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ABSTRACT

short free-fall timest(

arxiv:1412.0664v1 [astro-ph.GA

We recently proposed that the star-forming potential osgenolecular clouds in the Central
Molecular Zone (CMZ, i.e. the central fe®00 pg of the Milky Way is intimately linked to
their orbital dynamics, potentially giving rise to an ahgettime sequence of star-forming
clouds. In this paper, we present an orbital model for thestr@am(s) observed in the CMZ.
The model is obtained by integrating orbits in the empiticabnstrained gravitational po-
tential and represents a good t{, = 2:0) to the observed position-velocity distribution
of dense i > several 16 cm 3) gas, reproducing all of its key properties. The orbit imals
consistent with observational constraints not includethi tting process, such as the 3D
space velocities of Sgr B2 and the Arches and Quintupletensisit differs from previous,
parametric models in several respects: (1) the orbit is op#rer than closed due to the ex-
tended mass distribution in the CMZ, (2) its orbital velgdit00-200 km s 1) is twice as
high as in previous models, and (3) Sgr Aoincides with the focus of the (eccentric) or-
bit rather than being offset. Our orbital solution suppdiis recently proposed scenario in
which the dust ridge between G0.253+0.016 ("the Brick') 8gd B2 represents an absolute-
time sequence of star-forming clouds, of which the condimsavas triggered by the tidal
compression during their most recent pericentre passagegodaltion the clouds on a com-
mon timeline and nd that their pericentre passages ocd01@0-0:74 Myr ago. Given their
0:34 Myr), the quiescent cloud G0.253+0.016 and the vigorously
star-forming complex Sgr B2 are separated by a single faeiihe of evolution, implying
that star formation proceeds rapidly once collapse hasibégted. We provide the complete
orbital solution, as well as several quantitative preditsi of our model (e.g. proper motions
and the positions of star formation “hotspots'). The papeoncluded with a discussion of the
assumptions and possible caveats, as well as the posittbe afodel in the Galactic context,

highlighting its relation to large-scale gas accretiom ttynamics of the bar, the, orbital
family, and the origin of the Arches and Quintuplet clusters

Key words: galaxies: ISM — ISM: clouds — ISM: kinematics and dynamics tar's:. for-

mation — Galaxy: centre

1 INTRODUCTION

Star formation is one of the fundamental physical procedgeing
the baryonic evolution of the cosmos, from reionizing thevdrse
at very high redshift to regulating galaxy evolution and al&fing
metals in the interstellar medium (ISM), enabling the depaient
of planetary systems and eventually life. Despite its@ltimpor-
tance, a fundamental physical understanding of star foométas

not been achieved (McKee & Ostriker 2007; Kennicutt & Evans

2012 Krumholz 2014).

? kruijssen@mpa-garching.mpg.de

Several complicating factors are to blame for our limited
understanding of star formation. For instance, star foionais
inherently a multi-scale process, of which the physics eating
the different scales are highly complex. A wide range of n¢éce
work has attempted to address this problem by connecting the
empiricism of galactic star formation relations to the cleacale
physics of star formation (e.g. Bigiel et al. 2008; Heidennea al.
2010; |Lada, Lombardi & Alves| 2010; Schrubaetal. 2010;
Gutermuth et al. | 2011; | Hopkins, Quataert & Muiray  2011;
Krumholz, Dekel & McKee | 2012;| Burkert & Hartmann__2013;
Kruijssen & Longmore 2014), but the problem is far from saolve
An additional issue is that gas and young stellar populatiare
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generally probed using indirect tracers, the calibratibrwhich
has become a very active eld of research (see le.g. Leroy et al
2011 Sandstrom et al. 2013).

Perhaps most importantly, it has proven extremely dif dolt
follow the deeply gas-embedded process of star formatidimie,
from the initial collapse of giant molecular clouds (GMCs)the
emergence of young stellar clusters or associations (Debdls
2014;/ Longmore et al. 2014). Being able to follow the absslut
time evolution of star-forming GMCs would greatly advanee o
insight into several current problems in star formation:. &mam-
ple, it would aid current efforts to understand the assemblje
stellar initial mass function (IMF; see elg. Bastian, CoSeMeyer
2010; Offner et al. 2014), allow us to directly probe the ditpiof
star formation and its time evolution (Padoan et al. 2014, cal-
ibrate gas and star formation tracers on an absolute timelin

The advent of the Atacama Large Millimeter Array (ALMA)
enables the study of dense and deeply embedded moleculat gas
the spatial resolution and sensitivity that was previousily ac-
cessible at visible wavelengths with the Hubble Space Tefe=
For the rst time, it will be possible to follow the star forrtian
process from its earliest stages as a function of tipnevided that
a reference timeline can be identi ed

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 claafdshich
the collapse has been triggered by their tidal compre@sbtnm-
ing a close passage to the bottom of the Galactic potentill we
near Sgr A (Longmore et al. 2013b). This picture is supported by
a monotonic increase of the star formation activity along dit
rection of motion, as well as strong indications that theidkohave
recently passed pericentre. Itis certainly a tempting i€aa evolu-
tionary sequence of protocluster clouds with a common zenat p
would greatly aid current efforts aiming to quantify the ¢irevolu-
tion of the star formation process.

The CMZ contains a large reservoir of dense molecu-
lar gas Mgas 5 10" M , Morris & Serabyn| 1996;
Ferriere, Gillard & Jean 2007) with properties widely eifént
from the ISM in the Galactic disc. The molecular gas vol-
ume density is two orders of magnitude higher than in the disc
(Ncwmz 10* cm ° as opposed togsc  10° cm 3, see e.g.
Longmore et . 2013a), the medium is highly turbulent, Wigch
numbers up taVl cmz 30 (Bally et al.| 1988 Kruijssen et al.
2014), and the molecular gas temperature is substantialyeh
than in the disc as wellTemz = 50400 K versusTgise = 10—
20K, see Ao et al. 2013 and Mills & Mortis 2013). The ISM con-
ditions in the CMZ are very similar to those seen in high-héftls
galaxies|(Kruijssen & Longmare 2013), which have simildrigh
molecular gas volume densities, turbulent pressures anpeea-
tures (e.g._Swinbank etlal. 2011; Danielson ét al. 2013)s Tk
plies that a detailed understanding of star formation inG@h4z
may actually provide insight into star formation in extreprvi-
ronments across cosmic time — in particular at the peak ofake
mic star formation history at redshift = 2-3 (e.g..Madau et al.
1996; Hopkins & Beacom 2006).

1 While it is well-known that the tidal eld can compress an et as
it approaches pericentre (e.gd. Mo. van den Bosch & White [R0L& not

the only possible compression agent. Geometric conveegeat also com-
press or extend objects on eccentric orbits, sometimesdrixéng spiral in-

stabilities near galaxy centres (e.g. Montenegro, Yuan@édgireen 1999).
In a follow-up paper (Paper Il), we will show that the domihdaformation

mechanism for the clouds under consideration here is thé &til.

The ISM of the CMZ is well-studied in several recent Galac-
tic plane surveys of high-density gas tracers (e.g. Balbli2010;
Walsh et al. 2011.; Jones etlal. 2012; Jackson|et all 2013jiding
a wealth of observational data to infer the orbital struetof the
gas in the CMZ and test the hypothesis of Longmore let al. (2013
that the clouds follow an absolute-time sequence of stand¢ion.
The rst cloud in the proposed sequence is G0.253+0.0160 (als
known as ‘the Brick’), which is thought to be the progenitdr o
a young massive cluster (Longmore etial. 2012) and is extyeme
well-studied across a wide range of molecular line and ocenti
uum observations (Lis & Menten 1998; Lis etlal. 2001; Balhakt
2010;| Kauffmann, Pillai & Zhang 2013; Rathborne €t al. 20&4b
Johnston et al. 2014). With such a wealth of observationt da
of CMZ clouds (also see Immer et al. 2012; Kendrew et al. 2013;
Walker et all 2014), a theoretical census of GMC dynamical ev
lution and star formation in the CMZ is both urgently needad a
within reach.

There is a long history of work aimed at constraining the or-
bital dynamics of GMCs in the CMZ (e.g. Binney etlal. 1991 ;8of
1995; Englmaier & Gerhard 1999; Sawada et al. 2004; Stark et a
2004;| Rodriguez-Fernandez & Comhes 2008). However, none of
these studies have been able to exploit the recent urry gh-hi
resolution surveys of high-density gas in the CMZ, whichtcke
a much clearer picture of the gas dynamics than previousegsirv
of the more diffuse HI and®CO(1-0) lines (e.d. Burton & Liszt
1978 Bally et al. 1987).

In a series of papers, we aim to address the hypothesis of
Longmore et &l (2013b) in more detail. In this rst paper, emn-
bine the recent observational data with orbital modelliogon-
strain the orbital structure of the dense* several 1¢ cm 3)
gas in the CMZ. We show that the sequence of protoclustedslou
identi ed bylLongmore et &l.[(2013b) follows a coherent sture
in position-velocity space. We highlight the many successe
the currently standard, parametric orbital model of Mdiird al.
(2011) in describing the position-velocity structure oé thas, as
well as several areas of improvement. By tting an orbitaldabto
the gas in position-velocity space, we determine where erath
solute timeline the GMCs in the CMZ are situated, allowingas
draw a number of preliminary conclusions regarding the wiah
of these clouds and the physics of star formation. In a compan
paper (Paper II), we present numerical simulations of psltagy
gas clouds that follow the best- tting orbit and we answex tfues-
tion whether the sequence of GMCs in the CMZ indeed represent
an absolute timeline.

In X2, we rst discuss the observed kinematics of the molec-
ular gas in the CMZ, present a systematic survey of its ositi
velocity structure, and list the strengths and weaknedgbgs most
recent model for the orbital structure of the dense gas IICHZ.

In ¥3, we introduce a new dynamical model that accurately de-
scribes the large-scale motion of GMCs in the CMZ. @ we
discuss the implications of our model for GMC evolution ahd t
physics of star formation in the CMZ. We also make a number of
guantitative predictions for further observational testdhe model.

In X8 we summarize our work, discuss the strengths and weak-
nesses of our model as well as several open questions, as&hpee
brief outlook. The adopted gravitational potential is dssed and
validated in AppendiX_A, the dependence of our orbital maatel
the orbital parameters is presented in Appehdix B, and thrptate
orbital solution is tabulated in AppendiX C — a machine-ed
table with time steps of t = 0:01 Myr is available in the Sup-
porting Information accompanying this paper.

Throughout this paper, we adopt a mean molecular weight
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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 NH(1; 1) emission (see text) to indicate the gas with a density
n> several 103 cm 3, green shows the MSX 21.81 image (Egan et al.
19981 Price et al. 2001), and blue shows the MSX 8r@8mage. The MSX
data shows PAH emission (mostly tracing cloud edges), yateipr ob-
jects, and evolved stars. The dotted line shows the modeladihiti et al.
(2011).

of = 2:3, implying a mean particle mass ah 4y = 3:9

10 % g, and we assume a distance to the Galactic Centre o

R = 8:3 kpc (Reid et al! 2014). Unless stated otherwise, all ve-
locities are given in the reference frame of the Galactictfeen
from all line-of-sight velocities we subtract the Sun's iedve-
locity towards the Galactic Centre, which we take tolbe =

14 km's * (Schonrich 2012), and from proper motions we sub-
tract the Sun's orbital motion, which induces a proper motd
f; pg="f 6:379 0:2029 mas yr ! in Galactic coordinates
(Reid & Brunthaler 2004; Reid et ial. 2009).

2 OBSERVATIONAL CONSTRAINTS AND CURRENT
ORBITAL MODEL

In this paper, we aim to constrain the orbital motion of the ga
streams seen in the CMZ. We therefore isolate only thosegpiet
information that are directly related to the ballistic dabdynamics

of the gas. Of course, the long-term goal is to connect thaltres
ing picture to additional constraints and physics, such.gste-
drodynamics, star formation, feedback, and the 3D geonusry
rived from absorption studies. Aspects of these are discugsal-
itatively in X5l

2.1 General properties of the dense gas in the CMZ

Before presenting our orbital model for the dense gas in & C
we rst discuss the observed structure and the main existiadel.
The denser( > several 1¢ cm *) gas morphology within the
central degree of the CMZ (i.e. within a galactocentric uadof

R 150 pc) is shown in Figur&ll, which in red reveals a pro-
nounced gure-eight shape. This shape inspired the twistegl
model of Molinari et al.|(2011), which is the most recent mdde
the structure of the CMZ (see below).

While the morphology of the molecular gas in the CMZ pro-
vides a clear picture, its observed kinematics are ingicllhe gas
often harbours multiple velocity components along the tihsight
(e.g..Bally et all 198&; Morris & Serabyn 1996). This comatis
the dynamical analysis of the gas and obstructs a straigvafad
derivation of its orbital structure. In this light, a sersitstart-
ing point is a simple geometric model (Molinari et al. 2014t

parametrizes the morphology of the gas and roughly matdkes i
kinematics. This model is based on a constant orbital viglazid
does not account for the physical dynamics of the orbitaiondh

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 aityi
symbol when projected in the plane of the sky (see Figlre ¥&bo
Figure 5 of_ Molinari et all 2011, and Figure 5 lof Kruijssenlkt a
2014). Viewed from above the Galactic plane, the model¥edlan
ellipse, in which the bottom of the gravitational potendaBSgr A
is positioned off-centre in the direction of the Sun. The gdsts
the ring at a constant orbital velocity v§, = 80 kms 1. It ap-
proaches us head-on at Sgr C, passes below Sgthdough the
Brick to Sgr B2. It then recedes from the viewer to the bacle sid
of the “ring', passing below the Brick and crossing itselpiojec-
tion just below the Arches cluster, and then continues tdtiges
Galactic latitudes, nally closing the loop at Sgr C.

Thel[Molinari et al.|(2011) model has led to several important
new insights. We shall see below that there are also area®the
can be improved, both in terms of its physical motivation #sd
agreement with the observational data. The aim of this@ediito
systematically identify the coherent gas structures inotheerved

f position-velocity space. This information is used{8ito construct

a self-consistent orbital model of the molecular gas in tMzC

2.2 Systematic survey of dense gas

The complex phase-space structure of the gas obstructisaighs-
forward identi cation of its orbital characteristics. Weeform

a systematic survey of coherent structures in positioneisl
space to obtain the observational dataset that is requireidot-

bital models to. We use the Nfl; 1) emission line observations
from the H O southern Galactic Plane Survey (HOPS, Walshlet al.
2011;| Purcell et al. 2012), which traces the gas at dengities
several 1¢ cm 3.

The HOPS data allows us to trace moderately high-density gas
across the necessary range in Galactic longitude, frem 0.7
to 0:8 , over which the gas is coherent in position-velocity space.
Even though NH(1; 1) exhibits hyper ne structure, the lines are
typically not detected in the CMZ clouds due to the broaddiicieh
of the gas. In the narrow-linewidth regions where hyper treis-
ture is observed, this is easily identi ed thanks to the knasep-
arations of these lines. The large linewidth differencenween
clouds in the CMZ and in the Galactic disc (elg. Shetty et al.
2012 Kruijssen & Longmore 2013) makes it trivial to idewtion-
taminants. Highed NH; transitions, such as NH3; 3), can be
brighter than NH(1; 1), but we see evidence at several locations of
maser activity in the NEi(3; 3) line, whereas the present work re-
quires the kinematics of the dense thermal gas to be trageallyk
NH3(1; 1) shows no strong signs of opacity or self-absorption ef-
fects across the CMZ (except for Sgr B2). By contrast, thésets
are prevalent in lines from other molecules, such as HCACN,
and HNC (e.d. Jones et|al. 2012).

In summary, by using single-dish observations of a modgrate
high-density tracer, we reliably map the global kinemati€she
molecular gas in the CMZ. Given that these bulk kinematicaikh
be tracer-independent, we expect that the resulting drbitél be
compatible with the observations from other molecular gageys,
irrespective of e.g. spatial resolution or critical deypsit

The position-velocity distribution of the gas is mappedats f
lows.
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(i) We start at Sgr C and follow the low-latitude stream tosgar
increasing Galactic longitudes, which at the same time gty
extends to increasing latitudes.

(ii) Every second pixel in longitude (corresponding to intds
of |=1%r x =2:5pc), we record the latitude line-of-sight
velocity vios and linewidth ves Of the gas stream. The uncertain
ties on the recorded latitudes are taken to be the resolaofitime
observations, i.e.p
sight velocity arg assumed to correspond to the velocityedgon,
ie. v =
ric aroundvies .

(iii) At a given longitude, if there is only a single velocigpm-
ponent along the line of sight, we select the latitude of thelp
with the largest peak intensity. If there are multiple véypcom-
ponents along the line of sight, we select the latitude ofpixel

with the largest peak intensigt the velocity corresponding to the

coherent velocity structure of the gas strearhis choice is made
to avoid the inclusion of other gas structures along thedirsight,
which in rare cases may locally outshine the emission froargts
stream, causing the pixel's peak intensity to be reachediifea-
ent velocity than the adopted one.

(iv) After the stream passes in front of Sgr £at the locations

ofthe 20 and 5&m s ! clouds, see Figufd 1 and Bally eflal. 2010),

the gas emission continues through a region with three efignt
velocity structures along the line of sight. Two of theseregt in
velocity space to the velocity of the stream, and it is notsjiae
to establish whether this indicates a bifurcation or a ceamojec-
tion. Dynamically, a bifurcation at the leading end of a gasamn
is unlikely (although tidal effects could play a role), segting that
the position-velocity structure arises from the projettidan inde-
pendent componeEkWe 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 latitudeswands
low longitudes, crossing the previously-mapped emissiwvatds
high latitudes, before eventually returning to the positi Sgr C.

Following the above procedure, we obtain the phase-spacsiate

of the gas stream. A total of 226 data points is collected &t 11

positions, providing b; Vs g as a function of necessary for tting
the orbital models in3]

The resulting distribution of gas ifl; bg andf; vi,s g space
is shown in Figure[2, together with the parametric model
Molinari et al. (2011). The data points trace the gure-eaighape
that we already highlighted in Figuré 1. The line-of-sightdmat-
ics indicate clockwise rotation when seen from above thaGal
plane, with a clear gradient across the Galactic longitad®e.
Roughly speaking, the gas at positive longitudes (part cfe®h 1
as well as Streams 2 and 3) is receding from our position, easer

1° = 2::5 pc, whereas those on the line-of-

Vies= 2In 2. The latter uncertainties can be asymmet-

Galactic longitude [deg]
0.5 -0.5
L L L

Stream 1 ; =
Stream 2 ,0'5 3
- 50 - i —
(]
1 !
o 1 z
£ or 40 =
| @
N —
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--05®
4 @)
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7] L
£ g ]
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< *50; . N
—100F 1
—-100 -50 0 50 100
z [pc]

Figure 2. Comparison of the Malinari et al. (2011) parametric orhitaidel
(dotted line) with the observed integrated-intensity midids(1; 1) emis-
sion near the Galactic Centre, tracing gas with volume tiesa >

several 10° cm 2 (grey scale). Symbols with error bars show the coherent

phase-space structure obtained as describe@.). We have divided the
gas into four coherent streams in position-velocity spheg are colour-
coded as indicated by the legend. In the Molinari ¢tial. (2Ghadel, the
front side of the gas stream consists of Streams 1 and 2, adéne back
side consists of Streams 3 and 4. The open black circle detiweposition
of Sgr A . Top panel Distribution in Galactic longitude and latitudé; bg.
The red arrow indicates the observed proper motion vect@gofB2 and
the bright yellow arrow represents the model predictione Tditer high-
lights the model's direction of motion, which is anti-clatise on the left-
hand side of the orbit and clockwise on the right-hand d&igtom panel
Distribution in Galactic longitude and line-of-sight velty fl; v|osg. The
of model's direction of motion is anti-clockwise. The red tirindicates a
feature in position-velocity space that is discussed initlzt ¥2.3.

addition, they distinguish two more arms that are offsetightly
higher longitudes (and in one case latitudes) from Sgr Phese

were already mentioned when reporting the three or four-inde
pendent velocity structures along the line of sight (se&iv)
above). The results of Sofue (1995) support our decisiomii o
these structures due to being contaminants along the lisggbf
(although their large line widths do suggest that they agesichally
part of the CMZ). Previous studies did not identify the liofesight
velocity discontinuity that is highlighted by the red cedh Fig-
ure[2, which will prove crucial in our dynamical analysis€s2.3
andx3).

The short red line in FigurEl2 shows the observed proper
motion vector of Sgr B2|(Reid etlal. 2009), which is the only
cloud/complex in the CMZ for which such a measurement exists
The observed proper motion fs |; ,g = f2:3 1:0;1:7
1:0g mas yr ! and represents the mean motion of two water

the gas at negative longitudes (part of Streams 1 and 2 asawell
Stream 4) is approaching us. The separation into these ffier-d
ent streams is done to ease the comparison to the orbitallnimode
X3 and does not necessarily have a physical meaning.

Comparing these results to previous studies of the same re-
gion in which coherent gas streams were identi ed (e.g.\Betlal.
1988;/Binney et all. 1991; Solue 1995; Stark et al. 2004), vee se
that we have obtained a clean sample. For instance, |Sof@&)19
nd two main ‘arms', the rst of which is constituted by our
Streams 2—4, whereas the second one represents our Stréam 1.

2 Another explanation for the bifurcation could be that itiivein by feed-
back from the Arches and Quintuplet clusters, $8€.4.
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maser§] The proper motion can be combined with the observed
radial velocity ofvie,s = 63 25 km's ® to obtain a 3D orbital
velocity of Sgr B2 ofvo, =129 36 kms 1.

2.3 Main points of improvement for a new model

We now discuss the comparison between the observed gas struc

tures and the Molinari et al. (2011) model, with the aim ofritle
fying the key areas in which the model can be improved upon.

Given the observed distribution of the data, we can calcu-
late the goodness-of- t statisticZ4 for thelMolinari et al.|(2011)
model. Fixing the Galactic longitude, their model has senele-
pendent parameters (two additional parameters are aedori)
and is compared to 224 data points (combining the Galadtinde
and line-of-sight velocity measurements at 112 longitud€his
dataset provides an important step forward compared touded
inlMolinari et al. (2011), where the orbit was tted to the jtamn-
velocity structure at 20 longitudes along the orbit (see@wil In
calculating the 2, statistic, we compare Streams 1 and 2 to the
front side of their model (going from low longitude and latie 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\wel
the Brick and above Sgr Aback to Sgr C). We omit the proper
motion of Sgr B2 and nd 2, = 5:3.

Considering that the_Molinari etial. (2011) model was not
originally tted to these exact observations (Molinari &t/2011
usedHerscheldata in combination with G&; 0) observations by
Tsuboi, Handa & Ukita 1999 to add in the velocity informatiain
20 positions), the aboveZ, indicates a reasonable t. Indeed, the
model has two key properties that must also be present imefutu
models, because they are essential for reproducing thevelose
position-velocity structure of the molecular gas in the CMZ

(i) The orbit is eccentric Two simple properties of the ob-
served position-velocity structure show that this is reepli Firstly,
the line-of-sight velocities neakr 0 and the position of
Sgr A are non-zero. If the orbit were circular, the velocity com-
ponent along the line of sight should vanish at positiong tha
in projection are near the bottom of the gravitational ptédn
Secondly, the 3D space velocity of Sgr B2 is roughily,
129 km s 1. Given current measurements of the gravitational po-
tential (Launhardt, Zylka & Mezger 2002, sd8 below), the cir-
cular velocity at the position of Sgr B2 igi« > 165 km s A
The fact that the 3D velocity is lower at the —2 level shows (1)
that the orbit must be eccentric and (2) that Sgr B2 residesecto
apocentre than it does to pericentre. Both of these comigsire
in accordance with the Molinari etlal. (2011) model.

(i) The orbit oscillates verticallyFigure[2 clearly shows that
some degree of vertical motion must be present — the model re-
produces the required amplitude, albeit with line-of-sigglocities

3 The small number of sources implies large uncertaintiesn evhen as-
suming a reasonable velocity dispersion (Reid gt al. l20089.quoted un-
certainties are based on a velocity dispersiod®km s 1, but the true
uncertainty may be larger if the masers trace rapid out onare driven by
runaway stars.

4 This is a lower limit because the separation along the linsiglit be-
tween Sgr B2 and Sgr Acannot be measured directly and has to be in-
ferred from orbital modelling (sedland e.g. Sawada et al. 2004) or X-ray
absorption|(Ryu et al. 2009). The lower limit given mininsze galacto-
centric radius of Sgr B2 by assuming that it resides at theesdistance as
SgrA .

that are inconsistent at the 2 level. In the Molinari et al.|(2011)
model, the ratios between the radial, azimuthal and vésxglla-
tionperiodsar®r : P : P, =1:2:1,respectively, i.e. the orbit

is closed and each orbital revolution holds two radial andice
oscillations. Within the framework of this parametric mbdeis

not possible to establish whether this is the tPge: P : P, ratio

— different combinations of the radial extent of the gas @trac-

ture may extend beyond the positions of Sgr B2 and Sgr C) and
the vertical attening of the gravitational potential caiveyrise to
similar structure between Sgr B2 and Sgr C ($8e

In addition to these successes, a more detailed comparison o
the|Molinari et al. [(2011) model and the NH; 1) observations
also reveals several areas of improvement for new modeds{Be

(i) The rst of two observational questions is the origin diet
discontinuity infl; vi,s g space indicated by the red circle in the
bottom panel of FigurEl2. If a structure is coherent in poski
velocity space, then the change of the line-of-sight vé&jobie-
tween the tangent points of the projected orbitstbe monotonic.
Figure[2 shows that going from Sgr C to Sgr B2, the velocityt rs
increases, then decreases, before it increases againhahgecoc-
curs in the area between Sgr And the Brick, which has multiple
velocity components along the line of sight (s&€&1+2.2). How-
ever, none of these components has the appropriate vetocity
the observed gap ifil; vies g Space. The inescapable conclusion is
thatStreams 1 and 2 are not connecled

(i) The second observational issue is the proper motion of
Sgr B2. The observed proper motion fis|; ,g = f2:3
1.0; 1:4 1:0gmasyr ! and the 3D orbital velocity of Sgr B2
iSVo, = 126 37 km's 1. However, the Molinari et al. (2011)
model predictsf |; pgwz = f0:57; 0:69g mas yr ! and
Vob:m11 = 80 kms 1 by construction. These numbers are in-
consistent with the observed values at the-3 level. We nd
that while the model does reproduce 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 mad€his discrepancy has pre-
viously led to suggestions that the orbit may extend furthen
in the|Molinari et al. [(2011) model (Kruijssen et al. 2014 tloat
Sgr B2 may be locateti30 60 pcin front of Sgr A (Reid et al.
2009; J. Bally, private communicatidf).

(i) The rst of three physical dif culties for the Molinairet al.
(2011) model is that the orbit is closed. Because the mass dis
tribution in the CMZ is extended, closed orbits are only poss
ble if the potential is not axisymmetric. While the Galachiar
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 consiger her
(Rodriguez-Fernandez & Combes 2008). Herbe,gas likely fol-

5 In principle, the same could be said about Stream 2 itseligtwshows
an opposite velocity gradient at the low-longitude end. ey, this com-
ponent corresponds to the Brick, which is clearly a cohegaststructure.
Because it is a single cloud, we suspect the opposite vglgadient to be
a tidal effect. In Paper II, we will explain this feature intaié

6 Note that while_Reid et al| (2009) do determine the distaocSgr B2
through trigonometric parallax measurements, the urioéiga of that mea-
surement are too large ( 0:6 kpc) to establish its line-of-sight position
relative to Sgr A. The quotedL00-pc offset “rests on the assumption of
a low eccentricity Galactic orbit for Sgr B2" (Reid et al. Z)0i.e. on the
assumption that the orbital motion is close to the circulaosity at the
galactocentric radius of Sgr B2. ¥, we will show that this assumption of
a near-circular orbit does not hold.
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lows an open orbitlf the orbit is also open in the rotating reference
frame of the bar, this introduces the possibility that the gfeeams
cross each other and interact. As we will seg@hthis is unlikely

to occur due to the orbit's vertical motion.

(iv) The second physical problem is the assumption of a con-
stant orbital velocityvo, = 80 km's 1. As stated previously,
the orbit must be eccentric, which leads to a (possibly subst
tial) variation of the orbital velocity with the orbital pka an-
gle. Sgr B2 resides near apocentre in [the Molinari et al. 1201
model, where the orbital velocity should reach its minimitow-
ever, Sgr B2 has a 3D space velocitywvgfy, = 126 km's ! and
the local circular velocity is even higher af. > 165 kms !
(Launhardt, Zylka & Mezger 2002). It therefore seems irsli
that the mean orbital velocity is well in excess&ff kms *. We
conclude thathe orbital velocity must vary along the orbit and is
likely much higher thane, =80kms .

(v) Finally, the third physical issue is that Sgr Aloes not re-
side at the focus of the ellipse in the Molinari et al. (201 1)de=l.
Even if there is a precession of the phase angles at whichegperi
tre and apocentre occur (as is appropriate for an nearfarigyric,
extended mass distributiorthe orbit's focus should always coin-
cide with the bottom of the gravitational potentidhe main argu-
ment for the skewed position of Sgr An the Molinari et al.|(2011)
model is twofold. Firstly, th&0and20 km s ! clouds (the part of
Stream 1 with positive line-of-sight velocities) have bsaggested
to be physically interacting with Sgr A(Herrnstein & Ha 2005).
In addition, the line-of-sight velocity difference betwethe50 and
20 km's ! clouds could not be explained by the Molinari et al.
(2011) model, prompting the suggestion that it may be cabged
a proximity of Sgr A to the front side of the ellipse. However,
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Figure 3. Two-dimensional projections of an orbital segment illastrg
the free parameters used to de ne each orbital model. Tlok thiack line

as we have just seen, these two clouds cannot be part of the samindicates an orbital segment between two successive apesegrosses),

structure as Stream 2, which greatly expands the rangeiofibe
sible orbital parameters — as we will show in the next secseif-
consistent orbital solutions can be obtained in which Sgidaes
reside at the orbit's focus.

3 ORBITAL MODELLING
3.1 Model setup

We now turn to the orbital modelling of the gas structure ia th
CMZ. This rst requires adopting a gravitational potentad an
informed choice of priors for the orbital parameters. Wepdo
attened version of the potential implied by the mass dizition
from|Launhardt, Zvlka & Mezger (2002), where the amount df a
tening is left as a free parameter. The potential is desttiibbdetail

in Appendix(A.

We characterise the orbits in this potential using six p&am
ters. These are then varied to obtain a t to the observedipasi
velocity data. The six parameters are as follows (see Figtoe a
visual representation).

(i) The apocentre radiuRa, which is varied betweelR, =
100 pc(the projected separation between Sgr B2 and Sgrafd
Ra = 200 pc. This way, we include all solutions that extend at
least as far as Sgr B2, whereas the widest orbits reach the clo
complex at =1:3 .

(ii) The pericentre radiu®kp, which is varied betweeR, =
max (z,) (see below) andR, = min( Ra). This is the maximum
allowed range based on the observed gas distribution — ticepe
tre radius cannot be smaller than the vertical separatiperaten-
tre, nor can it be larger than the apocentre radius. Togeitiiethe

passing through a single pericentre (plus symbol) in betwEeom the top-
down perspective, the motion along this segment is in thekelse direc-
tion, unless > = 2. The open black circle denotes the position of Sgr A
Blue lines and labels indicate distances, whereas red déinédabels repre-
sent anglesTop panel Con guration as seen from Earth, corresponding to
the Galactic longitude-latitude planBottom panelCon guration as seen
from above the Galactic plane, corresponding to the Galémtigitude-line

of sight plane.

apocentre radius, the pericentre radius sets the totahbulgilocity
at the extreme ends of an eccentric orbit in a prede ned ftiaien

(iii) The heightz, above the Galactic plane at which pericentre
is reached. This value is varied betwegn= 15 pcandz, =
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 an-
gle between the velocity vector (i.e. the orbit) and the Gala
tic plane during pericentre passage. This parameter igd/doe-
tween = 15 and = 15 . This range of angles is ade-
quate, because the range of possible galactocentric nadiiiedi-
tudes implies that the maximum angle at any point along thé or
IS max = arctan ( Zmax =Ra;min ) 10 .

(v) The projection angle, which re ects the angle between the
vectors origin—observer and origin—pericentre, wheretipesval-
ues indicate a transformation in the anti-clockwise dicectWe
consider a range @0 around a prior chosen below based on the
observed position-velocity structure of the streams.

(vi) The vertical-to-planar axis ratio of the potentig ,
which indicates the factor by which the gravitational paoign
is compressed in the vertical direction. Geometricallye thb-
served attening seems to be well-characterisedgpy 0.5
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Table 1. Orbital parameters

Parameter Value
Ra 121*212156 pc
+
Rp 59", pc
Zp 4% pc
9*3, deg
176", deg
.ant0 :07
a 0:63" 4. 06
.at0 116
e %344 0:20
Vorb 101", kms !
Vorb :p 207"12:)0 %n s !
20
Pr 2:03+00%g Myr
P 3:69+00;98 Myr
P2 2:277 34 Myr

(Rodriguez-Fernandez & Combes 2008; Molinari et al. 2011 a
we consider values between  0:4 andq 0:8. This range
extends from the maximum allowed attening at layv needed
to avoid negative densities (see Apperldix A) to a near-ajeseh
attening at highq .

ect the extremes reached in the part of parameter spaceewher
min( %4) < 24 < min( 24) + 1. The dependence of the
best- tting orbit on each of the six free parameters is désad in
Appendix[B, and the complete orbital solution is tabulatedp-
pendixC.

The orbital tting process covers a large parameter space.
Starting from the parameter ranges listed{B1l, we iteratively
narrow these ranges until the best- tting parameter sebegiden-
ti ed with the desired accuracy. This way, more thE®P different
orbital solutions are integrated. It may be possible thagtéeb t
can be achieved than our best- tting orbit, but such a hygttal
solution must exist outside of the parameter range coresidir
the tting process. This in itself is problematic — ¥8.1, we dis-
cuss several reasons why orbits outside the considerechptarn
ranges are highly unlikely or even unphysical.

As an example of a possible consideration that would have
been necessary had the tting been done by hand, we note trat m
extended (higheR,) orbits could be possible if the orbit extends to
higher longitudes beyond the position of Sgr B2. However,dh-
served vertical oscillations are only reproduced if theimier per
azimuthal period increases accordingly. As such, liRgherbits
require a stronger attening of the gravitational potehtighich
beyond the range already considered in the tting proceadddo
unphysical solutions (sef.2.2 and AppendikJA). This is exactly

Each combination of the above six parameters de nes an,orbit the type of consideration that is automatically taken céigyaun-

which we obtain by initialising it at pericentre and perfong a
leapfrog integration in the positive and negative time climns.
Using a timestep of t = 10° yr gives well-converged results.

ninga Z4 minimisation.
The best- tting orbit is compared to the observations in-Fig
ure[4. In addition, FigurEl5 shows the orbit overlaid on thedh

The key remaining question is which parts of the orbit should colour composite image of Figuré 1. The orbit successfigyro-

be tted to the different coherent streams identi ed in Figi@.
Based on the enhanc@® m absorption seen in Streams 1 and 2,
Molinari et al. (2011) conclude that these streams must Hieit

of the bulk of the warm dust emission. Therefore, Streamsil2an
constitute the front part of the gas distribution, wheretiegns 3

duces several key properties of the observed gas distibuti

(i) Allfour identi ed gas streams are described with a singt-
bit, which is consistent with the observations atth® level for

and 4 reside at the far side of the Galactic Centre. However, w MOSt points along the orbit. The only exception is the posiof
discussed in{Z3 that Streams 1 and 2 cannot be connected due Stream 4, but given the systematic uncertainties involaetié 3D

to a discontinuity in their line-of-sight velocities. Thelacities of
Streams 3 and 4 are consistent with constituting a singletstre,

shape of the gravitational potential (e.g. the ill-conisied verti-
cal shape and possible deviations from axisymmetry{Sed, the

and Stream 2 connects smoothly to Stream 3, whereas Stream fmatch is remarkably good acrosb; vies g space, as indicated by

connects smoothly to Stream 4. We therefore let the centtieeof
orbit coincide with a pericentre passage along Streams 34and
(i,e.we t intherange = 120-240 ), with Stream 1 represent-
ing a downstream “tail' and Stream 2 lying upstream. Theltiesu
order of the gas streams to which the orbits are tted is 2B-4
Finally, the direction of motion is constrained by the slajehe
streams in the bottom panel of Figuire 2, which indicate iotat
in the clockwise direction when observed from above the Gala
plane.

3.2 Orbital tand comparison to observations

By varying the six orbital parameters listed above and dtite
resulting orbital models to the data obtainedX¥fi2, we obtain
a best- ting orbit with 2, = 2:0. Note that we do not include
the proper motion of Sgr B2 in the tting process. The begtng
parameters of our model orbit are provided in TdHle 1, tageth
with six derived properties of the orbit. These are its etrogty

e, the orbital velocity at apocentre,, -2, the orbital velocity at
pericentrevon ;p, the radial oscillation periodr, the azimuthal
oscillation periodP , and the vertical oscillation period,. The
numbers of decimals re ect the accuracy attained by thg min-
imisation. The error margins listed for the derived quéasitre-

Z, =2:0.

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

(iii) The orhit oscillates vertically with a period close half the
azimuthal oscillation period, i.€,=P = 0:6. Note that the radial
oscillation periodPr is similar toP, .

(iv) The discontinuity in thé |; vios g plane that is indicated with
the red circle in Figurgl2 is accounted for by modelling Stied
and 2 as opposite, unconnected tails of a single, long gearstr
which wraps around the Galactic Centre in between Streams 1
and 2 (through Streams 3 and 4).

(v) The modelled proper motion of Sgr B2S|; pQpred =
£2:14; 0:75gmasyr *, which withvies:pres = 83km's * gives
Vorb:pred = 124 km's 1. Comparing to the observed values of
f; pg=f23 1.0, 1:4 1:0g mas yr 1 Vies = 63
25kms !, andvop =126 37 kms !, we see that all predicted
velocities agree with the observed motion of Sgr B2 atthé
level. Our orbital tthus con rms a high orbital velocity ahe po-
sition of Sgr B2 Yorb ;pred = 124 km's 1) and hence the proper
motion of Sgr B2does not require an orbit that extends much fur-
ther than its present Galactic longitudgvhich was thought pre-
viously due to the low orbital velocity of the Molinari et|&@011
model),nor does it require Sgr B2 to be situated much closer to the
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Figure 4. Comparison of our orbital model (solid line) with the obsstv
integrated-intensity map of Nd{1; 1) emission near the Galactic Centre,
tracing gas with volume densities > several 10° cm 2 (grey scale).
Symbols with error bars show the coherent phase-spaceasesee{2.2)
to which the model was tted. We have divided the gas into foaherent
streams in position-velocity space that are colour-codeiddicated by the
legend. In our model, the back side of the gas stream comdiSseams 3
and 4, whereas Streams 1 and 2 represent the two (indepgrchelst of
the stream on the front side. The open black circle denotepdkition of
Sgr A . The model starts at Stream 2 (the overlap with Stream 4 reoi
dental but could ttoo) and continues through Streams 3 atwlStream 1.
Top panel Distribution in Galactic longitude and latitudd; bg. The red
arrow indicates the observed proper motion vector of SgrigPthae bright
yellow arrow represents the model predicti@wottom panelDistribution in
Galactic longitude and line-of-sight velocity; v os 9.

observer than Sgr A(Reid et all 2009; J. Bally, private communi-
cation).

(vi) As mentioned in{Z.2, the region that lies in projection be-
tween the Brick and the Quintuplet cluster contains threlefien-
dent velocity structures along the line of sight, which assma
ciated in position-velocity space. Two of these are exgldiby
our model — they represent the front and back sides of tharagse
(i.e. Stream 2 and Stream 3, respectively), which are cdadeén
position-velocity space but separated by more th@@ pc along
the line of sight (sedZ.7 below). The third component connects to
the gas that can be seen at high latitudes head in Figure$1Eb
and is likely physically unrelated to the streams under iclamation
here, unless itis being ejected from one of the streams lojpfek.
This possibility is underlined by its similar line-of-sigbelocity to
the Arches and Quintuplet clusters, implying that it coutdyie
nally have been associated with the gas that is currentlypyicg
Stream 1 (see5.2.8). We also note that this third component is
physically associated with the infrared shells blown byAehes

Figure 5. Repeat of the three-colour composite of the CMZ from Fi@ire 1
This time, the white dotted line shows our best- tting orbitote that the
clouds neat = 1 havevi,s f 0;140gkms ! (bottom and top, re-
spectively) and hence are not associated with the gas sthredrihe model
was tted to.

cluster (visible in green in Figur€s$ 1 and 5). The complestimos
velocity structure surrounding the Brick has previouslgiog@ro-
posed to result from a cloud-cloud collisian (Lis & Menilen9$9
Johnston et al. 2014), but the results of our model show thett s
an event is not necessary to explain the observed gas kilmsmat
— instead, they are caused by the line-of-sight projectiothiee
unrelated componer{ﬂ;.

In addition to the above observational points, our orbital
model is dynamical rather than parametric. It therefore akst-
is es several physical requirements that were unaccoufdeéh
previous models.

(i) The extended mass distribution in the CMZ results in an or
bit that is open rather than closed. The dissimilarity of itheial,
azimuthal and vertical oscillation periods implies tha ¢fas struc-
ture can survive on this orbit for multiple revolutions wetit being
disrupted by self-interaction (seid.]).

(i) The non-zero eccentricity results in a variable orbita-
locity, ranging fromvo 100 kms ! at apocentre t@om
200 kms ! at pericentre. This is substantially higher than previ-
ous estimates. As a result, the three orbital periods aretarfaf
1:4-1:8 shorter than in the model of Malinari etlal. (2011), who
obtained Pgr. moi ; P mal ; Pz:mol g = f3:2;6:4; 3:2g Myr B

(iii) The bottom of the gravitational potential (assumedi¢oat
the position Sgr A) coincides with the orbit's focus. The previous
argument to move Sgr Atowards the front side of the orbit was the
fact that the line-of-sight velocity difference betweer 80 and

7 A peak of shock tracer emission near the Iblybg side of the Brick
has been put forward to support the idea that the Brick hagrgonde a
cloud-cloud collision|(Johnston etial. 2014). However, ithereased sen-
sitivity of ALMA shows that there is no single locus of enhadcshock
tracer emission_(Rathborne etlal. 2014a) — the cloud is $wlemt that it
is brightly emitting throughout. Such widespread emisssbould follow
naturally from local gravitational collapse or a compresscaused by a
recent pericentre passage (sel). In addition, some physical interaction
between components could be possible due to the tidal Btgmxpected to
occur at pericentre or the clearing of molecular gas shglfeédback from
the Arches and Quintuplet clusters (s8€2.4). These interactions are much
less dramatic than the previously-proposed collisionsvbeh gas streams
or clouds, but they could still contribute to the shock treemission in the
region.

8 Note that these periods differ from those quotes3r8 of Molinari et al.
(2011), which actually correspond to the semi-periods eirtmodel.



Orbital structure of clouds near the Galactic Centre9

Galactic longitude [deg]
0.5 (% *Og

T ‘ T T ‘ T T T ‘ T T T ]
[ Stream 1
100} Stream 2 |
50 F \ :
7 /
i o o ]
>
—50 ’ Ser B2 7
[ e/fd Brick 950 20 Sgr C
-100 b
| P I [ P P
—-100 —-50 0 50 100
z [pe]

Figure 6. Top-down view of our orbital model (solid line), with the ob-
server located in the negatiyedirection. As in FigureS]2 arid 4, the colours
refer to the four coherent streams in position-velocitycepd he dots indi-
cate the implied positions in the Galactic plane of sevedIds and cloud
complexes in the CMZ, the plus symbols indicate pericenttes crosses
mark apocentres, and the open black circle denotes théquositSgr A .
Note that we only show the part of the orbit that is currensigaxiated with
the observed gas structure — in the future, the gas streaits &ar forma-
tion products) will continue on the same rosetta-like grbéyond the end
of Stream 1 shown here.

20 km's ! clouds could not be explained by the Molinari et al.
(2011) model. In our new model, the variable orbital velpciat-
urally leads to the observed velocity difference. It is giere no
longer necessary to displace Sgr.A

Other, more fundamental open questions include the existen
of gaps in the observed gas distribution in comparison t@duital
model, as well as the validity of the adopted gravitatiormdéptial.
These points are consideredi 2.

4 IMPLICATIONS FOR CMZ CLOUDS
4.1 Cloud evolution and the physics of star formation

The orbital solution 032 allows us to consider the GMCs and
cloud complexes in the CMZ in the context of their dynamidat h
tory. Figurd ® shows a top-down perspective of the orbithghwith
the implied positions in the Galactic plane of the main GMCthie
CMZ. One of the robust conclusions of our orbital parameter s
vey is that the “dust ridge' sequence of GMCs between thekBric
and Sgr B2 recently underwent a pericentre passage (agedqui
in the scenario af Longmore etlal. 2013b). In addition, $6eand
20 kms ! clouds are the closest to Sgr /f all objects under
consideration here, but not quite as close as they were oo
models R < 20 pc,Molinari et al! 2011

9 Another difference with respect to previous work is the mtagion of the
orbit. In the papers by Molinari et al. (2011) and Johnstoallef2014), a

Comparing Figurgl6 to Figuié 4, we see that the independent
streams never approach each other closely. From the top-pew
spective in Figur€l6, there are three crossings, of Strefdnfay,
f1;3g and f2;4g, at longitudes off = f 0:8;0;0:7g . After
identifying these positions in the top panel of Figlite 4sitlear
that at none of these the streams are close in latitude, wsth d
tances consistently z > 20 pc. This is consistent with the sta-
tistical behaviour of the orbit — the ratios between theigatfra-
dial and azimuthal oscillation periods are non-integeplirimg that
the orbit does not regularly intersect with itself. For tlaene rea-
son though, there must also be a time when streams do cross in
three dimensions. However, their total length does not eskde-

1.5 azimuthal orbits, indicating that such self-interact must be
extremely rare. Only tidally stripped or feedback-ejeateaterial
could regularly interact with other streams. For instarice,strip-

ping of the Stream 2 GMCs during their pericentre passage may
affect the gas orbiting on Stream 1.

We proposed in_Longmore etlal. (2013b) that the recent peri-
centre passage of the Stream 2 GMCs (i.e. the Brick, clowsl§ d/
and Sgr B2) caused them to be vertically compressed by tidal
forces, leading to an accelerated dissipation of turbwdaatgy and
eventually gravitational collap. The exciting prospect of this
scenario is that the GMCs on Stream 2 may follow an absoiote-t
sequence of contraction and star formation, in which the pemt
of each cloud's evolution coincides with the moment of itdqeEn-
tre passage. While the detailed physics of the tidal conspresand
turbulent dissipation will be considered in Paper Il usingyerical
simulations, we can already use our orbital model to detegrttie
time since pericentre for each of the GMCs. This then de mes
absolute timeline on which the cloud evolution should peaté
the scenario of Longmore etlzl. (2013b) holds.

Table[2 lists the 3D galactocentric radii and orbital veliesi
of the objects in Figurgl 6, as well as the times since (uritd)rtlast
(next) pericentre and apocentre passagel, (and ta, respec-
tively). We see that the Brick experienced its last pericepassage

tp:last = 0:30 Myr ago, whereas Sgr B2 is closer to its upcom-

ing apocentre passage and hagy;ast = 0:74 Myr. The nal
column of Tabl€DP lists the time separation between eachicdod
the Brick. This is done because the uncertainties on theidhl
times since pericentre can be substantial, but the cowariaithese
implies that the time differences between the clouds arstcained
much better. We nd that the time elapsed since the positich®
Brick is generally constrained to withth05 Myr for the clouds on
the dust ridge (i.e. from the Brick to Sgr B2), and the timdedtif
ence between the Brick and Sgr B2 isgick = 0:43%22 Myr .

The star formation activity in the two regions could not dif-
fer more — the Brick is largely devoid of ongoing star forma-
tion (Kauffmann, Pillai & Zhan@g 2013), whereas Sgr B2 is offie 0
the most actively star-forming protoclusters in the Locab@

—

closed, elliptical orbit is rotated around the orbital tma axis such that
it is tilted with respect to the line of sight (i.e. the apotes occur away
fromy = 0 pc). As is shown in Figurgl6, our orbital model exhibits little
such rotation, with both apocentres closeyto= 0 pc. This difference
arises because the orbital velocity varies in our modedwétig a good t
at all longitudes without the need of boosting the line-ighs velocity by
rotating the model.

10 while cloud collapse is taking place, the outer layers mayidily
stripped. This would be observable along the line of sighthasexpansion
of the cloud's outer layers, which likely have elevated tenaures and
magnetic eld strengths compared to the collapsing celRat{borne et al.
2014b] Bally et al. 2014).
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Table 2. Galactocentric radii, orbital velocities, and times rekato pericentre, apocentre, and the Brick

Object R Vorb tp;last tp;next ta:last ta;next UBrick

Brick 7770, 1835 0:307%3  173tils 1:31%0% 0727000 0:00

cloud d 90" 164'%, 04502 158001 1.46'00  0:58'00  0:1470%2
cloud e o™, 155", 051002 15200 152'000d 0:517000% 0:2170)03
cloud f 7Y 1523, 053" 1507920 154000 0507023 0:227903
Sgr B2 11242 124" 0.74"%0 1307030 1747055 020708 0:43'C 2
SgrC 943, 157"y 155'0%7 048" % 0537050 150705 3280 1%
20kms ' 67% 197", 186" ¥ 0189 % 0:83"%:10 1:20"% 2% 3:58"050
50kms 1 62'%) 2045, 1.94'0%® 0205 09019 % 11295 366959

Radii are listed irpc, velocities inkm s 1, and times irMyr .

(Bally et al.[2010). In the context of the Longmore et al. (20}
scenario, this indicates that once collapse is triggeteel, evo-
lution towards prevalent star formation proceeds rapidlyhiese
clouds, taking abou®:5 Myr. This is twice as fast as estimated
previously using the Molinari et al. (2011) model (Longmeteal.
2013b), and corresponds to about one free-fall time — the EMC
Stream 2 have densitiesof 10* cm 2 (Longmore et &l. 2013a)
and henceé = 0:34 Myr. In this modelthe Brick and Sgr B2 are
separated by a single free-fall time of evolution

Clouds d/eff are situated at locations intermediate to the

Brick and Sgr B2. Based on the presence of a methanol maser,

which indicates that massive star formation is currentlgriogress

(Immer et al. 2012), the star formation activity of these GMC

is also at an intermediate level between the Brick and Sgr B2.

Given the time-scales listed in Tadlé 2, the existence ofdahe

GMCs allows the detailed study of the star formation proass

t  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 (Longnairal.

2013a). A combination of physical mechanisms is likely oesg-

ble — crucially, much of the gas is not self-gravitating duée ex-

treme turbulent pressure (Kruijssen gt al. 2014). In previaork,

we therefore proposed that the rate-limiting factor is tbevgvolu-

tion of gas cloudsowardscollapse, which rst requires the clouds

to become self-gravitating and dissipate the turbulentggne\f-

ter collapse has been initiated, star formation shouldgedat a

normal (rapid) rate. The short time interval spanned by titkely

different evolutionary stages of the Brick and Sgr B2 supgpttis

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-died
GMCs, the model can also be used to make a number of predic-
tions that can be tested in future observational compasison

(i) 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{3.2, the only observational proper motion measure-
ment presently available is that of Sgr B2. We list our predits
for Sgr B2 and the other GMCs in Talile 3, which facilitates-a di
rect comparison of our model to future proper motion measure
ments. Note that the “primed' variables are directly obsleler as
they include the proper motion induced by the Sun's orbitation
f; bg = f 6:379 0:2029 mas yr 1 (Reid & Brunthaler

2004;|Reid et all_2009), for instande ; 29 f |; b9 +

f 1; bg . The variabled 0. Sg indicate the proper motion in

the eastward and northward directions, which in units dftras-
cension and declination becom8 = 9=cos (for the CMZ,
29 )and ° 7. The proper motions in Tablg 3 show
that Sgr B2 has the largest observable proper motion of alidd
listed here, followed by clouds d/e/f and Sgr C. Most obdae/a
(i.e. primed) proper motions are smaller than those in tfexeace
frame of the Galactic Centre, because they are largely tadce
by the proper motion induced by the Sun's orbital motion. How
ever, the Sun moves in the opposite direction of the gas ofathe
side of the gas structure (referred to as Streams 3 and 4dn thi
paper), which should therefore have a proper motion mugjefar
than those listed in Tab[d 3. Indeed, the full orbital s@ntpro-
vided in AppendiXC shows that proper motions o¢ermas yr *
could be detected in the gas passing behind SgiGiven that the
proper motion of Sgr B2 could be measured using ayr baseline
(Reid et all 2009), the proper motion of the far-side cloutsuid
be detectable with ease, provided that suitable masersecaleh-
ti ed.

(ii) The vertical tidal compression of gas during pericerpgas-
sage is a robust and well-known concept, which should octur a
each of the pericentre passages in Fididre 6. This may exbiain
high column densities of the Brick and t%® and 20 kms *
clouds, all of which are separated from a recent or impenpéarg
centre passage byt 6 0:3 Myr. Along the same lines, we pre-
dict the presence of high-column density gas in Stream let th
longitudes of clouds d/e/f and Sgr B2 with a high line-offgig
velocity (Vios 120 km's 1). A quick inspection of the HOPS
NH3(1; 1) data shows that there are indeed indications of such an
extension, at roughly the correct latitudés ( 0:05 versus the
predictedb  0:02 , also see e.g. Figure 7 of Jones et al. 2012
and Figure 7 of Ott et al. 2014). It may be problematic to detec
high-column density gas near the third pericentre passagée
far side of the gas structure (where Streams 3 and 4 meet), be-
cause it lies behind Sgr Aalong the line of sight. None the less, a
strong NH(1; 1) peak with the correct, low line-of-sight velocity
(Vies 15 10kms !)is present afl;bg = f0:02; 0:02g ,
which is again consistent with our orbital model.

(iii) If gravitational collapse is indeed triggered by a jgentre
passage, then Sgr B2 should not be the only region of elegtaed
formation activity. The two other pericentre passages gquré[6
may induce additional star formation “hotspots'. In paiéc, one
would expect ongoing star formation activity in Stream 4fat t
longitude of Sgr C (but at higher latitudes), as well as attifhef
Stream 1 near the longitude of Sgr B2 (compare Figlire 4). &t th
former location, Figur€ll does indeed show a large condémtra
of young stellar objects, and Immer et al. (2012) identify tti
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Table 3.Predicted proper motions in different coordinate systems

Object | b P g g 3

Brick 4517973 0:30"%%8 18793 0505 054793 1:86"% 27
cloud d 387702 056" 2517 077 065" 2547070
cloud e 35219 06593 2:86' 7 08503 07603  2:88'0 5%
cloud f 343002 06605 29502 08605 07993 2:.97'%:%8
Sgr B2 21420 075'% % 424tor 0:95%000%  1:38"050 412t
SgrC 381 % 0095 2570 0200 109'08 2:34%0F
20kms 1 47993 05793 1590 % 03705 1:15%%:% 127
50kms ! 4:82'03 071" 1:56'03% 051708 1:25%0:%2  1:06"0:3%

Proper motions are listed mas yr 1.

regions (‘D' and "E') that are located in projection on topoofr
Stream 1, just below cloud d at longitudess 0:3-0:4 . Like-
wise, the well-known H region Sgr B1 (shown in green below
clouds e/f in Figur€s) may be downstream from Sgr B2, thus rep
resenting a more advanced evolutionary stage in the stauatoyn
process. While these observations may provide tentatippcsti

for our model, a more conclusive picture may emerge when new
proper motion data becomes available.

(iv) At some unspeci ed time after the peak star formation ac
tivity, a population of unembedded, young stars should ksent.
The substantial population of 2/ sources at the low longitudes
beyond Sgr C (to the right in Figurés 1 4, also see Figure 1
of Kruijssen et dl. 2014 for longitudés< 1 ) suggests that this
point may be reached as early as apocentre. If true, a sipafaria-
tion may exist just downstream from the position of Sgr B2jalth
corresponds to the location of the other apocentre in ouremod
Unfortunately, the straightforward veri cation of thisgatiction is
obstructed by the extreme concentration of high-densisyadang
the line-of-sight, suggesting that free-free emission mayide a
better test than 24m observations.

The main uncertainty associated with these predictiorfseigiter-
rupted nature of the gas streams — they exhibit gaps of lovw-emi
sion, possibly indicating that the supply of gas throughqestre is
likely not continuous (also se&.2.4). Catching a Lagrangian mass
element at any of the three phases discussed above (higimcol
density gas, active star formation, and unembedded youarg)st
could therefore depend on whether or not a concentratiorasf g
passed through pericentre at the right time to be presehtgro-
able In addition, the potential of a pericentre passage to trigge
gravitational collapse and star formation depends on thsitle
and velocity dispersion of the gas. Both quantities varyglthe
gas stream, adding another source of stochasticity. Traiged
hotspots therefore represent regions of an elevateboability, in-
tegrated over several orbital revolutions, of detectirghkéolumn
density gas, active star formation, or unembedded, youarg.st

5 DISCUSSION
5.1 Summary

We have presented a new model for the orbital dynamics of GMCs
in the centralR < 100 pc of the CMZ, with the aim of char-

11 Based on the time-scales listed in TdBle 2, the shorteseséthhases is
likely the actively star-forming phase, in which case hjgattive regions
like Sgr B2 may be rare occurrences.

acterising the time-evolution of the GMCs that follow the or
bit. It is the rst orbital model that accounts for the apprisp
ate gravitational dynamics, based on the most accuratétagrav
tional mass distribution in the CMZ that is currently avhia
(Launhardt, Zylka & Mezger 2002). The main results of thigkvo
are as follows.

() The orbit is tted to the observed N¥{1; 1) emission {2
tracing gas with densities > several 1¢ cm ®) by varying (1)
the apocentre radius, (2) the pericentre radius, (3) trghbabove
the Galactic plane during pericentre, (4) the angle betwleeorbit
and the Galactic plane during pericentre, (5) the angle éetvihe
line of sight and the vector origin-pericentre, and (6) teetical-
to-planar axis ratio of the gravitational potential. Thestbéting
parameters yield a satisfactory solutiorfyf = 2:0) and they are
summarized in Tablel ).

(i) The best- tting orbit reproduces the key propertiestbe
observed gas distributiond3.2). (1) It reproduces the observed
position-velocity structure of four independent gas streavith a
single orbital model. (2) It is eccentric and oscillatesticatly at
the rate required by the observations. (3) It reproducesadiinu-
ity in position-velocity space that was unaccounted forrevpus
models. (4) It reproduces the 3D space velocity of Sgr B2.

(iii) The physical properties of our new orbital solutiorffer
from previous modelsXB.2). (1) The orbit is open rather than
closed, owing to the extended mass distribution in the CN2X. (
The orbital velocity varies in the rangg, = 100-200 km s L
which is higher than in previous models and gives orbitalqukr
shorter by a factor 01:4-1:8. (3) The bottom of the gravitational
potential coincides with the focus of the (eccentric) arbit

(iv) We con rm 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 hage tri
gered their collapsefL.1). This sequence of GMCs (the Brick,
clouds d/e/f, Sgr B2) covers a merd = 0:43 Myr (Tablg2). Con-
sidering that the free-fall time at these densities (10* cm 3)is
t = 0:34 Myr, our model suggests that the quiescent and massive
cloud the "Brick' and the rapidly star-forming complex Sg? Bre
separated by a single free-fall time of evolutidmis lends support
to the idea that while the CMZ globally forms stars at a ratewe
galactic star formation relations (Longmore €t al. 2018dich is
likely due to the fact that much of the gas is not self-grdiita
(Kruijssen et all 2014), star formation does proceed at anabr
(rapid) rate in the self-gravitating clouds where most & #tar
formation occurs.

(v) Using the best- tting orbital model and assuming that -
bital position-velocity space is lled entirely, we predin which
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other regions of the CMZ one should expect an elevated pilbbab
ity of detecting high-column density gas, ongoing star fation,
and unembedded, young staxd.fl). We also provide proper mo-
tions of the main clouds considered in this paper (TRblesSjvell

as those along the complete orbital solution (Appefdix Qese
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 €6 s
eral of the main observed features of the gas in the CMZ, iiegel
on a number of assumptions and leaves several open questions
this section, we discuss the in uence on our results of thapset!
gravitational potential¥5.2.1) and geometr®b.2.2), as well as the
relation of our orbital model to other constraints on thergetry

of the CMZ {5.2.3), the possible origin of the observed asymme-
try and gaps in the gas structus(2.4), the physical nature of the
stream(s)¥5.2.8), and the relation of the gas stream to the Arches

and Quintuplet clusters{5.2.8).

5.2.1 The gravitational potential

We have adopted a modi ed form of the potential implied by the
mass distribution derived hy Launhardt, Zylka & Mezger (210
which does not allow deviations from axisymmetry. The oradi
potential is spherically symmetric, which we compresseaticaly

to account for some ( tted) degree of attening (see Apperid).
The mass distribution of Launhardt, Zylka & Mezger (2002this
most accurate one currently available for the cerial 100 pcof
the Milky Way, which restricts our analysis to the use of afdim
ed, modi ed-spherically symmetric potential. This assption is
important because deviations from axisymmetry will affibet or-
bital structure. However, there is no direct evidence fanateons
from axisymmetry at the small radiR(< 100 pc) under consider-
ation in this paper (Rodriguez-Fernandez & Combes 28Jn-
fortunately, a more conclusive picture will require theesgion of
azimuthal variations in the CMZ's gravitational potentiahich is
hard to achieve. Accurate proper motion measurements vata G
and ALMA may help to resolve this issue.

We have made the additional assumption that Sgrcéin-
cides with the bottom of the gravitational potential and thi& po-
tential does not evolve in time. Considering its positiothatcentre
of mass of the Milky Way's nuclear cluster (elg. Feldmeiealet
2014), it is highly unlikely that Sgr A by itself (i.e. without the
nuclear cluster) is moving with respect to the bottom of thobagl
gravitational potential. Some motion of the central blackehis
seen in large-scale numerical simulations due to the tivo&igon
of the gravitational potential, but this rapidly slows doamce a nu-
clear cluster of only a felt0®* M forms (Emsellem et al. 2014).
The nuclear cluster of the Milky Way is 2 orders of magnitude
more massive, yielding a combined mass of SgieAd the nuclear
cluster of several0’ M , which dominates the gravitational po-
tential out to30 pc(Launhardt, Zylka & Mezger 2002). The energy
required to move this entire structure relative to the dlajavita-
tional potential is substantial and may only be supplied Xtgre
nal perturbations such as large-scale instabilities, toeagiwarf)

12 This does not mean that the in uence of larger-scale asymiesetan-
not affect the inner CMZ at all - Bissantz, Englmaier & Geth§2003)
show that the very inner resonamt’ orbits that are caused by the Galactic
bar may have pericentre radii as lowRg 20 pc.

galaxy mergers or encounters with other massive black hdles
therefore conclude that it is reasonable to x Sgr &t the bottom
of a time-invariant gravitational potential.

In view of these considerations, our orbital solution sdoul
become inaccurate if it is integrated for more than a single (
imuthal) orbital revolution in both directions. The parttbg orbit
considered in this paper falls well within that range. Wheegrat-
ing the orbit over a much longer time-scale, small deviatifsom
the adopted gravitational potential would cause the maukéreal-
Universe orbits to steadily diverge.

5.2.2 The adopted geometry

We have assumed that the four identi ed gas streams can be t-
ted with a single orbit, running through the streams in thdeor
Stream 2-3-4-1, where Streams 3 and 4 reside on the far sttie of
structure. There is na priori reason to assume these are valid as-
sumptions, but we justify them with a number of key obseorati

(1) The discontinuity in position-velocity space that igltlighted
with the red circle in Figurgl2 indicates that Streams 1 anarfhot

be physically connected. (2) Streams 3 and 4 are coherehein t
3D phase space under consideration here. (3) While thetd beu

a gap between Streams 4 and 1, they are easily connected in mos
orbital solutions without affecting the rest of the t. (4)Kkewise,

we have omitted the widespread gas emission at higher lategt
from Sgr B2 due to its complex kinematic structure and thaltes
ing line-of-sight confusion. Its presence does suggestais 2
and 3 are connected, although it is unclear how far the orbitielv
extend. In order to maintain the same vertical oscillatieniqd

P., a larger apocentre radius would require a more strongly at
tened potential (i.e. a lowey ), which we show in AppendikJA
would yield unphysical mass distributions with negativeglges.
Finally, the emission at latitudes slightly higher than Sgras as-
sumed to belong to Stream 4. However, in our orbital modd, th
part of the gas stream is also indistinguishable from thénipéag

of Stream 2. This degeneracy cannot be lifted and hence thesna
of this particular part of the gas stream remains ambigudhis
ambiguity is easily alleviated with future proper motionasare-
ments of the Stream 4 clouds, because our model predictghihat
proper motion vectors of Streams 2 and 4 have opposite iresct
Until such measurements are available, we note that thétyjoél
the tis unaffected by the choice of geometry, because tiee 3a
both streams in our orbital model.

In summary, the best- tting orbital structure is the singile
physically motivated model that matches the observaticoal
straints. More complex models (e.g. tting a larger numbiende-
pendent streams) may yield better agreement with the cdisens,
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 pravide
independent constraints on the con guration implied by axdpital
model. Here, we compare our model to these constraints @ad di
cuss the resulting implications for the local environmentvhich
the CMZ clouds evolve and form stars.

It has been suggested that Sgr B2 is locat8d 60 pcin
front of Sgr A (Reid et all 2009). This estimate relies on the as-
sumption of a circular orbit. As shown in Tall¢ 1 and Figuke 6,
this assumption does not hold. Sgr B2 has a total orbitalcitylo
lower than the local circular velocity of the potential, hase it
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follows an eccentric orbit and resides closer to apocethiza to
pericentre. This places it at a distance of 38 pcin front of
Sgr A , which in combination with thél; bg offsetof |1 =0:71
between Sgr B2 and Sgr A yields the total galactocentricusadf

R =112%% pclisted in TabléR. Our estimate does agree with X-
ray absorption studies. Figure 7/of Ryu et al. (2009) showsea |
of-sight separation between Sgr B2 and Sgttiat is similar to the
value reported here.

There exist different lines of indirect evidence suggesthmat
the 50 and 20 kms ! clouds are close toR 60 pc) or in-
teracting with the gas in the circumnuclear disc (CND) anlgit
Sgr A . This is seemingly at odds with our orbital model, which
hasRp, = 59*% 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 080 cm and OH absorption measurements
(Pedlar et al. 1989; Karlsson et al. 2003). Sgr A East hasma-dia
eter of 10 pc. At the same time, the overabundance of OH
maser emission at the positions where the supernova shell co
nects in projection to the0 km s * cloud and the CND suggests
the shell physically interacts with both (Yusef-Zadeh et1#199;
Sjouwerman & Pihlistromn 2003; Lee etal. 2008). If this indleg-
plies to the main body of th&0 km s * cloud, it would be situated
within 10 pcof SgrA .

(i) The 50 and20 km's ! clouds seem to form a contiguous
structure irf I; b; vies g Space (e.q. Sandgvist 1989). As a result, the
above point could subsequently imply that @@ km s ® is also
located at a small distance from Sgr.A

(iii) Again in projection, there exist contiguous gas stures
bridging the50 and 20 km's * 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 ef th
main bodieof the50 and20 km s ! relative to Sgr A are rather
qualitative or indirect. Both clouds are very close in paoti@n
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 Braad
most structures will be connected fii b; vies g Space irrespective
of their distance to Sgr A The close projected distance between
the50and20 kms ! clouds and Sgr Acomplicates matters fur-
ther by obstructing direct observations of any material thay be
located in between. This is particularly important in thatext of
our model, because it is unknown how far #s@and20 kms *
clouds extend along the line of sight.

In our orbital model, th&s0 and20 km's ! clouds are very
close to pericentre, indicating that they are likely undérg tidal
stripping. The stripped material from these and previcyslysing
clouds should make its way to the nucleus on a sHept=
0:3 Myr) time-scale, where it should interact with Sgr A East and
form a bridge between Sgr Aand pericentre. The tidal perturba-
tion during the pericentre passages of clouds on our bésig br-
bit could therefore provide a natural mechanism for feedhmgy
CND. While different from the previously-proposed geomgtinis
con guration seems consistent with most of the above olaserv
tional constraints. The numerical simulations that willdnesented
in Paper Il 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 acrbesGMZ.
For instance, the infrared stellar density observed in thet ddge
of clouds between the Brick and Sgr B2 is lower than %8eand
20 km s ! clouds. If this difference is due to absorption, it could
suggest that the dust ridge clouds are positioned closdrwetoh-
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Figure 7. Comparison of the observed NK.; 1) emission of Stream 1
with our orbital model (lines) for different pericentre iR, . Thef dash-
dotted, dashed, dotted, sdjidines indicate pericentre radii dRp =

f 10; 20; 40; 599 pc, where the latter value corresponds to our best- tting
model. As before, the colours refer to the four coherenastein position-
velocity space. The open black circle denotes the positfddgo A . Top
row: Distribution in Galactic longitude and along the line ofisif x;y g.
The different projected apocentre radii arise due to difieheights above
the planeMiddle row: Distribution in Galactic longitude and latitudé bg.
Note the different scale on theaxis compared to earlier gure®ottom
row: Distribution in Galactic longitude and line-of-sight welty f I; v o5 0.
The middle and bottom panels show the effect of a changingesre ra-
dius only for Stream 1.

server than th80and20 km s * clouds. However, this only holds

if (1) the50and20 km s ? clouds have column densities identical
to the dust ridge clouds, and (2) the stellar densities judtant

of the clouds are the same. Both of these requirements ase que
tionable — based on the radial distance of Téable 2, we expect t
stellar density at the positions of 5 and20 km's * clouds to

be twice as high as that in front of the dust ridge. In addititwe
former clouds are projected against the brighter backgtairthe
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nucleus. We thus see that in our model, the most promineirad
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 kinematicaiksho
look like if the 50 and20 km s ! clouds would indeed have a peri-
centre radiusR, < 10 pc In Figure[T, we show the effects of
varying the pericentre radius on the best- tting orbit (atee Ap-
pendix[B). As the pericentre radius decreases, the gradfethie
line-of-sight velocity with longitude changes fundaméiytaFor
orbits with large pericentre radii, we see that this gradi@mono-
tonic, with a roughly constant slope in the vi,s g plane. However,
orbits with pericentre radiRp, 6 40 pcexhibit a rapid change of
the line-of-sight velocity in the vicinity of Sgr A As the peri-
centre radius is decreased, the curves irf they,s g plane become
increasingly S-shaped, with near-constant at largejlj and a sud-
den jump at smalllj.

The rapid change of the line-of-sight velocity for smalliper
centre radii is robust — irrespective of details such as #réqular
gravitational potential, the line-of-sight velocity ngzericentre of
any orbit changes fundamentally (i.e. the sign changes twaat
jIn vies= Xj 1) over a projected length-scale of one or two
pericentre radii (i.,e. x = 1-2Rp). For Rp 10 pc and an
asymptotic line-of-sight velocity ofis 100 kms 1, this im-
plies a jump of Vs 60 kms ® overa x 20 pcrange
in longitude, as is illustrated by the corresponding othitadel
in Figure['_'E] Such behaviour is inconsistent with the observed,
near-constant slope of Stream 1 in thHev,,s g plane across the
full range of longitudes.

To verify if it is possible to obtain a smaller pericentre ra-
dius when allowing the other orbital parameters to vary, weeh
repeated the entire tting procedure while tting an orbitaodel
to the data of Stream @nly. In that case, we obtain best- tting
parameters typically withii of those listed in Tablgl1, with a
pericentre radius oRp = 75"23?5 pc, even larger than the radius
obtained when tting all StreamsR, = 59*%;, pc). Note that in
both cases, thé lower limit is Rp:min = 40 pc. We therefore
conclude that the only way tH&0 and20 km s * clouds could be
closer to Sgr A thanR, 40 pc is if these clouds are unrelated
to Stream 1. Such a disconnection seems unlikely given thagt
coherence of Stream 1 across a large randié; iot vios g.

In summary, the geometry of the CMZ implied by our orbital
model agrees with some of the geometries proposed in previou
work, while disagreeing with others. However, tblservational

constraintson which these other geometries are based also seem to

be consistent with our results, underlining the need forapranti-
tative and unambiguous constraints. We provide an exanfigiech

a quantitative constraint, showing that the line-of-sigélocities
across Stream 1 are inconsistent with pericentre Rylié 40 pc.
This suggests that tf® and20 km 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 tted the orbital model to a gas distribution that teams
several gaps where no NKL; 1) emission is present. The distribu-
tion hosts two types of gaps. Firstly, there is a large-sasjgnme-
try in the CMZ where the vast majority of the gas emission come

13 Also note that the model WitRp = 10 pc exhibits a strong change of
direction in thef I; bg plane near pericentre, continuing in the direction of
negative latitudes.

from positive IongitudeE] A similar, associated asymmetry may
be that the far side (Streams 3 and 4) of the structure apizecos-
tain more tenuous gas than the front (Streams 1 and 2). Sgcond
the gas streams themselves are interrupted by gaps of saimes
(10-30 pc). 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 responsiblé®asym-
metric gas distribution, as it would result in kinematicsansis-
tent with the observed line-of-sight velocities. Instetitbse au-
thors propose that accretion on to the CMZ may originate from
only one side of the bar, which then enters the inner CMZ tijinou
the cloud complex dt = 1:3 . These asymmetries are commonly
seen in external galaxies (e.g. NGC 5236,/ see Harrid|et@1.)20

While the above scenario could explain the large-scale, lon
gitudinal asymmetry in the inner CMZ, it does not explain the
asymmetry between the gas-rich front and gas-poor backdide
the gas stream considered in this paper, because the framt si
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 densities at the two extreme ehds
the same stream can be caused by asymmetric accretion. Even i
Stream 1 is unrelated to Streams 2—4, this would requiredijais
accretion fromboth sides of the bar, contrary to the scenario of
Rodriguez-Fernandez & Combes (2008).

The density structure may be affected by the stream's drbita
dynamics. The proximity to pericentre of the gas on Streams 1
and 2 should indeed lead to enhanced densities, but thiarexpl
tion is incomplete — Figurgl 6 shows that the density shoudd al
peak near the third pericentre between Streams 3 and 4. In the
context of our model, the only explanation is that the lasgale
(100 po gas distribution along the gas stream is not contiguous,
but clumpy. The triggered collapse of cloud complexes dutire
pericentre passages would then naturally lead to burstystaa-
tion, consistent with the observed separation of gas owsitles
and young stars (cf. Figufé 6). This would explain the absefc
overdense gas near the pericentre between Streams 3 an&th, wh
in this picture coincides with a gap in the gas distribution.

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

(i) The accretion ow on to the inner CMZ may be discontin-
uous. The associated length scale should be similar to #ee si
scale of the accretion shock. If tHe = 1:3 complex is the
main accretion site of material on to the CMZ as suggested by
Rodriguez-Fernandez & Combes (2008), then the correspgndi
size-scaleis 100 pc(Kruijssen et al. 2014).

(i) The gas in nuclear rings or streams within the inner Lind
blad resonance (ILR; se®&.2.3 below) develops gravitational in-
stabilities of which the fastest growing mode has a waveleng

14 It is currently debated whether this asymmetry is mirrorgdskar
formation. Most of the24 m emission (from young and evolved stars)
is seen at negative longitudes where very little gas is ptege.g.
Yusef-Zadeh et al. 2009). This anti-correlation with the gauld be caused
by the ambiguous origin of the4 m emission (i.e. that many of the
24 m sources are evolved stars and therefore do not trace staafor
tion, e.g.. Koepferl et al. 2014). Indeed, studies of yourgjlat objects,
isolated massive stars, and young stellar clusters usiaghea- or CO;
ice absorption (which are not sensitive to evolved stars) no such anti-
correlation, but instead obtain a distribution that is fmto the lopsided
gas distribution (e.g. Mauerhan etlal. 2010; An et al. 2011).
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85 R,where R isthe stream thickness (Elmegreen 1994).
Substituting the observedR 10 pc, we obtain 85 pc.

Both scenarios yield length-scales that are consisteft thvé im-
plied separation of density enhancements10 p¢ in the large-
scale asymmetry of the CMZ. More quantitative predictictgire
galaxy-scale simulations of the accretion process and ubses
guent gravitational instabilities (e!g. Emsellem et all 420

Finally, the sizes of the small-scal&0~30 pc) gaps in the gas
stream are more easily understood. At the observed surfawe d
sity and velocity dispersion of the gas stream (mean values a

3 10°M pc? and 15 kms !, see Kruijssen et al.
2014), the mean turbulent Jeans lengthjiss 2 2=G 35 pc,
reaching ; < 20 pcin overdensities like the Brick. This shows
that the small-scale fragmentation of the gas stream riture
curs (and leads to gaps) on size-scales consistent wittbdeed
interruptions.

The small-scale gaps could be maintained under the in uence

of star formation and feedback. Star formation events inga®
stream are able to expel the gas locally, but their reacmigdd. It
therefore depends on the ratio between the separatiornlehgtar
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% of the gas per star forma-
tion event, implying that the (interrupted) gas stream mayise
for several pericentre passages, especially if materiakiscreted.
This could explain why Stream 1 contains a substantial geerve
voir even though it represents the leading end of our mod&haay
have experienced more than one pericentre passage in pas

There is some tentative evidence that the propdsed| clear-
ing of gas by feedback is presently ongoing. The molecular ga
above (i.e. the0 kms * cloud atfl;bg = f0:1;0:2g ) and be-
low (i.e. the tip of Stream 1) the Arches and Quintuplet @usis
connected to the bifurcation at the leading end of Streanef-id
tied in ¥2.2. Combining the ages of the clusters£ 3-5 Myr,
sed 5.26) and the half-separation length of these gas cmnfo
above and below the gas streaR (= 20-30 pc), we obtain
an ejection velocity of 10 kms ! for the dense gas shell(s),
which is consistent with theoretical expectations (cf.urgs 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-siglaicitg
pro les. This should manifest itself on a 30 pclength scale. We
aim to address this in future work (Henshaw et al., in prep.).

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

The three points discussed thus far in this section beg a gere
eral question. What is the nature of the streams? Orbits t@npo
tials generated by extended mass distributions are newsedlin
the inertial reference frame, but it is well known that bdrpaten-
tials generate closed orbits in the rotating reference drafnthe
bar, which are often separated into a family of elongated or-
bits along the bar and a family of perpendiculasorbits embed-
ded within thex; orbits (e.g. Contopoulos & Mertzanides 1977;
Binney et al.| 1991; Athanassoula 1992; Sellwood & Wilkinson

15 In this context, it is important to reiterate the point madef.d that
the gas properties of different parts of the stream diffehiléva pericentre
passage may induce collapse in one case, it could take bpassmges in
another, depending on the density and velocity disperdibis. would also
increase the longevity of the gas stream(s) in the CMZ.

1993; Englmaier & Gerhalld 1999; Bissantz, Englmaier & Gerha
2003). Because these orbits are closed in the rotatingerefer
frame of the bar, they are open by de nition in the Galactit: re
erence frame, with orbital precession rates matching this ba-
gular speed. Closed orhits are often required for the gasdin a
self-interaction and hence disruption, but we note that ihinot
required if there is a non-negligible vertical oscillati@ie in our
best- tting orbit). In such a case, it takes several orbifooe the
gas streams cross and interact.

Could the gas stream and its best- tting orbit be consistent
with thex orbits? This was rst proposed ly Binney et al. (1991),
who used low-density gas tracers to characterise the gasmigs.
We revisit the question here using our orbital t to high-diy gas
tracers. A wide range of; ring radii has been measured in exter-
nal galaxies. While most of these extend beyond the sizZiesch
the gas stream considered here, several of them are simitize
(e.g. NGC 1068, see Peeples & Maitini 2006). Mwstorbits re-
side just interior to the ILR (e.g. Regan & Teuben 2003), batih-
nermost orbits extend to smaller radii. For instance, tHe ilb.the
Milky Way model of|Bissantz, Englmaier & Gerhard (2003, Fig-
ure 10) resides at a radius Bf 200 pg whereas the innermost
X2 orbits reactR 20 pc.

There is circumstantial observational evidence that ost-be
tting orbit may coincide with a resonance. For instances ti-
entation of the line connecting both apocentres is closdveto
ing perpendicular to the orientation of the bar than runnimg
parallel to it. The ILR occurs at the galactocentric radiuseve

=2 = p, with the angular velocity, the epicyclic

frequency, and , the pattern speed of the bar. In the Milky
Way, the ILR is thought to reside at radii beyond the tted or-
bit (e.g..LEnglmaier & Gerhard 1999), but the abogage of size-
scales shows that it is possible that our orbit matches tHacGa
tic x2 orbits. We can test the hypothesis by comparing the or-
bital rate of precession prec to the pattern speed of the bar

b 0:06 Myr ' (e.g.|Debattista, Gerhard & Sevenster 2002;
Bissantz, Englmaier & Gerhard 2003; Gardner & Flynn 2010). |
these angular velocities match, then our tted orbit is elbén the
reference frame of the bar.

The precession rate of the best- tting orbit is given by
pec = 2 =P =P r, where the absence of the factor of 2
in the second term arises because gas o tharbits experiences
two peri/apocentre passages per orbital revolution. Imdéference
frame of the bar, the precession rate becoMgs. =  prec P
Becausex, orbits are closed, they must ha\'/‘egrec =0 by de -
nition. Using the orbital periods from Taldlé 1 and accoumtior
their covariance, we obtainpec = 0:16'%:33 Myr * and hence
"orec = 0:10'%:1 Myr . This indicates that our best- tting or-
bit is inconsistent with thex,; orbits. The reason for this incon-
sistency can be inferred directly from the potential imgli®y the
mass pro le of_ Launhardt, Zylka & Mezder (2002). In the rddia
range ofR = 0-300 pcunder consideration here, the precession
rate =2 has a minimum 06:13 Myr ! atR = 110 pc, twice
as high as the pattern speed of the bar. The condition foedlos
bits is thus satis ed nowhere in this radial range. Extratioy the
mass distribution of Launhardt, Zylka & Mezger (2002) togker
radii suggests that closed orbits exist in the radial raRge300—
700 pc well outside the range of orbital solutions considerea:her

Despite this clear inconsistency between our best- ttiolyis
tion and thex, orbits, we caution against drawing rm conclusions
from this comparison. The difference betweepec and  is
hardly signi cant given the systematic uncertainties ineal, such
as the possible deviations from axisymmetry discusseii. 1,
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which could provide the torque necessary to decrease thegre
sion rate and close the orbit in the rotating reference frafrtae

bar. The gas stream's kinematics may also be affected bypwésc
forces, which were neglected in the dynamical model present
herdl®l We therefore cannot rule out that the gas stream formed
due to thex, resonance.

Alternatively, observations of external galaxies oftexesd
several (sometimes point-symmetric) elongated ‘feathibiest
emerge from the inside of the; orbits, reaching in to the small
radii where the nuclear clusters and the central black hola-d
inate the gravitational potential (Peeples & Martini 2Q06ke a
“closed'x; orbit, these may also have precession rates similar to
the bar, but even then their kinematics should be fundartedi&
ferent. The position-velocity distribution of the streaidenti ed
in the CMZ is not point-symmetric, but may none the less be con
sistent with the feather hypothesis. Examples of deviatisom
point-symmetry are not uncommon in extragalactic systesas (
e.g. NGC 1097 and NGC 6951 in the sample of Peeples & Martini
2006), where the feathers continue to orbit the galaxy eeotr
eccentric orbits similar to what we see in the CMZ. Such kiaem
ics have also been found in the recent disc galaxy simuldijon
Emsellem et al! (2014). We therefore emphasise the pasgihiat
the identi ed streams may represent the Galactic analodukeo
feathers seen in extragalactic observations. Considénatgorbits
similar to our model should exist in any vertically-comed, ex-
tended mass distribution, this is an interesting avenuduire
high-resolution observations of gas streams in exterrakgaen-
tres (e.g. using ALMA).

5.2.6 The relation to the Arches and Quintuplet clusters

The CMZ hosts the Arches and Quintuplet clusters, which faee t
only two known young (< 10 Myr) massive {1 > 10* M )
clusters in the region. Did these clusters form from gasofoll
ing our orbital model? Aboub0% of the star formation in the
CMZ is thought to occur in bound clusters as shown by observa-
tions (Mauerhan et &l. 2010) and theary (Kruijssen 2012\tdgth
the majority is destroyed on time-scales of 10 Myr (see e.g.
Portegies Zwart et &l. 2001; Kruijssen et al. 2011, 2014$. ptau-
sible that the Arches and Quintuplet clusters representitje-
mass end of this cluster population.

The Arches has a line-of-sight velocity of,s = 109
8 kms ! in the Galactic reference frame (Figer etlal. 2002) and
a proper motion offpm = 172 15 km's * with respect to the
background eld stellar population, almost entirely in tBalactic
plane towards increasing longitudes (Clarkson Et al. 25212)0
gether, this implies a 3D space velocitygf, =204 13kms 1.
For the Quintuplet cluster, we obtain a similar result —ie{of-
sight velocity isvies = 116 2 kms 1 in the Galactic refer-
ence frame, whereas its proper motion with respect to thisedl-
lar population isvpm = 132 15 kms ', again almost entirely
in the positive longitude direction (Liermann, Hamann & @skva

16 While we acknowledge the possibility, we note that deviatiérom our
ballistic orbital model due to hydrodynamics require theean to consis-
tently encounter gas of similar (or higher) density. Beestie best- tting
orbit rarely intersects with itself (se@.1) and the dense gas in the CMZ
has a low volume lling factor|(Longmore et gl. 2013a), hydymamical
perturbations are likely rare too. Our assumption of kalidynamics is
therefore reasonable.

17 This number is a downward revision from Stolte €tlal. (2008).

2009; Stolte et al. 2014), implying a 3D space velocitwgf =
176 15kms .

Stolte et al.|(2008) compared the line-of-sight velocitiethe
Arches and Quintuplet clusters to those of the gas streanaand
gued that the clusters must follow different orbits than ¢aes,
suggesting they were formed by cloud-cloud collisions. Easy,
our model shows that the high eccentricity of the orbit aioav
wide range of line-of-sight velocities for different profon an-
gles of the velocity vectors, depending on where along the or
bit the object in question is located. The mean 3D velocitg-ve
tors of both clusters are constituted by line-of-sight comants
hviisi = 113 4 kms ! in the Galactic reference frame and
i =99 4 kms !inthe local standard of rest, as well as
a mean 2D proper motion towards positive longitudebvgf; i
152 21 kms 1. Comparing to our complete orbital solution in
Appendix[@ at the time when Stream 1 best matches the observed
fI; bg coordinates of both clusters € 2:1 Myr), we see that the
predicted line-of-sight and 2D proper motion velocities ass =
91 kms ' andvpm = 185 kms !, respectively, both in reason-
able agreement with the observed values. As a result, thabrb
velocities of both clusters (with medmao, i =190 20kms 1)
are also fully consistent with our modelled orbital velgait that
position o = 206 km's 1). These velocities show that the clus-
ters are consistent with being part of Stream 1 in our orhbitadlel,
very close to pericentre. If both clusters indeed follow best-
tting orbit, they should presently reside at a galactocientadius
of R 60 pc.

Thepresenton guration of the gas does not provide much in-
sight into the formation sites of the Arches and Quintuget, its
dynamical history may. Figufé 8 shows the implied preseytjab-
sitions of the Arches and Quintuplet clusters in our orhitaidel,
as well as the possible range of their formation sites indpbg
our model. The clusters have ages of= 3:5 0:7 Myr and

=4:8 1.1 Myr, respectivelyl(Schneider etlal. 2014). In our or-
bital model, these ages indicate that the clusters are ajfehdir
formation sites by:9 0:2and1:3 0:3 full orbits (i.e. azimuthal
periods), orl:7 0.5 and2:4 0:7 radial oscillations. We see
that the ages of both clusters are consistent with an integer
ber of radial oscillations. If their present positions ardded near
the pericentre passage of Stream 1 as our model suggestshéhe
clusters likely formed near the pericentre passage of St after
which they completed approximately one orbital revolutiorend
up at their present-day positions. The range of their pts$ds-
mation sites is indicated in Figuré 8 by the solid lines, varsbow
that the uncertainties are substantial due to the large bars on
the age measurements. While the Quintuplet could have fbahe
any point of a complete radial oscillation, the Arches isymauch
consistent with having formed in the dust ridge between thiekB
and Sgr B2. In our model, its formation was triggered by tdalti
compression of clouds during the preceding pericentresogss

The currently available evidence supports the scenartdhba
Arches and Quintuplet clusters formed in the gas streamutut
certainties remain. The age estimates represent the maioesof
uncertainty (cf._Figer, McLean & Mortls 1999; Najarro ell2004;
Schneider et al. 2014), but decreasing the error marginsioore
bital tin future work (e.g. using a better-constrained gtational
potential) could also improve the above analysis.

5.3 Implications and outlook

The presented orbital model provides a robust startingt ffofrob-
servational, theoretical and numerical follow-up stud¢sGMC
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Figure 8. Top-down view of the present and past of the Arches and Quintu
plet clusters in the context of our orbital model (dasheé)liks in Figuréb,
the observer is located in the negativelirection. The colours again refer
to the four coherent streams in position-velocity spacettin circles indi-
cate the implied positions in the Galactic plane of seveidIds and cloud
complexes in the CMZ, the plus symbols indicate pericenttes crosses
mark apocentres, and the open black circle denotes thégrositSgr A .
The present-day positions of the Arches and Quintupletelssare repre-
sented by the thick circles on Stream 1, close to periceftre.formation
sites of these clusters as implied by their ages are indidayethe solid
dots on lines running in parallel to the orbital model. Thegths of the
lines indicate the uncertainty ranges implied by the agesomeanents.

evolution in the inner CMZ. Observationally, the prediagoof
4.2 and the open guestions can be addressed using the
plethora of radio, sub-mm and infrared survey data thatresadly

at hand. In addition, our assumptions can be improved upae-by
ning our current understanding of the gravitational pdtahin the
inner200 pcof the Milky Way.

Perhaps most importantly, our model of an absolute time-
sequence of GMC evolution provides quantitative constsaimat
will aid the interpretation of upcoming, high-resolutiobserva-
tions of these clouds (e.g. using ALMA). The obvious nexpste
to follow the time-evolution along the orbit of several pesses that
govern cloud evolution and star formation, such as the tarthen-
ergy dissipation through shocks, fragmentation into castes for-
mation activity, and the distribution of gas temperaturegume
densities, chemistry, and magnetic eld strengths.

In Paper I, we will present hydrodynamical simulations agg
clouds that are orbiting the Galactic Centre on the begtgtbrbit
presented in this work. With these simulations, we aim t@$v
tigate the structure and dynamics of the observed cloudsnga
particular attention to the in uence of the pericentre pagson
the cloud properties. This will provide a wide range of qitative
predictions that can be tested with the observations @alabove.
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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, Zylka & Mezger (200@ which averaged over
the rangeR = 1-300 pcresults in a density prole (R) / R

with  =1:7-1:9.

In order to reproduce the vertical oscillations of the sirsa
orbit described in{2.3, we assume that the gravitational poten-
tial in the Galactic Centre is axisymmetric and attenededtly,
the vertical compression should be performed on the underly
ing mass density distribution, but due to the observatioaab-
lution, there is insuf cient information on the true vericden-
sity pro le at the small latitudesj¢j < 15 pc) considered here
(cf. lLaunhardt, Zylka & Mezger 2002). We therefore attereth

18 |Launhardt, Zylka & Mezger (2002) assumed a distance to tHadBa
Centre ofR g2 = 8:5 kpc. Since we adopt a distance &f = 8:3 kpc,

we rescale the radii by a factor =R o, and the enclosed masses by a
factor of(R=R g2 )2.
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Figure Al. Enclosed mass as a function of galactocentric radius iretinger

R = 30-300 pc from|Launhardt, Zylka & Mezgar (2002, dotted line). The

grey region shows the radial range spanned by the besg fiericentre

and apocentre distances, whereas the solid line shows ar{mwet to

the enclosed mass pro le in the radial range spanned by ostr tiing

pericentre (minus one standard deviation) and apoceritrs ¢ne standard

deviation).

gravitational potential itself and show below that doingyselds
physically-allowed potential-density pairs. A secondsgble con-
cern is that the potential is the sum of several componemtsjd-
ing those from Sgr A and the nuclear stellar cluster. These latter
two components are not attened in reality, but they repnesaly
a small fraction ( 10%) of the total potential in the radial range
occupied by our best- tting orbit. For simplicity, we théoee con-
struct a single, attened potential.

The potential is attened by the coordinate transformation

(R (rz) (A1)

where

R? r?+ z, (A2)
Q'

with R the 3D radiust  (x2+ y?)172 the 2D radius in the Galac-
tic plane,z the height above the plane, agd 6 1 a free parameter
describing the degree of attening. A spherically symmepoten-
tial is described by =1.

Vertically compressing the potential through the above co-
ordinate transformation can yield (locally) negative dées if
either the attening is too strong or the density prole too
steep |(Binney & Tremaine 1987). Given an initially sphdiica
symmetric, power-law density prole / R (and hence
Mena / R with =3 ), it can be shown that negative
densities do not occur if the attening parameterobeys

a<@ )% (A3)
which is always satis ed if > 1, and
q>@1 =2% (A%)

which is always satis ed if > 2. The slope of the enclosed mass
pro le is thus critical in determining whether the attergrof the
gravitational potential yields a physically-allowed diépglistri-
bution. In Figure_Al, we show the enclosed mass as a function
of the galactocentric radius in the ranfe = 30-300 pc from

S QT T T T
I Permitted
[ potential—density pairs
1.5 b
S 1.0 i
0.5 b
| Negative densities
0.0 L. B R
0.0 0.5 1.0 1.5 2.0 2.5

B
Figure A2. Parameter space spanned by the enclosed mass pro le slope
and the potential attening parametgr . The region in which the attened
potential corresponds to physically-allowed densityriistions is shaded
in grey. The cross represents the best- tting enclosed mlage = 2:2
and the best- tting potential attening parametgr = 0:63. The vertical
error bar denotes the formal uncertaintygpn whereas the horizontal error
bar represents the range ofacross the tted radial interval in Figuie A1.

Launhardt, Zvlka & Mezger (2002), as well as a power-law t in
the radial range spanned by our best- tting orbital solu(g). This
gives a best- tting slope of = 2:2 over the full radial range. Lo-
cally, the value of across the same radial interval ranges from
1:4to 2:4, implying that attening parameters of
0:5 < g 6 1resultin physically-allowed density distributions
at all radii.

Having determined the slope of the enclosed mass pro le in
the region of interest, we show the g g parameter space in Fig-
ure[A2 with the permitted region shaded in grey. The crossosym
marks the position de ned by our best- tting slopeand the best-
tting potential attening parameteq (see Tabl€ll). Note that the
horizontal error bar represents the range across the tted radial
interval in Figurd_Al (i.enotthe standard deviation). We see that
attening the gravitational potential implied by the ensém mass
pro le from Launhardt, Zylka & Mezger (2002) yields physla
allowed density distributions for any combination of thegraeters

andq considered in this work.

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

Figure[B1 shows the dependence of the best- tting orbit @ndix
free parameters that we used. It shows thatfthbg distribution
is affected by all parameters, but thev e g distribution is only
affected by varyingRa, R, and . This is easily understood — as
explained in{3, the best- tting orbit is integrated around the far-
side pericentre between Streams 3 and 4 (cf. Fifllre 6). Becau
the far-side pericentre lies almost exactly along the linseover—
Sgr A (i.e. the projection angle is 180 ), the parameters,,

andq only affect the orbit in directions perpendicular to theelin
of sight, leavingvies unaffected.

The gure clearly demonstrates that the parameters are non-

degenerate. The three variables that sef the,s g distribution do
so in distinctive ways, which is illustrated most clearly dlyserv-
ing the variation of the extrema of the line-of-sight vetgan the



20 J. M. D. Kruijssen et al.

0.5 0 -05 0.5 0 -05 0.5

Galactic longitude [de
0 -0.5 8 DA‘; g[} —-0.5

0.5 0 -05 0.5 0 -05

T T T T T T T T T
Apocentre radius Pericentre radius Pericentre height

100

y [pc]

—-100F

Veloéity a‘ngle ‘

Projéctioﬁ angie Verti‘cal fl‘atten‘ing

\

401

z [pc]

‘
o o
o

S
[
Galactic latitude [deg]

Vi [k 57']

100
z [pe]

-100 0 100

Figure B1. Comparison of the observed NK.; 1) emission (symbols with error bars, tracing gas with volureesitiesn > several 10° cm 2) near the
Galactic Centre with our orbital model (solid line). The tdotted (dashed) lines indicate the effect of decreasingdasing) the parameter indicated at the
top left of each column by and2 (see TablEll). As in Figur€s$[2, 4 dnd 6, the colours refer téotlnecoherent streams in position-velocity space. The open
black circle denotes the position of Sgr ATop row Distribution in Galactic longitude and along the line djisif x; y g. Dots are positioned along the best-
tting orbital model to indicate the longitudes of the claidiscussed i®4.1 and Figurgle, whereas crosses (plus symbols) mark tieeapes (pericentres).
Middle row: Distribution in Galactic longitude and latitudé; bg. Bottom row Distribution in Galactic longitude and line-of-sight weity f I; v|os 9.

bottom panels of Figule B1. The apocentre radRasmainly af-
fects (1) the velocity range spanned by the stream segmeats a
given Galactic longitude and (2) the longitude at which tlealp
Vios IS reached, without strongly in uencing its value. The opjte
behaviour is seen when varying the pericentre raBipis- the peak
velocity changes substantially while the extrema in Gatdon-
gitude does not vary as much, thereby changing the slopésof t
curves. Finally, changing the projection anglemainly changes
the line-of-sight velocity normalisation of the system abaghly
constant slope.

Focussing on the con guration ifil; bg space, the effects of
the apocentre and pericentre radii are similar aid;ia s g Space,
i.e. the apocentre radius affects the orbit's extent in Galdongi-
tude, whereas the changing the pericentre radius result®dest
differences within a xed longitude range. The pericenteggtz,
affects the Galactic latitude of the orbit at all longituds®st no-
tably, the latitude shifts at extreme longitudes are ogpdsithose
near the projected centre of the orbit. While the velocitglan
appears to have a similar effect on the latitude, a closgeictton
shows its effect at extreme longitudes does not mirror théte
centre. Instead, it introduces a vertical stretch or cosgioa at all
longitudes, while having the opposite effect on the orlgkeent in
Galactic latitude. This is not surprising, because the aiglaan-
gle determines which fraction of the kinetic energy is usatlie
vertical and radial oscillations. The projection anglenly weakly
affects the structure ifil; bg space, in clear contrast with its effect

tre height, but does not affect the far side of the orbit @tre 3
and 4) likez, does.
In summary, each of the six parameters has its own unique ef-
fect on the structure of the orbit fi; b; vies g space. For this reason
it is possible to obtain a reliable, non-degenerate orttital

APPENDIX C: THE COMPLETE ORBITAL SOLUTION

Table[C1 shows the complete solution of the best- tting i
time intervals of t = 0:1 Myr. The data are also available in
machine-readable format in the Supporting Informatioroagza-
nying this paper, where we use time intervals df= 0:01 Myr.

The rst nine columns of TablE'Q1 list the main model quan-
tities. Column 1 shows the timg wheret = 0 corresponds
to the pericentre passage on the far side of the stream, &etwe
Streams 3 and 4 (cf. Fi§l 6). Columns 2—4 give the spatial-coor
dinatesf x;y; zg, wherez = 0 corresponds to the Galactic plane
(i,e.b = 0 )andx = 0 corresponds to the = 0 meridian.
The y-coordinate indicates the distance along the line of sight.
Note thatx increases to the right (i.e. towards negatiyey in-
creases away from the observer, anidcreases to the top (i.e. to-
wards positiveb). In these coordinates, the position of the bot-
tom of the gravitational potential at Sgr As fX;y;zZgsgra =
f8:08;0; 6:68g pc. Columns 6-8 provide the velocities along
these coordinate axéy ; vy ; v, g. Finally, Columns 5 and 9 pro-

onfl;vies g Space that was discussed above. It shifts the extrema vide the total galactocentric radius (de nedR$ = x? + y2 + z2)

in Galactic longitude, but does so asymmetrically — an iasee

of the low-longitude extremum is accompanied by a decreése o
the high-longitude extremum and vice versa. This mirroesef
fect of changing the apocentre radius, which does symnadiiric
extend or compress the Galactic longitude range spanndeelnyrt

bit. Finally, the vertical attening of the potenti@ changes the
extreme-longitude ends of the orbit in a way similar to theqss-

and orbital velocity (de ned as2, = Vi + v§ + vZ).

The remainder of Table_C1 lists observable quantities. Note
that the numbers listed in columns 12-16 include the solar mo
tion to best re ect directly observable quantities (seeobgl
Columns 10 and 11 provide the orbital structure in the plaihe o
the sky, in the Galactic coordinaté§ bg. The conversion to an-
gular coordinates assumes a distance to the Galactic Cehtre
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t X y z R V x vy Vorb I b v 0 0 0 9

(1) (2 (3) )] (5) (6) ) (8 9) (10) (11) (12) (13) (14)  (15) (16)

-2.5 100.90 -13.09 -12.04 93.69 -106.02 -115.60 31.17 B59.90.680 -0.081 -129.60 -3.75 0.57 -2.45 -2.89
-2.4 88.71 -24.65 -8.69 84.15 -132.19  -109.83 33.88 175.10.598 -0.059 -123.83 -3.10 064 -217 -231
-2.3 73.93 -35.41 -5.20 74.62 -156.21 -99.85 33.92 188.48.4989 -0.035 -113.85 -2.50 0.64 -1.85 -1.80
-2.2 56.88 -44.92 -1.86 66.38 -176.55 -85.41 30.82 198.54.383 -0.013 -99.41 -2.00 056 -152 -141
-2.1 38.01 -52.73 0.99 61.06 -191.47 -66.65 24.47 204.21 256). 0.007 -80.65 -1.63 0.41 -1.20 -1.18
-2.0 17.97 -58.44 3.05 60.06 -199.24 -44.51 15.38 204.73 1210. 0.021 -58.51 -1.43 0.18 -0.90 -1.13
-1.9 -2.46 -61.79 4.09 63.67 -198.97 -20.98 4.89 200.14 70.010.028 -34.98 -1.44 -0.08 -0.68 -1.27
-1.8 -22.47 -62.74 4.05 70.73 -191.28 2.00 -5.46 191.38 10.150.027 -12.00 -1.63 -0.34 -056 -1.57
-1.7 -41.37 -61.44 3.01 79.61 -177.51 23.24 -14.59  179.622790. 0.020 9.24 -1.97 -0.56 -0.55 -1.98
-1.6 -58.62 -58.08 1.14 88.95 -159.12 42.09 -21.81 166.04 39%. 0.008 28.09 -2.43 -0.74 -0.63 -2.46
-15 -73.80 -52.92 -1.37 97.82 -137.42 58.24 -26.83  151.65.4970 -0.009 44.24 -2.97 -0.87 -0.80 -2.99
-1.4 -86.64 -46.25 -4.28 105.62 -113.29 71.73 -29.62 137.3@.584 -0.029 57.73 -3.57 -0.94 -1.05 -354
-1.3 -96.91 -38.33 -7.36 111.96 -87.27 82.71 -30.29 124.01.653 -0.050 68.71 -4.21 -0.95 -1.37 -4.10
-1.2  -104.47 -29.43 -10.40 116.58 -60.40 91.06 -28.99 H13.00.704 -0.070 77.06 -4.88 -0.92 -1.74 -4.65
-1.1 -109.25 -19.80 -13.23 119.35 -33.06 96.88 -25.94  105.60.736 -0.089 82.88 -5.56 -0.85 -2.15 -5.19
-1.0 -111.21 -9.70 -15.66 120.21 -5.43 100.29 -21.37 102.7Q.750 -0.106 86.29 -6.24 -0.73 -260 -5.72
-0.9 -110.35 0.63 -17.55 119.11 22.36 101.33 -15.51 104.947440 -0.118 87.33 -6.93 -0.59 -3.09 -6.24
-0.8 -106.65 10.95 -18.79 116.06 50.19 99.92 -8.56 112.157190. -0.127 85.92 -7.62 -0.41 -3.59 -6.74
-0.7  -100.09 20.98 -19.27 111.08 77.92 95.91 -0.76 123.596750. -0.130 81.91 -8.31 -0.22 -411 -7.23
-0.6 -90.72 30.46 -18.93 104.28 105.08 89.13 7.50 138.01 120.6 -0.128 75.13 -8.99 -0.02 -464 -7.70
-0.5 -78.65 39.11 -17.74 95.95 130.67 79.50 15.64 153.76 300.5 -0.120 65.50 -9.62 0.19 -5.15 -8.13
-0.4 -64.07 46.62 -15.75 86.53 154.26 66.73 23.18 169.67 320.4 -0.106 52.73 -10.21 0.37 -5.61 -8.53
-0.3 -47.21 52.65 -13.05 76.74 174.83 50.64 29.43 184.38 180.3 -0.088 36.64 -10.72 053 -6.02 -8.88
-0.2 -28.46 56.86 -9.81 67.78 190.94 31.33 33.53 196.39 20.190.066 17.33 -11.12 0.63 -6.32 -9.17
-0.1 -8.36 58.96 -6.29 61.28 200.97 9.31 34.67 204.15 0.05®.042 -4.69 -11.37  0.66 -6.48 -9.36
0.0 12.38 58.72 -2.84 59.00 203.39 -14.22 32.29 206.43 30.080.019 -28.22 -11.43 0.60 -6.47 -9.44
0.1 32.96 56.08 0.20 61.69 197.76 -37.02 26.69 202.97 -0.222001 -51.02 -11.29 0.46 -6.29 -9.38
0.2 52.58 51.23 2.54 68.40 184.95 -57.16 18.81 194,50 -0.331017 -71.16 -10.97 0.26 -5.96 -9.21
0.3 70.60 44,51 4.01 77.36 166.59 -73.79 9.82 182.47 -0.4760270 -87.79 -10.51 0.04 -554 -8.93
0.4 86.53 36.27 4.55 87.00 144.30 -86.71 0.72 168.35 -0.5830310 -100.71 -9.96 -0.18 -5.06 -8.58
0.5 100.02 26.90 4.18 96.24 119.43 -96.01 -7.73 153.44 40.67.028 -110.01 -9.34 -0.39 -456 -8.16
0.6 110.89 16.75 3.01 104.44 92.88 -102.02 -15.07 138.80 7470. 0.020 -116.02 -8.68 -0.58 -4.07 -7.69
0.7 118.97 6.13 1.15 111.16 65.07 -105.05 -21.06 125.37 020.8 0.008 -119.05 -7.99 -0.72 -358 -7.18
0.8 124.20 -4.64 -1.24 116.15 37.04 -105.28 -25.40 114.46.8370 -0.008 -119.28 -7.30 -0.83 -3.12 -6.65
0.9 126.55 -15.31 -3.99 119.30 9.20 -102.93 -28.00 107.09.853 -0.027 -116.93 -6.61 -0.90 -2.70 -6.09
1.0 126.09 -25.61 -6.91 120.56 -18.26 -98.20 -28.84 103.99.850 -0.047 -112.20 -5.93 -0.92 -233 -553
1.1 122.84 -35.31 -9.83 119.92 -45.19 -91.16 -27.95 105.54.828 -0.066 -105.16 -5.26 -0.90 -2.00 -4.95
1.2 116.87 -44.18 -12.57 117.38 -71.48 -81.82 -25.33 111.56.788 -0.085 -95.82 -4.61 -0.83 -1.71 -4.36
1.3 108.25 -51.97 -1495 112.97 -96.87 -70.13 -21.00 121.40.730 -0.101 -84.13 -3.98 -0.72  -1.47 -3.76
1.4 97.09 -58.44 -16.81 106.79 -121.08 -55.99 -15.05 134.26.654 -0.113 -69.99 -3.37 -0.58 -1.28 -3.18
1.5 83.56 -63.34  -17.99 99.02 -143.15 -39.64 -7.77 148.75.563 -0.121 -53.64 -2.83 -0.39 -1.14 -2.62
1.6 67.91 -66.47 -18.36 90.05 -162.44 -21.11 0.55 163.81 458. -0.124 -35.11 -2.35 -0.19 -1.07 -2.10
1.7 50.46 -67.59 -17.85 80.43 -178.20 -0.36 9.52 178.46 4.3 -0.120 -14.36 -1.96 0.03 -1.05 -1.65
1.8 31.62 -66.48 -16.42 71.12 -189.25 22.23 18.44 191.45 2120. -0.111 8.23 -1.68 0.26 -1.10 -1.30
1.9 11.96 -63.00 -14.11 63.54 -194.22 45.90 26.38  201.32 0810. -0.095 31.90 -1.56 045 -1.20 -1.10
2.0 -7.85 -57.10 -11.09 59.49 -191.85 69.40 32.20 206.54 530.0 -0.075 55.40 -1.62 0.60 -1.35 -1.07
2.1 -27.01 -48.88 -7.64 60.31 -181.62 90.66 34.84 205.96 820.1 -0.051 76.66 -1.87 0.66 -154 -1.25
2.2 -44.76 -38.70 -4.09 65.73 -164.65 107.64 33.93 199.633020. -0.028 93.64 -2.29 0.64 -1.74 -1.63
2.3 -60.52 -27.04 -0.80 74.17 -142.88 119.52 29.93 188.674080. -0.005 105.52 -2.83 054 -193 -214
2.4 -73.89 -14.43 1.96 83.88 -118.09 126.44 23.69 174.62 980.4 0.013 112.44 -3.45 0.39 -2.12  -2.75
2.5 -84.62 -1.34 4.00 93.54 -91.76 128.87 16.11 159.03  0.570.027 114.87 -4.10 0.20 -2.30 -3.40

tis listed inMyr , fx;y;z; Rgin pc, fvx; vy;Vz; Vorp ;v%sg inkms 1, fl;bgindegrees, anti IO;

R = 8:3 kpc (Reid et al. 2014). The line-of-sight velocityf.
is given in column 12. The prime indicates that this is the ob-
servable velocity in the local standard of rest, adding the'sS

radial velocity ofU = 14 kms ! towards the Galactic Centre

(Schonrich 2012) to the modelled line-of-sight velocigng,

Vios
implied by the best- tting orbit are provided in columns 13

0. 0.
b X

Jginmasyr 1.

U M The proper motions in Galactic coordinafes’; 2g

and 14. Again, the primes indicate that these proper mofions

19 If another value olU

towards the Galactic Centre.

is preferred,U

= 14kms ! must rst be
added to the listed values before subtracting the prefeadidl velocity
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clude the proper motion induced by the Sun's orbital motion
f 1 ,g = f 6379 0:2029 mas yr ! (Reid & Brunthaler
2004; Reid etdl 2000) @ % g f 1 wg+ f 13 bg P
Columns 15 and 16 list the proper motions in equatorial deord
natest °; °gPl

This paper has been typeset fromgXmMATEX le prepared by the
author.

20 If another value off |; ,g is preferred, f |; L0 =

f 6:379; 0:202g masyr I must rstbe subtracted from the listed val-
ues before adding the preferred solar motion.

21 This again includes the proper motion induced by the solaiamo
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