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*%* Experiment: ** Diagram:

Qubit-Nems
LaHaye et al.
(Caltech)

** Study a dispersively coupled qubit-resonator system.
** Dispersive coupling arises when qubit freq. >> oscillator freq.
** Want to see quantum effects in oscillator:

**Evidence of energy quantization

***Entanglement




\/

*%* Hamiltonian of the system:
H = (wy + )\az)(aTa + %) + f(t)(a + aT) + %quaz + H,
*»* Dispersive coupling:

qubit state changes frequency of oscillator. I @ﬁll

Each qubit energy eigenstates | 1), | J) @J{I

leads to different oscillator frequencies. =

** This type of coupling arises from Jaynes—Cumming
hg(aTO_ +aoc™) . written in basis le)n) & |g)|n+1)

g(n + 1)1/2033 . In regime of Wgb > WM

2
perturbation ;—l%UzCLTa




H = (wy + Ao (aTa + )+ f(E)(a+ al) + SWab0
+Ha+a')y v+ b1+ w;(blb; + 3)
J J

** Derive a standard master equation

A

p = —i[Ho,pl +7(neq + 1)Dla]p + yneqDla’]p
+(I'y/2)Dlo:]p

. e A A . 1
D[A]p = ApAT — <ATA,0—|— pATA) /2. Teq = RuTk,T_q
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*%* Exact solution in terms of the displaced thermal distribution

pea(T) = (1 — e=/bsT) 3720 | c=neont/ (5T )

n=




Method (cont’d)

** Exact solution in the qubit space:

prr(t) = 3D[ag(t)] - peq[T] - D¥[ay(t)] prr(t) = (Mp()IT)
pr(t) = 2DJay(t)] - peq[T] - D ay(t)] Dia] = eled'—aa)

pr(t) = (b)) = FeY (8) x

Dlar(t)] - (pul ()™ *0)) - Dila, o)
*** Where we have defined:
ar(t),ay(t) : Average of (a) given that the qubit is |1), |])
peq(T') : Thermal oscillator density matrix at temperature 7T
r(t), ay(t) : modified ar(t), i (t) 5 reduces to aq(t), oy (t) at 7=0
Peqg(T) * Thermal distribution with new temperature
Y(t) ¢ factor describing oscillator-bath entanglement
o(t) time-dependent phase factor ~c )\




Number Splitting

** Evidence of discrete energy level in mechanical system

** Qubit’s off-diagonal density matrix element ﬁﬂ(t) — <T|ﬁ(t)\¢>

\/

%* Excite qubit from ground state via time dependent field w, ¢

/

*%* Can relate to absorption spectrum of qubit
xR0

Toos(wrf) = |AP? /_ et 0 ()04(0)

o0
= 2|A|2Re {/0 dte_'—wr’"ftpm(t) (approx)

%* With no force at zero temperature

1
—1 — 2t \wprr(n+ 5
pru(t ot E :P remnt3)pe 1 (0)




Number splitting in NEMS

*%* Need to consider with finite temperature AND finite drive,

. > . 1
pri(t) = Tt Y P(n)e”* M2 py (0)
n=0

+* No longer

*%* For an arbitrary detuning of the drive, there are too many peaks in the

spectrum 4000
35001 additional peak
** weight of ‘true’ peaks do not
3000
correspond to the initial number /\
2500
distribution of the mode... :‘@2000_
% can we faithfully measure the 1500}
mode number statistics if we 10
don't already know its initial state? ™| b




** Suppose we start with someone unknown state of oscillator

(finite temperature, finite driving force, arbitrary detuning) can
still relate the absorption to IOT\L 7

YES, If
Keeping coupling off until t=0

For t>0, use a large enough coupling




Dephasing Spectra
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Realistic Numbers

/

*%* use oscillator and coupling numbers similar to Nak et al.

— MWye= 2n 21.9 MHZz YA T T T T T
— A =0.711 MHz

(at 10 volts)
—I'dp =1 MHz
— Ny (at 15 mK): 13
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Entanglement

% Consider two systems A & B

** The two systems is said to be entangled if:
PT 7£ pA X pPB (not separable)
¢ Quantifying the amount of entanglement

want a computable measure

Log negativity FEpn = log, (2N + 1)

-1
- =

i negative eigenvalues of partially transposed pT
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Entanglement

prr(t) = 3D[ag(t)] - peq[T] - DTy (1))
prut) = $D[ay(t)] - peq[T] - Di[ay (b))
prut) = [pr®)]" = 3y (1) x

(t
D[&T<t>J-(peq[T*<>1 i3 >) Dy (e)

** Result? - Analytical solution for T=0, non-zero dephasing
y

N = —%(1 LY - JTF Y — 2V c0s(20))
Purity . - N Overlap
v exp(—(2iA) fo dt’ (o ( )O‘¢(t ) cos() = |{ar]ay)

cos(6)

- Semi analytical calculation for finite temperature!
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Entanglement

At t = (0 , prepare qubit in the state ‘T> + |¢>

% For t > 0, qubit-oscillator entanglement may develop.
* NB: fif (a) =0, then there is NEVER ANY ENTANGLEMENT!
- need to drive oscillator to get entanglement
- two methods: - entangle qubit with oscillator amplitude i.e. |a

- entangle qubit with oscillator phase, i.e arg(a)

Im of g X
Oy + 7\.0/5\ a,
N .f
/Re a Re>0L
' (D.VI - 7L
Amplitude J Phase 13




Amplitude Entanglement

“* At t =0, prepare qubit in pure superposition state;
drive the oscillator at f(f) = YOf cos|(wpr + M)t
- only have resonance |F the qubit is up Im a
- will lead to a "cat" state

%* Zero temperature: Simple analytic description

N=—201-Y—/1+Y2 -2V cos(260) |
az(t/v)3 020102 a2(t/~)3
InY =~ — f( /) cos(20) ~ — f( /7) n f( /7)
f; Finite temperature: Expand solution as matrix in basis of

displaced Fock state
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Amplitude Entanglement

af — 3.74
A= 0.0le,
v = 10_5wM

-
ty™)
¢ Find that entanglement is non-monotonic with time, has a maximum.

** Competition between two effects:
— |C¥T(t) — C¥¢(t)|zgrows with time = increases N
oscillator-qubit system gets entangled with bath = decreases N
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Amplitude Entanglement

Oéf = 3.74
1T A= 0.01lwy,,
1l 7= 10_5wM

. I
.
n

0 1

te)
** Non-zero temperature? kills entanglement very quickly

- easy for environment to distinguish two states of the superposition

- if oscillator has large ‘a , Creates many bath quanta;

if oscillator \a] small, few bath quanta created
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Phase Entanglement

** At =0 prepare qubit in pure superposition state, and prepare

oscillator in a state where <a> # 0

- As oscillator frequency set by qubit state, phase of oscillator |4 oI O o,
o
(i.e. arg(a)) will become entangled with qubit. “’M”“o/—}\.\ oo
i Re a
z -
- | [ [ | | _ v
A A AR ARA _
0.01 0.02 0.03 0.05 ap = 0.76
=1 A= 0.0].UJM,
to) s
v = 10wy

s

Entanglement vanishes periodically with period ) 17




Phase vs Amplitude

Amplitude
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Detecting entanglement

** In Phase Entanglement case:
Dephasing revivals (i.e. Tr[pTi] not monotonic) .

ter™)
o TT[PN] can be measured using standard Ramsey interference/

state tomography.

Dephasing revivals ARE NOT proof of qubit—-osc. entanglement 19




Entanglement Signature

Re(S(w))

— initial thermal state

Neq = 0.9
with (@(0)) =0
Follow a Boltzmann distribution

no entanglement

same temperature

With<a,> initially nonzero
peaks DO NOT follow

Boltzmann distribution

entanglement
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Conclusion

** Learn about dispersively-coupled qubit-oscillator system

“* A theory to see evidence of energy quantization that includes

arbitrary temperature and driving of the mode

** We have studied the entanglement dynamics.

Two types: Amplitude & Phase entanglement
** Unambiguous way to detect entanglement in the system

% Use the frequency spectrum of PN(t) (S (W))

as a fingerprint” to deduce entanglement.
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