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ABSTRACT

Recent studies have made the community aware of the importance of accounting for scattered light when examining low-surface-
brightness galaxy features such as thick discs. In our past studies of the thick discs of edge-on galaxies in the Spitzer Survey of Stellar
Structure in Galaxies – the S4G – we modelled the point spread function as a Gaussian. In this paper we re-examine our results
using a revised point spread function model that accounts for extended wings out to more than 2′.5. We study the 3.6 µm images of
141 edge-on galaxies from the S4G and its early-type galaxy extension. Thus, we more than double the samples examined in our
past studies. We decompose the surface-brightness profiles of the galaxies perpendicular to their mid-planes assuming that discs are
made of two stellar discs in hydrostatic equilibrium. We decompose the axial surface-brightness profiles of galaxies to model the
central mass concentration – described by a Sérsic function – and the disc – described by a broken exponential disc seen edge-on. Our
improved treatment fully confirms the ubiquitous occurrence of thick discs. The main difference between our current fits and those
presented in our previous papers is that now the scattered light from the thin disc dominates the surface brightness at levels below
µ ∼ 26 mag arcsec−2. We stress that those extended thin disc tails are not physical, but pure scattered light. This change, however, does
not drastically affect any of our previously presented results: 1) Thick discs are nearly ubiquitous. They are not an artefact caused by
scattered light as has been suggested elsewhere. 2) Thick discs have masses comparable to those of thin discs in low-mass galaxies –
with circular velocities vc < 120 km s−1 – whereas they are typically less massive than the thin discs in high-mass galaxies. 3) Thick
discs and central mass concentrations seem to have formed at the same epoch from a common material reservoir. 4) Approximately
50% of the up-bending breaks in face-on galaxies are caused by the superposition of a thin and a thick disc where the scale-length of
the latter is the largest.
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1. Introduction

Charge-coupled device detectors and space-based telescopes
have greatly increased the depth of astronomical imaging. This
has opened the door to the detailed study of faint galaxy com-
ponents such as thick discs and stellar haloes. However, with
great observational power come great observational challenges.
Indeed, point spread functions (PSFs) often have extended wings
that can greatly affect the interpretation of the properties of the
above-mentioned galaxy components. In a worst-case scenario,
the scattered light from high-surface-brightness features may
create artefacts that could be interpreted as faint components that
actually do not exist. The uncomfortable reality of diffuse scat-
tered light has been put on the agenda by de Jong (2008) and
Sandin (2014, 2015).

Thick discs are one of the galaxy features whose details re-
quire deep imaging to be unveiled, at least in galaxies other than
the Milky Way. They were first described by Burstein (1979)
and Tsikoudi (1979). Thick discs have a larger scale-height and
a lower surface brightness than the thin discs of the galaxies in
which they are hosted. The importance of studying them stems
from the fact that they are made of old stars, so they are the re-
mains of the early processes that shaped the baryonic component
? Data of Figs. B.1 and C.1 are only available at the CDS via

anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/610/A5

of the universe. However, whether thick discs are a distinct com-
ponent or whether they are the oldest and most vertically ex-
tended tail of the disc star distribution is yet to be known.

Thick discs have been detected in resolved stellar count stud-
ies (e.g., Gilmore & Reid 1983; Mould 2005; Seth et al. 2005;
Tikhonov & Galazutdinova 2005). Strong evidence for the ex-
istence of thick discs also comes from spectroscopic studies
that find vertical gradients in disc stellar ages and/or metallic-
ities (Yoachim & Dalcanton 2008; Comerón et al. 2015, 2016;
Kasparova et al. 2016). Thus, there is not much support for a
position denying the existence of thick discs. However, it is
justifiable to question how badly scattered light affects the de-
termination of the properties of thick discs in integrated light
studies such as those made by Yoachim & Dalcanton (2006)
and Comerón et al. (2011a, 2012). In these papers the surface-
brightness profiles of edge-on galaxies are decomposed into
two components. They conclude that thick discs, especially
those in low-mass hosts – galaxies with circular velocities
vc . 120 km s−1 – are more massive in relation to the the to-
tal galaxy mass than previously thought. In some galaxies the
thick disc could be as massive as the thin disc. Since old stellar
populations have larger mass-to-light ratios than their younger
counter-parts, this implies that thick discs could contain a frac-
tion of the missing baryons and would somewhat reduce the
need for a significant dark matter contribution in the inner kilo-
parsecs of galaxies. However, the validity of those conclusions
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is potentially jeopardized by an over-simplistic PSF treatment.
Recently, several studies – such as those by Trujillo & Fliri
(2016) and Peters et al. (2017) – have started accounting for
the effect of scattered light from high-surface-brightness areas
in low-surface-brightness features. The current paper reassesses
the effect of extended PSF wings in the results presented in
Comerón et al. (2011a, 2012, 2014).

In this paper we use terms such as the vertical, radial, and
axial directions applied to edge-on galaxies. The first two refer
to intrinsic coordinates related to the galaxy, while the last one
refers to the sky plane. The vertical direction is that perpendicu-
lar to the mid-plane of a galaxy. The radial direction is indicated
by an outward vector from the centre of the galaxy projected into
the galaxy mid-plane. The axial direction is the mid-plane pro-
jection of a vector pointing away from the galaxy centre in the
sky plane. The vertical coordinates are denoted by z, the radial
coordinates are denoted by r, and the axial coordinates are de-
noted by x. The coordinate axis that is both perpendicular to x
and z is denoted as y. All the luminosities in this paper are given
in the AB magnitude system.

The paper is structured as follows: in Sect. 2 we describe the
properties of the PSF of the instrument that we used (IRAC on-
board the Spitzer Space Telescope). Section 3 is a detailed and
technical description of the process used to fit the various verti-
cal and axial surface-brightness profiles, taking into account the
gravitational interaction of the two stellar discs, the effect of an
extended PSF, and the presence of light from a central mass con-
centration (CMC). It builds upon the methods developed in our
earlier papers (Comerón et al. 2011a, 2012, 2014) and combines
a detailed account of the overall procedure with a number of new
developments. In Sect. 4 we present our sample. In Sect. 5 we
revisit some of the old results in Comerón et al. (2011a, 2012,
2014) with our newer fits accounting for an extended PSF. We
finally summarise our findings and present our conclusions in
Sect. 6.

2. The S4G point spread function

Our previous work in Comerón et al. (2011b,a, 2012, 2014,
2015) contains decompositions of edge-on galaxies into their
thin and thick disc components. Some of these studies also ac-
count for a CMC or a third stellar disc component. Our decom-
positions were made with mid-infrared images from the Spitzer
Survey of Stellar Structure in Galaxies1 (S4G; Sheth et al. 2010;
Muñoz-Mateos et al. 2013; Querejeta et al. 2015). The S4G is a
survey of 2352 nearby galaxies in 3.6 and 4.5 µm made with
the IRAC camera (Fazio et al. 2004) on board the Spitzer Space
Telescope. Most of the S4G images were taken during the warm
phase of the Spitzer mission, after the coolant was spent. How-
ever, the images of 597 S4G galaxies are actually cryogenic
archival images. The processed S4G images have a pixel size
of 0′′.75.

Comerón et al. (2011b,a, 2012, 2014) accounted for the PSF
by considering a Gaussian function with a 2′′.2 full width at half
maximum (FWHM). Tom Jarrett provided the S4G collaboration
with an extended 3.6 µm PSF that has been carefully discussed
in Salo et al. (2015). The symmetrised version of this PSF model
can be approximated as the superposition of two functions; first
an almost Gaussian core with a 2′′.1 FWHM and second, ex-
tended exponential wings that dominate the PSF at radii larger

1 The S4G data products can be accessed through IRSA at http://
irsa.ipac.caltech.edu/data/SPITZER/S4G/
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Fig. 1. Surface brightness as a function of the radius of the symmetrised
3.6 µm PSFs obtained from the data in Hora et al. (2012). The contin-
uous black line corresponds to the warm mission and the dashed line
corresponds to the cryogenic mission. The coloured lines represent a
Gaussian profile with a 2′′.1 FWHM (purple), an exponential function
with a 4′′.0 scale-length (blue), and an exponential function with a 24′′.5
scale-length (red). The inset displays a radially zoomed version of the
central regions of the PSFs. The zero point of the vertical axis is nor-
malised to unity at the centre of the PSF.

than 5′′. Tom Jarrett’s PSF model is 15′′ in radius and was used –
incorrectly as discussed in Sect. 3.2.5 – in Comerón et al. (2015).

However, a 15′′ model PSF is too small for a proper mod-
elling of the faintest galaxy components as demonstrated by
de Jong (2008), Sandin (2014, 2015), Trujillo & Fliri (2016),
and Peters et al. (2017). Indeed, ideally the PSF model should be
at least as large as the observed galaxy. This is why here we use
the IRAC PSF described in Hora et al. (2012)2. The PSF model
is slightly over 2′.5 in radius. In this paper we study the galaxies
in the 3.6 µm band (Sect. 3.1), so we use the 3.6 µm PSF model.
We use the warm mission model because most of the S4G images
have been taken in this mode. Moreover, the differences between
the cryogenic and the warm PSFs are small.

The S4G PSF varies from frame to frame. This is because
S4G images are made of two sets of exposures with different
orientations. Because the IRAC PSF has features that break its
axis-symmetry, the superposition of images with varying orien-
tations yields a different PSF for each of the S4G frames. For-
tunately, Salo et al. (2015) have shown that the use of a sym-
metrised PSF does not significantly affect the decompositions.
This roughly holds even with our more extended PSF model, as
shown in Sect. 3.4.1. As a consequence, from now on, when talk-
ing about the S4G PSF we will refer to its symmetrised version.

The symmetrised versions of the 3.6 µm PSFs in Hora et al.
(2012) are shown in Fig. 1. As in Tom Jarrett’s PSF, the core is
close to Gaussian with a 2′′.1 FWHM and the wings are exponen-
tial and have a 4′′.0 scale-length. Even more extended exponen-
tial wings with a 24′′.5 scale-length become evident at radii larger
than 30′′. We note that an exponential PSF decay is not nearly as
bad as the power laws described in Sandin (2014). Here we note
that according to Sandin (2015) “no PSF shows a decline that

2 This document can be accessed from http://irsa.ipac.
caltech.edu/data/SPITZER/docs/irac/calibrationfiles/
psfprf/
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is steeper than a r−2 power-law” which would imply an infinite
integrated PSF light at infinity! Following the discussion of the
Hubble Space Telescope (HST) PSFs in Sandin (2014) we spec-
ulate that the reason for a relatively rapidly decaying IRAC PSF
is the lack of atmospheric effects.

3. Fitting procedure

We have developed a comprehensive fitting procedure which al-
lows us to derive the masses of different components – gaseous,
thin and thick disks, and CMC – from deep images of highly
inclined galaxies. The procedure allows for the description of
two stellar discs in hydrostatic equilibrium, accounting for the
light from the CMC, as well as correction for the effects of the
PSF. As we developed the overall procedure over several years,
the description of elements of it is fragmented in the literature
(Comerón et al. 2011a, 2012, 2014). Here, we describe the over-
all procedure in enough detail to allow reproduction or further
development, while adding the new element of proper PSF cor-
rection. Readers interested primarily in the scientific findings de-
rived from this can skip Sect. 3.

3.1. Preliminary considerations

The fits were done using the 3.6 µm images from the S4G and
its early-type galaxy extension (Sheth et al. 2013) and are pre-
sented in Appendices B and C. We used the science-ready im-
ages as provided by the S4G Pipeline 1 (Muñoz-Mateos et al.
2015). We also used the masks created in the S4G Pipeline 2
(Muñoz-Mateos et al. 2015) as a starting point for an aggres-
sive masking. This masking was made manually and expanded
the masked regions around extended objects and saturated stars.
We also masked many faint point sources that were ignored by
Pipeline 2.

Before starting the actual fitting procedure, images were
rotated so the mid-plane of the studied galaxy lied horizon-
tally. This was done in most cases using position angles (PAs)
from HyperLeda3 (Makarov et al. 2014). In some cases the
HyperLeda values were not accurate enough – the rotation did
not result in a close to horizontal orientation for the galaxy mid-
plane – and we used orientations derived from ellipticity profiles
in the S4G Pipeline 4 (Salo et al. 2015). Finally, for a few galax-
ies in the S4G early-type extension, orientations were obtained
from our own ellipse fits.

The steps that we followed to produce structural decomposi-
tions of edge-on galaxies are:

1. We fitted the vertical surface-brightness profiles of galaxies
with the superposition of a thin and a thick disc in hydrostatic
equilibrium. We also accounted for the gravitational effect of
a gas disc.

2. We fitted the axial surface-brightness profiles of galaxies
with the superposition of a function describing the disc –
an exponential function with possible multiple breaks inte-
grated along the line of sight – and one describing the CMC
– a Sérsic function.

3. We reran the first step accounting for the presence of CMC
light and an accurate description of the disc axial surface-
brightness distribution.

4. We produced axial surface-brightness profiles for the heights
dominated by the thin and the thick discs. Those profiles
were fitted in a similar way as in step 2.

3 http://leda.univ-lyon1.fr/

5. The different components’ masses – gas disc, thin disc, thick
disc, and CMC – were calculated using some assumptions
about the mass-to-light ratios.

These five steps are explained in detail below.

3.2. Step 1: vertical surface-brightness profile fits

The vertical surface-brightness profile fits are made in a similar
way as in Comerón et al. (2011a, 2012). Here we explain again
our method and point out small differences between what is done
in this paper and what was done in our previous work.

3.2.1. The set of differential equations

We assume the stellar discs of galaxies to be made of two discs in
hydrostatic equilibrium that are allowed to interact gravitation-
ally with each other. At a given distance from the galaxy centre,
each of the two discs is assumed to be vertically isothermal, that
is, they have a single vertical velocity dispersion at all heights.
We also consider the presence of a non-stellar disc, that is, a gas
disc with mass but no mid-infrared luminosity. In such a system,
the vertical density distribution for a point at a given distance
from the galaxy centre is described by

d2ρi

dz2 =
ρi

σ2
i

[
−4πG

(
ρt + ρT + ρg

)
+

dKDM

dz

]
+

1
ρi

(
dρi

dz

)2

(1)

following the formalism by Narayan & Jog (2002). Here ρ is the
volume density and the subindices t, T , and g denote the thin, the
thick, and the gas disc. The subindex i denotes any of the three
above-mentioned discs. The velocity dispersion of the discs is
denoted by σ. The KDM term accounts for something behaving
like a dark matter halo.

This formalism provides a physically motivated func-
tion as opposed to the sometimes ad-hoc analytic func-
tions that have been used elsewhere (e.g., van der Kruit 1988;
Yoachim & Dalcanton 2006; Comerón et al. 2011c). The down-
side of our method is that the fitted function is not analytical and
needs to be solved by numerical integration.

3.2.2. Assumptions made during the fit

The main goal of our structural decompositions is to obtain rea-
sonable estimates of the thin and thick disc masses. Hence, here
we discuss the assumptions and approximations based on their
effect in the determination of the ratio of disc masses,MT/Mt.

Equation (1) describes volume densities as a function of
height, which are not observables. What is observed is the sur-
face brightness as a function of height. Thus, the use of Eq. (1)
requires knowing the mass-to-light ratio of the different compo-
nents – Υi – and an understanding of the effects of a line-of-sight
integration. It also requires assumptions on the dark matter dis-
tribution.

In Comerón et al. (2011a) we discussed three different star
formation histories (SFHs) reported in the literature for the
thin and the thick discs of the Milky Way and obtained
mass-to-light ratios using the spectral energy distributions by
Bruzual & Charlot (2003) calculated using the “Padova 1994”
stellar evolution prescriptions (Alongi et al. 1993; Bressan et al.
1993; Fagotto et al. 1994b,a; Girardi et al. 1996) and a Salpeter
initial mass function (Salpeter 1955). In this paper we use the
mass-to-light ratios derived from the Milky Way SFH found
in Nykytyuk & Mishenina (2006). Their SFH model assumes a
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short initial burst of star formation followed by an exponentially
decaying star formation rate. The time-scale of the decay is set to
τ = 8 Gyr for the thin disc and τ = 5 Gyr for the thick disc. The
resulting ratio of the mass-to-light ratios of the thick and thin
disc at 3.6 µm –which we need for our fit – is (ΥT/Υt)3.6 µm =
1.2. SFHs other than that in Nykytyuk & Mishenina (2006)
could yield different (ΥT/Υt)3.6 µm values. This, however, is not
as critical as it might sound because MT/Mt roughly scales
with (ΥT/Υt)3.6 µm (see Sect. 4.3.1 in Comerón et al. 2012).
(ΥT/Υt)3.6 µm = 1.2 is the smallest and most conservative of
the mass-to-light ratio values derived from the SFHs explored in
Comerón et al. (2011a), which implies that using this value may
even underestimateMT/Mt. We note that although we use a sin-
gle (ΥT/Υt)3.6 µm, the mass-to-light ratio certainly varies from
galaxy to galaxy depending on, for example, the galaxy mass
and environment.

Throughout this paper we ignore the dark matter term in
Eq. (1) (dKDM/dz = 0). Experiments made in Comerón et al.
(2011a, 2012) show that omitting this term introduces a small
bias that causesMT/Mt to be slightly overestimated. The more
sub-maximal a disc is, the moreMT/Mt would be overestimated
(typically by ∼10%). Ignoring the effect of something behaving
like a dark matter halo allows us to assume that the galaxy has a
cylindrical symmetry, which leads to a much simpler numerical
treatment.

Line-of-sight integration is not a problem when applying
Eq. (1) as long as the scale-heights of the thin and the thick discs
remain roughly constant and the scale-lengths of both discs are
similar. If those conditions are fulfilled the vertical density and
luminosity profiles of the disc remain the same at all radii once
a multiplicative factor is accounted for. The profiles at different
radii are in this case geometrically similar (at least they would
be so in the absence of a significant dark matter term, which is
one of the assumptions that we describe above). Thus, fitting the
result of a line-of-sight projection would imply no inaccuracy. If
the above-mentioned disc scale-length and scale-height condi-
tions are not fulfilled, disc locations along the line of sight have
different ratios of the thick and thin disc mass surface densities
that depend on their distance from the galaxy centre. The result-
ing observed surface-brightness profile is in this case a weighted
average of the vertical luminosity density profiles where the re-
gions closest to the centre of the galaxy have the largest weight.
In Comerón et al. (2012) we showed that if thin discs had a
break and/or a different scale-length than the thick disc, the fitted
MT/Mt ratios would typically be overestimated by ∼10%.

To sum up, our assumptions regarding the ratio of thick to
thin disc mass-to-light ratios – (ΥT/Υt)3.6 µm – probably bias the
ratio of the disc masses –MT/Mt – towards low values whereas
our assumptions on similar disc scale-lengths and scale-heights,
and on the omission of dark matter haloes, biasMT/Mt towards
large values.

3.2.3. Surface-brightness profiles perpendicular
to the galaxy mid-plane

Four surface-brightness profiles perpendicular to the mid-plane
were made for each galaxy in bins with axial ranges 0.2 r25 <
|x| < 0.5 r25 and 0.5 r25 < |x| < 0.8 r25. The radius of the
25 mag arcsec−2 level in the B-band, r25, was obtained from
HyperLeda. We thus ignored the central regions which are those
most affected by the CMC. The CMC breaks the cylindrical sym-
metry and implies a component unaccounted for in the formal-
ism set in Eq. (1) (although it could formally be included as part
of the dKDM/dz term).

We produced the vertical surface-brightness profiles for each
axial bin by averaging at each height the number of counts in the
bin.

We found the mid-plane by folding the profiles and finding
the fold position that would minimise the difference between
the upper and lower parts of the profile (in magnitudes). This
was done with a precision of 0.1 pixels and using a dynamic
range of ∆µ = 4.5 mag arcsec−2. The mid-plane found with this
method was then used to create a symmetrised vertical surface-
brightness profile to be fitted with Eq. (1).

3.2.4. Boundary conditions, free parameters,
and normalisations of the fitted function

The vertical surface-brightness profiles are fitted with a function
derived from a set of three second-order differential equations
(for the thin, thick, and gas discs). Six boundary conditions are
required to solve the set of equations. Trivially, three of them
require that the maxima of the vertical density profiles of the
three discs are to be found at the mid-plane, which results in
dρi

dz

∣∣∣∣∣
z=0

= 0. (2)

The other conditions are the densities of the three coupled discs
at the mid-plane, ρi|z=0. These mid-plane densities are trans-
formed into mid-plane surface brightnesses thanks to an as-
sumed mass-to-light ratio and due to the integration along the
line of sight. The ratio of two of the ρi|z=0 values is fitted in our
approach whereas the third one is deduced, as shown below.

Naively speaking, when fitting a surface-brightness profile
with the products of Eq. (1), six parameters need to be fitted.
Those parameters are the three mid-plane densities, ρi|z=0, and
the vertical velocity dispersions of the discs, σi.

A way to remove free parameters is to make assumptions
about the gas content of galaxies. One could do so by trans-
forming the 21 cm hyperfine transition line flux into an atomic
gas mass. A conversion factor between the atomic gas mass and
the total cold gas mass would also be necessary. However, this
approach would only provide an integrated gas mass, without
giving any information about its distribution in the plane of the
observed galaxies. Another approach – used here – is to assume
a reasonable gas surface density (this time we talk about a sur-
face density as seen from the galaxy pole and not on an edge-on
view). Here we assume that the gas surface density is 20% of
that of the thin disc (this does not yet fix the ρg

∣∣∣
z=0 value). This

value is larger than that found in the Milky Way (Banerjee & Jog
2007), but has been chosen because our sample is dominated by
galaxies with masses smaller than that of the Milky Way which
typically have a larger gas fraction than our Galaxy (see for a
recent study Saintonge et al. 2016). We also set the vertical ve-
locity dispersion of the gas disc to be one third of that of the thin
disc – σg = 1/3σt – which is similar to the values measured in
the Solar neighbourhood (Banerjee & Jog 2007, and references
therein). Errors on the assumed gas disc properties do not intro-
duce large errors inMT/Mt, as explained in the Sects. 4.1 and
4.3 in Comerón et al. (2012).

More free parameters can be removed by normalising the
surface-brightness profiles. If the observed surface-brightness
profile is normalised to its mid-plane value, we are in fact as-
suming that

(Υt)3.6 µm ρt|z=0 + (ΥT)3.6 µm ρT|z=0 = constant. (3)

In this case ρt|z=0 and ρT|z=0 are no longer independent and(
ρT|z=0

)
/
(
ρt|z=0

)
is fitted.
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Fig. 2. Creation of the 1D mock PSF for the axial bin 0.2 r25 < x < 0.5 r25 of ESO 533-4. The top-left panel shows an axial profile that corresponds
to the edge-on view of an infinitely thin disc with an exponential scale-length of 14′′.7 (obtained from Salo et al. 2015). The axial surface-brightness
profile is shown in the bottom-left panel. The vertical green lines represent the axial bins to be studied. The image in the top-left panel is convolved
with the 2D PSF (top-middle), which results in the convolved image (top-right). A vertical cut (yellow line) of the convolved image at the position
of the middle of the axial bin under study results in the 1D mock PSF (bottom-right).

Another free parameter can be removed by vertically scaling
the surface-brightness profiles. We rescale the vertical axis so
that

I|z=zc
= f I|z=0 (4)

where I is the surface brightness (in linear scale) and f is a frac-
tion that goes between 0.1 and 0.4 as discussed in Sect. 3.2.6.
The height zc is the height at which the observed profile – to
which the synthetic profile is compared – has a surface bright-
ness equal to that of the mid-plane multiplied by a factor f . The
effect of the scaling is to linkσt andσT so onlyσT/σt remains as
a free parameter. In practice, this condition causes the observed
and the fitted profiles to cross each other at a height zc.

After making the assumptions about the gas disc and the nor-
malisations explained above, we are left with two free parame-
ters,

(
ρT|z=0

)
/
(
ρt|z=0

)
and σT/σt, and a condition that links the

gas disc surface density to the thin disc surface density as seen
from the galaxy pole.

The coupled equations in Eq. (1) were solved using the
Newmark-beta method (Newmark 1959) with the parameters
β = 0.25 and γ = 0.5. The Newmark-beta method is a second-
order numerical integration method. The gas mid-plane density
had to be found iteratively by setting a guess value ρg

∣∣∣
z=0 and

rerunning the integration with new ρg
∣∣∣
z=0 values until the gas

surface-density condition was met.
The calculated surface-density profiles were transformed

into synthetic surface-brightness profiles using (ΥT/Υt)3.6 µm.

3.2.5. PSF convolution of synthetic surface-brightness
profiles

The synthetic surface-brightness profiles have to be convolved
with the IRAC PSF so that they can be compared to the observed
ones.

A technical difficulty resides in the fact that a one-
dimensional (1D) model profile has to be convolved with a
two-dimensional (2D) PSF. A way to solve the issue would be

to assume a given axial surface-brightness profile, build a 2D
model image using the axial and the vertical profiles, and then
perform the PSF convolution. However, this would be impracti-
cal because 2D convolutions are time-consuming. A mathemati-
cally equivalent approach is to convolve the vertical 1D surface-
brightness profiles with a 1D mock PSF that would mimic the
effect of the 2D convolution. Such a mock PSF can be created
by 2D-convolving a 1D axial surface-brightness profile with the
2D PSF as seen in Fig. 2. A vertical cut of the resulting image at
the position of the middle of the axial bin under study provides
a first approximation to the sought 1D mock PSF assuming that
the axial profile of the observed galaxy does not change much
with height. In our case the axial profile used is that of an edge-
on disc with a face-on exponential profile, and with the scale-
length taken as that of the thinner of the discs in the Salo et al.
(2015) decompositions. When no decomposition was available
in Salo et al. (2015) or when that was deemed to poorly fit the
galaxy, a scale-length of 20′′ was used instead. The inaccuracies
in the mock PSF introduced by the choice of the scale-length are
small. Additionally, the final vertical surface-brightness profile
fits – explained in Sect. 3.4 – use a more sophisticated approach
to model the axial surface-brightness profiles.

For angularly small galaxies, we truncated the 2D PSF so its
radius was 1.8 times r25. In that way, the recommendation by
Sandin (2014) to work with a PSF that is at least 1.5 times larger
than the radius of the object is respected. For larger galaxies we
used the whole 2D PSF radius. Galaxies larger than 100′′ – a
quarter of the sample – cannot be studied with a PSF 1.5 larger
than their size (the 2D PSF radius is slightly over 2′.5). Sandin
(2014) studied the HST PSF and recommends using a PSF model
that is “at least 1.5 times as extended as the vertical distance of
the edge-on galaxy”. Assuming that all space-based PSFs behave
similarly – and the IRAC PSF seems to do so because it falls
faster than r−2 – this prescription allows using our 2D PSF on all
but maybe a dozen of our largest galaxies. In all cases, the PSF
radius is at least several times larger than the scale-height of the
discs. Also, in all cases, the PSF radius is at least as large as the
distance between the galaxy mid-plane and the maximum height
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Fig. 3. Vertical surface brightness of the 1D mock PSF for the 0.2 r25 <
|x| < 0.5 r25 bins of ESO 533-4 (black) compared to the radial surface-
brightness profile of the symmetrised IRAC PSF (grey). The zero point
of the vertical axis is arbitrary.

considered in the vertical surface-brightness profile fits, zl (see
Sect. 3.2.6 for a definition).

Figure 3 shows the comparison between a radial cut to the 2D
PSF and the mock 1D PSF created for a specific galaxy in our
sample. A second 1D mock PSF made from a 2D PSF truncated
at a radius of 38′′.4 was also created. We call this PSF the “small
1D PSF” as opposed to the more extended “large 1D PSF”.

The creation of a mock 1D PSF was not necessary in
Comerón et al. (2011b,a, 2012) because we were assuming a
Gaussian PSF. Indeed, when applying the procedure explained
above to a Gaussian PSF, the resulting mock PSF is the same
Gaussian PSF. This is seen also in Fig. 3 where the inner
Gaussian parts are essentially identical.

In Comerón et al. (2015) we used a radial cut to the 2D PSF
to convolve our 1D vertical surface-brightness profiles, which in
light of what is explained above is incorrect. In Comerón et al.
(2015) the effect of the PSF extended wings is very underesti-
mated. For example, for ESO 533-4 a height of z ∼ 5′′ is not the
height above which 90% of the light comes from the thick disc
as stated in our previous work. Instead, based on our analysis
here we can say that z ∼ 5′′ is approximately the height above
which the thick disc surface brightness is larger than the thin disc
surface brightness.

A second technical difficulty due to PSF convolution comes
when it has to be combined with the vertical stretching of
the surface-brightness profile. The synthetic profiles are first
stretched according to the condition Eq. (4), but once the con-
volution is applied they no longer cross at z = zc due to the
changes in the shape of the profile. Instead, the observed and
the synthetic profiles cross at z = z′c. To counter that, the z axis
of the synthetic profile has to be rescaled so Eq. (4) is fulfilled
after the convolution. This was done by multiplying the z axis
of the synthetic profile by a factor equal to the ratio between zc
and the height at which the convolved synthetic and the observed
profiles cross z = z′c. This was done iteratively until the relative
difference between zc and z′c became smaller than 1/10 000.

3.2.6. The actual fit

Vertical surface-brightness profiles are typically dominated by
thin disc light close to the mid-plane. The thick disc appears
as an up-bending change of slope at heights where the surface
brightness is dimmer than that at the mid-plane by a few mag-
nitudes per arcsecond square. Thus a large dynamic range is re-
quired to obtain a meaningful thin and thick disc decomposition.
If such a condition is not fulfilled, the fit becomes degenerate
because of the lack of information on the thick disc scale-height.
In practice, a minimum dynamic range of ∆µ = 4.5 mag arcsec−2

is required for a good fit (Comerón et al. 2011a).
The S4G images have a typical nominal depth of µ =

27 mag arcsec−2. Our experience, however, shows that such a
depth can hardly ever be achieved due to the presence of ex-
tended wings of the PSF of foreground stars and globular clusters
surrounding the galaxy under study that affect the photometry
even when aggressive masking is applied. Our experience is that
the limiting magnitude is in general around µ = 26 mag arcsec−2.
This, combined with our dynamic range requirement, made us
consider, for analysis, only profiles with a mid-plane surface
brightness brighter than µ|z=0 = 22 mag arcsec−2. Profiles for
the galaxies in the sample that do not fulfil this condition are
included in the Appendices B and C but are not taken into con-
sideration when measuring galaxy parameters.

The fitting process is summarised in the flow diagram shown
in Fig. 4. The observed luminosity profiles had their luminos-
ity normalised to a mid-plane surface brightness of zero mag-
nitudes. They were then fitted with the PSF-convolved profile
resulting from Eq. (1) using idl’s curvefit. Here, we used the
small 1D PSF to save computing time. The fits were done over
the profiles in units of magnitude arcsec−2 using the same weight
for each data point. Because fits did usually not converge when
done over large dynamical ranges – unless the initial parameters
were manually chosen to be very close the final result – they
were first run over ∆µ = 4.5 mag arcsec−2.

The fits were done four times with four vertical stretches of
the synthetic profile (Eq. (4)) with f = 0.1, f = 0.2, f = 0.3, and
f = 0.4. The best fit was selected to be that with an f resulting
in the smallest root mean square deviation (µrms). The reason
for this approach is that some values of f favoured convergence.
Typically different f values give very similar fits. Indeed, the
value of f sets a surface brightness level at which the observed
and the synthetic profiles must cross. Since Eq. (1) results in
profiles that are very close to the observed ones, the observed
and synthetic profiles are close to cross each other at all heights.
The parameter f could have been made a free parameter but that
caused convergence to be difficult.

If the fit resulted in µrms > 0.1 mag arcsec−2 we considered
that no good fit could be obtained. This typically occurred for
profiles with mid-plane surface-brightness profiles close to the
µ|z=0 = 22 mag arcsec−2 limit. If µrms < 0.1 mag arcsec−2 the re-
sulting fitted parameters –

(
ρT|z=0

)
/
(
ρt|z=0

)
and σT/σt – were

used as the initial parameters for a fit with a dynamical range
larger by 0.5 mag arcsec−2. This procedure was repeated until the
rms of the fit became larger than µrms = 0.1 mag arcsec−2. When
that happened, the last iteration where µrms < 0.1 mag arcsec−2

was rerun using the large 1D PSF. The resulting fit was consid-
ered as the best fit for a given vertical surface-brightness profile.

As an example, the fits corresponding to ESO 533-4 and
NGC 6010 are shown in the middle rows in Figs. 5 and 6, re-
spectively. According to the fits, due to the extended PSF wings,
the thin disc again dominates the surface-brightness profiles at
large heights. For ESO 533-4 this happens at or just below
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surface brightness levels of µ ∼ 26 mag arcsec−2. For this par-
ticular galaxy, the fitted

(
ρT|z=0

)
/
(
ρt|z=0

)
values are larger than

in Comerón et al. (2015) – where the PSF treatment was incor-
rect and thus the effect of the PSF wings was largely under-
estimated – and the fitted σT/σt are smaller. This results in a
similar thin to thick surface-density ratio, ΣT/Σt. The same hap-
pens when we compare the ESO 533-4 fits here with those in
Comerón et al. (2012), where the PSF was treated as a Gaussian
core. For NGC 6010, the thin disc dominates the surface bright-
ness close to the mid-plane and again at large heights at surface
brightness levels slightly below µ ∼ 26 mag arcsec−2.

In general, we find that even though the thin disc is less ver-
tically extended than the thick disc, it dominates the emission at
large heights because of the light scattered from the mid-plane
to large heights. This effect would remain unnoticed if we had
not accounted for the extended wings of the PSF.

3.2.7. Differences with respect to the fits in our previous
papers

Here we explain the main differences between the fitting proce-
dure in this paper and that in our previous studies of thick discs
in large samples, namely Comerón et al. (2011a, 2012).

1. In Comerón et al. (2012), the surface-brightness profiles
were produced using an average of the S4G 3.6 and 4.5 µm
images. The rationale was to attempt to reach lower surface
brightness levels than with a single filter. Our experience,
however, is that the limiting factor with deep photometry is
the PSF wings of point-sources near the target galaxy, so us-
ing the combination of two bands did little to improve the
fits. Here we only consider the 3.6 µm data, just as we did in
Comerón et al. (2011a).

2. In Comerón et al. (2012), the vertical surface-brightness pro-
files were smoothed to increase the signal-to-noise ratio. This
was done adaptively so bright regions had a small smooth-
ing. Such a smoothing is not used here because even if it
might marginally improve the photometry, it harms the spa-
tial resolution.

3. When we started working with mid-infrared surface-
brightness profiles we were concerned that dust could have
a significant impact in the decompositions. That is why, in
Comerón et al. (2011a) we added to the fitting scheme an
extra loop to account for some mid-plane dust attenuation.
However, the dust effect was found to be “small or negligi-
ble” so dust is not accounted for here.

4. In Comerón et al. (2011a), we fitted the profiles with both a
gas disc and no gas disc and found that the results were sim-
ilar. In Comerón et al. (2012) we assumed a gas disc with
a face-on surface mass density equal to 20% of that of the
thin disc for galaxies with a morphological type T ≥ 1. For
lenticular galaxies, T < 1, we assumed no gas disc. However,
experience has shown that it is hard to assign a meaningful
T -type to edge-on galaxies, especially when they have small
angular sizes. For example ESO 533-4 is an S0o according
to the analysis of S4G images in Buta et al. (2015), but is an
Sc according to HyperLeda. When studied with an integral
field unit (Comerón et al. 2015), ESO 533-4 shows signifi-
cant star formation in the mid-plane which argues against an
S0 classification. Because of the huge uncertainty in the T -
type classification we feel uneasy about making strong state-
ments on what is an S0 and what is not. Therefore, in this
paper, we apply a flat rate to the face-on gas surface mass
density, namely 20% that of the thin disc.

Vertical surface-
brightness pro-
file with ∆µ =

4.5 mag arcsec−2

Four fits with
f = 0.1, f = 0.2,

f = 0.3, and
f = 0.4 using
idl’s curvefit
and the small

1D PSF

∆µ = ∆µ +
0.5 mag arcsec−2

Do any of the fits
have µrms <

0.1 mag arcsec−2?

Is ∆µ >
4.5 mag arcsec−2?

Rerun with
∆µ = ∆µ −

0.5 mag arcsec−2

and the large
1D PSF

FitNo good fit

yes

no

yes

no

Fig. 4. Flow diagram describing the fitting procedure of the vertical
surface-brightness profiles as explained in Sect. 3.2.6.

3.3. Step 2: vertically averaged axial surface-brightness
profiles

Here we explain how we produce the axial surface-brightness
profiles and how those are decomposed into their disc and CMC
components.

3.3.1. Surface-brightness profiles parallel to the galaxy
mid-plane

We assume galaxies to be roughly bi-symmetric and produced a
single quadrant image by folding the galaxies with respect to the
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Fig. 5. Top panel: 3.6 µm image of ESO 533-4. The four axial bins for which surface-brightness profiles were produced are marked with
vertical green lines. Middle panels: surface-brightness profiles of the four bins (large filled circles) and fits produced as explained in Sect. 3.2.6
incorporating full PSF treatment (dotted lines). The dashed lines indicate the thin and thick disc contributions. The vertical dot-dashed grey lines
indicate the range of heights considered for each fit. Each of the middle panels contains some of the data obtained from the fits: the fitted parameters
(
(
ρT|z=0

)
/
(
ρt|z=0

)
and σT/σt), the scale-heights of the thick and the thin discs (zT and zt, respectively), the thick to thin disc mass ratio in that

bin (ΣT/Σt), the faintest surface brightness level that was considered for the fit (µl), the maximum height considered for the fit (zl), the dynamic
range of the fit (∆µ), and the root mean square deviation of the fit (µrms). Bottom panels: same as for the middle panels but this time with the fitting
procedure explained in Sect. 3.4 accounting for the presence of the CMC. For this galaxy the CMC contribution is so small that it falls below the
µ = 28 mag arcsec−2 level.
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Fig. 6. Same as Fig. 5, but for NGC 6010. In the bottom panels the long-dashed lines denote the CMC contribution. Even in this case with a
relatively large CMC, its influence on the fitted thin and thick disc parameters is fairly small.

mid-plane and the x = 0 axis. Axial surface-brightness profiles
were produced from these folded images by averaging the light
from z = 0 to z = zu where zu is the average of the heights
at which µ = 26 mag arcsec−2 according to the valid fits of the
vertical surface-brightness profiles. The definition of zu is ad-
mittedly somewhat arbitrary. However, this height is a reason-
able compromise between the need to include as much light as

possible in the profile and the need to include little background
noise.

The profiles were logarithmically binned in their axial direc-
tion. That is, each data point corresponds to an average of the
surface brightness over an axial range 1.03 times wider than that
of the previous data point. The first data point of each profile
corresponds to the size of an S4G pixel or 0′′.75.
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3.3.2. Functions chosen for the axial profile fit

When seen face-on, discs are generally found to have roughly
exponential radial surface-brightness profiles (de Vaucouleurs
1959). Those profiles can have down-bending (Freeman 1970)
and/or up-bending breaks (Pohlen & Trujillo 2006; Erwin et al.
2008). Breaks result in piece-wise exponential profiles. Un-
broken profiles are called Type I profiles. Types II and III
profiles denote profiles with down-bending and up-bending
breaks, respectively. Profiles can have both down-bending and
up-bending breaks, causing some galaxies to have classifica-
tions such as, for example, Types II+III+II. A CMC often
sits at the centre of a disc. The CMC can be a classical
bulge, a pseudo-bulge (Kormendy 1993), or even a superpo-
sition of both called a composite CMC (Falcón-Barroso et al.
2006; Erwin 2015). In some views, boxy/peanut/X-shape fea-
tures are also a part of the CMC although – because they are
a part of the bar – they can also be considered as belong-
ing to the disc (Athanassoula 2005; Laurikainen et al. 2014;
Laurikainen & Salo 2017; Salo & Laurikainen 2017). It is cus-
tomary to parametrise the CMC with a Sérsic function (Sérsic
1963),

ICMC,0(r) = ICMC,0 e−(r/rCMC)
1
n
. (5)

In the above expression ICMC,0 corresponds to the central surface
brightness of the CMC, rCMC denotes its scale radius, and n is
the so-called Sérsic index that describes the shape of the CMC.

Type I discs have a face-on surface brightness defined by

Idisc(r) = Idisc,0 e−r/h (6)

where Idisc,0 is the central disc surface brightness and h is the disc
scale-length.

We assume that broken discs have a face-on surface-
brightness profile that can be parametrised by the generalisation
of the broken exponential function in Erwin et al. (2008) pro-
posed in Comerón et al. (2012) to describe discs with more than
one break. The function is

Idisc(r) = S Idisc,0 e−r/h1

i=m∏
i=2

[1 + eαi−1,i(r−ri−1,i)
] 1
αi−1,i

(
1

hi−1
− 1

hi

) (7)

where S is a normalisation factor set so that Idisc(r = 0) = Idisc,0,

S −1 =

i=m∏
i=2

{[
1 + e−αi−1,iri−1,i

] 1
αi−1,i

(
1

hi−1
− 1

hi

)}
. (8)

The break radii between the segments i − 1 and i are denoted by
ri−1,i, whereas αi−1,i parametrises the sharpness of the transition
between the segments i − 1 and i, and hi denotes the exponential
scale-length of the segments. The number of exponential seg-
ments is denoted by m. Because here we observe edge-on discs,
the axial surface-brightness profiles are described by the inte-
gration of Eq. (7) along the line of sight. This integral is then
averaged over the height of study

Jdisc(x) =

∫ ∞
−∞

Idisc(
√

x2 + y2) dy

2zu
· (9)

The assumption that all the disc light is comprised between
heights z = −zu and z = zu is implicit in the above equation.
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Fig. 7. Comparison of the fitted unconvolved edge-on surface-
brightness profile for the NGC 3454 disc (dark line) with the one that
would be observed if the galaxy were seen face-on (grey dashed line).
The surface brightness of the face-on profile is scaled to appear close to
the edge-on profile in the plot.

For galaxies that have a CMC, Jdisc is insufficient to describe
the surface-brightness profile. In those cases we need to account
for the CMC contribution:

J(x) = Jdisc(x) + JCMC(x), (10)

where JCMC(x) corresponds to the vertical average of the Sérsic
function at a given x,

JCMC(x) =

∫ zu

−zu
ICMC(

√
x2 + z2) dz

2zu
· (11)

Here we have assumed that CMCs are intrinsically spherical
because pseudo-bulges and boxy/peanut/X-shaped CMCs are
parametrised as part of the discs, as explained below.

3.3.3. Fitting the axial surface-brightness profiles

We plotted the axial surface-brightness profiles and we inspected
them to visually choose the number of exponential segments
in the disc and discern whether a galaxy has a CMC or not.
Identifying the exponential segments is possible because the
edge-on line-of-sight projection of the piece-wise exponential
profile results in a profile that is very similar to that of a piece-
wise exponential (see Fig. 7, where we compare the fitted ax-
ial surface-brightness profile of a galaxy with what the radial
surface-brightness profiles would look like if the galaxy were
seen face-on). The qualitative differences between the face-on
and the edge-on profiles are that the central cusp and the breaks
soften in projection. The maximum number of segments that we
found in a single galaxy is four.

The axial profiles were truncated at a surface brightness of
µ = 27 mag arcsec−2. First guesses of the exponential scale-
lengths were obtained by fitting an exponential function to the
disc segments identified in the axial profiles. The fits were done
over the profiles in units of mag arcsec−2. We were careful not
to include regions strongly affected by a classical bulge in those
preliminary fits. Typically, box/peanut/X-shape CMCs appeared
as exponential segments with a distinct slope and were fitted as
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part of the disc. In fact, it is likely that many features that would
be identified as a pseudo-bulge in a face-on view are here iden-
tified as “normal” disc sections. Galaxies with central compo-
nents not obeying an exponential law were considered to host a
bona fide CMC (most likely a classical CMC). Sometimes those
central components are unresolved, so some could actually be
nuclear star clusters.

In Sect. 3.2.5 we discussed how we produced mock 1D PSFs
to convolve the synthetic vertical surface-brightness profiles dur-
ing the fitting process. We also made 1D mock PSFs for the axial
profiles. Just as the mock PSF for the vertical profiles was made
by PSF-convolving an infinitely thin axial profile, the mock PSF
for the axial profiles is created by convolving an infinitely narrow
vertical profile. This vertical profile was obtained by averaging
the valid vertical profile fits. The number of valid vertical profile
fits was between two and four (the reasons for that are explained
in Sect. 4).

For galaxies with no CMC, we fitted Eq. (9) in a straight-
forward way using idl’s curvefit. The free parameters are
Idisc,0, hi, and ri−1,i whereas we fix αi−1,i = 0.5 arcsec−1, which
is representative of what is found in Erwin et al. (2008). This
was done to avoid an excess of free parameters in profiles with
two or three breaks and the selected α value was found to work
well in Comerón et al. (2012).

We found that galaxies with a CMC often could not have
their CMC and disc component fitted at the same time because
of the large number of free parameters. The number of free pa-
rameters of the CMC is three (ICMC,0, n, rCMC) and that of the
disc varies from two for a Type I disc to eight for a disc with
three breaks. To circumvent the convergence problems we sep-
arately fitted the CMC and the disc components as summarised
in the flow diagram in Fig. 8. We manually divided the axial
range. We first fitted the region little affected by the CMC with
Eq. (9). The result of this fit was subtracted from the surface-
brightness profile. The region with a significant CMC contribu-
tion of the residual profile was then fitted using Eq. (11). To do
so, we produced a 2D image of the CMC using the 2D convo-
lution of Eq. (5) which was then vertically integrated. Then, the
full axial profile was fitted keeping the JCMC part fixed. We then
produced a new residual profile with the updated Jdisc and fitted
the part of it with a significant CMC contribution with JCMC. The
iteration process was repeated until all the parameters varied by
less than 1%.

Figure 9 shows the axial surface-brightness profiles and the
fits for ESO 533-4 and NGC 6010. The grey dotted curves indi-
cate the disc profiles before the PSF convolution is applied. Nat-
urally, the disc PSF effects in the axial direction are much subtler
than in the vertical direction. The PSF effects are so small that
it seems unlikely that they could create features mimicking an
up-bending break, at least within the surface-brightness limits
of the S4G (but see how it could affect deeper surface brightness
levels in Trujillo & Fliri 2016; Peters et al. 2017). The only error
caused by not accounting for the PSF would be to slightly over-
estimate the scale-length of the outermost exponential segment.

3.4. Step 3: vertical surface-brightness profile fit accounting
for the presence of a CMC

There are two reasons for repeating the vertical surface-
brightness profile fits from Step 1 (Sect. 3.2.6). First, the details
of the axial profiles are not well described by a single scale-
length. Second, the first round of fits did not account for the
presence of a CMC.

Axial surface-
brightness

profile

Fit of the
regions of
the profile

not strongly
affected by the
CMC with Jdisc

Subtraction
of the fitted

Jdisc from the
axial surface-

brightness
profile

Fit of the region
with strong

CMC effects
with JCMC in the
residual profile

Fit of the
full axial

profile keeping
JCMC fixed

Have any of the
free parameters

changed by more
than 1% in this

iteration?

Fit

yes

no

Fig. 8. Flow diagram describing the fitting procedure of the axial
surface-brightness profiles as explained in Sect. 3.3.3.

Before running the second round of vertical profile fits, we
produced a new set of 1D mock PSFs. This time we used Jdisc(x)
to describe the infinitely thin axial profile. Instead of producing
the mock PSF from a vertical cut in the 2D convolution of the
axial 1D profile, we made it by averaging over the whole axial
bin concerned.

The light of the CMC was accounted for by subtracting a 2D
model based on the fit in Sect. 3.3.3 from the S4G images before
the vertical surface-brightness profiles were obtained.

The improved vertical profile fits were then produced as
in Sect. 3.2.6. We note however that our approach ignores the
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Fig. 9. Axial surface-brightness profiles (yellow symbols) and fits (con-
tinuous black curve) for ESO 533-4 (top) and NGC 6010 (bottom). The
fitted disc and CMC contributions are indicated with dashed lines. The
small vertical black lines indicate the break radii. The red vertical lines
indicate the outermost fitted point. The vertical green lines indicate the
axial extent of the 0.2 r25 < |x| < 0.5 r25 and 0.5 r25 < |x| < 0.8 r25
vertical surface-brightness profiles. The horizontal lines indicate the
µ = 27 mag arcsec−2 level. The grey dotted curves indicate the uncon-
volved disc fitted model.

gravitational interaction between the CMC and the disc, that is,
we do not include it in Eq. (1) when solving the vertical surface-
brightness profiles. The effect of the CMC is minimised by de-
liberately ignoring the axial range −0.2 r25 < x < 0.2 r25 where it
might even dominate the surface brightness in a few galaxies. At
|x| > 0.2 r25, the CMC contribution is often small and/or caused
by the PSF convolution of a bright central cusp.

Examples of vertical surface-brightness profile fits account-
ing for the CMC are shown in the bottom panels in Figs. 5 and
6. Typically the fits do not change drastically when compared to
those made in Sect. 3.2.6. Furthermore, some of the difference is
not due to the inclusion of a CMC component, but is due to the
use of a different 1D mock PSF. This is reassuring, since large
differences in the fitted models would imply that the CMC has a
significant impact and its gravitational effect could not safely be
neglected.

The vertical surface-brightness profiles obtained as ex-
plained in this section are considered to be the “final” fits from
which structural galaxy parameters such as disc scale-heights
are obtained. We find that, on average, the fits are done over
a dynamical range 0.1 mag larger than those in Comerón et al.
(2012) when the overlapping galaxies between the two samples
(see Sect. 4) are compared.

3.4.1. The effect of using a symmetrised PSF on fitting
the vertical surface-brightness profiles

Our fits use a symmetrised version of the IRAC PSF. However,
the IRAC PSF has significant departures from rotational symme-
try. First, the PSF has diffraction spikes with a six-fold symme-
try. Second, the PSF has a bright annulus, likely to be a reflec-
tion, ∼4′′ in radius centred at ∼14′′ of the PSF maximum. This
annulus is placed between two of the spikes.

To test the reliability of the fits made with the symmetrised
PSF, we fitted the vertical surface-brightness profiles of two
galaxies with a non-symmetrised PSF using 72 equispaced ori-
entations (Fig. 10). The test shows that the obtained thick to
thin disc surface density ratios – ΣT/Σt – have typical deviations
of 10–20% with respect to the values computed using a sym-
metrised PSF. Some of the fit series (like the second and third
axial bins for ESO 533-4) show a two-fold symmetry, probably
caused by the reflection (the vertical surface-brightness profiles
are symmetrised with respect to the mid-plane). Other series of
fits, like that of the third axial bin of NGC 6010, show a clear
60◦ modulation, likely to be caused by the diffraction spikes.

The uncertainties in ΣT/Σt add up to those discussed in
Sect. 3.2.2. It should however be noted that the 10–20% uncer-
tainties estimated from Fig. 10 are a worst-case scenario. In-
deed, the S4G science-ready images are made of two sets of
exposures with two different orientations. The resulting PSF is
necessarily somewhere between the symmetrised PSF and the
single-orientation IRAC PSF. Thus the uncertainties estimated
from Fig. 10 correspond to a case with similar orientations for
the two exposures or to integer multiples of 60◦ in the difference
between the orientations. In the latter case, the diffraction spikes
of the two sets of exposures would overlap, so there would be
little smoothing due to the sum of the two PSFs.

3.5. Step 4: axial surface-brightness profile fit for the heights
dominated by thin and thick disc light

In Sect. 3.3.1 we decompose the vertically integrated axial pro-
file of galaxies for the whole height of the disc. Here we de-
compose the axial profiles vertically integrated over the heights
dominated by the thin and the thick disc light.

3.5.1. Production of the axial profiles for thin and thick
disc-dominated heights

We define zc1 as the height below which the thin disc surface
brightness exceeds that of the thick disc according to the fits in
Sect. 3.4. This height is an average over all the axial bins with
valid vertical surface-brightness fits. The thin disc typically dom-
inates the vertical profiles at large heights due to the PSF wings,
as discussed in Sect. 3.2.6. We define zc2 as the height above
which the thin disc is again brighter than the thick disc. This
height is an average over all the valid vertical fits. If zc2 > zu
we redefine zc2 = zu where zu is the average height at which
µ = 26 mag arcsec−2 according to the vertical profile fits in
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Fig. 10. Left column: the ratio of the thick to thin disc face-on surface density – ΣT/Σt – for the four axial bins of ESO 533-4. Each data point
corresponds to a fitted value obtained using a non-symmetrised PSF rotated φ degrees clockwise with respect to the direction indicated by the
mid-plane of ESO 533-4. The grey horizontal lines indicate the ΣT/Σt values obtained in the fits made using the symmetrised PSF (same as in the
bottom panels in Fig. 5). Right column: same as the left column but for NGC 6010 and with ΣT/Σt values indicated by the horizontal grey line
corresponding to Fig. 6.

Step 1 (Sect. 3.3.1). An axial surface-brightness profile domi-
nated by thin disc was produced by averaging the light between
z = 0 and z = zc1. A thick disc-dominated profile was made by
averaging the light between zc1 and zc2. The profiles were log-
arithmically binned, as done in Sect. 3.3.1 for the axial profiles
for the whole disc. The reason to limit zc2 to be smaller than
or equal to zu was to reduce the background noise in the axial
profile dominated by thick disc light.

Not all galaxies have well defined zc1 and zc2 values. Some
galaxies are thick or thin disc-dominated at all heights. Others
have valid zc1 and zc2 values for a given axial bin, but not for oth-
ers. No thin- and thick-disc-dominated profiles were produced in
these cases.

The height zu was not updated based on the fits in Sect. 3.4.
Indeed, its definition is somewhat arbitrary, so small zu refine-
ments are superfluous.

3.5.2. Fitting of the axial profiles of the thin and thick discs

Thin- and thick-disc axial profiles had their CMC contribution
removed. That contribution was estimated from the CMC fits
in Sect. 3.3.3. The axial profiles were then fitted using the disc
functions in Sect. 3.3.2 following the same procedure as for the
galaxies without a CMC in Sect. 3.3.3. The only difference here
is that we did not make any attempt to account for the PSF ef-
fects. The reason is that the 1D mock PSFs created for the fits in
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Sect. 3.3.3 only work under the assumption that the axial profile
is made by integrating light between a height and the same height
at opposite sides of the mid-plane, for example, −zk and zk. Thus,
a fit of the thick disc axial profile accounting for the PSF would
require a more complicated modelling that is beyond the scope
of this paper. This might cause us to slightly overestimate the ac-
tual scale-length of the disc segments, but this effect is not likely
to be large as discussed in Sect. 3.3.3 (see also Fig. 9).

When the thin or the thick disc dominated at all heights we
reused the fit made in Sect. 3.3.3.

3.6. Step 5: calculating the mass of the galaxy components

Mass-to-light ratios are necessary to estimate the mass of
the galaxy components. As in Comerón et al. (2014), we as-
sume the thin disc mass-to-light ratio to be (Υt)3.6 µm =
0.55 (M�/L�)3.6 µm so the global mass-to-light ratio of a galaxy
is µ3.6 µm ∼ 0.6 (M�/L�)3.6 µm in accordance with Meidt et al.
(2014), once we account for (ΥT/Υt)3.6 µm = 1.2. We assume
that (ΥCMC)3.6 µm = (ΥT)3.6 µm. This is based on the finding that,
at least for the Milky Way, the CMC and the thick disc share a
similar star formation history (Meléndez et al. 2008).

The intrinsic luminosity of a galaxy was obtained from the
3.6 µm apparent magnitudes in the S4G Pipeline 3. For galax-
ies in the S4G extension, no Pipeline 3 products are available
yet (as of June 2017), so the photometry was produced by our-
selves. The apparent magnitudes were transformed into an abso-
lute luminosity, Ltotal, using the galaxy distances as described in
Sect. 4. The intrinsic luminosities were transformed into units of
solar luminosities ((L�)3.6 µm = 6.06 mag; Oh et al. 2008).

An estimate of the light fraction emitted by the CMC and the
disc – qCMC and qdisc, respectively – is obtained from the axial
fits in Sect. 3.3.3. This can be transformed into a CMC mass

MCMC = qCMCLtotal (ΥCMC)3.6 µm . (12)

The vertical surface-brightness profile fits in Sect. 3.4 yield thin
and thick disc vertical surface-brightness profiles. We use those
profiles to compute the thin and thick disc emission in a given
axial bin, Lt,i and LT,i. We then obtain thick to thin disc mass
ratios
MT

Mt
=

∑
i LT,i∑
i Lt,i

(
ΥT

Υt

)
3.6 µm

(13)

where the sums are done over all the bins with valid fits. We
note that this MT/Mt definition is not exactly the same as that
used in Comerón et al. (2011a, 2012). In our previous studies,
MT/Mt was calculated as a weighted average of ΣT/Σt over the
valid axial bin fits.

The total mass of the disc is found as

Mdisc = qdiscLtotal

1 + MT
Mt

1 + MT
Mt

(
Υt
ΥT

)
3.6 µm

(Υt)3.6 µm . (14)

To obtain the gas disc masses, Mg, we fetched the atomic gas
(Hi) fluxes from HyperLeda, fHi. We then converted them into
an atomic gas mass using the formalism in Zwaan et al. (1997)

MHi

M�
= 236 d2 fHi (15)

where d is the galaxy distance in Mpc, and fHi is the flux of the
21 cm line in mJy km s−1. To account for helium and metals we
considered

Mg = 1.4MHi (16)

which corresponds to a hydrogen abundance X ≈ 0.7. This
approach might underestimate Mg in galaxies containing large
amounts of molecular gas. Eighteen galaxies have no available
gas measurement, so in what follows we set their gas masses
Mg = 0.

We compute the baryonic mass of galaxies as

Mbaryon =Mg +Mt +MT +MCMC. (17)

4. The sample

Our final sample consists of 141 edge-on galaxies that were se-
lected as specified below.

We visually pre-selected all the edge-on galaxies in the S4G.
We also selected the edge-on galaxies in the early-type galaxy
extension of the S4G that had gone through Pipeline 1 – the
production of science-ready images – by June 2017 (461 out of
465 galaxies). We attempted to avoid galaxies with conspicuous
signs of disc structure such as spiral arms and rings, since those
indicate a far from edge-on orientation. This is admittedly a sub-
jective selection criterion. Indeed, early-type and distant galaxies
have a smoother appearance, which might ease their access to the
sample. On the other hand, a few of the galaxies in our final sam-
ple – such as ESO 240-11, NGC 4244, NGC 4437, NGC 4565 –
show signs of what might be disc structure. The visual selection
of edge-on galaxies led to a tentative sample of about 260 galax-
ies out of the 2813 galaxies in the S4G and the processed fraction
of its extension.

We run the 260 pre-selected galaxies through the fitting pro-
cedure (Sect. 3). To ensure the quality of the fits, a large dynami-
cal range is desirable. Hence, we discarded galaxies for which at
least three of the vertical surface-brightness profiles had a mid-
plane surface brightness fainter than µ(z = 0) = 22 mag arcsec−2.
We also discarded those galaxies for which we obtained a valid
fit for less than two axial bins in the fitting procedures described
in Sect. 3.2.6 and/or Sect. 3.4. Poor fits were caused by sev-
eral factors; most corresponded to axial bins that barely made it
through the surface-brightness threshold so that they had noisy
profiles at large heights. The remaining poor fits typically corre-
sponded to angularly small galaxies, which resulted in the PSF
FWHM to be comparable to the width of the axial bins. In this
case, point sources superimposed on the disc may significantly
affect the photometry, which results in non-fitting profiles. In a
few cases the fits were not good due to the presence of neigh-
bouring galaxies or saturated stars. Finally, three galaxies had
no valid Sect. 3.4 fits because of the presence of dominant and
extended CMC components within which the disc is embedded
(NGC 1596, NGC 5084, and NGC 7814).

Throughout our edge-on galaxies study we have used the
maximum circular velocity of galaxies, vc, as a proxy for their
mass. We have thus excluded from the sample those galaxies for
which such velocities were not available in the literature. That
was the case for five galaxies in the S4G early-type galaxy ex-
tension that had gone through our previous selection criteria.

Our 141 galaxy sample is twice as large as that in
Comerón et al. (2012). There are several reasons for this. First,
when we compiled our previous sample we only considered a
subset of 2132 S4G galaxies which had been processed by the
pipelines at that point. Second, we here include the edge-on
galaxies from the early-type galaxy S4G extension. Third, we
reran our fitting code over edge-on galaxies that did not make
it to our previous samples. Some of these galaxies are now in-
cluded because the new PSF has yielded good fits. Also, the fit
quality criteria required to make it into the final sample have
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Fig. 11. Top panel: distribution of circular velocities, vc, of the galaxies
in our final sample. The bin width is 20 km s−1. Middle panel: distribu-
tion of distances to the galaxies. The bin width is 5 Mpc. Bottom panel:
distribution of the isophotal 25 mag arcsec−2 radii in the B-band, r25.
The bin width is 1′.

been slightly relaxed. For example, we do not require the thick
disc to start to dominate the surface brightness at a roughly con-
stant height, we do not exclude galaxies that seem to require a
third disc to be fitted all the way down the typical S4G sensitiv-
ity (µ ∼ 26 mag arcsec−2), and we do not remove galaxies whose

light distributions are compatible with those of a single-disc
galaxy. Conversely, six galaxies that were in the Comerón et al.
(2012) sample are not studied here. In two cases (NGC 1596 and
NGC 5084) this is due to the presence of a very extended CMC.
In the other four cases the minimum two good vertical surface-
brightness profile fits were not obtained.

As mentioned above, maximum circular velocities of galax-
ies are needed. For the sake of data uniformity we prefer-
ably used data from the comprehensive Extragalactic Dis-
tance Database (EDD; Tully et al. 2009). The EDD contains Hi
line width information from several sources. The vc data for
our galaxies come from Springob et al. (2005), Theureau et al.
(2006), and Courtois et al. (2009) as well as from pre-digital
sources compiled by the EDD authors. For galaxies not in the
EDD we looked for alternative sources for vc, including those
with velocities obtained from stellar absorption lines, which are
a good alternative for Hi determination in galaxies with little
gas. Those additional vc sources are Krumm & Salpeter (1976),
Balkowski & Chamaraux (1981), Richter & Huchtmeier (1987),
Haynes et al. (1990), D’Onofrio et al. (1995), Mathewson &
Ford (1996), Simien & Prugniel (1997, 1998, 2000), Rubin et al.
(1999), Karachentsev et al. (2004), Chung & Bureau (2004),
Meyer et al. (2004), Bedregal et al. (2006), and ATLAS3D
(Cappellari et al. 2011; Krajnović et al. 2011).

Galaxy distances are required to know the physical scales
of discs. Again for the sake of data homogeneity we have
used distance determinations made using the Tully-Fisher rela-
tion because that is the redshift-independent distance determina-
tion that was available for the largest number of galaxies. The
sources are Cosmicflows 1 and 3 (Tully et al. 2008, 2016), the
SFI++ (Springob et al. 2007), and distance determinations from
Theureau et al. (2007) averaged over as many bands as possible.
Finally, if no Tully-Fisher distance determination was available
in the literature, we used the NED Hubble-Lemaître flow dis-
tance with respect to the cosmic microwave background assum-
ing a Hubble-Lemaître constant H0 = 75 km s−1 Mpc−1.

Some of the properties of the sample are summarised in
Fig. 11. The circular velocities range from vc = 50 km s−1 to vc =
300 km s−1 with most of the galaxies in the vc = 100−200 km s−1

interval. Hence, Milky Way-sized galaxies (vc > 200 km s−1)
are relatively rare in our sample (9 of 141 galaxies). The sam-
ple contains galaxies out to d = 60 Mpc and samples well the
vc = 10−40 Mpc distance range. The reason why we have galax-
ies with d > 40 Mpc – the S4G limiting distance – is the use
of different distance indicators in the S4G and here (Hubble-
Lemaître distances versus Tully-Fisher distances).

The isophotal 25 mag arcsec−2 radii in the B-band for the
galaxies in our sample ranges between r25 & 0′.5 and slightly
over r25 = 8′ for NGC 4244 and NGC 4565 (bottom panel in
Fig. 11). The r25 values were obtained from HyperLeda. The
lower limit of the r25 distribution is set by the minimum size for
a galaxy to be included in the S4G. Most of the galaxies in the
sample – 132 out of 141 – have r25 < 3′.

Our sample is slightly biased against early-type galaxies be-
cause we exclude a few galaxies from the S4G early-type galaxy
extension for which we were not able to find a vc value. Our
sample is also biased against galaxies with a low vc because
those typically have a lower peak surface brightness than more
massive galaxies (Fig. 6 in Yoachim & Dalcanton 2006) so they
are less likely to go through our mid-plane surface-brightness
threshold. Because of these biases our sample is not complete
but is nevertheless representative of galaxies in the local
Universe.
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Table 1. Number of stellar discs in the sample galaxies.

Number Number Galaxy vc Median(vc)
of discs of galaxies fraction (km s−1) (km s−1)
One 17 12% ± 5% 113 102
Two 116 82% ± 6% 141 132
Three 8 6% ± 4% 179 194

5. Results and discussion

In this section we revisit some of the results found in our previ-
ous papers (Comerón et al. 2011a, 2012, 2014) to check how a
proper PSF treatment affects them.

5.1. Galaxies with one, two, and three disc components

Here we discuss the number of stellar disc components that are
identified in the galaxies in our sample according to our fits.

Can the surface-brightness profiles of edge-on galaxies be
fitted with a single disc component? Generally speaking the
answer is an emphatic no. Indeed, fitting the vertical surface-
brightness profiles with a PSF-convolved single disc in hydro-
static equilibrium (a sech2(z/z0) function where z0 is a scale-
height; Spitzer 1942) yields poor fits when done over a large
dynamical range. An example of a run of our fitting code in
Sect. 3.2.6 over ESO 533-4 and NGC 6010 while fixing the
thick disc luminosity to zero – this means that the observed
and the synthetic profile are forced to intersect at a surface
brightness somewhere between 0.1 and 0.4 times the mid-plane
surface brightness – is shown in Fig. 12. Whereas a two-disc
fit of ESO 533-4 is able to fit a dynamical range between
∆µ = 5.5 mag arcsec−2 and ∆µ = 7.0 mag arcsec−2 depend-
ing on the axial bin, a single-disc fit becomes stuck at ∆µ =
4.5 mag arcsec−2 – the minimum dynamical range allowed by
our code – because of the overly large µrms. The one-disc fit
grossly underestimates the high-z luminosity, where the thick
disc dominates in a two-disc fit. The fit is even worse for
NGC 6010.

The behaviour shown here for ESO 533-4 and NGC 6010
is a good example of what can be seen in many of the re-
maining galaxies in the sample (124 galaxies in Appendix B).
However, for a significant minority of the galaxies the case
for a two-disc structure is not very strong (17 galaxies in Ap-
pendix C). Whereas most of the galaxies have upward bends in
their vertical profiles at typical surface-brightness levels of µ =
22−24 mag arcsec−2, these galaxies show no bends (ESO 287-9,
ESO 505-3, ESO 548-63, IC 1913, IC 3247, IC 3311, IC 5052,
NGC 100, NGC 3501, NGC 4244, NGC 5023, NGC 5073, and
UGC 10297) or bends compatible with those caused by the
wings of the PSF convolution of a bright thin disc (ESO 443-
21, NGC 489, PGC 30591, and UGC 5347).

Does the lack of an obviously detected thick disc com-
ponent in several galaxies imply that those galaxies have no
thick disc? This is not necessarily so. Thick discs become in-
creasingly hard to detect as the host galaxy inclination devi-
ates from an edge-on orientation. In Comerón et al. (2011a)
we discussed how decompositions become unreliable for in-
clinations smaller than i ≈ 86◦. Figure 9 in the same pa-
per shows how the upward bend in vertical surface-brightness
profiles caused by the presence of a thick disc almost disap-
pears at that inclination threshold. NGC 4244 – a contentious
case which might have a subtle thick disc (Comerón et al. 2011c)

or not (Streich et al. 2016) – has an estimated inclination of
i = 84◦.5 (Olling 1996), which might make this galaxy inad-
equate for a vertical-structure study. This might be a frequent
problem among low-mass galaxies, since those often have ill-
defined mid-plane dust lanes (Dalcanton et al. 2004) and in-
plane structures which make an exact determination of their in-
clination difficult. This could cause a selection bias that explains
why galaxies with profiles compatible with a single disc have
smaller masses (vc = 113 km s−1 and median(vc) = 102 km s−1)
than those that show at least two obvious discs (vc = 144 km s−1

and median(vc) = 134 km s−1). Alternatively, low-mass galax-
ies might be genuinely less prone to forming a thick disc (or
a thin disc within a pre-existing thick disc). This might, for
example, be the case for NGC 5023 a galaxy also studied by
Streich et al. (2016), with reported inclinations ranging from
i = 87◦ (Bottema et al. 1986) to i = 88◦.5 ± 1◦.3 (Kamphuis et al.
2013).

Eight galaxies (ESO 79-3, NGC 693, NGC 1381, NGC 4013,
NGC 4217, NGC 4452, NGC 5010, and NGC 5403) have high-z
light excesses even when fitted with two discs. We interpret
those galaxies as having two thick discs or a high-surface-
brightness halo component (although in the case of ESO 79-
3, this could also be the consequence of the presence of a
nearby saturated star). NGC 4013 was already identified in
Comerón et al. (2011b) as a three-disc galaxy, but in that study
we considered the PSF to be Gaussian. Here we prove that the
third disc remains, even when properly accounting for the ef-
fect of the thin disc scattered light. Galaxies with three discs
are significantly more massive than the rest (vc = 179 km s−1

and median(vc) = 194 km s−1 against vc = 138 km s−1 and
median(vc) = 127 km s−1).

Table 1 summarises the information on the number of
discs in the galaxies in our sample. The statistical uncertainties
account for 95% confidence intervals and are calculated using
the Wald test criterion (Wald & Wolfowitz 1939). This is the
criterion that has been used elsewhere in the literature with 68%
confidence intervals (e.g., Elmegreen et al. 1990; Comerón et al.
2008).

We find that most of the galaxies in the sample can be fitted
with the sum of a thin and a thick disc (82% ± 6%). However,
several galaxies have vertical surface-brightness profiles com-
patible with a single stellar disc (12% ± 5%) and a few other
galaxies have profiles compatible with three discs (6% ± 4%).

5.2. Galaxy component masses

Here we examine the masses of the galaxy components as ob-
tained from our structural decompositions.

We distinguish two types of galaxy components depending
on their vertical thickness which is an indicator of their dynam-
ical coldness/hotness (Comerón et al. 2014). Thin and gas discs
have vertical extensions of a few hundred parsecs at most and
we consider them as cold components. Thick discs and CMCs
have scale-heights of about 1 kpc and are thus dynamically hot
compared to the above-mentioned cold components.

The masses of the components obtained in Sect. 3.6 for the
galaxies with at least two stellar discs (Appendix B) are plot-
ted in Fig. 13. All the component masses have a positive cor-
relation with vc. The correlations with vc are tighter for the
thin and the thick disc masses than for the other components.
Forty-five out of 124 galaxies have no fitted CMC. A CMC is
found in all galaxies with vc > 200 km s−1. Three quarters of
the intermediate-mass galaxies – 54 out of 72 galaxies in the
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Fig. 12. Top: surface-brightness profiles of the four axial bins of ESO 533-4 (large filled circles) and fits produced with a single disc component
(dotted lines). The vertical dot-dashed grey lines indicate the range of heights considered for each fit. Each of the panels contains some information
about the fits: the faintest surface-brightness level that was considered for the fit (µl), the maximum height considered for the fit (zl), the dynamic
range of the fit (∆µ), and the root mean square deviation of the fit (µrms). Bottom: same as the top but for NGC 6010.

velocity range 120 km s−1 < vc < 200 km s−1 – host a CMC.
The fraction of low-mass galaxies (vc ≤ 120 km s−1) with a fitted
CMC is significantly smaller than for larger-mass galaxies (16
out of 43). The correlation between the CMC prevalence and the
galaxy mass is well known and has been studied in the S4G sam-
ple through the concentration index C82 (Muñoz-Mateos et al.
2015).

If we make a distinction between gas-rich and gas-poor
galaxies – we set the limit atMg/Mbaryon = 0.075 – we find that
two distinct behaviours arise. The thin disc, thick disc, and CMC
masses have tight correlations with vc for gas-rich galaxies. The
scatter is much larger for gas-poor galaxies. The visual impres-
sion is confirmed by the Spearman’s rank correlation coefficients
for the data points in Fig. 13 that are presented in Table 2. A
reason for this is likely to be the uncertainties in the vc determi-
nation. For those gas-poor galaxies that have a vc determination
based on rotation curves, the Hi might be truncated before the
rotation curve becomes flat (see Comerón et al. 2014, for exam-
ples). Other gas-poor galaxies have their vc measured from stellar
absorption lines. Those measurements are not as precise as those
obtained using Hi.

There are other reasons to expect a large scatter in gas-poor
galaxies. Gas-poor galaxies have little or no star formation so
they contain no zero-age stellar populations with almost circu-
lar orbits. Thus, the thin disc of gas-poor galaxies is likely to be

thicker and less well-defined than that in gas-rich galaxies. It is to
be expected that the smaller the difference in scale-height of the
two discs, the harder it will be to distinguish them, causing addi-
tional scatter. Also, the lack of a star-forming layer and the con-
sequent dust lane causes the orientation of gas-poor galaxies to
be hard to assess, which might in turn result in several galaxies in
our sample being farther from edge-on than what would be ideal
for the fits (see Sect. 3.6.3 and Fig. 9 in Comerón et al. 2011a).
Finally, part of the scatter might be related to the morphology-
density relation (Oemler 1974). Early-type galaxies are gener-
ally poorer in gas (Bothun 1982) and are statistically found in
richer environments than their late-type counterparts. Galaxies in
dense groups and in galaxy clusters are prone to suffer ram pres-
sure gas-stripping processes (Gunn & Gott 1972). Those same
galaxies suffer harassment, that is, repeated interactions with
other galaxies in the group/cluster (Moore et al. 1996) which,
if frequent enough, may result in gas-poor galaxies, not in hy-
drostatic equilibrium at the time of the observation. Then, the
assumptions behind Eq. (1) would not hold. The possible link be-
tween scatter in Fig. 13 and environment is supported by the fact
that, regarding galaxies with at least two stellar discs, 18 out of
41 (44±15%) gas-poor galaxies belong to either the Fornax Clus-
ter Catalogue (Ferguson 1989) or the Extended Virgo Cluster
Catalog (Kim et al. 2014a), but only 13 out of 83 (16± 8%) gas-
rich galaxies do.
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Table 2. Spearman’s rank correlation coefficients and significance in the
correlations for the data points in Fig. 13.

Component Gas-poor Gas-rich
ρ p ρ p

Gas disc 0.24 0.3 0.69 9 × 10−13

Thin disc 0.56 2 × 10−4 0.94 4 × 10−39

Thick disc 0.38 0.01 0.83 5 × 10−22

CMC 0.20 0.2 0.82 6 × 10−12

Cold components 0.57 10−4 0.90 3 × 10−31

Hot components 0.41 0.007 0.89 10−28

Notes. Component mass upper limits (downward pointing arrows in
Fig. 13) not included. Both the Spearman’s correlation coefficient ρ and
its significance p have been calculated with idl’s r_correlate. The
significance p is bound between zero and one and low p-values indicate
a significant correlation.

Our new fits recover the well-known trend that shows
that thick discs are more dominant in low-mass galaxies than
they are in massive ones (Fig. 14; Yoachim & Dalcanton 2006;
Comerón et al. 2011a, 2012). The ratio between the thick and
the thin disc masses is typically in the range 0.2 <MT/Mt < 1
for galaxies with vc > 120 km s−1 but can have much larger val-
ues for the low-mass galaxies, up to MT/Mt ∼ 3. The view
on galaxy discs has generally been that thin discs are embed-
ded in a diffuse extended thick component. The low-mass galaxy
picture puts the spotlight on the thick disc and suggests them
as being a dominant component with a thinner component in-
side. In a model where thick discs form first from a turbulent
gas disc with intense star formation (Elmegreen & Elmegreen
2006; Bournaud et al. 2009; Comerón et al. 2014), this is a natu-
ral expectation in a universe with down-sizing, that is, a universe
where low-mass galaxies take longer to evolve (Cowie et al.
1996). In this picture thin discs in low-mass galaxies are still
at their infancy state, whereas those in high-mass galaxies are
already mature.

In Fig. 15 we compare theMT/Mt values calculated with a
Gaussian PSF in Comerón et al. (2012, 2014) to those calculated
using the more sophisticated approach here (57 galaxy overlap,
for galaxies with two stellar discs between the two samples).
The ratios are comparable, albeit with a considerable scatter.
The agreement seems strange since here the thin disc light usu-
ally dominates at large heights due to the extended PSF wings
whereas in previous fits the thick disc dominated all the way to
infinity. However, because of the significant luminosity assigned
to the thin disc at large heights, the thick disc scale-heights are
smaller than those in our previous work. As a consequence, the
mid-plane surface brightnesses of the thick discs are increased.
The net effect is that the change of the PSF in the fits has little
impact on theMT/Mt determination. An example of this is seen
in Fig. 16 where we show the vertical surface brightness fits for
ESO 533-4 made with a model PSF truncated at a radius of 5′′.
This small PSF model only covers the Gaussian core. If we com-
pare the fitted thick disc scale-height values in Fig. 16 with those
in the lower row of plots in Fig. 5 we find that for this specific
galaxy they are reduced by ∼20% when the extended PSF wings
are taken into account. At the same time, the mass ratioMT/Mt
is affected by less than 10%.

Because we find that the ratio between the thick and thin
disc masses remains roughly unchanged when we use our new
model PSF our results confirm that thick discs contain a substan-
tial fraction of the baryonic mass in local galaxies.
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Fig. 13. Masses of the galaxy components as a function of the circular
velocity vc. From top to bottom the components are the gas disc, the thin
disc, the thick disc, the CMC, the sum of the cold components (gas and
thin disc) and the sum of the hot components (thick disc and CMC).
Arrows indicate the velocity of galaxies with no Hi data in HyperLeda
(first panel) and galaxies with no detected CMC (fourth panel) with the
same colour-coding as the other symbols. Filled black dots correspond
to gas-rich galaxies, and grey circles correspond to gas-poor galaxies.
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Fig. 14. Top panel: ratio of the thick and the thin disc masses. Second
panel: ratio of the CMC and the thick disc masses. Arrows indicate
the velocity of galaxies with no CMC with the same colour-coding as
the other symbols Third panel: ratio of the hot component and the thin
disc masses. Bottom panel: ratio of the hot component and the cold
component masses. Filled black dots correspond to gas-rich galaxies,
and grey circles correspond to gas-poor galaxies.

In Table 3 we study the mass of the components in the 57-
galaxy overlap between this paper and Comerón et al. (2012)
among galaxies with a distinct thin and thick disc. We find that
the Spearman correlation coefficients are similar for the data
points in the two papers. This suggests that, even though in our
previous papers we used an inaccurate PSF model, we could
still adequately recover the properties of edge-on discs within
the studied surface brightness limit of µ ≈ 26 mag arcsec−2.

We note two additional trends in Fig. 14. First, the ratio
MCMC/MT grows with galaxy mass, at least for gas-rich galax-
ies, with a Spearman correlation coefficient of ρ = 0.44 and a
significance p = 0.003. Second, the ratio of the hot and cold
component masses is roughly constant with vc. The Spearman
correlation coefficient for the points in this panel is a mere
ρ = −0.067 with p = 0.5, suggestive of no or at most a very
mild correlation with vc. Although both above-mentioned trends
have a considerable scatter, in Comerón et al. (2014) this was in-
terpreted as evidence that the thick disc and the CMC stars come
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Fig. 15. Comparison of the thick to thin disc mass ratios –MT/Mt –
calculated with a Gaussian PSF (Comerón et al. 2012, 2014) and those
calculated (this paper) with the symmetrised version of the PSF pro-
vided by Hora et al. (2012). The grey line indicates a one-to-one corre-
lation. Filled black dots correspond to gas-rich galaxies, and grey circles
correspond to gas-poor galaxies.

Table 3. Spearman’s rank correlation coefficients and significance in the
correlations for the data points in the common between Comerón et al.
(2012) and this paper (57 galaxies).

Component Comerón et al. This paper
(2012)

ρ p ρ p

Gas disc 0.42 0.001 0.44 5 × 10−4

Thin disc 0.93 8 × 10−25 0.92 2 × 10−24

Thick disc 0.86 2 × 10−17 0.78 1 × 10−12

CMC 0.79 2 × 10−13 0.79 4 × 10−13

Cold components 0.83 3 × 10−15 0.86 5 × 10−18

Hot components 0.92 2 × 10−24 0.89 2 × 10−20

Notes. ρ and p calculated as in Table 2. The Hi fluxes in this paper have
a different source than in Comerón et al. (2012) for 19 galaxies, hence
the slight differences in the gas disc statistical distributions.

from a single material reservoir. In our view, the primordial discs
that evolved into present-day thick discs were clumpy for about
a Gyr (Bournaud et al. 2007) and in massive galaxies some of
the clumps migrated inwards and merged to form a CMC.

We confirm that the ratio of the thick to thin disc mass is
the largest in the lowest-mass disc galaxies. In those galaxies
the thick disc can host about half of the baryons in a galaxy. The
scaling relations between the mass of the galaxy components and
the galaxy circular velocity – a proxy for the total galaxy mass –
are tighter for gas-rich galaxies.

5.3. The thin and thick disc scale-heights

Here we study the properties of the thin and thick disc scale-
heights as a function of the galaxy circular velocities.
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Fig. 16. As the bottom plots in Fig. 5, but this time fitting the vertical surface-brightness profiles with a PSF model truncated at a radius of 5′′.

Table 4. Parameters of the robust linear regressions of the scale-heights
of discs as a function of the circular velocity in Eq. (18).

N A B ρ

(pc)
[
pc/

(
km s−1

)]
Thin disc (〈zt〉)

All galaxies 124 26 1.23 0.55
Gas-rich 83 –12 1.42 0.77

Thick disc (〈zT〉)
All galaxies 124 –262 8.64 0.56
Gas-rich 83 –217 7.42 0.71

Notes. The number of data points used in each fit is denoted by N. The
Pearson correlation coefficient is denoted by ρ.

Thin and thick disc scale-heights were obtained from the ver-
tical surface-brightness profile fits in Sect. 3.4. For each axial
bin, a scale-height was calculated by finding the distance be-
tween the position where the flux is a factor 100 smaller than at
the mid-plane and the position where the flux is 100 × e times
smaller that at the mid-plane in the fitted surface-brightness pro-
files for each of the two stellar discs. A global scale-height was
found by averaging the scale-heights over the axial bins with a
valid fit. We denote zt and zT as the thin and thick disc scale-
heights, respectively.

We described how the disc scale-heights of the 124 galaxies
with at least two well-defined discs relate to the galaxy mass by
doing a linear regression

〈zi〉 = A + Bvc (18)

where i stands for either the thin or the thick disc, A for the scale-
height at vc = 0, and B for the slope. The fits were obtained
with idl’s robust_linefit routine from the idl Astronomy
Library4 (Landsman 1993), an outlier-resistant linear regression
algorithm. The results of the regression are shown in Table 4.

We checked how the fitted relations stand against the Milky
Way properties, that is zt(MW) ∼ 300 pc and zT(MW) ∼ 1450 pc
(Gilmore & Reid 1983) and vc (MW) ≈ 218 km s−1 (Bovy et al.
2012). The predicted scale-heights from our regression to the
sample of 124 galaxies match the Milky Way scale-heights

4 https://idlastro.gsfc.nasa.gov/

within 15%. The agreement is better than 5% if the fit to gas-
rich galaxies is considered.

Figure 17 shows that the scatter in scale-heights is large in
gas-poor galaxies compared to that in gas-rich ones. The very
tight scaling relation for the thin disc scale-height in gas-rich
galaxies is remarkable when one takes into account the amount
of assumptions in our rather complicated fits and that the scale-
heights are influenced by uncertainties in the galaxy distance de-
termination.

In Fig. 18 we show the residuals between the scale-heights
and the linear regression in 124 galaxies as a function of the mass
fraction of baryons in gas. The typical amplitude of the zt resid-
uals is about 100 pc and does not vary much with Mg/Mbaryon
as long as galaxies are gas-rich. The eight galaxies that deviate
more than 200 pc from the linear fit are gas-poor and on the pos-
itive side, which is unlikely to be a coincidence. The two largest
scale-heights for a thin disc correspond to gas-poor galaxies,
namely NGC 1032 and NGC 4370. The scale-heights of these
two galaxies are far too large to be moved close to the linear fit
by accounting for vc uncertainties. This suggests that part of the
large scatter seen for gas-poor galaxies in the plots in Sect. 5.2
and in this subsection might have a physical origin. Visually, the
thin disc of NGC 1032 is very diffuse, whereas that of NGC 4370
is barely distinguishable from the thick disc (although the dis-
tinction is much clearer in the surface-brightness profile). This
and the fact that the seven most extreme outliers are on the posi-
tive side in Fig. 18 suggests that some discs of gas-poor galaxies
may have been dynamically heated, a process which is more ef-
ficient in gas-poor galaxies (Moster et al. 2010). NGC 4370 is in
the Virgo cluster, so harassment is a viable heating mechanism
there. NGC 1032 is isolated (Tully 2015) so heating would have
been caused by the merger with a companion.

The typical thick disc scale-height departures from the linear
regression are of a few hundred parsecs. Contrary to what hap-
pens with the thin disc, some of the outliers – we could define
as outliers those galaxies with scale-heights that deviate by more
than a kiloparsec from the linear regression – are gas-rich galax-
ies. Six out of sixteen outliers are very massive galaxies with
circular velocities vc > 200 km s−1 (the total number of galaxies
with vc > 200 km s−1 in our sample is nine). In two other outlier
galaxies – NGC 3115 and NGC 4370 – the thick disc component
fits an extended oblate envelope whose axis ratio might be too
large to be considered as that of a proper disc. Whereas dy-
namical heating in a dense environment might suffice to cause
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Fig. 17. The thin and thick disc scale-heights (top and bottom pan-
els, respectively) for gas-poor and gas-rich galaxies (grey circles and
black dots, respectively). The black dashed line corresponds to a robust
linear regression made with gas-rich galaxies and the grey dotted line
corresponds to a regression done with all galaxies. Parameters of the
regression fits are given in Table 4. The stars indicate the properties of
the Milky Way as obtained from Gilmore & Reid (1983) for the scale-
heights and Bovy et al. (2012) for the circular velocity.

the outliers in gas-poor galaxies, other reasons might explain
the outlying thick disc scale-height values for gas-rich galaxies.
Outlying galaxies are typically those with large masses, that is
galaxies with low

(
ρT|z=0

)
/
(
ρt|z=0

)
ratios, so a large dynamical

range ∆µ is needed to well constrain the thick disc scale-height.
For example, the S4G might not be deep enough to sufficiently
characterise the thick disc for the two gas-rich galaxies with the
tallest thick discs (ESO 240-11 and NGC 4565) for which the
mid-plane thick disc density is only 1−5% of that of the thin
disc.

To test the plausibility of this speculation we studied the
case of NGC 5981, a galaxy fitted over a dynamical range
∆µ = 6.5−7.0 mag arcsec−2 in its two central bins. This galaxy
has

(
ρT|z=0

)
/
(
ρt|z=0

)
between 0.1 and 0.2. That is, smaller

than average in our sample, but still large enough so that
regions where the thick disc is relevant can be traced over a
couple of magnitudes. We checked how the fitted thick disc
scale-height varies as we restrict the fitting dynamical range
from ∆µ = 4.5,mag arcsec−2 down to ∆µ = 7.0 mag arcsec−2 in
bins of ∆µ = 0.5 mag arcsec−2 (Fig. 19). The plot shows that
for this individual galaxy, the scale-height of the thick disc is
over-estimated by a factor of almost two if the selected dynam-
ical range is not large enough to properly sample regions with
significant thick disc contribution. Furthermore, the galaxies
for which the thick disc scale-height deviates the most from
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Fig. 18. Residuals for the thin and the thick discs scale-heights with
respect to the linear regression (top and bottom panels, respectively) as
a function of the fraction of baryons in the form of gas. The residuals
are calculated with respect to the linear regression made for all galaxies,
that is without excluding gas-poor galaxies (grey dotted line in Fig. 17).
Filled black dots correspond to gas-rich galaxies, and grey circles cor-
respond to gas-poor galaxies.

the linear regression to Eq. (18) are among those that have the
smallest relative thick disc mid-plane density, especially for
gas-rich galaxies. Thus, we speculate that biases associated with
poorly constrained thick disc scale-heights might be, at least
in part, explaining the thick disc scale-height outliers. Fitting
deeper images of high-mass galaxies is needed to confirm
whether these points are indeed statistical outliers, whether they
are due to a bias, or whether thick disks are in fact particularly
thick in the highest-mass galaxies.

The thin and thick disc scale-heights have tight positive cor-
relations with the galaxy circular velocities. The correlations
are even tighter for gas-rich galaxies. Regarding the disc scale-
heights, the Milky Way is a typical galaxy.

5.4. Disc down-bending and up-bending breaks

In this subsection we pay attention to the disc breaks as seen
in the axial surface-brightness profiles. We do so for the disc
of galaxies integrated over all heights and also for thin- and the
thick-disc-dominated ranges of heights.

Axial profiles produced by integrating the whole height
of the disc are available for the 141 galaxies in our sample
(Sect. 3.3.1). Among the 124 galaxies with clearly defined thin
and thick disc components (see Sect. 3.5) thin disc axial profiles
are available for 105 galaxies and thick disc axial profiles are
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Table 5. Axial surface-brightness profile classifications.

Whole disc Thin disc dominated heights Thick disc dominated heights
(N = 141) (N = 105) (N = 104)

Type I 11 (8% ± 4%) 7 (7% ± 5%) 56 (53% ± 10%)
Type II 30 (21% ± 7%) 21 (20% ± 8%) 35 (33% ± 9%)
Type III 26 (18% ± 6%) 11 (10% ± 6%) 10 (10% ± 6%)
Type II+II 0 (–) 1 (1% ± 2%) 0 (–)
Type II+III 18 (13% ± 6%) 21 (20% ± 8%) 0 (–)
Type III+II 35 (25% ± 7%) 28 (27% ± 8%) 3 (3% ± 3%)
Type III+III 4 (3% ± 3%) 2 (2% ± 3%) 0 (–)
Type II+III+II 4 (3% ± 3%) 4 (4% ± 4%) 0 (–)
Type II+III+III 1 (1% ± 1%) 0 (–) 0 (–)
Type III+II+III 12 (9% ± 5%) 10 (10% ± 6%) 0 (–)

Notes. The number of galaxies for which the axial profiles are available is denoted by N.
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Fig. 19. Fitted scale-height of the thick disc of NGC 5981 for the
two central axial bins – those with the largest dynamical range –
compared to the fitted scale-height while using a dynamical range of
only ∆µ = 4.5 mag arcsec−2. The fits are done for dynamical ranges
∆µ = 4.5−7.0 mag arcsec−2 in steps of 0.5 mag arcsec−2.

available for 104 galaxies (ESO 240-11 is thin disc-dominated
at all heights). A summary of the profile classification is shown
in Table 5.

Roughly speaking our profile classifications are compatible
with those in our previous work (Comerón et al. 2012), although
we note that the fraction of pure Type II galaxies is signifi-
cantly lower here (46% ± 12% and 21% ± 7%, respectively; see
Sect. 3.3.2 for definitions of the profile types).

When compared to face-on galaxy profile classifica-
tion studies (e.g., Pohlen & Trujillo 2006; Erwin et al. 2008;
Comerón et al. 2008; Gutiérrez et al. 2011; Laine et al. 2014)
our sample shows a large abundance of composite profiles – that
is profiles with more than one break. There are several possi-
ble reasons for this. First, profiles in edge-on galaxies extend
further out than those in face-on galaxies because of the line-
of-sight integration, so more breaks can be detected. Second,
we chose to describe pseudo-bulges or disky CMCs that do not
protrude the disc with a disc section. Third, the classification
is slightly subjective and subtle slope changes might be consid-
ered as breaks only by a subset of authors (however, breaks in
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Fig. 20. Thick disc scale-height relative to the fit to Eq. (18) as a func-
tion of the thick to thin disc mid-plane density ratio

(
ρT|z=0

)
/
(
ρt|z=0

)
averaged over all the axial bins with a valid fit. The considered fit is that
for all galaxies (that is, not excluding gas-poor galaxies). Filled black
dots correspond to gas-rich galaxies, and grey circles correspond to gas-
poor galaxies.

edge-on galaxies are subtler than in face-on ones as shown in
Fig. 7). Fourth, flared discs that would not cause any break in a
face-on view can be seen as causing a Type II break in an edge-
on view (Borlaff et al. 2016). Finally, in face-on galaxies bumps
and “shoulders” caused by the bar and prominent star-forming
rings are ignored. Excluding breaks caused by those features in
an edge-on galaxy is a dangerous exercise. Bars could in princi-
ple be taken into account because they are often associated with
features such as barlenses that are seen in edge-on galaxies as
boxy-peanut CMCs (Laurikainen et al. 2014; Athanassoula et al.
2015; Laurikainen & Salo 2017; Salo & Laurikainen 2017) –
at least those in centrally concentrated galaxies. We checked
whether composite profiles are more prevalent in massive galax-
ies, that is those with vc > 120 km s−1, which corresponds to a
baryonic mass of ∼1010M� (Fig. 13). This is about the mass
above which barlenses are found (Herrera-Endoqui et al. 2015).
We find that composite profiles are found in 57% ± 10% of the
galaxies with vc > 120 km s−1 and in 44% ± 13% of lower-mass
galaxies (two-sigma uncertainties). This mild difference in the
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Fig. 21. Galactocentric fitted radii of the Type II and Type III breaks
(top and bottom panels, respectively) as a function of the galaxy stellar
mass.

two fractions indicates that well-formed bars are not the only rea-
son for composite profiles. This is not completely unsurprising,
since the effect of bars on the profiles is deemed to be smaller
than in face-on galaxies. For example, in close to end-on galax-
ies, the bar would appear on top of the CMC and would be in-
cluded as part of it if the CMC were disc-like or would be simply
ignored if the CMC were classical.

We note that Type III breaks are genuine because they can-
not be explained by the extended PSF wings. Indeed, as shown
in Fig. 9, the extended PSF does not cause up-bending breaks
within the range of depths that can be studied with S4G images.

In Fig. 21 we show the galactocentric radii of the breaks for
the vertically integrated disc as a function of the stellar mass of
the galaxy. The stellar mass is calculated using our estimated
thin disc, thick disc, and CMC masses even for those 17 galax-
ies where the thin and the thick discs are not well defined. Be-
cause there is a factor of 1.2 difference in the mass-to-light ratios
of the thin and thick discs, this does not cause huge uncertain-
ties. The plots show a mild correlation between the break radii
and the stellar mass of galaxies. The main point of the plot is
to check whether our breaks appear at the same radii as those in
face-on galaxies. To do so, we can compare it with Fig. 31 in
Salo et al. (2015) where the break radii in Muñoz-Mateos et al.
(2013), Kim et al. (2014b), and Laine et al. (2014) are compiled
in a single plot. Our stellar masses do not correspond exactly
to those in Salo et al. (2015) because they obtain them from
Muñoz-Mateos et al. (2015) who in turn used the recipes in
Eskew et al. (2012). The differences between our stellar masses
and those in Muñoz-Mateos et al. (2015) are typically of 20%
once the different distance determinations are factored out. The

data point cloud in Fig. 21 roughly spans the same space as that
in Salo et al. (2015), which indicates that the breaks that we find
in edge-on galaxies are the counterparts of those seen in face-on
galaxies. The only difference is that we find seventeen breaks at
a radius smaller than 1 kpc. Those breaks would probably be dis-
regarded in a face-on view as being caused by a pseudo-bulge or
a nuclear ring.

The profiles of the thick-disc-dominated regions are much
simpler than the profiles for the whole disc; in fact, half of them
are Type I profiles, and only three thick-disc-dominated profiles
are composite. The simplicity of thick disc profiles can be ex-
plained by two factors. First, some of the features that might
cause breaks – bars, lenses, rings – mostly live in the thin disc.
Second, according to some authors, phenomena that redistribute
disc material and might create breaks (e.g. bars) are more effi-
cient working on dynamically cold components (Vera-Ciro et al.
2014, 2016). Thick discs hardly ever show Type III breaks.
The simplicity of the thick disc axial profiles is consistent with
the findings in Laine et al. (2016) who find that Type I pro-
files are prevalent among low-mass face-on galaxies. Indeed, in
these galaxies, thick disc light is likely to dominate the face-
on surface-brightness profile because of the largeMT/Mt ratio
found in low-mass galaxies (Sect. 5.2).

Axial profiles for thin-disc-dominated regions are as com-
plex as those for the whole disc and more than half of them
are composite. However, thick discs can contribute substantially
to the surface brightness, even at the mid-plane. In the case
that a thin disc has a shorter scale-length than the thick disc,
an up-bending break can result from the thick disc dominat-
ing the surface-brightness profile at large radii. This hypothe-
sis was found to be compatible with more than half of the thin
disc up-bending breaks in Comerón et al. (2012). We check this
again here. To do so, we extrapolate the light from the thick-
disc-dominated regions towards the mid-plane to figure out what
the expected thick disc surface brightness is at the thin disc-
dominated heights. This is done in two ways. One of them is
by calculating the average fraction of thick disc light at the thin-
disc-dominated heights on the valid fits to vertical profiles. An-
other estimate is obtained by calculating the thick disc contri-
bution at the thin-disc-dominated heights if the thin disc were
removed from the fitted vertical profiles. The net effect of re-
moving the thin disc is to increase the thick disc scale-height, so
its contribution close to the mid-plane is lowered. If the thin disc
scale-length is shorter than that of the thick disc, the importance
of the thin disc will be lowered in the outskirts of the galaxy,
so the thick disc surface brightness contribution should fall
somewhere between the two estimates. In Fig. 22 we show the
ESO 157-49 axial profiles for the thin- and thick-disc-dominated
heights. The grey area denotes the estimated range for the thick
disc contribution to the thin-disc-dominated regions. We see that
the thin disc up-bending break falls within that region, which
indicates a likely connection to the thick disc.

We examined each of the galaxies in which the outermost
thin disc break is of Type III to check whether or not those breaks
can be linked to the thick disc, just as in the case ESO 157-49.
We found that this is so for 20 galaxies, namely: ESO 79-3,
ESO 157-49, ESO 443-42, ESO 469-15, IC 335, IC 1553,
NGC 1163, NGC 3115, NGC 3454, NGC 4215, NGC 4217,
NGC 4251, NGC 4302, NGC 4359, NGC 4544, NGC 4710,
NGC 4762, NGC 7241, UGC 7086, and UGC 12692. This is
46% ± 15% of the 44 galaxies whose thin disc’s outermost
break is up-bending. The match between the expected and
observed surface-brightness levels close to the mid-plane in a
large fraction of the galaxies confirms the above-mentioned link
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Fig. 22. ESO 157-49 axial surface-brightness profiles for the thin-disc-
dominated heights (blue circles) and the thick-disc-dominated heights
(red triangles). The black continuous lines correspond to the fits to the
profiles – as explained in Sect. 3.5 – and the dashed lines indicate the
disc contribution. Short vertical lines indicate the break radii. Red verti-
cal lines indicate the outermost fitted point. Green vertical lines indicate
the limits of the axial bins used to create the vertical surface-brightness
profiles. The horizontal line indicates the µ = 27 mag arcsec−2 level.
The grey region indicates the range of estimates of thick disc contribu-
tions at thin disc dominated heights based on the methods described in
Sect. 5.4.

between a large fraction of up-bending breaks and thick discs.
Since the up-bending breaks seen in edge-on galaxies seem to
have statistically similar properties to those in face-on galaxies,
the same origin is expected for many of the Type III breaks in
face-on galaxies. Thus, genuine thin disc up-bending breaks are
relatively rare.

We find that the axial surface-brightness profiles of thin discs
are often composite, whereas those of thick discs are usually
simpler. We confirm that in about a half of cases the outermost
up-bending break of a thin disc is in fact caused by thick disc
light in a situation where the thin disc scale-length is shorter
than that of the thick disc.

6. Summary and conclusions

Studies of the scattered light from high-surface-brightness
galaxy features (e.g., de Jong 2008; Sandin 2014, 2015) have
raised concerns on its effects on the study of low-surface-
brightness features such as thick discs and stellar haloes. Be-
cause the effects of the extended PSF wings have not been prop-
erly assessed in integrated light studies of thick discs, their exis-
tence itself could be, in principle, put into question.

In our previous studies we have decomposed the edge-on
galaxies in the S4G into their thin disc, thick disc, and CMC
components (Comerón et al. 2011a, 2012, 2014). The S4G is
a 3.6 µm and 4.5 µm survey of nearby galaxies made with
IRAC on-board the Spitzer Space Telescope. We used an over-
simplistic PSF model that only reproduced the core of the actual
IRAC PSF. Given the controversy triggered by the unsettling
findings on scattered light it seemed necessary to redo our ex-
periments to check whether the decompositions were drastically
affected by the use of an “incorrect” PSF model. We used this

opportunity to include further galaxies into our sample and to
improve our methods. Thus, we now present our study of a sam-
ple of 141 galaxies drawn from the S4G and its early-type galaxy
extension.

Our profile decompositions assume that the thin and thick
discs are two stellar fluids in hydrostatic equilibrium. We also
account for the gravitational interaction of a gas disc. By mak-
ing various normalisations and assumptions we are able to
fit surface-brightness profiles perpendicular to the galaxy mid-
plane using two free parameters, that is the thick-to-thin disc
mass density ratio at the mid-plane, and the ratio of vertical ve-
locity dispersions. Those fits yield as a result the ratio between
the thick and thin disc masses. The ratio between the disc and
the CMC masses is obtained by fitting axial surface-brightness
profiles with the superposition of a broken exponential disc func-
tion, integrated along the line of sight, and a Sérsic function.

The vertical surface-brightness profile fits are noticeably af-
fected by our newly adopted PSF model. In our new decomposi-
tions the thin disc light close to the galaxy mid-plane is scattered
in such a way that thin disc light is the dominant light source
at typical surface-brightness levels below µ = 26 mag arcsec−2.
This typically corresponds to heights of 2−8 kpc above the mid-
plane, but it can be more in some galaxies. Thick disc luminos-
ity still dominates the regions between µ ∼ 26 mag arcsec−2 and
µ ∼ 24 mag arcsec−2 or µ ∼ 23 mag arcsec−2. The fact that the
thin discs dominate the surface brightness at large heights by no
means indicates that they have any significant mass contribution
at large heights. Instead it is an artefact caused by light originat-
ing from close to the mid-plane and then re-distributed by the
extended wings of the PSF.

The relative weights of the thick and thin disc are not sub-
stantially changed by the change in the PSF model. The reason
is that in our current approach the low surface-brightness tails of
the profiles are fitted by thin disc light, which causes the thick
disc scale-heights to be smaller than the in our previous papers.
This leads in turn to an increased thick disc mid-plane surface
brightness. The combination of an increased mid-plane surface
brightness and a reduced scale-height results in a total luminosity
that is very similar to what was found when using an “incorrect”
PSF model. The results from our previous papers are not quali-
tatively affected by the adopted PSF model and remain valid. We
however caution against giving detailed descriptions of galaxies
based upon over-simplistic PSF models.

We redo some of the experiments that were presented in our
previous work. In no cases do our results differ significantly from
what was found previously. We thus confirm that:

– Thick discs are nearly ubiquitous. Most of the galaxies in
our sample show distinct thin and thick discs. Only seventeen
galaxies out of 141 show no clear traces of a thick disc. Those
seventeen galaxies are on average less massive than those
that show at least two discs.

– The ratio between the thick and thin disc masses –MT/Mt –
depends on the galaxy circular velocity and thus mass. Low-
mass galaxies, with vc < 120 km s−1, have thick discs that are
comparable in mass to their thin counterparts. Thick discs in
high-mass galaxies are typically less massive than thin discs.

– The ratio between the mass of dynamically cold components
– gas and thin discs – and that of dynamically hot compo-
nents – thick discs and CMCs – is no dependent on vc. This
was interpreted in Comerón et al. (2014) as evidence for a
common origin for the hot component material.
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– Eight galaxies in our sample require a third stellar disc com-
ponent – or maybe a squashed halo – to fit their vertical
surface-brightness profiles down to the S4G sensitivity level.

– Many of the up-bending breaks in face-on galaxies – around
50% – are caused by the superposition of a thin and a thick
disc where the scale-length of the thick disc is longer than
that of the thin disc.

Our study indicates that the effects of an extended PSF should
be taken into account when studying thick discs because it af-
fects the values of fitted parameters in structural decompositions.
However, not considering them is unlikely to cause any dramatic
qualitative change in the results, at least for instruments that have
an exponentially decaying PSF, and at the surface-brightness lev-
els considered here. Since we find that the scattered light from
the thin disc becomes dominant below a surface-brightness level
of µ ∼ 26 mag arcsec−2 it definitely seems worth revising works
studying the integrated light of stellar haloes. Studies at such
depths with careful PSF treatment are now being performed
(e.g., Trujillo & Fliri 2016; Peters et al. 2017).

We can summarise the findings in this paper by misquoting
Mark Twain:

The reports of thick discs’ deaths are greatly
exaggerated.
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Appendix A: Description of the information in the Appendices

In the Appendix we present information on the fits for the 124 galaxies that we considered to have a distinct thin and thick disc
(Appendix B) and the 17 that we considered not to have two distinct discs (Appendix C). The information is structured as follows.

Top-left: galaxy image

The top-left panel presents an image of the galaxy under study. The image is oriented so that the mid-plane of the galaxy is horizontal
(Sect. 3.1).

The green vertical lines denote the limits of the four axial bins that were used to prepare the surface-brightness profiles perpen-
dicular to the galaxy mid-plane. Those axial bins are found at 0.2 r25 < |x| < 0.5 r25 and 0.5 r25 < |x| < 0.8 r25 (Sect. 3.2.3).

The orange horizontal dashed lines indicate the height of the mean zu, where the surface brightness is µ ∼ 26 mag arcsec−2

(Sect. 3.3.1).
The red horizontal continuous lines denote the limits of the region where most of the light is emitted by the thick disc, between

the mean zc1 and the mean zc2 (Sect. 3.5.1). The upper limit, zc2 often overlaps with zu.

Top-right: basic galaxy information

– RA (J2000.0): right ascension with a J2000.0 epoch (NED).
– Dec (J2000.0): declination with a J2000.0 epoch (NED).
– r25: isophotal 25 mag arcsec−2 radius in the B-band (HyperLeda).
– PA: position angle of the galaxy major axis (often from HyperLeda, but see Sect. 3.1)
– M3.6 µm(AB): absolute 3.6 µm magnitude of the galaxy in the AB system, obtained using the galaxy distance d and the ap-

parent luminosities in Muñoz-Mateos et al. (2015), except for the galaxies in the S4G early-type extension where the apparent
luminosities were calculated by ourselves.

– d: galaxy distance. The sources are 1) CF1 (Tully et al. 2008); 2) CF3 Tully et al. (2016); 3) SFI++ Springob et al. (2007);
4) Theureau et al. (2007); and 5) Hubble-Lemaître flow distances with respect to the cosmic microwave background assuming a
Hubble-Lemaître constant of H0 = 75 km s−1. The recession velocities are taken from the NED.

– vc: circular velocity. The sources are 1) Springob et al. (2005); 2) Theureau et al. (2006); 3) Courtois et al. (2009);
4) pre-digital measurements compiled in the EDD; 5) Krumm & Salpeter (1976); 6) Balkowski & Chamaraux (1981);
7) Richter & Huchtmeier (1987); 8) Haynes et al. (1990); 9) D’Onofrio et al. (1995); 10) Mathewson & Ford (1996);
11) Simien & Prugniel (1997); 12) Simien & Prugniel (1998); 13) Rubin et al. (1999), 14) Simien & Prugniel (2000);
15) Karachentsev et al. (2004); 16) Chung & Bureau (2004); 17) Meyer et al. (2004); 18) Bedregal et al. (2006); and 19) AT-
LAS3D (Cappellari et al. 2011; Krajnović et al. 2011).

– Mean zc1: lower limit of the region were most of the light is emitted by the thick disc according to our fits (Sect. 3.5.1).
– Mean zc2: higher limit of the region were most of the light is emitted by the thick disc according to our fits (Sect. 3.5.1).
– Mean zu: height where the surface brightness is µ = 26 mag arcsec−2 (Sect. 3.3.1).

Second and third rows: vertical surface-brightness profile fits

Each of the plots displays the vertical surface-brightness profiles of one of the four axial bins indicated with the green lines in the
top-left image (large filled circles). The extent of the axial bin is identified by the label on the top-left corner of the panel.

The dotted curve indicates the fit to the profile (Sect. 3.4). The short-dashed curves indicate the thin and thick disc contributions
and the long-dashed curve indicates the CMC contribution.

The vertical dot-dashed grey line indicates the range of heights considered for each fit.
The dashed horizontal lines indicate the height, zu, where the surface brightness is µ = 26 mag arcsec−2. This height is averaged

over all the axial bins with a valid fit to obtain the mean or global zu shown in the top-right table and indicated in the top-left image
with orange horizontal dashed (Sect. 3.3.1). This height is sometimes found outside of the frame.

The red vertical continuous lines denote the limits of the region where most of the light is emitted by the thick disc, between the
zc1 and the zc2. Those heights are averaged over all the axial bins with a valid fit to obtain the mean or global values for zc1 and zc2
shown in the top-right table and indicated in the top-left image with red horizontal continuous lines (Sect. 3.5.1).

The right half of the panels contains of the numbers derived from the fits:

–
(
ρT|z=0

)
/
(
ρt|z=0

)
: fitted ratio of the thick and the thin disc mid-plane mass densities.

– σT/σt: fitted ratio of the thick and thin disc vertical velocity dispersions.
– zT: thick disc scale-height.
– zt: thin disc scale-height.
– ΣT/Σt: thick to thin disc mass ratio in that axial bin.
– µl: lowest surface brightness level considered for the fit.
– zl: largest height considered for the fit.
– zu: height where the fitted surface brightness is µ ∼ 26 mag arcsec−2.
– zc1 and zc2: lower and upper limits of the region where most of the light is emitted by the thick disc.
– ∆µ: dynamical range of the fit.
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– µrms: root mean square deviation of the fit.

Fits that do not fulfil our quality criteria (Sect. 3.2.6) are labelled as “Not used” with large grey letters. A few axial bins where no
profile could be obtained due to bright foreground stars are labelled with “Bright star”.

Fourth row: axial surface-brightness profile fits (Sect. 3.5.2)

The plots show the axial surface-brightness profiles for the whole height of the galaxy (yellow squares), the thin disc-dominated
heights (blue circles), and the thick disc-dominated heights (red triangles).

The green vertical lines denote the limits of the four axial bins that were used to prepare the surface-brightness profiles perpen-
dicular to the galaxy mid-plane. Those axial bins are found at 0.2 r25 < |x| < 0.5 r25 and 0.5 r25 < |x| < 0.8 r25.

The horizontal lines indicate the µ = 27 mag arcsec−2 level.
The fitted disc and CMC contributions are indicated with dashed curves in the left. The CMC contribution is not marked in

the right plot to avoid over-crowding. The small vertical black lines indicates the break radii. The red vertical lines indicate the
outermost fitted point.

The grey region indicates the range of estimates of thick disc contributions at thin disc dominated heights based on the methods
described in Sect. 5.4.

First table in the fifth row: CMC properties (Sects. 3.3.2 and 3.3.3)

– rCMC: scale size of the CMC.
– n: Sérsic index.

Second, third, and fourth tables in the fifth row: disc properties (Sects. 3.3.2, 3.3.3, 3.5.2, and 5.4)

– Type: galaxy axial luminosity profile type according to the Freeman (1970), Pohlen & Trujillo (2006), and Erwin et al. (2008)
classification scheme.

– hi: scale-length of the ith exponential section. The sections are counted starting at the centre of the galaxy.
– ri,i+1: radius of the break between the exponential section i and the exponential section i + 1.

Fifth table in the fifth row: component masses (Sect. 3.6)

– Mg: gas disc mass.
– Mt: thin disc mass.
– MT: thick disc mass.
– MCMC: CMC mass.

Sixth table in the fifth row: disc scale-heights (Sect. 5.3)

– zt: thin disc scale-height.
– zT: thick disc scale-height.
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Appendix B: Galaxies that have a thin and a thick disc
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Fig. B.1. Fits of the galaxies that were found to have at least two stellar discs. The information is structured as explained in Appendix A.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Appendix C: Galaxies that might have a single disc
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Fig. C.1. Fits of the galaxies that were found not to have clear signs of multiple distinct stellar discs. The information is structured as explained in
Appendix A.
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