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Qubits
The Simplest Quantum Systems
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Describing Entanglement

Separable state:

Local Operations and
|¢>AB 7 |¢>f ®|l//>23 — Classical Communication

Entangled state:
Defined as non-separable Cannot be prepared by LOCC
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Quantifying Entanglement

For pure states:

9, = (@, 1)%) =0 19), = X,

ij X
Schmidt decomposition
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Measure of entanglement: von-Neumann entropy

Pap = |¢><¢| :>S(p) o —Tr[plog2 p]:>S(pAB) =0

Pa="T[pu] = S(p,)=5(p,)
Problem: mixed states

D = Z(a)iﬂd l>|]><k|<l|) —, No analogous Schmidt

decomposition
ijkl

Entropy no longer quantifies entanglement....

Reduce




Mixed State Entanglement

Separable state: i = Z(XUP; ® Pl‘]g

Necessary separability condition:

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

To determine separability is easy

To measure entanglement is not

Mutual information

1(Pas)=S(pa)+S(ps)=S(Pas)

Total correlations quantum + classical






Relativistic Entanglement

What happens if Bob moves
with respect to Alice?

Inertial Frames:

e Entanglement constant between inertially Peres,Scudo and Terno

moving parties AlSII‘?g and Mllburnl
Gingrich and Adami

e Some degrees of freedom can be transferred Hathns At SUhe,

to others

Non-inertial frames: Alsing and Milburn, PRL 91 180404, (2003)

Teleportation with a uniformly accelerated partner

e teleportation fidelity decreases as the acceleration grows
e Indication of entanglement degradation.

Our motivation: Study entanglement in this setting



Bosonic Entanglement for
Uniformly Accelerated Observers

Alice Bob
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| ¢>AB J Fuentes-Schuller/Mann
Phys. Rev. Lett. 95:120404 (2005)
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Where did the entanglement go?

Pure
state: S(pARI,H):O >S(PAR1):S(PR11)

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

Zero acceleration

i Alice+Bob are maximally
S(PARI) =0 entangled and there is no
entanglement with region II

Finite acceleration

the entanglement between Alice+Rob is degraded
and entanglement with region II grows

Infini leration
te acceleratio Alice+Rob are disentangled

S(pARI) =1 and entanglement with
region II is maximal



Fermionic Entanglement for
Uniformly Accelerated Observers

Alice Bob
EIect ) Electron 2 !
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l//>AB o () Alsing/Mann/Fuentes-Schuller/Tessier
Phys. Rev. A74 032326 (2006)







Mutual Information




Infinite Acceleration Limit

Bosons

3 Entanglement
3 goes to zero

3 Mutual information
3 goes to 1

3 State

©3 maximally entangled to
region Il

The state is only
classically
correlated

Fermions

* Entanglement
< goesto 1/42

** Mutual information
% goes to 1

o State

% maximally entangled to
region Il

The state always has
some quantum
correlation



How Robust is this
Difference?

@3 Does the number of excited modes matter?
@5 No for fermions -- entanglement degradation is

Leon/Martin-Martinez

still limited for fermions bl

«3 Yes for bosons -- entanglement loss depends on
the number of modes occupied Leon/Martin-Martinez
Phys.Rev. A81 032320

@3 Does the surviving entanglement depend on
the choice of maximally entangled state?

@3 No
3 Does spin matter? S

o3 Yes, but only quantitatively -- entanglement
degradation is greater but still does not vanish in

the large acceleration limit


















Generating Entanglement

Han/Olson/Dowling
Measurements of an accelerated Phys. Rev. A78 022302 (2008)

Mann/Ostapchuk
observer generate entanglement! Phys. Rev. A79 042333 (2009)

Fermions
|O>M+ = NH exp((tan r)c,ﬁd,f”)|0k>;r |0k>;1 Minkowski particle vacuum
k

0>M_ :NHeXp( tanr d” ”T)|() > |()k>; Minkowski antiparticle vacuum
k

Project onto a single particle mode
K in region |

v, (k))=P/|0)"" : = sinr + cosr a;b] ||0) .’

Bogoliubov tmf

[race over antiparticle states:

S = log, (csc’ r) + cos’ rlog, (tan’ r) B

SRR



Detector Responses

Can entanglement be used to distinguish curvature effects
from Minkowski-space heating?

. , 1
Hz(T)Zn(TM(X(T))(e‘QTG* +e"970‘) D¢)+€R¢:o 19
coupling detector
worldline
Compare: \
* Minkowski space at finite temperature T A single detector can't

, _ ds’ = ~di” + déed¥ 3 distinguish these 2
« de Sitter space with expansion rate k=2 T possibilities

ds’ =—dt’ + e ™ dxdx ] Gibbons/Hawking

Phys. Rev. D15 2738 (1977)
p=A[1)(1]+(1-A)[0){0]

A= [ de]den(e)n(z)e D" (x.x)
T2
4 sinh® (ﬂT (=1 - ie))

What about
2 detectors?

D (x,x") = (()9(7)) =
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Summary

o5 Entanglement is an observer/detector dependent
phenomenon

3 As acceleration increases

3 Entanglement goes to
3 zero (bosons)
3 finite (fermions)

«3 Mutual information goes to unity
o3 Entanglement with region Il gets larger

3 As observer increases acceleration
o5 Entanglement decreases with time

3 Maximum change takes place when change in
acceleration is maximal



