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Abstract

We present our investigation of the extended ultraviolet (XUV) disk galaxy, NGC 3344, conducted as part of
Deciphering the Interplay between the Interstellar medium, Stars, and the Circumgalactic medium survey. We use
surface and aperture photometry of individual young stellar complexes to study star formation and its effect on the
physical properties of the interstellar medium. We measure the specific star formation rate (sSFR) and find it to
increase from 10−10 yr−1 in the inner disk to >10−8 yr−1 in the extended disk. This provides evidence for inside-
out disk growth. If these sSFRs are maintained, the XUV disk stellar mass can double in ∼0.5 Gyr, suggesting a
burst of star formation. The XUV disk will continue forming stars for a long time due to the high gas depletion
times (τdep). The stellar complexes in the XUV disk have high-ΣH I and low-ΣSFR with τdep∼ 10 Gyr, marking the
onset of a deviation from the traditional Kennicutt–Schmidt law. We find that both far-ultraviolet (FUV) and a
combination of FUV and 24 μm effectively trace star formation in the XUV disk. Hα is weaker in general and
prone to stochasticities in the formation of massive stars. Investigation of the circumgalactic medium at 29.5 kpc
resulted in the detection of two absorbing systems with metal-line species: the stronger absorption component is
consistent with gas flows around the disk, most likely tracing inflow, while the weaker component is likely tracing
corotating circumgalactic gas.

Unified Astronomy Thesaurus concepts: Spiral galaxies (1560); Star formation (1569); Star forming regions
(1565); Interstellar medium (847); H I line emission (690); Circumgalactic medium (1879)

1. Introduction

The connection between star formation and cold interstellar
gas is paramount to the understanding of galaxy evolution. The
interstellar medium (ISM) provides the essential matter and
hospitable environment that facilitate the conversion of cold
atomic gas (H I) to its molecular (H2) form, which further
collapses to form stars. In general, this relation between stars
and gas follows the empirical Kennicutt–Schmidt law (K–S
law; Schmidt 1959; Kennicutt 1998a). However, when
extended to the outskirts of galaxies where gas mass surface
density is Σgas 9 Me pc−2, a considerable drop in the star
formation rate (SFR) per unit gas is observed (Kennicutt 1989;
Bigiel et al. 2010b). Discerning the origin of this downturn
calls for a thorough investigation of the causal nexus between
the low surface mass density ISM and star formation.

The discovery of extended ultraviolet (XUV) disks in the nearby
universe (Gil de Paz et al. 2005; Thilker et al. 2005, 2007) enabled
by Galaxy Evolution Explorer (GALEX; Martin et al. 2005;
Morrissey et al. 2007) strengthened the notion of star formation
beyond the optical disk (R25). These galaxies showed UV bright
extended disks at large galactocentric distances (Type-I XUVs) or
exhibited large blue (UV − K ) color low surface brightness zones
outside the optical disks (Type-II XUVs). Deep Hα imaging and
spectroscopy (Ferguson et al. 1998; Lelièvre & Roy 2000) also
uncovered young stellar populations in the outer disk of spiral
galaxies where Σgas falls below 10Me pc−2. These regions can be

distinguished from the inner metal-rich disks by their subcritical
conditions for star formation, such as low densities, low dust
abundances, and an H I dominated ISM. Nevertheless, these
environments do support star formation. The outer, predominantly
high angular momentum zones in a galaxy begin star-forming
activity later than the inner disk, causing the disk to grow (theory
of inside-out growth; Barden et al. 2005; Muñoz-Mateos et al.
2007; Roškar et al. 2008; Gogarten et al. 2010; González Delgado
et al. 2014). Therefore, understanding the physics of star formation
in these confounding regions would be pivotal for understanding
galaxy growth and evolution.
One approach to studying the growth of galaxy disks is to

probe channels of gas from the circumgalactic medium (CGM)
to the star-forming disks of galaxies. The condensation of gas
into the H I disk is expected to be active in the disk–CGM
interface (Sancisi et al. 2008). We designed the Deciphering the
Interplay between the Interstellar medium, Stars, and the
Circumgalactic medium (DIISC) survey that aims to do so by
tracing the cycle of gas from the CGM to H I disks, finally to
regions where young stars are forming. The Cosmic Origins
Spectrograph-GALEX Arecibo SDSS (COS-GASS) survey
using quasi-stellar object (QSO) absorption lines tracing the
CGM (Borthakur et al. 2015, 2016) discovered a significant
correlation between the strength of Lyα absorbers and the H I-
21 cm gas mass of the galaxies, thus suggesting a connection
between gas content of the CGM and the disk of galaxies. This
correlation is believed to be a consequence of the CGM feeding

The Astrophysical Journal, 923:199 (22pp), 2021 December 20 https://doi.org/10.3847/1538-4357/ac2c01
© 2021. The American Astronomical Society. All rights reserved.

1

https://orcid.org/0000-0002-3472-0490
https://orcid.org/0000-0002-3472-0490
https://orcid.org/0000-0002-3472-0490
https://orcid.org/0000-0002-2724-8298
https://orcid.org/0000-0002-2724-8298
https://orcid.org/0000-0002-2724-8298
https://orcid.org/0000-0003-1436-7658
https://orcid.org/0000-0003-1436-7658
https://orcid.org/0000-0003-1436-7658
https://orcid.org/0000-0003-1268-5230
https://orcid.org/0000-0003-1268-5230
https://orcid.org/0000-0003-1268-5230
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0001-6670-6370
https://orcid.org/0000-0001-6670-6370
https://orcid.org/0000-0001-6670-6370
https://orcid.org/0000-0001-5448-1821
https://orcid.org/0000-0001-5448-1821
https://orcid.org/0000-0001-5448-1821
https://orcid.org/0000-0003-3168-5922
https://orcid.org/0000-0003-3168-5922
https://orcid.org/0000-0003-3168-5922
https://orcid.org/0000-0003-0724-4115
https://orcid.org/0000-0003-0724-4115
https://orcid.org/0000-0003-0724-4115
http://astrothesaurus.org/uat/1560
http://astrothesaurus.org/uat/1569
http://astrothesaurus.org/uat/1565
http://astrothesaurus.org/uat/1565
http://astrothesaurus.org/uat/847
http://astrothesaurus.org/uat/690
http://astrothesaurus.org/uat/1879
https://doi.org/10.3847/1538-4357/ac2c01
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac2c01&domain=pdf&date_stamp=2021-12-22
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac2c01&domain=pdf&date_stamp=2021-12-22


the H I disks, which will then fuel star formation. On the other
hand, outflowing gas would enrich the CGM, although
outflows are believed to not be the primary origin of cool
CGM in low-z galaxies.

In this paper, we present the results of a pilot study investigating
the interplay between star formation, ISM, and CGM in the low-
density, H I dominated regions of one special case within the
DIISC sample, NGC 3344. This galaxy is known to exhibit a
Type-I extended UV disk showing UV-bright structures at large
galactocentric distances (>R25), indicating recent star formation in
the outer disk (Thilker et al. 2007). NGC 3344 is ideal to probe the
connections between gas flows and young stars, as (1) it is
undergoing active star formation in the outer disk, where stellar
densities are low, thus making it easy to identify individual star-
forming regions; (2) it possesses a huge gas reservoir in the form of
an extended H I disk of M(H I)= 2.2× 109Me that is sustaining
star formation; and (3) there is a UV-bright QSO at an impact
parameter of 29.5 kpc that allows us to probe the CGM close to the
disk (Figure 1). We summarize some of the key properties of
the galaxy in Table 1. For this study, we adopt a distance of
8.28± 0.7Mpc for NGC 3344 from Sabbi et al. (2018). This
corresponds to a linear scale of 40.14 pc/″. An updated distance of
9.83± 1.7 is provided by Anand et al. (2021), for which the linear
scale is 47.65 pc/″ (or 1.18 times our adopted scale).

In this pilot work, we investigate the radial variations in the
optical, UV, and H I emission and various galaxy properties. We
also identify bright stellar complexes to explore the connections
between ΣSFR and gas properties and detect absorption tracing the
inner CGM of the galaxy. The paper is organized as follows. In
Section 2, we describe the UV, Hα, 24μm, H I 21 cm imaging and
QSO UV-absorption spectroscopy data used in this study. This is
followed by mapping the surface densities of SFR (ΣSFR) using
far-ultraviolet (FUV), FUV+24μm, Hα, and Hα+24μm tracers,
stellar mass (Må), and properties of H I gas, such as mass,
velocities, velocity dispersion, and kinetic energy in Section 3. We
present the radial profiles of emission from stars and dust, the
identification of stellar complexes, followed by the investigation of
the CGM in NGC 3344 in Section 4. In Section 5, we study the

dust-corrected FUV and Hα tracers and explore the implications of
the observed relations between star formation and ISM kinematics,
and the CGM. Finally, we summarize our findings and their
implications in Section 6.

2. The Data

2.1. GALEX UV Data

UV imaging data for our study comes from the archives of
GALEX (Martin et al. 2005; Morrissey et al. 2007) obtained from
the Milkuski Archive for Space Telescope (MAST). Figure 2(a)
shows the FUV map of NGC 3344. The FUV and NUV maps
were produced using GALEX Nearby Galaxy Survey (NGS) and
All-Sky Imaging Survey (AIS) data by stacking all exposure time
weighted tiles from the target field. Each resulting image stack
was trimmed to the size of 800× 800 pixels centered at the galaxy

Figure 1. (a) GALEX FUV image of NGC 3344 and the background QSO, SDSS J104241.27+250122.8 at an impact parameter of 29.5 kpc from the center of the
disk. (b) False-color composite image of NGC 3344 with GALEX FUV in blue, VATT Hα in red, VATT SDSS g-band in green showing the XUV disk and the H II
regions. The white contours represent H I-21 cm column densities of 3, 5, 10, and 20 × 1019 cm−2. The arrow indicates the direction to the quasar sightline.

Table 1
Properties of NGC 3344

Parameter Value

Alternate name UGC 5840
R.A., α2000 (a) 10h 43m 31 1
Decl., δ2000 (a) 24 55 19. 9+  ¢ 
Morphological Type (b) (R)SAB(r)bc
Redshift 0.00194
Heliocentric systemic velocity (c) 580 km s−1

Distance (d) 8.28 Mpc
R25 (e) 7.96 kpc
E(B – V ) (f) 0.0285
SFR (e), (g) 0.455 Me yr−1

Stellar mass (e) 1.69 × 1010 Me

H I mass (e) 2.2 × 109 Me

Molecular mass (h) 3.1 × 108 Me

Note. Source: (a) Skrutskie et al. (2006); (b) de Vaucouleurs et al. (1991); (c)
Epinat et al. (2008); (d) Sabbi et al. (2018); (e) measurement presented in this
paper; (f) Schlafly & Finkbeiner (2011); (g) estimated using FUV+24 μm
tracer, see Section 4.1.1; (h) total molecular gas mass extrapolated from the
central value (Lisenfeld et al. 2011).
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with a scale of 1 5 pixel−1. The FUV (λeff∼ 1538.6 Å) and NUV
(λeff∼ 2315.7 Å) observations have angular resolutions (FWHM)
of 4 2 and 5 3, respectively. The background flux was estimated
from flux-free regions away from the galaxy and then removed.
Corrections for Milky Way extinction were calculated using
Schlafly & Finkbeiner (2011) dust maps and the Galactic
extinction curve for a total-to-selective extinction of RV= 3.1
derived by Cardelli et al. (1989). FUV and NUV flux densities are
hence corrected with AFUV= 7.29×E(B−V ) and ANUV= 8.0×
E(B−V ). The 1σ sensitivity limit of the FUV and NUV maps are

1.75× 10−19 erg s−1 cm−2Å−1 (28.38mag/″2) and 1.28×
10−19 erg s−1 cm−2Å−1 (26.43mag/″2), respectively.

2.2. VATT Hα Data and Reduction

We obtained narrow-band Hα, continuum r-band, and g-band
(in SDSS r and g) imaging of NGC 3344 on UT 2019 March 29,
using the VATT4k CCD imager at the 1.8 m Vatican Advanced
Technology Telescope (VATT) operated by the Mt. Graham
Observatory. The VATT4k has a field of view of ∼12 5×12 5,

Figure 2. 10′ × 10′ images of NGC 3344 as observed in (a) FUV, (b) Hα, (c) r, and (d) 24 μm emission. The FUV image traces stars 100 Myr old, whereas the Hα
image is sensitive to the youngest population of massive stars of ages 10 Myr. The r image traces old stellar populations, while the 24 μm map highlights the dust.
An angular scale of 1¢ corresponding to ∼2.4 kpc at the distance of NGC 3344 (8.28 Mpc) is shown on the top left.
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and a plate scale of 0 375 pixel−1, after 2× 2 pixel binning on
read-out. The bandpass of the Hα narrow-band interference filter
is centered at 658 nm and has a nominal bandwidth of 5 nm. The
observing conditions were photometric, measured with seeing
between 0 90, and 1 1.

The total integration times were 6000 s for the narrow-band
Hα image, 1200 s for the continuum r-band image, and 120 s
for the g-band image. The data were reduced using standard
image processing routines in the Image Reduction and Analysis
Facility (IRAF). The science images were bias subtracted and
flat fielded using both dome and twilight sky flats. The sky
level was measured by calculating the average intensity in the
source-free regions of each exposure and subtracted from the
images. Cosmic rays were removed using the L.A.COSMIC
routine (van Dokkum 2001). Field stars were used as a
reference to shift and align the narrow-band and continuum
images. This was carried out using the IRAF routine,
imregister.9 All images were smoothed to the resolution
of the worst seeing image. Stacks were created for the narrow-
band Hα, and continuum r-band images by appropriately
weighting the images. The r image was then scaled to the Hα
image. This involved measuring the ratio of count rates of
individual field stars in the r-band and Hα image to compute
the scale factor. The scale factor was estimated empirically to
minimize over/under subtraction in the galaxy region. We note
that this method implicitly assumes the galaxy disk spectral
energy distribution matches the foreground stars and is
invariant with location. An emission-line only image of
NGC 3344 was obtained by subtracting the scaled r-band
image from the Hα image.

For flux calibration, we used SDSS DR7 r-band photometry
of NGC 3344. We assumed a standard atmospheric extinction
coefficient of 0.08 mag airmass−1. Instrumental magnitudes of
field stars were determined through aperture photometry from
the r image. The photometric zero-point of the r-band image
was then calculated by comparing the instrumental magnitudes
to the SDSS-r magnitudes for the same stars. The photometric
zero-point of the Hα image was calculated using the scale
factor and the photometric zero-point of the r-band image.

The narrow-band filter used for the observation also covers
the neighboring [N II] λλ6548, 6583Å forbidden lines along
with Hα. Kennicutt et al. (2008) obtain disk-averaged [N II]/
Hα= 0.52 for NGC 3344, which we use to scale the image to
the net Hα surface brightness in order to account for
contamination by [N II]. A foreground galactic extinction
correction is also applied, with AHα= 2.5× E(B− V ). The
final reduced Hα and r-band images are shown in Figures 2(b)
and (c), respectively. The 1σ sensitivity limit of the final Hα
image is 6.1× 10−21 erg s−1 cm−2Å−1.

2.3. MIPS 24 μm Data

NGC 3344 was observed at 24 μm as part of the Spitzer
Local Volume Legacy survey (Dale et al. 2009), using the
Multiband Imaging Photometer for Spitzer (MIPS) instrument
(Rieke et al. 2004) with an effective exposure time of 147 s.
The 24 μm image used in this work has a resolution of 6 0
FWHM and a 1σ sensitivity limit of 6.81× 10−2 MJy sr−1 and
is shown in Figure 2(d).

2.4. VLA H I 21 cm Data

We combined archival and newly observed data for the
atomic H I 21 cm emission from NGC 3344. The archival data
were obtained from the program AB365 observed with the
NSFʼs Karl G. Jansky Very Large Array (VLA) in its
D-configuration on UT 1985, December 6, with a total
integration time of 11h52m.10 These observations were made
with a channel spacing of 48.8 kHz (10.36 km s−1) in 31
channels. We used the Common Astronomy Software Applica-
tion version 5.4.0 (CASA; McMullin et al. 2007) to reduce the
data following the standard H I data reduction. We used 3C 286
as a flux calibrator and 1108+201 and 1040+123 as phase
calibrators. These observations were observed in the B1950
coordinate frame and were converted to J2000 using CASA
task fixvis.
New observations were performed with VLA in C- and

B-configurations (project id: 20A-125). The C-configuration
observations were carried out for a total of 12 hr from UT 2020,
April 13 to UT 2020, April 21, and the B-configuration
observations were for a total of 36 hr from UT 2020, UT July 7
to UT 2020, August 28. These observations had a channel
spacing of 7.812 kHz (1.65 km s−1). The data reduction was
performed with CASA 5.6.1 using 3C 286 as a flux calibrator
and J1021+2159 as a phase calibrator. Hanning smoothing was
applied to the data in order to reduce the Gibbs ringing, which
made the effective velocity resolution to be 3.3 km s−1. The
target fields in the C- and B-configuration observations were
also hampered by side lobes of two strong sources outside the
primary beam. These were removed by modeling the point
sources with the CASA task tclean and removing the modeled
point sources with the task uvsub. The amplitude errors of the
target image in C-configuration were observed and corrected by
multiple self-calibrations with a solution interval of 40 s. The
self-calibration was stopped when the range of gain phases in
the self-calibration solution was less than 1°.
After concatenating the data in each configuration with the task

concat, we calculated the weight of each configuration data based
on the scatters of visibilities in the line-free channels using the task
statwt. The weights were estimated with channels outside the H I
spectra to adjust relative weights among observations with
different scales, i.e., D-, C-, and B-configurations. The final
image cube was made using the task tclean with a cell size of 1 5
and 1280× 1280 pixels. The channel width of the final image
cube is 48.8 kHz, the same as the D-configuration data. The final
image cube was smoothed to a synthesized beam size of
6 7× 5 4. The rms noise was ∼185 μJy beam−1 per channel
in the line-free channels. Figure 1 shows the H I 21 cm column
density contours at 3, 5, 10, 20× 1019 cm−2.

2.5. QSO-absorption Spectroscopy with the Hubble Space
Telescope

The inner CGM of NGC3344 was probed via UV absorption
spectroscopy of the background QSO, SDSS J104241.27
+250122.8, at an impact parameter of 29.5 kpc (∼12 29). The
sightline is 19.26 kpc from the closest point on the H I disk as
mapped by VLA, down to an H I column density of 3× 1019 cm−2.
The observations were carried out with G310M grating of

the Cosmic Origins Spectrograph (COS; Green et al. 2012)

9 http://www.public.asu.edu/~rjansen/iraf/rjtools.html

10 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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aboard the Hubble Space Telescope (HST) for a total exposure
of 10,069 s under the COS-DIISC Survey11 (S. Borthakur et al.
2021, in preparation). The spectra covered a wavelength range
from 1140 to 1430Å in the observed frame. The data were
calibrated and reduced using the standard COS pipeline
(procedure described in the COS Data Handbook; Rafelski
et al. 2018). The spectral resolution of the data was
≈20 km s−1 (R∼ 15,000). Owing to the low redshift of the
galaxy (z= 0.00194), the rest-frame wavelength coverage is
almost identical to that of the observed frame. The data covered
multiple line transitions including H I λ1215 (Lyα), Si II λ
1190, 1193, 1260, Si III λ1206, Si IV λλ 1393, 1402, and C II
λ1334. The COS FUV spectra are shown in Figure 3.

The spectra were normalized by identifying a continuum.
Absorption-free regions within ±1500 km s−1 from the line center
were identified visually to fit a continuum except for the Lyα
transition where we chose a region of ±4000 km s−1 in order to
cover the Milky Way damped Lyα profile (DLA). The continuum
was estimated by fitting a Legendre polynomial of order between
1 and 5, similar to the procedure used by Sembach et al. (2004).
This corrected for any low variations in the QSO flux near the

position of the lines. Then we proceeded with fitting Voigt profile
to the absorption features to estimate the velocity centroid, column
density, and Doppler b-parameter, which defines the width of the
observed spectral line of the profile. The fitting applied the
appropriate line-spread functions (Osterman et al. 2011) for the
aperture of the spectrograph from the COS Instrument Handbook
(Dashtamirova et al. 2019). The associated uncertainties were
estimated using the error analysis method published by Sembach
& Savage (1992). The prescription includes continuum placement
uncertainties, Poisson noise fluctuations, and zero-point uncer-
tainties. The estimated properties of the absorption features are
shown in Table 2.
The Lyα transition associated with NGC 3344 was blended

with the Milky Way’s Lyα absorption feature. Milky Way’s
neutral hydrogen column produced a DLA profile at λ1215.67Å,
which we modeled based on the contamination-free regions. The
model was then subtracted out of the data to enhance the
absorption feature associated with NGC 3344, which was located
in the damping wings of the Milky Way’s Lyα profile. In spite of
this correction, we were not able to completely recover the
blueward (low-velocity end) Lyα absorption profile for NGC 3344
owing to low signal strength at the base of the DLA. The redward
part of the profile was retrieved with high confidence. Hence, a full
estimate of H I column density could not be made.
Fortunately, none of the metal lines were subject to blending

with corresponding Milky Way’s lines. Therefore, we were
able to use the metal-line profiles to derive the structure of the
CGM blueward of the galaxy’s systemic velocity. It is worth
noting that we may have missed low-column-density clouds at
velocities blueward of the line center that are too weak to
produce metal lines.

3. Derived Galaxy Properties

3.1. SFR Surface Density

For the comparison of different tracers of star formation, we
compute unobscured and internal-dust corrected SFR surface
densities (ΣSFR). We calculate ΣSFR for both FUV and Hα
luminosities and use 24 μm to correct for dust.
FUV flux is sensitive to recent star formation over timescales

of 100 Myr (Kennicutt 1998b, and reference therein) as it stems
from the photospheres of massive O and B stars. We use the
prescription provided in Kennicutt (1998b), Verley et al.
(2009), and Lee et al. (2009) to estimate FUV ΣSFR. For FUV
luminosity, IFUV, in MJy sr−1, ΣSFR is

M IFUV yr kpc 0.17 . 1SFR
1 2

FUVS =- -( ) [ ] ( )

However, high-energy UV photons originating from the
photospheres of these massive stars are absorbed by small dust
grains, which in turn produce thermal emission at 24 μm. As a
result, a combination of FUV and 24 μm is required to recover
both unobscured SFR via FUV (Salim et al. 2007) and dust-
embedded SFR via 24 μm (Calzetti et al. 2007). To compute
FUV+24 μm ΣSFR s, we follow the method prescribed in
Leroy et al. (2008). For FUV and 24 μm luminosity, IFUV and
I24, respectively, in MJy sr−1, the ΣSFR is estimated as:

M
I I

FUV 24 m yr kpc
0.081 0.0032 . 2

SFR
1 2

FUV 24

mS +
= +

- -( ) [ ]
( )



For the UV luminosity to SFR calibration, Equation (2)
assumes a Kroupa (2001) initial mass function (IMF) with a
maximum mass of 120 Me, while Equation (1) assumes a

Figure 3. COS FUV spectra of QSO, SDSS J104241.27+250122.8, tracing the
circumgalactic medium of NGC 3344 at an impact parameter of 29.5 kpc from
the center of the disk. We detected H I λ 1215 (Lyα), Si II λλ 1193, 1260, C II
λ1334, Si III λ1206, Si IV λλ 1393, 1402. We detected two components in the
absorption profile. The weighted average puts the strongest metal-line
component at −28.5 km s−1 and the weaker component at 88.9 km s−1. The
second component was only detected in Lyα and Si II indicating its low-
column density and low-ionization state.

11 COS-DIISC is a large HST program (program ID: 14071) aimed at using
UV bright QSO to trace the disk-CGM interface in 34 low-redshift galaxies
with COS aboard the HST.
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0.1–100 Me Salpeter (1955) IMF. A correction from Salpeter
to Kroupa IMF is done by dividing the calibration constant by
1.59 (Leroy et al. 2008) in Equation (1).

Additionally, to trace the current star formation, we estimate
ΣSFR from Hα and 24 μm. Independent of the previous star
formation history, Hα emission from H II regions is sensitive to
star formation over timescales of 10Myr. Further, the
combination of Hα and 24 μm gives the total star formation
(Kennicutt et al. 2007) from unobscured and dust-obscured
components of star formation. For Hα luminosity, IHα, in MJy
sr−1, ΣSFR is:

M IH yr kpc 4.32 . 3SFR
1 2

HaS = a
- -( ) [ ] ( )

The non-dust-corrected Hα ΣSFR calculated using the calibra-
tion provided in Kennicutt (1998b), Blanc et al. (2009), and
Kennicutt & Evans (2012) assumes solar abundance and
0.1–100 Me Salpeter IMF. Gallagher et al. (2018) provide a
prescription for the Hα+24 μm ΣSFR with a 0.1–100 Me

Kroupa IMF. For IHα and I24 in units of erg s−1 cm−2, and
MJy sr−1 respectively, Hα+24 μm ΣSFR is:

M
I I

H 24 m yr kpc
634 0.0025 .

SFR
1 2

H 24

a mS +
= +a

- -( ) [ ]

Converting IHα to MJy sr−1, we obtain:

M
I I

H 24 m yr kpc
2.9 0.0025 . 4

SFR
1 2

H 24

a mS +
= +a

- -( ) [ ]
( )



Once again, correction from Salpeter to Kroupa IMF is
obtained by dividing the calibration constant by 1.59.

Figures 4(a) and (b) show the FUV+24 μm and Hα+24 μm
ΣSFR maps for NGC 3344, respectively. The resolution of these
maps is 6″. These were generated by matching the PSFs of the
GALEX FUV and VATT Hα data to the PSF of MIPS 24 μm

data. The FUV and Hα images were gridded to the pixel scale
of the 24 μm image. Gaussian smoothing was performed to
match the PSFs of FUV and Hα images with widths σ to the
PSF of MIPS 24 μm image with width σ24. The width of the
convolution kernel, σkern in pixels was then calculated using

24
2

kern
2 2s s s= + for the FUV and Hα images. The images

were individually smoothed using Python astropy functions
Gaussian2DKernel and convolve.

3.2. Stellar Mass

To calculate the stellar mass surface density, we follow the
prescription presented in Yang et al. (2007). They use the
relation between the stellar mass-to-light ratio and color from
Bell et al. (2003) and compute

M

h M
g r

M h

log 0.406 1.097

0.4 5 log 4.64 , 5r

2
=- + -

- - -

-
( )

( ) ( )


⎡
⎣⎢
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where (g− r) and Mr refer to the color derived from the SDSS
g- and r-bands and absolute magnitude in SDSS r-band,
respectively. We adopt h=H0/(100 km s−1 Mpc−1)= 0.73 to
derive the stellar mass. To create a spatial stellar mass map, we
estimate (g− r) at each pixel. The stellar masses are then
converted to the stellar mass surface density (Σå) using a scale
value of 40.14 pc/″ for NGC 3344 at a distance of 8.28Mpc.
Figure 5 shows the derived Σå map of NGC 3344.

3.3. Properties of the Interstellar Medium

We trace the ISM in NGC 3344 using VLA H I 21 cm imaging.
The velocity-integrated flux density (Itot), flux-density-weighted
velocity (vlos), and the velocity dispersion (σlos) maps above 3σ

Table 2
Sightline Toward J1042+2501 at z = 0.0020

Species λrest Wrest
a Centroid b log N

(Å) (mÅ) (km s−1) (km s−1) (log cm−2)

H Ib 1215.67 >432b 85.04 ± 9.36 102 15
17

-
+ >14.00b

Si IIc 1260.42 668 –41.77 ± 24.37 69 29
50

-
+ >13.81 ± 0.19

102.37 ± 33.05 54 35
101

-
+ 13.05 ± 0.33

Si IIc 1193.29 375 –41.77 ± 24.37 69 29
50

-
+ >13.81 ± 0.19

102.37 ± 33.05 54 35
101

-
+ 13.05 ± 0.33

Si II 1190.42 � 370 L L �14.07
Si IId 1304.270 L L L L
O Id 1302.168 L L L L
C IIe 1334.53 608 –23.87 ± 13.75 90 17

20
-
+ >14.69 ± 0.09

SI IIe 1206.50 272 –18.24 ± 20.36 39 17
30

-
+ >13.3 ± 0.26

Si IVf 1393.78 228 –32.67 ± 13.77 69 16
21

-
+ 13.6 ± 0.11

Si IVf 1402.77 145 –32.67 ± 13.77 69 16
21

-
+ 13.6 ± 0.11

Notes.
a Due to a low signal-to-noise ratio in our data, equivalent widths were estimated based on the Voigt profile fits.
b Lyα profile arising from the process of deblending it from the Milky Way’s Lyα profile. Uncertainties from the deblending process add to the uncertainty in the H I

column density and were not quantified.
c The fit was produced by simultaneously fitting the Si II 1260 and the 1193 transitions. Profile is likely saturated as the ratio of the two equivalent widths is 1.8 as
opposed to the predicted value of 2.
d No measurement could be made due to overlap with geocoronal O I, Milky Way Si II 1304, and a large set of intervening and QSO host galaxy line transitions.
e The fits are likely saturated, although the level of saturation could not be determined.
f The fit was produced by simultaneously fitting the Si IV 1393 and 1402 transitions. The profile is likely saturated as the ratio of the two equivalent widths is 1.8 as
opposed to the predicted value of 2.
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were computed using the H I Source Finding Application-2
(SoFiA-2; Serra et al. 2015).

We estimate the H I mass surface density, ΣH I, and the
kinetic energy surface density, ΣKE, in units of Me pc−2 and
erg pc−2, respectively, at each pixel using the relations
presented in Mullan et al. (2013):

I
1.0 10

A
, 6H

4 tot

beam
IS = ´ ( )

I

A
1.5 10 , 7KE

4 tot los
2

beam

s
S = ´ ( )

where Itot and σlos have units of Jy beam
−1 km s−1 and km s−1,

respectively, with the beam area, Abeam, expressed in square
arcsecond. The resulting, ΣH I, vlos, σlos, and ΣKE, maps are

shown in Figure 6. The ΣH I map informs that the H I disk
extends to 12.64 kpc at ΣH I= 1 Me pc−2.

4. Results

4.1. Radial Profiles

The surface brightness (μ) profiles of NGC 3344 are shown
in Figure 7. We use IDL routine galprof,12 which fits
elliptical isophotes with fixed center positions, taking into
account the ellipticity and position angle of a galaxy, to perform
surface photometry. We show the surface brightness profiles in r,
g, B, 24 μm, FUV, and Hα. The 24 μm surface brightnesses are
estimated in Jy arcsec−2, Hα in erg s−1 cm−2 arcsec−2, while all
others are in units of mag arcsec−2. The B-band profile is created
using the transformation B= g+ 0.33(g− r)+ 0.20 from Jester
et al. (2005). We estimate R25, i.e., the radius at 25 mag arcsec−2,
of 7.9 kpc from the B-band radial profile, which is indicated by
the black arrow.
Using the method to derive the break radius prescribed in

Pohlen & Trujillo (2006), we find that the r-band profile shows
multiple break locations. Breaks are observed at 1.6, 3.3, 5.9,
and 7.6 kpc, likely caused by asymmetries in the spiral arms.
The FUV, Hα, and 24 μm profiles also show breaks at similar
locations. However, at 6.0 kpc, the FUV emission in the disk
shows a sudden increase along with an increase in Hα. We
characterize this discontinuity at 6.0 kpc as the break radius,
where a transition from the optical to the XUV disk occurs.
This criterion differs from the definition in Thilker et al. (2007)
of the starting point of an XUV disk beyond a single surface
brightness contour corresponding to an FUV ΣSFR of 3.0 ×
10−4 Me yr−1 kpc−2. At 6.0 kpc, for NGC 3344, we find an
FUV ΣSFR of 3.8 × 10−4 Me yr−1 kpc−2. The XUV disk
extends to a radius of 10.0 kpc at 3σ FUV surface brightness,
covering an annular area of ∼202 kpc2. Following this, our
XUV disk region is 1.3× larger in area than that of Thilker
et al. (2007).

Figure 4. Star formation rate surface density, ΣSFR, in NGC 3344 obtained by combining (a) FUV and 24 μm maps and (b) Hα and 24 μm emission following the
prescriptions shown in Equations (2) and (4) and color coded in Me yr−1 kpc−2. The maps have a resolution of 6″ FWHM and a scale of 1 5 pixel−1. Foreground
stars visible in the Hα+24 μm map were masked. A physical scale of 2.4 kpc (1′) is shown at the top left corner.

Figure 5. Stellar mass surface density, Σå, in NGC 3344 derived using the
(g − r) colors and the prescription shown in Equation (5), color coded in Me
pc−2. The map has a resolution of 1 68 FWHM and a scale of 1 5 pixel−1.
Foreground stars in the field of view of the galaxy were masked. A physical
scale of 2.4 kpc (1′) is shown at the top left corner.

12 http://www.public.asu.edu/~rjansen/idl/galprof1.0/galprof.pro
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We also determine scale lengths (h) from the surface brightness
profiles by fitting the exponential function: μ(R)= μ0+ 1.086×
R/h. Scale lengths estimated from the radial profiles in the optical
and XUV disks are summarized in Table 3. These measurements
exclude the central part of the surface brightness profiles, which
are dominated by the presence of a bulge. We find that the galaxy
disk flattens from longer to shorter wavelengths. Scale lengths in
the FUV are at least 1.4 times larger than those in the r-band. This
implies that young stars show an extended distribution in the
XUV disk, while older stellar populations are concentrated toward
the center of the disk. Dust traced by 24 μm shows an even more
centrally concentrated distribution.

4.1.1. SFR and Stellar Mass Profile

We use the surface brightness profiles and transform them
into star formation rates, stellar masses, and atomic gas mass
using the conversions provided in Section 3. The radial profiles

of Σå, ΣH I, and ΣSFR (estimated using FUV, Hα, FUV
+24 μm, and Hα+24 μm), and the cumulative stellar and H I
masses, Må, and MH I (Me) and SFRs (Me yr−1) are shown in
Figures 8(a) and (b). Figure 8(c) shows the radial variation in
specific SFR (sSFR), i.e., SFR per unit stellar mass, and H I star
formation efficiency (SFE), i.e., SFR per unit H I mass.
The Σå profile shows a pure exponential profile, and we

observe no break at 6.0 kpc as seen in the light profiles. This
establishes that mass distribution has no impact on the location
of the break, and it rather originates from the radial variation in
the age of stellar populations (Bakos et al. 2008). At 6.0 kpc, we
find Σå equals 15.8Me pc−2 closer to a typical value of 13.6Me

pc−2 at the break radius of a typical galaxy exhibiting a truncated
radial profile (Pohlen & Trujillo 2006; Bakos et al. 2008). We
also find that only ∼5% of the total stellar mass resides in the
XUV disk with ∼14% of the total SFR coming from this region.
The ΣSFR profiles also provide an opportunity to study the

radial variation in the different tracers of star formation. We

Figure 6. Properties of the ISM—(a) H I mass surface density (ΣH I), (b) velocity (vlos), (c) velocity dispersion (σlos), and (d) kinetic energy surface density
( M1.5KE H los

2
IsS = ) derived using VLA H I 21 cm imaging. The color bars indicate the observed strength of the maps. The black arrow in panel (b) indicates the

direction to the quasar sightline. A physical scale of 2.4 kpc (1′) is shown at bottom left. The ellipse on the top of the scale shows the beam size of 6 7 × 5 4 with a
position angle of 83°. 8.
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find the four tracers of star formation: FUV, Hα, FUV+24 μm,
and Hα+24 μm to show different behaviors in the optical and
XUV disk. In the optical disk, dust plays an important role—
both FUV+24 μm and Hα+24 μm show higher ΣSFR

compared to FUV and Hα. However, as we move toward the
XUV disk, FUV and FUV+24 μm tracers pick up more of the
star formation. Additionally, the 24 μm data are dominated by
noise, which is of the order of the low SFRs and hence, it is not
sensitive to star formation in the XUV disk. Estimates from the
cumulative profiles show that dust-corrected SFRs are higher,
making them more effective in tracing star formation than non-

dust-corrected SFRs. We note that SFR estimates from Hα and
Hα+24 μm are consistently lower compared to FUV and FUV
+24 μm SFRs. This is discussed in more detail in Section 5.1.
In the XUV disk, we also observe a rise in the sSFR after an

almost flat trend in the optical disk, while the H I SFE declines
as a function of galactocentric distance. The implications of this
result are discussed in Section 5.2.

4.2. Young Stellar Complexes in NGC 3344

We extracted 320 young stellar complexes in NGC 3344
with typical physical sizes between 0.15 and 1 kpc. Figure 9
shows the individual star-forming complexes throughout the
galaxy. Elliptical apertures above the 3σ threshold were
identified by running SExtractor (Bertin & Arnouts 1996) on
cutouts of different regions of the FUV and NUV images. We
applied a 5 pixel wide top-hat filter to detect regions of low
surface brightness in the XUV disk. Some apertures were
redefined or added manually to optimally enclose faint regions.
Any apertures belonging to background objects detected in the
outer edge of the XUV disk were removed. This was done
using the continuum-subtracted Hα image that enabled discer-
ning objects present at the same redshift as the galaxy and
utilizing SDSS DR 12 spectroscopy and imaging to verify if the
objects were removed foreground stars or background galaxies.
The aperture at the position of a bright foreground star near the

Figure 7. Radial profiles of the r-, g-, B-bands, 24 μm, FUV, and Hα surface brightness. The shaded area shows the uncertainty in the respective quantities. The arrow
marks the position of R25 estimated from the B-band profile, and the vertical black dashed line marks the break radius.

Table 3
Exponential Scale Lengths Measured from the Surface Brightness Profiles of

NGC 3344

Band Scale length
Optical Disk XUV Disk Entire Disk

(kpc) (kpc) (kpc)

FUV 2.38 2.44 2.40
g 1.82 1.68 1.79
B 1.70 1.53 1.66
r 1.70 1.54 1.66
Hα 1.88 1.78 1.98
24 μm 0.51 0.55 0.51

9

The Astrophysical Journal, 923:199 (22pp), 2021 December 20 Padave et al.



center, clearly visible in the r-band image but not in the FUV
image, was taken out. Care was taken to avoid contamination
from neighboring apertures. These apertures were further

divided into optical and XUV regions based on their
galactocentric distance and the estimated break radius. The
red apertures are regions within the optical disk marked by the

Figure 8. Radial profiles of (a) Σå, ΣH I, and ΣSFR; (b) cumulative Må, MH I, and SFR; and (c) specific SFR and H I star formation efficiency of NGC 3344. The SFR
and ΣSFR are estimated using FUV (green), FUV+24 μm (blue), Hα (pink), and Hα+24 μm (purple). The shaded area shows the uncertainty in the respective
quantities. The vertical black dashed line at 6 kpc marks the break radius.
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black dashed circle covering an area of ∼113 kpc2. The blue
apertures are regions in the XUV disk. Of the 320 young star-
forming complexes, 132 are in the XUV disk.

4.3. Circumgalactic Medium in NGC 3344

We detected two distinct absorbing systems in the QSO
sightline probing NGC 3344 at 30 kpc. The strong component
was seen in most of the metal-line transitions covering low-,
intermediate-, and high-ionization states (Si II, C II, Si III, and
Si IV). The weighted mean places the centroid of the strong
component at ∼−28.5 km s−1. The weaker component was
seen in H I and Si II at a mean centroid of ∼88.9 km s−1. As
noted before, the H I line was blended with the damped Lyα
profile of the Milky Way, so no measurements could be made
for the atomic gas content of the first component. The
measurements of the Lyα of the second component might
suffer from uncertainties pertaining to continuum identification
issues. A single component fit to the profile yields a column
density of Log N(H I)= 14.0. However, the column density log
(N(Si II))= 13.06 corroborates our assertion of large uncertain-
ties in the continuum fit of Lyα most likely leading to a lower
column density measurement for H I.

In general, the QSO sightline probes a metal-rich circumga-
lactic medium in NGC 3344. The total Si II content is>
1.3× 1014 cm−2. Assuming a solar metallicity, we expect the
total H I column density to be ≈3.7 × 1018 cm−2. Since we did
not detect damping wings with the Lyα profile, we can also
conclude that the metallicity of the gas in the CGM of
NGC 3344 is no less than 0.1 Ze and is more likely ≈1 Ze.
This indicates that the circumgalactic gas at 30 kpc is well
enriched by the products of stellar nucleosynthesis. The weaker
component also showed Si II indicative of a high-metallicity
and low-ionization state of the gas.

The kinematics of the two absorbers allows us to determine
if they are consistent with corotation. The observed projected
velocity of the H I disk closest to the sightline is
665± 5 km s−1, i.e., 85 km s−1 from the systemic velocity of
580 km s−1 (Figure 6(b)). The weaker component is consistent
with rotation showing a deviation of 3.9 km s−1, which is well
within the uncertainties of our measurement. However, the
stronger component observed at −28.5 km s−1 with respect to
the systemic shows a deviation of −113.5 km s−1 from the part
of the disk nearest to the sightline, thus indicating gas flow that
is inconsistent with corotation. The direction of the flow is
unknown and could either be an inflowing or outflowing cloud
with respect to the disk. To put it into perspective, this cloud is
consistent with high-velocity clouds (HVCs) seen in the halo of
the Milky Way showing velocity offsets of �90 km s−1

(Wakker & van Woerden 1997) relative to the disk. The
presence of similar clouds in the halos of other galaxies, such
as in M31 and M100, have been reported (Thilker et al. 2004;
Westmeier et al. 2005; Gim et al. 2021). The Milky Way HVCs
are considered as one of the main pathways for bringing cold
gas into the Milky Way disk. The same may be true for this
cloud that is cold and metal-rich. We will discuss the likelihood
of this cloud being an inflow or outflow in Section 5.4.

5. Discussion

5.1. Effectiveness of Hα and UV SFR Tracers

We first tested how efficient the non-dust-corrected (Hα and
FUV) and dust-corrected (Hα+24 μm and FUV+24 μm)
tracers are in probing star formation in the XUV disk. Both
Hα and FUV tracers are known to give consistent estimates of
SFRs in the optical disk. On the other hand, previous studies
investigating the Hα and FUV emission in the outer disks of
galaxies find the outer regions to be sparsely populated with
H II regions (Ferguson et al. 1998; Gil de Paz et al. 2005;
Meurer et al. 2009; Goddard et al. 2010; Werk et al. 2010;
Barnes et al. 2011; Watkins et al. 2017) and hence, show lower
levels of Hα. In Figures 10(a) and (b), we show the non-dust-
corrected and dust-corrected Hα SFRs against FUV SFRs for
the young stellar complexes, respectively. The red and blue
colors distinguish between the regions in the optical and the
XUV disk, respectively, with the solid black line denoting
the linear fit to the data. The one-to-one correlation between the
Hα and FUV SFRs is represented by the dashed line. The
dotted lines show the best-fit line for non-dust-corrected FUV
and Hα SFRs and dust-corrected FUV and Hα SFRs for log
SFR(Hα)<− 1.5 from Lee et al. (2009; Figures 2 and 5
therein, respectively). We note that the SFRs estimated using
the prescriptions presented in Section 3.1 assume fully
populated IMFs and a uniform distribution of ages of the
regions. Lee et al. (2009) investigated ∼300 local star-forming
galaxies and found a systematic offset between the non-dust-
corrected FUV and Hα SFRs, where at SFRs 0.03 Me yr−1,
Hα began to underestimate SFR. While we study ∼300
individual star-forming regions within a single galaxy, what is
striking is the similarity in the best-fit line of our study
(Figure 10(a)) and the one from Lee et al. (2009) for the non-
dust-corrected SFRs. Our results extend the distribution to
lower values, log SFR(Hα)<− 2.0, with Hα SFRs already
lower than FUV SFRs. This not only corroborates the result of
Lee et al. (2009) but also demonstrates that SFRs obtained on

Figure 9. The grayscale FUV image of NGC 3344 with star-forming regions
detected at 3σ significance using SExtractor. The black dashed circle represents
the break radius of 6 kpc. The red apertures are regions within the optical disk,
and blue apertures are regions in the XUV disk. 320 regions are extracted with
132 regions in the XUV disk. A physical scale of 2.4 kpc (1′) is shown at the
top left corner. Highlighted regions A and B (see Section 5.1.1) have SDSS
DR12 spectra available.
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global scale and 1 kpc scales show a similar relation in their
FUV and Hα emission.

However, our dust-corrected Hα SFRs are higher compared
to the expected trend from Lee et al. (2009), although still
offset from the one-to-one line. In Figure 10(b), after
accounting for internal dust correction via 24 μm, the optical

disk points shift by 1 dex and the XUV disk points move by
0.5 dex. The addition of 24 μm does, however, add noise to
the estimate. The upper envelope of the distribution in
Figure 10(b) has an almost constant offset from the one-to-
one relation over a wide range in SFR that spans both the
optical and the XUV portions of the disk. So, a subset of star

Figure 10. Comparison of the (a) non-dust-corrected Hα SFR and FUV SFR and (b) dust-corrected Hα+24 μm SFR and FUV+24 μm SFR, followed by (c) ratio of
Hα-to-FUV ΣSFR as a function of the galactocentric distance for the star-forming regions in NGC 3344. The red triangles and blue circles are regions in the optical
disk and the XUV disk, respectively. In panels (a) and (b), the solid black line represents the best fit to the data. The dashed line shows the one-to-one correspondence
between the two ΣSFR estimates, and the dotted line is the best fit for non-dust-corrected and internal-dust-corrected SFRs from Lee et al. (2009), respectively. The
parameters describing the line of best fit are stated at the bottom right. The solid red and dashed blue lines in panel (c) represent the best-fit line to the optical disk and
XUV disk points, respectively. In general, Hα SFRs are found to be lower than FUV SFRs.
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formation happens in the regions that behave similarly in the
XUV disk and in the optical disk. The total Hα+24 μm SFR of
the stellar complexes in the optical disk is ∼0.09Me yr−1. This
is ∼50% lower than the total FUV+24 μm SFR of ∼0.18 Me
yr−1 in the optical disk. The offset further increases in the XUV
disk. At SFRs  10−4 Me yr−1 in the XUV disk, Hα
underpredicts the SFR by ∼75%. This is better illustrated in
Figure 10(c), which shows the ratio of Hα-to-FUV ΣSFR with
the galactocentric distance. The ratio of ΣSFR range within
factors of 0.03–0.88. In the XUV disk, the ratios show a larger
scatter with a steeper correlation compared to the optical disk.
Since the galactocentric distance is representative of decreasing
SFRs as ΣSFR drops with radius (Figure 8(a)), the larger scatter
then indicates that Hα SFRs drop faster at lower SFRs in the
extreme outskirts of the galaxy.

We note that a fixed value of the [N II]/Hα ratio of 0.52,
adopted from Kennicutt et al. (2008), is an average over the
optical disk. However, the [N II]/Hα ratio varies with the
galactocentric radius and is likely low in the XUV disk. This
would lead to an overcorrection and a subsequent under-
estimation of Hα SFRs in the XUV disk. We calculated Hα
SFRs without applying a [N II] correction and found that the
intercept in Figure 10(a) changes from 0.27 to 0.36, i.e., the
data would shift upward by ∼0.12 dex. So, even if a radially
accurate [N II] correction is applied, the deviations would be
small and not greatly affect the results. In the following
subsection, we explore other factors that cause lower Hα SFRs
in the XUV disk.

5.1.1. Possible Causes for Low Hα-to-FUV Ratios

The drop in the Hα-to-FUV ratios in the XUV disk can be
associated with (1) stochastic sampling of the stellar IMF, (2)
truncation and/or steepening of the upper end of the IMF, (3)
noncontinuous star formation history, or (4) leakage of
hydrogen-ionizing photons. Here we investigate these possibi-
lities for lower levels of Hα seen in the XUV disk.

The first possibility that can explain the discrepancy in the
Hα and FUV emission is the stochastic sampling of the IMF. In
the optical disk, high SFRs presume a large number of stars and
hence a nearly complete sampling of the IMF. However, in the
XUV disk, lower SFRs reduce the probability of finding
massive O stars. As a result, the IMF may not be fully sampled
(see Boissier et al. 2007; Goddard et al. 2010; Fumagalli et al.
2011; Koda et al. 2012). Calculations done by Lee et al. (2009)
show that above SFR 1.4× 10−3 Me yr−1 or log SFR
− 2.8, the Hα flux should be robust against stochasticities. In
NGC 3344, SFRs of the stellar complexes are below this value,
with SFRs yielded by Hα mostly lower than the FUV SFRs. As
a result, stochastic IMF sampling is likely to at least partially
account for the observed Hα-to-FUV ratios.

The second possibility arises from the difference in the
stellar mass ranges probed by Hα and FUV. Hα is sensitive to
O stars more massive than ∼17 Me, while FUV traces both O
and B stars that have masses 4 Me (Lee et al. 2009; Meurer
et al. 2009; Goddard et al. 2010; Koda et al. 2012). The
observed Hα-to-FUV ratios could be a manifestation of a
steeper upper IMF slope, possibly combined with an upper
truncation (Meurer et al. 2009; Bruzzese et al. 2015, 2020;
Watts et al. 2018). Previous studies have, however, found that
Hα and FUV ratios are consistent with a standard IMF
(Goddard et al. 2010; Koda et al. 2012). In the XUV disk of
M83, Koda et al. (2012) found that O stars may intermittently

populate low-mass clusters. Certainly, O stars are forming in
the XUV disk of NGC 3344, but the low Hα-to-FUV ratios
may still be consistent with a steeper upper IMF and/or
truncation along with stochastic IMF sampling.
Sensitivity to ages of stellar populations could also account

for the decline in the Hα-to-FUV ratios. The star formation
history of a galaxy, however, need not be uniform and may
comprise of multiple bursts of star formation over the past
10–100Myr. We find that the total SFR of ∼0.43Me yr−1 over
a timescale of 10Myr probed by Hα is lower than the total SFR
of ∼0.46 Me yr−1 over a timescale of ∼100Myr traced by
FUV. The occurrence of a burst of star formation at a time 10
Myr but 100 Myr in the past would leave B-type stars to emit
FUV while the massive O-type stars are already dead (Koda
et al. 2012), accounting for the higher FUV SFRs in the XUV
disk. Age dating individual star-forming UV and H II regions in
the XUV disk of NGC 3344 and deriving their star formation
history would provide more information on the contribution of
the aging effect on the observed Hα and FUV fluxes. Although
this analysis is beyond the scope of this study, we do not
completely rule out the effect of aging on the lower Hα-to-
FUV ratios.
The fourth possibility is that some parts of the H II regions may

be optically thin causing the leakage of ionizing photons out of the
star-forming regions. Higher forbidden-to-Balmer line ratios, such
as, [S II] λ6717,6731/Hα, [N II] λ6548/Hα, [O I] λ6300/Hα,
and [O III] λ5007/Hβ, indicate the leakage of Lyman continuum
photons (Hoopes & Walterbos 2003; Madsen et al. 2006; Voges
& Walterbos 2006; Pellegrini et al. 2012; Zastrow et al. 2013;
Stasińska et al. 2015; Weilbacher et al. 2018; Wang et al. 2019)
that are believed to ionize the surrounding diffused gas. To
investigate if leaky H II regions are responsible for lower Hα-to-
FUV ratios, we use the SDSS DR12 archival spectra of two H II
regions: Region A in the optical disk at a galactocentric distance
of 2.95 kpc and Region B in the XUV disk at a galactocentric
distance of 8.15 kpc. The regions are highlighted in Figure 9. Both
show high Hα SFRs of 1.08× 10−2 and 1.15× 10−3 Me yr−1,
respectively, and a Balmer decrement of Hα/Hβ≈ 3.69. A few
emission-line ratios from the archival SDSS DR12 optical spectra
for the two regions are tabulated in Table 4. We find lower ratios
of [S II]/Hα and [N II]/Hα in Region B compared to Region A.
Although, in this regard, the data are not sufficient to understand
how significant the contribution of leakage of LyC photons is in
producing the lower Hα-to-FUV ratios in the XUV disk. Future
work involving highly multiplexed spectroscopy can shed more
light on the same.

5.2. The Inside-out Disk Growth and XUV Disk Formation

Based on our analysis in Section 5.1, we find FUV+24 μm
to be a more robust and effective tracer of star formation.
Therefore, for the remainder of our analysis, we will use

Table 4
Emission Line Rations of the H II Regions

Region A Region B

Hα/Hβ 3.69 3.69
[O III] λ5007/Hβ 0.68 4.28
[O I] λ6300/Hα 0.008 0.02
[N II] λ6548/Hα 0.26 0.07
[S II] λ6716/Hα 0.14 0.068
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UV-based SFR and ΣSFR. Figure 11 shows the FUV+24 μm
SFR for each of the 320 stellar complexes identified in the
disk of NGC 3344 as a function of the galactocentric distance.
The distribution of the area of the regions is indicated by the
size of the symbols. At large radii, the variation in the SFR
between the stellar complexes can be up to 2 orders of
magnitude versus a smaller scatter seen in the inner disk. As is
evident by the radial profile of ΣSFR in Figure 8(a), star
formation drops as a function of the radius. This can be linked
to the low SFRs of individual stellar complexes and is not due
a deficit of star-forming regions. The total FUV+24 μm SFR
in NGC 3344 is 0.458 Me yr−1

—only ∼10% of which is in
the XUV disk.

As discussed earlier in Section 4.1, FUV shows a larger scale
length compared to the r-band illustrating an extended star
formation. This also provides evidence for inside-out disk growth
(Nelson et al. 2012). The claim of inside-out disk growth is
further supported by the rise in sSFR (Figure 8(c)) beyond the
break radius at 6 kpc. We observe an almost constant sSFR of
10−9.4 yr−1 in the inner disk between∼1 and 6 kpc with a sudden
rise in the sSFRs from 10−9.3 to 10−8.5 yr−1 in the XUV disk. As
a result, the inner disk is growing slowly while the XUV disk is
actively forming stars suggesting an outward increase in the size
of the galaxy.

This leads us to infer that the entire XUV disk could
essentially be a starburst. A starburst can be defined as a region
in which the mass-doubling time for stars is=Hubble time,
and a sudden infusion of gas has triggered the star formation. In
the centers of the galaxies, this can happen rapidly due to the
small size of the region (∼kpc). On the contrary, the XUV disk
is large and it is difficult to change things rapidly. The present
stellar clumps in the XUV disk are a sprinkling of a recent
activity on top of a longer-term-forming optical disk. The H I

map, however, does not show any strong dynamical perturba-
tion in the XUV disk associated with a recent major accretion
event. We find longer H I gas depletion times (1/SFE) in the
XUV disk (Figure 8(c)) which suggest that the XUV disk has
had a big H I reservoir that only recently started forming stars
and it could continue for a very long time (∼10 Gyr).
Additionally, the observed high sSFRs, if maintained, would
double the disk mass in under one orbital period (∼0.5 Gyr),
indicating a burst of star formation.
Simulations have shown spiral arms as being one possible

mechanism for locally triggering the outer star formation and
creating a Type-I XUV disk (Bush et al. 2008, 2010; Lemonias
et al. 2011). A preliminary investigation showed a spatial offset
between the Hα and FUV star-forming regions where the Hα
regions in the XUV disk lead the UV along the direction of
rotation of the galaxy. We believe that this observation
confirms that spiral density wave propagation supports the
formation scenario of XUV disks (M. Padave et al. 2021, in
preparation).

5.3. Correlations between Star Formation and H I

In this subsection, we explore the relations between star
formation and atomic gas (H I) and quantify the impact of
stellar feedback on the ISM in the disk of NGC 3344. The H I
disk is a reservoir of cold gas that serves as the fuel for star
formation. We correlate the FUV+24 μm ΣSFR (hereafter,
ΣSFR) with the H I properties in the optical and XUV disk of
NGC 3344 and investigate (1) atomic gas mass surface density
(ΣH I), (2) SFR efficiency (ΣSFR/ΣH I), and (3) star formation-
driven feedback on the ISM using H I kinematics (σlos, ΣKE).

5.3.1. The Star Formation Law in NGC 3344

Figure 12(a) shows the relationship between ΣH I and ΣSFR

for the 320 stellar complexes in the optical (red triangles) and
XUV (blue circles) disk. The dashed green line marks the
empirical K-S law that connects the total ΣSFR to the total gas
surface density, Σgas, such that A N

SFR gasS = S with N= 1.4 and
A= 2.5× 10−4 yr−1 (Kennicutt 1998b). These plots only
consider neutral gas and, hence, offsets from the K-S
relationship are expected for regions where the contribution
of molecular gas to Σgas is significant. However, in that regime
the points should lie systematically above the K-S relationship.
This is seen in the star-forming regions in the optical disk,
especially for regions at galactocentric distance 4 kpc and
ΣSFR 3.16× 10−3 Me yr−1 kpc−2.
We find an overall lack of correlation between ΣSFR and ΣH I

which is consistent with what Bigiel et al. (2010b),
Roychowdhury et al. (2015) and others have seen in the
spatially resolved star formation law, or what de los Reyes &
Kennicutt (2019) see in the disk integrated H I star formation
law. The distribution of ΣSFR has no relation with ΣH I in the
optical disk but shows a moderate correlation (Pearson
r= 0.51) in the XUV disk (Figure 12(a)). This result is the
consequence of a predominantly molecular (Bigiel et al. 2008)
ISM around the highly star-forming inner parts of spiral
galaxies and ΣH I alone is not a good tracer of Σgas. Meanwhile,
a correlation between ΣSFR and ΣH I in the outer regions of
galaxies points to the fact that high H I column densities pave
the way for star formation (Bigiel et al. 2010b).
In Figure 12(b), we show the median ΣSFR (and 1σ range) in

four bins of ΣH I for both the optical (red triangles) and XUV

Figure 11. FUV SFRs of the star-forming regions as a function of the
galactocentric distance in NGC 3344. The red triangles and blue circles are
regions in the optical and the XUV disks, respectively, with the solid black line
representing the best fit to the data. The parameters describing the line of best
fit are stated at the top. Symbol sizes show the distribution of the area of the
stellar complexes.
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(blue circles) data for NGC 3344, along with median outer disk
data for the sample of spirals and dwarf galaxies from Bigiel
et al. (2010b) (yellow squares) that extends to much lower H I
surface densities. The optical and XUV disk of NGC 3344
cover a comparable range in ΣH I but the optical disk is forming
stars more efficiently by a factor of almost 10 on average. The
XUV points fall in the ΣH I and ΣSFR regime where the
deviation from the K-S law begins, connecting the
H2-dominated SF regions of inner disks of Lå galaxies to the
H I-dominated regions in the outskirts of spiral and dwarf
galaxies studied by Bigiel et al. (2010b).

Bigiel et al. (2010b) discussed the lack of gas surface
densities between ∼3 and 10 Me pc−2 and low ΣSFR points
conceived as a “forbidden region” in the ΣH I–ΣSFR relation.
These points connect the star formation efficiency in
H2-dominated inner regions of Lå galaxies to the H I-dominated
regions in the outskirts of spiral and dwarf galaxies, thereby
creating the “S-shape” distribution seen in Bigiel et al. (2010b,
their Figure 13). The drop in the ΣH I–ΣSFR relation in the outer
disk and the missing “forbidden region” points found by Bigiel
et al. (2010b) give rise to the question of whether the transition
from the efficiently star-forming inner disk to the inefficiently
star-forming outer disk is gradual or discontinuous? The XUV
disk data trace the missing parameter space of high-H I
low-ΣSFR points. And, the presence of the XUV points of
NGC 3344 in the forbidden region in the ΣSFR–ΣH I plot can be
thought to connect the low-density outer disk to the
H2-dominated inner disk completing the “S-shape” distribution.
However, a larger sample of XUV disk data must be explored
to investigate the origin of the break in the star formation law.

5.3.2. H I Star Formation Efficiency in NGC 3344

SFE or SFR per unit gas mass (here, H I mass) indicates how
good the available gas is at forming stars. It is the inverse of the
gas depletion time, τdep, which is the time taken to exhaust the
available supply of gas by the star formation at the current rate.
In Figure 13, we plot the variation in the H I SFE over the
galaxy disk as a function of the galactocentric distance and
ΣH I. The dashed line marks the boundary between an H I-
dominated and H2-dominated ISM discussed by Leroy et al.
(2008). The dotted lines in Figure 13(a) illustrate H I SFE
proportional to the freefall time (τff) in a gas disk with a fixed
scale height, which is SFE gas

0.5µ S (Kennicutt 1998a). Irre-
spective of the power-law coefficient, the dotted lines cannot
reproduce the observed relation between ΣH I and H I SFE due
to the small range of ΣH I (∼2.5–40 Me pc−2). This suggests
that ΣH I plays almost no role in governing the H I SFEs.
We find that the H I SFEs drop with the galactocentric

distance for the star-forming complexes, also implying longer
H I depletion times (since SFE dep

1tµ - ) in the XUV disk similar
to what was observed with the SFE radial profile (Figure 8(c)).
The correlation between ΣSFR and H I and the longer H I
depletion times in the XUV disk infer the importance of H I in
regulating the star formation in the outer disk. The in situ star
formation, however, would take at least 10 Gyr to consume the
current supply of H I. Meanwhile, the longer-lived H I gas can
also act as a necessary source for the star-forming optical disk
(Shlosman et al. 1989; Blitz 1997; Bauermeister et al. 2010;
Bigiel et al. 2010b), in order for it to keep forming stars.
Star formation presupposes that H2/giant molecular clouds

will form from H I. Molecular gas has depletion times of

Figure 12. ΣSFR and ΣH I for the star-forming regions in NGC 3344. In panel (a), the red triangles and blue circles represent regions in the optical and the XUV disk,
respectively. In panel (b), the red triangles and blue circles show binned optical and XUV data, respectively, from panel (a) along with data from Bigiel et al. (2010b)
shown in yellow squares. The solid black line depicts the line of best fit to XUV data and data from Bigiel et al. (2010b). The green (dashed) line shows the Kennicutt–
Schmidt law with an index of 1.4 (Kennicutt 1998b).
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∼2 Gyr (Bigiel et al. 2008, 2010b; Leroy et al. 2008) while the
observed H I depletion times in the XUV disk are much longer.
Under the assumption that the depletion time of molecular gas
stays the same in both the optical and XUV disk, longer H I
depletion times then illustrate that star formation in the outer
disk is only limited by the formation of molecular clouds
(Bigiel et al. 2010a; Rafelski et al. 2016).

5.3.3. ISM Turbulence and Impact of Stellar Feedback in NGC 3344

To understand the connections between turbulence and star
formation, we investigate the relationship between ΣSFR and
H I velocity dispersion (σlos) and H I kinetic energy surface
density (ΣKE). In Figure 14(a), we observe H I velocity
dispersion between 4.8 and 12.8 km s−1 for the stellar
complexes in NGC 3344. In both the optical disk and the
XUV disk, we find a weak (Pearson r∼ 0.15 and ∼ 0.36,
respectively) correlation between σlos and ΣSFR. Also, on the
galactic scale, ΣSFR varies by a few orders of magnitude,
implying ΣSFR does not really depend on σlos. This observation
suggests that triggering of star formation by turbulence does
not dominate over large scales (Tamburro et al. 2009) as the
timescales for supercritical density fluctuations that promote
star formation are shorter than gas freefall time ceasing cloud
collapse (Klessen et al. 2000; Elmegreen 2002). In fact, some
simulations have shown that velocity dispersion can be
emulated from self-gravity without any contribution from star
formation (Hopkins et al. 2011). However, in the outer disk
where self-gravity is weak (Elmegreen & Hunter 2006),
turbulence can be crucial in supporting the structure of the
ISM (Larson 1981; Elmegreen & Scalo 2004; Mac Low &
Klessen 2004; McKee & Ostriker 2007) and cloud formation

(Krumholz & McKee 2005). This could explain the slightly
higher Pearson r value in the XUV disk.
We note that the H I maps used here for the analysis were

produced with masking imposed at 3σ and a beam size of
6 7 × 5 4. Stellar associations were extracted from the
GALEX maps, which have a resolution of 4 2. As a result,
some regions that are smaller than the H I beam have poorly
resolved σlos measurements. These regions are shown in a
different transparency in Figure 14. Excluding them from the
analysis, we find that the Pearson r values change to ∼0.11 and
∼0.26 in the optical and XUV disk, respectively. Overall, this
does not impact our result. In the Appendix, we also discuss the
effect of the signal-to-noise ratio and resolution on the
observed correlations.
In Figure 14(b), we plot ΣSFR as a function of ΣKE in the

optical and XUV disk of NGC 3344. Energy inputs of different
supernova (SN) efficiency values, 0.05, 0.1, 0.2, 0.5, 1.0SN =
and magnetorotational instabilities (MRI) energy input at
maximum efficiency, òMRI= 1.0 from Tamburro et al. (2009)
are plotted as purple and orange dashed lines, respectively. Since
ΣKE is a product of ΣH I and σlos

2 , the observed distribution of
ΣKE in NGC 3344 is mainly a result of variations in ΣH I as σlos
shows little variation with ΣSFR.
We find almost no correlation (Pearson r= 0.10) between

ΣSFR and ΣKE of the stellar complexes in the disk of NGC
3344. Hunter et al. (2021) also found poor correlation between
ΣKE and ΣSFR in the LITTLE THINGS sample of dwarf
irregular galaxies. They found that both the ΣKE and FUV
maps of the dwarf irregular galaxies show clumps, but the
positions of the FUV clumps do not line up with those in the
ΣKE map. We also observe a similar disposition of the clumps

Figure 13. H I SFE as a function of (a) ΣH I and (b) the galactocentric distance for the star-forming regions in NGC 3344. The red triangles and blue circles are regions
in the optical and the XUV disks, respectively. The dashed line in panel (a) marks the transition from an H2-dominated to an H I-dominated environment (from Leroy
et al. 2008). The dotted lines show the H I SFE proportional to τff in a fixed scale height gas disk for power-law coefficients of –11.0, 10.5, –10.0, –9.5, and –9.0. The
solid line in panel (b) represents the line of best fit to the points. In general, H I plays no major role in regulating H I SFEs. The decrease in the H I SFE as we move
toward the outer parts of the galaxy implies an increase in the H I depletion times.
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in the maps of NGC 3344, which is possibly why we do not see
any correlation.

On sub-kpc scales, line widths of ∼8 km s−1 are emitted by
the warm neutral gas with temperatures of ∼ 8× 103 K
(Wolfire et al. 1995), whereas widths broader than 8 km s−1 are
caused by turbulence stirring the ISM (Dickey et al. 1990;
Tamburro et al. 2009; Koch et al. 2018). However, turbulence
decays over a short timescale of ∼10Myr (Mac Low 1999;
Ostriker et al. 2001). In order to maintain a steady state over the
lifetime of a galaxy, turbulence is likely driven by various
mechanisms that inject energy into the ISM, among which SN
explosions and MRI are some of the most important. In the disk
of NGC 3344, only 20% of the SN energy input would be
required to maintain the observed σlos in most regions.
Therefore, at high ΣSFR, SN feedback would be sufficient to
support the ISM. Expected to play a major role in maintaining
the velocity dispersion and magnetic field in regions with lower
levels of star formation (Sellwood & Balbus 1999; Tamburro
et al. 2009; Utomo et al. 2019), our results suggest that MRI
may only be playing a small role in imparting energy to the
ISM at low ΣSFR levels of 10−3 Me yr−1 kpc−2.

Additional sources of energy could be acting to drive the
turbulence in the disk if the expected SN efficiency becomes
larger than 50% (Tenorio-Tagle et al. 1991). In regions with

50%SN  and high ΣKE, MRI could be dominant. Other
feedback mechanisms, such as stellar winds and photoelectric
heating by FUV radiation, can inject energy into the ISM, but
their effect will always be subdominant compared to SNe
(Kornreich & Scalo 2000; Mac Low & Klessen 2004; Bacchini
et al. 2020).

5.4. Connection Between Circumgalactic Gas Flows and Star
Formation in the Disk

We discuss the two possibilities for the CGM gas flow
detected in the stronger metal-line component of the QSO
absorption system at an impact parameter of 29.5 kpc from the
center of the galaxy and 19.26 kpc from the edge of the H I
disk. The blueshifted absorption feature at 113.5 km s−1 with
respect to the disk gas closest to the sightline is consistent with
gas flowing into the disk from behind or out of the disk in the
front. We will consider the implications of both scenarios in an
attempt to identify which is most likely.
First, we estimate how likely it is for us to detect outflowing

material at the observed impact parameter and velocity offset.
Assuming that the opening angle of the outflow cone is as large
as some of those seen in starburst galaxies in the low-redshift
universe of θ∼ 60° (Heckman et al. 1990), the “true” three-
dimensional velocity of the cloud would be ∼131 km s−1 with
a transverse velocity of 66 km s−1. At this rate, it would take
the cloud about 500–600Myr to reach 29.5 kpc depending on
its point of origin in the star-forming disk at a constant velocity.
This would indicate the current star formation seen in the XUV
disk is not responsible for generating the observed cloud as
outflow. In addition, the cloud would encounter the gravita-
tional pull of the galaxy as well as interaction with the hot gas
(drag force) that would likely limit its survival times.
Another line of argument would be to look at the velocity of

ejection. It is expected that the velocity at the time of ejection
was greater than the velocity inferred above as drag and
ballistic nature of the motion would act to reduce the velocity
as a function of the distance from the point of ejection. A
detailed analysis of the motion of starburst-driven clouds in the

Figure 14. Correlation between ΣSFR and (a) velocity dispersion and (b) H I kinetic energy surface density ΣKE. The red triangles and blue circles are regions in the
optical and the XUV disks, respectively. Regions with areas smaller than the H I beam are shown in different transparency. Models of supernova energy input with
different efficiency values ( 1SN = , 0.5, 0.2, 0.1, 0.05) and magnetorotational instabilities at maximum efficiency (òMRI = 1) from Tamburro et al. (2009) are shown
in purple and orange lines, respectively. We find no correlations between ΣSFR and the gas kinematic in NGC 3344. Supernovae explosions can maintain turbulence at
high ΣSFR s but MRI, feedback mechanisms, and spiral density waves may be important in the low ΣSFR–high ΣKE regions.
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CGM of starburst galaxies by Afruni et al. (2021) indicates that
an initial kick velocity of ≈370 km s−1 would get as far as
40 kpc before returning back toward the galaxy. However, the
kick velocity would imply that a much higher ΣSFR of the order
of 1 Me yr−1 kpc−2 (Heckman & Borthakur 2016) is needed,
i.e., essentially requiring a starburst in the galaxy. Therefore, it
is unlikely that the blueshifted cloud seen as a QSO absorption
feature is star formation–driven outflowing material.

It is worth noting that the velocity kinematics of the
blueshifted cloud are consistent with HVCs seen in the Milky
Way halo. They are predominantly tracing inflowing material
(Fox et al. 2019) that has a significant fraction of metals. These
include returning material, such as the Smith cloud and
complex C in the Milky Way halo (Lockman et al. 2008; Fox
et al. 2016; Fraternali et al. 2015). Therefore, it is likely that the
blueshifted cloud could be infalling material that might have
originated in the disk long back and is now returning gas from
the CGM or the intergalactic medium that has undergone metal
mixing. Similarly, kinematically anomalous clouds have been
observed in nearby galaxies (Fraternali et al. 2001; Thilker
et al. 2004; Westmeier et al. 2005; Heald 2015; Gim et al.
2021).

Additionally, the cloud might be tracing a faint but gradual
inflow event. The atomic gas in NGC 3344 indicates no major
merger signature in the gas dynamics; however, the entire outer
disk covering an area of about 340 kpc2 from a radius of
6–12 kpc is undergoing a star formation event that is no more
than 100Myr old. This suggests that there must have been a
global event that triggered star formation throughout the outer
disk. We can eliminate major mergers as we do not see a
companion nor do we see the atomic gas disk showing any
strong dynamical perturbations. Interestingly, the cold gas mass
of this galaxy is dominated by atomic gas (87% of total gas
mass), and the depletion time for H I is almost an order of
magnitude larger than that of molecular gas. This may suggest
that perhaps this is an accretion event that is smooth and
gradual that does not disrupt the disk but builds the immense
gas reservoir. In this picture, the fact that most of the metals in
the QSO sightline probe the CGM at 30 kpc shows that a gas
flow velocity of about 113 km s−1 would support gradual gas
accretion.

6. Summary

In this paper, we study the star formation and its effect on the
ISM and the inner CGM of the XUV disk galaxy NGC 3344.
We investigate radial variations in stars, dust, and gas using
surface photometry of FUV, Hα, r-, g-band, 24 μm, and H I-
21 cm emission. We identify 320 young stellar complexes in
the disk of NGC 3344 with typical physical sizes between
150 pc and 1 kpc. Further, we study the relationship between
star formation and the ISM properties for these stellar
complexes using aperture photometry and investigate how
these properties differ in the inner and outer disk. Our key
results are summarized below:

1. We find that FUV emission shows scale length 1.4 times
larger than those from g, B, r, Hα, and 24 μm. This
indicates that young stars have extended distribution,
while old stellar populations and dust are concentrated
more toward the center. We identify a break at 6 kpc
using the FUV and r-band surface brightness profiles,

marking a transition from the inner optical disk to the
outer XUV disk.

2. Comparing the non-dust-corrected (FUV, Hα) and dust-
corrected (FUV+24 μm, Hα+24 μm) star formation
tracers shows that both FUV and FUV+24 μm tracers
are more sensitive indicators of star formation in the
XUV disk, while dust-corrected tracers are more effective
in the optical disk and on the global scale.

3. We also find that the SFRs traced by Hα are consistently
lower than FUV SFRs, especially in the XUV disk.
Investigation of the Hα+24 μm and FUV+24 μm SFRs
for the identified stellar complexes shows that lower Hα-
to-FUV ratios in the XUV disk are likely due to
stochastic sampling of the IMF along with the effect of
a steeper upper IMF and/or truncation.

4. We observe that sSFR increases from 10−10 yr−1 in the
optical disk to 10−8 yr−1 in the XUV disk, suggesting that
the XUV disk is a “starburst”, actively forming stars with
a slowly growing optical disk. This provides evidence for
inside-out growth of the disk.

5. ΣSFR of the stellar complexes show no correlation with ΣH I

in the disk. In the XUV disk, however, we find moderate
correlation (Pearson r= 0.51). This is a consequence of an
ISM that is H2-dominated in the optical disk and H I-
dominated in the XUV disk. The XUV disk points also
show high ΣH I and low ΣSFR and mark the onset of a
deviation from the traditional Kennicutt–Schmidt law.

6. The H I star formation efficiency decreases as a function of
the galactocentric distance, and we find longer H I depletion
times. This suggests that the H I reservoir, which has only
recently started forming stars, will continue to do so for
∼10Gyr in the XUV disk and also feed the optical disk.

7. Correlation between ΣSFR and ΣKE shows that stellar
feedback via supernovae explosions can maintain the
observed H I velocity dispersion in the optical and XUV
disks. MRI and additional mechanisms, such as spiral
density waves, may be playing a subdominant role in the
high ΣKE–low ΣSFR regime in the XUV disk to maintain
the ISM turbulence.

8. We detect two absorbing systems in the QSO sightline
probing the inner CGM at 30 kpc from the center. The
CGM is metal-rich and has a low-ionization potential, as
indicated by the presence of strong Si II, Si III, and C II
and a relatively weak Si IV associated with the strong
component. The weak component was seen in Lyα and
Si III only.

9. The CGM shows a component (the weaker component) that
is consistent with rotation. The stronger metal-line comp-
onent shows a velocity offset of 113 km s−1, thus making it
similar to high-velocity clouds in the Milky Way halo.
While the velocity offset confirms gas flow, the cloud could
either be inflowing or outflowing material. Based on the
kinematics and the energies necessary to propel a gas cloud
with the observed velocity out to 40 kpc, we conclude that it
is unlikely that the cloud is tracing outflow. Instead, the
observations are consistent with inflowing gas, which might
perhaps be related to the triggers of star formation in the
XUV disk.

XUV disks are unique laboratories to test our theories of star
formation and feedback. Future deep optical and UV imaging
of XUV disks will further our understanding of the formation
of XUV disks and galaxy growth.
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Appendix
Effect of Spatial Resolution and Signal-to-noise Ratio on

Relations of ΣH I, σlos, ΣKE with ΣSFR

We investigated the influence of the resolution and signal-to-
noise ratio of the various H I maps on the relations observed in
Section 5.3. We first study the effect of the signal-to-noise ratio
on the ISM–ΣSFR relations. For this, we produced the ΣH I, σlos,
and ΣKE maps above 2σ and 4σ using the method prescribed in
Section 3.3. Pixels with extremely small values of velocity
dispersion were masked in all maps. For the 4σmaps, the number
of pixels masked was the highest, which in turn reduced the
number of regions with valid pixel values. Figures 15(a) and (c)
show the ISM–ΣSFR relations for the 2σ and 4σ maps plotted
along with 3σ (Figure 15(b)) for comparison. We do not find
much variation in the ΣH I–ΣSFR distribution in the three plots
except the regions with all pixels masked are missing in the 4σ
plot. The variations in the ΣKE–ΣSFR plots are, hence, caused by
the variations in the σlos values at different signal-to-noise ratio
levels. At a higher signal-to-noise ratio cut, we get lower σlos
values compares to the lower signal-to-noise ratio cuts as we lose
out on the high velocity wing of the profile.
We also study the effect of resolution by using only

D-configuration VLA data. We produced the ΣH I, σlos, and
ΣKE maps above 3σ at a resolution of 59″ × 41″. The typical
size of the star-forming regions are 6″–40″ (150 pc–1 kpc);
hence, these maps represent semi-local average ISM properties
around the star-forming regions. Figure 16 shows the σlos
versus ΣSFR and ΣKE versus ΣSFR relations for these maps. We
find that the gas is kinematically spread out (8–25 km s−1). In
Figure 14, we find that, in the optical disk, both σlos and ΣKE

show moderate correlation with ΣSFR with Pearson r values of
0.59 and 0.65, respectively. The correlations are weak in the
XUV disk with Pearson r values of 0.23 and 0.34, respectively.
Figure 16(c) also shows that mechanisms other than SN
feedback are likely dominant in the XUV disk in contributing
to the turbulence of the ISM, with MRI playing no role. These
results are likely not representing a real scenario as feedback
acts on scales much smaller than 0.5 kpc (Combes et al. 2012).
The observations are probably caused by the ΣKE values now
representing semi-local averages around the FUV clumps at
that resolution.
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Figure 15. Correlations of ΣSFR with ΣH I (top panel), σlos (middle panel), and ΣKE (bottom panel) above (a) 2σ, (b) 3σ, and (c) 4σ. The red triangles and blue circles
are regions in the optical and the XUV disks, respectively. Regions with areas smaller than the H I beam are shown in different transparency in the ΣSFR–σlos and
ΣSFR–ΣKE plots. The green (dashed) line in the top panel shows the Kennicutt–Schmidt law for an index of 1.4 (Kennicutt 1998b). Models of SN energy input with
different efficiency values ( 1SN = , 0.5, 0.2, 0.1, 0.05) and MRI input at maximum efficiency (òMRI = 1) from Tamburro et al. (2009) are shown in purple and orange
lines, respectively, in the bottom panel.
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