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1. (Self) introduction

Personal history : BB SRBEF T

20075%E11A5H :Hannover (K1) A
Max-Planck-Institut fur Gravitationsphysik
(Albert-Einstein-Institut)

Institut fur Gravitationsphysik
der Leibniz Universitat Hannover

201056 16H :Trento (1 &Z U7 ) A
Dipartimento di Fisica, Universit'a degli Studi di Trento

201046108 15H :Padova (£ 2 VJ7) A
Istituto Nazionale di Fisica Nucleare, Sezione di Padova

2011%E3A30H : mE
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(Albert-Einstein-Institut)
One of the institutes of “Max-Planck-Gesellshaft”
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Institut fur Gravitationsphysik
der Leibniz Universitat Hannover

One of the institutes of Hannover University
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Research in Hannover

Interferometer (Karsten Danzmann)
GEOG600 (Input squeezing),
LISA, Laser, 10m prototype,
Quantum optics and so on ...

Data analysis (Bruce Allen)

18



5 km south
from Hannov

V 4

600 (28 Jan. 2008)

19



Quantum optics

AN s

Head : Roman Schnabel
Squeezing, Quantum entanglement,
Grating optics, Investigation about silicon ....

Squeezing
Henning Vahlbruch (Squeezing)

GWIC thesis prize
Squeezing in GEO600 (DFG Science TV,

http://www.dfg-science-tv.de/enlprojects/the-wave-hunters)

My work : Measurement of radiation pressure noise
My slides in GWADW2010 and H. Kaufer’s slides

http://gw.icrr.u-tokyo.ac.jp/gwadw2010/program/2010_GWADW_YamamotoB12.ppt 20
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Radiation Pressure Noise
Experiment In Hannover

Kazuhiro Yamamoto

Henning Kaufer, Tobias Westphal, Daniel Friedrich, Helge Mueller-Ebhardt,
Stefan Gossler, Karsten Danzmann and Roman Schnabel
Max-Planck-Institut fuer Gravitationsphysik (Albert-Einstein-Institut)
Institut fuer Gravitationsphysik, Leibniz Universitaet Hannover

a— Q‘...=-.-

O oOmiya
Waseda University

¢
-
Q)
=

Farid Y. Khalili, Stefan L. Danilishin
Moscow State University

19 May 2010 Gravitational-Wave Advanced Detector Workshop
@Hearton Hotel Kyoto, Kyoto, Japan

21
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G !Optomechanics at the AEI,:

Stefan Gossler Daniel Friedrich
Former Postdoc Ph.D. Student

Kazuhiro Yamamoto Henning Kaufer
Former Postdoc Ph.D. Student

{ | Leibniz
£ | Universitat
4 | Hannover

1]
1
H
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{

!

Tobias Westphal
Former Dipl. Student

Andreas Sawadsky
Master Student

22



Leibniz

ﬁ ‘ O.AbStraCt " éé Universitat

I Hannover

Radiation pressure noise measurement
with extremely light
but translucent mechanical oscillator

New topology : Michelson-Sagnac interferometer
Theoretical outlines

Current status of experiment
Future work

23



http://spacéﬁles.blogspot.co‘m B

{i{ | Leibniz
o 2 | Universitit
¢’ 4 | Hannover

!

-~

Photons come at random
(amplitude fluctuation).
Back action of photon is also at random.

— Radiation pressure noise

24



G ‘ 1. Introduction

Dl.d.lIUdlU kJUcllIlUllI LIIIIIL

i { | Leibniz
{ O 2. Universitat
o 4- Hannover

Standard Quantum Limit (SQL) is a fundamental limit for

naively optimized conventional interferometers.
Nobody observed radiation pressure noise !

Linear noise spectral density [1/ VHz]

=

o,
2
—_

™

=
D|

[
[ %)

shot noise

l.., p-1/2

quantum noise with

100x increased laserpower;

Frequency [Hz]

Large radiation

acclira nnicao
Gcoulv 1IVIiIdGW

l

High laser power
Light mass

ny
rll

25



1!2 { | Leibniz
{ ©; Z | Universitat
to @' 4 | Hannover
Mechanical properties
frame: 7,52 mm2 x 200 ym
Area: 1,5 mm x 1,5 mm

Thickness: 75 nm
Effective mass: ~ 100 ng
Resonant frequency: ~ 73 kHz

Optical properties

Power Reflectance: ~ 33%

Absorption: <150 ppm
Flatness: 1 nm?
Micro roughness: 0,2 nm?
Scattering: — 0

J.D. Thompson et al.,
Nature 452 (2008) 72-76.

Norcada (http://www.norcada.com/) 26
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Steering
‘mirror

Membrane

_— Jean’b
splitter
E




IAAI\ s~ o~ wem

Michelson-Sagn

-A

Sagnhac mode P
Symmetric '\
port X

1ac in

EABY

Leibniz
Universitat
Hannover

€= Anti
symmetric
Michelson mode port (no light of Sagnac mode)
™ )
N
A e

Membrane position %

is adjusted to keep —>
this port dark.

r oy,
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1. Introduction (i
. { O 2
'V P Y DY o WS- Y P TP (2\ 1o 4.
| viicneison- Ddglldb llltcllwunletelp)
Steering
mirror
Membrane
Power r membrane
recycling
Laser source mirror r
BS
D+d
_| —
a Steering
Beam | mirror
splitter | | ¢
e 1 f
:
1
[ P
SRM Signal recycling mirror

dit

Recycling technlques are useful

even if the membrane reflectance is low.

Leibniz
Universitat
Hannover

29



1/2
]
[a—
—
[

With signal-recycling

(Power at beam splitter : 1 W)

1 0-12 | |===== Radiation pressure noise
= = Shot noise

— | === Thermal noise

14 (viscous damping,1 K)
10 ™ |= = Thermal noise
(structural damping,1 K)

Linear Spectral Density [m/Hz
I

) 'iié'é"‘é'i'é'é' “ 2 4 68
10° 10 10° 10

Frequency [Hz]

i il Leibniz
{ ;2 | Universitit
to9.4 | Hannover

Temperature: 1K

Q: 107
Effective Mass: 125ng
Resonance: 75kHz

Power at BS: 1W
Signal recycling mirror
99.8 % amplitude
reflectance

Radiation pressure noise is
2 and 3 times larger than
shot noise and thermal
noise.

K. Yamamoto et al., Physical Review A 81 (2010) 033849. 30



Leibniz

G !1. Introduction

Sagnac mode : Clockwise and counterclockwise beams
There is interference between them.

Standing wave
Nodes and anti nodes
Anti symmeiric port is dark.

Membrane must be on node or anti-node.

We prefer membrane on node because of absorption.

fid
¢; Z | Universitit
4 | Hannover

31



Resonant frequency [kHz]

‘2 Current status

IVIUIIIUICUIU kDISI\I4 III I'l'

Heat absorption in membrane
(in Michelson-Sagnac interferometer)

104 -

102

100

98

96

{i{ | Leibniz
{ O 2. Universitat
o 4 Hannover

\_/

n)

Fitting :

econd polynomial
(Physical mechanism
is not clear yet)

Incident power [ mW]

First mode (small absorption)
O o O O = O @)
| (large absorpti
23 March 2010 ‘
(1,1) mode
i O Node
® Antinode
Fitting
—|(2nd Polynomial)
| | | | |
0 200 400 600 800

32
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‘2 Cur t Status { O !9 | Universitat
Membrane (Si,N, in frame) 109'4 | Hannover
Heat absorption in membrane
Second mode
164
a = = g

162}

2
B 160 — e S
S
g- 158 : 23 MarCh 2010 eithtascobett s nbils s ns ol du st Sl e s Sl B e e Sk R St s 2D 2 el
é’ 1(1,2) mode 3
+« 156 [ |(2 degenerate modes)
= | © Node 3
§ 154 _ [J] Node | ___________________________________________________________________________________
Cqé ® Antinode
152 _ B Antinode | ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Fitting
150—? (2nd Polynomial) s , , oo e
0 200 400 600 800

Incident power [ mW] 33



111 | Leibni
\2 Current status L | b
Membrane (Si,N, in frame) tog:4 | Hannover
Heat absorption in membrane
Fourth mode Temperature gradient

23 March 2010

(1,3) mode
(2 degenerate modes) : : . : ;
O Node oo 2N ik A
[0 Node : 5 5 : :
® Antinode
B Antinode ; ; ; ; 5
215{|— Fitting e e _—y
(2nd Polynomial) : : : ’

— Fitting
(2nd Polynomial)

210 F— e o o e

100 200 300 400 500 600 700

220

Resonant frequency [kHz]

Incident power [mW] 34
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G I2. Current status 'f-’fé

Michelson-Sagnac interferometer 9

Mode cleaner

Nd:YAG laser EOM

=

N

Photo™’ I I
: detector ~
Without power
and signal recycling Vacuum tank
(10° mbar) _|
g (= = =\
Photo detector ’ * Merhbrane
(signal of ~

membrane motion)

35



I Experimental setup...:| i

I to¢’4 | Hannover

T e T Vacuum
La ¥ R w‘?.-_ ey 1
#s . - .

: Perlscope ._

-—

A

- !l'lv

l

__‘_‘_‘-

—

FL Modecleane
T

AN
4 i P
A 2 W NPRO Laser. JF b"'
Q, . @1064nm . Seel s

3

—~——
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Power spectral density [m/Hz
[a—
=)

[—
cI

[—y

<,
—
(=)

o Power 240 mW
I — Measupsminl | e
3 (fifth:9 Feb. 2010)
4 Shot noise
1 —— Thermal noise
| — - Intensity noise
e (2*10~(-7)/rtHz)
3 — - Detector noise
T [eeeeeene Summation :

of shot, intensity, detector,|
_§5 _________________ S D L S S ————
i 5*10-1° m/
-] | | I
90 95 100 105

Frequency|Hz]

110x10°

{ l { | Leibniz
{ ©; Z | Universitat
to9’ 4 | Hannover

Off resonance :
Intensity noise

On resonance :
Thermal noise

38
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G ‘ 2. Current status L | ez
| Standard Quantum Limit on resonance 9 0!4 | Hannover
JILA/NIST group claims that their sensitivity is
. below Standard Quantum Limit (SQL)
0t “ 10°
10° | <
%x 1.OI4D | 1.0|41 | 1.0|42 |
™~ w/(2m) (MHz) a
)
l@? —
4.8*10-"°> m/rtHz i o g
im 3 T %
. 7\ ’ :-E_rl
10 | | : | ' 15 mk .
1.040 1.041 1.042 1.043
w/(2m) (MHz)
J.D. Teufel et al., Nature Nanotechnology 4 (2009) 820.

39
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G ‘ 2. Current status it | ez
Standard Quantum Limit on resonance ¢ 9.4 | Hannover

Max-Planck-Institut (MPI) fuer Quantenoptik group also
claims that their sensitivity is below Standard Quantum Limit

(SQL)
ol 5.7*107 m/rtHz
TE r - E!VzFrequen:];:(MHz) - -
c 0—14 L
~ : Recent result
o _ from same group
10715 L (arX|v 1003 3752)
=16 | | | L | | | | |
10 7.6 7.8 8.0 8.2 8.4
Frequency (MHz)

G. Anetsberger et al., Nature Physics 5 (2009) 909. 40
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2. Current status AL | bz
Standard Quantum Limit on resonance t99:#4 | Hannover

Power 240 mW
Measurement 5
(fifth:9 Feb. 2010)

Standard Quantum Limit (SQL)

- SQLon resonance, ||

T7—5*10""6 m/rtHz

I I_ II I_!!_I_I_Im __I I _I_IIII_I_I_

* | i
90 95 100 105 110x10°
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ﬁ‘ After | left Hannover *;5

Intensity stabilization

Laser intensity noise P _ D

min
= Y9.8%

Signal / Lasernoise independant of power P F P
Reduced if interferometer contrast is higher
Use stabilization

" Nicht Stabilisiert ——— ]

I
= -110 |
o [
o i
8 -115 F
i ] E
ichi 5§ F
interf & -120

1 " 1
10K 100K ™
Freguenz (Hz)

42
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G ‘ After | left Hannover .2z | v

Hannover

-10
10 " F————— FEEE L A s e ek e s T T T R S S S B S ]
. - o ) Nicht stabilisiert
.. | After intensity stabilization ... Stabilisiert ]
1011 B Dunkelrauschen PD ———
F Thermisches Rauschen ------- 3
Shot noise ]
o DN+SN+Therm. -
T :
£ £
£ z
18]
E
o E
E E
(o
w
&) Al : il
ROy,
A W AN
A A
10—1? ......... IR R S S R R S S R R S T S S L
90 95 100 105 110

Frequenz (Hz)

Off resonance : Shot noise and Dark noise of photo detector
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G| After | left Hannover i i
New interferometer
Smaller and stable
Better decoupling
from surrounding
Higher displacement
sensitivity

44



Leibniz

it
@| After | left Hannover .|

New compact interferometer (with signal recycling and
without membrane) was installed in vacuum chamber.

Alighment adjustment was finished.

Cryostat will come around August 2012.

New paper (membrane resonant frequency vs. laser power)
has already been submitted (New Journal of Physics).

D. Friedrich et al., arXiv 1104.3251.

45



3. ltalia

201056 A16H :Trento (1 &Z VU7 ) A
Dipartimento di Fisica, Universit a degli Studi di Trento

Temporaly stay

201046108158 :Padova (£ 2V 7) A
Istituto Nazionale di Fisica Nucleare, Sezione di Padova

Goal
One of the sections of Istituto Nazionale di Fisica Nucleare

46
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AURIGA
Resonator)













Legnaro (10 km southeast from Padova)
(22 Nov. 2001)

56
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AURIGA (22 Mar. 2011)
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Research

Supervisors

Trento : Giovanni Andrea Prodi (Data analysis)
Padova : Jean-Pierre Zendri (AURIGA, resonator)

What is the motivation ?

Resonator > Interferometer

Cryogenic apparatus for resonator
Cryogenic experiment for interferometer ?
For example, optical loss at cryogenic temperature ?

58



Research

SiN membrane® 15 % MBI E D ZEfE (1£R)
(Legnaro,Padova):
Measurement of finesse of cavity

with and without membrane

AR (Norcada)fZ [+ TLiTrento KETHE-THLS,

Enrico Serra

Interdisciplinary Laboratory for Computational Science (Joint project of
Fondazione Bruno Kessler and Universita degli Studi di Trento)

Hannover radiation pressure noise experiment|(Z
AFEmembraneDEEDT7AT7

59



Research

BAETICP L BERBRDER (LoEoREESL
PDFEE...)

B0t 3 2 (7 B AVDERE, IDIZH5— AP0 A AR )

Membrane: Norcadam 5B A B A, Trento THll{E
(B=500 nm,1000 nm),

60
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Experimental setup ...
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In vacuum (under construction) ...




4. FIERIZZE
1. XZEL

2. Einstein Telescope&E

3. T DthEhiEREE
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1. XZEL

2007/12/30: Gregg Harry (MIT)D 5 X —J
“Coating research workshop%Z 320D THEL Ll vh, ”

2008/3/20-21: Workshop of Optical Coatings
in Precision Measurement(Caltech)

BEAREITELS, L—Y-—RRHYREL. EFRREED
thREH S E

http://www.ligo.mit.edu/~gharry/workshop/workshop.html

EHRARERE(2008/4/4) T RS
http://tamago.mtk.nao.ac.jp/gw_talks/080404/talk2/Yamamoto080404.pdf

64



1. XZEL

2010/2/5: Gregg Harry 5 X —Jb

“2fE R Dworkshop% & &l L Tcoatinglc DWW TE AR
lcaABFZREL L L A& (Cambridge University Press)%
9 C&lct > 7=, Kenji Numata&CryogenicDE%ZE(\T
<hLLD, ”

¥z Ih$Kenji and Gregg&E D X =D L &)
2Bl DskypefI 5 E&HE (with Kenji)

R TORMT. [WE.
Bkl (EAHkEH2 (CLIO,LCGTET) .
L—Y—-ARBEEL. EFX%E)

65



1. XZEL

2011/3/18: Final dead line

2011/5/28: Gregg at Roma Fiumicino Aeroporto

“201241 A IR F &~

“Optical Coatings and Thermal Noise
In Precision Measurements”,
ed. by Gregory Harry, Riccardo Desalvo,
and Timothy Bodiya,
Cambridge University Press, in press.

66



1. RKEELS
B RS

14 Gravitational Wave Detection D. ]. Ottaway and S. D. Penn 256
15 High-Precision Laser Stabilization via Optical Cavities M. J. Mar-

tin and J. Ye 281

16 Quantum Optomechanics G. D. Cole and M. Aspelmeyer 308
17 Cavity Quantum Electrodynamics 1. E. Northup 335
354

67



1. RKEELS
B RS

10 Absorption and Thermal Issues P. Willems, D. Ottaway, and

P. Beyersdorf 172
11 Optical Scatter [. R. Smith and M. E. Zucker 194
12 Reflectivity and Thickness Optimization I. M. Pinto, M. Principe,

R. DeSalvo 206
13 Beam Shaping A. Freise 233

68
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1. XZEL

HRMb6

Theory of Thermal Noise in Optical Mirrors Y. Levin

Coating Technology §S. Chao 7
Compendium of Thermal Noises in Optical Mirrors V. B. Bra-

ginsky, M. L. Gorodetsky, S. P. Vyatchanin 24
Coating Thermal Noise [I. Martin and S. Reid 37
Direct Measurements of Coating Thermal Noise K. Numata 66
Methods of Improving Thermal Noise 5. Ballmer and K. Somiya 87
Substrate Thermal Noise S. Rowan and I. Martin 111
Cryogenics K. Numata and K. Yamamoto 129
Thermo-optic Noise M. Evans and G. Ogin 154
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1. XZEL

B TRFRIZAS
o (#%T:a#l:&of)x’éd'o

% B8 —f

HHo TSy,
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1.

F&=<

CryogenicsELVSENFET HDIE
BERDEANRITIN—TODEAD-FELD
TH Do

S E. BHAED .. AW
CLIODOX: AL
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2. Einstein Telescope BE&E
Einstein Telescope

Third generation project in Europe
10 times better sensitivity that that of LCGT
Underground
Triangle interferometers with 10 km baselines
Xylophone(Low and High Frequency)
Cryogenic(Low frequency)

One of the most important seven future astroparticle physics
projects in Europe (http://www.aspera-eu.org/)

2018 : Construction of facility starts ?
2026 : Observation ?

72



2. Einstein Telescope BE&E

Design study (3 years from 2008 May)
Design study report has already been written !

ET session in GWADW (2011 May 24)

http://agenda.infn.it/sessionDisplay.py?sessionld=8&slot
Id=0&confld=3351#2011-05-24

http://www.et-gw.eu/

73



Einstein Telescope
Site and infrastructure




e
#8' Multiple Interferometers

10 km

The L-shape provides the best form for a differential
measurement of quadrupole waves

Two parallel interferometers provide redundancy (nullstream
creation, operation during maintenance and upgrades)

Two interferometers under 45 degrees can resolve both

[A. Freise et. al.:Triple Michelson interferometer for a third-generation
gravitational wave detector, Classical and Quantum Gravity, 2009, 26]

A Freise, GWADW Elba

3 24/05/2011




»

2. Einstein Telescope B

S. Hild et al., Classical and Quantum Gravity 28 (2011) 094013.

10°°
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2. Einstein Telescope BE&E

melh?
(1) Parametric instability
(2) Substrate thermoelastic noise and thermo-optic noise

(1)Parametric instability
ROEMIRENE — N &cavityDRF T — KOHER#E
Advanced LIGO & Advanced Virgo Ti# %l % (&8

ETTIRES>H?
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2. Einstein Telescope BE&E

(1)Parametric instability

2009/1/9 Andreas Freiselc

"% L 5 & parametric instabilitylc DLV TET WP3
(interferometer configuration, 09/1/20)&RTES LWL S
ETOMN?”

(1)ET workshop 2009 CH:*
(2)ET design study reportZ #12(Daniel Heinert(Jena),
Sergey Strigin(Moscow) & —#&(c)

ET-Low Frequency:ful& % L (Low laser power)
ET-High Frequency:unstable mode® ¥
Advanced LIGO, Advanced Virgo&k ¥) &(»
WHAKENESD) . WRUVE,
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2. Einstein Telescope Bf:&E
(2) Substrate thermoelastic noise and thermo-optic noise

8 5 5 t)%%ﬁ%w_ﬁo
#iflc X SELEHREL

Substrate thermoelastic noise : Heat flow in substrate
Thermo-optic noise : Heat flow
between substrate and coating

RENICIIENLTEAERESHEAHLSHETI LD
TE %,

HERDIICEDENT AN MIVISERE TR,
EI 8,
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2. Einstein Telescope Bf:&E
(2) Substrate thermoelastic noise and thermo-optic noise

R RME. REHAEUITLED D .
SHEALEADERFITHEA S,

Substrate thermoelastic noise :

BRATLSARDBEEFEALITAE LS LY,
(Kenji Numata& 5+5)
Thermo-optic noise : B M7ZETTELS . ThEEELMOD
RN EERITIVELH S,
(Enrico Serra(Trento)st &)
E. Serra and M. Bonaldi, International Journal for Numerical Methods in Engineering 78 (2009) 691.
KR, BRARBTNITI—ARIMNVHIERODAEEDDTL B,
LCGTETTIRESLZDH ?

ET workshop 2010 CH3R.
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(2) Substrate thermoelastic noise and thermo-optic noise

In the case of LCGT (Sapphire 20 K) ...
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(2) Substrate thermoelastic noise and thermo-optic noise

In the case of ET-LF (Silicon 10 K) ...
S. Hild gt al., Classical and Quantum Gravity 27 (29‘1 0) 015003.
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2. Einstein Telescope BE&E

Annual workshops
Cascina (ltaly), November, 2008

Erice, Sicily (Italy), October, 2009
Budapest (Hungary), November, 2010

http://www.et-gw.eu/
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3. TDhEFEF B,

(1) “Coating thermal noise of
a finite-size cylindrical mirror”
K. Somiya and K. Yamamoto,
Physical Review D 79 (2009) 102004.
Light (thin) mirrors for quantum measurement
Thickness dependence of mirror thermal noise

v

(2) “Thermo-refractive noise of finite-sized cylindrical test
masses”
D. Heinert, A. G. Gurkovsky, R. Nawrodt,
S. P. Vyatchanin, and K. Yamamoto
Submitted (Physical Review D)
Substrate thermo-refractive noise of cryogenic
interferometer (CLIO,LCGT,ET)
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5. SKECHOHEBZ FE/=/F*

Personal lessons learn

& % 5 (3 BERR
Regularf: /5ik &irregularf Fi&

RegularZ 75k
DEICHEE
MEeRNEATEMBIEHNTETIMN?
HZA ) E /1iRBEEDmailing list
Institute of Physicslc & 23K Aweb
http://brightrecruits.com/tiptop/
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5. SKECHOHEBZ FE/=/F*

Irreqular& 753&
(BESL) RAR7DOHDURELFE (WA ?)

NELTELTHEITHEL

REINER HISh3ZEeHHD (hEURBL) .
BER KPR EWSZEHFMOSNBESICES,
thDF v AZM@it. WAL T<NB3DELAE,
DESNKLEHD (FSL) wEFRH
(NHAVENTH S,
)N EH D (T DT IEBEL L)
—&TE2&ax
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5. SKECHOHEBZ FE/=/F*

IrreqularZ: 75i%

MUIENED<BICE? (HLLSBHRMLTESSHICE)

(NERFERIC

a

(2)ERRFEEIC

T (RW) RE2T S,

t

CEAMcdiscussionZ 9 3,

3) (BRLW) X E&ES,

Irrequlart 552 RIBT D 7-DICREBELEZAHITEDT

regulart & M
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BELZAPRICE>TVBONEEDNBE -

QAL ESHEE, oL EVBRIBEELD > EDOH ?

RB)RELHLFS Lo ZDHEEDNBIEEALRIILEL,
RAYVEBRESBDLELIC, 12)T7EIE???

(4B SW IR, Fica—AaY N,

O)ERESRTFERTHRTESLDIchE o 7=,
BealLLLokE1"?

C)EEFBFRIELHEL . < ?

96



Vielen Dank fuer lhre Aufmerksamkeit !

Vi ringrazio molto per la vostra attenzione !

CRHEEHYMNESITTNELT,
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Deutsches Museum (Muenchen)

Wi

Vom Hochofen zum
Hybridantrieb
MAN - 250 Jahre
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Rhein (Deutschland)




Rhein (Deutschland)
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Lago di Garda (ltalia)
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Train (ICE) from Denmark to Germany
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Amsterdam, Netherlands
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Bruges, Belgium
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Mont Saint-Michel, France
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Einstein Museum, Bern, Schweiz

‘ont pu étre
t observées.

prédictions se

e 13 positions
irgule,

General Theory
of Relativity

The effects of the
General Theory

of Relativity can only
be shown in

astronomical distances.

Einstein made four
predictions to support
the General Theory

of Relativity.

They concern:

1. Precession of Mercury’s
orbit

2. Deflection of light

3. Redshift

4, Gravitational Waves

The proof of gravitational
waves is still lacking.

The other predictions have
been experimentally
proved, with an exactitude
up to 13 decimal points.
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Schloss Schoenbrunn, Wien, Oestereich
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San Marino




Edinburgh Castle, United Kingdom
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