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Abstract

The Euclid Early Release Observations (ERO) programme targeted the Perseus galaxy cluster in its central region over 0.7 deg2. We combined the exceptional image quality and depth of the ERO-Perseus with FUV and NUV observations from GALEX and AstroSat/UVIT, as well as ugrizHα data from MegaCam at the CFHT, to deliver FUV-to-NIR magnitudes of the 87 brightest galaxies within the Perseus cluster. We reconstructed the star formation history (SFH) of 59 early-type galaxies (ETGs) within the sample, through the spectral energy distribution (SED) fitting code CIGALE and state-of-the-art stellar population (SP) models to reproduce the galactic UV emission from hot, old, low-mass stars (i.e. the UV upturn). In addition, for the six most massive ETGs in Perseus [stellar masses log10(M*/M⊙)≥10.3], we analysed their spatially resolved SP and SFH through a radial SED fitting. In agreement with our previous work on Virgo ETGs, we found that (i) the majority of the analysed galaxies needs the presence of a UV upturn component to explain their FUV emission, with average temperatures ⟨TUV⟩≃33 800 K; (ii) the ETGs of Perseus have grown their stellar masses quickly, with star formation timescales of τ ≲ 1500 Myr. We found that all ETGs in the sample have formed more than about 30% of their stellar masses at z ≃ 5, up to extreme fractions of ≃100%. At z ≃ 5, the stellar masses of the most massive nearby ETGs, which have present-day stellar masses of log10(M*/M⊙)≳10.8, are then found to be comparable to those of the red quiescent galaxies observed by JWST at similar redshifts (z > 4.6). This study can be extended to ETGs in the 14 000 deg2 extragalactic sky that will soon be observed by Euclid, in combination with those from other major upcoming surveys (e.g. Rubin/LSST), and UV observations, to ultimately assess whether the massive ETGs that we observe today represent the progeny of the massive high-z JWST red quiescent galaxies.
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1. Introduction
The formation and evolution of red and quiescent massive galaxies at different cosmic epochs is still far from understood. At high redshifts, recent results from the James Webb Space Telescope (JWST) have shown that red galaxies are already very massive, with stellar masses of log10(M*/M⊙) > 10 at z > 3 (e.g. Baggen et al. 2023; Carnall et al. 2023, 2024; Valentino et al. 2023; Labbé et al. 2023; Boyett et al. 2024; Glazebrook et al. 2024; Casey et al. 2024; Antwi-Danso et al. 2025; Baker et al. 2025a,b; Nanayakkara et al. 2025; Toni et al. 2026), and that they formed and quenched with extreme star formation (SF) timescales (e.g. Δt ∈ [100, 500] Myr, representing here the duration of the SF burst for several parametrisations of the SF history, SFH, de Graaff et al. 2025). These observations are difficult to reconcile with predictions from hydrodynamical cosmological simulations (e.g. Lovell et al. 2023; Kimmig et al. 2025) and from galaxy formation and evolution scenarios (e.g. Oser et al. 2010; De Lucia et al. 2024; Lagos et al. 2025), which rather predict a late formation of massive objects, posing challenges to the Λ-cold-dark-matter cosmological model (e.g. Menci et al. 2022; Boylan-Kolchin 2023).
To shed light on this issue, one approach is to reconstruct the SFH of nearby, local massive early-type galaxies (ETGs), which we can observe in much more detail and with deeper observations. Indeed, such systems are red, old, and have little or no ongoing SF, resembling the high-z galaxies observed by JWST. In addition, local massive ETGs are observed to be metal-rich and the most abundant in [α/Fe] elements, which indicates that they must have formed rapidly (e.g. Worthey et al. 1992; Trager et al. 2000; Thomas et al. 2005; Greene et al. 2013). As was discussed in Thomas et al. (2005), these results imply that quiescent massive galaxies with very high stellar masses should be present between redshifts 2 and 5, a prediction now confirmed by JWST. Nearby, local ETGs are indeed thought to form through a two-phase scenario (Oser et al. 2010). In the first phase, rapid in situ SF occurs, fueled by the infall of cold gas (at z > 2), to explain the high metallicities and α abundances. To account for the difference in size among high- and low-redshift galaxies (Daddi et al. 2005), it is expected that a second phase is dominated by mass growth through dissipationless mergers (minor or major or both, occurring at later stages, z < 2). Connecting the populations of galaxies across different redshifts then provides fundamental insights into galaxy formation theories, as the properties of nearby ETGs are so similar to those of red and quiescent galaxies at high-z that they might represent their descendants.
A particular class of galaxies increasingly recognised as the direct descendants of massive red quiescent galaxies at high redshift are the so-called relic galaxies (e.g. Trujillo et al. 2014; Ferré-Mateu et al. 2017; Yıldırım et al. 2017; Spiniello et al. 2024; Tortora et al. 2025). These systems are believed to have remained largely untouched by mergers over cosmic time, and thus to have retained the properties of their likely high-z progenitors. They are characterised by very old stellar populations (SP, ≳10 Gyr), compact sizes (Reff ≲ 2 kpc, Buitrago et al. 2008), and strong α enhancements ([α/Fe] ≳ 0.4 dex; Trujillo et al. 2014; Ferré-Mateu et al. 2015, 2017). In some cases, they show only a single, red globular cluster (GC) population (Beasley et al. 2018), indicative of the absence of accretion from dwarf satellites.
The question we pose here is whether there exist ETGs in the local Universe (and if so, how many) whose SFH is consistent with that of the red quiescent galaxy population observed by JWST at high-z. In this context, we started an observational campaign that aimed to reconstruct the SFH of massive ETGs in local galaxy clusters thanks to a multi-wavelength radial analysis coupled with state-of-the-art SP models (Martocchia et al. 2025). Galaxy clusters provide ideal laboratories for the study of massive ETGs, as these galaxies are mainly found in such rich and dense environments (e.g. Dressler 1980), suggesting that environment strongly shapes the evolution of galaxies (e.g. Thomas et al. 2010; La Barbera et al. 2012; Boselli et al. 2014; Pasquali et al. 2019). In Martocchia et al. (2025), we reconstructed the SFH of seven massive ETGs within Virgo, our closest galaxy cluster, through a radial spectral energy distribution (SED) fitting analysis with the CIGALE code (Code Investigating GALaxy Evolution, e.g. Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019). We recovered the properties of their spatially resolved SPs and we find that these galaxies assembled their stellar mass extremely rapidly, consistent with what is found by JWST at high-z. In this study, we stress the importance of a multi-wavelength approach in the reconstruction of the galaxies’ SFHs. Originally thought to be simple, spheroidal, pressure-supported systems, most ETGs are now known to be fast rotators (FRs; e.g. Emsellem et al. 2011). They can also host gas in both molecular and ionised phases (e.g. Serra et al. 2012; Young et al. 2014), exhibit X-ray and radio emission from a central active galactic nucleus (AGN), and display strong UV emission from hot, old, low-mass stars in late evolutionary stages – the so-called UV upturn phenomenon (e.g. Code & Welch 1979; O’Connell 1999).
Additionally, within ETGs, which usually host a limited amount of dust and gas, it is also imperative to have access to deep and high-angular-resolution data to detect small-scale and faint galactic components at different wavelengths. In these studies, Euclid observations (Euclid Collaboration: Mellier et al. 2025; Euclid Collaboration: Cropper et al. 2025; Euclid Collaboration: Jahnke et al. 2025) represent a major asset: the unprecedented data quality offered by Euclid both in the visible and NIR will, in the next few years, provide sharp and deep images of local massive ETGs in 14 000 deg2 of the extragalactic sky. This will enable the characterisation of their morphology, the discovery of shells, tidal tails (indicative of merger events, e.g. Sola et al. 2025), and the presence of gas and dust structures, and the study of the intracluster light (Kluge et al. 2025) and their SFHs (Euclid Collaboration: Kovačić et al. 2025; Euclid Collaboration: Abdurro’uf et al. 2025; Euclid Collaboration: Nersesian et al. 2026). Euclid observations, combined with surveys such as the Vera Rubin Observatory Legacy Survey of Space and Time (Rubin/LSST) in the optical, with the Ultraviolet Near Infrared Optical Northern Survey (UNIONS, Ibata et al. 2017), with AstroSat in the far- and near-UV (and in the next decade, with the CASTOR and UVEX missions, Côté et al. 2025 and Kulkarni et al. 2021), will ultimately be able to probe the properties of a statistically significant sample of massive nearby ETGs in galaxy clusters of different masses and dynamical states.
Here we use the Euclid Early Release Observations (ERO, Euclid Early Release Observations 2024) of the Perseus cluster, in combination with other high-spatial-resolution multi-wavelength observations of the same field, to reconstruct the SFH of the most massive ETGs in Perseus. The Perseus cluster is one of the most massive galaxy clusters in the local Universe, located at a distance of ≃72 Mpc, dynamically older than Virgo. It has also been found to host the most promising local candidate of a relic galaxy, NGC 1277 (Trujillo et al. 2014), together with many other compact ETGs. Despite being one of the most studied nearby clusters, the wide field of view (0.7 deg2, Cuillandre et al. 2025b), high spatial resolution, and low background of the Euclid ERO provide the first high-resolution, full-cluster view of Perseus from the optical to the NIR. We combine this unique dataset with (i) images in the NUV and FUV from the UltraViolet Imaging Telescope (UVIT) on board the AstroSat satellite (Agrawal 2006), (ii) NUV and FUV observations from GALEX, and (iii) optical ugrizHα images taken with MegaCam at the Canada-France-Hawaii-Telescope (CFHT). We provide integrated FUV-to-NIR magnitudes of the 87 brightest galaxies in Perseus. For 59 ETGs of the sample, we reconstruct their SFH from their integrated SEDs, while we report a radial SP analysis and SED fitting for six of the most massive ETGs in the sample.
This paper is structured as follows. Sect. 2 reports information on the data used, while Sect. 3 describes the data analysis. In Sect. 4 we outline the SED fitting analysis and in Sect. 5 we report on the results. Finally, we discuss in Sect. 6 and conclude in Sect. 7. Throughout the paper, we use the AB magnitude reference system.
2. Observations and data reduction
2.1. Euclid ERO images
The analysis presented in this paper is based on a set of multi-wavelength data of the Perseus cluster, based on the region imaged by the Euclid ERO (Cuillandre et al. 2025a,b). The Perseus cluster was imaged by Euclid during the science verification phase in September 2023 (Cuillandre et al. 2025a), with a reference observing sequence (ROS, Euclid Collaboration: Scaramella et al. 2022). The ERO images consist of four ROSs, each one with four dithered exposures of 566 s each in the IE filter (with effective wavelength λeff = 7171 Å), and four dithered exposures of 87.2 s each in the YE, JE, HE filters (λeff = 10 809, 13 673, 17 714 Å, Euclid Collaboration: Schirmer et al. 2022; Euclid Collaboration: Cropper et al. 2025; Euclid Collaboration: Jahnke et al. 2025). For the specific passband curves, as well as for the data reduction procedures we refer to Cuillandre et al. (2025b). The pixel sizes of the IE image is [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}1} $], while it is [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}3} $] for the NIR dataset (YE, JE, HE); the full width at half maximum (FWHM) of the final IE, YE, JE, HE science stacks measures [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}16} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}48} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}49} $], and [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}50} $], respectively. The dataset reaches a surface brightness limit of 30 (29.2) AB mag arcsec−2 for the IE (YE, JE, HE) band, excellent for the detection of low surface brightness (LSB) features such as shells and tidal tails formed during the gravitational interaction of galaxies with surrounding objects (e.g. Duc et al. 2015; Mancillas et al. 2019; Sola et al. 2022).
2.2. UV imaging: GALEX and AstroSat/UVIT
In the UV regime, we downloaded already reduced images centred on NGC 1275 from the GALEX1 and AstroSat/UVIT2 archives. Table 1 reports information on the collected UV datasets. We performed stacks of the long and short exposures of the GALEX images. The reached FWHM of the GALEX FUV and NUV images is [image: Mathematical equation: $ {\simeq}{4{{{\overset{\prime\prime}{.}}}}0}, {\simeq}{5{{{\overset{\prime\prime}{.}}}}3} $]–[image: Mathematical equation: $ {5{{{\overset{\prime\prime}{.}}}}6} $], respectively (Morrissey et al. 2007)3, while it is [image: Mathematical equation: $ {\simeq}{1{{{\overset{\prime\prime}{.}}}}3} $]–[image: Mathematical equation: $ {1{{{\overset{\prime\prime}{.}}}}5} $], [image: Mathematical equation: $ {\sim}{1{{{\overset{\prime\prime}{.}}}}2} $]–[image: Mathematical equation: $ {1{{{\overset{\prime\prime}{.}}}}4} $], for the AstroSat/UVIT images in the FUV and NUV bands, respectively (Tandon et al. 2020). The reached surface brightness limits are 28.0 and 27.93 AB mag arcsec−2 for the UVIT FUV and NUV dataset, while they are 26.4 and 26.1 AB mag arcsec−2 for the GALEX FUV and NUV images, respectively.
Table 1. 
Main information on the archival GALEX and AstroSat/UVIT images centred on the Perseus cluster used in this work.

We used both GALEX and UVIT images to estimate the integrated fluxes and magnitudes of the Perseus galaxies in the FUV and NUV bands. We report the results for the GALEX bands in the main text of the paper (Sect. 3.1), as GALEX observations cover almost the entire Euclid ERO footprint. In Appendix C, we report on the comparison between the GALEX and UVIT magnitudes, see Sect. 3.1 for more details. UVIT images, thanks to their unprecedented spatial resolution in the UV, were mainly used for the spatially resolved analysis of the SPs within the most massive ETGs of the Perseus cluster (see Sect. 3.3).
2.3. CFHT-MegaCam images
We used optical images from the MegaCam at the CFHT (Cuillandre et al. 2025b) which observed the Perseus cluster with a similar footprint of the Euclid images in the u, g, r, i, and z third-generation filters, at λeff ≃ 3682, 4784, 6397, 7695, 8987 Å, respectively, as well as with an Hα narrow-band filter (the ‘off’ filter, CFHT ID 9604), centred on λeff = 6719 Å, with a Δλ = 109 Å. At the redshift of these galaxies, this filter includes the Hα line together with the two N II lines at λ = 6548, 6583 Å. Hereafter, we refer to the filter simply as Hα, unless otherwise stated. We refer to Cuillandre et al. (2025b) for details on the dataset information and data reduction process. The mean FWHM of the stacked ugrizHα images is [image: Mathematical equation: $ {1{{{\overset{\prime\prime}{.}}}}46} $], [image: Mathematical equation: $ {1{{{\overset{\prime\prime}{.}}}}23} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}79} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}56} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}60} $], [image: Mathematical equation: $ {0{{{\overset{\prime\prime}{.}}}}49} $], respectively.
For this work, we generated stellar-continuum-subtracted Hα images, which are named NET_Hα images hereafter. These images were used to check for contamination from young stars or recent SF in the Perseus galaxies. This step is particularly critical for ETGs where the emission of ionised gas is marginal compared to the emission of stars. As in Boselli et al. (2019, 2022), the stellar continuum was estimated by combining the r-band image with a g − r colour map. Given the difference between the width and central transmission wavelength of the r filter with respect to the narrow-band Hα filter, the derivation of the stellar continuum depends on the spectral properties of the emitting source (Spector et al. 2012), thus on its colour. As in Boselli et al. (2018), we used ≃50 000 unsaturated stars with SDSS available spectroscopy to derive their magnitudes in the g, r, and Hα filters and calibrate an empirical relation between the colour of the stars and the continuum. We obtained
[image: Mathematical equation: $$ \begin{aligned} \mathrm{Cont\_}{\mathrm{H} \alpha }\,\mathrm{[mag]} = r - 0.1123\,(g-r) - 0.0025. \end{aligned} $$](1)
This normalisation was applied pixel by pixel, only where S/N > 1, to avoid the introduction of any extra noise in the sky regions where no stellar continuum is present. We subtracted the normalised stellar continuum from the Hα images pixel by pixel and we finally multiplied the continuum-subtracted image by the filter width (Δλ = 109 Å), in order to obtain a flux from a flux density. We report the continuum-subtracted Hα image of NGC 1275 in the Appendix, Fig. A.1. The average unbinned sensitivity is Σ(Hα)≃4 × 10−17 erg s−1 cm−2 arcsec−2 at 1σ. Since the contribution of the stellar continuum is derived using the r and g − r images, artefacts might be artificially created in those regions where the emission is strongly peaked and colour gradients are present, which typically happens in the core of bright ellipticals (e.g. Boselli et al. 2019, see also Martocchia et al. 2025). This might produce major effects in the resulting continuum-subtracted images. Any possible emission in these particular regions must be confirmed with spectroscopic data (see Sects. 2.4 and 4.2 for more details on the analysis of the ionised gas emission).
2.4. Supplementary data
For the six targeted galaxies on which we performed the radial SP analysis (see Sect. 3.3), we checked their ionised nuclear gas emission. Thus, we downloaded SDSS optical spectra for NGC 1270, NGC 1281 and WISEAJ031922_39+412545_6; for NGC 1277 and NGC 1278, we downloaded optical spectra from the CfA survey (Falco et al. 1999) to inspect for the presence of emission lines (Hα, Hβ, O III) in the nuclei, where the CFHT Hα images might be contaminated by artefacts (see Sects. 2.3 and 4.2, for more details). For NGC 1272, no optical spectrum is available in the literature, to the best of our knowledge.
We also downloaded images of the targeted galaxies in the infrared (IR) to estimate their dust masses (see Sect. 4.3). We downloaded Spitzer/IRAC level 2 images from the Spitzer Heritage Archive4 (channels I1, I2, I3, and I4 where available, from 3.5 to 8 μm) as well as WISE images from the IRSA/IPAC website in the bands W1, W2, W3, W4 (3.5, 4.6, 12, 22 μm)5. We checked for far-IR (FIR) data of the targeted galaxies but only images from the Infrared Astronomical Satellite (IRAS) are available, with an angular resolution of > 100″ at λ > 60 μm, and thus not usable for our purpose.
3. Data analysis
3.1. Integrated UV magnitudes of Perseus galaxies
We selected the 200 brightest galaxies in the IE magnitude from the catalogue of Perseus galaxy members by Cuillandre et al. (2025b). We defined circle regions6 in the FUV band, by using a radius equal to the reported effective radius Reff in the IE band by Cuillandre et al. (2025b). We note that this is a Reff, maj, and thus it represents the semi-major axis (SMA) of the isophote that includes 50% of the flux and it is not circularised. We refer to Reff, maj as Reff hereafter. If the obtained circle region did not include all the FUV flux, the radius was increased or decreased manually, until the flux distribution of pixels homogeneously drops to zero. We also checked the aperture edges in the IE image, to make sure that the aperture was not extended too far and that it does not include a nearby source, as was done in Voyer et al. (2014). For the GALEX bands, we kept radii ≥ 0.5 FWHM ([image: Mathematical equation: $ { > }\,{2{{{\overset{\prime\prime}{.}}}}8} $]). For two irregular galaxies, namely PGC012358 and UGC02665, we used an elliptical region. We then estimated the fluxes and magnitudes of such galaxies in each of the available bands (from FUV to HE). Errors at 1σ on fluxes and magnitudes are calculated as in Martocchia et al. (2025), after masking all the images for foreground and background sources, and spikes produced by saturated stars. The background noise for each galaxy is estimated by averaging the flux of 1000 regions (with the same shape of each original region), each one generated with a random position in the ERO-Perseus field of view of each image.
We corrected the derived fluxes for the Milky Way extinction by assigning a colour excess, E(B − V), to each galaxy (see Cuillandre et al. 2025b) from the Planck 2013 dust opacity map (Planck Collaboration XI 2014), and by using the extinction curve by Gordon et al. (2023), with RV = 3.1. For the extinction correction, we followed the prescriptions reported in Cuillandre et al. (2025b), their Sect. 3.3 (see also Marleau et al. 2025). We kept all sources with S/N ≥ 3 in both FUV and NUV bands. In Table B.1, we list the FUV and NUV magnitudes of all sources within the GALEX and UVIT field of view identified within the Euclid footprint. In total, we identified 87 Perseus galaxies in the Euclid footprint from the GALEX images (28 from UVIT) with a S/N ≥ 3 in all considered bands. Concerning the integrated study, we refer to FUV and NUV magnitudes from GALEX, hereafter.
3.2. Colour comparison between Virgo and Perseus clusters
We explore here UV and optical colours trends, as the FUV − IE represents a pure comparison among hot stars, which are strong emitters in the FUV, and old cool stars, which are emitters in the optical, red bands. The FUV − NUV colour is instead an indication of the UV slope of the SED of galaxies. This colour has been largely considered in the literature as an empirical indicator of the UV upturn, because, when FUV − NUV < 1, the UV slope in the SED increases for decreasing wavelengths (Yi et al. 2011). However, this threshold depends on the assumed models and SFH, and it can occur that the UV emission from old stellar populations is also present when FUV − NUV > 1. Nevertheless, the FUV − NUV colour is sensitive to different effects (Smith et al. 2012), among which main sequence turn-off stars, due to strong metalline blanketing in the NUV (Donas et al. 2007). Here we make general considerations on the colour trends, and we refer to later Sections for the identification of the UV upturn in these galaxies in comparison with the models used in this work. Figure 1 shows the FUV − NUV (left) and FUV − IE (right) colours as a function of stellar mass for galaxies in the Perseus and Virgo clusters. Stellar masses of Perseus galaxies are from Cuillandre et al. (2025b), which are calculated with a Chabrier IMF (Chabrier 2003) and the Bruzual & Charlot (2003) SP models. Data for the Virgo galaxies are from the GALEX Ultraviolet Virgo Cluster Survey (GUViCS, Voyer et al. 2014 and Boselli et al. 2014). To retrieve the IE magnitudes for the Virgo galaxies, we first converted the CFHT/MegaCam filters from the second (Virgo) to the third (Perseus) generation7. Next, the CFHT i magnitudes were transformed to the IE band with a linear regression, as is done in Cuillandre et al. (2025b).
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. FUV − NUV (left) and FUV − IE (right) colours as a function of stellar mass for the Perseus galaxies studied in this work and for the Virgo galaxies from the GUViCS data (Voyer et al. 2014; Boselli et al. 2014). Filled green squares (diamonds) indicate Perseus ETGs (unclassified) sources from Meusinger et al. (2020). Filled blue diamonds are Perseus LTGs, while the open red circle represents the central galaxy of Perseus, namely NGC 1275. Purple open triangles indicate Virgo LTGs, while Virgo ETGs are represented by purple open stars. M87, the central of Virgo, is also highlighted with an open red square. Black dashed lines are the magnitude limit curves for each corresponding colour for the Perseus observations. Circular apertures are defined in the FUV band starting with a radius equal to the Reff in IE by Cuillandre et al. (2025b). Apertures were adjusted when needed to fully encompass the FUV emission, and checked against the IE images to avoid contamination, as in Voyer et al. (2014). We refer to Sect. 3.1 for more details.



Overall, in both panels, we observe that the Perseus ETGs and LTGs occupy a narrower part of the diagram compared to Virgo galaxies. We note that we are sampling the central regions of the Perseus cluster (one-fourth of the virial radius, Cuillandre et al. 2025b) while the Virgo GUViCS survey extends up to twice the virial radius, although it does not cover the entire extension of the cluster in the FUV. Therefore, we also examined Fig. 1 considering only the galaxies located within the inner one-fourth of the Virgo cluster’s virial radius. In this case, we note that the number of LTGs in Virgo is drastically reduced, as expected (Whitmore et al. 1993), showing that the bluest LTGs in Virgo are mainly further away from the cluster centre, where the density of the intracluster medium (ICM) is at its maximum and has likely transformed blue galaxies into red ones due to environmental processes (Boselli et al. 2014).
Additionally, we observe that the Perseus and Virgo LTGs have quite different colours, with the Perseus LTGs being much redder in FUV − NUV, comparable to those of ETGs in both clusters8. Therefore, we visually inspected the Perseus LTGs in the IE images. We find that only two of them are discs or spirals showing clumps and knots, indicative of the likely presence of gas and thus ongoing SF. The remaining LTGs are either spirals or discs lacking a clear clumpy structure, and are likely gas-deficient systems (Mondelin et al. 2025, see their Fig. 3 for a snaphot of these galaxies). To the best of our knowledge, no H I data are available for these galaxies to perform a quantitative analysis of their gas deficiency (e.g. Boselli & Gavazzi 2009). The two gas-rich galaxies are UGC02665 and MCG+07-07-070, both of which are jellyfish galaxies known to be undergoing ram-pressure stripping (RPS) events (Roberts et al. 2022; George et al. 2025). They also correspond to the LTGs in our sample with the bluest FUV − NUV colours, FUV − NUV < 0.5 in Fig. 1. It is therefore likely that the redder Perseus LTGs have been quenched due to RPS. A comparison between RPS models and FUV − NUV colours in the Virgo cluster was presented by Boselli et al. (2014, their Fig. 11). The models predict a reddening of FUV − NUV depending on the lookback time, accompanied by quenching of SF. The colour difference between Virgo and Perseus LTGs can then be explained by the higher efficiency of RPS in Perseus. The RPS efficiency depends on the ICM density and the velocity dispersion (RPS = ρICMv2). Using velocity dispersions from Boselli & Gavazzi (2006) and Kang et al. (2024), and ICM densities from Urban et al. (2011) and Simionescu et al. (2011) within radii ∈[0, 0.6] Mpc, we find that the RPS in Perseus is a factor of ≃2 higher than that in Virgo.
Concerning the ETGs, we observe that at masses lower than log10(M*/M⊙)≲10, many Virgo ETGs are redder in FUV − NUV and in FUV − IE, while this population is apparently not observed in Perseus. This is most likely due to the fact that Perseus is further away than Virgo (72 Mpc vs. 16 Mpc), hence the redder, lower-mass (thus, lower luminosity) galaxies are not detected in the UV bands. This is shown by the magnitude limit curves plotted in Fig. 1 as black dashed lines for the Perseus observations9. NGC 1265 (labeled in Fig. 1), as well as the other ETG at log10(M*/M⊙)≃8.1 are very red outliers. However, this is most likely due to the contamination of bright foreground stars that happens to lie at a projected distance of a few arcseconds from the centre of both galaxies. Both M 87 and NGC 1275 are quite blue, with UV slopes comparable to the bluest ETGs in both clusters, at similar stellar masses [log10(M*/M⊙) > 11]. This result is unsurprising, as both systems are the brightest cluster galaxies (BCGs) located at the centers of Virgo and Perseus, respectively, and therefore represent exceptional objects (Conselice et al. 2001; Boselli et al. 2019).
Also, the Virgo and Perseus galaxies follow similar FUV − IE colours, when taking into account the magnitude limits. Overall, ETGs are redder and more confined in FUV − IE colours with respect to the LTGs, which span a wider range of FUV − IE colours. This is true except for the two BCGs. NGC 1275 is extremely blue with a FUV − IE ≃ 4, comparable to the LTGs in both clusters. M 87 is also among the bluest of the ETGs sample. Again, we observe how LTGs in Virgo are bluer and much more numerous with respect to Perseus LTGs, at similar stellar masses, whose FUV − IE colours are overall comparable to the ETGs. Among the LTGs of Perseus, three galaxies are very blue, with FUV − IE < 4, namely UGC02665, WISEAJ032010_12+412104_2 and MCG+07-07-070, among which we find the two jellyfish galaxies mentioned above. WISEAJ032010_12+412104_2 is also known as LEDA 12468, which has not been studied in detail so far. It appears as an elliptical galaxy, possibly with some faint discy gas emission, which needs to be confirmed with further analysis. Within this sample, we selected 59 ETGs in Perseus to perform a SED fitting analysis with CIGALE (Sect. 4) by using the integrated fluxes reported in Tables B.1 and B.2. We excluded NGC 1275 for its cooling flow from this sample as well (see Fig. A.1). We refer to this sample as the integrated sample, hereafter.
3.3. Radial analysis
For the radial analysis, we used the AstroSat/UVIT images in the FUV and NUV, given their higher spatial resolution ([image: Mathematical equation: $ \mathrm{FWHM} \leq {1{{{\overset{\prime\prime}{.}}}}5} $]) with respect to the GALEX images. We selected those ETGs (from Table B.1) that have a S/N ≥ 7 both in the UVIT FUV and NUV bands10. After this selection, we are left with 8 galaxies. Next, we followed the analysis described in Martocchia et al. (2025), briefly summarised below; for further details, we refer the reader to that work. Isophotal fitting was performed for each target galaxy on the IE images. The resulting isophotes were applied to all bands to derive fluxes in radial bins, using WCS coordinates to account for the differing image resolutions. Fits were carried out with the ellipse algorithm (Jedrzejewski 1987) implemented in photutils (Bradley et al. 2023). The position angle of successive ellipses was left free, as fixing it failed to reproduce galaxies with twisting isophotes. The isophote fit was then performed on consecutive ellipses of pre-defined SMAs, starting from a SMA = 3″, and with a step of ΔSMA = 3″.
For the following radial analysis, we kept all galaxies that have at least three elliptical consecutive regions with S/N ≥ 3 in the FUV band. The final list of the radially analysed ETGs is reported in Table 2, along with their main properties. This consists of seven galaxies, some of which are well known and studied in the literature. Among these, we have two extended galaxies, NGC 1272 and NGC 1278, as well as four compact galaxies (Reff ≲ 3 kpc), including the well-studied relic galaxy NGC 1277. We refer to Appendix D for a more detailed description on each individual galaxy within the radial sample.
Table 2. 
Properties of the Perseus galaxies analysed radially.

Based on the work by Vigneron et al. (2024), we masked the inner regions of the BCG NGC 1275 out to a radius of 2.6 kpc from the centre of the galaxy, as the emission is dominated by the strong AGN and its nuclear activity. It is also well known that NGC 1270, 1271, 1272, 1277, 1278, and 1281 host an AGN in their centre, mostly in the form of peculiar very massive black hole (see Table 2, and references therein). This was also recently confirmed by radio and X-ray observations (Santra et al. 2007; Park et al. 2017; Gendron-Marsolais et al. 2021; Saglia et al. 2024), while the AGN presence is not evident from the optical and IR parts of the nuclear spectra, where no significant emission lines are observed (e.g. Sakai et al. 2012; Park et al. 2017). These galaxies are indeed low-luminosity AGNs, the nuclear optical-IR spectra of which are dominated by the stellar activity. Hence, we do not expect a significant contribution from the AGN activity in the centre of these galaxies. However, as we are not able to disentangle the AGN UV emission from the one coming from the old stars, we masked the central region of these six galaxies (with 1″ radius, corresponding to ≃350 pc at the distance of Perseus) for both the integrated and radial analyses.
Figure 2 shows the FUV − NUV (left) and FUV − IE (right) colours as a function of the SMA of the considered ellipse region for both Perseus and Virgo galaxies (from Martocchia et al. 2025)11. Overall, the radial profiles are similar among the two clusters. As the right panel of Fig. 2 shows, NGC 1275 is very blue compared to the other ETGs, most likely due to the presence of young blue star clusters and young massive stars (Conselice et al. 2001; Canning et al. 2014; Tremblay et al. 2015). For this reason, we discarded NGC 1275 from the following SP analysis, as the presence of multi-phase gas and powerful AGN activity could hamper the interpretation of our results.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. FUV − NUV (left) and FUV − IE (right) colours as a function of the semi-major axis in kiloparsecs. The empty symbols indicate the values of the central colours calculated when a mask is not applied. The dotted lines connect the central unmasked regions to the successive regions. See Sect. 3.3 for more details. The Perseus ETGs are indicated with solid lines, while the Virgo ETGs from Martocchia et al. (2025) are represented by dashed lines and purple colours. The vertical dash-dotted grey line indicates the projected radius within which a disc of dust is observed in the IE images of NGC 1270, NGC 1277, NGC 1278, and NGC 1281, see Sect. 4.3.



3.4. Galaxy morphology with Euclid
Thanks to the unprecedented depth and high angular resolution of the Euclid observations, we were able to observe that four galaxies within the radial sample hosted a disc in their inner regions, at 0.1 ≲ SMA/Reff ≲ 0.2, likely dusty discs or rings which might be either due to the presence of an AGN (e.g. Park et al. 2017) or similar to the nuclear discs observed in barred disc galaxies (e.g. Gadotti & de Sá-Freitas 2025). The vertical lines in Fig. 2 represent the projected distance from the centre within which the disc is observed. We discuss the disc analysis in Sect. 4.3, in connection with the CIGALE SED fitting analysis.
In addition, we checked for LSB features in the surroundings of the galaxies in the radial sample, which might represent an indication of recent major or minor mergers, as well as gravitational interactions that galaxies underwent (e.g. Mancillas et al. 2019; Sola et al. 2022, 2025). With a surface brightness limit of 30 mag arcsec−2 in the IE band, the Euclid ERO dataset represents a significant advance over previous wide-field surveys. For comparison, SDSS typically reaches ≃26 mag arcsec−2, DES achieves ≃27 mag arcsec−2, and the Subaru Hyper Suprime-Cam survey extends to 28 mag arcsec−2. The unprecedented depth of Euclid thus opens new avenues for the study of faint, extended LSB structures in galaxies, stellar halos, and the diffuse intergalactic medium. Figure 3 shows the images of the ETGs in the radial sample in the IE band, plotted as in Sola et al. (2022) to enhance the contrast. Our inspection reveals the lack of LSB structures. However, in the particular case of the ERO Perseus, the LSB detection might be hampered by two main issues: (i) the first is the observed crowding of elliptical galaxies towards the centre of the cluster, (ii) the second is the presence of the Galactic cirri emission, with a median surface brightness of 27.5 mag arcsec−2 (Cuillandre et al. 2025b), due to the low Galactic latitude of the Perseus cluster.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Images of the ETGs in the radial sample in the IE band plotted with an asinh scale.



4. Spectral energy distribution fitting
We constructed FUV-to-NIR SEDs, with the FUV, NUV, ugriz, IE, YE, JE, HE magnitudes. For the integrated sample of galaxies we used the FUV and NUV magnitudes from GALEX, while, for the radial sample, we constructed the SEDs as a function of the SMAs for each galaxy in Table 2, by using the FUV and NUV magnitudes from AstroSat/UVIT. To reconstruct the SFH of the target galaxies, we then fit the SEDs with the code CIGALE (Boquien et al. 2019), similarly to what was done in our previous work (Martocchia et al. 2025). More details on the adopted modules and fitting procedures are reported in Sect. 4.1. For the redshift, we used the average z = 0.0167 of the cluster, from Cuillandre et al. (2025b). For the six galaxies within the radial sample, the best-fit SEDs are shown in Fig. F.1.
4.1. Adopted CIGALE modules
Table E.1 reports on the adopted CIGALE modules and parameters used to fit the galaxies’ SEDs. We modelled the SFH with the sfhdelayed module, namely in the form SFR(t)∝t/τ2exp(−t/τ), where t is the SFH range and τ represents the e-folding timescale of SF.
Concerning the stellar models, we used the uvupturn module (Martocchia et al. 2025) to take into account the UV emission of evolved stars (the phenomenon of the UV upturn), based on the models by Maraston (2005). The models include a UV upturn in the form of an old, hot stellar component at certain defined temperatures, as in Maraston & Thomas (2000) and Le Cras et al. (2016), which simulates the evolution of post-main sequence (PMS) stars. This is not modelled using stellar tracks, thus the UV emission might come from hot horizontal branch stars as well as from post asymptotic giant branch, AGB-manqué, and other PMS evolutionary phases. We can then explore the main stellar parameters responsible for UV upturn stars regardless of their evolutionary path. We adopt a Salpeter (1955) IMF, the only IMF currently available for the upturn models. We note that the Salpeter IMF is bottom-heavier than Kroupa/Chabrier IMFs and is commonly associated with more massive ETGs (La Barbera et al. 2013; Tortora et al. 2013; Spiniello et al. 2014)12. However, in the figures below and throughout the paper, we report stellar masses calculated with a Chabrier IMF, in line with the results by Cuillandre et al. (2025b). We note indeed that there is only a difference in stellar mass by a factor of ≃0.25 dex downward with respect to a Salpeter IMF (Cimatti et al. 2008; Tortora et al. 2009, 2010). We refer to Martocchia et al. (2025) for more detail about the models and the CIGALE parameters. The UV emission in the used stellar models is degenerate with the emission produced by recent episodes of SF and young stars. To break this degeneracy, we used the CFHT Hα images in order to constrain the contribution of the young stellar population component. We measured the Hα emission of each galaxy and thus their star formation rate (SFR), and we used this as a constraint in the SED fitting. See Sect. 4.2 for more details. In Appendix G.1, we report on additional tests to constrain the possible contribution of a young stellar component to explain the UV emission of the target galaxies.
Regarding dust attenuation, we used the dustatt_modified_starburst module, based on the Calzetti et al. (2000) law. Additionally, we used the themis module to model dust emission, although our dataset only spans a wavelength range in the IR up to ≃1.7 μm, where dust emission is expected to be weak. We based our parameter space choice on the work by Nersesian et al. (2019) which investigated the properties of dust in more than 800 nearby galaxies. We report additional considerations and tests on the dust modelling in Sect. 4.3.
4.2. Ionised gas emission
The continuum-subtracted CFHT-Hα images of the target galaxies, as well as the FUV and NUV images, show a lack of structured regions such as clumps or knots, which demonstrates the absence of star forming complexes in both the integrated and radial samples. Additionally, for the radial sample, we checked the available optical spectra (see Sect. 2.4) to identify the presence of emission lines within the galaxies’ nuclei. We did not find any emission line in any selected galaxy. Hence, as was done in Martocchia et al. (2025), we used the continuum-subtracted CFHT-Hα images to measure an upper limit on the SFR in each galaxy from their Hα emission. We estimated the surface brightness limit in Hα by taking the standard deviation of the flux of 1000 regions (with the same shape as the original region), each one generated with a random position in the field of view. We then converted the Hα flux at 5σ into SFRs (Kennicutt 1998, Eq. (2)) and we included this rest-frame property in the SED fitting procedure through CIGALE as upper limit.
4.3. Dust modelling and AGN contamination
In order to understand how to treat the dust absorption and emission in the fit, we inspected the IE images and looked for filamentary structures in absorption, for galaxies in the radial and integrated sample. None is observed. The only visible dust structure is found in a disc-shape in the inner 0.5 kpc2 close to the centre of NGC 1270, 1277, 1278, and 1281. To get an estimation of the stellar extinction, we constructed a 2D model of the stellar distribution for each galaxy in the sample, on the IE images through the same isophote analysis presented in Sect. 3.3. We then subtracted the stellar 2D model from the original image and we estimated the extinction coefficient in the IE band, AIE (as in Kulkarni et al. 2014; Boselli et al. 2022; Martocchia et al. 2025). The subtraction of the 2D model does not find any significant disc for NGC 1270, for which the dust disc is very weak and also barely visible in the IE image. The visible dust discs and extinction maps are reported in Fig. 4 for NGC 1277 (left), NGC 1278 (centre) and NGC 1281 (right). The extinction in the IE band, AIE reaches maximum values of 0.4 mag. We transformed the extinction map from AIE to AV by using the extinction coefficients calculated as in Sect. 3.1, and by assuming a RV = 3.1. Then, we transformed AV in Σdust by using
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Top panels: IE images zoomed in the inner regions of NGC 1277, NGC 1278, and NGC 1281, from left to right. Bottom panels: Extinction maps in the IE filter, AIE, constructed from the top panels. North is up and east is to the left.



where Qext is the extinction coefficient factor, ρ is the dust mass density, and a is the grain radius (e.g. Kitayama et al. 2009). We adopted the standard values given in the equation and we integrated over the disc of dust where AV > 0. Assuming that the dust is uniformly distributed over the disc, from the extinction maps we obtain dust masses within the range log10(Mdust, ext/M⊙)∈[5.6, 5.9].
We compared these dust masses with those obtained by fitting the integrated SEDs of the targeted galaxies from the FUV to the IR with CIGALE, by including images from Spitzer/IRAC and WISE (Sect. 2.4). From a first inspection of the IR images, we note that there is no visible signal in the WISE W4 band at 22 μm, in any galaxy, thus likely indicating a weak dust emission from these galaxies. We extracted the flux in the different bands as in Sect. 3.3 by using an elliptical region with the SMA equal to their Reff in the IE band (Table 2, Cuillandre et al. 2025b), and the position angle and ellipticity coming from the isophote fit. For the SED fit, we used the same modules and parameters as listed in Table E.1. Fluxes with a S/N < 3 are considered as upper limits and this is the case for all galaxies in the W4 WISE band. The SED fit yields dust masses in the range log10(Mdust, SED/M⊙)∈[5.6, 7.5], hence overall consistent or higher than those estimated from the inner disc extinction map. Nevertheless, the dust masses from the SEDs are not well constrained in the fit, i.e. we obtain that the 1σ error is larger than the mass value. This might be due to both the lack of FIR data for these galaxies, needed to better constrain the dust emission peak around 100 μm, or an intrinsically weak concentration of dust. We assume here that the emission of dust in all the analysed ETGs is weak. As an additional test, we performed the SED fitting a second time, without including the themis module. We found that the results of the paper stay unchanged.
As is explained in Sect. 3.3, we masked the central regions of NGC 1270, 1271, 1272, 1277, 1278, and 1281, for the CIGALE SED fitting (both integrated and radial), due to the presence of AGNs in their centres. We did not mask the central regions for the remaining galaxies in the sample. However, as an additional test, we performed the same SED fitting analysis without masking the central regions of NGC 1270, 1271, 1272, 1277, 1278, and 1281, and we find that the results of the paper stay unchanged (see Appendix G.2).
5. Results
5.1. Gradients of stellar properties
Figure 5 shows the result of the radial SED fitting. We estimated the properties of the targeted galaxies within the radial sample as a function of their projected SMA, namely the mass-weighted ages, stellar metallicities, temperatures of the UV upturn, and SF timescales. As expected (see Appendix D), the SPs of the galaxies in our sample are old, with mass-weighted ages ≳ 10 Gyr at all sampled SMAs. Overall, they appear to be more metal-rich (twice solar) in their centre with respect to their outskirts. There are exceptions for NGC 1278 and NGC 1281, where the obtained stellar metallicities are flat and half-solar, although for these two galaxies the SMA coverage is rather small. All galaxies need the presence of the UV upturn to explain their FUV emission, with mean temperatures ⟨TUV, rad⟩ = 26 100 ± 3000 K. Finally, the SFH of these galaxies proceeded with an e-folding SF timescale that is τ ∈ [100, 1500] Myr, with an average ⟨τrad⟩ = 770 ± 280 Myr. For the extended galaxies NGC 1272 and NGC 1278 (Reff > 5 kpc), we note that τ is on average smaller in the central regions with respect to their outskirts, corresponding to SMA/Reff ≳ 0.2 and ≳0.4, respectively. This might likely indicate that the centres of such massive ETGs enriched faster than its peripheries. To assess the reliability of the stellar parameters derived from the SED fitting, we refer to the mock analysis performed in Martocchia et al. (2025, their Sect. 5.5 and Appendix E), as we used the same method here. In brief, a catalogue of simulated galaxies is generated, where the model fluxes are re-sampled adding gaussian noise. The mock galaxies are then analysed in the same fashion as the real galaxies. All parameters are well recovered, showing strong correlations among the injected input and the recovered output (Martocchia et al. 2025, their Fig. E.1).
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. SED fitting results of galaxy properties for the radial sample of Perseus ETGs. From the upper left to the lower right we show the mass-weighted age, stellar metallicity, temperature of the UV upturn, and SF timescale as a function of the SMA/Reff. Shaded areas represent 1σ errors.



Next, we calculated age and metallicity gradients, as they are very useful measurements to discriminate among different formation and evolution scenarios of ETGs (we refer to Sect. 6 for more discussion and references). We computed logarithmic gradients for the quantity X as Δlog10(X)/Δlog10(R/Reff) between R1/Reff = 0.1 and R2/Reff ∈ [0.3, 1.6], depending on the galaxy, to be able to compare them with Virgo galaxies by Martocchia et al. (2025). Figure 6 shows the mass-weighted age and metallicity gradients as a function of stellar mass for both clusters. We find that gradients in age are typically shallow [∇(Age) ≳  − 0.2 dex], comparable between the two clusters. Overall, gradients in Z for Virgo are quite shallow, while for Perseus only 2 out of 6 galaxies have shallow gradients. We indeed find a steep ∇Z for the extended galaxy NGC 1272, but we note that we are calculating an inner gradient, between 0.1 and 0.3 R/Reff. Additionally, we note that within our samples we only have massive ETGs [log10(M*/M⊙)≳10]. Shallower gradients for more massive ETGs are found in a few studies (e.g., Tortora et al. 2010; Zibetti et al. 2020; Liao & Cooper 2023), however our sample is too small to make a meaningful comparison. Additionally, we note here that we are calculating gradients for compact galaxies in Perseus, such as NGC 1270, NGC 1277 and WISEAJ031922_30+412545_6, for which the metallicity gradients are quite steep, i.e. ∇Z ≲ −0.4 dex. This is consistent with the spectroscopic works by Trujillo et al. (2014), Ferré-Mateu et al. (2017), and Yıldırım et al. (2017). A further discussion of stellar gradients is provided in Sects. 6.1 and 6.2.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Mass-weighted age gradients (left) and metallicity gradients (right) as a function of galaxy stellar mass, calculated between R1/Reff = 0.1 and R2/Reff ∈ [0.3, 1.6]. Purple (green) symbols are Virgo (Perseus) galaxies. The horizontal dashed grey line indicates a flat gradient. We note that the gradient of NGC 1272 is an inner gradient, calculated up to 0.3 Reff. See text for more details.



5.2. The integrated sample
Figure 7 shows the TUV (left panel) and τ (right panel), colour-coded by the mass-weighted ages of the integrated sample. Overall, ETGs need the presence of the UV upturn to explain their FUV emission, with mean temperatures ⟨TUV, int⟩ = 33 800 ± 8500 K. Interestingly, the average value is consistent within 1σ with the radial sample, though slightly higher. Comparing integrated and radial TUV for the six galaxies in common, the integrated values are generally higher, but agree within uncertainties in four cases. This difference may arise because the radial analysis probes subregions, whereas the integrated study reflects the total galaxy flux. Given the small sample and overall consistency, no firm conclusions can be drawn, and a larger sample is needed to assess whether this trend is general or restricted to a few cases. We also note that higher mass ETGs tend to have lower TUV, but errors are too large to draw strong conclusions. SF timescales for the integrated sample are τ ∈ [250, 1000] Myr, except for three low-mass galaxies for which τ reaches ≃1750 Myr. The average is ⟨τint⟩ = 656 ± 380 Myr. Hence, these results imply that the massive ETGs in Perseus must have assembled their masses relatively fast. We estimated the fraction of stellar mass that each galaxy in the sample grows at redshift z ≃ 5, based on the integration of the SFHs that we obtained. Then, we multiplied the stellar mass at z = 0 from Cuillandre et al. (2025b) by the mass fractions to obtain the stellar mass at z ≃ 5. Errors at 1σ on the mass fraction are estimated through the 1σ errors on the stellar masses from CIGALE. Errors at 1σ on the stellar masses at z ≃ 5 are calculated by propagating the stellar mass error from Cuillandre et al. (2025b) and the error on the fractions. We report the results in Fig. 8, where we show the M* at z = 0 (from Cuillandre et al. 2025b) versus the estimated M* at z ≃ 5 for the Perseus integrated sample, colour-coded by the assembled fraction of stellar mass before z ≃ 5. We observe some discrepancy between integrated and radial analysis, with the majority of the cases where the stellar mass at z ≃ 5 is higher for the integrated study with respect to the radial one. This is likely due to the difference in the aperture radii used in the two studies. Recent works compare resolved and integrated SED fitting techniques and find that the difference in the derived stellar mass is negligible (Euclid Collaboration: Abdurro’uf et al. 2025). We compare our results with the stellar masses estimated by JWST for red quiescent galaxies at z ≃ 5 from the compilation by Antwi-Danso et al. (2025), more specifically from the works by Carnall et al. (2024), de Graaff et al. (2025), and Barrufet et al. (2025). We note that the majority of galaxies has assembled more than 30–50% at z ≃ 5. Around ≃20 galaxies show an extreme accretion close to ≃100%. Finally, we note that the grown stellar mass in both Perseus and Virgo clusters’ ETGs is comparable to that of JWST red quiescent galaxies for the most massive ETGs in the sample, around a mass log10(M*/M⊙)≳10.8.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Temperature of the UV upturn (left), and SF timescale, τ (right), as a function of stellar mass (from Cuillandre et al. 2025b) for the integrated sample, colour-coded by the mass-weighted ages.



6. Discussion
6.1. Stellar gradients and the role of mergers
According to the two-phase scenario originally proposed by Oser et al. (2010), stars form rapidly in situ, at z ≳ 2, producing a compact galaxy characterised by a steep metallicity gradient (∇Z < −0.35 dex; e.g. Larson 1974; Carlberg 1984; Thomas et al. 1999; Kobayashi 2004; Pipino et al. 2010) and a positive age gradient. The latter arises because the galaxy’s deep potential well traps stellar winds, allowing ongoing central SF and resulting in younger SPs toward the core. Nevertheless, mechanisms such as AGN feedback or morphological quenching (Martig et al. 2009) can suppress central SF, thus flattening the inner radial profiles (e.g. Zibetti et al. 2020). In the second phase, ETGs increase their stellar mass through dissipationless mergers, which modify the pre-existing gradients in different ways. Major mergers generally tend to flatten all gradients, as metal-rich stars from the core are redistributed into the outer regions (∇Z ≃ −0.1 dex; e.g. Ogando et al. 2005; Di Matteo et al. 2009; Kobayashi 2004). Conversely, minor mergers tend to steepen metallicity gradients, since the accreted satellites are typically more metal-poor than the central regions of the host galaxy (e.g. Hirschmann et al. 2015).
In the literature, it is possible to find a plethora of studies that aimed at constraining the formation of ETGs through the calculation of gradients from both imaging and spectroscopic surveys. Informative summaries are found in Goddard et al. (2017) and in Zibetti et al. (2020), and references therein. We find that the age and metallicity gradients of the galaxies within the sample are overall shallow [∇(Age/Z)≳ − 0.2 dex], except for the compact galaxies, which we discuss in Sect. 6.2. However, there are several spectroscopic studies that find steeper Z gradients for ETGs (e.g. Martín-Navarro et al. 2018; Parikh et al. 2019; Zibetti et al. 2020, and references therein), with Martín-Navarro et al. (2018) finding that the more massive galaxies show steeper Z gradients with respect to lower mass ones, possibly in contrast with our results. On the contrary, other works find that more massive galaxies show shallower stellar gradients (Tortora et al. 2010; Zibetti et al. 2020; Liao & Cooper 2023). First of all, the cited works are based on much larger samples of ETGs spanning different environments. We note that in this work we analyse ETGs only residing in very dense environments, i.e. galaxy clusters, where gradients have also been found to be shallower (La Barbera et al. 2005), and have likely been flattened by the higher frequency of major mergers in such harsh environments. As the reported sample of stellar gradients is neither complete nor statistically significant, it would be insightful to enlarge this dataset and compare large samples both in cluster and field environments.
Additionally, we checked for information on the GC systems of these galaxies. The colour distribution of GCs have indeed been interpreted as the imprint of the two-phase formation scenario of ETGs. The red GCs are more metal-rich and more centrally concentrated: they represent the in situ SF episode(s); blue or metal-poor GCs, which extend further in the outskirts of galaxies, are thought to be accreted from mergers with smaller satellites (e.g. Côté et al. 1998). While NGC 1277 is found to only host a single, red GC population (Beasley et al. 2018), all the other galaxies13 in the sample show both a red and blue GC population (Alamo-Martínez et al. 2021; Harris 2023). This demonstrates that all galaxies underwent a rapid phase of in situ SF. Then, the observed shallow gradients might suggest either that major mergers have flattened the gradients during the secular evolution after the in situ collapse, or AGN feedback had played a role in flattening the gradients (Tortora et al. 2009, 2010).
6.2. Relic galaxies: A comparison with recent works
The compact galaxies in our sample (NGC 1270, NGC 1277, NGC 1281, and WISEAJ031922_39+412545_6) are usually considered to be good candidate relic galaxies (van Dokkum et al. 2010)14. Overall, we find that compact galaxies have steeper metallicity gradients compared to more extended ETGs, although this needs to be confirmed with a more significant sample. Because their steep gradients persist to large radii (up to SMA/Reff ≃ 1.6), these galaxies likely avoided both minor and major mergers, which would otherwise have disrupted their structure and flattened their gradients. For NGC 1277, we find ∇Z = −0.60 ± 0.23 dex, old SPs and a slightly positive age gradient [∇(Age) = 0.09 ± 0.07 dex], a very fast SFH (τ < 1000 Myr), and an assembled mass fraction at z ≃ 5 close to 100%. This is consistent with the works by Trujillo et al. (2014) and Ferré-Mateu et al. (2017), which measure a ∇Z ≃ −0.54 dex and ∇(Age) ≃ 0.02 dex. For NGC 1270, we also find a steep gradient ∇Z = −0.40 ± 0.12 dex, which is consistent with what was obtained by Yıldırım et al. (2017), their Fig. 11. We find instead a slightly subsolar metallicity for NGC 1281, contrary to what is found by Yıldırım et al. (2016, 2017) who found solar metallicity within the centre of this galaxy (see Appendix D), as well as steeper gradients. The difference with their work might be due to the small coverage in projected radius available for this work. Also, the discrepancy could be due to the fact that in our models we do not include chemical abundance ratios typical of ETGs, foreseen as a next step in order to improve the upturn SP models. We also observe a very steep gradient for the compact galaxy WISEAJ031922_39+412545_6, together with old SPs and large assembled fractions at z ≃ 5. Hence, WISEAJ031922_39+412545_6 might be considered a good candidate relic galaxy. Similarly, many other galaxies within the Perseus cluster might show a high degree of relicness (Ferré-Mateu et al. 2017). As defined in Spiniello et al. (2024), these are ETGs that assembled more than 75% of their stellar masses by z = 2. However, these considerations need to be confirmed through more in-depth structural and kinematical analysis.
6.3. Comparison with high-z red quiescent galaxies from JWST
Within our sample, we are looking for ETGs in the local Universe that might represent the descendants of the most massive red and quiescent galaxies observed by JWST at z > 4.6. It is important to consider that local ETGs have larger sizes than red galaxies observed at high redshfits (e.g. Daddi et al. 2005), therefore a one-to-one comparison could only be performed with the relic galaxies. However, determining the number of nearby ETGs with formation histories analogous to massive high-z red, quiescent galaxies is crucial, as their resolved SPs and SFHs might provide key constraints on cosmological and galaxy formation models. The reconstructed SFHs of the ETGs in this work show that the most massive galaxies in the sample [with log10(M*/M⊙) > 10.8] might have had comparable stellar masses, at z ≃ 5, than the observed massive red quiescent galaxies observed by JWST at similar redshifts (Fig. 8). We find 19 ETGs within the sample (including Virgo galaxies) that had log10(M*/M⊙) > 10.6 at z ≃ 5, comparable to the galaxies by Carnall et al. (2023, 2024). Additionally, we find that only 5 local ETGs had extreme stellar masses log10(M*/M⊙) > 11 at z ≃ 5 comparable to the most extreme case found by JWST (de Graaff et al. 2025). We suggest then that we could look for the progeny of the quiescent JWST high-mass galaxies among the most massive ETGs, which is consistent with what was already predicted by Thomas et al. (2005).
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Stellar mass at z = 0 as a function of the estimated stellar mass at z ≃ 5. Data are colour-coded by the fraction of assembled stellar mass by z ≃ 5. The Perseus integrated sample is connected by vertical dashed blue lines to the results of the radial analysis (cyan stars). Open upside-down blue triangles indicate the radial results on Virgo massive ETGs by Martocchia et al. (2025). The dotted red line represents assembled fractions of 100%, while the solid, dashed, and dash-dotted blue lines indicate the stellar masses found for red quiescent galaxies with JWST at z > 4.6 by Carnall et al. (2023, 2024), de Graaff et al. (2025), and Barrufet et al. (2025). Compilation from Antwi-Danso et al. (2025).



7. Summary and conclusions
We combined the exceptional image quality and depth of the ERO Perseus with FUV and NUV observations from GALEX and AstroSat/UVIT, as well as with ugrizHα data from MegaCam at the CFHT, to deliver FUV-to-NIR magnitudes of the 87 brightest galaxies within the Perseus cluster (Table B.1). We compared the integrated colours of Perseus in FUV − NUV and FUV − IE with those of the Virgo cluster galaxies in Fig. 1, showing that Perseus and Virgo ETGs have similar stellar mass-colour diagrams. On the contrary, we observe different FUV − NUV and FUV − IE colours for the LTGs, with Perseus LTGs being much redder and less numerous (at similar stellar masses) than Virgo’s LTGs. This suggests an efficient ongoing quenching process due to RPS (Boselli et al. 2014).
We reconstructed the SFH of the ETGs in the sample through the SED fitting code CIGALE. For a sub-sample of the galaxies with stellar masses of log10(M*/M⊙) > 10.3, we analysed their radial stellar properties. We combined a high-angular-resolution, high-sensitivity multi-wavelength dataset (FUV-to-NIR) with state-of-the-art SP models, which include a flexible UV-upturn modelling as a function of fuel and temperature (Maraston & Thomas 2000; Le Cras et al. 2016; Martocchia et al. 2025). We studied radial profiles that span from the galaxy nuclei (SMA/Reff ≃ 0.1) up to 1.5 Reff for the majority of these ETGs. We showed that, despite the lack of ongoing SF, the ETGs in the sample have non-negligible UV emission (Fig. 2) that is comparable to that of the most massive ETGs in Virgo. This is most likely due to old, low-mass stars in late evolutionary stages, i.e. the UV upturn. For the majority of ETGs within the sample, we found that the SEDs of Perseus ETGs are indeed well described by a UV upturn component. This might suggest that the UV upturn is an intrinsic property of ETGs, as was proposed by Boissier et al. (2018). The average temperatures we find for the radial sample are ⟨TUV, rad⟩ = 26 100 ± 3000 K: slightly lower, albeit comparable, with what we find for Virgo ETGs in Martocchia et al. (2025). For the integrated sample we find ⟨TUV, int⟩ = 33 800 ± 8500 K. We also find that the SF timescales derived for all ETGs are relatively small. For the radial sample, we estimate timescales of τ ∈ [100, 1500] Myr, while for the full sample τ ∈ [250, 1700] Myr. Additionally, we find shallow age and metallicity gradients, except for the compact galaxies within the sample. We speculate that the shallow gradients could be driven by AGN feedback or major mergers, while a steep behavior in metallicity is consistent with the inside-out growth scenario, where the densest central regions collapse and form stars on very short timescales (e.g. Pipino et al. 2010). For the compact galaxies, we then find results that are consistent with the view that such galaxies might be the direct descendants (relics) of the red compact galaxies found at high-z, remaining untouched by mergers. Through the retrieved SFH with CIGALE, we estimated the fraction of formed stellar mass at z ≃ 5 for all the ETGs in the sample (see Fig. 8). We show that for present-day stellar masses of log10(M*/M⊙)≳10.8, these galaxies had masses at z ≃ 5 comparable to those reported by recent JWST studies of red quiescent galaxies at similar redshifts (Antwi-Danso et al. 2025, and references therein). Our results, together with those regarding the most massive ETGs in Virgo, might suggest that massive local ETGs inhabiting massive clusters [total mass log10(M/M⊙)≳1014 M⊙] enriched fast and in a similar way to massive red galaxies at high redshift, likely representing their progeny.
Nevertheless, the reported works for Virgo and Perseus, which are representative of massive local clusters, serve as benchmark projects that will pave the way for similar studies of a much larger sample of ETGs in diverse environments, from the richest galaxy clusters down to cluster groups, filaments, and voids. This study will be complementary to several other techniques already being studied by the Euclid community, such as in Euclid Collaboration: Kovačić et al. (2025), Euclid Collaboration: Abdurro’uf et al. (2025), and Euclid Collaboration: Nersesian et al. (2026) to estimate the physical properties of galaxies mapped with an unprecedented sky coverage (14 000 deg2), angular resolution, and image quality in terms of the sensitivity that Euclid will soon provide. This will also enable SP analyses in combination with the detection of LSB features down to 30 mag arcsec−2, as well as their GC population (e.g. Saifollahi et al. 2025; Larsen et al. 2025), to reconstruct the assembly histories of a wide sample of ETGs. These datasets will be coupled with other upcoming surveys such as Rubin/LSST, as well as FUV and NUV observations: the GALEX All-sky Imaging Survey offers a large sky coverage of more than ≃22 000 deg2 (Bianchi et al. 2017), with a limiting magnitude of 21–22; the GALEX Medium-depth Imaging Survey is also available, reaching deeper limiting magnitudes of ≃23 (Bianchi et al. 2014). In addition, observations in the FUV with AstroSat are ongoing, with more than 1700 targets observed so far (Bordoloi et al. 2024). With AstroSat/UVIT we have already obtained approved programmes of several kiloseconds to expand the Perseus UV footprint (PI S. Martocchia) as well as for the Fornax ERO field (PI T. Woods). The detection of FUV emission in ETGs, coupled with the lack of gas emission, and consequently of residual SF, highlights the ubiquity of UV upturn stars, whose origin remains a subject of debate. This demonstrates the need for future sensitive FUV observatories, such as the Cosmological Advanced Survey Telescope for Optical and Ultraviolet Research (CASTOR; Côté et al. 2025), the UltraViolet EXplorer (UVEX; Kulkarni et al. 2021; Fucik 2024), and NASA’s upcoming flagship mission, the Habitable Worlds Observatory, which will be key for studies of SPs in galaxies, including the origin of UV upturn stars (Smercina et al. 2025). In parallel, next-generation FIR facilities with a high angular resolution, such as the proposed PRobe far-Infrared Mission for Astronomy (PRIMA; Ciesla et al. 2025), will also be needed, to spatially resolve dust emission in galaxies and extend the wavelength coverage of such high-resolution studies to the FIR.

Data availability
Tables B.1, B.2, and B.3 are available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/708/A63
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1 Through the Mikulski Archive for Space Telescopes (MAST) portal: https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html


2 https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp


3 https://asd.gsfc.nasa.gov/archive/galex/Documents/instrument_summary.html


4 https://irsa.ipac.caltech.edu/applications/Spitzer/SHA/?__action=layout.showDropDown


5 https://irsa.ipac.caltech.edu/applications/wise/?__action=layout.showDropDown


6 We note that we used circle regions instead of ellipses, mainly, as the emission in the FUV and NUV bands of these galaxies has a circle-projected shape.


7 We used the colour-magnitude transformations reported here: https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/docs/filt.html together with the Virgo galaxy SDSS catalogue provided by Cortese et al. (2012).


8 A similar behaviour is also observed when employing optical colours such as g − i colours.


9 Calculated by interpolating the FUV, NUV and IE versus stellar mass curves at log10(M*/M⊙) = 8.7 and 9.7.


10 We also tried to select galaxies with a S/N < 7; however, their radial S/N turned out to be too low (< 2) for a radial analysis.


11 For Virgo, we use that 1″ corresponds to 80 pc (Cantiello et al. 2024).


12 We note that evidence for IMF variations has been found in massive elliptical galaxies, with IMFs bottom-heavier in their centre with respect to their periphery (Martín-Navarro et al. 2015; van Dokkum et al. 2017). In a follow-up study, we constrain the radial variation of the IMF in these galaxies and to extend the models to multiple IMF prescriptions, allowing for radially varying IMFs where supported by the data.


13 Except for WISEAJ031922_39+412545_6, for which we did not find any information on its GC system, to the best of our knowledge.


14 Among these, NGC 1277 is very likely a relic galaxy (Trujillo et al. 2014; Ferré-Mateu et al. 2017; Comerón et al. 2023).




Appendix A:  Continuum-subtracted Hα image of NGC 1275
Figure A.1 shows the central galaxy of the Perseus cluster, NGC 1275, observed in the IE band in the left panel, while the right panel reports the continuum-subtracted Hα image. The exceptional details of the IE image reveals the presence of dust filaments located north-west of the galactic centre, as well as faint stellar structures such as tidal tails located east of the centre of NGC 1275. The continuum-subtracted Hα CFHT image, instead, reveals the well-known filaments characteristic of the cooling flows of this galaxy (e.g. Conselice et al. 2001).
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. EuclidIE (left) and continuum-subtracted Hα (right) image of the central galaxy of Perseus, NGC 1275.




Appendix B:  Integrated UV magnitudes of Perseus galaxies within Euclid
Tables B.1, B.2, and B.3 report the estimated magnitudes from the FUV to the NIR on the galaxy sample in the Perseus ERO field of view with S/N > 3 in both FUV and NUV bands. Table B.1 reports the FUV and NUV magnitudes along with their 1σ errors in both the GALEX and UVIT sample, while Table B.2 (B.3) reports the estimated optical and NIR magnitudes in the GALEX (UVIT) sample. Table B.1 and B.2 consist of 87 rows, while Table B.3 consists of 28 rows.
Table B.1. 
FUV and NUV photometry of the integrated galaxy sample.

Table B.2. 
Optical and NIR photometry of the integrated GALEX galaxy sample.

Table B.3. 
Optical and NIR photometry of the integrated UVIT galaxy sample.


Appendix C:  Comparison between GALEX and UVIT magnitudes.
The left (right) panel of Fig. C.1 reports the comparison among the FUV (NUV) magnitudes from GALEX and UVIT. We show a 1-to-1 relation as well as a linear fit. Figure C.1 shows that the FUV and NUV magnitudes from GALEX and UVIT are comparable, as the correlation coefficient r2 is > 0.95.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Comparison between the UVIT and GALEX FUV (left) and NUV (right) magnitudes for galaxies with a S/N > 3 in the FUV and NUV bands, respectively. The solid red line indicates the one-to-one relation while the dashed blue line represents a linear fit to the data. The squared Pearson correlation coefficient r2 is reported.




Appendix D:  Notes on individual galaxies
In this Appendix, we provide complementary information from the recent literature on the individual galaxies for which we performed a spatially-resolved SP analysis.
NGC 1270. Classified as an E3 galaxy by Meusinger et al. (2020), it is a compact galaxy (Reff ≃2.6 kpc, Cuillandre et al. 2025b) that has been found to be a FR by Raskutti et al. (2014). It is part of the Hobby-Eberly Massive Galaxy Survey (HEMGS), which targeted high velocity dispersion galaxies which might host “over-massive” super massive black holes (SMBH). Ferré-Mateu et al. (2015) found NGC 1270 to be an outlier in the MBH-σ relation, together with NGC 1277 and NGC 1281. Spectroscopic integral-field unit SP analysis also found a shallow gradient up to 2Reff by Greene et al. (2012).
NGC 1272. This galaxy is the second brightest and most massive ETG of the Perseus cluster. It is found to host a SMBH in its centre by Saglia et al. (2024), with a powerful radio jet (Gendron-Marsolais et al. 2021). It is kinematically classified as a slow rotator.
NGC 1277. NGC 1277 was extensively studied in the literature being the first proposed candidate as a relic galaxy, now considered the perfect example of this pristine class of galaxies (Trujillo et al. 2014). NGC 1277 is indeed compact (Reff < 2 kpc) and it is found to lack evidence of ongoing SF (Salvador-Rusiñol et al. 2022). Its SPs are very old as well as iron- and α-rich (Ferré-Mateu et al. 2017). It is found to host a single red GC population (Beasley et al. 2018) and to have no signs of tidal features by Trujillo et al. (2014), indicative of its nature untouched by mergers. Additionally, it is found to have a bottom-heavy IMF (Martín-Navarro et al. 2015) and to be dark matter deficient up to 5Reff, which has been interpreted as the reason why NGC 1277 has not accreted a halo. The lack of dark matter would inhibit dynamical friction and thus the accretion of smaller dwarf satellites (Comerón et al. 2023). Emsellem (2013) and Comerón et al. (2023) also classified it as a FR based on its stellar kinematic.
NGC 1278. NGC 1278 is an elliptical (E3) galaxy (Reff ≃5.6 kpc, Cuillandre et al. 2025b) that was kinematically studied by Comerón et al. (2023) in order to compare it to its neighbour NGC 1277 (see Fig. 3). Comerón et al. (2023) found that NGC 1278 is slow rotator and it has a bottom-lighter IMF with respect to NGC 1277. Additionally, the two galaxies differ in their dark matter content, with NGC 1278 having a non-negligible dark matter fraction.
NGC 1281. NGC 1281 is also a compact galaxy, possible relic candidate. It is a FR, according to Yıldırım et al. (2016), and lie above the MBH − σ relation, together with NGC 1277 and NGC 1270 (Ferré-Mateu et al. 2015). Additionally, Yıldırım et al. (2016) find that NGC 1281 is dark matter rich, three times higher with respect to ETGs in the ATLAS3D sample from Emsellem et al. (2011). Ferré-Mateu et al. (2015) also found solar metallicity in the centre of the galaxy which decreases to subsolar at 3Reff.
WISEAJ031922_39+412545_6. S0 compact galaxy classified as passive (no AGN) by Meusinger et al. (2020). To the best of our knowledge, we are not aware of any specific studies on this galaxy. We did not find information neither on its stellar kinematic nor on its SPs.

Appendix E:  Table of adopted CIGALE parameters
Table E.1 reports on the adopted CIGALE modules and parameters used to fit the galaxies’ SEDs.
Table E.1. 
CIGALE adopted parameters and properties to fit the SEDs of the target ETGs.


Appendix F:  SED fitting results of radially analysed galaxies
Figure F.1 shows the radial and integrated SED fitting results for the six galaxies in the radial sample.
	[image: Thumbnail: Fig. F.1. Refer to the following caption and surrounding text.]	Fig. F.1. Radial (integrated) SEDs for the six galaxies within the radial sample. Brown squares (green triangles) represent the observed fluxes for the radial (integrated) fit, while solid blue (black) lines indicate the best-fit models for the radial (integrated) fits.




Appendix G:  SED fitting quality tests
G.1. SED fitting with no UV Upturn and contribution from young stellar populations
To test whether the UV emission could be reproduced by a young stellar component, we first checked the quality of the fit when setting TUV = 0 K (no UV upturn component), both for the integrated and the radial sample. Overall, we observe that the quality of the fit worsens compared to when upturn models are employed (Fig. G.1, left). Then, in this case where TUV = 0 K, we calculated the fraction in mass of stars younger than 2 Gyr through CIGALE. Salvador-Rusiñol et al. (2022) indeed find an anti-correlation between the stellar mass and the fraction of stars younger than 2 Gyr. We find that the two lowest-mass galaxies in the sample [log10(M*/M⊙) < 9] have fractions higher with respect to the remaining, higher-mass galaxies, however we do not have a statistically significant sample in the low-mass end to confirm this trend. Also, the fractions of young stars in galaxies with log10(M*/M⊙) > 9 is low, with a mean around 0.2% and not exceeding values of 0.3%.
	[image: Thumbnail: Fig. G.1. Refer to the following caption and surrounding text.]	Fig. G.1. Left: Best-fit reduced χ2 as a function of SMA for the galaxies analysed radially. Colours are as in Fig.2. Solid (dashed) lines indicate fits performed without (with) a UV upturn component. Right: As in the left panel, but only for NGC 1272. In this case, the solid line indicates a no Upturn model with the addition of a post-starburst component in the SFH.



Finally, for the single case of NGC 1272, we set TUV = 0 K and we try to reproduce the UV emission by modeling the SFH in CIGALE with a delayed exponential SFH in addition with a post-starburst event. We let the age of the starburst vary among 1, 10, 50, 100 Myr, with a SF timescale of 1, 5, 10, 50 Myr and a fraction in mass of 1% or 10%. We found that a post-starburst SFH is also not capable of reproducing the FUV emission in our target galaxies (right panel of Fig. G.1).
G.2. SED fitting results when the central regions are not masked
Figure G.2 shows the result of the radial SED fitting for the properties of the galaxies analysed radially, when no central masking is applied. A few changes might be visible also in the outer regions, this is due to the nature of the Monte Carlo fitting technique (see Martocchia et al. 2025). For simplicity we only show here the figure of the radial profile. However, we also re-did Figs. 7 and 8 when no central mask is applied and the results of the paper stay unchanged. The average upturn temperature is indeed ⟨TUV, rad, nomask⟩ = 25 000 ± 3100 K, while the mean SF timescale is ⟨τrad, nomask⟩ = 805 ± 274 Myr. Concerning the integrated sample, given that the masking affects only a few objects, this does not affect the final mean results. The mean upturn temperature when no mask is applied is ⟨TUV, int, nomask⟩ = 33 660 ± 8400 K, while the mean SF timescale is ⟨τint, nomask⟩ = 660 ± 380 Myr.
	[image: Thumbnail: Fig. G.2. Refer to the following caption and surrounding text.]	Fig. G.2. As in Fig. 5, but when the central regions are not masked.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. FUV − NUV (left) and FUV − IE (right) colours as a function of stellar mass for the Perseus galaxies studied in this work and for the Virgo galaxies from the GUViCS data (Voyer et al. 2014; Boselli et al. 2014). Filled green squares (diamonds) indicate Perseus ETGs (unclassified) sources from Meusinger et al. (2020). Filled blue diamonds are Perseus LTGs, while the open red circle represents the central galaxy of Perseus, namely NGC 1275. Purple open triangles indicate Virgo LTGs, while Virgo ETGs are represented by purple open stars. M87, the central of Virgo, is also highlighted with an open red square. Black dashed lines are the magnitude limit curves for each corresponding colour for the Perseus observations. Circular apertures are defined in the FUV band starting with a radius equal to the Reff in IE by Cuillandre et al. (2025b). Apertures were adjusted when needed to fully encompass the FUV emission, and checked against the IE images to avoid contamination, as in Voyer et al. (2014). We refer to Sect. 3.1 for more details.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. FUV − NUV (left) and FUV − IE (right) colours as a function of the semi-major axis in kiloparsecs. The empty symbols indicate the values of the central colours calculated when a mask is not applied. The dotted lines connect the central unmasked regions to the successive regions. See Sect. 3.3 for more details. The Perseus ETGs are indicated with solid lines, while the Virgo ETGs from Martocchia et al. (2025) are represented by dashed lines and purple colours. The vertical dash-dotted grey line indicates the projected radius within which a disc of dust is observed in the IE images of NGC 1270, NGC 1277, NGC 1278, and NGC 1281, see Sect. 4.3.
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Top panels: IE images zoomed in the inner regions of NGC 1277, NGC 1278, and NGC 1281, from left to right. Bottom panels: Extinction maps in the IE filter, AIE, constructed from the top panels. North is up and east is to the left.
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	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. SED fitting results of galaxy properties for the radial sample of Perseus ETGs. From the upper left to the lower right we show the mass-weighted age, stellar metallicity, temperature of the UV upturn, and SF timescale as a function of the SMA/Reff. Shaded areas represent 1σ errors.
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	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Mass-weighted age gradients (left) and metallicity gradients (right) as a function of galaxy stellar mass, calculated between R1/Reff = 0.1 and R2/Reff ∈ [0.3, 1.6]. Purple (green) symbols are Virgo (Perseus) galaxies. The horizontal dashed grey line indicates a flat gradient. We note that the gradient of NGC 1272 is an inner gradient, calculated up to 0.3 Reff. See text for more details.
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	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Temperature of the UV upturn (left), and SF timescale, τ (right), as a function of stellar mass (from Cuillandre et al. 2025b) for the integrated sample, colour-coded by the mass-weighted ages.
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	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Stellar mass at z = 0 as a function of the estimated stellar mass at z ≃ 5. Data are colour-coded by the fraction of assembled stellar mass by z ≃ 5. The Perseus integrated sample is connected by vertical dashed blue lines to the results of the radial analysis (cyan stars). Open upside-down blue triangles indicate the radial results on Virgo massive ETGs by Martocchia et al. (2025). The dotted red line represents assembled fractions of 100%, while the solid, dashed, and dash-dotted blue lines indicate the stellar masses found for red quiescent galaxies with JWST at z > 4.6 by Carnall et al. (2023, 2024), de Graaff et al. (2025), and Barrufet et al. (2025). Compilation from Antwi-Danso et al. (2025).
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	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. EuclidIE (left) and continuum-subtracted Hα (right) image of the central galaxy of Perseus, NGC 1275.
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	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Comparison between the UVIT and GALEX FUV (left) and NUV (right) magnitudes for galaxies with a S/N > 3 in the FUV and NUV bands, respectively. The solid red line indicates the one-to-one relation while the dashed blue line represents a linear fit to the data. The squared Pearson correlation coefficient r2 is reported.
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	[image: Thumbnail: Fig. F.1. Refer to the following caption and surrounding text.]	Fig. F.1. Radial (integrated) SEDs for the six galaxies within the radial sample. Brown squares (green triangles) represent the observed fluxes for the radial (integrated) fit, while solid blue (black) lines indicate the best-fit models for the radial (integrated) fits.
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	[image: Thumbnail: Fig. G.1. Refer to the following caption and surrounding text.]	Fig. G.1. Left: Best-fit reduced χ2 as a function of SMA for the galaxies analysed radially. Colours are as in Fig.2. Solid (dashed) lines indicate fits performed without (with) a UV upturn component. Right: As in the left panel, but only for NGC 1272. In this case, the solid line indicates a no Upturn model with the addition of a post-starburst component in the SFH.
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	[image: Thumbnail: Fig. G.2. Refer to the following caption and surrounding text.]	Fig. G.2. As in Fig. 5, but when the central regions are not masked.
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      Table 1. 

      Main information on the archival GALEX and AstroSat/UVIT images centred on the Perseus cluster used in this work.

      
        


	Observatory
	Filter
	λc
	Obs. ID
	Exp. time
	PI/Survey



	
	
	(Å)
	
	(s)
	





	GALEX
	FUV
	1524
	GI1_098001_A0426_0002
	14 990
	R. O’Connell



	GALEX
	FUV
	1524
	NGA_NGC1275
	3345
	Nearby Galaxy Survey



	GALEX
	NUV
	2297
	GI1_098001_A0426_0002
	16 249
	R. O’Connell



	GALEX
	NUV
	2297
	NGA_NGC1275
	3345
	Nearby Galaxy Survey



	AstroSat
	UVIT/BaF2
	1541
	T01_151T01_9000000960
	11 099
	C. Varsha



	AstroSat
	UVIT/NUVB13
	2447
	T01_151T01_9000000960
	10 966
	C. Varsha





      

    

  
    
      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        FUV − NUV (left) and FUV − IE (right) colours as a function of stellar mass for the Perseus galaxies studied in this work and for the Virgo galaxies from the GUViCS data (Voyer et al. 2014; Boselli et al. 2014). Filled green squares (diamonds) indicate Perseus ETGs (unclassified) sources from Meusinger et al. (2020). Filled blue diamonds are Perseus LTGs, while the open red circle represents the central galaxy of Perseus, namely NGC 1275. Purple open triangles indicate Virgo LTGs, while Virgo ETGs are represented by purple open stars. M87, the central of Virgo, is also highlighted with an open red square. Black dashed lines are the magnitude limit curves for each corresponding colour for the Perseus observations. Circular apertures are defined in the FUV band starting with a radius equal to the Reff in IE by Cuillandre et al. (2025b). Apertures were adjusted when needed to fully encompass the FUV emission, and checked against the IE images to avoid contamination, as in Voyer et al. (2014). We refer to Sect. 3.1 for more details.

      

    

  
    
      Table 2. 

      Properties of the Perseus galaxies analysed radially.

      
        


	ID
	log10(M*/M⊙)(a)
	Reff(IE) [kpc](a)
	Morph. Type(b)
	AGN(c)
	Fast/Slow Rot.(d)





	NGC 1270
	10.87
	2.6
	E3
	Yes
	FR



	NGC 1272
	11.63
	15.7
	S0
	Yes
	SR



	NGC 1277
	10.80
	1.9
	S0
	Yes
	FR



	NGC 1278
	11.26
	5.6
	E3
	Yes
	SR



	NGC 1281
	10.87
	2.3
	S0
	Yes
	FR



	WISEAJ031922_39+412545_6
	10.33
	1.3
	S0
	No
	?





      

      
Notes.

(a) Cuillandre et al. (2025b);


(b) Meusinger et al. (2020);


(c) Ferré-Mateu et al. (2015), Park et al. (2017), Saglia et al. (2024);


(d) Raskutti et al. (2014), Saglia et al. (2024), Emsellem (2013), Yıldırım et al. (2016), Comerón et al. (2023).




    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        FUV − NUV (left) and FUV − IE (right) colours as a function of the semi-major axis in kiloparsecs. The empty symbols indicate the values of the central colours calculated when a mask is not applied. The dotted lines connect the central unmasked regions to the successive regions. See Sect. 3.3 for more details. The Perseus ETGs are indicated with solid lines, while the Virgo ETGs from Martocchia et al. (2025) are represented by dashed lines and purple colours. The vertical dash-dotted grey line indicates the projected radius within which a disc of dust is observed in the IE images of NGC 1270, NGC 1277, NGC 1278, and NGC 1281, see Sect. 4.3.

      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Images of the ETGs in the radial sample in the IE band plotted with an asinh scale.

      

    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Top panels: IE images zoomed in the inner regions of NGC 1277, NGC 1278, and NGC 1281, from left to right. Bottom panels: Extinction maps in the IE filter, AIE, constructed from the top panels. North is up and east is to the left.

      

    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        SED fitting results of galaxy properties for the radial sample of Perseus ETGs. From the upper left to the lower right we show the mass-weighted age, stellar metallicity, temperature of the UV upturn, and SF timescale as a function of the SMA/Reff. Shaded areas represent 1σ errors.

      

    

  
    
      Fig. 6. 

      
        [image: Fig. 6. Refer to the following caption and surrounding text.]
      

      
        Mass-weighted age gradients (left) and metallicity gradients (right) as a function of galaxy stellar mass, calculated between R1/Reff = 0.1 and R2/Reff ∈ [0.3, 1.6]. Purple (green) symbols are Virgo (Perseus) galaxies. The horizontal dashed grey line indicates a flat gradient. We note that the gradient of NGC 1272 is an inner gradient, calculated up to 0.3 Reff. See text for more details.

      

    

  
    
      Fig. 7. 

      
        [image: Fig. 7. Refer to the following caption and surrounding text.]
      

      
        Temperature of the UV upturn (left), and SF timescale, τ (right), as a function of stellar mass (from Cuillandre et al. 2025b) for the integrated sample, colour-coded by the mass-weighted ages.

      

    

  
    
      Fig. 8. 

      
        [image: Fig. 8. Refer to the following caption and surrounding text.]
      

      
        Stellar mass at z = 0 as a function of the estimated stellar mass at z ≃ 5. Data are colour-coded by the fraction of assembled stellar mass by z ≃ 5. The Perseus integrated sample is connected by vertical dashed blue lines to the results of the radial analysis (cyan stars). Open upside-down blue triangles indicate the radial results on Virgo massive ETGs by Martocchia et al. (2025). The dotted red line represents assembled fractions of 100%, while the solid, dashed, and dash-dotted blue lines indicate the stellar masses found for red quiescent galaxies with JWST at z > 4.6 by Carnall et al. (2023, 2024), de Graaff et al. (2025), and Barrufet et al. (2025). Compilation from Antwi-Danso et al. (2025).

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        EuclidIE (left) and continuum-subtracted Hα (right) image of the central galaxy of Perseus, NGC 1275.

      

    

  
    
      Table B.1. 

      FUV and NUV photometry of the integrated galaxy sample.

      
        


	ID
	Galaxy
	RA
	Dec
	RG
	FUVG
	eFUVG
	NUVG
	eNUVG
	RU
	FUVU
	eFUVU
	NUVU
	eNUVU



	
	
	(deg)
	(deg)
	(″)
	(mag)
	(mag)
	(mag)
	(mag)
	(″)
	(mag)
	(mag)
	(mag)
	(mag)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)





	1
	MCG+07-07-070
	50.0919121
	41.6409150
	14.86
	16.49
	0.05
	16.28
	0.06
	16.52
	16.34
	0.06
	16.02
	0.02



	2
	NGC 1275
	49.9507129
	41.5116267
	86.22
	14.72
	0.08
	14.20
	0.11
	79.73
	14.45
	0.07
	13.93
	0.04



	3
	NGC 1272
	49.8387080
	41.4906450
	9.38
	19.44
	0.08
	18.87
	0.12
	5.62
	19.66
	0.09
	19.26
	0.05



	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...





      

      
Notes. Columns give the following information: (1) ID, (2) galaxy name from Cuillandre et al. (2025b), (3) RA (J2000), (4) Dec (J2000) from Cuillandre et al. (2025b), (5) radius in arcsec, used for the calculation of the magnitudes on the GALEX images, (6), (7), (8), (9) GALEX FUV, NUV magnitudes with 1σ errors; (10) radius in arcsec, used for the calculation of the magnitudes on the UVIT images, (11), (12), (13), (14) AstroSat/UVIT FUV, NUV magnitudes with 1σ errors.



    

  
    
      Table B.2. 

      Optical and NIR photometry of the integrated GALEX galaxy sample.

      
        


	ID
	uG
	euG
	gG
	egG
	rG
	erG
	iG
	eiG
	zG
	ezG
	IE, G
	eIE, G
	YE, G
	eYE, G
	JE, G
	eJE, G
	HE, G
	eHE, G



	
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)





	1
	15.399
	0.113
	14.938
	0.156
	14.563
	0.189
	14.631
	0.270
	14.636
	0.336
	14.757
	0.253
	14.584
	0.341
	14.565
	0.230
	14.515
	0.220



	2
	12.824
	0.119
	11.631
	0.092
	10.774
	0.045
	10.580
	0.082
	10.520
	0.064
	10.784
	0.066
	10.173
	0.045
	10.068
	0.041
	9.918
	0.040



	3
	15.661
	0.057
	13.808
	0.029
	12.780
	0.018
	12.435
	0.015
	12.186
	0.011
	12.761
	0.014
	12.008
	0.011
	11.865
	0.010
	11.710
	0.011



	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...





      

      
Notes. Columns give the following information: (1) ID, (2)-(19) CFHT ugriz, IE, YE, JE, HE magnitudes with 1σ errors for the GALEX apertures.



    

  
    
      Table B.3. 

      Optical and NIR photometry of the integrated UVIT galaxy sample.

      
        


	ID
	uU
	euU
	gU
	egU
	rU
	erU
	iU
	eiU
	zU
	ezU
	IE, U
	eIE, U
	YE, U
	eYE, U
	JE, U
	eJE, U
	HE, U
	eHE, U



	
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)





	1
	15.330
	0.108
	14.771
	0.178
	14.518
	0.191
	14.757
	0.247
	14.668
	0.341
	14.688
	0.252
	14.519
	0.335
	14.530
	0.306
	14.475
	0.278



	2
	12.853
	0.112
	11.568
	0.078
	10.852
	0.047
	10.844
	0.093
	10.678
	0.063
	10.837
	0.066
	10.230
	0.048
	10.123
	0.041
	9.969
	0.034



	3
	16.158
	0.057
	14.190
	0.010
	13.267
	0.007
	13.098
	0.010
	12.746
	0.006
	13.224
	0.008
	12.460
	0.005
	12.312
	0.005
	12.155
	0.004



	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...
	...





      

      
Notes. Same as in Table B.2 but for the UVIT apertures.



    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        Comparison between the UVIT and GALEX FUV (left) and NUV (right) magnitudes for galaxies with a S/N > 3 in the FUV and NUV bands, respectively. The solid red line indicates the one-to-one relation while the dashed blue line represents a linear fit to the data. The squared Pearson correlation coefficient r2 is reported.

      

    

  
    
      Table E.1. 

      CIGALE adopted parameters and properties to fit the SEDs of the target ETGs.

      
        


	Parameter
	Value
	Units
	Description





	SFH: sfhdelayed module



	t
	0–13 400
	Myr
	SFH range



	τ
	100, 300, 500, 800, 1000,
	Myr
	e-folding timescale of SF



	
	1500, 2000, 2500, 3000, 4000, 5000
	
	



	




	SSPs: uvupturn module



	Z
	0.01, 0.02, 0.04
	
	Metallicity



	T
	0 (no Upturn), 25 000, 35 000, 40 000
	K
	Temperature of the upturn component



	f
	0
	
	Fuel parameter. 0: low fuel, 1: high fuel.



	




	Dust Attenuation: dustatt_modified_starburst module



	E(B − V)young
	0.0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.3,
	
	Stellar colour excess of the young populations.



	
	0.4, 0.5, 0.7, 0.8, 0.9, 1.0
	mag
	



	E(B − V)old
	0, 0.0025, 0.005, 0.01, 0.025, 0.05,
	
	Stellar colour excess of the old populations.



	
	0.15, 0.2, 0.25, 0.35, 0.4, 0.45, 0.5
	mag
	



	E(B − V) factor
	0.5
	mag
	Conversion factor between young and old.



	uv_bump_amplitude
	3
	
	Amplitude of the UV bump



	powerlaw_slope
	−0.25
	
	Slope δ of the attenuation powerlaw



	




	Dust emission: themis module



	qhac
	0.02, 0.06, 0.14, 0.17,
	
	Mass fraction of hydrocarbons solids (HAC)



	
	0.2, 0.24, 0.32, 0.4
	
	



	Umin
	0.1, 0.3, 0.5, 0.8, 1.2, 1.5, 2, 2.5,
	
	Minimum radiation field



	
	3, 3.5, 6, 10, 17, 30, 50, 80
	Habing
	



	α
	1.0, 1.5, 2.0, 2.5
	
	powerlaw slope



	γ
	0, 0.001, 0.002, 0.004, 0.008,
	
	Fraction illuminated from Umin to Umax



	
	0.016, 0.031, 0.063, 0.13, 0.25, 0.5
	
	



	




	Properties



	sfh.sfr
	from CFHT-Hα images
	M⊙/yr
	5σ upper limit on SFR.





      

    

  
    
      Fig. F.1. 

      
        [image: Fig. F.1. Refer to the following caption and surrounding text.]
      

      
        Radial (integrated) SEDs for the six galaxies within the radial sample. Brown squares (green triangles) represent the observed fluxes for the radial (integrated) fit, while solid blue (black) lines indicate the best-fit models for the radial (integrated) fits.

      

    

  
    
      Fig. G.1. 

      
        [image: Fig. G.1. Refer to the following caption and surrounding text.]
      

      
        Left: Best-fit reduced χ2 as a function of SMA for the galaxies analysed radially. Colours are as in Fig.2. Solid (dashed) lines indicate fits performed without (with) a UV upturn component. Right: As in the left panel, but only for NGC 1272. In this case, the solid line indicates a no Upturn model with the addition of a post-starburst component in the SFH.

      

    

  
    
      Fig. G.2. 

      
        [image: Fig. G.2. Refer to the following caption and surrounding text.]
      

      
        As in Fig. 5, but when the central regions are not masked.
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