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ABSTRACT

Context. The 123 (G1.3) and 126 (G1.6) cloud complexes in the central molecular zone (CMZ) of our Galaxy have been proposed to
possibly reside at the intersection region of the X1 and X2 orbits for several reasons. This includes the detection of co-spatial low- and
high-velocity clouds, high velocity dispersion, high fractional molecular abundances of shock-tracing molecules, and kinetic tempera-
tures that are higher than for usual CMZ clouds.

Aims. By investigating the morphology and deriving physical properties as well as chemical composition, we want to find the origin
of the turbulent gas and, in particular, whether evidence of an interaction between clouds can be identified.

Methods. We mapped both cloud complexes in molecular lines in the frequency range from 85 to 117 GHz with the IRAM 30 m tele-
scope. The APEX 12 m telescope was used to observe higher frequency transitions between 210 and 475 GHz from selected molecules
that are emitted from higher energy levels. We performed non-local thermodynamic equilibrium (non-LTE) modelling of the emission
of an ensemble of CH;CN lines to derive kinetic temperatures and H, volume densities. These were used as starting points for non-LTE
modelling of other molecules, for which column densities and abundances were determined and compared with values found for other
sources in the CMZ.

Results. The kinematic structure of G1.3 reveals an ‘emission bridge’ at intermediate velocities (~150 km s~!) connecting low-velocity
(~100kms™") and high-velocity (~180kms™"') gas and an overall fluffy shell-like structure. These may represent observational evi-
dence of cloud-cloud interactions. Low- and high-velocity gas components in G1.6 do not show this type of evidence of an interaction,
suggesting that they are spatially separated. We selected three positions in each cloud complex for further analysis. Each position
reveals several gas components at various peak velocities and of various line widths. We derived kinetic temperatures of 60—100 K and
H, volume densities of 10*~10° cm™ in both complexes. Molecular abundances relative to H, suggest a similar chemistry of the two
clouds, which is moreover similar to that of other GC clouds and, especially, agrees well with that of G+0.693 and G—0.11.
Conclusions. We conclude that G1.3 may indeed exhibit signs of cloud-cloud interactions. In particular, we propose an interaction of
gas that is accreted from the near-side dust lane to the CMZ, with gas pre-existing at this location. Low- and high-velocity components
in G1.6 are rather coincidentally observed along the same line of sight. They may be associated with either overshot decelerated gas
from the far-side dust line or actual CMZ gas and high-velocity gas moving on a dust lane. These scenarios would be in agreement

with numerical simulations.
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1. Introduction

In a radius of 200-250 pc, the Galactic centre (GC) region of our
galaxy harbours a huge amount of molecular gas. This region is
known as the central molecular zone (CMZ, see Fig. 1). Physical
properties of the molecular gas in the CMZ differ significantly
from those of gas in the Galactic disk (e.g. Morris & Serabyn
1996; Giisten & Philipp 2004). The gas in the CMZ is generally
observed to be much denser (>10* cm™3) and hotter (350-70K;
Hiittemeister et al. 1993; Ao et al. 2013; Ott et al. 2014; Ginsburg
et al. 2016; Immer et al. 2016). Given these high densities, GC
giant molecular clouds (GMCs) should present a perfect nursery

* The reduced data cubes are only available at the CDS via anonymous
ftp to cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/668/A183

** Member of the International Max Planck Research School (IMPRS)
for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

for stars. However, the overall star formation rate in the CMZ is
unexpectedly low (< 0.1 Mg yr~', e.g. Immer et al. 2012; Long-
more et al. 2013; Kauffmann et al. 2017a,b; Nguyen et al. 2021).
Active and recent high-mass star formation is localised in a
few spectacular regions, for example Sagittarius B2 (Bally et al.
2010; Kruijssen et al. 2014) or the Arches and Quintuplet clusters
(Figer et al. 1999, 2002), while much of the volume of the CMZ
is devoid of massive young stellar objects (early B- and O-type
stars, Immer et al. 2012; Nguyen et al. 2021). As a consequence,
ultraviolet radiation emanating from young stars does not seem
to be the dominating heating mechanism in the global view of
the CMZ (e.g. Ao et al. 2013).

Dust temperatures in this region generally do not exceed a
value of 20K (Lis et al. 1999; Rodriguez-Ferndndez et al. 2002;
Molinari et al. 2011), suggesting that the dust is decoupled from
the gas and hence does not account for the globally high kinetic
gas temperatures either (see also Clark et al. 2013). Widespread
and intense emission of SiO suggests the omnipresence of shocks
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Fig. 1. The Galactic centre region observed in molecular line and dust emissions. Left panel: CHIMPS 2 longitude—velocity diagram of '2CO 3-2
intensity integrated over |b| < 0.5° Galactic latitude (Eden et al. 2020). Solid and dashed red lines indicate the observed longitude range for G1.3
and G1.6, respectively. Right panels: Longitude-latitude maps of the CMZ observed in warm dust emission with Hi-Gal/Herschel (top, Molinari
et al. 2016) and in '>CO 3-2 emission observed as part of the CHIMPS 2 survey (bottom, Eden et al. 2020). The regions of G1.3 and G1.6 that were

covered during our IRAM 30m observations are indicated in black.

(Martin-Pintado et al. 1997; Hiittemeister et al. 1998; Riquelme
et al. 2010b) as this molecule is formed from atomic silicon
that was freed by the sputtering of (silicate) dust grains in
shocks (Schilke et al. 1997). Shocks introduce turbulence in the
gas, which is evident in broad line widths of observed spectral
lines (~10-30kms™'; e.g. Morris & Serabyn 1996) in the CMZ.
Energy released by subsequent dissipation of the turbulence is
converted to heat, which may be the dominant heating source.
Shocks in the CMZ may be produced by, for example, an interac-
tion of clouds or by large-scale dynamics induced by the Galactic
gravitational potential or as a consequence of the central black
hole’s activity.

The large velocity dispersion embodies a variety of velocity
components in GMCs in the CMZ suggesting complex kine-
matics. The left panel of Fig. 1 shows the distribution of gas
in the CMZ with longitude over the radial velocity range from
—200 to +200km s~!. Many observational and theoretical stud-
ies have been trying to explain the motions of dense and diffuse
gas. For example, the gas might move in two spiral arms (Sofue
1995; Sawada et al. 2004; Ridley et al. 2017) within the CMZ,
a twisted ring (Molinari et al. 2011), on open orbits (Kruijssen
et al. 2014), and/or on the so-called EMR (expanding molecu-
lar ring, Kaifu et al. 1972; Scoville 1972; Oka & Geballe 2022;
Sofue 2022). Binney et al. (1991) modelled the so-called X1 and
X2 orbits, which arise as a consequence of the barred poten-
tial (Contopoulos & Mertzanides 1977; Sormani et al. 2015).
According to this theory, there is a region in which higher-
velocity gas from larger Galactic scales (associated with the
X1 orbits) enters the CMZ (associated with the X2 orbits) at
the point of intersection of the innermost X1 and outermost X2
orbits. The gas in this region is expected to be highly turbulent
and may even be experiencing cloud-cloud interactions, which
should be reflected in the physical and chemical properties of
the interstellar medium.

At the edge of the CMZ, two cloud complexes at longi-
tudes ~1°3 and ~196 (in the following G1.3 and G1.6) were
proposed to be promising candidates of this intersection region,
that is the point at which gas enters the CMZ (Hiittemeister et al.
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1998; Rodriguez-Fernandez et al. 2006; Rodriguez-Fernandez &
Combes 2008; Riquelme et al. 2010a). The few observations that
were conducted towards G1.3 and G1.6 revealed their molecu-
lar diversity and large spectral line widths, which led to their
assignment to the environment of the GC, for which a dis-
tance of 8.2 kpc was recently accurately determined (GRAVITY
Collaboration 2019, 2021). We highlight their locations at the
edge of the CMZ in Fig. 1.

G1.3 was already observed early, for example by Bally et al.
(1988) and Oka et al. (2001b) in emission of CS and CO and
showed a remarkable extension from the Galactic plane to high
latitudes. Significant amounts of gas in this region were found
not only at velocities of <100kms~!, but also at higher veloci-
ties of ~180kms™! (Tanaka et al. 2007; Riquelme et al. 2010b,
2013). Each of these velocity components seems to be comprised
of warm (~30-40 K) and dense (n(H,) 2 10° cm™3) gas, which
is typical for GC GMCs, and hotter but less dense gas, which is
suggested to have a different origin (Hiittemeister et al. 1998;
Riquelme et al. 2013). Riquelme et al. (2013) derived kinetic
temperatures of up to 300 K based on observations of ammonia.
G1.3 shows the largest fractional abundance of SiO in the CMZ
(~3 x 107%, Riquelme et al. 2018), indicating that shocks play a
major role in the heating of the gas and the formation and excita-
tion of molecules. The presence of at least two gas components at
different velocities suggests the possibility of cloud-cloud colli-
sions (e.g. Habe & Ohta 1992; Fukui et al. 2021), which might be
the result of gas plunging from the innermost X1 onto the out-
ermost X2 orbit (e.g. Mulder & Liem 1986) and encountering
gas that already resides on the X2 orbit. Riquelme et al. (2010a)
reported on '2C/"3C isotopic abundance ratios in G1.3 and found
a low value of ~20 in the low-velocity component and a higher
value of ~50 in the high-velocity component. Low ratios around
20 are typically attributed to the CMZ gas, which is significantly
processed by star formation, while for less-processed gas, orig-
inating at larger Galacto-centric distances, this isotopic ratio is
higher (Riquelme et al. 2010a, and references therein). Thus, this
is consistent with the view that the high-velocity gas has been
accreted into the GC.
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Table 1. Telescopes, receivers, and backends used in this project along with observed frequency ranges.

Telescope  Receiver Backend y@ Map coverage Average rms ?)
Gl1.3 Gl1.6 G1.3 Gl.6
(GHz) ) () Trmp (mK)  Typ (mK)
IRAM30m EMIR FFTS 85-93 860 x 550 550 x 330 73 43
(E090) 93-101 850 %440 550 x 330 88 51
101-109 860 x 550 550 x 330 95 55
109-117 850 x 440 550 x 330 110 71
APEX PI230 FFTS4G 217-221 780 x 500 600 x 300 254 266
229-233 780 x 500 600 x 300
SHeFI (APEX2) XFFTS  265-269 - 650 x 340 - 182
FLASH+(345) XFFTS 289.5-293.5 150x 150 220x 160 70 73
301.5-305.5 150x 150 220 x 160 63 65
328-332 - 600 x 300 - 115
340-344 - 600 x 300 - 116
341.5-345.5 250 x 250 400 x 400 168 116
344-348 - 500 x 300 - 189
353.5-357.5 - 400 x 400 - 141
356-360 - 500 x 300 - 152
FLASH+(460) XFFTS 433-437 150 x 150 220 x 160 209 511
459-463 - 600 x 300 - 260

Notes. @Covered frequency range. ¢’ Average rms value in the reduced cubes after smoothing to a spectral resolution of 1km s~

! and after spatial

regridding to a common pixel size of 14.5” (see Sect. 2.3). The centres of the mapped regions are given in the text.

G1.6 is located at ~1°6 Galactic longitude and shows similar
characteristics as G1.3. Observations revealed gas components
at velocities of ~60kms~! and ~160kms~' (Whiteoak & Peng
1989; Salii et al. 2002; Menten et al. 2009). These two com-
ponents possess different physical properties, which resemble
the picture found in the G1.3 region: while the low-velocity
component is warm (~40-60 K) and dense (n(H) < 10° cm™3),
the other is hot (~200K) and less dense (~10* cm~3, Menten
et al. 2009; Gardner et al. 1985, 1987). Observations of SiO
rotational transitions (e.g. Menten et al. 2009; Martin-Pintado
et al. 1997; Bally et al. 1987) showed that this molecule’s
fractional abundance in the G1.6 region is almost as high as
in G1.3 (~ 2.5 x 107, Riquelme et al. 2018), suggesting the
presence of shocks. These might as well occur as a consequence
of a cloud-cloud collision (Haschick & Baan 1993; Salii et al.
2002; Menten et al. 2009), which makes G1.6 another candidate
for the X1-X2 intersection region.

To investigate the nature of these two cloud complexes, we
conducted observations of a large number of molecules. For sev-
eral species, we covered multiple lines allowing for excitation
studies, for many of them for the first time. We mapped the
G1.3 and G1.6 regions in various molecular transitions using
the IRAM 30m and the APEX 12 m telescopes. The observed
regions are indicated in the right panels in Fig. 1. In this paper we
report on the overall morphology of both cloud complexes, their
physical properties, and the chemical composition of their gas.
Based on the results, we discuss the sources’ appearances in the
CMZ and possible origins. In Sect. 2, we describe the observa-
tions and the data reduction. The results are presented in Sect. 3
and discussed in Sect. 4. The conclusions are given in Sect. 5.

2. Observations and data reduction

The data used in this work were acquired by a combina-
tion of observations carried out with the Atacama Pathfinder

Experiment (APEX) 12m single dish (Giisten et al. 2006) and
the IRAM 30 m telescopes (Baars et al. 1987) in order to cover
specific frequency segments, in which molecules of interest (see
Sect. 3.1) emit. While with the IRAM 30 m telescope the EMIR
multi-band mm-waver receiver (Carter et al. 2012; Kramer 2016)
was used to cover the complete frequency range between 85 and
117 GHz, multiple receivers were used during the observations
with APEX to cover frequency segments over a total range of
~250 GHz. The details on the observations are summarised in
the following.

2.1. Observations with the APEX telescope
21.1. FLASH+ and SHeFlI

G1.3 and G1.6 were observed in various frequency ranges
between 213 and 475 GHz with the APEX telescope in order to
capture higher-excitation transitions of molecules, whose lower-
excitation transitions are detected in a 3 mm survey subsequently
performed with the IRAM 30 m telescope (see Sect.2.2). The
observations were performed using the FLASH+ (First Light
at APEX Submm Heterodyne, Klein et al. 2014) and SHeFI
receivers (Swedisch Heterodyne Facility Instrument, Lapkin
et al. 2008). Covered frequency ranges used in the subsequent
analysis and corresponding receivers are summarised in Table 1.
FLASH+ comprises two modules that detect different frequency
ranges. FLASH345 covers a total frequency range of 268—
374 GHz while FLASH460 covers 374-516 GHz. The receiver
detects a lower and an upper sideband, each with a bandwidth of
4 GHz. We used only one sideband of SHeFI (APEX2), which
covers a frequency range of 267-378 GHz (Table 1). The back-
end used during the observations with FLASH+ and SHeFI is a
digital fast-Fourier transform spectrometer (XFFTS, which is an
evolved version of the original APEX FFTS, Klein et al. 2012).
It is composed of four single boards, each of which has a band-
width of 2.5 GHz. The generic spectral resolutions provided by
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FLASH345, FLASH460, and APEX?2 are 38, 76, and 76 kHz,
which translate to (average) velocity resolutions of 0.04, 0.05,
and 0.09 kms™!, respectively.

The observations were carried out during seven days in 2013
June and August for both cloud complexes and G1.6 was addi-
tionally observed during another five days in 2015 June and
August. The sources were mapped by observing several sub-
maps using the on-the-fly (OTF) observing mode. The obser-
vations of G1.3 are centred at (I, b) =(1°28, 0°070), those of
G1.6 at (1°59,0°015). The off-positions used during the OTF
observations were placed at (1228, 0°073) and (1975, 02600) for
G1.3 and G1.6, respectively. Because these primary off-positions
showed emission features in some strong lines, we observed sec-
ondary off-positions farther away at (1227, —02248) for G1.3 and
(1°63,0°083) for G1.6 to correct for this contamination in the
primary off-position. For more details see Sect. 2.3. The pointing
uncertainty was usually less than 5”.

Table 1 lists the observed map sizes for each observed fre-
quency range together with average noise levels in the maps. The
data were automatically calibrated after the observations using
the APEX online calibrator tool (Polehampton et al. 2019). We
assume the standard calibration uncertainty of 10%.

2.1.2. P1230

To cover additional transitions that emit in the frequency range
of 217-233 GHz, we used data obtained with the PI230 receiver.
These data were observed as part of a large survey covering the
whole CMZ (Riquelme et al. in prep.). The achieved spectral res-
olution is 61 kHz (~0.08 kms™!). The covered frequency range
and the average noise levels of the maps are listed in Table 1.

2.2. Observations with the IRAM 30 m telescope

We mapped G1.3 and G1.6 in the 3 mm spectral window (85—
117 GHz) with the IRAM 30 m telescope. The observations were
carried out during seven days in 2016 February, May, August,
and November. G1.3 and G1.6 were mapped using OTF. Each
source was covered by several sub-maps yielding a total map
with a coverage of a few hundred arcseconds per side. Table 1
lists the map sizes together with an average noise level for each
frequency range. The map centres and primary off-positions are
at the same positions as for the APEX observations for both
sources. Moreover, the secondary off-position is the same for
G1.3, while an observation of a secondary off-position for G1.6
was not necessary because the primary off-position was verified
to be free of emission in all lines (except for the '>CO and '3CO
transitions). The pointing accuracy during the observations was
better than 5%.

For the observations, we used the E090 module of EMIR
(Eight MIxer Receiver). It is comprised of two (separated)
sidebands, each of which operates in horizontal and vertical
polarisation modes. One sideband covers a bandwidth of 8§ GHz.
An FFTS (Klein et al. 2012; Kramer 2016) was used as backend.
It is composed of 24 single modules working at 200 kHz spec-
tral resolution, which translates to 0.57-0.65kms~!' depending
on the observed frequency. The data were calibrated by applying
the standard procedure (Kramer 1997) using the MIRA soft-
ware! provided by IRAM. The uncertainty on the calibration is
assumed to be about the standard value of 10%.

I https://www.iram. fr/IRAMFR/GILDAS/doc/html/
mira-html/mira.html
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2.3. Data reduction of the APEX and IRAM data

The data reduction was done with the Continuum and Line
Analysis Single-dish Software (CLASS), which is part of the
GILDAS software created and developed by IRAM?. We resam-
pled all spectra to a common resolution of 1kms~! and sub-
tracted baselines generally of degree n = 1. In rare cases we used
higher order polynomials of n = 2 or 3 to ensure flat baselines
across the map. The post-calibration data were converted from
antenna temperature 7, to main-beam temperature Ty using

Tmg = g:‘; T}, where Feg and Beg are forward and beam efficien-
cies of the telescopes, respectively. The forward efficiency for
the IRAM 30m and the APEX telescopes is 0.95%%. The beam

efficiency correction Bg is computed using the Ruze formula

Beg(v) = By - exp (—@)2 (Ruze 1966), where c is the speed of
light, By = B(v = 0), and o is the antenna surface rms value
accounting for the deviations from an ideal telescope surface.
For the IRAM 30m telescope, the Ruze formula was applied
using values of By = 0.86 and o = 66 um, which are provided
on the IRAM webpage*>. For the APEX telescope, we used
By = 0.7 and o = 19 um for the observations with FLASH+
and SHeFPand a beam efficiency value of B.g = 0.73 for the
observations performed with PI230 (internal communication at
MPIfR).

In order to correct for subtraction of off-source emission
during the calibration process, we used a spline interpolation
method, with which we modelled the line features of the off-
position while keeping the intensity of channels without any
features at zero. The method is explained in more detail in
Appendix A. The lowest achieved angular resolution is ~30" for
both telescopes, which translates to a spatial resolution of ~1 pc
at a distance of 8 kpc. The highest resolution of ~13” (~0.5pc
at 8kpc) is achieved at highest frequencies observed with the
APEX telescope. To analyse and compare various spectra taken
at different frequencies and observed with different telescopes,
the angular resolution of all maps was smoothed with a two-
dimensional Gaussian kernel to the lowest resolution of 30”. In
addition, we regridded the maps such that the pixel size is the
same for all maps. The default size of one grid cell is half of the
original beam size. Therefore, all pixels were degraded to the
largest size of our observations, which is ~14.5”.

3. Results
3.1. Line selection

A set of molecules from the line survey was selected that either
trace high densities, temperatures, or shock chemistry. Table 2
lists the selected molecular transitions along with their spec-
troscopic properties that we take from the CDMS (Cologne
Database for Molecular Spectroscopy, Endres et al. 2016) or the
JPL catalogues (Jet Propulsion Laboratory, Pickett et al. 1998).
Shock-tracing molecules are usually identified by their very exis-
tence, that is their detection in shocked and their absence (or low
intensity) in quiescent gas. This is because they are known to
reside on the surfaces of dust grains in cold and quiescent envi-
ronments, or in the case of SiO, the Si is part of the grains. When

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

3 http://www.apex-telescope.org/telescope/efficiency/

4 http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
5 The values for By and o were computed for compact sources. There-
fore, given that the CMZ sources are extended, the values may be higher
as emission from the error beam may be picked up.
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Table 2. Molecular transitions selected for analysis.

Molecule Transition vfll”) E,Jk® Aflf) c Lfld) nffl)[
(GHz) (K) s 10 M em3 s (em™)

CO 1-0 115.271 55 7x1078 35 2x10°
2-1 230.538 16.6  7x1077 63 1x10*

3-2 345.796 332 2x107°° 69 3x10*

4-3 461.041 553 6x107° 70 9x10*

Bco®™ 1-0 110.201 53 6x1078 35 2x10°
2-1 220.299 159 6x1077 63 1x10*

3-2 330.588 31,7 2x10°° 69 3x10*

HC;N® 10-9 90.979 240 6x107° 51 1x10°
11-10 100.076 28.8 8x107° 51 2x10°

12-11 109.174 341 1x10™* 51 2x10°

24-23 218.325 131.0 8x10™* 52 2x107

p-HZCO(*) 303202 218.222 21.0 3x10™* 8.4 3x10°
321220 218.760 68.1 2x10™* 49 4x10°

404303 290.623 349 7x10™ 89 8x10°

4),-3,, 291948 821 Sx10°* 62 8x10°

CcS™ 2-1 97.981 71 2x107° 44 5x10°
7-6 342.882 65.8 8x10™ 57 1x107

3¢S 2-1 92.494 6.7 1x107 44 2x10°
NoH** 1-0 93.173 45 4x107° 200 2x10°
HCO** 1-0 89.189 43 4x107 18.0 2x10°
3-2 267.558 257 1x1073 39.0 3x10°

4-3 356.734 428 4x1073 400 1x107

H*CO* 1-0 86.754 42 4x107° 18.0 2x10°
HCN®™ 1-0 88.632 43 2x107° 09 2x10°
3-2 265.886 255 8x10™* 1.2 7x107

4-3 354.505 425 2x1073 1.2 2x108

H"3CN 1-0 86.340 41 2x107° 0.7 3x10°
HNC® 1-0 90.664 44 3x107 6.5 5x10°
Sio™ 2-1 86.847 63 3x107° 9.6 3x10°
5-4 217.105 313 5x10™ 11.0  5x10°

7-6 303.927 583 1x1073 11.0  9x10°

8-7 347.331 75.0 2x107? 11.0  2x107

10-9 434.120 1146 4x1073 11.0 4% 107

SO® 2;3—1, 99.300 92 1x107 38 3x10°
3,-24 109.252 21.1 1x107° 52 2x10°

S5¢—45 219.949 350 1x10™* 58 2x10°

4;-3, 267.198 287 7x1077 0.8 9x10*

HNCO®™ 404303 87.925 10.5 7x10° 63 1x10°
Sos—dos 109906 158 2x 107 67 3x10°

10010909  219.798 580 2x10™* 76 3x10°

ocs® 8-7 97.301 21.0 3x10° 8.0 4x10*
9-8 109.463 263 4x107° 81 5x10

18-17 218.903 100.0 3x107° 75 4x10°

A-CH,OH®  2,,-1, 95914 214 2x10° 63 3x10*
211-1ip 97.583 216 3x10° 55 5x10*

615514 292.673 637 1x10™* 9.5 1x10°

CH;CN 5444 91.959 856 1x107° 18.0 6x10*
5343 91.971 50.8 4x107° 180 2x10°

5,4, 91.980 260 5x107° 190 3x10°

5144 91.985 111 5x107° 190 3x10°

S0—4o 91.987 61 6x107° 200 3x10°

6555 110.330 1333 2x107 180 1x10°

64—54 110.349 88.6 6x107° 180 3x10°

6353 110.364 539 7x107° 180 4x10°

6,—5, 110.375 291 9x107° 190 5x10°

6,-5; 110.381 142 9x107° 200 5x10°

60—5¢ 110.384 92 1x10™* 200 5x10°

Notes. “Rest frequency from CDMS. ®Upper level energy from CDMS. ©Einstein A coefficient from CDMS. @Collisional rate coefficient
at 100K from LAMDA database (Schéier et al. 2005). ©)Critical density ngy = Ay/Cu at 100 K. ®Molecules for which LVG modelling was
performed (see Sect. 3.3).
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a shock wave passes, molecules that reside on the dust grain
surfaces can be released into the gas phase due to desorption
processes or, in the case of SiO, by grain destruction (‘sput-
tering’) and hence, be observed (see, e.g. Miura et al. 2017).
We observe silicon monoxide (SiO), isocyanic acid (HNCO),
sulphur monoxide (SO), carbonyl sulfide (OCS), and methanol
(CH30H, e.g. Flower & Pineau des Foréts 2012; Kelly et al.
2017; Guzman et al. 2018), which are proposed to trace shock-
like events. Because of its asymmetric structure, methanol can
undergo numerous transitions, many of them detectable under
the physical conditions found in the CMZ (see e.g. Leurini et al.
2004, 2016), with a relatively large number of them covered and
detected in our survey. Only three transitions of CH;OH’s A-type
symmetry species are considered for the following analysis. They
are selected because they are not blended with other lines and do
not show strong deviations from LTE, such as maser action or
enhanced absorption.

Typical density tracers are carbon monosulfide (CS),
diazenylium (N,H*), formylium (HCO"), hydrogen cyanide
(HCN), hydrogen isocyanide (HNC), para-formaldehyde (p-
H,CO), cyanoacetylene (HC3N), and HNCO. We list critical
densities of molecular transitions at gas kinetic temperatures
of 100K in Table2 as a reference, which we computed using
Nerit = é—:i, where Ay is the Einstein A coefficient of the transition
and Cy is the collisional rate coefficient. However, for optically
thick molecular emission, the effective critical density will be
significantly reduced compared to the values quoted in Table 2
(see also Shirley 2015).

To derive fractional abundances of molecules, H, column
densities have to be derived. Because H, has no permanent
electric dipole moment it can basically not be observed (only
hardly from space at high temperatures, Rodriguez-Fernandez
et al. 2001; Mills et al. 2017). Carbon monoxide is usually used
as a proxy. Because the optical depth of CO lines is gener-
ally extremely high, we use this molecule’s optically thin(ner)
isotopologue '*CO. The symmetric top rotor methyl cyanide,
CH;CN, was used to derive kinetic temperatures and H, volume
densities of the gas. For each value of its main angular momen-
tum quantum number J, CH3CN has several transitions with 0 <
K < J -1, where K is the projection of J on the C3 symmetry
axis. These span a wide range of upper level energies and, being
close in frequency, can be observed simultaneously (Boucher
et al. 1980). We cover transitions with J = 5x — 4x and 6 — 5.

3.2. Morphology
3.21.G1.3

Figure 2 shows velocity-channel maps of CS 2—1 emission in the
velocity range from —10 to 220kms~!. They reveal diffuse and
rather weak emission at velocities <80kms™!. At higher veloc-
ities, the morphology changes and the emission becomes more
intense with the intensity peaking at velocities of 90-120 kms™!.
The emission is clumpy in the sense that there are several inten-
sity peaks surrounded by more diffuse and extended emission
across the map in this velocity range. Because these intensity
peaks appear at various velocities, the emission in G1.3 appears
to be ‘fluffy’ (puffed up) in the position—position—velocity (PPV)
cube. The most prominent emission seems to follow an elon-
gated structure that goes from the south® to the north-west, where

6 Analogous to the usage in the equatorial coordinate system, we use
north (south) for higher (lower) Galacic latitute and east (west) for
higher (lower) longitude.
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it wraps around the western part of an emission cavity in the
south (see map at 100kms~! at ~ (1927,020)) and the eastern
part of another cavity further north (see map at 100-110kms™!
at ~(1°23,0207)). The emission shells around these ‘holes’ of
emission were reported by Oka et al. (2001a) and Tanaka et al.
(2007). At velocities >150kms™', the emission decreases again
and emerges from a more compact structure with intensity peaks
at different locations in the map than found for the lower-velocity
gas.

Figure 3 shows CS 2-1 integrated intensity (moment zero,
My) maps. Intensities were integrated over the low- and
intermediate-velocity components from 35 to 150kms~!, which
are shown in colour-scale, and over the high-velocity com-
ponent from 150 to 220km s~!, which are shown with black
contours. Emission at velocities below 35kms~! can most prob-
ably be associated with local gas residing along the line of sight
(e.g. Riquelme et al. 2010b). The M, maps reveal the different
morphologies of the low- and high-velocity clouds with shells
primarily observed in the lower-velocity gas. We show shells S1—
S3, which correspond to shells A, C, and C1 in Tanaka et al.
(2007). The remaining shells are not highlighted, however, may
also be identified in the morphology in Fig. 3. The authors also
observed a shell B, which is not covered in the field of view
of our observations. Based on the overlay of lower- and higher-
velocity gas, we identify spatial coincidences indicating that the
gas components might be connected. The western edge of the
compact high-velocity emission follows the elongated structure
at one side (Al). In addition, the highest intensity region at
high velocities appears to be partially embedded in the elongated
structure along A2.

Figure 4a shows a position—velocity (PV) diagram of CS 2-1
emission, which was taken along arrow D1 indicated in Fig. 3.
The arrow covers exactly the range of positions in the PV
diagram. We clearly identify two strong velocity components
that are connected through an ‘emission bridge’ at intermedi-
ate velocities. To ensure that what is observed here indeed is
an emission bridge and not another cloud moving at 150 kms~!
that just appears between the low- and high-velocity component
in projection, we investigated how the observed morphology
is embedded in the larger-scale gas distribution. Using the
CO 2-1 data cubes whose emission covers the regions of G1.3
and G1.6 on larger scales, we created longitude—velocity and
latitude—velocity diagrams of maximum intensity per pixel along
the respective spatial axis. They are shown in Figs.4b and c,
respectively. Based on these, it becomes clear that the intense
intermediate-velocity component in G1.3 coincides solely with
high-velocity gas at 180-200kms~!, which supports our pre-
sumption of an emission bridge. Such a feature is indicative of
a scenario involving cloud-cloud interaction (e.g. Haworth et al.
2015a) that is discussed in more detail in Sect. 4.2.

3.2.2.G1.6

The velocity-channel maps in Fig.5 show the distribution of
CS 2-1 emission in the velocity range from —20 to 210kms~!
in G1.6. At negative velocities, extended weak emission can
probably be assigned to local gas. There is also extended emis-
sion between 0 and 20kms~!, which could be associated with
G1.6, because its detection across three maps suggests a large
line width of this component. Salii et al. (2002) observed this
component in shocked methanol emission, which led them to
associate it with the cloud complex. However, since this velocity
range could also show some contribution of local gas we do not
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Fig. 2. Velocity-channel maps of CS 2—1 emission towards G1.3. Intensities are integrated in velocity steps of 10kms™'. The central velocity is
displayed in km s~ in the upper right corner in each map. The contour steps are 30, 90, 180, 360, and 450 with o = 0.25 Kkms~'. Blue crosses

labelled P1-P3 indicate positions selected for further analysis.

include it in the further analysis. Highest intensities at low veloc-
ities are observed in the maps of 40-80km s~!. The emission is
clumpy with intensity peaks randomly distributed in this veloc-
ity range meaning that we cannot identify a clear connection
of emissions in neighbouring maps. This may suggest that we
observe several smaller clouds with various systemic velocities
and dispersions. Channel maps between 90 and 130kms~! lack
emission almost completely. At 140kms~! the high-velocity gas
component starts to emit, peaks at 150-160km s~!, and remains
visible up to 190kms~'. The morphology shows an elongated
structure extending from the north to the south (e.g. Gardner &
Boes 1987; Salii et al. 2002; Menten et al. 2009). The emission
is again clumpy with several intensity peaks, however, the mor-
phology suggests that the emission in each map can be associated
with one cloud. Overall, the emission in the PPV cube is more
distinct and less fluffy than in G1.3.

Figure 6 shows My maps of CS 2—1 emission in G1.6. We
integrated intensities over the low-velocity component from 25
to 112 km s™!, which is shown in colour-scale, and over the high-
velocity component from 112 to 240kms~' shown with black
contours. The most conspicuous spatial coincidence presents the
almost exact congruence of the highest intensity peaks of both
velocity components at ~(1°59, 0°01). However, the other peak
at high velocities has no counterpart at low velocities.

Figure 7a shows a PV diagram of CS 2-1 emission taken
along the arrow labelled D2 in Fig. 6. Between ~40-60kms~!,
emission extends along the whole position axis. The low- and
high-velocity components do not seem to be connected in the
intermediate-velocity range as it is the case in G1.3, suggesting a
spatial separation of the two. In the PV diagram, the component
at ~0km s~! appears as a broad emission feature, which might be
connected to the low-velocity component if it was spatially asso-
ciated with the cloud complex. The comparison with the CO 2-1
data shown in Figs. 7b and c also suggest that there is no connec-
tion between the low- and high-velocity gas on larger scales, at
least not at a detection level of 200~ with o = 0.33 K, as it is the
case for G1.3.

3.2.3. Position and component selection

We selected three positions in each cloud complex to determine
physical and chemical properties. In G1.3 positions P1 and P2
show CS 2-1 intensity peaks at high and intermediate velocities
(see channel maps at 180 and 120 kms~! in Fig. 2, respectively,
and Fig.3) and P3 has moderate intensity (see channel map
140km s~ and Fig. 3). In G1.6 positions P1 and P2 correspond
to intensity peaks at high velocities (see channel map 160 km s
in Figs.5 and 6) while the intensity at P3 is more prominent
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Fig. 3. CS 2-1 intensities towards G1.3 integrated from 35 to 150 km s~!
(low- and intermediate-velocity components) are shown in colour-scale
and from 150 to 220kms~! (high-velocity component) are shown with
black contours. Contour levels are 607, 1207, and then increase by 120
with & = 1.0 Kkms~!. The HPBW is shown in the bottom left corner.
The black arrow labelled D1 indicates the position axis along which the
PV diagram in Fig. 4a was taken. Black crosses labelled P1-P3 indicate
positions selected for further analysis. Dark red ellipses labelled S1—
S3 correspond to shells A, C, and Cl1, respectively, identified by Tanaka
etal. (2007). Arcs Al and A2 indicate regions of seemingly spatial coin-
cidences of the low- and high-velocity gas (see text).

Table 3. Galactic coordinates of selected positions in G1.3 and G1.6.

Source Position 1(°) b(°)
Gl1.3 P1 1.277 0.054
P2 1.229 0.054
P3 1.221 0.084
Gl.6 P1 1.591 0.009
P2 1.597 -0.026
P3 1.658 —0.047

at lower velocities (see channel map 50kms™"). All selected
positions are listed in Table 3. We averaged the intensities of
nine neighbouring spectra by using the average command in
CLASS, where the position of the blue cross in the figures
indicates the centre.

In Figs. 8 and 9 we show the CS 2-1 spectra for positions
P1-P3 in G1.3 and G1.6, respectively. The CS 2—1 emission
is strong, however, does not severely suffer from opacity. Each
position (except for G1.6 P3) reveals multiple spectral lines cor-
responding to multiple gas components at different velocities.
Because we want to compare the physical and chemical proper-
ties of different gas components, we fitted one-dimensional (1D)
Gaussian profiles to velocity components that were subsequently
used for modelling. In some cases, the different components
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Fig. 4. Velocity distribution of molecular line emission in the G1.3
region. Panel a: PV diagram of CS 2-1 emission along the black arrow
labelled D1 in Fig. 3. The position axis originates from the start of the
arrow and is completely covered by the length of it. The contour lev-
els are —4o, 40, 80, 160, 320, and 640 with o = 0.03K. Panel b:
longitude—velocity diagram of CO 2-1 data, where we show the maxi-
mum intensity along the latitude axis per pixel. The contour steps start at
200 and then increase by the same value, with o = 0.33 K. Blue dashed
lines indicate the position axis covered in (a). Panel c: same as (b), but
it shows latitude versus velocity and the maximum intensity along the
longitude axis per pixel. Dashed red lines in (b) and (c) indicate the
complete longitude and latitude ranges observed in this work with the
IRAM 30 m telescope, respectively.
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Fig. 5. Velocity-channel maps of CS 2—1 emission towards G1.6. Intensities are integrated in velocity steps of 10kms™'. The central velocity is

displayed in kms™!

labelled P1-P3 indicate positions selected for further analysis.
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Fig. 6. CS 2—1 intensities towards G1.6 integrated from 25 to 112 km s~
(low-velocity component) towards G1.6 are shown in colour-scale and
from 112 to 240 km s~! (high-velocity component) are shown with black
contours. Contour levels are 8-, 120, and then increase by 120~ with
o = 1.0Kkms™!. The HPBW is shown in the bottom left corner. The
black arrow labelled D2 indicates the position axis along which the PV
diagram in Fig. 7 was taken. Black crosses labelled P1-P3 indicate posi-
tions selected for further analysis.

in the upper right corner in each map. The contour steps are 307, 90, 18¢, 360, and 450 with o = 0.22 Kkms~'. Blue crosses

are difficult to disentangle. Therefore, we fitted as few Gaus-
sian profiles as possible to a (possibly blended) spectral line and
only considered emission lines in the velocity ranges of ~70—
200kms~! for G1.3 and 40-200km s~! for G1.6. The number of
transitions to fit was selected by visual inspection. The line fit-
ting was performed using the 1ines and minimize commands
in CLASS, with which all lines in the spectra at one position can
be fitted at once. The fit results are shown in Figs. 8 and 9 for
G1.3 and G1.6, respectively. Deviations from Gaussian profiles
may occur as a consequence of higher optical depth or because
of actually blended velocity components or lines. We number the
components with increasing central velocity (cl1, c2, c¢3). The list
of all components is shown in Table 4.

A spectral line is regarded as detected, when the signal-to-
noise (S/N) ratio, which is determined by computing the ratio of
the modelled peak temperature to the rms value o of the spec-
trum, is larger than 3. When this is not the case, for features for
which weak emission is detected, we smoothed the spectra to a
lower spectral resolution to increase the S/N ratio.

3.3. Non-LTE modelling with RADEX

The first step was to derive kinetic temperatures from CH;CN.
For each velocity component that we identified and fitted in the
CH3CN spectra, we performed non-LTE modelling using the
radiative transfer code RADEX (van der Tak et al. 2007). We
assumed the geometrical approach of an expanding spherical
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Fig. 7. Velocity distribution of molecular line emission in the G1.6
region. Panel a: PV diagram of CS 2-1 emission along the black arrow
labelled D2 in Fig. 6. The position axis originates from the start of the
arrow and is completely covered by the length of it. The contour lev-
els are 4o, 40, 80, 160, 320, and 640 with o = 0.02K. Panel b:
Longitude-velocity diagram of CO 2-1 data, where we show the maxi-
mum intensity along the latitude axis per pixel. The contour steps start
at 200 and then increase by the same value, with o = 0.33 K. Blue
dashed lines indicate the positions covered in (a). Panel c: same as (b),
but it shows latitude versus velocity and the maximum intensity along
the longitude axis per pixel. Dashed red lines in (b) and (c) indicate the
complete longitude and latitude ranges observed in this work with the
IRAM 30 m telescope, respectively.
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Table 4. Results of the 1D Gaussian fitting for CS 2-1 spectra.

Component 0 Av® T;f;:k
(kms™") (kms™!) (K)

G1.3 Pl/cl 101.6 41.8 1.14
P1/c2 151.0 42.0 0.29
P1/c3 184.9 18.1 1.40
P2/cl 98.0 10.0 1.28
P2/c2 119.0 22.0 176
P2/c3 138.0 14.0 1.00
P3/cl 89.7 18.7 0.30
P3/c2 119.9 21.6 195
P3/c3 158.7 36.6 0.66
G1.6 Pl/cl 42.6 7.6  0.99
P1/c2 61.8 189  1.05
P1/c3 156.6 29.8 1.17
P2/cl 57.0 22.0 0.68
P2/c2 157.8 36.1 1.04
P3/cl 48.0 18.0  0.99

Notes. “Source velocity at rest frequency. ®Full width at half maxi-
mum. ©Peak intensity.

shell (or large velocity gradient (LVG) approximation, Sobolev
1960). Collisional rate coefficients were taken from the LAMDA
data base (Schoier et al. 2005). We did not find significant differ-
ences in the derived temperature values between the components
(~60-100 K, see Table B.2) and, therefore, used a fixed value of
75 K as input for further modelling to derive column densities of
the molecules that are marked with an asterisk in Table 2. Details
on the temperature derivation can be found in Appendix B.
With the temperature derived from CH3;CN as a fixed param-
eter, we run RADEX for a 40 x 34 grid of H, number densi-
ties and column densities and compare observed and modelled
peak intensities. If data for three transitions of a molecule are
available, we can apply the reduced y> method described in
Appendix B. If data are only available for one or two transitions,
this method cannot be applied because of an insufficient num-
ber of degrees of freedom. Nonetheless, for two transitions, a
solution can still be found at the intersection of the lines.
Volume densities are constrained by the range derived from
CH;CN (see Table B.2). If this is not possible, because either
only lower limits for the number density could be derived or
the CH3CN emission could not be fitted for this component,
we determined the volume density using HCN or HCO* data
as these two species trace similar density ranges as CH;CN. If
neither of these three species provides a volume density range,
we fixed it by using the minimum and maximum values obtained
from CH;CN in the respective cloud complex. In most cases, we
can then extract column densities of the molecules. In rare cases,
the intersection of lines lies completely outside the restricted
H, volume density range. In these cases, we read off column
densities from this intersection disregarding the volume density.
For all components, the comparison of modelled and
observed peak intensities for '3CO shows the solution at sig-
nificantly lower H, volume densities of ~10° cm™. Given that
we only use the lowest J-rotational transitions of the molecule,
this is not surprising as these can be detected in the lower-
density gas of the regions. However, only observations of higher
J-rotational transitions may confirm the presence of multiple
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Fig. 8. CS 2-1 spectra at positions P1-P3 in G1.3 together with Gaussian profile fitting results. The single components are shown in blue, the sum
of all components in red. The intensity is given in main-beam temperatures.
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Fig. 9. Same as Fig. 8, but for positions in G1.6.

density layers along one line of sight. Also, the density solu-
tions for HNCO generally lie at lower values than the densities
constrained by CH3CN, HCN, or HCO*, and are similar to the
values obtained from '2CO. Moreover, because the contours of
modelled and observed peak intensities for the two detected tran-
sitions (J = 4 — 3 and 5 — 4) overlap for most parts, a constraint
on the column density is ambiguous. Therefore, we only give
lower limits on the column density for this molecule.

To model HCN 1-0, HCO* 1-0, CS 2-1, and HNC 1-0, we
used their '3C isotopic substitutions when the main isotopo-
logues showed signs of high optical depth or self-absorption.
The '2C/'3C isotopic ratio is one of the best-studied in the ISM
including the GC. It decreases from 80-90 in the circumso-
lar medium to 20-25 in the GC (Wannier 1980; Wilson 1999;
Humire et al. 2020). Langer & Penzias (1990) reported a value
of 24 for SgrB2 and Riquelme et al. (2010a) derived values of
22-30 in the low-velocity component of G1.3. Therefore, we
expected these values for the intensity ratios of lines of '>C-
to '3C-bearing species with the same quantum numbers, if the
emission in the main isotopologue lines were optically thin.
Therefore, to derive the column density of the main isotopo-
logue, we modelled the spectra of the >C isotopic substitution
in RADEX and multiply the column density values used in the
grid for the *C isotopolgue by 24 in order to mimic results
of the same transition of the main isotopologue. These results
together with higher J — transitions of the main isotopologue are
then used to derive column densities. Collisional rate coefficients
of HN'3C are not provided in the LAMDA data base (Schoier
et al. 2005). Therefore, we were not able to model the Bc
isotopologue and only used the line from the main isotopologue.

N,H* 1-0, H"*CN 1-0 (also HCN 1-0, but only the '*C iso-
topologue was used during the analysis), HNCO 4-3 and 5-4,
and H"*CO™* 1-0 show hyperfine structure (HFS). For the latter
two molecules, given the large observed line widths, the spacing
between the transitions is negligible and does not affect our anal-
ysis. For the former two, we do not resolve the HES, however, we
notice a widening of the line width. Assuming that the emission
is optically thin, we made use of the observed integrated intensity

100
Velocity (km/s)

L
200 300 —100 200 300

100
Velocity (km/s)

Table 5. H, column densities derived from *CO column densities.

Component  N(3CO)@  N(H,)® Np(Hy)©
(10%ecm™2) (10 ecm™?)  (10*' cm™?)

G13:Pl/cl 637188 25.3175 25
Pl/c2  14%0) 5.6%1¢ 5
Pl/c3 1603 6.4738 10
P2/cl 4078 16.0*¢7° )8
P2/c2 16709 6.424
P2/c3 1.6*96 6.4%24 12
P3/cl 1.0°23 4.0%%0 4
P3/c2 22703 8.8"12 10
P3/c3 25700 10.0%36 8

Gl6:Plcl  0.670% 2.4+18 44
Pl/c2  >1025)  >6.0(10.0)
Pl/c3 4033 16.0*22 72
P2/cl  >09(2.0)  >4.4(8.0) 16
P2/c2 32133 12.8+100 33
P3/cl  >14(22)  >3.2(8.8) 47
P3/c2  0.2%)? 0.8+0% 20

Notes. “N('3CO) derived from RADEX modelling. P N(H,) =
N(3CO) x 24 x 1.67 x 10* cm™2. ©Np(H,) derived from dust surface
density maps (Guzmdn et al. 2015), where the surface density was
divided by 2.8 my to obtain Np(H,). Whenever only lower limits can
be derived, the best-fit result is still shown in parentheses.

of the line at the observed line width and, based on this, esti-
mated the peak intensity of the line if the HFS was not present
using a typical line width in this component that was observed
for other molecules. This peak intensity is then compared to the
modelled ones, where in the model the HFS is not taken into
account.
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3.4. H, column densities

We used 13CO to derive H, column densities because CO emis-
sion is extremely optically thick. The column densities of '*CO
determined with RADEX are listed in Table 5 and are in a range
of (1-6) x 10' cm™ for G1.3 and (0.2-4) x 10'¢ cm™2 for G1.6.
Assuming optically thin emission, the '*CO column densities are
first converted to CO column densities by multiplying with an
12C/13C isotopic ratio of 24 (see Sect. 3.3), and, subsequently, to
H; column densities by multiplying with an H,/CO abundance
ratio of 1.67 x 10* (Roueff et al. 2021). This H,/CO abundance
ratio presents an update of the commonly used value of 10* in
both the Galactic plane and centre (e.g. Hiittemeister et al. 1998;
Rodriguez-Fernandez et al. 2001, as references for the GC). This
value is proposed to be stable against enhanced cosmic ray fluxes
(Farquhar et al. 1994; Hiittemeister et al. 1998), which are shown
to exist in the GC. Column densities of H, are found to be in the
range of (4-25) x 10> cm™2 and (0.8-16) x 10*! cm™2 in G1.3
and G1.6, respectively.

Additionally, we estimated the H, column density from dust
surface density (in units of gcm™2) maps produced by Guzman
et al. (2015, see their paper for details). Using data from the Her-
schel archive and from the APEX Telescope Large Survey of
the Galaxy (ATLASGAL, Schuller et al. 2009) covering wave-
lengths of 160-870 um, the authors derived dust temperatures
Taust and surface densities Xgug for more than 3000 molecular
clouds including the whole CMZ region. We determine median
values of T4 and Zgus in a circle of 20” radius around our
selected positions. On average, dust temperatures are slightly
higher in G1.3 (with values of ~21-23K) than in G1.6 (with
~17-19 K). Dust surface densities were derived from integrated
intensities, where the integration was done over the whole veloc-
ity range, that is, without consideration of different velocity
components or local gas contributions. To derive H, column
densities from these values, we needed an estimate on the contri-
butions of each velocity component to the total surface density.
Therefore, we simply related integrated intensities of one veloc-
ity component to the total integrated intensity, which considers
all emission detected at the respective position. We used the
13CO 2-1 transitions for this rough estimation. Subsequently,
dust surface densities are converted to Hy column densities by
dividing by 2.8my, where my is the mass of a hydrogen atom
and 2.8 is the mean molecular weight. The results are shown in
Table 5. Because the low-velocity components of G1.3/P2 and
G1.6/P1 are strongly blended, only one value of H, column den-
sity was derived there, respectively. In G1.3 H, column densities
derived from dust and '3CO agree well for some components,
while for others the dust yields higher values by a factor 2-3. In
G1.6 the column densities derived from dust vary over a larger
range and are higher by more than one order of magnitude for
some components. The results obtained from dust suggest over-
all higher H, column densities in G1.6 than in G1.3, in contrast
to the results from '*CO. However, H, column densities derived
from dust may be taken with caution as the derivation depends on
dust properties such as the dust mass opacity and dust emissiv-
ity spectral index, both of which are highly uncertain parameters
(for their estimation on the dust properties see Guzman et al.
2015). On the other hand, the 3CO emission may not necessar-
ily be optically thin, which would result in an underestimation
of the 3CO and H, column densities. However, opacity val-
ues of < 0.2 determined during the RADEX modelling for the
J = 1 -0 transitions suggest that the '3CO emission is optically
thin at each position. Also, we cannot exclude some uncertainty
in the conversion factors from *CO to '2CO to H,.
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3.5. Molecular column densities and fractional abundances

Column densities for all molecules and components that were
obtained from the RADEX modelling are listed in Tables C.1
and C.2 for G1.3 and G1.6, respectively. The column densities of
each molecule in each component of G1.3 and G1.6 are shown
in the left and right columns of Fig. 10, respectively. The hori-
zontal line indicates the mean column density of a molecule in
the cloud complex. The grey-shaded area indicates a deviation
from the mean by a factor of 2. These mean values show that the
difference between G1.3 and G1.6 for a respective molecule is
at most a factor 4, in most cases even less, which indicates that
the chemistry is generally not too different between both cloud
complexes.

Regarding G1.3 and G1.6 separately, there are no remark-
able differences between the high-velocity (indicated with
dashed vertical lines) and low-velocity components. However,
molecules in component P3/c2 in G1.3 seem to have systemat-
ically higher column densities by factors of a few than in the
other components, except for HCO*, SiO, OCS, and CH;0H.
On the other hand, column densities of molecules in components
P1/c2 and P3/cl in G1.3, if they are detected at all, are lower
than the average by factors of a few. Interestingly, an increase
or a decrease of column densities in G1.3 affects molecules in
a similar manner, while in G1.6 column densities can be above
the average for some molecules and below for others in one com-
ponent. For example, in P1/cl or P1/c2 in G1.6 the majority of
molecules has a column density below the average except for
methanol and, in P1/c2, HNC, which show higher column densi-
ties than average. Besides, column densities of all density-tracing
molecules and SO are higher than the average by a factor of a
few in component P3/cl in G1.6. Component P3/c2 in G1.6 is
only detected in HCN, HC3N, and HCO" emission and these
molecules have only low column densities.

Using the H, column densities derived from '*CO, we deter-
mined fractional abundances for each molecule in each velocity
component, where the minimum and maximum value of column
density is divided by the most likely value of H, column density
shown in Table 5, neglecting the uncertainty on the latter. The
results for G1.3 and G1.6 are shown in the left and right columns
of Fig. 11, respectively. Similar to the column densities, the abun-
dances with respect to H, in both cloud complexes differ by less
than a factor of 4 for all molecules on average, except for HNCO,
for which the average in both complexes differs by a factor 7.
Given that we only derive upper limits for this molecule, how-
ever, the difference could also be smaller. Regarding both cloud
complexes separately, similar trends as seen for column density
are evident: P3/c2 in G1.3 and P3/c1 in G1.6 show higher abun-
dances. Components that showed column densities lower than
average do not stand out in terms of abundances.

4. Discussion

4.1. Implications for cloud properties
4.1.1. Kinetic temperatures and volume densities

Based on the non-LTE modelling of CH3CN emission spectra,
reliable kinetic temperatures have been derived in a range of 60—
100K in G1.3 and G1.6. A kinetic temperature of 175K was
found for component P3/c2 and 100K in the component P2/c2
in G1.3; however, this is likely the consequence of contamination
by another velocity component that was not fitted in the CH;CN
spectra, but was detected for other molecules. No great differ-
ences are observed between the cloud complexes nor between
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Fig. 10. Column densities in all components of G1.3 (left panel) and G1.6 (right panel) obtained from non-LTE modelling with RADEX. The
horizontal line shows the average column density in the cloud complex, the shaded area indicates a deviation from the average by a factor 2.
Vertical dashed lines indicate the high-velocity components. Arrows indicate lower limits. If no marker is shown, either the molecule is not
detected in this component or the molecule has not been modelled for various reasons (see Tables C.1, C.2 and text).
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P1cl P1c2 P1c3 P2cl1 P2

the low- and high-velocity gas in either complex. Number densi-
ties of H, derived from non-LTE modelling of CH3;CN emission
spectra are on average a few 10* cm™3. Only components P1/c1
and P2/c1 in G1.6 tend to a slightly higher value above 10° cm™3
and P3/c1 in G1.6 tends to a value of less than 10* cm=.

2 P2c3 P3C1 P3C2 P3c3  Plcl Plc2 Plc3  P2cl P2c2 P3cl P32

Fig. 11. Same as Fig. 10, but, instead of column densities, abundances with respect to H, are shown.

Table 6 lists kinetic temperatures and H, number densi-
ties derived for G1.3 and G1.6 in previous studies. Although
a position with a different velocity component was studied by
Hiittemeister et al. (1998) we still show their results. Our derived
H, number densities generally agree with earlier findings.
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Table 6. Kinetic temperatures Ty;, and H, number densities derived in this and previous studies for G1.3 and G1.6.

Source Position (1,b) Resolution Reference Vlsr Tkin n(Hy)
) @) (kms™) (K) (10*cm™)

Gl1.3 (1.31,-0.13) ~50 Hiittemeister et al. (1998) 80 >100 0.2
~(1.27,0.01) ~40 Tanaka et al. (2007) <110 25 ~1.0

>110 =25 >1.0

(1.28,0.07) ~40 Riquelme et al. (2013) 100 40 6.0

100 3.0

40 10.0

180 300 3.6

Gl.6 (1.59,0.015) ~50 Salii et al. (2002) 50 25-55 <1.0
2:(1.59,0.015) 160  150-180 <1.0

& 3:(1.64,-0.064) ~120 Menten et al. (2009) 60 30&60 7.0

160 190 & 16 3.8

Riquelme et al. (2013) for G1.3 and Menten et al. (2009) for
G1.6 showed that the low- and high-velocity components each
have a low- and a high-temperature as well as a low- and high-
density component. Model results of '*CO suggest the presence
of a lower density regime at ~103 ¢cm™3, while results for SiO,
SO, and CS in some components may point to a slightly higher
density than seen for CH3CN. However, based on our results,
we cannot certainly confirm the presence of different density
regimes in one velocity component.

Kinetic temperature that are similar to the values derived
by us, have been reported in previous studies for G1.3 and
G1.6 (see Table 6) and are typical for clouds in the CMZ (e.g.
Hiittemeister et al. 1998; Ginsburg et al. 2016; Immer et al. 2016).
However, in G1.3 kinetic temperatures of >300K have been
determined (Riquelme et al. 2013). The authors used ammonia
(NH3), which is another commonly used thermometer for inter-
stellar gas, similar to CH3CN. Because NH; has a lower critical
density than CH3CN, it might trace a more diffuse gas compo-
nent, which could have higher temperatures than the denser gas
traced by CH3CN and may explain why we do not see these
extreme temperatures. However, Menten et al. (2009) found a
kinetic temperature of ~200K in G1.6 based on observations of
methanol, which generally traces similar densities as CH3CN.
As can be seen from Fig.B.1, the CH3CN emission is fairly
weak, especially in G1.3, which made the line fitting challeng-
ing and even impossible for some components, also because the
blending of lines and velocity components is difficult to distin-
guish. A proper analysis of methanol or sensitive observations
in ammonia emission may help to investigate possible tempera-
ture differences between the high- and low-velocity gas, between
positions, and between the cloud complexes.

4.1.2. H, column density and molecular fractional
abundances

Column densities of H, were derived from '*CO column densi-
ties, which were obtained from the LVG modelling of multiple
transitions of the molecule. In this process we assumed that the
13CO emission is optically thin, which must not always be the
case and therefore, can lead to an underestimation of H, col-
umn densities. Our results are lower than H, column densities
derived from *CO by Riquelme et al. (2013) in G1.3 by an
order of magnitude on average. However, the authors only used
the J = 1-0 transition of '*CO, which may introduce a higher
uncertainty on the H, column density, eventually. The values that

we derived from dust are smaller by factors of a few only. As
already mentioned, dust properties are generally highly uncer-
tain. Furthermore, it is known that the gas is decoupled from the
dust as temperatures are generally significantly lower than gas
kinetic temperatures (Lis et al. 1999; Rodriguez-Fernandez et al.
2002; Molinari et al. 2011). Therefore, dust may not be suitable
to derive H, column densities in these regions. The results esti-
mated from the dust compare, however, to those derived from
dust observations at 1.3 mm within the CMZoom survey (Bat-
tersby et al. 2020), where the total H, column densities are
generally higher in G1.6 (few 10?? up to ~10%* cm~2, Hatchfield
et al. 2020) than in G1.3. Underestimating H, column densities
would lead to an overestimation of molecular abundances rela-
tive to H,. On the other hand, the size of the emitting region of
a molecule and, thus, the beam filling factor is fairly uncertain.
We may be overestimating the size of this region by assuming a
beam filling factor of 1, which would lead to an underestimation
of the column densities and abundances.

The chemistry indicated by the molecular fractional abun-
dances seems to overall be similar between G1.3 and G1.6, but
also, to a great extent, between the various velocity components
within each cloud complex. In G1.6 some molecules show higher
abundances than average, while others show lower values in the
same component. This may indicate a greater variation of cloud
properties in G1.6. We compare the molecular abundances with
values found in other sources of the CMZ, which are summarised
in Riquelme et al. (2018). The authors also show abundances
for G1.3 and G1.6, however, without differentiating between
velocity components. Therefore, their abundances show only an
average of one position in each complex, which explains minor
differences to our results. Of all the sources listed in Table 5 in
Riquelme et al. (2018), results for G+0.693 and G—0.11 (taken
from Armijos-Abendafio et al. 2015) are closest to our findings.
Notably, abundances of shock tracers such as SiO, SO, OCS, and
HNCO are at the upper end of the range spanned by the GMCs
mentioned in this table. Similar to G1.3 and G1.6, G+0.693 and
G-0.11 do not show active star formation (although G+0.693
was recently proposed to possibly be on the verge of star for-
mation, Colzi et al. 2022) and their chemistry is proposed to
be driven by low-velocity shocks. Moreover, G+0.693 has been
proposed as a site of cloud-cloud collision that drives shocks
into the gas. In contrast to these last two sources, G1.3 and G1.6
have so far not been associated with complex organic chemistry
beyond CH3CN and CH3OH, which is likely triggered by shocks
in G+0.693 and G—-0.11 as well. Nonetheless, shocks seem to
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Fig. 12. Cloud complexes G1.3 and G1.6 and other sources in the pic-
ture of the GC region. Top panel: longitude-velocity diagram of CO
1-0 emission in the GC region (taken from Rodriguez-Fernindez &
Combes 2008) using data of Bally et al. (1987). Intensities were inte-
grated over all negative Galactic latitudes. Solid lines indicate features
such as Clump 2 and dust lanes K and J (Rodriguez-Ferndndez et al.
2006). Middle panel: illustration of a possible face-on view of the GC
region (taken from Rodriguez-Ferndndez et al. 2006). Bottom panels:
recent simulations of the gas kinematics in the GC region by Sormani
et al. (2019).

likely be the driving source of the chemistry in G1.3 and G1.6
similar to other GC GMCs.
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4.2. Implications for the CMZ

In this section, we combine the results on the cloud proper-
ties and the results on the morphology of G1.3 and G1.6 in
order to place the two cloud complexes in the picture of the
CMZ. Based on the molecular abundances, we concluded that
turbulence most likely drives the chemistry in G1.6 and G1.3.
Turbulence is also responsible for the high kinetic temperatures
(e.g. Ginsburg et al. 2016). The main result obtained from the
analysis of the morphology in Sect. 3.2 is the connection of low-
(~100-120kms~') and high-velocity (~180kms~') gas by an
emission bridge at intermediate velocities (~150 km s in G1.3.
Such a connection of gas components is not identified in G1.6.
An emission bridge presents observational evidence for the inter-
action of at least two clouds that move at different velocities as
shown by numerical simulations and observations (e.g. Haworth
et al. 2015a,b; Fukui et al. 2021). In the case of G1.3, the pro-
jected velocity separation (i.e. disregarding inclination), between
the participating clouds would be ~80kms~!, which is much
higher than the typical separation of a few kms~! (Sano et al.
2021, and references therein). In their Fig.9a, Enokiya et al.
(2021a) show velocity separations of 45 possible cloud-cloud
interaction regions, where only six of them have higher values
than 15km s~ and the largest value is at 24 km s~!, which corre-
sponds to the possible cloud-cloud collision (CCC) in the Giant
Molecular Loops (GMLs), which is another region in the GC.
According to their observations, the velocity separation could be
as high as ~60 km s~! if the angle between collision axis and line
of sight were 45° (Enokiya et al. 2021a). Because inclination is a
highly uncertain parameter the authors assumed a lower limit for
the velocity separation of 24 kms™!, based on the average line
width of observed spectral lines. Therefore, depending on the
viewing angle at which we observe a possible CCC in G1.3, it
may present an extreme example. If a CCC indeed happened at
this velocity separation, one might expect a more different chem-
istry in G1.3 compared to other GMCs in the CMZ. However,
our findings are comparable to what is seen in sources that expe-
rience only low-velocity shocks. It remains uncertain whether
solely inclination can explain this scenario.

An interaction of clouds in G1.3 is further supported by
the observed fluffy, shell-like structure of the gas. Given the
absence of massive star formation in G1.3 (and G1.6, Menten
et al. 2009), which otherwise is associated with this kind of
morphology, a cloud-cloud collision presents the most possible
explanation. Early theoretical studies by Habe & Ohta (1992)
and Anathpindika (2010) and, most recently, Sakre et al. (2022)
discussed the impact of a collision between clouds of different
sizes or density distributions or both on the morphology of such
a region. Upon collision, the smaller, denser part of the collid-
ing cloud is able to displace the material of the other cloud,
which leaves behind a hole. Therefore, the morphology of a post-
collision cloud complex may present complementary structures
of an emission hole and a dense clump accounting for it. This
has been observed in various Galactic plane clouds (e.g. Fukui
et al. 2018a,b; Sano et al. 2021), but also in the GC (Enokiya
et al. 2021a,b; Zeng et al. 2020). However, depending on the
timescale, these complementary structures might have already
moved apart substantially and are not found at the same position.
Given the larger number of emission cavities and the clumpiness
of emission that we observe in the lower- and higher-velocity
clouds in G1.3, we cannot discern which clump might have
caused which hole. Additionally, given the probably high degree
of turbulence in G1.3, it is possible that complementary struc-
tures might have been substantially displaced or even fused. A
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reason for the possible occurrence of a CCC may be associated
with the location of G1.3 at the edge of the CMZ and, therefore,
its potential to be a region where material is accreted into the
CMZ.

The top panel in Fig. 12 shows an LV diagram in CO 1-0
emission, which is integrated over negative latitudes (Rodriguez-
Fernandez & Combes 2008), of the whole CMZ with its charac-
teristic parallelogram shape. The approximate locations of G1.3
and G1.6 are indicated by red and blue ellipses, respectively.
Based on this, it is evident that the gas in G1.3 extends to highest
velocities observed in the CMZ at the tip of the parallelogram.
Additionally, the region seems to be connected to the dust lane K
(the ‘connecting arm’ in the middle panel of Fig. 12, Rodriguez-
Fernandez et al. 2006; Rodriguez-Fernandez & Combes 2008) at
even higher velocities. Because the K lane is most prominent at
negative latitude at the position of G1.3 (and G1.6) (cf. Fig.4 in
Rodriguez-Ferndndez et al. 2006) and our observations of G1.3
only extend to b ~ —0.05°, we cannot investigate a possible inter-
action of the two based on our observations. Nonetheless, if G1.3
would indeed be a region where material was accreted into the
CMZ, this dust lane could be a reasonable supplier.

Although spatial coincidences between the low- and high-
velocity gas in G1.6 are evident they do not seem to be connected
by an emission bridge at intermediate velocities as can be seen
in the PV diagrams in Fig. 7. This suggests that the high-velocity
component is spatially separated from the low-velocity compo-
nents. This may be supported by the fact that the molecular
abundances in velocity components seem to be more indepen-
dent of each other than in G1.3, that is, abundances of some
molecules may be higher than average, while those of other
molecules are lower in one component, while for another com-
ponent at the same position all abundances can be average.
However, given the overall similarity of the chemistry in G1.3
and G1.6, especially regarding the shock tracers such as SiO,
we would expect that an event such as a CCC would also be
responsible for the chemistry in G1.6.

Recent numerical simulations by Sormani et al. (2019, 2020)
and Tress et al. (2020) are able to explain the existence of G1.3,
G1.6, and other features such as Clump 2 (see Fig. 12) at their
respective locations in the CMZ, purely by kinematical consid-
erations, that is, not taking into account physical and chemical
properties of single clouds in detail. According to these simula-
tions, extended velocity features (EVFs), as the authors call the
observed gas with high velocity dispersion in the CMZ, are a
natural consequence of the barred gravitational potential. In par-
ticular, EFV V2 closely resembles G1.3 regarding its location,
as can be seen in the bottom panel of Fig. 12 and the PV dia-
gram (see Fig.7 in Sormani et al. 2019). This has already been
pointed out by the authors. Accordingly, G1.3 appears as a result
of accretion of gas originating from dust lane D1 (same as dust
lane K) to the CMZ, where it interacts with the residing lower-
velocity gas. This scenario may be supported by the findings of
Riquelme et al. (2010a), who reported on the different '>C/'3C
isotopic ratios for the low- and high-velocity components. High
ratios untypical for the CMZ were determined for the gas at
high velocities, suggesting an origin from outside the CMZ,
while typical ratios of ~24 were found for the lower-velocity gas.
The insufficient sensitivity of our observations prevents us from
confirming these results.

For G1.6, we rather propose a coincidental superposition
of low- and high-velocity gas components, that is, although
observed along the same line of sight, clouds at low and high
velocities are actually spatially separated. In the context of the
simulations of Sormani et al. (2019), the high-velocity gas may

be attributed to their dust lane D2 (same as dust lane J, see
Fig. 12), while the low-velocity gas may be associated with gas
located in the dense CMZ or it may correspond to gas that moved
along the far side dust lane (or Ol) and, instead of plunging
onto the CMZ at negative longitudes, it overshot and was sprayed
in between the dust lanes, where it decelerated. The movement
along a dust lane or the abrupt deceleration may then be able to
evoke the shock chemistry.

Our proposed scenarios in association with the models by
Sormani et al. (2019, 2020) and (Tress et al. 2020) can be sup-
ported by observations of galactic centres in other galaxies.
Equivalents of the near and far side dust lanes, attributed to the
Milky Way’s CMZ, have been observed in, for example the cen-
tres of M 83 (Harada et al. 2019; Callanan et al. 2021), NGC 3504
(Wu et al. 2021), and, recently, in a couple of more nearby galax-
ies thanks to the high angular resolution of the PHANGS survey
(Physics at High Angular resolution in Nearby GalaxieS, e.g. Lee
et al. 2022). The observed kinematic structure of the dust lanes
and their connection to the CMZs of these galaxies resembles
the predictions obtained from the simulations (cf. bottom right
panel in Fig. 12).

In addition to a proposed interaction with material originat-
ing from the dust lanes, Sormani et al. (2019) proposed that
external perturbations can lead to cloud interactions. Accord-
ingly, as a consequence of the complex kinematics of the CMZ, it
is possible that clouds at highly different speeds may be (nearly)
co-located along the same line of sight and only a small perturba-
tion, for example from an expanding supernova shock front, can
cause a bridging feature between them. An emission bridge pro-
voked by such an event may, however, be so weak such that we
would not be able to detect it with our observations or in molec-
ular emission at all. Therefore, it remains questionable whether
such an event would be able to trigger the rich chemistry that we
see also at intermediate velocities in G1.3. However, in this case,
the presence of an emission bridge in G1.6 is not completely
ruled out as low-excitation CO emission is pervasive in the CMZ
and including the low-intensity emission in Figs. 7b and ¢ would
lead to a connection between the velocity components, which is
not seen for less abundant species.

In contrast to our proposed scenario, the most recent work
by Tsujimoto et al. (2021) tries to explain the shell-like structure
in G1.3 based on the idea of a nascent molecular superbubble,
which was first introduced by Tanaka et al. (2007). Based on
archival CO 1-0 (Tokuyama et al. 2019) and 3-2 data (Eden et al.
2020), the authors identified 11 shells, for which they derived
masses of 104~ My, and kinetic energies of 10*-->!8 erg. They
attributed these high energies to multiple supernovae explosions
of members of a young and extremely massive star cluster (M| =
1075 M,). However, there are several caveats concerning this
scenario such as the absence of HII regions and supernova rem-
nants (as traced by observations at cm wavelength, Nguyen et al.
2021), and an infrared luminosity much below the expectations.
We estimated the mass of the high-velocity component from the
CO 2-1 data by using integrated intensities in the velocity range
of 175-220kms~!. Assuming a temperature of 75K and a rel-
ative velocity of the low- and high-velocity gas of 80kms™,
this yields a mass of 10”7 M, and a kinetic energy of 10°*> erg.
These values are much higher than any value derived by
Tsujimoto et al. (2021). This kinetic energy that we derive would
be the result of the process of the high-velocity gas plunging
into the low-velocity gas. As described, this interaction causes
holes or shells in the lower-velocity cloud. However, whether
these would expand as stated by Tsujimoto et al. (2021, see also
Tanaka et al. 2007) is uncertain. Moreover, if such a massive
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event indeed took place in G1.3, one might except the chem-
istry to stand out more from other GC GMCs, which is not the
case. Perhaps observations at higher angular resolution and bet-
ter sensitivity are able to detect differences between these two
complexes and other GC sources.

5. Conclusion

We mapped the G1.3 and G1.6 regions in the complete 3 mm
spectral window with the IRAM 30m telescope and over sig-
nificant portions of the submillimetre range (between 0.65 and
1.38 mm) with the APEX 12m telescope. Based on a selected
sample of 14 molecular species, we studied the morphology of
the cloud complexes (Sect. 3.2) and derived physical conditions
and chemical composition at three positions in each complex
(Sects. 3.3-3.5). These positions revealed a variety of gas com-
ponents at different peak velocities. Our main results are the
following:

1. The distribution of gas in G1.3 provides observational evi-
dence for an interaction between clouds. We identify an
emission bridge at intermediate velocities in the PV dia-
grams, connecting the high- and low-velocity gas com-
ponents, along with an overall fluffy morphology with a
shell-like structure (Figs. 2—4);

2. There is no emission bridge identified in G1.6 suggesting a
spatial separation of low- and high-velocity gas components
(Fig. 7);

3. In both cloud complexes, kinetic temperatures and H, vol-
ume densities, derived from non-LTE modelling of CH;CN
emission, are in a range of ~60-100 K and ~10*-10° cm™3,
respectively, which are overall in agreement with previous
studies (Sect. 4.1.1);

4. The chemistry, as traced by molecular fractional abundances,
is similar in G1.3 and G1.6 (Figs. 10-11) in general and
compares with the chemistry of other GC molecular clouds,
especially, G+0.693 and G-0.11, whose chemistry is likely
driven by low-velocity shocks (Sect. 4.1.2).

Based on our results and by comparing them to recent simula-
tions by Sormani et al. (2019) in Sect. 4.2, we propose that G1.3
may be the region in which high-velocity gas from the near-
side dust lane is accreted into the CMZ, where it interacts with
pre-existing gas that moves at lower velocity. In contrast, at the
location of G1.6, high-velocity gas moving along a dust lane and
low-velocity gas, that either overshot from the far-side dust lane
or resides in the CMZ, are coincidentally observed along the
same line of sight and do not interact (yet).
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Appendix A: Spline interpolation

The simplest way to correct for subtraction of off-source emis-
sion during calibration is to add on- and off-source intensities in
each channel. This way, not only the lines detected in the off-
position are added but also the noise of its spectrum. To avoid
this, we used spline interpolation, with which we modelled the
line features of the off-position while letting the intensity of
channels without any features be zero. The observed features are
divided into n segments by n + 1 points of intersection. Each
section n; is then described by a polynomial function of order 3
as

ni(v) = a; + bi(v = vi_y) + (v = vi-1)* + di(v — Vi1 ), (A1)

where v;_; is the ending point of the preceding and the starting
point of the subsequent segment. To solve this equation, initial
conditions are assumed, which are:

ni(vi-1) = nis1(vi-1)

dn;(v) dniy1(v)
7 = 7 A2
dv v=v;_1 dv V=Vj_| ( )
)| dnia(v)
dv* v=U; - dv? v=;

Based on these relations, expressions for the coefficients a;, b;, ¢;,
and d; can be found in order to solve Eq. A.1 for each segment.
In practice, we used the function UnivariateSpline, which
is implemented in python. This function fits a spline spl(v) of
degree k (in our case: k = 3) to the data. It selects the number of
intersection points according to a given smoothing condition s.
The number of knots is increased until the smoothing condition
is satisfied, which is

Z w; - (Y(i) — spl(i))* < s, (A.3)

where Y (i) is the observed intensity at velocity/channel i, and w;
is the weighting, which we set equal to 1 because we assumed
equal weighting of all points. We chose the smoothing condition
such that the difference Y — spl was similar to the rms value in
the observed spectrum.

Appendix B: Non-LTE modelling of CH;CN

To determine the full width at half maximum (FWHM) and
the range over which to integrate intensities, we applied a 1D
Gaussian profile to each transition using the HFS method of
the minimize command in CLASS, which allows simultane-
ous fitting of different lines (and even blended ones). The rather
noisy spectra shown in Fig. B.1 and the strong blending of some
components prevented us from fitting each component that was
previously identified in the CS 2—1 spectra shown in Figs. 8 and
9. We show the fit for those components, for which it was possi-
ble, in Fig. B.1 and summarise the results for source velocity at
rest frequency, line width, and integrated intensity in Table B.1.
We used only transitions that could be clearly identified and fit-
ted in the spectra. These transitions are the K = (0, 1, 3) lines
of the J = 5k — 4k and 6 — 5 multiplets, respectively. The
K =0 and 1 transitions were considered as one component as
they are always blended and their relative individual contribu-
tions to the observed line are unknown. Therefore, we fitted the
observed spectral feature such that both transitions contribute
approximately equally to the total integrated intensity’.

7 This decision is based on tests exploring the appropriate parameter
space, in which it was found that the individual contributions of the
K =0 and 1 line indeed always remained roughly equal.
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Table B.1. Results of the 1D Gaussian fit for CH;CN spectra.

Component  Transition v%r Av? T¢
(kms™)  (kms™') Kkm ot

G1.3P1/c3 S50—4o 0.94
514 183.6 13.9 0.94

5343 0.49

60—-5¢ 0.77

61-5; 183.0 14.0 0.77

63-5;3 0.47

P2/c2 504 2.54
5144 112.0 28.0 2.54

5345 2.23

60—5¢ 1.88

61-5; 117.0 29.9 1.88

6353 1.57

P3/c2 504 2.21
514 118.8 19.5 2.21

5345 2.85

60—5¢ 1.36

61-5; 119.5 15.3 1.36

63-5;3 1.96

G1.6 P1/cl 504 1.77
514 47.1 11.7 1.77

5345 0.66

60—5¢ 1.27

61-5; 47.7 12.2 1.27

63-5;3 0.90

P1/c3 504 2.08
514 150.0 18.0 2.08

5345 1.61

60—5¢ 1.68

61-5; 150.0 21.0 1.68

63-5;3 1.46

P2/c1 504 1.14
514 54.2 9.0 1.14

5345 0.44

60—5¢ 0.87

61-5; 54.0 8.8 0.87

63-5;3 0.65

P2/c2 504 1.89
5144 157.5 314 1.89

5345 1.26

60—5¢ 1.49

61-5; 158.0 29.0 1.49

63-5;3 1.00

P3/cl S0—40 2.06
514 494 13.2 2.06

5345 1.27

60—5¢ 1.28

61-5; 49.0 10.3 1.28

63-53 0.64

Notes. Source velocity at rest frequency. ®Full width at half
maximum.©Integrated intensity.

These transitions were then used during the non-LTE mod-
elling with RADEX. For each fitted component, RADEX was
run over a 40 X 30 x 5 grid of H, number densities n(H,), kinetic
temperature T;,, and column density Ny, respectively. For each
Ny value, we investigated for which combination of (n(Hy),Txin)
the modelled integrated intensities best matched the observed
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Fig. B.1. CH3CN 5¢—4k and 6x—5k spectra at positions P1 to P3 (left to right) in G1.3 (top) and G1.6 (bottom), respectively. The blue curve shows
the 1D Gaussian fit. Rest frequencies of all K transitions for each fitted velocity component ci with i = (1, 2) are indicated with vertical lines at the

bottom.

Table B.2. RADEX results for CH;CN.

Component N¢ Tkli’n n(Hy)¢ 1'5”{) 4y
(1013 cm™2) (K) (10*cm™)
G1.3P1/c3 0.6 65f?8 >4.0 0.010
P2/c2 3.2 100’:38 3.2ff:}) 0.030
P3/c2 50 1757 16*32  0.050
G1.6 P1/cl 1.3 70f{8 12.6fé?3'0 0.020
P1/c3 1.6 IOOf{g 7.9f‘2‘:8 0.020
P2/cl 1.0 70ﬁ8 >31.6  0.002
P2/c2 16 75739 6.3*$2  0.010
P3/cl 10.0 60j§ 0.8f8:§ 0.200

Notes. @Best-fit column density for CH;CN. ®Kinetic temperature
determined by using y? minimisation (see Fig. B.2 and text).Number
density determined in the same way as Tyi,.”Opacity of the 5,4,
transition at the position of minimum y?.

ones. We compare the ratios of integrated intensities for J =
50’1 —40,1 toJ =55—-45,forJ = 6(),1 —50,1 to J = 65 — 53, and for
J =53 —4;5to J = 65 — 53. The ratios are independent of column
density indicating that the line emission is optically thin for the
assumed range of column density of 10'3 — 10'> cm™2. There-
fore, we also included the integrated intensities of the K = 3
components of both J — multiplets, which are able to place a con-
straint on the column density. For velocity components in G1.3
and G1.6 for which a given Ny does not lie within the intersec-
tion of the ratios, RADEX was rerun with a finer-tuned Ny grid.
The best-fit results are shown in Fig. B.2. The uncertainty on
the ratios (colour-shaded area) includes the 10~ rms level of the
respective spectrum and the uncertainty on the fit of integrated
intensity provided by CLASS. The uncertainty on the integrated
intensity (coloured dashed lines) includes the same contributions
plus an uncertainty on the beam filling factor, where we allow for
a deviation of 0.3 from unity.

The kinetic temperature and H, number density are deter-
mined by using a minimised y? method following section 15.6 in
Press et al. (1992), where y? is computed by

2
N mod __ obs
2 (Tint,i Tint,i)
X - 2 s
- o

obs,i

(B.1)
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Fig. B.2. RADEX results for CH;CN. Yellow and dark blue contours show where observed and modelled integrated intensities match, while teal,
light blue and pink contours show the same but using ratios of integrated intensity. Dashed contours and shaded areas represent uncertainties,
respectively. The grey scale shows the opacity of the 50—4, transition in all panels. The K = 0 and K = 1 lines cannot be separated due to blending
and were, therefore, considered as one component. The black cross shows the most probable result for Ty, and n(H,) determined by minimising y?,

2
min

that is, where Ay? = ¥*> —x

= 0. The closed black contours indicate a confidence level of 95.45%. The respective source and velocity component

are shown in the lower left, the best-fit decimal power of column density (in cm™2) in the upper left corner.

where Ti‘:]‘t"d is the modelled integrated intensity or the modelled

ratio of the same for a given transition, Ti‘l’jl:s is the observed
integrated intensity or ratio, and oo the propagated error on
the observed values. The sum considers all available transi-
tions. The black cross in each panel of Fig.B.2 indicates the
most probable combination of (n(H;),Tki,), that is the location
of Ay? = y* - )(fmn = 0. The black contour in each panel defines
a confidence level of 95.45% (Press et al. 1992). The results are
summarised in Table B.2. The uncertainties on Ti;, and n(H,)
correspond to minimum and maximum values covered by the
black contour, respectively. For components P1/c3 in G1.3 and
P2/cl in G1.6, only lower limits for H, number density can
be determined. Temperature values span the range from 60 to
175 K. The highest temperature of 175 K, measured in component
P3/c2 in G1.3, is most probably the result of a contamination of
the K = 3 transitions by the K = (0, 1) transitions of another
velocity component that was identified in the CS 2—1 spectra,
but could not be fitted properly in the CH3CN spectra. Simi-
larly, this may apply to component P2/c2 in G1.3 leading to a
higher temperature of 100 K. In the following, we use the kinetic
temperature derived from CH3;CN to derive column densities
of other molecules. Because the temperatures generally agree
within the error bars, except for the values for the two posi-
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tions mentioned above, which are probably the result of blending
of spectral lines, we decided to use an average of Ty, = 75K
for all components during the subsequent RADEX modelling.
We even used this value for components that could not be fit-
ted in the CH3CN spectra, and hence, did not yield temperature
constraints, to obtain column densities for these components,
too.

Number densities are derived to be a few 10*cm™ for
all velocity components, except P1/cl in G1.6, which possibly
shows evidence for a slightly higher density of ~10° cm™3, and
P3/c1 in G1.6, which shows a lower value of <10* cm™. Addi-
tionally, we show optical depth of the J = 5 — 4 transitions
obtained from RADEX in Table B.2.

Appendix C: Additional tables: Column densities

Tables C.1 and C.2 list molecular column densities derived from
non-LTE modelling with RADEX.
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Table C.1. Column densities for each component in G1.3 obtained from non-LTE modelling with RADEX.

]Vcol(lo13 Cm_z)

HC;3N H,CO N,H* CS HCN HNC
Gl3Pl/cl 10-89 02-224 09-50 12.6-1413 224-3548 2.2-63.1
Pl/c2 - - 0.1-0.6 20-15.8 3.2-56.2 02-4.0

P1/c3 13-32 04-63 06-20 5.6-12.6 15.8-63.1 0.8-3.5
P2/l  10-79 03-126 - 6.3 -20.0 14.1 —251.2 -

P2/c2  14-56 14-63 - 89-200 31.6-158.5 -
P2/c3 13-89 04-224 - 6.3-200 10.0-1585 -
P3/cl - - - 1.3-10.0 - 02-4.0

P3/c2 25-141 63-501 13-63 158-89.1 759-6029 4.0-39.8
P3/c3 09-63 04-224 04-22 6.3-562 151-240.0 0.6-12.6
Gl6Pl/cl 09-16 04-08 1.0-22 25-56 32-15.8 1.6-6.3
Pl/c2 09-22 01-25 0.6-1.6 50-15.8 56-39.8 25-20.0
P1/c3 20-40 16-63 06-13 8.9-20.0 22.4-63.1 1.6 -5.0
P2/c1 06-40 03-141 - 4.0-25.1 5.0-1259 -
P2/c2  25-79 14-158 02-0.5 6.3-224 31.6 - 141.3 1.4-179
P3/cl 5.0-39.8 5.6-562 32-316 251-100.0 56.2-562.3 -
P3/c2  02-22 - - - 01-6.3 -

Notes. (—) Non-detections. (—*) The molecule is detected, however, it has not been modelled with RADEX because either line width or peak
intensity or both could not be determined properly for one or multiple of the following reasons: self-absorption, high optical depth, blending with
other components, HFS transitions.

Table C.2. Same as Table C.1, but for G1.6.

1vcol(1013 Cm_z) Ncol(lol() Cn’l_z)
HCO* HNCO SiO SO OCS CH;0H

Gl13Pl/cl 35-224 >89 1.6-32 63-355 10.0-355 02-0.6
Pl/c2  0.6-5.6 >0.8 03-22 1.3-5.6 - -

P1/c3  14-4.0 >2.0 04-16 32-10.0 6.3-15.8 02-04
P2/c1  1.6-10.0 >6.3 1.3-50 25-224 79-251 01-04
P2/c2 14-5.0 >2.5 1.3-32 4.0-100 10.0-251 04-0.6

P2/c3  1.0-8.9 >25 08-2.0 5.0-20.0 - -
P3/c1  0.6-4.0 >04 01-06 - - -

P3/c2  34-151 >4.0 1.6-40 10.0-39.8 12.6-31.6 0.5-0.8
P3/c3  1.9-120 >1.3 1.0-35 4.0-158 50-158 01-0.6
Gl.6Pl/cl 04-16 >141 04-0.8 22-50 14.1-20.0 02-16
P1/c2 1.0-5.0 >20.0 1.0-25 56-126 31.6-50.1 >0.5
P1/c3  20-79 >6.3 08-16 79-158 224-50.1 02-0.6
P2/c1  04-4.0 >224 04-25 40-79 224-39.8 >0.4
P2/c2 09-6.3 >5.0 1.3-4.0 10.0-224 10.0-31.6 0.1-0.6

P3/c1 50-398 =355 06-16 158-63.1 251-56.2 04-0.6
P3/c2  0.2-25 - - - - _
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