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Abstract

Young star-forming clumps (SFCs) emit strongly in the ultraviolet (UV), making UV imaging ideal for detecting
them. The Ultraviolet Imaging Telescope (UVIT) on board AstroSat, with 1.5 resolution, has enabled the
characterization of recently formed (up to 300 Myr) SFCs on tens of parsec scales in nearby galaxies. The spatial
distribution of SFCs with different ages can provide insights into the hierarchy of star formation. This study
presents a seminovel approach to characterize SFCs in two nearby spiral galaxies, NGC 5457 and NGC 1313, by
combining UVIT far-UV (FUV) data with g-band data from the Dark Energy Camera Legacy Survey. We tested
and optimized our method on NGC 5457 and showed that after proper background subtraction, the FUV — g color
of SFCs can serve as an equally reliable age indicator as the widely used FUV — near-UV (NUV) color. Next, we
parameterized the star formation hierarchy in NGC 5457 using the two-point correlation function and found good
agreement between the hierarchical parameters derived using FUV — NUV and FUV — g based ages. Using our
FUV — g based SFC ages, we also constrained the global hierarchical parameter of NGC 1313 for the first time.
The development of our FUV — g based method is motivated by the fact that the NUV channel of the UVIT is not
operational, and there is a wealth of archival UVIT FUV-only observations of nearby galaxies. This work
demonstrates the potential of our method in constraining the SFC’ ages and investigating hierarchical star
formation in nearby galaxies using FUV and optical observations.

Unified Astronomy Thesaurus concepts: Ultraviolet color (1737); Spiral galaxies (1560); Galaxy photometry

’

(611); Ultraviolet telescopes (1743); Star forming regions (1565)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Observations show that star-forming regions are arranged in
self-similar, fractal-like structures where smaller and more
compact regions are iteratively nested within larger and more
diffuse regions (B. G. Elmegreen & Y. N. Efremov 1997;
B. G. Elmegreen & D. M. Elmegreen 2001; C. J. Lada &
E. A. Lada 2003; B. G. Elmegreen et al. 2006; D. A. Gouliermis
et al. 2017). The process of forming stars is predominantly
governed by gravitational collapse and turbulent motions within
molecular clouds that result in the reshaping of molecular
clouds into hierarchical structures (R. B. Larson 1981;
B. G. Elmegreen & E. Falgarone 1996). The star formation
occurring in these clouds adopts the hierarchical structuring of
the natal clouds. Studying the hierarchical star formation
process is crucial for understanding how star-forming regions
within galaxies and galaxies themselves as a whole, evolve in an
interconnected, multiscale way (B. G. Elmegreen &
D. A. Hunter 2010). It is well known that the hierarchical
patterns of star formation are observable only in the young star-
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forming regions, as these regions are unaffected by the many
factors that gradually disperse the hierarchies within galaxies,
such as stellar feedback, stellar drift, galactic dynamics, and
tidal forces (Q. Zhang et al. 2001; N. Sanchez et al. 2010;
K. Grasha et al. 2017a, 2017b; S. H. Menon et al. 2021;
G. Shashank et al. 2025). This makes it essential to differentiate
between young and old star-forming regions when investigating
hierarchical star formation.

Multiwavelength observations from the Hubble Space
Telescope (HST) with the Legacy ExtraGalactic Ultraviolet
Survey (LEGUS) program have greatly enriched our current
understanding of hierarchical star formation in external
galaxies (D. M. Elmegreen et al. 2014; D. Calzetti et al.
2015; D. A. Gouliermis et al. 2017; K. Grasha et al.
2017a, 2017b; S. H. Menon et al. 2021). These studies have
helped constrain the hierarchical parameters (a set of quantities
derived by analyzing the hierarchical distribution of star-
forming regions within a galaxy) for a number of nearby
galaxies. These parameters include correlation length (the
largest scale up to which the spatial distribution of star-
forming regions traces the hierarchical (self-similar or fractal)
structure of the ISM produced by turbulence-driven fragmen-
tation), hierarchy dispersal timescale (the time taken for the
dispersal of hierarchically distributed star-forming regions),
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and fractal dimension (which quantifies the complex, space-
filling nature of any distribution). However, some of the
galaxies studied in these papers have also been hampered by
the limited spatial coverage of the HST. In this context, the
Ultraviolet Imaging Telescope (UVIT), on board AstroSat,
offers a significant advantage due to its large 28 field of view
(FoV), which enables UV observations with full galaxy
coverage for nearby galaxies. UVIT offers an angular
resolution of 1’5, and it has multiple broadband and
narrowband filters (P. C. Agrawal 2006; A. Kumar et al.
2012; K. P. Singh et al. 2014).

UV observations effectively trace recent star formation
(D. Calzetti 2013; R. C. Kennicutt 1998) within ~300 Myr.
The far-UV (FUV) —near-UV (NUV) color of young star-
forming regions is an excellent proxy for their age, as it is
sensitive to the presence of short-lived, massive O- and B-type
stars. Many GALEX-based studies (L. Bianchi et al. 2005;
D. A. Thilker et al. 2005a, 2005b; K. L. Barnes et al. 2011) and
UVIT-based studies (C. Mondal et al. 2021; K. Ujjwal et al.
2022; G. Shashank et al. 2025) have used the FUV — NUV
colors of the star-forming regions to derive their ages.
Recently, G. Shashank et al. (2025) utilized the full galaxy
coverage UVIT FUV (F148W filter), NUV (N242W or
N263M filter) observations, and the FUV — NUV color-based
age estimates to investigate hierarchical star formation in four
nearby spiral galaxies—NGC 1566, NGC 5194, NGC 5457,
and NGC 7793. Their study demonstrated the capabilities of
UVIT in constraining the hierarchical parameters of nearby
galaxies. By comparing their hierarchical parameters (derived
using full galaxy coverage with the UVIT) against those
derived in S. H. Menon et al. (2021; derived using partial
galaxy coverage with the HST), they also demonstrated that
the global hierarchical parameters of a galaxy can be
significantly different from the parameters derived with partial
galaxy coverage. This suggests that, owing to the significant
environmental variations that can exist within different regions
of a galaxy, partial galaxy coverage makes it difficult to
accurately derive its global hierarchical parameters. For
NGC 1566 and NGC 5194, S. H. Menon et al. (2021) already
provided lower limits of correlation length using partial galaxy
coverage HST data. However, these lower limits made it
unclear whether there exists a correlation length for these
galaxies, or the stellar hierarchy can span up to the scales
comparable to the full galaxy size. G. Shashank et al. (2025)
analyzed the spatial distribution of young (<10Myr) star-
forming clumps (SFCs) in these galaxies and provided exact
values for the correlation lengths of NGC 1566 and NGC 5194.
Their correlation length measurements were also consistent
with the lower limits provided by S. H. Menon et al. (2021).
This also demonstrated that with full galaxy coverage, all
spiral galaxies are expected to have their own characteristic
correlation length, which is much smaller than the entire
galaxy size.

There exists a wealth of archival UVIT observations of
nearby galaxies, with full disk coverage, which provides an
opportunity to derive reliable hierarchical parameters for a
statistically large sample of nearby galaxies. It will help to
understand the dependence of hierarchical parameters on host-
galaxy properties. However, the NUV channel of the UVIT
has not been operational since 2018, and a lot of the nearby
galaxies are limited to observations only in the UVIT FUV
channel. This hinders the application of the methodology
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adopted in G. Shashank et al. (2025) for deriving the SFC ages
using the FUV — NUV color, and thereby the estimation of the
hierarchical parameters of galaxies. To address this, we
explore in this paper the feasibility of an alternative method
using a combination of UVIT FUV and Legacy survey g-band
observations to estimate the ages of the SFCs. This approach
will enable us to investigate hierarchical star formation in
those nearby galaxies for which only UVIT FUV observations
are available.

The aim of this paper is two-fold. First, we study the galaxy
NGC 5457 in order to develop a seminovel method for
estimating the ages of the SFCs using FUV-g color. We
validate our method by comparing the SFC ages and
hierarchical properties of NGC 5457 derived using FUV — g
color against those derived using FUV — NUV color. Second,
we apply our newly established method to the galaxy
NGC 1313, for which UVIT NUYV data are not available, and
only the lower limit of the correlation length has been derived
in the literature (960 pc; S. H. Menon et al. 2021). We utilize
the full galaxy coverage UVIT FUV observations of
NGC 1313, identify young SFCs based on the FUV —g
color-based ages, and derive the hierarchical parameters of
this galaxy. In this work, we measured the exact correlation
length of NGC 1313 for the first time.

The structure of the remaining paper is as follows: In
Sections 2 and 3, we describe the galaxy sample and data used in
this study, respectively. Section 4 covers the methods related to
SFC identification, photometry, age estimation, and the
investigation of star formation hierarchy in our galaxies. In
Section 5, we discuss the results of our age estimation methods,
investigate the age demographic of our sample galaxies, and
derive their hierarchical parameters. Finally, we summarize our
results and discuss future prospects in Section 6.

2. Galaxy Sample

The sample galaxies studied in this paper are NGC 5457 and
NGC 1313. These two are nearby, spiral galaxies rich in young
star-forming regions.

NGC 5457, also known as the Pinwheel Galaxy, is located
in the Ursa Major constellation. Morphologically classified as
SAB(rs)cd, it is an extended UV (XUV) disk spiral galaxy
with a well-defined ring structure and loosely wound spiral
arms (G. de Vaucouleurs et al. 1991). It contains many young
star-forming regions spread across its spiral arms, making it an
ideal candidate for investigating the spatial distribution of star
formation and its hierarchical nature. NGC 5457 was pre-
viously studied for hierarchical star formation using HST
(S. H. Menon et al. 2021). However, these HST data provided
only partial spatial coverage of approximately 10% of the
galaxy. Using full coverage UVIT observations, G. Shashank
et al. (2025) explored the global view of hierarchical star
formation in NGC 5457. Furthermore, J. Yadav et al. (2021)
investigated the XUV disk nature of this galaxy, identifying
significant differences between the physical properties of inner
(galactocentric radius < Rjs) and outer (=R,s) star-forming
regions. Here, R,s is the radius of the galaxy corresponding to
B-band surface brightness of 25 mag arcsec™ .

NGC 1313, a barred spiral galaxy of type SBd, is located in
the constellation Reticulum. It hosts numerous HII regions
(M. Messa et al. 2021) and shows enhanced star formation
activity in the southern spiral arm (T. Suzuki et al. 2013). In
S. H. Menon et al. (2021), the hierarchical parameters of NGC
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Figure 1. Left panel: false-color composite image of NGC 5457, where blue, yellow, and red represent FUV, NUV, and g-band emissions, respectively. Right panel:
false-color composite image of NGC 1313, where blue and red represent FUV and g-band emissions, respectively. In both panels, the golden box indicates the HST
FoV (3’ x 3’ per pointing), adopted from S. H. Menon et al. (2021). NGC 5457 is covered by four pointings (36 arcmin?), while NGC 1313 is covered by two
pointings (18 arcmin?).

Table 1
Relevant Properties and Details of the UVIT Observations of the Galaxy Sample

Galaxy M, D i P.A. FUV Exp NUV Exp Nsrc (FUV — NUV) Nsre (FUV — g)
(M) (Mpc) (deg) (deg) (s) (s)

NGC 5457 1.9 x 10'° 6.7 18.0 39 3163(F148W) 2987(N263M) 1122 1208

NGC 1313 2.6 x 10° 43 51 14 4735(F148W) NA NA 1000

Note. The stellar mass (M), distance (D), inclination (i), and position angle (P.A.) were taken from S. H. Menon et al. (2021). FUV filter F148W corresponds to
1481 A central wavelength and N263M corresponds to 2632 A. NGC 1313 lacks NUV observations. The number of SFCs (Nsgc) is based on a magnitude error cut

of 0.1 mag for NGC 5457 and 0.15 mag for NGC 1313, across all of the wave bands used.

1313 could not be properly constrained due to its partial spatial
coverage within the HST LEGUS survey, which covered only
about 43% of the galaxy. As a result, we only have a lower
limit of correlation length (960 pc) for this galaxy. The
availability of UVIT FUV data with complete coverage for this
galaxy gives us an opportunity to apply our FUV — g color-
based methodology for deriving its global hierarchical
parameters. Some important properties of our sample galaxies
are listed in Table 1, and their color-composite images are
shown in Figure 1.

3. Data

We used the archival UVIT observations of NGC 5457 and
NGC 1313. UVIT is one of the payloads on board AstroSat—
India’s first multiwavelength space observatory (P. C. Agrawal
2006; A. Kumar et al. 2012; K. P. Singh et al. 2014). UVIT
consists of two telescopes simultaneously capturing images in
the FUV (1300-1800 A) and NUV (2000-3000 A) channels.
Additionally, UVIT has a VIS (3200-5500 A) channel, which
is primarily used for tracking purposes. It provides excellent
spatial resolution (<1.5) and a large field of view of
approximately 28" diameter.

To obtain science-ready images of the two galaxies, we used
CCDLAB—a UVIT data reduction pipeline (J. E. Postma &

D. Leahy 2017, 2021). Due to the movement of the sky
scanning monitor (SSM) camera on AstroSat, and the motion
of the satellite, during the course of the observations, a drift
pattern is introduced in the images. The short-exposure VIS
channel observations are used to compute the drift pattern in
the UV images, and the pipeline's drift correction option is
used to correct the drift. UVIT observations for a given filter
are usually taken in different orbits and in different orienta-
tions with respect to the celestial coordinates. This introduces
rotational and translational shifts in the images taken during
different orbits. These shifts were corrected using CCDLAB’s
user-interactive registration routine, which involves manually
placing orbit-wise images on top of each other using a number
of bright point sources in the field (usually, three or four such
sources are sufficient). CCDLAB performs the registration
process with subpixel accuracy, ensuring that any shifts
between orbit-wise images stay under 1 pixel (i.e., 0'416;
J. E. Postma & D. Leahy 2021). After registration, the aligned
images were merged to produce a single master image. Next,
point-spread function (PSF) optimization was performed to
correct any residual drift that had not been corrected in the
drift correction option. Multiple bright sources in the observed
field were selected, and a common PSF correction is computed
and applied by CCDLAB. This ensures that a uniform PSF is
observed across the 28’ FoV of the UVIT. Lastly, astrometry is
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performed by accessing the Gaia DR3 catalog to assign the
World Coordinate System (WCS) to the final image.

We utilized g-band (3900-5400 A) images from the legacy
imaging surveys. NGC 5457 was imaged as part of the
Beijing—Arizona Sky Survey (BASS), and NGC 1313 was
imaged as part of the Dark Energy Camera Legacy Survey
(DECaLS). BASS employed the Bok 2.3 m telescope at Kitt
Peak, equipped with the 90Prime camera (A. Dey et al. 2019).
The camera features four 4k x 4k CCDs, providing an FoV of
1.15deg®. BASS achieved a spatial resolution of ~176.
DECaLS employed the 4 m Blanco telescope at Cerro Tololo
Inter-American Observatory. It is equipped with a 570
megapixel dark energy camera, providing an FoV of 3 deg”.
DECaLS achieved a spatial resolution of ~1.3. We obtained
the coadded images of our galaxies from the Legacy Survey
website.” Photometric zero-points for these images were
derived by comparing fluxes with the Pan-STARRS1 point-
source catalog.

The Legacy Survey was optimized for uniform sky coverage
rather than targeting specific objects. Imaging large, extended
galaxies, such as our sample galaxy NGC 5457, required
mosaicking data from multiple adjacent exposures to achieve
seamless coverage. This step ensured complete galaxy cover-
age while compensating for the inherent CCD gaps. We used
the Montage software to perform the mosaicking (J. C. Jacob
et al. 2009). The FUV, NUV, and g-band images of NGC 5457
used in this work have angular resolutions of less than 1'4,1°1,
and 16, respectively. For our analysis, the average PSF of all
of the images was matched and brought to a common
resolution of 1.6, i.e., the angular resolution of the g-band
images. In the case of NGC 1313, the FUV and g-band images
had nearly identical angular resolution of 1.4, so no additional
PSF matching was required.

4. Methodology
4.1. Identification of Star-forming Clumps

For identification of SFCs, we used the Python package
Astrodendro'® (E. Rosolowsky et al. 2008) on our FUV images
of galaxies. Astrodendro arranges the FUV emission coming
from the galaxy into a hierarchical tree-like diagram called a
dendrogram. The dendrogram typically consists of a main
structure called the trunk—covering the entire galaxy, which
splits into a large number of smaller substructures called
branches, and leaves. In the context of our study, the leaves at
the ends of the dendrogram tree are taken as individual SFCs,
since the leaves are the most compact, unresolvable, and
densest structures in the dendrogram.

The Astrodendro package constructs the dendrogram based
on three input parameters: min value, min delta, and
min npix. The min value parameter sets the minimum
flux level for any region to be considered as a significant
structure in a dendrogram. We defined this threshold as the
background flux plus 3 times the standard deviation (bg + 30),
ensuring that structures below this level are treated as noise.
The background flux and standard deviation values for the
FUV images of our galaxies are calculated as the average
value of the same quantities in 10 circular apertures of 1’
radius each, in the sky regions, far away from the galaxy. The
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min delta parameter determines how distinct a peak must
be from its surroundings to qualify as a separate SFC; for this,
we used the standard deviation (1o) as min_delta. Finally,
the min npix parameter specifies the minimum number of
pixels a region must contain to be identified as a structure. This
was determined by examining the PSF of a point source in the
UVIT FUV images (always <1.6) and estimating how many
pixels it spans; this turns out to be 11 pixels for NGC 5457 and
10 pixels for NGC 1313.

Using these parameter choices on the FUV image,
Astrodendro identified 13,122 leaves (SFC candidates) in
NGC 5457 and 4849 leaves in NGC 1313. For each detected
leaf, Astrodendro provides a unique ID, the irregular leaf area
spanned in pixels, FUV flux (in photon counts), and the central
pixel coordinates (x.e, and y..,). These physical properties of
the leaves are used in subsequent analysis.

4.2. Clump Magnitudes and Attenuation Correction

To perform photometry on a given SFC across different
wave bands, we used circular apertures with equal area as the
irregular leaf structure identified by the Astrodendro in the
FUV image. These circular apertures were centered on the
SFC positions provided by Astrodendro, and they enable us to
determine the FUV, NUV, and g-band flux associated with
each SFC. We observed that using circular apertures, as
compared to the flux given by Astrodendro within the irregular
leaves, results in a small amount of flux loss. However, the
flux loss is within the magnitude error cuts (described later in
this section) used in this paper. The choice of using circular
apertures was made because Astrodendro does not allow for a
direct application of leaf masks onto images taken in other
wave bands. Therefore, circular apertures are suitable for
multiband photometry.

The measured flux associated with any SFC is corrected for
a constant sky background and the local background contrib-
ution. We elaborate on our local background subtraction
method in Section 4.4. The final background-subtracted fluxes
in the FUV and NUV bands were converted to AB magnitudes
using the UVIT calibration relations from S. Tandon et al.
(2020), whereas the g-band fluxes, which are in nanomaggy
units, were converted to AB magnitudes using the formula
taken from O. Ruiz-Macias et al. (2021).

For the FUV and NUV magnitudes of the clumps, we also
estimated the magnitude errors by using error propagation on
the UVIT magnitude formula. In the g band, magnitude errors
are estimated by performing aperture photometry on the
g-band inverse flux maps. To ensure the reliability of observed
magnitudes and ages derived from these magnitudes, 0.15
and 0.10mag error cuts were applied for NGC 1313 and
NGC 5457, respectively. The difference in the choice of
magnitude error cuts is motivated by our need to maximize the
number of SFCs for our investigation of hierarchical star
formation in the latter part of the paper.

We corrected the observed magnitudes for Milky Way
foreground, as well as galaxy-specific, constant internal dust
attenuation. The foreground attenuation values are taken from
the NASA dust and reddening calculator (Ay = 3.1 x E
(B—V); E(B— V) =0.09 mag for NGC 1313, and 0.007 mag
for NGC 5457—measured using the recalibrated maps by
E. F. Schlafly & D. P. Finkbeiner (2011). We adopted constant
internal dust attenuation Ay = 0.74 mag for NGC 5457 from
S. Linden et al. (2022; based on spectral energy distribution,
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Table 2
Key Input Parameters Used in Starburst99
Parameter Value
Star formation type Instantaneous
Initial mass function (IMF) Kroupa [1.3, 2.3]
Stellar mass range 0.1, 0.5, 120 M,
Clump mass 10°M~10°M,,,

Metallicity Z = 0.02 (NGC 5457)
Z = 0.008 (NGC 1313)
Geneva (high mass-loss rate)

1-400 Myr

Evolutionary track
Age range

SED, fitting of star clusters) and Ay = 0.59 mag for NGC 1313
from L. Hadfield & P. Crowther (2007; based on the Balmer
decrement measurement for the Wolf-Rayet stars). The
corresponding A, in the FUV, NUV, and g band was
calculated using Cardelli’s extinction law (J. A. Cardelli
et al. 1989). The total dust attenuation correction for each band
was computed by adding the Milky Way and the internal
attenuation contribution.

4.3. Method for Age Estimation of Star-forming Clumps

In this work, we derive ages in two similar ways—first,
using FUV — NUYV color and second, using FUV — g color of
the SFCs. To estimate the ages of the SFCs, we used a
comparison of the reddening-corrected FUV —NUV or
FUV — g colors of the SFCs against the synthetic colors of
star clusters derived using Starburst99 (SB99) single-aged
stellar population synthesis models (C. Leitherer et al.
1999, 2014). We used the SB99 models to predict the UV +
optical spectral evolution and the resulting color evolution for
single-aged star clusters of varying masses, between ages 1
and 400 Myr. We assumed instantaneous star formation and
the Kroupa initial mass function (IMF; P. Kroupa 2002).
Among the five metallicities available in SB99, we selected
Z = 0.02 for NGC 5457 based on metallicity estimates from
J. Vilchez et al. (2019) and Z = 0.008 for NGC 1313,
following the metallicity estimates by M. Messa et al. (2021),
as it is the closest available value. Some of the key input
parameters for generating the SB99 models are summarized in
Table 2.

We used SB99 to generate the total stellar 4+ nebular energy
output in the form of SEDs for individual, unresolved star
clusters of a given mass and age. The SEDs generated by SB99
lie in the wavelength range of 91 A to 160 um with a
resolution of ~10 A in the UV and optical range. For our
study, we focus on the wavelength range from 1250-5500 A,
which covers the wavelength range of the FUV, NUV, and g
band. The FUV, NUV, and g-band synthetic magnitudes for
the simulated SFCs were calculated by convolving the SB99
spectra with the band-specific transmission rate profiles and
converting the resultant fluxes into synthetic AB magnitudes.
For UVIT, the effective area curves were taken from
S. Tandon et al. (2020), while for the g band, the transmission
rate profile was obtained from the Spanish Virtual Observatory
website.'' Using these magnitudes, we generated synthetic
SB99 color-magnitude diagrams (CMDs; FUV — NUV color
versus FUV magnitude and FUV — g color versus FUV
magnitude), corresponding to different ages and cluster
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masses. From the CMDs, we can see that the SFCs get
progressively redder with age, and the FUV luminosity
increases with the mass of the SFC. As the different stellar
mass tracks have been created in SB99 using the exact same
input parameters of IMF, metallicity, and evolutionary tracks,
the color of any SFC at a given age is independent of its mass.
We overplotted the observed attenuation-corrected colors and
FUV magnitudes of SFCs onto these synthetic CMDs and
obtained the age of each SFC by performing a linear
interpolation along the color axis. In our method, the choice
of the stellar mass track used for age interpolation has no
impact on the derived SFC age and introduces no additional
uncertainty in the age estimates.

We note that the choice of an instantaneous starburst may be
an oversimplified approach, and some of these SFCs could be
forming stars for a longer duration or continuously. Contin-
uous star formation and an instantaneous burst of star
formation are two extreme or limiting cases in modeling
stellar populations, and they provide upper and lower limits on
the age of the stellar population, respectively (C. Leitherer
etal. 1999; E. M. Levesque & C. Leitherer 2013). So, if we use
a continuous star formation model, instead of an instantaneous
burst, the derived ages of the SFCs would shift toward older
ages (for both FUV — NUV and FUV — g based ages). In the
present study, we are probing regions with typical sizes of a
few tens of parsecs (similar to those of stellar associations and
slightly larger than those of star clusters) that strongly emit in
FUV. Regions of these sizes with young stars are better
modeled and characterized using an instantaneous burst model
(J. Iglesias-Paramo et al. 2004; A. Pasquali et al. 2008;
M. C. Sanchez-Gil et al. 2011; A. Adamo et al. 2017;
D. O. Cook et al. 2019; J. A. Turner et al. 2021), and we follow
a similar approach in our study. As we have used an
instantaneous burst of star formation to characterize SFCs,
the ages of the SFCs could be a lower limit. Since the main
aim of this paper is to understand the hierarchical nature of star
formation, which evolves with age and disperses within tens of
Myr, the lower limits of ages given by the instantaneous star
formation assumption are more suitable.

4.4. Correcting the SFC Fluxes for Local Background
Contribution

As our dataset contains UV as well as optical bands, the
local background contribution to the SFC fluxes in each band
needs to be duly subtracted. Local background emission in
galaxies is diffuse in nature and arises from the unresolved
stars in the disk of the galaxy, which are not part of the SFC. In
particular, the hot, evolved stellar populations could contribute
to the local background emission in FUV and NUV bands.
Similarly, older (age > 1 Gyr) stellar population contributes
significantly to the local background emission in the g band.
Overall, the local background emission inflates the observed
flux within the SFC apertures (R. C. Kennicutt et al. 2007), so
it is important to subtract this contribution from the observed
SFC fluxes. As the local background emission is expected to
vary across the galaxy, ideally, its contribution to each SFC
should be measured from annular regions around each SFC.
However, this approach is difficult to implement, since our
images have a relatively medium resolution of 1.6. As we are
identifying thousands of SFCs in each galaxy, at 1.6 resolution,
the flux arising from neighboring SFCs will contaminate the
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Figure 2. A schematic illustrating our local background estimation method—
as applied on the UVIT FUV image of NGC 5457. The galaxy is divided into
five concentric zones (red rings). Small (orange) circular apertures of
increasing radius (radii = 15, 20, 30, 40, 60) were placed in each zone for
the local background estimation.

local background measured for any given SFC in the annular
region around it.

In this paper, we test a pilot approach to subtract the local
background contribution from the SFC fluxes. We divided the
galaxy NGC 5457 into five annular radial zones. These zones are
selected through visual inspection so as to delineate and cover
different morphological structures of the galaxy, such as the inner
or outer rings of star formation, prominent spiral arms, and bar
regions of the galaxy. Within each zone, the local background
flux was measured in three clump-free, circular apertures of fixed
size greater than the UVIT PSF. These clump-free regions are
also chosen by visual inspection, so as to probe only the diffuse
background emission and to minimize contamination from star-
forming regions. The local background for each zone was then
taken as the average of the flux measured in these three small
apertures. As it is difficult to find clump-free regions closer to the
center in NGC 5457, we start with three small circular apertures
of 15 pixel radius in the innermost zone and progressively
increase the aperture size to 20, 30, 40, and 60 pixels as the local
background is measured in the progressively outer zones. In the
outermost zone, we use the sky background as the measure of
local background. This method provides a radial, zone-based
estimate of the local background (see Figure 2 for the schematic
of local background measurement, and Figure 3 for the resulting
radial local background profiles). The local background emission
profile derived this way falls off exponentially from the center to
the outskirts of the galaxy. It can also be seen that, on average, the
ratio of local background emission as compared to the total
emission from the galaxy increases from FUV to NUV to the g
band. For NGC 1313, too, we used a similar approach to estimate
the local background profiles.

Next, we incorporated the local background measured in
each radial zone to correct the SFC fluxes. For the SFCs lying
in a given radial zone, we subtracted the corresponding value
of the local background from the observed SFC fluxes in FUV,
NUV, and the g band, This gives us local background-
corrected magnitudes and colors for all of the SFCs. After
taking into account the dust attenuation correction for each
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SFC, we compared the local background-corrected CMDs
against the synthetic SB99 CMDs and derived the updated
SFC ages (see Figure 4). Ultimately, we have 1122 back-
ground-corrected SFCs with <0.10 mag errors in the
FUV — NUV based CMD of NGC 5457 and 1208 back-
ground-corrected SFCs with 0.10 mag errors in the FUV — g
based CMD of NGC5457. In NGC 1313, we have 1000
background-corrected SFCs with 0.15mag errors in the
FUV — g based CMD. The complete catalog of SFCs
containing the physical properties of SFCs in our two galaxies
is described in Appendix C. The FUV, NUV, and g-band
magnitude histograms for these SFCs are presented in
Appendix B. We note that for the SFCs in NGC 5457, the
radii span 25.3-178.6 pc, with a median radius of 65.3 pc. For
the SFCs in NGC 1313, the radii range from 15.4-99.5 pc,
with a median radius of 25.0 pc. We use these SFC catalogs to
provide a detailed discussion of the ages derived using the
FUV — NUV and FUV — g color, as well as the galaxy-wide
age demographic of NGC 5457 and NGC 1313 in Section 5.

4.5. Two-point Correlation Function and Hierarchical
Parameters

The spatial distribution of young and old star-forming
regions in a galaxy can be used to derive insights about the
hierarchical nature of star formation (K. Grasha et al. 2017a;
S. H. Menon et al. 2021; G. Shashank et al. 2025; D. Lapeer
et al. 2026). Since the star formation hierarchy is a direct
consequence of the stars forming from hierarchically struc-
tured gas (R. B. Larson 1981; B. G. Elmegreen & E. Falgarone
1996; C. J. Lada & E. A. Lada 2003; B. G. Elmegreen et al.
2006; D. A. Gouliermis et al. 2017), the youngest SFCs in a
galaxy can effectively trace the hierarchical structuring of the
gas from which the stars have formed. Gradually, the hierarchy
of stellar structures evolves and disperses as a function of the
age of the stellar population (D. M. Elmegreen et al. 2014;
K. Grasha et al. 2017a; S. H. Menon et al. 2021; B. Meena
et al. 2025; G. Shashank et al. 2025). To study this effect on
the hierarchical distribution of the SFCs, we used the SFC ages
and the technique of spatial two-point correlation function
(TPCF). The use of the TPCF technique is motivated by the
fact that young star-forming regions are supposed to be
spatially clustered with their neighbors, in space and time. In
other words, star formation rarely happens in isolation. Rather,
in a single star formation event triggered by phenomena such
as cloud collisions, supernovae, feedback, or spiral density
waves, star formation takes place simultaneously in multiple
close-by locations.

In G. Shashank et al. (2025), the TPCF method was used to
derive the hierarchical parameters for NGC 5457 using sky-
corrected FUV — NUV color-based ages. In this study, we
plan to compare the hierarchical parameters for NGC 5457
using FUV — g color-based ages against those derived in
G. Shashank et al. (2025). If the hierarchical parameters
remain largely unchanged, then we can imply that the
hierarchical parameters of a galaxy are insensitive to the
method used for age estimation. Next, we will use the
FUV — g color-based ages for the TPCF analysis in NGC 1313
and derive its hierarchical parameters.

Here, we describe the method used to calculate the TPCF,
which is based on the principle of pair counting at a given
separation. TPCF is a statistical measure of the probability of
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finding a pair of SFCs separated by a distance “x” as compared
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to two randomly distributed points in space. Interpreting the
shape of the TPCF has contributed extensively to our current
understanding of hierarchical star formation and the evolution
of star formation hierarchies in galaxies (Q. Zhang et al. 2001;
N. Sanchez et al. 2010; K. Grasha et al. 2017b; S. H. Menon
et al. 2021; B. Meena et al. 2025; G. Shashank et al. 2025;
D. Lapeer et al. 2026). The formula used for the TPCF
calculation is based on the estimator proposed by S. D. Landy
& A. S. Szalay (1993) called the Landy—Szalay (LS) TPCF
estimator.

TPCF(x) = 1 + wis(x) (1)
_ DD(x) — 2DR(x) + RR(x)
wrs(x) = RR(0) )
DD(x) = Ppp(x) . DR(x) = PDR(X);
Np(Np — 1) NpNg
Prr(x)
RR(x) = ——MM—. 3
() NeNe — D) (3)

Here, Ppp, Ppr, and Pry represent data-data, data-random,
and random-random pairs separated by distance x. The total

number of data points and random points considered for any
TPCF analysis run are represented by N and Nk, respectively.
To put the formula in practice, we take different sets of SFCs
binned with age (young SFCs or old SFCs) as the data
distribution. Next, we populate an equal number of random
points in the space spanned by the data points. Choosing each
SFC as the center of our calculation exactly once, we perform
the Ppp, Ppr, and Prg pair counting and once all of the SFCs
have been considered, we finally get the TPCF as a statistical
function of spatial separation “x.” As the galaxies NGC 5457
and NGC 1313 are inclined at some nonzero angle with respect
to the sky plane (see Table 1), we de-project the SFC positions
before the TPCF analysis is performed. We refer interested
readers to G. Shashank et al. (2025) and S. H. Menon et al.
(2021) for a more detailed explanation of the TPCF method
and SFC deprojection.

TPCF quantitatively analyses the distribution of SFCs, and
the shape of the TPCF can help us quantify the hierarchical
signatures within the distribution. The shape of the TPCF for
purely hierarchical distributions should have a power-law
behavior as a function of spatial scale, whereas a flat TPCF
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with an absolute value of 1 represents a totally random
distribution. Any TPCF plot that lies between these two limits
can be assumed to be a mixture of hierarchically and randomly
distributed SFCs. As mentioned in Section 1, we expect only
the youngest SFCs to show signatures of a hierarchical
distribution (in the form of a power-law TPCF) since these
SFCs best resemble the hierarchically structured ISM from
which the stars have formed. As the SFCs get older, their
hierarchical distributions gradually disperse, and they settle
into the exponential disk of the galaxy. TPCF can also be used
to constrain the timescale over which the hierarchy of SFCs
disperses within a galaxy. We divided the SFCs into different
age groups and examined how the shape of the TPCF and the
hierarchical distribution of SFCs evolve with age. The
different SFC age groups were made while complying with
the condition that a sufficient number of SFCs need to be used
in every TPCF measurement. By trial and error, we found that
if the number of SFCs considered for TPCF analysis is less
than ~250, then the measured TPCF becomes noisy. So, for
making a distinct age group of SFCs and performing the TPCF
analysis on it, we take at least ~250 SFCs into consideration.

All of the TPCF plots generated in this paper have been fit
with a broken power law of the form:

Apx® ix < leon
Arx® x> Lo

Fpw (x) = { 4)

Here, A, and A, are constants such that Ay = A;[{17%);
is the power-law slope of the TPCF on small scales, and it can
also be used to derive the 2D fractal dimension of the stellar
hierarchy as D, = 1 + «;. This broken power-law TPCF is
motivated by the physical understanding of galaxy-scale star
formation hierarchies. The hierarchical signature on the SFC
distribution is only expected to be observed until a maximum
scale called the correlation length (at the juncture of the broken
power law), and beyond the correlation length, the SFC
distribution is supposed to be mostly random, showing a
flat TPCF.

5. Results
5.1. Comparison of FUV —NUV and FUV — g Based Ages

As discussed in Section 4.3, for the age determination of the
SFCs in NGC 5457, we created two types of synthetic SB99
CMDs, i.e., FUV magnitude versus FUV — NUV color and
FUV magnitude versus FUV — g color. We interpolated the
observed attenuation + local background-corrected colors
against the synthetic colors from the CMDs to derive the SFC
ages. This gives us FUV — NUV color-based and FUV — g
color-based ages of the SFCs. In this section, we will compare
the two different age estimates for the SFCs characterized in
NGC 5457.

According to the synthetic SB99 CMD, the FUV — NUV
color spans between —0.69 and 1.10 for ages between 1 and
300 Myr, and the color becomes progressively redder with the
age of the simulated star cluster. It is clear from Figure 4 (left
panel) that the majority of the observed SFCs fall within this
color range, as expected from recently formed, UV emitting
regions. A small fraction of SFCs (~10%) have bluer colors
than —0.69. Such SFCs are also relatively faint, so they are
associated with larger magnitude and color errors. Since the
SB99 spectra are quite uncertain at ages <1 Myr, we assume
that these SFCs are younger than 1 Myr. The FUV — g color
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spans between —1.4 and 3.0 for ages between 1 and 300 Myr
(Figure 4, right). The FUV — g color range is much wider than
the range of FUV — NUYV color for the same age span. This is
expected from the larger wavelength separation between the
two contributing wave bands. Quite like the FUV — NUV
CMD, most of the detected SFCs lie within an age range of
1-300 Myr. The actual SFC ages are from 1-212 Myr and
1-251 Myr for NGC 5457 as derived using the FUV — NUV
and FUV — g color, respectively. The median age is 9 Myr for
the FUV — NUYV based estimates and 10 Myr for the FUV — g
based estimates. This overall agreement between the age range
spanned by the SFCs, as indicated by the two CMDs, is
suggestive that background-corrected FUV — g color can serve
as a reliable tracer of the SFC age, similar to the FUV — NUV
color.

The FUV —NUV and FUV — g color-based spatial age
maps (Figure 5, top row) suggest that on average, the inner
SFCs in NGC 5457 are older, and the outer SFCs are younger.
By examining the age maps and the age difference maps
((FUV — g color-based ages) — (FUV —NUV color-based
ages)) (Figure 5, bottom-left), we observed good visual
agreement between the ages derived from the background-
corrected FUV — NUV and FUV — g color. The age difference
map indicates that SFCs in the outer regions show small age
differences of £5 Myr, whereas the SFCs in the inner parts of
the galaxy show age differences of £15 Myr. Here, we note
that the SFCs (with magnitude errors <0.10 mag, as is the case
with NGC 5457) in age range 1-20 Myr have associated mean
errors of ~3 Myr, and for the SFCs in age range 20-100 Myr,
the mean age errors are ~23 Myr (G. Shashank et al. 2025).
The +5 Myr age difference in the outer parts of the galaxy and
415 Myr age difference in the inner parts of the galaxy are
consistent with the errors associated with the SFC ages.
Overall, the inspection of age maps and age-difference maps
indicates a strong agreement between the SFC ages derived
using the background-corrected FUV — NUV and FUV — g
color.

To further quantify the agreement between the SFC ages
derived using the two colors, in Figure 5 (bottom-right panel),
we provide a one-to-one comparison of the background-
corrected FUV — NUV and FUV — g color-based ages. We
find a statistically significant, linear relationship between the
ages derived using the two different colors, as indicated by a
Pearson correlation coefficient value of 0.82. Moreover, the
nearly equal scatter in the positive and negative direction (as is
also observed in the age-difference map) implies that choosing
either the FUV — NUV or FUV — g color, as the proxy for
SFC age, does not incur any systematic enhancement (or
decrement) in the derived ages. This implies that using either
of the FUV — NUV or FUV — g color as an age indicator leads
to similar SFC ages.

As shown in Figure 3, the local background profile of a
galaxy peaks near the galaxy center and falls exponentially
with galactocentric radius. Additionally, the ratio of local
background contribution and the overall light profile of a
galaxy depends on the wavelength of observation. The
excellent agreement between the FUV — g and FUV — NUV
color-based ages at larger galactocentric radii and a mixture of
small positive and negative differences between the two sets of
ages at smaller galactocentric radii hints that the observed age
differences are perhaps caused by the differential impact of
local background emission as a function of galactocentric
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NGC 5457: FUV-g based spatial age map
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Figure 5. Top-left panel: SFC age map of NGC 5457 derived using the local background-corrected FUV — NUV color. Top-right panel: SFC age map of NGC 5457
derived using the local background-corrected FUV — g color. Bottom-left panel: spatial age difference map for NGC 5457, where the color bar represents the
difference between the local background-corrected FUV — g color-based ages and local background-corrected FUV — NUV color-based ages. Bottom-right panel: a
comparison between FUV — NUV and FUV — g color-based ages reveals excellent agreement, with a Pearson correlation coefficient value of 0.82.

radius and the wave band used. We aim to further refine and
better optimize our methodology in future UVIT + optical-
based projects. Overall, the relatively high level of conv-
ergence between the local background-corrected FUV — NUV
and FUV — g based ages indicates that our local background-
subtracted FUV-g based age estimation method is pretty well
optimized at this point and can be applied to other galaxies,
such as NGC 1313.

5.2. Discussion on SFC Age Map of NGC 5457

From the local background-corrected age maps in Figure 5
(top row), we can study the recent star formation history of
NGC 5457 within the last ~300Myr, as indicated by its
brightest SFCs. Visual inspection of the age maps of NGC
5457 indicates a nearly smooth, negative age gradient as a
function of galactocentric radius—with older SFCs (green
points) residing in the inner parts of the galaxy and younger
SFCs (pink points) residing in the outer parts. This observation

is consistent with the inside-out growth scenario of disk
galaxies. The inside-out galaxy growth scenario posits that
disk galaxies quickly assemble their inner, spheroidal regions
early in their lifetimes so, the inner regions of the galaxy are
quite old. Later, galaxies grow in size by continuously
accreting neutral, star-forming gas from their surroundings
(R. B. Larson 1976; S. D. M. White & C. S. Frenk 1991;
T. Naab & J. P. Ostriker 2006). The slow gravitational collapse
of this accreted gas sustains star formation in the galaxy
outskirts, and it is responsible for the observed UV emission
and younger ages in the outer regions of the galaxy
(R. B. Larson 1976; J. C. Muioz-Mateos et al. 2007,
S. M. Gogarten et al. 2010).

Many past studies based on GALEX FUV and NUV data
also observed similar negative color-gradients (indicative of
the SFC ages) in the disk galaxies such as M83 (D. A. Thilker
et al. 2005a), M31 and M33 (D. A. Thilker et al. 2005b),
NGC 5194 and NGC 5457 itself (L. Bianchi et al. 2005), and
other spiral galaxies (K. L. Barnes et al. 2011). However, the
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Figure 6. Left panel: results from the TPCF analysis of NGC 5457 using the local background-corrected FUV — NUV color-based ages. Right panel: results from
the TPCF analysis of NGC 5457 using the local background-corrected FUV — g color-based ages. In both plots, young SFCs show signs of a hierarchical
distribution, as represented by the broken power-law behavior. The young SFCs reveal that the correlation length of NGC 5457 is ~1.50 kpc. The older SFC TPCF
implies the gradual dispersal of the hierarchical distribution of SFCs, and it reveals that the star formation hierarchy disperses in NGC 5457 on scales close to

~15 Myr.

GALEX resolution is 3—4 times worse than that of UVIT. Our
findings suggest that even at a significantly higher angular
resolution, the negative age gradients still persist. More
recently, T. Parikh et al. (2021) also analyzed the stellar
population properties of ~1000 late-type galaxies using
integral field unit spectroscopic data, and observed clear
negative age gradients in their sample galaxies.

The young SFCs present in the outer regions of NGC 5457
clearly indicate that the galaxy is accreting gas from the
intergalactic medium, which would be consistent with its XUV
disk nature and interaction history with the dwarf galaxy
NGC 5474 and other companion galaxies (J. Yadav et al.
2021). It is also observed that the spiral arms of NGC 5457 are
dominated by the young SFCs. This aligns with our current
understanding of spiral density waves compressing molecular
clouds to initiate star formation along the spiral arms
(C.C.Lin & F. H. Shu 1964; B. Cedrés et al. 2013; F. Shabani
et al. 2018).

In addition to inside-out disk growth, recent studies have
shown that the inward migration of clumps can also contribute
to the presence of older clumps in the inner regions of disk
galaxies. In gas-rich, turbulent systems, massive clumps
formed in the outer disk can migrate inward due to clump
interactions and dynamical friction, leading to negative radial
age gradients (Y. Guo et al. 2018; L. Lenkic¢ et al. 2021).

We note that residual local background contribution due to
source crowding and the presence of a spheroidal bulge
component close to the galaxy’s center can make the SFC
colors redder and the SFC ages older. This would act as a
contributing factor to the observed negative radial age
gradient. Additionally, variable dust attenuation in the inner
versus outer regions of the galaxy can also contribute to the
negative age gradient. Dust attenuation is usually higher in the
inner regions of spiral galaxies, so our constant attenuation
correction may be causing us to assign higher ages to the
actually young SFCs in the inner regions. However, negative
age gradients are also observed in other star-forming galaxies,
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which take local background emission and variable dust
attenuation into account (S. M. Gogarten et al. 2010; 1. Breda
et al. 2020; T. Parikh et al. 2021; M. Correnti et al. 2025). This
allows us to infer that the observed age trends observed in this
paper physically exist within the galaxy.

5.3. Hierarchical Parameters of NGC 5457: Using
FUV —NUV and FUV — g Color-based Ages

In Figure 6 (left and right panels), we show the results of the
TPCF analysis for the SFCs in NGC 5457 with background-
corrected FUV —NUV and FUV — g color-based ages,
respectively. The choice of SFC age bins used in this paper
is based on the requirement that, in order to robustly calculate
TPCF, each SFC bin should have at least ~250 SFCs
(G. Shashank et al. 2025). This ensures that the TPCF plot is
not too noisy and the plots can be fitted with our mathematical
TPCF model. The <10 Myr cutoff for the youngest age bins
was used in S. H. Menon et al. (2021) to trace the hierarchical
structure expected from star-forming regions. Note that 10 Myr
is the approximate timescale over which feedback from star-
forming regions disperses their parent molecular cloud (which
traces the hierarchical structure of the ISM; M. Chevance
et al. 2020). This allowed us to fix 1-10 Myr as our first age
bin. To make our analysis robust, we also ignored SFCs with
ages <1 Myr in our TPCF analysis (75 SFCs in FUV — NUV,
158 SFCs in FUV — g). So, our first TPCF bin corresponds to
the 1-10 Myr old SFCs. The older age bins were chosen based
on the requirement of having ~250 SFCs in each bin. For
FUV — NUV based TPCF of NGC 5457, we used 1-10 Myr,
10-17 Myr, and >17 Myr bins containing 549, 238, and 260
SFCs, respectively. For FUV — g based TPCF of NGC 5457,
we used 1-10 Myr, 10-15 Myr, and >15 Myr bins, containing
437, 306, and 307 SFCs, respectively. Unlike the FUV — g
based analysis, we could not use the 10-15 Myr age bin for the
FUV — NUV based analysis because of an insufficient number
of SFCs (183) in that age bin. So, we updated the 10—15 Myr
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age bin to 10-17Myr (containing 238 SFCs) for the
FUV — NUV based analysis.

In both plots of Figure 6, we observed that the 1-10 Myr
SFC population shows the broken power-law TPCF, where
there exists a steep power law at smaller scales, and on larger
scales, the TPCF becomes flat. The distinct power-law
behavior of the TPCF up to the break-scale is consistent with
the expectations from hierarchical distributions of SFCs in
galaxies. The steep power-law behavior is observed between
scales close to the UVIT resolution (~48 pc) and up to
kiloparsec scales in NGC 5457. The largest scale of this
power-law TPCF behavior, before the TPCF transitions into a
flat, zero-slope regime, represents the largest scale up to which
star formation in galaxies exhibits hierarchical characteristics.
This scale has been termed as “correlation length” in recent
literature (S. H. Menon et al. 2021; G. Shashank et al. 2025
and references therein). The FUV — g color-based correlation
length (1.55 £ 0.09 kpc) is in good agreement with the
correlation length derived using the FUV — NUV color-based
value (1.68 £ 0.14 kpc). The TPCF slope (—0.99 £ 0.05)
derived using the FUV — g color-based SFCs is only slightly
steeper than the slope derived using FUV — NUYV based SFCs
(—0.82 £ 0.05). These mutually agreeing hierarchical
parameters suggest that local background-corrected FUV — g
colors are also equally as effective as the FUV — NUV colors
in constraining the hierarchical parameters of a galaxy. This
match provides additional validity to our SFC ages derived
using FUV — g colors and shows that our method is effective
at characterizing the young SFC population of the galaxy.
Therefore, with the encouraging results derived for NGC 5457
using local background-corrected FUV — g based ages, we can
apply the same method to study the star formation hierarchy in
NGC 1313.

As we take older SFC sets into consideration for TPCF
analysis (10-17 Myr and >17 Myr SFCs in the FUV — NUV
based ages, 10-15Myr and >15Myr SFCs in the FUV — ¢
based ages), the slope of the TPCF plot and the absolute
amplitude of the TPCF are found to be lower than the values
observed for the young SFCs (1-10 Myr). This behavior of
older SFC TPCF is consistent with a progressively dispersing
distribution of SFCs as a function of age, governed by the
large-scale galaxy dynamics. This also implies that these older
SFCs are not suitable for measuring the true hierarchical
parameters of any galaxy, since they represent a deviation
away from the initial SFC hierarchy. We note that in G. Sha-
shank et al. (2025), a slope limit of —0.2 was taken as an
indication of a near-complete dispersal of the SFC hierarchy.
For the FUV —NUV (FUV —g) color-based TPCF, we
observed a TPCF slope of —0.71 4+ 0.11 (—0.66 £ 0.09) for
the 10-17 Myr (10-15 Myr) SFCs, which is consistent with a
significantly hierarchical distribution. However, for both the
FUV — NUV and FUV — g color-based TPCF, we observed a
near-zero TPCF slope for the >17 Myr and >15 Myr SFCs,
respectively. The near-zero slope for the oldest SFC age bins
can also be affected by the very noisy nature of the TPCF, due
to small number statistics. However, the fact that the absolute
correlation value for this age bin is always close to 1 (as
expected from a completely random distribution) allows us to
infer that the SFC hierarchy disperses by 17 Myr (15 Myr) in
NGC 5457—as derived based on the FUV — NUV (FUV — g)
color-based ages. We note that as we are limited by a small
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number of SFCs in the oldest age bin, our hierarchy dispersal
timescales may represent lower limits.

These behaviors shown by the older than 10 Myr SFCs
signify that the SFC distribution loses its memory of ever
being a hierarchical distribution and is rapidly dispersing. The
15-17Myr hierarchy dispersal timescale of NGC 5457
matches quite well with the 20 Myr dispersal timescale derived
in G. Shashank et al. (2025). Many studies suggest that
eventually, when the hierarchies are completely dispersed, the
SFCs merge into the exponential disk of the galaxy
(S. H. Menon et al. 2021; K. Grasha et al. 2017a; G. Shashank
et al. 2025). We also observed that there is good qualitative
agreement between the TPCF behavior of old SFCs in NGC
5457 irrespective of whether the ages are derived with
FUV — NUV or FUV — g color.

We note that the hierarchical parameters of NGC 5457,
reported in this study (correlation length = 1.68 £ 0.14 kpc
and TPCF slope= —0.82 % 0.05) using the local background-
corrected FUV — NUV color-based ages, are slightly lower
than those derived in G. Shashank et al. (2025; correlation
length = 1.90 4+ 0.10 kpc and slope= —0.95 £ 0.05), without
local background-subtracted FUV — NUV color-based ages.
However, the values are comparable to each other and lie in
the same ballpark. The observed differences could be
attributed to the small variations in the age estimates due to
the local background correction performed in this study and
the resulting difference in the spatial distribution of young
SFCs used to measure TPCF. Additionally, we note that in
G. Shashank et al. (2025), ~1600 sky-corrected, <0.1 mag
error-cut SFCs were identified in NGC 5457. But, in this work,
we only have ~1100 SFCs with <0.1 mag error cut, after local
+sky background subtraction. The loss of SFCs in this paper is
caused by the local background subtraction leading to a
reduction in SFC fluxes and enhancement in the SFC
magnitude errors. Subsequently, we get a smaller number of
SFCs with 0.1 mag error, post local background subtraction.

We also refer the interested reader to Appendix A, where we
perform a bootstrap analysis to investigate the impact of using
SFCs with different magnitude error cuts, (which impacts the
uncertainties in age estimates) on the hierarchical parameters.

5.4. Local Background-corrected Age Map of NGC 1313

Having tested and verified our age-estimation methodology
on NGC 5457, we applied the same methods on NGC 1313.
Since the UVIT NUV observations for NGC 1313 are not
available, we derived the attenuation and local background-
corrected FUV-g color-based ages for its SFCs. The age map
of NGC 1313 (see Figure 7) reveals a concentration of young
SFCs (pink points) in the outer regions of NGC 1313 and an
abundance of old SFCs (green points) closer to the center. The
SFC age distribution spans from 1-268 Myr, with a median
age of 15 Myr. Similar to NGC 5457, these age trends are
consistent with the inside-out growth scenario of disk galaxies
(R. B. Larson 1976; S. D. M. White & C. S. Frenk 1991,
T. Naab & J. P. Ostriker 2006). However, the disk structure of
NGC 1313 is not very clear; rather, it has a peculiar
morphology. The main body of NGC 1313 is a barred spiral
galaxy, with distorted spiral arms, patchy star formation in the
southwest direction, and diffuse shells encompassing the entire
galaxy (M. Messa et al. 2021; S. Hernandez et al. 2022).
W. L. Peters et al. (1994) used the H1 observations of NGC
1313 to infer that the galaxy must have gone through a recent
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Figure 7. Left panel: attenuation + local background-corrected CMD (FUV — g colors vs. FUV magnitude) for NGC 1313. The green/gray points represent the
local/sky background-corrected colors and magnitudes. The four dashed tracks with diamonds represent the synthetic CMDs of star clusters of varying stellar
masses. The numbers written in black on top of the tracks represent the ages of the simulated star clusters in SB99. Right panel: SFC age map of NGC 1313 derived
using the sky background-corrected FUV — g color. Only the SFCs with magnitude errors cut smaller than 0.15 have been used in this analysis.

interaction event. Subsequent studies by E. Silva-Villa & S.
S. Larsen (2012), S. Hernandez et al. (2022), and M. K. Finn
et al. (2024) have taken the increased star formation activity in
the southwest part as compared to the rest of the galaxy to
confirm the interaction status of the galaxy. These studies
suggest that perhaps an interaction with a minor satellite
galaxy triggered a recent, local burst in the southwestern part
of the galaxy. The complex morphology of NGC 1313 may
therefore be attributed to its past interaction history.

The age map of NGC 1313 suggests that the SFC population
in the bar region of NGC 1313 (the bar is aligned roughly in
the north—south direction) appears relatively older than the
SFCs present in its two spiral arms. However, not all of the
SFCs in the bar region are old, and intermediate-age SFCs
(white points) are also present in the bar region. The young +
intermediate-age SFCs in NGC 1313 resemble a horizontally
flipped S-shaped pattern. A similar S-shaped pattern, induced
by past interactions, was also observed in the distribution of
young stars (ages <30 Myr) in the interacting, irregular galaxy
NGC 4449 (M. Correnti et al. 2025). Similar to the findings by
E. Silva-Villa & S. S. Larsen (2012), S. Hernandez et al.
(2022), and M. K. Finn et al. (2024), the SFC population in the
southeast direction of the galaxy, which is disjoint from the
main body, appears to be quite young in our age map. In the
LEGUS covered, inner parts of the galaxy, our age
demographic is also qualitatively consistent with the star
cluster age map shown in S. H. Menon et al. (2021), which
proves the reliability of our SFC ages.

5.5. Hierarchical Parameters of NGC 1313

In Figure 8, we show the results for TPCF analysis of the
SFCs in NGC 1313 with local background-corrected FUV — g
color-based ages. We have a total of 1000 SFCs with 0.15 mag
errors after the local background subtraction. We divided these
SFCs into 1-10 Myr, 10-30 Myr, and >30Myr age bins.
These bins contain 357, 336, and 264 SFCs, respectively. This
division aims to reveal both the initial conditions and the age
evolution of the star formation hierarchy in the galaxy.
Additionally, the age bins are chosen in such a way that each
bin contains at least 250 SFCs, which aids in a robust, less-
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Figure 8. Results from the TPCF analysis of NGC 1313 using the local
background-corrected FUV — g color-based ages. Similar to NGC 5457, the
TPCF analysis suggest that the young SFCs show a strongly hierarchical
distribution. The correlation length of NGC 1313 is found to be ~1.09 kpc,
which agrees very well with the results from S. H. Menon et al. (2021). The
older SFC TPCF implies that the star formation hierarchy disperses in NGC
1313 on timescales close to ~30 Myr.

noisy TPCF measurement. Similar to the results from
NGC 5457 and the expectation from a truly hierarchical
distribution, we observed that the youngest age bin (1-10 Myr)
SFCs show the steepest slope and highest amplitude of TPCF.
When this TPCF plot is fitted with a broken power law, the
largest scale of star formation hierarchy, i.e., the correlation
length of NGC 1313, is revealed to be 1.09 4= 0.14 kpc. This
correlation length measurement is in agreement with the
results from S. H. Menon et al. (2021), where the lower limit
for the correlation length was estimated to be 960 pc. The
slope of our TPCF is —0.60 4 0.05, which agrees well with the
slope of —0.60 £ 0.03 derived in S. H. Menon et al. (2021).
We believe that the excellent match between our hierarchical
parameters with those derived in S. H. Menon et al. (2021) is
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Table 3
Comparison of the Hierarchical Parameters of NGC 5457 and NGC 1313 as Measured in Different Studies (in the References, M21 = S. H. Menon et al. 2021 and
GS25 = G. Shashank et al. 2025)

Galaxy BG Correction Color Used Correlation Length TPCF Slope Primary Data, Galaxy Coverage References
Method (kpc) Young SFCs

NGC 5457 sky BG FUV — NUV 1.90 £ 0.10 kpc —1.04 £ 0.12 UVIT, full coverage GS25
NGC 5457 local BG FUV — NUV 1.68 =+ 0.14 kpc —0.82 £ 0.05 UVIT, full coverage This work
NGC 5457 local BG FUV — ¢ 1.55 £ 0.09 kpc —0.99 £ 0.05 UVIT, full coverage This work
NGC 5457 local BG SED fitting 0.45 + 0.18 kpc —0.60 £+ 0.14 HST, NW part coverage M21

NGC 1313 local BG FUV —¢ 1.09 + 0.14 kpc —0.60 £+ 0.05 UVIT, full coverage This work
NGC 1313 local BG SED fitting >0.96 kpc —0.60 £ 0.03 HST, main body coverage M21

possibly due to the fact that unlike their very small coverage of
NGC 5457, a significantly large part of NGC 1313 (43% by
area), including its bar and spiral arm regions, is covered in
their observations. For older SFC age bins considered for
NGC 1313, i.e., 10-30 Myr and >30 Myr SFCs, we observe a
progressively diminishing amplitude of the TPCF and a
general decreasing trend of the TPCF slope. This is consistent
with the physical scenario where star formation hierarchies are
dispersed with age. The extremely shallow slope of
—0.024+0.00 for the SFC population older than 30 Myr
suggests that the star formation hierarchy in NGC 1313 is
dispersed by 30 Myr timescales. These timescales are
consistent with the similar timescales derived in K. Grasha
et al. (2017b), S. H. Menon et al. (2021), and G. Shashank
et al. (2025). A summary of the derived hierarchical
parameters of NGC 5457 and NGC 1313 in our paper and in
the past studies is presented in Table 3.

6. Summary and Future Work

In this study, based on the UVIT and legacy survey
observations of NGC 5457, we present a methodology for
estimating the ages of SFCs using FUV — g color and validate
it using the FUV — NUV color-based age estimates. One of
our aims with this paper was to evaluate whether the FUV-g
color-based ages can serve as a reliable alternative to the
conventional FUV — NUV color-based ages, as was used by
past UVIT papers in the literature (C. Mondal et al. 2021;
K. Ujjwal et al. 2022). This study is performed considering the
nonoperational state of UVIT’s NUV telescope and the wealth
of archival FUV-only UVIT data, which can be utilized to
study hierarchical star formation in nearby galaxies. We
successfully validated our FUV — g color-based age estimation
approach with NGC 5457 and then applied it on NGC 1313.

Using UV data from UVIT and optical g-band data from the
legacy survey, we identified SFCs in our galaxies NGC 5457
and NGC 1313 using the astrodendro source detection
package. We performed aperture photometry on the SFCs
across all bands using photutils and determined the multiband
magnitudes and colors of the SFCs. We used SB99 (C. Leitherer
et al. 1999) stellar population synthesis model to derive the SFC
ages based on the observed, dust attenuation-corrected
FUV —NUV and FUV —g colors. In the process, we
implemented a radial zone-based method to estimate local
background flux (diffuse emission arising from stars that are not
physically part of the SFCs) and subtracted it from the SFC
fluxes in order to derive accurate SFC ages. Next, we used the
age maps derived with the local background-corrected,
FUV — NUV and/or FUV — g color-based ages to study the
age distribution of SFCs within our galaxies.
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We also utilized the SFC ages for the investigation of
hierarchical star formation in our two galaxies. The hierarch-
ical properties of NGC 5457 were previously derived in
S. H. Menon et al. (2021) with extremely small galaxy
coverage using the HST observations and in G. Shashank et al.
(2025) with full galaxy coverage using the UVIT. NGC 1313
was studied in S. H. Menon et al. (2021) with partial galaxy
coverage, due to which its hierarchical parameters were poorly
constrained. We used two-point correlation function to
constrain the hierarchical properties of the young and old
SFCs in the two galaxies, and to study the initial configuration
and the age evolution of stellar hierarchy in our galaxies. A
comparison of our derived hierarchical parameters for the
galaxies with those derived in the aforementioned studies
allowed us to derive insights about using FUV + optical (g-
band) data for SFC age determination, the effect of performing
local background correction, and the impact of different
amounts of galaxy coverage on the hierarchical parameters.
The major takeaway points from our work are as follows:

1. With the example of NGC 5457, which has FUV, NUV,
and g-band data available, we demonstrated that the
derived ages of the SFCs using the local background-
corrected, FUV — NUV color and FUV — g color are in
excellent agreement with each other. This suggests that
in the absence of NUV data, the FUV — g color can act
as an equally reliable age tracer as the FUV — NUV
color.

2. We estimated the ages of the SFCs in NGC 1313 using
the attenuation and local background-subtracted
FUV — g colors.

3. Our TPCF analysis for studying hierarchical star
formation in our sample galaxies revealed that the
youngest SFC population shows clear and strong
signatures of being part of a hierarchy, whereas older
SFCs show signatures of a gradually dispersing hier-
archical distribution.

4. The young SFCs are spatially correlated with each other
on scales ranging from a few tens of parsecs up to a few
kiloparsecs. The largest scale of this correlation is called
the correlation length, and it is revealed to be
1.55+0.09kpc and 1.09 £0.14kpc for NGC 5457
(Figure 6) and NGC 1313 (Figure 8), respectively.

5. The full galaxy coverage of NGC 1313 using UVIT
allowed us to derive the correlation length of NGC 1313
for the first time.

6. Based on the FUV — g based TPCF analysis, we found
that the hierarchy dispersal timescale of NGC 5457 and
NGC 1313 is ~15 Myr and ~30 Myr, respectively.
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7. Our TPCF analysis for the two galaxies demonstrates the
importance of a telescope like UVIT in constraining the
hierarchical parameters of nearby galaxies, aided by the
full galaxy coverage it provides due to its 28’ FoV.

Building on this paper, our local background-corrected,
FUV — g color-based methodology can be employed for the
exploration of hierarchical star formation in an even larger
sample of nearby galaxies. This can lead to important insights
about the dependence of hierarchical parameters on host-
galaxy properties (K. Grasha et al. 2017a; S. H. Menon et al.
2021; G. Shashank et al. 2025). In this context, 17 galaxies
with FUV and NUV observations available from the UVIT
have already been studied in G. Shashank et al. (2026a, 2026b
in preparation). They characterized ~25,000 SFCs in their
galaxies of diverse morphologies and explored the properties
of the star formation hierarchy in these galaxies. For a bigger
sample of approximately 30 UVIT-observed galaxies with
existing FUV-only data, we can use the FUV — g color-based
method outlined in this paper for studying hierarchical star
formation. In these future studies, we aim to also refine our
local background subtraction technique and potentially
improve our age estimates.
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Appendix A
Bootstrap Analysis to Study the Effect of Magnitude Error
Cuts on the TPCF

The hierarchical parameters are highly dependent on the
selection of young SFCs. We have used the colors of the SFCs
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Figure 9. Results from the bootstrap TPCF analysis of NGC 5457 using
FUV — NUV based ages (see Appendix A for the interpretation).

to estimate their ages, and larger magnitude errors will lead to
larger uncertainties in the age estimates. In G. Shashank et al.
(2025), it was demonstrated that small age errors (resulting
from small magnitude errors) lead to accurate measurements of
the TPCF and the associated hierarchical parameters. They
showed that if SFCs with large age/magnitude errors are used
in TPCF analysis, it flattens the TPCF slope, and the
correlation length is found to be higher. This happens because
SFCs with larger age errors can cause a significant number of
SFCs older than 10 Myr to be classified as younger than
10 Myr. The inclusion of these SFCs in the <10 Myr SFCs can
dilute the correlation, leading to a shallower slope and a higher
correlation length measurement. Hence, the SFCs with larger
magnitude errors are excluded in this paper in order to obtain
better estimates of SFC ages. In this paper, we optimized the
magnitude error cut by also ensuring that a sufficient number
of SFCs is available for TPCF analysis. So, 0.10 and 0.15 mag
error SFCs were used in the TPCF analysis of NGC 5457 and
NGC 1313, respectively.

Including all of the SFCs, without applying any error cut,
and using bootstrap analysis can help to better understand the
impact of uncertainties in age estimates on the final
hierarchical parameters. For the bootstrapping analysis, we
considered all of the SFCs with magnitude errors <0.2 mag.
We exclude the SFCs with errors more than 0.2 mag. This cut
is essential for ensuring that the detected clumps are significant
detections (above 5 times the noise) and are not spurious
sources. For all of the SFCs with mag error <0.2 mag, the ages
are estimated.

As the hierarchical parameters are derived using young
SFCs, in Figure 9 we show the TPCF analysis of <10 Myr
SFCs (FUV — NUV based ages) of NGC 5457 in three ways.
The dark-blue points/line shows the TPCF as measured with
the young SFCs having magnitude errors <0.1 mag (~549 in
number; slope ~—0.82, correlation length ~1.68 kpc)—the
same plot as the one shown in Figure 6. The light-blue points/
line represent the TPCF as measured with the young SFCs
having magnitude errors < 0.2 mag (~1425 in number). The
TPCEF slope is shallower, and the correlation length is higher
with these SFCs (slope ~-0.63, correlation length ~2.00 kpc).
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The red points/line represent the TPCF measured for SFCs
with ages <10 Myr using the bootstrap method. To implement
the bootstrap method, we took 100 iterations of selecting 549
SFCs out of the 1425 total SFCs (with <0.2 mag error), with
replacement. We also generated ~549 random points in the
same footprint as the SFCs to act as the random sample in our
bootstrap TPCF analysis. By performing the TPCF analysis on
the 549 points selected in each of the 100 iterations, coupled
with the ~549 random points, we obtained the red points
belonging to the bootstrap TPCF plot. The resulting slope is
—0.59, and the measured correlation length is ~2.17 kpc,
comparable to that of the values estimated using all of the
SFCs with magnitude errors <0.2 mag. These results are
qualitatively similar to what is demonstrated in G. Shashank
et al. (2025).

This analysis suggests that SFCs with the small magnitude
errors, which in turn translate to smaller age uncertainties, are
more suitable for deriving accurate hierarchical parameters.
Overall, we conclude that whenever there are enough SFCs
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Figure 10. Left panel: FUV, NUV, and g-band magnitude histogram of NGC
5457. Right panel: FUV and g-band magnitude histogram of NGC 1313.

with fewer magnitude/age uncertainties to perform TPCF
analysis, it is preferred to use them for better estimation of
hierarchical parameters

Appendix B
Local Background-corrected Magnitude Histogram

The FUV, NUV, and g-band magnitude histograms for the
SFCs in NGC 5457 and NGC 1313 are presented in Figure 10.
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Appendix C
SFC Catalogs for NGC 5457 and NGC 1313

The FUV-NUYV based SFC catalogs for NGC 5457, FUV-g based SFC catalogs for NGC 5457, and FUV-g based SFC catalogs
for NGC 1313 are presented in Table 4, 5 and 6, respectively.

Table 4
SFC Age Catalog for NGC 5457 Based on FUV — NUV Color

Id. Area R.A. Decl. FUV Mag. NUV Mag. FUV Mag Err. NUV Mag. Err. FUV — NUV Age

(pix) (deg) (deg) (mag) (mag) (mag) (mag) (mag) (Myn)
(e)) (@) 3 (C)) ® 6 O] ® © (10)
49 75 210.8837 54.5500 18.39 19.04 0.06 0.07 —0.64 1.73
56 84 210.9047 54.5482 18.30 19.10 0.05 0.07 —0.79 1.00
204 129 210.9194 54.5349 18.49 18.89 0.06 0.07 —0.40 6.78
237 131 210.9061 54.5325 18.81 19.42 0.07 0.09 —0.60 2.49
266 162 210.9012 54.5304 16.70 17.13 0.02 0.02 —0.43 6.17

Note. This table shows a representative portion of the full catalog containing 1122 SFCs.(1): Id assigned to SFCs by Astrodendro. (2): SFC area spanned in pixels.
(3) and (4): R.A. and decl. (5) and (6): attenuation + local background-corrected FUV and NUV magnitudes of the SFCs, and their associated errors are listed in (7)
and (8), respectively. (9): FUV — NUV color. (10): SFC age based on FUV — NUV color.

(This table is available in its entirety in machine-readable form in the online article.)

Table 5
SFC Age Catalog for NGC 5457 Based on FUV — g Color

Id. Area R.A. Decl. FUV Mag. g-band Mag. FUV Mag Err. g-band Mag. Err. FUV — ¢ Age

(pix) (deg) (deg) (mag) (mag) (mag) (mag) (mag) Myr)
1) @) 3 (4) (5) (6) @ ®) &) (10)
49 75 210.8837 54.5500 18.39 20.46 0.06 0.01 —2.06 1.00
56 84 210.9047 54.5482 18.30 20.64 0.05 0.01 —2.34 1.00
143 114 210.8972 54.5385 18.90 2241 0.08 0.08 —3.50 1.00
198 152 210.7288 54.5359 18.55 22.10 0.07 0.09 —3.55 1.00
204 129 210.9194 54.5349 18.49 20.65 0.06 0.01 -2.16 1.00

Note. This table shows a representative portion of the full catalog containing 1208 SFCs.The column descriptions are the same as in Table 4, except for Columns (6),
(8), (9), and (10), which correspond to the g-band magnitudes, its associated error, FUV — g color, and the SFC ages derived from the FUV — g color, respectively.

(This table is available in its entirety in machine-readable form in the online article.)

Table 6
SFC Age Catalog for NGC 1313 Based on FUV — g Color

Id. Area R.A. Decl. FUV Mag. g-band Mag. FUV Mag. Err. g-band Mag. Err. FUV — ¢ Age

(pix) (deg) (deg) (mag) (mag) (mag) (mag) (mag) (Myr)
(eY) (@) 3 “ (5 (6) O] ®) © (10)
17 63 49.6118 —66.4567 19.45 17.69 0.10 0.00 1.75 268.04
18 39 49.6182 —66.4566 20.04 19.61 0.14 0.00 0.43 34.95
108 46 49.6400 —66.4630 19.37 19.32 0.09 0.00 0.04 20.09
134 40 49.6494 —66.4636 19.91 20.30 0.13 0.00 —0.38 9.11
135 22 49.6450 —66.4635 20.27 20.49 0.14 0.00 —0.22 11.57

Note.This table shows a representative portion of the full catalog containing 1000 SFCs. The column descriptions are the same as in Table 5.

(This table is available in its entirety in machine-readable form in the online article.)
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