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Galileo Galilei
(1564-1642)




The most famous site for experimental science,
the birth place of (empirical) physics (as distinct from
Aristotlean metaphysics): Pisa




Challenges

Frontier science driven by advanced accelerator
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Can we meet the challenge?
How can we meet it ?
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High Peak Power Laser

100TW/10Hz system is on a commercial base.

1PW with a low rep. rate system is also on a
commercial base.

1PW/10Hz system could be possible with
Improving 100TW/10Hz system.

A larger aperture ceramic YAG could be used for
pumping the final Ti:S amplifier.

A large aperture deformable can be used for tight
focusing.

— 10722 W/cm”2 has been already
achieved.

now ELI ----- and other systems



ELI laser (artist’s rendition)




What i1s collective force ?

How can a Pyramid have been built?
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Individual particle dynamics vs. Coherent movement

Collective acceleration (Veksler,1956; Tajima & Dawson,1979)
Collective radiation (N2 radiation)
Collective ionization (N2 ionization)
Collective deceleration (Tajima & Chao,2007; Kando et al,2008)



Wake

Kelvin’'s Ship Wake
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N. H. Matlis et al, Nature Phys. (2006)



Laser-driven Bow and Wake

Bow Wave
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AE/a ?/mc?

Even 1PeV electrons (and gammas) are possible, albeit with lesser amount

2~2 2 242
AE ~2mCcayy ,° =2mC a,

Meeting Suzuki’'s Challenge:

Laser acceleration toward ultrahigh energies
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a, 10 3.2 1
energy gain GeV 1000 1000 1000
plasma density cm3 | 5.7x10%° 5.7x10% 5.7x10%
acceleration length m 2.9 29 290
spot radius um 32 100 320
peak power PW 2.2 2.2 2.2
pulse duration ps 0.23 0.74 2.3
laser pulse energy kJ 0.5 1.6 5

— exploration of new physics such as the reach of relativity and beyond?
(laser energy of 50kJ, plasma density of 1016/cc)



Fundamental Physics following (and beyond)Einstein
Laser x Accelerator, Laser x Laser
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— ELI's special unique capacity beyond any other infrastructure



Quantum Gravity:
“Why Is the sky blue?”

(for high energy gamma rays)

 Amelino-Camelia et al., Nature (1998)
high energy y has dispersion:
w = Kkc + (extra mass-like term?)

* May be regarded as scattering off quantum
fluctuations of vacuum (gravitational origin).

e Other proposals, such as H. Sato (1972); Coleman-
Glashow(1997), ....

breakdown of Lorentz invariance?

Non-luminosity paradigm possible (though in very high

energies)?



Superstrong acceleration a
= superstrong gravity g

The horizon approaches:
d =c?/a

Quantum gravity extra-
dimension leaks out? —

18 June 1998 RN
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Physics Letters B 429 (1998) 263-272

The hierarchy problem and new dimensions at a milliineter

Nima Arkani—Hamed *, Savas Dimopoulos °, Gia D_y;ﬁli ¢

* SLAC, Stanford University, Stanford, CA 94309, USA
* Physics Depariment, Stanford University, Stanford, CA 94305, USA -
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bstract

We propose a new framework for solving the hierarchy problem which does not rely on either supersymmetry or
chnicolor. In this framework, the gravitational and gauge interactions become united at the weak scale, which we take as
ie only fundamental short distance scale in nature. The observed weakness of gravity on distances > 1 mm is due to the
dstence of n = 2 new compact spatial dimensions large compared to the weak scale. The Planck scale My, ~ Gy '/* is not
fundamental scale; its enormity is simply a consequence of the large size of the new dimensions. While gravitons can
eely propagate in the new dimensions, at sub-weak energies the Standard Model (SM) fields must be localized to a
-dimensional manifold of weak scale ‘‘thickness™ in the extra dimensions. This picture leads to-.a number of striking
gnals for accelerator and laboratory experiments. For the case of n=2 new dimensions, planned sub-millimeter
leasuremnents of gravity may observe the transition from 1,/r? — 1 /r* Newtonian gravitation. For any number of new
imensions, the LHC and NLC could observe strong quantum gravitational interactions. Furthermore, SM particles can be
icked off our 4 dimensional manifold into the new dimensions, carrying away energy, and leading to an abrupt decrease in
rents with high transverse momentum p, > TeV. For certain compact manifolds, such particles will keep circling in the
cra dimensions, periodically returning, colliding with and depositing energy to our four dimensional vacuum with
ei]uencies of ~ 10" Hz or larger. As a concrete illustration, we construct a model with SM fields localized on the
-dimensional throat of a vortex in 6 dimensions, with a Pati-Salam gauge symmetry SU(4) X SU(2) X SU(2) in the bulk.
1998 Published by Elsevier Science B.V. All rights reserved.

» Introduction

There are at least two seemingly fundamental
nergy scales in nature, the electroweak scale mgy,
-10* GeV and the Planck scale My, =Gy'/*~
0" Gev, Explaining the enormity of the ratio
fi3/mgy, has been the prime motivation for con-
Tucting extensions of the Standard Model such as

models with technicolor or low-energy supersymme-
try. It is remarkable that these rich theoretical struc-
tures have been built on the assumption of the
existence of two very disparate fundamental energy
scales. However, there is an important difference
between these scales. While electroweak interactions
have been probed at distances approaching ~ mgy,
gravitational forces have not remotely been probed at

mm3/93/319.00 © 1998 Published by Elsevier Science B.V. All rights reserved.
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High energy cosmic gamma rays
may experience the texture of
vacuum at that energy (or distance)

Possibility to change the Lorentz
transformation, the speed of light c
varying

|
Tests of quantum gravity from
observations of y-ray bursts

G. Amelino-Camelia® t, John Ellis$, N. E. Mavromatos®,
D. V. Nanopouloss & Subir Sarkar*

* Thearetinl Physics, University of Oxford, 1 Keble Road, Oxford CX1 3NE UK
t Instinet de Physiguee, Universite de Neaechd e, CH-2000 Mewdvitel, Switerkand
T Theory Diviston, CERN, CH-1211 Geneva, Switzerbond

4 Academy of Athens, Chair of Theoretical Physics, Division of Natural Sdeces,
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Physics, Department of Physics, Texms 4 o M Universiry, College Station,

Texas 778434242, USA; and Astropartice Physics Growp, Howston Advanced
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The recent confirmation that at least some y-ray bursts originate
at cosmologi cal distances'™ suggests that the radiation from them
could be used to probe some of the fundamental laws of physics.
Here we show that y-ray bursts will be sensitive to an energy
dispersion predicted by some approaches to quantum gravity.
Many of the bursts have structure on relatively rapid timescales’,
which means that in principle it is possible to look for energy-
dependent dispersion of the radiation, manifested in the arrival
times of the photons, if several different energy bands are
observed simultaneously. A simple estimate indicates that,
because of their high energies and distant origin, observations
of these bursts should be sensitive to a dispersion scale that is
comparable to the Planck energy scale (~10" GeV), which is
sufficient to test theories of quantum gravity. Such observations
are already possible using existing y-ray burst detectors.

Our interest is in the search for possible in wicuo dispersion,
v = E/Ey;, of dectromagnetic radiation from y-raybursts (GRBs),
which could be sensitive to a type of candidate quantum-gravity
effect that has been recently comsidered in the particle-physics
literature. (Here E i the photon energy and Fog is an effective
quantum-gravity energy scale). This candidate quantum-gravity
effect would be induced by a deformed dispersion relation for
photons of the form &p* = E*[1+ fEIE)), where fis 2 model-
dependent function of the dimensionless ratio EfFqg, p is the
photon momentum and ¢ is the velocity of light. In quantum-
gravity models in which the hamiltonian equation of motion
&, = aHiap, is still validat least approccimately, as in the framewaorks
discussed later, such a deformed dispemion relation would lead to
energy-dependent velocities ¢+ v for massless particles, with
implications for all the eecromagnetic signak that we receive
from astrophysical objects at large distances. At small energies
E i Ey, weexpect that aseries expansion of the dispersion relation
should be applicable: &FF = |1 + EE/E,; + O(F*/E};)], where
£= *1 is a sign ambiguity that would be fived m a given
dynamical framework. Such a series expansion would correspond
to energy-dependent velocties:

aE E

"o ~(: 55«.) b
This typeof velocity dispersion results from a picture of the vacmm
as a quantum-gravitational ‘medim’, which responds differently to
the propagation of particles of different energies and hence welo-
cities. This is amalogous to propagation through a conventional
medium such as an dectromagnetic plasma®. The gravitational
‘medium’ is generally believed to contain microscopic quantum
fluctations, which may ocour on scale sizes of order the Planck
length L, = 10" ™ cm on timescales of the order of £, = 1/E,, where
Ey = 10" Ge¥. These may™® be analogous to the thermal fluctus-
tions in a plasma, that occur on timescales of the order of ¢ = /T,
where T is the temperature. As it is a much *harder’ phenomenon
associated with new physics at an energy scale far beyond typical

MATLTHE VL 353 |25 JUNE 1958
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photon energies, any analogous quantum-gravity effect could be
distinguished by its different energy dependence: the quantum-
gravity effect would increase with energy, whereas conventional
medium effects decrease with energy in the range of interest®,

Equation (1) encodes a minute modification for most practical
purpses, as Eqg is believed to be a very high scale, presumably of
the order of the Planck scale E, =~ 10" GeV. Even so, such a
deformation could be rather significant for even moderate-cnergy
signals, if they travel over very long distances. According to equation
(1), a signal of energy E that travels a distance L acquires a “time
delay, measured with respect to the ordinary case of an energy-
independent speed ¢ for massless particles:

A EL 2z
t iEt:-r—" (2)
This is most likely to be observable when E and L are large while the
interval &t, over which the signal exhibits time structure, is small.
This is the case for GREs, which is why they offer particularly good
prospects for such measurements, as we discuss later.

We first review briefly how modified Lows for the propagation of
particles have emerged independently in different quantum-gravity
approaches. The suggestion that quantum-gravitational fluctua-
tions might modify particle propagation in an observable way can
already be found in refs 7 and 9. A phenomenological parametriza-
tion of the way this could affect the neutral kaon systern™ " has been
already tested in laboratory experiments, which have set lower limits
on parameters analogous to the Foo introduced above at levels
comparahle to Ep (ref. 12). In the case of massless particles such as
the photon, which interests us here, the first example of 2 quantum-
gravitational medium effect with which we are familiaroccurred ina
string formulation of an epanding Robertson—Walker—Friedman
cosmology®, in which photon propagation appears tachyonic.
Deformed disperson relations that are consistent with the specific
formula in equation (1) arose in a]l:rpmad']ﬁ hased on quantum
deformations of Poincare symmetries™ with a dimensonal parameter.
Within this general class of deformations, one finds'*"™ an effect
consistent with equation (1) if the deformation & rotaricnally
invariant: the dispersion relation for massless partides op =
Ei.[1 — explE/Ege)]®, and therefore § =1. We noted that a
deformed disperson relation has also been found in studies of the
quantization of point particles in a discrete space time™.

A specificand general dynamical framework for the emergence of
the velocity law (equation (1)) has emerged” within the Liowville
string approach’ to quantum gravity, according to which the
vacuum is viewed as a non-trivial medium containing “foamy”
quantum-gravity fluctuations. The nature of this foamy vacuum
may be vismalized by imagining processes that inchide the pair
creation of virtual black holes. Within this approach, it is possible to
verify that massdes partides of different energies excite vacuum
fluctnations differently as they propagate through the quantum-
gravity medium, giving rise to a non-trivial dispersion relation of
Lorentz ‘non-covariant' form, just as in a thermal medivm. The
form of the dispersion relation is not known exactly, but its
structure has been studied" via a perturbative expansion, and it
was shown in ref. 17 that the leading 1/Egy; correction is in
agreement with equation (1).

It has been mecently suggested” the vacuum might hawe analogous
‘thermal’ properties in a large dass of quantum-gravity approaches,
namely all approaches in which a minimum length [,...—such as
the Flanck length L, = 10 ™™ cm—characterizes short-distance
physics. These should in general lead to deformed photon disper-
sion relations with Eg = 1I.., though the specific form of
equation (1) may not hold in all models, and hence may be used
to discriminate between them. In support of equation (1), though,
werecall™ that this type of non-trivial dispersion in the quantum-
gravity vacumm has implications for the measurability of distances
in quantum gravity that fit well with the intuition emerging from

Maturs © Maomilan Publichsrs Lt 1888 TE3




Observation of positron excess from high energy gamma rays
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O. Adriani, et al. (2008)
(Pamela collaboration):
“Observation of an anomalous
positron abundance in the
cosmic radiation”



One way Preparing for the Future
following Galilei’s adventure

« Laser acceleration (and intense laser irradiation in ‘vacuum’):
revolutionary step, 3-4 orders of magnitude leap in size and accuracy
« Collider paradigm (smaller and cheaper collider?)
guantum mechanics AEAt~ A =L oo
* Non-collider approaches
relativity: the higher the energy, the pronounced the effect
horizon ~ 1/ a (extradimensions?)
a=g?
Unruh-Hawking radiation?
special theory (no preferred frame?) vs Big Bang
coherence and macroscopic field effects---temporal
domain
extreme field physics (merger of research on special and general
theories of relativity)
property of vacuum ( QED, QCD(axion), dark energy,...)

17



From an ELI Workshop talk (Gies, 2008)

Conclusions

= Why strong-field physics ... 7

« . .exploring some issues of fundamental physics that have
eluded man's probing so far” (Tasmaon|

« QFT: high energy (momentum) VS, high amplitude

= “Fundamental-Physics” discovery potential:
ALPs: hypothetical NG bosons (axion, majoron, familon, etc.)
MCPs: minicharged particles

paraphotons
sub-millimeter forces

= high physics/costs ratio



What Is vacuum?
What is relativity?

TLLLL L
ELELLLL Y

An observer in a crystal as vacuum  Phonon is an excitation of vacuum  Strong field breaks vacuum

l l l
[(E)ZE Photon is a distortion of vacuum e+e- pair production
‘(true) vacuum’ out of vacuum
a2 ZE [ZEEIZ ]

['Wiltanschauung of Buddhist “ “color (phenomena)” = vacuum’  ‘vacuum = “color (matter)”’



98 Mt F (il 1988 ) original colors are red and black)

TAKAHASHI, Shu Principio dell’'Universo



Lucio Fontana (1961)
Space Concept M364
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Check of Special and General Relativity

Check of Equivalence Principle
by neutron interferometry—
under small a

How far have we checked,
can we check?

VoruMe 34, NuMBER 23

PHYSICAL REVIEW LETTERS

9 JuwE 197

—

Observation of Gravitationally Induced Quantum Interference®

R. Colalla and A. W. Overhauser
Department of Physics, Purdue University, West Lafayette, fdiana 47907

and

5. A. Werner
Scientific Research Siaff, Ford Molor Company, Deavbown, Michigan 48121
{Received 14 April 1875)

We have used a neutron interferometer to chbserve the quantum-mechanical phase shift
of peutrons caused by their interaction with Earth’s gravitational fleld.

In most phenomena of interest in terrestrial
physica, gravity and quantum mechanics do not
simulianeously play an important role. Such an
experiment, for which the cutcome necessarily
depends upon both the gravitational eonstant and
Planck’s constant, has recently been proposed by
two of us.’

A neutron beam is split into two beams by an
interferometer of the type first developed by
Bonse and Hart® for x rays. The relative phase
of the two beams where they recombine and inter-
fere, at point D of Fig. 1, is varied by rotating
the interferometer about the line AR of the inci-
dent beam. The dependence of the relative phase
A on the rotation angle ¢ is :

B=q pa Slnp, (1
where

[ - =4mgh " *M*d(d +a cosé) tand. (2)
The neutron wavelengih is A =1.445 &, g is the

FIG, 1. Schematie diagram of the neutron interferom-
gter and He detectors used in this experiment,

1472

acceleration of gravity, h is Planck’s constant,
M is the neutron mass, and § is the Brage angle,
22,1°. The dimensions @=0.2 cm and d=3.5 cm
are shown in Fig. 1. §gq/7=(8N) g, the mimber
of fringes which will occur during a 180° rotation,
Except for the term a cosd, which accounts for
the thickness of the interferometer slabs, Eq, (2)
is equivalent to Eq. (8) of Ref. 1. For our exper-
iment (AN)yg= 19 fringes.

The interferometer was cut from a dislocation-
iree silicon crystal approximately 2 in. in diam-
gter and 3 in. long. Our particular design was
chosen so that the experiment could alsc be car-
ried out with 0.71-4 x rays. This is extremely
important because the bending of the interferom-
eter under its own weight varies with ¢ and in-
troduces a contribution g4 to 8:

Iﬂ‘ = {qgm +‘?|m:1}-5'1"¢’ e {3,
The major problem was finding® a method for
mounting the crystal so that the relative phase g
is constant acroas the transverse dimensions (3
mmx 8§ mm) of the interfering beams at D. The
best results were obtained with the crystal free-
Iy resting on two felt strips (3 mm wide and per-
pendicular to the axis of the cylindrical erystal).
These strips were located 15 mm from either
end of a v block equal in length to the crystal.
This arrangement limited rotations to = 30°<g
<30,

Three small, high-pressure He? detectors were
used to monitor one noninterfering beam (C,} and
the two interfering beams (C, and C,) as shown in
Fig. 1. These detectors, the interferometer, and
an enfrance slit were rigidly mounted in a metal
box which could be rotated about the incident
beam. This entire assembly was placed inside
an auxiliary neutron shield.

The counting rates at C, and C, are expected to




More check of Equivalence Principle
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Measurement of Neutron Quantum Interference in Noninertial Frames

Ulrich Bonge
Institut fir Physik, Universitdt Dorvtmund, D=4600 Dortmund 50, Fedeval Republic of Germany

and

Thomas Wroblewski
Ingtitute Laue-Langevin, F-33042 Gvenoble, France, and Mmstitut filr Physth, Unfversitit Dovtumund,
D=4500 Dovtrnund 50, Fedeval Republic of Germany
(Received 11 July 1383)

Neutron interferometry has been performed on an aceelerated interferometer under
conditions where gravitational effects on the interfering beams very nearly compensate
each other. The ohserved neutron phase shift is found to be in excellent agreement with
that ealeulated from Schridinger's squation transformed to the accelerated frame where
it 18 found essential to include the spherical wave aspect. The present experiment thus
verifies the valldity of the classical tranaformation laws for noninertial frames also in

the quantum lHmit,
PACS oumbers: 08.85. Bz, 14.20.Dh

The influence of gravity on the phase in a neu-
tron interferometer was measured by Colella,
werner, and Overhauser in a series of beautiful
experiments which have become known as the
COW experiment."* In these investigations a sin-
gle-crystal interferometer of Lave type™* is used
which is rotated about the incident beam so that
the interfering beams travel at different height
{and thus potential) in the gravitational field.
From the cbserved Interference pattern a gravity-
induced phase shift is deduced which increases
with inereasing potential difference between the
two interfering beams. Apart from corrections
which were attributed to bending of the interferom-
eter crystal, the major part of the observed

| phase shift could be caleulated from Schroding-

er's equation by introducing the varying gravita-
tional potential =m, g+ ¥ as an ordinary poten-
tial*"® into the equation. The conclusion drawn
from the COW experiment was that the classical
principle of equivalence has been experimentally
proven to be valid also in the quantum limit.”

This means that the laws of quantum physics are
the same in a frame with gravitational potential
-m g+ T as in a corresponding frame lacking this
potential but having acceleration - g instead. It
was noted by COW themselves® that, strictly
speaking, there is a missing link in the argument
and that a complete test of the equivalence princi-
ple in the quantum limit would involve repeating
the experiment in an accelerated frame of refer-
ence traveling in gravitation-free space. However,
COW surmised such an experiment unnecessary
“if we believe that the Schrodinger equation holds
in an accelerated frame," We considered this
belief to be worth checking by experiment in a

very direct manner.

In our experiment the interferometer is accel-
erated (while oscillating in the horizontal plane)
and the neutrons are free from any force (poten-
tial) in that plane, while in the COW experiment
the interferometer is at rest and the neutrons are
subject to the gravitational potential. Thus our
experiment yields eomplementary information.

With the D18 neutron interferometer at the In-
stitute Laue-Langevin in Grenoble we noted the
sensitivity of the interference pattern to vibra-
tions.*** Following these cbservations we de-
signed a special traverse support for the inter-
ferometer crystal in order to expose it to con-
trolled foreed oscillations normal to the (220)
Brage planes that served for division and recom-
bination of the interfering beams. The principal
experimental setup is illustrated in Fig. 1. The
traverse features leaf-spring guidance for smooth
and practically frictionless movement. The in-
terferometer performs sinusoidal oscillation
when it is driven by a function generator via a
pair of standard loudspeaker magnets the coils of
which are coupled to the sliding part of the trav-
erse, The leaf springs have a structure of special
design by which spurious rotation is kept below
the detection limit of 0.7 urad. This is an essen-
tial point since rotation can cause an additional
phase shift of its own, ™7™

In a typical measurement, the intensity [, of the
outgoing beam is measured in a stroboscopic
manner at the inversion points of the oscillation,
i.e., when the momentary acceleration g, ¢orre-
sponds to g, =X, w® and a. = -X,w®, respectively,
where X, is the amplitude and w the frequency of
the cseillation, In order to obtain a complete

) 1983 The American Physical Society 1401



Check of Special Relativity
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A. K. Thompeon

Massachusents Institute of Technology, Cambridge Massachuserts 02139
(Received 23 March 198%; revised manuscript received 10 July 1989)

We test Lorentz invariance by searching for a time-dependent quadrupole splitting of Zeeman levels
in ¥MNe. A component at twice the Earth's sidereal frequency would suggest a preferred direction which
affects the local physics of the nucleus. The technique employs polarized *'Ne and *He gases produced
by spin exchange with laser optically pumped Rb. Both species are contained in the same glass cell; *He
provides magnetometry and a monitor of systematic effects. Our data produce an upper limit (o
confidence level) of 2:x10°%" eV (0.45x10~% Hz) on the Lorentz-invariance-violating contribution to
the binding energy. This result is comparable to that of the most precise previous experiment.

PACS numbers: 04,80,4z, 07,58, 4g, 32.60+i

Local Lorentz invariance (LLI) along with the postu-
lates of local position invariance and the weak egquiva-
lence principle form the Einstein equivalence principle,
the basis of all single-metric gravitational theories. '™
LLI requires that the local, nongravitational physics of a
bound system of particles be independent of its velocity
and orientation relative to any preferred frame, for ex-
ample, the rest frame of the Universe.” If LLI were
violated and such a frame existed, the energy levels of a
bound system such as a nucleus could be shifted in a way
that correlates the motion of the bound particles in each
state with the preferred direction. Such a shift would
lead to an orientation-dependent binding energy, i, an
anisotropy of inertial mass. The lowest-order, nonvan-
ishing effect of this sort would lead to a quadrupole split-
ting of the nuclear Zeeman levels since a dipole coupling
of the preferred direction to the position or velocity of
the particles in the bound system would have vanishing
expectation value. (We note, however, that there may
exist the coupling of the dipole moment of the nucleus to
a cosmic field such as that of relic neutrinos or that pos-
tulated to be produced by axions.) The first tests of this
sort, known as Hughes-Drever experiments, were per-
formed by Hughes, Robinsca, and Beltran-Lopez® and
by Drever,® with modern, much more precise measure-
ments by Prestage ef al.” and by Lamoreaux et al.® The

most precise previous measurement® set a 20 upper limit
of 0.5%10 ™% Hz on any such LLI-violating quadrupole
splitting, which is 10 ™% of the binding encrgy per nu-
cleon. Our work provides a comparable limit.

We have chosen *'Ne with nuclear spin Iy -1 ta per-
form such a test. A mixture of *Ne and *He (nuclear
spin /3= ) can be simultaneously polarized by spin ex-
change with laser optically pumped Rb vapor.®'! The
energy differences among the Zeeman levels of each
species are measured by observing the free precession of
the spins. The *'Ne would be sensitive to the preferred
direction, leading to a shift of the mi =% 3 levels dif-
ferent from that of the m =+ § levels. The "He is not
sensitive to the quadrupole splitting and has the multiple
role of a m.agnmtﬂ' and a monitor of systematic
effects.

Th.eapparaluslamowainﬁg. 1. The laser system is
a krypton-ion laser pumping LD-700 dye in a standing-
wave, multimode dye laser. A 500-mW diode-laser ar-
ray has also been used; however, the results presented
here are based on runs with the dye-laser system. The
laser light optically pumps the Rb-D1 resonance line
which is pressure broadened so that the absorption line-
width is about 25 GHz. The Rb is contained in a nearly
spherical alumino-silicate glass cell with about 400 Tocr
(at 300 K) each of *'Ne and *He and 60 Torr of Na to
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Laser Energy & Power Required to
Achieve the Schwinger Field

The driver and source must carry 10 kJ and 30 J, respectively
(Parameters on the order of ELI and HIPER Lasers)

Reflected intensity can approach

_ mZk

E —
ED
0 eh
It becomes possible to investigate such the fundamental problems of nowadays physics, as e.g.
the electron-positron pair creation in vacuum and the photon-photon scattering

S 1

3

K 2
£=——F FV-—_|5(F F*] —14F F"F F"
16w 7 647 ab af v
2 cEZ__\?
The critical power for nonlinear vacuum effects is 2= A5 ZED
Q T

for A = lum ityields P~ 2.5x10"W
Light compression and focusing with the FLYING MIRRORS vyields
for A = )\0/47;h P = 730’yph with v, ~ 30 the driver power 7% ~ 10PW

. : Bulanov et al 2003
Laser self-focuses in vacuum with RE! ( ) 25



Some on Horizon of High Field Science
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Unruh
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laser pulse
EEE—T

. 4-wave mixing (Lundstrom et al
Larmor
o (2006))
— Radiation

laser pulse

Unruh radiation (Chen&Tajima (1999))

Electron-positron pair production
in the laser interaction with the
electron beam

et+ny 2y, r+tny' —et+e
(Bula et al (1996); Burke et al
(1997)) 26

Higher harmonic generation
through quantum vacuum interaction
(Fedotov & Narozhny (2006))



Hawking radiation

What is ‘vacuum’? Does ‘something’ emerge from ‘nothing’?
&

vacuum = ‘matter* ? chaos < information ?



Event Horizon Analog?,.....

Fig. 1. Fiber-optical ho- A

rizons. A} A light pulse

in a fiber slows down in .

frared probe light, atempt- '@

ing 1 owertake it The )’

diagrams bdow ar in the

-miawing frame of the

i A G
aons. The probe is slowed

down by the pulse until s B C
group velodty matches
the pulse speed at the
points indicated by bladk
dots, esblishing 3 white- | — '
hole horizon at the badk
and a blad-hole horizon
at the front of the pulse.
The probe light & blue-
shified at the white hole until the optical dispersion releases it from the horizon €} Quantum pairs. Even
if no probe light is inddent, the horizon emits photon pairs mmesponding to waves of posi tive freguencies
from the outside of the horizon paired with waves at negative frequendes from beyond the horizon. An
optical shodk has sieepened the pulse edge, inmeasing the luminosity of the white hole.

T.Philbin et al., Science 319, 1367 (2008)



Higher order QED and QCD hep-ph/9806389

Euler-Heisenberg effective action in constant Abelian field U(1) can be expressed as

L1_|00pL0+NLO(Au)——i7Z-—|:( F?)? —(%FE)Z} i7z—{4( F?)° + EgF (—FF)}

90
e_
If U(1)—U(1) + condensed SU(3) due to self-interacting attractive force of gluons

a a a
“ g2 _><_S(32>+—q2F2 (0]%:G2|0) ~ (2.340.3)10 2GeV *
T T T T

(K.Homma, 2007)

Focus on only light-light scattering amplitude after the substitution
1 ~
LlIOOpLO+NLO(Aﬂ+Gayv)—__7z-—|:(_|: ) _(z FF)Z}
90 m T

1 g°z* a 2<a 2> 13 & < 2> '/'44 N‘N
T 122 ) (e + 2 (EFR) (L6
+i§,(1315 mi8 { (72' ) T ( ) T /'EIW \‘C\I‘}_‘\

<GG>
QCD effect dominates pure QED 1-loop vacuum polarization to light-light scattering

2 4
2nd—term: ﬁqi 72 m*. ng ~ %25 m, zimd z5i1.5MeV,qu2=4qd2:ﬂ
Ist—term 547 m, Vs 2 9

Check of Euler-Heisenberg yet to come. Any deviation from it? 29
— axion field?; extended fields( such as dark energy, Tajima-Niu, 1997, etc.)?



Explore relativity with strong fields (Unruh radiation)
| =10"'[W /cm*]= E ~10%[V /m] (Chen, Tajima,1999)
= kT =0.06eV = ~10eV (blue shift in lab. frame)

- Observer
Rindler frame in Rindler 1 Strong correlation between
_ absorption and emission
negative frequency despite of causal disconnection
mode in Rinder 2 G. Unruh PRD 29 1047-1056, 1984

Correlated : No correlated pair
pair radiation /ff Inertial frame In background process




Homma proposes: experimental test

Measure instantaneous variation of refractive index
In Electro-Optical crystal by external electric fields.

y y
X
= f(r.)E, A~ A= X 2
n ypn
Z | - —1 W

W‘ R
e’ 4&" >
S 47zgon ‘R’ £

At~ Ay ~ R tan(cos *(0.5)"*)
Phase retardation

(Homma, 2007) O = 2_7[&,]6] _ f(rEo) €
A 2¢,n° APR | %
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Detection of (light) fields-particles missed by
collider: exploring new fields such as

axion......
= T
= [ | H I'Ii
& L E i
o 10" oy -.r'
— r L

(@)} L

g — - -II IIL 1

o - = " I

S 1
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2
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A.Chou et al.,PRL (2008) observed no signal so far (Note:claim of axion by PVLAS was withdrawn)



Experimentally available systems

B 5. Horizbn (h~ 07 Q= 10)E
40_ ............................................................. .................... .................... .......
- | Gamma ray burst : : g :

C % at100Ly - - -
30 Anomalous dispersion relatlon due to quantum gravity effects’>
Uncontrollable. Nature393(1998)763

Log,,(System Size) [fm]

20 __ .................... .................... - ‘
B 5 5 PW EM f'eld Slze IS st|II small and

10 7»~1pm AT~ 500f3 phenomena are too dynamical.
e
- Possible size to argue A“A“  S= «/'go-lii\'f'(l:\\)/Hll_CHC

o[ 'macroscopic propagation. \‘Q.p _______________________ © ( ______ ) Size is too small

- Not dynamical and No one argues
L controllable. Regt protoq ‘\ efe” v SE1TeV
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Cosmic Microwave Ba
Radiation (CMBR) r
blue-shifted from ou

l
Unique frame (CMBR fra

o $

Typical CMBR fluctuations showing the

structure formation
WAPJ, 464,11(1996)
Bennet et al.




Why iIs every frame
‘relative’?
(relativity’s cornerstone)

Sato:

There may be a unique
frame of reference due to
the Big Bang. Theory of
relativity may need to be
modified

¢

Einstein:
Relativity dictates no
preferred frame

1788 Letters to the Editor

Prog. Theor, Phys. Veol. 47 (1972), No. §

Hot Universe, Cosmic Rays
of Ultrahigh Energy and Absolute
Reference System

Humitaka SATO and Takas TaTI*

Research Institute for Fundamental
Fhysics, Kyoto University, Kyoto
*Research Institute for Theoretical Phaysics
Hiroshima University, Takehara, Hiroshima

January 10, 1971

Shortly after the discovery of the cosmic
thermal radiation with temperature of
~3'K," it was noted that such radiation
woild have a strong attenuvation effect on
cosmic rays with energies exceeding 1(7°
eV."” Although the average energy of these
thermal photons is as small as 10-%V, they
interact with the cosmic rays to produce
m-mesons, because the thermal photons look
like r-rays with energies of ~200 MeV in
the rest system of the cosmic rays. As the
mesons resulting from the photoproduction
carry off a significant fraction of the cosmic-
ray energy, the attenuation mean-free-path
of the cosmic rays with energies above
10"eV becomes as small as 10%%~10%%
parsec.”  On the other hand, analysis of
an extremely large air shower have reveal-
ed that the energy spectrum of cosmic rays
extends smoothly beyond 102%V, and more-
over, cosmic rays with energies of 4.10%
eV have been observed by Suga et al®
Therefore, the non-existence of the expected
eutoff in the vicinity of 10V offers a
critical discrepancy between the theory and
the observation.

There might be astronomical ways to get
rid of this discrepancy: One is to assume
a non-universal existence of the isotropic
thermal radiation and another is to assume
a local origin of the ultrahigh energy cos-
mic rays. However these ways are not so
promising from the following arguments.
About the first way, there is no reasonable

mechanism of generating such radiation in
our Galaxy® and, further, the hot universe
model which predicts the universal exist-
ence has other powerful assertions such as
an explanation of the helium abundance
and a theory of galaxy formation.® About
the second way, some authors have pro-
posed the Galactic origin such as the pulsar
origin or the explosive origin in the Ga-
lactic nuclei.™ However these theories ne-
cessarily meet very great difficulties to ex-
plain the mechanism of acceleration in a
compact region and the arrival directions.
There might be other way to assume exotic
primaries like neutrinos or dusts®

We now propose a different way to get
rid of this discrepancy. Usually it is as-
sumed that all inertial systems are totally
equivalent for the performance of all phy-
sical experiments, i.e., the assumption of
the relativity principle. However we have
no experimental evidence to verify this
principle for the reference systems moving
with Lorentz factors of above 7~10° rel-
ative to our laboratory system on the earth.
In the above discussion on the attenuation
of cosmie rays, we have assumed that the
conventional relativity principle is correct
even for the reference systems of =10,
Therefore we must notice that the attenu-
ation of cosmic rays is not a consequence
of experiment.” Iaversely, if the attenua-
tion were really found experimentally, it
might be a remarkable evidence to expand
the applieable realm of the relativity prin-
ciple.

Now we put forward the following un-
conventional hypotheses:
1} All inertial systems are not equivalent
and there exists an universal time-like unit
vector N, Our laboratory system is not
very different from the N-system in which
N, is (1,0,0,0).
2) The production of hadrons at high-
energy collisions is suppressed when their
moments in the N-system become larger



Does gamma'’s dispersion relation
change from « = kc in high energies?

Does Lorentz transform change ijn high
energies ?

24 Jaly 1597
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Cosmic ray and neutrino tests of special relativity

Sidney Coleman, Sheldon L. Glashow
Lyman Labovatory of Physics, Herard Uslversing Combridge, MA O3 58, U154

Recerved 4 May 1557
Bdiior H, Geangl

Abstract

Searches for anbsotropics duc o Esth’s motion relative to a peefermed frame — modem versions of the Michelson-Marley
experiment — provide precikie verficotions of special relativity, We describe other tests, independent of this motion, that
mne or can become even mane sensitive. The existence of high-energy cosmic rays places strong constrzings om Loneniz
nin-inveriance. Furthermore, if the maximum stinknable speed of & paricle depends on s Identity, then negtrings, svan
if masgloss, may exhible Mavor osclllmions, Velockty differcnces far amaller than any previously probed can produce
characteris i effects ot accelerston and wlar rewlring experimenis, £ 1997 Elevier Sceence BV,

15 the spacial theory of relativity, for reasons unspec-
ified and unknown, only an approximate symmetry of
nature? To investigale possible violations of Lorents
symmetry, we follow carlier analyses | 1] by assum-
ing the Lnws of physics io he invariant wnder rotstions
amd translations in a preferred reference frame JF, This
frame is ofien taken to be the ‘rest frame of the uni-
verse,” the frume in which the cosmic microwave back-
ground is isstropie, To paramelerize depanunes from
Lorentz invariance, standard practice has been 10 mod-
ify Maxwell's squations while leaving other physical
o imiscet

Although we shall shortly consider more peneral
Lorentz non-invariant perturbations, lef us for the mo-
ment adhere Lo standand practice; we assume thal the
only Loreniz non-invariant term in £ bs propertional
10 the sgusre of the mognetc figld srength, Thus, the
in vacun speed of light o differs from the maximum
attainahle speed of & material body (here taken 1o be
unity}. The small parameter | — ¢ complesely char-
acterizes this departure from special relativity in F.
In o frame moving st velocity u relative o F, the ve-

locity of light ' depenads on iis angle & relative 1o o,
For 1 < |, we find ¢'(8) = ¢+ 2{¢ — | Jucos 8. The
fuilure of rotational invariance in the laborstory frame
leads to potentially observable effects that are propor-
tinmal B u:rt | = r"'IJ Searchea for these M"W“F
yielding null resolts have provided precision teus of
special relativity,

A laser-interferometric Michelson-Morley expeni-
menl [ 2] found |1 - ¢ < 10-%. Atomic physicists ob-
tmined gironger consiraints using techniques pionsered
by Hughes and Drever | 3]. Prestuge ed al. [4] found
< 107" and Lamoreaux et al, | 5] sel the current limit
on the velocity difference,

[1=¢| <3x 1072, i

These limits are alssined for F anrest relative 1o the
eosmic background mdistion and & = 107", They
wioild bt orders of mageliude weaker were 5 al
rest relative o the Sun.

We find additional limits o 1 = ¢ that do not re-
fuine precision experiments, yet are comparable in

O3S0 250 51000 © 1997 Dlseyier Sceme B Y, AN "thl srerrerd

FROADAT0. 260 10T AL 2



More on these topics

T qntum gravity
observations of y-ray bursts

G. Amelino-Gamelia“t, John Ellis}, N. E. Mavromatos*,

D. V. Nanopouloss & Subir Sarkar

* Theorerical Physics, Uriversity of Osford, 1 Keble Roud, Owford OX1 3NE UK
T Mrestinst dle Physique, Université de Newchértel, CH-2000 Newchirel, Switzerland
+ Theory Division, CERN, CH-1211 Genaw, Swirzerarid

§ Aendeny of Athens, Chair of Theoretical Physics, Division of Natural Sciences,
28 Paneplstinion Avenue, Athens GE-10679, Greece; Certer for Theorstizal
Pirysics, Departmeent of Physics, Texos A & M University, College Station,

Temas FTBA3-4243, USA; and Astroparticle Physics Group, Houston Advameed
Research Center (HARC), The Mirchell Campus, Woondlands, Tesas 77381, USA

The recent confirmation that at least some vy-ray bursts originate
at cosmological distances'™ suggests that the radiation from them
could be used to probe some of the fundamental laws of physics,
Here we show that vy-ray bursts will be sensitive to an energy
dispersion predicted by some approaches to quantum gravity,
Many of the bursts have structure on relatively rapid timescales®,
which means that in principle it is possible 1o look for energy-
dependent dispersion of the radiation, manifested in the arrival
times of the photons, if several different energy bands are
observed simultancously. A simple estimate indicates that,
because of their high energies and distant origin, observations
of these bursts should be sensitive to a dispersion scale that is
comparable to the Planck energy scale (—~10" GeV), which fs
sufficient to test theories of quantum gravity, Such observations
are already possible using existing y-ray burst detectors.

Orur interest is in the search for poessible in vacue dispersion,
v == EfEqng, ofelectromagnetic radiation from +-ray bursts (GREs),
which could be sensitive to a type of candidate quantum-gravity
effect that has besn recently considered in the particle-physics
literature, (Here E 15 the photon energy and Fqp 35 an effective
quantum-gravity energy scale). This candidate quantum-gravity
effect would be induced by a deformed dispersion relation for
photons of the form &p* = EY[1 + f{EfEy, )], where fis a model-
dependent function of the dimensionless ratio EiFgq, p is the
photon momentum and ¢ is the velocity of light. In quantum-

| gravity models in which the hamiltonian equation of motion

| & = dFfap, isstill valid at least approximately, as in the frameworks

discussed later, such a deformed dispersion relation would lead to
energy-dependent velocities ¢+ v for massless particles, with
implications for all the electromagnetic signals that we receive
from astrophysical objects at large distances. At small energies
E < Epg, we expect that a serics expansion of the dispersion relation
should be applicable: &p* = E'(1 + EE/Ey; + (EYEL;)), where
E= =1 is a sign ambiguity that would be fixed in a given
dynamical framework. Such a series expansion would correspond
to engegy-dependent velocities:

v=‘:;;3-=c(1—£-si-j (1)

| This type of velocity dispersion results from a picture of the vacuum

as a quantum-gravitational ‘medium’, which responds differently to
the propagation of particles of different energies and hence velo-
cities, This is analogous 1o propagation through a conventional
medium such a3 an electromagnetic plasma®. The gravitational

| ‘medium’ is generally believed 1o contain mitroscopic quantum
| Auctuations, which may occur on scale sizes of order the Planck
- length L = 10 ™ cm on timescales of the order of t; = 1/E,, where
| By = 10" GeV, These may™ be analogous to the thermal fluctua-

| tions in a plasma, that occur on timescales of the order of £ = 1T,

| where T is the temperature. As it is a much ‘harder’ phenomenon

associated with new physics at an energy scale far beyond typical

MATURE| VOL 393| 25 JUME 1998
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photon energies, any analogous quantum-gravity effect could be
digtinguished by its different energy dependence: the quamtum-
pravity effect would increase with energy, whereas conventional
medium effects decrease with energy in the range of interest®,

Equation (1) encodes a minute modification for most practical
purposes, as Eog is believed to be a very high scale, presumably of
the order of the Planck scale Fp = 10" GeV. Even so, such a
deformation could be rather significant for even moderate-energy
signals, if they travel over very long distances. According to equation
(1), a signal of energy £ that travels a distance L acquires a ‘time
delay, measured with respect to the ordinary case of an cnerpy-
independent speed ¢ for massless particles:

E L
At EEQG p . (2)
This is most likely to be observable when E and L are large while the
mnterval §t, over which the signal exhibits time structure, is small.
This is the case for GRBs, which is why they offer particularly good
prospects for such measurements, as we discuss later.

‘We first review briefly how modified laws for the propagation of
particles have emerged independently in different quantum-gravity
approaches. The suggestion that quantum-gravitational fluctua-
tions might modify particle propagation in an ohservable way can
already be found in refs 7 and 9. A phenomenological parametriza-
tion of the way this could affect the nentral kaon system®™" has been
already tested in laboratory experiments, which have set lower limits
on parameters analogous to the Egg introduced above at levels
comparable to Ep (ref. 12). In the case of massless particles such as
the photon, which interests us here, the first example ofa quantum-
gravitational medium effect with which we are familiar occurred ina
string formulation of an expanding Robertson—Walker—Fricdman
cosmology”, in which photon propagation appears tachyonic.
Deformed dispersion relations that are consistent with the specific
formula in equation (1) arose in approaches based on quantum
deformations of Poincaré symmetries™ with a dimensional parameter,
Within this general class of deformations, one finds™" an effect
consistent with equation (1) if the deformation is rotationally
invariant: the dispersion relation for massless particles ¢©p' =
Elg[1 — explEEgc)), and therefore £=1. We noted that a
deformed dispersion relation has also been found in studies of the
quantization of point particles in a discrete space time'®,

A specific and general dynamical framewoark for the emergence of
the velocity law (equation (1)} has emerged"” within the Liouville
string approach’ to quantum pravity, according to which the
vacnum is viewed as @ non-trivial medium containing ‘foamy’
quantum-graviry fluctmations, The nature of this foamy vacuum
may be visualized by imagining processes that include the pair

creation of virtual black holes. Within this approach, it is possible to |
verify that massless particles of different energies excite vacuum |

fluctuations differently as they propagate through the quantum-
gravity medium, giving rise to a non-trivial dispersion relation of
Lorentz ‘non-covariant’ form, just as in a thermal medium, The
form of the dispersion relation is not known exactly, bat its
structure has been studied” via a perturbative expansion, and it
was shown in ref. 17 that the leading 1/Eyg correction is in
agreement with equation (1),

It has been recently suggested” the vacuum might have analogous
‘thermal’ properties in a large class of quantum-gravity approaches,
narely all approaches in which a minimam length Lo, —such as
the Planck length I, = 107" cm—characterizes shori-distance
physics. These should in general lead to deformed photon disper-
sion relations with Ey; = I/L_., though the specific form of
equation (1) may not hold in all models, and hence may be used
to discriminate between them, In support of equation (1), theugh,
we recall™ that this type of non-trivial dispersion in the quantum-

gravity vacuum has implications for the measurability of distances |
in guantum gravity that fit well with the intuition emerging from |

Mature & Macmillan Publishors Lbd 1998 763
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Lorentz-violating extension of the standard model

. Colladay and V. Alan Kostelecky
Physics Departmene, Indiana University, Bloomington, Indiana §7405
(Received 24 June 199%; pablisked 26 October 1998)

In the context of conventional quantum field theory, we present a general Lorertz-violating extentson of the
minimal U3} SU(2)U{1} standard model including CPT-even and ©PT-odd terms. It can be viewed as
the low-energy limit of a physically relevant fundamental theory with Lorentz-covariant dynamics in which
spoataneous Lorentz violation occurs. The extendion has gauge invariance, snergy-momentum conservation,
and covariance under observer rotstions and boosts, while covariance under particle rotations and boosts s
broken. The quanized theory is Hermitinn and power-counting repormalizable, and other desirable featores
such as microcansality, positivity of the energy, and the usual ssomaly cancellation are expected. Spontansous
symmetry breaking o the electromagnetic U{1) s maintained, although the Higges expectation is chifted by a
small amount relative to its ussal value and the Z° field acquires 2 small expectation. A general Lorents-
breaking extension of quantam electrodynamics is extracted from the theary, and some experimental tests are
considered. In particelar, we study modifications to photon behavior. One pessible effect is vacuom birefrin-
gence, which could be bounded from cosmological observations by experiments wsing existing techmigues.
Radiative comestions to the photon propagator are examined. They are compatible with spontancous Loseniz
and CPT violation in the fermion sector at levels suggested by Planck-scale physics and accessible 1o other

terrestrial laboratory experiments. [S0556-2821(%9)01601-X]

PACS number(s): 11.30.Er, 12.60.—i, 12.20.Fv, 41.20.0h

L INTRODUCTION

The minimal SU{3)=SU{Z}xU(1) standard model, al-
though phenomenologically successful, leaves unresolved a

viately of issues, It is belicved to be the low-gnergy limit of

i fundamental theory that also provides a quantum deserip-
ton of gravitation. An interesting question s whether any
aspects of this underlying theory could be revealed through
definite experimental signals accessible with present tech-
nigues,

The natural scale for a fundamental theory including grav-
ity is governed by the Planck mass Mp, which is abont 17
orders of magnitude greater than the electroweak scale my,
aseociated with the standard model. This suggests that ob-
servable experimental signals from a fundamental theory
might be expected to be suppressed by some power of the
ratio rmyu! Me=10""7, Detection of these minuscule f-
fects at present energy scales would be likely o require ex-
periments of excepiional sensitivity, preferably ones seeking
to observe a signal forbidden in conventional renormalizable
gauge theories,

To identify signals of this type, one approzch is fo exam-
ing proposed fundamental theories for effects that are quali-
tatively different from standard-model physics. For example,
af present the most promising framework for a fundamental
theory 15 stnng (M) theory. The gualitative difference be-
tween pearticles and sings means that qualitatively new
physics is expected at the Planck scale. An interesting chal-
lenge would be to determine whether this conld lead to ob-
servable low-energy effects.

In the present work, we consider the possibilite that the
new physics involves & violation of Lorentz symmetry. [t has
been shown that spontanecus Lorentz breaking may occur in
the context of string theories with Lorentz-covariant dynam-
ics [1]. Unlike the conventional standard model, string theo-

ries typically invalve interactions that could destabilize the
naive vacuum and trigger the generation of nonzero expec-
tation values for Lorentz tensors. Mote that some kind of
spontaneous breaking of the higher-dimensional Lorentz
symmetry is expected in any realistic Lorentz-covariant fun-
damental theory involving more than four spacetime dimen-
sions, If the breaking extends into the four macroscopic
spacetime dimensions, apparent Lorentz violation could oc-
cur ot the level of the standard model. This would represent
8 possible observable effect from the fundamental theory,
originating outside the structure of conventional renormaliz-
able gauge models,

A framework has been developed for treating the effecls
of spontaneous Lorentz breaking in the context of a low-
energy effective theory [2), where certain terms can be in-
duced that appear to violate Lorentz invariance explicitly, It
turnz out that, from a theoretical perspective, the resulting
effects are comparatively minitnal,

An important point is that Lorentz symmetry remains a
progerty of the underlying fundamental theory because the
breaking is spotitaneous. This implies that varoos stiractive
features of conventional theories, including microcansality
and positivity of the energy, are expected to hold in the low-
energy effective theory. Also, energy and momentum are
conserved as wsual, provided the lensor expectation values in
the fundamental theory are spacetime-position independans,
Moreover, standard quantization methods are unafTected, so
a relativistic Dirac equation and a nonrelativistic Schrodinger
equation emerge in the appropriate limits.

Another important aspect of the spontaneous breaking is
that both the fundamental theory and the effective low-
energy theory remain invariant under abserver Lorentz trans-
formations, i.e., rotations or boosts of an observer's Inestial
frame [2]. The presence of nonzero iensor expectation values
in the vacuum affects only invariance properties under par-

0356-2821/98/38(1 1)1 16002{23WF15.00 58 116002-1 E1998 The American Physical Society



Our ponderation on relativity
continues....

Lorentz Invariance

on Trial

Precision experiments and astrophysical observations

Why bother?

provide complementary tests of Lorentz invariance and may  Theorists and experimentalists in

s00n open a window onto new physics. They have already
constrained models of quantum gravity and cosmology.

Maxim Pospelov and Michael Romalis

Thu null result of the celobratad 1887 Michelsen-Marley
experiment was surprising and difficult te explain in
terme af then prevalent physica concepts, It reguired a fun-
damental change in the notions of space and time and was
finally explained, almost 20 vears later, by Albert Ein-
stein's special theory of relativity. (See the May 1987 spe-
clal issue of PHYSICS TODAY devoted to the centemnial of
the experiment. } Special relativity postulates that all laws
of physies are invariant under Larentz transformations,
which include ordinary retations and changes in the ve-
loity of & reference frame. Subesguently, quantum fiald
theories all incorporated Larentz invariance in their basic
structure. General relativity includes the invariance
through Einstein's equivalence principle, which implies
that any experiment eonducted in a amsll, freely falling
labaratery is invariant under Lerentz transformations,
That reenlt is known as local Larentz invariance,

Experimental technigues introduced thre ughout the
20th century led to continued improvements in tests of
special relativity, For example, 25 years ago, Alain Brillet
and John L. Hall used a helium-nean laser mounted on &
rotary platform to improve the accuracy of the Michel-
son—Morley experiment by a facter of 4000, In addition o
the Michelsan-Morley experiments that look for an
anigatropy in the epeed of light, two other types of cxper-
iments have constrained deviations from special relativity,
Kennedy-Thorndike experiments sezveh for a dependenca
of the speed of light on the lab's velocity relative bo a pre-
ferred frame, and Ives—Stilwell experiments test special
relativistic time dilation.

In 1860, Vernen Hughes and cowerkers and, inde
pendently, Ron Drever condueted & different kind of
Larentz invariance teat* They measured the nueclear spin
preceasion frequency in lithinm-7 and looked for changos
in frequency ar linewidih as the divection of the magnetic
Tield rotated, together with Earth, relative to a galaciic ref-
erence frame. Such messurements, known as Hughos—
Direver experiments, have been interpreted, for example,
in terms of & possible difference batween the speed of light
and the limiting velecity of massive particles 2

Maxim Pospeloy & an associate professar of physics snd 8-
tranarmy af the Uiniversity of Vicrara in Brilsh Columnbia. Michael
Romalis is an assistant profassor af physics af Princedan Unher-
siy i New Jorsoy
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diseiplines ranging from  atomic
physies to cosmalogy have been in-
creggingly interested in testz of
Lorentz invariance. The high sensi-
tivity of experimental tests combined
with recent advances in their theg-
retical interpretalion allows one to
probe ultrashort digtance seales wall beyond the reach of
conventional particle-collider experiments. In fact, both
the best experiments and astrophysical observations can
indirectly probe distance scales as shert as the Flanck
length Ly, = (0he5% ~ 107 m, Experiments that probe
such short scales can constrain quantum gravity scenarios.,

The breaking of Lorentz symmetry enables the CFT
symmetry, which combines charge conjugation (C), parity
(P, @nd time-reversal {T) symmetries, to be vielated. In
comventional feld theoriea, the Larentz and CPT aymme-
tries are sutomatically preserved. But in guantum ETEV-
ity, certain restrictive eonditione euch as locality may ne
longer hold, and the symmediries may be broken. The
breaking of CPT, eombined with baryen-number vialatien,
could be the source of the dynamically generated domi-
nance of matter over antimatler in the universe, Unlike &
mare conventional scenario involving enly CF violation,
baryogenesis based on CPT viclation would not require a
departure from thermal equilibrium. (See the arlicle by
Helen Guinn, Pirvaacs Tonay, Fehruary 2008, page 30.)

Cosmalegy provides sm additional fmportant impetus
b look for violations of Lorentz symmetry. The recognition
that Lthe nniverse is dominaled by dark energy suppests o
new field—known as guintessence—that permesates all
space. The interaction of that field with matter wonld man-
ifest itself as an apparent breaking of Lorents symmetry.

It eould be argued on aesthetic grounds that the
Lorentz and OPT symmetries should he preserved. Such
arguments, however, do not find support in the history of
physics. Nearly all known or proposed symmetries, such
as parity and time reversal, electroweak symmetry, chiral
symmetry, and supersymmetry, are sponlaneously broken.
Whatever the true origin of Lorentz or CPT breaking may
be, the Mact that it hasn't yet been observed means it must
be small at the energy scales corresponding to known
standard-model physgics.

Effective field theory

How can ane break Lorentz invariance in a controllable
way? The least radical approach wonld be to assume that
low-energy physics can be described by the Lorentz-
invariant dynamica of the standard model plos 8 sumber
of poasible background fields. Those felds, teken to be con-
slant or clowly varying, are vectors or Lensors under
Lorentz transformatiens and are coupled to ordinary par-
ticles in such a way that the whole Lagrangian remains
invariant, In that framework, called an effective fisld the-
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Conclusions

Glalileo’s and Einstein’s relativity: Cornerstone of modern
science

Advance of rapid progress in ultrafast ultrastrong lasers
(particularly) ELI, poses special opportunities to extend the
horizon of Galileo and Einstein.

laser acceleration toward GeV TeV, PeV: new opportunities

Revolutionary (not evolutionary) technology apt for 21st Century
challenges, just like Galilei’'s was in 17t

Test Einstein’s (special and general) relativity in more extreme
limits

Is ‘relative’ frame really relative or some unique?

Does photon see vacuum dlfferently when its energy Is high or
its intensity high? Does the ‘Blue Sky’ appear also in vacuum
with high energies? Does strong field warp space? Do we see
vacuum structure and property with intense laser? Does

‘relativity’ hold (Lorentz transform as well as Equivalence
Principle, and Hawking radiation etc.)?

We learn a lot from Galilei 400 years later 40




Telescope1609

Observation of Jupiter and its Moons - Some of the East - * O
most profound observations of Galileo were the

motions of the moons of Jupiter. Galileo reasoned that| Eas D ¥
if planets could orbit Jupiter, then the Earth could

orbit the Sun. East : % & 0

(400 year after Galilei’'s invention of the Galilei telescope
and discovery of the moons of Jupiter)

Grazie!



