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ABSTRACT

We present a study of the molecular gas in five closely separated (R; < 20kpc) dual quasars (Lp = 10% erg s=!) at redshifts
0.4 < z < 0.8 with the Atacama Large Millimeter/submillimeter Array. The dual quasar phase represents a distinctive stage
during the interaction between two galaxies for investigating quasar fueling and feedback effects on the gas reservoir. The dual
quasars were selected from the Sloan Digital Sky Survey and Subaru/Hyper Suprime-Cam Subaru Strategic Programme, with
confirmatory spectroscopic validation. Based on the detection of the CO J = 2—1 emission line with Band 4, we derive key
properties including CO luminosities, line widths, and molecular gas masses for these systems. Eight quasars, of the 10 in
pairs, have line detections exceeding 5o that result in molecular gas masses (Mpolgas) between 1097107 Mg. The molecular
gas-to-stellar mass ratios (fmolgas) Of these dual quasars are typically between 18-50 per cent, which are similar to the single
quasars in mergers and inactive star-forming galaxies. The results indicate no clear evidence of molecular gas depletion attributed
to dual quasar activities on global scale. However, intriguing gas features in certain systems appear to show possible signatures
of active galactic nucleus (AGN) feedback effect.

Key words: molecular data—galaxies: active — galaxies: interactions —quasars: emission lines.

2005; Di Matteo et al. 2008). When both merging galaxies contain an

1 INTRODUCTI . L . .
NTRODUCTION SMBH, it can initiate a phase where both are simultaneously active,

Quasar activity is frequently linked to the hierarchical growth of
galaxies. During galaxy collisions, the significant interaction can
ignite star formation and potentially quicken the growth of their
central supermassive black holes (SMBHs) (e.g. Sanders & Mirabel
1996; Hopkins et al. 2006). These interactions might explain the
observed correlations between SMBHs’ physical properties and
those of their host galaxies (e.g. Di Matteo, Springel & Hernquist
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resulting in a dual quasar. The detection of dual quasars, initially
observed at separations of several arcseconds, was first documented
by Owen et al. (1985) and gained traction through the Sloan Digital
Sky Survey (SDSS) (Hennawi et al. 2006, 2010). Nevertheless,
identifying dual quasars with separations of <20kpc beyond the
nearby Universe has been difficult due to resolution limitations,
which require both sources to be distinguishable to confirm their
separate nuclei. Fig. 1 presents a collection of dual quasars confirmed
using optical spectroscopy, X-ray, or radio emission (see also Chen
et al. 2022). This includes nearly identical quasars (NIQs) identified
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Figure 1. Dual quasar ensemble plotted with projected physical separation (R in kpc) against redshift. Dual quasars validated via our HSC initiative are
illustrated in red for the five ALMA targets, while others appear in blue (Tang et al., in preparation). Dual quasars confirmed through spectroscopy from prior
studies are also represented (Hennawi et al. 2006, 2010; Inada et al. 2008, 2012; Myers et al. 2008; Comerford et al. 2011, 2015, 2018; Fu et al. 2011, 2015;
Green et al. 2011; Liu et al. 2011; Kayo & Oguri 2012; Koss et al. 2012, 2023; Woo et al. 2014; Miiller-Sanchez et al. 2015; More et al. 2016; Eftekharzadeh
et al. 2017; Anguita et al. 2018; Lemon et al. 2018, 2019, 2020, 2022, 2023; Goulding et al. 2019; Shen et al. 2021; Ciurlo et al. 2023; Glikman et al. 2023;
Mannucci et al. 2023; Scialpi et al. 2023). Dashed lines delineate the selection zone spanning 0.6 arcsec—4 arcsec for our HSC study. Specifically, the ALMA

targets are positioned within 0.6 arcsec—2.2 arcsec.

in lens surveys, recognized as quasar pairs with similar spectra
but lacking photometric evidence of a lens galaxy (Anguita et al.
2018; Lemon et al. 2018; Lemon, Auger & McMahon 2019; Lemon
et al. 2020). The highest redshift dual quasars have been reported
up to z = 5.66 (Yue et al. 2021b) and z = 6.05 (Matsuoka et al.
2024). Their spatial separations can reach down to 430 pc (Goulding
et al. 2019) and 230 pc (Koss et al. 2023). This variation in redshifts
and separations of dual quasars showcases their presence at various
merger phases of galaxies throughout cosmic history.

The study of dual quasar systems has sparked simulation endeav-
ours to explore both their frequency and intricate dynamics within
galaxy interactions. Hydrodynamic cosmological simulations have
estimated the ‘dual fraction’ — the ratio of dual quasars to all quasars
—to vary from several thousandths to a few per cent (Van Wassenhove
et al. 2012; Steinborn et al. 2016). Some research further suggests
that this fraction increases with redshift (Volonteri et al. 2016; Rosas-
Guevara et al. 2019; Volonteri et al. 2022). Concurrently, numerical
simulations have examined the evolving physical characteristics of
dual quasars and their host galaxies as they merge (Capelo et al. 2015,
2017). Hence, the pursuit of dual quasars at smaller separations
and their further study using multiwavelength observations are of
great importance. These efforts intend to validate these simulations
and shed light on the fundamental physics controlling their co-
evolutionary processes (see review by De Rosa et al. 2019).

Research has progressed on the host galaxies of dual quasars,
despite the limitations primarily due to small sample sizes and
the challenge of distinguishing quasar light from host galaxy light
in low-resolution data, particularly for those beyond the nearby
galaxies. A viable technique involves 2D modelling of high-quality
images. For instance, Chen et al. (2023) investigated the dual quasar
SDSS J0749+-2255, located at z = 2.17 and separated by 3.8 kpc,
through observations with the Hubble Space Telescope (HST).
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They discovered that the quasar resides in massive, compact disc-
dominated galaxies exhibiting tidal features. This finding serves as
clear evidence of active interactions within dual quasars, potentially
developing into compact, gravitationally bound binary supermassive
black holes (SMBHs). More recently, the JWST has demonstrated
its capability to illuminate the 3D structure of such systems (Chen
et al. 2024; Ishikawa et al. 2024) and to validate similar candidates
in different settings (Maiolino et al. 2023; Perna et al. 2023; Li,
Zhuang & Shen 2024; Ubler et al. 2024).

Ground-based telescopes, on the other hand, provide benefits
in terms of efficiency and cost when performing systematic sur-
veys. Since our initial publication (Silverman et al. 2020), we
have embarked on a search for dual quasars within the Subaru
Hyper Suprime-Cam Subaru Strategic Program (HSC/SSP) area,
focusing on those with close separations (0.6 arcsec—4 arcsec, as
indicated by the dashed lines in Fig. 1). The selection of candidates
involves assessing morphology and colour, followed by detailed
multiwavelength spectroscopic evaluations to confirm their nature
and explore their physical characteristics. In Silverman et al. (2020),
we spectroscopically confirmed three dual quasars using Keck/LRIS.
Following this, Tang et al. (2021) reported three more confirmed dual
quasars discovered via Gemini-GMOS and Subaru/FOCAS. Using
optical spectroscopy and imaging, we determined their black hole
and host properties. So far, we have focused on investigating the
stellar contents of their host galaxies, with the properties of their gas
and dust still unexamined.

Comprehensive studies on molecular gas have been carried out
across diverse galaxy groups, including individual quasar host
galaxies. Xia et al. (2012) employed the 30-meter IRAM telescope to
examine 19 infrared ultraluminous quasars at z < 0.4, detecting the
CO J = 1-0 emission line in 17 cases, and revealing molecular gas
content akin to ULIRGS (Mmoigas ~ 10°71° M,). Similar observations
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have been documented by Krips, Neri & Cox (2012) and Husemann
et al. (2017). Shangguan et al. (2020) utilized the Atacama Large
Millimeter/submillimeter Array (ALMA) to explore CO J = 2—
1 emission in 23 Palomar-Green (PG) quasars at z < 0.1, finding
a 91 percent detection rate with an average molecular gas mass
of 10%20£9-13M for their quasar host galaxies, comparable to
inactive galaxies of equivalent stellar mass. A lack of relationships
between quasar properties and overall CO characteristics is also
noted in z < 0.5 PG quasars (Molina et al. 2023) and z < 0.2
type 2 quasars (Molyneux et al. 2024). Conversely, Izumi et al.
(2020) observed 4 quasars and 4 comparable inactive star-forming
galaxies (SFGs) at z < 0.06, discovering greater molecular gas
surface densities in SFGs compared to quasars on scales smaller
than 500 pc. Consequently, these low-z findings appear to support a
merely ‘local’ (e.g. circumnuclear-scale) influence of active galactic
nucleus (AGN) feedback on the molecular gas. On the other hand,
ALMA has substantially enhanced quasar studies during the epoch
of reionization (Wang et al. 2013; Decarli et al. 2017; Jones et al.
2017; Shao et al. 2017; Venemans et al. 2017; Willott, Bergeron &
Omont 2017; Izumi et al. 2018; Nguyen et al. 2020; Yue et al.
2021a; Walter et al. 2022) and at cosmic noon (Banerji et al.
2017, 2021; Schulze et al. 2019; Scholtz et al. 2023). Intriguingly,
these examinations generally indicate a relatively diminished gas
environment around quasar hosts. This variation might be attributed
to the rising luminosities of quasars in the early Universe (Shen et al.
2020), suggesting that higher-z quasars might display more effective
feedback to diminish their gaseous surroundings (Valentini et al.
2020). Differences may also stem from increased obscuration and
merger rates in high-redshift quasars (Treister et al. 2010). Thus, a fair
comparison needs a carefully controlled framework that considers all
these elements.

Concerning the dual quasars analysed in this study, they repre-
sent distinct merger events, supported by both spectroscopic and
photometric data. These samples have redshifts ranging from 0.4
to 0.8, effectively linking the local Universe with the cosmic noon.
These five dual quasars serve as an exemplary initial sample for
examining the influence of quasar feedback on the molecular gas
environment within a clearly defined context. There is a lack of
comprehensive observations regarding molecular gas in dual quasars
within this redshift range documented in the literature. In this
study, we broaden our research scope by observing the CO J = 2—
1 emission from the five dual quasars using ALMA Band 4, in
order to evaluate the molecular gas content in their host galaxies.
This study seeks to address two central questions: (1) With the
concurrent activation of two quasars, does the molecular gas in dual
quasars become more depleted compared to that in single quasars
and inactive star-forming galaxies? (2) Are there distinct spatial dis-
tributions and kinematic structures of the molecular gas within each
pair?

The structure of the paper is organized as follows: Section 2
outlines our sample selection, the set-up for observations, and
the data reduction process. Section 3 describes the comprehensive
measurements of the observed CO properties along with the deduced
gas characteristics, which is then followed by the specific details
highlighting the notable attributes of each pair. Section 4 provides a
comparison of the CO properties of dual quasars with those of single
quasars and inactive galaxies from the existing literature, examining
whether these systems have undergone quenching. Additionally,
we explore the implications regarding the linkages between galaxy
mergers and quasar activity as derived from our findings. This study
uses a lambda cold dark matter (ACDM) cosmology with parameters
Qp =0.7,Qy =0.3,and Hy = 70 km s~ 'Mpc~!.

ALMA dual quasars 3003

2 METHODS

2.1 Sample selection

Our selection of dual quasars originates from the SDSS DR 14 quasar
catalogue (Paris et al. 2018), captured within the Subaru HSC/SSP
PDR3 footprint (Aihara et al. 2022). Using the 2D image modelling
tool GALIGHT (Ding et al. 2022), we selected quasars accompanied
by another nearby point source with a separation of 0.6—4 arcsec.
These quasars typically span redshifts from O to 4, with bolometric
luminosities that typically exceed 10** ergs™'.

The validation process involved spectroscopic observations to con-
firm the nature of companion sources. Here, confirmation of a dual
quasar requires the detection of a broad emission line in both sources,
with the line centre being offset by at most 2000 kms~' following
Hennawi et al. (2006). To date, we have confirmed 13 dual quasars
(Tang et al. in preparation), as denoted by the star marks in Fig. 1.
Among the five dual quasars targeted for ALMA observation in this
study, highlighted in red, four belong to unobscured (typel-typel)
quasar pairs, while one constitutes a partly obscured-unobscured pair
(typel—typel.5). The angular separations of these five dual quasars
span 0.6-2.2 arcsec, translating into projected physical separations
ranging from 3.9-13.3 kpc. This sample enables investigations of the
molecular gas content and dynamics during a phase approximately
200 million years prior to the final coalescence of a galaxy merger,
as expected from numerical simulations. (Capelo et al. 2015, 2017).

In the following texts, we will refer to these five dual quasars by
their abbreviated names: J0847, J1214, J1416, J2209, and J2237
in the subsequent content, corresponding to their SDSS J2000
designations.

2.2 Optical/near-Infrared photometry

We first present our analysis on the optical/near-infrared photometry
of these five systems to decide their stellar masses, which are essential
for the estimation of the molecular gas-to-stellar mass ratio (tmolgas)-

As detailed in Section 2.1, the imaging analysis tool GALIGHT
is utilized for identifying dual quasar candidates. Concurrently,
it locates the nucleus centres and estimates the host galaxies’
magnitudes after subtracting the point source contributions across
all five bands. In this study, we refine the fitting approach as outlined
in Silverman et al. (2020) and Tang et al. (2021) using the version
0.2.1 of GALIGHT (Ding et al. 2022). Related methods have been
applied in Tang et al. (2023) and Ding et al. (2023) employing
the same tool. Essentially, the tool conducts a two-dimensional fit
using point spread functions (PSFs) for the quasars and applying
Sérsic profiles for the galaxies. We acquire the PSF models for
each dual quasar in every band from the HSC PSF picker tool,!
located at the position of one of the quasars. This PSF model is
produced by the HSC image processing system (Bosch et al. 2018),
derived from an adapted version of the PSFEX software (Bertin 2013).
The amplitude and sky position of the PSF are used as variable
parameters. Additionally, the Sérsicprofiles have the Sérsicradius,
index, and ellipticity as variable parameters. The initial positions and
apertures of the model are determined by the PHOTUTILS package’s
source detection algorithm (Bradley et al. 2024). We start by fitting
the i-band image, which provides the highest image quality among
the bands (Aihara et al. 2022). Subsequently, the results from i-band
are used as initial parameter configurations for the remaining four
bands.

Thttps://hscdata.mtk.nao.ac.jp/psf/9/
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Figure 2. Photometric evaluations conducted with GALIGHT and CIGALE on J1214. Left: 2D image analysis using GALIGHT on the five-band HSC data for this
system. Right: Spectral energy distribution (SED) fits for J1214N (at the top) and J1214S (at the bottom) utilizing CIGALE. Further details are described in
Section 2.2. The results of all the five pairs are provided in the online supplementary material.

The optimal fit results for J1214 using GALIGHT are illustrated in
the left panels of Fig. 2, as an example. From top to bottom, results
are displayed for the g, r, i, z, and y bands. Each row contains
the following, from left to right: (1) the original HSC image of the
dual quasar, (2) the optimal model of the system incorporating two
PSF models along with several Sérsiccomponents modelling both
the host galaxies and the surrounding sources, (3) the galaxy image
after removal of the PSF models, (4) a normalized residual map —
calculated as (data—model)/noise.

For each system, we perform the fitting process twice: once
using the particle swarm optimization (PSO, Kennedy & Eberhart
1995) approach to minimize the loss function, and once employing
the Markov Chain Monte Carlo (MCMC, Gilks, Richardson &
Spiegelhalter 1995) method to maximize the likelihood function.
In Table 1, columns (2)—(6) display the MCMC-derived five-band
magnitudes for the host galaxies associated with each quasar. For
JO847 and J1416, the fitting apertures imply that each pair of quasar
components shares the same host galaxy, resulting in a single reported
value for each. From 10 000 MCMC samplers, the majority of cases
show lo uncertainties below 0.1 mag, while for J2337N, they range
from 0.1 to 0.4 mag across different bands. Upon comparison, the
discrepancies between the MCMC and PSO outcomes are generally
within 1o uncertainty of MCMC, with just two instances showing
120 differences.

MNRAS 538, 3001-3022 (2025)

Afterward, we determine the galaxy flux fraction (fg) for each
system as:

fgal = Fgal/(Fgal + Fqso) (1)

where Fg, refers to the flux of the host galaxy, and F, to the flux of
the quasar, derived from the optimal model fit. For JO847 and J1416,
Fyso includes contributions from two quasars. The fy values are
detailed in columns (7)—(11) of Table 1.

Utilizing these flux measurements, we perform spectral energy
distribution (SED) fitting with the tool Code Investigating GALaxy
Emission (CIGALE; Boquien et al. 2019). An illustration for J1214
can be seen in Fig. 2 right panels. The top panel illustrates the
results for J1214N, while the bottom is for J1214S. The observed
magnitudes are translated to mJy and shown as purple open circles
with accompanying error bars. The red filled circles and black line
denote the best-fitting SED model. This model integrates a delayed
star formation history (SFH) and stellar assembly (Bruzual & Charlot
2003; Maraston 2005), alongside dust attenuation (Calzetti et al.
2000; Charlot & Fall 2000), re-emission (Dale et al. 2014), and
nebular emission (Inoue 2011), represented by the coloured lines.
Throughout our fitting, we use the Chabrier (2003) initial mass
function (IMF). The lower sub-plot illustrates the relative residuals,
specifically (data-model)/data. In total, CIGALE computes 40950
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Table 1. Photometric evaluations of the host galaxies for the dual quasars with GALIGHT and CIGALE. Column (1) Abbreviated names of the sources, the
full SDSS J2000 name of the sources can be found in Table 2. The pair of J0847 and J1416 share one single host galaxy per each, so their respective
measurements are consolidated. Columns (2)—(6) present the magnitudes of these host galaxies across five bands after point sources have been extracted
in HSC. Based on the distribution from 10000 MCMC samplers, most uncertainties are less than 0.1 mag. For J2337N, the uncertainties are estimated as
0.4,0.3,0.1,0.1,0.2mag in the g, r, i, z, and y bands, respectively. Columns (7)—(11) detail the flux fractions of the galaxies in the observed-frame across
five bands, represented as fga1 = Fgal/(Fgal + Fyso)- The stellar mass identified from the optimal CIGALE model using the five-band photometry is given in

Column (12).
Name mgal m;al m;al m;al m;al éﬂ gral éal fgzal fg‘l IOg M,
(mag) (mag) (mag) (mag) (mag) (%) (%) (%) (%) (%) Mp)
@ 2 (3) “ (O] (6) () ®) © 10 an 12)
10847 20.8 19.8 19.3 19.2 19.0 20.2+0.4 33.6+£0.3 35.7%0.1 40.1£0.2 409 +£0.5 10.95 £0.16
J1214N 21.2 20.9 20.3 20.0 19.9 33.1+23 37.9+0.7 46.9+04 525+1.3 355409 10.08 +0.28
J1214S 21.2 20.2 19.6 19.2 19.1 31.0£23 63.4+1.2 69.1 £0.7 83.2+1.9 525+14 10.85 £0.15
J1416 20.4 19.3 18.7 18.4 18.0 399405 58.8+0.4 64.3+0.2 63.6+0.4 63.8+0.7 11.19+0.13
J2209N 222 21.0 20.3 20.1 20.2 19.8 £ 1.1 41.5+£0.9 54.0 £ 0.7 53.0+0.9 344+£1.1 10.28 £0.16
J2209S 21.8 20.7 20.2 19.8 19.6 485+1.8 61.4+12 70.1 £0.8 713+£1.7 64.7+3.0 10.62 +£0.14
J2337N 25.1 233 21.1 214 21.4 1.6 £0.5 6.6+1.5 258+ 1.6 239+2.6 23.5+3.7 10.60 £ 0.22
J2337S 21.6 21.2 20.0 19.6 19.4 20.0+0.6 220405 39.1+1.7 499+14 55.6 £2.0 11.34 +£0.14

Table 2. ALMA observation setups for the dual quasars. Columns (2)—(4): optical position and redshift of the SDSS quasar in the pair. See Table A1 for
reanalysed values on both sources. (5) Sensitivity of the emission line in 10kms~! width. (6) Restored beam size with natural weighting (Briggs 2.0) (7)
Minimum velocity resolution. (8) Precipitable water vapor. (10) Total integration time in seconds.

Name RA Dec. z Line sens. Beam size R, PWV  Humidity tint Date
(SDSS J2000) (deg) (deg) (mJybeam™!) (arcsec?) (kms~')  (mm) (%) (s) (yy-mm-dd)
1 2) (3) @) (5) (6) @ ®) ) (10) (1)
084 710.40-001 302.6 131.79336  0.21741  0.6269 0.595 0.89 x 0.76 8.287 0.42 7.87 1603 22-06-10
121 405.12+010205.1 183.52136  1.03478  0.4927 0.664 0.86 x 0.81 7.611 2.04 28.35 1300 22-01-07
141637.444-003 352.2 214.15602  0.56452  0.4336 0.559 0.33 x 0.24 7.331 1.16 7.49 2480 21-11-28
220906.914004 543.9 33227881 0.76219  0.4461 0.679 0.91 x 0.68 7.374 1.92 8.90 1360 21-12-30
233713.66+005 610.8 35430695 0.93634 0.7078 0.574 0.54 x 0.51 8.003 4.75 30.63 1814 21-12-05

models to match each source. The reduced x? for the optimal model
is indicated by the panel title. In five out of the eight measurements,
the reduced x? values are below 1. The case of J2337N shows the
highest reduced yx? of 4.4. The calculated total stellar mass (M,) is
presented in column (12) of Table 1. The GALIGHT and CIGALE fitting
results of all five pairs are provided as supplementary material for
this study, together with the initial parameter configuration file for
CIGALE.

2.3 ALMA observation and data analysis
2.3.1 The ALMA observation

We carried out our observations during ALMA Cycle 8, which ran
from 2021 November to 2022 June (Project ID: 2021.1.01233.S,
PI: Tang). These observations involved mapping the CO J = 2-1
emission using setups with 41 to 48 12-meter antennas equipped
with Band 4 receivers. The 1.875 GHz bandpass was segmented
into 480 spectral channels, each with an averaging factor of 8,
culminating in a spectral resolution of 3904 kHz. This resolution
translates to an approximate velocity resolution of around 8 kms™!
at the observed frequency. The overall frequency coverage, spanning
4 spectral windows across two sidebands, was 7.5 GHz in total. The
observational configurations, parameters, and weather data can be
found in Table 2.

For data reduction, we employed CASA version 6.4.1 (Bean et al.
2022) using the Measurement Set (MS) files provided. Each MS file,
obtained from the raw observations, is calibrated via the auxiliary
file ‘scriptForPL.py,” hence it is termed as the ‘calibrated visibility.’

For each specific source, a full array of calibrators—including those
for atmosphere, bandpass, flux, phase, pointing, and water vapour
radiometers (WVR) — is applied. Further details of this calibration
process are available in the ALMA Science Pipeline User’s Guide,?
along with QA reports in the ALMA project repository.

2.3.2 CO measurements

Starting with the MS file, our first task was to divide the visibility
into emission line and continuum windows using the SPLIT task.
The only emission line detected by our setup is CO J = 2-1. To
pinpoint this line, we performed a preliminary spectral profile fitting
by using the Cube Analysis and Rendering Tool for Astronomy
(CARTA v4.1; Comrie et al. 2021) on the science products. We
flag channels within £5 x FWHM of the line, designating those
outside this range as continuum channels. The TCLEAN task in
multifrequency synthesis mode (mfs) is then employed to create
the continuum map. To capture possible extended data structures,
we use the Multiscale deconvolver (Cornwell 2008). For Briggs
weighting (Briggs 1995), the robustness parameter (R) is set to 2
(natural weighting), enhancing sensitivity. However, the continuum
remains undetected in all sources, with 30 upper limits around ~
40 uly (see the bottom row of Fig. 3). For the emission line, we
also investigate using R = 0.5, observing peak flux differences from
R = 2 of no more than 15 per cent. Other parameters remain at their
defaults. We subsequently employ the TCLEAN task, preserving the

Zhttps://almascience.nrao.edu/processing/science-pipeline
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Figure 3. Top row: HSC (gri bands) images of five dual quasars displayed with the contours of the CO J = 2—1 emission line MO map superimposed. The
ALMA beam size is illustrated by a white ellipse located at the bottom left corner. The background noise level (obkg) is derived from the residual maps and is
indicated at the base of each panel. Positive contours commence at 3opkg and move upward by increments of 3opkg. A limited number of negative 3opkg contours
are shown with white dashed lines. The optical centres of the point sources are marked with white crosses, and the scale bar at the bottom right shows their
projected distance in arcsec and kpc. Bottom row: Each object’s continuum map is overlaid with the identical CO J = 2—-1 MO map. The noise level is assessed
directly from the continuum map and is similarly marked at the bottom of each panel.

same settings but with the cube specmode, to produce cubic data
at 10km s~! per channel. Spectra from this TCLEAN cubic data are
extracted to refine the line fitting, leading to a repeated TCLEAN run
with the updated line frequency centre and FWHM.

From the newly acquired cubic data, we individually derive the
spectrum for each source, with the apertures identified as white
ellipses in the panels (d) of Figs 4-8. Subsequently, we perform
measurements of the full width at half maximum (referred to as Ws,)
for the CO J = 2—1 line in accordance with Tiley et al. (2016). In
their research, various fitting functions were rigorously evaluated to
assess their accuracy in replicating the line width of simulated galaxy
spectra across a wide range of parameters, including amplitude-to-
noise ratio (A/N), inclination, and rotation velocity. Their results
reveal that a parabolic function flanked by two mirrored half-
Gaussians, termed a ‘symmetric Gaussian Double Peak function,’
displayed the least bias across much of the parameter space. This
function is represented as:

—lr—(e=w)?

Ag Xe 22 X <c—w,
f) = Acta(x—c¢)? c—w<x<c+w, 2)
—lx—(etw)?
Ag xe 27 x>c+w

where x denotes the observed frequency, c is the line centre, w >
0 represents the half-width of the parabola, o > 0 stands for the
width of the two half-Gaussians centred at ¢ & w, both sharing the
same peak flux Ag > 0. Additionally, we impose the condition A¢c <
0.8 Ag to ensure fitting stability.

Yet, not all galaxies inherently show double-peaked line profiles.
This feature is influenced by aspects such as inclination and gas
distribution (e.g. Lavezzi & Dickey 1997; Davis et al. 2011).
Therefore, we initially applied both a double-peaked Gaussian model
and a typical single Gaussian model to fit the CO J = 2-1 lines
extracted from our sources. The fitting was performed using the
Python package 1mfit, using the Levenberg—Marquardt (leastsq)
algorithm for optimization. To evaluate the fitting quality, we refer to
three criteria: the Akaike information criterion (AIC; Akaike 1998),
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Bayesian information criterion (BIC; Schwarz 1978), and reduced
chi-square assessment between the models. The model with lower
values in at least two of these criteria was considered preferred.
Panels (g) and (h) in Figs 4-8 depict the chosen model and its 3o
uncertainty as a red curve with shaded regions.

Using the proposed model, we calculate the W5 values for the CO
spectral lines in the following manner. For a double-peaked Gaussian
fit:,

Wso = 2(w + v21In20) 3)
and for a single Gaussian fit:,
Wso = 24/21n20 ()

Initially, we execute these fittings in the frequency domain to
ascertain the precise position of the CO line. Subsequently, we
translate the width Ws, into velocity, as listed in column (5) of
Table 3.

Next, we construct the moment 0 (M0O) map utilizing the W5,
values. For each source, we determine the frequency span within
1.5x Wsg, which is the central frequency £ 0.75x W5, [indicated by
the blue vertical dashed lines in Figs 4-8 (g) and (h) panels with
precise frequencies provided in the respective sections]. Channels
within this frequency span are utilized to create the MO map through
the immoments function. In scenarios where detections occur for
both sources, we select the minimum channels that encompass
1.5x W5 of both entities. The MO outcomes are depicted as contours
in Fig. 3 and also within panel (a) of Figs 4-8. The background noise
level (o) is calculated from the standard deviation in the residual
map and is annotated at the panels’ lower sections. Contour levels
commence at 30y and progress in increments of 3oi,. Even though
generally negligible, negative 3oy, signals are represented as white
dashed contours.

On the MO map, we execute the 2D Gaussian fitting process using
both the imfit tool in CASA and the interactive tool in CARTA.
The findings exhibit a consistency with a variation of approximately
10 percent in both integrated and peak flux measurements. The
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Figure 4. CO J = 2-1 properties of SDSS J084710.40—001302.6. (a) CO MO (intensity) map as described in Section 2.3. The underlying image is generated
from Subaru/HSC g-, r-, and i-band data. The ellipse at the bottom left indicates the beam size of our ALMA observation, and the projected optical separation
between the two nuclei is shown as the scale bar at the bottom right with angular and physical scales. (b) CO M1 (velocity) map generated with immoment
in unit of kms~!. The velocity centre is selected to be the centre of the Gaussian model of the CO profile in panel (g). (c) CO M2 (dispersion) map generated
with immoment in unit of kms~!. (d) Same CO MO map as in panel (a) with the flux level shown by the scale bar. (e) 2D gaussian model of CO MO map
generated from imfit. (f) CO residuals of the MO map after subtracting the model in panel (e) from the data in Panel (d). (g) and (h) Emission line profiles of
the two sources extracted from the regions marked in panel (d) together with the noise spectra extracted from offset regions from the sources, the best-fitting
model with 3o uncertainties from LMFIT, and W5 of the emission line. The arrows at the top indicate the expected position of the CO line based on the optical
spectroscopic redshift. The signal-to-noise ratio of the line is noted at the top right, as defined in Section 2.3.2.

most suitable models derived from imfit are illustrated in panels
(e) of Figs 4 through 8, while the corresponding residual maps are
displayed in panels (f). In column (7) of Table 3, we provide the
integrated flux Sco(-1)dv as measured by imf i t. This integrated flux
is subsequently employed to compute the line luminosity following
the method of Solomon, Downes & Radford (1992):

D}

L. =325x 10" X Sjne 80— E——
ine O g,

K km s_lpc2 5)
where Sy,.0v refers to the integrated CO J = 2-1 flux as outlined
earlier. In this context, D; represents the luminosity distance in
Mpc, while v2 . denotes the observed frequency of the emission

obs
line. Results are expressed as log Lq,.1y in column (8) of Table 3.

Additionally, imfit provides the peak flux of the optimal model

(Sgegé_l)), which we utilize to calculate the signal-to-noise ratio (S/N)

of the emission line. Thus, S/N = Sg%‘é_l) /Obke, as indicated on the

upper right of panels (g) and (h) in Figs 4-8.

Sizes of the sources in interferometric data are typically measured
in the uv-plane to benefit from uncorrelated noise and avoid imaging
artifacts like deconvolution errors (e.g. Fujimoto et al. 2020; Pozzi
et al. 2024; Tan et al. 2024). However, according to Tan et al.
(2024), performing uv-plane profile fitting requires an S/N of at
least 50 to yield meaningful and consistent results. The highest
S/N of our sources is around 130, which proved inadequate for
the uvmodelfit procedure, as it struggles to converge with either
Gaussian or Disc models. Consequently, we rely on the imfit
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Figure 5. CO properties of SDSS J121405.124-010205.1. The format is similar to Fig. 4.

results on the image plane, which are reported in Table 3, column
(6). The sizes, given as the FWHM for the major and minor axes, are
presented after deconvolution. We further compared these measured
sizes with the beam sizes listed in Table 2. When a source’s size is
less than 1.5 times the beam area, it is considered unresolved.

Subsequently, we generate the velocity moment 1 (M1) and
dispersion moment 2 (M2) maps using immoments over the same
frequency span as the MO maps, only retaining pixels above the 30y
threshold. These are illustrated in Fig. 4-8 panels (b) and (c), with
MO contours overlaid.

2.3.3 Molecular gas masses and fractions

To determine the molecular gas mass and fraction for our dual
quasars, we initially convert L¢g,,, into CO J = 1-0 lu-
minosity (Lo ) using an excitation correction factor Ry =
Lco@-1y/Leog.o) = 0-62, derived from the average findings of low-z
PG quasars (Shangguan et al. 2020). For all of their sources with
detections of Lq, 1y and Loy, the values of Ry range from
a maximum of 0.90 to a minimum of 0.49 [see also Carilli &
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Walter (2013) suggesting Ry; = 0.99]. The L/CO(,,O) is empirically
linked to the gas H, by a conversion factor aco, measured in units
of Mo(K - km - s~ - pc?)~!. It is important to note that aco varies
depending on the density, temperature and metallicity of the gas
(refer to Bolatto, Wolfire & Leroy 2013, for a detailed review). The
literature cites various values for aco, generally ranging between
aco = 0.8-4.3 (e.g. Downes & Solomon 1998; Bolatto et al. 2013).
In our case, we select «co = 3.1, based on Shangguan et al. (2020).
With the selected R,; and oco, we determined the molecular gas
mass Miolgas = Ctco X L/c0(271> /R>1, as shown in Table 3 column
(9). We then calculated the ratio of the molecular gas mass to the
stellar mass Umolgas = Mmolgas/ M in column (10). Details regarding
the measurement of stellar mass M, are provided in Section 2.2.

3 RESULTS

3.1 CO detection

In the top row of Fig. 3, we present the gri colour images of the
five dual quasars, taken from the HSC, with the ALMA COJ = 2-1

Gz0z Aeyy 90 uo Jasn uojdweyinog 1o Alsiaaiun Agq 598/ /08/100E/¥/8ES/a101e/SeIUW/ /W02 dno dlwapede//:sdiy Woll papeojuMO(]



(a) SDSS]1416+0033 HSC + CO MO

(b) CO M1 data (km/s) le2

ALMA dual quasars 3009

(c) CO M2 data (km/s) le2

S
55
&
631'9 - &V
,,;al; «.,69
14"16737.6° 3740 14"16™37.6°
(d) CO MO data
(Jy-km-s i/beam) Je—1
S S
o P
) )
& g
6@ <;L(') I
<—>°§ | a“'d |
-1
14"16737.6°  37.4° 31.3% 14"16737.6°
(g) J1416W CO line fitting
velocity (km/s)
-900 -600 -300 300 600 900
data E i i
noise E E 7.60
_0.6F — pestfit P i
£ 3o fit ! !
© ] 1
8 g afl 15X We : i
= | !
£ E i
x 0.2 ' : :
(s H i | ! nBon
i WEE W
0.0pt 1y T =il WY
L LS & B0
160.2 160.4 160.6 160.8 161.0 161.2

Observed Frequency (GHz)

37.4% 37.3°

(e) CO MO model
(Jy -km-s~l/beam) 1e—1

PR S
37.4°

"

14M16M37.6° 37.4°  37.3°

(f) CO MO residual
(Jy -km:s~!/beam) Je—1

Lanaas e, N L, il L
3737 14M16M37.6° 37.4° 37.3°

Figure 6. CO properties of SDSS J141637.444-003352.2. The format is similar to Fig. 4.

contours superimposed. These contours are plotted at intervals 3oy,
beginning at the same level. The value of oy is determined from the
residual map after removing the optimal imf i t model from the data.
The optical centres of the point sources are indicated by white crosses
derived from the HSC i-band image, and their projected separations
are indicated in the bottom right. Using our S/N definition based
on the peak of the optimal imfit model (Section 2.3), we confirm
that the line CO J = 2-1 line is detected at 5S¢ or stronger in eight
out of ten quasars. It is noted that the CO centre of JO847S is offset
by approximately 1.2arcsec (8.2 kpc) from the optical centre; in
contrast, the CO emissions of the remaining seven detections align
with the optical quasar positions. The FWHM dimensions, major
and minor, are detailed in Table 3 (column 6). Although imfit
gives sizes for all sources, most are nearly unresolved due to beam
size constraints (see Table 2 column 6). Exceptions include J0847S,
resolvedinto 6.5 + 1.5 beam ssizes, and J1416W, resolved into 12.9 +
1.9 beam sizes, while the other six are <2 beam sizes. For the non-
detected sources, we estimate a size of 1beam, with Sco.-1) upper
limits set to 3o, within one beam (refer to Table 3 column 7).
Furthermore, using the extracted 1D spectral profile (detailed for

each pair in Section 3.2), we determine the frequency centre and
FWHM (Ws) of the CO line (Table 3 columns 4 and 5).

3.2 Details of individual pairs

In this section, we explore the details of each pair of quasars,
presenting our findings in a dedicated figure for each source. Taking
Fig. 4 as our template, we maintain a uniform format:

(i) Subaru/HSC colour image with CO J = 2—1 MO map superim-
posed as contours (panel a).

(i) Velocity (M1; panel b) and dispersion (M2; panel ¢) maps
calculated with immoment in kms™'.

(iii) CO MO image displaying flux levels (panel d).

(iv) Optimal fit of the model (via imfit) based on the MO data
(panel e).

(v) The residual map generated by subtracting the model from the
data (panel f).

(vi) 1D spectra for both sources (panels g and h) extracted from
the white dashed elliptical regions (apertures) in panel (d), shown as
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Figure 7. CO properties for SDSS J220906.91+004543.9. The format is similar to Fig. 4.

grey histograms. The noise spectrum appears in cyan. The optimal
fit and the 30 confidence interval are indicated by the red curve
with shadows. The W5, of the emission line is denoted by vertical
blue dashed lines. The anticipated frequency of the CO J = 2—1 line
based on the optical spectroscopic redshift is marked by a cyan arrow
above the 1D spectra. The S/N of the emission line (see definition in
Section 2.3.2) is mentioned at the top right.

3.2.1 SDSS J084710.40—001302.6

This system, initially identified by Inada et al. (2008) while investi-
gating lensed quasars using the Keck/LRIS, consists of two point
sources located 1.0 arcsec apart at redshift z = 0.626 (R, = 6.8
kpc). In our reanalysis of the Keck/LRIS 1D spectrum using
PSYQSOFIT, we found a 6.90 detection of the broad Mg1I line with
Wso = 6945kms~' for JO847N, and an 8.40 detection with Wsq
= 7911 kms~! for J0847S. However, the HB lines in both sources
are notably weak and only allow fitting with a narrow component.
The spectrum of JO847N is bluer than that of JO847S, with the
ratio dropping from 3 at approximately 3500 A to 1 at 8000 A. The
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O [11]/H B ratio stands at 10.5 for JO847N and 15.7 for JO847S. These
observations lead us to further support that this is a quasar pair, not
a lensed quasar. According to the Mg 11 virial method, the My ratio
of JO847N to JO847S is 1.4:1. Positioned between the two sources,
the host galaxy features an effective radius of R, = 0.94” (4.5kpc)
in HSC i-band and stellar mass M, = 10'%% M.

Panels (a), (b), and (c) of Fig. 4 present its MO, M1, and M2
maps generated in the 141.629 to 141.751 GHz range. The double-
component imfit model (panel e) evaluates a line peak signal-to-
noise ratio of 5.40 for JO847N and 6.1¢ for JO8478S. Single Gaussian
profiles adequately fit both spectral line shapes (panels g and h), with
widths Wsy of 172 4 14 kms™! for JO847N and 252 + 18 kms™!
for JO847S, respectively. JO847N’s deconvolved CO emitting region
spans 2.0 & 1.4 beam area, equating to FWHM dimensions of 16 kpc
X 4 kpc. In contrast, JO847S is larger, covering 6.5 + 1.5 beam area,
which corresponds to 21 kpe x 10 kpc.

A notable feature in this system is the CO centre of J0847S being
offset from its optical centre by an angular separation of 1.2 arcsec
and a projected physical distance of 8.2 kpc. No optical counterpart
is visible for this offset gas blob in the HSC image, at a depth
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Figure 8. CO properties for SDSS J233713.664+-005610.8. The format is similar to Fig. 4.

of 5o reaching approximately 26.5 mag, and its position was also
not captured by the LRIS slit (Silverman et al. 2020). The optical
emission lines for JO847N and J0847S differ by 240 km s~!, whereas
the CO centres are approximately 42 kms~! apart. The difference
between the CO and optical redshifts is 277 kms~! for JO847N and
55kms~! for J0847S, as indicated by the cyan arrows in panels (g)
and (h) of Fig. 4. Maps M1 and M2 for both sources are largely
unresolved. Our hypothesis is that this detached gas blob is the result
of ram pressure stripping (Kapferer et al. 2008) or may have been
expelled due to AGN feedback and/or interactions involving multiple
bodies (Carniani et al. 2017).

3.2.2 SDSS J121405.124-010205.1

The system was verified by Silverman et al. (2020) as consisting of
dual quasars at a redshift of z = 0.493, with a separation of 2.2 arcsec
(R. = 13.3kpc) between them. We conducted a reanalysis of the
reduced 1D spectra obtained from Keck/LRIS using PYQSOFIT. The
broad MgI line for J1214N is measured with a 14.5¢0 significance
and an FWHM of 9057 kms~!, whereas for J12148S, it is detected

with a 14.60 significance and W5y of 4984 km s~!. For the broad
Hp components, J1214N presents a 10.00 significance with Wsg
= 11039kms~!, and J1214S shows a 6.00 significance with Wy,
= 7838kms~'. The O [m1])/H B ratio is 3.9 for J1214N and 3.5 for
J12148S. J1214S has a slightly steeper continuum slope compared to
J1214N. These spectral differences imply that they form a physical
pair of quasars. A third red source in the northwest is outside the
slit coverage and is undetected by ALMA. The alignment of these
three systems differs from that of HSC lenses (e.g. Chan et al. 2020).
The Mg 11 virial method reveals that the black hole mass (Mpgy) ratio
between J1214N and J1214S is 3.8:1, whereas their stellar mass (M.,)
ratio is 1:6.

The CO maps shown in Fig. 5 are produced at frequencies ranging
from 154.104 to 154.612 GHz. According to the model, the line
shows a peak signal-to-noise ratio of 13.2¢ for J1214N and 11.3¢
for J1214S. The line profile for J1214N is best described by a double-
peaked Gaussian with Wsp = 508 429 km s~!, while the profile of
J1214S resembles a single Gaussian with W5y = 340 &= 60 km sl
The CO and optical centres are separated by 120 kms~! in J1214N
and 180 kms~! in J1214S. Furthermore, the centre of the CO line
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for J1214S is blueshifted by 330kms™' relative to J1214N. The
deconvolved CO emitting region for J1214N spans 1.9 &+ 0.4 beam
area, equivalent to 10.3 kpc x 4.8 kpc in FWHM, while for J1214S,
it covers 1.1 & 0.3 beam area and is considered unresolved.

J1214N is the only source in this work that shows a clear velocity
gradient in its M1 map, as shown in panel (b) of Fig. 5. This
feature is resolved at approximately two beam sizes. The velocity
reference point is established at the centre of J1214N’s line profile at
154.30 GHz. The components that are blue-shifted and red-shifted
show a spatial separation of about one beam size in both the cube
data and the integrated M1 map. The v/o ratio for J1214N ranges
from 0.5 to 2. This structure suggests the presence of either a merger
front or a rotation disc in J1214N, further explored in Section 4.2.
Furthermore, J1214N has the highest fimolgas among our sources,
with a value around 300 per cent.

3.2.3 SDSS J141637.444+003352.2

This system was identified by Silverman et al. (2020) as a dual
quasar at z = 0.434 with 0.65” (R, = 3.9 kpc) separation between
the two nuclei. Their Keck/LRIS spectrum was blended, and the 1D
spectrum was extracted from the extended wings of the 2D profile.
Subsequent Gemini/NIFS z-band IFU observation resolved the two
nuclei, and the 1D spectrum was extracted from two circular apertures
centred on each source. We combined the two parts of the spectrum
by matching the z-band flux of the Keck/LRIS spectrum to that
of Gemini/NIFS, and reanalysed it with PYQSOFIT. Consequently,
J1416E [left blue source in panel (a) of Fig. 6] reveals a 6.9¢ detection
of Mg 11 with Ws; =6618kms~!, and a 11.60 detection of Ha with
Wso = 3245 kms™!. J1416W (the right red source) reveals a 3.8c
detection of Mgl with W5y = 11857kms~!, 5.70 detection of
Hp with W5y = 14160kms™!, and 2.90 detection of Ha with
Wso = 6294kms~!. The broad emission lines are overall weak in
J1416W, while the existence of high-ionization narrow lines like
[O11] and [Ne V] in its spectrum suggested quasar-origin emission.
Together with its red colour in the HSC image, Silverman et al.
(2020) classified J1416W as a type-1.5 quasar with some level of
obscuration. Based on the H « virial method, the Mgy ratio between
J1416W and J1416E is 3.5:1. The decomposed HSC image suggests
that the pair shares a single host galaxy with R, = 1.56” (9.4 kpc)
and M, = 10'""M,,.

The CO maps in Fig. 6 are generated between 160.591 and
160.781 GHz. CO emission is associated with the type-1.5 com-
panion J1416W, with a 3o upper limit of 0.11 Jy km s~' for J1416E.
Based on a single-component model, the peak signal-to-noise ratio
of the line is 7.8¢. Its profile is fitted with a single Gaussian with
Wso = 237 £ 13 km s~ Its centre is offset from the optical emission
lines by 335km s~!. The deconvolved CO emitting area corresponds
to 12.9 + 1.9 beam area, with a physical size of 7.2 kpc x 4.8 kpc.
The fimoigas Of J1416W is ~30 per cent, while that of J1416E is <1.0
per cent.

3.2.4 SDSS J220906.914+-004543.9

This system, reported by Tang et al. (2021), is classified as a dual
quasar at 7 = 0.446, exhibiting a separation of 1.63” (R, = 9.2 kpc).
We conducted a reanalysis of the Subaru/FOCAS spectra using
PYQSOFIT, which identified a 9.5¢ detection of the broad H 8 line
with W5y = 5064kms~' and a 10.1o detection of the broad Ha«
line with Wso = 3398kms~' for J2209N. For J2209S, the broad
H B line was detected with 5.70 significance at Wsy = 4255kms™!,
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Figure 9. CO luminosity (L,CO(2—I)’ left panel) and molecular gas to stellar mass ratio (molgas = Mmolgas/ M, right panel) of our dual quasars (stars marks) in
comparison with single quasars from previous studies (dots). The larger dots with outlines represent single quasars identified as mergers. In the right panel, we
also show the best-fitting results from Tacconi, Genzel & Sternberg (2020) for starburst (SB), star-forming main sequence (SFMS), and quiescent (QS) galaxies,
depicted as the solid curves from top to bottom, respectively. The error bars for Ry; and «co are indicated in the bottom right corner. The pair JO847 and J1416
are condensed into a single data point (stars with outlines), since there is only a single M, measurement for each pair.

while the broad Hao was detected with a 6.30 significance at
Wso = 2827kms™!. J2209N exhibits a bluer continuum compared
to J2209S, with the spectral ratio decreasing from approximately 2 at
6000 A to approximately 1 at 10000 A. The O [111]/H § ratio is 6.3 for
J2209N and 2.2 for J2209S. Consequently, this system is determined
to be a physical pair rather than a lensed quasar. According to the
H B virial method, the Mgy ratio between J2209N and J2209S is 2:1,
whereas the M, ratio is 1:2.

The CO observations illustrated in Fig. 7 span frequencies between
159.236 and 159.447 GHz. Using the dual component model, the
maximum signal-to-noise ratio of the line is determined to be 5.1
for J2209N and 10.20 for J2209S. These profiles are modelled
with double-peaked Gaussians, indicating Wsp = 270 & 40kms~!
for J2209N and W5, = 340 + 40 km s~! for J2209S. Both CO centres
are approximately 200 km s~! redshifted relative to their optical lines.
The deconvolved CO emission region for J2209N spans 0.8 &= 0.7
beam area, and for J2209S, it spans 1.1 &= 0.5 beam area, suggesting
that they are unresolved.

3.2.5 SDSS J233713.664-005610.8

The system, as identified by Tang et al. (2021), is a dual quasar
discovered at z = 0.708 with a 1.34 arcsec separation (corresponding
to Ry = 7.6 kpc). Upon reanalysing the Gemini/GMOS spectra using
PYQSOFIT, we identified a 7.00 detection of broad H 8 at W5, = 3463
kms~', and a 4.1 detection of broad Hy at W5y = 3490 km s~! for
J2337N. For J2337S, the broad H 8 is detected with a significance of
13.50 and Wsy = 4237 kms~', while the broad H y shows a detec-
tion of 4.70 and W5y, = 4438 kms~!. Broad and blueshifted [O 111]
components are observed in both quasars, with Wsy =408 km s~! for
J2337N and 696 kms~! for J2337S. The two sources exhibit nearly
the same continuum slopes, but J2337S generally displays broader
line widths compared to J2337N. Therefore, we affirm this system as
a physically paired quasar system. The H § virial method estimates
a Mgy ratio of 1:2.1 between J2337N and J2337S, and a M, ratio of
1:5.5.

The CO data depicted in Fig. 8 span frequencies between 134.903
and 134.989 GHz. According to a single-component model analysis,

the CO J = 2-1 line was detected with a significance level of
8.10 only for J2337N. The 30 upper threshold for the same MO
map measures 0.07 Jy km s~!. The profile of this line is accurately
modelled by a single Gaussian with Wsy = 128 & 8kms~!. The
centre of the CO emission is nearly aligned with that of the optical
emission lines in terms of redshift. The deconvolved region of
CO emission extends over 1.9 £ 0.6 beam area, corresponding to
a physical size of 6.2kpc x 4.3kpc. The pimelgas for J2337N is
approximated to be about 48 percent, while for J2337S it is not
more than 1 per cent.

4 DISCUSSION

Our findings indicate that dual quasars generally have significant
molecular gas supplies, with M1 ranging from 10°67195 M, and
Mmolgas SPanning 18-50 per cent with an exception of 301 per cent.
In this section, we begin with a statistical evaluation to qualitatively
assess if these systems are quenched. We then investigate the diverse
distribution of molecular gas across our dual quasars. This analysis
seeks to provide insights into quasar behavior during galaxy mergers
and relate these observations to the larger context of black hole-host
coevolution.

4.1 Do dual quasars show signs of gas depletion?

Our objective is to ascertain if dual quasars exhibit signs of gas
depletion that could suggest the quenching of future star formation.
To explore this issue, we initially examine the CO J = 2—1 luminosity
(L’Co(z_l)) and the ratio of molecular gas to stellar mass (tmolgas)
characteristics of our dual quasars, as detailed in Table 3.

In Fig. 9, the left panel displays L., as a function of redshift.
The green stars denote our dual quasars, while the colored dots
represent the comparative single quasars. The PG quasars from
Molina et al. (2023) serve as a reasonable comparison to our dual
quasars with respect to redshift and black hole characteristics, such as
Lyo and Mgy. We utilized the logrank test (Mantel-Cox test,
Mantel et al. 1966), facilitated by the LIFELINES PYTHON package,
to evaluate the differences in L/coa. b values between their samples
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and our dual quasars. Including the upper limits in our analysis, the
test produced a p-value of 0.14, suggesting that there is no significant
discrepancy in L¢q,,.;, between the two data sets. Other single quasar
comparisons feature PG quasars at z < 0.1 (Shangguan et al. 2020)
and bright (Lye > 10*ergs™') Hamburg/ESO quasars (Husemann
et al. 2017). It is important to note that the selection criteria for
PG quasars (Schmidt & Green 1983) and Hamburg/ESO quasars
(Wisotzki et al. 2000) differ from those used for SDSS quasars
(Richards et al. 2004).

In Fig. 9, in the right panel, we represent the ratio of molecular gas
to stellar mass (Lmolgas) in different redshifts. Our dual quasars are
represented by green stars. For J0847 and J1416, their host galaxies
have already merged, resulting in a single M, measurement for each,
depicted as two green stars with black outlines. The comparison
samples are depicted similarly to those in the left panel. For all
samples, we use Ry; = 0.62 and «co = 3.1. The bottom right error
bars show uncertainties in ftmolgas due to various choices of aco
and R,;. Solid lines indicate the best-fitting results of inactive
galaxies from Tacconi et al. (2020). This fitting incorporates gas
mass measurements of 2052 star-forming galaxies from the literature,
covering redshifts from 0 to 5.2, stellar masses spanning 10°122 M,
and star formation rates (SFR) ranging from 10~'737> M yr~!. The
fitting function for the molecular gas-to-stellar mass ratio is based
on redshift, relative specific star formation rate (sSFR), stellar mass,
and effective radius:

108 [0 = A + B x [log(l +2) — FJ?
+ C x log [sSFR/sSFR (MS, z, M.,)]
+ D x [log(M,) — 10.7] (6)

We incorporate their optimal fit parameters A = 0.06, B = —3.33,
F =0.65 C =0.51, D=—-0.41 into the function. We define
SMS = log [sSFR/sSFR (MS, z, M,)], and refer to this best-fitting
result as ui’:ﬂlgas(z, SMS, log M.).

The solid black line in Fig. 9 illustrates the galaxies of the star for-
mation main sequence (SFMS), specifically p_ff(l)]gas(z =0-1,6MS =
0,log M, = 10.7), where log M,/Mg = 10.7 indicates the median
mass of nearby galaxies (Saintonge et al. 2011), with the sSFR for
SFMS galaxies defined by Speagle et al. (2014). By adjusting SMS to
values of 1 and —1, we obtain the blue line for starburst (SB) galaxies
and the red line for quiescent (QS) galaxies, respectively. From this
figure, we find that most dual quasars exhibit a fiyeigas cOmparable
to SFMS galaxies, except for J1214N, which is an outlier above, and
J23378S, which is an outlier below.

To compare the data while controlling for M, as in Tacconi et al.
(2018), we adjust pmolgas Of our samples by relating them with [,Liil’lgas
at the corresponding redshifts. We introduce:

= p/u(MS) O

where p is the observed pmoigas Of the sources, and w(MS) =
/Lﬁf(l)lgas(z = Zsource, OMS = 0, log M, = 10.7). This method helps re-
duce redshift-dependent effects. The value i reflects the ratio of the
sample’s Lmolgas tO that of a typical medium-mass SFMS galaxy at
the same redshift. Furthermore, equation (6) can be adjusted sim-
ilarly, setting u = Hiil,lgas(z =0,8MS =0,logM, =9.5-11.9)
and u(MS) = /Lﬁi‘élgas(z =0,8MS =0, log M, = 10.7).3

We display & against log M, in Fig. 10. The sample legends keep
the same as those of Fig. 9. Distinctively, three pairs of dual quasars

3For any chosen z, provided that it is the same in both x and w(MS), the
results are consistent. The range log M, = 9.5 — 11.9 is relevant for Fig. 10.
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Figure 10. Normalized molecular gas-to-stellar mass ratio consider-
ing M. We define &t = p/u(MS) = Mmolgas/llﬁilgas(z = Zsource; OMS =
0,logM, = 10.7), representing the ratio of the source’s tmolgas compared
to medium-mass SFMS galaxies at an equivalent redshift. Sample legends
are consistent with those in Fig. 9. Apart from the two pairs with a single
host galaxy, we link the remaining three pairs with a line. In addition to the
observational samples, the EAGLE simulation results (Rosas-Guevara et al.
2019) are included as dashed lines for the total AGN population and triangles
for dual AGNs with either two host galaxies or one host galaxy, respectively.

are depicted as green stars linked by a grey line, except for the two
pairs with a single host galaxy each. These dual quasars are treated
as individual systems for which we estimate their combined Myo1gas,
M., Imolgas, and [t in Table 4 columns (3-6). For the two non-
detected companions, we incorporate their 3o upper limits, which
are minimal in effect compared to the systematic errors of the whole
system. The error bars on the green stars in the figure reflect only the
measurement errors of imfit. However, systematic uncertainties,
mainly due to the choice of R;; and aco, as indicated by the green
bars on the lower left, dominate the uncertainties of molecular gas
measurement. We adopt 0.8 and 4.3 as the 20 bounds for aco and
0.49 and 0.90 for R5;. The values presented in Table 4 include both
systematic and measurement errors.

To perform a comparison with the SFMS galaxies, we calculate ;1
for the SFMS galaxies at the equivalent M, for each pair of our dual
quasars. This is expressed as oo = M,gs(l,lgas(z = Zsources SMS =
0, log My = M)/ 8 (2 = Zsoureer SMS = 0, log M, = 10.7).
This can be perceived as projecting our samples vertically onto the
black curve. The values are outlined in Table 4 column (7), with
the uncertainties indicating §MS = 1. Consequently, Fig. 10 is
partitioned into three regions: (1) ‘SB-like’: exceeding the upper

threshold of ﬁrsn}:}}’gs, or above the blue curve. (2) ‘SFMS-like’:
~SFMS

within the range of the upper and lower threshold of py ., or
between the blue and red curves. (3) ‘QS-like’: beneath the red
curve, below the red curves.

Next, we calculate the likelihood of ﬁfr‘l‘:l'gas residing in each of these
three regions by assuming its probability density function (PDF)
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Table 4. Molecular properties of our dual quasar systems are provided. Column (2) indicates the projected physical separation (R | ) between each pair, serving
as an indicator of the merger stage. Columns (3) to (5) report the total molecular gas mass, stellar mass, and the molecular gas-to-stellar mass ratio for each
pair. Column (6) presents the normalized total molecular gas-to-stellar mass ratio of each pair, defined as the relation between ptmolgas and that of medium-mass
SFMS galaxies at equivalent redshifts (refer to the text for further explanation). Column (7) details the normalized molecular gas-to-stellar mass ratio for SFMS
galaxies matching in redshift and stellar mass to each dual quasar pair. Variations in SMS = =+1 within equation (6) set the lower and upper bounds. Column (8)

enumerates the probabilities that ﬁ?r:?llgas falls above the upper bound (SB-like), within the bounds (SFMS-like), or below the lower bound (QS-like) of ﬁrsni]}gs
Name k. log M2, log M = P A, P(SB, SFMS, QS)

(kpc) Mo) Mo) (%) (ratio) (ratio) (%)
1 (@) 3 “ (6] © () ®
30847 6.8 10724030 10.95 £0.16 58.572%4 2234199 0.79%311 37.0,56.3,6.7
J1214 133 10.757920 10.92 +0.13 68.51354 3.39113¢ 0.8113% 72.0,23.4,4.6
J1416 3.6 10.7075:20 11.19 £ 0.13 32.5H124 1.8379.70 0.637)4 38.2,56.7, 5.1
32209 9.0 10.20%030 10.78 £0.11 263197, 1.4470>2 0.9215-91 0.15,93.1,6.7

0.11 32 0.11 1.14

32337 7.3 10.331030 11.414£0.12 8.3732 0.2710 15 0.51% 3¢ 0.0,76.8,23.2

follows a split normal distribution:

Aexp (—(;;%)2) , ifx<p
I (x5 14, Olows Oup) = " ®)
Aexp (—%) , otherwise
where A = /2/7 (alow + oup)fl, olow and oy, are the lower and
upper 1o uncertainty as shown in Table 4 column (6) for each system,
respectively. Subsequently, we determine the area (i.e. probabilities)
of this PDF within ‘SB-like’, ‘SFMS-like’, or ‘QS-like’ regions,
which are referred as P and presented in Table 4, column (8). Conse-
quently, four out of our five dual quasar systems exhibit a probability
of less than 7 per cent of being QS-like, with the remaining system
showing a probability of 23 per cent. Thus, we conclude that, during
the merger phase with an approximate separation of 10 kpc, our dual
quasars as a collective do not provide substantial evidence of cold
molecular gas being significantly depleted. Furthermore, we find the
i values for our dual quasars are similar to those single AGNs in
mergers (Husemann et al. 2017; Shangguan et al. 2020; Molina et al.
2023, the larger coloured dots with black edges in Fig. 10). These
pieces of evidence may imply that no matter with single or dual
AGNSs in effect, the gas depletion time-scale exceeds the merging
dynamical time-scale (Capelo et al. 2015), and most gas become
depleted after the final merger (Hopkins et al. 2006). None the less,
certain individual quasars within these dual systems do demonstrate
minimal or absent CO-emitting gas. The data in this study are yet
limited in statistical power, and additional follow-up observations of
dual quasars with varying separations are needed to evaluate the gas
depletion hypothesis.

In addition to the observational data, we incorporate the EAGLE
simulation results (Rosas-Guevara et al. 2019) for comparison. The
complete AGN population from the simulation, covering the redshift
range z = 0.8-1.0, is represented by the magenta dashed line with
a lo distribution. The simulated dual AGNs with two host galaxies
are depicted as filled triangles, while those with a single host galaxy
are shown as open triangles. They observed that most dual AGN
systems are relatively gas-richer than the entire AGN population.
Our observations corroborate this, as contrasted with the single
quasars in Husemann et al. (2017), Shangguan et al. (2020), and
Molina et al. (2023), but with an overall excess of ~0.5dex in
i over the dual AGNs in the EAGLE simulation. It is important
to highlight that EAGLE defines AGNs based on 2-10keV X-ray
luminosities exceeding 10*?erg s~!, approximately 1-2 dex fainter
in Ly, compared to our dual quasars (Table Al). Due to selection

bias, our dual quasars likely represent an extreme population that is
not yet widely replicated by current simulations.

4.2 J1214N: merger or disc?

In Section 3.2.2 and Fig. 5, we emphasized the gradient feature
detected in the velocity map of J1214N. We explore possible
interpretations for this structure. Primarily, the v/o ratio being nearly
one suggests that a merger is taking place, as supported by numerical
simulations (such as Lapi et al. 2018) and observations of local dual
AGNS (e.g. Feruglio et al. 2013). The merger front is likely oriented
along the minor axis of the CO M1 map of J1214N [refer to Fig. 5
panel (b)]. Furthermore, the HSC image uncovers another red galaxy
to the northwest of J1214N, positioned 2.0 arcsec or 8.4 kpc away
[see Fig. 5 panel (a)]. Despite the absence of spectroscopic data, the
image displays tidal interactions between this galaxy and J1214N.
Its lack of detection by ALMA implies that it could be a quiescent
galaxy if at the same redshift. Consequently, the system might exist
within a densely packed region approximately 20 kpc in scale.

Biconical outflows driven by AGN feedback are capable of gen-
erating double-peaked emission lines and velocity gradient features
within the molecular and ionized gas phases (Cicone et al. 2014;
Comerford et al. 2018). However, these outflows generally create
asymmetric line profiles, probably due to the asymmetric geometry
of the outflow bicone (Nevin et al. 2018). For J1214N, the CO
emission line presents nearly identical peaks [Fig. 5 panel (g)],
which contradicts the typical asymmetry associated with an outflow
scenario. Furthermore, galaxy mergers often lead to asymmetric line
profiles, as the two interacting galaxies usually exhibit different
brightness levels (Maschmann et al. 2020).

Thus, despite being shown unfavorable by the v/o ratio, we ex-
plore the possibility of a rotating disc in an alternative scenario, which
isrecognized for generating symmetric double-peaked emission lines
(Storchi-Bergmann et al. 2017; Maschmann et al. 2020, 2023). To
verify this hypothesis, we conduct a kinematic evaluation of this
aspect using the tool 3D-Based Analysis of Rotating Objects via Line
Observations (*° Barolo, Teodoro & Fraternali 2015). Essentially,
3DBarolo fits a rotating disc model with a series of concentric rings,
utilizing emission line data cubes. This tool is widely applied in the
study of galaxy gas kinematics (e.g. Ginolfi et al. 2020; Maddox et al.
2021). We exclude J1214S from the modelling process, which would
otherwise be integrated as part of the disc. The SEARCH function of
3D Barolo operates on DUCHAMP (Whiting 2012), producing a 3D
source mask. We set the SNRCUT for detection to 7, GROWTHCUT
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to 4, and MINCHANNELS to 4 to ensure only J1214N remains in the
model while minimizing noise pixels. Subsequently, we apply the
imfit results of the MO map to refine the model, consistent with
the approach by Banerji et al. (2021). We anchor the model centre
(XPOS and YPOS) and position angle (PA) to the imfit results,
then determine the ring model parameters accordingly:

FWHMmajor
NRADII = round(————"— &)
FWHM ,,inor /2.5
FWHM,..;
RADSEP = — % (10
NRADII

In this context, NRADII denotes the number of rings, specifically
7 for our study, while RADSEP represents the separation (width)
between these rings, valued at 0.187. These parameters are crucial
to ensure that the fitting process concentrates on the central region,
avoiding excessive resolution of the data and minimizing extraneous
noise. We consider rotation velocity (VROT), velocity dispersion
(VDISP), inclination angle (INC), and the disc’s scale-height (Z0)
as free parameters, starting with initial estimates derived from
the M1 and M2 maps (VROT = 200, VDISP = 40, INC = 71,
Zz0 = 0). Specifically, for the inclination angle, the initial value is
computed based on the galaxy’s axial ratio as outlined by Holmberg
(1958):

2 2
INC = cos™! (1 / ‘Iquzo> (11)
— 45

where q is the ratio of the semi-minor to the semi-major axis of the
galaxy (i.e. FWHMpinor/FWHMp50r) achieved from imfit, qO0 is
assumed to be 0.2 (Pierce & Tully 1988).

Ultimately, the inclination angle stabilizes at 75.4 deg. To ver-
ify this, we compared results from a 2D decomposition on the
Subaru/HSC i-band image using GALIGHT (Ding et al. 2022),
yielding ¢ = 0.31, or INC = 76 deg for J1214N. Fig. 11 displays
the 3PBarolo model and residuals. From top to bottom are the
intensity (MO), velocity (M1), and dispersion (M2) maps. Each
column from left to right corresponds to observational data, fitted
models, and residuals. The optimal fit indicates a nearly uniform
VROT ~ 225kms~! across the rings. Once instrumental broadening
is subtracted (Ojpsy = Wen/+/21n2 as defined in 3PBarolo, with a
channel width of 10 km s~! in our case), velocity dispersion declines
approximately linearly from 32kms~' at the innermost ring to
4kms~! at the second outermost ring. Details of the density profile
from the best-fitting model appear in Table 5.

With VROT and the size of the major axis (@mgjor, Table 3 column
6), we calculate the dynamical mass of J1214N with the following
formula:

Mgy VROT \* [ 1.5 X Gmajor
Mo ) _ 116 x 10° X g (12)
Mo km s~! kpc

A factor of 1.5 was utilized to account for the disc’s faint emissions
(refer to Wang et al. 2013; Izumi et al. 2021). Consequently, the dy-
namic mass for J1214N was estimated as Mgy, ~ 10'34 M. Assum-
ing Mayn = Mg + M, + Mgy, we estimated M, = 10'%% M.
For comparison, our measurements from CO J = 2-1 suggest a
molecular gas mass of Myolgas ~ 10'%4> M, accounting for approx-
imately 77.6 per cent of the total gas mass.

In the examination of the source’s M2 map, a notable blob is
identified approximately 1 arcsec north-west of J1214N, exhibiting a
velocity dispersion of about 110km s~! (Fig. 11, bottom left panel).
This feature conflicts with the expected outcomes of a rotating disc
model, which generally shows dispersion concentrating near the
centre of the MO map (Fig. 11, bottom middle panel). Discrepancies
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Figure 11. 3PBarolo output results for J1214 are organized in the maps MO,
M1, and M2 from top to bottom. Displayed from left to right are the observed
data, the fitting model, and the residuals. Black crosses indicate the centre of
the disc model. The fitting includes only the northern sources, delineated by
the black elliptical aperture. Dashed lines show the major axis orientation.

Table 5. P Barolo density profiles for J1214N feature a best-fitting model
comprising seven rings, each spaced at a constant 0.187 arcsec. Column (1)
lists the ring radius in arcsec. Column (2) provides the median flux and its
median absolute deviation, measured in mJy - km - s~!. Column (3) indicates
the count of valid pixels in each ring. Column (4) shows the ring’s surface

density, expressed in mJy - km - s~! arcsec 2.

Radius <F > Npix 0]

(arcsec) (mJy - km - s7h) # (mJy - km - s~ arcsec™2)
(1) 2 (3) “

0.094 9.2+£0.2 2 916 £+ 30

0.280 8.7+0.5 9 835+ 82

0.468 73+£0.8 13 734 £ 99

0.655 6.1£0.9 20 628 + 124

0.842 47+1.0 26 500 + 139

1.029 38+1.3 31 400 £ 157

1.215 30+ 14 37 312 £ 160

are evident in the residual map (Fig. 11, bottom right panel). Such
findings support the merger scenario for J1214N. Nevertheless,
we cannot completely discard the disk model with the current
observational resolution. Thus, we plan to perform higher resolution
and multiwavelength observations in the future to further elucidate
the nature of this source.
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4.3 Insights on galaxy evolution

In our study, our aim was to extract insights related to the expansive
field of galaxy evolution, concentrating particularly on the interplay
between galaxy mergers and quasars. The traditional evolutionary
model suggests that gas-rich major mergers play a pivotal role in
initiating quasar activity (Hopkins et al. 2008). However, numerous
observational studies have since sparked extensive discussions (e.g.
Gabor et al. 2009; Cisternas et al. 2010; Silverman et al. 2011;
Boehm et al. 2013; Villforth et al. 2014, 2017; Ellison et al. 2019;
Marian et al. 2019, 2020; Zhao et al. 2022). The complexities arise
from multiple elements, notably the criteria used to select quasars,
such as considering their spectral range, brightness, redshift, and the
variety of techniques used to classify mergers (e.g. visual assessment,
morphological indicators, machine learning).

This underscores the benefits of researching dual quasars: They
are clearly identified mergers, their merger stages being probed by
the separations between the two optical nuclei. Furthermore, there
are data available on the SMBH properties for both galaxies, placing
them within a well-defined framework for discussing the coevolution
scenario. We begin by reviewing the features of our dual quasar
sample. Their bolometric luminosities, deduced from their 5100 A
monochromatic luminosities, range from 10* to 10%- ergs™!, sit-
uating them at the dim end of the quasar luminosity function at
z ~ 1 (Shen et al. 2020). Both the black hole and host galaxy masses
are comparable to those in the parent SDSS DR14 quasar sample
(Tang et al. 2021). To gauge the representativeness of this phase, we
examined the overall merger fraction for SDSS-HSC cross-matched
quasars within this luminosity range at 0.2 < z < 0.8 (Tang et al.
2023). Using the morphological method of this study, the general
fraction of quasar merger is between 10 per cent and 25 per cent. The
Horizon-AGN simulation estimates that a dual AGN fraction (among
all AGN) with Ly > 10" ergs™!, R, < 30kpc and z ~ 0.5 to be
approximately 2 per cent (Volonteri et al. 2022), suggesting that our
dual quasars may represent a stage accounting for 8§ percent—20
per cent of a quasar’s lifecycle during a merger event.

In Section 4.1, we evaluated the overall molecular gas content
of each pair of quasars, comparing it with single quasars and
inactive galaxies. Our analysis reveals no substantial differences
among these groups. Therefore, the presence of two active quasars
does not appear to significantly alter the global gas environment.
Subsequently, we examine whether the molecular gas in each quasar
shows any preferential alignment with the properties of the black
holes. For instance, is the molecular gas consistently associated with
SMBH which is more luminous (L, ), more massive (Mgy), or more
actively accreting (Aggq) SMBH? In the cases of J1416 and J2337, CO
detections are observed in only one member of the pair. The detected
J1416W correlates with the brighter, more massive, and less actively
accreting counterpart, while J2337N corresponds with the dimmer,
less massive, and more actively accreting counterpart. The findings
appear to be arbitrary, show no definitive preference related to the
SMBH characteristics.

AGN feedback is generally recognized as a self-regulating mecha-
nism that modulates the balance between SMBH and its surroundings
[(see reviews by Fabian (2012) and Morganti (2017)]. Thus, it is
understandable that no correlation is observed between molecular gas
quantities and transient properties like Ly, and Agqq. In contrast, as a
long-term characteristic, Mgy is more apt to show correlations with
the overall molecular gas content in quasars. This correlation is also
logically expected from the intersection of the Mgy—M, relationship
(Kormendy & Ho 2013) and the M,—SFR relationship (Davé 2008).
None the less, due to the significant uncertainties in the virial methods
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used for Mgy measurement and the conversion factors for molecular
gas mass, a larger sample size is needed to substantiate any claimed
correlation.

We investigate whether the asymmetric distribution of molecular
gas could be attributed to the effects of the merger. Specifically,
is it possible that one of the SMBHs is capturing most of the
system’s molecular gas through the interaction? To delve into this
theory, we analyse the evolutionary paths of comparable systems
in hydrodynamical simulations. Capelo et al. (2015) studied the
evolution of physical characteristics of SMBHs and their host
galaxies during mergers, ranging from a chaotic phase well before
galaxy interaction to a remnant stage after the BHs merge beneath
the stellar softening length. Notably, Capelo et al. (2015) tracked
gas mass at distances of 0.1, 1, and 10kpc around the primary and
secondary BHs in galaxy mergers. For a BH mass ratio of 1:4, their
simulations indicate that the total gas content (within 1 or 10 kpc
radius, similar to the scales we focus on) stayed nearly unchanged
for both BHs throughout the entire merger. Consistent findings were
reported in their simulations of a 1:2 merger, where the overall gas
volumes were minimally impacted during the merger. Thus, we infer
that the presence or absence of gas detection in our dual quasars
likely reflects the inherent properties of each galaxy before reaching
their present condition. However, it is important to emphasize that
our detection threshold for Mg, slightly exceeds 10° Mg, the
boundary for classifying ‘gas-poor’ and ‘non-detection’ in this study.

5 CONCLUSIONS

In this study, we present the results of the use of ALMA to observe
cold molecular gas (CO J = 2-1) in five proximate dual quasars
with R, < 20kpc and Lyo = 10* erg s~! within the redshift range
0.4 < z < 0.8. The key outcomes are outlined as follows.

(i) CO J = 2-1 line detections above 50 have been observed in
eight out of 10 quasars in the five dual systems, with Scop.1) >
0.5 mJy. These findings collectively point to an expected molecular
gas mass (Mpiges) range from 10°7-197 M, assuming R, = 0.62
and aco = 3.1. Source sizes are determined from the moment O map.
Among the eight detected sources, five of them have CO emitting
regions spanning over 1.5 beam sizes. (See Fig. 3 and Table 3).

(ii) The molecular gas distribution in these dual quasars reveals
varied characteristics: J0847 has a displaced gas blob 8.2 kpc away
from the optical centre; J1214N shows a distinct velocity gradient,
indicating either a merger or a rotating disc; J1416, the sole typel—
typel.5 pair in this study, has CO gas detected only in the obscured
companion. In contrast, J2337, a typel-typel pair, also exhibits CO
gas detection only in one of the companions (Section 3.2).

(iii) A logrank test comparing the CO luminosities (Lo )
between our dual quasars and single quasars at similar redshifts
does not reveal significant statistical differences (Fig. 9).

(iv) When evaluating each pair as a singular entity, their total
molecular to stellar mass ratios (;L?,}‘j{éas) range from 8 percent to
70 per cent. Adjusting for redshift dependence, their normalized gas
ratios (t) vary from approximately 0.3 to 3.4 times that of typical
star-forming galaxies on the main sequence. Taking into account
both measurement and systemic errors, each pair’s i has a minimum
75 percent chance of exceeding that of quiescent galaxies with an
equivalent stellar mass (Table 4).

(v) The i values for dual quasars closely match those of single
quasars involved in mergers, suggesting that an additional AGN
has an insignificant feedback impact in these systems, as the gas
depletion time scale might be longer than the dynamical time-scale
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(Section 4.1). We also do not find significant correlations between &
and the BH properties of each pair (Section 4.3).

In summary, the molecular gas environments of dual quasars are
rich and diverse, even within a narrow parameter space and uniform
selection. The two main questions that remain are: (1) At which
stage of galaxy mergers will the molecular gas be depleted? (2)
‘What are the underlying physical mechanisms driving the diversity in
molecular gas distribution? To address these questions, a larger sam-
ple across different redshifts and with various separations needs to
be observed using multiwavelength and high-resolution techniques.
Combining a broader range of observational data with simulations
will provide deeper insights into these phenomena.
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Figure 2. Photometric evaluations conducted with GALIGHT and
CIGALE on J1214.

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

APPENDIX A: OPTICAL SPECTRA FITTING

The optical spectra fitting for the five dual quasars reported in this
paper are detailed in Silverman et al. (2020) and Tang et al. (2021).
In this work, we have re-analysed the spectroscopic data using the
PYTHON-based QSO fitting tool (PYQSOFIT; Guo, Shen & Wang
2018). The results of these fits are shown in Fig. Al.

Each row of Fig. Al represents one pair, divided into their
respective quasars. The spectra, displayed in the rest frame as a
black curve, are modelled with the best-fitting solution in blue, which
includes components such as continuum emission (orange), iron
emission (cyan), narrow emission lines (green), and broad emission
lines (red). The sections used for fitting continuum emission are
indicated by gray bars at the top of the panel. For the quasar pair
J2209, we used the host spectral decomposition method described
by Ren et al. (2024). In JO847 and J1214, significant segments of
the spectra fall below 3500 A, where quasar emission prevails. For
J1416, the spectra, merged from long-slit and IFU observations,
present challenges in ensuring a consistent host contribution across
the spectral range. Meanwhile, for J2337, the host’s impact is
minimal, which is supported by the galaxy fraction obtained from
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image decomposition (Table 1). However, it is important to note
the potential overestimation of the black hole mass due to the
host’s influence on LA(SIOOA) in these analyses. Residuals from
the spectral fitting (data minus model) appear as gray dashed lines
at the bottom. Given the study’s primary focus, we concentrated on
fitting the broad emission lines and their related narrow lines, with
these regions highlighted in the bottom sub-panels for each source.
Further technical details on PYQSOFIT can be found on its Github
page* and in Guo et al. (2019).

The analysis provides the width of each emission line and the
monochromatic luminosity at specific wavelengths. The monochro-
matic luminosity of 5100 A (L5100, column 5) is used to derive the
bolometric luminosity (Lo, column 6), using a correction factor of
9.26 as stated in Richards et al. (2006). The broad emission lines,
specifically Mgll, H 8, and Ha, are used in the virial approach to
determine the masses of BH (Vestergaard & Peterson 2006; Schulze
et al. 2018). These measurements are recorded in Table A1, columns
(7-9). The measurement uncertainties are minor compared to the sys-
tematic uncertainties of the virial methods, which are approximately
0.4 dex, as reported by Shen et al. (2011); Shen (2013); Schulze
et al. (2018). Subsequently, the Eddington luminosity (Lg4q) and the
Eddington ratio (log Aggq) are computed as:

LEdd =1.26 x 1038MBH
ABdd = Lot/ LEad (A1)

“https://github.com/legolason/PyQSOFit/tree/master
We compare the PYQSOFIT fitting results of the broad emission lines

and decide the best to use (in bolder fonts among columns 7-9) for
AEgdd (column 10).
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Figure A1. PYQSOFIT analysis of the five dual quasar systems. Each row represents a pair, divided into two components. For each component, the upper
sub-panel displays the full spectrum, along with the optimal fit model, including broad and narrow emission lines, iron emission, and continuum emission. The
lower sub-panel provides a close-up of the broad emission line composites, with x2 values indicated at the top left.
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Table A1. Updated BH characteristics of the dual quasars with PYQSOFIT.

Name RA Dec. z log)LL;\(SlOOA) log Lpol log Mgllf" log Mgg log Mgl‘_"l log Agdd
(hh:mm:ss) (dd.mm.ss) (ergs™") (ergs™") Mop) Mp) Mp)

(€] (@) 3 “ ® 6 @) (®) ©) (10)

JO847N 08:47:10.402  —00:13:02.460  0.6256 44.73 45.61 8.92 - - —1.42
J0847S 08:47:10.440  —00:13:03.288  0.6269 44.62 45.4 8.77 - - —1.48
JI214N 12:14:05.110  01:02:07.188  0.4936 44.11 45.04 8.83 9.05 - —1.90
J1214S 12:14:05.134  01:02:05.028  0.4916 43.88 44.87 8.25 8.64 - —1.49
J1416W 14:16:37.418  00:33:52.416 0.433 4372 4452 9.10 9.07 8.89 —2.48
J1416E 14:16:37.459  00:33:52.200  0.4329 43.77 44.63 8.43 - 8.34 —1.82
J2209N 22:09:06.912  00:45:43.848  0.4458 43.29 44.26 - 7.97 7.88 —1.82
122098 22:09:06.900  00:45:42.228  0.4457 42.98 43.95 - 7.66 7.53 —1.82
J2337N 23:37:13.694  00:56:12.048  0.7083 4433 453 - 8.15 - —0.97
123378 23:37:13.673  00:56:10.752  0.7089 44.61 45.58 - 8.47 - —1.00

Columns (2-3): Central locations of the point sources obtained from the HSC i-band imagery. These locations are indicated by the white crosses in Fig. 3.
Column (4): Spectroscopic redshift of the sources determined by PYQSOFIT.

Column (5): Monochromatic luminosity at 5100 A (Ls;00) derived from power-law continuum fitting. The uncertainties in Lsjoo are negligible with 200
MC samplings in PYQSOFIT, as the power law’s shape is reliably constrained.

Column (6): Bolometric luminosity (L)) of the quasars calculated using monochromatic luminosity Lsjgo and a bolometric correction factor of BCsjgp =
9.26 as per Richards et al. (2006); Shen et al. (2011).

Column (7-9): BH mass (M) assessed using the virial method with broad Mg 11 (Schulze et al. 2018), H B (Vestergaard & Peterson 2006), and H « lines
(Schulze et al. 2018), respectively.

Column (10): Eddington ratio (Ag4q). The Mpy employed for this calculation is emphasized in bold in columns 7-9.

This paper has been typeset from a TeX/I&TEX file prepared by the author.
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