
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a preprint version which may differ from the publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/134780

 

 

 

Please be advised that this information was generated on 2017-12-05 and may be subject to

change.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Radboud Repository

https://core.ac.uk/display/43573587?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://hdl.handle.net/2066/134780


ar
X

iv
:1

41
0.

03
97

v1
  [

as
tr

o-
ph

.H
E

]  
1 

O
ct

 2
01

4

Mon. Not. R. Astron. Soc.000, 1–?? (2002) Printed 3 October 2014 (MN LATEX style file v2.2)

Conditions for the Thermal Instability in the Galactic Centre
Mini-spiral region
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ABSTRACT
We explore the conditions for the thermal instability to operate in the mini-spiral region of
the Galactic centre (Sgr A*), where both the hot and cold media are known to coexist. The
photoionisation Cloudy calculations are performed for different physical states of plasma. We
neglect the dynamics of the material and concentrate on the study of the parameter ranges
where the thermal instability may operate, taking into account the past history of Sgr A*
bolometric luminosity. We show that the thermal instability does not operate at the present
very low level of the Sgr A* activity. However, Sgr A* was muchmore luminous in the past.
For the highest luminosity states the two-phase medium can be created up to 1.4 pc from the
centre. The presence of dust grains tends to suppress the instability, but the dust is destroyed
in the presence of strong radiation field and hot plasma. The clumpiness is thus induced in the
high activity period, and the cooling/heating timescales are long enough to preserve later the
past multi-phase structure. The instability enhances the clumpiness of the mini-spiral medium
and creates a possibility of episodes of enhanced accretionof cold clumps towards Sgr A*.
The mechanism determines the range of masses and sizes of clouds; under the conditions of
Sgr A*, the likely values come out 1-102M⊕ for the cloud typical mass.

Key words: instabilities – methods: numerical – ISM: structure – ISM: clouds – Galaxy:
centre

1 INTRODUCTION

The thermal instability can develop when an interstellar medium
is irradiated by sufficiently intense external source. In a certain
range of parameters multiple phases can arise and thermallydif-
ferent states can stay in thermal equilibrium (Field 1965).Near a
supermassive black hole a two-phase medium forms spontaneously
at certain range of the central luminosities and distances from the
centre (Krolik et al. 1981).

The interstellar medium has a complex multiphase structure
which is not yet fully understood (for review, see Cox 2005).This
structure is important from the point of view of feeding the Milky
Way’s central supermassive black hole as well as the possibility
of an accompanying outflow. A similar mechanism is expected to
operate in the other low luminosity galactic nuclei.

Some aspects of this multiphase structure were already stud-
ied by Field (1965) who considered the thermal equilibrium of
the radiatively heated and cooled plasma. He showed that fora
certain range of the parameters the plasma is thermally unstable,
and the colder, denser matter may coexist with the rarefied hot
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medium in pressure equilibrium due to different cooling/heating
mechanisms dominating at high and low gas densities. This the-
ory was further developed in a number of papers, where the ef-
fect of steady evaporation or condensation of the cold phasewas
taken into account (Cowie & McKee 1977; McKee & Cowie 1977;
Begelman et al. 1983; Begelman & McKee 1990). The thermal in-
stability and eventual cloud evaporation predominantly depend on
the heating and cooling processes taken into account in the energy
equilibrium equation. In the case of illuminated accretiondisks
viscous heating should be considered (Różańska & Czerny1996;
Różańska 1999).

The next major step was done in series of three papers
(Barai et al. 2011, 2012; Mościbrodzka & Proga 2013), wherethe
authors combined the simple theory of spherical (Bondi) accre-
tion with the theory of radiative instability due to preheating of
the accretion flow by the X-ray flux generated by accretion close
to the black hole. In all three papers, the authors performedcare-
ful numerical simulations of the dynamics of the accretion flow
with the proper treatment of heating/cooling mechanisms. These
results showed that a two-phase medium formed spontaneously at
some ranges of the central luminosity/distance from the black hole
(Barai et al. 2011), the colder clumps formed filaments whichac-
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creted faster than the surrounding hot plasma (Barai et al. 2012).
These filaments may break into smaller cloudlets, which may be
revealed only if numerical method allows for the required resolu-
tion (Mościbrodzka & Proga 2013).

The Milky Way interstellar medium is the best studied case
of complex cosmic environment, and the multi-phase region in the
close vicinity of the central massive black hole is clearly detected
(Zhao et al. 2009). The accretion onto Sgr A* is very complex,not
only due to the hot Bondi-type flow but also likely due to occasional
accretion events of colder clumps. The argument for the second as-
pect comes both from the currently observed approach of the G2
cloud and also from the observed X-ray echo from the large molec-
ular clouds surrounding Sgr A* which allows to constrain much
higher activity of Galactic centre (GC) in the past (Sunyaevet al.
1993; Koyama et al. 1996; Ponti et al. 2010; Capelli et al. 2012).
The time profile of this activity level with rather large luminos-
ity, of order of 1040 erg s−1 for a few hundred years followed by a
rapid fast decay is not easy to model, and the suggested explanation
was through an accretion of a chain of similar clouds (Czernyet al.
2013b). Thus the question appears whether the mechanism con-
sidered by Barai et al. (2011, 2012) and Mościbrodzka & Proga
(2013) can indeed apply to the central parts of Sgr A* and drive
this behaviour.

Czerny et al. (2013a) emphasize that the amount of material
contained in the mini-spiral is sufficient to sustain the past lumi-
nosity of Sgr A* at the required level. The accretion episodes of
relatively dense gas from the mini-spiral passing through atran-
sient accretion ring at about 104 gravitational radii of the super-
massive black hole provide a viable scenario for the bright phase of
the Galactic center. What remains to clarify is an importantaspect
of the mechanism of the angular momentum loss that must operate
in order to bring this material further down to the horizon.

The observations of the circumnuclear region of Sgr A* show
a reservoir of cold clumps in the mini-spiral. This materialhas
a rather high angular momentum so the whole picture is more
complex than the quasi-spherical dynamical setup of the previous
works. Therefore, in the present paper we entirely neglect the dy-
namics of the material and concentrate on the simple study ofthe
parameter ranges where the thermal instability may operate, taking
into account the varying X-ray flux of Sgr A* in the past few hun-
dred years. Our approach is complementary to numerical simula-
tions (Alig et al. 2013), where the authors argue that the mini-spiral
itself formed in a collision of a molecular cloud with the circum-
nuclear disk. We show how those clouds can form due to thermal
instabilities in the strong radiation field.

We use Cloudy1 photoionisation code (Ferland et al. 2013) to:
(i) set up a simplified model of the ISM in the GC to investigatethe
conditions required to obtain accretion driven by thermal instabili-
ties, (ii) calculate instability curves for different luminosity states of
Sgr A* to determine if its past high luminosity state inferred from
X-ray reflection clouds is sufficient to create a two-phase medium
in the mini-spiral region, (iii) study the influence of dust grains in
the mini-spiral region on the creation of thermal instabilities.

We show that for the highest luminosity states, the two-phase
medium can be created up to 1.4 pc away from the GC. Timescales
of most clouds are of the order of 102−6 years, depending on the
cloud density. The extent of the two-phase medium depends onthe
value of gas pressure of the hot phase plasma. Adopting the gas
pressure, of a typical Bondi flow, we calculated instabilitystrips
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for several highest-luminosity states of Sgr A*. Finally, we demon-
strate that the dust content does not allow the emergence of thermal
instability, but on the other side, dust should quickly evaporate in
such hot Bondi flow (Draine & Salpeter 1979).

The structure of the paper is as follows: in Sec. 2 we summa-
rize the morphology of the mini-spiral known from current obser-
vations, in Sec. 3 we describe the method of photoionisationcal-
culations. All results are presented in Sec. 4, 5, and discussed in
Sec. 6. Final conclusions are given in Sec. 7.

2 THE MATERIAL CONTENT OF THE MINI-SPIRAL

The interstellar medium in the central 10 pc of the GC is a
complex mixture of ionized, neutral and molecular gas, and dust
that is heated up by its interaction with the central supermas-
sive black hole, Sgr A*, and also directly by the stars in the Nu-
clear Stellar Cluster (NSC) in the region. The circumnuclear disc
is a ring of ≃ 105M⊙ of neutral atomic and molecular material
(see Vollmer & Duschl 2002; Christopher et al. 2005, and refer-
ences therein) extending from about 1.5-10 pc, which encompasses
Sgr A West, the thermal HII emission region, the brightest part
of which is the so-called mini-spiral. The mini-spiral consists of
three streams of ionized gas (the Northern Arm, Eastern Arm and
the Western Arc), with most of the gas predominantly in a Keple-
rian orbit with observed radial velocity components spanning from
+200 to−415 km/s, with a few significant deviations. The Northern
and Eastern arms appear to collide about 0.1–0.2 pc behind Sgr A*
(Zhao et al. 2010). The partially ionized gas in the mini-spiral arms
have number densities ranging 3–21× 104 cm−3, with temperatures
in the interval 5000–13 000 K (Zhao et al. 2009). The mini-spiral
also contains dust with temperatures in the range of 200–300K
(Cotera et al. 1999). The fraction of material in the form of dust is
low (∼ 0.50M⊙) for the central 1.5×1.5 parsec region (Gezari et al.
1985) when compared to the∼ 160M⊙ ionized gas in the central
3× 3 pc region (Liszt 2003).

From theChandradata (Baganoff et al. 2003), we have an es-
timate of local density and temperature of the hot, fully ionized
plasma: direct map analysis impliesne = 130 cm−3, Te = 2 keV
at 1.5′′ (i.e. 0.06 pc). Next, the modeling of emissivity profile in
the very longChandradata (Shcherbakov & Baganoff 2010) sug-
gestne = 90 cm−3, Te = 2.5 keV at this distance. Farther away, the
density and temperature are lower:ne = 27 cm−3, Te = 1.3 keV
at about 1 pc (Baganoff et al. 2003). On the other hand, from the
spectral fitting of 134.77 ksChandraobservation, (Różańska et al.
2014, in preparation) estimated the electron temperature of the hot
ionized gas to beTe = 3.5 keV at 5′′ (0.2 pc). On moving to the
diffuse gas in the Sgr A East up to 60” the average gas temperature
is estimated to beTe = 3.1 keV. The surface brightness modelling
in the vicinity of the black hole (up to 3′′, 0.12 pc) requires the
Bondi accretion flow with outer temperatureTout

e = 3.5 keV and
the electron densitynout

e = 18.3 cm−3 for the best fit with observed
surface brightness. From this study, the density and temperature es-
timated at the distance of 1.5′′ arene = 29.2 cm−3 andTe = 4.8 keV
respectively.

The two media (i.e., the hot ionized plasma and the partially
ionized gas) appear to be in mutual contact and, to the first approxi-
mation, the pressure equilibrium is approximately established. This
means that three orders of magnitude higher temperature of X-ray
emitting plasma is compensated by its lower density. Below we
model a two-phase medium using photoionisation calculations with
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Figure 1. The comparison of thermal instability conditions at two different distances from the GC. Left panels show clouds locatedat Rin = 0.008, while the
right panels exhibit clouds located atRin = 0.2. The instability curves are presented in the lower panels,while the temperatures of those clouds versus their
number densities are presented in upper panels for different luminosities.

a proper treatment of all cooling and heating mechanisms operating
in both types of clouds.

3 THE METHOD

The thermal instability created due to radiative cooling and heat-
ing by the central black hole leads to the formation of a two-phase
medium in the mini-spiral region, with the colder clumps of the
mini-spiral structure breaking off and accreting into Sgr A*. This
phenomenon can be modelled using photoionisation calculations
where the radiation field interacts with matter due to bound-bound,
bound-free and free-free processes. Therefore, we performCloudy
calculations for initial conditions taken from observations done re-
cently by working instruments. Cloudy solves the thermal struc-
ture, and emergent spectrum of the illuminated gas under thetotal
ionisation equilibrium. Depending on the medium temperature and
density, all ionisation and recombination processes are calculated
for assumed abundances. Therefore, we can determine the total heat
accumulated by the cloud due to irradiation, and follow up heating
and cooling processes important under the given gas physical con-
ditions.

The thermal instability is seen as a negative slope of the sta-
bility curve log(Ξ) – log(T) (Krolik et al. 1981), whereΞ is the dy-
namical ionisation parameter, defined as the ratio of the radiation
pressure to gas pressure:

Ξ =
Lion

4πcR2knHT
=

Prad

Pgas
, (1)

whereLion is the total ionizing luminosity,R the distance to the
source,k is the Boltzmann constant,c the velocity of light,nH hy-
drogen number density, andT is the temperature of the ionised
medium.

The instability occurs if there is a range of values of the ionisa-
tion parameterΞ for which the radiative balance equation has three
different solutions of temperature. This can be illustrated by repeat-
ing calculations for clouds of different initial number densitiesnH

illuminated by the same radiation field.
We consider clouds of densities spanning from 1 up to 1.78×

106 cm−3 (from 0 to 6.25 in log scale). Each cloud is located in
the inner region of mini-spiral, which we estimate after Zhao et al.
(2010) to beR = 0.2 pc (log(R/cm) = 17.79) from GC. As-
suming that the two-phase flow continues toward black hole, we
consider also the case where clouds are closer atRin = 0.008 pc
(log(Rin/cm)= 16.35) toward Sgr A*.

For each cloud, we assume open geometry, which means that
the cloud is a thin shell with size∆R, defined as∆R/R =< 0.1 in
Cloudy options. In all calculations, we assume solar default abun-
dances described by hazy1.pdf2 documentation file. It was shown
by Hess et al. (1997) that the unstable branch of stability curve is
bigger for higher metal abundances. Especially, more iron is re-
sponsible for larger extent of the upper part of the stability curve,
while more oxygen increases the thermal instability in the lower
part of stability curve. Nevertheless, for the purpose of this paper
we keep solar abundances.

For photoionisation calculations, the value of bolometriclu-
minosity and the shape of illuminated radiation are crucialfor the
shape of stability curve. Since Sgr A* undergoes different luminos-
ity states we have to consider all of them, which we describe in the
subsection below.

2 http://www.nublado.org/
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Figure 2. The comparison of total cooling rate of clouds at two different distances, as in Fig 1. Left panels show clouds locatedat Rin = 0.008, while right
panels clouds located atRin = 0.2. The total cooling rate versus temperature for different luminosities is presented in lower panels, while the dependence on
cloud number density is presented in upper panels for both cases.

3.1 Luminosity states of Sgr A*

Sgr A* is highly underluminous, accreting at a rate of about 10−7–
10−9 times the Eddington luminosity. The quiescent X-ray lumi-
nosity of Sgr A* is roughly 2× 1033 erg s−1, while in the flaring
or active stage it is6 1036 erg s−1. The bolometric luminosity is
considerably higher due to the strong near-IR and mm component.
The bolometric luminosity in the past was a few orders of magni-
tude higher. Since we do not have the spectral shape of the SgrA*
radiation in the past, we use the theoretical models of GC by by
Mościbrodzka et al. (2012) computed for different accretion rates
of radiatively inefficient accretion flow (RIAF). In those models
the black hole mass was fixed atMBH = 4.5 × 106M⊙ (Ghez et al.
2008), and distance to the GC atD = 8.4 kpc (Gillessen et al.
2009). Mościbrodzka et al. (2012) computed spectra for accretion
rates equal to: 1, 2, 4, 8, 16, 32, 64, and 128×10−9 M⊙ yr−1.

In photoionisation calculations we have considered all ac-
cretion rates, but for the figures presented in this paper we have
chosen six states of bolometric luminosity: from the lowestone
log(Lbol) = 37.57, where the instability is not present – to the
highest, log(Lbol) = 41.33, where the instability is the strongest.
Between those two extreme values we present also cases for:
log(Lbol) = 38.33, log(Lbol) = 39.06, log(Lbol) = 39.76, and
log(Lbol) = 40.61. The shape of each spectrum is taken from the
typical hot accretion flow onto a supermassive black hole (for de-
tailed prescription see Mościbrodzka et al. 2012).

The shape of the broad band spectrum for each luminosity
state is given by points, using Cloudy “interpolate” command.
Based on the output of Cloudy calculations we can determine ion-
ization parameter,Ξ, of each cloud, the total heating rate per vol-
ume of the gasHtot in erg s−1 cm−3, and the total cooling rateΛtot

in erg s−1, where the last value allows us to determine the cooling
time according to the formula:

tcooling =
Pgas

Λtot
=

knHT
µΛtot

, (2)

whereµ mean molecular weight= 0.5, as usual. Cloud tempera-
ture,T, is always self-consistently computed from photoionisation
calculations.

Thermally unstable clouds would evaporate or condensate due
to thermal instability and thermal conduction. If the heating/cooling
curve shape implies the instability, the condensations will grow
out of the initially uniform medium. Thermal conduction limits
the smallest size of the clouds. It does not influence the sizeof
thermal instability as it was shown by Begelman & McKee (1990);
Różańska (1999). Taking into account classical thermalconduc-
tivity based on the assumption that the mean free path is short
with respect to the temperature scale height, for plasma of cos-
mic abundance the conductivity is equal toκ = 5.6 × 10−7T5/2

erg cm−1 s−1 K−1 (Draine & Giuliani 1984). The size of such clouds
can be estimated by Field length (Field 1965) which is a ratioof
mean conductive flux to the total heating rate per volume:

λF =

(

5.6× 10−7T7/2

Htot

)1/2

. (3)

The formation timescale of a cloud of this size is well approx-
imated by Eq. 2 if the sound-crossing timescale across the cloud
is much shorter thantcooling (Field 1965; Burkert & Lin 2000). The
cloud size equal to Field length implies that the role of radiative
cooling and conduction is comparable. In this case, if the external
heating/cooling switches off, the cold cloud surrounded by the hot
plasma will disappear due to the conduction in the same timescale.

On the other hand, we can simply estimate the total mass
stored in the cloud:

MC = mHnHV = mHnH
Λtot

Htot
, (4)



Thermal instability in the mini-spiral region 5

Figure 3. The comparison of cooling time of clouds at two different distances from the GC. Left panels show clouds locatedat Rin = 0.008, while the right
panels clouds located atRin = 0.2 as in Fig. reffig:xi. The cooling time versus temperature for different luminosities is presented in the lower panels, while the
cooling time versus cloud number density is presented in theuppre panels.

wheremH is the mass of hydrogen atom, andV is the physical vol-
ume of the cloud in cm3.

4 THERMAL INSTABILITIES FOR DIFFERENT STATES
OF LUMINOSITY

As a result of Cloudy computations we present the stability curve,
for different luminosity states discussed above. In Fig. 1, lower pan-
els, we present the comparison of stability curves for clouds located
at two different distances, 0.008 and 0.2 pc from Sgr A*. At the
closer distance, the instability is not present if the luminosity of the
central source is too low, log(Lbol) < 39.06. However, it operates
for four examples of high luminosities considered in our calcula-
tions. Further away from the GC, the instability is present only for
the two highest luminosities, Fig. 1 (lower right panel).

From the upper panels of Fig. 1, where we present the de-
pendence of cloud temperature versus their number density,we see
that unstable clouds are denser when they are located closerto the
Sgr A*.

The comparison of total cooling rate of clouds at two differ-
ent distances from the GC is shown in Fig. 2. The total cooling
rate of each cloud is higher for higher cloud number density (upper
panels) and for lower cloud temperature (lower panels). Addition-
ally, the total cooling rate is much higher for clouds located farther
away from GC (upper right panel of Fig. 2). The dependence of
total cooling rate on number density exhibits the pivoting point,
which occurs at different number density, depending on the cloud
location. However, it does not seem to have any special physical
consequence that could be checked observationally. We address this
issue for further theoretical consideration in the future.

Finally, we show in Fig. 3, how total cooling time computed
from Eq 2, depends on density and temperature. Typically, clouds

located at 0.008 pc from Sgr A*, and withne < 3×104 cm−3 can sur-
vive more than 100 years (upper left panel of Fig. 3). The cooling
time is longer for higher luminosity state, but for high temperature
clouds it saturates at the lower value. For the log(Lbol) = 37.57, the
coolest cloud has the highest possible lifetimetcooling = 106 yrs. For
more distant clouds, their lifetime is shorter, for the lower luminos-
ity states, but longer for the higher luminosity states (right panels
of Fig. 3). Still clumps atne < 103 cm−3 can survive more then 100
years.

Comparing this approximate cloud cooling time to the
timescale of free fall of the cloud onto the supermassive black
hole in the GC, we can determine the inner distanceRmin from the
Sgr A*, at whichtff = tcooling.

Rmin =

(

2
π
∗ tcooling ∗ [ 2 G (MBH + Mcl)]

1/2

)2/3

(5)

whereG is a gravitational constant, and mass of the cloud,Mcl, is
negligible in comparison withMBH. If we are interested in clouds
living minimum 100 years, they should be visible at distances equal
or higher thanRmin = 0.054 pc. It is in good agreement with ob-
servations of mini-spiral which is visible down to∼ 0.1 − 0.2 pc
towards the central black hole. Clouds located closer to theblack
hole then the calculated value ofRmin, fall onto black hole before
the end of their cooling time.

The extent of the instability depends on the extension of two-
phase medium visible on the stability curve. As seen in Fig. 1, lower
left panel, for the highest four luminosity states the instability range
equals: 0.77, 0.46, 0.26 and 0.07 in terms of log(Ξ).

At the intermediate distance, 0.08 pc, the stability curvesfor
the same luminosity states are showing that in case of three highest
luminosities two-phase medium can arise (Fig. 5, upper panel). Fol-
lowing stability curves, computed for all three distances,it is clear
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Figure 4. The size of clouds along the instability branch positioned in the
log-log plot of cooling timetcooling vs. temperatureT. Four different curves
are plotted for different values of bolometric luminosity, i.e., the four lines
connect clouds that are produced by the same radiation field,as specified in
the top-left corner of the plot. Along each curve, the radiusof yellow circles
represents the Field length according to Eq. 3. Masses of clouds determined
by Eq. 4 are given in the units of Earth mass.

that for the same gas physical parameters, the strongest instability
occurs closest to the radiation source.

Interestingly, the size of the instability, i.e. the range of ionisa-
tion parameter where thermal instability operates, is the same at all
three distances if we compare the same luminosity states, even if
densities are different. Therefore, we conclude that particular ther-
mal instability can operate far away from GC, and create two-phase
medium, if the number density of matter allows it. We check this
prediction in Sec. 5.

4.1 The size of clouds

In Fig. 4 we present the overview of clouds being on unstable
branch for those luminosity states where instability occurs. De-
pending on luminosity, clouds have different sizes and masses. We
connected by lines those clumps which are produced by the radia-
tion field of the same intensity.

The size of the circles is given by the Field length of each
cloud (Eq. 3), and since there is a difference by many orders of
magnitude we presented it in logarithmic scale. The largestclouds
have a radius of the order of 1017 cm, and they appear either for low
luminosity states or for high temperature i.e. low density clouds.
Those clouds have the smallest mass reaching even 0.3M⊕ . The
heaviest compact clouds are created for low temperatures and high
densities of the order of 105 cm−3. They have radii approximately
1012 cm, and can accumulate huge mass of the order of few hundred
Earth masses.

Unstable clouds with mass of about 10M⊕ can exist even more
than ten thousand years. Those are very good candidates for aG2-
type cloud in agreement with the recent mass estimation of 4 –10
M⊕ given by Shcherbakov (2014).

Figure 5. The comparison of stability curves computed without dust and
with dust for clouds of the same physical parameters and for the same lumi-
nosity states as in previous figures. All clouds presented atupper and lower
panels are located at moderate distance 0.08 pc from GC.

4.2 The effect of the dust

Strong extinction towards Sgr A* has been interpreted as a result of
the line-of-sight absorption by the intervening material with a sig-
nificant contribution from interstellar dust grains (Krishna Swamy
2005). Dust in the GC can be formed mainly in atmospheres of
cool stars through the process of mass loss and via supernovae ex-
plosions that have occurred in the region and helped to disperse
the grains into the ISM. Alternatively, the dust can also originate
at larger distances from the centre, where the conditions for nucle-
ation are favourable and the material can be transported towards
the centre in filaments and clouds. However, these must interact
with the wind from hot He stars and the likely wind from Sgr A*.
Therefore, the role of dust should be explored in the contextof the
proposed thermal instability and the structure formation near the
supermassive black hole.

Order-of-magnitude estimates indicate the typical interstellar
dust-to-gas ratio about∼ 1% is maintained. Complexities of the
thermal structure and stratification in the GC region have been
revealed by infrared absorption features (e.g. Gibb et al. 2004;
Moultaka et al. 2009, based on ISO satellite observations, and
based on ESO’s VLTM-band spectra, respectively). These have
been identified as shocks and filaments that develop in the region.
Bow shocks presumably originate from the interaction of stars
embedded in the ISM of the GC (Clénet et al. 2004; Mužić et al.
2010), which points to the importance of stars as an additional
source of energy. Therefore, conditions for dust formationare par-
ticularly varied through the central region.

The thermal instability is not the only mechanism that can en-
hance mixing and, consequently, drive accretion in the complex en-
vironment. Moreover, the abundance of heavy elements generally
increases towards the GC, so a higher dust-to-gas ratio can be ex-
pected. This raises a question whether the presence of dust could
suppress the instability close to the black hole by acting asan ef-
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Figure 6. The gas pressure profile (upper panel), and density profile (lower
panel) for hot phase, in case of Bondi accretion flow withTout

e = 3.5 keV
as it was found in X-ray data. Two values of outer number density are con-
sidered. From the best fitting modelnout

e = 18.3 cm−3 – solid line, and for
the large extent of instabilitynout

e = 1 cm−3 – dashed line.

ficient heat sink. On the other hand, dusty plasma is known to be-
come unstable by a variety of instability modes that are driven un-
der external action, depending on the actual chemical composition
and size of dust grains (see Mendis & Rosenberg 1994; Cox 2005;
Vladimirov & Ostrikov 2005; Zajaček et al. 2014, and further ref-
erences cited therein). In addition, irradiated by UV/X-ray photons
and embedded in the plasma dust grains must acquire a significant
electric charge (Ishihara 2007). The presence of charged dust in the
plasma modifies the usual instabilities and the electrostatic repul-
sion can even contribute to erosion and rapid destruction ofdust.

In our computations discussed in the previous section we
neglected the existence of dust. Observations show clearlythat,
at present, the mini-spiral also contains dust (Mužić et al. 2007).
Therefore, we performed the computations of the thermal instabil-
ity log(Ξ) – log(T) curve with the dust grain option included in
Cloudy, assuming the standard dust composition characteristic for
the interstellar medium. The effect is illustrated in Fig. 5, where we
compare the stability curves for the same physical parameters with
dust (lower panel), and without dust (upper panel) at a moderate
distance of 0.08 pc, i.e. 2′′ or log(R) = 17.39 cm, from GC.

The low temperature branch, with the temperatures well be-
low T ∼ 105 K is unaffected by the presence of the dust. High
temperature part of the diagram is strongly modified: the gastem-
perature is much lower since the dust intercepts significantfraction
of the incident radiation. The dust temperature, even for the very
high luminosity, is still moderate,Tdust ∼ 300 K so the high level
of Sgr A* activity does not destroy the dust radiatively. However,
it is well known that hot surrounding plasma easily destroysthe
dust particles collisionally (e.g. Draine & Salpeter 1979). In partic-
ular, recent computations of the dust particle erosion in a hot gas
by Bocchio et al. (2012, 2013) indicate the destruction timescale of
10 years for a hot plasma number density of 10 cm−3. This means,
that the dust survives only within the warm medium clouds, where

it does not affect the temperature much, and vanishes immediately
from the hot phase. Thus, the stability curve for the dustless plasma
applies for timescales larger than a year. On the other hand,on
shorter timescales the effect of dust is visible (Krabbe et al. 1995)
especially if its efficient formation in stellar winds replenishes the
dust content at a sufficiently fast rate to ensure the steady state.

5 TWO-PHASE MEDIUM IN BONDI FLOW AROUND
SGR A*

From the fitting of X-ray data surface brightness profile, it was
found that Bondi accretion operates up to 0.12 pc from Sgr A*
(Różańska et al. 2014, in preparation). Further away hotplasma is
interacting with stars and the more advanced dynamical model,
where Bondi flow is mixed with stars, fits better as shown by
Shcherbakov & Baganoff (2010), where fit toChandradata was
done up to 0.2 pc.

For this paper, we adopt that the hot plasma in the mini-spiral
region is well represented by Bondi accretion flow. We assumed
here, that the inner hot accretion flow, for which luminositystates
were computed (Sec. 3.1) changes to the Bondi flow for larger dis-
tances with zero angular momentum. This is in agreement withthe
work done by Cuadra et al. (2008), where the circularized radius
was estimated onRcirc ∼ 0.002 pc. For the Bondi accretion flow
starting roughly at the capture radius, we were able to compute den-
sity and gas pressure profile around Sgr A*, with initial parameters
Tout

e = 3.5 keV, andnout
e = 18.3 cm−3, defined on the outer radius of

the flow (far above 2 pc) taken from observations (Różańska et al.
2014, in preparation).

In Fig. 6, we present the gas pressure and the number density
profiles versus distance from the black hole for the Bondi accretion.
We consider one outer temperature and two outer number densities:
nout

e = 18.3 cm−3, andnout
e = 1 cm−3.

Finally, Fig. 7 represents instability strips computed forboth
models respectively. For each luminosity state at each distance we
calculated the value ofΞ parameter taking into account gas pressure
and density number profiles for both cases of Bondi flows. The
instability strips are marked as magenta colour for each luminosity
state.

The occurrence of instability during the high-luminosity his-
tory of Sgr A*, and its disappearance at the present low-luminosity
stage, represent the main argument of this paper. For all gasabove
the red contour, only hot phase can exist at a given luminosity. For
the matter below the blue contour, only cold clouds can exist. There
are several distance ranges where two-phase medium can co-exist.
Nevertheless, for Bondi flow withnout

e = 18.3 cm−3 (left panel of
Fig. 7) it appears only for two highest luminosities and quite close
to the Sgr A* within 0.4 pc. In case of Bondi flow withnout

e = 1
cm−3 (right panel of Fig. 7) two-phase medium can be sustained up
to 1.4 pc.

6 DISCUSSION

Our estimates presented in this paper are clearly oversimplified,
since we did not include the additional heating of the medium
by stars, which explains observed X-ray brightness profile above
0.12 pc (Shcherbakov & Baganoff 2010). Such an additional heat-
ing may slightly shift the instability region but in generalit en-
hances the instability.
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Figure 7. Instability strips for the different luminosity states in case of Bondi accretion flow onto Sgr A* for outer temperatureTout
e = 3.5 keV. Left panel

shows cases for outer number densitynout
e = 18.3 cm−3 and right panel fornout

e = 1 cm−3. The region in between colour contours is the two phase-medium,
and its extent is shown by magenta lines for each luminosity state. The thermal instability can operate in range of high luminosity for Sgr A*, which occurred
in its past history.

The multi-phase character of the medium affects to some ex-
tent the accretion pattern, as showed by Barai et al. (2011, 2012),
and Mościbrodzka & Proga (2013). The main effect can be eas-
ily seen from consideration of the simplest spherically symmetric
Bondi accretion flow. The Bondi radius for the hot plasma is of
order of

Rhot
Bondi = 0.074qs

MBH

4.5× 106M⊙
[pc], (6)

where the sound speed for the hot material has been set to 500 km
s−1 andqs coefficient depends on the adopted polytropic indexγ.
If qs = 1, the inner edge of the mini-spiral is close to that radius.
However, forγ = 1.6, qs = 0.05 and the hot material at the inner
radius of the mini-spiral is not yet flowing in.

For the cold material, the square of the sound speed is by a
factor of 103 lower so the infall is possible even from larger dis-
tances than the inner edge of the mini-spiral, as the formal Bondi
radius for would be three orders of magnitude larger

Rhot
Bondi = 3.7

MBH

4.5× 106M⊙
[pc]. (7)

Here we adoptedγ = 1.6. Therefore, the cold material falls imme-
diately into the black hole as soon as it looses its angular momen-
tum. This is exactly the pattern seen in the numerical computations:
cold clumps may accrete when the hot medium which surrounds
them, is outflowing due to the strong heating.

The dynamics of the mini-spiral is even more complicated
since its material possesses a significant amount of angularmo-
mentum (Zhao et al. 2009). However, clouds can loose angularmo-
mentum in the collisions. The mutual collisions lead to the gradual
dissipation of angular momentum, so that the individual clouds are
expected to fall more rapidly to the center. Also the radiation drag
by the central source and the luminous inner accretion disc act on

the cloud to change the ratio of azimuthal versus radial velocity
components. For clouds of sufficiently large optical thickness, the
shape and stability of their orbits is strongly affected by the ra-
diation pressure especially during the luminous phase of the cen-
tre (e.g. Fukue & Hachiya 1999; Ghisellini et al. 2004). The radial
component of the motion then starts to grow relative to purely angu-
lar component, as was studied, including the relativistic effects act-
ing on the motion (Abramowicz et al. 1990; Vokrouhlicky & Karas
1991). The properties of particle motion can be employed to ef-
fectively represent the cloud mean motion, however, different as-
pects (such as the role of the cloud internal temperature) have
been also discussed (Keane et al. 2001; Horák & Karas 2006).It
has been shown that in case of more general (non-radial) orbits, al-
though the shape of bound trajectories deviates from ellipses, the
motion remain closed (Plewa et al. 2013). Therefore, we assume
that non-gravitational effects contribute to higher-order corrections
and remain beyond the scope of the present paper. Furthermore,
Cuadra et al. (2005) have studied the expected properties ofthe
process accretion of cool stellar winds on to Sgr A* supermas-
sive black hole. These authors notice that cool streams of gas fre-
quently enter this region on low angular momentum orbits. Then
the streams are disrupted and heated up to the ambient hot gastem-
perature.

Cloudy photoionisation computations allow to search for the
influence of dust and cosmic rays on the thermal instability.The
dust was extensively discussed in the previous section. We have
made test on how typical cosmic ray background can change the
shape of stability curve, and we did not observe even small effect.

It was shown in the original paper (Field 1965) that the pres-
ence of the magnetic field penetrating the electrically conducting
gaseous medium leads to several different effects that can mod-
ify the conditions for the thermal (non-gravitational) instability.
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Firstly, the internal pressure gets increased by the additional mag-
netic influence, so the pressure term must be replaced by the sum of
gas plus magnetic terms (Langer 1978). Next, the presence ofthe
magnetic field leads to an anisotropic heat flow since the motion of
electrons is greatly reduced in the direction across the field lines.
However, in the plane-parallel approximation the growth timescale
of the condensation instability is not diminished strongly, unless the
magnetic field is strictly perpendicular to the temperaturegradient
(Field 1965; van Hoven & Mok 1984). This may not be true in a
complete (three-dimensional) picture since the magnetisation will
likely lead to the creation of complex filamentary structures. Hence,
advanced numerical simulations must include this anisotropic term
(Sharma & Hammett 2007; Parrish et al. 2009). Furthermore, sup-
pression of thermal conductivity in the direction normal tofield
lines depends on the state of the medium, i.e., the case of fully
vs. partially ionized gas. Furthermore, Burkert & Lin (2000) found
that tangled magnetic fields can reduce the conductive heat flux
enough for low-amplitude fluctuations to grow and become non-
linear if their length scales are of order∼ 0.01 pc. These authors
argue that if the amplitude of the initial perturbations is adecreas-
ing function of the wavelength, the size of the emerging clumps
will also decrease with increasing strength of the magneticfield.

Therefore, the clumpiness of the mini-spiral medium caused
by the thermal instability creates a possibility of episodes with en-
hanced accretion of cold clumps towards Sgr A* and may well ex-
plain its enhanced activity in the past.

7 CONCLUSIONS

The central region of the Milky Way consists of the supermassive
black hole, a hot X-ray emitting plasma filling roughly uniformly
the space, and the filaments of the colder gas and dust. Some of
these filaments, in the form of the mini-spiral, extend down to
∼ 0.1 − 0.2 pc towards the central black hole. Here we analyzed
a possibility that the two-phase medium in the mini-spiral region
close to Sgr A* might have formed due to the thermal instability
which can develop in the irradiated medium.

We showed that the current level of the X-ray emission from
the vicinity of Sgr A* is not high enough to drive the thermal insta-
bility. However, there are strong arguments that Sgr A* was orders
of magnitude brighter in the past, about a hundred years ago.In
that case, for central luminosities higher than∼ 1039 erg s−1, in
the medium at distances 0.008 - 0.2 pc, the instability operates and
the heated medium spontaneously forms colder clumps embedded
in the hot low density plasma. Such two-phase medium exists for
hundreds of years after the turnoff of the nuclear emission since
the cooling timescale of the hot gas is very long. We have shown
that clouds located at distance higher than 0.054 pc from SgrA*,
can survive hundreds years, since this cooling/evaporation time is
shorter than free fall time at this distance. Clouds locatedcloser
toward the GC will first fall onto black hole rather than evaporate.

Thermal instability mechanism explains in the natural way the
gas pressure equilibrium between the hot and the cold plasma. It
also allows to estimate the typical size of the cold clump to be of the
order of 1014−15 cm, and the total mass of about 10 Earth masses.
It will change with the shape and strength of radiation field.But it
agrees with recent results by Shcherbakov (2014), who suggested
mass for G2 cloud from 4 to 20 M⊕.

We computed most of the results not taking dust into consider-
ation but we showed that the presence of the dust does not change
our main conclusions. The temperature of the cold clumps is not

affected by dust, since the atomic cooling is also very efficient at
temperatures∼ 104 K. The presence of the dust is extremely im-
portant for the hot material, but the dust embedded in a hot plasma
is collisionally destroyed in a timescale of a year and afterthat we
only expect the coexistence of the cold dusty phase and a hot dust-
less plasma.
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Mužić K., Eckart A., Schödel R., Meyer L., Zensus A., 2007,
A&A, 469, 993
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