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Abstract

We present a study of the molecular gas in early-mid stage major mergers, with a sample of 43 major-merger
galaxy pairs selected from the Mapping Nearby Galaxies at Apache Point Observatory survey and a control sample
of 195 isolated galaxies selected from the xCOLD GASS survey. Adopting kinematic asymmetry as a new
effective indicator to describe the merger stage, we aim to study the role of molecular gas in the merger-induced
star formation enhancement along the merger sequence of galaxy pairs. We obtain the molecular gas properties
from CO observations with the James Clerk Maxwell Telescope, Institut de Radioastronomie Milimetrique 30 m
telescope, and the MaNGA-ARO Survey of CO Targets survey. Using these data, we investigate the differences in
molecular gas fraction ( sz), star formation rate (SFR), star formation efficiency (SFE), molecular-to-atomic gas
ratio (My,/My; 1), total gas fraction ( feas), and the SFE of total gas (SFE,,,) between the pair and control samples. In
the full pair sample, our results suggest the f of paired galaxies is significantly enhanced, while the SFE is
comparable to that of isolated galaxies. We detect significantly increased f; and My, /My in paired galaxies at the
pericenter stage, indicating an accelerated transition from atomic gas to molecular gas due to interactions. Our
results indicate that the elevation of fy plays a major role in the enhancement of global SFR in paired galaxies at
the pericenter stage, while the contribution of enhanced SFE in specific regions requires further explorations
through spatially resolved observations of a larger sample spanning a wide range of merger stages.

Unified Astronomy Thesaurus concepts: Galaxy pairs (610); Galaxy mergers (608); Molecular gas (1073); Star

formation (1569)

1. Introduction

Merging galaxies are believed to play a fundamental role in
regulating hierarchical galaxy formation and evolution (e.g.,
Toomre & Toomre 1972; Toomre 1977; Barnes & Hern-
quist 1992). Numerous observations and numerical simulations
have revealed the drastic influences of galaxy interactions and
mergers, such as the enhancement of star formation (e.g., Xu &
Sulentic 1991; Mihos & Hernquist 1996; Ellison et al. 2008; Li
et al. 2008; Xu et al. 2010), regulation of gas (e.g., Hibbard &
van Gorkom 1996; Ellison et al. 2018; Hani et al. 2018;
Lisenfeld et al. 2019; Moreno et al. 2019), triggering of active
galactic nuclei (e.g., Kennicutt & Keel 1984; Ellison et al.
2011; Satyapal et al. 2014; Goulding et al. 2018), and
redistribution of metallicities (e.g., Kewley et al. 2006; Rupke
et al. 2010; Scudder et al. 2012; Torrey et al. 2012). As a
crucial and evident effect, the enhancement of star formation
rate (SFR) depends on multiple factors, such as the properties
of the progenitor galaxies (e.g., Mihos & Hernquist 1996; Cox
et al. 2008; Xu et al. 2010), orbital parameters of the interacting
galaxies (e.g., Kennicutt et al. 1987; Keel 1993; Sparre &
Springel 2016; Xu et al. 2021), and the interacting phase of
galaxies (Di Matteo et al. 2007; Scudder et al. 2012; Patton
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et al. 2013). The strongest SFR enhancement or starbursts are
believed to occur after first pericenter and during coalescence,
supported by studies of major-merger galaxy pairs (Nikolic
et al. 2004; Scudder et al. 2012; Moreno et al. 2015; Pan et al.
2019) and ultraluminous infrared galaxies (ULIRGs) in
interacting systems (e.g., Sanders & Mirabel 1996; Veilleux
et al. 2002; Haan et al. 2011; Ellison et al. 2013; Thorp et al.
2019).

Theoretical models and numerical simulations have pre-
dicted that the gravitational tidal torques induced by galaxy
interactions can trigger strong gas inflows in the interstellar
medium (ISM), resulting in the enhancement of SFR and
nuclear starbursts (Barnes & Hernquist 1991, 1996; Mihos &
Hernquist 1996; Iono et al. 2004; Hopkins et al. 2009, 2013).
Hence, studies of the cold gas in the ISM provide a crucial
approach for investigating how star formation is enhanced
during galaxy interactions, and two major mechanisms have
been commonly proposed by observational studies. The first
scenario suggests that the merger-induced external pressure can
accelerate the transition from atomic (H I) to molecular (H,)
gas (e.g., Braine & Combes 1993; Elmegreen 1993; Kaneko
et al. 2017), leading to the observed enrichment of the
molecular gas reservoir (traced by CO) and enhancement of
SFR (Braine & Combes 1993; Combes et al. 1994; Casasola
et al. 2004; Wilson et al. 2008; Lisenfeld et al. 2019;
Shangguan et al. 2019). The second perspective attributes
enhanced star formation to the increased density of molecular
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gas in the galactic center, thereby boosting the efficiency of star
formation (Solomon & Sage 1988; Sofue et al. 1993; Gao &
Solomon 1999; Michiyama et al. 2016; Yamashita et al. 2017).
Recent observations of galaxy pairs have found enhancement
of both H, gas fraction ( sz) and star formation efficiency (SFE;
Pan et al. 2018; Violino et al. 2018). Thus, it remains unclear
whether the enhancement of SFR is driven by the total amount
of molecular gas, SFE, or both.

To test the theoretical predictions and investigate the mutual
impact of molecular gas and SFR along the evolutionary
merger sequence, several factors that may affect the results
should be addressed for observational studies. First, the
selection and comparison of galaxy pairs and control galaxies
could introduce biased results if the global properties are not
carefully controlled between samples (Braine & Combes 1993;
Michiyama et al. 2016). Furthermore, single-dish CO observa-
tions provide a crucial and efficient approach to the evaluation
and analysis of global galactic quantities. However, results
from single-dish observations should be taken with caution,
considering the limitation of spatial resolution. Previous CO
observations performed with interferometers have found
consistent results relative to the single-dish observations but
often suffered from limited numbers and types of targets (e.g.,
Tono et al. 2009; Ueda et al. 2014; Xu et al. 2021; Hou et al.
2023). A recent study used the Atacama Large Millimeter
Array to observe 31 mergers selected from the Mapping
Nearby Galaxies at Apache Point Observatory (MaNGA)
survey, and they have found that merger-induced star formation
can be driven by a variety of mechanisms, with comparable
contributions from both f; and SFE (Thorp et al. 2022).
Another less explored but crucial factor pertains to the lack of
rigorously defined merger stages, particularly in studies
involving galaxy pairs (Pan et al. 2019).

The commonly adopted definition of the merger stage in
galaxy pairs highly relies on the projected separation (d,) and
the difference between line-of-sight velocities (Av) (Ellison
et al. 2008; Zuo et al. 2018; Feng et al. 2019; Zhang et al.
2020), which has been hampered by several shortcomings.
Considering the projection effect, relying solely on the
projected separation (dp) may introduce large uncertainty in
deriving the physical separation of member galaxies
(Soares 2007). Furthermore, galaxy pairs with the same
separation can be in different merger stages. Although the
degree of interactions has been commonly characterized by
galaxy morphology (e.g., Toomre 1977; Barrera-Ballesteros
et al. 2015; Smith et al. 2018; Pan et al. 2019), a more sensitive
and quantitative indicator is required to study the early-stage
galaxy pairs (Feng et al. 2020). With the emergence of
integral field unit (IFU) surveys on nearby galaxies, such as the
Calar Alto Legacy Integral Field Area survey (Sdnchez et al.
2012) and the Sydney-AAO Multi-object Integral field
spectrograph galaxy survey (Croom et al. 2012), recent studies
have exploited unique data of gas kinematics and revealed
connections between the asymmetry of gas kinematics and
galaxy interactions (Barrera-Ballesteros et al. 2015; Bloom
et al. 2018). Using the IFU data from the Mapping Nearby
Galaxies at Apache Point Observatory (MaNGA) survey
(Bundy et al. 2015), Feng et al. (2020) investigated the
kinematic asymmetry of the ionized gas in a large sample of
paired galaxies. By fitting the velocity maps of Ha gas, Feng
et al. (2020) quantified the degree of kinematic asymmetry
(Zasym), which depicts the asymmetry of the velocity field
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contributed by the interaction-induced nonrotating motion. The
value of Wy, serves as an indicator of galaxy interaction
strength in statistical analyses (see the details in Feng et al.
2020). They find a significant enhancement in the SFR of
paired galaxies with high kinematic asymmetries, while those
with low kinematic asymmetries show no enhancement of SFR,
whether at small or large projected separations. For paired
galaxies with high kinematic asymmetries, the enhancement of
SFR presents a tight anticorrelation with projected separation.
These findings suggest that the combination of kinematic
asymmetry and projected separation is effective in quantifying
the stage of galaxy pairs, consistent with previous findings that
used projected separation and morphology to determine merger
stages (e.g., Pan et al. 2019). By employing 24 high-resolution
idealized hydrodynamical galaxy merger simulations based on
the Feedback In Realistic Environment (FIRE-2) model,
this new method has been confirmed to be highly effective
in distinguishing mergers in different stages, e.g., mergers
during pericentric passages and in/after the final coalescence
(McElroy et al. 2022).

Given that the enhancement of star formation during galaxy-
galaxy interactions requires sustaining gas supply, we conduct
studies on the cold gas properties of galaxy pairs at different
merger stages. Yu et al. (2022) compiled a major-merger
galaxy pair sample selected from the MaNGA survey to study
the H1 content of merging galaxies (Yu et al. 2022), adopting
the kinematic asymmetry and projected separation as indicators
of the merging stage (Feng et al. 2020). Their results suggest
that the HI gas fraction of major-merger galaxy pairs, on
average, is marginally decreased by ~15% relative to isolated
galaxies, implying mild HI depletion during galaxy interac-
tions (Yu et al. 2022). In particular, galaxy pairs during the
pericenter passage present the largest HI deficiency (~26%,
Yu et al. 2022). Based on these previous findings, it is
necessary to observe the molecular gas to test whether the
detection of HI deficiency is attributed to the accelerated
conversion from atomic gas to molecular gas in galaxy pairs.

To study the interplay between galaxy—galaxy interactions
and the molecular gas properties along the merger sequence,
we conducted CO observations for a sample of 43 major-
merger paired galaxies selected from the MaNGA survey
(Bundy et al. 2015), with ancillary HI data from the HI-
MaNGA survey (Stark et al. 2021) and Yu et al. (2022). This
paper is organized as follows. In Section 2, we introduce the
sample selection of galaxy pairs, observation setup, and data
reduction in this work. We then present the main results of the
molecular gas properties and star formation in Section 3, with a
further discussion presented in Section 4. Finally, we
summarize the main results in Section 5. Throughout the
whole paper, we adopt the standard ACDM cosmology with
Hy =70 km s ! Mpcfl, Q;,=0.3, and 2, =0.7.

2. Samples and Data
2.1. Pair Sample

In our parent sample (Feng et al. 2019, 2020), we selected
the isolated galaxy pairs based on the following criteria: (1)
the projected separation for member galaxies: 5 k™' kpc
<dp <200 Kk ¢, (2) the line-of-sight velocity difference:
|Av| <500km s, (3) each member of the pair has only one
neighbor satisfying the above criteria, (4) at least one member
galaxy of each pair has been observed in the MaNGA survey



Table 1
Identifiers and Properties of the Major-merger Galaxies in Pairs
MaNGA ID R.A. Decl. z log(M,) log(SFR) Vasym dy log(My 1) 25 i Saper log(My,) Stage Type Blending
(deg) (deg) M) Mg yr ") (" kpo) M) (arcsec) (deg) Me)

@D 2 (3) 4) ) (6) ) ) ©) (10) (1) (12) (13) (14) (15) (16)
8078-6104 42.73943 0.36941 0.04421 10.03 0.66 0.179 18.35 9.88 2.9 58 1.52 9.39 2 S+S Y
8078-6104B 42.73145 0.36689 0.04391 10.21 0.49 0.179 18.35 9.88 2.8 34 1.67 9.59 2 S+S Y
8082-12703 49.51165 —0.53896 0.02104 10.33 —0.11 0.0295 63.14 9.50 53 69 1.73 9.65 3 S+S Y
8085-12704 52.61990 0.81150 0.03080 10.55 —0.15 0.0221 98.10 10.07 4.6 65 1.69 <9.20 1 S+S Y
8153-12701 39.63722 —0.86747 0.03923 9.72 —0.35 0.0422 158.83 10.00 3.2 48 1.65 <8.79 3 S+S Y
8250-6101 138.75315 42.02439 0.02790 10.28 0.89 0.0396 44.97 9.88 4.1 53 1.79 9.75 2 S+S Y
8260-6101 182.40876 42.00967 0.02288 9.89 0.15 0.0293 28.93 9.50 3.7 57 1.69 8.86 2 S+S Y
8338-6102 172.68267 22.36354 0.02236 9.45 —0.09 0.0360 76.13 9.29 3.0 41 1.68 8.34 3 S+S N
8450-6102 171.74883 21.14168 0.04177 10.17 0.67 0.0516 57.37 9.72 3.1 34 1.77 9.37 3 S+E N
8456-12702 149.96826 45.28310 0.02349 9.39 —0.04 0.0813 13.35 9.98 6.5 76 1.76 8.55 2 S+S Y
8547-12702 217.91070 52.74946 0.04566 10.62 0.02 0.0187 137.28 10.40 5.8 81 1.64 9.31 1 S+E N
8552-12702 227.92840 43.97044 0.02758 9.25 0.05 0.0558 90.60 9.73 4.0 73 1.55 8.92 3 S+S Y
8588-12702 250.31305 39.29009 0.03054 9.71 —0.08 0.0648 88.57 9.95 52 54 1.91 8.93 3 S+S N
8656-1901 7.71740 0.52876 0.01914 9.08 —0.31 0.0293 101.03 9.22 3.1 44 1.67 8.55 3 S+S N
8656-3703 7.75250 0.43575 0.01917 9.36 —0.55 0.0232 101.21 9.22 33 54 1.63 8.11 1 S+S N
8657-12704 10.40833 0.25764 0.01807 9.08 —0.50 0.0998 47.61 9.41 3.1 35 1.74 8.10 2 S+S N
8728-12701 57.72958 —7.06065 0.02841 10.50 —0.03 0.0716 66.78 9.78 4.8 20 2.19 9.36 3 S+E N
8981-6101 185.94406 36.15281 0.03332 10.82 0.09 0.0320 81.77 9.89 5.0 49 1.94 9.68 3 S+S Y
8981-6101B 186.00444 36.15589 0.03336 10.82 —0.22 0.0320 81.77 9.59 2.9 24 1.75 9.10 3 S+S Y
9027-12702 243.98368 31.40677 0.02256 10.00 0.06 0.0210 129.06 9.80 5.7 65 1.83 9.02 1 S+S N
9027-9101 243.90740 31.32130 0.02220 10.15 —0.11 0.0352 126.97 9.59 3.8 66 1.59 8.76 3 S+S Y
9030-3702 241.23416 30.52573 0.05540 10.67 0.86 0.0219 48.27 10.49 2.5 30 1.66 9.79 1 S+S Y
9032-3704 241.21561 30.52601 0.05537 10.49 0.73 0.0152 48.27 10.49 2.3 34 1.56 9.99 1 S+S Y
9050-9101 245.99844 21.79503 0.03209 10.24 0.52 0.0310 41.92 9.20 3.9 43 1.82 9.71 2 S+S Y
9050-9101B 245.99284 21.82049 0.03209 10.24 0.28 0.0310 41.92 9.20 2.8 35 1.67 9.45 2 S+S Y
9093-12701 239.75272 27.98539 0.05140 10.61 0.30 0.1533 24.43 4.0 68 1.58 9.90 2 S+S Y
9094-12703 239.74204 27.98753 0.05210 10.63 0.78 0.0411 24.43 .o 4.6 73 1.60 10.00 2 S+S Y
9094-12705 240.46430 26.31944 0.04393 9.85 —0.11 0.0445 176.34 10.05 4.1 74 1.54 9.24 3 S+E N
9185-9101 256.21228 34.81733 0.05683 10.81 1.39 0.193 7.25 10.09 2.3 21 1.62 10.49 2 S+S Y
9488-9102 126.70413 20.36485 0.02510 9.75 0.27 0.0804 190.82 10.31 44 23 2.14 8.48 3 S+S N
9499-12703 118.42323 26.49270 0.03742 10.82 0.07 0.0281 78.04 10.17 4.4 40 1.98 9.60 1 S+E N
9507-12701 128.25074 26.01405 0.01763 9.87 —0.47 0.0668 21.83 9.62 12.8 82 2.14 9.09 2 S+E N
9509-6103 123.06447 26.20257 0.02508 10.04 —0.06 0.0147 87.35 9.71 3.1 33 1.75 9.30 1 S+S N
9881-6102 205.21316 24.47331 0.02705 10.77 —0.05 0.0195 152.23 9.99 54 19 2.32 9.81 1 S+E N
9889-1902 234.85860 24.94357 0.02286 9.98 0.63 0.0240 7.92 9.13 3.0 53 1.58 8.91 1 S+S Y
9889-1902B 234.86460 24.94762 0.02291 10.41 0.99 0.0240 7.92 9.13 4.7 46 1.93 9.65 1 S+S Y
8252-9101 144.69238 48.56287 0.02478 9.45 0.13 0.0383 82.20 9.27 0.7 25 1.09 9.04 3 S+S Y
8624-12703 264.23954 59.20029 0.03070 10.46 0.62 0.0501 143.76 9.51 5.0 66 1.34 9.54 3 S+S Y
8945-12701 171.89808 47.37939 0.03273 9.94 0.45 0.0578 100.36 10.32 3.9 29 1.43 8.89 3 S+S Y
8979-3704 244.42297 40.93382 0.06209 10.80 0.96 0.0376 188.99 4.3 51 1.37 9.57 3 S+S N
8987-3701 136.24989 28.34772 0.04864 10.04 0.85 0.0157 44.75 10.08 2.2 38 1.24 9.12 1 S+S Y
9034-3702 226.28033 46.96366 0.03771 9.83 0.39 0.0174 63.88 32 51 1.29 9.10 1 S+S Y
9508-6104 127.55302 26.62732 0.05299 10.82 1.12 0.0294 105.66 10.03 3.7 66 1.26 9.77 3 S+S Y

Note. A detailed description of this table’s contents is given in Section 2.1.
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(Bundy et al. 2015), and the member galaxy has more than
70% spaxels with Ha emission at a signal-to-noise ratio
(S/N) > 5 within a 1.5 effective radius (R,), and (5) we only
study star-forming galaxies (log (sSFR yr ') > —11) in this
work. To study major-merger pairs, we constrain the mass ratio
as M| /M, < 3, where M, and M, represent the stellar masses of
primary galaxies and companions, respectively. Among the
selected major-merger galaxy pairs, we adopt a mass cut of
log(M, /M) > 9 to match the stellar mass range of the control
sample (Saintonge et al. 2017) used in this work (see
Section 2.2).

The final pair sample consists of 43 major-merger galaxies in
pairs, of which 36 paired galaxies are observed through our PI
programs, and seven sources are adopted from MASCOT
(Wylezalek et al. 2022). Based on the previous morphological
classification (Yu et al. 2022), this sample comprises 36 spiral
+spiral (S4S) and seven spiral+elliptical (S+E) pairs, and all
the observed sources in the sample are spiral galaxies. The
redshift range of this sample spans from 0.017-0.062. We
adopt the SFR and stellar mass (M,) for each pair from the
public catalog of MPA-JHU DR7.” For all the galaxies in the
pair sample, the following key parameters are presented in
Table 1:

1. MaNGA ID: source name presented by MaNGA plate-
ifu, with B representing the companion galaxy of the
primary MaNGA galaxy.

2. R.A.: R.A. in degrees.

. Decl.: decl. in degrees.

4. z: Sloan Digital Sky Survey (SDSS) spectroscopic

redshift.

. log(M,): stellar mass from the MPA-JHU Catalog.

. log(SFR): SFR from the MPA-JHU Catalog.

. Thsym: kinematic asymmetry measured from Ha velocity
maps. The velocity map is divided into a sequence of
concentric elliptical rings and fitted with the Fourier
series, and the kinematic asymmetry is defined as the
ratio between high-order (sum from 2-5 orders) and
first-order coefficients: Vhsym = (ko + k3 + k4 + ks)/4k,
where k, is the coefficient of the nth-order Fourier
component (Feng et al. 2020).

8. dp: projected separation.

9. log(My;): HI gas mass from HI-MaNGA (Stark et al.

2021) and Yu et al. (2022).

10. rps: isophotal optical major radius at the isophotal level
25 magarcsec ' in the r band from the NASA/IPAC
Extragalactic Database (NED).10

11. i: inclination from NED.

12. fiper: aperture correction calculated with Equation (3).

13. log(My,): molecular gas mass calculated from the total
CO line luminosity after aperture correction, details in
Section 2.4.

14. Stage: merging stage based on Viym and dp, see
Section 2.2 for the definition; 1, 2, and 3 represent pre-
passage, pericenter, and apocenter, respectively.

15. Type: type of galaxy pair, with S4+S and S+E
representing spiral+spiral and spiral+elliptical pairs,
respectively.

w

~N O\

o https: //wwwmpa.mpa-garching.mpg.de/SDSS /DR7 /#derived

10 https:/ /ned.ipac.caltech.edu/
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16. Blending: source blending in HT observations, with Y
and N representing yes and no for source blending
problems, respectively.

2.2. Subsamples and Control Sample

The definition of the merger stage follows previous HI
observations (Yu et al. 2022) and the statistical studies of
SFR enhancement in MaNGA galaxy pairs (Feng et al.
2020), which relies on the combination of Kkinematic
asymmetry (Vasym) and projected separation (dp,). Adopting
the statistical results of Feng et al. (2020), we divide the pair
sample into two subsamples based on their Vygy, values: low
asymmetry (0.007 < Py < 0.029) and high asymmetry
(0.029 < Pgym < 0.316). We adopt the boundary of
Vasym = 0.029 based on previous H1 observations (Yu et al.
2022), which has also been confirmed to be effective in
determining merger stages by simulations of 24 galaxy
mergers using the FIRE-2 model (McElroy et al. 2022). In
particular, paired galaxies after the pericentric passage
exhibit a more disturbed velocity field compared to pairs
before the passage (Hung et al. 2016; McElroy et al. 2022).
Hence, we consider the galaxy pairs with low gym values as
pairs to be in the pre-passage stage, indicating no significant
interactions between member galaxies. During the sequence
of galaxy interactions in pair-phase, simulations suggest a
constant decrease in the physical separation before the
pericentric passage, and then the separation will increase
until the paired galaxies are approaching apocenter (Torrey
et al. 2012; Moreno et al. 2015, 2019). In this work, we use
the projected separation (d,,) as a reference to distinguish the
pericenter and apocenter stages of galaxy pairs. Galaxy pairs
with a high Vg value and dp, < 50 kpc are defined to be at
the stage of pericenter passage, and those with a high Tgym
value and d,, > 50 kpc are regarded as being in the apocenter
stage. The number of pairs in each stage is as follows: (1)
pre-passage: 13, (2) pericenter passage: 12, and (3)
apocenter passage: 18.

To systematically investigate the impacts of galaxy interactions
on star formation and molecular gas properties, we compiled a
control sample of isolated galaxies. The isolated galaxies are
selected from the Extended CO Legacy Database for GASS
(xCOLD GASS; Saintonge et al. 2017), with the requirement of
having no bright neighbors (r < 17.77) within d,, < 200 h~" kpe
and |Av| < 500kms ™' (Feng et al. 2020). To match with the star-
forming galaxies in our pair sample, we require that the isolated
galaxies have log (sSFR yr ') > —11. In total, we selected 195
isolated galaxies with both HI and CO data from xCOLD GASS
as our control sample pool. To fairly compare with the paired
galaxies, we also adopt the SFR and stellar mass (M,) from the
public catalog of MPA-JHU DR?7 for the isolated galaxies. As
shown in Figure 1, we compared the distributions of redshift and
stellar mass between the galaxy pair sample and the control
sample. The control sample tends to include more nearby galaxies
at lower redshift (z<0.015) and more massive galaxies
(log(M,/My) > 11) at the high-mass end. To compare the
galaxy properties in pairs and controls fairly, we conducted a
galaxy-by-galaxy matching between the paired galaxies and
isolated galaxies from the control sample pool for further analysis
(see details in Section 3.3). Regarding kinematic asymmetry in
isolated galaxies, a systematic study suggests that Vgym shows a
significant anticorrelation with stellar mass only in low-mass
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Figure 1. The left panel shows the distributions of redshift for the galaxy pair and the control sample. The right panel shows the distributions of stellar mass for the

galaxy pair and the control sample.

2 m  xCOLD GASS
| ® MaNGA Pairs
=
n i
=
= L
o 0r
s |
[
m |-
w1
it
2 L
b /,//
:’ L l L L l L L L l L L l L L l L
9.0 9.5 10.0 10.5 11.0

log Mx Mp)

Figure 2. Global SFR as a function of stellar mass. The blue circles represent
galaxy pairs selected from the MaNGA survey, while the gray squares are
isolated galaxies from the control sample. From top to bottom, the three dashed
lines correspond to log(sSFR yr~') = —9.5, —10.5, and —11.5.

galaxies at log(M, /M) < 9.7, and it is independent of HI gas
content (Feng et al. 2022). Thus, after matching for stellar mass,
we minimized potential bias due to the dependence of kinematic
asymmetry on stellar mass at the low-mass end. In Figure 2, we
present the distributions of paired galaxies and isolated galaxies in
the SFR—M, plane. Galaxies in our galaxy pair sample are marked
by blue circles. For the control sample, isolated galaxies selected
from the xCOLD GASS survey are represented by gray squares.
At a given stellar mass, the mean SFR of paired galaxies is higher
than that of the isolated galaxies in the control sample.

2.3. Observations and Data
2.3.1. James Clerk Maxwell Telescope Observations

For part of the sources in our galaxy pair sample, we
performed CO(2—1) observations through our PI program
(M21BPO051, PI: Q. Yu) with the James Clerk Maxwell

Telescope (JCMT). 2C0(2—1) observations for 23 paired
galaxies were carried out between 2021 September and 2021
December, using the Namakanui receiver at 230 GHz on
JCMT. The beam size is ~21” at the observed frequency. The
observed sample consists of nine major-merger galaxy pairs
and 14 minor-merger pairs. The observations were conducted
in beam-switching mode with a throw of 180” in the azimuthal
direction. The integration time for each source ranged between
10 and 60 minutes. The data were reduced using the Starlink
software (Currie et al. 2014). We followed the standard
procedure to calibrate individual exposures of each galaxy, and
subsequently, we co-added the spectra for each source. After
calibration, we rebinned the spectra to a velocity resolution of
10 kms~'. In some cases, the spectra were rebinned to a
velocity of ~20 kms™' to achieve tentative detections. By
utilizing line-free channels as the fitting region, we subtracted a
linear or second-order polynomial baseline from the spectrum.
We converted the spectra from antenna temperature in kelvin to
jansky, adopting a conversion factor of 15.6/7,, where the
aperture efficiency 7, is 0.57. In total, we detected 17 CO(2—1)
lines out of 23 sources, including nine major-merger galaxies
and eight minor-merger galaxies. For each detected spectrum,
we visually determined the line widths at zero level (AV) and
derived the velocity-integrated flux. For nondetections, we
calculated the upper limits of velocity-integrated flux as

ICO(Z—]) =3 X rms X \/6‘/ AV, (1)

where 0V is the channel width in kilometers per second, AV is
the zero-level line width in kilometers per second, and rms is
the rms noise in kelvin. The nondetections are all minor
mergers and are not included in the final pair sample. All the
observing results are presented in Section 3.1 and Table 2.

2.3.2. Institut de Radioastronomie Milimetrique 30 m Observations

Through our PI programs (E01-21, 029-22, PI: Q. Yu) with
the Institut de Radioastronomie Milimetrique (IRAM) 30 m
telescope on Pico Veleta, we performed CO observations for 29
galaxies in the galaxy pair sample between 2022 March and
2022 July. For each target, the '?CO(1—0) and '*CO(2—1)
lines were observed simultaneously, using the dual polarization
receiver EMIR in combination with the autocorrelator fast
Fourier transform spectrometers at a frequency resolution of
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Table 2
CO(2—1) Emission Line Results from JCMT Observations
Source Name R.A. Decl. rms S/N Ico@-1y AVeop-1y Saper
(deg) (deg) (mK) (Kkms™) (kms™ ")
Y] 2) (3) 4) (5) (6) @) ®)
8078-6103 42.41654 —0.06985 2.10 26.4 347 +£0.37 415+ 10 1.93
8250-6101 138.75315 42.02439 2.11 39.7 4.94 4+ 0.51 368 + 10 1.79
8260-6101 182.40876 42.00967 2.35 6.1 1.02 £ 0.19 320+ 10 1.69
8450-6102 171.74883 21.14168 2.02 11.2 0.93 +£0.12 174 + 10 1.77
8456-12702 149.96826 45.28310 1.78 54 0.43 +0.09 215+ 10 1.76
8567-6102 119.31545 47.80304 0.75 < 0.28
8606-9102 255.70905 36.70675 1.84 10.4 1.07 £ 0.15 324 £ 10 1.69
8715-12704 121.17245 50.71853 0.98 < 0.37
8952-6103 204.67418 27.74241 1.95 19.9 2.5+0.28 431 £ 10 1.85
8982-9102 202.68920 26.52161 1.02 < 0.39
9025-3701 246.41772 29.14761 1.18 < 0.46
9030-3702 241.23417 30.52578 3.08 9.3 1.51 £0.22 278 + 10 1.66
9093-12703 239.75272 27.98539 1.94 10.2 1.24 £ 0.17 395+ 10 1.60
9185-9101 256.21228 34.81733 241 27.3 4.96 + 0.53 569 + 10 1.65
9488-9102 126.70413 20.36485 1.52 6.3 0.28 +0.05 94+ 10 2.14
9498-12704 118.18742 24.29509 0.81 < 0.32
9499-12703 118.42323 26.49270 1.33 21.0 1.80 + 0.20 432+ 10 1.98
9501-12704 129.37073 26.01438 1.62 7.1 0.68 +0.12 350 + 10 1.56
9503-6104 120.40348 24.43890 1.07 4.6 0.34 +0.08 229 + 20 1.46
9510-6101 127.85323 27.58001 0.82 < 0.31
9866-12702 243.20452 31.99319 4.02 10.1 243 +0.34 380+ 10 1.99
9882-12705 207.78113 24.01823 1.47 25.7 2.42 +0.26 434 + 10 1.88
10218-3704 119.16881 16.92011 2.26 349 3.94 4+ 0.41 264 + 10 1.86

Note. The columns are described as follows: (1) The name of our targets. (2) R.A. in degrees. (3) decl. in degrees. (4) rms noise of the spectra at ~10-40 km s, only
nondetected spectra were rebinned to a velocity resolution of ~40 kms™'. (5) S /N. (6) Integrated flux in K km s~ !.(7) The CO line width in km s ™' measured at zero

level. (8) Aperture correction.

0.195 MHz (~0.5 kms ' at CO(1-0)) and with the
autocorrelator WILMA with a frequency resolution of 2 MHz
(~5 kms~! at CO(1—0)). The beam sizes are ~22” and ~11”
for the CO(1—0) and CO(2—1) observations, respectively. We
used the wobbler-switching mode to observe each source with
a wobbler throw ranging between 90” and 110" in the
azimuthal direction. The wobbler throw was individually
chosen to mitigate potential contamination from the companion
galaxy. We divided the observations of paired galaxies into
different groups based on their redshifts, ensuring that both the
CO(1-0) and CO(2—1) lines can be covered within the
bandwidth of the receiver for each source. In our observing
strategy, we continued observing each source until it achieved a
detection with S/N > 5 or until an rms of <2 mK (7) was
achieved for a velocity resolution of ~20 kms™'.

The data were reduced using the CLASS software in the
GILDAS package'' (Gildas 2013). We initially inspected the
spectra in individual scans and discarded low-quality scans
with severe baseline issues before standard calibration. The
baseline was subtracted with a constant or a linear function for
each scan. Subsequently, we averaged and rebinned the spectra
to achieve a velocity resolution of ~20 kms~'. The final
spectra were converted to the main beam temperature scale
using the equation T, = (Fop/Begr) X T/’f , Where Fog and Begr
represent the IRAM forward efficiency and the beam
efficiency, respectively. For 115 GHz (230 GHz), the IRAM
30 m telescope has the Feg of 0.95 (0.91) and the Beg of 0.77
(0.58). In the subsequent analysis, we obtained the flux of the
spectra by applying the T,,,-to-flux conversion factor of the

" http:/ /www.iram.fr/IRAMFR /GILDAS

IRAM 30m telescope (5JyK™'). We visually determined
the line widths at zero level (AV) and derived the velocity-
integrated flux (Sco) for each spectrum. Given that the
CO(1—-0) and CO(2—1) lines were observed simultaneously,
we constrained the line widths between the two transitions
based on detected lines with higher S/N.

2.3.3. MaNGA-ARO Survey of Targets Data

The MaNGA-ARO Survey of Targets (MASCOT;
Wylezalek et al. 2022) is a CO(1—0) follow-up survey of
MaNGA galaxies using the 12m millimeter single-dish
telescope at the Arizona Radio Observatory (ARO). Aiming
to measure the molecular gas content in MaNGA star-forming
galaxies with log(M,/My) > 9.5, the MASCOT survey
presents CO(1—0) observations for 187 MaNGA galaxies in
its first data release (Wylezalek et al. 2022), with a beam size of
~55". After crossmatching with the parent sample described in
Section 2.1, we included seven major-merger paired galaxies in
our final galaxy pair sample, with CO data from the MASCOT
survey.

2.4. Aperture Correction and Molecular Gas Mass

Considering the optical sizes of some galaxies are more
extended than the telescope beams, single-pointing observa-
tions at the center of a galaxy need an aperture correction to
derive the CO flux for the entire galaxy. Thus, we applied an
aperture correction to all of the measured CO line fluxes
following the method of Lisenfeld et al. (2011, 2019). We
assume an exponential molecular gas disk with a scale length


http://www.iram.fr/IRAMFR/GILDAS
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of r,, the CO flux can be described as
SCO(r) = SCO,center CXP(—’"/Ve), (2)

where Sco center T€presents the CO flux in the central position
and derived from the measured Ico, r. is the CO scale length.
Lisenfeld et al. (2011) have found the CO scale length well
correlated to the optical radius at the 25 mag isophote, 7,5, and
it can be derived as r,=0.2 X r,5 based on different CO
observations of local spiral galaxies (Nishiyama et al. 2001;
Regan et al. 2001; Leroy et al. 2008). Therefore, we collected
the r»s (see Table 1) measured in the r band from the NASA/
IPAC Extragalactic Database (NED) and calculated the r, for
each source in the pair sample. Adopting the derived r, and
inclination angle (i) from NED, we performed a 2D integration
of the exponential disk following Equation (2) to compute the
total CO flux from the entire disk (for details, see Lisenfeld
et al. 2011). After deriving the central CO flux (Sco center) and
the total CO flux (Sco o), the aperture correction factor (fyper)
is defined as

f;;per = SCO,lot/SCO,center
= MHZ/MH2,CeIltSr’ (3)

where My, and My, ceneer are the molecular masses of the entire
galaxy and the central pointing, respectively. The molecular
gas mass is derived from the CO(1—0) luminosity as

My, [M2] = acoLéos 4

where aco is the CO-to-H, conversion factor. Considering
the paired galaxies in our sample are mostly massive
(log(M, /M) > 9.7) and do not exhibit extreme starbursts, we
adopt the Galactic value with aco=3.2 Mg/(Kkm s ! pcfz)
(Bolatto et al. 2013). For the CO flux from the MASCOT
survey, we performed the same aperture correction and adopted
the Galactic value of . For isolated galaxies from xCOLD
GASS, we adopted the same oo and recalculated the estimated
H, mass. The L{, is calculated following Solomon et al. (1997)
as

L{o[K km s pc?] =3.25 x 10%Sco o DF(1 +2)7'  (5)

where Sco o is the total flux of CO(1—-0) line in Jykms ™',

Vrest TEpresents the rest frequency of the spectral line in GHz,
D, is the luminosity distance in megaparsecs, and z is the
redshift of the galaxy.

2.5. Atomic Gas

We use the H1 data for 39 galaxy pairs from the pair sample
taken from Yu et al. (2022). For the H I data used in this work,
six sources were observed by our PI programs with the Five-
hundred-meter Aperture Spherical radio Telescope (FAST).
The remaining data are extracted from the HI-MaNGA survey.
The HI-MaNGA survey is designed as an H I follow-up project
for the SDSS-VI MaNGA survey, which mainly uses the
Robert C. Byrd Green Bank Telescope to perform HI
observations in combination with data crossmatched from the
Arecibo Legacy Fast ALFA survey (Haynes et al. 2018). The
HI-MaNGA survey focuses on galaxies with a stellar mass in
the range of 8.5 < log(M,/My) < 11.2 and a redshift of
7<0.05 (Masters et al. 2019; Stark et al. 2021). Due to the
relatively large beam sizes, the HI observations of paired
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galaxies often suffered from the source blending problem
(Zuo et al. 2018; Yu et al. 2022). Therefore, we adopt the same
method of Yu et al. (2022) and consider a galaxy pair as a
single system when calculating H I-related properties. For the
S+ pairs, the M, and SFR are sums of two subcomponents,
and then we divide these values and the HI mass by two to
obtain the typical value for one of the member galaxies. For the
S+E pairs, we follow the approach of previous studies (Zuo
et al. 2018; Lisenfeld et al. 2019; Yu et al. 2022) and assume
the HT content is mostly contributed by the spiral component,
so only the spiral component is considered for M, and SFR.

3. Results
3.1. Molecular Gas Properties and SFR

We detected 17 CO(2—1) emission lines out of 23 paired
galaxies from JCMT observations. The detailed results of
JCMT observations are listed in Table 2, and the profiles of the
emission line are shown in Figure Al in the appendix. In our
IRAM 30 m observations, we observed 29 paired galaxies and
all sources have detections of CO(1—0) and CO(2—1) lines,
including a couple of tentative detections (S/N <5). The
results of IRAM observations are listed in Table 3, and the CO
spectra are presented in appendix (Figures A2 and A3). The
molecular gas mass is estimated from the CO luminosity using
Equations (4) and (5). Given that JCMT observations only
cover the CO(2—1) line, we adopt a CO(2—1)-to-CO(1—-0)
ratio of 0.8 when calculating the CO luminosity (Leroy et al.
2009). Considering JCMT observations contain minor-merger
galaxy pairs that are beyond the scope of this paper, we
performed the following analysis using major-merger galaxy
pairs as described in Section 2.1. Therefore, we only consider
43 major-merger paired galaxies that have CO data from JCMT
observations, IRAM 30 m observations, and the MASCOT
survey. For the tentative detections with S/N <5, we treat these
measurements as upper limits in the statistical analysis,
adopting the Kaplan—Meier estimator (Kaplan & Meier 1958;
Feigelson & Nelson 1985) to calculate the mean values and
errors for the corresponding physical properties.

After deriving the molecular mass, we compared the
molecular gas fraction (f;,) and star formation efficiency
(SFE) between paired galaxies and isolated galaxies. The
molecular gas fraction f is defined as

My,

M. (6)

sz =

Despite the definition of sz = My, /(MH2 + M,) used in some
studies, here we adopt the definition frequently adopted by
previous observational studies (Violino et al. 2018; Lisenfeld
et al. 2019) for comparison.

In Figure 3, we compare the distributions of galaxy
properties in paired galaxies and control galaxies. The blue
histogram represents the distribution of the pair sample, while
the open histogram represents the control sample. As shown in
Figure 3(a), we compare the distributions of f;; for galaxies in
pairs and controls. The mean molecular gas fraction of the pair
sample in logarithm is log fi; = —0.89 &+ 0.05. In contrast, the
mean molecular gas fraction of the control sample (log
Ju,=—1.22+0.02) is lower by a factor of ~2 compared to
the pair sample. We conduct the Anderson-Darling (AD) two-
sample test to check any discrepancy between distributions.
The AD test is more sensitive than the classic Kolmogorov—
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Table 3
CO(1-0) and CO(2—1) Emission Line Results from IRAM 30 m Observations

MaNGA ID rmsio S/Nio Ico(i—o) AVeo-0 Saper rmsy; S/Ny, Icoe-1y AVeoe-1
plate-ifu (mK) (mK) (Kkms™") (kms™") (mK) (mK) (Kkms™) (kms™")
(Y] () 3) €] (5) (6) ) ) )] (10)
8078-6104 1.13 14.3 1.14 £ 0.39 223 +£21 1.52 3.99 11.2 2.05 +0.27 189 + 10
8078-6104B 2.01 9.6 1.67 +£0.24 335 +21 1.67 4.29 21.7 5.68 +0.62 334+ 10
8082-12703 3.76 21.4 8.07 £ 0.89 471 £ 21 1.73 9.98 27.0 16.73 £ 1.78 363 £ 10
8085-12704 1.83 4.8 143 +0.34 611 +£42 1.69 343 8.1 2.40 +0.38 347 £ 21
8153-12701 0.72 4.2 0.33 +0.08 265 £ 42 1.65 1.74 6.2 091 +0.17 330 £+ 21
8338-6102 1.10 5.8 0.36 +0.07 149 + 21 1.68 2.11 8.2 1.29 +0.20 257 + 21
8547-12702 1.54 5.5 0.80 +0.17 403 £ 21 1.64 343 9.2 3.72+0.55 626 + 21
8552-12702 1.23 5.1 0.97 +0.21 561 +42 1.55 2.63 7.0 1.43 +0.25 280 + 21
8588-12702 1.26 8.5 0.65 +0.10 174 £ 21 1.91 6.06 4.1 1.69 4+ 0.45 217 + 21
8656-1901 0.80 5.1 0.81 +0.18 937 £ 42 1.67 2.18 7.7 1.68 +0.27 467 £ 21
8656-3703 0.61 5.1 0.30 +0.07 212+ 42 1.63 2.27 8.4 1.52 +0.24 298 + 21
8657-12704 0.65 5.6 0.31 +0.06 169 + 42 1.74 3.02 33 1.02 +0.33 254 + 42
8728-12701 3.92 11.6 1.77 £ 0.23 141 £ 10 2.19 7.03 6.7 3.24 +0.58 216 £+ 21
8981-6101 1.75 12.7 3.02 +0.38 836 + 21 1.94 3.93 9.9 4.66 + 0.66 656 + 21
8981-6101B 1.62 10.0 0.89 +0.13 274 £ 10 1.75 3.27 13.1 1.98 +0.25 196 £+ 10
9027-12702 2.55 11.2 1.56 +0.21 279 £ 10 1.83 4.70 74 2.77 +0.47 299 + 21
9027-9101 2.09 6.3 1.01 £0.19 278 + 21 1.59 341 15.8 4.60 + 0.54 341 £ 21
9032-3704 342 12.6 2.79 +0.36 366 + 10 1.56 13.50 10.2 847 +£1.19 331+ 10
9050-9101 343 19.3 3.74 +£0.42 294 £+ 10 1.82 6.00 32.9 12.34 £1.29 359 £ 10
9050-9101B 2.95 16.1 2.26 +0.27 207 £ 10 1.67 5.86 22.5 6.57 +0.72 228 + 10
9093-12701 2.63 13.9 2.58 +0.32 442 +£ 10 1.58 5.39 5.4 2.99 +0.63 476 £ 21
9094-12703 2.33 13.1 3.16 +0.40 475 £ 21 1.60 8.85 10.5 10.07 £ 1.39 522 +21
9094-12705 1.01 6.1 0.79 £0.15 359 +£ 42 1.54 2.62 6.5 1.37 £ 0.25 289 + 21
9185-9101 6.00 16.5 8.00 £+ 0.94 572 £ 10 1.62 10.80 343 26.7 +2.78 456 + 10
9507-12701 2.48 12.2 2.57+0.33 341 £ 21 2.14 5.19 8.3 3.40 £+ 0.53 297 + 21
9509-6103 2.35 19.6 2.49 +0.28 270 + 10 1.75 5.13 19.5 4.56 +£0.51 193 £ 10
9881-6102 4.27 23.5 5.21 £0.57 249 £ 10 2.32 11.75 16.5 10.02 + 1.17 248 £ 10
9889-1902 1.69 8.1 1.34 £ 0.21 452 +£21 1.58 291 17.8 5.30 +0.61 492 +£21
9889-1902B 4.32 15.3 6.05 +0.72 388 + 21 1.93 9.52 8.0 6.72 +1.08 364 + 21

Note. The columns are described as follows: (1) Source name. (2) rms noise of CO(1—0) line at the velocity resolution of ~10—42 km sL.3)S /N achieved in the
CO(1-0) line. (4) Integrated CO(1—0) line intensity measured after rebinning the spectra to velocity resolution of ~10—42 km s~ . (5) Zero-level line width of CO(1—0).
(6) Aperture correction. (7) rms noise of CO(2—1) line at the velocity resolution of ~10—42 km sTL@®S /N achieved in the CO(2—1) line. (9) Integrated CO(2—1) line
intensity measured after rebinning the spectra to a velocity resolution of ~10—42 km s~1. (10) Zero-level line width of CO2—1).

Smirnov (K-S) test to test whether the two distributions are
drawn from the same parent distribution (Anderson &
Darling 1952; Feigelson & Babu 2012). We use the scipy.
stats.anderson_ksamp to perform the AD two-sample
test, which calculates the truncated p-value in the range
between 0.001 and 0.25. In the following analysis, we adopt p-
values of <0.001 (significant) and <0.01 (moderate) as
significance levels to reject the null hypothesis that the two
samples are drawn from the same parent population. Therefore,
the AD test suggests the distributions of fy, for galaxies in pairs
and controls are different (p-value < 0.001). However, multiple
factors may contribute to the difference in molecular gas
fraction. For example, more galaxies with lower stellar mass in
the sample can bias the average fy, toward a higher value, since
Ju, 1s tightly anticorrelated with M, for star-forming galaxies
(Boselli et al. 2014; Cicone et al. 2017; Saintonge et al. 2017).
Therefore, in Section 3.3, we conduct a galaxy-by-galaxy
matching between the galaxy pair sample and the control
sample to minimize bias.

As shown in Figure 3(b), the specific star formation rate (SSFR)
of the pair sample is distributed at the higher region relative to
the control sample. The average sSFR of the pair sample
(log (sSFR yr )= —9.88 + 0.08) is significantly higher than that
of the control sample (log (sSFR yr ') = —10.11 £ 0.03). The AD

test suggests the distributions of sSFR in the pair sample and
the control sample are distinct at the significance level of
p-value < 0.001.
The SFE is defined as
SFE [yr!] = SF—R @)
My,

In Figure 3(c), we present the distributions of SFE in the pair
sample and the control sample. The SFE of paired galaxies
distributes from —9.86 to —8.21yr ' with the mean
log (SFEyr—") = —8.99 4+ 0.06. In contrast, the SFE of
isolated galaxies distributes from —9.90 to —7.90yr ', with
the mean log (SFEyr—!) = —8.90 & 0.03. An AD test returns
a p-value = 0.24, suggesting the distributions of SFE in paired
galaxies and isolated galaxies are likely drawn from the same
distribution.

3.2. Molecular-to-atomic Gas Mass Ratio and Total Gas Mass

Utilizing the combination of molecular gas properties and H1
data from previous observations (Stark et al. 2021; Yu et al.
2022), we further derived and analyzed the molecular-to-
atomic gas mass ratio (My,/My ), the total gas mass fraction
(feas)» and the SFE of the total gas (SFEg,). The total gas mass



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 273:2 (22pp), 2024 July Yu et al.

1.2
| 3 Controls [ Controls 1.2 3 Controls
1.50 MaNGA Pairs (a) 1.0k | MaNGA Pairs (b) [ MaNGA Pairs (C)
' 1.0
1.25¢
Z Z 038 Z.
3 1.00f 3 2308
0.6 =
E 0.75} é =06
S 3 g
Z. 0.50f z 04 = 04
0.25¢ 02 0.2
0.00===75 5 -10 -05 00 00 ) ~10 —9 %05 —100 -95 —90
log fu, log sSSFR (Mg yr™1) log SFE(yr~")
1.4} B33 Controls [ Controls [ Controls :
MaNGA Pairs d L2 s MaNGA Pairs () L2 B MaNGA Pairs ®
12}
Z, Z, 1.0f Z. 1.0
3 1.0} 2 0s 3 o
0.6
E 06 g £ 06
o o o
Z o4l Z 04} Z 04
02 0.2 0.2
0.0 0.0 0.0

=15 -1.0 -0.5 0.0 0.5 1.0 -1 0 -1.0 -0.5 0.0 0.5 1.0
A fir, (dex) A SFR (dex) A SFE (dex)

Figure 3. The upper panels show distributions of galaxy properties of the galaxy pair sample and the control sample, while the lower panels present the offset of these
properties relative to the controls. The paired galaxies and control galaxies are plotted as filled and open histograms, respectively. The dashed lines represent the mean
value of distributions for paired galaxies. (a) Distributions of fy,. (b) Distributions of sSFR. (c) distributions of SFE. (d) Distributions of Afy,. (e) Distributions of
ASFR. (f) Distributions of ASFE.
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Figure 4. The upper panels show distributions of galaxy properties of the galaxy pair sample and the control sample, while the lower panels present the offset of these
properties relative to the controls. The paired galaxies and control galaxies are plotted as filled and open histograms, respectively. The dashed lines represent the mean
value of distributions for paired galaxies. (a) Distributions of the total gas fraction fy,. (b) Distributions of molecular-to-atomic gas mass ratio My, /My 1. (c)
Distributions of the SFE of the total gas SFE,,. (d) Distributions of Af,s. (¢) Distributions of AMy, /My ;. (f) Distributions of ASFE,.
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Table 4
Mean Offsets of Galaxy Properties for Different Subsamples

Property

Offset Pre-passage Pericenter ~ Apocenter Total
Afy, 0.19 £0.09 0.44 £0.05 0.23 +£0.08 0.28 + 0.05
ASFR 0.13£0.14 0.36 £0.11 0.20 £ 0.09 0.22 £ 0.06
ASFE —0.04 £0.12 —-0.10£0.09 0.00£0.09 —0.04 & 0.06
Afas 0.16 £0.11 0.14 £0.08 0.14 £ 0.09 0.15 £ 0.06
AMy, /My 0.07 £0.14 0.57£0.15 0.20+0.14 0.25 £0.09
SFE,¢ 0.01 +0.18 0.19+0.12  0.07 £ 0.09 0.08 £ 0.07

Note. Mean offsets of galaxy properties for which the difference >30 are
shown in boldface.

is the sum of My and My,, and the fg,, is defined as

M, M,
oo = ®)
As shown in Figure 4(a), we compare the distributions of fyqs
for galaxies in pairs and controls. The fg,, of paired galaxies
tends to be distributed at higher values, with a mean log fyas of
—0.28 £ 0.06. In contrast, the average total gas mass fraction is
Joas = —0.44 1 0.03. Based on the AD test result (p-value =
0.03), the two distributions of f,,s could potentially be drawn
from the same parent distribution. Figure 4(b) presents the
distributions of My,/My for the pair sample and the control
sample. The pair sample has an average log(My,/My) of
—0.38 £ 0.10, while the mean log(My,/My ) for the control
sample is —0.64 +0.04. An AD test suggests the two
distributions may be drawn from the same distribution
(p-value = 0.01). The SFE,,, is defined as

SFR

SFE rrl]=—.
gas [y ] My, + MHZ

©)

As shown in Figure 4(c), we present the distributions of SFE,
for the paired galaxies and isolated galaxies. The mean values
of log SFE,,, are —9.62 4-0.07 and —9.67 4= 0.03 for the pair
sample and the control sample, respectively. The AD test
returned a p-value of >0.25, indicating that the distributions of
SFEg, in the galaxy pair sample and the control sample are
probably drawn from the same parent population.

3.3. Offset of Galaxy Properties

To reduce bias and fairly compare the SFR and gas
properties of galaxies in pairs and controls, we follow the
method of previous studies (Ellison et al. 2018; Pan et al. 2018)
to calculate the offset quantities based on a galaxy-by-galaxy
matching process. For the galaxy pair sample, each galaxy is
matched in stellar mass and redshift with at least five isolated
galaxies in the control pool. We require the matched galaxies to
meet the criteria of |Alog (M,/My)| < 0.2 and |Az| <0.01
(Yu et al. 2022). If the minimum number of matched controls is
not attained, the tolerances for stellar mass and redshift are
increased by 0.1 dex and 0.005, respectively. Except for three
sources requiring two to three iterations of matching, most
paired galaxies were matched with at least five control galaxies
in the first round of matching.
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After matching stellar mass and redshift, the offset of
molecular gas fraction, for example, is calculated as

Asz = log sz’ pair — log median( sz, control)» (10)

where the log fiy, ,; Tepresents the molecular gas fraction of
paired galaxy, and the log median(fy, onyor) 1 the median Hy
gas fraction of its matched control galaxies in the logarithmic
scale. We apply the same procedure to compute the offsets of
ASFR, ASFE, Afgas, AMy,/My,, and ASFE,, (Table 4).
Notice that offsets of these galaxy properties are calculated in
the logarithmic scale.

As shown in Figure 3(d), the mean H, gas fraction offset
(Afy,) for paired galaxies is 0.28 & 0.05 dex, indicating that the
Ju, of the galaxy pair sample is significantly higher than that of
the control sample. The AD test returns a p-value of <0.001,
suggesting the distributions of Afy in paired galaxies and
control galaxies are distinct distributions. The distributions of
the SFR offset (ASFR) are presented in Figure 3(e). Paired
galaxies have a mean ASFR = 0.22 + 0.06 dex, suggesting that
the SFR of galaxies in pairs is enhanced by a factor of ~1.7
compared to isolated galaxies at the significance level of
~3.70. The AD test suggests a significant discrepancy between
the distributions of ASFR in the pair sample and the control
sample (p-value < 0.001). Figure 3(f) presents the distributions
of ASFE for the pair sample and the control sample. For the
galaxy pair sample, the average value of ASFE is —0.04 +
0.06, indicating that the SFE of paired galaxies is comparable
to isolated galaxies. Based on the AD test (p-value = 0.21), the
distribution of ASFE in paired galaxies is consistent with that
in isolated galaxies.

As shown in Figure 4(d), the total gas fraction offset (Afgas)
of the pair sample has a mean value of 0.15 £ 0.06, implying
consistent f,, in paired galaxies and isolated galaxies (< 30).
The AD test indicates that Afy, ) in two samples may be drawn
from the same parent sample with a p-value=0.01. In
Figure 4(e), we present the distributions of AMy,/My, for
galaxies in pairs and controls. Paired galaxies have a mean
AMy, /My of 0.25 £ 0.09, suggesting the My, /My ; of the pair
sample is not significantly different from that of the control
sample within the error bar (<30). The p-value of the AD test
is 0.01, indicating the distributions of AMy,/My, in two
samples may be drawn from the same parent population. For
ASFE,, (Figure 4(f)), both the mean values (ASFE,,,=
0.06 +0.07) and AD test (p-value > 0.25) suggest consistent
distributions between the pair sample and the control sample.

3.4. Galaxy Properties along the Merger Sequence

Based on the kinematic asymmetry and projected distance,
we divided the galaxy pair sample into three subsamples at
different merger stages. To further investigate the interplay
between cold gas and galaxy interaction along the merger
sequence, we compare the aforementioned gas properties and
SFR between subsamples (Table 4). Our main results are
presented in Figures 5 and 6, in which the upper panels show
histograms of each galaxy property offset for different samples,
and the lower panels represent the corresponding mean values
with errors for each distribution. The histograms of isolated
galaxies and paired galaxies at the pre-passage, pericentric, and
apocenter stages are plotted with black, blue, orange, and red
bars, respectively. In the lower panels, the mean values of each
distribution are indicated using the same color scheme as the
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histograms, and the error bar represents the error of the mean

value for each distribution.

In Figures 5(a) and (d), we plot the distributions of H, gas
fraction offsets for isolated galaxies and paired galaxies at
different merger stages. Compared to the controls, the mean
values of each distribution indicate a significant elevation in

the H, gas fraction of pairs at the pericenter stage by

0.44 +0.05dex. The AD test also returns a significant

11

discrepancy (p-value < 0.001) of Afy; between pericenter-stage
pairs and isolated galaxies. At the pre-passage stage, the H, gas
fraction of paired galaxies (Afy, = 0.19 & 0.08 dex) is
consistent with that of isolated galaxies considering the
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uncertainty (<30). The p-value of the AD test indicates the
distributions of Afy in two samples may be drawn from the
same parent population (p-value = 0.01). In contrast, the paired
galaxies at the apocenter stage have Afy;, = 0.23 £ 0.08 dex),
suggesting the mean f; is not significantly different from
isolated galaxies (<30). Based on the AD test, the distribution
of Afy, in paired galaxies at the apocenter stage is different
from that in isolated galaxies with a p-value < 0.001.

The offset of SFR reveals enhanced star formation of galaxy
pairs during galaxy interactions, especially when pairs are at
the pericenter stage. In Figures 5(b) and (e), we plot the
distributions of global SFR offsets for isolated galaxies and
paired galaxies at different merger stages. Figure 5(b) shows
that the ASFR of galaxy pairs at all stages tends to be
distributed with positive values, indicating enhanced SFR
during galaxy interactions. As shown in Figure 5(e), the paired
galaxies during pericenter passage have an SFR enhancement
by a factor of 2.3 with ASFR =0.36 +0.11 dex (~3.30). The
AD test suggests the ASFR in two samples are distinct
distributions at the significance of p-value < 0.001. In contrast,
the mean ASFR value of paired galaxies during pre-passage is
0.13 £ 0.14 dex, consistent with isolated galaxies. The p-value
of the AD test also supports the consistency of ASFR between
two samples (p-value = 0.07). Paired galaxies at the apocenter
stage present consistent SFR (0.20 +0.09 dex) compared to
isolated galaxies. The AD test indicates the distributions of
ASFR in the two samples are moderately different at the
significance level of p-value = 0.003.

In terms of SFE, our data suggest the SFE of paired galaxies
at different stages is comparable to that of isolated galaxies. In
Figures 5(c) and (f), we plot the distribution of SFE offsets for
isolated galaxies and paired galaxies along the merger
sequence. As shown in Figure 5(c), the distributions of ASFE
for pairs at different stages are mostly consistent with those of
isolated galaxies within error bars. Our results in Figure 5(f)
indicate that the mean ASFE for paired galaxies at the
pre-passage stage is —0.04 = 0.12 dex, and the paired galaxies
at pericenter passage have mean ASFE = —0.10+£0.09 dex.
The mean SFE offset for pairs at the apocenter stage is
ASFE=0.00+0.09 dex. For each subsample of paired
galaxies at different stages, the AD test indicates consistent
distributions of ASFE compared to isolated galaxies
(p-value > 0.25).

Combining with the HT data, we find the total gas fraction of
paired galaxies is comparable to that of isolated galaxies. In
Figures 6(a) and (d), we present the distributions of Af,, for
galaxies in controls and pairs at different merger stages. As
shown in Figure 6(d), our results (Afyas = 0.16 £ 0.11) suggest
the f,as Of paired galaxies at the pre-passage stage is consistent
with that of isolated galaxies with the significance of < 3¢. The
AD test returns a p-value of (.06, indicating the two
distributions may be drawn from the same parent population.
Galaxy pairs (Afgas = 0.14 +0.08) during pericentric passage
also present consistent fy,s with isolated galaxies. Based on the
AD test (p-value=0.22), the distributions of Afy, in
pericenter-stage pairs and isolated galaxies are consistent.
Similarly, paired galaxies at the apocenter stage have the
average Afgas = 0.14 +0.09, suggesting the f,, is comparable
to that of isolated galaxies within the error bar. The AD test
indicates the distribution of Af,,, in galaxies approaching the
apocenter is consistent with that in isolated galaxies with a
p-value = 0.09.
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The offset of My, /My, suggests paired galaxies have various
molecular-to-atomic gas ratios along the merger sequence,
with pairs at the pericenter stage exhibiting increased My, /My 1.
We present the distributions of AMy, /My, in Figures 6(b) and
(e). As shown in Figure 6(e), the pre-passage galaxy pairs
AMy,)/My = 0.07 £ 0.14 show comparable My,/My; to those
of isolated galaxies, with a p-value of >0.25 from the AD
test. Paired galaxies during the pericentric passage have a
mean AMy,/My=0.57 £0.15, suggesting an enhancement of
My, /My by a factor of 3.7 with respect to isolated galaxies at the
significance of ~3.80. The AD test indicates a moderate difference
(p-value = 0.002) of AMpy,/My distributions in pericenter-stage
pairs and isolated galaxies. In contrast, galaxy pairs at the
apocenter stage present a mean AMy,/My; of 0.20+0.14,
indicating that the My,/My; is consistent with that of isolated
galaxies. The AD test also suggests the two distributions are not
significantly different (p-value = 0.08).

In Figures 6(c) and (f), we compare the distributions of the total
gas fraction for galaxies in controls and pairs at different merger
stages. As shown in Figure 6(f), paired galaxies during the
pericentric passage present an average ASFE,, =0.19+0.12,
indicating a consistent SFE,,, with isolated galaxies. The AD test
suggests the two distributions are likely drawn from the same
parent population (p-value = 0.20). In contrast, galaxy pairs at the
pre-passage and the apocenter stages have comparable SFEg to
that of isolated galaxies, with the mean ASFEgas of 0.01 £0.18
and 0.07 = 0.09, respectively. For these two subsamples of paired
galaxies, the AD test indicates consistent distributions of ASFE,;
compared to isolated galaxies (p-value > 0.25).

4. Discussion
4.1. Gas Fractions and SFR at Different Merger Stages

In this section, we further discuss the interplay between
properties of the molecular gas and star formation along the
merger sequence. By performing galaxy-by-galaxy matching
between the paired galaxies and isolated galaxies, we derived
the offset of sz, SFR, fgas, and My, /My | for each subsample in
Section 3.3. When paired galaxies are at the pre-passage stage,
the gravitational influence between member galaxies is not
significant, so the gas properties and star formation of paired
galaxies should be similar to those of isolated galaxies. Indeed,
our observations of paired galaxies are consistent with this
expectation, suggesting that the defined merger sequence is
effective in the identification of pre-passage galaxy pairs.

At the pericenter stage, our results reveal that the average
SFR of paired galaxies is significantly enhanced by a factor of
~2.3 with respect to isolated galaxies. In contrast, the
enhancement of SFR in apocenter stage pairs is weaker and
less significant than in paired galaxies at the pericenter stage.
The strongest enhancement of SFR occurs only during the
pericentric passage, consistent with previous studies of
interacting galaxy pairs (e.g., Barton et al. 2000; Ellison
et al. 2008; Scudder et al. 2012; Patton et al. 2013). In the
meantime, the CO data suggest pairs at this stage exhibit a
significantly elevated fy . The increased fy has also been
found by previous CO observations of close galaxy pairs
(Combes et al. 1994; Casasola et al. 2004; Pan et al. 2018;
Violino et al. 2018; Lisenfeld et al. 2019), as well as recent
FIRE-2 simulations (Moreno et al. 2019). The increase of f; in
paired galaxies is in good agreement with our previous HI
observations (Yu et al. 2022), indicating that the marginal
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depletion of HT gas in paired galaxies may originate from the
accelerated formation of the molecular gas. During the
pericentric passage, merger-induced external pressure may
lead to the accelerated transition from atomic to molecular gas
(Braine & Combes 1993; Elmegreen 1993; Kaneko et al.
2017), which consumes the H T gas, thereby increasing the f;;,.
In this scenario, the molecular-to-atomic gas ratio is theoreti-
cally predicted to be elevated, which is confirmed by our results
at the significance of 3.8¢ (Figure 6(e)). The enhancement of
My, /My, has also been detected in previous observations,
including the infrared luminous galaxies at the mid- and late-
merger stages (Mirabel & Sanders 1989) and galaxy pairs
encountering close interactions (Lisenfeld et al. 2019).

On the other hand, our data suggest SFR of pairs
approaching the apocenter is consistent with that of isolated
galaxies. The marginal difference in SFR aligns with previous
observations, indicating the enhancement of SFR declines as
the separations become larger (Scudder et al. 2012; Patton et al.
2013; Feng et al. 2020). Recent simulations also indicate that
the merger-induced star formation will be gradually alleviated
when galaxy pairs are heading toward the apocenter after the
close encounter (Moreno et al. 2015, 2019). Similarly, the
increase in f; becomes weaker with the significance <30
when paired galaxies are at the apocenter stage (Figure 5(d)).
Correspondingly, the mean My, /My, of the apocenter stage
pairs is comparable to that of isolated galaxies, indicating that
the accelerated transition from atomic to molecular gas may
only occur when paired galaxies undergo strong interactions.
Thus, the decrease of f;;, relative to pericenter-stage pairs could
be explained by the consumption due to star formation and a
decelerated transition from H1 to H, gas.

The enhancement of My,/My at the pericenter stage may
play a crucial role in the rise of f; . While the enhanced My,
/My, is in agreement with the findings of Lisenfeld et al.
(2019), early observations of interacting galaxies yielded a
contrary result that the My,/My; is not significantly different
from that of the control sample (Casasola et al. 2004). The
inconsistent results may be contributed by the mixed pair types
and merger stages in the sample of Casasola et al. (2004), as the
significant enhancement of My,/My is detected in close S+S
pairs with interaction signs Lisenfeld et al. (2019), corresp-
onding to the pairs at the pericenter stage in our sample.

In terms of the total gas fraction, paired galaxies at all stages
show comparable f,,; with respect to isolated galaxies. The
consistency of fy,s between paired galaxies and isolated
galaxies has also been revealed by previous observations
(Lisenfeld et al. 2019).

4.2. SFE at Different Merger Stages

As demonstrated in Section 3.3, we calculated the offset of
SFE and SFE,,s and investigated the variations of ASFE and
ASFE,,, along the merger sequence. Similar to gas fractions,
paired galaxies at the pre-passage stage also exhibit comparable
SFE and SFEg, compared to the controls. Previous investiga-
tions on SFE of the HI gas (SFEy ;) have also indicated the
consistency of the pre-passage pairs and isolated galaxies (Yu
et al. 2022).

In pericenter-stage pairs, the SFE is comparable to that of
isolated galaxies (Figure 5(f)), aligning with findings from
previous observational studies (Combes et al. 1994; Casasola
et al. 2004; Lisenfeld et al. 2019; Li et al. 2023). Similarly,
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galaxies in apocenter stage pairs also exhibit consistent SFE.
The observed consistency of integrated SFE between local
interacting pairs and isolated systems is in line with recent
simulations. Renaud et al. (2014) performed a suite of parsec-
resolution simulations and found that the tidal interactions and
inflows at the early stage are not strong enough to significantly
increase the gas density, leading to a similar SFE as the isolated
star-forming galaxies. However, the enhancement of SFE in
close galaxy pairs has also been suggested by other previous
CO observations (Sofue et al. 1993; Michiyama et al. 2016;
Pan et al. 2018; Violino et al. 2018). Various factors may
contribute to this discrepancy in integrated SFE. For example,
as discussed by Pan et al. (2018), the selection and comparison
of galaxy pairs and control galaxies could introduce biased
results if the global properties are not carefully controlled
between samples. Furthermore, various types of interacting
galaxy pairs may also contribute to the discrepancy. Taking
into account the mass ratio, major-merger pairs tend to show a
weakly enhanced SFE, while minor-merger pairs do not (Pan
et al. 2018). Lisenfeld et al. (2019) suggest that S + S pairs
present a higher SFE relative to S + E pairs. In addition, the
enhancement of SFE at specific regions (e.g., the nuclear
region) could be diluted in single-dish observations. A recent
spatially resolved CO study of galaxy mergers has revealed the
complexity and variations of f; and SFE among different
individual mergers (Thorp et al. 2022), which demonstrates the
importance of kiloparsec-scale observations to study various
SFR, fy,» and SFE in different regions of mergers. Therefore,
spatially resolved CO observations for a large sample of
interacting galaxies are required for understanding the fraction
and specific regions of the enhanced SFE along the
evolutionary sequence of interacting galaxies.

The SFEg,, of paired galaxies at the pericenter stage is
weakly enhanced compared to isolated galaxies, but the
difference is marginal. In previous HI observations, the
SFEy is also found to be enhanced at the pericenter stage (Yu
et al. 2022). The slight enhancement in SFEg, could be
attributed to the HI-H, transition during the pericentric
passage, consistent with the depletion of HI gas detected in
previous work (Yu et al. 2022). In contrast, paired galaxies at
the apocenter stage pairs show consistent SFE,,; compared to
isolated galaxies.

4.3. What Drives the Enhancement of SFR in Paired Galaxies?

To investigate what galaxy property drives the enhancement
of SFR during the merger, we analyzed the correlation between
the enhanced SFR and gas properties in the full pair sample and
subsamples. Using the derived offset of galaxy properties in
Section 3.3, we calculated the Spearman’s rank order
coefficients among Afy, AMy,/Mui, Afgas, and ASFR.
During the analysis, we evaluate the strength of correlation
using Spearman’s rank order coefficient (ry; —1 <7, < 1), with
|rs] 2 0.6 or 0.3 <|ry <0.6 regarded as a tight or weak
correlation, and |r,| < 0.3 suggests no correlation. The p-value
of Spearman’s rank order describes the significance of
each correlation. In the following analysis, we adopt a
p-value < 0.01 as the significance level to reject the null
hypothesis that there is no correlation between parameters.

As shown in Table 5, we list Spearman’s rank order
coefficient ry with the p-value for each correlation in the control
sample and subsamples of pairs. Our results show that both
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Figure 7. (a) ASFR as a function of Af;,. (b) ASFR as a function of AMy, /My 1. Paired galaxies at different merger stages and the control sample are marked with
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Table 5
Spearman’s Rank Order Coefficient and the Significance

Sample Afy, vs. ASFR  AMy, /My vs. ASFR  Afy,s vs. ASFR
(€] 2 3) “)
Pre-passage 0.52 (0.07) 0.48 (0.11) —0.17 (0.60)
Pericenter 0.61 (0.04) 0.39 (0.27) 0.13 (0.73)
Apocenter 0.30 (0.23) 0.20 (0.44) —0.13 (0.62)
All pairs 0.44 (3.52 0.43 (5.96 —0.17 (0.31)
x 1073 x 1073)
Isolated 0.49 (6.58 0.09 (0.19) 0.24 (1.94
galaxies x 10713 x 107%)

Note. Spearman’s rank order coefficient r; with the p-value as significance in
the parentheses. The coefficients of strong or weak correlations with a
p-value < 0.01 are printed in boldface. The columns are (1) subsamples of
paired galaxies at different stages, the full pair sample, and isolated galaxies as
the control sample. (2) Spearman’s rank order coefficient and significance of
Afy, versus ASFR. (3) Spearman’s rank order coefficient and significance of
AMy, /My, versus ASFR. (4) Spearman’s rank order coefficient and
significance of Af,,, versus ASFR.

Afy, and AMy, /My  have positive correlations with ASFR. In
the full pair sample, Af; presents a weak correlation with
ASFR (r,=0.44, p-value = 3.52 x 10%). AMy,/My;, is also
weakly correlated to ASFR (ry, = 0.43, p-value = 5.96 x 1073).
Contrastingly, there is no correlation between Af,,s and ASFR
(ry=—0.17, p-value =0.31). For isolated galaxies, we find
there is a weak correlation (r; = 0.49) between Aflj_[2 and ASFR
at the significance level of p-value = 6.58 x 10~ "°. In terms of
AMy,/My versus ASFR, isolated galaxies present no
correlation. In contrast, the Afy,, of isolated galaxies exhibits
no correlation with ASFR (r, = 0.24, p-value = 1.94 x 1073).

To compare correlations in different merger stages, we plot
ASFR as a function of Afy; and a function of AMy, /My, in
Figure 7. In each panel, isolated galaxies and paired galaxies at
different stages are represented by gray squares, blue circles,
golden stars, and red triangles, respectively. Regarding Afy,
versus ASFR, paired galaxies at the pericenter stage exhibit a
hint of a strong correlation (r, = 0.61), but the significance (see
Table 5, p-value = 0.04) cannot reject the null hypothesis of no
correlation. As shown in Figure 7 and Table 5, although the
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ry values show a hint of a weak correlation between
AMy, /My, and ASFR in paired galaxies at the pre-passage
and pericenter stages, the p-values suggest ~11%—27% chance
of no correlation. The Af,,s of paired galaxies at all stages
show no correlation with ASFR. Given that the p-value could
be affected by the low numbers in the subsamples, a further
correlation test with a larger sample is required to study any
potential correlations.

Although the correlation tests between subsamples suggest
marginal significance, our results in Section 3.4 indicate that
the enhancement of SFR is mainly driven by the elevation of
Ju, in the pericenter stage, which is consistent with previous
CO observations of galaxy pairs (Pan et al. 2018; Lisenfeld
et al. 2019). Based on our results, the enhanced sz and SFR
can be explained by the merger-induced external pressure that
enhanced My, /My ; (Braine & Combes 1993; Elmegreen 1993;
Kaneko et al. 2017), which has been detected in the pericenter
stage (Figure 6(e)). When paired galaxies are approaching the
pericenter, the shock-triggered external pressure accelerates the
transition from atomic gas to molecular gas, resulting in the
increment of f; and the further enhancement of SFR.
However, we cannot rule out the contribution of enhanced
SFE in specific regions during these stages, since the
enhancement could be diluted by the unresolved single-dish
observations.

A recent study performed spatially resolved CO observations
of galaxy mergers and found that f; and SFE have comparable
contributions in the enhanced star formation, with the driving
mechanisms varying among individual galaxies (Thorp et al.
2022). Global star formation of individual mergers can be
driven by either the molecular gas fuel or the efficiency of
forming stars, and some mergers are dominated by the fuel- and
efficiency-driven star formation equally (Thorp et al. 2022).
These authors claimed to find a trend that paired galaxies are
more likely to have SFE enhancement than mergers at
coalescence, and they proposed a scenario where efficiency-
driven star formation becomes less important toward coales-
cence. This contradicts our results and those of Lisenfeld et al.
(2019), both found no SFE enhancement for paired galaxies.
Also, ULIRGs, which are mostly mergers at coalescence,
have very strong SFE enhancement (Solomon & Sage 1988;
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Mirabel & Sanders 1989), probably because in a ULIRG (e.g.,
Arp 220), the molecular gas may be compressed into a central
gas disk with a much higher dense gas (n > 10* cm ) fraction
than in normal giant molecular clouds, resulting in very high
SFE (Scoville et al. 1997, 2017). On the other hand, for paired
galaxies, the effect of interaction on SFE can be very complex.
Xu et al. (2021) resolved the CO (1—0) emission in two close
major-merger pairs, Arp 238 (S+5S) and Arp 142 (S+E). They
found significant differences in local SFE among the two
systems. The SFR in Arp 238 is concentrated in the two nuclei,
with an SFE enhancement of ~0.7 dex. On the other hand, the
disk of the star-forming galaxy of Arp 142 has an SFE
~0.4 dex below the mean SFE of control galaxies. These
authors attribute this difference to the very different interaction
orbits: while the low-speed coplanar orbit of Arp 238 results in
strong tidal torque, which triggers nuclear starbursts, the high-
speed head-on collision in Arp 142 produces a density wave
shock that suppresses the SFR in the system.

In summary, our results indicate that the elevation of f; can
drive the enhancement of global SFR in paired galaxies at the
pericenter stages, while the contribution of enhanced SFE in
specific regions cannot be ruled out through current unresolved
observations. Although our results suggest the contribution of
sz, My,/My 1, and SFE in the SFR enhancement may vary
along the merger sequence, spatially resolved CO observations
of a large sample are required to pinpoint the driving
mechanisms and their variations during the evolution of the
merger-induced star formation. A caveat should be noted that
all these correlation analyses for the subsamples suffer from
low number statistics and require further examination with
larger samples.

5. Summary

We investigate the interplay between molecular gas, atomic
gas, and star formation of galaxies along the merger sequence,
using a sample of 43 paired galaxies selected from the MaNGA
survey. The merger stage is defined with the combination of the
projected separation and kinematic asymmetry derived from the
velocity field of Ha gas. We obtained the molecular gas
properties from new CO observations with JCMT and IRAM
30 m telescope, as well as data from the MASCOT survey. By
combining these data with ancillary HT data from FAST and
HI-MaNGA, we study the molecular gas fraction (fy),
molecular-to-atomic gas ratio (My,/My ), SFE, the total ghs
fraction (fg), and the SFE of total gas (SFE,,) in paired
galaxies at different merger stages, with isolated galaxies
selected from the xCOLD GASS survey as the control sample.
The main conclusions are as follows:

1. For the full pair sample, our results suggest the fy of
paired galaxies is significantly increased compared to that
of isolated galaxies, while the SFE is comparable. In
contrast, We do not find statistically significant differ-
ences in fyus, Mu,/Mu;, and SFE,,, between paired
galaxies and isolated galaxies. Additionally, the correla-
tion analyses suggest that the enhancement of SFR is
weakly correlated to the elevation of f; and My,/My in
paired galaxies, implying galaxy interactions may impact
the transition from HT to H, gas and alter star formation.

2. We find the molecular and atomic gas fractions in galaxy
pairs vary along the merger sequence. When paired
galaxies are at the pre-passage stage, the fy, feas, and
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My, /My, are consistent with the isolated galaxies. For
galaxy pairs during the pericentric passage, the f and
My, /My are significantly elevated, while the Jeas has no
difference with that of isolated galaxies. At the apocenter
stage, the fi;, My,/My 1, and fy, of paired galaxies are
comparable to those of isolated galaxies.

3. We find the SFE and SFE, of paired galaxies have no
significant variations along the merger sequence. For
paired galaxies at different merger stages, the SFE and
SFEg,, are consistent with those of isolated galaxies.

4. Our results indicate that the elevation of f; can drive the
enhancement of global SFR in paired galaxies at the
pericenter stage, while the contribution of enhanced SFE
in specific regions cannot be ruled out through current
unresolved observations. As for paired galaxies in
different merger stages, further investigations with larger
samples are required to test any correlations between the
enhancements of SFR and gas properties.

Our results indicate the enhancement of star formation in
major-merger galaxy pairs is mainly driven by the elevation of
the molecular gas fraction. The significant increase in
molecular gas fraction occurs at the pericenter stage, indicating
the accelerated transition from atomic gas to molecular gas due
to external pressure induced by strong tidal forces after close
interactions. However, the contribution of enhanced SFE in
specific regions cannot be ruled out through current unresolved
observations. Furthermore, the effects due to different orbital
parameters of the interacting galaxies require further invest-
igation. In future work, it is necessary to conduct spatially
resolved observations of both HI and CO lines for a large
galaxy merger sample that spans a wide range of merger stages,
allowing us to extend our understanding and constraints on
where and how the SFR, fHZ, My, /My 1, SFE vary along the
evolutionary sequence.
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Appendix
CO Spectra

We present the calibrated and rebinned CO spectra from
JCMT observations (Figure A1) and IRAM 30 m observations
(Figures A2 and A3) as follows. The data can be obtained from
the corresponding author upon reasonable request.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 273:2 (22pp), 2024 July Yu et al.

0.015-8078-6103 o 0258250—6101 [ 8260-6101
0.010F 0.005
< 1 L
=, 0005 0.01r
i IJLLH I 0.000}
O'OOO:WH 0.007 b 0 T D O 1
—0.005F r -0.005F
ol e b b e b by b b v b b b by T T T S T I T T [T N O SO |
~500 -250 O 250 500 ~500 -250 0O 250 500 ~500 -250 0O 250 500
0.015F F F
[ 8450-6102 [8456-12702 0 0075;8606-9102
§ 0.004F : F
.010 E [
0.010¢ g 0.0050[
o : 0.002f i
= oo0sp L \ ‘ 0.0025
0.000 |- —0.002} :
P g —0.0025]
_0'005:”\””\””\”H\HH\‘H_0-004:‘\HH\HH\HH\HH\H :H\H"\HH\HH\HH\H
—500 -250 O 250 500 ~500 -250 0O 250 500 —500 -250 0 250 500
[ 8952-6103 0015t 9030-3702 0.0075[9093-12701
0.010F F P
: 0.010¢ 0.0050F
< 0.005] 0.0054 0.0025
* < 0.000}
'_
0.000 o005 0.0000
k —0.0025]
—0.010f P
—0.005t 1 e S N B R B N R E R SR R
—500 -250 O 250 500 —500 -250 0 250 500 —500 -250 0 250 500
[ 9185-9101 0.0061 9488-9102 19499-12703
0.02 s 0.010F
[ 0.004F
¥ .01 0.002 0.005]
* <
= 0.000
0.00 0.0007
—0.002F
o b e b e b e b by Cov b v b v b e o b e b e b b byl
—500 -250 0 250 500 —500 -250 0 250 500 ~500 -250 O 250 500
0.006/9501-12704 [ 9503-6104 0.015[9866-12702
0.004¢ 0.002 o.om?
%3 0-002 ‘ i 0.005]
r< 00007. ., o T 1 mall 1. ‘ L ”n n” |J-||—|J-||JILI
= o “ 1 L \ 0.000- u” UUL'J i h—l HL 0.000
—0.002H L 3
: —0.005F
_0-004}‘”\””\”H\HH\HH\‘H _0'0027”\‘H‘\HH\HH\HHMH S P S S AR B
—500 -250 0 250 500 ~500 -250 O 250 500 —500 -250 O 250 500
Velocity (km/s)
r 0.03F.
0.010/9882-12705 F10218-3704
1 0.02f
< 0.005} B
< 0.01f
s r
0000 Ll LRI f ]
“2500 =250 0 250 500 2500 =250 0 250 500
Velocity (km/s) Velocity (km/s)

Figure Al. CO(2—1) spectra of the detected galaxies from JCMT observations. Most of the spectra were rebinned to a velocity resolution of ~10 km s, and some
spectra were rebinned to a velocity resolution of ~20 kms™' to achieve detections. The velocity of each spectrum is Doppler corrected and converted to the
barycentric frame, and the zero-point is set based on the optical spectroscopy redshift of the galaxy.
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Figure A2. (Continued.)
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Figure A3. CO(2—1) spectra of the detected galaxies from IRAM 30 m observations. Most of the spectra were rebinned to a velocity resolution of ~20 km s, and
some spectra were rebinned to a velocity resolution of ~40 km s~ ' to achieve detections. The velocity of each spectrum is Doppler corrected and converted to the
barycentric frame, and the zero-point is set based on the optical spectroscopy redshift of the galaxy.

20



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 273:2 (22pp), 2024 July

Trmp (K)

—0.010
-0.015

¥ 0.04

= 0.02

-

a
€
—

Trmp (K)

Tmb (K)

—0.005

—0.005

0.015F 9027-12702
0.010

0.005

AR EEREEE SRS

0.000

—

—400 —200

0 200 400

I 9050-9101A
0.06

0.00

—-400 -200

0 200 400

0.04r
9094-12703
0.03

0.02

0.01

’Iﬁn,n

0.00

]

-0.01

—-0.02

I S
—-600 —400

PR IR S SR
-200 0

P I
200 400

0.02 r9507-12701

0.01

ﬂrL

A

0.00

-0.01

—-400 -200

0 200 400

0.020 9889-1902A

0.015
0.010

0.005

ﬂnFH ad

0.000

U

W

—600 —400

Vel

—200 0

200 400
ocity (km/s)

200 =200 0 200 400
.0100F
0-0100F5,94-12705
0.0075F
0.0050}
I [
0.0000F
U L|_| |_|
~0.0025
=0.0050F, , , o,
—400 =200 0 200 400
0.0} 9509-6103

0.03f
0.02
0.01}
0.007
-0.01F

IRAM CO(2-1)
F 9027-9101
- Nn nll ’-Hnﬂ [ o
:-\J L_lLlLl" L|_| IJI_II_IJ —“"I-I
“400 =200 0500 400

| 9050-9101B

—-400 -200 0 200 400

| 9889- 190M
ﬂn n ﬂ

LILJJH

|
I

“Za00 =200 0200 400
Velocity (km/s)

Figure A3. (Continued.)
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