Hydrodynamical simulations of the
Galactic Center cloud G2 as an outflow

Alessandro Ballone

Munchen 2016






Hydrodynamical simulations of the
Galactic Center cloud G2 as an outflow

Alessandro Ballone

Dissertation
an der Fakultat fiir Physik
der Ludwig-Maximilians-Universitat
Miinchen

vorgelegt von
Alessandro Ballone
aus Pescara, Italien

Minchen, den 27.10.2016



Erstgutachter: Prof. Dr. Andreas Burkert
Zweitgutachter: Prof. Dr. Reinhard Genzel
Tag der miindlichen Priifung: 16.12.2016



The scientist has a lot of experience with ignorance and
doubt and uncertainty, and this experience is of very great
importance, I think. When a scientist does not know the
answer to a problem, he is ignorant. When he has a hunch
as to what the result is, he is uncertain. And when he is
pretty damn sure of what the result s going to be, he s still
in some doubt. We have found it of paramount importance
that in order to progress, we must recognize our ignorance
and leave room for doubt. Scientific knowledge is a body of
statements of varying degrees of certainty - some most
unsure, some nearly sure, but none absolutely certain. Now,
we scientists are used to this, and we take it for granted that
it 1s perfectly consistent to be unsure, that it is possible to
lwe and not know. But I dont know whether everyone
realizes this is true. Our freedom to doubt was born out of a
struggle against authority in the early days of science. It was
a very deep and strong struggle: permit us to question - to
doubt - to not be sure. I think that it is important that we do
not forget this struggle and thus perhaps lose what we have
gained.

Richard Feynman - “What Do You Care What Other People
Think?”

[...] The early developmental stages of most sciences have
been characterized by continual competition between a
number of distinct views of nature, each partially derived
from, and all roughly compatible with, the dictates of
scientific observation and method. What differentiated these
various schools was not one or another failure of method -
they were all “scientific” - but what we shall come to call
their incommensurable ways of seeing the world and of
practicing science in it. Observation and experience can and
must drastically restrict the range of admissible scientific
belief, else there would be no science. But they cannot alone
determine a particular body of such belief. An apparently
arbitrary element, compounded of personal and historical
accident, is always a formative ingredient of the beliefs
espoused by a given scientific community at a given time.

Thomas Kuhn - “The Structure of Scientific Revolutions”
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Zusammenfassung

Die Entdeckung der kleinen Gas- und Staubwolke G2 (Gillessen et al., 2012) in einem
Abstand von wenigen Lichtmonaten vom Zentrum unserer Galaxie faszinierte von Anfang
an viele Astronomen. Das innere Parsek des Galaktischen Zentrums beherbergt einen
sehr dichten und jungen Sternhaufen, ein aus verschiedenen Phasen aufgebautes interstel-
lares Medium und ein Schwarzes Loch mit einer Masse von mehreren Millionen Sonnen-
massen. Als nachster Galaktischer Kern, stellt dieser ein einzigartiges Laboratorium dar
um Massenakkretion auf Schwarze Locher und Gasphysik unter sehr extremen Bedingun-
gen zu studieren. Obwohl die letzten Jahrzehnte ein sehr detailliertes Bild des Galaktischen
Zentrums und seiner Eigenschaften hervorgebracht haben, wird die Studie der zeitlichen
Entwicklung der G2-Wolke als wichtiges Werkzeug angesehen, um viele unbekannte Pa-
rameter besser einzuschranken. Viele Modelle haben sich in den letzten Jahren diesem
Ziel verschrieben und die Wolke selbst hat im Jahre 2014 ihr Perizentrum durchlaufen.
Das Wesen dieses kleinen und faszinierenden Objektes ist hingegen weiterhin unklar. Zwei
Modellklassen erscheinen moglich: G2 konnte einfach ein diffuser Gas- und Staubklumpen
sein oder G2 konnte mit einem zentralen (evtl. stellaren) Objekt verkniipft sein.

Diese Dissertation konzentriert sich auf die zweite Moglichkeit. Dem Vorschlag von
Murray-Clay & Loeb (2012) folgend konnte die Gaskomponente von G2 das Material
im Ausfluss einer kompakten Quelle sein, die sich auf der beobachteten Bahn bewegt.
Viele andere Studien haben sich ebenfalls auf diese Moglichkeit konzentriert und versucht
die Eigenschaften von G2 mittels einfacher analytischer Berechnungen zu erklaren. Viele
dieser Abschatzungen vernachléssigen jedoch den Einfluss des externen, heilen Materials
— welches auf das zentrale Schwarze Loch akkretiert wird — auf die Entwicklung von G2.
Unser Ziel ist es die Hydrodynamische Entwicklung eines solchen Szenarios mit Hilfe des
Gittercodes PLUTO (Mignone et al., 2007, 2012) zu iiberpriifen.

Eine erste eindimensionale Studie zeigte bereits, dass sich die Struktur des Ausflusses
im zentralen Parsek der Galaxie von stellaren Winden unter typischen galaktischen Bedin-
gungen unterscheidet. Der hohe Druck des umgebenden Akkretionsflusses begrenzt jeden
Ausfluss stark (in diesem Szenario hat dies einen grofien Einfluss auf die Gréfle von G2)
und fiihrt zu einer diinnen, dichten und effizient kiithlenden Schale geschockten Gases (statt
einer groflen Blase heifilen Plasmas).

Dieser vereinfachte Zugang ebnete den Weg fiir eine zweidimensionale hydrodynamis-
che Studie in zylindrischen Koordinaten, welche viele zusétzliche (nicht-lineare) Prozesse
beriicksichtigt, die fiir die Entwicklung von G2 wichtig sind. Diese beinhalten ihre Ke-
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plerbewegung auf einer sehr exzentrischen Bahn, die Dehnung aufgrund der Gezeitenwech-
selwirkung mit dem massereichen Schwarzen Loch, die Ausbildung von Rayleigh-Taylor-
Instabilitaten und den Gasverlust aufgrund von Wechselwirkung mit dem Staudruck des
umgebenden Mediums. In einem ersten Vergleich mit den beobachteten Eigenschaften der
Gaskomponente von G2 fanden wir heraus, dass der Ausfluss eine relativ hohe Massenver-
lustrate (M ~ 10~"Mg yr~!) und niedrige Geschwindigkeit (vy, = 50 kms™') aufweisen
muss, wie man sie typischerweise bei jungen stellaren Objekten wie T Tauri Sternen findet
(wie bereits von Scoville & Burkert, 2013 vorgeschlagen).

Dieses Resultat wurde durch 3D AMR (Adaptive Mesh Refinement) Simulationen
bestétigt (mit einigen Unterschieden), welche auch einen realistischeren Vergleich mit
Beobachtungen ermoglichen. Dies wird durch die Berechnung von simulierten Positions-
Geschwindigkeits(PV)-Diagrammen mittels der Brackett-y Rekombinationslinie realisiert
(vergleichbar derer in Gillessen et al., 2012, 2013a,b; Pfuhl et al., 2015). Durch einen derar-
tigen Vergleich mit PV-Diagrammen konnte auch gezeigt werden, dass ein gleich massere-
icher, aber schnellerer (v, = 400 kms™!) Ausfluss prinzipiell G2 und das nachfolgende Gas
(oftmals als der Schweif von G2 oder “G2t” bezeichnet) beschreiben kann. Eine “kompakte
Quelle” in Form eines T Tauri Sternes hatte auch den Vorteil die beobachtete Kompak-
theit der Staubkomponente von G2 zu erklaren, welche im Widerspruch zur ausgedehnten
Gaskomponente steht.

Eine Studie des Szenarios einer diffusen Wolke durch Schartmann et al. (2015) zeigt
eine #hnlich gute Ubereinstimmung mit den beobachteten PV-Diagrammen. Unsere 3D
Simulationen sagen jedoch voraus, dass sich in unserem Szenario rund 5-10 Jahre nach dem
Perizentrumsdurchgang die Quelle von dem zuvor ausgeworfenen Gas entkoppeln wird und
eine “frische” G2-Wolke um die staubige Komponente herum bilden sollte. Dies konnte
sich als der unwiderlegbare Beweis entpuppen, um das Ratsel der G2-Wolke zu losen.



Abstract

The discovery of the little gas and dust cloud G2 (Gillessen et al.| 2012) at few light months
from the center of our Galaxy has, from the very beginning, caught the attention of the
astronomical community. The inner parsec of the Galactic Center hosts, in fact, a very
dense and young stellar cluster, a rich multiphase insterstellar medium and a supermassive
black hole of few million solar masses. Being the closest galactic nucleus, this makes it a
unique laboratory to study accretion onto black holes and gas physics under very extreme
conditions. Although the last decades have revealed more and more details about the
Galactic Center and its properties, the monitoring and study of G2’s evolution and origin
has thus been recognized as a very powerful tool to shed light on many of the current
unknowns. Many models have focused on this task, in the last years, and meanwhile G2
has reached its pericenter in year 2014. Nonetheless, the nature of this little and fascinating
object is still uncertain. A main dichotomy can be marked: G2 might simply be a diffuse
clump of gas and dust or it might be related to a central (possibly stellar) object.

The work presented in this dissertation focuses on the second possibility. Following
the original suggestion by Murray-Clay & Loeb| (2012)), G2’s gaseous component could
be the material outflowing from a compact source moving on the observed orbit. Several
other studies have focused on this possibility, trying to explain G2’s properties by means
of simple analytical estimates. Many of these estimates neglect the impact of the external
hot material - accreting onto the central supermassive black hole - on G2’s evolution. Our
goal is to test the hydrodynamics of such a scenario through simulations with the grid code
PLUTO (Mignone et al., 2007, [2012)).

A first preliminary set of one-dimensional simulations already showed that the structure
of outflows in the central parsec of the Galaxy is different from the one of stellar winds in
typical galactic conditions. The high pressure of the surrounding accretion flow is strongly
confining any outflow (in this scenario, this has a strong impact on the size of G2) and
shocking it in a very thin, dense and efficiently cooling shell (rather than in a large bubble
of hot plasma).

This simplified approach was fundamental to guide us to first attempt a study, by
means of numerical hydrodynamics with 2D cylindrical coordinates, of many of the other
(non linear) processes involved in G2’s evolution. These include its keplerian motion on
a very eccentric orbit, its stretching by the gravitational tidal field of the supermassive
black hole, the formation of Rayleigh-Taylor instabilities and their ram pressure stripping.
In a first comparison with the observed properties of the gas component of G2, we found
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that the outflow must have relatively high mass loss rates (M, ~ 10~"Mg yr~!) and low
velocities (vy, = 50 kms™1), typical of low-mass young stellar objects such as T Tauri stars
(as already suggested by Scoville & Burkert|, 2013)).

This finding has been successively confirmed (though with some discrepancies) by 3D
adaptive-mesh-refinement simulations, which also allowed a more realistic comparison to
the observations, through the construction of mock position-velocity (PV) diagrams for the
Brackett-y recombination line emission (as those in |Gillessen et al., 2012} [2013a,b; [Pfuhl
et al. [2015). Comparison to position-velocity diagrams has also showed that an equally
massive but faster (v, = 400 kms™!) outflow could, in principle, be able to simultaneously
reproduce G2 and the gas following it on the same orbit (often called G2’s “tail” or “G2t”).
A “compact source” being a young and dusty T Tauri might also have the advantage of
explaining the observed compactness of G2’s dust component, as opposed to its extended
gaseous one.

A study of the diffuse cloud scenario by [Schartmann et al.| (2015) can produce a similarly
good comparison to the observed PV diagrams. However, our 3D simulations show that,
in our scenario, in 5-10 years after pericenter the source decouples from the previously
emitted gas and a new and “fresh” G2 should reform around the dusty one, later on. This
might be the smoking gun needed to solve G2’s puzzle.



Chapter 1

Introduction: The inner pc of our
Galaxy

Being by far the closest galactic nucleus to the Earth, the center of the Milky Way offers a
unique opportunity to test astrophysics in extreme conditions. In particular, the inner pc
of the Galactic Center hosts a supermassive black hole (SMBH), a very young and dense
stellar cluster with very peculiar properties and a widely variegated interstellar medium
(ISM). In this Chapter every section will be dedicated to one of these constituents, in a
sort of “zoom-in” towards the central SMBH.

1.1 The ISM: cold, warm and hot gas

The inner few parsecs of the Galaxy show a multicomponent ISM, including cold atomic and
molecular gas, ionized gas with temperature of roughly 10* K and extremely hot (probably
highly magnetized) ionized plasma. We will briefly describe these different components in
the present section.

1.1.1 Cold gas: the circumnuclear disk/ring

The inner parsec is surrounded by a ring of clumpy molecular /neutral gas and dust visible
in mm/submm and infrared (=~ 0.75 — 300 pm), often called “circumnuclear disk/ring”
(CND/CNR; e.g., |Gatley et al., [1986; Guesten et al., [1987; [Jackson et al., [1993; [Marr
et al., [1993; Vollmer & Duschl, 2002; Shukla et al.l 2004} Christopher et al., 2005; Montero-
Castano et al., 2009; Martin et al., [2012; Tsuboi et al., 2016; Moser et al., 2016)). The CND
extends up to few pc from SgrA*, but its inner edge is around 1.5 pe, hence it encloses the
region this Chapter is dedicated to (see Fig. . Its mass is very uncertain and ranges
from 10* M, (Mezger et al. |1989; Liu et al., 2013) to few 10° — 10° M, (Christopher
et al., [2005; |Oka et al.; |2011). Kinematically, the CND shows an overall circular rotation
of ~ 100 km s™! (e.g., Marr et al. [1993; |Christopher et al., 2005; Martin et al., 2012),
but it is highly disturbed, showing holes and local indications of streamers from outside
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Northern arm

Eastern arm A

Western arm

Figure 1.1: Multiwavelength image of the inner few parsecs of our Galaxy. Left: Color
composite of the radio 6 cm (blue), HCN 1-0 rotational line (=~ 3.385 mm, red) and X-ray
emission (green). Right: 6 cm radio (red), K band (~ 2.2 um, blue) and HCN 1-0 emission.
In both panels, the white cross marks the position of SgrA*. In this plot, the HCN line
is tracing the position of the molecular CND (Sec. , the radio emission is tracing
the position of the minispiral (Sec. , the X-ray emission is tracing the hot plasma at
temperatures > 107 K (Sec. and the K band emission is mainly tracing the stars
(Sec. [1.2)). The figure has been adapted from |Genzel et al| (2010)).

and towards the inside (e.g., |Christopher et al., 2005; Montero-Castano et al., [2009; |Oka
et al., 2011; Martin et al. 2012; |Liu et al., [2012, 2013]). Hence, the CND might be feeding
SgrA*  perhaps through the inner minispiral that seems to be associated to it (see Sec.
. Given the latter indications and the uncertainties in its mass, it is not clear whether
the CND is a stable (and potentially star forming) or transient structure (e.g., [Morris &
Serabyn, 1996 [Yusef-Zadeh et al., 2008} Montero-Castano et al., 2009} Oka et al., 2011}
Liu et al., [2012; Requena-Torres et al., [2012).

In addition to the CND, more than 300 M of atomic gas could exist inside the CND
(e.g., |Jackson et al. 1993; Goicoechea et al.| |2013). Few Mg of dust are also detected
(e.g., Davidson et al., [1992; Kunneriath et al. [2012; Tsuboi et al.| 2016) and are mainly
associated to the minispiral (Sec. and the young massive stars (Sec. . Detection
of SiO and CS clumps with very high velocities also suggest the possibility of ongoing star
formation at distances smaller than the inner edge of the CND (Yusef-Zadeh et al., 2013}
Moser et al., 2016]).
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1.1.2 Warm ionized gas: the minispiral

Few tens Mg of ionized gas are present inside the CND (Sec. , in clumpy fila-
ments/arms observable in radio and infrared continuum and emission lines (see Fig. |1.1)).
These structures are referred to as the “minispiral” (e.g., Lo & Claussen, |1983; |[Ekers et al.
[1983} [Serabyn & Lacyl, [1985; [Roberts et al., [1996} [Vollmer & Duschl, [2002; [Paumard et al.]
2004} [Zhao et al., 2009, 2010} Trons et al. 2012} Kunneriath et al., 2012} Tsuboi et al., [2016;
Moser et al., 2016). The minispiral shows three main arms, namely the Western, Eastern
and Northern arms. In particular, the Western arm is believed to be the inner edge of the
CND (Montero-Castano et al., [2009; Zhao et al., 2009, e.g.,), but the other two arms also
seem to lie in the same plane as the CND (e.g., Paumard et al., 2004; Zhao et al., [2009).
The kinematics of the Eastern and Northern arms and their elongation towards SgrA*
suggest that these two arms are indeed tidally stretched filaments streaming towards the
center, possibly colliding in the so-called “bar” feature, as suggested in particular by
(but see [[rons et all, 2012, for a different interpretation). The minispiral has
typical densities of the order of 10* cm ™2 and temperatures of roughly 10* K
2010; Kunneriath et al., 2012; Moser et al. 2016) and it is believed to be ionized by the
ultraviolet (UV) photons emitted by the disk(s) of young stars (Sec. [1.2.1] [Paumard et al.|
2004; Martins et al., 2007; |Zhao et al., [2010; Kunneriath et al., [2012).

Most of the minispiral is associated to dust, also observed in mid/far-infrared (MIR /FIR;
e.g.,|Gezari et all, 1985} [Lau et al},[2013). The cloud G2, presented in chapter 2| has roughly
the same temperature and only one order of magnitude bigger density. Like the minispiral,
it has a very radial orbit and it is associated to dust. Hence, there might be a connection
between G2 and the minispiral, as suggested by Rozanska et al.| (2014)).

1.1.3 The hot bubble

We will mention in Sec. that a compact (= 0.01 pc) X-ray component corresponds
to SgrA* itself; such compact emission shows a significant flaring and it is believed to be
directly associated to its hot accretion flow.

In addition to this, a more diffuse component with size of roughly 1 pc is also detected
(see Fig. . This diffuse emission is believed to be mainly thermal and produced by very
hot plasma with temperatures > 107 K and density of the order of 30 cm™? at the Bondi
radius, i.e., &~ 0.05 pc (Baganoff et al., |2003; [Yuan et al., 2003, however, this estimate is
somewhat dependent on the model used to fit the observations). This hot gas might be
produced by the shocked stellar winds from the O/WR stars in the disk(s) (Sec. [L.2.1).
The latter hypothesis has been tested by several authors and in such a picture the powerful
stellar winds are feeding hot gas into the Bondi radius at few 1076 M yr~!, thus generating
the accretion flow solution needed to match the observations of the smallest resolvable scales
(e.g., |(Coker & Melia, 1997; Rockefeller et al., [2004; Quataert|, [2004; Cuadra et al., 2006;
Moscibrodzka et al.| 2006} Xu et al.l 2006} [Cuadra et all 2008 Wang et al., [2013; Russell
et al| [2016)). Such a conclusion is even strengthened by the most recent observations by
Wang et al| (2013), showing an asymmetric, disk-like distribution of the central parsec
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X-ray gas, aligned with the disk of young stars. However, another possibility is that such
extended emission is instead generated by the superposition of compact objects, as maybe
suggested by the hard X-ray spectrum, as detected by Chandra and NuSTAR (Muno et al.,
2004; [Perez et al., 2015).

1.1.4 Magnetic fields

Although magnetic fields have been widely investigated at distances from SgrA* of the
order of 100 pc (see, e.g., the reviews from Bicknell & Li, |2001; Morris|, 2006; Ferriere,
2009; Morris|, 2014)), not much can be directly inferred from observations concerning the
inner parsec of the Galaxy. Emission models for the synchrotron emission of SgrA* (see
Sec. [1.3.2)) require magnetic fields of about 30-100 G near the event horizon of SgrA* (e.g.,
Falcke & Markoff, 2000; |Moscibrodzka et al., 2009; |Dexter et al.,|2010). The lucky discovery
of the magnetail] PSR J17452900 at about 0.12 pc from SgrA*F| allowed an estimate of the
magnetic field strength in the hot plasma at this distance of B ~ 10 mG (Eatough et al.|
2013). These estimates are roughly (within approximately 1 order of magnitude) consistent
with a magnetic field in equipartition with the thermal and gravitational energy of the
hot gas, hence suggesting a relatively ordered magnetic field on large scales. Estimates
like the one in [Eatough et al. (2013)) are assuming that the observed polarization of the
radio magnetar emission is produced by Faraday rotation due to material along the line
of sight, i.e., the “Faraday screen”, and inferring the magnetic fields of the screen by the
rotation measure of the polarization vector. However, the rotation measure depends on
the combination of the magnetic field and density of the screen, hence these estimates are
strongly relying on assumptions or estimates concerning the latter, which always lead to
a relatively high degree of uncertainty. Anyway, magnetic fields of this intensity could be
important for the evolution of the interstellar medium, particularly of cold gas embedded in
the hot plasma (as for the case of G2, see chapter |2, in certain cases reducing the formation
of instabilities and the impact of thermal conduction (hence, helping their survival) or
decelerating them through an additional magnetic drag force (see Sec. and, e.g.,
McCourt et al., [2015).

1.2 The young stars

A nuclear star cluster (NSC) resides at the center of our Galaxy, as in the case of many
other galaxies (e.g., Boker et al., 2002; (Coté et al., [2006; Graham & Spitler] [2009). The
NSC of the Milky Way is mainly composed of old stars (Genzel et al., 2010, and references
therein), but the inner parsec is populated by many massive and young stars. We can split

'Magnetars are neutron stars, emitting in radio as normal pulsars, but also producing very strong and
characteristic X-ray and gamma ray flares due to their extremely strong magnetic field.

2Interestingly, the discovery of PSR J1745-2900 was actually triggered by a monitoring of SgrA* by the
X-ray telescope SWIFT (http://swift.gsfc.nasa.gov/), to find signals coming from the passage of the cloud
G2 (see chapter .
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the young stars in the inner pc in two main populations: a disk of young stars, with inner
edge around 0.05 pc, and the S-stars.

1.2.1 The disk(s) of young stars

More than a hundred young massive stars have been currently detected in the inner parsec
of our Galaxy, both with the VLT (Paumard et al., [2006; Bartko et al., 2009) and the Keck
Telescope (Lu et all, [2009; Do et al. 2013} [Yelda et al., 2014). Most of these stars are
classified as O-type (many of them even in a Wolf-Rayet phase) and have an age of few
Myr (4-8 Myr: Paumard et al.[2006; 2.5-6 Myr: Do et al.|2013, |Lu et al./[2013). These stars
have powerful winds (Martins et al., 2006) that can form bow-shocks in their interaction
with the surrounding gas (e.g., Tanner et al., 2005} [Sanchez-Bermudez et al. [2014; [Yusef-
Zadeh et al. 2015) and are believed to be responsible for the feeding of SgrA*, at least
close to the Bondi radius (see Sec. |1.1.3). When looking at their kinematics, the young
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Figure 1.2: The disks of young stars. Left: SINFONI image of the sample of 90 O /WR stars
in the inner 0.5 pc (= 13 arcsec) of our Galaxy. Blue circles show clockwise orbits, while
red circles show counterclockwise orbits. The figure is taken from Bartko et al.| (2009).
Right: Distribution of orbital normal vectors in the sky for 82 young stars between 3.5
and 15 arcsec from the central supermassive black hole. The sky map is obtained through
a cylindrical equal area projection, where the sky “sphere” is parametrized with the usual
spherical coordinates 6 and ¢ (we refer to Bartko et al., 2009, for the chosen conversion
between the orbital elements of the stars and these coordinates). The significance is ex-
pressed in standard-deviations of the distribution. The upper right excess shows the stars
in the clockwise disk, while the lower left excess represents the stars in the counterclockwise
one. The disks positions from Paumard et al| (2006) are shown by the black circles for
comparison. The figure is taken from Bartko et al| (2010)).
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stars show a rotation pattern opposite to the rotation of the Galaxy (Genzel et al., 2000;
Tanner et al., 2006; Paumard et al., [2006), initially believed to be consistent with a thin
rotating disk (Levin & Beloborodov, 2003). Nowadays, this disk is often referred to as
the “clockwise (CW) disk”. More sophisticated statistical analysis of the orbital angular
momentum distribution by [Lu et al| (2009)), Bartko et al. (2009), Bartko et al.| (2010)),
et al.| (2013) and |Lu et al.| (2013) confirmed this finding, showing that at least half of the
young stars lie in the CW disc (though a recent analysis by [Yelda et al., 2014} suggest a
smaller fraction of 20%), but also that the disk has a significant thickness (opening angle
of roughly 10°) and possibly a warp. The single orbits are also close to circular, with
eccentricities e < 0.5. Some of the previously mentioned studies also suggest the presence
of a “counterclockwise (CCW) disk”, inclined by roughly 60° with respect to the CW one
(see Fig. Paumard et al., 2006; Bartko et al., 2009, 2010).

The young age of the disk and indications of a top-heavy initial mass function (Paumard
et al.l [2006; Bartko et al, 2010; Do et al., [2013; [Lu et al 2013)) - suggesting a rapid star
formation episode - led to the so-called “paradox of youth”. At 1 pc distance from SgrA*,
the Roche density is of the order of 107 cm~3. This means that any molecular cloud, whose
typical densities are below this limit, would be tidally disrupted by the SMBH (but see
Shukla et al., 2004 Montero-Castano et al., [2009). Yet, “standard” dynamical friction
is not able to bring such stars from larger distances to the present position, within the
lifetime of the disk. The formation of the CW disk remains an open question, with many
non-standard processes invoked to explain it: these include fragmentation - by gravitational
instability - of an accretion disk around SgrA* (Nayakshin| 2006; [Nayakshin et al., [2007)),
fragmentation of gas streamers by the infalling and disruption of a molecular cloud (Bonnell
& Rice), 2008 Mapelli et al., 2008; [Hobbs & Nayakshin|, 2009; [Alig et all, [2011; Mapelli
et al., 2012; Lucas et al., 2013 Alig et al., 2013; [Trani et al., |2016) or a tidal disruption of
an infalling stellar cluster (Gerhard), [2001; McMillan & Portegies Zwart], 2003} [Kim et al.|
20045 [Fujii et al., 2008, [2010). Reviewing these processes is beyond the purpose of this
introduction, hence we refer to the recent review by Mapelli & Gualandris| (2016)).

1.2.2 The S-stars

Inside the inner edge (0.05 pc) of the CW disk, there is a second population of stars,
with somewhat different properties, named S-stars (Schodel et al.; 2003; |Ghez et al. |2003]
2005a; [Eisenhauer et al., [2005; |Gillessen et al 2009b). The first, main difference resides
in their orbital properties. In particular, Gillessen et al| (2009b]) derived orbital solutions
for the 28 brightest S-stars and used them to evaluate the mass of the central SMBH (see
Sec. : 6 of these have orientations and eccentricities that are compatible with those
of the CW disk; 22 are, instead, isotropically distributed (see Fig. and have very high
eccentricities, n(e) o< €699 (n(e) being the probability distribution of finding an S-star
with eccentricity e). This means that the eccentricities of the S-star cluster are even larger
than those of a two-body relaxed system, with “thermal” distribution n(e)  e.
Concerning their age, [Eisenhauer et al| (2005) showed that the S-stars have spectral
properties of B-type stars, hence giving a possible range for their ages of 6-400 Myr. This
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Figure 1.3: The S-stars. Upper: Representation of the best-fit orbits of some of the S-stars,
as derived by |Gillessen et al. (2009a)). Lower: Orbital angular momenta of the S-stars. The
horizontal dimension represents the orbital longitude of the ascending node, the vertical
dimension represents the orbital inclination. The solid contours correspond to the 1o
statistical fit uncertainty. As visible, some of the S-stars cluster around the clockwise disk
(black filled circle and dashed contours, Sec. [1.2.1)), according to the detection by

(2006). Both panels are taken from |Gillessen et al. (2009al).
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has also been confirmed by the detailed analysis of the spectrum of S2/S-02 by Martins
et al. (2008), who classified it as a B0-2.5 V star with mass of roughly 20 M. As we will
mention in Sec. [1.3.1] given its brightness (K = 14), short orbital period (= 16 yr) and
small pericenter distance (=~ 1800 Rg), S2/S-02 is crucial for the SMBH’s mass estimation.
S2/S-02 is also a perfect candidate for a monitoring by the IR interferometer GRAVITYE]
at VLT, to study orbital perturbations induced by general relativity effects and/or other
bodies (see Sec. [L.3.1]

As in the case of the CW disk (see Sec. [I.2.I), explaining the formation of the S-star
cluster is also challenging. One possibility is the disruption of stellar binaries in the disk
and the following capture of one of the two components on a highly eccentric orbit. In
this case, dynamical processes such as precession and Kozai-Lidov resonance induced by
an anisotropic gravitational potential (Kozai, 1962; Lidov, [1962) might successively lead
to the observed isotropic distribution of the orbital inclinations. Another possibility is
that the S-stars formed in a disk configuration, but their orbits were moved to random
orientations by the interaction with a massive object, e.g., an intermediate mass black hole
(IMBH). Again, for details about the possible formation processes, we refer to [Mapelli &
Gualandris) (2016)).

1.3 SgrA¥*: the central supermassive black hole

1.3.1 A strong proof for the existence of supermassive black holes

The first speculations about the existence of black holes go back to the late 18th century,
when John Michell and Pierre-Simon Laplace estimated the density of an object whose
escape velocity is equal to the speed of light (see [Montgomery et al., [2009, for a short but
interesting historical review). In a classic Newtonian framework, any photon emitted by
such an object would not be able to escape its gravitational field, hence making the object
dark to any observer. A similar argument is valid also in the framework of General Rela-
tivity: the metric for spherically symmetric objects in vacuum (Schwarzschild, 1916|) has a
singularity at a particular distance from the object, the Schwarzschild radius (Rg); when
the object is compact enough to have its Schwarzschild radius outside its physical sur-
face, the vacuum assumption of the metric is valid and the Schwarzschild radius represents
the event horizon, i.e., the distance inside which no information can propagate outwards.
Event horizons can also be defined for more sophisticated metrics (Reissner} 1916; Kerr,
1963; Newman et al., |1965).

Indirect evidence for the existence of black holes with few solar masses are obtained by
the observation and study of X-ray binaries, one of the most well-known examples being
Cygnus X-1 (e.g., see Orosz et al., 2011)). The recent detections by the Laser Interferometer
Gravitational-Wave Observatory (LIGO)f collaboration is also interpreted as the emission

3https://www.eso.org/sci/facilities /develop/instruments /gravity.html
4http:/ /www.ligo.org/
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of gravitational waves from merging binaries of black holes with few tens of solar masses
(Abbott et al., [2016a,b)).

Nowadays many indications support the existence of a second class of black holes, with
much larger masses of 10° < Mgypr/Ms < 4 x 1019, Initially, accreting supermassive black
holes have been singled out to explain the enormous amount of energy coming from active
galactic nuclei (AGN; e.g., [Salpeter] [1964; Lynden-Bell, [1969). More recently, the presence
of SMBHs in local (active and inactive) galactic nuclei has become clear and the study of
dynamics of gas and stars in their vicinity allow a constraint of their masses and sizes up
to few parsecs distances (but X-ray spectra and variability also allow to probe accretion
onto such objects up to few gravitational radii). A discussion of these methods is beyond
the purpose of the present dissertation, hence we refer to the recent reviews by [Kormendy
& Hol (2013) and [Peterson (2014) and to the references therein.

The first indication of a supermassive dark object in the Galactic Center came from
the measurement of radial velocities of ionized gas in the inner parsec (see Sec. by
Wollman et al.| (1977), |[Lacy et al.| (1980) and |Lacy et al. (1982). These works already
allowed to estimate a ‘dark’ mass of few 10¢ My, in the inner pc. First dynamical estimates
for the inner early and late type stars (see Sec. by Krabbe et al.| (1995), Genzel et al.
(1996) and Haller et al.| (1996 confirmed the mass estimate and brought the constraint
for the size of the supermassive object down to 0.1 pc. A big step forward came with
the determination of stellar proper motions with the use of speckle imaging and adaptive
optics on the last generation telescopes New Technology Telescope (NTT), Very Large
Telescope (VLT) and Keck. The tracking of the inner stars, particularly the S-stars with
shorter orbital periods (see Sec. [1.2) and Fig. [1.4] for the orbit of the star S2/S-02) allowed
to estimate similar enclosed masses up to the pericenter distance of the inner S-stars,
ie. &~ 5 x 107" pc ~ 1000Rs (Genzel et al.| 1997; [Eckart & Genzel, [1997; |Ghez et al.,
1998; |Schodel et al., 2003} |Ghez et al., 2005a; Eisenhauer et al., |2005; |(Ghez et al., 2008;
Gillessen et al., 2009b,a; Boehle et al., 2016)). In particular, the last mass estimates are
4.30 £ 0.20 4+ 0.30 x 105M, by (Gillessen et al.| (2009b)) and 4.02 4 0.16 4= 0.04 x 10°M, by
Boehle et al. (2016]) (where the first errors are due to the statistical fitting and the second
ones are related to systematics), which are consistent with each other.

The inferred density of SgrA* is excluding the possibility of such gravitational field
being generated by a cusp of dark stellar remnants or by a fermion ball, possibly composed
of neutrinos or any light enough fermion (see |Genzel et al., [2010, and references therein).
Additionally, the spectral properties of SgrA* can probably rule out the existence of a
physical hard surface, rather suggesting the existence of an event horizon. In fact, as
suggested by Broderick & Narayan (2006) and |Broderick et al. (2009)), material reaching
and hitting the surface should shock and emit all its energy as black-body radiation in
the infrared (IR) to a level that is not observed for the current quiescent level of emission
from SgrA* (see Sec. . Finally, in the near future, the IR interferometer GRAVITY
will hopefully be able to detect second order relativistic effects on the orbits of the S-stars
(e.g., Zucker et al., 2006; Meyer et al., 2012; Zhang et al., 2015) or gravitational lensing
from the SMBH (e.g., Bozza & Mancini, [2009)). Another strong indication of SgrA* being
a very compact object comes from its size and properties in the radio/submm bands. In
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The orbit of S2 (1992-2013)
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Figure 1.4: The orbit of the star S2/S02, as observed by NTT, VLT (in blue) and Keck
(in red). Left panel: orbit in the sky plane. Right panel: line-of-sight velocity as a
function of time. The solid lines show the best fitting Keplerian orbit, with SMBH mass
of 4.3 x 10% M. Adapted from |Gillessen et al.| (2009D).

particular, the Event Horizon Telescopeﬁ (EHT; |Doeleman, 2010), consisting of the most
up-to-date Very Long-Baseline Interferometry (VLBI) arrays, will allow the imaging of the
radio emission from material at few Rg from the SMBH and to test its properties and
those of the surrounding plasma in the general relativity regime. The emission properties
in these and other bands will be discussed in the next Section.

1.3.2 Emission properties of SgrA* and accretion

SgrA* is spending most of its time in a “quiescent /steady state”, with a bolometric lumi-
nosity of roughly 1036 erg s™1, peaking mainly in the millimeter /submillimeter bands. As
shown in Fig. [1.5] its radio spectrum follows approximately a power-law, L, ~ v*/3 up to

Shttp://www.eventhorizontelescope.org/
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217 GHz, (Bower et al., [2015, and references therein). A flat (or slightly decaying) spec-
trum is observed at submillimeter frequencies (Marrone et al., [2006; Bower et al., 2015)),
followed by a decaying spectrum in the mid-infrared (MIR) (where we usually have upper
limits; (Genzel et al., 2010, and references therein) and the near-infrared (NIR) (Do et al.
2009; |[Dodds-Eden et al., 2011; Witzel et al., 2012)). This is usually called the “submillime-
ter bump”. A quiescent emission is also observed in X-ray, at a level of few 1033 erg s7! at
2 — 10 keV (Baganoft et al 2003; Xu et al., 2006; |Wang et al., |2013).
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Figure 1.5: Observed broad-band spectrum of SgrA*. The circles show the quiescent radio
and infrared emission, while the two “bow ties” show the quiescent and flaring states in
the X-ray. A model for the RIAF is overplotted, where the spectrum is composed by
synchrotron and inverse Compton emission (dotted line) by thermal (dotted-dashed line)

and nonthermal electrons (short-dashed line) and bremsstrahlung emission from the outer
part of the accretion flow (long-dashed line). The figure is taken from Yuan et al.| (2003).
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On top of the quiescent emission, flares are observed in all bands, roughly releasing
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another 10%® erg s™!, mostly in the X-ray (e.g., Nowak et al., 2012 [Ponti et al., 2015}
et al) 2015; Yuan & Wang, 2016) and the NIR (e.g., Genzel et al. [2003a; |Ghez et al.|
2004; [Yusef-Zadeh et al., 2010; Witzel et al., 2012)). The flares are lasting 10 — 10* s, with
a frequency of roughly one per day for X-ray flares and few per day in the NIR, i.e. any
NIR flare has an X-ray counterpart, but not vice versa.

The emission properties of SgrA* allow to exclude the presence of a geometrically thin
and optically-thick accretion disk (of the type modeled by [Shakura & Sunyaev, [1973),
since this would produce several orders of magnitude too high IR fluxes (Falcke & Melia,
1997) and it would lead to the eclipse of the S-stars (Sec. [1.2.2 see, Cuadra et al.
2003). Consequently, nowadays many analytical models of radiatively inefficient accretion
flows (RIAFs) are used to fit the broadband quiescent spectrum, such as the Bondi-Hoyle
accretion (Melia et al,[2001), the advection dominated accretion flow (ADAF; e.g.,
et al. [1995; |Ozel et al, [2000), the convection dominated accretion flow (CDAF; e.g.,
Quataert & Gruzinov, 2000)), models with outflows as the advection-dominated inflow-
outflow solution (ADIOS; e.g., Blandford & Begelman, [1999; [Yuan et al., 2003) or even
jet models (JDAF; [Falcke & Markoff, [2000; [Yuan et all, 2002). All these models roughly
consider a geometrically thick and optically thin accretion flow and/or some sort of mass
loss. This is consistent with most of the magnetohydrodynamic (MHD; some of them in
the framework of general relativity, GRMHD) simulations focusing on the inner few tens of
Rg of the accretion flow and including magnetic fields (for recent work focused on SgrA*,
see, e.g., Moscibrodzka et all, [2009; [Dodds-Eden et al., 2010; [Dibi et al., [2012; [Drappeau
et al 2013} [Moscibrodzka & Falcke| 2013} [Moscibrodzka et all,[2014}; [Chan et al. [2015bla}
Ressler et al., 2015} Ball et all 2016).

The luminosity in the radio and infrared bands is then synchrotron emission produced
by a combination of thermal and non-thermal electrons in the inner few Rg from SgrA*
while the X-ray emission could