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Abstract: <span>We will explore different results on& nbsp; relativistic quantum information and general relativistic quantum optics whose aim is to
provide scenarios where relativistic quantum effects can be experimentally accessible. Traditionally, relativistic quantum information has been far
away from the experimental test, but the discipline is close to the transition point where experimental outcomes will soon arise. Not only to bestow
experimental proof on long ago predicted but still undetected phenomena (such as the Unruh and Hawking effects), but also to provide insight into
the relationship of general relativity& nbsp; and quantum theory, and to serve as a& nbsp; source of new quantum technologies.<br>We will show
how it is possible to extract timelike and& nbsp; spacelike quantum correlations from the vacuum state of the field in a tabletop experiment, and how
to use it to build a quantum memory. We will see how geometric phases can help to detect the Unruh effect and how to use what we learn from that
setting to build a quantum thermometer. Finally we will discuss how quantum simulators can be applied to the study of quantum effects of gravity,
and used to predict experimental scenarios way beyond current computational power of classical computers.</span>
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RQI and ‘RQ0O’: Towards
SO ENES




.un mnformation

e Underst: Behaviour and quantum information tasks in non-inertial settings

e Take advau Lavity and acceleration as a feature to }wl‘i'm'ln quantum information tasks

¢ Quantum information & quantum optics tools applied to Gravity: study quantum effects ol gravitation
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Localised Projective VI

Jragan, Jason De

Localised projective measurement of a relativistic quantum field in non-inertial frames
Andrzej D s, Ed

(Submitted on 3 Mar 2012)
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behaviour with acceleration

Montero, M. del Rey, E Martin-Martinez, arXiv:1205.0720

Accepted in PRA)
Andrzej Dragan, Jason Doukas, Eduardo Martin-Martinez, David Edward Bruschi, arXiv:1203.0655
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Andrzej Dragan, Jason Doukas, Eduardo Martin-Martinez,
(Submitted on 3 Mar 2012)
We propose a scheme to study the effect of motion on measuregents of a quantum felc

projective detection of a localised field mode in an arbitrar nce frame. We apply
detectors and to estimate the Unruh temperature of a si rated detector, T

ied out by a finite-size detector. We introduce a model of

ract vacuum entanglement by a pair of counter-accelerating
thod allows us to directly relate the observed effects with
the \r“'I'\[.im-m.\ proper acceleration of the detector
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Localised Entanelement Andrzej Dragan, Jason Doukas, Eduardo Martin-Martinez, In Preparation
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behaviour with acceleration M. Montero, M. del Rey, E Martin-Martinez, arXiv:1205.0720 (Accepted in PRA)

Andrzej Dragan, Jason Doukas, Eduardo Martin-Martinez, David Edward Bruschi, arXiv:1203.0655
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Other (serious) talks

® David E. Bruschi (Entanglement resonances)
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Other (serious) tal

¢ David E. Bruschi (lﬂnt.:mglcmcnt resonances)
® Nicolai Friis (I‘lntanglcmcnt Generation)
® Antony Lee (Finite Size UdW Detectors)

® Tim Ralph (Homodyne detection)

Cannot miss Thomas's talk!
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Berry’s Phase and the Detection of the
Unruh Effect
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E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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What is the Unruh Effect?

Thermal response of
“accelerated detectors” coupled to the
(inertial) vacuum state of a quantum

field
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Geometrical Phases :

H(it)= H(R(¢t),..., Ri(t))

Ry(t),.... Ri(t) Cyclicly and adiabatically varying parameters
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Main idea:
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E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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h

Adiabatic Evolution

We require that if the detector starts in the ground state at time £

it cvnlvcs to thc grnuml state at time {

10g) » e 7e'? 104)

With realistic coupling regimes and the accelerations required this holds extremely well

10
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The Berryv phase acquired is the same for anv inertial detector
YP ] )
regardless of 1ts state of motion

E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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Adiabatic Evolution

We require that if the detector starts in the ground state at time f

it cvnlvcs to thc grnuml state at time {

10g) » e 7' 04)

With realistic coupling regimes and the accelerations required this holds extremely well

10
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The Berry phase acquired is the same for any inertial detector
regardless of its state of motion

But it depends on the acceleration due to the Unruh effect

E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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1 billion times better

Example: Atomic interf‘erometry

/v : - . 2 11 L R ‘
1 * Sustaining accelerations of 10'"¢ for times of nanoseconds
Accelerated

detector

® Previous best result: 1“3.',” Phys. Rev. Lett. 83, 256 (1999)

e |} MH=z nnl.\' l{l”g needed

Inertial detecto

>

E. Martin-Martinez, |. Fuentes and R.B. Mann. Physical Review Letters 107, 131301 (2011)
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1 billion times better:

v = Y(pr) Itcan be used as a Thermometer that doesn’t need to thermalise!

arXiv.org > quant-ph > arXiv:1112.3530

Quantum Physics

Berry Phase Quantum Thermometer

E. Martin-Martinez, A. Dragan, R. B. Mann, |. Fuentes

(Submitted on 15 Dec 2011)

We show how Berry phase can be used to construct an ultra-high precision quantum thermometer. An important advantage of our

scheme is that there is no need for the thermometer to acquire thermal equilibrium with the sample. This reduces measurement times
and avoids precision limitations.

Pirsa: 12060043 Page 15/40



Quantum simulatio 1

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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Quantum simulation

Why?
- Calculations related to the Unruh effect
e - Non-perturbative analysis for strong

couplings (accelerated atoms in cavities)
- ‘ N - Analyse possible many body effects

P. M. Alsing, J. P. Dowling, and G. J. Milburn, Phys. Rev. Lett. 94, 220401 (2005)

Some Previous Resu |t5 N.C. Menicucci, 5.J. Olson, and G.J. Milburn, New Jour. Of Phys. 12, 095019 (2010)

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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S

State of the art: <40 spins, dim JH < 240
Modelling a cube of 7x7x7 spins will take 233 variables
way bigger than the number of protons in the Universe!!!

M. del Rey, D. Porras and E. Martin-Martinez, ArXiv:1109.0209
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M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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Vibrational modes

| == (UL If-l—"f__‘_ (=== 1V /:.- §,
A~ 700 nm aD M @@EOoOdMA G GID
- . :f
Longitudinal vibrations are analogous to acoustic
phonons in solids
12
The parameters of the system can be tuned so o W, /u,u
these vibrations can be described as a Klein- = -
Gordon 1-D field 8
6 -
. 4 . .
I, = E Won@l a.p, d .
“ it e <t . n(mode number)
n % 5 10 15 20

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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* Consider an array of trapped ions
* A laser may induce a internal state-phonon interaction, how?

* Two set of lasers of frequencies W1 and W2 and with time dependent
phases @1 and @2 couple to ion j (Raman) with amplitudes (2 and 2a:

1[{) = E SZ}_{ (ﬂ'(r[w‘;f L‘;.r,} 1Py {"(T e t(wyt A';.:‘Hu,‘;;)

=12

* Where XI'; is the relative position of the ion j. We can work in what is called the
Lamb-Dicke regime with k;/\/2Mw; < 1, and expand the interaction:

Hp ~ ;(OJ (1-— //»';.1‘}},-)("”"! 't + H.c.)

» Writing the ion displacement operators in terms of creation and annihilation operators
T; X a-t HT

* And then by choosing appropiately the laser frequencies, and removing the non-
resonant terms, we can get two different effective interactions:

Hp, = f/(r'(r'ir‘ ‘1 L H.c. Hp, = gotae ?? + H.c.
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* Consider an array of trapped ions
* A laser may induce a internal state-phonon interaction, how?

* Two set of lasers of frequencies W1 and W2 and with time dependent
phases @1 and @2 couple to ion j (Raman) with amplitudes (21 and {22:

1[!) - E SZ)_{_ (n- T ( vwit "‘F-";} tPy _{_ o e t(wyt A'f.!‘, ) 4 {r,‘);)

=12

* Where XI'; is the relative position of the ion j. We can work in what is called the
Lamb-Dicke regime with k;/\/2Mw; < 1, and expand the interaction:

Hp ~ 3(ﬁ+ (1-— !/\';.1‘}-)(“’"! 't + H.c.)

» Writing the ion displacement operators in terms of creation and annihilation operators
r; X a-t (!T

* And then by choosing appropiately the laser frequencies, and removing the non-
resonant terms, we can get two different effective interactions:

Hp, = f/(r'(r'i(‘ ‘1 L H.c. Hp, = gotae ?? 4+ H.c.
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Other proposals

* Also in other systems: circuit QED, atoms coupled to cavities, quantum dots,..., see M.
del Rey, D. Porras, E. Martin-Martinez, arXiv:1109.0209

* Other proposals with trapped ions in different GR settings:

P. M. Alsing, J. P. Dowling, and G. J. Milburn, Phys. Rev. Lett. 94, 220401
(2005)

(Modify the trapping potential, 1-qubit)

N.C. Menicucci, S.J. Olson, and G.J. Milburn, New Jour. Of Phys. 12, 095019
(2010)

(Modify the amplitude and frequency of the laser creating the sidebands)
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The physics of an acc

tv,
Non-equilibrium physics appears naturally in this problem

Recall that How would the simplest case (1 emitter) look like in the lab?

H(t)=g(c" + rr_)(uT +a)+ Qooto™ + woe “Ta'a

g couples: e)|0) < |g)|1)

Landau-Zener-like problem (avoided level-crossing) AL(T) = wpe ¢ —

i 9)[1) \/

, |
A—— P T = :l"f-’.'(wn/““)

> |
€)]0) /\mm

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)

€)]0)
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Landau-Zener mod |

Landau-Zener model (exactly solvable when energy difference
is linear with time) using the parameters of the model adjusting
the fact that

l9)[1) e)|0)

Our model AL‘(T) = wpe ¢ —

landau-Zener AF(7) = FEy — KT

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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Conclusions and Og

We have shown that current experimental techniques can be used to implement quantum
dynamics analog to the effective acceleration of a single relativistic particle.

We have established a connection between accelerated emitters and non-equilibrium
phenomena (Landau-Zener transitions)

\
Work to come: \/nll/lw ! (\j
- Continuum. lQ —/
- Arbitrary trajectories / time-dependent metrics. ) ﬁ‘\‘, 2
- Simulating many modes, many emitters: E: 7
- To some cases our model can be directly extended )
- We expect collective phenomena (Dicke superradiance) to play a role here.

- Generation of multipartite correlations
- Quantum phase transitions

T 0T (T — _—18! T q
Hy =) gim(ofe ™™ +o7e7 ) (af (") + Hoc)

am

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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Conclusions and Ope

We have shown that current experimental techniques can be used to implement quantum
dynamics analog to the effective acceleration of a single relativistic particle.

We have established a connection between accelerated emitters and non-equilibrium
phenomena (Landau-Zener transitions)

Work to come: 4Py re
. il e
- Continuum. -
- Arbitrary trajectories / time-dependent metrics. ~\ 2
- Simulating many modes, many emitters: B 7
- To some cases our model can be directly extended )
- We expect collective phenomena (Dicke superradiance) to play a role here.
- Generation of multipartite correlations
- Quantum phase transitions

T 0T (T — _—18 % q
Hi =) gim(ofe ™D +o7e7 0 0)(af (") + Hoc)

Jm

M. del Rey, D. Porras and E. Martin-Martinez, Phys. Rev. A 85, 022511 (2012)
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Quantum Mechanics gives § = 2v/2

E. Martin-Martinez, M. del Rey and M. Montero (In preparation)
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VEPR)

V2
: | ,
Ny = = sin”(0q — 0p) P Py Ny,
- l ] .
N1, G('HH"{U,, — 0p) P P> N4

Nyt + Ny, — Ny — N,

Il‘uu 0y,

Local realism implies S = 1;,;.1“,,,1 = [lu}_u

Quantum Mechanics gives § = 2v/2

E. Martin-Martinez, M. del Rey and M. Montero (In preparation)
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Formalism: Spatially smeared UdW detectors

Uncorrelated noise: S, < Sy Degrades correlations, smaller

) . d ,!S! .
Correlated noise: S, ~ tanh — | So
2K Ty

For the Aspect experiment = 2

Where d seems to depend on the dimension of the maximally entangled state used

E. Martin-Martinez, M. del Rey and M. Montero (In preparation)
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Formalism: Spatially smeared UdW detectors

Uncorrelated noise: S, < Sy Degrades correlations, smaller

) . d ;!SZ "
Correlated noise: S, ~ tanh — | So
2K Ty

For the Aspect experiment = 2

Where d seems to depend on the dimension of the maximally entangled state used

E. Martin-Martinez, M. del Rey and M. Montero (In preparation)

Pirsa: 12060043 Page 32/40



Pirsa: 12060043 Page 33/40




Pirsa: 12060043 Page 34/40




Satellite-based experiments

Fundamental quantum optics experiments conceivable with satellites

reaching relativistic distances and velocities

David Rideout' “'*, Thomas Jennewein® ', Giovanni Amelino-Camelia’, Tommaso F
Demarie”, Brendon L Higgins® ', Achim Kempf* "', Adrian Kent
Raymond Laflamme® "', Xian Ma“ ', Robert B Mann“ ', Eduardo Martin-Martinez
Nicolas C Menicucei™”, John Moffat', Christoph Simon’, Rafael Sorkin', Lee Smolin’,
Daniel R Terno'

wrent address: Department of hemati ity of Californi ‘ 0RO ) CA \
* Eema drideout Smath, uesd, edu

titute for Quantum Comput Waterle ¥, Canada

ns, DAMTP, University of Cambirid Clambric UK

Thomas Jennewein'’s talk
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Satellite-based experiments

Bell test with detectors in relative motion

Test of Test of

Who measures first? (Interpretational implications)
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Satellite-based experiments

Bell test with detectors in relative motion

E ?*l
< &‘.

| o)
Test of Test of LEO Satellites: 15 km - s~
S\\ S." :
-~ 7 Time shift: — =~ 166 ps - km

xIr
Minimal separation = 60 — 1000 km

Maximum achievable separation (LEQ) ~ 1500 km

Synchronicity requirement ~ 250 ns

Who measures first? (Interpretational implications)

Pirsa: 12060043 Page 37/40



Satellite-based experiments

Fundamental tests:

-Fermi Problem
-Extraction of spacelike entanglement

We would like to maximise sp;u'cfilw separation times

- : : T . Space-like separation -
Kind of experiment | Typical distances R ’ ? _ Feasibility
h times R/c > 1 '

I'abletop 1l m Jns

Earthbound 10 km 30 ps | Possibly with superconduct-
mng Lil:I»H« (1)

LEO satellite-based 1000 km Jms | Barely feasible with ions [78

GEQ satellite-based . 36.000 km l 0.1s [ Well feasible with ions/atoms

Moon-Earth 380,000 km l s [ Feasible with ma roscopic de-
tectors

Solar System la.u 500 s [ Well feasible with macro-

SCOPI detectors
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Satellite-based experiments

-Gravitationally induced entanglement decorrelation
-Microgravity-assisted Berry phase atomic interferometry

-Spacetime probe based on entanglement harvesting
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It is time for us to think of realistic (physically feasible and technologically achievable) settings

* On chip extraction of timelike and spacelike entanglement

» Accelerated cavities (Entanglement resonances)

» Localized projective measurements

» Berry phase assisted Unruh Effect (and more) detection

* Quantum simulations to explore C.F. in QFT in curved spacetimes
* Non-Locality experiments in non-inertial frames

» Satellite-based experiments (Thomas’s talk)
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