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The very smallest and the very largest:
From the Planck scale to the cosmos
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The very smallest and the very largest:
From the Planck scale to the cosmos

Cosmology and particle physics increasingly
connected
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Evolution of the universe
Dark Energy

Accelerated Expansion

Development of
Galaxies, Planets, etc.

big now

1st Stars
about 400 million yrs.

|“ Big Bang Expansion _{
13.7 billion years

http://discoverycenter.dk/content/cosmology-and-astro-particle-physics


http://discoverycenter.dk/content/cosmology-and-astro-particle-physics

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

strings?

How do we probe
10733 cm

smaller and smaller
distances’

Heisenberg
uncertainty principle:

Nucleon

Ax = h/Ap

Need larger and
larger momenta (and

energy)



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

- http://nrumiano.free.fr/Ecosmo/cg_standard.html
lirmit of the accelerators

/

strong (nuclear)
force

electromagnetic

electroweak force
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Standard Grand Theory of

Model Unification  Everything


http://nrumiano.free.fr/Ecosmo/cg_standard.html
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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
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Violations of “Lorentz Symmetry”
The framework underlying Special Relativity

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

=200 km/h
= 5 km/h

Vpassenger =

Vtrain




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 Iin vacuum is always

c =299 792.458 km/sec

From this principle, alle laws of SR can be
derived



Relativity on one slide
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Lorentz time
contraction dilation



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!



t=0

mirror

3m

flash lamp and
photo detector

The round-trip time for light is the ‘tick’ of
this clock
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t=/.5 nsec
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t=10.0 nsec

MmIrror
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t=10.5 nsec
H mirror
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flash lamp and
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t=12.5 nsec
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photo detector



t=//7.5 nsec \
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flash lamp and
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ﬁ=20.0 nsec \
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ﬁ=20.0 nsec \

mIrror

ash lamp and
photo detector

time from start (t=0) to the click (t ., ): 2L/cC



t=0

>
% v=0.75cC

(225 000 km/sec)



t=2.5 nsec




t=5.0 nsec




t=/.5 nsec




>H\@'II
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t=1/.5 nsec
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t=20.0
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t=22/5 nsec
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t~=25.0 nsec
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t=27.5 nsec
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(ct’/2)? = (ct/2)? + (vt'/2)?

V yiick/2

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

click



(ct’/2)? = (ct/2)? + (vt'/2)?

Solve for t’ :

= L ¢

2
_ vt
1=

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




The size of the effect:

space craft
0.5c
0.75 c

electrons in the
storage ring LEP
at CERN at 90 Gev




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)

nucleus

_electron
orbits

o electron E — h’V

3 /== "=+| Frequency v of excitations
=2 of atomic levels are our
greater distance most accurate clocks

-13.6eV¥ T from nucleus
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The MPI-K Accelerator Facility

Li* Tandem' L
(~10% in °S,) +6.65 MV

‘ Experimental Area

‘Li*l E=13.3 MeV v =19 000 km/sec

(ion beam diameter (FWHM) ~ 600um __ PawRalm
beam divergence (FWHM) < 100 urad Storage Time t,,, = 50 sec
after 5 sec of cooling) Stored particles ~ 108

chleuniger-r
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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.




The new TSR dual-boost experiment

dye laser
“ﬁ**‘*WLHH*w— 565 nm
dye laser
mol. I, clock 585 nm
Ve
pMT 2 0. 064 C ‘o 030 ¢
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Amm%fo Cs frequency

PMT 3

frequency standard 539
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Most |mportant part: checking all the systematlc effects

Hﬂm

WJL

and are often unexpected ...

Table Mountain National Park

Warning
Please look under

your vehicles
for penguins
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Most important part: checking all the systematic effects

Table Mountain National Park

Warning
Please look under

your vehicles
for penguins

Sponsored by
Boulders
Beach

Lodge '

They can kill you ...
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ARTICLES

Test of relativistic time dilation with fast
optical atomic clocks at different velocities

SASCHA REINHARDT?, GUIDO SAATHOFF', HENRIK BUHR', LARS A. CARLSON', ANDREAS WOLF?,
DIRK SCHWALM', SERGEI KARPUK?, CHRISTIAN NOVOTNY2, GERHARD HUBER?,

MARCUS ZIMMERMANNS, RONALD HOLZWARTH2, THOMAS UDEM2, THEODOR W. HANSCH?

AND GERALD GWINNER**

'Max-Planck-Institut fiir Kernphysik, 69029 Heidelberg, Germany con ﬁ rm S P ecC i a I Re I atiVity

2Institut fiir Physik, Universitat Mainz, 55099 Mainz, Germany
3Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany

“Dept. of Physics & Astronomy, University of Manitoba, Winnipeg R3T 2N2, Canada at t h e I O P P b | eVe I

*e-mail: gwinner@physics.umanitoba.ca

nature N N\ \ ¢,  .-.

. W R 4 AT
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Published online: 11 November 2007; doi:10.1038/nphys778 ' tix‘i& & X

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 effect. Here we report on a method, based on fast optical atomic clocks
with large, but different 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. ’Li" 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 x 10™'° using laser saturation spectroscopy. The comparison of the
Doppler shifts yields a time dilation measurement represented by a Mansouri—Sexl parameter || < 8.4 x 1073, 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.
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Google Groups Re
sci.physics.relativity

How many idiots does it take to confirm an idiocy like
RT 7

Options
Messages 1 - 25 of 36 - Lollgpse gl MNewer =
gbit \iew profie (5 users) More oplions Aug 24, 12:52 am

A team of 14 {!) people have done an experiment and
have published their earth-shaking {s8ic -] result on

exactly one (yea 1 (!}, le. a single) page, titled:
"Experimental Test of Special Relativity" by

G. S5aatho, 5. Karpuk, 5. Reinhardt, U. Elsenbarth, I. Hoog,

G. Huber, 8. EKrohn, R. Me~noz-Horta, J. Lasgsen, D. Schwalm,
M. Weidemiller, A. Wolf, 5. Wricke and G. Gwinner

—— s = 4 i1 _'n - ] ) = =+ 15 3 = e

I satrongly douebt the correctnesg of this experimentl

Whoever believes that paper can IMO be only an idiot]

Unbelievable! It was even accepted by Phys. Rev. Lett. 91,
190403 (2003) 111

How is such an idioecy posasible???27111]1

hyailkalische 'Wahrhelten' direk:t aus der

vﬂlhE?EI&IEEhHﬂgEHHEtﬂLtJ
>I strongly doubt the correctness of this experiment!

How can someone who has never even studled calculus be L1t to
make

such a gualification?



) Islamic Republic Of
I RI qlewg, IRAN Broadcasting

Online News Network

IRIB News
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2007/11/11

It's a century late, but Einstein's still on time

TV Channels
Newspapers

11:03:06 p.U

L Tl e e s T e e S et

"After two hnﬁﬁ, I In:m::]-c:Eur:I.?:tn'lu‘:..r watch,” a reviewer
of Wagnerian opera is said to have written. "I found

that 17 rnlnutes hau:l gone by."”

I i



What'’s next? Li* in the ESR at $=0.34

T<l- ry

__________

GS| Heavy lon Research Facility, Darmstadt, Germany



What’s next?

at ESR (GSI, Darmstadt) much higher velocities attainable
(> 30% c), can expect aRsR < Q % 10—9

but ...
10-1 - | | | |
i Jves-Stilwell |
S 5_ [
C &~ o 3
o 10 o
i = ° L
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10" | | | .
1940 1960 1980 2000

year
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‘a\a{w\‘é"‘ﬁ; new studies: Verifying Einstein’s time-
dilation theory, and understanding whale
testicles

SEPTEMBER 24, 2014 — University of Manitoba researchers constantly find insights into nature’s






s 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 | km would
accumulate during a day (bad

for yachting and smart
bombs)!




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

e |dea: Planck length (10-3> m) is a universal,
smallest length in the universe

e Space-time is discrete at these length scales

e | orentz contraction cannot be valid here, as Planck
length is same in all inertial frames

hG

co

lp =

Dlscretes ace fime oo
P L‘*"-*“s_%t@?# R




Or:In a cosmological picture

* Special relativity
7

all inertial frames are
equivalent

T =2.728 K

* SR violated
-

AT = 3.353 mK

preferred frame in the
universe
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