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ABSTRACT

We present a study of the young population in the starburst galaxy NGC 253. In particular,
we focused our attention on searching for young star groups, obtaining their main properties
and studying their hierarchical organization. For this task, we used multiband images and
their corresponding photometric data obtained with the Advanced Camera for Surveys of the
Hubble Space Telescope (ACS/HST). We first derived the absorption affecting the different
regions of the galaxy. Then, we applied an automatic and objective searching method over
the corrected data in order to detect young star groups. We complemented this result with the
construction of a stellar density map for the blue young population. A statistical procedure
to decontaminate the photometric diagrams from field stars was applied over the detected
groups and we estimated their fundamental parameters. As a result, we built a catalogue of
875 newly identified young groups with their main characteristics, including coordinates,
sizes, estimated number of members, stellar densities, luminosity function (LF) slopes and
galactocentric distances. We observed that these groups delineate different structures of the
galaxy, and they are the last step in the hierarchical way in which the young population is
organized. From their size distribution, we found they have typical radii of ~40—50pc. These
values are consistent with those found in other nearby galaxies. We estimated a mean value
for the LF slope of 0.21 and an average density of 0.0006 star pc™ for the identified young
groups, taking into account stars earlier than B6.

Key words: stars: early-type — stars: luminosity function, mass function — galaxies: individual:
NGC 253 — galaxies: star clusters: general —galaxies: structure — galaxies: star formation.

1 INTRODUCTION

Young star groups exist in a wide range of sizes, from compact star
clusters to star complexes going through OB associations. Young
open clusters contain a few tens to 103 stars in a typical diameter
of a few parsecs and they are gravitationally bound (Moraux 2016).
OB associations are composed of young massive stars formed from
the same molecular cloud; they are gravitationally unbound with
low densities.

The distribution and properties of these systems are useful to
understand the most recent history of the host galaxy as well as the
star-formation process in different environments. For this reason,
in recent decades several works have focused on performing global
studies and assembling catalogues of young stars groups over the
nearest galaxies: LMC (Gouliermis et al. 2003), SMC (Battinelli
1991), M 31 (Bianchi et al. 2012), M 33 (Chandar, Bianchi & Ford
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1999; Bedin et al. 2005), NGC 6347 (Massi et al. 2015), NGC 300
(Pietrzyniski et al. 2001; Rodriguez, Baume & Feinstein 2016),
NGC 7793 (Pietrzysiski et al. 2005), M 81 (Nantais et al. 2010),
and M 101 (Bresolin, Kennicutt & Stetson 1996), to name just
a few.

In particular, the Sculptor Group galaxy, NGC 253, is a barred
almost-edge-on spiral galaxy (SAB(s)c D, Vucetié, Arbutina &
Urosevi¢ 2015), at a distance of 3.56 Mpc (Tully et al. 2013),
which corresponds to a projected linear scale of ~ 17 pcarcsec™.
One of its most outstanding features is the starburst activity. Dif-
ferent works indicate that these bursts are located in the galactic
central region up to ~ 300 pc in radius, with a star-formation rate
(SFR) of ~ 2-3 Mg, yr~!' (Radovich, Kahanpii & Lemke 2001;
Ott et al. 2005); however, their nature is not yet well understood.
According to Engelbracht et al. (1998), the bursts are caused by
the presence of the bar, which drives the gas into the central re-
gion. Additionally, Davidge (2010) suggested that an interaction
with a now-defunct companion occurred within the past ~0.2 Gyr,
stimulating the formation of the bar and starburst activity.
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Figure 1. Distribution of the different HST/ACS fields (rectangles) used
in this work overlaid on a digitized sky survey (DSS) image of NGC 253.
North is up and east is left; the image covers 30.1x 25.5 arcmin.

Several young clusters were identified in the nuclear star-forming
region of the galaxy (e.g. Watson et al. 1996; Fernandez-Ontiveros,
Prieto & Acosta-Pulido 2009). One of them was associated with a
super star cluster of ~1.4 x 10’ M® and an estimated age of 5.7 Myr.
The simultaneous presence of red supergiants and OB stars in this
cluster reveals several epochs of star formation (Kornei & McCrady
2009). Davidge (2016) found distinct substructures in it, suggesting
that it is a star-forming complex and not a single cluster.

The starburst activity added to its proximity make this galaxy an
interesting candidate for the study of its young star population. In
spite of this, no young star structures have been detected outside
its central region. In this work, we carried out for the first time a
search for and identification of young groups in NGC 253 adopting
an automatic and objective searching method, and its subsequent
analysis. We took advantage of the excellent-quality data from the
Hubble Space Telescope (HST) that cover approximately the north-
east side and the centre of the galaxy (see Fig. 1).

The paper is organized as follows: In Section 2 we describe the
observations and data sets, together with the reduction and data set-
up. In Section 3 we present the methods that we used to search for
and identify young stellar structures. Section 4 presents our analysis
of the detected groups. We discuss our results in Section 5. Finally,
in Section 6 we summarize our work and note our main results.

2 DATA

2.1 Observations

The images used in this work were acquired from the Hubble Legacy
Archive' and were obtained in 2006 September, as part of the pro-
gramme GO-10915 (principal investigator: J. Dalcanton), during
HST Cycle 15. These observations correspond to five fields of
NGC 253, and were carried out with the wide-field camera (WFC)
of the Advanced Camera for Surveys (ACS). The WFC has a mosaic
of two CCD detectors with a field of view of 3.3 x 3.3 arcmin and
a scale of 0.049 arsec pixel!'. The five fields cover a total length

Thttp://hla.stsci.edu/
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Figure 2. Photometric errors in the bands F475W (top), F60O6W (middle)
and F814W (bottom) versus F606W magnitude for fields 1 (black) and 5

(grey).

of approximately 16 arcmin encompassing more than half of the
galaxy (see Fig. 1). Three broad-band filters were used (F475W,
F606W and F814W), with total exposure times of 1482s, 1508 s
and 1534 s, respectively, except field 1, which has higher exposure
times: 2256 s (F475W), 2283 s (F606W) and 2253 s (F814W).

2.2 Photometry

Binary FITS (Flexible Image Transport System) tables of photome-
try were obtained from the database of the Space Telescope Science
Institute (STScI).> They correspond to the ‘star files’ from the ACS
Nearby Galaxy Survey (ANGST). These files contain the photome-
try of all objects classified as stars with good signal-to-noise values
(S/N > 4) and data flag < 8. These data were obtained performing
point-spread function (PSF) photometry using the package boLPHOT
adapted for the ACS camera. The reduction procedure is explained
in detail in Dalcanton, Williams & ANGST Collaboration (2008).
In Fig. 2 we show the photometric errors in the different bands for
fields 1 and 5, which are, respectively, the fields with the lowest and
highest stellar densities. To evaluate the completeness of the data,
we built the luminosity function (LF) for the five studied fields (see
Fig. 3). The number of stars per bin starts to decrease at F6OO6W ~
26.5. Therefore we consider that the sample is complete up to this
value.

2.3 Photometric correlation of tables

Three photometric tables per field (in total 15 tables) were obtained
from ANGST, each one providing photometric information on only
two bands. In order to join the three magnitudes in a single table for
the fields, we used the code sTiLTs® to perform a cross-correlation
(with logical ‘OR’) between tables with F606W —F475W bands

2MAST: https://archive.stsci.edu/
3http://www.star.bris.ac.uk/~mbt/stilts/
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Figure 3. Observed LFs. There is a curve for each studied field.

Table 1. Astrometric (top table) and photometric (bottom table) corrections
applied to obtain the final catalogue (see text for details). The first column is
(field shifted)—(field to coincide); N is the number of stars in the two fields.
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Field Aacos (§) [arcsec] AS$ [arcsec]

5-Gaia —0.056 0.078

4-5 0.278 —0.480

34 0.252 0.285

2-3 —0.022 0.022

1-2 —1.055 —0.096

Field AF475W AF606W AF814W N

4-5 0.011 £ 0.082 0.036 £ 0.073 0.047 £ 0.081 221
34 0.119 £+ 0.183 0.081 £0.115 0.047 £ 0.099 45
2-3 —0.076 £0.119 -0.0154+£0.082  —0.003 + 0.067 162
1-2 —0.001 +£0.015 -0.042 £ 0.017 0.047 £ 0.017 2

and those with F814W—F606W bands, obtaining five photometric
tables, one for each field.

Furthermore, the adjacent fields slightly overlap with each other
(see Fig. 1); therefore we used sTILTS to merge the information on the
five fields into one single table with approximately 3 x 10° objects.
For this purpose, for the objects in the overlap region we took a final
magnitude that results from the average between the stars in each
field. Then we slightly shifted the coordinates of all the fields to
agree with those given in Gaia Data Release 1 (Gaia Collaboration
et al. (2016); see Table 1).

3 IDENTIFICATION OF YOUNG GROUPS

As a previous step to identify star groups over the galaxy field, it
was necessary to study a couple of problems present in our data
sample as follows:

(i) Although the ACS/HST provides images with a high spatial
resolution (~0.05 arcsec), it is possible that, in the crowded regions
of NGC 253, some objects identified as single sources are really
blends of two or more, or even compact star clusters.

(i) NGC 253 is heavily obscured at visible wavelengths, espe-
cially in its central region, due to its large amounts of dust (Pence
1980). This causes the detected objects to appear redder than they
really are, making it difficult to identify young blue star populations.

on 12 July 2018
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3.1 The blending problem

Several previous works have studied this problem (e.g. Renzini
1998; Kiss & Bedding 2005). In our case, to obtain a measure of
the importance of the blending effect, we followed the reasoning
presented by Kiss & Bedding (2005). Therefore, we performed sev-
eral numerical simulations using randomly distributed stars with a
uniform spatial distribution, a power-law distribution in brightness,
ranging from 18-27 mag., and a uniform distribution in colour,
ranging from 0-2 mag.. We analysed different stellar density cases
ranging from 1 star arcsec™ to 10 star arcsec 2. This range of values
corresponds to those found along the galaxy, but we note that the
highest ones were only present in a few special places of the galaxy
(see Fig. 8 below). Therefore, for a given stellar density value, we
build the corresponding bidimensional spatial histograms with a
binning step of 0.07 arcsec to obtain binned areas that simulate the
ACS/HST resolving power. We could then evaluate the total amount
of objects with blending in each simulation. To evaluate the error
in magnitudes and colours due to this effect, we computed the total
magnitude and colour in each bin and compared these values with
those corresponding to the brightest star in that bin. The above pro-
cedure was repeated 500 times for each stellar density. As a result,
we found that the error in magnitude, as expected, increases with the
stellar density value. Therefore, in the worst case (10 star arcsec ),
we found that the percentage of stars that had an error in mag-
nitude greater than 0.1 mag increased from almost null values for
bright stars (F6O6W ~ 18) to only 2 per cent for stars of magnitude
F606W = 24. Regarding the behaviour in colour, we found, again
for 10 star arcsec?, that at most 15 per cent of the stars have errors
in colours larger than 0.1 mag and this value was approximately in-
dependent of the magnitude value. These obtained figures for both
errors in magnitude and colours revealed that, although the blend-
ing effect was still present using ACS/HST data, the amount of stars
that reached errors of 0.1 mag were only a small fraction of all the
objects, at least for the stellar densities studied.

3.2 The absorption problem

To estimate the visual absorption (Ay) along the galaxy, we selected
the brightest objects (F606W < 24) and compared their locations on
the colour—-magnitude diagrams (CMDs) with the theoretical evo-
lutionary model parsec version 1.2S (Tang et al. 2014) with Z =
0.0152 corresponding to 107 yr. Assuming as a first approximation
that all the selected brightest objects belong to the main sequence, it
was possible to deredden their location on the CMDs and estimate
approximately their individual absorption values. This procedure
could include intrinsically red stars that would produce overesti-
mated Ay values. Therefore, we minimized this effect, and a pos-
sible blending effect, assigning to each star the minimum Ay value
in a surrounding spatial region with at least 10 stars. We adopted
a single isochrone to obtain the absorption values for a sample of
stars that could cover a wide range of ages and/or metallicities.
The results of the indicated procedure could be sensitive to the
crowding/blending present in the galaxy and/or to the adopted
isochrone model. To check the former issue we computed the ab-
sorption maps for three F6O6W magnitude ranges (8.8-23.2; 23.2—
23.7 and 23.7-24.0) in such way that we have the same amount of
stars (11222) for each group. The obtained absorption maps did
not show significant differences among themselves or with the map
obtained considering the entire range of bright stars (FOO6W < 24).
The comparison of the different maps allowed us to estimate an error
in our results of e4,, ~ 0.09 mag. On the other hand, our numerical
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simulations (see Section 3.1) and the use of different isochrones
revealed that the procedure employed to estimate the absorption
values along the galaxy provides enough precision for a first search
of young star groups.

In the left-hand panel of Fig. 4 we present the obtained absorp-
tion map of the observed region of NGC 253 following the above
procedure. In this figure we have not included the most external
field (field 1, see Fig. 1), because it presented several foreground
stars or background galaxies and very few bright stars belonging
to the galaxy, so it would introduce many spurious detections. The
obtained absorption map was then used to correct the observed
magnitudes of the brightest objects, (F475W)y = F475W — Aps75w;
(F606W)0 = F606W — AF606W and (F814W)0 =F814W — Apgl4w.
For this task, we use the corresponding absorption value for each fil-
ter, which were estimated using the coefficients Aps75w/Ay = 1.192,
AF606W/AV = 0.923 and A]:314w/AV = 06054 (O’DOHHCH 1994) In
the right-hand panel of Fig. 4 we show a WISE® IR false-colour
image of the same NGC 253 region shown in the left-hand panel.
It was obtained from the combination of the W3 and W4 bands,
which best map the dust content. We could note that the regions
with stronger absorption correspond to the brightest areas (highest
dust content); these are the nucleus, the bar, and the innermost spiral
arms.

3.3 Selecting blue and red objects

To split the selected brightest objects between intrinsic blue ones
and those probably identified with red stars, we used the following
criteria: a) F475W, — F606W, < 0.5 and F606W, — F814W,
< 0.5 for adopted blueobjects, and b) F475W — F606W > 1
and F606W — F814W > 1 for adopted red objects. For this last
group we considered only those objects that were not include in
the blue sample. It is important to note that the first group (a) was
selected using the corrected magnitudes, the red objects (b) instead
were selected using the observed magnitudes. We then used the
blue objects to detect young star groups. A combination of Hess
diagrams and CMDs of all the detected objects is shown in the
top panel of Fig. 5. In the bottom panel we show the CMDs of
each selected group where the diffuse border between blue and
red objects reveals the strong dispersion of the absorption values
present along the galaxy.

3.4 Searching method

With the aim of identifying young star groups in NGC 253, we
employed the path linkage criterion (PLC; Battinelli 1991) over
the blue objects selected above. The main idea of the technique is
that two objects belong to the same star group if it is possible to
connect them by successive links of blue objects. The link distance
between selected objects must not be larger than a fixed parameter
called the search radius ds. A young star group is detected when it
is possible to link more than p objects. To adopt adequate values for
the parameters ds and p, we plot in Fig. 6 the number of identified
groups using the PLC as a function of d; for different p values. A
good choice for the parameter dj is set by the maximum number
of groups detected for a given p value (Pietrzynski et al. 2001).
Fig. 6 reveals that this maximum is located for dg between 1.5—
2 arcsec. Based on these values, and taking care to detect the smallest

“http://stev.oapd.inaf it/cgi-bin/cmd
Shttp://wise.ssl.berkeley.edu/

subgroups of each large association or stellar complex, we adopted
a more extended range of ds, covering the range 0.3-2 arcsec (~ 5—
34pc at 3.56 Mpc; Tully et al. 2013). Using this criteria, the method
identified first the smallest groups using dy = 0.3 arcsec, then this
value was increased using a step of 0.4 arcsec and the PLC method
was run again over the remaining blue objects. This procedure
was repeated until d reached a value of 2 arcsec. Regarding the
parameter p, it must be chosen prudently. While a low value results
in many spurious detections, a high one may cause the loss of the
smallest groups. We then studied the results obtained for different
p values (see Fig. 6). We also noticed that, in a similar study for
the NGC 300 galaxy, Rodriguez et al. (2016) adopted p = 10 stars;
however, for NGC 253 we are leading with a more distant galaxy
and there is probably a blending effect with the individual objects
in the ACS images used. Therefore, we considered p = 8 objects as
a reasonable value.

Employing the described procedure, we detected 897 individual
groups of young objects. However, a few of these groups were spu-
rious detections caused by bright foreground stars, which caused
noise spikes in the extended PSFs, or background galaxies, which
were identified as faint extended diffuse objects. These false de-
tections were located mostly in fields 1 and 5. Removing these
spurious detections manually, we obtained a final list of 875 young
star groups. These groups are show in Fig. 7 over an infrared WISE
false-colour image of the galaxy. The good agreement between
their distribution and the large galactic structures of the galactic
spiral arms and the central bar can be noted (see Sections 3.6 and
5.3).

3.5 Stochastic detections

To evaluate the fraction of star groups found using the PLC that
could be stochastic gatherings of stars and not real groups, we
ran numerical simulations using randomly distributed sources with
similar star densities to three selected regions, which have very dif-
ferent stellar density values. These are: 1) the region at ~2 arcmin
north-east of the galactic nucleus, 2) a place in one of the spiral
arms, and 3) a region between the spiral arms. In each region we
measured the mean stellar density of the blue objects, and we re-
spectively found the following values: 1) p = 0.635 star arcsec 2, 2)
p = 0.203 star arcsec’? and 3) p = 0.028 star arcsec™.

The first region is the densest, close to 0.64 blue objects per
arcsec. This high density means that the average distance among
stars is 0.70 arcsec. So, setting the PLC algorithm to a similar search
radius or greater, the method will find all the stars belonging to one
single cluster that is a collection of all the stars. Using 03, the
lowest search radius that we have used for the real data, we found
one stochastic cluster in four cases from 10 000 experiments, a very
low number. Increasing the d; value, the obtained numbers were
still low, for example for d; = 0.4 arcsec we found 149 clusters
in 10000 experiments. We noticed that the stellar groups found by
the PLC over the numerical simulations had ‘worm’ shapes. This
means that they seemed to be an extended twisted line, and they
did not have any circular shape as would be expected for real star
groups. Therefore, most of the stochastic clusters did not pass a
simple visual inspection. We did not find any stochastic clusters for
cases 2) and 3) for dy = 0.3 arsec and very few for a higher search
radius.
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Figure 4. Left: Visual absorption (Ay) map of the observed region of NGC 253. Right: WISE IR colour image of NGC 253, obtained by the combination of
the W3 and W4 bands. A colour version of this figure and a FITS version of the absorption map are available online.
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Figure 5. Top panels: Combined Hess diagrams and CMDs with all the
detected objects over the total covered region in NGC 253. The different
grey shades indicates the stars’ relative densities from black (less dense) to
white (more dense). Bottom panels: Blue circles and red triangles indicate
the selected brightest blue and red objects (see Section3.3). The pink line
indicates the paRSEC version 1.2S isochrone Tang et al. (2014) corresponding
to 107 yr and metallicity Z = 0.0152, displaced adopting a distance modulus
of (Vo — My) = 27.75 (Tully et al. 2013), a normal reddening law (R =
Ay/E(B — V) = 3.1) and a value for E(B — V) = 0.016 corresponding to
the foreground reddening toward NGC 253 (Schlafly & Finkbeiner 2011).
A colour version of this figure is available online.
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Figure 6. Behaviour of the number of groups detected using the PLC tech-
nique as a function of the parameter ds for different values of the parameter

Figure 7. Detected young groups (yellow symbols) over an infrared WISE
false-colour image of NGC 253. The image covers 16.82 arcmin x 14.2
arcmin, north is up and east is left. A colour version of this figure is available

online.
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Figure 8. Stellar density map of blue stars; the overlapping contours
correspond to different density levels: 40, 80, 110, 145 stars per bin of
8 x 8arcsec?. The image field is 11.6x 11.2 arcmin, north is up and east is
left. Colour and FITS versions of this figure are available online.

3.6 Identifying large young structures

Larger young stellar structures could be found using the PLC with an
even larger search radius or by building the stellar density map. We
choose this last option since it produces better and clearer results.

To build the corresponding density map we constructed a two-
dimensional histogram counting the numbers of objects in spatial
bin sizes 8 x 8arcsec. Then, we applied the drizzle method con-
sidering a 2.0 arcsec step (see Fruchter & Hook 2002 for details of
this method). Over this map we plotted isodensity at several values:
40, 80, 110, and 145 stars per bin of 8 x 8 arcsec?.

The stellar density map with the different contours is presented in
Fig. 8. Here we can also identify how the blue population delineates
the spiral arms of the galaxy. Furthermore, the way in which larger
structures enclose smaller and denser ones point to a hierarchical
behaviour of the young population. We will discuss this result in
Section 5.2.

M. J. Rodriguez, G. Baume and C. Feinstein

4 ANALYSIS

We performed an automatic analysis of the detected young star
groups using a numerical code developed in FORTRAN 95. This code
allowed the study of selected groups in a systematic and homoge-
neous way. The code estimated the basic parameters of each group
detected by the PLC, their sizes, densities, and number of object
members, and built their CMDs and LFs, with their corresponding
slope values.

Table 2 presents the first ten rows of the resulting catalogue, in
which are listed the properties for each of the 875 young groups.
The complete version is only available online.

4.1 Sizes and densities

The location and size of each group (ey2000, 812000 and radius, r) were
computed, respectively, as the mean and twice the radial standard
deviation (o) of the location of the corresponding objects identified
by the PLC method. An approximate value of the group’s stellar
density could be estimated counting the total numbers of stars in a
volume of 7 3 (see Table 2).

4.2 Field star decontamination

To better study each group, our code decontaminated their corre-
sponding CMDs from field stars by performing statistical cleaning.
The cleaning method was based on a comparison between the CMD
for a young group region and the CMD for a corresponding field
region located near that group and covering the same sky area.
Therefore, those objects with similar positions over both CMDs
were eliminated in the CMD of the group region (see Gallart et al.
2003 for details).

The above procedure was applied taking into account the colour
indexes CI1 = F475W — F606W and CI2 = F606W — F814W si-
multaneously. For each star in the region we calculated the distance
in the CMDs with all the stars in the field. The most similar star
in the field provided the minimum distance value; if this value was
less than a given tolerance, then the star in the group region was
subtracted. The CMD distance was calculated using the follow-
ing expression: {(F606W, — F606W;)A}? + {(CI1, — CI1;)B}> +
{(CI2, — CI2;)B}?, where the subscripts ‘r’ and ‘f* refer to stars
in the region and field respectively and the constants A and B are
normalization factors.

Table 2. Catalogue of young star groups in NGC 253. Here we present the first ten rows; the complete table is only available in electronic form.

Name RAJ2000 DECJ2000 r N Nge Nyt — F606Wpp¢  dens [xpc3] LFslope () errr  dge? A
(deg) (deg) [pc] (kpc]

AS002 11.911189 —25250842 1480 48 32 18 19.99 0.003 14 0.12 0.03 391 0610
AS003 11.894 225 —25283620 1377 31 23 19 19.85 0.002 80 0.04 005 047 0610
AS004 11.872012 —25281292 1515 31 20 17 18.45 0.001 83 0.03 0.04 307 0610
AS006 11.881036 —25.286077 1859 54 34 12 20.77 0.001 69 0.02 0.05 126 0.050
AS007 11.909739 —25280824 1136 26 15 9 20.94 0.003 26 0.02 0.05 1.85  0.050
AS008 11.920171 —25.274954 826 22 16 9 23.12 0.009 03 0.03 0.02 258  0.050
AS009 11.888 770 —25289815  17.90 46 29 22 20.26 0.001 61 0.02 0.05 024  0.050
AS010 11.958 507 —25.243423 2341 105 71 44 19.18 0.00176 0.21 003 505 0.19
ASO11 11.877059 —25280397 1033 24 18 11 21.80 0.005 20 0.07 0.04 258  0.190
AS012 11.910 848 —25277194 1274 35 27 18 19.77 0.004 16 0.10 0.05 172 0.190
Notes:

The subscript *det’ indicates stars belonging to the decontaminated region. *The subscript bri’ indicates bright stars with F606W < 24.

CFO606 Wy, is the FOOO6W value of the brightest blue object in the group.
ddge is the galactocentric distance.
°A, is the characteristic absorption affecting the group.
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In order to obtain a field region as homogeneous as possible,
avoiding possible neighbour groups or falling outside the field of
view, the code choose five different field regions for each group.
The first region is a ring around the studied group, and the oth-
ers are selected as follows: (@g = A«, &¢); (g, 89 £ AS), where
Ao = A§ = 11.6arcsec ~ 200 pc. Then the fields with the maxi-
mum and minimum number of stars were discarded, and the final
decontamination result is an average of the decontamination ob-
tained with the three remaining field regions.

4.3 Colour-magnitude diagrams

We built the decontaminated CMDs, F606W versus F475W —
F606W and F606W versus FOO6W — F814W for each star group,
taking into account the blue and red populations identified in Section
3.3.

In Fig. 9 we show the CMDs of three young groups. We over-
lapped the evolutionary models of PARSEC version 1.2S correspond-
ing to 107 yr (grey line) and 10° yr (pink line) with solar metallicity
for comparison. These models were displaced adopting a distance
modulus of (Vo — My) = 27.75 (Tully et al. 2013), a normal redden-
ing law (R = Ay/E(B — V) = 3.1) and a value for E(B — V) =0.016
corresponding to foreground reddening toward NGC 253 (Schlafly
& Finkbeiner 2011). In these diagrams we can note that a small
group of red objects still prevails. This is because in the right-hand
regions of the diagrams the stars are more dispersed, causing the
statistical subtraction to lose efficiency. Nevertheless, we can see
that for the blue objects the statistical subtraction is more reliable.

4.4 Luminosity function

The F606W LF of the brightest end of each detected young group
was built using only the selected blue objects inside the correspond-
ing radius r (see Section 3.3) and adopting a bin interval of 0.5 mag.
The LF slopes, I' = dlog N /d F606W, were determined perform-
ing a linear least-squares fit. The obtained slopes are listed in Table
2.

In Fig. 10 we present the LFs for the groups AS150, AS352 and
AS855; the straight lines indicate the linear fits and the indicated
errors correspond to N2, where N is the number of stars in each
0.5 mag bin.

The mean slope was derived considering only the groups with
more than 30 bright members and errr < 0.05, obtaining a value
of 0.21.

5 DISCUSSION

5.1 Comparison with NGC 300

We compared the young groups that we detected with those iden-
tified in NGC 300, which were studied by Rodriguez et al. (2016)
using similar observational data to those in the present work.

In Fig. 11 we plot the number of star members versus the size of
the groups in each galaxy. To be consistent with Rodriguez et al.
(2016) we adopt in this figure a radius of 1o (the radial standard
deviation of the group member location). We performed a quadratic
fit to the data, in order to compare the numbers of members detected
in groups of the same size in both galaxies. A least-squares fit was
performed, taking into account groups with sizes larger than 9 pc, to
avoid the most crowded regions. We found a ratio of ~ 2 between
the quadratic coefficients (o) of each galaxy. In other words, the
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Figure 9. Decontaminated CMDs F606W versus F475W — F606W and
F606W versus F606W — F814W of the star groups AS150, AS352, and
AS855, which are located at different galactocentric distances. The meaning
of symbols is explained in the text (Section 4.3). The grey and pink lines
indicate the isochrones corresponding to 107 yr and 10° yr respectively
and metallicity (Z = 0.0152). (Tang et al. 2014). The arrow indicates the
reddening vector. A colour version of this figure is available online.

associations in NGC 300 would appear to contain twice as many
stars as NGC 253.

However, NGC300 is located almost half the distance to
NGC 253; therefore in this galaxy we were reaching less lumi-
nous objects than in NGC 253, or less-massive main-sequence stars.
Thus, it was expected that we would detect more members in the
NGC 300 associations, but this was only a distance effect.
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Figure 10. LF of three young star groups located at different places in
the galaxy, AS150, AS352 and AS855. The line indicates a linear fit over
the considered bins (see Section 4.4); the slope estimated in each case is
indicated in the top-right-hand corner.

5.2 Hierarchical structure in NGC 253

As was mentioned in Section 1, star-forming regions exist in a wide
range of sizes, from compact star clusters to the spiral arms of a
galaxy. Using the PLC and the stellar density map (Sections 3.4
and 3.6), we have searched for and identified an important number
of young star groups whose sizes and amount of members reveal that
they include different kinds of structures, from simple open clusters
to important complexes of several OB associations. In Fig. 8 we can
see how the largest and most scattered young structures enclose the
densest and compact ones, going through different density levels,
indicated by the different contours. In fact, if we plot the PLC groups
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Figure 11. Number of star members versus radius of young groups, for
NGC 253 (top) and NGC 300 (bottom). The dashed lines correspond to a
quadratic fit over the data.

together with the contours obtained from the density map, we see a
large number of these groups within the densest contours (see Fig.
12), suggesting that they enclose stellar complexes.

This behaviour of the young population is known as hierarchical
structure (e.g. Elmegreen et al. 2000). We can see the relationships
among these structures in Fig. 13, in which we present the corre-
sponding tree diagram or dendrogram. At the bottom, the diagram
starts with the structures detected in the lower density level (40
stars per bin of 8 x 8arcsec?, black contour in Fig. 8). Most of
these structures divide themselves into denser and smaller systems
that are detected in the second density level (80 stars per bin of 8 x 8
arcsec?, blue contour in Fig. 8). This behaviour is repeated through
the denser levels (110 and 145 stars per bin of 8 x 8 arcsec?, red
and turquoise contours respectively). Finally, we add a fifth level,
which corresponds to the groups detected with the PLC method and
which are contained in the structures detected in level 4. It is not
possible to detect such groups in the density map because the map
pixel sizes is 2 arcsec, which is comparable to the group size.

5.3 Distribution of the young star groups in the galaxy

As was indicated in Section 3.4, in Fig. 7 we show the distribution
of the identified groups on an infrared WISE image of the galaxy.
Therefore, it is possible to note that the stellar groups are mainly
located over some special features of NGC 253, I) the nuclear re-
gion, II) the observed extreme of the bar, III) a ring-like structure
enclosing the bar, and IV) the spiral arms. All these structures are
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4.09' x 2,73

Figure 12. ACS/WEFC colour image of field 5, obtained from the combination of the filter FA75W in blue, FOO6W in green and F814W in red using Aladin.
The inverted triangles indicate the centre of the individual groups detected by the PLC method; the contours are the densest that appear in Fig. 8 and indicate
stellar complexes (see Sections 5.2 and 5.3). A colour version of this figure is available online.
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Figure 13. Dendrogram of the young stellar structures detected at different density levels. Levels 1-4 correspond to 40, 80, 110, and 145 stars per bin of 8 x 8

2

arcsec”, respectively. Level 5 corresponds to the most compact groups detected using PLC. The small circles indicate different stellar structures. Structures

that are related in a hierarchical way are connected by solid lines.

prominent in the near-infrared spectral range (see fig. 4 of Iodice
et al. 2014).

In particular, we found two stellar complexes with almost 20
members (individual young groups) near the central region of the
galaxy (contours A and B in Fig. 12). The one closer to the centre
(complex A) is within the 300 pc of starburst activity, and it is
coincident with the super star cluster described in several works
(eg. Kornei & McCrady 2009; Davidge 2016). Through the PLC
method we could identify several individual star groups in this
region, suggesting that it is in fact a stellar complex rather than
a super cluster. The same conclusion was arrived at by Davidge
(2016), who found star formation in different locations inside this
region.

on 12 July 2018

We can also see in Fig. 7 alarge stellar complex containing several
groups at the edge of the bar; this complex is indicated with contour
Cin Fig. 12. In this last optical image the bar is totally obscured by
the dust and only the star-forming region at the edge of the bar is
visible. This knot and the other extreme of the bar were identified
by lodice et al. (2014) as bright points, in near-infrared images
of VISTA,® that connect the bar with the outer spiral arms. Their
analysis suggests these knots to be regions of local star formation
instead of being the typical ansae observed in other barred galaxies,
which is consistent with our detections.

Shttp://www.vista.ac.uk/
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Figure 14. Size distribution of young star groups in NGC 253. Sizes in
parsecs (upper edge) were computed using a distance of 3.56 Mpc (Tully
et al. 2013).

On the other hand, we expected to find young groups in the ring
structure, since this region is associated with active star formation as
was suggested by the H o maps of the region (Hoopes, Walterbos &
Greenwalt 1996). The origin of this structure, with a radius between
2.6 and 3.1 kpc, is not yet well understood. According to lodice et al.
(2014) it is probably the result of a merge with a small satellite or,
alternatively, it is an intermediate phase in the bar formation.

5.4 General properties of the young star groups

In Fig. 14 we show the size distribution of the star groups; we can
see that the radius ranges from 5-150 pc with a peak close to 40 pc.
We found an average radius of ~ 47 pc. These values are in good
agreement with the OB association size found in other galaxies,
using automatic search methods and HS7T images. Rodriguez et al.
(2016) found a value of 25 pc for the mode and the average radius
of young star groups in NGC 300; although these values are lower
than ours, we must consider that they used values of radius equal
to 1o instead of 20 as in this work. Bresolin et al. (1998) studied
the OB associations in seven spiral galaxies, NGC 925, NGC 2090,
NGC 2541, NGC 3351, NGC 3621, NGC 4548, and M101, finding
size distribution peaks between 25 and 45 pc and an average radius
between 25 and 60 pc. In our Galaxy these values are somewhat
smaller. Mel’Nik & Efremov (1995) found a maximum in the size
distribution of 15 pc and an average radius of 20 pc in the OB
associations with distances within 3 kpc of the Sun. For example,
the associations in the Orion region Ori OBla and Ori OB1b have
radii of 37 pc and 17 pc respectively (Briceno 2008); the associations
in the Cygnus region have an extended range of radii from 10-70pc
(Garmany & Stencel 1992).

In Fig. 15 we present the trend of several parameters against the
galactocentric distance. In the upper panel we show the F606W
magnitude value of the brightest star in the stellar groups for each
0.5kpc bin; the middle panel presents the behaviour of the red
(F814W) background level measured on the ACS/WFC drizzle im-
ages; and the bottom panel indicates the stellar density values of
bright stars. Both the background levels and the stellar density val-
ues correspond to the same stellar groups indicated in the upper
panel.

These figures allow us to notice that the brightest stars in the
stellar groups decrease up to distances ~6 kpc and then remain
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Figure 15. Top panel: Magnitude of the brightest star in the stellar groups.
Middle panel: The red (F814W) background level. Bottom panel: The stellar
density of stars brighter than F606W = 24, with respect to galactocentric
distance. A bin size of 0.5 kpc was used and the same stellar groups were
considered in the three panels.

approximately constant. The behaviour in the central part of the
galaxy could be due to a blending/crowding effect, a change in the
stellar density since it directly affects the chance to obtain a bright
star for a given initial mass distribution, or a flatter slope of the mass
distribution itself. The middle panel of Fig. 15 was adopted as an
indicator of the blending behaviour (Renzini 1998) and reveals that
this problem is not important in most regions of the galaxy, as was
indicated in Section 3.1, but it could be important for galactocentric
distances lower than 2 kpc. On the other hand, the bottom panel of
Fig. 15 reveals the changing behaviour of the stellar density. These
results suggest that the trend observed in the upper panel could be
mainly due to changes in the stellar density. However, in the central
part of the galaxy, the blending effect and the high stellar densities
could be a problem.

Regarding the stellar mass and bright distribution of the stellar
groups, Bresolin et al. (1998) estimated an average V LF slope
of 0.61 for the spiral galaxies mentioned at the beginning of this
section. This value is considerably higher that our computation of
0.21. This discrepancy may be partly due to the different magnitude
cut-off adopted in the slope measure (My < —4.76 in Bresolin et al.
1998, and Mpgoew < —3.81 in our work). Additionally, the Bresolin
etal. (1998) galaxies are much more distant than NGC 253 (between
6.7 and 14.5 Mpc), so it is probable that a blending effect is present,
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Figure 16. Left: Behaviour of the LF slope with galactocentric distance. Pink dots indicate groups with I" values greater than 0.3. Blue points are groups with
I" values lower than 0.18. Right: Location of pink and blue dots over a WISE IR image of NGC 253. It can be clearly seen that the associations with low-I"
values are found in the galactic core, while those with high values are located over an annular structure surrounding the galactic core.

affecting the object magnitudes and consequently the LF shape.
Studying only the most numerous groups with low errors in the
fitted slope, i.e. those with more than 50 bright blue stars resulting
from statistical decontamination and errors in the slopes lower than
0.09, we found that the groups with low slope values were located
near the galactic centre. On the other hand, groups with the highest
slope values were located between ~2 and 3.5 kpc. The left-hand
panel of Fig. 16 shows the relationship of I" and the galactocentric
distance; the groups with slope values lower than 0.18 are shown
in blue and those with slopes greater than 0.3 are shown in pink.
In the right-hand panel of Fig. 16 we overlapped these associations
on an IR WISE image of the galaxy. In this figure we can note
that the groups with low values of the slope are near the galactic
centre, within the starburst region and inside complex A (see Fig.
12). These low values indicate that the LF slope is flatter than in
the groups of other regions, so there would be more bright stars
than in other groups; however, this region is well correlated with
the behaviour presented in the middle panel of Fig. 15 and therefore
these values could be partially affected by the presence of blending.
On the other hand, all the groups with slopes greater than 0.3 are
over the annular structure that surrounds the bar and the nucleus;
the LFs of these associations are characterized as having a large
number of stars of weaker magnitudes.

Additionally, we have estimated a mean density of 0.0006
star pc3 taking into account groups with more than 30 bright stars.
It should be noted that this value was estimated counting stars with
Mrggosw < —0.8, which approximately correspond to the spectral
type B6.

6 CONCLUSIONS

Using ACS/HST images we searched for and identified young star
groups in the starburst galaxy NGC253. For this task, we first
derived the absorption affecting different regions of the galaxy.
After correcting for this effect, we used the PLC method over the
bright blue objects to identify young groups and build a density map
to detect larger young structures. A specially designed code was run
over the detected groups to estimate their fundamental parameters
and to build their corresponding CMDs and LFs.

on 12 July 2018

We constructed a catalogue containing the characteristics of the
875 detected young groups. This catalogue presents coordinates,
sizes, number of members, densities, LF slopes and galactocentric
distances.

Our study revealed that the groups detected are located over
prominent structures of the galaxy, its nuclear region, the edge of
the bar, a ring-like structure that encloses the bar, and the spiral
arms, confirming that all of them are star-forming regions. The
nuclear region of this galaxy had been closely studied due to its
starburst activity; it has been associated with a super star cluster
by several authors. Nevertheless, we identified almost 20 different
groups in this region, suggesting that it is in fact a stellar complex.
Additionally we found that this young population has a hierarchi-
cal behaviour, in which the smaller groups are contained in larger
structures.

The group size distribution revealed a peak near 40 pc and an
average radius of 47 pc; these values are consistent with those found
in other galaxies. We also estimate a mean value of the F606W
LF slope of 0.21, with lower slope values in the galactic centre
and higher values in the ring structure, and an average density of
0.0006 star pc™ for stars considered earlier than B6.
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