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Abstract: Feynman was probably correct to say that the only mystery of quantum mechanics is the principle of superposition. Although we may
never know which dlit a photon has been passing in a Y oungA’s double-slit experiment, we do have a corresponding classical concept in classical
electromagnetic theory: the superposition of electromagnetic fields at alocal space-time point is a solution of the Maxwell equations. In the case of
joint photo-detection measurement of two photons, however, the superposition involves the addition of two-photon amplitudes, different yet
indistinguishable alternatives resulting in a click-click joint photo-detection event. There is no counterpart of such concept in classical
electromagnetic theory and the superposition may happen at distance. It is the two-photon superposition responsible for the mysteries of EPR by
means of reality and causality. Thistalk will analyze the physics of based on several recent experiments.
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Can quantum mechanical physical reality be

considered complete?
Einstein, Poldosky, Rosen, Phys. Rev. 47, 777 (1933).

(1) Proposed the entangled two-particle state according to
the principle of quantum superposition:

"p(xl :xz) = f dp wp(x2)up(xl) = 0(x, — X, + %)

Y(pip:)= [ dx @.(x2)v.(x) = &pi + )

(2) Pointed out a surprising phenomenon: the momentum
(position) for neither subsystem is determinate; however, if
one particle is measured to have a certain momentum (posit-
ion), the momentum (position) of its “twin” is determined
~u WIth certainty, despite the distance between them! i
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EPR d-function:

-- perfect entangled system
A(x,—x,)=0, A(p, +p,)=0.
Although: Ax, =, Ax, =, Ap, =, Ap, =x.

A Cartoon: Schrodinger Cats

A pair of interaction-free cats “propagate” to distant
locations:
(1) each of the cats are in the state of alive and dead,
simultaneously;
(2) the two has to be observed both alive or both dead,
despite the distance between the two.
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Pure State vs. Statistical Mixture:

W) = 1/_ (|alive) +|dead))

100 cats, all and each of them are simultaneously alive
and dead (in the same superposition state: pure).

B %(a]ive)(a]ive| + |dead)(dead])

100 cats, 50 are alive, 50 are dead (50 in the state
of alive, 50 in the state of dead: mixture).
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Two-particle Pure State vs. Statistical Mixture:

1 (lalive,alive, ) + |dead,,dead, ))

‘lp>=‘\5

100 cat-pairs, all and each of the pair are in the same
superposition state of alive-alive and dead-dead.

(|alive,,alive, )(alive,, alive, | +|dead,,dead, )(dead,,dead, |)

1
2
100 cat-pairs, 50 are alive-alive, 50 are dead-dead.
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EPR d8-function:

o(x, —x,+x,)=>A(x; - x,)=0

5(?1 +p,) =A(p, +p,)=0

Although: Ax, =x, Ax, =, Ap, =, Ap, =x.

EPR Inequality:

-- non-perfect entangled system
A(x, — x,) <min(Ax,,Ax,)
A(pl + pz) < min(App Apz)
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Quite a surprise !

t* H=H1+H2; Hiuteraction:t:o
* Space-like separated measurement events.

(1) No interaction between two distant quanta;

(2) No action-at-a-distance between individual
measurements.

To EPR: the two quanta are independent as well as
the measurements, so that

A(x, - x,) =/(Ax,)* + (Ax,)* > Max(Ax,,Ax,)
A(p, + p,) =~/(Ap,)* + (Ap,)* > Max(Ap,,Ap,)
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The apparent contradiction deeply troubled Einstein.

While one sees the measurement on (p,+p,) and
(x,-X,) of two individual particles satisty the EPR
0-function and believes the classical inequality,
one might easily be trapped into considering
either there 1s a violation of the uncertainty
principle or there exists action-at-a-distance.
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Glauber Theory

2

GV(x,1) = (P|ECE®|®) = (0|E®(x,1)

)

Probability to produce a photo-electron event at (x,2).

W(x,t) = (0| E®(x,0)| W) Operational

- f:dw f(&]) g~ lwr—k(@xl appmach

T

= o~ lwot-k(@)x] I:dg f(Q) o i Py i !.I1. I
- e-ffm,,r-k{m” )x | Fr{f(g)} \ !

1
dk /dw

A “wavepacket” is the result of coherent superposition. Quantum
mechanically, the measurement cannot precisely locate a light
=gprantum within the “uncertainty” of the wavepacket.

w=w,+Q2 T=t-x/ulw, uww,)=







2

GO (x,8:%,,8,) =(P|E, " E, E, E, |P)=|0E(x,,5)E™ (x,4)P)

Probability to produce a joint-detection event at(x,,£,;x,,z,).

P(x,,t;x,,1,) = <0| E{”(Il ,tl)fi'“’(xz,t?_)|‘lj> Operational
Ee—fm:}{n +T,) J'T' dQ f(g) e—iﬂ[r,—rzj approach
= e-s"[m._.f-k(w” )x | le-r: {f(g)}
1
w=w,+Q T=t-x/u(w ulw. ) =
: el e

A “biphoton™ is the result of superposition of 2-photon state.
Quantum mechanically, the measurement on f, — £, can achieve
~f@salution even beyond classical limit of A(z, — £,) = Max(At,, At



The two-photon superposition 1s nonlocal !

W(x,1) = (0| E®(x,0)| W) The superposition

_ gilwor—k(@o)x] J“‘ iQ f(Q) ™ <= happens at a space-time
= point. We do have a

g Nl L FEDE classical concept for this.
W(x,,t,;X,.1,) = (0| EP(x,,t) EV(x,.1,)|P)
= o0 (7+%2) f:dﬂ £(Q) e ¥

g~ Tui-k(@yx1 { f(Q)}

=%

The superposition happens between different yet equivalent two-
photon amplitudes that lead to a joint detection event of two photo-
detectors at distant space-time points (x,,%;X,,Z,) . This represents a

uite troubling concept in classical physics, because there is no
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counterpart of such concept in classical electromagnetic theory.





















How much we know a subsystem in the EPR system ?

Pure state for the system of two:
W)=Y o +0,-0,)a (@) (,))0)

Statistical mixed state for a subsystem:

p=Tr, |¥)(¥ =) a(®)|0)0a ()

Negative entropy ? (Von Neuman entropy)
S=-tr(plogp) Sge=0; §,>0 = $,+5,=0

"4

“...given the result of a measurement over one particle, the result of
"ti& measurement over the other must yield negative informatrsi:™






Spontaneous Parametric Down Conversion

A nonlinear optical process in which a laser beam
incident on a nonlinear material leads to the emission
of a pair of photons: signal-idler.

Pump

W+ =0,
k. +k =k,

Idler

B = &'rx ESEED+HE.
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Biphoton State: Spontaneous Parametric Down Conversion

Two-photon Pure State

The signal (idler) photon can
have any energy (momentum),
however, if one of the
photons is measured at
certain energy (momentum)
its twin must be at a certain
energy (momentum).

) = 25(“’5 +w,-o,)dk, +k, -k, )a’a’|0)
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“Ghost” Image and “Ghost” Interference
EPR Experiment in momentum-position

PRL, 74, 3600 (1995); PRA, 52, R3429 (1995).
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“Two-photon™ film
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L=tz (nanoseconds)

Experimentally measured time offset: 7, = 40,369 = 1ps
Optical distance 3,000 meters.

Applied Physics Letter, 85, 2655 (2004).
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Popper’s Experiment

Karl Popper, being a metaphysical realist™ took a
realistic view point of quantum formalism: a particle
must have precise position and momentum, independent
of any observation. In this regard, he invented a thought
experiment in 1934 aimed to support his realistic
interpretation of quantum mechanics.
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Slit A LS BBO Siit B
Modified -
Popper's i of T of .'I
experiment: — X
Y .H. Kim (b) l | aY
Eta.l, 1998. ﬁ.ﬁ ].__:—_f ___ _:— ﬁqi_—-ﬂf " Ap |
e U N - » @
: Siit B
SlitA LS BBO | IR Scanhl
JEComc:ﬁanoa.*
| Circuit |

An entangled photon pair is generated by SPDC. A lens and a narrow slit A are
placed in the path of photon 1 to provide the precise knowledge of its position on
the y-axis and also to determine the precise y-position of its twin, photon 2, on
screen B by means of two-photon “ghost” imaging. Photon counting detectors D,
and D, are used to scan in y-axes for joint detections. (a) Slits A and B are both
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jiisted very narrowly. (b) Slit A is kept very narrow and slit B is left wid& 6pen.









Conclusions

* D=]+1

*% The mystenes: two-particle
superposition.

www.physics.umbc.edu/research/quantum
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PERIMETER

INSTITUTE FOR THEORETICAL PHYSICS




