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Abstract

Radial brightness profiles of disk galaxies often exhibit so-called breaks—locations where
their exponential-scale length abruptly changes. Some galaxies have downbending (Type II)
breaks, where their brightness decays faster in outer regions, while other have upbending
(Type III) breaks, resulting in more extended outer disks or envelopes. Disk radial profiles
without any breaks (Type I) appear to constitute a minority. The exact fractions of different
break types depend on many galactic parameters—such as Hubble type, stellar mass,
spatial environment, and bar presence—and vary significantly across different studies.
Another source of discrepancy is the orientation of galaxies: projection effects may play an
important role in break detectability. In this work, we utilize DESI Legacy DR10 imaging to
perform photometric decomposition of a sample of 375 edge-on galaxies and investigate
their radial breaks. We find that the vast majority (=90%) of disks in our sample have
Type 1I breaks, which is a considerably higher fraction than in many previous works
(~50%). We carefully tested our results to check if observed breaks can be a result of
flaring or two-disk composition. We showed that a high fraction of Type II breaks can be
attributed to projection effects, which enhance the observed surface brightness of breaks in
edge-on galaxies.

Keywords: galaxies: photometry; galaxies: structure

1. Introduction

In the local Universe, about three quarters of bright galaxies have a disk morphol-
ogy [1,2]. Their general structure can be reasonably well described by two distinct stellar
components: a central concentration of stars (bulge) and a rotationally supported flat stellar
disk (the latter often hosts other sub-components such as bars and spiral arms). To measure
the properties of these components, the method of photometric decomposition is often
used (see, for example, [3,4]). The goal of this method is to describe galactic components
through analytical functions and to analyze the best-fitting parameters in order to infer
the components’ properties. To describe the spatial light distribution of a bulge, the usual
choice is a single Sérsic function [5]. Disks, on the other hand, often exhibit more complex
behavior. In the pioneering works [6,7], the exponential law was shown to be a good
approximation to the radial brightness distribution in a disk component. Even though a
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simple exponential law is still often used in modern studies on this topic as a default option
to describe disks, it was shown in [8-11] and many later works that a considerable fraction
of disks cannot be fitted properly with this simple function.

The most common feature in the disk radial brightness distribution is the so-called
break: a region where the radial exponential-scale length changes abruptly. If the profile
becomes steeper beyond the break radius (i.e., if the exponential-scale length decreases),
the galaxy is said to have a Type Il profile, also known as a downbending or truncated
profile. In the opposite case, the galaxy has a Type III profile (upbending or antitruncated).
If no breaks appear, the galaxy has a Type I profile (pure exponential).

Substantial effort has been made to explain the mechanisms of break formation. If a
galaxy forms from the collapse of a uniform rotating gas sphere, the resulting disk will
have a roughly exponential radial density distribution with a truncation located at about
4.5 exponential scales from its center [12]. Despite its idealized assumptions, the model
demonstrates that Type II radial disk breaks can emerge naturally during secular disk
evolution. A downside of this model is that the present-day angular momentum dis-
tribution in galactic disks may have little in common with that of a protogalactic disk.
Non-axisymmetric features such as spiral arms [13,14] and bars [15-17] can effectively
redistribute angular momentum in disks, especially at radii close to corotation or Lindblad
resonances. This redistribution should smear out various radial features in disks, such as
radial gradients of ages or metallicities, including peculiarities of the radial brightness pro-
file. On the other hand, stars near the outer Lindblad resonance (OLR) of a bar effectively
exchange angular momentum with it and migrate to larger, nearly round orbits forming
rings with radii 2-3 times larger than the bar size [18]. Those rings emerge as a bumpy
feature in the azimuthally averaged radial profiles of disks and may appear as a Type II
break on a profile (such breaks are dubbed Type II-OLR in [10]).

Another explanation for Type II break formation is that they may be related to an
abrupt drop in a star-formation rate beyond the break radius. Such breaks are sometimes
called a truncation. Both theoretical [19] and empirical [20] considerations lead to the
result that beyond some critical radius, the star-formation rate should decrease rapidly
when the gas stability criterion Q¢(R) exceeds unity or the gas surface density X, (R) falls
below the critical value. This model is supported by both simulations and observations
of real galaxies. For example, Ref. [14] carried out a simulation of a star-forming disk
evolution. In this simulation, a Type II break appears almost immediately due to a sharp
drop in star-formation at the radius, where the gas has not yet cooled enough to effectively
form stars. Most of the stars beyond the break were formed in the inner regions and were
stirred outward beyond the break by interaction with spiral arms. This process should
lead to a U-shaped profile of stellar ages and colors in disks, with a minimum located
near the break radius. Indeed, such color profiles are observed in many galaxies [21-23].
It was also noted that the occurrence of Type II breaks is related to the star-formation
rate: break frequency increases toward later Hubble types [10,24-28], whereas galaxies
with suppressed star-formation (for example, due to the ram pressure stripping or other
effects in dense environments) tend to have a reduced fraction of breaks [29-35]. Modern
cosmological simulations allow one to track the evolution of radial profiles of stellar and
gas surface density along with the star-formation rate on cosmological timescales. In [36]
a sample of model galaxies from the Illustris TNG-50 simulation [37] was investigated to
determine how Type II breaks form in them. It was shown that the peak of the specific
star-formation rate appears near the present-day break radius at z ~ 0.5, which leads to an
enhanced star assembly compared to both inner and outer regions, effectively producing a
break. The same process also reproduces the U-shaped radial curve of stellar ages with the
local minimum near the break radius.
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There appears to be even less agreement on the explanation of Type III (upbending)
breaks. In [24,38] it was noted that Type III breaks can be divided into two subclasses:
Type IlI-s and Type III-d. The distinctive feature of the first subclass is that isophotes
become rounder beyond the break radius, which could mean that the excess of light beyond
the break is not related to the disk itself, but rather to some spherical component such as a
stellar halo [39] or even the extended wings of a bright bulge [40]. In the case of Type IlI-d,
the isophotes beyond the break radius have the same shape, which may indicate that this
feature is associated with the disk. The behavior of the outer isophotes, on the other hand,
is not an unambiguous classification parameter, since for face-on galaxies the isophotes of
both disk and spherical components would have the same shape.

The observed frequency of Type Il breaks varies significantly among studies:
1273% [30], 25% [29], 42% [28], 48% [10], 50 + 4% [25], 66% [24], 82 & 16% [41]. This
discrepancy can be caused by various factors: different photometric depths of used imag-
ing, different photometric bands used, differences in sample distribution by Hubble type,
spatial environment, stellar mass, bar presence, etc. Another reason is the orientation of
galaxies: some samples mainly consist of galaxies oriented close to a face-on orientation,
while others contain only edge-on galaxies. Galaxy orientation may greatly impact the
detectability of breaks due to projection effects and different line-of-sight integration paths
leading to different surface brightness values around break points.

In this work, we investigate a sample of 375 edge-on galaxies in order to determine
the occurrence rate of Type II breaks, and we compare these results with previous measure-
ments made for face-on or mildly inclined galaxies by other authors. This will allow us
to make a bridge between two distinct samples of galaxies: face-ons and edge-ons. As a
source of images we use the DESI Legacy DR10 survey (g, r, and i bands) [42], which is
about 1-2 magnitudes deeper than the SDSS [43] survey often used in previous works on
this topic. This article is organized as follows. In Section 2, we discuss the implications of
projection effects for the observation of breaks in disks viewed at different angles, including
face-on and edge-on orientations. In Section 3, we describe our sample of galaxies. In
Section 4, we briefly describe our approach to the decomposition. Our results are presented
in Section 5, while our main conclusions are summarized in Section 6.

2. Breaks in Face-On and Edge-On Disks

In this section we consider how breaks appear when projected onto the sky plane when
a disk is viewed in different orientations, especially in edge-on and face-on orientations as
special cases. A simple transparent Type I disk with an exponential profile in both the radial
and vertical directions has the following luminosity density as a function of cylindrical
coordinates R (distance to the disk center) and z (height above or below the disk plane):

2|

p(R,z) = po eXP(—,Ii) eXp(—hZ>- (1)

When viewed face-on, the line-of-sight integration is along the z-axis and reduces the
second exponential, so that the observed surface brightness distribution projected onto the
sky plane becomes

R
Zface(R) = 2thO exp <_h> :
;

In the edge-on orientation, the line-of-sight integration is parallel to the disk plane
and leads to an Abel transform of a radial part of the density distribution:

Sl R) =2 [ wep (=5, ) e =200k ().
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Zedge (R) = {

where K is a Bessel function of the second kind [44].
If there is a sharp break in the radial law of the volume brightness density, the equation
for p(R, z) becomes:

(R,z) o op(—f o) R<R 2)
PR, z) =
00,2 - €Xp —}% exp —% , R>Ry,
where py ; is the central volume density of an inner disk, and pp» = exp (Rh (% - %) ) is
a central volume density of an outer disk, computed under the assumption that there is no
discontinuity at the break radius. The shape of a broken disk is governed, therefore, by two
radial scales, an inner one /7 and an outer one hy. The break strength can be expressed

either by a linear coefficient between inner and outer radial scales (h; = ah;) or on a
logarithmic scale by defining strength as

s = log, (Zi) 3)

(see, e.g., [40,45]). Negative values correspond to Type Il breaks and positive values to
Type IIl breaks, and the larger the absolute value, the more pronounced the break is.

Again, when viewed face-on, the line-of-sight integration along the vertical direction
of the disk yields a projected surface brightness distribution with an exponential decay in
the radial direction and a sharp break:

£ (R) 2hz 00,1 exp *% , R<Ry @
f p—
e 2h;p0,2 exp —% , R>R,.

The picture becomes more complicated when a disk is viewed edge-on. In this case,
the line-of-sight integration along the disk midplane inside the break radius mixes light
from the inner and outer disks. Figure 1 schematically illustrates this effect. This figure
shows a view of a disk that has a break at the break radius R, and three lines of sight:
the one that lies inside the break radius (LOS;), the one that passes exactly through the
break radius (LOS;), and the one that lies outside the break radius (LOS3). Thus, LOS;
integrates fluxes from both the inner and outer disks, whereas LOS, and all outer lines of
sight, including LOSg, integrate only through the outer disk.

Analytically this can be expressed in the following form:

R o
2 Jr" porexp(—i7) =g 4x +2 Jg, po2exp(—73) =z %, R <Ry

o )
2 [ PO,ZEXP(—%)ﬁdx, R > Ry.

Two integrals (for the inner and outer disks) contribute in the region R < R;, while
only the outer disk contributes in the region R > R;,. Unfortunately, the integrals in (5)
cannot be solved analytically and for R < Rj they cannot be reduced to well-documented
Bessel functions. Nevertheless, some important conclusions can be drawn regarding the
appearance of breaks in face-on vs. edge-on orientations.
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LOS, LOS, LOS,

Figure 1. A schematic face-on view of a galaxy, with three parallel lines of sight piercing it at three
distinct points: LOS; lies inside the break radius, LOS, passes exactly through the break radius,
and LOS; lies outside of the break radius. It is easy to see that the surface brightness at the locations
of LOS; and LOS;3 is governed only by the outer disk density distribution.

First, in the edge-on orientation the break appears smoother and its observed location
shifts towards the galactic center. This happens because inside the true break radius (LOS;
in Figure 1), a weighted average of the inner and outer disks is observed, so the effective
observed exponential scale lies somewhere between the scale lengths of the inner and outer
disks. As R increases, the weight of the inner disk decreases, and the outer disk starts to
dominate the total observed flux. At R = R, and farther from the galactic center (LOS, and
LOS;z in Figure 1), only the outer disks contributes to the observed surface brightness. This
means that the observed transition from the inner to the outer disk in the radial surface
brightness distribution should start before R; and finish at R;. To illustrate this effect,
the radial surface brightness distributions for the same disk with /1, = 0.25h; and R, = 4h;
are plotted in Figure 2 for the face-on and edge-on orientations. It is seen that the transition
between the inner and outer disks in the edge-on orientation appears smoother and occurs
somewhat inside the true value of R;. This implies that simple linear piecewise fits to two
disks should lead to underestimation of the R; value (along with the overestimation of
radial-scale lengths, as noted in [46,47]).
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Figure 2. Radial surface brightness for an edge-on and a face-on disk with the same parameters
(surface brightness of a model scaled such that for a face-on disk, y(0) = 21.7 mag/sq.arcsec).

The second point is that, due to projection effects, disks in edge-on orientation should
have higher values of surface brightness at the same galactocentric distances than the same
disks viewed face-on (at least if one considers the disks to be transparent). The difference is
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larger for thinner galaxies because for them the face-on line-of-sight integration results in
lower values. By plugging R, into (4) and (5) and taking the ratio, one can find how much
the surface brightness at the break point is higher in the edge-on orientation than when the
same disk is viewed face-on:

Z'edge (Rb) Ry ( Ry > ( Ry )
——— = —Kj| — | ex -— . 6
z“face(Rb) Z ! hy P hy ©

For example, for a disk with parameters h, = 0.25h1, Ry = 4hy, and h, = 0.2h;, which
are common for disk galaxies, this equation gives the ratio Zeqge(Rp)/Zface (Ry) = 6.4,
which corresponds to a difference of about two magnitudes. This amplification of the
surface brightness of the break point in the edge-on orientation relative to the face-on
orientation depends on the shape of the outer disk. All else being equal, a more extended
outer disk gives higher observed surface brightness at the break point when viewed edge-
on (see Appendix B for more details). This should lead to a systematic shift: in edge-on
disks, stronger downbending breaks (lower h; values) should appear, on average, at lower
surface brightnesses, whereas stronger upbending breaks (higher /i, values) should appear
at higher surface brightnesses.

This result cannot be generalized analytically for arbitrary inclinations, but a numerical
estimation is possible. Figure 3 shows how the observed surface brightness at the break
point depends on inclination for disks with three different ratios of radial to vertical scale
(the remaining parameters are the same as in the example above). As expected from
Equation (6), thinner disks exhibit a larger ratio of edge-on to face-on surface brightness at
the break point (the rightmost points of the curves), and it is clear from the plot that this is
true for all inclinations. It is also important to note that the curves are non-linear, and the
greatest increase occurs near the high-inclination end.

— hy/h, =3 /
hi/h, =5 /
/\2- —-= hy/h, =10 ,/
S
3
< 4]
0_

0 20 40 60 80
inclination [deg]

Figure 3. The difference in surface brightness at the break point between an inclined disk and
the same disk in the face-on orientation. Different lines correspond disks with different intrinsic
thicknesses (see legend).

In the conclusion of this section we would like to note that the approach described
above, along with the decomposition method (Section 4), treats a galaxy only within the
framework of the observed brightness distribution. But the underlying physical quantity is
the volume mass density of stars (or the surface mass density when the galaxy is projected
on the sky plane). The direct measurement of the volume mass density from the observed
projection of a light distribution is not an easy task for several reasons. First, an inverse Abel
transform or other deprojection approach would be necessary to solve this problem [48].
Decomposition using 3D brightness distribution functions as performed in this work can
also give information about the intrinsic volume density distribution, but the result becomes
model- dependent. In any case, in the second stage, a deprojected 3D brightness distribution
should be converted into a mass distribution using a mass-to-light rule (like [49,50]), which
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becomes an additional source of uncertainty, especially if the conversion is performed using
optical magnitudes. Still, if performed carefully, this would provide interesting insights
about disks, since it has already been proven that their brightness and mass distributions
do not necessarily coincide [21,28,39]. But this kind of analysis goes beyond the scope of
this article.

3. The Sample

The main task of this study—the detection of disk breaks in edge-on galaxies—requires
a statistically significant sample of galaxy images. Since breaks are usually observed in
the outer regions of disks, where the surface brightness is relatively low (and beyond
the Type II break a disk fades out even faster), we decided to use the DESI Legacy Sur-
vey (https://www.legacysurvey.org/ (accessed on 29 June 2026)) [42] as our source of
images. By computing statistics in randomly selected 10 x 10 arc-second boxes in the
object-free areas of random fields, we estimate the 3¢ limiting depth in the g-band to be
28.98 £ 0.41 mag per sq. arcsec (specified uncertainty is a three-sigma standard deviation
of the limiting depth computed over a sample of random fields).

We build our sample using a combination of the EGIPS [51] and RFGC [52] catalogs of
galaxies viewed close to edge-on. The EGIPS catalog was created using an artificial neural
network classifier applied to the Pan-STARRS1 survey [53]. We extended this catalog with
the RFGC galaxies to cover the southern part of the sky, since the Pan-STARRS1 survey
only contains regions of the sky north of 6 = —30°. To refine this combined catalog and
obtain a smaller sample of galaxies viewed very close to edge-on orientation, we performed
a visual examination of the images (The EGIPS database contains information about neural
network scores that could in principle be used as a starting point to exclude galaxies that
deviate from edge-on orientation, but the RFGC catalog does not have such a parameter,
so for consistency we decided to opt for visual inspection of both parent samples). We
downloaded RGB images of all EGIPS galaxies from the DESI Legacy footprint, and each
galaxy was inspected by five randomly selected participants from the author list. The deci-
sion was made based on the symmetry of the bulge appearance (in an edge-on flat galaxy
the bulge should be divided into two equal parts by the disk plane), the dust lane shape
(should appear as a straight line and divide the stellar disk into equal parts), and the overall
appearance of outer isophotes (slightly inclined galaxies demonstrate rounder isophotes
in their outer regions). If a galaxy received at least four positive votes out of five, we
considered it a genuine edge-on galaxy and included it in our sample. This selection left us
with 375 galaxies (301 from EGIPS and 74 from RFGC). According to the EGIPS database,
the median r-band axis ratio of our sample galaxies that are included in EGIPS is 0.168,
which is somewhat lower than the median axis ratio of the full EGIPS sample, which is 0.210.
The lower value of the axis ratio is a result of stricter selection of galaxies regarding their
proximity to edge-on orientation. We have not performed any inclination measurements
of our galaxies since it is not an easy task for galaxies that are almost edge-on: a usual
approach that relies on comparing some average intrinsic axis ratio to an observed one fails
when the inclination is close to 90 degrees. We compared the apparent shifts in dust lanes
of our galaxies to those of edge-on galaxies that have inclination estimates from radiative
transfer decomposition (for example, [54,55]) and concluded that for most of our galaxies
the deviation from true edge-on orientation is within ~1 degree.

We downloaded FITS images of all sample galaxies in the g-, r-, and i-bands along with
corresponding inverse variance maps via the DESI Legacy cutout service (https://www.
legacysurvey.org/viewer/cutout.fits (accessed on 29 June 2026)). We also downloaded
the appropriate PSF kernels from the survey web server to build PSF images following
the survey guidelines (https:/ /www.legacysurvey.org/dr10/psf/ (accessed on 29 June
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2026)). To exclude background and foreground objects and image artifacts from further
analysis, we created mask images using object catalogs generated by the SEXTRACTOR
package [56]. For every passband we ran SEXTRACTOR, loaded its output object catalog as
a set of ellipses, excluded the central object (the target galaxy) and multiplied the sizes of
all ellipses by 1.5 to properly cover even the outer low-surface-brightness extended wings
of bright objects that can be missed by SEXTRACTOR. We displayed the ellipses overlaid on
the galaxy image for a visual inspection and possible modifications using the SAOImage
DS9 package [57]. After that we made a binary mask that excludes all pixels inside the
ellipses. As the final mask we used the union of all masks created for all photometric bands.

As the final step of the data preparation, we created dust masks to exclude regions of
disks heavily contaminated by the dust lane. Dust can greatly affect the observed param-
eters of galaxies [58-60], especially for edge-on galaxies [61]. Excluding dust-attenuated
regions from the analysis is a possible way to reduce the influence of dust (see, for exam-
ple, [61,62]). In this work, we decided to manually make masks using the SAOImage DS9
package to exclude dust-contaminated regions in the images.

4. The Decomposition

To obtain information about disk breaks in our sample galaxies, we used the algorithm
of photometric decomposition. The goal of this approach is to construct a model of a
galaxy image using a set of analytical functions, such that each function corresponds to a
galactic component. The values of the galactic parameters are inferred from the best-fitting
parameters of the model. To do this, we used the IMFIT package [4]. This package takes as
inputs a galaxy image, a weight map, a masked pixel map, a PSF image, and a configuration
file describing a model and the initial parameters, and performs a search for best-fitting
values to these parameters.

For our models we adopted the following functions. To describe a central light con-
centration, we used a Sérsic function [5]. The nature of this central light concentration is
somewhat uncertain since it may include multiple different components such as classical
bulge, pseudo-bulge, bar, nuclear disk, X-structure, etc., and it is often difficult to separate
them based solely on photometry. Instead, they are often fitted as a single combined
component, sometimes called a “‘photometric bulge’ [63]. Probably the most prominent ad-
ditional component (besides the bulge/pseudo-bulge itself) is an X-structure. Even though
it is possible to include it as a separate component [64,65], this would add a considerable
number of additional free parameters to the model. In this work we concentrate on the
disk shape, and hence, we fit the central concentration only to reduce its impact on the disk
component. In the Results section we will mark galaxies where we detect the presence of
an X-structure, and where the obtained bulge parameters suffer from this.

For a disk itself, we used two different functions. The first is the function that is
described by the Equation (1), used to model disks without noticeable breaks. The second
is a function (2) used to model broken disks. Both three-dimensional disk functions are
included in the list of standard functions of the IMFIT package, and during the decomposi-
tion process they are projected on a picture plane via numerical line-of-sight integration.
To decide which of the two disk models to apply to a particular galaxy image, we used the
following approach: We started with decomposition using a simple unbroken disk and then
inspected visually two-dimensional residual maps (data minus model) and photometric
cuts of the data and model made along the galaxy’s major axis. If a disk contains a break,
its presence is clearly visible during these inspections, and approximate break parameters
(break radius and break type) can also be estimated alongside it. We then replaced the
simple disk function with a broken disk in the configuration file, taking its radial and
vertical scales as initial conditions for a new model. This approach not only allows us to
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robustly detect disk breaks, but also to build a complex model with a broken disk using a
simpler one as an intermediate step. The procedure described above was applied to the
r-band first, and then these results were used as initial conditions for the other bands.

Figure 4 demonstrates the results of the decomposition for three galaxies: PGC 90713,
PGC 16144, and PGC 49296. The figure shows horizontal slices taken along major axes:
blue—the observed brightness distribution, green—the Sérsic function (bulge), red—the
BrokenExponentialDisk3D function (disk), and orange—the total model. To exclude dust-
contaminated regions (which were masked out), the figure shows the average of two slices
taken above and below the dust lane. Figure 5 shows the decomposition results for the
same three galaxies in the form of 2D image maps. The left panels for each galaxy show
the original images in the r-band, with yellow regions indicating parts of the background
that the objects mask, red regions representing the manual dust mask, and the white line
indicating a scale of 30 arc seconds.The middle panels show the model images, while the
right panels show residual “image—model” maps with the dust mask overlaid.

PGC 90713 PGC 16144 PGC 49296

22

9
P

1t [mag/sq.arcsec]

1t [mag/sq.arcsec]
1t [mag/sq.arcsec]
I

—— Image

—— Model

—— Sersic

—— BrokenExponentialDisk3D
L X

Image
Model
Sersic
BrokenExponentialDisk3D

x

—— Image
—— Model
—— Sersic

BrokenExponentialDisk3D

T T T T T T T 27 T T T T
—40 —20 0 20 40 —50 0 50 —40 —20 0 20 40
radius [arcsec] radius [arcsec] radius [arcsec]

Figure 4. Decomposition results for three galaxies: PGC 90713, PGC 16144, and PGC 49296. Each
panel shows photometric slices taken along the galaxy’s major axis. Break locations are shown by
x-marks. Numbers in top right indicate the break strength (see Equation (3)). To reduce the noise,
for each slice we compute the arithmetic mean of surface brightness inside a strip with a width
of 1.6 arc seconds (roughly the PSF size). To exclude the dust-attenuated regions, we take two
parallel slices above and below the dust lane and compute their average. The blue line shows the
observed brightness distribution, orange represents a full model, while green and red show bulge and
disk models respectively. The shaded region shows the standard deviation of the observed surface

brightness inside a 1.6 arc-second strip.

Figure 5. Decomposition results for the same three galaxies as in Figure 4, but shown as 2D image
maps. Left column: original images in the r-band, with yellow regions indicating the background
objects mask; red regions—the manual dust mask. The white line in the bottom left marks a scale of
30”. Middle panels: model image. Right panels: “image—model”, with the dust mask overlaid.

5. Results

Figure 6 shows the distributions of the galaxies in our sample according to several
parameters inferred from the decomposition. The left panel shows the distribution of
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absolute magnitudes in the r-band, which were computed from the integrated magnitudes
of bulge and disk models, and luminosity distances to galaxies according to the NED (https:
//ned.ipac.caltech.edu/ (accessed on 29 June 2026)) (Galactic extinction was corrected
following [66]). Since only 310 galaxies in our sample have distance measurements in
the NED, absolute magnitudes and stellar masses are computed only for this subsample,
and the provided distributions may not reflect the true distribution of a whole sample.
The middle panel shows the distribution of our sample galaxies according to the radius
of the 27th-magnitude isophote in the r-band. This parameter was computed from the
disk models obtained during the decomposition (we neglected the bulges, since surface
brightness in the outer regions is dominated by the disks). The right panel shows the
distribution of galaxies by stellar mass computed from absolute magnitudes in the g- and
r-bands using the calibration from [50]. It can be seen from this panel that the galaxies
in our sample have stellar masses from ~10%° to ~10''> M, with a peak at 10'%°M;
thus they cover a entire mass range characteristic of disk galaxies, and other works on
disk breaks often cover a similar mass rage: 10°-10" M., in [28], 10°-10"° M, in [27],
M, > 10%2 in [29]. We note that our mass estimates were obtained using magnitudes from
the decomposition, in which we at least partially reduced the impact of dust attenuation
by applying dust masks. Dust attenuation is most significant for edge-on galaxies, so our
optical fluxes (and hence, the derived stellar masses) should be higher than those obtained
from simple aperture photometry. Nevertheless, a small number of the most massive
galaxies in our sample (with stellar masses close to 10’2 M) could be outliers due to natural
scatter in the measurements and possible systematics in the flux-to-mass calibration.

100 q N=375

804
80 4

60 4
60 4

104 404

20 4

-18 2 22 2 50 100 150 200 9 10 11 12
Ryr [arcsec] log(M. /M)

Figure 6. Distribution of sample galaxies by absolute magnitude in the r-band (left), radius of
27th-magnitude isophote in the r-band (middle), and stellar mass (right). Numbers of galaxies for
which the corresponding parameter was obtained are shown in the top right corners.

5.1. Fraction of Breaks and Comparison to Previous Works

Out of the total of 375 galaxies in our sample, 33 galaxies (8.81“%:2%) show no radial
breaks (Type I), 341 galaxies (90.92:‘;%) exhibit downbending (Type II breaks), and only
one galaxy (O.3f8é%) has an upbending (Type III) break (the uncertainties are 1o Wil-
son intervals that were computed using PROPORTION_CONFINT function of STATSMOD-
ELS.STATS.PROPORTION Python 3.13.14 package). Figure 7 shows the distributions of the
breaks detected in our sample: left panel—break radii normalized by the disk’s 27th magni-
tude isophote, and right panel—surface brightness at the break point (both in the r-band).

The fraction of galaxies with breaks in our sample is considerably higher than in many
previous studies, where most estimates find that roughly half of the galaxies host Type II
breaks [10,25,28], with some reporting up to 82% [41]. In the following subsections we
discuss possible reasons for this discrepancy: impact of the photometric depth, possible
disk flaring and an interplay between two disks (thin and thick) with different radial scales.
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Figure 7. (Left): Distribution of the sample break radii normalized by the disk’s 27-th magnitude
isophote in the r-band. (Right): Distribution of breaks by the surface brightnesses at the break point
in the 7-band. Error bars show Poisson v/N uncertainty.

5.1.1. Impact of Photometric Depth and Disk Orientation

The DESI Legacy DR10 survey used in this work provides considerably deeper imag-
ing compared to many older wide-field surveys. For example, the Sloan Digital Sky Survey,
which is often used to investigate breaks in disk galaxies, is almost two magnitudes shal-
lower in the g-band: our estimate of its 3¢ depth made in 10 x 10 arc-second squares
is 27.17 £ 0.13 magnitudes per square arc second compared to 28.98 £ 0.41 for the DESI
Legacy DR10.

A second reason for the higher fraction of breaks detected in this work is that we
investigate a sample of edge-on galaxies. As discussed in Section 2, projection effects lead
to higher observed surface brightness in edge-on galaxies compared to face-on or mildly
inclined ones, and the discrepancy can amount to several magnitudes. This means that
more distant regions of galaxies can be probed, where outer breaks may exist. To check
this possibility, we recalculate the observed surface brightness at the break point that we
obtained (shown on the right panel of Figure 7) into a face-on orientation using Equation (6).
This equation can be applied to our galaxies since we also obtained vertical scales of their
disks during the decomposition, a quantity necessary for such a computation, which can be
obtained robustly only for edge-on galaxies. The resulting distribution is shown in Figure 8
(blue-filled histogram). One can see that the entire distribution has shifted considerably
toward lower surface brightness levels, so if the same galaxies were observed face-on,
some breaks would be located in faint outer regions, and would hence be difficult to
detect. For comparison, we also plot on the same figure the combined results from [10,24].
In these works face-on and mildly inclined galaxies were investigated—i.e., those for which
projection effects do not provide favorable conditions for detecting breaks in faint outer
regions. We note, however, that this comparison should be treated as only qualitative, since
the galaxies in the samples of [10,24] are not strictly face-on oriented, and recalculation of
their surface brightness would also be needed, but without the information on their vertical-
scale lengths, such correction cannot be performed. On the other hand, from Figure 3 it is
clear that this correction is relatively small for disk inclinations below 60 degrees, which
were analyzed in these works. Another point is that the samples considered in this work
and in [10,24] may differ in distribution based on the environment, Hubble type, stellar
mass, and other parameters, which are known to correlate with the fraction of disk breaks.
For example, galaxies with lower surface brightness are more likely to be detected if
observed edge-on. In any case, from this figure it can be seen that the number of breaks
detected in [10,24] drops rapidly for surface brightness levels below~25 magnitudes per
square arc second, whereas we detect a considerable number of breaks in these faint regions.
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Figure 8. Distribution of surface brightness at the break point obtained in this work and recomputed
to a face-on orientation (filled blue), compared with measurements from [10,24] (unfilled black).

Another interesting result from Figure 8 is that on the faint side of the plot the number
of breaks detected in [10,24] is, on the contrary, much higher than we detect. This can
also be explained as an outcome of projection effects. Breaks in regions of high surface
brightness are often related to the outer Lindblad resonances of bars (such breaks are
dubbed II.0-OLR in [10]), and the edge-on orientation disfavors their detections because
they are smeared out by the projection of the outer disk (see Figure 2) and are also likely to
be greatly affected by the dust.

5.1.2. Impact of Flaring

As mentioned in [45], disk flaring may lead to an apparent Type Il break in an edge-on
galaxy even if the same disk would appear to be Type I when viewed face-on. This happens
because the flaring reduces the flux in the disk plane by scattering some fraction of stars to
larger heights. In this section, we check if such an effect may affect our results. We start
with the equation of a flared (but not broken) disk:

p(R,z) = po e@(i) eXp(th'(Zl'{)) hil?lg)' @)

Here, h;(R) is a function that describes how the vertical scale depends on radius,

and h g is a vertical scale of the disk inside the flare onset radius. The last term is needed
to keep the total number of stars at a given radius: flaring makes the disk thicker, not more
massive (see corresponding equations in [45,67]). By combining this equation with the outer
part of a broken disk from Equation (2), we can find the analytical form of /., (R), ie., we
can find how strong a flare should be to produce the observed strength of a downbending
break. If we define break strength such that 1, = ah; (with 0 < a < 1 for a Type Il break)
and x = R — Ry, is the distance from the break position outwards, the solution for 1, (R)
would be

ha(x) = exp(l . “é)hz,o ®)

(see the full derivation of this equation in the Appendix A). And vice versa, if we have
flaring in the form of

x
hz(x) = exp (fh)hz,m
1
with f describing the flaring strength, then the observed break strength would be

1

=17 )

o
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There are several immediate consequences immediately of Equation (8). First of all,
to produce an exponential break in radial surface brightness as defined in Equation (2),
an exponential flaring is needed. Linear flaring, which is often reported in the litera-
ture (e.g., [68-71]), cannot produce an exponential radial break. The second point is that
the required flaring strength strongly depends on the break strength. The observations of
exponential flare strength for the galaxy, where such measurements are most extensive,
do not show values larger than f = 0.5...0.6 [72-75], so if we take a flare strength of
f = 0.6 as the most extreme case, we can use Equation (9) to find that the most extreme
break would be h; = 0.625h, or, in terms of logarithmic break strength (see Equation (3)),
s = log(0.625) = —0.2. This value is very close to the one obtained in a numerical experi-
ment by [45].

The final note we would like to discuss here is that the relation between the flare
strength and the apparent break strength is found for the worst-case scenario: one-
dimensional decomposition of a photometric slice taken along the galactic plane (as was
studied in [45]). In such a case, the light that left the disk plane due to flaring is completely
missed during decomposition. But it is not the case for the two-dimensional decomposition
performed in this work. When we perform two-dimensional decomposition, the IMFIT
package that takes the whole image as input still captures some fraction of the flared light
above and below the disk plane. In other words, the flared light is not missing completely
in the case of two-dimensional decomposition. This effect should lead to a lower measured
break strength than the one predicted by Equations (8) and (9). To check for this possibility,
we performed the following numerical experiment.

We added a function of a flared disk according to Equation (7) to the IMFIT package
following the package user guide. Then we created a set of model images of flaring
disks with flaring strength f in the range 0 to 0.6. After that we performed two types of
decomposition by a single broken disk: one-dimensional decomposition of a photometric
slice taken along the disk plane (as in [45]) and two-dimensional decomposition using IMFIT.
Then we checked how the measured break strength depends on the input flare strength.
The results of this experiment are shown in Figure 9, where the measured break strength is
plotted against the input flare strength. Here a solid line shows the analytical prediction
of Equation (9), asterisks show results of one-dimensional decomposition, and dots show
results of two-dimensional decomposition. As expected, the measured break strength
increases with the flaring strength. It is evident that numerical results of one-dimensional
decomposition align perfectly along the analytical prediction, which validates our findings.
We also note that in two-dimensional decomposition the measured break strength is lower
than in the one-dimensional case, as we expect, due to partial capturing of flared light by a
two-dimensional function.

The main result of this section is that even though stellar disk flaring can indeed
produce a Type II break appearance in an edge-on disk, the strength of this effect is
not high enough to explain the observed distribution of Type II breaks. Any reasonable
flaring strength cannot produce a downbending break stronger than s ~ —0.2 during
one-dimensional decomposition, and results in even weaker breaks (s < —0.15) for two-
dimensional decomposition. In fact, almost all breaks in galaxies of our sample are stronger
than this limit (see Section 5.3). Therefore we do not expect our galaxies to change their
break type due to flaring, and rule out flaring as a possible source of the high fraction of
Type II disk breaks in our sample.
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Figure 9. Results of the numerical experiment on the decomposition of a flaring disk by a broken
disk model, highlighting how the measured break strength depends on the true value of the flare
strength. Solid line: analytical prediction from Equation (9); asterisks: result of one-dimensional
decomposition; dots: results of two-dimensional decomposition.

5.1.3. Thin and Thick Disks

So far, we have carried out our analysis considering only a single disk. However,
a disk often consist of two components, thin and thick, with different scale heights [76].
If their radial brightness distributions are similar, then a single disk model with free-fitted
n may still describe the combination of both of them reasonably well. More importantly for
our study;, in this case we would correctly obtain the properties of disk break.

However, the thick and thin disks may have different radial scales. For example,
if the thick disk (whose central brightness is fainter) has a larger radial scale than the
thin component, at the periphery it may overtake the thin disk in brightness, creating the
appearance of a Type Il radial break [76]. Similarly, the vertical disk profile at larger radii
becomes thick-disk-dominated, yielding a higher vertical height and causing apparent
flaring. Thus, fitting these two disks with a one-disk model may potentially bias the results
regarding break detection.

To examine cases like the one described above, we fit two disks—a thin and a thick
one—to the image. Examining images, models, and 2D residual maps, we select nine
galaxies that likely have the most prominent thick disks and 10 other random galaxies,
and fit them with a model containing a bulge and two disks without breaks. Note that our
aim is not to obtain a perfect two-disk model (hence, we do not add breaks) but rather to
ensure that our conclusion regarding break statistics is correct.

We compare this two-disk model with the original model, with an example shown
in Figure 10. It turns out that, both for the subsample of galaxies with an apparently
prominent thick disk and for those without it, the two-disk model almost always has worse
fit quality: the two-disk model usually fails to reproduce the appearance of Type II profiles
(which are observed in 16 out of 19 galaxies across the two subsamples). In these 16 galaxies,
only one has its fit quality improved when two disks are used (and it is a galaxy with a
prominent thick disk). The median x? for the 9 galaxies with an apparent thick disk is 1.88
for the original models and 2.31 for the two-disk models, and for the control sample of
10 galaxies these values are 0.97 and 1.16, respectively.
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Figure 10. A comparison between our original model containing a single disk with a break
(left column) and a model with two disks, one thick and one thin (right column). From top to
bottom: image, model, and residual image. Disk parameters are listed at the corresponding model
images.

Again, this analysis does not imply that galaxies in our sample lack thick disk com-
ponents, but rather it shows that Type II profile appearance cannot be explained by the
combination of two disks without breaks. Indeed, if the thick disk has the same or a
smaller radial scale than the thin one and both have no breaks, the radial profile would be
Type I, defined only by the thin component. Otherwise, the Type III profile could appear as
described above. However, for a Type II profile to appear, the more prominent component
of the disk has to demonstrate a genuine downbending break. In other words, the observed
fraction of Type Il profiles is not exaggerated due to the single-disk approach, nor do we
miss Type III profiles with a given precision.

5.1.4. More Complex Disk Structures?

Above we investigated two possibilities that could lead to the erroneous attribution
of an edge-on galaxy to a broken type: flaring and two-disk composition. In this section
we describe another test to check if some complicated dependence of vertical brightness
distribution on radius could lead to the false appearance of a broken disk. The idea is to
project the vertical light distribution onto a disk plane and check if this projected light
distribution still gives the broken radial profile. To do so, we adopt the following approach:
First, we rotate an image of a galaxy such that it appears horizontal. Then, for each point
in the galaxy plane, we compute the total flux from all pixels above and below this point
(taking a stellar mask into account). As a result, we obtain a projection of a galaxy onto an
infinitely thin disk. In this projection, we compensate for all irregularities of the vertical
brightness distribution such as flaring, because we combine the total light from all heights
at any given radius regardless of the underlying vertical brightness distribution. If we
observe a radial break in this projected brightness distribution, then it is not an artifact of
flaring, a thin-thick disk dichotomy, or any combination of such effects.
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The results of this experiment are presented in Figure 11 for four galaxies of our sample
that present Type II breaks. For each galaxy, the blue line shows a regular photometric cut
taken along the disk plane, and the red line shows the brightness distribution projected
onto the disk plane. Both curves are shifted vertically such that the central brightness of one
matches that of the other. It is clear from this figure that for all four galaxies the difference
between two brightness distributions increases at larger radii, which may indicate radial
variations of /1;(R) due to flaring/a thick disk: there is more light at higher altitudes in
outer regions of galaxies. This is especially prominent for PGC 763563. But for all galaxies
the break persists even in the projected brightness distribution, so we can conclude that
these galaxies indeed have downbending breaks. This is also true for all the other galaxies
of our sample; we have not found any galaxies where the break disappears on the projected
brightness distribution. Finally, we note that in the projected brightness distribution the
break strength may be lower because the disk’s inner and outer radial scales and break
radii depend on height [48], which leads to smearing of the projected profile.
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Figure 11. Results of the experiment on brightness projection onto a disk plane are shown for
four galaxies with Type II breaks. In each panel, the blue line shows a photometric cut along the
disk plane, and the red line shows radial brightness distribution of the projection. Both brightness
distributions are shifted vertically such that their peaks match. Vertical axes show brightness fading
in stellar magnitudes relative to the peak. Vertical dashed lines show break positions computed from
2D decomposition.

5.2. Outer Disk Scale vs. Surface Brightness at Break Point

As noted in the discussion of Equation (6), when a galaxy is observed edge-on, there
should be an artificial projection-induced correlation between the radial-scale length of the
outer disk and the observed surface brightness at the break point. This correlation should
appear only close to the edge-on view and is due to projection effects, without reflecting a
real correlation of intrinsic galactic properties. Figure 12 demonstrates this effect: its left
panel shows the r-band surface brightness at the break point as a function of the radial-
scale length of the outer disk (normalized to the radius of the 27th-magnitude isophote for
consistency). Indeed, there is a rather strong correlation (Pearson’s correlation coefficient
is —0.444): galaxies with a more extended outer disk have higher break point surface
brightness. The right panel of this figure shows the same parameters recomputed to the
face-on orientation. In this case, the correlation coefficient drops significantly (to —0.260).
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This means that the observed correlation is a result of projection effects and that one must
be careful when analyzing correlations between decomposition parameters for galaxies
with different orientations.
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Figure 12. Radial exponential-scale length of an outer disk (normalized by the 27th magnitude
isophote radius) vs. surface brightness at the break point (all values in r-band). (Left-panel):
observed values, (right panel): recalculated to the face-on orientation.

5.3. Two Kinds of Downbending Breaks

Figure 13 shows how the surface brightness at the break point (recomputed to the
face-on orientation) and the disk color at the break point depend on the break strength.
One thing that is readily seen from this figure is that there are two distinct sets of points:
very strong Type Il breaks (with the strength values < —2.0, marked as red dots) and rather
mild Type II breaks (with the strength values 2 —1.5, marked as blue dots). There are
almost no breaks between these two groups.
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Figure 13. (Left panel): face-on surface brightness for break point vs. break strength. (Right panel):
(g —r) color for break point vs. break strength. Red dots mark disks with strength < —2.0, and blue
dots mark those with strength > —2.0. The black dot is a sole galaxy with a Type III break (PGC 731,
see Appendix C for details about this object). Crosses mark galaxies that host apparent X-structures.

In all cases, the very high negative values of the break strength parameter are due
to large radial-scale lengths of the inner disk. Figure 14 demonstrates examples of three
such galaxies. It is remarkable how the true break locations (shown by x-marks in the
figure) differ from the apparent ones due to projection effects (see Figure 2 and the related
discussion in text). Some disks exhibit an almost flat light distribution in their inner regions,
so very high values of i are required to fit it. Interestingly, studies of face-on and mildly
inclined galaxies usually do not demonstrate galaxies with such high break strengths.
For example in [40] the strongest downbending break has s ~ —0.8, while in [77] the most
extreme Type II break has a strength of about —1 (such galaxies are dubbed “flat inner
disks” in that work). However, the works that focus on edge-on galaxies do show some
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galaxies with very strong breaks in their samples, although the number of articles with
large samples of edge-on galaxies is low. For example, in [78] in a sample of 70 edge-on
galaxies there is a galaxy with s = —1.4 (ESO 469-015). In [79] the decomposition of a
sample of 71 edge-on galaxies is performed, and the authors note that for some of them
the radial-scale length of the inner disk reaches such high values that the light distribution
in the inner regions can be effectively considered flat. We note here that in this case the
model degenerates in the h; value: if h; > 1, the surface brightness of the inner disk
becomes almost flat, and further increasing the /1; value does not lead to significant changes
in the model, and therefore in the obtained x? value. This means that the true values of /;
and s become undefined in such models. To emphasize this, we marked strong breaks as
upper limits in Figure 13. One should treat these values carefully, and only use them as an
indicator of a strong break in the galaxy.
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Figure 14. Decomposition results for three galaxies with very strong breaks. All markings are the
same as in Figure 4.

One possible explanation for a flat inner disk is the presence of an additional com-
ponent such as an outer ring (see [77]), which adds extra light that, when combined with
an exponential disk, may result in an almost flat light distribution. Another possibility is
a strong bar which can either manifest itself as an additional component, or form a ring
at the outer Lindblad resonance (OLR) which leads to an apparent Type Il break [24]. In
the face-on orientation, such components would be easily detectable, but in the edge-on
view their identification is more complicated due to projection effects. Another possibility
is strong dust attenuation that absorbs the light from central regions. To check for clues,
we examine 2D plots of original images, models and residuals for some galaxies with
strong breaks in Figure 15, with break locations marked. It can be seen from these images
that there are no obvious structures located near the break radii that could cause a flat
inner disk appearance. Even the residual maps, which usually highlight substructures that
are not accounted for by the model, do not show anything significant near or inside the
break locations. In particular, we do not see the presence of X-structures in the residual
maps, features that are manifestations of a bar’s presence in the edge-on orientation [80,81].
A strong bar could result in a density depression in the inner disk regions and even lead
to disks with central holes (so-called antitruncated disks) [65]. We checked residual maps
of all galaxies for the presence of X-structures using [82], and found that the number of
galaxies that host X-structures is 69 out of 311 galaxies (22%) and 7 out of 30 galaxies (23%)
for weak and strong breaks respectively, so the presence of bars/X-structures alone cannot
explain a strong break. It can also be seen that these galaxies are not exceptionally dusty
ones (at least, the dust lanes are not prominent in the optical images).
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Figure 15. Decomposition results for the same three galaxies as in Figure 14, shown as 2D image
maps. All markings are the same as in Figure 5, with one exception: vertical dashed red lines indicate
break locations.

As a final note, we would like to point out that from the radial slices alone (Figure 14)
it may appear that there is a degeneracy between the bulge and the inner disk: if the
bulge becomes fainter, the inner disk will become steeper to compensate for it, and this
will resolve the flat inner disk problem. However, since we employ the two-dimensional
decomposition, this is not the case. If we reduced the bulge brightness, this would be
readily noticeable in the 2D residual maps as two bright regions above and below the disk
center, where the bulge light is underestimated and where the disk could not account for it.
There is no difference between the mean bulge-to-total ratios between galaxies with strong
and weak breaks (0.23 £ 0.11 and 0.22 + 0.13 in the r-band respectively), whereas in the
case where the bulge becomes larger to account for some disk light and produce a flat disk
appearance, we would expect a systematic difference between the two subsamples. There
is also no difference in the ratio of bulge effective radius to disk vertical scale (2.67 +1.17
and 2.50 £ 1.48 in the r-band accordingly), so we rule out the possibility that galaxies with
strong breaks host geometrically smaller bulges that would make it easier for them to
blend in with the disks. We also do not find a significant difference in the mean stellar
mass between galaxies hosting weak and strong breaks (log(M. /M) = 10.52 + 0.46 and
10.54 £ 0.36).

To investigate the possibility of degeneracy between the bulge parameters and the
inner disk scale we performed the following experiment: For a PGC 2160344 galaxy (a
strong break without prominent X-structure) we ran a set of decompositions where we
forced the bulge to converge to brighter/fainter bulge-to-total ratios than those of the
best fit. It is natural to expect that if we force the bulge to have a lower bulge-to-total
ratio, the inner disk scale will become larger to compensate for the missing bulge light.
The question is whether this results in the same quality fit (i.e., whether there is true
degeneracy between bulge parameters and the #; value). Figure 16 demonstrates the
results of such an experiment. On the left panel we show photometric cuts taken from
an “image-model” residual map parallel to the disk plane outside the dust lane (only
central regions inside the break radius are shown). The black solid line shows the result
for a best-fit decomposition with free bulge parameters. Dotted lines show residuals of
decompositions where we forced the bulge to have larger B/T ratios, and dot-dashed lines
show residuals where we forced the bulge to have lower B/T ratios. It is clear from this plot
that models with both brighter and fainter bulges demonstrate larger residuals. The same
result but in terms of x? values is shown in the middle panel of the same figure. Here the
blue star shows the best-fitting x? value, and red dots show results with fainter/brighter
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bulges, all of which have larger x2. The right panel shows the break strength value as a
function of the fixed bulge-to-total value. It is clear that if we force the bulge to have a
lower value, we can obtain a significantly lower break strength, but at the cost of a worse fit.
The Bayesian information criterion (BIC) value of the best fit is 28,721 compared to 31,224
for the one with a fainter bulge but lower break strength (the one with /i, /h; ~ —1 in the
figure), which makes the best fit with a free bulge the preferable one.
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Figure 16. Results of a test for the degeneracy between bulge parameters and the break strength (see
text). (Left panel): photometric cuts along the disk plane in the “image-model” residual map for a set
of decompositions with different values of bulge-to-total ratio. The solid black line shows the results
of the best decomposition, dotted lines represent B/T fixed to larger values, and dot-dashed lines
represent B/ T fixed to lower values. (Middle and right panels)—yx? and break strength values as a
function of B/T value, with blue stars showing optimal decomposition with free bulge parameters.

A possible solution to this problem could be obtained by performing the decompo-
sition of highly inclined—but not edge-on—galaxies, where the dust impact, bulge-disk
degeneracy and projection effects are lower.

5.4. Disk Color vs. Break Strength

Since we performed photometric decomposition of the galaxy images, we obtained
fluxes for individual components (bulge and disk) separately. Performing the decomposi-
tion in different passbands allows us to obtain the colors of these components. To do so, we
converted the integrated fluxes of the components into magnitudes and accounted for the
Galactic dust extinction in all photometric bands, with calculations performed following
recalibrated SFD dust maps [66] (the corrections were calculated from E(B — V') reddening
for Ry = 3.1 using coefficients from their Table 6).

Figure 17 shows the relation between the integrated disk (g — ) color and the break
strength. As in the previous subsection, we divided all the breaks into two subsamples:
strong ones (with break strength < —2) and weak ones (with strength > —2). As can
be seen from the figure, both groups of breaks exhibit significant correlations. For weak
breaks, Pearson’s correlation coefficient is 0.337 (p-value 1.06 - 10’9), while for strong breaks,
the correlation coefficient is 0.539 (p-value 0.002). We performed linear regression on the
data points of both break groups and obtained the following results: for weak breaks
s = 0.828 - (¢ — )qisk — 1.228, and for strong breaks s = 0.705 - (g — r)gisk — 2.747. It is
notable that two such distinct groups of breaks follow a “color-strength” relation with very
similar slopes. We also note, that disks with strong breaks are on average somewhat bluer
than disks with weak breaks, but their color ranges overlap greatly, so it is impossible to
distinguish two types of disks based on color alone.
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Figure 17. Break strength in the r-band vs. disk (g — r) color. Blue dots: weak breaks (strength > —2),
red dots: strong breaks (strength < —2). Solid black lines: linear regressions for the two break groups.

The interpretation of this correlation between the disk color and the break strength
can be made within the framework of models that invoke star-formation to explain the
generation of breaks. Bluer disks should host more intense current or recent star-formation
and therefore should be more prone to forming prominent breaks. As mentioned in the
Introduction, many studies demonstrate, that breaks are observed more frequently in
galaxies of later Hubble types, where star-formation is higher [10,24-28], whereas when a
galactic star-formation is suppressed, for example, by ram pressure stripping, the number
of breaks decreases [29-31,34,35]. The correlation we report here is therefore in line with
these findings.

5.5. Break Strength as a Function of Wavelength

In [39] on a small sample of face-on to intermediately inclined galaxies from SDSS
Stripe 82 [83], it was demonstrated that the strength of Type II breaks decreases, on average,
with increasing wavelength in the optical bands from u to z. This result was confirmed
by [26] using a larger sample of mildly inclined galaxies from the S*G sample [84]: u-band
breaks turned out to be stronger than those measured in the infrared spectrum.

Here we test this result for a sample of edge-on galaxies. Figure 18 shows the distri-
bution of differences between break strengths measured in the g- and i-bands. Since the
footprint of the DESI Legacy survey in the i-band is smaller than that in the g-band, only
165 galaxies in our sample have images in both bands. In this figure we also exclude the
sole upbending galaxy in our sample, so only Type II galaxies are presented; thus, lower
values of s(g) — s(i) indicate stronger breaks in the g-band that in the i-band. As can be
seen from the figure, all galaxies show negative values of s(g) — s(i), meaning they have
stronger breaks at bluer wavelengths. This confirms the result from [26,39] obtained with a
different method and for a different sample of galaxies.

As in [26], we found that the main source of the dependence of break strength on
wavelength is related to the changes in the inner disk radial scale rather than the outer one.
We computed the normalized average differences between the radial scales of inner and
outer disks in the g- and i-bands as

_h(g) —h(i) . _
Ah; = g i=1,2,

and found that Ah; = 0.44 £ 0.27, while Ahy = 0.03 £ 0.13. All inner disks have larger
radial scales in the g-band than in the i-band. The differences in radial scales for the outer
disks are distributed around zero with considerably lower scatter. If the break is caused
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by a drop in star-formation and the outer disk is populated by radial migration of stars,
we should observe larger radial scales of outer disks at longer wavelengths, since older
stellar populations have had more time to move outward. The same systematic behavior
should be observed if a break appears as a result of a local enhancement in sSFR both inside
and outside the break radius, as was seen in simulations by [36]. In this work, we do not
observe a statistically significant dependence of the outer disk scale on the wavelength.
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Figure 18. Distribution if differences between breaks strengths measured in g and i-bands. For Type I
breaks, lower values mean stronger breaks in the g-band.

We should mention that although we attempted to reduce the influence of dust on
the decomposition results by masking dusty regions, non-planar dust can still affect the
measured parameters as a function of wavelength. For more robust results, decomposition
of a comparably sized sample using a radiative transfer approach is needed to account for
the dust more carefully. However, such an analysis is yet to be done.

5.6. Rotation Velocity

Although galaxies in our sample are relatively close, only a minority of them
(100 objects) have maximal rotation velocity estimates in the HyperLEDA database [85].
Stellar masses derived from our photometry measurements obtained from decomposition
models correlate well with Vinax (Pearson’s correlation 0.781, p-value 3 - 10-22).

We found that there is a significant correlation between the break radius expressed in
absolute units and the maximum of the rotation velocity. Pearson’s correlation coefficient is
0.511, and the p-value is 1.7 - 10~7 (see Figure 19, left panel). The correlation between the
break radius and the rotation velocity was studied in several articles because some theories
associate breaks with maximum angular momentum in disks. It seems that when the break
radius is expressed in relative units, the correlation is weak or absent. In [24,86] the break
radius was expressed in terms of inner disk radial scales and did not show a significant
correlation with rotation velocity. In [25], where the correlation was found, the break was
expressed in units of Rps. In [41] a strong correlation between R;, and Viax was found if
the break radius is expressed in absolute units. We confirm these findings: according to our
data there is a significant correlation if R; is expressed in parsecs, whereas if we normalize
it by Ryy, the correlation disappears. Since the stellar mass derived from decomposition
correlates well with the break radius, but is measured for a larger sample of galaxies, we
also plot in Figure 19 (right panel) the correlation between the stellar mass and R;. These
two parameters also show significant correlation with Pearson’s coefficient of 0.705, which
was also demonstrated previously in [26].
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Figure 19. Break radius in r-band (left) and stellar mass (right) vs. maximum rotation velocity.

6. Conclusions

In this work, we performed two-dimensional photometric decomposition of a sample
of 375 disk galaxies viewed in the edge-on orientation. To perform the decomposition, we
utilized g-, - and i-band images from the DESI Legacy DR10 survey, which is considerably
more in-depth than many older wide-field surveys—a factor crucial for this task. Our main
results are summarized below.

(i) The vast majority of disks in our sample have Type II (downbending) breaks: such
a feature is found in 341 galaxies (90.9 £ 9.5%). The fractions of Type II galaxies in most
previous works are considerably lower (~50%) and do not fall into the error margins
specified here, so the difference is significant. Only one galaxy in our sample has a Type III
(upbending) break, while the remaining 33 galaxies (8.8 & 3.0%) are well described by a
single exponential profile (Type I).

(ii) Such a high fraction of Type II breaks can be attributed to greater photometric
depth of the images used compared to older wide-field surveys employed in many previous
studies on the topic, and to projection effects that make edge-on galaxies more favorable
for break detection.

(iii) The same projection effects can lead to artificial correlations between some de-
composition parameters, which disappear when these parameters are recalculated to a
face-on orientation.

(iv) Some galaxies exhibit remarkably strong breaks with an inner-to-outer radial-scale
ratio greater than 100. In all cases, such a high ratio is due to a very large radial scale of the
inner disk, which produces an almost flat light distribution in the central regions.

(v) Such strong breaks are separated from normal ones in some parameter planes, such
as “break strength vs. break color” and “break strength vs. break surface brightness”, with
almost no intermediate breaks between the two groups.

Based on these results, we conclude that Type II disk breaks are almost ubiquitous
in disks, at least in ones that have the same mass and Hubble type distribution as in our
sample. With a new generation of wide-field surveys that will be 2-3 magnitudes deeper
than current ones, many Type I galaxies would reveal breaks in their outer regions that are
currently beyond the detection limit.

The main question arising from this work concerns the nature of strong breaks. They
appear to be absent in samples of face-on or moderately inclined galaxies (or at least
their fraction is considerably lower), so projection effects may play a role, especially in
combination with dust attenuation. In this work we attempted to mitigate the impact
of dust on decomposition by masking the dust lane, but some off-plane dust may still
influence the appearance of the radial profile. Still, the visual inspection of galaxies with
strong breaks does not suggest that such galaxies contain very prominent dust lanes,
and the colors of their disks are not redder than those with moderate breaks. The visual
inspection of residual maps also does not reveal that some additional components exist in
such galaxies, which may enhance the observed break strength.
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A possible way to address this problem is to perform decomposition of a sample of
highly inclined—but not edge-on —galaxies. Dependence of the strong-break fraction on
the inclination in such a sample could shed light on the impact of the projection effects on
strong-break generation. This, however, would be a difficult task since the decomposition
of such galaxies faces the complication of unknown disk inclination. For edge-on galaxies,
the inclination can be fixed to 90 degrees, while for moderately inclined ones the vertical
structure of galaxies plays a less important role and they can be adequately explained by a
two-dimensional (zero-depth) exponential. Galaxies with an almost edge-on inclination
should be treated differently from face-on and perfect edge-on cases, because one can
neglect neither their thickness nor their deviation from a perfect edge-on orientation.
The sample discussed in this work does not contain such galaxies, and we leave their
investigation for future work.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ galaxies14040067/s1, Table S1: Decomposition parameters of our
sample of galaxies.
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Appendix A. Flaring Strength as a Function of Break Strength

In this section we present the derivation of Equation (8), which describes the functional
form of flaring that is required to produce an exponential break of a given strength «.
Let us consider the volume brightness density of a broken exponential disk beyond the
break radius:

X z

where x is the distance from the break point, and p(R;) is the volume density at the break
point. The volume brightness density of a flaring disk in the same region would be

pnans(52) = (R o e () 1y

where Ry is the radius of flaring onset (by construction Ry = Ry), h is the height of the

unflared disk, and 5, (x) is a function that describes how the vertical scale depends on
radius, i.e., the desired flaring function.

Since we are interested in the impact of flaring on producing the light depletion in the
disk plane, we can rewrite the same equations for zero height:

X
Pbroken (¥) = p(Rp) exp (hz> ,
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and

x\ h
Piaring (¥) = p(Ry) exp <_hl) hz?’fb‘

By construction, these two equations describe the same observed light distribution, so
we can equate them:

P(Ry) eXP(_;Z) = p(Ry) exP<—;1> h}:zi)

Since p(Ry) = p(Ry) and hy = ahy we can rewrite this equation as

o =) —exp — X)) 0
P\ an ) TP\ ) (x)

from which h;(x) can be inferred as

hy(x) = exp( a)hz(Rb).
Appendix B. Break Point Surface Brightness in Edge-On and
Face-On Orientations

In Section 2 we showed an equation that allows one to compare the surface bright-
ness of a disk at its break point in edge-on and face-on orientations (Equation (6)),
and demonstrated the result of this equation for the specific combination of disk parameters
(hp = 0.25h, Ry = 4hq, and h; = 0.2h7). Here we show the difference between face-on and
edge-on surface brightnesses for a range of disk parameters to demonstrate the expected
strength of the effect. Figure A1 shows the results of computations for a range of h, from
0.1 to 0.8 and a range of Ry, from 3.0 to 6.0 (in units of k).
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Figure A1. Difference between surface brightness in face-on and edge-on orientations (in magnitudes)
as a function of I and Ry,

Appendix C. The Case of PGC 731

In this appendix section we present the case of PGC 731, the sole galaxy of our sample
that was fitted with an upbending disk profile. Figure A2 shows decomposition results as
2D maps (top panels) and as a slice along a disk plane (bottom panel). The break location
is shown by vertical dashed lines. As can be seen from the figure, the profile indeed
demonstrates a break, although it is located in the inner regions of the galaxy, at a radius
about two times larger than the extent of the prominent X-structure. This may indicate that
the presence of a bar/X-structure alters the inner shape of the disk component, and the
upbending nature of this galaxy is questionable.
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Figure A2. Decomposition results for PGC 731. Top: 2D maps as in Figure 5; bottom: radial slice as in
Figure 4. Vertical dashed lines show break locations.
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