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ABSTRACT

Previous numerical studies had apparently ruled out the possibility that flares in galaxy discs could give rise to the apparent breaks
in their luminosity profiles when observed edge-on. However the studies have not, until now, analysed this hypothesis systematically
using realistic models for the disc, the flare, and the bulge. We revisit this theme by analysing a series of models which sample a
wide range of observationally based structural parameters for these three components. Using observational data, we have considered
realistic distributions of bulge-to-disc ratios, morphological parameters of bulges and discs, vertical scale heights of discs and their
radial gradients defining the flare for different morphological types and stellar mass bins. The surface brightness profiles for the face-
on and edge-on views of each model were simulated to find out whether the flared disc produces a Type-II break in the disc profile
when observed edge-on, and if so under what conditions. Contrary to previous claims, we find that discs with realistic flares can
produce significant breaks in discs when observed edge-on. Specifically a flare with the parameters of that of the Milky Way would
produce a significant break of the disc at a Ry of ~8.6 kpc if observed edge-on. Central bulges have no significant effects on the
results. These simulations show that flared discs can explain the existence of many Type-II breaks observed in edge-on galaxies, in a
range of galaxies with intermediate to low break strength values of —=0.25 < § < -0.1.

Key words. galaxies: formation — galaxies: fundamental parameters — galaxies: evolution — galaxies: structure — Galaxy: disk —

Galaxy: structure

1. Introduction

Disc galaxies often do not show a single radial exponential sur-
face brightness profile (Freeman 1970). Pohlen & Trujillo (2006)
and Erwin et al. (2008) classified the discs of galaxies into three
classes according to the shape of their profiles. Type-I discs are
well modelled with a single exponential profile. Type-II discs
present a down-bending profile, i.e. a brightness deficit in the
outer parts of the disc with respect to the extrapolation of the
inner profile outside a given “break radius”. Finally, the profiles
of Type-III discs are shallower outside the break radius than the
extrapolation of the inner exponential profile (antitruncation). In
the present study we focus on Type-II profiles.

Sharp truncations in galaxy disc profiles were first reported
in edge-on galaxies (van der Kruit 1979). Owing to projec-
tion effects, edge-on galaxies present a larger number of trunca-
tions and Type-II breaks than their face-on counterparts (Pohlen
et al. 2007). Recent studies associate sharp truncations with stel-
lar density cut-offs and inner down-bending breaks to different
stellar formation thresholds (Martin-Navarro et al. 2012). Laine
et al. (2014) found an interesting correlation between the break
in Type-II profiles and the characteristic radii of structures in the
galaxy: lenses, rings or pseudorings. This means that these mor-
phological features may be associated with the break in some
Type-1II profiles. Previous studies also explored the possibility
that flares (i.e. an increase in the scale height of the stellar disc
with galactocentric radius) may be responsible for the down-
bending profiles detected in highly inclined galaxies. More than
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a decade ago, Kregel et al. (2002) performed 2D decompositions
of 34 edge-on late-type galaxies; 60% of them showed Type-II
profiles. The authors studied whether a linear radial increase in
the scale height of the disc could produce some of the detected
truncations if the discs were observed at high inclination. They
created a set of artificial images (~50 simulations) using a ran-
dom uniform distribution covering the observed range of val-
ues of the disc central surface brightness (ug), disc scale length
(hg), disc scale height (h,), bulge effective surface brightness
(ue), bulge effective radius (r.), and bulge axial ratio (g) of their
data. They also restricted the bulge-to-disc ratio to B/D < 2.
Finally, they concluded that values of the radial gradient of the
scale height larger than 1 h, per hg are needed — according to
their models — to reproduce the characteristics of the observed
truncations. However, this gradient in late-type galaxies is typi-
cally very low (Vgh, ~ 0.1 /i, see de Grijs & Peletier 1997), so
Kregel et al. concluded that flaring is a very unlikely explanation
for the breaks observed in late-type galaxies.

Radial variations of the scale height of galaxy discs are diffi-
cult to measure (Mosenkov et al. 2015), but as better and deeper
data are obtained, higher values of the radial gradient of the
scale height (Vgh,) are being derived even for late-type galaxies
(Bizyaev et al. 2014). The Milky Way (MW, which is thought
to be an SBbc galaxy) exhibits a thin+thick disc structure, both
affected by a particularly strong flare (Vgh, ~ 0.15 at 20 kpc for
the thick disc; Lopez-Corredoira et al. 2002; Lopez-Corredoira
& Molgé 2014; Kalberla et al. 2014). Cosmological simulations
also predict much stronger flares for old stellar discs than current
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Fig. 1. Photometric and structural parameter distributions for the simulations. Density clouds represent the parameter distributions of the 10 000
3D simulations of realistic bulge + flared disc light distributions created from the observations as a function of the morphological type, T. Dots
represent the observations from Graham (2001), Kregel et al. (2002), Bizyaev et al. (2014) and Mosenkov et al. (2015). Upper row, from left to
right: disc absolute magnitude M s gisc, disc central surface brightness p, disc scale length hg, bulge-to-disc ratio B/D, and disc radial-to-vertical
scale-lengths ratio hg/h.. Lower row, from left to right: bulge absolute magnitude M ps puge, bulge surface brightness at the bulge effective radius

Ue, effective radius re, bulge Sérsic index n, and the radial gradient of &, Vgh,. The green diamond represents the MW.

data reveal (Minchev et al. 2015). These authors have pointed
out that the phenomenon may be unavoidable on the outskirts of
galaxies. Consequently, the effects of flares on the disc profiles of
edge-on galaxies may have systematically been underestimated
in previous studies.

No study has analysed systematically whether flares can pro-
duce Type-II profiles in highly inclined discs, using realistic
models for the bulge, the disc, and (especially) the flare. So we
have revisited this question to quantify the possible effects of re-
alistic flares on the generation of breaks in edge-on disc profiles.
To this end, we used observations for different morphological
types and masses to create 3D models of disc galaxies assum-
ing distributions of B/D, bulge and disc photometric parameters
(1o, Mg, Ue, Te, Sérsic index n), scale heights of the discs, and
their trend with the galactocentric radius. To properly sample the
complete range of parameters, we performed 10 000 simulations
of realistic flared disc galaxies. We derived edge-on and face-on
surface brightness profiles for the resulting flared galaxy models.
The surface brightness profile of each galaxy model was anal-
ysed to find out whether the flare produces a significant break in
the disc in the edge-on view compared with the face-on view.

2. Methods

We created 10 000 3D models of galaxies, each with an exponen-
tial disc plus a Sérsic bulge. We adopted the following functional
form for the exponential disc (Lopez-Corredoira et al. 2002):

R I\ AR
PR =po- (30| P\ imy) )’

Following the observations, we explored the effect of a linear
increase in the vertical scale height, as follows:

ey

h(0)
h.(0) + Vgh, - R

if R < Rare

if R > Rpare. @)

hz(R) = {

Graham (2001) analysed a sample of 86 face-on disc-dominated
galaxies previously selected by de Jong & van der Kruit
(1994). This author performed a bulge + disc decomposition for
69 galaxies in the /-band, correcting for the effects of the inter-
nal extinction, Galactic extinction, inclination, and cosmologi-
cal dimming (Graham 2003), that we used as a reference for our
models. We estimated stellar masses using the relationship be-
tween the V-band mass-to-light ratio of galaxies and their dust-
corrected rest-frame colours derived by Wilkins et al. (2013).
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According to these authors, for z < 0.1 the optimal observed
colour is (B — V), so we have estimated this colour for the
69 galaxies of Graham (2003) from HyperLeda data', and es-
timated the stellar mass of each galaxy using the relations in
Wilkins et al. For those objects without (B — V) available in
HyperLeda, we estimated them from their SDSS (g — r) colour
following the transformations published in Jester et al. (2005).
To simulate realistic images of the disc galaxies, we adopted
the observational /-band distributions of Graham (2001, 2003)
for the photometric parameters (r., Sérsic index n, hg, Lo, Ue,
B/T, the absolute magnitudes of the disc Mp dgisc and the bulge
M ps pulge)» and four morphological type bins (S0-Sa, Sb-Sbc,
Sc—Scd and Sd-Sdm), in three mass bins (10 < log;, M/My <
10.7,10.7 < log,g M/Mo < 11 and log;, M/M > 11) in order
to explore realistic mass distributions for the morphological type
bins. In Fig. 1 we represent the distributions of the structural and
photometric parameters from which we created the models and
compared them to the observations they are based on. For each
morphological type bin we randomly chose the ratio of scale
height to scale length (%:/;) from the observational range of val-
ues corresponding to each type reported by Kregel et al. (2002)
and Mosenkov et al. (2015) in the /-band, as shown in Fig. 1.
We explored the range of Vgh, values derived by recent ob-
servational studies for galaxies of different types (see also Fig. 1)
in the /-band: 0 < Vgh, < 0.15 (Bizyaev et al. 2014; Mosenkov
et al. 2015). These values agree with those measured in the MW
by several authors (Alard 2000; Lépez-Corredoira et al. 2002;
Momany et al. 2006; Hammersley & Loépez-Corredoira 2011;
Lépez-Corredoira & Molgé 2014; Kalberla et al. 2014, and ref-
erences therein). Mosenkov et al. (2015) argued that the scale
heights derived from 1D decompositions may be biased to higher
values than reality owing to bulge contamination (up to 10% in
galaxies with B/T ~ 0.4). Therefore, we restricted the sample
from which we obtain the scale-height gradients to objects with
B/T < 0.4 to avoid bulge contamination. The radius at which
the flare starts (Rare) is randomly chosen following a uniform
distribution between 2 and 5 times the scale length of the disc.
The lowest value is set to avoid bulge contamination from the
inner regions of the profile (de Grijs & Peletier 1997), while the
highest value is the typical maximum radius where the limit-
ing magnitude of both edge-on and face-on images is reached:
Wim = 25 mag arcsec™. At higher radial distances the flare
would not have any significant effect on our profiles. Finally,
once a set of parameters describing a realistic galaxy model is

! HyperLeda database available at: http://leda.univ-1yonl. fr/
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created, we check that the chosen values of M s gise and Mips pulge
provide a B/T ratio within the observed distribution of B/T val-
ues for the stellar mass and morphological type of the galaxy.
We created a non-flared analogue of each flared model in order
to compare their edge-on profiles. The 3D models of luminosity
distribution in the /-band have a spatial resolution of 1 arcsec,
with a total size of 301 arcsec in each direction. The adopted
resolution is similar to the typical FWHM achieved with ground-
based seeing-limited observations. We assumed a distance of
100 Mpc to the simulated object, which is the upper limit of the
distance distribution of the galaxies in Graham (2001). Owing to
the increase in the thickness of the disc in the flared models, the
simulations might suffer from flux loss because of the limited
box size. To prevent this, we automatically removed any models
with differences greater than 1% in total flux between the flared
and non-flared models. We created face-on and edge-on density
images by integrating along the line of sight. The images are then
convolved with a Gaussian kernel of o = 1 arcsec. The surface
brightness profile for each galaxy model has been derived for
edge-on and face-on views, by locating a 1 arcsec wide single
slit along the major axis in the first case and with the ellipse
task in IRAF in the second. We included Poissonian noise across
the whole profile. We assumed Planck cosmology when required
Qm = 031,95, = 0.69, Hy = 67.8 kms™! Mpc‘l; Planck
Collaboration XIII 2015).

We took the model of the MW presented in Ldpez-
Corredoira & Molgd (2014) as reference. These authors fit-
ted SDSS-SEGUE MW data to a flared thin+thick disc model,
obtaining compatible and deeper results than previous studies
(Lopez-Corredoira et al. 2002). They provide the 3D distribu-
tion, A, distribution, as well as the fitted parameters for the thin
and thick discs and both flares. We built up this model following
the described procedure. For this model, we also created a non-
flared analogue MW model by assuming the scale height at the
sun’s radius to be constant for the whole disc.

3. Results and discussion

In Fig. 2 we present one example of the realistic flared and non-
flared models that we have created. The top and middle pan-
els represent the simulated images for the flared and non-flared
model of a galaxy with a stellar mass of 10' M, and type Sd—
Sdm, for edge-on and face-on views. The lower panels show the
surface brightness profiles for the two models and for both in-
clinations (see the caption for details). The main result is that
there is no significant difference between the flared and non-
flared models in face-on orientation, either in the images or in
the surface brightness profiles. On the contrary, when we com-
pare the models in edge-on orientation, we clearly detect a break
in the surface brightness profile of the flared model that does
not appear in the non-flared analogue. We have found detectable
breaks in the edge-on profiles of ~42% of all our models in-
cluding a flare, with a mean strength2 of § = —0.15, and 98%
of them with —0.21 < § < —0.11. We obtain higher detection
rates in brighter discs (i.e. higher masses), and in those mod-
els with values for Vgh, greater than ~0.05. This is expected
if a fixed limiting magnitude and spatial resolution is assumed.
This means that realistic flares can frequently produce noticeable
Type-1II breaks in highly inclined galaxies, contrary to previous
claims.

2 The strength of a disc break is defined as S = log,, (o/h;), with h;
and A, the scale lengths of the inner and outer discs.
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Fig. 2. Top panels: edge-on I-band images for the flared and non-flared
models. Intermediate panels: the same for the face-on discs. Bottom
panels: surface brightness profiles in the major axis of the galaxy for
edge-on (left) and the face-on (right) views of the two models (red: non-
flared model, blue: flared model). Blue vertical solid line: flare radius
Rpae- Black dot-dashed line: bulge component. Solid blue and red lines:
linear fits performed to the inner regions of the disc for the flared and
non-flared models. Dashed blue and red lines: the same for the outer
regions of the disc. Black dotted lines: bulge r. and yvalues. Horizontal
dashed black line: limiting magnitude p;,, = 25 mag arcsec2. Vertical
dashed magenta line: inner limit for the inner profile. We note that the
disc profile in the flared case exhibits a clear Type-II break in the edge-
on view, whereas the non-flared model keeps the exponential profile that
both models exhibit in the face-on view. See the legend for details.

Concerning the MW reference model, we find a significant
drop in its surface brightness profile at 8.58*03 kpc in the edge-
on profile in the flared model, which is not observed either in
the face-on profile or in the edge-on profile of its non-flared ana-
logue. We obtained a break strength § = —0.22 for the break of
the MW flared model. Therefore, we conclude that a flare such
as the one reported for the MW in many studies, would produce

a Type-II profile if the MW were observed edge-on.

In Fig. 3 we represent the ratio between the break radius and
the scale length of the inner disc (Rpwir/#i) vs. the break strength
(S). The flared models reproduce the observations by Laine et al.
(2014) in the lower break strength part of the real distribution
(-0.25 < S < —0.1). We note that our 3D models are dust-free
by construction. We can compare them because the authors use
data in the K and 3.6 microns bands; these data are negligibly
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Fig. 3. Break radius normalized by the inner disc scale length vs. the
break strength S. Our simulations are plotted with colour-coded circles
according to Vgh,. The edge-on MW model is overplotted with a green
diamond. The asterisks represent the Type-II breaks observed by Laine
et al. (2014) from the S*G survey. See the legend in the figure.
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Fig. 4. Histograms comparing the distribution of Type-II profiles from
the present study and Martin-Navarro et al. (2012), as a function of the
ratio between the inner and the outer scale length h;/h, (upper panel)
and of the break radius normalized by the outer scale length Ryui/ho
(lower panel). The vertical green lines mark the values for the MW ref-
erence model. See the legend in the figure.

affected by dust extinction. We find a significant correlation be-
tween S and Vgh, (Ospearman = —0.32, p-value < 107°), which is
not found between S and the morphological type (see Fig. A.1).

In Fig. 4, we compare characteristics of the Type-II profiles
from the observational sample by Martin-Navarro et al. (2012)
with those of our flared models. These authors identify two types
of Type-II profiles: the breaks, which appear as down-bending
transitions, and the truncations, much steeper and located much

L7, page 4 of 5

further out. In order to reproduce the latter type, often classified
as sharp truncations, we would require significantly greater val-
ues of Vgh, than those reported in galaxies by current observa-
tional studies, including the MW. This contrasts with the breaks,
whose distribution can be partially reproduced by flared discs, as
demonstrated by our models.

We have also studied the surface brightness profiles as a
function of the distance from the galactic plane in the flared
models that exhibit breaks in their edge-on profiles. We find
an increase in the values of A; and A, with z equal to factor of

115702 for the inner disc and 2.19*}2) for the outer disc up to

a maximum height of z/h, < 5, such that &, becomes closer to
hi. This agrees with the results of Pohlen et al. (2007), where
the authors found a significant weakening of the breaks with in-
creasing distance from the plane for both inner and outer profiles,
with factors of 1.1-1.4 and 1.4-2.4, respectively. So we can con-
clude that the Type-II discs produced by flares in our simulations
can reproduce the global properties of real edge-on Type-II discs
with low to intermediate break strengths.

4. Conclusions

The present realistic 3D models of flared disc galaxies demon-
strate that, contrary to previous claims, flares can produce Type-
IT profiles in galaxies when viewed edge-on, especially for
breaks with intermediate to low strength (-0.25 < § < —0.05).
We also find a significant weakening of the breaks with the dis-
tance from the plane, which agrees with observations. We do not
find any correlation between the existence of a significant bulge
component and the presence of a Type-II break.
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Fig. A.1. Break radius normalized by the inner disc scale length vs.
the break strength S. Our simulations are plotted with coloured circles,
colour-coded according to the morphological type of the object simu-
lated object. The edge-on MW model is overplotted with a green di-
amond. The asterisks represent the Type-II breaks observed by Laine
et al. (2014) from the S*G survey. See the legend in the figure.
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