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Abstract

The study of scaling relations of disc galaxies and their evolution across cosmic time requires accurate estimates of galaxy stellar masses, M⋆, over broad redshift ranges. While photometric M⋆ estimates (Mphot) based on spectral energy distribution (SED) modelling methods are employed routinely at high-z, it is unclear to what extent these are compatible with dynamical M⋆ estimates (Mdyn), available for nearby galaxies. Here, we compare newly determined, SED-model-based Mphot with previously obtained Mdyn inferred via rotation curve decomposition techniques in a sample of ∼100 nearby galaxies from the SPARC database. We find that the two mass estimates show a systematic agreement at the ∼12% (0.05 dex) level and a ∼55% (0.22 dex) scatter across almost 5 dex in M⋆. Our Mphot estimates correspond to mass-to-light ratios in the 3.6 μm band that increase gradually with 3.6 μm luminosity, as a consequence of the earlier (later) assembly history of high-mass (low-mass) disc galaxies. The choice of using either Mdyn or Mphot has only a marginal impact on the slope and zero-point of the Tully-Fisher and Fall relations: the observed orthogonal scatter in both relations is virtually the same for the two methods, and indistinguishable from that derived using a constant mass-to-light ratio in the 3.6 μm band. M⋆ estimates based on the assumption that discs are marginally stable lead to the largest scatter in the scaling relations.
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1. Introduction
Stellar mass, M⋆, rotation speed, vrot, and specific angular momentum, j⋆, are among the most basic properties of galaxies. They are linked together by well-known scaling laws: the Tully & Fisher (1977) relation (TFR, M⋆ vs. vrot) and the Fall (1983) relation (FR, j⋆ vs. M⋆). Characterising these laws at different redshifts allows us to trace the build-up of galactic mass and angular momentum across cosmic time, and thus to guide and constrain our understanding of galaxy formation, from simple analytical models (Fall & Efstathiou 1980; Mo et al. 1998) to the most complex hydrodynamical simulations (Grand et al. 2017; El-Badry et al. 2018; Rodriguez-Gomez et al. 2022). These scaling laws are well determined in the local Universe (e.g. Lelli et al. 2016a; Posti et al. 2018), but are less robust at higher redshifts, with different studies reporting discrepant slopes, amplitudes, and dispersions (Di Teodoro et al. 2016; Übler et al. 2017; Harrison 2017; Marasco et al. 2019; Espejo Salcedo et al. 2025).
The scaling laws require accurate estimates of M⋆, which can be derived by two complementary approaches: photometric and dynamical (hereafter Mphot and Mdyn). For the former, photometry in several wavebands is matched to a stellar population synthesis (SPS) model with an adjustable mass and star formation history (SFH). This approach is based on the fact that the light observed at different wavelengths is dominated by stellar generations of different ages, and hence different mass-to-light ratios. It has the advantage of requiring only broad-band imaging, and it is the only reliable method of estimating M⋆ at high redshifts. Its main disadvantage is that it is subject to possible systematic uncertainties in the stellar initial mass function (IMF), stellar spectral libraries, and modelling of the advanced stages of stellar evolution (e.g. Martínez-García et al. 2021).
The dynamical approach to estimating M⋆ is based on the motions of stars and gas in galaxies induced by gravity. For disc galaxies, this usually entails fitting the observed rotation curve (nearly circular motion) to a mass model consisting of several components: a stellar disc and stellar bulge, a gaseous disc, and a dark matter (DM) halo. Under ideal conditions, the masses of all four components can be uniquely determined. In practice, however, this is often not possible as a result of degeneracies among the masses, especially those of the flat components (stellar and gaseous discs) and the round components (stellar bulge and DM halo). A great deal of experience in such mass modelling over the years has shown that flat-round (or ‘disc-halo’) degeneracies are strong when the rotation curve covers only the stellar disc and are substantially less severe when it extends far beyond (e.g. van Albada et al. 1985). This in turn means that Hα rotation curves alone are insufficient to break the degeneracy and that extended H I or a combination of Hα and H I rotation curves are necessary, but not always sufficient (e.g. Kent 1986, 1987).
The purpose of this Letter is to make a direct comparison between both estimates of stellar mass, Mphot and Mdyn, for a local sample of ∼100 well-studied disc galaxies with extended H I rotation curves. In this way, we can assess any potential biases in estimates of M⋆ by the two approaches and their impact on scaling relations. This comparison is only possible for present-day galaxies, but is crucial for evolutionary studies, which must rely on photometry alone to estimate M⋆ at higher redshifts. Until now, this topic has received surprisingly little attention (but see Ponomareva et al. 2018, for a possible exception). The ideal sample of galaxies for this study is the Spitzer Photometry and Accurate Rotation Curves (SPARC) database (Lelli et al. 2016b, hereafter L16). Galaxies in this sample already have well-determined estimates of Mdyn from Posti et al. (2019a, hereafter P19) and images in multiple wavebands, from which we derive new homogeneous estimates of Mphot in this paper.
2. Stellar masses of the SPARC sample
The SPARC database includes 175 nearby disc galaxies spanning a broad range of morphologies (from S0 to Irr) and 3.6 μm luminosity, L3.6 (∼5 dex). All galaxies have extended, high-quality rotation curves from previous H I/Hα studies and broad-band photometry in a variety of filters. SPARC has already been used to explore scaling relations for disc galaxies in the local Universe such as the TFR (Lelli et al. 2016a, 2019) and the FR (Posti et al. 2018; Mancera Piña et al. 2021a,b). In this section, we describe our Mdyn and Mphot estimates for the SPARC sample, and outline two additional approaches that can be used to infer M⋆ in the absence of detailed kinematic modelling or multi-wavelength photometry.
2.1. Dynamical stellar masses
The P19 estimates of Mdyn adopted here were derived by fitting a four-component mass model (with stellar disc and bulge, gaseous disc, and DM halo) to the observed Hα/H I rotation curves of 110 SPARC galaxies1. The observed H I and 3.6 μm surface brightness profiles were used to constrain the gas and stellar contributions, respectively, with the mass-to-light ratio of the stellar disc in the 3.6 μm band (Υdisc) as the only free parameter, while bulges were assumed to have Υbulge = 1.4Υdisc, as was suggested by SPS models (e.g. Schombert & McGaugh 2014). The DM halos follow a Navarro et al. (1996) density profile, described by two parameters: virial mass (M200) and concentration (c200). The free parameters of the model (Υdisc, M200, c200) were fitted to the data via Bayesian Markov chain Monte Carlo (MCMC) technique assuming a Gaussian prior on the c200–M200 relation derived from cosmological N-body simulations in a ΛCDM framework (Dutton & Macciò 2014) and, most importantly, a flat prior on Υdisc in the range 0.01 − 1.2, which broadly encompasses the values inferred from SPS models. We refer the reader to P19 for a more in-depth discussion of this method. The Bayesian approach inherently accounts for the disc-halo degeneracy, inflating the uncertainty on Υdisc when the contribution of the stars to the rotation curve cannot be unambiguously separated from that of the DM. This is often the case for low-mass galaxies.
The Υdisc obtained with this technique (listed in Table A.1. of P19) are valid for the original L3.6 of the SPARC galaxies reported by L16. For consistency with our new photometry (see Section 2.2), we corrected Υdisc by the ratio of the original-to-new L3.6, so that the final mass, which is what is actually fitted to the rotation curve, is unchanged. We finally computed Mdyn as
[image: thumbnail](1)
where fb is the bulge luminosity fraction of each system, determined by L16 via disc-bulge decomposition of the 3.6 μm light profile. Equation (1) can be written as Mdyn = ΥdynL3.6, where Υdyn ≡ Υdisc(1 + 0.4fb) is the total dynamical stellar mass-to-light ratio in the 3.6 μm band. Only ∼10% of the galaxies in SPARC have fb >  0.2; hence, Υdyn ≃ Υdisc in most cases.
The P19 estimates of Mdyn adopted here are similar to the ones derived for SPARC galaxies by Katz et al. (2017) and Li et al. (2020, 2022). We prefer the P19 estimates because they lead to a monotonically rising stellar-to-halo mass relation for disc-dominated galaxies, as is required mathematically by the observed power law TFR and FR (Posti et al. 2019b; Posti & Fall 2021; Di Teodoro et al. 2023).
2.2. Photometric stellar masses
To estimate Mphot for the SPARC galaxies, we analysed publicly available archival images in multiple broad bands: near- and far-ultraviolet (NUV and FUV) from the Galaxy Evolution Explorer (GALEX;Gil de Paz et al. 2007); g, r, and z from the DESI Legacy Imaging Surveys (Dey et al. 2019); J, H, and Ks from the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006); 3.6 μm from the IRAC camera of the Spitzer Space Telescope (Werner et al. 2004); and 22 μm from the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010). Our analysis of these images followed the approach described by Marasco et al. (2023) and detailed here in Appendix A. This uniform reanalysis of all bands allowed us to build an homogeneous photometry database suitable for spectral energy distribution (SED) modelling. There is excellent agreement between the original L3.6 derived by L16 and our new measurements, as is shown in Fig. A.2. Our photometry catalogue is available at the CDS (Table C.1).
We inferred the SFHs of the galaxies by SED modelling. This approach does not require decomposing the images into disc and bulge components to account correctly for their different SFHs, since all their light and mass are simply added together. The SED modelling was done via the Bayesian Analysis of Galaxies for Physical Inference and Parameter EStimation (BAGPIPES) code (Carnall et al. 2018), using only data that satisfy a series of quality flags and adopting a ‘non-parametric’ SFH, whereby the SFR of a galaxy is approximated by a series of discrete step functions in each of the age bins2. BAGPIPES uses the Bruzual & Charlot (2003) SPS models (2016 version) with the Kroupa & Boily (2002) IMF. We adopted the dust attenuation model of Charlot & Fall (2000). The details of our SED modelling approach are provided in Appendix B. Throughout this Letter, we quantify the match between the observed and best-fit model SED using a χ2 statistic, whereby we test the hypothesis that the data are a stochastic realisation of the model. In practice, we computed p(> χ2), the p value of the χ2 statistics with n degrees of freedom, where n is the number of bands used in the fit. Low p(> χ2) values indicate a mismatch between the model and the data that is unlikely to arise from photometric uncertainties alone. This approach is suited to our study, as the number of SED bands varies from one galaxy to another and is often less than the number of free parameters used in the modelling.
With this method, we derived Mphot for 146 SPARC galaxies directly from the output SFH of the best-fit model. These estimates include stellar remnants but exclude the gas lost by stellar winds and supernovae in order to make direct comparisons with Mdyn. We define the corresponding photometric mass-to-light ratio in the 3.6 μm band as Υphot ≡ Mphot/L3.6.
2.3. Other methods
We considered two additional, simpler approaches to determining M⋆ which can be taken as addenda to the two methods discussed above. The first is the ‘marginal stability condition’ (MSC), which is based on the theoretical prediction that strong bar modes in stellar and gaseous discs are suppressed for vrot2 ≳ GMd/Rd (Efstathiou et al. 1982; Christodoulou et al. 1995), where Md and Rd are the disc mass and exponential scale radius3. Assuming that discs are marginally stable (e.g. Fall 1983; Mo et al. 1998) leads to Md ≃ M⋆ + 1.33 MHI ≃ vrot2Rd/G, where the 1.33 factor accounts for the He content in the ISM. This formula is only approximate, since molecules are neglected and the stellar and gaseous discs are assumed to have the same radial profiles, but it can be used to infer M⋆ in our sample as all the quantities required are readily available in the SPARC database4.
The second approach is based on the indication that the scatter in the TFR is minimised by assuming a constant Υdisc in the 3.6 μm band (e.g. Lelli et al. 2016a). The SPS models (e.g. McGaugh & Schombert 2014) suggest that the optimal value to use for z ∼ 0 disc galaxies is Υdisc ≃ 0.5. This approach has been used in previous studies (e.g. Posti et al. 2018; Lelli et al. 2019). The four M⋆ estimates, together with the other physical parameters used to build the TFR and FR for the galaxies studied here, are reported in Table C.2 (available at the CDS).
3. Results
Panel a of Fig. 1 shows the comparison between Mphot and Mdyn for the 95 SPARC galaxies in common to both methods. Clearly, the two M⋆ estimates agree remarkably well across almost 5 orders of magnitude in M⋆, with the very few outliers being the galaxies with the poorest photometric fits, quantified by p(> χ2). Excluding the eight galaxies with p(> χ2) below 0.05 leads to a median log(Mphot/Mdyn) of −0.05 dex with a standard deviation of 0.22 dex, corresponding to a systematic agreement at the ∼12% level and ∼55% scatter across almost 5 dex in M⋆. The scatter between Mphot (or Mdyn) and the masses derived with the constant Υdisc method is similar, whereas it increases to ∼0.5 dex when the MSC method is used (Appendix C and Fig. C.1). Excluding systems with a bulge fraction > 0.2 (purple circles in Fig. 1) does not change these numbers significantly. The small systematic offset between Mphot and Mdyn can be mitigated by lowering Υdyn, for example with adiabatic contraction of the DM halos (Li et al. 2022), or by raising Υphot, for example with fewer or fainter AGB stars (Schombert et al. 2019) or with a steeper (bottom-heavy) IMF.
	[image: thumbnail]	Fig. 1. (a)–Mphot vs. Mdyn for 95 galaxies in the SPARC sample, colour-coded by p(> χ2). Empty circles show galaxies with poor SED fits: p(> χ2)< 0.05. (b)–Υdyn (light blue squares) and Υphot (filled circles, colour-coded as in panel a) vs. L3.6. Error bars on Υdyn, not displayed for clarity, vary from ±0.3 for the faintest galaxies to ±0.1 for the brightest. Υphot increases gradually from ∼0.2 to ∼0.7 across more than 4 dex in L3.6. (c)–Distribution of Υphot (orange-filled histogram) and Υdyn (blue empty histogram). Galaxies with poor SED fits have been removed. The arrows show the medians of the distributions. The purple-edged circles in panels a and b show systems with fb >  0.2.



Panel b of Fig. 1 shows the relation between Υphot (or Υdyn) and L3.6. Υphot systematically increases with L3.6 as a consequence of the typically different SFHs of low- and high-L3.6 galaxies; the most luminous galaxies have assembled their mass earlier, and thus are characterised by an overall older (i.e. redder) stellar population and by a higher Υphot than the low-luminosity ones (the so-called ‘downsizing’, e.g. Cowie et al. 1996). A similar trend emerges from models with SFHs anchored to the main sequence of star formation for the population of galaxies as a whole (Schombert et al. 2019, 2022). Here, in contrast, the correlation between Υphot and L3.6 emerges from SED modelling of individual galaxies without imposing any external, population-based constraints. The trend is gentle, as Υphot varies in the range 0.2–0.7 over almost 4 dex in L3.6, and is conserved if we consider only galaxies without bulges. Instead, Υdyn does not show a well-defined trend with L3.6, possibly because of its larger uncertainties, which range from ±0.3 for low-L3.6 galaxies to ±0.1 for the brightest ones. Excluding galaxies with p(> χ2)< 0.05 leads to a quite narrow distribution of Υphot (orange histogram in panel c of Fig. 1), with a mean (median) of 0.45 (0.47) and a standard deviation of 0.14. For Υdyn, these values become 0.54 (0.52) and 0.22. Thus both approaches return typical mass-to-light ratios near 0.5, in agreement with McGaugh & Schombert (2014). We have verified that similar trends, but with larger scatter, are visible when using the 2MASS Ks band instead of IRAC 3.6 μm band, leading to a mean (median) Mphot/LKs of 0.71 (0.72) and standard deviation of 0.16.
We now investigate how different estimates of M⋆ affect the scaling laws. For simplicity, we focus on the ‘stellar’ TFR and FR, rather than their ‘baryonic’ counterparts, which include both stars and ISM. For the TFR, we adopt values for vflat from L16, while for the FR we use the specific stellar angular momentum (j⋆) estimates from Posti et al. (2018). We produced four versions of each relation, using the four methods of estimating M⋆ outlined in Sect. 2. We limited our sample to galaxies that have all four M⋆ estimates available, and with p(> χ2)> 0.05 in their photometric fit, which leaves us with 68 (55) systems to study the TFR (FR). This restriction leads to robust comparisons (especially the scatter) but with a reduced sample size. We have verified that using all galaxies available for each method (which increases the sample size by up to 30–80%) leads to similar slopes, but a systematically larger scatter.
The resulting scaling relations are shown in Fig. 2. We fitted all relations with a power law y = xa10b hence log(y)=a log(x)+b, where (x,y) are (vflat/150 km s−1, M⋆/M⊙) for the TFR and (M⋆/1010.5 M⊙, j⋆/km s−1 kpc−1) for the FR, using the BAYESLINEFIT software package in PYTHON (Lelli et al. 2019), which provides an MCMC-based Bayesian fit to data with errors in both co-ordinates and finite intrinsic scatter. The best-fit parameters, together with the observed scatter in the vertical (σM⋆ or σj⋆) and the orthogonal (σ⊥) directions, are listed in Table 1 and in the top left part of each panel of Fig. 2.
Table 1. 
Best-fit parameters for the stellar TFR and the stellar FR in the SPARC sample using different methods of estimating M⋆.

	[image: thumbnail]	Fig. 2. Stellar Tully-Fisher relation (top panels) and Fall relation (bottom panels) for SPARC galaxies with M⋆ determined using the dynamical method (first column), the photometric method (second column), the MSC method (third column), and Equation (1) with Υdisc = 0.5 (fourth column). Only galaxies for which all four M⋆ estimates are available are shown. Galaxies with p(> χ2) above and below 0.05 are shown with filled and open circles, respectively. In each panel, the dashed black line shows the best linear fit to the filled circles, with the yellow band representing the vertical observed scatter (σM⋆ or σj⋆). The best-fit parameters are reported in Table 1 and on the top left portion of each panel.



The slopes, a, and zero-points, b, of the scaling relations agree within twice the quoted uncertainty for all methods except the MSC, which shows some tensions with the others. We find typical slopes of a ≈ 5 for the TFR (excluding the MSC method) and a ≈ 0.6 for the FR, in line with previous studies (e.g. Lelli et al. 2019; Fall & Romanowsky 2018). The photometric method provides the steepest (shallowest) slope in the TFR (FR) due to Υphot gradually increasing with M⋆, whereas the MSC method shows the opposite behaviour. The MSC also leads to the largest σ⊥ for both scaling relations, which may be partially due to our simplified treatment of the gas component (see Section 2.3). Remarkably, the other methods lead to very similar σ⊥, despite featuring different mass-to-light ratios. Table 1 also shows that, contrary to a suggestion by Lelli et al. (2016a), the choice of a constant Υdisc is not the only one that minimises the scatter in the TFR. We have verified that removing the contribution of bulges from our M⋆ and j⋆ estimates leads to a and b values that are compatible with those of Table 1 within twice the quoted uncertainty. Combining SPARC with the sample of super-massive (M⋆ >  1011 M⊙) spirals with extended H I rotation curves from Di Teodoro et al. (2023) leads to fully consistent scaling relations.
4. Conclusions
M⋆ estimates that are robust and homogeneous over a broad redshift range are crucial to deriving accurate galaxy scaling relations and their evolution with redshift. SED modelling techniques using broad-band photometry are routinely employed to infer photometric masses (Mphot) in the high-z Universe, where the quality of the spectroscopic data is inadequate to determine masses via dynamical methods (Mdyn). However, the two approaches can be compared for galaxies in the local Universe, where both deep, multi-wavelength photometry and high-quality extended H I rotation curves are available.
In this Letter, we have compared Mdyn and Mphot in a sample of ∼100 nearby, star-forming galaxies with accurate H I and Hα rotation curves from the SPARC database L16. Our Mdyn estimates were taken from P19 and were derived using rotation curve decomposition techniques. We have determined Mphot by applying the SED modelling software BAGPIPES (Carnall et al. 2018) to our new photometry using up to ten bands, ranging from the far-ultraviolet to the mid-infrared.
Our results can be summarised as follows.

	
Mdyn and Mphot show a median offset of ∼0.05 dex and a scatter of ∼0.22 dex over almost 5 dex in M⋆ (panel a in Fig. 1), indicating that the two methods provide systematically compatible estimates.



	
Our Mphot estimates correspond to mass-to-light ratios in the 3.6 μm band (Υphot) that increase slowly with the 3.6 μm luminosity L3.6 (panel b in Fig. 1), an indication of downsizing in the late-type galaxy population.



	
The choice of using either Mphot or Mdyn has only a marginal impact on the slope and zero-point of the Tully-Fisher and Fall relations (Fig. 2 and Table 1). In particular, the observed orthogonal scatter in both scaling relations is virtually the same for the two methods, and identical to that derived using a constant Υdisc = 0.5.




Our findings have key implications for studies of the evolution of scaling relations, as they validate the use of SED fitting as a powerful tool to infer M⋆ at all z. Such techniques can be readily applied to photometry of deep, multi-wavelength images at various redshifts with a uniform set of assumptions in the SED modelling.
5. Data availability
Tables C.1 and C.2 are only available in electronic form at the CDS via anonymous ftp to https://cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/695/L23.


1 In P19, systems with poor rotation curve fit or with multi-modal posterior on the halo mass were discarded from the full SPARC sample, reducing the final number of galaxies from 175 to 110.


2 The term ‘non-parametric’ is actually a misnomer here because each of the discrete SFRs is a fitted parameter of the model.


3 For a critical discussion of the MSC see Romeo et al. (2023).


4 We set vrot = vflat, the velocity in the flat part of the rotation curve.


5 https://simbad.cds.unistra.fr/simbad/


6 A detailed description of the SExtractor method can be found at https://sextractor.readthedocs.io/en/latest/Position.html, see eqs. (7)-(17).


7 available at http://svo2.cab.inta-csic.es/theory/fps/
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Appendix A:  Photometry
A.1. Flux measurements
Our photometry follows the procedure described in Appendix A of Marasco et al. (2023) (hereafter M23). Specifically, we extract the cumulative light profiles from sky-subtracted images after removing contamination by point-like sources such as foreground stars and background galaxies. Contamination by point-like sources can be particularly severe in IRAC 3.6 μm images, leading to diverging flux growth curves if not properly accounted for (see Figure A2 in M23). With respect to the original approach of M23, the main novelties introduced are the automatic computation of the galaxy geometrical parameters, the use of a ‘local’ measurement for the sky properties, and a different method to compute the photometric errors.
The galaxy centre is determined using the IRAC 3.6 μm image (or, for the systems that are faint in the 3.6 μm band, using the DESI Legacy g-band image) as the final intensity-weighted centre computed in a series of circular apertures of progressively smaller radii. We start from an initial aperture with radius of 10”, centred on the co-ordinates provided by the SIMBAD astronomical database 5, and keep decreasing the radius until the distance between two consecutive centroids is < 0.1 pixels. Ideally we would keep the galaxy centre fixed in all bands, but occasionally we need to adjust it manually due to minor imperfections in the astrometric calibration. The galaxy inclination (INC) and position angle (PA, computed with respect to the image vertical axis) are determined using the same approach as in the SExtractor software (Bertin & Arnouts 1996), which is based on the image 2nd-order moments6. However, in order to avoid contamination from external sources that could potentially bias the estimate of the geometrical parameters, we compute the 2nd-order moments on a ‘cleaned’ version of the image. As in the MORPHOT software package (Fasano et al. 2012), this is constructed by comparing pixel-by-pixel the original image (I0) with that rotated by 180° around the galaxy centre (I180): if, at a given pixel position, the residual (I0 − I180) is larger than 3× the rms intensity determined for I180 around the same position, the pixel value in I0 is replaced with the corresponding one in I180. This approach significantly improves the determination of the galaxy shape by removing sources that are asymmetric with respect to the centre. We determine a unique value for INC and PA for all bands associated with the same instrument (all the optical bands from DESI Legacy, all the near-IR bands from 2MASS, and so on), but allow for variations between different facilities to account for changes in resolution, sensitivity, and overall image quality between one instrument and another. Variations in INC and PA among the different bands are typically < 10°, but can increase in the 22 μm band due to its poor angular resolution (12”). Finally, we use the galaxy isophotal limit (Rmax) to separate the ‘sky’ region from the ‘galaxy’ region (see M23). Following SExtractor, Rmax is based on the centred 2nd-order moments of the image, but with respect to the original procedure we multiply it by a factor 2 (or more, for particularly extended systems) to ensure a more conservative separation between sky and galaxy regions. As in M23, Rmax sets the upper limit for the outermost radius in the surface brightness profile. However, as we stop tracking the profile when the signal-to-noise ratio within a given ring falls below unity, the actual outermost radius is typically smaller than Rmax.
In M23 the sky properties were computed using the entire portion of the image outside the galaxy region. This approach is ideal for images with a uniform sky, but cannot be applied when sky variations across the field are substantial. Here, we prefer to adopt a local approach, where the sky properties are determined in a ring external to the outermost ellipse considered (defined by Rmax). The size of the annulus is chosen so that it encloses either 20% of the area inside the outermost ellipse or 103 pixels, whichever is larger.
Fig. A.1 shows the typical outputs of our photometric analysis on the SPARC galaxy NGC 289. The flattening reached by the cumulative light profiles in the various bands, shown by the dashed red line in the rightmost panel of each panel-set, is a good indication of the overall quality of our photometric analysis. In Fig. A.2 we compare the 3.6 μm luminosities determined from our photometry with the original values provided by L16. Overall, there is excellent agreement between the two: the median difference between the old and the new values is 0.01 dex and the standard deviation is 0.12 dex. UGC07577 and UGCA444 are the only galaxies for which the two L3.6 measurements are in disagreement by more than 0.5 dex. A visual inspection of their IRAC images indicates that these are quite faint but very extended galaxies; thus it is possible that the original photometry did not capture the full extent of their 3.6 μm light.
	[image: thumbnail]	Fig. A.1. Photometric analysis of NGC 289. Results for each waveband are displayed in two pairs of adjacent panels. First panel: original image. The two red ellipses enclose the region where the sky properties are computed. Second panel: pixel intensity distribution within the sky region (black histogram). The vertical dotted line indicates the estimated sky background value. The red curve (present only in some bands) shows the best-fit sky model made by the sum of a Gaussian and a Schechter component (see M23), individually shown by dashed light blue curves. UV bands suffer from low photon counts. Third panel: image filtered with our point-source masking technique. The division in concentric rings is also shown. Fourth panel: final radial intensity profile in image units (black circles with error bars) and normalised growth curve (red dashed curve).



A.2. Flux uncertainties
As in M23, the uncertainty on the total flux (ϵflux) is given by the quadratic sum of two errors, the first due to the image noise (ϵσ) and the second due to our methodology (ϵmet). We compute ϵσ under the assumption of purely Gaussian noise and spatially correlated pixels due to the finite sampling of the point spread function (PSF). Under these assumptions, we find
[image: thumbnail](A.1)
where σsky is the sky noise, npix is the number of pixels inside the outermost ellipse considered, and nres is the number of pixels within a single resolution element. The latter is computed assuming a 2D Gaussian shape for the PSF with known full width at half maximum (FWHM in pixel units):
[image: thumbnail](A.2)
We have tested Equation (A.1) using mock images, finding that it correctly describes the uncertainty on the flux for FWHM > 1 pixel. We note that, for an undersampled PSF, nres ≃ 1/2 thus [image: equation], as expected from Gaussian noise added to independent elements. However, the assumption of Gaussian noise may not be valid for the photon-limited GALEX images (see, for instance, the sky intensity distribution in the FUV and NUV bands in Fig. A.1), in which case ϵσ may be underestimated. Flux measurements below 3ϵσ are considered non-detections: upper-limits are computed as 3× the ϵσ from Equation (A.1) for npix​ = ​1.
In M23, ϵmet was determined for each galaxy as the standard deviation of the flux distribution derived by randomising the various parameters of the photometric method in given ranges. Fluctuations in the values of these parameters, which regulate the geometry of the elliptical aperture, the estimate of the sky properties, and the size of the mask, can affect flux measurements more than the image noise alone, especially in the high signal-to-noise regime. We have applied the same technique to a few galaxies in the SPARC sample, finding a variable ϵmet ranging from ∼1% to ∼10% of the measured flux, depending on the properties of the image itself. In line with these findings, and for simplicity, here we have fixed ϵmet to a constant 5% of the measured flux for all bands. This is larger than the mean ϵσ of the sample (∼1.5% of the flux) and is the dominant source of uncertainty in our photometric measurements. In fact, only 7% of the photometric data used for SED modelling have ϵσ​ >  ​ϵmet.
We correct for foreground extinction in the Milky Way (MW) using the reddening maps of Schlafly & Finkbeiner (2011) and the RV-dependent extinction curve of Fitzpatrick (1999), assuming RV​ = ​3.1. We have checked the impact of variations in RV on our extinction-corrected fluxes using a Monte-Carlo approach, where we randomly extract RV from a Gaussian distribution centred on the value assumed and with a standard deviation of 0.25, which approximates the RV spread in the MW (Zhang et al. 2023). We find typical variations in the UV-band fluxes (which are those maximally affected by the correction) of ∼1%, and always smaller than our photometric uncertainty.
We stress that having a minimum flux error given by a fixed fraction of the total flux helps to avoid over-weighting bands with unrealistically small error bars in the BAGPIPES fitting, providing a more balanced weighting over the wavelength range explored. In addition, the fact that the p(> ​χ2) values determined after the SED modelling are not systematically close to 0 (i.e. model incompatible with the data) or to 1 (i.e. model overfits the data) is an indication that our photometric errors are neither underestimated or overestimated.
	[image: thumbnail]	Fig. A.2. Comparison between the 3.6 μm luminosities of the SPARC galaxies derived in this study and those provided by L16. The inset shows the distribution of the logarithmic difference between the new and the old measurements.




Appendix B:  SED modelling
The 10 photometric bands we analyse provide information on the recent star formation (FUV, NUV and 22 μm bands), on the intermediate-age stars (optical bands) and on the old stellar population (near-IR bands), allowing us to infer SFHs via SED modelling. In our BAGPIPES modelling we make use of a non-parametric SFH in 7 age bins: 0-30 Myr, 30-100 Myr, plus additional 5 logarithmically spaced bins between 100 Myr and the age of the Universe. We checked that increasing the number of age bins has virtually no impact on our estimates of Mphot. To avoid abrupt discontinuities in the star formation rates between different age bins we make use the ‘continuity’ prior based on Student’s t-distribution described in Leja et al. (2019) and implemented in BAGPIPES. This method explicitly weights against abrupt changes in SFR(t), while remaining flexible enough to model a wide range of SFHs.
	[image: thumbnail]	Fig. B.1. Example of images affected by artifacts in our galaxy sample. Top panels: DESI Legacy images of NGC 5055. The z band image suffers from severe calibration problems, causing an underestimate of the flux. Bottom panels: NIR images of UGC 02487 from 2MASS. The H and the Ks bands show a variable sky background that can lead to errors in the derived flux.



BAGPIPES employs the 2016 version of the Bruzual & Charlot (2003) SPS models and the IMF of Kroupa & Boily (2002). We adopt the dust attenuation model of Charlot & Fall (2000), using a value of 0.7 for the power law slope of the attenuation law and a multiplicative factor of 3 for the AV associated with the birth clouds (which in BAGPIPES have a lifetime of 10 Myr). We tested other attenuation laws finding compatible Mphot, but overall marginally lower-quality fits. We treat the AV of the stellar populations older than 10 Myr as a free parameter, adopting a uniform prior in the range 0​ <  ​AV​ <  ​2. The model spectra include nebular emission lines based on the CLOUDY photoionisation code (Ferland et al. 2017), but for simplicity we fix the ionisation parameter to log(U)​ = ​ − 3, which provides line fluxes compatible with those observed in typical star-forming galaxies (see Carnall et al. 2018). Given the lack of powerful starburst galaxies in the SPARC sample, our choice of log(U) has a very small impact on the broad-band model SED. An additional free parameter used in our fit is the stellar metallicity Z, for which we use a unique value for all age bins and assume a uniform prior in the range 0.1​ <  ​log(Z/Z⊙)​ <  ​2. The lack of spectroscopic information implies that Z remains poorly constrained by the model, so it is treated here as a ‘nuisance parameter’ over which the posterior distributions of the other (and more relevant) parameters are marginalised.
Model fitting in BAGPIPES is implemented within the framework of the Bayesian inference, and is based on comparing the (MW extinction-corrected, see Appendix A.2) observed and predicted SEDs. The latter are obtained by applying the appropriate broad-band filters of the various observational facilities7 to the model spectra. Further details on the fitting scheme of BAGPIPES are provided in Section 3.2 of Carnall et al. (2018).
As discussed in Section 2.2, in our SED modelling we use only observations that satisfy a series of quality flags. First, we require a signal-to-noise ratio on the total flux larger than 5. Second, to ensure that we are not missing a significant fraction of the light because of an insufficient sensitivity or an incorrect modelling of the sky properties, we impose a condition on the flattening of the cumulative light profile I(< R) determined with our photometric analysis. Following Posti et al. (2018), we require that the last two points of the cumulative I profile differ by less than 10% and that the logarithmic slope of the profile in the outermost point is less than 0.5:
[image: thumbnail](B.1)
Lastly, we visually inspect all our images and flag cases that show clear artifacts that could potentially impact our photometry. This step is particularly crucial for the DESI z band and for the 2MASS bands (especially H and Ks), which often show features attributable to imperfect data reduction. We provide an example in Fig. B.1, which shows two galaxies with artifacts in their optical and NIR images: in this case we have decided to exclude the z band in NGC 5055 and both the H and Ks bands in UGC 02487. Measurements that do not obey any of these quality flags are still listed in Table C.1 but are not used in our SED modelling. In addition to these quality flags, for SED fitting we require a minimum number of 4 (unflagged) measurements per galaxy. The typical number of bands per galaxy used in our BAGPIPES modelling is 7, with the full distribution shown in Fig. B.2.
Fig. B.3 show the BAGPIPES fit for two representative galaxies in our sample, NGC 2841 (top panel) and UGC 05721 (bottom panel), with photometry in 9 and 10 bands, respectively. The models reproduce the data remarkably well at all wavelengths. These two galaxies have very different SFHs and values of Υphot. NGC 2841 features a markedly declining SFR; its light is dominated by an old, faint stellar population, which boosts the Υphot to ≈0.66. In contrast, UGC 05721 has an increasing SFR that makes this galaxy exceptionally luminous and blue, with Υphot ≈ 0.28. NGC 2841 and UGC 05721 exemplify nicely the wide range of SFHs exhibited by nearby disc galaxies, which leads to the downsizing effect mentioned in Section 3.
The strengths of SPS models with non-parametric SFH over those with parametric SFHs have been discussed by Leja et al. (2019). As a check, we have also modelled the SPARC photometry with the standard exponentially declining SFR parametrised by the e-folding time-scale and the birth time of the galaxy. The comparison between the parametric and non-parametric Mphot estimates is shown in the left panel of Fig. B.4. In general, there is excellent agreement between the two Mphot, but estimates that use exponentially declining SFRs come with lower p(> ​χ2) (i.e. fits with lower quality) compared to the non-parametric models. Additionally, a comparison of Figs. 1 and B.4 reveals that the scatter in the correlation between Υphot and L3.6 is larger when parametric SFHs are used. Thus the non-parametric SFHs appear to be more realistic than the parametric ones.
	[image: thumbnail]	Fig. B.2. Histogram of the number of photometric bands used in our SED modelling of the SPARC sample.



	[image: thumbnail]	Fig. B.3. Two examples of our SED modelling using BAGPIPES: NGC 2841 (top) and UGC 05721 (bottom). The blue points with error bars show our measured fluxes in the various bands (FUV, NUV, g, r, z, J, H, Ks, 3.6 μm, 22 μm). The z band is used only in UGC 05721. The orange-shaded region encompasses the set of SED models that best reproduce the data, with the dark orange points showing the predicted fluxes in the same wavebands as the measurements. The insets show the SFH of the model set. The two galaxies have markedly different SFHs and corresponding values of Υphot, listed on the left side of each panel.



	[image: thumbnail]	Fig. B.4. (a)–comparison between Mphot for the best-fitting exponential and non-parametric SFHs, colour-coded by the ratio of p(> ​χ2) associated with the two models. Red colours indicate higher p(> ​χ2), hence higher quality of fit, for the non-parametric SFH. The inset shows the distribution of the p(> ​χ2) ratio, clearly skewed towards positive values. (b)–correlation of M⋆/L3.6 with L3.6 for models with exponential SFHs. The trend is similar to the one for non-parametric SFHs shown in Fig. 1 but with larger scatter.




Appendix C:  Comparison of stellar masses
Fig. C.1 compares the M⋆ estimates from the four different methods used in this study. The tightest correlation is the one between the dynamical M⋆ and the masses determined using Υdisc​ = ​0.5. This is partially driven by the few galaxies with M⋆ ≲ 108.7 M⊙, for which the Mdyn estimate is highly uncertain since the stars are dynamically subdominant relative to the cold gas and the DM. In these cases, the Υdisc estimated by P19 scatters around ≃0.6 as this value falls in the middle of the range adopted for the prior (0.01–1.2). If we exclude galaxies with M⋆​ <  ​108.7 M⊙ and p(> ​χ2)​ <  ​0.05, we get σ​ = ​0.19 in panel (a) and σ​ = ​0.22 in panel (c), which again corroborates the similarities of the various methods. We reiterate that the scatter visible using the MSC method can be partially caused by our simplified treatment of the ISM, as mentioned in Section 2.3.
	[image: thumbnail]	Fig. C.1. Comparison of the different M⋆ estimates used in this study. dyn–dynamical method based on rotation curve decomposition (Section 2.1); phot–photometric method based on SED modelling (Section 2.2); MSC–marginal stability condition; Υdisc​ = ​0.5–fixed mass-to-light ratio in the 3.6 μm band. Panels are ordered by increasing vertical observed scatter σvert as indicated in the upper-left corners.





All Tables
Table 1. 
Best-fit parameters for the stellar TFR and the stellar FR in the SPARC sample using different methods of estimating M⋆.
In the text

All Figures
	[image: thumbnail]	Fig. 1. (a)–Mphot vs. Mdyn for 95 galaxies in the SPARC sample, colour-coded by p(> χ2). Empty circles show galaxies with poor SED fits: p(> χ2)< 0.05. (b)–Υdyn (light blue squares) and Υphot (filled circles, colour-coded as in panel a) vs. L3.6. Error bars on Υdyn, not displayed for clarity, vary from ±0.3 for the faintest galaxies to ±0.1 for the brightest. Υphot increases gradually from ∼0.2 to ∼0.7 across more than 4 dex in L3.6. (c)–Distribution of Υphot (orange-filled histogram) and Υdyn (blue empty histogram). Galaxies with poor SED fits have been removed. The arrows show the medians of the distributions. The purple-edged circles in panels a and b show systems with fb >  0.2.
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	[image: thumbnail]	Fig. 2. Stellar Tully-Fisher relation (top panels) and Fall relation (bottom panels) for SPARC galaxies with M⋆ determined using the dynamical method (first column), the photometric method (second column), the MSC method (third column), and Equation (1) with Υdisc = 0.5 (fourth column). Only galaxies for which all four M⋆ estimates are available are shown. Galaxies with p(> χ2) above and below 0.05 are shown with filled and open circles, respectively. In each panel, the dashed black line shows the best linear fit to the filled circles, with the yellow band representing the vertical observed scatter (σM⋆ or σj⋆). The best-fit parameters are reported in Table 1 and on the top left portion of each panel.
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	[image: thumbnail]	Fig. A.1. Photometric analysis of NGC 289. Results for each waveband are displayed in two pairs of adjacent panels. First panel: original image. The two red ellipses enclose the region where the sky properties are computed. Second panel: pixel intensity distribution within the sky region (black histogram). The vertical dotted line indicates the estimated sky background value. The red curve (present only in some bands) shows the best-fit sky model made by the sum of a Gaussian and a Schechter component (see M23), individually shown by dashed light blue curves. UV bands suffer from low photon counts. Third panel: image filtered with our point-source masking technique. The division in concentric rings is also shown. Fourth panel: final radial intensity profile in image units (black circles with error bars) and normalised growth curve (red dashed curve).
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	[image: thumbnail]	Fig. A.2. Comparison between the 3.6 μm luminosities of the SPARC galaxies derived in this study and those provided by L16. The inset shows the distribution of the logarithmic difference between the new and the old measurements.
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	[image: thumbnail]	Fig. B.1. Example of images affected by artifacts in our galaxy sample. Top panels: DESI Legacy images of NGC 5055. The z band image suffers from severe calibration problems, causing an underestimate of the flux. Bottom panels: NIR images of UGC 02487 from 2MASS. The H and the Ks bands show a variable sky background that can lead to errors in the derived flux.
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	[image: thumbnail]	Fig. B.2. Histogram of the number of photometric bands used in our SED modelling of the SPARC sample.
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	[image: thumbnail]	Fig. B.3. Two examples of our SED modelling using BAGPIPES: NGC 2841 (top) and UGC 05721 (bottom). The blue points with error bars show our measured fluxes in the various bands (FUV, NUV, g, r, z, J, H, Ks, 3.6 μm, 22 μm). The z band is used only in UGC 05721. The orange-shaded region encompasses the set of SED models that best reproduce the data, with the dark orange points showing the predicted fluxes in the same wavebands as the measurements. The insets show the SFH of the model set. The two galaxies have markedly different SFHs and corresponding values of Υphot, listed on the left side of each panel.
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	[image: thumbnail]	Fig. B.4. (a)–comparison between Mphot for the best-fitting exponential and non-parametric SFHs, colour-coded by the ratio of p(> ​χ2) associated with the two models. Red colours indicate higher p(> ​χ2), hence higher quality of fit, for the non-parametric SFH. The inset shows the distribution of the p(> ​χ2) ratio, clearly skewed towards positive values. (b)–correlation of M⋆/L3.6 with L3.6 for models with exponential SFHs. The trend is similar to the one for non-parametric SFHs shown in Fig. 1 but with larger scatter.
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	[image: thumbnail]	Fig. C.1. Comparison of the different M⋆ estimates used in this study. dyn–dynamical method based on rotation curve decomposition (Section 2.1); phot–photometric method based on SED modelling (Section 2.2); MSC–marginal stability condition; Υdisc​ = ​0.5–fixed mass-to-light ratio in the 3.6 μm band. Panels are ordered by increasing vertical observed scatter σvert as indicated in the upper-left corners.
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        Photometric analysis of NGC 289. Results for each waveband are displayed in two pairs of adjacent panels. First panel: original image. The two red ellipses enclose the region where the sky properties are computed. Second panel: pixel intensity distribution within the sky region (black histogram). The vertical dotted line indicates the estimated sky background value. The red curve (present only in some bands) shows the best-fit sky model made by the sum of a Gaussian and a Schechter component (see M23), individually shown by dashed light blue curves. UV bands suffer from low photon counts. Third panel: image filtered with our point-source masking technique. The division in concentric rings is also shown. Fourth panel: final radial intensity profile in image units (black circles with error bars) and normalised growth curve (red dashed curve).
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        Example of images affected by artifacts in our galaxy sample. Top panels: DESI Legacy images of NGC 5055. The z band image suffers from severe calibration problems, causing an underestimate of the flux. Bottom panels: NIR images of UGC 02487 from 2MASS. The H and the Ks bands show a variable sky background that can lead to errors in the derived flux.
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        Two examples of our SED modelling using BAGPIPES: NGC 2841 (top) and UGC 05721 (bottom). The blue points with error bars show our measured fluxes in the various bands (FUV, NUV, g, r, z, J, H, Ks, 3.6 μm, 22 μm). The z band is used only in UGC 05721. The orange-shaded region encompasses the set of SED models that best reproduce the data, with the dark orange points showing the predicted fluxes in the same wavebands as the measurements. The insets show the SFH of the model set. The two galaxies have markedly different SFHs and corresponding values of Υphot, listed on the left side of each panel.
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