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To understand the large, we must understand the 
small — but how small ?

How do we probe 
smaller and smaller 
distances?

Heisenberg 
uncertainty principle:

Δx ≈ h/Δp

Need larger and 
larger momenta (and 
energy)

cm

???
strings?
10-33 cm



The fundamental forces of nature
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They have very different strength — and it changes !

Standard 
Model

Grand  
Unification

Theory of 
Everything

http://nrumiano.free.fr/Ecosmo/cg_standard.html

strong (nuclear)
force

electroweak force

gravity

electromagnetic

weak 
force

higher energy  and smaller sizeeV eV

http://nrumiano.free.fr/Ecosmo/cg_standard.html


World around us

Can we infer what is here ?

Planck scale
10-35 m10-44 s

Accessible to particle physics



How can we probe the Planck scale 
without going there ?

• Planck scale physics has ramifications at lower 
energies

• Make very precise measurements a low energy 
and hope to find a glimpse 

• The approach of our experiment:
• All 4 fundamental forces (or interactions) are 

intimately connected to certain symmetries, 
and their violation can be probed





The velocities we experience in daily life
are so low that the theory of special rela-
tivity plays no role

Example: the addition of velocities

vtrain = 200 km/h

vpassenger = 5 km/h

vtotal = 205 km/h

Violations of “Lorentz Symmetry”
The framework underlying Special Relativity



Very different at ‘high’ velocities

Gedankenexperiment: Enterprise travels at v = c/2 = 150 000 km/sec

towards Klingon ship and fires photon torpedo

At what speed do the Klingons see the photon torpedo approach?

450 000 km/sec ?

No, with
300 000 km/sec !



The central principle of the theory of
special relativity (SR):

The speed of light does not depend on the
motion of the source or the observer and
its value in vacuum is always

c = 299 792.458 km/sec

From this principle, alle laws of SR can be
derived



A. Einstein (1905) All laws of physics are the same in all inertial frames of references

The velocity of light in empty space has always and everywhere 
the value c (299 792.458 km/sec)

Theory of Special Relativity
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A fascinating manifestation of the theory
of special relativity is the phenomenon of

time dilation

i.e. the fact, that moving clocks tick more
slowly

There is no absolute time!
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The round-trip time for light is the ‘tick’ of
this clock
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L=3m

t=20.0 nsec

mirror

flash lamp and

photo detector

kli
ck

time from start (t=0) to the click (t
click

): 2L/c



t=0

v=0.75 c
(225 000 km/sec)



























from experiment with car at rest we know:
L = ctclick/2

t’=0
t’=t’klick

v t’klick /2

ct
’klic

k/
2

L

Pythagoras:

from experiment with car at rest we know:
L = ct

click
/2

(ct’/2)2 = (ct/2)2 + (vt’/2)2



Solve for t’ :

(ct’/2)2 = (ct/2)2 + (vt’/2)2

i.e. for an observer moving with respect to the
clock, it ticks more slowly, by the
time dilation factor



The size of the effect:

km/sec time dilation

space craft 5 1.000 000 000 14

0.5 c 150 000 1.15

0.75 c 225 000 1.51

electrons in the
storage ring LEP
at CERN at 90 Gev

almost 300 000 180 000



Tests with "real" (macroscopic) clocks

Atomic clocks in a plane(1970)

after 60 hour flight:

53 nsec

difference to clock
on ground

accurate tests of SR need much faster clocks



Atomic and subatomic particles as clocks

Quantum mechanics: energy levels in atoms are
discrete (Bohr model)

E = hν

Frequency ν of excitations
of atomic levels are our
most accurate clocks



Max-Planck-Institute for Nuclear Physics
Heidelberg, Germany



The MPI-K Accelerator Facility

(ion beam diameter (FWHM) ~ 600µm

beam divergence (FWHM) < 100 µrad

             after 5 sec of cooling)

rel-beschleuniger-r

Electron Cooler E = 13.3 MeV  v = 19 000 km/sec

b = v/c = 0.064
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     The Doppler Effect

Basic phenomenon:  the frequency of sound (and other waves) changes 
depending on relative motion of the source and observer

Everyday example:  the  pitch of a siren rises and then falls again as an 
emergency vehicle approaches you and then speeds away.

Sign of the effect:    relative motion towards each other :   f  increases          
                                   “         “      away from  “     “     :   f  decreases.



frequency 
comb

mol. I2 clock

Li+Li+

Cs frequency 
standard

dye laser 
565 nm
dye laser 
585 nm

Nd:YAG laser 
532 nm

Ar ion laser 
514 nm

mol. I2 clock
585
nm

514
nm

532
nm

565
nm

PMT 1

PMT 2

PMT 3

electron
cooler

v=
0.064 c

v=
0.030 c

The new TSR dual-boost experiment



Most important part: checking all the systematic effects

They can kill you ...

and are often unexpected ...



Most important part: checking all the systematic effects

They can kill you ...

and are often unexpected ...



ARTICLES

Test of relativistic time dilation with fast

optical atomic clocks at different velocities

SASCHA REINHARDT1, GUIDO SAATHOFF1, HENRIK BUHR1, LARS A. CARLSON1, ANDREAS WOLF1,
DIRK SCHWALM1, SERGEI KARPUK2, CHRISTIAN NOVOTNY2, GERHARD HUBER2,
MARCUS ZIMMERMANN3, RONALD HOLZWARTH3, THOMAS UDEM3, THEODOR W. HÄNSCH3
AND GERALD GWINNER4*
1Max-Planck-Institut für Kernphysik, 69029 Heidelberg, Germany
2Institut für Physik, Universität Mainz, 55099 Mainz, Germany
3Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany
4Dept. of Physics & Astronomy, University of Manitoba, Winnipeg R3T 2N2, Canada
*e-mail: gwinner@physics.umanitoba.ca

Published online: 11 November 2007; doi:10.1038/nphys778

Time dilation is one of the most fascinating aspects of special relativity as it abolishes the notion of absolute time. It was first observed
experimentally by Ives and Stilwell in 1938 using the Doppler eVect. Here we report on a method, based on fast optical atomic clocks
with large, but diVerent Lorentz boosts, that tests relativistic time dilation with unprecedented precision. The approach combines ion
storage and cooling with optical frequency counting using a frequency comb. 7Li+ ions are prepared at 6.4% and 3.0% of the speed of
light in a storage ring, and their time is read with an accuracy of 2⇥10�10 using laser saturation spectroscopy. The comparison of the
Doppler shifts yields a time dilation measurement represented by a Mansouri–Sexl parameter |↵̂| 8.4⇥10�8, consistent with special
relativity. This constrains the existence of a preferred cosmological reference frame and CPT- and Lorentz-violating ‘new’ physics
beyond the standard model.

Since its introduction by Albert Einstein in 1905 (ref. 1), special
relativity has been the accepted theory of local space-time. It
not only resolved severe open questions in electrodynamics but
introduced a revolutionary new notion of space and time that
influenced a variety of areas from technology2 to philosophy3.
Today its main ingredient, the space-time symmetry of local
Lorentz invariance, is deeply woven into all physical theories
describing nature on a fundamental level: the standard model of
particle physics is based on relativistic quantum field theories, and
the theory of general relativity contains local Lorentz invariance
in the limiting case of negligible gravitation. This symmetry is
therefore one of the pillars of today’s description of all four
known fundamental forces. Already this prominent role alone
demands thorough empirical aYrmation, and further motivation
for experimental tests comes from a variety of unsettled problems
in contemporary physics. For example, one possible explanation
of the abundance of matter versus antimatter is the violation of
charge-conjugation, parity, time-reversal (CPT) symmetry, which
is closely related to local Lorentz symmetry4,5. In string theory and
also in the quest for a quantum theory of gravity, which unifies
the standard model of particle physics with general relativity in a
‘theory of everything’, Lorentz violation is frequently assumed6–8

and could thus provide a distinctive experimental signature for
new physics.

Time dilation was proposed as an experimental test by Einstein
in 1907 (ref. 9). The idea was to measure the Doppler shift of
light emitted from moving particles. Einstein showed that time
dilation leads to the ether-independent relativistic Doppler formula

⌫0 = ⌫l�(1 � �cos✓). Here, ⌫l and ⌫0 denote the frequencies in
the laboratory reference frame of the observer and the particles’
rest frame moving at velocity v = �c with respect to the observer,
respectively, ✓ is the angle of observation with respect to the
particles’ movement as measured in the laboratory frame and
� =1/

p
1� v2/c2. The first time dilation measurement was carried

out by Ives and Stilwell in 1938 (ref. 10). They used a collinear set-
up in which the Doppler-shifted frequencies of light emitted from
hydrogen canal rays were measured both in forward and backward
directions relative to the atomic motion. For the simultaneous
measurement of the Doppler-shifted frequencies ⌫p = ⌫0/�(1��)
parallel and ⌫a = ⌫0/�(1+�) antiparallel to the particles’ motion
in the laboratory frame, the �cos✓ terms are cancelled by the time
dilation factors in the product of these Doppler shifts, yielding

⌫2
0 = ⌫a⌫p, (1)

assuming plane waves. The �-independence of this relation
is a consequence of time dilation in special relativity and
therefore of the relativity principle, and the outcome of the
Ives–Stilwell experiment is independent of the chosen clock
synchronization scheme11.

Various test theories have been developed to describe
possible deviations from special relativity12. For the purpose
of quantifying our experimental results, we adopt the one by
Robertson13, Mansouri and Sexl14 (RMS), which is widely used to
compare diVerent experiments. In this model, Einstein’s postulates
are abandoned and general linear transformations between a
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confirm Special Relativity 
at the 10 ppb level





... in just seven years







What’s next? Li+ in the ESR at β=0.34

GSI Heavy Ion Research Facility, Darmstadt, Germany



• at ESR (GSI, Darmstadt) much higher velocities attainable  
(> 30% c), can expect 
 
but ... 

What’s next?

αESR < 8 × 10−9







Is all this useful for something?

During the last decade, the 
global positioning system 
(GPS) has become almost a 
household item. Due to the 
altitude and speed of the 
GPS satellites, general and 
special relativity have to be 
taken into account. 
Otherwise, position readout 
errors of up to 1 km would 
accumulate during a day (bad 
for yachting and smart 
bombs)!



Can we understand why Lorentz 
invariance [sh]{c}ould break down ?

• Idea: Planck length (10-35 m) is a universal,  
smallest length in the universe

• Space-time is discrete at these length scales
• Lorentz contraction cannot be valid here, as Planck 

length is same in all inertial frames

Continuous space time

Discrete space time



Or: In a cosmological picture

• Special relativity  
            ↕ 
all inertial frames are 
equivalent  

• SR violated 
➙ 
preferred frame in the  
universe



Thank   you!


