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1 INTRODUCTION

ABSTRACT

We recently proposed that the star-forming potential of dense molecular clouds in the Central
Molecular Zone (CMZ, i.e. the central few 100 pc) of the Milky Way is intimately linked to
their orbital dynamics, potentially giving rise to an absolute-time sequence of star-forming
clouds. In this paper, we present an orbital model for the gas stream(s) observed in the
CMZ. The model is obtained by integrating orbits in the empirically constrained gravitational
potential and represents a good fit (x2, = 2.0) to the observed position—velocity distribution
of dense (n > severall0® cm~) gas, reproducing all of its key properties. The orbit is also
consistent with observational constraints not included in the fitting process, such as the 3D
space velocities of Sgr B2 and the Arches and Quintuplet clusters. It differs from previous,
parametric models in several respects: (1) the orbit is open rather than closed due to the
extended mass distribution in the CMZ, (2) its orbital velocity (100-200kms~") is twice
as high as in previous models, and (3) Sgr A* coincides with the focus of the (eccentric)
orbit rather than being offset. Our orbital solution supports the recently proposed scenario in
which the dust ridge between G0.253+0.016 (‘the Brick’) and Sgr B2 represents an absolute-
time sequence of star-forming clouds, of which the condensation was triggered by the tidal
compression during their most recent pericentre passage. We position the clouds on a common
timeline and find that their pericentre passages occurred 0.30-0.74 Myr ago. Given their short
free-fall times (¢ ~ 0.34 Myr), the quiescent cloud G0.253+0.016 and the vigorously star-
forming complex Sgr B2 are separated by a single free-fall time of evolution, implying that
star formation proceeds rapidly once collapse has been initiated. We provide the complete
orbital solution, as well as several quantitative predictions of our model (e.g. proper motions
and the positions of star formation ‘hotspots’). The paper is concluded with a discussion of the
assumptions and possible caveats, as well as the position of the model in the Galactic context,
highlighting its relation to large-scale gas accretion, the dynamics of the bar, the x, orbital
family, and the origin of the Arches and Quintuplet clusters.

Key words: stars: formation—ISM: clouds—ISM: kinematics and dynamics—Galaxy:
centre — galaxies: ISM.

tance, a fundamental physical understanding of star formation has
not been achieved (McKee & Ostriker 2007; Kennicutt & Evans

Star formation is one of the fundamental physical processes driving
the baryonic evolution of the cosmos, from reionizing the Universe
at very high redshift to regulating galaxy evolution and depositing
metals in the interstellar medium (ISM), enabling the development
of planetary systems and eventually life. Despite its critical impor-
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2012; Krumholz 2014).

Several complicating factors are to blame for our limited un-
derstanding of star formation. For instance, star formation is in-
herently a multiscale process, of which the physics connecting the
different scales are highly complex. A wide range of recent work
has attempted to address this problem by connecting the empiri-
cism of galactic star formation relations to the cloud-scale physics
of star formation (e.g. Bigiel et al. 2008; Heiderman et al. 2010;
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Lada, Lombardi & Alves 2010; Schruba et al. 2010; Gutermuth
etal. 2011; Hopkins, Quataert & Murray 2011; Krumholz, Dekel &
McKee 2012; Burkert & Hartmann 2013; Kruijssen & Longmore
2014), but the problem is far from solved. An additional issue is
that gas and young stellar populations are generally probed using
indirect tracers, the calibration of which has become a very active
field of research (see e.g. Leroy et al. 2011; Sandstrom et al. 2013).

Perhaps most importantly, it has proven extremely difficult to
follow the deeply gas-embedded process of star formation in time,
from the initial collapse of giant molecular clouds (GMCs) to the
emergence of young stellar clusters or associations (Dobbs et al.
2014; Longmore et al. 2014). Being able to follow the absolute-
time evolution of star-forming GMCs would greatly advance our
insight into several current problems in star formation. For example,
it would aid current efforts to understand the assembly of the stellar
initial mass function (see e.g. Bastian, Covey & Meyer 2010; Offner
et al. 2014), allow us to directly probe the rapidity of star formation
and its time evolution (Padoan et al. 2014), and help calibrate gas
and star formation tracers on an absolute timeline.

The advent of the Atacama Large Millimeter Array (ALMA)
enables the study of dense and deeply embedded molecular gas
at the spatial resolution and sensitivity that was previously only
accessible at visible wavelengths with the Hubble Space Telescope.
For the first time, it will be possible to follow the star formation
process from its earliest stages as a function of time, provided that
a reference timeline can be identified.

We have recently proposed that the Central Molecular Zone
(CMZ, i.e. the central 500 pc) of the Milky Way may host an
absolute-time sequence of star cluster progenitor clouds, of which
the collapse has been triggered by their tidal compression' during a
close passage to the bottom of the Galactic potential well near Sgr A*
(Longmore et al. 2013b). This picture is supported by a monotonic
increase of the star formation activity along the direction of motion,
as well as strong indications that the clouds have recently passed
pericentre. It is certainly a tempting idea — an evolutionary sequence
of protocluster clouds with a common zero-point would greatly aid
current efforts aiming to quantify the time evolution of the star
formation process.

The CMZ contains a large reservoir of dense molecular gas
(Mgog ~ 5 X 107 M@; Morris & Serabyn 1996; Ferriere, Gillard
& Jean 2007) with properties widely different from the ISM in the
Galactic disc. The molecular gas volume density is two orders of
magnitude higher than in the disc (ncyz ~ 10* em™ as opposed to
ngise ~ 10> cm™3; see e.g. Longmore et al. 2013a), the medium is
highly turbulent, with Mach numbers up to Mcyz ~ 30 (Bally et al.
1988; Kruijssen et al. 2014), and the molecular gas temperature is
substantially higher than in the disc as well (Tcyz = 50400 K
versus Ty, = 10-20 K; see Ao et al. 2013; Mills & Morris 2013).
The ISM conditions in the CMZ are very similar to those seen in
high-redshift galaxies (Kruijssen & Longmore 2013), which have
similarly high molecular gas volume densities, turbulent pressures,
and temperatures (e.g. Swinbank et al. 2011; Danielson et al. 2013).
This implies that a detailed understanding of star formation in the

I'While it is well known that the tidal field can compress an object as
it approaches pericentre (e.g. Mo, van den Bosch & White 2010), it is
not the only possible compression agent. Geometric convergence can also
compress or extend objects on eccentric orbits, sometimes even driving
spiral instabilities near galaxy centres (e.g. Montenegro, Yuan & Elmegreen
1999). In a follow-up paper (Paper II), we will show that the dominant
deformation mechanism for the clouds under consideration here is the tidal
field.
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CMZ may actually provide insight into star formation in extreme
environments across cosmic time — in particular at the peak of the
cosmic star formation history at redshift z = 2-3 (e.g. Madau et al.
1996; Hopkins & Beacom 2006).

The ISM of the CMZ is well studied in several recent Galactic
plane surveys of high-density gas tracers (e.g. Bally et al. 2010;
Walsh et al. 2011; Jones et al. 2012; Jackson et al. 2013), providing
a wealth of observational data to infer the orbital structure of the
gas in the CMZ and test the hypothesis of Longmore et al. (2013b)
that the clouds follow an absolute-time sequence of star formation.
The first cloud in the proposed sequence is G0.253+0.016 (also
known as ‘the Brick’), which is thought to be the progenitor of
a young massive cluster (Longmore et al. 2012) and is extremely
well studied across a wide range of molecular line and continuum
observations (Lis & Menten 1998; Lis et al. 2001; Bally et al. 2010;
Kauffmann, Pillai & Zhang 2013; Johnston et al. 2014; Rathborne
et al. 2014b,c). With such a wealth of observational data of CMZ
clouds (also see Immer et al. 2012; Kendrew et al. 2013; Walker
et al. 2014), a theoretical census of GMC dynamical evolution and
star formation in the CMZ is both urgently needed and within reach.

There is a long history of work aimed at constraining the orbital
dynamics of GMCs in the CMZ (e.g. Binney et al. 1991; Sofue
1995; Englmaier & Gerhard 1999; Sawada et al. 2004; Stark et al.
2004; Rodriguez-Fernandez & Combes 2008). However, none of
these studies have been able to exploit the recent flurry of high-
resolution surveys of high-density gas in the CMZ, which sketch a
much clearer picture of the gas dynamics than previous surveys of
the more diffuse H1and '*CO(1-0) lines (e.g. Burton & Liszt 1978;
Bally et al. 1987).

In a series of papers, we aim to address the hypothesis of
Longmore et al. (2013b) in more detail. In this first paper, we
combine the recent observational data with orbital modelling to
constrain the orbital structure of the dense (n > several 10° cm™3)
gas in the CMZ. We show that the sequence of protocluster clouds
identified by Longmore et al. (2013b) follows a coherent structure in
position—velocity space. We highlight the many successes of the cur-
rently standard, parametric orbital model of Molinari et al. (2011)
in describing the position—velocity structure of the gas, as well as
several areas of improvement. By fitting an orbital model to the
gas in position—velocity space, we determine where on the absolute
timeline the GMCs in the CMZ are situated, allowing us to draw a
number of preliminary conclusions regarding the evolution of these
clouds and the physics of star formation. In a companion paper
(Paper II), we present numerical simulations of collapsing gas
clouds that follow the best-fitting orbit and we answer the ques-
tion whether the sequence of GMCs in the CMZ indeed represents
an absolute timeline.

In Section 2, we first discuss the observed kinematics of the
molecular gas in the CMZ, present a systematic survey of its
position—velocity structure, and list the strengths and weaknesses
of the most recent model for the orbital structure of the dense gas in
the CMZ. In Section 3, we introduce a new dynamical model that
accurately describes the large-scale motion of GMCs in the CMZ.
In Section 4, we discuss the implications of our model for GMC
evolution and the physics of star formation in the CMZ. We also
make a number of quantitative predictions for further observational
tests of the model. In Section 5, we summarize our work, discuss the
strengths and weaknesses of our model as well as several open ques-
tions, and present a brief outlook. The adopted gravitational poten-
tial is discussed and validated in Appendix A, the dependence of our
orbital model on the orbital parameters is presented in Appendix B,
and the complete orbital solution is tabulated in Appendix C — a



machine-readable table with time steps of Az = 0.01 Myr is avail-
able in the Supporting Information accompanying this paper.
Throughout this paper, we adopt a mean molecular weight of
w = 2.3, implying a mean particle mass of umy = 3.9 x 1072* g,
and we assume a distance to the Galactic Centre of R = 8.3 kpc
(Reid et al. 2014). Unless stated otherwise, all velocities are given
in the reference frame of the Galactic Centre — from all line-of-sight
velocities we subtract the Sun’s radial velocity towards the Galactic
Centre, which we take tobe Uy = 14km s~! (Schénrich 2012), and
from proper motions we subtract the Sun’s orbital motion, which
induces a proper motion of {x;, i} = {—6.379, —0.202} mas yr~!
in Galactic coordinates (Reid & Brunthaler 2004; Reid et al. 2009).

2 OBSERVATIONAL CONSTRAINTS AND
CURRENT ORBITAL MODEL

In this paper, we aim to constrain the orbital motion of the gas
streams seen in the CMZ. We therefore isolate only those pieces of
information that are directly related to the ballistic orbital dynamics
of the gas. Of course, the long-term goal is to connect the resulting
picture to additional constraints and physics, such as e.g. hydro-
dynamics, star formation, feedback, and the 3D geometry derived
from absorption studies. Aspects of these are discussed qualitatively
in Section 5.

2.1 General properties of the dense gas in the CMZ

Before presenting our orbital model for the dense gas in the CMZ,
we first discuss the observed structure and the main existing model.
The dense (n > several 10° cm~>) gas morphology within the cen-
tral degree of the CMZ (i.e. within a galactocentric radius of
R ~ 150 pc) is shown in Fig. 1, which in red reveals a pronounced
figure-eight shape. This shape inspired the twisted-ring model of
Molinari et al. (2011), which is the most recent model for the struc-
ture of the CMZ (see below).

While the morphology of the molecular gas in the CMZ provides
a clear picture, its observed kinematics are intricate. The gas often
harbours multiple velocity components along the line of sight (e.g.
Bally et al. 1988; Morris & Serabyn 1996). This complicates the
dynamical analysis of the gas and obstructs a straightforward deriva-

G0.253+0.016
‘The Brick’

Arches cluster

SgrB2 e/f d \

d

Galactic Latitude

.. B Ul p ' ".A_A_..
Sgr Bl / / 20 km/s
50 km/s

50 pc Quintuplet cluster
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Galactic Longitude

Figure 1. Three-colour composite of the CMZ within a galactocentric
radius of R ~ 150 pc. Red shows an integrated-intensity map of the
HOPS NH3(1, 1) emission (see text) to indicate the gas with a density
n > several 103 cm™3, green shows the MSX 21.3 pm image (Egan et al.
1998; Price et al. 2001), and blue shows the MSX 8.28 pm image. The
MSX data shows PAH emission (mostly tracing cloud edges), young stellar
objects, and evolved stars. The dotted line shows the model of Molinari et al.
(2011).
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tion of its orbital structure. In this light, a sensible starting point is
a simple geometric model (Molinari et al. 2011) that parametrizes
the morphology of the gas and roughly matches its kinematics. This
model is based on a constant orbital velocity and does not account
for the physical dynamics of the orbital motion in the Galactic
gravitational potential.

In the Molinari et al. (2011) model, the morphology of the gas is
represented by a twisted ring, which takes the shape of an infinity
symbol when projected in the plane of the sky (see Fig. 1 above, fig.
5 of Molinari et al. 2011, and fig. 5 of Kruijssen et al. 2014). Viewed
from above the Galactic plane, the model follows an ellipse, in which
the bottom of the gravitational potential at Sgr A* is positioned oft-
centre in the direction of the Sun. The gas orbits the ring at a constant
orbital velocity of v, = 80kms~!. It approaches us head-on at Sgr
C, passes below Sgr A*, through the Brick to Sgr B2. It then recedes
from the viewer to the back side of the ‘ring’, passing below the
Brick and crossing itself in projection just below the Arches cluster,
and then continues to positive Galactic latitudes, finally closing the
loop at Sgr C.

The Molinari et al. (2011) model has led to several important
new insights. We shall see below that there are also areas where it
can be improved, both in terms of its physical motivation and its
agreement with the observational data. The aim of this section is to
systematically identify the coherent gas structures in the observed
position—velocity space. This information is used in Section 3 to
construct a self-consistent orbital model of the molecular gas in the
CMZ.

2.2 Systematic survey of dense gas

The complex phase-space structure of the gas obstructs the straight-
forward identification of its orbital characteristics. We perform a
systematic survey of coherent structures in position—velocity space
to obtain the observational data set that is required to fit orbital mod-
els to. We use the NH;(1, 1) emission line observations from the H,O
southern Galactic Plane Survey (HOPS; Walsh et al. 2011; Purcell
et al. 2012), which traces the gas at densities n > several 10* cm™3.

The HOPS data allow us to trace moderately high-density gas
across the necessary range in Galactic longitude, from [ = —027 to
028, over which the gas is coherent in position—velocity space. Even
though NHj3(1, 1) exhibits hyperfine structure, the lines are typically
not detected in the CMZ clouds due to the broad linewidth of the
gas. In the narrow linewidth regions where hyperfine structure is
observed, this is easily identified thanks to the known separations
of these lines. The large linewidth difference between clouds in
the CMZ and in the Galactic disc (e.g. Shetty et al. 2012; Krui-
jssen & Longmore 2013) makes it trivial to identify contaminants.
Higher-J NHj transitions, such as NH3(3, 3), can be brighter than
NH;(1, 1), but we see evidence at several locations of maser activity
in the NH3(3, 3) line, whereas this work requires the kinematics of
the dense thermal gas to be traced. Finally, NH3(1, 1) shows no
strong signs of opacity or self-absorption effects across the CMZ
(except for Sgr B2). By contrast, these effects are prevalent in lines
from other molecules, such as HCO*, HCN, and HNC (e.g. Jones
etal. 2012).

In summary, by using single-dish observations of a moderately
high-density tracer, we reliably map the global kinematics of the
molecular gas in the CMZ. Given that these bulk kinematics should
be tracer-independent, we expect that the resulting orbital fit will be
compatible with the observations from other molecular gas surveys,
irrespective of e.g. spatial resolution or critical density.

MNRAS 447, 1059-1079 (2015)
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The position—velocity distribution of the gas is mapped as
follows.

(1) We start at Sgr C and follow the low-latitude stream towards
increasing Galactic longitudes, which at the same time gradually
extends to increasing latitudes.

(i1) Every second pixel in longitude (corresponding to intervals
of Al = 1arcmin or Ax = 2.5 pc), we record the latitude b, line-
of-sight velocity vj,s and linewidth Awv,os of the gas stream. The
uncertainties on the recorded latitudes are taken to be the resolution
of the observations, i.e. g, ~ 1 arcmin = 2.5 pc, whereas those on
the line-of-sight velocity are assumed to correspond to the velocity
dispersion, i.e. 0, = Avjs/~/21n2. The latter uncertainties can be
asymmetric around vjy.

(iii) At a given longitude, if there is only a single velocity com-
ponent along the line of sight, we select the latitude of the pixel
with the largest peak intensity. If there are multiple velocity com-
ponents along the line of sight, we select the latitude of the pixel
with the largest peak intensity at the velocity corresponding to the
coherent velocity structure of the gas stream. This choice is made
to avoid the inclusion of other gas structures along the line of sight,
which in rare cases may locally outshine the emission from the gas
stream, causing the pixel’s peak intensity to be reached at a different
velocity than the adopted one.

(iv) After the stream passes in front of Sgr A* (at the locations
of the 20 and 50 kms~! clouds, see Fig. 1 and Bally et al. 2010),
the gas emission continues through a region with three independent
velocity structures along the line of sight. Two of these connect in
velocity space to the velocity of the stream, and it is not possible
to establish whether this indicates a bifurcation or a chance projec-
tion. Dynamically, a bifurcation at the leading end of a gas stream
is unlikely (although tidal effects could play a role), suggesting that
the position—velocity structure arises from the projection of an in-
dependent component.> We therefore only follow the brighter of the
two branches.

(v) We continue mapping the gas across the Brick towards Sgr
B2, after which we follow the emission at low latitudes towards low
longitudes, crossing the previously mapped emission towards high
latitudes, before eventually returning to the position of Sgr C.

Following the above procedure, we obtain the phase-space struc-
ture of the gas stream. A total of 226 data points is collected at 113
positions, providing {b, vies } as a function of / necessary for fitting
the orbital models in Section 3. The resulting distribution of gas
in {1, b} and {/, vios} space is shown in Fig. 2, together with the
parametric model of Molinari et al. (2011). The data points trace the
figure-eight shape that we already highlighted in Fig. 1. The line-of-
sight kinematics indicate clockwise rotation when seen from above
the Galactic plane, with a clear gradient across the Galactic longi-
tude range. Roughly speaking, the gas at positive longitudes (part of
Stream 1 as well as Streams 2 and 3) is receding from our position,
whereas the gas at negative longitudes (part of Streams 1 and 2 as
well as Stream 4) is approaching us. The separation into these four
different streams is done to ease the comparison to the orbital model
in Section 3 and does not necessarily have a physical meaning.

Comparing these results to previous studies of the same region in
which coherent gas streams were identified (e.g. Bally et al. 1988;
Binney et al. 1991; Sofue 1995; Stark et al. 2004), we see that
we have obtained a clean sample. For instance, Sofue (1995) find

2 Another explanation for the bifurcation could be that it is driven by feed-
back from the Arches and Quintuplet clusters, see Section 5.2.4.

MNRAS 447, 1059-1079 (2015)

Galactic longitude [deg]
0.5 -0.5
—— — ——

Stream 1 |
Stream 2 |0°

50

-50
-1-0.5

|
o
Galactic latitude [deg]

L B B B B e e s e e |

100

50

vlos [km Sgl]

-50

—100

o
T T T T T T

~100 -50 0 50 100
z [pe]

Figure 2. Comparison of the Molinari et al. (2011) parametric or-
bital model (dotted line) with the observed integrated-intensity map of
NHj3(1,1) emission near the Galactic Centre, tracing gas with volume den-
sities n > several 103 cm™3 (grey-scale). Symbols with error bars show the
coherent phase-space structure obtained as described in Section 2.2. We
have divided the gas into four coherent streams in position—velocity space
that are colour-coded as indicated by the legend. In the Molinari et al. (2011)
model, the front side of the gas stream consists of Streams 1 and 2, whereas
the back side consists of Streams 3 and 4. The open black circle denotes
the position of Sgr A*. Top panel: distribution in Galactic longitude and
latitude {/, b}. The red arrow indicates the observed proper motion vector
of Sgr B2 and the bright yellow arrow represents the model prediction. The
latter highlights the model’s direction of motion, which is anticlockwise on
the left-hand side of the orbit and clockwise on the right-hand side. Bottom
panel: distribution in Galactic longitude and line-of-sight velocity {/, vigs }.
The model’s direction of motion is anticlockwise. The red circle indicates a
feature in position—velocity space that is discussed in detail in Section 2.3.

two main ‘arms’, the first of which is constituted by our Streams
2-4, whereas the second one represents our Stream 1. In addition,
they distinguish two more arms that are offset to slightly higher
longitudes (and in one case latitudes) from Sgr A*. These were
already mentioned when reporting the three or four independent
velocity structures along the line of sight [see point (iv) above]. The
results of Sofue (1995) support our decision to omit these structures
due to being contaminants along the line of sight (although their
large linewidths do suggest that they are physically part of the
CMZ). Previous studies did not identify the line-of-sight velocity
discontinuity that is highlighted by the red circle in Fig. 2, which
will prove crucial in our dynamical analysis (see Sections 2.3 and 3).

The short red line in Fig. 2 shows the observed proper motion
vector of Sgr B2 (Reid et al. 2009), which is the only cloud/complex
in the CMZ for which such a measurement exists. The observed
proper motion is {u;, up} = {2.3 £ 1.0, 1.7 £ 1.0} mas yr!



and represents the mean motion of two water masers.> The proper
motion can be combined with the observed radial velocity of vj,s =
63 £+ 25kms~! to obtain a 3D orbital velocity of Sgr B2 of vy, =
129 +36kms~!.

2.3 Main points of improvement for a new model

We now discuss the comparison between the observed gas structures
and the Molinari et al. (2011) model, with the aim of identifying
the key areas in which the model can be improved upon.

Given the observed distribution of the data, we can calculate the
goodness-of-fit statistic x2; for the Molinari et al. (2011) model.
Fixing the Galactic longitude, their model has seven independent
parameters (two additional parameters are fixed a priori) and is
compared to 224 data points (combining the Galactic latitude and
line-of-sight velocity measurements at 112 longitudes). This data
set provides an important step forward compared to that used in
Molinari et al. (2011), where the orbit was fitted to the position—
velocity structure at 20 longitudes along the orbit (see below). In
calculating the x2, statistic, we compare Streams 1 and 2 to the
front side of their model (going from low longitude and latitude at
Sgr C through the Brick to Sgr B2). Streams 3 and 4 are compared
to the back side of their model (going from Sgr B2, passing below
the Brick and above Sgr A* back to Sgr C). We omit the proper
motion of Sgr B2 and find x2, = 5.3.

Considering that the Molinari et al. (2011) model was not orig-
inally fitted to these exact observations (Molinari et al. 2011 used
Herschel data in combination with CS(1, 0) observations by Tsuboi,
Handa & Ukita (1999) to add in the velocity information at 20 po-
sitions), the above x2, indicates a reasonable fit. Indeed, the model
has two key properties that must also be present in future models,
because they are essential for reproducing the observed position—
velocity structure of the molecular gas in the CMZ.

(1) The orbit is eccentric. Two simple properties of the observed
position—velocity structure show that this is required. First, the line-
of-sight velocities near / = 0° and the position of Sgr A* are non-
zero. If the orbit were circular, the velocity component along the
line of sight should vanish at positions that in projection are near
the bottom of the gravitational potential. Secondly, the 3D space
velocity of Sgr B2 is roughly vep, = 129 km s~'. Given current
measurements of the gravitational potential (Launhardt, Zylka &
Mezger 2002, see Section 3 below), the circular velocity at the
position of Sgr B2 is vee > 165kms™!.* The fact that the 3D
velocity is lower at the 1020 level shows (1) that the orbit must be
eccentric and (2) that Sgr B2 resides closer to apocentre than it does
to pericentre. Both of these conclusions are in accordance with the
Molinari et al. (2011) model.

(ii) The orbit oscillates vertically. Fig. 2 clearly shows that some
degree of vertical motion must be present — the model reproduces

3 The small number of sources implies large uncertainties, even when as-
suming a reasonable velocity dispersion (Reid et al. 2009). The quoted
uncertainties are based on a velocity dispersion of 40kms~!, but the true
uncertainty may be larger if the masers trace rapid outflows or are driven by
runaway stars.

4 This is a lower limit because the separation along the line of sight between
Sgr B2 and Sgr A* cannot be measured directly and has to be inferred
from orbital modelling (see Section 3 and e.g. Sawada et al. 2004) or X-
ray absorption (Ryu et al. 2009). The lower limit given minimizes the
galactocentric radius of Sgr B2 by assuming that it resides at the same
distance as Sgr A*.
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the required amplitude, albeit with line-of-sight velocities that are
inconsistent at the ~20 level. In the Molinari et al. (201 1) model, the
ratios between the radial, azimuthal, and vertical oscillation periods
are Pg: Py: P, =1:2: 1, respectively, i.e. the orbit is closed and each
orbital revolution holds two radial and vertical oscillations. Within
the framework of this parametric model, it is not possible to establish
whether this is the true Pg: Py: P, ratio — different combinations
of the radial extent of the gas (the structure may extend beyond the
positions of Sgr B2 and Sgr C) and the vertical flattening of the
gravitational potential can give rise to similar structure between Sgr
B2 and Sgr C (see Section 3).

In addition to these successes, a more detailed comparison of
the Molinari et al. (2011) model and the NH5(1, 1) observations
also reveals several areas of improvement for new models (see
Section 3).

(i) The first of two observational questions is the origin of the
discontinuity in {/, vis} space indicated by the red circle in the
bottom panel of Fig. 2. If a structure is coherent in position—velocity
space, then the change of the line-of-sight velocity between the
tangent points of the projected orbit must be monotonic. Fig. 2
shows that going from Sgr C to Sgr B2, the velocity first increases,
then decreases, before it increases again. The change occurs in
the area between Sgr A* and the Brick, which has multiple velocity
components along the line of sight (see Sections 2.1-2.2). However,
none of these components has the appropriate velocity to fill the
observed gap in {/, vi,s} space. The inescapable conclusion is that
Streams 1 and 2 are not connected.’

(ii) The second observational issue is the proper motion of
Sgr B2. The observed proper motion is {u;, up} = {2.3 + 1.0,
—1.4+ 1.0} mas yr~! and the 3D orbital velocity of Sgr B2 is vy, =
126 4 37 km s~'. However, the Molinari et al. (2011) model predicts
{,l,L[, M/}}Mll = {057, —069} masyr’l and Vorb,M11 = 80kms™!
by construction. These numbers are inconsistent with the observed
values at the 1030 level. We find that while the model does re-
produce the motion of Sgr B2 along the line of sight, Sgr B2 has a
much larger velocity in the plane of the sky than predicted by the
model. This discrepancy has previously led to suggestions that the
orbit may extend further than in the Molinari et al. (2011) model
(Kruijssen et al. 2014), or that Sgr B2 may be located 130 £ 60 pc
in front of Sgr A* (Reid et al. 2009; Bally, private communication).®

(iii) The first of three physical difficulties for the Molinari et al.
(2011) model is that the orbit is closed. Because the mass distribu-
tion in the CMZ is extended, closed orbits are only possible if the
potential is not axisymmetric. While the Galactic bar causes strong
deviations from axisymmetry on ~kpc scales, there is no evidence
that such asymmetries persist down to scales as small as the 100-pc
gas streams that we consider here (Rodriguez-Fernandez & Combes

STn principle, the same could be said about Stream 2 itself, which shows
an opposite velocity gradient at the low-longitude end. However, this com-
ponent corresponds to the Brick, which is clearly a coherent gas structure.
Because it is a single cloud, we suspect the opposite velocity gradient to be
a tidal effect. In Paper II, we will explain this feature in detail.

6 Note that while Reid et al. (2009) do determine the distance to Sgr B2
through trigonometric parallax measurements, the uncertainties of that mea-
surement are too large (~0.6kpc) to establish its line-of-sight position rel-
ative to Sgr A*. The quoted 100-pc offset ‘rests on the assumption of a
low-eccentricity Galactic orbit for Sgr B2’ (Reid et al. 2009), i.e. on the
assumption that the orbital motion is close to the circular velocity at the
galactocentric radius of Sgr B2. In Section 3, we will show that this assump-
tion of a near-circular orbit does not hold.
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2008). Hence, the gas likely follows an open orbit. If the orbit is
also open in the rotating reference frame of the bar, this introduces
the possibility that the gas streams cross each other and interact. As
we will see in Section 3, this is unlikely to occur due to the orbit’s
vertical motion.

(iv) The second physical problem is the assumption of a constant
orbital velocity ve, = 80km s~'. As stated previously, the orbit
must be eccentric, which leads to a (possibly substantial) variation
of the orbital velocity with the orbital phase angle. Sgr B2 resides
near apocentre in the Molinari et al. (2011) model, where the orbital
velocity should reach its minimum. However, Sgr B2 has a 3D space
velocity of vy, = 126 km s~ and the local circular velocity is even
higher at v > 165km s~! (Launhardt et al. 2002). It therefore
seems inevitable that the mean orbital velocity is well in excess of
80kms~'. We conclude that the orbital velocity must vary along
the orbit and is likely much higher than vo, = 80kms™!.

(v) Finally, the third physical issue is that Sgr A* does not reside
at the focus of the ellipse in the Molinari et al. (2011) model. Even
if there is a precession of the phase angles at which pericentre and
apocentre occur (as is appropriate for an near-axisymmetric, ex-
tended mass distribution), the orbit’s focus should always coincide
with the bottom of the gravitational potential. The main argument
for the skewed position of Sgr A* in the Molinari et al. (2011)
model is twofold. First, the 50 and 20km s~ clouds (the part of
Stream 1 with positive line-of-sight velocities) have been suggested
to be physically interacting with Sgr A* (Herrnstein & Ho 2005).
In addition, the line-of-sight velocity difference between the 50 and
20km s~! clouds could not be explained by the Molinari et al. (2011)
model, prompting the suggestion that it may be caused by a prox-
imity of Sgr A* to the front side of the ellipse. However, as we have
just seen, these two clouds cannot be part of the same structure as
Stream 2, which greatly expands the range of their possible orbital
parameters — as we will show in the next section, self-consistent
orbital solutions can be obtained in which Sgr A* does reside at the
orbit’s focus.

3 ORBITAL MODELLING

3.1 Model setup

We now turn to the orbital modelling of the gas structure in the
CMZ. This first requires adopting a gravitational potential and an
informed choice of priors for the orbital parameters. We adopt a
flattened version of the potential implied by the mass distribution
from Launhardt et al. (2002), where the amount of flattening is left as
a free parameter. The potential is described in detail in Appendix A.

‘We characterize the orbits in this potential using six parameters.
These are then varied to obtain a fit to the observed position—velocity
data. The six parameters are as follows (see Fig. 3 for a visual
representation).

(1) The apocentre radius R,, which is varied between R, = 100 pc
(the projected separation between Sgr B2 and Sgr A*) and R, =
200 pc. This way, we include all solutions that extend at least as far
as Sgr B2, whereas the widest orbits reach the cloud complex at
I=123.

(ii) The pericentre radius R,, which is varied between
R, = max(z;) (see below) and R, = min (R,). This is the maxi-
mum allowed range based on the observed gas distribution — the
pericentre radius cannot be smaller than the vertical separation at
pericentre, nor can it be larger than the apocentre radius. Together
with the apocentre radius, the pericentre radius sets the total orbital
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Figure 3. Two-dimensional projections of an orbital segment illustrating
the free parameters used to define each orbital model. The thick black line
indicates an orbital segment between two successive apocentres (crosses),
passing through a single pericentre (plus symbol) in between. From the
top-down perspective, the motion along this segment is in the clockwise
direction, unless & > 7t/2. The open black circle denotes the position of Sgr
A*. Blue lines and labels indicate distances, whereas red lines and labels
represent angles. Top panel: configuration as seen from Earth, corresponding
to the Galactic longitude-latitude plane. Bottom panel: configuration as seen
from above the Galactic plane, corresponding to the Galactic longitude—line-
of-sight plane.

velocity at the extreme ends of an eccentric orbit in a pre-defined
potential.

(iii) The height z, above the Galactic plane at which pericentre
is reached. This value is varied between z, = —15 and 15 pc, which
spans the projected minimum and maximum vertical separation
between the gas and Sgr A*.

(iv) The velocity angle at pericentre ¢, which indicates the
angle between the velocity vector (i.e. the orbit) and the
Galactic plane during pericentre passage. This parameter is var-
ied between 6 = —15° and 15°. This range of angles is adequate,
because the range of possible galactocentric radii and latitudes
implies that the maximum angle at any point along the orbit is
Omax = arctan (Zmax/Ra.min) ~ 10°.

(v) The projection angle ¢, which reflects the angle between
the vectors origin—observer and origin—pericentre, where positive
values indicate a transformation in the anti-clockwise direction. We
consider a range of 60° around a prior chosen below based on the
observed position—velocity structure of the streams.

(vi) The vertical-to-planar axis ratio of the potential g4, which
indicates the factor by which the gravitational potential is com-
pressed in the vertical direction. Geometrically, the observed flat-
tening seems to be well-characterized by g ~ 0.5 (Rodriguez-
Fernandez & Combes 2008; Molinari et al. 2011) and we consider



values between g = 0.4 and 0.8. This range extends from the
maximum allowed flattening at low g needed to avoid negative
densities (see Appendix A) to a near-absence of flattening at high

qo-

Each combination of the above six parameters defines an orbit,
which we obtain by initializing it at pericentre and performing a
leapfrog integration in the positive and negative time directions.
Using a timestep of At = 10° yr gives well-converged results.

The key remaining question is which parts of the orbit should be
fitted to the different coherent streams identified in Fig. 2. Based on
the enhanced 70 um absorption seen in Streams 1 and 2, Molinari
etal. (2011) conclude that these streams must be in front of the bulk
of the warm dust emission. Therefore, Streams 1 and 2 constitute
the front part of the gas distribution, whereas Streams 3 and 4
reside at the far side of the Galactic Centre. However, we discussed
in Section 2.3 that Streams 1 and 2 cannot be connected due to
a discontinuity in their line-of-sight velocities. The velocities of
Streams 3 and 4 are consistent with constituting a single structure,
and Stream 2 connects smoothly to Stream 3, whereas Stream 1
connects smoothly to Stream 4. We therefore let the centre of the
orbit coincide with a pericentre passage along Streams 3 and 4 (i.e.
we fit ¢ in the range ¢ = 120°-240°), with Stream 1 representing a
downstream ‘tail’ and Stream 2 lying upstream. The resulting order
of the gas streams to which the orbits are fitted is 2-3-4-1. Finally,
the direction of motion is constrained by the slope of the streams in
the bottom panel of Fig. 2, which indicate rotation in the clockwise
direction when observed from above the Galactic plane.

3.2 Orbital fit and comparison to observations

By varying the six orbital parameters listed above and fitting the
resulting orbital models to the data obtained in Section 2.2, we
obtain a best-fitting orbit with x2; = 2.0. Note that we do not
include the proper motion of Sgr B2 in the fitting process. The
best-fitting parameters of our model orbit are provided in Table 1,
together with six derived properties of the orbit. These are its ec-
centricity e, the orbital velocity at apocentre vy, o, the orbital ve-
locity at pericentre Vo, p, the radial oscillation period Pg, the az-
imuthal oscillation period Py, and the vertical oscillation period
P,. The numbers of decimals reflect the accuracy attained by the
X2, minimization. The error margins listed for the derived quan-
tities reflect the extremes reached in the part of parameter space
where min (x2,) < x2; < min(x2,) + 1. The dependence of the

Table 1. Orbital parameters.

Parameter Value

Ry 1217 pe
Rp 59f%§ pc

Zp 4Jjg pc

[ Qf% deg

@ 1767] deg
go 0.63%0
e 034°01¢
Vorb, a 101554 kms™!
Vorb, p 2071} kms™!
Pr 2.031078 Myr
Py 3.697055 Myr
P, 2.271079 Myr
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best-fitting orbit on each of the six free parameters is discussed
in Appendix B, and the complete orbital solution is tabulated in
Appendix C.

The orbital fitting process covers a large parameter space. Start-
ing from the parameter ranges listed in Section 3.1, we iteratively
narrow these ranges until the best-fitting parameter set can be iden-
tified with the desired accuracy. This way, more than 10° different
orbital solutions are integrated. It may be possible that a better fit
can be achieved than our best-fitting orbit, but such a hypothetical
solution must exist outside of the parameter range considered in
the fitting process. This in itself is problematic — in Section 3.1, we
discuss several reasons why orbits outside the considered parameter
ranges are highly unlikely or even unphysical.

As an example of a possible consideration that would have been
necessary had the fitting been done by hand, we note that more
extended (higher R,) orbits could be possible if the orbit extends
to higher longitudes beyond the position of Sgr B2. However, the
observed vertical oscillations are only reproduced if their number
per azimuthal period increases accordingly. As such, high-R, orbits
require a stronger flattening of the gravitational potential, which
beyond the range already considered in the fitting process leads to
unphysical solutions (see Section 5.2.2 and Appendix A). This is
exactly the type of consideration that is automatically taken care of
by running a x2, minimization. The best-fitting orbit is compared
to the observations in Fig. 4. In addition, Fig. 5 shows the orbit
overlaid on the three-colour composite image of Fig. 1. The orbit
successfully reproduces several key properties of the observed gas
distribution.

(i) All four identified gas streams are described with a single
orbit, which is consistent with the observations at the <20 level for
most points along the orbit. The only exception is the position of
Stream 4, but given the systematic uncertainties involved in the 3D
shape of the gravitational potential (e.g. the ill-constrained vertical
shape and possible deviations from axisymmetry, see Section 5.2),
the match is remarkably good across {/, b, vi,s } space, as indicated
by x24 = 2.0.

(ii) The line-of-sight velocities near Sgr A* are non-zero, signi-
fying an eccentric orbit.

(iii) The orbit oscillates vertically with a period close to half the
azimuthal oscillation period, i.e. P,/P4 = 0.6. Note that the radial
oscillation period Py is similar to P,.

(iv) The discontinuity in the {/, vios} plane that is indicated with
the red circle in Fig. 2 is accounted for by modelling Streams 1
and 2 as opposite, unconnected tails of a single, long gas stream,
which wraps around the Galactic Centre in between Streams 1 and
2 (through Streams 3 and 4).

(v) The modelled proper motion of Sgr B2 is {u,
Wb Fpred = {2.14, —0.75} mas yr~", which with vieg pred = 83 kms™!
gIVeS Vorb,pred = 124km s~!. Comparing to the observed values
of {m, mp} = {23 £ 1.0, —1.4 &+ 1.0} masyr!, vy =63 £
25kms~!, and v,y = 126 £37kms™!, we see that all predicted
velocities agree with the observed motion of Sgr B2 at the < lo
level. Our orbital fit thus confirms a high orbital velocity at the posi-
tion of Sgr B2 (Vorp, pred = 124 kms™ 1) and hence the proper motion
of Sgr B2 does not require an orbit that extends much further than
its present Galactic longitude (which was thought previously due
to the low orbital velocity of the Molinari et al. 2011 model), nor
does it require Sgr B2 to be situated much closer to the observer
than Sgr A* (Reid et al. 2009; Bally, private communication).

(vi) As mentioned in Section 2.2, the region that lies in projec-
tion between the Brick and the Quintuplet cluster contains three
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Figure 4. Comparison of our orbital model (solid line) with the observed
integrated-intensity map of NH3(1, 1) emission near the Galactic Centre,
tracing gas with volume densities n > several 10> cm™> (grey-scale). Sym-
bols with error bars show the coherent phase-space structure (see Section 2.2)
to which the model was fitted. We have divided the gas into four coherent
streams in position—velocity space that are colour-coded as indicated by the
legend. In our model, the back side of the gas stream consists of Streams
3 and 4, whereas Streams 1 and 2 represent the two (independent) ends of
the stream on the front side. The open black circle denotes the position of
Sgr A*. The model starts at Stream 2 (the overlap with Stream 4 is coinci-
dental but could fit too) and continues through Streams 3 and 4 to Stream 1.
Top panel: distribution in Galactic longitude and latitude {/, b}. The red
arrow indicates the observed proper motion vector of Sgr B2 and the bright
yellow arrow represents the model prediction. Bottom panel: distribution in
Galactic longitude and line-of-sight velocity {/, vigs }-
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‘The Brick’

Sgr B2 e/{' cll '

Galactic Latitude
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Figure 5. Repeat of the three-colour composite of the CMZ from Fig. 1.
This time, the white dotted line shows our best-fitting orbit. Note that the
clouds near [ = —1° have vjes ~ {0, 140} kms~! (bottom and top, respec-
tively) and hence are not associated with the gas stream that the model was
fitted to.
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independent velocity structures along the line of sight, which are
associated in position—velocity space. Two of these are explained by
our model — they represent the front and back sides of the streams
(i.e. Stream 2 and Stream 3, respectively), which are connected in
position—velocity space but separated by more than 100 pc along the
line of sight (see Section 4.1 below). The third component connects
to the gas that can be seen at high latitudes near / = 0° in Figs 1-5
and is likely physically unrelated to the streams under consideration
here, unless it is being ejected from one of the streams by feedback.
This possibility is underlined by its similar line-of-sight velocity to
the Arches and Quintuplet clusters, implying that it could originally
have been associated with the gas that is currently occupying Stream
1 (see Section 5.2.6). We also note that this third component is phys-
ically associated with the infrared shells blown by the Arches cluster
(visible in green in Figs 1 and 5). The complex position—velocity
structure surrounding the Brick has previously been proposed to
result from a cloud—cloud collision (Lis & Menten 1998; Johnston
et al. 2014), but the results of our model show that such an event
is not necessary to explain the observed gas kinematics — instead,
they are caused by the line-of-sight projection of three unrelated
components.’

In addition to the above observational points, our orbital model
is dynamical rather than parametric. It therefore also satisfies sev-
eral physical requirements that were unaccounted for in previous
models.

(i) The extended mass distribution in the CMZ results in an or-
bit that is open rather than closed. The dissimilarity of the radial,
azimuthal, and vertical oscillation periods implies that the gas struc-
ture can survive on this orbit for multiple revolutions without being
disrupted by self-interaction (see Section 4.1).

(ii) The non-zero eccentricity results in a variable orbital velocity,
ranging from vy, ~ 100kms~! at apocentre to vy ~ 200 kms™!
at pericentre. This is substantially higher than previous estimates.
As a result, the three orbital periods are a factor of 1.4-1.8
shorter than in the model of Molinari et al. (2011), who obtained
{ Pr.mol» Pq).molv P, mot} = {3.2,6.4,3.2} ler'8

(iii) The bottom of the gravitational potential (assumed to lie at
the position Sgr A*) coincides with the orbit’s focus. The previous
argument to move Sgr A* towards the front side of the orbit was
the fact that the line-of-sight velocity difference between the 50 and
20 km s~! clouds could not be explained by the Molinari et al. (2011)
model. In our new model, the variable orbital velocity naturally
leads to the observed velocity difference. It is therefore no longer
necessary to displace Sgr A*.

7 A peak of shock tracer emission near the low-{/, b} side of the Brick
has been put forward to support the idea that the Brick has undergone a
cloud—cloud collision (Johnston et al. 2014). However, the increased sen-
sitivity of ALMA shows that there is no single locus of enhanced shock
tracer emission (Rathborne et al. 2014a) — the cloud is so turbulent that it is
brightly emitting throughout. Such widespread emission should follow nat-
urally from local gravitational collapse or a compression caused by a recent
pericentre passage (see Section 4.1). In addition, some physical interaction
between components could be possible due to the tidal stripping expected to
occur at pericentre or the clearing of molecular gas shells by feedback from
the Arches and Quintuplet clusters (see Section 5.2.4). These interactions
are much less dramatic than the previously proposed collisions between gas
streams or clouds, but they could still contribute to the shock tracer emission
in the region.

8 Note that these periods differ from those quoted in section 3.3 of Molinari
etal. (2011), which actually correspond to the semiperiods of their model.
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Figure 6. Top-down view of our orbital model (solid line), with the observer
located in the negative-y direction. As in Figs 2 and 4, the colours refer
to the four coherent streams in position—velocity space. The dots indicate
the implied positions in the Galactic plane of several GMCs and cloud
complexes in the CMZ, the plus symbols indicate pericentres, the crosses
mark apocentres, and the open black circle denotes the position of Sgr A*.
Note that we only show the part of the orbit that is currently associated
with the observed gas structure — in the future, the gas stream (or its star
formation products) will continue on the same rosetta-like orbit, beyond the
end of Stream 1 shown here.

Other, more fundamental open questions include the existence of
gaps in the observed gas distribution in comparison to our orbital
model, as well as the validity of the adopted gravitational potential.
These points are considered in Section 5.2.

4 IMPLICATIONS FOR CMZ CLOUDS

4.1 Cloud evolution and the physics of star formation

The orbital solution of Section 3.2 allows us to consider the GMCs
and cloud complexes in the CMZ in the context of their dynamical
history. Fig. 6 shows a top-down perspective of the orbit, along with
the implied positions in the Galactic plane of the main GMCs in
the CMZ. One of the robust conclusions of our orbital parameter
survey is that the ‘dust ridge’ sequence of GMCs between the Brick
and Sgr B2 recently underwent a pericentre passage (as required
in the scenario of Longmore et al. 2013b). In addition, the 50 and
20kms~! clouds are the closest to Sgr A* of all objects under
consideration here, but not quite as close as they were in previous
models (R < 20 pc; Molinari et al. 201 1.°

Comparing Figs 6 to 4, we see that the independent streams
never approach each other closely. From the top-down perspective
in Fig. 6, there are three crossings, of Streams {1, 2}, {1, 3} and
{2, 4}, at longitudes of [ = {—028, 0°, 027}. After identifying

9 Another difference with respect to previous work is the orientation of the
orbit. In the papers by Molinari et al. (2011) and Johnston et al. (2014), a
closed, elliptical orbit is rotated around the orbital rotation axis such that
it is tilted with respect to the line of sight (i.e. the apocentres occur away
from y = 0pc). As is shown in Fig. 6, our orbital model exhibits little
such rotation, with both apocentres close to y = 0 pc. This difference arises
because the orbital velocity varies in our model, allowing a good fit at all
longitudes without the need of boosting the line-of-sight velocity by rotating
the model.

Orbital structure of Galactic Centre clouds 1067

these positions in the top panel of Fig. 4, it is clear that at none of
these the streams are close in latitude, with distances consistently
Az > 20pc. This is consistent with the statistical behaviour of the
orbit — the ratios between the vertical, radial, and azimuthal os-
cillation periods are non-integer, implying that the orbit does not
regularly intersect with itself. For the same reason though, there
must also be a time when streams do cross in three dimensions.
However, their total length does not exceed 1-1.5 azimuthal orbits,
indicating that such self-interactions must be extremely rare. Only
tidally stripped or feedback-ejected material could regularly inter-
act with other streams. For instance, the stripping of the Stream 2
GMCs during their pericentre passage may affect the gas orbiting
on Stream 1.

We proposed in Longmore et al. (2013b) that the recent pericen-
tre passage of the Stream 2 GMCs (i.e. the Brick, clouds d/e/f, and
Sgr B2) caused them to be vertically compressed by tidal forces,
leading to an accelerated dissipation of turbulent energy and eventu-
ally gravitational collapse.'? The exciting prospect of this scenario
is that the GMCs on Stream 2 may follow an absolute-time se-
quence of contraction and star formation, in which the zero-point of
each cloud’s evolution coincides with the moment of its pericentre
passage. While the detailed physics of the tidal compression and
turbulent dissipation will be considered in Paper II using numerical
simulations, we can already use our orbital model to determine the
time since pericentre for each of the GMCs. This then defines the
absolute timeline on which the cloud evolution should proceed if
the scenario of Longmore et al. (2013b) holds.

Table 2 lists the 3D galactocentric radii and orbital velocities
of the objects in Fig. 6, as well as the times since (until) their
last (next) pericentre and apocentre passages (At, and At,, respec-
tively). We see that the Brick experienced its last pericentre passage
Aty 1ase = 0.30 Myr ago, whereas Sgr B2 is closer to its upcoming
apocentre passage and has Af,, j, = 0.74 Myr. The final column of
Table 2 lists the time separation between each cloud and the Brick.
This is done because the uncertainties on the individual times since
pericentre can be substantial, but the covariance of these implies
that the time differences between the clouds are constrained much
better. We find that the time elapsed since the position of the Brick
is generally constrained to within 0.05 Myr for the clouds on the
dust ridge (i.e. from the Brick to Sgr B2), and the time difference
between the Brick and Sgr B2 is Atgicx = 0.431’8;5; Myr.

The star formation activity in the two regions could not dif-
fer more — the Brick is largely devoid of ongoing star formation
(Kauffmann et al. 2013), whereas Sgr B2 is one of the most actively
star-forming protoclusters in the Local Group (Bally et al. 2010). In
the context of the Longmore et al. (2013b) scenario, this indicates
that once collapse is triggered, the evolution towards prevalent star
formation proceeds rapidly in these clouds, taking about 0.5 Myr.
This is twice as fast as estimated previously using the Molinari
et al. (2011) model (Longmore et al. 2013b), and corresponds to
about one free-fall time — the GMCs in Stream 2 have densities of
n ~ 10* cm™3 (Longmore et al. 2013a) and hence #;y = 0.34 Myr. In
this model, the Brick and Sgr B2 are separated by a single free-fall
time of evolution.

Clouds d/e/f are situated at locations intermediate to the Brick
and Sgr B2. Based on the presence of a methanol maser, which

10 While cloud collapse is taking place, the outer layers may be tidally
stripped. This would be observable along the line of sight as the expansion
of the cloud’s outer layers, which likely have elevated temperatures and
magnetic field strengths compared to the collapsing centre (Bally et al.
2014; Rathborne et al. 2014b).
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Table 2. Galactocentric radii, orbital velocities, and times relative to pericentre, apocentre, and the
Brick.

ObjeCt R Vorb Atp, last Atp, next Ata, last Ata, next AtBrick
Brick 7739 18373 0307057 —173T08S 131798 —0.7270) 0.00
cloud d 90T 1e4T3y 045703 —1.58%0LS 146708 —0.58T0L  0.14700
cloud e 96ty 155739 051702 —1s2f0l) 12 —0s1F0N 0217003
cloud f 97750 152%3) 0537022 —1.5070% 154705 —0.50%050  0.22703
Ser B2 112732 124f3‘§ 0.74ng§2 -1 .3ofg{gg 1.74j?2§§ —0.29j?2§;‘ 0.43t8;§§
Ser C 9413 1572 155703 —0.48%09 0537005 —1.50704)  3.28007)
20kms~! 67757 19773 1.86703% 018709 0.837010  —1.207048  3.5870%0
S0kms™! 6275 204735 19470 —0.1070% 091709 —1127048 366705
Note. Radii are listed in pc, velocities in km s~!, and times in Myr.
Table 3. Predicted proper motions in different coordinate systems.
Object M Hb M ", My Wy
Brick 4517038 —030M05  —1.877038  —0.50705  —0.54703F  —1.86704
cloud d 3.8770%%  —05670%  —25170%%  —0.7770% —0.65T03  —2.5470%
cloud e 3.524070 065103 2867070 —0.85703) —0.767038  —2.887084
cloudf 3435 -0.66%G3]  -295TG5 086703 —079%07; 297105
SerB2 204t 07505 424ty 0957DE 1303 412l
S 38D 009'03 257 020%03 10903 234t
20kms=! 479703 057708 159703 03770% 11T 17t
- 0.30 +0.33 +0.30 +0.33 0.42 0.31
50kms™! 482703 0.71F)  —1.5670%  051F) —1.2570%  —1.0670%,

Note. Proper motions are listed in mas yr~!.

indicates that massive star formation is currently in progress (Immer
et al. 2012), the star formation activity of these GMCs is also at
an intermediate level between the Brick and Sgr B2. Given the
time-scales listed in Table 2, the existence of these GMCs allows
the detailed study of the star formation process at At ~ 0.1 Myr
resolution (i.e. a fraction of a free-fall time).

Previous work has shown that the CMZ globally forms stars
at a rate below galactic star formation relations (Longmore et al.
2013a). A combination of physical mechanisms is likely respon-
sible — crucially, much of the gas is not self-gravitating due to
the extreme turbulent pressure (Kruijssen et al. 2014). In previous
work, we therefore proposed that the rate-limiting factor is the slow
evolution of gas clouds towards collapse, which first requires the
clouds to become self-gravitating and dissipate the turbulent energy.
After collapse has been initiated, star formation should proceed at a
normal (rapid) rate. The short time interval spanned by the widely
different evolutionary stages of the Brick and Sgr B2 supports this
global picture of star formation in the CMZ.

4.2 Predictions for future observational tests

Next to the obvious comparison of our model with the position—
velocity structure and star formation activity of well-studied GMCs,
the model can also be used to make a number of predictions that
can be tested in future observational comparisons.

(1) Perhaps the most fundamental prediction of our model is a set
of proper motions for several of the GMCs in the CMZ. As discussed
in Section 3.2, the only observational proper motion measurement
presently available is that of Sgr B2. We list our predictions for Sgr
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B2 and the other GMCs in Table 3, which facilitates a direct compar-
ison of our model to future proper motion measurements. Note that
the ‘primed’ variables are directly observable as they include the
proper motion induced by the Sun’s orbital motion {u;, up}e =
{—6.379, —0.202} mas yr~!' (Reid & Brunthaler 2004; Reid et al.
2009), for instance {x;, i} = {11, s} + {11, s} - The variables
{w, w,} indicate the proper motion in the eastward and northward
directions, which in units of right ascension and declination become
w,, = ./ cos8 (for the CMZ, § ~ 29°) and us = w’,. The proper
motions in Table 3 show that Sgr B2 has the largest observable
proper motion of all clouds listed here, followed by clouds d/e/f and
Sgr C. Most observable (i.e. primed) proper motions are smaller
than those in the reference frame of the Galactic Centre, because
they are largely cancelled by the proper motion induced by the Sun’s
orbital motion. However, the Sun moves in the opposite direction
of the gas on the far side of the gas structure (referred to as Streams
3 and 4 in this paper), which should therefore have a proper motion
much larger than those listed in Table 3. Indeed, the full orbital
solution provided in Appendix C shows that proper motions over
10 mas yr~! could be detected in the gas passing behind Sgr A*.
Given that the proper motion of Sgr B2 could be measured using a
~1 yr baseline (Reid et al. 2009), the proper motion of the far-side
clouds should be detectable with ease, provided that suitable masers
can be identified.

(ii) The vertical tidal compression of gas during pericentre pas-
sage is a robust and well-known concept, which should occur at
each of the pericentre passages in Fig. 6. This may explain the high
column densities of the Brick and the 50 and 20 km s~! clouds, all of
which are separated from a recent or impending pericentre passage
by At < 0.3 Myr. Along the same lines, we predict the presence of



high-column density gas in Stream 1 at the longitudes of clouds d/e/f
and Sgr B2 with a high line-of-sight velocity (vi,s ~ 120kms~1).
A quick inspection of the HOPS NHj(1, 1) data shows that there
are indeed indications of such an extension, at roughly the correct
latitudes (b ~ —0205 versus the predicted b ~ 0202, also see e.g.
fig. 7 of Jones et al. 2012 and fig. 7 of Ott et al. 2014). It may be
problematic to detect high-column density gas near the third peri-
centre passage, on the far side of the gas structure (where Streams
3 and 4 meet), because it lies behind Sgr A* along the line of sight.
None the less, a strong NH;(1, 1) peak with the correct, low line-of-
sight velocity (vios ~ 15 & 10kms~!) is present at {/, b} = {0202,
—0202}, which is again consistent with our orbital model.

(iii) If gravitational collapse is indeed triggered by a pericentre
passage, then Sgr B2 should not be the only region of elevated
star formation activity. The two other pericentre passages in Fig. 6
may induce additional star formation ‘hotspots’. In particular, one
would expect ongoing star formation activity in Stream 4 at the
longitude of Sgr C (but at higher latitudes), as well as at the tip
of Stream 1 near the longitude of Sgr B2 (compare Fig. 4). At
the former location, Fig. 1 does indeed show a large concentration
of young stellar objects, and Immer et al. (2012) identify two Hu
regions (‘D’ and ‘E’) that are located in projection on top of our
Stream 1, just below cloud d at longitudes / = 023-024. Likewise,
the well-known H 11 region Sgr B1 (shown in green below clouds e/f
in Fig. 5) may be downstream from Sgr B2, thus representing a more
advanced evolutionary stage in the star formation process. While
these observations may provide tentative support for our model, a
more conclusive picture may emerge when new proper motion data
becomes available.

(iv) At some unspecified time after the peak star formation ac-
tivity, a population of unembedded, young stars should be present.
The substantial population of 24 pum sources at the low longitudes
beyond Sgr C (to the right in Figs 1 and 4, also see fig. 1 of Kruijssen
et al. 2014 for longitudes / < —1°) suggests that this point may be
reached as early as apocentre. If true, a similar population may exist
just downstream from the position of Sgr B2, which corresponds to
the location of the other apocentre in our model. Unfortunately, the
straightforward verification of this prediction is obstructed by the
extreme concentration of high-density gas along the line of sight,
suggesting that free—free emission may provide a better test than
24 um observations.

The main uncertainty associated with these predictions is the
interrupted nature of the gas streams — they exhibit gaps of low
emission, possibly indicating that the supply of gas through peri-
centre is likely not continuous (also see Section 5.2.4). Catching
a Lagrangian mass element at any of the three phases discussed
above (high-column density gas, active star formation, and unem-
bedded young stars) could therefore depend on whether or not a
concentration of gas passed through pericentre at the right time to
be presently observable.!! In addition, the potential of a pericentre
passage to trigger gravitational collapse and star formation depends
on the density and velocity dispersion of the gas. Both quantities
vary along the gas stream, adding another source of stochasticity.
The predicted hotspots therefore represent regions of an elevated
probability, integrated over several orbital revolutions, of detect-
ing high-column density gas, active star formation, or unembedded,
young stars.

1 Based on the time-scales listed in Table 2, the shortest of these phases is
likely the actively star-forming phase, in which case highly active regions
like Sgr B2 may be rare occurrences.
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5 DISCUSSION

5.1 Summary

‘We have presented a new model for the orbital dynamics of GMCs
in the central R < 100 pc of the CMZ, with the aim of characteriz-
ing the time-evolution of the GMCs that follow the orbit. It is the
first orbital model that accounts for the appropriate gravitational dy-
namics, based on the most accurate gravitational mass distribution
in the CMZ that is currently available (Launhardt et al. 2002). The
main results of this work are as follows.

(i) The orbit is fitted to the observed NH;(1, 1) emission
(Section 2; tracing gas with densities n > several 10’ cm™>) by
varying (1) the apocentre radius, (2) the pericentre radius, (3) the
height above the Galactic plane during pericentre, (4) the angle
between the orbit and the Galactic plane during pericentre, (5) the
angle between the line of sight and the vector origin-pericentre, and
(6) the vertical-to-planar axis ratio of the gravitational potential. The
best-fitting parameters yield a satisfactory solution (x2, = 2.0) and
they are summarized in Table 1 (Section 3).

(ii) The best-fitting orbit reproduces the key properties of the ob-
served gas distribution (Section 3.2). (1) It reproduces the observed
position—velocity structure of four independent gas streams with a
single orbital model. (2) It is eccentric and oscillates vertically at
the rate required by the observations. (3) It reproduces a discontinu-
ity in position—velocity space that was unaccounted for in previous
models. (4) It reproduces the 3D space velocity of Sgr B2.

(iii) The physical properties of our new orbital solution differ
from previous models (Section 3.2). (1) The orbit is open rather
than closed, owing to the extended mass distribution in the CMZ.
(2) The orbital velocity varies in the range vy, = 100-200kms™',
which is higher than in previous models and gives orbital periods
shorter by a factor of 1.4-1.8. (3) The bottom of the gravitational
potential coincides with the focus of the (eccentric) orbit.

(iv) We confirm the suggestion of Longmore et al. (2013b) that
the ‘dust ridge’ sequence of GMCs between the Brick and Sgr B2
recently underwent a pericentre passage, which may have triggered
their collapse (Section 4.1). This sequence of GMCs (the Brick,
clouds d/e/f, Sgr B2) covers a mere At = 0.43 Myr (Table 2). Con-
sidering that the free-fall time at these densities (n ~ 10* cm™) is
tg = 0.34 Myr, our model suggests that the quiescent and massive
cloud the ‘Brick’ and the rapidly star-forming complex Sgr B2 are
separated by a single free-fall time of evolution. This lends support
to the idea that while the CMZ globally forms stars at a rate below
galactic star formation relations (Longmore et al. 2013a), which is
likely due to the fact that much of the gas is not self-gravitating
(Kruijssen et al. 2014), star formation does proceed at a normal
(rapid) rate in the self-gravitating clouds where most of the star
formation occurs.

(v) Using the best-fitting orbital model and assuming that the
orbital position—velocity space is filled entirely, we predict in which
other regions of the CMZ one should expect an elevated probability
of detecting high-column density gas, ongoing star formation, and
unembedded, young stars (Section 4.2). We also provide proper
motions of the main clouds considered in this paper (Table 3), as
well as those along the complete orbital solution (Appendix C).
These predictions should enable future studies to test our model.

5.2 Model assumptions and open questions

While the model presented in this paper provides a good fit to sev-
eral of the main observed features of the gas in the CMZ, it relies
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on a number of assumptions and leaves several open questions. In
this section, we discuss the influence on our results of the adopted
gravitational potential (Section 5.2.1) and geometry (Section 5.2.2),
as well as the relation of our orbital model to other constraints on the
geometry of the CMZ (Section 5.2.3), the possible origin of the ob-
served asymmetry and gaps in the gas structure (Section 5.2.4), the
physical nature of the stream(s) (Section 5.2.5), and the relation of
the gas stream to the Arches and Quintuplet clusters (Section 5.2.6).

5.2.1 The gravitational potential

We have adopted a modified form of the potential implied by the
mass distribution derived by Launhardt et al. (2002), which does
not allow deviations from axisymmetry. The original potential is
spherically symmetric, which we compressed vertically to account
for some (fitted) degree of flattening (see Appendix A). The mass
distribution of Launhardt et al. (2002) is the most accurate one cur-
rently available for the central few 100 pc of the Milky Way, which
restricts our analysis to the use of a simplified, modified spheri-
cally symmetric potential. This assumption is important because
deviations from axisymmetry will affect the orbital structure. How-
ever, there is no direct evidence for deviations from axisymmetry
at the small radii (R < 100 pc) under consideration in this paper
(Rodriguez-Fernandez & Combes 2008).'?> Unfortunately, a more
conclusive picture will require the detection of azimuthal variations
in the CMZ’s gravitational potential, which is hard to achieve. Ac-
curate proper motion measurements with Gaia and ALMA may
help to resolve this issue.

We have made the additional assumption that Sgr A* coincides
with the bottom of the gravitational potential and that this poten-
tial does not evolve in time. Considering its position at the centre
of mass of the Milky Way’s nuclear cluster (e.g. Feldmeier et al.
2014), it is highly unlikely that Sgr A* by itself (i.e. without the
nuclear cluster) is moving with respect to the bottom of the global
gravitational potential. Some motion of the central black hole is
seen in large-scale numerical simulations due to the time-evolution
of the gravitational potential, but this rapidly slows down once a
nuclear cluster of only a few 10° Mg forms (Emsellem et al. 2015).
The nuclear cluster of the Milky Way is ~2 orders of magnitude
more massive, yielding a combined mass of Sgr A* and the nuclear
cluster of several 10’ M, which dominates the gravitational po-
tential out to 30 pc (Launhardt et al. 2002). The energy required to
move this entire structure relative to the global gravitational poten-
tial is substantial and may only be supplied by external perturbations
such as large-scale instabilities, head-on (dwarf) galaxy mergers or
encounters with other massive black holes. We therefore conclude
that it is reasonable to fix Sgr A* at the bottom of a time-invariant
gravitational potential.

In view of these considerations, our orbital solution should be-
come inaccurate if it is integrated for more than a single (azimuthal)
orbital revolution in both directions. The part of the orbit considered
in this paper falls well within that range. When integrating the orbit
over a much longer time-scale, small deviations from the adopted
gravitational potential would cause the model and real-Universe
orbits to steadily diverge.

12 This does not mean that the influence of larger scale asymmetries cannot
affect the inner CMZ at all — Bissantz, Englmaier & Gerhard (2003) show
that the very inner resonant ‘x’ orbits that are caused by the Galactic bar
may have pericentre radii as low as R, ~ 20 pc.
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5.2.2 The adopted geometry

We have assumed that the four identified gas streams can be fitted
with a single orbit, running through the streams in the order Stream
2-3-4-1, where Streams 3 and 4 reside on the far side of the structure.
There is no a priori reason to assume these are valid assumptions,
but we justify them with a number of key observations. (1) The
discontinuity in position—velocity space that is highlighted with
the red circle in Fig. 2 indicates that Streams 1 and 2 cannot be
physically connected. (2) Streams 3 and 4 are coherent in the 3D
phase space under consideration here. (3) While there could be a
gap between Streams 4 and 1, they are easily connected in most
orbital solutions without affecting the rest of the fit. (4) Likewise,
we have omitted the widespread gas emission at higher longitudes
from Sgr B2 due to its complex kinematic structure and the resulting
line-of-sight confusion. Its presence does suggest Streams 2 and
3 are connected, although it is unclear how far the orbit would
extend. In order to maintain the same vertical oscillation period P_,
a larger apocentre radius would require a more strongly flattened
potential (i.e. a lower g¢), which we show in Appendix A would
yield unphysical mass distributions with negative densities. Finally,
the emission at latitudes slightly higher than Sgr C was assumed to
belong to Stream 4. However, in our orbital model, this part of the
gas stream is also indistinguishable from the beginning of Stream
2. This degeneracy cannot be lifted and hence the nature of this
particular part of the gas stream remains ambiguous. This ambiguity
is easily alleviated with future proper motion measurements of the
Stream 4 clouds, because our model predicts that the proper motion
vectors of Streams 2 and 4 have opposite directions. Until such
measurements are available, we note that the quality of the fit is
unaffected by the choice of geometry, because the gas fits both
streams in our orbital model.

In summary, the best-fitting orbital structure is the simplest, phys-
ically motivated model that matches the observational constraints.
More complex models (e.g. fitting a larger number of independent
streams) may yield better agreement with the observations, but do
not necessarily lead to more physical insight.

5.2.3 Relation to previous geometry estimates

Previous work on the geometry of gas clouds in the CMZ provides
independent constraints on the configuration implied by our orbital
model. Here, we compare our model to these constraints and discuss
the resulting implications for the local environment in which the
CMZ clouds evolve and form stars.

It has been suggested that Sgr B2 is located 130 &£ 60 pc in front
of Sgr A* (Reid et al. 2009). This estimate relies on the assumption
of a circular orbit. As shown in Table 1 and Fig. 6, this assumption
does not hold. Sgr B2 has a total orbital velocity lower than the
local circular velocity of the potential, because it follows an eccen-
tric orbit and resides closer to apocentre than to pericentre. This
places it at a distance of Ay ~ 38 pc in front of Sgr A*, which in
combination with the {/, b} offset of Al = 0271 between Sgr B2
and Sgr A yields the total galactocentric radius of R = 11232 pc
listed in Table 2. Our estimate does agree with X-ray absorption
studies. Fig. 7 of Ryu et al. (2009) shows a line-of-sight separation
between Sgr B2 and Sgr A* that is similar to the value reported
here.

There exist different lines of indirect evidence suggesting that the
50 and 20 km s~ clouds are close to (R < 60 pc) or interacting with
the gas in the circumnuclear disc (CND) orbiting Sgr A*. This is
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Figure 7. Comparison of the observed NH3(1, 1) emission of Stream
1 with our orbital model (lines) for different pericentre radii R,. The
{dash—dotted, dashed, dotted, solid} lines indicate pericentre radii of
Ry = {10, 20, 40, 59} pc, where the latter value corresponds to our best-
fitting model. As before, the colours refer to the four coherent streams in
position—velocity space. The open black circle denotes the position of Sgr
A*. Top row: distribution in Galactic longitude and along the line of sight
{x, y}. The different projected apocentre radii arise due to different heights
above the plane. Middle row: distribution in Galactic longitude and latitude
{l, b}. Note the different scale on the y-axis compared to earlier figures.
Bottom row: distribution in Galactic longitude and line-of-sight velocity
{l, vios}. The middle and bottom panels show the effect of a changing
pericentre radius only for Stream 1.

seemingly at odds with our orbital model, which has R, = 591’%5 pc.
The main evidence for a smaller pericentre radius is as follows.

(i) Sgr A* resides within the shell of the supernova remnant Sgr A
East, based on 90 cm and OH absorption measurements (Pedlar et al.
1989; Karlsson et al. 2003). Sgr A East has a diameter of ~10 pc.
At the same time, the overabundance of OH maser emission at the
positions where the supernova shell connects in projection to the
50kms~! cloud and the CND suggests the shell physically interacts
with both (Yusef-Zadeh et al. 1999; Lee et al. 2008; Sjouwerman

Orbital structure of Galactic Centre clouds 1071

& Pihlstrom 2008). If this indeed applies to the main body of the
50kms~! cloud, it would be situated within ~10 pc of Sgr A*.

(ii) The 50 and 20kms~' clouds seem to form a contiguous
structure in {/, b, vis} space (e.g. Sandqvist 1989). As a result,
the above point could subsequently imply that the 20 km s~ is also
located at a small distance from Sgr A*.

(iii) Again in projection, there exist contiguous gas structures
bridging the 50 and 20kms~' clouds to the CND surrounding
Sgr A* (Herrnstein & Ho 2005; Liu et al. 2012; Ott et al. 2014).

Unfortunately, the above constraints on the positions of the main
bodies of the 50 and 20 km s~ ! relative to Sgr A* are rather qualita-
tive or indirect. Both clouds are very close in projection to Sgr A*,
where most of the orbital motion occurs in the plane of the sky. As a
result, the line-of-sight velocities are small and most structures will
be connected in {/, b, vios} space irrespective of their distance to
Sgr A*. The close projected distance between the 50 and 20 km s™!
clouds and Sgr A* complicates matters further by obstructing direct
observations of any material that may be located in between. This
is particularly important in the context of our model, because it is
unknown how far the 50 and 20 km s~ clouds extend along the line
of sight.

In our orbital model, the 50 and 20 km s~! clouds are very close to
pericentre, indicating that they are likely undergoing tidal stripping.
The stripped material from these and previously passing clouds
should make its way to the nucleus on a short (R,/v, ~ 0.3 Myr)
time-scale, where it should interact with Sgr A East and form a
bridge between Sgr A* and pericentre. The tidal perturbation during
the pericentre passages of clouds on our best-fitting orbit could
therefore provide a natural mechanism for feeding the CND. While
different from the previously proposed geometry, this configuration
seems consistent with most of the above-mentioned observational
constraints. The numerical simulations that will be presented in
Paper II will allow us to address this in more detail.

Another constraint may be provided by differences in the rel-
ative stellar densities due to infrared absorption across the CMZ.
For instance, the infrared stellar density observed in the dust ridge
of clouds between the Brick and Sgr B2 is lower than the 50 and
20kms~! clouds. If this difference is due to absorption, it could
suggest that the dust ridge clouds are positioned closer to the ob-
server than the 50 and 20 km s~! clouds. However, this only holds if
(1) the 50 and 20km s~ clouds have column densities identical to
the dust ridge clouds, and (2) the stellar densities just in front of the
clouds are the same. Both of these requirements are questionable —
based on the radial distance of Table 2, we expect the stellar density
at the positions of the 50 and 20 kms~! clouds to be twice as high
as that in front of the dust ridge. In addition, the former clouds
are projected against the brighter background of the nucleus. We
thus see that in our model, the most prominent infrared dark clouds
should lie on the dust ridge as observed.

While the above constraints may be qualitative, our orbital model
can be used to quantify what the orbital kinematics should look like
if the 50 and 20kms~' clouds would indeed have a pericentre
radius R, < 10pc. In Fig. 7, we show the effects of varying the
pericentre radius on the best-fitting orbit (also see Appendix B).
As the pericentre radius decreases, the gradient of the line-of-sight
velocity with longitude changes fundamentally. For orbits with large
pericentre radii, we see that this gradient is monotonic, with a
roughly constant slope in the {/, vos } plane. However, orbits with
pericentre radii R, < 40pc exhibit a rapid change of the line-of-
sight velocity in the vicinity of Sgr A*. As the pericentre radius
is decreased, the curves in the {/, vjos } plane become increasingly
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S-shaped, with near-constant v, at large |/| and a sudden jump at
small |/].

The rapid change of the line-of-sight velocity for small pericen-
tre radii is robust — irrespective of details such as the particular
gravitational potential, the line-of-sight velocity near pericentre of
any orbit changes fundamentally (i.e. the sign changes or at least
|Alnvys/Ax| ~ 1) over a projected length-scale of one or two
pericentre radii (i.e. Ax = 1-2R;). For R, ~ 10 pc and an asymp-
totic line-of-sight velocity of vjos ~ 100 km s~!, this implies a jump
of Avs ~ 60kms™" over a Ax ~ 20 pc range in longitude, as is
illustrated by the corresponding orbital model in Fig. 7.'3 Such be-
haviour is inconsistent with the observed, near-constant slope of
Stream 1 in the {/, vjos } plane across the full range of longitudes.

To verify ifitis possible to obtain a smaller pericentre radius when
allowing the other orbital parameters to vary, we have repeated the
entire fitting procedure while fitting an orbital model to the data
of Stream 1 only. In that case, we obtain best-fitting parameters
typically within 1o of those listed in Table 1, with a pericentre
radius of R, = 75732 pc, even larger than the radius obtained when
fitting all Streams (R, = 59722 pc). Note that in both cases, the 1o
lower limit is R}, nin = 40 pc. We therefore conclude that the only
way the 50 and 20kms~! clouds could be closer to Sgr A* than
R, ~ 40pc, is if these clouds are unrelated to Stream 1. Such a
disconnection seems unlikely given the strong coherence of Stream
1 across a large range in {/, b, vjos }-

In summary, the geometry of the CMZ implied by our orbital
model agrees with some of the geometries proposed in previous
work, while disagreeing with others. However, the observational
constraints on which these other geometries are based also seem to
be consistent with our results, underlining the need for more quanti-
tative and unambiguous constraints. We provide an example of such
a quantitative constraint, showing that the line-of-sight velocities
across Stream 1 are inconsistent with pericentre radii R, < 40pc.
This suggests that the 50 and 20km s~! clouds may not be as close
to Sgr A* as previously thought.

5.2.4 What is the origin of the asymmetry and gaps?

We have fitted the orbital model to a gas distribution that contains
several gaps where no NH3(1, 1) emission is present. The distribu-
tion hosts two types of gaps. First, there is a large-scale asymmetry
in the CMZ where the vast majority of the gas emission comes from
positive longitudes.'* A similar, associated asymmetry may be that
the far side (Streams 3 and 4) of the structure appears to contain
more tenuous gas than the front (Streams 1 and 2). Secondly, the
gas streams themselves are interrupted by gaps of various sizes

13 Also note that the model with Ry, = 10pc exhibits a strong change of
direction in the {/, b} plane near pericentre, continuing in the direction of
negative latitudes.

141t is currently debated whether this asymmetry is mirrored by star forma-
tion. Most of the 24 pm emission (from young and evolved stars) is seen at
negative longitudes where very little gas is present (e.g. Yusef-Zadeh et al.
2009). This anticorrelation with the gas could be caused by the ambigu-
ous origin of the 24 um emission (i.e. that many of the 24 pm sources are
evolved stars and therefore do not trace star formation; e.g. Koepferl et al.
2014). Indeed, studies of young stellar objects, isolated massive stars, and
young stellar clusters using Paschen o or CO; ice absorption (which are not
sensitive to evolved stars) find no such anticorrelation, but instead obtain a
distribution that is similar to the lopsided gas distribution (e.g. Mauerhan
et al. 2010; An et al. 2011).
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(10-30pc). Why does the gas emission not trace the orbit at all
phase angles?

Rodriguez-Fernandez & Combes (2008) show that a possible
lopsidedness of the stellar potential is not responsible for the asym-
metric gas distribution, as it would result in kinematics inconsistent
with the observed line-of-sight velocities. Instead, these authors
propose that accretion on to the CMZ may originate from only
one side of the bar, which then enters the inner CMZ through the
cloud complex at / = 123. These asymmetries are commonly seen
in external galaxies (e.g. NGC 5236; see Harris et al. 2001).

While the above scenario could explain the large-scale, longitudi-
nal asymmetry in the inner CMZ, it does not explain the asymmetry
between the gas-rich front and gas-poor back side of the gas stream
considered in this paper, because the front side must consist of two
independent segments that in our orbital model represent the head
and tail of the gas stream. It seems unlikely that enhanced gas den-
sities at the two extreme ends of the same stream can be caused
by asymmetric accretion. Even if Stream 1 is unrelated to Streams
2-4, this would require episodic accretion from both sides of the
bar, contrary to the scenario of Rodriguez-Fernandez & Combes
(2008).

The density structure may be affected by the stream’s orbital dy-
namics. The proximity to pericentre of the gas on Streams 1 and
2 should indeed lead to enhanced densities, but this explanation is
incomplete — Fig. 6 shows that the density should also peak near
the third pericentre between Streams 3 and 4. In the context of our
model, the only explanation is that the large-scale (~100pc) gas
distribution along the gas stream is not contiguous, but clumpy.
The triggered collapse of cloud complexes during the pericentre
passages would then naturally lead to bursty star formation, con-
sistent with the observed separation of gas overdensities and young
stars (cf. Fig. 6). This would explain the absence of overdense gas
near the pericentre between Streams 3 and 4, which in this picture
coincides with a gap in the gas distribution.

There are two ways in which a clumpy large-scale gas distribution
can be attained.

(i) The accretion flow on to the inner CMZ may be discontinuous.
The associated length-scale should be similar to the size-scale of
the accretion shock. If the / = 123 complex is the main accretion site
of material on to the CMZ as suggested by Rodriguez-Fernandez
& Combes (2008), then the corresponding size-scale is A ~ 100 pc
(Kruijssen et al. 2014).

(i1) The gas in nuclear rings or streams within the inner Lindblad
resonance (ILR; see Section 5.2.5 below) develops gravitational
instabilities of which the fastest growing mode has a wavelength of
X ~ 8.5AR, where AR is the stream thickness (Elmegreen 1994).
Substituting the observed AR ~ 10 pc, we obtain A ~ 85 pc.

Both scenarios yield length-scales that are consistent with the
implied separation of density enhancements (~100 pc) in the large-
scale asymmetry of the CMZ. More quantitative predictions require
galaxy-scale simulations of the accretion process and the subsequent
gravitational instabilities (e.g. Emsellem et al. 2015).

Finally, the sizes of the small-scale (10-30pc) gaps in the gas
stream are more easily understood. At the observed surface density
and velocity dispersion of the gas stream (mean values are X ~
3 x 10° M@ pc? and o ~ 15kms™'; see Kruijssen et al. 2014),
the mean turbulent Jeans length is A; = 202/G X ~ 35pc, reaching
A; < 20 pe in overdensities like the Brick. This shows that the small-
scale fragmentation of the gas stream naturally occurs (and leads to
gaps) on size-scales consistent with the observed interruptions.



The small-scale gaps could be maintained under the influence of
star formation and feedback. Star formation events in the gas stream
are able to expel the gas locally, but their reach is limited. It therefore
depends on the ratio between the separation length of star formation
events (~30 pc) and the feedback length-scale (likely similar to the
stream thickness of ~10 pc). For these numbers, we expect feedback
to clear ~30 per cent of the gas per star formation event, implying
that the (interrupted) gas stream may survive for several pericentre
passages, especially if material is reaccreted. This could explain
why Stream 1 contains a substantial gas reservoir even though it
represents the leading end of our model and may have experienced
more than one pericentre passage in the past.'

There is some tentative evidence that the proposed, local clearing
of gas by feedback is presently ongoing. The molecular gas above
(i.e. the 80kms~! cloud at {1, b} = {021, 0°2}) and below (i.e. the
tip of Stream 1) the Arches and Quintuplet clusters is connected
to the bifurcation at the leading end of Stream 1 identified in Sec-
tion 2.2. Combining the ages of the clusters (r = 3-5Myr, see
Section 5.2.6) and the half-separation length of these gas compo-
nents above and below the gas stream (R = 20-30 pc), we obtain
an ejection velocity of ~10km s~ for the dense gas shell(s), which
is consistent with theoretical expectations (cf. figs 1-3 of Murray,
Quataert & Thompson 2010).

Even where the gas stream does appear contiguous, imprints
of the Jeans length should be present in the line-of-sight velocity
profiles. This should manifest itself on a ~30 pc length-scale. We
aim to address this in future work (Henshaw et al., in preparation).

5.2.5 What is the nature of the stream(s)?

The three points discussed thus far in this section beg a more general
question. What is the nature of the streams? Orbits in potentials
generated by extended mass distributions are never closed in the
inertial reference frame, but it is well known that barred potentials
generate closed orbits in the rotating reference frame of the bar,
which are often separated into a family of elongated ‘x,” orbits along
the bar and a family of perpendicular ‘x,’ orbits embedded within
the x; orbits (e.g. Contopoulos & Mertzanides 1977; Binney et al.
1991; Athanassoula 1992; Sellwood & Wilkinson 1993; Englmaier
& Gerhard 1999; Bissantz et al. 2003). Because these orbits are
closed in the rotating reference frame of the bar, they are open by
definition in the Galactic reference frame, with orbital precession
rates matching the bar’s angular speed. Closed orbits are often
required for the gas to avoid self-interaction and hence disruption,
but we note that this is not required if there is a non-negligible
vertical oscillation (like in our best-fitting orbit). In such a case, it
takes several orbits before the gas streams cross and interact.
Could the gas stream and its best-fitting orbit be consistent with
the x, orbits? This was first proposed by Binney et al. (1991), who
used low-density gas tracers to characterize the gas dynamics. We
revisit the question here using our orbital fit to high-density gas
tracers. A wide range of x; ring radii has been measured in external
galaxies. While most of these extend beyond the size-scales of the
gas stream considered here, several of them are similar in size (e.g.
NGC 1068; see Peeples & Martini 2006). Most x, orbits reside just

15 In this context, it is important to reiterate the point made in Section 4.2 that
the gas properties of different parts of the stream differ. While a pericentre
passage may induce collapse in one case, it could take several passages in
another, depending on the density and velocity dispersion. This would also
increase the longevity of the gas stream(s) in the CMZ.
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interior to the ILR (e.g. Regan & Teuben 2003), but the innermost
orbits extend to smaller radii. For instance, the ILR in the Milky
Way model of Bissantz et al. (2003, fig. 10) resides at a radius of
R ~ 200 pc, whereas the innermost x, orbits reach R ~ 20 pc.

There is circumstantial observational evidence that our best-
fitting orbit may coincide with a resonance. For instance, the ori-
entation of the line connecting both apocentres is closer to being
perpendicular to the orientation of the bar than running in paral-
lel to it. The ILR occurs at the galactocentric radius where Q2 —
Kk /2 = p, with Q the angular velocity, « the epicyclic frequency,
and 2, the pattern speed of the bar. In the Milky Way, the ILR is
thought to reside at radii beyond the fitted orbit (e.g. Englmaier &
Gerhard 1999), but the above range of size-scales shows that it is
possible that our orbit matches the Galactic x; orbits. We can test the
hypothesis by comparing the orbital rate of precession Q. to the
pattern speed of the bar 2, ~ 0.06 Myr~! (e.g. Debattista, Gerhard
& Sevenster 2002; Bissantz et al. 2003; Gardner & Flynn 2010). If
these angular velocities match, then our fitted orbit is closed in the
reference frame of the bar.

The precession rate of the best-fitting orbit is given by Qprec =
27/ Py — 1/ Pr, where the absence of the factor of 2 in the sec-
ond term arises because gas on the x, orbits experiences two
peri/apocentre passages per orbital revolution. In the reference
frame of the bar, the precession rate becomes me = Qprec — 2p.
Because x, orbits are closed, they must have Qprec =0 by def-
inition. Using the orbital periods from Table 1 and accounting
for their covariance, we obtain Qe = 0.1670 (] Myr~' and hence
me =0. 10t3;3)~7 Myr_l . This indicates that our best-fitting orbit is
inconsistent with the x, orbits. The reason for this inconsistency can
be inferred directly from the potential implied by the mass profile of
Launhardt et al. (2002). In the radial range of R = 0-300 pc under
consideration here, the precession rate 2 — k /2 has a minimum of
0.13Myr ! at R = 110pc, twice as high as the pattern speed of the
bar. The condition for closed orbits is thus satisfied nowhere in this
radial range. Extrapolating the mass distribution of Launhardt et al.
(2002) to larger radii suggests that closed orbits exist in the radial
range R = 300-700 pc, well outside the range of orbital solutions
considered here.

Despite this clear inconsistency between our best-fitting solution
and the x, orbits, we caution against drawing firm conclusions from
this comparison. The difference between ... and €2, is hardly
significant given the systematic uncertainties involved, such as the
possible deviations from axisymmetry discussed in Section 5.2.1,
which could provide the torque necessary to decrease the precession
rate and close the orbit in the rotating reference frame of the bar.
The gas stream’s kinematics may also be affected by viscous forces,
which were neglected in the dynamical model presented here.'® We
therefore cannot rule out that the gas stream formed due to the x;,
resonance.

Alternatively, observations of external galaxies often reveal sev-
eral (sometimes point-symmetric) elongated ‘feathers’ that emerge
from the inside of the x, orbits, reaching in to the small radii
where the nuclear clusters and the central black hole dominate the

16 While we acknowledge the possibility, we note that deviations from our
ballistic orbital model due to hydrodynamics require the stream to consis-
tently encounter gas of similar (or higher) density. Because the best-fitting
orbit rarely intersects with itself (see Section 4.1) and the dense gas in the
CMZ has a low volume filling factor (Longmore et al. 2013a), hydrodynam-
ical perturbations are likely rare too. Our assumption of ballistic dynamics
is therefore reasonable.
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gravitational potential (Peeples & Martini 2006). Like a ‘closed’ x;
orbit, these may also have precession rates similar to the bar, but
even then their kinematics should be fundamentally different. The
position—velocity distribution of the streams identified in the CMZ
is not point-symmetric, but may none the less be consistent with the
feather hypothesis. Examples of deviations from point-symmetry
are not uncommon in extragalactic systems (see e.g. NGC 1097
and NGC 6951 in the sample of Peeples & Martini 2006), where
the feathers continue to orbit the galaxy centre on eccentric orbits
similar to what we see in the CMZ. Such kinematics have also
been found in the recent disc galaxy simulation by Emsellem et al.
(2015). We therefore emphasize the possibility that the identified
streams may represent the Galactic analogue of the feathers seen
in extragalactic observations. Considering that orbits similar to our
model should exist in any vertically compressed, extended mass
distribution, this is an interesting avenue for future high-resolution
observations of gas streams in external galaxy centres (e.g. using
ALMA).

5.2.6 The relation to the Arches and Quintuplet clusters

The CMZ hosts the Arches and Quintuplet clusters, which are the
only two known young (t < 10 Myr) massive (M 2 10* M) clus-
ters in the region. Did these clusters form from gas following our
orbital model? About 50 per cent of the star formation in the CMZ
is thought to occur in bound clusters as shown by observations
(Mauerhan et al. 2010) and theory (Kruijssen 2012), of which the
majority is destroyed on time-scales of ~10 Myr (see e.g. Portegies
Zwart et al. 2001; Kruijssen et al. 2011, 2014). It is plausible that
the Arches and Quintuplet clusters represent the high-mass end of
this cluster population.

The Arches has a line-of-sight velocity of vjos = 109 &= 8 km s~!
in the Galactic reference frame (Figer et al. 2002) and a proper
motion of vy, = 172 £ 15kms~" with respect to the background
field stellar population, almost entirely in the Galactic plane towards
increasing longitudes (Clarkson et al. 2012).!” Together, this implies
a 3D space velocity of Vo, = 204 & 13kms~!. For the Quintuplet
cluster, we obtain a similar result — its line-of-sight velocity is
Vios = 116 £ 2kms~! in the Galactic reference frame, whereas its
proper motion with respect to the field stellar population is vy, =
132+ 15kms™!, again almost entirely in the positive longitude
direction (Liermann, Hamann & Oskinova 2009; Stolte et al. 2014),
implying a 3D space velocity of vy, = 176 & 15kms™!.

Stolte et al. (2008) compared the line-of-sight velocities of the
Arches and Quintuplet clusters to those of the gas stream and argued
that the clusters must follow different orbits than the gas, suggesting
they were formed by cloud—cloud collisions. However, our model
shows that the high eccentricity of the orbit allows a wide range of
line-of-sight velocities for different projection angles of the veloc-
ity vectors, depending on where along the orbit the object in ques-
tion is located. The mean 3D velocity vectors of both clusters are
constituted by line-of-sight components (vy,s) = 113 & 4kms~ ! in
the Galactic reference frame and (vj,) = 99 £ 4kms™! in the lo-
cal standard of rest, as well as a mean 2D proper motion towards
positive longitudes of (vym) = 152 +21kms~'. Comparing to our
complete orbital solution in Appendix C at the time when Stream
1 best matches the observed {/, b} coordinates of both clusters
(t = 2.1 Myr), we see that the predicted line-of-sight and 2D proper

17 This number is a downward revision from Stolte et al. (2008).
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Figure 8. Top-down view of the present and past of the Arches and Quin-
tuplet clusters in the context of our orbital model (dashed line). As in
Fig. 6, the observer is located in the negative-y direction. The colours again
refer to the four coherent streams in position—velocity space, the thin circles
indicate the implied positions in the Galactic plane of several GMCs and
cloud complexes in the CMZ, the plus symbols indicate pericentres, the
crosses mark apocentres, and the open black circle denotes the position of
Sgr A*. The present-day positions of the Arches and Quintuplet clusters
are represented by the thick circles on Stream 1, close to pericentre. The
formation sites of these clusters as implied by their ages are indicated by the
solid dots on lines running in parallel to the orbital model. The lengths of
the lines indicate the uncertainty ranges implied by the age measurements.

motion velocities are vios = 91kms™" and vy, = 185kms™', re-
spectively, both in reasonable agreement with the observed val-
ues. As a result, the orbital velocities of both clusters (with mean
(Vorp) = 190 = 20km s~ ") are also fully consistent with our mod-
elled orbital velocity at that position (vep, = 206kms™"). These
velocities show that the clusters are consistent with being part of
Stream 1 in our orbital model, very close to pericentre. If both clus-
ters indeed follow our best-fitting orbit, they should presently reside
at a galactocentric radius of R ~ 60 pc.

The present configuration of the gas does not provide much in-
sight into the formation sites of the Arches and Quintuplet, but its
dynamical history may. Fig. 8 shows the implied present-day posi-
tions of the Arches and Quintuplet clusters in our orbital model, as
well as the possible range of their formation sites implied by our
model. The clusters have ages of T = 3.5 & 0.7 and 4.8 + 1.1 Myr,
respectively (Schneider et al. 2014). In our orbital model, these
ages indicate that the clusters are ahead of their formation sites
by 0.9 £ 0.2 and 1.3 £ 0.3 full orbits (i.e. azimuthal periods), or
1.7 £ 0.5 and 2.4 £ 0.7 radial oscillations. We see that the ages
of both clusters are consistent with an integer number of radial
oscillations. If their present positions are indeed near the pericen-
tre passage of Stream 1 as our model suggests, then the clusters
likely formed near the pericentre passage of Stream 2, after which
they completed approximately one orbital revolution to end up at
their present-day positions. The range of their possible formation
sites is indicated in Fig. 8 by the solid lines, which show that the
uncertainties are substantial due to the large error bars on the age
measurements. While the Quintuplet could have formed at any point
of a complete radial oscillation, the Arches is very much consistent
with having formed in the dust ridge between the Brick and Sgr B2.
In our model, its formation was triggered by the tidal compression
of clouds during the preceding pericentre passage.



The currently available evidence supports the scenario that the
Arches and Quintuplet clusters formed in the gas stream, but un-
certainties remain. The age estimates represent the main source of
uncertainty (cf. Figer, McLean & Morris 1999; Najarro et al. 2004;
Schneider et al. 2014), but decreasing the error margins on our or-
bital fit in future work (e.g. using a better-constrained gravitational
potential) could also improve the above analysis.

5.3 Implications and outlook

The presented orbital model provides a robust starting point for
observational, theoretical, and numerical follow-up studies of GMC
evolution in the inner CMZ. Observationally, the predictions of
Section 4.2 and the open questions of Section 5.2 can be addressed
using the plethora of radio, sub-mm and infrared survey data that is
already at hand. In addition, our assumptions can be improved upon
by refining our current understanding of the gravitational potential
in the inner 200 pc of the Milky Way.

Perhaps most importantly, our model of an absolute time-
sequence of GMC evolution provides quantitative constraints that
will aid the interpretation of upcoming, high-resolution observa-
tions of these clouds (e.g. using ALMA). The obvious next step
is to follow the time-evolution along the orbit of several processes
that govern cloud evolution and star formation, such as the turbu-
lent energy dissipation through shocks, fragmentation into cores,
star formation activity, and the distribution of gas temperatures,
volume densities, chemistry, and magnetic field strengths.

In Paper II, we will present hydrodynamical simulations of gas
clouds that are orbiting the Galactic Centre on the best-fitting orbit
presented in this work. With these simulations, we aim to investigate
the structure and dynamics of the observed clouds, paying particular
attention to the influence of the pericentre passage on the cloud
properties. This will provide a wide range of quantitative predictions
that can be tested with the observations outlined above.
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APPENDIX A: ADOPTED GRAVITATIONAL
POTENTIAL

The gravitational potential in the central few hundred pc of the CMZ
is dominated by stellar mass. The spherically symmetric, enclosed
mass distribution was derived by Launhardt et al. (2002),'® which
averaged over the range R = 1-300 pc results in a density profile
P(R) o« RV withy =1.7-1.9.

In order to reproduce the vertical oscillations of the stream’s orbit
described in Section 2.3, we assume that the gravitational poten-
tial in the Galactic Centre is axisymmetric and flattened. Ideally,
the vertical compression should be performed on the underlying
mass density distribution, but due to the observational resolution,
there is insufficient information on the true vertical density profile
at the small latitudes (|z| < 15 pc) considered here (cf. Launhardt
et al. 2002). We therefore flatten the gravitational potential itself
and show below that doing so yields physically allowed potential-
density pairs. A second, possible concern is that the potential is the
sum of several components, including those from Sgr A* and the nu-
clear stellar cluster. These latter two components are not flattened in
reality, but they represent only a small fraction (~10 per cent) of the
total potential in the radial range occupied by our best-fitting orbit.
For simplicity, we therefore construct a single, flattened potential.

The potential is flattened by the coordinate transformation

D(R) - O(r, 2), (A1)
where
22
R=r+=, (A2)
9o

with R the 3D radius, r = (x> 4+ y?)'/? the 2D radius in the Galactic
plane, z the height above the plane, and g4 < 1 a free parameter de-
scribing the degree of flattening. A spherically symmetric potential
is described by g = 1.

Vertically compressing the potential through the above coordi-
nate transformation can yield (locally) negative densities if either
the flattening is too strong or the density profile too steep (Bin-
ney & Tremaine 1987). Given an initially spherically symmetric,
power-law density profile p o« R™” (and hence Mcp R? with
B =3 — y), it can be shown that negative densities do not occur if
the flattening parameter g4 obeys

go <(1—pB)"'2, (A3)
which is always satisfied if 8 > 1, and
o > (1= /)", (Ad)

which is always satisfied if 8 > 2. The slope of the enclosed mass
profile is thus critical in determining whether the flattening of the
gravitational potential yields a physically allowed density distribu-
tion. In Fig. A1, we show the enclosed mass as a function of the

18 Launhardt et al. (2002) assumed a distance to the Galactic Centre of
Rio2 = 8.5kpc. Since we adopt a distance of R = 8.3 kpc, we rescale the
radii by a factor of R/Ry (2 and the enclosed masses by a factor of (R/ Rioo)>.
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Figure A1. Enclosed mass as a function of galactocentric radius in the range
R = 30-300 pc from Launhardt et al. (2002, dotted line). The grey region
shows the radial range spanned by the best-fitting pericentre and apocentre
distances, whereas the solid line shows a power-law fit to the enclosed mass
profile in the radial range spanned by our best-fitting pericentre (minus one
standard deviation) and apocentre (plus one standard deviation).

galactocentric radius in the range R = 30-300 pc from Launhardt
et al. (2002), as well as a power-law fit in the radial range spanned
by our best-fitting orbital solution(s). This gives a best-fitting slope
of B = 2.2 over the full radial range. Locally, the value of 8 across
the same radial interval ranges from 8 = 1.4 to 2.4, implying that
flattening parameters of 0.5 < g < 1 result in physically allowed
density distributions at all radii.

Having determined the slope of the enclosed mass profile in
the region of interest, we show the {8, go} parameter space in
Fig. A2 with the permitted region shaded in grey. The cross symbol
marks the position defined by our best-fitting slope 8 and the best-
fitting potential flattening parameter go (see Table 1). Note that
the horizontal error bar represents the range of S across the fitted
radial interval in Fig. A1l (i.e. not the standard deviation). We see
that flattening the gravitational potential implied by the enclosed
mass profile from Launhardt et al. (2002) yields physically allowed
density distributions for any combination of the parameters § and
g¢ considered in this work.

APPENDIX B: THE DEPENDENCE OF THE
BEST-FITTING ORBIT ON THE ORBITAL
PARAMETERS

Fig. B1 shows the dependence of the best-fitting orbit on the six
free parameters that we used. It shows that the {/, b} distribution
is affected by all parameters, but the {/, vjos} distribution is only
affected by varying R,, R, and ¢. This is easily understood — as
explained in Section 3, the best-fitting orbit is integrated around the
far-side pericentre between Streams 3 and 4 (cf. Fig. 6). Because the
far-side pericentre lies almost exactly along the line observer—Sgr
A* (i.e. the projection angle is ¢ ~ 180°), the parameters z,, 6, and
g only affect the orbit in directions perpendicular to the line of
sight, leaving v}, unaffected.

The figure clearly demonstrates that the parameters are non-
degenerate. The three variables that set the {/, vjos} distribution
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Figure A2. Parameter space spanned by the enclosed mass profile slope 8
and the potential flattening parameter ¢g¢. The region in which the flattened
potential corresponds to physically allowed density distributions is shaded
in grey. The cross represents the best-fitting enclosed mass slope g = 2.2
and the best-fitting potential flattening parameter g¢ = 0.63. The vertical
error bar denotes the formal uncertainty on g¢, whereas the horizontal error
bar represents the range of B across the fitted radial interval in Fig. Al.

do so in distinctive ways, which is illustrated most clearly by ob-
serving the variation of the extrema of the line-of-sight velocity
in the bottom panels of Fig. B1. The apocentre radius R, mainly
affects (1) the velocity range spanned by the stream segments at a
given Galactic longitude and (2) the longitude at which the peak
Vjos 18 reached, without strongly influencing its value. The oppo-
site behaviour is seen when varying the pericentre radius R, — the
peak velocity changes substantially while the extrema in Galactic
longitude does not vary as much, thereby changing the slopes of
the curves. Finally, changing the projection angle ¢ mainly changes
the line-of-sight velocity normalization of the system at a roughly
constant slope.

Focusing on the configuration in {/, b} space, the effects of the
apocentre and pericentre radii are similar as in {/, vjos } space, i.e.
the apocentre radius affects the orbit’s extent in Galactic longitude,
whereas the changing the pericentre radius results in modest dif-
ferences within a fixed longitude range. The pericentre height z,
affects the Galactic latitude of the orbit at all longitudes. Most no-
tably, the latitude shifts at extreme longitudes are opposite to those
near the projected centre of the orbit. While the velocity angle 0
appears to have a similar effect on the latitude, a closer inspection
shows its effect at extreme longitudes does not mirror that at the
centre. Instead, it introduces a vertical stretch or compression at all
longitudes, while having the opposite effect on the orbit’s extent
in Galactic latitude. This is not surprising, because the velocity an-
gle determines which fraction of the kinetic energy is used for the
vertical and radial oscillations. The projection angle ¢ only weakly
affects the structure in {/, b} space, in clear contrast with its effect
on {I, vies} space that was discussed above. It shifts the extrema
in Galactic longitude, but does so asymmetrically — an increase
of the low-longitude extremum is accompanied by a decrease of
the high-longitude extremum and vice versa. This mirrors the ef-
fect of changing the apocentre radius, which does symmetrically
extend or compress the Galactic longitude range spanned by the
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Figure B1. Comparison of the observed NH3(1, 1) emission (symbols with error bars, tracing gas with volume densities n > several 10°> cm~) near the
Galactic Centre with our orbital model (solid line). The two dotted (dashed) lines indicate the effect of decreasing (increasing) the parameter indicated at the top
left of each column by 1o and 20 (see Table 1). As in Figs 2, 4 and 6, the colours refer to the four coherent streams in position—velocity space. The open black
circle denotes the position of Sgr A*. Top row: distribution in Galactic longitude and along the line of sight {x, y}. Dots are positioned along the best-fitting
orbital model to indicate the longitudes of the clouds discussed in Section 4.1 and Fig. 6, whereas crosses (plus symbols) mark the apocentres (pericentres).
Middle row: distribution in Galactic longitude and latitude {/, b}. Bottom row: distribution in Galactic longitude and line-of-sight velocity {/, vios }.

orbit. Finally, the vertical flattening of the potential g4 changes the The remainder of Table Cl1 lists observable quantities. Note that
extreme-longitude ends of the orbit in a way similar to the pericen- the numbers listed in columns 12-16 include the solar motion to best
tre height, but does not affect the far side of the orbit (Streams 3 reflect directly observable quantities (see below). Columns 10 and
and 4) like z;, does. 11 provide the orbital structure in the plane of the sky, in the Galactic

In summary, each of the six parameters has its own unique effect coordinates {/, b}. The conversion to angular coordinates assumes
on the structure of the orbit in {/, b, v,s } space. For this reason, it a distance to the Galactic Centre of R = 8.3 kpc (Reid et al. 2014).
is possible to obtain a reliable, non-degenerate orbital fit. The line-of-sight velocity vj is given in column 12. The prime

indicates that this is the observable velocity in the local standard of
rest, adding the Sun’s radial velocity of Ug = 14kms™' towards
the Galactic Centre (Schonrich 2012) to the modelled line-of-sight

APPENDIX C: THE COMPLETE ORBITAL velocity as v),, = vis — Ug.'? The proper motions in Galactic co-

SOLUTION ordinates {;, u,,} implied by the best-fitting orbit are provided in
Table C1 shows the complete solution of the best-fitting orbit at time columns 13 and 14. Again, the primes indicate that these proper
intervals of At = 0.1 Myr. The data are also available in machine- motions include the proper motion induced by the Sun’s orbital
readable format in the Supporting Information accompanying this motion {u, )@ = {—6.379, —0.202) masyr~"' (Reid & Brun-
paper, where we use time intervals of At = 0.01 Myr. thaler 2004; Reid etal. 2009) as {1;, i)} = {r. pn} + (s, o} @ >

The first nine columns of Table C1 list the main model quanti- Columns 15 and 16 list the proper motions in equatorial coordinates
ties. Column 1 shows the time ¢, where ¢+ = 0 corresponds to the {1y, Mfs}~21

pericentre passage on the far side of the stream, between Streams
3 and 4 (cf. Fig. 6). Columns 2-4 give the spatial coordinates
{x, ¥, z}, where z = 0 corresponds to the Galactic plane (i.e.
b = 0°) and x = 0 corresponds to the / = 0° meridian. The y-
coordinate indicates the distance along the line of sight. Note that
x increases to the right (i.e. towards negative /), y increases away
from the observer, and z increases to the top (i.e. towards positive
b). In these coordinates, the position of the bottom of the gravi-
tational potential at Sgr A* is {x, y, z}sga* = {8.08, 0, —6.68} pc.
Columns 6-8 provide the velocities along these coordinate axes { vy,

19 1f another value of Ug is preferred, Up = 14km s~! must first be added
to the listed values before subtracting the preferred radial velocity towards
the Galactic Centre.

209f another value of {uy, wpre s preferred, {w, wplo =

vy, v, }. Finally, columns 5 and 9 provide the total galactocentric {—6.379, —0.202} mas yr~! must first be subtracted from the listed values
radius (defined as R> = x> + y* + z?) and orbital velocity (defined before adding the preferred solar motion.
as v(%rb = U,% + v)? + vf). 21 This again includes the proper motion induced by the solar motion.
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Table C1. Complete orbital solution.
t x y z R Uy vy v, Vorb l b Uls W W, Wy Wy
(D 2) 3) ) (©) (6) (7 (3) ) (10) (11) (12) (13) (14) (15) (16)
—25 10090 —13.09 —12.04 93.69 —106.02 —11560 31.17 15993 —0.680 —0.081 —129.60 —3.75 057 —2.45 —2.89
—24 8871 —24.65 —8.69 84.15 —132.19 —109.83  33.88 175.17 —0.598 —0.059 —123.83 —3.10 064 —2.17 —2.31
—23 73.93 —3541 —520 74.62 —15621 —99.85  33.92 18848 —0498 —0.035 —113.85 —250 0.64 —1.85 —1.80
—22 56.88 —44.92 —186 6638 —17655 —8541  30.82 198.54 —0383 —0.013 —9941 —200 056 —1.52 —1.41
—2.1 38.01 —52.73 099 61.06 —191.47 —66.65 2447 20421 —0256 0007 —80.65 —163 041 —120 —1.18
—20 17.97 —58.44 305 60.06 —199.24 —4451 1538 20473 —0.121 0021 —5851 —143 018 —090 —1.13
—19 —246 —61.79 409 63.67 —198.97 —20.98 4.89 200.14 0017 0028 —3498 —144 —008 —0.68 —1.27
— 18 —2247 —6274 405 7073 —191.28 200 —546 19138 0151 0027 —12.00 —1.63 —034 —0.56 —1.57
—17 —4137 —61.44 301 79.61 —177.51 2324 —14.59 179.62 0279  0.020 924 —197 —056 —055 —198
—1.6 —5862 —58.08 1.14 8895 —159.12  42.09 —21.81 166.04 0395  0.008 28.09 —243 —074 —0.63 —2.46
—15 —7380 —5292 —137 97.82 —137.42 5824 —26.83 151.65  0.497 —0.009 4424 —297 —087 —0.80 —2.99
— 14 —86.64 —4625 —428 10562 —11329 7173 —29.62 13734  0.584 —0.029 5773 —357 —094 —1.05 —3.54
—13 —9691 —3833 —736 11196 —87.27 82.71 —30.29 12401 0653 —0.050  68.71 —421 —095 —137 —4.10
—12 —10447 —29.43 —1040 11658 —60.40 91.06 —28.99 113.05 0704 —0.070  77.06 —4.88 —092 —1.74 —4.65
—1.1 —10925 —19.80 —1323 11935 —33.06 9688 —2594 10562 0.736 —0.089 82.88 —556 —0.85 —2.15 —5.19
—1.0 —11121 —970 —15.66 12021  —543 10029 —21.37 10272  0.750 —0.106 8629 —624 —073 —2.60 —5.72
—09 —11035 0.63 —17.55 119.11 2236 10133 —1551 10494 0744 —0.118 8733 —6.93 —059 —3.09 —6.24
—08 —106.65 1095 —18.79 116.06 50.19 99.92 —8.56 112.15 0719 —0.127 8592 —7.62 —041 —3.59 —6.74
—0.7 —100.09 2098 —19.27 111.08 7792 9591 —0.76 12359  0.675 —0.130 8191 —831 —022 —4.11 —723
—06 —90.72 3046 —18.93 10428  105.08 89.13 750 13801  0.612 —0.128 7513  —899 —0.02 —4.64 —7.70
—05 —7865 39.11 —17.74 9595  130.67 7950 1564 153.76 0530 —0.120 6550 —9.62 0.9 —5.15 —8.13
—04 —6407 4662 —1575 8653  154.26 66.73  23.18 169.67 0432 —0.106 5273 —1021 037 —5.61 —8.53
—03 —4721 5265 —13.05 7674 17483 50.64  29.43 184.38  0.318 —0.088 36.64 —10.72 053 —6.02 —8.88
—02 —2846 5686 —9.81 6778  190.94 3133 33.53 19639  0.192 —0.066 1733 —11.12 063 —632 —9.17
—0.1 —836 5896 —629 6128  200.97 931  34.67 20415 0056 —0.042 —469 —1137 066 —648 —9.36
0.0 1238 5872 —2.84 59.00 20339 —1422 3229 20643 —0083 —0.019 —2822 —1143 060 —647 —944
0.1 3296  56.08 020 61.69 197.76 —37.02  26.69 20297 —0222 0001 —51.02 —1129 046 —629 —9.38
0.2 5258  51.23 254 6840 18495 —57.16  18.81 19450 —0354 0017 —71.16 —1097 026 —596 —9.21
0.3 70.60  44.51 401 7736 16659 —73.79 982 18247 —0476 0027 —87.79 —10.51 004 —554 —893
0.4 86.53  36.27 455 87.00 14430 —86.71 0.72 16835 —0583 0031 —100.71 —9.96 —0.18 —5.06 —8.58
0.5 10002 2690  4.18 9624 11943 —96.01 —7.73 15344 —0.674 0028 —110.01 —934 —039 —4.56 —8.16
06 11089 1675 3.01 10444 9288 —102.02 —15.07 138.80 —0.747 0020 —116.02 —8.68 —0.58 —4.07 —7.69
0.7  118.97 6.13 115 111.16 65.07 —105.05 —21.06 12537 —0.802 0008 —119.05 —7.99 —072 —3.58 —7.18
0.8 12420 —4.64 —124 116.15 37.04 —105.28 —25.40 11446 —0.837 —0.008 —119.28 —7.30 —0.83 —3.12 —6.65
0.9 12655 —1531 —3.99 119.30 920 —102.93 —28.00 107.09 —0.853 —0.027 —11693 —6.61 —090 —2.70 —6.09
1.0 12609 —2561 —691 12056 —1826 —9820 —28.84 103.99 —0.850 —0.047 —11220 —593 —092 —233 —553
1.1 12284 —3531 —983 11992 —45.19 —91.16 —27.95 10554 —0.828 —0.066 —105.16 —526 —090 —2.00 —4.95
12 11687 —44.18 —12.57 117.38 —7148 —81.82 —2533 11156 —0.788 —0.085 —9582 —4.61 —0.83 —171 —436
13 10825 —51.97 —14.95 11297 —96.87 —70.13 —21.00 121.44 —0.730 —0.101 —84.13 —398 —0.72 —147 —3.76
14 97.09 —5844 —1681 10679 —121.08 —5599 —15.05 13426 —0.654 —0.113 —69.99 —337 —058 —128 —3.18
1.5 83.56 —63.34 —17.99 99.02 —143.15 —39.64 —7.77 14875 —0.563 —0.121 —53.64 —2.83 —039 —1.14 —2.62
1.6 6791 —6647 —18.36 90.05 —162.44 —21.11 0.55 163.81 —0458 —0.124 —3511 —235 —0.19 —1.07 —2.10
1.7 5046 —67.59 —17.85 8043 —17820 —0.36 9.52 17846 —0340 —0.120 —1436 —1.96 003 —1.05 —1.65
1.8 3162 —6648 —1642 71.12 —189.25 2223 1844 19145 —0213 —0.111 823 —168 026 —1.10 —1.30
1.9 1196 —63.00 —14.11 6354 —19422 4590 2638 20132 —0.081 —0.095 3190 —1.56 045 —120 —1.10
20 —7.85 —57.10 —11.09 59.49 —191.85 69.40 3220 20654  0.053 —0.075 5540 —162 060 —1.35 —1.07
2.1 —2701 —4888 —7.64 6031 —181.62 90.66  34.84 20596  0.182 —0.051 76.66 —187 066 —1.54 —125
22 —4476 —3870 —4.09 6573 —164.65 107.64  33.93 199.63  0.302 —0.028 93.64 —229 064 —174 —1.63
23 —6052 —27.04 —080 7417 —142.88 11952  29.93 188.67 0408 —0.005 10552 —2.83 054 —1.93 —2.14
24  —73.89 —14.43 1.96 83.88 —118.09 12644  23.69 174.62 0498 0013 11244 —345 039 —2.12 —275
25 —84.62 —134 400 9354 —91.76 12887 1611 159.03 0570  0.027 11487 —4.10 020 —2.30 —3.40

Note. tis listed in Myr, {x, y, z, R} in pc, {vy, vy, vz, Vorb, V) in km s~ {1, b} in degrees, and {1}, p},, 11’ ;L’y} inmasyr—'.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Data file: Machine-readable format of the data presented in Table
C1 at 10 times the time-resolution of the data presented therein,
at time-intervals of At = 0.01 Myr (http://mnras.oxfordjournals.
org/lookup/suppl/doi:10.1093/mnras/stu2526/-/DC1).
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