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Quantum Fields

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

ol
of

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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Q1" Detector Gap (In units of coupling time)
d/T Detector separation (In units of coupling time)

A/T Detector time delay (In units of coupling time)

A. Pozas, E. M-M, Phys. Rev. D 92, 064042 (2015)
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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)
® 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.Olsonand T. 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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Quantum Fields

dS conformal vacuum Vs Minkowski thermal state
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G. V. Steeg, N.C. Menicucci, Phys. Rev. D 79, 044027 (2009)

Pirsa: 18030036 Page 5/41



Quantum Fields
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Sensitive to topology

E. M-M, A. R. H. Smith, D. R. Terno Phys. Rev. D 93, 044001 (2016)
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Quantum Fields
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Sensitive to topology

E. M-M, A. R. H. Smith, D. R. Terno Phys. Rev. D 93, 044001 (2016)
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What are the limits?

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

Is 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. Kempf. Phys. Rev. A 88, 052310 (2013)

Pirsa: 18030036 Page 10/41



How do we do it?

Requirement: Go beyond the usual approximations in Quantum Optics.

Pirsa: 18030036 Page 11/41



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 usual ‘non-relativistic’ Q.0. fails

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

-Perturbation Theory X

How do we do non-perturbative calculations in Q.0.?
* Harmonic model.
e (Gaussian methods

* Delta-coupling
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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

Squeezed states

3

Squeezed thermal states
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Gaussian States

G.S. are states whose Wigner function is Gaussian

 Thermal states

e (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

~ ~

Oij = <Z,EJ + ' QIT.,'.> — 2(3,) <Ef>

Set of M+N harmonic oscillators

~

. N N N ~ A {,} f’\ {,\ J"I1
X — ((](111"'3(1(1]\13(]11'"1q,N'J?J(]-]1'"3[)(1]\-[‘)p.l1"'3})N) 2

Gi = —=(ai + aj), Di = 2 (‘3:[ — ;)
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Gaussian Evolution

Evolution under quadratic Hamiltonians
H=x"Ft)x = @ Twt)a+ (a"Tgt)a" + a'g(t)a

Preserves Gaussianity

A= (Adyy-- Ay A1y...AN) ",
St f At At AT
a' == (Gg,,.-y08g,,,081,...0y5)" .
B oae, 13 x = A . i A ~ AT
X = (qd] soesQdpryqly - AN Pdy s - - - s Pdpss P1y - - - aPN) ’
1 ; i

A U At 2
((1,.1-, e (1,,',:), Di=—F ((1»..,-, - (1:-5._)

(A,i_ —
SRV R V2

VE. 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) = iﬂ.(t) X ﬁ(t) = 5(t) %o
Symplectic transformations in phase space

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

L i[H(t),%(t)] = L) = QF Y (1S (1),
dt dt

. (0 1 _ ‘ | .
[xaxTJ:‘( ):“"9 F™" = (F + F")
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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:

[F. ]

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:

# PAB ?\

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

Still the effect is non-rotating wave

VE. 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:

PAB = Z PipaA X pp
r
The atoms will NOT get entangled

Too much ‘local’ noise

VE. 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

VE. 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

|} Oy = 0Ag S, OB.g b oy

[P 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,

] l oa1 dap lar

'l\ -
op=8S00S = | Iitp o1 Ipr

% *
AF Br 9f1

!

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
ag = U;’l,g D (—TB,g ) af

[ ] l oa1 1ap Lar

'l\ -
op=800S = | Ihgp o1 Ipr
* *
Ing Ipp oOfa

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

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

|} Oy = 0Ag S, OB.g b oy

)
r I t l
oa1 dap lar

'l\ -
g1 = SopS" = A B, Ipr
* *
Ingp Ipp ofa

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

cay O 0
J1h — 0 g B,g 0
0 0 Jf1

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

Step ;a: field i? arbitrary state. Atoms in the ground state

[ ] l oa1 1ap Lar

o1 =S008S" = | Itz o1 Ipr
Inp Ipp opp
Step 1b: Remove the atoms and prepare a fresh pair

oag O 0
J1h — 0 (73,9 0

0 0 (-Tf,l
Step 2: Repeat the process 1 I

02 = SUH_}S !

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

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

E. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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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 (s1y) =Doyp D' +CC".
the step k+1 becomes

Recast the problem in a

(k+1) __ ¢ . (k)
more familiar form ¥ = (DeD)v" +c

VE. Martin-Martinez, E. G. Brown, W. Donnelly, A. Kempf. Phys. Rev. A 88, 052310 (2013)
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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 (s1y) =Doyp D' +CC".
the step k+1 becomes

Recast the p.r.oblem ina v+ — (D @ D)v® 4 ¢
more familiar form —
If the eigenvalues of D |
are within the unit circle, Vixed = (I =D D) lc.
there is a fixed point

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

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

-Perturbation Theory
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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

Eric G. Brown,' Eduardo Martin-Martinez," "' Nicolas C. Menicucet,” and Robert B, Mann''

We develop a general formalism for a nonperturbative treatment of harmonic-oscillator particle
detectors i relanvistue quantum held theory using continuous-varnable techmgues, By means ol this
we forgo perturbation theory altogether and reduce the complete dynamics to a readily solvable set of first-
order, hinear differential equations, The formalism apphies unchanged to a wide variety of physical setups,
including arbitrary detector trajectories, any number of detectors, arbitrary time-dependent quadratic
couplings, arbitrary Gaussian iitial states, and a variety of background spacetimes, As a lirst set ol
concrete results, we prove nonperturbatively—and without invoking Bogoliubov transformations—that
an accelerated detector i a cavily evolves o a state that s very nearly thermal with a temperature
proportional to its ncceleration, allowing us to discuss the universality of the Unruh effect. Additionally
we quanttatively analyze the problems ol considenng single-mode approximations in cavity held 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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