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Where is the gas in the 
MW CMZ?

Left: total column from Herschel, 
Molinari+ 2011

Right: PP and PV diagrams from NH3, 
Kruijssen+ 2015
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Figure 4. Atomic hydrogen column density map of the Galactic center region. Color scale shown is logarithmic and extends from 4 × 1022 cm−2 in the dark regions
to 4 × 1025 cm−2 in the brightest region corresponding to Sgr B2. Velocity information is extracted from CS spectroscopic cubes (Tsuboi et al. 1999) for the gas
counterparts positionally associated with the dense dust clumps; the range values indicate the range where emission is observed.

3. A 100 pc ELLIPTICAL RING OF COLD AND DENSE
MOLECULAR CLOUDS: THE x2 ORBITS

The ∞-shaped feature in the temperature map in Figure 3
coincides with high column density material (N (H) ! 2 ×
1023 cm−2) organized in a continuous chain of irregular clumps
(see Figure 4). Most of the cold, high column density clumps in
the [l−, b−] and [l+, b+] arms of this feature are seen in silhouette
against the 70 µm background (Figure 1); the same is not true
for clumps along the [l+, b−] and [l−, b+] arms. We conclude
that the [l−, b−] and [l+, b+] arms are in front of the bulk of
the warmer dust emission (i.e., between us and the Galactic
center), while the [l−, b−] and [l+, b+] arms are located in the
background.

We use the CS survey by Tsuboi et al. (1999, their Figure 4) to
extract the radial velocity of CS condensations positionally coin-
cident with the cold and dense peaks on various positions along
the ∞-shaped feature in Figures 3 and 4. The position–velocity
information is averaged in latitude bins of 1.′5, so the informa-
tion can be extracted with some degree of approximation but
should be adequate to represent the mean velocity of the various
clouds and clumps. The full span of velocities found toward
each position is reported in Figure 4.

The [l−, b+] arm shows steadily increasing (in absolute
values) negative velocities from the center of symmetry toward
Sgr C indicating approaching material with increasing relative
speed. Following the [l−, b−] arm from Sgr C back to the center,
we find negative velocities decreasing and changing to positive
(receding) values at l ∼ 359.◦8. Continuing along the [l+, b+]
arm the radial velocities are still positive and slowly increasing,
indicating material receding at higher and higher speeds up
to Sgr B2. Finally along the [l+, b−] arm we see velocities
decrease again going back toward the center of symmetry of the
∞-shaped feature. The distribution of radial velocities along the

∞-shaped feature seems to indicate an ordered, rotating pattern
around its projected center of symmetry.

3.1. A Simple Model for the ∞-shaped Feature:
A 100 pc Elliptical Twisted Ring

A simplified toy model of the ∞-shaped feature is built
assuming that the material is distributed along an elliptical
orbit (projected onto the Galactic Plane) with semi-axes [a, b]
and major-axis position angle θp. For simplicity, a constant
orbital speed vorb is assumed. An additional sinusoidal vertical
oscillation component with a vertical frequency νz and a phase
θz is added to the equations of the ellipse describing the orbit.
Adopting a coordinate system with the x-axis oriented toward
negative longitudes, the y-axis pointing away along the line of
sight from the Sun, and the z-axes toward positive latitudes
(see Figure 5), the position and radial velocity of each point
along the orbit are described as a function of the polar angle θt

(counterclockwise from the x-axes) as
⎧
⎪⎨

⎪⎩

x = a cos θt cos θp − b sin θt sin θp

y = a cos θt sin θp + b sin θt cos θp

z = z0 sin νz(θp − θz)
vr = −vorb cos(θp + θt ).

We let a, b, θp, and vorb vary until they match the observed
projected morphology of the ellipse and the distribution of
radial velocities at 20 positions along the ∞-shaped feature.
We keep z0 fixed at 15 pc, which is half of the measured
b-extent of the ∞-shaped feature; we also fix νz = 2 in units of
the orbital frequency, as indicated by the projected twist shape
(see Section 3.3). The fitting procedure minimizes a pseudo-χ2

value ξ :

ξ =
20∑

i=1

(vr − vobs)2

∆vobs
, (1)
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Figure 4. Comparison of our orbital model (solid line) with the observed
integrated-intensity map of NH3(1, 1) emission near the Galactic Centre,
tracing gas with volume densities n > several 103 cm−3 (grey-scale). Sym-
bols with error bars show the coherent phase-space structure (see Section 2.2)
to which the model was fitted. We have divided the gas into four coherent
streams in position–velocity space that are colour-coded as indicated by the
legend. In our model, the back side of the gas stream consists of Streams
3 and 4, whereas Streams 1 and 2 represent the two (independent) ends of
the stream on the front side. The open black circle denotes the position of
Sgr A∗. The model starts at Stream 2 (the overlap with Stream 4 is coinci-
dental but could fit too) and continues through Streams 3 and 4 to Stream 1.
Top panel: distribution in Galactic longitude and latitude {l, b}. The red
arrow indicates the observed proper motion vector of Sgr B2 and the bright
yellow arrow represents the model prediction. Bottom panel: distribution in
Galactic longitude and line-of-sight velocity {l, vlos}.

Figure 5. Repeat of the three-colour composite of the CMZ from Fig. 1.
This time, the white dotted line shows our best-fitting orbit. Note that the
clouds near l = −1◦ have vlos ∼ {0, 140} km s−1 (bottom and top, respec-
tively) and hence are not associated with the gas stream that the model was
fitted to.

independent velocity structures along the line of sight, which are
associated in position–velocity space. Two of these are explained by
our model – they represent the front and back sides of the streams
(i.e. Stream 2 and Stream 3, respectively), which are connected in
position–velocity space but separated by more than 100 pc along the
line of sight (see Section 4.1 below). The third component connects
to the gas that can be seen at high latitudes near l = 0◦ in Figs 1–5
and is likely physically unrelated to the streams under consideration
here, unless it is being ejected from one of the streams by feedback.
This possibility is underlined by its similar line-of-sight velocity to
the Arches and Quintuplet clusters, implying that it could originally
have been associated with the gas that is currently occupying Stream
1 (see Section 5.2.6). We also note that this third component is phys-
ically associated with the infrared shells blown by the Arches cluster
(visible in green in Figs 1 and 5). The complex position–velocity
structure surrounding the Brick has previously been proposed to
result from a cloud–cloud collision (Lis & Menten 1998; Johnston
et al. 2014), but the results of our model show that such an event
is not necessary to explain the observed gas kinematics – instead,
they are caused by the line-of-sight projection of three unrelated
components.7

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

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

(ii) The non-zero eccentricity results in a variable orbital velocity,
ranging from vorb ∼ 100 km s−1 at apocentre to vorb ∼ 200 km s−1

at pericentre. This is substantially higher than previous estimates.
As a result, the three orbital periods are a factor of 1.4–1.8
shorter than in the model of Molinari et al. (2011), who obtained
{PR,mol, Pφ,mol, Pz,mol} = {3.2, 6.4, 3.2} Myr.8

(iii) The bottom of the gravitational potential (assumed to lie at
the position Sgr A∗) coincides with the orbit’s focus. The previous
argument to move Sgr A∗ towards the front side of the orbit was
the fact that the line-of-sight velocity difference between the 50 and
20 km s−1 clouds could not be explained by the Molinari et al. (2011)
model. In our new model, the variable orbital velocity naturally
leads to the observed velocity difference. It is therefore no longer
necessary to displace Sgr A∗.

7 A peak of shock tracer emission near the low-{l, b} side of the Brick
has been put forward to support the idea that the Brick has undergone a
cloud–cloud collision (Johnston et al. 2014). However, the increased sen-
sitivity of ALMA shows that there is no single locus of enhanced shock
tracer emission (Rathborne et al. 2014a) – the cloud is so turbulent that it is
brightly emitting throughout. Such widespread emission should follow nat-
urally from local gravitational collapse or a compression caused by a recent
pericentre passage (see Section 4.1). In addition, some physical interaction
between components could be possible due to the tidal stripping expected to
occur at pericentre or the clearing of molecular gas shells by feedback from
the Arches and Quintuplet clusters (see Section 5.2.4). These interactions
are much less dramatic than the previously proposed collisions between gas
streams or clouds, but they could still contribute to the shock tracer emission
in the region.
8 Note that these periods differ from those quoted in section 3.3 of Molinari
et al. (2011), which actually correspond to the semiperiods of their model.
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Figure 13. Enhanced efficiency in galaxy centers. We plot τmol
dep normalized to the galaxy average as a function of galactocentric radius for a fixed αCO (top left) and

a “Σ = 100” conversion factor (top right). We also plot enhancement in τmol
dep as a function of CO (2–1) intensity (bottom left) and show the enhancement in the CO

(2–1) to CO (1–0) line ratio relative to the disk average as a function of radius. Individual gray points show kpc-resolution lines of sight; contours show data density;
black-and-white points and error bars show median and rms scatter in binned data. Blue points and green stars show data from the inner kpc of our targets—blue
points show systems with a spectroscopic classification indicating the likely presence of an AGN (Moustakas et al. 2010); green points show star-formation-dominated
nuclei. Galaxy centers show shorter depletion times and enhanced line ratios relative to galaxy disks, indicative of more excited, more efficiently star-forming gas. The
effect appears even stronger once we account for variations in αCO (Sandstorm et al.) and essentially all CO-bright nuclear regions show some level of enhancement.

regions of our targets show systematically enhanced CO (2–1)/
CO (1–0) compared to the disks. This excitement presumably
reflects the same changing physical conditions that drive the
lower conversion factors found by Sandstrom et al. (2012),
underscoring that nuclear gas concentrations represent a distinct
physical regime from galaxy disks. Molecular gas in these
regions gives off more CO emission, appears more excited, and
forms stars more rapidly than molecular gas further out in the
disks of galaxies.

Not all nuclear regions exhibit shorter τmol
dep . A sufficient but

not necessary condition to find such enhancements in our data is
(1) to lie within the central kpc of a target and (2) have CO (2–1)
intensity !15 K kms−1. We indicate these criteria using a red
line in the bottom left panel of Figure 13. This does not precisely

equate to a Σmol threshold because of ambiguities introduced by
αCO; the figure shows that central parts of galaxies with bright
CO emission tend to show lower τmol

dep .
Daddi et al. (2010) and Genzel et al. (2010) argue for multiple

“modes” or “sequences” of star formation, in which the shorter
dynamical time and higher density in starburst galaxies lead to
shorter depletion times at fixed Σmol. Figure 13 supports this
idea inasmuch as it shows that physical conditions other than
gas surface density play an important role determining τmol

dep . The
population of low τmol

dep points in Figure 13 appear to be driven by
factors other than kpc-scale Σmol alone: first, identifying these
lines of sight requires knowing that the points lie in the centers
of our targets; second, τmol

dep exhibits a wide range, presumably
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Star formation in 
galactic centres

• Observed at ~kpc resolution, 
~1/3 of galactic centres have 
“normal” depletion times, ~2/3 
have shorter depletion times


• At higher resolution, MW 
centre has lower SFR, higher 
tdep than would be expected 
from its mass and density (e.g., 
Longmore+ 2013)


• Indirect evidence for bursty 
star formation (e.g., Fermi 
bubbles)

Leroy+ 2013



Cool nuclear winds in 
the CMZ

Left: extra-planar HI clouds (McClure-
Griffiths+ 2013)

Right: absorption spectra in low- 
medium ions (Fox+ 2015)
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Figure 1. H i images at (a) v = 161.5 km s−1, (b) v = 83.2 km s−1, (c) v = −121.2 km s−1, and v = −90.7 km s−1. The cataloged clouds whose central velocity lies
within 5 km s−1 of the shown velocity are circled.

Table 1
Compact Clouds Catalog

Name l b VLSR Peak Tb ∆v NH max Mc r
(deg) (deg) (km s−1) (K) (km s−1) (×1019 cm−2) (M⊙) (pc)

G0.2+3.8+65 0.23 3.81 63.7 4.4 5.9 5.7 25 6.6
G0.2−1.6−170 0.27 −1.62 −169.6 4.9 17.5 17.6 2190 32.9
G0.3+2.8+195 0.30 2.84 200.8 1.4 28.6 9.7 220 12.2
G0.3+3.7−82 0.36 3.74 −74.3 3.7 13.7 11.1 706 22.4
G0.7+4.5+61 0.68 4.52 63.3 9.6 5.3 10.8 287 14.2

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form
and content.)

2.1. Cloud Kinematics

The location of the clouds, color-coded by their local standard
of rest (LSR) velocities, is shown in Figure 3(a). The clouds
clearly do not follow Galactic rotation. The velocity projection
of an object at l, b onto the LSR can be written as

VLSR =
!
R0 sin l

"
Vθ

R
− V⊙

R⊙

#
− VR cos (l + θ )

$

× cos b + Vz sin b, (1)

where θ is defined around the Galactic center in a clockwise
direction from the Sun–Galactic center line. The velocity terms
VR, Vθ , and Vz are the radial, azimuthal, and vertical velocities.
In circular Galactic rotation, VR and Vz are zero and the sin l
term produces a change in sign of VLSR across l = 0◦. The
absence of this signature in the cloud distribution suggests that
the kinematics of the clouds are not dominated by circular
Galactic rotation. Because the clouds are at high velocities and
do not show the signature of Galactic rotation, we assume that
the clouds are located at the Galactic center.
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Figure 2. HST/COS and GBT spectra of the quasar PDS 456. Normalized flux
is plotted against LSR velocity for all UV metal absorption lines that show high-
velocity (HV) absorption (with low ions in the left column and intermediate/
high ions in the right column). The GBT H i 21 cm emission spectrum is included
in the top-left panel. Absorption-line components are observed at vLSR = −235,
−5, +130, and +250 km s−1; only the −5 km s−1 component is seen in 21 cm
emission. Red lines indicate Voigt-profile fits. The −5 km s−1 (unshaded) and
+130 km s−1 (yellow) components have velocities consistent with co-rotating
foreground gas. However, the −235 km s−1 (blue) and +250 km s−1 (orange)
components cannot be explained by co-rotation; instead, their velocities are
suggestive of gas swept up by a biconical outflow. In this scenario the near-side
of the outflowing cone gives the −235 km s−1 component and the far-side gives
the +250 km s−1 component.

Figure 3. Numerical models of the Galactic biconical nuclear outflow, which
can explain the observed absorption-line kinematics. The models have a constant
outflow velocity of 900 km s−1 and a full opening angle of 110◦ (tuned to match
the X-ray bicone). We investigate two sets of models: constant-velocity and
momentum-driven. Top: top view of the momentum-driven outflow, looking
down on the Galactic plane. Each outflow particle is color-coded by its LSR
velocity. The near side of the outflow is blueshifted and the far-side of the outflow
is redshifted. Middle: side view of the momentum-driven outflow, showing the
latitude where the PDS 456 sightline intercepts the bicone. Bottom: distribution
of LSR velocities of the outflow particles along the PDS 456 sightline in
100 realizations of the models, for both the constant-velocity (blue line) and
momentum-driven (purple line) cases. The inset panel shows the velocity profile
of the two models. The centroids of the observed components in the PDS 456
spectrum are shown with vertical lines.

of outflow velocities projected onto the PDS 456 line-of-sight
drawn from 100 realizations of each of the two models. Discrete
kinematic structure is seen in any single realization of the
model (not shown in figure), but the component velocities differ
substantially between any two model runs, so we show the
distribution to indicate the range of velocities predicted.

There are several points to note from the model velocity dis-
tributions. First, the distributions are fairly flat for both constant-
velocity and momentum-driven winds, which reflects our choice
of model in which gas exists with uniform filling factor within
the outflow, not just at the edges. The prediction of outflow-
ing gas with LSR velocities near 0 km s−1 could explain the
0.5 dex excess in low-velocity high-ion absorption seen toward
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Toward a unified model

• Low gas fractions in galactic centres permit formation of a 
stellar bar 

• Bar can move mass inward into a central molecular zone 
within the inner Lindblad resonance at ~1 kpc 

• Gas is deposited in x2 orbit at ~ 500 - 1000 pc 

• When it is deposited, the gas is very gravitationally stable; 
e.g., gas at ~500 pc in CMZ has Q ~ 10 

• What happens to this gas next?



Acoustic instability

• Inside the ILR, spiral 
perturbations subject to an 
acoustic instability 
(Montenegro+ 1999)


• Instability driven by pressure 
causing orbits to align with bar

• does not require self-gravity

• does require shear


• Ansatz: instability drives 
angular momentum transport 
at rate

↵ ⇡ exp

✓
1� t

growth

t
orb

◆

vφ data: Launhardt+ 2002; 
shear based on VADER b-
spline fit (Krumholz & Forbes 
2015)



Evolution of gas 
entering the CMZ

Krumholz & Kruijssen 2016

Simulation done with VADER 
code (Krumholz & Forbes 2015)



Adding star formation, feedback, and outflows

• SFR depends on local virial ratio and free-fall time: 

• SN rate / area determined from SFR, momentum 
injection rate 

• Energy injection rate into turbulence 

• Outflow rate determined by generalised Eddington ratio 
(Thompson & Krumholz 2016):   

⌃̇⇤ = ✏↵
⌃

t↵
✏↵ = 10�2↵vir

dṗ/dA = pSNSNR

dĖ/dA = �pSNSNR

� =
dṗ/dA

⌃(ggas + g⇤)



Evolution with star 
formation and feedback

Krumholz, Kruijssen, & Crocker 
2016



Evolution with star 
formation and feedback

Krumholz, Kruijssen, & Crocker 
2016



Properties of the star-
forming ring

• Ring SFR varies by factor of 
~30 with ~10-20 Myr period


• Variation driven by changes in 
αvir, not by gas expulsion


• Ring is a persistent structure 
with roughly constant mass


• Time averaged, wind carries 
away ~50% of the inflowing 
mass, rest converted to stars


• We are near SF minimum, 
~5-10 Myr post-burst; next 
burst due in ~5 Myr
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Figure 10. Observable cycle of properties of the star-forming ring at
100 ± 10 pc in run m10r050f10 from 480 � 500 Myr (coloured points)
as compared to the observed Milky Way ring (gray ellipses). Points are
coloured by time since 480 Myr, as in Figure 2, with one point per 0.2

Myr of time. The properties shown are, from top to bottom: area-weighted
mean scale height H , mass-weighted mean velocity dispersion �, gas de-
pletion time tdep, total gas mass Mgas, and mass-weighted mean Toomre
Q parameter for the gas, where at each radius we have Q = �/⇡G⌃,
where  is the epicyclic frequency. All quantities are shown as a function
of the star formation rate as observed with an ionisation-based tracer. The
observational constraints shown in gray are taken from the compilations in
Kruijssen et al. (2014), Longmore et al. (2012, 2013a), and Henshaw et al.
(2016); in cases where the authors did not state an uncertainty, we have
adopted an uncertainty of a factor of 2.

the position of Sgr A⇤, which in position-position-velocity space is
(`, b, v) = (�0.�056,�0.�047,�14.0 km s�1

).
We show the column density map for our model, overlaid with

the observed column density distribution in the CMZ from Molinari
et al. (2011), in Figure 11. The figure displays an impressive degree
of agreement. The predicted vertical gas distribution quantitatively
matches the observations, and the extent of the ring is nearly cor-
rect as well. The locations of the most active sites of ongoing star
formation – Sgr B2, Sgr B1, and Sgr C – are exactly where the
model predicts that such sites should be found.

Figure 11. Top panel: column density NH for model m10r050f10 at time
t = 485 Myr as seen from Earth, with positions indicated in Galactic lon-
gitude ` and Galactic latitude b. Bottom panel: the image shows the column
density map of Molinari et al. (2011), derived from Herschel observations.
We have superimposed on it the column density map shown in the top panel,
with the colour scale adjusted to match that used in the Herschel map; only
pixels with NH > 4 ⇥ 10

22, the minimum column in the Herschel map,
are shown, and those that we do show have been left partially transparent
to allow comparison with the underlying image. The coloured circles in the
lower panel mark the locations of the star-forming molecular clouds Sgr B2,
Sgr B1, and Sgr C, as indicated; coordinates for these structures are taken
from Table 3 of Henshaw et al. (2016). The coloured squares mark the posi-
tions of the Arches and Quintuplet clusters, and the black star indicates the
position of Sgr A⇤.

We show the synthetic position-velocity diagram in Figure 12.
This can be compared to observations such as those presented by
Henshaw et al. (2016, their Figures 6-9). In comparison, we find
that the positional extent of our model is in good agreement with
the data, as one would have expected based on Figure 11, but the
model velocities are somewhat higher than the observed ones. This
is also apparent in the offset between the velocities of the Sgr B2,
B1, and C molecular clouds and our data.

The discrepancy between model and data reflects the limita-
tions of our assumption of axisymmetry, which requires only cir-
cular orbits. In reality, Kruijssen, Dale & Longmore (2015) show
that the star-forming ring is only partially filled with dense gas,
which orbits in an open stream with non-zero eccentricity e ⇡ 0.3.
The extent of this orbit is from ⇡ 60� 120 pc, in excellent agree-
ment with our model, but in the unstable region we do not have
filled circular orbits, but instead partially-filled elliptical ones. The
orientation is such that the Sgr molecular clouds, and the bulk of
the dense gas, lie near the apocenters of the orbit, producing line
of sight velocities substantially smaller than the circular velocities
at their projected positions. In addition, the eccentric nature of the
orbit leads to orbital precession, which manifests itself as a verti-
cal drift in the position-velocity space of Figure 12. A comparison
to the orbital model of Kruijssen, Dale & Longmore (2015) shows
that the Sgr clouds reside on exactly those parts of the orbit where
the line-of-sight components of the velocities are suppressed even
further relative to the orbital motion. These effects explain why
our model does a very good job reproducing the position of the
star-forming ring, but is less successful at reproducing the line of
sight velocities. It also serves as a warning against the limitations

c� 2016 RAS, MNRAS 000, 1–21



The CMZ as 
seen from Earth

Left: position-position

Right: position-velocity
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We show the synthetic position-velocity diagram in Figure 12.
This can be compared to observations such as those presented by
Henshaw et al. (2016, their Figures 6-9). In comparison, we find
that the positional extent of our model is in good agreement with
the data, as one would have expected based on Figure 11, but the
model velocities are somewhat higher than the observed ones. This
is also apparent in the offset between the velocities of the Sgr B2,
B1, and C molecular clouds and our data.

The discrepancy between model and data reflects the limita-
tions of our assumption of axisymmetry, which requires only cir-
cular orbits. In reality, Kruijssen, Dale & Longmore (2015) show
that the star-forming ring is only partially filled with dense gas,
which orbits in an open stream with non-zero eccentricity e ⇡ 0.3.
The extent of this orbit is from ⇡ 60� 120 pc, in excellent agree-
ment with our model, but in the unstable region we do not have
filled circular orbits, but instead partially-filled elliptical ones. The
orientation is such that the Sgr molecular clouds, and the bulk of
the dense gas, lie near the apocenters of the orbit, producing line
of sight velocities substantially smaller than the circular velocities
at their projected positions. In addition, the eccentric nature of the
orbit leads to orbital precession, which manifests itself as a verti-
cal drift in the position-velocity space of Figure 12. A comparison
to the orbital model of Kruijssen, Dale & Longmore (2015) shows
that the Sgr clouds reside on exactly those parts of the orbit where
the line-of-sight components of the velocities are suppressed even
further relative to the orbital motion. These effects explain why
our model does a very good job reproducing the position of the
star-forming ring, but is less successful at reproducing the line of
sight velocities. It also serves as a warning against the limitations

c� 2016 RAS, MNRAS 000, 1–21
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Figure 12. Position-velocity diagram for the same snapshot as shown in
Figure 11. The top colour panel, labeled “Midplane”, shows the column
density per unit velocity along a cut through the Galactic midplane. The
line plot above this shows the velocity-integrated column density corre-
sponding to this. The bottom coloured panel, labeled “z-integrated”, shows
the total mass per unit velocity per degree of Galactic longitude, integrating
over Galactic latitude. The line plot below it shows the mass per degree of
Galactic longitude, integrating over the velocity and Galactic latitude. The
coloured circles and squares in the coloured panels indicate the positions
and velocities of Sgr A⇤, Sgr B2, Sgr B1, Sgr C, Arches, and Quintuplet, as
indicated. The black line in the coloured panels shows the best-fitting orbital
model describing the observed kinematics of the gas stream from Kruijssen,
Dale & Longmore (2015), which highlights the difference in kinematics ex-
pected when the orbit is eccentric (with e = 0.3). Data are from the same
sources as in Figure 11.

of our axisymmetric assumption: our model is capable of predict-
ing at which galactocentric radii the star formation should occur,
and how it should be regulated, but is not adequate to reproducing
the detailed kinematics, which likely vary substantially in time in
any event.

To facilitate future observational tests, we now present a num-
ber of simple predictions for the volume density structure of the
cold interstellar medium in the Milky Way’s CMZ. As demon-
strated in Paper 1, our model predicts a strong increase towards the
Galactic Centre of the midplane volume density (⇢ = ⌃/2H

g

), the
dense gas fraction, and the critical density threshold above which
gas decouples from the turbulent flow and can collapse to form
stars (⇢crit = A↵virM2⇢, with A a constant of order unity, see
Krumholz & McKee 2005; Hennebelle & Chabrier 2008; Padoan
& Nordlund 2011; Federrath & Klessen 2012). We quantify this
prediction by considering the gas in the midplane and assuming
that it follows a lognormal volume density probability distribution

Figure 13. Density structure of the cold interstellar medium for the
same snapshot as shown in Figure 11. Top panel: midplane volume den-
sity (black) and critical volume density threshold for star formation (red)
as a function of Galactic longitude `. Bottom panel: mass fraction of all
gas along the line of sight above a volume density nref as a function
of Galactic longitude. The (solid, dashed, dotted) black lines represent
nref = (10

4, 105, 106) cm�3 and the solid red line indicates the gas mass
fraction eligible for star formation, i.e., nref = ncrit, where ncrit is the
critical density from the top panel. Throughout most of the Galactic Centre,
the star-forming gas fraction is minor (⌧ 1 per cent), but it is predicted to
be as high as several per cent in the star-forming ring.

function (PDF) as expected for an isothermal, supersonically turbu-
lent medium (e.g. Vazquez-Semadeni 1994; Padoan, Nordlund &
Jones 1997; Krumholz & McKee 2005). For simplicity, we adopt a
mixture of compressive and solenoidal turbulence driving (cf. Fed-
errath & Klessen 2012) and assume that the magnetic field is not
dynamically important. At each galactocentric radius, we calculate
the density PDF from the midplane volume density and Mach num-
ber provided by our model, and also derive the critical density for
star formation as in Krumholz & McKee (2005). The PDFs are
then used to determine the gas mass fractions above several dif-
ferent volume density thresholds as a function of Galactic longi-
tude, where the integration along the line of sight is carried out by
weighting each element by its local surface density.

The results of the above calculation are shown in Figure 13 for
the same model snapshot as in Figure 11 (at t = 485 Myr).3 The
top panel demonstrates that the midplane density in the gravitation-
ally unstable, star-forming ring (|`| . 1

�) is much higher than else-
where in the CMZ. The midplane densities of n = 10

3�10

4
cm

�3

provide a good match to the mean densities observed in the Galac-
tic star-forming ring (e.g. Bally et al. 2010; Longmore et al. 2012;
Rathborne et al. 2014a). In addition, the critical density for star
formation (which manifests itself in observed density PDFs as
a power law deviation from the lognormal shape at high densi-

3 Across the star formation cycle in the star-forming ring (Figure 10), the
dense gas fractions only vary by a factor of ⇠ 3, whereas the critical density
and midplane densities vary by factors of ⇠ 2 and ⇠ 10, respectively.
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The CMZ as viewed 
from outside the Galaxy

Left and right: two forms of the 
Kennicutt-Schmidt relation 
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Figure 14. The observable properties of simulations m01r050f10 (red), m03r050f10 (green), and m10r050f10 (blue), corresponding to gas accretion rates
˙Min = 0.1, 0.3, and 1.0 M� yr�1, in a Kennicutt-Schmidt plot. The left panel shows star formation rate per unit area ˙

⌃⇤ versus gas surface density ⌃,
while the right shows ˙

⌃⇤ versus surface density divided by orbital period, ⌃/torb. In each panel, colours indicate the log of the probability that the system
would fall into the indicated pixel if observed at a random time > 200 Myr of evolution in the simulation. We show the results both for an observation of the
whole CMZ, and for one focusing on the ring of peak star formation, as indicated by arrows. For comparison, in the left panel the two black dashed lines show
constant depletion times of 2 Gyr (bottom) and 200 Myr (top), respectively, while in the right panel they show gas depletion times of 100, 10, and 1 times the
orbital period (bottom to top). See main text for details on how all quantities are computed.

the gas becomes roughy virial and an outburst begins do we begin
to have depletion times that approach ⇠ 10 orbital periods. This
effect is not seen in the larger scale observations because, although
the gas and star formation all concentrated in a ring at ⇠ 100 pc,
the orbital period being used is that measured at much larger galac-
tocentric radii.

4.4 Properties of the Cool Wind

We next examine in more detail the properties of the galactic centre
winds that are launched in our simulations. In particular, we are
interested in the kinematics of the cold gas that is launched from
the winds, as well as the properties of any hot, escaping gas and
non-thermal particles. Observations constrain all of these quantities
in the Milky Way.

First consider the cold gas driven upward by momentum injec-
tion. To obtain its velocity distribution, we again turn to the Thomp-
son & Krumholz (2016) momentum-driven wind model. The cen-
tral idea in this model is to consider a region of a galactic disc with
mean surface density ⌃, but where there are a wide range of local
surface densities ⌃0 as a result of turbulence. We then consider the
vertical equation of motion for a particular fluid element near the
top of the disc (i.e., at z ⇠ H) in a region with local surface density
⌃

0. This is

dv

dt
⇡ �ggas � g⇤ +

dṗ/dA

⌃

0 . (31)

Here v is the vertical velocity, the first and second terms represent
the force per unit mass exerted by gas and stars, and the final term
represents the force per unit mass on the fluid element due to mo-
mentum injection from stellar feedback, which is provided at a rate
per unit area dṗ/dA. Note that, because gravity a long-range force
that is produced by material over a large area, the gravitational ac-
celeration depends on the mean surface density ⌃, while the ac-
celeration due to feedback depends on the local one ⌃

0. Using our
definitions of the Eddington injection rate, equation 19, and its non-
dimensionalisation xcrit, equation 20, and defining x = ln⌃

0/⌃
for convenience, we can rewrite the equation of motion for a local
fluid parcel as

dv

dt
= (ggas + g⇤)

�
excrit

�x � 1

�
. (32)

Gas is ejected in regions where the local surface density is low
enough that x < xcrit, and thus the left-hand side is positive, in-
dicating an upward acceleration. If the gas is accelerated over a
distance ⇠ r, and x remains constant as this happens, then its final
speed will be

v ⇡ vesc
p

(excrit

�x � 1), (33)

where we may think of vesc =
p

2r(ggas + g⇤) as the characteris-
tic escape speed for gas flowing out in the wind. Since this provides
a mapping between the local surface density ⌃

0 and the outflow ve-
locity, we can obtain the distribution of outflow velocity by combin-
ing this mapping with the distribution of surface densities dm/dx
produced by turbulence. Specifically, if we let u = v/vesc, then for
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Conclusions and future directions

• Ring formation, quasi-periodic bursts, and a nuclear wind 
should be generic; only requirements are 
• (1) a bar to drive acoustic instability 
• (2) a quasi-solid body rotation region to trap the gas 

• Would be useful to have higher resolution maps of dense 
gas in the CMZ to compare to model in more detail 

• Future work: 
• Extend model to nearby galaxies; need rotation curves 
• Move to 2D and 3D simulations


