Title: Matter-wave clocks
Date: Oct 22, 2012 09:15 AM

URL: http://pirsa.org/12100124
Abstract:

Pirsa: 12100124 Page 1/50



Pirsa: 12100124 Page 2/50




Matter-wave clocks
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Experimental signatures for quantum

gravity

> .
&) — —_— Underlying theory
& Gravity, Electroweak, Strong >  (TBD): consistent,
L — — comprehensive
' Effective theories,
Gravity Electroweak, Strong frameworks
E&M Weak Strong
« EEP violation:  Lorentz violation » Decoherence,
oRedshift o Limiting velocities * Noise
oUFF o Anomalous dispersion « 5t (6" ..) force
« Clock comparison « Gamma-ray bursts * Interferometers
« Torsion balances * Accelerator physics  « Nanomechanics
« Atom interferometers « Clock comparison * 1/r law tests
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Experimental sigmatures for quantum

gravity

> .
&) — —_— Underlying theory
- Gravity, Electroweak, Strong >  (TBD): consistent,
L T comprehensive
' Effective theories,
Gravity Electroweak, Strong frameworks
E&M Weak Strong
« EEP violation:  Lorentz violation » Decoherence,
oRedshift o Limiting velocities * Noise
oUFF o Anomalous dispersion « 5t (6" ..) force
 Clock comparison « Gamma-ray bursts * Interferometers
« Torsion balances » Accelerator physics < Nanomechanics
« Atom interferometers « Clock comparison * 1/r law tests

Pirsa: 12100124 Page 6/50



strong = Everything should be made
inter- weak N as simple as possible,
action D inter- £ but not simpler.
action g Albert Einstein
-
(1 :

C electro-
magnetism

gravity

General Relativity:
* Theory of gravity, space & time used in astrophysics,
cosmology, string theory,. ..

* Nonlinear theory: gravity causes more gravity

* Cannot be quantized

* Low-energy limit of string theory might be Lorentz-
violating [V.A. Kostelecky .. ]
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Compton oscillators + ttime dilation =

de Broglie (1924) relations

(ol

;
hv, =myc

o being measured, of course, in a system which is
at rest with respect to a certain amount of energy.
This hypothesis is the base of our system, and it is

Then the frequency observed by the fixed ob
server will be
21/ m Cz 21/
J o — ’ - I S 0 - 1 -
‘1_‘0(1_;8) - ] (1_18)
1

On the other hand, since the energy of the moving

body is equal to me?®/(1—58%)"* for the same
observer, the ('nt'r'l'h[lutlliinu I'I'l'qllt'lli v according
to the relationship of the quantum is

p=h=mee?/(1 =531,

The two frequencies vy and » are essentially
different since the factor (1—=58%)"2|s not involved
in the same way. This is a difficulty that has
intrigued me for a long time; T have succeeded in
climinating it by demonstrating the following
theorem that 1 shall call the theorem of the

Translated in Am. J. Phys. 40, 1315 (1972)
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De Broglie + Gravity

‘ . H?C:
Particle represents an oscillator Oc = —
Time dilation D > O N1=v"/c”
@, —> O (1 AFJ
Gravitational redshift ‘ ¢ c?
'! dx” dx"

Time dilation + redshift Dc > Ocy|— & —7 -
\| dA dA
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gqun alence to Schrodinger

eqmtl( n
S = J.mc,v."f* g u‘u"da
{ 1 \_: ‘__: “k \
Imc |l+—/1 + hy -—f-—(o -h, ) —}(/f
c 2 c ¢ )

\ e

Y(i+6,x,)= NJ.a’:; exp(z’”i(l + %ho jg Jexp( rl) 4_)(._:‘-’:"’ +B,¢’ J‘P(r,.\'_i - &)

h
"y LlEkep g (27()3 2 g a7 ) e By
J‘e < T diE== e
\;"det A
d , 1 h* (= -
ih—Y =—mc” — hyy ¥ —— (V —mh )‘i’
dt 2 2m

Feynman, Rev. Mod. Phys. 20, 367 (1948)
Hohensee & Muller, J. Mod. Opt. 58, 2021 (2011)
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Interterometry

Source

Mirror

Beam
splitter

Licht ...

Detector
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Interterometry

Mirror

Detector

Source

Beam

splitter LICht

Source - _
Detector

Gratings

Materie ..
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Atomic fountain

Vibration
Isolator

* Magneto-optical trap

*Cooling & launch raman mm@

e State preparation
'--\
magnetic cesium
* Experiment shield atoms
trapping |
beams g Q L.
blowwwgg T
beam :
e detection <:(( /’ :
beams :

repumping
beam

Page 17/50




Mach-Zehnder Atom Interferometer

Fountain Distance

+T to+2T

R
;-I aser = kefng
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Highest-precision conventional atom

[H

Flourescence (arbitrary units)

1.0

0.6 o/

0.4

.M. etal.,

mterferometer

. | | .~ Each data point is from a
*\eo AL .~ single launch

\ .- , . Fiterror 0.031rad,
¢ | determinesgto 1.3ng

’ | =>11ng/sqrt(Hz)

Phase (rad)

PRL 100, 031101 (2008), K.Y. Chung, PRD 2009]
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T T d T T T T T Y T
142000 144000 146000 148000 150000 152000

Frequency [Hz]

H. M. et al., PRL 100 (2009): Chiow et al, PRL 2009
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Solution: Stmultaneous conjugate
Interferometers

j interferometer 1

Height
W
(@a-b)/(a+b)

- e e ae s esEEmEEe = m e TP

AE , hk*
O —D, =4k 16> T
i h 2m
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Coriolis force

6= v, QT (T +T") cosv(1,0,0).

Contrast

| Qhof" rac;/s]. S
* Interferometer does not close
« Cancellation improves contrast (350%), T
* World’'s most sensitive atom interferometer (10 hk, 250 ms)

Lanetal, PRL 108, 090402 (2012)
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a from recotl measurements

R, h m, u

c m., u m,
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a from electron 0-2

1 - .. -.- -. .. .' ..ll.l
0 1 . - :' . * L] » : .-n" .
0 01 : . .. .:' "- l..
1E-3 ) i " -
S 1E-4 O P 33
2 1E5 3P - . ‘J‘
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E; _ * 03 &?} Sty :
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What 1s Nature’s elementary clock?
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-
I I 1StOTV
. 5 \
o
e
Einfluf der Schwerkraft auf die Ausbreitung des Lichtes. 905 [/

inctain v rﬁ Pound &
EInSteIn milssen also die Spektrallivien des Sonvenlichtes gegenlber o — ’

1 9 11 den entsprechenden Spektrallinien irdischer Lichtquellen etwas Rebka-2
pach dem Rot verschoben sein, und zwar um den relativen .
solar  Beus 1960:
spectral L R U Mossbauer
“nes Wenu die Bedingungen, unter welchen die Sonveolinien ent- EffeCt
. . tehen, i bekaont whren, whre diese Verschiebuog noch 9
D[dn t :‘Ivr eHefhe;:u“gu z:ghnglu'h, t‘Da :l;mr anderweitige E:;:ﬂusse 10 _' .
WOTK.  Jiiaa besiateses, it o reber 20 Tosseatioren. ob sor bie l' \
V??SOt et GPA* EXPERIMENT PACKAGE E H‘afele &
al., Keati 3
. e eating,
1976: S 1971:
Alton}:lc‘ m_m‘.;%‘;?? Atomic
¢ Oi o MW —= : clocks in
q%c. et esae aircraft

10,

TAnn. Phys. 340, 898 (1911). 2 PRL 4, 337 (1960): 13, 539 (1964); Phys. Rev. 140, B788 (1965).
3 Science 177, 166 (1972): 177, 168 (1972). ¢ PRL 45, 2081 (1980).
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Atom Interferometer

Redshift Time dilation Laser
i mc - pi_y? 3
5 Ap= I PP Y TV dr+ kz(t,)
s h ¢ 2c° =
g
|
t tgeT g2l =0
Time (non-gravitational

energy conservation)

Alternative Intml:)rvt;'}tic_m

It any enetgy 1s conserved, first terms also cancel

then, testing UFF = testing redshutt

*

Al becomes mdirect measurement ot ¢

As anv redshitt measurement
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Atom Interferometer

Redshift Time dilation Laser

3
s me ¢o[o—-@p V-V’ ;
® —@ _ Vs TV _
< Ap= I = erFZkIZUI)
2 h CI 2C 1:1
s
o
w |

t toeT tg+2T - =0

Time (non-gravitational

energy conservation)

Alternative Intﬂl_‘)rvt;‘\tic_m

It any enetgy 1s conserved, first terms also cancel

then, testing UFF = testing redshutt

Al becomes mdirect measurement ot ¢

As anv redshitt measurement
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nature

Vol 463/18 February 2010|d0i:10.1038/nature08776

A precision measurement of the gravitational redshift
by the interference of matter waves

Holger Miller' ", Achim Peters & Steven Chu’

Oneof the central predictions of metric theories of gravity, such as
general relativity, is that a clock in a gravitational potential U will
run more slowly by a factor of 1 + U/&, where ¢ is the velocity of
light, as compared to a similar clock outside the potential’. This
effect, known as gravitational redshift, is important to the opera
tion of the global positioning system’, timekeeping** and future
experiments with ultra-precise, space-based docks® (such as
scarches for variations in fundamental constants). The gravita
tional redshift has been measured using clocks on a tower”, an
aircraft” and a rocket®, currently reaching an  accuracy of
7% 1077, Here we show that laboratory experiments based on
quantum interference of atoms™” enable a much more precise
measurement, vielding an accuracy of 7% 107", Our result sup
ports the view that gravity is a manifestation of space-time cur
vature, an underlying principle of general relativity that has come
under scrutiny in connection with the scarch for a theory of
quantum gravity''. Improving the redshift measurement is par
ticularly important because this test has been the least accurate
among the experiments that are required to support curved space

time theories'

10

107 |
! -2 0
: 1 O Travelling clock’
1024 ]
Mossbauer®
_ 10 .
g 4]
3 10 im =}
o] _1Bloch osclllations?? (this a H-maser®
;:' 1054
c | |
'15 1004 Bloch osclllations? (this i
(v i
107 -
10 1 1

{
4

Cs Interferometer® 10 (this analysis)

U]+ ormg g T TTTEY TTWR T TSWY TRUTEY TRy TTROE] TR TvTTW TvOR TTeTR rrrew rvivm

10-7

10-% 100 107! 101 109 10% 107
Distance (m)

Figure 2 | Absolute determinations of the gravitational redshift. The

accuracy (defined as the standard error) in i is plotted versus the relative

I]L‘!}th of the clocks.

H. M. etal., Nature 463 (2011)
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Criticism

* You are not testing (GG R 1in the same way that clocks
do: If you calculate the redshift and the trajectories
from one consistent model, the redshift signal goes

away

* we 1s unphysical: the atom 1s not a clock, but just
moves In response to the gr:l\*it;lt‘ion;ll force. Al

measures ¢ only.

* The atom 1s no real clock: 1t cannot be used to lock

an osculator.

Wolf etal., CQG 28, 145017 (2011)
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Standard Model Extenston
The whole standard model of particle physics, plus
Lorentz violation
Includes all effects of General Relativity

Energy conservation and coordinate independence,

renormalizability of non-gravitational interactions. ..

Hohensee et al., PRL 106, 151102 (2011)
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Standard Model Extension
The whole standard model of particle physics, plus
Lorentz violation
Includes all effects of General Relativity

Energy conservation and coordinate independence,

renormalizability of non-gravitational mnteractions. ..

Hohensee et al., PRL 106, 151102 (2011)
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Standard Model Extenston
The whole standard model of particle physics, plus
Lorentz violation
Includes all effects of General Relativity

Energy conservation and coordinate independence,

renormalizability of non-gravitational interactions. ..

Hohensee et al., PRL 106, 151102 (2011)
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[sotropic subset of SME

N'm"

Effective coeff. for composite (C )m Z
particles

5 (€)@ )H—ZV"(G” )

Lagrangian at PNO(3)

f ,
| Ix“dx’ 1 . dx®
S=\|m'c .[-lg +2° ¢ - a) — ldi
J. {\/ (g‘m "“) didi m' @y dA }

Expandto PNO(2), drop con-
stant term, redefine particle
mass m' = m 1+ 2(cT)ool

S= J.m c (Cﬁ{ —-%(CT)00 (a )0} ._c: ]dr

-

Modifications in g, common to all experiments.
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week ending

PRL 106. 151102 (2011) PHYSICAL REVIEW LETTERS 15 APRIL 2011

Tog
B
Equivalence Principle and Gravitational Redshift

Michael A. Hohensee,"* Steven Chu,"" Achim Peters,” and Holger Miiller'
‘Department of Phvsics, University of California, Berkeley, California 94720, USA

“Institut fiir Physik, Humboldt-Universitdt zu Berlin, Newtonstrasse 15, 12489 Berlin, Germany
(Received 17 February 2011; published 11 April 2011)

We investigate leading order deviations from general relativity that violate the Einstein equivalence
principle in the gravitational standard model extension. We show that redshift experiments based on matter
waves and clock comparisons are equivalent to one another. Consideration of torsion balance tests. along
with matter-wave, microwave, optical, and Mossbauer clock tests, yields comprehensive limits on spin

independent Einstein equivalence principle-violating standard model extension terms at the 107 level.

DOI: 10.1103/PhysRevLett.106.151102 PACS numbers: 04.80.—y, 03.30.4p, 11.30.Cp, 12.60.—1

FTABLE I Sensitivity of redshift experiments, The EEP-violation signal for each experiment is given as a linear combination of
SME parameters. The observable for the Pound-Rebka Mossbauer test, ¢ is = L1 GeV™'a(al)y = 1.1 GeV ™ alag "), +
(=0.34 + [=0.66)(eM) gy + (=0.34 + [ =0.006)(E7)gy + 0.0002(8 ). with @ a’. 4 Al I'he last column shows the measured

Qo

value and 1o uncertainty, Signals dependent on models for & are in square brackets. Curly brackets mark expected limits

ala )y “m'”"l, Limit
Method GeV GeV (¢" oo (¢7 ooy (€)oo ppm
Maossbauer effect (2] 1.072 1.072 0.3358 - [2/3 0.3353 — [0.006] 0.000 1826 1000 + 7600
H maser on rocket |3 1.072 1.072 0.3358 0.3353 - [0.67] 0.000 1826 —[1.3] 2.5+70
Cs fountain (proj.) [16] 1.072 1.072 0.3358 + [0.40] 0.34 + [0.28] 0.000 1826 —[1.3] 2
Bloch oscillations [4,17] 0.1632 0. 1580 0.051 12 = [0.0005] 0.049 40 + [0.0010] 0.000026 90 3+
Bloch oscillations [6] 0.1492 0.1439 0.04673 — [0.0006] 0.04500 + [0.0008] 0.000024 51 0.16 = 0.14
Cs interferometer [4] (0.1881 0.1835 0.05890 — [0.0004 | 0.057 39 + [0.001] 0.000031 26 0.007 + 0.007
Rb interferometer [ 18] 0.1632 0.1580 0.051 12 = [0.0005] 0.049 40 + [0.001] 0.000026 90 0.004 + 0.007
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Bottom line

GeV GeV
Clocks+UFF -3+53 -1£11 -5+94 2.1+40  -1+40
il o PRl O T
Al+clocks+UFF 43+3.7 0.8+1.0 7.6+6.7 -3.3%3.5 4.614.6
Jal
+ future space clocks -1.4+3.7 -0.3£1.0 2.4+6.8 0.9+3.5 0.5%1.5

* The Al tests GR like conventional clocks
« Improves overall bounds ~10-fold

Hohensee et al., PRL 106, 151102 (2011)

Pirsa: 12100124 Page 36/50



Gravity’s Aharonov-Bohm effect

_-7 A 1 S T

| i A L

-0.02 ~0.01 0.00
Location

Potential

* Terrestrial experument: p=10 g c’, R=10 m: Av/v=>5x10"!

* Possible realization: Earth-moon Lagrange 1')(_>i11ts

Pirsa: 12100124 Page 37/50



Pirsa: 12100124

Ramsey—Borde interferometer

p

2n photon momentum transfer/

L é

“+

T
5
(Dl _ Sﬂ-(OI_T If we can set
hk® o’ _
0, = _ Y o, =No,

2m o,

,
o.=Nw, =N"0,
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Compton clock

) 4 A 4
VCO |—>| Counter ——— x9 x8| DDS
x12.165 i i (-;m/z
4' ) 4

----- » Laser y| AOM Nt

! I Network

LA

| ¢=1758678

: Y
= |
O
ml
-D ]
ge]
m ]
F

| O, Oyep

X2 x20 x3 v
| I Feedback A Phase
o e eSS SeIve Analyzer
Oy O1 Y
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Timing Weight

I
+
T

-

4 ppb

* Define h (GPMFC intended)
* kg: 31 ppb with present data
« AMU: 100-fold improvement compared to present Si
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0.1 ppm-level limits

No Composition Correction

HiHl* 85Rb Ty

133Cs S BIK: 40K - 39K an
9Be
010
7L
(coo)"=(coo)’ )/ ¥
Baseline 500 250 1590 790 1740
§7Rbvs 4K 23 10 73 32 1660

$Rbvs®Rb 11 20 34 63 1660
Hohensee etal. PRL106, 151102 (2011),
» one additional torsion balance,

* natural isotopic abundance

With Composition Correction

......

87Rb 41K

B85Rb
......

133Cs

9Be
.

Baseline 223 95.4 1380 302
$STRbvs 4K 0.072 0.30 0.18 0.46

$"Rbvs *Rb OELORS ROS3TES ROISEEN ROE3S)

Hohensee et al., to be published

1700
1660

1660
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Conclusion

* LMT, Simultaneous, BBB, Coriolis compensation

* o, gravitational waves, mertial sensors

e 107 redshift test with de Broglie waves

* SME bounds for all EEP violations at 0.1 ppm level
* Gravitational AB effect

* Compton clock

* \[ass standard
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tancarcl
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Realizatton with atom-clocks

F

ield mass

Wave packet/

clock

SR _BRLRER

Optical lattice

x [m]

-0.02

P = m('J

('w

-0.01

A(_,' dt :0.16(

A

0.00

0.01

m

cm

o5
10 g/cm’

[

n
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|

0.02

I

S

|
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