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1 Introduction

Einstein’s field equations provide a natural relativistic generalisation of Poisson’s equation with the mass
density p replaced by the stress-energy tensor T as the ‘source’.

The analogue of the Newtonian gravitational potential is the metric, and, if we work in a local inertial
frame (LIF), the 2nd derivatives of the metric are the Riemann curvature which, like the 2nd derivatives
of the Newtonian potential — i.e. the Newtonian tidal field — are observable through their influence on the
trajectories of neighbouring particles or photons. This — as we shall see in more detail below — ties down



the constant x in the theory. The field equations are the simplest such generalisation, though there is the
possibility to add the cosmological constant term, with the additional constant A.

Solving the field equations, however, is much more difficult than for Newton’s gravity. In Newtonian
gravity the space-time geometry is given a priori, and Poisson’s equation and the relations between the
potential, gravity and tidal field are all linear. That mean we can write down the potential — and hence
obtain the gravity and the tide — for a given mass distribution simply by summing the ¢ = —Goém/r
potentials of all the mass elements.

In Einstein’s theory, the equations are non-linear, and the space-time geometry emerges as part of the
solution, so it is a great challenge to find a space-time and stress-energy tensor that are compatible with
each other. And we further require that that stress-energy tensor be compatible with e.g. the equations
of motion' of the fields comprising it. And even when we have a solution, the fact that we had complete
freedom in choice of the coordinate system in terms of which it is expressed may make it difficult to interpret
physically.

Here we will consider the situation where the curvature of space-time is very weak, so we look for solutions
where the metric is very close to that of a flat Minkowski ‘background’, with small perturbations:

9op = Nap + hap- (1)

We can then proceed much as in Newtonian gravity where we can search for a solution giving the metric
perturbations caused by a given matter source term. Though there are still subtleties to do with the choice
of coordinate systems.

In this lecture we will develop this perturbation theory approach, and we will apply it in the Newtonian
limit. This is an important application because most things that we can observe — with the exception of
the immediate vicinity of black-holes and relativistic stars on one hand and the properties of the universe
on the largest scale on the other — are well described by this theory.

The other important application of the weak-field theory developed in the first half of this lecture is to
gravitational waves, which will be considered in the next lecture.

2 Geometrized units

It can be convenient in SR to choose units of length and time so that the numerical value of the speed of
light is unity. That doesn’t mean that ¢ = 1 as ¢ has units of length / time or [L/T]. But if we think of
formulae as only representing numbers, rather than physical entities, we can then be sloppy and simply omit
c from formulae, leaving it up to the reader to figure out that, in a formula like ds? = —dt? 4 dx? + dy? + dz2,
for example, dt? is really shorthand for c¢?dt?.

Similarly, it can be convenient in GR to choose units of mass such that Newton’s constant Gy = c¢?.
These are called geometrized units.

Given that the orbital velocity v for a test particle around a mass is v> = GnNM/r, we have v?/c? =
(Gn/c?) x M /r, which numerically, is v2 = M /r, so we can express masses as equivalent lengths; the length
corresponding to a mass M is the radius of the orbit for which the orbital speed would be c. Il.e. the
Schwarzschild radius for a BH of that mass.

So we can quote the value of mass in (equivalent) metres. For example, 1 solar mass (Mg ~ 2 x 103%kg)
is approximately equivalent to 1.5 km.

Einstein’s field equations are G = 87«'T and contain a single dimensionful constant . In the convention
we are using, G has units of inverse length squared [L=2] while T has units of energy density [ML~'T~?], so
% has units [M~*L71T?]. Newton’s constant, on the other hand, from v? = GxM/r, has units [M~1L3/T?],
different from that of Gy by [L*/T%4]. Expressed in terms of Gy, and requiring correspondence between
Einstein and Newton for low velocity particles (which is where the 87 comes from) the field equations are
G = 87(Gn/cMT.

So in geometrized units the field equations take the form

G = 8=T. (2)

'People often describe the equations of energy and momentum conservation T#”.,, = 0 as being the ‘equations of motion’,
but, in general, they are not sufficient to describe the matter and one needs to solve the equations of motion for the fields and/or
particles.



This saves a bit of ink and typing. But it is not clear, in the present circumstances, that this is such
a great idea. Here we are doing perturbation theory, where we think of G as being a first order response
to a zeroth order matter source term T. So maybe it is helpful to keep the x = Gx/c* visible rather than
hidden, in order to remind ourselves that this is facilitated by the weakness of the gravitational interaction.
Mostly, we’ll keep it (as this is supposed to be an introductory course we want to minimise the burden on
the reader), but if it offends you just ignore it.

3 Weak field gravity

3.1 Nearly Minkowskian coordinate systems

We assume there exists a coordinate system Z such that the proper separation between two events with
separation dZ — dz® is, as usual, ds® = gag(f)dxo‘da:ﬁ, with

9as(T) = Nap + hap(Z) (3)

e where 7,3 = diag{—1,1,1, 1} is the usual flat space-time ‘Minkowski metric’
e and where h,g are the components of the ‘metric perturbation’
e and where we assume that these are all small: |hqg| < 1

There are a wide range of situations where this is a very good approximation. As we saw, the effect
of a gravitating body like the Earth can be described by a metric in which there is ‘warping of time’ with
goo =~ —(1+2¢/c?) where ¢ is the Newtonian potential which, for Earth, gives hgo ~ 107?. And, as we shall
see shortly, the spatial parts of the metric perturbation are of the same order of magnitude.

For galaxies and galaxy clusters the motions are larger, but still hgg < 107°. So the weak-field approxi-
mation is very good indeed.

By working only to lowest order in these perturbations we will obtain a great simplification of the theory.

This breaks down, however, for black holes and highly relativistic stars like neutron stars on the one
hand, and on the largest scales we can @bsérver in cosmology on the other.

3.2 Transformation of the weak-field metric

A metric, in general, contains information about both the geometry of space-time — described by g — and
the coordinate system we have adopted, which, together with the geometry, fixes the components g,g(Z)
and hence hog(%).

The same is true in weak-field gravity. This is both a blessing — because we can judiciously choose
coordinates to simplify the equations — and a curse.

Understanding and exploiting this requires, as a first step, figuring out how the components of the metric
perturbations h,g(Z) change under transformations of the coordinate system

3.2.1 Global ‘background’ Lorentz transformations

Consider a transformation of coordinates exactly like a Lorentz transformation in flat space:
2% (2%) = AY yz® (4)

where, for a boost along the z'-axis with velocity v, for example,

v —w/e
Aa/a: —")/U/C Y ) (5)

This has an inverse transformation % = A%, 2® with A%, given by the same formula with the sign of
v reversed.
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More generally, the velocity need not lie along the z-axis, and the transformation matrix might also
include rotation, so we have the usual family of Lorentz transformations, parameterised by the three com-
ponents of v and the three Euler angles.

Since ds? = gop(%)dr*dz’ = gag(f)gfj,%dxa/xﬁl, and, since dx*/0x® = A%, here, the metric
transforms, as usual, according to

goz’,B’ = AaazABB/gaﬁ = Aaa’Aﬁﬁ’(nO&B —+ haﬁ) (6)

but 7,4 is unchanged by this transformation so, writing gn/g = Nag + ha/g, We have

ho/ﬁ’ = Aaa’Aﬂﬁ’haﬁ (7)

so the metric perturbation transforms, under this transformation, just like a tensor transforms in SR.

One might imagine using this if one wanted to know what is the gravitational field of a star as perceived
by a rapidly moving observer. One could then calculate the metric perturbation in the frame in which the
star is at rest, where one can exploit the symmetry and lack of time variation, and then apply boost matrices
as above to transform to the relatively moving frame.

3.2.2 Raising, lowering and contracting indices of the metric perturbation

The components of the inverse metric ¢*? = (g71)*? are given, to zeroth order in the perturbation, by 7.
So the mixed rank metric perturbation h%g = g**h,z = n**h,s +.... So we can use the Minkowski metric
to raise or lower indices of, and to perform contractions on, the metric perturbation h,g. So we have for
the contraction h = h%, = n®? hag and for the contravariant components h*¥ = nhenB hag-

Note that the perturbation of the components g** of g~! are not h*¥. Since 9" g = 55 , and writing
g’ = nM + p* | it must be that (5’5 =" + ") (s + hup) = 5g +n*h,g + p*'nug + pH*hyg. Dropping
the last term as it is 2nd order, we see that the inverse metric perturbations p*” satisfy p*“n,5 = —n'*hag
or, multiplying by n*?, p“"ngﬁn’jﬁ = pHooy = p* = —n”ﬂn“ahag or p*¥ = —hM* and thus, at linear order,
the inverse metric (i.e. the thing one uses to compute scalar products of 1-forms, for instance) is

g7 =1 — hs. 8)

3.2.3 Gauge transformations

Another — arguably more useful — type of transformation is that in which the coordinates z® (P) of a point
or event P in the primed frame are the same as the coordinates ®(P) of the same point in the un-primed
frame plus a small — in a sense to be made precise presently — displacement vector field £(2)

We can write this as

2 (2) = 2 + ¢ () (9)

where the meaning of this formally illegitimate equation (as the indices do not balance) is that for any choice
of the index o/, ® is given by the right hand side with a = .

To avoid having to say all of that and if you want to keep the indices balanced you can instead write
this transformation more carefully — or perhaps pedantically — as

2 () = r*(2%)  where
(10)
r(af) = 2% (27) + €% (a”).
Either way, the transformation matrix is A 3= oz /9P = ar® /928, or
A =065+ € 5. (11)

One can visualise the situation in 2D if we imagine the un-primed coordinates of events like P displayed
as Cartesian coordinates. The primed coordinates can then be read off from an overlaid transparency on
which the lines of constant primed coordinates are slightly distorted with respect to the Cartesian grid.



The corresponding inverse transformation is (being careful and/or pedantic)
2% (2%) = p*(2®)  where
P (@) = e (0¥ ) (12
:l'a _&-Oc (m5)+£5£a B _gﬁg’yga “3/,7/4-...

!

where we have performed a Taylor expansion.
We can now make precise by what we mean by the gauge transformation being small. It is not in fact
necessary that £ itself be small. Provided that the components of the ‘distortion tensor’ are small:

€% 5l < 1 (13)

which means that the primed coordinate grid is only slightly distorted, and provided that lfvfo‘ﬁ,ﬂ < 1 and
so on, then we can ignore all the terms in the expansion involving derivatives, and we have for the inverse
transformation

(2" = p*(«®)  where (14)
p* (@) = 2 = ¢ (@)
or, taking slight liberties as above,
227 = 2 — (7). (15)
The inverse transformation matrix is A%g = dz®/ 9P where
Aaﬂl = (Salgl — §a76/. (16)
3.2.4 Transformation of the metric under a gauge transformation
The transformation of the metric is go/g = A AP 8'9aB, OF
ga/ﬁ/ = (5aa/ J— ga,a/)(éﬁﬁl — 5676,)(naﬁ + hOéﬁ) (17)

or, keeping only terms which are first order (in the metric perturbation or the gauge distortion tensor) and
writing
o' = Mot + Ry (18)

we obtain the law for the transformation of h,s under a gauge transformation:

hag = has = a5 = .0 (19)

where the meaning of this formally illegitimate equation is as above for (9) and where, for example, &, 3 =
navgy,ﬁ .

We will use such transformations to find coordinate systems in which the metric takes a conveniently
simple form. In doing this, the components of the required distortion tensor are typically of the same order
of magnitude as those of the metric perturbation tensor.

3.3 The curvature in weak-field gravity

3.3.1 The linearised Riemann tensor

The general expression for the connection in terms of the metric is

g, = %gw(gaﬁ,u + Gop,p — 9Bu.a) (20)

so for weak fields, and to first order in |hqg|,

g = 517 (hapu + how,s — hppa) (21)



so the connection is a purely 1st order quantity. This means that we can ignore the products of Christoffel
symbols in the expression for the Riemann tensor and we have, at leading order,

Raﬁ/w = _Faﬁu,v + Faﬁlw (22)

or, lowering the index « (with the Minkowski metric, of course)

Rapuw = [= 5 (hepzim + happy — hpan)] — {1 & v} (23)

where the slash indicates that the first term will cancel when we subtract the corresponding term with p
and v flipped.
This gives

Ropuw = =35 (happy = hoaw g+ Pgvop — Pauor) (24)

which you may remember as it’s what we got before for the Riemann tensor in locally inertial coordinates.
Here we are not (necessarily) working in a LIF, but the same formula is valid by virtue of the smallness of
the metric perturbations.

This is a bit ugly, and maybe a bit hard to remember. I find it easier to think of this as

Ropuw = [(—5hap,pv) —{a & B} — {u & v} (25)

so you just have to remember the 1/2, the minus sign — which is conventional — and the fact that Rqg,, is
antisymmetric under interchange of either o and 8 or u and v.
3.3.2 Transformation of the linearised Riemann tensor

Applying the law (19) for transforming the metric ho/gr = hag — &a.8 — €8, to (25) above, the curvature
changes under a gauge transformation to

Ry = Raguw + ([%(ga,uﬁu + fu,aBV) —{a e B} —{unev}. (26)

But &, 5, is symmetric under p < v and &, 4, is symmetric under « < (3, so both terms vanish when we
anti-symmetrise, and we have

‘ Roc’ﬂ’;/y’ = Raﬁp,z/' ‘ (27)

Thus, unlike the components of the metric perturbations from which it is constructed, the components
of the curvature tensor (25) are invariant under a gauge transformation.

Note that this is not just saying that the curvature tensor R — considered as a geometric object — is
invariant. That is a given, and it is invariant under any coordinate transformation, no matter how large
they might be, as is the metric g also for that matter.

This is very different in that it says that provided we only make small amplitude coordinate transfor-
mations (with [ g| ~ |hag|) the components of R do not change (at first order).

3.4 The linearised Einstein field equations in the Lorenz gauge

We will now obtain the Einstein tensor G,g — which, like R%g,, is gauge invariant — in terms of the
metric perturbations h,g, and then show how this relation can be greatly simplified by applying a gauge
transformation to h,g. This results in the linearised Einstein field equations in the Lorenz gauge.

3.4.1 The Ricci tensor and scalar

Performing the contractions of the linearised curvature tensor (25) on its 1st and 3rd indices we obtain the
Ricci tensor:

y 1
Rapg = 0" Ruovp = —§(h,a,8 =W ap+hap™ |, = hap ) (28)
and contracting this gives the Ricci scalar:
R=1"Rg, = hy™ — Wt . (29)



3.4.2 The trace-reversed metric perturbation

It proves useful to introduce, at this point, the trace-reversed metric perturbation:

Eaﬁ = haﬁ — naﬁh/2 (30)
which, as its name implies, has contraction, or ‘trace’, h = naﬂﬁag =h", =h%, — 0% h/2 = —has 6%, = 4.
Note that the Einstein tensor is the trace-reversed version of the Ricci tensor.
3.4.3 The Einstein tensor
In terms of Eaﬁ the linearised Finstein tensor: is
L T T R
Gop = Rap — 3n0pR = =5 [hasu™ + Nashy™” = aps™ = hgua] (31)
where we have gained some compactification by invoking the ‘trace-reversed’ metric perturbation.
Equating this to (8mk times) some given stress energy tensor T,g(Z) gives
Frap " 4 Naghu™ = haps™ = hape’ = =167k Ths (32)

which, in principle, can be solved for Eaﬁ.

3.4.4 The Lorenz or de Donder gauge

The field equations can be dramatically simplified if we invoke a small (i.e. [{¥ 3] < 1) gauge transformation

2 (xP) = 2%+ £*(2P), which in no way changes the Einstein tensor, to obtain a coordinate system in which

the 4-divergence EW’M of the trace-reversed metric perturbation vanishes .

Proof:
e A gauge transformation changes the metric to
(old
- hf‘trll/eW) - h n ) €u7 €V7l"’

e and, it is easily shown, changes the trace-reversed metric to

—(new (old
N h;(w =R hyw ) = & = Sup T N

e taking the derivative with respect to ¥ we get? the 4-divergence

E(new), h(old 5#,

1%

—(new),v (old)
— R ROV e,

e where O is the d’Alembertian operator defined by Of = f
—(old),v

e choosing the four , to be solutions of [I§, = h/w gives E(new)ﬂ/

iz =0

In this gauge all but the first term in (31) vanishes. This gives the linearised Einstein tensor in the

so-called Lorenz gauge:

Gup = —L0has.

2Note that &, = 9,a*" = £% o

(33)



3.4.5 The field equations in the Lorenz gauge

Equating G above to 8wkT,g gives the linearised Einstein field equations in the Lorenz gauge:

Ohap = —167kT,5 (34)

which can be solved, for a given matter ‘source term’ T,,g on the RHS, to obtain Eag, from which we obtain
the, more physically interesting, non-trace-reversed perturbation hns = hag — Nash/2, and from which we
can obtain the Christoffel symbols — for use in the geodesic equation, for instance, and to modify other
physical equations using the ‘comma = semi-colon rule’ — and the curvature tensor R to use to calculate
geodesic deviation, for example.

One significant difference between this and Newtonian gravity is that here one can add to the solution
any ‘homogeneous’ solution that satisfies the wave equation [has = 0. These may describe gravitational
waves.

3.5 Comments on gauge transformations in GR

A gauge transformation in electromagnetism is a change to the electromagnetic 4-potential Ao A=A+ ﬁf
where £(Z) is an arbitrary function of space-time. This leaves the electric and magnetic fields unchanged®
and can be used to simplify Maxwell’s equations and their solutions, particularly for problems involving
radiation from moving charges.

For example, in the Lorenz gauge, we demand that the 4-divergence of the potential vanish: AL’“ = 0.
In exploiting this, we don’t need to actually solve the equation (0§ = A, ") that { needs to satisfy to effect
this simplification; we simply appeal to the fact that a solution exists, and then solve the simplified form of
Maxwell’s equations in which terms involving A, " are dropped.

The EM gauge interaction has the additional property that, when coupled to the Schrédinger equation
by means of the substitution 0, = 0, — iq(A,/h) — which neatly explains the phenomenology of electro-
dynamics — the combined Maxwell-Schrodinger system is invariant if the wave function is simultaneously
changed to ¢ = ¢/ = €@/M&y). This is often said to mean that the EM gauge field A* exists in order that
the world be invariant under a local phase shift of the wave function.

Gauge transformations in linearised GR are quite similar (though without the ‘philosophical baggage’
relating to the unmeasurability of phase of wave functions). As in electromagnetism, and as we have
seen above, gauge transformations are extremely useful as they allow significant simplification of the field
equations.

The Einstein field equations relate the Einstein tensor G to the matter stress tensor through G = 87T
and these can, in principle, be solved to obtain a metric g and a stress tensor T that are compatible with each
other. These are all geometrical objects, entirely independent of any coordinate system. The components
of all these tensors, on the other hand, do depend on the coordinates.

In perturbation theory, however, the right hand side of the field equations is a ‘zeroth order’ quantity
whose components T,,3 we wish to specify as a function of the coordinates x“; at lowest order it is independent
of any first order ‘gauge’ coordinate transformations z® = z® = z® 4 £* that we might apply. For this
theory to make any sense, it is a logical necessity that the left hand side of the field equations should also
have components that, again at lowest non-vanishing order, are gauge independent, and it is reassuring,
but perhaps not surprising, that the components of the Einstein tensor and the Riemann tensor are indeed
gauge invariant.

But the components of the metric are not gauge invariant, nor are the components of the connection,
that appear in the geodesic equation. The general (complicated) form of the field equations (32) apply for
coordinate systems differing by any 1st order gauge change and therefore allow considerable freedom in the
metric, as expressed in the law for the transformation of the metric under a gauge shift (19). Equations
(32) are valid for a family of solutions h,g for a given source term. The Lorenz-gauge field equations (34)

3 As an aside, it was thought historically that the only physical effects came from the E and B fields and that the potential
A could not be directly observed. But in 1949, Ehrenberg and Siday, who were using electron wave-optics to study electron
microscopes, noted that A could be directly observed using electron beam interference, as there is a shift of the fringes propor-
tional to the difference in the line integral of A along the two interfering paths. As they pointed out, this is a purely classical
wave-mechanical effect. Their paper went largely un-noticed. The effect was re-discovered independently by Aharonov and
Bohm in 1959. They put the word “quantum” in their title and their paper had a high impact.



impose Eaﬁ’a = 0 and thereby constrain the coordinate system, and result, with some reasonable additional
constraints, in an essentially* unique solution.

Q: Explain why the Ehrenberg-Siday/Ahoronov-Bohm effect is ‘blind’ to a gauge transformation

4 The weak-field metric for stationary or nearly-stationary sources

4.1 The source term for non-relativistic matter

Many astrophysical systems have internal velocities that are very small compared to c. Examples are:
e the solar system: v ~ 30 km/s = 10~%c
e galaxies: v ~ 100 — 300 km/s = 3 — 10 x 10~%¢
e clusters of galaxies & and large scale ‘streaming’ motions: v ~ 1000 km/s = 3 x 107 3¢

So any momentum density or energy flur density T < T = pc? by a factor ~ v/c.

And the pressure or momentum fluz density T% is smaller still (by factor v?/c? compared to 7).

The same is true for thermal gas pressure T}; = (P/c?)d;; ~ p(0,/c)?, since atom and molecular velocity
dispersions are 02 ~ GM /r from the equation of hydrostatic equilibrium.

And radiation pressure is similarly < pc? if the radiation density is small compared to the matter.

As mentioned, these conditions do not hold inside and around relativistic stars or close to black holes.
They also become invalid on cosmological scales where the Hubble velocity becomes comparable to ¢ and/or
where, it is commonly believed, we are seeing the influence of dark energy, possibly in the form of a
‘quintessence’ field, in which case the stress of the field is not negligible. It also does not include the effect
of gravitational waves. But aside from that it has wide applicability.

So for a very wide range of circumstances, the right hand side of Einstein’s equation is

Top =~ = 60dppc” (35)

wherein all the blank entries are zero, to high precision.

The matter density distribution p in galaxies and clusters etc. also has slow temporal variation from
either internal motions for which p; ~ p/tqyn, or from net motions, for which p; ~ vp;. Both of these are
< pjic.

4.2 The weak-field metric for stationary sources

A stationary source T,z is one for which 0;T,,3 = 0, so T3 is only dependent on the spatial coordinates.
This includes matter that has no motion, but also includes e.g. steady beams of matter or radiation or things
like a rotating flywheel.

If we postulate that such sources allow solutions where the metric perturbations are also stationary, then
the d’Alembertian operator becomes the Laplacian:

Ohag = (—¢ 202 /0> + V) hap = VZhag (36)

where V2 is the 3D Laplacian operator.
So the weak field equations are B
V2has = —167KThs (37)

with solution

Flag = —A%os(x) (38)

4As we will see in the following lecture, in asserting the Lorenz gauge conditions we have not yet exhausted all of the gauge
freedom at our disposal. However the additional gauge transformations are essentially travelling waves, and we exclude these
here because we seek a solution corresponding to a slowly varying or static source term.
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where o
N
Pas(x) = 1 / ' Tos(x') /Ix — X/| (39)

so we are just summing the inverse square potentials of the source elements. This has the advantage of, as
well as solving Poisson’s equation V2<I>a5 = 47rGNc*4Ta/3 for each component, it has the boundary conditions
that, for a source of finite extent, all of the ®,3 tend to zero at spatial infinity.

Thus, by
1. imposing the divergence-free gauge condition Eag’ﬁ
2. requiring the solution be stationary, and
3. imposing the usual boundary conditions at spatial infinity in Poisson’s equation
we end up with a unique solution Eaﬁ(x) and from this, by un-trace-reversing, we obtain the solution for
hap(x)-
4.3 The Newtonian limit metric

A special case of a stationary source is that of a static mass distribution with zero pressure. As discussed
above, this has Ti,3 ~ (53(52ch, SO

hap(x) = —45852@()() where

_Ox

40
B0 = 2 [ %o~ x! 1)

so @ is the dimensionless potential given by ® = ¢/c? where ¢ is the solution of Poisson’s equation V2¢ =
47 Gnp for this density distribution.
In this, hgo = —4®, with all other components being negligibly small, or, in gory detail,

—4P(x)
Eaﬁ (x) = (41)

and the trace is h = h'q = no‘ﬁﬁag = 4®, from which we obtain the non-trace-reversed metric perturbation

—20

— — —20
hap = hap = 1aph/2 = 9 (42)

20

or, more succinctly,

hap(x) = —2®(x)das (43)

to give, finally, the ‘line element’ ds* = g, (x)dz®dz? in the Newtonian limit of GR:

ds® = —(1 + 20(x))Pdt? + (1 — 28 (x))(dz? + dy® + d=?) (44)

This is an important result. It shows that the time-time component of the metric is goo = —(1 + 2®) as
Einstein inferred from his tower and rocket thought experiments. So time is warped; or, at the very least
it shows that, for an observer maintaining constant r — (z,y, z) — an allowed world-line for an observer as
it is timelike — the proper time and coordinate time intervals are related by dr = (1 + ®)dt (at first order).
But it also shows apparent ‘warping of space’ with g;; = (1 — 2®)d;; which we did not have before. The
question is: is this a real effect? Or is it an artefact arising from the choice of coordinates thrust upon us
by the gauge choice.
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4.4 The weak-field metric for nearly stationary sources

For a nearly stationary source Tng = Tug(X,t), but with |0;Tng| < c|VTy,gs|, the stationary solution hng =
—4®,5 with ®(x,t),p calculated using the instantaneous T,5(x,t) as the source:

Baplxt) = 0 [ @ Tpo 1) x| (45)
should provide a metric with fractional error for the components that are on the order of v?/c? or L?/c*T?
(where L is the size of the system under consideration and T is its time variation scale). This is because, in
obtaining it we approximated the d’Alembertian [Jh,g by the Laplacian V2ha5 and ignored C*QBEhaﬁ. We
could, if we liked, compute a better solution perturbatively by adding a solution to VQESE = 0_2835;(2.

This (the zeroth order solution that is) is useful if we wish to calculate effects that are of 1st order in
the velocity such as those sourced by the momentum density Tp;/c, which being equal to the energy flux
density (divided by c?) implies time-variation of the leading order Tpo.

5 The physical implications of the weak-field metric

We will now mostly specialise to the case of a static (non time-varying) metric, for which ®(#) = ®(r) and
explore some of the physical properties of this space-time.

5.1 The light-cone structure and the coordinate speed of light

In inertial coordinates in Minkowski space the light cones have 45-degree opening angle and have as axis
the time coordinate.

A first step to tease out the physical meaning of the Newtonian limit metric is to ask what do the light
cones look like in this weakly perturbed space-time (with this particular choice of coordinates or ‘gauge’)?

e consider a point (event) P — (ct, z,y, 2)
e and a neighbouring event P’ — (c(t + dt), x + dz,y + dy, z + d=z)

e and require that they have a null separation ds?> = 0, so they can be connected by the path of a
massless particle. This implies:
— dr? = da® + dy? + dz2? = (1 +29)/(1 — 2®)c>dt?
— so the light rays at a point have dr/dt = c¢\/(1 +2®)/(1 — 2®) ~ (1 + 2®)c

— which is independent of direction, so the light cones still have circular sections and have axis
aligned with the ¢-direction

— the light-cones are not tilted in this coordinate system (as they would be, for example, if there
were a non-zero off-diagonal components like gg, in the metric)

— since the Newtonian potential ® is negative — as we require ® — 0 at spatial infinity — the light
cones will have dr/dt < ¢

— so the coordinate speed of light is slightly less than c
— i.e. the opening angle of the light-cones is slightly less that 45-degrees, as illustrated in figure 1
(highly exaggerated)

e for a bounded gravitating system the light cone structure becomes Minkowskian as » — oo where

¢ —0

Does the fact that dr/dt < ¢ mean that an observer would perceive light to be moving slower that ¢?
Not at all. This is the coordinate speed. The physical speed as measured by any observer is still c.

12



ct

Figure 1: Schematic view of the light cones in the weakly
perturbed geometry caused by a static mass distribution
with Newtonian potential at bottom. At large r the
space-time becomes Minkowskian but more generally the
light-cones are squashed and the coordinate speed of light
dr/dt = (1 + 2®)c is less that c¢. Light apparently be-
haves rather like it does in a medium with refractive index
n=1/(142®) ~ 1—-2. Note that, as measured in physical
coordinates by any inertial observer the light-cones always
) have 45 degree opening angle. What this figure is showing

us is that, plotted in our coordinate system, the light-cones
/ appear to be squashed.

5.2 Constant-r observers

As mentioned, the paths of constant r are time-like and are therefore possible world-lines of physical ob-
servers.

Let’s imagine a family of such observers, each of whom has constant r. If the potential is static, that
means that these observers maintain unchanging distances from one another.

We will see shortly that, just as in Newtonian gravity, freely falling — or inertial — observers will not
remain at fixed r. So constant-r observers must be accelerated in some way. This could be by means of
rocket motors or perhaps by some rigid, but light, scaffolding.

For concreteness, let’s imagine that they live in some gravitating system composed of non-interacting
matter and that they are maintained in their fixed r positions by a rigid lattice of rods as illustrated in
figure 2.

Figure 2: Constant-r observers. In order to maintain constant
r, observers in the weak-field gravity of, say, a cluster of galax-
ies, or some other cosmic structure, need to be accelerated
(their world-lines, as we shall see, are not geodesics). They
could be accelerated by rocket motors, or by having some kind
of rigid lattice that supports them as shown here (with apolo-
gies to M.C. Escher and Albert Einstein). These observers are
fully aware of their acceleration. If they stand on a weighing
scale it registers their weight and if they release test particles
they will see these accelerate with respect to them. As they are
accelerated, light signals they exchange will be ‘gravitationally’
redshifted. If they observe one another’s clocks, they will see
them drift steadily out of synchronisation.

And let’s also assume that they carry clocks measuring proper time 7, and that at some coordinate time
to — i.e. at the point on their world-lines that has t = tg — their clocks all read 7 = 0 . We can, if we like,
imagine that they have synchronised their clocks by exchanging light signals with their neighbours.

5.3 The warping of time

The gravitational potential ® appearing in gog = —(1+2®), and dr? = —ds? = —ggodt? causes the coordinate
time t to advance at a different rate to the proper time 7 measured by constant-r observers:

dr/dt =v1+20~14+® <1 (46)
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If the observers’ clocks were set to 7 = 0 on some constant-t hyper-surface then the events when their
clocks read 7 > 0 will not lie on a constant-t hyper-surface, as illustrated in figure 3. This is an observable
physical effect.

accelerated
constant-r
observer

ct

7 = constant Figure 3: The warping of time: At the bottom is sketched
the dimensionless potential ® = ¢/c?. Above is a space-
time diagram showing surfaces of constant proper time as
measured by a set of observers maintaining constant r, and
whose clocks were synchronised at coordinate time ¢ = .
They are accelerated observers, as indicated by the space-
shuttle whose rocket is keeping this observer from falling in
the potential. These observers’ clocks drift steadily out of
synch; something they can measure by simply looking at a
r neighbour’s clock. The rate of de-synchronisation they see
is in perfect accord with what they would expect if they

were in flat space-time with the same acceleration as they
perceive.

The deeper the potential, the more advanced will be the coordinate time for a given .

This is a ‘stretching’ of the time coordinate — the longer we wait, the larger becomes the difference
between proper and coordinate time. This is the “gravitational time dilation” predicted by Einstein for
accelerated observers.

While intervals that have dr = 0 when the clocks read zero are purely space-like in the observers’ frames
(they ‘lie in the rest-frame of the observers’), they do not remain so. At later times pairs of events that have
dr = (0 are not simultaneous in the observer’s frame.

cty

D(r)

5.4 The gravitational redshift

If the potential ®(r) is independent of time then world-lines of photons ‘falling’ into the potential from a
stationary observer at large distance will have identical form and will simply be shifted in coordinate time
as illustrated in figure 4.

ct At(r) = At(o0)
Figure 4: This shows schematically paths of photons or,

if you like, pulses of light. They lie locally in the light
cones. In a static potential, the paths for successive pulses
are identical, being merely shifted in coordinate time. That
means that the coordinate time interval between two pulses
at the receiver must be the same as at the emitter. But
proper time advances at a different rate to coordinate time;
the clocks deeper in the potential run slow. This is like the
frequency of a quantum mechanical particle; the lower the
energy the lower the frequency. It follows that the observers
deeper in the potential will observe the pulses from more
distant observers to arrive at an increased rate with respect
to their proper time. And since the ‘pulses’ might as well
At(c0) be successive wave-crests of light, that means that they will
see the light at a higher frequency; i.e. ‘blue-shifted’.

N7

This means that the coordinate time intervals between reception of pulses (or the period of the light)
will be the same, regardless of position of the observer.
But because of the warping of time this means that the proper time intervals between arrival of light
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pulses and therefore also the period of the radiation will be different from that in the emitter’s frame:

dTrec goo (rrec) 14 2(1)(rrec)
dTem \/900 (rem) 1 + 2(I)(rem) + (r eC) (re ) ( )

This is a directly observable effect, and therefore shows that the warping of time is a real physical
phenomenon, and not simply a coordinate effect.

An observer at constant r in a potential well will see light from a distant stationary observer blue-shifted,
so the measured wave-length will be less than the proper wave-length.

The inverse of this effect was first observed in the light emitted by the white dwarf Sirius-B. It is called
the gravitational redshift effect. The redshift z is defined as

ATrec Arec
14 = &rec _ Jrec 48
T2 dTem Aem ( )

It is not difficult to intuit what would happen if there is a time-varying potential. If we see light that has
passed through a static potential somewhere along the light-path we will see the light at the same frequency
as emitted. That’s because the light is red-shifted on emerging from the potential well by the same amount
as it is blue-shifted falling in.

If, on the other hand, the potential well were decreasing with time, the red-shift coming out would not
balance the blue-shift falling in, and the result would be a net blue-shift. We would say that the photons
had gained energy from a ‘gravitational sling-shot’ effect. In cosmology this is known as the ‘Rees-Sciama’
or ‘integrated Sachs-Wolfe’ (ISW) effect.

We can also attribute this affect to a changing ‘optical path length’: The same effect would be seen if
we observed a source through some material with a time-varying refractive index n. If n is decreasing then
so is the number of waves of light within the object. So waves have to emerge from the object at a greater
rate than they enter.

5.5 Light deflection from the gravitational redshift

We can use the gravitational redshift formula to (mis)calculate light deflection. As illustrated in figure 5,
if we have a beam of light (indicated by the wave-fronts) the wavelengths, as measured by local constant-r
observers will shrink: A = Ag(1 + ®(r)) where )\ is the proper wavelength as emitted from a source at
infinity.

The shrinking is a function of position, being greater for the side of the beam that passes deeper in the
potential (closer to the Earth in the figure).

This gives us ‘Snell’s law’ for the deflection of the direction of the light beam:

dn/d\ = -V @ (49)

where A\ measures distance along the path.

This gives a deflection in accord with that one would get by applying the equivalence principle (as
sketched in the lower left of the figure) to argue that the deflection seen locally by these observers (who
must be accelerated to maintain constant-r) would be the same as an identically accelerated observer in
empty space would see.

In Newtonian gravity, the deflection of the path of a particle moving with speed v is

di/d\ = —v 2V 1 ¢|. (50)

So comparison with Snell’s law (49) above, together with ® = ¢/c?, would lead one to predict that light
deflection by the Sun, for example, would be the same as the Newtonian prediction for a particle moving at
the speed of light. Whereas the deflection measured by Eddington (and predicted by Einstein) is actually
twice that.

This result is also at odds with what we found for the ‘coordinate speed of light’ in §5.1 above. There
we found that, as far as the coordinate speed of propagation is concerned, light in a gravitational potential
® behaves like light in a refractive medium with refractive index

n(r) ~1-22(r)| (51)
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T 2= Jo(1 + O(x))
deflection in propagating 1 wavelength
Aby; = AA/h = 2)V | ®

gradient perpendicular
to the path

Snell's law:

dd/dl = -V @

Figure 5: Light deflection from the gravitational redshift. Constant-r observers near the Earth will see
radiation from a distant source blue-shifted. The wavelength will be shrunk in a differential manner, and
this allows us to derive ‘Snell’s law’ for the rate of change of direction of a beam with path length. This is
in accord with what one would infer using the equivalence principle.

which, in the normal version of Snell’s’ law din/d\ = V n also leads to the extra factor 2 observed and
predicted from GR.

So what is wrong with the deflection inferred from the gravitational redshift (or from the principle of
equivalence)?

5.6 The spatial geometry of ¢ = constant (hyper)surfaces

The reason the above argument gives the wrong answer is that in figure 5 we are implicitly imagining the
spatial hypersurfaces of constant coordinate time to be flat. So while the gravitational redshift formula
— or the equivalence principle — correctly gives the local deflection one of our accelerated observers would
measure, the net bending angle is different because of the warping of space.

In a nutshell, the spatial geometry in a sphere of matter, for instance is positively curved. The geometry
of the equatorial plane, for example, is like that of the 2-dimensional surface of a bowl in 3D. This means
that there is an additional path length for light paths that go through the centre of the sphere as compared
to those that do not probe as deeply.

Think about nearly planar EM waves from a very distant source approaching the sphere. Passing through
the potential well of the sphere, the wavelength is reduced as much as illustrated in figure 5. This means
that the wavefronts emerging will be distorted, with the parts that passed through the sphere retarded.
That means that the light-rays — being normal to the wavefronts — will be converging. But if the space is
positively curved inside the sphere there will be an additional retardation. The spatial curvature results in
an extra light deflection that is equal to the amount inferred from the gravitational redshift. This is the
origin of the famous factor 2 difference between Newtonian and Einsteinian light-bending predictions.

To anlyse this further, consider the line element on the hypersurface ¢t = constant:

ds? = (1 — 2®(r))(da® + dy? + d2?) (52)

where ® is the solution of Poisson’s equation (divided by c?).

This, by the way, is an example of what is known as a ‘conformal transformation’, in which have one
metric — here the Euclidean line element ds? = da? + dy? + dz? in Cartesian coordinates — multiplied by
a function of position. The reason for this terminology is that, in this kind of mapping, angles between
crossing lines are unchanged.
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Let’s consider, for simplicity, the spherically symmetric potential created by a spherically symmetric
mass distribution: ®(r) = ®(r) where r = |r|.
Making a change of variables:

x = rsinfsin ¢
y = rsinf cos ¢ (53)

z =rcosf
in terms of which dz? + dy? + dz? = dr? + r2(d6? + sin® d¢?), so the line element becomes
ds* = (1 — 2®(r))(dr? 4 r2(d6?* + sin® 0dp?)). (54)

Trajectories of photons in this geometry can be taken to lie in the equatorial plane § = 7/2, the 2-
dimensional surface whose line element is

ds® = (1 = 2®(r))(dr® 4 r2d¢?). (55)

As this is 2-dimensional, the curvature is described by a single function of radius r, which we might take to
be the Ricci scalar.

A simpler, yet highly useful, way to visualise the geometry in spherically symmetric spaces like this is to
ask: what is the shape of a circularly symmetric surface in three spatial dimensions with vertical displacement
from the equatorial plane z that has the same line element? Such a surface is called an ‘embedding diagram’.

Figure 6: An ‘embedding diagram’ is a circularly
4 symmetric surface in 3 spatial dimensions (gen-
erated by rotating the line z = z(x) shown here
about the z-axis) which has the same intrinsic

trumpet-horn . .
curvature geometry as the equatorial plane (f = 7/2) in

dz =Z7'dy

77> 0 4 a spherically symmetric curved 3-space like (54).
bowl-like ds? = (1 + 29)dy? + 42dep> The line element is given by the boxed formula at
curvature the bottom. This matches that for the equatorial

plane (55) if 2/ = V2rd’.

To make an embedding diagram, we define a new radial coordinate x such that g4 = x?2, which here
is x = (1 — ®)r (to 1st order in & < 1). So x is an ‘angular diameter distance’; it is defined such that on
object of proper size dl subtends, at the origin, an angle d¢ = dl/x.

As shown in figure 6, the length of a radial line segment lying in this surface is ds = dxv/'1 + 2’2, where
2! = dz/dx (but can be considered to be dz/dr since z is a first order quantity and, to zeroth order, r and
X are the same).

The total line element in this surface for a displacement in both y and azimuthal angle is obtained by
adding, in quadrature (as they are perpendicular displacements) this ds and a tangential ds = xd¢:

ds® = (14 2%)dx* + x*d¢” (56)

But x = (1 — ®)r implies dy = (1 — ® — r®’)dr, where ® is a first order quantity, so we can think of its
derivative ®' as being with respect to either 7 or y, or dx? = (1 — 2® — 2r®')dr? so this is

ds? = (14 2% — 20 — 2r®)dr? + (1 — 28)r2dg¢>. (57)

which is the same as (55) if

2 =dz/dr = V2rd’ (58)

where we have taken the positive root as ® > 0 and we have taken the sign of 2z’ to be positive since we
want z to be negative as in figure 6. This is the equation that the height z of the surface must satisfy in
order to have the same intrinsic geometry as the equatorial plane in the 3-space (54).

Of particular interest is the product of first and second derivatives of z, which tells us whether the
curvature is positive (like a bowl) or negative (like a trumpet horn). This is

‘ 22 =rd" + @ ‘ (59)
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Alternatively, if we calculate the Christoffel symbols for (56) and from these calculate the curvature
tensor we get, for R" 4,4 for example:

R g = =3r2'2" = =3r(ro" + @'). (60)

5.7 Uniform density sphere

Consider a non-expanding sphere of uniform density p and radius R.

For 7 > R, the potential that has the sensible boundary condition ® — 0 as r — oo is ®(r) = —~GM /rc? =
—(47/3)GpR3 Jrc?.

For r < R, the potential gradient is d®/dr = (47/3)Gpr/c? which we can integrate to get ® =
(27m/3)G pr? /2 +constant. Matching smoothly to the solution for > R gives the constant to be —2wrGpR?/c?.

So
r2/R> -3 for r<R

o(r) = FCpR*/c? { —2R/r for r>R (61)

which is illustrated in figure 7.

Figure 7: Gravitational potential on the
equatorial plane for a uniform density
sphere plotted as the depth of a sur-
face. The potential is parabolic within
the sphere — and the potential ‘surface’
has positive (bowl-like) curvature — and
falls off as 1/r outside the sphere, so
the potential surface has negative curva-
ture like a trumpet-horn. The embed-
ding diagram for this — that is to say
the circularly symmetric surface in 3D
with height z(r) that has the same met-
ric as the equatorial plane metric ds?> =
(1 —2®)(dr? + r2d¢?) looks qualitatively
somewhat similar.
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The potential gradient & = d®/dr is

1N An of /R for r<R
®'(r) = FGpR/c {R2/r2 for >R (62)

which, as it should be, positive everywhere, and is continuous at the edge of the sphere, while the curvature
parameter

2r/R  for r<R

—R%?/r? for r>R (63)

r®” 4+ ®'(r) = LGpR/c? {
is discontinuous at r = R and evidently we have positively curved, bowl-like, geometry inside the sphere,
with 2’2" o r, and negatively curved, trumpet horn-like (or locally saddle-like), geometry outside with the
curvature parameter falling off as —z'2" oc 1/72.

The component of the Riemann tensor R"4,.4 = —3rz'2” scales in proportion to r? within the sphere
and as 1/r outside. This component is what appears in the geodesic deviation equation for the second
rate of change of radial separation for a pair of spatial geodesics with instantaneously tangential path
U — (U, U% U?) = (0,0,dp/dN).

— = R4 Ar—— (64)
for such trajectories d¢/d\ = 1/r, so we have positive focussing Ar oc —Ar at a rate which is independent

of location within the sphere, and de-focussing outside with Ar Ar/r3 as one would expect for a tidal
field.
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5.8 Embedding diagrams for other spherical and cylindrical models

For a spherical structure with a power law density profile p < =7, the mass enclosed within r is M =
4 [drr?p oc r377, and the potential gradient is ® oc M/r? o 7177, With ® = ar!™7 (with « a constant),
" = (1 —y)ar™ so r®” + & = (2 — v)ar!™7. So we have positive (bowl-like) curvature if v < 2 and
negative (trumpet-horn-like) curvature if v > 2.

The dark matter structures that form in numerical simulations of cosmological structure formation are
found to be well described by so called ‘NFW profiles’ (after Navarro, Frenk and White). These have v =1
in the central parts and v = 3 at large radii. The transition between these extremes is rather extended, and
so they behave, to a crude approximation as ‘locally power-law like’ and the spatial curvature transitions
from positive to negative as one moves outwards. Over a fairly wide range of radii straddling the ‘virial
radius’ (the radius where the interior density is about 200 times the mean cosmological density) the slope
is v ~ 2. This radius delineates the transition from the equilibrated interior — which has come to ‘virial
equilibrium’ — and the outskirts, where matter is falling in for the first time.

Consistent with this, a much used earlier model for e.g. clusters of galaxies is the so-called ‘isothermal
sphere’ model, which has p o< 7~2 and galaxies — which have dark matter halos with roughly flat ‘rotation
curves’ — also have p oc 72,

These p oc 1/7? models are therefore of considerable practical interest. They are particularly interesting
here because they have no curvature. Does that mean that curvature plays no role in light deflection for
such structures?

Figure 8: Left side shows an embedding di-
agram for an ‘isothermal-sphere’ (or ‘flat-
rotation curve’ halo). The spatial geometry
of the equatorial plane is locally flat, but coni-
cal. Even without the gravitational redshift ef-
fect (which tends to focus light as wavelengths
shrink in the potential well) an observer look-
ing at distant sources through such an object
would see a deflection and could see multiple
images of a background source. The right hand
figure shows the geometry flattened out into a
plane with the missing ‘wedge’ of angle on the
order of 6 ~ v%/c%. More precisely, the effect
of the geometry is to double the deflection as
compared to that predicted from time-dilation
alone.

1
|
\
\ conical but

|
1

[ locally flat
! space

The answer is yes and no. For v = 2, 2/ = v/2r®’ = constant. That tells us that z o 7, so the embedding
diagram is conical. So the space is locally flat, but viewed globally there is an ‘angular deficit’. With 2/ =
constant, the metric (56) can be recast — by means of the transformation r = v/1 4 22y — to a locally flat
metric

ds? = dr® 4 r*dg¢”> (65)

but where ¢ = ¢/v/1 + 2’2. So there is no local curvature, but, rather than ranging from 0 to 27, ¢’ ranges
from 0 to 27/v/1 + 22 ~ 21 — 12" so the geometry is like that of a sheet of paper where we have excised a
wedge of angle # = 72’? and then glued the edges together to make a cone, as illustrated in figure 8.

The potential gradient for p oc 1/r? goes like 1/r which, integrated, gives a potential ®(r) ~ logr. The
same logarithmic potential arises for a ‘cosmic-string’, which behaves like a line of constant linear mass
density. Gauss’s law tells us the gradient of the potential ®' integrated over the surface of a cylinder of
radius r is proportional to the mass enclosed, so again ® o 1/r and the potential is logarithmic in r and
the spatial geometry of a slice perpendicular to the string is again conical.

5.9 The spatial geometry of ¢t # constant hypersurfaces

A word of caution is in order: the spatial curvature depends, in general, on the choice of hyper-surface.
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In the appendix (§A) we calculate the curvature in a sphere by comparing the integrated proper radius,
and also the area, of the region enclosed within a given circumference. These measures of curvature also
depend on the choice of hyper-surface.

Here we have considered the hyper-surfaces of constant coordinate time ¢. These are orthogonal to the
world-lines of the particular family of observers we have chosen, their essential characteristic being that they
maintain constant separation from one another.

Had we chosen a different family of observers, for example a family of observers that are expanding
away from one another, and measured the radius on a hyper-surface that is orthogonal to their world-lines
we would get a smaller result. That is because, in their frame of reference, the radial distances are length
contracted. So, while they would agree on the proper size of the circumference, they would disagree with
our observers as to the radius.

This, as we saw previously, is precisely what happens in cosmology where, in the homogeneous FLRW
model there is a positive density of matter, so non-expanding observers in some region of space would
measure space to be positively curved, but, as measured by so-called ‘co-moving’ observers, the geometry
of hypersurfaces orthogonal to their world-lines may be flat or negatively curved.

However, it is impossible to ‘flatten-out’ the warping of space and time simultaneously, unless there is
no matter present.

Q: flesh out the above. For observers within a constant density sphere of matter calculate the expansion
velocity field needed to flatten the spatial geometry. Show how the expansion rate is related to the density.

6 Particle motion in weak field gravity

Physical particles move on geodesics of this curved space-time. We would expect this to conform to the
Newtonian behaviour for slowly moving particles. We will show that this is indeed the case, and we will
find that the motion of such particles is entirely determined by the time-time part of the metric. We will
also develop the geodesic equation for massless particles like photons, and show that these are, in addition,
sensitive to the curvature of space, and this explains the famous factor 2 enhancement over the Newtonian
prediction. We then look at this from a wave-mechanical perspective.

6.1 Equation of motion for non-relativistic particles

Massive particles parallel transport their 4-velocity U = dZ/dr so 0 = VUU = U# U%g = Usu “5+
re,, UrU" so UPU® 5 = dU® /dr = —T°,, UFUY or,

d2 dzt dx¥
— =T, ——.
dr? Hdr dr (66)

As discussed previously, a nice way to show this is to show that these are equivalent to the Euler-Lagrange
equations obtained by extremising S = [ dAL(z%, &%) = [ dr+\/—gap(@)2*&P with % = dz®/dr.

The Christoffel symbols are of first order in the metric perturbations, so we can take the zeroth order
approximation to the 4-velocity on the RHS which, for a non-relativistic particle, is U— UF ~ (¢,0) = cof
and so

dU® Jdr = —c*T"%gp. (67)
The Christoffel symbols are, to first order in the metric perturbations,
I = %nav(hw,v + Ry — Py ) (68)
from which, using the Newtonian limit metric h,, = —2®J,,, we obtain®
0 = —3hoo0 = @ (69)
oo = —2hooi =P

so only the time-time component of the metric perturbation plays any role here.
The latter, with ® = ¢/c?, gives the equation of motion

A2t fdr? = —¢, (70)

SWe write (69) as two separate equations to avoid writing the, formally illegitimate, equation I'*op = @ 4.
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or, if you prefer,

d’r/dr? = -V ¢ (71)

just as in the Newtonian theory.

This shows that freely falling particles do not remain at fixed r; observers maintaining constant r (as
considered above and illustrated in figure 2) must be accelerated.

This is what allows us to connect the parameter x to Newton’s constant of gravitation: x = Gx/c*.

At linear order, we may replace proper time by coordinate time here. This means that, if we are interested
in the deflection of a particle moving with speed v, we can simply project out the components perpendicular
to the instanteneous path, and we have, for the 2nd derivative of displacement transverse to the path with
respect to path length A,

dQI'L 1
W = —ﬁvﬂf) (72)

since d/dt = vd/d\ and therefore® d?/dt? = v2d?/d\%.

6.2 Energy and Hamiltonian of non-relativistic particles

The time component of the non-relativistic geodesic equation (67), together with (69), says dU°/dr =
—2T% = —62@70 = —00 = —c719¢/0t. In special relativity, the energy is E = mcU® = ymc?. So the
geodesic equation would seem to say dE/dr = —md¢/0t. That is dimensionally correct and looks like the
equation for the rate of change of the Hamiltonian, but it doesn’t have the right sign. What’s wrong with
this picture?

6.2.1 Newtonian dynamics

Let’s first briefly review the classical mechanics of a non-relativistic particle in a Newtonian gravitational
potential.

— The starting point is the Lagrangian: the kinetic energy minus potential energy, or

L(r,t,t) = m|#|?/2 — mo(r, t). (73)

— The action (a functional of the particle path) is

S = / dtL. (74)

— The momentum is
p = 0L/t = mr. (75)

— The Fuler-Lagrange equation obtained by requiring the action S to be extremised is

dp/dt = OL/0r = —mV ¢. (76)
— The Hamiltonian is
H(r,p,t)=t-p— L(r,1,t) (77)
or
H(r,p,t) = [p|*/2m + m¢(r, 1) (78)

i.e. kinetic energy plus potential energy.
— Hamiton’s equations are

p=—-0H/or and r=0H/0p (79)
and do not, in themselves, give us anything new, but in dH (r, p,t)/dt = rOH/0r + pOH /0p + OH/0t, they
tell us that the rate of change of the Hamiltonian obeys dH/dt = 0H /0t or

09
ot

P /2m + ms) = m (50)

5You might think we should have the time derivative of v showing up in d?/dt®, which is correct. But here we are applying
it to a 1st order quantity, so we can take v to be constant at lowest order.
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which we notice has the opposite sign to what the geodesic equation is giving for d(mcU?)/dt.
— Finally, with d¢/dt = 0¢/0t + 1 - V¢, this gives

d(|p|*/2m)/dt = —mi- V¢ (81)

which says the rate of change of the kinetic energy is the rate at which the gravitational force —mV¢ is
doing work on the particle.
6.2.2 Correspondence between Newtonian dynamics and weak-field theory

We now establish the correspondence between the foregoing and weak-field gravity theory.
— The relativistic energy-momentum relation is

Gapp®p’ = —m?*c? (82)

or, here, with gog = 1ag + hag = Nag — 2Pdags,
(1+22)(p°)? = m*c® + (1 - 22)|p|*. (83)

— But |p|?/m is generally of the same order as m¢ = mc?>® and is therefore also a 1st order quantity, so we can
drop the ® on the right hand side to obtain (14-2®)(p®)? = m2c?+|p|? so p°® = mey/(1 + [p[2/m2c2) /(1 + 29)
or, Taylor expanding and keeping only terms up to 1st order,

cp’ = me® + |p|*/2m — m¢ (84)

— This is evidently not the same as the Hamiltonian. While it has units of energy, the potential enters with

the wrong sign. In fact, it is the rest-mass energy mc? plus the Newtonian Lagrangian’.

— But lowering the index on p° using pg = goap® = goop” = —(1 + 2®)p° gives

—cpo = me? + |p|?/2m + mo (85)

which is the Newtonian Hamiltonian (plus the rest-mass energy)
— So what we would normally think of as the total energy (i.e. the Hamiltonian) should not be associated
with the time component of the momentum 4-vector g, rather it is (—c times) the time component of the
momentum 1-form p.
— Which fits with the latter, which of course, being a 1-form, has to be the derivative of something, being
the derivative of the action S(Z) (defined ¢ la Hamilton and Jacobi as being the action for a family of
particles that started at the same point in space-time with a range of momenta and for which p = V.S and
H = -05/0t):

p=dS (86)

where

dS — 9,5 = (¢710,5,VS) = (—H/c, p). (87)

That all comes from the normalisation of the 4-momentum. To get the rate of change of the energy we
can use the covariant form of the geodesic equation:

AUy /dT = 39,5.,U°U" (88)

which tells us that, should the metric be independent of the o' space-time coordinate, the corresponding
covariant component of the 4-momentum p, = mU, is a constant along the particle trajectory.

So if ¢, and therefore also the metric, is independent of time, dpo/dr = 0 and so mc? + |p|?/2m +mé (or
rest mass energy plus Newtonian kinetic plus potential energies) is constant along the particle trajectory.

"That there should be a very close connection between p® and L is reasonable. In Newtonian mechanics, particle paths are
those which extremise [Ldt, while geodesics are paths that extremise [dr = [(dt/dr) " 'dt = [c(da®/dr)~'dt = [(mc/p°)dt.
But this says that, up to an additive constant and some constant multiplicative factor, it is the inverse of p° that must be
equivalent to L. But here p® ~ mc(1 + (|p|?/2m — m¢)/mc?) so (me/p°) ~ (1 — (|p|?/2m — mo)/mc?) =1 — L/mc.

22



On the other hand, if the potential is changing with time, the geodesic equation, with U — (c,0) in the
factors on the right hand side, as appropriate for a non-relativistic particle, implies

d d 0
L (—epo) = (1Bl /2m + m) = ~hmcPgonn = m . (39)

As we are working to first order precision we can replace d/dr with d/dt, so this is saying, reassuringly,
dH/dt = OH /0t with Hamiltonian H(p,x,t) = |p|?/2m + mg(x,t), and using the convective derivative
dp/dt = O¢p /Ot + ¥ - V¢ as above, this in turn implies®

d(p[2/2m)/dt = —mi - Vo (90)

in accord with the Newtonian result (81) that the change of kinetic energy is equal to the work done by the
gravitational force.

Note that while the potential energy m¢ appears in both pg and p° (though with opposite sign), neither of
these is what one of our constant-r observers would measure. Since these observers have U* = (dt/dr,0,0,0)
and UY = dt/dr = (1 — ®), the energy they measure is, to first order,

Eops = *]3((7) = 7U0p0 = mc? + |p|2/2m (91)

which, as expected, is just the kinetic energy (plus rest-mass energy).

6.3 Relativistic particle dynamics

In the previous section we considered particle dynamics in the non-relativistic limit. Here we relax that
restriction and consider motion of particles of arbitrary momentum. As above, we will work very much in
‘341’ formalism. We will first develop the formalism for an arbitrary metric and then specialise to weak-field
geometry.

6.3.1 Classical mechanics of relativistic particles

The starting point here is the differential action dS for a relativistic massive particle:

dS = —mdc*dr (92)

where m is the rest mass.
This form of the action guarantees that world-lines that extremise the action are paths of extremal
proper time; i.e. geodesics. To justify the factor —mc?, note that in flat space-time, dr = dt/~, so then

dS = -y tmc?dt ~ dt(—mc® + %va +...), (93)

which says that the Lagrangian L = d.S/dt for a free particle is, in the non-relativistic limit v < ¢, and aside
from the constant —mc?, just equal to the kinetic energy, as one would expect. Another nice thing about
the action S defined through (92) is that it is evidently coordinate — and therefore gauge — independent?; it
is a Lorentz scalar.

In general coordinates, dr = —ds/c with ds? = gagdwadxﬂ so the differential action is

dS = —mcy\/ —gopiiPdt (94)

where & = dz®/dt = (¢, %), or dS = [dtL where the Lagrangian is

L(x,%,t) = —mcy/ —gap(Z)ivis (95)

8In the foregoing, we worked only to first order precision, keeping terms like m¢ and |p|2/2m but dropping terms involving
their products. We see in (90) that the rate of change of kinetic energy is of higher than 1st order. But there is no inconsistency
here. The smallness of d(|p|?/2m)/dt is simply because, in the Newtonian limit, things move slowly. For a particle moving in
a potential well of size ~ L that is changing on the ‘dynamical’ (i.e. orbital) time-scale, the change in the kinetic energy of the
particle in one dynamical time At ~ L/|| is A|p|?/2m ~ mAt|r - V¢| ~ mL|V¢| ~ m¢ and is a 1st order quantity.

°Tt is interesting to contrast this with the action for a charged particle in electromagnetism, for which dS = (—mc*—qU® Ay )dr
which is not gauge invariant.

23



and the space and time dependence derives from the metric.

The canonical momentum is )
oL Jai T
= —— = Mme————— (96)

2 Ot /—gaﬁi‘ai"g

and the Euler-Lagrange equation is

dpi _ OL op,id*&”
pi _ 9 :%ncgﬁ’xx (97)

At dxt 2 V/ —GapteiP
or, dividing by 7 = \/—gapt®%?/c and using &/7 = dx®/dT = U?,

dpi
dr

= %mgamUo‘Uﬁ (98)

where the right hand side is m times the right hand side of the covariant form of the geodesic equation
dUu; /dr = %gag,anUB, leading us to identify the canonical momentum p; and mU;:

pi = 8L/8ml = mUi.

(99)

The Hamiltonian — or ‘canonical energy’ — is defined by H(x,p,t) =x-p — L and is

gaii'ai'i ..
H(x,p,t) = mc | —F——= + \/ —gapi®i’ (100)
/_gaﬁxaxﬂ

this obeys

dH _ _37[/ S P gaﬂ,tiaiﬁ (101)

dt ot 2 /= gapi®iP
so, on dividing by 7 = \/—gapt®i? /c, and with gz, = cgap0, we have
dH

o= —%mcgag’anUﬁ (102)

where the right hand side is —mc times the right hand side of the covariant form of the geodesic equation
dUy/dr = %ga@OUO‘Uﬂ, leading us to identify —H/c and mUy.

|H=5% p—L=—mclp. (103)

So the canonical —H/c and p are the time and space parts of the 1-form p = mU. And 1-forms also
emerge as gradients of Lorentz-scalar fields. So what Lorentz-scalar function of ¥ might (—H/c,p) be the
gradient of 7 The only Lorentz-scalar we have here is the action S. But, like —H/c and p, it is only defined
along the world-line; it is not actually a field. We can, however, make a field out of the action if we consider a
bundle of particle trajectories emanating from a common starting point. The action then becomes a function
of space and time S(&), and, as shown by Hamilton and Jacobi, it satisfies H = —95/0t and p = VS, so

p=dS — 9,8 = (—H/c,p). (104)

The Hamilton is a function of position, time and 3-momentum, but is given above in terms of 3-velocity.
We can obtain an exphclt expression for the Hamiltonian as a function of x, ¢ and p from the normalisation
condition U - U = —¢? which implies p - p = g*P PaPB = —m?2c? or the quadratic equation for pg

9%p5 + 26" pipo + g7 pip; = —m*c? (105)
which we can solve to give
m2c + giip;p; g0 2 g%
H(l’iap’ia t)/C = —Po = + 900 + _gOO Di — wpz (106)
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This can be differentiated to obtain Hamilton’s equations for p and X, but it is easier to use the geodesic
equation, which gives dp/dr = (dt/dr)p = ¢ U and dx/dt = U/U° and obtain U° as a function of

momentum using U° = ¢°*U, = —¢°°H/mc + ¢%p;/m
OH Pi oi |, PiPj ij
P = B —gyme’ (900776 +2—g" + 3 ]29”»16)
Tk mce m?c
OH 1, o (107)
iy =— = —(¢""p;/m —g""H/mc
= (" me)
where .
V(@i piyt) = (—g" H/me® + g%pi/me). (108)

These can be integrated, given some initial position and momentum, to give the trajectory x(t) and p(t).

6.3.2 Classical mechanics of relativistic particles in weak-fields

Writing gas = 7as + hap and defining v by 772 = —n,58%47 /c? so y(x) = 1//1 — |%[2/c% (and which, to
zeroth order, is v = 1/7 the differential action is

dS = —y~'Edtm ( - %hagUaUﬁ/ ) (109)

where we have expanded the square root, keeping only terms up to 1st order in the metric perturbation.
So the action is like that in flat space-time, but with a position (and generally also velocity) dependent
‘effective mass’.

Mo (2, 8) = (1 — Lhas(@)UTP / A)m (110)
and, for non-relativistic particles, for which 2% ~ (¢,0) and « ~ 1, this is just a function of position
megt(F) = (1 = $hoo(T)) m (111)
and with the Newtonian limit metric, where hog = —2®, this is
meg = (1 + O(Z))m. (112)

We will see later that the same is true for a massive scalar field in the appropriate limit.
The Lagrangian is L = dS/dt or

L(x,%,t) = —megc?®/y = —y 1 2m(1 — %mhagUaUB/CZ) (113)

and the ™" component of the canonical spatial momentum is

oL

=55 = ymi' — %73mha,gj:°‘jcﬁa’ci/c2 + ymho; £ (114)

Dbi

which, at zeroth order, is the usual relativistic 3-momentum p = ymx. More generally, the 1st two terms are
YmegX. This is somewhat reminiscent of electrodynamics, where the canonical momentum is p = ymx+qA.
The Hamiltonian — or ‘canonical energy’ — is

H=% p—L=9mc®— 3y mhopsi®’ + ymhq;i®i" (115)

so, as with the canonical momentum, we have the normal zeroth order H = ymc? but augmented at 1st
order by extra terms that are quite analogous to how, in electrodynamics, we have H = ymc? + qA°.

Expressed in terms of momenta and position, the Hamiltonian is, at 1st order, and using ¢®° = n®? —h?,
s0 "0 = —(1 + %), g¥ = 69U — b and g% = —h%,

H(wipis0) = —can = ¢ (<A (1= B0 (P + 2~ o))
2 2.2 hOO hl] , . .
SN |p‘2 +m202 _ E(|p| +mc ) + DbiDj _ Cpihoz (116)
N
2

= Jpmc — %('YmeQhOO + (pipj/’Ypm)hij) — ep;h”
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where we have taken the positive square root in order to get a positive energy and, in the last line, we are

defining v, = /1 + |p|?/m2c2.

Hamilton’s equations in a general weak-field metric are:

dpy. OH y »
ot om 5(eme®h® i + (pipj [rpm)h 1) + cpih®
. 117
%:(EI: Pk (1_1h00+1h”pipj>_ Pi_pik _ .0k (117)
dt — Opr  pm 2 2yZm2c? Ypm
6.3.3 Classical mechanics of relativistic particles in the Newtonian limit metric
Of considerable interest is the case of the Newtonian limit metric, for which h*? = hag = —2®4,3, and for
which the H — p relation is
(1 —2®)H? = (1+2®)|p[>c® + m*ch. (118)

from which we obtain, at linear order in P,

2.4 2.2

m*c* + 2|p|°c
H(p,x,t) = \/m2c* + |p|3c? + o(7 119
( ) p| 2 & [plEc (@) (119)

H(p,x,t) = ypmec’(1+ (2 = 1/75)2(%)) (120)

from which we obtain Hamilton’s equations:

dp  OH _ 9
T T ax e (29p —1/7p) VO

121
B _OH _ P (1 i12)a) 12

& Op T em

which we can integrate to obtain the trajectory x(¢) and p(¢) and hence, from (120) H(¢) and therefore
the 4-momentum 1-form p(t) — (—H(t)/c,p(t)) for a particle moving in a given weakly perturbed metric
9o = Nap — 2Pdng.

The energy and momentum are the components of p in a particular coordinate system, as, in order to
obtain the Newtonian limit we imposed the Lorenz gauge condition. With a different choice of gauge these
would change. To obtain the physical energy F,ps, for example, we need to ‘dot’ p with the 4-velocity of
the observer doing the measurement. For observers being accelerated so as to maintain constant r, this is
Uops — (UY,,, 0) where, at 1st order in the metric, U% = ¢//=—goo = ¢(1—®), so we obtain Fyps = (1-®)H,
or

Eops = Apme?(1 + (1 = 1/42))0(). (122)

The first of Hamilton’s equation (the one giving dp/dt) is quite revealing. It is purely 1st order. So if we
consider a rapidly moving particle (one for which |p|?/2m > ®c?) we expect only a small deflection from the
‘unperturbed’ path, and, to linear order in ® we can calculate the change in p by integrating dp/dt while
holding p constant. This is called the ‘Born-approximation’. Taking the particle to be moving along the z-
axis, the rate of change of p with z is dp/dz = (dp/dt)/(dz/dt) while the second of Hamilton’s equations tells
is that, at zeroth order, dz/dt = |p|/vpm, so dp/dz = —(273 —1)|p| 'm?c*Vd = —(2%2, —1)m?|p|~'Ve
(since ® = ¢/c?). Thus, in the Born approximation, Ap = [dz(dp/dz) = —(2v5 — 1)m?|p|™" [dzV¢.
Dividing this by |p|, we obtain the fractional change in the momentum

Ap  29p-—1 /

2P T v 123

lpl  [pl?/m? (129)
So for a non-relativistic particle, for which v, ~ 1, and |p|/m =~ v, this is Ap/|p| = —(1/v?) [ dz V¢,
while for an ultra-relativistic particle, for which |p|/m =~ vpc, we have Ap/|p| = —(2/c?) [ dz V¢, so the

deflection is twice what the non-relativistic limit formula would predict for a particle moving at v = c.
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6.4 The geodesic equation for massless particles

The proper time 7 is ill-defined for a massless particle, as is the 4-velocity U=dz /dt and therefore also the
geodesic equation dU®/dr = —I'*,,, UFU".

But the 4-momentum p'= mU is a well-defined entity. Multiplying the geodesic equation by m?, on the
right hand side we find m2U*U" = p“p¥, while the left hand side is m2dU®/dr = mdp®/dr = dp®/d\ where
we have introduced, as an alternative to proper time 7 as affine parameter for the world-line, A, defined
such that d\ = d7/m.

The contravariant geodesic equation is then equivalent to

dp®/d\ = —T'* ,ptp” (124)
or equivalently, since p'= mU = md7 /dT = dZ/d\,

A2z dzt dx¥
=T, ——. 125
d\? H22dN dA (125)

So while 7 is not defined for a massless particle, the alternative affine parameterisation in terms of A = 7/m
works for either massive or massless particles (a massless particle of finite energy E behaving the same as a
massive particle with energy E = ymc? in the limit of m — 0 and v — oo with ym = E/c? finite).

What’s more, if we take the photon to be moving along the z coordinate axis with unit 3-momentum:
p = dx/d\ — (0,0,1), the affine parameter A\ measures coordinate distance z along the path. This is a
convenient choice as we can then use (125) to calculate, for example, the curvature of the path (i.e. the
2nd rate of change of the other coordinates (z,y) with respect to z). And this path is independent of the
momentum of the photon.

Perhaps the main conceptual difference in dealing with massless vs. massive particles is that whereas
for the latter one thinks primarily in terms of their proper time as being the natural parameterisation
of their world-lines, for massless particles this has no utility and it is actually more useful to think in
terms of distance along the path. This may seem strange, as this is coordinate distance dz, rather than
a ‘proper’ quantity. But remember, it’s only for a particle that instantaneously has p — (0,0,1) that A
measures z-distance travelled along the path. More generally, the ‘proper’ quantity is (coordinate) distance
travelled per unit 3-momentum. As both 3-displacement and 3-momentum transform in the same way, this
is frame independent and is a proper quantity. Also, if in doubt about the meaning of the A\ as the affine
parameterisation one can always fall back on the definition of dA as the limit, as m — 0 and v — oo of
dr/m.

6.5 Light deflection from the geodesic equation for massless particles

As for a massive particle, we can calculate the 1st order equations of motion using the zeroth order momen-
tum on the RHS since the Christoffel symbols are first order.
As usual, it is simpler to use the covariant geodesic equation:

pﬁpa;ﬁ = pﬁ(pa,ﬁ - F#aﬂpu) =0 (126)

as two of the terms in the connection then cancel by symmetry when contracted with the symmetric com-
bination p®p#, and we are left, using pﬁpawg = dpa/dA, with

dpa/d\ = 3g.5..0"p". (127)

This is quite general. Specialising to the weak-field metric, we have g,5 = hyg,q, SO

dpe/dX = Shysop”p”. (128)

Specialising further to the Newtonian limit — for which h,3 = —2®¢,3 is diagonal — and considering,

without much loss of generality, p* = (1,0,0,1) — i.e. a photon (m = 0) moving instantaneously along the

z = 23 axis — in the momenta on the right hand side, we have

dpa/dX = 3(hoo.a + haze) = =28 4 (129)
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in which we see that both space-space and time-time components of h,g play a role for massless particles.
Using ® = ¢/c?, and taking a to be the x or y axis, we have the rate of change of the transverse
displacement:

d’r | /dN? = -2V  ¢/c? (130)

which, comparing to (72) we see to be twice the Newtonian prediction for a particle moving with v = c.
Equivalently, we can write this as

di/d\ = —2V | ¢/c? (131)

in accord with Snell’s law dn/d\ = V n for the case that the effective refractive index for a gravitating
system is n = 1 — 2® = 1 — 2¢/c?, which in turn is consistent with the fact that the coordinate speed of
light is (1 +2®) x c. It is also consistent with what we found above using Hamilton’s equations.

6.6 Gauge invariance of light deflection

You might well object, at this point, that the geodesic deviation equation is not gauge-invariant. Equation
(130) tells us that the 2nd rate of change of the transverse coordinate is twice the Newtonian prediction
for a particle moving at speed v = ¢. What’s more, it is apparently in conflict with the prediction based
on the equivalence principle, which seems to be on fairly firm grounds. What’s to say that (130) isn’t a
‘gauge-artefact’ arising from the coordinate system we have adopted. After all, as we have already noted,
the connection components appearing in the geodesic equation are gauge dependent.

In the (contravariant) geodesic equation dp®/d\ = —T'*,,,p*p”, for instance, we find, from the weak field
expression for the connection (21) and the law for transformation of the metric hag = ho/gr = hag —&a,p —
&8,a, that the connection transforms like I'*;,, = I‘O"“/,,/ =TI — &% .

But that’s exactly as it should be, since the transformed 4-momentum is p® = dz® /d\ = d(z*+£%)/d\ =
p* + p*€ , and therefore, on differentiating this (and using the fact that d(p&® ,)/d\ = p"d(€~ ,,)/dA
at first order) dp® /d\ = dp®/d\ + p'p”E® ,
dpa/ JdA = —T Hrl,/p“/p” l, again taking into account that on the right hand side, since the connection is first
order, we can ignore any difference between pt p*" and ptp”.

Thus, with a different choice of gauge, the modified geodesic equation

which is the same as the transformed geodesic equation

/

dp®  d*x® o o L dztdz”
R A 2 e

(132)

describes the same photon trajectory, just in the different coordinate system z® = z® + £2.

So there is some ambiguity in e.g. the equation for the rate of change of the transverse displacement of
the path r; (130). This displacement is in a particular coordinate system; that dictated by our choice of
the Lorenz gauge. For some other choice of gauge we would get a different answer.

trajectory for
some other
choice of gauge

Lorentz-gauge
trajectory

Figure 9: Gauge invariance of light deflection. The geodesic equation provides, for instance, the 2nd rate of
change of the transverse displacement r; as a function of distance along the path (i.e. the curvature of the
light-ray). But this is a coordinate displacement and is therefore gauge dependent. With a different choice
of ‘gauge’ (i.e. coordinates), we will have a different d?r /dA\2. So the same physical photon trajectory will
appear different when drawn in coordinate-space as above. But provided the change in gauge only applies in
the region where the metric perturbations are non-zero, the integrated change in the transverse momentum
will be entirely independent of whatever choice of gauge we adopt.
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But that should not worry us too much, since what we are probably most interested in is the result of
integrating this equation to get the change of direction of the photon after passing the lens (e.g. the Sun in

the case of Eddington’s expedition — see figure 10). If we integrate (132) to get Ap® = i d)\% we get the

Lorenz-gauge result plus [ A& W‘{f—;df; ~ pt [dz¥ 0,(€ ;) which is just the difference between p¢® , at

the beginning and end points, and is independent of any changes to the coordinate system within the lens
itself.

Figure 10: The Eddington
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— sky. The effect can be anal-
EINSTEIN THEORY TRIUMPHS ysed using the geodesic equa-
tion, but that involves ‘gauge-
Stars Not Where They Seemed issues’. An alternative way
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but Nobody Need Worry. the ‘image shear’ of the star-
- field. That involves consid-
ering the separation between
neighbouring geodesics to get
No More in All the World Could  the ‘o called’ geodesic devia-
Comprehend It, Sald Einsteln When
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of Talal Ecli F Flay E8-23, 191, |
St E Stz e, |
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- — : a gauge invariant manner.
Taken from the 22 November 1919 edition of the Illustrated London News. overage In the (more excitable) New York Times gaug

Another way to side-step the issue of gauge invariance of the deflection is to use the geodesic deviation
equation to calculate, rather than the deflection itself, the image shear (the gradient of the deflection). As
discussed earlier, this gives the 2nd rate of change of the separation vector 5 with respect to affine distance
as an integral involving the Riemann tensor, which, as we saw above, has components that are gauge
independent. Integrating this gives the observable image shear in a manifestly gauge invariant manner.

Regarding the conflict between (130) and the equivalence principle, there is nothing wrong with the latter.
A constant-r observer would measure a local deflection of light perfectly in accord with the equivalence
principle using the acceleration he measures, and in disaccord with (130). So would a freely falling observer
— who would see no local light deflection. So in that sense, the geodesic equation is ‘wrong’ in that it does
not describe what either of those observers sees locally for the deflection measured in physical coordinates
tied to their state of motion. One can say that the factor 2 is a ‘coordinate-artefact’; it is expressing the local
deflection in a different coordinate system to those used by either the constant-r or freely falling observer
and giving a different answer. But the advantage of the geodesic equation is that it allows us to integrate
the effect along the photon trajectory and, as we have seen, gives a gauge-independent result — provided
we don’t try to modify the coordinates in the vicinity of the observer or the source — that can be directly
compared to what was actually observed.

7 Matter waves in weak-field gravity

The dark matter observed in galaxies and galaxy clusters etc. may be the axion — a scalar field whose
excitations have a rest-mass (energy) usually taken to be on the order of mc? ~ 10~°eV — or it may be an
ultra-light axion-like field — so called ‘fuzzy dark matter’ — with a mass mc? ~ 10~22eV.

So it is of interest to understand how such matter would behave in the potential wells of cosmological
structure; these being well described by the weak-field theory we have developed above.

We can also think of non-scalar particles as being described, via Schrodinger’s equation, in terms of a
quantum mechanical wave function ¢ (Z) and it is of interest to understand how this is coupled to weak-field
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gravity also.

Below, we first obtain the equations of motion — the Klein-Gordon equation — for a massive scalar field in
a gravitational field. It is very simple; to a very good approximation the effect of gravity is to give the field
a position dependent mass (actually the Compton wave-number here) m(x) = m x (14 ®(x)). We then look
at nearly monochromatic waves, which are analogous to beams of particles with well defined momentum
(and the scalar wave is like the wave-function for a particle with well defined momentum and poorly defined
position) and show the relation between the phase of the field and the action S(x) for such beams.

We show how such waves behave in a very similar fashion to EM waves in a cold plasma, and how one
can think of scalar matter being trapped in potential wells much as EM waves are trapped by the ionosphere.

We then show how the Klein-Gordon equation becomes the (classical) Schrédinger equation in the non-
relativistic limit, which is useful as it provides a more efficient way to numerically simulate the behaviour of
wave-like matter. It is also provides a nice way to show that, along with energy and momentum conservation
T+ ,, =0, in this limit there is a 5th conserved quantity, with the same units as action, which is conserved,
and this corresponds to conservation of number of particles. It also provides a very nice way to understand
the behaviour of scalar fields in the highly non-linear regime — analogous to what happens with particles
in the ‘multi-streaming’ regions that develop in gravitational collapse — in a manner very similar to the
Kirchoff-Frensel formalism in optics,

We also describe in an appendix the alternative Madelung equation, which is a re-parameterisation of
the complex Schrédinger field ¢ into modulus (squared) p = |+)|? and phase § = arg(s)). This also been
applied in simulations. We discuss some peculiarities of this approach.

7.1 The Klein-Gordon equation in weak-field gravity

In flat space-time, the Lagrangian density of a classical massive scalar field ¢ (not to be confused with the
Newtonian potential) is

LSy, ¢) = —5(¢" S + m$?) (133)

where the ‘mass’ m has units of [L7!] and is the Compton wavenumber for the bosonic particles of mass
M = hm/c that are the quantum mechanical excitations of this field. The Lagrangian density is a Lorentz
scalar and has units of energy density or [ML™'T~2] so the field has units of [M'/2LY/2T~1]. We take (133)
as the fundamental definition of the scalar field.

Extremising the action S = [dtL = [ d4x£(¢7u, ¢) gives the Klein-Gordon equation:

¢t =mo. (134)

To obtain the action in curved space time, we simply replace the invariant space-time volume element
d*z = \/—|n|d*z, where || = —1 is the determinant of the Minkowski metric, by its equivalent in a general
coordinate system: /—|g|d*z, and ¢* , by its equivalent g ,¢ ,, to obtain

S= / a2 /TGl (=107 6 b — AP 6?) (135)
£(¢»ll«7¢7£)

so we see that, since g = g(¥), the Lagrangian density is now a function of position as well as of ¢ and its
derivatives.
The variation of the action under a variation of the field ¢(Z) = ¢(Z) + (%) is

. ’ 8 oL oL

where we have integrated by parts and discarded a boundary term. Setting [...] = 0 in the last expres-
sion gives the equations of motion, which looks, with the more complicated Lagrangian density in (135),
intimidating. But it isn’t really; the equations of motion are local, and we can always express them in a
local inertial frame so the extra derivatives of the metric components vanish, and the determinant factor is
v/—|g| =1, and the EoM is simply (134), and this, in general coordinates, is

PH,, =m>p (137)

where we don’t need to modify the first derivative as ¢* = ¢*.
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Of course we could have simply invoked the ‘comma becomes semi-colon’ mantra, to obtain (137). The
purpose of the foregoing is to show how this comes about, starting from the fundamental Lagrangian density
(133).

Writing out the covariant derivative in terms of Christoffel symbols, the general form of the Klein-Gordon
equation is

9" (b =T wd0) = m*g. (138)

If we specialise to weak-fields g, = M +hu = g*" = 9" —h*”, and work at linear order, the connection
is I'Yy, = %no‘v(hw,l, + hyyp — huvy), and we can replace the index raising operator g"” acting on this in
(138) by n**, to obtain

9T = 510 (M + hyw = b y) = 17 (ho™ = 3h) =07 (R — 37uh) " (139)

But we recognise the term in brackets as our friend the trace-reversed metric perturbation, Ew = hw—%nwh,
so gt'I'*,, = navﬁw’“ and, if we work in the Lorenz (or de Donder) gauge, this vanishes.

Thus the Lorenz gauge proves useful, not just for simplifying Einstein’s equations, but it also banishes
the connection term from the curved space-time Klein-Gordon equation (138).

So it appears that in this instance, and in the Lorenz gauge, the comma remains a comma and this
might lead one to think that there is no coupling of gravity to a scalar field. But not quite. We still have
the metric perturbation is the first term in (138). With n**¢ ,,, = O¢, the Klein-Gordon equation in weakly
curved space-time becomes

O¢ — B ¢y = m*¢ (140)

which is a non-covariant equation, but is valid nonetheless, but only in the coordinate system implied by
our choice of gauge.

Using the Newtonian limit metric h,, = —2®¢,,,, which implies h*” = —2®¢,,,, we get
— (1 =2®8)¢/c® + (1 +20)V2p = m?¢p (141)
or
O¢ = m?¢ — 28¢ ,,,, (142)

where, in this formally illegitimate and non-covariant equation, we sum over the repeated indices even
though they are both downstairs.

This is quite general, and could be used to describe the propagation of scalar waves of arbitrary momen-
tum (i.e. wave-number). If, however, the field gained its 3-momentum by ‘falling’ into a Newtonian potential
well with ®(Z) < 1, it’s 3-momentum will be small and we can use ¢, >~ ¢ 00 = —m?¢ and so we have.

O = (1 +28(Z))m?¢ (143)

in which we see that to an excellent approximation the effect of the gravitational field is simply to modulate
the effective mass:

| e () = (1+ ®(F)m. | (144)

The final result is very pleasing and intuitively reasonable. The KG equation in flat space time admits
solutions corresponding to particles at rest where ¢ oscillates in time with frequency (¢ times) m. In curved
space-time the ‘coordinate-frequency’ (i.e. the frequency of oscillation as a function of coordinate time t) is
simply em x (1 + ®), so the scalar field oscillations, like those of any good clock, run slow, as compared to
coordinate time, in a potential well.

7.2 The dispersion relation for scalar waves

If the Newtonian gravitational potential'® ¢ = ®c? in which the matter waves reside is varying on a
sufficiently large length and time scale the Klein-Gordon equation (143) will admit locally monochromatic
solutions where ¢(Z) = a cos(kyx* + V) where a is the amplitude and the constant ¥y is the phase. This
can also be expressed as

O(T) = goe™ " (145)

10We will use ¢ for the Newtonian potential in this section as ¢ denotes here the scalar field.
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with complex amplitude ¢9 = ae’?° that encodes both the phase and the amplitude, the above being
shorthand for '
O(T) = L(poe™ ™ +c.c.). (146)

With this trial solution (with k — ko = (—wyi /¢, k)), and considering ® to be (locally) constant, the
Klein-Gordon equation becomes the dispersion relation linking frequency and wave-number:

(1 —20)wi = *(m? + (1 4 20)|k|?) (147)
which, multiplied by A? and using the fact that m is the compton wave-number, m = Mc/h, gives
(1 —20)H? = M?c* + (1 +20)|p|*c? (148)

(with H = hw and p = hk) which is the same as (118) the relativistic energy-momentum relation for a
particle with mass M in the Newtonian limit metric.
Alternatively, if we write

O(Z) = poe’™ @ (149)

which is equivalent to the above if we expand the phase as ¥(Z) = ¥+ ¥ ,2# +. ... The dispersion relation
— or energy-momentum relation — relates the components of the phase-derivative 1-form dv — Vv ,, and is
then

(1 —2®)(—0F/9t)? = 2(m* + (1 + 20)(V¥)?) (150)

which we see is equivalent to the Hamilton-Jacobi equation for a beam of relativistic particles emanating
from a common starting point with classical action S(&) = h¥(&) and with dS — 8,8 = (—H/c,p) = hk,,.

This is all very reminiscent of the Dirac-Feynman picture where the wave-function 1 for a particle
that would have a classical action S is locally proportional to exp(iS/h). But the field ¢(Z) here is to be
thought of as purely classical, and i appears here simply as a parameter as we have chosen to express the
mass M of the field in terms of the Compton wave-number m = Mc¢/h and in no way indicates anything
quantum-mechanical. The field should of course be treated quantum mechanically and there would then be
a wave-function, but it wouldn’t be a function of position like ¢(Z), rather is would be a functional of ¢(Z).
The Klein-Gordon equation would then emerge as the equation of motion satisfied by the expectation value
of ¢(Z).

There is a very close correspondence between a planar scalar wave and a collimated beam of particles.
One can readily calculate the stress tensor for such waves (see below). The components of this have temporal
and spatial fluctuations, but if one averages over these, the waves have energy flux-density and momentum
density and momentum flux density just like a beam of particles. And, as we will show presently, wave-
packets and beams of scalar waves are deflected by a gravitational field much as are particles.

This wave-particle correspondence leads one to expect that, for waves that have gained their momentum
falling into a weak-field potential with ®(Z) < 1 the wave-number k will be on the order of the inverse
of the de Broglie wavelength for a particle of mass M in a Newtonian potential ¢ = c2®. Le. k| ~ |p|/h
with |[p|>/M ~ My so [k| ~ M,/@/h or k| ~ mV® < m. Under that assumption we can ignore the term
involving the product of ® and |k|? and the dispersion relation becomes:

wi = A1+ 20)m? + k). (151)

7.3 The wave- and group-velocities for scalar waves

The speed with which the wave-crests travel is called the ‘phase-velocity’ and is

vp = wie/|k| = cy/1+ (1 +20)m2/ k|2 ~ em/ k| > ¢ (152)

where we have assumed |k| < m which is valid in the non-relativistic regime.
The speed with which the groups of waves or wave-packets — or ‘beats’ in a wave-train constructed from
a superposition of 2 waves of slightly different frequencies — travel is called the ‘group-velocity’ and is

vg = dwr/dlk| = ¢/v/1+ (1 +20)m?/|k[? = c[k|/m < ¢ (153)

This is also the speed at which information can be propagated. As m is the Compton wave-number:
m = Mc/h, vy ~ h|k|/M which is the speed of a particle of mass M with momentum p = hk.
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7.4 The stress-energy tensor for scalar waves

The stress-energy tensor for a relativistic scalar field is

Tw/ = ¢,u¢,u + nuwc = ¢,u¢,u - %nlﬂ/(@b,’%bﬁ + m2¢2) (154)
or X .
7 _ 387/ + VP +mPe?) AL (155)
o LoV VoV +5(9?/c — Vo —m?¢*)I

where I is the 3 X 3 unit matrix. This is valid in flat space-time or in a locally inertial frame (as only 1st
derivatives appear).
For a plane wave ¢ all of the components of T contain fluctuating parts. But if we average over these,

we have
2/.2 —w c
T =) |“ e o] = bl (136)

since k — (—w/c, k).
In the non-relativistic limit, the dispersion relation w? = c?(m? + |k|?) says w ~ mc so, raising the indices
(which changes the sign of the off-diagonal components)

2
w2y |m° mk

™ =) [mk kk]

so the energy density is £ = T% = m?(¢?), corresponding to a mass density p = £/c? = m?{¢?)/c?, and the

components of the momentum density are m; = T% /c = mk;{¢?)/c, so ® = (ck/m)p = pvg, i.e. precisely as
for a beam of particles of density p moving with a velocity equal to the group velocity v, = ck/m.

(157)

7.5 The analogy with EM waves in a plasma

The dispersion relation for non-relativistic scalar waves in a gravitational potential (151) is identical to that
for EM waves in a cold plasma

w? = w? + *[k[? (158)
with (1 4+ ®)mc playing the role of the plasma frequency w,. The physics of this is illustrated in the left-
hand panel of figure 11. The density of electrons defines a frequency wj, which is the frequency that the
plasma would ‘ring’ at if the electrons in some region were displaced (the resulting charge imbalance creating
a restoring force). Maxwell’s equations — here in integral form — show that travelling wave solutions are
only allowed at frequencies above w;,. Here the analogous frequency w = em(1 + ®) arises for completely
different reasons, but, as for EM waves in an inhomogeneous plasma, it varies with position and this results
in interesting refractive effects on the propagation of waves.

If we turn the dispersion relation around and use it to determine the wave-number k for a wave of a
specified frequency w we get |k|? = (w? —w2)/c*. This has real solutions — corresponding to travelling waves
— only for w > wp,. For w < wp, the wave-number k is imaginary and any fluctuations of the field at these
frequencies are evanescent.

As one enters the ionosphere, the density of electrons rises at first and then decreases, so the plasma
frequency wp, = v/ng?/egm, has a maximum, which, it turns out, is at v, = w, /27 ~ 30MHz.

Terrestrial EM waves of frequency less than this get trapped and reflected as illustrated in figure 11. For
a given temporal frequency, the spatial frequency decreases with altitude, so the wavelength increases, and
it is this stretching of the wavelengths with height that causes the refraction of such waves''. This is how
‘short-wave’ radio transmissions can be detected around the world.

If the dark matter is the axion or an ultra-light axion-like field then it is trapped in the gravitational
potential wells of galaxies and clusters etc. in much the same manner. The situation is somewhat different
from short-wave radio waves in that whereas in the ionosphere the plasma frequency increases from zero to
its maximum value and then drops again, in the galaxy the effective plasma frequency is everywhere very
nearly constant, being equal to ¢m at infinity and with only a small suppression within bound systems (of
at most about 1 part in 10° — this being in clusters of galaxies). So the situation we have is that, within a
cluster, we have waves just above the local plasma frequency but just below its asymptotic value at infinity.

1Note that, for such waves, the group velocity decreases with altitude. What matters for refraction is the phase-velocity,
which increases with altitude, and one can think of the (wave-crests in the) upper part of of a beam from a transmitter as
out-running those in the lower parts and thus causing the beam to turn.
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Waves in cold plasma: Reflection of radio waves from the ionosphere
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Figure 11: Scalar matter waves are trapped in a gravitational potential well much as EM waves get trapped
by the ionosphere.

7.6 Focussing of scalar matter waves

We have seen that, as far as the phase of matter waves is concerned one can always find solutions — in
potential with sufficiently slow spatial variation — that correspond to a beam of particles with action S(Z)
by setting the phase to be S/h. What about the amplitude of such waves?

If we have a beam of matter waves — analogous to a beam of particles — in empty space that encounters
a potential well this will cause focussing of the beam.

But the beam satisfies the conservation laws T"” , = 0 and, in particular, T' “OM = 0. This says that the
rate of change of the energy density & = T% (proportional to (¢?)) with respect to coordinate time 2° = ct
is minus the 3-divergence of a vector field S:

£=-V-S (159)

where the energy flux density S has components S? = ¢T"%°.

But recall that the momentum density — denoted here by 7 — has components 7; = 7% /c and is given,
for a non-relativistic beam, to 7 = pv where p = £/c? and v = ck/m, which is the group velocity. So the
above equation says that

p=-V.-w=-V_-(pv). (160)

But this is the same as the continuity equation for particles in a fluid of density p and with velocity field
v. So the equivalent mass mass density p = (m?/c?)(¢?) changes in the focussing beam in exactly the same
manner as would the density of particles with that density and velocity.

This can also be understood from the equation of motion — the Klein-Gordon equation — which links
changes of amplitude and phase. If we apply O¢ = m?¢ to a trial solution ¢(Z) = A(Z)e"Y® we obtain

AGDOW — T, 0H) + 24,0 + 0A = m?A. (161)

We see from this that a phase ¥ = Wo+W¥ 2 is compatible with wave-like solution with constant amplitude
A, provided ¥ ,U* = —m? or, equivalently w? = ¢?(|k|? + m?) where ¥ , = (—w/c, k). On a hyper-surface
of constant ¢, this phase is ¥(x) = constant+x-k. If we add to this some small, and smoothly varying, ‘phase
error’ §¥(x) — which will, in general, have some non-vanishing (0¥ = V2§W¥ — this will be compatible with
a slowly varying amplitude A = A(t) provides the 3rd term above compensates for the first. I.e. provided

2wA 4+ APV =0 (162)

or

2
dinA2/dt = — S V%V = -V v (163)
w

using V20U = V - Vk (since Vk = V§V) and v = ck/m = c*k/w (since w ~ m for non-relativistic waves).
Thus again we see that, if a wave passes through some inhomogeneous potential that imposes a phase-error
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0¥ — and hence a divergence (or convergence) of the wave-vector k (and hence velocity) then the squared
amplitude of the wave ‘downstream’ will change in just the same way as would the density of particles being
focussed or defocussed.

This is all assuming waves that are locally nearly monochromatic and that the scale of variation of the
potential is sufficiently slow. What we are seeing here is directly analogous to the ‘geometric optics’ limit
in electromagnetism, where, if we are dealing with light of sufficiently short wavelength, it behaves like
particles with energy density changing just as the density of particles would change.

7.7 The Fresnel scale for matter waves

Just as in optics, there is a length-scale analogous to the ‘Fresnel-scale’ rp ~ v/LX where, in optics, L is the
distance from the ‘scattering plane’ and A is the wavelength of light. According to Fresnel-Kirchoff theory,
the field on the observer plane — the focal plane in an optical system perhaps — is a convolution of the field
on the scattering plane with the Fresnel function. The picture here is that there are ‘Fresnel wavelets’ on the
scattering plane that irradiate the observer. These interfere with phases given by the optical path length,
and only for particular places on the scattering plane will this be constructive. The result is that the field
at a point on the observer plane is sensitive only to a patch on the scattering plane of size of order rg as
only the ‘Fresnel wavelets’ from this region interfere constructively. And if the scale of lenses etc. that are
‘scattering’ the light is larger than the Fresnel scale then geometric optics provides a good approximation.

Similarly, for scalar waves, we might consider a volume of linear size R centred on the origin r = 0 in
which there is a wave corresponding to zero 3-momentum particles, but outside of which the field vanishes.
Le. a 3-dimensional wave-packet in which ¢ ~ cos(mct). The finite size of the wave-packet means that it is
made of waves that actually have a range of momenta Ak ~ 1/R. The group velocity of the mean momentum
k = 0 is zero, but the components for which the amplitude is significant will have vg ~ cAk/m, so after a
time ¢ the packet will have spread by an amount AR(t) ~ vgt ~ ct/mR. Solving for the size of the packet
that will have spread by its own width in this time — i.e. for which AR = R — gives R ~ y/ct/m ~ \/ctAc
where A\c = 27e/m is the Compton wavelength.

It follows that, for an infinite zero 3-momentum wave, the field at r = 0 is only sensitive to the initial
field within a volume around the origin of linear size ~ rp = y/ctA¢ (since we would truncate the field
outside of this volume at the initial time without affecting the final field at r = 0).

In a self-gravitating object of size R,,; with velocity dispersion v ~ /G M /Rop,; the dynamical (or orbital)
time is tqyn ~ R/v and the Fresnel scale after N dynamical times is 7r ~ +/NRAgp where A\gg = (¢/v)Ac
is the. de Broglie scale. The Fresnel scale, in units of the size of the object, is therefore rp/Rgp; ~
VNAaB/Robj-

The smallest mass deemed feasible for ‘fuzzy’ DM has, in the Milky-Way, a de Broglie wavelength
Ad ~ 200pc ~ Rgp; /500 taking Rgpj ~ 100kpe. So over one dynamical time, the Fresnel scale is much
smaller than R,p,; and geometric optics should be a very good approximation. The dynamical time, however,
is about tqy, ~ Robj/v ~ 3 x 10'5sec, as compared to the age of the universe ty ~ 1/Hy ~ 4 X 10'7sec or
about N ~ 100 dynamical times. If we track a geodesic path back to turnaround — at which time the galaxy
was perhaps a factor 2 times larger than it’s present time — this suggests that the Fresnel scale was smaller
than the size of the object, but not by an enormous factor.

This allows us to make more precise what is implied by ‘sufficiently slow’ above. If we have scalar matter
waves propagating in a gravitating system — a galaxy or galaxy cluster perhaps — with size R, then geometric
optics will be a good approximation if R > rg.

7.8 Speckly nature of scalar DM in the multi-streaming regime

If we have a potential well — that of a spherical mass concentration say — and we have test particles released
from rest then they will fall into the potential. A scalar wave that starts off spatially homogeneous —
corresponding to zero momentum particles — will, initially, start to fall in exactly the same way. One can
see that the wave will oscillate at a lower frequency (as a function of coordinate time, that is) deeper into
the potential. Different parts of the wave will get out of phase with each other. So the initially spatially
homogeneous field will develop ripples. Unsurprisingly these give the field a momentum density and, guess
what, it is just that that the corresponding beam of particles would develop.

But the particles will, eventually, reach the centre of the potential, and they will meet up with particles
that are coming the other way. We say that a ‘multi-streaming’ region has developed. What happens to the
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waves in the same analogous situation?

ct

[ M tories of particles (thin lines) that are fo-
( ' / / cussing shows that, in general, caustics will
’ N' / / form. These bound the multi-streaming re-
7
7 streaming region, we have a superposition
the density will show interference patterns.

Figure 12: Space-time diagram of trajec-
/// gion. Note that the density p of trajecto-
[} ’}/ / ries becomes very large close to the caus-
4 ‘ N,'A' 7/’ tics; one can easily show that the density
vﬁ"’ "E’AW'// — is singular and falls off inversely as the
y",, J \ S = constant g : y :
\\\ ‘ , // square root of the distance from the caustic
/ / for these so-called ‘fold-catastrophes’. The
\\‘ ‘/ [ heavy curves show hypersurfaces of con-
\\‘ ‘l stant action S for these particles. These are
) // orthogonal to the trajectories of the par-
ticles in the special relativistic sense. A
classical scalar field ¢ oc /pcos(S(Z)/h)
solves, in the geometric optics limit, the
Klein-Gordon equation. So wave-fronts (or
nodes) of the field are surfaces of constant
action. Outside the caustics, there is, lo-
i cally, a single beam. Inside, in the multi-
711
"II’”””””I”"" of multiple beams (three here). These
beams will interfere wave-mechanically and
» If we have many overlapping beams the en-
ergy density will be ‘speckly’.

The answer is that there will be interference. At any point in the multi-streaming region, if we were to
make a Fourier transform of the field within some region (much bigger than the wavelength of the waves,
lets say) then we will see spikes at the frequencies of the different overlapping streams — indeed, one can
show that the power spectrum obtained by squaring this corresponds to the phase-space density of the
corresponding particles. This is illustrated in figure 13 which shows the result of a numerical simulation of
structure formation in a universe dominated by so-called ‘fuzzy’ dark matter (a classical scalar field with
Compton wavelength of order a fraction of a parsec).

7.9 Evolution of classical scalar fields via the Schrodinger equation

The Klein-Gordon equation was proposed by Schrodinger to describe 1, the quantum mechanical wave
function of a particle. He obtained it by replacing H and p in the relativistic energy-momentum relation
by the operators ¢hd; and —ihV. In response to the problem that the probability density p = ¢* is not
generally conserved he dropped this in favour of what we usually call the Schrodinger equation, which is
obtained by taking the non-relativistic limit. Here the KG equation is considered as that obeyed by a classical
scalar field ¢ but, if we are considering such a field as the dark matter, we can similarly use the Schrodinger
equation. This is useful in numerical simulation as the Schrédinger field evolves less rapidly than the scalar
field. It is also useful conceptually as it shows that, in this limit, the field has, in addition to the 4-conserved
quantities f d3rT% (the total energy and 3-momentum), a 5th conserved quantity that corresponds to
particle number. It is also useful as it makes it somewhat simpler to understand phenomenology such as
the speckly nature of the DM in the multi-streaming regime.

7.9.1 From Klein-Gordon equation to the Schrédinger equation

The KG equation in flat space-time is (¢ = m?¢ which, for slowly spatially varying fields becomes d) =
—c?m?2¢ with solutions ¢ o< Re e = cos(ut) where ;1 = me is the Compton (angular) frequency.
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tern.

Hsi-Yu Schive (B¢ T), Tzihong Chiueh (Bi7), Tom Broadhurst

To obtain the Schrodinger equation from the KG equation we simply ‘factor out’ the rapidly oscillating
factor e’ and set

B(r,t) = P(r, t)e " 4+ p*(r, t)e (164)
where 1(r, t) is a slowly varying field. By construction ¢ is real. Taking the time derivative of the field gives
b = —iphe M 4 jpp*eMt 4 e 4 qfrett (165)

where the first two terms here are much larger than the last two. Taking a further time derivative yields
B = P (e PR i — ) 4 O, (166)

The Laplacian of the field is
v2¢ — v2¢ —iput + v2,¢* it (167)

and combining these in the KG equation Ug = m2¢ or ¢ — V3¢ + p2¢ = 0, and dropping the term in é
involving v gives

2@'#(1/}6”“5 _ d'}*e—iut) + C2v21[)€wt 2v2w* —iut __ —0. (168)
Since ¢ is supposed to be relatively slowly varying compared to e this requires that both the coefficient
of e and of e~ must vanish, which means that 2z,m,b = —c2V?) or
. c
) = —— 2 169
=5V (169)

which is just the Schrédinger equation for a free particle of mass M = him/c.

In a Newtonian gravitational potential ¢, the Klein-Gordon equation becomes (¢ = (1 + 2®)m?¢
with ® = ¢/c? or qﬁ —2V2¢ + (1 4 2®)u2¢p = 0 and, again ignoring the term involving ¢, this requires
QZuw = —c2V? + 2u% P or equivalently

ih) = —| — ihV 2 + Vi (170)

where V' = my is the gravitational potential energy of a particle and we recognise this as the operator
equivalent of Hy = (|p|?/2M + V).

It may seem strange that we have been able to replace the KG equation, which is second order in time,
and therefore requires that one specify both ¢ and qﬁ as initial conditions to obtain a solution, by one that is
first order in time, and therefore only requires that one specify the initial field ). But this is quite reasonable
when we count degrees of freedom since ¢ has both a real and imaginary part. Also, one may note that
our starting point (164) does not allow one to determine 1) given the initial field ¢ alone, but, if augmented
by b = —ippe” it 4 juap*e | which we obtain by taking the dominant terms in (165), we have, at t = 0,

b= (¢—o/in)/2.
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7.9.2 The 5th conservation law: conservation of particle number

A scalar field obeys, in general, 4 conservation laws (or continuity equations); those of energy and the 3
components of spatial momentum. But, for non relativistic particles — where the energy of the particles
is too small to create new particles in collisions — there is a 5th conservation law; that of the number of
particles.

The corresponding law for a non-relativistic field is the law of conservation of total probability (if we
think of ¢ as a wave-function whose squared modulus gives the probability to find the particle). This is

p+V-j=0 (171)
where
p = PY*
. i (172)

i= 5 (VY- vy

the latter being the usual Schrédinger 3-current density.

7.9.3 Speckles and phase vortices from the Schrédinger perspective

The Schrodinger formalism gives an interesting perspective on the structure of the density field as illustrated
in figure 14 and described in the caption.

Figure 14: In the strongly multi-streaming regime
the Schrodinger field will be the sum of many in-
dependent ‘beams’ coming from various directions.
The real and imaginary parts of ¥ will then behave —
by virtue of the central limit — as Gaussian random
fields. The coherence length of these randomly fluc-
tuating field is on the order of the de Broglie wave-
length. The real part Ret will vanish on one set
of 2-dimensional surfaces and Im+ vanishes on an-
other. In the single stream region these are inter-
leaved so the density p = [1|? can never vanish. But
in a multi-stream region, Re and Im become ef-
fectively statistically independent, and the surfaces
will cross, which means that p will vanish on a set of
lines. This is illustrated at left, where the colour im-
age is the density p = [1|? on a 2-dimensional slice,
and the lines are contours of zero Re and Im ).

It is not difficult to show that, if we write the field as ¢ = \/ﬁeie, the phase 6 will wrap by 27 if one
follows a loop around one of the lines where p vanishes; these lines are ‘phase-vortices’.

One can also show that the Schrodinger current is proportional to p times the gradient of §. That means
that if we define the velocity as v = j/p, this is divergent; tending to infinity inversely with distance from
the p = 0 line.

A Curvature of { = constant surfaces for a uniform density sphere

e We consider again the uniform density sphere

— this could be a useful approximation for observers in the centre of a dark-matter dominated
galaxy or cluster

e the potential is then ®(r) = ®q + (2/3)7Gpr?/c? where &g = ¢(r = 0)
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e consider the equatorial plane z = 0
e and define polar coordinates r = y/22 + y2 and 0 = tan~ !y /x
e in terms of which dz? + dy? = dr? + r2d6?

e the proper circumference of a disk with boundary /2 +y2 =r is
— = [(ds/d0)dd = [dO\/r2(1 —2¢(r)) ~ 27r(1 — ¢(r)) = 27r(1 — ¢o — (2/3)mpr?)

— where we have used /1 — 2¢ — 1 — ¢ as we are working to first order precision in ¢
e while the proper radius is
— b= [dr(ds/dr) = [dr\/1—=2¢(r) = [dr(1 — ¢¢ — (2/3)7Gpr?) = r(1 — ¢o — (2/9)7Gpr?)

e so the ratio of the circumference to the radius is, keeping only terms linear in ¢,

— lg/l, = 2r(1 — (4/9)7Gpr? /c?)

— lp/l, < 2w so evidently these 2D spatial surfaces are positively curved

— the same being true for the 3D hyper-surfaces of constant ¢ — as one can infer from a similar
calculation of the volume contained within some coordinate and of the surface area bounding
that volume

— this is something our observers would appreciate in constructing the lattice that supports them
— they would have to adjust the length of the rods to accommodate the curved spatial geometry

B The Madelung equation for scalar fields

From Schroedinger to Madelung

* In 1927 Madelung came up with a re-formulation of Schroedinger’s
equation which looks like fluid mechanics

. Instead of working with yy we sety = \/,56_9. This gives two equations:

« 0,p + V - (pv) - continuity of mass density and Euler:

dv
. — =0V+Vv-Vv==VV-VQ
dt
1 V3P
where Q = ———— is the “quantum pressure” (or the Bohm quantum
° 2 \/E
potential)

« The velocity here v = j/p, where j = (w Vy™* — w* Vy)/2i is the
momentum density, from whichv = — V@

« But that means v has no vorticity @ = V X v (or circulation)

* Whereas particles develop vorticity after shell-crossing

Figure 15: An alternative approach in the non-relativistic regime is to use the Madelung equation.
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C Problems

C.1 Problem: self-focusing of a beam of light

Q: Consider a flash-light in the lab emitting a cylindrical beam of light with uniform energy density. Write
down the stress tensor and solve for the weak-field metric in the Lorenz gauge. Use this to calculate the
geodesic focussing of a set of (transparent) test particles within the beam lying on a circle perpendicular to
the beam. Consider two cases: a) where the ring of test particles is initially at rest in the lab-frame and
b) where the ring is moving at some velocity v along the beam axis. Compute 2nd derivative of the radius
with respect to coordinate time ¢ and relate this to the 2nd derivative with respect to proper time. What
does this imply for the rate of self-focusing of the beam? Interpret the result physically (hint: think of
the beam as composed of highly relativistic massive particles, rather than massless photons and relate the
energy density in the frame of the beam to the lab-frame energy density.) Consider the case of two identical
overlapping beams propagating in opposite directions. Do these beams focus one another?
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