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instein Equivalence Principle

1) Trajectories of freely-falling test bodies
independent of structure or composition (WEP)

) Outcome of non-gravitational experiment in local,
ireely-falling frame independent of frame velocity



Gravitational redshift

Change 1n wavelength of light due to difference in
gravitational potential energy:
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t loses energy when climbing uphill!

“An atom absorbs or emits light of a frequency
t on the potential of the gravitational field in which



How big 1s the effect?

- GPS satellites move at 14,000 km/hr,

20,000 km above the earth

Time dilation effect: 7 us slow per day

Gravitational redshift effect: 45 us fast per day

INet shift: 38 us fast per day compared to clocks o\ (1
@i the ground (error of 10 km per day) £} M

central.com/writers/2000/will.html



Why 1s this a test of LPI?

Identical clocks should have v,=v, when measured
in their respective local Lorentz frames, independent
of location (and gravitational potential.)

A comparison of frequencies in one of these
frames is a comparison of relative velocities of
Lorentz frames, via Doppler shift of light
(observed as gravitational redshift), independent
of structure of clocks.

A deviation from the predicted
frequency shift would indicate a
dependence of some fundamental
constant on position thus a
violation of LPI and the EEP.



TESTS OF
LOCAL POSITION INVARIANCE

10_1 PoundRebka Millisecond Pulsar
I I I Null ;
Redshift
10—2 L
Pound
Snider
Saturn
-3 -
Q. 10
Hmaser

T

Solar spectra

102 [~ Clocks in rockets
spacecraft & planes

Redshift

' -

% % % B Y,
YEAR OF EXPERIMENT
Av/v = (1+a)AU/c?

Source: Clifford Will
http://relativity.livingreviews.org/
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Ag we propoaed & few months ago,” we have now
measured the effect, originally hypothesized by
Einstein,? of gravitational potential on the ag-
parent frequency of electromagnetic radiation by
using the sharply defined energy of recoil-free
v raye emitted and absorbed in solids, as dis-
covered by Missbauer,” We have already re-
ported? a detailed study of the shape and width of
the Lne obtained at room temperature for the
14.4-<kev, 0.1-micrasecond level in Fe™. Partic-
ular attenilon was paid to findlng the conditions
required to oblain & narrow line, We [ound that
the line had a Lorentzian skape with a fractional
fubl-width at half-height of 1.13 <107 when the
source was carefully prepared according to a
prescription developed from expsrience. We have
algo investigated the 83-kev, 9 4-microsecond
lewel of Zu* at lgold hellum and liguid nltropen
temperatures using several combinations of
source and dbaorber environment, Dot have not
observed a uaable resomant abaorption. That work
will be reported later. The frectionsl width and
inténsity of the absorption in Fe*" seemed suffi -
cient to meagurs the gravitational effect in the
laboratory.

As @ prelimisary, we sought possible sources
of aystematic error that would interfere with
meaaurements of amall changes In freguency uslsg
this medium. Early in our development of the in-
strumentation neceagary for this experiment, we
coneleded that there were asymmetries In, or
{requency differences between, the lines of given
combinations of source and absorber which vary
from one combination to another, Thus it {5 ab-

aclutely necessary to messure & chinge in Lhe
relative freqoency that is produced by the per-
turbation being stedied. Observation of a fre-
guency difference between a glven source and
abacrber cannol be aniguely attributed to this
parturbatlon. More recently, we kave diseovered
and explained a vartation of frequency with tem-
perafure of either the source or absorber.” Wa
conglude that the temperatare difference batween
the gource and absorber must be accurately
known and its effect conskdered before any mean-
Ing chn be exiracted from even a chamge obeerved
when the perturbation is altered,

The bagic elements of the apgaratus finaily
developed (o measure the gravitational shift in
frequency were a carefully prepared source
containing (.4 corte of 270-day o™, and a care-
fully prepared, rigidly sopported, iron film ab-
gorber, Using the results of our inftial expari-
ment, we regueated the Muelear Selence and
Engineering Corporation to repurify thelr nickel
cyclotron target by ion exchange fo reduce cobalt
carrier, Followling the bombardment, in a special
run in the hgh-energy proton beam of the high-
currant cyciotron at the Ok Ridge Matlonal
Laboratory, they electroplated the separated
Co®" onto one side of 2 2-4n. diameter, 0.005=In.
thick disk of Armco iron according to cur pre-
seription. After thig diak was received, it was
heated to 907 -1000°C for ane hour In 2 hydrogen
atmosphers’ to diffuge the cobalt into the tron
foil ahout 3107 cm.

The absorber made by Nuclear Maetals Inc,,
was composed of seven separate unita. Each

33T



he Pound-Rebka experiment
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Table 1. Data from the firet four davs of countirg. The daia are expresaed ns fractionnl frequescy differences
between source and absorber multplied by 101, &8 derived from the appropeiate sesaitivity calibration, The
negatve pigns mean that the ¢ ray has 2 fregaenoy lower then the frequency of maximum abearprion st the ab-

BOThET,
e
Bhift Teraparatara Hal
Pariod observed correation sl ft
Bonres atl bottom

Feb, 32, b p.m. =11, 0 &3, 0 b - L

=18.4 £ 3,22 =5, 1 A sl 2

-11.8£1.3 5.4 =10.1 #1.3

-d1.oen, 18 - “18.8 8,1

=F.T 23, 0% =141 5 -1 = 2, 0

Feb. 23, 10 p.m. 05420 =114 =310 =2, 0

Welghted average = -19.7 4 &

Bourea ol tap

Feh, 4, 0 a.m. -13.0 44,1 -B.8 —20.6 24,1

A.721.4 -0.% -15.%21.4

.4 ag 12 o d 14 @21

=6.5 £ B 11 a5, B =123 4 2.1

13,0340 -5 214 41,1

“R.E a0 5.7 “1E 2 =30

Feh, 25, 6 p.m. 6.5 2,08 =B 8 =154 & & 0

SR EEN: -0 -17. 9+ 2.8

Welghied average = -15.5 0.5

Mean shift==1T.§ 4 0.4

Differenca of averages= 4.2+ 1.1

LThene dotn were teken stmoltnneosusly with o sensltivity calibration.



Results

Pound-Rebka measured a net fractional shift
of -(5.13+0.51)x10"> over 148 ft.

IR€vised Pound-Snider experiment in 1964
gehieved 1% uncertainty



ace-Borne hydrogen maser
(Gravity Probe-A, 1976)
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FIG. 1. Doppler cancellation and tracking system,
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FIG. 2. Analog strip-chart recorder data at various
times during the mission. (a) Signal from dipole anten-
na. The (inverted delta) markers indicate the time
at which the fourth stage of the rocket separated. (b)
Zero beat during ascent. The small interval indicated
above the top trace is a rotation period; the longer
interval below is a nutation period. (c) Beats near
apogee. (d) Zero beat on descent. (e) End of experi-
mental beat data.
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FIG. 3. Frequehcy residuals and predicted effect
during mission.
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GP-A results

Measured frequency shift consistent with
GR (combined effect of gravity and special
lativity) to uncertainty of 7x10

date the most precise traditional test of



Null experiments

m Since GP-A, improvements in LPI violation have
come from null-redshift experiments in which clocks
of different composition are compared 1n a time-
modulated gravitational field.

s Turneaure & al. (Stanford) used two 1.42 GHz
vdrogen masers and three SCSO’s at 8 GHz over 11
gleays while solar gravity varied (linearly by 3x10-12
orbit, sinusoidally by 3x10-13 from

ROtetloN )

iVIgaSured no deviation between the clocks,
ReaRSIE. /x 10



Null experiments, cont.

1994 (Godone & al.) comparison of cesium and

magnesium atomic clocks over 430 days,
o [<7x10-4

2002 (Bauch & al.) comparison of cesium clock
L hydrogen maser over one year, | o [<2.1x10

Ashby & al.) comparison of four NIST
Iydrogen masers with cestum fountain clock
Seandards from NIST, Germany, France, and Italy
QVEr / years...



4.0e-13 q : T T I

2.0e-13 -._': —— M

” "Wy T,

= ape13 b S
z

- Yy

= - =

= —4.0e-13 *"r‘

& H"‘r‘

E -6.0e-13 | "\

H.0e-13 = 3

-1.0:-12 |-

0.0 W‘bf\
L. T

S1500 S2000 52500 S3000 S3500

MID




& fiF

Frequency Residuals-

1.5e-14

1.0e-14

5.0e-15

0.0

=S.0e-15

-1.0e-14

-1.5e-14

| | | | | | | |
hd v
=4 v L 4 o
v v
v v
. A v
A
- A pe @
&
® =
S - ‘
(' . 4 —
: - [ 4
® e . ¥ - 7 o &
[ ] i
AR $ A A
. : - 1T
= L 4 . =
wvYA v - »
v
vv
L 4
| [ | [ | [
S1500 2200101 S25000 S3041) S3IS00 40040

MID



The current best limit

L |<1.4x10°6



Additional tests of LPI

Gravitational redshift measured with solar
spectra, pulsars, and oscillator clocks on
acecraft

e invariance of fundamental constants



