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QUANTUM (DIGITAL) INFORMATION
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DIRAC BRA-C-KET NOTATION

KETS: W) ALWAYS DENOTES A COLUMN VECTOR
EG. [o, ]

| Ol

BRAS: (W] ALWAYS DENOTES A ROW VECTOR
THAT 1S THE CONTUGATE TRANSPOSE OF
EE [ﬂ':{l* 5"‘;11"' E{;j

BRACKETS: <{&lw> DENOTES <{&I|W) :[ﬁ,*---ﬁ;j[ﬂ
(INNER PRODUCT OF I®> AND 1U)) o



BASIC OPERATIONS ON QUBITS

(O INITIALIZE A QUBIT TO STATE 1oy OR 1)
(1) UNITARY OPERATION
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BASIC OPERATIONS ON QUBITS (CONTINUED)
(2) MEASUREMENT
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DO AND THE QUANTUM STATE

COLLAPSES TO 0> OR |1y

I

o WS = Al +311s

*ﬂ'{ |, PROB OF O IS KWIOM;

——"1'" THE LENGTH OF THE
PROTECTION OF (U3 ON |0
SQUARED




BASIC OPERATIONS ON QUBITS (CONTINUED)
(2) MEASUREMENT
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AND THE QUANTUM STATE
COLLAPSES TO 0> OR [1)

s = o [ +3115

T\, PROB OF 0 IS KYIO):
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PROTECTION OF 10> ON |0
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(%) THERE EXIST OTHER GUANTUM OPERATIONS
BUT THEY CAN BE SIMULATED' BY fol (1) (2)

E.G. MEASUREMENTS WITH RESPECT TO
PIFFERENT BASES



EXAMPLES OF OPS ON_QUBITS
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2. MEASURE



N-QUBIT SYSTEMS
STATE IS A 2"-DIMENSIONAL VECTOR

.. r:":f.'l 1] r]
oo

: S{::;: = oo ii}ﬂﬂ}"'ﬁﬂm [ﬂ'i?l} + ek O “11}

] I Y

X
lf |
X Xefoli

LD!!'HJ il

WHERE D lol]® =1
¥

el b= Sl r
= T oy
R U E
L.D":m - - - Dﬂ“ -
MEASUREMENT: 000  PROB |0{aw|”

001 PROB |fes*
X [0 s , .
E};c:m ) ,

111 PROB [ ]*



HOW MUCH CLASSICAL INFORMATION IN N QUBITS?

2"-1 COMPLEX NUMBERS NEEDED TO DESCRIBE
AN ARBITRARY Nn-QUBIT (PURE) STATE:

Koo 000} + Ko, [001) + KXo [O107 + -+ XX, 1111

DOES THIS MEAN THAT AN EXPONENTIAL AMOUNT
OF CLASSICAL INFORMATION IS SOMEHOW STORED
IN N QUBITS?

NO! HOLEVO'S THEOREM [1973] IMPLIES:
CANNOT EXTRACT MORE THAN N BITS
FROM N QUBITS

HOW MUCH INFORMATION DOES NATURE HAVE TO
STORE TO MAINTAIN AN N-QUBIT STATE?



EXAMPLES OF TWO-QUBIT STATES

TWO QUBITS: | H | ‘

oK1 0p+3117 o('[0p +4'1L)

JOINT STATE :  (&10>+A113)(e('[o} +4'113)
= ofet'|0od+ (' 01y + Ba' 110> +/45" 111
WHERE WE [PENTIEY [odloy=looy, 10>[1y=[o1y (ETE)

FORMALLY, WE ARE THKIME THE KRONECKER PRODUCT
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plooy+ gty = P



ENTANGLED QUBITS

CANNOT BE FACTCORED
EG zlood+H11S

CAN EXHIBIT SOME STRANGE CORRELATIONS

\ IF ALICE MEASURES HER QUBIT
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THIS EFFECT CANNOT BE USED
TO COMMUNICATE



ONE QUEBIT OPS ON TWO-QUBIT SYSTEL
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TWO-QUBIT GATES
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MULTI-QUBIT GATES

THEOREM: ANY UNITARY OPERATION CAN BE
DECOMPOSED INTO C-NOT AND ONE-QUBIT GATES

E.G. TOFFOLI GATE
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MODELS OF COMPUTATION
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MULTIPLICATION

INPUT 2 N-BIT NUMBERS (E.G. 104, 111)
QUTPUT THEIR PRODUCT (E.G. 100011)
*'GRADE SCHOOL' METHOD COSTS OfN?)

*BEST CURRENTLY-KNOWN CLASSICAL METHOD
CosTs O(nloghloglogn) ~ N

* QUANTUM METHODS : SAME




FACTORING

NPUT AN N-BIT NUMBER (E.q. 100011)
QUTPUT PRIME FACTORS (EG. lo1,111)

*TRIAL DIVISION COSTS = 2™*

« BEST CURRENTLY-KNOWN CLASSICAL METHOD
COSTS = Qn”

*HARDNESS OF FACTORING IS THE BASIS OF THE
SECURITY OF MANY CRYPTOSYSTEMS (E.G RSA)

* SHOR'S QUANTUM ALGORITHM COSTS 2~ h*

o IMPLEMENTATION WOULD BREAK RSA, ANP
MANY OTHER CRYPTOSYSTEMS



IMPLEMENTATIONS?

+ SO FAR, A R-QUBIT QUANTUM COMPUTER
HAS BEEN IMPLEMENTED THAT FACTORS 15

(TBM, ALMADEN]

* MANY RESEARCH GROUPS ARE EXPERIMENTING
WITH VARIOUS TECHNOLOGIES

“Computers in the future may weigh
no more than 1.5 tons”
— Popular Mechanics, 1949



WHAT ABOUT ERRORS ?

NOTE: QUANTUM INFORMATION CANNOT BE COPIED
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NEVERTHELESS, ERROR- CORRECTION 1S POSSIBLE]
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ACCURACY THRESHOLD THEOREM
IF ERROR RATE PER GATE IS < 107% THEN
IT IS POSSIBLE TO GUANTUM COMPUTE AND
COMMUNICATE WATH ARBITRARY ACCURACY



