of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 549, 1-18 (2026)
Advance Access publication 2026 June 5

https://doi.org/10.1093/mnras/stagl1062

SAGUI: SED-based segmentation of multiband Galaxy images -
application to JADES in GOODS-South

Rafael S. de Souza ~',1*3* Andressa Wille,? Shravya Shenoy *,! Aarya A. Patil,*

Alberto Krone-Martins,” Ana L. Chies-Santos ~,> Celine Boehm,® Reinaldo R. Rosa,” Thallis Pessi,?

Emille E. O. Ishida,” Kristen C. Dage,'° Lilianne Nakazono,!! Phelipe Darc'? and Rupesh Durgesh'?
for the COIN Collaboration

LCentre for Astrophysics Research, University of Hertfordshire, Hatfield AL10 9AB, UK

2nstituto de Fisica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS 90040-060, Brazil

3Department of Physics & Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3255, USA
4Max-Planck-Institut fiir Astronomie, Konigstuhl 17, D-69117 Heidelberg, Germany

>Donald Bren School of Information and Computer Sciences, University of California, Irvine, CA 92697, USA

6School of Physics, The University of Sydney and ARC Centre of Excellence for Dark Matter Particle Physics, Sydney, NSW 2006, Australia
7Lab for Computing and Applied Mathematics, COPDT-INPE-MCTI, Sdo José dos Campos, SP 12245-010, Brazil
8European Southern Observatory, Alonso de Cérdova 3107, Vitacura, Casilla 19001, Santiago, Chile

9 Université Clermont Auvergne, CNRS/IN2P3, LPC, F-63000 Clermont-Ferrand, France

O 1nternational Centre for Radio Astronomy Research — Curtin University, GPO Box U1987, Perth, WA 6845, Australia
11 opservatorio Nacional / MCTI, Rua General José Cristino 77, Rio de Janeiro, RJ 20921-400, Bragzil

12 Centro Brasileiro de Pesquisas Fisicas, Rua Xavier Sigaud, 150, Urca, Rio de Janeiro, Brazil

BIndependent Researcher, Ingolstadt, Germany

Accepted 2026 June 2. Received 2026 May 31; in original form 2026 April 20

ABSTRACT

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.

Grace Roman Space Telescope (R. Akeson et al. 2019), these sur-

1 INTRODUCTION . . ) . .
veys will establish a transformative foundation for statistical

The 2020s have witnessed a milestone in imaging and photomet-
ric studies in optical and near-infrared astronomy. The wealth of
exquisite, high-quality data observed by the James Webb Space
Telescope has been nothing short of remarkable. Moreover, this
year marks the start of the long-awaited Legacy Survey of Space
and Time (v. Ivezi¢ et al. 2019) at the Vera C. Rubin Obser-
vatory. Together with forthcoming and ongoing facilities such
as Euclid (Euclid Collaboration 2020), the Chinese Space Sta-
tion Survey Telescope (CSST Collaboration 2026), and the Nancy
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studies of galaxy structure and substructures, including bars,
bulges, haloes, discs, and pseudo-components (J. Binney & S.
Tremaine 2008; L. Simard et al. 2011). They will also prove in-
valuable for low-surface-brightness (LSB) science (A. M. Englert,
I. Dell’Antonio & M. Montes 2025). These facilities deliver multi-
filter imaging across broad optical and near-infrared wavelength
ranges. Such data can be viewed as low-dimensional hyperspec-
tral cubes, where each pixel encodes a spectral energy distribu-
tion (SED).

Prior to the widespread availability of multiband imaging sur-
veys and integral-field spectroscopy (IFS), studies of galaxy evo-
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lution relied on integrated-light measurements or central single-
fibre spectra from surveys such as the Sloan Digital Sky Survey (D.
G. York et al. 2000) and Galaxy and Mass Assembly (S. P. Driver
et al. 2009). Although these data established canonical scaling
relations, they lacked spatial resolution, and the inferred stellar
masses and star formation rates (SFRs) depend sensitively on
aperture size. In particular, at lower redshifts, the effect of a fixed
aperture becomes more significant; for instance, in late-type spi-
ral galaxies, where substantial star formation occurs in the outer
discs, this can lead to underestimated SFRs. At the same time,
contamination from nuclear emission can result in overestimated
SFRs (e.g. S. N. Richards et al. 2016). Integrated measurements
may underestimate stellar masses due to the dominance of young
luminous populations (‘outshining’ effects; R. Sorba & M. Sawicki
2015), reinforcing the need for spatially resolved analyses.

IFS transformed the field by enabling resolved maps of stel-
lar populations, ionized gas, and kinematics. Surveys including
SAURON (P. T. Zeeuw et al. 2002), ATLAS?P (M. Cappellari et al.
2011), CALIFA (S. F. Sanchez et al. 2012), MaNGA (K. Bundy
etal. 2015), Hector (J. J. Bryant et al. 2016), FORNAX3D (M. Sarzi
et al. 2018), SINS/zC-SINF (N. M. Forster Schreiber et al. 2018),
KMOS3D (E. Wisnioski et al. 2019), SAMI (S. M. Croom et al.
2021), and WEAVE (S. Jin et al. 2024) have provided spatially
resolved insights into galaxy assembly and dynamical evolution.
In parallel, the Multi Unit Spectroscopic Explorer (MUSE; R.
Bacon et al. 2010) has enabled a broad range of targeted and
survey-style galaxy programmes, including PHANGS-MUSE (E.
Emsellem et al. 2022), MAGPI (C. Foster et al. 2021), GECKOS
(A. Fraser-McKelvie et al. 2025), and MAUVE (A. Attwater et al.
2026), among others.

In parallel, spatially resolved SED modelling (Abdurro’uf &
M. Akiyama 2018) has shown that multiband photometry can
recover stellar ages, dust attenuation, and structural gradients
when spectroscopy is unavailable. Simulation-based studies fur-
ther demonstrate that galaxy properties obtained by summing
pixel-level measurements are broadly consistent with those from
integrated photometry, particularly at spatial resolutions of 2>
1 kpc (e.g. D. J. B. Smith & C. C. Hayward 2018). Observational
results support this picture, with resolved SED analyses reproduc-
ing coherent scaling relations such as the spatially resolved star
formation main sequence (Abdurro’uf & M. Akiyama 2017) and
mitigating biases inherent to unresolved measurements (R. Sorba
& M. Sawicki 2018).

Despite these advances, important methodological limitations
remain, particularly in observational studies. Pixel-level SED fit-
ting is highly sensitive to noise, while binning strategies such as
Voronoi tessellation (G. Voronoi 1908; F. Aurenhammer 1991)
can improve the signal-to-noise (S/N) ratio (M. Cappellari &
Y. Copin 2003) at the potential expense of spectral coherence,
thereby fragmenting physically meaningful structures. The chal-
lenge is therefore not merely statistical efficiency but astrophysi-
cal awareness: Segmentation must ideally be a trade-off between
physically meaningful components and morphological structure.
Computer vision offers a relevant analogy. Semantic segmen-
tation in hyperspectral imaging has proven effective in remote
sensing and robotics (A. Medellin et al. 2023). Astronomical data
sets share similar characteristics — high dimensionality, hetero-
geneous noise, and strong spatial correlations — but introduce
additional constraints, including extreme dynamic range, dust
attenuation, and the coexistence of emission-line and continuum
features. These properties require domain-aware segmentation
strategies.
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The need for such approaches becomes evident when consid-
ering the physical complexity of galaxies. Stellar systems com-
prise multiple structural components - discs, spiral arms, bulges,
bars, clumps, and nuclear clusters - embedded within a multi-
phase interstellar medium. Each exhibits distinct age, metallic-
ity, and kinematic signatures shaped by internal processes and
external perturbations throughout cosmic time. Spiral arms and
bars not only define the galactic morphology but also regulate
angular momentum transport and secular evolution (e.g. J. A.
Sellwood 2014). Interactions ranging from minor fly-bys to major
mergers redistribute baryons, producing tidal tails, bridges, and
shells while triggering enhanced star formation (e.g. W. Luo, X.
Yang & Y. Zhang 2014; L. Ferreira et al. 2025). Compact star-
burst regions (e.g. A. Calabro et al. 2019; D. M. Elmegreen et al.
2021; H. He et al. 2022) and disturbed morphologies therefore
act as tracers of dynamical evolution. Sub-galactic analyses are
essential for connecting spatially localized processes to global
transformation (A. Helmi 2020). Early Hubble Space Telescope
observations revealed clumpy kiloparsec-scale structures (e.g. L.
L. Cowie, E. M. Hu & A. Songaila 1995; B. G. Elmegreen & D. M.
Elmegreen 2005; D. M. Elmegreen et al. 2009), and the increased
sensitivity of JIWST now enables detailed studies of star formation
on even smaller physical scales (e.g. A. Claeyssens et al. 2023; M.
Messa et al. 2024; L. Mowla et al. 2024; P. Benotto et al. 2026; A.
Claeyssens et al. 2026). Spatially and spectrally coherent segmen-
tation is therefore not a cosmetic refinement, but a prerequisite
for linking localized physical processes to galaxy-wide evolution.

Building on our IFS-based spectral segmentation framework
capivara (R. S. de Souza et al. 2025), we introduce sagui,
which extends this approach to multiband photometric imaging.
‘While preserving the core principle of clustering spatial pixels in
SED space, sagui incorporates modifications required for the
photometric regime, including multiscale starlet-based denoising
(J.-L. Starck & F. Murtagh 2006; P. Melchior et al. 2018) and com-
putational refinements to distance-matrix operations suited to
higher-resolution imaging data, including improved handling of
missing data. Spatially resolved SED-fitting frameworks such as
piXedfit (Abdurro’uf et al. 2021) and related photometric tools
have demonstrated the scientific power of spatially resolved stel-
lar population modelling. In practice, these analyses frequently
rely on Voronoi binning or similar schemes to stabilize fits in low
S/N regimes (e.g. T. Fetherolf et al. 2020; V. Y. Y. Tan et al. 2022;
J. Thaina-Batista et al. 2026). Although such strategies improve
statistical robustness, they may compromise spectral homogene-
ity or fragment physically coherent structures.

Our aim is not to replace these frameworks, but to comple-
ment them by addressing the upstream segmentation problem:
identifying spatially coherent and spectrally homogeneous re-
gions, i.e. regions with similar SED shapes, prior to population
synthesis modelling (SED fitting). In this sense, sagui com-
plements source-detection and deblending tools by focusing on
SED-coherent region segmentation within resolved galaxy light.
The method is guided by two principles: (1) defining a physi-
cally motivated spatial envelope and (2) clustering pixels in SED
space. Together, these components yield regions that enforce
spectral consistency, enabling robust inference of stellar popula-
tions, dust content, and star-formation activity without relying
on S/N-driven binning schemes that may blur spectrally distinct
populations.

This paper is structured as follows. Section 2 describes the
data 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

Section 4 discusses the main results, including spatially resolved
maps of the physical properties of our sample after segmenta-
tion, as well as a case study based on a copula transform (R. B.
Nelsen 2006) combined with the segmentation to investigate LSB
structures. Section 5 summarizes our conclusions. Throughout
this paper, we assume a flat lambda-cold dark matter cosmology
with Hy = 70 km s™! Mpc™?, Q,, = 0.3, and Q, = 0.7.

2 DATA AND SAMPLE SELECTION

Throughout this paper, we analyse broadband imaging data to
assess the performance of the sagui segmentation framework.
Owing to the broad wavelength coverage of NIRCam imaging
in the GOODS-South field we select ten galaxies in the main
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sample, plus one LSB case study, observed with the James Webb
Space Telescope as part of the Advanced Deep Extragalactic Sur-
vey (JADES; M. J. Rieke et al. 2023; D. J. Eisenstein et al. 2025,
2026). The sample is constructed to span a range of clear mor-
phological substructures — such as star-forming clumps, bars,
spiral arms, and merger signatures - providing a representative
test bed for segmentation. To ensure adequate spatial resolution
while maintaining morphological diversity, the selected systems
are restricted to z < 1 (see Table 1 and Section 2), although a
formal quantification of the method’s redshift limit has yet to be
performed.

Fig.1 shows NIRCam colour composites constructed from
F277W (R), F182M (G), and F115W (B) filters. Background levels
are estimated and subtracted using low-percentile sky values, and
intensities are scaled using a common non-linear (asinh) stretch
derived from the luminance distribution of each system. This ap-
proach preserves faint tidal features and clumpy structure while
preventing saturation in bright cores. A mild colour normaliza-
tion was applied to balance channel intensities.

Sagui-1, Sagui-2, and Sagui-3 lie close in projection but differ
in redshift, providing a test of algorithmic behaviour in crowded
fields, with Sagui-3 potentially representing a merging system.
Sagui-4 exhibits a strongly disturbed, post-merger morphology,
with compact clumps distributed along an extended tidal fea-
ture, possibly associated with recent star formation. Sagui-5 and
Sagui-6 lie at the same redshift but differ structurally: the for-
mer displays a disc-like morphology with visible spiral struc-
ture, while the latter appears elongated, with stellar emission
stretched along a preferred axis, suggestive of ongoing interac-
tion. Sagui-7 presents a disturbed system with two bright central
components embedded in a diffuse envelope, consistent with a
near-coalescence phase. Sagui-8 and Sagui-9 are relatively undis-

JWST/NIRCam

(F277W /

Sagui-1
z = 0.77 =g

.

Sagui-3

= 0.99

Sagui-7

/ F115W)

Sagui-9
z = 0.66
TN
i

Sagui-10
z = 0.42

Figure 1. JWST/NIRCam colour composites of the galaxies analysed in this study. Their identifiers and redshifts are indicated in each panel. The images
were constructed using the filters F277W (red), F182M (green), and F115W (blue).
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turbed, face-on spirals rich in star-forming clumps, while Sagui-
10 hosts a prominent bar together with visible star-forming knots.

We use JWST/NIRCam imaging in fourteen broad and medium
bands (FO90W, F115W, F150W, F182M, F200W, F210M, F277W,
F335M, F356W, FA10M, F430M, F444W, FA60M, and F480M),
spanning roughly 0.8 — 5 um in wavelength coverage. However,
due to variations in the spatial coverage of individual filters, par-
ticularly the medium bands, not all galaxies of the sample are
observed in fourteen filters. As a result, the number of available
filters for each galaxy varies from 8 to 14 filters, with most galaxies
covered in the full set of bands.

For each galaxy, the images were aligned and cropped to a
common field of view across all filters before stacking into a
multiband cube with dimensions (x, y, filter). The spatial extent
(x, ¥) of each cube was defined to encompass the full extent
of the target, depending on the morphology and environment
of each system (e.g. isolated galaxies or interacting pairs). The
rectangular cutouts have typical sizes ranging from ~150 to ~300
pixels per side, corresponding to ~0.1-0.2 arcmin. All images
share a pixel scale of 0.04 arcsec pix~!, corresponding to the scale
of the long-wavelength NIRCam mosaics. Because the NIRCam
point spread function (PSF) varies significantly with wavelength,
direct comparison of pixel-level fluxes across bands would intro-
duce artificial colour gradients and bias SED-based clustering.
We therefore homogenized the imaging to a common effective
angular resolution prior to segmentation, by matching the PSF of
all bands to that of the F444W filter (full width at half-maximum
=~ 0.145 arcsec). Empirical PSFs for the JADES GOODS-South
field, measured by A. la Vega et al. (2025), were used to construct
convolution kernels for each band. All data processing was per-
formed using the LIGHTSTACK code!, which implements the steps
described above.

We obtain spectroscopic redshifts primarily from the MUSE
Hubble Ultra Deep Field Survey (R. Bacon et al. 2017, 2023), ex-
cept for Sagui-5, for which we use a VIMOS spectrum (P. Popesso
et al. 2009). We determine redshifts by fitting Gaussian profiles to
prominent nebular emission lines (e.g. [O,11] 13727, HB, [O,111]
A5007, Ha). We fit each line independently, and centroid offsets
relative to rest-frame wavelengths yield individual redshift esti-
mates. When multiple lines are available, we compute a weighted
mean using inverse-variance weights based on the centroid un-
certainties. The final redshift values, reported to four significant
digits, reflect the typical precision (o ~ 107*) provided by the
MUSE spectral resolution. Table 1 lists coordinates and spectro-
scopic redshifts of the galaxies.

3 METHODOLOGY

The segmentation strategy implemented in sagui builds
upon the spectral-clustering philosophy originally introduced in
capivara (R.S. de Souza et al. 2025), but adapts it to multiband
imaging data. While capivara was designed for IFS cubes with
high-resolution spectra per spaxel, sagui operates on broadband
and medium-band photometric images, where each pixel carries
an SED. In addition, sagui incorporates an explicit morphology-
preserving spatial masking stage based on undecimated wavelet
analysis, which is not part of the original capivara implemen-
tation. The method therefore consists of the following, conceptu-
ally distinct steps: (i) morphology-aware spatial masking, based

LThttps://github.com/AndressaWille/lightstack.

MNRAS 549, 1-18 (2026)

on a starlet decomposition of a white-light image; (ii) spectral
segmentation, via hierarchical clustering of pixel SEDs. Addition-
ally, we experiment with a copula-based transform to improve
sensitivity to diffuse, LSB outskirts; this extension is described in
Section 4.3.

Fig.2 shows a schematic overview of how sagui operates.
Starting from the multiband image cube, we first construct a
white-light image and use its starlet decomposition to define a
foreground support that preserves the main galaxy morphology
while suppressing background-dominated pixels. The pixel SEDs
within this support are then compared through a pairwise spec-
tral dissimilarity matrix, and hierarchical clustering is applied to
identify groups of pixels with similar photometric behaviour. Fi-
nally, the resulting labels are mapped back onto the image plane,
yielding a SED-based spatial segmentation.

3.1 Starlet mask

Defining the spatial extent of a galaxy is intrinsically challenging,
since galaxies do not have sharp physical edges and their surface-
brightness profiles fade gradually into the background. A variety
of methods have been proposed for this task, ranging from noise-
based detection techniques such asnoisechisel (M. Akhlaghi
& T. Ichikawa 2015) to U-Net-based deep-learning approaches
(J. Fernandez-Iglesias, F. Buitrago & B. Sahelices 2024). Here we
employ an isotropic undecimated wavelet transform, commonly
referred to as the starlet transform (e.g. J.-L. Starck & F. Murtagh
2006; J.-L. Starck, J. M. Fadili & F. Murtagh 2007). Because the
starlet transform is shift-invariant and defined directly on the
original pixel grid, structures identified at different spatial scales
remain co-registered, avoiding artefacts associated with down-
sampling or pixel shifts. This is particularly advantageous for
astronomical imaging, where galaxies exhibit features over a wide
range of spatial scales and where no explicit geometric prior, such
as symmetry or connectivity, need be imposed. The resulting mul-
tiscale representation is used to define a morphology-preserving
foreground mask that isolates the main galaxy structure while
excluding most background-dominated pixels. We implemented
a customized version of this transform within sagui; the cor-
responding functionality will also be incorporated into a future
release of capivara.

For the masking step, we first collapse the multiband cube over
all available bands to construct a white-light image,

Nband

Ley) =) Ixy), ey
b=1

where I,(x, y) denotes the image intensity in band b. The starlet
transform then iteratively constructs a sequence of progressively
smoothed images {c; §:1 by convolution with a dilated B;-spline
scaling filter,

hlk] = £(1,4,6,4,1), )

where dilation at scale j is achieved by inserting 2/~ — 1 zeros
between filter coefficients. The parameter J sets how far the mul-
tiscale decomposition is allowed to probe towards large spatial
scales. In the a trous construction this happens dyadically: Each
successive scale samples the same B;-spline filter at twice the
previous pixel spacing. Thus, scale j is sensitive to structures
over a characteristic width of order 2/~! pixels, with the full filter
support extending over 4 x 2/~! + 1 pixels. Increasing J therefore
allows broader, smoother galaxy features to appear in the starlet
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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.

coefficient maps instead of being absorbed into the final coarse
component c;. Conversely, if J is too small, extended LSB emis-
sion can remain in ¢; and may not contribute to the foreground
support used for the mask. At each scale, with ¢y = I, the wavelet
coefficients are defined by differencing successive smooth com-
ponents,

Wwj=Cj_1 —Cj. (3)

The decomposition therefore yields a hierarchy of detail maps
{w;} capturing progressively larger spatial structures, together
with a final coarse component c;. Owing to the undecimated con-
struction, all components retain the original spatial dimensions,
and the transform satisfies the exact reconstruction identity

J
I():ZWj-l—C]. (4)
j=1

Applied to the white-light image, this produces multiscale de-
tail coefficients {w;(x, y)}§:1 and a smooth residual component
cs(x,y), all defined on the native spatial grid. Fig. 3 illustrates the
resulting multiscale decomposition in practice.

To identify the main galaxy structure, we reconstruct a support
image from the intermediate starlet scales while excluding both
the finest scale, j = 1, and the coarse residual c;. The finest scale
is typically dominated by pixel-scale fluctuations, whereas the
coarse residual mainly captures the smoothest large-scale com-
ponent of the image, including background variations. For the
fiducial segmentations we use J = 5and keepscales j = 2, ..., 5,

so that
5
R, y) =Y wi(x,y). (5)
j=2

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

1, R(x,y)>0,

0, R(x,y)<0, ©)

M(x,y) = {
with non-finite pixels excluded. Since starlet coefficients encode
local contrast, positive values in the reconstructed support trace
signal above the local background.

3.2 SED-based segmentation

In contrast to geometric tessellations such as Voronoi binning
(G. Voronoi 1908; F. Aurenhammer 1991), which partition the
image plane according to proximity, our approach partitions
the feature space of pixel SEDs and maps the resulting clusters
back 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.

defined in SED space rather than on the image plane, in the
spirit of feature-space partitioning in statistical pattern recog-
nition (C. Bishop 2006). Each pixel x;; is represented by an
SED over the available JWST/NIRCam bands for that galaxy,
with components f;j, given by the background-subtracted flux in
band b.

Pixel similarity is quantified through distances between nor-
malized SEDs. Let f;; = (fij1,..., fijs) denote the normalized
SED vector of pixel x;;. Before computing pairwise distances, each
pixel SED is centred by subtracting its own median flux across
the available bands. This normalization removes the zeropoint
of each pixel SED and makes the clustering more sensitive to
differences in SED shape than to absolute surface-brightness dif-
ferences. The distance between two pixels x;; and x;; is defined

MNRAS 549, 1-18 (2026)

using the £, norm,

" R B
B - = (bilj

. 1/p
d(xj, xi) = fijp — fklb‘ ) , @)
where b =1, ..., B indexes the photometric bands. Throughout
this work we adopt p = 2, corresponding to the Euclidean dis-
tance. The resulting pairwise dissimilarities are then used as in-
put to a hierarchical agglomerative clustering using Ward’s cri-
terion (J. H. Ward 1963; F. Murtagh & P. Legendre 2014). Ward’s
linkage is adopted because it merges clusters in a way that mini-
mizes the increase in within-cluster variance, making it partic-
ularly appropriate for identifying groups of pixels with similar
SEDs. In contrast to more local linkage criteria, it generally yields
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regions that are more compact and more readily interpretable.
The algorithm starts with each pixel treated as an individual
cluster and then successively merges the pair of clusters that
produces the smallest increase in total within-cluster variance.
This iterative procedure yields a dendrogram that captures the
hierarchical structure of SED similarity across the image. The
final segmentation is obtained by cutting the dendrogram at the
chosen number of clusters.

3.3 Spatially resolved SED fitting

We estimate the physical properties of each segmented region
using the PROSPECTOR SED fitting code (B. D. Johnson et al.
2021). The code employs the Flexible Stellar Population Synthesis
(FSPS) model (C. Conroy, J. E. Gunn & M. White 2009), imple-
mented through PYTHON-FSPS (D. Foreman-Mackey, J. Sick & B.
Johnson 2014). This method generates SED models that allow for
a flexible treatment of both stellar populations and dust physics,
while explicitly accounting for parameter uncertainties. Contin-
uum and line emission for stellar populations are calculated us-
ing the nebular emission models implemented within FSPS (see
N. Byler et al. 2017 for details) using the photoionization code
cloudy (G. J. Ferland et al. 1998). Stellar mass is assigned a
uniform prior over the range 10*5-10'3> M, spanning the stellar
mass scales expected in our analysis, from individual star-forming
regions to larger structures. Stellar metallicity is allowed to vary
uniformly between 1072 Z, and 10°3 Z,. We adopt an initial mass
function of G. Chabrier (2003) and the D. Calzetti et al. (2000)
attenuation law.

For each region, we construct an integrated SED by summing
the flux from all pixels contained within the segmentation mask
in each photometric band. The total flux in each band is com-
puted as the sum of the pixel fluxes, and uncertainties are propa-
gated by combining the individual pixel errors in quadrature. The
resulting multiband photometry therefore represents the inte-
grated light of the stellar population and dust content associated
with each segment. These segment-level SEDs are then fitted with
PROSPECTOR using identical model assumptions and priors for
all regions, thereby ensuring a uniform analysis. We adopt delib-
erately broad priors to encompass the expected spatial variations
in galaxy properties; however, a more detailed, spatially resolved
treatment will be explored in future work to better capture effects
such as active galactic nucleus (AGN) contamination and other
localized processes. Spectroscopic redshift estimates from Table
1 are used, ensuring that the derived physical parameters are
not biased by photometric redshift uncertainties. For each galaxy,
all segments are fitted at the same redshift. Internal kinematic
shifts between regions are expected to be small compared with the
width of the broadband and medium-band filters used here, but
component-dependent redshifts could in principle be incorpo-
rated in future applications. Fixing the redshift also removes one
degree of freedom from the model, which improves the accuracy
of derived physical parameters and tightens their posterior dis-
tributions. We adopt an exponentially declining parametric star-
formation history (SFH),

SFR(t) o e7V/7, (®

where 7 is the characteristic time scale of the model. As shown by
A. C. Carnall et al. (2019), inferred galaxy properties, particularly
SFRs, can vary by at least 0.3 dex depending on the assumed
SFH. In this work, however, we are primarily interested in relative
variations among segmented regions rather than in absolute pa-

SAGUI 7

rameter values, so any systematic offsets introduced by the choice
of SFH are expected to affect all regions in a broadly similar way
and therefore not dominate the inferred spatial trends. Never-
theless, investigating the impact of alternative SFH priors would
be valuable in future work, especially because non-parametric
SFHs have been shown to improve the recovery of galaxy prop-
erties by reducing the outshining of older stellar populations by
recent star formation (Euclid Collaboration 2026) and by better
capturing bursty star-formation episodes (P. Haskell et al. 2024;
T. Harvey et al. 2025). The posterior distributions returned by
PROSPECTOR provide estimates of stellar mass, age, metallicity,
star-formation rate, and dust attenuation. We compute the aver-
age star-formation rate over recent time-scales of At = 100 Myr
as

fage

1
SFRy; = — SFR(t)dt, 9
= 0 ©)

tage— At
where f,g. is the age of the stellar population. We also use the
mass-weighted age,

o= t SFR(t) dt
[i SER(¢) dt

0

(thm = (10)
Uncertainties and parameter degeneracies are retained through
the posterior sampling, allowing for robust error estimation on a
segment-by-segment basis.

The derived physical properties are mapped back to the spa-
tial domain by assigning each segment’s median posterior val-
ues to all pixels within its segmentation mask. This yields two-
dimensional maps of stellar mass surface density, SFR surface
density, dust attenuation, and other inferred quantities, while
preserving the underlying morphological segmentation (see Figs
10-15). In this way, segment-level SED fitting results are trans-
lated into spatially resolved maps that reflect the galaxy’s struc-
tural properties. These maps should be interpreted as region-
based summaries projected onto the image plane, rather than in-
dependent pixel-level estimates. Their strength lies in combining
the statistical robustness of region-integrated SED fitting with the
preservation of spatial morphology.

4 APPLICATION TO SELECTED JADES
GALAXIES

4.1 Sagui segmentation

We illustrate the workflow using a representative sample of
eleven galaxies spanning a range of morphologies. Applying
sagui to the multiband images produces segmentation matrices
that assign each pixel to a distinct SED-defined group. The result-
ing SED-based segmentations for 10 cases are shown in Fig. 4.
For this demonstration, we divide each galaxy into 20 segments,
which offers a practical compromise between structural charac-
terization and S/N (2 20). We stress that the main purpose of
this paper is methodological. A detailed astrophysical interpre-
tation of the segmented regions is left to future work; the pa-
rameter choices adopted here are therefore intended to showcase
the method’s capabilities rather than to deliver a comprehensive
analysis of the galaxies themselves.

For each segmented region identified by sagui, we infer phys-
ical parameters using PROSPECTOR SED fitting and project the
resulting estimates back onto the spatial grid. This yields two-
dimensional maps of stellar population properties, enabling a vi-
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sagui-10 i
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Figure 4. Spatial distribution of the 20 segments detected by sagui. Different colours denote distinct segments.

sual inspection of spatial variations in stellar mass, star-formation
activity, metallicity, and dust attenuation. Because each segment
corresponds to a coherent region in SED space, these maps pro-
vide a physically motivated partition of the galaxy, linking mor-
phological structures to their underlying stellar populations.

We emphasize that sagui is not designed to replace generic
source-detection or deblending pipelines. Methods such as SEx-
TRACTOR (E. Bertin & S. Arnouts 1996), NOISECHISEL (M.
Akhlaghi & T. Ichikawa 2015), and SCARLET (P. Melchior et al.
2018) are optimized for detecting, separating, and measuring
sources in imaging data. The role of sagui is different: it operates
after the construction of a spatially meaningful foreground mask
and aims to partition galaxy light into regions that remain coher-
ent in SED space, thereby providing a physically motivated input
for resolved stellar-population analysis. In this sense, sagui is
best understood as complementary to source-detection methods
rather than as a competing alternative. The exact appearance
of the segmentation depends on analysis choices such as the
PSF homogenization across bands, the starlet-mask parameters
used to define the spatial envelope, and the adopted number of
components. These parameters control the effective granularity
of the partition and should therefore be adjusted to the scientific
objective of the application.

Fig.5 presents a direct comparison between three segmentation
strategies applied to Sagui-10: pure Voronoi binning, Voronoi bin-
ning restricted to a piXedfit-like foreground mask, and sagui.
This example is intended to separate the effects of the foreground
support definition from those of the segmentation itself. Pure
Voronoi binning provides a purely geometric partition driven by
the target S/N, while the piXedfit-like variant introduces a more
realistic foreground mask but retains the same geometric binning
logic. In contrast, sagui combines a starlet-based support defi-
nition with SED-aware clustering. Visually, sagui better follows

MNRAS 549, 1-18 (2026)

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.

the bar, spiral arms, and central spheroidal component, whereas
the geometric baselines tend to merge structures that are mor-
phologically adjacent but photometrically distinct. This compari-
son highlights that the gain obtained with sagui is not only due
to masking, but also to the way the segmentation uses multiband
information to preserve physically meaningful structures.

In Fig. 6, we compare sagui with two geometric binning base-
lines at different granularity levels for the spiral galaxy Sagui-8.
‘We consider pure Voronoi tessellation and a Voronoi scheme re-
stricted to a piXedfit-like foreground mask, and run both meth-
ods for nominal target numbers of regions N = {10, 15, 20, 30}.
Because these adaptive binning schemes are controlled by an
S/N criterion rather than by fixing the exact number of bins, the
recovered number of regions may differ slightly from the nominal
target. We then run sagui with the corresponding target num-
ber of components to enable a direct visual comparison between
the segmentation strategies. In this regular spiral system, sagui
more naturally follows the central concentration and the spiral-
arm 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.

SIN=5

A R A

S/N =10 SIN =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.

metric tessellations tend to produce partitions that are less well
aligned with the galaxy morphology. This distinction is important
because our goal is not only to increase S/N, but also to partition
the galaxy light into regions that remain coherent in SED space.

Fig.7 illustrates the complementary use of sagui when the
segmentation granularity is set by a minimum regional S/N re-
quirement rather than by a fixed number of components. For
Sagui-10, increasing the target threshold from S/N =5 to 20
progressively merges neighbouring regions, producing coarser
maps with higher-quality integrated photometry. This provides
a practical way to tune the segmentation for downstream SED
fitting: lower thresholds preserve more spatial detail, while
higher thresholds prioritize more precise flux measurements per
region.

Fig.8 shows a controlled comparison between sagui and
Voronoi binning for Sagui-10, using the same starlet-derived
mask and the same number of regions. The left panels show the
segmentation maps, and the right panels the corresponding bun-
dles of normalized JWST SEDs for the pixels in each region. Be-
cause the mask is fixed, the differences reflect only the clustering
step. The sagui segmentation follows the galaxy morphology in
a non-parametric way, reproducing the bar and surrounding disc
more naturally than the Voronoi partition. Since the clustering is
hierarchical, the largest and most populated components are typi-

SAGUI 9

cally established first, with later refinements splitting the brighter
inner structure. The resulting SED bundles are generally tighter
than in the Voronoi case, indicating greater internal spectral ho-
mogeneity.

While Fig. 8 conveys a visual intuition about the behaviour of
each tessellation method, it lacks a quantitative metric. In Fig.
9, we introduce simple heuristics to assess segmentation perfor-
mance as a function of the number of groups for four representa-
tive systems: Sagui-7, Sagui-8, Sagui-9, and Sagui-10. We compare
sagui, Voronoi binning, and a piXedfit-like baseline using the
spectral dissimilarity (1 — fejuster ), Where

K
1 2 o
0 = — ) s oy — ——m8— 1T is Ji)s
Pcluster X 1;71 Pk Pk (e — 1) iéj co (fl f])
B i,jek
and the mean cluster S/N ratio
K
1 S
S/N=— — . 12
L) (%), (12)

Here, K is the number of regions, ny is the number of pixels in
region k, and f; is the scaled SED of pixel i. In all galaxies, sagui
yields systematically lower spectral dissimilarity than Voronoi
binning, while maintaining comparable or higher mean cluster
S/N.

4.1.1 Sagui-1, -2, and -3

This system comprises three galaxies, Sagui-1, Sagui-2, and Sagui-
3, located in close projection within the JADES field but spanning
distinct redshifts (z = 0.77, z = 1.04, and z = 0.99, respectively).
Despite their apparent proximity on the sky, the galaxies are not
physically associated, providing a representative example of a
crowded high-redshift field in which multiple systems with over-
lapping isophotes and complex morphologies coexist. All three
exhibit irregular and asymmetric light distributions, combining
compact bright regions with extended LSB features, making them
well suited for evaluating the ability of the segmentation to dis-
entangle projected structures while preserving morphological di-
versity.

Fig.4 shows the spatial distribution of the 20 components iden-
tified by the sagui segmentation. Visual inspection reveals sev-
eral distinct features. In Sagui-1 (z = 0.77), the algorithm isolates
a compact, high-SNR central component, surrounded by multi-
ple asymmetric and elongated regions that trace extended stellar
structures and diffuse emission. These features are suggestive
of a disturbed morphology, potentially linked to interaction or
ongoing assembly, and are recovered without imposing any prior
assumptions about galaxy symmetry or connectivity. Sagui-2 (z =
1.04) is segmented into a small number of relatively compact
components, dominated by a bright core. The segmentation natu-
rally separates these regions based on local surface-brightness co-
herence, capturing both the central concentration and fainter sur-
rounding structures that would otherwise be blended in object-
based approaches. For Sagui-3 (z = 0.99), the method identifies
an elongated main component and several secondary regions
aligned with its major axis, consistent with a disc-like or tidally
stretched morphology. Despite the projected proximity of Sagui-1,
-2, and -3 on the sky, their components are not artificially merged.
Instead, the segmentation responds to differences in morphology,
scale, and SNR, effectively disentangling overlapping systems at
distinct redshifts. Since our SED fitting procedure assumes a fixed
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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.

spectroscopic redshift per system, performing it in this case would
not be physically meaningful as the three galaxies lie at different
redshifts. However, for the other galaxies in our sample, we per-
formed SED fitting on the segmented regions to derive spatially
resolved stellar population properties, as shown in Figs 10 to 15.

4.2 SED fitting

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

4.2.1 Sagui-4

For Sagui-4 (z = 0.36), the algorithm highlights two structures: a
bright core, displaced from the galaxy centre as a consequence of

MNRAS 549, 1-18 (2026)

its disturbed configuration, and two star-forming regions, high-
lighted by different colours in the segments of the second panel
of Fig. 4. These star-forming regions may be originally associ-
ated with the merged galaxies or they may have formed dur-
ing the merger, after the fragmentation and compression of the
gas.

Fig.10 shows the spatially resolved stellar-population maps de-
rived from the SED fitting for this galaxy. The central region
appears to be dominated by an older stellar population, with a
relatively small amount of dust, although residual degeneracies
cannot be entirely ruled out, also given that we do not include
an AGN component in the SED fitting. By contrast, the outer re-
gions show younger stellar populations, with emphasis on some
regions that exhibit higher star-formation rates, which coincide
with the locations of star-forming clumps visible in the original
image 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.

log,(Z/Z0) (Ssr [Mo yr~! kpe?)

2.50-02 3.0-02 3.5e-02

"'

¢« ¢

056 058 060 062 064 0.6

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,,(Z/Z), star-formation-rate surface density
Esrr Mg yr‘1 kpc’2 ), mass-weighted stellar age (t)y, and dust attenua-
tion Ay .

variations in metallicity and dust attenuation relative to their
surroundings. These patterns are consistent with star formation
triggered by the merger. While it is beyond the scope of this work,
it is important to note here that SED fitting with parametric SFH
forms may not accurately capture the complex SFHs of inter-
acting galaxies (e.g. D. J. B. Smith & C. C. Hayward 2015). This
limitation can, in principle, be mitigated by using SED templates

derived from more realistic SFHs obtained from cosmological
simulations or semi-analytical models.

4.2.2 Sagui-5 and -6

Sagui-5 (face-on) and Sagui-6 (almost edge-on) are a pair of galax-
ies at the same redshift (z = 0.36) with asymmetries in their discs
probably resulting from tidal perturbations in the early stages of
interaction. In Fig. 4, the spiral and asymmetric arms of Sagui-5
are prominent, and in Sagui-6, the segmentation clearly shows its
elongated disc and larger central component.

In Fig. 11, the spr and Ay panels show younger and dustier
populations in the spiral arms, particularly in the region dis-
turbed by the ongoing interaction. There is a clear spatial gradient
of these properties extending from the inner disc to the outer
regions of the galaxies. It is also possible to observe a difference
between the two galaxies in terms of metallicity: Sagui-6 has an
extended inner region with higher metallicity than Sagui-5.

4.2.3 Sagui-7

For Sagui-7 (z =1.09), a system of two merging galaxies that
still preserve much of their individual structures, the method
distinguishes the centre of each galaxy and their spiral arms.

Fig.1 shows that the colliding galaxies have some differences:
One of them has more dust (the upper galaxy), while the other
is bluer and appears to have more star formation in clumps (the
lower galaxy). Differences between the central regions of galaxies
also appear in the metallicity and attenuation plots in Fig. 12.
However, since AGN emission was not explicitly modelled, some
of the measured attenuation could be affected by residual AGN
contribution.

The cores exhibit lower SFRs than the spiral arms, and it is also
interesting to note the increase in SFR density near the regions
where the collision is occurring (brown regions), suggesting that
the sagui segmentation preserves spatially coherent variations
in stellar populations.
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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,,(Z/Z ), star-formation-rate surface den-
sity Zsrr (Mo yr~! kpc~2), mass-weighted stellar age (t)y, and dust at-
tenuation Ay .
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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,,(Z/Zg), star-formation-rate surface density
Zsrr Mg yrt kpc_2 ), mass-weighted stellar age (t)y, and dust attenua-
tion Ay .
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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,,(Z/Z¢), star-formation-rate surface density
Zsrr Mg yr‘1 kpc’z), mass-weighted stellar age (¢)u, and dust attenua-
tion Ay .

4.2.4 Sagui-8

Sagui-8 (z = 0.62) is an undisturbed galaxy with an organized
spiral pattern. The sagui segmentation is efficient in separating
the well-defined and symmetric arms, highlighting the regions
that have different values in their properties compared to their
immediate surroundings, as can be seen in the panels of Fig. 13.

4.2.5 Sagui-9

The segmentation of Sagui-9 (z = 0.66) highlights its spiral pat-
tern, as well as a particularly elongated structure in the edge of
the disc. This structure is larger than the compact knots that
appear in other regions of the disc (see Fig. 1). This region also
stands out in the stellar population maps shown in Fig. 14 be-
cause it does not exhibit enhanced star formation compared to
the surrounding arm. Previous studies have shown that extended
off-centre structures, particularly those larger than typical star-
forming clumps, may correspond to accreting satellite galaxies
rather than in-situ clumps formed within the disc (e.g. A. Zanella
et al. 2019). The location, morphology, and star formation be-
haviour of this structure may indicate that this is the case here.

4.2.6 Sagui-10

Sagui-10 (z = 0.42) is a strongly barred spiral galaxy. Our seg-
mentation algorithm can separate the arms and the bar, and also
distinguish the spherical shape of the central structure. This cen-
tral component may correspond either to a bulge or to a nuclear
disc formed by gas inflows driven by the bar (J. Kormendy & R.
C. Kennicutt 2004), although kinematic information would be
required 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,,(Z/Z¢), star-formation-rate surface density
Tsrr (Mg yr~! kpe™2), mass-weighted stellar age (t)y, and dust attenua-
tion Ay .
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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,,(Z/Z¢), star-formation-rate surface density
ser (Mg yr—! kpc™2), mass-weighted stellar age (t)u, and dust attenua-
tion Ay .
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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 F277W (red), F182M (green), and F115W (blue).
It has ~250 pixels per side, corresponding to ~0.167 arcmin.

Fig.15 shows that the bar hosts an older stellar population
and lower star formation activity compared to the spiral arms.
However, the bar is not a uniform structure. The central spheroid
and the surrounding bar exhibit spatial variations, mainly in dust
attenuation and in the mass-weighted stellar age.

4.3 The case of low-surface brightness

4.3.1 Sagui-11

Sagui-11 is a system of two galaxies at z = 1.093 (the spectro-
scopic redshift of this galaxy was taken from the E. Merlin et al.
2024 catalogue). They are connected by a diffuse bridge whose
surface brightness lies only marginally above the background
level, which provides a challenging and illustrative example for
testing the limits of segmentation methods in the presence of LSB
emission. Such tidal features are common in interacting systems,
yet they are notoriously difficult to recover reliably at interme-
diate and high redshift, as they are easily suppressed by noise
filtering or absorbed into the background during preprocessing.

In this case, the LSB bridge is morphologically extended but
spectrally coherent, sharing a similar SED shape across multiple
JWST bands. This combination makes the system particularly
suitable for testing approaches that go beyond simple surface-
brightness thresholding. Methods that rely primarily on flux con-
trast or single-band detection tend to fragment or erase such fea-
tures, whereas a successful segmentation must simultaneously
preserve faint morphology and inter-band consistency.

Fig.16 shows the composite image of the system, where the
bridge is visually discernible only after aggressive stretching and
remains close to the noise level in individual bands. This regime
highlights the need for a detection strategy that is insensitive to
absolute flux scaling, yet capable of amplifying correlated low-
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level emission across bands before the application of the starlet-
based mask.

4.3.2 Copula transform

To disentangle galaxy light from noisy backgrounds in multiband
imaging, it is essential to understand not only the spatial correla-
tion of flux within each band but also the correlation across differ-
ent bands. Moreover, this correlation should be characterized in
a scale-independent way, since LSB galaxies are just as important
to segment as their high-surface-brightness counterparts.

Although galaxies can be segmented using flux density as a
metric for spatial correlation, this approach discards valuable
information that a copula-based framework can preserve, specif-
ically, scale invariance by removing marginal distributions (R. B.
Nelsen 2006). By modelling the dependence structure through a
copula, we can analyse the spatial and inter-band correlations in
a manner that is independent of absolute brightness or size, al-
lowing us to better identify galaxies across a wide dynamic range.

A copula characterizes the dependence structure between ran-
dom variables independently of their marginal distributions. Sta-
tistically, it is defined as follows. Let X1, ... , X; be random vari-
ables with marginal cumulative distribution functions (CDFs)
F, ..., Fyandjoint CDF F. Then, by Sklar’s theorem, there exists
a copula C such that

F(x1,...,x3) =C(F(x),..., Fi(xg)), (x,.

Here C is a d-dimensional CDF with uniform margins on [0, 1]
given by C:[0,1]¢ — [0, 1]. This comes from the probability
integral transformation U = F(X) and quantile transformation
X = F~Y(U), where U is uniform on I.

Copulas have found a range of applications in astronomy. They
have been used, for example, to construct likelihood functions
in large-scale structure (K. Benabed et al. 2009; R. J. Scherrer
et al. 2009) and weak-lensing analyses (M. Sato, K. Ichiki & T.
T. Takeuchi 2010; M. Sato, K. Ichiki & T. T. Takeuchi 2011; C.-A.
Lin, M. Kilbinger & S. Pires 2016), to infer bivariate luminosity
and mass functions (P. Andreani et al. 2018), and to perform
multiple imputation of missing data (M. A. Kuhn et al. 2021; A.
L. Chies-Santos et al. 2022). For a more pedagogical introduc-
tion, see also R. Feldmann (2019); A. A. Patil et al. (2023). For
a more comprehensive treatment from a statistical and proba-
bilistic perspective, see R. B. Nelsen (2006). In our context, each
image band represents a dimension, with pixel fluxes serving as
the random variables whose inter-band dependence we seek to
model. To build a single detection image from a multiband cube
that is robust to band-dependent scalings and nonlinearities, we
construct a copula-based ‘energy’ map.

In the present application, the copula is used operationally
through the empirical marginal transforms rather than by explic-
itly fitting a parametric form for C. Each pixel is mapped from
raw multiband flux space to empirical copula space by replacing
its flux in each band with its marginal rank, or empirical CDF
value. Thus, a pixel (i, j) is represented by the copula-coordinate
vector

U(l,]):(Ul(l,]),..,UK(l,J)), (14)

whose components have uniform margins by construction. Let
{Ik}l,f:1 denote the K registered bands with intensities I : @ — R
on the image domain . For each band, we form an empirical
CDF F; from all pixels in that band, and map intensities to normal

Lx) € RE (13)
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scores via the probability integral transform:
Ui, j) = Bl ). Zi(i j) = @7 (Ui, j). (15)

where ®~! is the standard normal quantile function. This is
equivalent to replacing the uniform margins of the empirical
image copula by standard normal margins, while preserving
the rank-based dependence structure across bands. This rank-
based step removes per-band monotone transformations, making
the construction insensitive to relative calibration and dynamic-
range differences.

For emission-dominated targets (galaxies, spiral arms), posi-
tive departures are most informative. We therefore define a one-
sided set of scores,

Z (i, ) = max(Z(, ), 0), (16)

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

K

P(i. ) = Y (ZG. D) 17)
k=1

If the Z; were independent A'(0, 1), then )", ZZ would be x#; the

use of Z;r concentrates the statistic on the upper tail, improving

sensitivity to faint, positive features while remaining robust to

per-band scaling.

Fig.17 shows the starlet decomposition for this pair of galaxies
after applying copula, while Fig. 18 shows the segmentation using
sagui. As shown by the two panels, the subtle LSB features
would be missed if the copula-based analysis were not applied.
The two galaxies are clearly visible; unlike the previous examples,
they do not have many internal structures, as they are both red
galaxies, but they do have an external bridge connecting them
due to their interaction. In addition, the northern galaxy has a
very prominent tidal tail, and the southern galaxy appears more
hexagonal in shape due to the PSF shape at wider filters. In Fig.
19, the bridge also stands out in terms of the properties shown: On
the Xspr map, naturally, the SFR is low in this structure compared
to galaxies. This is also true for dust attenuation and metallicity.
These results demonstrate that combining sagui with copula-
based analysis enables a coherent mapping of both spatial and
physical properties, providing insights into galaxy morphology,
and LSB features.

5 CONCLUSIONS

We present a framework for the analysis of multiband imaging
data, implemented in our package sagui: a modular approach
for spatially resolved galaxy analysis. Building on the spectro-
spatial paradigm introduced by CAPIVARA for IFS data, SAGUI ex-
tends this philosophy to multiband imaging, enabling a coherent
pixel-level treatment of spatial and spectral information across
multiple filters. The method follows a two-stage strategy. In the
first stage, a starlet-based decomposition is used to identify and
mask spatial structures across multiple scales while suppressing
background noise. In the second stage, a spectral similarity anal-
ysis partitions the image into coherent pixel groups that preserve
spectral consistency across bands.

We demonstrate the performance of the method across a di-
verse range of galaxy morphologies, illustrating its ability to re-
cover 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.

¢ Y

4

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.

-0.75 -0.74 -0.73 2.7e-01 3.8-01 4.9e-01

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,,(Z/Zy), star-formation-rate surface density
Sspr [Mo yr! kpc’z], mass-weighted stellar age (t)um, and dust attenu-
ation Ay .

acting systems. As a case study, we apply the framework to eleven
morphologically diverse galaxies from JADES in the GOODS-
South field.

By construction, the method is not intended as a replacement
for source-detection or deblending pipelines, but rather as a com-
plementary segmentation layer designed for resolved photomet-
ric analysis. Its main strength lies in combining a morphology-
aware spatial support with a segmentation performed in SED
space, allowing the identification of regions that are photomet-
rically homogeneous. This is particularly relevant in situations
where conventional geometric binning may improve S/N ratio
at the cost of mixing distinct stellar populations or blurring sub-
structure.

The application to the JADES sample shows that this strat-
egy can recover meaningful internal organization across a broad
range of systems, from relatively undisturbed spirals to strongly
asymmetric and interacting galaxies. When combined with
region-based SED fitting, the segmentation provides an effec-
tive route towards spatially resolved maps of stellar population
properties while retaining a close connection to the observed
morphology. In this sense, SAGUI provides a practical interface
between modern multiband imaging surveys and downstream
inference tools aimed at characterizing the internal physics of
galaxies.

A current limitation of the method is that spatial contigu-
ity is not explicitly enforced during clustering. Since the seg-
mentation is driven primarily by similarity in SED space, spa-
tially disconnected regions may be assigned to the same SAGUI
group when their multiband photometric properties are suffi-
ciently similar. For SED-based spatial maps this is not necessar-
ily problematic, as physically distinct regions may share simi-
lar colours or stellar-population properties. However, such seg-
ments should not always be interpreted as spatially contiguous
morphological units. When needed, contiguity can be introduced
through a post-processing layer, such as connected-component or
spatial-instance labels within each SAGUI group, or more directly
through spatially regularized clustering.

Looking ahead, the framework is naturally suited to exten-
sions in both methodology and application. On the methodologi-
cal side, future developments will explore alternative similarity
measures tailored to specific scientific goals, including studies
of emission lines, kinematics, and related observables, as well as
more flexible clustering strategies, spatial regularization, and im-
proved treatments of diffuse LSB components. These extensions
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may be particularly relevant where kinematics and local continu-
ity often carry direct physical meaning. On the observational side,
the approach is readily applicable to forthcoming large imaging
data sets, for which physically informed and scalable segmen-
tation will become increasingly important. We therefore view
SAGUI as a step towards a more coherent analysis of resolved
galaxy structure in the era of deep, multiband surveys.
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APPENDIX A: 1D TOY EXAMPLE OF THE
STARLET RECONSTRUCTION

To make the multiscale structure of the starlet transform more
explicit, this appendix presents a simple one-dimensional toy
example. Our goal here is purely pedagogical: to illustrate how
the a trous construction generates a sequence of progressively
dilated B-spline kernels, how these kernels produce smoother
approximations of the input signal at increasing scales, and how
the associated detail coefficients encode the structures resolved
at each level. We first show the filter kernels themselves and then
the resulting decomposition of the toy signal into smooth and
detail components.

We decompose the input function using the isotropic starlet
transform, which iteratively convolves the signal with the dilated
B-spline scaling kernels h; shown in Fig. Al. This procedure
yields a sequence of smooth components a; and correspond-
ing detail coefficients w; = a; — a;_;. As the effective support of
h; increases with j, the smooth terms a; provide progressively
coarser approximations of the underlying function, while the de-
tail components w; isolate the structures introduced at each scale.
Because the starlet transform is redundant and exactly invertible,
the original function may be reconstructed - up to numerical
precision - by summing the coarsest smooth component and all
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hs

A trous filters h;

1.

h

h

Figure Al. A trous filter kernels h j 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 h.
The horizontal index is arbitrary and is used only to visually separate the
kernels.
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Figure A2. Starlet (2 trous) decomposition of a one-dimensional sig-
nal into its smooth components a; (left column) and detail coefficients
wj = aj_1 — a; (right column). The sequence {a;} provides progressively
smoother approximations to the original function (ao), while {w;} 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.

detail coefficients,

J
FO) = a;(0) + Y wj(x).

j=1

Fig. A2 illustrates this multiscale decomposition for our toy
model: large-scale behaviour accumulates in the coarse approxi-
mation a;, whereas fine-scale oscillatory variations are confined
to the wavelet coefficients w;.
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APPENDIX B: STARLET DECOMPOSITION

Here in Fig. B1 we show the 2D maps of the starlet components
for the other galaxies in our sample.

SR

OFiis
ERRERE

oRe

Figure B1. Starlet decomposition for representative galaxies (Sagui-5-9). 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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