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ABSTRACT

We present a map of the total intrinsic reddening across ≃ 90 deg2 of the Large Magellanic Cloud (LMC) derived
using optical (ugriz) and near-infrared (IR; Y JKs) 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 minimisation SED-
fitting routine. We find excellent agreement between the regions of enhanced intrinsic reddening across the central
(4 × 4 deg2) region of the LMC and the morphology of the low-level pervasive 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, however, 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 categorisations 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: Magellanic Clouds – galaxies: photometry – galaxies: ISM – surveys – dust, extinction

1 INTRODUCTION

The Magellanic Clouds contain stellar populations spanning
all ages which thanks to their proximity (∼ 50−60 kpc) have
allowed a number of investigations. The study of star for-
mation at lower (0.2− 0.5 Z⊙) metallicities (e.g. Gouliermis,
Hony & Klessen 2014; Zivkov et al. 2018), the extragalactic

⋆ E-mail: cbell@aip.de (CPMB)

distance scale (and by extension the Hubble constant H0, e.g.
de Grijs, Wicker & Bono 2014; de Grijs & Bono 2015; Riess
et al. 2019; Freedman et al. 2020), and the metallicity de-
pendence of the period–luminosity relation of variable stars
(see e.g. Gieren et al. 2018; Groenewegen 2018; Muraveva
et al. 2018; Ripepi et al. 2019) are examples of investiga-
tions dependent upon an understanding of the amount and
spatial distribution of dust across the galaxies. These stud-
ies use stellar populations of different ages to quantify the
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For the study of the LMC we have made three notable
changes, relative to the methodology applied to the SMC
and laid out in Papers I and II; namely the selection of
background galaxies, the treatment of foreground Milky Way
(MW) reddening and the use of ancillary radio data to sep-
arate the Active Galactic Nuclei (AGN) population prior to
fitting the SEDs. We refer the reader to Paper I of this se-
ries for a discussion of each step of the process, including the
choice of galaxy templates, redshift priors, extinction law,
and photometric uncertainties.

2.1 Selection of background galaxies

The process of creating the galaxy SEDs has been extensively
covered in Papers I and II. However, in light of our SMC
analysis we have made some minor modifications that we
describe below. In Paper II we noted that the number of
early-type galaxies (ETGs) in the central regions of the SMC
was limited due to incompleteness arising from the enhanced
levels of crowding compared to the less-dense outer regions.
The central regions of the LMC are even more affected by
crowding and thus we have revised our selection in an effort
to increase the number of ETGs in our sample.

Before explaining our updated selection criteria, it should
be noted that our definition of an ETG is directly linked
to the adopted templates in lephare. The galaxy templates
we adopt are the so-called AVEROI NEW templates and we
classify an object as an ETG if lephare finds a lower min-
imum χ2 associated with the best-fitting galaxy template
(compared to the best-fitting stellar template) and if the
best-fitting galaxy template corresponds to a spectral type
of Ell or Sbc (see section 3.1 of Paper I for details regarding
the AVEROI NEW templates).

Our selection of background galaxies is based on the
VMC point-spread function (PSF) photometric catalogues
(see Mazzi et al. 2021 for details). Panel a of Fig. 2 shows the
CMD selection previously adopted in Papers I and II, namely
retaining those that satisfy the following: J − Ks > 1mag,
Ks > 15mag, an associated stellar probability of less than
0.33 and a Ks-band sharpness index greater than 0.5. To
increase our sample of ETGs we effectively need to include
galaxies at bluer colours. If we simply remove the colour cut,
however, the use of the stellar probability still severely limits
the inclusion of bluer galaxies (see e.g. Fig. 2 of Paper I).

To assess how best to modify our galaxy selection, we first
retain only those objects with a Ks-band sharpness index
greater than 0.5 (Fig. 2b). These objects are then processed
through lambdar (see Section 2.2) and lephare (see Sec-
tion 2.4) to determine which ones are classified as galaxies
and, more specifically for our purposes, ETGs (the brown
and purple points in Fig. 2c, respectively). There is clearly
a bimodality in the distribution of galaxies and ETGs as a
function of J − Ks colour. Dividing the ETG sample at a
colour of J −Ks = 0.8mag and visually inspecting Ks-band
image cut-outs we note that the vast majority of objects at
bluer colours (of which there are 369 in tile LMC 3 4, a tile
in the outer disc of the LMC) are stellar blends, whereas
those at redder colours (of which there are 4430) appear to
be predominantly non-blended extended sources. Retaining
such a large number of stellar blends in our ETG sample
would have a non-negligible effect when creating the redden-
ing maps. Furthermore, it is not feasible to visually inspect all

(∼300,000) candidate ETGs across the combined SMASH–
VMC coverage of the LMC. The J − Ks colour distribution
of known QSOs, which is similar to that of galaxies, shows a
clear edge at 0.8 mag which is also away from stellar sources
(Cioni et al. 2013). The final number of objects classified as
ETGs in tile LMC 3 4 based on a revised colour selection
criteria (J −Ks > 0.8mag) is 4430, which when compared to
the 3361 one would find using our previous selection criteria
represents an increase in sample size of almost a third.

2.2 lambdar photometry

Fluxes for each of our targets are measured using the
Lambda Adaptive Multi-Band Deblending Algorithm in R
(lambdar1, v0.20.7; Wright et al. 2016). This version has
minor developments (with respect to v0.20.5 that was used
in Paper II), that improve the stability and fidelity of the PSF
estimation procedure. We use these new developments (and
our knowledge that our fields are crowded with point sources)
to specify conservative requirements on which sources are se-
lected for use in the PSF estimation. Specifically, we opt for
a maximum number of point sources to be used in the PSF
estimation of 500 per-chip (a chip corresponds to a detector
or a charge coupled device in the VISTA and SMASH images,
respectively), with a minimal radial separation (from possi-
ble contaminating sources) of 10 pixels (or ∼ 3.4 arcsec). The
latter condition often produces many more than 500 sources
per-chip (especially in very crowded regions), and in these
cases the code iteratively increases the minimum radial sepa-
ration until 500 sources are selected; that is, the code selects
the 500 most isolated point sources for use in the PSF esti-
mation.

Paper I provides a comprehensive discussion regarding the
measurement of fluxes in addition to the calibration of both
the optical and near-IR data sets onto an AB magnitude sys-
tem. We adopt the fluxes measured using a default circular
aperture of diameter 3 arcsec. The Y -, J- and Ks-band deep
stacks from which lambdar measures the fluxes were down-
loaded from the VISTA Science Archive (VSA; Cross et al.
2012) and have been processed by the Cambridge Astronomy
Survey Unit (CASU). Unlike the deep stacks used in Papers 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 have been processed using v1.5 (González-Fernández
et al. 2018; see also the CASU webpage2). The main differ-
ence between the two versions is in the determination of the
zero-points and as such we apply the offsets listed in eqs. C7–
C11 of González-Fernández et al. (2018) in addition to those
noted in section 2.4 of Paper I. The zero-point differences be-
tween the two versions amount to 0.01− 0.02 mag which will
have a minimal influence on our study (cf. Fig. 2). Other dif-
ferences refer to tiles, the combined product of deep stacks,
which we do not use. The u-, g-, r-, i- and z-band data were
treated in exactly the same way as described in Paper I.

1 https://github.com/AngusWright/LAMBDAR
2 http://casu.ast.cam.ac.uk/surveys-projects/vista/

data-processing/version-log
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the catalogue also contains both MW sources in the fore-
ground of the LMC as well as sources in the LMC itself, the
vast majority of the radio sources are background objects,
and in particular, AGN. Fig. 4 shows that the radio sources
almost completely cover the full LMC sample, except for a
significant fraction of the lowest row of VMC tiles (LMC 2 3–
LMC 2 7). We can therefore use this catalogue to systemati-
cally and effectively remove AGN contaminants – as well as
foreground interlopers – from our sample and ensure that we
are not reliant upon lephare for such discrimination.
There are two primary reasons for separating the AGN

from the full LMC sample. First, as demonstrated in Paper I,
it is difficult to use AGN to create a reddening map due to
the varying levels of intrinsic reddening. By removing AGN
from the full LMC sample, they are unable to be misclassified
by lephare and incorrectly incorporated into the creation
of the reddening map. Second, the vast majority of spectro-
scopic redshifts for objects behind the LMC are associated
with AGN. To test the validity of the lephare photometric
redshifts it is therefore best to fit such objects with more rep-
resentative AGN templates so as to minimise any potential
biases introduced by using less well-suited galaxy templates.
Following Pennock et al. (2021), we adopt a cross-match ra-
dius of 5 arcsec and find a total of 21,706 radio sources in the
full LMC sample. Whilst the Pennock et al. (2021) catalogue
is complete down to 0.5mJy across the field and contains the
majority of the spectroscopically confirmed AGN in the com-
bined SMASH–VMC footprint of the LMC, we still identified
an additional 122 AGN with spectroscopic redshift determi-
nations from v7.2 of the Milliquas (Million Quasars) cata-
logue5 (Flesch 2021) that were not present and include these
to create our final AGN sample comprising 21,828 sources.
These sources are subsequently removed from the full LMC
sample, reducing its number to 2,474,235. Note that although
the radio catalogue of sources in the direction of the LMC
provided by Pennock et al. (2021) is the most sensitive to
date, only ∼ 10–20 per cent of all AGN are radio-loud (see
e.g. Ivezić et al. 2002; Jiang et al. 2007). We are therefore
no doubt significantly underestimating the level of AGN con-
tamination in our sample of extragalactic objects behind the
LMC, although the EMU end-of-survey sensitivity should de-
tect radio-quiet AGN out to z ≃ 2 (Norris et al. 2011).

We run lephare as described in Paper II on both the
full LMC and AGN samples. We only use the empirical
AVEROI NEW galaxy templates for the LMC sample in ad-
dition to the stellar templates, whereas for the AGN sample
we replace the galaxy templates with the 10 AGN templates
described in Polletta et al. (2007, see section 3.1 of Paper I for
details regarding these template libraries). As in Paper II, we
allow additional intrinsic reddening [in terms of E(B−V )] to
vary and allow this additional reddening for all galaxy/AGN
types. Typically, additional reddening is only used for later-
type galaxies (Sc and bluer/later; see e.g. Arnouts et al. 2007)
and AGN (see e.g. Salvato et al. 2009) on the basis that the
adopted templates may not fully account for the widely vary-
ing levels of dust observed in such galaxies/AGN. For ETGs,
and particularly in the optical/near-IR regime we are inter-
ested in here, the range in dust is not as extreme and so
the assumption is that the adopted templates fully account

5 http://quasars.org/milliquas.htm
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Figure 5. Distribution of redshifts for galaxies (blue) and AGN

(orange) classified by lephare.

for their dust contents and thus additional reddening is not
required. Our method of using ETGs as reddening probes es-
sentially builds upon this assumption by suggesting that any
additional reddening required by ETGs is due to a foreground
extinguishing medium, in our case the LMC. Tables 1 and 2
provide the lephare outputs for the 2,474,235 and 21,828
sources in the full LMC and AGN samples, respectively. The
associated χ2 values for the best-fitting templates imply that
61 per cent of the full LMC sample are galaxies (39 per cent
stars) and 87 per cent of the AGN sample are AGN (13 per
cent stars). Of the 61 per cent of objects classified as galaxies
in the full LMC sample, 15 per cent (222,752) are classified
as ETGs.

Fig. 5 shows the photometric redshift distributions for the
1,504,987 objects classified as galaxies and the 19,017 objects
classified as AGN in the full LMC and AGN samples, respec-
tively. As discussed in section 2.3 of Paper II, we choose the
photometric redshift from the median of the maximum like-
lihood distribution (zML) or if this is not available6 the one
with the minimum χ2 value (zBEST). The median redshift of
both samples is very similar (zmed = 0.56 and 0.57 for the
galaxy and AGN samples, respectively). Although this me-
dian redshift is almost identical to that of the objects classi-
fied as galaxies behind the SMC in Paper II, we refrain from
making a direct comparison between the two galaxy popu-
lations due to the combined effects of the different methods
of selecting background galaxies as well as the use of differ-
ent template sets between the two studies. Any conclusions
drawn from such a comparison (e.g. the different distribu-
tion of spectral types) should be treated with caution and
not used to argue for systematic differences between the two
galaxy populations. Although such a comparison would be
worthwhile, this would necessitate a complete redetermina-
tion and analysis of the SMC sample that is beyond the scope
of this study.

6 zML is only unavailable in cases of extremely poor fits (χ2 &

1500) and this occurs in about 1 per cent of the galaxies.
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Intrinsic reddening of the Magellanic Clouds 7

Table 1. A sample of the lephare output for the 2,474,235 sources in the full LMC sample. We only show the ID, RA and Dec. (J2000.0),
the best-fitting photometric redshift with associated 1σ limits, the maximum likelihood photometric redshift with associated 1σ 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.

ID RA (J2000.0) Dec. (J2000.0) zBEST z
−1σ
BEST z

+1σ
BEST zML z

−1σ
ML z

+1σ
ML TemplateaG χ2

G E(B − V )
deg deg mag

1 73.77041 −75.72749 0.4906 0.4645 0.5143 0.4694 0.3974 0.5147 54 2.1045 0.05
2 73.82095 −75.72746 0.3292 0.3059 1.3738 1.1080 0.3329 1.5322 59 8.6474 0.00

3 73.78706 −75.72451 0.0200 0.0200 0.0277 0.0128 0.0041 0.0310 49 71.1816 0.15
4 73.74649 −75.71641 1.0280 0.7738 1.2179 0.9209 0.5290 1.1316 50 2.6083 0.15
5 73.50257 −75.71626 0.5961 0.5347 1.1331 0.9244 0.5870 1.2578 57 3.1876 0.50
6 73.83151 −75.71592 0.4862 0.4433 0.5389 0.4802 0.3976 0.5374 38 5.5756 0.00
7 73.48358 −75.71535 1.3214 1.3109 1.3322 1.3297 1.3041 1.3635 62 15.4637 0.40
8 73.77131 −75.71414 0.0555 0.0423 0.0667 0.0726 0.0423 2.8935 62 15.1095 0.05
9 73.76825 −75.71168 0.9478 0.7439 1.2849 0.9306 0.5771 1.1749 62 4.7682 0.30

10 73.82471 −75.71136 0.5050 0.4176 0.8201 0.5114 0.3058 0.7615 62 2.0733 0.10

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 2i−1, where i is the band number (in our case u = 1, g = 2, ..., J = 7, and Ks = 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) zBEST z
−1σ
BEST z

+1σ
BEST zML z

−1σ
ML z

+1σ
ML TemplateaQ χ2

Q E(B − V )

deg deg mag

1 74.13216 −74.39312 1.1025 1.0778 1.1794 1.1353 1.0840 1.1957 6 10.2503 0.45
2 73.66724 −74.35413 0.7129 0.5553 0.9163 0.8019 0.6263 1.0059 4 3.3765 0.00
3 74.62965 −74.33360 1.0313 0.7321 1.4235 1.0588 0.6518 1.5054 5 7.6673 0.15
4 73.07838 −74.29228 0.3555 0.3540 0.3623 0.3559 0.3414 0.3722 10 121.5800 0.15
5 70.73015 −74.10165 1.0855 1.0737 1.2082 1.1423 1.0872 1.2030 6 10.8134 0.10
6 70.58080 −74.08259 1.0907 1.0138 1.1312 0.8248 0.6040 1.0886 3 8.9963 0.00
7 76.32935 −74.59744 1.0284 1.0141 1.0474 1.0428 1.0138 1.1032 3 33.3055 0.35

8 76.59007 −74.57986 1.2702 1.0548 1.2807 1.2378 1.0576 1.2750 10 9.9513 0.00
9 75.99906 −74.47083 1.0737 1.0768 1.0807 1.0792 1.0655 1.0933 6 15.1357 0.40

10 77.26805 −74.42954 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 2i−1, where i is the band number (in our case u = 1, g = 2, ..., J = 7, and Ks = 8), and N is the total number of bands.

2.4.1 Effects of missing u-band data

It is worth noting that we have not yet discussed the effects of
non-complete u-band coverage across the combined SMASH–
VMC footprint of the LMC. From Fig. 1 it is evident that
only the central regions of the LMC have u-band data from
SMASH, as well as a few isolated regions in the outskirts.
In Fig. 6 we show the photometric redshift distributions for
objects classified as galaxies in the full LMC 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
Ks), ii) as i) but with the u-band fluxes removed and re-
run through lephare and iii) objects for which no u-band
data are available, but which have measured fluxes in the re-
maining seven bands (from g to Ks). The number of galaxies
in each sample is limited to 350,000 to better illustrate sys-
tematic differences between the samples. The effect of simply
removing the u-band data (where available) is small but no-

ticeable, in the sense that there are some variations in the
redshift distributions across the whole redshift range, but
overall the distributions resulting from samples (i) and (ii)
are broadly similar in terms of median redshift and shape
(cf. zmed = 0.36 for the 8-band SED sample and zmed = 0.44
for the reprocessed sample after removing the u-band data).
The resulting samples of ETGs are also similar. In contrast,
the redshift distribution for objects for which no u-band data
are available is markedly different, both in terms of median
redshift (zmed = 0.59) and as regards the apparent dearth
of galaxies at higher redshifts. These differences likely stem
from the SMASH observing strategy for which only regions
with full ugriz coverage have deep exposures, whereas the re-
gions with only griz coverage are covered by short exposures
(see Section 2 for details). The latter sample of ETGs will be
similar to that of ETGs within the same magnitude ranges re-
sulting from deeper observations. This further reinforces the
importance of the u band as a powerful diagnostic to discrim-
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Figure 6. Distributions of galaxies redshifts in the full LMC sam-
ple. The blue line denotes galaxies for which the SED comprises all

eight available bands (from u to Ks). The orange line represents
the same sample of galaxies as shown by the blue line, however
we have removed the measured u-band fluxes and re-run through
lephare. The green line illustrates galaxies for which there are
no u-band data available but have measured fluxes in the seven
remaining bands (from g to Ks).
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Figure 7. Histogram showing the differences between the spec-
troscopically 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.

inate between low (z . 0.5) and higher redshift galaxies (see
e.g. Bellagamba et al. 2012; Bisigello et al. 2016) as well as
the need for homogeneous coverage (in terms of photometric
bandpasses and exposure time) across the survey area.

Table 3. Spectroscopically determined and photometric redshifts
for AGN behind the LMC. The full table is available as Supporting
Information.

Name zspec zphot 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 J043522.69–690352.9a 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 0534–6740a 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

Notes: aAssociated 1σ limits on zBEST are unphysical (see

section 2.3 and footnote 4 of Paper II for details).
bAssociated χ2 value for best-fitting stellar template is lower
than χ2 value for best-fitting AGN template.
References: (1) Ajello et al. (2020), (2) Jones et al. (2009), (3)
Koz lowski et al. (2013), (4) Cowley et al. (1984), (5) Dobrzycki
et al. (2005), (6) Crampton et al. (1997), (7) Cristiani &
Tarenghi (1984), (8) Koz lowski 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).

2.4.2 Comparison of spectroscopic and photometric redshifts
for AGN behind the LMC

As an additional test we compare the derived photomet-
ric redshifts to spectroscopic redshifts of 189 AGN. Ta-
ble 3 lists the comparison between the values and Fig. 7
highlights a median difference of ∆zmed = −0.009, where
∆zmed = zspec − zphot, and median absolute deviation of
∆zMAD = 0.191. Note that of the 189 AGN in our sam-
ple, five (MQS J050010.83–700028.5, 1E 0547–6745, MQS
J054400.43–705846.2, MQS J043200.60–693846.5 and MQS
J052528.91–700448.6) are classified as stars by lephare. The
statistics reported here, with the exception of the bias, outlier
fraction (OLF), are very similar to those reported in Paper II
for the sample of 46 AGN behind the SMC. From Fig. 7 it
is clear that there is an extended tail towards higher values
i.e. the spectroscopic redshift is larger than the photomet-
ric redshift and that this is more prevalent at higher red-
shifts (see the full version of Table 3). To test whether this
tail is a consequence of our choice of AGN templates, we re-
fitted the SEDs using the AGN templates of Salvato et al.
(2009). The tail persists even though these templates also
include AGN-host galaxy type hybrids (Salvato et al. 2009).
Note that studies have found that template-based redshift es-
timates for AGN can be underestimated and that Gaussian
and/or hierarchical Bayesian process photometric redshift es-
timates perform significantly better at z > 1 (see e.g. Duncan
et al. 2018a,b). Another potential cause for the underesti-
mated redshifts could be contamination from neighbouring
objects. Of the 28 AGN for which |zspec − zphot| > 0.5, 21
(75 per cent) have neighbouring objects within 2 arcsec that
likely affect the deblended SED of the AGN.
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Table 4. Reddening values derived from ETGs within 3348 bins across the LMC. The full table is available as Supporting Information.

∆RA (J2000.0) ∆Dec. (J2000.0) E(B − V )med σE(B−V )med
No. ETGs

deg deg mag mag

−2.54675 −6.21777 0.050 0.089 77
−2.38055 −6.21777 0.050 0.074 58

−2.21435 −6.21777 0.100 0.065 66
−2.04816 −6.21777 0.050 0.059 47
−1.88196 −6.21777 0.050 0.071 68
−1.71576 −6.21777 0.000 0.105 52
−1.54957 −6.21777 0.025 0.109 56
−1.38337 −6.21777 0.000 0.083 58
−1.21718 −6.21777 0.000 0.080 90

−1.05098 −6.21777 0.000 0.089 63

on various LMC stellar components. If necessary, we remove
the foreground MW reddening from the literature maps fol-
lowing the same prescription as described in Section 2.3. The
SFD98 E(B−V ) values have been demonstrated to be over-
all systematically overestimated (see e.g. Yuan et al. 2013)
and so whilst their use to de-redden the lambdar fluxes was
justified (as the extinction coefficients already accounted for
this overestimation), their use to de-redden the reddening
values in the literature maps would result in us effectively
overestimating the foreground MW reddening, and as such
adopt a scaling of 0.86 to reflect the recalibration of Schlafly
& Finkbeiner (2011).

4.1 Literature LMC reddening maps

4.1.1 Inno et al. (2016)

As part of our comparison in Paper II we adopted the Cepheid
sample of Joshi & Panchal (2019), however here we instead
adopt that of Inno et al. (2016). Although the reddening val-
ues are in very good agreement, the latter covers a larger
area of the LMC disc and is thus preferable as a compari-
son data set. Inno et al. (2016) studied the structure of the
LMC disc using multi-wavelength observations of Classical
Cepheids (from the V -band in the optical to the W1-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 appar-
ent distance moduli to determine the colour excess to indi-
vidual Cepheids and thus create a reddening map covering
≃ 80 deg2 of the LMC disc. For more details regarding the
methodology, readers are referred to the works of Freedman,
Wilson & Madore (1991) and Gallart, Aparicio & Vilchez
(1996) as early examples. Inno et al. (2016) assumed a value
of RV = 3.23, where RV denotes the total to selective ab-
sorption, as part of their reddening analysis and provide the
individual reddening values in the form of E(B − V ). The
highest median reddening corresponds to 0.65 mag whereas
the mean reddening corresponds to 0.02 mag.

4.1.2 Choi et al. (2018)

Choi et al. (2018) used g- and i-band data from SMASH to
create a 2.67 × 2.67 arcmin2 resolution reddening map cov-
ering ≃ 165 deg2 of the LMC from a sample of ∼ 2.2 million
RC stars. As opposed to simply adopting a given intrinsic RC

g − i colour, Choi et al. (2018) instead measured the intrin-
sic colour radial profile using a “clean” RC sample based on
regions in the outskirts of the LMC that are essentially dust-
free (see their figs. 4 and 7). The stars in these regions were
de-reddened using the SFD98 dust map before constructing
the intrinsic colour radial profile. The reddening map was
created by comparing the observed g− i colour map and the
intrinsic g−i colour map which is based on the intrinsic colour
radial profile. Note that the radial profile only covers an an-
gular distance range 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 innermost regions (< 2.7 deg)
and similarly the intrinsic RC colour at a distance of 8.5 deg
for the outermost regions (8.5 − 10.5 deg). To convert the
E(g− i) values presented in the Choi et al. (2018) reddening
map, we use the extinction coefficients listed in eq. 1 of Pa-
per I to yield E(g − i) = 1.617× E(B − V ). In the resulting
map the highest median reddening is of 0.35 mag and the
mean reddening is of 0.02 mag.

4.1.3 Skowron et al. (2021)

Skowron et al. (2021) used V - and I-band data from OGLE-
IV (Udalski, Szymański & Szymański 2015) to create a
reddening map covering ≃ 180 deg2 of the LMC using RC
stars7. The resolution of the reddening map varies from
1.7× 1.7 arcmin2 in the central regions to ≃ 27× 27 arcmin2

in the outer regions. Skowron et al. (2021) determined an in-
trinsic RC V −I colour radial profile by de-reddening the ob-
served RC colours using the SFD98 dust map. Note that the
authors exclude the central 4.1 deg radius region around the
LMC centre due to the incorrect reddening values provided
by the SFD98 dust maps as well as some outer regions due
to spurious RC colour measurements (see their section 4 for
details). To estimate the intrinsic RC colour in the inner and
outer regions, Skowron et al. (2021) used spectroscopic infor-
mation from Apache Point Observatory Galactic Evolution
Experiment (APOGEE) spectra of red giant stars taken from
Nidever et al. (2020) to first calculate the LMC metallicity
gradient and then a sample of intermediate-aged (3–9.5Gyr)
clusters to determine the variation of the intrinsic RC colour
as a function of metallicity. These two relations are then com-
bined to provide an intrinsic colour change as a function of

7 http://ogle.astrouw.edu.pl/cgi-ogle/get_ms_ext.py
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distance from the LMC centre of –0.002mag deg−1 that is
used to calculate the intrinsic RC colour in the aforemen-
tioned excluded regions (see their fig. 13). E(V − I) values
are converted into E(B−V ) using the relation from Cardelli,
Clayton & Mathis (1989). We find a highest median redden-
ing of 0.28 mag and a mean reddening to 0.01 mag.

4.1.4 Cusano et al. (2021)

Cusano et al. (2021) used a combination of near-IR time-
series photometry from the VMC and optical light curves
from OGLE-IV to study the structure of the LMC as traced
by ≃ 29,000 RR Lyrae stars. As part of this analysis, they
also determined optical E(V − I) reddening values by com-
paring the observed colours of these stars to their intrinsic
colour (based on an empirical relation connecting the intrin-
sic colour of the star to its V -band amplitude and period;
see also Piersimoni, Bono & Ripepi 2002). Although Cusano
et al. (2021) do not provide the individual E(V − I) redden-
ing values, they do provide the individual Ks-band extinction
values (see their table 3) and so we convert these to E(B−V )
values using the extinction coefficient listed in eq. 1 of Paper I
[AKs

= 0.308×E(B−V )]. The highest median reddening cor-
responds to 0.67 mag and the mean reddenign to 0.02 mag.

4.1.5 Utomo et al. (2019)

Utomo et al. (2019) homogeneously reanalysed archival far-
IR maps from Herschel in four Local Group galaxies (includ-
ing the LMC at ∼ 1 arcmin resolution) by fitting the SED of
dust from 100 to 500µm with a modified blackbody emis-
sion model (see Chiang et al. 2018 for details regarding the
model fitting). For our purposes, we are interested in the
dust mass surface density, Σd, returned by the best-fitting
model, as this can then be converted into E(B − V ) which
can then be directly compared to the values we derive using
ETGs. IR emission across these wavelengths primarily cap-
tures emission from relatively large dust grains that are in
thermal equilibrium with the local radiation field, and repre-
sent the bulk of the total dust mass. The smaller grains how-
ever contribute to the reddening because of their surface to
volume ratio. We note that the dust map of the LMC adopted
in this work (Chiang et al. priv. comm.) differs slightly from
that calculated in Utomo et al. (2019) in two small ways.
First, whereas Utomo et al. (2019) adopt a simple power
law (see their eq. 5), the dust map included here instead
uses a broken power law (see eqs. 2 and 3 of Chiang et al.
2021) as this yields a better fit to the data (see Chiang et al.
2018). Second, as a result of modifying the form of the fit,
the emissivity at 160µm (the reference wavelength in Utomo
et al. 2019 and which is determined by calibrating the mod-
els to the Milky Way cirrus where the dust mass is known,
see e.g. Jenkins 2009; Gordon et al. 2014) increases slightly
to κ160µm = 20.73 ± 0.97 cm2 g−1 (cf. 18.7 ± 0.6 cm2 g−1 in
Utomo et al. 2019).

In Paper II (see section 4.1.3) we demonstrated a method
to convert Σd to E(B−V ) following the formalism of Whittet
(2003) and for which it was necessary to make assumptions
regarding the values of the V -band extinction efficiency fac-
tor, QV , as well as the radius, a, and density, ρd, of the dust
grains. Here we adopt a simpler, albeit model-dependent, ap-

proach using the following conversion (see Draine et al. 2014
and references therein):

AV = 0.7394

(

Σd

105 M⊙/kpc2

)

mag (1)

and then convert AV into E(B − V ) as in (Cardelli et al.
1989). Despite the different methods to convert Σd into
E(B − V ), the median difference in the resulting E(B − V )
values is only ∆E(B−V )med = 0.004mag. Furthermore, sig-
nificant differences (greater than the 0.05mag level) affect
only 1 per cent of the total number of pixels covering the
area of the LMC observed by Herschel and coincide with the
most intense regions of star formation. As in Paper II, we do
not need to subtract the foreground MW contribution as this
has already been accounted for as part of the SED modelling.

4.1.6 Mazzi et al. (2021)

Mazzi et al. (2021) used near-IR VMC data to determine
the SFH across ≃ 96 deg2 of the LMC with a spatial reso-
lution of 0.125 deg2. The derivation of the SFH consists of
determining the linear combination of partial models that
best fit the observed Ks, Y − Ks and Ks, J − Ks colour–
magnitude Hess diagrams. These models include the effects
of extinction, and so by finding the best-fitting combination
of models, Mazzi et al. (2021) determined a representative
“mean” V -band extinction for each subregion. We trans-
form AV into E(B − V ) following Cardelli et al. (1989)
[AV = 3.1 × E(B − V )]. Note that we only adopt the AV

values resulting from the Ks, J−Ks fits due to possible issues
with the absolute Y -band calibration. Due to SFH analysis
being performed on discretised regions across the LMC, we
are unable to compare this reddening map to the map based
on ETGs at a resolution of 10 × 10 arcmin2. To facilitate a
comparison, we will degrade the resolution of the ETG red-
dening map and discuss this map separately (see Section 4.2).

4.2 Comparing different reddening tracers

Fig. 11 shows the comparison between the LMC reddening
map based on ETGs and the other maps resampled onto the
same 10 × 10 arcmin2 resolution. The majority of the maps
used in our comparison have higher spatial resolutions than
that shown in Fig. 11 and so some small-scale features (of
the order of tens of pc in size) will be masked. Despite this
resampling, any large-scale features present in the maps will
be retained and evidenced in Fig. 11. In addition, Fig. 12
shows the difference between the reddening map based 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 enhanced levels of intrinsic reddening in some ar-
eas across the central regions of the LMC (in particular the
Tarantula Nebula and the molecular ridge south of 30 Dor),
not all are consistent with the morphology of the low-level
pervasive dust emission as traced by the IRAS 100µm emis-
sion. In particular, we see clear differences between the stellar
tracers (Cepheids, RR Lyrae and RC) and those that sam-
ple ETGs and far-IR emission. However, the dust emission or
the Cepheids maps are likely very highly biased (the former
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enhancements associated with star forming regions and over-
densities traced by young stars.
(iii) The calculated lephare photometric redshifts for 189
AGN are in very good agreement with the spectroscopically
determined redshifts (∆z = zspec − zphot = −0.009).
(iv) We compare our reddening map with publicly available
maps of the LMC. For the inner region, we find good agree-
ment between our map and the distribution of dust emission.
The comparison with stellar tracers, however, is more com-
plicated owing to the variations amongst the reddening maps
of the various stellar populations. For those showing a signif-
icant level of reddening associated with 30 Dor and molecu-
lar ridge we find discrepancies. Given the reduced number of
galaxies in highly extinguished and crowded regions, it is pos-
sible our map is biased towards lower levels of reddening. In
contrast, we find agreement with those maps demonstrating
reddening in the bar region and in the outskirts of the galaxy.
Given a factor of 2 difference, by sampling the full line-of-
sight, and the uncertainties in the reddening determinations
our map is consistent with maps derived from RC stars. Fur-
thermore, the good agreement with a SFH-based reddening
map indicates that a significant fraction of the dust is located
beyond the bar.
(v) We find that the regions lacking u-band data, mostly
located in the outskirts of the galaxy, sample ETGs similar
to those within the same griz magnitude ranges resulting
from deep exposures.

In this study, we have extended and improved our tech-
nique to measure the total intrinsic reddening of the LMC
using background galaxies. The sample of 252,752 ETGs we
used may seem small compared to the size of stellar sam-
ples adopted for the same purpose, it is however extremely
large if one considers that the LMC lies in front of it. Future
studies based on large spectroscopic surveys (including sur-
veys using the 4-metre multi-object spectroscopic telescope
(4MOST); e.g. Cioni et al. 2019) will provide spectra for hun-
dreds of thousands of background galaxies which will allow us
to not only robustly determine their redshifts but also to de-
velop a complementary method to quantify the total intrinsic
reddening in the foreground Magellanic Clouds.
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The data underlying this study are available in the study
and in its online supplementary material. The SMASH sur-
vey images used to create the galaxy SEDs are publicly avail-
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sonable request to the corresponding author.
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González-Fernández C., et al., 2018, MNRAS, 474, 5459

Gordon K. D., et al., 2014, ApJ, 797, 85
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Günther H. M., et al., 2018, AJ, 156, 123

Tinney C. G., 1999, MNRAS, 303, 565

Udalski A., 2003, AcA, 53, 291
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