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Abstract

We present a far-UV (FUV) study of the star-forming complexes (SFCs) in three nearby galaxies using the
Ultraviolet Imaging Telescope. The galaxies are close to face-on and show significant outer disk star formation.
Two of them are isolated (NGC 628 and NGC 6946), and one is interacting with distant companions (NGC 5457).
We compared the properties of the SFCs inside and outside the optical radius (R25). We estimated the sizes, star
formation rates (SFRs), metallicities, and Toomre Q parameter of the SFCs. We find that the outer disk SFCs are at
least 10 times smaller in area than those in the inner disk. The SFRs per unit area (ΣSFR) in both regions have
similar mean values, but the outer SFCs have a much smaller range of ΣSFR. They are also metal-poor compared to
the inner disk SFCs. The FUV emission is well correlated with the neutral hydrogen gas (H I) distribution and
detected within and near several H I holes. Our estimation of the Q parameter in the outer disks of the two isolated
galaxies suggests that their outer disks are stable (Q> 1). However, their FUV images indicate that there is
ongoing star formation in these regions. This suggests that there may be some nonluminous mass or dark matter in
their outer disks, which increases the disk surface density and supports the formation of local gravitational
instabilities. In the interacting galaxy, NGC 5457, the baryonic surface density is sufficient (Q< 1) to trigger local
disk instabilities in the outer disk.

Unified Astronomy Thesaurus concepts: Ultraviolet astronomy (1736); Spiral galaxies (1560); Galaxy interactions
(600); Star forming regions (1565); HI shells (728)

Supporting material: machine-readable table

1. Introduction

Star formation in the outer disks of galaxies is very different
from star formation in the inner disks (Bigiel et al. 2010b). This is
not surprising, as the inner and outer disk environments are very
different, both in stellar surface densities and gas properties. The
outer disks have very low stellar surface densities, and massive
star-forming regions are usually not detected in these parts. They
are also metal-poor, and the dust content is low, both of which are
important for gas cooling and star formation. However, young
stars have been detected beyond the optical radius (R25) in Hα
emission from a few nearby galaxies by Ferguson et al. (1998b).
Since then, several young star-forming complexes (SFCs) have
been detected in the outer parts of both large spirals (Barnes et al.
2012), as well as dwarf galaxies (Hunter et al. 2016).

The other requisite for star formation is cold, neutral gas.
Although the outer disks are typically rich in neutral hydrogen
(H I) gas (Bosma 1981), they have very little molecular gas
(Bicalho et al. 2019), and CO detection from these regions is
rare (Dessauges-Zavadsky et al. 2014). Some studies, however,
suggest that molecular hydrogen gas is not essential for star
formation (Glover & Clark 2012).

Although Hα has been detected in the outer disks of a few
nearby galaxies, the definitive evidence of outer disk star
formation came from the discovery of extended UV (XUV)
disks by the Galaxy Evolution Explorer (GALEX) mission (Gil
de Paz et al. 2005, 2007; Thilker et al. 2005, 2007). In these

surveys, ∼30% of nearby galaxies (D< 40 Mpc) were found to
have significant star formation at disk radii beyond R25. Such
XUV disks are found only in gas-rich galaxies and are more
common in late-type spirals. A majority of them have star
formation that follows the spiral structure of their inner disks;
they are called type 1 XUV galaxies. A slightly smaller fraction
have star formation associated with low surface brightness
(LSB) outer blue disks and are called type 2 XUV galaxies.
Some XUV galaxies show features common to both types and
are called mixed XUV galaxies.
Star formation in the inner disks of galaxies is mainly driven by

global disk instabilities such as spiral arms (Rahna et al. 2018),
bars (Martinet & Friedli 1997), or galaxy interactions and mergers
(Koopmann & Kenney 2004). Expanding H I shells created by
stellar winds from massive stars or triggered by supernova
explosions (SNEs) can also produce local star formation (MacLow
et al. 1986). They can result in the formation of H I holes of radii
10–1000 pc in the interstellar medium (ISM; Boomsma et al.
2008). Star formation on both global and local scales depends on
several factors, but the primary factor is the available fuel, i.e., the
H I and molecular gas content of the disks (Doyle & Drink-
water 2006). This is evident from the tight correlation between the
H Imass surface density and the star formation rate (SFR) surface
density, also known as the Kennicutt–Schmidt (KS) law
(Kennicutt 1998a; Bigiel et al. 2008; Kennicutt & Evans 2012).
The stellar disk gravity is also important for the formation of global
disk instabilities and cloud collapse. This is seen in the correlation
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between H I surface density and stellar mass densities (Catinella
et al. 2010; Huang et al. 2012; Maddox et al. 2015) and the
correlation between the SFR surface density (ΣSFR) and the stellar
surface density (Shi et al. 2018).

The H I gas and star formation correlation has also been
explored in different galactic environments, such as the outer
parts of galaxies. It is similar in nature but has a steeper slope
(Bigiel et al. 2010a, 2010b; Mondal et al. 2019). The much
lower star formation efficiencies (SFEs; Bigiel et al. 2010b)
suggest that the nature of star formation in such environments
may be different from the inner disks. The most likely trigger
for star formation in these regions is gas accretion due to
galaxy interactions or cold gas accretion from the inter-
galactic medium (IGM) or cosmic web (Lemonias et al.
2011). Galaxies accrete gas from outside the halo virial
radius over cosmic time, and the slow influx of gas fuels
star formation in their outer disks. Models of cold gas
accretion predict that the gas flows inward at velocities of
20–60 km s−1 from radii well beyond the edge of the stellar
disks (Dekel & Birnboim 2006; Dekel et al. 2009; Silk &
Mamon 2012; Ho et al. 2019), as well as through mergers
(Yates et al. 2012; Kormendy 2013).

Other examples of star formation in low-density environ-
ments are the LSB galaxies (Boissier et al. 2008; Schombert
et al. 2011). Star formation in these galaxies is patchy, and
molecular gas is nearly always absent (Das et al. 2006),
except for some giant LSB galaxies where the disks may
show more structure (Das et al. 2010). The KS law has been
found to be steeper in LSB galaxies (Wyder et al. 2009).
Their H I-rich but low stellar density disks are similar to type
2 XUV disks, and both regions are metal-poor. The star
formation in LSB dwarf galaxies and irregulars is also similar
to outer disk star formation (Hunter et al. 2016; Patra et al.
2016). Here again, the disks are gas-rich but metal-poor, and
the stellar disks have low-mass surface densities. These
galaxies all lie at the lower extreme of the star formation
main sequence (McGaugh et al. 2017). Understanding star
formation in the outer disks of galaxies also allows us to
probe star formation in such metal-poor, dust-poor, low
stellar density environments (Zaritsky & Christlein 2007;
Barnes et al. 2011).

If we compare the different classes of star-forming galaxies
discussed in the previous paragraphs, we find that XUV
galaxies are the only class of galaxies with compact SFCs in
both their inner and outer disks and are also commonly found
in the local universe. Furthermore, although Hα is a widely
used star formation tracer, UV emission traces both a wider
class of stars and a longer star formation age. Thus, XUV
galaxies are ideal laboratories to compare star formation in low-
and high-density environments.

In this paper, we present the Ultraviolet Imaging Telescope
(UVIT) far-UV (FUV) observations of star formation in the
extended disk of two nearby XUV galaxies (NGC 628 and
NGC 5457) and a galaxy that closely resembles a type 1 XUV
galaxy (NGC 6946). The UVIT has a spatial resolution of
approximately 1 5, which corresponds to a linear scale of
40–50 pc at the distances of the galaxies in this study and is
similar to the sizes of giant molecular clouds as well. This
makes UVIT a good probe to detect the SFCs in the outskirts
of nearby galaxies. Most of the FUV emission in galaxies is
due to young O and B associations, which emit in FUV for
∼108 yr (Donas & Deharveng 1984; Schmitt et al. 2006;

Thilker et al. 2007). In general, FUV is one of the best tracers
of recent star formation in galaxies (Kennicutt 1998b),
assuming that there is not much dust obscuration from the
host galaxy. However, less massive stars also emit FUV flux
in their post-main-sequence phase of evolution. Examples are
horizontal-branch stars, post–asymptotic giant branch stars,
and white dwarfs.
The order of this paper is as follows. In Section 2, we

describe the sample selection. Section 3 describes the
observations and data analysis. In Section 4, we present the
results, and then in Section 5, we discuss the implications of
our results.

2. Sample Selection

This study aims to understand star formation in the extreme
outer parts of galaxy disks and compare it with star formation
in the inner disk regions. This includes understanding how the
outer disk SFCs are related to the H I gas distribution. We also
want to see whether the outer disk regions are locally unstable
by estimating the Toomre Q parameter, which requires H I gas
mass surface densities. Hence, it was important to select
galaxies that are both large and nearby so that we obtain high
spatial resolution data. It is also easier to identify and study the
distribution of SFCs if the galaxies are close to face-on. So we
first made a sample of galaxies that lie within 10Mpc distance,
have an inclination angle less than 35°, and have prominent
SFCs in their inner and outer disks.
We also required very good H I data for the galaxies, both

H I images and data cubes, in order to compare the SFCs with
the gas distribution and gas velocity dispersion. The H I Nearby
Galaxy Survey (THINGS; Walter et al. 2008), which has
publicly available data,7 was a good match. We found four
face-on spiral galaxies with inclinations less than 35° that lie
within 10Mpc distance in the THINGS data set. However, only
three of them had UVIT observations. So we finally selected
the following three galaxies from the initial sample: NGC 628,
NGC 5457, and NGC 6946. All three galaxies have deep UVIT
observations. In the following paragraphs, we briefly discuss
the properties of our sample galaxies.

2.1. NGC 628

The face-on disk galaxy NGC 628 (M74 or the Phantom
Galaxy) is located at a distance of 7.3 Mpc with inclination 7°.
It is a grand design spiral with class 9–type spiral arms
(Elmegreen & Elmegreen 1984; Mulcahy et al. 2017).
According to Elmegreen & Elmegreen (1984), the arm classes
1–4 correspond to flocculent spiral arms, and types 5–12
correspond to classic grand design spiral structure. Cornett
et al. (1994) calculated the surface brightness and color profiles
for this galaxy in the UV regime and concluded that the disk
has significant star formation over the last 500 million yr.
Zaragoza-Cardiel et al. (2019) analyzed the stellar population
in NGC 628 using Multi Unit Spectroscopic Explorer (MUSE)
optical spectra and found that the spatially resolved SFCs in
NGC 628 agree with models of self-regulated star formation.
The disk appears bright in the radio continuum due to the
high SFR in the central part (Condon 1987). The H I disk
extends out to more than three times the Holmberg diameter

7 https://www2.mpia-hd.mpg.de/THINGS/Data.html
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(Kamphuis & Briggs 1992) but is asymmetric toward the
southwest part of the galaxy.

2.2. NGC 5457

The face-on spiral galaxy NGC 5457 (M101, Pinwheel
Galaxy) belongs to arm class 9 (Elmegreen & Elmegreen 1984).
It appears asymmetrical in optical and H I images, which is
probably due to its interaction with the satellite galaxies: NGC
5204, NGC 5474, NGC 5477, NGC 5585, and Holmberg IV
(Sandage & Bedke 1994). The outer disk is extremely blue
(Mihos et al. 2013), suggesting that there is a younger
population of stars at large radii. The interaction with the
companion galaxies may be the reason for the extended star
formation. The H I distribution and kinematics of NGC 5457
are fairly complex. Guélin & Weliachew (1970) studied the
H I distribution in detail and found a depletion of neutral
hydrogen in the central part of this galaxy. Van der Hulst &
Sancisi (1988) discovered high-velocity H I gas moving normal
to the disk. Molecular hydrogen gas (H2) has been detected at
several locations in the outer disk (Cedrés et al. 2013). These
H2 regions are bright in FUV emission, suggesting that there is
ongoing star formation in those regions.

2.3. NGC 6946

The nearby face-on galaxy NGC 6946 is at 5.9 Mpc distance
with an inclination angle of 33°. Its spiral arm structure is
classified as type 9 by Elmegreen & Elmegreen (1984). This
galaxy is also known as the Firework Galaxy, as 10 core-
collapse supernovae have been detected in its disk since 1917
(Eldridge & Xiao 2019). It is also one of the few galaxies in the
local universe that shows Hα emission in its outer disk
(Ferguson et al. 1998b). The galaxy is isolated and located in
the interior of a nearby void (Tully 1988; Sharina et al. 1997).
However, it still shows a very large amount of star formation
that extends well into its extreme outer disk.

All of the galaxies in our sample have ongoing star formation in
their outer disks. However, previous UV observations had limited
spatial resolution (e.g., GALEX), which was not sufficient to
study the star formation process associated with the individual
SFCs. Hence, we carried out high-resolution FUV observations of
these galaxies with the UVIT. We have also used publicly
available high-resolution H I data to investigate the connection
between H I gas and the SFRs.

Table 1 summarizes the properties of the three galaxies. The
observations and data analysis are described in detail in the
next section.

3. Observations and Data Analysis

3.1. UV Data

We performed deep FUV imaging observations of the galaxy
NGC 6946 using the UVIT on board the AstroSat Satellite
(Kumar et al. 2012). The instrument has two coaligned Ritchey-
Chrétien (RC) telescopes, one for FUV (1300–1800Å) and
another for both the near-UV (NUV; 2000–3000Å) and visible
bands. The UVIT is capable of simultaneously observing in all
three bands, and the visible channel is used for drift correction. It
has multiple photometric filters in FUV and NUV. It has a field of
view of around 28′ and a spatial resolution of 1 4 in FUV and
1 2 in NUV, which is more than three times better than GALEX.
We observed NGC 6946 and used archival UVIT data for NGC
628 and NGC 5457.8

For NGC 6946 and NGC 5457, only FUV data were
available in UVIT because the NUV filter was not operational
due to payload-related issues. Hence, only UVIT FUV images
were obtained for these two galaxies. For NGC 628, we
obtained both FUV and NUV data from the UVIT archive.
The UVIT was able to cover the full field of NGC 6946 and

NGC 628. The galaxy NGC 5457 has a major diameter of 28 8,
which is comparable to the UVIT field of view (28′). This
interacting galaxy is asymmetric in shape, and the distribution
of H I and UV emission is lopsided. The emission is more
extended toward the northeast side of the galaxy. The GALEX
FUV image showed no significant bright SFCs in the
southwestern part outside R25. Hence, the UVIT pointing
during the observation was off-center by ∼2 5 to observe the
northeastern part.
We reduced the UVIT level 1 data of NGC 6946, which was

downloaded from the Indian Space Science Data Centre
(ISSDC), using Jayant’s UVIT data explorer (JUDE) software
(Murthy et al. 2016, 2017). JUDE is a UVIT pipeline written in
IDL to reduce UVIT level 1 data into scientifically useful
images and photon lists. We used CCDLAB (Postma &
Leahy 2017) to reduce NGC 628 and NGC 5457 level 1 data; it
has a graphical user interface and produces scientific images by
correcting for field distortions, flat-fielding, and drift. Astro-
metry on each UVIT image was done by cross-matching four to
five field stars with the GALEX image using the CCMAP
module of IRAF. The details of the UVIT observation of each
galaxy are given in Table 2.
As mentioned earlier, the UVIT NUV data were not

available for NGC 6946 and NGC 5457. Hence, to constrain
the metallicity of the SFCs using UV colors, which requires

Table 1
Properties of Galaxies

Galaxy R.A.J2000 Decl.J2000 Dist. Incl. P.A. Galaxy Spatial Scale R25 Galactic log ΣSFR

(hh mm ss) (dd mm ss) (Mpc) (deg) (deg) Type (pc arcsec–1) (arcmin) E(B − V ) (Me yr−1 kpc−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

NGC 0628 01 36 41.8 +15 47 00 7.3 7 20 SA(s)c, H II 35.4 4.89 0.062 −2.25
NGC 5457 14 03 12.6 +54 20 57 7.4 18 39 SAB(rs)cd, H II 35.9 11.99 0.008 −2.34
NGC 6946 20 34 52.2 +60 09 14 5.9 33 243 SAB(rs)cd;Sy2;H II 28.6 5.74 0.3 −2.92

Note. Columns 2 and 3: coordinates of the galaxies in J2000.0. Column 4: distance in megaparsecs. Column 5: inclination in degrees. Column 6: position angle in
degrees. Column 7: galaxy type as listed in NED. Column 8: spatial scale of galaxy. Column 9: optical radius in arcminutes. Column 10: foreground Galactic
extinction taken from Schlafly & Finkbeiner (2011). Column 11: SFR surface density for NGC 628 and NGC 5457 from Thilker et al. (2007) and NGC 6946 from
Leroy et al. (2008). The R.A., decl., distance, inclination, and R25 are listed from Walter et al. (2008).

8 https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
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both FUV and NUV emission, we used GALEX images (Gil de
Paz et al. 2007). GALEX has a wavelength coverage of
1344–1786Å in FUV and 1771–2831Å in NUV (Morrissey
et al. 2007). The angular resolution for GALEX FUV and NUV
images is 4 2 and 5 3, respectively. It has a field of view
of 1°.25.

3.2. H I Data

As discussed earlier, H I gas plays a crucial role in sustaining
long-term star formation in galaxies. Hence, it is imperative to
investigate its role in the formation of SFCs in our sample
galaxies, especially outside the optical radius. To do that, we
have used the H I total intensity (MOMNT0) maps of our
sample galaxies from THINGS (Walter et al. 2008), which is
publicly available. In THINGS, 34 nearby galaxies were
observed in H I with the Very Large Array (VLA). These
observations were carried out with significantly high spatial
resolutions (∼6″) and sensitivity. For our study, it should be
noted that a high spatial resolution is an essential requirement
as we aim to probe the properties of SFCs of sizes of a few tens
of parsecs. To date, for our sample galaxies, THINGS provides
the highest-quality H I data at high spatial resolutions. How-
ever, it should be emphasized that these data still cannot match
the resolution of the FUV data (∼1 5). Hence, for a direct
comparison, we convolved the FUV images with appropriate
Gaussian kernels to degrade them to the H I maps’ resolution. A
high-resolution H I map often suffers from a lack of sensitivity
(or signal-to-noise ratio, S/N) due to its small beam size. But
for our study, a good S/N is vital to investigating the
connection between gas and star formation in the SFCs. Hence,
we chose to work with the MOMNT0 maps produced using the
naturally weighted data cubes, which have a slightly higher S/
N than what could be achieved by a robust weighted data cube
(see Walter et al. 2008, for more details).

4. Results

4.1. Inner and Outer SFCs

There is a significant amount of star formation in the outer disks
of our sample galaxies, and it is clearly visible in FUV emission
(Figure 1, left panels). We first masked the foreground stars and
other background sources. We used the Python library for
SExtractor (Bertin & Arnouts 1996) to extract the SFCs.
SExtractor is a command-line program that reads the data in
FITS format and can perform multiple tasks, like source detection,
background estimation, and deblending. The whole process is
done in several steps. First, it estimates the global statistics, and
then the background is subtracted from the image. The image is
then filtered and and a threshold determined. The pixels with
values higher than the given threshold belong to the detected
objects. Then these detected objects are deblended and cleaned.

SExtractor finds the islands that have more flux than a given
threshold. For a confident and clean detection, we have used the
settings recommended by Bertin & Arnouts (1996). We set the
detection threshold to 5σ, where σ is the global background noise,
i.e., the rms of the counts. The extracted sources are referred to as
the SFCs in this work.
For NGC 628, we used the F154W (exp. time= 4420 s)

filter image to identify the SFCs because the exposure time for
the broader F148W filter (1743 s) was less. We identified the
SFCs using the broadband filter FUV F148W images of NGC
6946 and NGC 5457. We identified 706, 1425, and 544 SFCs
in NGC 628, NGC 5457, and NGC 6946, respectively.
The spiral arms can be traced out to four to five disk scale

lengths (Elmegreen 1998), which is approximately equal to the
R25 radius (often called the optical disk radius). After the R25

radius, the spiral arms become weaker. Most of the CO
emission and star formation detected in galaxies lies within the
optical disk. Also, the stellar disk surface density falls rapidly
near the R25 radius in both large spirals and dwarf galaxies (Das
et al. 2020). It is only in some galaxies, such as XUV galaxies,
that there is significant UV emission beyond the optical disk.
To compare the properties of star formation in the extended
disk regions with the inner regions, we used the R25 or optical
radius as the demarcation between the inner and outer disk.
The inner and outer SFCs are shown in the right panels of

Figure 1. Table 3 shows the number of identified inner and
outer SFCs in the disks of these galaxies.
The identified complexes vary in size from the inner to outer

disks. We calculated the area of each complex using the formula

( )p= ´ ´a barea , 1

where a and b are the semimajor and semiminor axes of the
extracted elliptical SFCs in kiloparsecs. Figure 2 shows the
histogram of the area of these complexes for all three galaxies.
Of the three galaxies, NGC 6946 has the largest fraction

(12%) of SFCs lying beyond R25, whereas for NGC 628 and
NGC 5457, the fractions are 6% and 3%, respectively. This is
surprising, as NGC 6946 is more isolated compared to the other
two galaxies. An important result from Figure 2 is that the outer
disk SFCs are at least 10 times smaller in area than the SFCs in
the inner disk. So the outer disk SFCs are generally more
compact than those in the inner disk. This could indicate that
the star formation process may be different in the two regions,
and we discuss this further in Section 5.1.

4.2. Estimation of SFRs

We performed elliptical aperture photometry on the
identified sources using Photutils, a Python astropy package
for photometry. We calibrated the UVIT fluxes by comparing
them with GALEX images. The UVIT images were first
convolved to GALEX resolution, and then a set of FUV-bright
isolated stars was identified in both images. We compared the
fluxes and applied the calibration factor to the UVIT images.
We corrected foreground Galactic extinction using the
Fitzpatrick law (Fitzpatrick 1999) by assuming an optical
total-to-selective extinction ratio R(V )= 3.1,

( ) ( )= ´ -l lA R E B V , 2

where Aλ is the extinction at wavelength λ, and E(B− V ) is the
reddening.
We calculated the ΣSFR (not corrected for internal extinction)

for each complex in all three galaxies using the following

Table 2
Details of the UVIT Observations and Filters

Filter Bandpass Zero-point Galaxy Exp. Time
(Å) (mag) (s)

(1) (2) (3) (4) (5)

F154W 1351–1731 17.778 NGC 0628 4420
N263M 2495–2770 18.18 NGC 0628 2086
F148W 1231–1731 18.016 NGC 5457 2074

NGC 6946 9462
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formula (Salim et al. 2007; Leroy et al. 2008):

( ) ( )( )S = ´ - i I8.1 10 cos , 3SFR UV
2

FUV

where ΣSFR(UV) is the SFR surface density in UV [Me yr−1

kpc−2], i is the inclination angle of the galaxy,and IFUV is the
FUV intensity [MJy sr−1].

Figure 1. Left panels: UVIT FUV images of NGC 628, NGC 5457, and NGC 6946. Right panels: locations of SFCs plotted on the FUV images. The black ellipses
represent the R25 radii of the galaxies. The blue and red marks indicate the locations and sizes of the inner and outer SFCs, respectively.
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The error in flux (∝ IFUV) propagates to the error in
ΣSFR(UV). The error in ΣSFR(UV) of each SFC is estimated as

( )( )

( )

DS
S

=
D

=
D

+
Dflux

flux

CPS

CPS

UC

UC
, 4SFR UV

SFR UV

where ΔΣSFR(UV) is the error in ΣSFR(UV), ΔCPS is the
background counts per second, CPS is the source counts per
second, UC is the unit conversion factor (see Equation (1) in
Tandon et al. 2017), and ΔUC is the error in the unit conversion
factor.

Figure 3 shows the histograms of the SFR surface densities
(ΣSFR(UV)) for the inner and outer complexes. For NGC 628, the
maximum ΣSFR(UV) for the outer SFCs is lower than that of the
inner complexes, but the lower limits of ΣSFR(UV) for the inner and
outer complexes are similar, whereas in NGC 5457, the range of

ΣSFR(UV) for the outer disk is much smaller than that of the inner
region. The galaxy NGC 5457 has the largest range in ΣSFR(UV) for
the inner SFCs. In NGC 6946, the upper limit of ΣSFR(UV) for the
outer SFCs is not much different from that of the inner SFCs. Out
of the outer 64 SFCs, two SFCs have high ΣSFR(UV) that is
comparable to theΣSFR(UV) of the inner SFCs. Of all three galaxies,
NGC 628 has the lowest ΣSFR(UV) in its outer disk, and NGC 5457
and NGC 6946 have similar mean outer disk ΣSFR(UV) values.
However, it must be noted that NGC 628 and NGC 6946

have patchy dust over their disks (Belley & Roy 1992;
Trewhella 1998; Hyman et al. 2000; Cedrés et al. 2012), while
NGC 5457 has patchy dust in the central regions (Lira et al.
2007). Dust can absorb or scatter FUV radiation. The observed
ΣSFR(UV) may thus be slightly less than the actual ΣSFR(UV) in
the dusty regions; also, the actual sizes of the SFCs in the dusty
region may be slightly larger than what we observe. The effect
is less in the outer XUV disks, since the dust content is lower in
those regions (Ferguson et al. 1998a). However, we find that
the SFR for the inner complexes is higher than that for the outer
SFCs (Figure 3). So our primary results will hold even after
correcting for the host galaxy extinction.

4.3. Ages and Metallicities of the SFCs

An accurate estimate of the metallicities and ages of the
outer disk SFCs can only be determined from spectroscopic

Table 3
Number of FUV-bright SFCs Inside and Outside R25

Galaxy Inner Outer
Complexes Complexes

(1) (2) (3)

NGC 0628 668 38
NGC 5457 1386 39
NGC 6946 480 64

Figure 2. Histogram of area for SFCs in (a) NGC 628, (b) NGC 5457, and (c)
NGC 6946. The histograms for the inner and outer complexes are shown with
solid and dashed lines, respectively.

Figure 3. Histograms of the ΣSFR(UV) in (a) NGC 628, (b) NGC 5457, and (c)
NGC 6946. The histograms for the inner and outer complexes are shown with
solid and dashed lines, respectively.
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observations of the emission lines from the individual
H II regions (Ferguson et al. 1998a; Goddard et al. 2011).
However, we can constrain the ages and metallicities of the
SFCs using the (FUV–NUV) colors. For NGC 6946 and NGC
5457, we have only UVIT FUV data and no NUV data. Hence,
for these two galaxies, we have used GALEX FUV and NUV
images. The GALEX images have lower spatial resolution
compared to the UVIT images, so some of the SFCs become
blended together in the GALEX images. So the number of
detected SFCs in GALEX is less than that detected by UVIT. It
is also more challenging to identify outer disk SFCs in the
GALEX images. However, for NGC 628, both UVIT FUV and
NUV data were available, so for this galaxy, we could measure
the age and metallicity of a larger number of outer disk
complexes.

We used the Starburst99 simple stellar population (SSP;
Leitherer et al. 1999) evolutionary models to estimate the ages of
the SFCs. The SSP has a detailed collection of spectrophotometric
models that can constrain the properties of galaxies undergoing
active star formation. We generated the synthetic stellar spectrum
using Starburst99 for seven different cases. Studies show that
observations of SFCs and starburst complexes are consistent with
the Salpeter IMF (Leitherer 1998; Scalo 1998). We set the

parameters by assuming instantaneous star formation and a
Salpeter IMF slope= 2.35. We assumed the total stellar mass to
be 106 Me. We considered the following range of stellar masses,
with lower and upper limits given by Mlow= 10 and Mup= 100
Me, and evolved the models from 106 to 2× 108 yr. We used the
metallicities Z= 0.0004, 0.004, 0.008, 0.020, and 0.050, where
Z= 0.020 equals solar metallicity. We also generated the
spectrum for the truncated Salpeter IMF (slope= 2.35) with a
mass range of 1–30Me and metallicity 0.02, as well as spectra for
a slope of 3.30, a stellar mass range of 1–100 Me, and a
metallicity of 0.02. Such spectra have a higher proportion of low-
mass stars. The models do not include nebular emission.
Figure 4(a) shows the simulated data points. Metallicity

decreases from left to right, and age increases from top to
bottom. Figures 4(b)–(d) show the observed data points with
the highest- and lowest-metallicity tracks. Gray and red
represent the inner and outer SFCs, respectively. The outer
disk points typically lie toward the right side of the lowest-
metallicity tracks. This indicates that the outer SFCs in the
three galaxies are metal-poor. Since the stars have formed in
this part of the disk, the results suggest that the ISM in the outer
parts of the galaxy disks is metal-poor. The FUV emission can
also arise from a low-mass, evolved population of stars, which

Figure 4. The log(FUV) vs. log(FUV/NUV) plot for SFCs. (a) Model generated using starburst with metallicities (Z = 0.0004–0.05) and ages (1–165 Myr). Here
Z = 0.02(I) and 0.02(II) represent the tracks for the truncated Salpeter IMF and slope 3.3, respectively. Panels (b), (c) and (d) show the SFCs in NGC 628, NGC 5457,
and NGC 6946, respectively. Gray points and red diamonds represent the inner and outer SFCs, respectively. The magenta (Z = 0.05) and blue (Z = 0.0004) tracks
represent the models after including reddening of the host galaxy.
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are generally associated with the bulges of spiral galaxies. We
compared our FUV images with Hα images in the literature.
The identified star-forming complexes in FUV are clearly
visible in the corresponding Hα images,as shown by Ferguson
et al. (1998b), where Hα emission is detected from the SFCs in
the inner as well as outer disks of NGC 628 and NGC 6946.
The emission is mostly from massive young OB stars and their
associations.

4.4. UV Correlation with H I

Kennicutt (1998a) showed that there exists a correlation
between H I mass and the SFR, i.e., S µ SSFR gas

1.4 with 0.2 dex
scatter, and it is known as the KS law. The primary requirement
for star formation is H I, as it can cool and form molecular
hydrogen in dense complexes (Prochaska & Wolfe 2009;
Obreschkow et al. 2016). The connection between H I and star
formation has also been explored for different galactic
environments, including the outer disks of galaxies (Bigiel
et al. 2010a, 2010b; Mondal et al. 2019). Hence, we expect to
see an association of H I with star formation for our FUV
images.

We compared our FUV images that trace young SFCs with
the MOMNT0 images of H I from THINGS (Walter et al.
2008). All three galaxies show extended H I emission beyond
their R25 radii. Figure 5 shows the contours of H I (nH I> 1021

cm2) in red overlaid on the UVIT FUV map. The blue contours
trace FUV emission. The FUV complexes are clumpy and
mainly associated with the spiral arms of the galaxies, as shown
in Figure 1 (right panels). The H I contours trace the spiral arms
remarkably well. Overall, the FUV SFCs are very well
correlated with the H I gas distribution, and most of the SFCs
lie within the H I contours. The H I is also closely associated
with the FUV emission in the outer disks of the galaxies.

4.5. H I Holes and SFCs

The SNEs and stellar winds can lead to the formation of
kiloparsec-sized holes and shells in the H I distribution of
galaxies due to the energy injected by the associated blast
waves in the ISM (Koyama et al. 1986; McCray &
Kafatos 1987; Mac Low & McCray 1988). The SNEs produce
bubbles in the ISM, and as the bubbles expand, they sweep up
mass in the ISM. If these bubbles have enough energy to tunnel
through the disk gas layer, they will appear as empty holes in
the H I maps until they are sheared out by the turbulent motion
of the ISM gas and the differential rotation of the disk
(Boomsma et al. 2008). Simulations also show that OB
associations can inject energies of 1053 erg into the ISM,
creating a hole of ∼1 kpc size (Silich et al. 1996). The radius
and velocity of the expanding shells depend on the energy
released and the ambient ISM parameters (Bisnovatyi-Kogan &
Silich 1995). McCray & Kafatos (1987) estimated that around
20% of H I holes should correlate with H II shells and contain
ionizing O stars. Multiple studies have shown the association of
star formation with H I shells in several galaxies, e.g., the Large
(Kim et al. 1999) and Small (Stanimirovic et al. 1999)
Magellanic Clouds. Ehlerová & Palouš (2002) also studied the
gravitational instability of the expanding shell and suggested
that there is a critical gas surface density above which the shell
becomes unstable. It can fragment and form clouds and then
stars.

Figure 5. Correlation of FUV and H I emission with the spiral arms. The red
contours represent the H I emission overlaid on the background FUV image of
the galaxy. The contours of FUV are represented in blue. The R25 radius is
demarcated by the black dashed line.
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All three galaxies in this study have small and big holes in their
corresponding H I maps. Using the upgraded Westerbork Synth-
esis Radio Telescope observations, Boomsma et al. (2008) found
121 holes in NGC 6946 distributed all over the H I disk.
Bagetakos et al. (2011) identified 104 holes in NGC 628 and
56 holes in NGC 6946. Kamphuis (1993) identified 19 holes in
NGC 6946 and 52 holes in NGC 5457. We selected the holes
from Bagetakos et al. (2011) for NGC 628 and NGC 6946. For
NGC 5457, we took the holes from Kamphuis (1993).

Figure 6 shows the correlation of some of the holes with the
FUV emission. The red ellipses are the holes taken from the
H I maps overlaid on the FUV images. We have considered
the association to be real if the FUV emission is above 5σ (σ is the
global background noise) and at least two or more SFCs are
associated with the hole. If FUV emission is present inside the
hole, we labeled that correlation as an inside type. If FUV emission

is present on the edge of the hole, we labeled it as an edge type,
and if FUV emission is present inside as well as on the edge of the
H I hole, we labeled that as an (in+ edge)-type association. If FUV
emission is absent at the edge and inside the hole, we say no
correlation exists between that H I hole and FUV emission.
To check whether the H I hole and FUV emission are a true

association or chance coincidence, we created a random
distribution of holes and compared its correlation with the
observations. We generated the random holes such that they have
the same axes, position angles, and radial distributions as the
original holes. We randomized the location of the holes and
created 10 sets of random distributions for NGC 6946. The H I
hole and FUV emission associations were determined visually in a
manner similar to that applied to the original holes. We found that
a random distribution gives a correlation of 23%± 4%, while the
original holes indicate a 33% correlation. This means that the H I

Figure 6. Examples of some of the H I holes associated with FUV emission. The red ellipses represent the H I hole boundaries. The blue shaded regions show the
FUV emissions in counts per second. The FUV emission is in logarithmic scale with lower and upper bounds of 2.5σ and 100σ, respectively. It is divided into three
contour levels and six color-bar levels. The correlation type and name of the galaxy are written on the top of each subpanel.
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hole and FUV emission association has a significance of 2.5σ.
However, H I holes are preferentially located in or near the spiral
arms, and it is challenging to generate a random distribution of
holes within the arms. So the randomized position of holes in this
study gives a lower limit on the association of H I hole and FUV
emission. It must also be noted that the H I holes here are viewed
in projection. In reality, they have a three-dimensional structure.
Also, the massive star formation timescale, which can drive the
winds producing the holes, is only a few times 106 yr, but FUV
emission traces star formation until ∼108 yr. So this value of 2.5σ
is a lower limit for the hole–UV emission correlation. Overall,
from Figure 6 and the 2.5σ excess correlation in the actual data
with respect to the random data, we can confidently state that the
H I holes and SFCs as traced by FUV are correlated.

We find that the northeast spiral arm of NGC 6946 has most
of the FUV-bright SFCs inside the H I holes. This galaxy hosts
one of the largest numbers of supernova events among all of
the nearby galaxies. The FUV-bright complexes in NGC 5457
are also very well related to H I holes. The FUV emission is
present on the edges of the supershells, which suggests that
these SFCs may have been triggered by shell expansion. We
also separated the H I holes into inner and outer holes based on
whether they were within or beyond the R25 radius. We found
that there are significantly fewer holes beyond R25 for all three
galaxies. Table 4 shows the details of the correlation of
H I holes with UV emission. We also found that 25% of the
holes in NGC 628, 71% in NGC 5457, and 33% in NGC 6946
are associated with FUV emission in our UVIT images.

4.6. Gravitational Instability and the Q Factor in the
Outer Disk

In the inner disk regions, the spiral arms are the driving force
that compresses the gas and triggers star formation (Bonnell
et al. 2013). Such triggered star formation requires strong spiral
arms, which are associated with a high stellar density.
Simulations have shown that the gas density in the spiral arms
is three times higher than the interarm regions (Hitschfeld et al.
2009). Studies also show that massive star formation requires
an ISM density of 1 g cm−2 (Krumholz & McKee 2008); the
inner disks are generally rich in molecular hydrogen gas, as
well as H I. This also means that the cloud complexes in the
spiral arms are more likely to collapse compared to the interarm
complexes, leading to higher SFEs in the spiral arms (Knapen
et al. 1996).

In the outer disks, however, the stellar mass surface density
falls rapidly, especially beyond the R25 radius. Molecular gas is
rare, and the H I gas has a low surface density. So this radius or
the optical disk radius is a good marker to distinguish between
high and low baryonic surface densities in disks (see, for
example, Das et al. 2020). For R> R25, the spiral arm shocks
are much weaker, since the stellar surface density is much
lower. In such low-density environments, the primary process
governing star formation must be the formation of local disk
instabilities that cause the freefall collapse of cold interstellar
clouds.

So, in general, the inner disks have triggered star formation, but
the outer disks have star formation that is due to more local
processes. We base this statement on the following observations
derived from our study. (i) In the inner disks, the SFCs are
clustered along the spiral arms. Both spiral arm shocks and strong
stellar winds from the large H II regions can trigger star formation
in the inner disks of galaxies. However, in the outer disks, the

spiral arms are not so strong, and the SFCs are not strongly
associated with them. They are also fairly isolated, so the winds
from neighboring H II regions cannot trigger star formation. The
lack of triggered and massive star formation is also supported by
the lack of H I holes in the outer disks. (ii) The SFC sizes are
smaller in the outer disks compared to the inner ones. (iii) There
are no clear signatures of gas accretion in the outer disks in the
H I images and velocity maps. So we cannot say for certain that
gas accretion is triggering star formation in the outer disks of these
galaxies. If there is gas accretion, it is happening slowly, which is
expected for type 1 XUV galaxies. These differences between
inner and outer disk SFCs and their location suggests that inner
disk star formation is driven by global disk instabilities such as
spiral arms, whereas outer disk star formation is due to local disk
instabilities.
The local gravitational stability of differentially rotating

disks can be investigated using the Toomre Q parameter
(Binney & Tremaine 2008). It provides a quantitative estimate
of the condition for local instability using parameters such as
the self-gravity of the gas cloud, the thermal pressure measured
by velocity dispersion in the gas, and the tidal shear of the
rotating disk. The Toomre parameter (Toomre 1964) is given

Table 4
H I Holes and UV Correlation

Galaxy Inner/Outer Correlation No. of Holes
(1) (2) (3) (4)

NGC 0628 Inner Inside 1
(80) Edge 15

In + edge 11
No correlation 53

Outer Inside 0
(106) (26) Edge 0

In + edge 0
No correlation 26

NGC 5457 Inner Inside 3
(49) Edge 8

In + edge 23
No correlation 15

Outer Inside 2
(52) (3) Edge 1

In + edge 0
No correlation 0

NGC 6946 Inner Inside 0
(41) Edge 9

In + edge 9
No correlation 23

Outer Inside 0
(58) (17) Edge 0

In + edge 1
No correlation 16

Note. Column 1: name of the galaxy. The number in parentheses represents the
total number of holes in that particular galaxy. Column 2: number of inner and
outer holes that lie inside and outside R25. Column 3: correlation of FUV
emission with the holes. The terms “inside” and “edge” indicate that the FUV
emission is inside or on the edge of a hole, “in + edge” indicates that FUV
emission is present inside as well as on the edge, and “no correlation” indicates
that there is no correlation between those holes and FUV emission. Column 4:
number of holes in that category.
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where κ is the epicyclic frequency, σg is the velocity
dispersion, G is the gravitational constant, and Σ is the disk
mass surface density. Theoretically, a cloud is expected to be
unstable under its self-gravity for Q< 1. The gas surface
density was calculated using the following formula:
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where Sν represents the flux in Jy km s−1. The factor 1.4 is the
contribution of helium to the H I mass surface density. We have
calculated the epicyclic frequency of individual outer SFCs
using the formula 2 (v/r), where v is the flat rotation curve
velocity (NGC 628, Aniyan et al. 2018; NGC 5457, Sofue et al.
1999; NGC 6946, de Blok et al. 2008), and r is the deprojected
radius. In doing so, we have assumed that the rotation curves of
the galaxies are flat in their outer disks and hence have constant
velocities in the XUV regions.

We are primarily interested in studying the stability of the
disk in the vicinity of the SFCs beyond the R25 radius. In these
regions, the mass component can be considered to be the
H I gas, as we do not observe any detectable emission from the
stellar disk. Also, no considerable amount of molecular gas is
detected at these outer radii (see, e.g., Schruba et al. 2011). For
these reasons, we adopt the H I surface density and velocity
dispersion (σg) for determining Q.

To estimate the H I surface density near the star-forming
complexes, we used the MOMNT0 maps of our sample
galaxies from THINGS (see Section 3.2 for more details). We
identified the regions near the SFCs in the H I maps using their
geometrical parameters, as shown in Table 5. We used the total
H I intensity values of all of the pixels within an SFC to
compute the average face-on (corrected for inclination)
H I surface density (Σ) for that particular SFC.

However, estimating σg for individual complexes is not
straightforward. The width of the emission spectra from a
region is generally used as the proxy of the gas velocity
dispersion. For quantitative estimation, an emission spectrum is
fitted with a Gaussian function. The sigma of this fitted
Gaussian function can be used as a measure of σg. However,
due to the small size, the strength of H I emission originating

from individual complexes would be very low. As a result, the
S/N of the H I spectrum from an SFC (typically 5 on the
outskirts; see, e.g., Ianjamasimanana et al. 2012) is not good
enough to comfortably fit it with a single Gaussian to obtain σg.
Furthermore, it is well known that at low S/N, the width of the
H I spectral line can considerably underestimate the actual σg
(Patra 2018, 2020a). At low S/N, an H I spectrum only traces
the peak of the emission, reducing the measurable width
artificially. To overcome this problem, we adopt a similar
method as used by Ianjamasimanana et al. (2012; see also
Patra 2020b; Saponara et al. 2020) and employ a spectral
stacking technique to determine σg for the SFCs in the galaxies.
Assuming that the H I spectra from all of the SFCs in the outer
disks are similar, we stacked them together after aligning their
central velocities. To estimate the central velocity of an
H I spectral line, we used a method similar to that used by de
Blok et al. (2008). We fitted the H I spectra with Gaussian–
Hermite polynomials of order three to determine their central
velocities. All of the spectra from different SFCs are then
aligned to their central velocities and stacked to produce a
single high-S/N spectrum. This stacked spectrum can then be
considered a representative of the H I profiles of the SFCs in the
outer parts of the galaxies. We note that a considerable
variation in σg could be possible for different SFCs; however,
the stacked spectra are expected to provide an average estimate
of σg in the outer disk.
In Figure 7, we plot the respective stacked spectra (red

crosses) for the galaxies. As shown in the figure, the S/Ns of
the stacked spectra are high enough to estimate the σg with a
reasonable degree of confidence. We further fitted these spectra
with single-Gaussian profiles (blue dashed lines) to determine
the σg. Ideally, double-Gaussian fits describe the spectra better
for a two-component ISM; however, as we are interested in the
overall stability of the gas layer against gravity, we chose to fit
the spectra with single-Gaussian profiles. Corresponding σg
values for each galaxy are quoted at the top left of the
respective panels in Figure 7 in units of kilometers per second.
We note here that the resolution of the H I map from

THINGS is ∼6″ (robust weighted), which is larger than the
spatial resolution of the UVIT data (∼1 5). For consistency,
we tried convolving the UVIT data to the resolution of the
H I data and identifying the SFCs. However, at this poor
resolution, we detect <15% of the SFCs detected in the original
resolution. Hence, for calculating σg, we choose to use the

Table 5
Properties of FUV-bright Complexes in NGC 6946

Galaxy R.A.(J2000.0) Decl.(J2000.0) Semimaj. Semimin. P.A. ΣSFR(UV) ΔΣSFR(UV) Area Location
(Name) (hh:mm:ss.ss) (dd:mm:ss.ss) (arcsec) (arcsec) (deg) (Me yr−1 kpc−2) (Me yr−1 kpc−2) (kpc2)

NGC 6946 20:34:32.23 60:04:35.40 3.3 2.4 319 0.0047 0.0002 0.021 Inner
NGC 6946 20:34:35.65 60:04:33.10 7.2 5.2 338 0.0139 0.0002 0.096 Inner
NGC 6946 20:34:35.84 60:04:29.37 5.8 5.1 298 0.0178 0.0003 0.076 Inner
NGC 6946 20:34:36.24 60:04:29.28 6.7 3.8 83 0.015 0.0003 0.065 Inner
NGC 6946 20:34:36.33 60:04:37.78 4.6 2.9 306 0.0072 0.0002 0.035 Inner
NGC 6946 20:34:20.47 59:59:25.16 2.2 1.7 345 0.007 0.0002 0.01 Outer
NGC 6946 20:34:20.63 59:59:27.01 2.6 1.8 320 0.006 0.0002 0.012 Outer
NGC 6946 20:34:39.81 60:02:13.08 6.4 5.4 76 0.0064 0.0002 0.088 Outer
NGC 6946 20:34:44.35 60:02:08.72 3.4 1.7 342 0.0046 0.0001 0.015 Outer
NGC 6946 20:34:55.33 60:01:21.15 2 1.6 302 0.0037 0.0001 0.008 Outer

(This table is available in its entirety in machine-readable form.)
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location of the SFCs as detected in the original UVIT
resolution. Our estimated σg values are expected to represent
an average velocity dispersion around the SFCs. However, we
also emphasize that the change in σg within ≈6″ beam (∼200
pc at distances of the galaxies in this study) would be minimal,
as the H I clouds form structures at similar scales (∼150 pc;
see, e.g., Braun 1997).

The Q parameters calculated for the outer complexes are
listed in Table 6 and shown in Figure 8. All of the outer
complexes in NGC 6946 and NGC 628 have Q> 1, but in the
case of NGC 5457, 97% of the outer complexes have Q< 1.
Thus, in terms of the Q parameter, the outer disks of NGC 628
and NGC 6946 appear to be more stable than NGC 5457. The
difference between NGC 5457 and the other two galaxies is
that NGC 5457 is interacting with nearby companions. The
tidal interaction results in extended spiral arms that make the
disk more unstable via cloud collisions and shocks and results
in the formation of dense H I gas.

For the other two galaxies, NGC 628 and NGC 6946, the
disk stability as indicated by Q> 1 may be misleading, as there
is clearly significant star formation happening in the outer disks
of these galaxies. This has important implications for the disk
mass surface density, as discussed in the next section.

5. Discussion

5.1. The Difference between Star Formation in the Inner and
Outer Disks of Galaxies

One of the main results of our study is that star formation in
the inner and outer disk regions is very different. There are
clearly fewer SFCs in the outer disk than the inner region, and
there is less star formation in the outer parts of the galaxies.
This is not surprising, as outer disk regions are adverse
environments for star formation, as both the stellar and H I gas
surface densities are low (Das et al. 2020).

As mentioned in Section 4.1, the outer disk SFCs are also
smaller in size and more compact than those in the inner
regions, and Figure 2 shows this quite clearly. This indicates
that the star formation process is different for the two regions.
As discussed in Section 4.6, star formation in the inner disk is
triggered by the spiral arms. The stellar and H I disk surface
densities in the inner disk are higher, and as a result, the SFCs
are larger, less compact, and more massive than those in the
outer disk. The outer disk star formation is due to local disk
instabilities, which could be stochastic in nature or perhaps

driven by cold gas accretion. Thus, the difference in SFC sizes
in the two regions within a galaxy clearly shows that the inner
disk regions host triggered star formation, whereas the outer
disk regions have star formation due to local disk instabilities.
Another factor that plays an important role is the metallicity

of the inner and outer disk regions. The central disks of the
galaxies are more metal-rich than the outer parts (Figure 4).
The metals can cool the gas efficiently, and this helps in the
formation of larger complexes. However, the outer disks have
lower metallicities, and hence the cooling is less efficient,
leading to smaller disk instabilities and hence smaller SFCs.
The FUV emission and hence SFRs of the SFCs will be

affected by the patchy dust extinction in the galaxies, and the
effect will be fairly random over the SFCs. But the dust
extinction in the inner disk is higher; thus, some SFCs may not
be visible in FUV due to local dust extinction. So the observed
SFRs that we derived from FUV will be less than the actual
SFR in the dusty regions. However, we see that the SFRs for
the inner complexes are higher than the outer SFCs, so the
results of our comparison of inner and outer disk star formation
will hold even after correcting for the host galaxy extinction.
Also, dust can scatter or absorb FUV radiation, so the actual
sizes of the SFCs in the dusty region may be slightly larger.
The metallicity of the SFCs in the patchy regions will change,
but the overall conclusion that the outer SFCs are metal-poor
will remain valid.

5.2. Comparing the Star Formation in Interacting and Isolated
Galaxies

Young et al. (1986) studied a sample of isolated and
interacting galaxies and found that interacting galaxies have
higher SFEs. The star formation during galaxy interactions
depends on the environment in which the galaxies reside and
especially depends on the mass, gas content, and distance of the
companion. However, Pearson et al. (2019) suggested that the
SFR of merging galaxies is not significantly different from
nonmerging galaxies. In our study, the histograms (Figure 3)
show that the ΣSFR(UV) in the interacting galaxy (NGC 5457) is
not significantly different from the isolated galaxies (NGC 628
and NGC 6946). However, it must be noted that the companion
galaxies of NGC 5457 are relatively smaller in size and have
low gas content. The interaction of NGC 5457 is a minor
interaction, and this may be why it has not produced any
significant effect on enhancing the ΣSFR.

Figure 7. Stacked H I spectra of the outer SFCs in our sample galaxies. The red crosses in each panel represent the stacked spectra, whereas the blue dashed lines
represent the single-Gaussian fits to them. The respective σg values are quoted in the top left corners of each panel in units of kilometers per second. See the text for
more details.
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Table 6
Q Value of SFCs in the Outer Disk

R.A.(J2000.0) Decl.(J2000.0) Semimaj. Semimin. P.A. Q Value ΔQ R.A.(J2000.0) Decl.(J2000.0) Semimaj. Semimin. P.A. Q Value ΔQ
(hh:mm:ss.ss) (dd:mm:ss.ss) (arcsec) (arcsec) (deg) (hh:mm:ss.ss) (dd:mm:ss.ss) (arcsec) (arcsec) (deg)

NGC 0628 NGC 6946
01:35:59.38 15:42:52.92 2.8 1.9 314 161.77 25.87 20:33:28.52 60:13:03.27 2.3 2.2 313 168.83 25.51
01:36:04.25 15:45:29.21 1.6 1.5 251 1.99 0.32 20:33:47.66 60:07:56.69 5.9 5.8 346 1.69 0.25
01:36:14.27 15:47:33.75 2.7 1.9 262 8.58 1.37 20:33:48.13 60:08:21.53 3.1 2.1 50 2.15 0.33
01:36:16.39 15:44:50.68 2.9 1.5 277 1.81 0.29 20:33:48.22 60:08:31.79 3.3 3.0 70 1.35 0.20
01:36:20.03 15:44:34.21 0.9 0.6 348 4.25 0.68 20:33:48.72 60:08:16.98 2.4 2.2 358 1.94 0.29
01:36:20.08 15:44:36.00 1.2 0.8 277 4.06 0.65 20:33:50.63 60:07:04.37 3.5 2.6 334 1.93 0.29
01:36:23.35 15:51:12.32 1.2 0.7 28 2.11 0.34 20:33:58.11 60:06:14.62 2.3 1.8 359 1.99 0.30
01:36:23.35 15:42:48.30 2.3 1.0 53 4.04 0.65 20:33:59.42 60:05:25.53 2.5 2.1 354 3.52 0.53
01:36:23.69 15:50:58.90 3.6 2.5 315 2.07 0.33 20:34:12.94 60:10:13.07 2.7 2.4 289 7.45 1.13
01:36:25.63 15:43:05.15 1.8 0.9 264 7.31 1.17 20:34:20.47 59:59:25.16 2.2 1.7 345 2.16 0.33
01:36:27.55 15:51:47.41 1.3 0.8 257 2.07 0.33 20:34:20.63 59:59:27.01 2.6 1.8 320 2.00 0.30
01:36:29.52 15:52:05.40 2.2 2.6 360 1.63 0.26 20:34:25.46 60:13:13.63 2.1 1.3 14 2.49 0.38
01:36:34.89 15:51:44.41 1.8 2.1 303 3.83 0.61 20:34:28.28 60:13:36.22 2.8 2.2 13 3.27 0.49
01:36:38.98 15:53:08.94 1.5 0.6 305 2.51 0.40 20:34:29.13 60:13:48.71 5.1 4.0 76 2.94 0.44
01:36:42.48 15:52:50.86 2.0 2.2 360 1.15 0.18 20:34:30.30 60:04:16.87 2.6 1.7 78 2.92 0.44
01:36:43.13 15:52:43.92 1.7 0.7 18 1.31 0.21 20:34:39.81 60:02:13.08 6.4 5.4 76 3.43 0.52
01:36:45.74 15:52:59.78 0.9 0.6 349 1.50 0.24 20:34:43.84 60:15:07.09 1.9 1.5 314 2.42 0.37
01:36:48.75 15:41:09.67 3.0 2.6 36 1.40 0.22 20:34:44.35 60:02:08.72 3.4 1.7 342 3.69 0.56
01:36:49.29 15:53:03.26 1.0 0.6 327 1.53 0.24 20:34:46.65 60:03:42.72 3.0 1.9 31 3.51 0.53
01:36:49.39 15:41:45.22 2.7 1.8 312 3.69 0.59 20:34:46.69 60:02:35.03 2.5 1.4 341 7.52 1.14
01:36:50.42 15:53:09.79 1.7 0.6 354 1.53 0.24 20:34:46.77 60:02:37.70 3.0 1.2 313 7.88 1.19
01:36:51.63 15:41:36.39 4.0 3.1 276 1.20 0.19 20:34:47.03 60:03:33.59 2.8 2.7 314 2.21 0.33
01:36:53.85 15:42:07.70 2.3 2.0 335 1.59 0.25 20:34:47.36 60:02:36.31 2.0 1.9 27 6.61 1.00
01:36:53.86 15:41:48.67 2.7 1.2 261 2.34 0.37 20:34:47.64 60:02:44.06 2.3 1.6 280 3.52 0.53
01:36:53.91 15:53:12.56 5.2 1.2 20 1.65 0.26 20:34:48.67 60:02:36.57 4.1 2.3 312 2.62 0.40
01:36:54.02 15:53:13.36 3.1 1.3 275 1.60 0.26 20:34:51.32 60:14:20.58 3.7 3.3 278 46.53 7.03
01:36:54.93 15:52:57.85 4.4 3.0 323 2.88 0.46 20:34:54.03 60:15:43.84 2.2 1.4 1 2.13 0.32
01:37:00.49 15:51:20.10 2.0 1.6 277 1.88 0.30 20:34:55.33 60:01:21.15 2.0 1.6 302 15.94 2.41
01:37:01.89 15:45:53.70 1.8 0.7 279 1.14 0.18 20:34:56.34 60:15:35.96 3.9 2.9 342 5.13 0.78
01:37:02.05 15:54:46.70 1.6 1.4 310 14.97 2.39 20:35:03.70 60:15:49.29 2.4 1.4 86 3.23 0.49
01:37:02.32 15:45:01.84 1.4 0.7 262 2.30 0.37 20:35:11.87 60:04:02.48 1.8 1.5 43 5.31 0.80
01:37:02.41 15:46:48.62 1.6 0.9 272 1.23 0.20 20:35:15.30 60:16:32.75 2.2 2.1 35 1.92 0.29
01:37:02.60 15:47:11.80 3.2 2.3 262 2.03 0.32 20:35:15.57 60:05:16.71 2.3 1.9 280 3.41 0.52
01:37:03.16 15:47:02.36 2.5 0.9 269 1.76 0.28 20:35:17.26 60:16:33.90 1.7 1.6 284 3.05 0.46
01:37:03.29 15:47:51.12 2.4 1.8 260 2.00 0.32 20:35:17.33 60:16:41.85 2.5 2.1 346 5.47 0.83
01:37:04.55 15:48:00.37 3.9 3.2 42 2.68 0.43 20:35:17.92 60:05:19.36 2.9 2.1 286 1.73 0.26
01:37:05.34 15:44:46.27 2.4 1.3 285 4.51 0.72 20:35:19.58 60:15:23.08 3.6 3.0 89 12.92 1.95
01:37:07.21 15:39:29.83 1.6 0.8 251 5.64 0.90 20:35:21.81 60:04:12.15 2.8 2.5 324 2.33 0.35
01:37:16.02 15:50:31.79 3.7 2.7 289 6.14 0.98 20:35:31.27 60:04:39.69 2.2 1.5 297 4.19 0.63

NGC 5457 20:35:32.08 60:07:22.07 2.2 2.2 353 2.78 0.42
14:02:10.64 54:30:10.37 1.3 0.9 252 0.64 0.10 20:35:32.11 60:16:33.91 2.9 2.5 300 2.60 0.39
14:02:16.76 54:30:09.74 2.1 1.6 310 0.34 0.05 20:35:32.33 60:07:21.63 2.2 1.8 29 2.65 0.40
14:02:45.79 54:33:43.81 1.9 1.2 177 0.21 0.03 20:35:32.77 60:15:14.89 2.0 1.9 60 248.36 37.52
14:02:47.93 54:33:54.49 1.9 1.7 312 0.22 0.03 20:35:33.87 60:05:03.58 2.6 2.3 300 2.39 0.36
14:03:10.51 54:35:52.41 1.7 1.3 188 0.11 0.02 20:35:34.11 60:05:22.66 3.6 3.5 303 4.85 0.73
14:03:11.94 54:35:41.53 7.8 3.9 228 0.07 0.01 20:35:35.15 60:08:49.88 1.6 1.6 359 5.31 0.80
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Table 6
(Continued)

R.A.(J2000.0) Decl.(J2000.0) Semimaj. Semimin. P.A. Q Value ΔQ R.A.(J2000.0) Decl.(J2000.0) Semimaj. Semimin. P.A. Q Value ΔQ
(hh:mm:ss.ss) (dd:mm:ss.ss) (arcsec) (arcsec) (deg) (hh:mm:ss.ss) (dd:mm:ss.ss) (arcsec) (arcsec) (deg)

14:03:12.52 54:35:46.93 5.2 4.2 196 0.07 0.01 20:35:35.44 60:10:19.13 2.4 1.8 58 4.40 0.66
14:03:13.44 54:35:41.28 12.9 10.0 178 0.08 0.01 20:35:36.49 60:08:32.44 2.1 1.8 35 5.27 0.80
14:03:18.65 54:35:21.49 5.8 3.2 297 0.13 0.02 20:35:36.57 60:11:04.55 2.4 1.7 44 2.51 0.38
14:03:32.08 54:32:59.94 3.3 2.7 324 0.22 0.03 20:35:36.84 60:17:14.78 3.1 2.5 87 3.29 0.50
14:03:32.34 54:32:57.66 2.0 1.6 169 0.18 0.03 20:35:37.34 60:05:00.65 1.8 1.4 271 2.55 0.38
14:03:35.33 54:33:17.76 1.0 0.6 234 0.49 0.07 20:35:37.45 60:06:59.80 2.4 1.9 87 3.19 0.48
14:03:37.05 54:32:53.61 4.2 2.6 239 0.52 0.08 20:35:37.62 60:05:04.13 2.0 1.3 19 2.78 0.42
14:04:23.66 54:32:58.57 0.7 0.7 190 0.80 0.12 20:35:42.59 60:12:03.11 1.7 1.7 358 3.58 0.54
14:04:29.48 54:25:44.27 2.4 1.5 152 0.14 0.02 20:35:43.82 60:11:49.36 2.5 2.4 328 3.17 0.48
14:04:31.95 54:25:26.00 4.0 3.3 200 0.15 0.02 20:35:46.40 60:08:24.79 3.9 3.3 310 2.16 0.33
14:04:32.02 54:26:31.19 2.0 1.4 200 0.21 0.03 20:35:46.43 60:08:22.93 3.6 2.1 337 2.50 0.38
14:04:35.00 54:27:00.15 1.0 0.5 163 0.25 0.04 20:35:46.56 60:08:29.15 4.7 4.4 318 1.91 0.29
14:04:35.11 54:23:12.02 0.9 0.6 217 0.22 0.03 20:35:46.74 60:17:32.58 2.7 1.4 50 1.88 0.28
14:04:35.60 54:20:22.33 2.5 1.2 167 0.31 0.05 20:35:46.81 60:08:30.98 5.8 3.6 320 1.91 0.29
14:04:35.69 54:20:18.65 2.3 0.9 211 0.43 0.06 20:35:46.91 60:08:35.93 3.1 2.5 25 1.63 0.25
14:04:36.16 54:25:01.17 4.0 2.0 312 0.23 0.03 20:35:47.37 60:08:59.14 2.6 1.7 329 6.35 0.96
14:04:36.41 54:23:15.44 2.5 2.2 320 0.25 0.04 20:35:53.15 60:14:38.90 2.2 1.6 37 3.48 0.53
14:04:36.86 54:23:10.53 1.7 1.0 280 0.25 0.04 20:35:56.58 60:03:22.25 2.1 1.3 5 7.29 1.10
14:04:37.08 54:26:55.52 3.0 1.7 146 0.15 0.02
14:04:37.16 54:27:04.72 1.0 0.6 218 0.15 0.02
14:04:37.53 54:20:29.68 1.9 1.3 238 0.27 0.04
14:04:38.22 54:23:24.20 2.6 2.1 219 0.26 0.04
14:04:38.46 54:23:48.09 3.6 2.7 212 0.25 0.04
14:04:39.02 54:21:36.50 2.1 0.9 277 0.26 0.04
14:04:39.86 54:23:55.95 3.6 2.2 210 0.31 0.05
14:04:40.00 54:15:12.17 1.4 0.5 205 1.07 0.16
14:04:40.11 54:23:58.97 2.4 1.1 173 0.34 0.05
14:04:40.52 54:23:52.46 3.2 2.4 272 0.39 0.06
14:04:40.91 54:23:51.14 2.8 1.4 236 0.50 0.08
14:04:41.03 54:23:55.39 1.9 0.9 265 0.39 0.06
14:04:49.03 54:22:49.46 1.7 1.2 245 0.19 0.03
14:04:49.63 54:28:17.93 1.3 1.0 301 0.41 0.06
14:04:50.63 54:28:07.45 3.9 2.8 149 0.49 0.07
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In our study, we also note that there are fewer SFCs outside
R25 in the interacting galaxy (NGC 5457) as compared to the
isolated galaxies (NGC 628 and NGC 6946; Table 3).
Although this seems surprising at first, it indicates that other
factors, such as star formation quenching due to gas stripping
(by ram pressure or tidal forces) or the strength of the tidal
shocks, may be important for determining the SFRs in the outer
disk, which is more prone to interaction.

5.3. The Difference in Stellar Metallicities of the Inner and
Outer Disks

The outer SFCs in all three galaxies are metal-poor
(Figure 4), and this suggests that the ISM is also metal-poor.
Hwang et al. (2019) studied a sample of 1222 late-type star-
forming galaxies and found that the gas-phase metallicity in the
outer disk is significantly lower than that expected from stellar
mass surface density and metallicity correlations. They
suggested that the presence of such metal-poor gas in isolated
galaxies is linked to the accretion of gas from mergers,
interactions, and the IGM, since a fresh supply of gas is
required for continuous star formation.

Another reason why the outer disk ISM is metal-poor is that
metals are produced in massive stars via nucleosynthesis.
Stellar winds and SNEs enrich the ISM with metals. Since the
fraction of H I holes is low in the outer disks compared to the
inner disks, there have been fewer supernova events and
generally less massive star formation in the outer disks. This is
also supported by our results, as we do not see as many large
SFCs in the outer disks of our galaxies, which indicates that
there is not enough metal enrichment. Some of the metal-poor
gas may be pristine gas accreted from the IGM or cosmic web.

We used GALEX data for two of the sample galaxies to
compare the metallicities of the SFCs in the inner and outer
regions (NGC 5457 and NGC 6946) and UVIT images for one
galaxy (NGC 628). The GALEX FUV images have an FWHM
of ∼5″. So we can only detect the larger SFCs in the GALEX
images. Hence, we did not detect as many outer disk SFCs in
the GALEX images as compared to the UVIT images.
However, the general trend of lower metallicity in the outer
disk holds in both UVIT and GALEX observations.

5.4. The H I Holes and the Associated FUV Emission

The H I gas has a higher density along the spiral arms in the
inner disk region (Figure 5). All three galaxies that we studied

have prominent H I holes, and some of them are a few
kiloparsecs in size (Figure 6). These larger H I holes are likely
to be due to SNEs that lead to the formation of shocks that
compress the gas in the surrounding ISM. When radiative
cooling becomes dominant in the gas around the holes, the
cooler gas can collapse to form molecular clouds that support
star formation. Hence, star formation is often detected at the
edges of the H I holes. Not surprisingly, the molecular gas
complexes are often found at the edges of H I holes/shells,
suggesting that they may have formed due to compressed,
cooled gas or expanding shells (Dawson et al. 2011, 2013).
The ISM density normal to the disk is less than that in the

plane of the disk, so the H I holes can expand in the vertical
direction more rapidly than in the horizontal direction. The
material that the hole is pushing is carried along with it to some
height from the disk plane. However, the H I holes in which the
FUV emission is detected inside the hole suggests that the hole
is in the early stages of evolution. The FUV emission inside a
hole could be due to the massive stars that formed in a cluster
and have not moved significantly from their point of origin.
During their evolution, they produce intense radiation, ionizing
the ISM and creating the H I hole. Thus, tracing the correlation
of FUV emission with the H I hole structures can help us
understand how stellar winds and supernova shells interact with
the ISM in galaxies. We have not explored this in much detail
in this paper, as it is beyond the scope of the present study.
However, it is clear from Figure 6 that the FUV–H I hole
correlation is important for understanding ISM evolution.

5.5. Outer Disk Star Formation and Its Implications for Disk
Dark Matter

Since local instabilities are the main cause of star formation
in the outer disks of galaxies, the Toomre Q parameter can be
used to check the gravitational stability of these regions (Das
et al. 2019). We find that the Q parameter in the outer parts of
the isolated galaxies NGC 628 and NGC 6946 is greater than 1,
suggesting that the gas is stable in these regions (Figure 8).
Since the Q value is generally expected to be less than 1 for
star-forming regions, the Q> 1 values indicate that the self-
gravity of the H I gas is not sufficient to make the outer regions
unstable. However, there is evidently ongoing star formation in
these regions. This could be either because the disk stability
does not happen at exactly Q= 1 or because there is additional
disk mass, apart from H I, contributing to the total disk mass
surface density, Σ.

Figure 8. Toomre Q parameter for the three galaxies. The red horizontal line shows Q = 1.
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One of the ways in which Σ could increase is by including
the mass of molecular hydrogen near the SFCs. However,
molecular hydrogen is not generally detected in the outer disks
of galaxies, so if it is present, its mass is probably quite low.
Another possibility could be that there is dark matter in the
disks, which helps in the vertical support of the H I gas disk
(Das et al. 2020) and increases the Σ so that local instabilities
can form (Das et al. 2019). The disk dark matter could be due
to an oblate dark matter halo, in which the inner flattened part
of the halo is associated with the disk (Olling 1996). Studies
suggest that different forms of dark matter may exist (e.g., self-
interacting dark matter) and may settle into a disk (Fan et al.
2013). The disk dark matter could have also accumulated
within the outer disks from the accretion of smaller satellite
galaxies (Bonaca et al. 2019). During such minor mergers, the
dark matter may be stripped from the halos of the smaller
galaxies and remain in the outer disks. The existence of Q> 1
in the outer star-forming disks of galaxies may be a powerful
means to constrain the disk dark matter surface density Σ(DM)
in galaxies, where Σ=Σ(H I)+Σ(DM).

In the case of NGC 5457, which is interacting at a distance
with the dwarf galaxy NGC 5474, Q< 1 in the outer disk
(Figure 8), which suggests that the gravity of the H I gas is
sufficient to make those complexes unstable. Isolated galaxies
have dark matter halos that can extend out to a radius of a few
hundred kiloparsecs. In contrast, in interacting galaxies, the
encounter may tidally perturb or even strip off the dark matter
halo from the outer part. Also, during interactions, the tidal
forces between galaxies may compress the gas, enhance cloud
collisions, and lead to star formation. Hence, disk dark matter
need not play a role in supporting star formation in interacting
galaxies but may be important for isolated galaxies.

6. Conclusions

In this study, we have compared the properties of the inner
and outer SFCs in three nearby face-on spiral galaxies with
FUV observations. The observations have been done using the
UVIT, which has a good enough spatial resolution to detect a
large number of SFCs in the inner and outer regions.

1. The SFCs outside the R25 radius have a smaller size and
are more compact than the SFCs, which lie in the inner
disk. This implies that the SFCs in the outer disk regions
are formed from local disk instabilities, whereas those in
the inner disk are formed due to global disk instabilities,
which in these galaxies are the spiral arms.

2. The surface densities of the SFR ΣSFR(UV) in the outer
disks of the isolated galaxies NGC 628 and NGC 6946
have surprisingly similar values to those in the inner
regions. However, in the interacting galaxy NGC 5457,
the outer disk ΣSFR(UV) has a much narrower range
compared to that in the inner disk.

3. The mean ΣSFR(UV) in the inner disk of the interacting
galaxy NGC 5457 is similar to that in the isolated
galaxies NGC 6946 and NGC 628.

4. We find that the SFCs in the outer disks are metal-poor
compared to the inner disk SFCs. This means that the
environment and the ISM gas are also metal-poor in the
outer disk. We were able to compare the metallicity for a
larger number of SFCs in NGC 628 for which we have
both FUV and NUV data from UVIT.

5. Our study shows that the FUV emission is well correlated
with the H I gas. We have detected FUV emission within
and near several H I holes in all three galaxies. However,
most of the H I holes were found to lie within the R25

radius. This suggests that massive star formation, which
often results in the formation of H I holes, is not common
in the outer disks of galaxies. Also, expanding shells and
SNEs that can trigger star formation around holes are
more common in the inner disk regions.

6. The outer disks of the two isolated galaxies in our sample,
NGC 628 and NGC 6946, appear to be stable with Q> 1,
but the FUV images show ongoing star formation. This
suggests that there may be some nonluminous mass or dark
matter in their outer disks, which helps increase the disk
surface density and supports the formation of local
gravitational instabilities. The outer disk star formation can
help constrain the total mass in the outer disks of star-
forming galaxies. However, in the interacting galaxy NGC
5457, the baryonic surface density is sufficient to trigger
local instability.
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