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* QFT predicts the existence of correlations between different regions in a
quantum field [1-2]
- Entanglement harvesting protocol: entanglement between detectors is
induced due to their interaction with a quantum field in its vacuum state [3]
« Protocol has never been tested experimentally
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* QFT predicts the existence of correlations between different regions in a
quantum field [1-2]
- Entanglement harvesting protocol: entanglement between detectors is
induced due to their interaction with a quantum field in its vacuum state [3]
« Protocol has never been tested experimentally
« Some experimental proposals for realizing the entanglement harvesting
protocol use superconducting circuits [4-5]
 consist of superconducting qubits (detectors) coupled to a transmission line
(electromagnetic field)

W UNIVER SITY OF Institute for P[
% waterLoo | IJC s | Pl
TTTTTTTTT



(a)

n

| \\\ \\ VNA
a 0 out
| ) )

qubit loop [] .

bias lines

M) i

FIG 21in [6]

 Ultrastrong coupling between superconducting qubit and transmission line has
been demonstrated experimentally [6]
« Regime outside validity of perturbation theory
« Experiment in [5] utilizes ultrastrong coupling

[6] N. Janzen, X. Dai, S. Ren, J. Shi, and A. Lupascu, “Tunable coupler for mediating interactions between a two-level system and a waveguide from a decoupled state to the
ultrastrong coupling regime”, Phys. Rev. Res. 5, 033155 (2023). % UNIVERSITY OF
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FIG 21in [6]

 Ultrastrong coupling between superconducting qubit and transmission line has
been demonstrated experimentally [6]
« Regime outside validity of perturbation theory
« Experiment in [5] utilizes ultrastrong coupling
* Goals of our study:

1) Develop tools to model entanglement harvesting in regimes of current
superconducting experiments: strong coupling, finite interaction time,
field confined to a finite region

2) Compare with perturbative model

[6] N. Janzen, X. Dai, S. Ren, J. Shi, and A. Lupascu, “Tunable coupler for mediating interactions between a two-level system and a waveguide from a decoupled state to the
ultrastrong coupling regime”, Phys. Rev. Res. 5, 033155 (2023). W UNIVERSITY OF
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Consider two stationary point-like detectors (bosonic modes e.g. harmonic
oscillators) interacting with a scalar quantum field on 1+1-dimensional
Minkowski spacetime confined to a cavity of length L

~

TH _at g g .
Hfree - Qla’dla’dl + Q2a’d2ad2 + Zk Wy Ay, Ay,

g 2 A A o P * —iw
HE =300 3 N (D) (@, + @l )@ vn, () +af, vi, (7)) un(t,z) = et (x)
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Consider two stationary point-like detectors (bosonic modes e.g. harmonic
oscillators) interacting with a scalar quantum field on 1+1-dimensional
Minkowski spacetime confined to a cavity of length L

~

TH _at g g .
Hfree - Qla’dla’dl + Q2a’d2ad2 + Zk Wy Ay, Ay,

g 2 A A o P * —iw
HE =300 3 N (D) (@, + @l )@ vn, () +af, vi, (7)) un(t,z) = et (x)

~wntsin(k,x), w, = /m2 + k2 k, = 28

 Dirichlet BCs: un(t,z) = e 7
* Periodic BCs:  un(t,2) = e ™% wy = y/m? + k7 ky = 2
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» Consider two stationary point-like detectors (bosonic modes e.g. harmonic
oscillators) interacting with a scalar quantum field on 1+1-dimensional

~

TH _at g g .
Hfree - Qla’dla’dl + Q2a’d2ad2 + Zk Wy Ay, Ay,

g 2 A A o P * —iw
HE =300 3 N (D) (@, + @l )@ vn, () +af, vi, (7)) un(t,z) = et (x)

« Dirichlet BCs: () = o™ sin(knw), wn = V/m? + k7, b =
y PeriOdic BCS: Un(t, .CE) - 2(}; Le_iwnt_l—iknwawn — m2 + k?@: kn - %TTF

« Simplifying assumptions:
« Identical coupling constants and switching Ajx = A, Xk (t) = x(t), V5 vk
+ Tnitial state: A(t = 0) = |0)(0]4, ® [0)(0]a, ® [0)(0l5 )
waTERLGO | IQC i | PI
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Quantifying Entanglement
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Quantifying Entanglement

For a two-mode system AB, negativity is necessary and sufficient for the presence
of entanglement [7]

N(pap)=max |0, Y |\

. I
A;€Eig(p 41%),A; <0
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« Attimet > 0, the evolution of the system can be calculated using the time
evolution operator

pt) =T @)p(t = 0)UT (1), U(t) = T exp(—i [, dt'HL,(t')

int
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« Attimet > 0, the evolution of the system can be calculated using the time
evolution operator

p(t) = U@)p(t = 0)UT (1), U(t) = T exp(—i [y dt' HL (¢')

1nt

« Asin [8], the time evolution operator can be expanded in a Dyson series giving
the state of the detectors as

puan®) = Teg50) = | ) 072+ 00

in the basis {|0)a,, [1)a,, 12)a,} ® {10}a,, [1)a,, 12)a, }, where

1*£11£*£22£ 0 ]CQL* 0 Mt* 0 )le,* . "
(()] ( ) £22(t) [(]) ﬁlz(t) (()) 0 (()) E,uv Y. fo At f() t”W J:‘#,f}”,il/‘y)e it X(t )ezQyt X(t”)
Ky (t) 0 0 0 0 0 0
M(t) = 0 Lio(t) 0 Li1(t) 0 0 0 M(t) = —/\Qf dt’/ At (O —t" YW (', a1, t", w0)+O —t YW (£ o, 1, 2:)] ™ x (#) ™21 x (¢
M(1) 0 0 0 0 0 0 oo
0 0 0 0 0 0 0 Wt 1 2') = Te(pzo(t, ) (1, 2')
Ki(t) 0 0 0 0 0 0
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M(t)

« Attimet > 0, the evolution of the system can be calculated using the time
evolution operator
p(t) = U(1)p(t = 0)UT(t), U (1) = T exp(—i [y dt' HE, (1))

« Asin [8], the time evolution operator can be expanded in a Dyson series giving
the state of the detectors as

puan®) = Teg50) = | ) 072+ 00

in the basis {|0)a,, [1)a,, 12)a,} ® {10}a,, [1)a,, 12)a, }, where

1*£11£*£22£ 0 ]CQL* 0 M()* 0 )le,* . p
( ()] v La(t) ((] ) Lys(t) (() | 0 (() ) Lyy(t) =N fo dt’ fo dt" Wty 1",y )e 2, X()e ™ x ()
Ko (t) 0 0 0 0 0 0
0 Ly5(t) 0 Ly(1) 0 0 0 M(t) = —/\2f dt’f dt”[(—)(t"—t")W(t',.7:1,t”,:ﬂz)‘*‘@(i"—t’)W(t’ﬂ:1:2,t’,3:1)]emltlx(t’)em‘ztﬂx(t”)
M(1) 0 0 0 0 0 0
0 0 0 0 0 0 0 Wt 1 2') = Te(pzo(t, ) (1, 2')
Ki(t) 0 0 0 0 0 0

+ Negativity M(t) = max(0,/|M(5)2 + E2OE=  Lusln) 1 o(y)
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For quadrature operators §; = =5(a

AL, +al),p; = %(&;ﬁ —a;),j € {d1,da,n1,n2,....,nn}  the
Hamiltonian is quadratic
HH — fTFfreef‘l_ a_j’TEntf T = [q\dlaﬁdla@igaﬁdgaq\’npﬁnp "'JqAnNJﬁnN]T

where
Ffree — %dia’g(ﬂla917927927wn17wn17 '7wnN7wnN)
. O... BT B = [bl 0 by 0}

= B

o B Oanxon

%Y WATERLOO

1QC

Institute for
Quantum

Computing

sssssssss
TTTTTTTTT




For quadrature operators 4; = 5(a; + i), p; = %(&;f- —a;),j € {d1,da,n1,n2,...,nn} , the

Hamiltonian is quadratic

- Zy 5 o 5 5 T
HH — :L‘TFfreea; + xTEntm L= [ ]

disPdisY4dss Pdos Any s Prnqys -5 Ann s Py

=3

where

Ffree — %dia’g(ﬂla917927927wn17wn17 "'7wnN7wnN)
[O4><4 BT ] B:[b1 0 bo 0}

Ent — - T
bj = AX(£)[R(vn, (25)), =S (vn, (25)), ..o; R(vny (25)), =S (vny (25))]

B Oanxon

At t = 0 the system is in a Gaussian state, therefore it will remain in a Gaussian

state fort > 0
 State of the system is completely characterized by first and second

quadrature moments [9]

§o () = (21) 50y, oM = (BHEY + ZVE) 5y — 2(2") 50) (TV) (o)
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* Initial condition p(¢ = 0) = [0){0]4, ® |0)(0]4, ® |0){0]5 corresponds to
N
o(t=0)= [(1) (1)] 0 [(1) (1)] o P [(1) (1)] o(t) =0t

k=1

[10] W. G. Brenna, E. G. Brown, R. B. Mann, and E. Martin-Martinez, “Universality and thermalization in the unruh effect”,

Physical Review D 88, 10.1103/physrevd.88.064031 (2013).

[11] E. G. Brown, E. Martin-Martinez, N. C. Menicucci, and R. B. Mann, “Detectors for probing relativistic quantum physics beyond _
N . 2 [y - P 7 ; UNIVERSITY OF In‘s’t;t:tz:;r

perturbation theory”, Physical Review D 87, 10.1103/physrevd.87.084062 (2013). WATERLOO | IQC Quant H
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* Initial condition p(¢ = 0) = [0){0]4, ® |0)(0]4, ® |0){0]5 corresponds to
N
o(t=0)= [(1) (1)] 0 [(1) (1)] o P [(1) (1)] o(t) =0t
k=1

. At time t > 0, covariance matrix evolves under symplectic transformation
o(t) = St)o(t = 0)S(t)T S(t) = So(t)S(t)
« These symplectic matrices are generated by the Hamiltonian [10]
So(t) = exp (A Frree + Fireo)1)

S S K{08'(1), S0 =T KL(1) = (So(0) " Ka(0)So(t), K1) = Qi + Fy)
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» Initial condition p(t = 0) = |0){(0]4, & [0)(0]g, ® |O)(O|$ corresponds to

oo Yo ol oo

« Attimet > 0, covariance matrix evolves under symplectic transformation
o(t) = St)o(t = 0)S(t)T S(t) = So(t)S(t)

» These symplectic matrices are generated by the Hamiltonian [10]

So (t) = exp (Q(Ffree + Ffr{ee)t)

S S K{08'(1), S0 =T KL(1) = (So(0) " Ka(0)So(t), K1) = Qi + Fy)

« Negativity [11] N(t) = QEN;) L En(t) = max (0, — log, \/(A — VA? — 4detad)/2)

A = detoy + detoy — 2detoo, 04 = [U% 712
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* Detector parameters:

0L
O, L
x1/L
Xy /L

25
25
1/4
3/4

t/iL

1.0 q
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0.0
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* Detector parameters:
Q4L 25
Q,L 25
X1 / L 1 / 4
xz /L 3/4‘ 0.5 -
 Field parameters:
L 21T
m 0
Boundary Conditions Periodic

1
0.25 0.75 1.00
x/L
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1.0 q

* Detector parameters:

QL 25
Q,L 25
x1/L 1/4
X, /L 3/4

 Field parameters:

L 21T
m 0
Boundary Conditions Periodic

0.0

1 iftelo,L] e
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 Summary:
applied efficient and robust non-perturbative methods to model finite time
entanglement harvesting of two point-like harmonic oscillator detectors
coupled to a 1+1-dim scalar quantum field confined to a cavity of finite length
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 Summary:
applied efficient and robust non-perturbative methods to model finite time
entanglement harvesting of two point-like harmonic oscillator detectors
coupled to a 1+1-dim scalar quantum field confined to a cavity of finite length
» There exists a range of sufficiently small A values where perturbation theory
1) 1is a good approximation during spacelike separation
2) begins to fail during light contact
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 Summary:
applied efficient and robust non-perturbative methods to model finite time
entanglement harvesting of two point-like harmonic oscillator detectors
coupled to a 1+1-dim scalar quantum field confined to a cavity of finite length
» There exists a range of sufficiently small A values where perturbation theory
1) 1is a good approximation during spacelike separation
2) begins to fail during light contact
« This range depends on the choice of Q
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 Summary:
applied efficient and robust non-perturbative methods to model finite time
entanglement harvesting of two point-like harmonic oscillator detectors
coupled to a 1+1-dim scalar quantum field confined to a cavity of finite length
» There exists a range of sufficiently small A values where perturbation theory
1) 1is a good approximation during spacelike separation
2) begins to fail during light contact
« This range depends on the choice of Q
» Perturbation theory fails as 4 — (). Negativity oscillates wildly and diverges
as A grows
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 Summary:
applied efficient and robust non-perturbative methods to model finite time
entanglement harvesting of two point-like harmonic oscillator detectors
coupled to a 1+1-dim scalar quantum field confined to a cavity of finite length
» There exists a range of sufficiently small A values where perturbation theory
1) 1is a good approximation during spacelike separation
2) begins to fail during light contact
« This range depends on the choice of Q
» Perturbation theory fails as 4 — (). Negativity oscillates wildly and diverges
as A grows
* Ongoing work:
« Continuous switching
 Field derivative coupling
« Transience of finite time entanglement
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