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The bit is the fundamental concept of classical computation and classical information.
Quantum computation and quantum information are built upon an analogous concept,
the quantum bit, or qubit for short. In this section we introduce the properties of single
and multiple qubits, comparing and contrasting their properties to those of classical bits.

What is a qubit? We're going to describe qubits as mathematical objects with certain
specific properties. ‘But hang on’, you say, 1 thought qubits were physical objects.” It’s
true that qubits, like bits, are realized as actual physical systems. However, for the most
part we treat qubits as abstract mathematical objects. The beauty of treating qubits as

(a) abstract entities is that (b) it gives us the freedom to construct a general theory of

quantum computation and quantum information which does not depend upon a specific

system for its realization.

What then is a qubit? Just as a classical bit has a state — either O or 1 — a qubit also
has a state. Two possible states for a qubit are the states |0) and |1) , which as you
might guess correspond to the states 0 and 1 for a classical bit. Notation like ‘| ) ’is
called the Dirac notation, and we’ll be seeing it often, as it’s the standard notation for
states in quantum mechanics. The difference between bits and qubits is that a qubit can
be in a state other than |0) or |1) . It is also possible to form linear combinations of
states, often called superpositions:

|47 =al0) +511) .
The numbers a and S are complex numbers. Put another way, the state of a qubit is a
vector in a two-dimensional complex vector space. The special states |0) and |1) are

known as computational basis states, and form an orthonormal basis for this vector space.
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We can examine a bit to determine whether it is in the state 0 or 1. For example,
computers do this all the time when they retrieve the contents of their memory. Rather
remarkably, we cannot examine a qubit to determine its quantum state, that is, the
values of « and f. Instead, quantum mechanics tells us that we can only acquire much
more restricted information about the quantum state. When we measure a qubit we get
either the result O, with probability | a2, or the result 1, with probability |£]2. Naturally,
la|2+ |B]2=1, since the probabilities must sum to one. Geometrically, we can interpret
this as the condition that the qubit’s state be normalized to length 1. Thus, in general a

qubit’s state is a unit vector in a two-dimensional complex vector space.
£ ¢ orthonormal basis IEIREAZELE

(1]
(1) THBQ@ERDIIIZEVWHEZ D L&, [ JNWETIIEL —HEBE AN bR E
HUTEAL.
abstract entities — [ ] objects
(2) THRER (D) Z BAREIZARE. 72720, “it” BMETHNEZEENICEDDZ L.
(2]
AT, BFE Y MIBFMILEEDL I RBDIZLEE > TS, AR CHRICTEE.
(53]
ROBRLD 5B, KLPIZHE_HN TV DHHRZ 2 D~
A) Physical objects are as abstract as mathematical objects.
B) In the vector space of qubits, there are two special states which form an
orthonormal basis.
C) TFew physicists use the Dirac notation to represent quantum mechanical states
these days.
D) By measuring a qubit using an advanced physical apparatus, we can determine
its quantum state exactly.
E) The state of a qubit can be represented by a point on the unit three-dimensional
sphere.

F) Both bits and qubits are realized as actual physical systems.
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Dear colleagues,

We will have our next research meeting on 27 September at 10:00 am. The
meeting place will be our usual room 211 in the North Building (video meeting is
also available). Please let me know by the end of this week if you would like to
give a presentation, and how long (10, 15, or 20 minutes).

We will take about 30 minutes at the end to discuss how to use our remaining
research money. If you have any ideas or requests, please suggest them.

I look forward to seeing you all.

Best regards,

Catherine
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