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A Cold-Atom Vacuum

‘Pancake’ Bose-Einstein condensate serves as scalar field in
vacuum state

(24 1) BEC Lagrangian, confined to the (x,y) plane:

Leec = ihdo,d* + X |v¢| 4 & gzd e
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

Lom = %0 (9:Ax(t, 2))? (0,A4(t, 2))?
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is

(67
Line = = (0:A) [0,
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is
e
Lin = - (0:A) [0,

which implies the EOM
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is
e
Lin = - (0:A) [0,
which implies the EOM

Ot ((Eo + a0‘¢|2) 8tAX) — :OazzAx =0
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is

(0]
Line = 7" (8:A) o),

which implies the EOM
1
Ot ((e0 + ao|®[?) 9:AL) — ;aZZAX =0
0

To lowest order, the effective propagation speed is
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is
L = (A7 [0,
which implies the EOM
Ot ((e0 + ao|®[?) 9:AL) — :OaZZAX =0

To lowest order, the effective propagation speed is
1
Vto(€0 + ol ®o[?)

Ceff =
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Lasers and Bose-Einstein Condensates

Free electromagnetic field Lagrangian:

L
0

_ % 2 2
Lom = > (0:Ax(t, 2)) 2 (0,A«(t, 2))

The interaction Lagrangian is

(67
Line = = (0:A) [0,

which implies the EOM
1
Ot ((e0 + ao|®[?) 9:AL) — ;aZZAX =0
0

To lowest order, the effective propagation speed is
1
Vto(€0 + ol ®o[?)

At the next order, BEC density fluctuations get transduced into
the laser phase.
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The Unruh Effect

Vacuum appears hot to accelerated observers!
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The Unruh Effect

Vacuum appears hot to accelerated observers!

(Credit: arXiv:1911.06002)
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Interferometric Unruh Detectors for BECs
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Experimental proposal: use a circularly-moving interaction point
between a laser and a 2d BEC to probe the “vacuum” along an

accelerated trajectory [C. Gooding et al.
PhysRevLett.125.213603(2020)].

Probing the Vacuum
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Common Mode and Difference Signal

Unruh Detection Scheme:
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Common Mode and Difference Signal

Unruh Detection Scheme: No need for spatial interferometry -
sidebands can produce effective “frequency-space interferometer”
Relevant modes: Common mode z(t) = % (a+(t) + a—(1)),

Difference mode Z(t) = % (a+(t) — a—(1)).
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Common Mode and Difference Signal

Unruh Detection Scheme: No need for spatial interferometry -
sidebands can produce effective “frequency-space interferometer”

Relevant modes: Common mode z(t) = % (a+(t) + a—(1)),
Difference mode Z(t) = % (a+(t) —a_(t)). Then
Z, = X,0(v) + Y_,0(—v),
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Common Mode and Difference Signal

Unruh Detection Scheme: No need for spatial interferometry -
sidebands can produce effective “frequency-space interferometer”
Relevant modes: Common mode z(t) = % (a+(t) + a—(1)),
Difference mode Z(t) = % (a+(t) —a_(t)). Then

Z, = X,O(v) + Y_,©(—v), and one can define conjugate rotated
operators from correlated two-photon modes:

1/ . .
=7 (7702, + %21,
R (e7°z, — ezt
v I\@ y
obeying the commutation relation [Z¢, %] = i - 27d[v — V/].
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Fluctuations in the Photon Flux

The photon fluctuations can be expressed as

55_(1:) :Zso(t)_{_l

o - [e—zi(wMtJr%) (z‘#’(t) + iﬁ“’(t)) + h'C'}
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Fluctuations in the Photon Flux

The photon fluctuations can be expressed as

55_(1:) :Zso(t)_{_l

o - [e—zi(wMtJr%) <z<P(t) + iﬁ“’(t)) + h.c}

It is convenient to decompose fluctuations in the photon flux
such that

0fi(t) = on(t) + An(t)

where dn(t) is the noninteracting fluctuation and An(t) is the
perturbation caused by interaction with the BEC.
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Power Spectra

The interaction between the BEC and the laser field leads to
photon flux fluctuations 47(t) with power spectrum

o0 dw/

Sonlw] = / et (57(£)5A(0)) = / S (o] o)

—00 —0o0
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Power Spectra

The interaction between the BEC and the laser field leads to
photon flux fluctuations 47(t) with power spectrum

o0 . [e.e] /
Snnlw] = / dt e "“t(5A(t)5A(0)) = / C;i(éﬁ[w]Wﬁ[w’D
—0 —oco 4T
Spn[w] can be decomposed into four parts:
Snnlw] =Spalw] + Sanlw] + Spalw] + Saalw]
= (5,?,, + San + Spa + SAA) [w]
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Power Spectra

The interaction between the BEC and the laser field leads to
photon flux fluctuations 47(t) with power spectrum

o0 . [e.e] /
Snnlw] = / dt e "“t(5A(t)5A(0)) = / C;i(éﬁ[w]Wﬁ[w’D
—0 —oco 4T
Spn[w] can be decomposed into four parts:
Snnlw] =Spalw] + Sanlw] + Spalw] + Saalw]
= (5,?,, + San + Spa + SAA) [w]

The shot-noise floor for frequencies near 2wy, is given by
SO [F2wwm] = a?.
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Power Spectra

The interaction between the BEC and the laser field leads to
photon flux fluctuations 47(t) with power spectrum

o0 . [e.e] /
Snnlw] = / dt e "“t(5A(t)5A(0)) = / C;i(éﬁ[w]Wﬁ[w’D
—0 —oco 4T
Spn[w] can be decomposed into four parts:
Snnlw] =Spalw] + Sanlw] + Spalw] + Saalw]
= (5,?,, + San + Spa + SAA) [w]

The shot-noise floor for frequencies near 2wy, is given by
SO [+2wp] = a?. Detector Response function:
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Power Spectra

The interaction between the BEC and the laser field leads to
photon flux fluctuations 47(t) with power spectrum

o0 . [e.e] /
Snnlw] = / dt e "“t(5A(t)5A(0)) = / C;l(éﬁ[w]Wﬁ[w’D
S oo 2T
Spn[w] can be decomposed into four parts:
Snnlw] :Sr?n [w] + San[w] + Snalw] + Saaw]
= (5,?,, + San + Spa + SAA) [w]

The shot-noise floor for frequencies near 2wy, is given by
SO [+2wp] = a?. Detector Response function:

San2wy + 1] = —4ipa” eV sin 20 Sy 4, [V]
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Outlook - Vacuum Excitation (Unruh effect)

o Difficult to achieve

Tunrun ~ Tambient- Incorporate
thermal initial state? Use
superfluid He*?

» Signal extraction ambiguities.
More rigorous analysis? Extra
optical processing?




Entanglement Harvesting

|dea: steal entanglement from the

vacuum!
T
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A Pair of Detectors

o Unruh-DeWitt model First consider a pair of
two-level detectors interacting with a scalar field
¢ in (2 4 1)-dimensional spacetime (j = A, B):
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A Pair of Detectors

o Unruh-DeWitt model First consider a pair of
two-level detectors interacting with a scalar field
¢ in (2 4 1)-dimensional spacetime (j = A, B):

Z)\X< ) /d2xF<

%) dx
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A Pair of Detectors

o Unruh-DeWitt model First consider a pair of
two-level detectors interacting with a scalar field
¢ in (2 4 1)-dimensional spacetime (j = A, B):

Z)\X< ) /d2xF<

o Here, X is the coupling, x is the switching
function, F is the smearing, and m; is the
detector monopole moment:

%) dx
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A Pair of Detectors

o Unruh-DeWitt model First consider a pair of
two-level detectors interacting with a scalar field
¢ in (2 4 1)-dimensional spacetime (j = A, B):

Z)\X< ) /d2xF<

o Here, X is the coupling, x is the switching
function, F is the smearing, and m; is the
detector monopole moment:

%) dx

mj(t) = e"majL + ef"maj_
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Entanglement Measure

The negativity for our pair of identical Unruh-DeWitt detectors is:
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Entanglement Measure

The negativity for our pair of identical Unruh-DeWitt detectors is:

N = max[[M]| — £,0] + O(\)
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Entanglement Measure

The negativity for our pair of identical Unruh-DeWitt detectors is:
N = max[[M]| - £,0] + O(\3)

Here, L is the vacuum excitation and M is related to virtual
particle exchange between the detectors, mediated by ¢:
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Entanglement Measure

The negativity for our pair of identical Unruh-DeWitt detectors is:
N = max[[M]| - £,0] + O(\3)

Here, L is the vacuum excitation and M is related to virtual
particle exchange between the detectors, mediated by ¢:

vt e (IKEKT
5 e (M - Gey(k)

T2(02402)
Grm(k) = —Jo(|k!Ax)e*72+ <. [1 + ierfi <tf°"2">}
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Negativity and Parameter Optimization

o[
5; 0.0100
o |
C 4
a I 0.0075
Jas] L
bD 3,
> r
2ol
= 0.0050
=]
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0.0025
— 0

0 1 2 3 4 5 6

Detector separation S/o
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» Maximal harvest: T ~ 1/Q

o Detector entanglement verified by
repeated harvests (we know how
to characterize qubits)

» UDW detectors couple only to qg
and not to its conjugate
momentum
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Analogue Implementation

» Pair of modulated
detector beams

o Spacelike
Interaction with

2d BEC

o Phase-referenced
demodulation




Inseparability of Joint Detector State

Common (+ subscript) and difference
(— subscript) mode quadratures can
be defined for both the amplitude g
and phase p.




Inseparability of Joint Detector State

Common (+ subscript) and difference
(— subscript) mode quadratures can
be defined for both the amplitude g
and phase p. The DGCZ condition
(Duan, Giedke, Cirac, Zoller) can be
expressed in terms of the
inseparability 7 as




Inseparability of Joint Detector State

Common (+ subscript) and difference
(— subscript) mode quadratures can
be defined for both the amplitude g
and phase p. The DGCZ condition
(Duan, Giedke, Cirac, Zoller) can be
expressed in terms of the
inseparability 7 as

T = V(4s) + V(p) < 1




|dentifying EPR-like Variables

Demodulated finite-time spectral response:
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Demodulated finite-time spectral response:
1 T0+T/2

\/_ To—T/2

Finite-time joint variables:

oQ,T)= dt e 0(t) .

G:(Q, T) = —=(23%(2, T) £ 25°(, 7))

&\H

p-(2, T) = —= (A T) £ M@, 7))
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|dentifying EPR-like Variables

Demodulated finite-time spectral response:
1 T0+T/2

\/_ To—T/2

Finite-time joint variables:

oQ,T)= dt e 0(t) .

1 ASOA 5PB
\/5( (€, T)+25°(R2, 7))

% (5@, 7) £ Az, 7))

ai(Q; T) -

:6:|:(97 T) =

o Inseparability condition:

T(Q, T) = V(-(2, T)) + V(p_(2, T)) < 1




Comments on Finite-time Spectral Response

An operator O(£, T) contains multiple spectral
modes:
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An operator O(£, T) contains multiple spectral
modes:

OQ.T)=VT / (@) Toginc (M) 0.,
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Comments on Finite-time Spectral Response

An operator O(£, T) contains multiple spectral
modes:

OQ.T)=VT / (@) Toginc (M) 0.,

Hence, for T < Q1 there will be effective detector

gaps throughout the measurement band:
we (—AA).
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Comments on Finite-time Spectral Response

An operator (A)(Q, T) contains multiple spectral
modes:

OQ.T)=VT / (@) Toginc (%) 0.,

Hence, for T < Q1 there will be effective detector

gaps throughout the measurement band:
w € (—A,A). However, the operator O(Q, T)
still has largest contribution from w = Q.
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Interaction-picture Joint Variances

Arbitrary noise operator O in the joint detector
Hilbert space (after demodulation), given the
reduced density operator p,g:
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Interaction-picture Joint Variances

Arbitrary noise operator O in the joint detector
Hilbert space (after demodulation), given the
reduced density operator p,g:

1Tr <ﬁAB{OT7 O})

V(é) = 5
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Interaction-picture Joint Variances

Arbitrary noise operator O in the joint detector
Hilbert space (after demodulation), given the
reduced density operator p,g:

V(0) = %Tr (f)AB{éT | O})

For our joint operator p_(£2, T), the inseparability
condition reduces to
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Interaction-picture Joint Variances

Arbitrary noise operator O in the joint detector
Hilbert space (after demodulation), given the
reduced density operator p,g:

V(0) = %Tr (f)AB{éT | O})

For our joint operator p_(£2, T), the inseparability
condition reduces to

V(6-(2,T)) <

N —
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Reduced Density Operator

The reduced density operator is
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Reduced Density Operator

The reduced density operator is

P = Trs (0) (Wel) = 3 [l al (107 (0§71 ) 1)
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Reduced Density Operator

The reduced density operator is
P = Trs (0) (Wel) = 3 [l al (107 (0§71 ) 1)
n,m

where |p) is an element of the Fock basis for the Hilbert space
associated with ¢. Explicitly,

W) — jw) = 10,) [0s) |0) = 00) |0),
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Reduced Density Operator

The reduced density operator is
P = Trs (0) (Wel) = 3 [l al (107 (0§71 ) 1)
n,m

where |p) is an element of the Fock basis for the Hilbert space
associated with ¢. Explicitly,

W) — jw) = 10,) [0s) |0) = 00) |0),

i) =i [ deho )

—0o0
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Reduced Density Operator

The reduced density operator is
P = Trs (0) (Wel) = 3 [l al (107 (0§71 ) 1)
n,m

where |p) is an element of the Fock basis for the Hilbert space
associated with ¢. Explicitly,

W) — jw) = 10,) [0s) |0) = 00) |0),

i) =i [ deho )

—0o0

Wiy = / dt/ dt’ A()A() |v)
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Reduced Density Operator

The reduced density operator is

P = Trs (0) (Wel) = 3 [l al (107 (0§71 ) 1)

where |p) is an element of the Fock basis for the Hilbert space
associated with ¢. Explicitly,

W) — jw) = 10,) [0s) |0) = 00) |0),

i) =i [ deho )

—0o0

Wiy = / dt/ dt’ A()A() |v)

with A(t) = Ax(t) + Ha(t) and Ai(t) = e(t)i(t)i(t)
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Wightmans, Reduced Hilbert space Projector

The relevant Wightman functions for ¢ are
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Wightmans, Reduced Hilbert space Projector

The relevant Wightman functions for ¢ are

|k|e—iwk(t—t’)

Wa(t, ') = Wa(t, t') = /d|k| 2(2m)wi
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Wightmans, Reduced Hilbert space Projector

The relevant Wightman functions for ¢ are

|k|e—iwk(t—t’)

Wa(t, ') = Wa(t, t') = /d|k| 2(2m)wi

and

UO(KIA%) e

N N
Wi (t, ') = WBA(t,t)/dyk o
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Wightmans, Reduced Hilbert space Projector

The relevant Wightman functions for ¢ are

|k|e—iwk(t—t’)

Wa(t, ') = Wa(t, t') = /d|k| 2(2m)wi

and
Kl o(k|AX) o
N N _ k’ iwg (t—t')
Win(t, ¢') = Won(t, ) /dH o e

Leading-order reduced state space for detectors has projector
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Wightmans, Reduced Hilbert space Projector

The relevant Wightman functions for ¢ are

|k|e—iwk(t—t’)

Wa(t, ') = Wa(t, t') = /d|k| 2(2m)wi

and

UO(KIA%) e

N N
Wi (t, ') = WBA(t,t)/dyk o

Leading-order reduced state space for detectors has projector

A dK
1= —— (|1x0) (10 01k) (01
00 00 + [ 556 (1160) (10| + 0Lx) (01
dK dK’
Il (Il
+/27r(2QK) Sr(250) | TR (ki
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Connection to Qubit UDW Case

Cisco Gooding Probing the Vacuum



Connection to Qubit UDW Case

The reduced density matrix (for K = K’) is of the
form
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The reduced density matrix (for K = K’) is of the

form
1 - EAA - ‘CBB O O M
. 0 ‘CAA £AB 0
Pz = 0 Lon Loy O

M o 0 O




Connection to Qubit UDW Case

The reduced density matrix (for K = K’) is of the

form
1 - EAA - EBB O O M
. 0 ‘CAA £AB 0
Pz = 0 Lon Loy O
M* 0 0 0

The inseparability then parallels the usual UDW
negativity.




Outlook - Vacuum Entanglement (Harvesting)
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Outlook - Vacuum Entanglement (Harvesting)

» Need more detailed analysis of
thermal noise (a la Dmitrios?)

o Better way to isolate one UDW
energy gap? Possible with state
preparation?
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