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A B S T R A C T 

We present a map of the total intrinsic reddening across � 90 deg 

2 of the Large Magellanic Cloud (LMC) derived using optical 
( ugriz ) and near-infrared (IR; YJK s ) spectral energy distributions (SEDs) of background galaxies. The reddening map is created 

from a sample of 222 752 early-type galaxies based on the LEPHARE χ2 minimization SED-fitting routine. We find excellent 
agreement between the regions of enhanced intrinsic reddening across the central (4 × 4 de g 

2 ) re gion of the LMC and the 
morphology of the lo w-le vel perv asi ve dust emission as traced by far-IR emission. In addition, we are able to distinguish 

smaller, isolated enhancements that are coincident with known star-forming regions and the clustering of young stars observed 

in morphology maps. The level of reddening associated with the molecular ridge south of 30 Doradus is, ho we ver, smaller than 

in the literature reddening maps. The reduced number of galaxies detected in this region, due to high extinction and crowding, 
may bias our results towards lower reddening values. Our map is consistent with maps derived from red clump stars and from 

the analysis of the star formation history across the LMC. This study represents one of the first large-scale categorizations of 
extragalactic sources behind the LMC and as such we provide the LEPHARE outputs for our full sample of ∼ 2.5 million sources. 

Key words: surv e ys – dust, extinction – galaxies: ISM – Magellanic Clouds – galaxies: photometry. 
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 I N T RO D U C T I O N  

he Magellanic Clouds contain stellar populations spanning all ages
hat, thanks to their proximity ( ∼50–60 kpc), have allowed a number
f investigations. The study of star formation at lower (0.2–0.5 Z �)
etallicities (e.g. Gouliermis, Hony & Klessen 2014 ; Zivkov et al.

018 ), the extragalactic distance scale (and by extension the Hubble
onstant H 0 , e.g. de Grijs, Wicker & Bono 2014 ; de Grijs & Bono
015 ; Riess et al. 2019 ; Freedman et al. 2020 ), and the metallicity
 E-mail: mcioni@aip.de 
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ependence of the period–luminosity relation of variable stars (see
.g. Gieren et al. 2018 ; Groenewegen 2018 ; Murave v a et al. 2018 ;
ipepi et al. 2019 ) are examples of investigations dependent upon an
nderstanding of the amount and spatial distribution of dust across
he galaxies. These studies use stellar populations of different ages
o quantify the reddening in the Magellanic Clouds, which results
n statistically significant differences (this is further complicated
y variations in metallicity, three-dimensional distributions of the
tars and dust, etc.). On average, reddening maps based on young
tellar populations such as Classical Cepheids or young open clusters
roduce maps emphasizing the high levels of reddening typical of
hose areas of ongoing or recent star formation (Nayak et al. 2018 ;
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Figure 1. Stellar density distribution of the LMC from the VMC surv e y. 
The colour bar refers to the number of stars per bin, where the bin size is 
of 0.4 × 0.4 arcmin 2 . The origin of the plot corresponds to the centre of the 
LMC as given by the HYPERLEDA catalogue of Paturel et al. ( 2003 ). The 
hexagons denote the positions of the SMASH fields that o v erlap with the 
VMC co v erage of the LMC. Black fields denote those for which ugriz data 
are available, whereas khaki fields represent those for which only griz data 
are available. The combined SMASH–VMC footprint is � 90 deg 2 . A gap at 
� RA � 0.7 deg is currently being observed. 
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oshi & Panchal 2019 ); on the contrary, maps based on older stellar
opulations such as red clump and RR Lyrae stars systematically 
esult in lo wer le vels of reddening (see e.g. Zaritsky et al. 2002 ;

urave v a et al. 2018 ; G ́orski et al. 2020 ; Cusano et al. 2021 ). 
The differences in colour excess, � E ( B − V ), can have a large

nfluence on the inferred value for the Hubble constant and on the
hree-dimensional structure derived from stars (e.g. Ripepi et al. 
017 ; Choi et al. 2018 ). For example, an � E ( B − V ) = 0.06 mag
ifference between Haschke, Grebel & Duffau ( 2011 ) and G ́orski
t al. ( 2020 ) studies, both using data from the third phase of
he Optical Gravitational Lensing Experiment (OGLE-III; Udalski 
003 ), implies a difference in the value of the Hubble constant larger
hen 3 km s −1 Mpc −1 (see e.g. section 3.1 of Riess et al. 2009 ). The
resence of dust influences the location of stars in colour–magnitude 
iagram (CMD) that is often used to select different stellar types 
o study their spatial distribution (e.g. El Youssoufi et al. 2019 ) and
inematics (e.g. Niederhofer et al. 2022 ). An independent map of
he internal reddening of the Magellanic Clouds would also reduce 
he residuals between data and models in regions of the CMD that
re used simultaneously to infer the reddening, distance modulus 
nd star formation history (SFH) of the galaxies (e.g. Rubele et al.
018 ; Mazzi et al. 2021 ). Small-scale reddening variations present in
aps obtained from individual stars (e.g. Tatton et al. 2021 ) and in

pecific regions of the galaxies (e.g. De Marchi, Panagia & Milone 
021 ) may not be easy to reconcile with large-scale studies based on
roadly distributed tracers. 
In Bell et al. ( 2019 , hereafter Paper I ), we piloted a method to map

he intrinsic reddening of a foreground extinguishing medium using 
he spectral energy distributions (SEDs) of background galaxies. This 
pproach takes away the dependence on reddening values of stellar 
opulations and allows us to study the total reddening by sampling 
he full column depth of the extinguishing medium. In Bell et al.
 2020 , hereafter Paper II ), we applied this method to an � 34 deg 2 

egion of the Small Magellanic Cloud (SMC) co v ered by both the
urv e y of the MAgellanic Stellar History (SMASH; Nidever et al.
017 ) and the Visible and Infrared Surv e y Telescope for Astronomy
VISTA) surv e y of the Magellanic Clouds system (VMC; Cioni et al.
011 ). In Paper II, adopting galaxies with low intrinsic reddening, 
e found signs of higher intrinsic reddening in the main body of

he galaxy compared with its outskirts. Our maps agree with those 
n the literature that were created using young stars whereas there 
re some discrepancies with maps derived from longer wavelength 
ar-IR emission and from old stars. These discrepancies may be due 
o biases in the sample or uncertainties in the far-IR emissivity of the
ptical properties of the dust grains. In this study, we map the total
ntrinsic reddening across a � 90 de g 2 re gion of the Large Magellanic
loud (LMC) combining observations from the SMASH and VMC 

urv e ys. 
The structure of this paper is as follows. In Section 2 , we describe

he processes involved in creating and fitting the SEDs of background 
alaxies as well as provide a comparison of the results of the
ED fitting with other extragalactic studies. The details of how 

e create our intrinsic reddening map of the LMC are presented 
n Section 3 . We discuss our reddening map and compare it with
iterature reddening maps of the LMC based on different tracers in 
ection 4 , and summarize our findings in Section 5 . 

 C R E AT I N G  A N D  FITTING  SEDS  O F  

A L A X I E S  

ur data set consists of optical ugriz and near-IR YJK s photometry 
aken as part of the SMASH and VMC surv e ys, respectiv ely, that
o v er the wavelength range 0.3–2.5 μm. The combined SMASH–
MC footprint of the LMC is shown in Fig. 1 and co v ers an area of
 90 deg 2 . We note two significant differences regarding the SMASH

ata used in this study compared to that used in Papers I and II. First,
s shown by the different colour DECam fields in Fig. 1 , only the
entral regions of the LMC (black hexagons) are fully covered by
eep ugriz data. The surrounding fields (khaki hexagons) represent 
elds for which only griz data are available. Secondly, whereas the
elds with full five-band data consist of deep exposures (999 s in uiz
nd 801 s in gr ), in addition to three sets of short 60-s exposures in
griz with large half-CCD offsets between each set (to co v er the gaps
etween the CCDs), fields with four-band data consist only of two
ets of short 60-s exposures in griz (again with half-CCD offsets to
o v er the gaps between CCDs; see section 3 of Nidever et al. 2017
or details). 

For the study of the LMC, we have made three notable changes,
elative to the methodology applied to the SMC and laid out in
apers I and II, namely the selection of background galaxies, the

reatment of foreground Milky Way (MW) reddening and the use 
f ancillary radio data to separate the active galactic nuclei (AGN)
opulation prior to fitting the SEDs. We refer the reader to Paper I
f this series for a discussion of each step of the process, including
he choice of galaxy templates, redshift priors, e xtinction la w, and
hotometric uncertainties. 

.1 Selection of background galaxies 

he process of creating the galaxy SEDs has been e xtensiv ely
o v ered in P apers I and II. Ho we ver, in light of our SMC analysis,
e have made some minor modifications that we describe below. In
aper II , we noted that the number of early-type galaxies (ETGs) in

he central regions of the SMC was limited due to incompleteness
rising from the enhanced levels of crowding compared to the less-
MNRAS 516, 824–840 (2022) 

art/stac1545_f1.eps


826 C. P. M. Bell et al. 

M

Figure 2. Panel (a): near-IR J − K s , K s CMD of tile LMC 3 4. The blue points denote objects selected as likely galaxies adopting the criteria of Papers I 
and II (see text), whereas the orange points represent those that are subsequently classified by LEPHARE as ETGs. The error bars on the left denote the median 
photometric errors as a function of K s -band magnitude at 1-mag intervals. Panel (b): as panel (a), but the green points correspond to those for which the K s -band 
sharpness index is greater than 0.5. Panel (c): same as panel (b); ho we ver, the pink points denote those of the green points LEPHARE classifies as galaxies and the 
brown points represent the subset of these classified as ETGs. Panel (d): histograms of the numbers of galaxies and ETGs as a function of J − K s colour. The 
dashed line at a colour of J − K s = 0.8 mag separates those that appear to be primarily blended stellar sources (at bluer colours) and those that are predominantly 
non-blended, extended sources (at redder colours). 
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ense outer regions. The central regions of the LMC are even more
f fected by cro wding and thus we have revised our selection in an
ffort to increase the number of ETGs in our sample. 

Before explaining our updated selection criteria, it should be noted
hat our definition of an ETG is directly linked to the adopted
emplates in LEPHARE . The galaxy templates we adopt are the so-
alled AVEROI NEW templates and we classify an object as an
TG if LEPHARE finds a lower minimum χ2 associated with the best-
tting galaxy template (compared to the best-fitting stellar template)
nd if the best-fitting galaxy template corresponds to a spectral type
f Ell or Sbc (see section 3.1 of Paper I for details regarding the
VEROI NEW templates). 
Our selection of background galaxies is based on the VMC point

pread function (PSF) photometric catalogues (see Mazzi et al. 2021
or details). Panel a of Fig. 2 shows the CMD selection previously
dopted in Papers I and II, namely retaining those that satisfy the
ollowing: J − K s > 1 mag, K s > 15 mag, an associated stellar
robability of less than 0.33, and a K s -band sharpness index greater
han 0.5. To increase our sample of ETGs, we ef fecti vely need to
nclude galaxies at bluer colours. If we simply remo v e the colour
ut, ho we ver, the use of the stellar probability still severely limits the
nclusion of bluer galaxies (see e.g. fig. 2 of Paper I ). 

To assess how best to modify our galaxy selection, we first retain
nly those objects with a K s -band sharpness index greater than 0.5
Fig. 2 b). These objects are then processed through LAMBDAR (see
ection 2.2 ) and LEPHARE (see Section 2.4 ) to determine which ones
re classified as galaxies and, more specifically for our purposes,
TGs (the brown and purple points in Fig. 2 c, respectively). There

s clearly a bimodality in the distribution of galaxies and ETGs as a
unction of J − K s colour. Dividing the ETG sample at a colour of J

K s = 0.8 mag and visually inspecting K s -band image cut-outs we
ote that the vast majority of objects at bluer colours (of which there
re 369 in tile LMC 3 4, a tile in the outer disc of the LMC) are stellar
lends, whereas those at redder colours (of which there are 4430)
ppear to be predominantly non-blended extended sources. Retaining
uch a large number of stellar blends in our ETG sample would
av e a non-ne gligible effect when creating the reddening maps.
urthermore, it is not feasible to visually inspect all ( ∼300 000)
andidate ETGs across the combined SMASH–VMC co v erage of
he LMC. The J − K s colour distribution of known QSOs, which
s similar to that of galaxies, shows a clear edge at 0.8 mag that is
NRAS 516, 824–840 (2022) 
lso away from stellar sources (Cioni et al. 2013 ). The final number
f objects classified as ETGs in tile LMC 3 4 based on a revised
olour selection criteria ( J − K s > 0.8 mag) is 4430, which, when
ompared to the 3361, one would find using our previous selection
riteria represents an increase in sample size of almost a third. 

.2 LAMBDAR photometry 

luxes for each of our targets are measured using the Lambda Adap-
ive Multi-Band Deblending Algorithm in R ( LAMBDAR , 1 v0.20.7;

right et al. 2016 ). This version has minor developments (with
espect to v0.20.5 that was used in Paper II ), that improve the stability
nd fidelity of the PSF estimation procedure. We use these new
evelopments (and our knowledge that our fields are crowded with
oint sources) to specify conserv ati ve requirements on which sources
re selected for use in the PSF estimation. Specifically, we opt for a
aximum number of point sources to be used in the PSF estimation

f 500 per-chip (a chip corresponds to a detector or a charge coupled
evice in the VISTA and SMASH images, respectively), with a
inimal radial separation (from possible contaminating sources) of

0 pixels (or ∼ 3.4 arcsec). The latter condition often produces many
ore than 500 sources per-chip (especially in very crowded regions),

nd in these cases, the code iteratively increases the minimum radial
eparation until 500 sources are selected; that is, the code selects the
00 most isolated point sources for use in the PSF estimation. 
P aper I pro vides a comprehensiv e discussion re garding the mea-

urement of fluxes in addition to the calibration of both the optical and
ear-IR data sets on to an AB magnitude system. We adopt the fluxes
easured using a default circular aperture of diameter 3 arcsec. The
 -, J -, and K s -band deep stacks from which LAMBDAR measures the
uxes were downloaded from the VISTA Science Archive (VSA;
ross et al. 2012 ) and have been processed by the Cambridge
stronomy Surv e y Unit (CASU). Unlike the deep stacks used in
apers I and II that were created using the VISTA Data Flow System
VDFS; Irwin et al. 2004 ) v1.3, the deep stacks used in this study
ave been processed using v1.5 (Gonz ́alez-Fern ́andez et al. 2018 ;

art/stac1545_f2.eps
https://github.com/AngusWright/LAMBDAR
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Figure 3. Top panel: Schlegel, Finkbeiner & Davis ( 1998 ) foreground MW 

and residual intrinsic LMC reddening map. The black polygons represent the 
positions of the VMC tiles co v ering the LMC. The dashed white lines separate 
the LMC into different quadrants. The white circle (centred at � RA = 0.5, 
� Dec. = 1.0 deg and with a radius of 3.8 deg) marks the region within which 
the SFD98 E ( B − V ) values are unreliable. Bottom panel: SFD98 E ( B − V ) 
values in each quadrant as a function of angular distance. The solid points 
denote the median E ( B − V ) value calculated from the SFD98 reddening map 
between distances of 3.8 and 6 deg in steps of 0.1 deg and the associated 
error bars represent the standard deviation in that annulus. The linear best fit 
to the solid points in each quadrant is also shown as the straight black line. 
The open points are the same in each panel and denote the median of the four 
fits in steps of 0.1 de g co v ering the re gion within which the SFD98 E ( B − V ) 
values are unreliable. The error bars signify the standard deviation between 
the four fits. 
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ee also the CASU webpage 2 ). The main difference between the 
wo versions is in the determination of the zero-points and as such
e apply the offsets listed in equations (C7)–(C11) of Gonz ́alez- 
ern ́andez et al. ( 2018 ) in addition to those noted in section 2.4 of
aper I . The zero-point differences between the two versions amount 

o 0.01–0.02 mag, which will have a minimal influence on our study
cf. Fig. 2 ). Other differences refer to tiles, the combined product of
eep stacks, which we do not use. The u -, g -, r -, i -, and z-band data
ere treated in exactly the same way as described in Paper I . 

.3 Accounting for for egr ound MW reddening 

o produce a dust map of the LMC, we need to take into account
he reddening along the line-of sight. In Papers I and II we adopted
 rather rudimentary method to account for the foreground MW 

eddening towards the SMC by adopting a mean E ( B − V ) value for
ll objects based on the Schlegel et al. ( 1998 , hereafter referred to as
FD98 ) reddening map purposefully neglecting the main body and 
ing of the SMC (see fig.4 of Paper I ). Whilst such a treatment,

o zeroth order, should adequately reflect the ‘average’ foreground 
W reddening, it is likely to hide fluctuations or trends in E ( B − V )

cross the SMC. In light of this, we hereby adopt a revised method
hat we describe below. 

The top panel of Fig. 3 shows the SFD98 foreground MW and
esidual intrinsic LMC reddening map with the positions of the VMC
iles co v ering the LMC o v erlaid. 3 The inner circle (centred at � RA =
.5, � Dec. = 1.0 deg, and with a radius of 3.8 deg) marks the region
ithin which the SFD98 E ( B − V ) values are unreliable due to

nsufficiently resolved temperature structures. Outside of this inner 
ircle the SFD98 E ( B − V ) values are believed to be reliable (see
.g. Schlegel et al. 1998 ; Skowron et al. 2021 ) and clearly show a
ignificant amount of substructure in the high-latitude MW cirrus 
this difference is especially noticeable in regions to the south and 
o the north of the LMC). For objects farther than 3.8 deg from the
entre of the inner circle we simply de-redden the fluxes provided by
AMBDAR using SFDMAP . For objects within the inner circle, ho we ver,
e construct a radial E ( B − V ) profile from linear extrapolations of
ts to regions outside of the inner circle. 
The bottom panel of Fig. 3 shows the SFD98 E ( B − V ) values

s a function of angular distance from � RA = 0.5, � Dec. = 1.0
eg. The solid points denote the median E ( B − V ) value calculated
n each quadrant between the two white circles in steps of 0.1 deg
sing SFDMAP and the associated error bars represent the standard 
eviation in that annulus. The best-fitting linear curve to the solid
oints in each quadrant is also shown as the straight black line. The
pen points are the same in each panel and denote the median of
he four fits in steps of 0.1 deg covering the region within which the
FD98 E ( B − V ) values are unreliable. The error bars signify the
tandard deviation among the four fits. These open points represent 
he radial E ( B − V ) profile that we adopt to de-redden the fluxes for
bjects that lie within the inner circle, i.e. objects within this region
re de-reddened according to their angular distance from � RA = 

.5, � Dec. = 1.0 deg. From Fig. 3 , it is clear that there are enhanced
evels of reddening in the south-west quadrant with respect to the 
ther three quadrants, and this likely accounts for the observed offset
etween the extrapolated line and the calculated radial profile within 
 ht tp://casu.ast .cam.ac.uk/surveys-project s/vist a/data- processing/version- lo 
 . 
 We use the Python module SFDMAP ( https:// github.com/kbarbary/ sfdmap ) 
o determine the SFD98 E ( B − V ) value at a given position. 

3  

A  

(  

s
w  

t

.8 deg in this quadrant that is not observed in the other quadrants.
t the time of submission of our work to the journal, Chen et al.

 2022 ) presented a dust map of the MW derived from the SEDs of
tellar sources within 5 kpc. They combined astrometry from Gaia 
ith optical and near-IR photometry from various large-scale surv e ys

owards the Magellanic Clouds. Their MW reddening map towards 
MNRAS 516, 824–840 (2022) 
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Figure 4. Positions of the 54 612 radio sources detected in the 888-MHz 
ASKAP EMU data towards the LMC (red points; Pennock et al. 2021 ) 
o v erlaid on the full SMASH-VMC sample (black points). 
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he LMC shows an average E ( B − V ) of 0.06 mag with values as high
s 0.15 in the south of the disc (an area outside our inner circle). The
mall inhomogeneities and clumps in the inner regions do not appear
o exceed this value (their fig. 10). Our extrapolation corresponds
o an average E ( B − V ) of about 0.1 mag (Fig. 3 ), which is in line
ith the maximum values derived by Chen et al. ( 2022 ), but may
 v erestimates by a few per cent the extinction towards some specific
ines of sights. 

The extinction coefficients adopted to convert a given E ( B − V )
alue into an extinction in a specific bandpass are those listed in
quation (1) of Paper I and should be used in conjunction with the
nscaled SFD98 E ( B − V ) values as they already take into account
he Schlafly & Finkbeiner ( 2011 ) recalibration. After de-reddening
he fluxes and retaining only objects for which LAMBDAR measures
ositiv e flux es in at least four out of the eight available bandpasses,
ur full LMC sample contains 2474 235 objects. 

.4 Fitting the SEDs with LEPHARE 

apers I and II provide a comprehensi ve overvie w of fitting SEDs
sing LEPHARE . 4 Ho we ver, we briefly discuss the notable difference
n this work with respect to the earlier works in this series. In Papers I
nd II, we primarily included quasi-stellar object (QSO)/AGN tem-
lates (hereafter collectively referred to as AGN) as the level of AGN
ontamination in our sample was unclear. With no comprehensive
atalogue of AGN behind the SMC [except for the areas co v ered
y, e.g, the XMM –Newton survey (Haberl et al. 2012 ) as well as
ncomplete spectroscopic samples (e.g. K ozłowski, K ochanek &
dalski 2011 ; Kozłowski et al. 2013 ), we included such templates to
ot only account for the presence of AGN, but also to provide more
e xibility with re gards to fitting the SEDs. The inclusion of the AGN

emplates in LEPHARE likely resulted in degeneracies in the best-
tting templates as the number of objects classified as AGN in the full
NRAS 516, 824–840 (2022) 

 http://cesam.lam.fr/lephare/lephare . 5
MC sample w as mark edly higher than those LEPHARE classified as
alaxies (see table 2 of Paper II ). This, in addition to the previously
dopted criteria for selecting background galaxies from the deep
MC PSF photometric catalogues (see Section 2.1 ), likely con-

ributed to the low number of ETGs in the central regions of the SMC.
In this study, we make use of the recently published catalogue

f radio-detected sources in the direction of the LMC by Pennock
t al. ( 2021 ) based on 888 MHz Australian Square Kilometre Array
athfinder (ASKAP) Evolutionary Map of the Universe (EMU)
adio continuum surv e y data. These data co v er � 120 deg 2 and the
atalogue contains 54 612 sources separated into GOLD , SILVER ,
nd BRONZE categories (see section 3.2 of Pennock et al. 2021 for
etails). Although the catalogue also contains both MW sources in
he foreground of the LMC as well as sources in the LMC itself,
he vast majority of the radio sources are background objects, and
n particular , A GN. Fig. 4 shows that the radio sources almost
ompletely co v er the full LMC sample, e xcept for a significant
raction of the lowest row of VMC tiles (LMC 2 3–LMC 2 7). We
an therefore use this catalogue to systematically and ef fecti vely
emo v e AGN contaminants – as well as foreground interlopers –
rom our sample and ensure that we are not reliant upon LEPHARE

or such discrimination. 
There are two primary reasons for separating the AGN from the

ull LMC sample. First, as demonstrated in Paper I , it is difficult to use
GN to create a reddening map due to the varying levels of intrinsic

eddening. By removing AGN from the full LMC sample, they are
nable to be misclassified by LEPHARE and incorrectly incorporated
nto the creation of the reddening map. Secondly, the vast majority
f spectroscopic redshifts for objects behind the LMC are associated
ith AGN. To test the validity of the LEPHARE photometric redshifts

t is therefore best to fit such objects with more representative AGN
emplates so as to minimize any potential biases introduced by using
ess well-suited galaxy templates. Following Pennock et al. ( 2021 ),
e adopt a cross-match radius of 5 arcsec and find a total of 21 706

adio sources in the full LMC sample. Whilst the Pennock et al.
 2021 ) catalogue is complete down to 0.5 mJy across the field and
ontains the majority of the spectroscopically confirmed AGN in the
ombined SMASH–VMC footprint of the LMC, we still identified an
dditional 122 AGN with spectroscopic redshift determinations from
7.2 of the Milliquas (Million Quasars) catalogue 5 (Flesch 2021 ) that
ere not present and include these to create our final AGN sample

omprising 21 828 sources. These sources are subsequently remo v ed
rom the full LMC sample, reducing its number to 2474 235. Note
hat although the radio catalogue of sources in the direction of the
MC provided by Pennock et al. ( 2021 ) is the most sensitive to
ate, only ∼ 10–20 per cent of all AGN are radio-loud (see e.g.
vezi ́c et al. 2002 ; Jiang et al. 2007 ). We are therefore no doubt
ignificantly underestimating the level of AGN contamination in our
ample of extragalactic objects behind the LMC, although the EMU
nd-of-surv e y sensitivity should detect radio-quiet AGN out to z �
 (Norris et al. 2011 ). 
We run LEPHARE as described in Paper II on both the full LMC

nd AGN samples. We only use the empirical AVEROI NEW galaxy
emplates for the LMC sample in addition to the stellar templates,
hereas for the AGN sample, we replace the galaxy templates
ith the 10 AGN templates described in Polletta et al. ( 2007 , see

ection 3.1 of Paper I for details regarding these template libraries).
s in Paper II , we allow additional intrinsic reddening [in terms
f E ( B − V )] to vary and allow this additional reddening for all
 http://quasar s.or g/milliquas.htm . 

art/stac1545_f4.eps
http://cesam.lam.fr/lephare/lephare
http://quasars.org/milliquas.htm


Intrinsic reddening of the Ma g ellanic Clouds 829 

Table 1. A sample of the LEPHARE output for the 2474 235 sources in the full LMC sample. 

ID RA (J2000.0) Dec. (J2000.0) z BEST z −1 σ
BEST z + 1 σBEST z ML z −1 σ

ML z + 1 σML Template a G χ2 
G E ( B − V ) 

( ◦) ( ◦) (mag) 

1 73 .770 41 − 75 .727 49 0 .4906 0 .4645 0 .5143 0 .4694 0 .3974 0 .5147 54 2 .1045 0 .05 
2 73 .820 95 − 75 .727 46 0 .3292 0 .3059 1 .3738 1 .1080 0 .3329 1 .5322 59 8 .6474 0 .00 
3 73 .787 06 − 75 .724 51 0 .0200 0 .0200 0 .0277 0 .0128 0 .0041 0 .0310 49 71 .1816 0 .15 
4 73 .746 49 − 75 .716 41 1 .0280 0 .7738 1 .2179 0 .9209 0 .5290 1 .1316 50 2 .6083 0 .15 
5 73 .502 57 − 75 .716 26 0 .5961 0 .5347 1 .1331 0 .9244 0 .5870 1 .2578 57 3 .1876 0 .50 
6 73 .831 51 − 75 .715 92 0 .4862 0 .4433 0 .5389 0 .4802 0 .3976 0 .5374 38 5 .5756 0 .00 
7 73 .483 58 − 75 .715 35 1 .3214 1 .3109 1 .3322 1 .3297 1 .3041 1 .3635 62 15 .4637 0 .40 
8 73 .771 31 − 75 .714 14 0 .0555 0 .0423 0 .0667 0 .0726 0 .0423 2 .8935 62 15 .1095 0 .05 
9 73 .768 25 − 75 .711 68 0 .9478 0 .7439 1 .2849 0 .9306 0 .5771 1 .1749 62 4 .7682 0 .30 
10 73 .824 71 − 75 .711 36 0 .5050 0 .4176 0 .8201 0 .5114 0 .3058 0 .7615 62 2 .0733 0 .10 

Notes . We only show the ID, RA, and Dec. (J2000.0), the best-fitting photometric redshift with associated 1 σ limits, the maximum likelihood photometric 
redshift with associated 1 σ limits, the best-fitting galaxy template, the associated χ2 value for the best-fitting galaxy template, and the best-fitting E ( B − V ) 
value. The full table available as Supporting Information contains other parameters. 
a Best-fitting galaxy templates are as follows: (1–21) E, (22–37) Sbc, (38–48) Scd, (49–58) Irr, (59–62) Starburst. 
b Context is a numerical representation in LEPHARE specifying the combination of bands present in the input catalogue and is defined as 

∑ i= N 
i= 1 2 i−1 , where i 

is the band number (in our case, u = 1, g = 2,..., J = 7, and K s = 8), and N is the total number of bands. 

Table 2. Same as Table 1 , but for the 21 828 sources in the AGN sample. 

ID RA (J2000.0) Dec. (J2000.0) z BEST z −1 σ
BEST z + 1 σBEST z ML z −1 σ

ML z + 1 σML Template a Q χ2 
Q E ( B − V ) 

( ◦) ( ◦) mag 

1 74 .132 16 − 74 .393 12 1 .1025 1 .0778 1 .1794 1 .1353 1 .0840 1 .1957 6 10 .2503 0 .45 
2 73 .667 24 − 74 .354 13 0 .7129 0 .5553 0 .9163 0 .8019 0 .6263 1 .0059 4 3 .3765 0 .00 
3 74 .629 65 − 74 .333 60 1 .0313 0 .7321 1 .4235 1 .0588 0 .6518 1 .5054 5 7 .6673 0 .15 
4 73 .078 38 − 74 .292 28 0 .3555 0 .3540 0 .3623 0 .3559 0 .3414 0 .3722 10 121 .5800 0 .15 
5 70 .730 15 − 74 .101 65 1 .0855 1 .0737 1 .2082 1 .1423 1 .0872 1 .2030 6 10 .8134 0 .10 
6 70 .580 80 − 74 .082 59 1 .0907 1 .0138 1 .1312 0 .8248 0 .6040 1 .0886 3 8 .9963 0 .00 
7 76 .329 35 − 74 .597 44 1 .0284 1 .0141 1 .0474 1 .0428 1 .0138 1 .1032 3 33 .3055 0 .35 
8 76 .590 07 − 74 .579 86 1 .2702 1 .0548 1 .2807 1 .2378 1 .0576 1 .2750 10 9 .9513 0 .00 
9 75 .999 06 − 74 .470 83 1 .0737 1 .0768 1 .0807 1 .0792 1 .0655 1 .0933 6 15 .1357 0 .40 
10 77 .268 05 − 74 .429 54 0 .3326 0 .3187 0 .3475 0 .3332 0 .3125 0 .3541 1 52 .6541 0 .05 

a Best-fitting AGN templates are as follows: (1) Seyfert 1.8, (2) Seyfert 2, (3–5) type-1 QSO, (6–7) type-2 QSO, (8–9) Starburst/ULIRG, (10) Starburst/Seyfert 
2. 
b Context is a numerical representation in LEPHARE specifying the combination of bands present in the input catalogue and is defined as 

∑ i= N 
i= 1 2 i−1 , where i 

is the band number (in our case, u = 1, g = 2,..., J = 7, and K s = 8), and N is the total number of bands. 
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Figure 5. Distribution of redshifts for galaxies (blue) and AGN (orange) 
classified by LEPHARE . 
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alaxy/AGN types. Typically, additional reddening is only used for 
ater-type galaxies (Sc and bluer/later; see e.g. Arnouts et al. 2007 )
nd AGN (see e.g. Salvato et al. 2009 ) on the basis that the adopted
emplates may not fully account for the widely v arying le vels of
ust observed in such galaxies/AGN. For ETGs, and particularly in 
he optical/near-IR regime we are interested in here, the range in 
ust is not as extreme and so the assumption is that the adopted
emplates fully account for their dust contents and thus additional 
eddening is not required. Our method of using ETGs as reddening 
robes essentially builds upon this assumption by suggesting that 
ny additional reddening required by ETGs is due to a foreground 
xtinguishing medium, in our case the LMC. Tables 1 and 2 provide
he LEPHARE outputs for the 2474 235 and 21 828 sources in the full
MC and AGN samples, respecti vely. The associated χ2 v alues for

he best-fitting templates imply that 61 per cent of the full LMC
ample are galaxies (39 per cent stars) and 87 per cent of the AGN
ample are AGN (13 per cent stars). Of the 61 per cent of objects
lassified as galaxies in the full LMC sample, 15 per cent (222 752)
re classified as ETGs. 

Fig. 5 shows the photometric redshift distributions for the 1504 987 
bjects classified as galaxies and the 19 017 objects classified as
GN in the full LMC and AGN samples, respectively. As discussed

n Section 2.3 of Paper II , we choose the photometric redshift from
MNRAS 516, 824–840 (2022) 
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Figure 6. Distributions of galaxies redshifts in the full LMC sample. The 
blue line denotes galaxies for which the SED comprises all eight available 
bands (from u to K s ). The orange line represents the same sample of galaxies 
as shown by the blue line; ho we v er, we hav e remo v ed the measured u -band 
fluxes and re-run through LEPHARE . The green line illustrates galaxies for 
which there are no u -band data a vailable b ut ha v e measured flux es in the 
seven remaining bands (from g to K s ). 
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Table 3. Spectroscopically determined and photometric redshifts for AGN 

behind the LMC. 

Name z spec z phot Ref. 

PMN J0601–7238 0 .001 0 . 014 + 0 . 031 
−0 . 009 1 

6dF J050434.2–734927 0 .045 0 . 186 + 0 . 120 
−0 . 121 2 

MQS J053242.46–692612.2 0 .059 0 . 058 + 0 . 041 
−0 . 050 3 

MQS J043522.69–690352.9 a 0 .061 0 . 096 + 0 . 004 
+ 0 . 004 3 

PGC 3095709 0 .064 0 . 158 + 0 . 068 
−0 . 092 4 

J050550.3–675017 0 .070 0 . 155 + 0 . 071 
−0 . 052 5 

1E 0534–6740 a 0 .072 0 . 234 + 0 . 006 
+ 0 . 006 6 

PGC 88452 0 .075 0 . 086 + 0 . 024 
−0 . 037 7 

MQS J045554.57–691725.6 0 .084 0.005 ± 0.003 3 

MQS J043632.30–704238.1 0 .142 0 . 182 + 0 . 207 
−0 . 116 3 

References . (1) Ajello et al. ( 2020 ), (2) Jones et al. ( 2009 ), (3) Kozłowski 
et al. ( 2013 ), (4) Cowley et al. ( 1984 ), (5) Dobrzycki et al. ( 2005 ), (6) 
Crampton et al. ( 1997 ), (7) Cristiani & Tarenghi ( 1984 ), (8) Kozłowski et al. 
( 2012 ), (9) Wang et al. ( 1991 ), (10) Dobrzycki et al. ( 2002 ), (11) Tinney 
( 1999 ), (12) Geha et al. ( 2003 ), (13) Ivanov et al. ( 2016 ), (14) Kostrzewa- 
Rutkowska et al. ( 2018 ). Note . The full table is available as Supporting 
Information. a Associated 1 σ limits on z BEST are unphysical (see Section 2.3 
and footnote 4 of Paper II for details). 
b Associated χ2 value for best-fitting stellar template is lower than χ2 value 
for best-fitting AGN template. 
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he median of the maximum likelihood distribution ( z ML ) or if this
s not available 6 the one with the minimum χ2 value ( z BEST ). The
edian redshift of both samples is very similar ( z med = 0.56 and

.57 for the galaxy and AGN samples, respectively). Although this
edian redshift is almost identical to that of the objects classified as

alaxies behind the SMC in Paper II , we refrain from making a direct
omparison between the two galaxy populations due to the combined
ffects of the different methods of selecting background galaxies as
ell as the use of different template sets between the two studies.
ny conclusions drawn from such a comparison (e.g. the different
istribution of spectral types) should be treated with caution and
ot used to argue for systematic differences between the two galaxy
opulations. Although such a comparison would be worthwhile, this
ould necessitate a complete re-determination and analysis of the
MC sample that is beyond the scope of this study. 

.4.1 Effects of missing u -band data 

t is worth noting that we have not yet discussed the effects of
on-complete u -band co v erage across the combined SMASH–VMC
ootprint of the LMC. From Fig. 1 , it is evident that only the central
egions of the LMC have u -band data from SMASH, as well as a few
solated regions in the outskirts. In Fig. 6 , we show the photometric
edshift distributions for objects classified as galaxies in the full
MC sample. There are three samples of galaxies shown in Fig. 6 :

i) objects that have measured fluxes in all eight available bands
from u to K s ), (ii) as (i) but with the u -band flux es remo v ed and
e-run through LEPHARE , and (iii) objects for which no u -band data
re a vailable, b ut which ha v e measured flux es in the remaining sev en
ands (from g to K s ). The number of galaxies in each sample is
imited to 350 000 to better illustrate systematic differences between
he samples. The effect of simply removing the u -band data (where
NRAS 516, 824–840 (2022) 

 z ML is only unavailable in cases of extremely poor fits ( χ2 � 1500) and this 
ccurs in about 1 per cent of the galaxies. 

s  

(  

o  

e  
vailable) is small but noticeable, in the sense that there are some
ariations in the redshift distributions across the whole redshift range,
ut o v erall the distributions resulting from samples (i) and (ii) are
roadly similar in terms of median redshift and shape (cf. z med = 0.36
or the eight-band SED sample and z med = 0.44 for the reprocessed
ample after removing the u -band data). The resulting samples of
TGs are also similar. In contrast, the redshift distribution for objects

or which no u -band data are available is markedly different, both in
erms of median redshift ( z med = 0.59) and as regards the apparent
earth of galaxies at higher redshifts. These differences likely stem
rom the SMASH observing strategy for which only regions with
ull ugriz co v erage hav e deep e xposures, whereas the re gions with
nly griz co v erage are co v ered by short e xposures (see Section 2
or details). The latter sample of ETGs will be similar to that
f ETGs within the same magnitude ranges resulting from deeper
bservations. This further reinforces the importance of the u band
s a powerful diagnostic to discriminate between low ( z � 0.5) and
igher redshift galaxies (see e.g. Bellagamba et al. 2012 ; Bisigello
t al. 2016 ) as well as the need for homogeneous co v erage (in terms
f photometric bandpasses and exposure time) across the survey area.

.4.2 Comparison of spectroscopic and photometric redshifts for 
GN behind the LMC 

s an additional test we compare the derived photometric redshifts
o spectroscopic redshifts of 189 AGN. Table 3 lists the comparison
etween the values and Fig. 7 highlights a median difference
f �z med = −0.009, where �z med = z spec − z phot , and median
bsolute deviation of �z MAD = 0.191. Note that of the 189 AGN
n our sample, five (MQS J050010.83–700028.5, 1E 0547–6745,

QS J054400.43–705846.2, MQS J043200.60–693846.5, and MQS
052528.91–700448.6) are classified as stars by LEPHARE . The
tatistics reported here, with the exception of the bias, outlier fraction
OLF), are very similar to those reported in Paper II for the sample
f 46 AGN behind the SMC. From Fig. 7 , it is clear that there is an
xtended tail towards higher values i.e. the spectroscopic redshift is
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Figure 7. Histogram showing the differences between the spectroscopically 
determined redshifts of AGN behind the LMC and the corresponding 
photometric redshifts calculated by LEPHARE . The various statistics regarding 
the comparison of the two redshift determinations are discussed in the text. 
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Figure 8. Top panel: reddening map co v ering the combined SMASH–VMC 

footprint created using all objects classified as galaxies by LEPHARE . Bottom 

panel: as the top panel, but using only objects classified as ETGs. 
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arger than the photometric redshift and that this is more pre v alent
t higher redshifts (see the full version of Table 3 ). To test whether
his tail is a consequence of our choice of AGN templates, we re-
tted the SEDs using the AGN templates of Salvato et al. ( 2009 ).
he tail persists even though these templates also include AGN- 
ost galaxy type hybrids (Salvato et al. 2009 ). Note that studies
ave found that template-based redshift estimates for AGN can 
e underestimated and that Gaussian and/or hierarchical Bayesian 
rocess photometric redshift estimates perform significantly better at 
 > 1 (see e.g. Duncan et al. 2018a , b ). Another potential cause for the
nderestimated redshifts could be contamination from neighbouring 
bjects. Of the 28 AGN for which | z spec − z phot | > 0.5, 21 (75 per cent)
ave neighbouring objects within 2 arcsec that likely affect the 
eblended SED of the AGN. 

 INTER NA L  R E D D E N I N G  O F  T H E  LMC  

ig. 8 shows the reddening map co v ering � 90 deg 2 of the LMC
ased on the 1504 987 objects classified as galaxies by LEPHARE in
he full LMC sample (top panel) in addition to the map created using
nly the subsample of 222 752 objects classified as ETGs (bottom 

anel). From Fig. 8 there are two striking observations. First, it
s clear that the use of all galaxies (as discussed in Papers I and
I) ef fecti vely masks the regions where significant amounts of dust
ntrinsic to the LMC are expected (e.g. along the bar region). This
s primarily due to the inclusion of late-type galaxies that are much

ore numerous than the ETGs and for which the best-fitting template 
equires additional reddening (including lines of sight through the 
MC that do not exhibit significant amounts of reddening), resulting 

n the systematically higher reddening values across the LMC in 
he top panel of Fig. 8 compared to the bottom panel. It is only by
reating the reddening map using ETGs (with low levels of intrinsic
ust themselves) that regions of high internal reddening in the LMC
ecome apparent. Secondly, there is an obvious difference between 
he regions that include u -band data and those that do not (see also
ection 2.4.1 ). Comparing Figs 1 and 8 , it is evident that the regions
or which u -band data are available tend to exhibit lower levels
f reddening (except for the central regions) than regions for which 
hese data are not available. The enhanced reddening surrounding the 
alaxy beyond 3–4 deg from the centre might therefore not be real.
he MW correction is applied directly to the LAMBDAR fluxes prior

o the SED-fitting (see Section 2.3 ). As we only allow the additional
eddening to vary from 0.0 to 0.5 in E ( B − V ), there are no ETG
alaxies for which the intrinsic reddening is ne gativ e. 

Fig. 9 shows a 10 × 10 arcmin 2 resolution reddening map using the
ame objects as shown in the bottom panel of Fig. 8 to better illustrate
arge-scale patterns/features across the LMC. Each bin corresponds 
o the median of the best-fitting E ( B − V ) values and the median
umber of ETGs per bin is 63. Of 3348 bins co v ering the combined
MASH–VMC footprint of the LMC, only 52 (2 per cent) have fewer

han 10 ETGs per bin and these are distributed around the outskirts,
lthough there is an obvious dearth of ETGs also associated with the
ertical stripe shown in Fig. 8 resulting from missing VMC data (see
he right-hand panel of Fig. 9 ). It is also clear from Fig. 9 that there
re fewer ETGs in the central regions of the LMC, which are more
eavily affected by crowding. Across the central regions of the LMC
MNRAS 516, 824–840 (2022) 
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Figure 9. Left-hand panel: 10 × 10 arcmin 2 resolution reddening LMC map using objects classified as ETGs. Middle panel: as the left-hand panel, but with 
the IRAS 100- μm dust emission contours o v erlaid to aid the reader in terms of where enhanced levels of reddening (due to the presence of dust) are expected 
across the LMC. Right-hand panel: number density of ETGs. 

Figure 10. Comparison of median SEDs for all ETGs in the bin with the 
highest intrinsic reddening (see the text) as well as neighbouring bins to the 
north, south, east and west. 
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e find that the minimum number of ETGs in any given bin is 18,
hich although significantly lower than the median of 63 across all
ins, does not appear to be systematically affected [in terms of the
 ( B − V ) value] with respect to the median E ( B − V ) values in the
eighbouring bins (for which the number of ETGs ranges from 20 to
2). Ho we ver, there might be ETGs missing due to high extinction
egions, which will introduce a bias to wards lo wer extinctions, since
oth crowding and extinction increase inwards. 
Also apparent from Fig. 9 is the excellent agreement between

he regions of enhanced reddening across the central regions of the
MC and the regions that exhibit emission at longer wavelengths
ue to the presence of dust (as traced by the IRAS 100- μm
mission contours). The regions of the LMC for which SMASH
 -band data are available completely co v er these re gions and so
he transition from regions where we expect dust to be present to
egions where little/no dust is present is reflected in the reddening
alues determined from the ETGs. Farther from the LMC centre,
NRAS 516, 824–840 (2022) 
here no u -band data are available (except for some small isolated
egions; see Fig. 1 ) enhanced levels of reddening again become
oticeable. Given the lack of u -band data in these regions, and the
forementioned agreement between the ETG-determined regions
f enhanced reddening and far-IR emission, one should treat the
bsolute reddening values in these outer regions of the LMC with
aution [although they are, to within the uncertainties on the median
 ( B − V ), also consistent with zero intrinsic reddening]. 
The use of ETGs to trace the intrinsic reddening of the LMC has

een shown to reproduce the pervasive enhanced levels of reddening
cross the LMC bar region that we know are present from existing
ar-IR observations (see e.g. Chastenet et al. 2017 and references
herein). In addition, there are several isolated regions for which the
edian reddening is further enhanced, with respect to this lo w-le vel

erv asi ve enhancement. These enhancements coincide with well-
nown star-forming regions throughout the bar (e.g. N44, N105,
113, N120, N144, and N206, as well as the Tarantula Nebula and

he molecular ridge south of 30 Doradus) as well as o v erdensities
bserved in morphology maps based on young stars. Interestingly,
ighest median reddening [ E ( B − V ) = 0.35 mag; � RA � –4.2,
 Dec. � 0.7 deg] lies far from the LMC bar in a region that is not

ctively forming stars and for which there are no hints of enhanced
ar-IR emissions in the IRAS 100- μm data (see Fig. 9 ). 

It should be noted that this region of the combined SMASH–VMC
ootprint lacks u -band data and so that could partly be responsible
or the anomalous reddening v alue. Ho we ver, the lack of other such
nhancements in regions that lack u -band data suggests this is not
he sole reason. Furthermore, the number of ETGs used to compute
he median reddening is almost identical to the median across the
hole LMC (cf. 61 and 63) and there is a clear o v erdensity of
TGs with higher than average reddening values (see Fig. 8 ). Fig. 10
hows a comparison’s between the median SED for all ETGs in
he bin with the highest intrinsic reddening and the ETGs in the
eighbouring bins to the north, south, east and west. Note that for
omparison sake we have normalized all SEDs to a z-band magnitude
f 19.0 mag. Although there is very good agreement between the
EDs across most of the optical/near-IR regime, there is a clear
ifference in the J -band regime, such that the median SED of the
TGs in the high reddening bin is � 0.5 mag brighter than those in

he neighbouring bins. This difference is likely the reason behind
he anomalously high intrinsic reddening in this particular bin and
ay be related to a higher level of background substructure observed

n the VISTA J -band deep stack images co v ering this re gion of the
ky. 
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Figure 11. 10 × 10 arcmin 2 resolution reddening maps of the LMC. Each panel refers to a different literature source/tracer. The contour in each panel represents 
the lo w-le vel perv asi ve dust associated with the central regions of the LMC as traced by the IRAS 100- μm emission. Note that the colour bar range has been 
limited to 0 ≤ E ( B − V ) ≤ 0.3 mag to better illustrate lo w-le vel features within the maps. Note also that the ETG extinctions should be roughly twice that of the 
Cepheids, RR Lyrae, and RC values since the latter do not sample the full path through the LMC. 
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The majority of the bins co v ering the combined SMASH–VMC
ootprint have E ( B − V ) = 0.0 mag [ E ( B − V ) mean = 0.06 mag]
nd a median uncertainty of σE( B−V ) med = 0 . 09 mag. For bins with
nly a single ETG, or for which all best-fitting reddening values are
dentical, we assume an uncertainty of 0.05 mag corresponding to the 
pacing implemented in the SED process. Table 4 lists the median 
eddening v alues, standard de viations, and the number of ETGs in
ach bin across the LMC footprint. 

 DISCUSSION  

his study produced a map of the total intrinsic reddening of the
MC for a � 90 de g 2 re gion co v ered by both the SMASH and VMC
urv e ys. Using ETGs, we have demonstrated the ability to identify
egions with enhanced levels of reddening that coincide with regions 
f enhanced far-IR emission. We proceed to compare our reddening 
ap with maps created from other tracers to determine how well 

he various tracers agree in terms of both the line-of-sight reddening 
alues as well as dust distribution morphology. As with the compar- 
son in Paper II , in the figures presented below we do not make any
orrection for the difference in the volume sampled between the red- 
ening map based on ETGs and those based on various LMC stellar
omponents. If necessary, we remo v e the fore ground MW reddening
rom the literature maps following the same prescription as described 
n Section 2.3 . The SFD98 E ( B − V ) values have been demonstrated
o be o v erall systematically o v erestimated (see e.g. Yuan, Liu &
iang 2013 ) and so whilst their use to de-redden the LAMBDAR

uxes was justified (as the extinction coefficients already accounted 
or this o v erestimation), their use to de-redden the reddening values
n the literature maps would result in us ef fecti v ely o v erestimating
he foreground MW reddening, and as such adopt a scaling of 0.86
o reflect the recalibration of Schlafly & Finkbeiner ( 2011 ). 

.1 Literature LMC reddening maps 

.1.1 Inno et al. ( 2016 ) 

s part of our comparison in Paper II , we adopted the Cepheid
ample of Joshi & Panchal ( 2019 ), ho we ver here we instead adopt
hat of Inno et al. ( 2016 ). Although the reddening values are in
ery good agreement, the latter covers a larger area of the LMC
isc and is thus preferable as a comparison data set. Inno et al.
 2016 ) studied the structure of the LMC disc using multi-wavelength
bservations of Classical Cepheids (from the V band in the optical
o the W 1 band in the mid-IR). As part of this study, Inno et al.
 2016 ) used a multi-wavelength fitting of the reddening law to the
pparent distance moduli to determine the colour excess to individual 
epheids and thus create a reddening map co v ering � 80 deg 2 of

he LMC disc. For more details regarding the methodology, readers 
re referred to the works of Freedman, Wilson & Madore ( 1991 )
nd Gallart, Aparicio & Vilchez ( 1996 ) as early examples. Inno
t al. ( 2016 ) assumed a value of R V = 3.23, where R V denotes the
otal to selective absorption, as part of their reddening analysis and
rovide the individual reddening values in the form of E ( B − V ).
he highest median reddening corresponds to 0.65 mag whereas the 
ean reddening corresponds to 0.02 mag. 
MNRAS 516, 824–840 (2022) 
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M

Figure 12. As Fig. 11 , but showing a 10 × 10 arcmin 2 resolution differential reddening maps of the LMC, such that � E ( B − V ) = E ( B − V ) ETG − E ( B −
V ) tracer . Note that the colour bar range has been limited to −0.3 ≤ E ( B − V ) ≤ 0.3 mag to better illustrate lo w-le vel features within the maps. 

Table 4. Reddening values derived from ETGs within 3348 bins across the LMC. 

� RA (J2000.0) � Dec. (J2000.0) E ( B − V ) med σE( B−V ) med No. ETGs 
( ◦) ( ◦) (mag) (mag) 

−2.546 75 −6.217 77 0.050 0.089 77 
−2.380 55 −6.217 77 0.050 0.074 58 
−2.214 35 −6.217 77 0.100 0.065 66 
−2.048 16 −6.217 77 0.050 0.059 47 
−1.881 96 −6.217 77 0.050 0.071 68 
−1.715 76 −6.217 77 0.000 0.105 52 
−1.549 57 −6.217 77 0.025 0.109 56 
−1.383 37 −6.217 77 0.000 0.083 58 
−1.217 18 −6.217 77 0.000 0.080 90 
−1.050 98 −6.217 77 0.000 0.089 63 

Note . The full table is available as Supporting Information. 
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.1.2 Choi et al. ( 2018 ) 

hoi et al. ( 2018 ) used g - and i -band data from SMASH to create a
.67 × 2.67 arcmin 2 resolution reddening map co v ering � 165 deg 2 

f the LMC from a sample of ∼ 2.2 million RC stars. As opposed
o simply adopting a given intrinsic RC g − i colour, Choi et al.
 2018 ) instead measured the intrinsic colour radial profile using a
clean’ RC sample based on regions in the outskirts of the LMC
hat are essentially dust-free (see their figs. 4 and 7). The stars in
hese regions were de-reddened using the SFD98 dust map before
onstructing the intrinsic colour radial profile. The reddening map
as created by comparing the observed g − i colour map and the

ntrinsic g − i colour map that is based on the intrinsic colour radial
rofile. Note that the radial profile only co v ers an angular distance
NRAS 516, 824–840 (2022) 

(  
ange of 2.7 to 8.5 deg (from the LMC centre) and thus Choi et al.
 2018 ) adopted the intrinsic RC colour at a distance of 2.7 deg for the
nnermost regions ( < 2.7 deg) and similarly the intrinsic RC colour
t a distance of 8.5 deg for the outermost regions (8.5–10.5 deg).
o convert the E ( g − i ) values presented in the Choi et al. ( 2018 )
eddening map, we use the extinction coefficients listed in equation
1) of Paper I to yield E ( g − i ) = 1.617 × E ( B − V ). In the resulting
ap the highest median reddening is of 0.35 mag and the mean

eddening is of 0.02 mag. 

.1.3 Skowron et al. ( 2021 ) 

kowron et al. ( 2021 ) used V - and I -band data from OGLE-IV
Udalski, Szyma ́nski & Szyma ́nski 2015 ) to create a reddening map

art/stac1545_f12.eps
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Figure 13. Left-hand panel: reddening map of the LMC derived from the SFH study by Mazzi et al. ( 2021 ). The spatial resolution corresponds to bins of 
21.0 × 21.5 arcmin 2 whereas the area shown is the same as in Figs 8 , 9 , and 11 , hence the white space in the south and not all bins shown in the north. The 
contour represents the lo w-le vel perv asi ve dust associated with the central regions of the LMC as traced by the IRAS 100- μm emission. Note that the colour bar 
range has been limited to 0 ≤ E ( B − V ) ≤ 0.3 mag to better illustrate lo w-le vel features within the maps. Middle panel: as the left-hand panel, but showing the 
ETG reddening map adopting the spatial resolution of Mazzi et al. Right-hand panel: as the left-hand panel, but showing the differential reddening map, such 
that � E ( B − V ) = E ( B − V ) ETG − E ( B − V ) SFH . Note that the colour bar range has been limited to −0.3 ≤ E ( B − V ) ≤ 0.3 mag to better illustrate lo w-le vel 
features within the map. 
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o v ering � 180 deg 2 of the LMC using RC stars. 7 The resolution
f the reddening map varies from 1.7 × 1.7 arcmin 2 in the central
egions to � 27 × 27 arcmin 2 in the outer regions. Skowron et al.
 2021 ) determined an intrinsic RC V − I colour radial profile by
e-reddening the observed RC colours using the SFD98 dust map. 
ote that the authors exclude the central 4.1 deg radius region around

he LMC centre due to the incorrect reddening values provided by 
he SFD98 dust maps as well as some outer regions due to spurious
C colour measurements (see their section 4 for details). To estimate 

he intrinsic RC colour in the inner and outer regions, Skowron 
t al. ( 2021 ) used spectroscopic information from Apache Point 
bservatory Galactic Evolution Experiment (APOGEE) spectra of 

ed giant stars taken from Nidever et al. ( 2020 ) to first calculate the
MC metallicity gradient and then a sample of intermediate-aged (3–
.5 Gyr) clusters to determine the variation of the intrinsic RC colour
s a function of metallicity. These two relations are then combined 
o provide an intrinsic colour change as a function of distance from
he LMC centre of –0.002 mag deg −1 that is used to calculate the
ntrinsic RC colour in the aforementioned e xcluded re gions (see 
heir fig. 13). E ( V − I ) values are converted into E ( B − V ) using the
elation from Cardelli, Clayton & Mathis ( 1989 ). We find a highest
edian reddening of 0.28 mag and a mean reddening to 0.01 mag. 

.1.4 Cusano et al. ( 2021 ) 

usano et al. ( 2021 ) used a combination of near-IR time-series
hotometry from the VMC and optical light curves from OGLE- 
V to study the structure of the LMC as traced by � 29 000 RR Lyrae
tars. As part of this analysis, they also determined optical E ( V − I )
eddening values by comparing the observed colours of these stars to 
heir intrinsic colour (based on an empirical relation connecting the 
ntrinsic colour of the star to its V -band amplitude and period; see also
iersimoni, Bono & Ripepi 2002 ). Although Cusano et al. ( 2021 ) do
ot provide the individual E ( V − I ) reddening values, they do provide
he individual K s -band extinction values (see their table 3) and so we
onvert these to E ( B − V ) values using the extinction coefficient
isted in equation (1) of Paper I [ A K s = 0 . 308 × E( B − V )]. The
 ht tp://ogle.ast rouw.edu.pl/cgi-ogle/get ms ext .py . 

(

A

ighest median reddening corresponds to 0.67 mag and the mean 
eddening to 0.02 mag. 

.1.5 Utomo et al. ( 2019 ) 

tomo et al. ( 2019 ) homogeneously reanalysed archi v al far-IR maps
rom Herschel in four Local Group galaxies (including the LMC at

1-arcmin resolution) by fitting the SED of dust from 100 to 500 μm
ith a modified blackbody emission model (see Chiang et al. 2018

or details regarding the model fitting). For our purposes, we are
nterested in the dust mass surface density, � d , returned by the best-
tting model, as this can then be converted into E ( B − V ) that can

hen be directly compared to the values we derive using ETGs. IR
mission across these wavelengths primarily captures emission from 

elatively large dust grains that are in thermal equilibrium with the
ocal radiation field, and represent the bulk of the total dust mass.
he smaller grains ho we ver contribute to the reddening because of

heir surface to volume ratio. We note that the dust map of the LMC
dopted in this work (Chiang et al. pri v ate communication) differs
lightly from that calculated in Utomo et al. ( 2019 ) in two small
ays. First, whereas Utomo et al. ( 2019 ) adopt a simple power law

see their equation 5), the dust map included here instead uses a
roken power law (see equations 2 and 3 of Chiang et al. 2021 ) as
his yields a better fit to the data (see Chiang et al. 2018 ). Secondly, as
 result of modifying the form of the fit, the emissivity at 160 μm (the
eference wavelength in Utomo et al. 2019 and which is determined
y calibrating the models to the MW cirrus where the dust mass is
nown, see e.g. Jenkins 2009 ; Gordon et al. 2014 ) increases slightly
o κ160 μm 

= 20 . 73 ± 0 . 97 cm 

2 g −1 (cf. 18.7 ± 0.6 cm 

2 g −1 in Utomo
t al. 2019 ). 

In Paper II (see Section 4.1.3 ), we demonstrated a method to
onvert � d to E ( B − V ) following the formalism of Whittet ( 2003 )
nd for which it was necessary to make assumptions regarding the
alues of the V -band extinction efficiency factor, Q V , as well as the
adius, a , and density, ρd , of the dust grains. Here we adopt a simpler,
lbeit model-dependent, approach using the following conversion 
see Draine et al. 2014 and references therein): 

 V = 0 . 7394 

(
� d 

10 5 M � kpc −2 

)
mag , (1) 
MNRAS 516, 824–840 (2022) 
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nd then convert A V into E ( B − V ) as in Cardelli et al. (1989 ).
espite the different methods to convert � d into E ( B − V ), the
edian difference in the resulting E ( B − V ) values is only � E ( B −
 ) med = 0.004 mag. Furthermore, significant differences (greater than

he 0.05 mag level) affect only 1 per cent of the total number of pixels
o v ering the area of the LMC observed by Herschel and coincide with
he most intense regions of star formation. As in Paper II , we do not
eed to subtract the foreground MW contribution as this has already
een accounted for as part of the SED modelling. 

.1.6 Mazzi et al. ( 2021 ) 

azzi et al. ( 2021 ) used near-IR VMC data to determine the
FH across � 96 deg 2 of the LMC with a spatial resolution of
.125 deg 2 . The deri v ation of the SFH consists of determining the
inear combination of partial models that best fit the observed K s ,
 − K s , and K s , J − K s colour–magnitude Hess diagrams. These
odels include the effects of extinction, and so by finding the best-
tting combination of models, Mazzi et al. ( 2021 ) determined a
epresentative ‘mean’ V -band extinction for each subregion. We
ransform A V into E ( B − V ) following Cardelli et al. ( 1989 ) [ A V =
.1 × E ( B − V )]. Note that we only adopt the A V values resulting from
he K s , J − K s fits due to possible issues with the absolute Y -band
alibration. Due to SFH analysis being performed on discretized
egions across the LMC, we are unable to compare this reddening
ap to the map based on ETGs at a resolution of 10 × 10 arcmin 2 .
o facilitate a comparison, we will degrade the resolution of the ETG
eddening map and discuss this map separately (see Section 4.2 ). 

.2 Comparing different reddening tracers 

ig. 11 shows the comparison between the LMC reddening map
ased on ETGs and the other maps resampled on to the same
0 × 10 arcmin 2 resolution. The majority of the maps used in our
omparison have higher spatial resolutions than that shown in Fig. 11
nd so some small-scale features (of the order of tens of pc in size)
ill be masked. Despite this resampling, any large-scale features
resent in the maps will be retained and evidenced in Fig. 11 . In
ddition, Fig. 12 shows the difference between the reddening map
ased on ETGs and the literature maps such that � E ( B − V ) = E ( B

V ) ETG − E ( B − V ) tracer . 
Whilst the various reddening tracers shown in Fig. 11 all exhibit

nhanced levels of intrinsic reddening in some areas across the central
egions of the LMC (in particular the Tarantula Nebula and the
olecular ridge south of 30 Dor), not all are consistent with the
orphology of the lo w-le vel perv asi ve dust emission as traced by

he IRAS 100- μm emission. In particular, we see clear differences
etween the stellar tracers (Cepheids, RR Lyrae, and RC) and those
hat sample ETGs and far-IR emission. Ho we ver, the dust emission
r the Cepheids maps are likely very highly biased (the former by
eating sources, the latter by being near regions of star formation)
nd therefore not appropriate to compare to the values presented
ere. The older stars are more likely to be representative of random
ines of sight (modulo the factor of two difference). 

Reddening values derived from pulsating stars (Cepheids and RR
yrae stars) are lower in the central region of the galaxy (at the loca-

ion of the bar) compared to regions east, west and north of it. These
racers follow a spatial distribution typical of young and old stars,
espectively, with most of them located within a structure of a few kpc
long the line of sight (e.g. Inno et al. 2016 ; Cusano et al. 2021 ). The
o wer le vel of reddening suggested by pulsating stars in the bar region
NRAS 516, 824–840 (2022) 
ompared to ETGs could be explained by the predominant location of
hese sources in front of the dust rather than behind it. This is ho we ver
nlikely because both types of variables occupy the entire thickness
f the galaxy. Whilst the sample of Cepheids and RR Lyrae stars are
ighly complete they suffer from incompleteness/blending, due to
rowding, in the central regions (e.g. Holl et al. 2018 ). This effect re-
uces the amplitude of variation with respect to that of isolated stars,
nd reduces the reddening towards the redder stars (see equation 2 of
usano et al. 2021 ). The western edge of bar is consistently reddened

n all maps, but the continuous extension towards the south is only
rominent in the maps derived from RR Lyrae and RC stars. The latter
hows also reddening in the central bar region, especially in the map
rom Choi et al. ( 2018 ). RC stars sample the same range of distances
s RR Lyrae stars, but are significantly more numerous which may
xplain their capability to trace reddening across a larger volume. 

Similarly to our findings, the middle of the northern arm (a
tructure parallel to the bar) shows the largest reddening values
ompared to the other regions within it. Maps extending to the outer
egions confirm enhanced reddening values in the south. In our map,
he region of 30 Dor and of the molecular ridge south of it appear as
eddened as the bar region. This may be a selective effect due to a lack
f ETGs in regions of high extinction and/or crowding introducing
 bias to lower reddening values (see also Section 3 ). Both effects
o influence the molecular ridge region whereas crowding is the
ominant effect in the bar region. 
The differential reddening maps imply that, by sampling the full

ine of sight of the LMC, the intrinsic reddening values inferred from
he background galaxies are on average higher than those inferred
rom stellar tracers. If we allow for a factor of 2 difference to account
or this depth effect and consider that the median uncertainty on
he reddening is of σE( B−V ) med = 0 . 09 mag, we find that our map is
onsistent with those from RC stars for which the highest median
eddening differs by 0.19 mag (Skowron et al. 2021 ) and 0.26 mag
Choi et al. 2018 ), respectively. On the contrary, the highest median
eddening for the dust emission exceeds that of our map by 0.50 mag,
or the Cepheids by 0.60 mag and for the RR Lyrae stars by 0.62 mag.
ote that these values are not shown in Fig. 12 because the reddening

cale has been limited to ±0.3 mag to better illustrate lo w-le vel
eatures. The mean reddening differences are however consistent
ith zero for all tracers. 
The comparison between our reddening map and the map de-

ived from the SFH analysis is shown instead in Fig. 13 . In this
ase, the spatial resolution of each map corresponds to bins of
1.0 × 21.5 arcmin 2 . The SFH shows the highest reddening values in
tar-forming regions (30 Dor, Constellation III, and at the west end
f the bar) that are not representative of the line of sights we trace
n our study. Apart from other localized o v erdensities comparable to
he size of a few bins the o v erall reddening is low. In particular, the
entral bar region appears as extinct as the outer regions whereas in
ur study the bar and the o v erall inner re gion of the galaxy appear
ore extinct than its surroundings. By differentiating the SFH and
TG reddening maps we obtain a rather smooth distribution that
grees within the factor of 2 higher distance sampled by the ETGs.
his suggests that a significant fraction of the dust is located beyond

he bar sampled by the SFH analysis. The bar region is also affected
y extreme crowding and in this region the SFH analysis relies more
eavily on RC and RGB stars than on main-sequence turn-off and
ubgiant stars; these regions are associated to a low likelihood (Mazzi
t al. 2021 ). 

To further inspect possible correlations between the ETGs redden-
ng and the reddening derived from the other tracers, we plot in Fig. 14
he relation between them. The best fit lines are clearly different from
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Figure 14. Comparison of the reddening values in the 10 × 10 arcmin 2 resolution ETG reddening map and those of the other reddening tracers. Note that the 
comparisons only include bins that co v er the combined SMASH-VMC footprint of the LMC. The solid line and shaded regions in each panel represent the linear 
best fit and corresponding 67 per cent confidence interval. The dashed line in each panel denotes the one-to-one correspondence between the two reddening 
tracers. 
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he one-to-one relation, except for the reddening derived from the 
ust emission that follows a similar trend, but is offset by about
.5 mag. We already mentioned earlier that despite the influence of
eating sources there is a good agreement with the distribution of the
o w-le vel perv asi ve dust emission traced by the IRAS at 100 μm. 

Fig. 15 shows histograms of the distribution of reddening values 
or the different samples. For all tracers, the peaks of the distributions
orrespond to reddening values inferior to 0.1 mag. The slope of the
istributions towards higher reddening values is ho we ver dif ferent 
mong the different tracers. It is shallower for the dust emission based 
eddening than for the stellar ones. The ETG reddening does not 
how a prominent tail, but rather a wide peak where the distribution
f values is confined within about 0.15 mag for the majority of the
ources. 

Fig. 16 shows the magnitude of ETGs after applying the reddening 
orrection. This figure was created in the same way as that described
or the reddening map, but instead of taking the median value of
ll best-fitting reddening values in a given bin, we take the median
f all extinction-corrected J -band magnitudes. Note that the J -band 
agnitudes are calculated from the LAMBDAR fluxes and corrected 

or extinction using the relation shown in equation (1) of Paper I . We
se the J -band magnitude because it is available for almost all ETGs
essentially 100 per cent; 222 736 out of 222 752 ETGs), whereas for
he optical bands, we notice a decrease in the number of ETGs with

easured fluxes that grows as one moves to bluer bandpasses, e.g. 
nly 49 and 88 per cent of ETGs have measured u - and g -band fluxes,
espectively. In the r , i , and z bands, we have 97, 98, and 99 per cent
ompleteness, respecti vely. The v ariation of the magnitude of ETGs
hows that they sample a different physical scale and therefore a
ifferent amount of dust towards the inner and outer regions of the
MC. This is due to the limitation by crowding in the centre and

he shallow exposures in the outermost area. More line of sights are
eeded to describe the likely extinction in these areas compared to
hat in the intermediate area where the magnitude of ETGs is fairly
omogeneous at about J = 20.2 mag. 

 SUMMARY  

n this study, we have determined the total intrinsic reddening across
 90 deg 2 of the LMC based on the analysis of SEDs of background

alaxies. We followed a similar technique as developed in Paper I
nd extended to the SMC in Paper II. The main steps involved in our
rocedure and the conclusions are as follows: 

(i) We select ∼ 2.5 million background sources from the SMASH 

nd VMC catalogues of the LMC by combining colour–magnitude 
nd morphological criteria. We use LAMBDAR to measure fluxes and 
onstruct SEDs from the optical ( ugriz ) to the near-IR ( YJK s ). 

(ii) We run the LEPHARE χ2 code to fit the SEDs of the objects,
hich include 21 828 spectroscopically confirmed AGN, and select 
52 752 galaxies with lo w le vels of intrinsic reddening. The resulting
eddening map reproduces the perv asi ve enhanced levels of redden-
ng across the LMC bar region with enhancements associated with 
tar-forming regions and overdensities traced by young stars. 
MNRAS 516, 824–840 (2022) 
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M

Figure 15. Histograms showing the distribution of reddening values in the 10 × 10 arcmin 2 resolution reddening maps shown in Figs 11 and 13 . Note that the 
histograms only include bins that co v er the combined SMASH-VMC footprint of the LMC. 

Figure 16. Map of the ETG extinction corrected J -band magnitude ( m J 0 ) 
across the LMC at a resolution of 10 × 10 arcmin 2 . 
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(iii) The calculated LEPHARE photometric redshifts for 189 AGN
re in very good agreement with the spectroscopically determined
edshifts ( �z = z spec − z phot = −0.009). 

(iv) We compare our reddening map with publicly available maps
f the LMC. For the inner region, we find good agreement between
NRAS 516, 824–840 (2022) 
ur map and the distribution of dust emission. The comparison with
tellar tracers, ho we ver, is more complicated o wing to the v ariations
mongst the reddening maps of the various stellar populations. For
hose showing a significant level of reddening associated with 30 Dor
nd molecular ridge we find discrepancies. Given the reduced number
f galaxies in highly extinguished and crowded regions, it is possible
ur map is biased towards lower levels of reddening. In contrast,
e find agreement with those maps demonstrating reddening in the
ar region and in the outskirts of the galaxy. Given a factor of 2
ifference, by sampling the full line of sight, and the uncertainties
n the reddening determinations our map is consistent with maps
erived from RC stars. Furthermore, the good agreement with a
FH-based reddening map indicates that a significant fraction of the
ust is located beyond the bar. 
(v) We find that the regions lacking u -band data, mostly located

n the outskirts of the galaxy, sample ETGs similar to those within
he same griz magnitude ranges resulting from deep exposures. 

In this study, we hav e e xtended and impro v ed our technique to
easure the total intrinsic reddening of the LMC using background

alaxies. The sample of 252 752 ETGs we used may seem small
ompared to the size of stellar samples adopted for the same
urpose, it is ho we v er e xtremely large if one considers that the
MC lies in front of it. Future studies based on large spectroscopic
urv e ys (including surv e ys using the 4-m multi-object spectroscopic
elescope, 4MOST; e.g. Cioni et al. 2019 ) will provide spectra for
undreds of thousands of background galaxies that will allow us
o not only robustly determine their redshifts but also to develop a
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omplementary method to quantify the total intrinsic reddening in 
he foreground Magellanic Clouds. 
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