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ABSTRACT

The background galaxies in Euclid Early Release Observation images of the Perseus cluster make up a remarkable sample for the
combination of a 0.57 deg2 area, 25.3 and 23.2 AB mag depth, and angular resolutions in the optical and near-infrared bands of 0 .′′1
and 0 .′′3, respectively. As part of the effort towards characterising the history of the Hubble sequence, we performed a morphological
analysis of 2445 and 12 786 galaxies with IE ≤ 21 and IE ≤ 23, respectively. We used single-Sérsic profiles and the sums of a Sérsic
bulge and an exponential disc to model these galaxies with SourceXtractor++ and analysed their positional, structural, and flux
parameters in order to assess their similarities and differences. The fitted galaxies to IE ≤ 21 span the various Hubble types with
ubiquitous bulge and disc components and a bulge-to-total light ratio (B/T ) that takes all values from 0 to 1. The effective radius of
the single-Sérsic profile is an intermediate estimate of galaxy size (between the bulge and disc effective radii) depending on B/T . The
axis ratio of the single-Sérsic profile is higher than the disc axis ratio, and this difference increases with B/T . The choice of model
impacts the photometry with −0.08 to 0.01 mag median systematic IE offsets between single-Sérsic and bulge-disc total magnitudes
and a 0.05–0.15 mag dispersion from low to high B/T . We measured a median 0.3 mag bulge-disc colour difference in rest-frame
Mg − Mi that originates from the disc-dominated galaxies, whereas bulge-dominated galaxies have median colours similar to those of
their components. Remarkably, we also measured redder inside disc colour gradients based on 5 to 10% systematic variations of disc
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effective radii between the optical and near-infrared bands. This analysis demonstrates the usefulness and limitations of single-Sérsic
profile modelling and the power of bulge-disc decomposition for characterising the morphology of lenticulars and spirals in Euclid
images. We make available the catalogues of best-fit parameters for the morphological and SED fits.

Key words. galaxies: bulges – galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: photometry – galaxies: spiral –
galaxies: structure

1. Introduction

Observations from the Hubble Space Telescope (HST) had sug-
gested a large excess of irregularly shaped galaxies over the
expected number counts of elliptical and spiral galaxies at appar-
ent magnitudes I(F814W) ≤ 20–22 in the Hubble Deep Field
(Abraham et al. 1996), which were interpreted as the ‘building
blocks’ of larger and present-day galaxies. Subsequent studies
showed that ellipticals and disc galaxies were also frequent at
redshift z ≈ 1, indicating that the Hubble sequence of morpho-
logical types was already in place at these redshifts (Brinchmann
et al. 1998; van den Bergh et al. 2000; Conselice et al. 2005;
Oesch et al. 2010; Buitrago et al. 2013; Mortlock et al. 2013).
Thanks to its improved sensitivity and angular resolution as well
as redder wavelengths than HST, the James Webb Space Tele-
scope (JWST) has recently revealed that a significant fraction of
these HST irregular galaxies were actually among the many floc-
culent discs with small bulges seen at redshifts 1 to 3 (Ferreira
et al. 2022, 2023; see also Wang et al. 2025). Together with the
detected spheroids (some of which might be face-on large bulge-
to-disc ratio galaxies), the various galaxies detected by JWST
appear to describe the full Hubble sequence seen in the nearby
Universe (Hubble 1926).

The morphologies of galaxies are a key to unravelling their
evolution since the star-formation history is markedly different
for different Hubble types as well as within their major morpho-
logical components, the bulge, and the disc (Martig et al. 2009;
Bait et al. 2017; Eales et al. 2017; Morselli et al. 2017; Bremer
et al. 2018; Sampaio et al. 2022; Quilley & de Lapparent 2022).
Through study of the bulge and disc decomposition of thousands
of galaxies, Allen et al. (2006) showed that the galaxy colour
bimodality is due to a dichotomy in the structure of their bulges
and discs, and Gadotti (2009) explored the scaling relations of
pseudo-bulges, classical bulges, and ellipticals whose structural
differences point to different formation processes. Subsequent
analyses have studied in detail the properties of bulges and discs
in the nearby Universe (Simard et al. 2011; Meert et al. 2015;
Lange et al. 2016; Kim et al. 2016; Casura et al. 2022; Robotham
et al. 2022; Rigamonti et al. 2024) and at larger redshifts in
order to trace their evolution over a large fraction of the age of
the Universe (Bruce et al. 2014; Margalef-Bentabol et al. 2016;
Dimauro et al. 2018; Hashemizadeh et al. 2022; Nedkova et al.
2024a).

Reliable bulge-disc decompositions are computationally
expensive (Gao & Ho 2017), and if improperly constrained,
they may be degenerate and biased (Quilley 2023). Therefore,
the modelling of large samples of galaxies has predominantly
been based on a single Sérsic component to obtain estimates of
galaxy sizes and shapes (e.g. Trujillo et al. 2004; Kelvin et al.
2012; Morishita et al. 2014; Mowla et al. 2019; Kartaltepe et al.
2023; Lee et al. 2024, among many others). Through bulge and
disc decomposition of the Extraction de Formes Idéalisées de
Galaxies en Imagerie (EFIGI) statistical sample of 4458 nearby
well-resolved galaxies (Baillard et al. 2011), which densely sam-
ples the full Hubble sequence in the local Universe, Quilley &
de Lapparent (2022) took another step in providing evidence
that the morphological sequence is an inverse evolutionary

sequence that can be parametrised in terms of shape, size, and
star-formation stage by a bulge and a disc. In this scenario, the
ageing of galaxies is marked by bulge growth and disc quenching
(Huertas-Company et al. 2016; Quilley & de Lapparent 2022;
Martorano et al. 2024), with specific size-luminosity relations
for both components (Bruce et al. 2014; Quilley & de Lapparent
2023; Nedkova et al. 2024a). Direct observations of the varying
morphologies of galaxies with look-back time are necessary to
confirm this scenario.

With its half-square-degree field of view, the Euclid space
telescope (Euclid Collaboration: Mellier et al. 2025) offers an
unprecedented opportunity to observe millions of galaxies with
sufficient angular resolution to study their morphology from cos-
mic noon (z ∼ 2, Madau & Dickinson 2014) to the present epoch
(Euclid Collaboration: Bretonnière et al. 2022). The Euclid mor-
phology challenge (EMC hereafter) has evaluated the ability of
five model fitting codes to obtain reliable photometry (Euclid
Collaboration: Merlin et al. 2023) and structural parameters
(Euclid Collaboration: Bretonnière et al. 2023) of galaxy sam-
ples extracted from synthetic images in the IE band1 from the
VISible instrument (VIS, Euclid Collaboration: Cropper et al.
2025) with the characteristics of the Euclid Wide Survey (EWS;
Euclid Collaboration: Scaramella et al. 2022). The codes tested
were DeepLeGATo (Tuccillo et al. 2018), Galapagos-2 (Häußler
et al. 2022), Morfometryka (Ferrari et al. 2015), ProFit
(Robotham et al. 2017), and SourceXtractor++ (Bertin et al.
2020; Kümmel et al. 2020). Some of the conclusions of the
EMC were that SourceXtractor++ was one of the best codes
to perform such tasks (hence our decision to use it in the
current study) and that the input structural parameters of syn-
thetic galaxies could be reliably recovered (i.e. the difference
between the true and measured structural parameters was com-
patible with null bias, with a dispersion lower than 10%) down
to IE ≤ 23 for single-Sérsic profiles and down to IE ≤ 21 for
two-component profiles (bulge-disc decomposition). The EMC
studies prepared the implementation of single-Sérsic fits in the
Euclid pipeline (see Euclid Collaboration: Romelli et al. 2025;
Euclid Collaboration: Quilley et al. 2025).

With the IE median depth of 25.3 mag at a signal-to-noise
ratio of ten for galaxies (Cuillandre et al. 2025a), the Euclid
images of the Perseus cluster of galaxies obtained within the
Euclid Early Release Observations (2024, ERO) represent a
unique opportunity to perform a study of the morphology of
distant galaxies in the background of the cluster. We there-
fore performed on these galaxies single Sérsic model fitting as
well as bulge-disc decomposition. This allowed us to compare
the performance of these configurations and their parameters
in characterising distant Euclid galaxies. We demonstrate some
limitations in modelling galaxies as single-Sérsic profiles and
how the resulting flux and structural parameters relate to the
measurements of their bulges and discs. We also measured the
colours of the bulges and discs of galaxies, which may be symp-
tomatic of distinct histories of star formation when different, as
well as colour gradients within these galaxies. Morphological

1 See https://www.euclid-ec.org/science/overview/ for a
summary of Euclid instruments, bands and surveys.
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analyses based on the multi-component profile-fitting of galax-
ies in the Perseus cluster are also being performed (Mondelin
et al. 2025; Tarsitano et al., in prep.). From these ERO images,
analyses were also performed of the Perseus cluster luminosity
and mass functions (Cuillandre et al. 2025b), of the intraclus-
ter light (Kluge et al. 2025), and of the cluster’s dwarf galaxies
(Marleau et al. 2025).

In this work, after presenting the observations (Sect. 2.1),
the calculations of the point spread functions (PSFs; Sect. 2.2)
for VIS (Euclid Collaboration: Cropper et al. 2025) and
the Near-Infrared Spectrometer and Photometer (NISP, Euclid
Collaboration: Jahnke et al. 2025), and the source selection
approach (Sect. 2.3), we describe the single-Sérsic and bulge-
disc decomposition approaches applied to all galaxies in the
images (Sect. 3). We then compare the derived structural galaxy
parameters from the VIS images using both modelling methods
(Sect. 4), namely, the effective radii of the models (Sect. 4.1),
their centres (Sect. 4.2), their Sérsic indices (Sect. 4.3), their
axis ratios (Sect. 4.4), and the position angles of their major
axes (Sect. 4.5), and we focus on similarities and differences
between the single-Sérsic profile parameters and those of the
bulge and disc. We then examine the impact of both modelling
methods on the derived total photometry of galaxies as well
as the differences among them and compare them to the adap-
tive aperture photometry (Sect. 5). Lastly, we use the derived
model parameters in the VIS and NISP bands to detect a bulge-
disc colour difference (Sect. 6.1) as well as the colour gradients
within single-Sérsic and disc profiles (Sect. 6.2). We also dis-
cuss the implications of the various detected biases and colour
effects on the weak lensing and spin alignment measurements
planned with Euclid (Sect. 7). Sections 8 and 9 provide a sum-
mary of the results and the conclusions and perspectives that
we draw from them, respectively. In the appendix, we provide
data, model, and residual images for both the single-Sérsic fits
and bulge-disc decompositions in the IE band for 18 galaxies that
illustrate successful and problematic bulge-disc decompositions.

2. Data

2.1. Imaging

The Euclid ERO images of the Perseus cluster were obtained
in all its bands: VIS IE (0 .′′1 pixels); and NISP YE, JE, and
HE (0 .′′3 pixels). These images were produced from four Ref-
erence Observation Sequences (ROSs, see Euclid Collaboration:
Scaramella et al. 2022), while the Euclid Wide Survey (EWS;
Euclid Collaboration: Scaramella et al. 2022) and Euclid Deep
Survey (EDS) will be observed at the depth of one ROS and
more than 40 ROSs (depending on the field), respectively. The
total exposure time for the ERO-Perseus images is 7360 seconds
in IE, 1472 seconds in YE, and 1582 seconds in JE and HE, over a
field of view of 0.57 deg2.

The ERO-Perseus images were reduced (removal of instru-
mental signatures, astrometric and photometric calibration, and
stacking) in a specific ERO pipeline (Cuillandre et al. 2025a),
distinct from the Euclid Science Ground segment that will pro-
cess all the Euclid fields (Frailis et al. 2019). We use the compact-
source stacks provided by Cuillandre et al. (2025a), which are
optimised for compact-source photometry: the sky background
of these stack images was modelled and subtracted, therefore
removing the extended and low surface brightness signal2. As

2 The extended emission stacks optimised for low-surface brightness
analyses, also provided by the authors, should be used for studying the
Perseus cluster galaxies.
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Fig. 1. Distribution of the angular radii corresponding to the isopho-
tal areas calculated by SourceXtractor++ on all objects identified
as galaxies in the ERO-Perseus field by Cuillandre et al. (2025b) ver-
sus their SExtractor’s MAG_AUTO IE magnitude. All 38 032 modelled
sources with IE ≤ 24.5 are plotted, as described in Sect. 2.3.

a result, the outskirts of the brightness distributions of 120
Perseus cluster galaxies with large angular diameters (≳ 5′′, and
IE ≲ 16.5) are unusable for modelling (84 out of 120 of them are
excluded from the present statistical analysis, see Sect. 2.3).

2.2. Point spread function

Precise measurement of the PSF is essential for reliable profile
modelling of galaxies. Figure 1 shows the square root of the
isophotal area measured by SourceXtractor++ (Bertin et al.
2020; Kümmel et al. 2022) in the VIS image at a 2.0σ detection
threshold, for all sources identified as galaxies (see Sect. 2.3),
therefore representing the approximate angular diameter of the
sources. Indeed, the majority of galaxies have an angular radius
in the 0 .′′2–1 .′′0 interval, and an IE apparent magnitude in the
19–24.5 interval.

To measure the PSF, we used the fully automated PSFex soft-
ware (Bertin 2011) in combination with SExtractor3 (Bertin &
Arnouts 1996), which first extracts 51 × 51 and 35 × 35 pixel
vignettes of the stars in the fields, under saturation limits of
12 000 and 5000 for the VIS and NISP images, respectively. We
then limit the calculation of the PSF to the 15 245, 8091, 8053,
and 7501 stars with a signal-to-noise larger than 500 and adopt
for the PSFex a FWHM_RANGE parameter of 2.0–2.7, 1.7–2.1, 1.8–
2.2, and 1.9–2.5 pixels for the VIS IE, and NISP YE, JE, and HE

bands, respectively (in this section, all quadruplets of values cor-
respond to this sequence of bands). This limits the calculation
of the PSF to galaxies in the MAG_AUTO 16.5–22 mag IE interval,
and to a value of FLUX_RADIUS (half-light radius) in the intervals
corresponding to half the FWHM_RANGE parameter.

The resulting PSFs were modelled as Moffat functions at a
sub-pixel resolution of 0.489, 0.404, 0.426, and 0.471 pixels.
The derived PSF mean FWHM is 0 .′′16, 0 .′′47, 0 .′′49, and 0 .′′50.
Therefore, the PSF is undersampled given the pixel sizes of 0 .′′
1 and 0 .′′3 in the VIS and NISP images, respectively. We mea-
sure a mean χ2 per degree of freedom of approximately 9, 12,
5 and 2, with variations of these values by ∼ 50% across the
field of view. The PSFs are calculated in circular apertures with
diameters of 51 pixels (5 .′′1) in IE, and 35 pixels (10 .′′5) in the
three NISP bands. The χ2 value is sensitive to the details of the
PSF in its wings, where the residuals per pixel are nevertheless

3 See https://sextractor.readthedocs.io/en/latest/ for
documentation.
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less than 10−3. Lower χ2 values near unity with identical central
PSF are obtained for other versions of the IE reduced image. The
FWHM of the resulting PSF varies across the field of view by
≲ 5% in all bands, and we adopt a polynomial of degree 5 for
modelling these angular variations, as this corresponds to a min-
imum of the reduced χ2. The ellipticities of the PSF FWHM have
(a − b)/(a + b) = 0.03, 0.04, 0.003, and 0.02 (where a and b are
the major and minor axes of the ellipses, respectively), with vari-
ations of the same order of magnitude across the field of view as
the FWHM.

We caution that the PSF with a 1.6 pixel full width at half
maximum (FWHM) in the IE band may bias the effective radii
and Sérsic indices of the 20% smallest of the IE ≤ 21 bulges
with an effective diameter (twice the effective radii) in the 0.1 to
4.8 pixels interval (that is at most three times the PSF FWHM).
The three times lower resolution in each of the NISP bands
increases the fraction of galaxies with an effective diameter
smaller than 1.47 arcsec (three times the NISP JE PSF FWHM) to
55%. The flat bulge residual in Fig. B.2 and the low-level resid-
ual structure in Fig. B.1 (with effective bulge radii of 1.6 and
2.2 pixels, respectively) provide a visual illustration of the mod-
elling in the central pixels of galaxies and the possible impact of
the PSF.

For the IE ≤ 21 discs, 90% of their effective diameters are
larger than 8.1 × 2 = 16.2 pixels (that is ten times the IE PSF
FWHM). In the NISP bands, 87% of the discs even have their
effective diameters larger than three times the JE PSF FWHM.
In contrast, 99.1% and 94.4% of the VIS single-Sérsic diameters
are larger than three times the PSF FWHM for IE ≤ 21, and
IE ≤ 23, respectively; these fractions decrease to 73.7% and
45.2%, respectively, in the NISP bands (but the values of
effective radii in the 21–23 IE interval are not used in the current
analysis). These various values indicate that the disc effective
radii should only be weakly affected by the PSFs and hence
have a limited impact on the extracted colour gradients (see
Sect. 6.2), and even less so on the fluxes (see Sect. 5). Statistics
on the general impact of the undersampled Euclid PSF on the
various models used with SourceXtractor++ are provided in
Euclid Collaboration: Merlin et al. (2023) for the photometry
and in Euclid Collaboration: Bretonnière et al. (2023) for the
structural parameters (as well as the improvement in using
sub-pixel sampling for the PSF Moffat model, as done here).

2.3. Source selection

After a 1′′ cross-matching of the VIS and NISP coordinates to
discard most spurious sources coming from cosmic rays and
edge effects (263 196 sources), a thorough star-galaxy separation
was performed by Cuillandre et al. (2025b) using six criteria:
matching with Gaia DR3 stars; g − z versus z − HE colour-
colour diagram based on complementary observations with
MegaCam at the Canada-France-Hawaii Telescope (CFHT);
the CLASS_STAR neural-network-based stellarity classifier of
SExtractor; compactness using a peak surface brightness-
magnitude criterion; and a SExtractor KRON_RADIUS smaller
than 3.5 pixels on the IE image; a SExtractor SPREAD_MODEL
parameter indicating that the spread of the source is comparable
to the PSF. Objects satisfying at least four of the above criteria
are considered as stars (49 922). This yields a catalogue of
212 975 galaxies, whose number counts as a function of IE mag-
nitude are plotted in Fig. 2 (blue curve). Here, for consistency
with the reduced images on which the SourceXtractor++
modelling was performed, we used the magnitude zero-points
of 30.132 in the IE band, and 30.000 in all three NISP bands,
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Fig. 2. Distribution of IE magnitude for the 212 975 sources clas-
sified as galaxies in the ERO-Perseus field by Cuillandre et al.
(2025b) and labelled as ‘Detected’ compared to the 38 082 galax-
ies fit with the single-Sérsic profile and the bulge-disc decomposition
using SourceXtractor++, labelled as ‘Modelled’. The magnitudes
of the ‘Detected’ objects are from the photometric redshift catalogue
based on MAG_AUTO photometry using SExtractor, whereas those
for the ‘Modelled’ objects are auto_mag photometry calculated with
SourceXtractor++.

which were provided at an early stage of the project by J.-C.
Cuillandre. In the rest of the article we updated the values to
those published by Cuillandre et al. (2025a).

We then selected sources with MAG_AUTO limited to IE ≤ 24.5
to be modelled, using the ASSOC mode of SourceXtractor++,
and a 1′′ cross-matching. This leads to 38 082 galaxies whose
profiles were modelled with the various configurations of the
current analysis (see Sect. 3.1), and whose number-counts as a
function of IE magnitude are plotted in orange in Fig. 2. At this
stage, the apparent magnitudes are not yet corrected for Milky
Way extinction, since what matters to evaluate our ability to
model galaxies is the observed flux and the spatial resolution
of the objects. This correction is performed in Sect. 6.1 before
examining bulge and disc colours.

Figure 2 shows that at the bright end (IE ∼ 15), only about
one-third of the detected galaxies in the Perseus cluster are
modelled, because the profiles of bright and nearby cluster galax-
ies are biased in the compact-source stacks at large radii. At
the faint end, completeness in the photometry drops sharply
at IE ∼ 27 in the number of detected galaxies, whereas pro-
files are modelled out to IE = 24.5. Although only ‘Detected’
galaxies with IE ≤ 24.5 are modelled, the ‘Modelled’ his-
togram contains fainter galaxies than this limit because the
cross-match can either erroneously select a brighter or fainter
neighbouring source or not find any source since the parti-
tion performed by SourceXtractor++ can be different from
that with SExtractor. This nevertheless has no impact on the
galaxies with IE ≤ 23 onto which the present analysis is focused.

3. Methodology

3.1. Luminosity model fitting

3.1.1. Generalities

We use the SourceXtractor++4 software to model the sky pro-
jected brightness distributions of all the galaxies identified in

4 See https://sourcextractorplusplus.readthedocs.io/en/
latest/ for documentation.

A277, page 4 of 36

https://sourcextractorplusplus.readthedocs.io/en/latest/
https://sourcextractorplusplus.readthedocs.io/en/latest/


Quilley, L., et al.: A&A, 710, A277 (2026)

the IE image. To this end, the code performs a least-squares fit
using the differences between the resampled convolved model
with the local PSF model (see Sect. 2.2) and the pixel values,
weighted by the pixel uncertainty. The differences are modified
by a derivable monotonic function that reduces the influence
of large deviations from the model, such as the contamination
by neighbours. The loss function also includes a penalty term
acting as a Gaussian prior on the profile parameters, which
contributes to regularisation (and is among the strengths of
SourceXtractor++ compared to the original SExtractor).

Several configurations of model fitting were performed on
the ERO-Perseus field galaxies, which are described below, and
which are all based on the generalisation to elliptical isophotes
of the Sérsic profile (Sérsic 1963), which describes the variation
of the light intensity I as a function of the angular radius r (hence
in the case of circularly symmetric isophotes):

I(r) = Ie exp

−bn

( r
Re

)1/n

− 1


 . (1)

The Re parameter is the effective radius that encloses half of the
total light of the profile, Ie = I(Re) is the intensity at Re, n is
the Sérsic index that defines the steepness of the profile, with
higher values of n corresponding to steeper central profiles and
less steep outskirts, and bn is a normalisation parameter depend-
ing on n only. For discs, we also used an exponential profile,
which is equivalent to a Sérsic profile with an index n = 1. For
the bulges, the choice of a de Vaucouleurs profile, with n = 4,
is common (see e.g. Simard et al. 2011; Lackner & Gunn 2012;
Nedkova et al. 2024b) and so is the choice made here of a free
Sérsic index (see e.g. Allen et al. 2006; Dimauro et al. 2018). We
preferred the second option, as the bulge Sérsic index presents
the advantage of encoding information regarding the nature of
the bulge, namely, whether it is dominated by a disky pseudo-
bulge structure or by a spheroidal classical one (Kormendy &
Kennicutt 2004; Quilley & de Lapparent 2023), whereas the use
of a de Vaucouleurs profile assumes (a priori) the latter.

The different model fitting configurations that were per-
formed in this study are the elliptical generalisations of either
a single-Sérsic profile to model the whole galaxy light distribu-
tion (single-Sérsic hereafter) or of the sum of a Sérsic profile
and an exponential profile designed to model the bulge and
the disc components of each galaxy, respectively (bulge-disc
decomposition hereafter). The details of the configurations can
be found in Sect. 3.1.2. For each fitted profile or model com-
ponent SourceXtractor++ returns as parameters the position
of the centre of the 2D elliptically symmetric model, the values
of its integrated flux, the effective radius along the semi-major
axis, the position angle θ5, the axis ratio between the minor and
major axis effective radii of the fitted elliptical profile b/a, and
the Sérsic index n (unless fixed to 1 in the exponential profile).

The model fitting runs were performed using three
approaches (unless mentioned otherwise, no prior relating a
given parameter between the bulge and disc component or
between different bands was used):
1. All four Euclid VIS and NISP images, using the VIS

image as the detection image6 , with each band having its

5 This is the position angle between the major axis of the ellipse and
the CCD x-axis, measured counter-clockwise between −π/2 and π/2
radians.
6 The detection image is the single image from which the groups of
pixels defining each source are extracted, and from which estimates
of positions and shapes, as well as initial guesses for the model fitting

own independent set of structural parameters for either the
single-Sérsic profile or the bulge-disc decomposition.

2. All four Euclid VIS and NISP images, using VIS for the
detection image6, but with two sets of structural parameters
for either the single-Sérsic profile or the bulge-disc decom-
position, one for the VIS image and a common one for all
three NISP images, yet independent photometry in the YE,
JE, and HE bands.

3. Only on the VIS image with a unique centre, axis ratio, and
position angle for both the bulge and disc components in the
bulge-disc decomposition (see Sect. 3.1.2).

The results of approach 1 are those that are analysed and dis-
cussed throughout Sects. 4, 6 and 5, whereas those of approach
2 are only used in Appendix C, and those of approach 3 are
discussed at the end of Sect. 4.2.

3.1.2. Configurations

We list here the initial values and allowed ranges that are pro-
vided to SourceXtractor++ for both the single-Sérsic model
and the bulge-disc decomposition:

– The x and y coordinates (in pixel units of the detec-
tion image) of the centre of the single-Sérsic, bulge,
and disc models are defined by the built-in function
get_pos_parameters() that is initialised at the isophotal
centroid coordinates and with a range equal to the isophotal
radius on both axes.

– The total flux f of each galaxy is computed with the
built-in function get_flux_parameter() initialised as the
isophotal flux, and that can vary by a factor of 103.

– The bulge-to-total light ratio B/T of the bulge-disc decom-
position (i.e. for each galaxy, the ratio between the lumi-
nosity enclosed in its bulge and the total luminosity) is
initialised at 0.5 and varies exponentially in the [0.001, 1]
interval, with the fluxes of the bulge and disc components
then being defined as fB = B/T f and fD = (1 − B/T ) f .

– The Sérsic indices of either the single-Sérsic profile or the
bulge component are initialised at 4 and vary linearly in the
[0.5, 10] interval.

– The effective radii (in pixel units of the detection image) of
the different profiles are initialised at the isophotal radius
(given in pixels by the o.radius built-in function) and vary
exponentially in a range defined in terms of a factor times
the initial value, with [0.01, 2] for the bulge and [0.1, 10] for
the single-Sérsic or disc radii.

The position angle θ (in radian) and axis ratio b/a (of the minor
to major axis effective radii of the fitted elliptical profile) are
usually defined so that the angle spans the [−π, π] range and is
then re-projected onto [−π/2, π/2], whereas the axis ratio param-
eter b/a spans [0, 1] on a linear scale or [0.01, 1] in exponential
scale. However, we adopted a Cartesian parametrisation (see the
appendix of Tessore et al. 2023; also used in Atek et al. 2025)
that defines the e1 and e2 parameters varying linearly in the range
[−1, 1] so that the position angle is computed as

θ =
1
2

atan(e1/e2), (2)

and the axis ratio as

b/a =

∣∣∣∣1 − √
(e1

2 + e2
2)
∣∣∣∣

1 +
√

(e1
2 + e2

2)
. (3)

parameters, are defined. Using the higher angular resolution VIS image
as the detection image when the measurement images also include those
in the NISP bands (on which the models are fitted) ensures that the same
galaxies are modelled in the various bands.
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We checked that this parametrisation yields similar profile
parameters as the straightforward configuration by running tests
using both of them (with all other options left unchanged), and
it scans more uniformly through the phase space.

One of the new features of SourceXtractor++ compared
to Sextractor is the ability to define priors related to differ-
ent parameters or between different bands for a given parameter
(in multi-band fits). As our goal is to explore the similarities
and differences between the various profiles, we nevertheless
used minimal priors (except in Appendix C), and at the end
of Sect. 4.2 we further discuss the implications of using more
constrained fits in their centring.

The modelling approach 1 is used throughout this article.
It treats the bands independently and hence returns best-fit
parameters in all four Euclid bands. In the following analysis,
we mainly focus on the parameters for the IE band, due to
the higher resolution it provides (with a pixel scale and PSF
FWHM 3 times lower than in the NISP bands). NISP parameters
are leveraged in Sect. 6.2 to study the variation of structural
parameters with wavelengths.

Generally, we use B/T as an indicator of galaxy morphol-
ogy, and specifically the B/T fitted in the IE band, which differs
from those in the other bands. This choice is supported by the
higher precision on its measure thanks to the better angular res-
olution of VIS, which leads to overall smaller uncertainties on
B/T (IE) than on the B/T fitted in the NISP bands: it is the case
for 92%, 84%, and 78% of the IE < 21 galaxies, for the YE, JE,
and HE bands, respectively, and the median ratio of the uncertain-
ties on B/T between IE and a NISP band is 0.37, 0.48, 0.53 for
the YE, JE and HE, respectively. We also examined the variations
of B/T with the observing band. For instance, we measure an
increase in the JE-to-IE median ratio of the B/T values, which are
0.97, 1.13, 1.40 and 2.18, as well as in the dispersions of 0.22,
0.37, 0.69 and 1.58 for decreasing B/T (IE) ranges of [0.5, 1.0],
[0.3, 0.5], [0.1, 0.3] and [0.05, 0.1], respectively. We also empha-
size that the variations are smaller for bands closer to each other
in wavelength.

3.2. Spectral energy distribution fitting of model photometry

To estimate absolute magnitudes, we used the photometric red-
shifts derived in Cuillandre et al. (2025b), based on the Kron
adaptive aperture photometry in the CFHT u, g, r, i, and z bands,
as well as in the Euclid IE, YE, JE, and HE bands, serving as
input to Phosphoros, the Bayesian spectral energy distribution
(SED) fitting code developed for the Euclid pipeline (Euclid
Collaboration: Tucci et al. 2025). The observed photometry was
compared with a grid of expected values computed from 31
COSMOS templates (Ilbert et al. 2009), optimised for distant
galaxies.

To compute the absolute model magnitudes in the ugriz IE YE

JE HE bands, we performed a new SED fitting with the photomet-
ric redshift fixed to that of the corresponding galaxy. We used the
IE, YE, JE, and HE model magnitudes measured for whole galaxies
fitted with single-Sérsic profiles or decomposed into bulge and
disc components, as well as the separate bulge and disc magni-
tudes, as input to hyperz (Bolzonella et al. 2000). This allows
the derivation of absolute magnitudes simultaneously in several
bands using the preferred set of templates. Dust attenuation was
modelled using the Calzetti et al. (2000) law, with V-band atten-
uation AV ranging from 0 to 3 in steps of 0.1. The cosmological
parameters adopted to compute the distances were Ωm = 0.3,
ΩΛ = 0.7, h = 0.7 (Planck Collaboration I 2016).

To obtain absolute magnitudes while minimising the uncer-
tainties from the best-fit SED, we used the observed band with
S/N > 3 closest to the rest-frame band at the assumed photo-
metric redshift (called ‘pivot’ band), then applied a k-correction
to that band, plus a colour correction to the rest-frame band,
both derived from the best-fit template SED. Given the limited
number of input photometric bands, we tested the robustness of
the results by comparing the absolute magnitudes obtained with
the COSMOS templates used for photometric redshifts to those
derived with Bruzual & Charlot (2003) models, which include
additional parameters such as age, star formation history, and
metallicity. The two estimates agree with a dispersion of about
0.05 magnitudes in the g-band and 0.02 in i. In the following, we
adopt the estimates based on the COSMOS templates.

Since the SED fitting was carried out independently for the
bulge, the disc, and the total photometry, we also verified that the
sum of the bulge and disc rest-frame fluxes reproduces the total
rest-frame flux. We found good agreement for galaxies with IE ≤

21: the mean(median) of the difference between the total abso-
lute magnitude and the one from the sum of the bulge and disc
fluxes is equal to 0.027(0.009) in the g-band, with a dispersion
of 0.069, and −0.008(−0.002) in the i-band, with dispersion of
0.053. In order to estimate the uncertainties in the absolute mag-
nitudes, we used the uncertainties in the observed magnitudes in
the ‘pivot’ bands, to which we add in quadrature the RMS disper-
sion in the difference of absolute magnitudes between the values
obtained with the COSMOS and Bruzual & Charlot (2003) tem-
plates: 0.06 for both the bulges and the discs in the g band, and
0.03 for both components in the i band. Because we only con-
sider colours of bulges and discs in Sect. 6.1, hence differences
in absolute magnitudes of a given component of an object, the
uncertainties in the distance moduli are not considered.

4. Comparison of structural parameters between
single-Sérsic and bulge-disc modelling

In this section, we assess the reliability of the
SourceXtractor++ single Sérsic and bulge-disc modelling
configurations described in Sect. 3.1 on the 2445 modelled
galaxies in the ERO-Perseus field at IE band auto_mag ≤ 21.
To this end, we examine in the next subsections, the relations
between the bulge and disc parameters in order to ensure that the
Sérsic and exponential profiles of the bulge-disc decomposition
provide physically meaningful descriptions of the bulge and disc
components of galaxies. We emphasise that the ERO-Perseus
field is deeper than the EWS, with a point-source detection
limit of IE = 28.0 (and YE, JE, HE = 25.3) at 5σ for ERO images
(Cuillandre et al. 2025b) compared to IE = 26.2 (and YE, JE, HE

= 24.5) for the EWS (and surface brightness limits of 30.1 and
29.2 mag arcsec−2 in the optical and near-infrared for the ERO
field compared to 29.8 and 28.4 mag.arcsec−2 for the EWS;
Euclid Collaboration: Scaramella et al. 2022), due to about
four times longer exposures in all bands. Therefore, by using
the EMC limit (IE < 21) based on the EWS for validity of the
bulge-disc decompositions in the ERO-Perseus images, we adopt
a conservative approach. The following checks are performed on
the central positions of the single-Sérsic, bulge, and disc com-
ponents, on their effective radii, their axis ratios, and major axis
position angles, and on the Sérsic indices of the single-Sérsic
and the bulge component. All derived parameters are apparent,
hence in angular units. The uncertainties for individual galaxies
are either those estimated by SourceXtractor++ for the output
parameters of each object or result from the propagation of these
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uncertainties. Bootstrap uncertainties were also computed for
median values of parameters within sub-samples of galaxies.

The structural parameters derived from profile-fitting are
also useful to estimate the morphological types of galaxies,
which are related to their evolutionary stage and present and past
star-formation rates (Strateva et al. 2001; Bluck et al. 2014; Lang
et al. 2014; Bremer et al. 2018; Dimauro et al. 2022; Quilley
& de Lapparent 2022). When extending the characterisation of
the Hubble sequence (Hubble 1926), in addition to the extent
to which the spiral arms are unwound, de Vaucouleurs (1959)
maintained the bulge prominence as a criterion to differentiate
among the morphological types: B/T increases from irregulars
or ‘bulge-less’ types, through spirals from late- to early-types,
lenticulars with very prominent bulges, and ultimately ellipticals
that can be considered as ‘bulge-only’ galaxies. Therefore,
throughout the analysis we examine the parameters of the fitted
galaxy models as a function of B/T , which has been shown
to vary continuously with the Hubble type (de Lapparent et al.
2011; Kim et al. 2016; Gao et al. 2019; Quilley & de Lapparent
2023).

Furthermore, visual examination of the data, model, and
residual images in the IE band was performed on all outliers from
the trends identified in the following subsections, and critical
examples are shown in the appendix. Labelling a fit as visu-
ally successful is based on the success in modelling any visible
bulge and disc components, as well as obtaining low-intensity
residual images compared to the model (except for some regions
corresponding to flocculence, spiral arms, bars, and rings, which
are not modelled here (see Figs. B.1 to B.10). This allowed us
to confirm that many of the outliers are galaxies that cannot be
modelled successfully by an elliptically symmetric profile with
a single central concentration. This can be due to Milky Way
stellar contamination, dust lanes in edge-on galaxies splitting
the disc into two, or ongoing mergers causing strongly distorted
isophotes (see for instance Fig. B.13). During the process of
visual inspection of the outliers, and various initial tests of the
profile modelling performance, several hundreds of randomly
selected galaxies with IE total galaxy magnitude in the 17–23
interval were also examined. This examination confirmed that
galaxies located inside the major sequences in the various pro-
jections of the parameter spaces described below were indeed
successfully fitted by the single-Sérsic model and the bulge-disc
decomposition.

4.1. Effective radii

The definitions of the bulge and disc components of galaxies
based on galaxies observed in the nearby Universe, are a central
concentration of stellar light enclosed within a flattened lower
surface brightness profile and more extended stellar system.
When the physical bulge and disc are successfully decomposed
in nearby galaxies, the effective radius of the bulge is therefore
smaller than the effective radius of the disc (see Fig. 17 of
Quilley & de Lapparent 2023 for example). The single-Sérsic
effective radius is then expected to take values between the bulge
and the disc effective radii. Indeed, the total galaxy contains
more light than the bulge only, so the radius containing half of
the light is larger for the galaxy than for the bulge. The bulge
creates an over-concentration of light in the centre of the disc,
leading to a single-Sérsic profile with an effective radius smaller
than that of the disc. Altogether, these conditions can be written
as Re,bulge ≤ Re,1p ≤ Re,disc, with equality for B/T = 1 and 0,
respectively.

We examine in Fig. 3 these expected properties of the ERO-
Perseus field galaxies, by plotting the disc-to-bulge ratio of
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Fig. 3. Ratios of the disc-to-bulge effective radii as a function of the
ratios of the disc-to-single-Sérsic effective radii, all in the IE band, for
the 2445 galaxies with IE ≤ 21. In the upper vertical concentration of
disc-dominated galaxies (in blue, B/T ≈ 0) and on the right diagonal
concentration of bulge-dominated galaxies (in red, B/T ≈ 1), the single-
Sérsic effective radius is consistent with that of either a dominating disc
or bulge component. The single-Sérsic effective radius of the 74.7% of
galaxies in the top-right cone is intermediate between the disc effective
radius (the largest) and the bulge effective radius (the smallest), with a
smooth gradient in the ratio of the disc to single-Sérsic effective radius,
while B/T (IE) varies from zero to one. These galaxies are visually
indistinguishable from the types in the present-time Hubble sequence,
whereas objects in other regions of the diagram are identified as either
non-physical bulge-disc modelling or biased bulge fits due to bars.

effective radii versus the corresponding disc to single-Sérsic
Re ratio. The colour of the points represents the B/T value of
the bulge-disc decomposition measured in the IE image (with
the best angular resolution), notably to highlight extreme cases
for which either the disc or the bulge component is weak, and
therefore the values of their radii should not be over-interpreted.
These galaxies lie along the vertical x = 1 axis and the diagonal
x = y axis, respectively. Galaxies along the x = 1 line (corre-
sponding to Re,1p = Re,disc), have B/T ≈ 0 (blue points). These
objects are well fitted by a pure exponential profile, and there-
fore their bulge component is negligible and the disc component
and single-Sérsic profile have similar effective radii (we also note
in Sect. 4.3 that for such galaxies the single-Sérsic index is close
to 1, as for the exponential profile). Galaxies near the x = y line
(corresponding to Re,1p = Re,bulge) have the opposite behaviour
with B/T ∼ 1.0 (red points). Therefore, their disc component is
negligible, and their light profiles are well described by a single-
Sérsic function. As a result, they have similar effective radii of
their bulge component and single-Sérsic profile.

The top-right quadrant of Fig. 3 is the region of galaxies sat-
isfying both aforementioned conditions that Re,disc ≥ Re,bulge and
Re,disc ≥ Re,1p and contains 1829 galaxies (that is 74.8% of galax-
ies with IE ≤ 21). The fact that most galaxies in this quadrant
(98.2%) are in a triangle above the diagonal line results from
the condition Re,1p ≥ Re,bulge, and suggests that the bulge-disc
decomposition is successful in modelling both components of
the objects. Moreover, in this triangle, the bulge-disc decom-
position displays a continuous B/T gradient from 0 to 1 (with
colours from blue to red), hence describing the full range of
types from disc-only to bulge-only, with a position on the graph
depending on the fraction of flux contained by each of the bulge
and disc components. These galaxies also take all values of the
ratio of disc to bulge effective radii up to about 20. The dis-
tribution of bulge-to-disc Re ratios is consistent with the B/T
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and size distributions of bulges and discs measured by Quilley
& de Lapparent (2023) for the EFIGI sample, which fully and
densely samples the Hubble sequence of morphological types
in the nearby Universe (z ≲ 0.05; Baillard et al. 2011). Nearby
galaxies possessing both a bulge and a disc are either lenticular
or spiral types of the Hubble sequence (Quilley & de Lapparent
2022). However, some profile fits of nearby elliptical types also
include a significant disc component when the single-Sérsic pro-
file is not sufficient for modelling both the inner and outer parts
of the objects.

Visual inspection in the IE band of a random sub-sample of
∼300 galaxies in the top-right quadrant of Fig. 3 confirms their
irregular, lenticular, spiral, and elliptical morphologies, indi-
cating that the Hubble sequence is also present at the higher
redshifts reached by this Euclid image. We emphasise that
among the hundreds of galaxies with IE ≤ 23 that were visu-
ally examined across the field (see Sect. 4), there was no object
that looked markedly different from the EFIGI nearby morpho-
logical sequence in their bulge and disc properties. The EFIGI
sample can be used as a reference because its galaxies have simi-
lar or better spatial resolution than galaxies in the current Euclid
field (depending on the object distances in both samples), and
take all possible values and configurations of disc inclination,
axis ratio, dynamical features (spiral arms, bars, rings), and tex-
ture (from stellar formation and dust), as shown in de Lapparent
et al. (2011). In particular, a significant fraction of galaxies with
IE ≤ 21 are seen to host bars in the ERO-Perseus field (this is
confirmed with the first ‘Quick’ Euclid data release (Q1), Euclid
Collaboration: Huertas-Company 2026). If the detected morpho-
logical types in the ERO-Perseus IE ≲ 21 sample (corresponding
to mostly z ≤ 0.54) are indistinguishable from the present-time
morphological types in the Hubble sequence (Hubble 1926),
fainter galaxies with 21 ≲ IE ≲ 23 are mostly too poorly resolved
to draw detailed conclusions about them.

In contrast, the 281 galaxies (11.5% of the sample) in Fig. 3
below the y = 1 black horizontal dashed line correspond to
bulges larger than their discs. The majority of these galaxies
lie near the y = x diagonal (described above) and have B/T ≥
0.8. However, we note in the lower part of this graph that 101
galaxies (4.1% of galaxies with IE ≤ 21) have Re,disc < Re,bulge
while showing a non-negligible disc component (B/T ≤ 0.7),
therefore leaving 180 well-modelled bulge-dominated galaxies.
Visual examination of the IE images of the 101 outliers shows
that they correspond to non-physical bulge-disc models: in many
cases, the Sérsic profile intended for the bulge models the galaxy
at radii well beyond the visual extent of the bulge (see Fig. B.12);
and some cases result from bulge and disc components mod-
elling nearly disjoint parts of galaxies, as also highlighted in
Sect. 4.2 (see Figs. B.14 and B.16).

Lastly, the top left quadrant of Fig. 3 includes 305 galaxies
(12.5% of the sample) with discs whose effective radii are larger
than their bulges, but also smaller than the single-Sérsic effec-
tive radius. Discarding the vertical sequence of disc-like galaxies
(in blue) with some dispersion, that is only counting galaxies
with Re,disc/Re,1p ≤ 0.9, yields 117 objects, hence 4.8% of the
sample. Visual inspection of these outliers shows that many of
them are symptomatic of the difficulty to model both a peaked
bulge and a low-surface-brightness disc with a single-Sérsic pro-
file: such fits underestimate the central flux of the bulge, hence
expand the effective radius beyond that of the disc (see Figs. B.3
and B.6). Other outliers are due to a bar that is fitted as if
there was a very elongated bulge within a lower axis ratio disc.
The single-Sérsic fit for these objects is dominated by the bar
which artificially boosts its axis ratio and its effective radius,
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Fig. 4. Correlation between the disc-to-single Sérsic ratio of effective
radii relative to the disc-to-bulge ratio of radii (in logarithmic scale)
and B/T in the IE band for the 1826 galaxies with IE ≤ 21, verifying
Re,bulge < Re,1p < Re,disc.

then defined along the major axis. In these cases, the minor axis
radius of the single-Sérsic fits is nevertheless closer to the disc
effective radius (see Fig. B.7). Adding to the 1859 galaxies of the
top-right quadrant, the left part of the dispersed vertical sequence
of disc-dominated galaxies with 0.9 ≤ Re,disc/Re,1p ≤ 1, that is
188 objects, plus the 180 bulge-dominated galaxies (B/T > 0.7)
from the bottom half, leads to 2227 galaxies with both single-
Sérsic models and bulge-disc decompositions that are likely to
be reliable, as their effective radii are consistent with each other.
This leaves 218 likely outlier fits (101 with spurious combina-
tions of effective bulge and disc radii, and 117 with overestimated
Re,1p), corresponding to 9% of the 2445 modelled galaxies with
IE ≤ 21. In the following, we exclude the 398 galaxies with
Re,disc/Re,bulge < 1 or Re,disc/Re,1p ≤ 0.9 when examining bulge
and disc properties (leaving 2047 objects), whereas we exclude
the 117 galaxies with Re,disc/Re,bulge ≥ 1 and Re,disc/Re,1p ≤ 0.9
when examining single-Sérsic profiles (leaving 2328 objects).

We further explore in Fig. 4 the relationship between the
various effective radii and B/T for galaxies located in the top-
right wedge of Fig. 3 by examining, for all galaxies satisfying
Re,bulge < Re,1p < Re,disc, how the disc-to-bulge ratio of effective
radii relative to the disc to single-Sérsic ratio of effective radii
(in logarithmic scale) varies as a function of B/T . A correla-
tion between the combination of effective radii ratios and B/T
is observed in Fig. 4, with a Pearson correlation coefficient of
r = 0.777. We performed a second-degree polynomial fit (dashed
line) under the constraints that Re,1p = Re,bulge for B/T = 1 and
Re,1p = Re,disc for B/T = 0, leading to the following polynomial:

log10(Re,disc/Re,1p)
log10(Re,disc/Re,bulge)

= (0.39±0.02) (B/T )2+ (0.61±0.02)B/T.

(4)

The dispersion around this polynomial is 0.16.
The polynomial fit in Fig. 4 may be useful to produce syn-

thetic galaxies with bulges and discs of realistic size, which
match observational samples for which only a single-Sérsic radii

7 We also computed the location of the single-Sérsic effective radius
within the interval between the bulge and disc effective radii (hence in
linear scale) Re,disc−Re,1p

Re,disc−Re,bulge
, and obtained similar results, but we present

here the best polynomial model according to both the Akaike and
Bayesian information criterion.
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Fig. 5. Distances between the centres of the single-Sérsic profile and
those of the disc and bulge components, normalised by the effective
radius of the single-Sérsic component Re,1p (left), and distances between
the bulge and disc centres, normalised by the bulge and disc effec-
tive radii (right). Points are colour-coded by B/T (IE) of the bulge-disc
decomposition for the 2445 ERO-Perseus field galaxies with IE ≤ 21.
As expected, in galaxies with a dominant bulge or disc, the brighter
component is also the closer to the centre of the single-Sérsic profile.

has been measured. We emphasise that in making mock galaxy
fields (see for example Euclid Collaboration: Castander et al.
2025), the use of measured single-Sérsic radii distributions to
generate disc radii creates an underestimation of the latter, which
is dependent on B/T , and therefore creates a bias in the disc radii
with the morphological type of galaxies.

Figure 4 also highlights the relevance of bulge-disc decom-
position when discussing the size evolution of spiral and lentic-
ular galaxies, and samples including these types of galaxies.
Indeed, because the single-Sérsic effective radius relates to both
the extent and the concentration of a galaxy’s light distribution,
one should be careful in interpreting a variation of this radius
which does not imply a variation in disc size, since it can also
arise from a variation of B/T at fixed disc radius.

4.2. Centre positions

Because we did not apply a constraint on the relative centring
of the two components of the bulge-disc decomposition nor on
the centring of the components or the single-Sérsic profile in dif-
ferent bands, any offset between the centring of the components
is indicative of some anomaly in the fits or in the object (atyp-
ical galaxies), which may allow one to detect unreliable fitted
profiles. Figure 5 shows the distance between the position of the
centre of the single-Sérsic profile, denoted C1p, and those of the
bulge or disc, denoted CB and CD, respectively. In both cases, the
distance is normalised by the effective radius of the single-Sérsic
profile Re,1p. The histograms along each axis are shown, and the
colour of the points represent B/T of the bulge-disc decomposi-
tion. A majority of the galaxies (97%) have their bulges and discs
centred consistently with the single-Sérsic component within
10−4 to 1 effective radius, with peaks at 0.05Re,1p and 0.03Re,1p.

There are only 72 galaxies that either have a bulge or disc cen-
tre offset larger than Re,1p (see fractions below). There is a clear
trend that distances to the bulge centre are smaller than to the
disc centre when the galaxy is bulge dominated (B/T > 0.5),
and vice versa.

Four areas are delimited in Fig. 5 by the grey dashed-lines.
The bottom-left quadrant corresponds to single-Sérsic profiles
whose centre aligns closely to those of both the bulge and disc
(2363 out of 2445 galaxies, i.e. 96.6%). The top-right quadrant
indicates a single-Sérsic profile offset larger than the single-
Sérsic Re from both the bulge and disc centres (13 galaxies,
0.5%), hence one of the two types of fits can be considered as
spurious. The top-left (50 galaxies, 2.0%) and bottom-right (19
galaxies, 0.8%) quadrants, on the other hand, show an offset of
the single-Sérsic centre from that of the disc (or bulge) but not
from the bulge (disc, respectively), meaning that the bulge and
disc centres differ and that the single Sérsic centre is aligned with
either one (predominantly the brighter component).

One can also directly examine the offset between the bulge
and disc centres. Visual inspection of the images in the IE band
was performed on the 49 (2% of the IE < 21 sample) and 225
(9%) galaxies with bulge-disc offsets larger than 1 and 0.5 Re,disc,
respectively. This revealed various configurations in which the
light profile of the galaxy is well fit by the sum of a Sérsic (bulge)
and exponential (disc) profiles, but these have a significant off-
set in their centres, hence can be considered as adjacent: edge-on
discs with no visible bulge but dust or surface brightness irreg-
ularities (flocculence) creating two separate flux maxima along
their length or width, respectively (see Fig. B.11); spiral galax-
ies with a bright bulge and a luminous secondary feature (arm,
H II region), but a comparatively faint disc so the two profiles
model a bulge and the secondary component, respectively (see
Fig. B.14). Therefore, offsets larger than the disc Re between the
centres of the bulge and disc components are successful at indi-
cating that the profile-fitting failed to model the physical bulge
and disc. Visual examination showed that decreasing the offset
threshold to a fraction of Re,disc would eliminate more objects
that have a spurious fits, but would also have the disadvantage
of discarding asymmetric galaxies whose fitted parameters are
usable (mentioned in Sect. 4).

With the goal to decrease the fraction of outlier fits (that
do not successfully model both the physical bulge and disc),
and can be identified by offsets in their relative centrings, one
could add some constraints to the current ‘free’ configuration in
the bulge and disc centring (see Sect. 3): one could either con-
strain the centres of both components to be less distant from each
other by some margin or require that both of them be less distant
than some fixed coordinates (e.g. the isophotal centroid) by some
other margin. Both types of prior would nevertheless require us
to define the positional margin in terms of the object size, hence
one of the three effective radii (bulge, disc, single-Sérsic) or a
combination of them (as well as possibly the object inclination,
see Sect. 4), which would require some more extensive tests.
To circumvent these difficulties, one could consider the extreme
case of a null margin, therefore defining a unique position for the
centres of both the bulge and disc components. However, since
most galaxies do not have their bulge perfectly centred on the
disc (due to inherent asymmetries), not allowing for any flexibil-
ity in the bulge and disc centring would ultimately bias the other
bulge and disc parameters. We tested this option of concentric
bulge and disc on the ERO-Perseus VIS image (along with a
common angle and axis ratio, see approach 3 in Sect. 3.1), and
obtained 34.7% of spurious fits for which the bulge Re is larger
than the disc Re by factor of 2, compared to a more likely fraction
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of 4.1% in the ‘free’ configuration, for galaxies with IE ≤ 21 (see
Sect. 4.1).

4.3. Sérsic indices

In single-Sérsic fits, the Sérsic index n of a galaxy depends on
its morphology, with the specific cases of n ∼ 1 (i.e. exponential
discs) derived for late-type galaxies and n ∼ 4 (the de Vau-
couleurs profile) derived for elliptical galaxies (de Vaucouleurs
1948). In between these cases, galaxy morphologies are bet-
ter defined by their B/T , and Quilley & de Lapparent (2022)
confirmed with visual morphological types that B/T traces the
Hubble sequence with some intrinsic dispersion. But simulated
images show that the measured value of B/T can differ signifi-
cantly from the true values (Häußler et al. 2022) in particular for
B/T ≲ 0.2 and B/T ≳ 0.8. Using prior fits of the bulges to ensure
their physical identification in the bulge-disc decomposition and
limit the degeneracies in B/T , Quilley & de Lapparent (2023)
showed that the bulge Sérsic index nB and B/T vary continuously
along the Hubble sequence, as well as with the bulge effec-
tive radius. The location of bulges along the size-luminosity and
size-surface brightness (Kormendy 1977) planes also depends on
B/T and nB (Quilley & de Lapparent 2023). This analysis also
showed that there is a continuous sequence from pseudo-bulges
(with small Re, B/T , and nB) hosted by late-type spiral galax-
ies to classical bulges (with large Re, B/T and nB) hosted by
early-type spirals and lenticulars.

Within this context, we analyse in Fig. 6 the 3D parameter
space n, nB, and B/T for galaxies with IE ≤ 21 by plotting every
pair of parameters with the third as a colour map. The goal was
to examine how these three parameters may describe galaxy mor-
phologies. In the top panel of Fig. 6, galaxies in the ERO-Perseus
field display a correlation between the single-Sérsic index n and
B/T for the extreme values: There are very few or no objects
with a very large B/T and a small n or the inverse. For interme-
diate values of B/T (in the 0.1 to 0.8 interval), there is a weak
diagonal excess of points, but the distribution of n values for a
given B/T remains wide, with wings up to the 0.5 and 10 bound-
aries. To systematically check models that do not lie along this
diagonal trend, we empirically defined the dashed black lines
to exclude a majority of visually identified spurious fits. Both
lines have a slope of 0.8 and intercepts of 0.5 and 2.5, respec-
tively. This gives a total width along the vertical axis of 0.7 dex
(for comparison, the RMS dispersion around a fitted line is 0.26
dex). The bottom threshold in n as a function of B/T only applies
to B/T > 0.25, to keep disc-dominated galaxies even with very
low n < 1. This leads to the identification of 253 and 146 out-
liers (that is 10.3% and 6.0% of the IE ≤ 21 sample), above
and below the delineated region. If we compare these 399 out-
liers to the 218 identified in Fig. 3 using the effective radii (see
Sect. 4.1), 88 galaxies are found in common, leaving 529 sources
with inconsistencies between the bulge-disc decomposition and
the single-Sérsic models.

Visual inspection of these selected objects indicated that
those appearing below the bottom dashed black line in the top
panel of Fig. 6 are not properly modelled as the sum of a bulge
and a disc. Rather, they are modelled as two non-concentric
light profiles that do not correspond to the physical bulge or
disc (see Sect. 4.2). Some of these objects are distorted asym-
metric galaxies in which the Sérsic profile models the bulge and
its immediate surroundings in the disc, whereas the exponential
profile models a sub-region of the asymmetric part of the galaxy
disc further from the bulge (see ID 18b in Fig. B.18). This inclu-
sion of disc light in the profile designed for the bulge leads to
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Fig. 6. Relations between the Sérsic index n from the single-Sérsic
modelling, the bulge-to-total light ratio B/T (IE), and the bulge Sérsic
index nB from the bulge-disc decomposition for the 2445 galaxies with
IE ≤ 21. Each plot shows one projection of this 3D parameter space
and incorporates the third parameter as a colour map on the points. The
inclined dashed black lines in the top panel delimit above and below
the visually inspected samples (see text). Once spurious fits and bulges
that are too small or too faint to be modelled were identified and dis-
carded, an overall correlation between n, B/T , and nB remained, which
all increase jointly as galaxy types change from late to earlier types
along the Hubble sequence and as their bulges grow from small pseudo-
bulges to more prominent classical bulges. In this latter regime, the
increase in nB with B/T flattens, as shown by the solid black line dis-
playing the median values and bootstrap uncertainties of nbulge in B/T
intervals of 0.1 in width, from 0.2 to 1.0 (the grey shaded area shows
the 10–90% percentile range around these values).

both marked overestimation and underestimation of B/T and nB,
respectively (see Table B.1). Another type of object identified
below the bottom dashed black line in the top panel of Fig. 6 are
edge-on or highly inclined galaxies with no visible bulge. These
are modelled by two adjacent light profiles along the disc, there-
fore leading to an intermediate value of B/T and a bulge profile
close to exponential (nB ≈ 1), whereas the single-Sérsic profile
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appears centred on the galaxy and its index n is correctly esti-
mated (see Figs. B.11, B.14, and Fig. B.15; these galaxies were
already identified and discussed in Sect. 4.2). Visual examina-
tion of the fits above the top dashed black line indicated that a
majority of these galaxies have neighbouring stars or galaxies
that SourceXtractor++ failed to segment out from the galaxy
under study, hence including it as part of the disc flux in the pro-
file fitting. These contaminations lead to an overestimation of the
modelled disc flux and hence an underestimation of B/T .

The middle panel of Fig. 6 shows a linear sequence of nB ≈

n for galaxies with B/T ≥ 0.7 as for these galaxies the bulge
component dominates, hence its parameters are close to those for
the single-Sérsic fit. There are also 703 galaxies with B/T ≤ 0.1
and n ≲ 2 for which nB can take all possible values in the entire
[0.5, 10] range, with larger uncertainties than for other points.
For these objects, both B/T and n indicate that the modelled
galaxies are late types, and therefore their bulges are faint and
hence difficult to model. This may lead to incorrect, hence more
dispersed values for the bulge parameters (in the top-left corner
of the graph – for nB > 4 and n < 2 – these objects include the
fits of contaminating stars or H II regions in very weak or bulge-
less late-type disc galaxies, which are seen as red points in the
bottom-left end of the diagonal in the top panel of Fig. 6).

The bottom panel of Fig. 6 shows the third projection of
the n–nB–B/T parameter space. The outliers identified in the
description of the previous panels are also visible here. Regard-
ing the remaining data points, that is the red to orange points
defined by n ≥ 2.5, the relation between log10(nB) and B/T
flattens for B/T > 0.5 (as confirmed by the median values for
n ≥ 2.5 displayed as a black line), after a steep increase from 2.7
to 4.8 in nB (the curve is only plotted for B/T ≥ 0.25, by lack
of n ≥ 2.5 points below).This contrasts with both the log10(n)–
B/T and log10(nbulge)–log10(n) relations appearing linear when
removing outliers.

The continuous variations of bulge properties measured in
Quilley & de Lapparent (2023) and summarised at the beginning
of this subsection, led them to interpret the increase of nB with
B/T as the transition from pseudo-bulges to classical bulges.
Pseudo-bulges with typically nB ≲ 2 (Kormendy & Kennicutt
2004; Fisher & Drory 2008) are likely to be the yellow and
green points in the bottom panel of Fig. 6, representing the
continuation of the nB–B/T trend at B/T ≲ 0.2, whereas the
orange points in the 0.2 ≲ B/T ≲ 0.5 interval are interpreted
as intermediate bulges between pseudo and classical (Méndez-
Abreu et al. 2014; Erwin et al. 2015; Breda & Papaderos 2023;
Quilley & de Lapparent 2023). Still, the change from mostly
rotation-supported pseudo-bulges to more pressure-supported
classical bulges leads to a significant increase in nB with B/T .
We suggest here that the observed flattening of the nB–B/T
relation in the bottom panel of Fig. 6 occurs for spheroidal
bulges that are dynamically similar to elliptical galaxies found
at higher B/T , inducing a rather stable nB for B/T ≳ 0.5.

Altogether, the three projections in Fig. 6 show that once
spurious fits are removed, B/T , n, and nB are complementary
indicators of the morphology of galaxies, with rough corre-
lations between them (the correlation between n and B/T is
further explored in Sect. 5 and Fig. 13). Indeed, a value of B/T
corresponds to wide intervals in n and nB (≈ 0.3 dex). Similarly,
the top panel of Fig. 6 show that splitting early and late morpho-
logical types of galaxies at n = 2.5, as often performed when
there is no other indicator of morphology (Barden et al. 2005;
Vulcani et al. 2014), yields varying fractions of galaxies with
B/T in almost the full 0 to 1 range. This analysis demonstrates
that the single-Sérsic index is only an approximate indicator
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Fig. 7. Comparison of the axis ratio for the 2445 galaxies with IE ≤ 21
modelled as single-Sérsic profiles with that of the disc derived from the
bulge-disc decomposition, colour-coded by the overall morphologies of
galaxies, parametrised with B/T (IE). This graph shows agreement in the
axis ratio of the single-Sérsic profile and the disc component for low
B/T galaxies. The axis ratio is significantly larger for the single-Sérsic
profile than for the disc component for galaxies with prominent bulges,
therefore providing an underestimation of their disc inclinations.

of galaxy types, more in-depth characterisation of morphology
requiring bulge-disc decomposition.

4.4. Axis ratios

The axis ratios of disc galaxies projected onto the sky provides
an estimate of their inclination angle, if one assumes that they
are circular and takes into account their scale height (Hubble
1926; Giovanelli et al. 1994), which is necessary for analyses of
spin alignments with the cosmic web for example (see Sect. 7).
Spiral galaxies were nevertheless shown to have a face-on ellip-
ticity in the ∼0.1–0.2 interval (Padilla & Strauss 2008; Unterborn
& Ryden 2008; Rodríguez & Padilla 2013), which should be
taken into account to determine their spatial orientation (comple-
mented by their position angles, see Sect. 4.5). The apparent axis
ratios of elliptical galaxies were extensively studied and result
from the projection of oblate spheroids with a wider range of axis
ratios (Padilla & Strauss 2008; Rodríguez & Padilla 2013). In
contrast, the face-on elongation of the discs of lenticular galaxies
have been poorly explored. Regardless of the intrinsic shape of
all these types of galaxy, accurate measurement of their apparent
axis ratios are crucial for the cosmic shear measurements of the
Euclid mission (see Sect. 7). Therefore, this parameter of their
modelling is examined in this subsection.

In Fig. 7, we compare the measured axis ratio for the galaxies
modelled as single-Sérsic profiles with that for the disc derived
from the two-component decomposition, with colour-coding by
the value of B/T in the decomposition. Galaxies with B/T ≲ 0.1
gather along the diagonal, indicating, as expected, similar axis
ratios for both models, whereas galaxies with larger B/T (≳ 0.6)
have a distribution that is more dispersed and skewed above the
diagonal. Actually, 196 out of 215 galaxies (91.2%) with B/T ≥
0.8 are above the diagonal with a ratio of (b/a)1p/(b/a)disc mostly
in the 1.5 to 5 interval (see Fig. 8 below). For the small number of
models with a significantly more elongated single Sérsic fit than
the disc component, hence below the identity line (dashed grey
line), that is b/a1p < (b/a)disc − 0.1, either the disc model does
not represent a physical component (galaxy with high B/T or
failed decomposition) or the galaxy is a barred spiral seen close
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Fig. 8. Ratio of the axis ratio of the single-Sérsic profile to that of the disc (left panel) or bulge (right panel) in the bulge-disc decomposition for
the 2445 galaxies with IE ≤ 21 as a function of B/T , colour-coded by the axis ratio of the disc. These graphs show biases in estimating the galaxy
disc or bulge axis ratio using the single-Sérsic profile axis ratio, which vary both with B/T and with the axis ratio of the other component. The left
panel shows that the single-Sérsic axis ratio of galaxies with more prominent bulges tends to overestimate that of the disc and hence underestimates
its inclination. In contrast, the single-Sérsic axis ratio either underestimates the bulge axis ratios for weakly inclined discs or overestimates them
for highly inclined galaxies, with a vanishing bias as the bulge becomes dominant. These biases should be taken into account in the cosmic shear
and spin alignment measurements. Statistics for all curves are listed in Table 1.

to face-on, for which the single-Sérsic fit mostly models the bar,
therefore leading to an underestimated b/a1p (see Fig. B.7). This
graph illustrates how the single-Sérsic model would provide a
biased estimate of the disc axis ratio, hence their inclination and
that this bias is larger for more prominent bulges (larger B/T ).

In Fig. 8, we directly examine the ratio of the single-Sérsic
axis ratio to that of the disc (left panel), and of the bulge (right
panel), as a function of B/T . The left panel shows that the
single-Sérsic profiles have mostly larger axis ratios than the cor-
responding disc components, hence appearing less elongated
than the disc, due to the presence of the bulge. For B/T < 0.1, the
profiles are equally elongated, with an axis ratio of 1.005± 0.009
and a dispersion of 0.047 dex. For B/T > 0.1, the dispersion
in the ratio of single-Sérsic to disc axis ratios increases to
0.243 dex. The colour-coding of the points and the three median
curves over indicated intervals, shows that this increasing dis-
persion results from systematic variations in (b/a)1p/(b/a)disc
with the disc axis ratio. For face-on or weakly inclined discs
(in green), the single-Sérsic model is expected to be as round
or elongated as the model disc component, except if spiral arms
or a bar bias any of the two types of fit (this may cause the dis-
persion around the median curve). While discs get more inclined
and hence more elongated (yellow, orange and red points), the
ratio of single-Sérsic to disc axis ratio increases for decreasing
disc axis ratio, reaching values up to 2–3, with a stronger effect
for larger values of B/T . The median curves for three intervals
of (b/a)disc illustrate both trends. Across the 0.1 ≤ B/T ≤ 0.9
range that corresponds to intermediate and early spiral types as
well as lenticulars (the types with the most prominent bulges),
modelling non face-on galaxies with single-Sérsic profiles would
make the estimation of their disc axis ratio (hence disc incli-
nation) biased by an amount that increases with both B/T and
the disc inclination itself. Even the average curve over all val-
ues of the disc axis ratio shows a significant overestimation by
10 to 50% for B/T from 0.2 to 0.9. However, the bias values
at B/T ≳ 0.9 must be taken with caution, since the parameters
of such weak discs are poorly measured, hence the large uncer-
tainties for these points in the graph. Table 1 show the various

median values and associated uncertainties8 in the ratios of axis
ratio between the single-Sérsic profile and those of the bulge and
disc components plotted in Fig. 8.

The right panel of Fig. 8 shows the analogous graph to the
left panel, for the ratio of the single-Sérsic axis ratio to that of the
bulge. For B/T ≲ 0.1, the bulge axis ratio is poorly measured,
hence the large dispersion and uncertainties. For galaxies with
prominent bulges (B/T ≳ 0.8) the axis ratio of the single-Sérsic
ratio is a good estimate of that of the bulge, since it dominates
the galaxy profile. For intermediate values of B/T (hence signif-
icant discs components), there is a vertical gradient with the disc
axis ratio, as indicated by the colour-coding of the points, with
evidently a steadily decreasing dispersion for more prominent
bulges. There is, however, a null average bias between the bulge
and single-Sérsic axis ratio as shown by the dotted line labelled
‘All’, with a median ratio (black dashed line) being always dis-
tant from 1 by less than 1σ. The null bias is also measured for
galaxies with a disc axis ratio in the 0.4–0.7 range (intermedi-
ate inclinations), for all B/T ≳ 0.1. Nevertheless, the median
curve for the galaxies with face-on or weakly inclined discs (in
green) shows only a moderate overestimation (see Table 1) of
the single-Sérsic axis ratio over that of the bulge: indeed, the
isophotes of the bulge of these objects are blended into those
of the disc. In contrast, the single-Sérsic axis ratio underesti-
mates by a larger amount (see Table 1) the bulge axis ratio
for highly inclined galaxies (in red), because of the inclined
and hence elongated disc isophotes that the single-Sérsic profile
must take into account. The implications of these various biases
for Euclid’s cosmic shear and spin alignment measurements are
discussed in Sect. 7.

4.5. Position angles

Here we examine the impact of the profile modelling method
on the position angle of the major axes of galaxies projected
onto the sky (PA hereafter), converted into degrees. To this

8 Estimated as the standard error σ/
√

N, where σ and N are the
standard deviation and number of galaxies of each sample, respectively.
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Table 1. Median values of the ratios of axis ratios plotted in Fig. 8 and the sample sizes over which these medians are computed.

(b/a)disc B/T interval
interval [0, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.4] [0.4, 0.5] [0.5, 0.6] [0.6, 0.7] [0.7, 0.8] [0.8, 0.9] [0.9, 1.0]

Ngal
(a)

[0.1, 0.4] 157 79 83 55 65 68 59 50 52 53
[0.4, 0.7] 279 126 97 108 73 81 70 55 42 30
[0.7, 1.0] 286 87 76 57 64 53 53 37 20 9

All 722 294 257 221 205 203 182 142 115 92

(b/a)1p
(b/a)disc

(b)

[0.1, 0.4] 1.02 ± 0.00 1.11 ± 0.01 1.24 ± 0.03 1.28 ± 0.03 1.43 ± 0.04 1.45 ± 0.04 1.60 ± 0.04 1.73 ± 0.1 2.03 ± 0.12 2.42 ± 0.16
[0.4, 0.7] 1.01 ± 0.00 1.05 ± 0.01 1.09 ± 0.02 1.18 ± 0.02 1.10 ± 0.03 1.23 ± 0.04 1.24 ± 0.03 1.34 ± 0.08 1.40 ± 0.05 1.48 ± 0.08
[0.7, 1.0] 1.00 ± 0.00 1.01 ± 0.01 0.97 ± 0.02 0.95 ± 0.02 0.99 ± 0.02 0.97 ± 0.03 0.98 ± 0.03 0.98 ± 0.06 1.02 ± 0.03 1.03 ± 0.09

All 1.00 ± 0.00 1.05 ± 0.01 1.10 ± 0.02 1.13 ± 0.03 1.13 ± 0.03 1.23 ± 0.04 1.22 ± 0.04 1.34 ± 0.05 1.47 ± 0.05 1.98 ± 0.10

(b/a)1p
(b/a)bulge

(b)

[0.1, 0.4] 0.95 ± 0.11 0.68 ± 0.05 0.66 ± 0.04 0.76 ± 0.05 0.67 ± 0.05 0.76 ± 0.05 0.86 ± 0.04 0.87 ± 0.03 0.95 ± 0.02 0.97 ± 0.02
[0.4, 0.7] 2.05 ± 0.22 1.13 ± 0.08 1.13 ± 0.06 0.93 ± 0.03 1.01 ± 0.02 0.96 ± 0.03 0.98 ± 0.02 1.00 ± 0.02 0.99 ± 0.02 1.01 ± 0.01
[0.7, 1.0] 2.27 ± 0.24 1.80 ± 0.12 1.40 ± 0.09 1.21 ± 0.05 1.07 ± 0.03 1.10 ± 0.04 1.07 ± 0.02 1.03 ± 0.02 1.03 ± 0.01 1.01 ± 0.02

All 1.84 ± 0.14 1.18 ± 0.06 1.07 ± 0.04 1.00 ± 0.03 0.99 ± 0.01 0.97 ± 0.02 0.99 ± 0.01 0.99 ± 0.01 0.99 ± 0.01 1.00 ± 0.01

Notes. (a) Number of galaxies in the considered sample. (b) Median values with bootstrap errors.
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Fig. 9. Comparison between the position angle of the major axis of the single-Sérsic profile θ1p and of the dominant profile in the bulge-disc
decomposition θmain (see Eq. (5)) for the 2445 galaxies with IE ≤ 21. The left panel compares both angles, with a B/T (IE) colour map for the
points, highlighting an agreement for most of the galaxies, as well as outliers reaching up to tens of degrees of angle difference. No trend with
B/T is noticeable. The right panel shows the cumulative fraction of galaxies for which the difference of θmain − θ1p is less than the value of the
threshold (in degrees on the x-axis), for all galaxies with IE ≤ 21 (in blue) and limited to b/a < 0.8 for both models (in orange, corresponding to
1721 galaxies, hence 70.4% of the sample), given that the position angle of a model with elliptical symmetry can take any value when fitted to a
face-on galaxy. Vertical dashed lines indicate the 10◦ and 20◦ thresholds, while horizontal dashed lines show the 80% and 90% fractions. The right
panel confirms quantitatively the agreement between the two position angles observed in the left panel, with 89% and 96% of non-face-on galaxies
having a difference in their measured angles below 10◦ and 20◦, respectively.

end, we compared the single-Sérsic profile PA θ1p to that of the
main model component of the bulge-disc decomposition, θmain,
defined as

θmain =

{
θdisc if B/T < 0.5,
θbulge if B/T ≥ 0.5,

(5)

where θdisc and θbulge are the disc and bulge PA, respectively. The
left panel of Fig. 9 shows the direct comparison between θmain
and θ1p for all galaxies in the sample. A large majority of points
lie along the identity line, indicating that the measured angle for
the bulge or disc component containing most of the light is simi-
lar to that for the single-Sérsic fit (it is also the case for the points
at the top-left and bottom-right corners). The B/T colour map
shows no correlation between the distance of the points from the
diagonal and their B/T value.

The tight correlation in the left panel of Fig. 9 is further
quantified in the right panel, showing the cumulative fraction
of galaxies for which the difference between θmain and θ1p is
below a given value in the 0 to 90◦ interval. For the whole
sample of galaxies with IE ≤ 21 (blue histogram), the differ-
ence is less than 10◦ for 77.7% of objects and less than 20◦ for
88.1% of them. Because for nearly circular profiles PA is poorly
defined, we also examine the cumulative fraction for galaxies
whose main component in the bulge-disc decomposition has an
axis ratio (b/a)main (defined similarly as θmain in Eq. (5)) below
0.8 (orange curve). For this sub-sample, the fraction of galaxies
whose angle difference is below 10◦ and 20◦ rises up to 88.6%
and 96.3%, respectively. Visual examination of the IE fits for the
objects with |θmain − θ1p| ≥ 20◦ shows some spurious fits, such as
discs encompassing some flux from a neighbouring source (pre-
viously mentioned in Sect. 4.3), or bulge components modelling
foreground contaminating stars. This sub-sample also contains
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Fig. 10. Histograms of the differences in the IE band between the adap-
tive aperture photometry (mauto) and the model photometry fitted with
a single-Sérsic profile (m1p) or with a bulge-disc decomposition (mB+D)
as well as the difference between the two models for the 12 786 galaxies
with mauto(IE) ≤ 23.

barred galaxies with an estimated B/T < 0.5 (hence θmain = θdisc)
in which both the single-Sérsic profile and the bulge component
are biased by a bar onto which they are fitted, hence are elongated
at an angle that differs from the disc component (see Fig. B.17).

5. Photometry: Impact of measurement method and
galaxy morphology

We now explore the effects of the specific choice of photometry
method. Specifically, we compare the magnitudes obtained from
adaptive aperture photometry, using the SourceXtractor++
auto_magmagnitude (denoted here mauto), to the PSF-convolved
modelled magnitudes from the various runs of luminosity
profile model fitting (denoted here m1p for the single-Sérsic
profile, and mB+D for the bulge-disc decomposition). The
SourceXtractor++ auto_mag uses a Kron elliptical aperture
with reduced pseudo-radius krKron with rKron the Kron radius and
k a scale factor set by default to 2.5, while model magnitudes are
intended to provide a total magnitude integrated to infinity. In
this section we use all fits to the 12 786 galaxies with auto_mag
IE ≤ 23, because if the EMC shows that structural parameters
may suffer large biases in the bulge-disc decomposition in the
21 to 23 IE interval, the total magnitudes are stable and weakly
affected (Euclid Collaboration: Bretonnière et al. 2023; Euclid
Collaboration: Merlin et al. 2023).

To estimate the average offsets and dispersion between the
different flux measurements methods, we plot in Fig. 10 the
histograms of the magnitude differences between the model
magnitudes and the adaptive aperture ones, as well as the dif-
ferences between the two types of model magnitudes, in the
IE band. Figure 10 shows systematic offsets from about −0.07
to −0.02 between the three distributions of magnitude differ-
ences, as listed in Table 2. The difference between both model
magnitudes and mauto also exhibit a tail at magnitude differ-
ences in the 1.5–3 range, which does not exist for the magnitude
difference between both models. We checked that this is due
to contaminating stars that are not separated in the aperture
magnitude.

All magnitude offsets shown in Fig. 10 and Table 2 are neg-
ative in their mode, mean, and median, as expected for model
magnitudes that extrapolate the flux to infinity, contrary to aper-
ture magnitudes that lose some flux. However, the lost flux in the

Table 2. Statistics of the distributions of IE magnitude differences
between the various photometry methods.

Mode Mean Median
Std.

q5
(b) q25

(b) q75
(b) q95

(b)
err.(a)

m1p − mauto −0.025 −0.021 −0.039 0.003 −0.381 −0.128 0.014 0.396
mB+D − mauto −0.075 −0.034 −0.071 0.003 −0.328 −0.120 −0.029 0.367
mB+D − m1p −0.025 −0.013 −0.024 0.001 −0.176 −0.074 0.036 0.178

Notes. The compared magnitudes are the adaptive aperture photome-
try (mauto) and the model photometry fitted with either a single-Sérsic
profile (m1p) or a bulge-disc decomposition (mB+D), and the compari-
son is made for the 12 786 galaxies with mauto(IE) ≤ 23. (a) Standard
error calculated as σ/

√
N where σ is the RMS dispersion and N =

12 786 galaxies in the sample. (b) qn quantiles corresponding to the nth

percentile.
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Fig. 11. Difference between the IE single-Sérsic model magnitude m1p
and the adaptive aperture magnitudes mauto as a function of the corre-
sponding Sérsic index fitted in the IE band for the 12 786 galaxies with
IE ≤ 23. Red points show the median value of that difference in bins of
n as well as the associated bootstrap uncertainty. The solid orange line
represents the expected magnitude difference for a pure Sérsic luminos-
ity profile. The difference is smaller than expected for disc-like galaxies
(n ≲ 1.5), and hence models are fainter than expected, which could be
due to the model missing the excess of flux from a small and faint bulge
or secondary features (e.g. spiral arms, bars, rings, flocculence). For
higher Sérsic indices, the trend inverts itself, with model photometry
being brighter than the adaptive aperture measurement.

wings of the objects when using mauto instead of model magni-
tudes may be overestimated for spiral galaxies, since a dominant
fraction of their discs have been observed to have a down-turn
in their light profiles at visible and near-infrared wavelengths
(Pohlen & Trujillo 2006; Mondelin et al. 2025). The flux under-
estimation of the aperture magnitudes is almost twice as large
when compared to the bulge-disc decomposition because the lat-
ter better models simultaneously the central peak of flux in the
bulges and the wings in the discs than the single-Sérsic profile.
The same effect explains the lost flux in m1p compared to mB+D.

We further examine in Fig. 11 the difference between the
single-Sérsic profile magnitude and mauto in the IE band, as a
function of the Sérsic index n of the fitted profile. Despite the
brighter single-Sérsic magnitude compared to the adaptive aper-
ture magnitude, hence the negative m1p − mauto difference (see
Table 2), the median difference per 0.33 dex interval of n is
positive at 0.013 in the first bin located at [0.505, 0.698]. It
then decreases steadily all the way to −0.3 in the last bin at
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[7.2, 9.9]. The RMS dispersion for m1p − mauto is 0.34 mag for
n ∈ [0.5, 0.7], and it decreases to 0.23 mag for n ∈ [1.4, 1.9]
and increases again to 0.39 mag for n ∈ [7.2, 10]. This disper-
sion results from the fact that galaxies do not all have smooth
profiles as most ellipticals and barless lenticulars do. Lenticu-
lar galaxies may also have bars and rings, whereas in addition
to bars and rings, spiral galaxies display spiral arms and scat-
tered H II regions causing flocculence. None of these features
can be modelled by the single-Sérsic profile or by the bulge-
disc decomposition. The steadily decreasing m1p − mauto means
that the relative flux lost by the adaptive aperture magnitude
is larger for higher Sérsic indices, with the model magnitude
being increasingly brighter. One could try to explain this trend
by the fact that a high Sérsic index corresponds to a centrally
steep profile with also more extended wings at large radii, lead-
ing to an increasingly larger part of the source light being located
beyond the aperture in which mauto is calculated. This effect can
be precisely estimated and accounted for.

Indeed, to better understand the magnitude differences in
Fig. 11 we have added in this graph a black line that shows
the magnitude difference m1p − mauto when both magnitudes are
measured on a pure Sérsic profile, using the values provided
by Graham & Driver (2005) in their table 1, and calculated for
a circular source. This line should be used as a reference for
interpreting the observed m1p − mauto, because it allows one to
account for the magnitude difference arising from the differ-
ent definitions, rather than from specifics of the modelling and
intrinsic morphological effects. For Sérsic indices from 0.5 to
2, the observed median m1p − mauto is closer to 0 and above the
expected theoretical value. This means that the loss of flux in
the single-Sérsic model compared to the aperture magnitude is
not as large for the irregular or disc-dominated spiral galaxies in
the data as for the Sérsic theoretical curve. This may be due to
the strong flocculence in irregular and very late spirals, in which
SourceXtractor++ might treat the H II regions as contaminat-
ing sources that are partitioned and not taken into account in
the model fits, whereas these bright spots would be included in
the aperture magnitude, making it brighter. The low-density tail
of positive m1p − mauto up to about 1 mag (and for all values
of n) could correspond to galaxies with unusually bright spots
of star formation or contaminating stars that are not partitioned
from the galaxy, whereas more common flocculence creates the
dispersion of the data points around its median value.

For larger values of n, the theoretical difference in magnitude
stops decreasing at n ≈ 4, and even slightly increases for n ≥ 5,
to reach −0.09 at n = 10. In contrast, the measured m1p − mauto
continues to decrease. This effect is due to the fact that a single-
Sérsic profile is insufficient to model the complexity of the whole
galaxy’s light distribution when there is a prominent bulge, caus-
ing the fitted profile to underestimate the light either at the centre
or in the outskirts of the galaxy and cannot fit both parts well.
More generally, when the surface brightness distribution of a
galaxy is too complex to be modelled by a single-Sérsic profile,
it leads to offsets in its magnitude estimation and calls for more
complex modelling methods, involving more parameters, such as
the bulge-disc decomposition.

Finally, we examine in Fig. 12 the impact of the chosen lumi-
nosity profile-fitting configuration on the model photometry by
comparing the total IE magnitudes measured with a single-Sérsic
profile and through a bulge-disc decomposition. The difference
between these two magnitudes is plotted as a function of B/T in
logarithmic scales for B/T ≤ 0.1, and linear scales for B/T > 0.1
in order to better highlight the observed trends (the two parts of
the graph are separated by a black solid vertical line). In this
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Fig. 12. Difference between the model magnitudes obtained from the
bulge-disc decomposition and the single-Sérsic fit as a function of B/T
for the 2445 galaxies with IE ≤ 21. The solid black line separates two
areas of the graph, with logarithmic and linear scales to the left and
to the right, respectively, whereas black dots correspond to median and
bootstrap errors in bins of B/T . For small B/T , the bulge-disc decom-
position leads on average to brighter magnitudes, but this median offset
vanishes for more prominent bulges (B/T ≳ 0.2). A strong vertical
colour gradient appears at all B/T , with higher (smaller) n correspond-
ing to more (less) flux in the single-Sérsic model than in the bulge-disc
one.

graph, the colour of the points represent the single-Sérsic index
n, which we showed in Fig. 6 to be correlated with B/T , and that
both quantities can be considered as proxies of the Hubble type
of the galaxy. Median values and standard errors are computed
in logarithmic and linear bins of B/T and shown as black dots
and error bars.

Figure 12 shows that for small values of B/T , the bulge-disc
decomposition leads to brighter magnitudes than the single-
Sérsic profile for 74.8% of galaxies with B/T ≤ 0.1, and even
78.7% for B/T ≤ 0.05, against a more balanced fraction for
more prominent bulges, with 52.4% of galaxies having brighter
mB+D for B/T > 0.1. Moreover, median magnitude differences
are significantly negative and decrease for lower B/T , to reach
a minimum value of −0.08 in the lowest B/T interval consid-
ered ([0.001, 0.003]) with an RMS dispersion of 0.08 mag (and
−0.07, −0.05 and −0.03 mag offsets in the next three B/T inter-
vals of [0.003, 0.01], [0.01, 0.03], [0.03, 0.1], respectively). In
this left part of the graph, the magnitude difference decreases for
smaller Sérsic indices (green to blue points), hence with brighter
bulge-disc magnitudes than single-Sérsic models. This can be
explained by the fact that for these objects, the disc component,
that accounts for ≥90% of the flux, is constrained to be expo-
nential (i.e. n = 1), whereas the single-Sérsic profile index can
vary and provide a better fit to the object, thus avoiding an over-
estimation of the object’s flux in its outer part, than given by
the exponential disc. For B/T ≥ 0.1, the median magnitude dif-
ference increases, to reach values compatible with 0 (by less
than twice the standard error). The dispersion in B/T bins is
in between 0.12 and 0.13 mag for all B/T > 0.1 intervals and
there is a strong vertical colour gradient indicating that the sign
and value of the magnitude difference depends on the value of
the single-Sérsic index measured for each B/T , with higher n
corresponding to brighter single-Sérsic models compared to the
bulge-disc decomposition, and inversely.

To better understand the m1p − mauto offsets in Fig. 12, we
plot in the left panel of Fig. 13 the relation between n and B/T
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Fig. 13. Relations between the difference in the model magnitudes of both model configurations and the difference in the Sérsic index n for the
single-Sérsic fit and B/T of the bulge-disc decomposition for the 2445 galaxies to IE ≤ 21. Left: value of n as a function of B/T . The IE magnitude
difference between the two models is shown as the colour of the points. The first-degree polynomial best-fitting P(B/T ) = n appears as a purple
line and matches the separation between the positive and negative magnitude differences, which appear mostly above and below it, respectively.
Right: magnitude difference plotted as a function of the distance between points in the left panel and the best-fit relation computed vertically and
in logarithmic scale. The vertical m1p −mauto offset in Fig. 12 can therefore be explained as the result of a discrepancy between the measured n and
B/T , with less flux within the bulge-disc decomposition than the single-Sérsic model of a galaxy since its n is larger than what should be expected
from its B/T through their fitted linear relation (and inversely). A difference in model photometry is therefore correlated to a discrepancy between
the two parameters, which, in each configuration, better describe the overall galaxy morphology.

as in the top panel of Fig. 6, but here the points are colour-coded
by the difference in IE magnitude between the bulge-disc and the
single-Sérsic models. We observe that there appears to be a cor-
relation between n and B/T , which when linearly fitted in linear
scales n versus B/T has a Pearson correlation coefficient of 0.57.
We then perform a first-degree polynomial fit of n as a function
of B/T , formalised as n = P(B/T ) = a1B/T + a0, with best-fit
parameters a1 = 3.96 ± 0.012 and a0 = 0.95 ± 0.05; this fit is
plotted as the solid purple line in Fig. 13. This fitted function
yields P(0) = 0.95 ≈ 1, so we retrieve the fact that bulge-less
galaxies are pure exponential discs. We also obtain P(1) = 4.91,
and for the index of a de Vaucouleurs profile n = 4, typical of
elliptical galaxies, P−1(4) = 0.77. Contrary to a preconceived
idea that elliptical galaxies have B/T = 1, both photometric
analyses (Quilley & de Lapparent 2023) and dynamical analy-
ses (Krajnović et al. 2013) of elliptical galaxies favour a smaller
value of B/T because these objects often require a weak disc
component.

Furthermore, the n versus B/T linear fit interestingly appears
as a demarcation line between galaxies with positive and nega-
tive magnitude differences: models are brighter for the single-
Sérsic case than in the bulge-disc decomposition when n >
P(B/T ), and inversely. We then show in the right panel of
Fig. 13 the relation between the magnitude difference between
the two models and the vertical logarithmic distance of each
point (B/T ; n) to the fitted relation n = P(B/T ). After exclud-
ing the 625 outliers from the n = P(B/T ) relation satisfying
| log10( n

P(B/T ) )| > 0.3 (which enclose 395 of the 399 outliers iden-
tified in Fig. 3), and galaxies with large magnitude difference set
to |mB+D − m1p| > 0.2, we measure a Pearson correlation coeffi-
cient of 0.68 between the two axes. A linear relation is then fitted
to the right panel of Fig. 13 using an orthogonal distance regres-
sion9 and this is plotted as a solid blue line with a 0.45 coefficient

9 Using the Python scipy ODR library. The ‘orthogonal distance
regression’ minimises the orthogonal distances to the fit rather than the
vertical ones, therefore also taking into account the horizontal distances.

of determination and 74% of points being within 3σ of the rela-
tion, withσ = 0.05 the orthogonal RMS dispersion. We repeated
this process starting from a first-degree polynomial fit of log10(n)
(instead of n) as a function of B/T , since this may also appear as
an acceptable fit (see Fig. 6). The correlation exhibited in Fig. 13
validates our interpretation that the dispersion observed in the
model photometry is the result of the distance from the rela-
tion between the single-Sérsic profile index n and the bulge-disc
decomposition B/T fitted in the left panel of Fig. 13.

Although the magnitude offset analysis is only reported for
the IE band, similar trends were obtained in the three NISP
bands, when examining the magnitude differences as a function
of single-Sérsic n and B/T values in the corresponding bands
(as in Figs. 11 and 12). However, even though there is an off-
set compatible with 0 between the two magnitudes, both of them
are about 0.2 mag brighter than mauto, in all three YE, JE, and
HE bands, since the aperture radius is defined on the detection
image, which is here that in the IE band.

To conclude, the above analysis allows us to answer the
important issue of which of the magnitudes of the single-Sérsic
profile or bulge-disc model is likely to be closer to the true mag-
nitude. For small B/T hence negligible bulge component, it is
m1p, whereas for galaxies with a significant bulge, it is mB+D.
This is because in each case, the corresponding model offers
more flexibility in adjusting the full light distribution of the
objects, from the centre to the outskirts.

6. Model colours and colour gradients

To limit biases in measuring colours of galaxies, it is common
to measure them as a difference between two magnitudes cal-
culated within a common aperture (de Vaucouleurs 1977; de
Vaucouleurs & Corwin 1977). A substitute when using mod-
els can be to calculate colours from a fixed profile fitted in all
considered bands, that is with identical parameters, except for
the total flux, remaining free (for instance as implemented in
SExtractor with the DETMODEL magnitudes). The colours of
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Fig. 14. Left: histograms of the rest-frame Mg − Mi colours for the bulges and discs of the 1885 galaxies to IE < 21 with reliable models (see text)
in red and blue, respectively. The dashed lines correspond to the full samples, whereas the solid lines correspond to the components enclosing more
than 10% of the galaxy total light. The vertical lines represent the median, and their width indicates the bootstrap errors for the restricted samples.
Right: bulge-disc rest-frame Mg −Mi colour difference between the bulge and the disc of each galaxy as a function of B/T (IE). The red dots indicate
the median colour difference and associated bootstrap error in bins of B/T . The dashed black line indicates the relation found for nearby galaxies
with the EFIGI sample in Quilley et al. (2025) using B/T in the i band, and the grey shaded region indicates the ±1σ dispersion around it. On
average, bulges appear redder than discs. Moreover, the behaviour of disc-dominated and bulge-dominated galaxies is distinct, indicating that the
former host bulges redder than their discs, whereas the latter have their bulges and discs of similar colour, and this variation depends on the value
of B/T .

these models would then be fixed to the flux ratio, hence inde-
pendent of any aperture size. However, we chose to calculate
colours of the ERO-Perseus galaxy sample using the indepen-
dent models in the various bands considered (approach 1 in
Sect. 3.1.2). This gives the advantage of better fitting the 2D
brightness distributions of each object in each band. It also
allows us to study higher order effects such as band-to-band vari-
ations in the structural parameters of a galaxy model or one of
its components, a tool for measuring colour gradients of a pro-
file model (see Sect. 6.2). The tight correlations between the
structural parameters measured with a common single-Sérsic
profile in the three NISP bands compared to those of indepen-
dent profiles in the three bands, also supports this choice (see
Appendix C).

6.1. Bulge and disc colour dichotomy

We show in Fig. 14 the distribution of the rest-frame Mg − Mi
colours separately for the bulges and discs of galaxies in the left
panel, and the difference between the bulge and disc colour of
each galaxy versus its B/T in the right panel. Photometric red-
shifts are used to derive these rest-frame colours (see Sect. 3.2).
The choice of the g − i colour is motivated by its wide use in
ground-based surveys, and is well constrained with the bands
available at the redshifts probed here. Indeed, at the median red-
shift zmed = 0.24 of our sample, the observed IE and YE bands are
shifted to the g + r and i + z bands combined, respectively. Simi-
larly, at the highest redshifts probed (95% percentile) z95 = 0.54,
the IE, YE, and JE bands are shifted to the u + g bands combined,
the reddest half of r and bluest half of i, and the reddest half
of i along with the z band, respectively. Starting from the 2047
galaxies with IE < 21 and meaningful bulge and disc models (see
Sect. 4.1), we further remove galaxies for which the SED fit has
failed to produce Mg − Mi colours for either their bulge or disc.
This removes points accumulating at Mg − Mi = −0.2146 (pro-
duced by the SED 31 – SB11_A_0.sed – with AV = 0.0), or at
Mg − Mi = 2.5423 (produced by the SED 8 – S0_A_0.sed – and

AV = 3.0), leaving 1885 galaxies whose bulge-disc colours are
analysed.

In the left panel of Fig. 14, we examine the colour distri-
butions of bulges and discs for the whole sample, and for the
components with more than 10% of the total galaxy light (in
IE), so as to avoid drawing conclusions from low flux bulge or
disc components which are affected by larger uncertainties, and
may not actually model a physical bulge or disc. The B/T > 0.1
added criterion discards a tail of 269 bulges with very red
colours (Mg − Mi ≳ 2) which are most likely non-physical, but
also exclude 359 bulges with B/T ≤ 0.1 and Mg − Mi colours
that cover the full 0.0–2.0 range, among which there are many
apparently well modelled faint bulges. The modes of both dis-
tributions of Mg − Mi bulge colours are ∼1.0 mag. The median
(with associated bootstrap errors) and dispersions (estimated as
half the 16–84th percentile range) decrease from 1.11 ± 0.02
to 1.00 ± 0.02 mag, and from 0.77 to 0.55, respectively, when
restricting the samples to B/T > 0.1. For the distributions of
disc colour, the B/T < 0.9 selection leads to almost identical
results as for the full sample: the latter and the restricted sample
have median absolute colours of 0.66± 0.01 and 0.65± 0.01, and
their dispersions are 0.40 and 0.39, respectively. The left panel of
Fig. 14 therefore shows a difference in the bulge and disc colours
of galaxies with a difference in the medians of the histograms of
0.34 in Mg − Mi for the B/T restricted sample containing 1278
and 1858 galaxies, respectively, which is significant at the 17σ
level using the bootstrap uncertainties.

The right panel of Fig. 14 shows the distribution of bulge-
disc Mg − Mi colour difference of all galaxies as a function of
B/T measured in the IE band. The frequent positive differences
(for 64% of the full sample) confirm that bulges are redder than
the discs they are embedded in, not only that the bulge popula-
tion is overall redder than the disc population. Moreover, there
is a clear morphological trend with the difference in bulge-disc
colour, with the largest differences for small red bulges embed-
ded in blue discs, and a progressive decrease with increasing
B/T to reach similar bulge and disc colours in bulge-dominated
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systems (i.e. B/T ≳ 0.5). The median colour differences are for
instance 0.74 ± 0.08 and 0.64 ± 0.12 for B/T ∈ [0.05, 0.1] and
[0.1, 0.15] respectively, that is, bulges are on average redder than
their discs with a significance level of 4 to 7 σ, whereas in the
three bins at B/T > 0.3, the median differences are within 2.9,
0.1 and 1.2 σ of 0, hence compatible with a null difference.

The bulge and disc colour differences shown in Fig. 14 are
similar to those measured in previous studies based on bulge
and disc decompositions of galaxies observed from the ground,
which all agree on the redder colour of bulges compared to their
discs (Möllenhoff 2004; Vika et al. 2014; Kennedy et al. 2016;
Casura et al. 2022; Quilley et al. 2025). Vika et al. (2014) also
demonstrated on a sample of 163 galaxies of various Hubble
types that spiral types have stronger bulge-disc colour differ-
ences than lenticulars and ellipticals. By analysing the 4458
visually classified galaxies of the EFIGI catalogue (Baillard et al.
2011), Quilley et al. (2025) further demonstrated that the bulge
and disc rest-frame optical colours are dependent on the Hubble
type for the considered galaxies, with rather stable red colours
for all bulges, whereas disc colours are bluer than their bulges for
late type spirals, and become redder backwards along the Hubble
sequence to reach similarly red colours as the bulges in lenticu-
lars. Sachdeva et al. (2017), Nedkova et al. (2024a), and Dimauro
et al. (2022) also measured a bulge-disc colour dichotomy from
HST imaging out to redshifts of 1, 1.5 and 2, respectively.

The interpretation of the bulge-disc colour dichotomy
detected here in terms of stellar age and metallicity gradients, as
well as internal dust extinction are discussed in Sect. 6.3 below.

6.2. Variation of structural parameters across bands

We now examine how the structural parameters describing our
sample of galaxies vary from band to band, as a demonstration of
the ability to measure colour variations within galaxies in Euclid
images. Figure 15 displays in its different panels the ratios of the
effective radii Re,1p measured for the single-Sérsic profile for all
the different pairs of Euclid bands, as a function of the VIS IE

Sérsic index nIE (in logarithmic bins), that characterises galaxy
morphology. In Fig. 15, the ratio of any pair of effective radii is
computed as the value in the redder band divided by the value in
the bluer band.

Figure 15 show that the median Re,1p ratios per nIE inter-
val as well as over the full range of IE Sérsic indices (shown as
dashed red horizontal lines) are systematically below 1, therefore
indicating smaller Re,1p for redder bands. The various median
ratios are shown in Table 3, and are in the 0.87 to 0.93 range
between the VIS and the three NISP bands. Additionally, the
ratio between two bands is closer to 1 for bands that are closer to
each other in terms of wavelength coverage, suggesting mono-
tonically more compact single-Sérsic profiles with increasing
wavelength. In the following, we denote as colour gradients the
fact that the effective radii vary with wavelength.

All panels of Fig. 15 show similar variations of the effec-
tive radii ratios with increasing nIE : the first two points (with
nIE ≲ 1.7) have similar colour gradients (see Table 3). There is a
systematic shift to a lower and similar ratio (hence stronger gra-
dient) for the next two points with nIE ∈ [1.7, 5.5] (see Table 3).
The decrease between the second and third nIE interval are sig-
nificant at the 4.8σ, 3.4σ, 2.5σ, 5.0σ, 2.6σ, and 3.9σ confidence
levels in the six panels ordered from left to right and from top to
bottom. There appears to be a further decrease in the Re ratio
for nIE ≥ 4, but the numbers are small for all pairs of bands
at such steep profile indices. We emphasise that because of the
dominant continuum in the stellar spectra, Re ratios measured in

various pairs of bands are correlated, as illustrated in Fig. C.1
(see Appendix C). Therefore, galaxies with a ratio having a large
(small) deviation from unity in one panel of Fig. 15 also have a
large (small), deviation from unity in all the other panels.

Given that bulges are on average redder than discs in spi-
ral galaxies, this systematic increase of the colour gradient for
nIE ≳ 1.7 compared to smaller values of nIE is likely to result
from the transition between late-type galaxies with a negligi-
ble or absent bulge (nIE ∈ [0.5, 1.5]) towards earlier spiral types,
hosting a bulge that encloses a larger fraction of the galaxy light:
the colour gradient in the galaxies modelled as a single-Sérsic
profile therefore results in part from the bulge-disc colour differ-
ence shown in Sect. 6.1. The fact that the transition in Fig. 15
occurs at nIE ≈ 1.7 may also be linked to the transformation of
the pseudo-bulges of late spiral galaxies into classical bulges
(with steeper profiles) hosted by earlier spiral and lenticular
types, which was measured by Quilley & de Lapparent (2023)
to take place in the 0.08 ≤ B/T ≤ 0.15 interval for nearby SDSS
galaxies.

In Table 4 we also examine the variations in the single-
Sérsic profiles across the IE ≤ 21 sample by computing the mean,
median and RMS dispersion, standard error and various quan-
tiles of the difference between the Sérsic indices of all pair
of Euclid bands, in the order of the index of the redder band
minus that of the bluer one. The median difference takes values
between 0.03 to 0.15 depending on the pair of bands, which indi-
cates that redder bands not only have more concentrated light
distribution (with smaller effective radii as shown in Fig. 15),
but this light is also distributed in steeper profiles than in bluer
bands. The effects are significant at the 3.8σ, 5.2σ, 5.3σ, 2.5σ,
4.0σ, and 2.2σ confidence levels for the six listed pairs of bands.
This result is again consistent with the bulges being on average
redder than discs and having steeper profiles. The differences
in Sérsic indices between bands also increase with the distance
between them in their central wavelength.

We now examine how the gradients in the effective radii
of the single-Sérsic model may result from analogous gradi-
ents within the bulge, the disc, or both. The various panels of
Fig. 16 show, similarly to Fig. 15, the ratios in disc effective radii
between all pairs of Euclid bands, for galaxies with IE ≤ 21, as a
function of the B/T ratio, which characterises the Hubble type.
Figure 16 shows that colour gradients are also visible within the
discs, with median Re,disc ratios of 0.95, 0.93, and 0.91 for the
three NISP bands YE, JE, and HE, over the IE band, respectively
(see Table 5), but are weaker than those in the single-Sérsic pro-
files, since the bulge-disc colour difference is not contributing
to the radii ratio. Our careful verification of the validity of our
bulge and disc models (see Sect. 4), as well as the persistence of
disc colour gradients for low B/T values and their lack of signif-
icant variation with B/T (see Fig. 16), all suggest that the disc
gradients are unlikely to result from the covariances between the
bulge and disc components of the bulge-disc decomposition (this
would cause bulge contamination into the disc).

For direct comparison of the colour gradients of the single-
Sérsic profile and disc component, we compare in Fig. 17 the
Re,disc and Re,1p ratios between the IE and JE bands for the inter-
section of the samples after exclusion of the outliers in effective
radii for both types of fits, the colour of the points represent-
ing their B/T value. The bottom-left quadrant that corresponds
to ‘redder inside – bluer outside’ for both the disc and the
single-Sérsic models is the most populated, with 62.3% of the
sample against 18.4%, 6.1%, and 13.3% in the top-left, bottom-
right, and top-right quadrants, respectively. We further notice
in Fig. 17 that blue points representing bulge-less galaxies are
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Fig. 15. Ratios of the single-Sérsic effective radius Re,1p between different bands as a function of the Sérsic index measured in the IE VIS band for
the 2328 galaxies to IE ≤ 21, with Re,disc/Re,bulge ≥ 1 or Re,disc/Re,1p > 0.9 in the IE band. All possible pairs of Euclid bands are shown in the six
panels, with the band whose Re,1p is the numerator (denominator) appearing on the left (top). Overall median values of the Re,1p ratio appear on
each panel as a red dotted horizontal line, whereas the red points and error bars correspond to the median and standard error for bins of nIE listed in
Table 3. Redder bands have smaller Re,1p than bluer bands for the majority of galaxies, and this effect is stronger for bands that are further apart in
wavelength. Most galaxies have blue to red inward gradients, which are the largest between the VIS band and any NISP bands, and are interpreted
as resulting mostly from the colour dichotomy of bulges and discs shown in Fig. 14.

aligned along this diagonal (the 575 galaxies with B/T < 0.1
have a Pearson correlation coefficient of 0.65), due to their
similar values of effective radii of discs and single-Sérsic fits,
whereas green to orange points corresponding to discs hosting
non-negligible bulges are preferentially spread out above the
diagonal. This is illustrated quantitatively by the crosses plot-
ted in Fig. 17 indicating the median values and bootstrap errors
for the band-to-band Re ratios of galaxies limited to the [0.6, 1.2]
interval for both JE-to-IE ratio, and for all values of B/T (black
circle and vertical line), for B/T < 0.15 (blue circle), and for
B/T ∈ [0.15, 0.5] (green circle). Galaxies with non-existent to
small bulges (B/T < 0.15) thus have consistent median values
of their single-Sérsic and disc JE-to-IE Re ratio of 0.915 ±0.004

and 0.929 ±0.005, respectively (bootstrap errors were calcu-
lated for all median values in this graph). For galaxies with a
more prominent bulge (B/T ∈ [0.15, 0.5]), its presence strength-
ens the single-Sérsic colour gradient but not that of the disc,
therefore decreasing the Re,1p ratio down to a median of 0.885
±0.006, hence a 5.8σ decrease below that of the Re,disc ratio,
whose median remains stable at 0.927 ±0.004. The robustness
of the JE to IE disc gradients to variations in B/T , contrary to the
gradients in the single-Sérsic models, suggests that the disc mea-
surements are weakly affected by possible degeneracies between
the bulge and disc components, hence by the bulge-disc red-blue
dichotomy. Similar results are obtained for the gradients between
IE and the other two NISP bands.
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Table 3. Median values of the ratios of single-Sérsic effective radii between pairs of bands.

nIE Ngal
(b) Median Re,1p ratio(c) over pairs of bands

interval(a) YE/IE JE/IE HE/IE JE/YE HE/YE HE/JE

[0.5, 0.9] 467 0.949 ± 0.004 0.928 ± 0.004 0.911 ± 0.005 0.975 ± 0.002 0.957 ± 0.004 0.979 ± 0.002
[0.9, 1.7] 769 0.949 ± 0.004 0.926 ± 0.006 0.901 ± 0.007 0.968 ± 0.002 0.950 ± 0.003 0.977 ± 0.002
[1.7, 3.0] 422 0.905 ± 0.005 0.867 ± 0.007 0.831 ± 0.008 0.951 ± 0.004 0.919 ± 0.006 0.961 ± 0.003
[3.0, 5.5] 416 0.906 ± 0.004 0.862 ± 0.007 0.835 ± 0.010 0.954 ± 0.003 0.918 ± 0.004 0.962 ± 0.002
[5.5, 10] 151 0.796 ± 0.022 0.754 ± 0.018 0.709 ± 0.023 0.928 ± 0.009 0.877 ± 0.018 0.932 ± 0.008
[0.5, 10] 2328 0.934 ± 0.002 0.902 ± 0.003 0.876 ± 0.003 0.964 ± 0.001 0.939 ± 0.002 0.972 ± 0.001

Notes. The median values listed here correspond to those plotted in Fig. 15, computed over intervals of the Sérsic index, for the 2328 galaxies
with IE ≤ 21 (excluding the spurious single-Sérsic models, see text). (a) The bins are defined to be of equal logarithmic width over the [0.5, 10] full
available interval for the IE Sérsic indices (see Sect. 3.1.2). (b) Number of galaxies in the considered sample. (c) Median values with bootstrap errors.

Table 4. Statistics of the difference of the single-Sérsic indices n
between different bands.

Single-Sérsic index difference between pairs of bands
YE −IE JE −IE HE −IE JE −YE HE −YE HE −JE

Mean 0.09 0.15 0.23 0.05 0.13 0.08
Median 0.08 0.12 0.15 0.03 0.06 0.03
RMS 1.06 1.14 1.37 0.58 0.76 0.61
Boot. err.(a) 0.005 0.006 0.007 0.002 0.003 0.002
q10

(b) −0.58 −0.59 −0.67 −0.20 −0.22 −0.19
q25

(b) −0.08 −0.06 −0.05 −0.03 −0.03 −0.03
q75

(b) 0.25 0.32 0.42 0.13 0.20 0.12
q90

(b) 0.68 0.83 1.15 0.35 0.60 0.36

Notes. The statistics are computed for the 2328 galaxies to IE ≤ 21. All
pairs of bands are shown in the different columns. (a) Bootstrap error.
(b) qn quantiles corresponding to the nth percentile.

Finally, in order to examine whether colour gradients are
detected in bulges, we calculate the ratios in bulge effective
radii between pairs of Euclid bands as a function of IE B/T , for
the same sample as in Fig. 16. We only display in Fig. 18 the
HE over IE, and HE over YE ratios corresponding to the farthest
apart infrared-optical and infrared-infrared pairs of bands (other
pairs of bands show a similar behaviour at all values of B/T ,
see Table 6). Unlike the median ratios for the single-Sérsic pro-
files and disc components, the median ratios for the overall bulge
sample have a value consistent with unity for all pairs of bands,
hence no colour gradient is detected within bulges. The PSF and
its undersampling (see Sect. 2.2) having potentially more impact
on bulges with small effective radii (hence with small B/T val-
ues) they may contribute to the increased scatter in the lowest
B/T bin, particularly in the IE band.

Variations in effective radii of galaxies have been measured
from various ground-based surveys using only single-Sérsic fits
in optical in near-infrared bands and provide comparable results.
Ko & Im (2005) first measured a lower Re in the K than in
the V band for 273 nearby early-type galaxies (using de Vau-
couleurs profile fits), with a weaker variation in dense galaxy
environments, interpreted as further mixing of different stellar
populations due to a history with more frequent mergers. Colour
gradients were then also observed in 5080 early-type galaxies to
z < 0.1 by La Barbera et al. (2010), who quantified the decrease
in the single-Sérsic effective radii with wavelength across optical
and near-infrared bands (grizY JHK). Studies of even larger sam-
ples from the Galaxy And Mass Assembly (GAMA) survey out
to z < 0.3, confirmed the prevalence of optical and near-infrared

(ugrizY JHK) Re colour gradients within all galaxy types (also
based on single-Sérsic fits). The derived variations in Re range
from a 15% to 50% decrease with wavelength, depending on the
considered pairs of bands and the galaxy types, with stronger
effects for early-type galaxies (Kelvin et al. 2012; Häußler et al.
2013; Vulcani et al. 2014; Kennedy et al. 2015). In addition,
these analyses highlighted an increase in the Sérsic index n with
wavelength by sometimes as much as 50%, and studied these
dependencies in galaxy populations of various colours and mor-
phologies. The stronger gradient for larger values of n measured
here (shown in Fig. 15 and Table 3) is for example consistent
with the results of Vulcani et al. (2014), who found a steeper
decrease of Re with wavelength for galaxies with n > 2.5 com-
pared to those with n < 2.5. Lastly, non-parametric morphology
of several hundreds of galaxies using integral field spectroscopy
yield an analogous galaxy size increase with wavelength in the
optical range (Nersesian et al. 2023).

The present analysis provides the first measure of disc gradi-
ents out to redshifts of 0.5, and is made possible by the exquisite
Euclid angular resolution. Disc colour gradients that vary with
B/T are also observed in the EFIGI nearby galaxies by Quilley
et al. (2025), using images from the Sloan Digital Sky Sur-
vey (SDSS) and comparing the disc effective radii in the g, r,
and i bands. This EFIGI analysis also detects colour gradients
in the bulges of spiral galaxies with a large dispersion that is
interpreted as the signature of bulge growth.

Direct comparison between Euclid bands and the SDSS filter
system, on which are based many previous analyses, is, however,
not straightforward due to the large width of the IE band that
encompasses the SDSS r, i, and z bands. For galaxies at z =
0.24, which is the median redshift of galaxies with IE ≤ 21 in this
study (Cuillandre et al. 2025b), the observed IE band includes in
rest-frame the red side (above about 4300 Å) of the g band, and
the blue side (below about 7400 Å) of the r band, whereas the
YE, JE, and HE bands correspond to rest-frame wavelengths of
approximately 7600–10 000 Å (matching the union of the SDSS
r and z bands), 9300–13 000 Å (the YE band and the blue part of
the JE band), and 12 100–16 600 Å (the JE band).

At higher redshifts in the z = 0.5–2.0 range for which Euclid
was designed, the Euclid bands become narrower and closer to
the common optical bands when blue-shifted to the rest-frame.
For instance, at z = 0.5, IE detects the 3300–6200 Å interval in
the rest-frame, which corresponds to the u and g bands plus the
blue part of the r band, and at z = 2 the three NISP bands YE,
JE, and HE correspond roughly to the SDSS u, g, and r bands.
However, only a few such high-redshift galaxies are observed
in the ERO-Perseus images at IE ≤ 21, the limiting magnitude
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Fig. 16. Ratios of the effective radii of galaxy discs between different VIS and NISP bands as a function of the bulge-to-total ratio B/T measured
in the IE band, from the bulge-disc decompositions of the 2047 galaxies to IE ≤ 21, with Re,disc/Re,bulge ≥ 1 and Re,disc/Re,1p > 0.9 in the IE band.
All pairs of Euclid bands are shown in the six panels, with the band whose Re,disc is the numerator (denominator) appears on the left (top). Overall
median values of the Re ratio appear on each panel as a red dotted horizontal line, whereas the red points and error bars correspond to the median
and standard errors for bins of B/T . Redder bands have smaller Re,disc than bluer bands for the majority of galaxies, and this effect is stronger for
bands that are further apart in wavelength. Most galaxies have blue to red inward gradients in their discs, which are the largest between the IE band
and any NISP band, and are interpreted as spatial variations in the disc’s stellar populations at different distances from the disc centres.

used here for bulge-disc decomposition (see Sect. 4), since only
1% of galaxies have z > 0.58 at this limiting magnitude. To be
able to resolve the inner structure of high-redshift galaxies at
IE = 21 and fainter, the enhanced depth of the Euclid Deep Sur-
vey will be needed (see predictions from Euclid Collaboration:
Bretonnière et al. 2022).

6.3. Interpretation of colour variations in bulges and discs

The median IE − JE bulge-disc colour differences presented in
Sect. 6.1 as well as the colour gradients described in Sect. 6.2
could be interpreted at face value as gradients in the dominant
stellar populations, which could be distributed differently within

bulges and the internal part of galaxies compared to within the
disc and its external parts, respectively. Stellar metallicity vari-
ations and their degeneracies with stellar age complicate their
disentanglement within the stellar gradients (Worthey 1994).
Nevertheless, direct evidence of age and metallicity gradients
across Hubble types and their bulge and disc components was
provided by the integral field spectroscopy analysis of the CAL-
IFA sample by González Delgado et al. (2015). More recently,
Jegatheesan et al. (2024) showed using the MANGA III sample
that bulges are in general older and more metal-rich than discs
across the Hubble sequence.

Numerous analyses of observed galaxy samples are quoted
at the end of Sects. 6.1 and 6.2, regarding the colour and colour
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Table 5. Median values for the ratios of the disc effective radii between pairs of bands.

B/T Ngal
(b) Median Re,disc ratio(c) over pairs of bands

interval(a) YE/IE JE/IE HE/IE JE/YE HE/YE HE/JE

[0.01, 0.02] 131 0.968 ± 0.014 0.973 ± 0.014 0.978 ± 0.018 0.993 ± 0.005 0.995 ± 0.008 0.994 ± 0.005
[0.02, 0.05] 200 0.961 ± 0.007 0.945 ± 0.010 0.921 ± 0.012 0.977 ± 0.004 0.963 ± 0.005 0.985 ± 0.005
[0.05, 0.1] 256 0.947 ± 0.009 0.930 ± 0.010 0.917 ± 0.015 0.972 ± 0.003 0.957 ± 0.005 0.982 ± 0.003
[0.1, 0.2] 300 0.950 ± 0.008 0.925 ± 0.005 0.906 ± 0.012 0.975 ± 0.003 0.951 ± 0.005 0.977 ± 0.003
[0.2, 0.5] 507 0.955 ± 0.004 0.927 ± 0.006 0.910 ± 0.006 0.978 ± 0.002 0.963 ± 0.005 0.984 ± 0.003
[0.5, 1] 547 0.929 ± 0.008 0.897 ± 0.010 0.868 ± 0.012 0.981 ± 0.005 0.957 ± 0.005 0.982 ± 0.004
[0.001, 1] 2047 0.951 ± 0.003 0.928 ± 0.003 0.910 ± 0.005 0.979 ± 0.001 0.962 ± 0.002 0.983 ± 0.002

Notes. The median values listed here correspond to those plotted in Fig. 16 and are computed over logarithmic intervals of B/T . (a) The bins are
defined to be of equal logarithmic width over the [0.01, 1] interval for the VIS B/T , as smaller values are most likely the result of the Sérsic
component not modelling the bulge. (b) Number of galaxies in the considered sub-sample of the 2047 galaxies with IE ≤ 21, excluding the spurious
bulge and disc decompositions (see text). (c) Median values with bootstrap errors.
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Fig. 17. Comparison between the ratio of effective radii measured in the
JE and IE bands for the single-Sérsic profile (x axis) and for the disc com-
ponent (y axis) of the 2047 galaxies to IE ≤ 21, with Re,disc/Re,bulge ≥ 1
and Re,disc/Re,1p > 0.9 in the IE band. The colour of the points repre-
sent the bulge-total ratio B/T in the bulge-disc decompositions. The
black, blue, and green crosses correspond to the medians for the [0, 1],
[0, 0.15], and [0.15, 0.5] B/T subsamples, after selecting galaxies with
both Re ratios in the [0.7, 1.2] interval. Both ratios, hence colour gradi-
ents, show a similar behaviour, as seen in Figs. 15 and 16, with ratios
below unity indicating that redder stellar populations are more concen-
trated in galaxy centres. The disc and single-Sérsic ratios are similar for
B/T ≈ 0 but for larger bulges, the single-Sérsic ratio decreases further
away from 1, whereas the disc ratio remains stable (bootstrap uncertain-
ties are provided in the text). Because single-Sérsic profile models both
the bulge and the disc, and the latter is made up of bluer stars than the
former in spiral galaxies, it displays a stronger overall colour gradient in
galaxies with more prominent bulges.

gradients of galaxies and showed that attenuation by internal
dust can affect them as a function of disc opacities and inclina-
tions. Radiative transfer modelling of the stellar light attenuation
by dust within the bulges and discs of galaxies have provided
quantitative measures of the impact of dust extinction on their
colours and effective radii. For a giant late-type galaxy like the
Milky Way, Pierini et al. (2004) derived a B − V reddening of
≤0.075 for the bulge (for all inclinations), and 0.03 for face-on
discs (steeply increasing with inclination, up to 0.2 when edge-
on). Still with radiative transfer calculations, Gadotti et al. (2010)
calculated that with dust extinction, disc effective radii are over-
estimated by up to 30% depending on the face-on optical depth
and inclination (≤60◦), whereas bulge effective radii and Sérsic
indices are underestimated by up to a factor of 2. Popescu et al.
(2011) further explored the ultraviolet-to-far infrared modelling

of galaxy discs as a function of the B/T morphological parame-
ter and disc inclination, by adding a clumpy dust component to
the diffuse one in the old and young disc stellar populations.
Using bulge-disc decomposition of simulated images of discs
and bulges produced with radiative transfer calculations, Pastrav
et al. (2013) showed that dust extinction increases the effective
radii of discs (and reduces their Sérsic indices), with a larger
effect at shorter wavelength and with increasing disc inclination,
but with a small impact on the effective radii of bulges.

Interestingly, Mosenkov et al. (2019) directly mapped the
bulk of dust emission in spiral galaxies by modelling the far
infrared emission of disc galaxies with single-Sérsic profiles. For
galaxies with no star formation in their centre, they measured
a dust depletion in the inner regions, at 30 to 40% of the R25
radius to the 25th mag isophote in the optical. Using R25/Re,disc
estimates from nearby galaxies (Quilley 2023), the radius of this
depletion region is a factor of 0.6 times the bulge effective radius
for an average S0 type, which increases up to factors of 1.3 for an
Sab, and 2 for an Sm, therefore limiting the effects of extinction
in most bulges.

These various analyses illustrate the large variability in the
impact of dust extinction on galaxy structural parameters. Dis-
entangling dust extinction from the relative effects of stellar age
and metallicity has been less explored. Based on gradients cal-
culated from the 1D profiles of nearby SDSS galaxies (z ≲ 0.05),
Tortora et al. (2010) studied the relative roles of metallicity and
stellar age gradients onto the colour gradients from single-Sérsic
profiles, with a dominant role of the metallicity in late-type
galaxies. Using a similar 1D approach on an order of magnitude
larger sample, Liao & Cooper (2023) measured optical colour
gradients of the inner discs of spiral and irregular galaxies to
z ≤ 0.1, and evidence of a dust contribution, beyond age and
metallicity gradients, derived from integral field spectroscopy.

The analysis of Baes et al. (2024) based on a hydrodynam-
ical cosmological simulation proposes an interesting way to lift
the degeneracies in the origin of the colour gradients by show-
ing for galaxies of all types from a cosmological simulation,
that the colour gradients in effective radii (measured by elliptical
growth curves) actually originate from gradients in both the ages
and metallicities of the stellar populations, as well as from the
dust attenuation effects, with a relative contribution of around
80% and 20%, respectively. However, other studies have found a
more significant impact of dust on the observed colour gradients
(Marshall et al. 2022; Miller et al. 2023; Nedkova et al. 2024b),
mainly at higher redshifts, so this issue remains an active area of
research. Still, assuming that the result from Baes et al. (2024) is
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Table 6. Median values for the ratios of the bulge effective radii between pairs of bands.

B/T Ngal
(a) Median Re,bulge ratio(b) over pairs of bands

interval YE/IE JE/IE HE/IE JE/YE HE/YE HE/JE

[0.0, 0.2] 964 1.192 ± 0.058 1.300 ± 0.076 1.375 ± 0.075 1.000 ± 0.000 1.000 ± 0.001 1.000 ± 0.000
[0.2, 0.4] 421 0.999 ± 0.003 1.000 ± 0.003 1.000 ± 0.004 1.000 ± 0.002 0.998 ± 0.005 0.998 ± 0.004
[0.4, 0.6] 350 0.986 ± 0.011 0.981 ± 0.014 0.994 ± 0.014 1.000 ± 0.002 0.991 ± 0.007 0.990 ± 0.007
[0.6, 0.8] 231 0.965 ± 0.022 0.968 ± 0.017 0.968 ± 0.026 1.000 ± 0.003 0.999 ± 0.010 0.999 ± 0.003
[0.8, 1.0] 81 0.988 ± 0.022 0.979 ± 0.033 0.940 ± 0.031 1.000 ± 0.006 0.999 ± 0.008 0.999 ± 0.006
[0, 1] 2047 1.000 ± 0.002 1.002 ± 0.004 1.012 ± 0.009 1.000 ± 0.000 1.000 ± 0.000 1.000 ± 0.000

Notes. Some of the median values listed here are plotted in Fig. 18, and all are similarly computed over intervals of B/T . (a) Number of galaxies in
the considered sub-sample of the 2047 galaxies with IE ≤ 21, excluding the spurious bulge and disc decompositions (see text). (b) Median values
with bootstrap errors.
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Fig. 18. Ratios of the effective radii of galaxy bulges between dif-
ferent VIS and NISP bands as a function of B/T measured in the IE

band from the 2047 galaxies to IE ≤ 21, with Re,disc/Re,bulge ≥ 1 and
Re,disc/Re,1p > 0.9 in the IE band. Only two pairs of Euclid bands are
shown as examples of an overall similar behaviour, with the band whose
Re,disc is the numerator (denominator) appearing on the left (top). Over-
all median values of the bulge Re ratio appear on each panel as a red
dotted horizontal line, whereas the red points and error bars correspond
to the median and standard errors for bins of B/T . The median ratios
are all consistent with a value of 1, except for the first interval in the left
panel, affected by a larger dispersion and undersampling of the PSF,
indicating that the present approach and the depth and resolution of the
ERO-Perseus images do not allow one to detect colour gradients within
the bulges of galaxies.

valid, we could conclude that the bulge-disc colour difference
and colour gradients detected in Sects. 6.1 and 6.2 could be
mostly the result of gradients in the stellar population, with older
(or more metal rich) stars in the bulges and internal discs, and
younger (or less metal rich) stars in the external parts of discs.

7. Implications of bulge-disc morphology on
cosmic shear and spin alignments

Both the biases in the structural parameters of galaxies detected
by Euclid presented in Sect. 4, and the colour variations with
morphology described in Sect. 6 might affect the cosmological
analyses of the mission, since they are based on galaxy shapes.
Measurements of the cosmic shear from the Euclid Wide Survey
(Euclid Collaboration: Scaramella et al. 2022), one of the pri-
mary probe of Euclid, is aimed at constraining the dark matter
and the dark energy of the Universe. The shear is defined as the
weak lensing of background galaxies by the large-scale mass dis-
tribution intervening along the line-of-sight, which causes coher-
ent stretching and alignment of neighbouring galaxies on the sky.
This therefore requires the measurement of the apparent axis

ratio of galaxies and their relative PA (see Sect. 4.5). Figure 8
shows that deriving each galaxy’s axis ratio from the single-
Sérsic fits will be susceptible to significant dispersion as well
as systematic biases, due to the presence of bulges with vary-
ing B/T , hence depending on their intrinsic morphologies. The
colour variations across galaxy surface brightness distributions
shown in Sect. 6 will also potentially have a double impact on the
biases in the shear, due to the varying PSF with colour within the
wide IE band (Voigt et al. 2012; Semboloni et al. 2013; Er et al.
2018), and the choice of the PSF for modelling galaxies with
spatially variable colours. Therefore, any forward modelling
approach to control the systematics should include detailed
knowledge of the morphology of the sources, in particular the
distribution functions of their bulge and disc parameters with
wavelength at the various redshifts at which they are observed.

Another analysis in which Euclid could have a significant
impact is the measurement of the spin alignment of discs with
cosmic filaments (Dubois et al. 2014). The spins of discs are
defined as their rotation axes, and their angle with the filaments
can be derived from the combination of their axis ratio and
their PA, compared to the orientation of the filaments. If the
graphs in Fig. 9 indicate that the PA of the single-Sérsic profile
is a good approximation of the disc PA from the bulge-disc
decomposition (see Sect. 4.5), measuring the disc inclinations
will be affected by the biases in the axis ratio if one uses the
single-Sérsic profiles (see Sect. 4.4). One should instead use the
disc axis ratios measured from the bulge-disc decompositions.

8. Summary

In this study, we use the first Euclid data obtained within the
EROs of the Perseus cluster (Cuillandre et al. 2025a,b), to test
the ability of Euclid images to characterise the morphology of
2445 and 12 786 galaxies at IE ≤ 21 and IE ≤ 23, respectively.
After calculating the point-spread functions in the VIS IE band,
and the NISP YE, JE, and HE bands, with 0.′′16, 0.′′47, 0.′′49, 0.′′50
FWHM, respectively, we perform luminosity model fitting of
the VIS and NISP images with the SourceXtractor++ soft-
ware (Bertin et al. 2020; Kümmel et al. 2022), whose efficiency
was demonstrated in the Euclid Morphology Challenge (Euclid
Collaboration: Bretonnière et al. 2023). We also perform SED-
fitting of the model photometry obtained with HyperZSpec and
derive absolute magnitudes for whole galaxies, bulges and discs
with Hyp_Magabs.

Galaxy brightness distribution models have elliptical sym-
metry and are either a single-Sérsic profile or the sum of a
Sérsic bulge and an exponential disc. We analyse the results of
several fitting configurations, given that the single-Sérsic and
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bulge-disc modelling used here have minimal priors: there is no
condition relating a given parameter between the bulge and disc
components or between different bands, except in a specific test
performed on the three NISP bands (see Appendix C). Visual
examination of numerous fitted galaxies in the IE images shows
nearly ubiquitous bulge and disc components in galaxies that are
not irregulars, with all values from 0 to 1 in their bulge-to-total
light ratio B/T . Moreover, disc galaxies frequently show well
defined spirals arms, flocculence due to H II regions, patchy dust,
bars and rings, hence resembling altogether the morphological
types of the Hubble sequence built on nearby galaxies (Hubble
1926; de Vaucouleurs 1959), and further explored by Baillard
et al. (2011).

To assess the consistencies and discrepancies between the
single-Sérsic profile model and the bulge-disc decomposition,
we analyse the multi-variate distributions of the derived fluxes
and structural parameters, i.e. their major axis effective radii,
centres, Sérsic indices, axis ratios of elliptical models, position
angles of ellipse major axes, and total magnitudes of the 2445
galaxies with IE ≤ 21, the magnitude limit at which the Euclid
morphology challenge showed that bulge-disc decomposition
can reliably recover the object parameters (Euclid Collaboration:
Bretonnière et al. 2023).

By comparing the effective radii of the single-Sérsic model
with those for the bulge and disc model components, in Sect. 4.1,
we show consistency between the former and the dominant disc
or bulge component for extreme bulge-to-total light ratios of
B/T ≈ 0 or B/T ≈ 1, respectively. For 91% of galaxies, the disc
effective radius is larger than the bulge radius, and the single-
Sérsic effective radius is intermediate between them depending
on the B/T value, which describes the full interval from 0 to
1. The single-Sérsic effective radius should therefore be used
with caution. We also derive a relation between the effective
radii of the bulge, disc, single-Sérsic models, and B/T . Visual
examination shows that the 9% of outlier fits in the plane of ratios
of effective radii include non-physical models of the bulge and
disc, which are inverted or their centres are kept apart within the
galaxy, or the bulge is contaminated by a bar which may strongly
bias its parameters. The outliers also include galaxies for which
the single-Sérsic model cannot fit both the peaked bulge and the
extended disc, which a bulge-disc decomposition succeeds to
do. Examples of these various fits are shown in Appendix A.

In Sect. 4.2 we report on measured offsets between the centre
of the single-Sérsic model and either the bulge or disc compo-
nent centres by the single-Sérsic effective radius or more for a
total of 3.3% of galaxies, with separations for the rest of the
objects peaking at less than one-tenth of the single-Sérsic effec-
tive radius for both components. Exploring these offsets in the
profile centres are useful as they allow us to detect outliers such
as asymmetric galaxies due to fly-bys or mergers, as well as non-
physical bulge-disc fits in which the galaxies cannot be modelled
by a central light excess and a surrounding disc (for example,
edge-on galaxies with strong dust lanes masking any bulge), or
because of a contaminating star or strong H II region (examples
of such fits are shown in Appendix A).

In Sect. 4.3 we examine how that the indices of the single-
Sérsic model n and that of the bulge component nB from the
bulge-disc decomposition vary with B/T . If n is commonly
used to roughly split early and late galaxy types, there are
large degeneracies in its measurement, and it cannot be used to
separate Hubble morphological types. This requires bulge-disc
decomposition and the use of reliable measures of B/T as a
proxy for type (which could be complemented by bulge and disc
parameters).

Comparison of the axis ratio of the disc model component
with the single-Sérsic profile model in Sect. 4.4 shows that they
agree on average only for face-on discs with low values of B/T .
For disc galaxies with some inclination and B/T ≃ 0.1–0.9,
that is intermediate and early spirals, as well as lenticulars,
the single-Sérsic modelling overestimates their disc axis ratio,
hence underestimating the disc inclination, by an amount that
increases with both B/T and the disc inclination itself. The
single-Sérsic axis ratio is also an overestimate of the bulge axis
ratio for weakly inclined discs, or an underestimate of the bulge
axis ratio for highly inclined galaxies, with a decreasing effect
for more prominent bulges. Contrary to the other parameters,
the position angles of the single-Sérsic profile major axes can be
used as reliable indicators of the galaxy disc major axis position
angles (Sect. 4.5).

We measure in Sect. 5 the systematic differences between
adaptive aperture, single-Sérsic, and bulge-disc magnitudes. We
calculate median VIS offsets between the models and aperture
magnitudes of 0.04 mag for the single-Sérsic profile and 0.07
mag for the bulge-disc decomposition, because the bulge-disc
decomposition better models simultaneously the central bulge
peak and the disc extension when there is a significant bulge.
In contrast, model magnitudes of galaxies with negligible bulge
components benefit from the free index of the single-Sérsic
parameter. We also show that these model-aperture magnitude
offsets depend on the morphology of galaxies and steadily
increase with the index of the single-Sérsic model and B/T of the
bulge-disc decomposition, from −0.08 to 0.01 mag for B/T val-
ues from 0.001 to 1 (and with RMS dispersions increasing from
0.05 to 0.15 mag). Moreover, we show that the offsets between
the two types of model magnitudes can be parametrised lin-
early by the deviation from the relation between the single-Sérsic
index and B/T .

One important result of the bulge-disc decompositions per-
formed on the ERO-Perseus field galaxies (see Sect. 6.1) is that
the median Mg − Mi rest-frame colour of the significant disc
components is 0.64± 0.01, whereas the significant bulges have a
redder median colour of 0.98± 0.02 (significant meaning a com-
ponent enclosing more than 10% of the total galaxy light). Using
the standard errors, this colour difference is significant at the 17σ
level. The bulge-disc Mg − Mi colour difference is the strongest
for small bulges (B/T < 0.05), and decreases progressively with
increasing B/T to reach similar colours of bulges and discs for
bulge-dominated galaxies (B/T > 0.5).

Finally, by comparing the effective radii of the single-Sérsic
fits in the VIS and NISP bands, we report in Sect. 6.2 on system-
atic offsets from unity in their ratios at the 7 to 13% level between
VIS and each of the NISP bands (with percent level uncertainties
on these values), and at the 3 to 6% level among the NISP bands.
These effective radii offsets are interpreted as colour gradients
in the modelled galaxies, and they increase with the index of the
single-Sérsic profile, which is likely due in part to the bulge-disc
colour difference, and to the increase in the B/T ratio with Sér-
sic index. Larger Sérsic indices, hence steeper profiles, are also
detected in redder bands. Remarkably, when separating the bulge
and disc components, these band-to-band gradients remain in the
disc models at the 5 to 10% level. They are undetectable in the
bulge models.

9. Conclusions and perspectives
While it has been previously shown from space-based imag-
ing that the Hubble sequence of ellipticals, lenticulars, spirals,
and irregular galaxies was in place at redshifts z ≈ 1–3, with
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the current analysis we took one step further by performing a
quantitative morphological analysis of the properties of galaxies
detected with Euclid imaging. Through bulge-disc decomposi-
tion to IE ≤ 21 of the background galaxies in the EROs of the
Perseus cluster, we have shown that galaxies at z ≤ 0.54 that are
not of irregular type show ubiquitous bulge and disc components,
with a B/T taking all values from 0 to 1. We noticed by visual
examination of hundreds of modelled galaxies (a majority with
IE ≲ 21) that disc galaxies mainly exhibit dynamical structures
such as spiral arms, bars, and rings and textures such as floccu-
lence and dust. The amplitude and frequency of these features,
however, may be different from those in the nearby Universe (de
Lapparent et al. 2011), and other features unseen in the nearby
Universe may have been missed in the limited number of visu-
ally examined galaxies. These galaxies nevertheless resemble
in their morphologies the present-time morphological types in
the Hubble sequence (Hubble 1926) seen from the ground and
at redshifts ≤ 0.05 (Baillard et al. 2011), even though we are
observing them up to 5 billion years ago. The fainter galaxies
with 21 ≲ IE ≲ 23 are too poorly resolved to draw detailed con-
clusions about them, but they show consistent single-Sérsic fit
parameters with galaxies at IE ≲ 21.

In this present analysis, we emphasise the use of bulge-disc
decomposition for reliable characterisation of galaxy mor-
phologies and sizes for galaxies hosting both a bulge and a
disc component. The single-Sérsic parameters were shown to
be intermediate combinations of bulge and disc parameters,
depending on the value of B/T . These biases measured in
characterising galaxy morphology by a single-Sérsic profile
apply to all lenticulars and spiral galaxies and hence to the
vast majority of galaxies per unit volume at a given absolute
magnitude limit. Bulge-disc decomposition should be performed
to the reliable detection limits of these components. If based
on single-Sérsic modelling, morphological studies beyond these
limits are difficult to compare with bulge-disc measurements.

A significant population of outliers are the barred galaxies
in which, without priors constraining the bulge to fit the central
peak, a bulge-disc decomposition tends to fit an elongated Sérsic
profile onto the bar, which biases the bulge effective radius, axis
ratio, Sérsic index, and flux (hence B/T ). This major degener-
acy should be circumvented either by adding a bar component
to the model (and potentially increasing the degeneracies) or
using priors on the bulge and disc parameters, as allowed by
SourceXtractor++. The latter option was successfully applied
to the EFIGI nearby galaxies using the constraint that a bulge
is a weakly elongated peak of light near the centre of the disc
(Quilley & de Lapparent 2022; Quilley 2023). More complex
models including bars, rings, and even spiral arms would only
make small differences in measuring fluxes and characterising
morphologies (via B/T and the parameters of the bulge and
disc components), whereas the gain in precision for sizes and
fluxes from single-Sérsic modelling to bulge-disc decomposition
is significant.

One remarkable result of the present analysis is the
bulge-disc colour difference and single-Sérsic colour gradients
detected at IE ≤ 21, which are similar to those obtained in
other analyses from ground-based data and at lower redshifts.
The measured disc colour gradients are, however, unprecedented
at redshifts up to z ≤ 0.5 and are in agreement with similar
evidence of disc galaxies at z ≤ 0.05 (Quilley et al. 2025). Alto-
gether, the characteristics of bulges and discs obtained from
these Euclid data reinforces the derived bulge-disc decomposi-
tions as realistic approximations of the physical components of
the modelled galaxies. These results are also consistent with the

picture of galaxy evolution from later to earlier Hubble types
by bulge growth and disc quenching proposed by Quilley & de
Lapparent (2022). These colour effects will be key to providing
renewed insight into the stellar assembly of bulges and discs,
when better measured and analysed with the larger statistics
(and depth) of the forthcoming Euclid Wide and Deep Surveys
(Euclid Collaboration: Scaramella et al. 2022).

In the meantime, the Q1 data (covering the three Euclid Deep
Survey fields, that is 53 deg2, to the depth of the Euclid Wide
Survey) have become available, and the data increase the avail-
able statistics by a factor of approximately 100 compared to the
single ERO-Perseus field. We emphasise that the non-negligible
redshift interval spanned by Euclid’s forthcoming data releases
will enable studies with sufficient statistics in order to define
sub-samples per redshift interval. The photometric redshift esti-
mates derived from the external photometry will be critical for
such analyses (Laigle et al. 2019; Euclid Collaboration: Desprez
et al. 2020; Euclid Collaboration: Paltani et al. 2024). The stellar
masses, star-formation rates, and absolute sizes of the galaxies
provided by the photometric redshift analyses will also allow us
to further study the variations in the colours and colour gra-
dients of the Hubble types in terms of galaxy formation and
evolution.

We caution that the chromatic surface brightness modula-
tion (sometimes summarised as the differential k-correction) that
affects all galaxies (Papaderos et al. 2023) impacts the bulge-disc
colour difference as well as the colour gradients of galaxies for
increasing redshifts. For example, at redshifts of 1 and beyond,
the IE band detects mostly UV emission, in which bulges become
dramatically attenuated compared to discs.

Intrinsic effects due to possible variations with redshift
in the spatial distribution of galaxy stellar populations across
the morphological components will only be reliably studied
using full forward modelling, which should include realistic
SED modelling of the galaxy bulges and discs, including their
specific internal extinction by dust. Such an approach was
proposed by Livet et al. (2021) based on massive dimensional
reduction of deep survey images with neural networks, allowing
catalogue-free modelling and inference, which circumvents
the various observational biases (Carassou et al. 2017) that
differentially affect the bulges and discs of galaxies at increasing
redshifts (Papaderos et al. 2023).

The billions of galaxies that will be detected in the Euclid
surveys thanks to a high angular resolution and wide field of view
will require reliable automated morphological classification in
order to create an inventory of the various galaxy populations
and characterise their stellar contents. Profile modelling is a
deterministic avenue towards dimensionality reduction, and it
does not require a labelled sample. The current analysis illus-
trates the potential of bulge-disc decomposition for morphologi-
cal analyses, and the limitations of the faster single-Sérsic fits.

As a result, any forward modelling for controlling the sys-
tematics in the Euclid cosmic shear measurements must include
realistic distribution functions of the bulge and disc parameters.
Measurements of the galaxy spin alignments with the cosmic
web, which also require precise measurements of both the galaxy
disc inclinations and their position angles, should gain in pre-
cision and reduced systematics by using the disc parameters
derived from bulge-disc decompositions (see Sect. 7).

These cosmological analyses will in turn require that reliable
morphological galaxy catalogues be obtained by the Euclid sur-
veys. As part of the Euclid legacy science, these catalogues will
also allow us to study the evolution of the Hubble sequence with
large statistical samples since the cosmic noon epoch at z ∼ 2
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(Madau & Dickinson 2014). By allowing us to measure the fre-
quency variations of the Hubble types with redshift and across
large-scale structures, the Euclid surveys are expected to provide
unprecedented insight into the morphological transformations of
galaxies in relation to their star-formation and merger histories
from cosmic noon to the present epoch.

Data availability

Tables A.1, A.2, and A.3 are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/710/A277.
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Appendix A: Data tables

The data used in the present analysis are made available in FITS format at the Centre de Données astronomiques de Strasbourg
(CDS) for all galaxies with IE ≤ 23 for single-Sérsic profiles and IE ≤ 21 for bulge and disc profiles. Tables A.1 and A.2 describe
the derived parameters from the single-Sérsic models and the bulge-disc decompositions of the projected brightness distribution of
galaxies, respectively. The parameters obtained by the SED fits to the model photometry are listed in Table A.3.

Table A.1. Single Sérsic profile fit parameters.

Parameter Description Units/Notes
ID Unique identifier for the source

from Cuillandre et al. (2025b)
Separation Separation between modelled sources and arcsec

detection from Cuillandre et al. (2025b)
Source identification and geometry:1

source_flags Flags indicating source properties or issues
pixel_centroid_x,pixel_centroid_y X-, Y-coordinates of the centroid in pixels pixels2

world_centroid_alpha Right ascension (J2000) of the centroid degrees
world_centroid_delta Declination (J2000) of the centroid degrees
ellipse_a Semi-major axis of the ellipse pixels
ellipse_b Semi-minor axis of the ellipse pixels
ellipse_theta Position angle of the ellipse major axis10 degrees
ellipse_c_xx,ellipse_c_yy,ellipse_c_xy Second moments of the ellipse pixels2

area Area of the source pixels2

elongation Elongation of the source
ellipticity Ellipticity of the source
Photometry:1

isophotal_flux, isophotal_flux_err Isophotal flux and error counts
isophotal_mag, isophotal_mag_err Isophotal magnitude and error mag
auto_flux_[BAND], auto_flux_err_[BAND] Auto flux and error in bands3 counts
auto_mag_[BAND], auto_mag_err_[BAND] Auto magnitude and error in bands3 mag
flux_radius_1_[BAND] Radius containing half the flux in bands3 pixels
Association and fitting:1

assoc_match Association match flag
fmf_reduced_chi_2 Reduced chi-squared of the fit
fmf_iterations Number of iterations for the fit
fmf_stop_reason Reason for stopping the fit
fmf_duration Duration of the fit seconds
fmf_flags Flags for the fit
fmf_chi2_per_meta_[1-5] Chi-squared per meta-iteration
fmf_iterations_per_meta_[1-5] Iterations per meta-iteration
fmf_meta_iterations Number of meta-iterations
Single Sérsic profile parameters:3

x_[BAND], x_[BAND]_err X-coordinate of centroid and error pixels
y_[BAND], y_[BAND]_err Y-coordinate of centroid and error pixels
flux_[BAND], flux_[BAND]_err Total model flux and error counts
mag_[BAND], mag_[BAND]_err Total model magnitude and error mag
nsersic_[BAND], nsersic_[BAND]_err Sérsic index and error
rad_[BAND], rad_[BAND]_err Effective radius along the semi-major axis, and error pixels
rad_arc_[BAND], rad_arc_[BAND]_err Effective radius along the semi-major axis, and error arcsec
aspect_[BAND], aspect_[BAND]_err Axis ratio and error
angle_[BAND], angle_[BAND]_err Position angle and error radians
angle_deg_[BAND], angle_deg_[BAND]_err Position angle and error degrees
1 More information about the computation of these parameters is available in the documentation of SourceXctractor++

at https://sourcextractorplusplus.readthedocs.io/en/latest/
2 The VIS image is used as a detection image so all sizes given in pixels use the VIS pixel scale of 0 .′′1
3 [BAND] is one of: IE, YE, JE, HE.

10 This is the position angle between the major axis of the ellipse and the CCD x-axis, measured counter-clockwise between −π/2 and π/2 radians.
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Table A.2. Parameters of the bulge (Sérsic) and disc (exponential) components of the fits.

Parameter1 Description Units/Notes

x_[B/D]_[BAND]2 X-coordinate of the bulge/disc centroid pixels3

x_[B/D]_[BAND]_err Error on the X-coordinate of the bulge/disc centroid pixels
y_[B/D]_[BAND] Y-coordinate of the bulge/disc centroid pixels
y_[B/D]_[BAND]_err Error on the Y-coordinate of the bulge/disc centroid pixels
flux_[BAND] Total flux in the band counts
flux_[BAND]_err Error on the total flux in the band counts
flux_[B/D]_[BAND] Bulge/disc flux in the band counts
flux_[B/D]_[BAND]_err Error on the bulge/disc flux in the band counts
mag_[BAND] Total magnitude in the band mag
mag_[BAND]_err Error on the total magnitude in the band mag
mag_[B/D]_[BAND] Bulge/disc magnitude in the band mag
mag_[B/D]_[BAND]_err Error on the bulge/disc magnitude in the band mag
BT_[BAND] Bulge-to-total flux ratio in the band
BT_[BAND]_err Error on the bulge-to-total flux ratio in the band
aspect_[B/D]_[BAND] Aspect ratio of the bulge/disc
aspect_[B/D]_[BAND]_err Error on the aspect ratio of the bulge/disc
angle_[B/D]_deg_[BAND] Position angle of the bulge/disc degrees
angle_[B/D]_deg_[BAND]_err Error on the position angle of the bulge/disc degrees
angle_[B/D]_[BAND] Position angle of the bulge/disc radians
angle_[B/D]_[BAND]_err Error on the position angle of the bulge/disc radians
rad_[B/D]_arc_[BAND] Effective radius along the semi-major axis of the bulge/disc arcsec
rad_[B/D]_arc_[BAND]_err Error on the effective radius along the semi-major axis of the bulge/disc arcsec
rad_[B/D]_[BAND] Effective radius of the bulge/disc pixels
rad_[B/D]_[BAND]_err Error on the effective radius of the bulge/disc pixels
nsersic_B_[BAND] Sérsic index of the bulge
nsersic_B_[BAND]_err Error on the Sérsic index of the bulge
1 For the sake of conciseness, only the columns corresponding to the Sérsic and exponential profile parameters are listed.

All columns regarding source identification and geometry, photometry, association and fitting are the same columns as in
Table A.1.

2 B and D refer to bulge and disc, respectively. BAND is one of the IE, YE, JE, and HE bands.
3 The VIS image is used as a detection image so all sizes given in pixels use the VIS pixel scale of 0 .′′1

Appendix B: Examples of model fitting images

In this appendix we provide data, model, and residual images, for both the single-Sérsic fits and the bulge-disc decompositions, so
as to show typical and interesting examples of the fits performed to the galaxy projected brightness distributions. Figures B.1 to
B.18 show the VIS data, model, and residual images for the single-Sérsic fit and the bulge-disc decomposition, along with the NISP

Table A.3. SED-fitting results from the model photometry.

Parameter Description Units/Notes
ID Unique identifier for the source from Cuillandre et al. (2025b)
zphot Photometric redshift of the source from Cuillandre et al. (2025b)
iSED Index of the best-fit SED model
age Age of the stellar population Gyr
A_V V-band extinction mag
M_u Absolute magnitude in the CHFT-MegaCam u-band mag
M_g Absolute magnitude in the CHFT-MegaCam g-band mag
M_r Absolute magnitude in the CHFT-MegaCam r-band mag
M_i Absolute magnitude in the CHFT-MegaCam i-band mag
M_z Absolute magnitude in the CHFT-MegaCam z-band mag
M_IE Absolute magnitude in the Euclid I-band mag
M_YE Absolute magnitude in the Euclid Y-band mag
M_JE Absolute magnitude in the Euclid J-band mag
M_HE Absolute magnitude in the Euclid H-band mag

Note. As four different types of model photometry were computed (single-Sérsic, bulge-disc, bulge and disc),
four sets of SED-fitting parameters were derived, which are listed in four separate tables, all with the same
listed parameters as described here.
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Fig. B.1. Object 1 (from left to right VIS IE data, and residual images, bulge-disc model and residual images, NISP YE data – the yellow dash in the
IE data image indicates 1 arcsec). This is a late spiral galaxy whose single-Sérsic model underestimates the bulge flux, since a single component
fit is not complex enough to properly model both the bulge and disc surface brightness distributions, whereas the bulge and disc decomposition is
successful in modelling both components, although the exponential profile of the disc might be a little too steep. The bulge, disc, spiral arms, and
flocculence are visible in the NISP YE band image, but with lower angular resolution.

YE image, in order to compare both models for a set of galaxies illustrating the various situations discussed in Sect. 4. Comparison
of the NISP YE and VIS IE data images illustrates the three times lower angular resolution of the NISP instrument, hence the loss of
information in the model fitting. Only galaxies with IE ≲ 18.5 appear to have their IE morphologies recognisable in the JE image.

Figures B.1 to B.18 are organised in two series, one in which the bulge-disc decompositions are successful (Sect. B.1), and the
other containing those that are problematic (Sect. B.2) and serve as illustration of the outliers identified in the various comparisons
of the structural parameters between the single-Sérsic model and the bulge-disc decomposition (Sect. 4). The x and y axes of the
CCD image of the ERO-Perseus field, hence of the vignettes shown in Fig. B.1 to B.18, are rotated by 38◦ from the North-South and
East-West directions, respectively, of the equatorial system. The parameters of all displayed galaxies are listed in Table B.1.

Appendix B.1: Successful bulge-disc fits

The images displayed in Figs. B.1 to B.10 represent the most common cases of both the single-Sérsic and bulge-disc models fitting
galaxies well and providing structural parameters that are consistent with each other, as discussed in Sect. 4. These images also
highlight the higher degree of complexity reached by the larger number of parameters in the bulge-disc decomposition compared to
single-Sérsic fits, leading to better simultaneous modelling of the bulge and the disc components. In several objects, the disc might
be better modelled with a Sérsic index smaller than unity, but using a variable index for the disc in addition to that for the bulge
would cause more degeneracies. The last four objects illustrate how bars are modelled by the bulge components, biasing both the
axis ratio and B/T of the bulge towards high values (see Table B.1).

Table B.1. Parameters of the single-Sérsic profile fits and bulge-disc decompositions in the VIS IE band, complementing the coordinates,
magnitudes and bulge-to-total light ratio of the example galaxies shown in Fig. B.1 to B.18.

Obj. RA Dec mauto m1p mB+D mB mD B/T n nB Re,1p Re,B Re,D (b/a)1p (b/a)B (b/a)D
J2000 deg J2000 deg mag mag mag mag mag pixels pixels pixels

1 49.33030 41.53805 18.25 18.29 18.21 21.80±0.02 18.25 0.04 0.84 0.82±0.04 29.5±0.1 2.2±0.0 31.1±0.1 0.69 0.73 0.70
2 50.23211 41.71729 19.62 19.57 19.48 22.98±0.03 19.52 0.04 0.88±0.02 0.50 20.3±0.2 1.6±0.0 22.7±0.3 0.88 0.89±0.04 0.89
3 49.06566 41.63792 18.62 18.98 19.03 21.64±0.04 19.13 0.09 1.49±0.02 9.98±0.27 14.4±0.1 1.2±0.1 14.3±0.1 0.85 0.60±0.03 0.82
4 49.38678 41.61667 20.31 20.15 20.24 21.41±0.04 20.70±0.02 0.34 4.13±0.10 2.65±0.12 21.2±0.7 3.6±0.2 31.6±0.6 0.27 0.67±0.02 0.13
5 49.78521 41.58108 16.80 16.78 16.77 18.04±0.02 17.18 0.31 1.31 1.08 41.3±0.1 19.0±0.2 60.6±0.4 0.47 0.75 0.34
6 50.13557 41.36430 18.49 18.23 18.43 20.02 18.72 0.23 6.90±0.06 2.41±0.05 59.4±1.4 3.1±0.1 31.2±0.2 0.69 0.76 0.61
7 49.99226 41.42617 19.93 19.86 19.88 21.25±0.05 20.24±0.02 0.28 2.68±0.04 7.52±0.55 22.7±0.3 8.3±1.4 20.2±0.2 0.65 0.42 0.87
8 49.22191 41.49665 17.93 17.99 17.87 20.68 17.95 0.07 0.78 0.94±0.02 39.1±0.1 5.2±0.1 43.3±0.2 0.36 0.39 0.35
9 49.69704 41.98058 15.90 15.87 15.87 16.66 16.58 0.48 2.00 1.77 41.1±0.1 23.7±0.1 77.8±0.3 0.67 0.60 0.44
10 49.37662 41.53632 17.58 17.68 17.61 21.09±0.02 17.66 0.04 0.51 1.21±0.06 29.1±0.1 7.3±0.1 29.8±0.1 0.75 0.12 0.75
11 50.00209 41.68845 20.01 20.07 20.04 20.59±0.02 21.04±0.03 0.60 0.56 0.78±0.02 10.7±0.0 8.4±0.1 9.7±0.1 0.25 0.29 0.31
12 49.37197 41.91597 20.50 20.30 20.34 20.38 23.85±0.25 0.96 8.56±0.34 8.30±0.20 8.0±0.5 7.0±0.1 2.3±0.3 0.34 0.31 0.90±0.17
13 50.04730 41.64479 19.40 19.47 19.43 20.19 20.18 0.50 0.65 0.76 11.7±0.0 9.6±0.0 10.8±0.1 0.66 0.64 0.64
14 49.78091 42.09539 20.93 20.95 20.92 21.64 21.71 0.51 0.70 1.15±0.02 8.4±0.0 7.2±0.0 6.9±0.1 0.51 0.56 0.54
15 50.19885 41.66254 20.44 20.53 20.47 21.38 21.08 0.43 0.62 0.50 9.7±0.1 5.2±0.0 10.7±0.1 0.32 0.57 0.30
16 49.43170 41.28917 20.46 20.49 20.48 21.64±0.02 20.93 0.34 0.74 0.69±0.02 14.1±0.1 11.2±0.0 10.7±0.1 0.54 0.52 0.84
17 49.49079 41.81583 20.78 20.77 20.68 22.03±0.06 21.06±0.03 0.29 1.44±0.03 0.97±0.04 16.5±0.2 9.7±0.3 20.6±0.5 0.54 0.33 0.77±0.02
18a 49.22173 41.44524 20.35 20.40 20.30 21.20±0.02 20.93±0.02 0.44 1.16±0.02 0.82±0.02 9.7±0.1 5.7±0.1 17.2±0.3 0.89 0.92 0.68±0.02
18b 49.22135 41.44690 20.12 20.32 20.43 20.73±0.02 21.97±0.06 0.76 2.38±0.04 1.97±0.04 9.8±0.1 6.5±0.1 12.6±0.4 0.72 0.74 0.51±0.02

Note. All values have a calculated standard error, only those ≥ 0.015 are displayed.

Appendix B.2: Problematic bulge-disc fits

The images displayed in Figs. B.11 to B.18 were identified by examining the outliers in the various figures of Sect. 4, and represent
cases in which the bulge-disc decomposition reaches the limits of its capabilities, or a peculiarity of the image prevents any attempt
at modelling the galaxy with the chosen profiles, resulting in non-physical bulges and discs. In these objects, the effective radius of
the single-Sérsic fit is the best available approximation of the object size.
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Fig. B.2. Object 2: same as for Object 1.

Fig. B.3. Object 3: same as for Object 1. Only outer spiral arms are visible in the YE image.

Fig. B.4. Object 4: an edge-on disc and barred galaxy with a warped disc and dust lanes (the former might be due to the asymmetry in the latter), and
a significant bulge (B/T = 0.34) which is well modelled by the bulge and disc decomposition. The single-Sérsic model focuses on the bulge, bar,
and inner disc, but leaves unmodelled some flux in the outer disc. This galaxy is an example of how intermediate B/T galaxies have a single-Sérsic
effective radius intermediate between those of their bulge and disc (in the top-right-quadrant of Fig. 3, see also Fig. 4), with here Re,1p = 21.20,
Re,bulge = 3.57, and Re,disc = 31.56. It is also an example of the single-Sérsic axis ratio being biased by the bulge component, with (b/a)1p = 0.27
overestimating the disc value (b/a)disc = 0.13, which should rather be used to infer the galaxy’s 3D orientation. The asymmetry in the disc is visible
in the YE image, but the bar and dust lanes are not detectable due to the lower angular resolution.

Fig. B.5. Object 5: an inclined and barred lenticular galaxy with a prominent bulge (B/T = 0.31) well fitted by both models, but with more accuracy
using the bulge-disc decomposition in and around the bulge. The effective radius and axis ratio of the single-Sérsic fit present the same limits in
describing the galaxy as those described for Object 4 (see values in Table B.1). This featureless lenticular galaxy is not degraded in its visible
morphology in the lower resolution YE image.

Appendix C: Impact of a common profile modelled over multiple bands

The parametric fits implemented within the processing function of the Organizational Unit OU-MER11 will provide structural param-
eters for all Euclid galaxies, therefore creating the largest catalogue of Sérsic parameters ever built (Euclid Collaboration: Romelli
et al. 2025; Euclid Collaboration: Quilley et al. 2025). In the current state of the tools developed for OU-MER, these fits are also
performed with SourceXtractor++, but with two models, one for the VIS image and another for all three NISP images, contrary to
the fully independent fits in all four bands mainly used here (see Sect. 3.1). For comparison, we therefore performed a run in a similar
configuration (see approach 2 in Sect. 3.1) to see how the single set of NISP parameters would compare to those fitted independently
in the individual YE, JE, and HE NISP bands.

In Fig. C.1 we plot for each galaxy with IE ≤ 21 the effective radii for the independent single-Sérsic fits to each of the three NISP
bands analysed so far, denoted Re(YE), Re(JE), and Re(HE), divided by the single-Sérsic effective radii Re(NISP) fitted commonly to

11 OU-MER aims at producing object catalogues from the merging by cross-identification of all the multi-wavelength data, both from Euclid and
ground-based complementary observations.
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Fig. B.6. Object 6: same as for Object 1, with the single-Sérsic model overestimating the flux in the inner part of the disc due to an anomalously
high n = 6.90 (whereas the bulge-disc decomposition has B/T = 0.23 and nB = 2.41), as well as an overestimated single-Sérsic effective radius,
about twice that for the disc (this galaxy is in the outlier upper-left region of Fig. 3). Only external spiral arms are barely visible in the YE image.

Fig. B.7. Object 7: same as for Object 1. This galaxy displays a bar and an inner ring at the end of the bar. The bar biases both the single-Sérsic and
bulge models, with respective axis ratios of 0.42 and 0.65, despite a nearly circular bulge. This also leads to an overestimation of Re,1p = 1.12Re,disc
(hence this object lies in the outlier upper-left region of Fig. 3). Because of the lower resolution of the YE image, the inner ring and bar appear as a
lens structure inside the external spiral arms.

Fig. B.8. Object 8: an inclined late spiral galaxy with a bar. Both the single-Sérsic and the bulge-disc decomposition fail in modelling a physical
bulge, whereas the modelling of the disc component are similar and acceptable. Moreover, the weak bulge and the strong bar are fitted by an
elongated bulge component (hence the small axis ratios of 0.39), but with different position angles of the bulge and disc major axes (with an offset
of 31.3◦). The bulge, disc, spiral arms, and part of the flocculence are visible in the YE lower resolution image.

Fig. B.9. Object 9: an inclined and barred lenticular galaxy, with the same comment as for Object 8 regarding the bulge, disc and single Sérsic fits,
and impact of the bar, but with a more prominent bulge (B/T = 0.48), whose value is certainly overestimated due to the bulge model including
some of the bar flux. The effective radius and axis ratio of the single-Sérsic fit present similar characteristics and limitations in describing the
galaxy as those mentioned for Object 4 (see values in Table B.1). Due to its coarse morphological features, this lenticular galaxy is not degraded in
the YE image.

Fig. B.10. Object 10: same as for Object 8 (with a weak bulge and bar). The bulge, disc, spiral arms and flocculence are visible in the YE image,
but with a lower angular resolution.
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Fig. B.11. Object 11: this highly inclined strongly flocculent and poorly resolved disc galaxy, with no visible bulge, has its bulge and disc model
components split in flux at B/T = 0.60, with similar values of structural parameters for both components as well as for the single-Sérsic profile fit.
The disc and bulge models fit the top-left and bottom-right parts of the galaxy, respectively, with a 9.8 pixels (1.0 Re,disc) separation in their centring.
The flocculence cannot be identified from the YE lower resolution image, and the light excess near the centre of the object could be erroneously
identified as a bulge.

Fig. B.12. Object 12: because of an edge-on and probably warped disc, most of the flux of this galaxy is included in the bulge component
(B/T = 0.96), with similar parameters as for the single-Sérsic fit, whereas the 4% disc model component is nearly round with a 3 to 4 times smaller
effective radius, hence an inverted bulge and disc modelling. Still, the bulge effective radius is too small to model the outer extensions of the disc.
The peculiar morphology of this object and the disc warp cannot be identified from the YE lower resolution image.

Fig. B.13. Object 13: this object might be a merger of two galaxies with the appearance of what could be two bulges, and a central bar. The
single-Sérsic fit underestimates the bulge flux, and the bulge-disc decomposition is split with the bulge and disc models at the top and bottom
galaxy, respectively, leading to a 1.00 Re,1p = 1.08 Re,disc offset in their centring and a non-physical B/T = 0.50. The bar and asymmetry remain
visible in the YE image, but the flocculence and other structures are not resolved.

Fig. B.14. Object 14: because no central bulge is visible, this flocculent and poorly resolved galaxy with a possible strong bar gets its bulge and disc
model components split in flux (B/T = 0.51) and in their centring by 7.3 pixels (1.1 Re,disc) onto opposite sides of the disc (with the bulge model
to the upper-right and the disc model to the lower-left of the object), and without modelling the bar. The bar and flocculence cannot be identified
from the YE lower resolution image.

the three NISP images. For these various distributions of Re ratios, the medians and bootstrap errors (multiplied by 10 for visibility)
are shown as the black cross and square, respectively, whereas the 0.1 and 0.9 quantiles are represented as black dotted lines, both
inside the graph and along the colour bar.

Figure C.1 indicates that on average the Re(NISP) effective radius is smaller, larger, and similar to the effective radii in the YE, HE,
and JE band, respectively, with median values and associated bootstrap errors of 1.041± 0.0016, 0.978± 0.0006, and 1.007± 0.0004,
respectively, and dispersions of 0.06, 0.03, and 0.02, respectively (estimated as half the 16–84th percentile range). The ratio between
Re(JE) and Re(NISP) shown along the colour bar also exhibits a distribution more concentrated around 1 (the scale of the colour
map is stretched compared to the axis labels), with 80% of the galaxies having a ratio in the interval [0.98, 1.05] compared with
[0.97, 1.17] and [0.93, 1.02] for the ratios with YE and HE, respectively (with the boundaries of the intervals corresponding to the 0.1
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Fig. B.15. Object 15: because no central bulge is visible, this highly inclined, flocculent, and warped disc galaxy gets its bulge and disc model
components split in centring by 9.7 pixels (1.0 Re,1p or 0.9 Re,disc) and flux (B/T = 0.43). The elongated disc model component is to the lower-left,
whereas the rounder bulge model component is to upper-right, with its effective radius about half the nearly equal values for the disc component
and the single-Sérsic fit. The flocculence cannot be identified from the lower resolution YE image, and the light excess near the centre of the object
could be erroneously identified as a significant bulge.

Fig. B.16. Object 16: an irregular (bulge-less) barred galaxy, whose single-Sérsic model focuses on the brightest part of the galaxy and has a low
Sérsic index of n = 0.74. The bulge and disc decomposition leads to bulge and disc models separated by 13.5 pixels (0.95 Re,1p or 1.3 Re,disc), with
the bulge at the top-left and disc at the bottom-right and characterised by non-physical parameters (for instance Re,bulge > Re,disc). The flocculence
and the bar can be roughly identified from the YE lower resolution image.

Fig. B.17. Object 17: an irregular (bulgeless) barred galaxy, for which both the single-Sérsic and bulge model are biased by the bar, with respective
axis ratios of 0.54 and 0.33, against 0.77 for the disc. There is also a 25.◦5 difference between the position angles of the disc and single-Sérsic
profiles. The flocculence cannot be identified from the lower resolution YE image, and the well defined bar in the IE image could be erroneously
modelled as a bulge.

and 0.9 quantiles). Overall, this indicates that the single-Sérsic Re(NISP) fitted on all three NISP bands does not deviate significantly
from Re(JE) and is intermediate between the smaller Re(HE) and larger Re(YE) values. This results from the fact that the effective
wavelength of the JE band is close to the average over those in the YE and HE bands. The anti-correlation between the Re(YE)/Re(NISP)
and Re(HE)/Re(NISP) ratios seen in Fig. C.1 results directly from the correlation between Re(JE)/Re(YE) and Re(HE)/Re(JE), already
discussed in Sect. 6.2.

Finally, a similar approach on the differences between the single-Sérsic indices was performed and led to median values and
standard errors of −0.019 ± 0.018, 0.005 ± 0.017, and 0.033 ± 0.015, for n(YE) − n(NISP), n(JE) − n(NISP), and n(HE) − n(NISP),
respectively, with again the JE band providing similar Sérsic index values as for the joint fit to all three NISP filters. This confirms the
fact that the unique set of structural parameters fitted on all three NISP images is well approximated by the JE structural parameters,
but slightly differ from the values in the YE and HE bands, because of the colour gradients detected in Sect. 6.2.
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Fig. B.18. Objects 18a and b: a pair of spiral galaxies probably undergoing an interaction, since a ‘plume’ of matter appears to connect them and
their discs are asymmetric, hence their being displayed together, with Object 18a at the bottom and Object 18b at the top. Although the single-Sérsic
fit residuals appear similar to those from the bulge-disc decompositions, the latter models for both galaxies have a disc and bulge offset in their
centring due to the disc asymmetries: in Object 18a, the disc model is positioned to the right of the bulge model, while in Object 18b, it is to the
upper left. For both objects, the effective radius of the single-Sérsic fit is nearly the average of those of the bulge and the disc, which could give
the false impression of two successful bulge-disc decompositions – it is the split between the disc and bulge centres that indicates that these bulges
and discs are not physical. Moreover, in Object 18a, the central part of the galaxy hosts two bright spots, one of which may be a bulge and the other
a bright H II region (perhaps triggered by the interaction). None of these spots in Object 18a are modelled by the bulge component, which has too
low a Sérsic index (nB = 0.82). In contrast, the bulge of Object 18b is well defined but is as much underestimated in flux by the bulge model as by
the single-Sérsic fit. However, the disc model being offset towards the spiral arm (to the upper-left) leads the bulge model to also include the inner
disc around the bulge, yielding an overestimated B/T = 0.76 and a likely underestimated nB = 1.97. Lastly, for both galaxies, the single-Sérsic fit
indices are similar to those of the bulge component, leaving significant residuals, comparable to those for the bulge-disc decomposition, and also
caused by the disc asymmetry. The bulge-disc decomposition would be largely unconstrained with the YE lower angular resolution, in which the
well-designed spiral arms seen in the IE band are undetectable.
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Fig. C.1. Ratios of the single-Sérsic profile effective radii Re(YE), Re(JE) and Re(HE) derived for the individual NISP bands, and Re(NISP) derived
by fitting a unique set of structural parameters on the three NISP images for the 2445 galaxies with IE ≤ 21. The ratios for the YE, JE, and HE bands
are shown as the x-axis, colour map and y-axis, respectively. The cross in the plot and the square in the colour bar indicate the median values of
the ratio distributions as well as bootstrap errors multiplied by 10 for visibility, whereas the dotted black lines indicate the 0.1 and 0.9 quantiles.
The dashed grey lines correspond to the identity ratios on both axes. Because the wavelength range of JE is intermediate between those of YE and
HE, the common Re(NISP) is consistent with Re(JE) and exhibits similar colour effects with respect to the JE and HE bands.
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