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Abstract: Quantum fields in the Minkowski vacuum are entangled with respect to local field modes. This entanglement can be swapped to spatially
separated quantum systems using standard local couplings. A single, inertia field detector in the exponentially expanding (de Sitter) vacuum
responds as if it were bathed in thermal radiation in a Minkowski universe. Using two inertial detectors, interactions with the field in the thermal
case will entangle certain detector pairs that would not become entangled in the corresponding de Sitter case.The two universes can thus be
distinguished by their entangling power.
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= * Finite regions have nonzero entropy

-~ —This entanglement can be swapped to distant
quantum systems via local couplings

* Reznik, et al.

Dec. 4. 2007 Pl YRC. Waterioo 3



Quantum fields have entangling ...
oower = -

Dec. 4. 2007 Pl YRC. Waterioo 4



\Quantum ?elds have entangllng —
eje) er

.

SEntangling power iIs measurable

Dec. 4. 2007 Pl YRC. Waterioo 4



.
0] antum fields have entanglmg o
D0 er -

S Entangling power is measurable
=Swap to local systems; violate Bell inequality

1-—'""
e
e —

—
= —
—

—_—

Dec. 4. 2007 Pl YRC. Waterioo 4



Quantum 'felds have entanglmg -
,JJ”

=Nt nglmg pOWEer IS measurable
=Swap to local systems; violate Bell inequality

|s ‘affected by properties of..

"ﬂ-
—
- =
—" =
—
e e e
: - -——

om—
—

Dec. 4. 2007 Pl YRC. Waterioo 4



@uantum fields have entangling ...
power '

SEntangling power is measurable
....~.. ap to local systems; violate Bell inequality

SIS affected by properties of...
= Detectors

—
e
_1 -;-:-

—

—

Dec. 4. 2007 Pl YRC. Waterioo 4



e W
Quantum fields have entanghng —_—
wtr —~

SEntangling power is measurable
=Swap to local systems; violate Bell inequality

2 (|8 IS affected by properties of..
= Detectors

p—
e e T e

e

- = —Field
— Spacetime

——

Dec. 4. 2007 Pl YRC. Waterioo 4



Qua t ;f'elds have entanglmg o
power

J _--.n nglmg power IS measurable
=5Swap to local systems; violate Bell inequality

Sltis affected by properties of...
= — Detectors
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— —Field

— Spacetime
* Entangling power therefore measures
properties of the field and of spacetime
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svacuum in curved spacetime is not unique
;urving space makes detectors go “click”
""ﬂawking radiation (black holes)

— G!bbons-Hawkmg radiation (expansion)
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= Sometimes locally this appears exactly like
a heated field in flat spacetime

— One (inertial) detector can't tell the difference
— But maybe...
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seoscalar field (spin-0)
S Massless
ssConformally coupled

f—:*—CoupIed to spacetime curvature (Ricci scalar)

— — Allows convenient use of conformal symmetry
* Equation of motion (m = 0):

O + m* + zR(z)]é(z) =0
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* Inertial detectors respond exactly the
same In both cases
— Gibbons-Hawking radiation
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"cale factor e2<t, expansion rate k
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- (prOper time, T) = (cosmic time, t)
* (proper distance) = e (comoving distance)

— Conformally flat
* defines conformal vacuum
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detsitter spacetime ——

SCausal horizon
=0Dbjects with separation L > k' are causally
disconnected

=Light from one will never make it to the other

—

e —

==Gibbons and Hawking (1977)
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~ = — Inertial particle detector responds to de Sitter vacuum
as if in a bath of thermal particles

— Perceived temperature T, = /21

* Large universe means low temperature
— Tey~(CMB temp) =2.7K — k'~0.1 mm
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Comoving trajectories
(inertial)
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SQUDIts with tunable energy gap (Q2)
SSimple, local field coupling
2| __i'tial trajectories
-f-'_l\'ioncausal detection events ' - ‘ e = -
~» Readout is delayed

* Interaction Hamiltonian:
Bricty— ry(f)o(z(ﬂ) (€+éQTCF+ + G_E;Q"'_Cfd)
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Entanglement

sensity matrix after interaction
E [1—-2A—-C

= 0
= p= 0
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Entanglement

SENSity matrix after interaction
=Two qubits entangled

St negativity > 0
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SDensity matrix after interaction
&Iwo qubits entangled  /1-24-C

S iff negativity > 0 T 0
_— 0

B*
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Eftanglement.

sensity matrix after interaction

=]wo qubits entangled =6 o3
iff negativity>0 . s
10

C

—

rF= .
- B oo
— Entangled iff |[X| > A

— X = amplitude for virtual particle exchange
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Entanglement.

sensity matrix after interaction

= [wo qubits entangled

Siff negativity > 0 T . .
- 7 X A
0

— =

= - B 0 0=
— Entangled iff [X| > A

— X = amplitude for virtual particle exchange

— A = probability for single detector to get excited
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Entanglement .

Sensity matrix after interaction

=IWo qubits entangled

B

._;' negativity >0 7. _ A X*u

- e—— ; £ ()
C

e o 0 O
f*EntangIed iff |X| > A
— X = amplitude for virtual particle exchange
— A = probability for single detector to get excited
— Use perturbation theory to calculate these
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Mimit of the other two cases
SWhy are particles detected at all?
“Finite detection time (o)
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seimit of the other two cases

BWhy are particles detected at all?
= Finite detection time (o)
== Time-energy uncertainty relation AE At > #/2
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._:_— Time-energy uncertainty relation AE At > fi/2
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sVny are particles detected at all?

&= Finite detection time (o)

';_,_- —Tlme-energy uncertainty relation AE At > A/2
~* Forfixed L..
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B Finite detection time (o)
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thermal state (Minkowski, T>0)™
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Hatthermal state (Minkowski, T>0)™

SAR= exp(-0-Q)°) 1(Q)
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Hlatthermal state (Minkowski, T>0)™

SAR=exp(-0202?) f(Q)
J ;{ = exp(-0-Q°) g(L)
t fixed L..

S Entanglement occurs iff f(QQ) < (const.)
_-'—lfT > 0, then ming f(Q) > 0
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srmal state (Minkowski, T>0)"

SAR= exp(-02Q)?) f(Q)
2 ,ﬁ = exp(-0°Q?) g(L)
t fixed L..

J,.— Entanglement occurs iff f(Q) < (const.)
~— _IfT> 0, then ming f(Q) > 0

— Since g(L) decreases monotonically with L,
entanglement is restrictedtoL < L,
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gesitter vacuum

SUseful to compare to thermal case
0 use of local (Gibbons-Hawking)
equivalence

__::f Ags — Ay (With T = Tgy)

.—-I"_-_ﬁ —

= X4s IS more complicated than X, but
shows similar behavior to thermal case

* Entangling power is different...
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summary of results

Sde Sitter vacuum and a heated field in flat
Spacetime have exactly the same effect on
aisingle, inertial detector
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N
summary of results

ade Sitter vacuum and a heated field in flat
Spacetime have exactly the same effect on
1iﬁgle iInertial detector

n be distinguished by entanglement

=0 de Sitter vacuum: /ess entangling power
than Minkowski thermal state (T = Tgy)

* Both have less power than the Minkowski
vacuum (which has the least local noise)
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saviassive field
SGoupling to Ricci scalar
BRelative motion of detectors
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ork-and generalizations

Viassive field
= Cou Iing to Ricci scalar

- e ative motion of detectors
= ,urther down the road..
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viassive field
@Goupling to Ricci scalar
#BRElative motion of detectors

SFurther down the road...
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— Field spin
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ork-and generalizations

=L it

Viassive field
= Cou Iing to Ricci scalar

Relative motion of detectors
A _urther down the road..

—ai
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--—: - — Detector couplings

— Field spin

— More degrees of freedom (e.g., momentum)
— Noninertial detectors

— Other types of curvature
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