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Abstract: The presumed irreversibility of quantum measurements (whatever they are) leads, in conventional approaches to quantum theory, to an
asymmetry between state preparation and post-selection. Is it possible that a trgjectory can be predicted from the former, yet not inferred from the
latter? Especially in light of the exciting applications of non-unitary operations (i.e., postselection) in quantum information, it becomes timely to
reconsider how much one can say about a post-selected subensemble. | will review the weak-measurement formalism of Aharonov, Vaidman et al.,
and discuss some applications and extensions. These will include a proposed experiment to study the duration of the tunneling process (a question
controversial since the 1930s) and a recently completed experiment aiming to \'resolve\' Hardy\'s retrodiction paradox.
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SUMMARY

* Weak measurement on postselected quantum systems
(conditional quantum measurements)

* An alternate & unjustified derivation

* Tunneling times as an ongoing motivation

* A simple example & implementation (3-box problem)

* “Interaction-iree’” measurement & Hardy’s Paradox

* Which-path measurement, complementarity, & uncertainty
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Can we talk about what goes on behind closed doors?

(““Postselection™ is the big new buzzword in QIP...
but how should one describe post-selected.states?)



Conditional measurements
(Aharonov, Albert, and Vaidman)

AAV, PRL 60, 1351 ('88)
Prepare a particle in Ii> ...trv to "measure"” some observable A...
postselect the particle to be in IB>

Measurement

of A

Does <A> depend more on i or f, or equally on both?
Clever answer: both, as Schriodinger time-reversible.
Conventional answer: i, because of collapse.

Reconciliation: measure A "weakly." |::> A“, s <EJ:T)>I>
1

Poor resolution, but little disturbance.
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.... can be quite odd ...



A (von Neumann) Quantum
Measurement of A f«'

=

Initial State of Pointer Final Pomter Rﬁidol!_tf"

Well-resolved states
System and pointer become entangled

Decoherence / " collapse"
S Large back-agtion



A Weak Measurement of A

Initial State of Pointer Final Pomter Readout

H; —gAp,
—

System-pointer
coupling

.

Poor resolution on each shot.
Negligible back-action (system & pointer separable)

STONZ. |¥).dp(x) — Y cilWhi)sPplx — gai)
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Bayesian Approach to Weak Values
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Bayesian Approach to Weak Values

(A)wc = ) _a; P(li. f),
i

P(A&B)

P(AIB) = T
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Bayesian Approach to Weak Values

(A)wc = ¥ _a; P(jli. £).

j  P(A&B)

P(4) = (Proj(A)) = (|4)(A])
= (v]|A){(Aly) = |(Alw)|* .

P(AlB)
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Bayesian Approach to Weak Values

(A)w = > _a; P(jli. f).
; P(A&B)
P(B)
P(A) = (Proj(A)) = (|A)(A)
= (v]|A)(Alv) = [(Alw)|*.

P(AB)=

P(A&B) = (Proj(B)Proj(A)) = (¢v|B)(Bl|A) (Alv,
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Bayesian Approach to Weak Values

(Adwc = ¥_a; P(jli. f).
i

.  P(A&B)
P(AB)= B(B)
P(Alf) = Eoif)ProiAy)) P(A) = (Proj(A)) = (|4)(A])
RIijlf),: = {'.’.r'l.."l} '.‘i‘L'} — Hfi-!‘ti':}]i )

P(A&B) = (Proj(B)Proj(A4)) = (v|B)(BlA)(Alv,

Pirsa: 08090071 Page 14/96



Bayesian Approach to Weak Values

(A)wk = Zﬂj P(jli. f),
]

PlA&B
P(A|B) = J(F’(B) ) .
P(Alf) = Eol)ProiA)) P(A) = (Proj(A)) = (|4)(A))
(Proxf)) — (wl4)(Alw) = (Al .

P(A&B) = (Proj(B)Proj(A)) = (¢|B)(BlA) (Alv,

—_ (Proi(f)Proi(4s))  (IN(flA
Wy =2 % — o)~ UOUD
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Bayesian Approach to Weak Values

(A)we = Y _ a; P(jli. f).
J

PlAL&RB
P(AB)= J(F’(B) ) ;
P(alf) = Eoif)ProxAy)) P(A) = (Proj(A)) = (|4)(A])
(Proi( f)) = (v]|A){Alv) = |(Alw)]2.

P(A&B) = (Proj(B)Proj(A)) = (¢|B)(B|A4)(Aly,

_«—  (Proi(f)Proi(4:))  (F){F1A)
Ay =D s —ps - — (DT

(A) . — | |A(flali)  (flAl)
TR OGHAUE T ()
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Bayesian Approach to Weak Values

(A)w = Y a; P(jli. ).
J

P(A&B
P(AB) = L(B) ) :
(Proj( f)Proj(A;)) P(A) = (Proj(A)) = (JA)(A))
P(Ailf) = s — - B iy |
(Proj(f)) = (v|A)(Alv) = |[(Alv)|?.

P(A&B) = (Proj(B)Proj(A)) = (¢|B)(B|A)(Aly,

‘Proi( f)Proi(4;)) (1) {f1A)
B (Proj(f)Proj(4;)) (If){f]

=T k() UHUD
_ (el
")
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Bayesian Approach to Weak Values

(A)wc = ) _a; P(jli. f).
J

__ P(A%B)
P(A|B) = —5re
P(a|f) = Eoi)ProiAy)) P(4) = (Proj(A)) = (|4)(4))
(Froxf)) — (v]A)(Alv) = [(Al0)]2 .
P(A&B) = (Proj(B)Proj(A)) = (¢|B)(B|A) (Alv]
| (Proi(f)Proi(4:)) _ (If){f14)
‘1*4}1':2:_“' (Proj(f)) AU
(F|Ali)
| IAAAL)  (flAl i 2 £
o GLNUIAR) (Al < |1>
We="gnam — uw

Note: this is the same result you get from actually
performing the QM calculation (see a&V).



Pirsa:

Weak measurement & tunneling
times

HOH :iae.s ﬂﬂiS GF:PLJ 'ﬁu 'f'..mac‘ldj?

prepare 1. sest-salect 165
( - (er 1Y)

@3 fe ‘ﬂﬁ( ::.lg
weas T .4 tmi-ﬂhes.

e [ 40012 <H 1) KxIYY

Peo Cn)
The prob. of being ot x is just the expeclation

0000000 velue of the Pﬂjtmr oite x.



Conditional probability distributions

Pl x k Trass)

anes's fta = P(x' ‘h""'s) & -P(_#;Y_
_ < 1e¢el bhogx!l Y

i < ¢l y
= GIE) <ehdxl) _ <l G 1)

<Y CensS Cxlp
Precisely ARV's cesdt. Plaito;)- TYY, (),

- Wa can write The 4. dist . -
or cedl. P‘m"“': as a -ﬁt.w: ‘#ﬂ:cu o
= We caa idfenete over Tine ¥ over the barrier to
ofain « Tttt “condiTiesal dwell Time.”
= BUT: these results ace complex.
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A problem...

These expressions can be complex.

Much like early tunneling-time expressions denved via
Feynman path integrals, et cetera.
THE MEAVING OF "WEAK MEASURENENTS® WiTH CoMPLEX
VALUES
[ Ty-ilun

"Has cayoue ever seen = STopwalcl with,
Onplex ambess on e dial 7"

z

Foi: ‘

-
=k 3%

3
%, 6':‘-‘
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A solution...

EJ‘P cﬂﬁiicjt! = ?m-run‘rzcloui:n’ frar-dﬁ..

- (x-1)*/4o*
W)~ ™ )/Qr\m inevitelle
vac

T complex = P e‘(ﬂ' Re *)y?r'éixﬁ- 1"/2,—"...
hand shiffy pi&:rqp MLA-
by Rer romeTvm
of % Ta¥/2,’
TLE: i Pf(.c..'“l‘: ﬂ\e ﬂcmlinj -‘F mk C-f
Cefelmonnl) MeasUrernets,
Qe Tr deseribes clock hand’s pesilion shift
(e.n., Larner precassion),
Tut describes back -alion
le.y,, spin aliguiey vith B.)
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A solution...

EJ’F @#Sic‘t! = ?mfun‘mcloui:n’ c"rar-n'h!..

o =[x/ Yo *
¥(x)~e g r"'u-n ineviFelle
vac

T complex = . e—(n-&*)yvr‘cnn = .

7 s

hand shifty pikes up Normiz .,
by Ret romestum
‘ ‘Iﬂ’?]r‘

TLE: i5 Fr(.c..'}cl]: ﬁ\c Hcsji.lj -‘f wes k (-f
cesrdTionsl) MeasureresTs,

Qe Tr describes cleck hesd's ,-.‘:1";.. shié

(e & Larner ?MNM)

Tu T describes back-alicon
le.9., spin aligain with B.)

m‘i‘l':u:es\-:# of hand cemciay Copsleat, g




(1. Biittiker’s observation about the
Baz’-Rybachenko Larmor clock
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Cf. Biittiker’s observation about the
Baz’-Rybachenko Larmor clock
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Conditional P(x) for tunneling

- B M“:"\._ -
-50 vt 50
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What does thls mean practically?

=

(ﬂmuﬂmhramluumm

II"III
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What does thls mean practically?

(a)Thnﬂﬂmhrnmm

=

|‘ Il..-...
y p*e
(b) The situation for a transmitted proton
N
b
|1 r s puy weblior: T_'-:-__"
* 2 '-—ﬁzrﬁ-}-&‘j‘hlﬁmﬁlhﬂh |
0000000000000 ! H‘r_" 2



Just how nonlocal are particles?

weak

measurement
regions < ~ - _ _

-

time

barrier

—

incident

pulse

irsa: 08090071

' ¥ & A v

—

% broadened
pulse

ol .w
SN
b v

energy filter

transmitted pulse

position

Can both measuring devices
be affected by the same particle
even if they are spacelike separated?

Page 29/96
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How many ways are there to be 1n
two placés at one fime?

We all know even a quantum particle may > o
not affect partides at spacelike separations. _— E
. P
_I“\ ;'L__:
But even a classical cause may have two O~
ke Do

effects which are spacelike from each other.

On the other hand. a classical particle may
not have such effects.

Neither would a single photon split inte twe
paths of an interferometer.

By o -

If. from an ensemble of particles. each A _/N A

affects only one region of spacetime, then the sl
difference between the two will grow noisier. _/\ _/\_ —/_i A
Peilya¥'the nonlocality of a tunmeling particle is something deeper? Page 3096

ABEER s iimamesmmlaes el F saomlates e Bl adlaoass IDhass e i B Tansrasss ViR s samaasid AT 1A




® o |Planned experimental sequence

o BEC in magnetic trap
®
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* lanned experimental sequence

o BEC in magnetic trap

o Turn off trap, free
expansion of condensate l

for 5 ms
-
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® lanned experimental sequence

o BEC in magnetic trap

o Turn off trap, free
expansion of condensate
forS ms

o Interaction with barrier puv o
<
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® o IPlanned experimental sequence

x
»*
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®: lanned experimental sequence

Second-generation plan:
slide the barrier across a one-
dimensional, horizontal cloud.

|
‘_= R
i g
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Quantum Let’s Make a Deal
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Predicting the past...
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Predicting the past...
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Predicting the past...
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Predicting the past...

A+B —ﬁ

LA'th-I-C

What are the odds that the particle
was in a given box (e.g., box B)?
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Predicting the past...

A4+B —ﬁ

LA'_.B-I-C

What are the odds that the particle
was in a given box (e.g., box B)?
-=ffhad to be in B, with 100% certainty.



Consider some redefinitions...

In QM, there's no difference between a box and any other state
(e.g., a superposition of boxes).

WhatifAisreallyX+Yand Cisreally X - Y?
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Consider some redefinitions...

In QM, there's no difference between a box and any other state
(e.g., a superposition of boxes).

WhatifAisreallvX+Yand Cisreally X - Y?

A+B “S"_T'
= X+B+Y v x
k L—hAb—. B+C-=

Pirsa: 08090071 a
+B-Y




A redefinition of the redefinition...

X +B' —Tﬁ
= X+B+Y v K
L L—»—X-—» X+C'=

Pirsa: 08090071 Ta ﬁ
XEB-Y
e




A redefinition of the redefinition...

So: the very same logic leads us to conclude the
particle was definitely in box X.

X+B '—T‘ﬁ
= X+B+Y \

N L*—&-—» X+C'=

Pirsa: 08090071 a
+B-Y




Consider some redefinitions...

In QM, there's no difference between a box and any other state
(e.g., a superposition of boxes).

WhatifAisreallyX+Yand CisreallvX - Y?
A+B

irsa: 08090071




A redefinition of the redefinition...

X +B' ——Tﬁ-
= X+B+Y v X
L L—»—&-—» X +C'=

Pirsa: 08090071 Ya ﬁ
X+B-Y




A redefinition of the redefinition...

So: the very same logic leads us to conclude the
particle was definitely in box X.

X +B
= X+B+Y 5 | i |

N, L*—&-—» ) £ 2 s

Pirsa: 08090071 Ta ﬁ
X+B-Y




A Gedankenexperiment...
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A Gedankenexperiment...
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A Gedankenexperiment...

Pirsa: 08090071



A Gedankenexperiment...

Uy npn LILIL;I Lub
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The 3-box problem: weak msmts

Prepare a particle in a symmetric superposition of
three boxes: A+B+C.
Look to find it in this other superposition:
A+B-C.
Ask: between preparation and detection, what was
the probability that it was in A? B? C?

irsa: 08090071 Page 54/96
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The 3-box problem: weak msmts

Prepare a particle in a symmetric superposition of
three boxes: A+B+C.
Look to find it in this other superposition:
A+B-C.
Ask: between preparation and detection, what was
the probability that it was in A? B? C?

(f|Ali) P, =<IA><AlI>,, =(1/3)/(1/3) =1
AH' il ; :> PB =<IB><BI >k — (1/3) / (1/3) —d
<f‘1> P.=<1C><Cl>, =(-1/3)/(1/3) =-1.

Pirsa: 08090071 Page 55/96
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The 3-box problem: weak msmts

Prepare a particle in a symmetric superposition of
three boxes: A+B+C.
Look to find it in this other superposition:
A+B-C.
Ask: between preparation and detection, what was
the probability that it was in A? B? C?

(f‘A[i) P, =<IA<AI>, =(1/3)/(1/3)=1
A = e |:> P, =<IB><BI>_ =(1/3)/(1/3) =1
< ‘1> P.=<IC<Cl>_ =(-13)/(1/3) =-1.
Questions:

were these postselected particles really all in A and all in B?
can this negative "weak probability” be observed?

irsa: 08090071 Page 56/96
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An "application': N shutters

Aharonov ef al., PRA 67, 42107 ('03)

&
'l | 1 L

! i Iy J

r 5 F ] I F "

% | [ ¥
i I 1 1 i 1'.
i § d i 1 i
: v . e
4 ~. L4 . . Wun o N)
l ! 3 i i i
! J !
\ s : J
1 ¢ 1
I [ ‘
| I g
 * i
A 'I . ’
1 A : +18 :} f.l‘ %\ )
. | r ,
1 L ' !
" !I (] ¥

Fig. 1. A single photon arrives at N shits, but a single shutter

reflects the photon as if there were shutters in every sht.
Page 57/96
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The implementation —
A 3-path interterometer
(Resch et al., Phys Lett A 324, 125('04))

Diode Laser

}Spatial Filter: 25um PH. a Scm and a 1™ lens

A2 GP A
BS1, PBS D
22
e GP B MS. 9.
BS2. PBS |] . B
BS3. 50/50 CCD

Camera
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The pointer...

* Use transverse position of each photon as pointer

* Weak measurements can be performed by tilting a

glass optical flat, where effective
Hint e gl A)(A |pt

cf. Ritchie efal, PRL 68, 1107 (91

The position of each photon is uncertain to within the beam waist...
"*2"SHtall shift does not provide any photon with distinguishing info. ™%

n'll"' ﬂ'pl'ﬂ- e SR W W T “Lﬂ!n“-ﬂ." l‘\—'-':'"n "'LJ‘\ ﬁL;'ﬂ' ﬂp "'l‘ﬂ I'unn-—- - R W T I'\.J'l _nﬂl"‘ll'-ul



A negative weak value for Prob(C)

Perform- weak msmt A+B-C Rail C
on rail C. (neg. shift!)

Post-select either A,
B, C, or A+B-C.

Compare "pointer
states” (vertical
profiles).

l
Rails A and B (no shaft)

20 200 180_ 160 140 120 10(
Pixel Number

irsa: 08090071 Page 60/96
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Data for P, Py, and P,...

3 -2 -1 0 1 2 3
Displacement of Individual Rail
(Units of RMS Width)
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Is the particle "'really" in

2 places at once?
e If P, and P, are both 1, whatis P,,?

» For AAV s approach, one would need an
interaction of the form

H,. =g/AXA|B)B

P
OR: STUDY CORRELATIONS OF P, & Pg...

- if P, and Py always move together, then
the uncertainty in their difference never changes.

- if P, and Py both move, but never together,
Pirsa: 08090071 then A(I:’;5 = PB) must increase- Page 62/96



Practical Measurement of P

Resch &Stemberg, PRL 92 130402 ('04)
Use two pointers (the two transverse directions)

and couple to both A and B; then use their
correlations to draw conclusions about P, 5.

Hint = g%‘A)<A P. ¥ gB‘ B><B

We have shown that the real part of P, can be
extracted from such correlation
measurements:

P,

2(x .
Re(P_—xB\,\' )= ( y>3 T Re(Pf\wBBw)

Z.851

Pirsa: 08090071



Non-repeatable data which happen
to look the way we want them to...

anticorrelated
particle model

_exact calculation o1

JMs” - %(AX’ +AY?)

e

< 05 ¢ &
> E = rF m - T = -
a 92:% s ‘;%r T +3' i
05 : = | (T :
1t
Page 64/96
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Practical Measurement of P

Resch &Stemberg, PRL 92 130402 ('04)
Use two pointers (the two transverse directions)

and couple to both A and B; then use their
correlations to draw conclusions about P, .

Hint = g&‘A><A px +gB‘ B><B p}'

We have shown that the real part of P, can be
extracted from such correlation
measurements:

2(x .
Re(P, .., )= ( y>: —Re(P.,B,.)

Z.85t
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Non-repeatable data which happen
to look the way we want them to...

anticorrelated
particle model
s fe . exact calculation '." v 3
r:-‘ r - = -, =:
> . /‘ [ 12
> o8}
< :
S 06"
-_—| L il
! _ .
-, 04! of e
1- { -
l---'ﬂ'_____ 02 1 ¥

0-

e

s 05¢ 4

x r _ T oI - - il

a 0 '"ﬂ! +1h i - E 'L:!' _—— _r&_

OS5 E : ' ' 3

L | -9 E P ; l al s PR -
PPPPP : 08090071 _2 _1-5 _1 _045 0 0‘5 1 1‘5 2 Page 66/96
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The joint probabilities

Probabilities Ry not A AornotA
B 0 l 1

not B | —1 0
Bornot B 1 0

Pirsa: 08090071



And a final note...

The result should have been obvious...

IAS<AI IB><BI
= |A><AIB><BI

is identically zero because
A and B are orthogonal.

Even in a weak-measurement sense, a particle
can never be found in two orthogonal states at
the same time.

(So much for “‘serious™ nonlocality of a tunneling
pyarticle as well...)



The joint probabilities

Probabilities 4 not A AornotA
B 0 l ]

not B | — 0
Bornot B 1 0
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“Quantum Seeing in the Dark™
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" Quantum seeing in the dark "
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" Quantum seeing in the dark "

(AKA: “Interaction-free’” measurement,
aka “Vaidman’s bomb”)

A HBitzur, and L. Vaidman, Found. Phys. 23, 987 (1993)
P G Kwa H Weinfurter, and A Zailinger, Sci. Am. (Nov., 1996)
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" Quantum seeing in the dark "

(AKA: “Interaction-free’” measurement,

aka “Vaidman’s bomb”)
‘A Hiitzur, and L. Vaidman, Found. Phys. 23, 987 (1993)
Problem: P G Kwa H Weinfurter, and A. Zeilinger, Sci. Am. (Nov_, 1996)

Consider a collection of bombs so sensitive that
a collision with any single particle (photon, electron, etc.)
is guarranteed to trigger it.

Suppose that certain of the bombs are defective,
but differ in their behaviour in no way other than that
they will not blow up when triggered.

Is there any way to identify the working bombs (or
some of them) without blowing them up?
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" Quantum seeing in the dark "

(AKA: “Interaction-free” measurement,

aka ‘“Vaidman’s bomb”)
A_Hizur. and L. Vaidman, Found. Phys. 23, 987 (1993)
P G Kwa H Weinfurter, and A. Zeilinger, Sci. Am. (Nov., 1996)

Bomb absent:
Only detector C fires

CO:
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" Quantum seeing in the dark "

(AKA: “Interaction-free’” measurement,

aka “Vaidman’s bomb”)
A_Hitzur, and L. Vaidman, Found. Phys. 23, 987 (1993)
P G Kwia, H Weinfurter, and A. Zeilinger, Sci. Am. (Nov., 1996)

Bomb absent:
Only detector C fires

CO:

Bomb present:

"boom!" 12
« 1/4
D 1/4
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" Quantum seeing in the dark "

(AKA: “Interaction-free” measurement,

aka ‘“Vaidman’s bomb”)
A_Hitzur, and L. Vaidman, Found. Phys. 23, 987 (1993)
P G Kwa. H Weinfurter, and A. Zeilinger, Sci. Am. (Nov., 1996)

Bomb absent:
Only detector C fires

CO:

Bomb present:
"boom!" 12

C 1/4

L T

The bomb must be there... vet
mry photon never interacted with it.




Hardy's Paradox

(for Elitzur-Vaidman “interaction-free measurements™)

D+ —> e-wasin
D- — e+wasin

D+D- —>?

But ... ifthey
were

both in, they
should

have

- -
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Hardy's Paradox

(for Elitzur-Vaidman “interaction-free measurements™)

Outcome Prob

D,and C_ |1/16

D.and C, | 1/16

C,and C_ |9/16

D, and D_ | 1/16

Explosion | 4/16




The two-photon switch...
OR: Is SPDC really the time-reverse of SHG?
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The two-photon switch...
OR: Is SPDC really the time-reverse of SHG?

(And if so, then why doesn't it exist in classical e&m?)
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The two-photon switch...
OR: Is SPDC really the time-reverse of SHG?

(And if so, then why doesn't it exist in classical e&m?)

Spontaneous
Parametnc Down- Time-Reversed
conversion
Pump
2m l::>
t—-t
» 100% efficient
upconversion

The probability of 2 photons upconverting in a typical
nonlinear crystal is roughly 10~ (as is the probability
of 1 photon spontaneously down-converting).
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Quantum Interference
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Suppression/Enhancement
of Spontaneous Down-Conversion

1400
: (57% visibility)

= 1200 _ :
& s . - -
<1000 % . T e 0
Z - = . = ¢ |&
= g &% | 2 . .
c 800 3 -‘ - - .
C E L kL d - s @
Seoof ¥ ¥ )¢ o
= - . . ; & @
= 1 * ] r!i ® Q:
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- 1 .
S 200°
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Photon-photon transmission switch

Phase chosen so that coincidences are eliminated

@ g

,

zr’_}_
ﬂ:e--"""""Q g

OFF

I -

On average, less than one photon per pulse.
One photon present in a given pulse is sufficient to switch off transmission.

e onosor L 1€ photons upconvert with near-unit eff. (Peak power approx, ;mW/cm
The blue pump serves as a catalyst, enhancing the interaction by 10%.



Experimental Setup

Det. V (D+) Det H (D-)

 PBS 50-50

maEww ..

GaN PBS
Diode Laser

\' l DCBS " oces |
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Using a “photon switch” to
1mplement Hardy’s Paradox

.HPoIDC
@ v Pol DC

e - T

------
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But what can we say about where the particles
were or weren't, once D+ & D— fire?

Probabilities |e- in e- out

e+ 1n 1

e+ out 0
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But what can we say about where the particles
were or weren't, once D+ & D— fire?

Probabilities |e- in e- out

e+ 1n 0 1 1

e+ out 1 = 0
1 0

In fact, this is precisely what Aharonov ef al.’s weak measurement
formalism predicts for any sufficiently gentle attempt to “observe™
acobobise probabilities...



Weak Measurements in Hardy's Paradox

Y . Aharonov_ A Botero, S Popescu. B Reznik. J Tollaksen PLA 301, 130 (2002): quant-ph/0104062

Det. V (D+) Det. H (D-)

Bsz’; Pol.== o
" BS2,
(O)
#In Arm N(F)  N(O%) di i
N(I*) 0 1 1
NO*) 1 -1 0

1 0

Page 89/96
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Weak Measurements in Hardy’s Paradox

Ideal Weak Values
N(T") N(O") ‘

N(I)
N(O%)

Experimental Weak Values (“Probabilities™?)
N(I) N(O)
N(I*) | 0.243+0.068 0.663+:0.083 | 0.882+0.015

N(O*) | 0.721£0.074 | -0.758+0.083 | 0.087+0.021
0.925:0.024 | -0.039+£0.023
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The Bohr-Einstein (and Scully-Walls) Debates...
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Which-path controversy
(Scully, Englert, Walther vs the world?)
[Reza Mir ef al., New. J. Phys. 9, 287 (2007)]

Which-path measurements destroy interference.

This is usually explained via measurement backaction & HUP.
Suppose we use a microscopic pointer.

Is this really irreversible, as Bohr would have all measurements?
Need it disturb momentum?

Which is «more fundamental» — uncertainty or complementarity?

MiCTomasys
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Convoluted implementation...

e Ciuene =t Lemss Glass plate in focal
it wlte f=im '
So—— | plane measures
P(p,) weakly (shifting
photons along y)
- . >
- J \ f Half-half-waveplate
Mg o (e in image plane measure
— W path strongly
o R mh mer =04
R i of come ol
. <
L CCD mn Fourier plane measur
- o <y> for each position x; this

determines <P(p,)>_, for eacl

Page 93/96
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A few distributions P(p; | p,)

EXPER_LMENT THEORY
- f (] (Gimite: wixhih dise: to finite
o r_,ﬁ ,\w — width of measuring plate)
r h"“"—
\. . |
~— r/r_ﬁ-' ——

PRy T 1)

!’. =

= ¥ —

Note: not delta-functions; 1.€., momentum may have changed
meeceer Of course, these "probabilities” aren't always positive ¢t etc.



The distribution of the integrated
momentum-fransfer

Normatized Probaoiity PpY) Disaibugon

:"T: [ ¥
EXPERIMENT
1510°

e} E || . Note: the distribution
. “ { extends well beyond h/d.

— . On the other hand, all its momen!
S—— are (at least in theory, so far) 0.

THEORY] The former fact agrees with Wall
i ' et al; the latter with Scully ef al.

For weak distributions, they may
| . be reconciled because the distri-
Z N\ butions may take negative values i
T — o ' weak measurement.
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The moral of the story

1. Post-selected systems often exhibit surprising behaviour which
can be probed using weak measurements.

2. These weak measurements may “resolve” various paradoxes...
admittedly while creating new ones (negative probability)!

3. The two camps in the welcher Weg controversy are both
supported by weak measurement, with no contradiction.

4. All of the claims in Hardy’s “paradox” are borne out by weak
measurement, again with no contradiction: retrodiction (and
“intradiction,” to mangle some jargon) is alive and well in
quantum mechanics.

5. A postselected particle can be certain to have been in each of two
places at the same time, vet can never be in both at the same time.

6. A series of tunneling-time experiments is still under preparation
at Uof T. So 1s an experiment to weakly measure the Bohm
trajectories in a two-slit interferometer (based again on a

Pz oo posal by Howard Wiseman). R



