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Datum Von Bis Raum
1 Di, 17. Apr. 2018 10:00 12:00 05 119 Minkowski-Raum
2 Do, 19. Apr. 2018 08:00 10:00 05 119 Minkowski-Raum
3 Di, 24. Apr. 2018 10:00 12:00 05 119 Minkowski-Raum
4 Do, 26. Apr. 2018 08:00 10:00 05 119 Minkowski-Raum
5 Do, 3. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
6 Di, 8. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
7 Di, 15. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
8 Do, 17. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
9 Di, 22. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
10 Do, 24. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
11 Di, 29. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
12 Di, 5. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
13 Do, 7. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
14 Di, 12. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
15 Do, 14. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
16 Di, 19. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
17 Do, 21. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
18 Di, 26. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
19 Do, 28. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
20 Di, 3. Jul. 2018 10:00 12:00 05 119 Minkowski-Raum
21 Do, 5. Jul. 2018 08:00 10:00 05 119 Minkowski-Raum
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JG|U Part 3: General Relativity

The Equivalence Principle
Free-Falling Bodies and Geodesics
Non-relativistic Limit
Energy-Momentum Tensor

Einstein Equations
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JG|U Brief History of GR

1907: While working at the Bern’s Patent Office, A. Einstein realized how to start
generalizing special relativity to generic reference frames.

1908: First paper about acceleration and relativity by A. Einstein. In this paper he
states the Equivalence Principle and derives time dilation caused by
gravitational fields.

1911: Second paper by A. Einstein on time dilation by gravitational fields where
also light deviation by massive bodies was approximately derived. o

1912: Einstein consults with M. Grossman about non-euclidean geometry. vff&i'ﬁyydg#;..

October 1915: First guess: Rij = T;; o

November 1915: Einstein publishes the General Theory of Relativity as we know it

today. D. Hilbert obtained the same equations almost at the
same fime.

1919: Eddington confirms the deviation of light formula from GR using a solar

eclipse in Brazil.

1959: Pound-Rebka Experiment (gravitational red shift)

1971: Hafele-Keating Experiment (time dilation)

1974: Hulse-Taylor binary pulsar.

2004: Gravity Probe-B and frame dragging (published in 2011)

2016: Direct detection of gravitational waves by LIGO
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The Equivalence Principle

Observer in an
uniform gravitational field

——

Accelerated Observer

How do you tell the difference?
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The Equivalence Principle

What about this case?
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JG|U The Equivalence Principle

Strong Equivalence Principle:

At every space-time point in a gravitational field, it is possible to choose a
locally inertial coordinate system such that in a sufficiently small
neighbourhood of that point, the laws of nature can be expressed in the same
form as in an unaccelerated coordinate system.

Weak Equivalence Principle:
Change “laws of nature” with “laws of motion of free-falling
bodies” (gravity).
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JG|U Free-Falling Bodies

d>zH

772 0 Equation of motion for a free-falling body

Changing to a generic coordinate system:

~ o d? | avhaxt dr dt ¢

d (o dxt\  oftdixt  0%g* dxMdxV
dt \ox¥ dt

Equation of motion:

d?x _ dxtdx?

dr2 L dr dt =0
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JG|U Non-Relativistic Limit

Quasi-flat metric: “slow” particles:
: dzx dt

2 2
The geodesic equation becomes ddx: + T8 (ﬁ) —
T

Corresponding Christoffel symbol (time derivatives vanish):

1 0
o _ _ ~0p 9800
IbO 2 ax5
d*t
iz =0 ]
Substituting into the geodesic equation:
2x 1 [dt\?
2 7 (E) Vho =0 (2)
dt . . :
From (1) - is a constant and dividing (2) by it ...
T
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JG|U Non-Relativistic Limit

...we obtain

d?z

1
IR, v N
gz~ g Yo

Comparing with  d%x/dt? = —V¢

we have hop = —2¢+C  with C=0 at infinity

and thus | g0 = —(1+2¢)

—>
1) The metric tensor plays the role of gravitational potential.
2) The geodesic equation can have the correct Newtonian limit
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Energy-Momentum Tensor

C_2.<energy> momentum
density density

'* 701 02 703 |

710 171 | shear
720 2 stress
n 3 NES 93 | pressure
Z p” dt 5 x - x”) momentum  momentum
density flux

= ZP%B(?C — Xp)

p x B
Toc[% L anan53(x o xn) _ Z P%Pnés(x L xn)
n

n

oT4P

o
dxP

Einstein’s notes on the covariant derivative of T

—,q(gz,,., %) »—{i:r?—iw :
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JG|U Einstein Equations

Requirements:
1) It should be a tensor equation (the same in any coordinate system).

2) In analogy to other situations known in physics, it should be of second order at
most in the relevant variable (the gravitational potential, or in this case the metric
tensor).

3) The equation must reduce to the Poisson equation in the non-relativistic limit.

4) The source of the gravitational field should be the energy-momentum tensor T.

5) If T=0, space-time must be flat

First time the Riemann tensor appears in Einstein’s notebooks.
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JG|U

Einstein Equations

From 1) + 4) we postulate GHY o« T*Y  with some tensor G.

Since

then VyGW =0

and since T is symmetric, also G should be.
The only tensor we know with this properties and also respecting
condition 2) and 5) is the Einstein tensor, so we can set

R]/“/ — g]/ﬂ/R — k ‘ T]/”/

The constant k can be fixed thanks to the requirement 3) and
a direct calculation (see notes) gives k =87
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Einstein Equations
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JG|U “Trace-Inverted” Einstein Equations

Taking the trace of the Einstein equation: — R 4+4A = 87T

Substituting back in the equation:

Observations:
- Gravitational part condensed in only the Ricci tensor
Energy/Matter side explicitly dependent from the metric
- The cosmological constant part can be suggestively moved to the RHS:

_ 0k A -
R,ul/:87T T,L“/_ (2 | 87‘(‘) Juv
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Tidal Forces

Newton’s equation for nearby points

@ — _5ik aq)(‘r])

Expanding in series:

dt2 oxk '’
d*(z* + &) — _gik 0P(z? + &7) dz(a’ijﬁi) _ _gik (B‘I’(f) n 5. (5‘I’(f)) £l 4 )
dt2 Ok dt ozx OxJ oz
Newton’s equation for tidal forces
d2€i — _aik 62@ . §j
dt? Oxk Oz
Tidal Tensor
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JG|U Geodesic Deviation and Gravitation

Trajectories of two nearby free-falling particles:

d2 xH y dx? dx?

dT?2 R dt dt =0
d_z(xﬂ 1 53&‘) 4+ T (x” 4 (5x”)i(xv + 5x1/)i(x/\ - 5xA) =0
d72 VA dt at B

Subtracting and keeping only 1st order terms:

d26x AT dxV dx? dx" dx?
0 p _
2 P O arar T wgr g =Y

Introducing the covariant derivation along the curve:

D2 V -0
—_6x" =R} 5x”dx ax

DT? VIO dr dt

The Riemann tensor quantifies the amount of geodesic deviation.
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JG|U Geodesic Deviation and Gravitation

If Rii=0, there is no gravity
If Riii=0, there are no tidal forces.
—> Tidal forces are the true manifestation of gravity.

If Riii=0, we can always find a coordinate system which makes the metric
equivalent to the one of a flat space (Minkowski metric).

Non-uniform gravitational fields are observable through geodesic deviation
(only locally equivalent to accelerated frames: equivalence principle).

Uniform gravitational fields can be eliminated by a coordinate
transformation and are non distinguishable from an uniformly accelerated
frame.
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JG|u Properties of the Einstein Equations

- Partial differential equations:
-10 Equations
- non linear
- hyperbolic
- coupled

- Analog to the Maxwell equations for the 4-potential A.
Fundamental difference:
- -for EM, given the 4-current, the fields can be
calculated.
for GE, given T, we cannot calculate the metric
tensor g, since it appears also in T.
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JG|U Solution of the Einstein Equations

Cauchy initial condition problem

ADM Decomposition

Numerical Methods
(main recent dev.: adaptive meshes)

|

| & ok

| /4 \'—
I/ -

Regge Calculus / \ N

| o
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