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Setting
QUANTUM
BOUNCE

Atoms (or any complex system) will not survive a quantum

bounce
Imagine an ancient (pre-bounce) and very advanced civilization

What would you do if you wanted your legacy to survive?

Encode the information in the quantum field:
detectors and field get entangled.

Assuming optimality, how much information is recoverable nowadays?
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Conclusions

The information can be, for example, Information about quantum gravity!

PHYSICAL REVIEW D 89, 043510 (2014)
Echo of the quantum bounce

Luis J. Garay,i’z Mercedes Martin-Benito,’ and Eduardo Martin-Martinez**°

We identify a signature of quantum gravitational effects that survives from the early Universe to the
current era: Fluctuations of quantum fields as seen by comoving observers are significantly influenced by
the history of the early Universe. In particular, we show how the existence (or not) of a quantum bounce
leaves a trace in the background quantum noise that is not damped and would be non-negligible even
nowadays. Furthermore, we estimate an upper bound for the typical energy and length scales where
quantum effects are relevant. We discuss how this signature might be observed and therefore used to build
falsifiability tests of quantum gravity theories.
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The response of a particle detector today carries the imprint

of the specific dynamics of the spacetime in the early Universe

Decoherence mechanisms?

MOSTLY UNKNOWN

Quantum information impacted, not classical information!

TOP PURLISHING Highlights of the Year 2012: CLASSICAL AND QUANTUM GRAVITY

Class. Quantum Grav. 29 (2012) 224003 (30pp) doi:10.10 1264-938 { 003

Cosmological quantum entanglement

Eduardo Martin-Martinez' and Nicolas C Menicucci®
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How to pick up messages
after they're gone

read the history of the unherse by looking ot the light emitted by hot, distance objects. Sometimas,
arcas gheo out — and their light disagpears. Good news: A new technique might be able to stil read
carried in ihat kong-gone light
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Conclusions
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All events that generate light signals also generate timelike signals (not
mediated by massless quanta exchange), that decay slower.

For a matter dominated universe we find that these signals do not decay
with the spatial separation to the source. Temporal decay can be
compensated by deploying a network of receivers inside the light-cone.

We particularize the discussion to a concrete channel as a mere example
to illustrate the non-decaying behaviour of the information capacity.

Inflationary phenomena, early universe physics, primordial decouplings,
etc, will also leave a timeline echo on top of the light signals that we
receive from them.

THIS MAY INSPIRE INVESTIGATING NOVEL WAYS TO LOOK AT
THE EARLY UNIVERSE VIA THE TIMELIKE SIGNALS
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The Quantum Vacuum

The Vacuum is not empty

BU I?’ BI ING OU Efforts to solve one problem in cosmology often apen up a Pandora’s box of others. For instance,
o speculations about the universe immediately after the Big Bang lead almost inevitably to consid-

I\lOTH“\lGI\l I:SS erations of what came before. One hypothesis s that the cosmos originated from nothing, or--
- more oxtraordinary yet--it may be one of countless universes that have materialized out of empty
space. The key to such assertions lies in the nature of “nothingness.” In everyday understanding,
r nothingness is empty, a vacuum. But to quantum physicists , a vacuum is something else again,
an inherently unstable condition, ripe with latent energy, in which neither space nor time in the

classical sense exists.

According to some theorlsts, the nothingness that precedes space and time may have been the
same kind of fluctuating foam as that of the Planck Era. Perhaps engendered by the vibrations of
some form of protoparticles, these vacuum fluctuations might be visualized as tiny bubbles, like
those shown here. Some bubbles would simply appear and disappear, but others might suddenly
expand into a whole cosmos, In theory, then, our universe may have originated in such fluctuat-
ions, expanded and then collapsed into super massive black hole singularity which then started
our Big Bang creation. This further suggests that innumerable alternative universes, each a sepa-
rate bubble, might exist next door to ours, un reachable from our own space-time.
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Entanglement Harvesting
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(Spacelike) Entanglement Harvesting

cl
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1-D Harmonic lattice in the Ground state

How do we get two systems entangled by means
of local interactions with a lattice in the ground state?

K Y

b]

® @ W@ W@ W@ W@ @ W

N 7
.l

10)

Two possible mechanisms.
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1-D Harmonic lattice in the Ground state

A

B
e ®
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1) Communication via phonons

irsa: 17030034 Page 13/82



1-D Harmonic lattice in the Ground state
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1) Communication via phonons
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1-D Harmonic lattice in the Ground state
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1) Communication via phonons
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1-D Harmonic lattice in the Ground state
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1) Communication via phonons
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1-D Harmonic lattice in the Ground state

1) Communication via phonons

( 'ﬁ
\\_. &

paB # Y Di pPA D PB

Limited by the speed of ‘sound’
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1-D Harmonic lattice in the Ground state

There’s another possibility:

Take advantage of pre-existent entanglement

i J

® @ W@ W@ @ w—@ @ w—

N _/
.l

|0)

irsa: 17030034 Page 18/82



1-D Harmonic lattice in the Ground state

‘Non-local’ basis: Normal modes [0),[1),[2),...

‘Local’ basis: individual number states {|:.....7,...,nj,...)}

0) # @) [0n)

i J
® @ W@ W@ @ W@ @ W
0)
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1-D Harmonic lattice

0) # () 0n)

pij = Wazi i 0)(0] # > prpi © py ;
p .
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1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement
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1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement
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1-D Harmonic lattice in the Ground state

Local coupling to the vacuum: Observed fluctuations are correlated

A

. .
. .

B

. L
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2) Swapping ground state entanglement
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1-D Harmonic lattice in the Ground state

Local coupling to the vacuum: Observed fluctuations are correlated
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2) Swapping ground state entanglement
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1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement

i L
® @ W@ W@ W@ @@
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1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement
‘e @
._ )

paB # Y pi pPA D PB

NOT Limited by the speed of ‘sound’
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Quantum Fields

A 1D quantum field can be thought as the ‘continuum limit’ of such a lattice

ol
ol

Two mechanisms to get ‘atoms’ entangled via interaction with quantum fields:

1) Via exchange of real field quanta

2) Swapping vacuum entanglement
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Can we extract vacuum entanglement?

Scalar fields and Unruh-DeWitt detectors:

® A. Valentini, Phys. Lett. A,153, 321 (1991)
® B.Reznik, Found. Phys. 33, 167 (2003)
o A.

Pozas-Kerstjens and E. Martin-Martinez, Phys. Rev. D 92,064042 (2015)

Electromagnetic fields and atoms:

® A.Pozas-Kerstjens and E. Martin-Martinez, Phys. Rev. D 94, 064074 (2016).

Sensitivity to spacetime geometry:
® G. V. Steeg and N. C. Menicucci, Phys. Rev. D 79,044027 (2009)

Sensitivity to spacetime topology:
® L. Martin-Martinez, A. R. H. Smith and D. R. Terno, Phys. Rev. D, 93,044001 (2016)

Experimental proposals:

e S.J.OlsonandT. C. Ralph, Phys. Rev. Lett. 106, 110404 (2011).
® (. Sabin, B. Peropadre, M. del Rey & E. Martin-Martinez, Phys. Rev. Lett. 109, 033602 (2012)
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What are the limits?

Can we repeat the process cyclically?
|s the vacuum entanglement in a cavity replenishable?

|s there a ‘Carnot-like’” optimal extraction cycle?
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Can we do it sustainably and realiably?

Not with the swapping mechanism alone...
Entanglement resources get exhausted: Entropy increase: Heating, mixedness, ...

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Can we do it sustainably and realiably?

| Not with the swapping mechanism alone...
| ...But yes combining swapping and communication

-~

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempl. Phys. Rev. A 88, 052310 (2013)
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Can we do it sustainably and realiably?

Not with the swapping mechanism alone...
...But yes combining swapping and communication

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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How do we do it?

Requirement: Go beyond the usual approximations in Quantum Optics.
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The Light-Matter interaction

In a fully relativistic approach, the usual approximations break down

-Rotating Wave Approximation
-Single Mode Approximation

-Perturbative Approximation

There are effects not predicted by the approximated theory:

Example: "Dynamical Casimir Effect” Chris Wilson et al. Nature 479, 376-379, 2011

Let us get some insight into these approximations
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The Light-Matter interaction

o0
H, = )\ ((T+“""SZT — erZT Z {” tm. t(7) + aje i.q,s_.’!.[T)J sin /\TJ'.I.'(T),
7=1

Models the interaction of a two-level system with a scalar field

. =1 . Oy ()
g aj, 0 a; Rotating-wave terms ST —w;t(7)]

o-a;, o'al  Counter-rotating wave terms  ¢![?7+it(7)]

Atom at rest: (1) =mo, UT)=T
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Two kinds of terms

, Q R
II(] ~ 5 o Z W f'l..li-(l_-,,'
- J

o0

Hy = A (r?‘ Fo) zﬂ [uqli Fa } sink;x
I 7, j gl gl
1=l
octa;, o uT 1
'E ' Rotutmg-wa\-'e terms
- + 1 C ot . .
g az, 0 a; ounter-rotating wave terms

Page 37/82



Pirsa: 17030034

Two kinds of terms
Hu;—(T +Z“" a u,

Hi= A (o +0) S {u__, + u.._,-] sin k; .,
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Two kinds of terms
Hu;—(T +Z“" a u,

Hi= A (o +0) S {u__, + u.._,] sin k; .,

J=1

Tag, 11,) 19) — 10)

e)

o"al,|0)|g) — [1u) e)
} f .
g aj, 0 Q Rotutmg-wa\-'e terms
o aj, O +f'f-__.],: Counte r-rotating wave terms
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Two kinds of terms
Hu;—(T +Z“" a u,

Hi= A (o +0) S {u__, + u.._,] sin k; .,

J=1

Tag, 11,) 19) — 10)

e)

o"al,|0)|g) — [1u) e)
} f .
g aj, 0 Q Rotutmg-wa\-'e terms
o aj, O +f'f-__.],: Counte r-rotating wave terms
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Two kinds of terms
Hu'——(T +Z“" a u,

Hi= A (o +0) S {u__, + u.._,] sin k; o,

J=1

fau L) lg) — 0)fe) i@
otal|0)lg) —> [Lu)le) T
olaj, o ”l Rotating-wave terms
o aj, O +f'f-__.],: Counte r-rotating wave terms
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usual approximations in QO

Typical approximations made in quantum optics when wo

y ) 7 71 . . -
AT > w, Single mode approximation
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usual approximations in QO

Typical approximations made in quantum optics when wo

y ) 7 71 . . -
AT > w, Single mode approximation

L—=o0

o
lim / dt, e'\womwilli o AT

to—r—o00 " to
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AT > (2wo) Rotating-wave approximation
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usual approximations in QO

Typical approximations made in quantum optics when wy = w;
y / i 71 . . -
AT > w, Single mode approximation

ot
lim / dty e'wo—willv o AT

to s e o
lim dt, (:“(w”_w'“')t‘ ~ AT <(3_1(U~’n—u—’-.,,)t| > ~—
!.(:Ji\%o Jto (wo — wn)

AT s (9 | . . .
AT > (2wo) Rotating-wave approximation

ot
]ITTI / (\1!1 C_l(u-:(] -+ L,L-.”)t] ~ AT <(_,.l(uu{] +'Uv-”,)f--| > N

f—}DG w w
to— —oo “ to ( 0+ n)
Rotating-wave approximation =  No 'vacuum’ fluctuations
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The usual ‘non-relativistic’ Q.0. fails

-Rotating wave approximation X

-Single (or few) mode approximation X
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The usual ‘non-relativistic’ Q.0. fails

-Rotating wave approximation X

-Single (or few) mode approximation X

-Perturbation Theory
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The usual ‘non-relativistic’ Q.0. fails

-Rotating wave approximation X
-Single (or few) mode approximation X

-Perturbation Theory X
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The usual ‘non-relativistic’ Q.0. fails

-Rotating wave approximation X
-Single (or few) mode approximation €3

-Perturbation Theory X

How do we do non-perturbative calculations in Q.0.?

« Harmonic model.

 (Gaussian methods

irsa: 17030034 Page 51/82
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Non-perturbative / Non-RWA / Non-SM
Relativistic light-matter interaction

PHYSICAL REVIEW D 87, 084062 (2013)
Detectors for probing relativistic quantum physics beyond perturbation theory

. I . . 123 nr: 4 1.3
Eric G. Brown, Eduardo Martin-Martinez, Nicolas C. Menicucci,” and Robert B. Mann

We develop a general formalism for a nonperturbative treatment of harmonic-oscillator particle
detectors in relativistic quantum field theory using continuous-variable techniques. By means of this
we forgo perturbation theory altogether and reduce the complete dynamics to a readily solvable set of first-
order, linear differential equations. The formalism applies unchanged to a wide variety of physical setups,
including arbitrary detector trajectories, any number of detectors, arbitrary time-dependent quadratic
couplings, arbitrary Gaussian initial states, and a variety of background spacetimes. As a first set of

concrete results, we prove nonperturbatively—and without invoking Bogoliubov transformations—that
an accelerated detector in a cavity evolves to a state that is very nearly thermal with a temperature
proportional to its acceleration, allowing us to discuss the universality of the Unruh effect. Additionally
we quantitatively analyze the problems of considering single-mode approximations in cavity field theory
and show the emergence of causal behavior when we include a sufficiently large number of field modes in
the analysis. Finally, we analyze how the harmonic particle detector can harvest entanglement from the
vacuum. We also study the effect of noise in time-dependent problems introduced by suddenly switching
on the interaction versus ramping it up slowly (adiabatic activation).
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Gaussian methods in QM

Quantum Mechanics is computationally difficult

* Set of N harmonic oscillators
» Density operators are infinite dimensional

Not the whole Hilbert space is needed here.
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Gaussian States

G.S. are states whose Wigner function is Gaussian

 Thermal states
« (Coherent states

X « Squeezed states

e Squeezed thermal states
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Gaussian States

G.S. are states whose Wigner function is Gaussian

 Thermal states

« (Coherent states

X « Squeezed states
e Squeezed thermal states

e The vacuum state
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Gaussian States

A zero mean Gaussian state can be characterized by its first and
second moments

~ ~

Oii = (TiZ; + T;25) — 2(T4)(Z;)

Set of M+N harmonic oscillators

~ ~ A ~ ~ o~ ~ ~ ~ T
X = (qd] yoeeaQdpryqQly oo - AN Pdyy o+ s Pdpgs P1y - - - ’pN) )
X 1, X R 1, .
q; — ——= ((1.?'__ -+ (J,I), D: = ((7:[ — (77)

v e
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Gaussian Evolution

Evolution under quadratic Hamiltonians
H=x"F(t)x = (a"Tw(t)a+ (a"Tgt)a’ + a'g(t)"a

Preserves Gaussianity

a:=(Ggy,... 04y, 01,...45)",
AT al AR ~T\T
a' = (ag,...,0q 0y, Lan) .
A ~ ~ -~ - oy Py R PRy T
— (q(i] s dpryqly - - dNPdyy - - - s Pdpss P1y - - - ﬂpN) ’
A 1 . 1. .
qi = \/E(” + (Il)a. Pi = 7( 0! (I“z'-_)

E. G. Brown, E. Martin-Martinez, N. C. Menicucci, R. B. Mann. Phys. Rev. D 87, 084062 (2013)
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Gaussian Evolution (no displacements)
Unitary transformations in Hilbert space
x(t) = U (t) %o U(t) = S(t) %o
Symplectic transformations in phase space

o(t) =S(t)ooS(t)",

Sx(0) = i[A(0),x(0)] > 5S(1) = QF(HS().

A (0 1 _ . | .
[X,XT] =1 ( ) —: 1) Fsym — (F + Fl)
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Applied to the light-matter interaction?

The first M harmonic oscillators are atoms

The next N — oo harmonic oscillators
are modes of a quantum field in an optical cavity

* Non-perturbative
* (Generically time-dependent problems

» |deal for relativistic approaches

* |deal for cases where you need to relax approximations
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Towards Entanglement Farming

Let us consider the following setting:

[ 7. ]

Two atoms going through an optical cavity prepared in the vacuum

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Ja  Virus definitions update

Towards Entanglement Farming HEs====

a

Let us consider the following setting:

[ -7 ]

Two atoms going through an optical cavity prepared in the vacuum

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

Let us consider the following setting:

The atoms get slightly entangled
If they spend enough time, both mechanisms in place

Still the effect is non-rotating wave

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Y

Let us consider the following setting:

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempl. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

Let us consider the following setting:

) 9)

LI

B
stk sczxgys

PT

Two atoms going through an optical cavity prepared
in a thermal state

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

Let us consider the following setting:

) 9)

LI

B
stk sczxgys

PT

Two atoms going through an optical cavity prepared
in a thermal state

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)

Pirsa: 17030034 Page 69/82



Towards Farming

Let us consider the following setting:

PAB = ZP@ PA R PR
i

r Ty

The atoms will NOT get entangled

Too much ‘local’ noise

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

It would seem this setting is not so great to get atoms entangled

Not robust under finite temperatures:

The amount of entanglement extracted vanishes quickly as the
temperature increases

What if we repeat the process iteratively?

We send many pairs of atoms initialized in the ground state

Let us analyze the dynamics of this process

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

Step 1a: field in arbitrary state. Atoms in the ground state

) ) o) = OAyg O OB,g b o¢

[F 7]

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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Towards Farming

Step 1a: field in arbitrary state. Atoms in the ground state

L,

o) =0A,qgDop,gDor

] l (-TA,'l I4 R I4 F

rl1 -
o1 = SopS = A oB1 IBr

% % .
AF Br  Of1

!

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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B S s

Step 1a: field in arbitrary state. Atoms in the ground state

o) =0A,qgDop,gDor

lg) )
T P t l
oan lap lar

o1 = SopS" = A oB1 IBr
ar Aprp o5
Step 1b: Remove the atoms and prepare a fresh pair
OA.g 0 0

O1ph — 0 O-B,g 0
0 0 gf1

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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B S s

Step 1a: field in arbitrary state. Atoms in the ground state

L,

Step 1b: Remove the atoms and prepare a fresh pair

o) =0A,qgDop,gDor

] l (-TA,'l I4 R I4 F

rl1 -
o1 = SopS = A oB1 IBr

!

% % .
ar Ipr gf

O-"\ e U ()
O1h = 0 oy O
0 0 (-Tf,l
Step 2: Repeat the process l I

09 = SUIbSl

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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B S s

Step 1a: field in arbitrary state. Atoms in the ground state

o) =0A,qgDop,gDor

lo) lo)
? ? l
oca1 1lap Iar

o1 =800S' = | Iip o1 Ipr
Iap Igp o0fn
Step 1b: Remove the atoms and prepare a fresh pair

OA.g 0 0
J1ph — 0 O-B,g 0

0 0 (-Tf,l
Step 2: Repeat the process l s

09 = SUIbSl

Step 3: Iterate to obtain 03,04,05, ..
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Fixed point

Is there a fixed point in this iterative process?

Consider th lectic matri g_|A B
onsider tne sympiectic matrix = C D
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Fixed point

Is there a fixed point in this iterative process?

Consider th lectic matri g_|A B
onsider tne sympiectic matrix = C D

The partial state of - -
the field at o ki1 = Do D' +CCh.
the step k+1 becomes

Recast the problem in a

more familiar form v = (Do D)v" +c
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Fixed point

Is there a fixed point in this iterative process?

Consider th lectic matri g_|A B
onsider tne sympiectic matrix = C D

The partial state of - -
the field at o ki1 = Do D' +CCh.
the step k+1 becomes

Recast the problem in a (k+1) _ : (k)
more familiar form v = D@DV +c
If the eigenvalues of D

are within the unit circle, Viixed = (I =D ® D)*lc.
there is a fixed point
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Fixed point

How common is that fixed point?

If the interaction time is long enough there always exists a fixed point

Can we extract entanglement from that fixed point?
How fast do we go towards the fixed point depending on the initial state?

Entanglement can be extracted!

N x 10
3

) T

0 . - ' ' '
0 100 200 300 400 500
cycles
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Fixed point

How common is that fixed point?

If the interaction time is long enough there always exists a fixed point

Can we extract entanglement from that fixed point?

How fast do we go towards the fixed point depending on the initial state?

Entanglement can be extracted!

q -3

N x10° x 10
3 . - - ; 3

) 5\ . Increasing the temperature
10) P delays the fixed point
2 l" o IREEERRRNNI 26
15 ," | 2.4\/_\
! 0.5 n' .“ Py dhnrau
1 : T = 1 Py ‘-'\_\‘--‘.‘.o“k
3 But not much!
0.5 ' 2 5 \:‘:
0_.-_.--_‘:..” . . " . 1.8 ,I ’-- ‘.
0 100 200 300 400 500 0 0.5 1 1.5 2 2.5 3
cycles cycles % 10"
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