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\No w there's a look in your eyes
Like black holesin the sky"
(Roger Waters)






Abstract

In the certre of our Galaxy lies Sgr A*, a 3:5 10° solar mass black hole,
immersedin a star cluster with dozensof massiwe stars. The very low luminosity
of Sgr A*, and the presenceof young stars in the closeproximity of a super-
massiwe black hole, make the Galactic certre a very interesting region on its
own. Moreover, its proximity allows the study of the physics of galactic nuclei
with a level of detail unattainable in any other system.

In this thesis, we rst show that the interaction of massiwe stars with an
accretion disc would appear as strongly variable emissionin the near infra-red.
Since obsenations have not shawn this variabilit y, we strongly constrain the
current existenceof such a disc in the Galactic certre. We argue however that
a massiwe gaseousdisc existed around Sgr A* only a few million years ago.
The evidencefor this idea comesfrom the presenceof young massiwe stars in
two stellar discs. We estimate the properties of the gaseousdisc that gave
rise to the massiwe stars, and we analyse the stellar orbits to constrain this
scenario. A related but separatetopic preserned here is the role of the stellar
winds expelled by the samestars in feeding Sgr A* and shapingits immediate
gaseouservironment. We nd that a fraction of these stellar winds form cold
clumps that coexist with the X-ray emitting gas,forming a two-phasemedium.
Only a small fraction of the gasis captured by Sgr A*, with an accretion rate
strongly variable on time-scalesof hundreds of years. This variabilit y suggests
that the time-averagedenergy output of Sgr A* may be much larger than what
is currently obsened.
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Zusammenfassung

Im Zentrum der Milchstra e be ndet sich, eingebettet in einen Sternhaufenmit
Dutzenden massereiber Sterne, das Scwarze Loch Sgr A* mit einer Massevon
3:5 10° Sonnenmassen.Die geringe Leuchtkraft von Sgr A* sowie die An-
wesenheitjunger Sterne in der unmittelbaren Umgebung diesessupermassiven
Sdchwarzen Lochs machen das Galaktische Zentrum zu einer sehr interessarten
Region. Daruberhinaus erlaubt seinegeringe Entfernung die Untersuchung der
Physik galaktischer Kerne mit einer in keinem anderen System erreichbaren
Detalilliertheit.

In dieser Arbeit zeigenwir zuerst, dass die Wedselwirkung von massere-
ichen Sternen mit einer Akkretionsscheibe sich als stark variable Emission im
nahen Infraroten au erst. Da eine derartige Variabiliteat nicht beobaditet wird,
kennen wir strenge Schranken fur eine derartige Scheibe im Galaktischen Zen-
trum der Gegemwart angelken. Wir argumertieren allerdings, dasseine massere-
iche Gassteibe vor wenigenMillionen Jahrenum Sgr A* existiert hat. Gestutzt
wird diese Annahme durch die Anwesenheitjunger massereiber Sterne, die in
zwei Ebenenangeordnetsind. Wir scthatzen die Eigensdaften der Gassteibe,
aus der die massereiben Sterne entstanden, ab und analysieren die stellaren
Orbits, um diesesSzenariozu quanti zieren. Ein verwandtes, aber separates
Thema, welcheshier diskutiert wird, befasstsich mit der Rolle der Sternwinde,
die von eben jenen Sternen emittiert werden, fur Sgr A* und seine unmittel-
bare gashaltige Umgebung. Wir kommen zu dem Sdluss, dassein Teil dieser
Sternwinde kalte Klump en bildet, die mit dem im Rentgenbereich emittieren-
den Gaskoexistierenund somit ein zwei-Phasen-Mediumbilden. Nur ein kleiner
Bruchteil des Gaseswird von Sgr A* akkretiert, wobei die Akkretionsrate auf
Zeitskalen von einigen hundert Jahren stark schwankt. Diese Variabiliteat lasst
die Vermutung zu, dass die zeitlich gemittelte Energieabgale durch Sgr A*
weitaus starker sein kennte als die gegenvartig beobadtete.
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Resumen

En el certro dela V a Lacteaseencuerira Sgr A*, un agujeronegrode 3:5 10°
masassolaresrodeadopor docenasde estrellasmasivas. La baja luminosidad de
Sgr A* y la presenciade estrellasjovenesmuy cercade un agujero negro super-
masivo hacenque el certro galactico seauna region de por s muy interesarte.
Pero lo masimportante esque su proximidad nos permite estudiar la f sica de
nucleosgalacticos con un nivel de detalle inalcanzable en ningun otro sistema.

En estatesis, primero mostramos que la interaccion ertre estrellas masivas
y un disco de acrecon sera detectada como emision variable en el infrarro jo
cercano. Como esta variabilidad no ha sido obsenada, encortramos que es
muy dif cil que un disco exista actualmente en el certro de la V a Lactea. Sin
embargo, argumertamos que hubo un disco masivo alrededor de Sgr A* hace
solo unos millones de aros. La presenciade estrellas jovenesmasivas en dos
discosestelaresda evidenciaen favor de estaidea. Estimamos las propiedades
del disco de gas que origino las estrellas, usando tambien las orbitas de las
estrellas que se obsenan hoy en d a. Otro tema relacionado que preseriamos
aqu eselrol delos vientos de estasmismasestrellasen el crecimierto de Sgr A*
y la morfolog a del ambiente gaseoso. Encontramos que parte de los vientos
estelaresforman grumos fr os que quedaninmersosen el gascaliente que emite
enrayos X. Solo una pequeta fraccion del gasescapturado por Sgr A*, conuna
tasa de acrecion que var a fuertemerte en escalasde tiempo de cientos de anos.
Esta variabilidad sugiereque la energa promedio lib eradapor Sgr A* puedeser
mucho mas grande que lo que se obsena actualmente.
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Chapter 1

In tro duction

Like many galaxies,the Milky Way hosts a super-massiwe black hole (SMBH)
in its certre. Unlike any other, our Galactic certre (GC) is close enough for
us to obsene many details of the physical processesassaiated with a SMBH.
Sgr A* was rst discovered as a radio source. Later its emissionhas also been
detected in the near-infrared and X-ray bands. The motion of stars orbiting
around Sgr A* hascon rmed its identi cation asa black hole.

In this thesis we focus on the interplay betweenthe stars in the vicinity of
Sgr A* and the gasthat the SMBH feedsupon. We will study the stars not
only asthe sourcesof most of the material that is currently accretedby Sgr A*,
but also as the fossil of a massiwe accretion disc, and as beaconsrevealing the
current properties of the accretion o w.

1.1 Super-massiv e black holes

Black holes are concerrations of mass so compact, that not ewven light can
escape from their gravity. In the standard astrophysics scenario,black holes of
a few solar massesare formed when massiwe stars run out of fuel and collapse.

The formation of SMBHSs, weighting millions to billions of solar massesjs not
yet understood. Nevertheless,they are now believed to be presen at the nuclei
of most if not all galaxies. The certral black holesin some galaxies manifest
themselwes as the brightest sources, radiating more than the whole galaxies
hosting them. This is the casefor the bright quasi-stellar objects (QSOs) and
for active galactic nuclei (AGN) in general. In most nearby galaxies, however,
the presenceof a SMBH is only determined becauseof its gravitational in uence
on the galactic nucleus.

1.1.1 Accreting SMBHs in AGN

AGN are bright sourcesfound at the certre of somegalaxies. AGN spectra are
clearly dierent from stellar emission, so they needto be explained by more

1



2 CHAPTER 1. INTR ODUCTION

exotic mechanisms. The source appears point-lik e when measured with the
current instrumental resolution, therefore indirect arguments have to be used
to constrain its size. A common feature in AGN emissionis strong variabilit y
on timescalesas short as hours. Sincethe variabilit y hasto comefrom a region
causally connected,the emitting region can be at most as large as the distance
travelled by light during thosetimescales,i.e., of the order of a few astronomical
units (few times 10'3 cm).

The brightest AGN have luminosities 108 ergs 1. Such a radiativ e power
carries a strong pressure,which could actually destroy the sourceif it exceeds
the gravitational force that keepsit bound (seethe Eddington limit, eq. 1.1
below). To full the Eddington limit, a very massiwe certral object is required.
In somegalaxiesit reachesup to 10°°M

Besidesthe requiremerts on massand size,an important constraint on the
nature of the emitting object is the sourceof energy Accretion onto a compact
object seemsto be the most e cien t mechanism for transforming mass into
energy: when matter falls deepin the potential well of a black hole, the energy
liberated is an important fraction of its rest mass.

When gas is infalling in a galactic nucleus, it usually has some angular
momertum. The gas, instead of going directly into the black hole, will form a
disc orbiting the black hole. The gascould in principle stay in such an orbit
inde nitely { it is due to viscosity that the angular momertum is transferred to
the outskirts of the disc, allowing the massto o w inwards. Viscosity heatsthe
disc through dissipation of gravitational energy which is then radiated away
to yield the obsened bright point-lik e sources,i.e., AGN and quasars. The
nature of the viscosity is still not well understood, however, Shakura& Surnyaev
(1973) intro duced a useful parametrisation that explains quite well the general
behaviour of accretion discs.

1.1.2 SMBHs in nearby galaxies

Most nearby galaxiesshow little or no sign of accreting SMBHs. However, the
gravitational e ect of a SMBH is felt by both stars and gasin galactic nuclei. In
somegalaxies,gascan be obsered orbiting the galactic nucleus,and from this
motion the massof the certral object is inferred. The interpretation, however,
is not trivial, becausegasalsorespondsto non-gravitational forces.

Unlike gas, stars only feel gravitational forces. For this reason, studying
stellar dynamics has beenthe preferred method to probe gravitational poten-
tials. For external galactic nuclei, the integrated light of many starsis analysed,
extracting the velocity distribution from the broadening and shape of spectral
lines. A strong peak in the velocity dispersion is interpreted as a large mass
conceriration. With this approad, a dark certral object has been found in
most nearby galaxies,with massesn the range 10°{(10%°*M (e.g., Ferrarese&
Ford, 2005).

Moreover, a tight correlation hasbeenfound betweenthe massof the SMBHs
and the velocity dispersion of starsin the host galaxies,well outside the direct
black holein uence. The so-calledMpgy{ relation, with Mgy / and 4,
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suggeststhat a profound relation exists betweenthe growth of SMBHs and the
formation of their host galaxies.

In addition, there is a broad correspondencein SMBH numbers and masses
between ‘normal' galaxiesin the local universeand high redshift QSOs. This
suggeststhat all galaxies at some point in their history were actually AGN,
and had episades of radiativ ely e cien t accretion (e.g., Yu & Tremaine, 2002).
Nowadays, however, practically none of them are radiating much.

The dimnessof nearby galactic nuclei is not that surprising consideringthat
most of the black holes growth happened far in the past (e.g., Kau mann &
Haehnelt, 2000). However, the low luminosity is quite unexpected given the
large amount of gas available for accretion in their immediate ervironment.
Considering the obsened hot gas and mass-losingstars in galactic nuclei, Ho
(2003) estimates that nearby SMBHs can be accreting at rates Mgy > 10 °{
10 3M yr 1. If accretion proceedede ciently (seex 1.3.2), these galac-
tic nuclei would be a few orders of magnitude brighter than the measured

10*? ergs 1. New models of accretion have been dewveloped to accourt for
this discrepancy Sud models need as input the amount and physical proper-
ties of the material that is captured by the black hole. Obsenationally, this
information can be obtained only roughly for nearby galaxies. Our GC will
prove very useful, asonly there it is possibleto get this input in detail (x 1.4.3).

1.1.3 Sgr A*, the closest SMBH

Sgr A* is the super-massiwe black hole at the certre of our Galaxy. It was
discoveredin the mid-1970sas a compact radio source(Balick & Brown, 1974).
Later, more precise obsenations located it at the dynamical certre of the gas
streamersin the Galactic nucleus(Brown et al., 1981), and discoveredthat it is
a variable source(Brown & Lo, 1982). More recerly, Sgr A*'s proper motion
hasbeendetermined to be essetially zero(Backer & Sramek,1999;Reid et al.,
1999), as expected from a massiwe object.

During the last few years Sgr A* has beendetectedin the X-rays and near-
infrared (NIR) bands. Bagano et al. (2001) reported the rst clear detection
of Sgr A* emissionin X-rays. The sourceis extremely faint for AGN standards,
but hasstrong ares lasting for about one hour (seealso Bagano et al., 2003;
Goldwurm et al., 2003; Porquet et al., 2003). Genzelet al. (2003a) discovered
Sgr A* emissionin the NIR, which also shaws variabilit y, although at a much
lower level (seealso Ghez et al., 2004; Eisenhaueret al., 2005).

All these data, in particular Sgr A*'s variability and its location at the
very certre of the Galaxy, suggestthat Sgr A* is assaiated with a SMBH.
Nevertheless,the con rmation for its identi cation asa black hole comesfrom
the obsened stellar dynamics (x 1.2.2).

Sgr A*'s extremely low luminosity has motivated the developmert of radia-
tive ine cien t accretion ow models (x 1.3.2). It is alsoin Sgr A* where these
ideas can be tested, as it is the only galactic nucleus where it is possibleto
resolve the region where the gasbecomesbound to the SMBH. Moreover, indi-
vidual mass-losingstars can be obsened, which are the sourceof the gasthat
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Sgr A* is accreting nowadays (x 1.4.3).

More recertly, it becameapparen that young massiwe stars were most likely
formed around Sgr A* (x 1.3.1). This seemsto be the rst evidencefor a
processlong predicted by AGN theorists: accretion discs on parsecscalesare
massive enoughto becomegravitationally unstable and form stars. This is quite
interesting becauseit implies that a few million yearsago Sgr A* was a normal
AGN. Again, this can only be obsened in our GC. In other galaxies (notably
Andromeda, seeBender et al. 2005) nuclear stellar clusters are obsened, but
individual stars cannot be resolved.

Summarising, studying Sgr A* and its vicinity is crucial for understanding
galactic nuclei. It is the only place where we can obsene in detail what the
black hole is accreting now, and resolwe the stars that are signatures of AGN
activity in the past. Extrap olating from Sgr A* it will be possibleto learn about
the growth and duty cycle of SMBHSs, and the relation betweenstar formation
and AGN activity. This is likely to be relevant to understand the origin of the
correlation betweenblack hole massesand the stellar velocity dispersionin their
host galaxies,one of the open issuesin the standard cosmologicalscenario.

1.2 Stars around Sgr A*

Determining stellar dynamics has been a key ingredient to study Sgr A* and
conrm its identi cation asa black hole. Observing stars in the GC can also
shedlight on a range of astrophysical areas: from tests of generalrelativit y to
the physics of star formation, and from galaxy formation to accretion theories
(e.g., Alexander, 2005).

The radius of in uence of Sgr A*, i.e., the distance up to where the stellar
dynamics are dominated by the SMBH gravitational potential, is of the order of
oneparsec(lpc= 3:086 10 cm). We shall refer to this region as the certral
or the inner parsec. Another length unit usedin the GC literature and through
this thesis is the arcsecond(1%, which correspondsto 1:2  10'7 cm, or 0.039
pc, at the distanceto the GC.

1.2.1 Stellar populations at the Galactic Centre

The stellar population in the inner parsecof the Galaxy has seweral componerts
on top of the old, dynamically relaxed, population extending from outside this
region. It is important to review the stellar properties, in particular their dy-
namics, becausethey are usedto constrain the stellar origin (x 1.3.1), and also
the nature of Sgr A* (x 1.2.2) and its accretion ow (x 1.4.1and 1.4.3).

The inner 10°are dominated by the “He-stars', stars shawing strong helium
emissionlines (e.g., Najarro et al., 1997). Many are catalogued as Wolf{Rayet
(WR) stars or luminous blue variable (LBV) candidates. Such stars lose mass
very rapidly and are believed to be the main sourceof material that is currently
accretedby Sgr A*. In addition, thesestars have lifetimes of only a few million
years, which constrains their epoch of formation. Most of them are con ned
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into two overlapping discs that rotate around Sgr A* (Levin & Beloborodov,
2003;Genzelet al., 2003b).

The He-stars discs are moderately thick, with aspect ratio H=R  0:15.
The stellar discsare almost perpendicular to eat other and, depending on the
projection of their motion in the sky, are referred to as the clockwise (CWS)
and counter-clockwise systems(CCWS). The inner radii of the discsare 1%
and 3% respectively, and, while the stars in the CWS seemto describe circular
orbits, the CCWS orbits are better tted by ellipses(Paumard et al., 2006).

In the inner 1%the stellar properties changeabruptly. Most of the obsened
stars in this region are massive B main sequencestars. Contrary to the ordered
motion in the 1°{10%°region, the orbits of the so-called’S-stars' are randomly
oriented, with no signs of alignment with any of the discs. Moreover, most of
them are in highly eccertric orbits, with e > 0:9 (Eisenhaueret al., 2005).

1.2.2 Sgr A*s conrmation as a massive black hole

During the 1990s,two independent groups (seee.g., Ghez et al., 1998; Genzel
et al., 2000) used near-infrared obsenations to measure proper motions and
line-of-sight velocities for about a hundred stars in the inner few arcsecondsof
the Galaxy. The high velocity dispersion obsened implied a very large massof
28 05 10°M conned to the inner 0:01pc. This high density of more
than 10 M pc 2 could still correspond to a cluster of dark stellar remnarts
(stellar massblack holes or neutron stars). However, such a system would be
dynamically unstable and dispersein lessthan 10’ yr (Maoz, 1998), which is
much shorter than the age of most stars in the Galactic certre, making this
scenariohighly improbable (Genzel et al., 2000).

With better data and longer time coverage,the next step wasthe detection
of stellar accelerations. Ghez et al. (2000) and Eckart et al. (2002) noticed that
2 or 3 of the innermost stars were not describing straight lines in the sky. The
curvature was interpreted as acceleration causedby the gravitational potential
of a certral point mass. This measuremen increasedthe minimum density of
the certral object to almost 102*M pc 3, making it even harder for the dark
massto be composedof stellar objects.

One of these stars, known as S2, was obsened by Scedel et al. (2002) at
its pericertre in April 2002. The distance to the black hole at that time was
only 6 10 “4pc. Similar individual orbits have been measured,including also
line-of-sight velocities (Ghez et al., 2003b), for half a dozenstars (Schedel et al.,
2003;Ghez et al., 2005; Eisenhaueret al., 2005), con rming what was learned
from S2. The certral object is now constrainedto be smaller than the measured
pericertres and therefore at least a few times 101" M pc 3 in density, ruling
out any cluster of dark stellar objects.

More exotic alternativ esare also sewerely constrained. A degenerateball of
fermions would needto be extremely compact, therefore composedof particles
with massesin excessof 75 keV, larger than the 15 keV fermion ball that
could explain dark massesin other galactic nuclei (e.g., Munyaneza& Viollier,
2002). The only option left is a ball of bosons,sud an object could be compact
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enough, but it would likely collapseto a black hole after accreting someof the
gas abundant in the inner region of the Galactic certre (Torres et al., 2000).
Therefore, it has beenconcludedthat Sgr A* must be a SMBH.

1.3 The puzzles of Sgr A*

The proximity of our GC allows astronomersto obsene galactic nuclei phenom-
ena with exquisite detail. The same obsenations also pose serious questions
to the standard star formation and accretion theories. How is it possiblethat
young stars exist so closeto a SMBH? Why is Sgr A* sodim, if it hasplenty of
material to accretefrom?

1.3.1 The young stars

The presenceof young stars in the vicinity of Sgr A* requiresexplanations that
go beyond the standard star formation scenario. Particle densities as high as
10°cm 2 are neededto overcomethe huge tidal eld of the SMBH to allow
star formation. Sud densities are orders of magnitude higher than those in
obsened molecular clouds. Some of the proposed solutions involve migration
from larger distances, rejuvenation of older stars, and in situ formation in a
massiwe accretion disc. While the discussionbelow focuseson the disc He-stars,
it should be noticed that the complications are acceriuated for the “S-stars'in
the inner arcsecond.

Outside the certral parsec,the tidal force of the super-massiwe black hole
is weak and cannot prevent star formation. Early calculations (Gerhard, 2001)
showvedthat if the starswerein a cluster, then the dynamical friction forcewould
be e cien t enoughto bring the stars to the inner parsec. The model has been
studied further, shawing that the cluster hasto be unrealistically massive and
compact for the scenarioto work in the Galactic certre (McMillan & Portegies
Zwart, 2003;Kim & Morris, 2003). The presenceof a 10°M black hole in
the stellar cluster would help (Hansen & Milosavljevic, 2003; Portegies Zwart
et al., 2006), but that massis much larger than the one expected from stellar
clusters core collapse(Kim et al., 2004). An even more stringent constraint on
this model comesfrom the fact that the infalling cluster is expectedto lose a
large fraction of its stars at it migrates inward. Nayakshin & Sunyaev (2005)
showedthat the lack of the expected X-ray emissionfrom low massstars outside
the inner parsecpractically rules out the inspiral cluster scenario.

A secondalternativ e is that the stars were indeed formed in situ. To over-
comethe density problem, Morris (1993) suggestedthat star formation wasthe
result of the collision of clouds. Perhapsa more natural explanation is that star
formation occurred inside a massiwe accretion disc. Standard accretion discs
(Shakura & Sunyaev, 1973) are expectedto be massiwe enoughto becomeself-
gravitating and clumpy in their outer parts (e.g., Paczynski, 1978; Kolykhalov
& Sunyaev, 1980;Shlosman& Begelman,1989;Collin & Zahn, 1999;Goodman,
2003). If the cooling processesare fast enough, stars or planets should form in
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these clumps (Gammie, 2001). The fact that most of the He-stars are located
in two discs lends support to this scenario for the Galactic certre (Levin &
Beloborodov, 2003, seealsox 1.4.2).

1.3.2 Sgr A* is a very underluminous black hole

The massof SgrA*, 3.5 10°M (seex 1.2.2), makesit a ‘normal' SMBH, even
if in the low-massend of the family. Its luminosity however, 10%ergs 1, is
not only much smallerthan that of bright AGN, it is alsofar lower than what has
been measuredfor any nearby galactic nucleus. Becauseof its low luminosity
andits proximity, SgrA* might bethe keyfor understandingine cien t accretion
onto SMBHs.

To understand the dimnessof Sgr A*, it is interesting to compareit with
the maximum luminosity expectedfrom a black hole. In general,the luminosity
produced by accretion will exert radiation pressureon the infalling material.
When this pressureis equal to the gravitational attraction from the certral
object the accretion cannot grow anymore. The maximum value is called the
Eddington limit, and the luminosity at this regime can be expressedas (e.g.,
Frank et al., 2002)

4 GMgy mpC
T

1:3 10%ergs 1'\|/\I/Iﬂ'

LEdd = (1.1)
The Eddington limit for Sgr A* is 5 10*ergs !, almost nine orders of
magnitude higher than its obsened luminosity.

The actual luminosity of an accreting object can be better estimated ob-
serving the available material. Knowing the physical properties of the gas far
from the black hole, one can assumethat accretion proceedsin a steady and
spherically symmetric way, a processknown as Bondi accretion. In this case,
the gaswill be accretedat a rate given by (Bondi, 1952)

Man GZMéH(@); (1.2)

where the density and the sound speedcs are measuredat the Bondi radius,
Rg = 2GMgy =&, roughly the distance where the material becomesbound to
the black hole.

Further, a cornversionbetweenaccretionrate and emitted luminosity is needed.
A simple way to estimate this e ciency is by assumingthat the gasemits all
the gravitational energyit gainsbeforereading the last stable orbit. The New-
tonian approximation yields Eis, = mc?=12, i.e., almost 10 percert of the rest
massenergy can be radiated during accretion. The proper relativistic calcula-
tion also givesvaluesof the order of one tenth.

Bagano et al. (2003) usedthe Chandra X-ray obsenatory to measurethe
density and temperature of the gasat a distanceof  1%°from Sgr A*, which is
approximately the Bondi radius for the black hole. The resulting accretion rate
iSMgy 3 10 M yr !. Usingthe standarde ciency = 0:1, the expected
luminosity is 10" ergs ?, again much more than the measuredluminosity.
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Since the infalling gashas angular momertum, the Bondi model is hardly
realistic. Howewer, it is still usefulto estimate how much massis captured by the
black hole. In more realistic models, the gassettlesin a disc, where the energy
is dissipated and radiated away. On the other hand, in the so-calledadvection-
dominated accretion o ws (AD AF), most of the energyis not emitted, instead,
it is carried along with the gas and lost into the black hole (Narayan & Yi,
1994). This is possibleif the ions and electronsin the plasma have di erent
temperatures. When the density is low enough, Coulomb interactions cannot
transfer energyfrom the ionsto the much lighter electrons. Sinceions are heavy,
they do not radiate much and just get hotter.

The ADAF model and its generalisationsare ableto t Sgr A*'s spectrum
(e.g.,Narayan et al., 1995;Narayan, 2002). Howewer, to test the modelsfurther,
it is necessaryto establish exactly how the gasis captured by the black hole.
Sgr A* is the only SMBH for which this study is becoming possible. X-ray
obsenations now detail the distribution of hot gasin the inner parsec(Bagano
et al., 2003), while in the NIR it is possibleto detect streamersof ionised gas
in the sameregion (Paumard et al., 2004). In addition, most of the material
that is currently accreted by Sgr A* originates in the ewlved stars orbiting
around them. Spectral analysesof thesestars is now revealing the properties of
their out o ws (Paumard et al., 2001, Martins et al, in prep), allowing for the
rst time to model the feeding of a black hole from the origin of the gas until
its accretion. As the stars are distributed non-isotropically, the expected gas
distribution is quite complex and and numerical treatment is needed(x 1.4.3).

1.3.3 Inactiv e disc and X-ray ares

One of the extensionsof the ADAF models is the additional presenceof an
inactive accretion disc. Sgr A* seemgo be an extreme example of low luminos-
ity AGN (Ho, 1999), and a cold accretion disc seemsto exist in these objects
(Ho, 2003). Nayakshin (2003) proposedthat such a disc could also be presen
around Sgr A*. An inactive disc could be the remnant of a past episade of
stronger accretion, and nowadays would act as an e cien t cooling surface for
an ADAF-like ow. The hot material would condensateon top of the disc,
at radii typically much larger than the Schwarzsdild radius, without radiating
much of its gravitational energy

A nice feature of the Nayakshin (2003) disc is that it provided a natural
explanation for the X-ray ares, that could arise from collisions between stars
and the disc (Nayakshin & Sunyaev, 2003). There are thousands of stars in
the inner parsec of the Galaxy. These stars would crossthe disc twice per
orbit. Nayakshin, Cuadra, & Suryaev (2004) made a simple model for the
emission expected from sudch star{disc interactions. We found the obsened
characteristic of the ares (duration, rate, spectra, position) as known at that
time to be roughly the sameas what is expected from the collisions. The star{
disc interaction canin principle also leave obsenational signatureson the NIR,
sothis should be studied further to ched the validity of the model (x 1.4.1).
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1.4 This thesis

In this thesis we study someof the most important puzzlesof Sgr A*. First is
how does accretion work there. We have seenthat there is plenty of material
available to make Sgr A* radiate as an AGN. But, how much gasis actually
captured by the black hole, and which properties doesit have? In addition, is a
disc really producing the X-ray ares? Is there any disc at all around Sgr A*?

The secondissueis the origin of the young stars. Is it really possiblethat
they were formed in an accretion disc? What can we learn about the accretion
history of Sgr A* observingthe stars today?

1.4.1 Star{disc interactions: no disc now

If aninactive disc werepreser in the GC, it could eclipsethe stars that happen
to be behind it (Nayakshin & Sunyaev, 2003). In Chapter 2 (published by
Cuadra, Nayakshin, & Sunyaev 2003) we study how the obsenations of bright
stars constrain the properties of a disc in the Galactic certre. In particular
we focus on the star S2, that has been measuredmore thoroughly. Since no
variability has been detected in its luminosity we exclude the occurrence of
eclipsesand therefore constrain the geometry of the disc. It hasto either be
small enough (Roy < 0:1%, or have a relatively large inner hole (R;, > 0:03,
in addition to having the “right' orientation (x 2.2).

However, we nd that the stronger constraints come not from the absence
of eclipses,but rather from the lack of large increasesin the stars' luminosity
(x 2.3). A massiwe young star like S2 emits most of its energy as ultraviolet
radiation. When sud a star approachesthe disc, the ultra-violet (UV) photons
heat up the disc material up to 10°{10*K, making it radiate as a black body.
In the obsened near-infrared bands, such reprocessedemissioncan exceedthe
intrinsic stellar luminosity by more than a factor of a hundred. This strong
e ect has not beenobsened, so any disc existing in the Galactic certre would
have to have a large inner hole (R, > 0:1%, or, alternativ ely, be optically thin
in the near-infrared, with < 0:01.

The constraints we nd on the disc properties complicate the feasibility of
the Nayakshin et al. (2004) model for the production of X-ray ares. The surface
density required to produce the X-ray ares is 0:2gcm 2, which could be
reconciled with the above constraint on optical depth if the disc is dominated
by grains with sizeslarger than about 30 m.

In addition, we study how a disc embeddedat the certre of a stellar cluster
would in uence the cluster's obsenational appearance(x 2.4). This method
doesnot needindividual orbits, nor resolved stars, soit canin principle be used
for galactic nuclei other than our GC.

1.4.2 Self-gravitating disc and star formation

In Chapter 3 (published by Nayakshin & Cuadra, 2005), we study analytically
the idea of a self-gravitating accretion disc as the formation place for the He-
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stars in the Galactic certre. We shaw that the disc had to be more massiwe
than 10*M in order to becomeunstable to its own gravity (x 3.2). Once
star formation proceeds,we calculate that the stars remain embedded in the
disc (x 3.6), where they accretethe gasvery rapidly (x 3.7).

Additionally , we usethe current obsened stellar dynamics to constrain the
maximum mass of the disc at that time. We nd that if any of the discs
was more massive than 3 10°M , the N-body scattering would distort
the stellar dynamics beyond the obsened velocity dispersion (x 3.4). A more
stringent limit can be obtained consideringthe e ect of one disc on the other.
The non-spherical potential of a disc will make orbits precess. As the rate of
precessiondependson the radial distance, the interacting discswill warp eat
other (Nayakshin, 2005b). In x 3.5 we show analytical estimates suggestingan
upper limit on the disc massof 10°M

Another possibility for explaining the disc orbits is that somestars from the
nuclear cluster were captured by a gaseousdisc, and later grown by accretion
from that gas. We nd that this mecanismis much lesse cien t than the in situ
formation. The necessaryaccretion disc massof a few times 10°M practically
rules out this possibility (x 3.3).

1.4.3 Feeding Sgr A* with stellar winds

In Chapters4 and 5 (originally published by Cuadra et al., 2005,2006) we study
the dynamics of the gasin the inner half parsecof the GC, following it since
its emissionfrom the stars, until either it is accretedby Sgr A* or it escapes
from this inner region. In Chapter 4 we present analytical estimates and a
preliminary simulation, while in Chapter 5 we explain the numerical model and
analysein detail many dierent runs.

We rst perform seweral simulations with dierent con gurations for the
stellar orbits. We nd that the angular momertum of the gas has a strong
dependenceon the orbital motions. Moreover, only the fraction of the gaswith
the “right' low angular momertum goesto the inner region and can be accreted.
Therefore, when the stars are rotating in a disc, the gas has more angular
momertum and the accretion rate is lower than in the casewhere stars orbit
the certral black hole isotropically (x 5.3).

We also compare theseresults with the casewhere the stars are kept xed
in space,as done previously in the literature. Obviously with xed stars the
angular momertum is not properly taken into accourt, and the accretion rate
is over-estimated. Another interesting conclusion is that the stellar motion
producesvariabilit y in the accretionrate. This is just the result of the geometry
of the stellar system changing with time.

Di erent wind sourcesalso a ect the accretion onto Sgr A*. The LBV can-
didates appear to be particularly important. These stars have wind velocities
vw 300kms !, low enoughto be susceptibleto radiativ e cooling (x 4.2). We
nd that oncethe winds emitted from these stars are shocked by the neigh-
bouring winds, they cool and form clumps and laments, creating a complex
two-phasemedium together with the hotter gascoming from WR stars (x 5.4).
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In addition, the existenceof clumps adds variabilit y to the accretion rate.
Every time a clump is captured by the black hole, a sharp peak is produced.
While we cannot resolwe the inner accretion o w to predict the actual accretion
rate onto Sgr A*, we estimate that variability by a factor of a few should still
reach the black hole. In the extremely sub-Eddington regime of Sgr A*, a small
changein the accretion rate producesa non-linear responseon the luminosity.
Perhapsthe very low luminosity we obsene nowadays is not represenativ e of
the averagepower output of Sgr A*, and this quiescen black hole is actually
important for the energeticsof the Galactic certre (x 5.6.4).
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Chapter 2

Brigh t stars and an
optically thic k inactiv e disc
In Sgr A and other
dorman t galaxy centres.

Originally published by Cuadra, Nayakshin & Suryaevin Astronomy & Astro-
physics411, 405

Cold inactive discs are believed to exist in Low Luminosity AGN (LLA GN).
They may also exist in the nuclei of inactive galaxiesand in the centre of our
own Galaxy. Thesediscswould then be emledde in the observe densenuclear
stellar clusters. Making the simplest assumption of an optically thick disc, we
explore sevenl waysto detect the disc presene throughits interaction with the
cluster. The rst of theseis the eclipse of close bright stars by the disc. The
seond is the increase in the infrared ux of the disc due to illumination of
its surface by such stars during close passages. Finally the surface brightness
of the star cluster should show an anisotropy that depends on the inclination
angle of the disc. We apply the rst two of the methads to Sgr A , the super-
massiveblack hole in our Galactic Centre. Using the orbital parameters of the
close star S2, we strongly rule out a disc optically thick in the near infrared
unlessit has a relatively large inner hole. For discs with no inner holes, we
estimate that the data permit a disc with infrared optical depth no larger than
alout 0.01. Sucha disc could also be respnsible for the detected 3.8 m exess
in the spectrum of S2. The constraints on the disc that we obtain here can be
reconciled with the disc parameters needed to explain the observel X-ray ar es
if dust particles in the disc havesizesgreater than 30 m. The destruction of
small dust particles by strong UV heating and shacks from star passagegshrough
the disc, and grain growth during “quiesent' times, are mentioned as possible

13
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mechanisms of creating the unusual grain size distribution. We estimate the
emissivity of the thin layer photo-ionised by the star in Hydrogen Br line and
in the continuum recombination in the 2.2 m band, and nd that it may be
detectable in the future if the disc exists.

2.1 Intro duction

In the last decadeor so,dramatic improvemerts in the capabilities of the infrared
instruments (e.g., Ott et al., 2003) produced unprecedenedly high quality data
on the distribution of starsin Sgr A (e.g., Genzelet al., 2003b; Ghez et al.,
2003a) and in the certres of other inactive galaxies. These high quality data
provethat a super massiwe black hole (SMBH) existsin the certre of our Galaxy
(e.g., Schedel et al., 2002;Ghezet al., 2003b)and that the majorit y of the bright
stars in Sgr A cluster are early-type stars (Gezari et al., 2002; Genzel et al.,
2003b), raising interesting questions about the star formation history in the
vicinity of SgrA .

In analogyto the discspresent in LLA GN (e.g.,Miyoshiet al., 1995;Quataert
et al., 1999; Ho, 2003), a thin inactive (i.e. formerly accreting; Kolykhalov &
Sunyaev, 1980) disc may exist in Sgr A . In addition, the disc presencemay
help to explain (Nayakshin, 2003; Nayakshin & Sunyaev, 2003; Nayakshin et al.,
2004) two major mysteries of Sgr A : its amazingly low luminosity (e.g., see
Bagano et al., 2003,and reviewsby Melia & Falcke, 2001 and Narayan, 2002)
and the recertly discoveredlarge amplitude X-ray ares (Bagano et al., 2001).
Direct obsenational detection of the disc could be possible if the disc were
massiwe and thus bright enough(e.g., Falcke & Melia, 1997and Narayan, 2002)
but a very dim inactiv e disc could have eluded suc detection (Nayakshin et al.,
2004).

Nayakshin & Sunyaev (2003) pointed out that the three dimensional orbits
of stars such as S2 could be usedto test the putativ e disc hypothesis. Here
we extend the work of theseauthors by doing a much more through analysis of
the parameter spaceas well asincluding new physics. In particular, under the
simplest assumption of an optically thick disc, we discussthree methods to do
so: (i) stellar eclipses;(ii) re-processingof the stellar UV and visible radiation
into infrared; (iii) asymmetry of the integrated star cluster light. We apply
the rst two of the methods to the star S2, whose orbit is currently known
the best out of all the closesourcesin the Sgr A cluster. We nd (x2.2) that
absenceof eclipsesfor S2 could be explained by a disc with a “large' inner
hole, Rj, > 0:03% for a rather broad range of disc orientations. Note that for
a distance of 8 kpc to the Galactic Certre, 1" correspondsto ' 1:2  10' cm
or' 13 10°Ry, whereRy = 2GMgy=¢"' 9 10 cm is the gravitational
radius for the Mgy = 3 10°M black hole. The re-processingof the optical-
UV luminosity of the star in the infrared, however, creates(x2.3) a variable and
very bright emissionin the standard nearinfrared spectral bands. This emission
would add to the total “stellar’ ux obsened from the source (seeFigure 2.7
below). Considering discs with no inner hole and all possible orientations we
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nd that this additional emissionwould have beendetected by the Genzelet al.
and Ghezet al. teams. Thereforean optically thick (in ' few m) discisruled
out for the Sgr A star cluster. We estimate that the maximum near infrared
optical depth of the disc that would not violate obsenational constraints is
about 0.01. Finally, the cluster asymmetry measuremen is suggested(x2.4) as
a meanto constrain disc size and orientation in nearby galaxieswhosenuclear
regionsare visible in the optical and UV light. In the discussionsection (x2.5)
we summariseour main results.

2.2 Eclipses (and ares)
2.2.1 The method

In this paper we consider an inactive disc optically thick in all relevant
frequencies. In our study of the e ects of the disc on individual stars, we pick
the star S2 (Schedel et al., 2002;Ghez et al., 2003b)* asthe best example. This
is a very bright (Lol 10°L ) star whose orbit is constrained with better
precision than that for any other star near Sgr A . The existing data on the
star positions in the last 10 yearscover (Schedel et al., 2002; Schedel et al.,
2003;Ghez et al., 2003b, seealso Figure 2.2 below) as much as  70% of its
orbit. The coveragewill clearly further increasewith time. In addition, the star
passeda mere  0:02" or about 2000 gravitational radii, Ry, from the black
hole in the pericertre (Schedel et al., 2002).

The geometrical thicknessof a cold disc is very small (seeNayakshin et al.,
2004) so we treat the disc as a at surface. The disc is assumedto be in
Keplerian circular rotation and is described by its inner and outer radii: Rj,
and Ry . An example of the projection of such a discis shown in Fig. 2.1. We
needtwo anglesto describe the obsenational appearanceof the disc: inclination
0 i =2, betweenthe direction normal to the disc and the line of sight, and
rotation O 2 , betweenthe West direction and the semi-minor axis of the
disc as seenin projection. (Out of the two possible semi-minor axes, we pick
the onethat lies on the side of the disc closestto the obsener.)

Note that the angle is of no importance for discs that have azimuthal
symmetry, and is thus rarely de ned. For our problem, howewer, this angle
is important sinceit determinesthe orientation of the disc relative to stellar
orbits. This angle de nition is somewhatdi erent from those commonly used
to de ne stellar orbits (seee.g., Roy, 1982, x14.8), newerthelesswe feel that
oursis simpler to use: immediately showvs which side of the discis in front of
the plane of the sky certred on Sgr A .

We use the S2 orbital parameters given by Schedel et al. (2003) and the
sign of the inclination angle measuredby Ghez et al. (2003b) to calculate the
3-dimensional positions of the star as a function of time. For ead given set of
the disc parameters, we determine the parts of the star's orbit that are eclipsed
by the disc (i.e. physically behind the disc) and thosethat are not. A physically

1Ghez et al. (2003b) refer to this star as SO-2.
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Disk Projection
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Figure 2.1: Projection of the disc in the plane of the sky. The disc is described
by two radii, R, and Ry, and two angles: discinclination angle,i, and rotation

angle, . The latter is de ned as the angle betweenthe West projection and
the semi-minor axis of the disc projection directed to the part of the disc closest
to the observer



2.2. ECLIPSES (AND FLARES) 17

plausible disc should not eclipseany of the star positions measuredby Scedel
et al. (2002); Schedel et al. (2003)°. Note that sincethe Sun preverts obsena-
tions of the GC region for about half of a year, there are large portions of the
star's orbit when it simply could not be obsened.

The method described in this section can be easily extendedto other stars
in Sgr A , oncetheir orbital parametersare precisely determined. S12and S14
passedrelatively closeto SgrA sothey could alsobe usefulin constraining the
disc properties. The orbit of S12is indeed known quite well, exceptfor the sign
of its inclination angle (Schedel et al., 2003;Ghezet al., 2003a),soa degeneracy
in the 3-dimensional positions remains.

2.2.2 Sample results

To demonstrate typical results, we presen two examplesof discsthat are not
in conict with the obsenations of S2. First, we considera disc with no (or a
very small, Rj, ' 0) inner hole, outer radius of 0:1% inclination i = 71, and

= 46 . In this calculation S2 was eclipsed between 2001.7 and 2002.2 (see
Fig. 2.2), and between 2002.75and 2003.3. The end of the eclipsein 2002.2
coincideswith a are in X-rays and NIR that results from the shock heating of
the disc by the star (Nayakshin et al., 2004). The NIR are may in fact be quite
strong due to the disc re-processingof S2radiation incident on the disc surface,
last for months, and be asymmetric (seex2.3). The samemay be said about
the second are in around 2002.75,except that for this one the eclipsebegins
(rather than ends) with the are. While tting the obsened data, this set of
disc parametersis a rather ne tuned one. Thus such a disc (with Rj, = 0) is
likely to be ruled out by future NIR obsenations of Sgr A .

Nayakshin et al. (2004) found that the too frequent crossingsof the disc by
the closestars in the innermost region of the stellar cluster will actually destroy
the disc there. They estimated that the inner radius of the disc may be aslarge
asRin  10°Ry, roughly 0.01%° In addition, the ‘accretion' discsin LLAGN
do appear to have empty inner regions (Quataert et al., 1999; Ho, 2003) with
similar valuesfor Ri, =Rgy. Similarly, there are argumerts for the existenceof an
inner holein the standard disc surrounding the black holein Cyg X-1 (Churazov
et al.,, 2001). Thus it is sensibleto study a disc with an inner radius R, 6 0.
As an example, we take a much larger disc with Ry = 0:2% R;, = 0:04% and
i =39 and = 347 (Fig. 2.3). In this examplethe star is eclipsedby the
disc only onceper orbit, not twice asin Figure 2.2. The star crossedthe disc in
2001.8(producing a are) and appearedin the projection of the inner disc hole
in 2002.2.

An important point to take from Fig. 2.3 is that the outer disc radius is
unconstrained in this case,i.e. it can be arbitrarily large. This is partially due
to the “fortunate' orientation of S2orbit: Ghezet al. (2003b) shaved that out of

15 years,the S2 orbital period, the star spent only 0.5 year behind the black

2Ghez et al. (2003b) observed this star in similar epochs, so using their data should yield
similar constrains.
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Figure 2.2: The orbit (top panel) and the light curve (bottom) producedby S2
passingthrough a disc with inner radius Ri, = 0 and outer one Roy = 0:190
=71 and = 46 . Trianglesshow the positions of the star asgiven by Schedel
et al. (2003). Respective times of the obsenations are showvn on the Figure
for someof the measuremeis. The two small crossesmark the points where
the star would actually passthrough the disc and when X-ray and NIR ares
are emitted. The S2luminosity in the bottom panel is shovn schematically, in
arbitrary units.
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Figure 2.3: Sameas Fig. 2.2, but for a disc with inner radius of 0:04° Roy =
0:29i = 39 and = 347 . Note that S2is seenthrough the hole in early 2002
and that there are no constrains on the disc outer radius in this case.
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holein the year 2002. If we take the simplest caseof i = 0, i.e. a disc coinciding
with the plane of the sky, then only the innermost 2002points will be eclipsedif
Rin = 0. If Ry, is greater than about 0:03% then the three measuredpositions
of S2 that were behind the plane of the sky in 2002 are obsened through the
hole and the rest of the star's orbit is in front of the disc. Thereforein this case
there are no eclipseseveniif the discis in nitely large.

2.2.3 Constrains on Disc Size and Orien tation

We now seard the parameter spaceto determine the likelihood, in a rough
statistical senseof a discwith some xed parametersproducing no eclipsesthat
would disagreewith obsenations. We make a ne grid in the parameter space
(Rin, Rout, cosi and ) for this purpose, and for eat combination of these
parameters we chedk whether the disc eclipsesany of the measured (Schedel
et al., 2002;Schedel et al., 2003) star positions. If it does,then this combination
of parametersis rejected.

We concerirate rst on a disc with Rj, = 0:035% In Fig. 2.4 we show the
maximum discsize,Rqyt , asafunction of the rotation angle, , for threedierent
disc inclination anglesi. Any value of Ry greater than the respective curve
shown in Fig. 2.4 would produce one or more obsenable eclipsescontradicting
the data. It is seenfrom the Figure that smaller valuesof the inclination angle
generally allow larger discs. This simply re ects the fact that the projected area
of the inner missing disc increasesasi decreases.

If there is no physically preferred orientation of the disc, then all the points
in the -cosi parameter spaceare equally probable. Therefore, to give a rough
statistical assessmeinof the results, we may de ne the probability P (Roy) as
the fraction, F, of the areain this parameter spacethat allows the outer radius
to belargerthan Rqyt. Fig. 2.5shows this fraction for di erent casedfor a disc
with and without an inner hole). If there is no inner hole in the disc, then only
10% of the disc orientations allow outer radius Roy greater than 0:1°C When
Rin = 0:02°0 this fraction grows to about 1/4. If the inner hole is even larger
(0:05%, only a small fraction of the orientations excludethe optically thick disc.
This result is at least partially dueto the already noted fact that S2 spendsonly

0:5 year behind the plane of the sky (Ghez et al., 2003b).

For the sake of the forthcoming data from the new observing season(i.e. in
2003), we added an extra point corresponding to the predicted S2 position on
2003.22. Howewer the e ect on the results was rather minor { the fraction F
changedby only  3%. Finally, since the putativ e disc is very geometrically
thin (H=R 10 3, Nayakshin et al., 2004), a nearly edge-on(cosi = 0) disc
could be rather easily “hidden'.

2.2.4 Eclipses and ares for S2: Summary

Using the fact that the obsenations of the S2 star (Schedel et al., 2002; Schedel
et al., 2003;Ghezet al., 2003b) shawved no eclipsesin the last 10 yearsor sowe
found that an optically thick disc with no inner hole (i.e. Rij, = 0) is allowed
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Figure 2.4: Maximum disc outer radius for di erent orientation anglesin the
caseof a disc with inner radius of Ri, = 0:035°° The maximum value of Ry
is shovn as a function of the rotation angle for three di erent values of the
inclination angle (labelled in the Figure). The curvesare not smooth because
the number of the obsered S2 positions is nite; have we had a full continuous
coverageof S2 orbit from 1992 to 2002, the respective curves would become
smooth functions. Vertical arrows at the top of the plot emphasisethe fact that
the outer discradius canbe arbitrarily largefor the respective set of parameters.
In generalmuch larger discsare allowed if Rj, > few tens of a milli-arcsecond.
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Figure 2.5: Fraction of the parameter spacethat permits a disc of a given Rqyt .
The curvesare for di erent valuesof Rj, asmarked in the Figure legend.
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for only “small' discs,with outer radii Ry < 0:1%(or about 10°Rq 10 cm).
On the other hand, if the disc hasan inner hole due to frequert star passage®r
other reasonswith R;, > 0:03% then the eclipsesare avoided in a large fraction
of the parameter spaceby discsthat have a relatively small inclination anglei.
The outer disc radius in this casemay be arbitrarily large.

It is important to point out that if the disc is optically thin, with optical
depth g < 1in the nearinfrared K band, then the eclipsesare only partial
and therefore harder to obsene. Due to the results of the next section we will
seethat this is the most likely situation for the Sgr A inactive disc (if there is
one).

2.3 Disc repro cessed emission

2.3.1 Setup

The putativ e disc is heated by the optical and UV radiation of the member
stars of the Sgr A stellar cluster. The bulk of the absorbed radiation will be
re-emitted asthe dust thermal emissionin infrared frequencies.This radiation
may be obsenable and thus it is desirableto determine the magnitude of the
e ect. In generalthe calculation is not trivial sincethe disc may be optically
thick in somefrequenciesand yet optically thin in others, and hencea careful
treatment of radiation transfer is needed. However, we will consider only the
caseof a disc optically thick in all frequencies.

Stellar spectrum

The star S2is identi ed as a massiwe very bright main sequencestar of stellar

classbetweenB0 and O8. In this range, the corresponding bolometric luminosity

of the star is 0:5 2 10°L and the temperature is about 30,000 K (Ghez

et al., 2003b). For simplicity, we calculate the “model' spectral luminosity of the

star as a pure blackbody with T = 30;000K and Ly, = 10°L . Obsenations

of the Sgr A star cluster in the L° band (Genzel et al., 2003b) showed that S2
has an excessof about 0.6 magnitudes (or 30 mJy for S2's parameters) in that

band, comparedwith the ‘normal’ colours of the surrounding stars. This excess
could be due to contamination of the star spectrum by the reprocessedemission
of the disc. What we call below the “obsened spectral luminosity' in L° band

is then the blackbody emission described above plus the excessmeasuredby

Genzelet al. (2003b).

The blackb ody emission

The reprocesseddisc emissionis a function of time. The cooling time of the
disc is much shorter than the star's orbital period (usually by orders of magni-
tude). The reprocessedemissioncan then be calculated under the steady state
assumption. The disc reprocessedspectrum is thus a function of geometry; i.e.
the distance betweenthe star and the disc, d. For corveniencein this section,
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we introduce a spherical coordinate system in which the disc plane coincides
with the = =2 plane, and the star is at the = 0 axis. The star's coordinates
arethus (r, , )= (d;0;0). (Note that the black holeis o set from the certre
of these coordinates.)

We assumelocal black body emissivity for the disc. In thispcoordinate system
the distancefrom apoint (r; ; =2) in the discto the staris r2+ d2. Wethus
treat the star asa point sourceand the disc asan in nitely thin plane. Clearly
this approad is inaccurate for d < R , but we neglectthis dueto the very short
duration of such a closeapproach. The e ectiv e temperature of a ring with
radius r on the disc surfaceis

L,d ¥ 1

Taisc (r) = 2 m;

(2.1)

whereL , is the star luminosity and is the Stefan-Boltzmann constart. Assum-
ing the black body emissivity and integrating over r, we arriv e at the integrated
multicolour black body disc spectrum. If the disc is inclined at angle i, an
additional factor of cosi should be used.

Photo-ionised layer of the disc

This simple approac (equation 2.1) to calculating the disc spectrum is an ap-
proximation of the more realistic situation. At the temperatures given by equa-
tion 2.1, that are usually Tgsc < 10° K, the main agert responsible for the disc
opacity and emissivity is dust. In reality the ionising UV ux of the star will
create a layer of completely ionised hydrogen on the top of the disc. The dom-
inant role in this layer is played by the gasrather than the dust. Within this
thin layer, the recombination rate will balance the inux of ionising photons
from the star. Assuming a temperature of the order of 10* K for the layer, we
nd that its column depth is

Ny 10%n,!'d;2 cm 2; (2.2)

where d;5 is distance between the star and the disc in units of 10*® cm, and
n1; is the hydrogen nuclei density in units of 10** cm 2. This column depth is
orders of magnitude smaller than that of the putativ e inactive disc, which was
estimated by Nayakshin et al. (2004) to bein the rangeNy 10?2 10?° cm 2
in order to produce luminous enough X-ray ares (depending on the distance
from Sgr A and taking model uncertainties into accourt). The thin layer will
re-emit in the optical and the UV the incident stellar radiation. A fraction of
the UV ux is emitted back out of the disc, and a fraction is emitted towardsthe
disc, penetrating deeger and ionising deeper layers. The ux re-emitted below
the Lyman limit (and below the corresponding thresholds for photo-ionisation
of helium, oxygen and other abundant elemens) can penetrate much deeper
in the disc than the original ionising stellar photons. This radiation will be
absorbed chiey by the dust grains “deep'inside the disc and then be emitted
asthe blackbody calculated in equation 2.1.
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From this discussionit is clear that in reality a fraction of the incident UV
radiation is re ected in the optical-UV band. Correspondingly, this fraction of
the incident radiation should not be counted in equation 2.1. Howewer, for the
stellar spectrum that we assumehere, i.e. the blackbody with T = 30;000K,
only about 20% of the energyis emitted at frequenciesabove the Lyman limit,
and therefore it seemghat the shielding e ect of the ionisedlayer should not be
very large. Similarly, the dust scattering opacity could in certain wavelengths
exceedthat for the dust absorption, and then a signi cant fraction of the inci-
dent stellar radiation ux could be re ected badk with no changein frequency
However we calculated (using Draine & Lee, 1984 optical constarts and a Mie
code provided by K. Dullemond) the dust opacity for seweral typical grain sizes
and found that this occursin arather narrow range of conditions, and hencewe
neglectedthis e ect.

We also estimated the Brackett ( = 2:16 m) line ux from this photo-
ionised layer of gas. We usedthe number of ionising photons appropriate for
a BO star, a layer temperature of 10,000K and the caseB approximation (see
Osterbrock, 1989). The resulting equivalert width of this line® is 60 A, about
twenty times larger than the absorption in the Br line from the star itself (see
Fig. 1in Ghezet al., 2003b). In addition, we estimated the continuum free-free
emissionfrom the photo-ionised layer to yield L 10° erg/secat 2.2 m,
which is at the level of a few tenths of S2 spectral luminosity (seeFig. 2.6),
above the current uncertainties in the ux of S2 (seeOtt et al., 2003). Thus,
if such a strong Brackett and the free-freecontinuum emissionfrom the disc
were presen, they should have beendetected by now.

Howewver, the above estimatesare extremely sensitive to the star's spectrum.
Ghez et al. (2003b) conclude that S2 is an 0O8-B0 main-sequencestar. If we
assumethat S2spectral typeis B0.5, then the number of photo-ionising photons
decreasedy afactor of 8. Then both the line and the contin uum disc decrease
by the samefactor. In addition, the PSF in the K s band is comparableto the size
of the emitting area of the disc. It is thus possiblethat a signi cant fraction of
the ionisedlayer emissionwould be counted asa background “local' gasemission.
Indeed, (Ghez et al., 2003b) note that the badkground emissionaccourts for as
much as 50 % of S2's ux. Henceto answer this question quartitativ ely, one
needsto do a much more careful modelling of the disc emission,i.e. convolving
the latter with the PSF instead of simply adding the two componerts.

Finally, due to a much faster disc rotation (comparedto  220km/s for S2;
Ghez et al., 2003b) the Br emissionline should be 5-10 times broader* than
the line from the star, making it more in line with the obsened S2 and “local
gas' spectrum (Ghez et al., 2003b).

3This is so for any distance d becausethe line luminosity is / g d?n11Ny / const
jer according to equation 2.2

4Here we assumethat the star-disc separation is of the order of the star's distance to the
black hole, ry, in which casea large fraction of the disc is illuminated by the star. If instead
d rp, then the line may be mainly shifted but not signi can tly broadened.
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Figure 2.6: Spectral luminosity of the disc ( L ) illuminated by star S2in the
three nearinfrared bands(seelegendin the Figure) asa function of the star-disc
separationd. The disc is assumedto be face-onto the obsener (i = 0). The
model spectral luminosity (seex2.3.1) of S2is also showvn on the bottom of the
plot. The diagonal line showsthe maximum gastemperature in the disc for the
given distance (the scaleis on the right). Note that the star is easily outshined
by the disc for d < few10*> cm.
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2.3.2 Repro cessed emission of an innite disc

In this sectionwe study the reprocessedlisc emissionfor discswith no inner hole
and with an in nitely large outer radius (the disc is then a plane). In Fig. 2.6
we shaw the disc spectral luminosity, i.e. L , (integrated over the 4 steradian
of the sky) for the frequenciescorresponding to the infrared bandsH, K s and L°
(1.81,1.38and 0.79 10 Hz, or 1.66,2.18and 3.80 m, respectively), shavn
asa function of the star-disc separationd. The luminosity of S2in thesethree
bands is also shavn for comparison with the horizontal lines on the bottom
of the Figure. On the right vertical axis of the plot, the maximum e ective
temperature in the discis shown.

Figure 2.6 shows that the contribution of the disc cannot be ignored for dis-
tances < few 10 cm. S2radiates in the Rayleigh-Jeansregimein the near
infrared, and therefore only a small fraction of the star's bolometric luminosity
is emitted at thesefrequencies.The disc capturesa half of the star's bolometric
luminosity (mostly optical-UV) and re-processest into much smaller frequen-
cies. Therefore the near infrared disc emissioncan be much brighter than the
star. The distance of 10'® c¢m is quite large in comparisonto S2's pericertre
(3 10% cm), andis of the order of S2'sapocertre. Therefore the reprocessed
emissioncould be expectedto be large for S2 for the whole of the year 2002.

Figure 2.6 also indicates that the optically thick disc assumption may ac-
tually break down when the star is too closeto the disc. Some of the dust
speciesare destroyed (evaporated) when the dust temperature is greater than
seweral hundred Kelvin, andat T  1; 500K the dust can be nearly completely
destroyed. Therefore our treatment is not accurate for d < 10*® cm, where the
results will be dependent on the exact disc column depth, dust properties, etc.
We overestimate the disc emissionat thesesmall distances,and hencethe max-
ima reached by the curvesin Figure 2.6 will bein reality smaller by factors of a
few to ten. Neverthelessit is clear that the disc emissionwould still dominate
over the S2 emissionand this fact will be su cien t for our further analysis.

Oneimportant simplifying assumptionthat we make while performing these
calculations is the following. In equation 2.1 it is explicitly assumedthat the
illuminated side of the disc facesthe obsener, i.e. that the star is in front of
the disc. In the opposite casethe results depend on the mean optical depth of
the disc, . Approximately, the radiation emitted from the back side of the disc
will be reducedby a factor of 1= . In what follows we neglect this e ect,
i.e. we assumethat the front and the bad side of the disc radiate the same
spectrum which is roughly correct for not too much larger than unity. In the
following gures, however, we point out the times when the star was behind
the disc; the thermal disc emissionat thesetimes should be rememnberedto be
smaller than that indicated in the gures by an amount dependingon . To
show the maximum possiblee ect of this complication, we simply turned o all
the NIR emissionduring an eclipsefor one particular calculation (seeFig. 2.8).
Our main conclusion{ a rather unlikely presenceof an optically thick disc in
SgrA { isunchanged,and thus a better treatment of the back-side illuminated
disc is not necessary
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Figure 2.7: NIR light curvesof S2 and the disc reprocessedemissionfor i =
60 and = 300. The triangles show the epochs in which Scedel et al.
(2002); Schedel et al. (2003) obsened this star. The corresponding “obsened'
stellar luminosity is the model spectral luminosity in the K¢ band calculated
asexplainedin x2.3.1. The diamond shaws the model spectral luminosity of S2
plus the excessn the L°?band asobsened (Genzelet al., 2003b;note that there
exists only one detection of S2in L°band so far).
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Figure 2.8: Sameas Fig. 2.7, but assumingthat both the stellar and the
reprocessecemissionare completely unobsenable during the eclipse.

2.3.3 The repro cessed disc emission for S2's orbit

We now calculate the combined star plus disc luminosity for S2(Figure 2.7), rst
assumingthat the discis inclined at i = 60 and that rotation angle = 300 .
The triangles show the times when Schedel et al. (2002); Schedel et al. (2003)
actually obsened the star. The maximum near infrared luminosity reached by
the sourceis the same,roughly half the star's bolometric luminosity, in all the
three frequency bands. The maxima are reached nearly simultaneously around
the time when the star physically crossesthe disc. The very sharp drops in
the disc luminosity near the maxima are simply due to the fact that the disc
becomestoo' hot whenthe star is very closeto the surfaceof the disc (e.g., see
Fig. 2.6). In this casethe three near infrared bands are on the Rayleigh-Jeans
part of the disc blackbody curvesand the emissionis therefore weak.

The part of the light curve between the two maxima in * 20018 and *
20024 is the time whenthe star is eclipsedby the disc sothat the disc emission
should be actually reducedat thesemomerts aswe explained above. In Fig. 2.8
we show the extreme casewhen the optical depth of the disc is so high that all
the emissionis absorbed by the disc material during the eclipse. Comparing the
Figs. 2.7 and 2.8, we obsene that any optically thick in nite disc, oriented as
in theseFigures, is ruled out by the existing data. There hasbeenno changein
S2'sKgband ux downto 10 20%levelfor all 10 yearsof the obsenations
(private communication from R. Schedel).

We test the sensitivity of the result on the disc inclination angle, i, in Fig.
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Figure 2.9: Model spectral luminosity of S2 plus the disc reemissionat 2.2 m
as a function of time for discswith = 80 and dierent inclination angles.
Rin = 0 for this Figure.

2.9, wherewe x the disc rotation angle, = 350, but vary i. Three dierent
valuesofi (30, 60 and 80 ) are chosen. Only the K s luminosity of the star plus
disc systemis shovn. The maximum near infrared luminosity reached by the
three curvesis the sameasin Figure 2.7, but the times of the maxima and the
width of the curvesare dierent. It is apparent that it is hard to escape the
tight obsenational constraints unlessthe disc is oriented exactly edgeon to the
obsener.

Finally, we perform a seard in the parameter spacein a manner similar to
that donein x2.2.3. In particular, we make a ne grid in the disc orientation
parameter space. For every combination of cosi and , we determine the K
luminosity of the disc at the epochs when S2 was actually obsened by Schedel
et al. (2003). Wethen pick the maximum of thesevalues. The discK s luminosity
found in this way is the maximum luminosity that should have beenobsened
by Schedel et al. (2003) for givencosi and . The result is displayed in Figure
2.10wherewe show the ratio of the disc ux to that of the star for the three NIR
frequencies,averagedover . Except for nearly edge-ondiscs, the reprocessed
emission should have been detected by now. Since this e ect has not been
obsened, we can rule out the existenceof an optically thick disc with no inner
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Figure 2.10: Maximum spectral luminosity of the disc in the three NIR bands
that should have been detected by Sdcedel et al. (2003) if an optically thick
disc with Rj, = 0 was presert in Sgr A . The luminosity is shovn in units of
S2spectral luminosity asa function of the disc inclination angle. Note that the
disc is always much brighter than the star in the infrared exceptfor the nearly

edge-onorientation.



32 CHAPTER 2. STARS AND AN OPTICALL Y THICK DISC IN SGR A*

TN T

2002

Time [years]

Figure 2.11: SameasFig. 2.7 but for a disc with an inner hole of Rj, = 0:05%
Note the absenceof the secondmaxima in the H - and K ¢ bands. Howewer the
L% band excessis still much larger than obsened.

hole in SgrA .

2.3.4 The case of S2 and discs with empty inner regions

We now perform similar calculations but allowing the disc to have an inner
hole of a given size Ry, 6 0. Figure 2.11 shows the light curvesin the three
frequencybandsfor the discinclined ati = 60 and = 300, with R, = 0:05".
Comparing the light curveswith those shown in Fig. 2.7, the most striking
di erence is the absenceof the secondmaximum in the H and K s bands. This
is due to the fact that there is now only one crossing of the disc with the
star { in 2001.8{ while the secondcrossingshown in Fig. 2.7 doesnot occur
becausethere is no inner disc for R < Rj,. Neverthelessthe strength of the rst
maximum is such that sud a discis still ruled out.

We then repeated the same calculation (samei and ) but with a larger
inner hole radius, Rj, = 0:1". The result is shovn in Fig. 2.12. Sincethe star
is relatively far from the disc surfacefor all of its orbit for these particular disc
parameters,there are no eclipsesor detectable increasesin the H or K ¢ bands.
Further, until 2002,the S2star had not beendetectedin the L° band, therefore
the light curvesin Fig. 2.12 appear to be consistert with the obsenations. In
fact, we feel that by adjusting the disc parametersit is possibleto obtain the
L% band spectral excesssimilar to that obsered by Genzelet al. (2003b). We
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Figure 2.12: Sameas Fig. 2.11 but for a larger inner disc hole, Rj, = 0:1".
Note that sudh a disc does satisfy the obsenational constraints: there are no
eclipsesor transient brightening in the K band due to disc re-emissionof the
star's radiation.

shall explore this in detail in future papers.

2.3.5 Summary: constrain ts due to disc repro cessed emis-
sion

We have shown that the reprocessedemission of the disc illuminated by the
star is a very powerful constraint on the disc presenceand/or properties. In
fact, the e ect is “stronger' than stellar eclipsesthat we studied in x2.2 (seealso
Nayakshin & Sunyaev, 2003). The luminous stars emit most of their radiation in
the visible and UV ranges. The disc re-processeshis emissionin the NIR band
which then appears much brighter than the star itself in the samefrequency
We have seenthat the reprocessedNIR disc emissionis up to a factor of 100
higher than that of the star. At the sametime eclipsesyield an e ect of order
unity.

Analysing the predicted NIR light curvesfor S2 we found that an optically
thin disc with a very small inner hole Rj, ' 0 is ruled out. The disc emission
would have beenseenby now, whereasobsenations do not show any variabilit y
in S2 K band uxes. We then tested discs with non-zero values of Rj,, and
found that only for rather large valuesof Rj, > 0:1" are such discs permitted.
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2.4 Star cluster asymmetry due to stellar eclipses

In x2.2 we exploredthe eclipsesof the individual stars by the putativ e optically
thick disc. To obsene such eclipsesone should be able to resolwe individual
star's orbits, which is extremely di cult and has been made possibleonly for
our Galactic Centre (seeSdedel et al., 2003; Ghez et al., 2003a). At the same
time, similar eclipsesof unresolve stars of the cluster should also be occurring,
and henceone may hopeto detect the disc 'shadav' on the background emission
of the nuclear cluster. In doing the calculations below, we will be concernedwith
the optical-UV emissionrather than with the infrared, aswewerein the previous
sections. Our working assumption is that the visible and UV ux incident on
the disc is absorbed and reprocessednto the near infrared emission(seex2.3),
re ecting only a small fraction of the radiation in the visible-UV range. Hence
we treat the disc as an optically thick absorbing surfacein this section.

We will only consider discs with no inner holes, i.e. Rj, = 0, since the
instrument resolution (for other than Sgr A galactic certres) is usually worse
than the actual non-zero value of Rj,. Note that an enhancedemissionfrom
the inner hole could in principle be detected, but its asymmetry is currently
impossibleto resolve. In addition, the star cluster is assumedto be spherically
symmetric. For this reasonthe angle is no longer of importance. Instead we
de ne the xyz coordinate system, with z axis directed straight to us, and x and
y asin Fig. 2.13. The x axis is positive where the disc is closerto the obsener.

We also de ne the column density of stars along the line of sight, N (x;y),
asthe integral of the star density, n(R), through the line of sight from the disc
to the obsener, located at in nit v,

z 1
N(x;y) = n(R)dz : (2.3)

z0
wherez®= 1 if the line of sight does not intercept the disc projection, and
7% = z4isc, the respective z-coordinate of the disc in the opposite case. For
exactness,we take the spherically symmetric density prole n(R) / R  with
= L4 for R < Rasp 10°given by Genzelet al. (2003b) and consider the

casewhere Rgyt Reusp -

In Fig. 2.13 we show the resulting map of the stellar column density for
the disc inclination anglei = 80 . The projection of the disc shadaw is clearly
seen. The boundaries of the disc appear as sharp discortin uities in the surface
brightness of the star cluster. This e ect is strongest near the side of the disc
that is closerto the obsener (positive x in Figure 2.13).

Also note that the star cluster imageappearsanisotropic on all scalessmaller
than the disc outer radius. This fact allows us to introduce an “anisotropy
measure',A, de ned as q

CN2(r)

A(r) = W y (24)

where N (r) is the angle-averagednumber court of stars at projected distancer
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Figure 2.13: Image of the star cluster shadedby a disc with inclination angle
i = 80 . The brighter areascorrespond to larger line of sight column density of
stars (the scaleis shown on the right of the Figure).
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Angular Asymmetry in the Number of Stars

0‘50 [ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ]
r i = 80° i
Foooe i = 60° 1
I i = 30° ]
0.40 .
0.30 .
< : ]
0.20F .
0.10 - .
0.00f . o
0.0 0.2 0.4 0.6 0.8 1.0 1.2
R (Roui)
Figure 2.14: Anisotropy measurefor a 'small' disc (Rout Reusp) and three
values of the disc inclination angle,i = 80 (solid line), 60 (dotted) and 30
(dashed).
from the star cluster certre away:
_ 1 Z >
N(r) = > N(r; )d: (2.5)

Here we used in the plane of the sky the common polar (r ) coordinates
certred on the black hole. We alsode ned N 2(r) in an analogousway and then
N2(r) = N2(r) (N(r))>

The anisotropy measureis independert of the disc orientation in the plane
of the sky (i.e. angle ; seeFig. 2.1). It is alsoindependert of the absolute
luminosity of the star cluster. Fig. 2.14 shows the anisotropy measure for
three dierent values of the disc inclination angle as a function of radius R
in units of the disc radius Ry . For small inclination angles,i < 30, A(R)
is nearly zero in the innermost part of the disc since there is little variation
in N(x;y) along the circle with R < Rgy cosi. Howewer for R > Ry cosi,
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the projected semi-minor axis of the disc, the anisotropy measureis as high as
0.3, which is due to the high contrast betweenN (R;0) and N (0; R). The case
of the moderate inclination angle,i = 60 shows that the anisotropy measure
increasesin the innermost parts of the cluster, and there is again a maximum
around R = Rgy cosi. This maximum appearsto be the feature with which
onemay attempt to identify the discinclination angle,if radius Re; of the disc
could be inferred from independert considerations. Finally, the caseof a very
highly inclined disc, i = 80 , is mostly a declining curve (after R = Rq cosi).

This method hasthe advantage that no individual stellar orbits are needed.
As the time scalesfor disc ewolution are very long, data collected over many
yearsand even tens of yearsmay be combined to try to resolve the innermost
region of the star cluster.

2.5 Discussion

In this paper we studied three ways to detect the disc presencein the infrared
and optical/UV frequencies,and we then applied them to the particular caseof
SgrA . Wefound that the orbit of star S2alonerequiresthe discto be optically
thin with near infrared optical depth no larger than  0:01. We now discuss
in greater detail the physical motivation for believing there may be a disc in
Sgr A , and the implications of this paper's results for the disc hypothesis.

251 A cold disc in Sgr A ?

SgrA isthought to be physically similar to Low Luminosity AGNs (Ho, 1999)
since as long as radiativ e cooling is not important, the dynamics of the accret-
ing gasshould be independert of the actual accretion rate (e.g., seereview by
Narayan, 2002). Ho (2003) noted that cold discs seemto be one of the estab-
lished features of LLA GN. From spectral energy distributions and from pro les
of the double-peaked emissionlines, the inner radii of these discs are in the
range 10 10°R, (seeQuataert et al., 1999;Ho, 2003). By analogy suc a
disc can be expectedto exist in the Galactic Certre.

Furthermore, Nayakshin & Sunyaev(2003) suggestedhat star-disc crossings
may be the processthat emits X-ray ares obsenedin Sgr A (Bagano et al.,
2001; Goldwurm et al., 2003). While crossingthe disc, the stars drive shocks
into the disc material; the gasis heatedto temperatures of the order of 10’ 10°
K and emits X-rays. Nayakshin et al. (2004) shoved that the number of star-
disc crossingsper day, given by the obsened distribution of stars in Sgr A
(Genzel et al., 2003b) is closeto the obsened rate of X-ray aring (Bagano
et al., 2003); the predicted are duration and multi-frequency spectra are in a
broad agreemen with the obsenations. Nayakshin (2003) also suggestedthat
the disc may be an e ectiv e cooling surfacefor the hot winds, and that the hot
o w is essetially frozenat largeradii, preverting it from piling up at small radii.
This suggestioncould be a part of the explanation for the obsened dimnessof
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Sgr A , although there are other possible explanations (seee.g. the review by
Quataert, 2003, and further referenceshere).

Levin & Beloborodov (2003), using data of Genzel et al. (2000), recertly
concluded that most of the innermost young bright Helium-I stars (that are
thought to “feed' Sgr A by producing powerful hot winds) line up in a single
plane. This result makesit very likely that these hot young stars may have
been created from a single large molecular cloud that was compressedio high
densities that led to star formation. It is not possiblethat all of the gasin
the molecular cloud would turn into stars; the remainder would have to form a
relatively massive gaseousdisc, similar to the bright discsof AGN. A tiny not
accreted remnant of the original disc could then still be presert (Nayakshin,
2003; Nayakshin et al., 2004).

Finally, Genzelet al. (2003b) report discovery of an infrared excessin the
spectrum of S2in 2002 (e.g., seeFig. 2.7) ascomparedto other similar sources
in the region. Namely, S2 appearedto be brighter by  0:6 magnitude in the

= 3:8 m (L% band) comparedto what is expected from the spectra of other
bright nearby stars. Such an excessis usually interpreted as evidencefor dust
presencearound the star (e.g., Scoiille & Kwan, 1976). In the absenceof the
inactive (dusty) disc, the only sourceof dust would have to be the hot T < 10°
K ow itself (Genzelet al., 2003b). While this is not physically impossible,the
presenceof the dustin a T < 10° K gasis somewhatproblematic asthe dust can
be destroyed by sputtering in such a gas(e.g., Draine & Salpeter, 1979). Our
estimatesshow that all but the largest interstellar grains would be destroyed by
the sputtering by the time the gasreadesradii of the order of S2's pericertre.
We suggestthat the re-processingof the stellar radiation in a putativ e disc could
be an alternativ e way to explain the infrared excesof S2. Whereasan optically
thick disc that we explored in this paper producesin fact too strong an excess,
an optically thin disc (with ‘right' orientation and Rj, values) appearsto be
promising in this regard (seeFig. 2.12).

2.5.2 Constrain ts on the disc in Sgr A
Optically thic k disc

As we have shown in x2.2, the so far absen eclipsesof the star S2 (Schedel
et al., 2002; Schedel et al., 2003; Ghez et al., 2003b) require an optically thick
disc to have a relatively large inner hole Ri, > few 10 2 arcsecond(or equiv-
alertly few 10 cm). A hole with these dimensionsis not unreasonable(e.g.,
Nayakshin et al., 2004). However in x2.3 we showed that the disc reprocessed
emissionyields an even stronger signature than eclipses.We found that the disc
with no inner hole and a very large Ry is incompatible with the obsenations
for any combination of disc orientation angles. We then tested the caseof a
non-zero value for Rj, and found that only discs with inner holes as large as
0:1% 10 cm  10°Rq yield NIR “echces' that are weak enoughto es@pe the
observational constraints. As sud, our results are in complete agreemen with
the previous results by Falcke & Melia (1997) and Narayan (2002), who also
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ruled out the existenceof an optically thick disc with Rj, = 0in SgrA .

Optically thin disc

It is possibleto make rough estimates on how optically thin the disc should
be to satisfy the obsenational constraints. For this we simply assumethat the
opacity of the grains is gray, in which casethe grain temperature should be
equal to the e ectiv e one (equation 2.1). Then the disc spectral luminosity is
that calculated in this paper but scaleddown by factor of ' 1, where is
the grey disc optical depth in the NIR. Referring now to Fig. 2.7, we seethat in
the maximum the K band disc spectral luminosity exceedsthat of the star by
a factor of seweral hundred. K¢ ux did not vary within 10 20% uncertainty
during the last 10 years of S2 obsenations (private communications from R.
Genzeland R. Scedel). On the other hand the background cluster emission
accourts for as much as 50% of the ux in K¢ band (Ghez et al., 2003b), and
hence we estimate that the optical depth of the disc at 2.2 m should be no
larger than 10 2. Howewer, if Ry, 6 0, the constrains imposed by the
2002 measuredpositions can be relaxed and a larger optical depth might be
consistert with the obsenations.

To produce X-ray ares via star-disc interactions as luminous as obsened,
the mid-plane surface density of the disc was estimated by Nayakshin et al.
(2004) at around 10! hydrogen nuclei per cm?® (although we note that due
to the simplicity of the calculations this value is uncertain by up to a factor
of 10). With this the disc surface density, , was estimated as 1 rizz
g/cm?, where r4 is disc radius in units of 10* gravitational radii, Rg. For
R= 003" 4 10°Ry, wehave ' 0:2g/cm?. Usingthe standard interstellar
grain opacity and dust-to-gasmassratio, onegetsopacity at 2.2 mof ,,"' 0.6
(seeFigure 1 in Voshdinnikov, 2002). Such a disc would violate the constraints
that we obtained in this paper. Even assumingthat Nayakshin et al. (2004)
overestimated the mid-plane density by a factor of 10, the NIR opacity still
appearsto be a little too large.

On the other hand, the dust grains are destroyed with ead star's passage.
The smallest grains are especially vulnerable to such destruction. Of course
when the star leaves the disc, the dust will reform. With the gas densities
as high as 10'* cm 3, the dust grains could grow at a rate as large as 10 2
cm/y ear (Nayakshin et al., 2004). In addition, becauseonly the largest grains
survive the star passagesthe large grains will grow preferertially. Therefore,
the combination of the repeated dust destruction and dust growth could create
larger grains than in the interstellar medium. Using the optical constarts from
Draine & Lee (1984) and a simple Mie theory code to compute dust opacity
(provided by K. Dullemond), we estimated that for the standard dust-to-gas
massratio of 0:01 the NIR opacity is reducedto a  1=10th of its interstellar
value at 2.2 m if the typical grain sizeisa > 30 m.
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2.5.3 Star cluster asymmetry due to disc presence

In x2.4 we consideredthe e ects of the disc on the appearanceof the integrated
star cluster brightness along a given line of sight. The disc was assumedto
be optically thick and completely absorbing at the relevant wavelength (i.e.
optical or UV). We found that the disc (obviously) imprints a shadov on the
star cluster light. We then de ned the “asymmetry measure' parameter A,
de ned in equation 2.4, which appearsto be a conveniert indicator of the disc
presence. In particular, as a function of radial distance from the star cluster
certre, A(r) hasa clearly de ned shape with characteristic featuresthat could
be usedto constrain the inclination of the disc. Obsenational determination of
A(r) may thus allow oneto obsenationally test the disc presencein the nuclear
stellar clusters of nearby galaxies.

2.6 Conclusions

In this paper we studied someof the potentially obsenable signaturesof a cold
disc presencein our Galactic Certre, and in the certres of other galaxies. Such
discsmay be the remnants of previously active, i.e. accreting, discs. This work
is essetially an expansionof the ideaspresered in Nayakshin & Sunyaev (2003)
via (i) usingthe exactand updated S2star orbit in the study of possibleeclipses
of S2; (ii) including new e ects { disc re-processingand star cluster anisotropy.
Our presert work is alsocomplemerary to that of Nayakshin et al. (2004) who
studied X-ray and near infrared ares produced when stars passthrough the
cold disc.

The strongestof the three e ects consideredin the paper turned out to bethe
re-processingof the stellar visible radiation into the near infrared bands (x2.3).
We found that if an optically thick disc were presert in Sgr A , the reprocessed
emissionof the bright star S2 would have been obserned by now in all H, K¢
and L nearinfrared bands. Sincethis contradicts to the data, an optically thick
disc would have to have a rather large inner radius, Rin > 0:1%° 10°Ry 106
cm.

At the sametime, the obsened L ° band excessn S2'sspectrum in the year
2002 (Genzel et al., 2003b) is most naturally interpreted as a signature of the
re-processingof S2 stellar radiation in this band. We estimated that the disc
invoked by Nayakshin et al. (2004) would have the ‘right' dust opacity if the
minimum size of the grains in the disc would be about 30 m. Sudc a large
minimum grain size may be the result of the unusually high (by interstellar
standards) density in the disc and the too frequert stellar passageghrough the
disc. Therefore, hoth the X-ray ar esof Sgr A and the mid-infr ared exessof
S2in 2002 may be the result of the interactions of stars with an optically thin
inactive disc.
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A self-gravitating accretion

disc in Sgr A* a few million

years ago: is Sgr A* a failed
guasar?
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Sgr A* is extra-ordinarily dim in all wavelengthsrequiring a very low accre-
tion rate at the presenttime. However, at a radial distance of a fraction of a
parsec from Sgr A*, two rings populated by young massivestars suggesta recent
burst of star formation in a rather hostile environment. Here we explore two
ways of creating suchyoung stellar rings with a gas®us accretion disc: by self-
gravity in a massivedisc, and by capturing “old' low massstars and growing them
via gasacacretion in a disc. The minimum disc massis atove 10°M  for the
rst mechanismand is few tens of times larger for the second one. The observe
relatively small velccity dispersion of the stars rules out discs more massivethan
around 10° M : heavier stellar or gasdiscswould warp each other too strongly
by orbital precessionin an axisymmetric potential. The capture of “old' stars
by a disc is thus unlikely as the origin of the young stellar discs. The absene
of a massivenuclear gasdisc in Sgr A now implies that the disc was either
accreted by the SMBH, which would then imply almost a quasar-like luminosity
for Sgr A , or wasconsumel in the star formation episale. The latter possibil-
ity appears to be more likely on theoretical grounds. We also consider whether
accretion disc plane changes,expected to occur dueto uctuations in the angular
momentum of gasinfalling into the central parsec of a galaxy, would dislodge
the emteddel stars from the disc midplane. We nd that the stars leave the disc
midplane only if the disc orientation changeson time sales much shorter than

41
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the disc visoous time.

3.1 Intro duction

The complex chain of events leading to the growth of super-massiw black holes
(SMBHSs) in galactic certres is not yet fully understood (e.g., Rees,2002). Nev-
ertheless,gasaccretion is probably the dominant physical processdelivering the
matter to the giant black holes (e.g., Yu & Tremaine, 2002). At small radial
distancesfrom the SMBH, the standard thin accretion disc (Shakura & Sun-
yaev, 1973) appearsto be an appropriate way to provide the SMBH with gas
at rates approading the Eddington limit. Howewer, at distanceslarger than
10 2 parsecfrom the SMBH, standard thin discsface sewral problems.

First, the time necessaryfor the gasto in o w into the black hole { the disc
viscoustime scale{ becomestoo long (e.g. aslarge as 10%{101° yearsfor larger
radii). In parallel with this, the (standard accretion) disc massbecomesvery
large. When the latter exceedsabout 1 % of the SMBH mass,local gravitational
instabilities develop (e.g., Paczynski, 1978;Kolykhalov & Sunyaev, 1980; Shlos-
man & Begelman,1989; Goodman, 2003; Collin & Zahn, 1999). The structure
of such discsis unclear (seex3.9) due to uncertainties in theory and a dearth of
relevant obsenations.

SgrA is the closestSMBH (with a massMgy 3 10°M ; e.g., Schedel
et al.,, 2002). Although Sgr A hasremained extremely dim during the entire
history of X-ray obsenations, there are hints that it was much more active in
the past. The X-ray and -ray spectrum of the giant molecular cloud Sgr B2
is most naturally explained as a time-delayed re ection of a sourcewith a at
AGN-lik e spectrum (e.g., Surnyaevet al., 1993;Koyamaet al., 1996;Revnivtsev
et al., 2004). The required luminosity is in the rangeof few 10° erg/sec,too
high by Galactic standards. Sgr A is then strongly suspected of having been
brighter in X-rays by some6 orders of magnitude 300{400 yearsago.

Deeper in the past, a few million yearsago, few dozen massiwe stars were
formed and are currently at a distance of the order of 0.1{0.3 pc from Sgr A
(Krabb e et al., 1995;Genzelet al., 2003b;Ghezet al., 2003b). This is surprising
giventhat the tidal force of the SMBH would easily sheareven gas clouds with
densities orders of magnitude higher than the highest density coresof GMCs
obsened in the Galaxy.

In situ star formation scenariosfor the Sgr A young massiwe stars have
beennumerically studied by Sanders(1998) with a sticky-particle code and also
qualitativ ely described by Morris, Ghez, & Bedklin (1999). In particular, one of
the simulations done by Sanders(1998) assumedthat a cold cloud of gaswith
radial dimensionsof 0:4 pc and with a small angular momertum falls into Sgr A
gravitational potential starting from a distance of 2.4 parsec. The cloud gets
tidally shearedinto a thin band of gaswhich then forms a precessingeccertric
ring. Frequernt shocks are assumedto lead to strong compressionof the gasand
star formation.

The existenceof such low angular momertum clouds seemsto be question-
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able. In addition, the initial conditions of the simulations are rather extreme:
to be stable against tidal shear (e.g., eq. 1 of Sanders,1998), the cloud mass
shouldbe M > 7 10*M , avery large massfor a cloud of 0.4 pc in size. Re-
cernt obsenations (Liszt, 2003) seemto contradict the Sanders(1998) model for
the ionised gasstreamers. Genzelet al. (2003b) discourt current star formation

in the mini-spiral, which is believed to be an ionised streamer. Genzel et al.

(2003b) also note more generally that “if massiwe stars are forming frequertly

in densegas streamerswhen outside the certral parsecand then rapidly move
through the certral region, one would expect 100 times as many massiwe
stars outside the certral region asin the certral parsec', which is not the case
obsenationally.

Alternativ ely to the in situ star formation, Gerhard (2001) proposed that
the young massiwe stars could have beenformed outside the certral parsecin a
massiwe star cluster. Then, due to dynamical friction with the older population
of background stars, the cluster would have beendraggedinto the certral parsec
and then dissolved there by the SMBH tidal shear. However, this appearsto be
only possible (Kim & Morris, 2003; McMillan & Portegies Zwart, 2003) if the
cluster is very massive (M > 10°M ), or if it is formed very near the certral
parsecalready. In both casesa very densecore for the star cluster is required
and appearsto be unrealistic. An intermediate massblack hole in the certre of
the cluster doesallow the star cluster to survive longer against tidal disruption
and hencetransport the young stars in the certral parsecmore e cien tly (as
suggestedy Hansen& Milosavljevic, 2003). However the numerical simulations
of Kim, Figer, & Morris (2004) show that the massof the black hole hasto be
unusually large ( 10%) comparedto the cluster massfor this ideato work in
practice.

Levin & Beloborodov (2003) and Nayakshin, Cuadra, & Surnyaev (2004)
suggestedhat the origin of the youngstarsis a massiwe self-gravitating accretion
disc existing in Sgr A in the past. Here we intend to investigate this idea
quantitativ ely and to alsolook into somerelated theoretical questions.

We rst estimate the minimum mass of such accretion discsto be around
10*M , for eadh of the two stellar rings. In addition, we rule out the possibility
that a lessmassiwe accretion disc could capture enough of low massstars from
the pre-existing ‘relaxed' Sgr A cusp and then grow them by accretion into
massiwe stars (x3.3).

We then attempt to understand the spatial distribution of the young stars.
In particular, we nd that the rate of N-body scattering between the stars
(x3.4) of the samering can explain the obsened stellar velocity dispersionsin
the inner stellar ring if the time-averagedtotal stellar massin the ring was
10*M or higher. We also nd that stellar orbits in both rings should remain
closeto the circular Keplerian orbits up to this day (if stars were indeed born
in a disc). The outer ring is however obsened to be geometrically thicker and
with a higher velocity dispersion than the inner one. The velocity dispersion
of the outer ring may result from the stellar disc warping in the gravitational
potential of the inner ring. Such warping setsthe upper limit on the disc mass
of about 10°M  (x3.5).
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We also question in x3.6 whether it is possible for the disc to leave the
newly born stars behind (due to their high inertia) when the disc plane rotates.
Dislodging the newly born stars, or proto-stars, from the disc midplane would
have signi cantly reducedthe problems faced by accretion discs at large radii
since these stars would then stop dewvouring the disc and instead heat it and
speedup the accretion of gasonto the SMBH via star-disc collisions (Ostrik er,
1983). However, we nd that the disc maintains a rm grip on thesestars unless
the plane changeoccurson a time scalemuch shorter than the disc viscoustime
(x3.6).

It is found that young massiwe stars would not migrate much radially (x3.7)
in the disc, meaningthat they are probably located at the radius wherethey were
originally formed. Small scaleproto-stellar discsaround the embeddedstars may
be gravitationally unstable aswell and may create further generationsof stars.
Hierarchical growth and merging of such objects may result in the creation of
‘mini star clusters' with the certral object collapsing to an intermediate mass
black hole (x3.8). This could potentially be relevant to the obsenations of such
objects asIRS13 (Maillard et al., 2004).

Sincethe combined massof the stellar material in the obsened stellar rings
preserly is < 10°M (Genzelet al., 2003b), there is the interesting question of
whether most of the gaseousdisc masshas beenusedto activate the preserily
dormant Sgr A or whether it was reprocessedhrough star formation and ex-
pelled to larger radii via winds and supernova explosions. We believe the latter
outcome is more likely since the accretion of gasonto embedded stars is very
ecient. We briey discussobsenations that could distinguish between the
guasarand the nuclear starburst possibilities (x3.9).

3.2 The minim um mass of a self-gravitating disc
in Sgr A is 10*M

The standard accretion disc solution (Shakura & Surnyaev, 1973) neglectsself-
gravity of the disc. Clearly, this solution becomesnvalid whenthe disc becomes
strongly self-gravitating, but here we only want to estimate the minimum disc
massat which the self-gravity becomesimportant. For numerical values of the

standard disc parameters, we follow Svensson& Zdziarski (1994) with their

parameters = landf = 0 (i.e. no X-ray emitting disc coronais assumed).
The dimensionlessaccretionrate m is de ned asm = M.=Mgqq, Where Mgqq =

Leqq ="c? is the accretion rate corresponding to the Eddington luminosity and

" 0:06is the radiativ e e ciency of the standard accretion ow. !

For largeradii (r 1) the gasdominated equations are appropriate:

=27 10 3(M g) FOr=0m1s (3.1)

| T

=42 10°gcm 2 *SMgr 3m3S (3.2)

INote that our de nition of m is dieren t from the one Svensson& Zdziarski (1994) use:
msz = 17:5m .
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Figure 3.1: The disc massin units of 10* M , the Toomre instabilit y parameter
Q, and the ratio of the disc height scaleH to radius R asa function of radius for
the standard accretion disc model. The thick curvesare plotted for m = 0:03,
whereasthin onesarefor m = 1. In both caseghe discis unstableto self-gravity
at R > 10°Rg, whereits massis Mg > 10°M
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(3.3)

Where H is the disc vertical height scale,R is the distance from the SMBH,
T is the midplane gastemperature, is the dimensionlessviscosity parameter,
Mg = Mgy=1C®PM ,r = R=Rs, Rs = 2GM gy = is the Schwarzsdild radius of
the SMBH and is the surfacedensity of the accretion disc. These equations
assumeThomson electron scattering opacity for simplicity. Figure 3.1 shows
someof the disc parameters obtained for Mgy = 3 10°M , = 1, and two
values of the dimensionlessaccretion rate, m = 0:03 (thick lines) and m = 1
(thin lines). The massof the disc as a function of radius is approximated as
Mg RZ.

It is well known that the standard accretion disc becomesself-gravitating at
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large radii, when the Toomre (1964) parameter Q becomeslessthan unity,

<1 3.4

(cs is the sound speedinside the disc and its angular velocity). The radius
where Q = 1 yields the minimum mass of the disc neededfor the latter to
becomelocally self-gravitating 2.

As can be seenfrom Fig. 3.1, the disc should weigh at least 10 M in
order to becomeself-gravitating. Note that this minimum disc massestimate
is quite robust becauseH =R dependson , radius and the accretion rate only
weakly. This estimate is also consenative. The basic Shakura-Suryaev model
usedhere doesnot include irradiation by the certral source,which may increase
the disc midplane temperature somewhat,leading to a slightly larger H=R. In
addition, trapping radiation by opacity e ects would reduce the e ciency of
cooling, adding to the stability of the disc against self-gravity.

3.3 Capturing low mass stars and growing them
by accretion: too slow.

Art ymowicz, Lin, & Wampler (1993) noted that starsin the nuclear star cluster
on orbits relatively closeto the local circular rotation of the accretion disc in
quasarswill be captured by the disc. The stars can then rapidly grow by gas
accretion, and then enrich the accretiondisc with heavy elemeris through stellar
ewolution. For the problem of the obsened young massie stars in the Galactic
Centre (GC), the Art ymowicz et al. trapping medhanism may be an alternativ e
route to form the stars. The accretion disc doesnot have to be self-gravitating
for the mecdhanism to work, provided there is enough stars and the time scale
for the star trapping is short enough. One may thus hope to reducethe required
disc mass.

To within a factor of the order of unity, equation 15 of Art ymowicz et al.
(1993) yields the number of stars captured by the disc within time t as

dN (R) ZAN (R) ; (3.5)

where N is the total number of stars in the star cluster within radius R, and
the variable is de ned by

M Mg t

42320 —5—; 3.6
dMéH 5) ’ ( )

2Disc self-gravity is local when the disc massis much smaller than the SMBH mass. E ec-
tiv ely, regions of disc separated by large radial distances do not communicate with eac other
via gravity in this regime. When the disc mass becomescomparable to that of the SMBH,
the instabilit y becomesglobal, and a very rapid angular momentum transfer via self-gravity
occurs.
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where P is the orbital period and M = m M s the typical massof the stars
in the cluster. For an estimate, wetake Cq4 ' 3andq , 100Mq=Mpgy < 1.
Note also that we want to start with abundant stellar seeds,so we assume
m 1. At the typical radial position of the young massiwe stars in Sgr A ,
R=0:1pc 3 1C0°Rs, the circular Keplerian rotation period is

R 3=2
P' 10°year T IRe (3.7)
Thus,
43 10 ‘m q le;P : (3.8)
Now, from results of Genzelet al. (2003b) we estimate that
R 3=2
N (R)' 10°m ?! T iRe (3.9)

(we assumedthe cusp power-law index p = 1.5 for simplicity; seealso equation
15 in Nayakshin et al., 2004). Therefore, the number of stars captured by the
discis
t .
1Cf years’
Note that the radius R and the averagestellar massm scaleout of this relation.
The number of captured stars is somewhatlow if we take into accourt the
fact that the 12 Helium' stars found in ead of the rings are only the brightest
end of the stellar distribution, and there are probably many more (lessmassiwe)
stars in the rings (x3.7 in Genzelet al. (2003b)). Therefore one would require
g 2 > 3{10, that is disc massMy (1{3) 10°M . With this rather high
required disc mass, the disc would have to be self-gravitating, and one expects
a large number of stars to be born inside the disc. The disc capture mecanism
thus fails to reduce the minimum disc mass. Nevertheless,it should not be
forgotten completely becauseof its ability to bring in somelate type stars into
the plane of the disc, e.g. the plane of the young massiwe stars. This type of
star would not be born inside the accretion disc in a time span of just a few
million years.

dN 79 (3.10)

3.4 Velocity disp ersion of an isolated stellar disc

Stars embedded in accretion discs are often consideredin a “test star' regime
(e.g., Syer et al., 1991), when eadh star corotates with the accretion disc. The
star's velocity is then nearly equalto the local Keplerian circular velocity. When
number of embedded stars, N 1, two-body interactions between stars will
increasetheir local velocity dispersion, , potentially leadingto someinteresting
consequences.

Since the disc velocity eld has the radial Keplerian shear, it is the ra-
dial velocity dispersion of stars that will grow the fastest. However, when the
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anisotropy = , becomeslarger than 3, buckling instability will develop and
the stellar velocity dispersion will becomemore isotropic (Kulsrud, Mark, &
Caruso, 1971; Shlosman& Begelman,1989). Thus we assumean isotropic ve-
locity dispersion here for simplicity. The velocity dispersion of stars grows due
to N-body interactions at the rate

d 4 G2M
@z In (3.11)
where H 2=GM is the Coulomb logarithm for stellar collisions; H is

the stellar disc height scale,which in generalmay be di erent from the gasdisc
height scaleH .

The growth of velocity dispersionsis opposedby the dynamical friction force
acting between the stars and the gas. Consider a star moving inside the disc
with a relative velocity vy with respect to the local Keplerian velocity, vk .
Art ymowicz (1994) showsthat the angular momertum and energy o w between
the discand the star (a small disc perturb er in the caseof proto-planetary discs),
calculated explicitly, coincideswithin a factor of a few with the hydrodynamical
Bondi-Hoyle drag acting on the star during its passagethrough the disc. The
acceleration experiencedby the star is thus

Yrel

2= 4 G™M Cqgm oo
g*(cE + Vi )32

(3.12)
where g = min(1;v¢=Ve) and v, = Cj:‘lvesc; is of the order of the escape
velocity from the star, vesc . In perturbativ e analytical approades, such as
dynamical friction, Cq > 1 is the Coulomb logarithm, In , where is the ratio
of the disc height scaleH to Bondi (or accretion) radius (e.g., Ostriker, 1983).
Howevwer, in many circumstancesthe Bondi-Hoyle formula for accretion rate
onto the star producessuper-Eddington values. The drag force (e.g. C4) should
then be reducedto accourt for the radiation pressureforce. One nds that in
the disc geometry the largest contribution to the star-gasfriction comesfrom
distances H from the star. The exactvalue of Cy4 dependson disc opacity and
the 3-D velocity of the star, but estimatessuggestthat Cq4 is not much smaller
than unity in this case.

Note that when the relative velocity is high, the drag force is just the
hydrodynamical drag, aq / R2v2,, where R is the stellar radius. For
Cs < Viel < Vesg , the classical Chandrasekhar (1943) dynamical friction for-
mula is recovered,with aq / v,,7. Finally, if the relative velocity is smaller than
Cs, Wwe haveay  MgpVie, Which is about equal to the momertum ux accreted
by the star (Mg is the Bondi accretion rate).

While vy is not too large, i.e., g = 1, the ewlution of the stellar velocity
dispersion is approximately given by

d 2 In Cy

dt 4 G°M 2 (2+ 2)3=2
Aslongas In < Cy, the star-gasdrag will be able to keepthe stars on
local circular Keplerian orbits in the sensethat Cs, the gas sound speed,

(3.13)
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thus the stars indeed behave as test particles. Howewver, when In > Cy,
the stellar velocity dispersionwill evolve mainly under the in uence of N-body
collisions, and it will increaserapidly.

It may appear that the last fact suggestsa natural mecdanism to stop the
very e cien t (seex3.9) accretion of gasonto the embedded (proto-) stars. As
the stellar velocity dispersion grows much larger than the gassound speed, the
stars will be no longer embeddedin accretion discs as they would spend most
of their orbits outside the main body of the accretion disc. In addition, even
when the stars are crossingthe disc, the relatively high value of v,¢; meansthat
the accretion rate onto stars will be strongly reduced. However, the e ect is
important only when > (assumingIn C4), that is when the stellar
density is already larger than the gas density. Therefore, before this e ect
may becomeimportant, about a half of the initial gasmassshould already be
consumedby the stars. The accretion onto the stars is curbed by the N-body
dispersion e ects too late, when the disc is already partially consumedby the
stars.

For Sgr A , we can estimate the expected H R =w. The relaxation
time, de ned asthe time neededfor the stellar disc to thickento height H can
be found from equation 3.11:

4 2
trel H MBH
_ = 3.14
tayn R 4My M In ( )
whereMy is R?H , the massof the stellar disc. Equation 3.14 yields
trel 10)M 10M H =R * L
2500 In : 3.15
tdyn My M 0:1 ( )

With tgyn, ~ 300years,wehavete 10° years. Hencethe geometricalthickness
of the rings, and the ratio of velocity dispersionto the local Keplerian velocity,
=\ , are expectedto be of the order of 0:1 for the two young stellar rings in
the GC. The individual stellar velocities should thus still be closeto the local
circular Keplerian valuesif the origin of the starsis in the gaseoudisc.

Levin & Beloborodov (2003) estimate the geometrical thickness of the in-
ner stellar disc in Sgr A to be of the order of H =R = 0:1. This ratio is
however larger but is not quanti ed for the outer disc found by Genzelet al.
(2003b). From their gure 15 we estimate that H =R 0:3 for the outer,
courter-rotating, disc.

One may try to invert equation 3.15to constrain the initial stellar massof
the discsin the GC by using the obsened velocity dispersions (Genzel et al.,
2003b)in the rings. Unfortunately the limits are not very stringent due to the
strong dependenceoft,e on H=R. A discmassashighasMy 3 10°M could
still be consistent with the obsenations for the inner stellar ring. Interestingly,
for the outer stellar ring, the velocity dispersion is too high to be explained by
the N-body e ects unlessthe ring massis unrealistically high.
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3.5 Destruction of stellar rings by orbital pre-
cession: the maxim um disc mass.

Genzelet al. (2003b) found that most of the young innermost stars lie in one of
two stellar rings. There is no noticeable di erence in the estimated age of the
two groups of stars. The rings are bound to interact gravitationally with one
another, and this could lead to obsenable disc distortions.

In particular, stellar orbits precessaround the axis of symmetry in an ax-
isymmetric potential (e.g., x3.2in Binney & Tremaine, 1987). We represerted
one of the discsby the Kuzmin potential

GMy

k(Riz)= p RZT (ar 102 ; (3.16)

where a is the disc radius, R is the radius in the cylindrical coordinates and z is
the perpendicular distancefrom the disc. We then numerically integrated stellar
orbits, starting from nearly circular Keplerian orbits unperturbed by the disc
presence.The orbits remain approximately circular, and consenethe inclination

anglei betweenthe orbital plane and the disc plane (becausethe z componernt
of the angular momertum is rigorously consenedin the axisymmetric potential).

The stellar orbital plane precessesith respect to the disc at a rate

= CpgP ‘'cosi; (3.17)

where C, is a constart (for a given orbit and given geometry) of order unity.
Angle here is the azimuthal angle of the lines of the nodes for the orbit in
cylindrical coordinates usedto de ne the Kuzmin potential. The precessiorrate
scaling (equation 3.17) is natural sincefor small q the e ect is linear in gascan
be seenfor orbits nearly co-planarwith the disc (wheni 0 ); fori = 90 there
should be no plane precessiondue to symmetry.

The value of C, dependson the value of a with respect to the radius of the
nearly circular stellar orbit; for a of order the radius, C, 1. Setting i = 74
as appropriate for the two GC stellar rings (Genzel et al., 2003b), we obtain

1 C q t

S R 1
P 0:003103P (3.18)

The important point to note is that nearly circular orbits of stars at di erent
radii from the SMBH will precessby di erent amounts . Therefore such a
precessiorieadsto a warping of the stellar disc. After atime long enoughto yield

> 1 somewherein the disc, the initially at stellar disc will be dis gured
and will not be recognisableas a disc at all by an obsener.

An approximate upper limit on the time-averagel massof eact of the two
stellar rings in SgrA can be set. Clearly the exact value of this limit should be
obtained numerically with N-body experiments and comparisonwith the quality
( ?) of the ts to the two obsened planes(Levin & Beloborodov, 2003; Genzel
et al., 2003b). Such a study is underway. Due to an obsenational uncertainty
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in the radial dimensions of the rings' inner and outer radii, and theoretical
uncertainty in the distribution of gaseousmass(i.e. ( R)) in the accretion
disc, it is possibleto reduce C, from its maximum value for some values of
parameters. Nevertheless,a rather robust value for the upper massof the discs
appearsto be

maxMy 10°M : (3.19)

3.6 Rotating the accretion disc midplane: do
stars remain embedded?

The accretion disc midplane orientation canin principle changeasa result of a
new massdeposition coming with a di erent orientation of the angular momen-
tum vector. In sud a rotation, would the newly born stars remain embeddedin
the disc and follow its rotation or would they stay behind in the “old' accretion
disc midplane due to their high inertia? The answer to this question is impor-
tant for AGN discsin generalas embeddedstars can signi cantly in uence the
accretion process(e.g., Goodman & Tan, 2004; Nayakshin, 2004).

By orders of magnitude, one can estimate the time neededto turn the ac-
cretion disc plane around on a signi cant angleto be

M M
trot Ed tyisc E ; (3.20)

where M, is the masscondensationrate onto the accretion disc. If the accretion
and condensationprocessesre in an approximate steady state, M = M., tyo
tvisc. The latter is
R , R
tvi — — ; 3.21
VISC VK H ( )
and can be fairly long. Thusin generalthe disc plane orientation changesrather
slowly.

3.6.1 Forces keeping the stars embedded

Two forces mediating interaction between a star and a gaseousdisc are the
gravity of the disc as a whole, and the friction acting on a star moving inside
the disc at a certain velocity with respect to the local circular Keplerian speed.
If stars lag behind the rotating disc plane, the characteristic relative velocity
at which the star and the gas would be separatedis vk =t and is very
small comparedto the sound speedin the gas(if t,ot tyisc). At small relative
velocities the dynamical friction of a star “leaving' the gasdiscis very small too
(see equation 3.12), and a simple estimate shows that the dynamical friction
force can be safely neglectedin what follows.

Therefore the binding force to consider is the direct gravitational attrac-
tion betweenthe disc and the star. Near the disc midplane, the in nite plane
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approximation can be used for the disc gravity. The gravitational attraction
force of the gaseoudisc for a star that left the disc midplane (i.e., the star-disc
midplane separationjzj > H) is

a=2G ; (3.22)

where s the local disc surfacedensity. Comparing this accelerationwith the
certrifugal accelerationof the star moving in a circular Keplerian orbit around
the certral black hole, a;c = VZ =R,

2My
= ; 3.23
Mo (3.23)

o€

3.6.2 Critical rotation time

Suppose that the accretion disc midplane turns at a rate given by the time
scalet,;. Dene a critical rotation time scale, tc, such that for disc plane
changesoccurring on time scalesshorter than tc, the stars are dislodged from
the gasdisc. For tiot > t,c, onthe contrary, the stars remain bound to the disc.
Clearly, we get the critical time scalewhen ap = &t VK =trot , Where agot
is the “rotation acceleration’ of the turning disc midplane. We obtain for the
critical rotation time

= .
trc = Mtdyn . (3.24)

Figure 3.2 shaws the critical rotation time scales(dotted curves) along with
other important time scalesfor the standard accretion disc model with same
parameters as used for Fig. 3.1 and for a 10 Solar massstar. The thick line
curvesare for m = 0:03, whereasthe thin curvesare for m = 1. The accretion
and migration time scaleswill be discussedin x3.7 below.

Note that t,. is longerthan tqy, but is much shorter than tyisc. This implies
that if accretion disc plane changesoccur on a viscoustime scale, the stars
would remain bound to the disc. Only very fast plane changescould dislodge
the stars from the disc midplane.

3.6.3 The case of Sgr A

We have just shawn that it is fairly dicult to separatethe stars and the ac-
cretion discsin slow disc plane rotations or deformations. For the Sgr A case,
this implies that either (i) there weretwo separateaccretion disc creation events
that created the two di erently oriented rings; or (ii) the accretion disc itself
was extremely warped so that its inner part was oriented almost at the right
angle with respect to the outer disc part.
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Figure 3.2: Time scalesfor a 10 Solar mass star embedded in the standard
accretiondisc with parametersasin Fig. 3.1. As before,thick curvescorrespond
to m = 0:03, whereasthin onesare for m = 1. The solid lines show the viscous
and the dynamical time scalesfor the disc, as labelled in the gure. The star
is massive enoughto open up a gap and hencemigrates inward on the viscous
timescale (tmigr = tvisc). The dashedand dotted lines are the accretion and the
critical rotation time scales,respectively. For chosen parameters, the former

oneis independert of m (seetext in x3.7 for detail).
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3.7 Accretion onto embedded stars

The Hill's radius Ry,
M 1=3
R;
3M gy

de nes the spherearound the star where the dynamics of gasis dominated by
the star rather than the SMBH. The accretion of gasonto a star is believed to
be similar to the growth of terrestrial planetsin a planetesimal disc (Lissauer,
1987;Bate et al., 2003). For Ry > H, gasaccretion onto the star is quasi two-
dimensional. The accretion rate is determined by the rate at which di eren tial
rotation brings the matter into the Hill's sphere,

RH:

(3.25)

M =My 4 RyH vy 4 RZcs; (3.26)

where = =2H is the mean disc density. We usedthe fact that the charac-
teristic gas velocity (relative to the star) at the Hill's distance from the star,
Vu, iIsvy = Ryjd =dInRj c¢cs(Ry=H) sincethe angular velocity for Keplerian
rotation is = cs=H. Equation 3.26is valid aslong asRy > H sincein the op-
posite casethe gasthermal velocity becomesmportant and the accretion would
proceedat the Bondi accretionrate (Mg ; e.g., Syer et al., 1991). Of courseM-

cannotexceed\- .ggq ' 10 3r ' 10 *M =year mlzz, the Eddington accretion

rate onto the star 3. We thus estimﬁte )
i

M. = min My;Mg; M ggq (3.27)

One can then de ne the accretion time scalefor a star embeddedin a disc:

M .
IR (3.28)

tacc
Figure 3.2 shows the accretion time scale(dashedline) for a 10 M embedded
star. Although we consideredtwo valuesfor the accretion rate onto the SMBH,
m = 0:03and m = 1, asin Figure 3.1, tc turns out to be the samefor both of
these becausethe accretion rate is closeto the Eddington value.

An important point from Figure 3.2is that accretion onto embeddedstarsis
ableto double the stellar massin a fewthousandyears. Therefore, growing stars
asmassive as100 M in a million yearsin a disc with gasmassMq4 > 10° M
appearspossible. [One potential uncertainty hereis the reduction in the accre-
tion rate onto the embedded stars oncethese stars are massivwe enoughto clear
out a radial gap in the accretion disc. Results of Bate et al. (2003), Figure 9,
show that this reduction can be very large. However, in the caseof an AGN
discwith many embeddedstars, the dynamics of the star-gasinteraction is likely
going to be di erent from the caseof a "test' star or planet. The accretion disc
will then be divided into many rings betweenstars on nearly circular radial or-
bits. If the orbits are closeenough (number of stars N 1), then the gasin a

SWe assumedthat r = (R =R ) (M =M )2, Note that equation 10 in Nayakshin
(2004) contains a typo.
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ring will experiencealternating inward and outward pushesfrom the two stars
closestto it and hencethe radial gap canin fact be closed,enabling unhindered
accretion. The issuedesenesfuture study.]

We also estimated the radial migration time scale,tmigr , Using the prescrip-
tion for the radial migration velocity basedon the numerical calculations of Bate
et al. (2003). For the parameterschosen,the 10 M stars, and any stars more
massiwe than that, open up a gap in the accretion disc and their radial migra-
tion is identical to the viscous o w of matter in the gasdisc. Thus tmigr = tyisc
(two solid curvesin Figure 3.2). The migration time scaleis very long, indi-
cating that stars will remain closeto where they were born in accretion discs
with parameters closeto that of the standard disc for Sgr A . A more realis-
tic self-gravitating disc would not changethis conclusionsigni cantly sincethe
migration time scaleonly getslonger when the midplane disc density decreases
as a result of disc swelling due to gravitationally induced turbulence.

3.8 Growth of ‘'mini star clusters' and interme-
diate mass black holes in accretion discs

Goodman & Tan (2004) haverecertly suggestedhat it is possibleto grow super-
massiwe stars in AGN accretion discs. The maximum massof a star in this case
is the gasdisc massin a ring with width of the order of the Hill radius of the
star, Ry = R(M =3M gy )13, This is the “isolation’ mass,M; ' M3 "My, -,

Mg 2 3 16M 7
10°M MgH

M; 550M (3.29)

The stability of super-massiwe stars is brie y summarisedin x2 of Goodman &
Tan (2004). The super-massiwe star could collapsedirectly into a black hole if
the star is more massiwe than 300 M (Fryer et al., 2001).

However, the Hill accretion rate estimate assumesthat all of the disc mass
delivered by the dierential rotation into the Hill radius around the star is
accreted onto the star. Even without the gap, this is not obvious becausethe
gas still has to lose most of its angular momerntum before it can read the
stellar surface(e.g., Milosavljevic & Loeb, 2004). Furthermore, quite frequertly
the accretion rate onto the star estimated in this way exceedsthe Eddington
accretion rate onto the star (as is the casefor Figure 2). Milosavljevic & Loeb
(2004) have shown that the fringes of the small-scaledisc around the embedded
stars themselves becomeself-gravitating and may therefore also form stars or
planets. It is thus possibleto grow in situ star clusters. The maximum total
massof sudch a cluster should be closeto the isolation mass.

A qualitative con rmation of these ideas can be found in numerical sim-
ulations of a related physical problem by Tanga et al. (2004). These authors
simulate the growth and clustering of planetesimalsin a proto-stellar disc. They
nd a hierarchical growth of clusters of particles and nd that these “clusters'
areintrinsically stable structures. This is likely becauseof the abundant supply
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of gasinto the Hill sphere: there is always plenty of gasto interact with the
particles (gravitationally bound objects in the AGN case)that cortinue to get
more and more bound to the certral object in the mini-cluster.

This medhanism of growth of intermediate massblack hole (IMBH) and star
cluster bound to it may berelevant to the obsenations of the IRS13 cluster near
SgrA (Maillard et al., 2004). The “dark' massin the IRS13is estimated to be

> 10°M . Equation 3.29 shows that an initial massof the disc is of the order
of seweral times 10 M would have beensu cien t to ‘in situ' grow an object
massiwe enoughto becomethe IRS13 cluster.

3.9 Discussion

We have consideredhere the formation of massiwe stars in a self-gravitating
accretion disc for conditions appropriate for the certral  0:2 pc of our Galaxy.
Formation of an accretion disc (instead of a narrow ring) would be a likely
outcome of a cooling instability for a hot gas since the gaswould realistically
have a broad range of the angular momertum values. Additionally , a cloud with
an initial sizeof a parsecor larger, tidally disrupted and shocked, should settle
in a disc of a size comparableto its initial radius. There is of coursea direct
obsenational test which would distinguish between the accretion disc versus
the compactinfalling cloud idea of Sanders(1998) { one simply hasto establish
whether the orbits of the young stars in the two stellar rings are nearly circular
or they are strongly eccertric. As we showved in x3.4, stars born in an accretion
discin Sgr A would still retain their nearly circular orbits.

The standard theory of gravitational instability for a thin disc (Toomre,
1964; Paczynski, 1978) predicts that the minimum massof the gasin the disc
that would make it gravitationally unstable for the parameters appropriate to
our Galactic Centre is  10*M (x3.2). It would be interesting to compare
the predicted stellar mass resulting from star formation in such an accretion
disc with the current stellar content of the rings. Unfortunately theoretical
uncertainties for the e ciency of star formation in self-gravitating discsare too
large. Shlosman,Begelman,& Frank (1990) have shown that if the cooling time
of a self-gravitating discis shorter than tgyn = 1, then the disc will fragmert
and form stars and/or planets. For longer cooling times, it was arguedthat the
disc does not fragment (Shlosmanet al., 1990). Numerical simulations with a
constart cooling time by Gammie (2001) con rmed this, and have showvn that
the disc settlesinto a stable state wherethe cooling is o set by the energyinput
generatedby gravitational instabilities (seealso Paczynski, 1978). Yet for disc
temperatures of the order of 10° Kelvin, the opacity is strongly dependert on
the temperature. Johnson& Gammie (2003) shovedthat in the non-linear stage
of the instabilities, the local cooling time may be orders of magnitude smaller
than that found in the unperturb ed disc model. However AGN discsare usually
hotter than this and hencethe non-linear e ect should be wealer.

Nevertheless,we believe that the Sgr A accretion disc was likely consumed
almost entirely in the star formation episade rather than accretedby the SMBH.
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There is no doubt about star formation here: there are dozensof the brightest
and quite massiwe stars in ead of the stellar rings with 3-D velocity measure-
ments. There are additional numbers of dimmer stars that have only 2-D ve-
locities measuredbut are strongly suspected of belonging to these samerings
(Genzelet al., 2003b, x3.7). The accretiontime scaleof the embeddedstars is
very short (x3.7 and Figure 3.2) comparedto the disc viscoustime scale. We
have also shawn in this paper that neither disc plane rotations, warps, or the
stellar N-body scattering (unlessthere is already more massin the stars than
in the gas,seealso Cuadra & Nayakshin, 2005) can “shale' the starso the disc
midplane. In addition, ead massiwe star opensup a radial gap in the accretion
disc around it. These stars would not let the standard accretion disc transfer
the gasinto the SMBH simply becausethey are in the way of the gas o w.

While the standard accretion disc equationsare not applicable to the region
wherethe disc becomesself-gravitating, the stellar accretiontime scaleis shorter
than the viscoustime by 3{4 orders of magnitude. We experimented with a
prescription for the accretion disc equations that intro ducesturbulent energy
and pressurein addition to the thermal onesto keepthe disc marginally stable
(i.e., Q > 1), andfound that the turbulent energycontent must be unrealistically
high to reducethe accretion rate onto the stars su cien tly.

We have also found (x3.4) that the geometrical thicknessof the inner 2{4
stellar ring, and the stellar velocity dispersion, could be explained by N-body
scattering betweenthe members of the samering if the initial stellar masswas
as high as 10°M . However, the outer 4{7%projected distance ring (Genzel
et al., 2003b)is too thick to result from the internal scattering. We believe that
a better explanation is stellar ring warping due to a non-sphericalgravitational
potential (x3.6), e.g. due to the presenceof the inner ring. Estimating the rate
at which the rings becomedistorted, we tentativ ely set an upper limit on the
time-averagel total massof eac of the gas-stardiscs(rings) at around 10° M
Future numerical N-body modelling and direct comparisonto stellar orbits may
tighten this limit.

We hope that future obsenations of the stellar masscontent in the two rings
in SgrA , and alsoobsenations of the inner Galaxy ISM budget, could be used
to constrain the initial massof the gaseousaccretion disc and its further fate.
As we have shown, the gaseousdisc massshould have beenin the range of 1{
10 10*M , 10to 100times higher than the presert day massin the obsened
stellar rings (Genzel et al., 2003b). If most of the disc gaswas usedto make
stars, then more of these stars and/or their remnants should be found in the
future in the inner  0:2 pc of the Galaxy. In addition, onemay look for evidence
of a hot, high metalicity bubble in the inner 1 kpc of the Galaxy produced by
stellar winds and supernova explosions.

If instead the gaswas mostly accretedby Sgr A , then there should be evi-
denceof a past quasarphase. The required accretionrate, 10*{10°M =10°yr
= 10 2{10 'M vyear ! is comparable with the Eddington accretion rate for
SgrA , Mggqg  0:03M yr 1, corresponding to perhapsLyx < 10* ergsec !
or even more. This would have to be a very rare event in Sgr A 's recent
life sincethe recert star formation episade appearsto be an isolated evert in
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Sgr A 's past (Krabb e et al., 1995). In addition, suc star formation and ac-
cretion events should also be rare in nearby galaxies, sincethese either have no
detectable AGN or have very weak oneswith an X-ray luminosity usually less
than Lx < 10% ergsec ! (e.g., Zang & Meurs, 2001; Pellegrini, 2005). A past
bright AGN phaseshould also leave a hot buoyant radio bubble in the Milky
Way halo, as accretion onto the SMBH is widely believed to go hand in hand
with super-luminous jet out o ws. Future obsenations will hopefully constrain
Sgr A accretion activity a few million yearsago.

3.10 Conclusions

Our main results are as follows:

1. The minimum mass of ead of the discs neededto form the obsened
young stars by self-gravity is around 10* M

2. The obsened stellar velocity dispersionsin the outer ring are too largeto
result from N-body interactions betweenstars belongingto the samering. The
orbital precessionof stars causedby the potential of the other disc can explain
the obsened disc thicknessand velocity dispersionif the time-averagedstellar
and gaseousmassin the inner disc is in the range 3{10 10*M

3. A fewmillion yearsago,SgrA had a good chanceto becomea very bright
AGN with a bolometric luminosity L 10*{10*® erg/sec, but was robbed of
most of its gaseouduel by nuclear star formation in a self-gravitating accretion
disc. Nevertheless, even if only a few percert of the available disc fuel was
captured by SgrA , the SMBH in our Galactic Certre wasasbright asL ~ 10%?{
10* erg/sec.

We have also shown that capture of stars from the “old' relaxed isotropic
Sgr A star cluster (the cusp; seeGenzelet al., 2003b) by the accretion disc is
ine cien t unlessthe gaseousdisc masswas as high as10°M . In addition, the
role of possible accretion disc midplane changeswas estimated. It was found
that the embedded stars inertia would have beene cien t in taking the stars
out of the body of the discsonly if the disc plane changeits orientation on time
scalesmuch shorter than the disc viscoustime.
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Accretion of cool stellar
winds on Sgr A : another
puzzle of the Galactic
Centre?

Originally published by Cuadra, Nayakshin, Springel & Di Matteo in Monthly
Notices of the Royal Astronomical Scciety 360, L55

Sgr A is currently being fed by winds from a cluster of gravitationally
bound young mass-lmsing stars. Using observational constraints on the orbits,
mass loss rates and wind velcities of these stars, we numerically model the
distribution of gasin the  0:1{10%region around SgrA . We nd that radiative
cooling of recently discovered slow winds leads to the formation of many cool
laments and blobs, and to a thin and rather light accretion disc of alout an
arcseond sale. The disc howeverdeces not extend all the way to our inner
boundary. Instead, hot X-ray emitting gas dominates the inner arcsecond. In
our simulations, cool streams of gas frequently enter this region on low angular
momentum orbits, and are then disrupted and heated up to the ambient hot
gas temperature. The accreting gas around Sgr A is thus two-phase, with a
hot component, observableat X-ray wavelengths,and a cool component, which
may be respnsible for the majority of time variability of Sgr A emission on
hundred and thousandyears time-scales. We obtain an accretion rate of a few

10 M vyear !, consistent with Chandra estimates, but variable on time-
sales even shorter than hundred years. These results strongly depend on the
chosenstellar orbits and wind parameters. Further observationalinput is thus
key to a better modelling of Sgr A wind accretion.
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4.1 Intro duction

Sgr A is identied with the Mgy 3 10°M super-massiwe black hole
(SMBH) in the certre of our Galaxy (e.g., Schedel et al., 2002; Ghez et al.,

2003b). By virtue of its location, SgrA may play a key role in the understand-
ing of Activ e Galactic Nuclei (AGN). Indeed, this is the only AGN whererecen

obsenations detail the origin of the gasin the immediate vicinity of the SMBH

capture radius (e.g., Najarro et al., 1997;Paumard et al., 2001;Bagano et al.,

2003;Genzelet al., 2003b). This information, missingfor all other AGN because
of too great a distance to them, their large luminosity, or both, is absolutely
necessanyif the accretion problem is to be modelled self-consistetly .

Arguably the most famouspuzzleof SgrA isits low luminosity with respect
to estimatesof the accretion rate at around the capture radius, i.e. at distances
of order 1°° 10°Rs  0:04 pc, where Rs is the Schwarzsdild radius of SgrA .
Two methods have been deployed to obtain these estimates. From Chandra
obsenations of the Galactic certre region, one can measurethe gasdensity and
temperature around the inner arcsecondand then infer an estimate of the Bondi
accretionrate of M- 10 ®*M year *(Bagano et al., 2003). However, unlike
in the classicaltextb ook problem (Bondi, 1952), hot gasis contin uously created
in shacked winds expelled by tens of young massiwe stars near Sgr A , and there
is neither a well de ned concept of gasdensity and temperature at in nit y, nor
one for the gascapture radius.

The other method addressesthis problem by direct modelling of the gas
dynamics of stellar winds, assumingthat the properties of the wind sourcesare
known. Three dimensional simulations of wind accretion around Sgr A were
performedby Coker & Melia (1997), who randomly positioned ten mass-l@msing
stars a few arc-secondsaway from Sgr A . They preserted two di erent runs in
which the stars were distributed in either a spherically isotropic or a attened
system. Rockefelleret al. (2004) useda particle-basedcode with more detailed
information on stellar coordinates and wind properties. However, in both cases
the starswereat xed locations, whereasin reality they follow Keplerian orbits
around the SMBH. The accretionrate on to Sgr A predicted by both studies
was estimatedat few 10 *M year . Finally, Quataert (2004) studied
the problem in the approximation that there is an in nite number of wind
sourcesdistributed isotropically around Sgr A in arange of radii. His model
yields an accretion rate estimate of few 10 °M year 1.

Due to recert impressive progressin the obsenations of Sgr A , we now
know much more about the origin of the gasfeedingthe SMBH. Stellar wind
sourcesare locked into two rings that are roughly perpendicular to ead other
(Paumard et al., 2001; Genzel et al., 2003b). In addition, the wind velocities
of sewral important close stars were revised downward from 600 km s 1!
(Najarro et al., 1997)to only 200km s ! (Paumard et al., 2001), making the
Keplerian orbital motion much more important.

Motiv ated by these points, we performed numerical simulations of wind ac-
cretion onto Sgr A including optically thin radiativ e cooling and allowing the
wind-producing stars to be on Keplerian orbits. In this Letter we report our
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most important ndings: (i) the slow stellar winds are susceptibleto radiativ e
cooling oncethey are shockedin the hot bubble in ated by the fast winds; (ii) a
disc/ring isformedon arcsecondscale;(iii) cool gasblobsfrequertly erter the
inner arcsecondon low angular momertum orbits, are torn apart and thermal-
ized, and then mixed with the hot gasthere. Gasis thus distinctly two-phase
in the inner region, with the cold phasebeing invisible to Chandra. (iv) The
resulting “accretionrate' (seex4.4) is of order several 10 ®M year !, consis-
tent with Chandra estimates, but is highly variable. This warrants a somewhat
worrying question: how represenativ e is the current low luminosity of SgrA ?
Summarising these points, it appearsthat the accretion ow onto SgrA and
other low luminosity AGN cannot be fully understood basedon obsenations of
hot X-ray emitting gasalone.

4.2 Analytical estimates

The density of hot gas1:5%away from SgrA is about ng = 130cm 2 (Bagano
et al., 2003), and the gastemperature is Ty  2keV. The pressureof the hot gas
isthuspn = neTy 3 10° K cm 3. The temperature resulting from collisions
of stellar winds with wind velocity vy, = 10°vg cm's 1 is

T=12 10 osv3 Kelvin; (4.1)

where ¢.5 is the mean molecular weight in units of half the proton mass. This
temperature is to a large degreecompatible with the Ty ' 1:2keV measuredby
Chandra at slightly larger radii. The optically thin cooling function, dominated
by metal line emission,is 6:0 10 T, %7(z=3), whereT; = T=10' K, and
Z is the metal abundancerelative to Solar (Sutherland & Dopita, 1993). The
cooling time is thus

3KT . .
teool = —— 100 Fivg4p ' vyears; (4.2)

wherep = nT=pn. The dynamical time near this location is tgyn = R=w '
60(R%93=2 years,where R%is the radial distanceto Sgr A in arc-secondsand
Vi is the Keplerian velocity at that distance. This shows that cooling is of no
importance for the gas originating in the winds with out o w velocity vg 1.
However, if the wind velocity is, say, v,y = 300km s 1, then teog is only roughly
15 years,which is shorter than the dynamical time. Therefore one could expect
that slower winds may be susceptibleto radiativ e cooling in the high pressure
ervironment of Sgr A . In reality the gas velocity is the sum of the wind
velocity and the stellar orbital motion. At a distance of 20 for example, the
Keplerian circular velocity is about 440km s ®. With respect to the ambient
medium, the leading wind hemispherewill move with velocity vg 1, whereas
the opposite onewill move even slower than v,,. This shaws that even for winds
with velocities vy, > 500km s 1, lagging regionsof the wind may still be a ected
by cooling.
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4.3 Metho d and initial conditions

A full accourt of our numerical method along with validation tests will appear
in Cuadra et al. (2006). Here we only briey describe the method. We use
the SPH/N -body code GADGET-2 (Springel et al., 2001; Springel & Hernquist,
2002)to simulate the dynamics of stars and gasin the gravitational eld of the
SMBH. This code, deweloped for cosmologicalsimulations, takesinto accourt
the (Newtonian) N-body gravitational interactions of all particles and also fol-
lows the hydrodynamics of the gas. We use the cooling function cited in x4.2
with Z = 3, and set the minimum gastemperature to 10* K.

We model the SMBH as a heavy “sink' particle (Springel et al., 2005; Di
Matteo et al., 2005), with its masssetto 3:5 10°M . For scalesof interest,
the black hole gravity completely dominates over that of the surrounding stars
and gas. The inner boundary condition is speci ed by requiring the gaspassing
within the radius R, from the SMBH to disappearin the black hole. In addition,
particles at distanceslarger than the “outer radius' Rqy; are of little interest for
our problem and are simply eliminated.

Stars are modelled as collisionlessparticles moving in the potential of SgrA .
The stars emit new gasparticles that are initialised with the minimum temper-
ature and amassmspy = 5 10 M . The initial particle velocity is the
sum of the orbital motion of the star, and a random componert. The latter is
equalin magnitude to the wind velocity and its direction is chosenrandomly to
simulate isotropic winds in the frame moving with the star.

Following results of Paumard et al. (2001), we assumethat “narrow line stars'
produce winds with velocity v,, = 300 km s !, whereasthe “broad line stars'
producewinds with v, = 1000km s 1. Wereferto the former asLBV stars, and
to the latter asWR stars. The radial extent of the inner stellar ring is from 2%
to 5% and the inner and outer radii of the outer ring are 4%°and 8% respectively.
The rings are perpendicular to eac other for simplicity (Genzel et al., 2003b,
concludethat the rings areinclined at i 74 to ead other). We argue that
the total number of wind sourcesis likely to be higher than thosethat have been
resolved so far. On averagethey would clearly have to be less powerful than
estimated by Najarro et al. (1997). We therefore use 20 wind sourcesin total,
with ead star loosing massat the rate of M = 4 10 °M year 1. Note
that this is still a factor of 2 3 below the obsenationally estimated total
masslossrate from the Sgr A star cluster, but someof the wind sourcesare
likely to be outside R, and thus should not be included here. Typically, the
time-step of the calculation is  0.18years,sothe masslossrate above implies
that 20 SPH particles are created around ead star per time-step. The stars
are distributed in rings uniformly in radius but randomly along the azimuthal
angle. Stars in the samering rotate in the samedirection, of course, as they
follow circular Keplerian orbits. We populate the inner ring with 6 LBVs and
2 WRs, and the outer one with 3 LBVs and 9 WRs.

To increasethe resolution in the inner region, we split the SPH particles
that get closerthan 10R;, to the SMBH. To avoid numerical problems, the
splitting is performed at a randomly chosentime - of the order of the dynamical
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time at that radius - after the particle entered the inner 10Rj,. Then the
particle is divided into Nspir = 5 new onesthat are placed randomly within the
smoothing length of the original one. The massof the old particle is equally
divided between the new ones, while the temperature and velocity are kept
constart. The rest of the SPH properties are updated self-consistetly by the
code. Other simulations, without splitting, show the sameoverall results asthe
one preseried here (Cuadra et al., 2006).

The values for the inner and outer boundary conditions are Ry, = 0:07°
and Roy = 9% We start with a negligible gasdensity inside the computational
domain and then Il it up self-consistetly with stellar winds. We ran the
simulation for about 4,000 years. Realistic longer simulations would have to
include a highly complex gasdensity eld on larger scalesaround Sgr A and
frequert supernovae (seebelow), which we leave for future investigations. The
total number of SPH particles, Nspy, initially increasessteeply with time until
the hot winds Il up the whole inner sphere. Later, the number of particles
continuesto increasedue to the fact that most of the slow wind particles are
bound. By the end of the simulation we reach Ngpyy = 1:7  10°.

4.4 Results
4.4.1 Gas morphology .

Figure 4.1 shows the column density of gasand the stellar wind sourcesin the
inner 6% of the computational domain. The inner and outer rings are viewed
at inclination anglesof 40 and 50 in the Figure, respectively. The inner ring
rotates clockwise in this projection, while the outer onerotates in the opposite
sense!

As fast stellar winds Il the available space,the slower ones are shocked
and cool radiativ ely. Denseshells are formed around the shocks. These shells
are torn into laments and blobs. Dierent parts of the shells have di erent
velocities and thus angular momerta, creating many cool gasblobswith di erent
velocities. Someare directed to outer radii and have velocities large enoughto
escape from the computational domain. Others receive velocities directing them
inward. At smaller radii the density of blobs is higher, thus they collide, and
settle in the plane establishedby the inner LBVs. The blobs are also sheared
by the di erential Keplerian rotation, and a gasdisc is born at radii somewhat
smaller than that of the stellar orbits.  The blobs typically consist of a few
hundred SPH particles, many more than the minimum 40 neighbours usedin
the SPH kernel averaging for these simulations.

We nd that the disc does not extend all the way inwards, as the inner
arcsecondor so is dominated by the hot X-ray emitting gas. Surprisingly, the
hot componert originates from both fast and slow winds. Cool laments that
enter the inner region appearto betorn by di erential rotation and then shock-

1An animated movie of this simulation is available at
http://www.mpa-garching.m pg.de/ jcuadra/ Winds .
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Figure 4.1: View of the gascolumn density and of the stars (overlayed) in the
inner 6°cube of the computational domain, after about 3,000years. The "LBV'
stars within the slice are marked as stars, while the "WR' stars are shown as

diamonds. Stars painted in red and black belongto the inner and the outer
rings, respectively.
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heated to the ambient temperature as they interact with the hot gas. Since
the disc massis miniscule by AGN standards, the disc is constartly violently
a ected by the stars from the other ring. Streams and blobs of cool gas are
kicked high up above the disc midplane due to interactions with winds from
stars crossingthe disc. These blobs rain down on to the disc, and some are
brought into the sub-arcsecondregion of the o w.

4.4.2 Accretion on to Sgr A .

The “accretion rate', Mgy, on to Sgr A is de ned in our simulations as the
rate at which SPH particles enter the spherewith radius Rj,, and is plotted
versustime in Fig. 4.2. Solid and dotted lines correspond to time bins of 10
and 200years,respectively. The latter seemgo be a reasonableestimate for the
viscoustime-scaleof the hot accretion o w at around Rij,. The averagerate we
obtain, afew 10 ®M year !, isin good agreemen with the Bondi estimate
(Bagano et al., 2003), and is oneto two orders of magnitude lower than what
previous studies found (cf. x4.1). However, factors of a few variability in the
accretion rate are immediately obvious. This variability can be tracked down
to the arrival of individual cool gasblobs or laments in the innermost region.
Since the density of the hot gasin the vicinity of Sgr A is newer zero, the
accretion rate never decreasedo zero.

It must be stressedthat the real Mgy further dependson intricate physical
details of the inner accretion o w that we cannot resolve here. Someof the gas
entering R Ry, is unbound and somemay becomeunbound later on asresult
of viscous heating in the ow (Blandford & Begelman, 1999). Therefore, the
accretion rate measuredin our simulations is best understood to yield the outer
boundary conditions for the inner accretion o w, and as suc should be a more
physically complete estimate of that than the commonly used Bondi accretion
rate basedon Chandra obsenations of hot X-ray emitting gasonly.

The number of particles in the inner 1°° (comparable to the Bondi radius
estimate for this problem) is about 70,000. This ensuresthat we have enough
resolution at the inner boundary. On average, 4 SPH patrticles are accreted
at eadh time-step.

4.4.3 Existence of cold disc in sub-arcsecond region of
Sgr A .

The cold “disc' found in our simulations is constartly being created but it is
also likely to be destroyed from time to time. Its masscan be estimated as
Mgisc = Mewt = 10M  (Mw=10 3*M vyear 1) t4, wheret, = t=10* yearsand
M. is the massout o w rate of cool stellar winds. A supernava occurring within

the inner 0:5 pc of the Galaxy would easily destroy such a disc. The number
of young early type stars in the Sgr A cluster is likely to be in the hundreds,
and somehave already reached the WR stage(e.g. Paumard et al., 2001;Genzel
et al., 2003b). Assuming that the most recert star formation event occurred a
few million yearsago,onewould then estimate the SNrate in SgrA 'sinner star
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Figure 4.2: Accretion rate onto SgrA versustime, averagedin bins of 10 years
(solid) and 200years(dotted). Both are expectedto be only rough indicators of
the actual accretion rate sincemuch of the gascaptured may still be unbounded
inside Rj, and/or hasto be processedn the inner accretion ow that we do not
resolve.
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cluster to be at least 10 4 per year. For comparison, the viscoustime at a
radius of 1%is 10° 10’ yearsat best(e.g. g. 2in Nayakshin & Cuadra, 2005).
Furthermore, there is much more cold material on scalesof seweral arcseconds
and beyond that may be plunging on to Sgr A (Paumard et al., 2004). Arriv al
of this massin the inner arcsecondcould also destroy the disc.

Therefore it is likely that the cool disc of  arcsecondscalesdoes not
smoothly extend inside the sub-arcsecondregion of Sgr A . Howewer, occa-
sionally we obsene cool gasblobs to directly fall into the capture “sphere’in
the simulation. It is also conceiable that events started by a supernova shell
passageor by an infall of additional cool material, could also leave a remnart
in the form of a cold disc. Thermal conduction betweenthe two phasescould
lead to evaporation of a cold accretion disc via the Meyer & Meyer-Hofmeister
(1994) mechanism, which is unfortunately model dependert due to our poor
knowledge of the magnetic eld geometry and strength.

Nayakshin & Surnyaev (2003) suggested,mainly basedon the presenceof
X-ray ares in Sgr A , that there is a cool disc at  0:01{0:1°° scalesand
beyond. The required mass of the disc was estimated to be smaller than a
Solar mass. However, obsenations of NIR ares (Genzel et al., 2003a) put
the ares at no more than a few milli-arcsecondsaway from the radio position
of Sgr A , which is somewhat problematic for this model. Also, the NIR are
spectra appearto strongly favour a synchrotron (i.e. SMBH jet) origin. Further,
no eclipsesor star “brightenings' expected when bright stars approac the disc
(Cuadra et al., 2003) have beenobsened sofar. Summarising, there is currently
no obsenational motivation to favour the existenceof suc a disc in Sgr A ,
although it is also di cult to rule out its presence(unlessthe disc extendsto
the SMBH horizon; Falcke & Melia, 1997).

Concluding, we suggestthat there cannot be a smooth transition of the larger
scalecool discinto the inner sub-arcsecondegionsof Sgr A . Nevertheless,the
issue of the current existence of a cool disc or its periodic appearance and
disappearanceis an open subject for future work.

4.4.4 Note on the imp ortance of initial conditions.

While this work appearsto be the most detailed (to date) numerical attempt to
model the accretion of stellar winds on to Sgr A , obsenational uncertainties
in the stellar orbits and wind massloss rates and velocities still leave a lot of
room for uncertainties in the nal results. The latest obsenations (R. Genzel&
T. Paumard, priv. comm.) reveal that the narrow emissionline stars might be
more equally divided betweenthe two discsthan what we have assumedhere. In
this case,the disc-like structure would form at a larger scaleand be probably not
asconspicuous.Similarly, if the masslossrate of the 'LBV' starsis smaller, the
cool disc becomesobviously lessmassiwe. In addition, mass-lossrates of LBV
stars have beenobsened to vary by more than an order of magnitude within a
few years(e.g., Leitherer, 1997). This e ect would bring further variabilit y and
uncertainty to the results.

Another important ingrediert, still missingin our approad, is the inclusion
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of cooler gas laments obsenedto be (possibly) infalling onto SgrA on seeral
to tens of arcsecondscalesfrom Sgr A . These structures, referred to as the
‘mini-spiral’ (Scoville et al., 2003; Paumard et al., 2004), would undoubtfully
changesomeof our results.

Finally, like all previous numerical investigations (Coker & Melia, 1997;
Rockefeller et al., 2004; Quataert, 2004), we have ertirely neglectedthe con-
tribution of the wind producing stars on orbits inside the certral 2°¢ While
the most important wind sourcesare all located outside of this region (Najarro
et al., 1997;Paumard et al., 2001), the weaker OB stellar winds inside the inner
region may still contribute. For example,if their wind lossrates are about the
inferred accretion rate, these stars (that appear to be on more randomly ori-
ented orbits, seeEisenhaueret al., 2005) could potentially destroy the disc in
the inner arcsecond?

Future obsenations of the wind properties and stellar orbits near SgrA are
key to produce an increasingly more realistic model of the accretion ow on to
SgrA .

45 Discussion and Conclusions

AGN accretion discs are lesswell understood than discsin X-ray binaries on
comparable relative scales, becausewe do not have good obsenational con-
straints on the origin of gas accreting on to the SMBH. Sgr A is becoming
the only exception to this as obsenations improve. In this paper we made an
attempt to realistically simulate the outer  0:1{10%region of the gas o w on to
Sgr A . The resulting gas ow is far more complex than thought earlier based
on studies that included non-radiativ e fast stellar winds from stars either xed
in spaceor distributed in a spherically-symmetric fashion. The presenceof cool
gasin the sub-arcsecondregion, as found here, may considerably complicate
the interpretation of obsenational constraints on the accretion of SgrA . Al-
though, as discussedabove, this doesdepend on still somewhat poorly known
details of stellar orbits and wind parameters.

The average accretion rate in our simulation, a few 10 M year 1, is
consistert with the estimatesof Bagano et al. (2003) and 1{2 orders of magni-
tude lower than what previous models found (Coker & Melia, 1997;Rockefeller
et al., 2004; Quataert, 2004). Howevwer, this accretion rate changesby factors
of a few in time-scalesshorter than hundred years. Then how represerativ e
is the current low luminosity state of Sgr A , if the feeding of the inner region
is indeed soturbulent and time-variable as our simulation suggests? After all,
obsenations of X-ray/ -ray echoesfrom nearby molecular clouds indicate that
SgrA might have beenmuch more luminous some 300 yearsago (Sunyaev

2Note that an extreme caseof this wasalready studied analytically assuming a ballistic tra-
jectory approximation by Loeb (2004). He showed that if the inner "S'-stars (e.g., Ghez et al.,
2005; Eisenhauer et al., 2005) produce wind outo w rates as strong as 10 ®M vyear 1!,
then their winds alone could provide enough fuel for Sgr A emission. However, most of the
“S'-stars now appear to be of intermediate to later B-type, suggesting their winds could be
orders of magnitude weaker than assumed by Loeb (2004).



4.5. DISCUSSION AND CONCLUSIONS 69

et al., 1993; Koyama et al., 1996; Revnivtsev et al., 2004). Another aspect of
the sameissueis that “accretion’ of a cool blob in our simulations is not yet a
true accretion event. If the blob managesto survive in the hot gasand settles
to adiscor aring at say 10°Rs, it may circle SgrA for a long time without
being noticed. Further uncertainty in theseresults is the interaction between
the hot and the cold gasvia thermal conduction. If a cold blob enters the inner
region of the hot ow, and is evaporated there, how will this aect the ow
there? Theseand other related questionsare to be resolved in future work if we
want to reach a full understanding of the accretion processon to Sgr A .
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Chapter 5

Galactic Centre stellar
winds and Sgr A* accretion

Originally published by Cuadra, Nayakshin, Springel & Di Matteo in Monthly
Notices of the Royal Astronomical Scciety 366, 358

We presenta detailed discussion of our new 3D numerical models for the
accretion of stellar winds on to Sgr A . In our most sophistiated models, we
put stellar wind sources on realistic orbits around Sgr A , we include recently
discovered “slow' winds (v, 300 km s 1), and we account for optically thin
radiative cooling. We test our approach by rst modelling only one phase ‘fast'
stellar winds (v, 1000km s 1). For stellar wind sources xed in space, the
accretion rate is of the order of M-' 10 M yr 1, uctuates by < 10%, and
is in a good agreement with previous models. In contrast, M. decreasesby an
order of magnitude for wind sources following circular orbits, and uctuates
by 50%. Then we allow a fraction of stars to produce slow winds. Much
of these winds cool radiatively after being shaked, forming cold clumps and
laments immersal into the X-ray emitting gas. We investigate two orbital
con gur ations for the stars in this saenario, an isotropic distribution and two
rotating discs with perpendicular orientation. The morpholagy of cold gasis
quite sensitive to the orbital distribution of the stars. In both cases, however,
most of the accreted gasis hot, producing a quasisteady ~ o or' in the accretion
rate, of the order of 3 10 ®M yr 1, consistent with the values deduced
from Chandra observations. The cold gas accretes in intermittent, short but
powerful accretion episales which may give rise to large amplitude variability
in the luminosity of Sgr A on time sales of tens to hundreds of years. The
circularisation radii for the ows are atout 10° and 10* Schwarzschildradii, for
the one and two-phasewind simulations, resgctively, never forming the quasi-
spheri@al accretion ows suggestd in some previous work. Our work suggests
that, averagal over time sales of hundreds to thousandsof years, the radiative
and mechanical luminosity of Sgr A may be substantialy higher than it is

71



72 CHAPTER 5. STELLAR WINDS AND SGR A* ACCRETION

in its current state. Further improvementsof the wind accretion modelling of
Sgr A will rely on improvel observational constraints for the wind velaities,
masslossrates and stellar orbits.

5.1 Intro duction

Sgr A is believed to be a super-massiwe black hole (SMBH) of massMpgy '
3:5 10°M in the very certre of our Galaxy (e.g., Reid et al., 1999; Schedel
et al., 2002;Ghez et al., 2003b). Winds from young massiwe stars with velocity
vy around 1000km s ! areknown to Il the inner parsec(e.g., Hall et al., 1982)
with hot plasma. The total masslossrate from thesestarsis 10 M yr 1!
(e.g., Genzelet al., 1994;Najarro et al., 1997), and a fraction of this gasshould
be accreting on to the SMBH (e.g., Melia, 1992). The obsened luminosity
is however many orders of magnitude smaller than what is predicted from the
classicalBondi-Hoyle theory (Bondi, 1952). There are two possibleexplanations
for this discrepancy: either a much smalleramount of gasactually accreteson to
the SMBH or accretion proceedsin a low-radiativ e e ciency mode. The current
consensusappearsto be that both of these factors are important for reducing
Sgr A 's luminosity (Narayan, 2002). From theoretical arguments, it is unlikely
that the accretion ow is exactly spherical, and instead it is plausible that a
rotating o w forms in which the resulting viscousor corvective heating unbinds
much of the gas, sewerely reducing the accretion rate (Blandford & Begelman,
1999;Quataert & Gruzinov, 2000). It is alsolikely that electronsare not as hot
asthe ions, thus resulting in a greatly diminished radiativ e e ciency of the ow
(Narayan & Yi, 1994).

Obsenations of Sgr A in the radio and in the X-ray bands constrain the
accretion rate at tens of Schwarzsdild radii distance from the SMBH to values
of the order of My, few 10 “M year ! (Bower et al., 2003; Nayakshin,
2005a). This is signi cantly smallerthan the 3 10 M year ! accretion
rate estimated based on Chandra obsenations at ~ 10° Schwarzsdild radii
(Bagano et al., 2003), con rming that gasouto ws are important. For the
sake of closer testing accretion ow theories, it is important to establish the
exact amount of gas captured by Sgr A to compareto Mj,. Note that this
exercisecan be doneonly for Sgr A at presen, sinceall other AGN are much
farther away, and henceSgr A is a unique test object in this regard.

The rst three dimensional numerical simulations of Sgr A wind accretion
were performed by Ruert & Melia (1994), who studied feedingthe black hole
from a uniform large scalegas ow. This work was extendedby Coker & Melia
(1997), who used discrete gas sources,ten mass-lasing stars semi-randomly
positioned a few arc-secondsaway from Sgr A , to model the wind emission.
Due to numerical di culties inherent to xed grid codes, the orbital motions
of the stars could not be followed, and thus they were xed in space. The
authors arguedthat suc an approad is valid sincethe wind velocities, as best
known at the time, are larger than the circular Keplerian motions of the stars
in these locations. Moreover, if the stellar orbits are isotropically distributed,
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and all stars are identical, then the net angular momertum is nearly zero. More
recerly, Rockefeller et al. (2004) useda particle-basedcode, making also use of
more detailed information on stellar coordinates and wind properties. However,
the stars onceagain were kept at xed locations.

Recern near-IR data of the nuclear star cluster in Sgr A show that the
stellar wind sourcesare located in two ring- or disc-like distributions that are
roughly perpendicular to eat other (Paumard et al., 2001;Genzelet al., 2003b),
implying that shocked gas has a non-zero net angular momertum. This is
likely to be important for understanding the structure of the accretion ow. In
addition, integral eld spectroscofy of the certral parsecimplies stellar wind
velocities of only 200 km s ' (Paumard et al., 2001); much lessthan the
values of 600 km s ! previously estimated. These new data imply that
stellar orbital motions are more important than previously thought. Moreover,
these slow winds, when shacked, are heatedto around 10° K as opposedto the
temperature of 1 2 10’ K for the hotter  1000km s ! winds. This former
slow phaseof Sgr A stellar winds is therefore susceptibleto radiativ e cooling
(Cuadra et al., 2005)and thusiit is expectedto form a cold gas o w onto SgrA
in addition to the usually studied hot non-radiative phase.

Motiv ated by the new obsenations and the above ideas, we performed nu-
merical simulations of wind accretion on to Sgr A including optically thin
radiativ e cooling and allowing the wind-producing stars to be on circular Kep-
lerian orbits. Somepreliminary results of our study have already beenpresened
by Cuadra et al. (2005). Here we report on speci ¢ tests of our new method-
ology and provide further details on our results. While this study shedsnew
light on physics of accretion of stellar winds on to Sgr A , it is clear that im-
proved obsenational determinations of stellar masslossrates, wind velocities,
stellar orbits, and also of orbits and distribution of the cooler gasphase lling
in the inner parsecwill be the key for further improving our understanding of
the Galactic certre region.

The paper is structured as following. We describe our numerical method
in Section 5.2, and give results of simulations with single, fast wind velocity in
Section 5.3, including a comparison with analytic models. In Section 5.4, we
then describe our results for simulations with fast and slow (‘two-phase’)winds,
followed in Section 5.5 by an analysis of ducial Chandra obsenations of our
simulated systems. We give a detailed discussionof our results in Section 5.6,
and concludein Section5.7.

5.2 The Numerical Metho d

We usethe SPH/N -body code GADGET-2 (Springel et al., 2001;Springel, 2005)
to simulate the dynamics of stars and gasin the (Newtonian) gravitational eld
of Sgr A . This code solvesfor the gashydrodynamics via the smoothed parti-
cle hydrodynamics (SPH) formalism. The hydrodynamic treatment of the gas
includes adiabatic processesarti cial viscosity to resolve shocks, and optically
thin radiativ e cooling with the cooling function 6:0 10 23(T=10"K) %7erg
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s Ycm 3 (Sutherland & Dopita, 1993).

The SMBH is modelled here as a heavy collisionlessparticle with gravita-
tional smoothing length of 0:01°° In addition it acts asa sink particle: gaspass-
ing within the inner radius Rj, disappears,giving up its massand momertum to
the black hole (Springel et al., 2005;Di Matteo et al., 2005). The inner radius in
our model is a free parameter, but for most tests we pick it to be < 0:1° much
smaller than the capture, or Bondi radius, Rcapt = GMpgy =(c2 + v2), where cs
is the gassound speedand G the gravitational constart. For the caseof SgrA ,
X-ray obsenations yield Reapt  1%°(Bagano et al., 2003).

At least 99% of the “wind' (gas) particles escape from the region of interest,
the inner  10° into the Galaxy. Following theseparticles in a region which we
do not model properly here becomesprohibitiv ely expensiwe, and is of limited
interest for the problem at hand. Therefore we eliminate SPH particles that
reach an “outer radius' Rq,t . Wefound that setting R larger than the distance
from the outermost wind sourceto the SMBH is appropriate for our purposes.

Stellar winds are modelled via “emission'of new gas (SPH) particles by the
star particles from which these winds emanate. Ejection of particles is done
typically in bursts of about 30 particles per star and occurs in time intervals
of 0.2{1 yr. For eact group of new SPH particles a random isotropic velocity
distribution is generated. For tests with moving stars, the full initial particle
velocity is the sum of its random isotropic part (in magnitude equal to the
speci ed wind velocity v,,) and the stellar 3-D velocity. The new particles are
given initial temperature of 10* K, which is also the minimum temperature
the gasis allowed to have in the simulations. As we are not interested in
resolving the wind structure closeto stellar surface, we also give the particles
small spatial “kicks' along their velocities. Baring this, we would have to resolve
extremely small scale structures around stellar surfaceswhich is not feasible
numerically. The rest of the SPH properties (pressure, density, entropy, etc.)
are then calculated and followed self-consistely by the code.

5.3 Mo dels with fast winds

A realistic modelling of Sgr A wind accretion requires se\eral steps of varying
complexity and importance for nal results. In this section we shall start by
considering the “single-phase'casewhen the properties of all the wind sources
are identical. We are interestedin the dependenceof the results on the number
of sources,their distribution and their orbital motion, as well as on the choice
of our free parameter R;j .

5.3.1 Fixed stars

A very useful test for our numerical methods is the comparisonwith analytical
results. Quataert (2004) preseried an analytical 1-D (spherical) model for the
hot gasin the Galactic Cerntre. He distributed wind sourcesin a spherical shell
betweenradii 2{10%°with stellar number density n (r)/ r , where is a free
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parameter varying betweenO and 3. The winds are further assumedto shock
and be thermalized locally. Essertially, this model is a spherical wind/Bondi
accretion model with distributed wind sources,and as such it preseris a very
cornveniert test bed for our numerical methods.

In the context of our numerical models, the “on the spot' thermalization of
winds is identical to having an in nite number of wind sources,sincethen the
mean distance between them is zero and winds are thermalized immediately.
In practice, we ran simulations with 200 stars isotropically and randomly dis-
tributed in the samerange of radii, with a density prole givenby the = 2
power-law. Our rst objectiveis to test the sensitivity of the resultsto di erent
values for the inner radius, Ri, = 0:1, 0:4, 1°° The outer boundary is set at
Rout = 15%°for thesetests. We ran tests with larger valuesfor Ry, and found
that the results depend little on this value as long as it includes all the wind
sources.The total masslossrate of starsis setto My, = 10 *M yr 1, and the
wind velocity is vy, = 1000kms 1.

We ran thesesimulations until time t 2100yr, at which the systemis in a
quasi-steadystate. The number of SPH particles in the steady state is ' 10°.
To improve statistics, the radial pro les of quartities of interest are averaged
over the last 10 snapshotscovering the time interval t  1800{ 2100yr. The
resulting density pro les are shown in Fig. 5.1, together with the result from
Quataert (2004) (the model with = 2). Except for the attening at radii
approading Ri,, wherethe SPH particle density is under-estimated due to our
“capture all' boundary condition there, the curvesare in good agreemeit.

Figure 5.2 shaws the averageradial velocity as a function of radius for the
sameruns. The radial velocity curvesdi er more from the Quataert (2004) curve
(solid line) than the density curves. Our vacuuminner boundary condition forces
the gasnext to Rj, to in o w with velocity approacing the gas sound speed.
Clearly, when Ry, is large, this in o w velocity is larger than that of the Bondi
(1952) solution at that point. Hencesimulations with large values of R, will
over-estimatethe accretion rate on to the SMBH (we discussthis point in more
detail below). If instead R, is a factor of at least seweral smaller than Rcapt,
we expect to closelymatch Quataert (2004)'s results becauseby that point the
in o w speedof the Bondi (1952) solution is approading the local sound speed.
This should be achieved in the simulation with the smallest inner boundary
(Rin = 0:1%. While we do obtain very similar gas densities (Fig. 5.1), the
in o w velocity is signi cantly lower in our simulation than in the analytical
solution. We nd that, evenwith 200sourcesthe accretion o w is still strongly
anisotropic in the sub-arcsecondregion. Indeed, most of the wind is unbound,
with aslittle as 1% accreting on to Sgr A . Thus, out of 200 sources,only
the 10innermost stars are important for accretion. This can be seenthrough
the gasvelocity pro le: the radial velocity changesits sign just above the inner
radius of the wind-source region. In addition, as will becomeclear later, the
incomplete thermalization of the winds doeslead to someexcessenergyin the

1We multiplied Quataert (2004)'s density by a factor 2, since his models were actually
computed for My, =5 10 M yr ! (Quataert, priv. comm.).
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Figure 5.1: Radial density pro les of the gasin simulations with 200 xed stars,
distributed isotropically. The black solid curve shows the model of Quataert
(2004). Note that our curves(coloured lines) reproduce his solution rather well
down to about twice Rj,. The valuesof Rj, for the dierent simulations are
givenin the inset.
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Figure 5.2: Radial velocity pro les of the gasin the calculations with 200 xed
starsdistributed isotropically. Note that for larger capture radius the gasin o ws
faster. Becauseof the nite number of sources,the out o w velocity of our
simulations is slightly larger than that in Quataert (2004).

wind, and thus not all of the gaswithin the nominally de ned accretion radius
is actually bound. Someof the gasat R < Rcapr may therefore have a positive
radial velocity.

E ects that are dueto the nite number of stars should also manifest them-
selvesin cooler temperature pro les at large radii comparedto the Quataert
(2004) results. There is a nite distance the winds will travel before they will
experiencea shock that will heat the gasup to the expectedtemperature. There-
fore, for comparison purposes,we alsode ned an e ective 1-dimensional' tem-
perature Tig = T + (mpV3 )=(10kg), wherem, is the proton massand kg is the
Boltzmann constart. The quarntity ¥, = ¥ hj fjift is the local gasvelocity
minus the meanradial velocity at the givenradius. In a strictly spherically sym-
metric model (with an in nite number of stars) the non-radial velocity ¥, would
of coursebe zero, with the corresponding energy corverted into thermal energy
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of the gas. Therefore T14 is the quartity to comparewith the temperature de-
rived by Quataert (2004). Figure 5.3 shows radially averagedTiq4 pro les, and,
for the caseR;, = 0:4° we also shaw the actual uncorrected gas temperature
T (lower greencurve), also averagedin radial shells. Note that the di erence
betweenTyiy and T is only signi cant at radii greater than 1°°becausenside this
radius the gasis relatively well mixed, i.e. shocked. On the contrary, the average
gastemperature in the out o w region (closeto our outer boundary condition)
is signi cantly smallerthan the spherically-symmetric limit. The reasonfor this
is that someof the wind from the outermost stars is actually never shocked as
it escamsfrom the computational domain. The samereasonis also responsible
for the di erences in the radial velocity curves (Fig. 5.2): all of our solutions
out o w slightly faster at R = Ry than do the winds of Quataert (2004).

The accretion rate, Mgy, in our simulations is de ned as the total mass
entering the sphereof radius Rj, per unit time. We nd that the accretion rate
increasednitially while winds Il in the available space,but after lessthan 1,000
years Mgy reachesa steady state value. The nal value will of coursedepend
on the choiceof Ry, . For the simulations described above, we get accretion rates
Mgy 1:5,35and7 10 °M yr 1, for Ry, = 0:1;0:4; and 1°respectively.
The increaseof Mgy with Rj, implies that a signi cant fraction of the gasthat
is "accreted'in the simulations with large Ri, would not have done so had we
been able to resolve the smaller scale ow. As far asthe exact accretion rate
values are concerned,smaller R, is better, but, since a smaller R;, requires
shorter integration steps, one hasto make a pragmatic compromiseand choose
a value of Rj, that allows simulations to be run in a reasonabletime.

The accretionrates that we obtain are comparablewith the Quataert (2004)
result for = 2,45 10 M yr . However, the most reliable of the tests,
with Ri, = 0:1%0 shows an accretion rate a factor of 3 lower than the semi-
analytical result. We interpret this as another manifestation of the incomplete
spherical symmetry due to the nite number of stars in our simulations. We
found that even at radii as small as 0:3%there are large deviations from the
meanin the gasvelocity in the sameradial shell. In addition, a fraction of the
gashassigni cant speci ¢ angular momertum. To test thesepoints further, we
ran an additional simulation with R;, = 0:19 but with 40 wind sources,which
is more realistic asfar asSgrA wind accretionis concernedbut should enhance
the discretenesse ects when compared with Quataert (2004). The results we
obtain are in generalsimilar, but the e ects produced by the nite number of
sourcesare indeed enhanced. For example, the density in the inner region is

50% lower than in the simulation with 200 stars, producing a corresponding
lower accretion rate (seegreencurvesin Figs. 5.5 and 5.6).

We nd that our derived accretion rate valuesare about one order of magni-
tude lower than those of Coker & Melia (1997). The di erences are however due
to a di erent physical setup rather than numerics. Coker & Melia (1997) used
Vw = 700km s 1, whereaswe usedv,, = 1000km s ! here. This di erence in
wind velocity aloneaccourts for a factor of 3 di erence in Mgy . Furthermore,
their total masslossrate from the young stars is higher than ours by a factor
of 3. If we take into accourt thesedi erences, our simulation with the smallest
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Figure 5.3: The "1-d' temperature pro les of gasfor the simulation with 200
xed, isotropically distributed stars. The de nition of Ti4 includes gas bulk
motions that would be absert in the caseof exact spherical symmetry; Tiq IS
to be comparedwith the semi-analytical curve of (Quataert, 2004, solid). The
‘raw' gastemperature, uncorrected for the bulk gas motions, is given for the
caseof Ri, = 1%(lower red curve).
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capture radius and 40 xed stars appearsto be consistert with the results of
Coker & Melia (1997). Finally, the work of Rockefeller et al. (2004) did not
directly focus on the accretion on to Sgr A . They were mainly interested in
the dynamics of gason parsec-scalesThe accretion rate they quote is likely to
be over-estimated becauseof the large value of Rj,  2%they use.

5.3.2 Stars in orbits around Sgr A

The next steptowards a morerealistic model is to allow the starsto follow orbits
in Sgr A 's gravitational potential. We do this in two idealised con gurations:
a spherically symmetric and a disc-like system (for the latter, the stellar disc
is somewhatthick, with H=R  0:2, as seemsto be the caseobsenationally).
In both cases,we put 40 stars in circular orbits around the SMBH. We use
the samestellar density prole asin Section5.3.1,n (r) / r 2, and boundary
conditions Rj, = 0:1%° R,; = 18%

The signi cant di erence with respect to the simulations discussedin Sec-
tion 5.3.1lis that now the gasparticles have a signi cant net angular momertum.
To quantify this we create radial proles of the average angular momertum,
de ned as the modulus of the average angular momertum vector in a shell,
I(r) = jhr wij. Since we measuredistancesin arc-secondsand velocities in
units of circular Keplerian velocity at that distance, a circular orbit at r = 190
has 1(1° = 1 in these units. Note that I(r) should vanish for an isotropic
orbital distribution of wind sources,even if ead individual gas particle has a
high angular momertum. Figure 5.4 shows the I(r) pro les for the simulations
described in this section, and for the onewith 40 xed stars from Section5.3.1.

When the stars are con ned to a disc (red curve), the gas has on average
roughly the local Keplerian angular momertum at the “wind source' region,
simply becausethe stars are on Keplerian circular orbits with the sameangular
momerta direction. If the orbits are randomly oriented (blue), the angular
momerta of the gas should cancelout owing to the symmetry. However, the
cancellation is incomplete due to the nite number of sources. Finally, in the
casewhere the stars are xed (green), the angular momertum is negligible, as
it should.

Comparing the angular momertum in the three simulations in the sub-
arcsecondregion, we seethat all simulations yield similar results. In all the
casesthe gasin this region is rotating signi cantly slower than the local Ke-
plerian rotation, indicating that certrifugal support is not important for the
gas. This is somewhatsurprising given the vastly di erent angular momertum
curvesat larger radii and is not a result of viscoustransport processesbecause
a physical viscosity was not included in the simulations?. This result rather
seemsto indicate that only the gaswith originally low enoughangular momen-
tum makesit into the innermost region and is subsequetly accreted, asalready
discussedby Coker & Melia (1997). The fraction of the stellar wind with low

2Note that the fact that the gas is signican tly sub-Keplerian in the region justies our
neglect of angular momentum transp ort by viscosity.



5.3. MODELS WITH FAST WINDS 81

S_O [ T T T T T LI T{ T T T T T LI N |
+| ———— Circular Keplerian 1
Pl === - Disc distribution i
Pl oceeeeeeenenn, Sphemcc\ distribution 1
2.5F Fixed stars B

N
O
P S S S R S R S

|

o

Normalised Angular Momentum
&)

T T

0.5

|

T T

Figure 5.4: Angular momertum averagedon radial shells,I(r), in the simulations
with 40starsin circular orbits (red and blue lines) and in xed positions (green).
For comparisonwe also show the value of the angular momerntum of a circular
orbit (black).



82 CHAPTER 5. STELLAR WINDS AND SGR A* ACCRETION

"OOOO T T L B B R T T L B B R

Quataert (2004)
\ This work, Disc distribution - - - - - :

r Spherical distribution «-oooeeee 1
r \ Fixed stars 1

L1

1000 £ .

Density [em™]

100

Figure 5.5: Density proles of the gasin the calculations with 40 stars for
dierent orbital con gurations. The presenceof signi cant angular momertum
prevents the gasfrom in o wing, resulting in a lower density in the inner part.

angular momertum however varies greatly between the simulations, which in
turn explains the di erent accretion rates.

Note that, onceagain due to the nite number of stellar sources,there is a
distribution in the values of the gas angular momertum for any given radius.
Someof the gasat R 0:5% for example, has a roughly Keplerian angular mo-
mentum which prevents it from accreting. This givesrise to shallower density
pro les, asseenin Fig. 5.5, and is particularly important in the disc simulation
(red curve), where the density is 2{3 times lower at 1°°than in the casewith
xed stars. Note that in this case,the density value at 1%is in better agreemen
with densitiesimplied by Chandra obsenations (Bagano et al., 2003). Corre-
spondingly, the masssupply to the certral black hole also decreases:we nd
that in the simulation with stars located in a disc, the averageaccretion rate is
only 2 10 ®M yr 1, about 5 times lower than the value found with xed
stars.
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Figure 5.6: Accretion rate asa function of time in the simulations with 40 stars
for di erent orbital con gurations. The rotation of the stars producesa lower
but variable accretion rate.

In addition to thesee ects, stellar motions yield a signi cant variabilit y in
the accretionrate. Figure 5.6 shows the accretion rate as a function of time for
the samethree simulations. In all the simulations, the accretion rate increases
initially , as the stellar winds Il up the space. In the run with xed stars, the
accretionrate is practically constart after this initial increase.In cortrast, when
stars are allowed to follow orbits, the geometry of the stellar system changes
with time (both in the isotropic and disk-like con gurations), and so doesthe
fraction of gasthat can ow to the inner region. We should emphasisethat this
factor of 30 70%variabilit y occursin the two rather simple and still idealised
stellar wind systems. In the more realistic situation, the variability would be
enhancedfurther becausewe expect (i) yet smaller number of wind sources(ii)
a more diverseset of stars with di erent masslossrates, (iii) non-circular stellar
orbits, (iv) intrinsic stellar wind variabilit y for luminous blue variable stars, etc.
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5.4 Fast and slow (two-phase) winds

The next ingredient we add to our treatment of accretion of stellar winds on
to Sgr A is the presenceof slow winds. Previous models have consideredonly
wind velocities > 600km s !, as measuredby Najarro et al. (1997). However,
Paumard et al. (2001) showed that seweral of the inner stars with important
mass-lossrates emit winds with velocities as low as 200 km s 1. This has
important consequenceshecausethe slow winds are expectedto cool and form
clumps (Cuadra et al., 2005).

We use 20 wind sourcesin total, with ead star loosing mass at the rate
of M = 4 10 M vyear . To resenble the two obsened populations of
luminous blue variable candidates, 'LBVs', and Wolf{Rayet stars, "WRs', we
assumethat stars in our simulations can have either v,, = 300kms * or v, =
1000 km s ?, characteristic values for the two populations respectively. The
valuesfor the inner and outer boundary conditions are R, = 0:07%°and Roy; =
9% We run the simulations for  4; 000yr, then the number of particles reaches
N spH 1.5 10°.

For the distribution of the stars we adopt two di erent con gurations. First,
we placethe stars into two discsin order to reproducethe distribution reported
by Genzelet al. (2003b). We also place most of the LBVs in the inner disc, fol-
lowing Paumard et al. (2001). However, the stellar orbits are still only roughly
known and the latest obsenations suggestthat the LBVs may actually be dis-
tributed more evenly among both stellar systems(Genzel, priv. comm.). For
these reasons,we consider a secondsimulation where the stars are distributed
isotropically. The real distribution of the mass-lmsing stars should be some-
where in betweenthesetwo extreme cases.

The simulations preserted heredi er from the work of Cuadra et al. (2005)
in that we do not split particles that get relatively closeto the SMBH. The
splitting wasusedto increasethe resolution in the inner part. However, further
tests shawvedthat somelossof accuracycan occurin our presert implemenrtation
of this approad, sothat it failed to really show a convincing practical advantage.

5.4.1 Stellar wind sources placed in two discs

Here we attempt to model the Sgr A {stellar wind system by setting up the
stellar sourcedistribution in a way that resenblesthe obsenations of the inner
parsecin the GC (Paumard et al., 2001;Genzelet al., 2003b). Our approach is
the sameasthe one described by Cuadra et al. (2005), therefore we describe it
only briey here.

The stars are distributed uniformly in radius and in two perpendicular rings.
All stars follow circular Keplerian orbits. The radial extent of the rings is from
2%to 5%and 4°¢8 ®for the inner and outer one respectively. Out of the 20 wind
sources,we assumethat 6 LBV-t ype and 2 WR-type stars are in the inner ring,
and the outer ring is populated by 3 LBVs and 9 WRs.
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Large scale structure of the gas ow

Figure 5.7 shows the resulting morphology of the gas 2.5 thousand yearsinto
the simulation. The inner ring, mainly composedof LBVs that are shown by
asterisks, is viewed face-onin the left panel, and edge-onin the right one. The
inner ring stars are showvn with the red coloured symbols whereasthe outer disc
stars are painted in black. The inner stars are rotating clock-wise in the left
panel of the gure, and the outer onesrotate counter clock-wise in the right
panel.

Cool denseregionsin the gas distribution (shown as bright yellow regions
in Fig. 5.7), are mainly produced by winds from LBVs. When shocked, these
winds attain a temperature of only around 10° K, and, given the high pressure
ervironment of the inner parsec of the GC, quickly cool radiatively (Cuadra
et al., 2005). LBV winds form bound cloudsof gas,often attened into laments
dueto the SMBH potential and the symmetry of the problem. As more laments
are formed in the inner region, they start overlapping and evertually form a disc
that lies almost at the plane z = 0. The orientation of the disc plane is very
closeto that of the inner stellar ring, which at rst may appear surprising given
that there are 3 other LBV stars at the larger stellar disc. However, the escape
velocity from the outer ring is of the order of the stellar winds velocity for the
LBVs, and thus a large fraction of the slow wind from the outer ring escapes
the computational domain and never in uences the inner cold disc orientation.

The fast winds contribute to the inhomogeneity of the cold gas. This is well
illustrated by oneof the two WR-stars placedin the innerring at (x;y) (2;2:5)
in the right panelof Fig. 5.7. The wind from this star hasmore medanical power
than all of the winds from the other LBVs in the simulation (L mech / M- V2). It
cuts the combined wind of four neighbouring LBVs into two bandsof gas. These
two streamsof gasare further stretched out by tidal shearfrom the SMBH and
then chopped into smaller cool blobs by the interaction with the winds of the
outer ring.

The three LBVs placedin the outer ring add complexity to the morphology
of the cool gasasthey produce cool gas streamersmoving in a plane di erent
from that of the inner one. One of thesestars is at (x;z) ( 55; 1). It
producesmost of the cool blobs of gasseenat the left of the right panel. Also
note that the LBV at (x; z) (4;1) is uplifting a signi cant amount of the
cooled wind from the inner LBVs. On the other hand, the WRs by themsehes
do not produce much structure, asseenfor instance from the two stars located
at the upper left corner on the right panel. The fast winds they produce have
temperatures > 10’ K after shocking, and do not cool fast enough to form
laments.

Figure 5.8 showvsthe averagegastemperature in aslicez =  0:5%(left panel)
andin aslicey = 0:5%(right panel) of the inner 6°region®. The clumps and
the disc are cold as a result of radiative cooling, and before they collide the
stellar winds have a low temperature as well. However, closeto the stars the

3To avoid low-density hot regions from dominating the map, we column-averaged log T
rather than simply T.
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Figure 5.7: Left panel: Column density of gasin the inner 6% of the computa-
tional domain 2,450 years after the beginning of the simulation. Stars of the
inner disc are shawvn asred symbols, while the oneson the outer disc appear in
black. Asterisks mark slow wind stars (LBVs), whereasdiamonds mark stars
producing fast winds (WRs). The inner stellar ring is face-onwhile the outer
oneis seenedge-on(planey = 0). Right panel: sameason the left, but the outer
stellar ring is now seenface-onwhile the inner one appearsedge-on(z = 0).
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temperature appearshigher than it would have beenin reality. This is an artifact
of the injection of a nite number of SPH particles per time-step into the wind,
which creates some small-scalestructure in the density and pressurepro les,
leading to energy dissipation. This e ect is however of minor importance since
the temperature in theseregionsis still relatively low comparedto the maximum
temperatures that the gascan attain in a shock. In other words, the energy of
the winds is still strongly dominated by the bulk motion of the gasrather than
thermal energy

The diuse gas lling up the rest of the spaceis hot, with temperature

10’ K, comparableto that producing X-ray emissiondetected by Chandra.
Gascooler than that would beinvisible in X-raysdueto the nite energywindow
of Chandra and the huge obscuration in the Galactic plane.

Structure of the inner ow

Figure 5.9 depicts the structure of the inner ow later in the simulation, at
t= 40 10° years. At this late time, the cool disc becomesheavier and larger
in the radial direction than seenin Fig. 5.7. The inner  0:3%region is still

dewoid of cool gasexceptfor a few laments. This is due to two reasons.First,

the angular momertum of the slow winds from the innermost stars is not zero,
even for the wind directed in the opposite direction of the stellar motion. The
Keplerian circular velocity at 2%is v 440km/sec, whereasthe wind velocity
is vy = 300 km/sec. Thus wind with even the minimum angular momerntum
would circulariseat r - 20 (v wy)?=v2  0:2%° However, dueto interactions
of this gaswith the gaswith higher angular momertum, the minimum discradius
is actually a factor of 2 higher. Second,the inner empty region of the disk is
not lled in by the radial ow of cold gasthrough the disc becausethe viscous
time scaleof the cold disc is enormouslylong comparedwith the duration of the
simulation (e.g. Nayakshin & Cuadra, 2005). Gas clumps having low angular
momertum infall into the inner arcsecond,but this does not occur frequertly

enoughto Il in that region, and most of these clumps appear to be disrupted
and heatedin collisions. The long viscoustime-scaleis also the reasonwhy the
laments do not merge forming a smooth disc at larger radii. The individual

laments that give shape to the disc are still distinguishable in the gure.

The massof the cold disc is actually quite small, i.e. only 0:2M . It is
instructiv e to comparethis number with the massof the wind producedby the
LBV starsin 4 10° years, which turns out to be 1:4M for this simulation.
Obviously most of the cold gas escages from the simulation region. However,
someof this gasdoesnot have a true escape velocity. Had we simulated a larger
region, a fraction of this cold gas could return to the inner region on highly
eccettric orbits, producing further variabilit y and complexity in the morphology
of the cold gasand accretion history of Sgr A .
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Figure 5.8: Similar to Fig. 5.7, but shaving 1°thick cuts of the gastemperature.
Stars are not shown for clarity. The left panel shows a slice between z =
0:5%and +0:5% whereasthe right one shows the gastemperature in the range
0:5%< y < +0:5% The minimum temperature in the simulation is setto 10*
K. In reality gaswould cool even further, likely to a few hundred K.



5.4. FAST AND SLOW (TW O-PHASE) WINDS

2
1
o
()
(%]
© 0
S,
>
-1
-2 X
-2 -1 0 1 2
X [arcsec ]
-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0
log S[g cm?

Figure 5.9: Top view of the inner 2°°cube at time t = 4.0 10° years. Note

that the disc grew larger in radial extent but the inner region is still devoid of
cool gasexcept for a few clumps.
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Figure 5.10: Accretion rate on to the SMBH as a function of time (black line).
This rate is then divided into that of hot gas(red) and that of low temperature
gas (blue). Note that the time-averaged accretion is dominated by the hot
componert that is quasi-constar; the accretion of cold gas is episadic and
highly variable, but smaller overall.

Accretion on to Sgr A

As described in Section 5.2, all gas particles ertering the inner boundary of
the computational domain, in this caseR;, = 0:07°° are presumedto be in-
stantaneously accretedby Sgr A . In practice, such accretion would happen on
the viscoustime scaleof the ow, which dependson the viscosity -parameter
(Shakura & Sunyaev, 1973),the gastemperature and the circularisation radius.
When taking thesefactors into accourt, we would expect a time-scaleof at least
10 yr for the accretion of hot gas. For this reason,in Fig. 5.10, we plot the
accretion rate smoothed over a time-window of duration t 10 years.

Figure 5.10 also shows the accretion rate of hot (T > 10K, red line) and
cold (T < 10’K, blue line) gas separately The accretion rate of hot gas is
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fairly constart, and has a value Mgy 3 10 M yr %, consistert with
the Chandra estimates (Bagano et al., 2003). In addition to this componert,
the intermittent infall of cold clumps produces most of the variability in the
accretion rate. The cold gasfalls into the innermost regionsdue to two factors:
(i) it is initially created on low angular momertum trajectories, and/or (ii) it
acquiressucdh orbits through collisions with other cold gasclumps.

For further analysiswe de ne the local massin o w and out o w rates inte-
grated on shellsat a given radius. Figure 5.11 shows both of these quartities,
for all the gas (thin lines), and for the hot gasonly (T > 10°K, thick lines).
The pro les were measuredin a similar fashion asthosein Section5.3 by stack-
ing 10 snapshotsat t 2:5 10%yr. For the hot gas, the out o w practically
cancelsthe in o w between 0:4°°and 2°° Only the gaswith low enoughangular
momertum and thermal energyaccretesin this region, the rest escagesinto the
outow. This e ect is completely absert in a spherically symmetric ow such
asthe Bondi (1952) solution.

The true accretion ow in our simulation starts at R 0:4% where the
in o w rate becomesapproximately constart and the out o w is negligible. This
radius would be a better de nition of the e ectiv e capture radius.

The pro les that include all the gas (thin lines) are dominated by cold gas
in the discat R 0:3{1:3%0 We nd that the mean eccertricit y for this gas
ise 0:1. This deviation from circular velocity, together with the relatively
high massof the disc explain the “noise'in the in o w/outo w pro les in this
region. However, the in o w dominates, and its net rate is much larger than
the accretion rate at Rj,, soan important fraction of the gasactually stays in
the disc, making it grow in mass. For larger radii the in o w becomesnegligible
and the out o w rate reachesapproximately the total masslossrate of the wind
sources,My, = 10 M yr 1.

5.4.2 Simulation with isotropic orbits

With the aim to test how the results depend on the assumedstellar orbits we
run a simulation with exactly the sameset-up asin the previous subsection,but
instead of placing the stars into the two rings, we oriented the stars' circular
orbits randomly. The distribution of angular momertum vectors is obviously
isotropic for this case.

Figure 5.12 shows the column density of the gasat t = 2:4 10° yearsafter
the beginning of the simulation. For this simulation, no conspicuousdisc is
formed. Instead, we nd that only a small ring on scalesof 0:5%is formed.
The ring hasthe sameangular momertum direction than the innermost star (an
LBV). Its radial scaleis smaller than the inner boundary of the disc formed in
Section 5.4.1, becausein this simulation the gasthat formed the ring interacts
with a larger quantit y of gaswith di erent angular momerta, loosingits own.



92 CHAPTER 5. STELLAR WINDS AND SGR A* ACCRETION

"OOO T T T T T T TN T T T T T T{-T TN ]
[l - --- Inflow (all the gas) ]
— S RRTERRRRRR Outflow (all the gas A
T L| = === Inflow (only hot gas) |. 1
j- .
S L e Outflow (only hot gas) | ]
- .
5 L A
n
= RN
< 100 / AN E
o r ! g N b
Al [ / \ ]
3 / DS | i
= L / . \ 4
O ry :"‘\ \
3: / | LSl \ | T
> ‘ L Y
o F I e \ | g
P
4 "
© - 4R
- Iyl ¢ v
O - o 7 v .
Feoy :
= /‘O: I3 ’ v ]
F / : 4 | 4
O \ s ? 1
= r JERVAY AT | 7
C r ;N7 0 ' E
- r ;o 2 v 1
A e I
n - 1
) . /' “,\'”C‘ || m
o S
= L ) i 1
1
i 1
/‘ :1 L L Ll L L L L1 !Ix l
0.1 1.0 10.0
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Figure 5.12: Gas column density map for a simulation with 20 stars, chosenas
in Section5.4.1 but with orbits that have a random angular momertum vector.
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5.4.3 Comparison of both simulations

The prominent disc-like structure that we nd in the simulation with two stel-

lar discsappearsto be inconsistert with someof the current obsenations. In

infrared images(e.g., Scoville et al., 2003;Paumard et al., 2004) complex struc-

tures of cold gas are indeed seen,but they are not in a disc con guration. In

addition, the cold gas structures are typically obsened on larger scalesthan

what we nd in our simulation. The most likely reasonfor the discrepancies
betweentheserecert obsenations and our model may be ascribedto the specic

initial conditions we used. In particular, placing many LBVs in the sameplane
at a short distance from the SMBH may be particularly favourable for the de-
velopmernt of a disc. Completely di erent is the casein which the stellar orbits

are oriented randomly (Section 5.4.2). The distribution of angular momerta

vectors is obviously isotropic for this case,so there is no obvious preferencefor

a particular plane where a disc would form. The tiny ring formed there perhaps
could be missedobsenationally or not formed at all if closestslow wind stars
are in reality farther away than we assumedfor the simulation.

Nevertheless,in both simulations we get a two-phasemedium in the inner
region, and a comparable accretion rate. These are robust results, dependert
only on the velocities we have chosen. The specic gas morphology, instead,
dependsstrongly on the orbital geometry of the initial sourcedistribution.

The angular momertum proles (de ned asin Section 5.3.2) of gasin the
simulations with isotropic orbits (blue) and with two discs (red) are shown in
Fig. 5.13. In the isotropic casethe angular momertum is low at the wind source
region. In contrast, the gasangular momertum is much higher in the two stellar
disc simulations at the samerange of radii. Somewhatsurprisingly, the angular
momertum content of hot gasin the inner arcsecondis actually quite similar
for the two simulations. This can be traced to the hydrodynamical interaction
of the hot gaswith the cold gas,whosenet angular momertum is much higher.
Indeed, the angular momertum pro les of all the gas(cold and hot), showvn with
thin curvesin Fig. 5.13, are nearly Keplerian in the inner arcsecondregion.

5.4.4 Comparison of the two-phase and one phase simula-
tions

At this point it is alsoinstructiv eto highlight someof the systematic di erences
betweenthe “one-phase(fast winds only) and the “two-phase'simulation results.
The angular momerntum pro les of the one-phaseand two-phasesimulations are
shown in Figs. 5.4 and 5.13, respectively. While in the one-phasesimulations
the angular momertum of gasnear the capture radius was always much lower
than the local Keplerian value, the two-phasesimulations shov almost Keplerian
rotation near the inner boundary. As explained in Section 5.4.3, this is caused
by the interaction betweenthe hot and the cold gas phases. Only the part of
the fast wind that has a low angular momertum accretesfrom the hot phase,
becausedts pressuresupport against SMBH gravity is already high. In cortrast,
cold gas has little pressure support and hence even gas with a rather high
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Figure 5.14: Hot gasdensity proles of “one-phase'simulations with stars ar-
rangedin disc orbits (red dashedline, Section5.3.2) and two-phasesimulations
with two discs of stars (violet dot-dashed, Section 5.4.1). Note that the two-
phasesimulation yields a much more certrally concerirated pro le.

angular momertum can be captured into the certral arcsecondby SgrA . This
alsoimplies that such two-phaseaccretion o ws are more strongly rotating, or
more precisely that their circularisation radii are larger (seeSection5.6.5).
The other notable di erence betweenthe one and two phasesimulations is
that the latter produce much more concerirated radial density pro les for hot
gas (Fig. 5.14). Due to the presenceof slow winds and thus more prominent
radiativ e cooling, the two-phasesimulations yield lesspressuresupport for the
gas. A larger angular momertum is then neededto support the gas against
gravity, aspointed out above. However this extra support is apparertly insu -
cient and the radial density pro le plungesin quicker in the two-phasecasethan
it doesin the one phasecase. Interestingly, despite using a di erent setup and
including di erent physics, our two-phasehot gasdensity curve is by and large
similar in shape to that of Quataert (2004), although yielding a lower accretion
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rate.

55 What would Chandra see?

Having obtained maps of the gas density and temperature distributions, we
calculate the expected X-ray emissionof eat pixel. We use an optically thin

cooling function ( T) (seeSection5.2), modi ed to crudely model the e ects
of the interstellar absorption. As is well known, the column depth of the cold
ISM to Sgr A is very high, Ny 10?2 hydrogen atoms cm ? (e.g., Bagano

et al., 2003), and hence Chandra receives hardly any photons with energy less
than 2 keV. Therefore, gascooler than T 107 Kelvin will cortribute very
little to the X-ray counts. We then use

(T

mod(T) = W ;

(5.1)
where Tgt = 107 Kelvin. 4 Below we consider X-ray emissionfrom two of our
simulations.

Figure 5.15 shows a resulting X-ray map for the simulation with fast winds
only (Section 5.3), with 40 stars in a rotating disc con guration. The map
shaws the luminosity (normalised to one arcsec)integrated over pixels of 0:5%
which is about the Chandra pixel size (clearly we could have produced much
ner simulated X-ray imagesof the GC). Remarkably, the density of the hot gas
in the inner arcsecondis so low that stellar winds actually dominate the X-ray
map. This is due to two factors. First, the stellar density is greater for stars
located in a (relativ ely thin) disc than it is for the same stars spread around
a spherical shell at the sameradial distance. As a result, the stars are closer
to ead other and the shocked gasdensity is higher. Second,the large angular
momertum of the gasprevents most of it from o wing into the inner arcsecond
of this simulation (seeFigs. 5.4 and 5.5), thus reducing the X-ray emissionfrom
the certre.

Figure 5.16 depicts the light curvesof the radial annuli (R < 1:5, 3 and 6%
respectively) for the simulation corresponding to Fig. 5.15. Clearly, the certral
region never dominatesthe X-ray emission. Also, variabilit y is rather mild and
occurson time scalesof hundreds of years.

Figure 5.17 shows the more “realistic' simulation which includes both fast
and slow winds with stars located in two rather than onering. Note that the
scale of the colour bar on the bottom is 10 times higher than that used in
Fig. 5.15. In sharp contrast with Fig. 5.15, the certral sourceclearly stands
out now at a level consistent with that obsened by Chandra. This di erence
is causedby a much stronger concerration of the hot gasin the certre in this
latter model, discussedin Section5.4.4.

Figure 5.18, shaws the light curves corresponding to Fig. 5.17 and can be
directly comparedwith Fig. 5.16. We note that in the more “realistic' simulation

4A very sharp rollover in temperature is justied by the very strong dependence of photo-
electric absorption cross section on photon energy.
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Figure 5.15: Simulated Chandra view of the inner 12°°by 12%for the simulation
with fast winds only (Section 5.3), with 40 stars arrangedin a disc con guration.
The corresponding density pro le wasshown in Fig. 5.5 (dashedred curve). Note

the strong and highly extended emissionfrom stellar wind shocks. No certral
sourceassaiated with Sgr A is actually visible.
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Figure 5.16: Light curvesof three radially selectedregions, asindicated in the
inset. Variability is due to changesin the relative positions of the stars. The
luminosity of the inner regionis correlated with the accretionrate, becauseboth
are determined by the density in the inner arcsecond.



100 CHAPTER 5. STELLAR WINDS AND SGR A* ACCRETION

y [arcsec ]

-6 -4 -2 0 2 4 6
X [arcsec ]
30.0 30.5 31.0 315 32.0 32.5 33.0

log Surface Brightness [erg s™ arcsec?]

Figure 5.17: Simulated Chandra view of the inner 12°°by 12%for the simulation
shown in Fig. 5.7. The rings of stars are inclined at a 45 angleto the line of
sight in this gure. Note that the certral arcsecondclearly standsout in X-rays,

but the emissionis spatially extended, perhaps slightly more than in the real
Sgr A obsenations by Chandra.
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Figure 5.18: The sameas for Fig. 5.16 but for the simulation with two rings
of stars (seeFig. 5.17). Note that now the certral region is brighter and much
more variable. The variability in the light received from the certral region is
mainly causedby cool blobs of gasraining down on to the disc, shock-heating
gasto X-ray emitting temperatures.

the X-ray luminosity of the certral sourceis higher and is by far more variable.
The steadystate X-ray emissionis larger simply dueto the higher hot gasdensity
in the inner region, whereasthe variabilit y is produced by shock-heated blobs
impacting the cold disc. During suc events the peakin the X-ray intensity can
actually shift from Sgr A nominal position by  0:5%0r so.

It would be interesting to compute the X-ray spectrum of ead pixel, and
then compare that to Chandra obsenations of Sgr A . This would involve
calculation of the local radiation spectrum, radiation transfer along rays and a
model for X-ray absorption in the interstellar matter betweenthe GC and us.
We leave such a detailed comparisonwith obsenations for future work.
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5.6 Discussion

The theory of accretion ows on to SMBHSs is an area of active researt (e.g.,
Narayan, 2002) where obsenational tests constitute strong driversin the eld.
Due to its proximity, SgrA isthe only SMBH whereit is becomingpossibleto
constrain obsenationally the accretion o w properties both at small and large
radii simultaneously (R 10 100Rs and R  10°Rs; seeBower et al., 2003;
Bagano et al., 2003; Nayakshin, 2005a).

The most direct method to measurethe accretionrate is through Chandra X-
ray obsenations (Bagano et al., 2003). However, this method hasthe following
drawbadks: (a) gascooler than 10’ K cannot be obsened due to a very high
neutral hydrogen absorbing column to the GC, thus the contribution of cool gas
is unknown; (b) bulk motions of the gascan in principle make someof the gas
unbound, but thesedo not directly enhancethe X-ray emission,and thus they
can be missed; (c) only the instantaneous conditions can be probed, whereas
the relevant time scalescan be tens and hundreds of years.

The secondmethod to infer the input accretionrate is through obsenations
of stellar winds and models of the out o ws and gasaccretion on to the SMBH.
This method alleviates de ciencies (a-c) discussedabove, but of coursecomes
with its own setof problemsand uncertainties. In this paper, we have attempted
to reducethesein the part of the theoretical (numerical) modelling of the wind
hydrodynamical ewolution. Conceptually, we built on the previous numerical
work in the area (Coker & Melia, 1997; Rockefeller et al., 2004) and on the
semi-analytic model of Quataert (2004). However, we have used a Lagrangian
SPH/N -body code, allowing us to follow the problem in its full 3D setting.
Compared with previous authors, we have beenable to relax assumptionsthat
stellar wind sourcesare xed in spaceand that shockedwinds su er no radiativ e
losses.We have alsovaried stellar orbital distributions, testing rotating disc-like
and isotropic distributions.

5.6.1 Reduction of accretion due to anisotrop y and net
angular momen tum

We performed three runs with fast stellar winds (vy, = 10° km s 1) producedby
40stars. Theseruns tested the importance of the orbital motions and the source
distribution. For a stationary spherical stellar distribution, the accretion rate
(seeFig. 5.6) was found to be around 10 M year !, with variability at
a level of 10%. Theseresults are consistert with that of Coker & Melia (1997)
after correcting for small di erences in wind velocities and stellar wind loss
rates. Allowing the stars to follow randomly oriented circular Keplerian orbits
decreasecdthe accretion rate by a factor of three, and increasedthe variabilit y
upto 50 70% (blue dotted curve in Fig. 5.6). Placing these same stars
into a disc reduced the accretion rate by another factor of three or so, while
keepingthe variabilit y magnitude at about the samelevel. The main driver of
the di erences in thesethree testsis the net angular momertum of the gas(Fig.
5.4). We nd that only the gaswith a low enoughangular momertum makes
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it to the inner boundary and henceis accreted, and the fraction of such gas
decreasesvhen the sourcedistribution is rotating with a common direction (a
disc).

Another way to view this result is to say that the angular momertum of the
gasand ‘random' gasmotions reducethe gascapture radius. Although authors'
de nition of the latter dier slightly, most consider the capture radius to be
1{2°°(Bagano et al., 2003; Rockefeller et al., 2004), whereaswe would de ne
Rcapt to be about 0:4%pasedon our simulations. Indeed the gascan be called
captured only at this region, whereaccretion (seeFig. 5.11) strongly dominates;
at large radii out o w and in o w nearly cancelead other.

5.6.2 Cool phase of stellar winds

In a xed pressure ernvironment, gas cooling time is a very strong function
of temperature: teoo / T=(( T)n) / T2=( T), where ( T) is the optically
thin cooling function, here dominated by metal line cooling. Further, shocked
gastemperature is proportional to the initial velocity of the winds squared,vZ .
Taking thesefacts together one nds that gascooling time scalesasvy 4 (Cuadra
et al., 2005, eq. 2). Therefore, for the Wolf-Rayet winds, with velocities of a
thousand km s , gascooling time is much longer than the dynamical time and
the e ect of cooling is negligible. However, for out o w velocity of 300km s 1,
radiativ e cooling is faster than the local dynamical time. We therefore nd that
thesewinds cool radiativ ely and form clumps of cold gas.

We nd that cold clumps form independertly of the geometry of the stellar
system, as long as wind velocity is low enough. The morphology of cold gas
however strongly depends on the orbital distribution of slow wind sources. In
Section 5.4 we tested two extreme casesfor the stellar distribution: stars in
two discs, and in a spherically symmetric system. An extended cold disk was
presert in the former con guration, and only a tiny gasring in the former.

A detailed comparison betweenthe gas morphology in our simulations and
in the obsenations is beyond the scope of this work. However, it is interesting
to note that the radio imagespreseried by Wardle & Yusef-Zadeh(1992) show
an asymmetry in the gasthat theseauthors attributed to the in uence of stellar
winds. This anisotropy suggestghat the stellar wind sourcesare not distributed
isotropically, whereasthe absenceof a conspicuousdisc points out that the
narrow line stars of the inner few arcsechave di erent orbital planes.

Eckart & Morris have recertly reported® the presenceof extended mid-
infrared emissionblobs. Their red spectrum is interpreted as dust emission.
It is possiblethat some of these blobs were actually formed from the stellar
winds asin our simulations. Sincefor the slow winds in our simulations cool-
ing is important, and sincethe gaswould probably cool much further than the
minimum temperature of 10* K assumedhere, formation of dust would follow.
One of the obsened blobs is only 0:026away from Sgr A in projection and is

S5KITP Conference on the GC, talks available online at
http://online.kitp.ucsb.edu/online/galactic _c05.
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probably responsiblefor the o set betweenthe dynamical certre and the Sgr A
mid-infrared emissiondetected by Clenet et al. (2004). Monitoring its proper
motion will show whether it is physically closeto SgrA and thereforeif it could
be identied with one of the clumps that feedthe SMBH in our simulations.

Finally, radio obsenations (Y usef-Zadehet al., 1998) have revealedthe pres-
enceof clumps with proper motions high enoughto escape from the GC region.
The massof one of them, “the bullet', is estimatedat 8 10 “M . This mass
is of sameorder as the typical massof cold clumps leaving the inner region in
our simulations.

5.6.3 Long term evolution of the disc

In Section 5.4.1 we stopped the simulation after  4000yr. At this point the
total massof cold gaskeepsgrowing in the inner few arc-secondsand there is no
obvious tendency for reaching a steady state. However, becauseof factors not
included in the simulation, it is very likely that in a few thousand yearsthe disc
would be destroyed. One reasonfor that is the presenceof many massiwe stars
that would explode as a supernova (SN) within a short time-scale. There are
currently tensof WR starsin the GC star cluster. This stellar phaseis expected
to last afew 10° yr, at the end of which the star explodesas a SN. Therefore
a SN explosionis expectedevery 10 yr.

Let R, be the distance betweena supernova and SgrA , and E = 10°Eg;
ergs ! be the total energy content of the supernova shell. The disc material
will then be acceleratedto a velocity Vaee given by gisc V2. Esn= RZ,.
For example, for disc radius Rgisc = 2% the ratio of this velocity to the local
Keplerian velocity is

Vgcc Es1
1——; 5.2
V% MlOR%Q ( )
where Rig = Rgn=10%and M1p = gisc R in units of 10 M . This shows

that a supernova occurring within the inner 0:5pc of the Galaxy would destroy
the disc. A fraction of the disc with the lowest angular momertum would likely
be captured by the SMBH and would result in a bright are that would last
at least a few hundred years, the dynamical time at a couple of arc-seconds
distance from Sgr A . Such ares may be responsible for the X-ray/ -ray echo
of Sgr A recert activity on nearby giant molecular clouds, most notably Sgr
B2 (Sunyaevet al., 1993;Koyamacet al., 1996;Revnivtsev et al., 2004), and the
obsened plumes of hot gas also indicative of former AGN activity (Bagano
et al., 2003).

Another factor that should be taken into accourt for a realistic simulation
on longer time-scalesis the presenceof the ‘mini-spiral’. This seemsto be a
collection of infalling gas structures, with massesof dozensof M (Paumard
et al., 2004). Since their orbital time-scalesare a few 10* years, by that
time collisions betweenthese structures and the disc are expected, resulting in
the destruction or a signi cant re-arrangemert of the latter. Again this would
enhancethe accretion rate on to SgrA .
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5.6.4 Variabilit y

We have shown that adding more realistic ingredients in our simulations in-
troduces substartial variability into the accretion rate on to Sgr A . In Sec-
tion 5.3.2,with 40identical stars, the variabilit y increasedfrom lessthan  10%
to about 50% by just allowing the starsto follow circular orbits (Fig. 5.6). Fur-
ther, in Section5.4.1, the inclusion of slow stellar winds led to the formation of
cold clumps. The accretion of theseclumps proceedsin short bursts, producing
a highly variable transfer of massinto the inner 0:1%°(Fig. 5.10). The actual
rate of accretion on to the SMBH has still to be determined by the accretion
o w physicsthat we cannot resolve here, but it is expectedto maintain most of
the variabilit y in time-scaleslongerthan  100yr.

There are additional sourcesof variabilit y that have not beenincluded in our
treatment. Someof the stars with high out o w rates probably have orbits with
a non-negligible eccertricit y. Then the fraction of winds that can be captured
from a given star by the black hole changeswith time. In addition, there could
be intrinsic variabilit y of the stars themseles. LBVs outside the GC have been
obsened to vary their mass-lossrates by more than an order of magnitude
within a few years (e.g., Leitherer, 1997). In the GC, the line pro les of IRS
16 NE & NW have changedin the last few years. This is usually attributed to
orbital acceleration, but it could be partially causedby changesin the winds
properties (Najarro, priv. comm.). Variability can also be produced by close
X-ray binaries. Recerily, Muno et al. (2005) and Porquet et al. (2005) identi ed
a transient sourcelocated within 0.1 pc of the GC as a low-massX-ray binary.
Bower et al. (2005) detected its radio counterpart, and argue that it is the
signature of a jet interacting with the densegasof Sgr A West. Such a jet can
in uence the kinematics of the gas, and in some casescould drive material to
the black hole vicinity. Finally, as we noticed in the previous subsection, SNe
or the infall of cold gasfrom larger scalescould lead to a strong increasein the
accretion rate.

In the extreme sub-Eddington regime of Sgr A accretion, the dependence
of the luminosity on the accretion rate is very non-linear (seee.g., Yuan et al.,
2002). Thus, even small changesin the accretion rate could result in a strongly
enhancedX-ray emission. The results from our simulations, the obsenational
evidencefor higher luminosity in the recert past (Sunyaev et al., 1993;Koyama
et al., 1996; Revnivtsev et al., 2004), and the idea of star formation in an
AGN-lik e accretion disc a few million yr ago (e.g., Levin & Beloborodov, 2003;
Nayakshin & Cuadra, 2005), all suggestthat on long time-scalesSgr A is an
important energy sourcefor the inner Galaxy.

5.6.5 Circularisation of the ow

The degreeto which accretion o wsare rotating is very important for theoretical
modelsof these o ws. For example, Melia (1992,1994) assumeghat gasin o ws
in essetially a quasi-spherical(Bondi, 1952) manner down to a circularisation
radius of R¢  100Rs, whereas,e.g., Narayan (2002) and Yuan et al. (2003)
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assumethat the ow is strongly rotating already at a sub-arcsecondregion.
Recert detailed hydro and MHD simulations of Proga & Begelman (2003a,b)
con rmed that the nature of the accretion o w strongly dependson the angular
momertum of the gasat the outer boundary of the o w.

Here we nd that in all of our simulations the accretion o ws possesa rel-
atively large angular momertum, and that in the two-phasewind simulations
it is larger than in the one phasecase. In terms of circularisation radii for the
ows,we nd R, 0:01° 10°Rs for one-phasewinds, and R,  0:1%° 10°Rsg
for two-phase o ws. Physically, one-phase o ws are hotter, and any signi cant
rotation unbinds the gasin the inner arcsecond. This works as a surprisingly
e ectiv e selectioncriterion for determining which particles do accrete,soin our
one-phasesimulations the gasin the inner region hasroughly the sameangular
momertum, independen of the stellar motion.

On the other hand, in the two-phasesimulations (fast and slow winds), ra-
diativ e cooling of denserregionsreducesthe mean temperature of the gas. As
a result, lesspressuresupport is available for the gas, and the “selection’ crite-
rion doesnot operate anymore. These o ws rotate at almost the local circular
Keplerian velocity near the inner boundary of our simulations. Remarkably,
this result (for the hot gas) is largely independert of the orbital distribution
of the stellar wind sources. Therefore, unlessthe massloss rates of the slow
(narrow line) wind stars are grossly over-estimated obsenationally, we conclude
that weakly rotating accretion o ws are unlikely to form in SgrA .

5.7 Conclusions

In this paper we preseried a detailed discussionof our new numerical simu-
lations of wind accretion on to Sgr A . Compared with previous works, our
methodology includes a treatment of stellar orbital motions and of optically
thin radiativ e cooling. While the results are strongly dependert on the assump-
tions about stellar masslossrates, orbits, and wind velocities, somerelativ ely
robust conclusionscan be made.

Unless mass loss rates of narrow line mass losing stars (Paumard et al.,
2001) are strongly over-estimated, the gasat r  1°distancesfrom Sgr A has
atwo-phasestructure, with cold laments immersedinto hot X-ray emitting gas.
Depending on the geometry and orbital distributions in the mass-lmsing star
cluster, the cold gasmay be settling into a coheren structure such asa disc, or
betorn apart and heatedto X-ray emitting temperaturesin collisions. Both the
fast and the slow phaseof the winds cortribute to the accretion o wonto SgrA .
The accretion ow is rotating rather than free-falling in sub-arcsecondegions,
with a circularisation radius of order 10°Rs. The accretion rates we obtain are
of the order of 3 10 ®M year !, in accord with the Chandra obsenations
(Bagano et al., 2003). The accretion of cooler gas proceedsseparately via
clump infall and is highly intermittent, although the averageaccretion rate is
dominated by the quasi-constart in o w of hot gas. As is true for the hot gas,
most of the cold gasout o ws from the simulated region. However someof this
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gasis bound to Sgr A , and, had we resolved a larger region, would come back
into the inner regionson eccerric orbits.

A genericresult of our simulations is the large variability in the accretion
rate onto SgrA on time scalesof the order of the stellar wind sourcesorbital
times (hundreds to thousands years). Even in the caseof one-phase o ws the
accretion rate shows variabilit y by factors of a few. Simulations including more
diversepopulations of winds and stellar orbits, the presenceof the single, very
important mass-lasing star cluster IRS13 (Maillard et al., 2004;Schedel et al.,
2005), or the obsened ionised (e.g. T  10* K) gas, can all be expected to
further increasethe time-dependert e ects. This implies that the current very
low luminosity state of SgrA may be the result of a relatively unusual quiescen
state. It also meansthat the real time-averagedoutput of Sgr A in terms of
radiation and mechanical jet power may be orders of magnitude higher than
what is currently obsened. The role of Sgr A for the energy balance of the
inner region of the Galaxy may therefore be far more important than its current
meager energy output would suggest. Obsenations of -ray/X-ray edos of
past activity of Sgr A (e.g., Revnivtsev et al.,, 2004) seemto conrm these
suggestionsfrom our simulations.

Further improvemerts in the models of wind accretion on to Sgr A  will
bene t most strongly from better obsenational constraints on the properties of
the stellar winds in the certral parsecof the Galaxy. Future numerical improve-
ments may be a higher dynamical range betweenR;, and Rqy, a larger number
of SPH patrticles, and inclusion of magnetic elds. The latter are now believed
to be very important for gasangular momertum transport via generation of the
magneto-rotational instabilit y (e.g., Balbus & Hawley, 1991). At the sametime,
we expect angular momertum transport to be important only inside or closeto
the circularisation radius, i.e. somewherenear our inner boundary.
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Chapter 6

Summary and prosp ects

In this thesis we have studied di erent aspects of the role that stars play in
the accretion onto Sgr A*. The stars are not only the source of most of the
material that is currently accretedby the super-massiwe black hole: they were
most likely formed inside a massiwe accretion disc in the past, and nowadays
their obsenations constrain the characteristics of the accretion o w.

6.1 Observing star{disc interactions

We studied the interaction of bright stars with a cold accretion disc that could
exist in the GC (Chapter 2). Star{disc collisions had been proposed as the
origin of the recertly discovered X-ray ares (Nayakshin et al., 2004). If a disc
were indeed presern, it would appear on the NIR obsenations eclipsing and
reprocessingstellar light. Despite the exhaustive obsenational coverageof the
GC inner arcsecond,such e ects have not been obsened. This posedsewere
constraints on the existenceof a cold disc, namely it hasto have a large inner
radius, or it hasto be optically thin in the NIR. These conclusionswere drawn
from the obsenations of S2 as of 2002 (Schedel et al., 2002). In the following
couple of years, this and other stars have beenfurther monitored without signs
of variability detected (Rafelski et al, in prep.). Most likely the constraints
would be even stronger when considering these new data.

Genzel et al. (2003a) found later that Sgr A*'s NIR luminosity does vary,
although not in the way expected from the disc re ection idea. Moreover, the
origin of the emissionwas constrained to the inner few milliarcsec (e.g., Ghez
et al., 2004), where the stellar density is not enoughto explain the obsened
event rate. Although better statistics are needed, X-ray and NIR ares seem
to be correlated and therefore are just di erent manifestations of the same
physical process(Eckart et al., 2006). The absenceof ares coming from larger
distances from the black hole argues against the existence of a disc around
SgrA*. Nevertheless,sud adiscis expectedto existin other galactic nuclei (Ho,
2003). Future obsenations could detect its presencevia star{disc interactions.
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6.2 Self-gravitating discs and star formation

Stars sewerely constrain the current existenceof an accretion disc around Sgr A*.
However, a massiwe accretiondiscwaslik ely the birth placefor most of the bright
He-stars (Chapter 3). AGN discs are expected to be massive enough at their
outer parts for self-gravity to be important. Sud a disc would then become
clumpy and eventually form stars or planets. We showed that, for this process
to happen in the GC, the necessarydisc massis 10°M . Sud a massis
consistert with the constraints coming from the stellar dynamics: too massiwe
discswould distort themselwes and could not be recognisedas discs anymore.
We can think of the stars as the fossil of an anciert accretion disc, studying
them now we can learn about the feedingof Sgr A* a few Myr in the past.

More detailed modelling of the stellar discsdynamicshascon rmed the con-
straints on the disc mass,and it has alsofavoured a stellar initial massfunction
(IMF) that is considerably top-heavy, i.e., the total massof the stellar system
is dominated by massiwe stars (Nayakshin, Dehnen, Cuadra, & Genzel, 2006).
The top-heavy IMF is also supported by NIR and X-ray obsenations (Nayak-
shin & Surnyaev, 2005; Paumard et al., 2006). This result is very interesting
consideringthat everywhere elsein the Galaxy the IMF seemsto be identical,
and dominated by low-mass stars. How massiwe stars form at all is still an
open issue (e.g., Bonnell et al., 2006). Perhaps understanding their formation
in extreme environments such asthe GC will give the necessarycluesto solve
this problem.

Further work on this subject includesthe numerical modelling of star forming
discs (Nayakshin, Cuadra & Springel, in prep.). Unfortunately, star formation
simulations { even in a normal environment { are still not able to resolwe all
the relevant scales. Therefore, recipeshave to be introducedto treat processes
such as the accretion onto the stars and the feedbad of the forming stars on
the disc. To make any prediction from thesenumerical simulations is still quite
challenging, sincepreliminary tests show the strong dependenceof the resulting
IMF on the implementation of the sub-resolution physics.

Even oncestar formation in a discis well understood, remaining issueshave
to be explained. The rst issueis why there are two overlapping stellar discs
with identical stellar populations. The stellar agesimply that they must have
formed at the sametime, but two gas discs would coalesceto a single one
within a few orbital times. This constrains the time-scale for the gas discsto
form stars and dissappear to be shorter than the uncertainty on the age of the
stellar population, 1Myr. Alternativ ely, it would require that all the stars
were formed in a single { perhaps warped { disc, with dynamical processes
changing their orientation. The secondissueis how to form the S-stars. While
the disc hypothesis works in principle for stars at R > 1% inside this region a
disc would not be massiwe enoughto form stars. Migration alsoseemsto be too
slow to explain their presencein the inner 1°° Most likely, scattering processes
are responsible for bringing them from outer regions and putting them in very
eccettric orbits, although no satisfactory explanation has beenfound yet (e.g.,
Alexander, 2005).
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6.3 Feeding Sgr A* with stellar winds

Finally, we studied the dynamics of the gasin the inner parsecof the Galaxy
(Chapters 4 and 5). The gasis originated as stellar winds from massiwe stars,
and endsup escapingthis inner region, or accretedby the black hole.

The results are not trivial. Stars are distributed in two perpendicular discs
and dierent stars emit winds with dierent velocities. For the low velocity
winds, radiativ e cooling is fast enough. Then clumps and laments are formed,
creating a two-phasemedium with a complicated morphology.

Perhaps more interestingly, the rate at which gasis captured by the black
hole strongly changeswith time. We estimate that the variabilit y on the actual
accretion rate onto the black hole changesby a factor of a few in 10{100yr. In
the very ine cien t regime of Sgr A* accretion, a small changein the accretion
rate can produce large changesin the luminosity. Therefore, Sgr A* may be an
important energy sourcefor the inner Galaxy over long time-scales,much more
than what it is assumedgiven its very low current luminosity.

While studying accretion onto Sgr A* is important for understanding ac-
cretion in general, our numerical approach can be easily extended to directly
model other galactic nuclei. For instance, Nayakshin & Cuadra (2006) studied
the out o w from a nuclear starburst, and showed that the stellar winds cannot
accoun for the torus-like obscuration obsened in most of these systems.

Further work on this subject is underway (Cuadra et al, in prep.). While
here we usedan ensenble of wind sourceswith roughly the sameproperties as
the obsened stars, we are currently using the last available data for individual
stars, making the simulations more realistic. We are studying which particular
stars are more important for the feedingof Sgr A*, both in terms of total value
and variability. Additionally , we are creating maps of infrared emissionfrom
the gasin the inner arcseconds.The emissivity turns out to depend sensitively
on the massloss rate from the slow wind stars. While there is still a large
degreeof uncertainty on the stellar orbits, so a detailed comparison with the
obsenations cannot be done, it is still possibleto constrain someof the stellar
wind properties with this approad.

A very interesting direction for future work is the modelling of the region
very closeto Sgr A*, R < 10°Rs, to study the inner accretion ow and under-
stand better Sgr A*'s dimness. The proper modelling of this region requires
the inclusion of more ingredierts, such as physical viscosity and magnetic elds,
that cannot be treated properly with our current approac. The results pre-
serted here, however, should be used as the outer boundary conditions for this
further work.
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