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ABSTRACT

The star formation rate (SFR) in the Central Molecular ZdPKIZ, 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 formati@oties. In this paper, we quantify
which physical mechanisms could be responsible. On scaigsrithan the disc scale height,
the low SFR is found to be consistent with episodic star fdimmedue to secular instabili-
ties or possibly variations of the gas inflow along the Gadaloar. The CMZ is marginally
Toomre-stable when including gas and stars, but highly Teestable when only accounting
for the gas, indicating a low condensation rate of self-gagéimg clouds. On small scales, we
find that the SFR in the CMZ may be caused by an elevated driterasity for star forma-
tion due to the high turbulent pressure. The existence of\vaetsal density threshold for star
formation is ruled out. The HH, phase transition of hydrogen, the tidal field, a possible un-
derproduction of massive stars due to a bottom-heavy limitéss function, magnetic fields,
and cosmic ray or radiation pressure feedback also candietdually explain the low SFR.
We propose a self-consistent cycle of star formation in tMZCin which the effects of sev-
eral different processes combine to inhibit star formatitre rate-limiting factor is the slow
evolution of the gas towards collapse — once star formasiomtiated it proceeds at a normal
rate. The ubiquity of star formation inhibitors suggests th lowered central SFR should be
a common phenomenon in other galaxies. We discuss the iatiplis for galactic-scale star
formation and supermassive black hole growth, and relateesults to the star formation
conditions in other extreme environments.

Key words: Galaxy: centre — galaxies: evolution — galaxies: ISM — ga@axstarburst —
galaxies: star formation — stars: formation

1 INTRODUCTION Universe follow a tight, ‘Schmidt-Kennicutt’ relation witAsx =
2.5 x 107" and N = 1.4 & 0.1 (Kennicutt 1998b), withSspr
in units of M yr~! kpc™2 and £ in units of My pc™2. An
exponentN > 1 indicates that the star formation time-scale de-
creases with increasing surface density and could reflece sd-
Ysrr = Ask DY , 1) fect of self-gravity. We refer to these relations as surfdessity-

. . . dependent star formation relations. When using only mdéegas,
as was originally proposed for volume densities by Schrdi@b®). Aol = 8x10~4 andN = 1.0+0.2 (Bigiel et all 2008, 2011), im-

Star formation in galactic discs is often described with avgio
law relation between the star formation rate (SFR) surfasesity
Ysrr and the gas surface densiy(Kennicutt 1998b):

The typical range of power law indices ¥ = 1-2, whether plying that the dependence on surface area cancels andaeqg{@t
= refgrs to dense or ‘?‘"_ gas, and across a range of spatiabscale .3 pe written a8FR = A, Myno1, WhereM,,o; is the molecu-
(Kennicutt 1998a.k; Bigiel et al. 2008; Liu etial. 2011; L adal. lar gas mass. This is a surface density-independent staafimn

2012;|Kennicutt & Evans 2012). Star-forming discs in thealoc relation, with a constant gas depletion time-sdalg; = EZgFlR
(or alternativelytgept = Mmol /SFR).
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Another commonly-used expression is the Silk-EImegreen
(Silk|1997; Elmegreen 19817, 1993, 1997) relation:

Ysrr = AseX, @

with © the angular velocity at the edge of the star-forming disc and
Ask = 0.017 (Kennicutt 1998b) a proportionality constant, adopt-
ing the same units as before and writiign units of Myr—'. As

for the case ofV # 1 in equation[(ll), the dependence on the angu-
lar velocity implies that the gas depletion time-scale isaumstant.

These galactic-scale, global star formation relationehhe
advantage that they are easily evaluated observatiobaliyhe de-
pendence of surface densities on projection suggests tiratfom-
damental physics drive the observed scaling relationseRemal-
yses of star formation in the solar neighbourhood have bsed 10
propose a possibly universal, local surface density tiuledbr star
formationYr.4a = 116 Mg pc? above which moEkgas is con-
verted into stars on & 20 Myr time-scalel(Gao & Soloman 2004;
Heiderman et al. 2010; Lada, Lombardi & Alves 2010, although
see Gutermuth et al. 2011 and Burkert & Hartmiann 2013 for an op
posing conclusion). It has been proposed that this thrdshahs-
lates to a volume density threshold ©f .4, ~ 10* cm ™ and
also holds on galactic scales (Lada el al. iztﬁE)ouId this vol-
ume density threshold reflect the physics of star formatimmoss
all environments, from nearby, low-mass star forming regito
high-redshift starburst galaxies?

It has been shown thasrr drops below the relations of
equations[{{l) and12) beyond a certain galactocentric saiLg.
Martin & Kennicutt 2001} Bigiel et al. 2010) — the straightfaard
detection of these ‘cutoff’ radii is well-suited for verifig the
existence of star formation thresholds. However, theseatme
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 angnis-
cent of the extreme galactic environments found at highhifids
(Kruijssen & Longmorie 2013). The CMZ therefore provides &n e
cellent opportunity to test star formation relations anelotiies 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 x 10" Mg and 0.04-0.1 Mg yr—! (Altenhoff et al.| 1979;
Scoville & Sandefs 1987; Morris & Serabyn 1996; Dahmen et al.
1998; | Ferriere, Gillard & Jean 2007;_Yusef-Zadeh étlal. €200
Molinari et al.| 20111} Immer et al. 2012; Longmore etlal. 2()13a
These numerous, independent studies use different oliseraia
tracers of gas and star formation activity as well as difieemaly-

sis techniques, each with different underlying assumption

for external galaxy centres (Sandstrom et al. 2013). Thisois
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 offatzd
molecular gas in the Galaxy. It follows trivially that thesgeeser-
voirs in the CMZ and that in the disc of the Galaxy have the same
depletion time-scales and are therefore consistent wittstam for-
mation relation in which the SFR (density) is linearly prapamal
to the gas mass (density). However, in all star formatioatiehs
other than the Bigiel et al. (2008) relation, the SFR (dghsstpro-
portional to the gas mass (density) to some power (§.g= 1.4
in equatior[ 1) or depends on a second parameter {eig.equa-
tion[d). As a result, the gas depletion time-scale in thels¢ioas is
not constant but depends on the surface density or angutaitye
Therefore, the only way that the gas in the CMZ and the Galacti
disc could simultaneously satisfy these relations is ijthave the
same gas surface density and angular velocity.

In lLongmore et &l.|(2013a), we have shown that the CMZ
contains~ 80 per cent of the NKI(1,1) integrated intensity in
the Galaxy [(Longmore et gl. 2013a), reflecting an overwhedmi
abundance of dense gas > 102 Mg pc=? andn > afew x
10% 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 -t 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 willnfor
stars more rapidly if the surface or volume density is higteeg.
Kennicutt 1998b; Krumholz & McKee 2005; Padoan & Nordlund
2011;|Krumholz, Dekel & McKee 2012). Indeed, these relation
over-predict the measured star formation rate by factorsOofo
100 (Longmore et al. 2013a). The low SFR in the CMZ is particu-
larly striking because its gas surface density is similathtd ob-
served in high-redshift regular disc and starburst gataxdeme of
which seem to have a factor of thigher SFRs than predicted by
typical star formation relations (Daddi et al. 2010b; Gérteall
2010). If the gas depletion time-scale depends on the gessine-
thing is required to slow the rate of star formation in the Cbtn-
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 C8Z i
residing at surface densities larger than the Lada surfaosity
threshold (the same holds for the implied volume densiteglgas
consumption time-scale of 20 Myr gives a SFRof2 Mg yr—!,
which is 1-2 orders of magnitude higher than the measureddsFR
0.04-0.1 Mg yr—* (Yusef-Zadeh et al. 2009: Immer el al. 2012;

The fact that mass and SFR estimates robustly converge showd-ongmore et al. 2013a).

that unless there is some presently-unknown, systematar er
plaguing all these independent studies in the same way, lihe o
served mass and SFR are incontrovertible to within a fadta o
few. To further illustrate the agreement, we note that gassmeea-
surements using CO emission (e.g. Ferriere, Gillard & B&0Y)
rely on CO-to-H conversion factors consistent with those derived

1 Except for the mass loss due to protostellar outflows (e.g.
Matzner & McKe& 2000: Nakamura &ILi 2007).

2 We emphasise that this volume density threshold is inferbgd
Lada. Lombardi & Alves [(2010) from surface density measwets
Throughout this paper, we often choose to adopt to the voldersity
threshold and refer to it as the ‘Lada threshold’, even thotlng original
threshold refers to a surface density.

In nearby disc galaxies, a simple proportionality of the SFR
to the molecular mass is commonplace (Bigiel et al. 20081201
Despite the similarities between the CMZ and high-redsjafax-
ies [Kruijssen & Longmore 2013), which do form stars at onabo
the rate predicted by surface density-dependent star fmmee-
lations, the CMZ is consistent with an extrapolation of thaleau-
lar star formation relation with a constant ldepletion time-scale
(i.e. N = 1 in equatiorlL, also see below). This is surprising —
self-gravity implies that dynamical evolution proceedstéa when
the surface density is higher (.8 > 1). If gravity is an impor-
tant driver of star formation in the CMZ and galaxy discs ntlae
constant molecular gas depletion time-scale requires sbate re-
sistance to the gravitational collapse towards stars mostdase
to offset the effect of self-gravity as the surface densigsgup
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Figure 1. Three-colour composite of the CMZ, with in red the HOPSJ(H 1) emission|(Walsh et al. 2011; Purcell etlal. 2012) to indithtegas with a
volume density above a few timg®? cm—3, in green the MSX 21,3m image [(Egan et al. 1998: Price eflal. 2001), and in blue the M28:m image.
The MSX data shows PAH emission (mostly tracing cloud edgesing stellar objects, and evolved stars. The labels ateliseveral key objects and regions.

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

In this paper, we take the point of view that the star formmatio
relations of equatiof {1) (with > 1) and equatiori{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 processeafthat
the rate of star formation in the central region of the MilkyW
Thanks to the strongly contrasting environments of galaatres
and galaxy discs, galaxy centres provide a unique and imdieye
way to study the universality of star formation relations ¥ploit
this contrast to discuss the implications of the lack of &iemation
in the CMZ for star formation relations withh > 1. The paper is
concluded by sketching a possible picture of how local aotal
star formation criteria connect, and we propose obsemaliand
numerical tests through which the different componentsisfjtic-
ture can be addressed in more detail.

Throughout the paper, we adopt a mean molecular weight of
p = 2.3, implying a mean particle mass gfng = 3.9 x 10724 g.

2 OBSERVATIONAL CONSTRAINTS FROM THE
CENTRAL MOLECULAR ZONE

Longmore et &l.|(2013a) present the observational conssréor
the suppression of star formation in the CMZ, which are summa
rized here. A division is made betweegfobal andlocal physics,
where ‘global’ refers to spatial scales larger than the disale
height AR > h), on which the ISM properties are set by galactic
structure, and ‘local’ refers to spatial scales smallenttiee disc
scale height AR < h), on which the ISM properties are set by
cloud-scale physics. For instance, the formation of giasiesular
clouds (GMCs) proceeds on global scales, whereas prodesses
nal to the GMCs, such as stellar feedback, the turbulenadasor
magnetic fields constitute local physics, which determheeftac-
tion of the GMC mass that proceeds to star formation. Theescal
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 centtabfathe
Milky Way, corresponding to a spatial scale ©f 600 pc at the
distance of the Galactic centre (we adépi kpc, which is con-

sistent with| Reid et al. 2009). We combine the dense gas emis-

sion (NHs(1, 1), in red) with infrared imaging (green and blue) to
highlight the gas close to (or above) the Lada, Lombardi &eslv
(2010) volume density threshold, young stellar objectd,euolved
stars. The legend indicates the objects in the CMZ that argt mo
relevant to this paper. In particular, the 1.8omplex and the
100-pc, twisted ring of dense gas clouds between Sgr C and
Sgr B2 [Molinari et al. 2011) will be scrutinised in detailh@
G0.253+0.016 cloud (the ‘Brick’) was recently identifiedeagos-
sible progenitor of a young massive cluster (Longmore (&Gl2),

and we will use it as a template for the massive and dense <loud
that populate the CMZ.

In Tabld1, we list the derived properties of the gas in the CMZ
as well as the typical characteristics of galaxies as defayeex-
isting, empirical star formation relations. The columndidate (1)
the object ID, (2) the CO—lconversion factor used to derive the
gas mass (numbers in parentheses indicate that the gassmaesa-i
sured by other means), (3) the gas surface density, (4) thyatip
frequency, (5) the velocity dispersion, (6) the scale hei@f) the
Toomre ((1964)Q stability parameter of the gas disc ($$&&1.1),

(8) the stellar surface density, (9) the Toondpeparameter of the
entire disc, (10) the observed star formation rate surfaesity,

and (11) the gas depletion time-scale. The first three rastsHe
properties of the CMZ, where we distinguish two componethts (
100-pc ring described by Molinari etial. 2011 and tha° com-
plex), as well as its properties smeared out over a radiu8@f2
(corresponding to 1.55 i.e. just beyond the 1°3complex). This
division into sub-regions is made because the 100-pc rinigtize
1.3° complex contain most of the dense (and thereby total) gas
mass withini| < 1.5°.

The gas surface density within 230 pc is calculated by using
the total gas mass from_Ferriere, Gillard & Jean (2007). e
jected, face-on gas surface densities of the 100-pc ringtlaed
1.3° complex are derived by calculating their gas masses from
the HIGAL data |(Molinari et all 2010) following the analysis
Longmore et al. (20138and adopting a certain 3D geometry. For

3 We have used dust emission to estimate these surface denditiis
method is insensitive to the conversion of CO intensity toddrface den-
sity (the ratio of which is represented by the parametgero) and its
associated uncertainty (¢f._Sandstrom et al. 2013, andergfes therein).
However, the derived surface density does depend on thenasisgas-
to-dust ratio, which may be lower in the CMZ than in the Gatadisc
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Table 1.Properties of the considered regions and galaxies.

Object ID Xco,20 X2 K o ha Qgas T2 Qtot 3SFR tdepl
@ @ ©) ) ®) (6) @) ®) ©) (10 ()
CMZ 230 pc-integrated 0.5 1.2 0.75-1.2 10-20 0.5 (3.8-15) 38  (1.0-2.00 020 (0.6
CMZ 1.3° complex (0.5) 2.0 08815 10-15 0.5 (2.7-6.8) 20  (1.5-3.0)  0.13  (L.5)
CMZ 100-pc ring (0.7) 30 1.6-3.3 1020 0.1  (0.40-1.7) 29  (0.37-1.4) 3.0 (1.0)
Kennicutt (1998b) lows disc 2.8 0.05 (0.04) (2.6) (0.5) 1.5 - - 0.0024 (2.1)
Kennicutt (1998b) higlE disc 2.8 0.20 (0.07) (5.9) (0.6) 1.5 - - 0.017 (1.2)
Daddi et al. (2010b) lovE starburst 0.4 3.0 (0.34) (6.1)  (0.05) 1.5 - - 3.9 (0.08)
Daddi et al. (2010b) high starburst 0.4 102 (0.80) (86) (0.3) 1.5 - - 560 (0.02)
Daddi et al. (2010b) lovt: BzK 1.8 2.0  (0.05) (55) (6) 15 - - 028 (0.7
Daddi et al. (2010b) hight BzK 1.8 10 (0.07)  (200)  (10) 15 - - 2.7 (0.4)
Xc0o,20 = Xc0/102° (K km s™! em?) ™! &~ 0.47aco /Mo (K km s™! pc?)~! is the CO-to-H conversion factorgs = /102 Mg pc~2 is the

gas surface density, is the epicyclic frequency in units d&ffyr—!, o is the ve
Qgas is the_ Toomrel (1964) disc stability parameter when onlyudrig the self-
Q+ot includes the self-gravity of gaandstars,Xspr is the star formation rate
the gas depletion time. Values in parentheses are impligdebgther numbers

the 100-pc ring 4 ~ 107 Mg), the face-on surface density is
obtained by using the 3D geometry from Molinari et al. (2044,
suming a ring thickness of 10 pc). Similarly, the face-onigeted
surface density of the.3° complex (4 ~ 3 x 10° Mg) is ob-
tained by assuming that in the Galactic plane it traces apsell
with semi-major and minor axes of 85 pc and 50 pc, respegtivel
(Sawada et al. 2004).

The epicyclic frequency is calculated from the rotation
curve of| Launhardt, Zylka & Mezger (2002, Figure @l)?o de-
termine the scale height of the dense gas in both the 100-pc
ring and thel.3° complex, as well as its linewidth (i.e. the full
width at half-maximum)AV and hence the velocity dispersion
o = 2v/2In2AV, we have used the HOPS NH,1) emission
(Walsh et al! 2011; Purcell etlal. 2012). The value rangesoln ¢
umn 5 of Tablé1L represent the maximum and minimum measured
velocity dispersions across each region. We calcuatg from the
preceding columns as in equatiéh (6§B1L.1 below.

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

due to the higher metallicity (s€e Longmore €t al. 2013a fdisaussion).
We compare our gas mass measurements using dust emissibost® t
from|Eerriére, Gillard & Jeah 2007 using CO emission antdthie result-
ing values ofXco in Table[1. We note that our derived values coincide
with those derived by Sandstrom etlal. 2013 for externalxyatzentres,
i.e. Xco = 0.7157 x 1020 (K kms~! em?)~ 1.

4 Note that this gives circular velocities ©£0-200 km s~ for the three
regions listed in Tablel1, whereas the peak line-of-sightoity of the 100-
pc ring as measured from the HOPS INH,1) emission (Walsh et al. 2011;
Purcell et all 2012) i80 km s~! at the location of Sgr B2. Such a low
line-of-sight velocity may be caused by the possible ecienthit of the
ring (Molinari et all 201/1), which is thought to lie under Buen angle that
the edge of the ring lies close to apocentre as seen from.Harthis sce-
nario, the measured line-of-sight velocity should be lothem the local
circular velocity at the position of Sgr B2, a differencettvauld be ampli-
fied further by possible projection effects. An alternatxglanation is that
the 100-pc ring extends to higher longitudes than stated ofindri et al.
(2011), in which case the circular velocity would exceeddhserved line-
of-sight velocities at the presumed tangent points due ageption alone
(Bally et al. in prep.). This picture is consistent with th@ger motion of
Sgr B2, which is~ 90 km s~! (Reid et al! 2009). Using the measured
velocities instead of the Launhardt. Zylka & Mezger (200&ption curve
gives a factor ofv 1.6 lower epicyclic frequencies. Both extremes are used
to calculate the possible range sflisted in Tabld 1, and hence also con-
tribute to the range afgas andQ+tot .

locity dispersion in units &fm s—*, ho = h/102 pc is the scale height,
gravity of the ga&l, o = ¥, /102 Mg pc~2 is the stellar surface density,
surface density in units of Mr—! kpc~2, andtgepr = EZgFlR/Gyr is
(see text).

ble[d, the stellar component dominates the gravitationtdrgil
in the 230 pc-integrated CMZ and the 1.8omplex. The stel-
lar surface density is obtained from the adopted rotatiowvecu
(Launhardt, Zylka & Mezger 2002) as follows. We first derive a
spherically symmetric volume density profile from the eseld
mass profile. The stellar surface density is then calculayeohly
including the stellar mass in a slab of thicknes&bf This ensures
that the stellar surface density is obtained for the sameaspal-
ume as for the gas, and implies that the total stellar sudaosity
of the bulge at the same galactocentric radii is higher thsied in
Table1.

Column 9 gives Toomré):.t, which is corrected for the pres-
ence of stars as in equatigd (8)#B.1.3 below, using a stellar veloc-
ity dispersion ofs, ~ 100 km s™* (de Zeeuw 1993). Note that if
we assume that the £.8omplex is approximately spherically sym-
metric, its virial parametet_(Bertoldi & McKge 1992) ~ 2 indi-
cates it is roughly in equilibrium, but only when includiretstel-
lar gravity. If the stars would be absent, the cloud would igélly
unbound and hence stable against gravitational collapsemiar
effect of the stellar potential is seen when comparing Tefhof
columns 7 and 9 for the 230 pc-integrated CMZ. By contrast, th
Q parameter of the 100-pc ring is hardly affected by the prasen
of stars.

The SFR densitieEsrr in column 10 are derived using Ta-
ble 2 oflLongmore et al! (2013a), which lists the SFR for darta
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 congisten
with those measured by other methods, such as young steHar o
ject (YSO) counts|(Yusef-Zadeh et al. 2009; Immer etal. 3012
For details on the derivation, we refer to the discussiog5rof
Murray & Rahman|(2010) and Longmore et al. (2013a).

The gas depletion time in column 11 follows frok and
YsFR @Stdepl = 22§F1R. While the listed values reflect the deple-
tion times of all gas, i.e. including bothitnd H;, it is important
to note that at the high surface densities of the CMZ, moshef t
gas is in molecular form. Only for the disc sample from Kentiic
(1998b, see below) this does not hold, in which case the mlzec
depletion times are shorter than those for all gas listechinle[].
Also note that while recent observations are beginning amtity
galactic (molecular) mass outflow rates in detail (Cracket 22
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Figure 2. Observed star formation rate surface density as a function o
the global star formation relations from_Kennicutt (1998bgft using
the Schmidt-Kennicutt relation from equatidd (Bight using the Silk-
Elmegreen relation from equatidnl (2). The blue symbols spersequence
of nearby disc galaxies from _Kennicutt (1998b), the red syisispan the
star-forming galaxies from Daddi etlel. (2010b), the opeth @osed, black
symbols indicate the 1°3complex and the 100-pc ring, respectively (see
Table[1), and the grey symbol denotes the spatially integr@MZ. The
solid lines indicate the 1:1 agreement. The dotted linehaléft panel
are included for reference and represErfrg = A2 (bottom, using
Aol = 8 x 104 as in Bigiel et al. 2008) anBlspr = Ask 22 (top).

Bolatto et al! 2013), this definition of the depletion timdyoim-
cludes star formation and does not account for the removghef
mass by galactic winds.

The fourth and fifth rows of Tablg] 1 span the star forma-
tion relation of equationd{[3-2) for the disc galaxy sampecu
in [Kennicutt (1998b). The bottom rows span the high-BFERd

than~ 500 pc (e.gl Bigiel et al. 2008; Leroy etlal. 2013). We have
recently shown that this breakdown arises from the incotapta-
tistical sampling of the evolutionary time-sequence of &ama-
tion on small spatial scales (Kruijssen & Longmore 2014 pthmer
words, a sufficiently large number of independent star-fogme-
gions is required to retrieve the global star formationtiefa How-
ever, the critical size-scale for this breakdown is not ersal and
depends on the characteristic size and time-scales irvatvehe
physics of cloud-scale star formation. [In_Kruijssen & Loraren
(2014), we find that for the conditions of the CMZ, global dtar
mation relations are expected to break down below 80 pc.mssu
ing that there is no additional physical process that syorikes the
evolutionary stages of the star-forming regions in the Cige(for
instancey3.1.2), this implies that both the 100-pc ring and the 230-
pc averaged CMZ should be consistent with global star faonat
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 d
sities is justified in galaxy discs, because the lifetime ob-s
structure is typically of the order of (or shorter than) an or
bital timescale|(Dobbs etl. 2014), and accounting for tsubs
ture would therefore only introduce spurious stochasti¢é.g.
Schruba et al. 2010). However, the nuclear rings that agpear-
merical simulations of barred galaxies are persistent maty dy-
namical times (e.g. Piner, Stone & Teuben 1995; Kim, Seo & Kim
2012), and hence it seems physically incorrect to smeahetit@0-
pc ring and any other, possibly persistent structure in thNZ @

a much larger scale when comparing to global star formattas r
tions. These structures can be present over sufficiently tione-

low-SFR sequences of Daddi et al. (2010b, alsol see Genzeél et a scales to consistently affect the star formation procesishamce

2010). At a given surface density, the typical epicycligfrencies
of thelKennicuit/(1998b) galaxies are obtained by combieiqga-
tions [1) and[{R), whereas for Daddi et al. (2010b) they folmm
their equations (2) and (3). The extragalactic velocityéisions
are obtained by assumin@ = 1.5 and using the definition of)
(seeq3.1.3). The characteristic disc scale heights are addei$to d
tinguish between the aforementioned ‘global’ and ‘localjimes,
and are calculated by assuming an equilibrium disc inclydin
factor-of-two increase of the disc self-gravity due to tiesence
of stars (cf__Elmegre&n 1989; Martin & Kennicutt 2001).

should be accounted for when describing the star formatiola¢k
thereof) in the CMZ. Therefore, the physically appropriegpre-
sentation of the CMZ in Figuilé 2 is given by the open and clpsed
black symbols.

Also visible in the left-hand panel of Figufd 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 betwethe
SFR and the molecular gas mass (shown as the lower dottgd line
which was derived for nearby disc galaxies with surface dens
ties3 < Xmo/Mg pc~2 < 50. The CMZ extends this range

We compare the data from Table 1 to the global star formation Py roughly two orders of magnitude. Bigiel et al. (2008, 2p11

relations of equation§}1) ar[d (2) in Figlte 2. The spati@bolved
elements of the CMZ (open and closed, black symbols) areifigrm
stars at a rate that is a factor of 3—-20 (i.e. typically an oodenag-
nitude) below either relation. By contrast, the Schmidtiieutt
relation does describe the CMZ well when spatially smodattitn
over a 230 pc radius (the closed, grey symbol), whereas $rimgot
hardly affects the agreement with the Silk-Elmegreen i@iat

show that the gas depletion time of the galaxies in their $amp
iS taept = 1-2 Gyr, which is indeed similar to the time-scales
listed for the CMZ in Tabl€]l. In the framework of this relatjo
the CMZ is somehow the norm while both the Daddi etlal. (2010b)
samples of BzK|(Tacconi et/al. 2010; Daddi et al. 2010a) aad st
burst/submillimeter galaxies (Kennicltt 1998b; Bouchal22007;
Bothwell et al! 2010) are the exception. The Bigiel relatisithe

The contrasting agreement of the spatially averaged and re-only global star formation relation that fits the CMZ — theiceg

solved SFRs with the Schmidt-Kennicutt relation may simihls-
trate that global star formation relations fail at spatéles smaller

5 This extra sequence of star-forming galaxies contains smtaies from
the nearby starburst samplel of Kennicltt (1998b), but hademated SFR
with respect to that paper because a different valu&ef, is assumed
(Daddi et al| 2010b). We emphasise that inferring theddrface density
using CO emission is an indirect method and hence may intedub-
stantial uncertainty. However, recent results from the ®MSH survey of
nearby galaxies suggest th&i-o weakly decreases with star formation
rate surface density (e.g. Sandstrom et al. 2013), which lsaat qualita-
tively consistent with Daddi et al. (2010b).

remains anomalous in the context of equatidds (1) Bhd (Zheor
Lada et al.|(2012) relation (s€8.2). As will be shown irff3, there
are several possible reasons why the CMZ is peculiar.

2.2 Local constraints

Turning to local physics, in Longmore et al. (2013a, Figurevé
have shown that 70-90 per cent of the gas in the CMZ resides-at s
face densities above the Lada surface density threshalchemce
should be vigorously forming stars if the threshold is ursa
Throughout this paper, we use the corresponding volumeitgtens
threshold ofnpaaa ~ 10* cm ™3 (Lada, Lombardi & Alves 2010).
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by integration of the density probability distribution fttion (PDF)

10'0¢ dp/dn by writing
= < n(dp/dn)dn
10} fo = Lo G/ @
& . fo n(dp/dn)dn
= 107 The volume density PDF of a turbulent interstellar mediu8i)
2 ” is often represented by a log-normal function, of which thdthv
@f 107¢ and dispersion are set by the Mach number (e.g. Vazquez¢tsina
5 1994; | Padoan, Nordlund & Jones 19§7)However, the high-
10 density, self-gravitating tail can also (at least localyg approx-
105? imated by a power law, i.edlp/dn « n~? (e.g. Klessem 2000;
Kritsuk, Norman & Wagner| 2011| Elmegreen 2011; Hill et al.
2.0 25 3.0 3.5 4.0 2012). This can be used to estimate the required value,pin
B the CMZ. As mentioned above, the fraction of gas that is used t
form stars isfin, ~ 0.001. For a power law density PDF in the
Figure 3. Volume density threshold for star formation implied by theK range[nmin, 00}, the lower limit is defined by the mean density as

of star formation in the Central Molecular Zone of the Milkyawas a Nmin = 10 (B — 2)/(8 — 1) and equatior({4) yields
function of the assumed power law slope of the volume derRi¥ at

densitiesn > ny.q4. (solid line). The dashed line indicates the required ny, = tlh/(%ﬁ)no (B-2)/(8—-1). 5)
threshold density for a log-normal PDF_(Padoan. Nordlund&ek 1997) . . . . . . . s
with Mach numberM = 30 and mean densityp = 2 x 10% cm—3 This relation is shown in FigurEl 3, which gives x 10° >

' -3 5 ;
appropriate for the CMZ (see text). The dotted line indisdte same, but ~ 7tn/cm™> > 10° for exponents2.5 < B < 4. The c.jensny
accounts for the effect on the density PDF of a magnetic fiétl sirength PDF of the gas in the CMZ is unknown, but the typical high-
B ~ 100pG at a temperature &f = 65 K. density slope due to self-gravity in the numerical simolasi of

Kritsuk, Norman & Wagner (2011) i8 = 2.5-2.75, which sug-

Hile this threshold v for the | > e densi gestsng, = 10°-3 x 10% ecm™3. Note that because a power-law
While this threshold may apply for the low-(10° cm ™) densi- tail implies some effect of self-gravity, this functionairi should

ties of GMCs in the solar neighbourhood, the mean volumeitiens  ¢5j| 1o describe the detailed shape of the PDF in the low dgnsi

; ; 4 -3
of the gas in the CMZ isip ~ 2 x 107 cm™ (Longmore et&l.  regime where self-gravity is not important. This needs tédget in
2013a), i.e. more than two orders of magnitudes higher, tdrabts mind when choosing a roughly representative valug.of

GMCs with typical densities up te- 10° cm 2. As mentioned in For a log-normal PDF with a Mach number 8 ~ 30
q1l, the threshold for star formation and depletion time-edam (cf. Table[1, with a temperature Gf = 65 K as inAo et all 2013
Lada et al.[(2012) would imply a SFR that is 1-2 orders of magni  _ 5150 sei Morris et Al. 1983 and Mills & Mottis 2013) and a mean
tude higher than the measured value (Longmore|et al. 2013a). density ofng = 2 x 10% cm 2, the required threshold density is
If we assume that the SFR is driven by self-gravity, we can at the high end of the above range, with, ~ 10° em—2 [ How-
use the observed SFR to derive the fraction of the gas mass res  g\gr this does not account for the influence of the strongetig
ing above some volume density threshold for star formatigs:. field (B ~ 100uG, [Crocker et dl. 2010) near the Galactic Centre.
ing Egs. (19)~(21) of Krumholz & McKee (2005), we find that the  thermal-to-magnetic pressure ratios2ef /v% < 1 (wherec, is
mass fraction of gas above the threshold density is the sound speed and is the Alfvén velocity) decrease the disper-
Pite sion of the log-normal density PDF. Again assuniing= 65 K, we
fn = €corotdept | ®) find2c2 /v% = 0.31 for the CMZ. If we modify the density PDF ac-
cordingly (cf.Padoan & Nordlund 2011; Molina etlal. 20120pt
ing B  n'/? as i Padoan & Nordlufid 1999), the threshold den-
sity required by the observed SFR becomgs~ 3 x 108 cm 3.
We conclude that the CMZ firmly rules out a density threshald a
n = 10" em ™3, and adopt a lower limit ofi, = 107 cm 3.
This is still exceptionally high in comparison to the threlshden-
sities of nearby disc galaxies, and is only known to be redetie
any given time by a substantial fraction of the gas mass is@en
rapidly star-forming galaxies at high redshift (e.g. Sveink et al.
2011).

where¢, = 1.91 is a constant that indicates the ratio between the

star formation time-scale and the free-fall time, apde = 0.5 is

the maximum star formation efficiency in protostellar coegua-

tion (3) assumes that the replenishment of gravitationatigta-

ble gas from the cloud scale occurs on the mean free-fall time

of the ga@ (Krumholz & McKee| 2005), i.etg ~ 0.25 Myr for

no ~ 2 x 10* cm~3. In combination with the observed depletion

time-scale of molecular hydrogen in the CMZi{,1 ~ 1 Gyr,

see the last column of Tab[é 1), this implies that only a foact

ftn ~ 0.001 of the gas mass in the CM&houldbe above some

volume density threshold.

The above mass fraction can be related to a density threshold” Note that the exact dependence of the width on the Mach nuder

pends on whether the turbulence forcing is compressive Ensimlal
(Federrath et al. 2010). In this paper, we assume the conyruseld com-

6 This assumption is consistent with the observational difimiof a bination of both|(Padoan. Nordlund & Jones 1997).

threshold density, as can be illustrated using the Ladaltiotd in the so- 8 If we assume that the gas is replenished on the local frée-fal
lar neighbourhood. Lada. Lombardi & Alves (2010) find a dépfetime- time instead of that on the cloud-scale (Hennebelle & Cleah®011;
scale for the dense gas tf.,1 = 20 Myr, with f;, = 1 by definition Federrath & Klessen 2012), then the free-fall time from ¢igua{3) must
because only gas above the threshold is considered. Stibstiinto equa- be included in the integral over the PDF (as a fadtftg in the numer-
tion (3) then givestg ~ 5 Myr, which is indeed the free-fall time on ator of equatiori}4) to reflect the high-density, collapsi@g.grhis yields
the cloud scale at the densities characteristic of solghfbeiurhood clouds shorter free-fall times and hence the low SFR then requikegteer density

(n ~ 50 cm~3). threshold ofny, ~ 101 cm—3.
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3 POSSIBLE MECHANISMS FOR INHIBITING STAR
FORMATION

In this section, we summarize and quantify which physicatime
anisms may limit the SFR in the central regions of galaxieth wi
respect to the SFRs predicted by density-dependent staafimn
relations. In§4l, we propose ways of distinguishing their relative
importance observationally and numerically. This sect®ogsepa-
rated into global and local star formation inhibitors. Wediiss in
g5 how these can be connected.

3.1 Globally inhibited star formation

We first discuss the possible mechanisms that may limit stard-

tion in the CMZ on spatial scales larger than the disc scaiighhe
(AR > h). An apparent lack of star formation may be caused by a
stability of the gas disc against gravitational collapsehyoglobal
dynamical processes that may synchronise the evoluticsiages

of CMZ clouds or limit the cloud-scale duration of star fotina.

3.1.1 Disc stability

A recurring question regarding galactic-scale star foromatela-
tions has been in which part of the parameter space they apply
is there a threshold (surface) density below which the SRids
ligible? And if so, by which factor is the SFR reduced? Thesexi
tence of a threshold is suggested by the sharply truncatedi$ts
in galaxies, which indicate that beyond a certain galactoiera-
dius Ysrr falls off more rapidly than suggested by equatidds (1)
and [2) (Kennicutt_1989; Martin & Kennicutt 2001; Bigiel di a
2010). Note that a radial truncation is absent for the mdéecu
(VN = 1) star formation relation (Schruba etlal. 2011). The possibl
physics behind surface density thresholds are extensistyssed
bylLeroy 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-formindiscs —
if the kinematics of a gas disc are such that it can withstand
global collapse, star formation is suppressed (Toomre!; 1064k
1972] Fall & Efstathiou 1980; Kennicltt 1989; Martin & Kenit
2001). There are indications that the surface density llotds
for gravitational instability not only applies globally,ub also
locally for the spiral arms and the inter-arm regions of M51
(Kennicutt et all 2007). The surface density threshold fawvija-
tional instability in galaxy discs is based on the Toomre6é)3)

parameter:
OR
Qeas = To5s ©)

with o the one-dimensional gas velocity dispersion andhe
epicyclic frequency, which is a measure for the Corioliscéoin
a condensing gas cloud:

1% din vV \'/2
n=Veis (14 5s) @)
with V' the circular velocity, R the galactocentric radius, and
Q = V/R the angular velocity. Note that for a flat rotation
curve (as appropriate for the CMZ on the scales under conside
ation here, see Launhardt, Zylka & Mezger 2002) we have-
V29, whereas for solid-body rotatior = 2. In gas discs
with Q < 1, the self-gravity of contracting clouds is sufficient
to overcome the Coriolis force and undergo gravitationdhpse,
whereas@ > 1 indicates stability by kinetic support. Galaxy
discs typically self-regulate t6) ~ 1 (e.g.[Martin & Kennicuit

2001; Hopkins, Quataert & Murray 2012), with an observedyean
of 0.5 to 6 for galaxies as a whole (e.g. Kennicutt 1989;
Martin & Kennicutt|2001), and an even larger variation withi
galaxies (see below and Martin & Kennicutt 2001). If a substa
tial mass fraction of the disc is constituted by stars, thee dian
be unstable even thougR..s > 1. In that case we write (cf.
Wang & Silki1994| Martin & Kennicutt 2001):

Qui=Q 1+ %5)71 =Qu,

*

®)

with o, 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 longras, > 0.1
(Romeo & Wiegert 2011), which holds in the CMZ (SE3.

If star formation is driven by global disc instability, théme
inversion of equation$16) and](8) leads to a critical siefdensity
for star formation, modulo a proportionality constar:

OR OR
Y Toomre = aAQ — =

TG TGQerity)’
where 1 if the contribution of stars to the grav-
itational potential is neglected (in the solar neighboardo
1 ~ 1.4, see Martin & Kennicuti 2001). Kennicutt (1989) and
Martin & Kennicutt (2001) empirically determined for negrtbisc
galaxies thatvg = 0.5-0.85 with a best value ofvg ~ 0.7, in-
dicating that the critical Toomr€ parameter for star formation is
Qarit = 1.2-2 0or Qerit ~ 1.4. The threshold density depends on
o andx, both of which increase towards the Galactic centre (e.g.
Morris & Serabyn 1996; Oka etlal. 2001; Longmore et al. 2013a;
Shetty et al. 2012), and hence itis possible that gravitatistabil-
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 eom
pete with self-gravity and prevent the collapse of the disc t
form stars|(Goldreich & Lynden-Bell 1965; EImegreen 19801
Hunter, EImegreen & Baker 1998). Rather than the epicycée f
guency of equatior{{9), this threshold depends on the shear t
i.e. the time available for gas instabilities to arise dgrihe shear-
driven density growth of spirals (EImegreen 1987, 1993,7199
This shear condition may be more relevant than the Toomre con
dition if the angular momentum of a growing gas perturbaisn
not conserved, as might be the case in the presence of magneti
fields or viscosity. The shear time-scale is the inverse efQort
(1927) constant:

do
dR’
which for a flat rotation curve becomesoor: = 2/2 = n/\/i
and for solid-body rotation givedoors = 0.

The critical surface density for self-gravity to overconhear
is then

9)

Aoort = —0.5R (20)

g Aoort
mGy '

with asa =~ 2.5 (Hunter, EImegreen & Baker 1998). For any ro-
tation curve flatter than solid-body rotation (iB. o« R“ with
a < 1), we see thaRRdQ2/dR (and hencedoort) decreases with
increasing galactocentric radius, and hence shear motantra
responsible for the suppression of star formation in the CMZ
Before continuing, we should caution that the Toomre orishea
stability of a gas disc can only act as a ‘soft’ threshold. réhere
several ways in which such a threshold may be violated. For in
stance, small-scale structure (e.g. spirals or bars)kembdissipa-

Yoort = @A (11)
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2/2 [Toomre,Oort]

130

Suppressed SF
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R [kpc]
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Figure 4. Ratio of the gas surface density in the Milky Wayto the critical

surface density for star formatiotoomre,00rt} @S @ function of galac-
tocentric radius. The solid and dashed lines refer to thiearidensities of
equations[(P) and{11), respectively. The red lines incthdestellar gravita-
tional potential, whereas the blue lines exclude the doution from stars.
The range of Toomr€&) implied by the ratioX /X roomre iS indicated on
the right-hand side, and the error bars indicate the rangac#rtainty from
Tabld1. Star formation in the Galactic disc is supprességigrey-shaded
area, i.e. fon.1 < R/kpc < 4andR/kpc 2 17.

tion, magnetic stripping of angular momentum, or a soft équaf
state could all lead to local star formation in a disc thatiidbglly
stable to star formation. The discussed thresholds thusgept a
soft separation between star-forming and quiescent discs.

The overdensitie& /> roomre,00rt} With respect to the sur-
face density thresholds for gravitational instability avercoming
rotational shear are shown in Figlide 4 as a function of gatact-
tric radius for a simple model of the Milky Way. Fét < 0.3 kpc,
we only include the three data points from Table 1, at galacto
centric radii of R = {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 thdestebn-
tribution to the total gravitational potential. F@&® > 3 kpc,
we use the Wolfire et all (2003) model for the ISM surface den-
sity profile, including a factor of 1.4 to account for the pres
ence of helium, and adopt = 7 km s~ ' (Heiles & Troland
2003). At these galactocentric radii, the epicyclic fraymex
and the Oort constantl are calculated using the rotation curve
from [Johnston, Spergel & Hernquist (1995). Our conclusiare
unaffected when using other physically appropriate MilkayV
models. Finally, we correct for the presence of spiral arms b
dividing X;moomre.00rty DY @ 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 covering < R/kpc < 17. Especially the outer
edge of the star-forming disc catches the eye. The differdrc
tween the Toomre and Oort thresholds across the disc isagner
too small to indicate with certainty which mechanism dortésa
Only in the 100-pc ring we tentatively finEroomre > Xoort,
which indicates a decreasing importance of shear as thelairc
velocity decreases fokR < 0.1 kpc, but the difference is less
than 1o. A more substantial change is brought about by includ-
ing the presence of stars in the calculation @f(red lines in
Figure[4). When the stellar gravity is ignored, the CMZ cdesi
of the 100-pc ring is highly stable to gravitational collapsith
/3 {Toomre,00rt} ~ 0.1, SUggesting that star formation could po-

tentially be suppressed. However, when the stars are ied|utie
CMZ appears marginally stable — the rang&l§; measured in the
CMZ is in fact very similar to that observed in normal discayal
ies (compare Tabld 1 to Martin & Kennicutt 2001), which susige

a similar degree of self-regulation. The paucity of stanfation

in the CMZ is therefore not due to the ‘morphological quench-
ing’ (Martig et al. 2009) of star formation that is considéte en-
able the long-term presence of quiescent gas reservoidactic
spheroids ifQtor > 1.

The high value ofQ..s may slow down the condensation of
self-gravitating gas clouds and their decoupling from thadlar
background potential. The time-scale for clouds to becoraeitg-
tionally unstable i$grav ~ Qgas/k (€.9/Jogee, Scoville & Kenney
2005). If the SFR is limited by the slow condensation of ciud
this therefore implies a decrease of the SFR)§)..s. This sim-
ple modification of the Silk-Elmegreen relation is congisteith
the observed SFR for the 230 pc-integrated CMZ, but it doés no
explain the other components of the CMZ. Note in particutet t
the 100-pc ring is always marginally Toomre-stable, bottenms
of Qgas @andQ+ot, Which is also consistent with its clumpy, beads-
on-a-string morphology (Longmore etlal. 2013b). This isliibe-
cause the ring represents a different evolutionary statfeegjas in
the CMZ (e.gl_Moalinari et al. 2011), which is a point we rettion

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 swe
short (i.e. a few Myr) that the current reservoir of dense gas
may not be related to the observed star formation tracershwh
originate from gas that was present at least one dynamiva- ti
scale ago. If the star formation in the CMZ is episodic (e.g.
Loose, Kruegel & Tutukav 1982), it needs to be establisheithvh
physics could be driving the variability. There is a wide garof
physical processes that could lead to some degree of egityott

this section, we discuss an extensive (but not exhaustlegtson.

3.1.2.1 Stochasticity Could the low SFR simply arise from
a stochastic fluctuation? A®.015 Mg yr—* (Longmore et gl.
2013a), the 100-pc ring produces abdGf Mg per dynamical
time tayn = 27/ ~ 4 Myr. Assuming that 50 per cent of the
star formation occurs in bound clusters (as is appropriatehie
CMZ, cf. Kruijssen 2012) with a power law mass function with
index —2 between10? Mg and 10° Mg, this corresponds to the
production of 1-2 young massive clusters (YM@%;> 10" M)
and is thus consistent with the presence of the Arches anat@ui
plet cluster§ If the SFR were consistently an order of magnitude
higher (as predicted by density-dependent star formagiations),
then~ 25 such YMCs would be expected. This would imply that
the present cluster population in the CMZ isza4.50 deviation.

It is thus highly unlikely that the observed SFR is due to demp
Poisson noise.

3.1.2.2 Statistical sampling The CMZ agrees with the Schmidt-
Kennicutt relation when averaged over a size scaleRof~

9 We exclude the nuclear cluster of the Milky Way, of which the
young stellar component is thought to have a very differaigim (see
e.gl Genzel. Eisenhauer & Gillessen 2010land Antoninil26d8stent dis-
cussions).
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230 pc, which corresponds to an orbital period of 14 Myr (see Ta- As will be discussed i§3.1.3, the majority of the current star for-

ble[). It may be possible that above these size and timesscal
the time sequence of star formation becomes sufficiently- wel
sampled to correlate the present dense gas and star fomtrat
ers (Kruijssen & Longmaore 201@ We have tested this idea in
Kruijssen & Longmore|(2014), finding that for the conditiook
the CMZ, global star formation relations are expected takre
down below 80 pc. Because this is smaller than the regionerund
consideration (such as the 100-pc ring), the inadequatiststal
sampling of star-forming regions on small spatial scalessduot
explain the low SFR in the CMZjnlessthere exists some phys-
ical process that synchronises the evolutionary stagelseo$tar-
forming regions in the CMZ. Possible synchronisation meg@ras
could be a nuclear starburst or black hole feedback. In teisario,
the star-forming regions in the CMZ would not be independerat
the CMZ could represent a single independent star-formegn,
inevitably leading to phases during which its SFR exceedaltsr
short of the SFR expected from global star formation refetio

3.1.2.3 Gravitational instability and spiral waves Episodic
star formation due to the global structural evolution ofegglcen-
tres should be a common process if a bar is present — in the aing
the inner Lindblad resonance, gravitational instab#itean drive
fragmentation and eventually induce a starburst, but thiig takes
place above a certain volume density threshold (EImegrééd)1
If the system is steady-state on a global scale, this thtesten-
sity is given bynpurst = O.6H2/G,u,mH and hencenpust =
{0.3,0.5,2.6} x 10* cm™® for the three regions of the CMZ
listed in TablédL. This is comparable to the current meanitieok
no = 2 x 10* em ™3, which may indicate that (part of) the CMZ is
currently evolving towards a starburst (alsolsee Okalet04dll
Additionally, orbital curvature causes the density wavethe
central regions of galaxies to grow at an increasing ratetds/
smaller galactocentric radii | (Montenegro, Yuan & Elmegree

mation in the 100-pc ring takes place in the Sgr B2 complex. In
the past, the birth environment of tBé,m sources (possibly also
near the present location of Sgr B2) may have been the dominan
site of star formation. Such an asymmetry implies that tedliack
from star formation originates from discrete locations.aA®sult,

the feedback energy will escape through the path of leastaese

and hence star-forming regions on one side of the ring casuyst
port gas on the far side (also $§&2.8). This makes feedback from
star formation an unlikely star formation suppressor onsibetial
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 &tur
is ~ 10 Myr old, its Hil regions will have faded and much of the
gas could be in atomic form, being dispersed to higher dislby
the combined acceleration ofiHregions, winds, and supernovae
(cf. the giant bubbles observed in radio apdays Sofue & Handa
1984,/ Su, Slatyer & Finkbeiner 2010; Carretti et al. 2013nkk,
the gas would be unavailable for star formafidnThe timescale
for the SFR fluctuations would then be set by the half-timehef t
star formation feedback. Their bolometric luminosity dges by
a factor of two in roughly 8 Myr, implying that feedback could
contribute to the low-SFR ‘wake’ after a CMZ-wide starbuvsith
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 largeagtd-
centric radii onto the CMZ. Episodes of little gas inflow abtthen
lead to depressions in the SFR relative to the available mgras,
vided that there is a time-delay between the presence otthamd
the onset of star formation.
Kim, Seo & Kim (2012) present numerical simulations of the

gas flow in the central regions of barred galaxies, and meaker
gas flux through a sphere with radilis= 40 pc, i.e. within their

1999). This does not require the gas to be Toomre-unstable orsimulated equivalents of the 100-pc ring. They find that teav

even self-gravitating, and thereby strongly contrastsh vilte
spiral density waves in galaxy discs, which grow by graiotsl
instability. It is therefore easy to picture a system in whfgesh
gas is transported along the bar into the CMZ, where it forpirals
waves and rings, gradually building up until the criticatfage
density for gravitational instability and fragmentatiareached —
possibly at different times throughout the ring. There isotahle
population of 24m sources at < 359.5°, i.e. beyond the position

tion of the gas flux is typically less than an order of magretim
models with pronounced rings, because the inflowing gaajpad
in the nuclear ring before gradually falling to the centrer 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. dride
taken as a rough indication of the possible variation of teftpw
onto the 100-pc ring of the Milky Way, and is similar in magrie

of Sgr C (see FigurEl1l and Yusef-Zadeh et al. 2009), which may to the present underproduction of stars in the CMZ.

be the remnant of a recent, localized starburst. Variatiwosld
typically occur on the dynamical timescale of the systemictvh

is ~ 5 Myr for the 100-pc ring. The runaway generation of spiral
waves and the subsequent evolution towards self-gravity an
instability is a promising scenario, which we will returnitogs.3.

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

10 In this context, it is interesting to note that the time-gra of the cur-
rent SFRs in the 100-pc ring and the 230-pc integrated CMZ av¢ubble
time does give a total stellar mass that is roughly condistéth the total
stellar mass enclosed at these radiil(cf. Launhardt, ZylkhdeZger 2002).
Obviously, the bulge has not been in place for a Hubble timethis com-
parison does put the present SFR in an appropriate penspecti

11 We note that this critical density increases if the gas dicereate along
the bar is substantial.

The time-scale for variations of the gas flow corresponds to
the dynamical timescale at the end of the bartig, ~ 100 Myr,
implying a relatively wide window during which the systemnca
be observed at a low SFR. This seems at odds with current-obser
vations of the CMZ. The presence of two YMCs and the.24
sources suggests substantial recent star formationtgictivid con-
sidering the high densities of the several Brick-like cleud the
CMZ the current dearth of star formation is unlikely to coni.

We add one final consideration. The gas inflow along the
Galactic bar may contribute to the driving of substantiabtllent
motion in the CMZ (seg5.2.1), which in turn may play an impor-
tant role in setting a critical volume density threshold $tar for-

12 The gas could affect the SFR by falling back on to the CMZ, ihgs
supplying turbulent energy or triggering collapse. The am@nce of this
mechanism depends on the energy injected originally byebdifack itself
and is discussed i§5.2.3.
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mation, and hence the SFR ($882.2). Variations of the bar inflow
rate may therefore indirectly affect the SFR by inducingations
in the kinetic energy budget of the gas in the CMZ.

3.1.2.6 Implication: alimiton YMC lifetimes If star formation
in the CMZ is episodic, the low present SFR necessarily sses
a near-minimum. The marginal Toomre stability of the ringgest
that it should collapse to form stars over the next few fraktimes

4 Myr, the ages of the Arches and Quintuplet clusters areistams
with this disruption process. Therefore, it remains pdssifat star
formation in the CMZ is episodic due to (1) the gradual buifs-
of dense gas by spiral instabilities, (2) its rapid consuamponce
the instability threshold is reached, and (3) a possibléritmrion
from feedback during the post-starburst phase.

and the two observed YMCs cannot provide the pressure sUppor 3 1.3 The geometry of the CMZ and tidal shocks

necessary to consistently counteract collapse throughel®MZ.
During such a burst of star formation, the present gas reserv
could produce~ 20 YMCs (which is the number of dense clumps
observed by Malinari et al. 2011) of Arches-like massesjiatiisg
that the progenitor clumps are similar to the cloud G0.25316
(also known as ‘The Brick’, see Longmore etlal. 2012, with~
10° Mo, R ~ 3 pc) and form stars in gravitationally boUficlus-
ters at a 10-30 per cent efficiency.

In highly dynamical environments like the CMZ or barred géa,

it is conceivable that GMCs are disrupted by transient tdatur-

bations (‘tidal shocks’, see e.g. Spitzer 1958; Kundic &riBet

1995) before having been able to form stars. This idea wasrfirs

troduced by Tubbs (1982), who suggested that perturbatvonsd

limit the duration of star formation and hence decrease BR(S
The vast majority of the star formation in the 100-pc ring

Thus far, we have discussed two main physical mechanisms of the CMZ takes place in the complex Sgr B2 (Longmore 2t al.

for episodic star formation that can act globally and lgcalé. the
build-up of gas to a threshold for star formation and the quici
ejection of gas by feedback, respectively. Both mechanismsd
act on time-scales of 5-10 Myr. This places a strong limithom t
observability of any produced YMCs — if their apparent presiay
absence is not caused by their possible fading below thetimie
limit, their disruption timescale would have to be at mosiMy.
The disruption of 40* M, cluster in a gas-rich, high-density

2013a). It has been proposed by Molinari etlal. (2011) trexl®0-

pc ring coincides with ther» orbit — a family of elliptical orbits
with semi-major axis perpendicular to the Galactic bar,clitpre-
cesses at the same rate as the pattern speed of the baingesult
in stable, non-intersecting trajectories. Thg orbits are situated
within the z; orbits, which are elongated along the major axis of
the bar (see e.@. Athanassoula 1992). In this scenario, SgnB
Sgr C lie at the points where the andz» orbits touch. The su-

environment is dominated by tidal shocks due to GMC passages Perposition of both orbital families then leads to the acolation

(Elmegreen & Huntéer 2010; Kruijssen efial. 2011, 2012). The d
namical friction timescale of 0! M, cluster orbiting in the 100-
pc ring istas ~ 3 Gyr implying that (on the time-scale under
consideration) the YMC orbits are unaffected by dynamiciat f
tion. The YMCs will therefore keep interacting with the riregu-
larly after their formation.

The time-scale for disruption due to tidal shocking by GMCs
st o Samcermaprymc (Gieles etall 2006), witcue the
GMC surface densitypmo the spatially averaged molecular gas
volume density, angpynmc the YMC volume density. Taking the
Brick as a template GMC, we ha¥gyc ~ 5 x 10° Mg pe2,
whereaspmol = Zmol/2h = 150 M pc~ for the 100-pc ring
(cf. Table[1). Substituting these numbers givgs = 5.7 Myr
for a 10* My cluster with a half-mass radius @.5 pc (cf.
Portegies Zwart, McMillan & Gielés 2010).

The above disruption time-scale of’. = 5.7 Myr is
much shorter than that found by Portegies Zwart el al. (266x1)
YMC disruption due to the smooth component of the Galac-
tic tidal field t5¢* ~ 80 Myr. Based on an 80-Myr lifetime,
Portegies Zwart et al. (2001) predict the presence of 50 dgdike
clusters in the CMZ. When including tidal shocking by the sken
gas, only three or four Arches-like clusters are expectezkist in
the CMZ at a given time. Within the low-number Poisson stiats
this is consistent with the presence of the Arches and Qpiiettu
clusters. The disruption of YMCs by tidal shocks is thus té@af
‘hiding’ some of the evidence left by previous starbursts2Aand

13 Using the cluster formation model bf Kruijssen (2012) we fihdt at
the high gas surface density of the 100-pc ring akoli0 per cent of the
stars are expected to form in bound stellar clusters. Thisislsupported by
the existence of the dispersed populatior2¢fim sources (see Figulé 1),
and the roughly equal numbers of Wolf-Rayet stars and OBrgiges
observed in clusters and in the field of the CMZ (Mauerhan&Gi0).

14 Using equation (30) af Antonin| (2013), with = 1.8, 79 = ri, =
80 pc, po = 145 Mg pc~3, andmg = 10* Mg.

of gas, generating two standing density waves at the |latstd
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 configara
has been observed in other galaxies (e.g. Panlet al. 2013).

The ring upstream of Sgr B2 is fragmented into clouds that
have properties suggesting that they could be massive ghusto
ters (Longmore et al. 2013b). A schematic representatiothisf
configuration is shown in Figuilg 5. If Sgr B2 is indeed a stand-
ing density wave and the impending encounter of these claittls
Sgr B2 is sufficiently energetic (¢f. Sato etlal. 2000), it ésgible
that star formation is briefly induced due to the tidal corspien
when they enter Sgr B2, but is subsequently halted when thelsl
exit the Sgr B2 region and rapidly expand due to having belzdlyi
heated. We reiterate that the scenario of Fifilire 5 is nospatid
(see footnotEl4). However, it does lead to the most extremedel
cloud encounters that could take place in the CMZ, and thezef
we consider it as an upper limit to their disruptive potdntia

It is straightforward to quantify the disruptive effect ofidal
perturbation as the ratio of the energy gadv¥ to the total en-
ergy of the cloudF, under the condition that the duration of the
perturbation is shorter than the dynamical time of the pbed
cloud (the ‘impulse approximation’, see Spiizer 1987) -eotlise
the injected energy is simply dissipated. In order to comphe
relative energy gain, we consider a head-on collision anuicgp
imate the cloud and the perturber with Plummer (1911) poten-
tials. If we include the correction factors for the extencdedure
of the perturber| (Gieles etlal. 2006) and the second-orderggn
gain (Kruijssen et al. 2011), the total relative energy dmnomes:

15 Note that despite the similarity in nomenclature, a tidadckhbears
no physical resemblance to a hydrodynamical shock. Closttutgion by
tidal shocking also differs from cloud disruption by a steédal field (see
e.g..[Kenney et al. 1992 for extragalactic examples), to whie turn in

§821.
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Figure 5. Schematic representation of the picture discusseéfih.3 (also
see Bally et &l. 2010: Molinari et/al. 2011: Longmore et alL2), as seen
from Earth (top) and from above (bottom). Note that the paisialong the
line of sight of the Arches and Quintuplet clusters is unknpand therefore
they are not included in the top-down view. As discussegidl and foot-
note[4, it is possible that the ring extends further, in witiake ther; orbits
may connect to the ring under a different angle, and at ardiftegalacto-
centric radius. The discussion §8.1.3 assumes the geometry depicted here
to put upper limits on cloud disruption (see text).

%’ = LIMZ Ry Ams vl o Vs 2, (12)
whereM; = M/107 Mg is the perturber mas®y;, 1 = R /10 pc
is its half-mass radiusys = m/l()5 Mg is the cloud mass,
rno = /1 pc is its half-mass radius, arld, = V/100 km s™*
is the relative velocity between both objects. The cloudhisaund
if AE/E| > 1.

To describe Sgr B2 we adopt/; = 0.6 (Bally et al.| 1988;
Goldsmith et al. 1990) an®;, 1 = 1.5, for the clouds approach-
ing Sgr B2 we use the properties of the Brick, witly = 1.3 and
rh,0 = 2.8, and the relative velocity is taken to bg ~ 1 (slightly
higher than the line-of-sight streaming velocity in the 4@0ring).
For these numbers, equatidn’(12) giyés~/F| = 1.3, suggest-
ing that a Brick-like cloud could in principlgust be unbound
when passing through the gravitational potential choserpoe-
sent Sgr B2. To verify the validity of the impulse approxiioat we
note that the duration of the perturbatiorg = 2R),/V = 0.1-
0.2 Myr, whereas the dynamical time ig,, = (Gpn)~ />
0.4 Myr, and henceAt < tgyn.

The above approach does not account for the detailed steuctu
of Sgr B2 and the passing clouds, nor does it cover the cmiégi
hydrodynamics of the clouds (elg. Habe & Ohta 1992), thaisidi
pative nature, or any possible, substantial deviations fspheri-
cal symmetry. Most of these effects would weaken the digreipt
effect of the tidal perturbation. The collisional hydrodynics of
the system imply that, depending on the ram pressure batance
the interaction, a substantial fraction of the Brick wilglaehind
its ballistic orbit and may never emerge from the possible-de

~

sity wave at Sgr B2. Upon entering the density wave, the cloud
will be compressed and the turbulent energy dissipatianisagn-
hanced accordingly — dissipating the tidally injected ggexlong

the way. Finally, any deviation from spherical symmetry liep
that the cloud collapses more rapidly than its sphericalipraet-

ric idealisation|(Pon et &l. 2012), and hence the compressgien
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 thawiould
inhibit star formation. The hydrodynamic perturbationtuf tlouds
passing through a density wave likely accelerates thelagse, in
which case Sgr B2 and Sgr C represent the instigation poiistsio
formation rather than the loci where it is terminated. Fenthore,
this model may apply to star formation in the 100-pc ring, ibut
remains to be seen to what extent similar effects could affiec
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 heighf( < k) that may
limit star formation in the CMZ. Volumetric star formatioalations
generally rely on the free-fall timg: o n~'/? to predictSsrr,
because afew per cent of the gas mass is converted into statg-p
namical time or free-fall time_(Elmegreen 2002; Krumholz &nr
2007 Evans et al. 2009). While this number and its timetiah
inindividual clouds is still debated (Padoan €t al. 20149 relative
universality of its mean value suggests that a similar foactf the

gas mass in molecular clouds ends up participating in stande
tion, irrespective of the environmental conditions. Irr tamation
theories, this is explained by the idea that the dispersidheovol-

ume density PDF depends on the Mach number in a similar way
to the critical volume density for star formation — the PDBdu-

ens as the density threshold increases (e.q. Krumholz & llcKe
2005%;| Padoan & Nordlund 2011). Considering the broad rarige o
gas densities observed in disc and starburst galaxiessthisru-

cial ingredient to allow the SFE per free-fall time to be rblyg
constant.

The above picture has been challenged by the recent obser-
vation by Lada, Lombardi & Alves (2010); Lada et al. (2012)tth
there is a possibly universal, critical volume density.q. ~
10* cm ™3 for converting gas into stars. A threshold density for
star formation should be expected, as there obviouslyesmne
density above which all gas ends up in stars (modulo the noass |
by protostellar outflows), but it is not clear why such a tiaos
density would be universal. As discussedfffy the SFR currently
observed in the CMZ implies that the gas mass fraction thaesl
to form stars isfy, < 0.001. We showed irff2 that if a volume
density threshold for star formation exists, its value m@MZ has
to beny, > 107 em ™2 for various parametrizations of the density
PDF, i.en = 107=3 x 10® cm 3 for a power-law approximation
andng, ~ {0.3,1} x 10° em™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 subén-
sities. Because the turbulent pressure in the CMZ is rerbrka
high (e.g.. Bally et all 1988), wittP,.1,/k = pmuno®/k ~
10° K ecm™2, an important constraint is that potential star for-
mation inhibitors should be able to compete with the turbode
Therefore, we often use the turbulent pressure as a refepmiot
to calculate the gas volume densities below which the SFR may
be suppressed by each mechanism. The mechanism respdosible
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the low observed SFR needs to be effective up to a criticaditen

of nen > 107 cm 3.

3.2.1 Galactic tides

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

3A,0102

A pmuG’ (13)

Ntidal =
which only depends on the angular velocity This expression
assumes that the cloud orbit is circular. The constaps, de-
pends on the shape of the galactic gravitational poterdiad, is
Apot = {0,2,3} for solid-body rotation, a flat rotation curve,
and a point source (i.e. Keplerian) potential, respegtivatiopt-

ing the Launhardt, Zylka & Mezder (2002) potential for the ZM
we find Apoe = {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 whereda > n¢n, With ng,
some unknown threshold for star formation. For the threéregy

of the CMZ that are listed in Tablé 1, equatifnl(13) yieldsi., =
{1.3,1.8,2.1} x 10® em™3. This is several orders of magnitude
lower than thew, > 107 cm ™2 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 affde t
accretion of gas onto molecular clouds, but not the star dtion
within them.

Adopting a virial parameter of ayir 1.5 (cf.
Krumholz & McKeé| 2005, Padoan & Nordlund 201T),a Mach
number of M 30 as in g2, and a mean density ofy
2 x 10* cm 2, we see that the critical density for star formation is
Nturb = TewrbNo ~ 3 X 107 ecm ™3, This approaches the low end
of the required threshold densities, ~ {1,4} 2 10" cm* (see
Figure[3). If we apply equatiof (14) to the Brick (Longmoreakt
2012), with ayiy ~ 1, M ~ 20 (Rathborne et al. 2013), and
no = 7.3 x 10* cm™3, we obtainniun ~ 4 x 107 em™>.

By contrast, the typical properties of GMCs in the solar heig
bourhood areniy ~ 1.5, M ~ 10, andno 10% cm™3,
which givesn,n ~ 1.5 x 10* cm~2. Interestingly, this equals
thelLada, Lombardi & Alves (2010) threshold for star forroatto
within the uncertainties of this calculation.

The above numbers are very suggestive, in that these
physically-motivated overdensity thresholds for stanfation cor-
rectly predict the Lada threshold for star formation in the s
lar neighbourhood, as well as a density threshold in the CKZ o
nearb 2 3 % 107 em ™2, which gives the best agreement with the
observed SFR so far. This threshold is a lower limit, becabse
CMZ clouds outside the 100-pc ring are supervirial when thé s
lar gravitational potential is omitted and hence have. > 1.5
(cf. equatiorIH). This is easily offset by uncertaintieshia den-
sity PDF, in the above numbers, and/or in the observed SFR.

While turbulence is capable of increasing the density tires
old to the required, extreme densities, we should note tistir-
gument is incomplete, as we have not established what ifngriv
the turbulence. We return to this point 8], and will now briefly
discuss a particularly interesting uncertainty.

3.2.3 A bottom-heavy initial mass function

We have not accounted for eccentric orbits, because even if Observational measures of the SFR are strongly biased &t

tides only affected the cloud structure (it8iga1 > ncioua) rather
than the star formation process itself (i®qa1 > n4n), this would
require such a high angular velocif{;; 2 10 Myr~!) that even

at fixed circular velocity an eccentricity ef> 0.9 would be neces-
sary for tides to be the limiting factor. Such extreme eadeities
are ruled out by recent dynamical models of the orbital stmecof
the gas in the CMZ (Kruijssen, Dale & Longmore, in prep.). We
conclude that star formation in the CMZ is not inhibited lges.

3.2.2 Turbulence

Turbulence plays a key role in the recent star formation mod-
els of Krumholz & McKeke|(2005) and Padoan & Nordlund (2011).
While the former proposes that turbulent pressure supgtstthe
critical volume density for star formation on the sonic s¢cahe
latter work takes the point that turbulence is only respaesior
driving local gravitational instabilities, and that thétical volume
density for star formation is set by the thickness of the ysbsick
layers in the supersonic ISM. These differences aside, hotfels

do predict a critical overdensity = n/n, for star formatioRd that
scales with the GMC virial parametat;, and Mach number as

Loy = Agoryir M. (14)

Both models also have remarkably similar proportionalign-c
stantsA, ~ 1 to within a factor of 1.5.

16 For the Krumholz & McKele| (2005) model this assumes a typitzad-s
linewidth relation for GMCs ofr o< R%-3.

sion from massive starsi{ & 8 Mg). The low observed SFR
in the CMZ may therefore be spurious if there is an overpreduc
tion of low-mass stars with respect to the observed massirs.s
This would affect all methods of measuring the SFR, whether
it is determined using massive YSQs (Yusef-Zadehlet al. [P009
or the ionising flux from massive stars (Murray & Rahman 2010;
Lee, Murray & Rahmah 2012). Neither technique is capableof r
liably detecting stars belo® M. Recent observational studies of
giant elliptical galaxies have found evidence for a bottoaavy
IMF dn/dm o m~? with a power-law slope o8 = 3 at the
low-mass endre < 1 Mg, see e.g. van Dokkum & Coniioy 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
my o« T3?n~'/? (EImegreen, Klessen & Wilsbh 2008) or the
SONiC Massnsonic (Hopking 2012). The Jeans mass is insensitive to
the volume density and the radiation field if the Schmidt-heuntt
relation is satisfied (EImegreen, Klessen & Wilson 2008)wHo
ever, the SFR density in the CMZ falls below the Schmidt-
Kennicutt relation — the corresponding lack of heating sthéead
to a lower thermal-to-total energy density ratio than in@adactic
disc (in other words, the Mach number is higher than in the)dis
and consequently the thermal Jeans mass is low too. Thissmake
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 hayg >
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 11996). We therefore rule out the atomic-to-molecular titéors at

of reasoning would imply that the characteristic turnoversmof
the IMF is environmentally dependent. In the solar neigihboad
it is observed to ben ~ 0.5 Mg (Kroupal 2001; Chabrier 2003).
Becausen; andmsonic decrease with the pressure, this would re-
sultin an enhanced population of low-mass stats< 0.5 M) in
the vigorously star-forming galaxies observed at highhgtée.g.
van Dokkum et all 2004; Daddi etlal. 2007), which reach Mach
numbers ofM ~ 100 (e.g..Swinbank et al. 2011) and may be the
progenitors of current giant elliptical galaxies. Such klaambers
strongly contrast with théf ~ 10 in the Milky Way disc.

For core masses/ < 1 Mg (i.e. stellar massed/ <
0.5 M) and a Mach number afM ~ 100, [Hopkins (2012) pre-
dicts a mass spectrum with a slopedof- 3, which is much steeper
than observed in the solar neighbourhood for the same mags ra

(B ~ 1.5, e.g/.Chabrier 2003). Using parameters that are appropri-

ate for the Brick in the CMZ (Longmore etlal. 2012) and adaptin
a SFE in protostellar cores ef= 0.5 (Matzner & McKe€& 2000),
we find emgonic ~ 0.01 Mg, whereas in the solar neighbourhood
€msonic ~ 0.5 M. Similarly, at the approximate density threshold
for star formation due to turbuleneg;, ~ 10° cm™3, the ther-
mal Jeans mass in the CMZ' (= 65 K) is aboutemy ~ 0.1 Mg,
whereas in the solar neighbourhood itia; ~ 0.5 Mg. These
low characteristic masses suggest that the CMZ might beothe |
redshift equivalent to the progenitor environment of giatiptical
galaxies|(Kruijssen & Longmdre 2013), and it is thereforgpdm
tant to verify to what extent any unseen stellar mass at 0.5 M,
may increase the SFR inferred for a ‘normal’ IME _(Kroupa 2001
Chabrielr 2003).

We integrate the mass of [a_Kroupa (2001) IMF between
Mmin = 0.08 Mg andmmax = 100 Mg and compare it to the
mass integral of a similar IMF, but with a power-law slopgof 3
for massesn < 0.5 Mg. This increases the total mass by a fac-
tor of two, at the same number of massive stars. We conclwate th
while this is a non-negligible factor, it is (1) comparabbette un-
certainty on the SFR in the CMZ and (2) in itself insufficieat t
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 (elg. Gao & Solomon 2004
Wu et al.| 2005). If this relation is causal in nature, molecul

gas may be required to form stars (e.g. Schrubaléet al.l 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

¥ < 10 Mg pe™? 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 magrfietid
strength in the CMZ B 2 100uG, |Crocker et al. 2010) inhibits
star formation (e.g. Moriis 1989). Using the condition et mag-
netic and turbulent pressure are balanced, this implieiieadvol-
ume density of

o ()
2uopmu \o /)

wherepo = 47 is the vacuum permeability constant. Using the
values for each of the three CMZ regions from TdBle 1, thiggiv
a critical density Ofnmag ~ 50 cm ™ above which the magnetic
pressure becomes less than the turbulent pressure. Tiegrtife
magnetic field cannot provide support against the turbaém¢he
CMZ. This result is unchanged when adopting the internalcig}
dispersions of the clouds in the CMZ rather than the largdesc
velocity dispersion (in which casgy.; ~ 100 cm™*). A magnetic
field strength ofB 2 2 mG would be necessary for the magnetic
pressure to compete with the global turbulent pressureyig, ~

ng =2 X 10* cm 3.

It is important to note that the measured magnetic field
strength of B 2 100uG applies to the low-density intercloud
medium, and may be an order of magnitude higher in dense €loud
(Morris, Uchida & D0 2006). This could increase the critideh-
Sity t0 nimag ~ 10" em ™2, which is comparable to the mean gas
density, but is still much lower than the density threshelguired
by density-dependent star formation relations. While iesimot
inhibit star formation directly, the presence ol@uG magnetic
field is likely important in shaping the properties of the |9klthe
cloud scale. On the one hand, it is capable of narrowing time de
sity PDF of the ISM in the CMZ somewhat, and slows down star
formation accordingly (se§2.2 and§3.2.2). On the other hand,
magnetic breaking leads to angular momentum loss duringdhe
densation and contraction of cores, and hence acceletate®is
mation (Elmegreen 1987).

(15)

Nmag =

3.2.6 Radiation pressure

Considering the high angular velocity of the gas in the CMig& t
100-pc ring needs to enclose son® M of mass. If we make
the reasonable assumption that most of this mass is cdestitu
by stars, this implies a high stellar surface density of tiMZC
of ¥, ~ 3 x 10> Mg pc~2 within the gas disc scale height

be caused by the existence of a star formation threshold due(See Tabldl1). It is therefore worth investigating whethtetlar

to the phase transition of IHo H. (Blitz & Rosolowsky|2004;

Krumholz, McKee & Tumlinsdn 2009b). At solar metallicityis

transition occurs aE ~ 10 Mg pc2.

The idea that the presence of molecular gas determines the

SFR is a corollary of the Bigiel et al. (2008) relation, iSER. o
M1, Where M, is the molecular hydrogen mass. This is the
only relation that predicts a constant SFR per unit moleaulass
and thereby fits the SFR in the CMZ (s&d). However, the
surface density scale for the phase transition decreadésinwi
creasing metallicityl (Krumholz, McKee & Tumlinson 2009ajd
hence should be even lower thdd Mg pc~2 in the central
bulge region (e.d. Brown et al. 2010). A quick look at TdHleel r
veals that gas in the CMZ resides at much higher surface tiEnsi
and indeed it is observed to be molecular (e.g. Morris & Sarab

feedback is capable of inhibiting star formation in the CMd-
ter the birth of a stellar population, feedback is first dosbéal
by protostellar outflows, followed by radiative feedbackper-
novae, and stellar winds. The relative importance of thesehar
nisms depends on the spatial scale and the environmens Iitefemn
shown by Murray, Quataert & Thompsan (2010) that in all bet th
lowest-density environments (e.g. GMCs in the Galactic)diadi-
ation pressure is the dominant feedback mechanism forpliagu
GMcs[[ whereas on scales 100 pc the energy deposition by su-
pernovae becomes important. Crucially though, these nmésrina
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 inhiktiés s
formation in the CMZ. As discussed #B.1.2, this scenario has
the problem that the CMZ hosts discrete star formation eyémk
plying that the feedback on one side of the CMZ may not be able
to affect gas on the opposite side. To test whether feedisaakir
able explanation from an energy perspective, we againmeques-
sure equilibrium between radiation pressure and turbplergsure,
which yields a critical stellar surface density of youngst, ;aq
above which radiation pressure is important:

4c,umHm72
Yirad = —————————v> 16
4T Y1+ paroT2Y) (16)
where c is the speed of lighty ~ 3 x 10% erg s7! g7 ~

1.5 x 10* Ly Mg~' the light-to-mass ratio of a young,
well-sampled stellar population (Thompson, Quataert & tdvr

_ nsnEsnl'snTer

= 17
pmuVo? (17)

In this expressionpsy ~ 0.3 is the fraction of the SN energy
that is converted to cosmic rayBsx ~ 10°! erg is the energy
of a single SN,V is the volume, and'sx is the SN rate, which
for alKroupa|(2001) ar Chabrier (2003) initial mass functitvF)

is given byI'sy = 0.01 yr~' (SFR/Mg yr~'), where the SFR
is expressed in M yr~—!. The variabler., « n~! indicates the
lifetime of cosmic rays to energy loss via collisions witlofams in
the gas, which is., ~ 10%/ng yr ~ 5 x 10% yr.

Based on Tablé]l, we have SFRs {8.3,0.17,1.5} x
1072 Mg yr~' and volumes/ ~ {17,0.89,0.050} x 10° pc?
for the 230 pc-integrated CMZ, the 2.2omplex, and the 100-
pc ring, respectively. We adopt a single velocity dispersad
o ~ 15 km s~! and substitute these numbers into equation (17).

2005), and the term in parentheses indicates the optical |, the three environments under consideration, this giessities

~ ~

depth 1 + ¢ with 7 KR koT?Y, in which

Dir fer /T 0.2 (Krumholz & Thompson| 2012) is

a constant that indicates the fraction of infrared radratio
that is trapped at an optical depth 1, xr is the
Rosseland mean dust opacity (cf. Thompson, Quataert & Murra
2005%; | Murray, Quataert & Thompsan 2010), ard ~ 2.4 x
10~* em? g~! K% is a proportionality constant.

We consider two cases for calculating the critical stellar s
face density above which radiation pressure can compelethst
turbulent pressure. In both cases, we assiime 65 K as in{Z,
which yields an infrared optical depth of~ xoT?% ~ 1.

Firstly, in the 100-pc ring we haveg ~ 2 x 10* cm™3,
o~ 15kms~ ! and® = 3.0 x 10®> Mg, pc™2. Substituting these
numbers into equatiol_(L6) gives, raa ~ 2.9 x 10* Mg pc™2.
Combining this with the surface area taken up by the gas iniige
(5 x 103 pc?) and the lifetime of strongly radiating stars @ Myr,
Murray, Quataert & Thompson 2010), we see that the 100-gr rin
requires a SFR of 40 M yr~! for radiation pressure to over-
come the turbulence. This is over three orders of magnitigleeh
than the measures 0.015 Mg, yr—.

The second case we consider is the GMC ‘the Brick’
(Longmore et &l. 2012), for which we adapt~ 7.3 x 10* ecm ™3,
o~ 10kms~!andY = 5.3x10% Mg pc2. The Brick requires a
similar surface density &, ;.q ~ 4.3x10* Mg pc~2. Other than
implying a critical SFR 0D.25 M yr—!, 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 tiimess
smaller radius than its parent cloud, in which case a SFE it§ un
would imply similar turbulent and radiative pressures. Hbeve
numbers change by a relatively small amount when also ingjud
the combined flux of the more numerous, old stars of the Galact
bulge. Because radiative feedback is only capable of figthe
gas in the direct vicinity of highly concentrated clustefs/oung
stars, it is unable to stop the entire CMZ from forming stalsq
sed 3.1D).

= ~

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 instantis, pos-
sible that star formation in the CMZ is inhibited by the cosmay

ner = {0.1,0.1,17} em™3 above which turbulent pressure out-
weighs the cosmic ray pressure. Each of these densities ¢h mu
lower than the mean volume density of the molecular gas in the
CMZ.

Given these numbers, it is very unlikely that cosmic raysifro
SNe affect the gas dynamics in the CMZ. For the cosmic raypres
sure to compete with turbulence dynamically, the SFR woelebh
to be at least three orders of magnitude higher than is bding o
served. Even if all SN energy would be converted to cosmis,ray
and their lifetime would be a hundred times longer, cosmic ra
would still imply a critical volume density:., smaller than the
mean densityio. 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). Oulaen
sion is supported by observational constraints on the asayi
pressure in the CMZ, which is around, ~ 107'° erg cm ™3
(Crocker et al. 2011a) and hence impligs ~ 10 cm ™2, which is
within a factor of a few of our theoretical derivation.

Alternatively, cosmic rays could originate from the adivof
the central black hole of the Milky Way, which accretes atte of
M <1078 Mg yr* (Quataert & Gruzind 2000; Baganoff ef al.
2003). We assume that 0.5 per cent of the accreted rest maggyen
is available to heat the gas (el.g. Di Matteo, Springel & Haisig
2005%), and follow a similar argument as for the case of SNgred
cosmic rays above. This yields a critical volume density.efi ~
3 x 1072 em ™2 above which turbulent pressure outweighs the
accretion-generated cosmic ray pressure in the volumesaf@b-
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 thenéher
and cosmic ray pressures are comparable to within a factofeut.
Hence, they may not be important kinematically, but theyl@ou
be relevant for setting the temperature of the gas (Aolettdl32
Yusef-Zadeh et al. 2013). We conclude that feedback presdss
general, and radiative, supernova, and black-hole fe&dbguar-
ticular, are not consistently inhibiting star formatiortfie cmz™
Of course, whether or not this also holds in other, extragiala

flux from supernovae (SNe). We equate the cosmic ray pressuresq Although locally they may drive arches and bubbles — thetkeaways

due to SNe to the turbulent pressure and assume the extreme ca
in which the cosmic ray energy remains trapped in the CMZsThi
yields the critical volume density above which turbulenaere
comes the cosmic ray pressure:

be some (small) volum& such that the feedback pressure from the en-
closed stars competes with (or outweighs) the turbuleréspre. For the
100-pc ring (and hence Sgr B2 where most of the star format&as
place), cosmic rays overcome the turbulenceé/fofs 50 pc3 or R < 2 pe.
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cases depends on their recent star formation history airdhihek
hole activity.

4 IMPLICATIONS AND PREDICTIONS FOR FUTURE

OBSERVATIONS OF THE CMZ

We now turn to the implications and possible tests of the nema
ing plausible star formation inhibitors g8, which are summarized
as follows. On global scales, star formation could be ejpisdde
to the gradual build-up of dense gas by spiral instabilitied its
rapid consumption once the density threshold for grawiteti in-
stability is reached. On local scales, the reduced SFR isist@mt
with an elevated volume density threshold for star formmatioe
to the high turbulent pressure in the CMZ. This solution ddog
aided by most of the other potential star formation inhitsitthat
each individually were shown to be insufficient to cause tve |
SFR.

4.1 Testing episodic star formation

Evidence exists of episodic star formation events in the
CMZ (Sofue & Handal 1984] Bland-Hawthorn & Cohen 2003;
Yusef-Zadeh et al.._2009[ Su, Slatyer & Finkbeiner 2010) and
mechanisms have been proposed to explain how such eptyodici
can occur. As discussed #8.1.2, instabilities can drive the frag-
mentation of the nuclear ring and eventually induce a statbGas

in barred spiral galaxies like the Milky Way is funnelled rinche
disc through the bar to the galaxy centre (Sakamotol et al9;199
Kormendy & Kennicuit 2004; Sheth et/al. 2005). Because time co
ditions in the CMZ lead to a higher threshold for star forroati
than in the disc, the gas needs time to accumulate beforating
star formation. While this by itself can already cause stamf-
tion to be episodic, it is also known from numerical simuas

lines and weak nebular emission lines (which is relativélgight-
forward using fiber spectra from the Sloan Digital Sky Supese
Wild et alll200F). If such a long period were indeed found,atnd
indicate that the slow evolution of the gas to becoming dgaiain-
ally unstable may not be the key mechanism for driving theagpi
icity, but instead the variation of the gas inflow rate alohg 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 far sta
formation due to the high turbulent pressure (with ~ 30), based
on the star formation models bf Krumholz & McKee (2005) and
Padoan & Nordlund (2011). This provides a theoretical fiesti
tion for the conclusion made i that the observed SFR is incon-
sistent with the universal threshold density from Lada 524112).
Even though the CMZ greatly extends the range of environ-
mental conditions that can be probed in the Milky Way, a concl
sive verification of the turbulence hypothesis requiresamalysis
to be extended to external galaxies. If the volume densigstiold
for star formation is as variable as would be expected onréteo
ical grounds, then there should also be an environmentalticar
of the molecular line transitions that correlate with stainfation
tracers. In high-pressure environments, transitions lithcritical
densities such as CO(1-0) should no longer correlate yigtith
star formation tracers. Instead, molecules with higheaitdensity
transitions such as HCNa(= 10°-10° cm™?) or vibrationally
excited transitions should take over. Before the arrivathef At-
acama Large Millimeter Array (ALMA), the observational uss
was that transitions with high critical densities requitedeasibly
high-sensitivity observations. However, in the next ceugflyears
it should be possible to test the spatial correlation betvgtar for-
mation and various dense gas tracers at high spatial resoliging

(Hopkins & Quataert 2010) that the presence of a bar can causeALMA.

substantial variations of the gas inflow towards a galaxyreeifhe
large variation of the central gas concentration of otheevgimilar
galaxies sketches a similar picture (Sakamoto let al.| 1999).

To constrain the possible episodicity of star formationha t
CMZ, it will be necessary to map the structure of the gas flamgl
the Galactic bar, which is already possible using sub-mnraditd
surveys of the Galactic plane (e.g. Molinari ef al. 2010; 8adt al.
2011 Purcell et al. 2012). If the CMZ is presently near a l@inp
of an episodic star formation cycle, then the gas needs tache a

Within our own Galaxy, ALMA observations of clouds in the
CMZ are extremely well-suited for addressing the variatbthe
threshold density for star formation. At the distance of @z,
sub-arcsecond scales need to be probed in order to reselfiah
stages of the cloud fragmentation and collapse towards cove
protostars. At the distance of the CMZ, only interferometidte
ALMA are capable of reaching the necessary sensitivity @so+
lution in the wavelength range of interest. By combining $ta-
mation tracers such as cm continuum with high-density ga®ts,

cumulating and hence the inflow rate has to exceed the SFR. Anit will be possible to map the conversion of gas into starsen d

improved 6D (position-velocity) map of the CMZ itself wouddso
help to understand the nature of the possible, large-sostahili-
ties of the gas — the combination of line-of-sight velodtiproper
motions, plane-of-the-sky positions, and X-ray light ed¢iming

measurements should lead to a conclusive picture of gasvirdis
cumulation, and consumption.

The end result of the star formation process should also be
considered further. With infrared data and spectral mouglit is
essential to establish the recent (100 Myr), spatially resolved
star formation history of the CMZ. If evidence is found fortatss-
tically significant variation of the SFR, the time-scale ofls vari-
ations can be used to determine whether stellar feedbaslknsfa-
bilities, or a varying gas inflow rate are responsible (altto see
g5.2£5.3 for additional constraints). Similar measuremeauld
be made for nearby barred galaxies (§8d), paying particular at-
tention to spectral features that signify a starburst 50-NI@r ago
with no recent star formation, such as strong Balmer abisorpt

tail. A comparison with similar data from the solar neightimod
should lead to a conclusive picture of the environmentakhtian
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 lowRSR
the CMZ would be to constrain the density PDF in the CMZ and
compare its shape to the theoretically expected form. ligehle
PDF would need to be measured well enough to verify the pos-
sible influence of weak magnetic fields (s§&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 tramsitivill
need to probe densities as high as the suggested threshnslidyde
of nen 23 x 107 em 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 determination
are only capable of reaching massesmf > 5 Mg (e.g.
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Bastian, Covey & Meyer 2010; HuRmann et al. 2012), but with th
new generation of large-scale facilities like the E-ELTHbald be
possible to probe the IMF at < 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 derta
mapping of the CMF to an IMF, the advantage is that this prewid

a more direct test of star formation theories employing theics
mass or thermal Jeans mass. These theories actually paeCiMdE
rather than an IMF and hence a measurement of the CMF would
put direct constraints on the physics of star formation ex@étZ.

5 DISCUSSION
5.1 Summary

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

(i) The gas by itself is not strongly self-gravitating anchisld
together by the stellar potential, which may slow the ratetsth
gas clouds can become gravitationally unstal§fg.1 1)

(ii) Star formation could be episodic due to a gradual buitdsf
dense gas by spiral instabilities and its rapid consumpiiare the
density threshold for gravitational instability is readh@lterna-
tively, variations in the gas inflow rate along the Galactc tould
play arole. In both cases, the present state of the CMZ quores
to a near-minimum in the SFR{Z.1.2)

(iii) Crucially, the high turbulent pressure in the CMZ in-
creases the volume density threshold for star formation to
neit 2 3 x 107 ecm ™3, which is orders of magnitude be-
yond thel Lada, Lombardi & Alves (2010) threshold derived em-
pirically for the solar neighbourhood, and hence subsiiintde-
creases the SFR with respect to such an empirical threshold.
(§3:2.2) To first order, this explains why the CMZ (Longmorelet a
2013a) and many of its constituent clouds (Longmore let a220
Kauffmann, Pillai & Zhang| 2013) are presently not efficigntl
forming stars. We discuss the possible mechanisms fomdrithie
turbulence below.

Interestingly, the volume density threshold implied bybtuent
pressure for solar-neighbourhood conditionszis~ 10* cm ™3,
which coincides with the Lada, Lombardi & Alves (2010) thres
old (seej2.2 and§3.2.2). This agreement theoretically supports the
idea that a universal, fixed density threshold for star faiomais
ruled out by the observations, and that the empirical tholesste-
flects the solar-neighbourhood value of an environmentiglyen-
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 isfdtio
be only marginally Toomre stable, and hence susceptibleae- g
itational collapse. While this rules out morphological goleing,
note that the gas by itself is not strongly self-gravitatiwich as
stated previously may slow the rate at which gas clouds ceorbe
gravitationally unstable and thereby affect the SFR at argiyas
density. 3.1.1)

(ii) Cloud lifetimes are not limited by dynamical heatingedio
tidal interactions. In principle this could lead to lowerEs; but the
tidal perturbations necessary to heat the clouds dynalyiaklo

induce tidal compression and therefore enhance the enegjpar
tion rate. (3.1.3)

(iii) The tidal density is lower than the mean volume density
the molecular gas in the CMZ, indicating that star formafnot
inhibited due to clouds being tidally stripped3(2.1)

(iv) An underproduction of massive stars due to a possibly
bottom-heavy IMF only introduces a factor ef 2 uncertainty
in the measured SFR, much less than the observed discrepancy
(§3.23)

(v) The atomic-to-molecular phase transition of hydrogen o
curs at too low a surface density to play a role in the CMZ, espe
cially at the high metallicity of the bulge§8.2.4)

(vi) Given the current constraints on the magnetic fieldrejtie,
we find that the magnetic field is capable of affecting the iigns
PDF of the ISM somewha#f£.2). However, the magnetic pressure
in the CMZ is much lower than the turbulent pressug@.Z.5)

(vii) Radiation pressure should dominate the feedbackggrer
the surface density of the CMZ, but a SFE larger than 100 par ce
would be necessary to have radiation pressure compete hdth t
turbulence throughout the CMZ{3.2.8)

(viil) Cosmic rays, produced in supernovae or by the central
black hole, are unable to overcome the turbulent pressues, i¢
the SFR was several orders of magnitude higher in the past. By
contrast, they do contribute to the thermal pressure in @tept

ring. (§3.2.7)

While each of the above effects does not affect the SFR sffigi
to explain the low SFR in the CMZ, they could work in conjuncti
with a high volume density threshold due to turbulence. Tore ¢
clusion that feedback processes are not solely resporfsibtae
low SFR in the CMZ is also supported by the discrete distriiout
of the main star formation events — if feedback did play a,ritle
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 adtrjer-
fect extrapolation of the Bigiel et al. (2008) relatidi®(1). Is this
the ‘fundamental’ star formation relation? The mere exisgeof
high-redshift starburst galaxies witsrr two orders of magnitude
higher than the CMZ at the same gas surface denisity (Daddi et a
2010b) suggests otherwise. As discussed throughout tlpierpa
there are several reasons why the CMZ could be abnormalhand t
extrapolation of the Bigiel et al. (2008) relation to the CMiére-
fore seems premature. The observational and numericaldktite
proposed mechanisms § 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 @Mz, as
well as its implications for star formation in the centresotifier
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 C\id-H
ever, it remains to be determined which mechanism is agtua|
sponsible for inhibiting star formation.

Out of the possible explanations listedf., the high turbu-
lent pressure of the CMZ is perhaps the most fundamental: Con
trary to the possible episodicity of the SFR, or perturbatiacting
on the cloud scale, it is the only mechanism that works inatan
neously, at this moment in time. However, attributing the BFR
to turbulence alone is an incomplete argument, becauseaiithe-t
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lent energy dissipates on a vertical disc crossing timendJghe
numbers from Tablel1, the dissipation rate in the 230-pgnated
CMZ is roughly4 x 1072% erg cm™2 s~' (Mac Low & Klessen
2004). The dissipation time-scale is a mefgs = 2h /o ~ 7 Myr,
whereas for the 100-pc ring it is abouMyr. 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 drivhmgy t
turbulence? If we assume a steady-state CMZ, then it igbiifar-
ward to calculate the kinetic energy of the gas inflow alorgttér.
The energy flux of the inflow is given biy-fnﬁ/ti,,ﬂ, wherev;,g is
the gas inflow speed, angg = MgaS/Mi,,ﬂ is the time-scale for
accumulating the present gas mass. The energy dissipatierisr
02/tdiss. Energy balance then gives

tinfl

tdiss

(18)

Vinfl = O

In a steady-state CMZ, the gas inflow time-scale must equal th

time-scale for gas depletiotucp1, Which in the CMZ is about a
Gyr (see Tabl€]1). Substituting values representative efGhzZ
yields a requiredving for maintaining the turbulence af,a ~
200 km s~', which is comparable to the highest line-of-sight
velocity v22 ~ 200 km s™' 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 distributidheof

gas, a more representative inflow speed along the bar would be

vina S 100 km s™1. Due to line-of-sight confusion this is a ten-
tative estimate — detailed modelling is necessary to déhigegas
inflow speed with satisfactory accuracy.

If we relax the condition of a steady-state CMZ, a gas inflow

time-scale oftina ~ 300 Myr (rather than the adopteld,s =

1 Gyr) would be needed to maintain the current turbulent pressure

at an inflow speed ofi,q ~ 100 km s~'. This time-scale lies
within the observed constraints on the mass deposition estn
when accounting for the removal of mass by outflotyss(= 60—
500 Myr, see Crocker 2012). In order for this scenario to be wabl

the peak SFR would have to be roughly five times higher than is

presently observed. This would put the CMZ temporarily oa th
star formation relations of equatios (1) ahH (2).

We find that the gas inflow may be capable of driving the tur-

bulence, but only if star formation in the CMZ is episodicdiin
cating that the current gas depletion time-scale is not anrate
estimate for the inflow time-scale. There is no unique coauim
of gas inflow and star formation histories that explains tineent
degree of turbulence as the result of the global gas inflowiro
stance, we might be seeing the outcome of a persistentlyihigh
flow rate, which builds up gas until finally a starburst is gebed
— with the CMZ presently at the stage between two bursts.rAlte
natively, a low gas inflow rate would not be able to drive altlcé
turbulence, but could still substantially increase theetiscale 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. Whesth
or not this mechanism can explain the observed turbulerbeisu
uncertain due to the observational difficulty of charasiag the
inflow. We are currently modelling the gas inflow in more detai
the results of which will be presented in a future paper (Knoin
& Kruijssen, in preparation).

5.2.2 Feedback ejecta

Episodic starbursts would periodically drive superbubbhifgo the
low-density ISM. As mentioned i§3.2.1, massive star feedback
can locally blow out parts of the 100-pc ring, producing the o
served asymmetries in CO, NHnd cold dust (see FigUré 1). Radio
and~-ray observations of nested giant bubbles indeed provide ev
dence that stellar feedback has a profound impact on lechpor-
tions of the CMZ |(Sofue & Handa 1984; Su, Slatyer & Finkbeiner
2010; Carretti et al. 2013). On large scales, the bubblesisoaf
swept up, low-density gas, whereas higher density mataiahlso
be driven to a bubble, but only on size scaleB < h.

After cooling in the Galactic halo, these bubbles re-
turn to the disc as high-velocity clouds (elg. Bregman 1980;
Wakker & van Woerden 1997). Provided that the resulting @ner
flow is sufficiently high, this may drive the turbulence in tthense
ISM. However, we estimate i3.2.1 that even at a star formation
maximum, the energy density of feedback is probably smtikan
the turbulent pressure. After conservation of energy (ce@ehse
due to dissipative losses) this implies that in-fallingucle 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 ibput
feedback implies that star formation would start after tirbalent
energy has dissipated. This would lead to prevalent standtion
throughout the CMZ in a few Myr from now. The resulting feed-
back would compress gas, which could trigger even more star f
mation. Only if the gas were converted to a warm, diffuse phas
star formation could in principle be halted by feedback. ldeer,
the resulting blow-out would channel away the energy andlacno
ular disc would remain, which should still be forming stars.

Quantifying the effects of feedback and other classicdduur
lence drivers shows that neither are effective. Followimg ¢com-
pilation bylMac Low & Klessen (2004), we find that magnetorota
tional instabilities, gravitational instabilities, postellar outflows,
ionizing radiation, and supernovae yield heating rateg ®fx
10724 1x1072*,5%x1072%,2x10723,3x 10" Y ergem ™2 71,
respectively. Hence, they all fall short of compensatirgdissipa-
tion rate ¢ x 10722 erg cm ™2 s7') by at least an order of mag-
nitude. Only within the 100-pc ring, the heating rate due ravg
itational instabilities { x 107! erg cm ™3 s™*) is similar to the
local turbulent energy dissipation rate 10™2! erg cm ™ s71).
Hence, during the gravitational collapse of clouds like Brek,
their turbulent energy dissipation time-scale can be edrby up
to a factor of a few.

5.2.3 Secular instabilities

In conjunction with inflow-driven turbulence, another sisable
solution would be that the turbulence is driven by (acolistis in-
stabilities themselves. In the Galactic disc, spiral wasresdriven
by gravitational instabilities, but this process fails hiit the in-
ner Lindblad resonance of a disc galaxy, where the wavesireco
pressure-driven_(Montenegro, Yuan & Elmegreen 1999). As- no
self-gravitating gas falls into the stellar mass-domidgtetential

of the CMZ, the geometric convergence compresses the gas to a

higher density, even in the absence of self-gravity. Thisuatic
instability drives a spiral wave, in which the turbulent gsere in-
creases (Dobbs, Burkert & Pringle 2011). When the gas deimast
built up far enough that the compression increases the gestye
beyond the stellar density and hence leads the gas to be@fe s
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gravitating, then the rate of energy dissipation increaselthe gas
may eventually collapse and form sthfs.

In this picture, the inner gas discs of galaxies are drivea to
spiral catastrophe by acoustic instabilities, which dtive turbu-
lence and produce irregular gas struceduring an intermittent
phase in which a minor role is played by the self-gravity & tjas
and star formation. This scenario is consistent with tha ttiat the
central rings of galaxies are only prone to gravitationatabilities
when a certain density threshold is reached &&.2). For this
scenario to be viable, the gas inflow rate needs to be smaligbno
to ensure that the density threshold for gravitationalab#ity is
not always satisfied — otherwise, acoustic instabilitiesldmot be
able to drive the observed turbulence and star formatioridvoo
longer be (periodically) suppressed.§5.3.4, we discuss a simple
empirical criterion to determine in which systems star fation is
episodic.

5.3 A self-consistent star formation cycle

We have now discussed all the ingredients necessary toraonst
a single, self-consistent scenario for star formation en@MZ. In
this scenario, the local and global explanations for the &%R in
the CMZ represent different aspects of the same mechanisth.&6
holistic approach is crucial for explaining the low SFR ia BMZ,
because the different size scales influence each othem$tanie,
the overall gas supply is regulated on a global scAl& (> h), but
local physics must determine the gas consumption ratedéitance
sets a critical density for star formation.

5.3.1 Schematic representation of the cycle

Based on the discussion §8.1 andj5.2, we propose a multi-scale
cycle that controls the star formation in the CMZ. It is sunnized

in Figure[®, which also illustrates the conversion of phabiianti-
ties to the observables that part of the analysis in thisipageased
on. The different stages of the cycle are as follows.

(i) Gas flows towards the CMZ from larger galactocentric iradi
which can be driven by secular evolution (e.g. dust lane oirbas-
port) or by external torques (e.g. due to minor mergers cagal
interactions). The gas is not self-gravitating and is hetgether by
the gravitational potential of the stars, of which the vokudensity
exceeds that of the gas.

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

(iii) The combination of the global gas inflow and acoustista:
bilities drive the highly-supersonic turbulence in the CMiztich
cascades down to smaller scales.

(iv) The elevated turbulent pressure increases the lodahe
density threshold for star formation as, o« noM? 10 ng =
3 x 107 em™? (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 favigtional

collapse need not be randomly distributed throughout th& (it may be
corresponding to specific locations in the geometry, sugoasibly Sgr B2
(see§3.13 and Elmegrekn 1994: Boker ef al. 2008; Sandstrom|2040).

21 There is observational evidence for the presence of sudHahesstruc-
tures in the central region of the Milky Way on largey (kpc) scales (see
e.glMcClure-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 aridads
accumulates until the gas density becomes comparable steter
density, when it finally becomes self-gravitating and spsbé&e to
gravitational instabilities.

(vi) The gravitational instabilities allow the gas dendfPF to
develop a power-law tail, driving the gas to sufficientlytidensi-
ties to overcome the local density threshold for star foromat

(vii) At such high densities, the time-scale for turbulenemy
dissipation is short, and the gas is rapidly turned intosstéhis
can occur at different times in different parts of the CMZ,ias
exemplified by Sgr B2 undergoing a starburst while the othdZC
clouds are inactive.

(viii) The cycle repeats itself, starting again from poiit (

Note that in this cycle, the rate-limiting factor is the slewolu-
tion of the gas towards gravitational collapse. Once stan&bion
is initiated, it should proceed at the rapid pace appropfiiat the
high densities involved (see below). Because the gas needach
high densities before becoming gravitationally unstalpie farm-
ing stars, it is likely that much of the star formation in tht1Z
occurs in bound stellar clusters (sg&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-scafidise
stages in the above cycle. The inflow and accumulation ofrgas f
stage$ ()E(iV) take place on a dynamical time-scale, wisch-

10 Myr on the spatial scale of the 100-pc ring, ard100 Myr

at the outer edge of the bar. These widely different timéesca
are applicable under different circumstances. In the specise

of a CMZ-wide starburst, stagés]{i)—(iv) would be governgd b
global gas dynamics and would last a gas inflow time-scale of
tina ~ 300 Myr (seed5.2.1). However, if the CMZ undergoes mul-
tiple, localized starbursts, then the gas should be remg the
starburst region(s) on the dynamical time-scale of the CMd a
hence stagds [[)=(iv) take place or-al0 Myr time-scale.

As stated in§3.1.1, the time-scale for clouds to become
gravitationally unstable during stage J(v) igrav ~ Qgas/k
(e.glJogee, Scoville & Kenney 2005), which in the 100-pg i
terav ~ 1 Myr, but in the 230 pc-integrated CMZ it igrayv ~
20 Myr. This comparison shows that the 100-pc ring may be the
unstable phase of the proposed cycle, and that (Wibma
reached at different times throughout the CMZ.

On the scale of individual clouds, the gas consumption time-
scale during stade (Vji) should be shorter than the timersghiby
stage§ ()E(), because the free-fall time is only a fe& yr or
less at the high density of the clouds in the CMZ. However, the
integrated starburst duration for the entire CMZ dependsba
ing and hence should be comparable to its dynamical timie-sca
(i.e. up to 10 Myr). Such relatively brief episodes of nuclaetiv-
ity are supported by Hubble Space Telescope (HST) obsensti
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 constitse
gas over a 10-Myr time-scale. In the localized-starburseci is
therefore equally likely to observe the CMZ at its curreoty SFR
as itis to observe it at a maximum. In the global-starbursecthe
CMZ is most likely to be observed during its inactive phaseisT
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Figure 6. Schematic representation of a possible, unified pictureaafiland global processes that control star formation itCiti&, as well as the conversion
to observables and galactic star formation relations. Tditoin arrow in the theory block is dashed because it onlycates the progression of time — the
starburst and gas consumption do not affect the galactie-gms inflow. Seg5.3 for a more detailed discussion.

simple picture may be confused by the simultaneous occterefh
mini-bursts of star formation in different parts of the CMighich
could temporarily place the region on or above galacticfstana-
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 relatioma a
function of spatial scale to distinguish between the abowelized-
starburst and global-starburst scenarios. While it is tergpo go
one step further and modify galactic star formation refsito ac-
commodate our proposed scenario in its entirety, this isaastible
because the position in tHe:, Ysrr } plane of the CMZ and its
constituent parts strongly evolves with time. Such a maation
would require quantifying the cycle of Figuré 6 through spaad
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 quedititi
lustration. The global gas surface density mainly sampbegS(v)
whereas the star formation rate surface density traces[§ajof
the cycle. During these stages, the CMZ should lie below aonge
the galactic star formation relations, respectively, bgarount that
depends on the detailed physics of the system.

As illustrated in Figurée, observations of the gas and SFR
surface densities very indirectly probe the physics offstamnation,
because their relation to the actual volume densities offstaning
gas and young stars depends on several factors. Obsealdiinn
itations such as the spatial resolution, the sensitivitg, possible
tracer biases lead to measurement uncertainties in theatler
of the relevant physical quantities. For instance, unkesbktars
and gas may not be occupying the same volume (e.g. due to-diffe
ent filling factors or porosities, Silk 1997), and the samglof the
gas (PDF) and the star formation may be incomplete (the degre
of which depends on the adopted tracers). Notwithstandirget
complications, we attempt a comparison of the CMZ to gatattir
formation relations to characterise the cyclic processasgovern
the evolution of the CMZ.

One quantitative constraint follows from Figuké 2, which
shows that on a certain length scal®R = 230 pc) the CMZ fits
the empirical Schmidt-Kennicutt relation of equatiéh @jhough
it does not satisfy the Silk-Elmegreen relation of equat{@ih
Krumholz, Dekel & McKee [(2012) recently proposed that a uni-
versal star formation relation is obtained by modifying ®i-
Elmegreen relation. They substitufe — 1/t in equation [(R),
where the star formation time-scalg is either set by the local
(GMC) or global (galactic) dynamical time-scale, whicheigthe
shortest. If we account for the long condensation timeescl
GMCs and hence assume thagt ~ tgrav ~ Qgas/k (@S in the

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

Z:SFR = ASEE/tgrav ~ ASEZQ/ans~ (19)

This modification still does not agree with the 1.8omplex and
the 100-pc ring onto the relation, because they have lawgr
than the 230 pc-integrated CMZ.

It is intruiging that this simple self-gravity argument oge
ciles the large-scale properties of the CMZ with the SilkaBreen
relation, whereas it still fails on smaller scales §f11.2, we con-
sidered the option that on a 230-pc scale we might samplef all o
the evolutionary stages of the cloud-scale star formatiotgss,
causing the integrated CMZ to agree with the Schmidt-Karhic
relation. This explanation was discarded, because adegtatis-
tical sampling should already be achieved above 80-pc Seald
hence the 100-pc ring should have been consistent with the sa
relation. However, this argument required that the clondepen-
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 CMzely
is synchronised, i.e. clouds evolve collectively from beingeg-
cent to actively forming stars. The key question is on whizhtis
scale they are synchronised. If the CMZ undergoes stasburgs
entirety, the evolutionary stages of the clouds are linkerdss the
entire region. In the framework of Kruijssen & Longmore (291
such an interdependence of cloud evolution is synonymostate
ing that the CMZ represents only a single ‘independent régio
implying that the CMZ should not obey galactic star formatie-
lations during most of its evolutionary cycle, just like agle cloud
does not fit galactic star formation relations (¢.9. Heidarrat al.
2010). If the CMZ experiences smaller-scale, localizedbstiasts
that cover multiple clouds, it may still consist of severadépen-
dent regions — possibly sufficient to warrant the adequatesttal
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-Elmegreela-
tion of [Krumholz, Dekel & McKee|(2012) suggests that thers ha
been no recent CMZ-wide starburst. Instead, the CMZ likely u
dergoes multiple, localized starbursts. This resolvesatndigu-
ity we were left with ing5.3.2 and allows us to quantify the time-
scales involved in the proposed cycle. (Parts of) the CM -
duce(s) stars for 10 Myr and then consume(s) its gas overilasim
time-scale. We therefore predict that in other galaxieslairto the
Milky Way, the part of the population with enhanced nucleBRS
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 Figur€l6 heavily relies on the gradual build-figas
up to a certain threshold density above which it collapsesyv-H
ever, this does not always occur. There exists a global gageco
gence rate above which the threshold density criterion favitp-
tional instability is always satisfied and star formatiomdslonger
episodic. This may be one of the differences between the OMZ a
the vigorously star-forming galaxieslof Daddi et al. (20§, @thich
are thought to be mergers undergoing large-scale massrgemoe
towards a common point of reference (Genzel &t al.12010).

The precise value of a critical convergence rate above which

gas rapidly becomes gravitationally unstable varies wilaxy
properties, but empirically it is straightforward to digjuish be-
tween three gas convergence regimes.

tral regions falls below galactic scaling relations (Hsitlkl. 2011;
Nesvadba et al. 2011 ; Sani etlal. 2012; Saintongelet all 26
in nuclei that at first sight appear to be undergoing a star-
burst (Kenney, Carlstrom & Young 1993). By contrast, exasapl
of galaxy centres with a normal or enhanced SFR exist as well,
which may indicate a different stage of the same process tfeeg
central starbursts in the sample_of Jogee, Scoville & Ke(2G85,
also see Sakamoto et al. 2007, 2011; Leroy et al.|2013). ¥l
has been suggested that the SFR in galaxy centres is considte
galactic scaling relations (Fisher etlal. 2013).

The wide range of different SFRs observed in galactic nuclei
could potentially be consistent with an episodic cycle appsed
in this paper. However, it is crucial to ensure that any caispa
between the CMZ and other galactic nuclei considers sirsileg
scales and spatial resolutions. The extragalactic obengaoften

(i) If a system is in a pre-starburst phase and the gas mass isevaluate star formation relations by smoothing over soail€s5—

building up, then the convergence rdt&, must exceed the sum

1 kpc, on which the CMZ is actually consistent with the star fo

of the SFR and the mass outflow rate due to feedback (which canmation relations of disc galaxies. Only when probing theaiied

be non-negligible, see Bolatto eflal. 2013), even if the ecgence
rate is variable.

surface or volume densities of the gas, deviations begimirge.
We suggest that a high-resolution survey of the star forma-

(i) If the convergence rate is so high that the gas mass doestion activity in galactic nuclei is necessary to quantife thuration

not have to build up before it becomes gravitationally uplstand
forms stars, the SFR is comparable to the convergence rate. T
should also hold instantaneously and would therefore engitve
to variations of the convergence rate, as long as the coeneeg
rate is high enough to persistently drive star formation.

(iii) If a systemis undergoing a starburst, the SFR shoutzter
the convergence rate by definition, and hence the mass cptisam
rate including feedback/.... does so too.

Summarising the above three regimes, we predict that a

roughly constant SFR due to persistent, convergencerdgvav-
itational instabilities requires a mass convergence rfdte ~

Mout, Whereas episodic star formation takes place whenever

Min # Mout. This balance between the inflow and outflow rates
can be evaluated empirically. Because it contains the pHyi
star formation and feedback, the distinction between theeth
regimes should hold universally. Galaxies (or their ces)trith
Min < Mou: should follow the_Daddi et all (2010b) sequence of
galaxies with enhanced SFRs, whereas systemsMith> Mout
should statistically be found to have lower SFRs (makinguexc
sions to elevated SFRs and hende, < M, 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 stage, t
cycle of Figure[b is sampled better by including other gaaxi
where the same process is taking place. The inner regiormraf s
galaxies often host rich dust structures in which the nurobepi-

ral arms increases with radius, with power spectra that @ansis-
tent with the presence of acoustic instabilities (e.g. Elreen et &l.
1998;| Martini & Pogge 1999; Elmegreen, Elmegreen & Eberwein
2002). These structures host little to no star formationictwlif
present is often arranged in a circumnuclear ring (e.q.rBztral.
1995; Jogee et &l. 2002; Sandstrom et al. 2010; van der Ladh et
2013), and their gas by itself is often not strongly selfvifeding
(Sani et all. 2012).

The physical conditions in the central regions of thesexgesa
are almost indistinguishable from those in the CMZ and h¢hee
star formation histories may be similar too. Indeed, theeesaveral
nearby galaxies of which the star formation activity in thegn-

of the different stages in Figufd 6 across the galaxy pojouat
This is a key step, which is yet to be made for a large galaxy sam
ple.[Martini et al.|(2003) considered HST/WFPC2 observetiof

a sample of 123 nearby, active and passive, barred and edbarr
galaxies. While these authors do note that their sample was n
designed to study star formation in detail, they use dynahaigu-
ments to infer that the nuclear star formation episode mstydp

to several Myr, which is consistent with what we propose Fa t
CMZin §5.3.

Following a similar argument, Davies et &l. (2007) find that
active galactic nuclei (AGN) become active some 50-100 Ntgra
the onset of prior (but ceased) starburst activity. If theelsirst oc-
curs throughout the galactic nucleus instead of in a loedlfash-
ion (seef5.3.2), this can be understood in terms of the scenario of
Figurel® — a nucleus-wide starburst and its correspondiedbi@ck
may either consume or eject the gas, preventing the blaeifrarh
being fed until supernova feedback has ended (after 40 Myter
that time, the gas flow towards the black hole continues. trsoe-
nario, that gas is not (yet) self-gravitating, and hencaritgroceed
to the black hole without forming stars. This phase shouldhze-
acterized by centrally concentrated stellar surface bmiegs and
gas mass profiles due to the combination of prior starbutstitgc
and arestored gas inflow, as has recently been found by Hieks e
(2013). Hence, the phase of low star formation activity ie ¢y-
cle of Figure 6 could provide a window for the efficient grovath
massive black holes.

A key question is how the general the physics are that regulat
star formation in the CMZ and the central regions of nearlisoga
ies. Do they translate easily to other extragalactic envirents?
Giant elliptical galaxies provide an interesting targegduse in re-
centyears they have been found to contain a sizable, butkeiig
quiescent gas reservoir (e.g. Crocker et al. 2012). Anglthes ob-
vious comparison should be made between the CMZ and ULIRGs
and high-redshift, star-forming galaxies, which in ternigtheir
gas properties are almost indistinguishable (Kruijsserofdmore
2013). The similarity of their gas properties aside, thesexdes
are undergoing vigorous starbursts, whereas the SFR inMig C
is much lower than expected. Some rough arguments for tivese s
ilarities and differences have been made in this paper, wutd
work should address the underlying physical reasons in¢bes:
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 foiona
activity, which is is presented iff6.3 and Figur€l6. It connects the
galaxy-scale gas inflow, acoustic and gravitational inbtegs, tur-
bulence, and local star formation thresholds. In this gyttle SFR
is episodic. During the quiescent phase, the SFR is limitethb
slow evolution of the gas towards collapse — it continuallyids
up until a critical density for gravitational instabilityg ireached.
During the subsequent active phase, star formation precaed
normal rate. We conclude that a low SFR may well be a common
property of the centres of Milky Way-like galaxies, althbugplac-
tic nuclei with elevated SFRs should exist too if our prombeg-
planation holds. There are tantalising indications thatléssons
learned about star formation in the CMZ are relevant to ofeer
tra)galactic environments, from galactic nuclei in geh&vagiant
elliptical galaxies and high-redshift starbursts. Theseexciting
avenues for future work aiming to characterise galactidesstar
formation in extreme environments.
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