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ABSTRACT

We study the dynamical evolution of stars and gas close togh#e of the Milky Way. Any
plausible means of forming the young stars observed at thac@aCentre leaves behind a
residual gas disc at 0.01pc radii. We show that the combineffexts of viscous accretion
and gravitational interactions with stars do not removerésiddual gasféciently, and that a
substantial gas disc, interior to the stellar disc, pes$@mt> 10Myr after the stars form. Since
no such disc is currently seen at the Galactic Centre we ahgi@ has been accreted by the
super-massive black hole. This scenarffers an attractive connection between nuclear star
formation and black hole feeding, and we suggest that thesimg’ gas may have been used

to power Sgr A.
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1 INTRODUCTION

The discovery of a large cluster of young stars within 0.1pc o
Sgr A, the super-massive black hole (SMBH) at the centre of the
Galaxy, poses a number of interesting questions. The pdiysin-
ditions so close to the Galactic Centre (GC) are extreme tlaad
high temperatures and tidal shear prohibit the formatiostafs

by the same mechanisms that occur in the solar neighbourhood

However, observations show that tens of B-type stars oripltinv

~ 0.01pc of the SMBH, while a larger population 6fL00 O-
and Wolf-Rayet (WR) stars exists at slightly larger ragiip.1pc
(e.g., Genzel et al. 2003; Ghez et al. 2005). These starsoargy

(< 10Myr for the O- and WR stars), which suggests that they must
have formed at or close to their current location. How stamsfin
such an extreme environment remains an open question.

An important additional clue to the origin of the young stars
at the GC comes from their dynamics. Many of the O- and WR
stars are known to orbit Sgr‘An a single coherent disc (e.g., Pau-
mard et al. 2006; Lu et al. 2009; Gillessen et al. 2009), aifl th
provides observational support for the idea that stars oem fn
accretion discs around SMBHSs (e.g., Paczynski 1978; Kalidkh
& Syunyaev 1980; Goodman 2003). Such discs are expected to b
gravitationally unstable at large radii, and in recent geanumber
of authors have suggested that disc fragmentation due titayra
tional instability is responsible for the young stellaraié the GC
(e.g., Levin & Beloborodov 2003; Nayakshin 2006; Levin 2p07
It is also tempting to link GC star formation to the broadeesu
tion of SMBH accretion and growth (King & Pringle 2006, 2007)
but the relationship between nuclear star formation, dicereind
black hole feeding remains poorly understood.

The disc fragmentation scenario works as follows. Some sort

of ‘accretion event’, such as the capture of a molecularctieug.,
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Wardle & Yusef-Zadeh 2008), results in gas with very low angu
lar momentum falling towards the SMBH. This gas dissipates e
ergy through shocks and radiative cooling, and forms anetiocr
disc around the SMBH. The gas at small radii accretes on to the
SMBH, but beyond some critical radius the disc is gravitadity
unstable and fragments to form stars. Numerical simulat{erg.,
Nayakshin et al. 2007; Alexander et al. 2008; Bonnell & Ri086&
Hobbs & Nayakshin 2009) have shown that this scenario isdbyoa
consistent with the observed properties of the GC stellsr, diut
how the disc-star system evolves after its formation isriamfcer-
tain.

The fate of the residual gas disc is particularly interestin-
alytic arguments (e.g., Nayakshin & Cuadra 2005; King & Blen
2007) show that in the case of Sgt the accretion disc fragments
into stars only at radiR > 0.03—0.05pc, which is coincident with
the inner edge of the observed stellar disc (e.g., Paumaad et
2006; Lu et al. 2009). Inside this radius the gas disc is ¢atioh-
ally stable, and does not fragment into stars. Numericalsitions
of gas deposition into the inner parsec find that a signifioeags of
gas,~ 10°-10*M,,, is deposited into this inner region (e.g., Bonnell
e& Rice 2008; Hobbs & Nayakshin 2009), and it has been argued
that the residual gas disc could have been present for a ilomy t
perhaps until the current epoch, supplying Sgmith gas at mod-
erate rates (Nayakshin & Cuadra 2005; Hobbs & Nayakshin 2009
However, no such gas disc is observed today. An opticallgkthi
accretion disc at 0.01pc radii is completely ruled out by observa-
tions (see, e.g., Cuadra et al. 2003; Nayakshin, Cuadra,nf&av
2004), and the low luminosity of Sgr*Atself also sets very strict
limits on the rate of gas accretion in any extant disc (e.Qwé&
et al. 2003). The fate of this ‘missing’ gas disc remains aernop
guestion, and may provide an important link between nudear
formation and SMBH accretion and growth.

In this paper we model the evolution of this residual gas.disc
Our model is presented in Section 2. The model includes usco
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accretion of gas and tidal torques from the stellar discthadtars
interact gravitationally with one another. Our resultegented in
Section 3, show that these processes do not operate rapilgke
to remove the residual gas disc4iLOMyr. We compare our results
to observations and discuss possible explanations for theimg
gas in Section 4, and summarize our conclusions in Section 5.

2 MODEL

Our model consists of a thin accretion disc around a SMBH:-int
rior to a co-planar disc of stars. The disc accretes due tmus
transport of angular momentum, and the stars exchange angul
momentum with the disc through the action of tidal torques. W
further include the interaction of the stars with one angtiwich

is known to modify their dynamics significantly over Myr peuals
(Alexander et al. 2007). Our initial conditions are coresistwith
formation of the stars via disc fragmentation, and we usee on
dimensional numerical scheme to follow the non-linear etioh

of this system forward in time.

2.1 Disc model

The evolution of the gas surface densHfR, t) in the accretion disc
is governed by the equation (Lynden-Bell & Pringle 1974nBle
1981)
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Heret is time, R is cylindrical radiusy is the kinematic viscosity
and My, = 4 x 10°M,, is the mass of the central SMBH. The first
term on the right-hand side represents viscous evolutidmeodisc,
while the second term describes the response of the dise taitd
torque from the stars\i(R, &) is the rate of specific angular mo-
mentum transfer from thih star to the disc, and the total torque
on the disc is found by summing over &ll stars. The torque from
a single star on the disc is essentially the same as that found
Type Il planet migration and, following Trilling et al. (189 and
Armitage et al. (2002), for a star of mask.; = g My, at radius
(semi-major axisy we adopt the following form fon,;
_ GM. (3)4 if R<a
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Here

Api = maxH,|R-ai), (3)

andH = ¢s/Q is the disc scale-height. This form far is the same
as that used by Lin & Papaloizou (1986, see also Lin & Papalpiz
1979), but modified to give a symmetric treatment inside autd o
side the star’s orbit (though in practice only tRe< &g case is
relevant here). This transfer of angular momentum causestérs
to migrate at a rate

da

d (GMbh) ( ) [ Rzar, @)
We adopt a standard Shakura & Sunyaev (19#8jscosity

vy =aCH, (5)

wherec; is the local sound spee@, = \/GMp,/Re is the Keplerian
angular frequency, and the dimensionless paramespecifies the

efficiency of angular momentum transport (thought to be dueeo th
magnetorotational instability, e.g., Balbus & Hawley 199998).
We initially adopt a constant value = 0.1, the fiducial value for
black hole discs (e.g., King, Pringle, & Livio 2007).

For the disc’s thermal structure we use a simplified form for
the energy equation (e.g., Cannizzo 1993)

T _2Q.-Q) 4T,
at o RoR- ©)

Here T, is the midplane temperature a@l and Q_ are the in-
stantaneous heating and cooling rates. The radial velogity the

advective term in Equation 6 is assumed to be the vertically-a
aged value

3 9
T3IRVZ R (=R).

Ur = (7)
Herece is the specific heat capacity: we adopt the functional form
for ¢cp(T.) from Cannizzo (1993), but note that the heat capacity is
approximately constant for the low temperatures consilbaeze.
The rate of heating due to viscous disspatiQn,is given by

®)

We adopt a ‘one-zone’ model for cooling (as used by, for examp
Johnson & Gammie 2003), where

9
Q, = éymz.

.
Q = :—,)m - Trin) - C)
Here, the second term allows for a smooth transition betviieen
limits of optically thick and optically thin coolinggsg is the
Stefan-Boltzmann constant, and the last term is prescribeal
manner than enforces a minimum disc temperature. Due to the
strong local radiation field from the stellar cluster we est@ehigh
background temperature close to Sgr 80 we adopf mi, = 50K
throughout (e.g., Levin 2007). The vertical optical depik com-
puted as

O'SB(T

1
T= EK(TC,[)C)E, (20)

with the midplane density. evaluated from the surface density by
assuming that the disc is vertically isothermal:

)
V2rH

The local sound speed is essentially a means of keeping tfack
the local pressure, and includes contributions from both ayad
radiation pressure:

2 RTC 4ospT?

° H 3coc
HereR is the gas constan,is the mean molecular weight, ands
the speed of light. In the region of intereR { 0.01pc) our disc re-
mains cold, withT, < 1000K, and radiation pressure is negligible.
As a result we thus fix = 2.3, consistent with a disc of molecular
gas. At these temperatures and densities the opacity isnabeai
by dust, and we use the numerical fits f§W, p) given by Zhu et
al. (2007, 2008).

Pc = (11)

(12)

2.2 Stellar scattering

In addition to feeling tidal torques from the disc, the st@iso in-
teract gravitationally with one another. Stellar intei@as act to
increase the stellar velocity dispersion, which has thé efiect of
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thickening the stellar disc and increasing the ecceriggif the in-
dividual stellar orbits. In practice this process is thdé@ensional,
but previous studies have shown that as long as the discdk thi
enough to fall into the ‘dispersion-dominated’ regime tleegim-
ple analytic approach is fiiciently accurate to model the stellar
scattering process (e.g., Alexander et al. 2007). For alptipn of
stars with a single masgd. in a disc around a black hole, the stellar
velocity dispersionr, evolves as

G2NZMZ?InTI,
CRARty,0°3

dO'*_O'*_
a ot

(13)

Heret, is the (two-body) relaxation time-scaRjs the mean stellar
radius (semi-major axis\R is the radial extent of the stellar disc
(computed as the standard deviatioragf andt, is the Keplerian
orbital period aR. I1, = 0?AR/2GM, is the usual Coulomb loga-
rithm!, andC is a numerical scaling constant which Alexander et
al. (2007) found to b€ ~ 2.2.
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Based on observations of the stellar discs at the GC, we model
N, = 100 stars ofM,; = 100M,. If these stars formed via disc
fragmentation, the outer edge of the accretion disc shoeltbb
cated at the outermost point where the disc remains griritdty
stable. We therefore normalise the disc mass by demandanghid
disc be marginally gravitationally stable at its outer tediand set
Q = 2 atR = Ry In thermal equilibrium the disc temperature de-
pends only on the orbital frequen€y and the optical depthk, so
fixing the value ofQ in this manner uniquely determines the ini-
tial surface densit£(R,y). Our model therefore has only two free
parameters: the outer disc radiRg,, beyond which the disc is as-
sumed to have fragmented into stars, and the power-law ipdex
Additional models were also computed in which the initiahdb
tion was a gas ‘ring’, truncated inside some inner radRs(see
Section 3.2).

In the absence of any gas two-body scattering causes the ve-24 Numerical Method

locity dispersion to increase roughly as o tY/#, but in the pres-
ence of a gas disc thdfects of stellar scattering act in competi-
tion with the tidal torques described in Equations 1-4. Waraxi-
mate the &ect of stellar scattering in our one-dimensional disc-star
code by applying stochastic ‘kicks’ in radius to the indivédi stars.
Based on the relationship between velocity dispersion andre
tricity, we define a kick size

1 —o?
AR = —R—, 14
V2 % a4
wherevg = yGMyn/Ris the Keplerian orbital speed at radiRs

The stars are kickeblk times per relaxation timg, with the indi-
vidual kick sizes drawn randomly from the range

ARy ARy
TT =X 6a|, X T = 15
N <SR (15)

This form is chosen so that rate of increase of the velocikpelt-

sion is independent of the kick frequency. The valudlotherefore
controls only the level of discreteness of the numericagrdation.

Test calculations indicate that the valueNyfdoes not strongly in-
fluence our results, and for computational convenience wesdh
Ny = 1000.

2.3 Initial conditions

We choose our initial conditions to reflect the conditionsniedi-
ately after a gravitationally unstable gas disc has fragetemto
stars. Any plausible accretion disc model has a Toomre (1864
parameter which decreases with increasing radius (e.g/alNa
shin 2006; Levin 2007; King & Pringle 2007), and consequentl
disc fragmentation only happens beyond some critical sadive
choose our initial disc surface density profile to be a polaet-
truncated at some outer radiBs,:

Z(R) o R_p s R < ROUI

and zero at larger radii. We then randomly assign the irstigllar
radii g in the range Rou, 2Roug. In order to prevent Equation 13
from diverging we assign a small initial velocity dispersio,(0) =
20kmy's [though our results are not at all sensitive to the exacieval
of o.(0)].

(16)

1 In order to avoid confusion we ugg. for the Coulomb logarithm, as the
more usual symbolX) represents the tidal torque function here.
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We solve Equations 1 and 6 using an explicit finit€atience
method, on a grid that is equispacedRH? (e.g., Pringle et al.
1986), using 3437 grid cells spanning the rang®(Bpc¢ 1.0pc].
We use a staggered grid, with scalar quantities evaluatedra
centres and vectors (velocities) at zone faces. The dsevat
the advective term (Equation 7) is evaluated as the firstrorg-
winded value. The time-step is typically limited by the i@dre-
locity of the gas very close to the location of the stars, amiving
the system on such a short time-step is unnecessary if theugas
face density here is very low. Consequently we impose a maxim
torque per star (and therefore a maximum gas velocity in &he r
dial direction) of|A;| < 0.1RHQ?. We adopt zero-torque boundary
conditions at both the inner and outer boundaries, by sgitia 0

in the boundary cells. Equation 13 is also integrated eitjyliwith
the same time-step and, as discussed above, the stellaityelis-
persion is modelled by giving the stars random ‘kickg’= 1000
times per relaxation time.

3 RESULTS
3.1 Disc models

We computed a grid of models spanning the range of plausible
values for the two free parameteRs,; and p. The models used
p=1/2,1, 32, 2, andR,,; = 0.02, 0.04pc, making a total of 8 in-
dividual runs. Each of which was evolved up to a titne 10Myr,
which is approximately the age of the observed GC stellax(sljs
Fig.1 shows the evolution of the models with= 3/2. The
presence of the stars provides a strong tidal barrier, antbtiques
from the stars prevent viscous spreading of the gas discdid ra
> Rout. The back reaction of the disc on the stars is small (because
the torque function declines very sharply with increasitag-disc
separation; see Equation 2), so only the inner part of théaste
disc is strongly fiected by the gas. For the majority of the stars
stellar scattering dominates over the star-disc torquethesstellar
discs spread in radius. The model wiRh,; = 0.02pc evolves more
quickly than the model withR,,; = 0.04pc, because the dynami-
cal and viscous time-scales are shorter at smaller radivever,
in both cases the systems undergo only modest evolutiontbeger
10Myr duration of the calculation: the stellar discs sprieagdius
by < 25%, and a significant gas disc remains out to raddi01pc.
These results are not substantially altered when we change
the surface density slopp. Discs with lower values op have
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Evolution of model with R_,=0.04pc, p=3/2
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Figure 1. Evolution of the disc-stars system: the upper panel shoes th
model withRyyt = 0.04pc, p = 3/2; the lower panel the model witRy,; =
0.02pc,p = 3/2. In each case the lines show the disc surface densityeglott
att = 0, 5 & 10Myr. The filled circles show the mean orbital radiusthof
stars, with the ‘error bar’ denoting the extent of the stedlisc (extending
from the minimum to maximum stellar orbital radii): the topjddle and
bottom points again represent 0, 5 & 10Myr. Stellar scattering increases
the width of the stellar ring, while tidal and viscous torguiive accretion
in the gas disc. However, in both cases the system only uadengodest
evolution: 10Myr after formation the stars have not migdasegnificantly
from their initial positions, and a substantial gas disca@m. The decrease
in surface density at very small radii is an artefact of oerdztorque) inner
boundary condition, and is not significant.

less mass at small radii and generally evolve more quickiiytte
overall trends seen in Fig.1 hold for all of our models. Onetim
scales~10Myr the stellar discs do not migrate significantly from
their initial configuration, and the combineffect of viscous accre-
tion and tidal torques has only a modefeet on the residual gas
disc. All of our models predict that a substantial gas digemds
to large radii for> 10Myr, with surface densitieg > 100g cn?

atR ~ 0.01pc. These surface densities correspond to large opti-

cal depths £ > 100), and all of our discs are extremely optically
thick at~ 0.01pc. By contrast, the presence of an optically thick
gas disc at these radii is strongly ruled out by observatairtee
GC (Cuadra et al. 2003; Paumard et al. 2004), so at first sight o
models are not consistent with the data.

0.01

1073

107*

Accretion Rate / Mg/yr

1078

1078

PR P
108 10’

t/ yr

Figure 2. Accretion rate as a function of time. Solid lines represémt t
models withRyy = 0.04pc; dashed lineRyyt = 0.02pc. From bottom to
top, in both cases, the curves show the models with 1/2, 1, 32 & 2,
respectively. In all cases substantial accretion on to #8I3 persists for
> 10Myr after the stars form. For reference, the Eddingtomedicn rate is
MEdd ~ 0.08Mpyr 1.

PR
10°

function of time in the dferent models. We see the power-law be-
haviour characteristic of viscous accretion discs (e ynden-Bell

& Pringle 1974), modified somewhat by the stellar tidal t@sjuin

all cases significant accretion on to the SMBH persists fos t&f
Myr. For reference, if we assume an accretifiiceency ofp = 0.1
the Eddington rate for a% 10°M, SMBH is Mgqq ~ 0.08Myr 2.
The initial accretion rates exceed OMdyq at early times, and even
the lowest mass discs are still accreting @0-3—10“Mggq 10Myr
after the outer disc fragmented into stars. This is in staritrast
with the current state of Sgr*Awhere the accretion rate is mea-
sured to be< 105Mgqq (Bower et al. 2003). Both the gas surface
densities and SMBH accretion rates show our discs simplyado n
accrete quickly enough to satisfy the observations, andonelade
that some other mechanism must remove the residual gas/éaft o
from the formation of the GC stellar disc.

3.2 Additional models

The most obvious solution to the problem of too much residaal
is that the initial configuration was not a disc, with gas agiag all
the way to small radii, but rather a narrow ring close to thdius.
where the stars formed. This configuration is the likely onte if
the disc and stars formed from an initial gas cloud with aawarr
dispersion in its angular momentum, and allows us to placer@ m
interesting limit on the post-star-formation conditionste GC.

In order to test this hypothesis we ran additional modelsre/he
the initial conditions for the gas disc were a narrow ‘spikethe
gas surface density just interior to the stellar disc. Theupewas
as before, but now with the surface density set to zero both be
yond Ryt and also insiddR, = 0.9R,. The surface density was
assumed to be constant (i.e.,= 0), but we note that with such
a narrow dynamic range in radius the surface density slopeaha
negligible dfect on these models. As before we ran models with
Rout = 0.02, 0.04pc, and this time set the viscosity parameterl.
This choice ofx is deliberately high, and serves as an upper limit
to the diiciency of viscous accretion. The total initial gas masses
in these models are 365Mfor R,,; = 0.02pc) and 5600 (for

Fig.2 shows the accretion rate on to the central SMBH as a R, = 0.04pc), which are almost negligible compared to the total

© 2011 RAS, MNRASDQO, 1-7



Evolution of model with narrow ring at R=0.04pc
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Figure 3. Evolution of the disc-stars system where the ‘disc’ inigialon-
sists of a narrow ring of gas just insi#R,: (as described in Section 3.2).
The upper panel shows the model witg,; = 0.04pc; the lower panel the
model with Ryyt = 0.02pc. As in Fig. 1, the lines show the disc surface
density, plotted at = 0, 5 & 10Myr, and the filled circles and ‘error bars’
mark the location of the stellar disc. Even with this extrezheice of initial
conditions a significant gas disc remains after 10Myr.

0.02 0.05

stellar mass of 1M, (and imply> 95% star formationféiciency).
This extreme choice of initial conditions is obviously higlcon-
trived, but serves to set useful limits on the evolution &fslgstem.
The evolution of these models is shown in Fig. 3. Despite the
implausible initial conditions we see that the system stitblves
too slowly. Even in these most optimistic models there i ati
substantial gas disc present after 10Myr. The total gas @bss
10Myr is 342M, in the model withR,,; = 0.04pc and 129M in
the model withR,,; = 0.02pc. The accretion rates at the inner
boundary are 8 x 10°°Myyr & 1.5 x 10°Myyr-*respectively,
and in both cases the surface density at 0.01pc exceeds 18gcm
We therefore see that even for an extreme choice of initiatlco
tions, with an implausibly small residual gas disc and usweably
efficient accretion, the combination of viscous accretion adal t
torques does not lead to accretion of the gas disc on a tiale-sc
comparable to the age of the GC stellar discs. This suggests t
other mechanism(s) must be responsible for removing gastie
region close to the SMBH at the centre of the Galaxy.

© 2011 RAS, MNRASDQ0, 1-7
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4 DISCUSSION

The most striking discrepancy between our model and the @C is
the SMBH accretion rate. There is some evidence that thesaccr
tion rate on to Sgr Amay have been a significant fraction of the
Eddington rate 5-10Myr ago (e.g., Zubovas, King, & Nayakshi
2011), but the present-day accretion rate is very lewlQ-*Megq,
e.g., Bower et al. 2003). We note, however, that this observe
accretion luminosity tells us only about the physical ctinds
very close to the SMBH, and does not strongly constrain the-pr
ence or absence of an accretion disc at larger radii. As shscl

in Section 3.1 (see also Fig. 2), our models predict sigmiflga
sub-Eddington accretion 5-10Myr after the stars form10-4—
103Mgge- A SMBH disc accreting at these low rates can in prin-
ciple undergo radiatively irfecient accretion or outflow close to
the Schwarzschild radius (e.g., Narayan & Yi 1994; Blandfér
Begelman 1999), and in this case the observed luminositygof S
A* is not necessarily inconsistent with the presence of aredoor
disc at~ 0.01pc radii. Indeed, the favoured explanation for the low
luminosity of Sgr A is that the accretion flow is radiatively inef-
ficient (e.g., Yuan, Marki, & Falcke 2002). Detailed study of the
accretion flow close to the SMBH (i.e., at radii 103pc) is be-
yond the scope of this paper, but we note that our models dre no
necessarily ruled out by observations of the Sgacretion flow
alone.

A more stringent limit on our models comes from study of the
disc at larger radii. An optically thick disc at radi 0.01-0.1pc
from Sgr A would be easily detectable, both through its intrinsic
emission and through reprocessing of the local radiatidd. fitst
these radii the disc is rather cool, and the bulk of the amerdtimi-
nosity is radiated at mid-infrared wavelengths 10-10Q:m). We
can estimate the total flux emitted from the disc by using Eqoa
9 and assuming that each annulus in the disc radiates asla blac
body. Assuming a distance to Sgt Af 8kpc, our range of models
gives mid-IR flux densities that range from a few mJy to sevira
(with larger values corresponding to more massive and mame c
pact discs). Mid-IR observations of the innef.1pc are still rather
scarce, but the recent high-resolution observations cb&atet al.
(2011) show no evidence of this emission. Moreover, thegmes
of an optically thick reprocessing disc is strongly ruled by ob-
servations (e.g., Cuadra et al. 2003; Paumard et al. 2068¢3lyof
our models predict disc optical depths> 10 at these radii (even
the extreme cases discussed in Section 3.2). Our modelseaee t
fore completely inconsistent with observations of the GC.

The basic reason for this discrepancy is easy to undersaand:
a radius~ 0.1pc, the characteristic viscous time-scRfgy ~ 10'—
10%yr. This is an order of magnitude larger than the age of the GC
stellar discs, so it is obvious that viscous accretion alcenenot
remove the residual gas disc. We have shown that the combfred
fects of viscous accretion and dynamical interactions withob-
served stellar disc are still infiicient, and simply do not remove
angular momentum from the gas rapidly enough. Our modelis co
structed in the context of the disc fragmentation model fGr<gar
formation, but we note that our conclusion applies to any ehod
which forms starsn situ with < 100% eficiency. It is inconceiv-
able that~ 10*M,, of stars could have formed at their current loca-
tion without creating a small residual gas disc (cf., Boh&eRice
2008; Hobbs & Nayakshin 2009), but we have shown that even
~ 100M, of gas cannot be accreted in a plausible time-scale. The
key question, therefore, is what happened to this ‘missijag?

One potential solution would be substantially enhancediang
lar momentum transport in the disc. Our models witl= 1 rule
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out any ‘local’ transport mechanism (i.e., any mechanisnen&h
the accretion energy is dissipated locally). Recent moslaigest
that strongly magnetised discs accrete at greatly enhaatesi(Jo-
hansen & Levin 2008; Gaburov, Johansen & Levin 2011), bt it i
not yet clear if this mechanism igteient enough to drive the ac-
cretion required here. Alternatively, if the disc is setbgtating
then low-order spiral density waves can drive non-locahgpmrt
(e.g., Balbus & Papaloizou 1999). This is, however, unjikil
be significant here. The discs considered here are very whth (
H/R ~ 10°%), and non-local fects in self-gravitating discs gener-
ally only become significant when the disc aspect reti® > 0.1
(e.g., Lodato & Rice 2005; Durisen et al. 2007). Moreovee, iti-
diative cooling time of a self-gravitating disc at the GC i&rw
short (e.g., Nayakshin 2006; Levin 2007), so if the disc bee®
self-gravitating it will fragment and form more stars, mthhan
accreting. Self-gravity can in principle explain eithee flormation
of stars or enhanced rates of accretion, but not both.

A more interesting solution is the idea that the residuat dis
could be removed via interaction with additional gas withifa d
ferent angular momentum vector. ‘Accretion events’, sushhe
capture of a gas cloud invoked in Section 1, are expected telbe
atively frequent, and there is no observational or thecakteason
to expect successive such events to have similar geométiiles
ney et al. 2000; Kendall et al. 2003). This picture of chaatie
cretion has previously been suggested as a mechanism fota&C s
formation (King & Pringle 2006, 2007), and carries the aiddial
benefit of allowing accretion to proceed at close to the Egidim
rate without significantly increasing the black hole spiin@dKet al.
2005, 2008). Capture of a gas cloud with &elient angular mo-
mentum vector can lead to cancellation of angular momentuin a
very rapid accretion (e.g., Hobbs et al. 2011), and thisesgmts
a plausible explanation for the missing gas disc around Sgr A
Further work is needed to determine what, if any, additiaal
servational signatures this model would predict. Howetleaotic
accretion may explain both the presence of young stars a&nalth
sence of a gas disc at the GC, and provides a natural link batwe
the observed star formation close to Sgrakd the larger question
of how SMBHSs accrete.

If we accept that Sgr Asomehow accreted the ‘missing’ gas
disc, with mass~ 10°-10*M,, (e.g., Hobbs & Nayakshin 2009),
then the implications for the Milky Way are also interestiSince
this gas should have been accreted on a time-scale mucleshort
than the age of the central starburst@Myr, e.g., Paumard et al.
2006), then the average accretion rate on to the SMBH musgt hav
been a significant fraction of the Eddington rate during fhita-
tive accretion episode. As mentioned above, this is in fagsistent
with recent observational (Su, Slatyer, & Finkbeiner 2041 the-
oretical (Zubovas et al. 2011) evidence that Sgpfoduced AGN-
like feedback for~ 0.1-1Myr at approximately the same time as
the stellar disc formed. If this is indeed the case, the eamrg
chronology of the central parsec of the Milky Way is congiste
with (1) depositioycapture of a large molecular cloud; (2) forma-
tion of a gas disc (or discs), the outer part of which rapidggf
mented into stars; (3) subsequent accretion of the intezimnant
gas disc, resulting in the production of thaay emitting kpc-scale
Fermi lobes. However, the detailed dynamics of these psesa®-
main uncertain, and further work is needed if we are to undeds
this scenario more thoroughly.

5 SUMMARY

We have presented models of disc evolution following thentr
tion of the young stellar disc at the Galactic Centre. Our ef®th-
clude viscous accretion of gas and tidal torques betweeydatineg
stars and the disc, as well as gravitational interactiohsédsn the
stars. We find that these processes do not remove the regiasial
disc quickly enough, regardless of the choice of initialditions
and model parameters. Instead a substantial gas disc aheays
mains, interior to the stellar disc, for LOMyr after the stars form.
Such a disc is completely ruled out by observations, but éte f
of this ‘missing’ gas is unclear. The most plausible mecmarior
accreting the residual gas disc is direct cancellation gtiear mo-
mentum following a subsequent accretion event, but funtark

is needed to understand the dynamics of this process irl.detai
results again highlights the link between Galactic Centae for-
mation and SMBH feeding, and we suggest that chaotic aocreti
of gas clouds provides a plausible explanation for both biseoved
stellar disc and the accretion history of Sgr. A
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