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A B S T R A C T 

We present the initial data for the ( J = 3 → 2) transition of 13 CO obtained from the central molecular zone (CMZ) of the Milky 

Way as part of the CO Heterodyne Inner Milky Way Plane Surv e y 2 (CHIMPS2). Co v ering 359 

◦ ≤ l ≤ 1 

◦ and | b| ≤ 0 . 5 

◦ with 

an angular resolution of 19 arcsec, velocity resolution of 1 km s −1 , and rms � T 

∗
A 

= 0 . 59 K at these resolutions, our observations 
unveil the complex structure of the CMZ molecular gas in impro v ed detail. Complemented by the 12 CO CHIMPS2 data, we 
estimate a median optical depth of τ13 = 0 . 087. The preliminary analysis yields a median 

13 CO column-density range equal 
to N ( 13 CO ) = 2 –5 × 10 

18 cm 

−2 , median H 2 column density equal to N ( H 2 ) = 4 × 10 

22 cm 

−2 to 1 × 10 

23 cm 

−2 . We derive 
N ( H 2 )-based total mass estimates of M(H 2 ) = 2 –6 × 10 

7 M �, in agreement with previous studies. We analyse the relationship 

between the integrated intensity of 13 CO and the surface density of compact sources identified by Herschel Hi-GAL, and find 

that younger Hi-GAL sources detected at 500 μm but not at 70 μm follow the dense gas of the CMZ more closely than those 
that are bright at 70 μm . The latter, actively star-forming sources appear to be more associated with material in the foreground 

spiral arms. 

Key words: stars: formation – ISM: molecules – ISM: structure – Galaxy: centre – submillimetre: ISM. 
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 I N T RO D U C T I O N  

alaxies are home to a wide variety of environments, all of which
ould concei v ably influence the process of star formation. Our own
ilky Way Galaxy contains large-scale variations in the Galactic 

nvironment from the outer reaches of the spiral arms to the inner
lane and central molecular zone (CMZ). Star formation from 

olecular gas is one of the key driving forces behind Galactic 
volution and morphology, yet current understanding of how the 
fficiency of this process [the star formation efficiency (SFE)] is 
egulated on local and Galactic spatial scales is little understood. 

The fractional abundances of molecular gas within the Galaxy 
ecrease rapidly from ∼100 per cent within 1 kpc of the centre to
 E-mail: arisking@ljmu.ac.uk (SMK); t.j.moore@ljmu.ac.uk (TJTM); 
avid.eden@armagh.ac.uk (DJE) 
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2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
nly a few per cent at Galactocentric distances ∼10 kpc (Sofue &
akanishi 2016 ). The inner 500 parsec of the Galaxy, known as the
MZ, contains some of the most extreme environments in which 

tar formation can occur. When compared to the Galactic disc, the
v erage density, temperature, and v elocity dispersion of this re gion
re found to be several orders of magnitude larger (Henshaw et al.
023 ). Ho we ver, within the CMZ there exists a large quantity of dense
olecular gas, with mass ∼ 10 7 M �, and mean density ∼ 10 4 cm 

−3 

Morris & Serabyn 1996 ; Ferri ̀ere, Gillard & Jean 2007 ). Given our
urrent understanding of the star formation process, the CMZ should 
e producing a significant number of stars; yet observations have 
hown that the region produces stars with an efficiency at least a
actor of 10 times lower than the spiral arms (Longmore et al. 2013 ).

Recently, advanced array detectors have enabled large-scale, 
fficient surv e ys of the Galaxy, allowing us to study the impact on the
tar formation efficiency of regions such as the spiral arms (Urquhart
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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t al. 2018 ). Ho we v er, unrav elling the intricacies of star formation
n smaller spatial scales is more complicated. Empirical relations
uch as Kennicutt–Schmidt (Kennicutt 1998 ), which correlates the
tar formation rate (SFR) with the surface density of molecular gas
n galaxies on large spatial scales, break down on the smaller scales
here the enclosed sampling of the initial mass function (IMF) is

mall. The CMZ should be fully sampled in this regard but fails
o be fully represented by current empirical relations. (Kruijssen &
ongmore 2014 ). 
To better examine the physical properties and processes that give

ise to star formation in the CMZ, it is necessary to conduct large-
cale observational surv e ys of molecular clouds across multiple
sotopologues and transitions, across a diverse range of star-forming
nvironments, such as the 13 CO /C 

18 O Heterodyne Inner Milky-Way
lane Surv e y (CHIMPS; Rigby et al. 2016 ), conducted using the
eterodyne Array Receiver Programme (HARP) detector (Buckle

t al. 2009 ) via the James Clark Maxwell Telescope between
8 ◦ ≤ l ≤ 46 ◦ and | b| ≤ 0 . 5 ◦ in the rotational transition J = 3 → 2
o better identify the dominant mechanism(s) that drive the process. 

The follow-up surv e y, CHIMPS2, builds on the observations made
y CHIMPS, again focusing on the J = 3 → 2 transition of 13 CO
nd C 

18 O, extending the inner-plane coverage and adding the CMZ
nd the outer plane, including 12 CO in the latter regions. Other
urv e ys co v ering CO emission within the CMZ include the Structure,
xcitation, and Dynamics of the Inner Galactic Interstellar Medium
urv e y (SEDIGISM; Schuller et al. 2017 ), observed using the APEX

elescope in 13 CO and C 

18 O J = 2 → 1, at a resolution of 30 arcsec,
ongitude range −60 ◦ to + 18 ◦, and latitudes | b| < 0 . ◦5, and the
arge-Scale CO Surv e y of the Galactic Centre conducted with the
obeyama 45-m telescope in 12 CO and 13 CO J = 1 → 0 (Oka et al.
998 ). The latter co v ers longitudes −1 . ◦5 to + 3 . ◦4 and latitudes
ithin | b| < 0 . ◦6. 
Additionally, surv e ys co v ering other molecules include; the H 2 O

outhern Galactic Plane Surv e y (HOPS; Walsh et al. 2011 ; Long-
ore et al. 2013 ) observed using the Mopra Radio Telescope

o v ering Galactic longitudes 290 ◦ < l < 360 ◦ and 0 ◦ < l < 30 ◦ at
9 . 5 –27 . 5 GHz, and the Combined Array for Research in Millimeter-
ave Astronomy (CARMA; Pound & Yusef-Zadeh 2018 ) 3-mm

urv e y which mapped the CMZ between −0 . ◦2 ≤ l ≤ 0 . ◦5 and
 b| ≤ 0 . ◦2. The frequency range of HOPS co v ers spectral-line emis-
ion from H 2 O masers, as well as metastable transitions of mul-
iple molecules such as ammonia (NH 3 ), cyanoacetylene (HC 3 N),
ethanol (CH 3 OH), and radio recombination lines. While CARMA

o v ers transitions of several molecules, SiO ( J = 2 → 1), HCO 

+ ( J
 1 → 0), HCN ( J = 1 → 0), N 2 H 

+ ( J = 1 → 0), and CS ( J = 2 →
). 
In this paper, we present 13 CO J = 3 → 2 data from the January

023 version of the CMZ portion of the CHIMPS2 survey. We present
rst-order estimates of the physical properties of molecular gas traced
y these data and assess the implications of the results in the context
f SFE. The structure of the paper is as follows. Section 2 describes
he data, Section 3 provides an analysis of the 13 CO emission, and
ection 4 provides a summary of the results. The corresponding 12 CO
ata can be seen in Eden et al. ( 2020 ). 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

he CMZ portion of the CHIMPS2 surv e y employed a systematic
bservation strategy, as described in Eden et al. ( 2020 ), covering ap-
roximately two square degrees constructed from several individual
iles. Each tile is 21 × 21 arcmin in dimension, positioned 20 arcmin
NRAS 533, 131–142 (2024) 
part, with each tile o v erlapping to facilitate calibration adjustments
nd correct for edge effects; this pattern is easily visible in Fig. 1 . 

The observations included here co v er Galactic longitudes 359 ◦ ≤
 ≤ 1 ◦, latitudes | b| ≤ 0 . ◦5, have a spatial resolution of 16 arcsec,
pectral resolution of 1 kms −1 o v er v elocities of | V LSR | ≤ 300 km s −1 

nd an rms in T ∗A of 0.59 K on 6-arcsec pixels. The 1-GHz bandwidth
ode of the ACSIS spectrometer used with HARP was employed

o co v er the e xtended v elocity range of approximately 550 km s −1 in
he CMZ (Dame, Hartmann & Thaddeus 2001 ). 

As this bandwidth is larger than that used for the rest of the
HIMPS2 surv e y and precluded simultaneous tuning of ACSIS

o the C 

18 O line, only 13 CO was observed in this portion of the
urv e y. Additional C 

18 O J = 3 → 2 data were taken later as follow-
p observations towards regions of bright 13 CO and will be the subject
f a future publication. 

.1 Data reduction and masking 

.1.1 Data reduction 

eduction of both the 12 CO and 13 CO data was carried out using the
utomated pipeline ORAC-DR (Jenness & Economou 2015 ), which
ad been impro v ed to meet the specific requirements of the surv e y.
 detailed description of the data reduction process can be found in
den et al. ( 2020 ). 
To create comprehensive spectral cubes covering the entire ob-

ervation area, the individual tile cubes were combined using the
CSMOSAIC function of the Starlink applications software suite,

rom its 2021A release (Currie et al. 2014 ). Although the data
o v er a velocity range of V LSR = ±300 km s −1 , no emission was
etected in velocity channels outside | V LSR | = 250 km s −1 ; therefore,
o create the mosaic seen in Fig. 1 , the data cube was collapsed in the
ange V LSR = ±250 km s −1 so as not to integrate unnecessary noise,
esulting in a single integrated-intensity map (position, position) of
he CMZ. 

.1.2 Masking 

he signal-to-noise ratio (SNR) in each pixel of the integrated-
ntensity mosaic for both 12 CO and 13 CO data sets was calculated
sing the Starlink MAKESNR function. This function creates a SNR
ap from the input mosaic by dividing the data by the square root of

ts variance array. A binary mask was then created using the THRESH

unction, which applies a specified threshold to an input SNR map.
he threshold was set to SNR = 5; values below this threshold were
et to 0 and values at or abo v e this threshold were set to 1. The
inary mask was applied to the original integrated intensity mosaic
y multiplying the two, ef fecti vely retaining the values of pixels with
NR ≥ 5 and setting those < 5 at zero. Finally, the 12 CO mosaic was
ligned with the 13 CO map using WCSALIGN to remo v e areas that
ere not observed in 13 CO . 
The intensities presented in the integrated emission images in

ig. 1 are on the T ∗A scale. For conversion to the main-beam
emperature scale, T mb , the main-beam efficiency ηmb was assigned
 value of 0.64 and 0.78 for 12 CO and 13 CO , respectively (Buckle
t al. 2009 ). 

 RESULTS  A N D  ANALYSI S  

n this section, we present the initial results of the 13 CO J = 3 → 2
MZ portion of the CHIMPS2 surv e y. These data pro vide an initial

ook at the molecular clouds within the CMZ, traced to a higher



CHIMPS2 133 

Figure 1. Top: The integrated emission mosaic of the CMZ traced by the J = 3 → 2 transition of 13 CO , each spectrum was integrated over velocity channels 
between | V LSR | = 250 kms −1 . Bottom: The variance map of the 13 CO J = 3 → 2 data shown in the top panel. 
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ensity, and are combined with data from the 12 CO CMZ portion of
he CHIMPS2 surv e y (Eden et al. 2020 ) for analysis and comparison.

.1 Integrated emission map 

anel (a) of Fig. 1 shows the integrated intensity mosaic of 13 CO
 = 3 → 2 emission in the CMZ between l = 359 ◦ and l = 1 ◦, and
 b| ≤ 0 . ◦5, while panel (b) shows the variance mosaic of the 13 CO
ntegrated intensity map in panel (a), representative of the relative 
oise levels associated with each tile in the mosaic. The 13 CO map 
hows many similarities to the 12 CO map in Eden et al. ( 2020 ) in
erms of o v erall morphology; ho we v er, the 13 CO data e xhibit sev eral
otable ifferences. As 13 CO traces denser regions of molecular 
louds, the majority of the emission from the more diffuse regions of
he CMZ is not present. Extended filamentary structures throughout 
he region are much clearer in 13 CO , due to the reduced optical depth,
emonstrating the hierarchical structure of molecular clouds. 

.1.1 Constraining the 12 CO to 13 CO abundance ratio 

ig. 2 shows the ratio of integrated 12 CO to 13 CO intensities in the 
MZ. The lo wer v alues, characterized by blue features, indicate 
egions with relatively high 13 CO intensity and show the deeper 
ierarchical structure of the CMZ within the context of the brighter
2 CO surrounding it. The intensity ratios of 12 CO to 13 CO are directly 
elated to the abundance ratios of 12 C to 13 C, modified by optical
epth. Therefore, it is possible to constrain the abundance ratio of
he two molecules using the observed intensity ratio R: 

 = 

T 12 

T 13 
≈ 1 − e −τ12 

1 − e −τ13 
. (1) 

If both species are optically thick, the brightness temperature 
atio R approaches 1. If both are optically thin, then R approaches
12 / τ13 , which equals the 12 CO / 13 CO abundance ratio. Therefore, 
ince τ13 
 τ12 , the largest observed intensity ratio will occur where 
12 is lowest, making R closest to the 12 CO / 13 CO abundance ratio, 
he upper limit of this ratio is shown in Fig. 3 . 

The upper limit was established at R ∼24 using the 95th percentile
f the observed values, to delineate the upper end of the observed
alues, filtering out potential noise outliers, and ensuring that our 
nalysis is conserv ati ve and representati ve of the CMZ. This gives
 lower limit to the abundance ratio of 12 CO to 13 CO , as the line
atio may still be suppressed by significant 12 CO optical depth. The 
alue is consistent with previous estimates of the abundance ratio in
MNRAS 533, 131–142 (2024) 
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M

Figure 2. Showing the ratio of 12 CO to 13 CO integrated-emission maps. The low-intensity regions are those with high concentrations of 13 CO and are associated 
with a colder, denser molecular gas. 
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Figure 3. The distribution of intensities in 12 CO to 13 CO ratio map of the 
CMZ, highlighting the 95th percentile threshold, which establishes the lower 
limit of the abundance ratio for 12 CO to 13 CO . 
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he CMZ, which vary between 20 and 25 (Penzias 1981 ; Guesten,
enkel & Batrla 1985 ; Langer & Penzias 1990 ; Wilson & Matteucci
992 ; Langer & Penzias 1993 ; Riquelme et al. 2010 ; Belloche et al.
013 ; Humire et al. 2020 ). 

.2 13 CO optical depth 

he optical depth of the v elocity-av eraged 13 CO 3 → 2 line ( τ13 )
as determined from the integrated intensity ratio as described by the

ollowing equations, in a similar method as that shown in equation ( 1 )
esulting from the solution of the equation of radiative transfer: 

T ∗A , 12 

T ∗A , 13 

= 

η12 

η13 

φ12 

φ13 

T ex , 12 

T ex , 13 

1 − e −τ12 

1 − e −τ13 
, (2) 

where η12 , η13 are the relative main-beam efficiencies for 12 CO
nd 13 CO , φ12 and φ13 are the relative beam-filling factors for each
pecies, τ12 is the optical depth in the 12 CO (3 → 2) line; finally,
 ex , 12 and T ex , 13 are the excitation temperatures for 12 CO and 13 CO ,
espectively. 

Since the main rotational constants and hence the transition
nergies of the two species differ by only about 4.5 per cent, it
dds a negligible systematic error to assume a common excitation
emperature for both. Additionally, given that 12 CO and 13 CO are
patially coexistent and trace similar regions within the molecular
louds, it is reasonable to assume that their emissions fill the
eam similarly, so that η12 ≈ η13 , at least to first order. So, by
ssuming equal beam-filling factors and excitation temperatures for
oth species, and considering τ12 to be optically thick, equation ( 2 )
implifies to 

T ∗A , 12 

T ∗A , 13 

� 

η12 

η13 

1 

1 − e −τ13 
. (3) 

Consequently, the optical depth can then be expressed as 

13 � − ln 

(
1 − T ∗A , 13 η12 

T ∗A , 12 η13 

)
. (4) 

To obtain the pix el-to-pix el optical-depth map in Fig. 4 , equation
 4 ) was applied to the ratio of T ∗A , 12 to T 

∗
A , 13 for each value in Fig.

 . The median value in Fig. 4 is τ13 = 0 . 087 and a per-pixel random
NRAS 533, 131–142 (2024) 
rror of ±5 × 10 −4 was determined by standard error propagation.
ystematic errors arising from the assumptions abo v e are likely to be
everal times larger than this. This median value suggests optically
hin 13 CO emission throughout most of the CMZ. The optical depths
ere are averages over the line widths at each point due to the use of
he integrated intensity, and underestimate peak τ13 . When 13 CO is
ptically thin, equation ( 2 ) becomes 

T mb , 12 

T mb , 13 
= R � 

1 − e −τ12 

τ13 
. (5) 

Where T mb , 12 and T mb , 13 are the corrected antenna temperatures
onverted to main-beam temperature for simplicity and assuming
qual excitation temperatures and beam filling factors. Therefore,
here τ12 > 1. 

13 > 

1 − e −1 

R 

, (6) 

which sets a lower bound on τ13 , based on the intensity ratio R,
bo v e which 12 CO will be optically thick. 
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Figure 4. The 13 CO J = 3 –2 optical depth in the CMZ, calculated using the ratio of intensity values of 12 CO / 13 CO . The CMZ clearly exhibits mainly optically 
thin emission, with only a small number of regions appearing to become optically thick, in regions such as Sgr B2. The maximum non-noise associated optical 
depth determined was τ13 = 0 . 99. 
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Given that the maximum reliable observed value of R is ∼24 
Section 3.1.1 ), τ12 is > 1 where τ13 > 0 . 0263. The minimum τ13 

alue determined in this study was found to be approximately 0.035. 
herefore, it is likely that 12 CO is mostly optically thick even though 

he τ12 � 1 assumption of equation ( 3 ) leads to slight o v erestimates
f τ13 where this is not the case. 

.2.1 Optical depth in the Sgr B2 region 

ig. 4 shows that most regions in the CMZ e xhibit relativ ely low
3 CO J = 3 –2 optical depths. Sgr B2 accounts for a considerable
ortion of the star formation activity and molecular mass in the 
MZ. The expectation is that such a dense and active region would
xhibit higher optical depths due to the large column densities of
olecular gas. Ho we ver, the optical depth of 13 CO remains relati vely

ow o v er much of the Sgr B2 region, only becoming optically thick
ow ards the centre. A lik ely explanation for this is averaging over
arge line widths due to the use of integrated intensities in equation
 4 ) Figs B1 and B2 show the distribution of gas velocities across
he CMZ. In particular, the gas velocities in Sgr B2 are shown to
each up to ∼ 100 km s −1 (Fig. B2 ). Typical line widths in the
gr B2 region are ∼ 20 km s −1 much broader than in the Galactic 
piral arms (Ao, Yang & Sunada 2004 ; Rigby et al. 2019 ). The
ptical depths in the line peaks are likely to be several times
igher. 

.3 13 CO column density 

or optically thin emission, it was possible to determine a first-
rder approximation of the column density for this region, as the 
olution to the equation of radiative transfer also describes the column 
ensity of the 13 CO , J = 3 → 2 line. Under the assumption of local
hermodynamic equilibrium (LTE), the optical depth is proportional 
o the column density of the gas along the line of sight, for the high-
emperature approximation of the partition function Z = kT /hB 

nd, assuming a constant excitation temperature, the column density 
or 13 CO can be expressed as 

( 13 CO ) = 

8 π

7 c 2 
kT ex 

hB 

ν2 
32 

A 32 
e 

6 hB 
kT ex 

(
1 − e 

− hν32 
kT ex 

)−1 
∫ 

τ13 d ν. (7) 

Here, c is the speed of light, B represents the rotation constant
n frequency units, B = 55 . 10 GHz, k and h are the Boltzmann and
lanck constants, respectively, T ex is the excitation temperature for 

he J = 3 → 2 transition of 13 CO , and ν32 , A 32 , and τ13 are the
ransition frequency, Einstein coefficient, and 13 CO optical depth 
alculated using equation ( 4 ), respectively. 

To estimate the column density range for 13 CO , we assume an
xcitation temperature range of T ex = 20 –50 K . This assumption is
ased on the findings of previous studies (Morris et al. 1983 ; Martin
006 ; Nagai et al. 2007 ), which provide well-established temperature
anges for similar molecular environments. Adopting these values 
llows for consistency with the literature and ensures that our results
re consistent with those of existing research. 

Using this temperature range, the column densities range from 

 2 ± 0 . 01 ) × 10 18 cm 

−2 to ( 5 ± 0 . 03 ) × 10 18 cm 

−2 . The small un- 
ertainties are the random errors arising from the measurement 
ncertainties, via the calculated optical depths, which have of 
τ13 = 5 × 10 −4 . The uncertainty in T ex is clearly much larger, as
ill other systematic factors such as calibration accuracy, abundance 

atios, filling factors, and assumptions inherent in the LTE model. 

.4 H 2 mass calculation 

y considering the commonly accepted abundance ratio of 12 CO to 
 2 , α12 = 10 −4 for the Milky Way (Frerking, Langer & Wilson 1982 ;
olomon et al. 1987 ; Dame et al. 2001 ), and the adopted lower-limit
bundance ratio (see Section 3.1.1 ), we were able to constrain the
3 CO to H 2 abundance ratio to α13 ≤ 4 × 10 −5 , 40 times larger than
he 13 CO to H 2 ratio given for the solar neighbourhood of 1 × 10 −6 

Frerking et al. 1982 ). From this, the conversion to H 2 column density
as simple, such that 

 ( H 2 ) = 

N ( 13 CO ) 

α
. (8) 
MNRAS 533, 131–142 (2024) 
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M

Figure 5. Showing the longitude-velocity map of 13 CO J = 3 → 2 in the CMZ, the intensity being integrated over latitude from data complete as of Oct 2023. 
The foreground spiral arms appear as linear features with low velocity dispersion. The presence of emission from the arms in this data set is likely to skew 

calculation of the physical properties determined for the CMZ molecular gas. The red star indicates the position of Sgr A 

∗. 
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The median H 2 column density range was found to be between
( H 2 ) = ( 4 ± 0 . 02 ) × 10 22 and ( 1 ± 0 . 003 ) × 10 23 cm 

−2 . The high-
st values of N ( H 2 ) reached between 5 × 10 24 and 1 × 10 25 cm 

−2 for
 ex = 20 K and 50 K, respectively. 
For a lower temperature limit of T ex = 20 K, our calculations yield

 total molecular-hydrogen mass of M(H 2 ) = ( 2 ± 0 . 4 ) × 10 7 M �.
ssuming an upper temperature limit of T ex = 50 K provides a mass

stimate of M(H 2 ) = ( 6 ± 1 ) × 10 7 M �. The associated uncertain-
ies on each of the mass estimates again represent the propagation
f random errors in our measurements. The lower mass in this
ange is consistent with estimates reported in previous surv e ys of
pproximately 2 × 10 7 M � (Bally et al. 1988 ; Nagai et al. 2007 ), and
 × 10 7 M � returned by Bally et al. ( 1987 ) and Dahmen et al. ( 1998 )
or a region larger than that of this study. This result is consistent
ith the estimated range reported by Morris & Serabyn ( 1996 ) of
 –10 × 10 7 M �, suggesting that the true T ex for the gas traced by the
3 CO J = 3 → 2 line lies at the lower end of the temperature range.

Ho we ver, assuming a constant α13 and T ex is likely to overestimate
he column density in regions with lower 13 CO to H 2 abundances,
hile underestimating it in regions with a higher abundance ratio.
he same can be said for the assumption of constant T ex , as it is
nlikely that the temperature is uniform across the CMZ. It would
herefore be more accurate to derive T ex using assumptions under
TE and the solution to the equation of radiative transfer, which
ould return a more suitable T ex than applying a temperature range.
his will be the topic of a subsequent paper. 

.5 Kinematic structure 

.5.1 High-velocity features 

ig. 5 shows the position–velocity ( P − V LSR ) distribution of the
3 CO J = 3 → 2 line integrated over the entire latitude range.
nspection of the high velocity dispersion features towards l ≈ 0 ◦

ho ws se veral distinct features such as Sgr C, along with the 20- and
NRAS 533, 131–142 (2024) 
0- km s −1 clouds. Perhaps the most noticeable feature in Fig. 5 is
gr B2, a complex and massive molecular cloud featuring high gas
ensities, and velocities between 0 ≤ V LSR ≤ −100 kms −1 . Sgr B2
s one of the prominent features within the CMZ, it is one of the

ost massive molecular clouds in the Galaxy, and is known for its
ich, intricate structure, and ele v ated star formation rate (Scoville,
olomon & Penzias 1975 ; M ̈oller et al. 2023 ). 

.5.2 For eground featur es 

ome of the most apparent features in Fig. 5 are the Far Sagittarius,
-kpc, and Outer Spiral arms that can be seen as bright and narrow
ines of emission with a velocity distribution | V LSR | = 20 km s −1 

hroughout the figure. These features were seen in emission and
bsorption in the 12 CO data (Eden et al. 2020 ), but in emission here,
ince 13 CO is not subject to the self-absorption commonly seen in
he 12 CO data. These features are emission from at least two spiral
rms, probably the Sagittarius arm, which can be seen spanning
iscontinuously across the image at V LSR ≈ 10 km s −1 . A small
ection of the 4-kpc arm is visible at V LSR ≈ −20 km s −1 towards
 ≈ 1 . ◦2. Finally, the outer arm is present ( V LSR ≈ −20 km s −1 ) at
 ≈ 359 . ◦5. Each of these spiral arms are a contamination source for
he 13 CO CMZ data, and calculation of the physical properties in
ection 3 includes them, which skews the CMZ results. 

.6 Hi-GAL source distribution in the CMZ 

o investigate the distribution of Hi-GAL sources in the CMZ, we
elected two distinct samples from the Hi-GAL compact-source
atalogue. The ‘70- μm-bright’ subset contains sources detected at
0 μm as well as the other Hi-GAL bands. The ‘70- μm-dark’ set
ncludes sources detected in all bands except for 70 μm. The two
ubsets represent sources that are actively star forming and those
hat are younger, potentially star forming or not star forming. 



CHIMPS2 137 

Figure 6. The integrated 13 CO J = 3 − 2 intensity from Fig. 1 , overlaid with (top panel) the positions of 70- μm -bright compact sources (circles) detected by 
Hi-GAL (Molinari et al. 2016a ) and (bottom panel) corresponding relative source surface-density contours. The size of each point in the top panel is proportional 
to the square root of the 70- μm source flux density. 
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.6.1 Hi-GAL source density and distribution 

he upper panel of Fig. 6 displays the distribution of compact 
ources identified by Hi-GAL (Molinari et al. 2016a ) that are 
etected at 70 μm and considered to be active star-forming sources 
Molinari et al. 2016b ). The source positions are o v erlaid on to
he integrated 13 CO intensity map (Fig. 1 ). The lower panel of
ig. 6 presents contours of the relative surface density of 70- μm -
right sources, again o v erlaid on the integrated 13 CO intensity 
istribution. Notably, there is a decrease in the concentration of 
ources towards lower latitudes, with higher source densities found 
bo v e and below the centre line. This suggests that fewer protostellar
ources are associated with the CMZ molecular gas itself, with higher 
oncentrations possibly being associated with foreground spiral-arm 

louds. 
Fig. 7 shows the distribution of the 70- μm -dark sample and reveals

 different trend in the locations of these sources, which tend to follow
he general shape of the 13 CO CMZ emission, suggesting a closer 
elationship between the two. These objects, potentially represent an 
arlier stage of star formation such as pre-stellar cores, compared 
o the 70- μm -bright catalogue. The distribution of these sources 
orrelates better with the structural features of the CMZ, possibly 
n  
racing the dense gas associated with the dust ridge, but is fairly
niform at higher latitudes. 

.6.2 Two-dimensional Kolmo goro v–Smirno v testing 

o test the relationship between the 13 CO integrated intensity and the 
i-GAL source density for each catalogue, a modified Kolmogorov–
mirnov (KS) test was used to test the relationship in two dimensions
Peacock 1983 ), as opposed to the traditional KS testing which is
ne-dimensional. This was done to preserve the spatial information 
n the relationship. The 13 CO integrated intensity distribution was 
ompared to the 70- μm -bright and dark source densities separately. 
he significance level was set at 0.003. This threshold means that if

he returned p -value is less than 0.003, the null hypothesis (that
he two distributions are from the same underlying continuous 
istribution) is rejected with 99.7 per cent confidence. 
For the 70- μm -bright sources, the KS test yielded a statistic of 0.56

ith a p-value of ∼0, suggesting a significant statistical divergence 
etween the distributions of 13 CO integrated emission and Hi-GAL 

ource density. This result confirms the obvious difference in the 
ature of the data sets; ho we ver, considering that star formation
MNRAS 533, 131–142 (2024) 
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Figure 7. As for Fig. 6 , but for Hi-GAL compact sources not detected at 70 μm . 
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redominantly occurs within molecular clouds, a degree of spatial
orrelation between the 13 CO integrated emission and the locations
f protostellar objects could be expected, despite the fact that they
o not originate from the same underlying population. 
Furthermore, Spearman correlation analysis of the 13 CO integrated

mission with the Hi-GAL source surface density at correspond-
ng pixels showed moderate but significant negative correlation.
n this case, ρbright = −0 . 35 with associated p -value = 0 . 0003.
his suggests that higher densities of 70- μm -bright sources tend

o occur in areas with lower concentrations of 13 CO . Therefore,
he statistical results support the visual impression of the relative
pacing of the contours in Fig. 6 , and suggest that the potentially
rotostellar 70- μm -bright sources are not preferentially associated
ith the dense gas of the CMZ, implying that they are mainly in the

oreground. 
In contrast, analysis of the 70- μm -dark sources produces a

ome what dif ferent result. The KS statistic returned was 0.55, again
ith p ∼ 0, indicating a degree of divergence similar to that for

he 70- μm -bright sources. Ho we ver, Spearman’s correlation for this
ata set ( ρ dark = 0 . 58, p = 1 × 10 −9 ) points to a significant positive
elationship, suggesting a closer spatial association between the
0- μm -dark sources and regions with significant 13 CO integrated
mission and that the younger sources tend to be more associated

13 
NRAS 533, 131–142 (2024) 

ith the CO emission from the CMZ itself. o  
The differences in the source populations are reflected in the cor-
elation analysis, where the 70- μm -bright sources show a moderate
e gativ e correlation with 13 CO emission, suggesting they are often in
ess dense regions or in the foreground. In contrast, the 70- μm -dark
ources exhibit a moderate positive correlation, indicating a strong
ssociation with the dense gas in the CMZ. The distinct distributions
f 70- μm -bright and 70- μm -dark sources towards the CMZ with
espect to the molecular gas suggest variations in the star formation
tages across different latitudes. However, considering the potential
ontamination from the foreground spiral arms, as indicated in Fig. 5 ,
 non-negligible number of these sources might not be inherent to
he CMZ. 

The presence of spiral arms complicates the interpretation of the
elationships observed in our data. Although we have identified
tatistically significant correlations between the surface densities of
oth 70- μm -bright and 70- μm -dark sources and the 13 CO integrated
ntensity, the extent to which these correlations are influenced by
he spiral-arm structures requires closer scrutiny. To assess the
mplications of these correlations for the SFE in the CMZ, a more
etailed analysis that accounts for the contributions from spiral arms
s essential. Future work will therefore focus on ree v aluating the data
ith the spiral arms remo v ed. 
We also conducted a direct comparison between the distributions

f 70- μm -bright and 70- μm -dark sources. The results showed a
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S statistic of 0.64 with a p -value of ∼0, indicating a significant
tatistical difference between the two data sets. This firmly rejects 
he null hypothesis of a common distribution, corroborating the 
otion that these source populations are distinct. Furthermore, the 
orrelation analysis between the 70- μm -bright and 70- μm -dark 
ources yielded a Spearman coefficient of −0 . 18, with a p -value
f 0.074. This result suggests that there is no significant correlation 
etween these data sets, further supporting the conclusion that the 
wo data sets are likely to represent different populations. 

 SU M M A RY  

n this paper, we have presented initial findings from the 13 CO J =
 → 2 observations of the CMZ made as part of the CHIMPS2
urv e y. The data used in this study are available to download from
he CANFAR archive. These observations offer a detailed view of 
olecular clouds within the CMZ, tracing higher densities at higher 

esolution and lower optical depth than previous CO surv e ys. The
ntegrated intensity maps of 13 CO in the CMZ shown in Fig. 1 reveal
ntricate physical structures of the colder, denser gas. 

By combining these 13 CO measurements with the 12 CO data also 
rom the CHIMPS2 surv e y (Eden et al. 2020 ), we obtain estimates
f the optical depth, τ13 distribution in the region, leading to a first-
rder estimate of the 13 CO column density, N ( 13 CO ) = ( 2 ± 0 . 01 ) ×
0 18 cm 

−2 to N ( 13 CO ) = ( 5 ± 0 . 03 ) × 10 18 cm 

−2 . This corresponds 
o H 2 column density estimates of N ( H 2 ) = ( 4 ± 0 . 02 ) × 10 22 cm 

−2 

o ( 1 ± 0 . 003 ) × 10 23 cm 

−2 . We present total H 2 mass estimates, 
(H 2 ) = ( 2 ± 0 . 4 ) × 10 7 M � and M(H 2 ) = ( 6 ± 1 ) × 10 7 M � for

 ex = 20 K and T ex = 50 K, respectively. This range is consistent
ith previous studies but likely to be an o v erestimate due to the

ssumption of constant α13 and T ex for this study. Analysis of the 
inematic structure unco v ers high-v elocity-dispersion features, such 
s the well-known Sagittarius A and B comple x es, and emission from
oreground spiral arms, probably including the Sagittarius, Outer, and 
-kpc arms. 
We find that compact Herschel Hi-GAL sources that are detected at 

0 μm tend to a v oid the molecular gas of the CMZ itself in fa v our of
aterial that is likely to be in the foreground spiral arms. Since such

bjects are considered active sites of star formation, this is consistent 
ith observations of relatively low star formation efficiency in the 
ense gas of the CMZ (Longmore et al. 2013 ). Conversely, we find
hat the distribution of the Hi-GAL sources without 70 μm emission 
end to follow the dense-gas distribution more closely. 

These high-resolution observations of 13 CO within the CMZ 

epresent a valuable resource for future CMZ studies, especially 
hen combined with forthcoming C 

18 O CHIMPS2 data. Integrating 
hese data sets with other molecular gas surv e ys at lower transitions,
uch as SEDIGISM (Schuller et al. 2021 ), along with the Hi-GAL
ontinuum data (Molinari et al. 2016b ), will provide gas temperature 
stimates and impro v ed column density results. This work will be
he subject of a series of future papers. Additional future work will
nclude analysis of the separated signals from the spiral arms and 
MZ molecular gas to better assess the differences between the two 
omponents and allow analysis of the turbulence parameters of dense 
olecular gas in the CMZ. 
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PPENDIX  A :  VOX EL  DISTRIBU TION  

he distribution of the voxel values in the data cube can be seen in the
op panel of Fig. A1 . The distribution can be modelled by a Gaussian
NRAS 533, 131–142 (2024) 

igure A1. Top: A histogram of the voxel values in the original 13 CO J = 

 –2 data cube used to create the integrated intensity map shown in panel (a) 
f Fig. 1 . The inset panel shows the same data on a log - y scale, to highlight 
he wings of the distribution. Bottom: As for the top panel, but showing the 
tandard deviation of variance values in panel (b) of Fig. 1 . The peak (red 
ashed line) is T ∗A = 0 . 26 K. The inset shows the same distribution on a log - y 
cale. 
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urve (red line) with associated mean T ∗A = 0 . 016 K and standard
eviation σ = 0 . 23 K. The top panel inset shows the distribution
n a log- y scale to illustrate how the distribution departs from a
tandard Gaussian shape in the positive and ne gativ e wings due to
eal emission and non-Gaussian noise in the positive wing, and non-
niform and non-Gaussian noise in the ne gativ e wings. The bottom
anel of Fig. A1 displays the values the square root of values in the
 ariance mosaic sho wn in the bottom panel of Fig. 1 , thus giving the
tandard deviation. The distribution peaks at ≈ 0 . 26 K comparable
o the value obtained from the standard deviation of the fit in panel
a). 

PPENDI X  B:  A D D I T I O NA L  F I G U R E S  

 breakdown of the 13 CO integrated-emission map can be seen in
igs B1 and B2 , where the data have been separated into velocity
hannels of 50 km s −1 . Fig. B1 shows several structures within the
150- to 100-km s −1 velocity channel which are high-velocity 13 CO
urrounding Sgr C, which itself sits within the –100- to –50-km s −1 

hannel. Additionally, the three cores of the Sgr A complex are most
rominent in the –50- to 0-km s −1 channel, which are the bright
egions located at l ∼ 0 ◦. 

Most of the emission is concentrated within the velocity range
 − 100 km s −1 visible in Fig. B2 , which contains features such as
he 20-km s −1 cloud, the 50-km s −1 cloud and the ‘brick’, which are
haracterized by intense CO emission with sharp boundaries. Several
rominent features are shown, including the shell-like structure and
mission ‘hole’ in the 0 –50-km s −1 channel that was first identified
y Bally et al. ( 1988 ), while 50 –100 km s −1 contains the high-
elocity gas closer to Sgr B2. The 100 –150 km s −1 panel of Fig. B2
nterestingly shows 13 CO emission from a compact region in the
entre of the Galaxy; the intense emission here is likely to be high-
elocity molecular gas surrounding Sgr A 

∗. 
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Figure B1. The 13 CO J = 3 → 2 integrated emission separated into 50 km s −1 channels. The top map is −250 to −200 km s −1 ; the second panel is −200 to 
−150 km s −1 ; the third is −150 to −100 km s −1 ; and the fourth is −100 to −50 km s −1 . 
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Figure B2. A continuation of the 50 km s −1 channels of integrated emission. These are −50 to 0 km s −1 ; 0 to 50 km s −1 ; 50 to 100 km s −1 ; and 100 to 
150 km s −1 , respectively. 
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