00000
00001
00010
00011

10000
10001
10010

00100

00111

10100
10101
10110
10111

01000
01001
01010
01011

11000

11010
11011

01100
01101
01110

11100
11101
11110
11111
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Review: 2 qubits
how does a singlet (EPR pair) look locally?
T7) = 5 (10)[1) —[1)[0))
pa=Trp|¥~)(¥~| =3I

what can Bob see on his qubit, if Alice
chooses todo |, X, Y or Z on her qubit?

NO SIGNALING!

what could Bob see, if Alice
also sends him her qubit?







m The CHSH game

)

m how well can
you play
this game
quantumly?

the winning condition

abb=xANy

output parity = AND of inputs

VL
o
\b

{4



o

we need a qubit

well, what can we do with it?

EPR pairs

and tricky 2-qubit protocols

the algorithms

that make quantum computing tick

error correction

can we really scale up this stuff?

the limits

complexity & limits of q. computing




f(0) f(1)

O O constant
1-bit function f(x) ... 0 1 balanced
balanced or constant? 1 O balanced
1 1 constant
act on a superposition? L > — F — | L >
. (oo
calculate it reversibly* y> _ — |y @ f(.’l?)>
- -+, O -+, 00— -0
|0> ] F — |1> —_ F — |—> — F | |—> (_1)]'"(0)
- - W o 1 — -1
0) — a — 1) — I — |—) — F — |—) (=1)F D)




1-bit function f(x) ...
balanced or constant?

act on a superposition?

calculate it reversibly?

f(0) £(1)

O O constant

O 1 balanced

1 O balanced

1 1 constant

0) - 10
L) e
1) — 1)

- L5 o




f(0) £(1)

@) @) constant
1-bit function f(x) ... 0 1 balanced
balanced or constant? 1 O balanced

1 1 constant
act on a superposition? Balanced/constant in 1 query.
calculate it reversibly?

+) T 1+)
z) — @)
- L) e




Simon’s problem: find a secret string

B 3 function on bit strings with a secret property

flx) = flz®s)

00000
00001
00010
00011

10000
10001
10010
10011

00100
00101
00110
00111

10100
10101
10110
10111

01000
01001
01010
01011

11000

11010
11011

01100
01101
01110

11100
11101
11110
11111

$=10110



Simon’s problem

B 5 function that hides a string f(z) = f(z ®s)
® reversibly, on a superposition ) — Ialm z)
1Y) y e f(z))

)T [0) = 4D, @) f(@)
B measure the - (|y> ‘y o S)) 2 !f(y))

second register

S



Simon’s problem

a function that hides a string f(z) = f(z ®s)
reversibly, on a superposition ) — Ialm z)

y) ly @ f(z))

e @10) - A=Y, |0l @)

measure the »

second register

(ly) +ly@s) @ |f(y)

N

(and get rid of it) > %(‘w + ‘y@3>)

apply H
to each qubit



Applying the Hadamard to each qubit

H

H
H
H

s

s

’+> |OO> + |01) + |10> + \11)
+)

=) 00) +[01) —[10) — [11)
+)
+)
Ty 100) = ol +10) — u
;:i 100) — |01) — [10) + [11)

(10) +

(10) -

1) @

1)) &

(10) +11))

(10) +11))

H®n|y1> |y2> X 221,22 (_1)y1z1+y2zz |21> |Z2>

H"|y) =

\/2_n

2. (=

¥

“|2)



Simon’s problem

B 5 function that hides a string f(z) = f(z ®s)

® reversibly, on a superposition )

ja
H)E" R |0) w0 |2)f(2))
=)

B measure the second register
(and get rid of it)

H apply H . $)os
oot . (D) + (1) WeE )]

HO|y) = 3 (~1)72)2)



Simon’s problem
B 5 function that hides a string f(z) = f(z ®s)

B reversibly, on a superposition |2) — jalm )
y) y & f(z))
)| f(x))

B measure the second register
(and get rid of it)

O ffzg/CEIquit = > [(—1)y‘z|z>+(—1)(y@3)'z‘z>]
< 2. (1+(=1)%)[z)

HO|y) = 3 (~1)72)2)

)" ®1[0) -y
m)

%(\w +ly @ s))




Simon’s problem

B 5 function that hides a string f(z) = f(z ®s)
® reversibly, on a superposition ) — | z)
1Y) y @ f(x))

B measure the second register
(and get rid of it)

)€ ®]0) w0, o) f(2))
=)

Z(y) +lyes))

m apply H

to each qubit - ). [(_l)y.zl’@ ™ (_1)(y®8).z‘z>]
x ., (1+(=1)%%)]z)

m only zorthogonal to the secret s survive (s.z= 0)
repeat a linear # of times & find the secret string s



A graph isomorphism puzzle: are they “the same”?




A graph isomorphism puzzle: they are isomorphic!




A factoring puzzle: is there a divisor < 127

145= 11®15



A factoring puzzle: is there a divisor < 507

¢

114991 =49@1949




How to find factors?

exp(n%) ‘ n3

classical [n.fs.] quantum [Shor 94/



a transformation more
interesting or powerful than

?




Fastest Fourier Transform
in the West




Quantum Shor’s
Fourier & i3y = Factoring
Transform Algorithm

O((log n)?) O(n°)



Shor: order-finding mp factoring, breaking RSA crypto.

PUBLIC PRIVATE
N = p X q
(coprime) & ( ) (q — 1)
d = e ! (mod ¢)

m find the order r of some z, this has a common factor with /V

" =1(mod N) (z2 — 1) (z2 +1)



Unstructured search O ’UJ) _ _‘w>

® an oracle marking

a single element 0, ZC> = ‘ZU)
(z # w)
B s there any difference 000000 00100 01000 01100
00001 |@OEEE 01001 01101
. )
from Simon’s problem? 00011 00111 01011 NN

10000 10100 11000 [11100
10001 10101 [EEEE 11101
10010 10110 11010 11110

10111 11011 11111

m attempt to O y> — ‘y>

solve it

O w> — —|w> only an overall phase!

(ly) — lw))

camesree O ([y) + )



Unstructured search O

® an oracle marking

a single element 0,

® what can we do? ... reflect using the oracle




Unstructured search O

, w) = —|®)
® an oracle marking
a single element 0, ZC> — ‘CU)(I P
® what can we do? ... use a known reflection.
5) = =3, |2)
------------- w)

two reflections:

a rotation by 2«



Grover’s algorithm O

, w) = —|®)
® an oracle marking
a single element 0, ZE) = ‘CU)( P
B continue ... reflect using the oracle ... and again using s
5) = =3, |2)
___________ ‘wL>

two reflections:

a rotation by 2«



Grover’s algorithm O

w) = —|w)
® an oracle marking
a single element 0, ZC> = ‘ZE)( _®
B continue ... reflect using the oracle ... and again using s

® what if we go on?



Grover’s algorithm: an example

® an oracle marking
a single element

0,
0,

w) = —|®)

) =10

®m how does it work for 2 qubits with the marked state ]OO) ?




f(0)

f(1)

- - 0O

N =

— O — |0

PxQ

00001
00010
00011

10000
10001
10010

00100

00110
00111

10100
10101

10011 |SIGENEI

01000 01100
01001 01101
01110

01011 |EEEEEN

11000

11101
11010 11110
11011 11111




o

we need a qubit

well, what can we do with it?

EPR pairs

and tricky 2-qubit protocols

the algorithms

that make quantum computing tick

error correction

can we really scale up this stuff?

the limits

complexity & limits of q. computing







