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Abstract. It has long been known that older stellar populations have higher velocity dispersion in the Solar neighbourhood
than the younger ones. This has been interpreted as a ’heating’ of the stellar disk as a function of time. In a previous paper we
examined this heating via numerical simulations. We concentrated on the heating due to the perturbations by giant molecular
clouds (GMCs) and putative massive compact dark halo objects in the Solar neighbourhood. With an appropriate combination
of massive halo objects and GMCs we could fit the observed heating of the stellar disk in the Solar neighbourhood within
observational accuracy.
In order to further explore the implications of the heating of the stellar disk by putative massive dark halo objects we have now
examined via numerical simulations how the velocity dispersion evolves globally – not just in the Solar neighbourhood. We
compare our results to the observational data by Lewis & Freeman (1989). We find that the stellar disk heating due to massive
halo objects of mass 106 M� (80% of the dark halo would be comprised of these objects) and the presently observed molecular
gas distribution is not inconsistent with the observations.
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1. Introduction

It is well-known that random motions of stars in the Galactic
disk increase with stellar age. There are four main approaches
to explain this heating effect, known as the disk age-velocity-
relation (hereafter AVR). The first mechanism explains the ob-
served heating to be result of gravitational perturbations by gi-
ant molecular clouds (GMCs; Spitzer & Schwarzschild 1951,
1953). The second mechanism utilizes transient spiral arms
which are supposed to act as scattering agents (Barbanis &
Woltjer 1967). Thirdly, the massive compact halo objects (like
black holes (BHs) or dark clusters) could heat up the stellar
disk (Lacey & Ostriker 1985; Carr & Lacey 1987). Fourthly,
the possibility of infall of satellite galaxies has been proposed
to explain the observed AVR (Velazquez & White 1999).

All of the above mentioned heating mechanisms have their
flaws: there are insufficient GMCs in the Solar neighbourhood
to explain the observed amount of the heating (Hänninen &
Flynn 2002); the heating caused by the transient spiral arms is
not efficient enough in the vertical direction (Carlberg 1987);
massive dark halo objects have to be very massive and com-
pact in order to heat the stellar disk by the observed amount;
infalling satellite galaxies may induce too abrupt heating peaks.
Combinations of some of these mechanisms have also been
proposed: the most popular being the combination of GMCs
and transient spiral arms. In this model the transient spiral
arms would be the main source of heating and GMCs would
redirect some of the random velocities in the vertical direction
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(Jenkins & Binney 1990; Jenkins 1992). However, only em-
pirical parametrization has been so far possible in this model,
because we do not have adequate information concerning e.g.
the strengths, growth rates, or duty cycles of spiral features.
Furthermore, it was demonstrated by Hänninen & Flynn (2002)
that the perturbations by GMCs on stellar orbits create a flatter
velocity ellipsoid than earlier thought, resulting in less effective
redirection of random kinetic energy in the vertical direction.

As discussed in Hänninen & Flynn (2002, Paper I hereafer),
the observational data indicate that the stellar velocity disper-
sion has increased from 10−20 km s−1 to 60−80 km s−1 in about
10 Gyr. At the present level of observational accuracy the best
we can say about the value of the heating index (defined as
σ(t) = σ0(1 + t/τ)α, in which σ, t, τ, and α denote velocity
dispersion, time, normalization constant, and heating index, re-
spectively) is that it lies between α = 0.3 and α = 0.5 – the
most recent studies favouring values closer to 0.3. It is thus not
a very strong discriminator when comparing theoretical mod-
els or numerical simulations to the observational data. On the
other hand, the ratio of vertical velocity dispersion to the radial
velocity dispersion σz/σR is better constrained observational
quantity, being around σz/σR = 0.5 ± 0.1.

In the Paper I we simulated how the GMCs and the mas-
sive dark halo objects would heat up the stellar disk in the
Solar neighbourhood. We verified the earlier results that due
to the low number of GMCs in the Solar neighbourhood they
can only heat the disk stars up to ∼40 km s−1 in 10 Gyr. We
also found that 106 Solar mass halo black holes are too ineffi-
cient in heating the stellar disk: the disk would be heated up to
only ∼30 km s−1 in 10 Gyr even if the whole dark halo were

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20040146

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20040146


1002 J. Hänninen and Chris Flynn: Numerical simulations of radial heating in the Galaxy

comprised of these black holes. Better results were achieved
using 107 Solar mass halo black holes. If half of the dark halo
mass were made of them, the stellar disk would be heated up
to ∼60 km s−1 in 10 Gyr, which would only be marginally con-
sistent with observations.

Within observational uncertainties we could produce the
right amount of heating by an appropriate combination of mas-
sive halo black holes (MBH = 1×107 M�) and the known num-
ber density of GMCs in the Solar neighbourhood. Also the ratio
σz/σR and the heating index α fit the data within the observa-
tional error limits.

Because of the observational uncertainties the final conclu-
sions about the role of putative massive halo objects (we will
call these “massive halo objects” also black holes for brevity;
they could be as well e.g. dark clusters as long as they are com-
pact (of order of few parsecs)) in the heating process of the
stellar disk have necessarily remained unclear. In this paper we
have further investigated the implications of this heating pro-
cess by asking how the massive halo objects would heat up
the whole stellar disk, not just the Solar neighbourhood. We
are aware of only one study in which the velocity dispersion
of Galactic stellar disk has been observed at several different
radii (see Lewis & Freeman 1989). They observed the veloc-
ity dispersion in the plane of the old Galactic disk at eight
different radii, ranging from about 1 kpc to 17 kpc. We have
compared our simulations to their observational data through-
out this paper.

Wielen et al. (1992) have also discussed the radial depen-
dency of the stellar velocity dispersion. They have estimated
theoretically the diffusion process in the stellar disk due to
massive halo black holes. Their prediction for the radial heat-
ing σR as function of radius seems to be in accordance with the
measurements by Lewis & Freeman (1989) if black holes have
mass MBH = 3 × 106 M� and the dark halo density is propor-
tional to ρBH ∝ (a2 + R2)−2 in which a = 3 kpc. Our results are
similar to but not identical with theirs. This is not too surpris-
ing because our method is to simulate the physical processes of
disk heating via GMCs and black holes, whereas Wielen et al.
(1992) describe the heating analytically as a diffusion process
in phase space.

2. Numerical method

2.1. Local simulation method

We use a simulation method in which all calculations are re-
stricted to a small co-moving box within the Galactic disk. A
typical computer run simulates a “patch” of the disk, being
from 1 × 1 to 8 × 8 kpc square, and from 2 to 8 kpc in ver-
tical extent, containing of order of 104 tracer stars in the disk
as well as any perturbers (GMCs or BHs).

The orbits of stars in the patch are computed by integrating
the linearized equations of motion (Hill 1878; Julian & Toomre
1966):

ẍ − 2Ωẏ +
(
κ2 − 4Ω2

)
x = Fx

ÿ + 2Ωẋ = Fy
z̈ + ν2z = Fz (1)

Fig. 1. The simulation box (solid line) and its surrounding virtual
boxes (dashed lines) are illustrated. Gravitational forces on a given star
(cross) are calculated from the gravitational perturbers whose nearest
image lies within the distance Rg (denoted by the circle). If a star (as-
terisk) leaves the simulation cell, its image will enter the cell in a way
defined by the boundary conditions.

where Ω is the orbital frequency, and κ and ν are the epicyclic
frequency and the vertical frequency of motion, respectively. In
the rotating Cartesian coordinate frame the x-axis points radi-
ally outward (away from the Galactic center), the y-axis in the
direction of orbital motion, and the z-axis in the direction nor-
mal to the Galactic plane. The numerical integrator is the RK4
routine (Press et al. 1992). The tracer stars feel the Galactic po-
tential and the forces due to perturbers (GMCs or black holes).
In order to avoid numerical artifacts, the gravitational forces
(Fx, Fy, Fz) are calculated so that Newton’s third law is sat-
isfied, i.e. a perturber also feels the gravitational force from
tracer stars.

2.2. Boundary conditions

Tracer stars and GMCs move on epicycles in the patch, and
can potentially cross the patch’s boundaries. Periodic boundary
conditions are used to recover these stars/GMCs, which enter
from the opposite boundary with a correction made for Galactic
shear, as described in detail by Wisdom & Tremaine (1988).
The box in which the calculations are performed is thus effec-
tively surrounded by virtual boxes which shear due to Galactic
rotation, as illustrated in Fig. 1.

The BHs are on orbits characteristic of the dark halo, with
high velocities relative to the disc stars. BHs move through the
box on essentially straight line orbits. They obey the same pe-
riodic boundary conditions as the tracer stars in the radial (x-)
and azimuthal (y-) direction, but not in the vertical (z-) direc-
tion. The border in the z-direction is given special status, by
setting it to be far enough from the disk midplane, in order that
no forces need to be calculated across it. In practice one must
take care that the box is large enough in the vertical direction,
so that the stars never get close to the vertical boundary. When
a halo black hole leaves the top or bottom of the box, it is re-
moved from the simulation and a new one is randomly created
from the parent velocity and space distribution. The number
density of dark halo BHs entering and leaving the box is main-
tained at a constant level.
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2.3. Numerical accuracy

In typical unperturbed test runs the relative errors in vertical
kinetic energy are of order of 10−7 – and much less in angular
momentum. However, the error in the numerical integrations is
dominated by the close encounters with the massive perturbers.
The simplest way to monitor this error is to vary the integration
step size in perturbed simulation runs and see if the evolution of
the velocity dispersion is affected. The step size is considered
short enough when further decrease does not alter the results.
The optimal step size will depend both on the mass and size
of the perturbing objects. Also a reasonable box size has to be
found by experiment, so that the calculation of gravitational
interaction is not cut off too shortly.

3. Galactic model

In a local simulation method the stars will feel the potential
through the circular rotation rate Ω, epicyclic frequency κ, and
vertical frequency ν. Values for these frequencies are well-
known only in the Solar neighbourhood – thus we need to use
a model for the Galactic potential in order to establish frequen-
cies at different radii from the Galactic center. We employ the
model by Flynn et al. (1996).

The Galactic potentialΦ is modelled by three components:

Φ = ΦH + ΦC + ΦD, (2)

in which ΦH, ΦC, and ΦD denote potentials of dark halo, cen-
tral bulge, and disk, respectively. The potentials of dark halo
and central bulge are assumed to be spherical. A logarithmic
potential is used for the halo:

ΦH =
1
2

V2
H ln
(
r2 + r2

0

)
, (3)

where r is the 3D Galactocentric radius, r0 the core radius, and
VH is the circular velocity at large r. Two Plummer potentials
have been used for the central bulge:

ΦC = − GMC1√
r2 + r2

C1

− GMC2√
r2 + r2

C2

, (4)

where rCi , i = 1, 2, is the bulge core radius, MCi , i = 1, 2, is
the mass of the bulge, and gravitational constant is denoted
by G. The disk potential is modelled by a combination of three
Miyamoto-Nagai potentials:

ΦD = ΦD1 + ΦD2 + ΦD3 , (5)

where

ΦDn =
−GMDn√

R2 +
[
an +

√
z2 + b2

]2 , n = 1, 2, 3. (6)

The disk scale height is same for all the components n = 1, 2, 3
and is denoted by b, but the disk scale lengths an are different.
Now R is cylindrical radius and z the vertical coordinate (r2 =

R2+z2). The parameters for the potentials are shown in Table 1.
Even though the mass MD2 is set to a negative value the density
resulting from the total disk potential is positive everywhere.

Table 1. Parameters for the Galactic potential.

Component Parameter Value

Dark halo r◦ 8.5 kpc
VH 220 km s−1

Central bulge rC1 2.7 kpc
MC1 3.0 × 109 M�
rC2 0.42 kpc
MC2 1.6 × 1010 M�

Disk b 0.3 kpc
MD1 6.6 × 1010 M�
a1 5.81 kpc
MD2 −2.9 × 1010 M�
a2 17.43 kpc
MD3 3.3 × 109 M�
a3 34.86 kpc

Fig. 2. The rotation curve of the model by Flynn et al. (1996). The
solid line is the total rotation curve. The contributions from the dark
halo, the central bulge, and the disk are indicated by dash-dotted,
dashed, and dotted lines, respectively.

Flynn et al. (1996) chose the parameters to be consistent
with the dynamical mass measurements of the disk surface den-
sity in the Solar neighbourhood, and to fit well the Galactic ro-
tation curve. Most importantly, the model had to reproduce a
realistic disk scale length.

The rotation curve of the model is shown in Fig. 2. The
local surface density for the Solar radius (R� = 8 kpc) is
ΣD = 52 M�/pc2 which is consistent with recent measurements
(Kuijken & Gilmore 1989; Flynn & Fuchs 1994; Holmberg
& Flynn 2000). The model for the potential produces a disk
surface density that is exponential and has a scale length of
4.1 kpc. The disk also has a uniform scale height of order
260 pc.

Values for Ω, κ, and ν derived from the model are plotted
in Fig. 3. Numerical values used in the local-patch simulations
are shown in Table 2 at different radii. The density ρD at z = 0
and the surface density Σ of the disk derived from the Galactic
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Fig. 3. The orbital (Ω), epicyclic (κ), and vertical (ν) frequencies de-
rived from the model by Flynn et al. (1996) are plotted by solid, dotted,
and dashed lines, respectively.

Table 2. Orbital, epicyclic, and vertical frequencies derived from
the model.

R Ω κ ν

[kpc] [km s−1/kpc] [km s−1/kpc] [km s−1/kpc]

4 48.79 72.89 120.07
6 34.67 53.11 91.24
8 27.21 41.00 68.60
12 18.83 27.24 39.89
16 14.20 20.06 24.47

model are shown in Table 3. Also the corresponding values of
the vertical component of the velocity dispersion σz are shown
for the vertical scale height z0 = 260 pc.

The values forΩ, κ, and ν are derived from the analytic po-
tential Φ, which represents the smooth, stationary potential of
the Galaxy. The potential thus lacks the effects due to coarse-
graininess of the Galactic mass distribution, which is actually
responsible for the disk heating. In our simulations the coarse-
graininess of the potential is introduced in the form of per-
turbers in the local patch. The patch only ever includes at most
a handful of perturbers, and their explicit effect on Ω, κ, and ν
is negligible; these quantities can be computed sufficiently ac-
curately for our purposes from the background potential repre-
sented by Φ.

4. Observational data

Throughout the paper we use the observational data by Lewis
& Freeman (1989) as a comparison to our simulations. Lewis
and Freeman observed about 600 old disk K giants with broad-
band photometry and medium-resolution spectroscopy. All
these K giants were located at Galactic low-absorption win-
dows in the plane of the disk. They observed among other
things radial σR and tangential σφ components of the velocity

Table 3. Disk densities at z = 0 and corresponding vertical velocity
dispersion at z = 0.

R ρD(0) Σ σz

[kpc] [M�/pc3] [M�/pc2] [km s−1]

4 0.267 158.5 23.6
6 0.154 91.9 18.0
8 0.087 52.0 13.5
12 0.029 17.6 7.9
16 0.011 6.6 4.8

dispersion at several radii, ranging from R = 0.6 kpc to R =
17.7 kpc; these are the data which primarily constrain our sim-
ulations.

They found that the radial and tangential velocity disper-
sions in the disk fall exponentially with radius R. They fit their
velocity dispersion data to

σ = σ0e−R/2h, (7)

in which h denotes disk scale length. For the radial velocity dis-
persion they get hR = 4370±320 pc. For the tangential velocity
dispersion their value is hφ = 3360 ± 620 pc. The difference in
the radial and tangential determinations of the scale length they
explain to be result of the fact that the rotation curve is not pre-
cisely flat over the observed region of the Galaxy.

The determination of the tangential velocity dispersion
from the observational data is more complicated than the radial
velocity dispersion. The radial velocity dispersion is calculated
in the fields in which the azimuthal contribution to the veloc-
ity dispersion is insignificant. On the other hand, when calcu-
lating the tangential velocity dispersion the contribution from
the radial velocities has to be taken into account. This is done
by assigning to each star in the sample a radial random veloc-
ity by the Monte Carlo method. The earlier determined mean
radial velocities and velocity dispersions are used in defining
the distribution from which the values are drawn. Because the
determination of the radial velocity dispersion is thus a consid-
erably more straight forward procedure we put more emphasis
on it when comparing our results to the observations.

The determination of the disk scale length from the ob-
servational data is based on two assumptions: Firstly, it is as-
sumed that the radial variation of the vertical velocity disper-
sion is proportional to σ2

z ∝ e−R/h due to hydrostatic equilib-
rium. Secondly, one has to assume that the form of the velocity
ellipsoid is constant throughout the disk, i.e. σz/σR ≈ constant.
After these steps we can use Eq. (7) to calculate the radial scale
length.

However, there are some difficulties when comparing the
scale lengths determined from the simulations to the observa-
tional one. Our simulations indicate that the ratio σz/σR is not
necessarily constant. Thus the assumption used when the disk
scale length is derived from the observations is somewhat prob-
lematic. This should be kept in mind when the simulations are
compared to the observations.

In Paper I we discussed the observational data on the stel-
lar heating in the Solar neighbourhood. The data indicated that
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the oldest stellar populations had total velocity dispersion of
order of σtot ∼ 70 km s−1. Lewis & Freeman, on the other
hand, adopted a smaller value for the velocity dispersion in
the Solar neighbourhood. For the radial component their best
fit to the data gives σR � 42 km s−1, and σφ � 33 km s−1.
Assuming σz/σR = 0.6 their total velocity dispersion will be
σtot ∼ 60 km s−1. When comparing the simulation results to the
observational data in the paper I we concluded that halo black
holes of mass MBH = 1 × 107 M� together with GMCs are
needed to explain the observed amount of heating. If compared
to the Lewis & Freeman data for the values in the Solar neigh-
bourhood we could have reproduced the observed heating with
less or lower mass halo black holes.

5. Heating of the disk due to massive halo objects

Originally Lacey & Ostriker (1985) used massive halo objects
to explain the stellar heating in the Galactic disk. This halo
black hole scenario has also some difficulties which we will
discuss.

One of the strongest arguments against the halo black hole
scenario is the presence of globular clusters. For example,
Moore (1993) has estimated the upper limit for the mass of
halo objects to be ∼103 M�, otherwise several of the low-mass
globular clusters would have heated into disruption in close en-
counters with massive halo objects. He used numerical simula-
tions to investigate how much kinetic energy an encountering
black hole would transmit into a globular cluster. Monte Carlo
simulations were used to estimate how much time is needed for
halo black holes to disrupt a globular cluster in subsequent en-
counters, i.e. how much time is needed for the globular cluster
to gain kinetic energy of order its binding energy. The upper
limit of a halo black hole mass is then estimated by requiring
the smallest existing globular cluster to survive the subsequent
halo black hole encounters for 7 Gyr (half of the typical age of
the halo globular cluster).

Even though the above mentioned study presents a strong
case against the plausible halo black hole population, we can
argue that the present day globular cluster population is only
a remnant of a once larger population. In fact, the globular
cluster system in the Galaxy does not follow pure a power-
law near the center, but the distribution is centrally flattened
(Meylan & Heggie 1997). In several other galaxies the globular
cluster system is also found to be much less centrally concen-
trated than the light, indicating that the globular cluster systems
have evolved during their life times (see e.g. McLaughlin et al.
1994). In addition to a halo black hole population also tidal
forces due to e.g. a supermassive black hole at the center of a
galaxy or a Galactic bulge can affect the globular cluster distri-
bution (Charlton & Laguna 1995).

Concerning the internal dynamics of globular clusters, it is
now recognized that there is a substantial fraction of binaries in
the globular clusters (e.g. Rubinstein and Bailyn (1997) derived
the fraction to be 15%−38% for the core of NGC 6752). Even
though the role of binaries in the evolution of globular clusters
is still somewhat poorly understood, we are sure that binaries
play a crucial role. Binaries can e.g. prevent core-collapse be-
cause the binary population can absorb, store, and emit kinetic

energy within the system. Moore’s simulations (1993) lack the
binary population which might have affected the stability of his
globular clusters against external perturbations. In this case he
would have yielded a too low value for the upper limit of the
sustainable halo black hole mass.

One argument against putative halo black holes is the fact
that some galaxies have remarkable thin disks, or that if dark
halos of dwarf spiral galaxies were dominated by similar black
holes their disks would be easily destroyed (Friese et al. 1995).
A way around this is to question the assumption made in those
studies that the BH mass is the same in all dark halos.

BHs passing through the disk might also be expected to
accrete and reveal themselves as high proper motion X-ray
sources, and no such objects have been seen. It seems worth
noting though that the central black hole in the Milky Way
demonstrates that the accretion rate and emergent flux from a
black hole of about the desired mass (2.6× 106 M�) is far from
well understood (Genzel 1998); the central black hole in the
Milky Way is remarkably quiet in X-rays.

In order to avoid the difficulties with the halo black hole
scenario it was later proposed that the stellar heating would be
due to massive dark clusters orbiting inside the halo (Carr &
Lacey 1987). The dark clusters should be quite compact for
this model to work: their core radius should be at maximum
rc ∼ 1 pc and the components should have masses less than
∼10 M�.

The latest generation of cosmological simulations of galaxy
formation do indeed show quite clumpy dark halos around
Milky Way type spirals (Moore et al. 1999). The amount, size
and distribution of these clumps is still very uncertain, mainly
due to numerical resolution issues, but if they can survive in the
inner regions of dark halos they may well be able to heat disks
in a manner consistent with observations.

Even though there are arguments against the possible ex-
istence of massive compact halo objects the debate is still un-
finished. With this in mind we have taken a look at the con-
sequencies of such putative halo black hole population on the
disk heating. In Paper I the strength of our conclusions were
weakened because of ambiguous observational results. Now we
have retested the halo black hole hypothesis by comparing to
new observational data.

5.1. Initial values

For the massive halo objects we have used isotropic velocity
dispersions of σx,y,z = 135 km s−1 at all radii. But what ini-
tial velocity dispersion should be used for the stellar popu-
lation in the disk? In a self-consistent disk model the radial
velocity dispersion should be proportional to the surface den-
sity, i.e. σ2

R ∝ e−R/h. In an isothermal model also the vertical
velocity dispersion is related to the disk surface density, i.e.
σz = πGΣ(R)z0 (see Table 3). Now the disk has constant scale
height z0 and the ratio of the vertical velocity dispersion to the
radial velocity dispersion is constant throughout the disk.

However, observational evidence reveals that the molecu-
lar hydrogen does not have the velocity dispersion required
by the self-consistent model. It is well-known that the atomic
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and molecular hydrogen is concentrated in a thin layer within
the Galactic disk. For example, Sanders et al. (1984) find that
the vertical thickness of the molecular gas layer increases only
from 40 to 75 pc between R = 3 and 9.5 kpc. The one-
dimensional velocity dispersion of molecular clouds has been
measured to be about 5 km s−1 (Sanders et al. 1984). Outside
the Solar circle the molecular hydrogen forms a somewhat
thicker layer, from 77 pc at R = 9 kpc to 188 pc at R = 18 kpc,
having maximum thickness of 257 pc at R = 15 kpc according
to Wouterloot et al. (1990).

The vertical velocity dispersion of molecular clouds is thus
rather constant and decoupled from the disk potential. Narayan
& Jog (2002) have been able to reproduce analytically the ob-
served distribution of atomic and molecular gas layers: remark-
able small vertical scale height with some flaring. They argue
that the gravitational potential of atomic and molecular hydro-
gen has to be taken into account together with the stellar disk
potential. The response of each component to the joint potential
is then different because of their different velocity dispersions.

Because stars must initially have the same velocity disper-
sion as the molecular clouds they have been born in, our stellar
population has thus constant initial vertical velocity dispersion
with respect to Galactocentric radius. In practice, we adopt an
initial radial velocity dispersion of σR = 12 km s−1 and vertical
velocity dispersion of σz = 5 km s−1 to the stellar population.
The azimuthal velocity dispersion then follows from σR, Ω,
and κ.

5.2. Halo of 106 M� BHs

The dark halo density is normalized based on the mass den-
sity of the dark halo in the Solar neighbourhood: it has been
established to be ρH ∼ 0.01 M� pc−3 (Holmberg & Flynn
2000). We have used a density ρH = 0.008 M� pc−3 at the
Solar radius for our dark halo consisting of black holes of mass
MBH = 1 × 106 M�. Thus about 80% of the dark halo is made
of these objects. The dark halo density, i.e. number density of
BHs, is then scaled as ρH ∝ r−2 for the appropriate Galactic
radius.

The radial component of the velocity dispersion is plot-
ted as a function of Galactocentric radius in Fig. 4. The ve-
locity dispersion from simulations (plotted with diamonds) is
shown after evolution of 11.29 billion years which corresponds
to 50 orbital periods at the Solar radius (R� = 8 kpc). The
least-square-fit to the simulated values is shown by the solid
line. For comparison, the Lewis and Freeman (1989) data are
plotted as squares, and their own fit to their data is shown with
a dashed line. Also the estimated errors they give are shown.

The observed velocity dispersion is decreasing more
strongly outward than the simulated velocity dispersion. The
difference in the slopes of the curves is significant: the simu-
lation gives hR = 6100 pc for the scale length. Furthemore,
the heating induced by halo BHs (of mass 106 M�) is clearly
insufficient especially in the inner parts of the Galactic disk.

The same tendency is also noticed when the observed and
simulated tangential components of the velocity dispersion are
compared in Fig. 5: the observed velocity dispersion has a

Fig. 4. Disk heating resulting from 106 M� mass halo black holes is
compared with the observations as a function of Galactocentric ra-
dius R. Diamonds denote simulation results and a solid line is the
RMS-fit to them. The fit to the observational data (squares, shown
with error bars) is shown by a dashed line.

Fig. 5. The azimuthal velocity dispersions resulting from heating by
106 M� mass halo black holes, compared with the observations.
Diamonds denote simulation results and the solid line is the rms-fit
to them. The fit to the observational data (squares, shown with error
bars) has been drawn with dashed line. Lewis & Freeman have omitted
the data point at R = 13.2 kpc from their fit.

steeper slope than the simulations show as a function of ra-
dius. We obtain hφ = 5740 pc for the tangential scale length.
Interestingly Lewis and Freeman (1989) get about as large val-
ues for the tangential velocity dispersion as for the radial ve-
locity dispersion in the inner parts of the Galaxy. This might be
due to some non-axisymmetric features in the Galactic poten-
tial. In our simulations the tangential velocity dispersion is con-
sistently smaller than the radial velocity dispersion, as should
be the case in the axisymmetric potential.
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Fig. 6. The radial heating resulting from 107 M� mass halo black holes
is compared with the observations. Diamonds denote simulation re-
sults and the solid line is the rms-fit to them. The fit to the observa-
tional data (shown with error bars) has been drawn with a dashed line.

5.3. Halo of 107 M� BHs

For a dark halo consisting of BHs of mass MBH = 1 × 107 M�
we have used a dark matter density ρH = 0.005 M� pc−3 in the
Solar neighbourhood. This density corresponds to a dark halo
which has 50% of its mass in the form of massive black holes.
Note that for the BHs of mass MBH = 1 × 106 M� we used a
different normalization. These normalizations are as were used
in Paper I.

The comparison between simulated and Lewis & Freeman
(1989) values for the radial component of velocity dispersion
is shown in Fig. 6. In this scenario the BHs heat up the disk
more than the observational evidence indicates, especially in
the outer parts of disk. The slope of the radial velocity dis-
persion fit as function of radius is slightly steeper than in the
previous case – now the radial scale length is hR = 5720 pc.
The observations indicate a still steeper slope.

The tangential component of the velocity dispersion, on the
other hand, falls within the observational limits in the inner
parts of the Galaxy: the scale length hφ = 5320 pc is still larger
than measured by Lewis & Freeman (1989). However, the ob-
served tangential velocity dispersion (Lewis & Freeman 1989)
is more model dependent than the radial component, so more
weight should be put on the radial velocity dispersion.

5.4. Vertical velocity dispersion

The ratio of vertical velocity dispersion to the radial veloc-
ity dispersion is plotted in Figure 8 for both the cases (halo
containing MBH = 1 × 106 M� BHs and halo containing
MBH = 1 × 107 M� BHs). Diamonds with the solid line fit de-
note the former case and triangles with the dashed line fit refer
to the latter case. Lewis and Freeman (1989) did not observe
the vertical velocity dispersion.

Fig. 7. The azimuthal heating resulting from 107 M� mass halo black
holes is compared with the observations. Diamonds denote simula-
tion results and a solid line is the rms-fit to them. The fit to the
observational data (shown with error bars) has been drawn with
dashed line.The observational data point at r = 13.2 kpc has been
omitted from the fit.

The heavier BHs produce a higher σz/σR ratio as expected.
We demonstrated already in the Paper I that more massive per-
turbers do not just give rise to a higher velocity dispersion but
also give rise to a higher σz/σR ratio. The slope of the σz/σR

curves is also decreasing outward with radius. The decrease is
significant even if not dramatic. It is due to the fact that as the
density of the halo BHs is proportional to ρH ∝ r−2 and thus
the BH number density decreases outward. The σz/σR ratio
was also found to depend on the number density of the per-
turbers (Paper I), i.e. higher density increases the σz/σR ra-
tio. The σz/σR ratio must thus decrease outward. The scale
length of the disk derived from the vertical velocity dispersion
is hz = 5150 pc and hz = 4920 pc for the MBH = 1 × 106 M�
and MBH = 1× 107 M� halos, respectively. The decrease in the
σz/σR ratio as a function of radius also explains the smaller
scale lengths when they are calculated from the vertical veloc-
ity dispersion.

6. Heating of the disk due to GMCs

Most of the molecular gas in the Galaxy is concentrated at the
Galactic center and in the ring at a Galactocentric distance ex-
tending from about 3 to about 6.5 kpc (Solomon et al. 1979;
Sanders et al. 1984; note that we have scaled the Solar dis-
tance from R� = 10 kpc to R� = 8 kpc). The Sun is located
at the outer edge of the ring of the molecular gas, where the
radial distribution of molecular gas is falling steeply. Outside
the Solar circle the density of the molecular gas is negligible.
Table 4 shows the radial density distribution of molecular hy-
drogen according to Scoville & Sanders (1986).

Molecular gas lies in a very thin layer with a one-
dimensional velocity dispersion of only about 5 km s−1.
Another property of the molecular gas is that most of the mass
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Fig. 8. The simulated ratios of vertical velocity dispersion to the radial
velocity dispersion are plotted in tha cases of 106 M� and 107 M� mass
halo black holes. Diamonds denote simulations of halo black holes
with mass 106 M� and triangles denote black holes of mass 107 M�.
The least-square-fit drawn with the solid line refers to the former case
and the dashed line refers to the latter case.

Table 4. Radial density distribution of molecular hydrogen ΣH2 from
Scoville and Sanders (1986). The Solar radius is scaled from 10 kpc
to 8 kpc. ΣGMC denote the surface density used for the GMCs in the
simulations.

R ΣH2 ΣGMC

[kpc] [M�/pc2] [M�/pc2]

1.6 5.0 −
2.4 6.0 −
3.2 9.0 −
4.0 16.0 12.0
4.8 23.0 −
5.6 17.0 −
6.0 − 12.0
6.4 12.0 −
7.2 7.0 −
8.0 5.0 4.0
8.8 1.0 −
9.6 1.0 −

of the molecular hydrogen is concentrated in the giant molec-
ular clouds. Generally molecular gas clouds with masses from
105 M� to 4 ×106 M� and sizes from 20 to 100 pc are termed gi-
ant molecular clouds (Scoville & Sanders 1986). In our simula-
tions we have modelled the GMCs to be homogeneous spheres
with mass MGMC = 1 × 106 M� and diameter of 100 pc. We
have taken 80% of the actual observed molecular gas density
for the value we have used in the simulations, because some
fraction of mass is in the smaller gas clouds and can have no
effect on the evolution of the stellar velocity dispersion. The
values used in the simulations are shown in Table 4. Outside
the Solar radius the number of GMCs has been set to zero in
the simulations.

Fig. 9. The radial heating resulting from 106 M� mass halo black holes
and GMCs is compared with the observations. Diamonds denote simu-
lation results and a solid line is the least-square-fit to them. The dashed
line is the fit to the observational data (squares and error bars).

Giant molecular clouds do heat up the stellar disk, but this
heating has been found to be inconsistent with the observations.
First of all, there just is not enough GMCs in the Solar neigh-
bourhood to explain the observed values of the velocity dis-
persion of the older stellar populations. Also the heating due
to GMCs will produce a heating index that is too small when
compared to the observations (see Paper I). However, the heat-
ing due to GMCs is significant enough so that it contributes to
the overall picture of stellar heating in the Galactic disk, espe-
cially when there is a strong radial gradient in the molecular
gas distribution.

6.1. Halo of 106 M� BHs

The inclusion of GMCs corrects the heating effect towards the
observed values. The radial velocity dispersion is now almost
within the observed limits, as seen in Fig. 9. Also the σR-R-
curve now has a steeper slope than when only the halo BHs
were acting as perturbers. The slope of the fit correponds now
to the scale length hR = 5050 pc which is only ∼700 pc larger
than Lewis & Freeman’s value. They give 320 pc as their for-
mal error limit, so strictly speaking our value is only consistent
at about 2-σ level. The simulated scale length hφ = 4780 pc
determined from the tangential velocity dispersion is again fur-
ther off from their value (see Fig. 10) by slightly more than
2-σ level.

6.2. Halo of 107 M� BHs

If we increase the mass of BHs to 107 M� the total heating ef-
fect will naturally increase and the heating due to GMCs will
become relatively less effective. It is now seen to exceed the ob-
served amount of heating in Fig. 11. The radial scale length will
thus tend to increase when compared to simulations with BHs
of mass 106 M� (and GMCs). We have measured the scale



J. Hänninen and Chris Flynn: Numerical simulations of radial heating in the Galaxy 1009

Fig. 10. The azimuthal heating resulting from 106 M� mass halo black
holes and GMCs is compared with the observations. Diamonds denote
simulation results and a solid line is the least-square-fit to them. The
dashed line is the fit to the observational data (squares and error bars).
The single deviant data point has been ignored in the fitting, following
Lewis and Freeman.

Fig. 11. The radial heating resulting from 107 M� mass halo black
holes and GMCs is compared with the observations. Diamonds denote
simulation results and a solid line is the least-square-fit to them. The
dashed line shows the fit to the observational data (squares with error
bars).

length to be hR = 5620 pc, which is only slightly less than in
the simulations with only dark halo perturbers of similar mass.

The same is also true with the azimuthal scale length as
seen in Fig. 12. We obtain the scale length hφ = 5270 pc. It is
only slightly less than the value obtained from the simulation
without GMCs, of 5320 pc.

Fig. 12. The azimuthal heating resulting from 107 M� mass halo black
holes and GMCs is compared with the observations. Diamonds de-
note simulation results and a solid line is the least-square-fit to them.
The dashed line shows the fit to the observational data (squares with
error bars). The observational data point at r = 13.2 kpc has been
omitted from the fit by Lewis & Freeman.

Fig. 13. The simulated ratios of vertical velocity dispersion to the ra-
dial velocity dispersion are plotted in the cases of GMCs together with
106 M� and 107 M� mass halo black holes. Diamonds denote simula-
tions of halo black holes with mass 106 M� and triangles denote the
case with black holes of mass 107 M�. The solid line refers to the
least-square-fit in the former case and the dashed line refers to the
latter case.

6.3. Vertical velocity dispersion

The GMC distribution does not radically alter the σz/σR-ratio,
as plotted in Fig. 13, compared to the case having only halo
perturbers (Fig. 8). However, further analysis shows that the
radial scale length calculated from the vertical velocity disper-
sion is affected. The scale length is now hz = 4420 pc for the
106 M� BHs. It has shortened about 600 pc from what is was
in the case without GMCs. This value is actually well within
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the error limits with the scale length derived from the radial
velocity dispersion by Lewis & Freeman.

In the simulation runs of 107 M� halo BHs the GMC distri-
bution also act to shorten the scale length, up to hz = 4800 pc,
i.e. it has been shortened now only about 100 pc. This value is
within 1.5-σ of the Lewis & Freeman value.

7. Conclusions

In Paper I we investigated stellar heating in the Solar neigh-
bourhood. We found that within observational limits the ob-
served stellar heating can be reproduced in numerical sim-
ulations with an appropriate combination of massive halo
black holes and giant molecular clouds. In addition to the
proper amount of GMCs we used halo BHs of mass MBH =

107 M�. However, only half of the dark halo density (ρ =
0.005 M�/pc3) or slightly less was needed in the form of black
holes or other massive compact objects.

The strength of our conclusions was weakened by the fact
that the observational data on the stellar disk heating is not
very well constrained. The main difficulties lie in the determi-
nation of stellar ages which is a still rather complicated and
error prone procedure.

This in mind we commenced a new study in order to ex-
plore consequences that the heating by massive halo objects
and GMCs would have on the global properties of the stellar
disk. Our main aim has been to explore observational con-
straints that might exclude the halo BH and GMC scenario
from being possible source for the stellar disk heating. We have
compared our simulation results to the observational data by
Lewis & Freeman (1989). Their work is the only one we know
of in which the stellar velocity dispersion in the Galactic disk
is measured at several different radii.

Our results indicate that the observed radial heating is not
consistent with the scenarios in which the stellar disk heating
is caused purely by the massive compact objects in the dark
halo (we have called these objects black holes for brevity). In
the simulations, the disk is typically heated in a manner which
is inconsistent with observations in either the inner or outer
disk. The radial scale lengths of stellar velocity dispersion from
the simulations are typically much longer than those calculated
from the observational data.

There is strong radial dependency in the GMC distribution.
The Sun is located at the outer edge of the ring of molecular
gas. The density maximum of the ring is located approximately
at radius of R � 5 kpc. Most of the mass of the molecular gas is
concentrated in the giant molecular clouds. The perturbational
effect of the GMCs has to be taken into account with the mas-
sive compact halo objects.

Inclusion of the GMCs along with the BHs acts to
bring the simulations more into line with the observa-
tional data. Nevertheless, the combined heating effect of
the halo BHs and GMCs is still not consistent with the
observational data in the case of MBH = 1 × 107 M�: the
radial scale length is still too long. However, the heating effect

of the GMCs is relatively stronger if the BHs have mass only
MBH = 1 × 106 M�. In this case the slope of the radial heating
curve (see Fig. 9) is very close to the actual observations. The
radial scale length is now about 16% larger than the value by
Lewis & Freeman and only slightly outside their formal error
limits. We thus conclude that the latter scenario of the stellar
disk heating can not be decisively ruled out by the observa-
tional evidence.
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