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A basic Machian model for the dynamics of galaxies is given which explains the
anomalous rotation curves and the predominant spiral structure without the need
for “dark matter”.
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1 Introduction

This paper is part of a joint project with Robert MacKay to understand cosmology in
general and the dynamics of galaxies in particular using a fully relativistic approach,
without recourse to “dark matter” or other unobserved hypotheses. In this paper
an interim approach is adopted, namely Newtonian dynamics together with Mach’s
principle. It is expected that the results obtained using this approach will be verified in
the final fully relativistic version.

Mach’s principle [20] is the principle that the local concept of inertial frame is correlated
with the distribution of the matter in the universe. The principle is often stated using
the wording “determined by” rather than “correlated with”. However this formulation
begs the question of how this determination takes place and we prefer a less contentious
statement.

It is well known that solutions to Einstein’s equations need not satisfy Mach’s principle,
see eg Rindler [26]. One particular solution which breaks Mach’s principle and which is
germane to the main subject matter of this paper is the Kerr solution for the metric near
a rotating mass in an otherwise empty universe. In the Kerr universe there is only one
central mass and no other mass to determine the inertia of the central mass. If the solution
were Machian then the inertial frame at every other point would rotate with the central
mass and the solution would be a simple coordinate transformation of the Schwarzschild
solution. In a similar way, the Lense–Thirring effect [31] (frame-dragging near a
rotating body) is also based on a distribution of matter with just one rotating object and
no other mass to determine its rotation, and is therefore non-Machian. A more precise
way in which this effect breaks Mach’s principle is given in [26] and will be discussed
further below.

http://www.ams.org/mathscinet/search/mscdoc.html?code=85A05,(85A15, 85A40, 83F05, 83C40, 83C57)
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We formulate Mach’s principle in a fairly naive way as stating that the rotation of the
local inertial frame is given as the weighted sum of the rotations of all other inertial
frames for all the matter in the universe. We follow (partly) the discussion in Misner,
Thorne and Wheeler [21, pages 543–549]. Suppose that there is a compact and locally
isolated rotating mass at the origin. The concept of inertial frame near the origin is
correlated with the rotation of the central mass and frames will tend to rotate in the
same sense. The “simple dimensional considerations” mentioned in [21, page 547,
above equation 21.155] show that this frame dragging effect (which from now on we
refer to as inertial drag) is proportional to Mω/r , where M , ω are mass and angular
velocity of the central mass and r is distance from the origin. The effects for all the
masses in the universe need to be added with appropriate weighting, as outlined in [21,
page 548, equations 21.159–60]. Lense–Thirring frame dragging is not Machian in this
formulation because, near the equator, the frame is dragged in the opposite sense to the
rotation of the central mass [21, page 548, 21.157]. It is this point that Rindler (op cit)
makes to “expose” the Lense–Thirring effect as non-Machian1. Rindler’s conclusion is
that Mach’s principle needs to be treated with care “one simply cannot trust Mach!”.
Our conclusion is the opposite. Mach’s principle is the only sane way to understand the
origin of inertia in the universe and we must restrict to solutions of Einstein’s equations
which are Machian. In particular the Kerr solution is not a valid model for the metric
near a rotating mass and we need to find a Machian rotation metric (an MR–metric) to
replace it. The fact that it is possible to construct non-Machian solutions to Einstein’s
equations does not imply that Mach’s principle is somehow incompatible with Einstein.
The Kerr metric is based on a particular set of boundary conditions (rotating central
mass and flat, zero mass, at infinity). These boundary conditions are in themselves
non-Machian and hence any solution which fits them must also break Mach’s principle.
With good boundary conditions there may well be Machian solutions and this is what
we hope to find. This may not be an easy task. There is no reason to expect a valid
metric to be static for example, or to have nice properties at infinity. Indeed it may
be the case that a property of rotating masses is that they generate gravitational waves
of a spectrum of frequencies and therefore the metric may have no symmetries. See
Appendix A for further discussion of Mach’s principle.

We hope to make progress on the problem of finding a satisfactory MR–metric in future
joint papers. This paper is intended to motivate this search and to give some of the
properties of the desired metric. In particular it is shown here that a suitable MR–metric
will solve one of the major outstanding problems of cosmology, namely the nature of

1See also the discussion Appendix A: there is some doubt that the Lense–Thirring effect
could apply to a metric with a heavy rotating body in it.
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the spiral arms in a normal galaxy, for which there is no present satisfactory explanation.
Using our naive version of Mach’s principle, together with Newtonian dynamics, a
model for the dynamics of spiral galaxies is given which fits observations and has no
need for exotic hypotheses (eg a fortuitous distribution of unobserved dark matter). The
basic idea is that the centre of a normal spiral galaxy such as the Milky Way contains a
hypermassive black hole, of mass 1011 solar masses or more, as has been observed for
active galaxies, and that this black hole emits jets of light particles, which condense
into stellar systems as they progress outwards2. The visible arm structure is formed
by the condensing particle streams and the resulting star creation regions, which move
outwards along the arms as they rotate around the centre. The dynamic is directly
controlled by the massive centre and the principal engine for the dynamic is inertial
drag.

The model we obtain has fairly simple solution curves and we use Mathematica to
sketch them and to sketch the resulting appearance of the galaxy.

We believe that inertial drag is the major relativistic effect in this context and therefore
that the model that we construct here is close to the accurate MR–metric model that we
hope to find in the future. The fit with observations that we find is good but not perfect
and we expect to better it with the real metric. Also we ignore all non-symmetrical
masses and with a more realistic model, taking into account for example the mass of
the arms themselves, we again expect a better fit. Given the crudity of the modelling
(Newtonian with just one relativistic effect) the fit that we do obtain is quite remarkable
and leaves us confident that the dynamics of real galaxies are controlled in a similar
way.

The paper is organised as follows. We start in Section 2 by using Mach’s principle to
find an expression for the tangential velocity of a particle moving in the plane of rotation
of a heavy rotating body in terms of r (distance from the centre). This models accurately
the characteristic rotation curve for a galaxy. In Section 3 we add radial motion and
find an expression for radial velocity (again in terms of r). These expressions allow us
to use Mathematica to sketch both the orbits and the final shape of the galaxy, which is
done in Section 4. Throughout the paper you should bear in mind that we are modelling
observed spiral galaxies and you should compare our sketches with real galaxies. To

2There are two very unfortunate pieces of terminology here. All galaxies are active according
to the model for spiral structure proposed in this paper and the distinction between active and
normal is just whether the central black hole is totally masked (as it is for a normal galaxy) or
not. Moreover it is well-known that black holes (especially supermassive ones) are anything but
black. However this second piece of terminology is well-established and we shall continue to
use it.
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help you, we have reproduced five good examples, M83, M101, NGC1300, NGC1365
and M51, Figures 1, 2 and 6.

Figure 1: M83 Southern Pinwheel: image from European Southern Observatory

In Section 5 we put forward a tentative model for the central mechanism which generates
spiral arms. This suggests a natural reason why the asymptotic rotation velocity is
constant within a small factor across many different galaxies. In Section 6 we discuss
other observations and how they fit with the model proposed here. Topics considered
are: early 21cm observations, stellar populations, Sagittarius A∗ , the position of the
sun, globular clusters and local stellar velocities (with details deferred to Appendix
B). In Section 7 we speculate on wider cosmological issues and finally there are two
appendices, A on Mach’s principle and B on local stellar velocities.
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2 The rotation curve

We start by using Mach’s principle to model the characteristic rotation curve for a
galaxy. We show that this curve arises naturally from the inertial drag caused by a heavy
rotating central mass.

Consider a rotating body of mass M at the origin rotating in the right-hand sense about
the z–axis with angular velocity ω . In the main application that we have in mind, this
mass will be the central black hole in a galaxy of somewhere between 1011 and 1013

solar masses but the analysis applies to any rotating body. As explained above, the
body causes the local inertial frame to rotate in the same sense. The local inertial frame
rotates with respect to distant galaxies by the weighted sum of ω weighted kM/r and
0 (for all the distant “stationary” galaxies) weighted Q say. We can normalise the
weighting so that Q = 1 (which is the same as replacing k/Q by k) which leaves just
one constant k to be determined by experiment or theory. The nett effect is a rotation of

(kM/r)× ω + 1× 0
(kM/r) + 1

=
A

r + K

where K = kM and A = Kω .

Side note There is some evidence that k is in fact 1 so that K = M . This follows from
the observation made in [21, below 21.160] that the sum

∑
mα/rα over all masses

mα in the universe (at distance rα ) is approximately 1, which makes the choice of
normalised weighting, Q = 1, the same as weighting purely by mass3. This suggests a
deep property of space-time, namely that a third concept of “mass” (the inertial drag
mass) is the same as the other two (gravitational mass and ordinary inertial mass).
However this speculation is not relevant to the arguments presented in this main part of
the paper and will be relegated to Appendix A. Nothing that we prove here depends on
knowing the exact relationship between K and M .

Now consider a particle of small mass travelling in the (x, y)–plane, where we use polar
coordinates (r, θ), and suppose for purposes of exposition that it is moving outwards (ie
that ṙ > 0). Consider its tangential velocity v = rθ̇ as a function of r . There are two
opposing effects acting on v:

• The rotation of the inertial frames tends to increase v as r increases. The acceleration
(ie dv/dr) is ω for r small and is A/(r + K) in general.

3By “universe” we mean the visible universe or more precisely our backward light cone.
Then there are about 1011 galaxies of weight about 0.03 (1011 solar masses) at distances varying
up to 1010 , where we use natural units (G = c = 1 and everything is in measured in years).
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Figure 2: M101 (left) and NGC1300 (right): images from the Hubble site [4]

• Conservation of angular momentum causes any excess velocity over that due to
rotation of inertial frame to decrease as r increases. Call this excess velocity the “inertial
velocity” denoted vinert then

(1) vinert = v− Ar
K + r

and the deceleration due conservation of angular momentum is:

1
r

(
v− Ar

K + r

)
=

v
r
− A

r + K

Adding the two effects:

dv
dr

=
A

K + r
− v

r
+

A
K + r

=
2A

K + r
− v

r

Thus:
d
dr

(rv) = r
dv
dr

+ v =
2Ar

r + K
= 2A− 2A

r
K + 1

rv = 2Ar − 2AK log
( r

K
+ 1
)
+ C orHence

v = 2A− 2AK
r

log
( r

K
+ 1
)
+

C
r

(2)

where C is a constant depending on initial conditions. For a particle ejected from the
centre with v = rω for r small, C = 0, and for general initial conditions there is a
contribution C/r to v which does not affect the behaviour for large r . For the solution
with C = 0 there are two asymptotes. For r small v ≈ rω and the curve is roughly a
straight line through the origin. And for r large the curve approaches the horizontal line
v = 2A. A rough graph is given in Figure 3 (left) where K = A = 1. The similarity
with a typical rotation curve, Figure 3 (right), is obvious. Note that no attempt has been
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Figure 3: The rotation curve from the model (left) and for the galaxy NGC3198 (right) taken
from Begeman [7]

made here to use meaningful units on the left. See Figure 5 below for curves from our
model using sensible units.

There are other shapes for rotation curves and we refer to [30] for a survey. All agree
on the characteristic horizontal straight line. Figure 4 is reproduced from [30] and gives
a good selection of rotation curves superimposed. In Figure 5 we give a selection of
rotation curves again superimposed, sketched using Mathematica and the model given
here. The different curves correspond to choices of A,K and C . The similarity is again
obvious. The units used differ. In our model we always use natural units so that a
velocity of .001 is 300km/s and a distance of 45,000 is 15Kpc approx.

Figure 4: A collection of rotation curves from [30]
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Figure 5: A selection of rotation curves from the model

It is worth commenting that the observed rotation curve for a galaxy is not the same
as the rotation curve for one particle, which is what we have been modelling. When
you observe a galaxy, you see many particles at once and you expect to see a rotation
curve made from several close but not identical rotation curves for particles. Indeed,
as we shall see in Section 5, galactic arms are generated by a series of explosions and
are expected to be non-uniform. So we expect the observed rotation curves to have
variations from the modelled rotation curve for one particle, which is exactly what we
see in Figures 3 (right) and 4.

As remarked earlier, the effect described in this section is independent of mass. However
for rotating bodies of small mass the effect is unobservably small. For example the sun
has K ≈ 3km and ω = 2π/25 days. Thus 2Kω is 6km per 4 days or .06 km per hour.

3 The full dynamic

We now extend the analysis of the last section to find a formula for the radial velocity
(again in terms of r) and this will allow us to plot orbits.

There are two radial “forces” on our particle: a centripetal force because of the attraction
of the massive centre and a centrifugal force caused by rotation in excess of that due to
inertial drag. Thus we have a formula for radial acceleration

(3) r̈ =
v2

inert

r
− M

r2

where vinert is given by (1) and (2).
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Multiplying by ṙ and integrating wrt t we find

1
2 ṙ2 =

∫
r̈dr =− C2

2r2 +
M − 2AC

r
+

A2K
K + r

+ A2 log(K + r)

+
2AK(C + 2Ar) log(1 + r/K)− (2AK log(1 + r/K))2

r2 + E

where E is another constant depending on initial conditions. From this equation we can
read off ṙ and since we have an equation for θ̇ = v/r from (2) we can express θ and t
in terms of r as integrals. These integrals are not easy to express in terms of elementary
functions but Mathematica is happy to integrate them numerically and we can use this
to plot the orbits of particles ejected from the centre. If we now assume that the centre
of a normal galaxy contains a belt structure similar to that hypothesised for “active”
galaxies which emits streams of particles, then we can model the orbits and hence take
a “snapshot” of all the orbits at an instant of time, in other words obtain a picture of the
galaxy. We obtain excellent models for the observed spiral structure of normal spiral
galaxies. We do this in the next section. More detail on the proposed central generator
for the spiral arms will be given in Section 5.

There is a very convenient simplification for the equations given in this section, which
helps to explain how inertial drag controls the dynamic. For most of an orbit in a galaxy
r � K , since r varies up to 105 for the main visible disc whilst K ≈ M ≈ .1. This
makes the fraction A/(K + r) close to A/r and the formulae for v and vinert reduce to
2A + C/r and A + C/r respectively and we find

r̈ =
A2

r
+

AC −M
r2 +

C2

r3 .

There are good reasons for setting C < 0 (see Section 5) so that the AC/r2 term acts to
increase the gravitational pull. But the positive terms A2/r and C2/r3 offset the central
gravitational pull (the first for large r and the second for small r) and this allows long
slow outward orbits which fill out the spiral arms.

4 Mathematica generated pictures

Below is the basic Mathematica notebook which generates galaxy pictures from the
dynamics found in Section 3 above. The notation is as close as possible to the notation
used before. A, K, r and v are A,K, r and v resp. E and C have been replaced by EE

and CC because E and C are reserved variables in Mathematica. M has been replaced by
three constants Mcent, Mdisc and Mball. This is to allow an investigation of the effect
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Figure 6: NGC1365 and M51 images from NASA and Hubble site resp

of significant non-central mass on the dynamic. Mcent acts exactly as M above whilst
Mdisc and Mball act as masses of a uniform disc or ball of radius rmax. Setting Mball
= Mdisc = 0 reduces to the case of just central mass considered above. inert is vinert

and the other variables should be obvious from their names. There is a new constant
B which is the rate of precession of the roots of the spiral arms. With B set to 0, the
program sketches orbits. But the root of the spiral arm precesses around the centre
with tangential velocity somewhere between A and 2A and B adds a linear term to θ to
realise this. With B set nonzero the program sketches a snapshot of the spiral arms at a
particular time.

A = 0.0005; Mcent = .03; EE = -.00000345; CC = -10;

B = .00000015; Mball = 0; Mdisc = 0; K := Mcent;

rmin = 5000; rmax = 50000; iterate = 1000; step = (rmax -

rmin)/(iterate - 1);

v := 2*A - 2*K*A*Log[1 + r/K]/r + CC/r; inert := v - A*r/(K + r);

Plot[{inert, v}, {r, rmin, rmax}, AxesOrigin --> {0, 0}]

rdoubledot := inert^2/r - Mcent/r^2 - Mdisc/rmax^2 - Mball*r/rmax^3;

Plot[{rdoubledot}, {r, rmin, rmax}, AxesOrigin --> {0, 0}]

energy := -CC^2/(2*r^2) + (Mcent - 2*A*CC)/r - Mdisc*r/rmax^2 +

Mball*r^2/(2*rmax^3) + A^2*K/(K + r) + A^2*Log[K + r] +

2 A*K (CC + 2*A*r) Log[1 + r/K]/(r^2)

- (2 A*K*Log[1 + r/K]/r)^2 + EE;

Plot[{energy}, {r, rmin, rmax}, AxesOrigin --> {0, 0}]

rdot := Sqrt[2*energy];

Plot[{rdot}, {r, rmin, rmax}, AxesOrigin --> {0, 0}]
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ivalue := rmin + (i - 1)*step;

thetadot := v/r;

dthetabydr := thetadot/rdot ;

dtbydr := 1/rdot;

thetavalues =

Table[NIntegrate[dthetabydr, {r, rmin, ivalue}], {i, iterate}]

tvalues = Table[NIntegrate[dtbydr, {r, rmin, ivalue}], {i, iterate}]

ListPolarPlot[{ Table[{thetavalues[[i]] - B*tvalues[[i]], ivalue},

{i, iterate}] ,

Table[{thetavalues[[i]] - B*tvalues[[i]] + Pi, ivalue},

{i, iterate}] }]

We recommend that the reader copies this program and investigates the output. Here
are some hints on using it. As remarked earlier, the sketches are discrete plots obtained
by repeated numerical integration. The number of plot points is set by iterate. Start
investigating with iterate = 100 which executes fairly quickly and then set iterate
= 1000 for good quality output. The plots are calculated in terms of r not time. You
can read the time values from the tvalues table which is printed as part of the output.
r varies in equal steps from rmin to rmax which need to be preset. You can’t run to the
natural limit for r (when ṙ = 0) but have to stop before this happens.

Set A to fit the desired asymptotic tangential velocity 2A. For example to get 2A ≈
300km/s set A = 0.0005. Set Mcent to the desired central mass. For example 1011

and 1012 solar masses are M = .03 and .3 respectively. Leave K set to equal Mcent
unless you want to experiment with large values (which will increase the inertial drag
effect for a fixed mass). B needs to be set to somewhere near A/rmin. The integration
constants C and E affect the picture mostly near the middle and outside resp. There are
theoretical reasons for setting C to be negative because of the nature of the spiral arm
generator (see Section 5) and with C set negative, the roots of the spiral arms are offset
in a way seen in many galaxy examples. E is a key setting as it determines the energy
of orbits and hence the overall size of the galaxy. To get the most realistic pictures you
need ṙ to go to almost to zero at the maximum for r which you get by fine tuning E .
To help with this tuning, the program plots the graphs of v, vinert, r̈, energy and ṙ so
that you can adjust to get ṙ and r̈ near zero at rmax.

We now give some plots of orbits and galaxy arms obtained from this program. These
should be compared with the images of real galaxies that we have reproduced (Figures
1, 2 and 6).

Figure 7 is the ouput from the program as printed above. M has been set to 1011 solar
masses (all central) with tangential velocity asymptotic to 300km/s, and B has been
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Figure 7: Output from the program as printed

set to A/rmin and rmax to 50,000 light years (corresponding to a visible diameter of
100,000 light years). Time elapsed along the visible arms is 5.5× 107 years. See the
discussion of the correct figure here in Section 6 below.
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Figure 8: Left: orbits. Right: loose spiral
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Figure 9: Left: tighter spiral. Right: bar.

In Figures 8 (left and right) and 9 (left) we have the same settings with only B varied.
The settings are similar to Figure 7 but with a small realistic contribution to the mass
coming from Mdisc and Mball which are both set to 0.01 (1/3 of the central mass).
rmin has been reduced to 2000 to get nearer to the centre. Elapsed time for all three
is the same at 5.5× 107 years. B = 0 for Figure 8 left, so these are actual orbits and
B has been set to 1 and 2× 10−7 resp for the other two to give a loose and a tighter
spiral. Finally in Figure 9 right M has been reduced to 0.01 (1010.5 solar masses) and
the settings chosen (C = −5 and B = 5× 10−8 ) to give a realistic bar galaxy. Elapsed
time here is 108 years.

5 The generator

This section is highly speculative but the structure suggested here does seem to fit the
facts and gives a tentative explanation for why the limiting rotation velocity is much
the same (within a factor of 2) for all galaxies (see Figure 4). We are assuming that a
normal galaxy contains a hypermassive black hole at its centre. A massive black hole
accumulates a shell of highly active matter around it. Energy feeds into the shell mostly
by tidal effects, cf [13]4, and the shell becomes extremely hot. A plasma of quarks
forms nearest the centre, condensing into a normal plasma of ionised H and He nuclei,

4Warning: the three papers referenced here all work with the Kerr metric and their relevance
to the MR–metric will need to be checked when this metric is available.
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with a trace of Li, further out. Conditions here are similar to those hypothesised to have
occurred just after the big bang and the resulting mix of elements is the same. The shell
has a strong tendency to form a rotating belt and you get a rough structure illustrated in
Figure 10 (ignore the innermost and the two outer arrows, pro tem). There may be a
mechanism not yet understood whereby energy from the black hole feeds directly into
the rotation of the belt. In any case the setup is similar to the mechanism which is pretty
well understood whereby an “active” galaxy5 accumulates an accretion disc [24, 32]4 .

Figure 10: The belt rotates clockwise. Ejected matter causes the whole system to rotate
anti-clockwise.

Assume for purposes of exposition that there is no nett rotation to start with. Energy
feeds into the belt which becomes unstable and huge explosions throw matter off into
space. These explosions cause a loss of angular momentum and the whole system starts
to rotate the other way, Figure 10. Then the mechanism described in sections 2 and 3
starts to come into play and, further out, matter ejected from the centre starts to rotate
with the hole and against the rotation of the belt. Matter is lost from the outer regions
and, if ejected from the centre fairly slowly so that the inertial drag effect dominates,
carries away angular momentum of the opposite sign, Figure 11. There is a stable
situation in which the loss of angular momentum in both directions is in balance: highly
energetic particles ejected from the belt are not strongly affected by inertial drag effects
and carry away clockwise angular momentum; less energetic particles are affected and
carry away anticlockwise angular momentum. This balancing effect is why there is
strong stability in the limiting tangential velocity. Probably stable limiting rotation
velocity is a simple function of black hole mass but we would need a rather better model
to determine this. Note that Figure 11 shows orbits not arms. It should be compared
with Figure 8 left.

Energy is lost from the black hole because of the matter ejected from the belt, but energy
5See footnote 2.



Mach’s principle and the dynamics of galaxies 15

Figure 11: Inertial drag carries ejected matter anticlockwise and a balance is reached. Arms
form.

is recovered by matter falling into the active shell so that the whole structure is stable
over an immense timescale. In Section 7 we discuss compatibility of our model with
the timescale of the big bang.

We now need to explain how the spiral arms form. The explosions from the belt which
we mentioned above are the mechanism which feeds the spiral arms. These do not occur
in random places: most normal galaxies have a pronounced bilateral symmetry with
two main opposing arms (eg Figures 1, 2 and 6). There is no intrinsic reason for this to
happen, but it is a stable situation. Once two arms have formed, then the gravitational
pull of these arms will form bulges at the roots of the arms and encourage explosions
there to feed the arms. The bilateral symmetry arises because the bulges are tidal bulges
which always have bilateral symmetry.

This tendency to bilateral structure is weak and looking at a gallery of galaxies you can
find many examples where it fails to form or where other weak arms have formed as
well as the two main arms.

Notice that ejection from the belt is generally in the direction of the belt rotation, which
is opposite to the direction of the black hole rotation and this is why it makes sense to
choose the constant C to be negative and therefore why the roots of the arms generally
have a noticeable offset (see the galaxy examples referred to above).

In the next section we explain how the structure fits with detailed observations of our
galaxy, the Milky Way, and other nearby galaxies.

6 Observations

21cm emission observations

It is time to turn to detailed observations. The first comment is that the outward flow of
gas along the arms of the Milky Way was clearly observed by Oort, Kerr and Westerhout
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[22] in 1958 and in subsequent surveys. The correct interpretation was made at the time
but was later changed to attribute these observations to a hypothetical bar structure (for
which there is little other evidence). For more detail here see Binney and Merrifield [8,
pages 17–18]. It is worth commenting that we are now extremely lucky to have a truly
wonderful image of the Milky Way made by the COBE satellite [3] using three infrared
frequencies. This is reproduced in Figure 12. This image compares closely with several
ordinary spiral galaxies seen edge-on. This makes it unlikely (though by no means
impossible) for the Milky Way to have a prominent bar structure. This image contains a
great deal of information and will be used a couple more times in this section.

Figure 12: Composite image of our galaxy from the COBE satellite

Stellar populations

As explained in the last section, the outer layer of the belt is a plasma of H and He ions
with lighter particles and therefore the arms start out near the centre as a pure H–He
mixture. Therefore, if any stars were to form by condensation at the very root of the



Mach’s principle and the dynamics of galaxies 17

arms, they would be completely metal-free6, population III stars. However, outside
the belt, the galaxy is heavily polluted with dust and debris of various kinds and the
pure stream of H–He is quickly contaminated with traces of metals. Thus stars formed
even very near the roots of the arms will have traces of metals and be population II
stars. Moving out along the arms, there are intense star producing regions which can
be observed very clearly in all pictures of galaxies and also in the Milky Way. Here
short-life stars form and burn out and supernovae happen. Metals are synthesised in
abundance and stars formed further out along the arms are normal population I stars.

Thus the model we propose naturally explains the different stellar populations and why
there are no population III stars observed. Notice that the difference between population
I and population II stars is not their age, but where they are formed in the arms. Of
course this implies that in our neighbourhood (a good way out from the centre along an
arm) it is correlated with age, as is observed.

Sagittarius A∗

Starting about 18 years ago, several teams of observers have monitored a group of
stars in Sagittarius in tight orbit around a strong radio source SgrA∗ , which early
observations suggested might be at rest [25]. For a good overview see Gillessen et al
[12]. The conclusion that these observers have come to is that SgrA∗ is a massive black
hole of mass about 4.3× 106 solar masses at a distance of about 8.3 kpc. They also
conclude that this black hole is the centre of the Milky Way calling it the “massive black
hole in the galactic centre”. Since this conclusion directly contradicts one of our main
hypotheses, it is necessary to advance another explanation for these observations.

Globular clusters have total mass varying up to around 107 solar masses and central
black holes have been detected in many clusters. Moreover there is a well-established
theory for mass concentration and black hole formation in clusters, see [5]. Indeed this
is a natural phenomenon as clusters age. Stars will burn out and collapse and mass
concentration will cause a group of collapsed stars to coalesce into a single black hole.
The group of stars orbiting SgrA∗ , together with SgrA∗ itself have all the characteristics
of a globular cluster near the end of its life with most of the mass coalesced into the
central black hole and the remaining stars in orbit around the centre.

There is also very clear evidence from the COBE image Figure 12 that SgrA∗ is not at
the centre of the galaxy. The image uses Mollweide projection, which preserves area

6Metal is used here, with the misuse common in astronomy, to mean all elements heavier
than He.
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but not much else. Because of the conviction that SgrA∗ is at the centre, this has been
located dead centre in the image. The horizontal scale is galactic longitude covering the
full 360◦ and it is linear. If SgrA∗ was truly at the centre of the galaxy then this image
would be symmetrical about both the central vertical and horizontal axes. It is clearly
not. The bulge peaks rather to the left of centre and the main disc (seen edge-on) is also
displaced to the left. Not quite so obvious, but also clearly visible, is vertical asymmetry,
with the disc displaced slightly downwards from the central horizontal line. (There is
a blown-up image of the centre of Figure 12 on the same site [3] with the asymmetry
of the bulge and the vertical displacement both very clearly visible.) Because of the
non-circular nature of spiral arms there is no reason to expect the main disc to appear
symmetrical. But it is pretty symmetrical albeit displaced to the left. We do however
expect to see vertical symmetry and symmetry in the central bulge. It is recommended
that you print out Figure 12 on a piece of paper. Fold it in half and mark the centre
where SgrA∗ is. Then mark the rough centre of the bulge (ignore the bright area near
SgrA∗ which is probably a strong star producing region fairly close to us). Also mark
the rough centre of the main disc. When we did this we found that both of these were
displaced about 3mm to the left (printing on A4 with best fit), which corresponds to
about 4◦ . Also check the vertical positioning. We found this to be also displaced by
about 1mm or about 1◦ .

So SgrA∗ is not at the centre of the galaxy. Is there any reason to suppose that it is at
rest? This assumption has become self-fulfilling with other velocities measured against
it. If this assumption is dropped, there is no direct evidence to reinstate it. We would
need to measure average velocities for the galaxy as a whole, compensating for redshift
due to a heavy centre (not SgrA∗ ) if any. So far as we know this has not been done.

Where is the sun?

Since SgrA∗ is not the centre of the galaxy, we do not have a direct way to measure the
distance of the sun from the centre. There is however a good deal of indirect evidence
which places it at 17kpc (5× 104 in natural units) or more from the centre. We need to
consider what we actually see when we look at a spiral galaxy. There are several images
reproduced to look at (Figures 1, 2 and 6). In all cases it is clear that the visible spiral
arms are characterised by intense star producing regions populated by massive short
life stars and that a region of smaller older stars such as our immediate neighbourhood
would very probably appear quite dark from a distance. So we expect to be some way
outside the main visible disc (which is typically about 105 in diam).
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There is also the timescale to consider. The visible arms mostly comprise massive short
life stars which burn out or explode in 105 to 107 years. This fits well with the models
constructed in Section 4 where matter takes from 107 to 108 to cover the length of the
arms from centre. This gives time for several generations of stars to be formed and to
create the heavy elements for population I stars (like the sun) to contain (not to mention
the planet where we live). The sun is about 5 × 109 years old and probably formed
about half way along one of the arms of the galaxy. By now it must have moved beyond
the visible arms. It is worth commenting that the spirals found in our models have
very shallow pitch near the outside (where both ṙ and r̈ are small) and the outward
movement slows down very considerably there. This means that sun may be just a
short way outside the visible arms, more-or-less on the edge of the visible disc at about
5× 104 out from the centre.

Finally there is conclusive evidence again from that wonderful COBE satellite image,
Figure 12. The visible arms clearly lie to one side of the sun. They thin down to almost
nothing for about half (or a little more) of the full circle represented by the centre line
on the diagram. This puts the sun right on the edge the main disc, or just outside, at
again about 5× 104 from the centre.

Incidentally the estimates we find here agree closely with those made by Harlow
Shapley in around 1918 (see [8, page 8ff]). These were later revised downwards and
we tentatively suggest that there may have been a systematic error in these revisions.

Globular clusters

Globular clusters comprise mostly population II stars. So they are formed very close
to the central part of the galaxy. We suggest that the instability in the central region,
fed directly by energy from the black hole, occasionally throws a huge flare of gas (the
usual H–He mixture) in a direction other than in the galactic plane. This could happen
as a short-life “storm” structure. An analogy would be a cyclone forming in the earth’s
atmosphere. Such a flare could condense to form a tight cluster of population II stars: a
globular cluster in fact.

There are about 200 globular clusters in a galaxy and they have lifetimes of 1010

years or more so, to maintain the population, there needs only one new cluster formed
every 107 –108 years. Thus this model makes it possible that the constitution of a
galaxy might be more-or-less constant over a timescale several orders of magnitude
greater then current estimates. In Section 7 we will pursue these ideas and discuss their
consequences for global cosmology.
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Local stellar velocities

There has been a huge effort expended mapping the velocities of stars in our neigh-
bourhood. There are some paradoxical properties of these excellent observations. In
particular, the symmetries in velocity variations that you would expect from the current
dynamical model of the galaxy (with stars moving in circular orbits) are not observed.
The “velocity ellipsoid” which expresses this variation does not have the line from the
sun to the galactic centre as a principal axis, as would be expected from symmetry; the
deviation of these two directions is called “vertex deviation”. Further, vertex deviation
varies systematically with stellar age. With our dynamical model, the paradoxical
aspects disappear and vertex deviation and its correlation with age have very natural
explanations.

The explanation is somewhat involved and is relegated to Appendix B.

7 Further speculations

It is time to briefly discuss the consequences of the model of galactic dynamics proposed
here for cosmology in general. Most of the ideas in this section are taken up and
discussed at greater length in joint papers with Robert MacKay.

The big bang?

We have observed several times that the model of galaxies that we propose could be
stable over a huge timescale (perhaps 1016 years or more). There is a natural cycle
with matter ejected from the centre condensing into star populations and metalicity
increasing with distance from the centre. Stars move out along the visible spiral arms
and burn out before gravitating back towards the centre to be recycled. The contrary
hypothesis, that the galaxy is only just older than the oldest known stars (or not quite
as old as the oldest globular clusters – see [8, section 6.1]) is just possible, but we do
not believe it. There is a continued vigour to the star producing regions visible in all
galaxies, which suggests a steady renewal of material from the centre and a long-term
steady state.

So we firmly believe that the big bang hypothesis is wrong and that alternative
explanations are needed for the evidence that currently supports this hypothesis. There
are three so-called “pillars” of the big bang theory. One of these – the distribution of
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light elements in the universe – has already been covered. The central generator for a
galaxy mimics the conditions supposed to have occurred just after the big bang and the
resulting mix of elements is the same.

In joint work with Robert MacKay we propose new explanations for the other two
pillars: redshift and the cosmological microwave background. These are covered in
detail in our papers [16, 17, 18] and we give here just a brief flavour of the ideas.

Redshift

Our point of view (in common with relativity and quantum theory) is that all phenomena
must be related to observers. We call an observer moving along a geodesic a “natural”
observer and our basic idea is to consider natural observer fields, ie a continuous choice
in some region of natural observers who agree on a split of space-time into one time
coordinate and three normal space coordinates. Within a natural observer field there is
a coherent sense of time: a time coordinate that is constant on space slices and whose
difference between two slices is the proper time measured by any observer in the field
(see [16, Section 5]).

We consider that the high-z supernova observations [1, 2] decisively prove that redshift
(and consequent time dilation) is a real phenomenon. In a natural observer field, red or
blueshift can be measured locally and corresponds precisely to expansion or contraction
of space measured in the direction of the null geodesic being considered. Therefore,
if you assume the existence of a global natural observer field, an assumption made
implicitly in current cosmology, then redshift leads directly to global expansion and the
big bang. But there is no reason to assume any such thing and many good reasons not
to do so. It is commonplace observation that the universe is filled with heavy bodies
(galaxies) and it is now widely believed, independently of the model in this paper, that
the centres of many galaxies harbour massive black holes. The neighbourhood of a
black hole is not covered by a natural observer field. You do not need to assume that
there is a singularity at the centre to prove this. The fact that a natural observer field
admits a coherent time contradicts well known behaviour of space-time near an event
horizon.

In [17] we sketch the construction of a universe in which there are many heavy objects
and such that, outside a neighbourhood of these objects, space-time admits natural
observer fields which are roughly expansive. This means that redshift builds up along
null geodesics to fit Hubble’s law. However there is no global observer field or coherent
time or big bang. The expansive fields are all balanced by dual contractive fields and
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there is in no sense a global expansion. Indeed, as far as this makes sense, our model is
roughly homogeneous in both space and time (space-time changes dramatically near a
heavy body, but at similar distances from these bodies space-time is much the same
everywhere). A good analogy of the difference between our model and the conventional
one is given by imagining an observer of the surface of the earth on a hill. He sees
what appears to be a flat surface bounded by a horizon. His flat map is like one natural
observer field bounded by a cosmological horizon. If our hill dweller had no knowledge
of the earth outside what he can see, he might decide that the earth originates at his
horizon and this belief would be corroborated by the strange curvature effects that he
observes in objects coming over his horizon. This belief is analogous to the belief in
a big bang at the limit of our visible universe. This analogy makes it clear that our
model is very much bigger (and longer lived) than the conventional model. Indeed it
could be indefinitely longlived and of infinite size. However there is evidence that the
universe is bounded, at least as far as boundedness makes sense within a space-time
without universal space slices or coherent time. Our construction is based on de Sitter
space, and hence there is a nonzero cosmological constant, but this is for convenience
of exposition and we believe that a similar explanation for redshift works without a
cosmological constant.

The CMB

To explain the cosmological microwave background (CMB) we recall the Hawking
effect which applies at any horizon [11]. It needs stressing that horizons are observer
dependent. The definition of the horizon for an observer in a space-time is the boundary
of the observer’s past and represents the limit of the observable universe for her/him.
The event horizon for a black hole is part of the horizon for any observer outside (but
NOT for an observer on or inside this surface). The fact that many observers share this
part of their horizons leads to a common mistaken belief that this surface is in some
way locally special. It is not. For an observer on or inside this event horizon it has
no special significance. The best way to think of a horizon is as a mirage seen by the
observer, not a real object. The key point about a horizon is that it shields the observer
from knowledge of the other side. Ignorance is entropy in a very precise technical sense.
And if you have perfect entropy in a system then the radiation that comes off is black
body (BB).

Gibbons and Hawking [11] apply these idea to de Sitter space where there is a
cosmological horizon for any natural observer. Moreover the symmetry of de Sitter
space gives perfect isotropy which is one of the salient features of CMB. The radiation
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that they use comes from quantum fluctuations in space-time (particle pairs are produced
and one half passes over the horizon whilst the other stays to be observed). This
produces BB radiation at 10−28 K which is far lower than observed. We apply the
same ideas (again in de Sitter space) to the background of photons coming from all the
galaxies in the universe and we use the fact that the universe is also filled with low-level
gravitational waves as seen in the systematic distortion in distant images from the
Hubble telescope [28]. These two considerations have the effect of greatly accelerating
the Hawking effect and bring the temperature up to the 5K observed. Looking at the
cosmological horizon we see light particles at near zero energy because they have
traversed the Hubble radius. The low-level gravitational waves cause these particles to
appear to be moving back and forth across the boundary. Think of the waves as like
parcels of space-time being swept over the boundary in both directions. Particles get
swept away and lost (from view) and appear to be being absorbed, and others get swept
over the boundary towards us and appear to be being created. This is an exact paradigm
for absorption and re-emission. So the particles that are emitted (ie what we see) give a
black body spectrum.

Gamma ray bursts

It is also worth commenting that the same circle of ideas gives a natural and non-
cataclysmic explanation for gamma ray bursts (GRB). Black holes in de Sitter space
follow geodesics (you can think of the metric as roughly given by plumbing in a
Schwarzschild black hole along a geodesic). If you consider the light paths from one
generic geodesic to another in de Sitter space you find that there is a first time when they
communicate (when the emitter passes through the horizon of the receiver) and a last
time (when the dual occurrence happens and the receiver passes through the boundary
of the future of the emitter). It turns out that the apparent velocity is infinite (infinite
blueshift) when they first communicate and zero when they last communicate (infinite
redshift). We suggest that the universe is closely enough modelled by de Sitter space
that distant galaxies coming across our horizon at “infinite blueshift” but at Hubble
distance cause the observed GRB. Full details can be found in [19], where we obtain
exact formulae for this effect and sketch intensity curves using Mathematica. The fit
with observed GRB is very good.

The quasar-galaxy spectrum

One helpful way to understand our model for galaxies is that it fits ordinary galaxies
into a spectrum of black hole based phenomena starting with quasars proceeding
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through active galaxies and on to full size spirals, with the mass of the centre increasing
monotonically along the spectrum. All are highly active. A tentative guess at the mass
ranges of the central black hole (in solar masses) along the spectrum is:

Quasars: 107 to 109

“Active” galaxies: 109 to 1011

“Normal” galaxies: 1011 to 1013

Proceeding along the spectrum, the mass of accreted matter increases and progressively
hides the centre, so that received radiation comes from matter less and less directly
affected by the central black hole. This is the reason why the active nature of normal
galaxies has not been directly observed – their centres are totally shielded from view.

As remarked above, observed radiation from near the massive centre in fact comes
from matter progressively further out as the central mass increases along the spectrum.
A massive centre causes gravitational redshift. We would therefore expect that there
should be intrinsic redshift (ie redshift not due to cosmological effects) observed at the
lower end of the spectrum, ie that quasars should typically exhibit intrinsic redshift.
A recent paper of Hawkins [14], which sets out to prove that quasars show redshift
without time dilation (an impossibility since redshift and time dilation are identical), in
fact decisively proves that much of the redshift observed in quasars is intrinsic. For
details here see [27].

The existence of intrinsic redshift is quasars has important consequences for the history
of the universe. If all the redshift observed in quasars is cosmological, then observations
of distribution of quasars shows that the constitution of the universe has changed
significantly over observable history (see [21, Box 28.1 page 767]). If however a
significant portion of redshift in quasars is intrinsic, then observations are consistent
with a universe roughly homogeneous in both space and time as we suggest is the case.

The idea that quasars typically exhibit intrinsic redshift has a strong champion in Halton
Arp [6]. Apparently this view is controversial. As newcomers to this subject, we find
this controversy bizarre: it is very natural to expect that there will be heavy objects in
the universe and that nearby sources of radiation should be redshifted by gravitational
redshift independently of cosmological effects.

It is worth briefly commenting that there is a natural way to see galaxy/quasar objects
as evolving over an extremely long timescale with points of the spectrum representing
different ages of the same class of objects. These ideas fit in with the observations of Arp
and others [6], which show quasars closely connected with parent galaxies and (intrinsic)
redshift decreasing with age. However we not support the more outlandish theories that
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these authors suggest as a theoretical framework. As far as we are concerned, these
observations all have natural explanations within standard relativity: the decreasing
intrinsic redshift with age is a natural consequence of the masking effect of the centre
described above.

Finally it is worth remarking that nothing whatever is known about the inner nature of
so-called “black holes”. There is no such thing in nature as a singularity; black hole
is simply the name given to another state of matter about which nothing is yet known.
There are some fascinating observations due to Schild et al [29] which hint at a specific
inner structure and which may perhaps shed some light here. Or perhaps by observing
galactic clusters carefully it may be possible to deduce some of the rules governing
this new state of matter—perhaps to begin to build up a proper physics for black holes.
One point that needs to be addressed is why galactic centres are not even more massive.
Black holes can combine to become more massive. So perhaps there should have arisen
a set of super size galaxies grazing on ordinary ones etc. This does not appear to have
happened. Why?

The reason may be the mechanism described in Section 5 which limits size by boiling
off excess matter, or the mechanism may be more elementary. Black holes over a certain
mass may simply be unstable and spontaneously break up.

Origin of life

Our model for a galaxy has a built-in cyclic nature with solar systems created by
condensation in the arms out of a mixture of the clean gas stream from the centre and
the dust and debris left from stellar explosions and present as background throughout
the galaxy, then living their lives whilst moving out into the outer dark regions of the
galaxy and finally gravitating back into the centre to be recycled.

The timescale is huge. Probably several orders of magnitude greater than current
estimates of the age of the universe. This is plenty of time for life to have arisen many
times over on suitable planets. When these planets are destroyed by tidal disruption
as they fall into the centre or by breaking up in collision with other objects, many of
the molecules will survive and become part of the background dust out of which new
planets are made. Thus in a steady state planets will start out seeded with molecules
which will help to start life over again. Indeed standard selection processes over a
galactic timescale will favour lifeforms which can arise easily from the debris left over
from the destruction of their planetary home. This might explain how life arose on earth
rather more quickly than totally random processes can explain.
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There is evidence for this in the long-chain hydrocarbon molecules that are in fact found
in meteorites. There are some very interesting theories advanced to explain how such
molecules could be formed in deep space!

Appendices

A Mach’s principle

Einstein was strongly influenced by Mach’s ideas in formulating general relativity.
Indeed he believed initially that he had fully incorporated them. Later however he
became disillusioned with the ideas and abandoned them. Problems arise once you
allow the universe to expand (and the standard interpretation of Hubble’s observations
is that the universe is expanding). If you suppose that local inertia is correlated with
the general distribution of matter in the universe then, in an expanding universe, inertia
changes locally as the universe changes globally. In order for inertia to be unchanged
locally you need mass to increase along with the universe, eg by a mechanism of
“continuous creation” as suggested by Hoyle et al [15], or you need the gravitational
constant to change. Both of these are obviously unsatisfactory. There are also causality
problems with a naive statement because you have to define what you mean by “the
universe” and a natural interpretation is a simultaneous time-slice. This implies that, if
the universe varies, the influence on inertia travels faster than the speed of light. There
is a serious attempt to marry Einstein with Mach in Brans–Dicke theory [10]. Here
the gravitational constant is replaced by a scalar field which mediates the Machian
influence of distant matter on local inertia. Although sound, the extra complication of
the Brans–Dicke theory makes it a highly unattractive solution to the problem.

Our viewpoint is that the philosophical reasons for Mach’s principle are compelling and
that it must be incorporated in any theory that describes reality, and also that there are
strong reasons to stick with general relativity as presently formulated. We believe that
there is no problem with incorporating Mach’s principle into general relativity. The fact
that there are non-Machian solutions to Einstein’s equations does not imply that the
theory is intrinsically incompatible with Mach’s principle. For example, as we remarked
earlier, the Kerr metric fails to be Machian precisely because the chosen boundary
conditions (a central rotating mass and flat with no mass at infinity) are incompatible
with Mach’s principle, which requires the concept of rotation to be related to other static
matter. The fact that one attempt at a metric for the neighbourhood of a rotating body is
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non-Machian does not imply that every such metric will be non-Machian. Indeed here
is a thought experiment which indicates that metrics of the type we want do exist.

Imagine that the universe is a 3–sphere (spacially) and that it is filled with two very
heavy bodies (both 3–balls) with a comparatively small gap between them. Suppose
that these bodies are in relative rotation. Then by symmetry frames half way between
the bodies will rotate at the average speed and by continuity the inertial drag will
move towards rotation with each of the bodies as you move away from the centre.
Diagramatically we have the situation pictured in Figure 13. Note that in the figure we
have represented the bodies as nested. To get the correct view think of the outer circle
labelled “infinity” as the diametrically opposite point to the centre of the inside body.

inner body

outer body

“infinity”

Figure 13: Inertial drag between two heavy bodies

Now to get the situation we want you need to shrink the inner body to be the central
rotating body and imagine the outer body to be the rest of the heavy universe. It is
unreasonable to suppose that the qualitative description of inertial drag changes during
the shrinking process and therefore the final metric will have (roughly) the inertial drag
properties that we expect.

Because this thought experiment gives opposite rotation to the one found in the Lense–
Thirring effect, it is worth spending a couple of lines discussing the Lense–Thirring
calculation (and the similar later one due to Pietronero [23]). Both these papers use
a perturbation method based on flat underlying space-time (Minkowski space) and
therefore the rotating mass must be small. To be relevant to the situation that we want,
the methods would need to be extended to a metric with heavy masses in it (eg the
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Schwarzschild metric) and there is as yet no theorem that guarantees that the methods
will work in this situation. The frame dragging found by these authors whether opposite
to commonsense (Lense–Thirring) or in accordance with it (Pietronero) may just be an
artefact of the methods and situation considered, and not represent anything real about
metrics that might model a galaxy.

It is also worth making a couple of remarks about causality. As mentioned earlier
we think of the “universe” as being our backwards light cone. There is therefore no
causality problem with our inertia being correlated with (or even caused by) by the
matter in the rest of the universe. The information that we need can be transmitted to us
at the speed of light along our back light cone. This could be carried by the usual stress
tensor (eg be related to gravitational waves) or by particles yet to be identified. There
will have to be a specific averaging effect and an allowance for redshift. This makes it
possible for inertial drag mass to be identical to gravitational and ordinary inertial mass
as suggested might be the case in Section 2. However the important point for us is that
a naive Mach principle is not in conflict with causality in an Einstein universe. In order
for inertia to be roughly constant (as we expect) what is needed is that the universe
should appear to us to be roughly homogeneous. This is precisely what our proposed
model for redshift [16, 17] proposes.

In any case, for the purposes of this paper, we do not need to assume that inertia per se
comes from other matter, merely that the concept of inertial frame does so, and merely
that it fits reasonably well near a very heavy rotating mass. So there is no need to go to
great lengths. We firmly believe that there is a fully Einstein metric which does this at
least.

B Local stellar velocities

The observations

We refer to the excellent treatment in Binney and Merrifield [8, Section 10.3]. The
first and most important point that must be understood is that the observations are all
relative to the sun. There is no way of determining absolute motion (eg with respect to
the centre of the galaxy) from these observations. If we choose a model for galactic
motion (eg the current conventional model of roughly circular motion in the plane of
the galaxy) then absolute motion can be deduced, but other models give other results.

The coordinate system used to express observations is (x, y, z) where x points from the
sun to the centre of the galaxy, y is perpendicular to x in the plane of the galaxy and
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points roughly in the direction that the sun is moving and z is perpendicular to both and
points to the galactic north pole. By convention, velocities in these three directions are
denoted U,V,W respectively.

The salient features of the observations are:

(1) The sun is moving with velocity (U,V,W) ≈ (10, 5, 7)km/sec with respect to
the average velocity of nearby stars.

This velocity is well within the observed variations for stellar velocities for all types of
stars in our neighbourhood and therefore this observation is completely unremarkable,
unlike the remaining ones. Note that this does not imply that the sun is moving towards
the centre (U > 0) but merely that its velocity measured with respect to the average
velocity for nearby stars has a component towards the centre. In our model, stars are
moving around the galaxy at the usual tangential velocity of about 200km/sec and also
outwards at perhaps 30km/sec, so the sun is also moving outwards at perhaps 20km/sec.

The remaining observations concern the statistics of the observed velocities for subsets
of stars of a given stellar type. The main variable considered is colour “B–V” which for
Main Sequence stars is largely determined by age (or rather by metalicity, which for
stars in our neighbourhood is inversely correlated with age, see Section 6). The reddest
observations are ignored to improve the correlation with age, see the comments at the
top of page 630 of [8].

(2) The average velocity of Main Sequence stars in our neighbourhood decreases
monotonically with respect to age.

(3) The variation in velocities (measured for example as the square of the standard
deviation of the velocities from the mean velocity) increases monotonically with
respect to age.

For details here see [8, Figures 10.10, 10.12].

These observations are very remarkable. At first sight there is no reason at all to expect
any dynamic properties of stars in the galaxy to depend systematically on age. The two
observations can be combined to give a linear relation between velocity and variation,
which is called asymmetric drift: for all types of stars, velocity decreases linearly with
respect to squared variation in velocity [8, Figure 10.11, page 628].

Now consider the varation in velocity as a function of direction. To first approximation
we can model squared standard deviation as a quadratic form. This is the so-called
velocity ellipsoid [8, Box 10.2]. The distance of the ellipsoid surface from the origin
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in a given direction gives the standard deviation for velocities in that direction. The
principal axes of this ellipsoid give intrinsic directions related to the velocity variation.
As expected from symmetry considerations, for all types of stars one of the principal
axes is parallel to the z–axis (ie towards the galactic north pole) and this is the shortest
principal axis. The other two lie in the galactic plane. For the current model of galactic
motion in which stars are supposed to move in roughly circular orbits, the x–axis should
be a line of symmetry. The final, and most remarkable of these observations is that this
is not the case. The major axis of the velocity ellipsoid lies in the galactic plane and
points, not towards the galactic centre, but makes an non-zero angle with the x–axis on
the side of the positive y–axis of between 10 and 30 degrees approximately. This non
zero angle is called vertex deviation.

(4) Vertex deviation decreases with stellar age.

The explanations: Velocity variation increases with age

We need to remind you that stellar systems form in the spiral arms by condensation
of the background gas stream, together with dust and contaminants from supernova
explosions etc, see Section 5.

At birth, a star’s velocity will be much the same as the average velocity of the gas
stream, but once born it is subject to various gravitational forces of a random character
from nearby stars and groups of stars and its velocity tends to vary from average in
a statistical sense. Thus the older a star is, the longer time it has to acquire random
variations and the more variation you would expect. This is observation (3).

Asymmetric drift

Variations in velocity are mostly due to interactions between nearby stars and groups of
stars. Therefore they conserve kinetic energy. When uniform velocities vary randomly
from a common average preserving kinetic energy then average velocity decreases
with the average decrease proportional to the average squared deviation. This explains
asymmetric drift and observation (2) follows from observation (3). This is a well-known
phenomenon and proved in for example [9, Section 4.2.1]. We give an elementary proof
in order to derive the dependence on average velocity explicitly.

Assume for simplicity that we have a group of N stars of equal mass all travelling with
the same velocity vector v subject to small random changes preserving kinetic energy.
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Let the new volocity of the i–th star be v + ei then conservation of kinetic energy gives:∑
i

||v + ei||2 =
∑

i

||v||2

which implies ∑
i

2v.ei = −
∑

i

||ei||2

divide both sides by 2Nv where v = ||v|| and the left hand side becomes the average
increase in velocity in the v direction (negative and therefore a decrease) and the right
hand side is −1/(2v) times the average squared variation. We shall see shortly that, after
correcting for the relativistic effect of inertial drag (replacing v by vinert see Figure 14),
the principal source of velocity variation is roughly in the v direction and therefore the
major change of velocity is roughly parallel to v and we deduce that average velocity
decrease is proportional to average squared variation with the constant of proportionality
being 1/(2v).

Comparing this with [8, Equation 10.12] we read 2v = 80km/sec and hence v =

40km/sec approximately. This is not the observed velocity for the sun against distant
objects which, in common with all observed rotation curves, is approximately 200km/sec.
To explain this discrepancy, which is caused by inertial drag, we need to recall the
analysis of Sections 2 and 3. We can write the velocity vector of a particle moving in
the plane of the galaxy as the sum:

v = vrot + vinert

where vrot is the velocity due to rotation of the local inertial frame and vinert is the
velocity measured in the local inertial frame. Note that the notation here is not the same
as used earlier, where v was tangential velocity and not total velocity. The use of bold
face is intended to make this distinction clear. Now the conservation of energy applies
only to vinert and it is twice the size of this velocity which is the inverse of the constant
of proportionality. Tangential velocity is mostly rotational near the centre and moving
outwards, the inertial part of tangential velocity grows asymptotically to a maximum
of half the asymptotic limit of 200km/sec. Radial velocity is all inertial but decreases
outwards as you would expect. The nett effect is that an inertial volocity on average of
size roughly 40km/sec is consistent both with our model and with observations.

Vertex deviation

To understand vertex deviation we need to think carefully about the geometry that we
analysed in Section 3, which produces the classic spiral structure and we refer here to
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Figure 14. A star moves tangentially with the rotating galaxy and also outwards along
the arm in which it lies. The nett effect is a spiral in the opposite direction as illustrated.

Now the main source of random variations in stellar velocities is from the fact that the
arms, created as they are by a series of explosions in the belt, are not uniform. Hence
the component of velocity along the arm is subject to the major variation. But this is in
a direction towards the centre near the root of the arm and then turns away in a direction
towards the direction of rotation as illustrated in Figure 14. Thus the major variation is
not towards the centre (along the x–axis) but has a component along the y–axis which
is precisely the observed vertex deviation. But by inspecting the shape of the arm, you

spiral arm

spiral arm

centre of galaxy

direction of rotation of galaxy

x

STAR y direction of tangential
rotation and vrot

direction of major
variation in velocity

v

resulting actual motion

motion along arm

vinert
= v−vrot

Figure 14: The velocities near a star
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can see that the younger a star is, the greater will be the proportion of its life spent in
the outer region of the arm, where the direction of variation is further from the centre
and hence the greater will be the vertex deviation. This is observation (4).
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