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Abstract

Context. The wavelength dependence of the projection of the fundamental plane along the velocity dispersion axis, namely the Kormendy relation, is well characterised at low redshift but poorly studied at intermediate redshifts. The Kormendy relation provides information on the evolution of the population of early-type galaxies (ETGs). Therefore, by studying it, we may shed light on the assembly processes of these objects and their size evolution. As studies at different redshifts are generally conducted in different rest-frame wavebands, it is important to investigate whether the Kormendy relation is dependent on wavelength. Knowledge of such a dependence is fundamental to correctly interpreting the conclusions we might draw from these studies.

Aims. We analyse the Kormendy relations of the three Hubble Frontier Fields clusters, Abell S1063 at z = 0.348, MACS J0416.1-2403 at z = 0.396, and MACS J1149.5+2223 at z = 0.542, as a function of wavelength. This is the first time the Kormendy relation of ETGs has been explored consistently over such a large range of wavelengths at intermediate redshifts.

Methods. We exploit very deep Hubble Space Telescope photometry, ranging from the observed B-band to the H-band, and VLT/MUSE integral field spectroscopy. We improve the structural parameter estimation we performed in a previous work by means of a newly developed PYTHON package called MORPHOFIT.

Results. With its use on cluster ETGs, we find that the Kormendy relation slopes increase smoothly with wavelength from the optical to the near-infrared (NIR) bands in all three clusters, with the intercepts becoming fainter at lower redshifts due to the passive ageing of the ETG stellar populations. The slope trend is consistent with previous findings at lower redshifts.

Conclusions. The slope increase with wavelength implies that smaller ETGs are more centrally concentrated than larger ETGs in the NIR with respect to the optical regime. As different bands probe different stellar populations in galaxies, the slope increase also implies that smaller ETGs have stronger internal gradients with respect to larger ETGs.
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⋆ The table of structural parameters described in Appendix A is only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/671/L9



1. Introduction
Studies of how the structural parameters of galaxies are linked to their dynamics and stellar properties via scaling relations and how these change as a function of redshift, environment, and wavelength have been used many times as probes to understand the formation and evolution of galaxies. The fundamental plane (FP; Dressler et al. 1987; Djorgovski & Davis 1987; Bender et al. 1992; Saglia et al. 1993; D’Onofrio & Chiosi 2022; D’Onofrio & Chiosi 2023) and its projections are among the most important galaxy scaling relations. The FP links the structural properties of early-type galaxies (ETGs), such as their surface brightnesses and effective radii, with their dynamics. One of its projections is the Kormendy relation (KR; Kormendy 1977). The KR links the effective radius Re of an ETG to its average surface brightness within that radius ⟨μ⟩e, ⟨μ⟩e = α + βlogRe. The KR is a physical correlation, presumably reflecting the difference in the origin of bright and faint ellipticals and bulges; it provides information on how the size and light distribution in ETGs evolve as a function of redshift. This implies that the KR can be used to understand whether ETGs have completed their growth in mass and size at their redshift or if there is still significant growth up to z = 0. Furthermore, the KR can also be used to study the bulge formation of disk galaxies (Gadotti 2009): classical bulges can be disentangled from pseudobulges, the latter being 3σ outliers with respect to the best-fitting KR (Costantin et al. 2018; Gao et al. 2020).
The KR has been studied extensively in the literature (Ziegler et al. 1999; La Barbera et al. 2003; Longhetti et al. 2007; Rettura et al. 2010; Saracco et al. 2014). However, the conclusions drawn from it are contrasting; in particular, they depend on how the sample of galaxies is selected, that is, whether this selection is based on colours, Sérsic indices, or stellar populations (e.g., Saracco et al. 2010; Andreon et al. 2016; Fagioli et al. 2016). In Tortorelli et al. (2018), we investigated the effect of sample selection and found that a selection purely based on colours may bias the KR parameter estimates, while galaxies selected through Sérsic indices (ETGs), visual inspection (ellipticals), and spectra (passives) constitute a more coeval population.
Additionally, the morphologies and therefore the sizes of galaxies may appear different at different wavelengths. As different wavelengths probe different regions and physical processes inside the galaxies, the KR does not necessarily hold or have the same parameters at all wavelengths. The surface brightness in the near-infrared (NIR) is less affected by gas and dust extinction; it is instead dominated by the older stellar population of galaxies, which constitutes their main stellar mass component, especially that of ETGs. Therefore, the contrast between the NIR and the optical observations translates into the contrast between the underlying mass component (older stellar population) and the younger stellar population component. Therefore, the wavelength range used to study the KR may impact the conclusions that we can draw from it. Studies of the wavelength dependence of the KR at low redshift have been conducted by La Barbera et al. (2010), for example. These studies show that there is evolution of the KR slope as a function of wavelength for Sloan Digital Sky Survey (SDSS) ETGs selected via colours in the form of a steepening of the relation from the g to the K observed bands. However, studies at higher redshifts (z >  0.3) with samples of ETGs consistently selected at different redshifts are still missing.
In this Letter, we use data from the Hubble Space Telescope (HST) Frontier Fields (FF) survey (Lotz et al. 2017) to study the KR of ETGs as a function of wavelength in three clusters at intermediate redshift, namely Abell S1063 at z = 0.348, MACS J0416.1-2403 at z = 0.396, and MACS J1149.5+2223 at z = 0.542. We build the KR for ETGs selected via Sérsic indices only, following the conclusions in Tortorelli et al. (2018) regarding the consistent selection of ETGs at different redshifts.
We measured the structural parameters using a new PYTHON package we developed called MORPHOFIT (Tortorelli & Mercurio 2023). We used the data-analysis pipeline first introduced in Tortorelli et al. (2018) and refined in Tortorelli & Mercurio (2023), which involves fitting the surface-brightness profiles of galaxies in images of increasing size.
The Letter is structured as follows. In Sect. 2, we describe the photometric and spectroscopic data used for this analysis. In Sect. 3, we summarise the structural parameter estimation process using MORPHOFIT. In Sect. 4, we present our results for the Kormendy-relation behaviour as a function of wavelength. Finally, we provide our main conclusions in Sect. 5.
Unless otherwise stated, we give errors at the 68 per cent confidence level, and we report the circularised effective radii. Throughout this Letter, we use H0 = 70 km s−1 Mpc−1 in a flat cosmology with ΩM = 0.3 and ΩΛ = 0.7. In the adopted cosmology, 1″ corresponds to 4.921 kpc at z = 0.348, to 5.340 kpc at z = 0.396, and to 6.364 kpc at z = 0.542.
2. Dataset
We analysed the three clusters Abell S1063 (AS1063) at z = 0.348, MACS J0416.1-2403 (M0416) at z = 0.396, and MACS J1149.5+2223 (M1149) at z = 0.542. A wealth of multi-wavelength and wide-field data are available for AS1063, M0416, and M1149 from photometry and spectroscopy (Rosati et al. 2014; Karman et al. 2015; Grillo et al. 2016; Mercurio et al. 2021). The photometric data we use in this study are available at the STScI Mikulski Archive for Space Telescopes (MAST) 1. These data belong to the FF programme2 (PI: J. Lotz, Lotz et al. 2017), which was designed to combine the power of HST and Spitzer with the natural gravitational telescope effect of massive high-magnification clusters of galaxies. These datasets allow us, for instance, to test predictions of the ΛCDM model (Annunziatella et al. 2017; Sartoris et al. 2020), to measure the Hubble constant value (Grillo et al. 2018, 2020), to refine weak and strong lensing models in order to map the total mass distribution in clusters (Gruen et al. 2013; Caminha et al. 2016; Bergamini et al. 2019; Granata et al. 2022), and to serendipitously discover very distant lensed galaxies up to z ∼ 6 (Vanzella et al. 2016; Balestra et al. 2018).
In order to measure the structural parameters (i.e. effective radii and surface brightnesses), we used the 0.060 arcsec/pixel images in all seven optical/NIR bands of the FF programme. The three optical bands F435W, F606W, F814W belong to the Advanced Camera for Surveys (ACS), while the four NIR bands F105W, F125W, F140W, F160W belong to the Wide Field Camera 3 (WFC3) IR imager. These bands span a wavelength range from ∼3500 Å, corresponding to the observed Johnson B-band filter, to ∼17 400 Å, corresponding to the observed H filter. This roughly corresponds to the rest-frame ranges: u to J band for AS1063 and M0416, and near-UV to Y band for M1149. We use the drz science images, the rms images, and the exp exposure-time-map images.
The AS1063 and M1149 spectroscopically confirmed cluster members we use in our analysis are the same as those selected in Tortorelli et al. (2018) using the Multi Unit Spectroscopic Explorer (MUSE) spectrograph integral field unit (IFU) spectra. The confirmed members are 95 for AS1063, which have redshifts in the range 0.335 ≤ z ≤ 0.361 (Karman et al. 2015), and 68 for M1149, which have redshifts of 0.52 ≤ z ≤ 0.57 (Grillo et al. 2016). HST imaging and MUSE IFU spectra allow us to reach a completeness in apparent magnitude of 1.0 down to a value of 22.5 in the F814W waveband (Caminha et al. 2016). This limit roughly corresponds to a stellar mass value of M* ∼ 109.8 M⊙ and M* ∼ 1010.0 M⊙ for AS1063 and M1149, respectively, for the typical spectral energy distribution of the sources we are interested in and considering a Salpeter initial mass function (IMF; Salpeter 1955). The cluster members for M0416 are also those for which MUSE spectra are available; there are 119 members, which have redshifts of 0.38 ≤ z ≤ 0.41. The description of the member selection is detailed in Annunziatella et al. (2017) and Caminha et al. (2017).
In Tortorelli et al. (2018), we defined and compared four different galaxy samples according to (a) Sérsic indices: early-type (‘ETG’), (b) visual inspection: ‘ellipticals’, (c) colours: ‘red’, (d) spectral properties: ‘passive’. We showed that the KR built with the ‘ETG’ sample is fully consistent with the ones obtained with the ‘elliptical’ and ‘passive’ samples. On the other hand, the KR slope built with the ‘red’ sample is only marginally consistent with those obtained with the other samples. Therefore, in this work, we analyse the results using only the sample of ETGs selected via Sérsic indices.
3. Structural parameter estimates with MORPHOFIT
In order to build the KR, we need to estimate the structural parameters of spectroscopically confirmed cluster members. We do this using the PYTHON package MORPHOFIT3 (Tortorelli & Mercurio 2023). The package uses SEXTRACTOR (Bertin & Arnouts 1996) and GALFIT (Peng et al. 2011) to automatically fit the surface-brightness profile of a set of user-defined galaxies. The code is highly parallelisable, making it suitable for modern wide-field photometric surveys. A complete description of the software features can be found in Tortorelli & Mercurio (2023).
The methodology for the estimation of structural parameters is a refined version of that highlighted in Tortorelli et al. (2018). To deal with the cluster-crowded environment and the intracluster light contribution, we adopt an iterative approach that analyses images of increasing size (from stamps to the full images) using different point-spread-function (PSF) images, background-estimation methods, and sigma image creation.
The analysis with MORPHOFIT starts by running SEXTRACTOR in forced photometry mode on the drizzled images of the three clusters in all seven wavebands. The structural parameters estimated with SEXTRACTOR constitute the initial values of the surface-brightness profile fits with GALFIT. As GALFIT requires a PSF image for the light-profile convolution, and it has been proven that different PSFs may lead to different structural parameter estimates (Vanzella et al. 2019), we built four different PSF images with four different methods for each cluster and each waveband (see Fig. 2 in Tortorelli & Mercurio 2023) to average out systematic effects arising from a specific model PSF. We used the SEXTRACTOR catalogue to select stars on the images based on their loci on the magnitude–size (MAG_AUTO vs. FLUX_RADIUS SEXTRACTOR parameters) and magnitude–maximum surface brightness (MAG_AUTO vs. MU_MAX SEXTRACTOR parameters) planes and then cut stamps of 50 pixels in size around them. The sample of stars is further refined based on a signal-to-noise ratio (100 ≤ S/N ≤ 800) and isolability criterion (no detected sources around).
MORPHOFIT then cuts stamps around the spectroscopically confirmed cluster members and fits their light profiles and those of the neighbouring objects in the stamps with GALFIT. We fit single Sérsic profiles with initial values of the positions, magnitudes, half-light radii, axis ratios, and position angles given by the SEXTRACTOR parameters XWIN_IMAGE, YWIN_IMAGE, MAG_AUTO, FLUX_RADIUS, BWIN_IMAGE/AWIN_IMAGE, and THETAWIN_IMAGE, respectively. The initial values of the Sérsic indices are kept fixed at 2.5. The fit is performed on each member for all seven wavebands with different combinations of four kinds of PSF images, two background estimate methods and two different ways of providing GALFIT with sigma images (see Sects. 2 and 4 in Tortorelli & Mercurio 2023 for more details). For each galaxy, we combine the measurements Xi obtained with the various combinations (‘comb’) into a single estimate Xest of the structural parameters via an error-weighted mean:
[image: thumbnail](1)
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where wi and Xi, err are the weights and the errors quoted by GALFIT for each fit, respectively. The error on the estimates σest is computed as the square root of the unbiased, weighted estimator sample variance:
[image: thumbnail](3)
These structural parameters are, in turn, used as initial values for the light-profile fit of galaxies in images of increasing size, first on image regions and then on the full images. We used the same combination of PSF images, background, and sigma images as the fit on stamps. The final structural parameters we used to build the KR at different wavelengths are a weighted mean (Eq. (A.2)) of those obtained with the different combinations in the seven wavebands on the full images. The structural parameters for the three clusters are provided as supplementary material to this Letter (Appendix A).
4. The Kormendy relation as a function of wavelength
We used the structural parameters estimated in Sect. 3 to select the sample of ETGs we used to build the KR. Following Tortorelli et al. (2018), we fit galaxies with single Sérsic profiles and select ETGs as those having Sérsic indices in the F814W waveband, nF814W ≥ 2.5. Additionally, we limit our analysis to galaxies brighter than the completeness limit, mF814W ≤ 22.5 ABmag, and we do not consider BCGs in the fit. The number of galaxies satisfying this criterion is 42, 50, and 35 for AS1063, M0416, and M1149, respectively.
We performed the linear regression analysis of the KR, ⟨μ⟩e = α + βlogRe, as in Tortorelli et al. (2018), using the bivariate correlated errors and intrinsic scatter estimator (BCES; Akritas & Bershady 1996) method. ⟨μ⟩e and Re are in units of mag arcsec−2 and kpc, respectively, and the surface brightness is corrected for the cosmological dimming effect. Table 1 reports the slopes, intercepts, scatters, and their 1σ uncertainties of the best-fitting KRs built with the ETG samples for the three clusters in the seven wavebands.
Table 1. 
Best-fitting slopes, intercepts, observed scatters, and their 1σ errors obtained by fitting the KR to the ETG samples.

Figure 1 shows the slope and intercept evolution with wavelength for AS1063, M0416, and M1149. We fit a linear relation to the slopes as a function of wavelength. We find the slopes of the three clusters evolve with wavelength, smoothly increasing their values from the observed B-band to the observed H-band. This result extends the trend of the KR slope increase with wavelength already found at low redshift by La Barbera et al. (2010) to intermediate redshift. In our work, the NIR slopes have higher values and are only marginally consistent within the errors with the values quoted by La Barbera et al. (2010), despite our errors being larger due to the much smaller number of objects.
	[image: thumbnail]	Fig. 1. Best-fitting KR slope β (left panel) and intercept α (right panel) evolution as a function of wavelength for AS1063, M0416, and M1149 (blue, green, and red points, respectively). The scatter points refer to the best-fitting KR slopes and intercepts obtained from the linear regression on the galaxy structural parameters measured with MORPHOFIT. The dashed lines in the left panel represent the best-fitting linear relations that describe the trend of increasing slope values as a function of wavelength for the three clusters. The coloured bands group the scatter points belonging to the same waveband, which are displaced for clarity. The left plot legend shows the slope values and their 1σ uncertainties.



A steeper KR implies that the difference in the surface brightness between small and large ETGs is larger than that obtained with a shallower KR. This physically implies that smaller ETGs are more centrally concentrated than larger ETGs in the NIR regime with respect to the optical one. As different wavebands probe different stellar populations in the galaxy, the smooth increase in slope from optical to NIR also implies that smaller ETGs have stronger internal stellar population gradients than galaxies with larger effective radii. Additionally, this result points to the fact that the analysis of the KR at different redshifts should be conducted in the same rest-frame bands; otherwise, the wavelength evolution may impact the conclusions from the KR analysis.
We also split the samples of cluster members in apparent magnitude bins to replicate the conclusions in Nigoche-Netro et al. (2008) in regards to the KR slope dependence on the width of the magnitude range and the brightness of galaxies within the magnitude range. We were not able to assess whether this trend is also present in our data, given the small sample of spectroscopically confirmed members. The errors estimated via bootstrap are very high, because with small samples, removing an object changes the KR parameters dramatically. Therefore, any trend existing with magnitude is completely masked by the very large errors.
The trend of the intercepts shows an expected behaviour as a function of wavelength. The intercepts of the three clusters get brighter at larger wavelengths, because the sample of ETGs is expected to be constituted by a population of galaxies with passive spectral energy distributions. The trend as a function of redshift is also consistent with what we already found in Tortorelli et al. (2018), meaning that the intercepts become fainter at lower redshift due to the passive ageing of the ETG stellar populations. The scatter points of AS1063 and M0416 are almost consistent at all wavelengths, given their smaller difference in redshift with respect to M1149.
5. Conclusions
In this Letter, we present our investigation of how the KR parameters change as a function of the wavelength range probed. We performed this analysis using spectroscopically confirmed cluster members of the three FF clusters, Abell S1063 (z = 0.348), MACS J0416.1-240(z = 0.396), and MACS J1149.5+2223 (z = 0.542) in seven photometric wavebands from the observed B-band to the observed H-band.
We measured the galaxy structural parameters for the KR using the PYTHON package MORPHOFIT (Tortorelli & Mercurio 2023), following a refined version of the methodology of increasing image size already adopted in Tortorelli et al. (2018). We used the structural parameters to select ETGs as those with Sérsic indices, nF814W ≥ 2.5, and magnitude brighter than the completeness limit, mF814W ≤ 22.5 ABmag.
We built the KR across the whole range of available wavelengths, and find that the KR intercepts follow an expected trend, becoming fainter at lower redshift due to the passive ageing of the ETG stellar populations. We also find that the slopes of the KRs increase smoothly with wavelength for all three clusters.
This result extends the conclusions already found by La Barbera et al. (2010) at low redshift with SDSS to intermediate redshifts. The slope increase with wavelength implies that smaller ETGs are more centrally concentrated in the NIR than those with larger radii with respect to the optical regime. As different wavelengths probe different stellar populations, this also implies that smaller ETGs have stronger internal stellar population gradients than larger ETGs. Our investigation of the slope change with wavelength suggests that studies addressing the KR evolution should be conducted at similar rest-frame wavebands at different redshifts for a robust comparison.


1 https://archive.stsci.edu/prepds/frontier/


2 http://www.stsci.edu/hst/campaigns/frontier-fields/HST-Survey


3 https://pypi.org/project/morphofit/
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Appendix A:  Catalogues of structural parameters
The catalogues of structural parameters for the three clusters AS1063, M0416, and M1149 are provided as supplementary material to this letter. Catalogues are provided in the form of FITS tables. The table column names (in typewritten font) and their descriptions are as follows:

	ID: ID in serial order.


	RA: right ascension in degrees.


	DEC: declination in degrees.


	MAG_x: total magnitude in the x-band.


	MAG_ERR_x: total magnitude error in the x-band.


	RE_x: circularised effective radius in kpc in the x-band.


	RE_ERR_x: circularised effective radius error in kpc in the x-band.


	MU_x: average surface brightness within the effective radius in mag arcsec−2 in the x-band.


	MU_ERR_x: average surface brightness within the effective radius error in mag arcsec−2 in the x-band.


	N_x: Sérsic index in the x-band.


	N_ERR_x: Sérsic index error in the x-band.


	AR_x: axis ratio in the x-band.


	AR_ERR_x: axis ratio error in the x-band.


	PA_x: position angle in degrees in the x-band.


	PA_ERR_x: position angle error in degrees in the x-band.


MAG_x, N_x, AR_x, PA_x and their respective errors are the final structural parameters obtained in Sect. 3 from the fit on the full images. The weighted-means re_x, MAG_x, AR_x and the errors re_ERR_x, MAG_ERR_x, AR_ERR_x of the effective radii in pixels, magnitudes and axis ratios in the x-band are used to compute the circularised effective radii in kpc,
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the average surface brightnesses within that radius,
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and their respective errors RE_ERR_x and MU_ERR_x.


All Tables
Table 1. 
Best-fitting slopes, intercepts, observed scatters, and their 1σ errors obtained by fitting the KR to the ETG samples.
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All Figures
	[image: thumbnail]	Fig. 1. Best-fitting KR slope β (left panel) and intercept α (right panel) evolution as a function of wavelength for AS1063, M0416, and M1149 (blue, green, and red points, respectively). The scatter points refer to the best-fitting KR slopes and intercepts obtained from the linear regression on the galaxy structural parameters measured with MORPHOFIT. The dashed lines in the left panel represent the best-fitting linear relations that describe the trend of increasing slope values as a function of wavelength for the three clusters. The coloured bands group the scatter points belonging to the same waveband, which are displaced for clarity. The left plot legend shows the slope values and their 1σ uncertainties.
In the text




OEBPS/aa46151-23-fig1.jpg
15
AS1063, b=(14+4)x 107 $ AS1063
M0416, b=(9£2) x 103 & Mo416
---- M1149, b=(16+11) x 1075 16 é M1149 } }
17 { g }i
-
18 #
19 é
20
211 &
f435w 606w 814w 105w 12! fl40w 160w fa35w  f606w f8law f105w 125w fl40w  f160w
2
4000 6000 8000 10000 12000 14000 16000 4000 6000 8000 10000 12000 14000 16000
A [A] A 141








OEBPS/aa46151-23-fig1_small.jpg






