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SCHEDULE FOR SCHOOL

9 FERRUARY
,\W
8:30-9:15 —yPea'lthmﬁOT\
9:15-9.30 — ]r\qugurodﬁm
9:30-11:00 — “Non lccphhdwguma\}s"- Su_.)]k O‘OWdh‘”U
11:30-13:00~ “Fre Quankm Informalim Theory ™ Gaudam foush
14:30 - 1600 ~ "Quardum crreuits & Simpls Quantum olav\‘r“\m)”_ Jozef Gruska

16:36-18:00 — “Pre Quankum Oyptology '~ Goudam Pauk

10 FEBRUARY
9:30-11:00 » “Death & vabich d-Clamead Cypp in Quastum World *— Goutam Tauk

11:30 -13:00 — ”/HVMQQA QWJ"“W“ Alaov'I*kMS L ]up,f'&rus{u
14:36-16:00 ~ “Quanken Infrvmehion Theony™ Sibashis Ghosh

16:30-18:00 ~ “Quarttum Gowelchons " Dobousis Sorkar

11 FEBRUARY

09:30-11:00—~ “Quartum lbozr‘rmvdg Frinciple eJord Measwemenk." Guuprosad Kan

11:30-12:00 — ‘QW lﬂfﬂmmhon Mra’l Sibashis Ghosh
14530-1¢:00 — “@\mnkun Correlobions’ Debasis Sorkor
16:20- 18:00 ~ Joik reamwenenk ,steering gmnloca,\ﬂ;f - Guruprasad Kar
12 FEBRUARY
AnANn AN
09:30-14:00 = Quaskum _W\zrmoclar\nnuté‘ Sibashis Ghosh
11:30-13:00 ~  Isthe wave{(mobm a Pw{- c{-rephka"— G\mf.-umu@,
14:30-16:00 — " Quanbwm Gmes™ Colin Benjomn
16:30-18:00 - Quaskum. Tresmodyami ™ Sibashis Ghosh
13 FEBRUARY
/\_’M,_ﬂ_/\./\/\-'\-‘\
09:30-10:30 -“Is the Wmue/fum}{mn ?o.pf ofreol',}a 7 G\wufmnod\ Kor
1100-1230 " Orfitet Quankun Tfoemabom ™ Anirbon Todhak

1230- 13:15 —* Experimentel Dffeal Quonhun Infawnahon’- Avindifz Benerjes
14:30-16:00 = Seni definike Programming " ’Romij'(Rohman

1€:30-18:00 —~"Sem'lu\e$nijce ?marm\q Tmp'lal"_w Rohwnan




DAY- 1
02:30-11:00
LECTURE -1

TOPIC - NON-LOCALITY ARGUMENTS

[ECTURER - SUIIT CHOWDHURY  (10P Biusaesws)

\‘)RW

. QM V)u.\‘*ﬂk\sl'\qA H\.ﬂ.oma.

) Speci A L.
. Nonloakh < gy gesich Relek H}M«{mm

Cons\dar zpin & aaloﬂ—l ), Msarre Gz — So7 T,507.) p vob ki,

- What if thoe ir o hidden vorckle heoy Finerthan QM 2

. Ono skebichak Leweh- HVT predichom vk ynadth epuimakally 4osith QM.
r{or 2+ cowdakd gystemy- 0@k HVUT wiodaly %dc tough. ..

Balk Expt :- Gudikional Probadnlibion £ (a,b ] AB,P) — Hun ae \what e drerve.
Ovnhic HVT - X = onhic vouickle € /Y (Onbie Shkei Spose) & EF@ v o prob distb. V/ prep
fTOCnAu/e . Knmva quwa}iah? Yoy na-letwy Rngio D presisdy so it a prbehitly disknbubion over
Ns o Prol (a.b]A,8,7)- { P(ab] ABLNPo(R) dX — Summig over atx N's.



(Quialkach Wiseman found Phys. 42 1329 (2012)+Rewiow Actiche

Rob Spebkery Rhys Rev A(2005)
Dedermiminhic model 3 P@bIABNY) ¢ {0}V a4 4,8
o= FABT N5 b= g (a,8PNin o dadorminishe modal-

Impliey P(bl A0 8PN :?(H/\;@,?,)\). A modd mﬁfﬁw localily A){’

Bosger Tom 2ogc P (35 [ABT A= b A8 p(bIAABEN).
Dedermivism mearn, Ph)A,a,84N =P (b[A,8,0)) -~ Hence
p(a,b1A,8,0,0) + 1 (&l A,8,80) ¢ (b1 AB,EN 5 Nowo doahs, Wieam
p(al A/8N) =4 (alaT)) ¥ o, A8 & Sunlaly pblABEN <p18.eN
“PovblnBEN = b (2lALN) p(b]8,e,N) fr lowak dekeminishe Wodds

BELL NONLOCAUTY ARGUMENTS

Alice con wuanure A or A", Bob can Wianswre B or B7 { akk dudhatomic observeklos}
Alice & Bobouwe nfou.d;,lu sepwchad -
3 To Frove thin one need,
eIk Theovum /\SSthhm.fP()\JA,BIO: ’[’O\)

[<A8)+(28) +(AB)~ BT g €2 (eee oW amonphon)
Brunner RMP 2¢,839 (206)

Ba;dw”('ﬁmzf b (A8lY - _—Pé%sﬁ—?(@%?(%) N - p(aB) : Measuremend sethings can he chosen fredy.

B, ‘ .
A'\‘fsgﬁ é A » Spmmeasuremont Wd% Forthis & stoe TM)\F;—_“())

(€AY +(ABD +(AB)- (AB) | = 202+ Vislading Loeal reakim
22 1sthe wowimal poribhe violation (Tirelsom)
BeM Thim: - Lowl Reqliem % QU\OI\*WV\ Mechanies
IF gou wanl o. determinishe thesry o OV —it's wonloal

Special Relahily 72 No - Signalling 7



NO-SIGNALING - p(A,8.0) = p(al AP) ¥ a,A8 kel
) l A 8 Our
T(HAB(’) P(HB{’)VLAB L m@{mak@mk

Violabon 4* howliky, £ .S«Aferlumma} Slgr\ql\mg
Bohm madel — Loeal buk now-vedlity buk Mo- m«év\qlh 1 DEA:-

Locality — Ontalogioas Concagt; No- Slanall«:*s;ow

locality implies Signal locality but notthe ngheetk

converse

Non Si nolng with
Lieb-Robinson in Quan
—tum Lodhice models 2

Awodel is Predictable if
p(ab|A82) € {0,y Yah,AB
for prediiclable moddls — Nonlocality = No signalbing.

PREDICTABILITY + No- SIGNAUWG = BELL THEOREM (Proof)
/\/\N\—’_\’—\_/—\_/\'\—/‘——

b@blB8RY = pRLIABYD flom Fredickabitly
2@,bl1A,8.0 = p@lA8e p(blAABE

“Redictakild; implir §(b1ARBR) = p(GlABS = Henee P (ob1A80 =p(alAB,0p (bIafS
Buthis's prediseyhe Aombiky amumption. - ---- (Proved)

J Belk Violodhon + No-Signalling = TrueRandomness

Good Resource Aor qenaradivg drdyvondom nounbers
Olongi el 5 besa}i;ﬂd witle ?suu\o-vwdmn numbers .

% “Randomnons Corified by Boll Theorem "~ Ref

NON - LOCAUTY WITHOUT |NEQUAUTY = GHZ states A(loooy 1)

ek vuonl fewe ents needad thon complele Sk
Betkvonlocalily as a uonure o Entanglomand = »bww?j;v;ww Comp

Howdy TRL 8,298 (1999 — NLWT withonly 2 qubits.
Consider P(++|A B0 P(+-1NBD =2 (+-16080 -7 (--|A,80) -0



Gook:- Shav) Thakthvs fow oudcomey are impossible wilh Local Realism bud NOT QM -

Sr-1A N (8L ad >0
o subsel A A sk PELARA) YO & p(+]8,6A7) Y0
bud frvom atver condibaviy = ﬁ subsd st pIAR,AY) or p(+[8,8 ) isnonzer.
Gntadichon fordre lost Hosdy Gondit
Buk in QM > toke the Sode M Rv\,a pwe Mh-W\A)dlMA’(‘Z ozxka/\yhl shoke

Hw:~ Cheelc oditfoue Hordy Qnditom are sodighed by them ; bud no aximally entangled
stoge sodasfythe Hordy Povadox ( q= success probobility 4 Hauds Paradox = 0.09-. Show )

g - \TJJZL()?)ZI 7}—[_\{3 Z§(LZ:;|[ @bello - S(l:CCeSS Trobability 1%
A= Tl — \V XV (ookup)

B = (WXl - (VX Ve |
\w\): Ql‘/l ‘Holl*‘\ Dg-’-‘ alvp+ e l\{o

Va5 (b lal 5 le|™



LECTURE- 2 11:30-13:00

PRE QUANTUM TNFORMATION THEORY

GOUTAM PAUL , ST KOLKATA

OUTLINE .-

1) NEASURE MENT OF | WFORMATION

2) MEASURES OF |ORM ATON Flow
3) QUANTUM INFORMATION




MEASURES OF INFORMATION
UNCERTAINTY

A— T) , B=7, independentty 5 s0- AN B —, Frobodikily P,Pus Infovamokion = T= I, +1,
J - 103 P, is {onkwhvda maoo& meopsswre

hiemge fornabon- . 3,8, 1(7) - ~ i log ;= H(F) ~Shoanon Sivogy ( (1.1 )
Joint Erropy H (RB) ; Conditional Entropy H(AIR): Mosgrhal Entropy H(B)

H (A|B)= H(AE—H(@ ~— Chain Ruke
K= TP H(YIX= D= 2.P0) 3 (-PLIlog PLo1R) =L P(.3) logp(]s)
HXY) S HED +H) — Sulb- additvity

H(YI0<H (Y) —~—— Condibioning redus \mcerkoqu:’

Muduok InJ{Dv'mahOYl 1000)= HO+HE — H (v
K -HEX) - Midval 1r\4‘b‘6‘7'\0)nm i symndic. ) LZ P&y log

L(()x_»zL HO)- HXIY)=

CoMPRESSIBILITY

If 1 con ompress/summarize the data- We've extracked informikion ouk o i

S 10— Goodnens

Kroft Inesualidy - 3 m;_bnhneom code over an -ry olphakek wikh codaword henghhs 4y, -, L ifF
_'_\Z"f—kg - Necess:
101 —~Bodnews =
S i

l_ .-
S Mﬁg’gﬂ’f Condihon
ENGINEERING OPTIMIZATION

Affer irsta0 codecaord ourrives = 1'm sklknok sure = e want prefix-free codewords

Tnstontanegus Code
Ghoosing v +e0 makey [raft triviol - Buk not very proched

We coant to wunimi ze the Iena-ﬂmf-ﬂuwae codetoord ZP L, st Zr L <L Gves {
*- TAipi = ZP( =HX® -

w%"’“

IOS v ?i
. COOL 1
PTG i of KO

v\€°\

kof G \op‘j\eé ,(o,xs 27




ENROFY & DATA CONMPRESSION
i i e ot e )

for ln’reagrcho'ce of et compression codgwoond lenshs i D <Lt L HEH
for S’b{aersambnls with n-sgwhols ok  time ML L KW 1__., is ordhievoble Jor stahoner sknaubon-

0s n-ho

H - Oxplict (ding Alaoritim T~
Shannon’s noiseless/
Source Coding Theorem

RANDOMNESS

More vandomness -+ more information ; less randomness - less information
Buk Gdvopy is o vmeswre of vandomness -
PROB - Maximizing (—.lf?\‘ log 1) s1-2 Bi=1 What's Jhot prob distriloubon
Ans:- Uniform Distriloubion — Connedhion t Fandomness
ENCeRyPTION

EnCDo{ings would be suhhot it [ooks rardom o Hhe avesdropper.
Gond+ H(C) H(F) [ ooyl Texk: P-Phin Tox]
But H(?|C)m9?jl>e ¢ HEB) . Example:- q,{; ¢ Ploinferts

ad503 O L 4\9koLaL lihes
3 possibleciphers:- U, Wg.-luoposrltle beapy U,V W

Breryphion under K- U, V, W P()-05 V) 0€> (59
Eheryphior under Ko U, W % b(v)= p (W)= 025_> PP%%QM) =0-4

H(P) <1485 H(PIO) = 0485 (Check)

o SRFECT, SCCRECK (P H ()b e
wvatanly PCI’[c) ¥ (D.,hecqssaqy(\n'—lhis is HIO 2 HP) 1 <. (&\3‘”1‘0(‘
Secrek kay muat be reater than Longkh of ploin text ... Improkisl

Ouroﬁm»?raroﬁqu.ud 50 o cose as )()oss'/blq .



MEASURES OF INFORMATION FLOW

CHANNEL GPACITY
DISCRETE CHANNEL
Whot is @ chanhel ?
 Input alphabet
* Owtpuk olphabet Y

* Probakildy, Transitibon Madvix 4 (v]%)

Tnprnahonal. Channdl Ggacty C= M2 1(5)
i.e. maximok amount ¢ informabion 1 cantransmit through ¢ channel
S—}ml-ega;- odd redwxdtu\wg o source end —» Pashal Infrrmakion akthe veceiver end = {xact
infremodn cent~ by senderif 10 redundany - Gample:- Bit- Hip — Send in 2 bils—> evror is wuich
esser. Suppose Az OOO]BE 111 - Now: Pemocrahe Vole means error ?roboJoi(erg =L?i<_1_

Ferro
Geom&r{mﬂg:_

aror

ol! {hl
«——— inthe Boolean fyperube. - Hipging one it - &gt

00!
Ripping alk 3 bits + a3 dig
o> e Hamminy Distance E Mnfjhic X
000 1O
(an) Code

- Anindex set {1,...,M) + on encoding o +o decodingfondion Y
Ervoe Probobilhy onddional Given index L
€= (i IX'= ()= T P 0"1)
“Magivurn G Probobildy €meg = ™M, €1
Rate R- \3‘37_\2_“4 bitsper Aansmission
R is Adnershle it 3 a sequance ([2'9,n) codes st € maxt0 Od N—c0.
OPERATIONAL CHANNEL CAPACITY = Supremum of all achiov oble vodes



SHANNON NOISY coPING THEOREM

Alkvedes beow Q;Pa,ql7 ase odhenakle derth
* YR« 3 asegwu‘oeoj codes such ‘H‘\O\iém—ro OJ)Y\—rpo}—B ERSIO

*  Infsrmodionak Capoeity= Operakional @pocy



LECTURE -3 14:30-16:00

QUANTUM CIRCUITS
R
SIMPLE. QUANTUM  ALGIORI THWS

JOZEF GIRUSKA
MASARYK  UNIVERSITY

Quastum Operafions — Reversible
- outpuds uniafulg dkermine Hm‘mfuis

le:-
e T
(a)~{(owb,a-t) .-.... REVERSIRLE
o-+f(a) may be ravesible buk a— (O,F(a) is suw}a YoveyiYle

3 Reversible Clovieal Gate — WOT | XOR, TOFFO LT



TIMELINE

1970 : Landauer Reversibility —y (Winimal Energy mp wkoion
(973 Bennelk Wriversak Reversible Touring Machine

1984 : BB84 Prokocsl _
1985 : Deutseh — Unversal Quankum Tounng Mochine

[994.: Shor A(am"rlhm
1995 : QM\W ﬁerbWeG‘:lo“r\

199¢ - (QWT]UW\ Taul Toleronce

¥2,19> are perfectty dishnguishable #f <PINY= (O

Quantun Regster-~ Anyy ordered. sequarce ¢ 1 qubifs — quankum. - qubit vegiste
QUANTUM GATES
Classical models:- - finite amkomato
- Twing Machines
- Cellwlor Aukomgda
Quantum Procem:- Wnitewy Bared Queurdum Gireuids
v o Cllgr Actomako

s b e Snite Auksmaia
R '\ T A O‘d’\'
- Meouwuvmf %’?J&@ﬁm Com])wko}cim

No Massiaal Anclogus

Suantum Unitosy Gake ( Preserver Tnner Pt

HAokion Godes - [ Sl -
Rotohion Goor - ,(9:(498 1510 R 9 %2 in g
Cémf\:kodimaL Basic =00, 1D} 5 Hadamard Bosis—{1+), l—)}

r~

G Bk fip 553
0p — d\ou\aw sign- phase Jq‘lf CL\}OT; :K o 8%1. ctn}
= A ! XOR

0y— bl{--Fhase \qlp



UNIVERSAL SET OF GATES

If evony WV)W}} operdhon can be m{apmwimde& anterms of alk

- CNOT+olk | -qubit 30*9/)
. —ﬂwee %oﬂ'as:

CNOT, H- l (

5

CNOT]S olt%f/l&b\ to W\f\lmﬂ.ldi )becaxmz A)(-al\)ul\a\% ?re,«/‘low}a nan-e;\)m\g\en\ aa*@

CNOT n Comrudtodiond Basis (%Z\(%%
ool o

frthe CNOT aokEa Homilonian  # - TTK

_ (,_lfl' _&K
E’a—\)(]\/_ j_\.,__ 2 (\TI‘IE Vo

INVERSE CNOT -4
—

-—rJ\'f](Fl'l’l BwBQSIS

00 06 —A"b
9000 _’_WEVMM% et -
o 0~ 1

]% jC-’- ——vG\lVGO“'l‘\ZOgNOT

e

IR 1D D ol By

eadh

SWWGMEW.:j::,Aw)GME:

|dentihioy Blon Gioden

Exomple - _= S|

Gieneralized CNOT-Godes

IS 1P




Hodamard Goden -
l@;:@_@ here ()= \I'L—zT_Z @7 )

-

Simple Quarkum Agerthms

Quardun Tovollddiem - (£ £ = 1} ={o,. )Z}
the £ (X,Q—v\'nzﬁff) aaw@ Ust U(10l9)=] [f6)
lok W>-2— i()io)

With o single opp lltcabon - Oplv) ___tTé‘:lolﬁ,‘)? — AR 2" Voluor offare compuled

Now /

I ve Mueasuz on 2nd Registr in comy boasls [Ke,“ f{"\f@‘y} j

Ir%\) With Brob = —ti — [inearResowrce

(UVE .ﬁ;m i) (Keyto Shore Atgorithn)

Ve opembrs = Ve = (- )F(x) |x> Where x={0,),..., }Qanloe exressed ap
Up: B> — (%, bof(XD & an andllain TJ(O) [Dew Folleas
Ut [1, 9 -1y < (1%,00 66D — 1,10 £5) = () T Iy ®{(o;;n>}

DEUTSCH RO BLEM - RANDOMIZED SOWTION

Given £:{9,1} —{0, [} as & Blowk Bax — Our Task :- (s £ constont or Balanced 7 (Sholo‘g Qoin Toss)

Josseal —~ 9 cally 4 £ s meaded
QW\* — 1 collis sufficient — As‘ii:s Uy : (T‘;_lc)nl))@ _,\r}i(\o).f(o))_{_[l .F(l)>)
[£ £ is constant — Oudput ’F?“ 10 & (~ PR") 191
£ s Balanesd —+ Oudput = £(BD +C)FO (1, 1))
Now maamre un Duak Basis — 50% chayue thatwe'lt
end by with ?er(id&y O\YSHY\%mS{fuJole stajes -



ClreUIT

- ¢
lo [ ) : [m] I\°|_7—e gllif:ln:.hud

& — Na Inform
(L (] 7) lr\fvvrmabm ov\ﬁrs\ Quist

DEFERMIANC Sa oy
Fnall, do sne measwemaent 1007 suceess
£ (0,1Ji~{0,} is enenif vonge ok has aven#of es /odd i rarge of £ has odd #of ones.

Olassically—+ We need 4 calls-
Quantum Medhosically — After 2 cally —, Diff Stater buk not distingu shakle.

DEUTSCA-JOZSA PROBEM

Dewsch-Joszo — (Look up Ujjwal's QM -2 Notes)
£ Lo} {0y »Tosk: Is T balanted or Constart 2

0" Y |6 - ——Z 1
Velersie T E0 (=100 — vodue d tromfued o e anliudor
Thip canbe whilized Ana JkaPGLw 6F quardum swpupoLifion & oProper observable .

———TZC—‘)\%)( l? Z( )H)gecwuse Gl = 5

Nows £ balanced o< =0 ~——> Mu&umg\j ,,Hcher'D okwiays give owrcome b -
(£ F is constan? —+ ol = 11 —~— Meosurement of @ wrtD aluasy Gver oukyme a.

DEUTSCH - JOZSA CLASSICAL RANDOM ALGORITHM — Also doable @



SimoN PROBLEM
£:{0,y+0,1}" suehhed aither fis 1t} or £is 2-h-f g 3 advde Oxsc (0,1} Suthhd
vara (f=fx)e 1=x eBS).
Exponential for ok possitle Chamrcak Agordhm 3 olyromial {or Quantu Plgorithn

© Appl Hadamar 1o frst gt with \nikiak \S)"
@ ppfly U b ompue (=== 2 ) INFK)

G)AwYy Hodamasd en fest r{lg—:*?f Helr

@ Observethe vesuthng shofeto gl wper ()

'Refead‘ﬁcse s‘l‘er oaodn & oaofm n - B -

[F 3 smese0® stwxz X' (F)=f() < x=x@3)
(nsuch o coge — V 9,X; ly;ﬁX»K/ [y,-F(K®S)> are idenfi cal - Their total amplitudest (x 1) hos valii
= M (% (NP ) IF v Omos2ten (ol69l= 2 oherwise (x.)=0
(FH0) &= 1® thenf is ane-to-one. If else koo one .

SHOR'S ALGORITHM — Next doy



LECTURE-4 | 16:30-18:00

PRE-QUANTUM CRYPTOGRAPHY

GAUTAM PAUL
S| KOLKATA

Shannon = Co moyumi eodion Theaty of S'e(‘rec'g .%sfems
Bell System Jounal Technalogy ( /949)

Whatis Cryptology 7
Torgats:- 1) Confidentiality
2) Dok Inkegridy (Ensures owthencity 4f-the dako)
3) Authentication (Ensures authencily o the source of the doke)
4) Non- Repudiokion (Qn't deny the ddta)



CONFIDENTIALTTY

Gyfosyslem = { P.C,K, €D}

P= finde set dfpossible plunteds; C =finlesek ofpossble ciphertexts
K= fnite se)‘t\}-‘ﬂaswlﬁ . &\QgPHDY\ fne € ¢ (\’a(l)!& deQJyPHIM fo d, e D(Q-'T)

Gool of Adversory - Any of the following

() Sewek Disdosure

@ Distinguishing Atlack

® TFan'nyrma}ion: on the diphertext fo produce maaningful charges in the plaintext (MuMeaL]li@
Passive Adversary - OVXR montors the communicabon channd.
Akve » = Jdelefe or CI\W\%G the Dodn in Channe:

ATTACC MODELS

CIPHERTEXT ONLY SITACK — Atrocker \nows cortmin: cipherteds
KNOWN PLAINTEXT ATIACK — The attader Rnows (M.,G) ...... (M.C) =5 Tarpe- find he
ot ﬁ“?ﬂ m*mﬂespondiz_\ak
onew &Pheflmd- C
CHOSEN PLAINTEXT ATACK — The alaeker chooses a faw {M; i) and then ynOdel the Black-Box
os on Oracle .

CHOSEN CIPHERTEXT ATTACK — Allacker has temporany contval over de oryptiondevices

CRYPTOGRAPHIC SECURITY

Kerdhoff (1889):-The Seeunty ¢ a cipher velies only he secreey of the keys _ gyou on \of\v\g the

alaos—\n open source
Rodionale :-0Fnsyte mainfain secrecy of o secret key fhan an alaov'rﬁ\m
0 sy to c}mngg @ eompromised Loy fhon o1 compy smised olgorithm
© for many pours 6f®wvuuucahn% ]ow'he/) — OV different o\LﬁovH'hrrV)YlU-M /fWﬁw*M‘

s eeret eomumumieahom —s Improcticol
O If 3 o sedowr olgorhmuc vunerobilhes —+ Expertscan pomt- it out if 15 open dom
OTublie fDes'lgn enablyr extolblishmant: o’{L.sJ:or\Aaer



SECURITY MODELS
?e;feo} Seere/ua, 1~ Cantbe brofen even with o0 compukadion Yesgource.

(‘omfu*a%mal Seereey -

Best known olgo 4or breskirg the olgorithm veguire ok least n -opersdions

where n1s 50me Specified very large Yuunbar

Frovable Secrecy - The cryplogstem is a» diffiewtt 4o break a» some welk known & hard problem
(RSA & Foctorizahon)

SYMMETRC XEY CRYPTOGRARHY

mogt 8eneral SCLNOFIO —

S -BFn By Debrbon £, =Dy,

Symmahie Keyy Cyphograghy=> K= =k

BLOCk CIPHER

STREAM CIP HER

Messoge is divided into
Aixed group ef bits (Bloeks)

Eoch Block 1s Emrgpko\ lQ)-Hwe
same ktvg

Lengh ¢ Blodk publicly knocon

KEY DESIEN CRITERIA
J god Gioo d
Ditfusion + Confusion
disspation of Moking the
svi-iiisﬁ p in skahsheal rehodion
Qes
plaintextin the b‘*’*’”{’]‘w‘;bﬁ ¥
Statisties of  COTTeSpONAIng ufk.‘gﬁ
cl Phev-{'e)d' 0s complex o3
Poss'\l;lq

Example - Caesor
Cipher

Consider data is o stram of bits.
Reattime ﬁ\ocypﬁm
ENcRyenoN

|
(S""-A X
P D— s it

Why XOR 7-Same # of Q&1 in owtpuk — bitwise XOR =
modudo 2 aq\cgh

Jor secusk, oyystream Size = yepmege Size — Imprachal T
ONE TIME PAD

Pracheal Soludon=- Hawe o (g stveam G)Gnemion Have o secrek kay

These togath of
SEED - SECRET KEV— SHORT,)  psouodvondiom ke sbream

{eystreamGenerador 4 Long Kﬂgs’newny *Bwv\fé;\%ﬁ

( DECRYPTION

(Mest gty
Frmifive ShiftCipher
+ Affine Cipher
’ Vlgenére C‘iPher
- Hill Cipher
Permutadion / Transposihon Cigher

Real Challenge :- Good Random Number Gienerodion
Lr
¢ Substriution Cipher

« Permudodion + Subskfion (61004 moder Block Cipher) ( Iteraked Block. CJ?‘!@

*DES

}_,ROUskly fhis subskhdion + Pesnukadion paradigm
o AES .




SYMMETRIC KEY ;- ADVANTAGES - Fast. Vegy Wigh Securiky
BUT |fone useris (\gmpvdmlsep\ — e)\(q&{-h’, mpmmsgd.
Plus ; Hoato distrbutethe Seeret Koy inthe first ploce ?

AYMMETRIC /PUBLIC KEY CRYPTOGRAPHY
Ky Public ; Ky = Seerek gthe recauver wilkpuklish ¥, publichy
No k@é.shou"ma problem ...

for v users with Symmabic Loy —+need @_): O searettays\ 4,
for N users with QSHMMQM ~ Nead onIN Secret keys } vo\ld’oxges

So; Whoksthe Rub 7 Speed goes down ...
Canwe get bert of bothworlds 2

FURTHER
Is+the dodax unchomaed? ~ Hosh Fanction
sthe doda. unread ? — Quantum Tracing (No Cloning)
NON-REPUDIATION Signo«*ure
k:@ﬁf_k@} i fD'l%H:al Stgrodwe —fiewilh ogply D (k) on a. docmmark M | S/:ED M
ol ke Now Alice cloims anyody canverifythe signoure €, ()= B, (Dig(W)

Public Vo,riﬁobi\i*a
OTHER FACETS 7 Broadeast Bncryphion
Secret Sharing
Zero- l(hocoleuige Froof

Tdentify friend/ Foe
Key Estoblishment



DAY-2
LECTURE -V 09:30-11:00

DEATH & REBIRTH OF CLASSICAL CRYPTOGRAPHY
IN A QUANTUM WORLD

GOUTAM PAUL
[S] KOLKATA

Asymmerric. / Puklic Loy Cryptogrophy

1) leﬁe Hollmann —= 2) RSA
Diffle Hellmann
A o B
M l
@ @
Alice doew |
Bob doesn’t {(:?g X } gisknoan to Wazjbodﬁ

Khowuy
3 7 3\9 3 (S /Z\ard o 'freAlek
= ‘:)lscrdce Jloaan}clrun proolem
Ward *l‘n Solve




/ KNAPSACK

S:(Q.,- ,,q,,}_, Given A - Goel 24ind a suket T CS st ZQ'. =A

JJ, eT
Ditheukt (bez # ¢ suksels do sa s’ﬁmé

Goldoader - Micoli

Given X ,N find y such that x: y* ynod N (Quadratic Residua)
i
Hardness Numbv'[hema‘haal& = ﬁxd-oring

E\Gama) Banedon discrete Aogarithm
Elligtic GuveCryphograghy (1995) — Much foster than RSA

Poillier (1999) Given X,N Doy sehthat X= YN mod Nrdnd y (extension of
Quodrahe vesidue)

Gramer S'h'oup (\998) D]sof@l-e Logouru‘:hm )bogspr\

RSA

= ed on — fadoriny intoTrimes is hara -
Key Generchof®® 9

* Chooie oo (wae Prime) 7 49,



- Nzpo,
- Take o= E-DE-) (EwlerTobiont Runchion)

Ghoose € €7+ kbt 30l (e.0(9) =)
- Qmpude d suchthok ed =1 ('mod (@)
ENRATION 5 DECRYFTION

‘ynod N exish i ged (a,N)=)
C_Fa:mad‘ Litte TAm - Cbrcl\oxzy)

KEYDISTRIRUTION

: [ Plasntext
Public Koy — { N)e} Ciphesfext
,FT"IVQ*E e?@/d - { N,J} C: MQW\OdN M = Cd Y‘,\Od N
T ([\/\e'mod \\DJW\o&N
Mb‘mod(o(N) } Euler Theotem
= N\ (\/Q[f\eﬂ

To oMack — abacker et baow d or & (N) » Hekr\om O(N)
Use Qx\‘y\AeJ Fuelid

C’rc\okuk ]

Bukckroming N — finding O is Jackoring — {fyou can fodor N — DONE !

QUANTUM ATTACKS ON CLASSICAL ALGORITHMS

FR=F ) Y x={0,1,2," ..,M—l} — finding the exact perod is bord elami all,

Q- Creafe = LI

Measiehe losk m bis - fov on oudpud y - #(x) witl smallask X, (out ¢ many
inpus papsible ) -
Toke Yre Quardum fourier Tvuvwfowm
Easyfo Solve

ORDER FINDNGEROGLEM — find order of ar element o given N zh2]vacz,
Closs Y Yord-but Quantum Period Gading Helps



Order Finding — Fachring
o' =1 mod N - N L G Nl(a{—b(ém
“ether N (o) or Nl(uﬂD or N=pg, sit- 1;]&";_]
ﬂ,]atﬂ

Buk o = 1 mod N s controdichon sincer is defined fobe
he Smollask inteser Suchthok Similady

o =1mod N/ Sewnd

Only feftis the hicd possibility....
'l(: NI 0\";+J—fch] (N, Q\{LD 8“‘/9"“‘9 {odﬁ o N
Fostest Clossical Algithm  ~© ( el-9(L°9N)}§ (o9 log N)Z"z
Shorflgorithm—— @ (log )" (loglogn) (log log log N)) ~ Cbic Sealing
Teord - 56153 (PRL 2012)

QU KEY DISTRIBUTON

Goal - Shase Seem)rlto,a in QM —Then use Classiaal foy
This is the Onbyhing Quardum in QM"*'“V‘ O\d\o."”gra?wd

Sem Quartum QKD: Boger, Kenigsherg , Mor (FRL 2009)  Alice’s Quantun |
— Bob is Semiguasfium (Only can me aswre m {(0), 1)

Soune Securidyas BB &4 nek- 14, 1)
NON- QKD QUANTUM CRYPOGRAPHY

- Quardwn Gommitwent
. g)uan-lm Seaiye Miirou'(g Qomamianic akon -

- fosition Based Puariwn Gry prography



TOST- QUANTUM CRYFTOGRAPHY
Public oy O;eﬁgrwpkf,j (Classic) Not Vidnerakle o Quantum Agorithms

» Ladtice - based cryplogrophy (e‘g. NTRU)

i W)

- Mulhvanate G\dp{oam,?lxu @a}nbov\b

- ltash-based Cryplography <Lqm\oorJC, Merkle)

+ (ode-Bosed 0;)(’4“8"“1”‘21 —rDeanjlv’ﬁrg a linear codke. i hard (McEliece, N}Sdig)
Deeryetion — Noise Dropeed

. %ufers]n%ular ECC



LECTVURE -6

[1:30-13:00 Day-2

SEMIN AL QUANTUM  ALGORITHNS

JOZEF GRUSKA

17\4«30‘ Fodorreakion

C'aSQCGUg Hard Teoblem .....

W; Eudid 6D Aﬂaoﬂ%m
-

ged (Op)=h
gcd (myn) = god (n mod v, ™) for m o0

9. ged (29€,555) = ged (296,259 = ged (37,259 < ged (0,37)
=37

RSA (’Iap{'ofaskem
O Chovse darge primes P 2.9, (Howto enswre p &9 are prime 2~ New defeminitic aLacD
S

exist

o compute. = 43 Q1) = (p-i)o-)

0 Choose a Rﬂfae dst 9cd (L\,Q(w))zi

o Compwke €= d_l(mod )



?ujo[ie\wg - ('\;E) Pevade Key-+(n,d)
Gardner:- Sci Am.1577 — RSA Chollerge

RSA S]anobure
What happens if we frrst apoly c= W, Yhen <©7 — Digitod Signadwe ...

Reducbions ofthe Factonzakion Problem
@ lemma.- o= | (modp Solving is = ’fa&orizaﬁon
(@=)=0wmodn -~ (@-1)a+) = O mod n

@ finding penod of ocﬁmdﬁon fax (0 =xE modn — Periodishe Snallask infeger
rst j_n,n (k"‘r):fn,x(@ e smalnt r st x=1 ymodin

SHOR ALGORTHW SCHEME — Ak steys ore ey excopt ?eﬂod {indinaA

STEP-1:-
Pt forqven n, q< 2% ¢ create .shde

W’;_—; l“’q‘ql)‘/o)}—’ég%\zbeus‘ma Hodamerd Transfa
& ‘L’ri In, &9, %, 6" mod 1)

STEP.2-

By mazsunvg the laxt m@sher}‘h@ ke @“&ff? into \J’A__\-—T i\“,a ], +(:1>
or shortty _—ZIJHQ Where A s the J{QﬁovoJf Ianeaer suchdhok {+Ar <9 (r- ?mod 5@ Q,.,od

2 k isthe o{f‘re)r

STer-3- In cose A =&y ;vesulkrg shode has the jswm Jgf,_l Lrel)
J=o

STEP-4- By Hf’f\g‘mg Qquum FOUHQPTFUnsﬁ;wm



Steps - Béj meesunvg the vpsulki-na dobe we ?i' C=3;—;’ 2 'nfgu\ (j,1)=1 —~very
likaly fhat fom ¢ 2.9, e confind e period .
Discrde founer Trany frrm Quardum Fousier Transfavm

DFT (2= An0 {Jc@),\cm/w,%_o}&j @(0]’{1(9."2}%4’} (4
o [V T[f(c'):\"-_ﬁ_/;oe K £e)

-
Ll oo,

A“:W L%
g)umu(um Version of IFT = Um{'ﬂla Transfo
11
F“\z\[%, t(c‘:)"'w‘

OF% 3
9= FhY

Quasdum Poralleliem

\\Cf: {0;1,.,.,2"—|} —_—)—<O,i,..., 1“_1>-H\e,n -\-ke'maﬂ;i,\% ju(x,}o)ﬁ Q()Léf(@
where X6 € {0, 1,...,2-1}

n ave step 2" valer of £ ore ‘computed”
lmfa,d 4 ’F‘(\Saednrz NMWWW

Measuﬁv\a Second mﬁjs\:er nthe stondard basis — \® collafses indo o‘vlLéf ha skokey

Wy) =t 7 \‘) %) Lohere
Ve (x1R=3) -y isinthe vonge of valuor of funchon 4
C e | KEW=Y)

Shor Mgovithim - Phase - 1
Given e% Choose o thc]/:Z_i_é 2n ("ﬁv\s can ab,oaéjs be o‘ou)

App(\@iﬂm 4 Yodamard ko e 4 4k vo%'\s\erz) ;Tq/%; 0,4, X,9)



. az
Now use Quantum poraliclian. Compie a* yoghn ¥ X in one stepto get = > (0,29,
‘[; o X,Qy“fso‘

Newo meastue om he fast vegister. Lek y bethe volie obtuined e 3=0M mod n for smallyl

(k9) O (fhthis prOPQIJC\a A§ i thereiod &-tra hen Hhe messement adually  celedts the sequence ¢f
«'s vatues (inthe fourth tegster)

SHOR AL&OR(THM - SECOND PHASE
(nsider spl-case —, r|q, 2 A= _C_’]._J L‘las’reraJre |60) = jI:Z‘ l)r+l)> g ofter QFT
[« appled 1 lchWczae): erq,(/\%) T YES S @L) L

:\rF_i:‘ ariAse Z aryer an I 9
Y ey (Foe > ) o= 7 — (€ cis o wubtrple of T hon 020"

c:o

If cisnotamuthpe d X then Z% ALy s (ot 4ok Such e Ay megswement
(otherwise amp litude= D)

Gwl—l”' if cis o mukple o9/

othenwise

This mplies  x.= {
3|Qpt) = QFTWIQZ\) :%%L?zﬂ%b-’ |Jﬂrf> —+ Trouhle mﬂhha 4:0\ A“:??e_aa an‘\lngv}\a.u e)t‘ﬁgn_
= " O“‘fl N
SIOR ALGORTIN THRDPHASE
Feriod Extroction

If ged (A, ¥)=14hen from §we con datommine rlby olindirg 4 with ged (¢,9) - Since
Ais chosen Youdonly 5 9cd k) =1 15 > L Toaton lo.alog) -© (loglog ¥) .. . Eobckomtime)

Giemered Qase when A 32-1 — lse eontinuou frackons

Kexy 1dea - Quantum Fowier Transform



Analysis of SHOR ALGORITHIM
Hof Steps:©(logleg log N)

Quartum. Founer Tvmg‘cm - Efficient Implementobon
Sm% each swh shote are Pt states
NOT 4ot hard to imp)ement

HIDDEN SUB&GROUP PROBLEM

Relededto Calewdation of diseroke Logasthm problem

PROBLEM - Givena grous Growg G, finile sek R & an d—&'o\a\ﬂj ('_amfukdol{ P £6R

And Promised hak 3 asubgroup 6, £ 6 st f s constonk ¢ dlshnek on
the cosds of G defmd b(j Gro

Task:— Gnd o%enem;l%\r\é sek forGio(in o polynomial time (in log (6])
wrtthe # of callyto the svade favjc inthe overalhpslynomiathme)
Hidj@h Smlagrowf Froblem

OPEN'- [S THERE ANY GFACIENT ALGORITHM £aR NoN - ARELWAN HIDDEN SuBGROUP
‘PROBLEM >



GIROVER. SEARGH PROBLEM

Sorting : —~ Classicalky ©(N)
Quantum O ()



LECTURE -7
14:30-16: 00

QUANTUM INFORMATION THEGRY

Sibaﬁ(\ks Ghosh.

L of Goi tun - — More efficient Storage
Benefit of- Going Quantun - ~ More Efficient deﬁg g Compression

Szilard Ena'mo-

1Deman  H—sDeman memo Fulk Gnversion of hegk— work /i
— tore “ﬂ gs
] IE L S.nfoswhe)fher its i RL Erasing Infovmakin cost energy (Landnuer)
ReT n2

Pistor ]( emon
E é‘,Tn:DinSeffs piston

M’s Resowtion of Maxwelk Demon
Demon Msdhvnemo — systemis converbedto oviginal shode iff Hhis memory is erased

er f?s
W
slo Res%[uhun Requires \(qTAn2 wm'tk
bt
Moy well Demon Yo a??:?o S&f{\-. 0(“

Noisy Quontum Systems

om-Gerlach outpuk SR | 1x(r) « ([ [ g Wi

Properfies - 1) P 20 L( = — pwestake
: lI)TF(.P) I”)P 4 [_ F J

?eolucaADens@ Mardkix
4= LZ)x |3,0157, = Fa- =trg (1oX¥)]) - z(mglm @22 @( J

ZZXU’AU’@"B\J‘D \lAXLAl®<Jg[W\Q Z?\u ?\IJ SJW\SJTY\-?\ 7‘11 |LX1>

Y,00,) \lJy(J



POVM vs. PVYM
POVM — M = (E.j} Such thok Y E; -4
J
POVM = PUM in Higher Dimension

\¥i>= CDSG\@('Smell) \‘\’1\)(019\0) sm@h) wT“JR SGVN}ooo\v prepared s sfode edher in I‘\ﬁ)&
Jind ouk which 15 ik ?

1h€0m‘}vsiVe b o\is{';nalAsh bteon tham .- (\ksihﬁ Wm's).
'Dlsl‘mguhsha)ole Wing G 3-elemonk TOVN

o= X1 5 Eue XX 1G-8-56 -5 ohee OCA(T & Ey 20 —This condhion wves

[ B cloks — \npudstake vawsk be v
[‘F E;_ dld(f — = -~ B - H/I>

F G dieks — . way beaho ) or 9.
2 Una:n'bi?wuo discrimindion of 'Y\oh-of-)lnamd Stodes.

Post measwement State = Tr, E‘Vix\ﬂ( p@0) [UXY ] I ;hél. ——nh
il(pelofollu> = Cranges

l Nof olhongs is e pet measurament ctate of the (Lders bype -

MOSE %eﬂefal wmeasurement — POVM

_Dinamies ~ Sahrd dinger €4 aikogy byraics . Buk dullicutttogek Writaty Dynamics.
Buk Open 5(‘;5{“‘“ = larger1solafd Sysdem+-Cnvironment

pOuthpE L *-,gvk f(paloXol) e Lbj}—acﬂ’? map
ZA,@ pA® . {A)~Kaus Operatrs A foh o =1



Reverse queshon - given a CPTP evoluon = Unitory Operabion ona (ouger Hilbert
& Q({ (ﬁ‘UL) anCe
Explick oC’fonsbruck\ov\ ook up @

IOI‘a

This unagy Moy nok be Unique for o given CPTP mop
[nﬁl'rw)"im Homi hoian olsomok Unigue }

Kraus Operators are also yot unigue } A= Z “U j Say - then U is an isomedy
See Mask Wilde for Proof Jrhen {BJ} 5 are also P?J’FedJQ; aOOd Krow

Non {,(n}far(y Character .~ N is o &'nea.rmaf

DN is Hermn'wb Treserving {/V(/@}T = (@) ¥ A —A
2)JV 1= trace Pmservma W(N(Aj ()

DNis posifivity lokeservlr\a ,D@ - G\SP’
D)\ is Gmpletoly Posibve (V83820 /B0~ IRV

linear -+ bez this Is Quanto (&)
HW)M@ & Jmce ?reserwhg — Since shouk! rmfdenriéf mddices into g/ms;‘ty i ces
CP—+ Required to mop every Io'/panb'fe density moix fo a bonafite density matrix
Ensutes £, 24 278 Ay Ol 4y is shlla densiky mabix.

Example - (TrANSPOSE) —NOT o CPTP mop lecause it viskdes complefe po skﬁvdg

b =25 ik A ¥ ikl
J\f,‘))lol : é-i( Sjk
( N ft‘\) )’/ = Af, = AJ} = (/Y{Aﬂy — f/@ﬂmlh&iy ?re:yvhg
But foke Opp= 98" — N (o) <O Vilafes Comle Posibty
Transpose = Gong Back ward inhme s n'ggmue



HUGSTON - JOZSA - WOQTIERS THEOREM

Every mixed Stale P has infinitely masy pure stade ensemble vepresentation

A ixed stede has 'mﬁm’rda many pure stafe ‘ro,?resu\kodcion
Eamgle: P= £ (10X 11X L (1HkH +1-X-1)= & ([ AX A+ (AN

Gmormw - QuantumCharvel s @




LECTURE -8  16:30- 18:00

QUANTUM CORRELATIONS

Debasis Sarkar
Caleutta Un'lvers"dtg

1935~ Einstein, Podolski, Rosen (EPR Paradox)

1952.:- EPR Interms of Bohm's SP]n%RgF,ege,f}od:,m lory—lisp
|957 : - Glleason's Theorem {z

1964~ Bell’s Paper —rLocal HVTs incompodible with Quantum Mechanics
Al B,
1968 Kochen Specker — (Aza} {131 Now assume Ag=By for some kol

An/ “Bn J (s9me cbservoble commeno both sets)
‘3?’3 (AcAJ=[Br.3]=0

With 117 veckars — This wikk gi\ie youa controdichon.

Where's thevub 7 Valwe of Ay = Volue af By QUA}ags‘
Cownirethmg ! (asswned

Moral - Hidden - Varialles ‘must nokbe mon -contextual -
Common ko allthese Bhirgs — Gmposte Quankum Systems

H=-Hp0 Hg O A
lw>ABc= (%4 ® (}73 ®h>c is the one Possib'.(i{-v )

Now Jinearity imglies | >® [T) ®|N) + % ® 72 ® 1) is also legit

iss <= Shate
’Bugm’r;fg)lid in general



ENTANGLEMENT
It Page = T p.'AQDPI-B@ O — Thea Separable ; Otherviise Ertangled
l (Oéwiél &7_:('3":1)

‘Phﬂs'(cal Redzakion — Sefamble Stokes canbe Iorq:oned XOQQUAd

fOR BIPARTITE PURE STATES

'Wrp = 125 1,8 373 — from Singular Vol De wmposthan Theorem one con oluays
wiite s s - {__'\ l::):)®|te,> in some ofher basis — (Sahmidt Decsmposihon)
k=1
I—(FN:j ——réqurolole

Buk for mulbpartite stoker —ma unique Schwidf Decompssition — Can’tbe done

— - Q) Isit Erangled ?
Bipastie Systomo Q; F yes - Howmich Efonglerment 2

Enlanglement Quartifi ahon inderms of Teleportotion Protocol

Cdmf’ore Stodes {n +exm901'+hejlr Eh+qna|%enf ... > Toke Single){— (ON%'IY\OJ Benek Protoed)
—~ 1009 Cxad Teie:{?oY‘JFOCHOY\ ; Buk toke some offier inifial stode— inexact Hefovhhm
Inderms of fdeily ortorgek

Sugpose We hove o stoe lite alod+bhy .. ... ollowed operaion=LOCC

Under LOCC + p8N__, ;®™ [m<n] m=n (S(ID—Bepetl

P \ﬂ'rg;\/ly entangled

Gﬂw\gled
Schumadher Noiseless Dada Compression Theorem — Allows the veverse process

Z3(94)= Brtongement of o pure bipartte state — Easily Gleuable

What abouk 1ixed Biparfite Stades @
Two Defas — V) Distlloble Enhnalmmf

' totes
2) Entanglement of-formaion #: for mived 5



EOF (949 = if ,Z P E(\We) OVver ok pwe shofe decempositions Oy ZF.' l‘l’,&sx%l

Disfillable Entarglement = Lim %\

N0

Butthese optmizations are hard to do GD)

PROPERTIES A GOOD MEASURE OF ENTANGLEMENT MUST SATISFY

® Vanishes for Separable State
© LU - invoriant

©® Monctone cleoreas'lrg under LOCC

© Additwity , Convexity ,C_onkimi&g — NOT Necessary but desirble
(like Sixpoack abs (@)

Hostings — EoF is not additive (Recent Resulk)

One good candidate with all those properhes — Sqpashed E\Jrianalemenk (Wirter)

Bt notoriously hard 4o caleulake
(Winter @S)

L0& - NEGATIVITY /CONCURRENCE (2X2) _, Byt Calonlake

N
EQS)’ +O CMUMe EOF: SVmP]Q ‘f!_\ O-F Cphwra\ae
~ log [N]
N = Negabvity
\L (uf\%er Parfiol Transpose)
Additive budt not convex

lenio)
So'uoshed Err}onglemex\f = DQ’P ends oh Quanhm\ Modual ]nﬁmnodm ...So 6ood ‘for Chann
-&4S

DETECTION OF ENTANGLEMENT

Prob - Giiven Pyg is if entangled /sepclro&o\e ¢



Tnikolly people Hhoughk — Rell Violahm = E\{anglmmt
Bul for Worner Stader [0} + (50 4+ p )L Exfangled

PARTIAL TRANSTOSE

[f youhove on operator wahich is +ve buk not Cb~ Wikl Senve as o defector
(e9 Tronspose Operator) (Hahn - Banoh)

PA=(O)" Pt Trospose on B IFall cigorvabi of 5 ove 20 ~FIT stakes
e =(PAB)T;‘__ TParbial Transpose on A } [f ot (east one -ve éae,nvm.-, NPT stofen

Buk does PPT=> Separable ¢

2%2 ,2%3 —true
for h’laher dimensional stoter~—Flse —3 Bound E\‘l?o:\aled Stode
(Enlongled but not distlloble)

Exomple of o 77T fifongled Stade in 3X3 Systems

Fntangled for sure

)& ltzzﬁ-lz) |0>Li:12>®\z>
D@l DB — Unextendible
L Troduet Basis
olo 0
Tplies Existence of Boun

«— [Cntongled Stotes

] Here
or 20 gl 3T i) < i
Reduchon Criterio Violahon = Distilloble Cither Se‘;arable/ Dishlloble

W @ W ivoriont slokey = 1+6P ™ [\So{'ro%;b*&ﬂ where %;": W
\Y)
Definite formof BT
UOW invarantstoder = 14 BV (Werer Staes) Entanglement gvoilakle ;
L+Suicisfies Reduction Giterto— Canbe Er?m\alea\



Pag — if fou Find (W of rank=2 and < ]7;—% ¥ <0 —Dishllokle

(’fmlkokrmiosg — One Py undishikable
Similasy - @py Mdishllab'llﬁg

Tomorrow :-Mutfipartike Entonglement , Non Classial
Covrelotions Beyond Ertanglemenk



DAY-3
LECTURE 9 092:30-11:00

QUANTUM FOUNDATIONS ~UNCERTAINTY PRINCIPLE

GlurufmSOdz Kar

IST Kolkake:

DETECTING A H1GHLY SENSITIVE BOMB WITHOUT EXPLODING ONE

A

]

50% T
Beam Splilter ML———H

Sour ——7——/[/

ce

Classically T expect 507 of photons +o be detecked in Di & 507 in D,
Quontum Mechanically ( Experimentall) —+ alk of the phetons in eitfrer in D, or in D,

Conelusion - Collapsed !
OM was born to explamthis bind of disorepancy M &)

Whoal-hoﬂoens whwn o dete -lSour —_ s
chor ce /
j) \s Placed 2
Ans- Interference Taflerm is lost
Bock o Classical 50-50 kind ¢f mindure




Hotothe Beam gF\-IJCh’JP Works ?

W B w0+ (Rl [ReT= 1 { 1%, 1) orvespond odifferent outpuk paby)
5 ]
Phose Change of — 2L i
14 3 4/;
b

22w lx>+ﬁly)}

BS, . BS.
(&> — = ([0+{d) =5 | - _ ,
\ﬁ.( i ) ;—LG—_L(\ |<7+l1c>)+{‘f(|c>+df>)]=l}§>
“ Alldre porkides willk be collecled inthe deteckr D,

Noc On ohe @ — -1 o very Sensihve Bowmb ok Dy— No Blast
but deteckion

AR >
d % IF Bombis Hhere
D g;&w (o> (lorild) — L Iﬁ)fé[é-(.’/g) +1F))

LD -Elo+i16)
So; Probabilify of Explosion = 5OY— Failwe
Frobakility of delechion in Dy = 257, —r Success
?roéwéu'jib O)C 0/9)‘9&"{7671 Ih :Dz: 25% — No Condusion

Con we Moake Swccess Pv—olzabi,{ﬂ;y lelo}/4 4 (B(Perimexﬁoug '73%)

ﬂeordﬂmﬂy yes - using photon polasization.



PO!CU‘IZQ*)O'Y\ %W IH > s COS(Z ) H >-,—S|V‘< 2N Iv>

Probak ity ofpassir\é Fhrough the polarizahon = o5 ‘Q_T";)
Aﬂl‘fmaﬂg iteratons — [ H) becomes [v) & nothing passes +hrough

?rol; 0«171"1"& OfPRS‘Slng ﬁrougk aﬁ'&" n- rl-a'vd)o‘ns‘ ( LTT)

(1 Sih TT) —1a
NOW WE 'NTRODUCE A POLAR! ZATION BEAM SPLITTEE. o

Tranamits  hovizonkally polarized photom, veftecks verbicol polarized photuns

(COSoL | H>+ Sihol lv>)la> s, cosol |H +5inet |V

Buk 4his splitrer = heaswement on Polarreqb;}h
No '“feﬂt"’e < the photon

’lev{ﬂm

lH)IGO—v(cmTr (M+ va lv>)

P /
N
0 %/PBS,_ 735 la)
Lo d
A

N
\ LTBS,
N /{/
N7 afler Noydes — oventually vert
ealky pol
'é

Buk if theres o Bomb

i)
Hovizontal Polareahon hen N—o0

- 100%, Successfuk Predichon



UNCERTAINTY PRINCIPLE 2 JOINT MEASUREMENT

Version 1~ (Preparation Uncetoinkl)— (Asuak Uncertairdy Relation
Version 2:- (Measwemenk neertointy) — Impossible to simultonesusly measwe X & b
Version 3:- (Disturbance Uncw{mﬂ*‘s)—* lmPoSS'lHe%\measwa with disturbing the Sasjtem

Self Adjaint A determing lorojed'w E, (X) V¥ Bord Se)\-(MeQSWc.’ole)X

S o Ea() = EA(")Jr: (Ea (X))L
0 Ex®=1
© Ea (X UKD = Ba(X)+ EAl) if %, 0% ¢
Then s()ee}\‘ml d@composﬂ‘lon

;:j‘O\EA(dD*) & EA(X) = J;(EA((M)

wodum Probabilily € = il
Quardum Yrobah Iy Py &) =Tr[e f:A(X):fé Pmbobl'oiygh;?\-rgeﬁs\}&k@nm
eX

Poskien & Momentum

Q= o Eqlo) & Eqo= (4w

BV =v@ f a€x
= (0 otherwise £io ExEVRT
& odls as amwcipl/iu%ion operator @'\y@): Jq,’\l,(a,) Eq@’) =9v@)

Toverse Fourler

f'l?ansﬁmm
o T o ° e - ~
EWWTMMF[\V@}W@ -‘4—;;«[-«6' %l\_-\l/(x) dx g similady F (¢ (‘o)_] =yK)

Momenhun operetor (). ik SX



Disafersfcm -
W= ([0 xS vol))
s177=( L5 vl -] 2 196004 })

AGD = AN )= 4@D=AM"5 4Gy - AE"G 19 - A (WS, O
+

e A@N8EY :_t‘AMLA{JILZ% — Preparahon Uncerloordy Relofion
‘)T.is’[fs well estoblished

Support Property ) —This is @ssenbol for measurement uncertaint

[ Supp {1’}: {(xe®, ¢(® ;'IO> is closed &bounded - then i fourier Transform is o Where
Zero

i.e-swp (F)is R.

Com />/em enfarify-
Gontradichs support -
Prod -

Assume <yl chxi J W>=(‘P}E\}l(y)l®=l

SIgldxa S 1=
X Y
Contadicts the theorem .

POSITION g MOMENTUM Do NoT- ADMIT St MULTANEOUSLY SHARP JOINT MEASUREMENT

ists
Assume 5 p (X xY)ex } Nowessume 5, vedor ¢ @ <@ ) EQ)T(XXY)}@—‘J
Gar (%2 < B () 2 Pl K) >:<}'/Qﬂ§0> =)
Eapb0LE(Y) & (R-x) N Ep(R-Y) F0 )y~ HemingResult
GO E (V=6 (R-XNEp (D =65 () N Ey (R-Y)=0]

 Perfeck Jombmeasuremont of & and f is Mot possible . (Proved)



LECTURE-1O 11:30-13:00

QUANTUM INFORMATION THEORY
Sibosish Ghosh

IMSe Chennat

Whg(@uw\huh’ Infoemation Theory 2

Eficiency Classicak ]r\ﬁ(mah'oy\'(ﬁeovu - N Signals — need N bits.
Quardum Informakion — N different orh‘\oa onad stades poivwige orthogonad

Buk mon- orH'\o%ono.L stakes — @ua;\hun (s ao\vomjcag eous (Sd\\m\ao\r\e; Doke Qmpression
TTheorem)

Eneeding ‘ Quardum " Infovemation
for p in d-dimensonal skake Yty S(3) qubits Tequired

. [-}\c_odind Clossiczk Inprmakon in quankum states —> Superdense Coding

{00,01, 10,11} — Qossicolky 2 biks rapired.

QuantumMe chanieally —+ A ¢ B share enkangled stode lo® ~[1&>
Jz

O Alice applies one of 4,0y Sy, 0, 4o her qubit

J
© Alicesends he qubit o Bob

l
© Now Bob hos 4 nukually orthogonol sbke/)41°'7ﬂ\°7 loo illl>}
iz ’ z

l
O Neow Bob Conperfcmn \measurement onthem fo ﬁr\d Alice's message



Voviants -~ () Nolsy Chomel.
@ Initially Mixed Stake

@&m\*\m\ Teheportahon — Send information obouk unkn aon qubit to Bob — ﬁnqua ‘H\e
u\fownabah obout
unknoun stoteot
Alice is destroged
lolevo Bound (No-(‘Jo‘n‘m
isnt Vidated

> = 2o [)P—s0 3 oo- by many Such suu(erloosuhons — S0 an we encode one-bit
With each such Suferlcnsdxtm? — Infinike Qlamical Informahon ‘T‘L('omb e inonegubit

NO; nonorthogonal stetey cartt be olishngua shed
so decoding not possible.

Upper Lt —rfnly log, d bifs n be etraded.
Cafocﬂzy '~ Holevo Bound

SCHUMACKER _COMFRESSION

Quantum Version of Shannon's daka mpression heorem

CoinTos: '
with (glrfms{ HT...H--- }—~2Ns”"}" Sequences }_, #of iqquef\ces cdith E”i_he)&g“ﬂ L prlw
Wl‘H\ he&d n ( P s Seﬂue’nees
PrObOJO'IlH‘(‘]: P < 2
l‘l’x,> |‘Vh>
_, ®rresponds to . : . ‘
(X‘) P(XZ) P Pou/a- ;PLX\)WX\XL*XJ

How tostore iu\gmwb'm chouk N - copies of his ensemble
8 How fo shre W\'m]mfhlb(y without 'm«hrg ony €rTor.



Write © =99, |%;X0;[ — Spedval d osh [y not be orthogonal
. % 19X )] — Sp eckak decompashon { 1v;)'s may bﬁ\@;ﬁ%

Now; Shamnon's daka compression Lt = H(Y): H(?{,)_- - %9 log %

for n copjes :—tr((J log, P)
:S(P) Per copy

n asamphﬁc limit " =0
(n—yoobecause tgfﬂmh{—a a,—aume,nh hold only for
Lows of Lasge Numbers e— large M)

Moral = von Newnann @Gatvopy = # of qubits vequired to sforethe informotion per copy
asymr'to\‘lcallg
But{l%}are not orthogonal = So; 3(9) + —z:?x 109 (px) = H(X)

It canbe shown S(p) < HK) - Qubits offer Oto\VOJﬁagf over bits
One can shocothis scheme is Optimol - (Kee{’""ﬂ Typicol Stotes , buk #hrow ouk Others)

Daka Compression for Mixed Stote Encoding
€={Fx7p><|>< GX} with o= 27 P Cx — Holeve Bownd o SE@)- X ¢ S(f’x) - ')((g
~ T

Bub is Hhis gpankly altoinobe in an asymplokic compression scheme — OPEN!

MUTVAL (NFORMATION VS.THE HOLEVO BOUND

X (€)4eMo ws howo much | onoverage, the von Neumann Grlvopy SCP)(LD‘\-H\ p=3 P\P)O
1S yeduieed once we knogy which pre)foroﬁon woschosen to prepare o

* We have o maximize the mutuak informodion bettoeen input & oudkpuk

> Volevo Bound - Upper Limit of the Mickual Ifovmadion
(A(’(’(—’ssi(:_];>
Informahon/ Tight for n—oco csymptehic limit

Brool- Nielsen Chuong — Use strang subaddivity For Yon Newmann Entopy



Atainaloility
€= LW, e0)=x ) 1w, H¥D) = £ ) = Toeem 1= KinI¥D] = 1 if (iyJ4>= Ovthogonal
Holevo Bowrdh %(€) > Tgee Viflr equaliy for (1I¥2=0 o |

for 20bit — Tnce CET)==|ClDL" & X(€®) = () 1-Keror)
\L 2_ 2
9Gf‘fhﬂn\l,1acc 2 Holevo Bound goes dowmn

Iﬂjful‘livgkd See D""Eﬂ flolevo Bound is amdmf%oﬁc_alla aﬁio.l,p
CAPACITIES OF QUANTUM CHANNELS

Howo compare performance of Classical ¢ Quardum Noisy Chanrels 7

Chassical. Cafacat\d of Quanum Chanvels
Classial Iprmation Source — Encode in d\eﬂsﬂg madrix —+Send thru Quandum Chonnel — Decode

Sending °'\1?7 ﬁ“l'w?} many shotes @y 5 notsufficent (e.4-for fol eportation We need to send an
entire supspace of-the Inpuk Hilberf Space 1, )

Quankum ('a?m{*d of Quardum Channels

SignaJ S'lu}re;{px}wi-}h prob {FX}"'I Encodeby o. CP map — Sendcf(\gfmuﬁ\ — Decode



One shot Qassical CankA C“=<%s:;j>x} Iqu(Xﬂ)
Holevs - Schumacher - Westmordland (199 - C) 5= Gipacity per sigle use o channel or infinile
#of usoges. Cyy £ Chep

C o — Input alload 4o be Ertorgled — Ceo 2 C o0 )
Esuclity if Channel Gpocihes Addifive = Tpis is nok ek knoan

DENSE (ODING CAPACITY -
A———————

Ce (qu) — 10 exack form knazon but Ce (_qu) 2C1 G, Ceoo
Ref:- BenneM., Sl\ncr, Smolin,'(T\a.Pbaal

Exadt oenmuda bnaon }e\r onky in cases (here 0o amt of shased entan lemmetd
(o]0 -



LECTURE - It 14:30-16:00

QUANTUM CORRELATIONS

Debasis Sarkar
Caleutta UniVQrslig

TODAY - MULTIPARTITE QUANTUM ENTANGLEMENT & QUANTUM CORRELATIONS BEYOND ENTANGLEENT

for ?we blrou“b‘:Q stodes— Eh{'m\al ement ulﬂanum'lcs under LOCC is renversible .
But in general (for mixed stodes)—+ Entonglemenk dumnamies wnder LOCC (s irrevessible

Extend LOCC +o PPT Operakions (Operations which
l Presesve PPT-ness)
p PPT)-2 o (PPT)

Eventhen Trrever
Sible

Plenio/ Brandao (2010): Under non-entongling operations — (non-eakongling asy metofy
(Sdence, Commun. Mo*h-?hgs) 81 ( '8 &19
Reversible Em+analmnen+ Dynamics

LOCAL DISTINGUISHABIUTY = Ma?j not be Poss‘iLle even for 3105% orhhegonal stodes
(e-9. UPB-9

MULTIPARTITE ENTANGLEMENT FOR PURE STATES

.- © Rew +o quardify en*anglemezﬂ-?
~ @ What are maximalky en+nn3|eds|-a*es?

V=

If we veguire them as stotes whose biparkte cuks are complelely mixed (2 1)
I Not possible fav N23

Gilod Sour:- AVg.’BilOa:H-e &fwxgl%mP wrt ol the cuts maxi wmam



Geomekvic Measwe -

Most aceeptoble = min D (P,@ for some distance measure D &
0 €Sep
pwe stodes pgo

Recent :- PRL,1IL, 110502 (2003, PRL 15, 150502 (2015) — Barboro. Krows ek al

We have 4o ook Q)\osda ok LOCC itself (Ref:- Bric Chitoumbar — “All you wanted to know

abouk LOCC buk tere afraidts ask ™).

@Loce Provides protocdls  with which entangled Stades con be monipuladed .
@) \oce Provides Ordering -
® for pure biparttte case — we hove definite vesult vegarding convertibilify of Loce

Single Gpy (s —+ Lo/ Popesou PhysRev A ¢3,022301 (2001

No. of Schmiclt Coefficients can never increase.

Nielsen Critera 1ot | 5, (A} Schmidk oefficienk
l@>_‘ MS ’ 7

Then [W> 2255 0> == X > [ . (Nielsen Crikerion)

Then - Co*o‘l‘dsis - lve \')L>E$- o ®% o be possible even if {ky)(_s::[@
\
Under PPT Operadions :- Winter — Gndikion for Existence of Cakolyhic Stoe.

MULTIPARTITE CONV ERTIBILITY BY LOCC

./ Sloce = Dur Vidah Cirac = GHZ «— W sp't
w 0OsSI ble
(G
TWo

Bukfor 4 qubits — 00~y many ineqpivalent

APPROACHES Frank Vershocte GBI
. Gilad Gour
{l‘?i_),f‘vt —+ Bl Basis Stotes SLOCC inequivokent

Example - alvtpty £blV 9> e [®*¢D +d[g o> - Fatbsosd— all of them



Mukkiportite |¢> 2% (6> — whot's Hhe condition ?

Gonsider Mg (19) — all stakes accessiblefrom (L>; Mdlv)) — alk stodes that can reach [y
Consider Vol | MQW)} = Vol o Vol {Msl¥)y= Vs |¢) with some switoble Volwme measure.

Barbora rows:- Volume in LU-@avt. closses.
If Mg is Verylarge — the stade is not very ‘powerful’. However if M, is very \(lrae —+he stoke s

very ¢ voluable” = Operotionalhy VY\EGN@M’I?LeﬁmEon for mulhportte Enfanglement -

EQ:Su{’VQ\qJ> &
Va,
Es-_- 5\}??@"\/5 I‘y»

Entanglement mea sure

} TooPossible

lf NJ>-— implies = we. colh imall
Ms ( ) wuk implies \/ g=0 — WE @'\Tucrél::‘oxsy)ro&es [Ref arkiv - 6P

Monogamy — 1f Az B ar¢ maximally enfangled then A2 C orent eh-[nhglqd o
?pg,z\, 32, 062340 (2015)% Reference

CORRELATION MEASURES BEVYOND ENTANGLE MENT

Discord — (Olliviers Zurek) .
Mudual Informabion— J(AB) = SE)- {'%f‘} >P; SCAL)
)3

I(a:2)= H(A+H(®) -H(AB)
1(ABD= T(ABD C\assica\ly\\/bw\‘ rotin QM always - Discord = I(A;B) -T (A3 B)

If dney are equal Hhen (O skates
©=> b l%%\lglazpf
J



x Disord may increase under LOCC '
« Set of (Q stodes is Mot convex - so geomelnically very hard

Vv |
Exact Analyfical Resulk is hard to get i general
Geowelvic Discord
D (p) — min D(,%) — a tight lower bound is found recently.
X ( Swagpan Rana)

(D = Swiable Distance measure

K Discord @ 8000\ resource ?

Dokic grat (2012) E2™ Discord vecessary & Suffrcient for Remote State
DI %LP dod 'Prefarahmn

T Fnclok [Zurek SciRey 20135331722, Strehsov - Burek PRU 2013 ‘QD Canno;&;e X

Discord = Information lost when a Gmposite Quantum Systems Disassembled

CRITERIA FOR NON-CLASSICAL CORRELATIONS (MoDI)

Necessory Cndihon Reasonable (ndikion
O C(p8Fr) =0 for pdt states O Addivity
(A A vy 0 Sammg)wa under ini‘erchange
O Invasiance Under Local Unitary O Convexity

© Clossial Stokes hove zero otwm{wv\ correl ohons

0 For fure Bipwrhite State = S (PA)
Measurement [nduced Nonlocdlity — N(@) = may || o-Tr(®)|
Mo over alk PYM’s Hhat. preseve densify modkvix of the first
| porty-
Rk this 1s Nonzemo even ,ﬁ,r Classical Values -



MIN is 3ood 1o caledate -

Bu*&dcfau MIN = O is non- convex .

LOCAL QUANTUM UNCERTAINTY
We neadto build o measure which is not offecked ‘oy Clossicol Wixing -

minimuwm over o locod moximally informabve (ie.mon- degererale spechum) of
LQU=  skewoinformakion

Greometvically LOU = win Heilinger distanc bicon fhe stoee Fhe
stoke aftera least disturbing vool -of - unity tocad unitary

. }
Voumsh@ V Q stotes ﬁ?em:hon o\?ehed onhe cubit.

LU invariont

L Feduces to S(PA) for pure bipartilesiates -



LECTURE- 12 1630 - 18:00

QUANTUM FOUNDATIONS —UNCERTAINTY PRINCIPLE

Gurufrqsadz Kar

ISI Kolkokn

Meaning of Eq(x) A Ep () =0 ~ Thereismo mon-triviak projeckion operator P such thak ']f%(EEG(%
v PSE

Generolized Observables

Hei sen\oera never qwom’n‘ffed wnsharp eoswements /ervor- disturb ances

We Would

POVM FEX—F()
F(X)20 } Buk no idempotency FiF
F(R=1 (Trace Gndition)
F(X,UX) = F(*D+ F(X) if Xy (01X, =4

And BomRule Pr (9 =T [ 0 F(X]
Notmork Dilahon Thm = POVM in o lows dimensional Hilbert Space <= PWM in higher dim
Hilbert Space .
Unsharp Posibion & Momentum Observables

t), {E&QO_—. L) B (x4 9X Where {() 20 & Jioddy' = 4
(35”;3;.5 E3(0= JWIE () whee 0720 3 [3(r) dy'= 1
descrbing fhe Pmbalo'\lfklg distribukion of the unsharp YTneasuurement [ t(x), g () are S—‘f“"c—'\‘l?“s for
Shou
“measure:nmksj



Now Bovm Probaklity ?&Q(@ :<t{"l E& l\V>

Nows Var (E§ () = 4(8,9) - | (- Jdry ) a¢f o®
= Vor (E o ¥) + Var (—f) { HW .- Verify this]

Similorly Vo ( = Var ( By, ¥)+Van(g)
Doate | Meoswe of
Shorp Unsh arpness
measwre

Buk we still hove wo relohon bekweon f(md 9

Joink Posiion & Mowentum Measwrement
Choose Tz |¢|" ¢ 9=\

U,ﬂ, = e( (\’Q‘ q,"@) ~ unifa:y ovoldhon sperator 'frw

X xY —r E(wy) = ] [Ugp @K Uy 0ldg dp

XY

EG*Y) <E(XOR)=ELK®
EGxY) LE(RON-3M

[Ancer’miniﬂ Jue o unsharpness = A(@)¢) i Uncerfainty duredo unshaspress of

momentum operatev= A (F0) - AQY ARk A 19| A2 e

This is exclisively dueto unsharpness ofthe measwrement itself
No! Stade- de?eno\enk —WNoT 'Frgfqraoﬁon Uncer{'odnbd

Wigher chjntm —r Not o p‘ro?er Pro\ooJo l.{g {unc’ncn
We haveto asnvolude Ut Wkh another funchon

Can be naam‘we {o get positive



@UANTUM MEASUREMENT PROCESS

System S - 9% Finol System Stode
‘ Meter Reodma

Apparcius A Fa

Measwrement - (s, Z, ®4,%) & Werackon Vi= Uy (P ® £4) Udy Yl @ﬁ;@%

Tr [P FF"‘Zjvﬂ’r [ veer)t oz (k)]
Now, measurement of B if Ff()AX)a = 5

Example - Disorefe Observohle — £, = [KXk|

A=¥%Ek ; Apparokwy Hilbert Spock HA=\|_’-(|9

mornerdum of
). D6 e 2 oppore

1By Speces Deamposition +{4) = Z{ad Fy
Uy (v e 8= L Ee WA |6y

. 6 19> o(-1a) [sh])
Now f la1(+| Qf_|> ¥ty is SWfPor\-ed Ih —?;T

Then &7, has n\u}wﬂg disjomt Supporls 1 = (a"_z%'qf+2%)

W £ Ty, M (1) lon,) Ee

;d—/ N
Pt ore disjoint = é X<¢,\%]EQ4C7\IQI<DQ o B EAG) for perfect

P\'Ojed‘lVe ’Yneasure;mg\)c .



\on Newumann Model

chon o MeqsuremenJE interachon

System wave funchon: . Opparadu Wowe fun
S8 \V Q?P o (_l 7‘Q®‘PA>

V) eR) = V&9 (x-a)

Measured Observoble:-
£0= ] 1962 21" (1, @)d% Eq @) = EL®)

=Lifq "€MX
=0 else
Voslanceof 9,— &)= D |¢ (M) ,
JOINT POSITION- MOMENTUM (ARTHUR [CELLY MODEL)
B System  First Apparsiun
Inl'{'lo«k Vo = ‘PG/) ® @ | (_f\) ®®Z Cﬁ.)ﬁg;ggims
Uk [P GeR0Y, -1 PO L, Q]

Now —

‘L? =V \Po = ‘J(OV" M-EL) P| ( 91—,)‘%" ?—&%—J\ ’fz_> @Jﬁ)

Adually wmeasured obsenable Gi(x xY)

PIGE WY = (g lue B, (X) ® &y, (W) |9)

G\OQ\Y): <01®Q7J U+ EQI (P\K)(B EE (MY)U\I‘P[®®&>

offer ‘some’ caloudation —» & GxR) = (x)
G (RAY = E 3 (\O



and fnally 46)-£,  [®5 () gnshmpnessea 5.8 9,
R ~M 2 oML CNen YnOYe
%(P) 84 I P, l 60) \U\ShOU‘P ¢

Uncertointy Relation for Arthur- Kelly

Var @) < 57 Var (§), 6, )+ 2 ver (§,,8)
Vor (3) = —Vw ( Pz,¢a+ A vﬂr(1S )

Vor (). Var (3) - —V*(Qy ) Vo (P,,6 Q+—Var(QL v vou (7,,8,)

This
+r>‘\1._'EVW' (Qu@) Var(?a, QL)+7\LML VN(@L)‘DD VW‘(?);‘F) —7 \%'o

measuurem«(ﬂ
NoW; X = Var (8, %) Var (ﬁUPL) (some scaking)

Nor() Vor®) = (58) 1 1asthao ferms

>_ki K( murmk
T

?
Z% ~—TThis Is the Arthucs Kd‘a model

ERROR -DISTURBANCE RELATIONS

Lo
\_’_Y_J A
Goal = Relode emer €4 & distwbance " p
Sequenhal yneasurement

e DD =@~

Now colibrabon ervor A (8,Q) = lih\ Sup [D(W;Q;'FJIW,T;D("U;QIJT)_{ é}

Now Q" and P’ ase yarginal obsenoble s of some gom+ Mmeasurement M then
£ @RI A 0,1 21 Bl ere]



Hw - Showthak thisholds true for Covan ant Joimt Position 3 Momentum measurem enk

THEOREM (Werner)
£ M be any Joint measwrarent A (QQ) 2 & c(B)'), then I covariont jant Measurement

M sukiy Ac(ocz)éd @e) .
AP £ A P)

=ARD B () 24 (&) 4, (71> ‘ijTL

Sl g'= (31

ltanbe shown €(Q,@) 2 A (R.Q) and 1(PP) 2 & (VP)
=5 fror-Disturbonce Relokon c @) '\(?7?’)2%



DAY-4
LECTURE 13 (09:30-11:00

QUANTIM  THERMODYNAMICS

SIBASHIS  GHOSH

IMSc Chennaou

FOCUS - Thermalizotion in Quantum Systems ( Not Thermal Machines)

Ref - Popescu, Short, Winter  Nok Phys (2006)

Puka system in o Heat Both — maximum entropy stare = '[}'prra%.] Stode
Py -
E Tr(e-GH)

Q- How does the Quantum Syslem get Thermalized ?

In
In open system dﬂhmlcs‘ —F_?%Ealih %’_. | [H,€] + £ (f] k-;l,ae Py
- tm
(Morkovian D(lj'nomics) Lind bl adian

Q- 1f Hs ®H . s Tofal Hilbed Space bt I conshaints such that effechvely dhe Hilbert Space
Hy S Hs ®He - Now if T toke 2qual a-priovy proboble stade =€ = "UT;_ n Hg .

oncentrate on chate of the sgs‘iem.
T, Ep = ¢ — The Stode to which the Sgﬁem equilibriades -

Stork with an wbitray pwe stole @) st o Tr (X

Targek:— |( 'D(P;) ﬂg)é € -[hermo,ljzodtiov\ (W‘QGQ-DB‘I'QM&)



1.0 Prob UI P- fls'” . >vl] <'].’ B V@a -lmr’\roboble to 30 for a{:art from eq/uj[ibr'(um Slate

environment

(condikien — effeckive dimension dEF( >4 syﬂcm)

If His two-level — 9%__[? g] b e PE ~
0 ¥y Where P Q‘BE'+@-BEa$P"i-P

Pl ey Pyt (L+ny, D)
N aad

¥
Pinmap — Every map gefs pinned to one torget state

Q:- C‘aur\dou give e o Hami lkonian Which lokes @— — oo limiE) —7
Append some ancilla tothe sysiem-

\Z L
for o finite dimensioncl ancilla - Q itself chanaes — Not c-ow-rcdw'ble. with Classical
L.H;rrw':moics

Proof of | Reab[ll - 22:ll | >J<Y

Theorem - [or a randewly chosen stade (9 € Hr & € >0 The distonce “‘\’rE (I‘P)@D—JZS ”j

ob |||e- 25, >q]<y” Where y = , _cdog*
bl fet” where = enfiry -y,
Proof- Rrobobiltic Theovetic Fesutk — Levy's Lemmo—~ Givenafz £ SL>R & a point & 59

_2c (d+l)€"- r - sl —\_ o=
zea Where 1 ;IV(IQ =

ChOSeﬂ wl‘Hl un'l&ﬂrm Probabili*y "H'IE’H Trob |'F(q>) - <'F> ] _,< &
(Ref - Mi”man)[({); ff@j) dCP):I

ocs

Here [¢) € Hg — AM{; pure state represenhible here interms of 2d,-1 dimensional Hg:er)sF\\e\re
7%
Now define &)= H T, |dXD)— D ¢ lll (Troce 1-norm)

Now using levy’s Lemma requives 'finc\ing out Lipschutz Constant \ = 2 CHW)

Now coe get Trob [ |18~ 2sll, ~¢ llg-250 )] >€] < 2 exp (,1—)



> Fob [ flo-al,] 2 Clle- 2lld+ €] < 2 exp (CCdred

Teaverage  {la- 2l > < Jds ()l6s- 2sll,)
)

@ [ de I, loXel- 251 28 > < 3 [ (e |7, ool - 2,
o dek—l eoleulation

bt B = [do T leXe| -
@ésldg—l

Frolly < &[G 05 5
Whot \S<W PS> ? Thisis < Tr (p) +r <pE>
= Tr ()T P
3ut<f>5> = e (TP )< T ()T 0
Now de]cf = ( L—aTﬁen lles- 241> £ jj_:

Thus > Tr (I 6- 25l &F ) has prob < 2 exp Ccdyel)
CPTOVecD

Sonity Checlc

Hp=Hs®¥e > dege =

Tr e = dg —» expected
Now { d

° dgé“ < \Ia_ S = Z X |‘?&X@|«.\ — S\ved'ral Decomposition
PTOO{ 2 line (HW)

le. aV?(”f’s—-Q;“z) is small it deﬁ>><§s

Levy's Lemma + This — Thermalization }

|mplicotions of This Theorem

Reconciling with stondand Stat Meeh

Assume Energy of the system E s given — Temp (3 iven

Hko*‘.: H:®.ﬂ+ HQHK"‘HW* d
& OSswmne dense ener:
mwom inkerackion g\’oedﬂ%



02 Tre €r == _e___@,H_S_ — All Previous Resukts valid for This also

Shsoon Tr (e-0H)

Termat Canohical Eoilibriadion Principle —  Stost fmm qrbi’cra.ry:ﬁh subjeck to these conshraints -
"ﬁemmaj 1Zes

Models with spins .= N spins ... Show thotthese bounds @nbe sharpened

N4 :
(o idterackion)  _ Neyk Lechune
in externot B field.



LECTURE 14 11:30-13:00

JOINT MEASUREMENT, STEERING & NONLOCALITY

GURUPRASAD KAR

IST KOLKATA

dea;(j - Spin (ase (No 20 - dimensional ado)
M anbra:-Exiskerke/ Nonexistence of joint measurement has some thing fo souy about stearing

Spin Qlona {0 dlqer@nk direchions —» domot admit joint Measurement (other thar trivially
for +n 2 -7 divechons)

"Y\\ 46‘: G')‘E_ ( Ln _o_"] + (—)ZL [-1] —-’t\\?]
Unsharp Spin Observable F(@)= ZL (—ﬂ+a’._o:_.| [CNES
- ttlal 4435 g-lel 433
\Lz, 2 z A
Degren
eﬂ?ea ity

When lal =1 Then — Reduces to Sharp Spin Meas wremenk
When [al< 1 Then— POVM e asw ement

Degree of Unsharpness

@:- Whak's the condibion 4hat we can find four POVM's whose marginals = diff

direchion spin measurement



Consider [F, 4-R e

»=™1 Constount - §nd 4 POVM's such thet S

{&,u R & each elemant £ >oFLZ+ FiorFiz*frs
Demo £17 — F, qiver+1, F, gives —l

Then— Masgimality Condihons :— ) Fip + =
« d erQonS‘\mjni‘ W) Flar F:; :%_—I

) Pt Py = 1-F = Fs
V) FE'TF_’,Z = F =1-F

Consider F@)=% (1+&73) (1=1,2]

for jaint observehles o exist —+ mudexist some YF(© st

O <YFQL|

TF(E<£F(@)
YF) < F ()

FO)+F (- 7He) £ 1
(Proof #int - Use LF (@< BFE) = («3-B).0° & (B-ol) => |BF-o(G|<Pr ]

Nowwe gek |rel £Y; la-vel <17 [Q-VelS1-7 5 |awa-vel =Y
“S@,1) is o dosed bold Wik cente @ & vodius T

“ve € S (@, 1-7) 053 ,1-) 0 s @ray,Y) NSO

Now; 13 Thisis & h}HI_'S P
J v >3 luta
Y £1-7[0-4)
Pouk Busch (1989
g a-a,) 25lurn) 3 o) + | %-0g)<R /
Now; if 24=A& & 0u=) Bo thew A(|@edul 34D <2 T

Mowimum = 242 2



Whot abouk Higher Dimensional. (ase ¢

Two observobles P, ]] —(l;
Unshosp (Ounterparg -

— -2 ?+1_£9 (1P
Fal2 g+ 122 (g)

(Tw) 3 an orronormal bosis st. Hsoé oo [Hes g mosf
st P _—i’ ped Q:EE’Q(“)
NN =
-

CanJ:Hwa be diagonalized?
By -
Eb]'v—é;?woble into dl{:&’mjt_g&g @n be b[OGka.laabY\O\llZed

= shll 7\0Pt :Jl: - Wow'!

2

What is 7\°f‘h for any H\eo‘va?

¥ C}OLSS\CQ”J r)&()lo{- =1
% Quantum Mechanics :;E
¥ PR Box =12—

% Ay Non - Signalling GPTwith shate spoce — compoct comvex subsek of o finit
dimensional vechor Space

BELL INEQUALTTY

Condthons (Awy one of them will do)
@ LocAlty

() EXSTENCE

(A = S 1, ((UMPA(ID 4™ p®) (Bl 6]

p(imn | ABCD) exish (Fne “82)



() ON ONESIDE JOINT MEASUREMENT EXISTS + NO-SIGNALL I NG

ve p(Gml AABD L p(ijn [AAE) St& (i ARiB) = 1 (i) mkaiB) — Nosra
Where p(y] mAz;B)= 2 b (fjm} AAB) ( Andersson et ok ’2005) E

@ = @ Proved Equivalence ~—— Wolfe

\\
Ontlining fhe Derivotion of Bell Inequally on the a sumf:’tm‘ of joint measurement on one
Side 4 y';% s}ghallma constraunt L ° "

A B, ASSUMHION ‘- @ P, Ay 10Intly measuremaent
b/ No  \B. (dichotomic) @ No S‘gmo\llm%.
Sigmalling

b P& (A 8= p (Vv EIVE) e (V) = v (AD=-v(@)
2 fy[v (A) = V(AZ):V(B)J — p(viay=v (A))s—v(e)jJ
= 5| P(vw=v ) ) -p @) =-v(Edr p (v Bd=v(@) - p(v(Ay)- ~V(B)J’
- ;__‘E(A.,g)+E(A1,ej

TﬁuS', ﬁ‘f‘ B:B;

plu(r=U (A 8)) 2 %lE(ﬁv,B)—kE(ﬁuBQ\
Simllarly (v (AN=Y(A2),8,)2 & |E(A1,8) —E(A2,8.)]
“ Henees
— WwngTrank In 99}““%&1”
|ECa3)+E(RB) [+ E(A,8) — E(ALB)| < o

> [EABY+E(ALB) +E(A1LBY — E(A,B)) £ 2 — Bell
Tnequality



Jombmeasurement on A only is allowed

Stu “-Ao/\?

Q\*g"h /B No Signal“h%
Mulfiparite
ScenarlO C

Possible fo 3d‘ o Be,”—\il::z ’Lm,oluo\liky 7)))
i of A\,AuBl, B..&,C,
}\\Yl ams 20“ - O}M?

Just asswming Jjoint measuremen

for c generall. no Sgnalling theory
E(A,8) +E(A3)+ E (A,8) - E (A8 é?\i't
op
- for TR Box— Bownd = 4

for QM —— » =2]2
'For ClOS§ M-QCL\——) w — 2

Reverse Queshion - Toes impossibility of joint yneasurement imply Bell Violofion ?

(_Q_f: Hooto oph mize D ppf for specific Measurement diveckiom ?
@ao@ —r Some I:J/?P Problem

g e T D

So: does Measurem ent incompadibility necessarily lead to Nonlocality 7

l
Yes for incompakible dbservable with binary oukcome.

Ingeneral:- (Jpen ! ( Necessarily leads to steering —this (s known)




STEERING

A ¢ B share o S'malet

Blice can Now fool Beb into Fmparih% o desired ensemble -

\Without E\\Lan8|exnen1: — Alice (an'} fool Bob
Even with en‘ranalemeni — T rotbe done .

If Joint measwurementexists —> Alice can cheat without using entanglement

CHECK SLIDES FOR DETAILED CALCULATIONS



LECTURE-15 14:30-16:00

QUANTUM GAMES

COLIN BENJAMIN

NISER BHUBANESWAR

Whatis & Game ? Ven N\Ic;wnam
Some compehifive achvily flayed with definfe vules. Gome = Decision making

Am J. Pys. — Quontun Tic Tac oe / Quontum Chess 21307‘0!/\5 anclwf Modhemakics
underlying real conflicts amony
Brologyr— Axelrod “Evolution of (ooperation™ trrational Auman beings

Tntroduce game theory
in Biology - (1970s)

EVOluflomra Glome TF\eow-g

Quankum Game Theory => Importent olgenthms.

E( ferrol Bar Problem —> Which Restowrank shald T go to avoid the crowd 7 (Minority Game)
Apgkoa*im in Stockistial. Physies
(Certain Phase _ﬁ-om{‘lons>

'Plager - Gaume Theory is abouk logial players inferested onlyin winning -

Actions - The sdge all chaices awvoilableto o ployer.

Payoff- With Each Acfion , we associate with o reward. Qptimak Strategy - ,(\?)/woci\ aJrcidan o
: e 1o maximiz

Yy poy off



T Non-Zero Swn games

Gamep CooPeJroohve Zoro Sum
<Non cooperative )

: Non Zero Sum
Sequen  Simubangow
-fiok Makching Pennies
Chess

Von Newmann Coke Division ( Minimox)

CHOOSER

Half Yol

QIER Yol B }?&ﬁﬁ( Von Newmann — Best Stvategy = Half the cake minuy the cxumb

& Pleq]

Cuttermaxymin (mo\wwun OW WMIRIWN)
Chooser MinivraX (1inivum Yo YAoXi mum)

Prisoner s Dilemma

Nosh Eabm.—> No plager can unilakeally charge his/ her strafegy & do befter.

Shitch[ 4
,%,J 06

A 773— NoshEgbm. Strokegy

D050 |11 =+ Fhreko Ophmal Strodegy
Snrh-.h Do
B

Malching Pegmes (ZeroSum)
H T

HIZE Y, There is mo Nash E ilibrivm or 5%“%5‘
A T g } @ Maximin i £
& Minimoax

Random Strodegy— (‘,ho\l/ose 50% H, 50% T vandomly.

Mixed Strategy
Rure S’h’offeay,'- Same Shrategy cach fime.
Mised Stotegy:- Diff Strodegy diffhme.



Mq{o}\'m% Tennies - \i}n’lc]ue mixed stadegy NE

%= Trob of Alice Playmg H
Yz » o Bob H

= () (58 ()

J
NE when [0 (xty?) ~x (9% 20 & Tp(x3yY —ﬂ];(x*:)bZO

forthe Poy offmalvix —rHhisreads — 22 x) (25120
2 (02y) (-2x"+1)20

\!
Unjoue NE=(x3y%) = T
At Nash Ean Poyoff 1Ty = T = 0
Penny Fip
?&Q havea S‘ihsle Py —f(,\',-ﬁqho H—=Q—=P—Q
FE FN  NF NN

F \-\-—\——1— l—+ -

N ‘—-\—‘\—— |+ |-+

No Rwe Stradegy NE; but wixed shotegy NE . (HW - Whok's the NE?)

GUANTUM  GAMES

Su/pe/r\ooseo\ Tritiol Sodes
Quantum Entonglement-of Tnifial States



Quankum Teny Rip

P — Classical moves (% or 1)
& — Quantum moves (Hodomard)

Q
) =— 19110 P (oH> Q :
BT e o W (@ ol wne.

Quaritum Prisoner’s Dilemma

0 W= o .. N A
O Generate Enfunaleme;\ic\ via @)= cos %)jl ®1 +i s.n({) oy ®Ox
0 Wsw= 51" (Adk) 76) loo)

Guantum. Poyoff for Alice/ Bob — <) = S 11 Waml ™

W ER

\l/ -
isertMicade W(EED) = (1 -]

Generad Q:-

How winch yesource
(Goherenee/Briongt )
ore needs to

improve the Winning
strategy by some
given omounk/

Solid = Bob tays Miracle mous
Dashed > Bdh Defects

Van Brk:- Doesthis solvethe Original Prisoner's Dilemma.

=T Toke the Peiny Hlip Game (R =Quantum, = Classical)
®’s prob of winning for opfimal clossical strategy = b - (Soy) [ When Eé’ﬂ? CGI;EE]CJ
Noc instead of Hadamard Q@ cuPell'eS‘ amap A st A creates$C amount of coherence
(for Hodam ard SC = 1 2 maximally coherent oudpud] & prob of zomning = p7. (Sew)

(F=1 for Hodomard] Then (FZp = Sp - (Soy))

SP=()8C 77 Prany general map A2
ov any other tnal velohon ? P
-F(S\’;éCA):O 77

7
S5CA




Non- Local Games = XOR/CHSH Game.

Parvonde Game
Two losing Strategies Combined — Wiy'\ng Sﬁm\\'e%g

Ref:- Astumian Taradoex M\%‘?‘%W o AmJ. ths- 72 710 (ZOO‘D
Review oh
Tarvondo
Games

History dependent Parronde Game — Look up---

Quoantum Farrondo Grame — Phgsico A (2003)-



LECTURE 16  16:30-18:00

QUANTIM THERMODYNAMICS

SIBASHIS GHOSH

JMSc  Chennou

In I_QS'l‘ Lechre, —» start with Qhy state Ps — end up with a v hlgk prob very near the therma| state
Subjeet to defr (env) >dsystem - l . € e >

CanWe do Beller 7 (Belter volues of 7 and 0’ 7)
YES = FOR SPECIFIc (MODELS

T - Assume 3 some bounded +ve qarator X on 4 Sehsfying O £ xp &
Mo difastion b S R ing O < Xp £g POvM
<Morn'nn3 Tn) Elements] suchhat with - X‘{I/L Eq X{L, we have

e ()= Tr(aXe) 71-5
Highﬁance on equiprobable states g foget this meassrement outcome

for a randaml;a, chosen state P>eHe 2 €>0

frob [ 1 A-250, 2] <77
Where 'L: S‘_\ljz _‘_4_\]?
eff
and 7'\’= 9 exp (-cdge?] Ne=Trs CE\D

geff -
€ T;ﬁ/é




Exomele - SPIN SYSTEM

E lv\-kqii\;l .

R= ps in
TB IT @ llT Lr - :E\S_‘:)Sspinsin \l/}g—uy—
|

R
ds= ZK‘, O\E:ZY\_k = (hak can 1 say abouk dg 4
d \]/ (y\ n |
ke Py ; | Mg,
2" (H{®)= 2 pomt Shannon Entvopy |
vH—i
Now USM@ Thm L ( Maning) — {'F‘”' large “)

Prob (:" O- ﬂ;"; 21 \<v\/
Where =&+ §:T{' = exp {—cdg £

[ds < [ds° JRH 2 —(nH(b) 2k _L Y
d§ﬁ< dSR <ds?r:T_@ =5 2 (nh(®) /e and g__c]R3< (ntt)

3
1 j‘or n-od

A iz
. - ;3 3 _cdg?
Prob (18- sl 2 *’—ﬁee] < 2 C°F

Tukking this expression — (for n=verylorge) = |O5-1), — 0 inthe large M limit .
E\/q\id subjectto nPk)

Moral - For arbitrary pure skfe € Hg— it WILL Thermalize . .. (For This Specific Sysfem)
Fopeseu, Shovt,Winter — arXiv Version-s 2005

3 Chi{d_eﬂ\/ but so fo“%‘ os degr > dg — Thermalizahion i sofe. @



THERMAL MACHINES
Whatheppens if we go from Classical — Quontum Engines
Topesen ek al PRL (2010) — Smallest Possible Refrigerator

1) It canbe done

Claim :-
M 2) Even Belter — it congo to T=0 limit

Q.- Smadlest Hilbert Space dimension in which T can construct a refrigerator 7

Two Qubit  Single
ubit Quirit 3 Todoy - - \
S B e oot

inderaction

- 7
[ Mpaimn A5

POPESCUY 3 models
TR @, (e
idge) / 7/;]
- 2N

LINDEN
TK: room ‘\'QV" ;
Ty = 8o Jrem\f}ﬁ T J (Fngine)
(Hob)

Free Hamilonian H_ = E,[ 0+ E,|2X)

A E<E 7
s B T = excited stake of i-th qubit (= 1,2)
Giround Stoke Energy for both qubits =0 .. (assume)

“ Thermol S‘I‘U&e of First Qubit = T = BE NI
T (-G
- - - vt . BE
Similarly fov the Second cubit T T oXo) 4+ (-m) PR & Lo V= li—f‘e‘}

 Joint Stake — ©, ®T, - When Refrigeration occurs — The s '
ystem och
sSome s{eaa\a shxkeJremF T:5 g thevew T of the first quwit = v} |oXol+ Q—TE?TI)I(?{Q;
Cleal here 257, Fro¢ < b

'-C1®TL = iny —
[ QT' QHO ] Nowf € < Ex ]]

T\ ?F:i—?‘)-(i:lyl) iW\PIiCS Y, >%

~—

v
“ Here GOQQH‘ olt lOD has L\.lgkf’} enersy 4han lLo) _S_W%)_, .= Cooling
Gwveat:- ApplyingHhis unitary Swap is not free — ldea-- usejﬁ.ee Shergy




Add adhird quibit-which is ot contact with o high temp loadh <E3= E,-Ey
Joink Stake the saskem T RGBT

nen
Y,y
1'273 Chedz_
o O Verifythok coeft of lo10) =
" coefft of [L00>
C) . . (T"\ IF,_T; = ?‘Tr,_?{l
WG

Nowean T cool 2 (Not forbiddennow D
Won'k be ué\na SWAP, vother 0ill use an interachion

k= 9 (IOIOX!OIJ+Ilo|XOIOD ; Assume E; >9 — Wil not challge eigenvaluer &
Phenomeno logical model. - y f\_ﬁ X ﬂaﬂﬂs sltahmﬁqanl—\y.
' 1 ( (- [ ens @@ Coherence
e Pﬁ'mﬁ‘&ﬁi‘!—) %i;;h_{_jugl‘:?s:j state S-ludy(!)? cowshraints 2

Now T want o dgnamics j‘or 4his

Master Equahion - %i: = o (Hot-H,‘nJ;,?]«-i' bi (z; oT P~ F)
)z
Approach - Look ok the sl‘e_a\olqstnke soluiong, Lndbled Tom
CoTTsronding steady stale temperature

Dooble analyhiolly, buk baring hard calewlation— dome Muumerieathy .

-[IS-TC You can g0 T>O — E_fe@,nc,
~ Counot
EHiwency




DAY-5
LECTURE 17 (09:30-11:00
Ts Wavefunction a part of the Reality 7

Gluumsqd Kar
TSI Kolkata




