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e | No cloning theorem | [Wootters and Zurek, Nature 299, 802 (1982)].
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D’Ariano and Yuen, On the Impossibility of Measuring the Wave Function of a
Single Quantum System, Phys. Rev. Lett. 76 2832 (1996)

BruB, D'Ariano, Macchiavello, and Sacchi, Approximate quantum cloning and
the impossibility of superluminal information transfer, Phys. Rev. A 62 62302
(2000)

N. Herbert, FLASH A Superluminal Communicator Based Upon a New Kind of Quantum
Measurement, Found. Phys. 12 1171 (1982); O. H. Heberhard, Bell's Theorem and the
Different Concepts of Locality, Nuovo Cimento 46B 392 (1978)
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Bennett, Brassard, Crepeau, Jozsa, Peres,
and Wooters,

Teleporting an Unknown Quantum State
via Dual Classical and Einstein-Podolsky-

Rosen Channels,

Phys. Rev. Lett. 70, 1895 (1993).
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Quantum Measurements I
° paradigm shift: from uncontrollable disturbance of

measurement (Messiah) = control of coherence and measurement engineering

e | Breaching the Standard Quantum Limit

- Yuen, Contractive States and the Standard Quantum Limit

for Monitoring Free-Mass Positions, Phys. Rev. Lett. 51,
719 (1983).

- Ozawa, Measurement Breacking the Standard Quantum

Limit for Free-Mass Position, Phys. Rev. Lett. 51, 719
(1983).
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- Yuen, Contractive States and the Standard Quantum Limit
for Monitoring Free-Mass Positions, Phys. Rev. Lett. 51,
719 (1983).

- Ozawa, Measurement Breacking the Standard Quantum
Limit for Free-Mass Position, Phys. Rev. Lett. 51, 719
(1983).

e | Heisenberg principle (-ray microscope gedanken experiment)

- Ozawa, Universally valid reformulation of the Heisenberg uncertainty principle on noise and
disturbance in measurement, Phys. Rev. Lett. 67 042105 (2003)

- D’Ariano, On the Heisenberg principle, namely on the information-disturbance trade-off in a
quantum measurement, Fortschr. Phys. 51 318 (2003)
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e | Breaching the Standard Quantum Limit

- Yuen, Contractive States and the Standard Quantum Limit
for Monitoring Free-Mass Positions, Phys. Rev. Lett. 51,
719 (1983).

- Ozawa, Measurement Breacking the Standard Quantum
Limit for Free-Mass Position, Phys. Rev. Lett. 51, 719
(1983).

e | Heisenberg principle (-ray microscope gedanken experiment)

- Ozawa, Universally valid reformulation of the Heisenberg uncertainty principle on noise and
disturbance in measurement, Phys. Rev. Lett. 67 042105 (2003)

- D’Ariano, On the Heisenberg principle, namely on the information-disturbance trade-off in a
quantum measurement, Fortschr. Phys. 51 318 (2003)

e Buscemi, D'Ariano and Perinotti, Non orthogonal perfectly repeatable quantum measurements,
Phys. Rev. Lett. (quant-ph/0310041)
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If we have an apparatus which performs a quantum measurement, how can we
know what and how much it measures?

It is the theory which decides what we can observe!

—Einstein to Heisenberg
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Is it possible to calibrate a photo-detector, and
more generally any quantum measuring apparatus,
without using the theoretical statistical mechanics
description of its functioning?
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A measuring apparatus with possible "outcomes” {n =1,2,...} is described by a
set of operators (called POVM)

P = {Pn}a
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A measuring apparatus with possible "outcomes” {n =1,2,...} is described by a
set of operators (called POVM)

P = {Pn}7

which provide the probability p(n) of each n for all possible states p via
p(n) = Tr[P,p] Born rule

In order to have p(n) a probability the operators P,, must satisfy the constraints

P,>0, Y P,=1
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In principle, we can calibrate a quantum measur-
ing apparatus without knowing its functioning by
determining experimentally its POVM {P,}.
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e Quantum tomography is a method to estimate the ensemble average (H) of
any arbitrary operator H by measuring a quorum of observables {O,}.
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e Quantum tomography is a method to estimate the ensemble average (H) of
any arbitrary operator H by measuring a quorum of observables {O,}.

e [he operator H is expanded on the quorum:

H:ZCZ(H O
[

e The tomographic estimation of the ensemble average (H) is obtained by
averaging over both the ensemble and the quorum.

- The estimation of the density matrix element p;; corresponds to H = |i)(j|.

e There are general method for unbiasing instrumental noise, adaptive
techniques, maximum-likelihood strategies, etc.

[G. M. D’Ariano, Scuola “E. Fermi”, (IOS Press, Amsterdam 2002) pag. 385.] [start]-[end]-[back] 38
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e In quantum optics for each field mode a quorum = {quadratures}
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Pauli matrices I ,0, ,0, ,0, orthonormal basis for the qubit operator space:

H=1o -Tr(cH)+ ITr(H)].
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Pauli matrices I ,0, ,0, ,0, orthonormal basis for the qubit operator space:

H=1o -Tr(cH)+ ITr(H)].

e In Quantum Optics the qubits are encoded on polarization of single photons:

o, =h"h —vlv,
| 1) = |Dr[0)o, | 1) =|0)r|1),

f e T
— o _’/’—'

PBS A4 PBS
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e A bipartite state R is faithful when acting with a device on R as in figure the
output Re carries a complete information about the operation & of the device

— G —
R R

R,

correspondence Rs < & one-to-one

o | Z(p) =Tn[(pT& DR}
e R is faithful when its associated map Is invertible.

There are pure faithful states: the entangled states (quantum parallelism of
entanglement!)

[G. M. D’Ariano and P. Lo Presti, Phys. Rev. Lett. 91 047902-1 (2003)] [start]-[end]-[back] 41
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e Nonlinear Quantum Optics: parametric downconversion of vacuum

C

Hamiltonian | H o ca'd + h.c.
\) where w, = w, + wp

a

_ _ _ ‘ twin-beam I
- From input vacuum in a and b and classical pump ¢ produces the

T) = (1§ Zf”ln ® [n)
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e Essentially any garbage state is faithful (invertibility is a dense condition).
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e Essentially any garbage state is faithful (invertibility is a dense condition).

e However, the knowledge of the map & from the measured output state Re will
be affected by increasingly large statistical errors for input state R approaching
a non-faithful one.

1
|
|

Ann
0.5

0

[G. M. D’Ariano and P. Lo Presti, Phys. Rev. Lett. 91 047902-1 (2003)] [start]-[end]-[back] 44
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e The calibration is achieved by determining experimentally the POVM using a
faithful state as in figure.

Prn = p(n)[%Z " (pn)]']:
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e The calibration is achieved by determining experimentally the POVM using a
faithful state as in figure.

- p(n) probability of the outcome n,
- ppn conditioned state, to be determined by quantum tomography,

- % associated map of the faithful state R.
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In principle we need only two tomographers and

a single faithful state to calibrate any measuring
apparatus.
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e Using a "calibrated observable” the measurement is "unbiased” (at expense of some increasing

statistical error).
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Tomography of a twin-beam

To scope )l\ To boxcar
| ko LPF| Ch2
KTP  PBS (§ C\ BPF—M
PUmp EI*. E;r . 40 MHz
532nm | NOPA I] > IRl
Filter i
| signal LO 40 MHz
idler LO
Y

Identical A\ Ch1
to Ch2 )

To scope w To boxcar

Measurement of the joint photon-number probability distribution of a twin-beam: schematic of the experimental setup.
NOPA, non-degenerate optical parametric amplifier; LOs, local oscillators; PBS, polarizing beam splitter; LPFs,

low-pass filters; BPF, band-pass filter; G, electronic amplifier. Electronics in the two channels are identical.

[M. Vasilyev, S.-K. Choi, P. Kumar, and G. M. D’Ariano, Phys. Rev. Lett. 84 2354 (2000)] [start]-[end]-[back] 50
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pless m = m = 1.5, N = 10; (b)
240000 samples, n = 3.2, m = 3.0,
N = 18; (c) 640000 samples, n = 4.7,
m = 4.6, N = 16. The measured
distributions exhibit up to 1.9 dB of
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quantum correlation between the signal

and idler photon numbers.
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Figure 1: Homodyne tomography of an On/Off photo-detector with quantum
efficiency n = 0.4 and thermal noise photon number v = 0.1. The reconstruction
is obtained by pattern-function averaging of 1.5 - 10% data, for homodyne quantum
efficiency n» = 0.9 and twin beam thermal photon n = 3.

[G. M. D’Ariano and P. Lo Presti, Springer, Lecture Notes, in press] [start]-[end]-[back] 52
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Homodyne calibration of a photodetector |
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Figure 2: Homodyne tomography of an On/Off photodetector with quantum

efficiency n = 0.4 and thermal noise photon number v = 0.1, with n = 3 photons
in the twin-beam. The ML estimation of the diagonal of the only Off POVM
element are reported for different values of sample size NV and homodyne quantum
efficiency ng. Left: N = 10, ng = 0.7, Middle: N = 104, ng = 0.9; Right:

N =108, ng = 0.7 .

[G. M. D’Ariano and P. Lo Presti, Springer, Lecture Notes, in press]
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Informationally complete POVM's = calibrators: "the quantum

standards of the International Bureau of Weights and Measures a
Paris” — Chris Fuchs.
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The fun with Quantum
Information is that you can study
the foundations of the enigmatic
world of Quantum Mechanics, and,
at the same time, you make
something useful for practical
applications

\

Workshop on: @uantum [nformation Processing for Quantum Communications = Movember 2003 - July 2004
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