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Motivation

Central idea

Formal implementation

Realization as a stochastic process

What’s new?

Development

Return to motivation



Continuous variable quantum teleportation

elementary proposal

Step 1: prepare 2-mode squeezed state and input state  2
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Step 2: send mode A and input mode to Alice who
measures X and Y quadrature amplitudes
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Step 3: send Alice’s measurement results to Bob who displaces
mode B accordingly
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experiments

squeezer squeezerinput
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vacuum state input

bandwidths:   squeezing               2
Alice’s detection      50
Victor’s detection    10
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Conditioning on measurement records

Bohr-Einstein quantum jumps

spontaneous
emission:
jump rate

absorption:
jump rate

stimulated
emission:
jump rate n

i2

n

i1

density operator (unconditional state): (t) = p2(t)|2ih2|+p1(t)|1ih1|

unconditional evolution:
p2 = d p2 + u p1

p1 = u p1 + d p2

.

.



scattering records: REC

n
,0,

u

Tk-1

,0,
d

Tk

,0,
u

Tk+1

,0,
d

Tk+2

,0,
…
…

…
…

o

unraveling the density operator (conditional states):

p2(t) = P ({A}) p2|{A}(t)

+ P ({B}) p2|{B}(t)

+ dt P ({CT }) p2|{C
T
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conditional evolution
known initial state:

conditional evolution
unknown initial state:
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Unraveling the master equation

Lindblad master equation

= L
.

L = i[ A z,   ]     ( + + + ) + +

commutator
[HA, ]/ih

anticommutator
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2 2



L = L0 + L
jj=1

m

superoperator Dyson expansion:

= dtn dt2 dt1 e L e L e L e
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… … …

(t) = exp(Lt) (0) = tr[KREC(t) (0)]
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record probabilities conditional states

(t) = tr[KREC(t) (0)]
KREC(t) (0)

tr[KREC(t) (0)]
REC

record probabilities
sum to unity:

propagator
factorizes:

KREC = KREC KREC

†
tr[ (t)]=1



Stochastic Schrödinger equation

pure state evolution

propagator factorizes: KREC = KREC KREC

†
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Record probabilities:

P (          ) = t h 0|KREC J J KREC| 0i = t h REC|J J | RECi
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Bayesian inference:
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Quantum jumps plus coherence

resonance fluorescence

spontaneous
emission:
jump rate

absorption:
jump rate

stimulated
emission:
jump rate n

i2

n

i1

2

1

coherent laser
excitation

c1(t)|1i+c2(t)|2i

non-Hermitian Hamiltonian: H0 = ihE( + ) ih +

2jump operator: J =

2
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More master equation unravelings

photoelectron counting records

Ha

Hb

2 aa

2 bb

non-Hermitian Hamiltonian: H0 = Ha + Hb ih( aa a + bb b)
† †

jump operators: and2 aa 2 bb
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BS

non-Hermitian Hamiltonian: H0 = Ha + Hb ih( aa a + bb b)
† †

jump operators: andr 2 aa+ t 2 bb r 2 aa+ t 2 bb



homodyne detection records

2 aa

50/50
beam splitter

Elo

Elo

aa

aa

+

Ha
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2Elo



homodyne current record:

stochastic
Schrödinger equation:

(unfiltered)

(filtered)dI = – (I dt – dQ )

dQ = 2 a a ei +ae-i
REC dt + dW†

d| RECi = ( Ha aa a)dt + 2 aae
-i dQ | RECi

†1
ih

[ ]



Continuous variable quantum teleportation

elementary proposal
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Alice’s homodyne current records:

dQX = 2( cX REC + AX REC)dt + dWX

dQY = 2( cY REC + AY REC)dt + dWY

dQX
0

t

QX =
R

e- t

dQY
0

QY =
R

e- t
t

d | REC = – (c†c + AA)dt + (dQX – idQY) c

+ (dQX + idQY) A | REC

Stochastic Schrödinger equation:
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experiments
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Alice’s homodyne current records:

dIX = – (IX dt – dQX)

dQX = 2( cX REC + AX REC)dt + dWX

dIY = – (IY dt – dQY)

dQY = 2( cY REC + AY REC)dt + dWY

Victor’s homodyne current record:

dIVictor = – (IVictor dt – dQ)

dQ= 2( 2 BX REC +IX / 2 )dt + dW
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d | REC =   ( Hin – c†c)dt + (dQX – idQY) c

– (A B – AB) + AA + B B dt

+ (dQX + idQY) A + (IX – iIY) B dt

+ dQ 2 B + (IX+iIY ) | REC

Stochastic Schrödinger equation:

[ ]

[ ]

n

o

† † † †




