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Gravity Quantum
physics

All tests thus far are consistent with either quantum
mechanics with Newtonian gravity or general relativity
with classical mechanics.



Gravity Quantum
physics
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.? How about the atomic clocks?

Time of the clock is a classical parameter.



Gravity Quantum
physics

Importance of testing the foundational principles of the two
theories jointly, e.g. quantum superposition + time dilation



Outline

Probing the overlap between quantum mechanics and
general relativity:

= Superpositions of ,clocks”
= Decoherence due to time dilation

= Superposition of space-times ?



Matter-wave intereference in a
gravitational field

Neutron interferometry
R. Colella, A. W. Overhauser, S. A. Werner,

PRL 34, 1472-1474 (1975)

Atomic fountains
H. Miiller, A. Peters, S. A. Chu,

Nature 463, 926-929 (2010)




Matter-wave intereference in a
gravitational field

Gravitational potential

Ti fflight ¢
Ime ot g | induces a relative phase
m gAxt
Ad =
=3
| Explainable by:

= a potential in absolute time

= analogue to a charged particle
in EM field

* independent of whether
a particle is a ,,clock” or a ,rock”




Beyond Newtonian gravity: Time-dilation

Initially = synchronized  clocks  will
eventually show different times when

placed at different gravitational potentials.
Clock closer to a massive body ticks slower

than the clock further away from the mass.
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Superposition of a clock

“Clock”- a system with an evolving in time degree of freedom

GR: time shown by the clock

depends on the path taken
running clock in

a superposition g QM: either path or interference
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Superposition of a clock

GR: time shown by the clock

depends on the path taken
running clock in

a superposition g QM: either path or interference

QM+GR: interference cannot
be observed since the which-
path information is stored in
the clock time




Clock switched off

GR: time shown by the clock

switched off clock depends on the path taken

in a superposition .. interference

QM: either path or interference

QM+GR: interference cannot
be observed since the which-
path information is stored in
the clock time




Relativistic time dilation

The rest energy E,.: 1S an invariant quantity:

__§j LV - . Y.
Pu 9" =g’ PuPv —[— ( E:‘Gst/ c) ]\ﬂlftotal mass-energy in
the co-moving frame

In laboratory frame

Hamiltonian in lab frame: H? = ¢?p§ = —goo(Efese + ¢*pipjg")

Mass-energy equivalence: E,,., = mc? + H,p,

Rest mass Rest energy of the clock
(internal degree of freedom)

Stationary metric, weak-field approximation
goo = —(1 4+ 2®(x)/c* + 20%(x) /c*) and gi; = 6;;(1 — 2®(x) /c?)

Potential



Relativistic time dilation

The low energy expansion of the Klein-Gordon field:

Lammerzahl, C. A Hamilton operator for quantum optics in gravitational fields,
Phys.Lett. A 203, 12-17 (1996)

= = p Hclock
— 2
H =mc +Hclock+—2 (1— 2 >+

SR time Newtonian Grav. time
dilation coupling dilation

Can be obtained simply from

+m X
Zmrest T€St¢ ( )

= p
and the mass-energy equivalence

QM on fixed background space-time

L L ~ Hciock
with time dilation (but no curvature) Myest > M+ ———

c?2



Superposition of a clock

A2
p clock
H=mc?+ Hclock + — Zm mcz +

SRtime  Newtonian Grav. time
dilation coupling dilation

controllable
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Superposition of a clock

GR corrections
1 1 AEgAxt gAxt
P ZEiECOS< 2hc? )JCOS @mcﬂ{(ch\:”]J’"') hcz)

Phase from the Phase proportional to
Newtonian potential average internal energy

Visibility

AE=E1_EO

e dashed, black line: the “clock”
switched off: cos (mgh AT /h)

e blue line: phase with the “clock”
switched on

e thick, red line: modulation in the
visibility




Visibility loss

1 . Entanglement between
- —i(p+A¢)
[¥) V2 (|Y1>|T1> te [V2)I72) ) the path and the clock

Py = 5 * 3|(T1|m2)| cos (Ad + o+ ¢)

% Visibility: Distunguishability:
V=[nlr) D=y1-[n[n)?

A\ N

i V2+D%=1

Interferometric visibility drops to
the extent to which path information
becomes available from the “clock”.
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Visibility loss

/ Difference in proper time

hm
\ Orthogonalization time t;, = AL

For w = 10°Hz one needs
Axt = 10 m - s (still challenging)

Not explanaible without:

= gravity as metric theory,

= proper time T flows at different
rates — time dilation

= jff a particle is an operationally
well defined ,clock”




Testing alternative theories
(proper time as a degree of freedom)

[T,m]= ih Mass and proper time as conjugate observables

switched off clock
in a superposition |1-1)

No interference

(T1]T2) = 612

*= Proper time as a hidden additional
quantum degree of freedom?
* Internal ,clock”?,Compton clock”?

D. M. Greenberger, ]. Math. Physics 11, 2329 (1970), ibid 11, 2341 (1970).



Testing the couplings

mae(x)/c? Newtonian gravity Localized rock
H1ock P (x)/c? Classical time Localized clock Yes
dilation
mae(x)/c? Gravitationally ,Rock” in a spatial Yes
induced phase superposition
H1ock P (2) /2 Visibility loss Clock in a spatial No
superposition

M. Zych, F. Costa, I. Pikovski, C.B,,
Nature Communication 2:505, (2011)

M. Zych, F. Costa, I. Pikovski, T. C. Ralph and C.B.,
Class. Quantum Grav. 29 224010 (2012) (Highlight of CQG 2012/2013)



Visibility modulation: general state

Center-of-motion degree of freedom

Initial state: p(0) = R Pint(0) Internal degree-of-freedom

| 1 o 1 | | |
State at time t: p(f) = 3|‘}1(f))(’}1(1‘)| ® Pint~, () + 3|“:2(t)>(":2(1‘-)| R Pint.o ()
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Composite system under time dilation

Model: Particle has N internal harmonic
oscillators: N

Hine = Z njhw;
i=1
Each constituent in equilibrium at
temperature T:

1 _
— jdzaie_lailz/"i |a; W]
n;

Pi=n

GR time-dilation induces interaction with
center-of-mass position X:

N
. _ hgx
H=mgx+— ) nw;
C
i=1



Decoherence due to time dilation

Initial superposition state:

1
[Yem) = \/—§(|x1) + |x2))

Total state
. N
p(0) = §(|x1)(x1|+|x2)(x2| + |x2)(x1|+|x1)(x2|) 1Y HPi
=1

Quantum coherence reduces:

_(L)Z 1 116 days
V(t) = [(x|TrS [p(O]|x2)| = e \Taec 2424  3.510%s

1018  1.710°°s

o _ |2 _he 102 107Cs
dec ™ IN kgTghx

T = 300K,Ax = 1mm, g = 10m/s?




Decoherence due to time dilation

Initial superposition state:

1
[Yem) = \/—§(|x1) + |x2))

Total state

N
1
p(0) = §(|x1)(x1|+|x2)(x2| + |x2)(x1|+|x1)(x2|) 03¢ HPi
i=1

Relativistic, quantum &

Quantum coherence reduces: thermodynamical effect

V(© = (T [ Ol|)] ~ e

No collapse, regular QM+GR
Proper time difference
Different from Anastopoulos

/2 hc?
Tdgec = N kTaAx and B. L. Hu, Blancowe
519 = No, external“ environment




Master-equation

2
Pem (t) = T3 [Hcm + (m + 2 >gx: pcm(t)] - Nt( 7 2 > [x; [, pcm(t)]]
]\ J
| |
Unitary part. , A piece of iron weighs Decoherence into

more when red-hot than when cool” position basis

Off-diagonal elements supressed:
2

t
<x1|pcm(t)|x2> ~ pcm(O)e (Tdec)
e No dissipation

e (Gaussian decay 2 Re?
e Position pointer-basis tdec = 'y kT gAx

[. Pikovski, F. Costa, M. Zych, C.B., Decoherence due to time dilation, ArXiv:1311.1095




Quantum Causality
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Superposition of a clock Localized clock
Fixed backgroud Superposition of backgrouds

Entanglement between clock’s time and the
relative positition to the mass



Causal Processes

Alice

Uz 1)

) )
U Uz |¥)
Bob
Channel from Alice to Bob Channel from Bob to Alice

Time-like separated events;
Quantum circuits



y,ouperposition of Quantum Circuits”
Quantum control of gate order

10)1

1),
Path degree of freedom
\’ (control)
. 1
%“0)1 D))y —— =0y, U Us[)z +[1)1 U1 Usl9h)2)

V2

Internal degree of freedom

G. Chiribella, G.M. D’Ariano, P. Perinotti, & B. Valiron, Phys. Rev. A 88, 022318 (2013).



Computational advantage

Promise:
Bob [U1,U,] =0or{U;,U,} =0

Alice

1 . .
E(|O)1U1U2|1/J>2 +|1)1 UpUql9)2) 0),[U1, U2]|¥)g + |1)1{U1, U2}|2),

Single query of each gate enough.
Causal quantum algorithms require at least two queries of one of the gates.

G. Chiribella, G.M. D’Ariano, P. Perinotti, & B. Valiron, Phys. Rev. A 88, 022318 (2013).



Reduction of query complexity

Reduction of the query complexity from 0(n?) to 0(n) for n
gates using quantum controlled ordering of gates.

M. Araujo, F. Costa, C.B., Phys. Rev. Lett. 113, 250402 (2015) (Editor’s Suggestion).



Experimental Demonstration

b)

FC § BS

state | HWP
Prep. POL

Group of P. Walther,
University of Vienna,
arXiv:1412.4006

APD
Port 0

» 4 4
a BS e
o awe AT R
i HWP ==
- Qw} . 2 Probability of success
QWP HWP QwP
| i Average measured:
ek amL 5 0.970 + 0.024
: S
= | * Max. causal: 0.92
A
&C

ko, |6, o, 0,0, 0,0, 6,0, 0l 0,0, 0,0, 6,0, 0,1 0,0, 0,0, 0,0,

Unitaries used: U;-U,



Quantum control of gate order
via superposition of masses

Consider two events Uy and Uy defined with respect to the clock A and B,
respectively.

proper —~s Ty T (\E}rﬂ per
time of fime of
clock A UA clock B

U, is in a causal future of U when U, is in a causal past of Uy when
mass is placed closer fo A masss is placed closer to B

Causal order between events Uy, and Ug can be changed due
to gravitational time dilation.




Quantum control of gate order
via superposition of masses

UaU3|S)

mass closer
to A

U in a causal +
future of Uy

Ux in a causal
past of Uy

mass closer
to B

Mass in superposition: (|LYss + |R)as)|S) = | LY UalUs|S) + |RY e UpUA|S)

The mass measured in the superposition basis :

,Superposition of
(LY EIRIM)(UaUp = UglUp)ls)y = »77PP

quantum circuits”



Quantum Causality

% Brukner, C. Quantum Causality,
Nature Physics 10, 259- 263 (2014).

> Oreshkov, O., Costa, F. & Brukner, C.
ntum correlations with no causal order,
Nature Commun. 3, 1092 (2012).

1. To -. I.ards quantum gravity: a framework for
tic theories with non-fixed causal structure,
} J. Phys. A 40,3081 (2007).

by Jonas Schmole



Summary

Testing the overlap between QM and GR with clocks
* interference visibility as a withess of GR time dilation

» tests of alternative theories

» decoherence due to time dilation

Superpositions of Space-Time?
* new resource for quantum computation
 Iindefinite order of operations

A generalization of concept of space-time? Relevance for
guantum gravity?

A new resource for quantum information processing?
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