v .Kde 26/065/05 ©

ggi_:a.uglemm; - Enhance d  Quantum Weagure waeunts  GUP IRC
Summe - Shad
6-10 June o

Quomtum  Wnforwmakion Theovry . physical Uwaiks 4o
mlormabon prow@ssing.

disenete voniable : perteck vead owk (such as a 1,_49;\.)
conhinuous vaniede ; mabrinsic ercor =+ whal i He mm:?

whﬂ e chnuwous unriakles kaes’ringz

1))y — [o] - 1&(e)d

5 s

Slado o\' waateniol wa 1 "( X
o p > )

%mvi!ra.h‘dvmk WAL S <

So we need 4o know beth @ amd A@ . Whak's more
Hiis st ae Fvem. wa ‘ervns ot é e regonrces
Huk e yeded C'w..wouﬁ e ) -

From. +he cantvon a,‘omre_,) Yo com see +aig pro\o\.ew.
hasg Sovmﬂ-"\niv:ﬂ o oo wikh e cutuikion o4 Stabes

Also, Ha owly pefeckly dishnguishalde  shbes e
Q:}ﬁoamﬂ!, sﬂg_&, so leb's looke abt Fhe fHwme b fedees
for oo stede Yo wolue fo o a-rlr“‘«.oaowai_ stake .



The. Mandklstoun - Tamump ‘,m_\gqua-bi% ( lgqds )

We “wow -('Yvw; M Laak AAAR ?.'lil<[A‘$]>‘
Assume Hak A Is twme inoclependent, such thak
W\ E‘_(_A..} = <{A,&]>’ M we MML

At

DH AA 3 ’h\iﬁ&\.

2| A

LJo_ w_aw\.k ko \enow \f\ouJ LD\@ ':{' +ﬂl¢b ‘v %:J:’

(HE/ R

1Y = 1 e = e Oy

Chosse. A= | HOX 0] | We Hhem have

LAY = (WO ALLEY = WO = ws?die)
(AAY= <] ALY — ((O1Al+(OY

= (A>(l— (A>)

Se DA = \/_0—:5';¢ (- ODL¢S = Ctnp smd The me&m&(}j
above Ham e comes

AH cord smg 3 h
b

okm*-qsce)l T lo_lik
A At

Aflor nlegaakion: 14U & AHE
W




Feed Hais vesult back b VE (€N = os* ¢

{
¢ ¢ AME > wstd 3 wﬁi(_“wb) W
R R | _ |

[+ T~ x4

Kelo) | M 3 c,os"‘(AH e)

—————

82
Or%&a\\o—\i\j e gives 0 3 (oS (_A__I‘_LE‘_) , or
"

® ¢ OHME

2 N 1

This \eads 4o t 3 K, , He Mandelstom— Tamm
2 A eﬂ_ua-'l'\‘m.

.Sovvsez}iws’ Huis bownd & ok WP“CA_‘OLP-, —P‘x.e.ncamlolc_
whenm AW > 00,0 .

The Ma.rso\u.s - levilin Ln.eq-g,@% (l%gﬂl

Withouk Llogs ol gonenaliby, we  cam defive. (LD ae
o supeposiBom ol emengy cigemchales with By z 0 :

‘&(0)) -~ Z_I Chn ‘En>'

The Hme evolbon is Hizon S{Um \OJ
b -LE E/%
b)) =2, ¢ e VELY .

nso



T -1 tue/h

Defive S(6) = R &le)) -3 lenl e

=0

We Hom wanmt ko fiwok-‘r\«ﬂ. Smllzs-\'\m.h&-c"- E suda
Yok S::O.

é len\” ( l?)

i\ (1—

w=0o

Re (35)

n

WV

(&)

{et 4 2 lm (S>
8% n

} —

Alp

W the second Line , we- wsed

Cos = 2 t—_?_-,(xq—s.\r\.x) {‘w‘l?,o
<

Observe : S0 — Rae(3) = wm(S8) -0

k|
LEY

0y 1— Z 4E?2E  or t 3
L

™

We cadk Haie Hae V\araoms-l.wl\'in 'muLun—lﬂb.

Concision: we veed to Wnow bobh 4ED omd AH
ot a state v F—:waL b olt)vm-mic.al sp.zao(
OfF emvoluhion,

For ml-m\.ost'j, we wveed Yo choose our stakes such
Hak both  LED amd AH ane fa.u-owrab\z.



Whw owe these m%mlnz.s releuamk ¢
o/

Well | for example, i we ok ak a srnﬁ(a_ optical mode |
we Wowe AP = wt, and

ODé 2 £ he ond A¢ 3 K& hw
LAH_ L ZLeS

So e \A.MC, +wo e::cP(eSSiM,s +chr‘ Mz W\.'\nlmal. ﬂ-un\.tralo\L,
\o\vmse.- Ad, qlvem  oun undterackom Hwme bt and Hawlboniaw
H.

lek's lode ak 4wo o‘al'ic.al 1mp\mm+n}-‘m.s.

coherenk stake @ &) = % \n> M= hw(@el)

Y\

CEY = Lo l-H\DQ ~ hwlal - ko O , awib Ay

the vacan number ol phctons.

= \/Zot\ HE o — 4l Hiod™

Lal M {aY = Wt lal (1o 1)

& e VLY
MT.: t_zr _® - x _'_
gl 2 AW 2 Nm E ¢
MT 2 “nL
M.L n R - K 1
e 2 3 — = E
Y 2. wWwin

TA\J-'I..—. AI’D - TT ‘ _l_.ln."t s ..-_“-11 Ll.. QL-&._ -1:..-1-' ﬂ. --.Ll.... , :I.-.-:L



Noon IN oY + lo,ND , o emngy e&ams'm—*e.

(E» T o N A AR =0 ( \Supp'u.ssuzl e \J‘m)

M.T. : t_ 72 Avide by 2ero
w7 E 2 7 Y

M L. t-n > K __‘____ &~ This is alled ‘he
L 7 2

N Heisonloong  Limit,

So it is mobt deue Fhak FHhe MT 0 He SGL and. ML s
He WL, Rotier, Prae MT amd ML delenmine wicelbher
a ca,iue,h, .se,\‘wp reo ches —Hnn. Scz!._/ or the WL,



En’ra,nﬂluvxm‘: assisted p_\f\O-SL eLsE'\vwﬁ.’n'on__

Lets [irst Lok ak the ‘classical’ case . We prepare
N q_u.\o.il-s in The skate

L+ = ._v_l_f(lOW ¥ l\3>

The evolukion of Huw quiit @ givem by
oy = lo) amd U — ef‘”mX} Sia,la(.(nﬁ

[+ = gy = lo™ +e“"h>).

2
i (
We have to fndk o switalde oBS%wai:\a to eshmate ¢ :
oy = loX1} « [ Xol

wibh e.:chchnJ-im vl Lon) = Lplol ¢y = CoS<p

Re peat this with N guboits  amd we Rnd (B“,..(”))" - Noo.&p

LLSi»\ﬁ U: =1, we aek (™S - N
(N‘)'L + 2%
(AT') = N= Ncof 9 = Nein*¢

-

o |

From 2shwmakion -‘r\m,og, we howe. AA - | AEBYL AR

A A

F 5

|
A < N S;'\r\.q) \1'13

-
Dy = lol(c'-i"’)l A oUW S -



Let's cee how gﬂm\'ﬁMﬁ\E'Mi com Whelp :

l+~> = J\lf ( \o,-_.,o> x lx,...,l>>

with the same evolwhow. . This u‘)l@hsls

gy = L ( lo,...,o> +e ™%\, ...,\})

Vo

Redefine lo,...,0% = \8Y amd \y,

, Do TS

sy,

g0y = L (15> + & (1)

V2

This is ma--\-kﬂ.w\o-\-iw% equivalevd to a Si\nﬂ(.e_ ( now locak 1)
SSSK-e.m with a relakive plhase s\nigel: N .

Choose  Zy = 10XT) + ITXG] | then

Cou 1ZulouY = ws N9  amd <q>ul2:, lgy,? =1

AZN = \/I—GOJ'LN‘{; = Sn N¢

-f

Ao = |43 Az, = Sswug .
AP N smhy N

Thes is Hee H&‘stbﬂ\ﬁ (Emi‘r/- Cow\.pam.e, Yo +he
Stondond. Quanmtum Liwmit:

Ay = L
L?m‘



Quom busn L'r\—MOgraf!oh_ug

We sawr Haak the stake 137 +2,Nw\1> gives e
expectallon value

<"PNlZ'N lq’N> = (o3 N(P .

The fackor N the a\mgu.mw)c means Hiod Heeve are
N maxima whwem P runs -H/ulou..s\f\. its domain [a_‘,‘ zrr)_

RuesHon: Cou we ex plott Phes 7

Roleigh Uik %,

- T .2 1%
\w\-exl‘:ﬂ.rm,co.— Pa)r\-exn: I(.i:)u:, le:\qf‘ "‘e'd": \

Let lE,l_:\C,_\ = X omd A

-—
—

2] o
A
oL,

T{®) - ¢4 Lo'sl)-“,‘_(—!:‘—zz) '1—"'] cos™ (e smb)

The minivmaum -\:eaJ-urb size Yhat U resolvalble

2
A'JL:.': X -

2 b s O ‘-tsmé‘ °

b Hhe am‘alwﬂ Lvaik ng,m&gt_@@wb‘m:b.
4




W stead OF plane waves, vow wuse m&a%%%k_t_:
l#’u)b_F(lNa) +eqloN>> o

[

|

8. b

|
“— N —>

Note +he dif{ecemce belween N quoits amd N felol
exciftaliows . However  the wmabthemakics is the some.

Deline @ = Xex  omd Ak z2n CC?:
AN

The (dassical) &\dﬂL Lm\-eM.si\b on +the substote %i«ml:_«j

= 4{PlETE 1) a L lefele) | with & - a\ftlé ,
2
Wsing Hae emb:wﬂtwt shode | ¥n?. we Wowe Yo lodk ak He
"ﬁ )
h% ~order mowmenbs of the liehd:

Au = Ll (16 = <yla)ed

~ N ~
(,JEHA- § (C,+) CN
N

N

The loctovial NI tolees imto accowndt He oua\_c,ou.w\wﬂ

whenm N ‘o\wbus ove wsecdh o \pruiﬂp_ Hm_u% gep
NWw n e suloshate .

We !“"“JL Lhak Ay o€ (l-t'w.SNtP) :-(H-w:vl\sk.x)

Mmﬁmw\sm A =K = N .

Nl 2 N
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1. Given the beam-splitter transformation
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Figure 1: The Mach-Zehnder interferometer.

(a) Calculate the error in the phase A¢ for the single-photon input state |1,0)

Qardaz-
Assume that we measure the photon number difference in the output modes;

(b) similarly for the input state |N,0)q,q,;
{c) and for the input state (N, N — 1)g,0, +IN — 1, N)g,0,)/V?2. Is this optimal?

2. Show that Ax x (1 + cos N¢) in quantum lithography.



