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Abstract

We present Atacama Large Millimeter/submillimeter Array observations of multiple 12CO, 13CO, and C'80 lines
and 2.9 mm and 1.3 mm continuum emission toward the nearby interacting luminous infrared galaxy NGC 3110,
supplemented with similar spatial resolution Ha, 1.4 GHz continuum, and K-band data. We estimate the typical
CO-to-H, conversion factor of 1.7 M, (K km s ! pcz)*l within the disk using local thermal equilibrium-based and
dust-based H, column densities, and measure the 1 kpc scale surface densities of the star formation rate (Xsggr),
super star clusters (Xgsc), molecular gas mass, and star formation efficiency (SFE) toward the entire gas dlSk
These parameters show a peak in the southem part of the southern spiral arm (SFE~ 10~
Ysrr ~ 107° M@ kpc™ 2 , 2ssc ~ 6.0kpc™ %), which is likely attributable to the ongoing tidal 1nteract10n
with the companion galaxy MCG—01—26—01 3, as well as toward the circumnuclear region. We also find that thermal
free—free emission contributes to a significant fraction of the millimeter continuum emission at the position of the
southern peak. These measurements imply that the peak of the southern arm is an active and young star-forming
region, whereas the central part of NGC 3110 is a site of long-continued star formation. We suggest that during the
early stage of the galaxy—galaxy interaction in which the mass ratio was high in NGC 3110, fragmentation along
the main galaxy arms is an important driver of merger-induced star formation, and that massive gas inflow results
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in dusty nuclear starbursts.

Unified Astronomy Thesaurus concepts: Galaxy pairs (610); Infrared excess galaxies (789); Radiative transfer
(1335); Starburst galaxies (1570); Scaling relations (2031); Molecular spectroscopy (2095)

1. Introduction

Studying star formation processes in various galaxies
provides us information that is critical to unveil how galaxies
are formed and evolved in time and thus to investigate the
origin of the Hubble sequence (Hubble 1926; Kennicutt
1998a). When two galaxies approach each other, they exert
tidal forces and change their morphology. In the case of gas-
rich galaxies, large-scale inflow supplies molecular gas to the
central regions, resulting in the burst of nuclear star formation
(e.g., Barnes & Hernquist 1992; Mihos & Hernquist 1996). On
the other hand, recent observational and theoretical works have
revealed that at the early to mid stage of the interaction,
merger-driven star formation is more dominated by gas
fragmentation across the progenitor’s disks (e.g., Teyssier
Original content from this Work may be used under the terms
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distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

et al. 2010; Elmegreen et al. 2017; Pettitt et al. 2017; Tomicié
et al. 2018), or in a filamentary structure between the
progenitors (e.g., Saitoh et al. 2009; Iono et al. 2013; Saito
et al. 2015; Kaneko et al. 2018).

In order to improve our understanding of the nonlinear
response of gas during a collision, we require high-quality
millimeter/submillimeter molecular line data that can trace the
distribution and kinematics of cold molecular gas, the reservoir
for future star formation. For nearby galaxies, low-J 12CO,
13CO, and C™O lines (n~10-10°cm™>) are usually
employed to trace the total column density and the re ponse of
H, gas to violent merger events. The optically thin '*CO and
C'"O lines are rather important to constrain the physical
properties of the diffuse molecular interstellar medium (ISM).

The gas-rich nearby interacting galaxy NGC 3110 (D =
69.4Mpc; 17 =325pc), which is classified as a nearby
luminous IR galaxy (LIRG; L =10""" L.; Armus et al.
2009), is one of the best targets to study starbursts in early-
stage interactions (Figure 1) because it is unique and because
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Figure 1. The IRAC 3.6 pm color image of NGC 3110. The circle and ellipse
show the typical field of view of Band 3 and Band 6 observations, respectively.
The companion galaxy MCG-01-26-013 can be seen below and to the right of
NGC 3110.

rich multiwavelength observations are available and detailed
simulations have reproduced its interacting nature in the
literature (e.g., Espada et al. 2018). It consists of a central
bar-like north—south elongation and a pair of asymmetric arms
extending from the center, which are considered to be due to
the tidal interaction with the companion galaxy MCG-01-26-
013 located ~ 38 kpc southwest from the center of NGC 3110
(Espada et al. 2018). A recent near-IR survey (Randriamana-
koto et al. 2013; Randriamanakoto 2015; Randriamanakoto &
Viisidnen 2017) reported the detection of more than 280 super
star cluster (SSC) candidates across the disk, implying that
NGC 3110 is one of the SSC-richest LIRGs in the low-redshift
Universe. These SSCs, gravitationaly bound objects, are young
and massive star clusters that are likely to form in strong
starbursts and during galaxy—galaxy merging process (e.g.,
Whitmore et al. 1999; Randriamanakoto et al. 2019). Given its
uniqueness and active star formation, studying NGC 3110 can
provide valuable information for understanding how starbursts
are triggered in early-stage mergers.

Another unique feature of this galaxy is the bright Ha blob
at the southern edge of the southern tidal arm (Hattori et al.
2004). Espada et al. (2018) mapped '2CO(2-1) with ~1 kpc
spatial resolution, and found an asymmetric gas distribution
with a strong concentration around the nucleus that coincides
with the Ha structures. They found that the average star
formation efficiency (SFE) in the spiral arms is ~0.5 dex higher
than that in the circumnuclear region, implying that off-
centered starbursts are triggered in early stages of the merger.
They also carried out hydrodynamical minor merger simula-
tions in order to reproduce the morphological characteristics
(e.g., rotation curve) seen in their 12CO(2—1) map and Ha map.
They concluded that the prominent asymmetric two-armed
structures in NGC 3110 is formed at ~150 Myr after the closest
approach, and the system is experiencing one of the highest star
formation rate (SFR) episodes as a result of the flyby
interaction with the minor companion galaxy.

Most previous extragalactic molecular gas studies that
included NGC 3110 assumed a single '>CO luminosity to H,
gas mass conversion factor (acp), which is likely to vary
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spatially among and within galaxies (Bolatto et al. 2013;
Sandstrom et al. 2013), to derive the H, gas mass surface
density and some relevant quantities such as the SFE. In order
to better understand the missing properties of molecular gas,
including aco, and the relation to star formation in merging
galaxies, we have conducted multi-CO ALMA observations
toward NGC 3110.

This paper is organized as follows: the ALMA observations,
the data reduction, and the photometry method are summarized
in Section 2, and the results are briefly summarized in
Section 3. We describe how we derive the physical properties,
e.g., Hy gas mass, kinetic temperature, extinction-corrected
SFR, and SSC number density, in Section 4. We discuss the
star formation properties of NGC 3110 and their relation to the
interaction event using the derived quantities (Section 5), and
then summarize and conclude this paper in Section 6. We have
adopted Hop=70 km s ! Mpcfl, Q,,=0.3, and QA =0.7
throughout this paper.

2. Observations and Data Reduction
2.1. ALMA Observations

Observations of '>CO and its isotopologs toward NGC 3110
were carried out during the ALMA cycle 2 period (ID:
2013.1.01172.S). We set four spectral setups whose upper
sidebands were tuned to '*CO or '*CO. The main targeted lines
are the J = 1-0 (Band 3) and 2—1 (Band 6) transitions of '>CO,
13C0, and C'®0. All data were obtained during 2014-2015.
The single-sideband system temperature at Band3 and
Band 6is 40-155 K and 65-135 K, respectively. The assigned
antenna configurations for the Band 3 and Band 6 observations
had 29-41 and 35-38 12 m antennas with a projected baseline
length between 15-558 m and 15-348 m, respectively. Each
tuning had four spectral windows (spws) to cover both
sidebands. All spws had a bandwidth of 1.875 GHz with
7.812MHz resolution. We used three pointings to cover all
gaseous structures found in the '*CO(2-1) image taken by the
Submillimeter Array (Espada et al. 2010, 2018), although one
pointing is enough for the Band 3 observations. All observation
setups are summarized in Table 1.

2.2. Data Reduction

Data calibration and imaging were made using the Common
Astronomy Software Applications package (CASA) version
4.2.2 (McMullin et al. 2007). When we reconstructed a
12CO(2-1) image cube using the visibility data delivered from
the observatory, we saw periodical linear patterns along one
direction that were different from thermal noise structure. Thus,
we carefully checked the visibility data and then flagged some
data points whose amplitude deviated from the average value
around a given baseline length. This additional flagging, as a
result, suppressed the periodic patterns. We adopt this flagging
reduction scheme for all ALMA data sets shown in this paper.

Images were reconstructed with the natural uv (robustness
parameter = 2.0) weighting and a velocity resolution of 20 or
40kms~" depending on the achieved signal-to-noise ratio
(S/N) of the targeted lines. Continuum emission was subtracted
in the uv domain by fitting the line-free channels in the upper
and lower sideband with a first-order polynomial function. The
line-free channels were used to make a continuum image using
the multifrequency synthesis method. We used the CASA task
tclean in multiscale mode to make use of the multiscale
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Table 1
Log of ALMA Observations

Band UT Date Configuration T, Spectral Window fines Calibrator

FoV Nant Liascline USB LSB Flux Bandpass Phase

@) (m) (XK) (GHz) (GHz) (min.)
B3 2014 Jun. 28 57.2 29 19-639 40-70 107.529 95.669 26.6 Ceres J1058+0133 J1008+4-0621
B3 2015 Mar. 9 54.7 30 15-328 55-155 112.487 100.414 28.1 Ganymede J1058+0133 J1011-0423
B3 2015 May. 16 54.7 41 21-558 40-100 112.480 100.406 23.0 J1058+015 J1058+0133 J1011-0423
B6 2014 Dec. 8 28.6 35 15-349 65-115 229.970 215.805 175 x 3 Ganymede J1037-2934 J1011-0423
B6 2014 Dec. 10 27.3 38 15-349 65-135 242.443 227.702 147 x 3 Callisto J1037-2934 J1011-0423

Note. Column 3-5: Field of view, Ny, and Li,serine are the FWHM of the ALMA primary beam, number of 12 m antennas, and projected baseline length of the
assigned configuration, respectively. Column 7-8: Central frequency of the two continuous spws in the upper and lower sidebands (USB and LSB). Column 9: Total
integration time on NGC 3110. The Band 6 observations have three pointing fields due to the small field of view. Column 10-12: Assigned calibrators.

Table 2
Line and Imaging Properties

Line Vobs E./k uv-weight Beam Size (P.A.) Ven Och Stine AV

(GHz) (K) ' ©) (km s~ (mJy beam™") (Jy km s™")
12CO (J = 1-0) 113.360 5.5 natural 1.81 x 1.43 (—82) 20 12 303.34 4+ 1.91
Pcou=2-1) 226.716 16.6 natural 1.68 x 0.93 (+74) 20 12 854.84 + 1.83
3Co J =1-0) 108.374 53 natural 1.16 x 1.14 (=32) 20 1.1 10.08 + 0.69
Bcoy=2-1) 216.744 15.9 natural 1.59 x 0.93 (+80) 20 0.7 38.01 +0.57
cBou=2-1 215.920 15.8 natural 1.59 x 0.93 (+80) 40 0.4 7.59 +0.25

Note. Column 6: Velocity resolution of the datacube. Column 7: Noise rms per channel per pixel in the data that have a velocity resolution of Av. Column 8: Total
integrated intensity. All the measurements were made after convolving the synthesized beam to 2”0. We only consider the statistical error here.

CLEAN deconvolution algorithm (Cormwell 2008). All imaging
properties for the detected molecular lines, including sensitivity
and beam size, are listed in Table 2. Throughout this paper, we
adopt typical systematic errors on the absolute flux calibration of
5% and 10% for the Band3 and Band 6 data, respectively
(Lundgren 2013).

Before making line intensity ratio maps, we flagged the uv
range below 10k\, so that the maximum recoverable scale
(MRS) is the same in each ALMA image. The MRS definition
we used in this paper is

MRS ~ 0.6 )

min

where A is the observed wavelength and L., is the
minimum projected baseline length (Lundgren 2013). The
minimum uv distance is determined by the configuration of the
12CO(2—1) observations. Since the truncated uv range at 10 kA
corresponds to the MRS of ~10”7 (3.5kpc), we do not
consider the missing flux effect on structures smaller than
10”7. However, we caution that our '>CO(1-0) data miss some
extended emission (recovered flux = 77% 4 15%) compared to
single-dish measurements (395 79 Jy km sfl; Sanders et al.
1991), which may affect our measurements on 3”0 apertures,
although fainter line data tend to be less affected. The aperture
size is smaller than the MRS (described in Section 2.4). We
made all maps and flux measurements after correcting for the
primary beam attenuation. Then, we convolved all the ALMA
line and continuum maps to 2”0 resolution. We note that we
used the original (i.e., untruncated) data for the gas mass
measurement in this paper, although for all works requiring any
line ratio, we used the truncated data.

After imaging, we created moment maps following the steps
described here: (1) clip the 12CO(I—O) datacube at 30 (see
Table 2), (2) convert the clipped cube into a 1/0 mask, (3)
expand the mask by convolving by 2”0 beam, and (4) collapse
the data cubes after applying the expanded mask with 2.5¢
clipping for the '?CO data and 1.5¢ for the other fainter data.
This procedure allows us to include faint structures neighboring
strong structures, and to exclude patchy faint structures that are
likely artifacts.

2.3. Ancillary Data

In addition to the ALMA data, we use the Ha map obtained
with Okayama Astrophysical Observatory (OAO) 188 cm
telescope. The observations and data reduction are described
in detail in Hattori et al. (2004). The reported spatial resolution
is 1735, which is similar to the ALMA resolution. We also
download the 1.4 GHz radio continuum map taken by Karl G.
Jansky Very Large Array (VLA) from the VLA Data
Archive.'> These maps are used to construct an extinction-
corrected SFR map (see Section 4). Furthermore, we use a
high-quality K-band map obtained by Very Large Telescope
(VLT; see Randriamanakoto et al. 2013 for details of the data),
which provides the spatial distribution of SSCs.

2.4. Nyquist-sampled Aperture Photometry

In order to decrease the number of correlated data points and
to unify the flux measurement method among images taken
with different telescopes, a hexagonal Nyquist sampling
(aperture diameter = 3”0, aperture separation=1"5) was
performed on all data taken by ALMA and complementary
data from the OAO (Ha), VLT (K band), and VLA (radio

15 https:/ /archive.nrao.edu/archive
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continuum) observations. In addition, the hexagonal gridding is
one of the popular ways to analyze spatially resolved
extragalactic systems (e.g., Sandstrom et al. 2013; den Brok
et al. 2021). The Nyquist-sampled data points with flux
stronger than 30 will be used to derive physical parameters
(Section 4) and to reconstruct physical parameter images.

We converted the observed integrated line flux density, SAv
Jy beam ! km sfl), into integrated line intensity, / (K km sfl)
using the conversion factor, [,

Gm‘emin -2 -2
B =1.222 x 106( 4 ) (”"bs) . 2

Jy beam~! K~! arcsec? GHz

where O, and O, are the FWHM sizes in the major and
minor axis of the synthesized beam, respectively, and v is the
observed frequency.

The integrated line intensity per aperture, l,.,, Wwas
calculated by

Nox area
px,area .
Iarea _ Zi IPX,l

K km s!

, 3
pr,area ( )
where I, ; is the integrated line intensity at the ith pixel
(Kkms™ ), Npxarea is the number of pixels within the 3”0
aperture. I, ; is same as (G(SAV)yy i, where (SAv),,; is the
observed line flux density at the ith pixel in Jy beam ' km s~
unit. When calculating the ALMA and VLA continuum
brightness temperatures per apertures, one just needs to replace
Iarea, Ipx,i, (SAV)px,i with Tb,area (K), Tb,px,i (K), (Su,b,)px,i
(Jy beam "), respectively.

The statistical noise (i.e., sensitivity) per aperture, ogpa(Zarea)s

was calculated by the following equation (e.g., Hainline et al.
2004):

Ostat (Jarea)

Kkms ! Boch Ven N Nen , “)

where o, is the median single-channel rms per pixel
Jy beamfl), Ve 1s the velocity width of a channel, and N,
is the number of channels over which we integrated. For the
continuum data, we used

Ostat (Tp, area)
K

where 0.5 is the median rms per pixel.
When we consider the systematic error of the absolute flux
calibration, oys, as well as o, we combined both errors using

the equation
[2 2
Otot = 4/ Ostat T Osys (6)

where we assume that both errors are independent. Note that all
the maps shown in this paper are clipped based on oy,
whereas the error bars in all the plots are calculated based on

= [0tms, )

Otot-

Hereafter, integrated flux density and integrated intensity of
a certain line, for example IZCO(I—O), will be written as
Sco—0yAv and Ico o), respectively.

The line luminosity per aperture can be calculated from

=325 x 107Sine Av v2 D21 +2)73, (7)
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where Dy is the luminosity distance (=69.4 Mpc), and z is the
redshift (Solomon & Vanden Bout 2005). In this paper, the
2C0(1-0) luminosity is used to calculate o co.

3. Results

Figure 2 shows the integrated intensity and intensity-
weighted velocity maps of the '>CO, '>CO, and C'®0 lines.
We confirm a bright central north—south bar-like elongated
structure, a northern shorter arm, and a southern longer arm in
all the '2CO, *CO, and C'®0 lines, which were previously
identified by Submillimeter Array observations (Espada et al.
2010, 2018). Moreover, diffuse flocculent components filling in
the inter-arm regions are also identified in 'CO, which
coincide with the diffuse, clumpy Ha components (Hattori
et al. 2004). The '2CO velocity fields show a rotating disk-like
signature with an S-shaped noncircular motion, indicating the
presence of inflow motions and/or a warped disk, as seen in
other galaxies (Espada et al. 2012; Saito et al. 2017).

Both the >CO and C'®O images coincide with strong
features in the '>CO images. Similar to the asymmetric spiral
structures seen in the Ha, SSC, and CO maps (Espada et al.
2018), we found a remarkably thin, long southern arm and an
isolated blob in the south part of the northern arm in these
isotopolog lines. We note that C'®0(1-0), which is also
covered by one of our tunings, was marginally detected only
around the very center, and thus we do not use this line in this

paper.

3.1. Band 3 and Band 6 Continuum Emission

We detected 2.9mm (Band3) and 1.3mm (Band6)
continuum emission toward the central bar-like structure and
some parts of the arms in NGC 3110 (Figure 3). For normal
star-forming galaxies without a strong signature of an active
galactic nucleus (AGN), the 1.3 mm continuum emission is
mostly dominated by thermal dust emission, whereas thermal
free—free emission dominates the 2.9 mm continuum emission
with a minor contribution from nonthermal synchrotron
emission (e.g., Condon 1992; Saito et al. 2016). We discuss
the physical origin of the emission based on the spectral index
in Section 4.

3.2. Line Intensity Ratios

Here we present line ratios made from some combinations of
the observed CO lines, which are sensitive to galactic-scale
physical properties of molecular gas ISM. The notations of the
intensity ratios are defined as

Iy,
XRj JI/J/“J/I = M
" IX(J/kJ/,)
Ixg,—n
XYR =L (8)
Iyy,—n

,where the first indicates the ratio of different transitions for the
main molecule or its isotopolog, and the second indicates the
ratio of different isotopes for the same line transition. The
spatial distributions of the J = 2—1/J = 1-0 ratios, 2R, /10 and
BR,, /10» are shown in the top panel of Figure 4. 2R, /10 Shows
a smooth distribution over the entire arms and bar-like
elongation (~0.8 on average). 13R21 /10 peaks at the center
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Figure 3. (top) The 2.9 mm continuum image of NGC 3110. The contours are -2.0, 2.0, 4.0, 6.0, 8.0, and 10.00. 1o corresponds to 41.8 ;Jy beam ™. The center
position of this irlnage is the same as in Figure 2. (bottom) The 1.3 mm continuum image. The contours are —2.5, 2.5, 5.0, 7.5, 10.0, 15.0, and 20.00. 1o corresponds to
62.7 pJy beam™ .
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Figure 4. (top) 12CO(2—l)/ 12C0O(1-0) and 13CO(2—1)/ 13CO(1-0) intensity ratio images of NGC 3110. The contours show the CO (1-0) integrated intensity image.
The center position of this image is the same as in Figure 2. (bottom) Same as the top panel, but for the 12C0(1-0) / 13CO(1-0) and 12CO(2—1)/ Bcoe-1) intensity

ratios.

(~1.0), with lower values at the ends of the elongation (~0.7)
and the southern arm (~0.4). The spatial distributions of the
12CO/13CO ratios, 12/13R10 and ]2/13R21, are shown in the
bottom panel of Figure 4. Unlike the 12R21 /10 and 13R21 /10
distributions, 12/ 13R21 shows a lower value (~10) at the nuclear
region, higher values (~30) toward ~5" east and west from the
nucleus, and then lower values again at the tip of the southern
arm (bottom panel of Figure 4). 12/13p 10 also shows a similar
trend, although the low S/N is insufficient. These spatial
variations can be clearly seen in the radial profiles in Figure 5.

4. Derivation of Physical Parameters

In this section, we describe how we derive acq, the spectral
index between 1.3 mm and 2.9 mm, the extinction-corrected
SFR, and the number density of SSC based on the data taken

by using the Nyquist-sampled 3”70 apertures. The derived
parameters are visualized in Figure 6.

4.1. Non-LTE Calculation Using RADEX

We used the nonlocal thermodynamic equilibrium (non-
LTE) radiative transfer code RADEX (van der Tak et al. 2007)
and compared with the observed line ratios. We derived the
physical conditions of molecular gas, assuming a single-phase
ISM (i.e., the gas physics can be represented by a single set of
the excitation Earameters), an expanding-sphere geometry
(dv=100kms™"), a cosmic microwave background temper-
ature (T, = Temp = 2.73 K), and [CO]/[Hy] (=3 x 10~%) and
[CO]/ [13CO] (=70) abundances, which are same as those
applied for the LTE calculation described later. The upper state
energies and the FEinstein coefficients were taken from the
Leiden Atomic and Molecular Database (Schoier et al. 2005).
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Figure 5. (left) The deprojected radial distribution of 2R, /10 and BR,, /10- Each data point is measured by the 3”0 (~1 kpc) aperture. We assumed a P.A. = 171° and
an inclination = 65° (Espada et al. 2018). The inset shows the ratio distributions. The median values with the 16th and 84th widths are shown in the top right corner.

(right) The deprojected radial distribution of 12/13R10 and 12/13R21.

We made model grids within the range of the gas kinetic
temperature (7y;,) = 5-205 K, the gas volume density (ny,) =
10>°-10"%cm™>, and H, gas column densities (Ny,)=
102°-10°*°cm 2. After deriving best-fit values at each
aperture via a y’ minimization, we made Nyquist-sampled
Tyin and ny, images as shown in the top left and top center
panels of Figure 6. We regard the 90% confidence area in the
parameter space as the uncertainty of the derived Ty, and ny,
following the standard way (e.g., Sliwa et al. 2014).

4.2. The CO-to-H, Conversion Factor

For extragalactic objects, the 2C0O(1-0) and '2CO(2-1) lines
are popular and well-calibrated H, gas mass tracers (see Bolatto
et al. 2013, for a review). This is mainly because the sensitivity
of the radio instruments is not enough to detect optically thin
low-density molecular gas tracers. Recent high-sensitivity
interferometric studies provided several ways to calibrate
aco: the gas mass measured by kinematics (i.e., dynamical
mass; e.g., Downes & Solomon 1998), the gas-to-dust ratio
(e.g., Sandstrom et al. 2013), and a radiative transfer analysis
with multiple molecular lines (e.g., Sliwa et al. 2017).

In this paper, we estimate the H, gas mass (My,) with two
different methods and then compare with L'coq —o).

4.2.1. LTE Mass Derivation

One reliable way to estimate My, is to use optically thin
molecular gas tracers. In this paper, we observed two
transitions of '*CO, which are usually thought to be optically
thin, in order to solve the radiative transfer equation. Multiple
transition data allow us to directly estimate the excitation
temperature (7.x) and the column density of the molecule
assuming LTE, resulting in accurate molecular gas mass
(MytE). Since the number of apertures with a detection of both
'3CO transitions higher than 3¢ is lower than 20 (mostly in the
nuclear region and the southern arm), we first determine the
typical T, for these <20 apertures and then assume a single T,

in order to derive the column density for many more apertures.
Here we employ the following equation:

Inco _ 87nSugNico [ exp(hw/kKT) — 1
K km s~! 3kQ (Tior) exp(hv /kT,) — 1

X exp ( kI;u ), 9
Tot

where S, o, v, Niico, k, Q(Tro0), Trors hs Tog, and E,, are the line
strength, dipole moment, transition frequency, total column
density of 13C0, the Boltzmann constant, the partition function,
rotation temperature, which is the same as T, the Planck
constant, the cosmic microwave background temperature, and
the upper state energy, respectively (e.g., Goldsmith &
Langer 1999; Watanabe et al. 2014; Nakajima et al. 2018).
We took the transition parameters necessary for calculating the
equation from Splatalogue'® and the Cologne Database for
Molecular Spectroscopy (Miiller et al. 2001, 2005).

The median and average T,, are 15.1K and 154K,
respectively. Thus we substituted 7, = 15 K for E(iuation ©)
in order to estimate Nicg for all apertures with a 3CO2-1)
detection. Then, M| g is derived by using the equation

My tg Niico

M, " [3COl/[H,]

mHzAaperture > ( 10)

where my, is the mass of the hydrogen molecule, A periure 15 the
area of the apertures, and [13CO] /[Hs] is the 13CO abundance
relative to H,. Here we assumed [13CO] /[Ha]=4.3 x 10°°,
which is similar to the standard value observed in Galactic
warm, star-forming molecular clouds ([12CO]/[13CO]:70,
['?CO]/[H,] =3.0 x 10°%; e.g., Blake et al. 1987; Lacy et al.
1994). These are commonly used values in (U)LIRG studies
(e.g., Sliwa et al. 2014). In order to accurately constrain the

16 http:/ /www.cv.nrao.edu/php/splat/
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Figure 6. (top left) The T\, map (RADEX output) of NGC 3110 reconstructed from the 3”0 Nyquist-sampling analysis. The overlaid CO (1-0) integrated intensity
contours are also reconstructed using the same sampling procedure. The red circle presents the approximate position of region A (see text). The center position of this
image is the same as in Figure 2. (top center) The ny, map (RADEX output). (top right) The 2.9 mm to 1.3 mm spectral index map. (middle left) The extinction-
corrected SFR surface density (Xsgr) map in logarithmic scale. (middle center) The SSC number density (Xssc) map. (middle right) The SFE map in logarithmic

scale. (bottom left) The CO-to-H, conversion factor (aco) map

abundance ratios in NGC 3110, we need a more sophisticated
modeling and to increase the number of input maps and their
quality. We multiply by 1.36 to account for the helium
abundance relative to hydrogen. The derived 16th—50th—84th
percentiles of arte (=Mr1e/L'coq-0) are 1.30-1.69-2.21 M,
(K km g ! pcz)_l. The radial distribution of the derived oy g
with T, = 15 K is shown as the red data points in the left panel
of Figure 7. The spatial distribution is also shown in the bottom
left panel of Figure 6.

Here we also derived oy tg using Ty, (=aq te(Tkin)) derived
in Section 4.1, instead of the fixed Ty, based on the reasonable
assumption that CO excitation is entirely dominated by
collision with H,. However, low-temperature and low-density
gas is not usually in thermal equilibrium, so that we expect
Trot < Txin- Thus, oy te(Txin) give the upper limit. Indeed, we
confirmed that oy tg(7kin) is about twice higher than oy tg(Tro)-

4.2.2. ISM Mass Derivation

One of the other methods for estimating the molecular gas
mass is to use the Rayleigh—Jeans part of the thermal dust
continuum emission, as described by Scoville et al. (2016). We
derived molecular ISM masses (Misy) from the 1.3 mm dust
continuum emission using the following equation:

—-3.8 2
Mo 785,,,(1 + pesf | (L1
10'00M, V850im Gpe

19
><(6.7><10 )&’ (1
Q850 Iy

where S, is the observed continuum flux, vgso,m 18 353 GHz, v/gps

is the observed frequency (=235 GHz), agsy is the calibration
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constant corresponding to 6.7 x 10" erg s~ Hz ! M !introduced
by Scoville et al. (2016), and I'g; and I is given by

_ hveps(1 + z) /kTy
IRi(Ta, Vobs, 2) = W

Iy = Trs(Ta, v8s0ums 0), (13)

where Ty is the dust temperature. Here, we adopt Tyq= T,
(=15K) in order to estimate aysy (= Mism/L'coq1 —0)), based
on the empirical relation between the molecular gas condition
and dust heating (Koda et al. 2020; Liu et al. 2021).

The radial oy distributions as well as g g are shown in
the left panel of Figure 7. The derived 16th—50th—84th
percentiles of gy are 1.08-1.48-2.26 M., (K km s !

pcz)_l.

12)

4.2.3. Appropriate aco for NGC 3110

We found that the two methods show a nonmonotonic trend
(i.e., decreasing, then increasing). However, we assume a flat
aco hereafter, as the aco assumption (e.g., varying or
constant) does not affect the discussion of this paper (see the
Appendix). The assumed flat oo distribution is consistent with
spatially resolved aco values for other nearby spirals
(Sandstrom et al. 2013) and the LIRG NGC 1614 (Saito et al.
2017). Figure 7 (right) shows the histogram of aqsy(7ro) With a
best-fit Gaussian (peak = 1.73 and dispersion = 0.48). In this
paper, we adopt a fixed oo of 1.7 M., (K km s~ pc?)~! when
measuring gas masses. Note that this aco value is consistent
with values derived for other (U)LIRGs (e.g., Sliwa et al.
2017).

The increasing oy g trend around the central kiloparsec of
NGC 3110 is opposite to the trend found around the center of
nearby galaxies (Sandstrom et al. 2013; Saito et al. 2017). We
explain that this increasing trend is due to the assumed constant
Tror- According to Equation (9), twice higher T, results in
<0.5dex lower Nico. Thus, the oy 1g trend will be flattened or
even inversed if we are able to measure T, at each aperture.
Although one of our original motivations to observe multiple
transitions is to study the temperature effect on the gas mass

measurements around the galaxy centers, the S/Ns of our
3CO(1-0) map are insufficient to measure the spatial T
distribution.

4.3. Spectral Index: Two Thermal Components

The millimeter/submillimeter part of the spectral energy
distribution of a star-forming galaxy is known to be dominated
by nonthermal (synchrotron) and thermal (free—free and cold
dust) emission (e.g., Condon 1992). The two thermal
components in particular are more important in the higher
frequency regime (2100 GHz), because the steep negative
spectral index of the nonthermal continuum (a ~ —0.8) makes
it weaker than the other two (o ~ —0.1 and 24 for free—free
and dust, respectively). Based on our Band 3 and Band 6 data,
we can roughly study the continuum property using the
following equation:

ayl = 10g1/1 i (14)

,where v; is the observed frequency, and §,, is the observed flux
at ;. The derived spectral index image is shown in the top right
panel of Figure 6. We found that the central part of NGC 3110
is dominated by the steep dust emission, although the southern
tip of the southern arm shows a relatively low spectral index
(20.4), implying a non-negligible contribution from the free—
free emission (i.e., H II regions containing ionizing stars).

4.4. SFR Derivation and Extinction Correction

Here we calculate the other important physical parameter,
the SFR based on previous Ha data taken by OAO (Hattori
et al. 2004) and archival 1.4 GHz continuum.

In order to estimate the extinction-corrected Haw luminosity
(L(Hu)corr), We used the prescription described by Kennicutt
et al. (2009),

L (HQ)COIT

—— = L(Ha)obs + 0.39 x 10°L(1.4 GHz), (15)
erg s
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where L(H,)obs is the observed Ha luminosity in erg s~ unit,
and L(1.4GHz) is the observed 1.4 GHz radio continuum
luminosity in erg s ' Hz™' unit. Then, we measure extinction-
corrected SFR at each aperture using the following equation
(see Kennicutt & Evans 2012 for a review):

SFR  L(Hd)corr

M, yr! 104127 (16)

The derived total SFR from the extinction-corrected Ha data
(i.e., summed over all independent apertures) is ~18 M, yr~
(middle left panel of Figure 6).

We caution that the employed extinction-correction pre-
scription is based on the global measurements (see Kennicutt
et al. 2009), and therefore our spatially resolved SFRs are
uncertain. However, we confirmed that the measured total SFR
is in agreement with values derived in the literature: U et al.
(2012) derived ~24 M., yr ' based on the IR spectral energy
distribution, and Espada et al. (2018) derived 19.7 M, yr " and
21.2M,, yr ' based on Ha+24 pm and 24 pm, respectively.
In addition, the global trend seen in the Kennicutt—Schmidt
(KS) relation (see the next section) is also consistent with the
relation described in Espada et al. (2018) (although the scatter
is larger in our KS relation, which is clearly seen in the data
points with a deprojected distance from 3 to 6.5 kpc). After this
double-checking, we decided to use this prescription in this
paper. Constructing an accurate SFR map at high angular
resolution comparable to the ALMA resolution is beyond the
scope of this paper, but is a necessary step to further understand
the star formation activities in NGC 3110.

4.5. Kennicutt—Schmidt Relation

We plot the (~1 kpc-scale) NGC 3110 data points on the KS
YsEr - 2p, relation (Kennicutt 1998b), as shown in the top left
panel of Figure 8. Note that if adopting variable o 1g, the KS
relation does not change qualitatively, and even the difference
between the circumnuclear region and the arms becomes larger;
i.e., the central part of this galaxy shows higher densities, and
the SFE (=Xgpr/Xp,) is high 7-8 kpc away from the nucleus.
The SFE map using a fixed aco is shown in the middle right
panel of Figure 6. The highest SFE can be found inside the red
circle around the southern tip of the southern arm.

Comparing with similar resolution (~0.75kpc) data for
local noninteracting spiral galaxies (Bigiel et al. 2008),
NGC 3110 shows comparable or higher Xggr and Xy, than
spiral galaxies with the highest Ygpr (S1 Mo, kp072 yr ') and
Yn, (<10%° M., pc), even though NGC 3110 is in an early
stage of interaction. The SFEs of NGC 3110 range from 10°
to 10~?yr ', which is higher than that of spiral galaxies
(~5x 10" "yr ). Especially, at the southern tip of the
southern arm (hereafter region A; shown as a red circle in
Figure 6), the SFE is ~1078 yrfl, which is about four times
higher than the average SFE around the nuclear region. Our
SFE values are consistent with previous SFE values (Espada
et al. 2018) if we use the same aco as were used previously
(i.e., 4.3 M. (K km s~ pc?) " instead of 1.7 M., (K km s~
pc?) .

We note that the prescriptions to derive the SFR are different
in this study and in other papers introduced in this section: the
far-ultraviolet and 24 um were used in Bigiel et al. (2008), Ha
and 24 um were used in Espada et al. (2018), and Ha and radio
continuum were used in this study. This introduces systematic
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uncertainties in the absolute values, and thus hereafter, we
focus on our own data.

5. Discussion
5.1. Star Formation at the Tip of the Southern Arm

The southern tip of the southern arm, region A, shows the
highest SFE of the NGC 3110 data points, which is an unusual
feature for spiral galaxies, which typically show the highest
SFE around the center (Leroy et al. 2008). Here we try to
characterize the physical properties of the highest SFE region.

One of the intriguing features seen in region A is the shallow
spectral index between 1.3 mm and 2.9 mm. In the top right
panel of Figure 8, we plot the SFE against the spectral index.
The data points with the deprojected radius <3 kpc (yellow to
red) tend to distribute around the spectral index ~1-3,
indicating dusty star formation in the central region of
NGC 3110. In contrast to the center, the outer part, especially
region A, shows a much lower spectral index (~0.5), implying
that the 2.9 mm continuum from region A is likely to be
significantly contaminated by the free—free emission from
ionized gas by young massive stars (typical age <10 Myr;
Kennicutt & Evans 2012). Such ionized gas can be also traced
by Ha emission, which is used to derive the SFE. Considering
that the IR continuum emission (3—1100 pm) is a good tracer of
star formation with an age <100Myr (Kennicutt &
Evans 2012), the trend seen in the top right panel of Figure 8
tells us the dominant age of the star-forming regions. Thus,
region A is likely to be an active and young star-forming region
in the disk of NGC 3110, whereas the central part of NGC 3110
is a site of more dusty, long-continued star formation. We note
that the discussion of the spectral index in region A is based on
a single data point, as shown in the top right panel of Figure 8.
Although the S/N is sufficient to safely conclude the relatively
lower spectral index in region A, continuum observations with
higher accuracy are required to better constrain the age
differences.

We plot the SFE against Ygsc in the bottom panel of
Figure 8, showing no clear correlation between them. However,
the tendency is that the inner regions (i.e., redder points) show
a relatively lower SFE (2109 yr ') but higher Ygsc
(~10kpc™). Since the typical age of SSCs is thought to be
10-100 Myr (Randriamanakoto 2015), the trend seen in the
bottom panel of Figure 8 supports the idea that region A is a
younger massive star-forming region compared with those
around the center.

5.2. Early-stage Minor Merger as a Trigger of Wide-spread
Star Formation

The relative age difference between the star-forming
regions around the central region and region A is an important
clue to understand the physical origin of the kiloparsec-scale
star formation in the disk of NGC 3110. Numerical simula-
tions suggested that tidal interaction between galaxies with a
high mass ratio enhances both a long-lived m =2 bar and
transient asymmetric arms (Iono et al. 2004; Cox et al. 2008;
Pettitt & Wadsley 2018). Espada et al. (2018) reproduced the
morphological characteristics of NGC 3110 using hydrody-
namical simulations, and found that NGC3110 might be
experiencing one of the highest SFR epochs during the merger
history before coalescence. The typical SSC age is compar-
able to or shorter than the timescale of the merger-induced



THE ASTROPHYSICAL JOURNAL, 929:100 (14pp), 2022 April 10

KS Relation (agq, = 1.7)

& —0.5F 1 |
a _1_0-‘. ’ o
N
= —1.51- |
i
Al :
(@)] _2-0" q 1
o ;
P P20 N OO DU f
05 1.0 15 2.0 25 3.0
log By, (M, pc?)
log SFE vs. log ¥¢¢ (app = 1.7)
T el Ll
> —8.5-l—--i--- - 1
L :
L X 5
n @ |
o —-9.0} ... 99 L.{ ]
(o] ©w | p
L ||
—9.5 it -
P
e R | e 1

15 —1.0 —05 00 05

log Sgsc (kpc ™)

1.0

Kawana et al.

_82 log SFE vs. log Index (a, = 1.7)

|
x
o
T

log SFE (yr ')

I
o
N

T

—g.aboi ki ML LU

—08-06-04-02 00 02 04 06
log Spectral Index

10.5

9.0

1

7.5

16.0

14.5

13.0

Deprojected Distance (kpc)

11.5

Figure 8. (top left) The 1 kpc scale KS relation of NGC 3110. The black data indicate measurements toward region A. The dashed lines show a constant SFE of 10~%
and 1072 yr~'. The color scale corresponds to the distance from the nucleus. (top right) SFE plotted against spectral index. (bottom) SFE plotted against Sgsc.

asymmetric arms in NGC 3110 reproduced by this simulation,
which is consistent with the picture that the star-forming region
in region A is triggered by tidal interaction. The star-forming
regions triggered in the tidally induced transient arms show
clumpy structures in the simulations, as we saw in the CO
isotope images of NGC3110 (Figure 2). Based on these
morphological similarities between NGC 3110 and numerical
minor merger simulations, we suggest that the ongoing
interaction with the smaller companion galaxy MCG-01-26-
013 triggers an active, young star-forming region (SFE ~ 1052
yr !, Ygrr ~ 107%°M, kpe? yr !, Sggc ~6.0kpe?) at the
southern tip of the southern arm in NGC 3110. The elevated star-
forming activities seen in the center of NGC 3110 might be due
to merger-driven tidal torques leading to rapid, large-scale gas
inflow.

11

6. Summary

We present ~1”0 resolution ALMA Band3 and Band 6
observations of the rotational transitions of CO and its
isotopologs and continuum emission in the nearby interacting
LIRG NGC3110. NGC3110 has asymmetric two-armed
spirals and a bar-like structure, both of which are likely to be
enhanced during the early-stage galaxy merger interaction, as
suggested by previous molecular gas observations and numer-
ical simulations (Espada et al. 2018; Pettitt & Wadsley 2018).
Combining our new ALMA data sets with previous Ha and
1.4 GHz continuum data, we find that the highest SFE region is
located at the southern tip of the southern spiral arm (region A).
Region A is characterized with (1) a lower spectral index
between 1.3mm and 2.9mm (<0.5), ie., a dominant
contribution from free—free emission, (2) a high number
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density of super star clusters (Xggc ~ 6.0 kpc_z), and (3)
relatively active star formation (SFE~ 107%? yr~' and
YISER ~ 10_0'6MG> kpc™ yr~'). This observational evidence
supports the idea that region A is an active, young star-forming
region found in NGC 3110. With the strong similarities of the
observed gas and star formation properties with numerical
minor merger simulations, we suggest that the ongoing
interaction with the companion galaxy MCG-01-26-013 is the
main driver of the star formation in region A, together with the
central starburst activities.

To further investigate the physical properties and the origin
of the star-forming regions in the disk of NGC 3110, it is
essential to understand the properties of giant molecular clouds,
which are a site of star formation. This can be addressed with
the current long-baseline capability of ALMA.
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Appendix
Scatter Plots with Varying aco

We show the scatter plots including the KS relation, SFE
versus spectral index, and SFE versus SSC density in Figure 8.
The molecular gas masses are derived assuming a constant aco
of 1.7M, (K km s~' pc?)~! (see Section 4.2.3). In order to
discuss how these plots change when we apply the spatially
varying aco, we reconstruct these with oy (7o) in Figure 9.
The number of data points decreases Com?ared to Figure 8, as
the o 1p(T.o) estimate is limited for 3CO(2—1) detected
apertures. However, we confirm that the varying aco does
not strongly affect the trends in region A that we discussed in
the main text. Thus, both constant and varying aco measure-
ments lead to the same conclusions of this paper.
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