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The need for experiments

Today's standard theories and standard space—time notion as derived from

observations of point particles,

light rays, and fields

Frame theories

Interactions

Quantum theory
Special Relativity
General Relativity
Statistical mechanics
Problems

Electrodynamics
Gravity

Weak interaction
Strong interaction
Wish

e |Incompatibility of quantum Unification of all interactions

theory and General Relativity

e Problem of time

e Occurrence of singularities

Need of modifications of standard theories, but standard theories derived from

observations

— need for domain of experience, observations,

measiurements
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T he situation of standard physics

T he search for Quantum Gravity effects: General remarks
ests of Lorentz invariance
ests of General Relativity

Tests of the matter sector / Test of Quantum T heory

*» The generalized Dirac equation

LLI and UFF

Tests of basic principles

» Space-time fluctuations
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» T he generalized Dirac equation
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» Space—-time fluctuations

Photon sector

» Tests of basic principles
» Space—time fluctuations
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» Test of standard Maxwell

n
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Tests of General Relativity

Tests of the matter sector / Test of Quantum T heory
= The generalized Dirac equation

LLI and UFF

» Tests of basic principles

» Space-time fluctuations

%W Photon sector
» Tests of basic principles
» Space—time fluctuations
« Active and passive charges
= Test of standard Maxwell equations

¥ Unexplained observations

® Conclusion and outlook
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The situation of standard phsics

Structure of standard physics

Einstein Equivalence Principle

Universality
of Free Fall

Universality of
Gravitat. Redshift

Lorentz
Invariance

Equations of motion for matter

Maxwell-equation
Dirac—equation

C. Lammerzakl (ZARM, Bremen)

Matter determines

gravity
— ~—
- —
Gravity determines
dynamics

Search for QG Effects

General Relativity

Gravity = Metric
Einstein—equations
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The situation of standard physics

The present situation

All aspects of Lorentz invariance are experimentally well tested and confirmed

Foundations
Postulates
* c— consi

= Principle of Relativity

C. Lamwnerzahli (ZARM, Bremen) Search for G Effects Perimeter T7.11.2007 T J 148



The situation of standard physics

The present situation

All aspects of Lorentz invariance are experimentally well tested and confirmed

Foundations
Postulates
* ¢ — consi

« Principle of Relativity
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Tests

Independence of ¢ from
velocity of the source

Universality of ¢
Isotropy of ¢

Independence of ¢ from
velocity of the laboratory

T ime dilation

Isotropy of physics
(Hughes—Drever
experiments)

Independence of physics from
the velocity of the laboratory
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The situation of standard chysics

The present situation

Many aspects of the Universality of Free Fall are experimentally well tested and

confirmed

Postulate

In a gravitational field all
structureless test particles fall in

the same way

Kd
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Many aspects of the Universality of Free Fall are experimentally well tested and

confirmed

Postulate

-

In a gravitational field all

structureless test particles fall in

the same way

\
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Kg

Tests
UFF for
* Neutral bulk matter
« Charged particles
« Particles with spin
No test so far for

« Anti particles
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The situation of standard ohysics

The present situation

Many aspects of the Universality of the Gravitational Redshift are experimentally
well tested and confirmed

Postulate

In a gravitational field all clocks
behave in the same way
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The situation of standard chysics

The present situation

Many aspects of the Universality of the Gravitational Redshift are experimentally

well tested and confirmed

Postulate Tests
In a gravitational field all clocks UGR for
behave in the same way « Atomic clocks: electronic

C. Lammerzahli (ZARM, Bremen) Search for (JG Effects

Atomic clocks: hyperfine
Molecular clocks: vibrational
Molecular clocks: rotational
Resonators

Nuclear transitions

No test so far for

Anti clocks
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The situation of standard phvsics

T he Einstein Equivalence Principle

Point particle
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T he Einstein Equivalence Principle

i; Geodesic eguation

in Riemann space 1

Point particle
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The situation of standard physics

The Einstein Equivalence Principle

EEP . . '
Point particle — Geodesic equation

in Riemann space 1

Spin—1/2 particle
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The situation of standard ohvsics

The Einstein Equivalence Principle

EEP = Eem——

in Riemann space 1

Point particle

EEP = :
Spin—1/2 particle ——>{ Dirac equation
' o : in Riemann space 2
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The situation of standard ohysics

The Einstein Equivalence Principle

E}; Geodesic equation

in Riemann space 1

Point particle

==%
Spin—1/2 particle |7}

Dirac equation
in Riemann space 2

Electromagn. field
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The situation of standard ohysics

T he Einstein Equivalence Principle

EEP

Point particle S
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Spin—1/2 particle |1 Dirac equation
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EEP
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Maxwell equation
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The situation of standard phvsics

The Einstein Equivalence Principle

»] Geodesic equation
in Riemann space 1

Point particle

EEF

FEe

EEP A ; EEP | Point particle, Dirac and
Spin—1/2 particle |78 [)R:réc eq i ——~ Maxwell egn in
e i same Riemann space
EEP g EEP

Maxwell equation

Electromagn. field |7 >
in Riemann space 3
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The situation of standard physics

The present situation

All predictions of Einstein’'s General Relativity are experimentally well tested and

confirmed

Foundations

The Einstein Equivalence
Principle

» Universality of Free Fall

« Universality of Gravitational
Redshift

« Local Lorentz Invariance
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The situation of standard chysics

The present situation

All predictions of Einstein’'s General Relativity are experimentally well tested and

confirmed

Foundations

The Einstein Equivalence
Principle

» Universality of Free Fall

 Universality of Gravitational
Redshift

« | ocal Lorentz Invariance

Implication

Gravity is a metrical theory

Predictions for metrical theory

» Solar system effects

Perihelion shift
Gravitational redshift
Deflection of light
Gravitational time delay
L ense—T hirring effect

Schiff effect

« Strong gravitational fields

Binary systems
Black holes

« Gravitational waves

« Cosmology

C. Lammerzahi (ZARM, Bremen) Search for QG Effects

Perimester 7.11.2607

11 [ 148



The situation of standard chysics

Application: Metrology

A - 10"
1012 s | ’

S es S f
SR ensures SR: Constancy of

unigueness of speed of light
timekeeping in

moving frameg\
S
GR ensures 3.10-15

unigueness of
timekeeping in
gravitational fields

GR ensures ___—> kg ‘
uniqueness of K
definition of mass unknown ageing
of prototype
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The search for Quantum Grawty effects: General remarks

Outline

W [ he search for Quantum Gravity effects: General remarks
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The search for Quantum Grawty effects: General remarks

Implications of a new theory

Unresolved fundamental inconsistency
— Standard physics cannot be completely correct
There have to be modifications to standard physics

_

Ordinary modifications (on classical level)
Modifications in Maxwell, Dirac, Einstein equations

Violation of Einstein Equivalence Principle
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The search for Quantum Grawty effects: General remarks

Implications of a new theory

Unresolved fundamental inconsistency
Standard physics cannot be completely correct

|

There have to be modifications to standard physics

|

Ordinary modifications (on classical level)
Modifications in Maxwell, Dirac, Einstein equations

Violation of Einstein Equivalence Principle

Other modifications (on quantum level)

Modified notion of space—time (e.g. space-time fluctuations)

But: space-time is explored by particles, photons, ...

Modified space—time properties result in modified equations of motion

(only later it might be useful to assign certain effects to space-time properties)

C. Lammerzahi (ZARM, Bremen) Search for QG Effects

Periveater 7.11.20067

14 J 148



The search for Quantum Grawity effects: General remarks

Hierarchy of theories

C. Lammerzahi
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Full

theory
Experiment
Observation

Search for QG Effects

Quantum Gravity

Clock readout
Interference fringes
acceleration
counting events
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The search for Quantum Grawity effects: General remarks

Hierarchy of theories

Full _
B Quantum Gravity
derived .
m— Dilaton scenarios
=TI Axion fields
theory Torsion

Clock readout
Interference fringes
acceleration
counting events

Experiment

Observation
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The search for Quantum Grawity effects: General remarks

Hierarchy of theories

Fudil |
T Quantum Gravity
derived .
e Dilaton scenarios
e Axion fields
theory Torsion

Standard Model Extension
PPN formalism
~~—formalism
Robertson—Mansouri—Sex|
I'Hepp—formalism
Yy — g—ftormalism

Phenomenology
Test theory

Clock readout
Interference fringes
acceleration
counting events

Experiment
Observation
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The search for Quantum Grawity effects: General remarks

Hierarchy of theories

Full

theory

derived .

L

Effective
theory

~

Test theories
mediate between
experiment and full theory

Phenomenology
Test theory

Experiment
Observation
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Quantum Gravity

Dilaton scenarios
Axion fields
Torsion

Standard Model Extension
PPN formalism
—~—formalism

Robertson—Mansouri—Sex|

I'Hep—formalism
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Clock readout
Interference fringes
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The search for Quamtum Grawity effects: General remarks

The role of test theories

Test theories generalize specific “predictions”

Noncommutative theory

» Noncommutativity — non—locality — higher derivatives in field equations —
anomalous dispersion
= all implications of anomalous dispersion

« [z#, 2¥] = if*” — preferred directions — violation of Lorentz invariance
String theory

» Low energy limit — scalar—tensor theory — additional scalar field couples
differently to various matter fields — violation of UUF, UGR
—> general scalar tensor theories

» Scheme with symmetry breaking — breaking of Lorentz invariance

C. Lanwnerzahi (ZARM, Bremen) Search for (JG Effects Perimeter 7.11.2007 16 f



The search for Quantum Grawity effects: General remarks

The role of test theories

Canonical /loop quantum gravity

» Fluctuating metric — non—unitary terms in effective Schrodinger equation

= general non—unitarity
« Fluctuating metric — anomalous inertial properties

* |In quasiclassical limit higher order and non—linear terms appear
= general higher order theories = anomalous dispersion
= general non—linearities
Since there is no complete theory available (no mapping between theoretical
notions and observed quantities), “predictions’ can serve just as hints to the
possible structure of effects
Examples ...

C. Lammerzahi (ZARM, Bremen) Search for QG Effects Perimester 7.11.2007
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The search for Quantum Grawity effects: General remarks

Predictions from loop quantum gravity

Modified Maxwell equations
Gambini & Pullin 1999

HE = -V x B+2xIlpV*B
8:B =V x E—2xlpV’E.

Alfaro, Morales—Tecotl & Urrutia 2002
0=VxB—-—8E+%V xB+9%A(V x B)+3;AB + 4,V x (B’B)
=WV x E—I’J.‘B -1 f:’l_‘_v x B + I}_TA'V < F) + J'f:_Z:AE i

Modified Dirac equation
Alfaro, Morales—Tecotl & Urrutia 2002

: (- L% ey 1} __"'...1-"1.-' 3 -2 T i
n-'l-"r fjl’! f,." — TIEW — i “'_-j{'i_{..}bf..' — {} -
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The search for Quanmtum Grawity effects: General remarks

Predictions from string theory

Modified Maxwell equations
Ellis, Mavromatos & Nanopoulos 1999

V-E+uwu-0,E=0 V-8B =10
VxB-(1—-#)E+axd:B+(a-VE=0 V x E=—-0:B,

Meodified Dirac equation
Ellis et al 2000

= = - u.'.,,_'j"f : L e I
Y Og — U 1 — mywr = U

C. Lammerzahi (ZARM, Bremen) Search for G Effects Perinmester 7.11.2007 19 / 148



The search for Quantum Grawity =ffects: General remarks

Scalar tensor theories

Effective | agrangian

From string theory: effective Lagrangian for gravity with long—ranged dilaton—like

scalar field (Damour et al 1993, 1994, 2002)

1 BE . 1 . e
[-'t—'[-f = ~ 1 24 \ g F— =) “ D ' L -"}{,J ¥ > F Y F LiL/ e
167G S 4e<()
N (Gav*(D, — iAW s+ a( )V aria)
\ WA (L Ay WA TMA(L)VAYV A
A
o = dilaton field
oo = vacuum expectation value given by cosmological evolution

Parameters depending on dilaton field:
= mass of fermion
= coupling to electromagnetic field

» energy levels of atoms

C. Lammerzahl (ZARM, Bremen) Search for QG Effects Perimester 7.11. 2007
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The search for Quantum Grawty effects: General remarks

Scalar tensor theories

Strengths of couplings

dlmma(yp)|

= Strength of coupling of dilaton to mass ms: a4 =

do Lo
= | . . de*( ¢
= Strength of coupling of dilaton to electromagnetism: a., = —
| Jo ot
= f_i E‘_—l A &)
« Energy differences: a44 = 5
ayg | I
Gravitational constant
One obtains a composition—dependent gravitational constant:
~ . _
_ » | . , (Mg )1 G(myg)o . (mg)a
Acceleration of test body 1 by body 2: a; = i B2 LoPRS AN e
i r.lr"l i _'I—.I. ':r‘?j -'FIT-.E
Mg )1 (Mg )2

Then G5 = c

=y
~ G 1+ Y7 X )
(FrEg } 1 \Th )2
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The search for Quantum Grawity effects: General remarks

Scalar tensor theories

Consequences
a4 — ap Gi3 — Gas - 5.3
] = e T . ~ (¥ —ap)ap = —oO 10 O ad
S5(ea +ap) 3(Gi3 + Gas)
ki
Oy
v—parameter: v — 1 = —2_——22¢
1} ‘had
2 a arrs) | | [?f—_' (ra) — f_':*fl--f,r‘l )
~ 1+ (l +assag) 2
vAA'(T2) &=

Comparison of two different clocks at same position: Time dependence

VBB/\T) F(Zge?(yp))
. 2 = B 2. - T e O . ::
ome = —25-10 a5 40U(f) —4.7-10 “ay 4 Hedt
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The search for Quantum Grawty effects: General remarks

" Predictions”

Effect dilaton cosmon varying e

1

UFF — 7 1013 1014 < 101
UGR 1018 10—18

PPN —~ 10—°

PPN — 5 10—°

* ] |

&/a 1021 L

Damour and Polyakov 1994, Damour, Piazza, and Veneziano 2002
Wetterich 2002, 2003
Ellis et al 1999, 2000
Sandvick et al 2000
On the present status of “predictions’
» Specific predictions are not important

= "Predictions” open the door to a whole range of effects

« Then test theories take over the description of experiments

C. Lammerzahi (ZARM, Bremen) Search for QG Effects Perimester 7.11.2007
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The search for Quantum Grawity effects: General remarks

Scalar tensor theories

Consequences

C. Lammerzahl (ZARM, Bremen)

€A — 4B G13 — Gas3 . = _ 1052
e = J T (_' 2, % \Xq — R )EFE ~ —dJ - 10 fthml
E' €4 T a5) j 13 + Go3)
- 1-}
3 - fj}-:rw.
v—parameter: v —1 = —2 . R
T ¢ el
HAANTL) Ug(ry) — Ug(ry)

)
¥ s

vaar(r) IAVACE )

VBB/\T) F(Zpge? 2) )
- “» o EIEENIL ) CIx ! — 2 -
olne” — —2.5-10 -r}ﬂ:“ifﬂr_ () — 4.7 - 10 r.';rh_.dlli_l!ijajr'}?r'
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The search for Quantum Grawity effects: General remarks

" Predictions”

Effect Ehaton = B
UFE —7 10—13 10—14 < 1013
UGR 10— 18 {0—18

PPN —~ 10—
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&/ o 0ty
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Wetterich 2002, 2003
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Sandvick et al 2000
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» Specific predictions are not important
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The search for Quamtum Grawity effects: General remarks

Test theories

Further reasons for using test theories
« Parametrization and identification of possible violation
= Quantification of degree of validity

= Different (!) experiments can be compared
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The search for Quantum Grawty effects: General remarks

Test theories

Further reasons for using test theories
» Parametrization and identification of possible violation
» Quantification of degree of validity

= Different (!) experiments can be compared

Kinematical test theories

« Robertson—Mansouri—Sex|
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The search for Quamtum Grawity effects: General remarks

est theories

Further reasons for using test theories
» Parametrization and identification of possible violation
» Quantification of degree of validity

» Different (!) experiments can be compared

Kinematical test theories

= Robertson—Mansouri—Sex|

Dynamical test theories
» e“—formalism 1 parameter

*» ¥ — g—formalism 19 parameter

« Extended Standard Model 19 + n4d8 parameter

» PPN—formalism 10 parameter

One needs as many tests as there are parameters

C. Lammerzahl (ZARM, Bremen) Search for QG Effects

Perimeeter 7.11.20087
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The search for Quamtum Grawity effects: General remarks

est theories

Further reasons for using test theories

» Parametrization and identification of possible violation

= Quantification of degree of validity

= Different (!) experiments can be compared

Kinematical test theories

« Robertson—Mansouri—Sex|

Dynamical test theories
« c?—formalism 1 parameter
» v — g—formalism 19 parameter
« Extended Standard Model 19 + n48 parameter

« PPN—formalism 10 parameter

One needs as many tests as there are parameters

Dvnamical test theories are superior
Fi
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The search for Quantum Grawty effects: General remarks

Test theories, Phenomenology

Phenomenology — Generalizations of Maxwell and Dirac equations

with
a b, b _a __ o ab
« Standard equations
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The search for Quantum Grawity effects: General remarks

est theories

Further reasons for using test theories
« Parametrization and identification of possible violation
= Quantification of degree of validity

» Different (!) experiments can be compared

Kinematical test theories

« Robertson—Mansouri—Sex|

Dynamical test theories

« c>—formalism 1 parameter

« v — g—formalism 19 parameter

« Extended Standard Model 19 + n4d8 parameter
« PPN—formalism 10 parameter

One needs as many tests as there are parameters
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The search for Quantum Grawity effects: General remarks

Test theories, Phenomenology

Phenomenology = Generalizations of Maxwell and Dirac equations
_5_-'; H — ,T}'f“'rf' T-!'.--"J,.fj_'f._..,.-
0 = iy Do+ m
with
a b , b a __ o ab

= Standard equations

C. Lamwmerzahl (ZARM, Bremen) Search for QG Effects Perimeter 7.11.2007
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The search for Quantum Grawty effects: General remarks

Test theories, Phenomenology

Phenomenology — Generalizations of Maxwell and Dirac equations
4ui” = oy OF T+ a.F..
0 = "D +my+
with
iT -'E'.' N, H..-.. i S -}".r"“. b
4 AP — 92y 4

« Standard equations

C. Lammerzahl (ZARM, Bremen)

Particular case: Standard Model Extension

Search for QG Effects

Perimeter 7.11.2007
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The search for Quantum Grawity effects: General remarks

Test theories, Phenomenology

Phenomenology — Generalizations of Maxwell and Dirac equations
491" - g 17 7O ‘L.,..-r:" =5 ’-"‘._'.rfll_,-'_.--fr 3 = }'__'fr.T
L) = g~ _{'i_,)ﬁ i +— -
with
La b, b oa o ab

« Standard equations
» Particular case: Standard Model Extension
« More

general cases with charge non—conservation Q #= 0 «— a # 0
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The search for Quantum Grawty effects: General remarks

Test theories, Phenomenology

Phenomenolo — Generalizations of Maxwell and Dirac equations

i’ = 070, Fpo + 8y Fpr+  Fpo
0 = Y Dtb+my+ Y+ D,Dyt + ...
with
L . 'r_ﬁ S & _ — __3!; i 3

Standard equations

Particular case: Standard Model Extension

» More general cases with charge non—conservation ) #0 «— a # 0
« Higher derivative models
C. Lamwnerzahl (ZARM, Bremen) Search for G Effects Perivneter 7.11.2607
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Possible geometry relevant effects

The search for Quantum Grawty effects: General remarks

Possible effects

Anisotropic speed of light .

Anisotropy in quantum fields
Violation of UFF, UGR

Birefringence .

Anomalous spin—coupling
Anomalous coupling of charge
Anomalous dispersion

Newton / Coulomb potential
Nonlinearities

Charge non—conservation

Active — passive mass and
charge

C. Lammerzahl (ZARM, Bremen) Search for QG Effects

Decoherence

Other possible effects

Modified interference

Non—localities

Non—unitarity

Perimeter 7.11.2087

26 / 148



The search for Quantum Grawity effects: General remarks

Possible effects

Possible geometry relevant effects Other possible effects

Anisotropic speed of light

Anisotropy in quantum fields

Violation of UFF, UGR
Birefringence

Anomalous spin—coupling

« Decocherence

Modified interference
= Non—localities

= Non—unitarity

Anomalous coupling of charge Structure of parameters

Anomalous dispersion
Newton / Coulomb potential
Nonlinearities

Charge non—conservation

Active — passive mass and
charge

C. Lammerzahl (ZARM, Bremen)

» Usually: parameters are
assumed to be constant

« In unification scenarios:
parameters depend on time and
position, through one or more
fields (dilaton, cosmon) —
scalar—tensor theories
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The search for Quantum Grawity effects: General remarks

The magnitude of Quantum Gravity effects

Typical laboratory energies ~ 1 eV 1 . Expectation:
QG energy scale ~ Epjanac ~ 10%° eV f 7 QG effects in laboratory ~ 107=°
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The search for Quantum Grawity effects: General remarks

The magnitude of Quantum Gravity effects

Typical laboratory energies ~ 1 eV | . Expectation:
QG energy scale ~ Epjana ~ 10°% eV f 7 QG effects in laboratory ~ 10~*

S,

“Planck IS Just a hypothesis until now, Eqgc might be smaller

L]
:""'-w
.
ey
"] a4
Py

« QG effects in "large extra dimensions’ : deviations from Newton's law
« String-theory-motivated “dilaton scenarios” (DPV 2002): UFF may be

4

violated at 107 level, and |v — 1| ~ 1077
« |Low-energy data suggest that electroweak and strong interactions unify at
1 - -'|-'l' - B e |
GUT energy scale of ~ 1077 GeV, perhaps also gravity would be of the same
£ ] = _

strength as the other interactions at that scale
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The search for Quantum Grawity effects: General remarks

The magnitude of Quantum Gravity effects

Typical laboratory energies ~ 1 eV  Expectation:
QG Cnergy scale ~ JEF’:_;_LLL'.}: ~ 10°° eV

_

FEqc ~ Epianck IS just a hypothesis until now, Eqg might be smaller

» QG effects in "large extra dimensions” : deviations from Newton's law
» String-theory-motivated “dilaton scenarios” (DPV 2002): UFF may be

violated at 10" level and |v — 1| ~ 10~°

= |Low-energy data :L'g;:mst that electroweak and strong interactions unify at

QG effects in laboratory ~ 10~28

GUT energy sc of ~ 10'° GeV, perhaps also gravity would be of the same

strength as the Lher interactions at that scale
« Amplification by large factor given by experimental setup

= QG effects on neutral-kaon system: amplified by M s/|Mp —
« QG—induced interferometric noise: 1/ f—noise (e.g. search for fundamental

noise in high precision long—term stable optical resonators)
. Senmtavtt\r of some clock—comﬂanson experiments is amplifi

mpc” /(hv) ~ 10'% (v = clock frequency, m, = the proton

C. Larmmmerzahli (ZARM, Bremen) Search for G Effects
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The search for Quantum Grawity effects: General remarks

The magnitude of Quantum Gravity effects

—_—

Typical laboratory energies ~ 1 eV __ Expectation:
QG cnergy scale ~ JEF'EL—LLq:i{ ~ 10 eV QG effects in Iaboratory ~ 1':3_.‘2"‘-r

» Qe ~ EPpianck IS Just a hypothesis until now, Fqc might be smaller
» QG effects in "large extra dimensions’ : deviations from Newton's law
« String-theory-motivated “dilaton scenarios”’ (DPV 2002): UFF may be
violated at 10~ level, and ly — 1] ~ 107
= | ow-energy data suggest that electroweak and strong interactions unify at
GUT energy scale of ~ 10® GeV, perhaps also gravity would be of the same
strength as the other interactions at that scale
« Amplification by large factor given by experimental setup
» QG effects on neutral-kaon system: amplified by My s/|Mgr — Mg| ~ 10"
» QG—induced interferometric noise: 1/ f—noise (e.g. search for fundamental
noise in high precision long—term stable optical resonators)
= Sensitivity of some clock—comparison experiments is amplified by

2 | =] 7 : =
myc” /(hv) ~ 10°" (¥ = clock frequency, m, = the proton mass)

» Some laboratory experiments (grav. wave interferometers) may reach 10—2®
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The search for Quantum Grawity effects: General remarks

Observations vs. Experiment

Comparison: high nergy cosmic ray observation < low energy laboratory exp.
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The search for Quantum Grawity effects: General remarks

Observations vs. Experiment

Comparison: high nergy cosmic ray observation «— low energy laboratory exp.

Astrophysical observations
Availability of ultra high energies of more than 10! eV
No systematic repeatability

No unique interpretation
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The search for Quanmtum Grawity effects: General remarks

Observations vs. Experiment

Comparison: high nergy cosmic ray observation < low energy laboratory exp.

Astrophysical observations
Availability of ultra high energies of more than 104! eV
No systematic repeatability

No unique interpretation

L aboratory search

Repeatability of the experiment, systematic variation of initial and boundary
conditions, used for:

« |dentification of cause
» Improvement of precision of result

Onlvy small energies are available
\ g

Ultra—low temperatures, ultrastable devices like optical resonators can be
obtained in the laboratory only

Due to stability and repeatability of experiments, laboratory searches for quantum
gravity effects may be as promising as astrophysical observation
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The search for Quantum Grawty effects: General remarks

Observations vs. Experiment

Comparison: high nergy cosmic ray observation +— low energy laboratory exp.

Astrophysical observations
Availability of ultra high energies of more than 10! eV
No systematic repeatability

No unique interpretation

Laboratory search

Repeatability of the experiment, systematic variation of initial and boundary
conditions, used for:

« |dentification of cause
« Improvement of precision of result

Only small energies are available

Ultra—low temperatures, ultrastable devices like optical resonators can be
obtained in the laboratory only

C. Lammerzahli (ZARM, Bremen) Search for QG Effects Perimeter 7.11.2007 28 f 148



The search for Quantum Grawty effects: General remarks

Observations vs. Experiment

Comparison: high nergy cosmic ray observation «— low energy laboratory exp.

Astrophysical observations
Availability of ultra high energies of more than 10%! eV
No systematic repeatability

No unique interpretation

Laboratory search

Repeatability of the experiment, systematic variation of initial and boundary
conditions, used for:

« |dentification of cause
» Improvement of precision of resulit

Only small energies are available

Ultra—low temperatures, ultrastable devices like optical resonators can be
obtained in the laboratory only

atability of experiments, laboratory searches for quantum

(h

Due to stability and rep
gravity effects may be as promising as astrophysical observation
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The search for Quantum Grawity effects: General remarks

Strategy: Exploration of new regimes

Standard physics experimentally well proven for standard energy, velocity,
distance,
Search for new effects = need to go to non—standard situations:
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The search for Quantum Grawity effects: General remarks

Strategy: Exploration of new regimes

Standard physics experimentally well proven for standard energy, velocity,
distance,

Search for new efl o to non—standard situations:

09

Non—standard situations
Deviations from the standard dispersion relation

Space—time fluctuations, decocherence may affect quantum
systems at temperatures lower than 500 fK achieved in BECs
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The search for Quanmtum Grawty effects: General remarks

Strategy: Exploration of new regimes

Standard physics experimentally well proven for standard energy, velocity,
distance
Search for new effects = need to go to non—standard situations:

Non—standard situations
Deviations from the standard dispersion relation

Space—time fluctuations, decoherence may affect quantum
systems at temperatures lower than 500 fK achieved in BECs

« Dark energy, dark matter, Pioneer anomaly related to large distances
« Ultra—low frequency gravitational waves (early universe)

higher dimensional theories: violation of Newton's [aw
at small (sub—mm) distances
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The search for Quantum Grawity effects: General remarks

Strategy: Exploration of new regimes
S
dis
Se:

Non—standard situations

tandard physics experimentally well proven for standard energy, velocity,
=11

ar
C

,d+u.1

,

LJ
_1

ch for new effects = need to go to non—standard situations:

Deviations from the standard dispersion relation

Space—time fluctuations, decoherence may affect quantum
systems at temperatures lower than 500 fK achieved in BEGCs

« Dark energy, dark matter, Pioneer anomaly related to large distances
« Ultra—low frequency gravitational waves (early universe)

higher dimensional theories: violation of Newton's law
at small (sub—mm) distances

« Search for space—time fluctuations in terms of 1/ f—noise
 Time dependence of constants

Short time scales < large energies
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The search for Quantum Grawity effects: General remarks

First BEC in microgravity / extended free fall

o | - - o e - ] = . —
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= - g . e g -*'*'-"'"1'
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Campus of University of Bremen
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/ extended free fall
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Tower 146 m

drop tube
110 m

free fall time
—— Wi

deceleration
~ 30 g




The search for Quantum Grawty effects: General remarks

First BEC in microgravity / extended free fall

- e
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The search for Quantum Grawity effects: General remarks

First BEC in microgravity / extended free fall
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The search for Quantum Grawitv effects: General remarks

First BEC in microgravity / extended free fall

C. Lammerzabhl (ZARM, Bremen)

Search for QG Effects

BEC in free fall may
become colder that today's
500 fK (Ketterle)

aim 1 fK
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The search for Quantum Grawity effects: General remarks e = -

First BEC in microgravity / extended free fall
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The search for Quantum Grawity effects: Generai remarks

What is a violation of EEP, what is a QG effect?

Assume we observe a new effect which is not included present standard theory
» if the effect can be shielded = new interaction and no geometry, no gravity

= if the effect is universal w.r.t. mass or spin = part of geometry = modified
space—time property, modified gravity

» identification of part of geometry difficult. Example: torsion

Violation of LLI

« Finsler metric (difficult to obtain with present particles — needs more
complicated structure)

« LLI violation usually through bi—metric theory (metric for Maxwell, metric for

Dirac)

Violation of UFF

= only charged particles, always electromagnetic fields: one never can observe
UFF, it is only in the equations

= apparent violation in scalar—tensor theories: no violation at fundamental level,

always violation at observational level. Question: uniqueness of description at
fundamental level?
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Tests of Lorentz mvanance

QOutline

W |ests of Lorentz invariance
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Tests of Lorentz mvanancs

Postulates

Postulates of SR
The velocity of light is constant.

The relativity principle.

The meaning of the postulates

» ¢ does not depend on

« the velocity of the source = uniqueness of ¢

» the velocity of the observer

« the direction of propagation

« its frequency and pelarization
» The meaning of ¢

» For all particles the velocity of light is the limiting velocity

ey i — 3‘;_..“'H =, —@

» ¢ is universal and can, thus, be interpreted as

» Al physics is the same in all inertial systems

« Experimental results do not depend on the orientation of the laboratory
« Experimental results do not depend on the velocity of the laboratory

C. Lammerzahl (ZARM, Bremen) Search for QG Effects Perimeter 7.11.2007
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Tests of Lorentz mvanance

Independence of ¢ from the velocity of the source

Earth

!

=

O
-
o
rt
¥}
|5
(V1]
-
h

Description and result (Brecher 1977)

« Model ¢ =e+ v
« Time of flight consideration: May happen

» Reversal of chronological order (one light ray may overtake the other)
« Multiple images

« Result |&| < 10—

C. Lamwmerzahl (ZARM, Bremen) Search lor QG Effects Perimeter 7.11.2807
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Tests of Loremtz invanance

Independence of ¢ from the velocity of the source
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Tests of Lorentz mvarnance

Independence of ¢ from the velocity of the source

proton source I
[

Be—target

Description and result (Alvager et al 1964)
» Model ¢ = ¢+
Result |g| < 107% at v = 0.99975 ¢

C. Lammerzahi (ZARM, Bremen) Search for QG Effects

detector detector

clock

35 / 148



Tests of Lorentz mmvanance

Tests of the universality of ¢

t1 l : Polarization / dispersion of light
A $ <.
. AN W { ..... Method: Comparison of arrival times of
I | light with different polarization
™ = : different frequency from distant galaxies
C |
|
| e
- | o L
Result

Carrol, Field and Jackiw 1992, Kauffmann and Haugan 1995, Kostelecky and
Mathews 2002

<10

Schafer 1999, Biller 1999
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Tests of Loremtz invartance

Tests of the universality of ¢

Velocity of neutrinos

Method: Comparison of arrival times of photons and neutrinos

SN1987a
Resuit
Longo 1987, Stodolsky 1988

Limiting velocity of protons

Result
Coleman and Glashow 1998

C. Lammerzabhli (ZARM, Bremen)

e —1 = s
< 107°
C
A X
p - 27
< 106"

Search for QG Effects

Perimeter 7.11.2007
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Tests of Loremtz mvanance

Tests of the universality of ¢

Limiting velocity of electrons

deflector

e detector

l]J—_

e source |

-

Result
Giurogossian et al 1965

. JIEAX
2 =

K | <18

E

Other tests by Brown et al 1963, Alspector et al 1976, Kalbfleisch et al 1976 with
result of same order of accuracy
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Tests of Lorenmtz mvanance

Test of isotropy of c

» Interference experiment — Michelson—Morley ....
= Measuring frequency of light in rotating resonator

Model independent description

Light wave
£ — _1tf,:|:‘k‘—'nl‘_-l-'.lt:' B Bf.'-:l:xk—“'r_-‘-r‘ltl:

¥
Dispersion relation w = krecy
Boundary conditions

Effective: 2—way velocity of light

2 1 1
c

‘ i

Observable frequency

It

L/ :21{‘(_'
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Tests of Lorentz imvanance

Test of isotropy of ¢

» Interference experiment — Michelson—Morley ....

» Measuring frequency of light in rotating resonator

Result
‘ « Herrmann, Peters et al 2005

» Cryogenic resonators, one
rotating, one fixed

« Resuit

Interpretation (Miller et al 2004)
« Velocity of light

= Electron properties (in L)

C. Limmerzahli (ZARM, Bremen) Search for QG Effects Perimeter 7.11.2007 40 / 1I&
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Tests of Loremtz imvanance

Summary: Test of isotropy of c
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