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ABSTRACT

In addition to lines originating in a soft phase at ~0.8 keV and to cold molecular clouds, the X-ray spectra from the Galactic center
region also exhibit properties similar to those of a diffuse, thin, very hot plasma at 8 keV on a scale of hundreds of parsecs. This phase
is surprising for more than one reason. First, such a hot plasma should not be bound to the Galactic plane and the power needed to
sustain the escaping matter would be higher then any known source. Second, there is no known mechanism able to heat the plasma
to more than a few keV. Recently we have suggested that, hydrogen having escaped, the hot plasma could be a helium plasma, heavy
enough to be gravitationally confined. In this case, the required power is much more reasonable. We present here a possible heating
mechanism which taps the gravitational energy of the molecular clouds. We note that the 8 keV plasma is highly viscous and we show
how viscous friction of molecular clouds flowing within the hot phase can dissipate energy in the gas and heat it. We detail the MHD
wake of a spherical cloud by considering the different MHD waves the cloud can excite. We find that most of the energy is dissipated
by the damping of Alfvénic perturbations in two possible manners, namely by non-linear effects and by a large scale curvature of
the field lines. We find that the total dissipation rate depends on the field strength. For fields B < 200 uG both mechanisms produce
power comparable to or higher than the radiative losses; for strong fields B > 1 mG, only the curvature damping can balance the
X-ray emission and requires a radius of curvature R, < 100 pc; whereas for intermediate fields, the total dissipation is more than
one order of magnitude smaller, requiring a higher accretion rate. We note that the plasma parameters may be optimal to make the
dissipation most efficient, suggesting a self-regulation mechanism. The loss of kinetic and gravitational energy also causes accretion
of the clouds and may have significant action on the gas dynamics in this region between the large scale, bar dominated flow and the

central accretion to the massive black hole.
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1. Introduction

The optical emission from the Galactic center is strongly ob-
scured by dust absorption. Radio, IR and X-ray astronomy have
thus become useful tools to probe this region. The present picture
of the center region is very complex, showing supernova rem-
nants, H, regions, star clusters, extended filaments, magnetism,
star forming regions... For more than 20 years, many high energy
observations have reported an intense X-ray emission from the
Galactic center region (Worrall et al. 1982; Warwick et al. 1985).
Although a cosmic contribution has been identified as resulting
from discrete sources, the remaining Galactic ridge emission has
not been resolved yet. Some spectral properties are very similar
to those of Galactic X-ray point sources (Wang et al. 2002) but
recent Chandra observations have shown that no more than 10%
of the emission can be attributed to point sources (Ebisawa et al.
2001; Muno et al. 2004) (see however Revnivtsev et al., for a
different vue).

The Galactic ridge X-ray emission may thus be truly diffuse
and its spectrum is a powerful diagnostic to understand its na-
ture. In addition to the bremstrahlung emission, an intense highly
ionized He-like Fe emission line at 6.7 keV was first reported by
Ginga (Koyama et al. 1986). The continuum and line are ob-
served to extend out to several kpc (Yamauchi et al. 1996) with

* Appendices A and B are only available in electronic form at
http://www.edpsciences.org

http://www.edpsciences.org/aa

a typical scale height of less than 100 pc, but a strong enhance-
ment is observed in the inner 300 pc (Yamauchi et al. 1990).
These observations have then been confirmed by many others
and new H- and He-like lines from very ionized elements have
been resolved with ASCA in the .5-10 keV band (Kaneda et al.
1997). The study of these Mg, Si, S, Ar, Ca and Fe lines indicates
that the spectrum cannot be modeled with a single-temperature
thermal plasma. As a result two classes of models have been
proposed.

On the one hand, it has been proposed that the spectrum
could result from a single-temperature plasma associated with
non- or quasi-thermal mechanisms (Valinia et al. 2000; Tanaka
et al. 2000; Masai et al. 2002; Dogiel et al. 2002a,b). However,
besides the intrinsic problems of the different models, recent ob-
servations with the Chandra satellite have provided spectra more
consistent with a thermal origin (see Muno et al. 2004, for a re-
view of these models and a comparison with results of Chandra
observations).

On the other hand, authors have interpreted the spectrum
as originating from two different spectral components (Kaneda
et al. 1997; Muno et al. 2004): a soft component at k7 ~ 0.8 keV
and a hot component at kT ~ 8 keV. The soft plasma properties
are compatible with a supernova origin: its spatial distribution is
patchy and supernova shock-waves are known to generate tem-
peratures of ~1 keV.

http://dx.doi.org/10.1051/0004-6361:20054356
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The origin of the more diffuse 8 keV plasma is puzzling
and raises several questions. Assuming that the plasma has so-
lar abundances, i.e. is essentially made of hydrogen, it has been
noted that its temperature is too high for it to be gravitationally
bound to the Galactic plane (Koyama et al. 1996; Muno et al.
2004). The power required to compete with the energy losses
associated with this escaping matter exceeds the power of any
known source. An average supernova rate 102 or 10* higher than
in the rest of the Galaxy would for instance be required to heat
the hot plasma before it escapes the central region (derived from
Muno et al. 2004).

More recently, we have noticed that, at the inferred temper-
ature and density of the hot phase, hydrogen ions are weakly
collisional with other ions so that they can leave the Galactic
plane without dragging other elements with them, leaving a he-
lium plasma that is heavier and confined by gravity (Belmont
et al. 2005). As this plasma does not escape, energy losses
are dominated by radiation which occurs on much longer time
scales: ~10% yr (Muno et al. 2004). From the Ginga data of
Yamauchi et al. (1990) we derive a peak emissivity of 1.4-4.6 X
10** ergs~'arcmin=2 in the central region. This result is rather
consistent with recent observations by Chandra of the inner
20 pc which have reported a local luminosity of L = 5.-9. X
10%* ergs~! arcmin? (Muno et al. 2004). The Ginga value is an
average over a large area whereas the Chandra field is more cen-
tral and much smaller. This could explain the slight difference.
With the intermediate value, the total emission in the whole cen-
tral region is L ~ 4. x 10%7 ergs~!. This power can be provided
by reasonable sources. Nevertheless, a mechanism must still be
found that can heat the gas up to 8 keV. Supernovae for exam-
ple could provide enough energy to balance the radiative cool-
ing, but, although their temperature depends on their age and the
external pressure, SNRs have not been observed to temperature
higher than ~1-3 keV after a few hundred years, significantly
smaller than the required 8 keV.

In this paper, we assume that the 8 keV emission indeed orig-
inates in a diffuse helium plasma in the Galactic center and we
investigate the idea that the heating in this region could be pro-
vided by the friction of cold clouds with the surrounding gas.
This idea is based on two main facts.

First, many molecular clouds have been observed in CO, CS,
NHj; in the central region. The dense H, clouds of about 10 pc
size are observed to form in a ring at about 180 pc from Sgr A*,
then detach and spiral inward with a significant velocity rela-
tive to the surrounding medium, typically 100 km s~!. The large
number of moving clouds represents a huge reservoir of gravita-
tional and kinetic energy that may be used to heat the plasma.

Second, plasmas at temperatures as high as 8 keV can be
highly viscous (Braginskii 1965). This viscosity is however dif-
ferent from the usual one characteristic of neutral gases. Indeed,
in the conditions of the Galactic center, any reasonable magnetic
field fully inhibits the usual shear viscosity and so reduces by
orders of magnitude the efficiency of the corresponding viscous
dissipation. However, we will show that the remaining bulk vis-
cosity, which acts on compressional motions, is sufficient to ap-
ply a significant net viscous stress on the moving clouds. The
associated power is dissipated in the plasma and heats it.

The present paper is organized as follows: first, we describe
in Sect. 2 the Galactic center arena, its molecular and magnetic
content; then, we present the main characteristics of the viscos-
ity acting in the Galactic center in Sect. 3; we describe how vis-
cous friction with cold molecular clouds can dissipate part of
the cloud’s kinetic energy in Sect. 4, and last, we discuss the

efficiency of this heating in providing the energy required to heat
the medium in Sect. 5.

2. The central molecular zone

The Central Molecular Zone (CMZ, Morris & Serabyn 1996)
covers the first hundreds of parsecs and differs from the outer
part of the Galaxy by many features. Diffuse radio, IR and
X-ray emission are for example higher there than anywhere else
(Brogan et al. 2003; Bennett et al. 1994; Yamauchi et al. 1990).
The molecular content of this region is higher than in the outer
parts of the Galaxy and about 10% of the Galactic molecular
gas in condensed in the CMZ. The outer limit is composed by
a dense torus of gas at about 180—200 pc. At this radius, the
gas density drops from 200 My pc™2 to 5 My pc~2. Last but
not least, many non-thermal filaments are observed in the first
300 pc, which are not observed anywhere else in the Galaxy. In
this paper, we focus on a region of 150 pc radius and 70 pc high
below and above the disk, which represents the main volume of
the Central Molecular Zone (Morris & Serabyn 1996) but does
not include the dense torus. We will refer to the “inner CMZ” for
this region, which corresponds roughly to the region where the
filaments are observed. We assume that the distance to Sgr A* is
8.5 kpc.

Our model relies on tapping some of the kinetic energy of the
numerous molecular clouds in the CMZ. The statistical proper-
ties (size, mass, internal velocity dispersion...) of these H;, clouds
have been studied in many details (Bally et al. 1988; Oka et al.
1998, 2001; Miyazaki & Tsuboi 2000). These surveys reveal a
very complex medium whose nature, structure and kinematics is
not fully understood yet. For instance, their formation and bind-
ing processes are still uncertain.

More than 150 clouds have been identified but, because
of projection effects, several clumps can be observed as one
single cloud, so that the actual cloud number could be a bit
higher (Bally et al. 1988). Miyazaki & Tsuboi (2000) reported
159 clouds at Galactic longitudes —1° < [ < +1°42" and Oka
et al. (2001) detected 165 clouds in the region —08 < [ < 1%7.
However, several of them could belong to the 180-pc molecular
torus and it is not clear how many really belong to the inner part.
Launhardt et al. (2002) estimated a volume filling factor of a few
percents for this cold phase in the region r < 120 pc, |z| < 50 pc.
Assuming the clouds have a 10 pc size, we derive a correspond-
ing number of 135 clouds This region considered by Launhardt
et al. (2002) is smaller than the region we are interested in but
again, several of these clouds could belong to the front part of the
180-pc molecular ring on the line of sight. Finally, we consider
that at least 100 clouds belong to the inner CMZ.

The cloud size is fairly well constrained even if there is
uncertainty in the cloud size definition. Clouds are observed
to have radii between 1 pc and about 10 pc. Some clouds of
a few tens of parsec size are also observed but they could be
complexes of several smaller dense clouds. Miyazaki & Tsuboi
(2000) and Oka et al. (2001) derived a mean radius of 3.7 pc
and 6 pc respectively, which leads to use 5 pc as a typical ra-
dius. However, clouds are thought to have very complex shapes
and structures. They are often very extended with arc-, shell-
or lane- shapes. Also, many large clouds are composed of sev-
eral smaller clumps. Gas is observed to fill the space between the
clumps with densities <10° cm~3, lower than the mean density of
the clumps (10* cm™?). This gas is likely to give them a common
dynamics. In that sense, the clouds may have a fractal structure
similar to that of the standard ISM (Falgarone et al. 1991).
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The cloud velocity is one of the less constrained parame-
ters. Careful studies of the velocity distribution suggests that
most of the molecular gas is in a torus at about 180 pc from
the Galactic center (Kaifu et al. 1972; Scoville 1972; Binney
et al. 1991; Morris & Serabyn 1996). Molecular clouds of about
10 pc size are thought to form in this torus, then detach and spi-
ral inward with a significant velocity relative to the surround-
ing medium. The observed velocities are in a range between
Visk = —250 kms™! and Vigg = +250 kms™! (Bally et al.
1988). The clouds have a huge cloud-cloud velocity dispersion
so that it is difficult to get a reliable rotation curve. The cloud
velocity dispersion within giant molecular complexes is about
30-50 kms~!. This figure has been directly measured in vari-
ous surveys and is in good agreement with the observed scale
height of 50 pc of these complexes (Oka et al. 1998). As the
hot gas is expected to have very smooth properties, this veloc-
ity dispersion is a minimal value for the cloud velocity relative
to that gas, whatever the rotation profile is. Besides this disper-
sion, the rotation profile is not consistent with uniform circu-
lar rotation. Binney et al. (1991) have worked out that the gas
dynamics of this Central region is governed by a bar-potential.
They suggested that the molecular ring at 180 pc is a transi-
tion region, corresponding to the Inner Lindblad Resonance of
the bar: beyond this torus, the gas orbits along ellipses aligned
with the bar axis (the so called X; orbits) and inside this torus,
molecular clouds orbit on very elongated ellipses perpendicular
to the bar axis (the X, orbits). Because of its high temperature,
the 8 keV plasma is not likely to respond much to the bar po-
tential. Moreover, if the pervasive magnetic field is generated
by azimuthal currents, they must be localized in the molecular
ring, providing the gas pressure gradient necessary to balance the
magnetic pressure gradient. One can thus expect the magnetic
field lines to rotate at the torus speed and drag the hot plasma
with them. As a result, the relative velocity between the clouds
and the surrounding material can be expected to be a substan-
tial fraction of the cloud orbital speed (typically 200 kms™").
Furthermore many clouds are observed with a forbidden veloc-
ity, i.e. velocity of sign opposite to the rotation direction (I < 0,
Visk > 0and ! > 0, Visg < 0) and these velocities can be as
high as 130 kms~! (Oka et al. 1998), which would imply a huge
velocity relative to the ambient field. And last, the interpretation
of filaments as resulting from the interaction of moving clouds
with a pervasive magnetic field (as discussed below) requires a
relative velocity of 50—150 kms™!, typically 100 kms~! (Bally
et al. 1988; Sofue 2005). Will will use 100 kms~! as the mean
cloud velocity.

Many vertical filaments have been reported in the Galactic
center region (Yusef-Zadeh & Morris 1987; LaRosa et al. 2000).
These filaments are non-thermal and magnetized, which indi-
cates that the central region is magnetized too. The strength and
topology of the magnetic field is a debated issue. On the one
hand, it has been suggested that the filaments may trace a strong
(B ~ mQG) vertical pervasive magnetic field (Morris & Serabyn
1996). Because in most cases they are associated with molecu-
lar clouds, these extended structures have been suggested to re-
sult from the interaction of the pervasive field with the clouds
(Benford 1988; Morris & Yusef-Zadeh 1989; Lesch & Reich
1992; Rosso & Pelletier 1993; Serabyn & Morris 1994). To
drive vertical currents or guide accelerated particles along the
filaments, the field has to be vertical. Its strength has been de-
duced from the observation that the field lines are not distorted
by the cloud motion. This observation implies that this motion
is sub-Alfvénic. Previous estimates assumed that the magnetic
perturbations propagate in a medium of density comparable to

that of the clouds (n ~ 107> cm™?) and estimated mG strengths.
However, if the Alfvén waves propagate in the faint hot diffuse
plasma (n ~ .1 cm™), then, to keep the filaments straight over
a height of 5 times the cloud’s radius (vpo > 5v.), this only re-
quires: B > 100 uG. A strong magnetic field is also invoked to
confine the clouds. Indeed, the latter are not massive enough to
be confined by gravity. They need an external pressure to bal-
ance the internal turbulent velocity. The hot plasma pressure is
not strong enough to balance the ram pressure of the clouds but
a pervasive field with B ~ 0.5 mG could do the job (Miyazaki &
Tsuboi 2000). On the other hand, it has also been suggested that
the non thermal filaments may not trace a strong field but may
rather correspond to local enhancements of a mean field in pres-
sure equilibrium. The field could thus be lower than B ~ 1 mG
(LaRosa et al. 2000). Recent considerations on the diffuse non-
thermal radio emission gave upper limits for the mean field. If
these results are confirmed the field strength must be lower than
~100 uG (LaRosa et al. 2005). In a hot helium plasma at 8 keV,
the equipartition field is about B ~ 100 uG. In this paper, we use
this value as a reference but we also discuss the consequences of
10 uG-1 mG fields.

3. The Braginskii viscosity

We review in this section the viscosity of magnetized plasmas,
which is very different from the hydrodynamical one, usual in
neutral gases, and needs to be discussed.

3.1. General properties

Let us first consider a non magnetized plasma. Its viscosity is
isotropic and it is thus governed by the sole coefficient:

3y

wrza 0 ®

no = .96

where m; and eZ; are the mass and charge of ions constitutive of
the plasma (Braginskii 1965). We note that the temperature de-
pendance is stronger than for neutral gases (ocT''/?) because the
Coulomb cross section depends on the particle velocity whereas
hard sphere-type collisions do not. This implies that a 8 keV he-
lium! plasma is highly viscous:

5/2
) : 2

The corresponding kinematic viscosity v = n/pis then: v = 2.7x
10" cm?s™!, tens of orders of magnitude higher than in usual
fluids.

As mentioned in Sect. 2, observations of the filaments per-
pendicular to the Galactic plane can be interpreted as tracers of a
coherent, vertical magnetic field. Magnetic fields make the stress
tensor anisotropic: the perpendicular mean free path is reduced
to the Larmor radius, so that the diffusive properties are very dif-
ferent for the parallel and for the perpendicular direction. When
applied to the transport of perpendicular momentum, it is found
that the shear viscosity implying terms in d;v; is reduced by the
magnetic field whereas the bulk viscosity implying terms in 9;v;
remains unchanged (Braginskii 1965). In a general manner, five
different coefficients determine the stress tensor of a magnetized
plasma. All of them can be expressed from 79 as negative powers
of Q.7 where Q. is the cyclotron frequency and 7 is the collision

kgT
8 keV

n=630gcm!s7! (

! The viscosity of a hydrogen plasma would be 8 times higher.
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time. When the field is strong enough, all of them vanish but 7.
The collision time of the 8 keV helium plasma is (Belmont et al.
2005):

T V20 n
=46 % 10° ( ) .
=46 107yr (8 keV) 035 cm? ®

Even for the lowest estimates of the magnetic field strength (B ~
1 uG), the ratio of the highest coefficient to 1 is: 17y /170 ~ 10720,
The shear viscosity in the Galactic center region is fully inhibited
by the magnetic field and only the bulk viscosity can dissipate
energy. The bulk viscous stress is (Braginskii 1965):

1
F = Mo (gVD—6|D e|) (4)

where the subscript || notes vector components along the field, e
is the unit vector pointing along the field direction, and

D=Vuv- 36HU” (5)

is strongly related to the fluid compression. The associated
power locally dissipated by the bulk viscosity is simply:

1o
q9=—=

2
3D. (6)

The implications of this viscosity are quite different from those
of the shear viscosity. In particular, the Reynolds number may
not be pertinent to characterize the viscous regime of a flow. For
the typical cloud velocity v, and radius ., the Reynolds number
would be:

re Uc
R. = 0.06 S
¢ (5 pC)(IOOkms")

% P kBT
2x10% gecm=3 )\ 8 keV

-5/2
) @)

which would indicate an extremely viscous plasma. However,
this number was defined as the ratio of the inertial force over the
viscous stress for a shear viscosity. The latter depends on terms
in d;v; which are of the order of v./r. whereas the bulk viscos-
ity implies terms as d;v; which can be much smaller. As a con-
sequence, the dimensionless number corresponding to the bulk
viscosity, Rp, is larger than the Reynolds number. For the cloud
motion in the Galactic center, we can only ensure that Rg > .06
and as a result, the flow around molecular clouds must be studied
in details to be able to determine its viscous regime.

3.2. First example

To better characterize the way the bulk viscosity acts on the flow,
we perform here a 2D analysis. We study the flow around an in-
finite cylinder whose axis is parallel with the ambient magnetic
field. For a 2D flow invariant along the field direction, gy = 0
and D reduces exactly to the flow divergence: D = V,.v, . A so-
lution for the flow is presented as online material in Appendix B;
and it is found that, in this geometry, the magnetic field only acts
as an additional pressure. The solution is thus the same as for a
neutral gas, except that the wave propagation speed is the trans-
verse fast magnetosonic velocity vg. In that sense, the flow can
be regarded as only resulting from standing and propagating fast
perturbations. In the low-g limit (B 2 100 uG), the dispersion
equation for fast waves is: w? = k*vi. The cloud only excites

waves with w ~ v./r. and k ~ 1/r.. The Alfvén Mach number
in the hot and faint phase is:

P 12 B ! v
- 0.17 ( ) ¢ 8
A (10‘25gcm‘3) .1mG (IOOkms_l ®)

so that the clouds of the Galactic center region are very sub-
Alfvénic. The cloud motion thus does not efficiently excite fast
waves and we find that the flow around the cylinder is mostly
incompressible. The first compressible contribution only appears
to the order (v /vp)*:

Vo~ vf:/ruvc. ©)]
This leads to define a 2D bulk Reynolds number:

Rop = 322 (Ui)_z-

14 UF

(10)

We see that the stronger the magnetic field, the higher the bulk
Reynolds number. It has already been noted that the magnetic
field inhibits the shear viscosity; we see here, for this 2D case,
that it also lowers the efficiency of the bulk viscosity. Typically,
the bulk viscosity is reduced by 2 orders of magnitude. For the
properties of the Galactic center gas, the 2D bulk Reynolds num-

ber is:
5 e Ve _1( B )2 kgT 52 (11
5pc/\ 100 km s™! 1mG/ \8keV

The 3D situation is much more complex and it is not obvious
how the 2D conclusions can be adapted. First, in a fully three
dimensional problem, the viscosity stress depends on the paral-
lel motion of the flow. If vy < V,.v,, the 2D analysis holds
and the above dimensionless number can be used to determine
the viscous regime. On the contrary, if djv; ~ vc/r., the real
Reynolds number corresponds to the bulk Reynolds number.
And in between, when v ~ V.v_, the bulk Reynolds number
is intermediate. Thus the regime can be highly or weakly vis-
cous depending on the exact flow properties. Second, whereas in
this 2D example only the fast waves seems to play a role, other
modes, namely the Alfvén and slow ones make the flow proper-
ties in 3D very different from this simple example. As a conse-
quence, a precise description of the 3D flow around a spherical
cloud is required to estimate the power dissipated in the plasma.

Rop =

4. Friction

In this section, we investigate how the viscosity can dissipate
the energy of the molecular clouds in the plasma. For the sake
of simplicity, we assume that the viscosity is not strong enough
to modify the flow. We can first characterise the flow around
one single cloud for an inviscid plasma. The dissipation is then
estimated by using this inviscid solution and the viscosity prop-
erties.

4.1. The clouds wake

In this section, we refer to already existing literature to char-
acterise the wake of molecular clouds flowing in the Galactic
center region.

It is often assumed that strong currents can exist at least at
the cloud surface. If the non-thermal filaments result from the
field-cloud interaction, the clouds must be conducting, at least
at their surface. Several processes can ionize the clouds enough
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Fig. 1. Schematic view of the MHD wake a a spherical cloud.

to achieve a high conduction, such as the irradiation by local
sources (stellar clusters for example, Morris & Serabyn 1996;
Morris 1996) or the Alfvén critical velocity ionization effect
(Galeev et al. 1986; Morris & Yusef-Zadeh 1989). In the fol-
lowing, we will assume that they are perfect conductors. We are
thus interested in the wake of a conductor moving in a magne-
tized plasma.

The behavior of electrically conducting bodies embedded
in a flowing plasma has already been investigated but in dif-
ferent astrophysical conditions. Drell et al. (1965) were among
the first to address this question. Their goal was to explain the
anomalous drag experienced by the Echo I artificial satellite in
the earth magnetosphere. They introduced the important con-
cept of “Alfvén wings”, which are standing Alfvén waves at-
tached to the conductor. Many studies were also dedicated to the
Alfvénic wake of the Jovian satellite o, which is thought to have
a good electrical conductivity (Goldreich & Lynden-Bell 1969).
An exact solution was found for the wings (Neubauer 1980;
Southwood et al. 1980; Neubauer 1998), which gives predic-
tions for flow and field perturbations in excellent agreement with
observations from Voyager 1 (Acuna et al. 1981; Belcher et al.
1981; Barnett & Olbert 1986). Also, the possible contribution to
the wake from non Alfvénic perturbations was early suggested
(Chu & Gross 1966; Wolf-Gladrow et al. 1987; Linker et al.
1988). By considering conservation laws, Wright & Schwartz
(1990) have shown that indeed the Alfvén wings cannot exist on
their own: other disturbances must exist. In the MHD approx-
imation three different modes can propagate in the plasma: the
Alfvén mode but also the slow and fast magnetosonic ones. The
motion of a moving body excites a priori the three modes so that
the wake can be interpreted as constituted by three components.
When the only source of disturbance is assumed to be the body
itself, all the waves excited in its vicinity propagate away. As
their propagation properties are different (see below), they can
spatially separate and the three components can be easily iden-
tified at large distance. The general picture of such a wake is
presented in Fig. 1. Numerical simulations present results very
similar to this simple sketch. They confirm in particular the main
properties of the Alfvén wings and show evidence for the slow
and fast magnetosonic perturbations in the wake (Linker et al.
1988, 1991, 1998). However, because of their higher complexity
compared to the Alfvénic ones, the non Alfvénic disturbances
were very little studied.

Since the three MHD modes have different properties, they
are not subject to the bulk viscosity with the same efficiency (see
Sect. 4.2). It is thus important to estimate their respective ampli-
tude. The coefficients which determine the relative contribution

of the three modes to the wake depend on the exact conditions
at the cloud surface, such as the cloud speed, its shape, its con-
ductivity, the magnetic flux its carries etc. The characteristics of
the cold molecular clouds in the Galactic center region are dif-
ferent from those of Io and the artificial satellites and they may
not excite the three modes in the same manner as satellites do.

The relative velocities in the Galactic center are in particular
very different from those of the satellites wake previously stud-
ied in the literature. The motion of satellites like Io or Echo I is
rather fast compared to the wave speed: v. ~ ¢; ~ va, Whereas
we are interested in very subsonic motions: v, < ¢s S va. For
this reason, our conclusions cannot be compared directly to the
results of numerical simulations that exhibits solutions for low
Mach numbers: my = .5 and mg = .5—1 (Linker et al. 1988,
1991, 1998).

In the following, we will extensively refer to the solution
proposed by Neubauer (1980), which describes the wake of a
magnetized satellite carrying the same magnetic field as in the
surrounding medium. The magnetization of molecular clouds is
not well understood. Their conductivity can be expected to be
high enough to significantly prevent the magnetic field to dif-
fuse in or out of the cloud on the crossing time of the cloud so
that the magnetic flux threading the cloud remains constant on
this typical time scale. The present magnetization thus depends
on the poorly constrained initial magnetization and on the cloud
history on long time scales. It is often argued that the field inside
the clouds is made of external field lines which are tangled by
the turbulent velocity of the inner clumps. The clouds magneti-
zation must thus be a finite fraction of the external one. On the
one hand, the cloud ionisation may be only partial so that the dif-
fusion time may be shorter than the cloud life time. In such case,
the magnetic field lines may have diffused on long time scales as
the cloud moves, so that internal and external fields could now
be comparable. On the other hand, it has been proposed that the
external magnetic pressure could be responsible for the clouds
confinement, pointing to a weaker cloud magnetization. The case
where the cloud does not carry any field is very complex and has
not been studied in details. Nevertheless, it has been proposed
that this case would lead to an exact solution different from the
wake with a strong magnetization, but with similar general prop-
erties (Neubauer 1998, Sect. 5.1.2). For the sake of simplicity,
we will thus assume that the clouds carry fields lines with com-
parable strength to those of the external medium.

In the next three subsections, we describe the properties of
the different modes and their respective amplitude for the sub-
sonic motion of a conducting body in a strongly magnetised
plasma (8 < 1). We stress in particular the compression and the
parallel velocity which govern the dissipation efficiency. From
now on, we refer to the vertical direction as the field aligned one
and the horizontal plane as the plane perpendicular to B and in-
cluding the cloud-field relative velocity. The subscript || refers to
the direction parallel to magnetic field, whereas the subscript L
refers to the components perpendicular to the mean field. We use
the frame moving with the cloud.

4.1.1. The Alfvén wings

The Alfvénic component of the wake has been most studied.
Since the MHD equation admit a non-linear solution for the
propagation of Alfvén waves, an exact non-linear solution has
even been presented by Neubauer (1980).

The Alfvén waves are excited at the cloud surface by the
transverse velocity and the conditions on the electric field;
namely, the electric field tangent to the cloud surface has to
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vanish in the comoving frame. Their propagation is strictly along
the field lines, which act as a guide. Thus their amplitude does
not decay by geometric effects, as it would do if they were emit-
ted isotropically. As the Alfvénic perturbations travel vertically,
the flow drags them horizontally. As a result, the Alfvén waves
excited in the cloud vicinity are always located along the Alfvén
characteristic, forming the so called “Alfvén wing”. There are
two of them, one on each side of the cloud, corresponding to
the two possible directions along the field. Each wing axis cor-
responds to an invariant direction. They are inclined at an an-
gle ap = tan~! m, from the vertical direction. The clouds are
very sub-alfvénic, so that the Alfén wings are almost vertical:
ap ~.02-0.2 for B~ .1-1 mG.

By means of the Alfvén waves, the condition E = 0 at the
conductor surface propagates along the field lines, so that the
comoving electric field vanishes in the whole flux tube thread-
ing the cloud, forming a cylindrical wing. Inside the wing, the
magnetic field is aligned along its axis and the perpendicular ve-
locity vanishes. The cloud thus entrains the whole flux tube and
its full content along with it. As mentioned earlier, we assume in
first approximation that the field threading the cloud is compa-
rable with the external field. The wing size is thus of the order
of the cloud diameter. Outside the wing, the stream and external
field lines avoid the cylinder: this corresponds to perturbations
decaying as 1/r*> where r is the distance to the wing axis. The
surface of the cylinder is characterized by a current sheet which
closes the currents generated within the conducting cloud. In the
solution given by Neubauer (1980), each wing corresponds to a
Poynting flux of:
Fa = nr’puloa. (12)
As the stream avoids the whole flux tube, the perturbed velocity
is comparable with the cloud velocity: 6v, /u. ~ 1 inside and in
the vicinity of the cylinder. This wing is fully incompressible:
op/p = 0, even at the non-linear stage. The linear solution has
no parallel velocity, so that the linear Alfvén wing has D = 0
and no dissipation. However, the non-linear solution allows a
small parallel velocity which allows a finite D and thus a small
dissipation. When expanded to the first non-linear order, it is
found that:

(13)

U)/ve ~ ma.

As we will see, the Alfvén wing derived by Neubauer is the main
contribution to the wake, but it does not fully satisfy the bound-
ary conditions at the cloud surface, so that contributions from
the other modes are needed.

4.1.2. The slow wings

For instance, the parallel velocity found in the non-linear solu-
tion for the Alfvén wings induces a net outflow. As the cloud
cannot provide this material, this mass flux must be balanced
by other perturbations. The respective role of the fast and slow
modes is not well understood. Wright & Schwartz (1990) sug-
gested that the matter supply can be at least partially attributed
to the slow perturbation.

The general propagation of slow magnetosonic modes is
more complex than that of Alfvén ones but, in the low-£ limit,
the slow waves are also guided along the field lines. As Alvén
perturbations do, they are thus able to form wings on both sides
of the clouds. The slow modes however propagate with a veloc-
ity close to the sound speed, slower than the Alfvén one, so that

the slow wing angle a; = tan~! m; is larger. For a typical sound

speed of 1000 km s~!, &, = 0.1. For mG fields, the slow wing
separates from the Alfvén wing at an altitude h =~ 2r./ms, i.e.
~100 pc. For lower fields, they separate even farther, but when
the field is in equipartition or weaker, slow waves do not strictly
propagate along the field lines, so that they do not form a truly
infinite wing. As long as the field is not too weak, the global
shape is however similar. Since we consider a 70 pc height re-
gion, the two wings are thus superimposed in the whole emission
region for any field strength we consider in this paper. In the lin-
ear approach, we can however study them independently. In the
following, we will assume that the parallel velocity of the slow
wave balances the parallel velocity of the Alfvén wings. The po-
larization relation of slow waves gives:

k“kJ_
kz .

v, = _B (14)

The slow wings are almost vertical so that ky/k;, ~ ms < 1.
As aresult, the transverse perturbed velocity remains very small
in comparison to the relative velocity and to the Alfvénic trans-
verse velocity. From the slow mode properties, we also get the
perturbed density: dp/p ~ mams. Since the motion of molecu-
lar clouds is subsonic and sub-Alfvénic, the compression is very
weak: 0p/p < 1. In the low-8 limit where the slow waves form
a wing, the quantity D in the slow wings is dominated by the
contribution of the parallel velocity: D ~ —2kjv.

4.1.3. The fast perturbation

It is likely that fast perturbations are also excited. It has already
been mentioned that the Alfvénic perturbations in the solution
from Neubauer (1980) extend beyond the cylinder frozen in the
cloud. Nevertheless, the Alfvénic perturbations directly excited
by the cloud surface can only propagate in the flux tube thread-
ing the cloud and Alfvénic perturbations propagating on exter-
nal field lines cannot be excited by the cloud itself. They must
be non-linearly excited by an other mode which would directly
be generated by the cloud. The slow mode is guided by the field
lines and can not contribute to this excitation, so that only a fast
perturbation extending around the cloud can be responsible for
the external structure of the Alfvén wing. This shows that the lin-
ear analysis must be handled with care, but also that there must
be a fast component in the wake.

The general propagation of fast magnetosonic modes is com-
plicated too but, in the low-8 limit, the fast waves propagate
isotropically, as simple sound waves at the Alfvén speed. They
thus cannot form a wing and their amplitude decays with the dis-
tance to the source. As a result, the fast perturbations excited by
the cloud remain localized in its vicinity, just as in the classical
hydrodynamical wake.

Because of the spherical propagation of fast waves, it is not
easy to derive an estimate for D in a fully 3D case. We can how-
ever try to rely on the 2D results. We have found that, for a sub-
sonic and sub-Alfvénic motion, the cloud cannot excite waves
that satisfy the dispersion equation of fast modes, so that the
compression is very weak: dp/p ~ mi. We moreover note that
this is also the case for a general 3D wake in a non magnetised
gas. The same conclusions must apply in 3D for our MHD flow.
We will thus use this relation for our following estimates. In the
low-g limit, the polarization relations of the fast plane waves
give: kyyy = Bkyv,. Assuming it is still the case for spherical
waves, we find that the parallel velocity has only a very small
contribution in the quantity D, so that it is dominated by the per-
pendicular flow divergence: D ~ V.v, . If not, this result can be
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used as a minimal estimate of the dissipation in the fast pertur-
bation.

4.2. Viscosity efficiency

Because of their different properties, viscosity acts differently on
the 3 components. In the absence of any other cooling mecha-
nism, the dissipation efficiency can be determined by comparing
the power dissipated by viscosity and the X-ray emission in the
whole central region:

Lz4><1037ergs_1( ) (15)

70 pc
Here we specify this efficiency for the three different wake com-
ponents.

4.2.1. The Alfvén wings

As mentioned earlier, the Alfvén waves are incompressible, and
have no parallel motion in their linear form. Hence, in the Alfvén
wing, D = 0 and there is no dissipation due to the bulk vis-
cosity. To lowest order, the energy in the Alfvén wings thus
leaves the central region without being damped nor heating the
plasma. However, we find that the integrated Poynting flux for
both wings of the N, clouds in the Galactic center is typically
one order of magnitude higher than the X-ray luminosity:

2
N, T, B
Fa = 2.%10% -1( °) c (—)
a = e A0S 100 ){5pc) \TmG

0 1/2 2
C

X .

(2>< 10-25gcm-3) (IOOkm s“)

It is thus natural to wonder if secondary effect could dissipate a
small fraction of this large energy. For 100 uG fields, 10% would
be required whereas for mG fields, only 1% is needed. In gen-
eral, the damping of Alfvén waves is not very efficient, but differ-
ent processes can dissipate a small fraction, as for example small
magnetic irregularities, density gradients... Here, we concentrate
on two possible viscous mechanisms: the damping of the non-
linear parallel velocity and that resulting from a small compress-
ibility of Alfvén waves propagating along magnetic field lines
which have a large scale curvature.

As mentioned previously, Neubauer (1980) could exhibit an
exact non-linear solution for the Alfvén wings. This solution,
although it is incompressible, involves a small parallel velocity
which allows dissipation by the bulk viscosity. From Eq. (13) we
derive D ~ 3mivC /rc. As long as the viscosity does not dissipate
the whole energy flux, we can estimate the energy dissipated
along the wing up to an altitude of 70 pc by summing the lo-
cal dissipation rate over this height. For 100 clouds, we get the
dissipation:

N, h ksT
= 2.x 107 ergs”! (5]
Qni XA eres  {100/( 70 pe ) | B kev

2 6
et () (2
(2>< 10‘25gcm‘3) (IOOkm 5‘1) 1mG

Since the non linear parallel velocity is proportional to v./va,
the magnetic field strongly inhibits this non linear dissipation
and for fields above equipartition, this power is less than the ra-
diative cooling. However, we find that for fields lower or equal
to 100 uG, this energy is comparable with the radiative losses
and can therefore account for the plasma heating.

-4
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Fig. 2. Illustration of the compression associated with the propagation
of Alfvén-like perturbation in a curved magnetic field. The field lines
are represented by the parallel curves and define a local Alfvén veloc-
ity va, R, is the curvature radius and v, is a transverse perturbation along
the curvature direction. For straight lines, the Alfvénic transverse per-
turbation has no compression, whereas in a curved geometry, the vol-
ume of small elements of flux tubes changes with the distance to the
curvature center: any displacement towards the curvature center drives
a compression and any displacement away from the curvature center
drives a depression.

On the other hand, the observed non-thermal filaments seem
to be slightly bent, which may trace a large scale curvature. From
observations, we estimate the radius of curvature being of the
order of 100 pc. This is consistent with the hypothesis that the
large-scale vertical magnetic field might be due to currents in
the molecular torus at 150 pc. In such conditions, the usual de-
scription of plane waves can not be applied exactly. In the limit
where the radius of curvature is large in comparison with the
wavelength, modes can be identified with the usual Alfvén, slow
and fast ones, but with slightly different properties. For instance,
Alfvén waves become weakly compressional: any Alfvénic dis-
placement perpendicular to a curved mean field experiences a
compression or a depression depending whether it points to or
away from the curvature center. This is illustrated in Fig. 2.
This property can be interpreted as a coupling between the slow
and Alfvén waves in a curved magnetic field (Southwood &
Saunders 1985). From Fig. 2, we can estimate the divergence
of any Alfvénic perturbation to be of the order of:

v
Vo~ —

C

where v, is the perturbed velocity component projected along the
curvature direction and R, is the local radius of curvature. Since
they are compressible, Alfvén waves in a curved magnetic field
can be damped by the bulk viscosity, even at their linear stage.
A more detailed treatment is presented in Appendix A (online
material) where we show that the quantity D responsible for the
dissipation is actually:

20, c2
DAZ = R—(l —3—23]

c U

In the low-g limit, the corresponding dissipation for N, clouds is:
Nen( h \[ keT \
= 3.x 10V —1( C)
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We see that when v3 /c? ~ 3, i.e. when B ~ 300 uG there is no
dissipation. This is however a limit between to domains where
the dissipation is significant. On the one hand, for stronger fields,
the dissipation tends to a finite value which depends on the cur-
vature radius. We find that a curvature radius R, < 100 pc is re-
quired for the damping to balance the radiative cooling in a mG
field, which may be consistent with the observations. And on the
other hand, for weaker fields, the dissipation is quickly compara-
ble with the radiative losses and can become orders of magnitude
stronger if the field strength is smaller than 100 G. Obviously,
the bulk viscosity cannot dissipate more that the Poynting flux.
When our estimate exceeds the energy flux of the Alfvén wings,
the viscosity starts changing the flow properties and our estimate
fails. A full treatment of the viscosity is then required. However,
it is likely to give a saturated solution where the Alfvén flux is
fully dissipated and this energy is more than needed to balance
the radiative cooling.

4.2.2. The slow wings

We have assumed the parallel velocity of the slow wing to be
similar to that in the Alfvén wings. By the polarization relations
of slow waves, this fully determine the slow wing amplitude and
gives in particular D ~ mamgv./r.. When 8 < 1, this is larger
than in the Alfvén wings because the slow wings are more in-
clined. To estimate the power dissipated in the whole central re-
gion, we can again sum the local dissipation rate over a height
of 70 pc, and we find that the 100 clouds of the Galactic center
can provide

Ne[ h T\~
s ()
Os = 3x10%eres ™ | 156 )| 70 pe ) \ S ey
(o) (3a)
1073 gem=3 J\.1 mG

6 -2
Uc Cs
X .
(100 km s-l) (1000 km s-l)
We find that the power dissipated in the slow wing is one order

of magnitude lower than the radiative losses. To reach a balance,
weaker fields or a higher accretion rate are thus needed.

(20)

4.2.3. The fast perturbation

Fast waves are compressible. They could then be expected to be
responsible for a strong dissipation. However, as we have seen,
since the motion is subsonic, the compression remains weak
whereas the velocity perturbation is large. If vy < V_..v., the
results found in the two-dimensional analysis are still valid in
3 dimensions and D ~ m2A11C /re. This value is comparable with
the non-linear Alvénic D. However, contrary to the latter, the
fast perturbation is located in the cloud vicinity. The total effi-
ciency is thus lower. We can estimate the total power dissipated
by multiplying the 2D results by the height of the cloud 2r..
This leads to:

Nev( h \( ksT \*
= 2.x10% - ( °) —
O = 2.x10%ergs ™ {165 )\ 5p¢ ) 8 kev

S . S
10 gem3/ \100kms™!/ \.1mG

This is two orders of magnitude too small to contribute signifi-
cantly to the dissipation. As we have noted earlier, if the parallel
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Fig. 3. Total dissipation versus magnetic field strength for different radii
of curvature R.. The power is normalized to the X-ray luminosity in the
Galactic center region, so that 1 is the power required to balance the ra-
diative cooling. Contributions Q4;, Qs and Qf for the power dissipated
in the Alfvén wing by non-linear effect, in the slow wing, and in the fast
perturbation respectively, are also plotted, although the estimates for the
slow and fast perturbations lose accuracy below 100 uG.

velocity plays a more important role in the 3D situation, then this
might underestimate the dissipation. Moreover, even if the fast
perturbation amplitude and the associated dissipation decay with
distance to the cloud, the dissipation integrated over far spheri-
cal shells might remain significant. This would lead to using a
larger scale height. It is thus possible that the total dissipation in
the fast perturbation is stronger than the above estimate. A more
detailed treatment is therefore required but the dissipation is un-
likely to dominate over the Alfvénic dissipation, so that we do
not discuss this possibility further on.

5. Discussion and conclusion

As a conclusion, we find that the dissipation is different in each
component of the wake and that the global efficiency depends
on the field strength. For all strengths, dissipation within the fast
and slow wings is negligible and most of the dissipation occurs
in the Alfvén wing. We find that the dissipation resulting from
the curvature of field lines dominates for any field. Figure 3
shows the total dissipation and contributions for each wing, as
a function of the field strength. Three domains can be observed:

— For low fields: B < 100 uG, both the non-linear and the cur-
vature damping dissipate enough power to balance the X-ray
luminosity. The dissipation due to the curvature of field lines
seems to be dominant, for any reasonable radius of curvature.
In this strength range for the magnetic field, the dissipation
in the Alfvén wings can be responsible for the plasma heat-
ing.

— For intermediate fields: B = 0.2—0.5 mG, the dissipation is
more than one order of magnitude lower than the losses by
radiation.

— For strong fields: B > 1 mG, we find that none of the com-
ponents can dissipate enough energy to balance the radiative
cooling in a straight geometry. Nevertheless, a large scale
curvature with R, < 100 pc would be responsible for a suffi-
cient dissipation.

We see that except for the indirect dissipation, the magnetic field
strongly limits the efficiency, favoring low fields. However it
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must be kept in mind that, for too weak fields, some of our re-
sults are not valid anymore. Indeed, we used the low-8 plasma
limit to allow a very simple characterization of the slow and fast
perturbations. In this limit, the slow modes are guided and the
propagation of fast sonic modes is isotropic. When B < 100 uG,
the field is below equipartition and the properties of the fast and
slow waves are more complex. However, it is likely that as long
as the field is not too weak (B > 10 uG), our related conclu-
sions remain valid in order of magnitude. The description of the
Alfvén wing does not depend on any assumption on the field
strength, so that even for weak fields, our related conclusions
still hold.

Our model however strongly depends on the field geometry,
which is debated too. The field has for example been suggested
to be turbulent and mostly toroidal as in the rest of the Galaxy
(Tanuma et al. 1999). In such case, our results cannot be applied
to describe the interaction of the cold molecular clouds with the
magnetic field. Nevertheless, the viscosity may still play a role.
In a vertical field, most of the energy can flow away as Alfvén
waves without being dissipated. In a turbulent medium, it has to
stay within the plane. Coupling with other modes finally gen-
erates compressible modes which then have to be damped by
viscosity. For these reasons, it is likely that, even in a turbulent
field, the motion of the molecular clouds can participate to the
plasma heating. The dissipation in a turbulent medium requires
a dedicated investigation and it is not excluded that it might be
even stronger than in the straight geometry.

These results also depend on the statistical properties of the
clouds, which are poorly constrained. In particular, we have as-
sumed clouds of spherical shape, which is obviously not accurate
for the clouds in the Galactic center. The dissipation generated
by their extended shapes and fractal structure cannot be easily
derived, but local enhancements of the fluid compression are ex-
pected so that the global heating could be stronger. Following
the 2D analysis presented in Appendix B, we computed numer-
ically solutions for non-cylindrical clouds flowing in a viscous
medium. We found that multi-pole shaped clouds may dissipate
several times more than a simple spherical cloud. The real struc-
ture of the clouds is far more complex than multi-poles and could
result in an even more efficient dissipation.

The dissipation rate in the non-linear Alfvén wings, the slow
wings and the fast perturbation also strongly depends on the
cloud velocity: Q o 18. Any uncertainty on the estimate of this
parameter can therefore have a strong effect on the order of the
dissipation. In particular, in our estimates, we used an average
value for the velocity whereas we should integrate the power re-
sulting from each cloud over the velocity distribution. Such an
integration would favor the fastest clouds and give a higher total
dissipation rate. As the cloud velocity dispersion is large, this ef-
fect may be important enough to make the dissipation in the slow
wing competitive with the radiative losses, even for intermediate
field strengths.

We also note that the accretion of clouds from the molecular
ring at 180 pc is not thought to be continuous. Some clues seem
to indicate that it could be strongly intermittent with catastrophic
events every ~107 yr (Stark et al. 2004). The number of clouds
and their velocity are expected to be higher during these events,
providing a stronger heating. Because the radiative cooling time
is very long (>10% yr) compared to the inter-event time, such a
past heating would not be distinguished from a present one.

A very interesting property of this heating mechanism is that
the viscosity regime seems to correspond exactly to the maximal
efficiency for dissipation. We have presented here a MHD analy-
sis of the cloud-field interaction. This holds as far as the collision

time is shorter than the typical time scale of the problem. From
Eq. (2), it is seen that when the friction heats the plasma, the
latter becomes more and more viscous. But meanwhile, the col-
lision time increases (Eq. (3)). The plasma thus reaches a tem-
perature where the regime becomes collisionless. If the tempera-
ture keeps growing, the collisions become so rare that the results
from Braginskii (1965) fail. The wave-particle interaction must
then be studied in a kinetic formalism, leading to damping by
magnetic pumping; but as the viscosity basically results from
collisions, it must drop in the collisionless regime. The maxi-
mal dissipation is thus reached when the collision time is of the
same order of magnitude as the typical time scale of the problem.
In the case of the cloud motion, this time is the cloud crossing
time: At = r./v. ~ 48 x 10 yr, showing that the conditions
are optimal for a maximal dissipation. This naturally suggests a
self-regulation mechanism where the viscous friction heats the
plasma to the temperature that makes the regime weakly colli-
sional. Then, the efficiency drops and the temperature saturates.
Given the strong dependance of the dynamical viscosity and the
collision time with temperature, this gives a precise saturation
temperature, which could be kg7 = 8 keV.

The overall interaction of the moving cloud with the ambi-
ent field exerts a drag on the cloud and must slow it down, caus-
ing it to accrete toward the Galactic center. In the processes we
have presented here, most of the energy taken from the cloud
goes away as Alfvén waves, of which only a fraction is dissi-
pated by the viscous processes we have described. The rest of
the energy leaves the X-ray emitting region without contribut-
ing to the heating but does participate to the drag on the cloud.
This phenomenon successfully explained the unexpected drag on
Echo I (Drell et al. 1965) and may be significant for the molec-
ular clouds too. We estimate this energy to be 2 ~ 10%® erg s!
per cloud. This gives a typical drag-induced radial velocity of
v ~ 1 km s7!(B/1 mG) and an accretion time of ~10% yr
(B/1 mG)~". For strong fields, these results are comparable with
the other accretion mechanisms such as the dynamical friction
with stars (Stark et al. 1991). They are also consistent with the
accretion rate needed to sustain a constant accretion from the
external molecular torus at 180 pc and explain the mass profile
(Morris & Serabyn 1996). The pervasive field in the Galactic
center may thus significantly contribute to driving the gas accre-
tion.

As a conclusion, we find that in spite of the strong vertical
field, the viscosity in the Galactic center region can dissipate
enough of the kinetic energy of the molecular clouds that orbit
in the CMZ to balance the X-ray luminosity. This process not
only provides the necessary power, but is also able to bring the
gas to the observed temperature of 8 keV, which turns out to
be the one where this process is most efficient. It should also
contribute to the drag causing the clouds to accrete at this inter-
mediate scale between the large-scale, bar-dominated flow and
the smaller scale of the central black hole vicinity.

Acknowledgements. The authors thank M. Morris, M. Muno, S. Cowley and T. Chust for
numerous and very enriching discussions.

References

Acuna, M. H., Neubauer, F. M., & Ness, N. F. 1981, J. Geophys. Res., 86, 8513

Bally, J., Stark, A. A., Wilson, R. W., & Henkel, C. 1988, ApJ, 324, 223

Barnett, A., & Olbert, S. 1986, J. Geophys. Res., 91, 10117

Belcher, J. W., Goertz, C. K., Sullivan, J. D., & Acuna, M. H. 1981, J. Geophys. Res., 86,
8508

Belmont, R., Tagger, M., Muno, M., Morris, M., & Cowley, S. 2005, ApJ, 631, L53

Benford, G. 1988, ApJ, 333,735

Bennett, C. L., Fixsen, D. J., Hinshaw, G., et al. 1994, ApJ, 434, 587

Binney, J., Gerhard, O. E., Stark, A. A., Bally, J., & Uchida, K. I. 1991, MNRAS, 252, 210



24 R. Belmont and M. Tagger: Viscous heating in the GC

Braginskii, S. I. 1965, Rev. Plasma Phys., 1, 205

Brogan, C. L., Nord, M., Kassim, N., Lazio, J., & Anantharamaiah, K. 2003, Astron. Nachr.
Suppl., 324, 17

Chu, C. K., & Gross, R. A. 1966, AAIA J., 4, 2209

Dogiel, V. A., Inoue, H., Masai, K., Schonfelder, V., & Strong, A. W. 2002a, ApJ, 581, 1061

Dogiel, V. A., Schonfelder, V., & Strong, A. W. 2002b, A&A, 382, 730

Drell, S. D., Foley, H. M., & Ruderman, M. A. 1965, Phys. Rev. Lett., 14, 171

Ebisawa, K., Maeda, Y., Kaneda, H., & Yamauchi, S. 2001, Science, 293, 1633

Falgarone, E., Phillips, T. G., & Walker, C. K. 1991, ApJ, 378, 186

Galeev, A. A., Gringauz, K. I, Klimov, S. I, Remizov, A. P., & Sagdeev, R. Z. 1986,
Geophys. Res. Lett., 13, 845

Goedbloed, J. 1971, Physica, 53, 501

Goedbloed, J. P. H., & Poedts, S. 2004, Principles of Magnetohydrodynamics (Cambridge,
UK: Cambridge University Press)

Goldreich, P., & Lynden-Bell, D. 1969, ApJ, 156, 59

Hain, K., & Liist, R. 1958, Z. Naturforsch., 13a, 936

Kaifu, N., Kato, T., & Iguchi, T. 1972, Nature, 238, 105

Kaneda, H., Makishima, K., Yamauchi, S., et al. 1997, ApJ, 491, 638

Koyama, K., Makishima, K., Tanaka, Y., & Tsunemi, H. 1986, PASJ, 38, 121

Koyama, K., Maeda, Y., Sonobe, T., et al. 1996, PAS], 48, 249

LaRosa, T. N., Kassim, N. E., Lazio, T. J. W., & Hyman, S. D. 2000, AJ, 119, 207

LaRosa, T. N., Brogan, C. L., Shore, S. N., et al. 2005, ApJ, 626, L23

Launhardt, R., Zylka, R., & Mezger, P. G. 2002, A&A, 384, 112

Lesch, H., & Reich, W. 1992, A&A, 264, 493

Linker, J. A., Kivelson, M. G., & Walker, R. J. 1988, Geophys. Res. Lett., 15, 1311

Linker, J. A., Kivelson, M. G., & Walker, R. J. 1991, J. Geophys. Res., 96, 21037

Linker, J. A., Khurana, K. K., Kivelson, M. G., & Walker, R. J. 1998, J. Geophys. Res., 103,
19867

Masai, K., Dogiel, V. A., Inoue, H., Schonfelder, V., & Strong, A. W. 2002, ApJ, 581, 1071

Miyazaki, A., & Tsuboi, M. 2000, ApJ, 536, 357

Morris, M. 1996, in Unsolved Problems of the Milky Way, IAU Symp., 169, 247

Morris, M., & Serabyn, E. 1996, ARA&A, 34, 645

Morris, M., & Yusef-Zadeh, F. 1989, Ap]J, 343, 703

Muno, M. P, Baganoft, E. K., Bautz, M. W., et al. 2004, ApJ, 613, 326

Neubauer, F. M. 1980, J. Geophys. Res., 85, 1171

Neubauer, E. M. 1998, J. Geophys. Res., 103, 19843

Oka, T., Hasegawa, T., Hayashi, M., Handa, T., & Sakamoto, S. 1998, ApJ, 493, 730

Oka, T., Hasegawa, T., Sato, F,, et al. 2001, ApJ, 562, 348

Revnivtsev, M., Sazonov, S. Y., Gilfanov, M., Churazov, E., & Sunyaev, R. 2006, A&A,
452,169

Rosso, F.,, & Pelletier, G. 1993, A&A, 270, 416

Scoville, N. Z. 1972, ApJ, 175, L127

Serabyn, E., & Morris, M. 1994, ApJ, 424, 1L.91

Sofue 2005

Southwood, D. J., Kivelson, M. G., Walker, R. J., & Slavin, J. A. 1980, J. Geophys. Res.,
85, 5959

Southwood, D. J., & Saunders, M. A. 1985, Planet. Space Sci., 33, 127

Stark, A. A., Bally, J., Gerhard, O. E., & Binney, J. 1991, MNRAS, 248, 14P

Stark, A. A., Martin, C. L., Walsh, W. M., et al. 2004, ApJ, 614, L41

Tanaka, Y., Koyama, K., Maeda, Y., & Sonobe, T. 2000, PASJ, 52, L25

Tanuma, S., Yokoyama, T., Kudoh, T., et al. 1999, PASJ, 51, 161

Valinia, A., Tatischeff, V., Arnaud, K., Ebisawa, K., & Ramaty, R. 2000, ApJ, 543, 733

Wang, Q. D., Gotthelf, E. V., & Lang, C. C. 2002, Nature, 415, 148

Warwick, R. S., Turner, M. J. L., Watson, M. G., & Willingale, R. 1985, Nature, 317, 218

Wolf-Gladrow, D. A., Neubauer, F. M., & Lussem, M. 1987, J. Geophys. Res., 92, 9949

Worrall, D. M., Marshall, E E., Boldt, E. A., & Swank, J. H. 1982, ApJ, 255, 111

Wright, A. N., & Schwartz, S. J. 1990, J. Geophys. Res., 95, 4027

Yamauchi, S., Kawada, M., Koyama, K., Kunieda, H., & Tawara, Y. 1990, ApJ, 365, 532

Yamauchi, S., Kaneda, H., Koyama, K., et al. 1996, PASJ, 48, L15

Yusef-Zadeh, F., & Morris, M. 1987, ApJ, 322, 721



R. Belmont and M. Tagger: Viscous heating in the GC, Online Material p 1

Online Material



R. Belmont and M. Tagger: Viscous heating in the GC, Online Material p 2

Fig. A.1. The equilibrium magnetic field and notation definitions.

Appendix A: Propagation of Alfvénic perturbations
in a curved magnetic field

In this appendix, we derive the characteristics of the Alfvén
waves propagating in a curved magnetic field. As soon as the
medium is inhomogeneous, the plane waves are not the eigen-
solutions and the true solutions have often a complex behavior.
In the limit where the irregularities are weak, the solutions are
similar to plane waves, but with slightly different properties. In
particular, we can expect the Alfvén waves to gain a compres-
sional component, and thus to become subject to viscous damp-
ing. Here we write the full waves equations in a curved equilib-
rium. We then expand the equations by considering the curvature
of field lines as very weak on the wavelength scale. This expan-
sion gives the modified waves properties.

To model the effect of field curvature, it is more convenient
to use a cylindrical symmetry with invariance along the vertical
axis z and the azimuthal angle 8. As shown in Fig. A.1, the equi-
librium magnetic field is assumed to be purely azimuthal, so that
the corresponding current is in the vertical direction:

1
BO = Bo(r)eg Jo = ;6r(7‘Bo)eZ. (Al)
In a static equilibrium, the pressure gradient needs to balance the

Lorentz force:

1 rzB(z)
0Py + —26r — | =0. (A.2)
r

2
We note that in this geometry, a current-free equilibrium is ob-
tained for By o« 1/r. Nevertheless, for reasons that will be
explained later, we will use a specific equilibrium that makes
a)i = vi/r2 = 33/471',00r2 constant.

A.1. General perturbed equations

We shall now perturb the system with small quantities p;, v;
and b;. We perform a Fourier series in 6 and a Fourier transform
in z, but, since the radial direction is not homogeneous, we keep
the radial dependancy:

B = Bo+by(re @) (A3)
Vi = 0+ v (r)e” @07k (A.4)
Pt = po+pi(re @D, (A.5)

From now, we drop the subscript and denote by * the radial
derivative. We express the whole wave system as function of the

three perturbed velocity components v;, vg, and v,. With these
notations, the mass and induction equations read respectively:

i /
iwp/po = v + ﬂl}g + ik,v, + o (1 + r@) (A.6)
r r Po
iwb/By = —lﬂv
r
. By
+(of + g + ko, + E(—1+ (rBo) ))eg. (A7)
r r rBy

The largest difficulty in this geometry is the radial dependancy
that may not be simply expressed as a Fourier coefficient. To deal
at best with this, it is easier to express the system as a function
of the radial velocity v;. After substituting p and b in the verti-
cal and orthoradial components of the equation of motion, the
azimuthal and vertical perturbed velocities can be formulated:

: 2

m m
2 2 2 ,
Uy ——cC W™ — — UL |V
rD *{( 2 A) r

2
+ (w2 T 2k§ui) ﬁ} (A.8)
r r
-k 2
v, = 152 {(%c?vi - wzv%) v
2
+ (aﬂ(ui —)- m—chva) ﬁ} (A.9)
I r

with

2 2 2
D= -2 (”:—2 + kf)wz + ’;’—chv,i (":—2 + kf) (A.10)

where we have used the fast magnetosonic speed v% = vi +c2.

To get the dispersion equation, these velocities must be sub-
stituted in the radial component of the equation of motion. It can
eventually be written in the following manner:

d |1 0 ]
E |:;P((,L), m, kZ’ r)ErUT + Q(CU, m, kz» r)l}r = 0 (Al 1)
where:
2 222
PO m m- CgU
P = Evé (w2 - —Zvi) W' - = U%A) (A.12)
m? 4k2puvy m>
0 = po (a)2 - r—zvi) - ;2@ (WZ - 703)
B 2i2B, m? '
r{r—zo - =5 (aﬂué - 7cf,ui) : (A.13)

This equation is the generalized Hain-Liist equation (Hain &
Liist 1958; Goedbloed 1971; Goedbloed & Poedts 2004). In a
general manner, P vanishes at specific radii. Solving this equa-
tion with boundary conditions thus leads to deal with singular-
ities. This effect is not due to curvature but to the gradients of
Alfvén velocity and of the parallel derivative kj = =*, which are
not of interest here. Here, we concentrate on the curvature effect.
To this purpose, we refer to the equilibrium quoted earlier that
makes w} = kﬁvzA constant. In this case, the Alfvén condition

w? - wi = 0 can be satisfied for any radius simultaneously and

the singularity disappears.
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A.2. Modified propagation properties

When w? — a)i, P vanishes but Q does not. As a result, pure
Alfvén waves are not solutions of the full dispersion Eq. (A.11).
However, we are only interested in a large scale curvature of the
field lines. We thus only consider perturbations whose typical
scale length is shorter than the radius of curvature. In this limit,
the difference between the exact Alfvén-like solutions and the
plane Alfvén waves must be small. Hence we now expand the
equations by assuming that the perturbed system varies faster
than the background quantities, i.e. on length scales smaller
than r. As we are only interested in Alfvén waves whose behav-
ior is mostly determined by their parallel wavelength, we only
assume that the parallel wavelength is shorter than r:

m> 1. (A.14)

The expansion is thus done with the small parameter 1/m?. The
lowest order describes the plane propagation of the Alfvén waves
and higher orders introduce curvature effects. P is a lowest order
term: P = P_; ~ m? and Q contains both lowest and first terms:

0 = 01 + Qo with

"
0-1 =po (w2 - 71&). (A.15)
The following order term Qy introduce the curvature effects and
is responsible for a shift in the Alfvén frequency. To find this
shift, we can write w = w-1 + wy, substitute in Eq. (A.11) and
identify order per order. To lowest order, we find the propagation
relation of plane waves:

2
W, = %vi (A.16)

and to first order, we find:

L Py (1 _ (polro)y )" ‘

wow-1 = —
r por® k2pou;

(A.17)

We can furthermore assume that the radial gradient for the per-
turbed velocity is also stronger than for the background profiles.
In a WKB approximation, the radial derivative can be written
0,0, =~ ik, and:

-1
L (Pyr?) (K
wow-1 = ; p0r27 + k_r2 .
0 z

(A.18)

The shift in the Alfvén frequency depends on the background
profiles. We will however see in the next subsection that this
shift is not important for our concern.

A.3. Modified compression and viscosity

The general compression of the perturbed flow can be derived
from Egs. (A.8) and (A.9):

w? m? 1 , W kv v
Vo = E(aﬂ - r—zvi);(rvr) -2 5 A2, (A.19)

The divergence involves two kinds of terms. Those in v, corre-
sponds to the usual compression of sonic modes, also existing
in a straight configuration. For plane Alfvén modes, these terms
vanish. The other terms, in v./r, result from the field curvature.
By substituting w = w-_; + wy in this equation, we find:

Vo= 2”—; (1-5) (A.20)

where S is a term directly resulting from the frequency shift:

_ (Por?Y (rv))' [r
§ = TR B eV e (A20
ik, (Porzy)' (A22)

Y2 2R
k: + ki roBj

The second line has been written for k&, > 1/r. Because of S,
the general compression depends on the background profiles.
However, it can be noted that in the above limit (k;» > 1), the
frequency shift is very small and § ~ 1/(k;#) < 1. Eventually,
when neglecting the variation of the background quantities on
wavelength scale, but keeping the curvature effects, it is found
that:
Ur
Vv=2— (A.23)
r

The Alfvénic perturbations do have a compression. The geo-
metric interpretation is presented in the main body of the paper
and in Fig. 2. The factor 2 comes from the fact that we require
an initial equilibrium state before perturbing with waves. The
curvature of field lines exerts a force that must be balanced by
a magnetic or thermal pressure gradient. This additional force
is equal and opposite to the curvature force in the equilibrium
state but acts together with the curvature in the wave equation to
strengthen the compression.

Remembering that the viscous dissipation does not depend
exactly on the compression, we need to determine the quantity:

D=Vuv- 36”0”. (A24)
From Eq. (A.8), we get the parallel contribution:
im m* ¢2

a”U” = 7()9 = 7E 0 (A25)
so that

c? Ao
D=1-3=|Vo=2|1-3=|— (A.26)

Ua Ual "

From Eqgs. (A.8) and (A.9), we see that the general Aflvén waves
keep their usual polarization: when k, = 0, if vy and v, remain
finite, then v; must vanish, so that we always have:
k,v, =0. (A.27)
As a consequence, when the Alfvén waves are polarized perpen-
dicular to the curvature direction, the curvature of the field lines
has no effect on the compression and there is no associated vis-
cous dissipation. However, the Galactic molecular clouds excite
waves polarized almost isotropically in every direction, so that
the typical perturbed radial velocity can be estimated of the order
of the cloud speed v.. Finally, defining a local radius of curva-
ture R for the field lines closest to the cloud, we get in order of
magnitude:

2
Dz2(1—3‘—5)5
> R

UA c

(A.28)

At low-B, D is dominated by the perpendicular divergence of
the flow whereas at high-p, it is dominated by the parallel con-
tribution that may become very large for weak fields. When
c2/vi ~ 1/3, D vanishes and so does the dissipation.
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Appendix B: The wake of an infinite cylinder

In this appendix, we study the two-dimensional subsonic, sub-
Alfvénic MHD flow around a cylinder for any viscous regime.
This allows us to proceed by expansion starting from an incom-
pressible solution.

B.1. Equations

We study the flow around a vertical cylinder of radius r.. The
magnetic field far from the cylinder is assumed to be parallel
with the cylinder axis. The flow at infinity has a constant veloc-
ity v and is perpendicular to the axis.

In this simple two-dimensional case, the viscous stress and
the Lorentz force write very easily. On the one hand, the viscous
stress is proportional to the compression of the fluid:

1
F,==V,.(oV.,vL). (B.1)

3
On the other hand, in this geometry, there can be no perpendicu-
lar perturbed magnetic field so that the field lines remain vertical.
They only compress and avoid the cylinder. As a result, the mag-
netic field only acts on the plasma dynamics by its pressure that
is proportional to the density.
Finally, the system constituted by the mass conservation and
the equation of motion reads:

V.(pv) = 0
1
p.V = -2 Vp + gV(nv.v)
where v2, = 2 + vi is the fast magnetosonic velocity. It is non

linear and cannot be solved at once but further assumptions can
be made. As noticed in the main body of the paper, the motion
of the molecular clouds is subsonic and sub-Alfvénic. We can
thus restrict our study to this case and order the equation with
the small parameter:

2
Uc
Um
where vy, is the fast magnetosonic at infinity upstream. From
now, we use dimensionless quantities. Velocities, density and
viscosity are normalized by their value at infinity upstream

whereas distances and gradients are normalized by the cylinder
radius. Then, the equation of motion reads:

(B.2)

1
ep.V)o = —v>Vp + —V (V.v) (B.3)
Rop
where we have defined the bulk Reynolds number:
3
Rop = —° (B.4)
Vo€

We can now order these equation with respect to €.

B.2. Lowest order: incompressible flow

To lowest order, the inertial terms do not appear. By integrating
once the stream aligned component of the Euler equation, we
get:

ho(po) + 7;30

N5

(09.V)py = cste (B.5)

o b o N ] b b i

Fig. B.1. Total dissipation per unit height in the MHD flow around an
infinite cylinder for R,p. Flow comes from the left hand side. The upper,
mid and lower panels show the main velocity, the perturbed density and
the perturbed flow divergence, respectively. Dashed and plain contours
are negative and positive contours, respectively.

where hy = ;—_71 + 2vi is an extended enthalpy for the fluid.

Equation (B.5) is a first order differential equation for py and
there is no solution that does not diverge but the incompressible
one: pg = 1, V.oy = 0. In cylindrical coordinates (7, ) and with
regular boundary conditions (v; = 0 at the cloud surface and
Voo = 0c) We find:

1
0° 0059(1 - —)

72

. 1
—sinf|1+—=])-
-

Figure B.1 shows this solution where stream lines avoid the
cylinder without compressing. This solution is purely incom-
pressible, so that the bulk viscosity can not dissipate energy.

(B.6)

v (B.7)

B.3. First order: compressible solution

To following order, there are compressible terms. As before, we
can integrate once the equation of motion to:

0

— (A=)
Contrary to the zeroth order equation, the source vanishes far
from the cylinder. We can thus find a non diverging solution.
The perturbed density is then found by integrating this equa-
tion over the stream lines. In the limit cases where R,p < 1 or
Rop > 1, the solution can easily be found whereas it is easier to
make the integration numerically otherwise. Figure B.1 gives the
perturbed density p; for Rop = 1. This solution is compressible
so that, to this order, the bulk viscosity dissipates energy. The
dissipation is proportional to the square of the flow divergence
which is easily derived from the perturbed density by the mass
equation:

(vo.V)p1 = —V.vl.

Figure B.1 shows the contours for the flow divergence.

To get the total dissipation per unit height, the local one must
be integrated over the horizontal plane ((x, y). In a general man-
ner, it depends in the viscous regime and can be written

_ 1 V.U] zdd
Q/Qo—R—ZDf(?) xdy

0. V)p1 + Rpp1 = (B.8)

(B.9)

(B.10)
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Fig. B.2. Dissipation rate as a function of the 2-D bulk Reynolds num-
ber. Here, Qy = porcv2/vZ,. Points are the result of numerical integra-
tion of Eq. (B.8). The two asymptotes Q/Qy = 1.83R,p and Q/Qp =
5.45R;. result from its analytical integration in the viscous and non
viscous regimes.

where
5

UC
Qo = porers (B.11)

is the typical dissipation and all the quantities in the right hand
side are dimensionless. For comparison, the dissipation by the
usual shear viscosity would be:

Oshear ~ pOch§~ (B.12)

If the viscosity coefficient were equal, the bulk viscosity would
be lower than that by the shear viscosity, by a factor €. Figure B.2
shows the dissipation by the bulk viscosity as a function of the
bulk Reynolds number.

B.4. Conclusion

We find that the flow in the subsonic limit can be decomposed as
a main incompressible solution and a small compressible pertur-
bation. The dissipation rate depends on the viscous regime. The
maximal dissipation occurs for the intermediate regime when
Rop ~ 1. The corresponding estimate is € = (ve/vm)? times
smaller than the dissipation which would occur via shear vis-
cosity without magnetic field.



