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ABSTRACT

Aims. Large future sky surveys, such as the Legacy Survey of Space and Time (LSST), will provide optical photometry for billions of
objects. Reliable estimation of the physical properties of galaxies requires information about dust attenuation, which is usually derived
from ultraviolet (UV) and infrared (IR) data. This paper aims to construct a proxy for the far-UV (FUV) attenuation (AFUVp) from
the optical data alone, enabling the rapid estimation of the star formation rate (SFR) for galaxies that lack UV or IR data. This will
accelerate and improve the estimation of key physical properties of billions ofLSST–like observed galaxies (observed in the optical
bands only).
Methods. To mimic LSSTobservations, we used the deep panchromatic optical coverage of the Sloan Digital Sky Survey (SDSS)
Photometric Catalogue, Data Release 12, complemented by the estimated physical properties for the SDSS galaxies from the GALEX-
SDSS-WISE Legacy Catalog (GSWLC) and inclination information obtained from the SDSS Data Release 7. We restricted our sample
to the 0.025–0.1 spectroscopic redshift range and investigated relations among surface brightness, colours, and dust attenuation in the
FUV range for star-forming galaxies obtained from the spectral energy distribution (SED).
Results. Dust attenuation is best correlated with colour measured betweenu andr bands (u � r) and the surface brightness in the
u band (� u). We provide a dust attenuation proxy for galaxies on the star-forming main sequence. This relation can be used for the
LSSTor any other type of broadband optical survey. The mean ratio between the catalogue values of SFRs and those estimated using
optical-onlySDSSdata with theAFUVp prior calculated as� SFR= log(SFRthis work/SFRGSWLC) is found to be less than 0.1 dex, while runs
without priors result in an SFR overestimation larger than 0.3 dex. The presence or absence of theAFUVp has a negligible in�uence on
the stellar mass (Mstar) estimation (with� Mstar in the range from 0 to� 0:15 dex).
Conclusions. We note thatAFUVp is reliable for low-redshift main sequence galaxies. Forthcoming deep optical observations of the
LSSTDeep Drilling Fields, which also have multi-wavelength data, will enable one to calibrate the obtained relation for higher redshift
galaxies and, possibly, extend the study towards other types of galaxies, such as early-type galaxies o� the main sequence.

Key words. galaxies: evolution – galaxies: fundamental parameters – galaxies: star formation – galaxies: statistics
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1. Introduction

The modelling of galaxies' spectral energy distribution (SED)
is a well-established method for measuring key physical prop-
erties of galaxies, such as their stellar mass (Mstar) and star
formation rate (SFR). Both are used as the primary building
blocks to classify galaxies as quiescent, star-forming, or star-
bursting and to reconstruct the evolutionary pathways of galaxies
(Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007;
Speagle et al. 2014; Pearson et al. 2018, 2023; Graham et al.
2024). The complex nature of the baryonic components of galax-
ies, including stars, gas, dust, and active galactic nuclei, and
how they interact add considerable complexity to modelling
the SED.

To link, via the SED �tting process,Mstar and SFR in a
galaxy, the star formation history (SFH) must be considered.
Moreover, galaxy merger events also have an in�uence on SFHs
as it boost the SFR and increaseMstar. A complex interplay
between evolved and newborn stars and dust inevitably accom-
panying star formation makes both measurements surprisingly
challenging (for exampleWalcher et al. 2011; Conroy 2013), as
dust strongly a� ects the shape of the SED. Astrophysical dust
originates from stellar evolution and is one of the key compo-
nents of the interstellar medium (ISM) of galaxies. The presence
of dust particles is wide-ranging: dust plays a fundamental role
in star and planet formations, molecule production, and galaxy
evolution (for exampleGalliano et al. 2018). Small dust parti-
cles, called grains, typically ranging in size from 5 to 250 nm
(Weingartner & Draine 2001), are highly in�uential. Dust grains
impact the observations of stars and gas by absorbing and scat-
tering short-wavelength photons and then re-emitting energy in
much longer wavelengths. Moreover, the star-to-dust geome-
try can change the e� ect of dust in a non-negligible way (e.g.
Buat et al. 2019; Hamed et al. 2023a).

Since star-forming regions are dust-enshrouded in the dense
cores of molecular clouds, the earliest stages of star formation
can be observed at millimetre wavelengths. When the clouds
collapse and the proto-stars form, the dust near them starts emit-
ting in the near- and mid-infrared (IR) range. In the next step
in the formation of stars, the warmest regions of the cloud
around the newly formed stars are heated by stars' ultraviolet
(UV) emission, and this energy is re-radiated in the IR domain.
This process makes dust emission a powerful indicator of star
formation if IR-sub-millimetre detections are accessible. With
the advent of IR and sub-millimetre facilities such asSpitzer,
Hershel, WISE, ALMA, SCUBA2, SPT, and NOEMA, the galaxy's
dust content (dust mass and dust emission) is measured routinely
at low and high redshift (e.g.Dunne et al. 2011; Cortese et al.
2012; Santini et al. 2014; Shirley et al. 2019; Harikane et al.
2020; Hamed et al. 2023a; Zavala et al. 2023).

Modi�ed by dust grains, photons hold information about
young and evolved stellar populations, active galactic nuclei,
or even interactions with other galaxies, for example, merger
events. Unfortunately, the primary information from the UV–
optical spectra is distorted by dust grains and di� used along dif-
ferent wavelengths. This process can be described by the dust
attenuation curve, which refers to the total e� ect of dust absorp-
tion and scattering on a galaxy SED. Though the issue is very
complex, detailed studies of the attenuation curves in galaxies
are numerous, and various strategies are used.

Calzetti et al.(1994, 2000) used observational spectra of
local UV-bright star-forming galaxies to derive an empirical law
for the dust attenuation. Another method is to estimate the atten-
uation in a galaxy and to calculate the SFR in the modelling of its

SED. This method has also been used on larger samples of galax-
ies both at low and high redshifts (Wild et al. 2011; Battisti et al.
2016). In the literature, two prominent attenuation curves, with
some additional modi�cations, are those ofCalzetti et al.(2000)
and Charlot & Fall (2000). The Calzetti et al.(2000) attenua-
tion law is described by a single curve for the continuum and
a di� erential reddening with respect to emission lines while
Charlot & Fall(2000) assumed a di� erent attenuation to the ISM
and to the birth cloud regions. Moreover, theCharlot & Fall
(2000) attenuation law is not a universal curve since it depends
on the metallicity of the ISM, as it was shown inShivaei et al.
(2020) and also on the relative distribution of dust between star-
forming regions and the ISM (e.g.Boquien et al. 2022, and oth-
ers), and thus, on the SFH. In addition to these two,Lo Faro et al.
(2017) introduced yet another attenuation recipe forz � 2 ultra
luminous IR galaxies, although this recipe is similar in con-
cept to the two-component attenuation curve ofCharlot & Fall
(2000).

It has been shown, however, that attenuation laws are not
universal, and a single attenuation law cannot reproduce the
physical properties of a large, varied sample of galaxies (e.g.
Buat et al. 2012, 2014; Ma�ek et al. 2018; Salim et al. 2018;
Hamed et al. 2023a). Even galaxies with optical – far-IR (FIR)
observations are best modelled with di� erent attenuation laws,
resulting in slightly di� erent estimated SFRs (Buat et al. 2019;
Hamed et al. 2021). There are di� erent ways to check which
attenuation curve is the closest to the physical one. Among these
methods we can list the comparison of the reduced� 2 of the
SED modelled assuming di� erent attenuation laws (Ma�ek et al.
2018; Buat et al. 2019; Hamed et al. 2021), calculation of
Bayesian information criterion (BIC) between di� erent mod-
els (used for example in works ofCiesla et al. 2018; Buat et al.
2019, 2021), or the comparison with radiative transfer on a
library of hydrodynamic simulations for isolated disk and merg-
ers (i.e.Chevallard et al. 2013; Roebuck et al. 2019, and checked
with SED models inBuat et al. 2018). Yet another method is
based on the IRX-� diagram (Meurer et al. 1999; Takeuchi et al.
2012; Salim & Boquien 2019; Hamed et al. 2023b) which
relates the slope of the UV continuum (� ) and the ratio between
the IR and FIR luminosities (the IR excess, IRX).

In the case of limited IR measurements, this topic becomes
even more complex, as galaxies with di� erent dust properties
can appear similar in the optical wavelength range (e.g. both
young dusty galaxies and old dust-free galaxies look red in
the optical part of the spectrum, more detailed description of
classi�cation problems related to the limited wavelength spec-
trum; a more detailed description can be found, for example
in Siudek et al. 2018). Galaxies with full SED coverage, from
UV to FIR, are rarely available, creating obstacles to studying
them at a signi�cant statistical level. This problem will become
even more urgent and important in the upcoming era of the
Legacy Survey of Space and Time (LSST, Ivezić et al. 2019)
from the Vera C. RubinObservatory, where types of galaxies
still poorly understood and di� cult to observe, such as faint low-
surface brightness (LSB) galaxies, or even ultra-di� use galax-
ies (e.g.Sandage & Binggeli 1984; van Dokkum et al. 2015) are
expected to be routinely discovered. While LSB galaxies were
usually assumed to be dust-free,Junais et al.(2023) found that
a non-negligible fraction of them (4% of their sample, namely
23 LSB galaxies from their sample) can actually contain enough
dust to a� ect the shapes of their SEDs, with attenuation in theV
band,AV � 0:8 mag.

The 10 yearLSSTobservations will provide high-quality
optical data in theugrizy bands for � 20 billion galaxies
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(Ivezić et al. 2019; Robertson et al. 2019). However, most of
these galaxies will have no counterparts in existing (or forth-
coming) IR catalogues. Another issue is that with a large
number of galaxies observed byLSST, the traditional SED �t-
ting method will be very computationally expensive. Planned
joint observations ofLSSTand near-IR satellites, including
Euclid (Laureijs et al. 2011) for Deep Drilling Fields and the
Nancy Grace RomanSpace Telescope (formerly the Wide Field
Infrared Survey Telescope, WFIRST,Spergel et al. 2015) for
follow-up observations, will shed light on the near-IR proper-
ties of the observedLSSTgalaxies but will not be su� cient to
analyse the entireLSSTsample. Moreover, planned FIR missions
like The Far-IR Spectroscopy Space Telescope (FIRSST), The
SPace Interferometric Cosmology Explorer (SPICE), The Sin-
gle Aperture Large Telescope for Universe Studies (SALTUS)
or The PRobe far-Infrared Mission for Astrophysics (PRIMA)
can help to obtain dust measurements forLSSTgalaxies in the
future, although non of these future projects will match the
area-depth combination of the LSST. Furthermore, with such
deep data, the existing IR maps may su� er from source blend-
ing (e.g. Hurley et al. 2017; Pearson et al. 2017), resulting in
�ux inaccuracy, further complicating the SED �tting processes
(Pearson et al. 2018). As a result, an extremely valuable data set
from theLSSTobservations will su� er from a poor understand-
ing of the dust attenuation and, consequently, mis-estimated
SFR. As shown byRiccio et al. (2021), the estimation of the
LSST SFR for normal star-forming galaxies up toz � 1 can
be greatly overestimated, with a strong redshift-dependent bias.
The issue can be even more problematic for hitherto poorly
known populations of faint galaxies, including LSB galaxies.
Graham & de Blok(2001) andGraham(2001) reported on dust
and opacity in LSB galaxies and provided simple dust correc-
tions for the surface brightness. Those faint LSB galaxies are
not that di� erent from known and well-studied brighter galax-
ies – they are also a mixture of stars, gas, and dust (even though
only recently we have found IR counterparts for those unfamiliar
objects; seeJunais et al. 2023, for the �rst statistical analysis of
the dust properties in LSB galaxies).

LSB galaxies undergo similar processes, such as dust
attenuation and emission, essential to explain their physical
properties. Considering the depth of the forthcomingLSST
observations (� 27.5 mag in ther in the 10-years observations,
and� 28.5 mag band for Deep Drilling Fields, equivalent to� r �
30� 33 mag arcsec� 2, Robertson et al. 2019; Brough et al. 2020),
it is expected to detect a signi�cant number of LSB galaxies and
other types of faint galaxies that have remained undetected in
current surveys. However, this vast dataset presents a signi�-
cant challenge: how to account for attenuation when calculating,
for instance, SFR. The LSST catalogue will require additional
IR and spectroscopic observations to address this issue. The
study of the Deep Drilling Fields holds the promise of provid-
ing valuable knowledge that can be harnessed by, for example,
machine learning techniques to calculate the physical properties
(e.g. Mstar, SFR, bolometric and IR luminosities) of these faint
sources. On the other hand,LSSTwill deliver unprecedented
high-quality �ux and morphology data for observed galaxies. In
this study, we aim to investigate if optical LSST data can su� ce
– at least to some extent – to construct a prior for dust attenuation
of young stellar populations. Such a prior can then be used as a
preliminary input for SED modelling (Bogdanoska & Burgarella
2020; Riccio et al. 2021). After obtaining a �rst estimate of
the main physical parameters, it can be replaced with more
re�ned priors derived from otherLSSTpipelines and ancillary
data.

More precisely, in this paper, we study the possibility of
using LSST–like observables to estimate the prior of the dust
attenuation in the far UV regime. We do not aim to estimate the
actualAFUV but only the prior value for each optically detected
galaxy that can be further used in SED modelling. Additionally,
we check to what extent we can reduce the number of param-
eters in the �t without a signi�cant decrease in the estimate of
the main physical properties of theLSST-like sources in order to
reduce the computing time.

This paper is structured as follows: in Sect.2 we describe the
data used for our study. Section3 presents the sample selection
and all additional calculations of parameters needed for the next
steps of the analysis. The main analysis ofLSST-like observ-
ables and the resultant attenuation proxy is presented in Sect.4.
The reliability of the obtained dust attenuation prior is checked
in Sect.5. The results are discussed in Sect.6, and the summary
and future perspectives conclude this paper in Sect.7. Through-
out this paper, we adopt the stellar IMF ofChabrier(2003) and
� CDM cosmology parameters (WMAP7,Komatsu et al. 2011):
H0 = 70.4 km s� 1 Mpc� 1, 
 M = 0.272, and
 � = 0.728, the
default from theCIGALESED �tting tool.

2. Data

To construct a prior for the dust attenuation in the FUV
from the observational data, we used three catalogues: (1)
TheGALEX-SDSS-WISELegacy Catalog (GSWLC-X2, Salim et al.
2016, 2018)1, (2) the Sloan Digital Sky Survey Photometric Cat-
alogue, Data Release 12 (SDSS, Alam et al. 2015), and theSDSS
Data Release 7 spectroscopic main galaxy sample with morpho-
logical parameters (Meert et al. 2015).

2.1. Key physical properties: Mstar, SFR, and AFUV

GSWLCis a catalog of local galaxies based on the 10thSDSSData
Release (Ahn et al. 2014), which covers� 8000 deg2. Three dif-
ferent catalogues were produced depending on theGALEXexpo-
sure time (GSWLC-A, -M and -D for all-sky shallow, medium and
deep surveys, respectively), providing a total of 659 229 objects
(� 90% ofSDSSDR10 objects) at 0:01 < z < 0:3, with additional
selection on the brightness ofSDSSobjects:rpetro < 18[mag],
which is the magnitude limit forSDSSgalaxies in ther band.
All three primary catalogues listed above,GSWLC-A, M, and D,
yield reliable SFRs for main-sequence galaxies, as the SFR were
obtained through a simple conversion factor between IR and
SFR and then calibrated using mid-IR luminosity and H� line.
Galaxies on which the calibration was performed were selected
via BPT diagram (Baldwin et al. 1981). For quiescent or nearly
quiescent galaxies, the simple conversions of IR luminosity do
SFR produce overestimation of SFR (speci�c SFR reaches the
overestimation up to 2 dex,Salim et al. 2016). GSWLC-M and D
are recommended for galaxies o� the main sequence. ForGSWLC,
the photometry was taken from (i) theGALEXGR6/7 �nal release
(Bianchi et al. 2014); (ii) the 2MASSExtended Source Catalog
(XSC, Jarrett et al. 2000); (iii) the SDSSDR10; (iv) andWISE
from the AllWISESource Catalog and uWISE(Lang et al. 2016).
The SDSSand GALEXphotometry were corrected for galactic
extinction based onPeek & Schiminovich(2013) andYuan et al.
(2013) coe� cients. Moreover, additional corrections are used for
GALEXdata, when the most signi�cant one is correction due to
blending. This correction is a function of the di� erence inSDSSg
magnitude and the range of separations between sources in the

1 https://salims.pages.iu.edu/gswlc/
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SDSScatalogue. This correction is the same forGALEXFUV and
NUV bands. The other two corrections deal with (1) edge-of-
detector correction required for NUV band when the distance
from the centre of the tile to the location of the galaxy is larger
than 0.47 degrees; (2) and the centroid shift between optical
and UV positions due to lower accuracy of theGALEXastrom-
etry, applied when the shift betweenSDSSandGALEXposition
is larger than 0.7 arcsec. All those corrections are described in
detail inSalim et al.(2016). In our analysis, we used the second
version of the catalogue, namelyGSWLC–X2, which is the master
catalogue taking the deepest of GSWLC-A, M and D (659 229
galaxies). All the details concerning the construction of the cat-
alogue can be found inSalim et al.(2016, 2018).

We selectedGSWLCin order to have a homogeneous asso-
ciated catalogue of physical parameters, which was obtained
with the Code Investigating GALaxy Emission (CIGALE,
Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019). To
model the stellar population of galaxies,Salim et al.(2016) used
Bruzual & Charlot(2003) models with four di� erent metallici-
ties from 0.2 to 2.5Z� (according toGallazzi et al. 2005, these
values are in the proper range for a majority ofSDSSgalax-
ies). A two-component exponential model of the star forma-
tion history was used, and the modi�ed, using a variable slope
� , Calzetti et al.(2000) dust attenuation curve with an addi-
tional burst was used to model physical parameters forGSWLC.
The total dust luminosityLTIR, (8–1000� m, Sanders & Mirabel
1996) was estimated by interpolating theChary & Elbaz(2001)
IR templates. The �nalGSWLCcatalogue contains a list of esti-
mated parameters (Mstar, SFR,AFUV) and �ags which we used in
our analysis as described in Sect.3.1.

2.2. Photometric measurements and radii

We cross-matchedGSWLCwith the SDSSDR 12 catalogue
(Alam et al. 2015), which contains not only spectroscopic red-
shifts but also Petrosian magnitudes and Petrosian radii inu,
g, r, and i bands2. Petrosian magnitudes and radii are a good
�rst-order proxy for more precise magnitude and radii from the
LSSTpipeline. This makes the SDSS DR 12 catalogue a per-
fect sample to study possible changes in the magnitudes and
sizes calculated based on the Petrosian measurements as a func-
tion of dust attenuation. TheSDSSDR 12 contains 469 053 874
primary sources plus 324 960 094 secondary sources. More than
3 500 000 objects have spectroscopic data. It is the �nal release
of the SDSSIII, and, at the same time, a perfectLSST-like
sample to study. The main di� erence between DR 10 used by
Salim et al.(2016) and DR 12 used in our analysis are additional
dedicated surveys included in the catalogue (BOSS, APOGEE,
and MARVELS) as well as the publication of Petrosian data for
all four bands.

2.3. Inclination

The SDSSDR 12 catalogue does not include information
about the angular sizes of galaxies. The minor-to-major
axis ratio is crucial for our analysis, as it indicates the
galaxy's inclination, which can strongly in�uence attenuation
due to non-spherically symmetric dust distribution. To obtain
morphological information for our sample of galaxies, we
use the catalogue of two-dimensional photometric decompo-
sition from theSDSSDR7 spectroscopic main galaxy sample

2 There are no Petrosian radii and magnitudes for thez band in this
catalogue.

(Meert et al. 2015). This catalogue provides a robust set of mor-
phological parameters obtained for theSDSSr band, using the
GALFIT(Peng et al. 2002) and PYMORPH(Vikram et al. 2010)
software. TheMeert et al.(2015) catalogue includes measure-
ments for 607 722 galaxies. We cross-matchedGSWLCcata-
logue with axis ratio measurements forr-band detections from
Meert et al.(2015).

3. Sample selection

3.1. Cleaning of the GSWLCcatalogue

As recommended bySalim et al. (2018), for statistical stud-
ies of the main sequence galaxies, we used galaxies from the
SDSSMain Galaxy Survey (flag_mgs = 1) catalogue, known
asGSWLC-X2. We focus on the main sequence galaxies, as the
SFR estimated forGSWLCare shown to be reliable (Salim et al.
2016, 2018). For galaxies in this catalogue, the accuracy of
estimated SFRs is similar in three versions ofGSWLC(A: shal-
low all-sky catalogue containing 640 659 galaxies, correspond-
ing to 88% of DR10 targets; M: medium-deep catalogue with
361 328 galaxies, 49% of the SDSS DR10; D: deep catalogue,
which contains 48 401 galaxies, 7% of the SDSS DR10). Selec-
tion based on theflag_mgs = 1 results in 610 518 galaxies.
Additionally, we only keep galaxies with a good �t to their SED
(FLAG_SED=0, also recommended bySalim et al. 2016, 2018).
This selection gives us an initial catalogue of 603 615 main
sequence galaxies in the redshift range 0:01� 0:30. In the next
step, we perform further cleaning.

The analysis presented in the following sections aims to con-
struct and test a possible prior for attenuation of the young stel-
lar population (AFUV). As the accuracy of theAFUV and the SFR
depends on the depth of theGALEXobservation, we remove all
shallow UV detections (all-sky,GSWLCA). Therefore, we per-
form the analysis based on the medium-deep and deepGALEX
observations (we useUV_SURVEY�ags 2 and 3). After this selec-
tion, we are left with a sample of 404 830 galaxies. We also
remove all objects that belong to the shallow, all-sky,GALEXcat-
alogue. Thus cutting down the selection by a 152 385 galaxies.

The GSWLC-X2 catalogue contains galaxies whose total
IR luminosity (LTIR) was calculated based on the 12� m or
22� m detection and corrected for mid-IR AGN emission. To
homogenise the data used for the analysis, we decided to use
galaxies withLTIR estimated based on the 22� m WISEdetec-
tion. This cut removes all AGN-corrected galaxies, which means
that the sample should not contain any AGNs. As the IR coun-
terpart is necessary in a standard SED �tting process to estimate
reliable attenuation and SFR, we have to limit our analysis to
galaxies bright enough to be visible in theWISEbands. It creates
a bias by removing a large fraction of LSB galaxies but not all
of them. Moreover, in the future, we are planning the next cali-
bration based on more sensitive Euclid measurements. After that
selection, the catalogue contains 82 116 galaxies. We also reject
all objects withREDCHISQ�ag, which stands for the reduced
goodness-of-�t value (� 2

red) for the SED �tting, larger than �ve
(following Salim et al. 2016, 2018). After all these steps, the
�nal subsample of theGSWLC-X2 catalogue used in this analy-
sis contains 78 725 galaxies.

3.2. Cleaning of the SDSScatalogue

Based on the �ags used for the photometric measurements of the
Alam et al.(2015) catalogue, we remove all objects withclass
�ag equal to six (stars from theSDSScatalogue), and objects

A30, page 4 of18



Ma�ek, K., et al.: A&A, 684, A30 (2024)

Table 1.Sample selection discussed in Sect.3.

Selection criteria Number of selected sources % of the initial sample
Catalogue of physical properties (Salim et al. 2016, 2018)

GSWLC-X2 659 229 100.0%
Objects withAFUV estimation 650 597 98.69%
Main Galaxy Surveyflag_msg=1 610 518 92.61%
SED �tting �ag =0 (all SDSSphotometry, no broad-line spectrum) 603 615 91.56%
At least oneGALEXdetection (FUV or NUV) 404 830 61.41%
Medium and deep UV exposure time (GSWLC-A and D) 252 445 38.29%
LTIR estimated based on theWISE22 � m 82 116 12.45%
REDCHISQ<5 (goodness of the �t, followingSalim et al. 2016, 2018) 78 725 11.94%

Photometric catalogue (Alam et al. 2015)
Cross-matching withSDSSAlam et al.(2015) catalogue 78 725 11.94%
Cleaning based on theSDSS�ags (Sect.3.2) 44 047 6.68%

2D photometric decompositions catalogue (Meert et al. 2015)
Cross-matching withMeert et al.(2015) catalogue 29 593 4.49%
The axis ratio (b/a) of the total �t > 0 29 487 4.47%

Selection based on Sect.3.4
Cut for theAFUVs err < 0.25 [mag] 15 004 2.28%
Redshift range 0.025–0.1 9837 1.49%
Cut between 1st and the 99th percentile of theAFUV 9641 1.46%
Main sequence galaxies 7986 1.21%

that do not have magnitude and Petriosian radii measurements
in all four bands (u, g, r, andi). This criterion allows us to check
all possible relations betweenAFUV and futureLSSTdata. This
initial cleaning resulted in 78 723 galaxies (i.e. only two galaxies
from the above sample were removed).

We also use �ags describing the quality of the estimation
of the radii. We remove all galaxies where no valid Petrosian
radius was found (NONPETRO) or with multiple Petrosian radii
(MANYPETRO). We also remove measurements with Petrosian
radius larger than the radial pro�le (NOPETRO_BIG) or with more
than one radius including 50% or 90% of the light (MANYR50and
MANYR90). We do not use radii that were measured at the edge
of the frame (INCOMPLETE_PROFILE), those rejected because
of low surface brightness level (PETROFAINT) or objects larger
than 4 arcmin (TOO_LARGE). Additionally, we remove all mea-
surements with possible saturation deception as the centre of the
radii is close to the saturated pixel (SATUR_CENTER) or inter-
polated pixel (INTERP_CENTER). On top of those �ags, we also
remove galaxies detected with a very low sky level, which results
in the centre pixel of the galaxy being negative (BADSKY) or at
the edge of the frame (EDGE). Yet another �ag which indicates
a possible problem with the image isCANONICAL_CENTER. This
�ag is set for objects for which it is impossible to measure the
centre in ther band. We also remove all possibly moving objects
(MOVED) or galaxies detected at a level larger than 200� in ther
band (BRIGHT)3.

We use the same quality condition for theu,g,r, andi bands.
In total, we remove 34 676 galaxies from the initial sample cre-
ated based on theSalim et al.(2018). This selection allows us
to create a catalogue of 44 047 galaxies with good photometric
measurements in all fourSDSSbands, with UV and mid-infrared
detections, and reliably estimated key physical parameters from
Salim et al.(2018), namely SFR,Mstar, AFUV, andAV.

3 The detailed description of allSDSS�ags can be found athttps:
//www.sdss.org/dr12/algorithms/flags_detail/

3.3. Cross match with the SDSSDR7 2D decomposition
catalogue

Next, we cross-match the catalogue with theMeert et al.(2015)
SDSSDR7 catalogue to obtain information about angular sizes
and the inclination of galaxies. This cross-matching reduces the
sample signi�cantly to 29 487 galaxies, that is, removing one
third of the sample. From this sample, we remove all galaxies
with an axis ratio (semi-minor/semi-major) lower than zero. This
cut removes an additional 106 galaxies.

3.4. Final sample

The selection described above yields our �nal sample of 29 487
normal star-forming galaxies in the redshift range 0:01 < z <
0:3. In Table1, we list all steps performed to obtain the �nal
sample. This �nal sample provides by reliable measurements of
magnitudes and radii in all fourSDSSbands, sets of morpholog-
ical parameters for theSDSSugri bands, and proper estimation
of the main physical parameters (Mstar, SFR, attenuation in the
FUV band, etc) from theGSWLC-X2 catalogue.

Black histograms presented in Fig.1 show distributions of
the main physical parameters for the whole sample of 29 487
galaxies (0:001 < z < 0:3). Six panels of this �gure show the
distribution of the spectroscopic redshift, as well as the main
physical properties: stellar mass (log(Mstar=M� )), attenuation in
the FUV band (AFUV), SFR, and speci�c SFR (sSFR), both in
logarithmic scale. The bottom right panel shows the axis ratio
(semi-minor/semi-major) fromMeert et al.(2015).

From the sample, we remove all galaxies withAFUV err larger
than 0.25 [mag], as in the next step of our analysis, we want to
bin galaxies regarding theAFUV value, and too large errorbars
can in�uence our binning. The �nal sample, after this cut, con-
tains 15 004 galaxies. We stress here that this cut has negligible
in�uence on the main physical properties of the �nal sample, as
shown in Fig.1.

The number of objects in the sample drops above redshift
z � 0:1, which can be seen in the upper left panel in Fig.1.
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Fig. 1. Main physical properties used in our analysis. Panels above show spectroscopic redshift, stellar mass (log(Mstar=M� )), attenuation in the
FUV band (AFUV), SFR and speci�c SFR (sSFR), both in logarithmic scale. The last bottom right panel shows the axis ratio (semi-minor/semi-
major) fromMeert et al.(2015). Black histograms represent distributions obtained from the whole sample of 29 487 galaxies (0:01 < z < 0:30),
while maroon hatched histograms show distributions for the �nal sample used for the analysis (7986 galaxies). Legends show median values for
all parameters calculated for the initial (black histograms) and �nal (maroon hatched histograms) samples.
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Fig. 2. Attenuation in the FUV band (AFUV) as a function of redshift.
Two horizontal lines, dashed and dotted, represent the 1st and the 99th
percentile of theAFUV distribution, respectively. The solid vertical line
indicates redshift equal to 0.1, while the dashed double-dotted line rep-
resents a redshift cut at 0.025. Above that redshift line, the sample can-
not probe the most extremeAFUV values.

A similar drop (but much steeper) can be seen below redshift
0.025. In Fig.2, we check theAFUV distribution as a function
of redshift. This �gure shows that below redshift 0.025 and
above redshift 0.1, the values ofAFUV are not spread across the
full range of this parameter. To obtain a representative sample
of galaxies across the attenuation and redshift space range, we
remove all galaxies withAFUV below the 1st (0.67 mag) and
above the 99th (3.71 mag) percentile of the distribution. More-
over, we introduce additional cuts in redshift, removing galaxies
outside the 0.025 and 0.1 redshift bin. Those two cuts allow us
to keep a statistically signi�cant galaxy sample characterised by
an almost complete distribution ofAFUV. Therefore, we decide
to use in the following analysis only galaxies within the redshift
range 0:025< z < 0:1 (which reduces the sample to 9837 galax-

ies), and with 0:67 < AFUV < 3:71 mag, further reducing the
sample to 9641 galaxies.

As the last step of the sample selection, we remove all galax-
ies in the tail of the sSFR distribution. From theSDSSdistribu-
tion, we remove the tail of the main sequence distribution by
selecting only galaxies located within 4� of the sSFR distribu-
tion (i.e. � 10:34 < log(sSFR=yr� 1) < � 9:49, as illustrated in
Fig. 3). This cut removes 1655 objects.

Distributions of the main parameters used in the analysis are
shown in Fig.1. The full sample of 29 487 galaxies, without our
internal cuts, is shown in black histograms, while the �nal sam-
ple of 7986 galaxies is presented as maroon-hatched histograms.
TheAFUV distribution, together with theMstar distribution, show
that cuts based on theAFUV err, redshift,AFUV and sSFR, do not
change the main properties of the key physical properties, but
only remove the most massive and in the same time the most
active in the star formation processes, and the most attenuated
galaxies.

3.5. Surface brightness calculation

For the �nal sample of 7986 galaxies, we calculate the surface
brightness in each of the SDSS bands using the equation:

� x = magx + 2:5 � log10(2� r 2
x); (1)

wherex stands foru, g, r andi band,magfor Petrosian magni-
tude andr for circular Petrosian radius. We note that we use
the Petrosian radius for the surface brightness measurements,
unlike the half-light radius, which is generally used in the lit-
erature (e.g.Paudel et al. 2017; Pérez-Montaño et al. 2022). As
we do not have a half-light radius measurement for all the photo-
metric bands used in this work, we chose to adopt the Petrosian
radius in all the bands for consistency (Meert et al. 2015, 2016
provides half-light radius measurements only for theg, r andi
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Fig. 3. Distribution of log(sSFR/yr� 1) for the selected 7 986 galaxies in
the redshift range 0:025< z < 0:1. A vertical solid line and two vertical
dotted lines represent the mean value of sSFR of the sample, and the
mean value of the sSFR decreased/increased by 4� of the distribution,
respectively.

bands, without theu-band).Graham et al.(2005) shows that the
Petrosian radius for a galaxy with Sérsic indexn = 1 (which
is a reasonable assumption for the main-sequence galaxies stud-
ied in this work) is about twice larger than its Sérsic half-light
radius. This will result in our surface brightness measurements
� 1.5 mag arcsec� 2 fainter than those estimated using the half-
light radii. However, such a systematic o� set does not a� ect any
of the trends studied in this work. Therefore, from here upon, we
adopt the surface brightness measurements obtained using the
Petrosian quantities.

We apply the correction for inclination (following
Zhong et al. 2008; Pahwa & Saha 2018):

� x;corrected= � x + 2:5 � log10 �(b=a) � 10� log10(1 + z); (2)

whereb/a represents the ratio of a galaxy's minor and major axis.
From now on, we always use only `corrected' surface bright-
ness in the analysis, and thus we drop the subscriptcorrected
from the de�nition of � x;corr. FigureA.1 shows the distribution
of the magnitudes and calculated surface brightness based on the
Eqs. (1) and (2) for the �nal sample used in the analysis.

3.6. AFUV– LSST-like observables relations

We look for possible relations between observed LSST-like
data (�uxes, magnitudes, colours, surface brightness in di� erent
bands, as well as the ratio between di� erent surface brightness)
in four SDSS bands (u, g, r, andi) and the attenuation in the FUV
band estimated via �tting the UV to IR SED. TheAFUV relation
with colours and surface brightness calculated in di� erent bands
are presented in AppendixC. We also tried to use colours, but the
relations are too narrow to separate di� erent attenuation levels.
GSWLC-X2 AFUV values were obtained usingGALEX, SDSS, and
WISEphotometry calibrated on theHershelATLAS (Salim et al.
2018), ensuring proper dust attenuation estimation. The method
used bySalim et al. (2018) combined SED constrained with
CIGALE (Burgarella et al. 2005; Noll et al. 2009; Boquien et al.
2019) �tting code with infrared luminosity (SED+LTIR �tting;
more details can be found inSalim et al. 2018). Our main goal
is to �nd a simple proxy forAFUV based on the observational
LSST-like data.

We checked all possible relations between colours, magni-
tudes, surface brightnesses, and their ratios. As a result, we �nd a
promising relation between(u � r) colour, the surface brightness
calculated in theu band, and theAFUV, which is characterised
by a monotonic rise of the ratio of(u � r) colour and theu sur-

face brightness with theAFUV values, and an extensive parameter
locus (more than 0.6 mag in colour; for example, the (g� i) colour
gives only� 0.3 mag width, which makes theAFUV analysis more
complicated taking into account the uncertainties of photometric
measurements, and so forth). We also �nd a very similar relation
using(u � i) instead of(u � r). The two main changes between
both relations (the chosen one(u � r)–� u–AFUV and the second
best one(u � i)–� u–AFUV) are the larger global slope uncertainty
for (u � i) shown in Fig.C.1, and larger uncertainties for the �nal
AFUVp equation based on larger errors for the intercept equation
(Eq. (3)). The (u � r) or (u � i) colour is a natural indicator of
dust attenuation since dust a� ects the slope of the galaxy SED.
Both colours also cover the Balmer break, so they are very good
indicators of the age of the stellar population. We are aware that
we have a degeneracy between age and dust attenuation; since
we have no information on the ages of theGSWLCand a very
narrow redshift range, we subsequently analyse this degeneracy
in the forthcoming analysis using much smaller but more infor-
mative, reference catalogues. The surface brightness in the band
closest to UVSDSSis an indicator of the SFR as it traces light
from the young stellar populations. The combination of these
two parameters can be thus expected to be sensitive to dust atten-
uation for young stellar populations. However, this is the �rst
time, to our knowledge, that these parameters have been com-
bined to derive the proxy forAFUV. In Sects.4 and5, we present
and analyse this relation in detail.

4. AFUV prior: (u � r) colour versus surface
brightness in the u band

To study the relation between the colour and the surface bright-
ness, we divide our sample into 14AFUV bins to check if di� erent
attenuation values follow di� erent relations in the colour� sur-
face brightness space and if they can be separated. These bins are
presented in Table2 and graphically shown in Fig.4. Each bin
contains at least one percent of the �nal sample (at least 70 galax-
ies). Due to small numbers of galaxies in theGSWLC-X2 having
AFUV lower than 1 mag, we use a variable bin width to probe as
densely as possible the lowest attenuation range, which is under-
represented in the catalogue. Thus, the �rst bin has a width of
0.05 mag, the second is 0.10 mag wide, and the third is 0.15 mag
wide. Starting from the fourth, the width is greater at 0.20 mag.
Additionally, to increase the number of galaxies in each bin, as
well as to include possible uncertainties arising from the redshift
estimation or physical properties, we add overlaps between bins.
These overlaps increase with increasingAFUV according to the
relation:bin n�0.005 , wherebin n refers to the bin number. This
helps us to gather enough galaxies in the less populated bins of
high AFUV (larger than 2 mag), but also to take into account the
uncertainties of theAFUV estimated bySalim et al.(2018), as for
largerAFUV we also have largerAFUV err (it can be seen later in
the right bottom panel of Fig.7, blue circles).

We perform a linear �t in eachAFUV bin in the (u � r)–
� u parameter space, as this relation shows the most prominent
slope of the general relation (0.0796� 0.0024)4, AppendixC.
Moreover, the(u � r) colour space is wide enough to sepa-
rate di� erent attenuation levels, taking into account measure-
ment errors for futureLSSTobservations. Since the� u range
is much wider than the range of(u � r), and more often is
contaminated by outliers caused by uncertainties in calculating

4 The second most prominent relation is(u � i)–� u with slope 0.0799�
0.0047, however, the slope uncertainty is almost twice larger than for the
slope uncertainty of the(u � r)–� u plane.

A30, page 7 of18



Ma�ek, K., et al.: A&A, 684, A30 (2024)

Table 2.AFUV bins discussed in Sect.4 and used in our analysis.

AFUV bin Bin width AFUV # gal. % sample

0.72 – 0.77 0.06 0.74 91 1.14
0.76 – 0.87 0.11 0.81 199 2.49
0.86 – 1.02 0.16 0.95 481 6.02
1.00 – 1.22 0.22 1.12 1098 13.75
1.20 – 1.42 0.23 1.31 1303 16.32
1.39 – 1.62 0.23 1.51 1290 16.15
1.59 – 1.82 0.24 1.70 1267 15.87
1.78 – 2.02 0.24 1.89 1077 13.49
1.98 – 2.22 0.25 2.09 812 10.17
2.17 – 2.42 0.25 2.28 654 8.19
2.37 – 2.62 0.25 2.47 472 5.91
2.56 – 2.82 0.26 2.67 267 3.34
2.76 – 3.02 0.27 2.86 161 2.02
2.95 – 3.22 0.27 3.06 117 1.47

Notes.The �rst column represents the minimal and the maximal value
of AFUV in each bin, the second – the bin width, and the third is the mean
value ofAFUV in each bin. The fourth column presents the number of
galaxies in each bin, while the �fth column is the percentage of the full
sample of 7934 galaxies.

Fig. 4.Distribution ofAFUV for the �nal sample of 7814 main sequence
galaxies in the redshift range 0:025� 0:1. The palette of colours repre-
sents theAFUV bins used in our analysis. The meanAFUV value for each
bin (AFUV) is denoted in the legend.

Petrosian radii and Pertosian magnitudes, we perform the �t
only between the 10th and the 90th percentile of the� u distri-
bution in each bin. FigureD.1 shows �ts of the relation(u � r)
versus� u �ts for all AFUV bins, while Fig.5 presents com-
bined linear �ts for all 14 bins. In Fig.5, it is evident that
for all AFUV bins, the(u � r)–� u relation maintains a consis-
tent slope, with the intercept gradually increasing asAFUV rises.
We have interpreted the �attening observed in the lowest and
highestAFUV values as being related to the much less densely
populated part of our sample. This can be seen in Table2 and
Fig. 4, whereAFUV values lower than� 0.8 mag and greater than
2.7 mag constitute only about 8% of the total sample analysed
in our manuscript. FigureA.2 shows the same relation between
(u � r) � � u and AFUV, but with an additional background of
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Fig. 5. Relations �tted between observed(u � r) colours and� u for
14 AFUV bins. The sequence of colours represents the one used forAFUV
bin in Fig.4. Filled areas display the� 1� uncertainty around estimated
lines.

galaxies used in our analysis colour� coded according to the
value of AFUV, and with the interpolated linear �t with� u in
a range of 22:5� 27:5 [mag arcsec� 2]. For the simplicity in the
main manuscript, we show only �ts with the� 1� uncertainty
around estimated lines.

4.1. Global (u � r) – � u – AFUV relation

Figures5 andA.2 indicate that there is a possibility to create a
global relation between observed(u � r) colour, surface bright-
ness in theu band and the attenuation in the FUV band. To �nd a
relation, we examine the slopes and the intercepts of the relation
between(u � r) and � u for eachAFUV bin. We show in Fig.6,
a relation between both slopes and intercepts as a function of
AFUV, together with two linear �ts: one for the slopes and one
for the intercepts, both as a function ofAFUV:

slope= (� 0:02� 0:00) � AFUV + 0:12� 0:01;
intercept= (0:65� 0:08) � AFUV � 1:68� 0:16:

(3)

The increase in scatter for slope ad intercept with decreasing
AFUV can be explained by smaller bin sizes and less represen-
tative samples in the global distribution ofAFUV.

We derived a solution for this set of two equations based on
the �tted relations (slopes and intercepts with respect toAFUV
shown in Eq. (3)), resulting in a linear expression that charac-
terisesAFUV through the combination of(u � r) and � u. This
�nal relation (Eq. 4) incorporates all three values: two entirely
observational ((u � r) and� u) and one physical property (AFUV)
obtained from the SED �tting fromGSWLC:

AFUVp =
(u � r) � (0:12� � u) + 1:68

(� 0:02� � u) + 0:65
: (4)

This equation provides a proxy for theAFUV when only opti-
cal measurements (�uxes and radii) are available, as will be the
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Fig. 6.Slopes and intercept from(u � r)–� u �ts. Interpolated slopes (left
axis) and intercepts (right axis) obtained from linear �ts for all 14 bins
of AFUV (Fig.D.1), as a function ofAFUV. The left axis represents slopes
(purple full diamonds), and the right axis represents intercepts (red full
circles). Linear �ts and associated �tted parameters are presented using
dashed-dotted lines for slopes and dashed lines for intercepts.

case for the majority of theLSSTsurvey5 This proxy can signif-
icantly shorten the time needed to estimate all physical parame-
ters through the SED �tting, as the grid for the dust attenuation
properties can be much narrower and more speci�c.

We have also checked that using half-light instead of
Petrosian radii will not change our relation signi�cantly. Using
approximately � 1.5 mag arcsec� 2 brighter values of surface
brightness (see Sect.3.5) results in changes of two values from
Eq. (4): from 1.68 to 2.50 and from 0.65 to 0.74. This change
results in the mean di� erence betweenAFUVp obtained with
Petrosian end e� ective values equal to 0.05 [mag], with� =
0:45 [mag].

FutureLSSTobservations will provide more precise mag-
nitude and morphology measurements than the data employed
in this manuscript, where we adopt Petrosian radii and magni-
tudes fromSDSSDR12. We plan to perform a similar test for
the data acquired fromLSSTDeep Drilling Fields to better cali-
brate Eq. (4) as soon as the observations, both optical fromLSST
and from other ground-based and satellite observatories are col-
lected. For those �elds, near-IR data will also be available, for
example, VISTA-NIR, which will further help us to constrain
reliable dust properties, including attenuation in the FUV band
in the broaderAFUV range.LSSTwill enable the investigation of
the lowerAFUV range, since a substantial percentage of galaxies
observed byLSSTwill be LSB galaxies. While low in compari-
son to many other types of galaxy, FUV attenuation levels among
LSB galaxies are still non-negligible (i.e.AFUV<0.4 mag), as
shown recently byJunais et al.(2023). While waiting for obser-
vations and estimates of the main physical properties of galaxies
from the Deep Drilling Field, we can use Eq. (4) to calculate
a proxy representing dust attenuation for star-forming galaxies.

5 As discussed above, we obtained a very similar result for the(u � i)–
� u plane:

AFUVp =
(u � i) � (0:13� � u) + 1:68

(� 0:02� � u) + 0:65
: (5)

The main di� erence between equations are the larger uncertainties for
slopes and intercepts in Eq. (3).

This relation will be used to prepare a software pipeline to esti-
mate physical properties from futureLSSTdata by members of
theLSSTGalaxy Science Collaboration (Robertson et al. 2017).

4.2. Final AFUV prior

The �nal distribution of the obtainedAFUVp, as well as the com-
parison withAFUV from the original work ofSalim et al.(2018),
is shown in Fig.7. Panel a in this �gure shows theAFUV and
AFUVp distributions. It is clearly seen that the distributions are
di� erent and that the prior obtained from(u � r) and � u can
reach both much lower (to theAFUVp = 0 mag) and larger (up to
AFUVp > 4 mag) values than the originalAFUV from Salim et al.
(2018). The Kolmogorov–Smirnov test, which is a commonly
used non-parametric test based on the distance between two
cumulative distributions, con�rms thatAFUV and AFUVp do not
come from the same distribution (pKS = 1:11 � 10� 128). For
this plot, we have removed 426 galaxies for which the value
of AFUVp from Eq. (4) is less than 0. All galaxies from the
removed sample occupy(u � r)–� u loci not included in our anal-
ysis (just below the bin with the lowest value of meanAFUV

(AFUV = 0:74 [mag])). FigureB.1 shows the position of all 426
galaxies in the(u � r)–� u plane.

We notice here the sharp cut in the low-end of theAFUV
distribution (visible also in Fig.1, right upper panel). It can
be related to the speci�c sets of parameters used inSalim et al.
(2018) or the data set for which the SED �tting was performed.
As shown inOsborne et al.(2023), theGALEXdata, which give
direct insight into the young stellar population and were used
to createGSWLC, are partially a� ected by blending. The new
catalogue built with a new software pipelineEMphot, which
uses forced photometry from theSDSScatalogue, presented by
Osborne et al.(2023), revealed that magnitudes used inGSWLC
were systematically fainter (up to 0.5 mag) due to insu� cient
background subtraction for faint sources. The new, deblended,
GALEXcatalogue ofOsborne et al.(2023) shows that� 15% of
galaxies in theGSWLCcatalogue were moderately a� ected by
blending (contamination> 0.2 mag), and 2.4% of galaxies were
contaminated at the level of more than 1 mag. To summarise,
the NUV and FUVGALEXmagnitudes originally used to esti-
mateAFUV by Salim et al.(2018) were fainter than the corrected
deblended magnitudes, but only a small percentage of galaxies
in our sample can be a� ected by this e� ect. It means thatGALEX
data used bySalim et al.(2016) has negligible in�uence on the
lack of low AFUV values in the originalGSWLC-X2 catalogue for
the main sequence galaxies6.

The mean di� erence betweenAFUV and AFUVp equals
0:01 mag, with a� = 0:74 mag (see middle panel of Fig.7).
From hereupon, we use this� , which is the scatter in the di� er-
ence between �ducial values ofAFUV andAFUVp, as a constant
uncertainty for our estimatedAFUVp (hereafter:AFUVp err). We
want to stress that, in the future, with theLSST-like observations,
it will also be possible to calculate theAFUVp err directly for indi-
vidual sources based on the uncertainties in the observed colour,
surface brightness, and the �t coe� cients shown in Eq. (4). How-
ever, we are currently restricted to a limited number of galaxies,
which a� ects the uncertainties of our �ts from Eq. (3). Addition-
ally, we have signi�cant photometric errors (for both radii and

6 Based on private communication with S. Salim, we have found that
the AFUV distributions based on the previousGALEXdata used for the
GSWLCcatalogue and theAFUV obtained with the new, deblendedGALEX
measurements fromOsborne et al.(2023) have a statistically negligible
change.
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magnitudes). Furthermore, the �ducialAFUV is not free of uncer-
tainties (limited toAFUV err < 0:25 mag, based on our selection in
Table3). Therefore, for the simplicity of this work and to avoid
signi�cant overestimations of errors, we decided to use a con-
stant uncertainty ofAFUVp err= 0.74 mag.

We do not observe any redshift dependence (panel c, Fig.7);
however, the redshift range used in this analysis is very nar-
row (0.025–0.100). We can reasonably expect that the much
deeper LSST data will require adding a redshift-dependent
calibration.

The obtained priors do not follow a 1:1 relation with the
AFUV values calculated directly from �ts to the UV-IR range
SED. This is due to many reasons, where the most impor-
tant ones are (1) uncertainties of the originalAFUV, (u � r) and
� u, which were not taken into account when constructing the
(u � r) � � u � AFUV relation; (2) the quality of the SED �ts
obtained bySalim et al.(2018; our only selection is based on
REDCHISQ< 5); (3) the quality of the data used for full �t-
ting – there is no information about the signal-to-noise ratio
for speci�c bands or the goodness of the measurement; (4) but
even more importantly, the(u � r) � u relation is not tight as the
(u � r) colour depends both on the age of the stellar population
and on the dust. Nevertheless, the median di� erence between
AFUV obtained based on the careful �tting of broadband pho-
tometry from UV to IR andAFUVp determined from(u � r) and
� u observed quantities is only 0.10 mag larger than the median
AFUVp err (0.12 mag).

5. Reliability of AFUVp derived from LSST-like
observations

Even if, as mentioned above, the agreement between
AFUVp � AFUVp err and AFUV estimated via SED �tting by
Salim et al. (2016, 2018) is not perfect, the correlation is
evident, and the advantages of such an approach are numerous.
An AFUV prior obtained from an optical-only dataset (without
any information about dust emission or proxy from UV obser-
vations) can help to reduce the number of parameters needed
to estimate the main physical properties of studied galaxies. It
can also reduce the risk of over�tting by decreasing the number
of free parameters used for SED �tting based on �ve optical
broadbands only.

To check whether the obtainedAFUVp values can lead to reli-
able estimates of the main physical properties of galaxies, we
perform a set of tests using only optical broadband data with and
without two priors: the originalAFUV from GSWLCobtained by
Salim et al.(2018), which we call nowAFUVs (andAFUVs err) to
distinguish between bothAFUV values used in the test, and the
AFUVp (andAFUVp err) from Eq. (4).

To test usingAFUVp obtained via Eq. (4) as a prior, we
perform six CIGALE runs to �t the SED of our sample. We
useSDSSDR 12 ugriz measurements fromAlam et al. (2015)
(in case ofSalim et al. 2016, 2018, they usedSDSSDR10).
Salim et al. (2016, 2018) made use of additional data from
GALEXandWISEwhich are not taken into account in our analy-
sis. A simple run based on �ve optical bands only is intended to
reproduce the futureLSST-like observations (without theLSSTy
band). We employ the same SED �tting code as used for the
GSWLCdata set. Parameters and modules used are described in
Table3. As our SED coverage consists of only �ve optical SDSS
data points, we do not include any dust emission module.

We categorise the SED �tting parameters into two
main groups:FULL�run (based on the description given by
Salim et al. 2016, 2018) and LIGHT�run, with a signi�cantly

reduced number of parameters describing dust attenuation and
the age of the late burst for the star formation history module
(details are listed in Table3). Runs based onFULL�run parame-
ters produce 332 640 templates per redshift bin. In contrast, util-
isingLIGHT�run parameters reduces the number of templates to
only 5540 per redshift bin. Thus, the number of generated tem-
plates decreases by 98%. We performed our runs for 7934 galax-
ies using Intel Core i9–9900K CPU @ 3.60 GHz processor with
64 GB memory and 8 cores (16 threads).FULL�run required
188 seconds to compute models while theLIGHT�run did the
same in 11 s. The Bayesian estimates of the physical properties
for these templates for theFULL�run CIGALEtook 203 s, while
for the LIGHT�run, only one second. Thus, both runs used the
same time to estimate best-�t properties for all galaxies (85 s).
Thus, theLIGHT�run required only 3% of the time spent on the
FULL�run. This reduction in the number of templates is of par-
ticular signi�cance for `big data' galaxy samples like theLSST.
For LSST-like surveys, with billions of observed galaxies, run-
ning full, detailed SED �tting will be impossible due to CPU
and memory limitations.

We used theLSST-like data set, and we performed the SED
�tting using FULL�run and LIGHT�run parameter sets. For
FULL�run and LIGHT�run parameters we further divide runs
into three groups: (1) without any priors (tagged as NO prior),
without any indication of a preferableAFUV value, (2) with
the AFUVs err and AFUVs err used as priors for the CIGALE run,
and (3) with AFUVp and AFUVp err. To add priors, we used the
properties option from the originalCIGALEtool7, while for
runs without priors, we left theproperties option empty. Runs
with and without priors still need to be supported by the input
parameters for the dust attenuation module. In all six cases, we
used input parameters as listed in Table3.

In Fig. 8, we present the di� erence between estimatedMstar
and SFRs obtained via our six runs and the original (�ducial)
values from theGSWLCcatalogue. We stress that for all six runs,
only u, g, r, i, andzSDSS broadband photometry was used. The
resultant loci of the obtained six main sequences are shown in
Fig. 9.

It is important to note that processingLIGHT�run data with
CIGALEwithout AFUV prior leads to large overestimates of the
SFR (see alsoRiccio et al. 2021). Priors, even if based only
on optical measurements, can reproduce the physical parame-
ters of the �ducials well enough. Moreover, priors can also help
to reduce the number of parameters, and hence the CPU time,
required to analyse large numbers of galaxies.

6. Discussion

Figures 8 and 9 show the di� erences between the original
(�ducial) physical parameters from theGSWLCcatalogue and
the physical parameters obtained with two sets of parameters:
FULL�run, and highly reducedLIGHT�run. Additionally, dif-
ferent AFUV priors (and also no prior for even more detailed
comparison) were applied in these runs. Table4 shows the mean
SFR and the meanMstar accompanied by their uncertainties for
�ducial parameters from theGSWLCand those obtained from six
additional runs described in Sect.5.

7 To runCIGALEwith theproperties option, one has to add to the
initial input �le additional columns �lled with prior values and corre-
sponding errors. In the case of this work, we added two columns: attenu-
ation.AFUV and attenuation.AFUV_err, and we �lled them withAFUVp
from Eq. (4) andAFUVp err equal to 0.74 mag, respectively.
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Fig. 7. Main properties of obtainedAFUV priors. Panel a shows the distributions of originalAFUV from theSalim et al.(2018) work obtained from
careful SED �tting based on measurements from UV to mid-IR (AFUV, blue left hatched histogram), andAFUVp calculated based on Eq. (4) (orange
right hatched histogram). Panel b presents the distribution of the di� erence betweenAFUV andAFUVp and denotes its median value. In panel c, the
di� erence betweenAFUV andAFUVp is shown as a function of redshift. We removed for clarity from panel a 426 galaxies, for which calculated
AFUVp was lower than 0.

Table 3. Input parameters for the code CIGALE.

Parameters Values

Star formation history
Double exponential (delayed with additional burst)
e-folding time of the main stellar population model (Myr) 500, 1000, 3000, 5000, 8000, 10 000, 15 000, 20 000
e-folding time of the late starburst population model (Myr) 20 000
Mass fraction of the late burst population 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,0.4, 0.45, 0.5
Age of the main stellar population (Myr) 6500
Age of the late burst (Myr) 10, 30(� ), 100(� ), 300, 1000, 3000, 5000
Single stellar populationBruzual & Charlot(2003)
Initial mass function Chabrier(2003)
Metallicities (solar metallicity) 0:02
Age of the separation between the young and the old star
population (Myr)

10

Nebular
Ionisation parameter � 3.0
FULL�run: Dust attenuation lawCalzetti et al.(2000)
E(B� V): the colour excess of the stellar continuum light for
the young population

0, 0.01, 0.02, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5,
0.6, 0.7, 0.8

Amplitude of the UV bump at 217.5 nm 0, 2.0, 4.0, 6.0
Slope of the power law modifying the attenuation curve 0.4, 0.2, 0,� 0.2,� 0.4,� 0.6,� 0.8,� 1., � 1.2
LIGHT�run: Dust attenuation lawCalzetti et al.(2000)
E(B� V): the colour excess of the stellar continuum light for
the young population

0, 0.05, 0.15, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8

Amplitude of the UV bump at 217.5 nm 0
Slope of the power law modifying the attenuation curve 0

Notes.(� )Values 30 and 100 was removed from theLIGHT�run.

6.1. In�uence of the A FUVp or lack of it on the Mstar estimation
for the LSST-like observations

Results presented in Figs.8a,c, show a negligible,� 0:1 dex, dif-
ference in the estimatedMstar between all six runs and the origi-
nal Mstar from theGSWLCcatalogue. The consistency in the esti-
mations is actually expected given the complete set of theSDSS
DR 12 optical broadband data used bySalim et al.(2018) and
in our work. Detailed coverage of the optical spectrum, fromu
to z bands, allows reconstruction of the old stellar population in
the galaxy (especially at low redshift), which is the main ingre-
dient of the total stellar mass of both quiescent and normal star-
forming galaxies.

However, it is worth mentioning that only for runs with-
out prior� Mstar, de�ned as log(Mstar this work=Mstar), is lower than
� 0:07, and monotonically decreases with redshift. It implies
that for optical data only, without any proxy for dust emission
or AFUV, the Bayesian method of estimating physical parame-
ters prefers to choose templates corresponding to somewhat less
massive galaxies. It is clearly visible when comparing runs with-
out priors: for the run with a larger number of templates (marked
asFULL�run) � Mstar is systematically shifted towards lower val-
ues ofMstarwhen compared to theLIGHT�run. We want to stress
here that this e� ect can be caused by over�tting (it can be seen
also Fig. 7 inRiccio et al. 2021, where theMstar is very slightly,
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Fig. 8. Di� erence between SFR andMstar from the originalGSWLCcatalogue (Salim et al. 2018), and those obtained in this work. The di� erence
� Mstar was calculated as log(Mstar this work=Mstar); and� SFR was obtained in an analogous way. Panels a and b show the di� erence in the stellar
masses and SFRs, correspondingly, as a function of redshift, with shaded areas represent standard deviation of the scatter; panels c and d present
the relation between the �ducial values and the estimates obtained in this work, with contours showing the distribution of the data. Runs based on
GSWLCset of parameters,FULL�run, are shown in blue-coloured lines, while those obtained fromLIGHT�run – in an orange-coloured set of lines.
Black solid lines visible in panels c and d represent 1:1 relations.
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Table 4. Mean values of log(SFR) and log(Mstar) for the �ducial cata-
logue of 7986 galaxies and those estimated from all six runs described
in Sect.6, and presented in Figs.8 and9.

Data set log(SFR/M� yr� 1) log(Mstar=M� )

Fiducial values 0.19� 0.07 10.09� 0.05
FULL�run/ NO prior 0.54� 0.41 9.96� 0.17
FULL�run/ AFUVs prior 0.20� 0.14 10.06� 0.09
FULL�run/ AFUVp prior 0.30� 0.21 10.04� 0.11
LIGHT�run/ NO prior 0.68� 0.36 10.01� 0.11
LIGHT�run / AFUVs prior 0.23� 0.07 10.06� 0.08
LIGHT�run/ AFUVp prior 0.28� 0.10 10.05� 0.08

but still overestimated due to the number of used templates). The
number of parameters used inSalim et al.(2018) was allowed
thanks to a larger number of measurements available, which is
not the case in theLSST-like dataset. We stress that possible
over�tting should be avoided for theLSST-like data analysis, as
it may cause the choice of templates of systematically less mas-
sive galaxies, which is another reason why introducing a prior to
reduce the size of the parameter grid is needed.

6.2. In�uence of the A FUVp and lack of the prior on the SFR
estimation for the LSST-like observations

In this section, we check how the use of priors in�uences the
estimations of the SFR. Again, we calculate the ratio between the
�ducial physical value fromGSWLCcatalogue and those obtained
in our runs. We de�ne this ratio,� SFR, as log(SFRthis work/SFR).
The results are shown in Figs.8b,d.

6.2.1. No AFUV prior involved

The �rst conclusion from this test, presented in the right pan-
els of Fig.8, is that using optical data only without any prior
(that is, without giving any values for theproperties option,
see note7) for the dust attenuation results in a signi�cant
overestimation of the SFR, which decreases with redshift. The
same overestimation and its redshift dependence were found
by Riccio et al.(2021) for a sample of� 50 000 main sequence
galaxies. They used a sample of observed galaxies to estimate
the expectedLSST�uxes in theugrizybands and then performed
SED �tting. They found that theMstar remains well estimated
(similarly to our result shown in Sect.6.1) by theLSST–like data
set. However, at the same time, the SFR and the dust luminos-
ity are overestimated when theLSST–like sample alone is used.
The SFR overestimation found byRiccio et al. (2021) is red-
shift dependent and clearly decreases with redshift, disappear-
ing at about redshift� 1. This e� ect can be explained by the
wavelength range of theLSSTobservations. At redshift� 0 LSST
probes mainly old stellar population, without any band probing
young stellar population or dust properties. As redshift increases,
the LSSTugriz �lters start to cover the UV rest frame, and the
estimates of the SFR signi�cantly improve.

The lack of information about the UV and MIR rest-frame
wavelengths for theLSSTlow redshift sample causes a large
overestimation of the attenuation during the �tting (Riccio et al.
2021), which then translates into an overestimation of the dust
luminosity and, �nally, the SFR. As shown in Fig.8, both
FULL�run andLIGHT�run sets of parameters, applied without
anyAFUV prior (blue and orange solid lines, respectively), result
in signi�cant SFR overestimation: mean� SFR for FULL�run

and LIGHT�run runs without priors equal to 0.34 and 0.48,
respectively. Based on Eq. (1) fromRiccio et al. (2021), that
is, � SFR = SFRLSST=SFRUV-FIR, the expected� SFR at red-
shift 0.062 (which is the mean redshift of our galaxy sample)
is equal to� 0.5. As seen from panels b and d of Fig.8, our
results, although limited to a much narrower redshift range, are
in agreement with predictions ofRiccio et al.(2021).

We stress that enlarging the parameter space in the SED �t-
ting process, with only a stellar population as a proxy, cannot
solve the problem of the overestimation of SFR. This conclu-
sion is illustrated in Fig.9. In this �gure, the black contours
are based on the original catalogue ofSalim et al.(2018), while
the orange contours show the estimates used in this work. It is
clearly seen that runs based on the optical data only without
any priors result in a signi�cant systematic overestimation of
SFR (panels a and b). The overestimation occurs both for the
FULL�run and theLIGHT�run parameter grid. The overestima-
tion of the SFR results in a shift of the main sequence locus
and can a� ect not only directly the physical analysis but also the
classi�cation of normal star-forming and starbursting galaxies.
Such classi�cation can propagate through the statistical analysis
of evolutionary paths and many other science cases.

6.2.2. Overcoming SFR overestimation with AFUV and AFUVp

In Riccio et al. (2021), it was also found that theMstar–AFUV
prior can solve the SFR overestimation for objects without UV
or IR observation. As seen in the panel b of Fig.8, SFR esti-
mated withAFUV priors (bothFULL�run and LIGHT�run) are
much closer to the �ducial values than the SFR obtained without
any priors. The� SFR for runs with priors are lower than 0.1.

The quality of SFR reconstruction can be seen in the cen-
tral and the right columns in Fig.9. Adding AFUV prior (origi-
nal AFUVs from GSWLCcatalogue orAFUVp from Eq. (4)) clearly
reduces the overestimation. The calculated SFR ratio between
mean �ducial values fromSalim et al.(2018) and those obtained
in this work withAFUVs prior is less than 0.05, and withAFUVp –
less than 0.1.

Original AFUV prior. Results presented as blue and orange
dashed lines (FULL�run andLIGHT�run, respectively) in Fig.8
are based on theAFUVs prior. Although the di� erence with
respect to the �ducial SFR values is almost negligible (� SFR=
0:1), the relation is not 1:1 (which would correspond to� SFR=
0). In both cases,FULL�run andLIGHT�run sets of parameters,
the di� erence with respect to the �ducial value of SFR,� SFR,
decreases with redshift.

This small di� erence results from a narrower wavelength
coverage than used bySalim et al.(2018). At the same time,
these two runs demonstrate thatAFUVs prior works almost
equally well for the dense (FULL�run) and signi�cantly reduced
(LIGHT�run) grids of parameters.

The central panels in Figs.9c,d show the main sequence
built using the originalAFUVs prior for FULL�run (panel c) and
LIGHT�run (panel d) runs. The original main sequence from the
GSWLCcatalogue is below the orange contours. These two panels
show that the use of the originalAFUVs prior reproduces the �du-
cial values of the SFR equally well with fewer parameters (we
remind that the number of templates in theLIGHT�run case is
98% lower than in theFULL�run case).

Of course, without ancillary data from other facilities, the
actual value ofAFUV will be unknown for most ofLSSTgalax-
ies. The purpose of this test was to demonstrate that (1) provid-
ing an AFUV prior is instrumental in the recovery of SFR and
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(2) that anAFUV prior can be used along with a small number
of free parameters in the �tting process, which will reduce the
risks of over�tting in the case of a low number of data points.
However, galaxies at redshifts higher than� 2 will bene�t from
the restframe FUV observations with theu band of LSST. This
will give unprecedented power for probing the attenuation in this
band speci�cally. Therefore, attenuation in FUV can be used as
a prior for high redshift galaxies, correcting their SFR andMstar
estimations when IR data are missing.

Results based on the AFUVp from (u � r)–� u relation. To test
the e� ect of the prior obtained from Eq. (4), we runFULL�run
andLIGHT�run setup of parameters withAFUVp. SFRs obtained
from this test are shown with blue and orange dotted lines
(FULL�run, and LIGHT�run, respectively) in panels b and d
of Fig. 8. Both results are very close to the �ducial values
(� SFR < 0:1, very similar to the results obtained with an orig-
inal prior estimated from full UV–IR SED �tting,Salim et al.
2018). TheFULL�run parameter setup with anAFUVp provides
values of SFR which have a small bias almost uniform along
all the probed ranges of the SFR, with both mean and median
� SFR equal to 0.11. In the run with a smaller grid of parame-
ters (LIGHT�run+AFUVp), a similar small bias is observed (the
median and the mean� SFR= 0:09). This small overestimation
rises somewhat with redshift.

The right column of Figs.9e,f shows the comparison of the
main sequences of 7934 galaxies based on physical properties
obtained from the originalGSWLCcatalogue and those calculated
usingAFUVp from Eq. (4). It can be seen that for the case of a
large number of parameters (FULL�run, panel e) and a much
smaller number of templates (LIGHT�run, panel f), the obtained
main sequence is narrower than the original one, and the over-
estimation can be seen for more massive galaxies. The obtained
main sequence is, however, much closer to the �ducial one than
in the case of �tting with no priors. We emphasize that this may
be related to a lower fraction of massive galaxies in our sample
(see Fig.1) but also to the representative originalAFUVs esti-
mates, which have not been taken into account in our �t of the
slopes–intercepts.

The linear relations found between� u and the(u � r) colours
for all theAFUV bins show that the morphological aspect of
galaxies might be an indicator of attenuation. Surface brightness
encodes in itself the spatial extent of galaxies, and indications of
a correlation between the amount of attenuation on the one hand
and the compactness of galaxies on the other hand were found
in Buat et al.(2019), Hamed et al.(2023a,b). The� u can also be
correlated with the age of stellar populations, and so it helps to
break the degeneracy of the(u � r) colour (which depends both
on the dust attenuation and the stellar population age).

We conclude that theLIGHT�run+AFUVp run results in only
the small e� ect of SFR overestimation, visible mainly for mas-
sive galaxies. For the case of the opticalSDSSdata only, the
reduced number of templates andAFUVp created based on(u � r)
colour and� u are thus optimal, although not perfect, solutions to
reproduce the main physical properties of galaxies even without
IR or UV data.

7. Summary

In this work, we aimed at constructing the proxy of dust attenu-
ation in the FUV wavelength range from the optical photomet-
ric LSST-like data only. To imitate theLSSToptical detections
of low redshift main-sequence galaxies, we usedSDSSobser-
vations. Furthermore, for the analysis of the dust attenuation,

we selected only galaxies with IR auxiliary observations, with
homogeneous data analysis and estimated main physical param-
eters, such asMstar, SFR andAFUV. We selected a sample of
7934 local (0:025 < z < 0:1) main-sequence star-formingSDSS
galaxies with properties previously measured based on multi-
wavelength IR-to-UV photometric data. We used theGSWLCcat-
alogue of physical properties citepSalim2018 together with their
SDSSDR 12 ugriz measurements (Alam et al. 2015) and incli-
nation from citeMeert2015MNRAS.446.3943M. We calculated
their surface brightness in theugri bands and corrected for incli-
nation and cosmological surface brightness dimming.

We tested di� erent setups of theCIGALESED �tting code in
order to �nd an optimal method to estimate the main physical
properties of galaxies when only theugriz photometric data are
available. Our results can be summarised as follows:
1. We �nd that the proxy for dust attenuation,AFUVp, can be

constructed based on the combination of the(u � r) colour
and the galaxy surface brightness in theu band (� u). The
formula is given by Eq. (4). The formula remains almost the
same if the colour(u � i) is used instead of(u � r), Eq. (5) in
the footnote.

2. Surface brightness measured in bands other thanu do not
provide an equally good estimate forAFUV, as it can be seen
in Fig. C.1.

3. The Mstar can be well recovered by the SED �tting in the
optical range only, with no necessity to use additional priors.

4. The SFR cannot be well measured based on the SED �tting
method in the optical range only due to missing information
about dust attenuation. In the case ofCIGALE, it results in
systematic and redshift-dependent overestimation of SFR at
the level of� SFR> 0:3 dex, which is in agreement with the
�ndings of Riccio et al.(2021).

5. The SFR can be recovered almost unbiased, with� SFR <
0:05 dex, if the �tting is performed with anAFUV proxy.
However, such a proxy will not be available for all future
LSSTdata without auxiliary data.

6. The AFUVp given by Eq. (4), used as a proxy for the SED
�tting, allows for very good recovery of SFR with only a
small bias� SFR� 0:1 dex.

7. This bias is bothMstar and redshift dependent, which implies
that theAFUVp proposed in Eq. (4) in the future will have
to be re�ned and generalised based on the calibration with
deeper data and larger galaxy samples.

Additionally, we have found that when a prior for dust attenua-
tion is used, the parameter grid used by the �tting code can be
signi�cantly reduced in order to avoid over�tting, which, in par-
ticular, tends to lead to overestimation of SFR. Also, thanks to
the reduction of the number of generated templates by� 98%,
we decrease the computing time needed for �tting by a compa-
rable factor, which will be of great importance for the `big data'
analysis of theLSSTdata.

Thus, this work proposes a strategy based only on optical
photometric measurements to reliably and e� ciently measure
galaxy physical properties through SED �tting in future large
surveys. The next steps will include the analyses based on galaxy
samples deeper than theSDSS, complemented by the state-of-
the-art simulations, which will allow for extensions of the pro-
posed strategy towards higher redshift and lower brightness data
sets, as well as cover di� erent types of galaxies, which will likely
require a diversi�ed approach.
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Appendix A: Distribution of used SDSSmagnitudes
and their corresponding surface brightness

Figure A.1 shows distributions ofSDSSugri magnitudes and
calculated based on Eqs.1 and 2 their corresponding surface
brightness.

Fig. A.1.Distributions ofSDSSmagnitudes and their corresponding sur-
face brightness. The left panel (grey histograms) show the distribution
of ugri magnitudes ofSDSS7934 galaxies from the �nal sample used in
our analysis, while the right panel (dark red hatched histograms) their
corresponding surface brightness corrected for the inclination. Median
values of all distributions are added in each panel.

Figure A.2 shows the same plot as Fig.5 (�tted (u � r)
– � u relation for all 14 bins ofAFUV) but with an additional
background of the whole sample, and also interpolated relations
between 22.5 and 27.5� u.

Fig. A.2. Relations �tted between observed(u � r) colours and� u for
14 AFUV bins with additional background showing all galaxies used in
our analysis. The grey scale colour bar axis shows the value of theAFUV.

Appendix B: Galaxies with AFUVp<0

We present here the location in the(u � r)-� u plane galaxies for
which the calculated based on Eq.4 AFUVp is lower than zero.
Fig. B.1 shows the location of all 426 galaxies withAFUVp< 0.
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Fig. B.1.FiducialAFUV values from theGSWLCcatalogue in the(u � r)-
� u plane. Similarly, as in Fig.A.2, grey scale colour bar axis shows the
value of theAFUV. Additionally, galaxies with calculatedAFUVp< 0 are
marked as open orange squares.
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Appendix C: Other colour � surface brightness
relatons

Relations �tted between observed colours and surface bright-
ness in di� erent con�gurations for 14AFUV bins are presented

in Fig. C.1. The sequence of colours represents the one used
for AFUV bin in Fig. 4. Filled areas mimic the� 1� uncertainty
around estimated lines. The black line on each panel represents
the linear �t to all bins. The slope of this mean relation is shown
on each panel.
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Fig. C.1.Exemplary colour – surface brightness-�ts for all 14AFUV bins. Colors are the same as in Fig.5 and Fig.A.2. The black lines shown in
each panel represent the linear slope between colour and surface brightness calculated for the whole sample.
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Appendix D: AFUV bins �tting

Here, we present separate �ts performed for all 14AFUV bins.
Each panel represent one bin. At the top of each panel, we give

the AFUV range and the number of galaxies from our sample.
The �tted linear relation, as well as the deviation of the(u � r)
colour from the linear �t (� ur) and the variability ofAFUV within
the range of� 1� , are given in each panel.
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Fig. D.1.Relation between observed(u � r) and� u for the sample of 7 934 galaxies divided into 14AFUV bins. Each panel represents consecutive
AFUV bins (Fig.4 and Table2). The resulting slope and intercept of the �t are provided within each corresponding panel. The deviation of the
(u � r) colour from the linear �t (� ur) and the variability of AFUV within the range of� 1� from the linear �t (� AFUV) are both indicated in each
panel.
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