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Entanglement
Relativity and entanglement
Entanglement in non-inertial frames

Froper entanglement
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Entanglement

Relativity and entanglement
Entanglement in non-inertial frames
Froper entanglement

Alice falls into a black hole

Current work

Can one prepare states robust to acceleration?

Signaling from a black hole?
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cavities: one-mode scalar field (for simplicity)

single photon excitation
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cavities: one-mode scalar field (for simplicity)
single photon excitation
Separable state:
&) s O Local Operations and Classical Communication
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cavities: one-mode scalar field (for simplicity)
single photon excitation
Separable state:
B ap=|o)d = ) = Local Operations and Classical Communication

Entangled state: Defined as non-separable

I - . Cannot be prepared by LOCC

v ' Maximal correlations when measured in any basis
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For pure states:

Bag=Y .l =2 = Piap=9Y «

Schmidt decomposition
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For pure states:

Blig=Y wli 2 = =9

Schmidt decomposition

Measure of entanglement: von-Neumann entropy S{p} = —Ir{plogs{p
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For pure states:

P AB = T‘ L 3;'1 f — i \B = T‘ cilex (TR ',1

Schmidt decomposition

Measure of entanglement: von-Neumann entropy {p) = —Ir(plogaip))
_"‘:l-.- J ol = i} "! i L] === _"t‘. o)
pap =P P pa = Irpipap)

For mixed states:

Py = T-‘ D b v ; Fl i —

=, Ne¢ analogous Schmidt decomposition

Indeed entropy no longer quantifies entanglement....
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Separable stats: 'AB =
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Separable state: PAB = E @i Py - P

=
.:,'-!'--}-'

Necessary separability condition:

The partial transpose of the density matrix has positive
eigenvalues if the state is separable.
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Separable state: /75— E Py PB

s e

Necessary separability condition:

-

The partial transpose of the density matrix has positive
eigenvalues if the state is separable.

Halleolufoleloly

Entanglement cost
Relative entropy of entanglement

Entanglement of distillation
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Separable state: /45 — E aypy - Pp

(3 &) )

Necessary separability condition:

=0 D €0 8 I &)

-

The partial transpose of the density matrix has positive
eigenvalues if the state is separable.

Entanglement cost
Relative entropy of entanglement

Entanglement of distillation
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Separable state: /5 T E S04 = Py

Necessary separability condition:

i@ OE0 B

A0 6

The partial transpose of the density matrix has positive
eigenvalues if the state is separable.

Entanglement cost
Relative entropy of entanglement

Entanglement of distillation

Logarithmic negativity

_‘\.I:-;: l‘“—".- _.J;:
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What happens if Bob moves with respect to Alice?
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What happens if Bob moves with respect to Alice?

Entanglement between inertially moving parties remains constant although the
entanglement between some degrees of freedom can be transferrad to others.

Feres, Scudo and Temao, PRL., 83, 230402 {2002}, Alsing and Milaum, Quantum Inf. Comput. 2, 487 (2002).
Zingrich and Adami, PRL. 89, 270402 (2002). Pachos and Solano QIC Yol 3, No 2, pp. 113, (2003).
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What happens if Bob moves with respect to Alice?

Entanglement between inertially moving parties remains constant although the
entanglement between some degrees of freedom can be transferrad to others.

Peres. Scudo and Temao, PRL., 88, 230402 (2002}, Alsing and Miloumn, Quantum Inf. Comput. 2, 487 (2002}
Gingrich and Adami, PRL. 89, 270402 (2002). Pachos and Solano QIC Vol 3, No 2, pp. 113, (2003).

Teleportation with a uniformly accelerated partner

Alsing and Milbum, PRL (91) 180404, (2003}

. Teleportation protocol with one uniformily accelerated pariy
* teleportation fidelity decreases as the acceleration grows
. Indication of entanglement degradation.
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What happens if Bob moves with respect to Alice?

Entanglement between inertially moving parties remains constant although the
entanglement between some degrees of freedom can be transferrad to others.

Feres. Scudo and Tema, PRL., 88, 230402 (2002}, Alsing and Milbum, Quanium Inf. Comput. 2, 487 (2002).
Gingrich and Adami, PEL. 89, 270402 (2002). Pachos and Solano QIC Vol 3, No 2, pp. 113, (2003).

Teleportation with a uniformly accelerated parther

Alsing and Milburn, PRL (91)° 180404, (2003}

» Teleporitation protocol with one uniformly accelerated party
. teleportation fidelity decreases as the acceleration grows
. Indication of entanglement degradation.

Study entanglement in this setting
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What happens if Bob moves with respect to Alice?

Entanglement between inertially moving parties remains constant although the
entanglement between some degrees of freedom can be transferrad to others.

Peres, Scudo and Temao, PRL., 88, 230402 (2002}, Alsing and Milourmn, Quanium Inf. Comput. 2, 487 (2002).
iGingrich and Adami, PREL 89, 270402 (2002). Pachos and Solano QIC Vol 3, No 2, pp. 113, (20037

Teleportation with a uniformly accelerated parther

Alsing and Milburn, PRL (91)- 180404, {2003).

. Teleparitation protocol with one uniformly accelerated party
. teleportation fidelity decreases as the acceleration grows
. Indication of entanglement degradation.

Study entanglement in this setting

Entangierr.eni' betw=er. moving cbsarv=rs
__ pgce time in guatum rmechanics and
quantum infermation




‘:a\“rit‘:’l’ 1 Cai‘-’it‘!f 2

|
() U + |1 !

Page 31/83

Pirsa: 04110012



cavity 1 cavity 2
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Rindler coordinates
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Rindler coordinates
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Rindler coordinates
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Rindler coordinates
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The quantization of fields in
/ different coordinates is different!
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linkowski coordinates 2 — 2 - Rindler coordinates =
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linkowski coordinates 2 — 2 - Rindler coordinates =

> Klein-Gordon 2 2 _‘
— — — -, : = E — S -_— Ih\i:
\ 52 > scalar field £ -
= 2 - Mode solution = (47 '
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linkowski coordinates o2 — 2 - Rindler coordinates =

Klein-Gordon _ 2 2

\ 557 scalar field

2 - Mode solution =
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Rindler modes

I
I
I
L}
=
e
Il

'

COsnr = |_ — f

Pirsa: 04110012 Page 44/83




Vi )
cavity 2 cavity 2 4
— 65— | :
_-. _\J L d A
—8
o —_ g O S et
o B l 2 _—
2 s = _ F tann r (i) Ny,
2 cosh r £ i I
. 1 Wt “_ Rindler modes
D Y — — A o 8 — P i

Rob is causally disconnected form region II
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Separability condition: B ———_H © i aalelevE
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Separability condition: i = ———— | ——— +tank’r | £ V/Z

finite r: always entangled

Entanglement: N{pag) =loeg,(1+X,) y " b Jl—2— wab?s) +—
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Separability condition: \; = ———— | —=— + tanh® A
ba = [1;_-..-:.-’ 2

Entanglement: Nipar)=log,(1+X,) A 5 e (o + tanh’r) +—
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Pure state: S{paprr) =20 > Sipyni= Siprrr)

Entanglement between Alice+Rob in region 1
With modes in region II
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Pure state: Slparrir) =0 > Stpsri) = Sip

Entanglemiznt between Alice+Rob in region I
With modes in region II

For zero acceleration: Sipipgi) =0 o) sp = (10:320)F + (131

Alice+Bob are maximally entangled and there is
no entanglement with region II
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Pure state: Sipapr ) =0
L~
Entanglement between Alice+Rab in region I

With modes in region II

For zero acceleration:

Alice+Bob are maximally entangled and there is
no entanglement with region II

For finite acceleration: the entanglement between Alice+Rob is degraded

and entanglement with region II grows
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» Entanglement: goes to zero
* Mutual information: goes to 1

irsa: 04110012




« Entanglement: goes to zero
* Mutual information: goes to 1
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« Entanglement: goes to zero
» Mutual information: goes to 1
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* Entanglement is
observer dependent
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* Entanglement is
observer dependent

» |t was already known
that entropy Is
observer dependent:

Marolf, Terno
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* Entanglement is
observer dependent

» |t was already known
that entropy is
observer dependent:

Marolf, Terno

Well defined notion of entanglement in non-inertial frames:

Observer in the same reference frame as the system
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Schwarzschild space-time: geometry of a spherical non-rotating mass
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Change of coordinates
R—2m = r/Sm
1 —2m/R = (k22 /(1 + (kx)?) =~ (kxr)?
near r=0with Ik = 1 ﬁf

R - j”:
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Schwarzschild Ricclics
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The only restriction on its use for quantum information tasks

IS given by the possibility of exchanging classical communication.

For example, in the case one observer falls into a black hole

classical communication can only be exchanged in one direction.

B
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Protocol: Alice and Rob prepare an entangled state
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Protocol: Alice and Rob prepare an entangled state

Raob sends a light signal to Alice which means measure in the energy basis
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Protocol: Alice and Rob prepare an entangled state

Rob sends a light signal to Alice which means measure in the energy basis

VWhen Alice receives the signal she performs a measurement
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Protocol: Alice and Rob prepare an entangled state

Rob sends a light signal to Alice which means measure in the energy basis

When Alice receives the signal she performs a measurement

This produces an entropy change in Rob’s density matrix: heat
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Protocol: Alice and Rob prepare an entangled state

Rob sends a light signal to Alice which means measure in the energy basis
When Alice receives the signal she performs a measurement

This produces an entropy change in Rob's density matrix: heat
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Protocol: Alice and Rob prepare an entangled state

Rob sends a light signal to Alice which means measure in the energy basis
When Alice receives the signal she performs a measurement
This produces an entropy change in Rob's density matrix: heat

If Rob detects this entropy change he obtained one bit of information from Alice:
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Entanglement between the modes of two cavities is degraded by the
Unruh effect when one on of the cavities is accelerated
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‘Entanglement between the modes of two cavities is degraded by the
Unruh effect when one on of the cavities is accelerated

In the infinite acceleration limit
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‘Entanglement between the maodes of two cavities is degraded by the
Unruh effect when one on of the cavities is accelerated

‘In the Infinite acceleration limit

‘Entanglement goes to zero
‘Mutual information goes to one
-The correlation are only of classical origin

‘Maximal entanglement with region II
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Entanglement between the modes of two cavities Is degraded by the
Unruh effect when one on of the cavities is accelerated

In the infinite acceleration limit

‘Entanglement goes to zero
»Mutual information goes to one
-The correlation are only of classical origin

‘Maximal entanglement with region II

‘Entanglement is observer dependent

Well-defined notion of entanglement:

Proper entanglement
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Entanglement between the modes of two cavities Is degraded by the
Unruh effect when one on of the cavities is accelerated

In the infinite acceleration limit

‘Entanglement goes to zero
»Mutual information goes to one
-The correlation are only of classical origin

‘Maximal entanglement with region II

‘Entanglement is cbserver dependent

‘Well-defined notion of entanglement:
Proper entanglement

‘Our results apply to one party falling into a black hole
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‘Entanglement between the modes of two cavities is degraded by the
Unruh effect when one on of the cavities is accelerated

In the infinite acceleration limit

‘Entanglement goes to zero
»Mutual information goes to one
‘The correlation are only of classical origin

-Maximal entanglement with region II

Entanglement is cbserver dependent

‘Well-defined nation of entanglement:
Proper entanglement
-Our results apply to one party falling into a black hole

‘Relation to the information loss problem and black hole entropy
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The only restriction on its use for quantum information tasks

Is given by the possibility of exchanging classical communication.

For example, in the case one observer falls into a black hole

classical communication can only be exchanged in one direction.
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