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1. Quantum mechanics essentials

1.1. States and wave functions
o Probability of finding particle in (a,b) is

b
Pla,b;) = / (e, B dz

Wave function is normalised so that P(—oo,+o00;t) = 1.

1.2. Dirac notation
Definition. Dual of vector space V is set of linear functionals from V to C:

V*i={®:V >5C:Va,beC,Vz,w eV, ®(az+dbw)=aP(2z)+bP(w)}
We have dim(V*) = dim(V).
Remark. If V has inner product (-,-), then an isomorphism is given by z > ®,(-) =
<za >
Definition. Dual of z € V is the corresponding element in V*, ie. ®,.

Remark. If V = C", can think of vectors in V' as n x 1 matrices and vectors in V*
as 1 x n matrices.

Definition. Dirac notation denotes vectors in a Hilbert space or its dual:

o Write |¢) (a ket) for vector in Hilbert space H corresponding to wave function .
o Write (¢| (a bra) for dual vector in J*.

e A bra-ket denotes an inner product:

(o10) == (o) = [ " ot (e, 0) de

1.3. Hilbert spaces

Definition. Hilbert space is real or complex vector space with Hermitian inner
product that is also a complete metric space with metric induced by the inner
product. In particular, inner product satisfies:

o Hermiticity: (¢|p) = (¢|9)".
o Sesquilinearity (linear in the second factor, anti-linear in the first). For |¢) =

ciley) + calws):

(Vo) = c1{¥]p1) + ] ps)

(ply) = cile1]¥) + c5( w2 [¥)
« Positive definiteness: (¢[1) > 0 and (¢|¢) = 0 <=|1)) = 0 (this corresponds
with a physical state condition).

Definition. A quantum mechanical system is described by a state [¢) in Hilbert
space H.



Remark. States which differ by only a normalisation factor are physically
equivalent:

Ve e C*,  [¢) ~cly)

For this reason, pure quantum mechanical states are called rays in the Hilbert space,
and we normally assume that a state |¢)) has norm 1: ||¢)| = 1.

Remark. Note that the state labelled zero, |0), is not equal to the zero state (the 0
vector).

1.4. Operators
Definition. A : A — 7 is linear operator if

Va,b € C,V|y)|p) € H, A(alp) +blp)) = a(Alp)) + b(A|p))

Proposition. Products and linear combinations of linear operators are also linear
operators.

Definition. Adjoint (Hermitian conjugate) of A, AT, is defined by
(Bl AT} = ((p|Alp))

for all states 1) and |p).

Definition. H is self-adjoint (Hermitian) if H' = H. Self-adjoint operators
correspond to observables (measurable quantities) since they have real eigenvalues.

Definition. U is unitary if Uto = 1. Unitary operators describe time-evolution in
quantum mechanics.

Definition. Commutator of operators A and B is
[A,B] = AB— BA
Definition. Anti-commutator of operators A and B is
{A,B} = AB+ BA
Definition. Expectation value of observable A on state |1) is

(A),, = (Y] Al4)

Interpreted as average outcome of many measurements of A on same state |1).

1.5. Matrix representation
Definition. Matrix form of operator A with respect to orthonormal basis {|n)} is
given by A;; = (i Alj).

Proposition. For operator A with matrix representation A in basis {|n)}, matrix
representation of A in basis {|m)} is B = SAS™! where S is change of basis matrix
from old basis {|n)} to new basis {|m)}.



1.6. Time-evolution

Theorem. Time-evolution of state is given by Schrodinger equation:

i S (0) = BR(0) =1(1)) = B (0))

~

where H = K + V is Hamiltonian operator, U, is unitary operator. If H independent

of ¢, then Ut = exp(—%tﬁ).

e Principle of superposition: Schrodinger equation is linear, so any linear
combination of solutions is another solution.

Definition. Exponential of operator Ais

. An
exp(A) := Z o

neNy

2. Measurement and uncertainty

2.1. Observables

Proposition. For Hilbert space of finite dimension N, operator Ahas N eigenvalues
(counting multiplicities). Eigenvalues of Hermitian operator M correspond to possible
values of the measurable quantity it represents.

Definition. Spectrum of operator H is
Spec(H) := {\ € C : H — AI non invertible}
For finite-dimensional Hilbert space, this is equal to the set of eigenvalues of H.

Proposition. Eigenstates |n) of Hermitian operator H corresponding to different
eigenvalues A\, are orthogonal. If eigenvalue is degenerate (multiplicity greater than
one) then for each eigenspace (vector space spanned by the eigenvectors) with
dimension greater than one, we can choose an orthogonal basis of eigenstates.

Definition. Let A have orthonormal eigenstates {|v;) : i € [N]} and corresponding
eigenvalues {J; : i € [N]}. Spectral representation of A is

N
A= Z)‘z|vz><vz|
i=1

In particular, only eigenvalue of I is 1 with degeneracy N, so for any orthonormal
basis {|v;) : i € [N]} of :

I= Z|U2><Uz|

=1

N

Definition. When measurement is made on state [¢) = 3" ¢;|v;), result is A with

probability



p= > Kul¥)P= > ol

i€[N],A;=A i€[N], A=A

If result is A, measuring again immediately after the measurement will yield A, so
state collapses (up to irrelevant phase €!*, a € R) to

1
= Z ¢ilvg)
\/ﬁie[N],Ai:A

This is collapse of the wavefunction and cannot be represented by unitary
transformation, so is not reversible.

Definition. Linear operator Pis projector if Pt = P and P2 = P.

Definition. For orthonormal eigenstates {|v;) : i € [N]} of operator A and
corresponding eigenvalues {); : ¢ € [N]}, define projection operator

Py = Z ;) (v;]
1€[N],A ;=\

Proposition. Probability of measurement A on state |1) yielding A is p, =
(1| Py |v) and state collapses to \/%P)\W)).

Definition. A and B are compatible if [/i, B] =0.

Remark. State can only have definite values for observables A and B if it is
simultaneous eigenstate of both A and B. There always exist simultaneous eigenstates
for compatible operators.

Remark. If A and B not compatible, measuring A then B then A again will not
always give same result for both measurements of A.

2.2. Density matrices

Definition. A state is pure state if it is definite, i.e. state of system is completely
known, and only uncertainties are due to inherent uncertain nature of quantum
mechanics.

Definition. Density matrix (density operator) of pure state |¢) is
p=[v) (Y]
Theorem. There is bijection between density matrices and pure states, and
M) = Ag) <= Mp=2XAp
W) = Ul) < p—UpUT
i.e. transforming state |7,Z)> by unitary operator U is equivalent to transforming
density matrix p to U pU t

Definition. For any orthonormal basis states {|v,) : ¢ € [N]}, trace of A is



Proposition. Trace satisfies cyclicity:
tr(ABC) = tr(BCA) = tr(CAB)
Proposition. Density matrix of pure state is a projector.

Proposition. Density matrix p of pure state satisfies tr(p) = tr(p?) = 1.

Definition. Mixed state is one where state of system is not known. It is ensemble
of pure states, each with associated probability of system being in that state:
{(p;,|v;)) : i € [M]}, where each |v;) is normalised. This is classical uncertainty rather
than quantum uncertainty.

Definition. Density matrix of mixed state is linear combination of density
matrices for each pure state weighted by probability:

M
p = sz|vz><vz|
i=1

Can generalise definition to include possibility of ensembles containing mixed states:
~ M ~ ~ . . .
p = )., P;p; where p; are mixed and/or pure density matrices.

Note. One density matrix may be given by multiple mixed states.

~

Proposition. Let A observable, then expected value of measuring A on pis (A) =
tr(pA).

Proposition. p is a density matrix of a pure/mixed state iff it satisfies:

o Normalised: tr(p) =1

e Hermitian: pf =p

« Semi-positive-definite: for every state |¢), (¢|p|¢) > 0 (can be = 0 when
|@) # 0). This holds if p has non-negative eigenvalues, or if tr(p?) < 1.

Proposition. After taking measurement of pure or mixed state p:
o Result is A with probability py = tr(Py\pPy) = tr(Pyp) = tr(pPy).
e Density matrix after measuring value of A is ﬁPA pP,.

Theorem. Let p be density matrix, then p corresponds to pure state iff tr(p?) = 1.

3. Qubits and the Bloch sphere
3.1. Qubits

Definition. A qubit is state in two-dimensional Hilbert space. Usually
computational basis {|0),|1)} denotes basis for such a Hilbert space.

Proposition. General pure state in qubit system is of the form



6 . 0
) :cos<§)]0> +ewsin<§)\1>, 0<0<m0<p<2r

So there is bijection between pure qubit states and points on S2, called the Bloch
sphere. Any point on Bloch sphere can be labelled by its position vector:

r= [y] , « =sin(#) cos(p),y = sin(f) sin(yp), z = cos(h)

Definition. We define six special states on the Bloch sphere:

4= 20 +H1) & Z=(L )T r= (1L0.07, (0.6) = (1/2.0
._i _ i _1T. r=(— T = (T ™
|—) = 2(|0> |1>)<—>\/§(1, 1" (—=1,0,0)", (0,9) = (7/2,)
L) = %(|0)+i|1>)<—>%(1,i)T: r=(0,1,007, (6,0) = (/2,7/2)
IR) = %(\0)—i\1))<—>i2(1,—i)T: r=(0,—-1,007, (6,¢)=(7/2,37/2)
0) > (1,0)" : r=(0,0,1)", (6,¢)=(0,")
1)+ 0,07 r=(0,0,-1)T, (8,¢)=(r,)

3.2. Inside the Bloch sphere

Definition. Pauli o-matrices are

01 0 — 10
0'1 = |:1 0:|, 0’2 = |:Z 0:|, 0'3 = |:0 _1:|

Definition. For pure state |¢), Bloch vector r is corresponding point on Bloch
sphere. For mixed state {(p;,|v;)) : ¢ € [M]}, Bloch vector is

ri= E pz’rz
=1

where r; is Bloch vector corresponding to pure state |v;).

Proposition. Density matrix for state with Bloch vector r is
1
p= 5(12 +7-0)

where -0 = r0] + 1909 + 1303 = x0| + Yoy + 203.
Proposition. State is mixed iff its Bloch vector r satisfies |r| < 1.

Proposition. For any density matrix p defined by Bloch vector r,

tr(p?) = (1 + Irf?)



3.3. Time evolution of a qubit

Remark. Unitary transformations of a qubit correspond to rotations of points on/in
Bloch sphere about the origin, representing the fact that unitary transformations
cannot transform pure states to mixed states.

Remark. Measurements transform any state to a pure state.

Proposition. tr(p?) is invariant under unitary transformations (time evolution).
e tr(p?) measures how mixed a state is: tr(p?) = 1 for pure states, tr(p?) = 3 for the
most mixed single qubit state, corresponding to the origin: » =0, p = %I .

Proposition. Mixing states can never produce a state further from origin than
furthest initial state.

Note. There are an infinite number of ways of writing a mixed state as an ensemble

of two pure states: any line passing through the point represented by the mixed states
intersects with the Bloch sphere twice - the intersection points give the pure states in

the ensemble.

Definition. Trace distance between density matrices p; and p, is

S 1 1 1 1 X
D(py,po) = §t1°|ﬂ1 — Pl = Ztr|(7'1 —ry) ol = 2 ry — 1ol = 52’)‘1’
i=1

where |A] = V AT A, A; are the eigenvalues of p; — p, (trace distance is equal to sum
of eigenvalues since p; — p, is Hermitian).

Remark. Trace distance gives notion of distance between two states.

Proposition. Trace distance defines a metric on set of density matrices:
o Non-negative: D(p;,p5) > 0.

« Separates points: D(p;, py) = 0 <= p; = ps.

* SymmetriC: D(ﬁ17ﬁ2) = D(ﬁ% ﬁl)

+ Triangle inequality: D(p,., p3) < D(py, i) + D(bys )

3.4. Pauli matrices

Definition. Levi-Cevita tensor ¢,; is defined for {7, j, k} C {1,2,3} as:
* €193 7= €931 = 319 += 1.

* €31 i €139 = €913 7= —1L.

o &;, = 0 otherwise.

Proposition. Pauli matrices satisfy following properties:

e Hermitian: ag =0;.

Traceless: tr(o;) = 0.

[O'Z-, O'j] = 0,0; —0,0; = 20€;;1,0p.

{a;, 0]-} =0,0;+ 0,0, = 20;,;1,.

They form a basis for vector space of 2 x 2 Hermitian traceless matrices over R.

Proposition. Define measurement operators X,Y, Z as



1 1 1
X := §(I2—01), Y = 5(12_0'2); Z = 5(12_0-3)

X, Y and Z have their eigenvectors as the six special Bloch states, with eigenvalues 0
or 1:

X|+) =0[+), X|=)=1]-),
Y|L) =0|L), Y|R)=1|R),
Z/0) = 0j0), ZJ1) = 1/1)
Proposition. Exponentials of Pauli matrices are unitary matrices: Va € R,
exp(iaoy) = cos(a)l, + isin(a)oy,
exp(iaoy) = cos(a)ly + isin(a)oy,
exp(iaoy) = cos(a)l, + isin(a)oy
Proposition. For a € R, n € R?, |n|? =1,

U

. (n) :=exp(ian - o) = cos(a)I, + isin(a)n - o

is unitary transformation. If density matrix p = %(I2 + r - o) evolves with time
according to this operator, then

p = Un(m)pUn(n)| = (I, + (Ry(m)r) o)

where R, (n) is 3 x 3 orthogonal matrix corresponding to rotation of angle 2a: about
axis in the direction of n.

4. Bipartite systems

4.1. Tensor products
Definition. Tensor product |¢) ®|¢) in H; ® H, satisfies:

* Scalar multiplication: c(|¢) ®[¥)) = (clg)) ®[¢) =[v) ® (c|¥)).
e Linearity:

> aly) ®lpq) + bl) ®lwy) =[1) ® (alpy) + blw,)).
> alyy) ®lp) + blihy) ®lw) = (alhy) + bl1,)) ®lw).

Definition. Induced inner product on H; ® H, is defined as
(¥11® (p1)(|2) ®|2)) = (Y1 [¥2) (1] 02)

Proposition. For bases {|v;) : i € [N}]} for H, and {|w;) : j € [Ny]} for Hy, {|v;) ®
lw;),i € [N1],7 € [Ny]} is basis for H) ® H, and is orthonormal if {|v;)} and {|v;)}
are orthonormal.

Definition. Most general vector |¢) € H; ® H, can be expressed as

1Y) = Z Ci,j|vi> ®|Uj>

i€[Ny], JE[N,]

10



Generally, this cannot be written as a tensor product ) ®|p). If it can be, it is a

separable state. If not, it is entangled.
2N

Definition. Hilbert space of N-qubit system is 2*'-dimensional Hilbert space Hy =

H (‘IX’N where H, is a single qubit Hilbert space.

Example. Let Hy = H ® H, ® H,. Operator I® g, ® I acts on the second qubit
and leaves the other two 1nvar1ant

4.2. Linear operators and local unitary operations

Definition. Linear operators on H; ® H, are linear combinations of AQ B, where

(A® B)(|[¢) ®|9)) = (Aly) ® (Ble))

Proposﬂslon Propertles of tensor product of linear operators:
+ A B+C®B=(A+(C)®B.

. A®B—|—A®D A®(B—|—D)

(A® B) = At @ Bf.

(A® B)(C® D)= (AC®BD).

try g, (A® B) =try (A)try (B).

In particular, tensor product of linear operators preserves unitarity, Hermiticity,

positivity, and tensor product of two projectors is a projector.

Definition. Bipartite system is system described Hilbert space # 4 ® H g which can
be partitioned (separated) into two subsystems A and B, described by Hilbert spaces
I 4 and J 5. Alice has full control over system A, Bob has full control over system
B, neither can control the other’s system.

Definition. For bipartite system, local operations (LO) are of the form U A ® I
(for Alice) or I @ Ug (for Bob) where U, and Ug are unitary operators or
measurement operators.

Proposition. ﬁA ®Iand I ® (73 commute: [[}A ®I,I® ﬁB] = 0, and their product
Theorem. Any unitary transformation U, ® Ug (i.e. using LO) acting on separable

state [1) ®|p) produces another separable state: U, |1) ® Ug|ep). In particular, an
entangled state cannot be created from a separable state.

Definition. A mixed state is separable iff it is an ensemble of separable states, and
entangled otherwise.

Definition. Density matrix of separable pure state |¥) =[1) ®|p) is
p=[0)(¥|= (|9) ®[¢)) (L® (p]) = ([¥){¥]) ® (lp)(pl) = pa ® o

where p4 =[) (| and pg =|p)(¢|.

Definition. Density matrix of separable mixed state is

11



M . .
p=Y pidy ® g
=1

where {ﬁf;)} are mixed or pure states of first system, {ﬁ(é)} are mixed or pure states
of second system.

4.3. Matrix representation
Definition. Tensor product of two vectors is given by e.g.

” 4
1 : > o
4] {5[4]] _ | 8
ﬂ ® [5] =126 = o
3'4' 12
| L8]] 115 ]
The expression is similar for matrices
1[56]256] 5 6 10 12
[12]@)[56] 78 T8l _ |7 8 1416
34 78 3[5 6] 4[5 6] 15 18 20 24
78 78 21 24 28 36

Definition. Controlled NOT (CNOT) operator acts on Hy = H, ® H, and is defined
as

I I, —
U= 2—;03®I2+ 9 — 03

We have U|00) =|00), U|01) =|01), U|10) =|11), U|11) =|10).

®01

4.4. Local measurements

Definition. For blpartlte system, local measurements are Hermitian operators of
the form F = F, ® I for Alice and G=IQ® GB for Bob.

Notation. Projection operators of F ', and G p for eigenvalues \; and p; are denoted
F and GB]

Remark. In the full system H, ® Hp, F and G are degenerate, with degeneracy
given by dimension of other subsystem, i.e. dim(% z) for Alice’s observable and
dim(H ,) for Bob’s. Assuming no degeneracy in their own system, corresponding
projection operators in full system are

N,

Fz = FA@ ®1= Z’U1><vz|®‘w3><w3’
7=1
Ny

G_y = I® GB_] = Z|’UZ><U2|®|’IUJ><’UJJ|
i=1

12



Note. Since [F G] = 0, these measurements are compatible so final state is
eigenstate of both F and G. Probability of an outcome occuring is not affected by
whether Alice or Bob measures first (or simultaneously).

Example. Let {|v;)},{|w;)} be orthonormal eigenstates of operators F, and Gp
with non-degenerate eigenvalues {);} and {u,}, |¥) = Z.E[N} JEIN,) Yi|vi) ®|w;) be
? 1 2

N, 1/2 N, 1/2
= <Z|’Y¢j|2) ) ﬂj = (Z|Vij|2)
j=1 =1

and define auxiliary states (set [¢;) =0 when ; = 0 and |¢;) = 0 when «; = 0):

entangled state, define

1 1 &2
W Z’yz]‘v ej[A? ‘(pz : Z’ym‘w E‘7{B

J i=1 Q; j=
Ny Ny

=|¥) = Z%’Wi) ®lp;) = Zﬁﬂ%‘) ®|wj>
i=1 j=1

If Alice measures F' with result A;, entangled state |¥) collapses to separable state
[U) = Fi|¥) = (Fp © D]T) ~[v;) Blp;)
So Bob’s state depends on the result of Alice’s measurement.

4.5. Reduced density matrix

Definition. For operator C®De End(J 4, ® H ), partial trace over # 4, and
Hp,try :End(H 4, @ H ) — End(H 5) and trg : End(H 4, ® H 5) — End(H 4), are

tr,(C ® D) := tr(C)D, trg(C ® D) :=tr(D)C

Definition. For bipartite system, the reduced density matrix of a subsystem is
partial trace of density matrix over other subsystem. So for bipartite system,

pa=trg(p), ppi=try(p)
Proposition. We have tr(fi ® B) =tr, trB(fi ® B) = tryg trA(/i ® B).

Note. A reduced matrix describes one subsystem, assuming no knowledge of the
other system.

Proposition.

e p4 is invariant under all local operations in system B (for measurements, this is
provided Alice does not learn about the result of the measurement in system B).

e Under unitary transformations U in system A, p, transforms as normal: p, —
Up U

e Local measurements in system A can be described by p4 and operators acting on
T g trp(FipF;) = FaipaFa;.

13



Theorem. If |¥) € 4, ® H g is pure state, then p, is pure iff |¥) is separable.

Corollary. If spectrum of ﬁ’A is non-degenerate then measuring FA in system JH 4
produces separable state on system H 4 ® H g, i.e. measurement destroys
entanglement.

Note. Entanglement does not violate causality (does not allow communication faster
than the speed of light). i.e., if Alice makes a local measurement on an entangled
system, Bob cannot detect this, even though the reduced density matrix for his
system has changed.

4.6. Classical communication

o Alice and Bob can use classical communication (CC) to communicate results of
measurements of their own subsystem. If the state was initially entangled, Bob
communicating a measurement to Alice would give Alice information about her
subsystem.

Definition. LOCC is when Alice and Bob can use local operations (LO) and
classical communication.

5. Entanglement applications

5.1. Bell states

Proposition. Measurements of entanglement:

o Let W) e H 4 @ Hp. If |¥) = al0) ®|p) +b|1) ®|p) for some a,b € C, |¢) € Hp,
then | W) is separable, otherwise entangled.

o If reduced density matrix of either subsystem gives a pure state (tr(p?) = 1) then
state is separable. If it gives a mixed state (tr(p?) < 1), state is entangled.

o tr(p%) = tr(p%) gives measure of entanglement, with max value 1 for no
entanglement, min value 1/2 (for single qubit subsystem) for maximally entangled
states.

Definition. Bell states are defined as, for z,y € {0, 1},

1
|/Ba:y> = ﬁ

Proposition. Bell states are maximally entangled (trace of reduced density matrix

(10) ®ly) + (—=1)"[1) ®I7))

of both sides is %) and form an orthonormal basis.

o Bell state basis is related to standard basis by unitary transformation, but Bell
states can’t be created from the separable standard basis by any LOCC process,
since unitary transformations between them are not of form U A ® (73 (since this
preserves separability), and measurements always produce a separable state.

e Alice and Bob can individually transform any Bell state to any other Bell state by

the unitary operators U,, ® I and I® U,, respectively:

14



where

Uy =1L, Uy =0y, Uyy=o03, Uy =ioy

5.2. Superdense coding

o Qubit can be used instead of classical bit: |0) corresponds to the bit 0, |1)
corresponds to the bit 1. In this case, the qubit can be measured with probability
1 with the measurement operator Z = £(I, — 03), since Z|0) = 0/0), Z|1) = 1|1) so
measurement with outcome 0 means state is |0) with probability 1, measurement
with outcome 1 means state is |1) with probability 1.

e Alice can prepare the qubit to represent the classical bit to send to Bob: prepare
any state |¢) and measure on it with operator %(12 — 03). Outcome is 0 or 1 - if
outcome is equal to the bit z she wants to send, |1) has been projected to |x), so
send this state to Bob. Otherwise, perform unitary transformation o,|Z) =|z) and
send this state to Bob.

e Superdense coding:

» Superdense coding allows one qubit to transmit two classical bits of information.

» Alice and Bob share state |5y)-

» Alice applies operation ﬁxy ® I to whole system where (zy) 5 18 the two bit
message she wants to send (this just acts on her qubit). Note that this does not
transmit any information to Bob, as his reduced density matrix is pg = %I
before and after the transformation.

» Alice sends her qubit to Bob. Then Bob has the full Bell state |3,,) (he has
both qubits). Bob then applies a measurement which has the four Bell states as
eigenstates, which gives him the eigenvalue with probability 1, e.g. he measures

B = 0Boo) {Boo|+11801) (Bo1 |42 810) (B0l +31B11) (B |

5.3. No-cloning theorem

Theorem (No-cloning theorem). In quantum mechanics, it is impossible to clone an
unknown state |1¢). More precisely, it is impossible to perform transformation |¢) ®
lp) =) ®|v) for an arbitrary unknown state |¢) and fixed initial state |p).

5.4. Teleportation

Definition. Hadamard gate is transformation given by operator

11 1 1
H \/5 1 —1 2( 1 3)

We have Up|0) =|+), Ugl1) =|-).

Definition. Teleportation is process of transferring quantum state |1) without

using quantum communication (i.e. only using LOCC). It is as follows:

o Alice has state |¢) = a|0) + b|1), Alice and Bob share Bell state |3,), so full
system state is
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%) ®[Bo0) = |¢>®|0>®|0>+i2|¢>®|1>®|1>

1
V2 V2
1
= —(a|000) 4+ a|011) 4+ b|100) + b|111
\/5( 000) 4 a|011) + b|100) + b|111))
Alice has first two qubits, Bob has third.
e Alice performs CNOT on her two qubits, transforming state to

1
—(a|000) + a|011) 4+ b|110) + b[101
\/5( 000) + a|011) + b|110) + b[101))
CNOT operator is not of form A ® B so it entangles Alice’s qubits.
e Alice applies Hadamard gate to her system:

~ ~ =1 1 ~
Uy ®I® Iﬁ(a\OOO) + a|011) 4 b]100) + b[111)) = 5Z|x> ®ly) ® U,, )
7y

e Alice measures with operator Z on botIAl her qubits, giving measurement (zy) o
causing state to collapse to |z) ®|y) ® U, [¥).

o Alice uses CC to send (zy), to Bob. Bob then performs transformation ﬁm_yl = ﬁ;y
so his state becomes |1).

5.5. Quantum key distribution (QKD)

Definition. Let message M and secret key K be n-bit integers, K is shared by Alice

and Bob, where each bit of k has value 0 or 1 with equal probability. One-time pad

encryption is as follows:

e Alice produces encrypted message C' = M @ K, where & is bitwise addition mod 2
(also bitwise XOR).

e Alice transmits C' to Bob. Bob decrypts message by calculating

CoPK=MaoK)oK=Mo(KeK)=Me0=M
e It is important that K is at least as long as M and is never reused.
e Drawback is that K might be very long, and must be transmitted securely prior to
communication.

Definition. BB84 protocol for transmitting secret key is as follows:

o Alice chooses random bit € {0, 1} with equal probability, makes random choice
of X or Z with equal probability, then prepares qubit state according to the
outcome:

(O,Z) '_>|0>7 (LZ) '_>|1>7 (OaX) '_)|+>= (17X) '_>|_>

and sends this qubit to Bob using quantum communication.

e Bob randomly chooses X or Z with equal probability, then measures qubit with
measurement operator %(I —0x) or %(I —0y).

e This process is repeated enough to generate a sufficiently long key.

o Alice and Bob publicly reveal their choices of X or Z for each qubit (must be after

Bob receives the qubit), discarding all qubits for which same choice was not made.
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When same choice is made for qubit, Alice’s choice of qubit will match with Bob’s

measurement.
e Security of BB84:
» If Eve intercepts qubit, she must measure it to obtain information from it. But

the four possible states are not all orthogonal, so Eve cannot make measurement
which is guaranteed to distinguish them.

If Eve measures with Z and Alice chose Z, Eve would correctly measure the
qubit. But if Alice chose X, Eve would measure 0 or 1 with equal probability,
and forward the same random qubit |0) or |1) to Bob. If Bob measures with X,
result is discarded anyway. If Bob measures with Z, measurement is same
random result as Eve’s measurement, so differs from Alice’s key half the time.
So for each (non-discarded) bit of key Eve intercepts and measures, probability
that Alice and Bob’s value differs is i,
key, which is insecure. So Alice and Bob compare random subset of their keys

so currently Eve expects to know % of the

and estimate error rate.
If rate too high, they assume interference from Eve, discard the key and repeat
entire process again.

5.6. Bell inequalities

Definition. Local realism is a property of a system:

e Locality: an effect at one point can be detected at another point only if

something travels between those two points (no faster than the speed of light).

¢ Realism: measurements must be deterministic, i.e. measurements tell us a

property of the system.
« CHSH Bell-inequality:

>

Let system have observables @, R, S, T which takes values +1. Realism states
that any system state must have specific values for these, (q,r,s,t).

Take large number of system states and measure QS + RS + QT — RT for each,
calculate mean which gives estimate of expectation E(QS + RS + QT — RT).
Now @Q = +R, so either (Q+ R)S =0and (Q —R)T =+2o0r (Q+ R)S = £2
and (Q — R)T =0, hence QS + RS + QT — RT = 42, and

—2 <E(QS + RS + QT — RT) = E(QS) + E(RS) + E(QT) — E(RT) < 2

e Consider following experiment:

>

>

Charlie is in middle of Alice and Bob, who are separated arbitrarily.

Charlie prepares many Bell states |3;;) and sends one qubit of each
simultaneously to Alice and Bob, so they receive them at same time.

Alice randomly chooses @@ or R and makes that measurement on her qubit, Bob
does same for random S or T. Assuming locality, it is impossible that Alice or
Bob’s measurement affects the other by an influence of finite speed.

If quantum mechanics satisfied local realism, Alice’s and Bob’s results are
predetermined by a hidden variable describing Charlie’s Bell state.

Alice and Bob record measurement operator and result for each qubit, then
compute E(QS), E(RS), E(QT), E(RT).
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» Measurement operators are given by

—1 —1
ﬁ(‘ﬁ +03), T =1,® E(‘H —03)

» These give E(QS) = E(RS) = E(QT) = —E(RT) = \f’ giving E(QS) +
E(RS) + E(QT) — E(RT) = 2v/2 > 2, violating CHSH inequality.
» Experimental data confirms this violation, showing nature isn’t described by

Q201®IQ,R203®I2, S:IQ®

theory obeying local realism, and nature is consistent with quantum mechanics.

6. Information theory

6.1. Classical information and Shannon entropy
Definition. Let X be random variable representing a message, p(z) = P(X = z)
Shannon entropy is

Z p(z)log, (p(z))

where conventionally 0log0 = 0.

Theorem (Shannon's noiseless coding theorem). H(X) gives lower bound on average
number of bits needed to encode message X.

Definition. Joint entropy is

— > p(z,y)logy(p(, y))

Proposition. Joint entropy obeys subadditivity:
HX,)Y)<H(X)+ H(Y)

with equality iff X and Y are independent variables, i.e. when p(z,y) = P(X =
z)P(Y =vy).

Definition. Relative entropy of p(z) to ¢(x) is defined for two random variables
which take same values but with different distributions p(z) and ¢(z):

H(p(z) | q()) = ) (p()logy(p(x)) — p() logs(q(x)))
ZP ) log, (q(z))

Proposition. Relative entropy is non-negative and
H(p(z) | q(z)) = 0 <= Vz,p(z) = q(z)

Remark. Relative entropy can diverge if for some z, g(z) = 0 and p(z) # 0
Definition. Conditional entropy is

H(X|Y):=H(X,Y)— HY) < HX)
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Definition. Mutual information of X and Y is
HX:Y)=HX)+HY)-H(X,Y)>0

6.2. Quantum entropy

Definition. Von Neumann entropy of quantum state with density operator p is

S(p) :== —tr(plogy(p)) = — Zpi log, (p;)

where p =} p;|i)(i|, |¢) are eigenstates of p, p; are eigenvalues of p. S(p) is Shannon
entropy of ensemble of pure states described by p.

Note. To compute log,(p), diagonalise p (use spectral decomposition) and take log,
of each diagonal element (use here the convention log,(0) = 0).

Remark. For pure state, S(p) = —1logy(1) = 0.

Definition. (quantum) relative entropy is measure of distance between two
states:

S(p1 || p2) = tr(py logy(p1)) — tr(py logy(p2))
Proposition. S(p; | p3) > 0 with equality iff p; = p,.

Definition. For bipartite system H = H 4, ® H 5 described by density matrix p and
reduced density matrices p, and pp, define

S(A) = 5(pa), S(B):=S(pp), S(A,B):=S5(p)
where S(A, B) is (quantum) joint entropy of A and B.
Definition. (quantum) conditional entropy of A and B is
S(A | B):=5(A,B)— S(B)

Remark. Unlike classical conditional entropy, quantum conditional entropy can be
negative, e.g. if p describes pure state, S(A, B) = 0 but if entangled, pg is not pure
state so S(B) > 0.

Definition. (Quantum) mutual information is
I(A:B)=S(A:B):=S(A)+S(B)—S(A,B)

Remark. When p is pure state, S(A) = S(B) so I(A: B) = 2S(A). So entanglement
can be interpreted as mutual information: information shared by A and B and not in
either one alone.

Definition. Entanglement entropy is S(A) = S(B) (these are equal since both
reduced density matrices have same non-zero eigenvalues).

7. Classical computing
7.1. Basic gates
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Notation. Input for circuit diagrams has most significant bit at the top, circuits are
read left to right, with last operation on the right.

Definition. (logical) gate is function mapping bits to bits.

Definition. Simplest gates are f: {0,1} — {0,1}:
o Identity gate: id(z) := x.

o co(z) =0.

o ¢(x):=1

o« NOT gate: NOT(z) ==.

Definition. FANOUT gate is defined as

FANOUT : {0,1} — {0,1}?>, FANOUT(z) := (z,z)

Definition. AND gate is given by its truth table:

AND(z,y)

y ——

Definition. OR gate is given by its truth table:

0f1
0[0f1
1

Remark. AND and OR are not reversible (invertible) so cannot be implemented by
unitary operators.
e Landauer’s principle: energy E required to erase one bit satisfies

E > kgT log(2)
where kg is Boltzmann’s constant, 7" is temperature at which system operates.

Definition. Controlled NOT (CNOT) gate, CNOT : {0,1}* — {0,1}>, is

(z,y) ifx=0

(z,NOT(y)) ifx =1 = (z,2®y) = (z,7 + ymod 2)

CNOT(.’E, y) = {
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Inverse of CNOT is CNOT. z is control bit, y is target bit.

Yy S T®yY

Definition. C"NOT gate is defined as
C"NOT(zq,...,x,,,Yy) := (X1, ..., z,,y ® AND(z4, ..., z,,))

C™NOT is reversible for all n € N and (C"NOT) " = C"NOT. For n = 2, CCNOT
gate is called a Toffoli gate.

y P AND(zq,2,) ®y
) Lo
Ty Ty

Definition. NAND gate is defined as
NAND(z,y) := NOT(AND(z,y))

Example. Circuit diagram for f:Z/8 — Z/8, f(z) =z + 1.

any
To A\
any
Tq A\
T NOT

7.2. Universal gate sets
Notation. For f:{0,1}" — {0,1}", can write as

F@p1s o) = (frm1 (Tope1s - To)s ooy Jo(Tpp1y -5 Tg))

Remark. Can “copy” bits by introducing extra “ancillary” bits and using CNOT
gates:

0—P——z2z00=12z

r—&—=z

Definition. A universal gate set (UGS) is finite set of gates which can construct
an arbitrary function f: {0,1}" — {0,1}™.

Proposition. {NOT, AND, OR,CNOT} is a universal gate set.

Corollary. {CNOT,AND} is a universal gate set.
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Proposition. {CCNOT} is a minimal (1-gate) UGS for reversible classical
computation.

Remark. There is an infinite number of UGSs.

7.3. Computational resources and complexity
Definition. An algorithm is a set of instructions (systematic procedure) for
computing some output for a given input.

Definition. Resources considered in complexity:

e Time: corresponds to numbers of gates in any UGS needed for implementing the
circuit.

« Space: corresponds to number of bits (lines) in the circuit.

e n denotes size in bits of input.

Example. Computing ged(a,b) (assuming WLOG a > b, 2" <b < 2" so b has n

bits).

o Brute-force algorithm: try all 1 < ¢ < b, check if ¢ | @ and ¢ | b, return largest such
c. Time complexity: O(2").

e Fuclid’s algorithm has time complexity O(n3) (assuming division and remainder
algorithm is O(n?)) (since r; 5 < 1,/2).

Definition.

e P is complexity class of algorithms whose run time is at most polynomial time in
n.

o EXP is complexity class of algorithms whose run time is at most exponential time
in n. P C EXP.

« PSPACE is class of algorithms which require space at most polynomial in n.

P C PSPACE (e.g. each line in circuit diagram is assumed to involve at least one
gate).

e NP is complexity class of algorithms whose output can be verified to be correct in
polynomial time, e.g. integer factorisation. Clearly P C NP.

e« NP-hard problem is one such that, if you have an oracle for solving them, you
can solve any NP problem in polynomial time (NP problems reduce polynomially
to NP-hard problems).

e NP-complete is complexity class of problems which are NP-hard, e.g. travelling
salesman.

e PP is class of algorithms which require time at most polynomial in n to return
correct answer with probability > 1/2.

e« BPP is class of algorithms which require time at most polynomial in n to return
correct answer with probability > ¢ > 1/2. P C BPP.

8. Quantum circuits

Definition. A qubit is a quantum system whose Hilbert space H; is 2-dimensional,
with basis {|0),|1)}. An n-qubit system has 2™-dimensional Hilbert space H,, = H; ®
-+ ® H,. The computational basis for H, is
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{]0),...,]2" — 1)}
where |k) =|(k,,_;...kg),) corresponds to [k,_;) ® - ®|k).
Definition. Quantum gate is unitary map from H,, to H,,.

Notation. Let X,Y, Z denote Pauli matrices o, 0y, 03 respectively.

—.—U
Notation. A unitary U : H; — H; is denoted .
Definition. Define the gates

1o _J1 o0 _ Ll
5= {0 z] T= [0 eiw/4]’ H = \/5[1 —1}

where H is Hadamard gate. S = Z, T? = S, H?> = I. H|0) =|+), H|1) =|-).

Example. Hadamard gate is useful when constructing uniform superpositions of all
basis states:

(H|0)) ® (H|0)) = %(!00> +[01) +[10) +|11))

and in general,

2n_1
(H0)) ® - ® (H]0)) 2/QZIk

Definition. CNOT gate is [é ;] Most significant bit is control bit, least significant
bit is target bit.

b

Definition. Controlled-U gate, C-U maps |0) ®|1) =|0) ®|v) and |1) ®|) =[1) ®

U)).

Definition. CCNOT (Toffoli) gate is

oo O~
oo ~O
o~Oo O
Mo oo
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b

Note: Toffoli gate maps computational basis elements to computational basis
elements, and computational basis elements are orthonormal.

Notation. Measurement and classical bits are shown as e.g.

001

8.1. Universal quantum computation

Proposition. Every N x N unitary can be written in terms of U,;: “elementary”
unitaries acting on (4,1), (i,7), (4,4) and (j, ) entries only, i.e. they are non-trivial in
only one 2 x 2 block (they act non-trivially on a two-dimensional subspace of the
Hilbert space, spanned by two basis states |¢ — 1) and [j — 1)).

Proposition. U is unitary iff its rows are orthonormal iff its columns are
orthonormal (with respect to Hermitian inner product).

Example. For unitary

adg
U=1|beh
cfj

we can find unitaries U,, U,, U; with UsU,U,U = I. Choose U; to have upper left
2 x 2 block non-trivial and such that

a/ d/ g/
U]_ U = O 6, h/,
c/ f/ j/

Ifb=0,set Uy =1.1f b+# 0, set

o ﬁ* 0 a b
Uy=|8 —a0|, a=—F———m = —F——=——==PFa—ab=0
0 0 1 Vial? +[bf? laf? + [b]2
Then set
a’ ¢’ * 0 6* 1 0 0
V= = =)0 = > =, Up={01 0| =UUU=|0¢ h|=1U;
Ve[ + e [0’ + || 50—y 0 f" 5

If U € U(N) is unitary, then can find N — 1 unitaries Uy, ..., Uy_; where U, is non-
trivial in first and (¢ + 1)th row such that Uy_;---U,U has first row and first column
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(1,0,...,0) and non-trivial bottom-right (N — 1) x (N — 1) block. So it can be
reduced entirely by induction, to %N (N — 1) unitaries.

Remark. U acts on n qubits so N = 2", so we need =~ 4™ elementary matrices, so
complexity is exponential in number of qubits.

Example. Any 4 x 4 unitary can be written as product of 6 elementary unitaries:

*x*x 00[ [« 0x0[|*00=x*x|{1000[(1000[(100O0
U:**OO 0100[{0100[[0x%x0[|0«x0=x%x|]|0100
0010||*x0+«0{{0010([0*x*x0[]0010]||00 * =
0001]|[0001][*x00=%[|[0001]]0=*0=%][00=* %

Definition. A multiply-controlled unitary is an N x N unitary acting on
subspace span{|1...10),|1...11)}. It applies a 2 x 2 unitary to last qubit if all other
qubits are 1 and the identity otherwise.

Example. Unitary acting on subspace span{|1110),|1111)} is implemented as
g3) —¢——
@) —¢——

lg1) \

lg0) —{UF—

Example. If i — 1 and j — 1 differ in single bit, with all other bits 1, this is
multiply-controlled unitary with that bit as target, e.g. unitary acting on subspace
span{|1101),]1111)} is implemented as

|Q3> *

lg) ——¢———
|QO>

Example. If i —1 and j — 1 differ in single bit but others are not all 1, use NOT

gates to reverse the control bits which are 0, e.g. unitary acting on
span{|0100),|0110)} is implemented as
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Definition. Gray code between (p,,_;...py) and (g,,_;..-qy) is sequence of single bit
flips that maps from (p,,_;...pg) to (¢,,_1---9), €.g. a Gray code for 111 and 000 is
111, 101, 001, 000.

Remark. Gray codes are not unique. (For practical reasons, it is easier to preserve
the ordering between first and last, and penultimate and last items in the code.)

Example. If i —1 and j — 1 differ in multiple bits (e.g. U; ; =Ug,, i —1=7=
(111),, j—1=1=(000),), then use a Gray code to flip bits so that all apart from
one are the same as j — 1. First bit flip 111 — 101 is implemented as CCNOT.
Second bit flip 101 — 001 is implemented as CCNOT but if second qubit is 0 instead
of 1. Then act with U on subspace span{|001),/000)} (i.e. on third qubit), then
“undo” these CCNOT in reverse order:

2) <> [ X}F——]x] 0

la1) ——{ X | —{ X —o—
[771

|90) Iil

Example. We can implement any multiply-controlled unitary with controlled-
unitary (single control qubit) and CCNOT gates, by introducing ancillary bits. e.g. to
implemented the multiply-controlled unitary acting on g if ¢; = gy = g3 = 1, use
ancillary qubits |a;), |ay) (initially set to 0):

|gs)

|g2)

1)

lag) —D Y
lay) D ’—T_‘ Y

l20) |£|

Proposition. CCNOT can be implemented with H (Hadamard) and T gates (and
their Hermitian conjugates).
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Lemma. Any single qubit unitary U can be written as U = e/*AXBXC with
A, B, C single-qubit (2 x 2) unitaries, ABC =1, a € R. In particular, C-U can be
implemented as

;) 1=
la0) ¢ BFHo—]4]

Corollary. Any unitary can be implemented with single-qubit unitaries and CNOT.

Remark. Number of elementary unitaries U; needed is O(2%™). Gray code requires
O(n) C™NOT gates, and representing these multiply-controlled unitaries as
controlled-unitaries requires O(n) CCNOT gates, so overall U is represented as
O(n?22™) operations.

Definition. BQP (bounded-error quantum polynomial) decision problems are
those which a unitary operation solves with probability of success p > ¢, with ¢ > % a
fixed constant (conventionally, ¢ = %), with polynomial growth in resources (i.e.
number of CNOT and single-qubit unitary gates) as n (number of qubits) is

increased.

Note. BPP C BQP, since any classical computation can be written in terms of
CCNOT and CCNOT has fixed quantum cost. A source of randomness is the
following circuit, giving 0 and 1 each with probability 1/2:

0) [ H | [ # =

8.2. Measurement

Note. We can always measure using the Pauli Z operator (so measure in the
computational basis). To measure in different basis, act with a unitary to transform
desired basis into computational basis, then measure in computational basis, then
transform back to desired basis.

Example. Let U be single-qubit operator, with eigenvalues +1, so it is Hermitian
and unitary. Measuring U can be achieved with the following circuit:

|0>E1—T—\EB|:

%) U]

Acting with H maps |0) ®|¢) \/ii(|0) +]1)) ®|9). Acting with controlled-U gives
%(]m ®|Y) +|1) @ U|Y)). Acting with H again gives output

S((10) +11)) ®I9) + (10) ~1)) ® Ul) = 310y ® (I + U)ls) + 5]1) ® (T — V)9

But %(I + U) is projector to +1 eigenspace of U, %(1 —U) is projector to —1
eigenspace of U, so if |¢) = a|U, ) + B|U_), with U|U,) = £U, then output is
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al0) ®|Uy) + B[1) ®[U_)

So result of measurement is 0 with probability |a|?, which collapses state to |0) ®
\U,), and 1 with probability |3|?, which collapses state to |1) ®|U_).

9. Quantum error correction
Note. We assume that an error only affects a single qubit.

9.1. Correcting single bit flips

Definition. A code subspace is a two-dimensional subspace of an n-qubit Hilbert
space, in which the logical qubits live, such that each possible error (being
considered) maps states in the code subspaces into a distinct two-dimensional
subspace, and all of these error subspaces and the codespace are orthogonal.

Example. Assume only error that can occur is flip of single qubit (same as classical
case), i.e. each qubit has probability p of X gate being applied. We encode the state
in a code subspace. Each qubit is encoded as 3 qubits: the logical qubit |0) is
encoded as the physical state |000), |1) is encoded as |111). So |¢) = «|0) + B|1) is
mapped to a|000) 4+ 5|111), in the subspace span{|000),|111)} of the Hilbert space of
3 qubits. The embedding is implemented as

|92) =¢)
q1) =|0) —©
|90) =10) ————

Single bit flip can map this state to
«|001) 4+ 8]110), «|010) 4 5|101), «|100) + 5|011)

which are all orthogonal to original state and each other. So different errors map to
different orthogonal subspaces, hence we can make measurement to determine which
subspace it is without affecting the «, 8 coefficients.

Error syndromes are operators with eigenspaces as the different subspaces, each
with distinct eigenvalue. In this case, choose syndromes formed from Z operator (this
has eigenvalue 1 for |0), —1 for |1)). Let Z, =1QIQ®Z, Z, =1I1QRZQI, Z, =2 ®
I ® I, then

Z,Z,|000) =|000), Z,Z,|111) =|111), Z,Z,|000) =|000), Z,Z,|111) =|111)
ZyZ,|001) = —[001), Z,Z,|110) = —[110), Z,Z,|001) = —[001), Z,Z,|110) = —|110)
Zy7,|010) = —[010), Z,Z,|101) = —[101), Z,Z,|010) =|010), Z,Z,|101) =|101)

7,7, |100) =|100), Z,Z,|011) =|011), Z,Z,|100) = —|100), Z,Z,|011) = —|011)
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So span{|000),/111)} is (1,1) eigenspace, span{|001),/110)} is (—1, —1) eigenspace,
span{|010),/101)} is (—1,1) eigenspace, span{|100),]011)} is (1, —1) eigenspace. So if
|1) is mapped to

(L —e)[y) + 6, X509) + 6, X1 [¥) + 60X [9)
then we measure Z,Z; and Z,Z,, which collapses state to either

|w>a X2|w>a X1|w>a X()W)

Since the eigenvalues for this combination of measurements are distinct, they tell us
which state [1) has been projected to. So can apply I, X,, X; or X, to map back to
|1). This can be implemented as

|g2) P—P

1) P—P

90) S
la,) =[0) —B—b [ = 2,2,
|ag) =(0) S—b [ = 2,2,

where the measurements are to reset the ancilla so they can be reused.

Note. We cannot use less than 3 qubits, since to encode with n qubits, we need n +
1 orthogonal two-dimensional subspaces, which is possible in 2"-dimensional n qubit
Hilbert space iff 2" > 2(n + 1).

9.2. Correcting general single qubit errors
Remark. General error consists of acting with unitary operation U, on single
physical qubit. Can use Bloch sphere rotation representation to write

So if state |¢) is single logical qubit encoded in n-qubit Hilbert space, action of single
qubit error on qubit ¢ transforms |¢) to

(1—¢)|Y) + a; X;|¥) + b, Y;|2p) + ¢, Z;|¢) for some ¢

If error depends of state of environment, state after errors occurs is entangled:

le1) ®Y) + Z|62i> ® X;[¥) +les;) @ YY) +ley;) ® Z;|¢)

=1

(This is linear superpositon of single qubit errors). Measuring chosen error syndromes
projects qubits to one of the subspaces, so state becomes one of
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3n + 1 2d subspaces are needed (corresponding to 3n single-qubit errors and original
state), so we require

2" >2(3n+1)
which is saturated by n = 5.

Remark. In terms of errors, X is a single bit flip, Z is a phase flip («|0) 4+ 5|1) —
al0) — BI1)), Y =iXZ is composition of both.

Definition. We define a coding ¢ : H; — H,,, |0) = ¢(]0)), |1) = ¢(]1)).
Definition. Steane code is coding using 7 qubits, which uses the syndromes
My = Xo Xy X5Xe, My = X1 X3X5Xq, My = Xy X3XyXe,
Ny = ZyZyZsZs, Ny = 2,23Z52Z¢, Ny:=Zy2372,7Zg

which all commute, so have simultaneous eigenstates. Code subspace is spanned by

0) = 5575 (1+ Mo) (1 + M;)(1 + M5)[0000000),
- 1
1) = 55 (1+ Mo)(1 + M) (1 + M,)[1111111)

Remark. M7} =1 so M;(1+ M;) =1+ M; so |0),|1) are eigenstates of each M,
with eigenvalue 1. |0),|1) are also eigenstates of each N, with eigenvalue 1. Each M;
commutes with each X, and

Z;X; ifi#j N;X,; if N, does not contain Z;
X,Z; = L XN, = . |

Hence M;X;(a|0) + B|1)) = X, M;(c|0) + B|1)) = X,(|0) 4 B8]1)) so this has

eigenvalue 1 for all M}, and

X;N;(a]0) 4+ 8]1)) = X, (al0) + 8]1)) if Z, ¢ N; => eigenvalue 1
—X,;N;(al0) + 8|1)) = —X;(al0) + 8|1)) if Z; € N; = eigenvalue — 1

Nin(a|6) +6/1)) = {

For bit flips X:

i 0 1 2 3 4 5 6
1,1, | 1,1,y | @,y | 1,y | @,1,1) | @,1,1) | (1,1,1)

—~

My, M, Mj)

Ny, Ny, No(—1,1,1) | (1,—1,1) | (1,1, 1) (1, -1, —D|(=1,1, —D|(—1,—1,1j}-1,—1,—1

For phase flips (sign errors) Z;:

i
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—~

? 0 1 2 3 4 ) 6

My, My, M) —1,1,1) | (1,-1,1) | (1,1,-1) |1, =1, —1)(—=1,1, = D)|(—1,—1, 1}}-1,—1,—1
(1,1,1) | (1,1,1) | (1,1,1) | (1,1,1) | (1,1,1) | (1,1,1) | (1,1,1)

N07N17N2

Since XY = —YX, ZY = -YZ,

. Y,;M; if X; & M; Y;N; ifZ, ¢ M,
jti ~Y; M, iineMj’ —Y,M; if Z, € M,

For errors Y;:

? 0 1 2 3 4 ) 6

My, My, MY —1,1,1) | (1,-1,1) | (1,1,-1) |1, =1, —1)(—1,1, - D)|(—1, 1, 1}}-1,—1,—1

Y

No, Ny, No)(—1,1,1) | (1,—1,1) | (1,1,—1) (1, -1, —1)(—1,1, —1)(—1, —1,1j-1, 1, -1

Example. If (Mj, Nj) measured and eigenvalues are (1,1,1), (1,—1,—1) then error
is X5, and we correct it by applying X3! = X;.

9.3. Fault-tolerant gates

Definition. A gate U is fault-tolerant if, when there is error U, on single physical
qubit before the unitary operation, acting with the unitary produces state which
differs from desired state only by a single-qubit error V, i.e.

UU;|y) = V;Ul4)
This equivalent to U mapping each eigenspace of the error syndromes to some
eigenspace of the error syndromes.

Definition. A logical gate G is transversal if it is a tensor product of single qubit
gates.

Proposition. Every transversal gate is fault tolerant.

Example. The operation X, acting on the logical Hilbert space H,, acts as the
NOT operator on the code subspace span{|0),|1)}:

X = XXXy X3 X X1 Xy, = Y|6> =1), Xﬁ) =|0)

Example. The operation Z = ZgZyZ, 74747, Z, commutes with each M, and leaves
|0000000) invariant so leaves |0) invariant. Z anti-commutes with X so acts within
the code subspace and Z|0) =|1), Z|1) = —|1), so acts as Pauli Z on logical qubits.

Example. H = HyH.H,H,H,H, H, realises the Hadamard gate on logical qubits:
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We have HXH = Z so H; X, = Z;H;, thus
MJF‘@@ = FNJ'W)); NjFW)) = FMgW))

Hence if [¢) is in an eigenspace of M; and N;, H|4) also lies in an eigenspace of M f
and N; but with the eigenvalues of M; and N; swapped. This means H preserves the
code subspace, so H|0) and H|1) lie in the code subspace. Now

—_ =1 1 —

H|0) = Hm(l + M,)(1+ M;)(1+ M,)|0000000) = W(l + Ny)(1+ N;)(1 + N,)H|0000000)
H maps |0000000) to uniform superposition of all computational basis states, and
1 + N, is projector onto +1 eigenspace of N}, so we have the component of the
uniform superposition which lies in the code subspace, i.e.

— 1
0) = —=(10) +11)
Similarly,
—_ — 1 1 —
H|T) = H g (1 Mo)(1+ M;)(1+ M) [1111111) = oo (14 No) (1 + Ny) (1 + Ny H[1111111)

H maps |1111111) to uniform superposition of all computational basis states, with
each state with an odd number of 1’s negated, hence
7[1) = (o) ~I1))
V2

as all computational basis states in |1) have odd number of 1’s.

Example. If two logical qubits are encoded with 14 physical qubits using Steane
code, a logical CNOT can be implemented as

7
CNOT = [ ] ¢,NOT,
=1

where C;NOT, is CNOT with ith qubit in first logical qubit as control and ith qubit
in second logical qubit as target.

Theorem (Eastin, Knill). Not all gates in a UGS can be transversal.

10. Quantum algorithms
10.1. Simon’s algorithm
Definition. Bitwise addition of a and b is a @ b = ¢ where ¢; = a,; + b; mod 2.

Definition. Simon’s problem is: given an n-bit function f: {0,1}" — {0,1}",
with f(x @ a) = f(x) for all z (a # 0) and f(x) # f(y) otherwise, determine the
period a.
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Example. Let f:{0,1}" — {0,1}" be n-bit function with period a # 0, so f(z ®
a) = f(z) and f(z) # f(y) otherwise. To determine a classically, we compute f(z;)
until we find two values with f(z;) = f(z;), then a = z; @ z;. After m values are
computed, we know a # x; @ z; for all ¢, j < m, so at most %m(m — 1) values are
eliminated. There are 2™ — 1 values for a, so this has complexity 0(2”/ 2).

Definition. Bitwise product of z = (z,,_;...%y), and y = (y,_1...40),, is
TY =Ty 1Yy 1+ LYo mod2

Proposition.

1 A=
®n
H®"|0) = 572 Z and

k=
11 2" —1

((=1)%%0) + (1) 1)) = WZ

Algorithm (Simon's algorithm). Define the unitary operator U, acting on n input

i

H®"|z) =

sl

i

qubits |z) and n output qubits |m):

Utlz)Im) =[z)|m & f(z))
1. Start with system in state [0) ® [0) where [0) =[00...0).
2. Apply H®" ® I (i.e. acting on input qubits) to give

1 2l
on/2 Z ‘k> ® ‘O>n
k=0
3. Apply Uy to give
1 2°=1 2n—1

s 2 B I08 J(k) = 2 > [k ©l7(K)
k=0 k=0

4. Measure the ancillary bits (the |f(k))) in the computational basis, yielding a
random f(z,). The state collapses to

1
7(|$o> +zo ® a)) ®[f(20))

5. Discard ancillary bits and apply H®" to input bits —= (|x0> +|zy, ® a)) to give
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1

H®"—(|zg) +|7g ® a)) = —(H®"|x ) + H®" |z @ a))
2 V2
1 1 <2n21 k = k-(z,®a)
= Zsom (—=1)""]k) + (—1)" = k)
V22r/2 k=0 k=0
kaz k-a
= n+1/2z 0( +(=1) )|k>
2n 1 k
= o(n— 1/2 Z "1k)
ka O

6. Measure the state in the computational basis, which gives k € {0, ...,2" — 1} such
that k- a = 0 mod 2.

7. a satisfies n linearly independent equations of the form k- a = 0 mod 2, so O(n)
measurements (O(n) values of k) are needed to obtain all bits of a.

This can be implemented as

)

U
20) =10) A
Example. Let f:{0,1}* — {0,1}°, a = 010, and
£(000) = £(010) =, f(001) = £(011) =,

F(100) = £(110) = 2, f(101) = f(111) = w

Using Simon’s algorithm:
« Applying H®3 to |000) ®|000) gives
1
m(]OOO) +/001) +|010) 4+]011) +[100) +|101) +|110) +|111)) ®|000)
 Applying Uy gives

1
ﬁ((|000> +]010)) ®|x) + (|001) +]011)) ®|y) + (|100) +]110)) ®|2) + (|101) +|111)) ®|w))
o Measure the ancillary bits, assuming it yields value corresponding to |z), so state

has collapsed to

1
E(|000) +1010)) ®|z)

e Apply H®3 to the input bits, giving

231
e 1/2 Z k) = \000 +]001) +]101) +|100))
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e Measuring 000 gives no information. Measuring 001 implies that a; = 0. Measuring
010 implies that a; = 0. Measuring 101 implies that a; 4+ a; = 0. So measuring the
last three imply a = 010 (since a # 000).

10.2. Quantum Fourier transform
Definition. Quantum Fourier transform is unitary operation Upy acting on the

n qubit space H, , given by action on computational basis states:

2" —1

Upp|z) = 2n/2 Z e2mizy/2" ly)

It is quantum version of the discrete Fourier transform: by linearity, if |¢) =
2n —1 2m—1
> Yelz) and [p) = Upp|t) = Zyzo @yly), then

2"—1

2mix /2"
QDy 271,/2 Z Y

Note this is precisely the discrete Fourier transform on the vector v,

Note. Can check Ugy is unitary by checking Ugpyp|z) has norm 1 and Ugylz)
orthogonal to Ugyp|z’) for x # z’ (i.e. it preserves the inner product).

Example. Note that classically, computing ¢, requires 2" additions. If y = y,,_;...yq,
e y=1vy, 12" 1+ +yg, then

n—1
627riacy/2" — H e27ri:cyl/2"*l

which gives

2" —1
Upe|e) = W zezmyﬂ"w 2W@(m + e2mie/2 1))

Y=

Note this is similar to

2"—1

(o), + (=1)™[1),) = > (~1)""Iy)

y=0

\
—

Il

o

S‘ —_
[\]

H®"|z) =
i
However, for Upy, phases in individual qubit states depend on z, not just z;, so Upy
cannot be realised only by single-qubit operations. Now also

— n—I—1
62W$/2n7l _ 627r7:(wn—12l71+”'+m02lin) _ H e2ﬂ.imm/2n7l*m — H ezﬂ‘imm/Qn*lfm

m=0

since 2™ =1 for r € Z. So phase for [ = n — 1 only depends on x,, phase for [ =
n — 2 only depends on z, and z;:

Uprlz) = [0) + €0 (1)) ® (|0) + "1™ 0/2) @ -

1
2/2(
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When Uy is realised, order of qubits is reversed. QFT can be implemented of
controlled-phase gates, where we apply unitaries

1 0
Rk - |:O eiﬁ/2k:|

Each qubit ¢ has controlled-R,, applied, controlled by each qubit j < ¢, where k =i —

j. E.g. for n = 3,
)
i

g1) v

0) —{H]

where X indicates swapping qubits. One gate is applied to qubit 0, two gates applied
to qubit 1, ..., n gates applied to qubit n — 1, so total number of gates required to
implemented QFT is O(n?)

10.3. Shor’s algorithm

Example. Given N € N, pick random 1 < y < N. If ged(y, N) # 1, we can find a
divisor of N. If ged(y, N) = 1, define

fy:Z—Z/N, f,(a)=y* modN

Period of f, is smallest r € N such that f, (r) = 1. We have f (a) = f,(b) iff a —b =
Omodr. Let 7 be even (if r odd, start again with different y). Now

Yy —1=0mod N = (yr/2 —1)(yr/2 + 1) = Omod N

If either factor on LHS is multiple of N, start again with different y. Otherwise, we

know y"/2 — 1 and N have common factor < N, and so use Euclid’s algorithm to find

gcd(yT/2 —1, N).

Algorithm (Shor's algorithm).

o Shor’s algorithm finds the smallest » > 0 such that y” = 1 mod N.
Start with state [0) [0) —where ng = [logy(N)], n = 2n,.

Act with H®™ on input l;its, giving

2"—1

1
o2 Z:O |z) ®[0)
Act with U, (where Ug|x)|m) =[z)|m @ f(z))), giving

271
1

) R f(x
s 2 1) 81 (@)

Measure the output bits, yielding a random value f(z,) (assume WLOG that

xy < r), which projects the state to
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xo +mr)| f(x

\/QT Z’ 0 ‘ ( 0)>

where Q = |{i € {0,...,2" — 1} : f(i) = f(z()}| which is approximately the largest
integer strictly less than 2" /r. Shift by random z, means we can’t learn anything
about r by measuring input bits. Discard output bits.

Perform QFT on input bits, giving

Q 2n—1
1 1 . n
UF |£E + mr e27rz(m0+mr)y/2 |y>
T\/Q+ Z ’ \/Q+17;)2"/2;)

1 2" —1 . .
2n/2 Z eZﬂszy/Q ( Q+ Z 2mimry/2 >|y>

Measure input bits in the Computatlonal basis. Probability that this yields value y
is

2

1 1
— 271'13: 2m E 27mmr 2m
p(y) /—Q 2n/2 v/ ( vl )

m=0
1 @ )
— eZﬂimry 2n
2"(Q +1) mz_:o
1 eZTriTy(Q+1)/2" -1 2

2n<Q + 1) e2miry/2™ __

1 ETITYQID)/2" (gmiry(QH1)/2" _ omiry(Q+1)/2) |

Qn(Q + 1) emiry/2n (ewiry/Z” _ e—wiry/Z”)

1 sin?(mry(Q + 1)/2")

S (Q+1) sin2(7rry/2")
When ry/2"™ € Z, we have p(y) = Q+1 ‘E
2" /r so p(y) ~ 1/r.
If ry/2™ ¢ Z (and not close to being an integer), then 23_0 e2mimry/2" <
(typically a small value since phases do not add coherentlys and p(y) ~ 1/(2™(Q +
1)) ~ r/4™. Note r < N < 2™ « 2" implies that summing over all the
approximately 2™ possibly values of y gives

> ply) ~2mr/An ~ /2" <1

yiry /2" ¢
Hence it is likely to measure y such that ry/2™ is approximately an integer.
Equivalently, y/2" = j/r for some j € Z.

1" = (@+1)/2". Now Q + 1~

With high probability, y will be the nearest integer to a multiple of 2" /r, i.e.
within 1/2 of j2"/r, so
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1 1
<

S 2n+1 - 2N2

S IS,

Y _
2n
since N < 2" = 2"/2_ There is unique fraction j/r with r < N satisfying this (by

triangle inequality), as

TR
] To|

1 S 1
riry N2

unless f"_i = i—z (this is why n = 2n,, is chosen). % can be obtained from y/2" via
continued fractions.

If j and r have common divisor, we obtain r, = r/ged(j,7) instead of r. But given
the guess r,, we can check if ry is the period by checking if f(r,) =1, and if not
try f(2ry), f(3ry), .... If these fail, run algorithm again. Probability of j and r
having common divisor is < 1/2.
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