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ABSTRACT
The star formation rate (SFR) in the Central Molecular Zone (CMZ, i.e. the central 500 pc) of
the Milky Way is lower by a factor of> 10 than expected for the substantial amount of dense
gas it contains, which challenges current star formation theories. In this paper, we quantify
which physical mechanisms could be responsible. On scales larger than the disc scale height,
the low SFR is found to be consistent with episodic star formation due to secular instabili-
ties or possibly variations of the gas inflow along the Galactic bar. The CMZ is marginally
Toomre-stable when including gas and stars, but highly Toomre-stable when only accounting
for the gas, indicating a low condensation rate of self-gravitating clouds. On small scales, we
find that the SFR in the CMZ may be caused by an elevated critical density for star forma-
tion due to the high turbulent pressure. The existence of a universal density threshold for star
formation is ruled out. The HI–H2 phase transition of hydrogen, the tidal field, a possible un-
derproduction of massive stars due to a bottom-heavy initial mass function, magnetic fields,
and cosmic ray or radiation pressure feedback also cannot individually explain the low SFR.
We propose a self-consistent cycle of star formation in the CMZ, in which the effects of sev-
eral different processes combine to inhibit star formation. The rate-limiting factor is the slow
evolution of the gas towards collapse – once star formation is initiated it proceeds at a normal
rate. The ubiquity of star formation inhibitors suggests that a lowered central SFR should be
a common phenomenon in other galaxies. We discuss the implications for galactic-scale star
formation and supermassive black hole growth, and relate our results to the star formation
conditions in other extreme environments.

Key words: Galaxy: centre — galaxies: evolution — galaxies: ISM — galaxies: starburst —
galaxies: star formation — stars: formation

1 INTRODUCTION

Star formation in galactic discs is often described with a power
law relation between the star formation rate (SFR) surface density
ΣSFR and the gas surface densityΣ (Kennicutt 1998b):

ΣSFR = ASKΣ
N , (1)

as was originally proposed for volume densities by Schmidt (1959).
The typical range of power law indices isN = 1–2, whether
Σ refers to dense or all gas, and across a range of spatial scales
(Kennicutt 1998a,b; Bigiel et al. 2008; Liu et al. 2011; Ladaet al.
2012; Kennicutt & Evans 2012). Star-forming discs in the local
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Universe follow a tight, ‘Schmidt-Kennicutt’ relation withASK =
2.5 × 10−4 andN = 1.4 ± 0.1 (Kennicutt 1998b), withΣSFR

in units of M⊙ yr−1 kpc−2 and Σ in units of M⊙ pc−2. An
exponentN > 1 indicates that the star formation time-scale de-
creases with increasing surface density and could reflect some ef-
fect of self-gravity. We refer to these relations as surfacedensity-
dependent star formation relations. When using only molecular gas,
Amol = 8×10−4 andN = 1.0±0.2 (Bigiel et al. 2008, 2011), im-
plying that the dependence on surface area cancels and equation (1)
can be written asSFR = AmolMmol, whereMmol is the molecu-
lar gas mass. This is a surface density-independent star formation
relation, with a constant gas depletion time-scaletdepl ≡ ΣΣ−1

SFR

(or alternativelytdepl ≡Mmol/SFR).

http://arxiv.org/abs/1303.6286v3
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Another commonly-used expression is the Silk-Elmegreen
(Silk 1997; Elmegreen 1987, 1993, 1997) relation:

ΣSFR = ASEΣΩ, (2)

with Ω the angular velocity at the edge of the star-forming disc and
ASE = 0.017 (Kennicutt 1998b) a proportionality constant, adopt-
ing the same units as before and writingΩ in units ofMyr−1. As
for the case ofN 6= 1 in equation (1), the dependence on the angu-
lar velocity implies that the gas depletion time-scale is not constant.

These galactic-scale, global star formation relations have the
advantage that they are easily evaluated observationally,but the de-
pendence of surface densities on projection suggests that more fun-
damental physics drive the observed scaling relations. Recent anal-
yses of star formation in the solar neighbourhood have been used to
propose a possibly universal, local surface density threshold for star
formationΣLada = 116 M⊙ pc−2 above which most1 gas is con-
verted into stars on a∼ 20 Myr time-scale (Gao & Solomon 2004;
Heiderman et al. 2010; Lada, Lombardi & Alves 2010, although
see Gutermuth et al. 2011 and Burkert & Hartmann 2013 for an op-
posing conclusion). It has been proposed that this threshold trans-
lates to a volume density threshold ofnLada ∼ 104 cm−3 and
also holds on galactic scales (Lada et al. 2012).2 Could this vol-
ume density threshold reflect the physics of star formation across
all environments, from nearby, low-mass star forming regions to
high-redshift starburst galaxies?

It has been shown thatΣSFR drops below the relations of
equations (1) and (2) beyond a certain galactocentric radius (e.g.
Martin & Kennicutt 2001; Bigiel et al. 2010) – the straightforward
detection of these ‘cutoff’ radii is well-suited for verifying the
existence of star formation thresholds. However, these arealso
the regions of galaxies where the minority of the dense gas re-
sides. A strongly contrasting region within the Milky Way is
the central 500 pc (the Central Molecular Zone or CMZ), in
which the high gas densities and turbulent velocities are reminis-
cent of the extreme galactic environments found at high redshift
(Kruijssen & Longmore 2013). The CMZ therefore provides an ex-
cellent opportunity to test star formation relations and theories at
high spatial resolution in an extreme environment.

The observations to date conclude that the total gas mass
and SFR within 200 pc of the Galactic centre lie in the ranges
3–7 × 107 M⊙ and 0.04–0.1 M⊙ yr−1 (Altenhoff et al. 1979;
Scoville & Sanders 1987; Morris & Serabyn 1996; Dahmen et al.
1998; Ferrière, Gillard & Jean 2007; Yusef-Zadeh et al. 2009;
Molinari et al. 2011; Immer et al. 2012; Longmore et al. 2013a).
These numerous, independent studies use different observational
tracers of gas and star formation activity as well as different analy-
sis techniques, each with different underlying assumptions.

The fact that mass and SFR estimates robustly converge shows
that unless there is some presently-unknown, systematic error
plaguing all these independent studies in the same way, the ob-
served mass and SFR are incontrovertible to within a factor of a
few. To further illustrate the agreement, we note that gas mass mea-
surements using CO emission (e.g. Ferrière, Gillard & Jean2007)
rely on CO-to-H2 conversion factors consistent with those derived

1 Except for the mass loss due to protostellar outflows (e.g.
Matzner & McKee 2000; Nakamura & Li 2007).
2 We emphasise that this volume density threshold is inferredby
Lada, Lombardi & Alves (2010) from surface density measurements.
Throughout this paper, we often choose to adopt to the volumedensity
threshold and refer to it as the ‘Lada threshold’, even though the original
threshold refers to a surface density.

for external galaxy centres (Sandstrom et al. 2013). This iscon-
firmed in§2.1 by comparing their gas mass measurements to those
obtained using dust emission (Longmore et al. 2013a).

The observational consensus implies that the CMZ contains 5–
10 per cent of the total star formation and 5–10 per cent of thetotal
molecular gas in the Galaxy. It follows trivially that the gas reser-
voirs in the CMZ and that in the disc of the Galaxy have the same
depletion time-scales and are therefore consistent with any star for-
mation relation in which the SFR (density) is linearly proportional
to the gas mass (density). However, in all star formation relations
other than the Bigiel et al. (2008) relation, the SFR (density) is pro-
portional to the gas mass (density) to some power (e.g.N = 1.4
in equation 1) or depends on a second parameter (e.g.Ω in equa-
tion 2). As a result, the gas depletion time-scale in these relations is
not constant but depends on the surface density or angular velocity.
Therefore, the only way that the gas in the CMZ and the Galactic
disc could simultaneously satisfy these relations is if they have the
same gas surface density and angular velocity.

In Longmore et al. (2013a), we have shown that the CMZ
contains∼ 80 per cent of the NH3(1, 1) integrated intensity in
the Galaxy (Longmore et al. 2013a), reflecting an overwhelming
abundance of dense gas (Σ > 102 M⊙ pc−2 andn > a few ×
103 cm−3). The surface and volume densities of gas in the CMZ
are found to be on average 1–2 orders of magnitude larger than
that in the disc –it is therefore impossible to reconcile both the
CMZ and the disc with volumetric and surface density star for-
mation relations predicting that a given mass of gas will form
stars more rapidly if the surface or volume density is higher(e.g.
Kennicutt 1998b; Krumholz & McKee 2005; Padoan & Nordlund
2011; Krumholz, Dekel & McKee 2012). Indeed, these relations
over-predict the measured star formation rate by factors of10 to
100 (Longmore et al. 2013a). The low SFR in the CMZ is particu-
larly striking because its gas surface density is similar tothat ob-
served in high-redshift regular disc and starburst galaxies, some of
which seem to have a factor of tenhigher SFRs than predicted by
typical star formation relations (Daddi et al. 2010b; Genzel et al.
2010). If the gas depletion time-scale depends on the density, some-
thing is required to slow the rate of star formation in the CMZcom-
pared to the rest of the Milky Way and other galaxies.

The SFR in the CMZ is also inconsistent with the Lada et al.
(2012) star formation relation. Because most gas in the CMZ is
residing at surface densities larger than the Lada surface density
threshold (the same holds for the implied volume densities), a gas
consumption time-scale of 20 Myr gives a SFR of∼ 2 M⊙ yr−1,
which is 1–2 orders of magnitude higher than the measured SFRof
0.04–0.1 M⊙ yr−1 (Yusef-Zadeh et al. 2009; Immer et al. 2012;
Longmore et al. 2013a).

In nearby disc galaxies, a simple proportionality of the SFR
to the molecular mass is commonplace (Bigiel et al. 2008, 2011).
Despite the similarities between the CMZ and high-redshiftgalax-
ies (Kruijssen & Longmore 2013), which do form stars at or above
the rate predicted by surface density-dependent star formation re-
lations, the CMZ is consistent with an extrapolation of the molecu-
lar star formation relation with a constant H2 depletion time-scale
(i.e. N = 1 in equation 1, also see below). This is surprising –
self-gravity implies that dynamical evolution proceeds faster when
the surface density is higher (i.e.N > 1). If gravity is an impor-
tant driver of star formation in the CMZ and galaxy discs, then a
constant molecular gas depletion time-scale requires thatsome re-
sistance to the gravitational collapse towards stars must increase
to offset the effect of self-gravity as the surface density goes up.
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Figure 1. Three-colour composite of the CMZ, with in red the HOPS NH3(1, 1) emission (Walsh et al. 2011; Purcell et al. 2012) to indicatethe gas with a
volume density above a few times103 cm−3, in green the MSX 21.3µm image (Egan et al. 1998; Price et al. 2001), and in blue the MSX8.28µm image.
The MSX data shows PAH emission (mostly tracing cloud edges), young stellar objects, and evolved stars. The labels indicate several key objects and regions.

Due to its extreme characteristics, the CMZ provides an excellent
opportunity for understanding the underlying physics.

In this paper, we take the point of view that the star formation
relations of equation (1) (withN > 1) and equation (2) do not seem
to apply to the CMZ of the Milky Way. To understand this differ-
ence better, we evaluate the global and local processes thataffect
the rate of star formation in the central region of the Milky Way.
Thanks to the strongly contrasting environments of galaxy centres
and galaxy discs, galaxy centres provide a unique and independent
way to study the universality of star formation relations. We exploit
this contrast to discuss the implications of the lack of starformation
in the CMZ for star formation relations withN > 1. The paper is
concluded by sketching a possible picture of how local and global
star formation criteria connect, and we propose observational and
numerical tests through which the different components of this pic-
ture can be addressed in more detail.

Throughout the paper, we adopt a mean molecular weight of
µ = 2.3, implying a mean particle mass ofµmH = 3.9×10−24 g.

2 OBSERVATIONAL CONSTRAINTS FROM THE
CENTRAL MOLECULAR ZONE

Longmore et al. (2013a) present the observational constraints for
the suppression of star formation in the CMZ, which are summa-
rized here. A division is made betweenglobal and local physics,
where ‘global’ refers to spatial scales larger than the discscale
height (∆R > h), on which the ISM properties are set by galactic
structure, and ‘local’ refers to spatial scales smaller than the disc
scale height (∆R < h), on which the ISM properties are set by
cloud-scale physics. For instance, the formation of giant molecular
clouds (GMCs) proceeds on global scales, whereas processesinter-
nal to the GMCs, such as stellar feedback, the turbulent cascade, or
magnetic fields constitute local physics, which determine the frac-
tion of the GMC mass that proceeds to star formation. The scale
height of the gas in the CMZ is 10–50 pc (see Table 1).

2.1 Global constraints

Figure 1 shows a three-colour composite of the central 4◦ of the
Milky Way, corresponding to a spatial scale of∼ 600 pc at the
distance of the Galactic centre (we adopt8.5 kpc, which is con-
sistent with Reid et al. 2009). We combine the dense gas emis-

sion (NH3(1, 1), in red) with infrared imaging (green and blue) to
highlight the gas close to (or above) the Lada, Lombardi & Alves
(2010) volume density threshold, young stellar objects, and evolved
stars. The legend indicates the objects in the CMZ that are most
relevant to this paper. In particular, the 1.3◦ complex and the
100-pc, twisted ring of dense gas clouds between Sgr C and
Sgr B2 (Molinari et al. 2011) will be scrutinised in detail. The
G0.253+0.016 cloud (the ‘Brick’) was recently identified asa pos-
sible progenitor of a young massive cluster (Longmore et al.2012),
and we will use it as a template for the massive and dense clouds
that populate the CMZ.

In Table 1, we list the derived properties of the gas in the CMZ,
as well as the typical characteristics of galaxies as definedby ex-
isting, empirical star formation relations. The columns indicate (1)
the object ID, (2) the CO–H2 conversion factor used to derive the
gas mass (numbers in parentheses indicate that the gas mass is mea-
sured by other means), (3) the gas surface density, (4) the epicyclic
frequency, (5) the velocity dispersion, (6) the scale height, (7) the
Toomre (1964)Q stability parameter of the gas disc (see§3.1.1),
(8) the stellar surface density, (9) the ToomreQ parameter of the
entire disc, (10) the observed star formation rate surface density,
and (11) the gas depletion time-scale. The first three rows list the
properties of the CMZ, where we distinguish two components (the
100-pc ring described by Molinari et al. 2011 and the1.3◦ com-
plex), as well as its properties smeared out over a radius of 230 pc
(corresponding to 1.55◦, i.e. just beyond the 1.3◦ complex). This
division into sub-regions is made because the 100-pc ring and the
1.3◦ complex contain most of the dense (and thereby total) gas
mass within|l| <∼ 1.5◦.

The gas surface density within 230 pc is calculated by using
the total gas mass from Ferrière, Gillard & Jean (2007). Thepro-
jected, face-on gas surface densities of the 100-pc ring andthe
1.3◦ complex are derived by calculating their gas masses from
the HiGAL data (Molinari et al. 2010) following the analysisin
Longmore et al. (2013a),3 and adopting a certain 3D geometry. For

3 We have used dust emission to estimate these surface densities. This
method is insensitive to the conversion of CO intensity to H2 surface den-
sity (the ratio of which is represented by the parameterXCO) and its
associated uncertainty (cf. Sandstrom et al. 2013, and references therein).
However, the derived surface density does depend on the assumed gas-
to-dust ratio, which may be lower in the CMZ than in the Galactic disc
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Table 1.Properties of the considered regions and galaxies.

Object ID XCO,20 Σ2 κ σ h2 Qgas Σ⋆,2 Qtot ΣSFR tdepl
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

CMZ 230 pc-integrated 0.5 1.2 0.75–1.2 10–20 0.5 (3.8–15) 38 (1.0–2.0) 0.20 (0.6)
CMZ 1.3◦ complex (0.5) 2.0 0.88–1.5 10–15 0.5 (2.7–6.8) 20 (1.5–3.0) 0.13 (1.5)
CMZ 100-pc ring (0.7) 30 1.6–3.3 10–20 0.1 (0.40–1.7) 29 (0.37–1.4) 3.0 (1.0)
Kennicutt (1998b) lowΣ disc 2.8 0.05 (0.04) (2.6) (0.5) 1.5 - - 0.0024 (2.1)
Kennicutt (1998b) highΣ disc 2.8 0.20 (0.07) (5.9) (0.6) 1.5 - - 0.017 (1.2)
Daddi et al. (2010b) lowΣ starburst 0.4 3.0 (0.34) (6.1) (0.05) 1.5 - - 3.9 (0.08)
Daddi et al. (2010b) highΣ starburst 0.4 102 (0.80) (86) (0.3) 1.5 - - 560 (0.02)
Daddi et al. (2010b) lowΣ BzK 1.8 2.0 (0.05) (55) (6) 1.5 - - 0.28 (0.7)
Daddi et al. (2010b) highΣ BzK 1.8 10 (0.07) (200) (10) 1.5 - - 2.7 (0.4)

XCO,20 ≡ XCO/1020 (K km s−1 cm2)−1 ≈ 0.47αCO/M⊙ (K km s−1 pc2)−1 is the CO-to-H2 conversion factor,Σ2 ≡ Σ/102 M⊙ pc−2 is the
gas surface density,κ is the epicyclic frequency in units ofMyr−1, σ is the velocity dispersion in units ofkm s−1, h2 ≡ h/102 pc is the scale height,
Qgas is the Toomre (1964) disc stability parameter when only including the self-gravity of the gas,Σ⋆,2 ≡ Σ⋆/102 M⊙ pc−2 is the stellar surface density,
Qtot includes the self-gravity of gasandstars,ΣSFR is the star formation rate surface density in units of M⊙ yr−1 kpc−2, andtdepl ≡ ΣΣ−1

SFR/Gyr is
the gas depletion time. Values in parentheses are implied bythe other numbers (see text).

the 100-pc ring (M ∼ 107 M⊙), the face-on surface density is
obtained by using the 3D geometry from Molinari et al. (2011,as-
suming a ring thickness of 10 pc). Similarly, the face-on projected
surface density of the1.3◦ complex (M ∼ 3 × 106 M⊙) is ob-
tained by assuming that in the Galactic plane it traces an ellipse
with semi-major and minor axes of 85 pc and 50 pc, respectively
(Sawada et al. 2004).

The epicyclic frequency is calculated from the rotation
curve of Launhardt, Zylka & Mezger (2002, Figure 14).4 To de-
termine the scale height of the dense gas in both the 100-pc
ring and the1.3◦ complex, as well as its linewidth (i.e. the full
width at half-maximum)∆V and hence the velocity dispersion
σ ≡ 2

√
2 ln 2∆V , we have used the HOPS NH3(1,1) emission

(Walsh et al. 2011; Purcell et al. 2012). The value ranges in col-
umn 5 of Table 1 represent the maximum and minimum measured
velocity dispersions across each region. We calculateQgas from the
preceding columns as in equation (6) in§3.1.1 below.

As can be seen by comparing columns 3 and 8 of Ta-

due to the higher metallicity (see Longmore et al. 2013a for adiscussion).
We compare our gas mass measurements using dust emission to those
from Ferrière, Gillard & Jean 2007 using CO emission and list the result-
ing values ofXCO in Table 1. We note that our derived values coincide
with those derived by Sandstrom et al. 2013 for external galaxy centres,
i.e.XCO = 0.7+1.7

−0.4 × 1020 (K km s−1 cm2)−1.
4 Note that this gives circular velocities of140–200 km s−1 for the three
regions listed in Table 1, whereas the peak line-of-sight velocity of the 100-
pc ring as measured from the HOPS NH3(1,1) emission (Walsh et al. 2011;
Purcell et al. 2012) is80 km s−1 at the location of Sgr B2. Such a low
line-of-sight velocity may be caused by the possible eccentric orbit of the
ring (Molinari et al. 2011), which is thought to lie under such an angle that
the edge of the ring lies close to apocentre as seen from Earth. In this sce-
nario, the measured line-of-sight velocity should be lowerthan the local
circular velocity at the position of Sgr B2, a difference that would be ampli-
fied further by possible projection effects. An alternativeexplanation is that
the 100-pc ring extends to higher longitudes than stated in Molinari et al.
(2011), in which case the circular velocity would exceed theobserved line-
of-sight velocities at the presumed tangent points due to projection alone
(Bally et al. in prep.). This picture is consistent with the proper motion of
Sgr B2, which is∼ 90 km s−1 (Reid et al. 2009). Using the measured
velocities instead of the Launhardt, Zylka & Mezger (2002) rotation curve
gives a factor of∼ 1.6 lower epicyclic frequencies. Both extremes are used
to calculate the possible range ofκ listed in Table 1, and hence also con-
tribute to the range ofQgas andQtot.

ble 1, the stellar component dominates the gravitational potential
in the 230 pc-integrated CMZ and the 1.3◦ complex. The stel-
lar surface density is obtained from the adopted rotation curve
(Launhardt, Zylka & Mezger 2002) as follows. We first derive a
spherically symmetric volume density profile from the enclosed
mass profile. The stellar surface density is then calculatedby only
including the stellar mass in a slab of thickness of2h. This ensures
that the stellar surface density is obtained for the same spatial vol-
ume as for the gas, and implies that the total stellar surfacedensity
of the bulge at the same galactocentric radii is higher than listed in
Table 1.

Column 9 gives ToomreQtot, which is corrected for the pres-
ence of stars as in equation (8) in§3.1.1 below, using a stellar veloc-
ity dispersion ofσ⋆ ∼ 100 km s−1 (de Zeeuw 1993). Note that if
we assume that the 1.3◦ complex is approximately spherically sym-
metric, its virial parameter (Bertoldi & McKee 1992)α ∼ 2 indi-
cates it is roughly in equilibrium, but only when including the stel-
lar gravity. If the stars would be absent, the cloud would be highly
unbound and hence stable against gravitational collapse. Asimilar
effect of the stellar potential is seen when comparing ToomreQ of
columns 7 and 9 for the 230 pc-integrated CMZ. By contrast, the
Q parameter of the 100-pc ring is hardly affected by the presence
of stars.

The SFR densitiesΣSFR in column 10 are derived using Ta-
ble 2 of Longmore et al. (2013a), which lists the SFR for certain
parts of the CMZ. These SFRs are derived from free-free emis-
sion by expressing the SFR in terms of the measured ionising
luminosity (McKee & Williams 1997; Murray & Rahman 2010;
Lee, Murray & Rahman 2012). The resulting SFRs are consistent
with those measured by other methods, such as young stellar ob-
ject (YSO) counts (Yusef-Zadeh et al. 2009; Immer et al. 2012).
For details on the derivation, we refer to the discussion in§5 of
Murray & Rahman (2010) and Longmore et al. (2013a).

The gas depletion time in column 11 follows fromΣ and
ΣSFR astdepl ≡ ΣΣ−1

SFR. While the listed values reflect the deple-
tion times of all gas, i.e. including both HI and H2, it is important
to note that at the high surface densities of the CMZ, most of the
gas is in molecular form. Only for the disc sample from Kennicutt
(1998b, see below) this does not hold, in which case the molecular
depletion times are shorter than those for all gas listed in Table 1.
Also note that while recent observations are beginning to quantify
galactic (molecular) mass outflow rates in detail (Crocker 2012;
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Figure 2. Observed star formation rate surface density as a function of
the global star formation relations from Kennicutt (1998b). Left: using
the Schmidt-Kennicutt relation from equation (1).Right: using the Silk-
Elmegreen relation from equation (2). The blue symbols spanthe sequence
of nearby disc galaxies from Kennicutt (1998b), the red symbols span the
star-forming galaxies from Daddi et al. (2010b), the open and closed, black
symbols indicate the 1.3◦ complex and the 100-pc ring, respectively (see
Table 1), and the grey symbol denotes the spatially integrated CMZ. The
solid lines indicate the 1:1 agreement. The dotted lines in the left panel
are included for reference and representΣSFR = AmolΣ (bottom, using
Amol = 8× 10−4 as in Bigiel et al. 2008) andΣSFR = ASKΣ2 (top).

Bolatto et al. 2013), this definition of the depletion time only in-
cludes star formation and does not account for the removal ofgas
mass by galactic winds.

The fourth and fifth rows of Table 1 span the star forma-
tion relation of equations (1–2) for the disc galaxy sample used
in Kennicutt (1998b). The bottom rows span the high-SFR5 and
low-SFR sequences of Daddi et al. (2010b, also see Genzel et al.
2010). At a given surface density, the typical epicyclic frequencies
of the Kennicutt (1998b) galaxies are obtained by combiningequa-
tions (1) and (2), whereas for Daddi et al. (2010b) they follow from
their equations (2) and (3). The extragalactic velocity dispersions
are obtained by assumingQ = 1.5 and using the definition ofQ
(see§3.1.1). The characteristic disc scale heights are added to dis-
tinguish between the aforementioned ‘global’ and ‘local’ regimes,
and are calculated by assuming an equilibrium disc including a
factor-of-two increase of the disc self-gravity due to the presence
of stars (cf. Elmegreen 1989; Martin & Kennicutt 2001).

We compare the data from Table 1 to the global star formation
relations of equations (1) and (2) in Figure 2. The spatiallyresolved
elements of the CMZ (open and closed, black symbols) are forming
stars at a rate that is a factor of 3–20 (i.e. typically an order of mag-
nitude) below either relation. By contrast, the Schmidt-Kennicutt
relation does describe the CMZ well when spatially smoothing it
over a 230 pc radius (the closed, grey symbol), whereas smoothing
hardly affects the agreement with the Silk-Elmegreen relation.

The contrasting agreement of the spatially averaged and re-
solved SFRs with the Schmidt-Kennicutt relation may simplyillus-
trate that global star formation relations fail at spatial scales smaller

5 This extra sequence of star-forming galaxies contains somegalaxies from
the nearby starburst sample of Kennicutt (1998b), but has anelevated SFR
with respect to that paper because a different value ofXCO is assumed
(Daddi et al. 2010b). We emphasise that inferring the H2 surface density
using CO emission is an indirect method and hence may introduce sub-
stantial uncertainty. However, recent results from the KINGFISH survey of
nearby galaxies suggest thatXCO weakly decreases with star formation
rate surface density (e.g. Sandstrom et al. 2013), which is at least qualita-
tively consistent with Daddi et al. (2010b).

than∼ 500 pc (e.g. Bigiel et al. 2008; Leroy et al. 2013). We have
recently shown that this breakdown arises from the incomplete sta-
tistical sampling of the evolutionary time-sequence of star forma-
tion on small spatial scales (Kruijssen & Longmore 2014). Inother
words, a sufficiently large number of independent star-forming re-
gions is required to retrieve the global star formation relation. How-
ever, the critical size-scale for this breakdown is not universal and
depends on the characteristic size and time-scales involved in the
physics of cloud-scale star formation. In Kruijssen & Longmore
(2014), we find that for the conditions of the CMZ, global starfor-
mation relations are expected to break down below 80 pc. Assum-
ing that there is no additional physical process that synchronises the
evolutionary stages of the star-forming regions in the CMZ (see for
instance§3.1.2), this implies that both the 100-pc ring and the 230-
pc averaged CMZ should be consistent with global star formation
relations – but only the latter actually is.

Which representation of the CMZ is then physically appro-
priate? Should we smoothen the structure in the CMZ to large
scales as is done for galaxy discs? The smoothing of surface den-
sities is justified in galaxy discs, because the lifetime of sub-
structure is typically of the order of (or shorter than) an or-
bital timescale (Dobbs et al. 2014), and accounting for substruc-
ture would therefore only introduce spurious stochasticity (e.g.
Schruba et al. 2010). However, the nuclear rings that appearin nu-
merical simulations of barred galaxies are persistent overmany dy-
namical times (e.g. Piner, Stone & Teuben 1995; Kim, Seo & Kim
2012), and hence it seems physically incorrect to smear out the 100-
pc ring and any other, possibly persistent structure in the CMZ to
a much larger scale when comparing to global star formation rela-
tions. These structures can be present over sufficiently long time-
scales to consistently affect the star formation process and hence
should be accounted for when describing the star formation (or lack
thereof) in the CMZ. Therefore, the physically appropriaterepre-
sentation of the CMZ in Figure 2 is given by the open and closed,
black symbols.

Also visible in the left-hand panel of Figure 2 is that the
CMZ (of which nearly all of the gas is molecular) agrees well
with the Bigiel et al. (2008) star formation relation between the
SFR and the molecular gas mass (shown as the lower dotted line),
which was derived for nearby disc galaxies with surface densi-
ties 3 < Σmol/M⊙ pc−2 < 50. The CMZ extends this range
by roughly two orders of magnitude. Bigiel et al. (2008, 2011)
show that the gas depletion time of the galaxies in their sample
is tdepl = 1–2 Gyr, which is indeed similar to the time-scales
listed for the CMZ in Table 1. In the framework of this relation,
the CMZ is somehow the norm while both the Daddi et al. (2010b)
samples of BzK (Tacconi et al. 2010; Daddi et al. 2010a) and star-
burst/submillimeter galaxies (Kennicutt 1998b; Bouché et al. 2007;
Bothwell et al. 2010) are the exception. The Bigiel relationis the
only global star formation relation that fits the CMZ – the region
remains anomalous in the context of equations (1) and (2), orthe
Lada et al. (2012) relation (see§2.2). As will be shown in§3, there
are several possible reasons why the CMZ is peculiar.

2.2 Local constraints

Turning to local physics, in Longmore et al. (2013a, Figure 4) we
have shown that 70–90 per cent of the gas in the CMZ resides at sur-
face densities above the Lada surface density threshold, and hence
should be vigorously forming stars if the threshold is universal.
Throughout this paper, we use the corresponding volume density
threshold ofnLada ∼ 104 cm−3 (Lada, Lombardi & Alves 2010).
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Figure 3. Volume density threshold for star formation implied by the lack
of star formation in the Central Molecular Zone of the Milky Way as a
function of the assumed power law slope of the volume densityPDF at
densitiesn > nLada (solid line). The dashed line indicates the required
threshold density for a log-normal PDF (Padoan, Nordlund & Jones 1997)
with Mach numberM = 30 and mean densityn0 = 2 × 104 cm−3,
appropriate for the CMZ (see text). The dotted line indicates the same, but
accounts for the effect on the density PDF of a magnetic field with strength
B ∼ 100µG at a temperature ofT = 65 K.

While this threshold may apply for the low (∼ 102 cm−3) densi-
ties of GMCs in the solar neighbourhood, the mean volume density
of the gas in the CMZ isn0 ∼ 2 × 104 cm−3 (Longmore et al.
2013a), i.e. more than two orders of magnitudes higher, and it hosts
GMCs with typical densities up to∼ 105 cm−3. As mentioned in
§1, the threshold for star formation and depletion time-scale from
Lada et al. (2012) would imply a SFR that is 1–2 orders of magni-
tude higher than the measured value (Longmore et al. 2013a).

If we assume that the SFR is driven by self-gravity, we can
use the observed SFR to derive the fraction of the gas mass resid-
ing above some volume density threshold for star formation.Us-
ing Eqs. (19)–(21) of Krumholz & McKee (2005), we find that the
mass fraction of gas above the threshold density is

fth =
φttff

ǫcoretdepl
, (3)

whereφt = 1.91 is a constant that indicates the ratio between the
star formation time-scale and the free-fall time, andǫcore = 0.5 is
the maximum star formation efficiency in protostellar cores. Equa-
tion (3) assumes that the replenishment of gravitationallyunsta-
ble gas from the cloud scale occurs on the mean free-fall time
of the gas6 (Krumholz & McKee 2005), i.e.tff ∼ 0.25 Myr for
n0 ∼ 2 × 104 cm−3. In combination with the observed depletion
time-scale of molecular hydrogen in the CMZ (tdepl ∼ 1 Gyr,
see the last column of Table 1), this implies that only a fraction
fth ∼ 0.001 of the gas mass in the CMZshouldbe above some
volume density threshold.

The above mass fraction can be related to a density threshold

6 This assumption is consistent with the observational definition of a
threshold density, as can be illustrated using the Lada threshold in the so-
lar neighbourhood. Lada, Lombardi & Alves (2010) find a depletion time-
scale for the dense gas oftdepl = 20 Myr, with fth = 1 by definition
because only gas above the threshold is considered. Substitution into equa-
tion (3) then givestff ∼ 5 Myr, which is indeed the free-fall time on
the cloud scale at the densities characteristic of solar neighbourhood clouds
(n ∼ 50 cm−3).

by integration of the density probability distribution function (PDF)
dp/dn by writing

fth =

∫∞

nth

n(dp/dn)dn
∫∞

0
n(dp/dn)dn

. (4)

The volume density PDF of a turbulent interstellar medium (ISM)
is often represented by a log-normal function, of which the width
and dispersion are set by the Mach number (e.g. Vazquez-Semadeni
1994; Padoan, Nordlund & Jones 1997).7 However, the high-
density, self-gravitating tail can also (at least locally)be approx-
imated by a power law, i.e.dp/dn ∝ n−β (e.g. Klessen 2000;
Kritsuk, Norman & Wagner 2011; Elmegreen 2011; Hill et al.
2012). This can be used to estimate the required value ofnth in
the CMZ. As mentioned above, the fraction of gas that is used to
form stars isfth ∼ 0.001. For a power law density PDF in the
range[nmin,∞〉, the lower limit is defined by the mean density as
nmin = n0(β − 2)/(β − 1) and equation (4) yields

nth = f
1/(2−β)
th n0(β − 2)/(β − 1). (5)

This relation is shown in Figure 3, which gives3 × 108 >
nth/cm

−3 > 105 for exponents2.5 < β < 4. The density
PDF of the gas in the CMZ is unknown, but the typical high-
density slope due to self-gravity in the numerical simulations of
Kritsuk, Norman & Wagner (2011) isβ = 2.5–2.75, which sug-
gestsnth = 107–3 × 108 cm−3. Note that because a power-law
tail implies some effect of self-gravity, this functional form should
fail to describe the detailed shape of the PDF in the low density-
regime where self-gravity is not important. This needs to bekept in
mind when choosing a roughly representative value ofβ.

For a log-normal PDF with a Mach number ofM ∼ 30
(cf. Table 1, with a temperature ofT = 65 K as in Ao et al. 2013
– also see Morris et al. 1983 and Mills & Morris 2013) and a mean
density ofn0 = 2 × 104 cm−3, the required threshold density is
at the high end of the above range, withnth ∼ 109 cm−3.8 How-
ever, this does not account for the influence of the strong magnetic
field (B ∼ 100µG, Crocker et al. 2010) near the Galactic Centre.
Thermal-to-magnetic pressure ratios of2c2s/v

2
A < 1 (wherecs is

the sound speed andvA is the Alfvén velocity) decrease the disper-
sion of the log-normal density PDF. Again assumingT = 65 K, we
find2c2s /v

2
A = 0.31 for the CMZ. If we modify the density PDF ac-

cordingly (cf. Padoan & Nordlund 2011; Molina et al. 2012, adopt-
ingB ∝ n1/2 as in Padoan & Nordlund 1999), the threshold den-
sity required by the observed SFR becomesnth ∼ 3× 108 cm−3.
We conclude that the CMZ firmly rules out a density threshold at
n = 104 cm−3, and adopt a lower limit ofnth = 107 cm−3.
This is still exceptionally high in comparison to the threshold den-
sities of nearby disc galaxies, and is only known to be reached at
any given time by a substantial fraction of the gas mass in dense,
rapidly star-forming galaxies at high redshift (e.g. Swinbank et al.
2011).

7 Note that the exact dependence of the width on the Mach numberde-
pends on whether the turbulence forcing is compressive or solenoidal
(Federrath et al. 2010). In this paper, we assume the commonly-used com-
bination of both (Padoan, Nordlund & Jones 1997).
8 If we assume that the gas is replenished on the local free-fall
time instead of that on the cloud-scale (Hennebelle & Chabrier 2011;
Federrath & Klessen 2012), then the free-fall time from equation (3) must
be included in the integral over the PDF (as a factor1/tff in the numer-
ator of equation 4) to reflect the high-density, collapsing gas. This yields
shorter free-fall times and hence the low SFR then requires ahigher density
threshold ofnth ∼ 1011 cm−3.
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3 POSSIBLE MECHANISMS FOR INHIBITING STAR
FORMATION

In this section, we summarize and quantify which physical mech-
anisms may limit the SFR in the central regions of galaxies with
respect to the SFRs predicted by density-dependent star formation
relations. In§4, we propose ways of distinguishing their relative
importance observationally and numerically. This sectionis sepa-
rated into global and local star formation inhibitors. We discuss in
§5 how these can be connected.

3.1 Globally inhibited star formation

We first discuss the possible mechanisms that may limit star forma-
tion in the CMZ on spatial scales larger than the disc scale height
(∆R > h). An apparent lack of star formation may be caused by a
stability of the gas disc against gravitational collapse, or by global
dynamical processes that may synchronise the evolutionarystages
of CMZ clouds or limit the cloud-scale duration of star formation.

3.1.1 Disc stability

A recurring question regarding galactic-scale star formation rela-
tions has been in which part of the parameter space they apply–
is there a threshold (surface) density below which the SFR isneg-
ligible? And if so, by which factor is the SFR reduced? The exis-
tence of a threshold is suggested by the sharply truncated HII discs
in galaxies, which indicate that beyond a certain galactocentric ra-
diusΣSFR falls off more rapidly than suggested by equations (1)
and (2) (Kennicutt 1989; Martin & Kennicutt 2001; Bigiel et al.
2010). Note that a radial truncation is absent for the molecular
(N = 1) star formation relation (Schruba et al. 2011). The possible
physics behind surface density thresholds are extensivelydiscussed
by Leroy et al. (2008), but we briefly summarize them here.

The efficiency of galactic star formation may be related
to the global gravitational (in)stability of star-formingdiscs –
if the kinematics of a gas disc are such that it can withstand
global collapse, star formation is suppressed (Toomre 1964; Quirk
1972; Fall & Efstathiou 1980; Kennicutt 1989; Martin & Kennicutt
2001). There are indications that the surface density threshold
for gravitational instability not only applies globally, but also
locally for the spiral arms and the inter-arm regions of M51
(Kennicutt et al. 2007). The surface density threshold for gravita-
tional instability in galaxy discs is based on the Toomre (1964)Q
parameter:

Qgas =
σκ

πGΣ
, (6)

with σ the one-dimensional gas velocity dispersion andκ the
epicyclic frequency, which is a measure for the Coriolis force in
a condensing gas cloud:

κ =
√
2
V

R

(

1 +
dlnV

dlnR

)1/2

, (7)

with V the circular velocity,R the galactocentric radius, and
Ω ≡ V/R the angular velocity. Note that for a flat rotation
curve (as appropriate for the CMZ on the scales under consider-
ation here, see Launhardt, Zylka & Mezger 2002) we haveκ =√
2Ω, whereas for solid-body rotationκ = 2Ω. In gas discs

with Q < 1, the self-gravity of contracting clouds is sufficient
to overcome the Coriolis force and undergo gravitational collapse,
whereasQ > 1 indicates stability by kinetic support. Galaxy
discs typically self-regulate toQ ∼ 1 (e.g. Martin & Kennicutt

2001; Hopkins, Quataert & Murray 2012), with an observed range
of 0.5 to 6 for galaxies as a whole (e.g. Kennicutt 1989;
Martin & Kennicutt 2001), and an even larger variation within
galaxies (see below and Martin & Kennicutt 2001). If a substan-
tial mass fraction of the disc is constituted by stars, the disc can
be unstable even thoughQgas > 1. In that case we write (cf.
Wang & Silk 1994; Martin & Kennicutt 2001):

Qtot = Q
(

1 +
Σ⋆

Σ

σ

σ⋆

)−1

≡ Qψ−1, (8)

with σ⋆ the stellar velocity dispersion. More accurate definitions
of Q in a two-component disc exist, but the error in the above
expression does not exceed 0.2 dex as long asσ/σ⋆ > 0.1
(Romeo & Wiegert 2011), which holds in the CMZ (see§2).

If star formation is driven by global disc instability, thenthe
inversion of equations (6) and (8) leads to a critical surface density
for star formation, modulo a proportionality constantαQ:

ΣToomre = αQ
σκ

πGψ
≡ σκ

πGQcritψ
, (9)

where ψ = 1 if the contribution of stars to the grav-
itational potential is neglected (in the solar neighbourhood
ψ ∼ 1.4, see Martin & Kennicutt 2001). Kennicutt (1989) and
Martin & Kennicutt (2001) empirically determined for nearby disc
galaxies thatαQ = 0.5–0.85 with a best value ofαQ ∼ 0.7, in-
dicating that the critical ToomreQ parameter for star formation is
Qcrit = 1.2–2 or Qcrit ∼ 1.4. The threshold density depends on
σ andκ, both of which increase towards the Galactic centre (e.g.
Morris & Serabyn 1996; Oka et al. 2001; Longmore et al. 2013a;
Shetty et al. 2012), and hence it is possible that gravitational stabil-
ity inhibits star formation in the CMZ.

A different, but closely related form of global disc stabil-
ity to self-gravity is due to rotational shear, which may com-
pete with self-gravity and prevent the collapse of the disc to
form stars (Goldreich & Lynden-Bell 1965; Elmegreen 1987, 1991;
Hunter, Elmegreen & Baker 1998). Rather than the epicyclic fre-
quency of equation (9), this threshold depends on the shear time,
i.e. the time available for gas instabilities to arise during the shear-
driven density growth of spirals (Elmegreen 1987, 1993, 1997).
This shear condition may be more relevant than the Toomre con-
dition if the angular momentum of a growing gas perturbationis
not conserved, as might be the case in the presence of magnetic
fields or viscosity. The shear time-scale is the inverse of the Oort
(1927) constantA:

AOort = −0.5R
dΩ

dR
, (10)

which for a flat rotation curve becomesAOort = Ω/2 = κ/
√
2

and for solid-body rotation givesAOort = 0.
The critical surface density for self-gravity to overcome shear

is then

ΣOort = αA
σAOort

πGψ
, (11)

with αA ≈ 2.5 (Hunter, Elmegreen & Baker 1998). For any ro-
tation curve flatter than solid-body rotation (i.e.V ∝ Rα with
α < 1), we see thatRdΩ/dR (and henceAOort) decreases with
increasing galactocentric radius, and hence shear motion may be
responsible for the suppression of star formation in the CMZ.

Before continuing, we should caution that the Toomre or shear
stability of a gas disc can only act as a ‘soft’ threshold. There are
several ways in which such a threshold may be violated. For in-
stance, small-scale structure (e.g. spirals or bars), turbulent dissipa-
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Figure 4.Ratio of the gas surface density in the Milky WayΣ to the critical
surface density for star formationΣ{Toomre,Oort} as a function of galac-
tocentric radius. The solid and dashed lines refer to the critical densities of
equations (9) and (11), respectively. The red lines includethe stellar gravita-
tional potential, whereas the blue lines exclude the contribution from stars.
The range of ToomreQ implied by the ratioΣ/ΣToomre is indicated on
the right-hand side, and the error bars indicate the range ofuncertainty from
Table 1. Star formation in the Galactic disc is suppressed inthe grey-shaded
area, i.e. for0.1 <∼ R/kpc <∼ 4 andR/kpc >∼ 17.

tion, magnetic stripping of angular momentum, or a soft equation of
state could all lead to local star formation in a disc that is globally
stable to star formation. The discussed thresholds thus represent a
soft separation between star-forming and quiescent discs.

The overdensitiesΣ/Σ{Toomre,Oort} with respect to the sur-
face density thresholds for gravitational instability andovercoming
rotational shear are shown in Figure 4 as a function of galactocen-
tric radius for a simple model of the Milky Way. ForR 6 0.3 kpc,
we only include the three data points from Table 1, at galacto-
centric radii ofR = {0.08, 0.19, 0.23} kpc for the 100-pc ring,
1.3◦ complex, and the 230-pc integrated CMZ, respectively. The
resulting overdensities are shown with and without the stellar con-
tribution to the total gravitational potential. ForR > 3 kpc,
we use the Wolfire et al. (2003) model for the ISM surface den-
sity profile, including a factor of 1.4 to account for the pres-
ence of helium, and adoptσ = 7 km s−1 (Heiles & Troland
2003). At these galactocentric radii, the epicyclic frequency κ
and the Oort constantA are calculated using the rotation curve
from Johnston, Spergel & Hernquist (1995). Our conclusionsare
unaffected when using other physically appropriate Milky Way
models. Finally, we correct for the presence of spiral arms by
dividing Σ{Toomre,Oort} by a factor of two (c.f. Balbus 1988;
Krumholz & McKee 2005).

Figure 4 shows that the Milky way disc is unstable to star for-
mation in a ring covering4 <∼ R/kpc <∼ 17. Especially the outer
edge of the star-forming disc catches the eye. The difference be-
tween the Toomre and Oort thresholds across the disc is generally
too small to indicate with certainty which mechanism dominates.
Only in the 100-pc ring we tentatively findΣToomre > ΣOort,
which indicates a decreasing importance of shear as the circular
velocity decreases forR < 0.1 kpc, but the difference is less
than 1σ. A more substantial change is brought about by includ-
ing the presence of stars in the calculation ofQ (red lines in
Figure 4). When the stellar gravity is ignored, the CMZ outside
of the 100-pc ring is highly stable to gravitational collapse with
Σ/Σ{Toomre,Oort} ∼ 0.1, suggesting that star formation could po-

tentially be suppressed. However, when the stars are included, the
CMZ appears marginally stable – the range ofQtot measured in the
CMZ is in fact very similar to that observed in normal disc galax-
ies (compare Table 1 to Martin & Kennicutt 2001), which suggests
a similar degree of self-regulation. The paucity of star formation
in the CMZ is therefore not due to the ‘morphological quench-
ing’ (Martig et al. 2009) of star formation that is considered to en-
able the long-term presence of quiescent gas reservoirs in galactic
spheroids ifQtot > 1.

The high value ofQgas may slow down the condensation of
self-gravitating gas clouds and their decoupling from the stellar
background potential. The time-scale for clouds to become gravita-
tionally unstable istgrav ∼ Qgas/κ (e.g. Jogee, Scoville & Kenney
2005). If the SFR is limited by the slow condensation of clouds,
this therefore implies a decrease of the SFR by1/Qgas. This sim-
ple modification of the Silk-Elmegreen relation is consistent with
the observed SFR for the 230 pc-integrated CMZ, but it does not
explain the other components of the CMZ. Note in particular that
the 100-pc ring is always marginally Toomre-stable, both interms
of Qgas andQtot, which is also consistent with its clumpy, beads-
on-a-string morphology (Longmore et al. 2013b). This is likely be-
cause the ring represents a different evolutionary stage ofthe gas in
the CMZ (e.g. Molinari et al. 2011), which is a point we returnto
in §5.3.

3.1.2 Episodic star formation

While it is tempting to assume that the CMZ is a steady-state
system, the orbital and free-fall time-scales in the CMZ areso
short (i.e. a few Myr) that the current reservoir of dense gas
may not be related to the observed star formation tracers, which
originate from gas that was present at least one dynamical time-
scale ago. If the star formation in the CMZ is episodic (e.g.
Loose, Kruegel & Tutukov 1982), it needs to be established which
physics could be driving the variability. There is a wide range of
physical processes that could lead to some degree of episodicity. In
this section, we discuss an extensive (but not exhaustive) selection.

3.1.2.1 Stochasticity Could the low SFR simply arise from
a stochastic fluctuation? At0.015 M⊙ yr−1 (Longmore et al.
2013a), the 100-pc ring produces about105 M⊙ per dynamical
time tdyn ≡ 2π/Ω ∼ 4 Myr. Assuming that 50 per cent of the
star formation occurs in bound clusters (as is appropriate for the
CMZ, cf. Kruijssen 2012) with a power law mass function with
index−2 between102 M⊙ and106 M⊙, this corresponds to the
production of 1–2 young massive clusters (YMCs;M > 104 M⊙)
and is thus consistent with the presence of the Arches and Quintu-
plet clusters.9 If the SFR were consistently an order of magnitude
higher (as predicted by density-dependent star formation relations),
then∼ 25 such YMCs would be expected. This would imply that
the present cluster population in the CMZ is a>∼ 4.5σ deviation.
It is thus highly unlikely that the observed SFR is due to simple
Poisson noise.

3.1.2.2 Statistical sampling The CMZ agrees with the Schmidt-
Kennicutt relation when averaged over a size scale ofR ∼

9 We exclude the nuclear cluster of the Milky Way, of which the
young stellar component is thought to have a very different origin (see
e.g. Genzel, Eisenhauer & Gillessen 2010 and Antonini 2013 for recent dis-
cussions).



Star formation in the central 500 pc of the Galaxy9

230 pc, which corresponds to an orbital period of 14 Myr (see Ta-
ble 1). It may be possible that above these size and time-scales,
the time sequence of star formation becomes sufficiently well-
sampled to correlate the present dense gas and star formation trac-
ers (Kruijssen & Longmore 2014).10 We have tested this idea in
Kruijssen & Longmore (2014), finding that for the conditionsof
the CMZ, global star formation relations are expected to break
down below 80 pc. Because this is smaller than the regions under
consideration (such as the 100-pc ring), the inadequate statistical
sampling of star-forming regions on small spatial scales does not
explain the low SFR in the CMZ,unlessthere exists some phys-
ical process that synchronises the evolutionary stages of the star-
forming regions in the CMZ. Possible synchronisation mechanisms
could be a nuclear starburst or black hole feedback. In this scenario,
the star-forming regions in the CMZ would not be independentand
the CMZ could represent a single independent star-forming region,
inevitably leading to phases during which its SFR exceeds orfalls
short of the SFR expected from global star formation relations.

3.1.2.3 Gravitational instability and spiral waves Episodic
star formation due to the global structural evolution of galaxy cen-
tres should be a common process if a bar is present – in the rings of
the inner Lindblad resonance, gravitational instabilities can drive
fragmentation and eventually induce a starburst, but this only takes
place above a certain volume density threshold (Elmegreen 1994).
If the system is steady-state on a global scale, this threshold den-
sity is given bynburst = 0.6κ2/GµmH and hencenburst =
{0.3, 0.5, 2.6} × 104 cm−3 for the three regions of the CMZ
listed in Table 1. This is comparable to the current mean density of
n0 = 2× 104 cm−3, which may indicate that (part of) the CMZ is
currently evolving towards a starburst (also see Oka et al. 2011).11

Additionally, orbital curvature causes the density waves in the
central regions of galaxies to grow at an increasing rate towards
smaller galactocentric radii (Montenegro, Yuan & Elmegreen
1999). This does not require the gas to be Toomre-unstable or
even self-gravitating, and thereby strongly contrasts with the
spiral density waves in galaxy discs, which grow by gravitational
instability. It is therefore easy to picture a system in which fresh
gas is transported along the bar into the CMZ, where it forms spiral
waves and rings, gradually building up until the critical surface
density for gravitational instability and fragmentation is reached –
possibly at different times throughout the ring. There is a notable
population of 24µm sources atl <∼ 359.5◦, i.e. beyond the position
of Sgr C (see Figure 1 and Yusef-Zadeh et al. 2009), which may
be the remnant of a recent, localized starburst. Variationswould
typically occur on the dynamical timescale of the system, which
is ∼ 5 Myr for the 100-pc ring. The runaway generation of spiral
waves and the subsequent evolution towards self-gravity and
instability is a promising scenario, which we will return toin §5.3.

3.1.2.4 Feedback The feedback of energy and momentum from
young star-forming regions might also induce a fluctuating SFR.

10 In this context, it is interesting to note that the time-integral of the cur-
rent SFRs in the 100-pc ring and the 230-pc integrated CMZ over a Hubble
time does give a total stellar mass that is roughly consistent with the total
stellar mass enclosed at these radii (cf. Launhardt, Zylka &Mezger 2002).
Obviously, the bulge has not been in place for a Hubble time, but this com-
parison does put the present SFR in an appropriate perspective.
11 We note that this critical density increases if the gas accretion rate along
the bar is substantial.

As will be discussed in§3.1.3, the majority of the current star for-
mation in the 100-pc ring takes place in the Sgr B2 complex. In
the past, the birth environment of the24µm sources (possibly also
near the present location of Sgr B2) may have been the dominant
site of star formation. Such an asymmetry implies that the feedback
from star formation originates from discrete locations. Asa result,
the feedback energy will escape through the path of least resistance
and hence star-forming regions on one side of the ring cannotsup-
port gas on the far side (also see§3.2.6). This makes feedback from
star formation an unlikely star formation suppressor on thespatial
scales of the entire CMZ.

While a local starburst may not impact the entire 100-pc ring,
it could blow out the gas in its vicinity. By the time such a burst
is ∼ 10 Myr old, its HII regions will have faded and much of the
gas could be in atomic form, being dispersed to higher latitudes by
the combined acceleration of HII regions, winds, and supernovae
(cf. the giant bubbles observed in radio andγ-rays Sofue & Handa
1984; Su, Slatyer & Finkbeiner 2010; Carretti et al. 2013). Hence,
the gas would be unavailable for star formation.12 The timescale
for the SFR fluctuations would then be set by the half-time of the
star formation feedback. Their bolometric luminosity decreases by
a factor of two in roughly 8 Myr, implying that feedback could
contribute to the low-SFR ‘wake’ after a CMZ-wide starburst, with
a natural timescale of∼ 10 Myr.

3.1.2.5 Gas inflow variability Finally then, there might be a
considerable time-variation of the gas inflow from large galacto-
centric radii onto the CMZ. Episodes of little gas inflow could then
lead to depressions in the SFR relative to the available gas,pro-
vided that there is a time-delay between the presence of the gas and
the onset of star formation.

Kim, Seo & Kim (2012) present numerical simulations of the
gas flow in the central regions of barred galaxies, and measure the
gas flux through a sphere with radiusR = 40 pc, i.e. within their
simulated equivalents of the 100-pc ring. They find that the varia-
tion of the gas flux is typically less than an order of magnitude in
models with pronounced rings, because the inflowing gas is trapped
in the nuclear ring before gradually falling to the centre. For those
models that do not develop such features, and hence have an un-
inhibited gas flow to the sphere where the flux is measured, the
fluctuations sometimes reach two orders of magnitude. This can be
taken as a rough indication of the possible variation of the gas flow
onto the 100-pc ring of the Milky Way, and is similar in magnitude
to the present underproduction of stars in the CMZ.

The time-scale for variations of the gas flow corresponds to
the dynamical timescale at the end of the bar, i.e.tdyn ∼ 100 Myr,
implying a relatively wide window during which the system can
be observed at a low SFR. This seems at odds with current obser-
vations of the CMZ. The presence of two YMCs and the 24µm
sources suggests substantial recent star formation activity, and con-
sidering the high densities of the several Brick-like clouds in the
CMZ the current dearth of star formation is unlikely to continue.

We add one final consideration. The gas inflow along the
Galactic bar may contribute to the driving of substantial turbulent
motion in the CMZ (see§5.2.1), which in turn may play an impor-
tant role in setting a critical volume density threshold forstar for-

12 The gas could affect the SFR by falling back on to the CMZ, possibly
supplying turbulent energy or triggering collapse. The importance of this
mechanism depends on the energy injected originally by the feedback itself
and is discussed in§5.2.2.



10 J. M. D. Kruijssen et al.

mation, and hence the SFR (see§3.2.2). Variations of the bar inflow
rate may therefore indirectly affect the SFR by inducing variations
in the kinetic energy budget of the gas in the CMZ.

3.1.2.6 Implication: a limit on YMC lifetimes If star formation
in the CMZ is episodic, the low present SFR necessarily represents
a near-minimum. The marginal Toomre stability of the ring suggest
that it should collapse to form stars over the next few free-fall times
and the two observed YMCs cannot provide the pressure support
necessary to consistently counteract collapse throughoutthe CMZ.
During such a burst of star formation, the present gas reservoir
could produce∼ 20 YMCs (which is the number of dense clumps
observed by Molinari et al. 2011) of Arches-like masses, assuming
that the progenitor clumps are similar to the cloud G0.253+0.016
(also known as ‘The Brick’, see Longmore et al. 2012, withM ∼
105 M⊙,R ∼ 3 pc) and form stars in gravitationally bound13 clus-
ters at a 10–30 per cent efficiency.

Thus far, we have discussed two main physical mechanisms
for episodic star formation that can act globally and locally, i.e. the
build-up of gas to a threshold for star formation and the periodic
ejection of gas by feedback, respectively. Both mechanismswould
act on time-scales of 5–10 Myr. This places a strong limit on the
observability of any produced YMCs – if their apparent present-day
absence is not caused by their possible fading below the detection
limit, their disruption timescale would have to be at most 10Myr.

The disruption of a104 M⊙ cluster in a gas-rich, high-density
environment is dominated by tidal shocks due to GMC passages
(Elmegreen & Hunter 2010; Kruijssen et al. 2011, 2012). The dy-
namical friction timescale of a104 M⊙ cluster orbiting in the 100-
pc ring istdf ∼ 3 Gyr,14 implying that (on the time-scale under
consideration) the YMC orbits are unaffected by dynamical fric-
tion. The YMCs will therefore keep interacting with the ringregu-
larly after their formation.

The time-scale for disruption due to tidal shocking by GMCs
is tshdis ∝ Σ−1

GMCρ
−1
molρYMC (Gieles et al. 2006), withΣGMC the

GMC surface density,ρmol the spatially averaged molecular gas
volume density, andρYMC the YMC volume density. Taking the
Brick as a template GMC, we haveΣGMC ∼ 5 × 103 M⊙ pc−2,
whereasρmol = Σmol/2h = 150 M⊙ pc−3 for the 100-pc ring
(cf. Table 1). Substituting these numbers givestshdis = 5.7 Myr
for a 104 M⊙ cluster with a half-mass radius of0.5 pc (cf.
Portegies Zwart, McMillan & Gieles 2010).

The above disruption time-scale oftshdis = 5.7 Myr is
much shorter than that found by Portegies Zwart et al. (2001)for
YMC disruption due to the smooth component of the Galac-
tic tidal field ttidaldis ∼ 80 Myr. Based on an 80-Myr lifetime,
Portegies Zwart et al. (2001) predict the presence of 50 Arches-like
clusters in the CMZ. When including tidal shocking by the dense
gas, only three or four Arches-like clusters are expected toexist in
the CMZ at a given time. Within the low-number Poisson statistics,
this is consistent with the presence of the Arches and Quintuplet
clusters. The disruption of YMCs by tidal shocks is thus capable of
‘hiding’ some of the evidence left by previous starbursts. At 2 and

13 Using the cluster formation model of Kruijssen (2012) we findthat at
the high gas surface density of the 100-pc ring about∼ 50 per cent of the
stars are expected to form in bound stellar clusters. This idea is supported by
the existence of the dispersed population of24µm sources (see Figure 1),
and the roughly equal numbers of Wolf-Rayet stars and OB supergiants
observed in clusters and in the field of the CMZ (Mauerhan et al. 2010).
14 Using equation (30) of Antonini (2013), withγ = 1.8, r0 = rin =
80 pc, ρ0 = 145 M⊙ pc−3, andmcl = 104 M⊙.

4 Myr, the ages of the Arches and Quintuplet clusters are consistent
with this disruption process. Therefore, it remains possible that star
formation in the CMZ is episodic due to (1) the gradual build-up
of dense gas by spiral instabilities, (2) its rapid consumption once
the instability threshold is reached, and (3) a possible contribution
from feedback during the post-starburst phase.

3.1.3 The geometry of the CMZ and tidal shocks

In highly dynamical environments like the CMZ or barred galaxies,
it is conceivable that GMCs are disrupted by transient tidalpertur-
bations (‘tidal shocks’, see e.g. Spitzer 1958; Kundic & Ostriker
1995) before having been able to form stars. This idea was first in-
troduced by Tubbs (1982), who suggested that perturbationswould
limit the duration of star formation and hence decrease the SFR.15

The vast majority of the star formation in the 100-pc ring
of the CMZ takes place in the complex Sgr B2 (Longmore et al.
2013a). It has been proposed by Molinari et al. (2011) that the 100-
pc ring coincides with thex2 orbit – a family of elliptical orbits
with semi-major axis perpendicular to the Galactic bar, which pre-
cesses at the same rate as the pattern speed of the bar, resulting
in stable, non-intersecting trajectories. Thex2 orbits are situated
within thex1 orbits, which are elongated along the major axis of
the bar (see e.g. Athanassoula 1992). In this scenario, Sgr B2 and
Sgr C lie at the points where thex1 andx2 orbits touch. The su-
perposition of both orbital families then leads to the accumulation
of gas, generating two standing density waves at the locations of
Sgr B2 and Sgr C with pattern speeds different from the flow ve-
locity of the gas orbiting on the 100-pc ring. Such a configuration
has been observed in other galaxies (e.g. Pan et al. 2013).

The ring upstream of Sgr B2 is fragmented into clouds that
have properties suggesting that they could be massive protoclus-
ters (Longmore et al. 2013b). A schematic representation ofthis
configuration is shown in Figure 5. If Sgr B2 is indeed a stand-
ing density wave and the impending encounter of these cloudswith
Sgr B2 is sufficiently energetic (cf. Sato et al. 2000), it is possible
that star formation is briefly induced due to the tidal compression
when they enter Sgr B2, but is subsequently halted when the clouds
exit the Sgr B2 region and rapidly expand due to having been tidally
heated. We reiterate that the scenario of Figure 5 is not undisputed
(see footnote 4). However, it does lead to the most extreme cloud-
cloud encounters that could take place in the CMZ, and therefore
we consider it as an upper limit to their disruptive potential.

It is straightforward to quantify the disruptive effect of atidal
perturbation as the ratio of the energy gain∆E to the total en-
ergy of the cloudE, under the condition that the duration of the
perturbation is shorter than the dynamical time of the perturbed
cloud (the ‘impulse approximation’, see Spitzer 1987) – otherwise
the injected energy is simply dissipated. In order to compute the
relative energy gain, we consider a head-on collision and approx-
imate the cloud and the perturber with Plummer (1911) poten-
tials. If we include the correction factors for the extendednature
of the perturber (Gieles et al. 2006) and the second-order energy
gain (Kruijssen et al. 2011), the total relative energy gainbecomes:

15 Note that despite the similarity in nomenclature, a tidal shock bears
no physical resemblance to a hydrodynamical shock. Cloud destruction by
tidal shocking also differs from cloud disruption by a steady tidal field (see
e.g. Kenney et al. 1992 for extragalactic examples), to which we turn in
§3.2.1.
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Figure 5. Schematic representation of the picture discussed in§3.1.3 (also
see Bally et al. 2010; Molinari et al. 2011; Longmore et al. 2013b), as seen
from Earth (top) and from above (bottom). Note that the position along the
line of sight of the Arches and Quintuplet clusters is unknown, and therefore
they are not included in the top-down view. As discussed in§2.1 and foot-
note 4, it is possible that the ring extends further, in whichcase thex1 orbits
may connect to the ring under a different angle, and at a different galacto-
centric radius. The discussion of§3.1.3 assumes the geometry depicted here
to put upper limits on cloud disruption (see text).

∣

∣

∣

∆E

E

∣

∣

∣
= 1.1M2

7R
−4
h,1m

−1
5 r3h,0V

−2
2 , (12)

whereM7 ≡M/107 M⊙ is the perturber mass,Rh,1 ≡ Rh/10 pc
is its half-mass radius,m5 ≡ m/105 M⊙ is the cloud mass,
rh,0 ≡ rh/1 pc is its half-mass radius, andV2 ≡ V/100 km s−1

is the relative velocity between both objects. The cloud is unbound
if |∆E/E| > 1.

To describe Sgr B2 we adoptM7 = 0.6 (Bally et al. 1988;
Goldsmith et al. 1990) andRh,1 = 1.5, for the clouds approach-
ing Sgr B2 we use the properties of the Brick, withm5 = 1.3 and
rh,0 = 2.8, and the relative velocity is taken to beV2 ∼ 1 (slightly
higher than the line-of-sight streaming velocity in the 100-pc ring).
For these numbers, equation (12) gives|∆E/E| = 1.3, suggest-
ing that a Brick-like cloud could in principlejust be unbound
when passing through the gravitational potential chosen torepre-
sent Sgr B2. To verify the validity of the impulse approximation, we
note that the duration of the perturbation is∆t = 2Rh/V = 0.1–
0.2 Myr, whereas the dynamical time istdyn = (Gρh)

−1/2 ∼
0.4 Myr, and hence∆t < tdyn.

The above approach does not account for the detailed structure
of Sgr B2 and the passing clouds, nor does it cover the collisional
hydrodynamics of the clouds (e.g. Habe & Ohta 1992), their dissi-
pative nature, or any possible, substantial deviations from spheri-
cal symmetry. Most of these effects would weaken the disruptive
effect of the tidal perturbation. The collisional hydrodynamics of
the system imply that, depending on the ram pressure balanceof
the interaction, a substantial fraction of the Brick will lag behind
its ballistic orbit and may never emerge from the possible den-

sity wave at Sgr B2. Upon entering the density wave, the cloud
will be compressed and the turbulent energy dissipation rate is en-
hanced accordingly – dissipating the tidally injected energy along
the way. Finally, any deviation from spherical symmetry implies
that the cloud collapses more rapidly than its spherically symmet-
ric idealisation (Pon et al. 2012), and hence the compression when
entering the perturbation may trigger runaway collapse.

We conclude that the unique geometry of the CMZ may affect
star formation in part of the region, but it is unlikely that it would
inhibit star formation. The hydrodynamic perturbation of the clouds
passing through a density wave likely accelerates their collapse, in
which case Sgr B2 and Sgr C represent the instigation points of star
formation rather than the loci where it is terminated. Furthermore,
this model may apply to star formation in the 100-pc ring, butit
remains to be seen to what extent similar effects could affect star
formation elsewhere in the CMZ.

3.2 Locally inhibited star formation

We now turn to a discussion of the possible mechanisms on spa-
tial scales smaller than the disc scale height (∆R < h) that may
limit star formation in the CMZ. Volumetric star formation relations
generally rely on the free-fall timetff ∝ n−1/2 to predictΣSFR,
because a few per cent of the gas mass is converted into stars per dy-
namical time or free-fall time (Elmegreen 2002; Krumholz & Tan
2007; Evans et al. 2009). While this number and its time-evolution
in individual clouds is still debated (Padoan et al. 2014), the relative
universality of its mean value suggests that a similar fraction of the
gas mass in molecular clouds ends up participating in star forma-
tion, irrespective of the environmental conditions. In star formation
theories, this is explained by the idea that the dispersion of the vol-
ume density PDF depends on the Mach number in a similar way
to the critical volume density for star formation – the PDF broad-
ens as the density threshold increases (e.g. Krumholz & McKee
2005; Padoan & Nordlund 2011). Considering the broad range of
gas densities observed in disc and starburst galaxies, thisis a cru-
cial ingredient to allow the SFE per free-fall time to be roughly
constant.

The above picture has been challenged by the recent obser-
vation by Lada, Lombardi & Alves (2010); Lada et al. (2012) that
there is a possibly universal, critical volume densitynLada ∼
104 cm−3 for converting gas into stars. A threshold density for
star formation should be expected, as there obviously exists some
density above which all gas ends up in stars (modulo the mass lost
by protostellar outflows), but it is not clear why such a transition
density would be universal. As discussed in§2, the SFR currently
observed in the CMZ implies that the gas mass fraction that isused
to form stars isfth <∼ 0.001. We showed in§2 that if a volume
density threshold for star formation exists, its value in the CMZ has
to benth > 107 cm−3 for various parametrizations of the density
PDF, i.e.nth = 107–3×108 cm−3 for a power-law approximation
andnth ∼ {0.3, 1} × 109 cm−3 for a log-normal when including
and excluding the effect of the magnetic field, respectively.

In the following, we verify which physical mechanisms are
consistent with the inhibition of star formation below suchden-
sities. Because the turbulent pressure in the CMZ is remarkably
high (e.g. Bally et al. 1988), withPturb/k = µmHnσ

2/k ∼
109 K cm−3, an important constraint is that potential star for-
mation inhibitors should be able to compete with the turbulence.
Therefore, we often use the turbulent pressure as a reference point
to calculate the gas volume densities below which the SFR may
be suppressed by each mechanism. The mechanism responsiblefor
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the low observed SFR needs to be effective up to a critical density
of nth > 107 cm−3.

3.2.1 Galactic tides

A first condition for initiating star formation is that the progenitor
clouds are not tidally disrupted. The gas needs to have a volume
density higher than the tidal density, i.e. the density required for a
spherical density enhancement to remain bound in a galactictidal
field. While this does not guarantee that a cloud will eventually
form stars, it does represent a key requirement for star formation to
proceed. The tidal density is written as

ntidal =
3ApotΩ

2

4πµmHG
, (13)

which only depends on the angular velocityΩ. This expression
assumes that the cloud orbit is circular. The constantApot de-
pends on the shape of the galactic gravitational potential,and is
Apot = {0, 2, 3} for solid-body rotation, a flat rotation curve,
and a point source (i.e. Keplerian) potential, respectively. Adopt-
ing the Launhardt, Zylka & Mezger (2002) potential for the CMZ,
we findApot = {2.0, 1.9, 0.7} for the 230 pc-integrated CMZ,
the 1.3◦ complex, and the 100-pc ring, respectively. Galactic tides
inhibit star formation in regions wherentidal > nth, with nth

some unknown threshold for star formation. For the three regions
of the CMZ that are listed in Table 1, equation (13) yieldsntidal =
{1.3, 1.8, 2.1} × 103 cm−3. This is several orders of magnitude
lower than thenth > 107 cm−3 required to explain the SFR in the
CMZ. It is also only an order of magnitude lower than the mean
gas volume density in the CMZ, indicating that it may affect the
accretion of gas onto molecular clouds, but not the star formation
within them.

We have not accounted for eccentric orbits, because even if
tides only affected the cloud structure (i.e.ntidal > ncloud) rather
than the star formation process itself (i.e.ntidal > nth), this would
require such a high angular velocity (Ωcrit >∼ 10 Myr−1) that even
at fixed circular velocity an eccentricity ofǫ > 0.9 would be neces-
sary for tides to be the limiting factor. Such extreme eccentricities
are ruled out by recent dynamical models of the orbital structure of
the gas in the CMZ (Kruijssen, Dale & Longmore, in prep.). We
conclude that star formation in the CMZ is not inhibited by tides.

3.2.2 Turbulence

Turbulence plays a key role in the recent star formation mod-
els of Krumholz & McKee (2005) and Padoan & Nordlund (2011).
While the former proposes that turbulent pressure support sets the
critical volume density for star formation on the sonic scale, the
latter work takes the point that turbulence is only responsible for
driving local gravitational instabilities, and that the critical volume
density for star formation is set by the thickness of the post-shock
layers in the supersonic ISM. These differences aside, bothmodels
do predict a critical overdensityx ≡ n/n0 for star formation16 that
scales with the GMC virial parameterαvir and Mach number as

xturb = AxαvirM2. (14)

Both models also have remarkably similar proportionality con-
stantsAx ∼ 1 to within a factor of 1.5.

16 For the Krumholz & McKee (2005) model this assumes a typical size-
linewidth relation for GMCs ofσ ∝ R0.5.

Adopting a virial parameter ofαvir = 1.5 (cf.
Krumholz & McKee 2005; Padoan & Nordlund 2011),17 a Mach
number ofM = 30 as in §2, and a mean density ofn0 =
2× 104 cm−3, we see that the critical density for star formation is
nturb ≡ xturbn0 ∼ 3 × 107 cm−3. This approaches the low end
of the required threshold densitiesnth ∼ {1, 4} >∼ 107 cm−3 (see
Figure 3). If we apply equation (14) to the Brick (Longmore etal.
2012), withαvir ∼ 1, M ∼ 20 (Rathborne et al. 2013), and
n0 = 7.3 × 104 cm−3, we obtainnturb ∼ 4 × 107 cm−3.
By contrast, the typical properties of GMCs in the solar neigh-
bourhood areαvir ∼ 1.5, M ∼ 10, and n0 = 102 cm−3,
which givesnturb ∼ 1.5 × 104 cm−3. Interestingly, this equals
the Lada, Lombardi & Alves (2010) threshold for star formation to
within the uncertainties of this calculation.

The above numbers are very suggestive, in that these
physically-motivated overdensity thresholds for star formation cor-
rectly predict the Lada threshold for star formation in the so-
lar neighbourhood, as well as a density threshold in the CMZ of
nturb

>∼ 3 × 107 cm−3, which gives the best agreement with the
observed SFR so far. This threshold is a lower limit, becausethe
CMZ clouds outside the 100-pc ring are supervirial when the stel-
lar gravitational potential is omitted and hence haveαvir > 1.5
(cf. equation 14). This is easily offset by uncertainties inthe den-
sity PDF, in the above numbers, and/or in the observed SFR.

While turbulence is capable of increasing the density thresh-
old to the required, extreme densities, we should note that this ar-
gument is incomplete, as we have not established what is driving
the turbulence. We return to this point in§5, and will now briefly
discuss a particularly interesting uncertainty.

3.2.3 A bottom-heavy initial mass function

Observational measures of the SFR are strongly biased to theemis-
sion from massive stars (m >∼ 8 M⊙). The low observed SFR
in the CMZ may therefore be spurious if there is an overproduc-
tion of low-mass stars with respect to the observed massive stars.
This would affect all methods of measuring the SFR, whether
it is determined using massive YSOs (Yusef-Zadeh et al. 2009)
or the ionising flux from massive stars (Murray & Rahman 2010;
Lee, Murray & Rahman 2012). Neither technique is capable of re-
liably detecting stars below8 M⊙. Recent observational studies of
giant elliptical galaxies have found evidence for a bottom-heavy
IMF dn/dm ∝ m−β with a power-law slope ofβ = 3 at the
low-mass end (m <∼ 1 M⊙, see e.g. van Dokkum & Conroy 2010;
Cappellari et al. 2012; Goudfrooij & Kruijssen 2013).

It has been suggested that the characteristic mass scale of
the core mass function (CMF) is set by the thermal Jeans mass
mJ ∝ T 3/2n−1/2 (Elmegreen, Klessen & Wilson 2008) or the
sonic massmsonic (Hopkins 2012). The Jeans mass is insensitive to
the volume density and the radiation field if the Schmidt-Kennicutt
relation is satisfied (Elmegreen, Klessen & Wilson 2008). How-
ever, the SFR density in the CMZ falls below the Schmidt-
Kennicutt relation – the corresponding lack of heating should lead
to a lower thermal-to-total energy density ratio than in theGalactic
disc (in other words, the Mach number is higher than in the disc)
and consequently the thermal Jeans mass is low too. This makes
the CMZ a prime example of an environment where the CMF could
have a lower-than-normal peak mass.

17 Note that the clouds in the CMZ outside of the 100-pc ring haveαvir >
1.5 when the stellar gravitational potential is omitted.
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If we assume that the CMF and IMF are related, the above line
of reasoning would imply that the characteristic turnover mass of
the IMF is environmentally dependent. In the solar neighbourhood
it is observed to bem ∼ 0.5 M⊙ (Kroupa 2001; Chabrier 2003).
BecausemJ andmsonic decrease with the pressure, this would re-
sult in an enhanced population of low-mass stars (m < 0.5 M⊙) in
the vigorously star-forming galaxies observed at high redshift (e.g.
van Dokkum et al. 2004; Daddi et al. 2007), which reach Mach
numbers ofM ∼ 100 (e.g. Swinbank et al. 2011) and may be the
progenitors of current giant elliptical galaxies. Such Mach numbers
strongly contrast with theM ∼ 10 in the Milky Way disc.

For core massesM <∼ 1 M⊙ (i.e. stellar massesM <∼
0.5 M⊙) and a Mach number ofM ∼ 100, Hopkins (2012) pre-
dicts a mass spectrum with a slope ofβ ∼ 3, which is much steeper
than observed in the solar neighbourhood for the same mass range
(β ∼ 1.5, e.g. Chabrier 2003). Using parameters that are appropri-
ate for the Brick in the CMZ (Longmore et al. 2012) and adopting
a SFE in protostellar cores ofǫ = 0.5 (Matzner & McKee 2000),
we findǫmsonic ∼ 0.01 M⊙, whereas in the solar neighbourhood
ǫmsonic ∼ 0.5 M⊙. Similarly, at the approximate density threshold
for star formation due to turbulencenturb ∼ 109 cm−3, the ther-
mal Jeans mass in the CMZ (T = 65 K) is aboutǫmJ ∼ 0.1 M⊙,
whereas in the solar neighbourhood it isǫmJ ∼ 0.5 M⊙. These
low characteristic masses suggest that the CMZ might be the low-
redshift equivalent to the progenitor environment of giantelliptical
galaxies (Kruijssen & Longmore 2013), and it is therefore impor-
tant to verify to what extent any unseen stellar mass atm < 0.5 M⊙

may increase the SFR inferred for a ‘normal’ IMF (Kroupa 2001;
Chabrier 2003).

We integrate the mass of a Kroupa (2001) IMF between
mmin = 0.08 M⊙ andmmax = 100 M⊙ and compare it to the
mass integral of a similar IMF, but with a power-law slope ofβ = 3
for massesm < 0.5 M⊙. This increases the total mass by a fac-
tor of two, at the same number of massive stars. We conclude that
while this is a non-negligible factor, it is (1) comparable to the un-
certainty on the SFR in the CMZ and (2) in itself insufficient to
explain the factor of> 10 suppression of the SFR in the CMZ.

3.2.4 The atomic-molecular phase transition of hydrogen

Dense molecular gas as traced by HCN is found to be cor-
related with star formation tracers (e.g. Gao & Solomon 2004;
Wu et al. 2005). If this relation is causal in nature, molecular
gas may be required to form stars (e.g. Schruba et al. 2011, al-
though see Glover & Clark 2012 and Krumholz 2012 for an al-
ternative view). In that case, the low SFR in the CMZ may
be caused by the existence of a star formation threshold due
to the phase transition of HI to H2 (Blitz & Rosolowsky 2004;
Krumholz, McKee & Tumlinson 2009b). At solar metallicity, this
transition occurs atΣ ∼ 10 M⊙ pc−2.

The idea that the presence of molecular gas determines the
SFR is a corollary of the Bigiel et al. (2008) relation, i.e.SFR ∝
Mmol, whereMmol is the molecular hydrogen mass. This is the
only relation that predicts a constant SFR per unit molecular mass
and thereby fits the SFR in the CMZ (see§2). However, the
surface density scale for the phase transition decreases with in-
creasing metallicity (Krumholz, McKee & Tumlinson 2009a),and
hence should be even lower than10 M⊙ pc−2 in the central
bulge region (e.g. Brown et al. 2010). A quick look at Table 1 re-
veals that gas in the CMZ resides at much higher surface densities
and indeed it is observed to be molecular (e.g. Morris & Serabyn

1996). We therefore rule out the atomic-to-molecular transition at
Σ <∼ 10 M⊙ pc−2 as the cause for a suppressed SFR in the CMZ.

3.2.5 The Galactic magnetic field

Another possible explanation would be that the high magnetic field
strength in the CMZ (B >∼ 100µG, Crocker et al. 2010) inhibits
star formation (e.g. Morris 1989). Using the condition thatthe mag-
netic and turbulent pressure are balanced, this implies a critical vol-
ume density of

nmag =
1

2µ0µmH

(

B

σ

)2

, (15)

whereµ0 = 4π is the vacuum permeability constant. Using the
values for each of the three CMZ regions from Table 1, this gives
a critical density ofnmag ∼ 50 cm−3 above which the magnetic
pressure becomes less than the turbulent pressure. Therefore, the
magnetic field cannot provide support against the turbulence in the
CMZ. This result is unchanged when adopting the internal velocity
dispersions of the clouds in the CMZ rather than the large-scale
velocity dispersion (in which casenmag ∼ 100 cm−3). A magnetic
field strength ofB >∼ 2 mG would be necessary for the magnetic
pressure to compete with the global turbulent pressure, i.e. nmag ∼
n0 = 2× 104 cm−3.

It is important to note that the measured magnetic field
strength ofB >∼ 100µG applies to the low-density intercloud
medium, and may be an order of magnitude higher in dense clouds
(Morris, Uchida & Do 2006). This could increase the criticalden-
sity to nmag ∼ 104 cm−3, which is comparable to the mean gas
density, but is still much lower than the density threshold required
by density-dependent star formation relations. While it does not
inhibit star formation directly, the presence of a100µG magnetic
field is likely important in shaping the properties of the ISMon the
cloud scale. On the one hand, it is capable of narrowing the den-
sity PDF of the ISM in the CMZ somewhat, and slows down star
formation accordingly (see§2.2 and§3.2.2). On the other hand,
magnetic breaking leads to angular momentum loss during thecon-
densation and contraction of cores, and hence accelerates star for-
mation (Elmegreen 1987).

3.2.6 Radiation pressure

Considering the high angular velocity of the gas in the CMZ, the
100-pc ring needs to enclose some109 M⊙ of mass. If we make
the reasonable assumption that most of this mass is constituted
by stars, this implies a high stellar surface density of the CMZ
of Σ⋆ ∼ 3 × 103 M⊙ pc−2 within the gas disc scale height
(see Table 1). It is therefore worth investigating whether stellar
feedback is capable of inhibiting star formation in the CMZ.Af-
ter the birth of a stellar population, feedback is first dominated
by protostellar outflows, followed by radiative feedback, super-
novae, and stellar winds. The relative importance of these mecha-
nisms depends on the spatial scale and the environment. It has been
shown by Murray, Quataert & Thompson (2010) that in all but the
lowest-density environments (e.g. GMCs in the Galactic disc) radi-
ation pressure is the dominant feedback mechanism for disrupting
GMCs,18 whereas on scales>∼ 100 pc the energy deposition by su-
pernovae becomes important. Crucially though, these mechanisms
each generate a similar total energy output.

18 Although see Lopez et al. (2013) for a counterexample.
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We now test the hypothesis that stellar radiation inhibits star
formation in the CMZ. As discussed in§3.1.2, this scenario has
the problem that the CMZ hosts discrete star formation events, im-
plying that the feedback on one side of the CMZ may not be able
to affect gas on the opposite side. To test whether feedback is a vi-
able explanation from an energy perspective, we again require pres-
sure equilibrium between radiation pressure and turbulentpressure,
which yields a critical stellar surface density of young starsΣ⋆,rad

above which radiation pressure is important:

Σ⋆,rad =
4cµmHnσ

2

Ψ(1 + φtrκ0T 2Σ)
, (16)

where c is the speed of light,Ψ ∼ 3 × 103 erg s−1 g−1 ∼
1.5 × 103 L⊙ M⊙

−1 the light-to-mass ratio of a young,
well-sampled stellar population (Thompson, Quataert & Murray
2005), and the term in parentheses indicates the optical
depth 1 + φtrτ with τ ∼ κRΣ ∼ κ0T

2Σ, in which
φtr ≡ ftr/τ ∼ 0.2 (Krumholz & Thompson 2012) is
a constant that indicates the fraction of infrared radiation
that is trapped at an optical depthτ = 1, κR is the
Rosseland mean dust opacity (cf. Thompson, Quataert & Murray
2005; Murray, Quataert & Thompson 2010), andκ0 ∼ 2.4 ×
10−4 cm2 g−1 K−2 is a proportionality constant.

We consider two cases for calculating the critical stellar sur-
face density above which radiation pressure can compete with the
turbulent pressure. In both cases, we assumeT = 65 K as in§2,
which yields an infrared optical depth ofτ ∼ κ0T

2Σ ∼ 1.
Firstly, in the 100-pc ring we haven0 ∼ 2 × 104 cm−3,

σ ∼ 15 km s−1 andΣ = 3.0 × 103 M⊙ pc−2. Substituting these
numbers into equation (16) givesΣ⋆,rad ∼ 2.9 × 104 M⊙ pc−2.
Combining this with the surface area taken up by the gas in thering
(5×103 pc2) and the lifetime of strongly radiating stars (∼ 4 Myr,
Murray, Quataert & Thompson 2010), we see that the 100-pc ring
requires a SFR of∼ 40 M⊙ yr−1 for radiation pressure to over-
come the turbulence. This is over three orders of magnitude higher
than the measured∼ 0.015 M⊙ yr−1.

The second case we consider is the GMC ‘the Brick’
(Longmore et al. 2012), for which we adoptn ∼ 7.3× 104 cm−3,
σ ∼ 10 km s−1 andΣ = 5.3×103 M⊙ pc−2. The Brick requires a
similar surface density ofΣ⋆,rad ∼ 4.3×104 M⊙ pc−2. Other than
implying a critical SFR of0.25 M⊙ yr−1, it also means that a SFE
of ∼ 8 (not per cent!) is required to overcome the turbulent pres-
sure, unless the newly formed stellar population has a threetimes
smaller radius than its parent cloud, in which case a SFE of unity
would imply similar turbulent and radiative pressures. Theabove
numbers change by a relatively small amount when also including
the combined flux of the more numerous, old stars of the Galactic
bulge. Because radiative feedback is only capable of affecting the
gas in the direct vicinity of highly concentrated clusters of young
stars, it is unable to stop the entire CMZ from forming stars (also
see 3.1.2).

3.2.7 Cosmic rays

Cosmic ray pressure could be important in the CMZ, due to past
star formation events or black hole activity. For instance,it is pos-
sible that star formation in the CMZ is inhibited by the cosmic ray
flux from supernovae (SNe). We equate the cosmic ray pressure
due to SNe to the turbulent pressure and assume the extreme case
in which the cosmic ray energy remains trapped in the CMZ. This
yields the critical volume density above which turbulence over-
comes the cosmic ray pressure:

ncr =
ηSNESNΓSNτcr
µmHV σ2

. (17)

In this expression,ηSN ∼ 0.3 is the fraction of the SN energy
that is converted to cosmic rays,ESN ∼ 1051 erg is the energy
of a single SN,V is the volume, andΓSN is the SN rate, which
for a Kroupa (2001) or Chabrier (2003) initial mass function(IMF)
is given byΓSN = 0.01 yr−1 (SFR/M⊙ yr−1), where the SFR
is expressed in M⊙ yr−1. The variableτcr ∝ n−1 indicates the
lifetime of cosmic rays to energy loss via collisions with protons in
the gas, which isτcr ∼ 108/n0 yr ∼ 5× 103 yr.

Based on Table 1, we have SFRs of{3.3, 0.17, 1.5} ×
10−2 M⊙ yr−1 and volumesV ∼ {17, 0.89, 0.050} × 106 pc3

for the 230 pc-integrated CMZ, the 1.3◦ complex, and the 100-
pc ring, respectively. We adopt a single velocity dispersion of
σ ∼ 15 km s−1 and substitute these numbers into equation (17).
In the three environments under consideration, this gives densities
ncr = {0.1, 0.1, 17} cm−3 above which turbulent pressure out-
weighs the cosmic ray pressure. Each of these densities is much
lower than the mean volume density of the molecular gas in the
CMZ.

Given these numbers, it is very unlikely that cosmic rays from
SNe affect the gas dynamics in the CMZ. For the cosmic ray pres-
sure to compete with turbulence dynamically, the SFR would need
to be at least three orders of magnitude higher than is being ob-
served. Even if all SN energy would be converted to cosmic rays,
and their lifetime would be a hundred times longer, cosmic rays
would still imply a critical volume densityncr smaller than the
mean densityn0. In addition, cosmic rays may be removed from
the CMZ by the galactic wind before they can reach the bulk of
the dense molecular hydrogen (Crocker et al. 2011b). Our conclu-
sion is supported by observational constraints on the cosmic ray
pressure in the CMZ, which is aroundPcr ∼ 10−10 erg cm−3

(Crocker et al. 2011a) and hence impliesncr ∼ 10 cm−3, which is
within a factor of a few of our theoretical derivation.

Alternatively, cosmic rays could originate from the activity of
the central black hole of the Milky Way, which accretes at a rate of
Ṁ <∼ 10−8 M⊙ yr−1 (Quataert & Gruzinov 2000; Baganoff et al.
2003). We assume that 0.5 per cent of the accreted rest mass energy
is available to heat the gas (e.g. Di Matteo, Springel & Hernquist
2005), and follow a similar argument as for the case of SN-powered
cosmic rays above. This yields a critical volume density ofnBH ∼
3 × 10−2 cm−3 above which turbulent pressure outweighs the
accretion-generated cosmic ray pressure in the volume of the 100-
pc ring, again much lower than the mean volume density of the
molecular gas in the CMZ.

Cosmic rays are also unimportant compared to the thermal
pressure anywhere other than the 100-pc ring, where the thermal
and cosmic ray pressures are comparable to within a factor ofa few.
Hence, they may not be important kinematically, but they could
be relevant for setting the temperature of the gas (Ao et al. 2013;
Yusef-Zadeh et al. 2013). We conclude that feedback processes in
general, and radiative, supernova, and black-hole feedback in par-
ticular, are not consistently inhibiting star formation inthe CMZ.19

Of course, whether or not this also holds in other, extragalactic

19 Although locally they may drive arches and bubbles – there will always
be some (small) volumeV such that the feedback pressure from the en-
closed stars competes with (or outweighs) the turbulent pressure. For the
100-pc ring (and hence Sgr B2 where most of the star formationtakes
place), cosmic rays overcome the turbulence forV <∼ 50 pc3 orR <∼ 2 pc.
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cases depends on their recent star formation history and their black
hole activity.

4 IMPLICATIONS AND PREDICTIONS FOR FUTURE
OBSERVATIONS OF THE CMZ

We now turn to the implications and possible tests of the remain-
ing plausible star formation inhibitors of§3, which are summarized
as follows. On global scales, star formation could be episodic due
to the gradual build-up of dense gas by spiral instabilitiesand its
rapid consumption once the density threshold for gravitational in-
stability is reached. On local scales, the reduced SFR is consistent
with an elevated volume density threshold for star formation due
to the high turbulent pressure in the CMZ. This solution could be
aided by most of the other potential star formation inhibitors that
each individually were shown to be insufficient to cause the low
SFR.

4.1 Testing episodic star formation

Evidence exists of episodic star formation events in the
CMZ (Sofue & Handa 1984; Bland-Hawthorn & Cohen 2003;
Yusef-Zadeh et al. 2009; Su, Slatyer & Finkbeiner 2010) and
mechanisms have been proposed to explain how such episodicity
can occur. As discussed in§3.1.2, instabilities can drive the frag-
mentation of the nuclear ring and eventually induce a starburst. Gas
in barred spiral galaxies like the Milky Way is funnelled from the
disc through the bar to the galaxy centre (Sakamoto et al. 1999;
Kormendy & Kennicutt 2004; Sheth et al. 2005). Because the con-
ditions in the CMZ lead to a higher threshold for star formation
than in the disc, the gas needs time to accumulate before initiating
star formation. While this by itself can already cause star forma-
tion to be episodic, it is also known from numerical simulations
(Hopkins & Quataert 2010) that the presence of a bar can cause
substantial variations of the gas inflow towards a galaxy centre. The
large variation of the central gas concentration of otherwise similar
galaxies sketches a similar picture (Sakamoto et al. 1999).

To constrain the possible episodicity of star formation in the
CMZ, it will be necessary to map the structure of the gas flow along
the Galactic bar, which is already possible using sub-mm andradio
surveys of the Galactic plane (e.g. Molinari et al. 2010; Walsh et al.
2011; Purcell et al. 2012). If the CMZ is presently near a low point
of an episodic star formation cycle, then the gas needs to be ac-
cumulating and hence the inflow rate has to exceed the SFR. An
improved 6D (position-velocity) map of the CMZ itself wouldalso
help to understand the nature of the possible, large-scale instabili-
ties of the gas – the combination of line-of-sight velocities, proper
motions, plane-of-the-sky positions, and X-ray light echotiming
measurements should lead to a conclusive picture of gas inflow, ac-
cumulation, and consumption.

The end result of the star formation process should also be
considered further. With infrared data and spectral modelling, it is
essential to establish the recent (∼ 100 Myr), spatially resolved
star formation history of the CMZ. If evidence is found for a statis-
tically significant variation of the SFR, the time-scale of such vari-
ations can be used to determine whether stellar feedback, gas insta-
bilities, or a varying gas inflow rate are responsible (although see
§5.2–5.3 for additional constraints). Similar measurements could
be made for nearby barred galaxies (see§5.4), paying particular at-
tention to spectral features that signify a starburst 50–100 Myr ago
with no recent star formation, such as strong Balmer absorption

lines and weak nebular emission lines (which is relatively straight-
forward using fiber spectra from the Sloan Digital Sky Survey, see
Wild et al. 2007). If such a long period were indeed found, it would
indicate that the slow evolution of the gas to becoming gravitation-
ally unstable may not be the key mechanism for driving the episod-
icity, but instead the variation of the gas inflow rate along the bar
could be important.

4.2 Implications and tests of suppression by turbulence

In §3.2.2, we show that a very promising explanation for the low
SFR in the CMZ is an elevated volume density threshold for star
formation due to the high turbulent pressure (withM ∼ 30), based
on the star formation models of Krumholz & McKee (2005) and
Padoan & Nordlund (2011). This provides a theoretical justifica-
tion for the conclusion made in§2 that the observed SFR is incon-
sistent with the universal threshold density from Lada et al. (2012).

Even though the CMZ greatly extends the range of environ-
mental conditions that can be probed in the Milky Way, a conclu-
sive verification of the turbulence hypothesis requires ouranalysis
to be extended to external galaxies. If the volume density threshold
for star formation is as variable as would be expected on theoret-
ical grounds, then there should also be an environmental variation
of the molecular line transitions that correlate with star formation
tracers. In high-pressure environments, transitions withlow critical
densities such as CO(1–0) should no longer correlate tightly with
star formation tracers. Instead, molecules with high-critical density
transitions such as HCN (n = 105–106 cm−3) or vibrationally
excited transitions should take over. Before the arrival ofthe At-
acama Large Millimeter Array (ALMA), the observational issue
was that transitions with high critical densities requiredunfeasibly
high-sensitivity observations. However, in the next couple of years
it should be possible to test the spatial correlation between star for-
mation and various dense gas tracers at high spatial resolution using
ALMA.

Within our own Galaxy, ALMA observations of clouds in the
CMZ are extremely well-suited for addressing the variationof the
threshold density for star formation. At the distance of theCMZ,
sub-arcsecond scales need to be probed in order to resolve the final
stages of the cloud fragmentation and collapse towards cores and
protostars. At the distance of the CMZ, only interferometers like
ALMA are capable of reaching the necessary sensitivity and reso-
lution in the wavelength range of interest. By combining star for-
mation tracers such as cm continuum with high-density gas tracers,
it will be possible to map the conversion of gas into stars in de-
tail. A comparison with similar data from the solar neighbourhood
should lead to a conclusive picture of the environmental variation
of density thresholds for star formation.

A final experiment for testing if the variation of the criti-
cal density threshold for star formation explains the low SFR in
the CMZ would be to constrain the density PDF in the CMZ and
compare its shape to the theoretically expected form. Ideally, the
PDF would need to be measured well enough to verify the pos-
sible influence of weak magnetic fields (see§2.2). It is possible
to map the PDF by comparing the total flux above certain molec-
ular line transitions. The one caveat is that these transitions will
need to probe densities as high as the suggested threshold density
of nth

>∼ 3× 107 cm−3.
It is also relevant to establish whether the IMF in the

CMZ may be bottom-heavy due to the high Mach number and
correspondingly low sonic mass. Current IMF determinations
are only capable of reaching masses ofm > 5 M⊙ (e.g.
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Bastian, Covey & Meyer 2010; Hußmann et al. 2012), but with the
new generation of large-scale facilities like the E-ELT it should be
possible to probe the IMF atm < 1 M⊙. A presently possible, but
less direct method is to perform ALMA observations of the CMF
in star-forming clouds in the CMZ. While this assumes a certain
mapping of the CMF to an IMF, the advantage is that this provides
a more direct test of star formation theories employing the sonic
mass or thermal Jeans mass. These theories actually predicta CMF
rather than an IMF and hence a measurement of the CMF would
put direct constraints on the physics of star formation in the CMZ.

5 DISCUSSION

5.1 Summary

We find that processes on both global and local scales may playa
role in the reduction of the star formation rate in the Central Molec-
ular Zone of the Milky Way with respect to density-dependent
(N > 1 in equation 1) star formation relations.

(i) The gas by itself is not strongly self-gravitating and isheld
together by the stellar potential, which may slow the rate atwhich
gas clouds can become gravitationally unstable. (§3.1.1)

(ii) Star formation could be episodic due to a gradual build-up of
dense gas by spiral instabilities and its rapid consumptiononce the
density threshold for gravitational instability is reached. Alterna-
tively, variations in the gas inflow rate along the Galactic bar could
play a role. In both cases, the present state of the CMZ corresponds
to a near-minimum in the SFR. (§3.1.2)

(iii) Crucially, the high turbulent pressure in the CMZ in-
creases the volume density threshold for star formation to
ncrit >∼ 3 × 107 cm−3, which is orders of magnitude be-
yond the Lada, Lombardi & Alves (2010) threshold derived em-
pirically for the solar neighbourhood, and hence substantially de-
creases the SFR with respect to such an empirical threshold.
(§3.2.2) To first order, this explains why the CMZ (Longmore et al.
2013a) and many of its constituent clouds (Longmore et al. 2012;
Kauffmann, Pillai & Zhang 2013) are presently not efficiently
forming stars. We discuss the possible mechanisms for driving the
turbulence below.

Interestingly, the volume density threshold implied by turbulent
pressure for solar-neighbourhood conditions isn ∼ 104 cm−3,
which coincides with the Lada, Lombardi & Alves (2010) thresh-
old (see§2.2 and§3.2.2). This agreement theoretically supports the
idea that a universal, fixed density threshold for star formation is
ruled out by the observations, and that the empirical threshold re-
flects the solar-neighbourhood value of an environmentallydepen-
dent threshold.

A wide range of mechanisms is found to be unable to explain
the dearth of star formation in the CMZ.

(i) When including the stellar potential, the gas disc is found to
be only marginally Toomre stable, and hence susceptible to grav-
itational collapse. While this rules out morphological quenching,
note that the gas by itself is not strongly self-gravitating, which as
stated previously may slow the rate at which gas clouds can become
gravitationally unstable and thereby affect the SFR at a given gas
density. (§3.1.1)

(ii) Cloud lifetimes are not limited by dynamical heating due to
tidal interactions. In principle this could lead to lower SFEs, but the
tidal perturbations necessary to heat the clouds dynamically also

induce tidal compression and therefore enhance the energy dissipa-
tion rate. (§3.1.3)

(iii) The tidal density is lower than the mean volume densityof
the molecular gas in the CMZ, indicating that star formationis not
inhibited due to clouds being tidally stripped. (§3.2.1)

(iv) An underproduction of massive stars due to a possibly
bottom-heavy IMF only introduces a factor of∼ 2 uncertainty
in the measured SFR, much less than the observed discrepancy.
(§3.2.3)

(v) The atomic-to-molecular phase transition of hydrogen oc-
curs at too low a surface density to play a role in the CMZ, espe-
cially at the high metallicity of the bulge. (§3.2.4)

(vi) Given the current constraints on the magnetic field strength,
we find that the magnetic field is capable of affecting the density
PDF of the ISM somewhat (§2.2). However, the magnetic pressure
in the CMZ is much lower than the turbulent pressure. (§3.2.5)

(vii) Radiation pressure should dominate the feedback energy at
the surface density of the CMZ, but a SFE larger than 100 per cent
would be necessary to have radiation pressure compete with the
turbulence throughout the CMZ. (§3.2.6)

(viii) Cosmic rays, produced in supernovae or by the central
black hole, are unable to overcome the turbulent pressure, even if
the SFR was several orders of magnitude higher in the past. By
contrast, they do contribute to the thermal pressure in the 100-pc
ring. (§3.2.7)

While each of the above effects does not affect the SFR sufficiently
to explain the low SFR in the CMZ, they could work in conjunction
with a high volume density threshold due to turbulence. The con-
clusion that feedback processes are not solely responsiblefor the
low SFR in the CMZ is also supported by the discrete distribution
of the main star formation events – if feedback did play a role, it
would only be able to do so locally.

It is interesting that the low SFR in the CMZ only agrees
with one global star formation relation – it provides an almost per-
fect extrapolation of the Bigiel et al. (2008) relation (§2.1). Is this
the ‘fundamental’ star formation relation? The mere existence of
high-redshift starburst galaxies withΣSFR two orders of magnitude
higher than the CMZ at the same gas surface density (Daddi et al.
2010b) suggests otherwise. As discussed throughout this paper,
there are several reasons why the CMZ could be abnormal, and the
extrapolation of the Bigiel et al. (2008) relation to the CMZthere-
fore seems premature. The observational and numerical tests of the
proposed mechanisms of§4 will be essential to draw further con-
clusions on this matter.

In the remainder of this paper, we use the above findings to
construct a self-consistent picture of star formation in the CMZ, as
well as its implications for star formation in the centres ofother
galaxies.

5.2 What is driving the turbulence?

We find that (a combination of) more than one mechanism can be
tuned to reach a satisfactory estimate of the SFR in the CMZ. How-
ever, it remains to be determined which mechanism is actually re-
sponsible for inhibiting star formation.

Out of the possible explanations listed in§5.1, the high turbu-
lent pressure of the CMZ is perhaps the most fundamental. Con-
trary to the possible episodicity of the SFR, or perturbations acting
on the cloud scale, it is the only mechanism that works instanta-
neously, at this moment in time. However, attributing the low SFR
to turbulence alone is an incomplete argument, because the turbu-
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lent energy dissipates on a vertical disc crossing time. Using the
numbers from Table 1, the dissipation rate in the 230-pc integrated
CMZ is roughly4 × 10−22 erg cm−3 s−1 (Mac Low & Klessen
2004). The dissipation time-scale is a meretdiss = 2h/σ ∼ 7 Myr,
whereas for the 100-pc ring it is about1 Myr. Something is needed
to maintain the turbulence.

5.2.1 Gas inflow along the Galactic bar

Could the gas inflow along the bar be responsible for driving the
turbulence? If we assume a steady-state CMZ, then it is straightfor-
ward to calculate the kinetic energy of the gas inflow along the bar.
The energy flux of the inflow is given byv2infl/tinfl, wherevinfl is
the gas inflow speed, andtinfl ≡ Mgas/Ṁinfl is the time-scale for
accumulating the present gas mass. The energy dissipation rate is
σ2/tdiss. Energy balance then gives

vinfl = σ

√

tinfl
tdiss

. (18)

In a steady-state CMZ, the gas inflow time-scale must equal the
time-scale for gas depletiontdepl, which in the CMZ is about a
Gyr (see Table 1). Substituting values representative of the CMZ
yields a requiredvinfl for maintaining the turbulence ofvinfl ∼
200 km s−1, which is comparable to the highest line-of-sight
velocity vmax

los ∼ 200 km s−1 that can be seen in the HOPS
NH3(1, 1) data. However, this is likely not the radial velocity
component – given the observed phase-space distribution ofthe
gas, a more representative inflow speed along the bar would be
vinfl <∼ 100 km s−1. Due to line-of-sight confusion this is a ten-
tative estimate – detailed modelling is necessary to derivethe gas
inflow speed with satisfactory accuracy.

If we relax the condition of a steady-state CMZ, a gas inflow
time-scale oftinfl ∼ 300 Myr (rather than the adoptedtinfl =
1 Gyr) would be needed to maintain the current turbulent pressure
at an inflow speed ofvinfl ∼ 100 km s−1. This time-scale lies
within the observed constraints on the mass deposition rate, even
when accounting for the removal of mass by outflows (tinfl = 60–
500 Myr, see Crocker 2012). In order for this scenario to be viable,
the peak SFR would have to be roughly five times higher than is
presently observed. This would put the CMZ temporarily on the
star formation relations of equations (1) and (2).

We find that the gas inflow may be capable of driving the tur-
bulence, but only if star formation in the CMZ is episodic, indi-
cating that the current gas depletion time-scale is not an accurate
estimate for the inflow time-scale. There is no unique combination
of gas inflow and star formation histories that explains the current
degree of turbulence as the result of the global gas inflow. For in-
stance, we might be seeing the outcome of a persistently highin-
flow rate, which builds up gas until finally a starburst is generated
– with the CMZ presently at the stage between two bursts. Alter-
natively, a low gas inflow rate would not be able to drive all ofthe
turbulence, but could still substantially increase the time-scale for
the energy dissipation.

In summary, the gas inflow along the Galactic bar is a promis-
ing turbulence driver if the SFR in the CMZ is episodic. Whether
or not this mechanism can explain the observed turbulence fully is
uncertain due to the observational difficulty of characterising the
inflow. We are currently modelling the gas inflow in more detail,
the results of which will be presented in a future paper (Krumholz
& Kruijssen, in preparation).

5.2.2 Feedback ejecta

Episodic starbursts would periodically drive superbubbles into the
low-density ISM. As mentioned in§3.2.7, massive star feedback
can locally blow out parts of the 100-pc ring, producing the ob-
served asymmetries in CO, NH3 and cold dust (see Figure 1). Radio
andγ-ray observations of nested giant bubbles indeed provide evi-
dence that stellar feedback has a profound impact on localized por-
tions of the CMZ (Sofue & Handa 1984; Su, Slatyer & Finkbeiner
2010; Carretti et al. 2013). On large scales, the bubbles consist of
swept up, low-density gas, whereas higher density materialcan also
be driven to a bubble, but only on size scales∆R <∼ h.

After cooling in the Galactic halo, these bubbles re-
turn to the disc as high-velocity clouds (e.g. Bregman 1980;
Wakker & van Woerden 1997). Provided that the resulting energy
flow is sufficiently high, this may drive the turbulence in thedense
ISM. However, we estimate in§3.2.7 that even at a star formation
maximum, the energy density of feedback is probably smallerthan
the turbulent pressure. After conservation of energy (or a decrease
due to dissipative losses) this implies that in-falling clouds are not
likely to provide the necessary energy.

Even if we imagine that feedback would be the source of the
turbulence, then the present low SFR and lack of energy inputby
feedback implies that star formation would start after the turbulent
energy has dissipated. This would lead to prevalent star formation
throughout the CMZ in a few Myr from now. The resulting feed-
back would compress gas, which could trigger even more star for-
mation. Only if the gas were converted to a warm, diffuse phase,
star formation could in principle be halted by feedback. However,
the resulting blow-out would channel away the energy and a molec-
ular disc would remain, which should still be forming stars.

Quantifying the effects of feedback and other classical turbu-
lence drivers shows that neither are effective. Following the com-
pilation by Mac Low & Klessen (2004), we find that magnetorota-
tional instabilities, gravitational instabilities, protostellar outflows,
ionizing radiation, and supernovae yield heating rates of{6 ×
10−24, 1×10−24, 5×10−26, 2×10−23, 3×10−23} erg cm−3 s−1,
respectively. Hence, they all fall short of compensating the dissipa-
tion rate (4 × 10−22 erg cm−3 s−1) by at least an order of mag-
nitude. Only within the 100-pc ring, the heating rate due to grav-
itational instabilities (1 × 10−21 erg cm−3 s−1) is similar to the
local turbulent energy dissipation rate (2× 10−21 erg cm−3 s−1).
Hence, during the gravitational collapse of clouds like theBrick,
their turbulent energy dissipation time-scale can be extended by up
to a factor of a few.

5.2.3 Secular instabilities

In conjunction with inflow-driven turbulence, another sustainable
solution would be that the turbulence is driven by (acoustic) gas in-
stabilities themselves. In the Galactic disc, spiral wavesare driven
by gravitational instabilities, but this process fails within the in-
ner Lindblad resonance of a disc galaxy, where the waves become
pressure-driven (Montenegro, Yuan & Elmegreen 1999). As non-
self-gravitating gas falls into the stellar mass-dominated potential
of the CMZ, the geometric convergence compresses the gas to a
higher density, even in the absence of self-gravity. This acoustic
instability drives a spiral wave, in which the turbulent pressure in-
creases (Dobbs, Burkert & Pringle 2011). When the gas density has
built up far enough that the compression increases the gas density
beyond the stellar density and hence leads the gas to become self-
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gravitating, then the rate of energy dissipation increasesand the gas
may eventually collapse and form stars.20

In this picture, the inner gas discs of galaxies are driven toa
spiral catastrophe by acoustic instabilities, which drivethe turbu-
lence and produce irregular gas structures21 during an intermittent
phase in which a minor role is played by the self-gravity of the gas
and star formation. This scenario is consistent with the idea that the
central rings of galaxies are only prone to gravitational instabilities
when a certain density threshold is reached (see§3.1.2). For this
scenario to be viable, the gas inflow rate needs to be small enough
to ensure that the density threshold for gravitational instability is
not always satisfied – otherwise, acoustic instabilities would not be
able to drive the observed turbulence and star formation would no
longer be (periodically) suppressed. In§5.3.4, we discuss a simple
empirical criterion to determine in which systems star formation is
episodic.

5.3 A self-consistent star formation cycle

We have now discussed all the ingredients necessary to construct
a single, self-consistent scenario for star formation in the CMZ. In
this scenario, the local and global explanations for the lowSFR in
the CMZ represent different aspects of the same mechanism. Such a
holistic approach is crucial for explaining the low SFR in the CMZ,
because the different size scales influence each other. For instance,
the overall gas supply is regulated on a global scale (∆R > h), but
local physics must determine the gas consumption rate if turbulence
sets a critical density for star formation.

5.3.1 Schematic representation of the cycle

Based on the discussion in§5.1 and§5.2, we propose a multi-scale
cycle that controls the star formation in the CMZ. It is summarized
in Figure 6, which also illustrates the conversion of physical quanti-
ties to the observables that part of the analysis in this paper is based
on. The different stages of the cycle are as follows.

(i) Gas flows towards the CMZ from larger galactocentric radii,
which can be driven by secular evolution (e.g. dust lane or bar trans-
port) or by external torques (e.g. due to minor mergers or galaxy
interactions). The gas is not self-gravitating and is held together by
the gravitational potential of the stars, of which the volume density
exceeds that of the gas.

(ii) Geometric convergence causes the inflowing gas to be com-
pressed by acoustic instabilities, which drives pressure waves even
when the gas is not gravitationally unstable.

(iii) The combination of the global gas inflow and acoustic insta-
bilities drive the highly-supersonic turbulence in the CMZ, which
cascades down to smaller scales.

(iv) The elevated turbulent pressure increases the local volume
density threshold for star formation asnth ∝ n0M2 to nth

>∼
3× 107 cm−3 (this is a lower limit due to the ill-constrained virial
ratios of the clouds).

20 Note that the regions that reach the threshold density for gravitational
collapse need not be randomly distributed throughout the CMZ, but may be
corresponding to specific locations in the geometry, such aspossibly Sgr B2
(see§3.1.3 and Elmegreen 1994; Böker et al. 2008; Sandstrom et al. 2010).
21 There is observational evidence for the presence of such dust lane struc-
tures in the central region of the Milky Way on larger (∼ kpc) scales (see
e.g. McClure-Griffiths et al. 2012 and references therein).

(v) Due to the high density threshold and the lack of gravita-
tional collapse, the gas is not consumed to form stars and instead
accumulates until the gas density becomes comparable to thestellar
density, when it finally becomes self-gravitating and susceptible to
gravitational instabilities.

(vi) The gravitational instabilities allow the gas densityPDF to
develop a power-law tail, driving the gas to sufficiently high densi-
ties to overcome the local density threshold for star formation.

(vii) At such high densities, the time-scale for turbulent energy
dissipation is short, and the gas is rapidly turned into stars. This
can occur at different times in different parts of the CMZ, asis
exemplified by Sgr B2 undergoing a starburst while the other CMZ
clouds are inactive.

(viii) The cycle repeats itself, starting again from point (i).

Note that in this cycle, the rate-limiting factor is the slowevolu-
tion of the gas towards gravitational collapse. Once star formation
is initiated, it should proceed at the rapid pace appropriate for the
high densities involved (see below). Because the gas needs to reach
high densities before becoming gravitationally unstable and form-
ing stars, it is likely that much of the star formation in the CMZ
occurs in bound stellar clusters (see§3.1.2 and Kruijssen 2012;
Longmore et al. 2014).

5.3.2 Relevant time-scales

Whether or not the system is observed during a starburst or a
star formation minimum depends on the relative time-scalesof the
stages in the above cycle. The inflow and accumulation of gas from
stages (i)–(iv) take place on a dynamical time-scale, whichis 5–
10 Myr on the spatial scale of the 100-pc ring, and∼ 100 Myr
at the outer edge of the bar. These widely different time-scales
are applicable under different circumstances. In the special case
of a CMZ-wide starburst, stages (i)–(iv) would be governed by
global gas dynamics and would last a gas inflow time-scale of
tinfl ∼ 300 Myr (see§5.2.1). However, if the CMZ undergoes mul-
tiple, localized starbursts, then the gas should be resupplied to the
starburst region(s) on the dynamical time-scale of the CMZ and
hence stages (i)–(iv) take place on a∼ 10 Myr time-scale.

As stated in§3.1.1, the time-scale for clouds to become
gravitationally unstable during stage (v) istgrav ∼ Qgas/κ
(e.g. Jogee, Scoville & Kenney 2005), which in the 100-pc ring is
tgrav ∼ 1 Myr, but in the 230 pc-integrated CMZ it istgrav ∼
20 Myr. This comparison shows that the 100-pc ring may be the
unstable phase of the proposed cycle, and that stage (vii) may be
reached at different times throughout the CMZ.

On the scale of individual clouds, the gas consumption time-
scale during stage (vii) should be shorter than the time spanned by
stages (i)–(v), because the free-fall time is only a few105 yr or
less at the high density of the clouds in the CMZ. However, the
integrated starburst duration for the entire CMZ depends onmix-
ing and hence should be comparable to its dynamical time-scale
(i.e. up to 10 Myr). Such relatively brief episodes of nuclear activ-
ity are supported by Hubble Space Telescope (HST) observations
of nearby galaxies (Martini et al. 2003).

We are thus left with a simple picture in which the CMZ un-
derproduces stars for 10 Myr or 100 Myr (depending on whether
the starbursts are localized or CMZ-wide), and then consumes its
gas over a 10-Myr time-scale. In the localized-starburst case, it is
therefore equally likely to observe the CMZ at its current, low SFR
as it is to observe it at a maximum. In the global-starburst case, the
CMZ is most likely to be observed during its inactive phase. This
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Figure 6. Schematic representation of a possible, unified picture of local and global processes that control star formation in theCMZ, as well as the conversion
to observables and galactic star formation relations. The bottom arrow in the theory block is dashed because it only indicates the progression of time – the
starburst and gas consumption do not affect the galactic-scale gas inflow. See§5.3 for a more detailed discussion.

simple picture may be confused by the simultaneous occurrence of
mini-bursts of star formation in different parts of the CMZ,which
could temporarily place the region on or above galactic starforma-
tion relations, even during a global minimum.

5.3.3 Comparison to galactic star formation relations

We now compare the CMZ to galactic star formation relations as a
function of spatial scale to distinguish between the above localized-
starburst and global-starburst scenarios. While it is tempting to go
one step further and modify galactic star formation relations to ac-
commodate our proposed scenario in its entirety, this is notfeasible
because the position in the{Σ,ΣSFR} plane of the CMZ and its
constituent parts strongly evolves with time. Such a modification
would require quantifying the cycle of Figure 6 through space and
time from the single snapshot we can presently observe.

The conversion of the proposed cycle to observables is well
beyond the scope of this paper, but Figure 6 shows a qualitative il-
lustration. The global gas surface density mainly samples stage (v),
whereas the star formation rate surface density traces stage (vii) of
the cycle. During these stages, the CMZ should lie below and above
the galactic star formation relations, respectively, by anamount that
depends on the detailed physics of the system.

As illustrated in Figure 6, observations of the gas and SFR
surface densities very indirectly probe the physics of starformation,
because their relation to the actual volume densities of star-forming
gas and young stars depends on several factors. Observational lim-
itations such as the spatial resolution, the sensitivity, and possible
tracer biases lead to measurement uncertainties in the derivation
of the relevant physical quantities. For instance, unresolved stars
and gas may not be occupying the same volume (e.g. due to differ-
ent filling factors or porosities, Silk 1997), and the sampling of the
gas (PDF) and the star formation may be incomplete (the degree
of which depends on the adopted tracers). Notwithstanding these
complications, we attempt a comparison of the CMZ to galactic star
formation relations to characterise the cyclic processes that govern
the evolution of the CMZ.

One quantitative constraint follows from Figure 2, which
shows that on a certain length scale (∆R = 230 pc) the CMZ fits
the empirical Schmidt-Kennicutt relation of equation (1),although
it does not satisfy the Silk-Elmegreen relation of equation(2).
Krumholz, Dekel & McKee (2012) recently proposed that a uni-
versal star formation relation is obtained by modifying theSilk-
Elmegreen relation. They substituteΩ → 1/tsf in equation (2),
where the star formation time-scaletsf is either set by the local
(GMC) or global (galactic) dynamical time-scale, whichever is the
shortest. If we account for the long condensation time-scale of
GMCs and hence assume thattsf ∼ tgrav ∼ Qgas/κ (as in the

Toomre regime of Krumholz, Dekel & McKee 2012), we see that
the 230 pc-integrated CMZ fits a modified Silk-Elmegreen relation:

ΣSFR = ASEΣ/tgrav ∼ ASEΣΩ/Qgas. (19)

This modification still does not agree with the 1.3◦ complex and
the 100-pc ring onto the relation, because they have lowerQgas

than the 230 pc-integrated CMZ.
It is intruiging that this simple self-gravity argument recon-

ciles the large-scale properties of the CMZ with the Silk-Elmegreen
relation, whereas it still fails on smaller scales. In§3.1.2, we con-
sidered the option that on a 230-pc scale we might sample all of
the evolutionary stages of the cloud-scale star formation process,
causing the integrated CMZ to agree with the Schmidt-Kennicutt
relation. This explanation was discarded, because adequate statis-
tical sampling should already be achieved above 80-pc scales and
hence the 100-pc ring should have been consistent with the same
relation. However, this argument required that the clouds indepen-
dently occupy different evolutionary stages.

The plausible existence of a large-scale episodic cycle now
shows that the star formation activity of clouds in the CMZ likely
is synchronised, i.e. clouds evolve collectively from being quies-
cent to actively forming stars. The key question is on which spatial
scale they are synchronised. If the CMZ undergoes starbursts in its
entirety, the evolutionary stages of the clouds are linked across the
entire region. In the framework of Kruijssen & Longmore (2014),
such an interdependence of cloud evolution is synonymous tostat-
ing that the CMZ represents only a single ‘independent region’,
implying that the CMZ should not obey galactic star formation re-
lations during most of its evolutionary cycle, just like a single cloud
does not fit galactic star formation relations (e.g. Heiderman et al.
2010). If the CMZ experiences smaller-scale, localized starbursts
that cover multiple clouds, it may still consist of several indepen-
dent regions – possibly sufficient to warrant the adequate statistical
sampling of the time sequence of star formation.

The agreement of the 230 pc-integrated CMZ with the
Schmidt-Kennicutt relation and the modified Silk-Elmegreen rela-
tion of Krumholz, Dekel & McKee (2012) suggests that there has
been no recent CMZ-wide starburst. Instead, the CMZ likely un-
dergoes multiple, localized starbursts. This resolves theambigu-
ity we were left with in§5.3.2 and allows us to quantify the time-
scales involved in the proposed cycle. (Parts of) the CMZ underpro-
duce(s) stars for 10 Myr and then consume(s) its gas over a similar
time-scale. We therefore predict that in other galaxies similar to the
Milky Way, the part of the population with enhanced nuclear SFRs
should be comparable to those with suppressed nuclear SFRs.
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5.3.4 Generalisation to large-scale boundary conditions

The cycle of Figure 6 heavily relies on the gradual build-up of gas
up to a certain threshold density above which it collapses. How-
ever, this does not always occur. There exists a global gas conver-
gence rate above which the threshold density criterion for gravita-
tional instability is always satisfied and star formation isno longer
episodic. This may be one of the differences between the CMZ and
the vigorously star-forming galaxies of Daddi et al. (2010b), which
are thought to be mergers undergoing large-scale mass convergence
towards a common point of reference (Genzel et al. 2010).

The precise value of a critical convergence rate above which
gas rapidly becomes gravitationally unstable varies with galaxy
properties, but empirically it is straightforward to distinguish be-
tween three gas convergence regimes.

(i) If a system is in a pre-starburst phase and the gas mass is
building up, then the convergence ratėMin must exceed the sum
of the SFR and the mass outflow rate due to feedback (which can
be non-negligible, see Bolatto et al. 2013), even if the convergence
rate is variable.

(ii) If the convergence rate is so high that the gas mass does
not have to build up before it becomes gravitationally unstable and
forms stars, the SFR is comparable to the convergence rate. This
should also hold instantaneously and would therefore be insensitive
to variations of the convergence rate, as long as the convergence
rate is high enough to persistently drive star formation.

(iii) If a system is undergoing a starburst, the SFR should exceed
the convergence rate by definition, and hence the mass consumption
rate including feedback̇Mout does so too.

Summarising the above three regimes, we predict that a
roughly constant SFR due to persistent, convergence-driven grav-
itational instabilities requires a mass convergence rateṀin ∼
Ṁout, whereas episodic star formation takes place whenever
Ṁin 6= Ṁout. This balance between the inflow and outflow rates
can be evaluated empirically. Because it contains the physics of
star formation and feedback, the distinction between the three
regimes should hold universally. Galaxies (or their centres) with
Ṁin < Ṁout should follow the Daddi et al. (2010b) sequence of
galaxies with enhanced SFRs, whereas systems withṀin > Ṁout

should statistically be found to have lower SFRs (making excur-
sions to elevated SFRs and henceṀin < Ṁout during their peri-
odic bursts of star formation).

5.4 Implications for (extra)galactic nuclei

Given that the CMZ can only be observed in its present state, the
cycle of Figure 6 is sampled better by including other galaxies
where the same process is taking place. The inner regions of spiral
galaxies often host rich dust structures in which the numberof spi-
ral arms increases with radius, with power spectra that are consis-
tent with the presence of acoustic instabilities (e.g. Elmegreen et al.
1998; Martini & Pogge 1999; Elmegreen, Elmegreen & Eberwein
2002). These structures host little to no star formation, which if
present is often arranged in a circumnuclear ring (e.g. Barth et al.
1995; Jogee et al. 2002; Sandstrom et al. 2010; van der Laan etal.
2013), and their gas by itself is often not strongly self-gravitating
(Sani et al. 2012).

The physical conditions in the central regions of these galaxies
are almost indistinguishable from those in the CMZ and hencethe
star formation histories may be similar too. Indeed, there are several
nearby galaxies of which the star formation activity in their cen-

tral regions falls below galactic scaling relations (Hsiehet al. 2011;
Nesvadba et al. 2011; Sani et al. 2012; Saintonge et al. 2012), even
in nuclei that at first sight appear to be undergoing a star-
burst (Kenney, Carlstrom & Young 1993). By contrast, examples
of galaxy centres with a normal or enhanced SFR exist as well,
which may indicate a different stage of the same process (e.g. the
central starbursts in the sample of Jogee, Scoville & Kenney2005,
also see Sakamoto et al. 2007, 2011; Leroy et al. 2013). Finally, it
has been suggested that the SFR in galaxy centres is consistent with
galactic scaling relations (Fisher et al. 2013).

The wide range of different SFRs observed in galactic nuclei
could potentially be consistent with an episodic cycle as proposed
in this paper. However, it is crucial to ensure that any comparison
between the CMZ and other galactic nuclei considers similarsize
scales and spatial resolutions. The extragalactic observations often
evaluate star formation relations by smoothing over scalesof 0.5–
1 kpc, on which the CMZ is actually consistent with the star for-
mation relations of disc galaxies. Only when probing the detailed
surface or volume densities of the gas, deviations begin to emerge.

We suggest that a high-resolution survey of the star forma-
tion activity in galactic nuclei is necessary to quantify the duration
of the different stages in Figure 6 across the galaxy population.
This is a key step, which is yet to be made for a large galaxy sam-
ple. Martini et al. (2003) considered HST/WFPC2 observations of
a sample of 123 nearby, active and passive, barred and unbarred
galaxies. While these authors do note that their sample was not
designed to study star formation in detail, they use dynamical argu-
ments to infer that the nuclear star formation episode may last up
to several Myr, which is consistent with what we propose for the
CMZ in §5.3.

Following a similar argument, Davies et al. (2007) find that
active galactic nuclei (AGN) become active some 50–100 Myr after
the onset of prior (but ceased) starburst activity. If the starburst oc-
curs throughout the galactic nucleus instead of in a localized fash-
ion (see§5.3.2), this can be understood in terms of the scenario of
Figure 6 – a nucleus-wide starburst and its corresponding feedback
may either consume or eject the gas, preventing the black hole from
being fed until supernova feedback has ended (after 40 Myr).After
that time, the gas flow towards the black hole continues. In our sce-
nario, that gas is not (yet) self-gravitating, and hence it can proceed
to the black hole without forming stars. This phase should bechar-
acterized by centrally concentrated stellar surface brightness and
gas mass profiles due to the combination of prior starburst activity
and a restored gas inflow, as has recently been found by Hicks et al.
(2013). Hence, the phase of low star formation activity in the cy-
cle of Figure 6 could provide a window for the efficient growthof
massive black holes.

A key question is how the general the physics are that regulate
star formation in the CMZ and the central regions of nearby galax-
ies. Do they translate easily to other extragalactic environments?
Giant elliptical galaxies provide an interesting target, because in re-
cent years they have been found to contain a sizable, but remarkably
quiescent gas reservoir (e.g. Crocker et al. 2012). Another, less ob-
vious comparison should be made between the CMZ and ULIRGs
and high-redshift, star-forming galaxies, which in terms of their
gas properties are almost indistinguishable (Kruijssen & Longmore
2013). The similarity of their gas properties aside, these galaxies
are undergoing vigorous starbursts, whereas the SFR in the CMZ
is much lower than expected. Some rough arguments for these sim-
ilarities and differences have been made in this paper, but future
work should address the underlying physical reasons in the neces-
sary detail.
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In summary, we find that the lower-than-expected SFR in the
CMZ can be explained by a self-consistent cycle of star formation
activity, which is is presented in§5.3 and Figure 6. It connects the
galaxy-scale gas inflow, acoustic and gravitational instabilities, tur-
bulence, and local star formation thresholds. In this cycle, the SFR
is episodic. During the quiescent phase, the SFR is limited by the
slow evolution of the gas towards collapse – it continually builds
up until a critical density for gravitational instability is reached.
During the subsequent active phase, star formation proceeds at a
normal rate. We conclude that a low SFR may well be a common
property of the centres of Milky Way-like galaxies, although galac-
tic nuclei with elevated SFRs should exist too if our proposed ex-
planation holds. There are tantalising indications that the lessons
learned about star formation in the CMZ are relevant to other(ex-
tra)galactic environments, from galactic nuclei in general to giant
elliptical galaxies and high-redshift starbursts. These are exciting
avenues for future work aiming to characterise galactic-scale star
formation in extreme environments.

ACKNOWLEDGMENTS

We thank the referee, Eric Keto, for helpful suggestions that greatly
improved the presentation of this work. JMDK thanks Eli Bressert,
Andreas Burkert, Cathie Clarke, Richard Davies, Maud Galametz,
Phil Hopkins, Mark Morris, Thorsten Naab, Stefanie Walch, Simon
White, Farhad Yusef-Zadeh, and Tim de Zeeuw for helpful discus-
sions. We are indebted to Timothy Davis and Maud Galametz for
detailed comments on the manuscript. JMDK thanks the Institute
of Astronomy in Cambridge, where a large part of this work took
place, for their kind hospitality and gratefully acknowledges sup-
port in the form of a Visitor Grant. JMDK, SNL, NM and JB ac-
knowledge the hospitality of the Aspen Center for Physics, which
is supported by the National Science Foundation Grant No. PHY-
1066293.

This research made use of data products from the Midcourse
Space Experiment. Processing of the data was funded by the Bal-
listic Missile Defense Organization with additional support from
NASA Office of Space Science. This research has also made use
of the NASA/IPAC Infrared Science Archive, which is operated by
the Jet Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space Adminis-
tration.

REFERENCES

Altenhoff W. J., Downes D., Pauls T., Schraml J., 1979, A&AS,35, 23
Antonini F., 2013,ApJ, 763, 62
Ao Y. et al., 2013,A&A, 550, A135
Athanassoula E., 1992,MNRAS, 259, 328
Baganoff F. K. et al., 2003,ApJ, 591, 891
Balbus S. A., 1988,ApJ, 324, 60
Bally J. et al., 2010,ApJ, 721, 137
Bally J., Stark A. A., Wilson R. W., Henkel C., 1988,ApJ, 324, 223
Barth A. J., Ho L. C., Filippenko A. V., Sargent W. L., 1995,AJ, 110,

1009
Bastian N., Covey K. R., Meyer M. R., 2010,ARA&A, 48, 339
Bertoldi F., McKee C. F., 1992,ApJ, 395, 140
Bigiel F., Leroy A., Walter F., Blitz L., Brinks E., de Blok W.J. G., Madore

B., 2010,AJ, 140, 1194
Bigiel F., Leroy A., Walter F., Brinks E., de Blok W. J. G., Madore B.,

Thornley M. D., 2008,AJ, 136, 2846
Bigiel F. et al., 2011,ApJ, 730, L13

Bland-Hawthorn J., Cohen M., 2003,ApJ, 582, 246
Blitz L., Rosolowsky E., 2004,ApJ, 612, L29
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