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Equivalence Principle

> Universality of Free Fall (UFF): The space-time trajectory of a test-particle only
depends on its initial position and velocity but not on its other (physical or chemical)
attributes. This introduces a path structure on spacetime, though not necessarily that
of geodesics with respect to a linear connection.

> Local Lorentz Invariance (LLI): The outcome of any local experiment is indepen-
dent of the instantaneous orientation and velocity of the equipment (laboratory). In
particular, there are no preferred-frame effects.

> Universality of Clock Rates and Gravitational Redshift (UCR/UGR): The rates
of any two standard clocks agree if taken along the same worldline. If taken along
different worldlines and intercompared, e.g., by means of electromagnetic signals,
they differ by the standard (o = 0) redshift formula

U(%) — U(%)
» 14+ a) — =

V2 — 11
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Experimental Status of EP cancereing quantum

mechanics and gravity
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» Universality of Free Fall is tested by measuring the E&tvos factor for two
different materials A and B. Typical modern results on macroscopic test
bodies are: a(A) (B)

al —a Status

AB=2.20 7/ 4018

n(4B) a(A) + a(B)

» Local Lorentz Invariance is tested by, e.g., modern versions of the Michelson-
Morley experiment (isotropy of two-way speed of light). Typical modern
results using microwave cavities are:

A
2C <1010
(o]

Note that Michelson-Morley experiments do not cover preferred lightlike
directions, which are much harder to detect (Cohen & Glashow 2006).

» Universality of Gravitational Redshift. Still best test to date is 1976 com-
parison of two maser clocks (Gravity-Probe-A), one of which boosted to an
altitude of 10 000 km by a Scout rocket:

a<7x107°

This is clearly the weakest part of EEP. However, recent re-interpretations
by Midiller, Peters, and Chu (Nature 2010) of some 10-year old gravime-
ter experiments by Peters, Chung, and Chu using Caesium-based atom
interferometers claim improvement by factor 10* (— more below).
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Redshift, WEP, and energy conservation e
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Figure: Gedankenexperiment by NORDTVEDT to show that energy conservation connects anomalous
redshift and violation of WEP. Considered are two copies of a system that is capable of 3 energy states
A, B, and B’ (blue, pink, and red), with E4 < Eg < Epg/. Initially system2 is in state B and placed a
height h above system 1 which is in state A. Attime T; system 2 makes a transition B — A and sends out
a photon of energy hv = Eg — E4. Attime T, system 1 absorbs this photon, which is now blue-shifted,
and makes a transition A — B’. At T3 system2 has been dropped from height h with acceleration g,
has hit system 1 inelastically, leaving one system in state A and at rest, and the other system in state B
with an upward motion with kinetic energy Eyi, = Magah + (Eg/ — Ep). The latter motion is decelerated
by gg, which may differ from g4. At T4 the system in state B has climbed to the same height h by energy
conservation. Hence have E;, = Mpgghand therefore Magah + Mg, c® = Mgc? + Mgggh, from which
we get

v _ (Mg — Ma) — (Mg — Ma) _ ggh Ma g8 —9a (a)
v Mg — Mga c? Mg — My gg
M, — 8
oo A 98— 9a _ 9/9 (1b)
Mg — Mgy 9B SM/M
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One-particle Schrédinger wave in homogeneous force-field

Proposition:y solves the Schrédinger Equation

hZ
2m;

ihdpp = < A — F(t)- i) W

iff
Y = (exp(ia)y’) o d~ T,
where v’ solves the free Schrédinger equation (i.e. without potential).

¢ : R* — R* is the following spacetime diffeomorphism (preserving time)

D(t,X) = (1, X+ £&(1)) .

& is a solution to )
£ty = Fty/m;
with £(0) = 0 and o : R* — R is given by

- . 6.
ot ) = &0 @ +&0) - 5 [ wIér}
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Quantum particle in static homogeneous gravitational field e
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Solutions in HGF

Airy function

» Return-time for particle with energy E ejected at z = z; upwards far from
classical turning point shows no corrections due to tunnelling, unlike for
other potential shapes (corrections o« 2d/v). Have (Davies 2004):

1 1
m;]2 [2h]2
Te=2-|—| -|=| , h=(E - Z.
. [mg] E (E/mgg) — 2

» Eigen-energies (with hard wall at z = 0) and penetration depth are:

1 1
m2g2h2 3 h2 3
Ep=|-2 (=zn), d=|——] .
2m; 2m;mg g
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The NR propagator S
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» For polynomial Lagrangians of at most quadratic order the propagator has
the exact representation

i
K(zp, ty; Za, ta) = F(lp, ta) exp {E Si(zp,tp; Za, fa)}

where F(ty,tz) does not depend on the initial and final position and S is
the action for the extremising path (classical solution). R

» Here we take
L(z,2) = Imiz2 — mygz

and get for parabolic path with downward acceleration g’ (= gmg/m;)

2
m;i (Zp — Z
Sg/ (Zb, l’b; Z3, ta) = flu

2 tb - ta
m,
~ T2y + za)(tp — ta)
/
+ %(tb — ta)*(mig’ — 2mgg)

Terms in red (x myg) originate from the potential part, those « m; from the
kinetic part.
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Headlines of 2010 (Nature)

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

Holger Milller'?, Achim Peters® & Steven Chu'**

Atom gravimeters and gravitational redshift

Arising from: H. Miiller, A. Peters & S. Chu Nature 463, 926-929 (2010).

Miiller, Peters & Chu reply

Replying to: P. Wolf, L. Blanchet, C. J. Bordé, S. Reynaud, C. Salomon & C. Cohen-Tannoudji Nature doi:10.1038/nature09340 (2010)

We stand by our result’. The Comment’ revisits an interesting issue

even for arbitrary simultaneous violations of UFF. Given that a com-
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1999 experiment by Peters, Chung, and Chu

a lLaser pulse ‘ l b le, p, + hky)

t f

ty to+T t,+2T B 192, P + hlky + ko))

Time 191 P2)

Picture taken from Mdller, Peters, and Chu (Nature 2010)
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Atom interferometry with Raman beam splitters

92

Storey & Cohen-Tannoudji (1999)

Figure: Spacetime paths followed by the atoms in the experiment of Kasevich and Chu. Raman pulses
occur at times 0, T, and 2T with four-momenta p; = h(—kq €z, wy) and po = h(ko€z, wp). The insert
shows the atomic level scheme and the directions of the laser beams. Transitions gy — g» and g» — g4
are accompanied by four-momentum transfers Ajop = (—k,w) and Axyp = —Aqop respectively,

where k = k1 + kp > 0and w = wy — wy > 0.

T 2T t
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Total phase shift

» For parabolic trajectories with downward acceleration g’
(g’ = (mg/m;)g on solution paths), we get

Ap = rT?g — kT2(mg/m;) g —xT?g'
—_—— ————— ——

APime Areqshift Aright

» Here g is not measured. It is eliminated through a nearby reference mea-
surement of the acceleration g = (My/M;)g of a corner cube of inertial
mass M; and gravitational mass M.

» Using the Nordtvedt parameter for the atom-cube pair,

(mg/mi) — (Mg/M;)

1 := n(atom, cube) := 2(mg/m,-) +(Mg/M;)

we get for the total phase shift :

2+77~

—kT2g (1 +41n).
2—n

A¢p = —xT?g
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Total phase shift: Interpretation as test of UFF e e
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» The results of Peters, Chung, and Chu (1999) were
—A¢
Kk T2¢2
Cored = 9/ = (1.090 322675 + 0.000000006) x 10~ '8 . m~".

Guaeas * = = (1.090 322683 4 0.000000003) x 10716 . m~1,

New interpretations

» This implies an upper bound on UFF violations of

n(atom, cube) = Smews _ 4 o (7+£7)x 1079,
pred

which is more than four orders of magnitude worse (higher) than the lower
bounds obtained by more conventional methods using classical bodies.

» But Miiller, Peters, and Chu (2010) interpret the findings of Peters, Chung,
and Chu (1999) quite differently ...
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Total phase shift: Interpretation as UGR

v

Since Adgime + Agiigne = 0, Milller, Peters, and Chu say

_HTZQ = A¢ = Adredshift -

Then have

Nop=wAT = —wrBY _ _p98h __ p9hE @ 2
c? c? ITI,'C2 we

Hence clocks must tick at Compton frequency!!!

Being at the 10~ 9 level this interpretation - if tenable - would imply an
improvement of UGR tests by a factor of 10%.

This would be achieved by measuring the redshift in the gravitational field
of the Earth over a distance of 0.12 mm.

“The experiment thus confirms local position invariance by excluding anoma-
lous variations of more than 7 parts in 1028 in the frequency of the Compton
clocks. This corresponds to comparing the elapsed times to ~ 1029 sec”

Exercise: Can that be?
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Political issues

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

Holger Miiller'?, Achim Peters® & Steven Chu'>*

In summary, we improved the precision of measurements of the
gravitational redshift by a factor of 10,000. This compares favourably
to the European Space Agency’s ACES mission, where it is antici-
pated that the gravitational redshift can be tested to a precision of
2 p.p.m. (ref. 5). Moreover, the distance scales of our tests (micro-
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Conclusions regarding Milller etal. S
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» The standard expression
Ap = —HQT2
is uncontroversial.
» |t also seems to be uncontroversial that a violation of UFF will modify it to

A¢ = kgT?g(1 +n)

Conclusions

» Given Nordtvedt’s Gedankenexperiment, this entails a dependence on «,
albeit suppressed by §M/M according to (1b).

» However, in case of violations of UGR, Miller etal. direct proportionality to
1+ a):
A¢ = —rgT?g(1 +a)(--+)

The theoretical justification of this is, in my opinion, missing.

15/18



Self-Gravity of Matter Waves?

» The Schrodinger-Poisson system (as approximation to semi-classical Ein-
stein equation)

2
ih@ = —h—Aertb \
ot 2m

AP = 47Gm |W|?

» A stable ground state exists (Lieb 1977), which is of energy (Tod et al.
1998-2003)

2 5 4
£ — 0163 ° o — —0.163-mc?- <ﬂ>
I mp

» For m < mp = 10"%u this is well bounded away from black hole formation
and the Newtonian approximation can be trusted.
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The time-dependent SN-Equation Some basic issues
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t=0s

t=20000s
t =40000s

Gravitational collapse

» Time evolution of rotationally symmetric Gaul3 packet of initial width 500 nm.
Collapse sets in for masses m > 4 x 10° u, but collapse times are still very
long indeed.

» This is a 108 correction to earlier simulations by Carlip and Salzman (2006),
though not outrageously beyond experimental reach.

» More in D.G. & A.GroBardt: Classical and Quantum Gravity 28 (2011)
195026.
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Conclusions

» No effect of self-gravity on quantum mechanical systems have so far been
seen in laboratories.

» The Schrédinger-Newton equation can be derived from the Einstein-Klein-
Gordon or Einstein-Dirac system in a NR approximation.

» It leads to inhibitions of dispersion, albeit in mass-widths ranges drastically
different (less favourable) from that anticipated in Carlip & Salzman 2006.

» However, the interpretation of the SN-equation and its applicability to re-
duced centre-of-mass motion of single molecules is unclear. (Rather, self-
gravitating condensate?)
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Conclusions

» No effect of self-gravity on quantum mechanical systems have so far been
seen in laboratories.

» The Schrédinger-Newton equation can be derived from the Einstein-Klein-
Gordon or Einstein-Dirac system in a NR approximation.

» It leads to inhibitions of dispersion, albeit in mass-widths ranges drastically
different (less favourable) from that anticipated in Carlip & Salzman 2006.

» However, the interpretation of the SN-equation and its applicability to re-
duced centre-of-mass motion of single molecules is unclear. (Rather, self-
gravitating condensate?)

THE END
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