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. Aufgabe 1

According to the strong equivalence principle, all rest masses and interaction energies of
the constituents of a celestial body contribute to its gravitational and inertial mass in an
equal manner.

Estimate the contributions of the gravitational energies and elektromagnetic binding ener-
gies to the mass of the earth.

. Aufgabe 2 (Clock synchronisation)

Synchronisation of clocks in an inertial system is based on an empirical fact and a definition:

Fact (“c = const.”): On any closed loop, the average speed of light is an absolute constant

Length of loop L

duration of round-trip T
:= c = const. (5)

Definition (“Simultaneity”): Two flash-events are called to happen at the same time
if their light-fronts meet in the middle.

Note: Do not read the fact “the speed of ligth is a constant”. It is – but this comes only
after some logical inferences which also involve the definition.

(a) Show that simultaneity obeys the axioms of an equivlance relation on the set of
all events. (if P is simultaneous with Q, and Q is simultaneous with R, then P is
simultaneous with R).

(b) Describe a procedure by which a given pair of clocks in an inertial system can be
synchronized.

Note: Now you may state, that the speed of light is a constant!

Remark: Part (a) sounds kind of trivial, but it is not. You must show, that under the
assumption that the flash-fronts of P and Q meet in the middle, and the flash-fronts of Q
and R meet in the middle, then also the flash-fronts of P and R meet in the middle. The
difficulty is, that you can not use the every-day notion of velocity, but only the “factäs
it is formulated (for “fact” you only need a ruler and one clock. The every-day notion
of velocity is inappropriate, because it is either based on a traveling clock – which for
light is impossible – or two clocks, one at tart, one at finish, which must be synchronized.
Yet synchronization is only possible once simultaneity has been proven to constitute an
equivalence relation, that is (a).
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. Aufgabe 3 (Real clock precision)

The time standard on time-like worldlines is kept by clocks which have no extension – they
are just points. Unfortunately, real clocks have spatial extension. In a gravitational field,
the physical mechanism of such clocks is subject to tidal forces. Estimate the influence the
tidal forces have on the functioning of an atomic clock.

. Aufgabe 4 (Hyperbolic motion)

Dr. Rindler moves with constant acceleration (as measured in his rest frame). He carries
a good clock along (proper time τ) which allows him to determine the duration of any
physical process.1 As described with respect to an inertial system with coordinates t, x, y, z
you may assume that his motion is in the x-direction.

(a) Show that in inertial coordinates Dr. Rindler’s worldline may be parametrized

t(τ) =
c

g
sinh(gτ/c) + t0 , (6)

x(τ) =
c2

g
cosh(gτ/c) + x0 −

c2

g
, (7)

where τ is Rindler’s proper time, τ = 0 corresponding to coordinate time value t0 ,
and x0 Rindler’s position in the inertial system at t = t0.

In special relativity, a motion with constant acceleration is sometimes called hyperbolic
motion. Any idea why?

(b) Convince yourself that Rindler’s velocity, as measured from the inertial system, is
given by

v(t) =
(t− t0)g√

1 + [(t− t0)g/c]2
(8)

and thus after sufficinetly long time

|t− t0| � c/g : |v(t)| ≈ c . (9)

For the earth gravitational acceleration g = 9, 81m/sec2 – what does it mean “suffi-
ciently long” with respect to (i) the inertial system, (ii) the rest frame of Rindler?

(c) Show that in the (ct, x)-coordinates of the inertial system, the Rindler manifold of
equal time events are straight lines which intersect at a spacetime event with coordi-
nates t0, x0 − c2/g. Without loss of generality, you may choose t0 = 0 and x0 = c2/g,
such that O is assigned inertial coordinates (0, 0). In the xct-plane, plot the Rindler’s
worldline and a few of his equal time slices incl. slices where τ = ±∞.

(d) The event O in (c) marks a singularity in the Rindler’s coordinates: for him, O is
of eternal duration. Convince yourself, that from the Rindler’s point of view, that
singularity is always at spatial distance c2/g. What distance would that be for the
earth gravitational acceleration g = 9, 81m/sec2?

1Assume the earth to be flat, and thus its gravitational field to be homogeneous. Standing on earth,
your impression is that the gravitational force pulls you downwards (the −x-direction). According to the
equivalence principle, your impression is that of a commander of a space ship, which accelerates relative
to an inertial system upwards.
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(e) Rindler’s τ = ±∞ slices partition spacetime into four different regions. Discuss from
which events Rindler can receive information, and which events can receive informa-
tion from Rindler. Are there events, which are absolutely inaccessible by Rindler? If
yes – what about time ordering of these events in Rindler coordinates?

(f) Rindler introduces coordinates (cτ, x̄) using regularly spaced spatial marks to his left
and to his right, which are relative to Rindler at rest, choosing x̄ = 0 for his own posi-
tion. As time standard he uses his proper time τ . Give the coordinate transformation
from intertial coordinates to the Rindler coordinates.

(g) Another story: Two rockets, stacked vertically in free space, and connected by a thin
rope, start with equal acceleration g. The rockets engine are such, that during boost
operation, the acceleration as felt by the rocket system is constant. After a certain
time T (as measured from an inertial system), there is Brennschluss for both rockets.
Question: After Brennschluss – is the connecting rope still intact or not? (you may
assume that the rope is infinitely thin and has no inertia). Another question: what is
the difference with (f)?
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