraction of z = 4–8 galaxies is � 0 . 5

Fudamoto et al. 2020b ; Algera et al. 2023 ; Bowler et al. 2024 ;
itsuhashi et al. 2024 ), with some sources showing f obs > 0 . 9

Fudamoto et al. 2021 ). 
CRISTAL has already revealed significant dust obscured star

ormation (Mitsuhashi et al. 2024 ) in typical z = 4–6 galaxies. It has
lso disco v ered the comple x highly resolv ed [C II] emission around
wo massive galaxies suggestive of a merging event (Posses et al.
024 ; Solimano et al. 2024 ), along with the first significant sample
f resolved rest-frame UV to FIR SED fitting in Li et al. (2024), dust
emperature measurements in HZ10 (Villanue v a et al. 2024 ), and the

easurement of [C II] sizes (Ikeda et al. 2025 ). 
In this work, we perform a spatially resolved SED fitting analysis

f four normal z � 4–6 galaxies with log 10 ( M � / M �) � 9 . 5 to
nvestigate the effect of outshining in main-sequence star-forming
alaxies and to understand the trends and potential biases in the
reviously obtained SED fitting properties of galaxies of this stellar
ass. Our sample includes all of the sources that are part of the
RISTAL ALMA large programme that o v erlap with the Public
elease Imaging for Extragalactic Research (PRIMER; Dunlop et al.
021 ) JWST imaging, which observed the Cosmic Evolution Survey
COSMOS) field with eight NIRCam filters. These sources are
xtended on the scale of an arcsecond and are detected with a high
ignal-to-noise ratio (SNR), allowing a detailed spatially resolved
nalysis. The resolved parameters are then compared with high-
patial resolution ( ∼0.25 arcsec) ALMA-CRISTAL dust continuum
mission. 

The paper is structured as follows. We present the data sets we
se in Section 2 , followed by a description of our point spread
unction (PSF) homogenisation and resolved SED fitting analysis
n Section 3 . The spatially resolved SED fitting maps are presented
n Section 4 , along with a comparison of the resolved and integrated
roperties. In Section 5, we discuss our results and compute a
esolv ed infrared-e xcess ( IRX = log 10 [ L IR / L UV ])- β relation for the
ample (where β is the rest-frame UV slope; F λ ∝ λβ ). We end with
ur conclusions in Section 7 . We assume AB magnitudes throughout,
nd use the cosmological parameters �M 

= 0 . 3 , �� 

= 0 . 7 and
 0 = 70 km s −1 Mpc −1 . At z = 4 . 5 (5 . 5), 1 arcsec corresponds to a

hysical distance of 6 . 6 (6 . 0) kpc . 

 DATA  A N D  SAMPLE  

his study is based on JWST imaging data from the PRIMER surv e y,
hich allows a pix el-by-pix el spatially resolved analysis of the

our galaxies we consider. We then compare the resulting physical
arameter maps to ALMA observations in Band 7 obtained as part
f the CRISTAL large programme. In this section, we describe the
ain features of these data sets and the selection function of the four

alaxies we study. 

.1 JWST PRIMER 

RIMER was a Cycle 1 program (PI: Dunlop, PID 1837) providing
eep NIRCam imaging within the COSMOS and Ultra-Deep Surv e y
UDS) fields. We utilize the PRIMER internal V0.5 data release,



Spatially resolved z � 5 galaxies with PRIMER 2687 

w  

C
(
i  

o  

t
r
v
N
f
1  

w  

w
T  

p  

F  

d
D  

p

c  

c
t
a  

w
(  

t  

u

2

T  

p
R
C  

s
e
t
O  

e  

s
S  

2  

w
(
B
[  

c
i  

>  

1  

c  

C
i  

o
a  

i  

d  

i
n  

s
t  

Table 1. The basic information and measured total or integrated photometry 
for the four CRISTAL galaxies studied in this work. The rows show the 
spectroscopic redshift from the ALPINE programme (Le F ̀evre et al. 2020 ) 
determined from [C II] , the RA and Dec. of the rest-frame UV component, and 
the rest-frame equi v alent width of Ly α as presented in the ALPINE catalogue 
(Cassata et al. 2020 ; Faisst et al. 2020 ). The remaining rows show the total 
flux in the PRIMER JWST NIRCam filters measured in nJy, calculated 
by summing the pixels of the source across our mask and accounting for 
the missing flux outside this aperture. The errors on the photometry were 
determined from the standard error on the mean, ho we ver for our SED fitting 
analysis we set a floor on the error of 5 per cent. 

ID CRISTAL-11 CRISTAL-13 CRISTAL-15 CRISTAL-17 

z [CII] 4.44 4.58 4.58 5.64 

RA (deg) 150.1359 150.1715 150.1986 150.1630 
Dec. (deg) 2.2579 2.2873 2.3006 2.4257 

EW Ly α, 0 ( Å) 34 ± 17 9 . 9 ± 1 . 2 22 . 4 ± 1 . 4 58 ± 13 

F 090 W (nJy) 419 ±4 342 ±3 588 ±2 166 ±1 
F 115 W (nJy) 420 ±3 394 ±3 591 ±2 220 ±1 
F 150 W (nJy) 411 ±3 377 ±2 548 ±2 163 ±1 
F 200 W (nJy) 563 ±2 548 ±2 623 ±2 141 ±1 
F 277 W (nJy) 783 ±2 816 ±2 968 ±2 172 ±1 
F 356 W (nJy) 811 ±2 784 ±2 733 ±2 244 ±1 
F 410 M (nJy) 653 ±5 616 ±4 528 ±4 124 ±2 
F 444 W (nJy) 672 ±5 623 ±4 555 ±4 196 ±2 
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1 The original IDs as part of this programme, and carried into the 
ALMA ALPINE follow-up are DEIMOS COSMOS 630594 (C11), 
vuds cosmos 5100994794 (C13), vuds cosmos 5101244930 (C15), 
DEIMOS COSMOS 742174 (C17). 
hich includes the first half of the data set in the PRIMER-
OSMOS field as observed in December 2022 and January 2023 

known as the COSMOS-2 observations). Further data, observed 
n April and May 2023 co v ered the second half, or COSMOS-1
bserv ations, ho we ver the four sources in our analysis sit within
he COSMOS-2 region and hence this additional data were not 
equired for this analysis. The data were reduced using a custom 

ersion of the JWST calibration pipeline, PENCIL (PRIMER enhanced 
IRCam Image Processing Library; Magee, in preparation), starting 

rom the UNCAL.FITS files.The reduction process remo v ed e xcess 
 /f striping, masked the residual snowball artefacts and remo v ed
isp artefacts in the F 150 W and F 200 W filters. The astrometry
as aligned to GAIA data release 3 (Gaia Collaboration 2023 ). 
he COSMOS-2 data we use consist of a mosaic of 19 NIRCam
ointings across 8-band photometry ( F 090 W , F 115 W , F 150 W ,
 200 W , F 277 W , F 356 W , F 410 M , F 444 W ) where the 5 σ limiting
epths are approximately m AB = 28 (0.3 arcsec diameter aperture; 
onnan et al. 2024 ). The mosaic has a pixel scale of 0.03 arcsec per
ixel. 
We verified the internal astrometric accuracy of the data using 

ut-outs of the size of 3000 × 3000 pixels (or 1 . 5 × 1 . 5 arcmin)
entred on our targets. Using the sample of sources selected within 
hese cut-outs, we determined that the relative image alignment has 
 precision of � 0 . 02 arcsec or less than one pix el. F or our analysis
e homogenized the PSF of the images using the WebbPSF models 

Perrin et al. 2012 , 2014 ). Each filter image was matched to that of
he F 444 W PSF using convolution kernels derived from the PSFs
sing the Wiener–Hunt deconvolution algorithm. 

.2 ALMA-CRISTAL large programme 

he four galaxies that we study in this work were observed as
art of the ALMA-CRISTAL large programme (2021.1.00280.L; PI: 
odrigo Herrera-Camus, see Herrera-Camus et al., in preparation) in 
ycle 8. The goal of CRISTAL was to provide high sensitivity and

patial resolution observations of the [C II] line and dust continuum 

mission in a subset of galaxies from the ALMA Large Program 

o Investigate C + at Early Times (ALPINE; 2017.1.00428.L; PI: 
. Le F ̀evre; B ́ethermin et al. 2020 ; Faisst et al. 2020 ; Le F ̀evre

t al. 2020 ). Further constraints were placed on the sample selection
o that the 19 CRISTAL galaxies had stellar masses derived by 
ED fitting using LE PHARE (Arnouts et al. 1999 ; Ilbert et al.
006 ) of log 10 ( M � / M �) > 9 . 5, had HST data available and were
ithin a factor of 3 of the evolving star-formation main sequence 

see Herrera-Camus et al., in preparation for details). The ALMA 

and 7 observations are centred on the known frequency of the 
C II] 158 μm line as detected in ALPINE. Extended and compact
onfigurations were used to provide a beam size of ∼0.3 arcsec 
n the natural weighting, but with a maximum reco v erable scale of
 4 arcsec. Two of the galaxies we study in this work, CRISTAL-

1 and CRISTAL-13, are detected significantly ( > 3 σ ) in the dust
ontinuum first by ALPINE (B ́ethermin et al. 2020 ), and now by
RIST AL. CRIST AL-15 and CRIST AL-17 had negligible detection 

n the dust continuum, ho we ver we utilize upper limits on the L IR in
ur IRX analysis. The extraction of the flux and inferred luminosity 
re described in Mitsuhashi et al. ( 2024 ), and we utilize these values
n our determination of the IRX, though we do not include the ALMA
ata in our SED fitting and therefore do not PSF match the NIRCam
mages to the ALMA resolution. For CRISTAL-11 the beam of the 
atural weighted data was 0 . 50 × 0 . 39 arcsec, with a root-mean
quare (RMS) of 19 μJy beam 

−1 . For CRISTAL-13 the beam of 
he natural weighted data was 0 . 54 × 0 . 45 arcsec, with a RMS of
5 μJy beam 

−1 . For CRISTAL-15 the beam of the natural weighted 
ata was 0 . 42 × 0 . 36 arcsec, with a RMS of 11 . 5 μJy . For CRISTAL-
7 the beam of the natural weighted data was 0 . 76 × 0 . 64 arcsec,
ith a RMS of 9 μJy . The astrometric accuracy of the dust con-

inuum images for CRISTAL-11 and CRISTAL-13, approximated 
sing � FWHM / SNR , are 120 milliarcsec , and 80 milliarcsec , 
espectively. 

.3 Sample 

n this study we focus on a sample of spectroscopically confirmed,
assive Lyman-break galaxies at z � 4–6 that are both in the
RISTAL sample and have deep multiband NIRCam imaging from 

he PRIMER surv e y. The sources were initially part of a large i-
and selected sample in COSMOS, of which 118 were observed 
ith ALMA as part of the ALPINE large programme (Le F ̀evre

t al. 2020 ). They were originally spectroscopically confirmed via 
he detection of the Ly α line, 1 and subsequently detected in the [C II]
ooling line in ALPINE to provide a systemic redshift (see Table 1 ).
everal CRISTAL galaxies have JWST imaging or spectroscopic 
ollo w-up, ho we ver only four benefit from the full eight NIRCam
lters from PRIMER. Postage stamp images of these galaxies are 
hown in Fig. 1 . 

As detailed in Le F ̀evre et al. ( 2020 ) and Faisst et al. ( 2020 ), the
LPINE sample includes galaxies at z > 4 selected using different

echniques, with spectroscopic follow-up including sources with both 
est-frame UV emission and absorption features. Using the [C II] 
etections, the galaxies were given morpho-kinematic classifications 
s an indication of the potential formation mechanism, based on the
alaxy morphology and observed kinematic structure. We present 
MNRAS 539, 2685–2706 (2025) 
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M

Figure 1. Postage-stamp cut-out images of the NIRCam data available for the four CRISTAL galaxies in this work. The galaxies were observed as part of the 
CRISTAL ALMA large programme, and o v erlap with the deep JWST data in the PRIMER-COSMOS field. Each image is 1.4 arcsec on a side, with North to the 
top and East to the left. The stamps are ordered with wavelength from blue (left) to red (right) for the JWST images, followed by the previous best HST images 
in the ACS/ F 814 W and WFC3/ F 160 W filter bands. The images displayed are from the original PRIMER reductions and are before PSF homogenisation has 
been conducted. The pixel scale is 0.03 arcsec for all filter bands except WFC3/ F 160 W for which it is 0.06 arcsec, and the stamps have been scaled from [ −3, 
max] σ , where σ was determined from the RMS of the empty background. 
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he rest-frame equi v alent-widths ( EW 0 ) from the ALPINE catalogue
n Table 1 . Cassata et al. ( 2020 ) note that the Ly α emission in
RIST AL-11 and CRIST AL-15 may be offset from the optical and

C II] peak by ∼0.5 arcsec (which is approximately 3 kpc at this
edshift). 

CRIST AL-11 and CRIST AL-13 were initially identified using
he Lyman-break technique. They both have an assigned morpho-
inematic class of ‘extended dispersion-dominated’, which corre-
ponds to a resolv ed/e xtended [C II] emission line that did not show
 velocity gradient in the ALPINE [C II] data. CRISTAL-13 also
as a classification of ‘UNC’ in Jones et al. ( 2021 ), indicating
hat the merger or rotating disc classifications cannot be robustly
ssigned. In contrast, CRISTAL-15 and CRISTAL-17 were both
nitially selected as narrow-band detected sources, meaning that they
ad significant Ly α emission to cause an excess in the narrow-
and images (SuprimeCam NB711 at z = 4 . 5 and NB814 at z = 5 . 7
or the two sources, respectively). The morpho-kinematic class of
RISTAL-15 is a ‘pair-merger’, indicating that the source shows
vidence for an interaction, typically showing a disturbed velocity
ap or separate components in the [C II] or auxiliary data. As stated

n Cassata et al. ( 2020 ), this source has multiple components in the
ptical data and hence was classified as a merger. Finally, CRISTAL-
7 has not been allocated a morpho-kinematic class from these
revious works due to a weak [C II] emission line, ho we ver Cassata
t al. ( 2020 ) identify that the [C II] emission is offset by 0.7 arcsec
rom the peak of the Ly α and optical emission. 

As presented in Herrera-Camus et al. in preparation, in the
LMA-CRISTAL data all four galaxies have [C II] detections with
 measured signal-to-noise of 3.7–12. For CRISTAL-11 and -13,
he [CC II] peaks at the position of the dust continuum emission,
ut there is additional [CC II] flux extending beyond the rest-frame
V/optical emission. CRISTAL-15 has [CC II] emission centred on

he source, with the weak emission in CRISTAL-17 being offset to the
orth. From kinematic analysis presented in Lee et al., in preparation,
RISTAL-11 and CRISTAL-15 show evidence for being a rotating
isc. 
NRAS 539, 2685–2706 (2025) 
 M E T H O D S  

ere, we present the key steps in our analysis of the high spatial
esolution JWST NIRCam images from PRIMER. Specifically, we
arry out a pix el-by-pix el SED fitting analysis and estimate the rest-
rame UV and optical sizes from a parametric and non-parametric
tting approach, which we then can compare to the dust continuum
izes obtained in Mitsuhashi et al. ( 2024 ). 

.1 Pixel fitting criteria 

e created an image mask for each source that identified pixels
n which we are confident that we can determine robust physical
arameters from our SED fitting analysis. The mask was created
sing an inverse-variance weighted (IVW) stack, combining all the
vailable bands. Pixels were selected if they reached a SNR of 20 in
his band-combined stack. This criteria results in 100–450 individual
ixels being fit per galaxy, with the major features retained for each
ource across the wide wavelength range covered. The fitting of
hese pixels results in derived physical parameters that we call the
esolved quantities following the terminology of Gim ́enez-Arteaga
t al. ( 2023 ). Integrated photometry was obtained for each galaxy by
umming the fluxes of each individual pixel used in the resolved fits to
roduce a single flux value for each photometric band. This was done
as opposed to aperture photometry) to allow for a direct comparison
f the inferred parameters in a resolved versus integrated analysis
sing the same pixels. Both the resolved and integrated fits miss a
roportion of the total galaxy light due to the conserv ati ve mask we
se, which corresponds to a reco v ery fraction of 0.72, 0.69, 0.78, and
.53 of the total light for CRISTAL-11, -13, -15, and -17 respectively.
he total flux here was determined in each band by summing the flux

n the cut-out image at > 2 σ significance, taking an average across
he NIRCam bands available (no significant trends with wavelength
ere seen, as supported by the comparable rest-frame UV and optical

izes we determine). This method for determining the total flux gives
onsistent results to using a fixed large aperture. We correct both the
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2 https:// github.com/ Jammy2211/ PyAutoGalaxy 
esolved parameters and the integrated photometry by these factors. 
he enclosed flux of the mask used for CRISTAL-17 contains a 
ignificantly lower fraction of the total galaxy light than the other 
hree sources: CRISTAL-17 is the faintest galaxy in our sample 
nd therefore a lower proportion of the pixels pass our conserv ati ve
asking criterion. As we show in Section 4.2.2 , CRISTAL-17 also 

hows a significantly lower flux in the NIRCam data compared to the
revious ground-based and Spitzer /IRAC photometry. We identify 
 lower redshift companion galaxy to the North of CRISTAL-17 
hat appears to have contaminated the measured flux for the central 
ource in the previous COSMOS2015 and COSMOS2020 catalogues 
most strikingly by a factor of > 2 in the 3 . 6 μm band), leading to the
bserved lower fluxes in the high resolution NIRCam data. 

.2 SED fitting analysis 

e perform SED fitting to the pix el-by-pix el/resolv ed and integrated
summing the pixel photometry) fluxes using the eight NIRCam 

ands. We do not include the ALMA data in our fitting, due to the
educed resolution of this data, ho we ver a JWST + ALMA matched
esolution SED fitting analysis of the full CRISTAL sample is 
resented in Li et al. (2024) and we present a comparison to the results
f this study in Appendix A . We use BAGPIPES (Bayesian Analysis
f Galaxies for Physical Inference and Parameter EStimation; Carnall 
t al. 2018 ) to perform our SED fitting. For our fiducial physical
roperty estimates we assume a constant star formation history 
CSFH) model, which allows a direct comparison with the works of
arnall et al. ( 2023 ) and Gim ́enez-Arteaga et al. ( 2023 ) who follow
 similar approach but for fainter galaxies. Note that we expect the
SFH to be a good approximation to the pixel fitting as these regions

ikely have a simple SFH that can be approximated with different 
agnitude and duration top-hat functions. Ho we v er, we e xpect the
SFH assumption to affect the integrated photometry results to a 
reater degree (see Section 5 and Gim ́enez-Arteaga et al. 2024 ). We
lso additionally fit with a delayed exponential model (delayed- τ ; 
F R ∝ t e −t/τ ) to provide a comparison. As shown in Gim ́enez-
rteaga et al. ( 2024 ), a similar peaked parametrization (the double
ower law) provides the greatest agreement between the integrated 
nd resolved measurements, allowing us to test the effect of varying 
he SFH on our results. 

We allow the age to vary from 1 Myr to 1 Gyr, and we fix the
etallicity at 0.5 Z �. The dust attenuation law is assumed to be
alzetti et al. ( 2000 ) and we allow the magnitude of attenuation to
ary in the range 0 < A V < 2. We include nebular emission in our
odel using the BAGPIPES default parametrization and allowing 

he ionization parameter U to vary in the range −4 < log 10 ( U ) <
2. Nebular and stellar light is assumed to be subject to the same

ttenuation. We set a floor to the error of 5 per cent as is standard
n SED fitting analyses. We fix the redshifts of the four objects to
he previously determined systemic spectroscopic redshifts from the 
LPINE programme (Le F ̀evre et al. 2020 ). Applying a resolved
ethodology like that performed here allows us to observe regions 

f these galaxies that would otherwise be blended and fitted as a
ingle source (with a single value of e.g. A V , age) as we discuss in
etail below. We homogenized the PSF of the images to match that
f coarsest spatial resolution data, which provided a smoothing of 
he derived results over the scale of the F 444 W PSF size, which is

0.16 arcsec or five pixels. Therefore neighbouring pixels are not 
ndependent in the fitting analysis on this scale. 

The parameters inferred for each pixel fit allow us to build maps of
ach parameter matching the spatial resolution of the F 444 W image,
here we display the 50th percentile from the posterior distribution 
erived in BAGPIPES . In addition to parameter estimates produced 
rom the SED fitting, we also inferred other parameters from the best-
tting SED model in the integrated and resolved cases. By fitting
 power-law slope in the wavelength range of λrest = 1268–2580 

(Calzetti, Kinney & Storchi-Bergmann 1994 ) we extracted an 
stimate of the rest-frame UV slope ( β, where F λ ∝ λβ ). Rest-frame
qui v alent widths of H α and H β + [O III] were also derived from
he best-fitting SED using the indices fitting function in BAGPIPES .

e also present the empirical colour maps across the rest-frame 
V and Balmer break region as obtained by subtracting the rele v ant
road-band images. For CRIST AL-11, CRIST AL-13, and CRIST AL-
5 at z � 4 . 5 the F 090 W −F 150 W colour is a proxy for the rest-
V slope and the Balmer break is bracketed by F 150 W −F 277 W ,
hile for CRISTAL-17 at z = 5 . 64 the appropriate colours are
 090 W −F 200 W and F 200 W −F 356 W . We note here that the rest-

rame optical emission lines of H α lies within the F 356 W band
or CRISTAL-11, -13, and -15 and in F 444 W (not F 410 M ) for
RISTAL-17. The H β + [O III] complex lies within F 277 W for the

hree z � 4 . 5 sources, and in F 356 W for CRISTAL-17 at z = 5 . 6. 

.3 Estimates of global properties 

e estimate the global properties of the four galaxies following the
wo methodologies included in Gim ́enez-Arteaga et al. ( 2023 ). First,
e compute the resolved physical properties for the sample using 

he results of the pix el-by-pix el fitting, which takes into account
he potential differing properties across the source. To derive the 
esolved stellar mass and SFR, we simply summed all pixels present
n our maps that were included in the fitting analysis according to our
VW mask. We then correct this to a measure of the total mass using
he aperture corrections we derive in Section 3.1 . The uncertainties
ere derived from summing in quadrature the error on the pixel
alues. For the age, A V and rest-frame UV slope, we computed 
he mean and the standard error from the pixel map without any
eighting. Second, we compute an integrated determination of the 
hysical properties by summing the pix el-by-pix el flux es to produce
nresolved photometry, which was then fit with BAGPIPES . Here, 
he errors are determined from the 16th and 84th percentile of the
osterior distributions. The integrated method is equi v alent to aper-
ure or model-fitting photometry on the full source, and thus provides
 key comparison to the resolved results to determine whether the
hysical properties could be biased by effects such as outshining. 

.4 Size measurements 

e measured the rest-frame UV and optical sizes of the four
RISTAL galaxies in our sample using both a parametric and non-
arametric approach. The full details of the fitting procedure are 
resented in Varadaraj et al. ( 2024 ). Single S ́ersic profiles were fit
o the NIRCam images using PYAUTOGALAXY 

2 (Nightingale et al. 
023 ). We also computed non-parametric size measurements by 
aking the circularized radius of the brightest 50 per cent of pixels
bo v e a threshold of 5 σ in the rele v ant filter image. The non-
arametric size estimate was corrected for the effect of the PSF
y subtracting the non-parametric size determined from the PSF in 
uadrature. Interestingly, all four of the galaxies in this work were
lassed as poor parametric fits following the analysis of Varadaraj 
t al. ( 2024 ), due to their multicomponent morphology cannot be
dequately described with a single S ́ersic profile. We therefore 
resent two sizes, one probing the rest-frame UV and one the rest-
rame optical light, computed using the non-parametric size approach 
MNRAS 539, 2685–2706 (2025) 
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n this work. The size of the dust continuum emission, measured in
he ALMA-CRISTAL programme for CRISTAL-11 and CRISTAL-
3, w as tak en from Mitsuhashi et al. ( 2024 ) who fit a single 2D
xponential profile ( n = 1) in the visibility data. 

 RESU LTS  

ll four galaxies are clearly spatially resolved in the PRIMER JWST
mages, e xtending o v er sev eral hundred NIRCam pix els at > 20 σ
ignificance in the IVW stack, as shown in Fig. 1 . For all of the
alaxies in the sample we are able to identify at least two distinct
omponents at the resolution of JWST . This is in contrast to the
revious HST imaging where the sources typically appears as a single
xtended object in the rest-frame UV to optical wavelengths. In
his section, we first present a detailed exploration of the results of
he resolved SED study, followed by a comparison of the derived
esolved properties to that from the integrated photometry. 

.1 Resolved SED fitting 

n Figs 2 and 3 , we present the pix el-by-pix el fitting results. These
ho w the BAGPIPES deri ved dust-corrected SFR, stellar mass,
pecific SFR (sSFR = SFR/ M � ), mass-weighted age, and A V , in
ddition to the rest-frame UV slope β and rest-frame equi v alent
idth of the estimated H α and H β + [O III] emission lines. We

lso show empirical colour maps that probe the rest-UV slope and
almer break to present a model independent view of the galaxy
olours in these spectral regions. Reassuringly, the process we used
o decide whether to include pixels in the fitting analysis provides
aps that have a consistent shape to that observed in the original

mages (Fig. 1 ). We include contours from the F 090 W images prior
o PSF homogenization as an o v erlay to the empirical colour maps.

e also show dust continuum contours from the ALMA-CRISTAL
rogramme in the A V image where there was significant ( > 3 σ )
ignal, in the case of CRISTAL-11 and CRISTAL-13. Consistent
esults are also found when assuming a delayed- τ SFH, as presented
n Figs B1 and B2 . In general, for all of the sources we find the
mpirical colour map that probed the rest-frame UV corresponds well
o the SED fitting derived slope β, as expected. Similarly, the colour
robing the Balmer break (shown by the bottom left panels in Figs 2
nd 3 ) well matches the age and stellar mass maps, giving us further
eassurance that the model fitting approach is robust. Furthermore,
ounger populations tend to be the bluest in the rest-frame UV slope
, which o v erlaps with the regions of the highest sSFR and rest-frame
ptical emission line strength as expected. We visually inspected the
ST /ACS F 606 W image obtained from the Cosmic Assembly Near-

nfrared Deep Extrag alactic Leg acy Survey (CANDELS: Grogin
t al. 2011 ; Koekemoer et al. 2011 ) for all sources to verify that
he different components are drop-out sources, and hence likely at
he same redshift. We now discuss in detail the four sources in turn. 

.1.1 CRISTAL-11 

he galaxy CRISTAL-11 (DEIMOS COSMOS 630594, at z =
 . 44), appears as a single elongated source in the previous HST
ptical and NIR data as shown in Fig. 1 . In NIRCam, we find that
he source is formed of two distinct components, which we will
all North and South in subsequent discussion. First considering
he colour–colour maps for this source, we see that the rest-frame
V colour is fairly uniform and blue ( F 090 W –F 150 W � −0 . 2)
 v er the two components, while the colour bracketing the Balmer
NRAS 539, 2685–2706 (2025) 
reak ( F 150 W –F 277 W ) shows a strong gradient of 
 mag � 1, with
ignificantly redder colours in the North region. The derived β-
lope map, in agreement with the empirical colour map of F 090 W –
 150 W , shows a relatively uniform blue value o v er the source,
ith the North component being slightly redder than the South

 β � −1 . 8 and β � −2 . 2 in the North and South, respectively).
hese observations suggest that the North region of CRISTAL-11
arbours potentially older stellar populations, or young stars with
dditional dust reddening. 

Using the derived physical properties from the SED fitting analysis
e can disentangle these effects and determine the role of age and
ust in the observed colours of the source. The North region, as
xpected from the redder colours across the Balmer break, contains
he peak of the stellar mass, showing a higher dust attenuation ( A V �
 . 3 mag ) and an older age ( � 200 Myr ) in comparison to the South
egion. Instead, the South component consists of the peak of the star
ormation in the galaxy, showing evidence for a young ( � 10 Myr )
tellar population that has very little dust attenuation. This region
orresponds to the peak in SFR and sSFR. If we separate the source by
he two regions, we find that the younger South component contains
nly around a third of the total mass, despite being the brighter
omponent in the HST data. We find the inferred H αand H β + [O III]
mission line strengths are relatively weak and the value is affected
y the flux errors in the F 277 W and F 356 W bands, leading to values
hat are not strongly correlated with position in the galaxy. With the
ew JWST NIRCam data extending to 5 μm we can extract the centre
f mass of the galaxy. We find that this is offset by approximately 0.5
rcsec (3.5 kpc) from the rest-frame UV peak. The centre of mass
f the system (in the North component) is also the location of the
ust continuum detected by ALMA/CRISTAL (discussed further in
ection 5.4 ). 

.1.2 CRISTAL-13 

RISTAL-13 (vuds cosmos 5100994794, at z = 4 . 58), shown in
ig. 2 , has the largest physical extent of the four CRISTAL galaxies
tudied in this paper. It is formed of a compact North East component,
nd a diffuse and clumpy tail to the West, which e xtends o v er 1.5
rcsec or 10 kpc. In the Western tail (WT), we identify at least five
eparate clumps in the higher spatial resolution F 090 W to F 200 W
ands shown in Fig. 1 . When the data are convolved to the resolution
f the F 444 W band for the SED fitting analysis, these regions are
ess easily distinguished, ho we ver we see structure in the derived
arameter maps o v er these scales (e.g. see the contours shown in the
 090 W –F 150 W map in Fig. 2 ). The clumps within the WT show
orrelated values of high sSFR, young age, and blue rest-frame UV
lope, which are also correlated with the F 090 W –F 150 W colour as
 xpected. We see sev eral peaks in the deriv ed H α and H β + [O III]
mission in the WT, further corroborating that these are regions of
igh sSFR with young ( � 50 Myr) ages. 
The NE component and the WT are both very blue ( β � −2) and

mbedded within regions of redder rest-frame UV colour. We verified
hat this halo of redder colours was present in the images directly,
nd not an artefact of the fitting process. The NE component is
ompact and shows a colour gradient such that the galaxy is reddest
etween the NE component and the blue tail. This NE regions is
haracterized by a relatively complex age and A V structure, which
s due to degeneracies between these properties in the fitting. The
edder region of the NE component, which is also picked up in the
almer ( F 150 W –F 277 W ) colour maps, corresponds to the centre of
ass of the system, which is subtly offset from the peak in SFR.
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Figure 2. The resolved pixel-by-pixel colour maps and SED fitting results of CRIST AL-11, CRIST AL-13, and CRIST AL-15 at z = 4 . 45–4.58. For each source, 
the left-most column shows the empirical colour maps; the top image shows the colour across the UV slope given by F 090 W –F 150 W , while the bottom shows 
the colour across that Balmer break given by F 150 W –F 277 W . The grey/black contours in these colour–colour maps represent the unconvolved F 090 W filter 
band at [3, 6, 9, 15] σ to guide the eye to the location of the major components. The other eight images show maps of the parameters, as inferred from the 
BAGPIPES fitting analysis, where units are given per pixel. On the top row (left to right) we show the logarithm of stellar mass, the dust extinction ( A V ) in 
magnitudes, the dust corrected SFR and finally the inferred H α rest-frame equi v alent width. On the bottom row (left to right) we show the age, the rest-frame 
UV slope β, the sSFR, and the H β + [O III ] rest-frame equi v alent width. The contours in the A V map correspond to the CRISTAL ALMA Band 7 continuum 

at [3, 4,...] σ where present. Only CRISTAL-11 and CRISTAL-13 have significant detections with ALMA, corresponding to the dust continuum. Each pixel is 
0.03 arcsec, and each image is 1.4 arcsec in width. We highlight two pixels in the upper-right H α map with red/orange squares. The corner plots from the SED 

fitting for these pixels are shown in Appendix C . Note that the colour bars are different for each source. 
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M

Figure 3. Parameter images and colour maps of CRISTAL-17, the galaxy in our sample that lies at z = 5 . 64. The left-most column of images show the empirical 
colour–colour maps; the top image shows the colour probing the rest-frame UV slope given by F 090 W –F 200 W , while the bottom shows the colour across the 
Balmer break given by F 200 W –F 356 W . The other eight images show maps of the parameters, as described in the caption to Fig. 2 , with no contours shown in 
A V image due to lack of any detection in the ALMA-CRISTAL data above 3 σ for this galaxy. 
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he peak in mass is ho we ver co-spatial with the peak in A V . Despite
ontaining a quarter of the pixels, the wider NE component (that
ncludes the SFR and stellar mass peaks) contains half of the total

ass. CRISTAL-13 contains a significant ALMA detection of the
ust continuum (8 σ ), which spatially coincides with the strongest
nferred A V . 

.1.3 CRISTAL-15 

RISTAL-15 (vuds cosmos 5101244930, at z = 4 . 58), shown in
ig. 2 , was initially observed to have two main components in the
ST /ACS imaging. JWST /NIRCam no w re v eals at least fiv e separate

lumps in the short-wavelength bands (e.g. in F 200 W ; Fig. 1 ). When
onvolved to the resolution of the F 444 W filter, several of these
lumps are merged leading to a smoother profile, which for the aid of
iscussion here we split into several regions according to the resulting
hysical properties. The two brightest clumps in the short-wavelength
mages are revealed to be very blue ( β � −2 . 4) due to their young
ges (of a few Myr) and lack of dust attenuation ( A V < 0 . 1 mag).
hese features have a high sSFR and moderate rest-frame optical
mission equi v alent widths ( H β + [O III] � 1000 Å). The maps of
tellar mass and SFR appear to have a subtly different morphology
o these two rest-frame UV bright clumps, with the stellar mass and
FR peaking to the North West of the source and not corresponding
patially to either of the rest-UV bright clumps. We measure a halo
f different properties surrounding the central SFR and stellar mass
eaks. The halo shows young ages, high derived A V and increased
est-frame optical emission line strengths. Particularly in the region
o the NE, which corresponds to two clumps in the F 200 W imaging,
e derive very young ages (of the order of ∼10 Myr) with dust

ttenuation ( A V A v ∼0.4 mag) and very strong H β + [O III] ( � 1500
). These regions correspond to high sSFR, moderately dusty star-

orming clumps that contribute a negligible fraction of the total SFR
f the galaxy. The radial structure we see could represent an inside-
ut formation mechanism, ho we ver spectroscopic observ ations will
e required to confirm the origin of the observed radial structure.
RISTAL-15 has no detection of the dust continuum emission from

he ALMA-CRISTAL programme. 
NRAS 539, 2685–2706 (2025) 
.1.4 CRISTAL-17 

RISTAL-17 (DEIMOS COSMOS 742174, at z = 5 . 64), shown in
ig. 3 has a higher redshift than the other three galaxies included

n this study, and due to having a lower SNR in the PRIMER data
t has significantly fewer pixels fitted than the other three galaxies.
n the previous HST imaging it was weakly detected, with only the
astern component clearly visible. In NIRCam, we clearly detect
nd resolve the source into two main clumps, with a weak tail
een to be extending from the Eastern clump. Both of the main
lumps are spatially resolved and appear extended along the East–
est direction. The galaxy is fairly uniform in the majority of the

arameter estimates, with only one significantly redder region within
he West component. This region, which we confirm directly in the
mages does show an increased flux at λ > 4 μm, shows a large dust
ttenuation ( A V � 0 . 4) and corresponds to the high-mass peak in
he source. As well as hosting the red region and centre of mass of
he galaxy, the West clump also contains an extremely blue region
 β � −2 . 5) with little evidence for significant emission from rest-
rame optical lines. These properties are consistent with a region
ith a high ionizing photon escape fraction, a possibility that will
e further investigated by upcoming JWST /NIRSpec follow-up of
he rest-frame optical nebular lines for the CRISTAL sample. The
eak tail to the East of the source shows comparable rest-frame UV

olours to the main East component, ho we ver sho ws tentati ve signs
f being redder across the Balmer break, although our analysis is
imited by the low SNR of this region. 

.2 Resolved and integrated physical properties 

he resulting physical parameters from the resolved and integrated
tting methods are presented in T able 2 . W e also present the
onsistent results from Li et al. (2024) in Appendix A for comparison.
he integrated fits, which are shown in Fig. 4 , had reduced χ2 

alues of 0.6, 0.8, 1.3, and 1.4 for CRISTAL-11, -13, -15, and -
7 respectively, and the posterior distribution seems to indicate a
ood fit. The integrated fits assuming a delayed- τ model are shown
n Appendix B in Fig. B3 . The reduced χ2 values for the delayed- τ
odel are comparable with 0.5, 0.6, 1.1, and 1.4. The integrated and

esolved estimates of the total SFR as derived from SED fitting with
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Table 2. The physical properties of the four galaxies studied in this work. We show estimates of the SFR, stellar mass, age, A V , rest-frame UV slope β, 
and the H α equi v alent width as inferred from BAGPIPES assuming a CSFH. Each galaxy is shown as a separate column. For each parameter, the three 
rows correspond to the resolved (pixel-by-pixel) analysis, followed by the integrated analysis. Errors shown correspond to the 16th and 84th percentile 
estimations of the best-fitting parameters, and the resolved results correspond to either a sum (for the SFR, stellar mass) or an average (age, A V , β, EW 0 ). 
The final row for each parameter shows the pre vious v alues determined as part of the ALPINE programme, as described in B ́ethermin et al. ( 2020 ) and 
Faisst et al. ( 2020 ). The H α rest-frame equi v alent width is the measured value as derived from the BAGPIPES best-fitting SED model. For the ALPINE 

results we have reversed the dust correction applied in Faisst et al. ( 2020 ) so these values can be compared directly. 

CRISTAL-11 CRISTAL-13 CRISTAL-15 CRISTAL-17 

Resolved 26 . 8 + 12 . 3 
−6 . 7 24 . 7 + 13 . 1 

−10 . 1 20 . 1 + 6 . 7 −4 . 8 8 . 4 + 4 . 0 −2 . 7 

SFR (M � yr −1 ) Integrated 19 . 0 + 9 . 4 −4 . 1 32 . 5 + 4 . 2 −5 . 4 15 . 3 + 6 . 2 −3 . 3 2 . 7 + 1 . 1 −0 . 5 

ALPINE 31 . 5 + 23 . 9 
−15 . 3 28 . 4 + 22 . 8 

−14 . 0 26 . 1 + 20 . 0 
−10 . 6 12 . 9 + 8 . 9 −3 . 3 

Resolved 9 . 71 + 0 . 08 
−0 . 08 9 . 77 + 0 . 11 

−0 . 10 9 . 36 + 0 . 10 
−0 . 12 9 . 02 + 0 . 14 

−0 . 16 

Mass ( log 10 ( M � / M �)) Integrated 9 . 69 + 0 . 07 
−0 . 08 9 . 49 + 0 . 08 

−0 . 16 9 . 12 + 0 . 14 
−0 . 11 8 . 42 + 0 . 12 

−0 . 11 

ALPINE 9 . 77 + 0 . 14 
−0 . 15 9 . 73 + 0 . 15 

−0 . 13 9 . 67 + 0 . 16 
−0 . 13 9 . 56 + 0 . 13 

−0 . 15 

Resolved 128 + 118 
−54 128 + 107 

−54 53 + 45 
−24 50 + 53 

−25 

Mass-weighted age (Myr) Integrated 183 + 88 
−96 50 + 40 

−17 17 + 16 
−6 7 + 4 −2 

ALPINE 186 + 227 
−95 193 + 252 

−95 183 + 364 
−88 354 + 338 

−215 

Resolved 0 . 123 + 0 . 148 
−0 . 088 0 . 129 + 0 . 147 

−0 . 089 0 . 164 + 0 . 111 
−0 . 086 0 . 127 + 0 . 117 

−0 . 084 

A v (mag) Integrated 0 . 181 + 0 . 143 
−0 . 121 0 . 362 + 0 . 027 

−0 . 057 0 . 173 + 0 . 083 
−0 . 078 0 . 123 + 0 . 088 

−0 . 077 

ALPINE 0.8 0.6 0.4 0.0 

Resolved −1 . 84 + 0 . 04 
−0 . 04 −1 . 82 + 0 . 04 

−0 . 04 −2 . 15 + 0 . 03 
−0 . 03 −2 . 20 + 0 . 03 

−0 . 03 

Rest-frame UV slope, β Integrated −2 . 10 + 0 . 02 
−0 . 02 −1 . 88 + 0 . 02 

−0 . 02 −2 . 21 + 0 . 02 
−0 . 02 −2 . 39 + 0 . 02 

−0 . 02 

ALPINE −1 . 44 + 0 . 30 
−0 . 24 −1 . 63 + 0 . 20 

−0 . 17 −1 . 87 + 0 . 14 
−0 . 17 −2 . 13 + 0 . 34 

−0 . 23 

Resolved 53 + 42 
−53 89 + 72 

−72 423 + 101 
−101 266 + 191 

−191 

H α EW 0 ( Å) Integrated 247 ± 98 396 ± 67 572 ± 107 820 ± 175 

ALPINE 670 + 350 
−220 580 + 220 

−160 420 + 160 
−120 –

a  

W
w  

v  

e  

t  

c
m
2  

d
fi  

t  

fi  

s
1
C
(  

T
β

(
s
S
2  

(  

s
t  

a  

a  

w

4

W  

t  

B  

p
e
a  

t  

(  

t  

5  

L  

d
t  

C
a  

S
b  

1  

C  

f  

d  

c
i  

T  

a
C  

a

 CSFH are consistent within the error range for all four galaxies.
e also find good consistency between the stellar masses, which are 
ithin 0.1–0.3 dex at z � 4 . 5 without any evidence for the resolved
alues being increased by > 0 . 5 dex as found by Gim ́enez-Arteaga
t al. ( 2023 ). In CRISTAL-17 we find a larger offset, such that
he resolved mass is 0.6 dex lower than the integrated value. The
omparison between our integrated and resolved v alues follo w the 
ass trends found in previous studies (e.g. Gim ́enez-Arteaga et al. 

023 ; P ́erez-Gonz ́alez et al. 2023 ; Shen et al. 2024 ; see Fig. 5 , and
iscussion in Section 5 ). Comparing the mass-weighted ages, we 
nd that these tend to be higher in the resolved case than from

he integrated single fit, ho we ver here we are comparing the best-
tting age to the average age and hence the comparison is not
traightfoward. We also find that the lower mass galaxies (CRISTAL- 
5, CRISTAL-17) show lower ages of around 50 Myr , while the 
RISTAL-11 and CRISTAL-13 values are more than twice this 
 � 130 Myr ) as derived as the mean of the pixel-by-pixel fitting.
his difference across the sample is also reflected in the resolved 
-slopes and A V , which show that CRISTAL-11 and CRISTAL-13 

the older galaxies) are slightly redder. In comparison to the main 
equence (MS) of star formation, the four sources with the fiducial 
ED fitting properties derived for the sample in Herrera-Camus et al. 
025 lay within ∼ 0 . 3 dex of the relation at z = 5 from Speagle et al.
 2014 ). With the resolved fitting results presented here we find no
ignificant differences for CRISTAL-11 and CRISTAL-13, such that 
heir position on the MS is ef fecti v ely unchanged. F or CRISTAL-15
nd CRISTAL-17 we reco v er a lower M � in this analysis, however
s the reco v ered SFRs are also lower the sources are still consistent
ith the z = 5 MS. 
w  
.2.1 Comparison to ALPINE 

e compare our new JWST /NIRCam based SED fitting results to
he original ALPINE values presented in Faisst et al. ( 2020 ) and
 ́ethermin et al. ( 2020 ). The SED fitting analysis in this case was
erformed using LE PHARE assuming a range of SFHs including 
xponentially declining, and the delayed exponential ( τ ) models 
nd CSFH that we use in this work. Faisst et al. ( 2020 ) assume
he same initial mass function (IMF; Chabrier 2003 ) and dust law
Calzetti et al. 2000 ) as we do, although they fix the metallicity
o be [0 . 2 , 1 . 0] Z �. The minimum age allowed in their model is
0 Myr , and they include emission lines according to the default
E PHARE prescription. As shown in Table 2 , we find several
ifferences between the fitting results from ALPINE (based on 
he COSMOS2015 catalogue; Laigle et al. 2016 ) and our analysis.
omparing the integrated fit results from our analysis, the SFRs 
re lower than the previous ALPINE analysis by 3–12 M � yr −1 .
imilarly, our stellar masses are lower than the ALPINE values 
y � 0 . 1(0 . 2) dex for the older/more massive galaxies CRISTAL-
1 (CRISTAL-13), and 0 . 55 dex and 1 . 1 dex for CRISTAL-15 and
RISTAL-17, respecti vely. The significant of fset between the v alues

or CRISTAL-17 is likely due to blending with a nearby source, as we
iscuss in Section 4.2.2 . The potential origin of the other differences
an be either due to photometric differences, which we investigate 
n Fig. 4 , and/or due to the different SED fitting parametrizations.
he ALPINE fits tend to show older ages than both our resolved
nd integrated NIRCam based fits. Noticeably, we conclude that 
RISTAL-17 is the youngest of all four galaxies with the resolved
nd integrated predictions being 50 + 53 

−25 and 7 + 4 
−2 Myr respectively, 

hile the original catalogue taken from the ALPINE surv e y has
MNRAS 539, 2685–2706 (2025) 
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Figure 4. The integrated photometry, best-fitting SED models and fitted parameter estimates for the four CRISTAL galaxies studied in this work. Points shown 
in blue with no connecting line are the e xtracted flux es from NIRCam summed o v er the pixels that satisfy the threshold as specified in Section 3.2 . The posterior 
SED models fitted to this data by BAGPIPES are shown in orange, shaded from the 16th to the 84th percentile. Flux values from the COSMOS2020 catalogue for 
the UltraVISTA ( Y J H K s ) and Spitzer /IRAC 3 . 6 μm and 4 . 5 μm bands, extracted using SEX TRACTOR ( THE FARMER ), are shown in purple (red). SEX TRACTOR 

derived aperture flux values from the COSMOS2015 catalogue are shown in green. The four subplots for each galaxy show the best-fitting estimation of SFR, 
mass-weighted age, A V , and the logarithm of the stellar mass, with the 16th, 50th, and 84th percentile estimates indicated as vertical dashed lines. 
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his source as the oldest with an age of 354 + 338 
−215 Myr amongst

he CRISTAL galaxies. With the exception of CRISTAL-17, the
LPINE fits all prefer a larger dust attenuation. Hence, assuming

hat the photometric measurements were comparable, the larger dust
ttenuation and older ages that are best-fit in the ALPINE analysis can
xplain the observed higher stellar masses and SFRs derived in this
revious analysis. Turning now to the rest-frame UV slope, which
as measured via a power law fit to the SED model in Faisst et al.

 2020 ), we find bluer slopes in our NIRCam analysis for all of the
ources. We reco v er slightly lower observed H αEW 0 � 300–400 Å
or CRISTAL-11 and CRISTAL-13, and estimate a higher value for
RISTAL-15 of EW 0 � 600 Å (although we find agreement within

he large errors for C13 and C15 to the previous results). No EW 0 

as reported for CRISTAL-17 in the ALPINE analysis. The H α

alues in Faisst et al. ( 2020 ) were derived using the method in Faisst
t al. ( 2019 ) applied to the 3 arcsec aperture photometry from the
OSMOS2015 catalogue. They were corrected for dust attenuation
ssuming the best-fit from LE PHARE and a differential stellar to
ebular attenuation of E s ( B − V ) /E n ( B − V ) = 0 . 44, ho we ver we
eversed this correction for a valid comparison here. 

.2.2 Comparison to COSMOS2015 and COSMOS2020 

e investigated the differences in the SED fitting results from
revious analyses further by directly comparing the photometry
NRAS 539, 2685–2706 (2025) 
rom the COSMOS2015 and COSMOS2020 catalogues to the fluxes
erived from JWST /NIRCam in Fig. 4 . We show the flux values from
he four UltraVISTA NIR bands ( Y J H K s ) and the two Spitzer /IRAC
arm channels, 3 . 6 μm and 4 . 5 μm. These data were obtained from

he catalogues presented in Laigle et al. ( 2016 ) and Weaver et al.
 2022 ) and we show photometry measured using two different pieces
f software. The SOURCE EXTRACTOR (Bertin & Arnouts 1996 ) values
ere obtained using fixed 2 arcsec diameter apertures (corrected

o total assuming a point source correction), while THE FARMER
only for COSMOS2020; Weaver et al. 2023 ) results were obtained
sing model fitting to the images (and thus represent a total flux
easure). The COSMOS2015 and COSMOS2020 aperture values

re roughly consistent, with some small offsets (e.g. in CRISTAL-
3) but the same trends with wavelength. In the following discussion
e therefore refer only to the COSMOS2020 values for conciseness.
e find that our measured JWST fluxes are consistent with the
ltraVISTA Y J H photometry probing the rest-frame UV for the

ources, but are noticeably lower than the COSMOS2020 values in
he K s , 3 . 6 μm and/or 4 . 5 μm bands in all sources. In general, the

odel-based THE FARMER and aperture-based SOURCE EXTRACTOR

hotometry match in the rest-frame UV region, but again deviate
rom each other at longer wavelengths, particularly in 3 . 6 μm.
RISTAL-17 has the most discrepant photometry between the two
OSMOS2020 results, with NIRCam fluxes upwards of 1 mag

ainter than the COSMOS2020 catalogues as derived from THE



Spatially resolved z � 5 galaxies with PRIMER 2695 

Figure 5. The integrated M � shown in comparison to the resolved value as 
derived from our SED fitting analysis. The integrated mass is computed from 

the integrated photometry, while the resolved is determined by summing the 
stellar mass from each individually fit pixel. The fiducial results assuming a 
CSFH are shown as the triangles, with the results assuming a delayed- τ SFH 

shown for comparison as stars. We compare to the study of Gim ́enez-Arteaga 
et al. ( 2023 ) at z = 5–9, Shen et al. ( 2024 ) at z = 0 . 6–2.2 P ́erez-Gonz ́alez 
et al. ( 2023 ) at z = 2–6, and show the z = 6 . 0 galaxy ‘Cosmic Grapes’ from 

Gim ́enez-Arteaga et al. ( 2024 ). Lines of equal integrated and resolved stellar 
mass, 0.5 dex offset and 1 dex offset are shown. 
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ARMER . We identified a lower redshift companion (detected in 
he optical) at 1.1 arcsec to the North of CRISTAL-17, which is
ontaminating the flux for CRISTAL-17 and leading to an o v eres-
imate of the properties. The observed offsets between the previous 
est and new NIRCam photometry explains in particular the slightly 
educed H α strengths that we derived from the multiband JWST 

maging for CRISTAL-11 and CRISTAL-13. As shown in Fig. 4 , 
he 3 . 6 μm results are typically higher in the aperture photometry
ase, suggesting that confusion in the IRAC bands is the cause of
he discrepancy . Interestingly , Faisst et al. ( 2020 ) find that the dust-
orrected H α emission line strength of the full ALPINE sample (of
hich CRISTAL represents the higher mass end) was in excess of

hat e xpected giv en the stellar mass from lower redshift relations.
hile this is expected for higher redshift galaxies due to the higher

SFR (and normalization of the star-forming main sequence), the 
eduction in the flux around H α in the new JWST data at λ = 3–
 μm hint that the H α emission line strengths may be weaker than
reviously thought. 

 DISCUSSION  

n this work, we have compared data from the ALMA-CRISTAL 

rogramme, which provides high-resolution observations of the 
ust continuum, to deep JWST /NIRCam imaging from PRIMER 

o investigate in detail the properties of four z � 5 galaxies. 

.1 The rest-UV and optical morphology 

s shown in Fig. 1 , the impro v ement in sensitivity and spatial
esolution provided by the JWST PRIMER imaging compared to 
he previous HST data is dramatic. In common with many other 
tudies of high-redshift galaxies (e.g. Barisic et al. 2017 ; Bowler
t al. 2017 ; Boyett et al. 2024 ), we find that all four galaxies show
ultiple components in the imaging probing the rest-frame UV. This 

bservation is in agreement with the observed rise with redshift in the
roportion of galaxies that show a clumpy or irregular morphology 
e.g. Guo et al. 2018 ; Sok et al. 2022 ). We find between two and eight
eparate clumps at the resolution of our data [with a full width-half-
aximum (FWHM) of the F 200 W band, 0 . 06 arcsec, corresponding

o ∼400 pc]. Crucially ho we ver, with JWST we can probe the
bserv ed wav elengths at λ � 2 μm providing the first measurement
f the rest-frame optical morphology of these galaxies, a regime 
hat was previously only accessible with unresolved Spitzer /IRAC 

maging (e.g. Fig. 4 ). It has been argued that high-redshift galaxies
nly appear clumpy due to the majority being selected based on the
est-frame UV light, a regime which is in general observed to be
ractured even in lower redshift galaxies (e.g. Elmegreen et al. 2009 ;

uyts et al. 2012 ). Recent studies of individual high-redshift sources
ith JWST in the rest-frame optical have seen evidence for evolved
iscs, which have a smoother and/or more centrally concentrated 
orphology in comparison to the rest-frame UV. For example Nelson 

t al. ( 2023 ) identified a mature rotating disc in a z = 5 . 3 galaxy
ithin the spectroscopic First Reionization Epoch Spectroscopically 
omplete Observations (FRESCO) surv e y. ‘Twister-z5’ is a massiv e
 log 10 ( M � / M �) � 10 . 4 ± 0 . 4) galaxy that has centrally depressed H α

mission and sSFR, showing tentative evidence for inside-out growth 
nd early bulge formation. Similarly, Setton et al. ( 2024 ) found a
ompact red core in the comparably massive quiescent galaxy at z =
 . 97, with the core appearing to be older and dustier than the outskirts.
While these examples are particularly massive, the recent detection 

f the ‘Cosmic Grapes’ source at z = 6 . 072 provides evidence that
isc-like structures may exist at lower masses. Fujimoto et al. ( 2024 )
dentified 15 individual clumps in the log 10 ( M � / M �) � 8 . 7 source
hat is multiply imaged by the foreground cluster RXCJ0600-2007. 
hey suggest that the clumps are embedded within a rotating disc
tructure (albeit a dynamically unstable one), with the stars between 
he clumps showing older ages (Gim ́enez-Arteaga et al. 2024 ).
im ́enez-Arteaga et al. ( 2024 ) further demonstrate that outshining

s a significant problem for this source, with the stellar mass
nderestimated by up to 0.5 dex using the integrated photometry 
nd assuming a CSFH. 

In contrast to these studies, we find a consistent rest-frame UV
nd optical morphology in the CRISTAL galaxies we study. This can
e seen in the raw data (Fig. 1 ) and also in the comparison between
he M � and SFR maps (Figs 2 and 3 ). The exception is CRISTAL-11,
hich does show an offset between the peak of M � and SFR, ho we ver

he o v erall morphology across the different wav elengths is similar
n this case. We see gradients in the colour in our pix el-by-pix el fits,
hich are also present in the derived physical properties, ho we ver the
orphology of the galaxies with wavelength is very similar and we

ee no strong evidence for older underlying disc morphologies. As we
iscuss further in the next sections, this observation, in comparison 
o simulations, supports a merger origin for the CRISTAL galaxies 
e study in this work. 

.2 The rest-UV and optical sizes 

nother way to probe the morphology of old and young stellar light
s to compare the observed sizes of galaxies abo v e and below the
almer break. Ono et al. ( 2024 ) and Morishita et al. ( 2024 ) showed

hat the ratio of the rest-optical to UV size was approximately unity in
 sample of galaxies from z = 4–10 to z = 5–14, respectively. Ono
t al. ( 2024 ) take this observation as evidence that these galaxies are
MNRAS 539, 2685–2706 (2025) 
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Table 3. The ALMA-CRISTAL derived far-infrared properties of our galaxy sample. In Column 1 we show the galaxy ID, followed by the component of 
interest in Column 2, and the absolute UV magnitude in Column 3. The rest frame 158 μm flux, with the SNR shown in brackets, is shown in Column 4, 
followed by the infrared luminosity in Column 5. The FIR measurements are reproduced from Mitsuhashi et al. ( 2024 ), as is the FIR size shown in the final 
Column 10. The global and aperture (see Fig. 6 ) IRX values are given for the galaxies with ALMA dust detections (CRISTAL-11/-13) in Column 6, with 
the rest-frame UV-slope for that region presented in Column 7. The mean UV-slope for each sub-component was obtained from the β maps shown in Fig. 2 , 
and the errors correspond to the range of values within each aperture. Columns 8 and 9 correspond to the non-parametric sizes obtained for the full galaxy 
from Varadaraj et al. ( 2024 ). 

ID Component M UV S ν log 10 ( L IR /L �) IRX β R F115 W 

R F444 W 

R FIR 

/mag / μJy /kpc /kpc /kpc 

CRISTAL-11 Global −21.35 137 ± 55(4 . 6) 11 . 11 + 0 . 19 
−0 . 33 0 . 24 + 0 . 22 

−0 . 34 −1 . 84 + 0 . 04 
−0 . 04 0 . 91 ± 0 . 16 0 . 90 ± 0 . 11 0 . 77 ± 0 . 60 

N −20.07 – 11 . 11 + 0 . 19 
−0 . 33 0 . 76 + 0 . 22 

−0 . 34 −1 . 7 + 0 . 5 −0 . 3 

S −20.77 – 10 . 92 + 0 . 19 
−0 . 33 0 . 29 + 0 . 22 

−0 . 34 −2 . 1 + 0 . 4 −0 . 2 

CRISTAL-13 Global −21.34 137 ± 39 (6.6) 11 . 23 + 0 . 12 
−0 . 16 0 . 37 + 0 . 17 

−0 . 18 −1 . 82 + 0 . 04 
−0 . 04 1 . 33 ± 0 . 12 1 . 62 ± 0 . 07 0 . 60 ± 0 . 46 

NE −19.92 – 11 . 23 + 0 . 12 
−0 . 16 0 . 94 + 0 . 17 

−0 . 18 −1 . 5 + 0 . 8 −0 . 5 

WT −20.94 – < 10 . 89 < 0 . 18 −2 . 0 + 0 . 5 −0 . 2 

CRISTAL-15 Global −21.90 < 104 ≤ 10 . 81 ≤ −0 . 27 −2 . 15 + 0 . 03 
−0 . 03 0 . 92 ± 0 . 14 1 . 10 ± 0 . 09 –

CRISTAL-17 Global −21.37 < 51 ≤ 10 . 83 ≤ −0 . 04 −2 . 20 + 0 . 03 
−0 . 03 1 . 26 ± 0 . 11 1 . 10 ± 0 . 10 –
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eing caught at the start of inside-out growth, where the young and
ld stars have yet to be spatially differentiated. A key complication in
his comparison comes from the complex and diverse morphologies
f the CRISTAL galaxies (and high-redshift galaxies in general). In-
eed, in the analysis of Varadaraj et al. ( 2024 ), all four of the galaxies
e study here were present in the parent sample but failed in the
 ́ersic fitting step due to poor residuals. It is apparent in our analysis

hat the CRISTAL galaxies cannot be adequately described with a
ingle S ́ersic model, and hence we quote the non-parametric sizes
rom Varadaraj et al. ( 2024 ) instead. As shown in Table 3 , we find that
he rest-frame UV and optical sizes are consistent within the errors,
ith the exception of CRIST AL-13. CRIST AL-13 has the most ex-

ended and complex morphology of our sample, and also potentially
arbours a disc like feature in the WT (although this is blue/young
nd does not represent the centre of mass of the system). The sizes of
he CRISTAL sources are typical for their mass, with half-light radii
f around 1 kpc . Hence we see no evidence for different rest-frame
V and optical sizes, that might indicate inside-out growth being

stablished or multiple stellar population ages that are significantly
patially decoupled. As we have previously discussed, the half-light
adius does not fully describe the extent of the galaxy, which is
f the order of 5–10 kpc at log 10 ( M � / M �) � 9 . 5 as we have shown
n Fig. 1 . The size comparison here further supports the visually
dentified similar morphology across the broad observed wavelength
ange probed by JWST NIRCam. We discuss further in Section 5.4
he differences in size and morphology between the rest-frame
V/optical light and the observed FIR dust continuum emission. 

.3 A lack of outshining in the CRISTAL galaxies 

ith our resolved SED fitting analysis using the PRIMER data, we
an test the impact of outshining in galaxies of higher stellar mass,
hich arguably could be expected to show a more established stellar
opulation and hence a smaller impact of extremely young bursts that
eads to outshining. We compare the stellar masses from the resolved
nd integrated fits in Fig. 5 . Here we show the results from our fiducial
nalysis, which assumed a CSFH, and the results from assuming a
elayed- τ SFH for comparison. The results are consistent between
hese two different SFHs, providing reassurance in our results and
llowing a more direct comparison to previous studies (who typically
sed one of these parametrizations). We compare to the five galaxies
NRAS 539, 2685–2706 (2025) 
tudied by Gim ́enez-Arteaga et al. ( 2023 ), which were gravitationally
ensed (we show the delensed masses), and to the sample of star-
orming galaxies at z = 0 . 2–2.5 by Shen et al. ( 2024 ). Shen et al.
 2024 ) analyse galaxies with log 10 ( M � / M �) > 9 using a resolved and
ntegrated approach, assuming a delayed exponential SFH. We also
ompare to the red galaxies studied by P ́erez-Gonz ́alez et al. ( 2023 )
t z = 2–6 who assumed a delayed- τ SFH. We find that in the three
RISTAL galaxies we study with log 10 ( M � / M �) > 9 we reco v er a
igher mass in the resolved SED fitting analysis, but only by � 0 . 1–
 . 3 dex . For CRISTAL-17, the lowest mass (and highest redshift)
ource in our sample, we see a larger deviation. Hence we are able
o bridge between the studies of Gim ́enez-Arteaga et al. ( 2023 ) at
og 10 ( M � / M �) < 9 and the higher mass studies of Shen et al. ( 2024 )
nd P ́erez-Gonz ́alez et al. ( 2023 ), showing the onset of outshining
t the lower mass end. Our conclusions are unchanged if we instead
ssume a delayed- τ SFH, with the reco v ered stellar masses being
ithin the errors of the CSFH fiducial case. Although in general

he delayed- τ models produce closer resolved and integrated M � 

stimates. 
In comparison to Gim ́enez-Arteaga et al. ( 2023 ), we find that

he mass-weighted stellar ages of our galaxies in the integrated
nalysis are significantly older (50–130 Myr versus the � 2 Myr
n that study) and crucially the derived integrated ages are not
ramatically different from the average resolved mass-weighted
ge. This results in comparable SFRs and M � values between the
esolved and integrated fits for the CRISTAL galaxies. As shown
n Fig. 5 our results, coupled with previous studies, show that at
og 10 ( M � / M �) � 9 the resolved and integrated stellar masses are in
ood agreement, whereas at lower masses the effect of outshining
an be seen and the two v alues di verge (e.g. for CRISTAL-17). We
nd lower rest-frame optical emission line equivalent-widths than

he Gim ́enez-Arteaga et al. ( 2023 ) galaxies, which is directly related
o the older ages (than the lower mass lensed sources studied in
im ́enez-Arteaga et al. 2023 , 2024 ; Fujimoto et al. 2024 ) we reco v er

n general for the CRISTAL sources. Even for individual clumps, we
o not find any regions that exceed EW 0 ( H β + [O III] ) � 1000 Å
with the possible exception of CRISTAL-15), ho we ver Gim ́enez-
rteaga et al. ( 2023 ) found regions with EW 0 ( H β + [O III] ) > 3000
. Future spectroscopic observations of the CRISTAL sample with

he JWST NIRSpec Integral Field Unit (IFU) will provide resolved
mission line strengths and thus a more detailed analysis of the
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Figure 6. JWST F 090 W filter band image stamps scaled in magnitude space 
between the peak surface brightness and 28 mag arcsec −2 . The stamps are 
1.4 arcsec on a side, with North to the top and East to the left. The dust 
continuum CRISTAL/ALMA Band 7 contours in 1 σ intervals starting at 3 σ
are shown by the solid black lines. The ALMA beam size is illustrated by 
the ellipse in the lower left-hand corner. The apertures used for the spatially 
resolved IRX –βanalysis are shown by the white dashed lines. 
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Figure 7. The IRX –β relation points for CRISTAL-11 (triangles) and 
CRISTAL-13 (circles). The values derived from the (ALPINE) resolved β and 
L IR from Mitsuhashi et al. ( 2024 ) are shown in (open) grey. Spatially resolved 
values using the apertures shown in Fig. 6 are shown in red (centred on the 
ALMA peak) and blue. The upper limits for the CRISTAL-15 and CRISTAL- 
17 galaxies are shown as the yellow and green triangles and represent a 3 σ
limit on the L IR . The expected relations for Calzetti-like dust attenuation 
and the SMC extinction law are shown as the solid and dashed black lines, 
respectively. These assume an intrinsic β−slope of β0 = −2 . 3. The best- 
fitting IRX –β relations to the REBELS and ALPINE galaxies from Bowler 
et al. ( 2024 ) assuming an intrinsic UV-slope of β0 = −2 . 3 ( β0 = −2 . 5) is 
shown by the solid dark (light) blue line. The red open circle shows the 
value obtained if the ALMA continuum detection for CRISTAL-13 could be 
localized to within a 0.12 arcsec diameter aperture. 
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mpact of these lines on the photometry and refined estimates of the
tellar ages. 

.4 The resolved IRX–β relation 

he presence of dust in the CRISTAL galaxies can be ascertained 
n tw o w ays, first through the observation of reddening of the rest-
rame UV light and second with the detection of emission directly 
rom the dust in the FIR. At low redshift the energy balance between
he L IR emanating from the dust with the absorbed L UV from young
tars has been shown to lead to a correlation between the ratio of
he FIR luminosity to the UV luminosity (infrared-excess = IRX = 

og 10 [ L IR / L UV ]) and its rest-frame UV slope β (e.g. the seminal work
y Meurer, Heckman & Calzetti 1999 ; Calzetti et al. 2000 ). Targeted
bservations such as the ALMA-ALPINE and ALMA-Reionization 
ra Bright Emission Line Surv e y (REBELS) large programmes have 
btained measurements of the infrared luminosity for samples of 
igh-redshift galaxies, enabling the investigation of the evolution 
f the IRX –β relation with properties such as redshift and stellar 
ass (e.g. Bowler et al. 2018 , 2024 ; Fudamoto et al. 2020a , b ).
ith the impro v ed spatial resolution no w av ailable in both the rest-

rame UV and FIR with JWST and ALMA, it is now possible to
nvestigate if this relation holds on spatially resolved scales and 
nderstand how the distribution of dust within galaxies affects global 
easurements. This may help explain the low IRX values of galaxies 

uch as those at 5 . 1 < z < 5 . 7 studied by Capak et al. ( 2015 ), who
oncluded that the dust properties were evolving with redshift [e.g. 
o a lower metallicity, Small Magellanic Cloud (SMC)-like dust]. 
patially resolved analysis can potentially reveal whether the position 
f these galaxies on the IRX –β diagram is due to dust temperature 
ncreasing with redshift or geometric offsets between the stars and 
ust within the galaxy (Barisic et al. 2017 ; Faisst et al. 2017 ; Bowler
t al. 2022 ). 

With the small sample of galaxies we study, that have both 
WST PRIMER and ALMA-CRISTAL high-resolution observations, 
e can make some of the first measurements of the resolved 

RX –βmeasurement within galaxies at z � 5. CRISTAL-11 and 
RISTAL-13 are detected in the rest-frame 158 μm dust continuum 

Mitsuhashi et al. 2024 ). These detections are shown by the contours
n the A V map in Fig. 2 . The results of our resolved IRX –β analysis
sing the apertures at the positions shown in Fig. 6 for these two
alaxies are shown in Fig. 7 . The apertures were chosen to enclose the 
ux from the distinct regions. We measured a dust-associated IRX –β

alue using a circular aperture centred on the peak of the ALMA dust
ontinuum detection of diameters 0.30 arcsec for CRISTAL-11 and 
.48 arcsec for CRISTAL-13. A second value was obtained from an
perture encompassing the remaining emission. For each aperture, 
he resolved β measurement was obtained by taking the mean of the
alues from the map shown in Fig. 2 . The error bars correspond to
he range of values in the aperture, and thus represent the spread
n resolved β. The fraction of the rest-frame UV flux enclosed by
he aperture was calculated from the F 090 W image and was used to
cale the M UV to obtain the aperture rest-frame UV luminosity. For 
he aperture centred on the ALMA dust emission peak, L IR is taken
rom Mitsuhashi et al. ( 2024 ) who exploit the same approach as used
n the ALPINE analysis (B ́ethermin et al. 2020 ) using a SED template
erived from B ́ethermin et al. ( 2017 ) (equivalent to a modified
lackbody with T d � 42 K, βd = 1 . 8) inte grated o v er 8–1000 μm.
he dust continuum sizes measured in Mitsuhashi et al. ( 2024 )

or CRISTAL-11 and CRISTAL-13 are 0 . 116 ± 0 . 091 arcsec and
 . 092 ± 0 . 070 arcsec, respectively. Comparing these to the ALMA
eam sizes we see that the dust continuum are barely resolved,
uggesting the emission is coming from a compact region, smaller 
han the aperture sizes. For the additional aperture, CRISTAL-11 has 
 3 σ detection in the dust continuum map on the south-east side of
he galaxy, so this is presented as a detection in Fig. 7 . CRISTAL-13
as no detection associated with the western component (the ‘tail’), 
o this is presented as a (conserv ati ve) 3 σ upper limit. 

We find that the rest-frame UV slope of all four sources are bluer
han the previous values computed in Faisst et al. ( 2020 ) as shown
n Table 2 . The Faisst et al. ( 2020 ) β values were derived using
MNRAS 539, 2685–2706 (2025) 
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he same method we exploit, fitting a power law to the best-fitting
ED model to the photometry. Thus, we find that the global IRX
alues are shifted bluewards in the IRX –β plane, now showing
ood agreement with the Calzetti et al. ( 2000 ) starburst relation.
he resolved measurements also appear to follow the predictions
f this starburst dust law, although they do lie slightly above this
elation potentially due to further geometric effects on the scale of
hese clumps (e.g. see Popping, Puglisi & Norman 2017 ). These
esults are in agreement with the statistical measure of the IRX –

relations presented in Bowler et al. ( 2024 ), where they found a
alzetti-like curv e pro vided a good description of the REBELS and
LPINE samples. One caveat in using the IRX –β relation is the
nknown intrinsic rest-frame UV slope of the sample, which affects
he position of the intercept of the relation with the β-axis. Thus, we
how the fitted relations from Bowler et al. ( 2024 ) for both β0 = −2 . 3
nd β0 = −2 . 5, since these values denote the range of values inferred
rom the SED fits to the REBELS and ALPINE sources. Another
ajor caveat in this analysis is the uncertain dust SED at high redshift,
hich as discussed in Bowler et al. ( 2024 ) and Mitsuhashi et al.

 2024 ), can lead to systematic offsets in IRX of up to 0.4 dex with
 10K difference in the assumed T d (keeping the emissivity index,
d , fixed). Individual dust temperature measurements are required to
nderstand the exact IRX –β relation, for example recent work on
Z10 by Villanue v a et al. ( 2024 ), ho we ver our results demonstrate

hat an IRX –β relationship similar to the local starburst relation of
alzetti et al. ( 2000 ) appears to hold at a resolved level at z � 5. 

.5 The role of dust in shaping the rest-UV morphology 

iven the excellent spatial resolution of the ALMA-CRISTAL data,
e can make further tentativ e inv estigations into the location of the
ust within CRISTAL-11 and CRISTAL-13 in comparison to the rest-
rame UV light. The other two sources we study were not detected
n the ALMA-CRISTAL surv e y in the dust continuum (Mitsuhashi
t al. 2024 ). From the ALPINE and REBELS surv e ys it has been
hown that the dust obscured SFR (or obscured fraction) drops
apidly around log 10 ( M � / M �) � 9 . 5 (Fudamoto et al. 2020b ; Algera
t al. 2023 ; Bowler et al. 2024 ), and hence the fact that CRISTAL-15
nd CRISTAL-17 are undetected (especially given the low S/N of
he other detections) is unsurprising. Furthermore, these sources are
luer than CRISTAL-11 and CRIST AL-13, with CRIST AL-17 also
aving a significantly lower SFR and higher redshift. Despite this, we
ee regions of comparable A V across the sources, and deeper ALMA
ata may yet reveal dust continuum detections at these positions. 
In Fig. 6 , we show the CRISTAL contours in comparison to the

luest (and hence highest resolution) JWST NIRCam band, F 090 W .
his comparison shows that the CRISTAL-11 peak dust detection

ies offset by approximately 0.6 arcsec from the rest-frame UV peak
n this source, the same magnitude of offset that is found for 30 per
ent of the ALPINE sample in the statistical analysis of Killi et al.
 2024 ). We confirm that this rest-frame UV to FIR spatial offset is
ue to a young star-forming clump � 4 kpc away from the stellar
ass centroid, which is also the dustiest region of the galaxy (as

evealed by the SED fitting derived A V and the direct detection of
he dust continuum). 

We find that in CRISTAL-11 the offset between the rest-FIR and
V emission can be naturally explained by differences in amount of
ust attenuation (there is also a difference in age between these two
lumps but it is small, only ∼ 50 Myr ). In CRISTAL-13, the dust
ontinuum detection is offset from the bluest regions of the galaxy
in the WT), and instead follows the M � map closely. If we closely
nspect the map of CRISTAL-13 shown in Fig. 6 , we find a small
NRAS 539, 2685–2706 (2025) 
ffset between the ALMA dust continuum detection for CRISTAL-
3 and the rest-frame UV bright NE clump of the order of 0.15 arcsec.
f the dust continuum detection is in fact originating from the region
ffset from the NE clump, then this could point to dust attenuation
eading to the gap in the observed rest-frame UV emission from
his source. This dust-star morphology is similar to that seen in the
Cosmic Grapes’ sources, where Gim ́enez-Arteaga et al. ( 2024 ) find
hat the observed clumps appear to have similar ages but differ in their
erived A V , indicating that differing dust co v erage does shape the
bserved rest-frame UV morphology (although see Fujimoto et al.
024 ; Zanella et al. 2024 who suggest a reduced importance of dust).
hese results are in close agreement with the recent simulation work
f Ocvirk et al. ( 2024 ) and Nakazato et al. ( 2024 ) (see Section 6 ),
ho found that dust attenuation can shape the observed rest-frame
V morphology, and lead to offsets between the UV and FIR peak. 
Given the beam size and SNR of the ALMA detection for

he CRISTAL-13 source, the error on the position of the peak
an be approximated as � FWHM / SNR = 80 milliarcsec . From
itsuhashi et al. ( 2024 ) this ALMA detection is compact, with a
easured size of 0 . 092 ± 0 . 070 arcsec. Therefore, we can use a

maller aperture of diameter 0.12 arcsec to determine the L UV and
, centred on the peak of the ALMA detection. We correct L UV for

he effect of aperture loss in the F 090 W band due to the PSF using
 factor of 0.69. In this smaller aperture, we unsurprisingly reco v er
 redder rest-frame UV slope and a higher IRX as shown with the
pen circle in Fig. 7 . This point lies abo v e the canonical IRX –β

elations, indicating a highly obscured region where the observed
est-frame UV colour is not adequately describing the obscured SFR
raction, for example in the case of a dust screen with holes. A
imilar offset is also found for regions of the luminous z = 5 . 67
alaxy HZ10 as presented in Villanue v a et al. ( 2024 ), where they are
ble to derive resolved dust temperature estimates thus reducing the
ncertainty on the IRX. We caution that the resolution of the ALMA
ata is insufficient to reliably ascertain if these features are spatially
f fset, ho we ver this analysis demonstrates that an inhomogeneous
ust distribution within CRISTAL-11 and CRISTAL-13 can explain
he observed rest-frame UV morphology, with differences in age
eing a secondary effect. This hypothesis is also supported by the
bserv ed ne gativ e correlation between the rest-frame UV to FIR
ffsets and the obscured fraction of star formation found for the full
RISTAL sample (Mitsuhashi et al. 2024 ). 

 A  C O M PA R I S O N  TO  T H E  FI RSTLI GHT  

IMULATION  

n this section, we compare our results to the zoom-in simulation,
irstLight (Ceverino et al. 2017 ). Nakazato et al. ( 2024 ) use the
irstLight simulations to provide a spatially resolved analysis of
igh-redshift galaxies. In particular, they simulated galaxies of
omparable stellar masses to the objects we study in this work
llowing for a close comparison with our JWST results. Nakazato
t al. ( 2024 ) identify 100 parsec scale clumps within their simulated
alaxies, similar to the morphology and sizes of clumps that we
dentify in the CRISTAL galaxies. They found that between 10 and 20
er cent of galaxies with M � = 0 . 1 − 5 × 10 10 M � were observed in
 phase dominated by major-merger activity, leading to the observed
lump formation, in the redshift range of their work ( z ∼ 5 to
 ∼ 9 . 5). While this fraction is lower than we reco v er, the difference
ould be due to the definition of clumps in Nakazato et al. ( 2024 )
ho used a threshold in star-formation surface density on the native

esolution simulations. This merger driven clump formation within
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igh-redshift galaxies has also been found in other simulations, such 
s Ocvirk et al. ( 2024 ), Ma et al. ( 2019 ), and Pallottini et al. ( 2022 ).

Interestingly, the zoom-in cosmological simulations are able to 
eco v er galaxies with similar extent and clumpy morphology to the
RISTAL galaxies. Fig. 8 shows three galaxies from the FirstLight 

imulation at z � 5 . 5, with stellar masses and SFRs that closely
atch those in our sample ( log 10 ( M � / M �) = 9 . 3–9.6; SFR = 19–

2 M � yr −1 ). The SFRs shown are calculated with stars younger
han 10 Myr. The broad morphology of old ( > 100 Myr) and young
 < 10 Myr) stars are consistent in the simulated sources, with both
he old and young stars showing clumps separated by 1–4 kpc within
n extended structure. This is very similar to what we observe 
or the CRISTAL galaxies and hence we can draw parallels with 
he formation scenario of the simulated galaxies and our observed 
alaxies. Nakazato et al. ( 2024 ) identify two broad populations of
lumps, with the majority being formed as a result of major mergers
n the simulation. The first class of clumps were found to be older
ages > 50 Myr ) and represent proto-bulges, with the second class
eing younger clumps that have high sSFRs of 5 × 10 −8 yr −1 and 
re formed within the tidal tails of the interacting systems. We 
eco v er both older regions of several tens of Myr, in addition to
ounger regions that show comparable sSFRs to the simulations (e.g. 
ig. 2 ). In addition, the simulated images show the importance of dust
mission on the observed morphology, with the compact cores in the 
imulated galaxies becoming more diffuse when dust is applied. Our 
nalysis of the ALMA-CRISTAL dust continuum data in Section 5.4 
ho ws ho w dust is likely influencing the observed morphology of the
ost massive galaxies we study here, by obscuring certain regions 

hat appear fainter and redder in the rest-frame UV than other parts
f the galaxy. 
Overall, the similarity of the CRISTAL galaxies we study to the 

ources found in the cosmological simulation presented in Nakazato 
t al. ( 2024 ) allows us to tentatively conclude that the multiwave-
ength morphology of our sample could have been impacted by 

ajor mergers. This conclusion is supported by the initial morpho- 
inematic classes of these sources defined in Le F ̀evre et al. ( 2020 )
rom the ALPINE surv e y, which indicated dispersion dominated 
ources. It is now supported by the first kinematic results from the
RISTAL surv e y, which also find evidence for major mergers in

he [C II] distribution (Posses et al. 2024 ; Solimano et al. 2024 ). A
etailed analysis of the full [C II] kinematics from the CRISTAL
rogramme (Lee et al., in preparation) will shed more light on 
o the formation mechanism of log 10 ( M � / M �) � 9 . 5 galaxies in
he early Univ erse. A cav eat of this conclusion is that in the
irstLight simulation only 10–20 per cent of sources show the clumpy 
orphology that we see in all four of the CRISTAL galaxies in this

tudy. One reason for this could be the different clump selection 
rocedures between the simulation and observational analyses, and 
urther investigation is required to match the population statistics and 
mall scale morphological measurements in models and data (e.g. see 
he detailed size–luminosity comparison in Varadaraj et al. 2024 ). 

 C O N C L U S I O N S  

n this work, we perform a pix el-by-pix el analysis of four normal
alaxies (with log 10 ( M � / M �) � 9 . 5) at z = 4 . 5–5.6 using the multi-
and NIRCam imaging from the JWST PRIMER programme. The 
our sources were previously spectroscopically confirmed as part 
f the ALPINE programme, and have deep, high-spatial resolution, 
ust continuum observations from the ALMA-CRISTAL large pro- 
ramme. Using an SED fitting analysis with a simple constant SFH 

odel we study the resolved and integrated properties and investigate 
he potential biases present in fitting to unresolved photometry of 
alaxies of this mass. Our main conclusions are as follows: 

(i) Compared to the previously available HST optical and NIR 

ata, we find that all of the sources break into further kpc-scale
lumps and show at least two (and up to eight) separate components in 
he high-resolution JWST data. We find comparable morphologies in 
he rest-frame UV and optical, with no clear evidence for underlying
lder disc structures. The non-parametric sizes of the sources are 
1 kpc as expected from the size–mass relation, ho we ver the full

xtent of the galaxies is � 5–10 kpc taking into account the widely
eparated clumps. 

(ii) In contrast to some studies of lower mass galaxies, including 
he strongly lensed Cosmic Grapes source, we do not find extremely
oung ages (or high rest-frame optical emission lines) or other 
vidence for strong outshining of the observed global emission 
y the youngest regions. We find that the stellar masses derived
rom the resolved pixel-by-pixel analysis only slightly higher (0.1–
 . 3 dex ) than those determined from fitting to the global integrated
hotometry. Our results agree with those found in star-forming 
alaxies of similar mass at z � 2 (Shen et al. 2024 ) and z � 4 (P ́erez-
onz ́alez et al. 2023 ). The result holds for both an assumed constant

nd delayed −τ star-formation history. 
(iii) In comparison to the previously published best-fitting prop- 

rties of these galaxies, our JWST analysis reco v ers younger ages
 � 100 Myr ) and bluer rest-frame UV slopes ( β � −2 . 1). The
 . 6 μm photometry from the COSMOS2020 catalogue was found
o be o v erestimated by a factor of � 2 for CRISTAL-17, likely due
o confusion in the low resolution Spitzer /IRAC data. We further
eco v er slightly weaker H α emission than the results obtained in the
LPINE catalogues ( EW 0 � 400 Å). 
(iv) For two of the sources we compare the physical parameter 
aps to the resolved dust continuum measurements from the ALMA- 
RISTAL programme. In both cases we see a strong correlation 
etween the direct detection of dust and the dust attenuation derived
rom the JWST photometry in the rest-frame UV and optical, as
arametrized by the rest-frame UV slope and A V . The peak of the
ust continuum also correlates with the centre of mass of the galaxies, 
s predicted by the recent simulation work of Ocvirk et al. ( 2024 ). 

(v) We compute the resolved IRX –β relation for CRISTAL-11 
nd CRISTAL-13 to decouple the effect of geometrically separate 
egions on the correlation. We find bluer rest-frame UV slopes than
hat determined in the ALPINE programme (from COSMOS2015 
hotometry). With the assumed dust temperature and βd parameters 
rom Mitsuhashi et al. ( 2024 ), we reco v er a correlation between
RX and colour that is in good agreement with the local starburst
alzetti et al. ( 2000 ) relation. As expected, the position of the ALMA-
RISTAL dust detection is co-spatially with the redder regions of 

he galaxies, suggesting that dust attenuation is shaping the observed 
est-frame UV morphology. 

(vi) We extracted a sample of three galaxies at z ∼ 5 . 5 from the
irstLight simulation with the same stellar masses and SFRs as the
RISTAL sources to investigate the formation mechanism of such 
alaxies. Interestingly, we reco v er similar age and colour gradients
etween the simulations and observations, as well as comparable 
hysical extents ( > 1 kpc, with several sources showing clumpy
orphologies in the simulations). Major mergers are seen to be 

mportant in the formation of clumps in FirstLight, and hence we
entatively conclude that mergers could be important in the formation 
f clumpy massive galaxies at early times. 

These results demonstrate the power of combining JWST resolved 
hotometry with high-spatial resolution ALMA imaging to under- 
MNRAS 539, 2685–2706 (2025) 
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M

Figure 8. Three z � 5 . 5 galaxies found in the FirstLight simulation suite (Cev erino, Glo v er & Klessen 2017 ) selected from the Nakazato, Ceverino & Yoshida 
( 2024 ) sample. The galaxies have stellar masses of log 10 ( M � / M �) = 9 . 3–9.6 and SFRs of � 20 M � yr −1 , closely comparable to the CRISTAL galaxies we study 
in this work. Each stamp has dimensions of 10 × 10 kpc. The first column (a) shows three-colour (NIRCam F 115 W , F 200 W , and F 356 W for RGB) mock images 
without dust attenuation. The second column shows the same RGB images as in column (a), ho we ver here dust attenuation is included. Column (c) shows the 
V -band dust attenuation ( A V ), followed by column (d) showing the mass-weighted stellar age. To aid in comparison, the colour bar for these parameters matches 
that used CRISTAL-17 in Fig. 3 . Finally columns (e) and (f) show the SFR density and stellar mass distribution (of stars older than 100 Myr), respectively. 

s  

g  

F  

d  

f

A

R  

s  

o  

a  

t  

(  

d  

r  

s  

t  

p  

f  

R  

f  

F  

b  

s  

P  

P  

s  

o  

A  

S  

P  

I  

F  

s  

M  

f

D

T  

R

A
A
A  

B
B
B
B
B  

B  
tand galaxies at high redshift. Additional insight into the CRISTAL
alaxies will be obtained with upcoming NIRSpec IFU spectra (PI:
aisst, PID: 3045 and PI: Aravena, PID: 5974), which will allow
etailed measurements of the stellar ages and ioniziation conditions
rom the rest-frame optical emission line ratios. 
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Table A1. The resolved and integrated stellar masses and SFRs from the 
complementary analysis by Li et al. (2024). 
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PPENDI X  A :  C O M PA R I S O N  TO  LI  + 2 0 2 4  

n Table A1 , we present the resolved and integrated M � and SFRs
rom the fitting analysis of Li et al. (2024). In Li et al. (2024)
hey performed SED fitting using MAGPHYS , of a larger sample
f CRISTAL galaxies using the full rest-frame UV to FIR data
ncluding that from JWST and the ALMA-CRISTAL programme. 
hey matched the spatial resolution of the JWST imaging to that of

he available ALMA data, and hence this provides a complementary 
tting procedure (at slightly lower spatial resolution) than our JWST -
nly analysis. Reassuringly we find excellent agreement between the 
tellar masses, with the resolved values being within 0 . 1 dex . While
he integrated value agrees well for CRISTAL-11, we find a slightly
ower (by 0.25 dex) value for CRISTAL-13 although this is only
 . 5 σ discrepant. The SFRs are all consistent within the errors. The
esolved SFRs are slightly lower in our analysis, which could be due
o not including the ALMA FIR data within our SED fitting. The
ifference is only ∼ 5 M �yr −1 however, demonstrating that in these 
ources the fitting of JWST only photometry is able to reco v er o v er 80
er cent of the total SFR (as defined as that from the full rest-frame
V to FIR fitting). This result is consistent with our IRX –β analysis,
hich shows that first, the galaxies are relatively blue, suggestive of
 moderate impact of dust obscuration on the observed rest-frame 
V light. And second, that the Calzetti et al. ( 2000 ) law provides
 good description of the IRX –βrelationship. We fit assuming this 
ust law in our BAGPIPES fitting, and this appears to account for
he majority of obscured SFR when fitting to the rest-frame UV and
ptical light alone. 
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PPENDIX  B:  DELAYED  E X P O N E N T I A L  SFH  

ere, we present the corresponding resolved SED fitting parameter
nd integrated fitting analysis plots when assuming a delayed- τ SFH.
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igure B1. The z � 4 . 5 galaxies CRISTAL-11, CRISTAL-13, and CRISTAL-15 fi
n the caption to Fig. 2 . 
tted with a delayed- τ assumed SFH. The details of this figure are described 
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Figure B2. The z � 5 . 5 galaxy CRISTAL-17 fitted with a delayed- τ assumed SFH. The details in this figure are described in the caption to Fig. 3 . 

Figure B3. The results of the integrated SED fitting with a delayed- τ SFH. The figure properties are described in the caption to Fig. 4 . 
MNRAS 539, 2685–2706 (2025) 
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PPENDIX  C :  C O R N E R  PLOTS  F O R  PIXEL  

ITS  

ere, we present corner plots as derived from BAGPIPES for
ndividual pixels in our resolved fitting in Figs C1 and C2 . The
ele v ant pixels, chosen to represent regions of the galaxy with
if ferent deri ved properties, are highlighted in Figs 2 and 3 . We
eco v er well known degeneracies in our fitting, in particular the
e generac y between age and stellar mass, and to a lesser degree
NRAS 539, 2685–2706 (2025) 

igure C1. Corner plots derived from BAGPIPES for CRISTAL-11 (top row) and
as assumed. The rele v ant pixels are highlighted in Fig. 2 , with the left column cor

o the orange highlighted pixels. 
ust A V and stellar mass. The co v erage of strong rest-frame optical
mission lines reduces the effect of these degeneracies, as the strength
f the H α and H β + [O III] lines we infer from our photometry
onstrains the age in the individual pixel (and integrated) fits. In
ome cases we hit the edge of parameter space, in particular for
tellar age. Demonstrating the likely presence of very young stellar
opulations within the sources, as expected for star-forming regions
n UV-bright LBGs. 
 CRISTAL-13 (bottom row) for the SED fitting of individual pixels. A CSFH 

responding to the red highlighted pixels and the right column corresponding 
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Figure C2. Corner plots derived from BAGPIPES for CRISTAL-15 (top row) and CRISTAL-17 (bottom row) for the SED fitting of individual pixels. A 

CSFH was assumed. The rele v ant pixels are highlighted in Fig. 2 and 3 , with the left column corresponding to the red highlighted pixels and the right column 
corresponding to the orange highlighted pixels. 
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