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A B S T R A C T 

We present sagui , a modular framework for the analysis of multiband imaging data in spatially resolved galaxies, with 

synergies to integral-field spectroscopy (IFS). Building on the spectro-spatial paradigm introduced by capivara for IFS 
data, sagui extends this approach to imaging data sets, enabling a coherent, pixel-level treatment of spatial and spectral 
information across multiple bands. The method follows a two-stage strategy: a starlet-based decomposition is first used 
to identify and mask spatial structures across multiple scales while suppressing noise, and a spectral-similarity analysis 
then partitions the image into coherent pixel groups that preserve spectral consistency. In addition to compact and high- 
contrast structures, the framework incorporates a dedicated statistical treatment, based on a copula transform, to identify 
and recover faint, diffuse low-surface-brightness components. We demonstrate the method across a diverse range of 
galaxy morphologies, highlighting its ability to characterize complex spatial structures, including clumps, bars, interacting 
systems, and low-surface-brightness features. As a case study, we apply it to 11 morphologically diverse galaxies from the 
James Webb Space Telescope Advanced Deep Extragalactic Survey in the Great Observatories Origins Deep Survey South 

(GOODS-South) field. sagui is released under an MIT license and is available at GitHub . 

Key words: methods: data analysis – galaxies: evolution – galaxies: structure. 
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 INTRODUCTION  

he 2020s have witnessed a milestone in imaging and photomet- 
ic studies in optical and near-infrared astronomy. The wealth of 
xquisite, high-quality data observed by the James Webb Space 
elescope has been nothing short of remarkable. Moreover, this 
ear marks the start of the long-awaited Legacy Survey of Space 
nd Time (v. Ivezić et al. 2019 ) at the Vera C. Rubin Obser-
atory. Together with forthcoming and ongoing facilities such 
s Euclid (Euclid Collaboration 2020 ), the Chinese Space Sta- 
ion Survey Telescope (CSST Collaboration 2026 ), and the Nancy 
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race Roman Space Telescope (R. Akeson et al. 2019 ), these sur-
eys will establish a transformative foundation for statistical 
tudies of galaxy structure and substructures, including bars, 
ulges, haloes, discs, and pseudo-components (J. Binney & S. 
remaine 2008 ; L. Simard et al. 2011 ). They will also prove in-
aluable for low-surface-brightness (LSB) science (A. M. Englert, 
. Dell’Antonio & M. Montes 2025 ). These facilities deliver multi-
lter imaging across broad optical and near-infrared wavelength 
anges. Such data can be viewed as low-dimensional hyperspec- 
ral cubes, where each pixel encodes a spectral energy distribu-
ion (SED). 
Prior to the widespread availability of multiband imaging sur- 
eys and integral-field spectroscopy (IFS), studies of galaxy evo- 
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ution relied on integrated-light measurements or central single-
bre spectra from surveys such as the Sloan Digital Sky Survey (D.
. York et al. 2000 ) and Galaxy and Mass Assembly (S. P. Driver
t al. 2009 ). Although these data established canonical scaling
elations, they lacked spatial resolution, and the inferred stellar
asses and star formation rates (SFRs) depend sensitively on
perture size. In particular, at lower redshifts, the effect of a fixed
perture becomes more significant; for instance, in late-type spi-
al galaxies, where substantial star formation occurs in the outer
iscs, this can lead to underestimated SFRs. At the same time,
ontamination from nuclear emission can result in overestimated
FRs (e.g. S. N. Richards et al. 2016 ). Integrated measurements
ay underestimate stellar masses due to the dominance of young
uminous populations (‘outshining’ effects; R. Sorba & M. Sawicki
015 ), reinforcing the need for spatially resolved analyses. 
IFS transformed the field by enabling resolved maps of stel-

ar populations, ionized gas, and kinematics. Surveys including
AURON (P. T. Zeeuw et al. 2002 ), ATLAS3D (M. Cappellari et al.
011 ), CALIFA (S. F. Sánchez et al. 2012 ), MaNGA (K. Bundy
t al. 2015 ), Hector (J. J. Bryant et al. 2016 ), FORNAX3D (M. Sarzi
t al. 2018 ), SINS/zC-SINF (N. M. Förster Schreiber et al. 2018 ),
MOS3D (E. Wisnioski et al. 2019 ), SAMI (S. M. Croom et al.
021 ), and WEAVE (S. Jin et al. 2024 ) have provided spatially
esolved insights into galaxy assembly and dynamical evolution.
n parallel, the Multi Unit Spectroscopic Explorer (MUSE; R.
acon et al. 2010 ) has enabled a broad range of targeted and
urvey-style galaxy programmes, including PHANGS-MUSE (E.
msellem et al. 2022 ), MAGPI (C. Foster et al. 2021 ), GECKOS
A. Fraser-McKelvie et al. 2025 ), and MAUVE (A. Attwater et al.
026 ), among others. 
In parallel, spatially resolved SED modelling (Abdurro’uf &
. Akiyama 2018 ) has shown that multiband photometry can
ecover stellar ages, dust attenuation, and structural gradients
hen spectroscopy is unavailable. Simulation-based studies fur-
her demonstrate that galaxy properties obtained by summing
ixel-level measurements are broadly consistent with those from
ntegrated photometry, particularly at spatial resolutions of �
 kpc (e.g. D. J. B. Smith & C. C. Hayward 2018 ). Observational
esults support this picture, with resolved SED analyses reproduc-
ng coherent scaling relations such as the spatially resolved star
ormation main sequence (Abdurro’uf & M. Akiyama 2017 ) and
itigating biases inherent to unresolved measurements (R. Sorba
 M. Sawicki 2018 ). 
Despite these advances, important methodological limitations

emain, particularly in observational studies. Pixel-level SED fit-
ing is highly sensitive to noise, while binning strategies such as
oronoi tessellation (G. Voronoi 1908 ; F. Aurenhammer 1991 )
an improve the signal-to-noise (S/N) ratio (M. Cappellari &
. Copin 2003 ) at the potential expense of spectral coherence,
hereby fragmenting physically meaningful structures. The chal-
enge is therefore not merely statistical efficiency but astrophysi-
al awareness: Segmentation must ideally be a trade-off between
hysically meaningful components and morphological structure.
omputer vision offers a relevant analogy. Semantic segmen-
ation in hyperspectral imaging has proven effective in remote
ensing and robotics (A. Medellin et al. 2023 ). Astronomical data
ets share similar characteristics – high dimensionality, hetero-
eneous noise, and strong spatial correlations – but introduce
dditional constraints, including extreme dynamic range, dust
ttenuation, and the coexistence of emission-line and continuum
eatures. These properties require domain-aware segmentation
trategies. 
NRAS 549, 1–18 (2026)
The need for such approaches becomes evident when consid-
ring the physical complexity of galaxies. Stellar systems com-
rise multiple structural components – discs, spiral arms, bulges,
ars, clumps, and nuclear clusters – embedded within a multi-
hase interstellar medium. Each exhibits distinct age, metallic-
ty, and kinematic signatures shaped by internal processes and
xternal perturbations throughout cosmic time. Spiral arms and
ars not only define the galactic morphology but also regulate
ngular momentum transport and secular evolution (e.g. J. A.
ellwood 2014 ). Interactions ranging from minor fly-bys to major
ergers redistribute baryons, producing tidal tails, bridges, and
hells while triggering enhanced star formation (e.g. W. Luo, X.
ang & Y. Zhang 2014 ; L. Ferreira et al. 2025 ). Compact star-
urst regions (e.g. A. Calabrò et al. 2019 ; D. M. Elmegreen et al.
021 ; H. He et al. 2022 ) and disturbed morphologies therefore
ct as tracers of dynamical evolution. Sub-galactic analyses are
ssential for connecting spatially localized processes to global
ransformation (A. Helmi 2020 ). Early Hubble Space Telescope
bservations revealed clumpy kiloparsec-scale structures (e.g. L.
. Cowie, E. M. Hu & A. Songaila 1995 ; B. G. Elmegreen & D. M.
lmegreen 2005 ; D. M. Elmegreen et al. 2009 ), and the increased
ensitivity of JWST now enables detailed studies of star formation
n even smaller physical scales (e.g. A. Claeyssens et al. 2023 ; M.
essa et al. 2024 ; L. Mowla et al. 2024 ; P. Benotto et al. 2026 ; A.
laeyssens et al. 2026 ). Spatially and spectrally coherent segmen-
ation is therefore not a cosmetic refinement, but a prerequisite
or linking localized physical processes to galaxy-wide evolution.
Building on our IFS-based spectral segmentation framework
apivara (R. S. de Souza et al. 2025 ), we introduce sagui ,
hich extends this approach to multiband photometric imaging.
hile preserving the core principle of clustering spatial pixels in
ED space, sagui incorporates modifications required for the
hotometric regime, including multiscale starlet-based denoising
J.-L. Starck & F. Murtagh 2006 ; P. Melchior et al. 2018 ) and com-
utational refinements to distance-matrix operations suited to
igher-resolution imaging data, including improved handling of 
issing data. Spatially resolved SED-fitting frameworks such as
iXedfit (Abdurro’uf et al. 2021 ) and related photometric tools
ave demonstrated the scientific power of spatially resolved stel-
ar population modelling. In practice, these analyses frequently
ely on Voronoi binning or similar schemes to stabilize fits in low
/N regimes (e.g. T. Fetherolf et al. 2020 ; V. Y. Y. Tan et al. 2022 ;
. Thainá-Batista et al. 2026 ). Although such strategies improve
tatistical robustness, they may compromise spectral homogene-
ty or fragment physically coherent structures. 
Our aim is not to replace these frameworks, but to comple-
ent them by addressing the upstream segmentation problem:
dentifying spatially coherent and spectrally homogeneous re-
ions, i.e. regions with similar SED shapes, prior to population
ynthesis modelling (SED fitting). In this sense, sagui com-
lements source-detection and deblending tools by focusing on
ED-coherent region segmentation within resolved galaxy light.
he method is guided by two principles: (1) defining a physi-
ally motivated spatial envelope and (2) clustering pixels in SED
pace. Together, these components yield regions that enforce
pectral consistency, enabling robust inference of stellar popula-
ions, dust content, and star-formation activity without relying
n S/N-driven binning schemes that may blur spectrally distinct
opulations. 
This paper is structured as follows. Section 2 describes the
ata set and its motivation. Section 3 presents the methodology.
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Table 1. Coordinates and spectroscopic redshifts of the eleven galaxies 
in our sample. Ten of these systems are shown in Fig. 1 and form the main 
analysis sample, while Sagui-11 is discussed separately as a low-surface- 
brightness case study in Section 4.3 . 

Galaxy ID RA (J2000) DEC (J2000) Redshift 

Sagui-1 03:32:36.50 −27 :46:29.5 0.7649 
Sagui-2 03:32:36.40 −27 :46:31.6 1.0385 
Sagui-3 03:32:36.60 −27 :46:31.2 0.9965 
Sagui-4 03:32:34.20 −27 :45:54.4 0.3664 
Sagui-5 03:32:36.38 −27 :51:18.0 0.3583 
Sagui-6 03:32:35.95 −27 :51:18.6 0.3583 
Sagui-7 03:32:35.59 −27 :46:26.8 1.0878 
Sagui-8 03:32:40.87 −27 :46:16.8 0.6222 
Sagui-9 03:32:13.70 −27 :49:34.5 0.6651 
Sagui-10 03:32:39.27 −27 :45:33.0 0.4148 
Sagui-11 03:32:19.50 −27 :52:17.89 1.0930 

S
m
t  

N
s
t
w

2

T
a
O
i  

s  

S
v  

2  

p
s
t
w
a  

f  

p

F  

a
i
d
p
p
t

i
fi
S
w
t
S  

m
t
s
t
c
n

F
w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/4/stag106
ection 4 discusses the main results, including spatially resolved 
aps of the physical properties of our sample after segmenta- 
ion, as well as a case study based on a copula transform (R. B.
elsen 2006 ) combined with the segmentation to investigate LSB 

tructures. Section 5 summarizes our conclusions. Throughout 
his paper, we assume a flat lambda-cold dark matter cosmology 
ith H0 = 70 km s−1 Mpc−1 , �m = 0 . 3 , and �� = 0 . 7 . 

 DATA  AND  SAMPLE  SELECTION  

hroughout this paper, we analyse broadband imaging data to 
ssess the performance of the sagui segmentation framework. 
wing to the broad wavelength coverage of NIRCam imaging 
n the GOODS-South field we select ten galaxies in the main
igure 1. JWST /NIRCam colour composites of the galaxies analysed in this stu
ere constructed using the filters F 277 W (red), F 182 M (green), and F 115 W (blu
ample, plus one LSB case study, observed with the James Webb
pace Telescope as part of the Advanced Deep Extragalactic Sur- 
ey (JADES; M. J. Rieke et al. 2023 ; D. J. Eisenstein et al. 2025,
026 ) . The sample is constructed to span a range of clear mor-
hological substructures – such as star-forming clumps, bars, 
piral arms, and merger signatures – providing a representative 
est bed for segmentation. To ensure adequate spatial resolution 
hile maintaining morphological diversity, the selected systems 
re restricted to z � 1 (see Table 1 and Section 2 ), although a
ormal quantification of the method’s redshift limit has yet to be
erformed. 
Fig. 1 shows NIRCam colour composites constructed from 

 277 W (R), F 182 M (G), and F 115 W (B) filters. Background levels
re estimated and subtracted using low-percentile sky values, and 
ntensities are scaled using a common non-linear (asinh) stretch 
erived from the luminance distribution of each system. This ap- 
roach preserves faint tidal features and clumpy structure while 
reventing saturation in bright cores. A mild colour normaliza- 
ion was applied to balance channel intensities. 
Sagui-1, Sagui-2, and Sagui-3 lie close in projection but differ 

n redshift, providing a test of algorithmic behaviour in crowded 
elds, with Sagui-3 potentially representing a merging system. 
agui-4 exhibits a strongly disturbed, post-merger morphology, 
ith compact clumps distributed along an extended tidal fea- 
ure, possibly associated with recent star formation. Sagui-5 and 
agui-6 lie at the same redshift but differ structurally: the for-
er displays a disc-like morphology with visible spiral struc- 
ure, while the latter appears elongated, with stellar emission 
tretched along a preferred axis, suggestive of ongoing interac- 
ion. Sagui-7 presents a disturbed system with two bright central 
omponents embedded in a diffuse envelope, consistent with a 
ear-coalescence phase. Sagui-8 and Sagui-9 are relatively undis- 
MNRAS 549, 1–18 (2026)

dy. Their identifiers and redshifts are indicated in each panel. The images 
e). 
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urbed, face-on spirals rich in star-forming clumps, while Sagui-
0 hosts a prominent bar together with visible star-forming knots.
We use JWST /NIRCam imaging in fourteen broad and medium
ands ( F 090 W, F 115 W, F 150 W, F 182 M , F 200 W, F 210 M , F 277 W,
 335 M , F 356 W, F 410 M , F 430 M , F 444 W, F 460 M , and F 480 M ),
panning roughly 0 . 8 − 5µm in wavelength coverage. However,
ue to variations in the spatial coverage of individual filters, par-
icularly the medium bands, not all galaxies of the sample are
bserved in fourteen filters. As a result, the number of available
lters for each galaxy varies from 8 to 14 filters, with most galaxies
overed in the full set of bands. 
For each galaxy, the images were aligned and cropped to a
ommon field of view across all filters before stacking into a
ultiband cube with dimensions ( x, y , filter). The spatial extent

 x, y ) of each cube was defined to encompass the full extent
f the target, depending on the morphology and environment
f each system (e.g. isolated galaxies or interacting pairs). The
ectangular cutouts have typical sizes ranging from ∼150 to ∼300
ixels per side, corresponding to ∼0.1–0.2 arcmin. All images
hare a pixel scale of 0.04 arcsec pix−1 , corresponding to the scale
f the long-wavelength NIRCam mosaics. Because the NIRCam
oint spread function (PSF) varies significantly with wavelength,
irect comparison of pixel-level fluxes across bands would intro-
uce artificial colour gradients and bias SED-based clustering.
e therefore homogenized the imaging to a common effective
ngular resolution prior to segmentation, by matching the PSF of 
ll bands to that of the F 444 W filter (full width at half-maximum
 0 . 145 arcsec). Empirical PSFs for the JADES GOODS-South
eld, measured by A. la Vega et al. ( 2025 ), were used to construct
onvolution kernels for each band. All data processing was per-
ormed using the lightstack code 1 , which implements the steps
escribed above. 
We obtain spectroscopic redshifts primarily from the MUSE
ubble Ultra Deep Field Survey (R. Bacon et al. 2017 , 2023 ), ex-
ept for Sagui-5, for which we use a VIMOS spectrum (P. Popesso
t al. 2009 ). We determine redshifts by fitting Gaussian profiles to
rominent nebular emission lines (e.g. [O, ii ] λ3727 , H β, [O, iii ]
5007 , H α). We fit each line independently, and centroid offsets
elative to rest-frame wavelengths yield individual redshift esti-
ates. When multiple lines are available, we compute a weighted
ean using inverse-variance weights based on the centroid un-
ertainties. The final redshift values, reported to four significant
igits, reflect the typical precision ( σz ∼ 10−4 ) provided by the
USE spectral resolution. Table 1 lists coordinates and spectro-
copic redshifts of the galaxies. 

 METHODOLOGY  

he segmentation strategy implemented in sagui builds
pon the spectral-clustering philosophy originally introduced in
apivara (R. S. de Souza et al. 2025 ), but adapts it to multiband
maging data. While capivara was designed for IFS cubes with
igh-resolution spectra per spaxel, sagui operates on broadband
nd medium-band photometric images, where each pixel carries
n SED. In addition, sagui incorporates an explicit morphology-
reserving spatial masking stage based on undecimated wavelet
nalysis, which is not part of the original capivara implemen-
ation. The method therefore consists of the following, conceptu-
lly distinct steps: (i) morphology-aware spatial masking, based
NRAS 549, 1–18 (2026)

 https://github.com/AndressaWille/lightstack. 

o  

s  

a  
n a starlet decomposition of a white-light image; (ii) spectral
egmentation, via hierarchical clustering of pixel SEDs. Addition-
lly, we experiment with a copula-based transform to improve
ensitivity to diffuse, LSB outskirts; this extension is described in
ection 4.3 . 
Fig. 2 shows a schematic overview of how sagui operates.
tarting from the multiband image cube, we first construct a
hite-light image and use its starlet decomposition to define a
oreground support that preserves the main galaxy morphology
hile suppressing background-dominated pixels. The pixel SEDs
ithin this support are then compared through a pairwise spec-
ral dissimilarity matrix, and hierarchical clustering is applied to
dentify groups of pixels with similar photometric behaviour. Fi-
ally, the resulting labels are mapped back onto the image plane,
ielding a SED-based spatial segmentation. 

.1 Starlet mask 

efining the spatial extent of a galaxy is intrinsically challenging,
ince galaxies do not have sharp physical edges and their surface-
rightness profiles fade gradually into the background. A variety
f methods have been proposed for this task, ranging from noise-
ased detection techniques such as noisechisel (M. Akhlaghi
 T. Ichikawa 2015 ) to U-Net-based deep-learning approaches
J. Fernández-Iglesias, F. Buitrago & B. Sahelices 2024 ). Here we
mploy an isotropic undecimated wavelet transform, commonly
eferred to as the starlet transform (e.g. J.-L. Starck & F. Murtagh
006 ; J.-L. Starck, J. M. Fadili & F. Murtagh 2007 ). Because the
tarlet transform is shift-invariant and defined directly on the
riginal pixel grid, structures identified at different spatial scales
emain co-registered, avoiding artefacts associated with down-
ampling or pixel shifts. This is particularly advantageous for
stronomical imaging, where galaxies exhibit features over a wide
ange of spatial scales and where no explicit geometric prior, such
s symmetry or connectivity, need be imposed. The resulting mul-
iscale representation is used to define a morphology-preserving
oreground mask that isolates the main galaxy structure while
xcluding most background-dominated pixels. We implemented
 customized version of this transform within sagui ; the cor-
esponding functionality will also be incorporated into a future
elease of capivara . 
For the masking step, we first collapse the multiband cube over
ll available bands to construct a white-light image, 

0 (x, y ) =
Nband ∑ 

b=1 
Ib (x, y ) , (1) 

here Ib (x, y ) denotes the image intensity in band b. The starlet
ransform then iteratively constructs a sequence of progressively
moothed images { c j }J j=1 by convolution with a dilated B3 -spline
caling filter, 

 [ k] = 1 
16 (1 , 4 , 6 , 4 , 1) , (2) 

here dilation at scale j is achieved by inserting 2 j−1 − 1 zeros
etween filter coefficients. The parameter J sets how far the mul-
iscale decomposition is allowed to probe towards large spatial
cales. In the à trous construction this happens dyadically: Each
uccessive scale samples the same B3 -spline filter at twice the
revious pixel spacing. Thus, scale j is sensitive to structures
ver a characteristic width of order 2 j−1 pixels, with the full filter
upport extending over 4 × 2 j−1 + 1 pixels. Increasing J therefore
llows broader, smoother galaxy features to appear in the starlet

https://github.com/AndressaWille/lightstack
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Figure 2. sagui workflow illustration. Starting from a multiband imaging cube, a white-light image is collapsed and used to define a starlet-based 
foreground support. Pixel SEDs within this support are then compared in photometric space, and hierarchical clustering is applied to the corresponding 
dissimilarity matrix. The final cluster assignments are projected back onto the image plane, yielding a spatial segmentation whose regions follow coherent 
galactic structures while preserving similarity in SED shape. 
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oefficient maps instead of being absorbed into the final coarse 
omponent cJ . Conversely, if J is too small, extended LSB emis-
ion can remain in cJ and may not contribute to the foreground
upport used for the mask. At each scale, with c0 ≡ I0 , the wavelet
oefficients are defined by differencing successive smooth com- 
onents, 

j = c j−1 − c j . (3) 

he decomposition therefore yields a hierarchy of detail maps 
 wj } capturing progressively larger spatial structures, together 
ith a final coarse component cJ . Owing to the undecimated con- 
truction, all components retain the original spatial dimensions, 
nd the transform satisfies the exact reconstruction identity 

0 =
J ∑ 

j=1 
wj + cJ . (4) 

pplied to the white-light image, this produces multiscale de- 
ail coefficients { wj (x, y ) }J j=1 and a smooth residual component 
J (x, y ) , all defined on the native spatial grid. Fig. 3 illustrates the
esulting multiscale decomposition in practice. 
To identify the main galaxy structure, we reconstruct a support 

mage from the intermediate starlet scales while excluding both 
he finest scale, j = 1 , and the coarse residual cJ . The finest scale
s typically dominated by pixel-scale fluctuations, whereas the 
oarse residual mainly captures the smoothest large-scale com- 
onent of the image, including background variations. For the 
ducial segmentations we use J = 5 and keep scales j = 2 , . . . , 5 ,
o that 

 (x, y ) =
5 ∑ 

j=2 
wj (x, y ) . (5) 

his choice retains structures on scales larger than the pixel- 
cale noise plane and up to the largest dyadic scale resolved by
he adopted decomposition, while leaving only the smoothest 
esidual component in cJ . In practice, J should be chosen with
espect to the image size, the PSF width, and the angular extent of 
he diffuse structures of interest; here we fix J = 5 for all galaxies
o ensure a homogeneous foreground-mask definition across the 
ample. The foreground support is then obtained by binarizing 
his reconstructed image, 

(x, y ) =
{
1 , R (x, y ) > 0 , 
0 , R (x, y ) ≤ 0 , (6) 

ith non-finite pixels excluded. Since starlet coefficients encode 
ocal contrast, positive values in the reconstructed support trace 
ignal above the local background. 

.2 SED-based segmentation 

n contrast to geometric tessellations such as Voronoi binning 
G. Voronoi 1908 ; F. Aurenhammer 1991 ), which partition the
mage plane according to proximity, our approach partitions 
he feature space of pixel SEDs and maps the resulting clusters
ack onto the image grid. The resulting tessellation is therefore 
MNRAS 549, 1–18 (2026)
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Figure 3. Starlet decomposition for representative galaxies (Sagui-1–3, Sagui-4, and Sagui-10). In each case, the original image is exactly recovered by 
summing the detail coefficients across all five scales and the coarse component. The finest scale ( j = 1 ) is dominated by pixel-scale fluctuations, while 
intermediate scales trace coherent galactic structure. Larger scales isolate progressively smoother and more extended components. 
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efined in SED space rather than on the image plane, in the
pirit of feature-space partitioning in statistical pattern recog-
ition (C. Bishop 2006 ). Each pixel xi j is represented by an
ED over the available JWST /NIRCam bands for that galaxy,
ith components fi jb given by the background-subtracted flux in
and b. 
Pixel similarity is quantified through distances between nor-
alized SEDs. Let ̂ fi j = (̂ fi j1 , . . . , ̂ fi jB ) denote the normalized
ED vector of pixel xi j . Before computing pairwise distances, each
ixel SED is centred by subtracting its own median flux across
he available bands. This normalization removes the zeropoint
f each pixel SED and makes the clustering more sensitive to
ifferences in SED shape than to absolute surface-brightness dif-
erences. The distance between two pixels xi j and xkl is defined
NRAS 549, 1–18 (2026)
sing the 	p norm, 

(xi j , xkl ) =
∥∥∥̂  fi j −̂ fkl 

∥∥∥
p 

=
( B ∑ 

b=1 

∣∣∣̂ fi jb − ̂ fklb 
∣∣∣p ) 1 /p 

, (7) 

here b = 1 , . . . , B indexes the photometric bands. Throughout
his work we adopt p = 2 , corresponding to the Euclidean dis-
ance. The resulting pairwise dissimilarities are then used as in-
ut to a hierarchical agglomerative clustering using Ward’s cri-
erion (J. H. Ward 1963 ; F. Murtagh & P. Legendre 2014 ). Ward’s
inkage is adopted because it merges clusters in a way that mini-
izes the increase in within-cluster variance, making it partic-
larly appropriate for identifying groups of pixels with similar
EDs. In contrast to more local linkage criteria, it generally yields
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egions that are more compact and more readily interpretable. 
he algorithm starts with each pixel treated as an individual 
luster and then successively merges the pair of clusters that 
roduces the smallest increase in total within-cluster variance. 
his iterative procedure yields a dendrogram that captures the 
ierarchical structure of SED similarity across the image. The 
nal segmentation is obtained by cutting the dendrogram at the 
hosen number of clusters. 

.3 Spatially resolved SED fitting 

e estimate the physical properties of each segmented region 
sing the Prospector SED fitting code (B. D. Johnson et al. 
021 ). The code employs the Flexible Stellar Population Synthesis 
FSPS) model (C. Conroy, J. E. Gunn & M. White 2009 ), imple-
ented through Python-fsps (D. Foreman-Mackey, J. Sick & B. 
ohnson 2014 ). This method generates SED models that allow for
 flexible treatment of both stellar populations and dust physics, 
hile explicitly accounting for parameter uncertainties. Contin- 
um and line emission for stellar populations are calculated us- 
ng the nebular emission models implemented within FSPS (see 
. Byler et al. 2017 for details) using the photoionization code 
loudy (G. J. Ferland et al. 1998 ). Stellar mass is assigned a
niform prior over the range 104 . 5 –1013 . 5 M�, spanning the stellar 
ass scales expected in our analysis, from individual star-forming 
egions to larger structures. Stellar metallicity is allowed to vary 
niformly between 10−2 Z� and 100 . 3 Z�. We adopt an initial mass 
unction of G. Chabrier ( 2003 ) and the D. Calzetti et al. ( 2000 )
ttenuation law. 
For each region, we construct an integrated SED by summing 

he flux from all pixels contained within the segmentation mask 
n each photometric band. The total flux in each band is com-
uted as the sum of the pixel fluxes, and uncertainties are propa-
ated by combining the individual pixel errors in quadrature. The 
esulting multiband photometry therefore represents the inte- 
rated light of the stellar population and dust content associated 
ith each segment. These segment-level SEDs are then fitted with 
rospector using identical model assumptions and priors for 
ll regions, thereby ensuring a uniform analysis. We adopt delib- 
rately broad priors to encompass the expected spatial variations 
n galaxy properties; however, a more detailed, spatially resolved 
reatment will be explored in future work to better capture effects
uch as active galactic nucleus (AGN) contamination and other 
ocalized processes. Spectroscopic redshift estimates from Table 
 are used, ensuring that the derived physical parameters are 
ot biased by photometric redshift uncertainties. For each galaxy, 
ll segments are fitted at the same redshift. Internal kinematic 
hifts between regions are expected to be small compared with the
idth of the broadband and medium-band filters used here, but 
omponent-dependent redshifts could in principle be incorpo- 
ated in future applications. Fixing the redshift also removes one 
egree of freedom from the model, which improves the accuracy 
f derived physical parameters and tightens their posterior dis- 
ributions. We adopt an exponentially declining parametric star- 
ormation history (SFH), 

FR (t ) ∝ e−t/τ , (8) 

here τ is the characteristic time scale of the model. As shown by
. C. Carnall et al. ( 2019 ), inferred galaxy properties, particularly
FRs, can vary by at least 0.3 dex depending on the assumed
FH. In this work, however, we are primarily interested in relative
ariations among segmented regions rather than in absolute pa- 
ameter values, so any systematic offsets introduced by the choice 
f SFH are expected to affect all regions in a broadly similar way
nd therefore not dominate the inferred spatial trends. Never- 
heless, investigating the impact of alternative SFH priors would 
e valuable in future work, especially because non-parametric 
FHs have been shown to improve the recovery of galaxy prop-
rties by reducing the outshining of older stellar populations by 
ecent star formation (Euclid Collaboration 2026 ) and by better 
apturing bursty star-formation episodes (P. Haskell et al. 2024 ; 
. Harvey et al. 2025 ). The posterior distributions returned by
rospector provide estimates of stellar mass, age, metallicity, 
tar-formation rate, and dust attenuation. We compute the aver- 
ge star-formation rate over recent time-scales of �t = 100 Myr
s 

FR �t = 1 
�t 

∫ tage 
tage −�t 

SFR (t ) dt , (9) 

here tage is the age of the stellar population. We also use the
ass-weighted age, 

 t 〉M 

=
∫ tage 
0 t SFR (t ) dt ∫ tage 
0 SFR (t ) dt 

. (10) 

ncertainties and parameter degeneracies are retained through 
he posterior sampling, allowing for robust error estimation on a 
egment-by-segment basis. 
The derived physical properties are mapped back to the spa- 

ial domain by assigning each segment’s median posterior val- 
es to all pixels within its segmentation mask. This yields two-
imensional maps of stellar mass surface density, SFR surface 
ensity, dust attenuation, and other inferred quantities, while 
reserving the underlying morphological segmentation (see Figs 
0 –15 ). In this way, segment-level SED fitting results are trans-
ated into spatially resolved maps that reflect the galaxy’s struc- 
ural properties. These maps should be interpreted as region- 
ased summaries projected onto the image plane, rather than in- 
ependent pixel-level estimates. Their strength lies in combining 
he statistical robustness of region-integrated SED fitting with the 
reservation of spatial morphology. 

 APPLICATION  TO  SELECTED  JADES  

ALAXIES  

.1 Sagui segmentation 

e illustrate the workflow using a representative sample of 
leven galaxies spanning a range of morphologies. Applying 
agui to the multiband images produces segmentation matrices 
hat assign each pixel to a distinct SED-defined group. The result-
ng SED-based segmentations for 10 cases are shown in Fig. 4 .
or this demonstration, we divide each galaxy into 20 segments, 
hich offers a practical compromise between structural charac- 
erization and S/N ( � 20 ). We stress that the main purpose of 
his paper is methodological. A detailed astrophysical interpre- 
ation of the segmented regions is left to future work; the pa-
ameter choices adopted here are therefore intended to showcase 
he method’s capabilities rather than to deliver a comprehensive 
nalysis of the galaxies themselves. 
For each segmented region identified by sagui , we infer phys-

cal parameters using Prospector SED fitting and project the 
esulting estimates back onto the spatial grid. This yields two- 
imensional maps of stellar population properties, enabling a vi- 
MNRAS 549, 1–18 (2026)
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Figure 4. Spatial distribution of the 20 segments detected by sagui . Different colours denote distinct segments. 
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Figure 5. Comparison of segmentation behaviour for Sagui-10 using 
10 components. Left: pure Voronoi binning without a foreground mask. 
Middle: a piXedfit -like adaptive pixel-binning baseline, restricted to a 
piXedfit -like foreground mask. Right: sagui , which combines a starlet- 
derived foreground mask with clustering in SED space. 
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ual inspection of spatial variations in stellar mass, star-formation
ctivity, metallicity, and dust attenuation. Because each segment
orresponds to a coherent region in SED space, these maps pro-
ide a physically motivated partition of the galaxy, linking mor-
hological structures to their underlying stellar populations. 
We emphasize that sagui is not designed to replace generic

ource-detection or deblending pipelines. Methods such as SEx-
ractor (E. Bertin & S. Arnouts 1996 ), NoiseChisel (M.
khlaghi & T. Ichikawa 2015 ), and scarlet (P. Melchior et al.
018 ) are optimized for detecting, separating, and measuring
ources in imaging data. The role of sagui is different: it operates
fter the construction of a spatially meaningful foreground mask
nd aims to partition galaxy light into regions that remain coher-
nt in SED space, thereby providing a physically motivated input
or resolved stellar-population analysis. In this sense, sagui is
est understood as complementary to source-detection methods
ather than as a competing alternative. The exact appearance
f the segmentation depends on analysis choices such as the
SF homogenization across bands, the starlet-mask parameters
sed to define the spatial envelope, and the adopted number of 
omponents. These parameters control the effective granularity
f the partition and should therefore be adjusted to the scientific
bjective of the application. 
Fig. 5 presents a direct comparison between three segmentation
trategies applied to Sagui-10: pure Voronoi binning, Voronoi bin-
ing restricted to a piXedfit -like foreground mask, and sagui .
his example is intended to separate the effects of the foreground
upport definition from those of the segmentation itself. Pure
oronoi binning provides a purely geometric partition driven by
he target S/N, while the piXedfit -like variant introduces a more
ealistic foreground mask but retains the same geometric binning
ogic. In contrast, sagui combines a starlet-based support defi-
ition with SED-aware clustering. Visually, sagui better follows
NRAS 549, 1–18 (2026)

a  
he bar, spiral arms, and central spheroidal component, whereas
he geometric baselines tend to merge structures that are mor-
hologically adjacent but photometrically distinct. This compari-
on highlights that the gain obtained with sagui is not only due
o masking, but also to the way the segmentation uses multiband
nformation to preserve physically meaningful structures. 
In Fig. 6 , we compare sagui with two geometric binning base-

ines at different granularity levels for the spiral galaxy Sagui-8.
e consider pure Voronoi tessellation and a Voronoi scheme re-
tricted to a piXedfit -like foreground mask, and run both meth-
ds for nominal target numbers of regions N = { 10 , 15 , 20 , 30 } .
ecause these adaptive binning schemes are controlled by an
/N criterion rather than by fixing the exact number of bins, the
ecovered number of regions may differ slightly from the nominal
arget. We then run sagui with the corresponding target num-
er of components to enable a direct visual comparison between
he segmentation strategies. In this regular spiral system, sagui
ore naturally follows the central concentration and the spiral-
rm structure seen in the composite image, whereas the geo-
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Figure 6. Benchmark comparison for Sagui-8. Rows show sagui , pure 
Voronoi binning, and the piXedfit -like baseline. Columns show nomi- 
nal target group numbers N = 10 , 15 , 20 , 30 . 

S/N = 5 S/N = 10 S/N = 15 S/N = 20

Figure 7. Target-S/N segmentation test for Sagui-10. Each panel shows 
the sagui segmentation obtained when requiring a minimum regional 
signal-to-noise ratio of S / N = 5 , 10 , 15 , and 20 , respectively. Increasing 
the target S/N forces the algorithm to merge regions, producing pro- 
gressively coarser segmentations while preserving the main photometric 
structures. 
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etric tessellations tend to produce partitions that are less well 
ligned with the galaxy morphology. This distinction is important 
ecause our goal is not only to increase S/N, but also to partition
he galaxy light into regions that remain coherent in SED space. 
Fig. 7 illustrates the complementary use of sagui when the 
egmentation granularity is set by a minimum regional S/N re- 
uirement rather than by a fixed number of components. For 
agui-10, increasing the target threshold from S / N = 5 to 20 
rogressively merges neighbouring regions, producing coarser 
aps with higher-quality integrated photometry. This provides 
 practical way to tune the segmentation for downstream SED 

tting: lower thresholds preserve more spatial detail, while 
igher thresholds prioritize more precise flux measurements per 
egion. 
Fig. 8 shows a controlled comparison between sagui and 
oronoi binning for Sagui-10, using the same starlet-derived 
ask and the same number of regions. The left panels show the
egmentation maps, and the right panels the corresponding bun- 
les of normalized JWST SEDs for the pixels in each region. Be-
ause the mask is fixed, the differences reflect only the clustering
tep. The sagui segmentation follows the galaxy morphology in 
 non-parametric way, reproducing the bar and surrounding disc 
ore naturally than the Voronoi partition. Since the clustering is 
ierarchical, the largest and most populated components are typi- 
ally established first, with later refinements splitting the brighter 
nner structure. The resulting SED bundles are generally tighter 
han in the Voronoi case, indicating greater internal spectral ho- 
ogeneity. 
While Fig. 8 conveys a visual intuition about the behaviour of 
ach tessellation method, it lacks a quantitative metric. In Fig. 
 , we introduce simple heuristics to assess segmentation perfor- 
ance as a function of the number of groups for four representa-
ive systems: Sagui-7, Sagui-8, Sagui-9, and Sagui-10. We compare 
agui , Voronoi binning, and a piXedfit -like baseline using the
pectral dissimilarity (1 − ρ̄cluster ) , where 

¯cluster = 1 
K 

K ∑ 

k=1 
ρ̄k , ρ̄k = 2 

nk (nk − 1) 
∑ 

i< j 
i, j∈ k 

corr 
( ˜ fi , ˜ f j ) , 

nd the mean cluster S/N ratio 

 / N = 1 
K 

K ∑ 

k=1 

(
S 
N 

)
k 
. (12) 

ere, K is the number of regions, nk is the number of pixels in
egion k, and ˜ fi is the scaled SED of pixel i . In all galaxies, sagui
ields systematically lower spectral dissimilarity than Voronoi 
inning, while maintaining comparable or higher mean cluster 
/N. 

.1.1 Sagui-1, -2, and -3 

his system comprises three galaxies, Sagui-1, Sagui-2, and Sagui- 
, located in close projection within the JADES field but spanning
istinct redshifts ( z = 0 . 77 , z = 1 . 04 , and z = 0 . 99 , respectively).
espite their apparent proximity on the sky, the galaxies are not
hysically associated, providing a representative example of a 
rowded high-redshift field in which multiple systems with over- 
apping isophotes and complex morphologies coexist. All three 
xhibit irregular and asymmetric light distributions, combining 
ompact bright regions with extended LSB features, making them 

ell suited for evaluating the ability of the segmentation to dis-
ntangle projected structures while preserving morphological di- 
ersity. 
Fig. 4 shows the spatial distribution of the 20 components iden- 

ified by the sagui segmentation. Visual inspection reveals sev- 
ral distinct features. In Sagui-1 ( z = 0 . 77 ), the algorithm isolates
 compact, high-SNR central component, surrounded by multi- 
le asymmetric and elongated regions that trace extended stellar 
tructures and diffuse emission. These features are suggestive 
f a disturbed morphology, potentially linked to interaction or 
ngoing assembly, and are recovered without imposing any prior 
ssumptions about galaxy symmetry or connectivity. Sagui-2 ( z = 

 . 04 ) is segmented into a small number of relatively compact
omponents, dominated by a bright core. The segmentation natu- 
ally separates these regions based on local surface-brightness co- 
erence, capturing both the central concentration and fainter sur- 
ounding structures that would otherwise be blended in object- 
ased approaches. For Sagui-3 ( z = 0 . 99 ), the method identifies
n elongated main component and several secondary regions 
ligned with its major axis, consistent with a disc-like or tidally
tretched morphology. Despite the projected proximity of Sagui-1, 
2, and -3 on the sky, their components are not artificially merged.
nstead, the segmentation responds to differences in morphology, 
cale, and SNR, effectively disentangling overlapping systems at 
istinct redshifts. Since our SED fitting procedure assumes a fixed 
MNRAS 549, 1–18 (2026)
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Figure 8. Illustrative comparison for Sagui-10 using a shared starlet support, with sagui segmentation in the top panel and a Voronoi tessellation in 
the bottom panel, both using six regions. The left panels show the segmentation maps, while the right panels display bundles of normalized JWST SEDs 
for the pixels in each segment. The shaded coloured bands indicate the approximate transmission windows of the JWST filters. 
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pectroscopic redshift per system, performing it in this case would
ot be physically meaningful as the three galaxies lie at different
edshifts. However, for the other galaxies in our sample, we per-
ormed SED fitting on the segmented regions to derive spatially
esolved stellar population properties, as shown in Figs 10 to 15 . 

.2 SED fitting 

n this section, we examine the SED-fitting results for the seg-
ented regions of the JADES-Sagui galaxy sample. 

.2.1 Sagui-4 

or Sagui-4 ( z = 0 . 36 ), the algorithm highlights two structures: a
right core, displaced from the galaxy centre as a consequence of 
NRAS 549, 1–18 (2026)
ts disturbed configuration, and two star-forming regions, high-
ighted by different colours in the segments of the second panel
f Fig. 4 . These star-forming regions may be originally associ-
ted with the merged galaxies or they may have formed dur-
ng the merger, after the fragmentation and compression of the
as. 
Fig. 10 shows the spatially resolved stellar-population maps de-

ived from the SED fitting for this galaxy. The central region
ppears to be dominated by an older stellar population, with a
elatively small amount of dust, although residual degeneracies
annot be entirely ruled out, also given that we do not include
n AGN component in the SED fitting. By contrast, the outer re-
ions show younger stellar populations, with emphasis on some
egions that exhibit higher star-formation rates, which coincide
ith the locations of star-forming clumps visible in the original
mage of the galaxy (Fig. 1 ). These regions also show modest
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Figure 9. Validation of the segmentation quality as a function of the number of groups for Sagui-7, Sagui-8, Sagui-9, and Sagui-10. The top row shows 
the spectral dissimilarity, while the bottom row shows the mean cluster S/N. Across all four galaxies, sagui yields lower spectral dissimilarity than 
Voronoi binning, indicating more spectrally coherent regions, while maintaining comparable or higher mean cluster S/N over most of the explored 
range. 

Figure 10. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-4 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED-fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust attenua- 
tion AV . 
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ariations in metallicity and dust attenuation relative to their 
urroundings. These patterns are consistent with star formation 
riggered by the merger. While it is beyond the scope of this work,
t is important to note here that SED fitting with parametric SFH
orms may not accurately capture the complex SFHs of inter- 
cting galaxies (e.g. D. J. B. Smith & C. C. Hayward 2015 ). This
imitation can, in principle, be mitigated by using SED templates 
erived from more realistic SFHs obtained from cosmological 
imulations or semi-analytical models. 

.2.2 Sagui-5 and -6 

agui-5 (face-on) and Sagui-6 (almost edge-on) are a pair of galax-
es at the same redshift ( z = 0 . 36 ) with asymmetries in their discs
robably resulting from tidal perturbations in the early stages of 
nteraction. In Fig. 4 , the spiral and asymmetric arms of Sagui-5
re prominent, and in Sagui-6, the segmentation clearly shows its 
longated disc and larger central component. 
In Fig. 11 , the 
SFR and AV panels show younger and dustier
opulations in the spiral arms, particularly in the region dis- 
urbed by the ongoing interaction. There is a clear spatial gradient
f these properties extending from the inner disc to the outer
egions of the galaxies. It is also possible to observe a difference
etween the two galaxies in terms of metallicity: Sagui-6 has an
xtended inner region with higher metallicity than Sagui-5. 

.2.3 Sagui-7 

or Sagui-7 ( z = 1 . 09 ), a system of two merging galaxies that
till preserve much of their individual structures, the method 
istinguishes the centre of each galaxy and their spiral arms. 
Fig. 1 shows that the colliding galaxies have some differences: 
ne of them has more dust (the upper galaxy), while the other
s bluer and appears to have more star formation in clumps (the
ower galaxy). Differences between the central regions of galaxies 
lso appear in the metallicity and attenuation plots in Fig. 12 .
owever, since AGN emission was not explicitly modelled, some 
f the measured attenuation could be affected by residual AGN 

ontribution. 
The cores exhibit lower SFRs than the spiral arms, and it is also

nteresting to note the increase in SFR density near the regions
here the collision is occurring (brown regions), suggesting that 
he sagui segmentation preserves spatially coherent variations 
n stellar populations. 
MNRAS 549, 1–18 (2026)
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Figure 11. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-5 and Sagui-6 pair. Each panel displays a two- 
dimensional map of a physical property inferred from the SED fitting, 
including stellar metallicity log 10 (Z/Z�) , star-formation-rate surface den- 
sity 
SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust at- 
tenuation AV . 

Figure 12. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-7 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust attenua- 
tion AV . 

Figure 13. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-8 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust attenua- 
tion AV . 
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.2.4 Sagui-8 

agui-8 ( z = 0 . 62 ) is an undisturbed galaxy with an organized
piral pattern. The sagui segmentation is efficient in separating
he well-defined and symmetric arms, highlighting the regions
hat have different values in their properties compared to their
mmediate surroundings, as can be seen in the panels of Fig. 13 . 

.2.5 Sagui-9 

he segmentation of Sagui-9 ( z = 0 . 66 ) highlights its spiral pat-
ern, as well as a particularly elongated structure in the edge of 
he disc. This structure is larger than the compact knots that
ppear in other regions of the disc (see Fig. 1 ). This region also
tands out in the stellar population maps shown in Fig. 14 be-
ause it does not exhibit enhanced star formation compared to
he surrounding arm. Previous studies have shown that extended
ff-centre structures, particularly those larger than typical star-
orming clumps, may correspond to accreting satellite galaxies
ather than in-situ clumps formed within the disc (e.g. A. Zanella
t al. 2019 ). The location, morphology, and star formation be-
aviour of this structure may indicate that this is the case here. 

.2.6 Sagui-10 

agui-10 ( z = 0 . 42 ) is a strongly barred spiral galaxy. Our seg-
entation algorithm can separate the arms and the bar, and also
istinguish the spherical shape of the central structure. This cen-
ral component may correspond either to a bulge or to a nuclear
isc formed by gas inflows driven by the bar (J. Kormendy & R.
. Kennicutt 2004 ), although kinematic information would be
equired for confirmation. 
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Figure 14. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-9 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust attenua- 
tion AV . 

Figure 15. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-10 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR (M� yr −1 kpc −2 ) , mass-weighted stellar age 〈 t〉M 

, and dust attenua- 
tion AV . 

Figure 16. Interacting galaxies at z � 1 . 1 . These galaxies have struc- 
tures that are examples of low-surface-brightness features: tidal tails 
and a bridge between them. The image was constructed using the 
JWST /NIRCam filters F 277 W (red), F 182 M (green), and F 115 W (blue). 
It has ∼250 pixels per side, corresponding to ∼0.167 arcmin. 
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Fig. 15 shows that the bar hosts an older stellar population
nd lower star formation activity compared to the spiral arms. 
owever, the bar is not a uniform structure. The central spheroid
nd the surrounding bar exhibit spatial variations, mainly in dust 
ttenuation and in the mass-weighted stellar age. 

.3 The case of low-surface brightness 

.3.1 Sagui-11 

agui-11 is a system of two galaxies at z = 1 . 093 (the spectro-
copic redshift of this galaxy was taken from the E. Merlin et al.
024 catalogue). They are connected by a diffuse bridge whose 
urface brightness lies only marginally above the background 
evel, which provides a challenging and illustrative example for 
esting the limits of segmentation methods in the presence of LSB
mission. Such tidal features are common in interacting systems, 
et they are notoriously difficult to recover reliably at interme- 
iate and high redshift, as they are easily suppressed by noise
ltering or absorbed into the background during preprocessing. 
In this case, the LSB bridge is morphologically extended but 
pectrally coherent, sharing a similar SED shape across multiple 
WST bands. This combination makes the system particularly 
uitable for testing approaches that go beyond simple surface- 
rightness thresholding. Methods that rely primarily on flux con- 
rast or single-band detection tend to fragment or erase such fea-
ures, whereas a successful segmentation must simultaneously 
reserve faint morphology and inter-band consistency. 
Fig. 16 shows the composite image of the system, where the
ridge is visually discernible only after aggressive stretching and 
emains close to the noise level in individual bands. This regime
ighlights the need for a detection strategy that is insensitive to
bsolute flux scaling, yet capable of amplifying correlated low- 
MNRAS 549, 1–18 (2026)
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evel emission across bands before the application of the starlet-
ased mask. 

.3.2 Copula transform 

o disentangle galaxy light from noisy backgrounds in multiband
maging, it is essential to understand not only the spatial correla-
ion of flux within each band but also the correlation across differ-
nt bands. Moreover, this correlation should be characterized in
 scale-independent way, since LSB galaxies are just as important
o segment as their high-surface-brightness counterparts. 
Although galaxies can be segmented using flux density as a
etric for spatial correlation, this approach discards valuable
nformation that a copula-based framework can preserve, specif-
cally, scale invariance by removing marginal distributions (R. B.
elsen 2006 ). By modelling the dependence structure through a
opula, we can analyse the spatial and inter-band correlations in
 manner that is independent of absolute brightness or size, al-
owing us to better identify galaxies across a wide dynamic range.
A copula characterizes the dependence structure between ran-
om variables independently of their marginal distributions. Sta-
istically, it is defined as follows. Let X1 , . . . , Xd be random vari-
bles with marginal cumulative distribution functions (CDFs)
1 , . . . , Fd and joint CDF F . Then, by Sklar’s theorem, there exists
 copula C such that 

 (x1 , . . . , xd ) = C(F1 (x1 ) , . . . , Fd (xd )) , (x1 , . . . , xn ) ∈ Rd . (13) 

ere C is a d-dimensional CDF with uniform margins on [0 , 1]
iven by C : [0 , 1]d → [0 , 1] . This comes from the probability
ntegral transformation U = F (X ) and quantile transformation
 = F−1 (U ) , where U is uniform on I . 
Copulas have found a range of applications in astronomy. They
ave been used, for example, to construct likelihood functions
n large-scale structure (K. Benabed et al. 2009 ; R. J. Scherrer
t al. 2009 ) and weak-lensing analyses (M. Sato, K. Ichiki & T.
. Takeuchi 2010 ; M. Sato, K. Ichiki & T. T. Takeuchi 2011 ; C.-A.
in, M. Kilbinger & S. Pires 2016 ), to infer bivariate luminosity
nd mass functions (P. Andreani et al. 2018 ), and to perform
ultiple imputation of missing data (M. A. Kuhn et al. 2021 ; A.
. Chies-Santos et al. 2022 ). For a more pedagogical introduc-
ion, see also R. Feldmann ( 2019 ); A. A. Patil et al. ( 2023 ). For
 more comprehensive treatment from a statistical and proba-
ilistic perspective, see R. B. Nelsen ( 2006 ). In our context, each
mage band represents a dimension, with pixel fluxes serving as
he random variables whose inter-band dependence we seek to
odel. To build a single detection image from a multiband cube
hat is robust to band-dependent scalings and nonlinearities, we
onstruct a copula-based ‘energy’ map. 
In the present application, the copula is used operationally

hrough the empirical marginal transforms rather than by explic-
tly fitting a parametric form for C. Each pixel is mapped from
aw multiband flux space to empirical copula space by replacing
ts flux in each band with its marginal rank, or empirical CDF
alue. Thus, a pixel (i, j) is represented by the copula-coordinate
ector 

 (i, j) = (
U1 (i, j) , . . . , UK (i, j)

)
, (14) 

hose components have uniform margins by construction. Let
 Ik }K k=1 denote the K registered bands with intensities Ik : �→R
n the image domain �. For each band, we form an empirical
DF ˆ Fk from all pixels in that band, and map intensities to normal
NRAS 549, 1–18 (2026)
cores via the probability integral transform: 

k (i, j) = ˆ Fk 
(
Ik (i, j)

)
, Zk (i, j) = �−1 (Uk (i, j)

)
, (15) 

here �−1 is the standard normal quantile function. This is
quivalent to replacing the uniform margins of the empirical
mage copula by standard normal margins, while preserving
he rank-based dependence structure across bands. This rank-
ased step removes per-band monotone transformations, making
he construction insensitive to relative calibration and dynamic-
ange differences. 
For emission-dominated targets (galaxies, spiral arms), posi-

ive departures are most informative. We therefore define a one-
ided set of scores, 
+ 

k (i, j) = max 
(
Zk (i, j) , 0

)
, (16) 

nd aggregate them into a scalar energy via a sum of squares. The
esulting quantity P (i, j) is therefore not the copula itself, but the
ositive-tail squared norm of the pixel in Gaussianized empirical
opula space: 

 (i, j) =
K ∑ 

k=1 

(
Z+ 

k (i, j)
)2 

. (17) 

f the Zk were independent N (0 , 1) , then
∑ 

k Z2 k would be χ
2 
K ; the

se of Z+ 

k concentrates the statistic on the upper tail, improving
ensitivity to faint, positive features while remaining robust to
er-band scaling. 
Fig. 17 shows the starlet decomposition for this pair of galaxies
fter applying copula, while Fig. 18 shows the segmentation using
agui . As shown by the two panels, the subtle LSB features
ould be missed if the copula-based analysis were not applied.
he two galaxies are clearly visible; unlike the previous examples,
hey do not have many internal structures, as they are both red
alaxies, but they do have an external bridge connecting them
ue to their interaction. In addition, the northern galaxy has a
ery prominent tidal tail, and the southern galaxy appears more
exagonal in shape due to the PSF shape at wider filters. In Fig.
9 , the bridge also stands out in terms of the properties shown: On
he 
SFR map, naturally, the SFR is low in this structure compared
o galaxies. This is also true for dust attenuation and metallicity.
hese results demonstrate that combining sagui with copula-
ased analysis enables a coherent mapping of both spatial and
hysical properties, providing insights into galaxy morphology,
nd LSB features. 

 CONCLUSIONS  

e present a framework for the analysis of multiband imaging
ata, implemented in our package sagui : a modular approach
or spatially resolved galaxy analysis. Building on the spectro-
patial paradigm introduced by capivara for IFS data, sagui ex-
ends this philosophy to multiband imaging, enabling a coherent
ixel-level treatment of spatial and spectral information across
ultiple filters. The method follows a two-stage strategy. In the
rst stage, a starlet-based decomposition is used to identify and
ask spatial structures across multiple scales while suppressing
ackground noise. In the second stage, a spectral similarity anal-
sis partitions the image into coherent pixel groups that preserve
pectral consistency across bands. 
We demonstrate the performance of the method across a di-
erse range of galaxy morphologies, illustrating its ability to re-
over complex spatial structures such as clumps, bars, and inter-
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Figure 17. Starlet decomposition for representative galaxies (Sagui-11). In each case, the original image is exactly recovered by summing the detail 
coefficients across all five scales and the coarse component. The finest scale ( j = 1 ) is dominated by pixel-scale fluctuations, while intermediate scales 
trace coherent galactic structure. Larger scales isolate progressively smoother and more extended components. 

Figure 18. Spatial distribution of the 20 segments detected by sagui . 
Different colours denote distinct segments. Left panel: segmentation per- 
formed directly on the data, as in Fig. 4 . Right panel: segmentation per- 
formed on the copula-transformed data. 

Figure 19. Spatially resolved stellar population maps derived from SED 

fitting for the Sagui-11 system. Each panel displays a two-dimensional 
map of a physical property inferred from the SED fitting, includ- 
ing stellar metallicity log 10 (Z/Z�) , star-formation-rate surface density 

SFR [ M� yr −1 kpc −2 ] , mass-weighted stellar age 〈 t〉M 

, and dust attenu- 
ation AV . 
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cting systems. As a case study, we apply the framework to eleven
orphologically diverse galaxies from JADES in the GOODS- 
outh field. 
By construction, the method is not intended as a replacement 

or source-detection or deblending pipelines, but rather as a com- 
lementary segmentation layer designed for resolved photomet- 
ic analysis. Its main strength lies in combining a morphology- 
ware spatial support with a segmentation performed in SED 

pace, allowing the identification of regions that are photomet- 
ically homogeneous. This is particularly relevant in situations 
here conventional geometric binning may improve S/N ratio 
t the cost of mixing distinct stellar populations or blurring sub-
tructure. 
The application to the JADES sample shows that this strat- 
gy can recover meaningful internal organization across a broad 
ange of systems, from relatively undisturbed spirals to strongly 
symmetric and interacting galaxies. When combined with 
egion-based SED fitting, the segmentation provides an effec- 
ive route towards spatially resolved maps of stellar population 
roperties while retaining a close connection to the observed 
orphology. In this sense, sagui provides a practical interface 
etween modern multiband imaging surveys and downstream 

nference tools aimed at characterizing the internal physics of 
alaxies. 
A current limitation of the method is that spatial contigu- 

ty is not explicitly enforced during clustering. Since the seg- 
entation is driven primarily by similarity in SED space, spa- 
ially disconnected regions may be assigned to the same sagui 
roup when their multiband photometric properties are suffi- 
iently similar. For SED-based spatial maps this is not necessar- 
ly problematic, as physically distinct regions may share simi- 
ar colours or stellar-population properties. However, such seg- 
ents should not always be interpreted as spatially contiguous 
orphological units. When needed, contiguity can be introduced 
hrough a post-processing layer, such as connected-component or 
patial-instance labels within each sagui group, or more directly 
hrough spatially regularized clustering. 
Looking ahead, the framework is naturally suited to exten- 
ions in both methodology and application. On the methodologi- 
al side, future developments will explore alternative similarity 
easures tailored to specific scientific goals, including studies 
f emission lines, kinematics, and related observables, as well as 
ore flexible clustering strategies, spatial regularization, and im- 
roved treatments of diffuse LSB components. These extensions 
MNRAS 549, 1–18 (2026)
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ay be particularly relevant where kinematics and local continu-
ty often carry direct physical meaning. On the observational side,
he approach is readily applicable to forthcoming large imaging
ata sets, for which physically informed and scalable segmen-
ation will become increasingly important. We therefore view
agui as a step towards a more coherent analysis of resolved
alaxy structure in the era of deep, multiband surveys. 
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vezić v. et al., 2019, ApJ , 873, 111 
in S. et al., 2024, MNRAS , 530, 2688 
ohnson B. D. , Leja J., Conroy C., Speagle J. S., 2021, ApJS , 254, 22 
ormendy J. , Kennicutt R. C., Jr, 2004, ARA&A , 42, 603 
uhn M. A. , de Souza R. S., Krone-Martins A., Castro-Ginard A., Ishida
E. E. O., Povich M. S., Hillenbrand L. A., COIN Collaboration, , 2021,
ApJS , 254, 33 

in C.-A. , Kilbinger M., Pires S., 2016, A&A , 593, A88 
uo W. , Yang X., Zhang Y., 2014, ApJ , 789, L16 
edellin A. , Grabowsky D., Mikulski D., Langari R., 2023, 13th Work-
shop on Hyperspectral Imaging and Signal Processing: Evolution in
Remote Sensing (WHISPERS). IEEE, Piscataway, NJ, USA, p. 1 
elchior P. , Moolekamp F., Jerdee M., Armstrong R., Sun A.-L., Bosch J.,
Lupton R., 2018, Astron. Comput. , 24, 129 
erlin E. et al., 2024, A&A , 691, A240 
essa M. , Dessauges-Zavadsky M., Adamo A., Richard J., Claeyssens A.,
2024, MNRAS , 529, 2162 
owla L. et al., 2024, Nature , 636, 332 
urtagh F. , Legendre P., 2014, J. Classif. , 31, 274 
elsen R. B. , 2006, An Introduction to Copulas (Springer Series in Statis-
tics). Springer-Verlag, Berlin, Heidelberg 

https://archive.stsci.edu/
https://doi.org/10.17909/8tdj-8n28
http://dx.doi.org/10.1093/mnras/stx936
http://dx.doi.org/10.1093/mnras/sty1771
http://dx.doi.org/10.3847/1538-4365/abebe2
http://arxiv.org/abs/1902.05569
http://dx.doi.org/10.1088/0067-0049/220/1/1
http://dx.doi.org/10.1051/0004-6361/201832873
http://dx.doi.org/10.3847/2041-8213/ae2c51
http://dx.doi.org/10.1145/116873.116880
http://dx.doi.org/10.1051/0004-6361/201730833
http://dx.doi.org/10.1051/0004-6361/202244187
http://dx.doi.org/10.1111/j.1365-2966.2009.15202.x
http://dx.doi.org/10.1051/0004-6361/202558016
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1088/0004-637X/798/1/7
http://dx.doi.org/10.3847/1538-4357/aa6c66
http://dx.doi.org/10.1007/s11433-025-2809-0
http://dx.doi.org/10.1051/0004-6361/201935778
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1046/j.1365-8711.2003.06541.x
http://dx.doi.org/10.1111/j.1365-2966.2010.18174.x
http://dx.doi.org/10.3847/1538-4357/ab04a2
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/stac2002
http://dx.doi.org/10.1093/mnras/stac3791
http://arxiv.org/abs/2601.16281
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1086/117631
http://dx.doi.org/10.1093/mnras/stab229
http://dx.doi.org/10.1111/j.1468-4004.2009.50512.x
http://dx.doi.org/ 10.3847/1538-4365/ae3163
http://dx.doi.org/10.3847/1538-4365/ae1137 
http://dx.doi.org/10.1086/430514
http://dx.doi.org/10.1088/0004-637X/701/1/306
http://dx.doi.org/10.3847/1538-4357/abd541
http://dx.doi.org/10.1051/0004-6361/202141727
http://dx.doi.org/10.3847/2041-8213/ade8f1
http://dx.doi.org/10.1051/0004-6361/202038071
http://dx.doi.org/ 10.1051/0004-6361/202556464
http://dx.doi.org/10.1016/j.ascom.2019.100331
http://dx.doi.org/10.1086/316190
http://dx.doi.org/10.1051/0004-6361/202347216
http://dx.doi.org/10.1093/mnrasl/slaf004
http://dx.doi.org/10.1093/mnras/staa2775
http://dx.doi.org/10.5281/zenodo.12157
http://dx.doi.org/10.3847/1538-4365/aadd49
http://dx.doi.org/10.1017/pasa.2021.25
http://dx.doi.org/10.1051/0004-6361/202452891
http://dx.doi.org/10.1093/mnras/staf1396
http://dx.doi.org/10.1093/mnrasl/slae019
http://dx.doi.org/10.3847/1538-4357/ac5628
http://dx.doi.org/10.1146/annurev-astro-032620-021917
http://dx.doi.org/10.3847/1538-4357/ab042c
http://dx.doi.org/10.1093/mnras/stad557
http://dx.doi.org/10.3847/1538-4365/abef67
http://dx.doi.org/10.1146/annurev.astro.42.053102.134024
http://dx.doi.org/10.3847/1538-4365/abe465
http://dx.doi.org/10.1051/0004-6361/201628565
http://dx.doi.org/10.1088/2041-8205/789/1/L16
http://dx.doi.org/10.1016/j.ascom.2018.07.001
http://dx.doi.org/10.1051/0004-6361/202451409
http://dx.doi.org/10.1093/mnras/stae565
http://dx.doi.org/10.1038/s41586-024-08293-0
http://dx.doi.org/10.1007/s00357-014-9161-z


SAGUI 17

P  

P
R
R
S
S
S
S
S

S
S  

S
S
S
S
S  

S  

T
T
V
W
W
Y
Z
d
d
d  

A
S

T
e
e
t
d
a
t
a  

t
d

t
B
y
i
h
c
t
B
t
p

h0 h1 h2 h3

À trous filters hj

Figure A1. À trous filter kernels hj for a toy model, shown for successive 
scales j = 0 , . . . , J − 1 . The widening support with increasing j illustrates 
the standard dilation-by-holes construction applied to the base filter h0 . 
The horizontal index is arbitrary and is used only to visually separate the 
kernels. 
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Figure A2. Starlet (à trous) decomposition of a one-dimensional sig- 
nal into its smooth components a j (left column) and detail coefficients 
wj = a j−1 − a j (right column). The sequence { a j } provides progressively 
smoother approximations to the original function ( a0 ), while { wj } cap- 
tures the fluctuations resolved at each spatial scale. The sum of all detail 
components together with the coarsest smooth component reconstructs 
the original function to numerical precision. 
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PPENDIX  A:  1D  TOY  EXAMPLE  OF  THE  

TARLET  RECONSTRUCTION  

o make the multiscale structure of the starlet transform more 
xplicit, this appendix presents a simple one-dimensional toy 
xample. Our goal here is purely pedagogical: to illustrate how 

he à trous construction generates a sequence of progressively 
ilated B-spline kernels, how these kernels produce smoother 
pproximations of the input signal at increasing scales, and how 

he associated detail coefficients encode the structures resolved 
t each level. We first show the filter kernels themselves and then
he resulting decomposition of the toy signal into smooth and 
etail components. 
We decompose the input function using the isotropic starlet 

ransform, which iteratively convolves the signal with the dilated 
-spline scaling kernels hj shown in Fig. A1 . This procedure 
ields a sequence of smooth components aj and correspond- 
ng detail coefficients wj = aj − aj−1 . As the effective support of 
j increases with j, the smooth terms aj provide progressively 
oarser approximations of the underlying function, while the de- 
ail components wj isolate the structures introduced at each scale. 
ecause the starlet transform is redundant and exactly invertible, 
he original function may be reconstructed – up to numerical 
recision – by summing the coarsest smooth component and all 
etail coefficients, 

f (x) = aJ (x) +
J ∑ 

j=1 
wj (x) . 

ig. A2 illustrates this multiscale decomposition for our toy 
odel: large-scale behaviour accumulates in the coarse approxi- 
ation aJ , whereas fine-scale oscillatory variations are confined 
o the wavelet coefficients wj . 
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PPENDIX  B:  STARLET  DECOMPOSITION  

ere in Fig. B1 we show the 2D maps of the starlet components
or the other galaxies in our sample. 
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igure B1. Starlet decomposition for representative galaxies (Sagui-5–9). In e
oefficients across all five scales and the coarse component. The finest scale ( j
race coherent galactic structure. Larger scales isolate progressively smoother a
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ach case, the original image is exactly recovered by summing the detail 
 = 1 ) is dominated by pixel-scale fluctuations, while intermediate scales 
nd more extended components. 
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