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ABSTRACT

The evolution of galaxies is largely affected by exchanging material with their close environment, the circumgalactic medium (CGM).
In this work, we investigate the CGM and the interstellar medium (ISM) of the bright central galaxy (BCG) of the galaxy cluster,
MACS1931-26 at z ~ 0.35. We detected [CT](2—1), 2CO(1-0), and >CO(7—6) emission lines with the APEX 12-m and NRO 45-m
telescopes. We complemented these single-dish observations with 2CO(1-0), '>?CO(3-2), and '?CO(4—3) ALMA interferometric data
and inferred the cold molecular hydrogen physical properties. Using a modified large velocity gradient (LVG) model, we modelled
the CO and CI emission of the CGM and BCG to extract the gas thermodynamical properties, including the kinetic temperature, the
density, and the virialisation factor. Our study shows that the gas in the BCG is highly excited, comparable to the gas in local ultra
luminous infrared galaxies (ULIRGs), while the CGM is likely less excited, colder, less dense, and less bound compared to the ISM of
the BCG. The molecular hydrogen mass of the whole system derived using [CI](2—1) is larger than the mass derived from '>?CO(1-0)
in literature, showing that part of the gas in this system is CO-poor. Additional spatially resolved CI observations in both transitions,
[CI](1-0) and [CI](2—-1), and the completion of the CO SLED with higher CO transitions are crucial to trace the different phases of

the gas in such systems and constrain their properties.
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1. Introduction

In the past decades, advances in observing techniques and galaxy
formation simulations drew attention to the role of the cir-
cumgalactic medium (CGM) as a key ingredient to understand
how material is exchanged between galaxies and their cosmo-
logical environment (Werk et al. 2014; Tumlinson et al. 2017,
Nelson et al. 2020). The CGM is defined as the multiphase
gaseous halo extending from the outermost part of the galactic
disc to the virial radius of the dark matter halo (Tumlinson et al.
2017). For reference, the virial radius of a Milky-Way galaxy
type is estimated to be ~200 kpc (Shull 2014). Due to the diffuse
nature of its gas, the exact extent of CGM is not straight-
forward to measure. However, observations of Neutral Hydro-
gen (HI) in z < 1 massive galaxies hint a CGM extent of
~350kpc (Wilde et al. 2021). Inflows from the CGM to galax-
ies provide metal-poor gas as a fuel for galactic growth and
sustaining star formation (Voit 2021; Donahue & Voit 2022;
Faucher-Giguere & Oh 2023). Such inflows are predicted by
galaxy formation models (Lochhaas et al. 2020; Esmerian et al.
2021), however, they are difficult to be detected due to their
extended spatial structure and faint emission. On the other hand,
outflows powered by active galactic nuclei (AGNs) and star for-
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mation deposit metals back into the CGM (Cheung et al. 2016;
Prochaska et al. 2017; Christensen et al. 2018). These outflows
can escape the potential well of their host galaxy or “rain back”
onto the galaxies depending on their energy (Voit 2021). They
can be detected more easily closer to their launch regions com-
pared to when they arrive at the CGM because they are more
compact at their launch regions. The physical conditions of the
CGM could provide clues about potential inflows and outflows
between a galaxy and its CGM (Voit et al. 2017).

The CGM could be observed using both absorption and
emission line spectroscopy. The warm and hot phase of CGM
(T > 10*K) could be detected in absorption against bright back-
ground quasars mostly in optical and ultraviolet using neutral
hydrogen and ionised lines of heavier elements (Tumlinson et al.
2011, 2017; Donahue & Voit 2022; Koplitz et al. 2023). Ultra-
violet surveys such as COS-Halos (Tumlinson etal. 2013;
Werk et al. 2016), the Keck baryonic structure survey (KBSS;
Rudie et al. 2012, 2019), and the cosmic ultraviolet baryon
survey (CUBS; Chen et al. 2020; Zahedy et al. 2021; Qu et al.
2022) provide a rich sample of absorption line studies of the
CGM of galaxies up to z ~ 2. Although this method is sensitive
to a wide range of densities, it only provides information about
one line of sight towards the CGM and the background quasar.

The Ly-a transition of neutral hydrogen is the strongest
emission from CGM (Erb et al. 2023). This extended emission
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has been observed using the multi-unit spectroscopic explorer
(MUSE) at the ESO-very large telescope (VLT) recently
(Wisotzki et al. 2016, 2018; Chen et al. 2021). Despite the weak
emission of H; due to the lack of a permanent dipole moment,
observing CGM and intergalactic medium (IGM) molecular gas
is possible using the mid-infrared rotational H, lines which trace
the warm molecular gas (T ~ 100K) partially (15%—-30%;
Togi & Smith 2016; Appleton et al. 2017, 2023).

The cold phase of Hy (T ~ 10K-20K; Faucher-Giguere
& Oh 2023) is usually traced using other species, including
CO and CI. CO is the second most abundant molecule after
H; and is a reliable proxy for molecular hydrogen in the local
universe (Bolatto et al. 2013). However, CO might fail in trac-
ing all the H, content in some cases due to the dependence on
redshift, radiation field, metallicity, gas excitation, and the cos-
mic rays (CR) ionisation rate (Bisbas et al. 2017; Valentino et al.
2018; Madden et al. 2020). Specifically, CRs might be one of the
main heating sources of gas in and around star-forming galax-
ies since CRs can penetrate deeply into molecular clouds and
regulate the thermal balance of the gas (Papadopoulos 2010;
Grenier et al. 2015; Gaches et al. 2019; Bisbas et al. 2021). CRs
can destroy CO in molecular clouds and leave large swathes
of CO-poor/([CI]-[CII])-rich gas (Bisbasetal. 2015, 2017,
Papadopoulos et al. 2018). In these cases, a combination of CO
and CI is a good tracer of the cold molecular gas content of the
CGM.

Interferometers provide high-resolution observations of
CGM that are crucial to study the structure and kinematics of
this gas. However, interferometers cannot detect the emission
of scales larger than their largest angular scale which is deter-
mined by the shortest baseline of the observing configuration
(Plunkett et al. 2023). Hence, due to the diffuse and extended
(~200 kpc) nature of CGM, it is not straightforward for interfer-
ometers to detect the whole extent of CGM. Single-dish observa-
tion, on the other hand, are able to detect the emission of scales
as large as their field of view (Lee et al. 2024). Combining the
information obtained from both single-dish and interferometric
observations is thus necessary to study the CGM.

On the observational front, recent studies have been able to
detect CGM, IGM, and intracluster medium (ICM) using the CO
and CI emission lines originating from cold gas. These streams
seem to feed the star formation activity of galaxies as a part of
the baryon cycle in the CGM. For instance, multiphase emission
from the tidal streams in the IGM of a galaxy group, Stephan’s
Quintet, is detected at z = 0.02 (Appleton et al. 2023). Extended
molecular structures are found in halos (r ~ 10-20kpc) of
z ~ 2.2 QSO (Scholtz et al. 2023) and out to r ~ 200kpc
(Cicone et al. 2021). Emonts et al. (2023) find a [CI](1-0)
stream around the massive z = 3.8 radio galaxy 4C41.17,
likely linked to its strong star formation. CO and [CI](1-0)
molecular winds are imaged in local luminous infrared galax-
ies (LIRGs; Cicone et al. 2018). These winds seem to be linked
to AGN and star formation at a rate of SFR ~20—140 Mg yr™!
(Cicone et al. 2014). Stronger molecular outflows originating
from galaxies in clusters with SFR ~ 150-250 M, yr~! can eject
gas and dust further away from the CGM into the intracluster
medium (Fogarty et al. 2019; Emonts et al. 2018).

Extracting information about the physical conditions of the
gas detected in the spectral lines of different species, requires
both radiative transfer modelling and assumptions about the
excitation of the gas (van der Tak et al. 2007; Rouef et al. 2024).
The fastest and simplest framework for this problem is the local
thermodynamic equilibrium (LTE) assumption which holds in
high densities and states that the excitation temperature equals
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the kinetic temperature. However, this assumption might intro-
duce biases to the line excitation modelling (Roueff et al. 2021).
Some non-LTE methods, including the large velocity gradi-
ent assumption (LVG; Sobolev 1960), consider a local exci-
tation, meaning that the species excitation is a result of their
interactions with local radiation field. For instance, RADEX
(van der Tak et al. 2007) is a non-LTE code, solving the radia-
tive transfer and molecular excitation under the LVG assump-
tion which is widely used in molecular excitation studies. More
sophisticated radiative transfer methods can treat the problem
in a non-local way (Asensio Ramos & Elitzur 2018). However,
these models are computationally expensive and more compli-
cated to implement (Roueff et al. 2024).

In this work, we trace the molecular gas content of the BCG
of a galaxy cluster, MACS1931-26 (hereafter MACS1931), and
its CGM using a combination of CO and CI emission lines.
Our goal is to model the thermodynamical state of the gas in
CGM and BCG using a radiative transfer code and study the
potential differences of gas in these two components of the
galaxy. The MACS1931 galaxy cluster is an excellent testbed
for investigating the physical conditions of molecular gas in
the ISM inside the BCG and its CGM due to its strong star
formation activity and X-ray-loud AGN (SFR ~ 250 My yr~};
Ehlert et al. 2011; Santos et al. 2016; Fogarty et al. 2017, 2019).
MACS1931 is a cool-core galaxy cluster having one of the
largest known H; reservoirs (~2 X 10'° M) in a cluster core
revealed by the Atacama Large Millimeter/submillimeter Array
(ALMA) '2CO(3-2) and 'CO(1-0) imaging (Fogarty et al.
2019; Rose et al. 2019). An appreciable fraction of this mass is
found over a tail-like structure extending up to 30 kpc from the
BCG core (Fogarty et al. 2019). This tail-like structure (hereafter
tail) is a part of the multiphase CGM of the central galaxy and
contains a large reservoir of Tgu ~ 10K dust.

Similar to the Phoenix cluster BCG (Russell et al. 2017), the
BCG of MACS1931 and its tail-like structure have a low gas-to-
dust ratio of ~10-25 (Fogarty et al. 2019) lower than the Galac-
tic value of 100—150 (Draine & Lee 1984; Rémy-Ruyer et al.
2014). The unusually low ratio suggests that a potentially large
H, gas reservoir might have been missed by the existing CO
observations, perhaps due to the CR-irradiation rendering some
of the H, gas CO-poor, and/or because ALMA long baseline
interferometric observations might have filtered out extended
12CO(1-0) line emission (Lee et al. 2024). To investigate this
matter further, we obtained additional single-dish 12C0O(1-0)
observations to be able to recover the total flux, which might
be filtered out in interferometric observations, along with high-
frequency CO and CI observations in order to probe the gas
physical conditions. While the detected CO emission with
ALMA represents only part of the whole CGM' of MACS1931
BCG, observations with existing single-dish telescopes can help
determine how much of the emission is over-resolved by ALMA.
The detection of CO and CI emission at 30 kpc from MACS1931
offers a unique opportunity to study a cloud that is likely part of
the CGM surrounding this BCG.

In this article, we report new '2CO(1-0), '>2CO(7-6), and
[CI](2-1) single-dish observations towards the MACS1931
galaxy cluster at z = 0.3525. We complement these data with
the ALMA/ACA observations presented in Fogarty et al. (2019)
and use the combined dataset to provide an analysis of the

! 'We call this tail-like structure a CGM component of the MACS1931
BCG since it is close to the galaxy, it is detected with cold molecular gas
tracers, and there is no spectroscopically confirmed neighbour galaxy in
the direction of the tail.
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Table 1. Line flux and luminosity towards MACS1931.

Line Component  Velocity  Method FWHM Flux Fluxpeam cor ~ Luminosity L Ly -~ S/N
[kms™!] [kms™'] [Jykms™'] 10° [Kkm s~ pc?]
CO(1-0) BCG Fixed 0 Gauss 285 + 54 22+0.6 - 98+24 - 4.2
Lorentz 207 =32 2.5+0.6 11.0+2.5
Tail - Gauss Fixed 123 <0.8 <0.9 <3.7 <4.3 -
CO(7-6) BCG Fixed Gauss 233 +43 244+10.3 - 22+0.9 - 2.4
994.7 Lorentz 298 + 83 36.7+13.5 33+1.2
Tail - Gauss Fixed 123 <279 <47.1 <2.5 <4.2 -
[CI](2-1) BCG Fixed 0 Gauss 243+ 103  41.6+13.2 - 37+1.2 - 3.7
Lorentz 245+ 174 56.4+14.7 50+1.3
Tail Fixed Gauss Fixed 123 84+6.0 14.2 +10.1 0.7+0.5 1.3+£09 1.2
315.8 Lorentz 86+73 145+ 123 0.8+£0.6 1.3+£1.0

Notes. In this table, “<” symbols refer to estimated 30~ upper limits. For each spectral line of each component of the galaxy (Tail and BCG),
the velocity offset and the full width at half maximum (FWHM) of the fitted function are reported in the third and fifth columns of the table,
respectively. The FWHM of all lines for the tail are assumed to be the same as the FWHM of the '2CO(3-2) line detected by Fogarty et al. (2019)
for the tail of MACS1931. Line fluxes are computed by two methods of fitting the line profile with a Gaussian function and a Lorentzian function.
The measured flux and luminosity using each method are reported in the sixth and eighth columns, respectively. “Beam corrected” fluxes and
luminosities are corrected for the differential beam effect and reported in the seventh and ninth columns, respectively. The signal-to-noise ratio
(S/N) of the Gaussian fitting function for each spectral line is reported in the tenth column.

average physical conditions of the BCG and its CGM in this
galaxy cluster. Throughout, we adopt a A-CDM Cosmology
as defined by Planck Collaboration XIII (2016) where Hy =
67.8kms~! Mpc~! and Q,,, = 0.308.

2. The observations

In this section, we report the methods and details of the observa-
tions of the [CI](2-1), '2CO(1-0), and '2CO(7-6) lines with the
APEX 12-m and the NRO 45-m antenna telescopes as well as the
archival ALMA data towards MACS1931, used to complement
our single-dish data.

2.1. APEX observations

We used the Atacama Pathfinder EXperiment (APEX) tele-
scope (Giisten et al. 2006) equipped with the SEPIA660 receiver
(Belitsky et al. 2018) tuned at the frequencies of the '>CO(7-6)
and [CI](2—-1) lines (central frequency of 609.5 GHz). The
observations of MACS1931-26 for this project were obtained
from 2021 June 25 to 2023 April 27 (project ID: E-0106.A-
0997A-2020, PI: P. Andreani). The data taken in April 2023 did
not meet good quality standards and were omitted from the anal-
ysis.

The APEX/SEPIA660 receiver is a single-pixel heterodyne
receiver working at the frequency window of 597-725 GHz.
The total integration time was 20 hours, centring towards the
BCG on the direction of RA = 19"31™m49560 Dec = —26°34'34".
The precipitable water vapour (PWV) was 0.4—0.9mm on
June 25, 0.2-0.8 mm on June 28, and 0.1-0.4 mm on June
29. The intended spectral lines, [CI](2—1) with a rest fre-
quency of 809.34 GHz and '2CO(7-6) with a rest frequency of
806.65 GHz, are redshifted to the frequencies of 598.40 GHz
and 596.41 GHz at the redshift of z = 0.3525 (Fogarty et al.
2019), respectively. The wobbler mode used in these observa-
tions had an amplitude of 50 and a frequency of 1.5 Hz. The
half-power beam width (HPBW) of APEX for this observation
1s9.89” £0.11”.

We reduced the data using the GILDAS/CLASS? (Pety et al.
2005) software package. Two parts of the APEX spectrum
near 595 GHz (O3) and 600 GHz (O; + HDO) are affected by
atmospheric absorption (Pardo et al. 2022). For each scan, we
excluded ~0.3 GHz of the spectrum at the frequency of each
atmospheric line. A first-order baseline was then fitted to each
scan and subtracted from the spectrum. Finally, we averaged
the spectra of all scans and fitted Gaussian functions for the
12CO(7-6) and [CI](2-1) emission lines. The RMS noise of
this spectrum is 0.66 mK per channel with channel width of
82kms~!, measured using CLASS on continuum-free line-
free channels. No planet was available during the observations.
Instead, calibration observations were performed on the source
IRAS15194-5115. These reference spectra were compared to
the calibration observations on the same source in performed in
mid 2022. The flux ratio of this calibrator source was applied
to cross scans of Mars obtained in 2022 June with SEPIA660,
yielding the antenna gain of® I = (72 + 8) Jy/K for 2021 which
we used to convert the observed brightness temperature to flux
density.

After data reduction within GILDAS/CLASS, we performed
a Monte Carlo simulation using the Astropy and Specutils
Python packages (Astropy Collaboration 2022; Earl et al. 2023)
to estimate the uncertainty of these measurements. In each real-
isation, we added an artificial Gaussian error to the data with
a standard deviation equal to the RMS of the data (47 mJy
per channel). Then, we fitted Gaussian functions to both lines
and measured all of the line properties in each realisation. The
reported values in Table 1 are the median and standard deviation
of these parameters.

2.2. NRO 45-m dish observations

The '2CO(1-0) single-dish observations towards MACS1931
were taken with the 45-m telescope of the Nobeyama radio

2 https://www.iram.fr/IRAMFR/GILDAS/

3 Conversion factor I'[Jy/K] = S,/T; = 8kg/(nanD?) where S, is the
flux density; T’ is the brightness temperature; 7, is the aperture effi-
ciency; and D is the antenna diameter.
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observatory (NRO) in Japan, which is equipped with the FOur-
beam REceiver front-end (FOREST; Minamidani et al. 2016).
FOREST is a four-beam (2x?2) dual-polarization sideband-
separating SIS mixer receiver for the single sideband (SSB)
operation. '2CO(1-0) has a rest frequency of 115.27 GHz that
is redshifted to 85.22 GHz at z = 0.3525. The frequency cov-
erage and the resolution for each array are set to 1 GHz and
244.14kHz, respectively, giving a velocity coverage and reso-
lution of ~3500kms~! and 0.86kms™' at 85.22 GHz. At this
frequency, the HPBW of the 45-m telescope with FOREST is
~18”. We adopted the ON-ON observation mode, which uses
two of the four beams of the FOREST receiver at the diagonal
(beams 1 and 3). Since the two beams are separated by 70" in the
sky, one of the beams observes the object while another the sky
when the apparent size of the object is smaller than the beams.
The dominant observation overhead is therefore the slewing time
for beam switching. We adopted a switching period of 10s cycle
to optimize the observation overhead and the bandpass stability
(Nakajima et al. 2013).

The data were taken on 2022 March 1, 2, and 12. The observ-
ing time for each day was roughly 5 hours, while the on-source
time was 3.8, 6.4, and 5.8 hours (total hours for beam 1 and
beam 2, and H- and V-polarisation). The system temperature
was 255K, 247K and 211 K for each day, respectively. In order
to check the absolute pointing accuracy, we observed a point
source (GL2370), which is the closest and strongest SiO maser
source to the target using a 43 GHz band receiver every hour. The
reported antenna temperature was obtained by the chopper wheel
method, yielding the T} scale, which contains corrections for
atmospheric and any antenna Ohmic losses as well for beam pat-
tern rearward spillover and losses (Kutner & Ulich 1981). The
main beam brightness temperature, T,,,, was converted from 77,
for each intermediate frequency by observing a standard source,
the carbon star IRC+10216. The scaling factors take into account
the main-beam efficiency (7,,) of the 45-m antenna, but also
compensate for the decrease in line intensity due to the imper-
fect SSB image rejection.

The reduction of the NRO 45-m data towards MACS1931
was carried out using the NEWSTAR software (Ikeda et al.
2001) which is a data reduction package designed for this tele-
scope. After flagging out the bad spectra, we integrated the spec-
tra for each schedule. A first-order baseline was then subtracted
from the spectra and the intensities were corrected with a point-
source Jy/K conversion factor of I' = (6.54 + 0.33) Jy/K. Finally,
we integrated the spectra over all schedules and smoothed the
resulted spectrum to a velocity channel of bin width 50 kms~!.
We derived an aperture efficiency of 4 ~ 0.28 + 0.06, appro-
priate for the observed frequency and elevation from the infor-
mation provided by the observatory*. The source declination
allowed us to conduct observations at elevations ~30° above the
horizon. The source was detected in each observing run, how-
ever, it was heavily affected by the atmospheric absorption with
an RMS noise of 2.6 mJy per 50kms™! channel. The line prop-
erties and uncertainties were calculated using the same method
as the APEX data (Table 1).

2.3. Archival ALMA data

We used archival ALMA data towards MACS1931 published by
Fogarty et al. (2019) to complement our single-dish data. The
observations were obtained in ALMA Band 3, cycle 4 (Project

4 https://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/
eff2022.html
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ID: 2016.1.00784.S, PI: M. Postman) and Band 6 and 7, cycle 5
(Project ID: 2017.1.01205.S, PI: M. Postman). The Band 3 data
is a combination of two ALMA 12-m array configurations with
a total integration time of 13 366 s, minimum synthesised beam
of 0.54”” and maximum recoverable scale of 18.8”. The Band 6
data towards MACS1931 is a combination of an ALMA 12-m
array configuration with 726 s integration time and an Atacama
compact array (ACA) configuration with an integration time of
1724 s. The minimum synthesised beam and maximum recover-
able scale are 0.74"" and 20.4”, respectively. Finally, the Band
7 data is a combination of the 12-m array (integration time of
2722 s) and ACA (integration time of 6804 s), yielding minimum
synthesised beam and maximum recoverable scale are 0.81"" and
14.6”, respectively (Fogarty et al. 2019). We used the CO line
measurements of Fogarty et al. (2019) to complement our data
and model the gas excitation.

3. Results

In this section, we present and analyse the results of the APEX
and NRO 45-m observations of MACS1931 combined with the
archival ALMA data. These single-dish observations do not have
the required spatial resolution to distinguish between the BCG
and the tail of MACS1931 and we use the ALMA observations
of Fogarty et al. (2019) as a prior to understand the molecular
gas geometry and kinematics. However, we are able to detect the
tail emission spectrally using the [CI](2—1) line with APEX.

We present the detected CO and CI lines in Figure 1.
The upper left panel shows '2CO(1-0) spectrum obtained with
NRO 45-m/FOREST receiver. The upper right panel shows
the [CI](2-1) and '>CO(7-6) spectrum obtained with the
APEX/SEPIA660 receiver. Despite the atmospheric noise affect-
ing the APEX high-frequency data and the NRO 45-m low
elevation data of MACS1931, the lines are detected, albeit at
low statistical significance. To extract the line properties over
an integrated region as large as the HPBW (~10” and ~18”
for APEX and NRO 45-m, respectively), we used a Lorentzian
fitting function as well as a Gaussian function. We employed
the Lorentzian fits because in the following we compare the
fluxes extracted from these single-dish observations with those
reported by Fogarty et al. (2019) using a Lorentzian fitting func-
tion. As described in Fogarty et al. (2019), the spectrum of each
line has a bimodal distribution including a larger peak cor-
responding to the BCG and a more redshifted smaller peak
corresponding to the tail. Because of the low S/N in single-
dish observations, this bimodal distribution is only detectable
in the [CI](2—1) spectrum (Figure 1). As a reference for the
line properties, we used the second velocity component (C2)
of '2CO(3-2) reported in Fogarty et al. (2019) corresponding
to the 30kpc tail-like structure since this line has the highest
S/N in their work. Assuming that the velocity offset between the
two peaks and the FWHM of the small peak are the same as
the '2CO(3-2) line from Fogarty et al. (2019), we extracted the
line properties, including line widths, fluxes, and luminosities,
reported in Table 1.

The best-fit parameters of these models are listed in Table 1
together with uncertainties resulting from the calibration, data
reduction, and error estimation process described in the previ-
ous section. The lower right panel of Figure 1 shows a compar-
ison between the beam sizes of ALMA, APEX, and NRO 45-m
observations. Based on this figure, the tail is distributed from
the BCG (the centre of the field of view) up to ~6” away from
the centre. Hence, a fraction of the tail flux is not captured by
the APEX and NRO 45-m telescopes due to the beam response.


https://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/eff2022.html
https://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/eff2022.html
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Fig. 1. Submillimeter observations towards MACS1931. Upper left: Gaussian fit to the '?CO(1-0) line in the NRO 45-m observations of
MACS1931. The black histogram shows the spectrum. The blue solid curve shows the Gaussian fit to the line. Upper right: Gaussian fit to the
[CI](2—1) and '2CO(7-6) lines in the APEX observations of MACS1931. The black histogram shows the spectrum. The green and red solid curves
show the Gaussian fits to the [CI](2—1) and '*CO(7-6) lines, respectively. The magenta solid lines show the regions of the spectrum excluded
because of the atmospheric lines. Lower left: Best-fit line profiles of 2CO(1-0), 2CO(3-2), and '2CO(4-3) from Fogarty et al. (2019) (dashed
curves) and Lorentzian fits on '2CO(1-0), '>?CO(7-6), and [CI](2-1) from this work (solid curves) displayed on the same plot for comparison (see
Sect. 3 and Table 1). The CGM tail peak of the '2CO(4-3) line from Fogarty et al. (2019) is the best fit to a partially truncated spectrum due to a
spectral window gap in the ALMA Band 7 observations. Lower right: The ALMA '2CO(3-2) intensity map of the MACS1931 BCG and the tail.
The moment zero map is calculated over a range of [-500, 600] kms~!. ALMA beam is shown by an ellipse on the bottom left side of the image.
The APEX and NRO 45-m HPBWs are shown by solid red and dashed yellow circles. Contours are calculated on the moment map with levels
[0.2,0.5,1,2]c and o = 0.297 Jy beam ! kms~'. The CGM tail component of the spectra is detectable in the [CI](2—1) line as well as all lines

from Fogarty et al. (2019).

A Gaussian beam response function was assumed to calculate
the “beam corrected” fluxes and luminosities in Table 1. The
exact extent of the tail-like CGM component is not measur-
able and the emission is not spatially resolved in these single-
dish observations. Therefore, in order to account for the Gaus-
sian beam response, we assumed the tail to be a point source
at a distance of ~4” from BCG and the beam centre and
increased the tail flux by a fraction for the beam response cor-
rection. Considering that the APEX HPBW is 9.89”, the tail
flux drops by ~40% at the distance of 4" in a Gaussian beam.
So, we added this fraction to the tail flux of [CI]J(2—1) mea-
sured before. We also added this fraction to the upper limit
flux of '>2CO(7-6) measured from APEX data. Through a sim-
ilar analysis for NRO 45-m dish with a HPBW of 18", we

added ~15% to our upper limit estimation of the tail flux in
12CO(1-0).

From the spectra of the '>?CO(7-6) and '>CO(1-0) lines,
we determined the line flux of the BCG and extract upper lim-
its on the tail flux values. We report the 30~ upper limits for
these lines (see Table 1) by computing o = RMS VN panov,
where RMS is the noise per channel of the spectrum, Ncpan =
2FWHMCco@-2)/0v is the number of line channels, and 6v is
the channel width (82kms™' and 50kms~! for APEX and
NRO 45-m, respectively). The lower left panel of Figure 1
shows the Lorentzian line models for all the CI and CO lines
detected for MACS1931 reported in this work and Fogarty et al.
(2019) for comparison. The line luminosity ratios, in units of L’
[K kms~! pc?], inferred for MACS1931 for all the reported lines
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Table 2. Line luminosity ratios towards MACS1931-26.

Line luminosity ratio BCG Tail
CO(3-2)/CO(1-0) 0.97 + 0.09 0.67 +0.13
CO(4-3)/CO(1-0) 0.67 +0.07 0.22 £0.11

0.17+£0.07
CO(7-6)/CO(1-0) (0.25 £ 0.09 -

for Lorentzian)

0.28 £0.09 0.68 +0.48

[CI](2-1)/CO(1-0) (0.38 £ 0.09 (0.68 £ 0.53

for Lorentzian) for Lorentzian)

Notes. All line ratios are calculated using the ALMA interferome-
try '2CO(1-0) (Fogarty et al. 2019) because we do not detect the tail
12CO(1-0) peak in single-dish observations. Moreover, the '2CO(3-2)
and '>CO(4-3) fluxes are obtained from Fogarty et al. (2019).

for the BCG and tail components are listed in Table 2. Line lumi-
nosities are computed following (Solomon et al. 1997):

Ljj. = 3.25 X 107 Sine AVVADE(1 +2) 72

obs

ey

where Sjn.AV is the integrated line flux; vops is the redshifted
frequency; Dy is the luminosity distance; and z is the redshift of
the object.

Figure 1 shows that the [CI]J(2—1) line is brighter than the
12CO(7-6) line and the full width at half maximum (FWHM)
is similar for both lines within the error bars. This is indica-
tive of a highly excited warm gas rich in atomic Carbon. The
single-dish flux value of the '2CO(1-0) line (2.5 + 0.6 Jykms~!
using a Lorentzian fit) is in agreement with the one detected
with ALMA 12-m array reported in Fogarty et al. (2019) (3.02 +
0.42Jykms~') within the error bars. It would imply that the
ALMA interferometric observations do not filter out flux from
an extended component of this system. Notice that the maximum
recoverable angular scale in Band 3 for the observations reported
by Fogarty et al. (2019) is 18.8” is almost equal to the half-
power beam width of the NRO 45-m observations (see Sect. 2).
Consequently, missing '>CO(1-0) flux in ALMA observations is
not the main reason for the low gas-to-dust ratio of MACS1931.
We investigate further whether this system contains some CO-
poor gas seen using different tracers.

3.1. Spectral line energy distribution and profiles

The new observations reported in this work help to further
constrain the physical state of the gas content of this system.
Figure 2 shows the normalised CO flux ratios against the rota-
tional quantum number, the so-called CO spectral line energy
distribution (CO SLED), of the BCG and tail separately. The line
luminosities are normalised to the interferometric '>?CO(1-0)
line values obtained by from Fogarty et al. (2019) for both BCG
and tail. In the CO SLED of the tail, we do not display the
12CO(7-6)/*CO(1-0) ratio because we only have an upper limit
of the 2CO(7-6) flux that is not stringent enough to constrain
the CO SLED. In Figure 2, the CO SLED of MACS1931 is
compared to those of local ULIRGs (Papadopoulos et al. 2012a),
submillimetre galaxies (Bothwell et al. 2013), BzK galaxies
(Daddi et al. 2015), quasars (Molyneux et al. 2023) and local IR
galaxies observed by Herschel (Kamenetzky et al. 2016). The
line flux ratios of the MACS1931 BCG are particularly large
similar to those found in local ULIRGs (Papadopoulos et al.
2012a; Montoya-Arroyave et al., in prep.). These large values are

A67, page 6 of 12

characteristics of high excitation, likely ascribed to starburst gas.
On the contrary, the line flux ratios related to the tail component
of MACS1931 do not show the same trend as the BCG, imply-
ing that the excitation of CO in the tail is different from that in
the BCG and in ULIRGs. Moreover, the 2CO(4-3)/'2CO(3-2)
ratio is relatively low which differs from that measured in Milky
Way-like galaxies (Figure 2; Kamenetzky et al. 2016). It is note-
worthy that the ALMA Band 7 spectrum of MACS1931 is
truncated around the relative velocity of 300-500kms~! for
the '2CO(4-3) line, and the reported line flux in Fogarty et al.
(2019) is based on the best fitted Lorentzian function on this
partially obscured spectrum. Hence, the actual '2CO(4-3) flux
might be different from the reported value. More observations of
different CO lines, especially higher transitions like 12CO(5-4),
would be beneficial to better constrain the CO SLED of the tail.
We put models into practice to interpret these results.

3.2. Line ratio modelling

The inference of the physical state of gas from the molecular
line luminosities is not straightforward. We can constrain the gas
thermodynamical properties using the observed line fluxes with
the help of reasonable physical assumptions. To this aim, we
used a non-local thermodynamic equilibrium (non-LTE) radia-
tive transfer code, i.e. MyRadex5 (Du 2022) to map the [ny,,
Txin, Kyir] parameter space for the CO lines. This parameter
space includes the molecular hydrogen number density (ny,),
kinetic temperature (7i,), and the virialisation parameter K. =
(dV/dR)/(dV/dR),i; which is a measure of the virialisation of
the gas based on its velocity gradient. MyRadex is a revised ver-
sion of RADEX (van der Tak et al. 2007), that fits the CO SLED
with a large velocity gradient (LVG) model and adds as an addi-
tional constraint the CI flux value (Papadopoulos et al. 2018).
It solves the statistical equilibrium problem with the LSODE®
solver in ODEPACK’ and avoids unconverged solutions under
some parameters compared to the original RADEX. We used the
CO and CI molecular data from the Leiden atomic and molec-
ular database (LAMDA®; Schéier et al. 2005) and assumed
background temperature as the cosmic microwave background
(CMB) temperature at the cluster redshift, Thackz) = TemBr) =
3.69K.

We made a grid of numbers in the [ny,, Tkin, Kvir] param-

eter space, composed of 0.7 < log ffq < 3 with an incre-

ment of 0.11dex, 1 < log o] < 7 with an increment of
0.1dex, and 1 < K,;; < 100 with an increment of 0.1 dex.
Then, we fitted a model for each point in our parameter space
using MyRadex, and calculated the likelihood of each model
based on the observations of CO and CI, following the method
of Papadopoulos et al. (2014). The probability for each obser-
vation follows a Gaussian distribution, using P = exp(—x?/2),
while )(2 = Zi(l/O'i)z[Robs(i) - Rmodel<,-)]2, where Ry, is the ratio
of the measured line luminosities, o; the error of the measured
line ratio, and Ry,0ge the ratio of the line brightness temperatures
calculated by the LVG model. We used the [CI](2—1) observa-
tion as the additional constraint in our model. In particular, we
used the ratio [CI](2—1)/'>CO(1-0) instead of the atomic Car-
bon ratio, [CI](2—-1)/[CI](1-0), due to lack of the [CI](1-0) line
observation.

nH2

> https://github.com/fjdu/myRadex

6 Livermore solver for ordinary differential equations

7 https://people.sc.fsu.edu/~jburkardt/£77_src/
odepack/odepack.html

8 https://home.strw.leidenuniv.nl/~moldata/


https://github.com/fjdu/myRadex
https://ntrs.nasa.gov/citations/19940030753
https://people.sc.fsu.edu/~jburkardt/f77_src/odepack/odepack.html
https://people.sc.fsu.edu/~jburkardt/f77_src/odepack/odepack.html
https://home.strw.leidenuniv.nl/~moldata/

Ghodsi, L., et al.: A&A, 689, A67 (2024)

14 - * MACS 1931 BCG
MACS 1931 CGM tail
@ ULIRGs Papadopoulos+2012
@ SMGs Bothwell+2012
@ BzK Daddi+2015
124 ® Herschel Kamenetzky+2016
Quasars Molyneux+2023
== Narayanan+14 model
S
> 101
=
]
S
~ 8 4
=
|
I}
g
=
67
g
g
=
]
.
0- . .

4

-
N
w A

5 6 7 8

Rotational Quantum Number Jypper

Fig. 2. CO SLED built with the available data for the BCG and the CGM tail of MACS1931 (red and orange stars, respectively). The CO line
fluxes are taken from Fogarty et al. (2019), except 2CO(7—6) of the BCG which is detected in this work using APEX. Line fluxes are normalised
to the 2CO(1-0) flux taken from Fogarty et al. (2019). Additional average CO SLEDs from the literature are added for comparison: ULIRGs from
Papadopoulos et al. (2012a, blue circles), SMGs from Bothwell et al. (2013, green circles), BzK galaxies from Daddi et al. (2015, purple circles),
low-redshift Herschel galaxies from Kamenetzky et al. (2016, magenta circles), and quasars from the QFeedS sample published in Molyneux et al.
(2023, cyan circles). The dashed black line shows the theoretical CO SLED for resolved objects with Zggg = 0.83 My yr~! kpc™? modelled by
Narayanan & Krumholz (2014). This value is the estimated Xggg for the MACS1931 BCG (Fogarty et al. 2015). The grey shaded area shows the
predicted CO SLED range with this model for 0.6 < Zger [Me yr~' kpc™] < 3. We report an upper limit on the '2CO(7—6) flux for the tail in
Table 2, however, it is not constraining the tail CO SLED and falls out of the range of this plot.

Using the definition of the line luminosity from Equation (1)
and optically thin assumption, we can derive the [CI](2—1) lumi-
nosity following Papadopoulos et al. (2004) and Lei et al. (2023)
as

hC3A21XCI

————— 0 M, 2
8rC my, kV(z) QZl H, ( )

’ —
Liodercr0-1) =

where my, is the mass of a single H, molecule; u = 1.36 cor-
rects for the mass in He; C is the conversion between p02 and
cm?; Ay = 2.68 x 1077 57! is [CI](2-1) spontaneous emission
coefficient (Einstein coefficient); Xc = [C]/[H,] = 3 x 1073
is the Carbon abundance (Papadopoulos et al. 2022); ¢ is light
speed; k is the Boltzmann constant; 4 is the Planck constant;
vo is [CI](2—1) rest frequency; and Qp; = N»/N¢p < 1 is the
CI excitation factor depends on (ny,, Tkin) derived using equa-
tions from Papadopoulos et al. (2004). Using the LVG assump-
tion, Papadopoulos et al. (2012b) derived CO conversion factor
aco = My, /Lo, as

Va Tvi-o
:nodel,CO(l—()) = mﬁKvirMﬁz 3)

L
where @ = 1.5 for typical cloud density profile, Ty 10 is
12CO(1-0) brightness temperature, derived using LVG code
depend on (nn,, Tkin, Kvir). Thus, we can derive Ryoder,cie-1) =

L;nodel,CI(Z—l) /L;mdel’co(l_o) and add this as an additional con-

straint to the y? calculations.

Figures 3 and 4 show the best-fitted models for the BCG
and the tail, respectively. The top panels of both figures show
the distribution of the models in the Ty, np, space where
the colours show the [CI](2—1)/">CO(1-0) ratio of the model
that has the highest likelihood between models with the same
Tyin, nu,, but different Ky;,. Black contours show the levels of
[CT](2-1)/"*>CO(1-0) and white contours show the likelihood
levels. The white star represents the best-fitted solution based
on observations. The bottom panels of both Figures 3 and 4
show the CO SLED of the models compared to observations.
The black curve represents the best-fitted model with the highest
likelihood. The blue points show the CO line observations. The
green curves show the scatter of the best models after applying
the Markov chain Monte Carlo (MCMC) sampling to the solu-
tions. We set wide parameter range in the MCMC sampling by
assuming flat priors for 5 < Qg? <1031 < log[C'Ianal <17,
1 < K, < 100 in logarithmic scale with prior probability
P(p) = 1, and set P(p) = 0O for solutions outside the prior crite-
ria (Papadopoulos et al. 2014). The best models predict the gas

properties of Ty, = 22.6"83 K, log . 5= 4504, and Ky =

H.
3 [cm

4.6:13" for BCG and Ty = 15.375°K, log o2 = 3.5772,
and K.i; = 19.07332 for tail. Based on the current data and mod-

14.2
els, we argue that the tail gas might be cooler, less dense, and

less bound compared to the BCG gas, on average. Considering
that the CR energy density in a star-forming galaxy with strong
AGN activity is expected to be higher than the CR energy den-
sity in Milky-Way, kinetic temperatures below ~20K for the
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Fig. 3. Top: LVG modelling for the BCG of MACS1931. The Ty, 1y,
grid is plotted with a projected K,; axis. At each point of the Ty,
ny, grid, the colour shows the predicted [CI](2—1)/"2CO(1-0) ratio
of the model with the highest likelihood among models with differ-
ent K, values. The black contours show the levels of the modelled
[CI](2-1)/"2CO(1-0) flux ratio which is shown by colours. The white
contours show the likelihood levels. The white star indicates the best-
fitted LVG model obtained from MCMC simulations. Bottom: The CO
SLED of the best-fitted LVG model for BCG. The black curve shows
the modelled CO SLED. The blue points with blue error bars show the
observed line flux ratios. The green curves show the distribution of best
models obtained from MCMC.

tail gas are difficult to explain theoretically (see Figure 2 of
Papadopoulos et al. 2011). It is noteworthy that the top panel
of Figure 3 shows two possible solutions for the BCG (white
contours), one colder and denser and one hotter and more dif-
fuse with lower probability. However, a temperature of more
than 1000 K is not physical for the BCG gas. Thus, we do not
consider the second solution as a valid model. This degeneracy
in the [np,—Tyin] space is inherent to this kind of models and
can only be broken with additional independent observations,
as the ratio of the two atomic carbon lines, [CI](1-0)/[CI](2-1)
and a better sampling of the CO ladder. Figure A.1 presents the
joint distribution of the model parameters for all MCMC sam-
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plings. These plots show that the physical conditions of the BCG
are better constrained compared to the CGM tail. Moreover, the
model predictions for the physical conditions of these two galaxy
components are sufficiently separate by 2o in the ny, —Tiin plane.
However, K,;; is not well constrained for any of the galaxy com-
ponents.

4. Discussion
4.1. CGM tail formation and excitation

Our models in Section 3.2 show that the BCG of MACS1931
has the kinetic temperature of Ty, = 22.61%:% K, the molecular

™, _ 4 5+13 T
] = 4'5—03’ and the virialis
+15.0

tion parameter of Kyi; = 4.67;7%". The modelled kinetic temper-
ature of the detected gas in BCG is less than the dust tempera-
ture of 33 K, estimated by Santos et al. (2016) using the Herschel
photometry, but because of the large error bars we may conclude
that the two temperatures are similar and the BCG gas is ther-
malised.

In the MACS1931 CGM tail, we detect gas with a low kinetic

temperature, Ty, = 15.3*1%°K, a molecular hydrogen num-
and a virialistion parame-

ber density of log —2- = 3.5+22

[em™3] — -1.6°
ter of Kyiy = 19.07333. In this case, one could conclude that
Tkin > Tdust ~

hydrogen number density of log

14.2°
10K (Fogarty et al. 2019) and the gas might

not be in LTE conditions (Papadopoulos et al. 2022) with the
[CI](2-1) gas in a subthermal state. However, in addition to
the large uncertainties of the T;, measurements, the value of
Tquse estimated by Fogarty et al. (2019) is also affected by the
uncertainties related to the dust model and the subsequent value
assumed for the dust emissivity index.

For the CGM tail of MACS1931, the high
2C0(3-2)/">CO(1-0)  brightness  temperature  ratio

(R = fcoun o § =0.67, Table 2) is consistent with both

Icoqi-o

cold and (de>nse as well as warmer (and less dense) molec-
ular gas in the known number density-kinetic temperature
(ne—Txin) degeneracy. This is inherent in the radiative transfer
modelling of optically thick lines like those of CO. However,
this high brightness temperature ratio is typically associated
with the warm ISM found in starbursts. Indeed the observed
2C0(3-2)/"2CO(1-0) ratio (R3;) in the CGM tail is identical
to the mean value found for the star-forming ISM of Luminous
Infrared Galaxies (LIRGs) (see Figure 5 in Papadopoulos et al.
2012a). In their study, additional 2C0(1-0) and ¥CO line
observations limit the n.—Ty;, degeneracy in the LIRGs studied,
attributing such high '>CO(3-2)/'2CO(1-0) ratios to the warm
end of the n.—Tyi, parameter space. Figure 4 shows that the
predicted CO SLED of the tail models can peak at different
Jupper Values. But because of the large error bars on the existing
data and the lack of higher-J,ppe; CO transitions the CGM gas
status cannot be pinned down consequently.

The BCG and CGM of MACS1931 contain warm molecular
hydrogen, observed in the preliminary data analysis of a cycle
2 MIRI/MRS program with JWST (program ID: 3629, PI: A.
Man). Mapping and modelling the JWST warm hydrogen data
and the ALMA cold hydrogen data in this system will shed new
light on the multiphase nature of the CGM gas and provide clues
on the role of the CRs in the excitation of CGM and it is the
subject of a following paper. Confirming a warm H, gas phase
concomitant with such a cold dust using additional molecular,
atomic line, and dust continuum observations, would verify the
thermal decoupling of the two phases of the gas, and the role
of CRs in warming the gas (but not the dust) rather than the
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Fig. 4. LVG modelling and CO SLED for the CGM tail of MACS1931,
similar to Figure 3.

usual star formation-originating far ultraviolet (FUV) radiation
fields. In particular, the R3; ratio seems to be sensitive to an
enhanced CR energy density (Bisbas et al. 2023). Here we must
mention that in principle turbulence can also warm the gas but
not the dust in terms of the global energy budget necessary. How-
ever, the detailed picture emerging from simulations as well as
observations is that only a small fraction (~1-2%) of a super-
sonically turbulent gas reservoir is heated to extraordinarily high
temperatures (~1500—-2000 K) while the bulk remains very cold
(~10—15K; Wu et al. 2017; Bisbas et al. 2021).

Fogarty et al. (2019) shows that the tail direction is not
aligned with the AGN jet axis. They argue that this tail-like struc-
ture is likely an infalling feature which has been ejected out of
the galaxy by AGN jets in an outburst long ago. This structure
is currently falling back into the galaxy and fueling the active
star formation of MACS1931 BCG due to a more recent AGN
outburst which uplifted the gas and now the gas is condensed
and raining back to the galaxy. Ciocan et al. (2021) studies the
ionised and molecular gas phases of MACS1931 using VLT-
MUSE optical integral field spectroscopy and archival ALMA
observations. They show that both CO and Ha emission are
co-spatial and share similar kinematics. This study highlights

that the gas phase metallicity measured form optical lines in the
CGM tail is more than that in the BCG. Their findings are in
agreement with the scenario suggested by Fogarty et al. (2019).
Ehlert et al. (2011) finds two bright ridges about 25-30kpc to
the north and south direction of the BCG using Chandra X-
ray observations. This study probes gas with a temperature of
107—108 K and a density of 107>~10~" cm™3. The northern ridge,
which is co-spatial with the CGM component as seen in the
ALMA observations, is the coldest (kg7 = 4.78 + 0.64keV),
densest (0 ~ 0.09 cm™3), and the most metal-rich (Z = 0.53 +
0.11 Zy) region in the cluster. They argue that these ridges origi-
nally formed as a result of a previous cluster merger and an AGN
outburst in the BCG. Furthermore, Subaru optical observations
presented in Ehlert et al. (2011) show continuum emission from
a young stellar population in both north and south of the BCG
and He emission from star-forming regions only in the north of
BCG, almost coinciding with the north X-ray ridge. They sug-
gest that the metal-rich cool core of the cluster has been stripped
and moved to the north of the BCG as a result of a previous
cluster merger. The tail-like structure detected in ALMA obser-
vations lies approximately in the northern X-ray ridge and the
star-forming region detected in optical. Our results show that
the molecular gas in the tail is colder than the molecular gas in
the BCG, consistent with the condensation scenario. However,
we need more information to understand whether the dynami-
cal state of cluster post-merger affects the star formation of the
BCG.

4.2. Molecular hydrogen mass inferred from [Cl](2—1)

An estimate of the molecular hydrogen mass in MACS1931 can
be obtained by rearranging Equation (2) as

1 Siene-nAv

My, [Mo] = 1375.8 ;] 1

%) (ias)
1+2z\1073 107 Jykms~

“

where Dy is the luminosity distance to the object equal to
1929 Mpc; z = 0.3525 is the redshift of the object; Sicre-nAV
is the flux of [CI](2—1) reported in Table 1. We calculate the
probability distribution of this quantity from Papadopoulos et al.
(2004) for the BCG of MACS1931 with Ty, = 22.6:%% K and

log sy = 45753 to be 0 = 0.13 + 0.05. Equation (4) gives
Mpy,[BCG] = (15.3 + 4.9) x 10'° M, as the molecular hydrogen
mass in the BCG of MACS1931, traced by [CI](2—-1) if we
only consider the measurement errors. We perform the same
analysis for the CGM tail of MACS1931, using Q»; = 0.03
0.02 for gas with Tyin = 15.3*15°K and log ot = 3.5%32.
Using the tail flux and its uncertainty from Table 1, we find
My, [CGM] = (20.6 + 14.8) X 10'° M, as the molecular hydro-
gen mass in the tail of MACS1931. Consequently, the total
molecular hydrogen mass of MACS1931 in BCG and the tail is
My, [tot] = (35.9 £ 19.6) x 10'° M, based on [CI](2—1) obser-
vations. In this calculation, we only consider the measure-
ment uncertainties on the line fluxes. However, a larger uncer-
tainty lies within the Q,; factor and the final result significantly
depends on this factor, specifically for the tail. For instance,
using the upper limit of the Oy, factor for tail, the hydrogen mass
is reduced by ~30%.

The lower limit of this estimation is higher than the hydrogen
mass of MACS1931 as My, [tot] = 1.9 + 0.3 X 10'° M, traced
by '2CO(1-0) ALMA observations (Fogarty et al. 2019). This
comparison shows that part of the total molecular gas in BCG
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and CGM might be CO-poor or CO-dark, but it can be detected
using [CI](2—1). Consequently, we find ~10 times higher gas-
to-dust ratio for MACS1931 which might alleviate the tension
of the low gas-to-dust ratio as reported in Fogarty et al. (2019)
and nominal Galactic values.

5. Conclusion

In this work, we present new single-dish observations of the
brightest cluster galaxy and its circumgalactic medium belong-
ing to the cool-core galaxy cluster, MACS 1931-26. The data
obtained by the APEX/SEPIA660 receiver reveals '2CO(7-6)
emission from the BCG and [CI](2—-1) emission lines originated
from BCG and the CGM tail. The NRO 45-m/FOREST observa-
tion shows a '2CO(1-0) emission line from the BCG. The main
conclusions of this work are:

— The '2CO(1-0) flux derived from the NRO 45-m single-
dish observation of the MACS1931 BCG is consistent with
the '2CO(1-0) flux of this object calculated in Fogarty et al.
(2019) using ALMA interferometry data. Thus, the ALMA
observations are not missing the flux from large-scale struc-
tures of this object and the low gas-to-dust ratio of this sys-
tem is not an interferometric artefact.

— The LVG models show that the MACS1931 BCG molecular

gas is excited with Ty, = 22.67$3 K, log 2 = 4.5%07, and

Kyir = 4.6°13.°. The BCG gas might be warmer, denser, and
more bound compared to the CGM tail molecular gas with
Tiin = 1537 3°K, log sy = 3.5772, and Kyir = 19.07%33.
— The lower limit of the molecular hydrogen mass estimated
from the [CI](2-1) emission (>16.3 x 10'° M) is larger
than the hydrogen mass calculated using '>CO(1-0) in

Fogarty et al. (2019), suggesting that part of the molecular

gas in this system might be CO-poor and the gas-to-dust

ratio might be higher than the value calculated previously
using '2CO(1-0) observations only. Using a combination of

CO and CI observations lets us trace the different phases of

molecular gas including the CO-poor regions.

Detecting the CGM in emission is complicated because the emis-
sion is rather faint and very extended, making it difficult with
(sub)mm interferometers like ALMA, which are currently the
(sub)mm observatories with the most collecting area. Significant
progress in mapping the CGM in emission will likely require a
large single-dish telescope such as the Atacama Large Submm
Telescope (AtLAST; Lee et al. 2024).

Observations of [CI](1-0) and higher CO transitions are
needed to constrain the properties of the excited tail gas
and investigate the existence of CRs in this environment. For
instance, the '2CO(5—4) line with an excitation temperature of
~83K would add useful constraints on high-J/low-J CO line
ratios and the type of the gas heating mechanisms in this sys-
tem.
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Appendix A: Joint distribution of the LVG model in Figure A.1. These plots show that the BCG and the CGM
parameters tail are substantially distinguishable in the temperature-density
.. o plane. However, K,;; is not a distinctive parameter for the BCG

The joint distribution of the model parameters resulted from  3nd the CGM tail (Section 3.2).

MCMC sampling on both BCG and the CGM tail are shown

BCG: log Tkin [K]=1.33%332
Tail: log Tiin [K] = 1.04733

BCG
Tail

BCG: log ny,[cm=3] = 4.68+112
Tail: log nu,lcm~3] = 3.58+324

BCG: log Kyir = 0.84+389
, , : , : , Tail: log Kyir = 0.92+3-8

©
Q- > > Vv

IOg Tkin [K] |Og Kvir

Fig. A.1. Corner plot of the model parameters of the MCMC result. Contours and histograms of BCG and CGM are shown in black and red,

respectively. The off-diagonal panels show the joint distriburtion of each two parameters for BCG and CGM with contours showing [0.5, 1, 1.5, 2]o
levels. The diagonal panels show the histograms of all parameters including log Tuk(‘}‘ on the top left panel, log % on the central panel, and log K,

on the lower right panel. The 16%, 50%, and 84% percentiles are shown with dashed black and red lines for BCG and CGM, respectively. These
percentile values are reported on top of each histogram panel.
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