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ABSTRACT

Using spectral line observations of HNCO, N,H™", and HNC, we investigate the kinematics
of dense gas in the central ~250 pc of the Galaxy. We present scouse (Semi-automated
multi-COmponent Universal Spectral-line fitting Engine), a line-fitting algorithm designed to
analyse large volumes of spectral line data efficiently and systematically. Unlike techniques
which do not account for complex line profiles, scouse accurately describes the {/, b, visg}
distribution of Central Molecular Zone (CMZ) gas, which is asymmetric about Sgr A* in
both position and velocity. Velocity dispersions range from 2.6kms™' < o < 53.1kms~".
A median dispersion of 9.8 km s~!, translates to a Mach number, M3p > 28. The gas is
distributed throughout several ‘streams’, with projected lengths ~100-250 pc. We link the
streams to individual clouds and sub-regions, including Sgr C, the 20 and 50 km s~! clouds,
the dust ridge, and Sgr B2. Shell-like emission features can be explained by the projection
of independent molecular clouds in Sgr C and the newly identified conical profile of Sgr
B2 in {/,b, v sr } space. These features have previously invoked supernova-driven shells and
cloud—cloud collisions as explanations. We instead caution against structure identification in
velocity-integrated emission maps. Three geometries describing the 3D structure of the CMZ
are investigated: (i) two spiral arms; (ii) a closed elliptical orbit; (iii) an open stream. While
two spiral arms and an open stream qualitatively reproduce the gas distribution, the most recent
parametrization of the closed elliptical orbit does not. Finally, we discuss how proper motion
measurements of masers can distinguish between these geometries, and suggest that this effort
should be focused on the 20 km s~! and 50 km s~! clouds and Sgr C.

Key words: stars: formation—ISM: clouds —ISM: kinematics and dynamics—ISM: struc-
ture — Galaxy: centre — galaxies: ISM.
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1 INTRODUCTION

The inner ~500 pc of our Galaxy, the ‘Central Molecular Zone’
(hereafter, CMZ) contains <10 per cent of the Milky Way’s molec-
ular gas but ~80 per cent of the dense (>10° cm~3) gas: a reservoir
of 2-6 x 10" M of molecular material (see e.g. Morris & Serabyn
1996; Molinari et al. 2014 and references therein). The physical
properties of the interstellar medium in the CMZ differ substan-
tially from those in the disc. Gas column and volume densities
can be ~2 orders of magnitude greater (Longmore et al. 2013a;
Kruijssen et al. 2014; Rathborne et al. 2014b), velocity dispersions
measured for a given physical size are larger (e.g. Bally et al. 1988;
Shetty et al. 2012), and although there exists a significant fraction
of cold dust (e.g. Molinari et al. 2011), gas temperatures can range
from 50-400 K (Ao et al. 2013; Mills & Morris 2013; Ott et al.
2014; Ginsburg et al. 2015). Several of the physical, kinematic, and
chemical properties of the CMZ are, by comparison to the Galactic
disc, more similar to those observed in nearby and high-redshift
galaxies. Understanding the star formation process within the CMZ
may therefore help us to understand star formation across cosmo-
logical time-scales (particularly at the epoch of peak star formation
density, z ~ 2-3; as suggested by Kruijssen & Longmore 2013).

The distribution of material within the CMZ has been subject to
intense scrutiny for several decades (e.g. Bania 1977; Liszt et al.
1977; Bally et al. 1987, 1988; Binney et al. 1991; Sofue 1995;
Oka et al. 1998; Tsuboi, Handa & Ukita 1999; Molinari et al. 2011;
Jones etal. 2012, 2013; Ott et al. 2014; Kruijssen, Dale & Longmore
2015). More recently, this research has been motivated, at least in
part, by theoretical developments which suggest that obtaining a
detailed description of the gas kinematics of the inner 250 pc will
aid our understanding of some of the key open questions in Galactic
Centre research (for example, highly turbulent motions within CMZ
gas may explain the low levels of star formation activity relative to
the immense dense gas reservoir; Kruijssen et al. 2014; Krumholz
& Kruijssen 2015).

One of the most striking features of the CMZ, noted from the ear-
liest studies, is the complex gas distribution in position—position—
velocity (PPV) space. Most dense gas within ~150 pc from the
Galactic Centre (corresponding to an angular distance of ~1° at
an assumed distance of 8.3 kpc; Reid et al. 2014) is distributed
throughout several coherent gas streams spanning ~200 km s~! in
velocity (with significant substructure also evident). Unfortunately,
our view through the Galactic plane restricts our ability to deter-
mine unique distances to all of these components. Inferring the 3D
structure of the gas therefore requires assumptions about the rela-
tive distance of emission features combined with some degree of
kinematic modelling.

Obtaining a 3D picture of the CMZ is typically motivated by ei-
ther the desire for a holistic understanding of the gas distribution and
dynamics (e.g. Binney et al. 1991; Sofue 1995; Tsuboi et al. 1999;
Molinari et al. 2011; Kruijssen et al. 2015), or to aid the description
of individual clouds or sub-regions (e.g. Liszt & Spiker 1995; Sato
et al. 2000; Kendrew et al. 2013; Longmore et al. 2013b; Ott et al.
2014; Rathborne et al. 2014a). However, a detailed description of
the molecular gas distribution and kinematics, encompassing a va-
riety of molecular line tracers, is still lacking. As mentioned above,
the gas in the CMZ spans a wide range of physical properties. Any
single molecular line transition therefore only traces a fraction of
the gas. While opting for molecular species and line transitions that
are highly abundant and widespread (for example, the lower J tran-
sitions of CO) may seem like a solution to this problem, emission
from such molecules can very quickly become optically thick, mak-
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ing them poor probes of the underlying kinematics in high column
density regions.

To date, the kinematics of the CMZ have been described using
a combination of position—velocity diagrams (typically Galactic
longitude-velocity diagrams over specific Galactic latitude ranges;
e.g. Sofue 1995; Oka et al. 1998; Tsuboi et al. 1999), channel
maps (highlighting the distribution of molecular line emission inte-
grated incrementally in velocity; e.g. Bally et al. 1988), and moment
analysis (integrated intensity, and intensity-weighted velocities as a
function of position; e.g. Sofue 1995; Ott et al. 2014). Such tech-
niques are advantageous as they are simple to implement and well
understood. However, as many of the authors themselves acknowl-
edge, the output from these methods can be subjective and very
easily misinterpreted.

In this paper, we try to overcome these challenges. We make
use of data from the Mopra CMZ survey (Jones et al. 2012),
which has simultaneously mapped the inner (projected) 250 pc
of the Galaxy in many molecular line transitions. We have de-
veloped a new line-analysis tool (scousk;' Semi-automated multi-
COmponent Universal Spectral-line fitting Engine) which system-
atically fits the complex emission from these lines with multiple
Gaussian components. We then use the output of this line-fitting
to: (i) quantify the robustness of moment analysis with respect to
the fit results (Section 4.1); (ii) provide a detailed description of
the molecular gas kinematics (Sections 4.2 and Section 4.3); (iii)
compare the fit results against the current competing interpretations
for the 3D structure of the CMZ (Section 4.4); (iv) show how fu-
ture proper motion measurements will be able to observationally
distinguish between different interpretations for the 3D structure
of the CMZ, and specify where to concentrate this research effort
(Section 4.5).

Section 2 describes the data used throughout this paper. Our
methodology is described in Section 3, with Section 3.1 providing
a detailed description of scouse and Section 3.2 discussing how
we have tuned the algorithm for use within the CMZ. Section 4
discusses our kinematic results, and we draw our final conclusions
in Section 5.

2 DATA

This paper makes use of data from the Mopra (a 22 m ra-
dio telescope of the Australia Telescope National Facility) CMZ
survey.> Specifically, we utilize molecular lines first published
by Jones et al. (2012). The Mopra Monolithic Microwave Inte-
grated Circuit was tuned to a central frequency of 89.3 GHz, to
cover the range 85.3-93.3 GHz, resulting in the detection of 20
molecular lines. The observations cover the region —0272 < [ <
1280, —0230 < b < 0222. Typical root-mean-square (rms) noise
level prior to post-processing (see below) is of the order of 40—
80 mK per ~1 MHz Hanning-smoothed channel. Please see Jones
et al. (2012) for a full description of the observations and data
reduction.

We select the HNCO 4(0,4)—3(0,3) transition (rest freq.
~87.925 GHz) as our primary tracer of the kinematics. The J =
1 — 0 transitions of NoH™ (rest freq. of the main J,F;,F=1,2,3
— 0, 1,2 hyperfine component ~93.174 GHz) and HNC (rest freq.
of J,F =1,2 — 0,1 hyperfine component ~90.664 GHz) are also
utilized. We address our line selection explicitly in Section 3.2.

!'scousk is publicly available at https://github.com/jdhenshaw/SCOUSE.
2 These data are publicly available at http://atoa.atnf.csiro.au/CMZ.
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Additional post-processing was performed using the GiLDAs pack-
ages cLASs and maPPING. The data cubes were convolved with a
Gaussian kernel and smoothed in velocity to further increase the
signal to noise. The final data cubes have an effective spatial res-
olution of ~60 arcsec (corresponding to ~2.4 pc), a pixel size of
30 arcsec x 30 arcsec (1.2pc x 1.2pc), and a spectral resolution
of 2 km s™! (which is sufficient, given the broad ~10 km s! ve-
locity dispersions commonly observed throughout the CMZ; see
Section 4.2.2). Our analysis focuses on the inner ~250 pc of the
CMZ and the main gas streams. We therefore restrict the range of
the observations to —0265 < [ < 1910 (corresponding to a phys-
ical extent of ~250 pc) and —025 < b < 0220 (~65 pc). Since
the absolute flux calibration is irrelevant to the present kinematic
analysis, intensities remain in 7y scale, without correction for the
specific beam efficiency at the frequency of each transition.

3 METHODOLOGY

The primary aim of this study is to obtain a detailed description of
the molecular gas kinematics within the CMZ. To date, studies in-
vestigating the kinematics of gas in the CMZ have used techniques
such as position—velocity diagrams, channel maps, and intensity-
weighted velocities as a function of position (or some combination
of these). Such techniques are well established and simple to imple-
ment. However, their output can be misinterpreted. This becomes
particularly pertinent in an environment as kinematically complex
as the CMZ, where velocity gradients, multiple line-of-sight ve-
locity components, and broad line-widths are commonplace. The
presence of multiple velocity components, for example, can lead
to artificially broadened intensity-weighted velocity dispersions (as
discussed by e.g. Ott et al. 2014) or lead to confusion when ei-
ther identifying gas structures or inferring the connectivity between
multiple gas structures.

In contrast, there has been no attempt to use line-fitting to analyse
the molecular gas kinematics over the entire inner 250 pc of the
Galaxy. Line-fitting is beneficial as it enables one to account for the
complex spectral profiles which are observed throughout the CMZ.
The issue however, is that fitting large quantities of spectral line data
‘by hand’ can be both subjective and time consuming. The region
of the CMZ selected for this study contains in excess of 10 000
spectra per cube (following the post-processing steps outlined in
Section 2). Additionally, obtaining reliable spectral fits necessitates
the provision of reasonable estimates to model parameters to help
minimization algorithms to converge towards a solution. In the
CMZ, the kinematics vary substantially as a function of position.
Therefore, although line-fitting may appear an attractive alternative
to techniques such as moment analysis, the challenge is to minimize
time-consuming user-interaction while maintaining the ability to
describe complex line-profiles in an efficient and systematic manner.

Our solution to this problem is the development of a new line-
analysis tool, written in DL, named scousk. Building on the algo-
rithm developed by Henshaw et al. (2014), the primary function
of scouskE is to fit large quantities of spectral line data in a robust,
systematic, and efficient way. This is achieved by: (i) systematically
excluding regions of low significance from the analysis, reducing
the total number of spectra to be fit and focusing the attention on
the most significant emission; (ii) minimizing time-consuming user-
interaction by breaking a map up into small regions and requiring
the user to fit only the spatially averaged spectra extracted from
these regions; (iii) using the best-fitting solutions to these spatially
averaged spectra as non-restrictive guides when fitting the individ-
ual spectra, minimizing bias and ensuring that each spectrum is
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processed systematically. Provided therefore, that the best-fitting
solution to a spatially averaged spectrum is able to adequately de-
scribe the individual spectra belonging to the same region, SCOUSE
can provide an efficient and systematic approach to fitting large
quantities of spectral line data.

The following section is dedicated to discussing the main stages
of the fitting procedure. Fig. 1 is a cartoon representation of the rou-
tines presented in Sections 3.1.1-3.1.4, and each will be described
in more detail in their respective sections.

3.1 SCOUSE: Semi-automated multi-COmponent Universal
Spectral-line fitting Engine

3.1.1 STAGE 1I: identifying the spatial area over which to
implement sCOUSE

The first stage identifies which regions of a 3D spectral line data
cube are to be analysed. This optimizes the fitting routine, ensuring
that only regions of significant (user-defined) emission are included
in the fitting process.? The area over which scousk is implemented
is referred to as the ‘coverage’, and it is defined as follows.

(1) The user is required to provide several input values: (1) ranges
in position and velocity over which to fit the data; (2) an estimate
of the typical spectral rms, o5 ; (3) a radius, Rsaa, that defines the
size of the ‘spectral averaging areas’ (SAAs; see definition below)
used in the next step of the fitting procedure.

(ii) An estimate of the spectral rms is required in order to calcu-
late an integrated intensity (zeroth order moment) map. All voxels*
where the intensity is less than 3 ¢\ are set to 0 K before calcu-
lating the integrated intensity. Locations where no voxels exhibit
emission greater than 305 are found, flagged, and the integrated
emission is assigned a value of 0 K km s~

(iii) An integrated emission map [integrated over the velocity
range provided by the user in step (i) above] is produced from the
non-flagged map locations.

(iv) scousk identifies the spatial area covered by the significant
emission in the resulting map.

(v) This area is segmented into a grid of smaller regions, which
we refer to as SAAs, whose spacing is equivalent to Rsaa. This
spacing ensures a smooth transition between adjacent SAAs.

(vi) SAAs where >50 per cent of the enclosed pixels have non-
significant integrated emission are rejected from the fitting proce-
dure.

(vii) The remaining SAAs define the coverage, the area over
which the fitting routine is to be implemented.

The top-left of Fig. 1 indicates the coverage produced from the
HNCO molecular line emission used throughout this paper (for
more information on our line selection, refer to Section 3.2). The
image in the background is the integrated emission map created in
step (iii) above. The black circles indicate the locations of the SAAs
that make up the coverage [see step (vi)].

3 This also aids in removing spectra that exhibit baseline artefacts such as
the ripples noted by Jones et al. (2012). These artefacts have the potential to
mimic low-level emission and influence our line-fitting. Although this step
does not remove all spectra with poor baselines, our results are not affected
significantly (regions with low-level emission appear to be influenced more).
4 A pixel in position—position—velocity space.
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Figure 1. A schematic figure highlighting the main stages of scoust. All data shown correspond to the HNCO 4(0,4)—3(0,3) transition from the Mopra CMZ
survey (Jones et al. 2012). The top-left image displays a contour map of the integrated emission of HNCO throughout the CMZ and refers to stage 1 (see
Section 3.1.1 for details). The filled contours represent 1, 5, 25, 45, and 65 per cent of peak (integrated) emission (~122 K km 57! ). Black circles are the SAAs
that make up the coverage (regions whereby 50 per cent of the enclosed spectra have non-zero integrated emission). The centre-left image is a close up image
of the SAA associated with G0.253+0.016, an IRDC with known kinematic complexity (e.g. Kauffmann, Pillai & Zhang 2013; Bally et al. 2014; Johnston
et al. 2014; Rathborne et al. 2014a, 2015; Mills et al. 2015). The spatially averaged spectrum taken from this SAA is shown in black. The velocity range
displayed is —110.0 < v sgr < 170.0kms~!. The line profile is dominated by at least two distinct components (the residual spectrum in grey suggests that
additional velocity components may be present). The minimization algorithm mpriT (Markwardt 2009) finds the best-fitting solution to equation (1), following
the insertion of (user-provided) initial estimates for the parameters that describe each Gaussian component (stage 2; see Section 3.1.2 for more details). The
two Gaussian profiles (seen in red and yellow), and total profile (seen in green), are the result of this process. The bottom-right image represents stages 3 and 4.
It depicts the same SAA however, now the resultant fit to each of the pixels marked by black dots in the stage 2 image is displayed. The observed line profiles
are the result of applying the algorithm described in Fig. 2 (stage 3; see Section 3.1.3). Alternative solutions to each composite spectrum are provided from
neighbouring SAAs. In this way, the final results are not restricted to two velocity components. Instead, these are the best solutions selected from a sample of
overlapping SAAs (stage 4; see Section 3.1.4).

3.1.2 STAGE 2: fitting the spatially averaged spectrum extracted (iv) The minimization algorithm, mprrT (Markwardt 2009),> uses
Jfrom each SAA these input parameters to find the best-fitting solution to the follow-

(i) A spatially averaged spectrum is created from all pixels con- ing function:

n
tained within an SAA. _ ) o )2 2

(ii) Using this spectrum as a guide, the user is asked to provide 1= ;O reak exp [ = o))/ Co; )]’ )
a range of line-free channels over which the spectral rms will be
calculated, o s (defined as the standard deviation of the data over
the user-defined velocity range). This velocity range is stored and
used during stage 3 (see Section 3.1.3).

(iii) The user is prompted to specify how many velocity com-
ponents are evident in the spatially averaged spectrum. For each
component, an estimate of the intensity, centroid velocity, and dis-
persion must be provided.

whereby I, i, Vo, 0 represent the peak intensity, centroid velocity,
and velocity dispersion of the ith spectral component, respectively
(and n refers to the total number of components identified).

(v) The best-fitting solution is displayed, along with the residual
spectrum and x2,. If deemed satisfactory, the best-fitting solution

5 mprT is available for download at: http://purl.com/net/mpfit.
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Figure 2. A flowchart illustrating the algorithm governing stage 3 of the
scousk fitting routine (Section 3.1.3). Decisions are indicated by diamonds,
with tolerance-dependent decisions shaded in grey.

and residual spectrum are written to file. Alternatively, steps (iii)
and (iv) can be repeated.

Steps (i)—(v) are then repeated until each SAA has arepresentative
solution.

An example SAA spectrum is shown in the centre-left of Fig. 1,
accompanied by its best-fitting solution (and the residual spectrum).
Here, the line-profile of the selected SAA is dominated by (at least)
two spectral components. The best-fitting solution to equation (1)
is shown in green (with the two individual components shown in
red and yellow, respectively).

3.1.3 STAGE 3: fitting individual spectra

To fit individual spectra contained within a given SAA, SCOUSE
implements the following steps (these are further depicted in the
flowchart in Fig. 2).

(i) An array of estimates (and associated uncertainties) to the
parameters of equation (1) is created. If this is the first iteration, the
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best-fitting parameters of the spatially averaged spectrum extracted
from the parent SAA populate the array.

(ii) These are passed to MpFIT, which uses these input parameters
to find the best-fitting solution to equation (1) (these are indicated
with a superscript ‘bf” in the following discussion).

(iii) For a ‘good’ fit to an individual spectrum, the best-fitting
parameters extracted in step (ii) must satisfy several conditions.
Each condition is dependent on user-defined tolerance level. The
dark box in the centre of Fig. 2 signifies the criteria that all identi-
fied components must meet in order for the algorithm to progress
towards a satisfactory solution. These conditions are as follows.

Condition 1: ‘RMS’: the peak intensity of each identified Gaus-

: bf : .
sian component, I, ;, must satisfy:
bf
Ipeak,i > T\0rms, ()

where T is a unitless tolerance level, defined as a multiple of the
local rms noise, 0 ;.

Condition 2: ‘FWHM’: the full width at half-maximum line-
width of each identified component, Av®', must satisfy the following
condition:

Tyvres < AV < T3 A0S, 3)

where 7, and 75 are unitless tolerance levels, corresponding to
multiples of the spectral resolution of the data, v,.s, and the FWHM
of feature with the most similar /., vo, and o in the parent SAA
solution, AvSAA, respectively.

Condition 3: ‘Velocity Location’: the centroid velocity of each
identified component, vg’;, must satisfy the condition:

oo™ = (TaoP ] < vgfy < [pi™ + (Tuo ™M), )

where T, is a unitless tolerance level, corresponding to a multiple
of the velocity dispersion of the closest matching spectral feature
in the parent SAA solution, 65", and v§4* is the centroid velocity

of that same feature.

If some, but not all, spectral components satisfy conditions 1-3,
those which do satisfy the conditions form a new array of parameter
estimates for use with mprIT, whilst those which do not, are dis-
carded. Steps (i)—(iii) are repeated until either none or all spectral
components in the current best-fitting solution satisfy conditions 1—
3. In this way, the array of parameter estimates is updated with each
iteration.

Atthis stage, if the spectrum is best described by a single Gaussian
component, all requirements are deemed to be satisfied and the
resultant fit parameters are written to file.

(iv) If multiple components are present then a final condition is
implemented:

Condition 4: ‘Velocity Spacing’: the separation in centroid ve-
locity between two adjacent Gaussian components must satisfy:
bf bf bf
IvO.i - UO,minl > T5Avmin’ (5)

where v, and vf',;, refer to the centroid velocities of the ith com-

ponent and that which has the smallest velocity separation from
the ith component, respectively, and T is a unitless tolerance level.
scousk identifies which component (either the ith or that which is
closest in velocity to the ith component) has the smallest FWHM
line-width, and this value is used to define AvP% . If this condition

is not satisfied the two components are deemed indistinguishable.

In the event that condition 4 is not met, sCOUSE takes the average
of the two (or more) violating components. These form a new array

MNRAS 457, 2675-2702 (2016)
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of parameter estimates. Steps (i)—(iv) [or Steps (i)—(iii), depending
on whether the best-fitting solution is reduced to a single Gaus-
sian] are repeated until all spectral components satisfy the requisite
conditions.

(v) Once all conditions are satisfied, the resultant fit parameters
are written to file. The user has the option to revisit spectra with no
best-fitting solution, as a result of the above algorithm, during the
next stage of the process.

(vi) In addition to the best-fitting parameters to equation (1), the
following information is also written to file:

(a) The spectral rms, O 1.

(b) The residual value, o q (defined as the standard deviation
of the residual spectrum).

(c) x?, the number of degrees of freedom, and x_2,. All of which
are provided by MPFIT.

(d) The Akaike Information Criterion (Akaike 1974), defined as

2k(2k + 1)

AIC = x> +2k+ —— -,
L Y

(0)
where k refers to the number of free-parameters needed to describe
the best-fitting solution and N is the number of measurements. This
provides a statistical method by which scousk can select a preferred
model to represent the data when faced with several choices (i.e.
best-fitting solutions with different numbers of velocity compo-
nents).

This process is repeated for each spectrum contained within a
parent SAA, before moving on to the next SAA.

3.1.4 STAGE 4: selecting the best fits

Asdiscussed in Section 3.1.1, the coverage grid is arranged such that
a region of overlap exists between adjacent SAAs. Consequently,
there are (often) multiple fits to any given spectrum. This is a novel
feature of scouse which becomes particularly important when con-
sidering adjacent SAAs for which the spatially averaged spectra are
best described by a different number of velocity components (i.e.
those SAAs where a ‘transition region’ exists between the two). In
this way, it is possible to identify the best-fitting solution to any
given spectrum when faced with several choices. To find the best-
fitting solution to any given spectrum scousk follows the following
procedure.

(1) Where the spatially averaged spectra of adjacent SAAs are
best described by the same number of velocity components, MPFIT
will often converge to the same solution. In such instances, SCOUSE
retains only one solution and removes any duplicates.

(i1) Best-fitting solutions whose composite Gaussian components
have either I°" or o less than 5 x the parameter uncertainty are dis-
carded. This is a quality control measure to ensure only statistically
significant solutions are considered.

(iii) Out of the remaining available solutions, that which has the
smallest value of the AIC (see Section 3.1.3) is deemed to provide
the best description of the spectral line profile.

This process is repeated for all positions. As an optional final
step, all resultant fits are then checked (by eye). The user has the
option to amend the result for any given spectrum. This can be done
in three main ways: (1) the user can seek an alternative solution
to a spectrum where multiple solutions are available (a result of
our SAA sampling); (2) manually refit the spectrum; (3) remove
completely the current solution from the data file.
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The final image in the schematic (see bottom-right of Fig. 1)
depicts the best-fitting solutions to the spectra in the selected SAA.
scousk then produces a file containing the following parameters for
each spectral component: X-position, Y-position, line intensity (with
uncertainty), centroid velocity (with uncertainty), FWHM (with
uncertainty), oms,» Oresia> X 2» the number of degrees of freedom,

2., AIC
Xred> .

3.2 SCOUSE: application to the CMZ

scousk is designed to work with spectral line data taken from a vari-
ety of different regions. Consequently, a number of considerations
must first be made in order to optimize the algorithm for use in a
particular environment.

An important consideration is the line selection. As discussed in
Section 2, the Mopra CMZ survey provides a total of 20 molecular
lines at 3 mm. Jones et al. (2012) note that molecular species ex-
hibiting strong emission over most of the imaged area (e.g. HCN,
HCO™, HNC), are typically optically thick in the highest column
density regions (e.g. the Sgr B2 cloud complex). Conversely, lines
that do not suffer prominently from optical depth effects, typically
cover a smaller area. The aim therefore, is to identify a tracer that
covers a significant fraction of the CMZ that also suffers minimally
from self-absorption. Selecting an optically thin line ensures a more
accurate description of the line-of-sight kinematics.

Fig. 3 shows spectra taken from three locations within the CMZ.
P1 and P2 (left and centre panels, respectively) are located towards
the Sgr B2 molecular cloud complex (with P2 representing the
location of peak HNCO emission over the region and P1 a secondary
peak), whereas P3 (right-hand panel) represents the peak in HNCO
emission at negative longitudes (at the approximate location of the
20 km s~! cloud). At each position, the spectra from the HNCO
(blue), N,H™ (red), and HNC (green) lines at 3 mm are shown.

Of the 20 molecular lines provided by the Mopra CMZ survey,
we select HNCO as our primary tracer of the gas kinematics. Our
line selection is based on the following factors.
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Figure 3. Selected spectra from the Mopra CMZ survey (the positions of
these spectra are highlighted with ‘+’ symbols in Fig. 4). The spectra of
three molecular lines are shown within each panel, HNCO (blue), NoH
(red), and HNC (light green). P1 and P2 are close to the Sgr B2 region (with
P2 representing the location of peak HNCO emission), and P3 represents
the peak in HNCO emission at negative longitudes (at ~ the location of
the 20 km s~ cloud). Note the double-peaked profiles (possibly indicating
self-absorption) in all but the HNCO line at P2. HNCO is selected as our
primary tracer of the kinematics within the CMZ.



(i) Towards the Galactic Centre, HNCO is extended (e.g. Dahmen
et al. 1997; Jones et al. 2012).% This allows us to study the kine-
matics of a significant fraction of CMZ gas. Furthermore, HNCO
is observed to be abundant across a wide variety of conditions,
from shocked gas, to more quiescent dense molecular clouds, to
low- and high-mass star-forming regions (Jackson, Armstrong &
Barrett 1984; Blake et al. 1987; van Dishoeck et al. 1995;
Zinchenko, Henkel & Mao 2000; Rodriguez-Fernandez et al. 2010;
Li et al. 2013).

(i) In the spectrum extracted at the position P2 (central panel,
Fig. 3), both the N,H™ and HNC line profiles appear to suffer from
self-absorption, whereas the HNCO line profile is singly peaked.
The P2 and P3 locations correspond to local peaks in the molecular
hydrogen column density maps derived from Hi-GAL (Herschel
infrared Galactic plane survey; Molinari et al. 2010) data (Battersby
et al. 2011; Battersby et al. in preparation). The observed lack of
self-absorption does not necessarily mean that the HNCO line is
optically thin. However, this is an encouraging sign that HNCO
provides an accurate description of the line-centroid velocity.

Using principal component analysis, Jones et al. (2012) also infer
that the differences between emission from the 3 mm molecular
lines such as HCN, HCO™, HNC, and N,H™ to that of HNCO at
the locations of the Sgr B2 and Sgr A cloud complexes, are at least
partly due to the latter being less likely to be optically thick.

(iii) Jones et al. (2012) identify strong absorption features in the
highly abundant molecules (HCN, HCO™, and HNC) at velocities
of —52, —28, and —3 km s~', due to line-of-sight Galactic features
(see also Greaves & Williams 1994; Wirstrom et al. 2010). Even
though HNCO is also abundant throughout the mapped region, line-
of-sight confusion and absorption are less prominent for the selected
transition which has a critical density, nc; ~ 10°cm™ (both the
N,H* and HNC lines have ng; ~ 3 x 10° cm—3; Rathborne et al.
2014a).

Another consideration relates to the input parameters supplied
to scousk during the fitting procedure. These are summarized in
Table 1 (each input parameter is described in Section 3). Each has
been selected to ensure reliable fit results to the HNCO data. In
summary, we use Rsaa = 0205 such that the line profile of each
spatially averaged spectrum (see Section 3.1.2) is representative of
its composite spectra (deviations from this are evident at Rsaa ~
0210). All velocity components identified must be above 3 o s (Jio1,
where o s refers to the local rms noise level) and have an FWHM
line-width of at least v,es. The line-width and centroid velocity of
each component must be smaller than 4 Av3*4 and be separated by
no more than ¢>** from the most closely matching spectral fea-
ture in the parent SAA solution, respectively. These two tolerances
avoid artificially narrow or broad components. Finally, if multiple
components are evident then two adjacent components must be sep-
arated in velocity by at least 0.5 x the line-width of the narrowest
of the two. This does not necessarily remove instances where a nar-
row component is projected on top of a much broader component
(although it can), as it is the line-width of the narrow component
which determines the separation limit. All input parameters have
largely been determined empirically and will ultimately vary with
different data sets.

Table 1 also includes the global statistics output following the
fitting of the HNCO line. This includes information on the number
of SAAs whose spatially averaged spectra were fit during stage 2

S HNCO is also extended towards the nuclei of other galaxies e.g. IC 342
(Meier & Turner 2005).
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Table 1. scousk: input parameters and global statistics.

Input parameter Value
Rsaa 0°05/7.25 pc
T, 3.0
7> 1.0
T3 4.0
Ty 1.0
Ts 0.5
Output statistic

Niot 11339
Niot, saA 6546
Nsaa 132
Nt 5224
Neomp 8206
N, comp/ N 1.6

Niot - Total number of positions in the mapped area.
Niot, saa - Total number of positions included in the cov-
erage (Section 3.1.1).

Nsaa - Total number of spectral averaging areas (Sec-
tion 3.1.1).

Ny - Total number of positions fit.

Ncomp - Total number of components fit.

Neomp/Nfie - Mean number of Gaussian components per
position.

(Nsaa), the total number of locations fit (Ng,), the total number of
Gaussian components (Ncomp) and hence the degree of multiplic-
ity of spectral components (Neomp/Nsit). These values are obtained
following a manual inspection of the best-fitting solutions (see Sec-
tion 3.1.4). It is important to reaffirm that the user has the option
to seek alternative solutions if necessary. For the HNCO data pre-
sented in this work, we estimate that <1 per cent of the best-fitting
solutions to high-SN singly peaked spectra (i.e. those which are fit-
ted with ease) required alternate solutions. In general however, we
chose to revisit ~5-10 per cent of all spectra. Analysing the resid-
uals of our final best-fitting solutions, we find a median value of
O resid /0 mms ~ 1.1, with 75 per cent of all positions having o reid /0 rms
< 1.4. Spectral rms values, for reference, vary between 0.01 K <
oms < 0.10 K, with ~75 per cent of spectra having o,,; < 0.02K.

Fig. 4 indicates the locations which have best-fitting solutions.
Each pixel in Fig. 4 is colour-coded according the number of spectral
components identified at that location. Multiple component fits are
required to describe the spectral line profiles over a significant
(~45 per cent) portion of the map. This provides some indication as
to the complexity of the velocity structure (which will be described
more fully in Sections 4.2 and 4.3).

4 RESULTS AND DISCUSSION

Having described our methodology in Section 3, the following sec-
tions present the results obtained from this analysis. In Section 4.1,
we compare the kinematic properties extracted using line-fitting
with those obtained through moment analysis. Section 4.2 looks at
the kinematics of the CMZ as a whole, discussing both the line-
of-sight velocity structure and the velocity dispersion. Section 4.3,
by comparison, investigates the properties of individual clouds and
sub-regions. Section 4.4 discusses our line-fitting results in the con-
text of three currently competing interpretations for the 3D structure
of the CMZ. Finally, in Section 4.5 we discuss how proper motion
measurements of masers could distinguish between the different
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Figure 4. Highlighting the spatial distribution of HNCO within the CMZ. Each coloured pixel refers to a location with a corresponding best-fitting solution.
Each pixel is colour-coded according to the number of velocity components identified at that location (note the scale bar in the top right-hand corner). Contours
show the integrated intensity of HNCO. Contour levels are, 1, 5, 25, 45, 65, and 85 per cent of peak (integrated) emission (~122 K km g1 ). Positions indicated
with ‘4’ symbols, P1, P2, and P3 correspond to the locations of selected spectra in Fig. 3.

interpretations discussed in Section 4.4, and suggest areas to focus
this effort.

4.1 Line-fitting versus moment analysis

Techniques such as moment analysis provide a quantitative measure
of the average kinematic properties of molecular clouds. However,
their accuracy diminishes in regions with complex line-of-sight
velocity structure, leading to misleading results. While moment
analysis has previously been used within the CMZ, our study is the
first to use line-fitting to investigate the kinematics of the molecular
gas throughout the entire 127 x 024 region encompassing the inner
~250 pc of the Milky Way. This is therefore an ideal opportunity
to compare the accuracy of the two techniques.

Moment analysis is performed using the HNCO data over the
velocity range —200kms™! < v gg < 200kms~'. Only voxels
above 3(o ) are considered (where (o ,,s) ~ 0.02 K and refers to
the mean o ,,,s extracted by scousk across all spectra). The first- and
second-order moments are given by

ml

[ Tivév o J Ti@) (v — vmi)*8v 2 o
T [Tiwse T T [ T;()sv ’

respectively.

The top panels of Fig. 5 display box plots of: (left) the abso-
lute difference between the first order moment (v,,;, an intensity-
weighted velocity) and the centroid velocity of all components iden-
tified at the same location; (right) the absolute difference between
the second-order moment (o, an intensity-weighted velocity dis-
persion) and the velocity dispersion of all components identified at
the same location (the absolute values of the main statistical fea-
tures displayed in each panel are presented in Table 2). The bottom
panels are the corresponding cumulative histograms. In both panels,
results are grouped based on the number of components identified
at each location.

Where only a single velocity component is present, results from
the two techniques largely agree. In ~75 (98) per cent of cases, the
difference in velocity dispersion (centroid velocity) measurements
is less than 6 km s~! (see Table 2). Therefore where only one com-
ponent is evident, moment analysis provides a good representation
of the gas kinematics. Although we have endeavoured to validate the
Scousk fits by eye, this also gives us confidence that our best-fitting
solutions are quantitatively robust.
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The top-left panel of Fig. 5 reveals that the difference in the cen-
troid velocity can deviate by as much as ~164 km s~! (for ‘single
component’ spectra). Such instances are rare. These typically cor-
respond to multiply peaked spectra where one of the features has
been rejected by scouse during line-fitting (due to large parameter
uncertainties or a poor fit), but still contributes to the average spec-
tral properties determined by moment analysis, which can lead to a
large discrepancy.

We can use the close relationship between the two techniques
for singly peaked spectra as a way of quantifying the deviation
where multiple components are present. Very simplistically, we
define a limit of 6 km s~! (see above) to signify good agreement
between the two techniques (vertical dotted line in Fig. 5). Where
two components are identified, only ~36 and ~51 per cent of results
agree for the centroid velocity and dispersion, respectively. This
falls to ~17 and ~42 per cent for three components, and to ~7 and
~24 per cent where four components are identified. The deviation
between the two techniques increases with an increasing number of
spectral features (seen also in the monotonically increasing median
deviation in the top panels of Fig. 5 and in Table 2). Given that
multiple component fits are required to reproduce the line profiles
of ~45percent of the (HNCO) data, we conclude that moment
analysis provides an inadequate description of the kinematics of the
CMZ.

4.2 The kinematics of the CMZ I: global gas properties
4.2.1 The line-of-sight velocity structure of the CMZ

Fig. 6is a 3D PPV diagram that highlights the distribution of HNCO
emission throughout the CMZ. Each pixel within Fig. 6 refers to the
{l, b, vLsr } coordinates of an identified spectral component. The
size (from small to large) and colour (from light to dark) of each
pixel is proportional to the peak intensity of the detected HNCO
spectral component at that location.

As noted by Bally et al. (1988), the distribution of molecular
gas is asymmetric about Sgr A*. We can also demonstrate this
using the output from scouse. Within the presented region, and only
considering emission from HNCO, we measure the distribution of
material relative to the position {/,b, visr} = {—02056, —02046,
—14.0kms™!'}, i.e. the position (Petrov et al. 2011) and velocity
of Sgr A* (accounting for the Sun’s radial velocity towards the
Galactic Centre; Schonrich 2012). We find that ~87 per cent of
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Figure 5. Quantifying the difference between line-fitting and moment analysis. The top panels are box plots showing: (left) the difference between the
first-order moment (v 1; an intensity-weighted velocity) and the centroid velocity of the spectral component(s) identified at the same location (v, i); (right)
the same but for the second-order moment (o 2; an intensity-weighted velocity dispersion) and the velocity dispersion of the extracted component(s) (o;). The
data are grouped according to the number of velocity components identified at each location (the colours match those presented in Fig. 4). The plots highlight
the range of data, the interquartile range (the box itself), and the median values (the thick lines within each box). The absolute values are presented in Table 2.

The bottom panels are corresponding cumulative histograms.

Table 2. Line-fitting versus moment analysis: statistics. The columns represent the relative difference in velocity (either centroid or dispersion)
between line-fitting and moment analysis for different percentiles. These are highlighted by the box plots in the upper panels of Fig. 5.

Percentile
Number of 0 25 50 (Median) 75 100 Mean
components (kms™1) (kms™1) (kms™h) (kms™h) (kms™1) (kms™h)
1 0.0 0.2 0.5 1.1 163.8 1.1
[vo,i — Um1] 2 0.0 3.5 10.4 26.8 162.9 17.7
3 0.0 8.8 19.0 40.1 181.4 25.7
4 0.1 15.0 28.3 44.7 177.4 32.4
1 0.0 1.6 34 5.9 33.9 44
[00,i —Omil 2 0.0 3.1 5.9 10.4 45.2 7.6
3 0.0 3.8 7.4 13.1 37.2 9.4
4 0.0 6.3 18.8 27.6 37.7 17.7

all identified velocity components are situated at positive (offset
with respect to Sgr A*) longitudes (this rises to ~92 per cent when
each component is weighted according to its integrated intensity),
~52 per cent of which lie at negative (offset) latitudes. Additionally,
the emission is also asymmetric in velocity, with ~99 per cent of
the data situated at positive (offset) longitudes is also at positive
(relative) velocities (rising to ~99.8 per cent when each component
is weighted according to its integrated intensity).

A large-scale (~200 pc) velocity gradient is observed, with the
velocity increasing in the direction of increasing Galactic longi-
tudes. The magnitude of this gradient can be estimated (assuming
it is linear) using (e.g. Goodman et al. 1993):

VLsR = ULsr.0 + VU Al 4+ Vv, Ab. (8)

Here, visr o is the systemic velocity of the mapped region with
respect to the local standard of rest, Al and Ab are the offset Galactic
longitude and latitude (expressed in radians), and Vv, and Vv,
refer to the magnitudes of the velocity gradients in the / and b
directions, respectively (in km s~! rad~!). The magnitude of the

velocity gradient (%), and its direction (®y), are then estimated
using:

(Vi + Vo'

G= |Vl = D , )
and
—1 VUI
®y = tan — 1, (10)
Up

whereby D is the distance to the object in pc (assuming all gas is
equidistant from Earth).

The least-squares minimization routine MPFIT has been used
in order to find a best-fitting solution to equation (8) over all
velocity components extracted using scouse in the mapped re-
gion. The magnitude of this velocity gradient is estimated to be
4~ 0.6kms~! pc™! in a direction ®¢ ~ 58° east of Galactic north
(with Galactic east in the direction of positive longitudes). This mag-
nitude is similar to that found by Jones et al. (2012), who studied
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Figure 6. A PPV diagram highlighting the large-scale kinematic structure of the CMZ. Each pixel denotes the location and centroid velocity of a Gaussian
component identified in HNCO emission and extracted using scouse. The size (from small to large) and colour (from light to dark) of each data point is
proportional to the peak intensity of the corresponding spectral component. At the base of the plot, in logarithmic colour-scale, is the Herschel-derived
molecular hydrogen column density map (Battersby et al. in preparation). Column densities range from 1022-10>* cm~2. Overlaid are contours highlighting
the distribution of HNCO integrated emission. Contour levels are, 5, 25, 45, 65, and 85 per cent of peak (integrated) emission (cf. Fig. 4). The three vertical
dotted lines refer to the locations P1, P2, and P3, also highlighted in Fig. 4 (the corresponding spectra of which are shown in Fig. 3). A movie that shows this

figure in 3D is available in the online supplementary material.

the peak velocity of N;H* emission from the Mopra CMZ survey,
finding & ~ 0.7 km s~! pc~!.

Although this provides a global overview of the gas distribution,
we caution that deriving the velocity gradient in this way incorpo-
rates all of the identified HNCO velocity components. This method
is therefore insensitive to localized variations in the velocity gra-
dient. In Section 4.3 however, we expand on this investigation,
exploit the density of information provided by scousk, and study
the velocity structure of individual sub-regions in more detail.

4.2.2 Velocity dispersion

Fig. 7 shows the distribution of velocity dispersions extracted from
the HNCO spectral line data using scouse. The top panel is a box
plot of the measured velocity dispersion, o, at each location in
the map. Highlighted are some of the main statistical features. The
size of the box depicts the interquartile range (IQR = Q3 — O;;
whereby Q) = 7.4 km s™! and Q3 = 13.3 km s~! are first and
third quartiles, respectively). The thick vertical line highlights the
median velocity dispersion = 9.8 km s~! (the mean value of the
velocity dispersion is not shown, but has a value 11.1 km s™').
The lower and upper limit to the velocity dispersion are 2.6 and
53.1 km s~!, respectively. By comparison, the lower panel of Fig. 7
is a histogram of all velocity dispersions. Fig. 8 is a PPV diagram
similar to that presented in Fig. 6. However, the colour of each data
point refers to three ranges in velocity dispersion: 2.6-7.4 km s~!
(yellow; 0-25 percent); 7.4-13.3 km s~! (blue; 25-75 per cent);
7.4-13.3 km s~! (red; 75-100 per cent).

Fig. 7 indicates that there is a broad range in the observed velocity
dispersion. We find no trend between the velocity dispersion and
peak temperature across the distribution of identified velocity com-
ponents. At the lower end of this distribution, velocity dispersions
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Figure 7. Top: a box plot of the velocity dispersion for all spectral com-
ponents extracted from the HNCO spectral line data using scouse. This
highlights the range in velocity dispersion, the interquartile range (the box
itself) and the median velocity dispersion (~9.8 km s~!, vertical thick black
line). See Section 4.2.2 for more details. Bottom: a histogram of the velocity
dispersion.

of 2.6 km s~! may imply the detection of contaminant line-of-sight
molecular clouds by scousk. Spectral components with o < 5 km s~
are generally spread out throughout the CMZ, making up less than
Spercent of the data. However, there is a notable concentration
of these components towards {/, b, visg } ~ {190,020,80.0kms~'}
(see Fig. 8). At the other end of the scale, the broadest identified
component is situated at {/, b} = {0280, 0204} towards the Sgr B2
cloud complex. Approximately 45 percent of the broad velocity
dispersion gas (13.3kms™! < ¢ < 53.1kms™") is located towards
the Sgr B2 region.
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Figure8. Thesame as Fig. 6. However, each pixel is now colour-coded according to specific ranges in velocity dispersion (see Section 4.2.2 for more information
on the selection of these ranges). Yellow: 2.6 km sl <o <74kms™!; Blue: 74kms™! <o < 13.3kms™!; Red: 13.3kms™! <o < 53.1kms™~!. Note
the contrast in velocity dispersion between the Sgr B2 (where ~45 per cent of the high-dispersion gas lies) and Sgr C (which predominantly exhibits low- or
intermediate dispersion gas) molecular cloud complexes situated at {/, b, v sr } ~ {0270, —0°05, 60 km g1 }and ~{—0250, —0°10, =55 km g1 }, respectively.

Shetty et al. (2012) investigate the dispersion—size relation-
ship for the CMZ. Their diagnostic line tracers include NoH™,
HCN, H'*CN, and HCO™. We can compare our measured velocity
dispersion with that predicted by the dispersion—size relationships
of Shetty et al. (2012) for an equivalent physical extent. For a cloud
diameter of 2.4 pc (~ the smoothed spatial resolution of these data,
see Section 2), the Shetty et al. (2012) relationships predict velocity
dispersions of ~2.0-3.3 km s~!. This is ~3.5 x smaller than the
median velocity dispersion extracted via scousk (and ~3 x smaller
than the median intensity-weighted velocity dispersion extracted
using moment analysis).

A possible explanation for this difference is that Shetty et al.
(2012) use dendrograms (Rosolowsky et al. 2008) to identify struc-
ture within the CMZ. By design, dendrograms identify nested struc-
ture, with each level in the hierarchy corresponding to a unique iso-
surface. The dendrogram approach excludes pixels below a given
threshold from each isosurface, whereas the Gaussian fitting ap-
proach includes these pixels as part of the ‘line wing’. Truncating
the line wing, as is done with dendrograms (and other isosurface-
based structure finding approaches), results in an artificially de-
creased line-width. The quantitative effects of this truncation are
discussed in Rosolowsky & Blitz (2005) and Rosolowsky et al.
(2008). Without information on the dendrogram hierarchy, we are
unable to make a more quantitative assessment of the discrepancy.
However, qualitatively, the observed trend is as we would expect.

The total observed velocity dispersion includes contributions
from both thermal and non-thermal motions. The contribution that
non-thermal motions make to the observed velocity dispersion can
be estimated (assuming both have Gaussian distributions) using

ont = V(0)* — (o7)%, D

where onr, o1, and o, represent the non-thermal, the thermal,
and the observed dispersion (extracted using sCOUSE), respectively.

This can then be related to the Mach number in the following way

(assuming M, ~ M, =~ M,):

2 . 12
o)
Cg Cs Mobs

where ¢, = (kg Tyin /ﬁpmﬂ)o'5 , is the isothermal sound speed for
a gas with kinetic temperature, Tyj,, and mean molecular mass,
Ry = 2.33 amu (kg and my are the Boltzmann constant and the
mass of atomic hydrogen, respectively), and piqps is the molecular
mass of the observed molecule (43 amu in the case of HNCO).

For a fiducial temperature range of 60—-100 K (suitable for the
dense gas probed in this study; Ao et al. 2013; Mills & Morris 2013;
Ott et al. 2014; Ginsburg et al. 2015), the corresponding range in
isothermal sound speed is ¢, = 0.46-0.60 km s~'. Assuming that
the median value of ¢ = 9.8 km s~! is representative of gas motions
within the CMZ on size scales of ~2.4 pc, the Mach number ranges
between M;p ~ 28-37 (for the maximum and minimum of the fidu-
cial gas temperature range, respectively). For the minimum detected
velocity dispersion of 2.6 km s71, Msp ~ 8 (for Tyin = 100 K).

This confirms that, at the parsec scales probed by these obser-
vations, gas motions within the CMZ are inherently supersonic.
However, this should be taken as an upper bound on the level of
turbulent motion, since our assumptions do not take into account
the contribution from coherent motions or substructure within the
Mopra beam. Such substructure could result in a large apparent
line-width, even though the line-widths of individual clumps may
be narrow, by comparison. Higher-angular and spectral resolution
data are needed to asses this further.

4.3 The kinematics of the CMZ II: individual clouds
and sub-regions

As shown in Fig. 6, HNCO emission covers a significant fraction of
the CMZ in both position and velocity. However, there are notable
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Figure 9. Combining molecular gas kinematics at 3 mm. The top panel depicts the spatial distribution ({l, b}) of dense gas within the CMZ, including
HNCO, N,H*, and HNC. Each pixel denotes a location with a corresponding best-fitting solution. The single contour refers to a molecular hydrogen column
density of 1022 cm~2 (Battersby et al. in preparation). The bottom panel is a position—velocity ({1, vLsr }) diagram with each pixel referring to the Galactic
longitude and centroid velocity of a spectral component. The black circle with a plus denotes the location of Sgr A*, and the open stars represent the Arches
and Quintuplet clusters (the Arches cluster has the smallest projected distance from Sgr A*). Additionally, the locations of prominent molecular clouds are
overlaid. In order of increasing Galactic longitude (from right to left): The Sgr C complex (black plus); the 20 km s~! and 50 km s~ clouds (black upward
triangles); G0.256+0.016 (black square); Clouds B—F (black squares); The Sgr B2 complex (black diamond). The position and velocity limits of the molecular
clouds can be found in Table 3. The coloured contours highlight some of the most prominent PPV-structures. The blue contour shows ‘Arm 1’ (Sofue 1995;
also known as the ‘negative velocity filament” in Bally et al. 1988). The red contour shows ‘Arm 11" (Sofue 1995). Both of these structures, as well as their
possible connection to the PPV-structure highlighted by the pink contour, are discussed in Section 4.3.1. The green contour highlights ‘Arm m’ (also known as
the ‘Polar arc’ in Bally et al. 1988) and it is also discussed in Section 4.3.1. The magenta and black contours refer to molecular gas associated with the Sgr C
complex (see Section 4.3.2 and Figs 12 and 13, respectively). The orange contour shows the 20 and 50 km s~! clouds (see Section 4.3.3). The cyan contour
highlights the ‘dust ridge’ (Lis et al. 1994, 2001, see Section 4.3.4 and Fig. 16). The yellow contour highlights the Sgr B2 cloud complex (see Section 4.3.5
and Fig. 17). Note that there is overlap in the data associated with several of these PPV-structures since they are not all independent. This is particularly evident
throughout Arm 11, which also incorporates data associated with the 20 km s~! and 50 km s~! clouds and the Sgr C molecular cloud complex.

discontinuities. One way to establish whether or not these gaps describes three of the most prominent features evident in Fig. 9
represent true discontinuities (i.e. regions devoid of molecular gas) (those highlighted by the blue, red, and green contours, respec-
is to utilize the wealth of molecular line information made available tively). We then turn our attention to the different sub-regions and
in the Mopra CMZ survey (Jones et al. 2012). In the following individual clouds, beginning with the Sgr C complex and ending at
sections, we complement our HNCO data with the centroid velocity Sgr B2, proceeding in the direction of increasing Galactic longitude.
information extracted by scouse for the NoH™ and HNC lines at The projected extent and kinematic information of the individual
3 mm. The critical density of both of these molecular line transitions sub-regions are presented in Table 3.

is smaller than that of the HNCO line (ncriy ~ 3 x 10° cm™> versus
~10%cm™3; Rathborne et al. 2014a), and their emission covers
a greater portion of the CMZ. Adding this information therefore
allows us to investigate the line-of-sight velocity structure in regions 4.3.1 Continuous PPV-structures within the CMZ
not traced by HNCO.

Fig. 9 displays the result of merging kinematic information ex-
tracted using scouse for HNCO, N,H*, and HNC (this process is
discussed in more detail in Appendix A). Two different projections
are shown, {/,b} (top panel) and {/,visg} (bottom panel). Each
grey pixel refers to the location of an identified spectral compo-
nent. Comparing Figs 6 and 9 shows that seemingly discontinuous
features observed in HNCO emission (alone) may in fact become
continuous when additional molecular species are included.

In the following sections, we explore how the gas kinematics
change as a function of position within the CMZ. The first section

Perhaps the most immediately obvious features in Fig. 9 are the
two extended, and almost parallel (in {/,v s} space), features
evident between —0°65 < [ < 0°5 and —150.0kms™! < vy <
100.0kms~!. These features are isolated and displayed in Fig. 10.
The top panels of Fig. 10 represent PPV diagrams equivalent to
Fig. 6. However, in this instance, the black data points indicate
the location of both the N;H* and HNC velocity components. The
bottom panels depict the spatial distribution of both of these PPV-
structures, where the coloured contour and symbols in each of the
panels is equivalent to that in Fig. 9.
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Table 3. The kinematic properties derived towards prominent molecular clouds identified within the CMZ. The physical extent of each cloud is estimated from
the Herschel molecular hydrogen column density map of Battersby et al. (in preparation) and should serve only as an approximation. All spectral components
identified by scouse within these physical limits, and within the velocity limits of each source’s respective PPV diagram (see Figs 12, 15, 16, and 17) are
included in the table. The uncertainties are shown in parentheses. Also included are the intensity-weighted mean centroid velocity ((vo)) and intensity-weighted
mean velocity dispersion ({(0)).

Physical limits Measured values

Source Imin Imax bmin binax V0, min (vo) V0, max O min (o) O max
(deg)  (deg)  (deg)  (deg) (kms™) (kms™) (kms™h) (kms™") (kms™1) (kms™h)
Sgr C —0.57 —046 —0.19 —0.09 —69.19(0.92) —55.50(0.20) —41.77(2.08) 2.97 (0.43) 7.41(0.01) 2291 (1.43)
20kms~! —0.15 —0.07 —0.11 —0.06 5.29 (0.05) 16.25 (0.05) 31.56 (0.13)  5.53(0.04) 8.27 (0.01)  13.19 (0.55)
50 kms™! —0.04 0.00 —0.08 —0.05 —17.52(0.58) 48.44 (0.76) 54.63 (0.19)  4.19 (0.58) 9.96 (0.07)  11.74 (0.19)
G0.2534+0.016 0.22 0.28 0.00 0.06 1.16 (0.26) 25.46 (0.16) 45.46 (1.08)  4.41(0.12)  11.00(0.03) 32.82(1.62)
Cloud B 0.32 0.36 0.04 0.08 —3.40(0.41) 3.39(0.18) 32.53(0.97) 4.08(1.13)  14.66 (0.11)  40.25 (1.46)
Cloud C 0.36 0.39 0.03 0.07 —0.01 (1.30) 23.29 (0.42) 40.06 (0.37)  3.38(0.41) 11.68(0.08)  33.10 (1.74)
Cloud D 0.39 0.44 0.01 0.08 —4.81(0.39) 16.19 (0.14) 32.81 (0.61)  4.17 (0.67) 9.68 (0.04)  23.39 (1.29)
Cloud E 0.46 0.50 —0.03 0.01 0.87 (0.85) 29.28 (0.24) 31.34 (0.14)  5.75(0.09) 7.92(0.03)  19.23(0.71)
Cloud F 0.48 0.52 0.01 0.05 9.06 (0.69) 27.56 (0.10) 40.92 (0.27)  4.14 (0.08) 9.52(0.01)  13.56 (0.12)
Ser B2 0.61 072 —0.08 0.01 19.61 (0.44) 58.20 (0.14) 77.94 (0.59)  3.93(0.18)  10.70 (0.01)  35.11 (0.68)
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Figure 10. Top panels: PPV diagrams of the two extended features noted in the {/, vLsr } projections of Fig. 9 and discussed in more detail in Section 4.3.1. The
coloured data points are equivalent to those presented in Fig. 6. Black data points highlight the {/, b, v sr } location of both the NyH™ and HNC components.
Bottom panels: maps indicating the spatial distribution of the data points shown in the top panels. The left-hand panels show ‘Arm 1’ (Sofue 1995; also known
as the ‘negative velocity filament’ in Bally et al. 1988). Kruijssen et al. (2015) argue that the data points shown in the left-hand panels are distributed into two
physically independent structures that are situated on the near- and far-sides of the Galactic Centre, respectively (rather than a single spiral arm; Sofue 1995).
The right-hand panels depict ‘Arm 11" of Sofue 1995. We discuss how the structures in this figure may contribute to the 3D structure of the CMZ in Section 4.4.
The blue and red contours, and black symbols are equivalent to those shown in Fig. 9. The background image and contours in all panels are equivalent to those
in Fig. 6.

inclusion of NoH™ and HNC emission features in the left-hand
panels of Fig. 10 reduces the projected extent of the emission gap.

The low-velocity PPV-structure’ (left-hand panels in Fig. 10 and
blue contours in Fig. 9) was identified by Bally et al. (1988) in

their 1*CO study of the CMZ, and dubbed ‘the negative velocity
filament’. Referring back to Fig. 6, there is a significant (~90 pc)
gap between the HNCO emission associated with the dust ridge
(I > 0°2) and that which is prominent at negative longitudes. The

7We avoid using the term ‘structure’ outright given that projection ef-
fects can cause uncertainty in the direct translation of PPV to PPP space
(e.g. Beaumont et al. 2013). Instead, we favour the term ‘PPV-structure’ to
describe a region of gas that is coherent in both the plane of the sky and in
its kinematics.

It is worth noting that this discontinuity coincides with lower
column density material (N[H,] ~ 10*2 cm~2). For a relatively con-
stant abundance of HNCO with respect to H,, this would imply
that any HNCO emission is below the detection threshold. Alterna-
tively, the lack of HNCO emission could be caused by abundance
variations. HNCO is enhanced towards regions of shocked gas (see
Section 3.2). This may therefore be indicative of relatively quiescent
material (in comparison to those regions where HNCO emission is
brightest, e.g. Sgr B2; see Section 4.3.5). This is supported by the
fact that the HNCO emission at negative longitudes also exhibits a
small velocity dispersion o ~ 6.1 km s~! (see Fig. 8). Kruijssen
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et al. (2015) argue that the data presented in the left-hand panels of
Fig. 10 is neither coherent nor continuous in 3D positional space. In-
stead, they suggest that there are two physically independent struc-
tures within this {/, b, v; sg } range, and that they are situated on the
near- and far-sides of the Galactic Centre, respectively. Differing
conditions throughout the Galactic Centre gas stream may therefore
explain the emission pattern.

There are remarkable oscillatory patterns in the {/, b, v.sr } data
presented in the top panels of Fig. 10 (also throughout the CMZ).
This is particularly pronounced in the top-left panel, where we ob-
serve five full wavelengths of (projected) magnitude A, ~ 20 pc
(four if we include only the data at negative longitudes, taking into
account the uncertainty in the coherency of this gas stream). The
characteristic properties and origins of this oscillatory pattern will
be explored in a future publication (Henshaw et al. in preparation).
However, we note that the oscillation may be related to the same
process that produces the characteristic spacing in NH3 (1,1) emis-
sion features studied by Kruijssen et al. (2015), which they attribute
to the Jeans length.

Close to the dust ridge molecular clouds (cyan contour; Fig. 16),
the low-velocity PPV-structure appears to bifurcate (note: this is
not shown in Fig. 10, please refer instead to the bottom panel of
Fig. 9). This gives the appearance of a bubble-like feature centred on
{Lvisg} ~{0°12,0.0km s~'}. A visual inspection of this feature in
PPV space indicates that the high-velocity portion of this ‘bubble’ is
offset in Galactic latitude from the gas shown in Fig. 10 (b ~ —0°1).
We suspect therefore that this represents the projected alignment of
two spatially independent features.

Sofue (1995) also identify the second feature shown in the right-
hand panels of Fig. 10 (this feature is systematically redshifted with
respect to the first and highlighted by the red contour in Fig. 9).
Sofue (1995) refers to these two structures as ‘Arm 1’ (left-hand pan-
els; Fig. 10) and ‘Arm 1’ (right-hand panels; Fig. 10), in reference to
the inferred three-dimensional structure. Emission from HNCO is
more prominent throughout the high-velocity PPV-structure, domi-
nated by emission associated with the 20 and 50 km s~! molecular
clouds (see Section 4.3.3). The velocity dispersion stays relatively
constant throughout this feature, within the range 7.4kms™! <o <
13.3kms™! (see Fig. 8). Once again, gaps in the HNCO emission
coincide with lower column density material. Only when the addi-
tional molecular species, NyH' and HNC, are added to the analysis
does this feature appear continuous.

In Figs 6 and 9, it is evident that the molecular line emission in
the velocity range 60.0kms™! < vy sg < 100.0kms™!, extends to
Galactic longitudes of / > 027. This emission is highlighted in Fig. 9
with a pink contour, and may extend as far as the 1?3 cloud complex
(Longmore et al. in preparation). Previous studies have drawn a con-
nection between this emission and the extended features discussed
above. Tsuboi et al. (1999) suggest that this represents a continua-
tion of Arm 1 (left-hand panels; Fig. 10), and refer to the entirety of
this feature as the ‘Galactic Centre bow’. Sawada et al. (2004) on the
other hand (see also Johnston et al. 2014), infer that this emission
is physically connected to Arm 1 (right-hand panels; Fig. 10).

Fig. 11 shows ‘Arm 11’ of Sofue (1995). This was originally re-
ferred to as the ‘polar arc’ in Bally et al. (1988), who noted that the
feature is inclined by >40° with respect to the Galactic plane. Al-
though associated with the CMZ, as is evidenced by its significant
median velocity dispersion (9.6 km s~!; see Fig. 8), the inclina-
tion of Arm m makes it difficult to place within the context of the
prominent features discussed above. Both Bally et al. (1988) and
Sofue (1995) suggest that the Arm 1 merges with the gas at lower
velocities (Arm 11; right-hand panels of Fig. 10). However, Fig. 11
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Figure 11. Top panel: a PPV image of ‘Arm mr’ (Sofue 1995, also known
as the ‘polar arc’ in Bally et al. 1988, see Section 4.3.1). The coloured
data points are equivalent to those presented in Fig. 10. Bottom panel: a
map indicating the spatial distribution of the data points shown in the PPV
diagram. The green contour and symbols are equivalent to those in Fig. 9.
The background image and contours in both panels are equivalent to those
in Fig. 6.

shows that there is a turnover in velocity gradient at {/,v;sg} ~
{—=022,55.0kms™'} towards increasingly positive velocities (if
tracing the structure from positive to negative longitudes). Although
the analysis of more abundant molecular species (for example,
13C0O) would make for a better comparison, we find that Arm m
appears to be spatially coincident with Arm 1 (although separated
in velocity) rather than Arm 1 (cf. Fig. 10 and the bottom panel of
Fig. 11).

Both Molinari et al. (2011) and Kruijssen et al. (2015), omit the
polar arc from their respective orbital studies. Kruijssen et al. (2015)
discuss the possibility that this feature is physically unrelated to the
PPV-structures discussed above. Instead they speculate that this
material has been ejected from one of the extended PPV-structures
by feedback. The spatial coincidence between the polar arc and
the infrared shells blown by the Arches and Quintuplet clusters, as
well as their similar line-of-sight velocities, is cited as evidence in
support of this claim.

The prominence of the main features discussed above has inspired
several different interpretations for how each structure contributes
to the 3D structure of the inner CMZ. In Section 4.4, we revisit this
topic and discuss the above features in the context of some of the
theories competing for a holistic description of the structure of the
CMZ.

4.3.2 The Sagittarius C molecular cloud complex (and
surrounding region)

The molecular gas distribution surrounding the Sgr C H 1 re-
gion (denoted by the black plus sign in Fig. 9, {l, b} = {—0257,
—0209}; Kuchar & Clark 1997) is divided into several coherent
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Figure 12. Top panel: a PPV diagram of the molecular gas distribution
between —0°65 < [ < —0°30 and —0°25 < b < 0710 in position and
—70.0kms~" <7< 40.0kms™! in velocity, as part of the Sgr C molecular
cloud complex (see Section 4.3.2). The data points have equivalent meaning
to those presented in Fig. 10. Bottom panel: highlighting the distribution
of data points in the top panel. The magenta contour and black symbol are
equivalent to those in Fig. 9. The background image and contours in both
panels are equivalent to those in Fig. 6.

PPV-structures. Many of these overlap in position but are distin-
guishable in velocity.

Fig. 12 is a PPV diagram highlighting the molecular gas distri-
bution of one of the more prominent features. This focuses on the
emission between —0°65 < / < —0235 and —0°25 < b < —(°1
in position and —70.0kms™! < v g < —40.0kms~! in velocity
(highlighted with the magenta contour in Fig. 9). The total mass of
this ~16pc x 16 pc cloud (Table 3) is estimated to be ~10° Mg
(Lis & Carlstrom 1994; Kendrew et al. 2013). At the location of
the Sgr C H 1 region, a velocity dispersion of o = 3.1kms~! +
0.3kms™! (visg = —53.0kms™! & 0.1kms™") is reported. The
median velocity dispersion of all spectral components presented in
Fig. 12is ~7.8 km s~

The northern portion of this cloud (visg ~ —52 km s71), is
thought to be associated with high-mass star formation (Yusef-
Zadeh et al. 2009). At the location of G359.44—0.102, in close
proximity to an Extended Green Object (Cyganowski et al. 2008),
we report a velocity dispersion of 0 = 5.6kms™! #+ 0.3kms™!
(visg = —52.8kms™! £ 0.3kms™!). This is similar to the value
presented by Kendrew et al. (2013), and the slight difference in
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dispersion may be due to our choice of molecular line or our spatial
smoothing of the data (see Section 2).3

The southern portion of the cloud (visg ~ —57 km s~!) by com-
parison, has no obvious signatures of active star formation (evi-
denced via a lack of 8, 24, 70 um emission; Kendrew et al. 2013).
Given the limited angular and spectral resolution of these smoothed
observations, it is not clear from Fig. 12 whether the HNCO emis-
sion traces a single cloud exhibiting a velocity gradient, or two
independent components that are separated by ~5 km s~!. Higher
angular and spectral resolution observations would help to remove
this ambiguity.

Elsewhere within the Sgr C complex, Tanaka et al. (2014) re-
port the presence of two shell-like structures seen in HCN (4—3)
emission (integrated over a velocity range —60kms™' < vy g <
50kms~!). The shells are centred on {/, b} = {—0237, — 0206} and
{l, b} = {—0246,—0°21}, and have projected spatial separations
from the centre of the Sgr C H 11 region of ~29 and 24 pc, respec-
tively. The top panel of Fig. 13 is a PPV diagram of the molecular
gas emission between —025 </ < —0°2 and —0°2 < b < 020 in
position and —40.0kms™! < v sg < 20.0kms~! in velocity. This
serves as the approximate location of the first shell discussed in
Tanaka et al. (2014), the physical extent of which is displayed in
the bottom panel as a black dashed ellipse.

Tanaka et al. (2014) speculate that the shell structures are molec-
ular superbubbles produced by supernova explosions, concluding
that more than ten supernovae (or two hypernovae) within the last
2 x 10° yr would be needed to explain the kinetic energy of the ex-
pansion motion of each shell. From this, they infer a star formation
rate of (0.5-3) x 1072 Mg yr .

It is possible to test this hypothesis, assuming that the supernova
explosions are related to a stellar cluster. To do this we first have
to estimate the rate at which supernovae occur within a star cluster
of given mass, M. This can then be related to the rate inferred by
Tanaka et al. (2014, for detailed information on our methodology
please see Appendix B). Fig. 14 shows the estimated supernova rate
as a function of cluster age for clusters of masses 10* Mg (black)
and 10° Mg (blue). Given that the Arches and Quintuplet clusters
have respective ages T = 3.5 £ 0.7 and 4.8 £ 1.1 Myr (Schneider
et al. 2014), and they are both gas-poor, a cluster within this region
would have to be younger by comparison. Assuming a conservative
upper limit to the age of 5 Myr, we estimate that a cluster of mass
Mg ~ 5 x 10* Mg would be required to produce the inferred
supernova rate of Tanaka et al. (2014).

Following the method of Barnes et al. (in preparation),’ we esti-
mate that the upper mass limit of the embedded stellar population
within this region is ~0.8 x 10* M. This rules out the notion
that the supernovae are related to an Arches or Quintuplet-like star
cluster leading to the production of the observed shell-like struc-
tures. Consequently, this could favour the suggestion of Tanaka
et al. (2014), that the supernovae are related to a more dispersed

8 Kendrew et al. (2013) comment that the similarity in velocity of the near
3 kpc spiral arm and cloud at this location makes it difficult to discern the
origin of the star formation signatures. Indeed, Green et al. (2009) associate
the CH3OH masers with the 3 kpc arm rather than the Sgr C complex.
However, given the broad velocity dispersion and widespread emission from
shocked gas tracers, we are confident that the bulk of the material is at the
Galactic Centre distance.

9 The method estimates the mass of the highest mass star within the region
using the bolometric luminosity—mass conversions presented by Davies et al.
(2011). The embedded population mass is then extrapolated from this value,
assuming the form of the initial mass function (IMF).
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Figure 13. Top panel: a PPV diagram of the molecular gas distribution
between —0°5 < [ < —0?2 and —0°2 < b < 0°0 in position and —40.0 km s~ !
<1 <20.0kms~! in velocity, as part of the Sgr C molecular cloud complex.
The data points have equivalent meaning to those presented in Fig. 10.
Bottom panel: highlighting the distribution of data points in the top panel.
The filled black circle and dashed black ellipse indicate the centre position
and physical extent of a shell of molecular emission reported in Tanaka et al.
(2014) and discussed in Section 4.3.2. The background image and contours
in both panels are equivalent to those in Fig. 6.
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Figure 14. Plotting the estimated supernova rate (per 10° yr) versus age
for two star clusters of masses M = 10 M¢ (black) and 10° M (blue),
respectively. The shaded region represents the standard deviation in the
supernova rate over 100 runs of the simulation (for a more in-depth de-
scription of the methodology, please refer to Appendix B). The horizontal
dashed line indicates the supernova rate inferred by Tanaka et al. (2014) to
explain the expansion motion of a shell-like feature observed in velocity-
integrated emission maps towards the Sgr C molecular cloud complex (~5
x 1073 yrfl). As is indicated, a star cluster of My > 10* Mo would be
required to reproduce the supernova rate of Tanaka et al. (2014).
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population of high-mass stars (there are a number of 24 pm compact
sources found between Sgr C and Sgr A; Yusef-Zadeh et al. 2009).

However, a cursory inspection of Fig. 13 reveals that no com-
plete shell is evident when only considering emission from HNCO
(blue data points). Additionally, when examined in the context of
the CMZ as a whole, the prominent HNCO emission at this location
(that which would form the lower portion of the shell in the Tanaka
et al. 2014 interpretation; see bottom panel of Fig. 13), appears to
be a small segment of the ~150 pc long feature discussed in Sec-
tion 4.3.1 and shown in the right-hand panels of Fig. 10. Integrating
molecular line emission at this location over a velocity range of
>100 km s~! (as in Tanaka et al. 2014) incorporates emission from
several line-of-sight components. Shell-like features, observed in
velocity-integrated emission maps of complex regions, may there-
fore be inferred following the superposition of several, otherwise
independent, molecular clouds (particularly when integrating over
significant, ~100 km s~ velocity ranges).

4.3.3 The 20 and 50 km s~ clouds

After the Sgr B2 region, the molecular clouds located closest in pro-
jection to Sgr A* appear brightest in HNCO emission (see Fig. 6).
Situated between —(0°2 < / < 0°2 and —0°15 < b < 0205 in posi-
tion and between 0.0kms~! < visr < 60.0kms™! in velocity, the
Sgr A region encompasses several molecular clouds, including the
20km s~! (GCM —0.13—0.08) and 50 km s~! (GCM —0.02—0.07)
clouds (denoted by the upwards facing triangles in Fig. 9) (as well
as a host of other clouds; see e.g. GCM 0.11 — 0.11; Tsuboi et al.
2011).

Fig. 15 is a PPV diagram of this region. The bottom panel high-
lights the spatial distribution of data points shown in the top panel.
The brightest HNCO emission is associated with the 20 km s~
cloud. The centroid velocity and velocity dispersion measured to-
wards the location of the 20 km s~! cloud at {/,b} = {—0:133,
—02076} are vo = 9.43 £ 0.04km s~ and o = 7.00 & 0.04 km s,
respectively. However, the intensity-weighted centroid velocity
within the area —0715 <[ < 0207 and —0?11 < b < 0206 is (vy) =
16.25 & 0.05 km s~! (Table 3).

Consistent with previous observations, the 20 and 50 km s~
clouds are connected smoothly and coherently by velocity gradient
of magnitude ~2.3 km s~! pc™! over a projected distance of ~17 pc
(Bally et al. 1988; Sandqvist 1989; Zylka, Mezger & Wink 1990;
Oka et al. 1998; Coil & Ho 2000). The centroid velocity and ve-
locity dispersion measured towards the 50 km s~! cloud at {/,b} =
{—02017, —02068} are vy = 49.03 £ 0.09 km s~' and 0 = 9.79 +
0.09 km s~', respectively. Continuing in the direction of increasing
Galactic longitude, the magnitude of the velocity gradient decreases
before reaching GCM 0.11 — 0.11 (where we measure a centroid
velocity and velocity dispersion of vy = 52.65 £ 0.35 km s~! and
o =9.44 £ 0.31 km s~!, respectively).

The line-of-sight location of the 20 and 50 km s~!' molecular
clouds is currently debated. There are several lines of evidence
which suggest that these clouds are situated close to (<60 pc), and
possibly interacting with, the circumnuclear disc orbiting Sgr A*
(e.g. Ho et al. 1985; Yusef-Zadeh et al. 1999; Herrnstein & Ho
2005; Sjouwerman & Pihlstrom 2008; Ott et al. 2014). In their in-
terpretation for the 3D structure of the CMZ, Molinari et al. (2011)
suggest that Sgr A* must be offset from the dynamical centre of
the orbit they prescribe (situated closer to the 20 and 50 km s~!
clouds), in order to explain the difference in the clouds’ radial ve-
locities. In the Molinari et al. (2011) geometry, the 20 and 50 km s ™!
clouds are situated within ~20 pc from Sgr A*, and are both on the
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Figure 15. Top panel: a PPV diagram of the molecular gas distribution
between —0°2 < [ < 0°2 and —0°15 < b < 0205 in position and 0.0 kms~!
< vLsr < 60.0km s~ in velocity. This region incorporates several massive
molecular clouds, including the 20 and 50 km g1 clouds, and GCM 0.11 —
0.11. The data points have equivalent meaning to those presented in Fig. 10.
Bottom panel: highlighting the distribution of data points in the top panel.
The background image and contours in both panels are equivalent to those
in Fig. 6.

near-side of the Galactic Centre (this will be discussed in more
detail in Section 4.4.2).

The spectral resolution of the observations presented in this work
is insufficient to draw any physical connection between the 20 and
50 km s~! clouds and the circumnuclear disc orbiting Sgr A*. How-
ever, comparison between the top panel of Fig. 15 and the right-
hand panel of Fig. 10 reveals that the bulk of molecular emission
attributed to these two clouds is associated with the high-velocity
extended gas stream discussed in Section 4.3.1. This is consistent
with the work of Kruijssen et al. (2015), whose dynamical model
describing the gas kinematics of the CMZ implies a physical sepa-
ration of ~60 pc between the 20 and 50 km s~ clouds and Sgr A*
(see Section 4.4.3).

4.3.4 The dust ridge molecular clouds

The top panel of Fig. 16 is a PPV diagram of the molecular line
emission associated with the dust ridge (Lis et al. 1994). Data points
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Figure 16. A PPV diagram of the dust ridge (Lis et al. 1994, 2001). The
data points shown are restricted in Galactic latitude between —0°05 < b
< 0210 and in velocity between —5.0km s7! < visr < 50.0kms™! to
focus on emission from the dust ridge only (see Section 4.3.4 for more
details). The data points have equivalent meaning to those presented in
Fig. 10. Bottom panel: highlighting the distribution of data points in the
top panel. Black squares in the bottom panel indicate the location of (in the
direction of increasing Galactic longitude) G0.2534-0.016 and Clouds B-F.
The background image and contours in both panels are equivalent to those
in Fig. 6.

are shown over a restricted latitude and velocity range (—0°05 <
b < 0210 and —5kms™! < v g < 50kms™!, respectively) in
order to focus solely on emission from the dust ridge molecular
clouds. The bottom panel of Fig. 16 highlights the corresponding
spatial distribution of these data points. The black squares denote
the location of some of the highest mass (M ~ 10*~10° M) and
most compact (radii, R ~ a few pc) molecular clouds within the
Milky Way (Lis et al. 2001; Immer et al. 2012; Longmore et al.
2013b; Walker et al. 2015).

Spectra exhibiting multiple velocity components are prominent
throughout the dust ridge (see Fig. 4). Within each dust ridge cloud
there is a spread of over >30 km s~! in centroid velocity (see
Table 3). This is reflected in Fig. 16, where we find that although
complex, the dust ridge appears to be split into two main features
that are almost parallel in velocity (centred on ~5 and 25 km s/,
respectively).

At the location of G0.25340.016, and in the immediate sur-
rounding region, we detect four different velocity components
oy ~ 7 km s7!, voo ~ 21 km s7!, vo3; ~ 38 km s7!,
voa ~ 70 km s~': not all of which are observed simultane-
ously). This is consistent with the observed velocity structure of
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Figure 17. Left: a PPV diagram of Sgr B2. Only the HNCO solutions are shown to avoid confusion caused by the self-absorption observed in the N,H* and
HNC spectral line profiles (see Section 3.2). The data points are colour-coded according to five different velocity ranges (note the key on the right-hand side of
the figure): 20-30 km s~'; 3040 km s~'; 40-50 km s~'; 50-60 km s~ '; 60-70 km s~!. As with Fig. 6, the size of each data point is proportional to the peak
intensity of the corresponding spectral component. The vertical dashed lines are equivalent to those in Fig. 6 and refer to positions P1 and P2 (the corresponding
spectra of which are shown in Fig. 3). Right: a map showing the spatial distribution of the data points shown in the left-hand panel. The black contours are
equivalent to those presented in Fig. 4. The colours are equivalent to those in the left-hand panel. The black dot—dashed ellipse refers to the location of the ring
of emission identified by Bally et al. (1987) between 20 and 40 km s~!. The black dashed ellipse highlights the location of the ‘hole” in 3CO (1—0) emission
discussed by Hasegawa et al. (1994). These images reveal the ‘cone-like’ PPV-structure of Sgr B2 discussed in Section 4.3.5. This illustrates how a conical
PPV-structure can lead to the perception of shells (and corresponding holes) in velocity-integrated emission maps.

G0.25340.016 (e.g. Lis & Menten 1998; Kauffmann et al. 2013;
Bally et al. 2014; Johnston et al. 2014; Rathborne et al. 2014a, 2015;
Kruijssen et al. 2015; Mills et al. 2015).

It has been suggested that cloud—cloud collisions may be respon-
sible for the disturbed velocity structure and prevalence of shocked
gas tracers (traced via SiO; e.g. Kauffmann et al. 2013) through-
out G0.253+0.016 (e.g. Lis & Menten 1998; Higuchi et al. 2014;
Johnston et al. 2014). Considering each velocity component in the
global context of the CMZ leads us to conclude that the prominent
component observed at ~70 km s~! is unlikely to be associated
with G0.253+4-0.016 (hence the choice of velocity range in Fig. 16).
Instead, emission from the ~70 km s~! component is morpholog-
ically different to G0.2534-0.016, and can instead be linked to the
extended high-velocity feature discussed in Section 4.3.1. Although
the right-hand panels of Fig. 10 show that this feature spatially over-
laps with the southern portion of G0.253+40.016, the two features
are predicted to be physically separated along the line of sight in
several different interpretations for the 3D structure of the CMZ
(see Section 4.4). This implies that any interaction between the two
is unlikely. This does not however, rule out any interaction between
the other cloud components associated with G0.253+-0.016.

An alternative explanation for the disturbed kinematics may
be due to the location of the dust ridge in its orbit around the
Galactic Centre. In the orbital solution of Kruijssen et al. (2015),
G0.25340.016 has most recently traversed pericentre, the clos-
est approach to the bottom of the Galactic gravitational potential
(Atyjast = 0‘301’8:82 Myr, where Aty is the time elapsed since
last pericentre passage). The tidal interaction between the cloud
and the Galactic gravitational potential during pericentre passage
may produce complex line-of-sight velocity structures due to the
combination of compressive tidal forces, geometric convergence,
and shear (Kruijssen et al. in preparation).

4.3.5 The Sagittarius B2 molecular cloud complex

The Sgr B2 molecular cloud complex is evident most prominently
between 0250 < [ < 0285 and —0°15 < b < 0210 in position, and
between 10.0kms™' < v gz < 70kms™! in velocity (see Fig. 6).
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Fig. 4 shows that spectral profiles over this spatial area are often best
represented by two or three (and in some cases, four) independent
velocity components. On average, SCOUSE finds Neomp /Npic ~ 2 within
this region, which is greater than the CMZ as a whole (~1.6; see
Table 1). This is an immediate indication of the complexity in the
line-of-sight velocity structure.

The centroid velocity and velocity dispersion of the HNCO data
at the location of Sgr B2 main ({,b} = {02667, —02036}) are vy
=64.3040.04kms ™! and 0 = 10.91 £ 0.04 kms~', respectively.
Within the surrounding region, velocity dispersions can be factors
of ~a few greater (see Table 3).

Fig. 17 provides a close up view of the {l, b, v sr} structure of
Sgr B2. In this image we only include the line-centroid velocities
of the HNCO spectral features. This is because the NyH" and HNC
line profiles suffer from self-absorption towards the densest region
of Sgr B2, and are therefore poor tracers of the line-of-sight velocity
(see Fig. 3). The velocity structure is remarkable. It increases from
~20km s~ at the outer edges of Sgr B2 to ~65km s~! at the column
density peak. This corresponds to a gradient of ~2.3 km s~! pc~!,
maintained over a projected distance of ~20 pc.

A recurring feature of Sgr B2 observations is a shell-like structure
(and corresponding ‘hole’) that is most prominent in emission maps
integrated over the velocity range 20kms~! < vigr < 40kms™!.
This feature was first identified by Bally etal. (1988, see their Figs 5g
and 5h). It is centred on {/, b} = {0262, —0204} and spans ~45 x
30 pc in diameter. We illustrate the spatial extent of this feature
with a black dot—dashed ellipse in the right-hand panel of Fig. 17.
The radius of the inner cavity of the shell decreases with increasing
velocity, and a secondary ‘hole’ is evident when integrating over the
velocity range 50kms™' < vy gg < 60km s~ (this is not discussed
explicitly by Bally et al. 1988, but can be seen in their Fig. 5j).
This feature is centred on {/, b} = {0267, —0203}, and is smaller
by comparison, with a physical extent of ~6 x 4 pc (in diameter).

The perceived presence of a shell in the emission profile
can be explained with closer inspection of Fig. 17. In the left-
hand panel we display all velocity components identified between
20kms~! < v gg < 70kms™!, revealing that the PPV-structure of
Sgr B2 has a ‘cone-like’ appearance. We group all data points into



five velocity bins (each spanning 10 km s~!), and colour-code each
data point according to the relevant velocity range. The right-hand
panel displays the spatial distribution of data points within each ve-
locity bin. A conical PPV-structure explains the shells seen in inte-
grated emission maps of Sgr B2. Qualitatively, integrating emission
over the velocity range 20kms™' < v sg < 40kms~! would dis-
play only the base of the cone, resulting in the appearance of a shell
(and corresponding hole, indicated by the large dot—dashed ellipse
in the right-hand panel of Fig. 17). Alternatively, integrating over
the velocity range 20kms™! < vy sg < 60kms~! would display all
but the tip of the cone, which again would give the impression of
a broad shell (incorporating most of the Sgr B2 emission) and a
smaller hole (the small dashed ellipse).

Hasegawa et al. (1994) observe the small hole (dashed ellipse,
right-hand panel, Fig. 17) over a different velocity range to that
presented in the right-hand panel of Fig. 17 (40-50 km s~! versus
our 50-60 km s~!, respectively). Similarly, their observed emission
peak lies between 70-80 km s~! (rather than 60-70 km s~! as
in Fig. 17). Sato et al. (2000), using the same data as Hasegawa
et al. (1994), acknowledge that '*CO line profile is affected by
self-absorption. This will have a significant effect on the inferred
kinematics and is likely to be the source of discrepancy in the line-
of-sight velocity.

While the complex velocity structure of Sgr B2 has led to a com-
mensurate number of interpretations of its origin, Hasegawa et al.
(1994) cite the morphological similarity between the small hole and
the emission feature as evidence for collision between two physi-
cally independent molecular clouds (see also Mehringer et al. 1993;
Hunt et al. 1999; Sato et al. 2000; Lang et al. 2010). In contrast to
Hasegawa et al. (1994) however, we do not observe a discontinuity
between the velocity of the hole and that of the emission peak.
Instead, we find that the PPV-structure of Sgr B2 is continuous, as
is evidenced by Fig. 17. Any HNCO emission between 70 km s~
< visg < 100kms™' is linked to the extended high-velocity
feature highlighted by the pink contour in Fig. 9. This is an
important distinction to make. In our kinematic analysis, the ‘hole’
of Hasegawa et al. (1994) can only be reproduced if we remove all
velocity components between 60 km s7! < vgr < 70kms™h).

4.4 The three-dimensional structure of the CMZ I: comparing
different geometries with the observed gas kinematics

Star and cluster formation within the CMZ is largely confined within
a Galactocentric radius of 100 pc and may be closely linked to the
orbital dynamics of the gas (e.g. Molinari et al. 2011; Longmore
et al. 2013b; Kruijssen et al. 2015). Establishing the true three-
dimensional structure of the CMZ is therefore an important step in
understanding star formation within the Galactic Centre. Figs 18
and 19 depict three different interpretations for the 3D structure of
the CMZ as they would appear in projection in {/, b} and {/, v.sg }
space, respectively. The inset image presented in each {/, v sr}
panel presents a face-on schematic of each interpretation (rotation
is in the clockwise direction in each case). In the following sections,
we discuss how the prominent gas features discussed in Section 4.3
contribute to the overall 3D structure of the CMZ in each interpre-
tation.

4.4.1 Two spiral arms

One interpretation is that the CMZ is dominated by two spiral arms
(Scoville, Solomon & Jefferts 1974; Sofue 1995; Sawada et al.
2004). Sofue (1995) speculate that the two extended PPV-structures
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discussed in Section 4.3.1 and displayed in Fig. 10 represent two
spiral arms that combine to create a ring-like structure of radius
~120 pc. Such a configuration is qualitatively supported by obser-
vations of external galaxies whereby either loosely wound or more
chaotic spirals have been identified within the circumnuclear star-
burst rings of galaxies with grand design structure (see e.g. fig. 9 of
Peeples & Martini 2006).

Sofue (1995) interprets Arm 1 (left-hand panels of Fig. 10 and
blue in Figs 18 and 19) as being situated on the near-side of the
Galactic Centre, further suggesting that it is associated with the
dust ridge and Sgr B2. Conversely, Arm 1 (right-hand panels in
Fig. 10 and red in Figs 18 and 19) is situated on the far-side of the
Galactic Centre and is associated with Sgr C.

This geometry was revisited by Sawada et al. (2004), who esti-
mated the positions of molecular clouds along the line of sight by
comparing emission and absorption features in CO (1—0) and OH,
respectively. Sawada et al. (2004) infer that the CMZ is well repre-
sented by an ellipse of physical extent ~500 pc x 200 pc (see also
Ferriere, Gillard & Jean 2007). This ellipse is centred on [ ~ 0229,
offset with respect to Sgr A* by a projected distance of ~50 pc
(with Sgr A* situated at [ ~ —02056; Petrov et al. 2011), and is
inclined by ~70° with respect to the our observed line of sight.

Whilst Sofue (1995) make a qualitative comparison between
the molecular gas distribution and simulated {/,vi sz} diagrams
produced using a model that assumes spiral arms of gas, Sawada
et al. (2004) note that the angular resolution of their observations
(10 arcmin; ~24 pc) is insufficient to resolve the features described
in Sofue (1995). Consequently, the depiction of this configuration
in Figs 18 and 19 should serve merely as an approximation. The
main features of the spiral arm interpretation are instead illustrated
by adjusting the locations of Streams 1 and 2 of Kruijssen et al.
(2015), which cover a similar region of {/,b} and {/, v.sg} space
(note however, that the physical nature of the streams differ funda-
mentally, cf. Section 4.4.3). The streams are shifted such that they
are approximately point symmetric about Sgr A*. In the face-on
schematic presented in the inset image of the top panel of Fig. 19,
plotted are two spiral arms centred on Sgr A* (i.e. not at/ ~ 0229 as
in Sawada et al. 2004; Ferriere et al. 2007), with apocentre radius,
Tmaj = 120 pc (Sofue 1995), pericentre radius, 7y, = 80 pc (an ec-
centric orbit is required to produce non-zero line-of-sight velocities
at/ = 020), inclined by 70° with respect to the observed line of sight
(Sawada et al. 2004), and with a constant pitch angle of 10°.

Sofue (1995) and Sawada et al. (2004) make several, mutually
consistent, predictions for the locations of the more prominent
molecular clouds along the line of sight. Both studies place Sgr
C on the far-side of the Galactic Centre (associated with Arm 1),
and Sgr B2 on the near-side (associated with Arm1). Sgr C and Sgr
B2 are both situated at the lead points of their respective spiral arms
(see fig. 10 of Sofue 1995 and fig. 12 of Sawada et al. 2004, respec-
tively). Close inspection of the continuous PPV-structures presented
in Figs 10 and 19, leads us to infer that the dust ridge clouds are
associated with Arm 1 and the 20 and 50 km s~' clouds are asso-
ciated with Arm 1. This would imply that the 20 and 50 km s~!
clouds are situated on the far-side of the Galactic Centre. This is
in disagreement with the observation that both clouds appear as
absorption features at 70 pm (Molinari et al. 2011). Although the
line-of-sight placement of the 20 and 50 km s~ clouds is not dis-
cussed explicitly by either Sofue (1995) or Sawada et al. (2004),
this represents an potential inconsistency in the spiral arm interpre-
tation. To be consistent (i.e. with the clouds on the near-side of the
Galactic Centre and the arm on the far-side), there would have to
be no physical connection between the 20 and 50 km s~! clouds
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Figure 18. The Herschel-derived molecular hydrogen column density map of the CMZ (Battersby et al. in preparation) overlaid with three different
interpretations of the 3D structure of the CMZ (as they would appear in projection on the sky; {/, 5}). The top panel depicts the interpretation that the gas and
dust distribution of the CMZ is organized into two prominent spiral arms (see Section 4.4.1). ‘Arm 1” (blue) is situated on the near-side of the Galactic Centre,
whereas ‘Arm 11’ (red) is situated on the far-side. The two spiral arms are illustrated in this figure using Streams 1 (Arm 1) and 2 (Arm 1) of the Kruijssen
et al. (2015) orbital solution (note that the physical interpretation of the Kruijssen et al. 2015 orbital solution is fundamentally different from the geometry
presented by Sofue 1995, see Section 4.4.3). The latitude of these two streams has been altered such that the arms are approximately point symmetric about
Sgr A*. The central panel depicts the Molinari et al. (2011) orbital geometry. In this interpretation, the gas and dust follow a closed elliptical orbit around Sgr
A* (see Section 4.4.2). The green and red portions of the orbit represent the near- and far-side (when viewed in projection), respectively. The bottom panel
depicts the dynamical orbital solution of Kruijssen et al. (2015). In this model, material follows an open eccentric orbit around Sgr A* (see Section 4.4.3). The
colours in this final panel refer to those presented by Kruijssen et al. (2015). Streams 1, 2, 3, and 4 appear in brown, blue, orange, and cyan, respectively. The
point-of-interest markers are identical to those presented in the top panel of Fig. 9.

larly important in the CMZ, where broad velocity dispersions can
lead to independent features blending in velocity. By comparison,

and the high-velocity gas stream that represents Arm 11. This seems
unlikely given the large-scale coherency and continuity of the gas

stream presented in the right-hand panels of Fig. 10.

Sawada et al. (2004) suggest that Arm 1 (red, Fig. 19) may be
an extension of the 123-cloud complex (not included in this work).
One may infer from Fig. 19 that Arm 11 continues between 007 < [ <
121 and 50.0kms™! < vrsg < 100.0kms™' (we have highlighted
this material with the pink contour in Fig. 9). This possibility is
illustrated with a thin red line in the face-on schematic diagram
presented in Fig. 19.

The extension of Arm 11is in contention with Tsuboi et al. (1999),
who instead infer a connection between Arm 1 (blue, Fig. 19) and
the emission at longitudes >0°7. Tsuboi et al. (1999) refer to this as
the Galactic Centre bow, envisaging a single-arm structure situated
on the near-side of the Galactic Centre. Differences such as these
can arise when identifying structure in either velocity-integrated
channel maps or position-integrated PV diagrams. This is particu-
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Figs 6 and 19 plot only the centroid velocity of spectral compo-
nents identified by scousg, and are therefore less susceptible to
confusion. Because of this, the phase-space separation between the
high-velocity gas at / > 0°7 and that associated with Arm 1 is ev-
ident, which disfavours the Galactic Centre bow interpretation of
Tsuboi et al. (1999).

4.4.2 A closed elliptical orbit

An alternative explanation is that the CMZ represents an elliptical
ring of gas and dust. Binney et al. (1991) propose that the observed
gas distribution and non-circular motions within —10° </ < 10°
and —0°5 < b < 25 may be generated by the presence of a
non-axisymmetric potential, or bar. The presence of a galactic bar
leads to the formation of different orbital families; those elongated
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Figure 19. Three different interpretations for the 3D structure of the CMZ as they would appear in {/,vLsr} space. Within each panel, the inset figure
represents a schematic of the top-down view of the respective interpretation. The top panel depicts the spiral arm interpretation (see Fig. 18 and Section 4.4.1).
The line-of-sight velocities of the two arms have been altered such that they are approximately point symmetric about Sgr A*. Focusing on the schematic
diagram, the thick lines refer approximately to those in the {/, vy sr } diagram. The thin portion of each line represents possible extensions of these features not
depicted in either the {/, vLsr } diagram, or the {/, b} diagram in Fig. 18 (e.g. Sawada et al. 2004; Johnston et al. 2014). The dotted circle is used to emphasize
the deviation from circular geometry. The central panel depicts the Molinari et al. (2011) parametrization (see Section 4.4.2). The bottom panel displays the
Kruijssen et al. (2015) orbital solution (see Section 4.4.3). Streams 1, 2, 3, and 4 are coloured brown, blue, orange, and cyan, respectively. The grey pixels and
symbols in each panel are identical to those in the bottom panel of Fig. 9. The x- and y-axis of each inset figure refers to Galactic longitude and offset position
along the line of sight (in parsec ranging from —150 to 150 pc), respectively. The shaded region within each inset figure reflects the longitude limit of the data
presented in this paper.
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along the bar, ‘x,’, and those perpendicular to the bar (embedded
within the former), ‘x,” (e.g. Contopoulos & Mertzanides 1977;
Binney et al. 1991; Athanassoula 1992). Binney et al. (1991) com-
pare large-scale emission from H 1 gas in {/, vLsr} space with a
progressive series of x; orbits modelled for a bar inclination of 16°,
highlighting the similarity between the two, and infer that clouds
within the CMZ move on elliptical x, orbits.

The central panels of Figs 18 and 19 depict the parametric or-
bital configuration of Molinari et al. (2011). This geometry was
created using dust continuum observations from the Herschel Hi-
GAL survey and line-of-sight velocities at 20 locations throughout
the CMZ extracted from the CS (1—0) data presented by Tsuboi
et al. (1999). In this interpretation, the gas dynamics of the CMZ
are attributed to a closed elliptical x, orbit, the vertical oscillation of
which reproduces the prominent co-symbol shaped distribution of
dust identified in Herschel observations at 250 pm (Molinari et al.
2011).

In Figs 18 and 19 the front side of the orbit is illustrated in green
and the rear side in red. The front side of the orbit contains the dust
ridge clouds (G0.253+0.016 and Clouds B-F) and Sgr B2. This is
inferred from their enhanced 70 um absorption seen in the Herschel
images. Additionally, the front side of the orbit contains the 20 and
50 km s~! clouds. This is in contrast to the spiral arm interpretation
discussed in Section 4.4.1. Sgr B2 and Sgr C are located close to
apocentre on the opposite sides of the Galactic Centre, where clouds
linger longest as they move along the line of sight (Binney et al.
1991).

In the Molinari et al. (2011) parametrization, the gas and dust dis-
tribution from Sgr C to Sgr B2 (including the 20 km s~!, 50 km s~!,
and dust ridge clouds) is continuous, resulting in the co-symbol
morphology (see central panel of Fig. 18). However, while their ge-
ometry suitably describes projected images of the CMZ, Kruijssen
etal. (2015) identified a significant discontinuity in the {/, v sg } dis-
tribution of molecular gas thought to be associated with this portion
of the Molinari et al. (2011) orbit. This leads Kruijssen et al. (2015)
to conclude that the gas and dust between the 20 and 50 km s~
clouds and the dust ridge cannot be physically connected.

While Fig. 19 supports the conclusion that the dust ridge is not
connected to the gas stream containing the 20 and 50 km s~! clouds,
our new analysis method allows us to follow the coherence of the
latter gas stream to higher longitudes. As such, our results go fur-
ther than the notion of a ‘discontinuity’ as described by Kruijssen
et al. (2015, see their fig. 2, bottom panel). Instead, we find that
the observed molecular gas distribution is better described by two
parallel (in {/, vLsr } space) features that do not physically connect
Sgr C and Sgr B2 in the specific way described by the Molinari
et al. (2011) orbital configuration. Moreover, Fig. 19 shows that the
spectral components associated with the dust ridge clouds and those
associated with the 20 and 50 km s~! clouds are largely offset in ve-
locity from the Molinari et al. (2011) orbit (even when incorporating
the range of velocities presented in Table 3). In fact, the intensity-
weighted velocities of Clouds B—F are more consistent with the
{l,visr} coordinates of the far-side of the orbit (although they do
not match in latitude). These discrepancies lead us to conclude that,
the parametrization presented by Molinari et al. (2011) is unable
to successfully describe the observed molecular gas distribution of
the CMZ.

There is another potential caveat which applies more generally to
the concept of a closed elliptical orbit. Kruijssen etal. (2015) suggest
that at longitudes close to [ ~ (0225, there exists three (extended
and continuous) PPV-structures or streams. The left- and right-
hand panels of Fig. 10 show that we clearly identify two of these
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streams. The third is more difficult to distinguish unambiguously
because, although it is separated in latitude from the extended low-
velocity PPV-structure (see left-hand panels of Fig. 10), it is almost
indistinguishable in velocity (see the blue and orange streams in
the bottom panels of Figs 18 and 19). For any given longitude, a
closed elliptical orbit describing the distribution of CMZ material
should only comprise two principal components, i.e. the near- and
far-side. Therefore, the simultaneous presence of three independent
gas streams over a range of longitudes, if confirmed (either via high
angular resolution observations or proper motion measurements),
cannot be explained by an elliptical orbit alone.

4.4.3 Open stream(s)

Kruijssen et al. (2015) have used NH; (1,1) emission-line observa-
tions from the H,O Southern Galactic Plane Survey (Walsh et al.
2011; Purcell et al. 2012) in conjunction with a modified grav-
itational potential (implied by the stellar mass distribution from
Launhardt, Zylka & Mezger 2002) to develop a dynamical model
describing the gas dynamics of the CMZ. The bottom panels of
Figs 18 and 19 depict their best-fitting orbit in {/,b} and {/, v.sg }
space, respectively.

There are several key differences between the dynamical model
of Kruijssen et al. (2015) and the parametric geometry of Molinari
et al. (2011). First, the orbit is open, as would be the case for
an extended mass distribution with an axisymmetric gravitational
potential. Although the presence of the Galactic bar results in a
non-axisymmetric potential on ~kpc scales, there is no evidence for
such asymmetries on scales equivalent to the CMZ gas stream. As a
consequence, Kruijssen et al. (2015) state that the orbit is likely to be
open, with vertical oscillations ensuring that gas structures survive
for several orbital periods without disruption due to self-interaction.
Secondly, the orbital velocity is variable, which is consistent with
the eccentricity of the orbit. Finally, Sgr A* is not displaced towards
the near-side of the stream.

The dynamical solution of Kruijssen et al. (2015) is described
using a continuous orbit split into four segments or ‘streams’. The
inset image in the bottom panel of Fig. 19 depicts the configuration
of the streams as seen from above the Galactic plane. In contrast to
the spiral arm geometry (Section 4.4.1), the 20 and 50 km s~! are
situated on the near-side of the Galactic Centre (as they are in the
Molinari et al. 2011 interpretation), and associated with Stream 1
(brown; Fig. 18). The dust ridge clouds are associated with Stream 2
(blue) and are also on the near-side. Due to the difference in the
line-of-sight velocity of these two streams, which disfavours any
immediate continuity between the two (see Section 4.4.2), the resul-
tant orbit follows in the order 2—-3—4—1 (blue—orange—cyan—brown).
Stream 2 begins upstream, Streams 3 and 4 are on the far-side of
the Galactic Centre, and Stream 1 represents a downstream ‘tail’.

Although the placement of the dust ridge clouds on the near-side
of the Galactic Centre is consistent with the spiral arm geometry
presented in Section 4.4.1, a fundamental difference between the
two involves the nature of the low-velocity feature presented in
the left-hand panels of Fig. 10. Whereas Sofue (1995) and Sawada
et al. (2004) (also Bally et al. 1988; Tsuboi et al. 1999) interpret
this as a continuous structure, in the Kruijssen et al. (2015) model it
comprises both Streams 2 (blue) and 4 (cyan). This is an important
distinction to make since Stream 2 resides on the near-side of the
Galactic Centre, whereas Stream 4 is situated on the far-side, and
the two are not contiguous. In this sense, the 90 pc gap in HNCO
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Figure 20. PPV diagrams shown in the {b, v;sr } projection. Each sub-figure highlights the velocity components identified within 10 pc and 20 km s~! of the
four streams with describe the Kruijssen et al. (2015) orbital solution. Clockwise from top-left, following the order of the orbital solution (cf. the inset image
of Fig. 19), the streams displayed are: Stream 2 (blue); Stream 3 (orange); Stream 4 (cyan); Stream 1 (brown). This figure highlights that the association of
velocity components with the streams can in some cases be degenerate (as discussed in Section 4.4.3 and by Kruijssen et al. 2015). The pixel sizes and colours
are equivalent to those in Fig. 10. The image at the base of each plot and the contours are equivalent to those presented in Fig. 6.

emission (see Section 4.3.1) may be due to the varying physical
conditions at different locations in the orbit.

In Fig. 20, we investigate this further using the kinematic in-
formation extracted using scoust. Each panel of Fig. 20 is a PPV
diagram shown in the {b, v sg} projection, focusing on a differ-
ent stream (clockwise from top-left the order displayed is 2—-3-4-1
or blue—orange—cyan—brown). The velocity components shown are
those which lie within 10 pc (in both [ and b) and 20 km s~! from
the respective stream.

The top and bottom left-hand panels focus on Streams 2 (blue) and
4 (cyan), respectively. At low longitudes (those in the foreground),
the data points cannot be linked to either stream unambiguously.
Similarly, there is a close relationship between Stream 2 (blue) and
Stream 3 (orange; top-right panel) at positive longitudes (those in
the background). This arises due to the small separation in velocity
between the respective streams (see the bottom panel of Fig. 19). The
latter ambiguity however, is partially alleviated by the difference in
latitude between the two streams (with Stream 2 situated at greater
latitudes; see bottom panels of Fig. 18).

Kruijssen et al. (2015) discuss the degeneracy between Streams 2
(blue) and 4 (cyan) explicitly, and note that the best-fitting orbital
solution is unaffected, as the gas fits both streams. However, it is
worth stating that both of the ambiguities discussed above are re-
lated to the far-side of the gas stream. This may indicate that gas
associated with the streams on the far-side may be more tenuous

than the front, possibly signifying a near-far side asymmetry in
the gas distribution in addition to the well-documented longitudi-
nal asymmetry of the CMZ (see Section 4.2). While the Kruijssen
etal. (2015) model allows for this interpretation, establishing proper
motions of the negative-longitude, high-latitude gas clouds would
remove any residual ambiguity (see Section 4.5).

4.5 The three-dimensional structure of the CMZ II: future
work, confronting theory with observations

Establishing the true 3D structure of the CMZ is complicated by our
edge-on view through the Galactic plane. To fully understand the
nature of the Galactic Centre gas stream, we require more complete
information (ideally in 6D space; 3D position and 3D motion). Fun-
damental differences between the orbital configurations presented
in Section 4.4 make it possible to distinguish between them ob-
servationally. This can be achieved by measuring proper motions
of masers and combining them with their projected locations and
line-of-sight velocities.

One such difference regards the direction of motion of the 20 and
50 km s~! clouds in the plane of the sky. The spiral arm interpreta-
tion predicts proper motions in the direction of decreasing Galactic
longitudes (see Arm m; red in Fig. 18). This is in contrast to both
the closed elliptical orbit of Molinari et al. (2011) and the open
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stream of Kruijssen et al. (2015), which predict proper motions in
the direction of increasing Galactic longitude.

Another key determinant is the proper motion of Sgr C. The
Molinari et al. (2011) interpretation predicts that Sgr C is very
close to apocentre. This suggests that the motion would largely be
along the line of sight. In contrast however, both the spiral arm
interpretation and the open stream predict motion in the plane of
the sky, but in opposite directions. In the case of the spiral arm
interpretation, the motion in the plane of the sky would be directed
towards decreasing Galactic longitudes whereas the open stream
predicts the opposite.

As discussed in Section 4.4.3, establishing proper motions of the
negative longitude, high-latitude gas clouds would also remove the
current ambiguity regarding the nature of the gas stream presented
in the left-hand panels of Fig. 10. The orbital solution of Kruijssen
et al. (2015) predicts that the proper motions of these clouds are
directed towards negative longitudes (associated with Stream 4),
opposite to those of the dust ridge (associated with Stream 2). If
confirmed, this would demonstrate that the emission presented in the
left-hand panels of Fig. 10, in fact, comprises to two physically in-
dependent gas streams. This is in contrast to the spiral arm interpre-
tation, which predicts proper motions in the direction of increasing
longitudes throughout the entirety of this singular and continuous
feature.

So far, the only published maser proper motion values in the
Galactic Centre have been determined for the water masers in Sgr
B2 (uy, up =23 £ 1.0, —1.4 &+ 1.0 mas yr"; Reid et al. 2009).
These values are consistent with the predictions of Kruijssen et al.
(2015), while the Molinari et al. (2011) geometry predicts a too
small velocity in the plane of the sky for Sgr B2 (Kruijssen et al.
2015). CH3OH and H,O masers, best suited for proper motion
measurements of star-forming regions in molecular clouds, have
been detected in Sgr B2, Sgr C, the 20 km s~! cloud, south of
G0.2534-0.016, and in the dust ridge clouds C and E (e.g. Caswell
et al. 2010; Walsh et al. 2014; Lu et al. in preparation). Proper
motion measurements of these masers with the VLBI Exploration
of Radio Astrometry interferometer and the Very Long Baseline
Array are currently underway.

A final avenue for future work concerns the gas at/ > 027 and v sg
> 50kms~!, depicted by the pink contour in Fig. 9. This gas appears
to connect smoothly to the 193 cloud complex in {/, b, v sg } space
(Longmore et al. in preparation). The 1°3 cloud complex contributes
significantly to the longitudinal asymmetry in the gas distribution
of the CMZ. Rodriguez-Fernandez & Combes (2008) suggest that
the 1°3 cloud complex is the main accretion site of material on
to the CMZ, and that asymmetric accretion may explain observed
gas distribution. An alternative hypothesis is that the longitudinal
asymmetry of the CMZ (including the 1°3 cloud complex) is the
result of gravitational instabilities whose length-scale is A ~ 200 pc
(Krumholz & Kruijssen 2015).

A current matter of contention is how exactly the gas at [ > 027
relates to the extended PPV-structures presented in Fig. 10). In the
spiral arm interpretation, Arm 1 represents a direct continuation of
the gas at [ > 027 (with plane of the sky motion in the direction
of decreasing Galactic longitude). An alternative explanation is
that the 1°3 complex and Bania’s Clump 2 are moving along the
innermost self-intersecting x; orbit (Binney et al. 1991; Morris &
Serabyn 1996; Rodriguez-Fernandez et al. 2006; Bally et al. 2010).
Finally, Kruijssen et al. (2015) do not draw any (immediate) physical
connection between the gas at [ > 027 and their Stream 1 (whose
motion in the plane of the sky is directed towards increasing Galactic
longitude). This is because for Stream 1 to smoothly connect to the
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123 cloud complex, it would have to originate from significantly
beyond Sgr C (due to energy conservation).

When viewed in {/, v sg } projection, these two gas features ap-
pear to be continuous (see e.g. Johnston et al. 2014). However, by
definition, {/, v_sg } diagrams lack latitude information. In Fig. 9, we
see that the / > (27 gas (pink contour) covers a much larger latitude
range than the gas associated with the extended high-velocity PPV-
structure (red contour in Fig. 9). The latitude range of the [ > 027 gas
covers the full extent of the observations presented here (~60 pc).
By comparison, the extended PPV-structures cover a latitude range
equivalent to ~7-15 pc (this is also noted in Rodriguez-Fernandez
& Combes 2008). While this distinct change in the scaleheight of
the gas may be due to projection (potentially supporting the spiral
arm or closed elliptical orbit interpretations), it may also imply that
the two bodies of gas are not contiguous. Instead, the material at /
> (027 may be a gas reservoir which resides several orbital revolu-
tions upstream. Krumholz & Kruijssen (2015) predict that this gas
will undergo continued angular momentum loss driven by acoustic
instabilities over a further 5 Myr before entering the 100 pc gas
stream. Establishing the proper motion of gas associated with the
high-velocity PPV-structure will remove this ambiguity, and may
have wider implications for understanding the asymmetric gas dis-
tribution of the CMZ and the role of the 1°3 cloud complex.

5 SUMMARY AND CONCLUSIONS

We have presented ScOusk, a line-fitting routine whose purpose
is to efficiently analyse large quantities of spectral line data in a
systematic way. Using a combination of molecular species taken
from the Mopra CMZ survey of Jones et al. (2012), we present a
new and detailed description of the molecular gas kinematics within
the inner 250 pc of the Galaxy. Our main findings are summarized
below.

(1) We compare the line-of-sight kinematics derived using SCOUSE
with those obtained using moment analysis. Where only one veloc-
ity component is identified, the results agree well (~98 per cent of
centroid velocity measurements differ by <6 km s~'). As the num-
ber of identified spectral components increases, significant devia-
tions are observed (only ~36, 17, and 7 per cent of centroid velocity
measurements agree for 2, 3, and 4 component fits, respectively).
Since multiple component fits are required to represent the line pro-
files of ~45 per cent of the (HNCO) data, we conclude that moment
analysis inadequately describes the molecular gas kinematics of the
CMZ.

(i1) Consistent with previous works we note that the distribution
of gas in the CMZ is asymmetric about Sgr A* (with a greater
proportion of material lying at positive longitudes). We confirm the
presence of a large-scale velocity gradient, with a magnitude of
4~ 0.6 km s~! pc™! in a direction ®y ~ 56.9° east of Galactic
north.

(iii) We confirm that gas motions within the CMZ are inher-
ently supersonic. Internal velocity dispersions range from ~2.6 to
53.1 km s~!, with a median value of 9.8 km s~!. This median ve-
locity dispersion corresponds to a Mach number of Mjp ~ 28-37
(assuming a fiducial temperature range for the dense gas of 60—
100 K).

(iv) The kinematic properties of several sub-regions and molec-
ular clouds are investigated independently. The following describes
our main findings.

(a) Continuous PPV-structures within the CMZ. The molecular
gas distribution is dominated by two extended features which are



approximately parallel in {/, visg } space. HNCO emission is more
prominent throughout the high-velocity PPV-structure than the low-
velocity PPV-structure. It remains an open question as to whether the
low-velocity PPV-structure represents a continuous stream (where
the 90 pc gap in HNCO emission reflects varying chemical and
physical conditions along the structure), or whether this feature
comprises two physically independent gas streams.

(b) The Sagittarius C molecular cloud complex (and surround-
ing region). We investigate the possibility that supernova explosions
are responsible for the production of shell-like features within the
Sgr C molecular cloud complex. Careful inspection of the data
in {I,b,visr} space leads us to conclude that such features may
be caused by the projected alignment of several (independent and
extended) molecular gas streams situated along the line of sight.
Consequently, we provide a cautionary note against structure iden-
tification in velocity-integrated emission maps.

(c) The 20 and 50 km s~' clouds. Consistent with other works,
we find that the clouds are coherently connected in {l, b, visg}
space. The separation in projected distance and velocity implies
a velocity gradient of ~2.3 km s~! pc~!. Our kinematic analysis
finds that the bulk of the molecular line emission associated with
the 20 and 50 km s~ clouds is just a small segment of the extended
high-velocity PPV-structure discussed above. This is in agreement
with the orbital solution of Kruijssen et al. (2015), which places the
clouds at a Galactocentric radius of ~60 pc.

(d) The dust ridge molecular clouds. Each dust ridge cloud spans
a range of >30 km s~! in centroid velocity. Emission associated
with the dust ridge is divided into two main features that are al-
most parallel in velocity (centred on ~5 and ~25 km s~!, respec-
tively). Considering all spatially coincident velocity components in
the global context of the CMZ leads us to conclude that a prominent
component observed at ~70 km s~ is unlikely to be associated with
the dust ridge. Instead, this emission can be linked to the extended
high-velocity PPV-structure discussed above.

(e) The Sagittarius B2 molecular cloud complex. The kinematics
of the Sgr B2 region are complex. The number of velocity compo-
nents identified per position is ~2, compared to the CMZ average
of 1.6. Sgr B2 contains a significant fraction (~45 per cent) of the
broad velocity dispersion gas (13.3kms™! <o < 53.1kms™"). The
kinematic structure is remarkable, increasing from ~20 km s~! at
the edges to ~65 km s~! at the centre, giving the complex a conical
appearance in {/, b, v_sr } space. Such a structure would provide an
explanation for the presence of shell-like features (and correspond-
ing ‘holes’) observed within velocity-integrated emission maps of
Sgr B2, which have previously been cited as evidence for cloud—
cloud collisions (e.g. Hasegawa et al. 1994; Sato et al. 2000).

(v) The molecular gas kinematics are compared against three
interpretations for the 3D structure of the CMZ. We conclude that:

(a) Two spiral arms. The spiral arm interpretation (e.g. Sofue
1995; Sawada et al. 2004) provides a qualitatively good reproduc-
tion of the observed molecular gas distribution. However, this inter-
pretation currently lacks a physical model that relates specifically
to the CMZ. Additionally, the appearance of the 20 and 50 km s~
clouds as absorption features at 70 pm (Molinari et al. 2011) is
difficult to reconcile with the geometry and is a particular area of
uncertainty.

(b) A closed elliptical orbit. The parametrization of the elliptical
orbit presented by Molinari et al. (2011) is unable to reproduce the
observed gas distribution in {/, b, v;sr } space. Additionally, there
is some evidence to suggest that three independent gas streams
are observed simultaneously over a range of Galactic longitudes.
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If verified, this empirical conclusion cannot be explained by an
elliptical orbit alone.

(c) An open stream. The open stream describing the dynamical
orbital solution of Kruijssen et al. (2015) reproduces the observed
{l,b,vLsr} gas distribution well. Additional observations are re-
quired to remove ambiguities in the association of gas emission to
either the near- or far-side of the gas stream. However, out of the
three investigated, an open stream is the only interpretation that
does not show discrepancies with the observational data.

(vi) Proper motion measurements of masers will help to obser-
vationally distinguish between different orbital configurations. We
describe the main differences in the direction of motion predicted by
the different interpretations at several locations throughout the orbit.
We propose several regions to focus future efforts. These include:
the 20 and 50 km s~! clouds, Sgr C, the negative longitude/high-
latitude clouds, and the 1°3 cloud complex.

Looking to the future, it is important to understand how the gas
in this region couples to the wider Galactic environment. Similar
analysis of the observed gas kinematics at larger galactocentric
radii, and comparison to the predictions of large-scale numeri-
cal simulations (e.g. Renaud et al. 2013, 2015; Emsellem et al.
2015; Krumholz & Kruijssen 2015; Sormani, Binney & Magorrian
2015a,b,c; Suzuki et al. 2015) offer a promising way forward in this
direction.
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APPENDIX A: TOWARDS A MORE COMPLETE
PICTURE OF CMZ GAS KINEMATICS

Gas within the CMZ spans a wide range of physical properties.
Any single molecular line tracer will therefore only be observable
over a finite range of excitation conditions. Consequently, in using
only a single molecular line tracer, our view of the line-of-sight
velocity structure of the CMZ is limited. In Section 4.2, we show
that although HNCO traces a significant fraction of CMZ gas, there
are also significant gaps in the information (see Fig. 6).

In Section 4.3, we expand on this and make use of multiple
molecular line transitions in order to develop a more complete pic-
ture of the line-of-sight velocity structure of the CMZ. Our selected
(additional) molecular lines are NoH™ and HNC. Both of these lines
exhibit hyperfine structure. Since the hyperfine structure is blended
due to the large line-widths, we can use SCOUSE to extract the kine-
matics. This allows us to determine the centroid velocity in regions
where the gas is optically thin. However, we acknowledge that
this influences the measurement of the velocity dispersion. While
therefore it is possible to use such measurements to investigate the
relative change in velocity dispersion throughout the CMZ, using
absolute values of the dispersion should be avoided.

Taking the above into consideration, we use this kinematic in-
formation in a qualitative sense, to ‘fill in the gaps’ in the HNCO
emission. In spite of this, Figs 10-17 reveal a remarkable conti-
nuity between the line-of-sight velocity structure of the different
molecular species. While small-scale deviations in the velocity be-
tween molecular lines may be present on a pixel-to-pixel level (of
the order of ~ a few km s™!), owing their origin to differences in a
combination of opacity, excitation, and chemistry, these are clearly
less important on the scales of interest to this study (~250 pc in
projected distance, and ~300 km s~! in velocity).

In this appendix, we describe the method used in order to merge
the data files output by scoust in order to create the combined
view of the line-of-sight velocity presented in Section 4.3. Initially,
SCOUSE is run independently on the different molecular line data
cubes. The merging process begins with a control catalogue and a
merger catalogue. In the first iteration of this process, the best-fitting
solutions to the HNCO emission comprise the control catalogue and
the NoH™ solutions make up the merger catalogue. With each sub-
sequent iteration, the control catalogue will contain a composite
mixture of the kinematic information merged during the previous
iteration. In this way, one can continue to add to the final solu-
tion file the kinematic information from several different molecular
lines.

Following the creation of the two catalogues, we cycle through
each position in the mapped region. We first of all remove all veloc-
ity components from the merger catalogue whereby /50 < L0y
We set I, = 4 and 8 for the NoH* and HNC data files, respectively.
This is to ensure that only high signal-to-noise components are in-
cluded in the process. Following this, at each location there are four
possible outcomes.

(i) There are no available best-fitting solutions available (either
in the control or merger catalogues). In this instance, we do nothing.

(ii) The location has an associated best-fitting solution in the
control catalogue, but not in the merger catalogue. In this instance,
the control catalogue solution is retained.

Gas kinematics of the CMZ 2701

2 x FWHM

L]

Control
................. Merger

Figure Al. A cartoon illustrating scenario (iv) outlined in Appendix A.
The dark solid line represents the best-fitting solution contained in the con-
trol catalogue, which comprises a single velocity component. The lighter
dotted line represents the best-fitting solution contained in the merger cat-
alogue, which comprises three velocity components, mj, my, and m3. In
this specific example component m; is retained since it is well separated
in velocity from the control component (and therefore does not represent a
pseudo-component introduced due to the high-optical depth of the line). All
components within the shaded region (m and m3) are removed from the
analysis.

(iii) The location has an associated best-fitting solution in the
merger catalogue, but not in the control catalogue. In this instance,
the merger catalogue solution is retained.

(iv) There are best-fitting solutions available in both the con-
trol and merger catalogues. In this instance, all components where
[v§.; — ;| < [8In(2)]' oy, are removed from the merger cata-
logue (i.e. those separated by less than the FWHM line-width from
the control component). The components from the control cata-
logue and all remaining components from the merger catalogue are
retained. A cartoon of this process is shown in Fig. Al. In this
specific example, the control component and component m; are
retained, and components m, and mj3 are removed from the merger
catalogue.

Once these steps are completed for every position in the map, the
two files are merged together. As a final step we repeat this process
this time using the merged HNCO and N,H" data file as the control
catalogue, and the HNC data file as the merger.

Fig. A2 visualizes the result of the merger process. The top panel
is equivalent to Fig. 4, each coloured pixel refers to the location of
a best-fitting solution in the HNCO data. The colour of each pixel
refers to the number of velocity components at that location. The
central and bottom panels are the same but for the N;H* and HNC
data, respectively. The images show that the N,H' and HNC fill in
the gaps in the HNCO data. Where equivalent velocity components
are identified in all three data files, only the HNCO components are
retained.

APPENDIX B: ESTIMATING THE SUPERNOVA
RATE OF A STAR CLUSTER

Estimating the supernova rate of a star cluster is sensitive to several
factors. First, it depends on the number of massive stars, which in
turn depends on the IMF and the cluster mass, M. Secondly, it
depends on the age of the cluster, since the lifetimes of stars are a
strong function of their initial mass.
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Figure A2. Illustrating the result of the merger process. The top panel is equivalent to Fig. 4. Each coloured pixel refers to a location with a corresponding
best-fitting solution. Each pixel is colour-coded according to the number of velocity components identified at that location. The central and bottom panels are
the same but for the NpH™ and HNC data, respectively (note that only components selected during the merging process outlined in Appendix A are shown).
Contours in all cases show the integrated intensity of the respective molecular line. Contour levels are, 1, 5, 25, 45, 65, and 85 per cent of peak (integrated)

emission.

To calculate the supernova rate within a cluster of mass M., we
use a Chabrier IMF (Chabrier 2003) to generate a distribution of
stellar masses with a fixed total mass of M.;. The Geneva evolution-
ary tracks of Ekstrom et al. (2012) are then used to determine the
lifetimes of each star. Since these tracks are computed at discrete
masses which are sparsely sampled at higher masses, a fifth-order
polynomial is fit to the mass-lifetime relation to avoid interpolation
artefacts. The supernova rate is then determined by simply count-
ing the number of stars which ‘disappear’ per time-step of 103 yr.
To estimate the impact of stochasticity, we run these simulations
100 times and measure the 1o standard deviation in the supernova
rate.
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Fig. 14 shows the results of this analysis (which are further dis-
cussed in Section 4.3.2). The overall shape of the supernova rate
with cluster age is flat to within a factor of ~2. This is due to the
slopes of the IMF and the mass—lifetime relation being comparable.
As one would expect, the stochastic effects are perfectly consistent
with Poisson noise (shaded region). The rates shown are for the non-
rotating Geneva models, though the impact of using different suites
of evolutionary tracks (e.g. rotating) is minor (i.e. much smaller
than the level of stochasticity).
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