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ABSTRACT
Studying the UV dust attenuation, as well as its relation to other galaxy parameters
such as the stellar mass, plays an important role in multi-wavelength research. This
work relates the dust attenuation to the stellar mass of star forming galaxies, and its
evolution with redshift. A sample of galaxies with an estimate of the dust attenuation
computed from the infrared excess was used. The dust attenuation vs. stellar mass
data, separated in redshift bins, was modelled by a single parameter linear function,
assuming a nonzero constant apparent dust attenuation for low mass galaxies. But
the origin of this effect is still to be determined and several possibilities are explored
(actual high dust content, variation of the dust-to-metal ratio, variation of the stars-
dust geometry). The best-fitting parameter of this model is then used to study the
redshift evolution of the cosmic dust attenuation and is found to be in agreement with
results from the literature. This work also gives evidence to a redshift evolution of
the dust attenuation - stellar mass relationship, as is suggested by recent works in the
highest redshift range.
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1 INTRODUCTION

Galaxies are complex systems containing stars, gas, dust and
dark matter, with all of their components interacting with
each other to produce a combined multi-wavelength emis-
sion: the Spectral Energy Distribution (SED). The SED is
the result of the combined emission from each of these com-
ponents, but it is also influenced by their position relative to
each other in space, what we usually refer to as the geometry
of the galaxy. In galaxies, luminous stars emit most of the
ultraviolet (UV) and optical light, whilst dust influences the
light we receive via the process of attenuation. Part of the
UV+optical light is absorbed by dust grains and re-emitted
in the infrared (IR). So, it is of utmost importance to under-
stand the effects dust has on the multi-wavelength emission
of galaxies. The contribution of dust needs to be accounted
for in any observations of galaxies if we are to perform a
complete census of their components and the physical pro-
cesses acting on these components.

Interstellar dust is created from the material that is
ejected from stars or directly in the interstellar medium
(ISM). Dust is built from heavy elements and compounds,
such as silicates, carbonaceous materials, silicon carbides,
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carbonates, etc. (Draine 2003). It is especially interesting
to know how the quantity of dust has evolved throughout
cosmic time (Takeuchi et al. 2005; Cucciati et al. 2012; Bur-
garella et al. 2013; Madau & Dickinson 2014). All these
works agree on a general behavior, that the average Cos-
mic dust attenuation in galaxies increases from z = 0 to
z ∼ 1.5. This rise is followed by a decrease to z ∼ 4 when
only IR data are used. Up to now, this decrease could not
be constrained by IR data at higher redshifts, but ALMA
and other ground-based millimetre (mm) data now provide
further constraints as we try to do in this work.

Quantifying the amount of dust is challenging. The best
method available today is analysing the IR SEDs of galaxies.
Most of the light emitted in the far-IR part of the SED is
due to the thermal emission of dust (see, e.g., Draine & Li
2007).

However, estimating the amount of light absorbed by
dust can also be achieved without far-IR data by using al-
ternate proxy methods. Probably the most popular one is
the so-called β-slope (defined as fλ ∝ λβ (Calzetti et al.
1994)) method (e.g. Bouwens et al. 2012, 2016) proposed by
Meurer et al. (1999), from which the IR Excess (IRX, Eq.
(1)) can be estimated. This is extremely useful when no IR
data is available, which is often the case above z ≈ 4. How-
ever, this relation has been mainly determined until redshift
z ≈ 3 for UV-dominated galaxies (Bowler et al. 2018, and ref-
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erences therein) and some departures are observed at higher
redshift and for more IR-bright galaxies (e.g. Casey et al.
2014). Other common methods for calculating the dust at-
tenuation include using the Balmer decrement (the ratio of
the Hα line to the Hβ line), as well as the Hα line, for which
some assumptions need to be made (see, for example, the
introduction of the paper by Hao et al. (2011)).

The relation between IRX (or AFUV ) and stellar mass
(M∗) is yet another tool that allows to estimate the dust
attenuation in galaxies from the stellar mass of galaxies.
Because M∗ mirrors the previous star formation activity of
galaxies, which in turn is responsible for producing dust par-
ticles, the stellar mass may be a good, and easy to estimate,
tracer of the dust content in galaxies.

The relationship between the stellar mass and attenua-
tion has been the focus of numerous studies as early as (e.g.
Xu et al. 2007; Martin et al. 2007; Buat et al. 2009, and
references therein). Most works seem to suggest that there
is a linear relation between IRX and stellar mass over quite
a large mass range (9 ≤ logM∗ ≤ 12, (Heinis et al. 2014;
Pannella et al. 2015; Álvarez-Márquez et al. 2016, etc.) that
is dubbed the ‘consensus z ∼ 2 − 3 relationship’ by Bouwens
et al. (2016). However, this same paper Bouwens et al. (2016)
suggests either an evolution of the dust temperature or an
evolution of the relationship at large redshift. The latter
might be confirmed in the most recent works. For instance,
Fudamoto et al. (E.g. 2017, 2020) observe an evolution of
the IRX âĂŞ Mstar relationship between z ∼ 3 and z ∼ 6 by
about 0.24 dex.

This paper is organised as follows. Firstly, we present
the possible biases that might affect our analysis in Sect.
2. After this, the data we have used to obtain our results
are presented in Sect. 3. In Sect. 4 we present a detailed
explanation of the methods implemented in this project and
the main results obtained, and we present our findings con-
cerning the relationship of the dust attenuation with stellar
mass AFUV − M∗ (Sect. 4.1), and then we use these find-
ings to study the dust attenuation as a function of red-
shift AFUV (z) (Sect. 4.2). In Sect. 5 we discuss our es-
timate of the cosmic dust attenuation and compare it to
the values found in the literature. The possible implications
of our results are discussed in Sect. 6. We use a Salpeter
(1955) Initial Mass Function (IMF) for the stellar masses
used throughout our work, as well as a ΛCDM cosmology
with (H0,Ωm,ΩΛ) = (70, 0.3, 0.7), where H0 has the units of
km s−1 Mpc−1.

2 BIASES INTRODUCED DUE TO THE
NATURE OF OBSERVATIONS

For this work, we compile a lot of data over quite large
redshift and stellar mass ranges. We are aware that our
approach is not fully complete as the information we can
collect on the IR emission of galaxies at all redshifts can
hardly be exhaustive and we follow the statistical approaches
presented in several papers. The relative performance in
UV+optical+near-IR is more favourable than that in far-
IR+sub-millimeter. Thus, the detection limits are better for
UV-dominated galaxies than for IR-dominated ones. We es-
timate that we have the following biases:

i) In terms of the redshift:

• At high redshift (z > 2 - 3), a significant part of the
less massive galaxies are not detected at all whilst in the
far-IR only the dustier objects can be detected. So, it is
likely that our high-redshift samples will be biased against
low-IRX objects. This would mean that our high-redshift
trend might only be seen as upper limits.
• In the local universe, we are limited by the studied

volume that is likely biased against rare objects; IR-bright
galaxies are rarer than UV-bright galaxies. But given that
both galaxy types are rare, we assume that this bias
should not dramatically impact our results.

ii) Concerning the stellar mass:

• Similarly, very massive galaxies are rare and this
makes it hard to study their properties. But, like for the
previous point, our results should not be strongly im-
pacted. This is confirmed by attempting to modify the
upper stellar mass cut-off without changing the global
characteristics.
• On the contrary, low-mass galaxies are numerous, and

usually very faint, so the completeness decreases. It was
usually thought that low-mass galaxies suffer from a very
low dust attenuation or might even be dust-free. But re-
cent results seem to suggest that this could be too fast
of a conclusion: dusty galaxies might appear smaller than
they are in reality in the UV because the IR part of the
SED is not detected (Takeuchi et al. 2005; Whitaker et al.
2017; Ã ↪Alvarez MÃ ↪arquez et al. 2019). This effect has an
important impact on the global redshift evolution of the
average dust attenuation because we expect a large num-
ber of such objects.

In conclusion, we understand that this work is proba-
bly not the final word about the redshift evolution of the
IRX-M∗ relation. But we need to move beyond the simple
linear and constant view about this relationship that was
consensual, as more and more results at low and high red-
shifts suggest that this is not true. The simple fact that this
IRX-M∗ needs to produce results consistent with the red-
shift evolution of the average galaxy attenuation presented
in the literature (Cucciati et al. 2012; Burgarella et al. 2013;
Madau & Dickinson 2014, etc.) means that we have to un-
derstand it better. One place to start is to use an approach
checking that the assumptions are in agreement with the
evolution of the dust evolution at cosmological scales.

3 THE DATA USED

We select data from the literature to build our final sam-
ple. The selection criteria are that the IRX values have been
estimated either from a direct IR-to-UV ratio or by SED fit-
ting. We do not keep samples where IRX is estimated from
the UV slope β. Although we think β could be a useful dust
tracer, it has problems for dusty galaxies that are known not
to follow the Meurer et al. (1999) relation (Burgarella et al.
2005; Casey et al. 2014). The reason for this departure is
not studied here. We do not use surveys using the Balmer
decrements because galaxies selected from emission lines are
generally younger and this might impact on our statistics.
Since, IRX is the ratio of LIR to LUV , only the galaxies with
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AFUV as a function of stellar mass and redshift 3

measured LIR and LUV are usable for our study. We also as-
sume that the IRX estimated from SED fitting is close to LIR

/ LUV (MaÅĆek et al. 2018, for instance). More precisely,
we use the following definition, with the IR luminosity, LIR,
being the total integrated luminosity in the IR, and the UV
luminosity, LFUV , derived from flux measured with a filter,
such as, for e.g. GALEX.

IRX = log

(
LIR

LFUV

)
(1)

In this paper, we call ‘dust attenuation’ the amount
of UV energy reprocessed by dust grains, i.e., the net ef-
fect caused by the dust grains distributed within the galaxy
in a complex geometry. The UV dust attenuation, AFUV

is a quantity that tells us by how much the light from the
galaxies has been obscured by dust. Practically, for energy-
balance based SED fitting, AFUV is the parameter that con-
tains the information of how much of the UV flux has been
“converted” to IR radiation. We introduce a relationship be-
tween IRX and AFUV . In this work we use the parametrisa-
tion suggested by Hao et al. (2011), which has the following
form:

AFUV = 2.5 log
(
1 + aFUV × 10IRX)

(2)

with the calibration aFUV = 0.46 ± 0.12. The difference be-
tween this conversion and other similar ones (e.g. Buat et al.
(2005)) is negligible, this one having the advantage of avoid-
ing giving un-physical negative values for the dust attenua-
tion.

The data included in this work contains the galax-
ies from the GALEXâĂŞSDSSâĂŞWISE Legacy Catalog
(GSWLC) (Salim et al. 2016, 2018), the GOODS-N field
(Pannella et al. 2015), the Cosmic Evolution Survey (COS-
MOS) field (Álvarez-Márquez et al. 2016), as well as the
COSMOS field combined with data from the Herschel
Multi-Tiered Extragalactic Survey (HerMES) program and
the Visible and Infrared Survey Telescope for Astronomy
(VISTA) (Heinis et al. 2014), the Hubble Ultra Deep Field
(HUDF) (Bouwens et al. 2016), as well as some other high-
redshift sources (Schaerer et al. 2015; Burgarella et al. 2020;
Fudamoto et al. 2020). A summary of the publications used
in this work is given in Table 1.

The samples in these surveys have been selected by us-
ing different criteria. The GSWLC is based on the Main
Galaxy Sample (MGS) of the SDSS, and it is magnitude
limited. We only include the objects which belong to the
MGS, and with SDSS photometry, and with UV data from
GALEX. Additionally, we include only the star forming
galaxies, as defined by the SFR − M∗ − Z relation proposed
by Speagle et al. (2014) (their equation 28), and assume a
dispersion of 0.3 dex around this relation according to Peng
et al. (2010), outside of which all galaxies are excluded. The
different IMFs chosen by the different authors have been
taken into account.

Heinis et al. (2014) use a UV selected sample from the
COSMOS field for the three different redshifts presented in
their work. Furthermore, Álvarez-Márquez et al. (2016) use
Lyman-Break Galaxies (LBGs) from the COSMOS field, se-
lected by the classical U-dropout method at redshift z ≈ 3.
The HUDF studied by Bouwens et al. (2016) also contains a

UV-selected sample of LBGs. Fudamoto et al. (2017) include
UV-selected massive star-forming galaxies from the COS-
MOS field.Fudamoto et al. (2020) use the ALPINE sample
(Le FÃĺvre et al. 2019; Bethermin et al. 2020; Faisst et al.
2020). The GSWLC contains nearby galaxies. For most of
them, the spectra have been measured. They have redshifts
z < 0.3, and a mean redshift of z = 0.1. The other authors use
various techniques to determine the redshifts of the galax-
ies within their sample; Pannella et al. (2015), and Bouwens
et al. (2012) use the software eazy, whilst Heinis et al. (2014)
and Álvarez-Márquez et al. (2016) use an i-band selected
COSMOS catalogue produced with the software LePhare
(Ilbert et al. 2009). For the objects studied by Schaerer et al.
(2015), Burgarella et al. (2020), and Fudamoto et al. (2020)
the redshifts have been spectroscopically determined.

The stellar masses of the galaxies included in our fi-
nal sample have been calculated by similar, but not iden-
tical methods by the different groups. Most of the authors
have used the method of SED fitting (e.g. Walcher et al.
2011), by assuming a different IMF. Pannella et al. (2015),
and Bouwens et al. (2016) use a Salpeter (1955) IMF, while
Salim et al. (2016, 2018), Heinis et al. (2014), Álvarez-
Márquez et al. (2016), Fudamoto et al. (2017), Burgarella
et al. (2020), and Fudamoto et al. (2020) use a Chabrier
(2003) IMF. They all implement the Bruzual & Charlot
(2003) single stellar populations, as well as an exponentially
declining Star Formation History (SFH), except Salim et al.
(2016, 2018), who use a two-component exponential SFH,
and Fudamoto et al. (2020) who use a constant SFH (Faisst
et al. 2020). Some of the authors do test other SFHs in their
work, concluding that its impact is negligible on the results.
Schaerer et al. (2015) use a different calibration for the stel-
lar masses, obtained by the same authors in another work
(cited as in prep. in Schaerer et al. (2015) and private com-
munication).

To account for the different IMF used, a correction has
been applied so that all of the data matches a Salpeter (1955)
IMF. The conversion from Chabrier (2003) to Salpeter
(1955) IMF is a multiplicative factor in terms of the mass,
or an additive constant when the mass is presented in log-
arithmic units. The correction we apply is the one given in
Eq. 12 by Longhetti & Saracco (2009):

log M∗[Salpeter] = log M∗[Chabrier] + 0.26 dex (3)

Two different types of data are included in this work:
data of individual galaxies (Salim et al. 2016, 2018; Schaerer
et al. 2015; Fudamoto et al. 2017; Burgarella et al. 2020; Fu-
damoto et al. 2020), and stacked data (Pannella et al. 2015;
Heinis et al. 2014; Álvarez-Márquez et al. 2016). The data
in the paper of Bouwens et al. (2016) has been stacked, but
in this work, we use the photometric data of the individual
galaxies directly and we perform an SED fitting on individ-
ual galaxies by using cigale (Burgarella et al. 2005; Noll
et al. 2009; Boquien et al. 2019) (Table 1).

4 EVOLUTION OF THE DUST
ATTENUATION

This section is dedicated to studying the relationship be-
tween the stellar mass of star forming galaxies and their
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4 Bogdanoska & Burgarella

Table 1. Summary of the literature used to obtain the data, and values of the redshift bins from each reference. For Salim et al. (2016,

2018) the redshift is taken to be z = 0.1, which is the mean value of the redshifts of all the galaxies in the sample. A range is given for

the Bouwens et al. (2016) because individual galaxies are used, and the separation of the bins is performed specifically for this work.

Reference Galaxy Count z

Salim et al. (2016, 2018) ≈ 400, 000 < 0.3
Pannella et al. (2015) ≈ 50, 000, stacked 0.7, 1, 1.3, 1.7, 2.3, 3.3
Heinis et al. (2014) ≈ 40, 000, stacked 1.5, 3, 4
Álvarez-Márquez et al. (2016) ≈ 22, 000, stacked 3
Fudamoto et al. (2017) 39 3.2
Schaerer et al. (2015) 5 6.5 − 7.5
Fudamoto et al. (2020) 23 4 − 5
Bouwens et al. (2016) 78 4 − 10
Burgarella et al. (2020) 18 5 − 10
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Figure 1. The dependence of the UV dust attenuation on stellar mass, showing the data from several references, along with the best-

fitting model for the same redshift. Each panel represents the data from a different paper, with multiple different lines within one panel
are models for different redshift bins. The dashed lines represent the model proposed in Eq. (4), while the full lines show the model of

Eq. (6).

average dust attenuation in the FUV, as estimated by the
IRX of the galaxies’ SEDs. We intend to extend our study
to the evolution of this relationship with cosmic times, as
well as estimate the average (cosmic) dust attenuation.

We start by dividing the data in redshift bins. In the
case where the data has been already divided into redshift
bins these bins are kept. In the case of different authors

using the same redshift, separate bins are assigned. This
means that, for example, for redshift z = 3 we have two
bins, one from Heinis et al. (2014) and another from Álvarez-
Márquez et al. (2016). The data that are given for individual
galaxies are divided in two bins for Bouwens et al. (2016) and
Burgarella et al. (2020), and kept as a single bin for Salim
et al. (2018) and Schaerer et al. (2015). The data and the
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AFUV as a function of stellar mass and redshift 5

best fitting function are given in Fig. 1. Each panel shows
the data given by the different authors, separated in redshift
bins where appropriate.

We fit the dust attenuation with a function that de-
pends on two parameters, stellar mass and redshift, i.e.
AFUV (M∗, z), and we express it as a product of two indepen-
dent functions, each of which has only one variable, namely
AFUV = f (M∗) × a(z).

4.1 Evolution of the dust attenuation with stellar
mass

The stellar mass dependence f (M∗) has been studied be-
fore (e.g. Heinis et al. 2014; Pannella et al. 2015; Álvarez-
Márquez et al. 2016; Bouwens et al. 2016; McLure et al.
2018), and is usually assumed to be linear either in IRX or
directly in AFUV . Because we adopt a more global approach,
we eventually modify this dependence and assume a broken
line by using a function that is linear until a certain value
for the stellar mass, and constant below. The justification
for this shape is explained in detail in Sect. 5.1. The func-
tion has the same shape for any redshift, however the scaling
factor a is not. This constant affects both the value for the
function where it is constant and the slope for the linear
part. The function is as follows:

AFUV (log M∗) = a(log M∗ − 8.5) (4)

As mentioned before, the fitting of the data, shown in
Fig. 1, is done by setting only a as a free parameter. However,
the other parameter which is the x-intercept of the function,
namely the value 8.5 is kept constant. This value also comes
from the fitting of the data; once the best-fitting value for
a was found, the χ2 of the fit is computed for each redshift
bin. For different values of the intercept, the values of the χ2

were compared. The final values given in Eq. (4) are the ones
giving the lowest χ2 on average between all redshift bins.
This is done, opposed to directly fitting both parameters in
each redshift bins, in order to keep the redshift dependence
only in a, and have one single value for the intercept.

Our goal is to find a function that describes the depen-
dence of AFUV on both stellar mass and redshift, and in this
section we explore separately the dependence only on stellar
mass. We propose to fit the AFUV − M∗ relationship with a
linear function, multiplied by a factor a. This relatively sim-
ple function allows us to advance easily to the relationship
AFUV − z presented in Sect. 4.2. However, we will explore in
the following section (Sect. 5.1), the possibility of modifying
this function.

4.2 Evolution of the dust attenuation with
redshift

In this section we will study the shape of a(z), which comes
from the fitting parameter of the AFUV − M∗ relation, with
the difference that this time it is not a simple constant a,
but a function of redshift, i.e. a(z).

We show in Fig. 2 the evolution in redshift of the pa-
rameter a, that have been obtained from the best-fitting
function of the data, as presented in Sect. 4.1, and described
by Eq. (4). Next, we use the points shown in Fig. 2 to find
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Best-fitting function, 
 a = (z + ) (z + )

Figure 2. Fitting the parameter a from the AFUV − M∗ rela-

tionship in each redshift. Each point has been obtained by fitting

the available data in that redshift. The black line represents the
fit of these points, as fitted with the function of Eq. (5).

a functional form for a(z), by fitting these coefficients. The
black line represented in Fig. 2 is the best fitting function,
described as:

a(z) = (z + γ) · α(β−(z+γ)), (5)

the coefficients have the following values: α = 1.84 ± 0.12, β =
1.59 ± 0.12, and γ = 0.17 ± 0.04. We propose this function as
it has a similar shape to the one used by Madau & Dickinson
(2014) and Burgarella et al. (2013), but giving a better fit.

5 COMPARISON WITH THE COSMIC DUST
ATTENUATION

We compare Fig. 2 to the available results in the literature.
This work assumes that the AFUV − M∗ relation is able to
represent the dust attenuation of all star forming galaxies
given their stellar mass. According to this, if we wish to
compute the average dust attenuation, i.e. the cosmic dust
attenuation, we need to include all of the star forming galax-
ies. This is why we compute the weighted average of the dust
attenuation, the weights being the Mass Function (MF) for
star forming galaxies. The details of this computation are
given in Appendix A.

At any redshift data for galaxies with log M* < 9 are
scarce. So, in this section we start by using only galaxies with
masses in the range 9 < log M∗ < 14 (Fig. 3), and later we
include all of the objects (Sect. 5.1). From Fig. 3, is appears
that the absolute level of AFUV as a function of the redshift
is too low, as compared to the literature (Cucciati et al.
2012; Burgarella et al. 2013; Madau & Dickinson 2014). The
reason for this can be found in the way we compute AFUV ,
more precisely in the shape of the mass function. Let us take
as an example the MF proposed by Wright et al. (2018) in
their Fig. 1. We can see that for low mass galaxies, such as
log M∗ = 7 for the first three redshift bins (for z < 0.2), the
number is as high as 10−1 galaxies per unit volume, whilst in
the higher stellar mass range, for e.g. for log M = 11 the num-
ber is two orders of magnitude lower, so it is roughly 10−3

galaxies per unit volume. Modelling the MF with a Schechter
function means that when including galaxies with down to
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Figure 3. The evolution of the dust attenuation in the FUV

with redshift. The full black line represents the integrated aver-

age dust attenuation, calculated using Eq. (A1), with the model of
Eqs. (4) and (5) (details of the calculations in Appendix A). Only

data with log M∗ > 9 has been included in the computations, and
consequently AFUV has been computed estimating the integrals

of Eq. (A1) within the limits of 9 < log M∗ < 14. The shaded area

around the full black line corresponds to the total estimated 1-σ
uncertainty of the parameters of Eq. (4), namely the uncertainty

of the intercept of the function estimated with the χ2 described

in Sect. 4.1, alongside the errors of the fitting for the coefficients
of Eq. (5). The points represent the mean value of the data we

included in our work (Fig. 1) for z > 4, with the errorbars rep-

resenting the 1-σ dispersion around the mean value. The dotted
green line and the shaded green area surrounding it come from

the work of Burgarella et al. (2013), the line is the best-fitting

model and the shaded area are the error bars. The dashed dark
blue line shows the results of Cucciati et al. (2012).

log M ∼ 6, our computation will be heavily influenced by this
large number of low mass objects. However, by defining the
function which describes AFUV − M∗ with Eq. (4), we have
set AFUV to be zero for galaxies with log M∗ < 8.5, i.e. where
the single-line models gives AFUV < 0 we set AFUV = 0.

5.1 Modification of the function for AFUV − M∗

As it is obvious from Fig. 3, there seems to be a problem
with fitting the AFUV − M∗ relationship with Eq. (4). We
suspect that the problem lies within the different numbers
of galaxies with low stellar mass versus galaxies with higher
stellar mass, which dictates that the apparent average cos-
mic value of the dust attenuation will be shifted towards the
values attributed to the low-mass galaxies. Possible physi-
cal explanations for this discrepancy will be detailed in the
discussion (Sect. 6). But, here we explore the possibility of
modifying the AFUV − M∗ relation in such a way that when
comparing to the literature for the evolution of AFUV with
cosmic time, we get results that are of similar values.

The amount of data for low-mass galaxies, especially at
higher redshift, is quite low to date. Consequently, determin-
ing the shape of the AFUV −M∗ function solely from data is
virtually impossible in this stellar mass range. We propose
to test the simplest possible form as a first approximation: a
constant. We wish to keep the function continuous, as well
as to choose the parameters presented in Sect. 4.1 that fit
the data as well as possible. Thus we modify Eq. (4) to have
the following form:
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Figure 4. The evolution of the dust attenuation in the FUV

with redshift. The full black line represents the integrated average

dust attenuation, calculated using Eq. A1, with the model of Eqs.
(5) and (6). In this case AFUV has been computed using the

limits of 6 < log M∗ < 14, analogous to the limits of integration
used in the work of Burgarella et al. (2013). The shaded area

around the full black line corresponds to the total estimated 1-σ

uncertainty of the parameters of Eq. (6), namely the uncertainty
of the intercept of the function and the position of the break

estimated with the χ2 described in Sect. 5.1, alongside the errors

of the fitting for the coefficients of Eq. (5). We note, however,
that the uncertainties might be under-evaluated at low redshift.

The origin of this under-evaluation is not clear but maybe it is

due to a relatively well fitting of Eq. (5) for z = 0. Similarly to
Fig. 3, the points represent the mean value of the used data for

z > 4, however, they have slightly different values than those of

Fig. 3 due to the objects with log M∗ < 9 that were included in
computing the mean. The dotted green line, the shaded green

area surrounding it, and the dashed dark blue are the same as in
Fig. 3.

AFUV (log M∗) = a

{
1.1, log M∗ < 9.8
log M∗ − 8.7, log M∗ ≥ 9.8

(6)

This function now has two parameters that determine
its shape: the break where the function changes from con-
stant to linear (in Eq. (6) this parameter is equal to log M∗ =
9.8 ± 0.1) and the x-intercept of the linear part (equal to
8.7 ± 0.1 in Eq. (6), and equal to 8.5 in Eq. (4), also ex-
pressed in units of log M∗). The value of the constant part
is the value of the linear part computed for log M∗ = 9.8,
to ensure continuity of the function. These two parameters,
the break and the intercept, were determined by finding the
lowest χ2 produced by both parameters simultaneously.

The coefficient a is the same as described in Sect. 4.2.
The redshift dependence of the cosmic dust attenuation,
computed using Eq. (6) is presented in Fig. 4. It should
be noted that replacing the function of Eq. (4) with that of
Eq. (6), produces a difference in the best-fitting values of the
parameters of Eq. (5), thus in this case we give the following
values: α = 1.84 ± 0.11, β = 1.84 ± 0.12, and γ = 0.14 ± 0.04.

6 DISCUSSION

Understanding in its entirety the processes of formation and
evolution of galaxies requires knowledge on the subject of
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cosmic dust. This work makes use of the fact that the sci-
entific community is apt at and confident about estimating
the stellar mass M∗ of a galaxy. We are striving towards de-
veloping a model which would be able to estimate the FUV
dust attenuation of a galaxy from its stellar mass and red-
shift. This would, in turn, enable us to better estimate the
Star Formation Rate (SFR) of a galaxy, and give us insight
into the overall evolution of distant galaxies.

Some of the recently published work argues against
this approach, as the evolution of the AFUV − M∗ relation
has been doubted (Heinis et al. 2014; Bouwens et al. 2016;
Whitaker et al. 2017). One of the goals of this work is to re-
view this question with a larger set of data covering a large
redshift range from z = 0 to the highest redshift galaxies. On
the other hand, Bernhard et al. (2014) suggest that there is
some evolution, only limited to z < 1. They use the relation
from Heinis et al. (2014) as the basis, and for z < 1 they
vary the normalisation as IRX ′0 = IRX0 − 0.5 × (1 − z). We
attempted to add this relation to Fig. 4, but as the Heinis
et al. (2014) relation is only defined for log M∗ > 9.5, we en-
countered the same problem as using Eq. (4) instead of Eq.
(6).

To assess the validity of our work, we compare to the
relevant literature (Cucciati et al. 2012; Burgarella et al.
2013; Madau & Dickinson 2014) until redshift z < 4. We
can see in Fig. 4 that the values obtained by our models
(Eq. (6), combined with Eq. (5)) do indeed follow a similar
trend as those found in the literature, even with results ob-
tained by using a completely different method to estimate
the dust attenuation. The green dotted line shows the best-
fitting model proposed by Burgarella et al. (2013), with the
green shaded area showing their uncertainties. The work of
Burgarella et al. (2013) is based on the study of IR and UV
luminosity functions; the IRX in this work is computed as
the ratio of the IR luminosity density to the UV luminosity
density, estimated at different redshifts. We also compare
our results to the work of Cucciati et al. (2012), who use
a different method of estimating the same parameter; they
estimate the intrinsic colour excess E(B − V) and by using
the starburst reddening curve given by Calzetti et al. (2000),
they estimate the dust attenuation in the FUV. Their results
are shown by the dashed dark blue line in Fig. 4.

To compare our work to that of Burgarella et al. (2013),
we must compute the average value of the dust attenuation
using the same stellar mass range, meaning, perform the in-
tegration within the same limits, as explained in Appendix
A. Burgarella et al. (2013) state that the LFs are integrated
within the range log10(L[L�]) = [7, 14]. The corresponding
range, converted to units of stellar mass by the use of the
log M∗ − MUV relation, with MUV the absolute UV magni-
tude, given by Song et al. (2016), is log10(M[M�]) = [6, 14].
Cucciati et al. (2012) do not include a mass or luminosity
range in their computations, so we cannot compare in an
analogous way.

6.1 The apparent dust attenuation of low-mass
galaxies

Using our method described in Sect. 4, we implicitly make
the assumption that the shape of the function of the AFUV −
M∗ relation is the same throughout all redshifts. We can see,
for example, in the data from Salim et al. (2016, 2018) (Fig.

1), a clear flattening towards the lower mass end. This sam-
ple includes galaxies with stellar masses as low as log M∗ ≈ 7,
who have a large dispersion in the AFUV , with the values
of the dust attenuation being as low as AFUV = 0.25, and
with some objects having a value as high as AFUV = 5. We
can conclude from this data that the low-mass galaxies have
a large scatter in their FUV dust attenuation and a mean
significantly different from zero. We believe this justifies ap-
proximating this part of the AFUV − M∗ dependence with a
nonzero constant average value.

On the theoretical side, the work of Cousin et al. (2019),
where they use the semi-analytical models called G.A.S. pre-
dicts the dust attenuation of galaxies by computing the IRX.
We can see in their Fig. 9 a flattening for lower stellar masses
similar to the one we find using our parametrisation. For ref-
erence, log IRX = 0.25 corresponds to AFUV = 0.97, accord-
ing to the relation of Hao et al. (2011). Additionally, they
show in Fig. 11 an evolution of the IRX-Mass relation.

A flattening and an increased scatter of the AFUV −M∗
relation for galaxies with low stellar masses (log M∗ < 8) can
equally be seen in simulations, such as the high-resolution
cosmological zoom-in simulations FIRE-2 (Ma et al. 2019).
They compute galaxy SEDs and mock images using a ra-
diative transfer code adopting a Small Magellanic Cloud
(SMC)-type dust grain size distribution, which is preferred
for galaxies at higher redshift. In Ma et al. (2019), one of the
important parameters is the dust-to-metal ratio (Mdust =

fdust Mmetal). In their simulations, fdust includes all the
processes in the dust cycle (dust production, growth and
destruction), and is taken to be constant for a given model.
Multiple values are tested (see their Fig. 14) and it is sug-
gested that fdust could be observationally constrained. They
find that for low-mass galaxies there is a larger scatter and
possible flattening, regardless of the value of fdust and in-
dependently of the redshift. However, two main parameters
(the opacity κdust and fdust) can impact on the absorption
coefficient α ∝ κdust fdust that enters the radiative trans-
fer equation and sets the dust temperature and emissivity
that sets a degeneracy. So the unexplained behavior at low
stellar mass can have different origins linked to an intrinsic
dust attenuation with a surprising large amount of dust in
these low-mass galaxies but other origins are possible like
a more clumpy geometry where young stars would be in-
cluded in dense dusty shells, or a more ”bursty” nature of
the star formation or finally a modification of fdust with the
metallicity.

On the observational side, we now see more and more
evidence that the simple low-mass low-AFUV assumption
might not be fully valid.

A scatter is suggested in the Fig. 2 of Whitaker et al.
(2017) which shows that for stellar masses around log M∗ = 9,
the dust attenuation can be in the range 0.5 < AFUV < 2.5.
This is in agreement with our results (outliers in the top
left corner of the same figure; the value of fobscured = 0.55
corresponds to AFUV = 0.5 and the value of fobscured = 0.95
corresponds to AFUV = 2.5, after first converting fobscured to
IRX, and then using the Hao et al. (2011) relation to get
AFUV ).

We can also notice the objects reported in the work of
Takeuchi et al. (2010) (their Fig. 16), where we see galaxies
with stellar masses as low as 7 < log M∗ < 8 which have
AFUV values in the range 0.3 < AFUV < 4.1. Indeed, to
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be completely certain that low mass galaxies have a higher
average dust attenuation than is predicted by previous work,
we would need more statistics for fainter galaxies. The next
steps of this work would include taking into account the
scatter around the average value proposed by our model,
so instead of proposing one average value for all low-mass
galaxies, we could give a range of possible values. This is,
however, beyond the scope of this paper.

The behavior of this AFUV vs. log M∗ law at low mass
is puzzling but is required if we wish to match both the
data from (Salim et al. 2016), other less complete studies
at low redshift cited above but also IZw18 or SBS 0335-052
(RÃl’my-Ruyer et al. 2015; Hunt et al. 2003; Lebouteiller
2019; Reines et al. 2008; Cormier et al. 2017; Wu et al.
2007; Cannon et al. 2002). This is also required to match
the AFUV (z) shape, consistently obtained using a large va-
riety of methods as illustrated in, e.g., Madau & Dickinson
(2014).

We do not have any strong explanation, yet, but we
could speculate that dust is building very fast in low-mass
objects (see, e.g. Burgarella et al. 2020) and could quickly
reach a minimum (statistical) threshold close to the value
found here, qualitatively speaking, because dust builds from
metals, in a way similar to the pop.III - pop.II critical metal-
licity, (see, e.g., Bromm et al. 2001; Schneider et al. 2002;
Jaacks et al. 2018). If so, we could observe a flattening of
the relation between dust attenuation and metallicity. It is
very difficult to confirm this but such a flattening of the dust
attenuation as a function of the metallicity is not excluded
by Garn & Best (2010); Xiao et al. (2012); Koyama et al.
(2015) and Qin et al. (2019). This means that the present
relation does not remain infinitely flat but should present a
sharp rise at some low stellar mass.

6.2 The evolution of the AFUV − M∗ relation with
the redshift

At high redshift, we also have more and more evidence from
objects extracted from deep ALMA maps that the ‘consen-
sus’ law is not valid anymore. Fudamoto et al. (E.g. 2017,
2020) suggest that there is a significant redshift evolution
of the IRX âĂŞ Mstar relation between z ∼ 3 and z ∼ 6 by
about 0.24 dex. This hypothesis is also supported by the rest
of the data at z > 4 − 5 presented in this paper.

In short, the low stellar mass galaxies at low redshift
exhibit a large scatter in AFUV , which can be fitted by a
constant function. Based on this, we make the assumption
that the AFUV − M∗ relation is constant in this mass range
for all redshifts. We do leave the option of the value of the
constant to vary with redshift, through the fitting of the pa-
rameter a in Eq. (4). Considering that for higher redshifts,
we do not have low-mass galaxy data, we attempt to make up
for this by assuming that the evolution of the average AFUV

follows the function proposed by Burgarella et al. (2013). We
then attempt to find such a parametrisation for AFUV −M∗
that would give similar values for the AFUV − z relationship
to those of Burgarella et al. (2013), when weighted by the
MF and integrated to compute the mean AFUV . So, fitting
the literature data (from Table 1) assures we have a func-
tion that reproduces the data well in the higher mass range,
while comparing to Burgarella et al. (2013) compensates for
the lack of data in the low mass range, and gives us a predic-

tion on which values we could expect for the AFUV of such
objects.

We are interested in gaining as much knowledge about
the early Universe as possible, and understanding the dust
attenuation far back in cosmic time is no exception. As can
be seen in Table 1, we have included some galaxies with
high redshift, however, it is only a small number of objects
and only until redshift z < 8. So, until more observations
are carried out and more advanced telescopes are used, we
can only make predictions about how the dust attenuation
behaves farther into the history of the Universe, at redshift
z ∼ 10. We give Eq. (B1) as a recipe for predicting the dust
attenuation of galaxies given their redshift and stellar mass.
This can be further used to give an estimate of the dust
attenuation where no data is available, as well as to make
predictions and simulations to further push the limits of the
knowledge of this field.

7 CONCLUSIONS

In this work, we estimate the evolution with redshift of the
dust attenuation in the FUV by first exploring the evolution
of the relationship between the dust attenuation and the
stellar mass throughout cosmic times. The evolution of the
AFUV − M∗ relationship has been debated in the literature.
However this paper strongly suggest that we need to assume
that the AFUV − M∗ relationship does evolve with redshift,
and we base our further studies upon this hypothesis.

An additional interesting point is that predictions can
be made using the prescriptions presented in this paper.
These predictions can be tested using data and the JWST
and new deep sub-millimetre and millimetre facilities in a
relatively near future.

We can summarise this work with the following conclu-
sions:

(i) The AFUV − M∗ relationship needs to be described
with a more complicated function as opposed to the con-
sensus linear (in terms of log M∗) relationship, such as the
one proposed in Eq. (6). Such a function needs to be able
to incorporate the influence of the low mass galaxies on the
global average of the dust attenuation.

(ii) Assuming the AFUV −M∗ relationship does not evolve
with redshift is not consistent with other studies concerning
the evolution of the dust attenuation. On the other hand,
starting from the assumption that this relation is not the
same at all cosmic times gives results similar to the ones
found by groups studying the same phenomenon by the use
of different methods.

(iii) The AFUV − M∗ relationship for lower stellar masses
has a large scatter, with an average value which is likely to
be larger than zero throughout most of the cosmic times.
The physical origin of this offset cannot be derived from the
present data. However, some works listed in Sect. 6 suggest
that this flattening can have different origins that we need
to explore: simply a large dust content in these low-mass
galaxies but this seems unlikely, the stars-dust geometry,
the dust-to-metal ratio.
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Figure A1. The fitting of the Schechter parameters. The func-

tions used are M∗ = (k1 + k2z)/(1 + (z/k3)k4 ), where k1 = 10.52,
k2 = 2.38, k3 = 4.80 and k4 = 1.15; logφ∗ = (l1 − 0.56z), with

l1 = −2.47; α = m1 + m2z, with parameters m1 = −1.25 and

m2 = −0.13.
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GonzÃ ↪alez P. G., 2019, Astronomy and Astrophysics, 630,
A153

APPENDIX A: COMPUTATION OF THE
AVERAGE DUST ATTENUATION

Fig. 2 indirectly provides an information on the evolution
of the dust attenuation with redshift. This makes it difficult
to compare to the literature. We proceed by computing the
average dust attenuation for all of the stellar masses, and
in this section we present the recipe that we followed to do
that.

By definition, if the dust attenuation of a galaxy is a
function of its stellar mass AFUV (M∗), then the mean of this
function would be:

AFUV =

∫ M∗max
M∗min

AFUV (M∗)φ(M∗)dM∗∫ M∗max
M∗min

φ(M∗)dM∗
(A1)

Here, φ(M∗) is the mass function (MF), which in this
case acts as a normalisation. We use the functional form of
Schechter (1976), with φ∗,M∗ and α the Schechter parame-
ters:

φdM = φ∗10(1+α)(log M∗−logM∗) exp
[
− 10(log M∗−logM∗)

]
dM

(A2)

The evolution of the dust attenuation-stellar mass rela-
tionship can now be expressed through the evolution of the
average dust attenuation with redshift. Studying the evolu-
tion of the average dust attenuation requires an estimation of
the value of Eq. (A1) for each redshift. This, in turn, requires
the knowledge of the evolution of the MFs, for which we used
the MFs of Tomczak et al. (2014), Grazian et al. (2015),
Mortlock et al. (2015), Song et al. (2016), and Wright et al.
(2018). We fit the values of the Schechter (1976) parameters
given in these papers to be able to retrieve their value at
any given redshift (Fig. A1); the values for theM∗ parame-
ter are fitted with the functionM∗ = (k1+ k2z)/(1+ (z/k3)k4 ),
and the best-fitting is for k1 = 10.52, k2 = 2.38, k3 = 4.80
and k4 = 1.15, for φ∗ we have log φ∗ = (l1 − 0.56z), with
l1 = −2.47 giving the best-fitting, and for α the function
is a line α = m1 + m2z, with parameters m1 = −1.25 and
m2 = −0.13.

We set up a grid of redshifts, and for each value zi we
calculate the dust attenuation using the model we have cho-
sen for the AFUV − z relationship, with the corresponding
value of the coefficient a(zi). For the same zi we estimate the
Schechter (1976) parameters, and compute the correspond-
ing MF. We then use the MF as the weight for calculating
the average dust attenuation AFUV , according to Eq. (A1).
The results of this computation are represented in Sect. 4.2.

APPENDIX B: DUST ATTENUATION AS A
FUNCTION OF BOTH REDSHIFT AND
STELLAR MASS

The work presented in this paper strives to combine the de-
pendence of the dust attenuation on stellar mass and its
evolution with redshift. The result of this unification is a
three-dimensional model for the dust attenuation as a func-
tion of both stellar mass and redshift, AFUV (z, M∗), that is a
surface in a 3D space. The stellar mass and the redshift are
independent variables, while the dust attenuation depends
on both of these values. This gives us the ability to estimate
the dust attenuation of any galaxy from knowing its stellar
mass and redshift.

We already have a functional form of both the depen-
dencies we require, AFUV (M∗) and AFUV (z) by fitting the
parameter a(z) and we can directly replace it in Eq. (4).
Thus, we get the relation for AFUV (z, M∗) if we put together
Eqs. (4) and (5) to get:

AFUV = (z + γ) · α(β−(z+γ))

×
{

1.1, log M∗ < 9.8
log M∗ − 8.7, log M∗ > 9.8

(B1)

The parameters of this function are the same ones that
are determined with the models discussed in Sect. 5.1, and
thus, their values remain the same. The 3D plot of this re-
lation is shown in Fig. B1.
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Figure B1. The dependence of the dust attenuation in the UV
on stellar mass and redshift. The surface represents the model

shown in Eq. (B1). If we take, for example, any value log M∗ =
const., we retrieve the dependence given by Eq. (5), shown in Fig.
2. Similarly, for any value of the redshift, we retrieve the models

of Eq. (6), shown in Fig. 1.
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