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« Solar system effects
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Gravitational redshift
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Gravitational time delay
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® Experimental tests of foundations of GR
» Universality of Free Fall



Test of UFF = test of identical
behavior of matter in gravitational
field

matter includes multipoles, coupling
to curvature (gravity gradient),

— motion in general non—geodesic

exact behavior numerically calculable
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+ Trajectory of a particle x = x(¢
« The set of all trajectories is a path structure — geodesic deviation,

« Newton's setup: trajectory determined through 1 2o = z(to)
and inital velocity vg = Z(to)-
= ordinary differential equations of second order: #* = fH(p;x, )

p = particle parameter (z.B. mass, charge, etc)
= Consideration of radiation back reaction: differential equation of higher order

« Extended bodies: differential equation of higher order
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Universality of free fall: equation of motion & = H(x, &)
equation of motion does ' depend on particle parameter p

3 coordinate system V particles: & =0
Then in an arbitrary coordinate system

= —TF (r)i’ 17 geodesic equation (without back reaction!)

Condition to be able to transform away

gravity is stronger then pure UFF. v

It might be that the acceleration toward the

Earth depends on the horizontal velocity. a1
a2 ZZ

C. Limmerzahl (ZARM, Bremen)




Experimental tests of foundations of GR [ Universalitv of Free Fall

Description of tests of the Universality of Free Fall

Haugan formalism

* Ansatz: Hamiltonian

2 1 i, g i (=

E=mc*+-m |0+ —— | v'v! +m | d; + —— | UY (D)
2 m m

« Canonical equations

a_5”8U+78U+6” GUM()
* For diagonal mass tensors dmi;; = mid;;, 0Mgij = Mglsj:

ol = 619 89U
mji

« Comparison of acceleration of two different particles: Ec6tvos coefficient

az —ar (mg/mi), — (mg/mi),

3(a2+ar) 5 ((mg/mi), + (mg/mi);)

C. Lammerzahl (ZARM, Bremen) Testing Gravity Orleon 25.6.2008
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Experimental tests of foundations of GR [ Universalitv of Free Fall

UFF and charge

Standard theory

* In standard theory from ordinary coupling (deWitt & Brehme 1968)
a* = a o R* 07 ~ 10%° m/s2

Anomalous coupling
* Anomalous coupling (Dittus, C.L., Selig, GRG 2004)

2 2
_r _r £
H = o +mU(z) + eU(x) o +m(1+ m) U(x).

» Charge dependent anomalous gravitational mass tensor

« Can be generalized to charge dependent anomalous inertial mass tensor (e.g.
Rohrlich 2000)

Charge dependent Eotvos factor

* It is possible to choose x's such that for neutral composite matter UFF is
fulfilled while for UFF is violated

C. Lammerzahl (ZARM, Bremen) Testing Gravity Orleon 25.6.2008 13 /120



Experimental tests of foundations of GR [ Universalitv of Free Fall

UFF and spin

Standard theory

* In standard theory from ordinary coupling: a# = A\cR*, ,-v"SP° = violation
of UFF at the order 1072° m/s?, beyond experiment

Anomalous coupling

* Speculations: violation P, C, and T symmetry in gravitational fields (Leitner
& Okubo 1964, Moody & Wilczek 1974) suggest

V(T‘) = U(’I") [1+A1(0’1 :|:O'2) F+A2(0’1 X 0'2) ;‘\] y
« One body (e.g., the Earth) is unpolarized —
V(r)=U(r)(1+ Ao - 7) .

Hyperfine splittings of H ground state: A4, <107, A, <107
» Hari Dass 1976, 1977, includes velocity of the particles

V(r) = Us(r) ’71+A10'.?+A20..§+A37F. (ax Bﬂ

-
C. Lammerzahl (ZARM, Bremen) Testing Gravity Orleon 25.6.2008 14 /120



Method Grav field  Accuracy Experiment
Torsion pendulum  Sun n<2-10713 Adelberger 2006

Method Grav field Accuracy Experiment
Atom interferometery  Earth 7 <107Y Chu, Peters 1999

Method Grav field Accuracy Experiment
Torsion pendulum and LLR  Sun n<1.3-1073 Baessler et al 1999

Method Grav field Accuracy Experiment
Free fall of electron  Earth n < 10~!  Witteborn & Fairbank 1967
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Method Grav field  Accuracy Experiment
Torsion pendulum and LLR ~ Sun n<1.3-1073 Baessler et al 1999

Method Grav field Accuracy Experiment
Free fall of electron  Earth n < 10~' Witteborn & Fairbank 1967

Method Grav field Accuracy Experiment
Weighting polarized bodies Earth n < 10~% Hsie et al 1989
Method Grav field Accuracy Experiment
Free fall of anti-Hydrogen  Earth 7 <1073 —10"> (estimate)
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® Experimental tests of foundations of GR

» Universality of Gravitational Redshift



| Redshift

« Gravitational redshift
v(zy) = (1 —(1+ )M) v(zo)

may depend on used clock
« Comparison of two colocated clocks

vi@1) (1 —( B )U(xl) - U($0)> vi(zo)

vo(z1)

* Null test
« Tested quantity: Qclock2 — Qelockl
* Need of large differences in the gravitational potential

€. Limmerzahl (ZARM, Bromen) WD G



Comparison Accuracy  Experiment

Cs — Resonator 2-107%2  Turneaure & Stein 1987
Mg — Cs (fine structure) 7-1074 Godone et al 1995
Resonator — I (electronic) 4-1072 Braxmaier et al 2002
Cs — H-Maser (hf) 2.5-107° Bauch et al 2002

Cs - Hg 5.10 Fortier et al 2007

Each time a better clock was available, immediately a redshift experiment has
been carried through

€. Limmerzahl (ZARM, Bremen) WD G



. i N
Atomic clocks » Gravitational clocks

» Planetary motion
« Binary systems

» Based on principal transitions
» Based on fine structure
» Based on hyperfine transitions

* Rotation
= Molecular clocks
. « Earth
« Based on rotational
.. * Pulsars
transitions ]
» Based in vibrational ® Decay of particles
transitions

» Light clocks

All based on different physical principles, laws.
Clocks of different nature exhibit a different dependence on fundamental constants

€. Limmerzahl (ZARM, Bromen) WD G



® Experimental tests of foundations of GR

® Tests of local Lorentz invariance



Experimental tests of foundations of GR [ Tests of local Lorentz invariance

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 polarization
* The meaning of ¢
« For all particles the velocity of light is the limiting velocity
= = =Gy =0, =0 = Ogey
« cis universal and can, thus, be interpreted as
» All 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) Testing Gravity Orleon 25.6.2008
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Postulate 1: The velocity of light is@ant.
Postulate 2: The relativity & e.

¢ does not dep

« the velocity of the source
« the velocity of the obs

= the direction of prop
« its frequenc a o
The meaning (if ¢ ‘
« For all partidies the velocity of is the limiting velocity

- _,max __
v = Up = Ve = Vgrav

c = max
« cis universal and &l* be interpreted as
All physics is the | inertial systems

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

C. Lammerzahl (ZARM, Bremen)




normal

Earth

) ™

orbital plane

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

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

* Result |s| <1071

€. Limmerzahl (ZARM, Bromen) WD G






detector detector

«— [, ——>
proton source ‘

|
.

clock




detector detector

«— [, ——>
proton source ‘

Lo

clock

* Model ¢ =c+ v
* Result [k] <107% at v = 0.99975 ¢




t | . Polarization / dispersion of light

B R A o Method: Comparison of arrival times of
: light with different polarization /

/‘o° o different frequency from distant galaxies
[
[
|

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

Mathews 2002
C+ — C_

‘ S 10—32
G
Schafer 1999, Biller 1999

Cy — Cy! <6- 10—21

Cv
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Velocity of neutrinos
Method: Comparison of arrival times of photons and neutrinos from supernova
SN1987a

Longo 1987, Stodolsky 1988

c— vy,

- ¥l<107°8
c
Limiting velocity of protons
Coleman and Glashow 1998
W= g
p <

€. Limmerzahl (ZARM, Bromen) WD G



Limiting velocity of electrons

deflector

B I - P detecto:

e I
€ source I I t " e detector
accelerator targe

Giurogossian et al 1965

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

€. Limmerzahl (ZARM, Bromen) WD



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

* Light wave
o= Aei(k+~z—wt)+Bei(k_-:c—wt)

= Dispersion relation w = kic4

+ Boundary conditions

Effective: 2—way velocity of light

A0
c cp c_
] * Observable frequency
v =2
2L
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» Interference experiment — Michelson—Morley ....
* Measuring frequency of light in rotating resonator

* Light wave
o= Aei(k+~z—wt)+Bei(k_-:c—wt)

= Dispersion relation w = kic4

+ Boundary conditions

Effective: 2—way velocity of light
2 1 1

c cy c_

>
.

Observable frequency

v()) = gze(V)
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» Interference experiment — Michelson—Morley ....
* Measuring frequency of light in rotating resonator

+ Herrmann, Peters et al 2005

= Cryogenic resonators, one
rotating, one fixed

* Result

29| _ (954 4) .10~

* Velocity of light

* Property of solid
« Electron properties (in L)

€. Limmerzahl (ZARM, Bremen) WD G
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® Interference experiment — Kennedy—Thorndike ....

» Measuring frequency of light in moving resonator

. Same description as above
* Observable frequency
v =2
2L
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® Interference experiment — Kennedy—Thorndike ....

» Measuring frequency of light in moving resonator

. Same description as above
* Observable frequency
m
V()= grel)
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Cavity—clock comparison

= Wolf et al 2004
+ Whispering gallery modes

+ Comparison with H-maser
* Result

Ayc
c

Kj « v < rotation of Earth

p=5 p=>5 p=>5
m=3 m=30 m=100
Whispering gallery modes

< (4.5+4.5)-1071¢

C. Limmerzahl (ZARM, Bremen)







Modified Schrodinger equation

2 ..
ihOp) = —:—m (69 + ) 8059

Leads to a splitting of the Zeeman singlett

experiment method estimate

Hughes et al 1960 NMR with 7Li o] < 10720
Drever 1961 NMR with 7Li laid] <2 x 1072
Prestage et al. 1985 NMR with °Be™  |a¥| <
Lamoreaux et al. 1986, 1989, 1990 NMR with 2°1Hg |a¥| <2 x 10728
Chupp et al 1989 NMR with 2!Ne  |a#]| <5 x 10730

€. Limmerzahl (ZARM, Bremen) WD G



General: Comparison of identical cloks in different motion

Transport of macrocopic clocks
Photon absorption / emission
Two—photon absorption

Rotor experiments

Saturation spectroscopy

Particle decay



Experimental tests of foundations of GR

-f time—dilation: Transport of clocks

The Experiment by Hafele and Keating 1968

9
S

0‘9

C. Lammerzahl (ZARM, Bremen) Testing Gravity

B Start und
Ziel




)

1551

* Resonance condition for v = 0
=0
2vivaser =V + 12
* Resonance condition for v # 0

n+rvy = vy+uv_

Vi = Vpe (1E0) /1 —02

« Consequence

C. Limmerzahl (ZARM, Bremen)

v=0 _ v / 2
Yaser = Vlaser 1-v

mirror with Ve — v
v=—+_"—
Vi +v_

+ No need of synchronization



Time dilation with saturation spectroscopy
Rotor time dilation experiments

Sagnac effect

Experiments testing £ = mc?

Test of dispersion
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| Point particle




EEP



| Point particle

| Spin—1/2 particle




EEP
| Point particle |_)-

EEP
| Spin—1/2 particle |_)
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" Remark: Implications of Einstein Equivalence Principle
EEP

EEP
| Spin—1/2 particle |_)

| Electromagn. field |
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"Remark: Implications of Einstein Equivalence Principle
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| Spin—1/2 particle |_)

| Electromagn. field |_)

€. Limmerzahl (ZARM, Bremen) WD G



" Remark: Implications of Einstein Equivalence Principle

EEP
| Point particle |_)

EEP

EEP EEP

EEP
| Electromagn. field |_)

EEP

Ehlers, Pirani & Schild 1972; Audretsch & C.L. 1986; C.L., Macias & Miiller 2005;
C.L. & Hehl 2005.
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Gravity = space—time metric
* time ds* = g, dztdz”
d?zH dz dx®
o |
ds? sl ds ds

* paths D,v=0 —

« Dirac, Maxwell, ...

All metric theories imply

« gravitational redshift « Lense—Thirring effect

« light deflection « Schiff effect
« perihelion shift

+ gravitational time delay * geodetic precession

Einstein's theory is singled out by certain values for these effects

How to find Einstein's theory? — PPN
C. Limmerzahl (ZARM, Bremen)  TestingGraity | Orleon 25.6.2008 39 /120



Parametrization for
» asymptotically flat
» weak fields: g, =y +hpwr b <1
U2
goo = —l+2a—5—20—, U = Newton potential
c c
goi = 0

(1+29)

U
2

gu
1) ¢




Parametrization for
» asymptotically flat
» weak fields: g, =y +hpwr b <1

U U? .
goo = —l+2a—5—20—, U = Newton potential
c c
(J xr);
goi = 4/J’ 037‘3 ‘
U %
g5 = (1+29)5 ZARM



® Solar system tests: The search for the gravitational field equations



gravitational redshift for stationary
observer
measured frequency v = g(u, k)

- Z—j ~ 1—(U(rs) — U(r1))

observer 1  observer 2

Pound & Rebka, PRL 1960: confirmation ~ 1% P

. ) . . 4
Vessot, Levine et al (GP-A), GRG 1978, PRL 1980: confirmation ~ 10 ZARM



Equation of motion

A2zt dx? dx® _

Dw=0 o e tlel g =

PPN equation of motion

. GM (GM)? GM v? GM (e, -v)v
T = —T—2€r+2(7+5) 23 T er+2(7+1) 2 2
In spherical coordinates
GM (GM)? GM GM
x .2 -2
r—re __7,__2+2( +16) C27'3 7022(7‘ +r¢)+2(7+1)m7‘
GM ireé
r$+ 210 =2(y + 1)——T£2(’0

€. Limmerzahl (ZARM, Bromen) WD G



1 i e e GM
E = ~(fP?2+2 )=+ (1-4(y+1)==
2 \” +7“2> 2r2+2r2< i )CQ’I‘)
2y+1 (., L?\° GM (GM)?
= 12 (7“ =F —2> - +(y+0) 2,2 +0O(2)
This gives
57 = E (1 - E) — Ueg(r; E, L)
with
GM 2y +1 L2
Usst(r; B, L) = —— (1 -2 E) +o53

GM)?
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sender

receiver




At > At
o o

sender ‘ receiver




At > At
o o

sender ‘ receiver

+ Time delay

8t =2(a+7) Gi\f@ In 4””5“1)“2"‘3&“
* Reflection of radar signals on surface of Venus (Shapiro 1968)
* Mars ranging, Viking Mars mission (Reasenberg 1979)
* Result: [y —1] <107*

~107%s

€. Limmerzahl (ZARM, Bromen) WD G



Mission scenario

Cassini
TEarth

y \ Tsat
\ Sun

View from Earth




+ Change in signal time = change in frequency
+ Emission of first wave crest at  tg
Reception of first wave crest at ¢, = g1 + At(s1)

« Emission of second wave crest at  tq = tg + V—lo
Reception of second wave crest at ¢, = tg1 + At(ts2)

* Measured frequency
1

V= —"7"—
tr2_tr1

+ Frequency shift

y(t) = L2 o 4 ) EMo L ()

140 03 b(t) dt

Use of three microwave bands in order to eliminate dispersion in Solar environment
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Solar svstem tests: The search for the gravitational field eauations

Gravitational time delay
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Testing Gravity

Result:
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« Space—time component of
metric

_G(rxJ)

goi = 9 3

+ Genuine post—Newtonian
gravitational field

* Angular momentum

i Maincomsequences

* Runge-Lenz vector . %L #0 (Newton: = 0)

* Analogue of magnetic field

. r
A=L><r+Gm; o%A;éO (Newton: = 0)
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« exact solution: Weierstrass
elliptic functions

* Observed quantities

- 2a3(1 — e2)3/2
. 6GJ cost
w

_c2a3(1 —€2)3/2

* Measurement with LAGEQOS
satellites, together with data
from CHAMP and GRACE

* Result: confirmation with
approx 10 % error
A particular orbit showing the
Lense—Thirring effect
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[ a6 = 6600 mas/yr
(geodatische Prazession)

[0 26 = 42 mas/yr
(Schiff-Effekt)

o -

* Fixsten

GP-B




Within the range of experimental accuracy, all tests are compatible with

B=1, v=1,

All measured values of PPN parameters are compatible with Einsteins General
Relativity.

Unfortunately, no complete operational foundation of Einstein’s equation is known



1 Foundations of General Relativity
2 Experimental tests of foundations of GR
Universality of Free Fall
Universality of Gravitational Redshift
Tests of local Lorentz invariance
8 The consequences of the experiments
4 Solar system tests: The search for the gravitational field equations
® The full theory
6 Testing the full theory
Black Holes
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Test of Newton potential
Active and passive mass
Active and passive charge
Inertial law g
8 Problems in Gravity theories?



Set of points characterized by 4 numbers, topology, differentiability, ...

ds? = g dride” = goodt® + 2goidtdx’ + g;jda’da?

Gravitational field equations

1 8rG
R;u/ - iRg;u/ = c_4Tw/
Follow from gravitational field equations =
« Point particles D,v = 0, + Electromagpnetic field *d x F' = j,
g(v,v) =1 dF =0
« Light rays D;l =0, g(1,1) =0 * Spin—i—particle (iyD — m)y = 0
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® Testing the full theory
* Black Holes

* Binary systems

» Gravitational waves
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Most important prediction: Black Holes ——  Search for Black Holes

1994.32  1995.53

(A
(2 light-days) 1999:47
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Most important prediction: Black Holes ——  Search for Black Holes

Black Hole: mass 3.7 - 106 Mg, (Yusuf-Zasdeh et al. Astrophys. J. 644, 198
(2006))
angular velocity ~ 1/17 min = &
R. Genzel (1995 — 2006) i
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stationary gravitational field

= k(&) = const, ¢ Killing vector

= gravitational redshift for
stationary observer u ~ £

va _ k(ug)
141 a k(ul)
_ gre(12)
it (7“1)

observer 1  observer 2

may approach oo

ZARM



Equation of motion

D,v=0

Conservation laws

Yields three equations
()
de
(%)
ds
(%)
dt
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A2zt o da? dz”
o g el =
dt dy
E = goo— — 22
goo ds’ ds

() (o 5)



Effective potential for e = 1

angular momentum
[2

effective potential

ewton potential

relativistic gravity
L?m

3




With substitutions, e.g., uw = 2m/r

P du
\/4U3—92u—93

d> = AL _

2 (u+3)" V4ud — gou— g3

d% — M\LE du

@ G- Vi -

with
92, 93 & LaE’M
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» Separation of variables
U dul
e [
uo \/ P3(u)
» Uniqueness of integration: w is function with 2 periods

u(p + 2nwy 4+ 2mws) = u(p)

with half periods

ZEeros du zZerog du
w1 = / ) w2 = /
ZEerop P3 (U) zerog P3 (U’)
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pseudo—hyperbolic — quasi hyperbolic
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In the case Ib the solution is given by

()

m m

T i+ p(£i90,93)  es+ 5+ (e2—es)sn2(Ver —est k)

Deflection angles are given by vanishing of denumerator: Yields

1
2 . e3+ 3 €2 — €3
10 = ——=F(a, k), o = arcsin |/ — 3 k=
V€1 — €3 €2 — €3 €1 —e3

» Can be represented as function of i, (impact parameter) and E.

® This can be used to perform a well-defined approximation for small 7g/7min.

s
(Z
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pseudo—elliptic — quasi elliptic:

w
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Tmax (%3 es es
Tmin (d_a:>2 e \/41‘3 — g2 — g3
\/ dy

Exact perihelion shift

™

4 2 d
S = 2wy — 21 = / < —or.
\/—62 — 2es3 0 \/1 ex—es SlIl2 T

—eg— 263

One can identify

2m 1 2m 1
- = e3 = —.
Tmin 3 ’ 3 Tmax 3

€y =

» Can be used for approximation
» Can be used for representation in terms of semi—major axis and eccentricity P
» Application: Quasar QJ287: dp ~ 39° per revolution (Valtonen et al 2%@%
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spiral — circle (ISCO)
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Solution in case Lllb given by
m m

r(p) = =
5+ 0(5:92.93)  es+ 3+ (e2—es)sn? (Ver —esE k)

Deflection angle < vanishing of denumerator =

AQD: \/%F(a,k), sina =

where

g2 62763 _ Imin min
—_ 2
€1 —es 2 % + ??Zln
€3+33;__r;n;n+%_ i—i_rn’:n_?gi
ez —e3 %_%4_ i+r:n _%,% B
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finite pseudo—hyperbolic spiral — infinite quasi-hyperbolic spiral — ISCO
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receiver




At > At

‘ receiver



At > At
o o

sender receiver

« Within an exact framework for gravitational effects there is no definition or
identification of points with and without gravitational field
= there is no notion of a gravitational time delay

« Within exact treatment there is only a combined effect due to gravitational
time delay, redshift, kinematical time delay (Doppler effect) and light bending

+ There is no way to isolate a gravitational time delay — only possible
asymptotically, in weak field approximation
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® rotating gravitating mass = Kerr solution

2Mr

ds’ = ...+ ——
y +r2+a2(:os219

asin? 9 dpdt + . ..

» geodesic equation for circular orbits in equatorial plane

dyp
— =+0 Q ense— Thirrin.
at o + 8L, Thirring

® proper time difference of two counterpropagating clocks
J

—s_=41—~10""s
S+ — 8 T

does not depend on G and on r
decreases with inclination, vanishes for polar orbits
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Strong field regime — access to more PPN parameters, nonlinearities, ...




Ve satems

Strong field regime — access to more PPN parameters, nonlinearities, ...
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CGraviationalwaves

Radiation properties — mass of graviton, ...
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‘ Further experimental aspects
® Test of Newton potential
® Active and passive mass
® Active and passive charge
® Inertial law



# Further experimental aspects
® Test of Newton potential



Further experimental aspects | Test of Newton potential

-f Newton potential |

long range limits

Dilaton

7
Compact/

Dimension /
Radius

Modulus

Washington
/

Vacuum energy<(
Constraints

10* 10° 10?
A (meters)

short range limits
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Kostelecky framework (Kostelecky, PRD 2005): anisotropy of Newtonian potential

L
o MG (1 n %>
r r
Experiments
= Atomic interferometry (Miiller et al, PRL 2007)
» LLR (Battat, Chandler & Stubbs, PRL 2007)

Result
leij| <107°...1077



‘ Further experimental aspects

® Active and passive mass



Gravitationally bound two—body system (Bondi, RMP 1957)

T2 — I L1 — T2

mii®1 = Mi1pM2a, Maid®o = M2pMiia

|y — a2 |z1 — o

Unequal active and passive masses = self—acceleration of center of mass

v mipMap ~ T ~ maa Mia
X = 7021—3, Co = .
i || M2p  Mip

Cy1 = 0: ratio of the active and passive masses are equal for both particles.
Dynamics of relative coordinate

= _ Mipmap ( Mia m2a> T

my—— +Maj—— | T .
maima; Mmip map ) ||

X+40 & Ci2#0 < violation of actio = reactio for gravity



Measurement of relative acceleration
Step 1: Take two masses with 17,1 = m,.o (equal weight)

Step 2: Test active equality of these two masses with torsion balance

Experimental setup: Torsion balance with equal passive masses reacting on 77..,.,
and 171,00

o

L
.

No effect has been seen: Ci3 < 5-107°
Kreuzer, PR 1868
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Measurement of relative acceleration
Step 1: Take two masses with 17,1 = m,.o (equal weight)

Step 2: Test active equality of these two masses with torsion balance

Experimental setup: Torsion balance with equal passive masses reacting on 77..,.,
and 171,00

o

L
.

No effect has been seen: Ci3 < 5-107°
Kreuzer, PR 1868
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Measurement of center—of-mass
acceleration




Measurement of center—of-mass
acceleration




Earth

C. Limmerzahl (ZARM, Bremen)

Measurement of center—of-mass
acceleration

Ft —C My ,rEM 3 ,0 3
Iz = UAl-Fe 7, M A
EM [3) TM ™ p

Effect of tangential force: increase of
orbital angular velocity

Aw — gl Fself
w EM

sin 14° per month

From LLR % < 107'2 per month
= Calpe <7-1071

Bartlett & van Buren PRL 1986
significant improvement with new
data possible < &



‘ Further experimental aspects

® Active and passive charge



Dynamics of two electrically bound particles (E = external electric field)

. T2 — Xy
myTy = Q1pQ2am + qpE(x1),

. L1 — T2
MoiTy = Q2pQ1am + a2 E(x2),

center—of—-mass and relative coordinate

mii maj
X = x —xs, T =xo — 21,
M 1+ M, 2 2 1
M; = mq; + mo; = total inertial mass. Then
v q1pQq2p T 1 42a q1a
X = Cot—z + — (q1p + q2p) E Cop 1= — — —.
M lx?  M; (1o v) G2p  Qip

Cs1 = 0: ratio between the active and passive charge is the same for both partlcles
= self-acceleration of center of mass along

Co 7& Z
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Dynamics of relative coordinate

1 T
& = ———qupgopDor— , 1
mred lp 2p 21|m|3 ()

where
M1i Gla | ™M2i §2a _ Gla | M2

M qip Miqp qp M

In the standard framework, Do; = 1.

Solutions of equation of motion (1) are ellipses, circles.

The center of mass oscillates at a frequency w, which is related to the energy of
the system.

The acceleration of the center of mass vanishes on average, (X) = 0. Thus, not
observable for atoms.

Extends to many particle systems, e.g., to atoms having many electrons.

X#0 & Ci2#0 <& violation of actio = reactio for electromagnetism

Dy =

Co



Further experimental aspects | Active and passive charge

Comparison: charge vs mass

Differences

* If UFF holds, m; = m,,, then paths of particles depend on the active
gravitational mass only.

« Since the timescale of electric phenomena is much shorter than that of
gravitational ones, the motion of the center of mass cannot be monitored.
This kind of test is therefore not at our disposal.

« Contrary to masses, electric charges can have different signs. Therefore, we
can define

Q1a + G2a = 0
Gip +q2p =0
— alternative tests of the equality of active and passive charges: An actively
neutral system may not be passively neutral and vice versa.
active and passive neutrality < Cy; =0
= self-acceleration of the center of mass occurs if and only if the system
possesses a nonzero total active or passive charge.
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tests of neutrality of atoms and molecules = tests of the equality of active and
passive charge

® a passively neutral system may still generate an electric field according to

¢(£B) _ dla + q2a _ dla + q2a +. o~ 021 4d2p
|z — @] |z — o || |z

® an actively neutral atom in an external electric field may feel a force
MX = =2p
iX = (gp1 +gp2)E = % G1.C12F
a

vanishes if ratios of active and passive charges are the same for all bodies

we can distinguish two types of tests of neutrality:

® Tests of active neutrality, which measure the electric monopole field created
by a passively neutral system, and

® tests of passive neutrality, which measure the force imposed by an external s
field onto an actively neutral system. Z/\HM



Table: Various tests of the neutrality of atoms. If no particle is specified, g, refers to
the passive charge of the atoms or molecules used in the experiment, divided by the

charge number of that particle (and analogous for ¢.). See Unnikrishnan & Gillies 2004
for a review.

Method Limit /(10=%%)

Gas efflux (350g CO;) [Piccard & Kessler 1925] ¢, a/¢e.a = 0.1(5)

Gas efflux (Ar/N) [Hillas & Cranshaw 1960] a2 = 1(3); gna = —1(3)
Gas efflux [King 1960] (He.a = —4(2)

Superfluid He [Classen et al 1998] GHe.a = —0.22(15)
Levitator [Marinelli & Morpurgo 1982] lgp| < 1000

Acoustic resonator (SFg) [Dylla & King 1973] lgp| < 0.13

Cs beam [Hughes 1957] gp = 90(20)

Neutron beam [Baumann et al 1988] gn,p = —0.4(1.1)

limits go down to 102! ¢ for active and passive charge of various combinations of
electrons, protons, and neutrons.
EN
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Center—of-mass motion of the two—particle system cannot be quantized.

Relative motion quantizable.

Hamiltonian
p>
H= + Doy
2"nred

d1p92p
Ed

Energy levels are proportional to modified fine structure constant

q1pq2p D12 1 q1a = Ma;
app = Pz Do | M2 )
12 hic hcqlp(hp qap M .

Spacing between energy levels will deviate from the ordinary scaling with the
charges = comparison of energy levels in different atoms yields test of Co;.

E.g., Hydrogen (one proton ¢; = ¢, and one electron g2 = ¢.) and ionized Helium
He™ (¢1 = 2q, and g2 = g¢). Then

QppYGep Mei
ozlg(He"') — 2a12(H) =~ ———Cgl
he  myp;

can deduce limit

) 0O Mgs B 1a Mg e
Co1] < T a7x107P =2 x4 x10716. ‘=

am Mpi

pi
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Force between two magnetic moments

mi# = Vi (p, - Ba(z1)) ,
mais = Vi (g, Bi(x2)) ,
where )
3@k — xj) - g (@ — T5) — Tk — T
B](mk) - | 15
), — x|
Assume piy 5, |, = f11,2a,pH1 2. We introduce
Cy = H2a  M1a 7
H2p Hip
~ M1 f1a  M2i f2a  Hla | T2i
Dy = — — =—+ Can
M prpy  Miopop 1 M

then we obtain for the center—-of-mass and relative coordinates
(- po) (1 - ) — 11y 'ﬁz|f’3|2
||®

)

. Hoplip ~ 3
X =- CnV
Mi 21
& — Mapf2p 521V3(m o) (B - ) — [y - g lx]? _ Y v
Mred |:L'|5
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Further experimental aspects |“Active and passive charge

- passive magnetic moment

Relative motion can contribute to energy of Hydrogen atom: Hamiltonian for
hyperfine interaction

Hipf2p 7 87 ~ 3(x - o) (g - ) — phy 'I?‘2|"‘U|2
H = ———==D —0 . 2
hf red 21 < 3 (x)lJ’l Ko + |.’1}|5 ( )

The 1, = total angular momentum operators. To obtain experimental limits, we
can compare the hyperfine splitting of atoms having different nuclei.
Experiment
Comparison of hyperfine splitting of atoms having different nuclei:
« muonium, accuracy 1.1 - 1078, compatible with theory with accuracy
1.2-1077
* positronium: two precision measurements of 1S hyperfine splitting (Mills et

al. 1975, Ritter et al. 1985); agree within the experimental error but deviate
from the theoretical prediction.

Deviation can be modeled by C,.+ ~ —1.5-10~°
Thus,

©, e (R, Gienen) ey T AT T [ AET



Self-acceleration of center—of—-mass

Active and passive neutrality — experiments

Theory cannot be described by an action principle
Hamiltonian for relative motion

Active and passive magnetic moments: similar features

« Classical neutrality experiments |Ca;| < 1072
= Spectroscopy |Co1| < 10716

+ Active and passive magnetic moment |Dy;| < 10~*

(CL, Macias & Miiller, PRA 2007)
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® Questioning Newton's first law: Testing Lorentz invariance



® Questioning Newton's first law: Testing Lorentz invariance

® Questioning Newton's third law, questioning actio = reactio: Testing equality
of active and passive mass, charge, ...



® Questioning Newton's first law: Testing Lorentz invariance

® Questioning Newton's third law, questioning actio = reactio: Testing equality
of active and passive mass, charge, ...

® Questioning Newton's second law:

» Why the acceleration is linear to the force?
+« Why equations of motion are of second order in the time derivative?



Foundations of General Relativity
Experimental tests of foundations of GR
Universality of Free Fall
Universality of Gravitational Redshift
Tests of local Lorentz invariance
The consequences of the experiments
Solar system tests: The search for the gravitational field equations
The full theory
Testing the full theory
Black Holes
Binary systems
Gravitational waves
. Further experimental aspects
Test of Newton potential
Active and passive mass
Active and passive charge
® Inertial law ‘4
Problems in Gravity theories?



Further experimental aspects [ Inertial law

MOdified Newtonian Dynamics

MOND ansatz

Modification of Newton's second law = modification of relation between applied
force and resulting acceleration (Milgrom)

m& = F — mau(|&|/ag) = F
with function

plx) =

1 for |&| > ag
g for |&| < ag

For Newtonian gravity
Newtonian force F' = mVU
* large accelerations / large forces & = VU

« small accelerations / small forces &|&| = agVU — |&| = \/ao|VU|

. : _ 2
reproduces many galactic rotation curves for ag ~ 10~ m/s” — may also
reproduce dynamics of galactic clusters
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Gundlach et al PRL 2007
« transscribes acceleration into torque (for hollow cylinder with radius R):
I
7= Ea,u(a/ag)
« takes 70 = a as acceleration

. _ 2
* no deviation from Newton's second law down to a ~ 1071* m/s

My problem: is it allowed to separate components?
Earlier experiment by Abramovici and Vager PRD 86

Ignatiev PRL 2007
Free fall with respect to galaxy:
MOND-situation possible on Earth once a year for 0.1 s within 10 | volume
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Question: Why equations of motion are of second order in the time derivative?
Model: what happens if equations of motion contain a small third order term
m& + € = F(x, &)

Initial value problem:

If ¢ =0: need to know x(tg) and (o)

If € # 0: need to know x(to), &(to), and &(to)
In general: equation of motion with memory

i t
mi+ 3T ) = Flad) e ms=F+ [ f(e-t)i

solution depends on the path in the past.

Possible experiment for testing this —
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Possible experiment: acceleration of Is test of
charged particle

1
§m112 EX2\\%

U
-+ -+ Is this true for all accelerations?
e

[

Detailed analysis needs Noether
theorem for higher order Lagrangians
(introduction of interactions by

v means of gauge principle) and, based
I _/_ _/_ on that, integration of higher order

equation of motion

a
T J—L ongoing work ...
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Possible experiment: acceleration of Is test of

charged particle
(introduction of interactions by

U
-+
¢
means of gauge principle) and, based

v
I _/_ _/_ on that, integration of higher order

equation of motion

a
T J—L ongoing work ...

Which kind of interactions, which kind of geometry can be explored with a
modified equation of motion?

1
§m112 EX2\\%

U
-+ Is this true for 2/ accelerations?
| | Detailed analysis needs Noether

[

theorem for higher order Lagrangians
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Foundations of General Relativity
Experimental tests of foundations of GR
Universality of Free Fall
Universality of Gravitational Redshift
Tests of local Lorentz invariance
The consequences of the experiments
Solar system tests: The search for the gravitational field equations
The full theory
Testing the full theory
Black Holes
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Gravitational waves
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Test of Newton potential
Active and passive mass
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Inertial law g
® Problems in Gravity theories?






Dark Matter (Zwicky 1933)
Needed to describe galactic rotation curves, lensing, structure formation
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Dark Matter (Zwicky 1933)
Needed to describe galactic rotation curves, lensing, structure formation

Dark Energy (Turner 1999)
Needed to describe the accelerated expansion of our universe
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Dark Matter (Zwicky 1933)
Needed to describe galactic rotation curves, lensing, structure formation

Dark Energy (Turner 1999)
Needed to describe the accelerated expansion of our universe

Pioneer Anomaly (Anderson et al 1998, 2002)
Non—Newtonian acceleration of Pioneer spacecraft toward the Sun
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ty?

Dark Matter (Zwicky 1933)
Needed to describe galactic rotation curves, lensing, structure formation

Dark Energy (Turner 1999)
Needed to describe the accelerated expansion of our universe

Pioneer Anomaly (Anderson et al 1998, 2002)
Non—Newtonian acceleration of Pioneer spacecraft toward the Sun

Flyby anomaly (ESA and NASA communications)
Satellite velocities are too large by a few mm/s after flybys
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Problems in Gravity theories?

Fate of Einstein Equations?
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very likely to be modified due to Quantum Gravity.

. all this would need another two or three or four talks ....

Thank you!

€. Limmerzahl (ZARM, Bromen) WD G



	Foundations of General Relativity
	Experimental tests of foundations of GR
	The consequences of the experiments
	Solar system tests: The search for the gravitational field equations
	The full theory
	Testing the full theory
	Further experimental aspects
	Problems in Gravity theories?

