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Abstract

This thesis discusses the young fields of quantum pseudo-randomness and quantum
learning algorithms. We present techniques for derandomising algorithms to decrease
randomness resource requirements and improve efficiency. One key object in doing
this is a k-design, which is a distribution on the unitary group whose &™ moments
match those of the unitarily invariant Haar measure. We show that for a natural model
of a random quantum circuit, the distribution of random circuits quickly converges
to a 2-design. We then present an efficient unitary k-design construction for any
k, provided the number of qubits n satisfies & = O(n/logn). In doing this, we
provide an efficient construction of a quantum tensor product expander, which is a
generalisation of a quantum expander which in turn generalises classical expanders.
We then discuss applications of k-designs. We show that they can be used to improve
the efficiency of many existing algorithms and protocols and also find new applications
to derandomising large deviation bounds. In particular, we show that many large
deviation bound results for Haar random unitaries carry over to k-designs for k =
poly(n).

In the second part of the thesis, we present some learning and testing algorithms
for the Clifford group. We find an optimal algorithm for identifying an unknown
Clifford operation. We also give an algorithm to test if an unknown operation is close
to a Clifford or far from every Clifford.
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Chapter 1

Introduction

Landauer famously said that information is physical [Lan92]. A corollary of this is
that computation is a physical process. It is simply the evolution of a physical state,
governed by the laws of physics. A classical computer is therefore an information
processor where the physical evolution is restricted to that of classical physics. A
quantum computer is more general: quantum evolution is allowed. One might there-
fore reasonably expect that quantum computers are more powerful. It might be that
the extra possibilities allowed by quantum evolution allow states to be processed more
efficiently to speed up the computation. Determining which problems a quantum com-
puter can solve faster than a classical computer is the central problem in the theory
of quantum computation.

Significant progress has already been made in answering this question. Shor’s
algorithm [Sho94] shows that factoring of integers is possible in polynomial time on a
quantum computer. In contrast, it is not known if factoring is possible in polynomial
time on a classical computer. Also, Grover’s unstructured search algorithm [Gro97]
allows a marked item in an unsorted database to be found using only the square
root of the time required on a classical computer. Finding other algorithms and
provable separations between quantum and classical computation is an important
area of current research.

This thesis makes some progress towards finding such new algorithms. In classical



computer science, randomness and pseudo-randomness have been key tools in the
development of new and faster algorithms. In the first part of this thesis, we discuss
applications and constructions of quantum analogues of these pseudo-random objects.
Whilst we do not come up with new algorithms based on these, we hope that in the
future the tools we build will find application in this area. In the second part of this
thesis, we discuss problems in the theory of machine learning, which is an area in
which quantum computers could outperform their classical counterparts.

A side theme in this thesis is the idea that computational complexity must be
considered in physical models. The converse of our opening statement is also true:
physical systems store and process information; they are computers. Therefore physi-
cal systems that could solve problems that are provably difficult do not exist in nature.
This can rule out models that provide too much computational power.

In Part [, we discuss quantum pseudo-randomness. We introduce the subject
in Chapter Bl and provide motivation from the classical computer science literature.
The main idea is to use pseudo-randomness instead of full randomness to decrease
the amount of randomness required. This is desirable in classical computing because
random bits are expensive to produce. In quantum computing random bits can be
obtained by measurement but uniformly random unitaries and states (formally defined
in Section ZJ]) cannot be produced efficiently so pseudo-randomness is necessary if
efficiency is desired. In classical computing random bits are often saved by limiting
dependence, for example by using k-wise independent random variables. These are
variables where the distribution of any & variables is the same as for fully independent
random variables but dependencies become apparent when observing more than k of
the variables. We discuss a quantum analogue of this known as a k-design.

In Chapter B we show that short random quantum circuits (see Section [[J] for
background on quantum circuits) are 2-designs, giving an efficient method for pro-
ducing a 2-design. Then in Chapter Bl we provide an efficient k-design construction
for all k, giving the first construction for £ > 2. In order to do this, we present an

efficient construction of a quantum k-tensor product expander, which is a quantum



analogue of a classical tensor product expander which in turn is a generalisation of
the standard expander used in classical computer science. We then summarise known
applications of k-designs in Chapter [ as well as providing our own to show that k-
designs exhibit measure concentration which in some cases is almost as strong as for
uniformly random unitaries.

In Part [ we turn to problems in learning theory. In particular, we consider the
problem of identifying a given black box unitary with as few queries as possible. We
find an algorithm with optimal asymptotic query complexity to identify an unknown
unitary from the Clifford group (defined in Chapter ). We also show how this can
be done if the unitary only approximately implements a Clifford and we also present
a testing algorithm to determine if a given operation is close to a Clifford or far from

every Clifford.

1.1 Brief Introduction to Quantum Mechanics

We now briefly mention some key concepts in quantum mechanics and define some
notation. For a more complete introduction see [NCO(].

The state of a d-dimensional quantum system is represented by a vector in the
complex space C%. If d = 2, we call the system a qubit and often we will take d = 2"
and say the system has n qubits.

We will normally use Dirac notation for quantum states. We write column vectors
as [1), with the associated conjugate row vector as (¢)|. The inner product between
two states is written as (11]12). We will write ¢ for the projector |¢)(i]. States can
also be probabilistic mixtures of pure states. If the state is |¢;) with probability p;
then it has density matriz Y, pil1;) (il.

It is often convenient to break the space up into different components, for example
the system and its environment. Mathematically, systems are combined by using the
tensor product. The combined state of system A in state [104) and system B in state
|p) is written |¢4) ® [pp). This leads to the phenomenon of entanglement, which is

when the combined state cannot be written in this product form. For example, the



state % (104) ® |0B) + |14) ® [15)) cannot be written in the product form |1 4) ® |1 5)
and so is entangled. To find the state of a subsystem A from a density matrix pap, we
take the partial trace. Write pap = > ;i1 pijrilia)(ja| ® |kp)(lp|- Then the reduced
state is pa = trp pap = D1, Pijklia)(dal.

Measurement of a quantum system can be written mathematically in terms of
a POVM (positive operator valued measure). This is a set of positive semi-definite
operators P; such that ), P, = I. Then the measurement outcomes are the labels ¢
and outcome ¢ occurs with probability tr F;p if the state being measured is p.

The evolution of a closed quantum system is unitary. That is, the quantum state at
a later time t is related by a unitary to the initial quantum state: p; = UtpoUtT. If the
system of interest is part of some larger system then the dynamics need not be unitary.
The most general form of evolution can be written in the Kraus decomposition: p; =
> AipoA;r where A; are any operators normalised so that >, AIAi =1.

Finally we mention that it is often convenient to think of unitary evolution as
a quantum circuit, built up of smaller elementary unitary gates. This is in direct
analogy to the use of circuits in classical computing. Classically, a NAND gate suffices
to produce any other gate so all classical circuits can be made up of just NAND gates.
Similarly, there exist sets of unitary gates from which any unitary can be built. An

example is the following three gates:

o 1 1 1 R 1 0
= \/5 — w/4 — 0 ei7r/4
1 0 00
01 00
CNOT =
0 0 0 1
0 01 0

We often seek to build a family of circuits that act on n qubits for all n, where the

gates are chosen from some elementary set, such as that above. We say that the



circuits are efficient if the number of gates grows only polynomially with n.

1.2 Preliminaries

Here we define some notation and concepts that are used throughout this thesis.

1.2.1 Pauli Matrices

We will often use the Pauli matrices:

o
[
)
—_
]

Oy =0y = 03 =0, = (1.2.1)

~
o
o
|
[t

We can extend these to matrices on n qubits by taking tensor products. Let p €
{0,1,2,3}" and 0}, = 0, ® 0p, @ - - ® 0, Where p; is the value at the it" position in
the string p. We will sometimes use the alternative notation of p € {I,z,y, z}". We
will refer to o, as Pauli matrices on n qubits. There are 4" Pauli matrices and they
are orthogonal i.e. tro,o, = 2"0,,. Note also that 012) = 09, the identity. Also, Pauli
matrices either commute or anticommute.

The Pauli matrices form an orthogonal basis for matrices in C2"*2". Therefore
any such matrix A can be written in the form ) ~(p)oy,, with v(p) = > tropA.
Sometimes we will choose a different normalisation for the Pauli coefficients v(p) but

will make this clear from the context.

1.2.2 The Symmetric Group and Permutation Operators

The symmetric group is the group of all permutations. Let Sy be the symmetric

group on N objects. Then for m € Sy define the corresponding permutation operator

B(m) = Z |7 (4)) (3] (1.2.2)



to be the matrix that permutes the basis states [1),...,|N) according to 7.
On the other hand, if we have k N-dimensional systems then for 7 € S define

the subsystem permutation operator S(7) by

N N
S =3 D a1y gy )0, gl (1.2.3)
ni=1 ne=1

Now we present two useful lemmas about subsystem permutation operators.

Lemma 1.2.1. Let C be a cycle of length ¢ in S.. Then
tr (C (Al RAR...® Ac)) =tr (AC(I)A002(1)A003(1) .. Al) .
Proof. We have

tr(C(A1 ® Ay ®---®Ac))
= Z <1122’LC|C(A1®A2®®Ac)|112220>

11,82, 0ylc

= Y (inlAcq)licay) izl Ao lice)) - - (el Ao lice)

11,82, lc

= Y (ilAc)lica) lica) Acsem)liceqy) - (igoe—1 )| Axliz)

11,82, 0ylc

since C°¢(1) = 1. Evaluate the sum using the resolution of the identity to get the

result. O

A simple example of this Lemma is that
tr(F(A® B)) = tr AB (1.2.4)

where F is the swap operator.
We also work out the Pauli expansion of the swap operator. To stress that this

result does not depend on the choice of orthogonal basis we prove it in full generality.



Lemma 1.2.2. The swap operator F on two d-dimensional systems can be written

as
1
p Z Op @ Tp.
p
where {op} form a Hermitian orthogonal basis with tr o3 = d.

Proof. Expand F in the basis and use Lemma [[ZTE

tr ((op @ 0q) F) = tro,oq
d p=gq

0 otherwise.

The given sum has the correct coefficients in the basis therefore % Zp op®op=F. U

1.2.3 Asymptotic Notation

We will use the following standard asymptotic notation.

Definition 1.2.3. f(n) = O(g(n)) if there exists c¢,ng > 0 such that 0 < f(n) < cg(n)

for all n > ng.

Definition 1.2.4. f(n) = Q(g(n)) if there exists ¢c,ng > 0 such that f(n) > cg(n) >0

for all n > ng.
Definition 1.2.5. f(n) = O(g(n)) if f(n) = O(g(n)) and f(n) = Q(g(n)).

Definition 1.2.6. f(n) = o(g(n)) if lim,— f(n)/g(n) = 0.

1.2.4 Norms and Superoperator Norms
Norms

We will make heavy use of Schatten p-norms:

10



Definition 1.2.7. For A a d x d matriz, the Schatten p-norm is given by

i=1

d 1/p
1Al = (Z#’) (1.25)
where o; are the singular values of A.

In particular, ||A|; = S0, 05 = tr VATA, ||A]]s = /3 = Vtr ATA and

[|Alloo = max; o;.

These norms satisfy the following simple relationships:

14]l2 < llAll < VAl Allz (1.2.6)
14]loo < [1All1 < dl|Allos (1.2.7)
4]l < [|All2 < Val [l oo- (1.2.8)

Superoperator Norms

Just as state norms can be used to bound the distinguishability of states, superoper-
ator norms bound how easy it is to tell different superoperators apart. We start with

the 1-norm:

Definition 1.2.8. The 1-norm of a superoperator € is given by

_ o HEXDIL
€l = 35 i,

The main problem with this definition is that the 1-norm is not stable under
tensoring with the identity i.e. there exist channels with ||€ ® idg|l1—1 > ||€]]1=1,
where id; is the identity channel on d dimensions. This means that some channels
are easier to distinguish by inputting entangled states. If the norm is to measure
the distinguishability of channels it should take this into account. To overcome this

problem, the diamond norm is defined:

11



Definition 1.2.9 ([KSV02]). The diamond norm of a superoperator £ is given by

E®id) X
1€1l, = sup|1€ @ idgl_., = sup sup 1& 192Xl
d d X#0 ||X||1

If follows immediately that ||£][1-1 < ||€]]e. Also it is shown in [KSV02] that the
diamond norm satisfies ||€ ® idg||o = ||€]|o for all channels £ and dimensions d and
that the dimension d in the supremum can be taken to be the same as the dimension
of the system & acts on. Operationally, the diamond norm of the difference between
two quantum operations tells us the largest possible probability of distinguishing the
two operations if we are allowed to have them act on part of an arbitrary, possibly
entangled, state.

We will also use the 2-norm:

Definition 1.2.10. The 2-norm of a superoperator £ is given by

1€
1€l]5—o = sup :
272 x0 11Xl

In [van02] Appendix C, the following relationships between the superoperator

norms are proven:

|E|2—2 < VA|[E]]1-1 (1.2.9)
IEll1—1 < VA[[E]|2—2 (1.2.10)
€]l < d||E]]1-1 (1.2.11)
[[E]lo < d||E][2—2- (1.2.12)

1.3 Previous Publications

The majority of this thesis has been published previously and some is work in collab-
oration.
Chapter Blis joint work with Aram Harrow and is available as “Random Quantum

Circuits are Approximate 2-designs”, Communications in Mathematical Physics, Vol-

12



ume 291, Number 1, Pages 257-302. It is also available as a pre-print: arXiv:0802.1919.

Chapter H is also joint work with Aram Harrow and is available as “Efficient
Quantum Tensor Product Expanders and k-Designs”, Proceedings of RANDOM 2009,
LNCS, Volume 5687, Pages 548-561. It is also available as a pre-print: arXiv:0811.2597.

Chapter B from Section onwards is available as “Large deviation bounds for
k-designs”, Proceedings of the Royal Society A, Volume 465, Number 2111, Pages
3289-3308. It is also available as a pre-print: arXiv:0903.5236.

ChapterBlis available as “Learning and Testing Algorithms for the Clifford Group”,
Physical Review A, Volume 80, Number 5, Page 052314. It is also available as a pre-
print: arXiv:0907.2833.
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Part 1

Quantum Pseudo-randomness
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Chapter 2

Introduction to Quantum

Pseudo-randomness

Randomness is an important resource in both classical and quantum computing. It
has applications in virtually all areas of computer science, including algorithms, cryp-
tography and networking. Randomness can improve efficiency or, as in the case of
cryptography, allow us to perform tasks that we would not be able to do with deter-
ministic resources.

An example of an algorithm where a randomised algorithm is faster than any
known deterministic algorithm is polynomial identity testing. Here, the task is to
determine if two polynomials are identically equal. By evaluating the polynomials on
random inputs, identity testing can be done in polynomial time whereas no polynomial
time deterministic algorithm is known.

Also, a commonly used randomised algorithm is that of randomised quicksort. In
quicksort, a pivot element is chosen and elements smaller than this are placed to the
left and larger elements to the right. Then these two parts are sorted recursively.
However, the choice of pivot element greatly affects the run-time of the algorithm. If
chosen poorly (for example so that there is only one element smaller than the pivot),
the algorithm runs in O(n?) time. If chosen well, the algorithm runs in O(n logn) time.

Choosing the pivot element randomly will be a good choice on average, giving expected

15



run-time O(nlogn) [MR95]. However, this run-time can be achieved deterministically
using deterministic median finding [BFPT72| but in practice the randomised method
is more efficient.

As another example, many primality testing algorithms are randomised because of
their simplicity, even though a deterministic polynomial-time algorithm is now known.
Also, in the field of communication complexity, separations between deterministic and
randomised algorithms can be proven. The deterministic complexity of evaluating the
equality function (to determine if Alice and Bob’s strings are equal) is ©(n), whereas
the randomised complexity is O(logn) [KN96]. As yet another example of randomness
in classical computer science, in networking a random delay is often inserted after a
collision so the nodes wait different times so are likely to avoid another collision.

In this part, we seek to extend some of these gains of using randomness to quan-
tum computing. We wish to find applications of randomness to find new quantum
algorithms and constructions.

Besides the computer science applications, there are also physical reasons for
studying randomness in quantum mechanics. Some systems can be modelled as inter-
acting randomly and it is interesting to ask what the limiting state (or distribution on
states) is for such a system. Also of great interest is how quickly the system reaches
this stationary state. If the time taken grows too quickly with the size of the system
(for example, exponentially) then for any system apart from the most trivial, the sta-
tionary state will never be reached and will not be seen in physical systems. However,
if the time is small (for example, a small polynomial), then the stationary state can
be reached quickly and will be observed in real systems. It is in problems like this
that physicists must consider the computer science aspects of their models. We study

problems of this kind in Chapters Bl and B

2.1 Random Unitaries

In quantum computing, operations are unitary gates and randomness is often used

in the form of random unitary operations. Random unitaries have algorithmic uses

16



(e.g. [Sen0i]), cryptographic applications (e.g. [AS04, [HLSW04]) and applications to
fundamental quantum protocols (e.g. [BHLT05, [HHL04]). For information-theoretic
applications, it is often convenient to use unitary matrices drawn from the uniform
distribution on the unitary group, also known as the Haar measure. This measure is
the unique unitarily invariant measure i.e. the only measure dU on the unitary group
U(d) where fu(d) fU)dU = fu(d) f(UV)AU for all functions f and unitaries V. For
random states, we write the unitarily invariant measure on d-dimensional states as
diy. This can be thought of as a Haar distributed unitary applied to any fixed pure
state. It is also known as the Fubini-Study metric.

However, in both classical and quantum computing, obtaining random bits is often
expensive, and so it is often desirable to minimise their use. For example, in classical
computing, expanders (discussed in Chapter ) and k-wise independent functions (see
Section ZZ) have been developed for this purpose and have found wide application.
We will spend a great deal of time exploring quantum analogues of these: quantum
expanders and k-designs.

In addition to randomness being expensive, there is an even more pressing prob-
lem when using random unitaries and states. An n-qubit unitary is defined by 4" real
parameters, and so cannot even be approximated efficiently using a subexponential
amount of time or randomness. So any application that requires a random unitary
cannot be efficient. Instead, we will seek to construct efficient pseudo-random en-
sembles of unitaries which resemble the Haar measure for certain applications. For
example, a k-design (often referred to as a t-design, or a (k, k)-design), as mentioned
above, is a distribution on unitaries which matches the first k& moments of the Haar
distribution. k-designs have found many uses which are explored in Chapter B

In Section 22, we formally define k-designs and summarise known constructions.
Then in Chapter Blwe show that, for a natural model of a random quantum circuit, the
distribution quickly converges to that of a 2-design. This gives an efficient approximate
2-design construction and also has physical applications. In Chapter Bl we provide an

efficient construction of a unitary k-design for any k (although there are restrictions

17



on the dimension, see later). Then in Chapter B, we discuss applications of designs,
including to derandomising constructions that use large deviation bounds.
Parts of this chapter have been published previously in [HLO9bl [HL09al, Low(9al

and parts are joint work with Aram Harrow.

2.2  k-designs

A unitary k-design is a distribution of unitaries that gives the same expectations
of polynomials of degree at most k as the Haar measure. This is just like Gaus-
sian quadrature, where integrals of polynomials are calculated by sums. Gaussian
quadrature says that there exist sample points {z;} and weights {w;} so that for all

polynomials f of degree at most 2b — 1,

b q
Zwlf(xl):/ dx f(zx) (2.2.1)

for some fixed limits p and g. This allows the integrals to be calculated much more
efficiently. A unitary k-design is the same, except the polynomial is on elements of
unitary matrices from the unitary group rather than numbers on the real line. The k
refers to the degree of the polynomial. We will also discuss state designs, where the

function is on coefficients of states rather than unitaries.

2.2.1 k-wise Independence

k-designs can also be thought of as a quantum analogue of k-wise independence. A
sequence of random variables Xq,...,X,, is k-wise independent if, for any subset of

size 7 < k,

P(X“ = Tjyy--- ,XZ']. = xij) = P(X“ = Cﬂil) e P(ij = xzj) (222)

18



As a simple example of how this can save randomness, consider the set

{000, 011,101, 110}. (2.2.3)

If an element is chosen uniformly at random from this set, the probability distribution
of the values of any two bits is the same as if all three bits were chosen independently.
This is therefore a 2-wise independent set, and saves one bit of randomness. In general,
if £ < n, an exponential saving in randomness can be made in this way. Efficient
constructions of exactly k-wise independent sets are known [ABI86] and more efficient
approximate constructions are given in [NN90].

A related concept is that of k-wise independent permutations. These are sets of
permutations with the property that, when a permutation is chosen randomly from
this set and applied to n points, the distribution of the positions of any k points is
the same as if a uniformly random permutation was applied. For example, a random
cyclic shift is a 1-wise independent permutation. Again, an exponential saving of
randomness is possible [KNR09].

We seek to construct quantum k-designs to achieve a similar saving of randomness

for quantum algorithms. We now formally define k-designs.

2.2.2 Exact Designs

We will use the following notation to distinguish the measure we are using. Write E
for the expectation with Ey., meaning the expectation when U is chosen from the
measure v. If the measure is the Haar measure in dimension d we will write E¢y¢(q)-
We use the same subscripts for probabilities so Py (4 denotes the probability when
U is chosen from the Haar measure, etc.. When considering random states, we will

write Ejy)~s(4), ete..
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State designs

A k-design is an ensemble of states such that, when one state is chosen from the
ensemble and copied k times, it is indistinguishable from a uniformly random state.

The state k-design definition we use is due to Ambainis and Emerson [AEQT]:

Definition 2.2.1 ([AEQ(7], Definition 1). An ensemble of quantum states v = {p;, |1;)}

is a state k-design if

Epgyn | (9)0D] = Brypsiay [0 %] (2.2.4)

We can evaluate the integral on the right hand side:

Lemma 2.2.2.

/w ()™ dy = (,}ITM) (2.2.5)

k

where 111 is the projector onto the symmetric subspace of k d-dimensional spaces.

Proof. The standard proof (see e.g. [GWI§| or [BBDT97|) involves showing that
/ ” (|) ()®* dyp commutes with all elements of an irreducible representation (irrep)
of the unitary group that acts on the symmetric subspace so by Schur’s lemma must
be proportional to the projector onto the symmetric subspace. However, here we give
an alternative proof that introduces a technique we will use later.

By the unitary invariance of the Haar measure, [ » (J) () ¥ dip commutes with
U®F for all unitaries U. By Schur-Weyl duality (see e.g. [GW98]), this implies that
the integral is a linear combination of subsystem permutation operators. Therefore

we have

/(|¢> W) dp =Y arS (2.2.6)

TESK
However, the integral is invariant under permutations so a,; must be the same for all
permutations 7. Using I1,; = % Zﬂesk S(7) and finding the normalisation by taking

the trace (the dimension of the symmetric subspace is (k+;§—1)) proves the result. [
We will also state equivalent definitions of designs in terms of polynomials of

20



matrix elements of the unitary or coefficients of the state. First we must define what

we mean by the degree of a polynomial:

Definition 2.2.3. A monomial in elements of a matriz U or state |¢) is of degree
(k1, ko) if it contains k1 conjugated elements and ko unconjugated elements. We call
it balanced if k1 = ko and will simply say a balanced monomial has degree k if it is
degree (k, k). A balanced polynomial is of degree k if it is a sum of balanced monomials

of degree at most k, with at least one monomial with degree equal to k.

So that, in this definition, U, U/ is a balanced monomial of degree (1,1) and

UpqUrs is a monomial of degree (2,0) and is unbalanced. For the state |¢)) = ). o;li),

*

;@ is a balanced monomial of degree (1,1).

We can then define state k-designs in terms of monomials:

Definition 2.2.4 ([AEQ7], Definition 3). An ensemble of quantum states v is a state

k-design if, for all balanced monomials M of degree at most k,

Ejpynr M (19)) = Ejypyns@ M (1)) (2.2.7)

This is an equivalent definition to Definition P22k

Lemma 2.2.5 ([AEQT], Theorem 5). The state design definitions [ZZ1 and [2-2) are

equivalent.

Proof. Firstly, we only need to prove the result for M of degree exactly k, since by
partial tracing this implies the result for any smaller k.

Each entry in the matrix E|y)~, [(\zpﬂzp])@k] is the expectation of a monomial of
degree k, with the state chosen from the design. Further, the corresponding entry
in Ejyys(a) [(]1/1>(1/1\)®k} is the expectation of the same monomial but with the state
chosen from the Haar measure. If the ensemble of states satisfies Definition 2224 then
these are equal, so the ensemble also satisfies Definition L2l

On the other hand, for every balanced monomial of degree k, there is an entry
in £y [(\zpﬂzp])@k] equal to its expectation. Therefore, if the ensemble of states
satisfies Definition EZZT] then it also satisfies Definition 2241 O
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Unitary designs

Consider having k d-dimensional systems in any initial state. A unitary k-design is
an ensemble of unitaries such that when a unitary is randomly selected from it and
applied to each of the k systems, the overall state is indistinguishable from choosing
a uniformly random unitary. This can be seen as a generalisation of state designs in

that any column of a unitary k-design is a state k-design. Formally, we have:

Definition 2.2.6. Let v be an ensemble of unitary operators. Define
Go(p) = By [U®kp(UT)®k} (2.2.8)

and

Gu(p) = Ev~u(a) [U®kP(UT)®k] (2.2.9)

Then the ensemble is a unitary k-design if G,(p) = Gr(p) for all d* x d* matrices p

(not necessarily physical states).

For convenience we have defined this for all matrices p although it is equivalent
to only require equality for physical states, since all matrices can be obtained from
linear combinations of physical states.

Like state designs, unitary designs can also be defined in terms of polynomials:

Definition 2.2.7 ([DCELO6]). v is a unitary k-design if, for all balanced monomials
M of degree k,
Epyms M(U) = EygyayM(U). (2.2.10)

Again, these definitions are equivalent:
Lemma 2.2.8. The unitary design definitions [ZZ8 and [Z.27] are equivalent.

Proof. The proof is very similar to the state design case. Again, we only consider
monomials of degree k since by partial tracing this implies the result for smaller k.
Consider matrices p of the form [iy,d9,... i) {(j1,j2, ..., jk| in Definition 2ZZ0

Then each element of U®*p (U T)®k is a balanced monomial of degree k and, for some
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choice of indices in |iy, 19, ..., k) (j1,J2,- - -, jk|, each balanced monomial of degree k

appears. ]

2.2.3 Approximate k-designs

While exact designs have desirable properties, it is often much easier to construct
approximate designs which, for many applications, are sufficient. Also, approximate
designs can have fewer unitaries than exact designs. For example, it was shown in
[AMTdO0] that 22" unitaries are necessary and sufficient for an exact unitary 1-design.
However, an approximate 1-design can be implemented with only 27T°(") unitaries

which gives almost a factor of 2 saving in random bits.

Approximate state designs

Our approximate state design definition is as follows:

Definition 2.2.9. v is an e-approximate state k-design if

€
[Epgy [(19) @D = Bpggusiay (k3w || < =y (2:2.11)
k
(kJrZ*l) appears because it is the dimension of the symmetric subspace. In [AEQNT],

a similar definition was proposed but with the additional requirement that the en-

semble also forms a 1-design (exactly), i.e.

Ejpymn [0} (0] = Ejyyas(a) [¥) (4]

This requirement was necessary there only so that a suitably normalised version of
the ensemble would form a POVM. We will not use it.
By taking the partial trace one can show that a k-design is a k’-design for k' < k.

Thus approximate k-designs are always at least approximate 1-designs.
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Approximate unitary designs

We have many choices to make when defining an approximate design. Here we give
four definitions which are convenient in different contexts. In Lemma Z2ZT4 we show
that they are all equivalent, up to polynomial dimension factors.

If the unitary design is considered a quantum channel that applies a random
unitary from the distribution to the input, then a relevant measure is the diamond
norm difference between the approximate design and an exact design. Because the
diamond norm is related to the distinguishability of channels, having a low diamond
norm distance means that it is difficult to detect that an approximate design was

given rather than exact. One approximate design definition is therefore:

Definition 2.2.10 (DIAMON]JJ, See Chapter Bl). v is an e-approximate unitary k-
design if
Gy — Gull, <, (2.2.12)

where G, and Gy are defined in Definition [ZZ.4.

In [DCELQO6], they consider approximate twirling, which is implemented using an
approximate 2-design. They give an alternative definition of closeness which is more

convenient for this application:

Definition 2.2.11 (TWIRL, [DCELQ6)]). v is an e-approzimate twirl if

€
(EUWUTA(UpUT)U - EUNu(d)UTA(UpUT)U‘ (0 <. (2.2.13)

max
A
The maximisation is over channels A and d is the dimension.

In Chapter Bl unitary designs are constructed from quantum tensor product ex-

panders. A quantum k-TPE is defined as an ensemble v of unitaries such that

e}

HEUW [U®’“vﬂ — Eyesia) [U®’“vﬂ H <A (2.2.14)

!We name the definitions to help distinguish them
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for A < 1 and U®FF = U9k @ (U*)®* (the motivation for this definition is explained

in Chapter H)). From this a natural k-design definition follows:

Definition 2.2.12 (TRACE, See Chapter ). v is an e-approximate unitary k-design
if

HEUW [U@’kﬂ — Evua) [U@’kﬂ H1 <e (2.2.15)

In Theorem we prove the simple result that a unitary design can be con-
structed by iterating the TPE.

We will also need a definition in terms of monomials:

Definition 2.2.13 (MONOMIAL, See Chapter H). v is an e-approximate unitary

k-design if, for all balanced monomials M of degree < k,

€

By M(U) = EygyayM(U)| < I

(2.2.16)

We would now like to show that all these definitions are equivalent. By equivalent,
we mean that, if v is an e-approximate unitary design by one definition, then it is an

¢-approximate unitary design by any other definition, where €’ = poly(d”)e.

Lemma 2.2.14. Definitions[ZZI0 (DIAMOND),[ZZ13 (TRACE) and[ZZ13 (MONO-
MIAL) are all equivalent. Also Definition [ZZT11 (TWIRL) is equivalent to the other

definitions for an approximate 2-design only.

Proof. To prove this, we will consider yet another possible definition (OPERATOR-
2-NORM):
||gz/ - gH||2_,2 <e. (2217)

Note that this is equivalent to

[EoslU®54) — B4 < (2.2.18)

e e}

which is the same as Definition ZZ2ZT2 (TRACE) except the norm is the co-norm rather

than the 1-norm. We shall prove that the other k-design definitions are equivalent
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to this. We then show that Definition EZZTIl (TWIRL) is equivalent to Definition
(MONOMIAL) for k = 2. We use notation A = B to mean that if v is an
e-approximate unitary k-design according to definition A then it is a se-approximate
unitary k-design according to definition B. If s = 1 we omit the superscript.

A diagram showing the different parts to the proof is given in Figure 211 We
remark that direction 2 is unneeded but is included since it provides tighter bounds

and has a simple proof.

OPERATOR-2-NORM > DIAMOND

TRACE

MONOMIAL <
A

@ e
U

o

TWIRL

Figure 2.1: A diagram showing the different parts of the proof of Lemma EZZ2ZT4l The
dotted arrows show the correspondence is only for £ = 2. The circled digits refer to
the enumerated items below and the factors by the arrows indicate the precision lost
in the approximation when converting between the definitions.

1. OPERATOR-2NORM 25 TRACE:

Use the equivalence between Equations 22211 and and that

[Brs 0554 — B 04| < 02 [ B U] = Byogy U4

1 o]

2. TRACE — OPERATOR-2-NORM:

Use

[Eus ) — B0 < [EomslU®4] — By iU
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and the equivalence between Equations EZZ17 and EZZIR

. MONOMIAL % OPERATOR-2-NORM:

Choose any p € C**4" and write it as p = > Pigl1) (j]- Then

1Gu(p) = Gu(p)lly < Z 1piil 19 (10 (1) = G (19 (D12

=S 1pil, ST UGG = G (1))l
ij kl

using the fact that the 2-norm squared is the sum of the squares of the matrix
elements. Now, we have a bound on the matrix elements of G, (|¢) (j|) —Gm (|7)(j])

from Definition (MONOMIAL):

|GG = Garl(i) ()| < =2

SO

G (p) = Gr(p)lly < € |pi)
7

< d*ellpll=

. OPERATOR-2.NORM %> DIAMOND:

This follows from the superoperator norm relationship given in Eqn.

/
. DIAMOND £, OPERATOR-2-NORM:

This uses the operator norm inequalities ||¢|[1—1 < ||¢||o and Eqn. [CZZ3.

. TRACE %, MONOMIAL:

Let M be a balanced monomial of degree k& and write it as

M =Upgr - -UpanUs, - U

Prkqk = ri1s1 TSk
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Then let M = [p1){q1] ® ... ® |pi){gk| ® [r1) (51| @ ... @ |rx) (sx|. Then M(U) =
tr MU®FF and || M||o = 1. Now we use the fact that for any operator A

1Al = max{tr AB : || Bl < 1} (2.2.19)
to rewrite the TRACE definition:

v [USF ¥ =By (a) [UE |11 =
max {tr (Euas U] = Byaas@[U4]) B+ | Bl < 1}

>

tr (EUW[U@’W‘“] — Eyesia) [U®"“’k]> M(

= By M(U) — Eyag(ayM (U)] -

7. MONOMIAL > TWIRL (for k = 2):

Write A(p) in the Kraus decomposition as

Alp) =" AppAf (2.2.20)
k
with
S AlAL =1 (2.2.21)
k

Let Ay (p) =>4 UTAkUpUTALU. Then the p, ¢ matrix element of Ay (p) is

> piiUsiUuqUs Ui Akrs A (2.2.22)

krstuij

From Definition (MONOMIAL) we have that

|(Evmw — Epaai(@)UsiUugUpy Uss | < €/d?
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(treating expectation as an operator). This implies that

> P Akrs Al By — Buaai(@)UsilUugUsp Uy | <Y 1pij Akrs Afele/d.
krstuij krstuij
(2.2.23)

Now, >, [Akrs| < d[|Akll2 and >_,; |pij| < d|[p[l2 and, taking the trace of the

normalisation condition Eqn. EZZZI] we find

d=> tr AL A, =Y [|A]l3.
k k
So we find Eqn. is upper bounded by
€
2dllellz > AR5 < ed’[[pll2.
k

Using the fact that the 2-norm squared is the sum of the squares of the matrix

elements we find that

B~ Au(p) = Egsi(ayAu (p)l|2 < ed*[|p]]2-

Using || - ||lo < d|| - ||2 (Eqn. [[ZTZ) we prove the result.

. TWIRL — MONOMIAL for k = 2:

Let Ay = |p)(q|+0o]|r)(s| where o € {+1,—1,4i,—i}. Let B = I—|q){q|—|s)(s]|.
Then A, and B are the Kraus operators of a valid channel, provided p # r, which

we assume for now. Further, let
Auo(p) = UTA(UpUNU (2.2.24)
where A, is the channel with Kraus operators A, and B. Now let

Av,s(p) = Au41(p) — Au—1(p) +iAu4i(p) — iAu,—i(p)- (2.2.25)
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We see that
Avs(p) = 4UT|p){q|UpUT|s)(r|U. (2.2.26)

Now, from Definition EZZTT (TWIRL) and the triangle inequality (using || ||z <

Il - [l1), we have

4ellpll

Ev~vAvs(p) — Everi@yAus(p)ll2 < 2 (2.2.27)
This implies that each matrix element is small i.e.
€
v~ Bvaaa)elU o) U0 ) 01 < T2 2.9.08)

Now let p = |e)(f|. We do not have to choose a physical state since the diamond-

norm bound is true for all matrices. This gives us
€
(Evw = Byna(a)UpcUgeUssUral < =5 (2.2.29)

as required.

For p = r, we also assume that s = ¢ since if not, just take p # r and s = ¢

and swap the labels. Here take Ay = +|p){q| and B = I — |q){(q| and consider
Av+(p) = Au—(p) = 2U"|p)(q|UpU"|g) (p|U - O

We remark that other types of approximate definitions are possible. For crypto-

graphic uses, a computationally secure approximate design may be sufficient, rather

than the information theoretic security discussed above. A computationally secure

approximate design would be nearly indistinguishable from an exact design in poly-

nomial time. Applications and constructions of such objects remain open problems.

Constructions

Here we summarise the known constructions of unitary and state designs. We will

say that a k-design construction is efficient if the effort required to sample a state or
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unitary from the design is polynomial in n and k. Note that we do not require the
number of states or unitaries to be polynomial because, even for approximate designs,
an exponential number is required. Rather, the number of random bits needed to
specify an element of the design should be poly(n, k).

We start with state design constructions since these have been studied far more
than unitary designs. Firstly, exact efficient state 1-designs are trivial: simply choose
a random state from any basis. Numerous examples of exact efficient state 2-design
constructions are known (e.g. [Bar(2]). Hayashi et al. [HHH0O6] give an inefficient
construction of state k-designs for any n and k but general exact constructions are
not efficient in n and k. However, Ambainis and Emerson provide an efficient approx-
imate construction for any k with d > 2k. Aaronson [Aar(9] also gives an efficient
approximate construction.

Less is known about efficient constructions for unitary designs. It is straightfor-
ward to prove that the Pauli matrices form an exact 1-design and in [DLT02), [Dan05)
it is shown that the Clifford group (see Chapter [ for a definition) forms an exact
2-design although no efficient exact sampling method is known. However, an approxi-
mate sampling method is given in [DII02] and a more efficient approximate 2-design
construction is given in [DCELO6]. The structure of unitary 2-designs is considered
in [GAEQT], providing lower bounds on the number of unitaries in the design.

In Chapter Hl we give the first efficient approximate unitary k-design construction
for & > 2. The construction works in O(kn + log1/e) time for k = O(n/logn).
Through Lemma E2ZT4l, the construction is efficient for all the equivalent definitions
above. We also conjecture in Chapter Bl that random quantum circuits of length

poly(n, k) are approximate unitary k-designs although we only prove this for k£ = 2.
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Chapter 3

Random Quantum Circuits

3.1 Introduction: Pseudo-random Quantum Circuits

Random circuits are a natural object to consider when looking at the complexity of
random operations. They are circuits where the gates and their positions are cho-
sen randomly from some given distribution. If the gate set that the random circuit
chooses from is universal then, as we show below, the random circuit will converge
to the uniform Haar measure. The advantage of considering a random circuit rather
than a random unitary on the whole system is it is naturally efficient to implement,
for polynomial length circuits. Random circuits of some fixed length are also a new
measure on the unitary group which, as we show later, reproduces some of the prop-
erties of the Haar measure for polynomial length. As well as the computer science
aspects, this has applications in physics since randomly interacting systems could be
modelled as a random circuit. These systems will only reach their equilibrium if the
random circuit converges quickly. Thus proving convergence of the random circuit
shows that some physical systems will have some properties of Haar random systems
after evolving for a short amount of time.

We consider a general class of random circuits where a series of two-qubit gates are
chosen from a universal gate set. We give a framework for analysing the k" moments

of these circuits. Our conjecture, based on an analogous classical result [BHOS], is

32



that a random circuit on n qubits of length poly(n, k) is an approximate k-design.
While we do not prove this, we instead give a tight analysis of the k = 2 case. We find
that in a broad class of natural random circuit models (described in Section BITl), a
circuit of length O(n(n-+log1/e)) yields an e-approximate 2-design. The approximate
design definition used in this section is the diamond-norm definition given in Definition
and, through Lemma B2ZZT4], applies to the alternative definitions given above.
Moreover, our results also apply to random stabiliser circuits, meaning that a random
stabiliser circuit of length O(n(n + log1/¢)) will be an e-approximate 2-design. This
both simplifies the construction and tightens the efficiency of the approach of [DLT02],
which constructed e-approximate 2-designs in time O(n%(n? +log1/¢)) using O(n?)

elementary quantum gates.

3.1.1 Random Circuits

The random circuit we will use is the following. Choose a 2-qubit gate set that is
universal on U(4) (or on the stabiliser subgroup of U(4)). One example of this is the
set of all one qubit gates together with the controlled-NOT gate. Another is simply
the set of all of U(4). Then, at each step, choose a random pair of qubits and apply
a gate from the universal set chosen uniformly at random. For the U(4) case, the
distribution will be the Haar measure on U(4). One such circuit is shown in Fig. Bl
for n = 4 qubits. This is based on the approach used in [ODP07, [DOPO7] but our

analysis is both simpler and more general.

= | U

o
- + —
i
I
I

1
15,

[@---1---1---8

[wm
-

Figure 3.1: An example of a random circuit. Different lines indicate a different gate
is applied at each step.

Since the universal set can generate the whole of U(2") in this way, such random
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circuits can produce any unitary. Further, since this process converges to a unitar-
ily invariant distribution and the Haar distribution is unique, the resulting unitary
must be uniformly distributed amongst all unitaries [EELL0O5]. Therefore this process
will eventually converge to a Haar distributed unitary from U(2"). This is proven
rigorously in Lemma BZ7 However, since a Haar unitary cannot be produced in
polynomial time, this process will not converge in polynomial time. We address this
problem by considering only the lower-order moments of the distribution and showing
these are nearly the same for random circuits as for Haar-distributed unitaries. This
claim is formally described in Theorem B3l

This chapter is organised as follows. In Section we explain how a random
circuit could be used to construct a k-design. We then summarise the results of this
chapter in Section In Section B4l we work out how the state evolves after a
single step of the random circuit. We then extend this to multiple steps in Section
BH and prove our general convergence results. A key simplification will be (following
[ODPO7]) to map the evolution of the second moments of the quantum circuit onto a
classical Markov chain. We then prove a tight convergence result for the case where
the gates are chosen from U(4) in Section B:l This section contains most of the
technical content of the chapter. Using our bounds on mixing time we put together
the proof that random circuits yield approximate unitary 2-designs in Section B
Section concludes with some discussion of applications.

The majority of this chapter, with the exception of Section B:64 has been pub-

lished previously as [HLO9D] and is joint work with Aram Harrow.
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3.2 Preliminaries

3.2.1 Pauli expansion

Much of the following will be done in the Pauli basis. In this chapter, we choose the

normalisation so that p is written in the Pauli basis as
p=2""23"~(p)o,. (3.2.1)
P

With this normalisation,

> ) =trp’ (3.2.2)

which is 1 for pure p. In general,

with equality if and only if p is pure. Note also that trp = 1 is equivalent to v(0) =
272,
This notation is extended to states on nk qubits by treating ~ as a function of &k

strings from {0,1,2,3}". Thus a state p on nk qubits is written as

p:27nk/2 Z ’)/Q(pl,...,pk)()'pl X...Q0Tp,- (323)
P1,---Pk

3.2.2 Random Circuits as k-designs

If a random circuit is to be an approximate k-design then Eqn. must be satisfied

where the unitaries in G, are the different possible random circuits. We can think of

this as applying the random circuit not once but k£ times to k different systems.
Suppose that applying ¢ random gates yields the random circuit W. If W®* acts

on an nk-qubit state p, then the resulting state is

pw = W p(WHEE = 27752 N o (py, .. ) Wop, Wi, .@Wa, Wi (3.24)

P1,---Pk
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For this to be a k-design, the expectation over all choices of random circuit should
match the expectation over Haar-distributed W € U (2").
We are now ready to state our main results. Our results apply to a large class of

gate sets which we define below:

Definition 3.2.1. Let € = {p;,U;} be a discrete ensemble of elements from U(d).

Define an operator Gg by
Ge =Y pU" (3.2.5)
7

where USKE = U®F g (U*)®k. More generally, we can consider continuous distri-
butions. If p is a probability measure on U(d) then we can define G, by analogy

as

G, = / du(U)USkk (3.2.6)
U(d)

Then & (or p) is k-copy gapped if Gg (or G,) has only k! eigenvalues with absolute

value equal to 1.

For any discrete ensemble £ = {p;,U;}, we can define a measure u = >, p;dy,.
Thus, it suffices to state our theorems in terms of p and G,. We also remark that
the k-copy gapped property is the same as the k-tensor product expander property
for any non-zero gap as defined in Chapter Bl

The condition on G, in the above definition may seem somewhat strange. We will
see in Section B4 that when d > k there is a k!-dimensional subspace of (C%)®?* that
is acted upon trivially by any G,. Additionally, when 1 is the Haar measure on U(d)
then G, is the projector onto this space. Thus, the k-copy gapped condition implies
that vectors orthogonal to this space are shrunk by G,,.

We will see that G, is k-copy gapped in a number of important cases. First, we
give a definition of universality that can apply not only to discrete gates sets, but to

arbitrary measures on U (4).

Definition 3.2.2. Let p be a distribution on U(4). Suppose that for any open ball
S C U(4) there exists a positive integer £ such that p**(S) > 0. Then we say p is
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universal [for U(4)].

Here p*¢ is the /-fold convolution of p with itself; i.e.

= /5U1---Ung(U1)"'dM(Uz)-

When p is a discrete distribution over a set {U; }, Definition B22Z2 is equivalent to the

usual definition of universality for a finite set of unitary gates.
Theorem 3.2.3. The following distributions on U(4) are k-copy gapped:

(i) Any universal gate set. Examples are U(4) itself, any entangling gate together
with all single qubit gates, or the gate set considered in [ODPO7].

(1) Any approximate (or exact) unitary k-design on 2 qubits, such as the uniform

distribution over the 2-qubit Clifford group, which is an exact 2-design.
Proof.
(i) This is proven in Lemma B

(ii) This follows straight from Definition 2.6 O

3.3 Summary of Results

Theorem 3.3.1. Let p be a 2-copy gapped distribution and W be a random circuit on
n qubits obtained by drawing t random unitaries according to p and applying each of
them to a random pair of qubits. Then there exists C' (depending only on p) such that
for any e > 0 and any t > C(n(n+logl/e)), Gw is an e-approximate unitary 2-design
according to either Definition [ZZI0 (DIAMOND) or Definition ZZ11 (TWIRL).

To prove Theorem B3l we show that the second moments of the random circuits
converge quickly to those of a uniform Haar distributed unitary. For W a circuit as
in Theorem B3] write vy (p1, p2) for the Pauli coefficients of pyy = W®?p (WT)®2.

Then write v¢(p1,p2) = Ewyw (p1, p2) where W is a circuit of length ¢. Then we have
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Lemma 3.3.2. Let p and W be as in Theorem [ZZ31. Let the initial state be p with
Y0(p,p) > 0 and - vo(p,p) = 1 (for ezample the state |1)(Y| @ [) (] for any pure
state |¢)). Then there exists a constant C (possibly depending on p) such that for

any € >0
(i) 2
Z <7t(p17p2) — Opypo m) <e (3.3.1)

P1,P2
p1p27#00

fort > Cnlogl/e.

(i)

1
3 Y S
7t(p17p2) p1p2 2n(2n T 1)

P1,P2
p1p27#00

' <e (3.3.2)

fort > Cn(n +logl/e) or, when u is the uniform distribution on U(4) or its

stabiliser subgroup, t > Cnlog 2.
We can then extend this to all states by a simple corollary:

Corollary 3.3.3. Let u, W and vyw be as in Lemma [Z33. Then, for any initial
state p = 2% Zpl - Y0(p1,P2)0p, @ 0p,, there ezists a constant C' (possibly depending
on w) such that for any € > 0

(i)
> (%(pl,pz) = 5,,1,,2M>2 <e (3.3.3)

4m —1
P1,P2

Pp1p2#00

fort > Cn(n+logl/e).

(i1
2

P1,P2
p1p2700

Ye(P1,P2) = Opps (3.3.4)

> p£070(PsP) -
m—1 |-

fort > Cn(n+log1/e).

By the diamond-norm definition of an approximate design (Definition ZZ210),
we only need convergence in the 2-norm (Eqn. B333), which is implied by l-norm
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convergence (Eqn. B34l but weaker. However, Definition EZZT1 (TWIRL), which
requires the map to be close to the twirling operation, requires 1-norm convergence
(i.e. Eqn. B34). Thus, Theorem B3 for Definition ZZZT0 (DIAMOND) follows
from Corollary B33(i) and Theorem B3l for Definition ZZZTT (TWIRL) follows
from Corollary B:33|(ii). Theorem B3l is proved in Section B and Corollary
in Section B:A

We note that we do not need to separately prove the result for Definition ZZ2ZTT]
(TWIRL) since the result follows from the equivalence of the k-design definitions
(Lemma ZZZT4]). However, we include the proof since, if our bounds were improved to
show convergence in O(nlog %) time, if we simply applied Lemma EZZT4, this would
only imply that O(n(n + log 1/¢) time was needed for Definition ZZZTT (TWIRL).

We also emphasise that, in the course of proving Lemma B3 we prove that the
eigenvalue gap (defined in Section B-A3) of the Markov chain that gives the evolution
of the y(p,p) terms is O(1/n). It is easy to show that this bound is tight for some
gate sets.

Related work: Here we compare our work with other related results and efficient

constructions of approximate unitary 2-designs.

e The uniform distribution over the Clifford group on n qubits is an exact 2-design
[DLT02). Moreover, [DLT02] described how to sample from the Clifford group
using O(n®) classical gates and O(n3) quantum gates. Our results show that
applying O(n(n + log 1/¢)) random two-qubit Clifford gates also achieve an e-
approximate 2-design (although not necessarily a distribution that is within e

of uniform on the Clifford group).

e Dankert et al. [DCELO6] gave a specific circuit construction of an approximate
2-design. To achieve small error in the sense of Definition (DIAMOND),
their circuits require the same O(n(n + log1/e¢)) gates that our random cir-
cuits do. However, when we use Definition ZZZTT (TWIRL), the circuits from
[DCELO6] only need O(nlog1/e€) gates while we only show that random circuits
of length O(n(n +log1/e¢)) suffice.
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e The closest results to our own are in the papers by Oliveira et al. [ODP07,
DOPOT7], which considered a specific gate set (random single qubit gates and a
controlled-NOT) and proved that the second moments converge in time O(n?(n+
log1/€)). Our strategy of analysing random quantum circuits in terms of clas-

sical Markov chains is also adapted from [ODPO7, [DOPO7]. In Section B4l we

generalise this approach to analyse the k™ moments for arbitrary k.

Our main results extend the results of [ODP07, [DOP07] to a larger class of gate
sets and improve their convergence bounds. Some of these improvements have
been conjectured by [Zni()7], where the author presented numerical evidence in

support of them.

e An algorithmic application of random circuits was given in [HHOS], where they
were used to construct a new class of superpolynomial quantum speedups. In
that paper, random circuits of length O(n?) were used in order to guarantee
that they were so-called “dispersing” circuits. Our results immediately imply
that circuits of length O(n?) would instead suffice. We believe that this could
be further improved with a specialised argument, since [HHOS] assumed that

the input to the random circuit was always a computational basis state.

3.4 Analysis of the Moments

In order to prove our results, we need to understand how the state evolves after each
step of the random circuit. In this section we consider just one step and a fixed
pair of qubits. Later on we will extend this to prove convergence results for multiple
steps with random pairs of qubits drawn at every step. We consider first the Haar
distribution over the full unitary group and then will discuss the more general case of
any 2-copy gapped distribution.

In this section, we work in general dimension d and with a general Hermitian
orthogonal basis og,...,04.2_;. Later we will take d to be either 4 or 2" and the

o; to be Pauli matrices. However, in this section we keep the discussion general to
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emphasise the potentially broader applications.
Fix an orthonormal basis for d x d Hermitian matrices: og,...,042_1, normalised

so that tro,oq = ddp 4. Let og be the identity. We need to evaluate the quantity
Ey (U®kapl ®...0 0, (UT)®k) —: T(p) (3.4.1)

where the expectation is over Haar distributed U € U(d). We will need this quantity
in two cases. Firstly, for d = 2", these are the moments obtained after applying a
uniformly distributed unitary so we know what the random circuit must converge to.
Secondly, for d = 4, this tells us how a random U (4) gate acts on any chosen pair.
Call the quantity in Eqn. BZZ1 T'(p) (we use bold to indicate a k-tuple of coeffi-

cients; take p = (p1,...,pr)) and write it in the o, basis as
T(p) =Y G(a;p)og ®...® 0y, (3.4.2)
a

Here, G(q; p) is the coefficient in the Pauli expansion of T'(p) and we define (¢ as the
matrix with entries equal to G’(q; p). We have left off the usual normalisation factor
because, as we shall see, with this normalisation Gisa projector. Inverting this, we

have

Glag;p) =d Ftr(oy @...® 0, T(p))

— d "y tr <(Jq1 R @0 U0y, @+ @ ka)(UT)@’k) (3.4.3)

Note that G is real since T and the basis are Hermitian.
We can gain all the information we need about the Haar integral in Eqn. BTl

with the following observations:
Lemma 3.4.1. T(p) commutes with U®* for any unitary U.

Proof. Follows from the invariance of the Haar measure on the unitary group. O
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Corollary 3.4.2. T(p) is a linear combination of permutations from the symmetric

group Sp.

Proof. This follows from Schur-Weyl duality (see e.g. [GWO9S]). O
From this, we can prove that Gisa projector and find its eigenvectors.

Theorem 3.4.3. G is symmetric, i.e. G’(q; p) = é(p;q).

Proof. Follows from the invariance of the trace under cyclic permutations. O

Theorem 3.4.4. S(7) is an eigenvector of G with eigenvalue 1 for any subsystem

permutation operator S(m) i.e.
ZG p;q)tr(og, ®@...®0,5(m)) =tr(op, ®...Q 0, S(1)).

Further, any vector orthogonal to this set has eigenvalue 0.

Proof. For the first part,

ZG (p;q)tr(og, ®...® 04, 5(m))

—dF ZEU tr (O'quO'plUT) Lo tr <quUUpkUT) tr (U(h ®...® O-ka(ﬂ-))
q

=dFtr (S(T()EU Ztr <O'q1UO'p1UT> 0 ®...0 Ztr (aquapkUT> qu>

q1 dk

(3.4.4)
Writing UTO'pU in the o, basis, we find
é Ztr <O'qUO'pUT> 0q = UapUT.
q
Therefore Eqn. BZZ4 becomes

tr <S(7T)EUUTUP1U® e ® UTapkU> =tr(op @...®0pS(m)).
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For the second part, consider any vector v which is orthogonal to the permutation
operators (we can neglect the complex conjugate because S(7) is real in this basis),
ie.

D tr(og ®...®0q,5(m)v(q) =0 (3.4.5)

for any permutation 7. Then
Y Gpia)v(q) =d D tr(og, ®... @0y, T(p)) v(q)
q a

which is zero since T'(p) is a linear combination of permutations and v is orthogonal

to this by Eqn. O
Theorem 3.4.5. G2 =G, i.e. > Gp;d)G(d;q) = G(p;q).

Proof. Using Eqn. B4.3,
> Gpid)G(dia) = Y Glpiad)d (o @ @0y T(@).
q q’

From Corollary B2 T'(q) is a linear combination of permutations. This implies,

using Theorem B.Z4] that
Z G(p; q)d Ftr <O'q/1 R...® Uq;GT(q)> —d Ftr (0p, ®...®0p,T(q))
q/
= G(p;q)

as required. O
Corollary 3.4.6. Gisa projector so has eigenvalues 0 and 1.

We now evaluate G and T for the cases of k = 1 and k = 2 since these are the

cases we are interested in for the remainder of the chapter.

43



341 k=1

The k =1 case is clear: the random unitary completely randomises the state. There-

fore all terms in the expansion are set to zero apart from the identity i.e.
T(p) = (3.4.6)

342 k=2

For k = 2, there are just two permutation operators, identity I and swap JF. Therefore
there are just two eigenvectors with non-zero eigenvalue (n > 1). In normalised form,

taking them to be orthogonal, their components are

f1(q1,92) = 94,004:0

1
f2la1,42) = 5704142 (1 = 9g,0)

1

We will now prove three properties of G that we need:
L. G(p1,p2; 1, 02) = 0 if p1 # pa o @1 # 2.

Proof. Consider the function f(qi1,q2) = dq1a0¢,s With a # b. This function has
zero overlap with the eigenvectors f; and fy so it goes to zero when acted on by

G. Therefore G (p1, p2;a,b) = 0. The claim follows from the symmetry property

(Theorem BA3]). O

With this we will write é(p; q) = @(pl,pg; q1,q2)-

2. G(p; O) = 0p0-
Proof. Let G act on eigenvector fi. O

3. G(p; a) = ﬁ for a,p # 0.
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Proof. Let G act on the input dqa- This has zero overlap with f; and overlap

Therefore we have

0 P1 # p20rqr # qa

G(p1,p2;q1,92) =S 1 pr=p2=q =¢q2=0
1 P=pF#0,qa=qg#0

~

Since T'(p1,p2) = >4, .0 G(P1,P2;q1, 42)04, ® 04,, We have

0 P1 # P2

T(p1,p2) = { 09 ® oy p1=p2=0

ﬁ Zﬂ;ﬁo oy @oy p1=p2 #0.

O

(3.4.7)

(3.4.8)

Therefore the terms o, ® op, with p; # po are set to zero. Further, the sum of

the diagonal coefficients (p,p) is conserved. This allows us to identify this with a

probability distribution (after renormalising) and use Markov chain analysis. To see

this, write again the starting state

1
P=7 Z Y0(q1,42)04, @ 0,
q1,92

with state after application of any unitary W

pw = é > wlarg2)og ®og =27 v(a1, ) <W0q1WT> ® (W%WT> :

91,92 q1,92
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Then

1
Z’YW(‘L q) = a Ztr (0q ® ogpw)
q q

= tr (Fow)

— é > a1, q2) tr (f (WUWWT) @ (WUqQWT))

q1,92

1
=1 Z Y(q1, q2) tr (04, 04,)

q1,92

=> a9

as required, where F is the swap operator and we have used Lemmas and [C2T1

3.4.3 Moments for General Universal Random Circuits

We now consider universal distributions p that in general may be different from the
uniform (Haar) measure on U(d). Our main result in this section will be to show
that a universal distribution on U(4) is also 2-copy gapped. In fact, we will phrase
this result in slightly more general terms and show that a universal distribution on
U(d) is also k-copy gapped for any k. Universality (Definition B2Z2) generalises in the

obvious way to U(d), whereas when we say that p is k-copy gapped, we mean that
Gy = Gulleo <1, (3.4.9)

where G» = EyU®** with the expectation taken over p for G, or over the Haar
measure for Gy (g).-

The reason Eqn. represents our condition for p to be k-copy gapped is as
follows: Observe that G and G are unitarily related, so the definition of k-copy gapped
could equivalently be given in terms of G. We have shown above that GU(d) (and thus
GU(d)) has all eigenvalues equal to 0 or 1 i.e. it is a projector. By contrast, G, may
not even be Hermitian. However, we will prove below that all eigenvectors of Gy(g

with eigenvalue 1 are also eigenvectors of G, with eigenvalue 1. Thus, Eqn. B.Z3 will
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imply that limt_,oo(éu)t = GU(d), just as we would expect for a gapped random walk.
We would like to show that Eqn. B:Z9 holds whenever p is universal. This result
was proved in [AK62] (and was probably known even earlier) when p had the form

(6u, + du,)/2. Here we show how to extend the argument to any universal p.

Lemma 3.4.7. Let u be a distribution on U(d). Then all eigenvectors of Gu(q) with

eigenvalue 1 are eigenvectors of G, with eigenvalue 1. Additionally, if ju is universal

then v is k-copy gapped for any positive integer k (cf. Eqn.[51.9).

In particular, if £ = 2 this Lemma implies that p is 2-copy gapped (cf. Theorem
B23).

Proof. Let V = C? be the fundamental representation of U(d), where the action of
U € U(d) is simply U itself. Let V* be its dual representation, where U acts as
U*. The operators G, and Gy(q) act on the space VO @ (V*)®k We will see that
Gy (q) is completely determined by the decomposition of V& @ (V*)®* into irreducible
representations (irreps). Suppose that the multiplicity of (ry, Vy) in VEF @ (V*)®F is
m,y, where the V)’s are the irrep spaces and r)(U) the corresponding representation

matrices. In other words

Ve g (VPR = Hra e Cc™ (3.4.10)
A

USF @ (U2 ~ > T I @ ra(U) @ I, (3.4.11)
A

Here ~ indicates that the two sides are related by conjugation by a fixed (U indepen-
dent) unitary.

Let A = 0 denote the trivial irrep: ie. Vo = C and ro(U) = 1 for all U. We
claim that Egyry(U) = 0 whenever A # 0 and the expectation is taken over the Haar
measure. To show this, note that Eyry(U) commutes with r) (V') for all V' € U(d) and
thus, by Schur’s Lemma, we must have Eyry(U) = ¢l for some ¢ € C. However, by

the translation-invariance of the Haar measure we have ¢l = Eyry(U) = Eyr\(UV) =
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cry(V) for all V€ U(d). Since A # 0, we cannot have r)(V) = I for all V and so it
must be that ¢ = 0.

Thus, if we write Gy(g) and G, using the basis on the RHS of Eqn. BATIl we
have

GU(d) = |0><0| & Imo (3.4.12)

where |0)(0] is a projector onto the trivial irrep. On the other hand,

Gy =10)(0] @ Iy + > _ [N (A ® ( / m(U)dﬂ(U)) ® Im, (3.4.13)
A0
Thus, every eigenvector of Gy ) with eigenvalue one is also fixed by G,. For the
remainder of the space, the direct sum structure means that
Gy — Gulloo = max

A#£0
my 750

/TA(U)du(U)H : (3.4.14)

[e.9]

Note that this maximisation only includes A with dim V), > 1. This is because non-
trivial one-dimensional irreps of U(d) have the form det U™ for some non-zero integer
m. Under the map U — €U, such irreps pick up a phase of ¢™?®. However, U%F ®
(U*)®* is invariant under U + ¢U. Thus V& ® (V*)®* cannot contain any non-
trivial one-dimensional irreps.

Now suppose by contradiction that there exists A # 0 with m) # 0 and

H/m(U)d,u(U)HOO ~1

(We do not need to consider the case || [ 7x(U)du(U)||sc > 1, since ||r\(U)]|oo = 1 for
all U and || - ||oo obeys the triangle inequality.) Indeed, the triangle inequality further

implies that there exists a unit vector |v) € V) such that

[ dn@)s@)le) = i,
for some w € C with |w| = 1.
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By the above argument we can assume that dim V) > 1. Since V) is irreducible,
it cannot contain a one-dimensional invariant subspace, implying that there exists
Up € U(d) such that

[(vlra(Uo)|v)| =1 =4,

for some 0 > 0. Since U — |(v|r\(U)|v)| is continuous, there exists an open ball S

around Uy such that |(v]|ry(U)|v)| <1 —§/2 for all U € S. Define S := U(d)\S.
Now we use the fact that p is universal to find an £ such that p*¢(S) > 0. Next,

observe that [ du*“(U) (v|ry(U)|v) = w’. Taking the absolute value of both sides

yields

AR GINGIE

U(d)
< / ol (@)
= [ @) 1@l + [ aw' @) [l @)
4 *£

< 1(5) (1—5)+(1—u ()

<1,
a contradiction. We conclude that ||Gyg) — Gpulleo < 1. O

3.5 Convergence

In the previous section we saw that iterating any universal gate set on U(d) eventually
converges to the uniform distribution on U(d). Since the set of all two-qubit unitaries
is universal on U(2"), this implies that random circuits eventually converge to the
Haar measure. In this section, we turn to proving upper bounds on this convergence
rate, focusing on the first two moments.

Let GU9) be the matrix with G (with d = 4) acting on qubits ¢ and j and the

identity on the others. Then, if the pair (7,7) is chosen at step t, we can find the
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expected coefficients at step t + 1 by multiplying by Gl In general, a random pair

is chosen at each step. So

e (P) = 3 ———— 37 60 (ps g (a) (35.1)
q

n(n—1
( ) ]
where ;41 are the expected coefficients at step t. We can think of this evolution as

repeated application of the matrix

1 o
P= e ; GU), (3.5.2)

For k = 2, the key idea of Oliveira et al. [ODP07] was to map the evolution of
the v(p, p) coefficients to a Markov chain. The 7(py, p2) coefficients with p; # po just
decay as each qubit is chosen and can be analysed directly.

However, we can only map the 7(p,p) coefficients to a probability distribution
when they are non-negative, which is not the case for general states. Most of the rest
of the chapter is dedicated to proving Lemma B32 which only applies to states with
v(p,p) > 0 and normalised so their sum is 1. Corollary then extends this to all

states:

Proof of Corollary [F-33. LemmaB3Astill applies to the v(p1, p2) terms with p; # po.
Therefore we just need to show how to apply Lemma to states that initially have
some negative 7y(p, p) terms.

For the v(p,p) terms, Lemma says that the random walk starting with any
initial probability distribution converges to uniform in some bounded time ¢. Let
9¢(p, p;q,q) be the coefficients after ¢ steps of the walk starting at a particular point
q (i.e. go(p,p;q,q9) = 6pq). Now, for any starting state p, let the initial coefficients

be vo(p,p). Then, by linearity, we can write the expected coefficients after ¢ steps

Y:(p, p) := Eyw(p,p) as

() =Y %209 pi ¢, q) (3.5.3)
q#0
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for p # 0.

We can now prove convergence rates for the expected coefficients v4(p, p):

(i) For the 2-norm, we have from Lemma B3 that for ¢ > Cnlog1/e

2
> (gt(p,p; 70,q) - 4n1_ 1) <e (3.5.4)

p#0

for any ¢. Note that the normalisation for the v(p,p) terms with p # 0 has

changed from Lemma since we are neglecting the (0, 0) term here. Now

zg: (7%@%1ﬁ._ gzgfgiggglgz>2

an —1
p#0
2
1
=> 1D (a9 (9p.pigq) - 1
p#0 \ g#0
1 2
< 2 AN
<> w@a)? > > <gt(p,p7q ) = 1>
q#0 q'#0 p#£0
<@ =1)eY (g,9)°
q7#0
<4 y0la,a)’
q1,92
= 4"¢ tr p?
< 4"

where the first inequality is the Cauchy-Schwarz inequality. Therefore for ¢ >
Cn(n +log4™/e), the 2-norm distance from stationarity for the (p, p) terms is
at most e. Choose C’ such that C'n(n +log1/€) > Cn(n + log4™/€) to obtain
the result.

(ii) For the 1-norm, Lemma B3 says that for ¢ > Cn(n + log1/e)

D

p#0

9:(a;p,p) — <e (3.5.5)

n — 1|~
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We can then proceed much as for the 2-norm case:

> g0 70(4,9)
> hulpp) — qzn—_l‘
p#0
1
=3 1> (4.9 ( 9:(p.pia.q) - 1
p#0 | g#0
<> hole, )l Y |9:p,pia,q) - T 1'
q#0 p#0
<ed (a9
q7#0
<2"> 15(q,9)
q#0
< 2%.

Therefore for t > Cn(n + log 2™ /¢), the 1-norm distance from stationarity for

the v(p, p) terms is at most e. O

We now proceed to prove Lemma Firstly, we will consider the simple case
of k =1 to prove this process forms a 1-design as this will help us to understand the

more complicated case of k = 2.

3.5.1 First Moments Convergence

Recall that p = 27"/2 pry(p)ap and we wish to evaluate the moments of the coeffi-
cients. So for the first moments to converge, we want to know E~(p).

For k = 1, the U(4) random circuit uniformly randomises each pair that is chosen.
More precisely, a pair of sites 7,7 are chosen at random and all the coefficients with
pi # 0 or p; # 0 are set to zero. Thus we get an exact 1-design when all sites have
been hit. For other gate sets, the terms do not decay to zero but decay by a factor
depending on the gap of G. Call the gap A; for U(4) A =1 and for others 0 < A <1
and A is independent of n. Therefore once each site has been hit m times the terms

have decayed by a factor (1 — A)™.
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For a bound like the mixing time (see Section for definition), we want
to bound the quantity > ., |[Ew~yw (p)| where yw(p) is the Pauli coefficient af-
ter applying the random circuit W. We also want 2-norm bounds, so we bound

> proEww (p))? too. We will in fact find bounds on

> Ewlyw (p)|

p#0

and

> Ewhw(p))?,

p#0
which are stronger.

A standard problem in the theory of randomised algorithms is the coupon collector
problem. If a magazine comes with a free coupon, which is chosen uniformly randomly
from n different types, how many magazines should you buy to have a high probability
of getting all n coupons? It is not hard to show that nln % samples (magazines) have
at least a 1 — e probability of including all n coupons. Using this, we expect all sites
to be hit with probability at least 1 — € after ©(nlog 2) steps. This argument can be
made precise in this context by bounding the non-identity coefficients. We find, as

expected, that the sum is small after O(nlogn) steps:

Lemma 3.5.1. After O(nlog1/e) steps

S Ewhw®))? < e
p#0

and after O(nlog2) steps,

> Ewlhw(p)| <e (3.5.6)
p#0

Proof. At each step, a pair of sites is chosen at random and any terms with non-
identity coefficients for this pair decay by a factor (1 — A). For example, the term

(n—1)

o1 ® 089 decays whenever the first site is chosen. Thus the probability of each

term decaying depends on the number of zeroes. We start with the 1-norm bound.
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Suppose the circuit applied after ¢ steps is W;. Consider Ey,|vw,(p)| for any p
with d non-zeroes. Since the state p is physical, tr p?> < 1 so Zp 72(p) < 1. Now,
in each step, if any site is chosen where p is non-zero, this term decays by a factor

(d—n)(d—n—1

(I = A). This occurs with probability 1 — 2= ) > d/n, the probability of

choosing a pair where at least one site is non-zero. Therefore

Elyw, (p)] < (1 = A)d/n+ (1 —d/n)) |y, (p)]

where the expectation is over the circuit applied at step t. If we iterate this ¢ times

we find

Ew |yw (p)| < exp(—=Atd/n)|vo(p)|

where the expectation here is over all random circuits for the ¢t steps. We now sum

over all p:

> Ewhw(p)| < exp(—=Atd/n) > |o(p)|
d=1

p#0 d(p)=d
where d(p) is the number of non-zeroes in p. For the 1-norm bound, we can simply

bound |o(p)| < 1 to give Y- y,)—q [10()] < (5)37 so

> Ewlyw(p)| < (1+3exp(=At/n))" — 1
p#0

where we have used the binomial theorem. Now let t = X In 3?” This gives

> Ewlw(p) < (1+¢€/n)" —1=0(e).
p#0
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For the 2-norm bound,

> Ewlhw@))? < exp(—2Atd/n)y3 (p)

p#0 p#0

=Y exp(—2Atd/n) Y AR(p)

d=1 d(p)=d

< iexp(—QAtd/n)
d=1
exp(—2At/n)
~1—exp(—2At/n)

where we have used }_, 13(p) < 1. We find after 5% In1/e steps that

€

> Ewhw @) < —

p#0

3.5.2 Second Moments Convergence

Firstly, the o,, ® op, terms for p; # po decay in a similar way to the non-identity
terms in the 1-design analysis. In fact, the proof of Lemma B5] carries over almost

identically to this case to give

Lemma 3.5.2. After O(nlog1/e) steps

> Ewlw(pp))’ <e

P17P2

and after O(n(n +log1/e€)) steps
> Ewhw(pip2)| <e

P1#D2

Proof. Instead of the number of zeroes governing the decay rate, we need to count

the number of places where p; and po differ. This gives

Elvw, (p1,p2)| < (1 — A)d/n+ (1 —d/n)) [vyw,_, (p1,p2)]
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where now d is the number of differing sites. There are (2)12d4”*d states that differ

in d places so we find

Y Ewlw (p1,p2)] < 47[(1+ 3exp(—At/n)" —1].
P17p2
Set t = X(nln4 +1In1/e) to make this O(e). The 2-norm bound follows in the same
way as for Lemma B.511 O

We now need to prove the v(p,p) terms converge quickly. We have seen above
that the sum of the terms «y(p, p) is conserved and, for the purposes of proving Lemma
B32 we assume the sum is 1 and y(p,p) > 0 for all p.

To illustrate the evolution, consider the simplest case when the gates are chosen
from U(4). We have evaluated G in Section for k = 2 for this case. Translated
into coefficients this yields the following update rule, where we have written it for the

case when qubits 1 and 2 are chosen:

Ver1(T1,72, 73, ooy Ty S1, 82, 83, -+ ., Sp)
0 (r1,72) # (s1,52)
=< %(0,0,73,...,7,0,0,83,...,5,) (r1,72) = (s1,52) = (0,0)
¥ o V(P T3y oo Py P Thy 83, oo 8n) (r1,12) = (81, 82) # (0,0).
7 vl #0

(3.5.7)

The key idea of Oliveira et al. [ODP(07] was to map the evolution of the v(p, p) coef-
ficients to a Markov chain. We can apply this here to get, on state space {0,1,2,3}",

the evolution:
1. Choose a pair of sites uniformly at random.
2. If the state is 00 it remains 00.

3. Otherwise, choose the state uniformly at random from {0, 1,2, 3}2\{00}.
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This is the correct evolution since, if the initial state is distributed according to
(g, q), the final state is distributed according to v;.11(p, p).

The evolution for other gate sets will be similar, but the states will not be chosen
uniformly randomly in the third step. However, the state 00 will remain 00 and the
stationary distribution on the other 15 states is the same. We will find the convergence
times for general gate sets and then consider the U(4) gate set since we can perform

a tight analysis for this case.

3.5.3 Markov Chain Analysis

Before finding the convergence rate for our problem, we will briefly introduce the
basics of Markov chain mixing time analysis. All of these standard results can be
found in [MT06] and references therein.

A process is Markov if the evolution only depends on the current state rather
than the full state history. Therefore the evolution of the state can be thought of as a
matrix, the transition matriz, acting on a vector which represents the current distri-
bution. We will only be interested in discrete time processes so the state after ¢ steps

t™ power of the transition matrix acting on the initial distribution.

is given by the

We say a Markov chain is #rreducible if it is possible to get from one state to any
other state in some number of steps. Further, a chain is aperiodic if it does not return
to a state at regular intervals. If a chain is both irreducible and aperiodic then it is
said to be ergodic. A well known result of Markov chain theory is that all ergodic
chains converge to a unique stationary distribution. In matrix language this says that
the transition matrix P has eigenvalue 1 with no multiplicity and all other eigenvalues
have absolute value strictly less than 1. We will also need the notion of reversibility.

A Markov chain is reversible if the time reversed chain has the same transition matrix,

with respect to some distribution. This condition is also known as detailed balance:

m(x)P(z,y) = n(y)P(y, x). (3.5.8)
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It can be shown that a reversible ergodic Markov chain is only reversible with respect
to the stationary distribution. So above 7(x) is the stationary distribution of P. An
immediate consequence of this is that for a chain with uniform stationary distribution,
it is reversible if and only if it is symmetric (i.e. P(z,y) = P(y,z)). Note also that
reversible chains have real eigenvalues, since they are similar to the symmetric matrix

%P(x, y) (using the similarity transform 0,,+/7(z)).
With these definitions and concepts, we can now ask how quickly the Markov
chain converges to the stationary distribution. This is normally defined in terms of

the 1-norm mixing time. We use (half the) 1-norm distance to measure distances

between distributions:

1 1
s =t =5 lls—tll, =5 ) _lsi —til. (3.5.9)
2 2

7

We assume all distributions are normalised so then 0 < ||s —¢|| < 1. We can now

define the mixing time:
Definition 3.5.3. Let w be the stationary distribution of P. Then if P is ergodic the
mixing time T 18
7(€) = max mtin{t >0:||P's —x|| <€} (3.5.10)
S

We will also use the (weaker) 2-norm mixing time (note this is not the same as 5

in [MT06]):
Definition 3.5.4. Let w be the stationary distribution of P. Then if P is ergodic the
2-norm mixing time Ty 1S

To(€) = mgxmtin{t >0: HPts - 7TH2 < e} (3.5.11)

Unless otherwise stated, when we say mixing time we are referring to the 1-norm
mixing time.
There are many techniques for bounding the mixing time, including finding the

second largest eigenvalue of P. This gives a good measure of the mixing time because

58



components parallel to the second largest eigenvector decay the slowest. We have (for

reversible ergodic chains)

Theorem 3.5.5 (see [MT06], Corollary 1.15).

7(e) < —In

T4€

where m, = minm(x) and A = min(1 — A2, 1 + A\nin) where Ao is the second largest

eigenvalue and Apmin is the smallest. A is known as the gap.

If the chain is irreversible, it may not even have real eigenvalues. However, we
can bound the mixing time in terms of the eigenvalues of the reversible matrix PP*

where P*(z,y) = %P(y,x). In this case we have ([MT06], Corollary 1.14)

(3.5.12)

where now App« is the gap of the chain PP*. Note that for a reversible chain P = P*
and App= =~ 2A so the bounds are approximately the same.

This can also be converted into a 2-norm mixing time bound:

To(€) < Inl/e. (3.5.13)

PP~

To bound the gap, we will use the comparison theorem in Theorem BA8 below. In
this Theorem, we are thinking of the Markov chain as a directed graph where the
vertices are the states and there are edges for allowed transitions (i.e. transitions with
non-zero probability). For irreducible chains, it is possible to make a path from any
vertex to any other; we call the path length the number of transitions in such a path

(which will in general depend on the choice of path).

Theorem 3.5.6 (see [MT06], Theorem 2.14). Let P and P be two Markov chains
on the same state space ) with the same stationary distribution w. Then, for every

x #y € Q with p(w,y) > 0 define a directed path vy, from x to y along edges in P
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and let its length be |vzy|. Let T' be the set of all such paths. Then
A>A/A
for the gaps A and A where

1 ~
A=AT) = a;éb}}?l&f{b)yéo (@) P(a,b) Z (@) P(2, y)[Vayl-
zF#y:(a,b)EVzy

For example, when comparing 1-dimensional random walks there is no choice in
the paths; they must pass through every point between x and y. Further, the walk can
only progress one step at a time so (without loss of generality, for reversible chains)

let b=a+ 1 to give

1 .
A:mgxw(a)P(a,a—i-l)Z Z m(z)P(z,y)(y — x)

z<ay>a+l

Pla,a+1)
= max ————~

ax ST (3.5.14)

A generalisation of the comparison theorem involves constructing flows, which are
weighted sets of paths between states. This can give a tighter bound since bottlenecks

are averaged over. This gives a modified comparison theorem:

Theorem 3.5.7 ([DS93], Theorem 2.3). Let P and P be two Markov chains on the
same state space ) with the same stationary distribution w. Then, for every x # y € )
with p(w,y) > 0, construct a set of directed paths Py, from x to y along edges in P.
We define the flow function f which maps each path 7.y € Py to a real number in

the interval [0, 1] such that

D ) = Pla,y).

Yy €EPxy
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Again, let the length of each path be |vzy|. Then
A>A/A
for the gaps A and A where

1
A=A = B T @Pab) 2 T(@)f Oay)leyl- - (3:5.19)
T#Y Yoy EPry:(a,0) EYzy

Note that we recover the comparison theorem when there is just one path between
each z and y.

Yet another generalisation is to allow general length functions instead of simply
counting the edges. This only appears in the literature as a comparison to the chain

A

P(z,y) = mw(y) although it can easily be generalised to allow comparison with any

chain.

Theorem 3.5.8 ([Kah96], Proposition 1). Let P be a Markov chain on the state space
Q with stationary distribution w. Then, for every x # y € Q define a directed path
Yay from x to y along edges in P and let its length be

Nayli = Ua,b) (3.5.16)
(avb)eyxy

for any positive length function l(a,b), defined on the edges of the path. Let T' be the
set of all such paths. Then
A>1/A

where

1 .
A=A = » .
@ atb Plab)20 1(a, b)r(a) P(a, b) > w(@) P, y) Yayl
27#y:(a,b)EYay
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Decomposition

For some Markov chains, it is easier to consider different parts of the chain separately
to prove convergence results. This allows, for example, different convergence tech-
niques to be used on different parts of the chain. The separate parts are combined

using the decomposition theorem:

Theorem 3.5.9 ([MRO0], Theorem 4.2). Let P(x,y) be the transition matriz for a
reversible Markov chain with state space Q0 and stationary distribution 7(xz). Then let

Q; be disjoint subsets of ) such that U;Q; = Q. Let

P(xay) xayGQiagﬂ#y
Bi(@,y) = § 1= Y yeq,yra P@y) z=ye (3.5.17)
0 otherwise.

Further let w; = ) cq. 7(z) and

P(z’,j):i > w(@)P(x,y). (3.5.18)

w
b zeQ;,yeQ;

Then

A > —~Amin A; (3.5.19)

(2

DO | —

where A is the gap of P, A for P and A; for P;.

log-Sobolev Constant

We will need tighter, but more complicated, mixing time results to prove the tight

result for the U(4) case. We use the log-Sobolev constant:

Definition 3.5.10. The log-Sobolev constant p of a chain with transition matrix P

and stationary distribution m is

G f(y))?P(z, y)m(y)
P @) @) los st
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The mixing time result is:

Lemma 3.5.11 (see [DS96], Theorem 3.7°). The mixzing time of a finite, reversible,

irreducible Markov chain is

1 1 1 d
7(e) = O (; log log P + Zlog > (3.5.20)

€
where p is the Sobolev constant, . is the smallest value of the stationary distribution,

A is the gap and d is the size of the state space.

Further, the comparison theorem (Theorem BLl) works just the same to give

p > p/A.

We will need one more result, due to Diaconis and Saloff-Coste:

Lemma 3.5.12 ([DS96], Lemma 3.2). Let P;, i = 1,...,d, be Markov chains with
gaps A; and Sobolev constants p;. Now construct the product chain P. This chain
has state space equal to the product of the spaces for the chains P; and at each step

one of the chains is chosen at random and run for one step. Then P has spectral gap

given by:

A= é miin A;
and Sobolev constant:

p= é miin Di-

3.5.4 Convergence Proof

We now prove the Markov chain convergence results to show that the v(p,p) terms
converge quickly. We have already shown that the ~(pj,p2) terms with p; # po
converge quickly and that there is no mixing between these terms and the ~(p,p)

terms. Therefore, in this section, we remove such terms from G.
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We want to prove the Markov chain with transition matrix (Eqn. B2.2)

1 ~(id
P = m ; Gd)
converges quickly. Firstly, we know from Section that P has two eigenvectors
with eigenvalue 1. The first is the identity state (o9 ® o0p) and the second is the
uniform sum of all non-identity terms (471—1_1 Zp 200p ® op). From now on, we remove
the identity state. This makes the chain irreducible. Since we know it converges, it
must be aperiodic also so the chain is ergodic and all other eigenvalues are strictly
between 1 and —1.

We show here that the gap of this chain, up to constants, does not depend on the
choice of 2-copy gapped gate set. In the second half of the chapter we find a tight
bound on the gap for the U(4) case which consequently gives a tight bound on the
gap for all universal sets.

Since the stationary distribution is uniform, the chain is reversible if and only if
P is a symmetric matrix. A sufficient condition for P to be symmetric is for G()
to be symmetric. We saw in Theorem that for the U(4) gate set case G(9) is
symmetric. In fact, the proof works identically to show that G is symmetric for
any gate set, provided the set is invariant under Hermitian conjugation. However,
2-copy gapped gate sets do not necessarily have this property so the Markov chain is
not necessarily reversible. We will find equal bounds (up to constants) for the gaps

of both P (if G is symmetric) and PP* (if G is not symmetric) below:

Theorem 3.5.13. Let pu be any 2-copy gapped distribution of gates. If pu is invariant
under Hermitian conjugation then let Ap be the eigenvalue gap of the resulting Markov
chain matriz P. Then

where Ay is the eigenvalue gap of the U(4) chain. If u is not invariant under

Hermitian conjugation then let App« be the eigenvalue gap of the resulting Markov
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chain matrix PP*. Then

Proof. We will use the comparison method with flows (Theorem BLT). Firstly con-
sider the case where p is closed under Hermitian conjugation i.e. G is symmetric.

We will compare P to the U(4) chain, which we call Py 4. Recall that this chain
chooses a pair at random and does nothing if the pair is 00 and chooses a random
state from {0, 1,2,3}2\{00} otherwise.

To apply Theorem B we need to construct the flows between transitions in
Pyrg). We will choose paths such that only one pair is modified throughout. For
example (with n = 4), the transition 1000 — 2000 is allowed in Py;(4). To construct a
path in P, we need to find allowed transitions between these two paths in P. G may
not include the transition 10 — 20 directly, however, G is irreducible on this subspace
of just two pairs. This means that a path exists and can be of maximum length 14
if it has to cycle through all intermediate states (in fact, since G is symmetric the
maximum path length is 8; all that is important here is that it is constant). For
example, the transitions 10 — 11 — 20 might be allowed. Then we could choose the
full path to be 1000 — 1100 — 2000. In this case we have chosen the path to involve
transitions pairing sites 1 and 2. However, we could equally well have chosen any
pairing; we could pair the first site with any of the others. We can choose 3 paths in
this way. For this example, the flow we want to choose will be all 3 of these paths
equally weighted. We now use this idea to construct flows between all transitions in
Pyy(4) to prove the result.

Let x # y € Q and let d(x,y) be the Hamming distance between the states
(d(x,y) gives the number of places at which x and y differ). There are two cases

where Py 4)(2,y) # 0:

1. d(z,y) = 2. Here we must choose a unique pairing, specified by the two sites

that differ. Make all transitions in P using this pair giving just one path.

2. d(x,y) = 1. For this case, choose all possible pairings of the changing site
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that give allowed transitions in Pp(4). For each pairing, construct a path in P
modifying only this pair. If the differing site is initially non-zero then there are
n — 1 such pairings; if the differing site is initially zero then there are n — z(x)

pairings where z(x) is the number of zeroes in the state z.

All the above paths are of constant length since we have to (at most) cycle through

all states of a pair. We must now choose the weighting f(vsy) for each path such that

> F(ay) = Py (x,y) (3.5.23)
Pay
where P, is the set of all paths from x to y constructed above. We choose the
weighting of each path to be uniform. We just need to calculate the number of paths

in P,y to find f:
1. d(x,y) = 2. There is just one path so f(Vzy) = Py (v, y) = O(1/n?).

2. d(z,y) = 1. If the differing site is initially non-zero then Py (7,y) = ©(1/n)
and there are n — 1 paths so f(vzy) = Pra(@y) _ O(1/n?). If the differing site

n—1

n—z(x)

is initially zero then Py (z,y) = © <T> and there are n — z(x) paths so
Py gy (@)
F(Yay) = % = 0(1/n?).
So for all paths, f = ©(1/n?). We now just need to know how many times each edge

(a,b) in P is used to calculate A:

A= max A(a,b) (3.5.24)
a#b,P(a,b)#0

where

Ala,b) = 1 > F(Yay)- (3.5.25)

Pla,b) TAY, Yoy €Pay(a,b) €Yoy
We have cancelled the factors of 7(z) because the stationary distribution is uniform.
We have also ignored the lengths of the paths since they are all constant.
To evaluate A(a,b), we need to know how many paths pass through each edge

(a,b). We again consider the two possibilities separately:
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1. d(a,b) = 2. Suppose a and b differ at sites i and j. Firstly, we need to count
how many transitions from z to y in P4 could use this edge, and then how

many paths for each transition actually use the edge.

To find which x and y could use the edge, note that x and y must differ at sites
1, j or both. Furthermore, the values at the sites other than ¢ and j must be
the same as for a (and therefore b). There is a constant number of z,y pairs
that satisfy this condition. Now, for each x,y pair satisfying this, paths that
use this edge must use the pairing ¢, j for all transitions. Since in the paths we
have chosen above there is a unique path from z to y for each pairing, there is

at most one path for each z,y pair that uses edge a, b.

For d(a,b) = 2, P(a,b) = ©(1/n?) so A(a,b) is a constant for this case.

2. d(a,b) = 1. Let there be r pairings that give allowed transitions in P between

a and b. As above, each pairing gives a constant number of paths. So the

numerator is ©(r/n?). Further, P(a,b) = ©(r/n?). So again A(a,b) is constant.
Combining, A is a constant so the result is proven for the case Gis symmetric.

We now turn to the irreversible case. We now need to bound the gap of PP* =
PPT. This chain selects two (possibly overlapping) pairs at random and applies G
to one of them and G7 to the other. We can use the above exactly by choosing G to
perform the transitions above and GT to just loop the states back to themselves. By

aperiodicity (the greatest common divisor of loop lengths is 1), we can always find

constant length paths that do this. O

Now we need to know the gap of the U(4) chain. We can, by a simple application
of the comparison theorem, show it is Q(1/n?). However, in the second half of this

chapter we show it is ©(1/n). This gives us (using Theorem B0.H):

Corollary 3.5.14. The Markov chain P has mizing time O(n(n + log1/e)) and 2-
norm mizing time O(nlog1/e).
We conjecture that the mixing time (as well as Lemma BE52) can be tightened to

O(nlog %), which is asymptotically the same as for the U(4) case:
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Conjecture 3.5.15. The second moments for the case of general 2-copy gapped dis-

tributions have 1-norm mizing time ©(nlog2).

It seems likely that an extension of our techniques in Section Bl could be used to
prove this.

Combining the convergence results we have proved our general result Lemma B3 2%

Proof of Lemma 734, Combining Corollary B20.T4l (for the v(p, p) terms) and Lemma
(for the v(p1,p2), p1 # p2 terms) proves the result. O

We have now shown that the first and second moments of random circuits converge
quickly. For the remainder of the chapter we prove the tight bound for the gap and
mixing time of the U(4) case and show how mixing time bounds relate to the closeness
of the 2-design to an exact design. Only for the U(4) case is the matrix G a projector
so in this sense the U(4) random circuit is the most fundamental. While we expect
the above mixing time bound is not tight, we can prove a tight mixing time result
for the U(4) case. However, using our definition of an approximate k-design, the gap

rather than the mixing time governs the degree of approximation.

3.6 Tight Analysis for the U(4) Case

We have already found tight bounds for the first moments in Lemma BATE just set
A=1.
3.6.1 Second Moments Convergence

We need to prove a result analogous to Lemma for the terms 0, ® 0y, where
p1 # p2. We already have a tight bound for the 2-norm decay, by setting A = 1 into
Lemma BB 2 We tighten the 1-norm bound:

Lemma 3.6.1. After O(nlog %) steps

> Ewlyw(prpa)l < e (3.6.1)
P1#£p2
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Proof. We will split the random circuits up into classes depending on how many qubits
have been hit. Let H be the random variable giving the number of different qubits
that have been hit. We can work out the distribution of H and bound the sum of
|vw (p1,p2)| for each outcome.

Firstly we have, after ¢ steps,

= () () = (oo

Now, for each qubit hit, each coefficient which has p; and po differing in this place is
set to zero. So after h have been hit, there are only (at most) 16"~ terms in the sum
in Eqn. B6.1l As before, the state is a physical state, tr p? < 1 so > pips Y2 (p1,p2) <1
S0 D ips [Y(P1,p2)| < VN if there are at most N non-zero terms in the sum. Therefore

we have, after ¢ steps,

i
L

Z Ew |yw (p1,p2)] P(H = h)16(n7h)/2

P1#p2

IN
T
AR

P(H < h)4n=h)

(]

T
—

| IA
A/~ I/~
> 3
N~
-
|
>
<
2
N
>
>
!
3
|
>

1T
—_ =

T
—

A
i

Now, let t = nln Z:

S Ewlw (pr.p2)l < "i (Z) <%>h

P1#£P2 h=1
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where the last line follows from the binomial theorem. O

This, combined with the mixing time result we prove below, completes the proof

that the second moments of the random circuit converge in time O(nlog 2).

3.6.2 Markov Chain of Coefficients

The Markov chain acting on the coefficients is reducible because the state {0}" is
isolated. However, if we remove it then the chain becomes irreducible. The presence
of self loops implies aperiodicity therefore the chain is ergodic. We have already seen
that the chain converges to the Haar uniform distribution (in Section Bl therefore
the stationary state is the uniform state 7(z) = 1/(4" —1). Further, since the chain is
symmetric and has uniform stationary distribution, the chain satisfies detailed balance
(Eqn. BA:g) so is reversible. We now turn to obtaining bounds on the mixing time of
this chain.

We want to show that the full chain converges to stationarity in time ©(nlog2).
To prove this, we will construct another chain called the zero chain. This is the chain
that counts the number of zeroes in the state. Since it is the zeroes that slow down

the mixing, this chain will accurately describe the mixing time of the full chain.

Lemma 3.6.2. The zero chain has transition matriz P on state space (we count

non-zero positions) Q@ = {1,2,...,n}.
2z(3n—2z—1) _
1= $5T:L(njcl) y=2x
2z(z—1) .
— y=z—1
P(z,y) = { " (3.6.2)
62(n—
I
0 otherwise

\

for1 <z,y <n.

Proof. Suppose there are n — x zeroes (so there are x non-zeroes). Then the only way

the number of zeroes can decrease (i.e. for z to increase) is if a non-zero item is paired
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with a zero item and one of the 9 (out of 15) new states is chosen with no zeroes. The

2z(n—x)
n(n—1)

so the overall probability is % 2;((::11)).

probability of choosing such a pair is

The number of zeroes can increase only if a pair of non-zero items is chosen and one

of the 6 states is chosen with one zero. The probability of this occurring is £ iEZ:B

The probability of the number of zeroes remaining unchanged is simply calculated

by requiring the probabilities to sum to 1. O

We see that the zero chain is a one-dimensional random walk on the line. It is a
lazy random walk because the probability of moving at each step is < 1. However, as
the number of zeroes decreases, the probability of moving increases monotonically:

2z(3n —2x — 1)
5n(n —1)

1— P(z,z) = > 2z/5n. (3.6.3)

Lemma 3.6.3. The stationary distribution of the zero chain is

mo(x) = . (3.6.4)

Proof. This can be proven by multiplying the transition matrix in Lemma by
the state Eqn. B.G.4l Alternatively, it can be proven by counting the number of states
with n — x zeroes. There are (;L) ways of choosing which sites to make non-zero and
each non-zero site can be one of three possibilities: 1, 2 or 3. The total number of

states is 4" — 1, which gives the result. O
Below we will prove the following theorem:
Theorem 3.6.4. The zero chain mizes in time ©(nlog2).

We prove this using direct arguments about the convergence of the random walk.

However, we also include a less complex method that only bounds the gap:
Theorem 3.6.5. The zero chain has gap Q(1/n).

This only implies the mixing time is O(n(n + log1/e)) which is weaker than
Theorem BG4, although still sufficient to prove our main result Theorem B3]
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using a modification of Corollary B:6.7 to show that the full chain mixing time is
O(n(n +log1/e)).

Knowing the gap allows us to easily work out the 2-norm mixing time:
Theorem 3.6.6. The zero chain has 2-norm mizing time O(nlog1/e).

Proof. Use the bound on the gap in Theorem and Eqn. BE2T3 O

Before proving Theorem B.6.4], we will show how the mixing time of the full chain

follows from this.
Corollary 3.6.7. The full chain mizes in time ©(nlog2).

Proof. Once the zero chain has approximately mixed, the distribution of zeroes is
almost correct. We need to prove that the distribution of non-zeroes is correct after
O(nlog 2) steps too.

Once each site of the full chain has been hit, meaning it is chosen and paired
with another site so not both equal zero, the chain has mixed. This is because, after
each site has been hit, the probability distribution over the states is uniform. When
the zero chain has approximately mixed, a constant fraction of sites are zero so the
probability of hitting a site at each step is ©(1/n). By the coupon collector argument,
each site will have been hit with probability at least 1 — € in time time O(nlog 2).
Once the zero chain has mixed to €, we can run the full chain this extra number of
steps to ensure each site has been hit with high probability. Since the mixing of the
zero chain only increases with time, the distance to stationarity of the full chain is
now 1 — e — ¢’. We make this formal below.

After tg = O(nlog %) steps, the number of zeroes is €'-close to the stationary
distribution mg by Theorem B84l and only gets closer with more steps since the dis-
tance to stationarity decreases monotonically. The stationary distribution Eqn. BG4l
is approximately a Gaussian peaked at 3n/4 with O(n) variance. This means that,
with high probability, the number of non-zeroes is close to 3n/4. We will in fact only
need that there is at least a constant fraction of non-zeroes; with probability at least

1—¢ —exp(—Q(n)) there will be at least n/2.
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To prove the mixing time, we run the chain for time £y so the zero chain mixes to
¢’. Then run for ¢; additional steps. Let H;; be the event that site i is hit at step ¢.
Let H; = U?’:ﬁﬂrlHi,t and H = N?_H;. We want to show P(H) is close to 1, or, in
other words, that all sites are hit with high probability. Further let X; be the random
variable giving the number of non-zeroes at step t.

If at step ¢t — 1 site 4 is non-zero then the event H;; occurs if the qubit is chosen,
which occurs with probability 2/n. If, however, it was zero then it must be paired
with a non-zero thing for H;; to hold. Conditioned on any history with X; 1 > n/2,
this probability is > 1/n. In particular, we can condition on not having previously

hit ¢ and the bound does not change. Combining we have

t—1
P | H| (X1 =n/2()| () Hiw] | <1-1/n.
t'=tp+1
Then, after t; extra steps,
to+t1—1
P <H N X > n/2]> <(1—1/n)h
t=to
which, using the union bound, gives
to+t1—1
P <H N x> n/2]> <n(l-1/n)h.
t=to
Now, since the zero chain has mixed to ¢,
to+t1—1 n—1
P ﬂ (X:>n/2] | <t Z mo(z) + € | <t1 (exp(—O(n)) +€)
t=to x=n/2

SO

P(H®) < n(l —1/n)" +t1 (exp(—O(n)) +¢) .

Now, choose 1 = nln2® so that P(H®) < 6 where § = €+ t; (exp(—O(n)) + ¢€).

Choose ¢ = 1/n and € = 1/n3 so that § is 1/poly(n). Now, using the bound on
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P(H€), we can write the state v after ¢; = O(nlogn) steps as

v=(1-08)n+dr

where 7 is the stationary distribution and 7’ is any other distribution. Using this,

o — || <&

We now apply Lemma to show that after O(nlogZ) steps the distance to

stationarity of the full chain is e. O

3.6.3 Proof of Theorem 3.6.4

We will now proceed to prove Theorem B.6.4l We present an outline of the proof here;
the details are in Section B9l

Firstly, note that by the coupon collector argument, the lower bound on the time
is Q(nlogn). We need to prove an upper bound equal to this. Intuition says that
the mixing time should take time O(nlogn) because the walk has to move a distance
©(n) and the waiting time at each step is proportional to n,n/2,n/3, ... which sums
to O(nlogn), provided each site is not hit too often. We will show that this intuition
is correct using Chernoff bound and log-Sobolev (see later) arguments.

We will first work out concentration results of the position after some number of
accelerated steps. The zero chain has some probability of staying still at each step.
The accelerated chain is the zero chain conditioned on moving at each step. We define

the accelerated chain by its transition matrix:
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Definition 3.6.8. The transition matrix for the accelerated chain is

0 Yy==x

z—1
Tt Y= -1
Pa(z,y) = 3:( 2’” )1 (3.6.5)
n—x
Snoe-1 Y=+l

0 otherwise.

We use the accelerated chain in the proof to firstly prove the accelerated chain

mixes quickly, then to bound the waiting time at each step to obtain a mixing time

bound for the zero chain.

To prove the mixing time bound, we will split the walk up into three phases. We

will split the state space into three (slightly overlapping) parts and the phase can

begin at any point within that space. So each phase has a state space Q; C [1,n],

an entry space E; C €); and an exit condition 7;. We say that a phase completes

successfully if the exit condition is satisfied in time O(nlogn) for an initial state

within the entry space. When the exit condition is satisfied, the walk moves onto the

next phase.

The phases are:

1.

Q = [1,n°] for some constant § with 0 < § < 1/2. F; = Q; (i.e. it can

9 For this part,

start anywhere) and T} is satisfied when the walk reaches n
the probability of moving backwards (gaining zeroes) is O(n°~1) so the walk
progresses forwards at each step with high probability. This is proven in Lemma

We show that the waiting time is O(nlogn) in Lemma B0

. Q9 = [n°/2,0n] for some constant § with 0 < § < 3/4. Eo = [n% 6n] and

T, is satisfied when the walk reaches 6n. Here the walk can move both ways

with constant probability but there is a (1) forward bias. Here we use a
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monotonicity argument: the probability of moving forward at each step is

~ 3(n—ux)
p(x)_3n—2x—1

>3(n—x)

— 3n—2z

>3(1—0).

- 3-20

3(1-0)
3—29 W€

If we model this random walk as a walk with constant bias equal to
will find an upper bound on the mixing time since mixing time increases mono-
tonically with decreasing bias. Further, the waiting time at x = a stochastically
dominates the waiting time at © = b for b > a. The true bias decreases with po-
sition so the walk with constant bias spends more time at the early steps. Thus
the position of this simplified walk is stochastically dominated by the position of
the real walk while the waiting time stochastically dominates the waiting time

of the real walk.

3. Q3 = [§n,n] and B3 = [0n,n]. Tj is satisfied when this restricted part of the
chain has mixed to distance e. Here the bias decreases to zero as the walk
approaches 3n/4 but the moving probability is a constant. We show that this

walk mixes quickly by bounding the log-Sobolev constant of the chain.

Showing these three phases complete successfully will give a mixing time bound for
the whole chain.

We now prove in Section that the phases complete successfully with probability
at least 1 — 1/ poly(n):

Lemma 3.6.9.

P(Phase 1 completes successfully) > 1 —n2~1 — 2,79
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Lemma 3.6.10.

P(Phase 2 completes successfully) >
—un®
1 2 0 4 % 2 exp <ﬂT> ( / )n‘S/Q
P T on 1 —exp(—u/2) %P

where p = 6:§1__23) -1

Lemma 3.6.11.

9 On/2
P(Phase 3 completes successfully) > 1 — <m>

We can now finally combine to prove our result:

Proof of Theorem [3.6.4. The stationary distribution has exponentially small weight
in the tail with lots of zeroes. We show that, provided the number of zeroes is within
phase 3, the walk mixes in time O(nlog 2). We also show that if the number of zeroes
is initially within phase 1 or 2, after O(nlogn) steps the walk is in phase 3 with high
probability. We can work out the distance to the stationary distribution as follows.
Let py be the probability of failure. This is the sum of the error probabilities
in Lemmas B.6.9, and B6TIl The key point is that p; = 1/poly(n). Then
after O(nlog ) steps (the sum of the number of steps in the 3 phases), the state is
equal to (1 — py)uz + pyv’ where v3 is the state in the phase 3 space and v’ is any
other distribution, which occurs if any one of the phases fails. Since the distance to
stationarity in phase 3 is €, ||vs — w3|| < €, where 73 is the stationary distribution on
the state space of phase 3. In Lemma B30Tl we show that m3(z) = 7(z)/(1 —w) where
w = fo;/f*l m(x). Since 7(x) is exponentially small in this range, w is exponentially

small in n. Now use the triangle inequality to find
|lvg — 7| < |[vg — w3 + |[m5 — =]]. (3.6.6)

Since the chain in phase 3 has mixed to €, the first term is < e. We can evaluate

(s



|3 —

n

s il = 5 3 lims(z) — (a1

1 xzeln/Z—l n
= m(@)+ > (m(z)/(1 - w) - n(x))
=1 z=0n/2

:%(w—l—l—(l—w)):w.
So now,

(1 = pg)vs +ppv’ —l] = [|(1 — pg)(vg — ) + pp(v' — 7)]|
< (1 —pp)|lvs — =|| + pg|]v” — 7|
< (1 —ps)le+w)+ps

(
5

IN

where § = € +w + py. We are free to choose e: choose it to be 1/n so that 0 is
1/ poly(n). So now the running time to get a distance J is ¢ = O(nlogn). We then
apply Lemma to obtain the result.

This concludes the proof of Theorem B.idl so Corollary B.6.1 is proved. O

We have now proven Lemma and consequently Corollary We are now
ready to show how Theorem B3l follows, but first give the alternative proof that the
zero chain gap is £2(1/n). The remainder of the proof of Theorem B3l is in Section

27

3.6.4 Proof of Theorem 3.6.5

Here we prove that the gap of the zero chain is (1/n). While this can be deduced
from Theorem B.6.4 and provides weaker mixing time bounds, this bound on the gap
is sufficient to prove our main result so we present it as a simpler alternative proof.

We use the method of decomposition (Theorem B59), whereby the Markov chain
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is split up into disjoint state spaces. This works well here because, for the first part of
the walk with many zeroes, the walker remains stationary most of the time whereas
when there is a constant fraction of zeroes, the walker moves on most steps. Using the
decomposition method allows us to use different techniques in these different regimes.

We therefore divide the walk up into two parts, P; and P,, which are shown
in Figure The chain P is the chain that links the two parts, according to the

decomposition theorem, Theorem

<+ [ —>

Py P,

P
i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
l

3n/4 n

Figure 3.2: The decomposition of the zero chain into P; and P». The graph plotted
is the zero chain stationary distribution m(z).

e P;: Let P, have state space 1 = {1,...,m}. This chain has transition matrix
0 r>m or y>m
Pz, y)={1-Pmm—1) z=y=m (3.6.7)
P(z,y) otherwise

and stationary distribution

m(z) = - (3.6.8)

where

b =Y m(x). (3.6.9)



e P,: Let P, be on state space Qo = {m + 1,...,n}. This chain has transition

matrix
0 z<mor y<m
Py(z,y) =1 -Pm+1,m+2) z=y=m+1 (3.6.10)
P(x,y) otherwise

and stationary distribution

o) = &) (3.6.11)

Cm

where
n

tm= Y m(x)=1-"Dbp. (3.6.12)
rz=m+1

We will take m = On where 0 < 6 < 0.49 (we could in principle just have 6 < 3/4
but this restriction makes the calculations simpler; see Lemma for the origin
of the upper bound on 6). Note that P, is the same as phase 3 used in the direct
mixing time proof (up to relabelling m + 1 to m). Therefore we already have, from
the proof of Lemma BXOTIl that the gap Ay of P; is ©(1/n). To find the gap of the
whole zero chain we need to find the gaps A; and A. An ingredient to proving this

is an exponential bound on the tail of the stationary distribution:

(6n) < 2 (i (%Y)n (3.6.13)

and for 6 < 6y ~ 0.49, w(On) = e~ ™).

Lemma 3.6.12.

Proof. Use () < (2¢)" and 4" — 1 > 4 to prove the bound. When 1 (3¢)" < 1,

7(6n) is exponentially small. 6 is the solution to + (%)9 =1. O

From this we can bound the gap of P:

Lemma 3.6.13. The gap of P is Q(1/n).
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Proof. We first need to work out the transition matrix for P. From the definition of

P in the decomposition theorem,

P(1,2) = iw(m)P(m, m+ 1)

P2,1) = Zx(m+1)P(m+1,m).

Cm

We can find the two diagonal elements using the fact that the transition matrix is
stochastic. Because the zero chain is reversible, P is also reversible and by direct

calculation of the eigenvalues has gap
A=1-1-(P(1,2)+ P(2,1))]. (3.6.14)

However, we can remove the modulus signs since, for n large enough, P(1,2) +

P(2,1) < 1. This is because, using reversibility and 7(m) < by,

w(m)P(m,m + 1) < P(m,m + 1).

Cmbm Cm

P(1,2) + P(2,1) = (3.6.15)

Using Lemma we find that ¢, > 1 — e " for m = On and 0 < 6. Using
P(m,m +1) < 3/5, we find that for n large enough, P(1,2) + P(2,1) < 1.
Now we need to show that P(1,2) + P(2,1) = Q(1). Again using Lemma BG.12,
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we find P(2,1) = e~2"). We just need a bound on P(1,2). First we bound 7(m)/by,:

using () < (") for x < m < n/2. For m = On, we have P(m,m + 1) = Q(1) so

overall P(1,2) = Q(1), proving the bound on the gap. O
Lemma 3.6.14. The gap of Py is Q(1/n).

Proof. We use the comparison method with length functions as stated in Theorem
The length function we choose is, for < y, l(x,y) = r* for some constant r
satisfying 0 < r < 1.

Let

1 z m y—1
Az = I(z, 2+ D)mi(2)P(z, 2 + 1) o> m@my) Zx I(s,s+1).  (3.6.16)

r=1y=z2+1

Then, according to Theorem B58 A; > 1/A where A = max, A,. We need to find
an upper bound for A:
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A= TZW(Z)P(,;, 2+ Dby yélﬂ(x)”(y) Ti - :y
= as T)W(z)lP(z, 2+ 1)bm <(bm —b:) ; rim@) = b x:él TWCE))
= —T)W(z)llj(z,z+ o (“ —b =01 bm”;?“”””(x) --a —bz”x;l”ﬂx))
Tl T)W(z)lP(z, Z+ Dby, (“ —b2) é”ﬂ@ = (1= bm) ;r%@) - mglr%@
S o T)ﬂ(z)lP(z, 2+ Dby @: rim(@) = (1= bm) ;M@) N xglr%(“’”v

CrE(1—r)m(2)P(z, 2 + 1)

where the inequality comes from 1—b, < 1. Now let h,(r) = % >or_ rPm(x) then,

plugging in the value of P(z,z + 1), we find

Sn(n —1)
Az < 6z(n—2z)(1—r)

h(r).

Now, max, % = O(n) so showing max, h.(r) = O(1) is sufficient the prove

the bound we require. We evaluate h, recursively:

Firstly,
1 z—1
hy(r)=1+ o (2) erw(x)
=1
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Then evaluate the sum:

z—1 z—1 ’I“$7T($)
x _ z+1
;7’ m(x) = ; —r’”+17r(x " 1)7" m(x + 1)
z—1
= 1 z+1 rm+1ﬂ'($ +1)

3ré=n—z
=1

1 < x x()
= — —r*7m(x
3r n—x+1 T

=2
1 < x
il v,
3r n—x+1
r=1

()

z

1 z "
< gin—z+1zr m(x).

r=1

Combining,
ha(r) <1+ 3r(n —Zz +1) +(7)
or
helr) < f————
3r(n—211)
Since 1 < z < 0n, h,(r) is constant in this range, proving the result. O

We can now combine the results to prove the bound on the zero chain gap:

Proof of Theorem [Z43. Using Lemmas B:6.14, BT and together with The-

orem proves the result. O

3.7 Main Result

We will now show how the mixing time results imply that we have an approximate

2-design.

Proof of Theorem [Z31: We will go via the 2-norm since this gives a tight bound
when working with the Pauli operators. We write p in the Pauli basis as usual (as

Eqn. B2Z3)) and note that p is not necessarily a physical state so the coefficients may
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not be real.

1 . .
16w — Gu[2 = sup oy 16w ©idz)(0) = (G @ idgen ) (p)[7
14 1
1 . .
< 2*" sup — [|(Gw ® idg2n)(p) — (Gur @ idg2n)(p)]]3
o lplly
=sup —— Z ’Yo(plap2ap37p4)(gw(‘7p1 ® Um) X Opy @ Op,y
P HPH1 P1,P2,P3,P4
p1p27#00
2
— Gr(op, ® 0py) @ Opy ® 0p,)
2

Now, write (for p1pa # 00) G (Fe0pm © 0s) = 25 3 v 9101, i1, p2)00s © 0.
192
We get

_ 1 6Q1Q25p1p2
Sup —— Yo(P1, P25 P3,P4) (gt(m,q%pl,pz) — Db
P ||p||1 PlvPQvPSZP:ALQI»QQ 2n(2" +1)
p1p27#00,q1 g2 7#00
2
Ogp @ Ogy @ Opy & Opy
2
= 2" sup Z 70(p1, P2, 3, pa)|? <gt(Q1 q2;P1,p2) — My
- 2 ) ) ) ) ) )
14 HPHl P1,P2:P3,P4,41,92 2n(2n + 1)

p1pP27#00,q1 g2 7#00
Y p1p2.03.0 |'70(p1,p2,p3ap4)|2
dn 2 #00
< 22 gup P1P2 >
p [lolly

2
< 24"62sup ||P||g
plplly

— 241162

where the first equality comes from the orthogonality of the Pauli operators under
the Hilbert-Schmidt inner product. This proves the result for the diamond norm,
Definition 22210 For the distance measure defined in Definition ZZZTT] (TWIRL),
the argument in [DCELQOG] can be used together with the 1-norm bound to prove the
result. O
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3.8 Conclusions

We have proved tight convergence results for the first two moments of a random
circuit. We have used this to show that random circuits are efficient approximate
1- and 2-unitary designs. Our framework readily generalises to k-designs for any k
and the next step in this research is to prove that random circuits give approximate
k-designs for all k.

We have shown that, provided the random circuit uses gates from a universal
gate set that is also universal on U(4), the circuit is still an efficient 2-design. We
also see that the random circuit with gates chosen uniformly from U(4) is the most
natural model. We note that the gates from U(4) can be replaced by gates from any
approximate 2-design on two qubits without any change to the asymptotic convergence
properties.

Finally, random circuits are interesting physical models in their own right. The
original purpose of [ODP07] was to answer the physical question of how quickly en-
tanglement grows in a system with random two party interactions. Lemma B32(i)
shows that O(n(n + log1/¢)) steps suffice (in contrast to O(n?(n + log1/¢)) which

they prove) to give almost maximal entanglement in such a system.

3.9 Proofs

3.9.1 Zero chain mixing time proofs
Asymmetric Simple Random Walk

We will use some facts about asymmetric simple random walks i.e. a random walk on
a 1D line with probability p of moving right at each step and probability g = 1 — p of
moving left.

The position of the walk after k steps is tightly concentrated around k(p — q):

Lemma 3.9.1. Let X} be the random variable giving the position of a random walk

after k steps starting at the origin with probability p of moving right and probability
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q=1—p of moving left. Let u=p— q. Then for any n > 0,

2
P(X) > pk 4 1) < exp <_;7_k>

and

2
P(Xp < pk —mn) <exp <_;7_k> :

Proof. The standard Chernoff bound for 0/1 variables Y; gives, with Y; equal to 1
with probability p and for Y, = Zle Y;,

[\

2
P(Yy > kp+mn) < exp <——>

[\

k
o
P(Yy < kp—n) <exp <_T> :

For our case, set }7@ = 2)~(i — 1 to give the desired result. O

This result is for a walk with constant bias. We will need a result for a walk with

varying (but bounded from below) bias:

Lemma 3.9.2. Let X be the random variable giving the position of a random walk
after k steps starting at the origin with probability p; > p of moving right and proba-
bility ¢; < p of moving left at step i. Let p =p— (1 —p). Then for any n > 0,

2
P(X) > pk 4 1) < exp <_;7_k>

and
2

P(Xp < pk —n) <exp <_;7_k> :

Proof. Let Y; be arandom variable equal to 1 with probability p and 0 with probability
1 — p. Then let Z; be a random variable equal to 1 with probability p; and 0 with
probability 1 —p;. Let Y} = Zle Y; and Z;, = Zle Z;. Then following the standard
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Chernoff bound derivation (for A > 0),

]P)(Zk > kp + 77) —P (e)\Zk > eA(kp+?7))
eA(kP-HI)

EeAZk
eA(kP-HI)

S EeAYk

2772
< — .
_exp< k)

We can then, as above, set ZNZ = QXZ- — 1. The calculation is similar for the bound on

P(Xy < uk —n). O

<

From Lemma B3] we can prove a result about how often each site is visited. If
the walk runs for ¢ steps the walk is at position tu with high probability so we might
expect from symmetry that each site will have been visited about 1/u times. Below
is a weaker concentration result of this form but is strong enough for our purposes.

It says that the amount of time spent < z is about z/pu.

Lemma 3.9.3. For v > 2 and integer x > 0,

P <§:H(X’f <) 2> 'Yx/ﬂ> < 2exp (—M) 7

k=1
where 1 is the indicator function.

Proof. Let Yy, = [(X) < x). From Lemma B01]

(kp — x)2>

P(Yy =0) <exp <— ok

for k < z/p and

for k > x/p.
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Then the quantity to evaluate is

P <§:Yk > 796/#) :
k=1

We use a standard trick to split this into two mutually exclusive possibilities and then

bound the probabilities separately. Write

0 00 YT/
P(ZYkZ'Yw/M>:IF’ <ZYkZVm/u>ﬂ Ny=1]]+
k=1 k=1 j=1
00 Yz /1
P <Z Yy > %’U/,u> ﬂ U ;=0 |]. (39.1)
k=1 j=1
We can bound the first term:
) Yo/ yz/u
P <ZYkZ’Y?C/M>ﬂ ﬂ[szl] =P ﬂYk=1
k=1 j=1 k=1

The second term similarly:

o0 v/ p
P <2Yk2w/u>ﬂ U =0 <P(
k=

k=1 j=1
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The last fact we need about asymmetric simple random walks is a bound on the
probability of going backwards. If p > g then we expect the walk to go right in the
majority of steps. The probability of going left a distance a is exponentially small in

a. This is a well known result, often stated as part of the gambler’s ruin problem:

Lemma 3.9.4 (See e.g. [GWSG]). Consider an asymmetric simple random walk that
starts at a > 0 and has an absorbing barrier at the origin. The probability that the

walk eventually absorbs at the origin is 1 if p < q and (q/p)” otherwise.

This result is for infinitely many steps. If we only consider finitely many steps,

the probability of absorption must be at most this.

Waiting Time

From above we saw that the probability of moving is at least 2z/5n when at position
x. The length of time spent waiting at each step is therefore stochastically dominated
by a geometric distribution with parameter 2z/5n. The following concentration result

will be used to bound the waiting time (in our case 5 = 2/5):

Lemma 3.9.5. Let the waiting time at each site be W(x) ~ Geo(Bx/n), the total

waiting time W = >0 _, W (z) and t' = ”glt. Then

P(W > Ct') < 2t0-6)/2,
Proof. By Markov’s inequality for A > 0,
E AW
P(W > Ct') < —

= "ACt

The W (z) are independent so

t
EAV = [ BV @),
r=1
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Summing the geometric series we find

EeAW(:}:) — n

provided e* < 1_15_1 for all 1 < x < t. Therefore e* is of the form 1_%_5 where

0 < o < 1. With this,

EAW @) — %
r —

and
AW _ t'(1 — o)
Mt+1—a)

We are free to choose o within its range to optimise the bound. However, for simplicity,

we will choose @ = 1/2. From Lemma BO.T12,

EeM < 2V/t.
The result follows, using the inequality 1 — z < e 7. O

Phase 1

Here we prove that phase 1 completes successfully with high probability. The bias

here is large so the walk moves right every time with high probability:

Lemma 3.9.6. The probability that the accelerated chain moves right at each step,

starting from x = 1 for t steps, is at least

1—t*/n.
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Proof. The probability of moving right at each step is

li[ 3(n—x) (n—2)(n—3)...(n—1t)
3n—25—1 (n—5/3)(n—"7/3)...(n— (2t +1)/3)

> (1-2/n)(1—3/n)...(1—t/n)

>(1—t/n)>1-t*/n O

Let t = n%. Provided § < 1/2 this probability is close to one. Therefore, with high
probability, the walk moves to n% in n® steps. Using Lemma the waiting time

can be bounded:

Lemma 3.9.7. Let W) be the waiting time during phase 1. Let H be the event that

the walk moves right at each step. Then

P (W(l) > Ct’\H) < 2p1-C)/2 (3.9.2)

/ __ 5énlnn
where t' = SO,

Proof. This follows directly from Lemma B.9.0, since each site is hit exactly once. [

We now combine these two lemmas to prove that phase 1 completes successfully

with high probability:

Proof of Lemma @54, In Lemma B6, we show that in n® accelerated steps, the
walk moves right at each step with probability > 1 —n?~!. Call this event H. Then
P(H) > 1 —n?~!. Lemma B3 shows that the waiting time W) is bounded with

high probability (choosing C' = 3):

P(W®M < 15n8Inn/2|H) > 1—2n7°.
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Then we can bound the probability of phase 1 completing successfully:

P(Phase 1 completes successfully) > P(H N W1 < 15n51Inn/2)
= P(H)P(WY < 15n8Inn/2|H)
> (1—n2"H(1 - 2n70%

>1- n20-1 _9p=9, O

Phase 2

Phase 2 starts at n°/2 and finishes when the walk has reached én for some constant

0 < 6 < 3/4. We show that, with high probability, this also takes time O(nlogn).

The probability of moving right during this phase is at least p = 3&;?. We first

define some constants that we will derive bounds in terms of. Let v be a constant
> 2. Let p=p—(1—p) and 1 = p/. Finally let s = it for some ¢ (which will be the
number of accelerated steps). Then, with high probability, the walk will have passed

s after t steps:

Lemma 3.9.8. Let X, be the position of the walk at accelerated step t, where Xy = n®.
Then
P(X; < 5) < exp(—p2t(1 — 1/7)%/2).

Proof. Let X| = X; —n’. Then from Lemma T3,

2
P(X} < put —n) < exp <—Z—t> :
Now let n = ut — s and use

P(X, <s)=P(X} <s—n’)

<P(X] <s)

to complete the proof. O
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We now prove a bound on the waiting time:

Lemma 3.9.9. Let W3 be the waiting time in phase 2. Then, assuming the walk
does not go back beyond n°/2,

2exp | £
P <W(2) > 15th5> < (4/s)3/% 4 M. (3.9.3)
o 1—exp (F)

Proof. Let Wy, ~ Geo <%) where X}, is the position of the walk at accelerated step
k (Xo = n%). We want to bound (w.h.p.) the waiting time W® = 22:1 Wy of t
steps of the accelerated walk.

Define the event H to be

H={ [i (X <z) <x/ii| p. (3.9.4)
a>nd/2 Lk=1

If H occurs, no sites have been hit too often and the walk has not gone back further

than n%/2. Tt is important that we also use the restriction that X; > n’/2 because

the waiting time grows the longer the walk moves back. However, it is very unlikely

that the walk will go backwards (even to n°/2).

We now define some more notation to bound the waiting time. Let X =
(X1,X9,...,X¢) be a tuple of positions and let N, (X) be the number of times
that = appears in X and let N(X) = (Ny(X), N2(X),...,Np(X)). Then we have
S, Na(X) =t

As we said above, the waiting time at x = a stochastically dominates the waiting

time at x = b for b > a. In other words,
Wi &> Wi if X, < X (3.9.5)

where X I> Y means that X stochastically dominates Y. Now write the waiting time
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for all steps

t
wWOX) =Y W,
k=1

N (X

)
=>" ) W) (3.9.6)
h=1

x
where Wy (z) ~ Geo (52)—2)
If event H occurs, we can put some bounds on N,. We find that, for all z > n%/2,
xT

> NyX) <a/ii (3.9.7)

y=n’/2

and N,(X) = 0 for z < n%/2. Now let X,, be such that Nps jo(Xm) = % and
No(X,,) = 1/fi for £ > n?/2. Then

> N(Xim) = a/fi. (3.9.8)

Now we introduce the relation <:

Definition 3.9.10. Let x and y be n-tuples. Then x <y if

k k
dwm<d i (3.9.9)
=1 =1

for all 1 < k < n with equality for k = n.

Note that this is like majorisation, except the elements of the tuples are not sorted.
Using this, we find that N(X) = N(X,,) (Using >, N(X) = >, Ny(X') = ¢ for all
X, X")

If we combine Equations and BT we find that W3 (X) > W@ (X') if
N(X) = N(X'). Roughly speaking, this is simply saying that the waiting time is
larger if the earlier sites are hit more often. But since for all X that satisfy H,

X < X,,,, we have W®)(X) < W (X,,) provided H occurs. We will simplify further
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by noting that X, < Xy where N,(Xo) = 1/ for 1 < x < it = s and zero elsewhere.

Therefore

5Cnlns
Z - S~

P <W<2> (X) o7

H> <P <W(2> (Xo) >

5Cnlns

We can bound this by applying Lemma BXOH Let W, = Y7, W,(z). From Lemma

B3935,
P(W), > Ct') < 25 2°

(3.9.10)

where ¢’ = 5225 However, we want a bound on P < ,11/:‘11 Wy, > C’t’/ﬂ). The same

reasoning as in Lemma B9 bounds this as
1/ji v
- fi
P wwzot/i| < (23%> .

h=1

Therefore

p (kg > 22)

i

(3.9.11)

(3.9.12)

To complete the proof, we just need to find P(H¢). We can bound it using the

union bound and Lemma B33k
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Now, for any events A and B

P(A)

P(AN B) +P(AN B

P(A|B)P(B) + P(AnN B°)
< P(A|B) + P(B°)
and set C' =2 and v = 3 to obtain the result. U

We now combine these two lemmas to prove that phase 2 completes successfully

with high probability:
Proof of Lemma[Z6.10. Phase 2 can fail if:

e The walk does not reach #n. The probability of this is bounded by Lemma B3O8

2
P(X; < 0n) <exp <—§u0n> .

n

This follows from setting t = % and v = 3.
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e The waiting time is too long. This probability is bounded by Lemma

3 —pn®
15nIn(6n) 4\ 2 QGXP( 1 > 5
P @) > - < — N " n /2.
(W T > B (6’”) T en(—n/2) (e/p)

e The walk gets back to n°/2. This is bounded by Lemma B9

P <Walk gets to n5/2) < (q/p)"é/Q.
So, using the union bound we can bound the overall probability of failure:

= 2 exp (=412
4 \ 2p p 4 nd
) ( ) +(g/p)" . O

2
P(Phase 2 fails) < exp <—§u9n> + (% 1 — exp(—p/2)
— ex —

Phase 3
This phase starts at On. We show that this mixes quickly using log-Sobolev arguments.

Lemma 3.9.11. The zero chain on the restricted state space x € [m,n] where m = On

for 8 > 0 has mizing time O (n log %)

Proof. We restrict the Markov chain to only run from m by adjusting the holding

probability at m, P(m,m). Construct the chain P’ with transition matrix

0 r<mory<m
Pl(z,y) =31-P(m,m+1) z=y=m (3.9.13)
P(z,y) otherwise

where P is the transition matrix of the full zero chain. This chain then has stationary

distribution

*(z) = @)/(1-w) mse<n (3.9.14)
0 otherwise

where w = Z?;ll m(x). To see this, first note that the distribution is normalised. We
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want to show that

> Pz ) () =7 (y). (3.9.15)

When y = m we are required to prove that P'(m,m)r’(m) + P'(m + 1,m)7’(m +
1) = «’(m). This follows from the reversibility of the unrestricted zero chain, using
P'(m,m)=1—P(m,m+1). For y > m, Eqn. is satisfied simply because 7(z)
is the stationary distribution of P and related by a constant factor to 7'(x).

We can now prove this final mixing time result, making use of Lemma Let
Q; be the chain that uniformly mixes site ¢. This converges in one step and has a
log-Sobolev constant independent of n; call it p;. Let @ be the chain that chooses
a site at random and then uniformly mixes that site. This is the product chain of
the Q; so, by Lemma B.5.T2, has gap 1/n and Sobolev constant pg = p1/n. We can
construct the zero chain for this and find its Sobolev constant.

The Sobolev constant is defined (Definition BX2.T0) in terms of a minimisation over

functions on the state space. For the chain ) we can write

PQ = irdl)ff(<i>)-

If we restrict the infimum to be over functions ¢ with ¢(z) = ¢(y) for = and y
containing the same number of zeroes then we obtain the Sobolev constant for the
zero-Q) chain, pg,, which is the chain which counts the number of zeroes in the full

chain Q. Since taking the infimum over less functions cannot give a smaller value,

PQo = PQ = p1/n.

We can now compare this chain to the zero-P chain. The stationary distributions are
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the same. The transition matrix for the zero-Q) chain is

MRt y=a

xT

r y=x—1
Qo(z,y) =4

3(n—x)

In y=xz+1

0 otherwise

Then construct @, by restricting the space to only run from m in exactly the same
way as P’ is constructed from P. @ has the same stationary distribution as P’. Now

we can perform the comparison. From Eqn. BA.T4

/
1
A = max Qla,a+1) )
a>m P’(a, a + 1)
5(n—1) 5
=—max —— < —.
a>m 8a 86
Therefore ppr > 8?5 L. Exactly the same argument applies to show the gap is Q(1/n)
so the mixing time is (from Eqn. B520) O(nlog %). O

Now we can prove that phase 3 completes successfully with high probability:

Proof of Lemma[ZO 11 In Lemma BOTI we show that after O (n log %) steps the
chain mixes to distance e. We just need to show that the walk goes back to 6n/2 with
small probability. This follows from Lemma B4 O

3.9.2 Moment Generating Function Calculations

The following lemma is needed in the moment generating function calculations.
Lemma 3.9.12. For Integer s > 0,

T'(s+ 1)T(1/2)

Teria) S 2/s (3.9.16)
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Proof. From expanding the ' functions, Eqn. BO.T6 becomes

5122 2x4x6x...x2(s—1)x2s
(2s =1 1x3x5x...x(25—3)x (25 —1)

_ ® 2x
_UQx—l
=1

We then proceed by induction. Hizl ngf 7 = 2 and by the inductive hypothesis

s+1

2x 2(s+1)
< 24/8.
H2x—1 “2(s+1)—-1 Vs
=1
It is easy to show that 2(25 (j_J{)lll < %1 and the result follows. U

3.9.3 Mixing Times

We find bounds for the mixing time above that are valid with high probability. Below

we turn these into full mixing time bounds.

Lemma 3.9.13. If after O(nlogn) steps the state v of a random walk satisfies
lv =]l <6

where  is the stationary distribution and § is 1/poly(n) then the number of steps

required to be at most a distance € from stationarity is
n
0] <n log —) .
€

Proof. Let s be the slowest mixing initial state. Then, after ¢ = O(nlogn) steps we
have at worst the state

(1— ) + 05

and if we repeat kt times 6 becomes 6*. So to get a distance €, k = “3%1.
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Now we evaluate the mixing time:

kt = O(nlogn) Hzgﬂ = O(nlogn) Hog 152—‘
o

= O(nmax(logn,log1/¢))

=0 (nlog%).
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Chapter 4

Quantum Tensor Product
Expanders and an Efficient

Unitary Design Construction

4.1 Introduction

In this chapter, we give an efficient construction of a unitary k-design on n qubits for
any k up to O(n/log(n)). We will do this by first finding an efficient construction
of a quantum k-copy tensor product expander (k-TPE), which can then be iterated
to produce a k-design. We will therefore need to understand some of the theory of
expanders before presenting our construction.

Classical expander graphs have the property that a marker executing a random
walk on the graph will have a distribution close to the stationary distribution after
a small number of steps. We consider a generalisation of this, known as a k-tensor
product expander (TPE) and due to [HH09], to graphs that randomise k different
markers carrying out correlated random walks on the same graph. This is a stronger
requirement than for a normal (kK = 1) expander because the correlations between

walkers (unless they start at the same position) must be broken. We then generalise
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quantum expanders in the same way, so that the unitaries act on k copies of the
system. We give an efficient construction of a quantum k-TPE which uses an efficient
classical k-TPE as its main ingredient. We then give as a key application the first
efficient construction of a unitary k-design for any k.

While randomised constructions yield k-designs (by a modification of Theorem 5
of [ABW09]) and k-TPEs (when the dimension is polynomially larger than & [HH(9])
with near-optimal parameters, these approaches are not efficient. Previous efficient
constructions of k-designs were known only for £ = 1,2, and no efficient constant-
degree, constant-gap quantum k-TPEs were previously known, except for the k£ = 1
case corresponding to quantum expanders [BT07, [AS04, [Har08, [(GEOS].

In Section LTl we will define quantum expanders and other key terms. Then in
Section we will describe our main result which will be proved in Section In
this chapter, we will use N to denote the dimension rather than d to be consistent
with the rest of the quantum expander literature.

This chapter has been published previously as [HL09a] and is joint work with

Aram Harrow.

4.1.1 Quantum Expanders

We will only consider D-regular expander graphs here. We can think of a random
walk on such a graph as selecting one of D permutations of the vertices randomly at
each step. We construct the permutations as follows. Label the vertices from 1 to
N. Then label each edge from 1 to D so that each edge label appears exactly once
on the incoming and outgoing edges of each vertex. This gives a set of D permu-
tations. Choosing one of these permutations at random (for some fixed probability
distribution) then defines a random walk on the graph.

We now define a classical k-TPE:

Definition 4.1.1 ([HHO9)]). Let v be a probability distribution on Sy with support on
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< D permutations. Then v is a classical (N, D, \, k)-TPE if

|

with A < 1. Here Er.,, means the expectation over m drawn according to v and Ers,

Brs [BE™] ~ Ernsy [BO™]| = | (vm - 37) B <

0o
TESN oo

(4.1.1)

means the expectation over m drawn uniformly from Sy.

Setting k£ = 1 recovers the usual spectral definition of an expander. Note that a
(N, D, \, k)-TPE is also a (N, D, \,k’)-TPE for any ¥’ < k. The largest meaningful
value of k£ is k = N, corresponding to the case when v describes a Cayley graph
expander on Sy.

The degree of the map is D = |suppv| and the gap is 1 — A. Ideally, the degree
should be small and gap large. To be useful, these should normally be independent
of N and possibly k. We say that a TPE construction is efficient if it can be im-
plemented in poly(log N) steps. There are known constructions of efficient classical
TPEs. The construction of Hoory and Brodsky [BHOS| provides an expander with
D = poly(log N) and A = 1 — 1/ poly(k,log N) with efficient running time. An effi-
cient TPE construction is also known, due to Kassabov [Kas(5], which has constant
degree and gap (independent of N and k).

Similarly, we define a quantum k-TPE:

Definition 4.1.2 ([HHO9)). Let v be a distribution on U(N), the group of N x N

unitary matrices, with D = |suppv|. Then v is a quantum (N, D, \, k)-TPE if

B [U54] = Byraaiy [0954] | <A (4.1.2)

[e.9]

with A < 1. Here Ey;yy(n) means the expectation over U drawn from the Haar mea-

sure.

Again, normally we want D and A to be constants and setting k = 1 recovers the

usual definition of a quantum expander. Note that an equivalent statement of the
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above definition is that, for all p,
[Bums [0S (W] = Bgasw [U0@N ]| < Aol (4.1.3)

A natural application of this is to make an efficient unitary k-design. The definition
we use here is the same as for a k-TPE, except with closeness in the 1-norm rather
than the co-norm. This is given in Definition (TRACE).

We can make an e-approximate unitary k-design from a quantum k-TPE with

O(klog N) overhead:

Theorem 4.1.3. If U is a quantum (N, D, \, k)-TPE then iterating the map m =
ﬁ log NT% times gives an e-approximate unitary k-design according to Definition

(ZZ713 (TRACE) with D™ unitaries.

Proof. Iterating the TPE m times gives

HEUNV[U@)k,k] _ EUNZ,{(N) [U®k,k] H <A™

o

This implies that
“EU~V[U®k’k] — Eygy(vy [UEPH] Hl < N\

We take m such that N2*\™ = € to give the result. U

Corollary 4.1.4. A construction of an efficient quantum (N, D, A\, k)-TPE yields an
efficient approzimate unitary k-design, provided A = 1 — 1/ poly(log N). Further, if

D and X\ are constants, the number of unitaries in the design is N(©O®k))

Our approach to construct an efficient quantum k-TPE will be to take an efficient
classical 2k-TPE and mix it with a quantum Fourier transform. The degree is thus
only larger than the degree of the classical expander by one. Since the quantum Fourier
transform on CV requires poly(log V) time, it follows that if the classical expander

is efficient then the quantum expander is as well. The main technical difficulty is to
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show for suitable values of k£ that the gap of the quantum TPE is not too much worse
than the gap of the classical TPE.

A similar approach to ours was first used in [HH0O9] to construct a quantum ex-
pander (i.e. a 1-TPE) by mixing a classical 2-TPE with a phase. However, regardless
of the set of phases chosen, this approach will not yield quantum k-TPEs from classical
2k-TPEs for any k > 2.

4.1.2 Main Result

Let w = e2™/N and define the N-dimensional Fourier transform to be

1 N N
f:\/—ﬁmgl,;w Im)(n|. (4.1.4)

Define d£ to be the distribution on ¢ (V) consisting of a point mass on F. Our main
result in this chapter is that mixing dr with a classical 2k-TPE yields a quantum

k-TPE for appropriately chosen k and N.

Theorem 4.1.5. Let v be a classical (N, D,1 — ec,2k)-TPE, and for 0 < p < 1,

define vg = pvc + (1 — p)dr. Suppose that
en:=1—2(2k)"* VN > 0. (4.1.5)
Then vg is a quantum (N,D + 1,1 — €g, k)-TPE where
€A .
€Q > 12 min(pec, 1 —p) >0 (4.1.6)

The bound in Eqn.[{.1.9 is optimised when p =1/(1 + €c), in which case we have

EAEC
€Q = o1

(4.1.7)

This means that any constant-degree, constant-gap classical 2k-TPE gives a quan-

tum k-TPE with constant degree and gap. If the the classical TPE is efficient then
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the quantum TPE is as well. Using Corollary EET4l, we obtain approximate unitary
k-designs with polynomial-size circuits.

Unfortunately the construction does not work for all dimensions; we require that
N = Q((2k)8), so that e, is lower-bounded by a positive constant. However, in
applications normally k is fixed. An interesting open problem is to find a construction
that works for all dimensions, in particular a k = oo expander. (Most work on k& = oo
TPEs so far has focused on the N = 2 case [BG06].) We suspect our construction
may work for k as large as ¢N for a small constant ¢. On the other hand, if 2k > N

then the gap in our construction drops to zero.

4.2 Proof of Theorem 4.1.5

4.2.1 Proof overview

First, we introduce some notation. Define Egifv = Ersy[B(m)®%] and Sf{(N) =
Eyu(v) [U®FF]. These are both projectors onto spaces which we label Vs, and
Vu(ny respectively. Since Vyn) C Vsy, it follows that Egi“v — Ezlj(N) is a projector
onto the space Vj := Vs, N VML(N). We also define 532 = Eru[B(7)®?F] and El’fQ =
By [UEF].

The idea of our proof is to consider 532 a proxy for Egi“v ; if Ao is small enough
then this is a reasonable approximation. Then we can restrict our attention to vectors
in Vp, which we would like to show all shrink substantially under the action of our
expander. This in turn can be reduced to showing that F®** maps any vector in Vj
to a vector that has (1) amplitude in Vb%v . This last step is the most technically
involved step of the chapter, and involves careful examination of the different vectors
making up Vs, .

Thus, our proof reduces to two key Lemmas. The first allows us to substitute Egg

for Egi while keeping the gap constant.

Lemma 4.2.1 ([HHO9] Lemma 1). Let II be a projector and let X andY be operators
such that | X|jse < 1, [V < 1, TIX = XTI =1L, ||(I = )X (I — I)||joc < 1 — ¢ and
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|IIIYTl||oo <1 —€a. Assume 0 < ec,ea < 1. Then for any 0 < p < 1, |[[pX + (1 —
P)Y |loo < 1. Specifically,

€A .
IpX + (1 —p)Y | <1-— 12 min(pec, 1 — p). (4.2.1)

We will restrict to VML( N)» OF equivalently, subtract the projector Ef{( N) from each
operator. Thus we have X = 53’2 — Ef{(N), II= Egi“\, — Ez]ft and Y = FOkk _ gk

(N) UN)
According to Definition EET.Tl, we have the bound

I = X (T = Tl = €25 — €2 oo < 1— ece (122)
It will remain only to bound A4 := 1—€4 = H(Egi“v — Ezlj(N)> FOkk (5‘%@ — Ef{(N)>H .

Lemma 4.2.2. For N > (2k)?,
Ay = H(ggg — ) FOH (g3 - 55,(N)>HOO < 2(2k)* /v/N. (4.2.3)

Combining Eqn. EZZ, Lemma and Lemma FE2ZT] now completes the proof of
Theorem EETH

4.2.2 Action of a Classical 2k-TPE

We start by analysing the action of a classical 2k-TPE. (We consider 2k-TPEs rather
than general k-TPEs since our quantum expander construction only uses these.) The
fixed points are states which are unchanged when acted on by 2k copies of any per-
mutation matrix. Since the same permutation is applied to all copies, any equal
indices will remain equal and any unequal indices will remain unequal. This allows
us to identify the fixed points of the classical expander: they are the sums over all
states with the same equality and difference constraints. For example, for k£ =1 (cor-

responding to a 2-TPE), the fixed points are ) [n1,n1) and )] |ny,ng) (all

n1#£n2
off-diagonal entries equal to 1). In general, there is a fixed point for each partition of

the set {1,2,...,2k} into at most N non-empty parts. If N > 2k, which is the only
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case we consider, the 2k Bell number (o gives the number of such partitions (see
c.g. [Stag6)).

We now write down some more notation to further analyse this. If II is a partition
of {1,...,2k}, then we write IT F 2k. We will see that Egi projects onto a space
spanned by vectors labelled by partitions. For a partition II, say that (¢,75) € I if
and only if elements 7 and j are in the same block. Now we can write down the fixed

points of the classical expander. Let
Ig = {(nl,...,ngk) TNy =N iff (Z,j) S H} (4.2.4)

This is a set of tuples where indices in the same block of II are equal and indices in

different blocks are not equal. The corresponding state is

1
In) = n 4.2.5

where n = (ny,...,n9;). Note that the {I1j}m-ox form a partition {1,..., N}?¥ and
thus the {|I11) }rr2x form an orthonormal basis for Vs, . This is because, when apply-
ing the same permutation to all indices, indices that are the same remain the same

and indices that differ remain different. This implies that

€88 =" [In){Iul. (4.2.6)
112k

To evaluate the normalisation, use |I| = (N ) where (N), is the falling factorial
N(N —1)...(N —n+1) and |II] is the number of blocks in II. We will later find it
useful to bound (V),, with

(1 - %) N" < (N), < N"™. (4.2.7)

We will also make use of the refinement partial order:

Definition 4.2.3. The refinement partial order < on partitions II, 11" € Par(2k, N)
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s given by

I <Iiff (3,7) e U= (i,5) € IT'. (4.2.8)
For example, {{1,2},{3},{4}} < {{1,2,4},{3}}. Note that II < II' implies that
| > |1,
Turning Inequality Constraints into Equality Constraints.

In the analysis, it will be easier to consider just equality constraints rather than both

inequality and equality constraints as in I1;. Therefore we make analogous definitions:

En ={(n1,...,n9) : n; =n;V(i,j) € II} (4.2.9)
and
1
|En) = > In). (4.2.10)
V ’EH‘ neEH
Then |Ex| = N M For Ejyy, indices in the same block are equal, as with Iy, but

indices in different blocks need not be different.
We will need relationships between I1; and Fpp. First, observe that Epp can be

written as the union of some Iy sets:

En= J In. (4.2.11)

I >11
To see this, note that for n € Eyy, we have n; = n;V(i,j) € II, but we may also have
an arbitrary number of additional equalities between n;’s in different blocks. The
(unique) partition IT" corresponding to these equalities has the property that II is a
refinement of II'; that is, II’ > II. Thus for any n € Epy there exists a unique II' > II
such that n € Ijy. Conversely, whenever II' > II, we also have Ity C Ep C En

because each inclusion is achieved only be relaxing constraints.
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Using Eqn. E2ZTTl we can obtain a useful identity involving sums over partitions:

N =By = > [Iwl= > Ny (4.2.12)

'>11 >0

Additionally, since both sides in Eqn. are degree |II| polynomials and are equal
on > |II| + 1 points (we can choose any N in Eqn. with N > 2k), it implies
that Ml = ZH'ZH z(ry as an identity on formal polynomials in .

The analogue of Eqn. EEZTT] for the states |Er) and |Iyy) is similar but has to

account for normalisation factors. Thus we have
VIEul|En) = Y VIIwl/Iw). (4.2.13)
>

We would also like to invert this relation, and write |Ir7) as a sum over various
|Er). Doing so will require introducing some more notation. Define ((II,II") to be
1if IT < II' and 0 if IT £ II'. This can be thought of as a matrix that, with respect
to the refinement ordering, has ones on the diagonal and is upper-triangular. Thus it
is also invertible. Define p(I1,II') to be the matrix inverse of ¢, meaning that for all

111,115, we have

> LTl Tz) = Y p(Ihy, I)CAT, 2) = 6, 1,
2k II'=2k

where O, 11, = 1 if II; = Il and = 0 otherwise. Thus, if we rewrite Eqn. as

VIEnl|En) = Y CULTY) /]| ), (4.2.14)

"2k

then we can use p to express |I11) in terms of the |Eyy) as

Vi) = > p(L,1)y/|Ew || Ex). (4.2.15)

II'H2k

This approach is a generalisation of inclusion-exclusion known as Mdobius inversion,
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and the function p is called the Mobius function (see Chapter 3 of [Sta86] for more
background). For the case of the refinement partial order, the Mé&bius function is

known:
Lemma 4.2.4 ([Rof64], Section 7).
|I'|

p(IL ) = (—1)M T — 1t
=1

where b; is the number of blocks of II in the i" block of II'.

We can use this to evaluate sums involving the Mébius function for the refinement

order.

Lemma 4.2.5.

> LI 2T = 2D (4.2.16)
I’>I1

where x is arbitrary and ™ is the rising factorial x(z +1)--- (z +n — 1).

Proof. Start with |p(IL II')| = (—1)M=I (1, IT') to obtain

> (L) = ()Y (I I (<)

I'>11 II'>11
= (=DM p(m ) Y I (<) g
H’ZH HNZH’

using Eqn. EZT2. Then use Mobius inversion and (=), = (=1)"z(™ to prove the

result. O
We will mostly be interested in the special case x = 1:

Corollary 4.2.6.

S (I, I0)] = | (4.2.17)
I/ >11

Using |u(IT, II')| > 1 and the fact that IT > {{1},...,{n}} for all IT  n, we obtain

a bound on the total number of partitions:
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Corollary 4.2.7. The Bell numbers 3, satisfy B, < nl.

4.2.3 Fixed Points of a Quantum Expander

We now turn to Vi), the space fixed by the quantum expander. As in Chapter B
the only operators on (CV)®* to commute with U®* for all U are linear combinations
of subsystem permutations. The equivalent statement for V() is that the only states

invariant under all U®%* are of the form

1
\/m Z ]nl,... ,nk,nﬂ(l),... ,nﬂ(k)% (4218)
nl,...,nkE[N}

for some permutation m € S;. Since Efl(N) = E[U®FF] projects onto the set of states
that is invariant under all U®** it follows that Vu(ny 1s equal to the span of the

states in Eqn.

Now we relate these states to our previous notation.

Definition 4.2.8. For w € S, define the partition corresponding to m by
P(r)={{Lk+n(1)}, {2,k +n(2)},... . {k,k+m(k)}}.
Then the state in Eqn. is simply |Ep(r)), and so
Vuvy = span{|Epr)) 1 m € Si}- (4.2.19)

Note that the classical expander has many more fixed points than just the desired
|Ep(r))- The main task in constructing a quantum expander from a classical one is
to modify the classical expander to decay the fixed points that should not be fixed by

the quantum expander.
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4.2.4 Fourier Transform in the Matrix Element Basis

Since we make use of the Fourier transform, we will need to know how it acts on a

matrix element. We find
f®k’k’m> _ = Zwm.n’n>
where
mmn =ming + ...+ mgng — Mi1MNgtr1 — - .. — MokNok (4.2.20)

We will also find it convenient to estimate the matrix elements (Ery, |F&5*|Eyy,).

The properties we require are proven in the following lemmas.

Lemma 4.2.9. Choose any Il;,1Is = 2k. Let m € II; and n € Ils. Call the free
indices of m m; for 1 <i <|IIy|. Then let m.n = Z'Hl Z?il miA; jn; where A; ; is

a |II1| x 2k matriz with entries in {0,1, —1} which depends on 11y (but not Ily). Then

[Ty |—|TTo|
(B, |[FPFH En,) = N2 ST 1Y An; =0mod NVi | (4.2.21)
1’1€E‘1‘[2 _]

where 1 is the indicator function.

Proof. Simply perform the m sum in

|11 1\+\H2\
(B |FER By, ) = N (5 Z ST owm (4.2.22)

mEEHl nEEH2

Lemma 4.2.10. (Fyy, |F®%F|Fy,) is real and positive.

Proof. Since all entries in the sum in Eqn. EE2ZZT] are nonnegative and at least one

(n = 0) is strictly positive, Lemma implies the result. O

Lemma 4.2.11. If 1T} <II; and II, <1Iy then

VIEW | B, (B, | FE5F En,) < /| By | - |Eny (B | F25F| Ery) (4.2.23)
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Proof. We prove first the special case when 11| = I, but I, < II5 is arbitrary. Recall
that I, < IIy implies that Fy, C Ery,. Now the LHS of Eqn. equals

o
ka Z exp (%mn)
— Nil=k Z i ZALJ’”J' = (0 mod NVi
J

1’1€E'1'[2

= NIk N I(n€ Br,)I | Y Aijn; =0mod NVi

nEEH/2 J

SN‘HlI_k Z I ZAZ'J’I’LJ‘EOIHOdNVZ'

neEH/2 i
= /1B | | B | (B |[FE54 By ),

as desired. To prove Eqn. we repeat this argument, interchanging the roles of
I1; and TIy and use the fact that (Eq, |F®**|Ey,) is symmetric in IT; and Tls. O

Lemma 4.2.12.

(B, | FE** | Er,) < N~ 212k (M) (4.2.24)

Proof. Here, there are two cases to consider. The simpler case is when |IT; |[+|TI5] < 2k.

Here we simply apply the inequality

2m
Z €xp (Wm-n> < |En, | |Em,| = NIMl+|

mEEHl 7I’IEEVHQ

[Ty |+TTg |
to Eqn. EZZ2, and conclude that (Eyy, |FO**|Ep,) < N LR g
Next, we would like to prove that
[T [+[Ta |
(Bn, |F&FF| By,) < N300 (4.2.25)
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Here we use Lemma EEZTT with IIf = II; and IT, = {{1},{2},...,{2k}}, the maxi-
mally refined partition. Note that |Epy | = N? and ]:®k7k|EH/2> = |0). Thus

[ITq |+[TTg|
2

_ o] _ da] _ g [+
(B, | FOF*|En,) < NY=72 (B, | FEHF| By ) = N2 (Enp, |0) = N* :

establishing Eqn. |

Lemma 4.2.13. IfII; = Iy = P(7) then (B, |F®*|Ey,) = 1. If, for any 11y, I,
with [IIy| + [TIa| = 2k, either condition isn’t met (i.e. either 11y # Iy or there does
not exist m € Sy such that P(mw) =11} = Il ) then

<EH1|‘7:®k7k|EH2> <

2| %

(4.2.26)

for N > k.

Proof. In Lemma ECZI4], we introduce the II; x IIy matrix A with the property that

Ty | T2
mn =Y Y midn, (4.2.27)
i=1 j=1
for all m € II; and n € II; where m; and 7; are the free indices of m and n. This is
similar to the matrix A introduced in Lemma except only the free indices of n
are considered.

For II; = II, = P(r), Lemma E-ZI4 implies that A = 0, or equivalently m.n = 0
for all m,n € P(7). Using |IIy| + [IIa| = 2k, (B, |F€**| Fy,) = 1.

Otherwise we have (II1,1Iy) & {(P(n), P(7)) : m € Sk} with |II;| 4 |IIs| = 2k. For
all these, Lemma FLZI4 implies that A is nonzero (for N > k, no entries in A can
be > N or < —N so A = 0 mod N is equivalent to A = 0). Fix an 4 for which the
i™ row of A is nonzero. We wish to count the number of (... ,Tm1,|) such that
Zj flmﬁj = 0 mod N. Assume that each /Nli,j divides N and is nonnegative; if not,
we can replace A; ; with GCD(|4; |, N) by a suitable change of variable for ;.

Now choose an arbitrary j such that fli,j # 0. For any values of nq,...,7;_1,
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Tj41,- -, there are ’Ai,j’ < 2k choices of nj such that Zj Ai7jﬁj = 0 mod N.
Thus, there are < 2kNM2I=1 choices of 7 such that Zj flmﬁj = 0 mod N. Substitut-
ing this into Eqn. EEZZT] (which we can trivially modify to apply for A rather than
just A), we find that

2k [Ty | +|TTo | 2k
<EH1’f®k’k’EH2> S W]V,kqr H142rH2

N7

thus establishing Eqn. L2280 O

Lemma 4.2.14. Let A be the matriz such that m.n = lelll‘ Z'jﬂ m;A; jng for all
m € II; and n € IIy where m; and n; are the free indices of m and n. Then A=0

if and only if I11,1ly > P(m) for some 7 € Sk.

Proof. We first consider Iy = IIs = P(w) for the “if” direction. Note that for any

m,n € Ep(r), we have

k k
mn =Y ming = Y m(yiag) = 0. (4.2.28)
j=1 j=1

This implies that A = 0. Now, choose any II; > P(r) and IIy > P(x). Then for any
m € II; and n € II5, m,n € P(w). This means Eqn. holds for this case so
A =0 also.

On the other hand, suppose that A = 0. We will argue that this implies the
existence of a permutation 7 such that IT;, I, > P(7), thus establishing the “only if”

direction.

Let ITy ; (resp. Iz ;) denote the j*® block of IIj (resp. IIz). Then

Aig= Y A,

iIEHlyi
j/GHQ’J’
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where Ay ;s is defined to be

1 ifd=4€e{1,... Kk}
Apjr=9-1 ifi'=4¢e{k+1,...,2k}-

0 ifd £
If A =0 then for each i, j we have
’HLi N H27j N {1, R ,k}’ = ‘Hl,i N HQJ‘ N {k +1,... ,2]{)}‘ . (4229)

Denote the meet of 117 and Ilo, ITy AIls to be the greatest lower bound of II; and Ils,
or equivalently the unique partition with the fewest blocks that satisfies ITy ATly < TIy
and II; A Il < II;. The blocks of IIy A Ils are simply all of the nonempty sets
IIi; NIy, for i = 1,...,]II1] and j = 1,...,|lI3|. Thus, Eqn. implies that
each block of IT; A Ilz contains an equal number of indices from {1,...,k} as it does
from {k +1,...,2k}. This implies the existence of a permutation 7 € Sy such that
{i,k+m(i)} is contained in a single block of IT; ATl for each i = 1,. .., k. Equivalently
IT; ATy > P(m), implying that IT; > P(7) and IIy > P(7). O

4.2.5 Proof of Lemma 4.2.2

Proof. We would like to show that, for any unit vector |[¢) € Vo, [(|FEFF) |2 <
2(2k)* /v/N. Our strategy will be to calculate the matrix elements of F&F* in the
|Ir1) and |E;) bases. While the |[11) states are orthonormal, we will see that the
(B, | FE**| Ep,) matrix elements are easier to calculate. We then use Mobius func-
tions to express |I1) in terms of |Eyy).

Consider the matrix ngv f®k7k5§ﬁ, . It has k! unit eigenvalues, corresponding to

the k!-dimensional space V(). Call the k!+ 15t largest eigenvalue A4. We bound A4
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with

2
Bl 0% < tr (€3 Fohed )

2
= > [t F )
11,1122k

(4.2.30)

We divide the terms in Eqn. 230 into four types.

1. The leading-order contribution comes from the k! terms of the form II; = I, =

P(7) for m € S,. We bound them with the trivial upper bound
| (I, | F2RF I, )| < 1 (4.2.31a)

(which turns out to be nearly tight). We will then show that the remaining

terms are all kO%*) /N,

2. If |H1| + |H2| < 2k then

1 2mim.n

2
I, |FOPR In,) | = ———r e N
< Hl’ ‘ H2> |I]‘[1|'|I]‘[2|N2k

mell;
nells

|IH1| ) |IH2|
< N2k

< N+ 122k

1
— 4.2.31b
<+ (1.231b)

where in the last line we have used the fact that |Iy| < |Ey| = NI,

3. If |II| + |2| > 2k then we will show that

2 4. (2k?
(I, | P24 I | < AR

<—5 (4.2.31c)

4. If [TI1| + |IIz| = 2k but either II; # I3 or there is no m € Sy satisfying P(w) =
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II; = II,, then we will show that

((2K)! +2k) _ 4- (2k1)?

2

(4.2.31d)

To establish these last two claims, we will find it useful to express |I11) in terms of
the various |Eqy) states.

Lemmas and can now be used together with the Mobius function to
bound |{Iy1, | F®**|I11,)|?. First, suppose |[II;| 4 |II3| > 2k. Then

| B | | B |
(I |75 ) | = | 37 [ I, 10 B [ )
I >0y I AT
I, >,
|Em | [ By | , / @k k
= Z T LT | (I, 1Ty ) e (H27H2)‘<EH’1‘~7: | Emy)
I, >11, | H1|| H2
H'SHQ

S I,Hl H ]._.[2)
\/unl\ [T | HZH ' |

H/QZHQ

by Lemma Then using by Corollary EEZ8 we find

k | !
<IH1’f®k7kuH2> = N |H1| |H2| (4.2.32)
(N) 1, (V) 11|
2 (2k)!
VN

In the last step, we have assumed that 4k < N, so that (N), > N/2 for any ¢ < 2k.
We have also made use of the fact that (still assuming 4k?> < N) Eqn. is
maximised when |II;| + [II3| = 2k + 1, and in particular, when one of [II;|, [IIa| is
equal to 2k and the other is equal to 1.

A similar analysis applies to the pairs II;, Iy with |II1]| + |IIo| = 2k, but with
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(I}, I1p) & {(P(w), P(m)) : m € S}. In this case,

|EH1| |EH2|
|IH1| |IH2|

D

I} 211y, 115 >y
(I, 1T4) #(I1q,TTg)

< 1|‘7:®kk|l > <EH1|‘7:®k,k|EH2>+

|Er | | B |
2 (T, 1T (T, 10 ) ( By | F&RF | By )
‘Il_h’ ’IH2‘ ! 2

(4.2.33)

We now use Lemmas and to bound each of the two terms. For the first
term, we use Eqn. to upper bound it with 2k/N. For each choice of IT} and
IT) in the second sum, we have [II}| + |II}| < 2k — 1. Thus we can upper bound the

absolute value of the second term in Eqn. with

S Iy, T (I, Ty NI ¢ < 20D T
|IH1| |IH2 1'1’>1'[1 I >y
(H’ H)#(T11,TI3)
_ (2R)!
SN

We combine the two terms and square to establish Eqn. L23Tdl
We now put together the components from Eqn. EE2.3T to upper bound Eqn. 2230,

and find that
4 (2Kk!)?

k! 2 < k! 2 - =
+ A% < kI + B3 N

implying that Aa < 206u(2k!)/V'N < 2(2k)*/v/N. This concludes the proof of
Lemma 22 O

4.3 Conclusions

We have shown how efficient quantum tensor product expanders can be constructed
from efficient classical tensor product expanders. This immediately yields an efficient
construction of unitary k-designs for any k. Unfortunately our results do not work for

all dimensions; we require the dimension N to be Q((2k)%). While tighter analysis of
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our construction could likely improve this, our construction does not work for N < 2k.

Constructions of expanders for all dimensions remains an open problem.
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Chapter 5

Applications of Designs

In this chapter we first survey known applications of designs from a wide variety
of areas. Then we present new results applying designs to derandomise some large

deviation bounds.

5.1 Review of Applications

As we have already discussed, random unitaries and random states have many appli-
cations. For some of these applications a design is sufficient since only the first few

moments of the distribution are required to be equal to those of the Haar measure.

5.1.1 Quantum Cryptography

The first applications we discuss are to quantum cryptography. In classical cryptog-
raphy, the one-time pad is the most basic operation that perfectly encrypts a message
using a key that is the same length as the message. In quantum cryptography the
analogue is a quantum operation £ such that for all input states p, £(p) = po with the
requirement that given a secret key Bob can decode Alice’s message perfectly. Since
all states are encoded to py Eve cannot learn anything about the message without
knowing the key. In this section all logs will be taken to base 2.

If pg is the identity, then the map £ is a unitary 1-design. Therefore using 2n
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bits of key to label the Pauli operators provides a quantum one-time pad. In fact, in
I[AMTAO0] it is shown that 2n bits of key are also necessary for a quantum one-time
pad. Therefore this unitary 1-design is of optimal size.

It is interesting to note that 2n bits of key are required rather than just n for the
classical one-time pad. This is related to the fact that quantum states allow super-
dense coding [BW92], which allows two classical bits to be sent per qubit. Although
it is not possible to use a shorter key for exact encryption, it would be desirable to
shorten the key if we can tolerate Eve learning a small amount of information about
the message. In [AS04], they consider closeness in the 1-norm, and set pg = I. They

define a map £ as an e-approximate quantum encryption scheme if for all p
E(p) — I/d||y <. (5.1.1)

Thus we see an e-approximate unitary 1-design according to (for example) Definition
EZT0 (DIAMOND) suffices. In [AS04], they present an efficient construction that
satisfies Eqn. B0 with n + 2log n + 2log () + O(1) bits of key. While this does not
immediately provide an e-approximate 1-design according to any of our definitions
with only (1 + o(1))n bits of key, Eqn. BTl is a valid definition of an e-approximate
unitary 1-design. This key length was further improved by Dickinson and Nayak
[DNO6] to n + 2log (1) + O(1) and their construction is efficient.

A stronger definition for e-approximate encryption was given in [HLSW04]. They

define a map £ to be an e-approximate quantum encryption scheme if for all p
1E(p) — I/d||c < €/d. (5.1.2)

This implies the l-norm bound in Eqn. BT but a dimension factor is lost when
converting the other way. This could be used as yet another approximate 1-design
definition. However, there are no known efficient constructions of such co-norm ran-
domising maps. In [HLSWO04] they provide an inefficient randomised construction

with key length n + logn + 2log (%) + O(1). Their method is to show that with
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non-zero probability random unitaries suffice.

This result was improved by Aubrun in [Aub(9] to reduce the key length to n +
2log (1) + O(1). The method is the same as [HLSW04] except the analysis is tighter.
Aubrun also makes a step towards finding an efficient construction by showing that
the unitaries can be Pauli matrices, which can be implemented efficiently, although
the sampling is still inefficient.

Besides cryptographic applications, it is shown in [HLSW04] that oo-norm ran-
domising maps can be used to hide correlations from local operations and classical
communication (LOCC) and have applications to data hiding (see later) and locking
of classical correlations [DHLT04], whereby classical correlations can be hidden but
unlocked by a very short key.

The last cryptography example we give is that of non-malleable encryption given
in [ABWQ9]. Here the authors not only consider hiding information from Eve but
they also require that she cannot change the message. Of course, Eve could always
replace the message with some fixed state or do nothing, so according to [ABW09],
an encryption scheme is non-malleable if these (or a convex combination) are the only
operations Eve can perform on the encoded data. The main result of this paper is
that a unitary 2-design is necessary and sufficient. They then show, as do Gross et
al. [GAEQT], that a 2-design requires at least (d? — 1)? 4 1 unitaries i.e. the key must
be at least 4n — o(1) bits long. Even for approximate encryption (which can be seen

as an approximate 2-design) the key length is essentially the same.

5.1.2 Measurement

In some cases a random measurement is a good choice but cannot be performed

efficiently. One example of such a result is:

Theorem 5.1.1 (Sen, [Sen05]). Let p1 and pa be any mized states with r(p1)+r(p2) <
\/E/C for a sufficiently large constant C. Here, r(p) is the rank of the state p. Then

Enml|M(p1) — M(p2)llr = Qlp1 — p2ll2) (5.1.3)
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where M is an orthonormal basis picked from the Haar measure. Here, M(p) is the

probability distribution of outcomes according to the POVM M.

Since a large 1-norm distance between probability distributions means the dis-
tributions are easily distinguishable, this result places a lower bound on the distin-
guishability of the states p; and py in terms of their 2-norm distance.

In [AEQ7], Ambainis and Emerson show that a POVM made from a state 4-design
achieves the bound in Eqn. T3 In fact, an e-approximate state 4-design suffices,
provided that € = O(||p1 — p2||3). To ensure the POVM is suitably normalised, we
insist here that the approximate 4-design is also an exact 1-design rather than an
e-approximate 1-design, which is all that Definition EZZ9 ensures.

In [IRO6], Iblisdir and Roland consider a slightly different measurement problem
for which a random measurement achieves the best outcome. The setting is that Alice
chooses a random pure state (the authors only consider the case that Alice’s system
is 2-dimensional i.e. a single qubit) from the Haar measure and makes k copies of it.
Bob then has to find a state with high overlap with the given state. The POVM that

achieves the optimum is [MP95]

(k + 1)) (e|** do. (5.1.4)

From Lemma 222, the average of this is the projector onto the symmetric subspace
of k qubits. While this is not the identity, no other outcomes are possible because
the input state is symmetric. The states in the POVM can be replaced by a state
k-design and in [[R06] the authors present a construction of a state k-design for all

k, although only for one qubit.

5.1.3 Average Gate Fidelity

When implementing a quantum operation, we would like to know how far the actual

operation is from the desired. One way of measuring this is the average gate fidelity
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[Nie()QJ:
F(EU) = / (U () () UT) (5.1.5)

where £ is the operation implemented and U is the desired unitary. We see imme-
diately, following [DCELQ6], that the integrand is a balanced polynomial of degree 2
so the Haar measure on states can be replaced by a state 2-design. We can even use
an approximate design if the average fidelity only needs to be known approximately.
By repeatedly sampling from the design we can obtain an estimate of the average to
1/ poly(log d) accuracy efficiently whereas naively sampling random states will not be

efficient.

5.1.4 Data Hiding

Data hiding was introduced by Terhal, DiVincenzo and Leung [I'DLOTL [DLT02] as a
fundamentally quantum concept. The setting is that Alice and Bob share a quantum
state which contains secret bits. However, the state is chosen so that if they can
only communicate using LOCC then they cannot learn this secret bit. To encode one
secret bit, the “hider” constructs one of two orthogonal mixed states p(()m) and pgm)
and hands half to Alice and the other half to Bob. pém) is the state with m random
Bell pairs chosen subject to the constraint that the number of singlets is even. pgm)
is the same state except with an odd number of singlets. The parameter m controls
the degree of security.

The way that designs help here is in the construction of these states using minimal

resources. The authors show that pg can be obtained from twirling any initial pure

state of the form |¢)(y| & |¢)(y|L:

A0 = [ @ e lwlv e ) (5.1.6)
U(2m)

pgm) can be created from p(()mfl).

The authors consider replacing the Haar integral with a sum over a unitary 2-

!By unitary invariance of the Haar measure, the choice of |) does not affect the resultant state.
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design. If errors can be tolerated then an approximate 2-design can be used and the

state can be prepared efficiently.

5.1.5 Decoupling and Evolution of Black Holes

For various tasks in quantum Shannon theory, it is desirable to decouple a system from
the environment. In [HHYW07] and [ADHWOG], it is shown that for most random
unitaries applied to the system the resulting overall state is close to a product state.

The setting is that there is a system S with two parts S; and S3. The environment

is E. Let the initial state be ¥gg and let
0s5,6(U) = trg, |(U® IE)¢SE(UJr & IE)] . (5.1.7)

Then we have

Theorem 5.1.2 ([ADHWO6], Theorem 4.2).

[ llos.e@) = os0) @ om0 <
U(s)

dsdg
d2
S1

(tr[c¢sﬁg2} +-tr[(¢s)2]tr[c¢ﬁg2]> (5.1.8)

where 0g,(U) = trg,gose(U), etc..

The proof uses the 2-norm squared, which is a polynomial of degree 2 in the matrix
elements of the random unitary. Therefore the same result holds when U is selected
from a unitary 2-design instead and, as above, an approximate design can be used to
allow an efficient implementation. This allows the encoding circuits in [ADHWO06] to
be made efficient although unfortunately the decoding circuits are still inefficient.

Decoupling has also been used in the study of the evolution of black holes. While
many aspects of quantum gravity are not understood, some attempts have been made
to understand how black holes leak information. Two examples are by Hayden and
Preskill [HPO7] and Sekino and Susskind [SSO8]. We concentrate on the approach in

[HPOT] here. The idea is that Alice wishes to destroy some quantum information by
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throwing it into a black hole. However, Bob has been watching it and storing the
Hawking radiation emitted. The question they ask is how long does Bob have to wait
before he can recover Alice’s information.

Imagine that Alice’s information is maximally entangled with a system N held
by Charlie. Should Bob acquire a state from the emitted radiation that is maximally
entangled with N then we say he has successfully recovered Alice’s information. De-
coupling is used because, if what remains of the black hole after some evaporation is
uncorrelated with IV, then the emitted radiation must be maximally entangled with
N and Bob has succeeded. We therefore require that the evolution of the black hole
produces a decoupling unitary. If the evolution is random then, using Theorem BT,
this will likely happen, provided enough radiation has been emitted. In fact, if Bob
holds a system that is maximally entangled with the black hole’s internal state before
Alice throws in her message, then he can recover her state with fidelity 1 — 27¢ by
reading in only the k + ¢ qubits emitted after Alice deposits her information, where
k is the number of qubits in Alice’s message.

This model is not physically realistic because most unitaries cannot be imple-
mented efficiently so the black hole would take far too long to apply the decoupling
unitary. However, as we said above, only a 2-design is required. In fact, in [HP(OT7]
they consider the case that the evolution of a black hole is a local random quantum
circuit. This is similar to the random circuits discussed in Chapter Bl except they
assume that the unitaries are only applied to nearest-neighbour qubits. Should the
random circuit converge to a 2-design quick enough (as Hayden and Preskill conjec-
ture) then the evolution will be sufficiently fast for Bob to find Alice’s state. While
our results do not prove this they could readily be extended to cover the local case

considered here.

5.1.6 Applications for Larger £

So far we have only used k-designs for k£ < 4. However, the higher k£ is the more

similar a k-design is to a random unitary. In the next section we consider replacing
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random unitaries with k-designs in large deviation bounds, thus finding applications

for larger k.

5.2 Derandomising Large Deviation Bounds

The remainder of this chapter has been published previously as [Low(9al.

There are many results in quantum information theory that show generic proper-
ties of states or unitaries (e.g. [HLWO06, HLSWO04]). Often, these results say that, with
high probability, a random state or unitary has some property, for example high en-
tropy. However, as we have seen above, neither random unitaries nor random states
can be implemented efficiently. This limits the usefulness of such results since no
physical systems will behave truly randomly. To make such results more physically
relevant, it would be desirable to show that these properties are generic properties of
unitaries from some natural distribution that can be implemented efficiently. Only
then could we conclude that we would expect to see such properties in natural systems.

In many cases, the generic properties of unitaries are desirable but randomised con-
structions given by the large deviation bounds are inefficient. We would like to come
up with distributions which can be implemented efficiently that have similar generic
properties. Omne example where the best known construction is an inefficient ran-
domised one is the co-norm randomising map (see Section [.T1l). Another example is
locking of classical correlations [DHLT04, [HLSW04], which is a quantum phenomenon
whereby a small amount of communication can greatly enhance the classical correla-
tion between two parties. To prove the randomised constructions, the authors show
that, with some non-zero probability, random unitaries have the required property.
However, there are no known efficient constructions of unitaries with these proper-
ties. If, on the other hand, we could show that unitaries drawn randomly from a set
that can be implemented efficiently have the property with non-zero probability, we
could move an important step closer to finding efficient constructions. (It would not
actually provide an efficient construction unless we could find an efficient sampling

method.) In fact, for the case of co-norm randomisation, this was done by Aubrun in
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[Aub09].

In this section we continue the theme of replacing the Haar measure with a k-
design. The reason for using k-designs is two-fold. Firstly, because the first £ mo-
ments are the same we would expect similar (although weaker) measure concentration
results. Secondly, for k = poly(n) (when the design is on n qubits), we might expect
to be able to implement the k-design efficiently (i.e. in poly(n) time). Indeed, for
k = O(n/logn), we can use the construction from Chapter Bl provided we allow for
approximate designs. However, in the applications we consider here we can always
make the approximation good enough to make the error negligible.

Not only can k-designs be constructed efficiently, they may even be the product
of generic dynamics. In Chapter Bl we show that random quantum circuits quickly
converge to a 2-design for a quite general model of such circuits. We also conjecture
in Chapter Bl that random circuits give k-designs for k¥ > 2 and k& = poly(n) in
polynomial time. If a physical system can be accurately modelled by a random circuit
then, assuming this conjecture, the naturally occurring states will be k-designs rather
than fully random states.

We now summarise some related results in this area. Smith and Leung [SLO6]
and Dahlsten and Plenio [DP06] found large deviation bounds for stabiliser states.
They showed that, in certain regimes, stabiliser states are very likely to have large
entanglement. Stabiliser states are state 2-designs so our results can be seen as a
generalisation of this to k-designs for £ > 2 and to other problems. There are also
some recent classical results related to the present work. Alon and Nussboim [ANOS]
consider replacing full randomness with k-wise independence, a classical analogue of k-
designs, in random graph theory. They show that k-wise independent random graphs
with k& = poly(log N) (N is the number of vertices) have similar generic properties to
fully random graphs.

In the remainder of this chapter, unless otherwise stated, we will use the defini-
tion of an e-approximate unitary design given in terms of monomials, as in Definition

Using the tensor product expander construction of Chapter Bl together with
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Lemma 22T gives an efficient construction for & = O(log d/loglogd) for this defi-

nition.

5.2.1 Introductory Problem: Entanglement of a 2-design

We now illustrate our main idea by showing a large deviation bound for the entan-
glement of a 2-design, but in a different way to [SLO6, [DP06].

It has been known for a long time that random states are highly entangled across
any bipartition [Pag93|, K94l San95]. Further, in [HLWO6], it is shown that random
unitaries generate almost maximally entangled states with high probability. However,
generating random states is inefficient so it is an interesting question to ask if random
efficiently obtainable states are highly entangled.

Let the system be H = Hg ® Hg, where we label the two systems S and F. Let
the dimensions be dg and dg and d = dgdg. Let the overall initial state be any fixed
pure state pg. Then consider applying a random unitary U to SE to get the state
Y = UpoU*. Then the von Neumann entropy S(¢5) = — triglogg of the reduced

state g = trg ¢ is close to logy dg (the maximal) with high probability:

Theorem 5.2.1 ([HLWO6] Theorem 3.3). Let dg > ds > 3. Then for unitaries

chosen from the Haar measure

_ a2
P(S(¢s) < logyds — a — f3) < exp (—%) (5.2.1)

_ 1 _ 1
where C'= g and = 53

B

Now, consider choosing the unitary from a 2-design instead. Later on (Lemma

BZT), we show that Etry% = dflicllE =: u. Since purity is a polynomial of degree 2,

it does not matter if we take the expectation over the Haar measure or the 2-design.
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We now apply Markov’s inequality:

Etr w%

P (tr? > <
(trog > py) < "

1
5
Using the bound S(¢s) > —log, try? and some manipulations (the details are in

Section B4)), this can be written as
P(S(¢s) <logyds —a—f3) <27 (5.2.2)

where (3 is as in Theorem B2l This bound is much weaker than the bound in
Theorem B.Z1l and, in particular, does not show stronger concentration as d increases.
Later in the chapter, we will show that choosing unitaries from a k-design with larger

k will give a much stronger bound that does give sharp concentration results for large

d.

5.2.2 Main Results

We will now state our main results.

Our most general result is:

Theorem 5.2.2. Let f be a polynomial of degree K. Let f(U) =), a; M;(U) where
M;(U) are monomials and let a(f) =), |oy|. Suppose that f has probability concen-
tration

— 52
Py (|f —pl > 6) < Ce™ (5.2.3)
and let v be an e-approximate unitary k-design. Then

1

Puas(1f =l 2 6) < = (C ()" 2 (ot |ul)™™) (5.2.4)

for integer m with 2mK < k.
We therefore take a bound for Haar random unitaries of the form Eqn. and
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turn it into a bound for k-designs. Often, we will use Levy’s Lemma (Lemma B32)
to give the initial concentration bound in Eqn. In this case, a = O(d) (provided
the Lipschitz constant (see later) is constant).

We then apply this to entropy, as a generalisation of Section EZTl We go via the

2-norm since the entropy function is not a polynomial. We find

Theorem 5.2.3. Let v be a 4_"2—approximate unitary m—desz’gn on dimension

2™ with n > 19. Let dgdg = 2" and 2 < dg < 2n/10 and o > 2. Then

Py (S(s) < logyds — a — B) < 8expy (-@ (g + a)> (5.2.5)

where B = ﬁj—z and exp, is the exponential function base 2.

We choose a k-design for k = m since this is (up to constants) the largest k
for which we have an efficient unitary k-design construction (using the construction
of Chapter H).

We then move on to apply our results to ideas in statistical mechanics from
Popescu et al. [PSW06]. In this paper, the authors show that, for almost all pure
states of the universe, any subsystem is very close to the canonical state, which is the
state obtained by assuming a uniform distribution over all allowed states of the uni-
verse (defined in Eqn. [BE52). This could be achieved if the dynamics of the universe
produced a random unitary, but this would take exponential time in the size of the
universe. We show that the random unitary can be replaced by a k-design, showing

that the canonical state can be reached in polynomial time:

Theorem 5.2.4. Let Qg be the canonical state of the system (defined in Eqn. [2223)
and pg be the state after choosing a unitary from an e-approximate k-design. Let dr
be the dimension of the universe’s Hilbert space subject to the arbitrary constraint R

3\ k/8 2
(normally this will be a total energy constraint). Then for e < % (g—;) L k< ‘;C‘Tg

4d% k/8
Puu(llps — Qslli =2 6) < 6 <dR62> : (5.2.6)

135



Finally, we use results from J[GEEQ9] to show that most states in an O(1)-approxi-
mate state n?-design on n qubits are useless for measurement-based quantum comput-
ing, in the sense that any computation using such states could be simulated efficiently
on a classical computer. We do this, following [GEEQ9], by showing that the states

are so entangled that the measurement outcomes are essentially random.

5.2.3 Optimality of Results

An important question is how close our results are to optimal, in terms of their
scaling with dimension d. In Theorem BEZZ2 we will normally have a = ©(d) so for m
constant, we obtain polynomial bounds, rather than the exponential bounds for full

randomness. This is to be expected:

Theorem 5.2.5. Let v be an e-approximate unitary k-design. Suppose also that it
is discrete i.e. contains a finite number S of unitaries. Let f(U) be any function on
matriz elements of U and p be any constant. Then either f(U) = p for allU in v or

for some § >0
PUNV(L]C - M| 2 6) Z Pmin (527)

where pmin 1S the probability of choosing the least probable unitary from v. If the
probability is uniform, pmi, = 1/S.

Proof. There exists at least one U such that |f(U) — p| > ¢ for some § > 0; the

probability of selecting one such U is at least pyin. O

Corollary 5.2.6. Our results are polynomially related to the optimal (i.e. the optimal

bounds can be obtained by raising ours to a constant power).

Proof. Our results apply for any design, so must obey the bound in Theorem BE2H
for all designs. The unitary design construction we use (from Chapter f] using Lemma

E2TA) has ppin = d=9%) hence the bounds cannot scale better than this. O

We can also almost recover the tail bound for full randomness in Theorem
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Suppose for simplicity that we have an exact design (i.e. € = 0), so that

Pu(lf 2 6) < C (25)"

The optimal m is aé? /e, which gives
Py (|f — pl > 6) < Cem/e.

So our result allows us to interpolate from Markov’s inequality, which gives weak
bounds, all the way to full Haar randomness and is within a polynomial correction of
optimal for the full range.

The remainder of the chapter is organised as follows. In Section we present
our main technique for finding large deviation bounds for k-designs. We then apply
this to entropy in Section B4, to ideas in statistical mechanics in Section and to
using k-designs for measurement-based quantum computing in Section Bl We then

conclude in Section B4

5.3 Main Technique

The main idea in this chapter can be summarised in three steps. Let f : U(d) — C
be a balanced polynomial of degree K in the matrix elements of a unitary U. Then

to get a concentration bound on f when U is chosen from a k-design:

1. Find some measure concentration result for |f(U) — u| when the unitaries are
chosen uniformly at random from the Haar measure. Normally p will be the

expectation of f.

2. Use this to bound the moments E|f(U) — u|*™ for some integer m < 5.

3. Then use Markov’s inequality and the fact that for a (approximate) k-design the
moments are (almost) the same as for uniform randomness. We then optimise

the bound for m, which will often involve setting m close to the maximum,
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k
2 -
We will now work through each of these steps and finish with a proof of Theorem

5.3.1 Step 1: Concentration for uniform randomness

For the first step, we will often start with Levy’s Lemma. This states, roughly speak-
ing, that slowly varying functions in high dimensions are approximately constant. We

quantify ‘slowly varying’ by the Lipschitz constant:

Definition 5.3.1. The Lipschitz constant n (with respect to the FEuclidean norm) for

a function f is
n= sup |f(U1) = f(Ua)]
v, UL = Usll2

(5.3.1)
Then we have Levy’s lemma:

Lemma 5.3.2 (Levy, see e.g. [Led(1]). Let f be an n-Lipschitz function on U(d) with
mean Ef. Then

Cld52> (5.3.2)

B(If —Ef| > 6) < dexp (— -

where C7 can be taken to be 92?.

5.3.2 Step 2: A bound on the moments

Levy’s Lemma says that f is close to its mean. This means that E|f — Ef|™ should

be small. We will bound the moments for slightly more general concentration results:

Lemma 5.3.3. Let X be any random variable with probability concentration
P(|X — p| > 6) < Ce . (5.3.3)

(Normally p will be the expectation of X, although the bound does not assume this.)

Then
m/2
E|X — g™ < CT(m/2 + 1)a~™? < C <ﬁ> /

> (5.3.4)
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for any m > 0.

Proof. This proof is based on the proof of an analogous result by Bellare and Rompel

[BR94], Lemma A.1.

Note that, for any random variable Y > 0,
o
EY = / P(Y > y)dy. (5.3.5)
0
Therefore

BX =" = [ ROX = > oo
= [ - = 2
0

< C/ exp(—az?/™)dx
0

where in the last line we used the assumed large deviation bound Eqn. B33 To

evaluate this integral, use the change of variables y = az?/™ to get

E|X _ Iu|m < C_ma—m/Q/ e—yym/Q—ldy
2 0
= Ca ™2T(m/2 +1)

<o gy :

5.3.3 Step 3: A concentration bound for a k-design

Now we show how to obtain a measure concentration result for polynomials when the
unitaries are selected from an approximate k-design. We first show that the moments

of |f — p| for f a polynomial are close to the Haar measure moments:

Lemma 5.3.4. Let f be a balanced polynomial of degree K and u be any constant.
Let f = S"t_, a;M; where each M; is a monomial. Let o(f) = 3, |oy|. Then for m
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an integer with 2mK < k and v an e-approximate k-design,

€

= (ot [l (5.3.6)

Evewlf — u*™ < Bpeaga)| f — p*™ +

Proof. For simplicity, we assume that f and p are real. Our proof easily generalises

to the complex case.

Firstly we calculate |Eg, f! — Ey~u(a) f| using the multinomial theorem:

Ev v ' —Evmsi(ay ']

1 i % i .
= Z <k1’...7kt>a11_..att (EUNV—EUNZ/{(d)) Mll---Mtt

ki1+...+ke=1
7
< E < )’al‘kl ---’at‘kt (EUNV—EUNu(d)) Mfl Mft
i iy ki,... ks
1+ Fke=t
€ /)
< = E k1 PN ke
= dk A<k‘1,...,k‘t>|a1| x|
ki+...+ki=i
€ i
= 7

We now calculate Ey, | f — p*™:

vl f = 1™ = Buas@lf — wPP™| = [Evew (f — 18)*™ = Bpera(a) (f — 1)*™|

2m
Z (27> (Evevf" = Egegga [ (—p)*™

=0

2m m ) ) )
<> ( . >|EU~1/]M — Eyga(ay f 1™

=0

€ 2m 2m
3

=0

€ 2m

= (o + |pl) O

Now we can simply apply Markov’s inequality to prove Theorem
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Proof of Theorem 23, Apply Markov’s inequality and Lemmas and 3.4k

Py~ (If = ol 2 6) = Puo (| f — p*™ = 6°™)

E _ 12m
< Bu~wlf — 4l
— 52m

m

<L (C <—>m+i(a+|u|)2m>. O
§2m a dk

We finish this section with two remarks. Firstly, provided «(f) (the sum of the
absolute value of all the coefficients) is at most polynomially large in d, we can choose
€ to be polynomially small to cancel this at no change to the asymptotic efficiency.
Secondly, when applying the theorem we will optimise the choice of m (and normally
choose k = 2mK). Often a = ©(d) and the optimal choice of m is often ©(d) as
well. However, we will not take m so large because we can only implement an efficient

k-design for k = O(log d/loglogd).

5.4 Application 1: Entropy of a k-design

We now apply the above to show that most unitaries in a k-design generate large
amounts of entropy across any bipartition, provided the dimensions are sufficiently
far apart. This means that, for any initial state, for most choices of a unitary from a k-
design applied to the state, the resulting state will be highly entangled. We go via the
purity of the reduced density matrix, since the entropy function is not a polynomial.

We will call the two systems S (the ‘system’) and E (the ‘environment’) and
calculate the purity of the reduced state. That the purity, tr {(trE UpUT)Q], is a
balanced polynomial of degree 2 is easily seen by noting that the trace is linear and
the reduced state is squared. However, we should check that there are not too many
terms or terms with large coefficients. To do this, we should calculate « to apply
Theorem

There is a general method for calculating a(f) which we will use. Write f(U) =
>, i M;(U) for monomials M;. To evaluate o f) =), |a4|, calculate f(A) where A
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is the matrix with all entries equal to 1 (so that M;(A) = 1) and replace «; with |oy].

Using this here we find

a=d > |pyl
ij
<d" ) |pyl
ij
= d'{|pll3

< d*.

We now calculate the expected purity:

ds+dg
d+1 7

Lemma 5.4.1. The expected purity of the reduced state is where dg is the

dimension of subsystem S and dp = d/dg is the dimension of subsystem E.

Proof. We have
Evu@)|¥sll3 = Evsiay | tr Fos,(trp UpUT @ trg UﬂUT)} (5.4.1)

where Fg, 5, is swap acting between systems S; and S2. By linearity of the trace, we

can commute the Eyr4(q) through and use Eyq(q) [UpUJr ® UpUT] = % to find

Fsys
EUNU(d)||¢S||% =tr |:d(d7i{_21)(d2E15152 + dEfSlSQ):|
1
= ———(djds + dpd?
_ ds + dg 0
d+1

Working out the higher moments in this way is difficult (although has been done
in [Gir(7)) so we use Levy’s Lemma and Lemma B33 To use Levy’s Lemma, all we

have to do is find the Lipschitz constant for the purity:

Lemma 5.4.2. The Lipschitz constant for purity is < 2.
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Proof.

) sup sl — liosl|
b0 1) — @2
ksl = llsllal (lwsllz + llos]l2)
e T — olla

Now we use |||S]|]2 = ||T]2] < ||S —T||2 to find

n < sup(|[¢sl2 + [[¢s2) <2

using the fact that the purity is upper bounded by 1. O

ds+dg
d+1

Lemma 5.4.3. For p = and m an integer with m < k/4 and v an e-

approximate k-design,

1 A4m\™ € m
Fu-AS(s) < g =) < Ty (4 () e <> 2
5.4.2

Proof. We use the fact that von Neumann entropy is lower bounded by the Renyi

2-entropy i.e. — log, ||vg|[3:

S(¥s) > Sa(1bs) = —log, [[¥s] 3. (5.4.3)

Then

Py (S(1s) < —logy(1 + 0)p) < Punw(S2(vs) < —logy(1 + 6)p)
=Py (|l¥slz = (1+0)p)
)

< Py (|[|¥s]l3 — p| > 6
1 4m\™ €
< g (1) '+ o)

using Theorem in the last line. O

We have written this in a more convenient form in Theorem which is proved
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in Section B8l This is to be compared with the Haar random version Theorem B271
As expected, we have n = log, d appearing in the exponent rather than d. Note also
that our bound does not work well for dg =~ dg. In fact, in this case, we do not get a
bound that improves with dimension. In order to achieve such a bound in this regime

a different technique will be necessary.

5.5 Application 2: k-designs and Statistical Mechanics

We can also apply these ideas to partially derandomise some of the arguments on the
foundations of statistical mechanics in [PSW06]. In this paper, the authors develop
the idea that the uncertainty in statistical mechanics comes from entanglement rather
than the traditional assumption of the principle of equal a priori probabilities. They
consider the universe being in a pure quantum state and that the uncertainty in the
state of a subsystem comes from the entanglement between this system and the rest
of the universe.

The setting is that there is an arbitrary global linear constraint R. Often this will
be a total energy constraint although this is not assumed. Let the Hilbert space of
states satisfying R be Hgr. Then let the system and environment Hilbert spaces be

Hs and Hp respectively. Then
Hr C Hs ® HEg. (5.5.1)

Let the dimensions be dg, ds and dg and let g = é—f;. Note that dr < dgdg, unlike
in the above where we took d = dgdg. Normally we will have dg < dr. The principle
of equal a priori probabilities says that the state of the universe is £g which implies

the subsystem state is the canonical state, given by
Qg =trp(Er). (5.5.2)

The main result of [PSW06] (the ‘principle of apparently equal a priori probabilities’)
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is that, for almost all pure states of the universe, the subsystem state is almost exactly

the canonical state.

Theorem 5.5.1 (Theorem 1 of [PSW06]). For a randomly chosen state |¢) € Hr C
Hs ® Hg and arbitrary € > 0, the distance between the reduced density matrixz of the

system pg = trg(|¢){(¢|) and the canonical state Qg (Eqn.[202) is given probabilisti-

| d
Puea(a) (Hps —Qglly > e+ d—i) < 2exp (—Codge?) (5.5.3)
E

where Cy = 1/(1873) and d$f = tréz% > d—?.

cally by

This result gives compelling evidence to replace the principle of equal a priori
probabilities with the principle of apparently equal a priori probabilities, but it does
not address the problem of how the system reaches this state. It will take an extremely
(exponentially) long time for the universe to reach a random pure state, in contrast to
the observed fact that thermalisation occurs quickly. Here, we show that for almost
all unitaries in a k-design applied to the universe, the subsystem state is close to the
canonical state. Since these unitaries can be implemented and sampled efficiently,
this means that equilibrium could be reached quickly to match observations.

We are now ready to show that a k-design gives a small ||ps — Qgl|;. First, we

have to modify Lemma slightly:

Lemma 5.5.2. Let X be any non-negative random variable with probability concen-

tration
P(X >6+n) < Ce @ (5.5.4)
where n > 0. Then
om m/2
EX™<C <7> + (2p)™ (5.5.5)

for any m > 0.

The proof is very similar to the proof of Lemma

Now we state and prove the main result in this section:
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Theorem 5.5.3. Let v be an e-approximate unitary k-design. Then

— >0 < | = 5 — /2
Py (llps —Qsll1 > 0) < (52> 2<202dR> + <d3> +dk (d% +1)

(5.5.6)
k/8
In particular, with € = % <%> , k< Sng%,
4d3, \M®
Pu~slllos = slh > 9) < 6 ( 75 ) 6.5.)

Again, we need dg to be polynomially smaller than dr to obtain non-trivial

bounds.

Proof. We go via the 2-norm and use Lemmas and B34
We have from Theorem B.5.T] that

Pysia)(llps — Qslli > 8 +n) < 2~ C2dnd® (5.5.8)

where n = /B < S Since [lps — Qs]ls < llos — 1l
Py~ai(a)(|lps — Qsllz > 6 +1) < 2670, (5.5.9)
We now apply Lemma B2 to get

4m \™
E;r. — Q2™ < 2 <—> + (2n)%™. 5.5.10
v~u()llps — Qsll3 Codr (2n) ( )

So for m < k/4, using Markov’s inequality and Lemma B34 (with 4 = 0) on the

polynomial [[ps — Qg3 :

1 4m \™
PU~u(||ps—QS||2>5)§—<2< ) e

d% + 1)) . (5511
= (2 (o> d<+>><55>

Tk
R
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Here, we used an estimate of «, the sum of the moduli of the coefficients:
a < (d% + 1) (5.5.12)

which we obtain via a similar calculation to that in Section B4l

Now we go back to the 1-norm, using ||ps — Qs|l1 < V/ds||ps — Qg2 to get

Pyw(llps — Qslli = 0) < Pyw(llps — Qsll2 > 0/+/ds) (5.5.13)
dS " 4m " 2m € 2 4m
< (%8 - .
= (52> (2 <02d3> e g et )
(5.5.14)

To obtain the result in Eqn. BE50, we just use n < jTiR and set m = k/8.

To prove the simplified version, first use, as in Section B4l that (d%—i— 1)im < Qd%m

for m < d%/& This is implied by k& < Sng%. We then set m = k/8 to find

kds \*® [ 4d3 \*®
Pyy -Q >0 <2 —= 2——. 5.5.15
u~v(llps slh =2 90) < (202dR52> + d o2 + Sk/4 ( )
. . 3 4d? k/8 . . .
Then, using k < Sng%, withe < 3 (d_RS) , we obtain the simplified result Eqn. .57
O

5.6 Application 3: Using k-designs for Measurement-

Based Quantum Computing

Here we apply our ideas to partially derandomise some results of Gross, Flammia and
Eisert in [GFEQ09] and Bremner, Mora and Winter in [BMW09]. The main result in
these two papers is that most states do not offer any advantage over classical compu-
tation when used in the measurement-based quantum computing (MBQC) model. In
MBQC, a classical computer is given access to a large quantum state on which it can

do single qubit measurements. Some states allow for universal quantum computation
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whereas others do not add any extra power to the classical computer. These results
are concerned with the question of characterising which states do and do not work.
Showing that random states do not give any speed up shows that useful states for
MBQC are not generic and so must be carefully constructed.

While the results in these two papers are similar, we will concentrate on the
methods from [GFEQO9] since their methods are simpler to apply here. They prove
their result by showing that most states are very entangled in the geometric measure
(see Definition B6.0l). They then use this to show that the measurement outcomes of
even the best possible measurement scheme are almost completely random. In fact,
the state could be thrown away and the measurement outcomes replaced with random
numbers to solve the computational problem just as efficiently. This shows that you
can classically simulate any quantum computation that uses these highly entangled

states. The measure of entanglement they use is the geometric measure:

Definition 5.6.1. The geometric measure of entanglement of a state |V) is [Shi95,
BL{1]
E,y()) = — logy sup | (] W)[2. (5.6.1)
acP

where P is the set of all product states.

They show that any MBQC using a state |¥) with E,(]¥)) = n — O(logyn) can

be efficiently simulated classically. They then show that
Theorem 5.6.2 (|[GFEQN9], Theorem 2). Forn > 11,

2

P\w)NS(d) (Eg(|‘1/>) <n-— 210g2 n— 3) <e . (562)

This shows that most states are useless. We partially derandomise this result to

show that most states in an e-approximate (e can be taken as a constant) state n2-

design have high geometric measure of entanglement and thus are useless in the same
way.

We could apply our technique and use Theorem but in this case, it is simpler
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to directly bound the probability using Markov’s inequality.

Lemma 5.6.3.

m!

Py (B 2 6) < (14 oz < (14+0) ()" (5.6.3)

where |¥) is chosen from an e-approrimate state k-design v, m < k and a positive

integer and |®) is any fized state.

Proof. We prove this bound directly using Markov’s inequality:

Py ((O]T) 2 > 6) = Pgyos (BT > 5)
E o|p)[2m
 Eweal(0l2)
By (R[0S (W[ | D)
6m
(D[R gy [[ ) O (WO | B) O
_ i

sym

<(I)’®m(1 + 6) (m+d n ‘(I)>
5m

<

_ 1+e€

(e

g% (1+e)(;r;)m. O

We now prove the main result in this section:

Theorem 5.6.4. For |V) randomly drawn from an e-approzimate state k-design with

d=2"
Pryyn (Eg(|¥)) < n—6) < (1+¢) expy(k logy 2k+4nlogy 10n—kd+4n(n—3)). (5.6.4)

In particular, for k =n?, § = 3logon +5 and € = 1,

2

IP’N, o (Eg(|¥)) <n—3loggn—5) <2-n"". (5.6.5)
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We note that this bound is almost the same as in Theorem It only works for
slightly larger deviations from n, which is why we obtain a slightly better probability
bound. Note also that we can obtain an exponential bound in n (not d = 2™) because

the design is exponentially large in n.

Proof. This proof closely mirrors the proof of Theorem 2 in [GEEN9]. We use the idea

of a y-net. N, ,, is a y-net on product states if

s al [y = l@)]], < /2. (5.6.6)
In [GFEQNY), it is shown that such a net exists with [N, ,| < (5n/vy)%. We then
proceed by showing that most states in the state design have small overlap with every
state in the net using the union bound and Lemma Finally, since every state is
close to one in the net, we can show that most states in the design have small overlap
with every product state.

We now formalise the above. Using Lemma and the union bound,

P ap 1GOE=7/2) < a0 () < () are (22
D | ayenn - = WanlETO\ G5 ) =\5 Ny )

(5.6.7)
Now, we need to bound
P‘@NV(EQ(]\I/» <n-9)= Pgyw (— log, ‘8;16[;3 ](a]\I/HZ <n-— 5)
= Plgys ( sup |(a|®)? > 2—<n—5>> .
|layeP
We now claim that
sup [(a)> > & = sup [(@|®)]? > /2. (5.6.8)

loyeP |&)ENs /2.

To prove this claim, let |a) be the state that achieves the supremum on the left hand

side, and let |@) be the state closest to it in the §’/2-net. It is shown in [GEEQ09] that
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this implies for any |¥)
(el @) - [(alw))*| < &'/2. (5:6.9)

Therefore

(&l w)* = [(o] T)[* — &/2

>4')/2.

This implies that the supremum over all states in the net must be at least ¢'/2 to
prove the claim.

We can now finish the proof. Set & = 2=("=% in Eqn. and use Eqn. B.6.1
with v = ¢’/2 to find

Pig) ( sup |(a|¥)* > 2‘("“”>
layeP

< Pryyer sup (@[ w)[* > 2 (=0t
‘d>ENQ—(n—6)—1’

n

< (14 €) expy(klogy 2k + dnlogy 10n — k6 + 4n(n — 9)). O

Combining this with the arguments of [GFEQN9] shows that most states in a state
n?-design on n qubits are useless for MBQC. This shows that even many efficiently

preparable states are useless.

5.7 Conclusions

We have seen how to turn large deviation bounds for Haar-random unitaries into
bounds for k-designs. The main technique was applied to show that unitaries from
k-designs generate large amounts of entanglement. Then we showed that, if the dy-
namics of the universe produced a k-design, the entanglement generated would be
sufficient to reproduce the principle of equal a priori probabilities. Finally we showed

that most states in sufficiently large state designs are useless for measurement-based
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quantum computing, in the sense that computation using them can be efficiently
simulated classically.

However, there are other bounds for which our technique does not work. Since
we cannot obtain exponential bounds for polynomially sized designs, our technique
cannot directly derandomise some bounds. Some results, for example showing that
the co-norm of the reduced state of a random pure state is close to 1/dg [HHL04], are
proven by using an e-net of states and the union bound. Since the e-net is exponen-
tially large, exponentially small bounds are required. We do not know how to apply
our idea to results of this kind and still have & = poly(logd). (Note that we could
cope with the e-net in Section .8 since it was just a net on product states which is
considerably smaller.)

It is also possible that our ideas could be used to completely derandomise some
constructions (e.g. locking [HLSW04, IDHL704]). If we could show that unitaries
drawn from a k-design work with non-zero probability, and come up with an efficient

sampling method, then we could obtain efficient randomised constructions.

5.8 Proof of Theorem 5.2.3

Here we prove the more convenient form of Lemma stated as Theorem
Proof of Theorem[ZZ3. Firstly, we will write the left hand side of Eqn. E432 in a
more useful way. Using In(1 + z) < z, we find

—logg pu > logy ds — 3

where 3 = ﬁg—z, following the notation in [HLWO6]. This means

Pyw(S(1hs) <logyds — a — B) < Py (S(vs) < —logy p — )
1 am\™" e 4, om
= @ —) (4 (le) ) ) |

We now simplify the right hand side. Let 6 = 2% — 1. For dg > 2, we have p > 1/dg.
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We shall also assume that m = k/8. This gives us (using u < 1)

dg\ "/ E O\ F/8 k/4
o svusts o< (8)" (s ) " (+2) ")

Now, one can easily show (e.g. by induction on n) that

(146" <2 (5.8.2)

for 2nd < 1. We use this for n = k/4 and § = 1/d*. The condition is then k < 2d*,

which we shall assume (we will set k£ = logd/loglog d later). We now obtain

k/4 k/8
waws)gog?ds—a—ﬁ)s(%S) <4<2§1 d) +ze>. (5:83)

k/8
We will now take € = 2 (ﬁ) , so that the two terms are the same. log1/e is

poly(log d) so this remains efficient. Now

A2k k/8
Py (S(s) < logy ds — o — ) < § (2015 ! 52) | (5.8.4)
Assuming that 62 > 212%17 we should take k as large as possible up to 22&%2‘1, when the

right hand side is maximised. We then find the result after further simplification. [J
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Part 11

Quantum Learning
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Chapter 6

Learning and Testing Algorithms
for the Clifford Group

6.1 Introduction

A central problem in quantum computing is to determine an unknown quantum state
from measurements of multiple copies of the state. This process is known as quantum
state tomography (see [NCO0] and references therein). By making enough measure-
ments, the probability distributions of the outcomes can be estimated from which
the state can be inferred. A related problem is that of quantum process tomography,
where an unknown quantum evolution is determined by applying it to certain known
input states. There are several methods for doing this, including what are known as
Standard Quantum Process Tomography [CN97, [PCZ97] and Ancilla Assisted Pro-
cess Tomography [DLP0T, [Len03]. These methods work by using state tomography
on the output states for certain input states.

However, all these procedures share one important downside: the number of mea-
surements required increases exponentially with the number of qubits. This already
presents problems even with systems achievable with today’s technology, for which
complete tomographical measurements can take hours (e.g. [HHR™05]) making tomog-

raphy of larger systems unfeasible. Unfortunately this exponential cost is necessary to
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determine a completely unknown state or process, since there are exponentially many
parameters to measure. To make tomography feasible for larger systems, we need to
find a restriction that requires fewer measurements, ideally polynomially many.

One way to improve the measurement, or query, complexity is to assume some prior
knowledge of the process. For example, suppose the process was known to be one of a
small number of unitaries, then the task is just to decide which. This is the approach
we take here. As a simple example, consider being given a black box implementing
an unknown Pauli matrix. By applying this to half a maximally entangled state, the
Pauli can be identified with one query. This is essentially superdense coding [BW92]
and is explained in Section Indeed, if the black box performed a tensor product
of arbitrary Paulis on n qubits then it too can be identified with just one query.

We extend this to work for elements of the Clifford group (the normaliser of the
Pauli group; see Definition B2Z1l) and show that any member of the Clifford group
can be learnt with O(n) queries, which we show is optimal. The Clifford group is
an important subgroup of the unitary group that has found uses in quantum error
correction and fault tolerance [CRSS97, [Sho96, [Gof9s)].

Then generalising further, we show that elements of the Gottesman-Chuang hi-
erarchy [GC99] (see Definition B22), also known as the Cj, hierarchy, can also be
learnt efficiently. As the level k increases, the set Cj includes more and more unitaries
so this implies ever larger sets can be learnt, although the number of queries scales
exponentially with k. Our methods also work if the unitary is known to be close to a
Clifford (or any element of Cj, for some known k) rather than exactly a Clifford.

We also give a Clifford testing algorithm, which determines whether an unknown
unitary is close to a Clifford or far from every Clifford. This is an extension of the Pauli
testing algorithm given in [MOOQ§]. Indeed, our results are closely related to results in
[MOOS] and we use some of the algorithms presented there as ingredients. Our results
can also be compared with [Aar(7], which contains methods to approximately learn
quantum states. Another related result is that of Aaronson and Gottesman [AGQ9],

which provides a method of learning stabiliser states with linearly many copies.
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We only consider query complexity although, at least for the Clifford group results,
our methods are computationally efficient too.

The rest of the chapter is organised as follows. In Section B2 we define the Pauli
and Clifford groups and the Gottesman-Chuang hierarchy. In Section we present
our algorithm for exact learning of Clifford and Cj elements. In Section B4 we show
how to find the closest element of C, to an unknown unitary. In Section we present
our Clifford testing algorithm and then conclude in Section

This chapter has been published previously as [Low(9b].

6.2 The Pauli and Clifford Groups and the Gottesman-

Chuang Hierarchy

Firstly, we define the Pauli group. Call the set of all Pauli matrices on n qubits P.
We then have ]75] = 4". We write matrices in the Pauli basis using the normalisation
p = va(p)ap. To make P into a group, the Pauli group P, we must include each
matrix in P with phases {1, £i}.

We can now define the Clifford group:

Definition 6.2.1 (The Clifford group). The Clifford group is the normaliser of the
Pauli group i.e.

C={Uecu@") :uputcp}.
Then the Gottesman-Chuang hierarchy is a generalisation:

Definition 6.2.2 (The Gottesman-Chuang hierarchy [GC99]). Let C) be the Pauli

group P. Then level Cy of the hierarchy is defined recursively:
C={UclU2"):UPU' CCp_,}.

By definition, Cs is the Clifford group C. For k > 2, Cx is no longer a group but

contains a universal gate set, whereas C; and Cy are not universal.
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6.3 Learning Gottesman-Chuang Operations

Before we give our algorithm for learning Gottesman-Chuang operations, we present

a simple method for learning Pauli operations, which we use as the main ingredient.

6.3.1 Learning Pauli Operations

This is due to [MOOS] and is in fact identical to the superdense-coding protocol

[BW92].

Theorem 6.3.1 (JMOOS], Proposition 20). Pauli operations can be identified with

one query and in time O(n).

Proof. Apply the operator o, to half of the maximally entangled state
) =272y Jid).

For different choices of 0, the resulting states are orthogonal so can be perfectly

distinguished:

(| (op @ 1) (0g®I)[¢h) =27" Z<ii’0paq ® 1157)

ij

— 27 S il il3)

ij

=2 Z<i“7p‘7q’i>

i

_ —n
=2""tropoq

= 5pq-

The time complexity O(n) comes from the preparation and measurement operations.

O
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6.3.2 Learning Clifford Operations

We can now present our algorithm for learning Clifford operations to illustrate our
main idea for learning unitaries in the Gottesman-Chuang hierarchy. We will use the
fact that knowing how a unitary acts by conjugation on all elements of P identifies it

uniquely (up to phase):

Lemma 6.3.2. Knowing UUpUT for all oy € P uniquely determines U, up to global
phase.

Proof. The Pauli matrices form a basis for all 2" x 2™ matrices so knowing the action
of U on the Paulis is enough to determine the action of U on any matrix up to phase.
The phase cannot be determined because action by conjugation does not reveal the

phase. O

Now let G = {0y,,0.,}} | where o, (0;,) is the matrix with o, (0.) acting on
qubit i and trivially elsewhere. We think of this as a set of generators for P since
cach element of P can be written as a product of elements of G, up to phase. Using
this, knowledge of how U acts on elements of G is sufficient to determine the action

on all of P:

Lemma 6.3.3. UapUJr for any o, € P can be calculated from knowledge of UJgUJr

for each o4 € G.

Proof. Let 0, = aoy, ...0y, for o, € G where « is a phase. Then
Uo,Ul = aUay, ...0, Ul =alUo, Ut ... Us,, U O

With these definitions and observations, we can now present the Clifford learning

algorithm.

Theorem 6.3.4. Given oracle access to an unknown Clifford operation C and its
conjugate CT, C' can be determined exactly (up to global phase) with 2n + 1 queries to
C and 2n to CT. The algorithm runs in time O(n?).
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Proof. From the definition of the Clifford group, CO'pCT € P for all 0, € P. Note
that Cgch is not necessarily a Pauli operator in P because there is a phase of +1
(complex phases are not allowed because Cgch is Hermitian). Determining which
Pauli operator and phase for every o, would be sufficient to learn C' using Lemma
But from Lemma B33, we only need to know CO'gCT for each 04 € G.

Let C’J;,JZ,C'Jr = a0, and C’UziC'Jr = Biop,, where «;, 3; = £1. Knowing just oy,
and o3, is enough to specify C' up to a Pauli correction factor o, which gives the
phases o; and (3;. Choosing o, that anticommutes with o, flips the sign of a; and

similarly for o,,. We now present the algorithm:

1. Apply C’J;,JZ,C'Jr and C’UziC'Jr for each i and use Theorem B3] to determine oy,

and oy,. This uses 2n queries to both C' and CT.

2. Let C’ be such that C'o,,C't = 0,, and C'0,,C'l = oy, i.e. the phases are all

+1. Then, choosing a phase for C’, we can write C' = C’'o where
o= H 02 H Oz, (6.3.1)

Then implement C’TC to determine ¢ using Theorem This uses one query

to C. We can now calculate the phases «; and j;.

To work out the time complexity, note that in step 1 the O(n) time Pauli learning
algorithm is called 2n times. Then for step 2, the Clifford C’ can be implemented in
O(n?) time using for example Theorem 10.6 of [NCO0. O

We now show that this algorithm is optimal, in terms of number of queries, up to

constant factors:
Lemma 6.3.5. Any method of learning a Clifford gate requires at least n queries.

Proof. Each application of the gate C' can give at most 2n bits of mutual information

about C'. This follows from the optimality of superdense coding [BW92]. The Clifford
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group (modulo global phase) is of size [CRSSIR| 27 +2n+3 [ -1)> 92n*+nt3,

To identify an element with m queries, we therefore need
92nm > 92n®+n+3 (6.3.2)

which implies m > n. ]

It is unfortunate that access to CT is also required, but we do not know a method
with optimal query complexity that works without C'f. There are however methods
that use O(n?) queries that do not use CT. The result of [HW06] can be used to
show that O(n?) queries to C are sufficient, by distinguishing the states C' ® I|¢) for
different Cliffords C' and where [¢)) is the maximally entangled state. We can use
Lemma to show that these states are far apart in the distance measure used in

[HW06], allowing us to apply their result.

6.3.3 Learning Gottesman-Chuang Operations

Theorem can easily be generalised to learning any operation from the Cj hier-

archy:

Theorem 6.3.6. Given oracle access to an unknown operation C € Ci and its con-

(2n)k—1
2n—1

jugate CT, C can be determined exactly (up to phase) with
(2n)F=1 to C1.

queries to C' and

Proof. The proof is by induction. The base case is for the Paulis and is proven in
Theorem Then, to learn C € Ci11, we assume we have a learning algorithm for
members of C. Apply C'JgC'Jr for each o, € G. These operations are elements of Cj,
so use the learning algorithm for C, to determine these up to phase. Then use the
last step of Theorem to determine the phases.

We now determine the number of queries to C' and CT. Let T(k) be the number
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of queries to C and T’(k) the number of queries to CT. We have the recurrences

T(k+1) =2nT(k) + 1

T(1) =1 (6.3.3)
and
T'(k +1) = 2nT' (k)
T'(2) = 2n (6.3.4)
which have solutions T'(k) = % and T'(k) = (2n)*~1 (with T'(1) = 0). O

6.4 Learning Unitaries Close to C; Elements

Here we suppose that we are given a unitary that is known to be close to an element
of Cy, for some given k. We present a method for finding this element. But first we
must define our distance measure.

We would like our distance measure to not distinguish between unitaries that
differ by just an unobservable global phase. We define a ‘distance’ D below with this

property. However, firstly define the distance DV to be a normalised 2-norm distance:

Definition 6.4.1. For U; and Us d X d matrices,

D+(U1,U2) = U2||2.

1
Uy —
vail
where ||Al|]z = Vitr ATA.

We have chosen the normalisation so that 0 < DT (Uy,Us) < 1. We now define

our phase invariant ‘distance’:

Definition 6.4.2. For U; and Us d X d matrices,

1
D(Uy,Us) == d2HU1®Uf—U2®U5H2

V2d?
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This is not a true distance since D(Uy,Us) = 0 does not imply U; = Us, but that
Uy and Us are the same up to a phase so the difference is unobservable. From the

2-norm definition, we can show:

Lemma 6.4.3.
i
t
DU, Us) =4[1— Re% (6.4.1)
and
Ul |
DU, Us) = 4|1 — % (6.4.2)

From this we can easily see that 0 < D(Uy,Usz) < 1 with equality if and only if
Uy and Us are orthogonal. Further note that by the unitary invariance of the 2-norm,
both D and DT are unitarily invariant and from the triangle inequality for the 2-norm
they both obey the triangle inequality.

Our approximate learning method will find the unique closest element of C, to U.

In order to guarantee uniqueness, the distance must be upper bounded:
Lemma 6.4.4. If D(U,C) < Zk_%/g for some C € Cy then C' is unique up to phase.
The proof is in Section

Theorem 6.4.5. Given oracle access to U and U and k such that D(U,C) < € for

some C € Cp, with

¢ = /20 - (2¢192) ~ 1> 0 (6.4.3)
then C can be determined with probability at least 1 — § with

1 N on 4+ 1)k-1
0 (672(2n)k Hog %)

queries.

Proof. By Lemma BEZ4 C' is unique up to phase. We now prove the Theorem by

induction.
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For k = 1, use Proposition 21 of [MO0O§] to learn the closest Pauli operator. This
works by repeating the Pauli learning method Theorem and taking the majority
vote. This uses O (e% log %) queries to succeed with probability at least 1 — 4.

Now for the inductive step. Assume we have a learning algorithm for level k.
Then for C € Ciy1, let Co,,CT = Cy, for 0, € G. By Lemma BRI, we have
D(Uc,U',Cy,) < 2¢. Use the learning algorithm for level k to determine Cy, up to
phase for all 7. Then to find the phases we use the same method as before: implement
any C' with C’0,,C'T = £C,, for any (known) choice of phase. Then C’ = Co, for
some Pauli operator o,. We can determine o, by implementing C''U and using the

k =1 learning algorithm since

D(C"'U,0,) = D(U,C'a,)

= D(U,C) < e (6.4.4)

Now we calculate the success probabilities and number of queries. There are 2n + 1
calls to the algorithm at lower levels, which all succeed with probability at least 1 — 9.
So at this level the success probability is at least 1 — (2n + 1)d. So to succeed with
probability at least 1 — ¢ we must replace § with §/(2n+1). Then the overall number
of queries is

1 _ on 4+ 1)k 1 on 4+ 1)k
2n -0 <€72(2n)k Hog %) +1=0 (672(2n)k log %) . (6.4.5)
]

We remark that there is only O(klogn) overhead (for constant € and &) over the

exact learning algorithm of Theorem

6.5 Clifford Testing

Here we present an efficient algorithm to determine whether an unknown unitary
operation is close to a Clifford or far from every Clifford. Whereas the previous

results allow us to find the Clifford operator close to the given black box unitary,
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in this section we are concerned with determining how far the given unitary is from
any Clifford. We do not measure this directly, but provide an algorithm of low query
complexity that decides if the given unitary is close to a Clifford or far from all.
This type of algorithm is known in computer science as a property testing algorithm
and has many applications, including the theory of probabilistically checkable proofs
[ALM™98|. The result in this section could be extended to work for any level of the
Gottesman-Chuang hierarchy although for simplicity we only present the version for
Cliffords.

The key ingredient to our method will be a way of estimating the Pauli coefficients:

Lemma 6.5.1 (Lemma 23 of [MOOS]). For any p € {I,z,y,z}" and unitary U, the
Pauli coefficients |v(p)| = 5= [tr Uay| can be estimated to within £n with probability
1—46 using O (n% log %) queries.

This is a generalisation of Theorem B3] and the method is similar. Instead of
there being only one possible outcome, now the probability of obtaining the outcome

corresponding to o, is estimated. This probability is equal to |y(p)[?.

Theorem 6.5.2. Given oracle access to U and U with the promise that for 0 < e < 1

either

a) CLOSE: there exists C' € C such that D(U,C) < \/?f—% or

b) FAR: for allC € C, D(U,C) > € and there ezists C € C such that D(U,C) < 1/3

holds then there is a O (’e‘—s log %) algorithm that determines which with probability at
least 1 — 0.

Proof. In both cases, we have that D(U,C) < 1/3 for some C, which ensures that C

is unique (using Lemma BZ4 since % < ﬁ) and can be found using Theorem

with O (n log %) queries. Then the algorithm is:

1. For each o, € G, measure the Pauli coefficient of Co,CT in Us,UT (i.e. measure
2

|tr UayUTCayCT| /2") to precision & using Lemma BT
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2. If all the coefficients are found to have modulus at least 1 — % then output

CLOSE else output FAR.

This works because, for the two possibilities CLOSE and FAR:

a) Using Lemma B8 D(U,C) < \/?%2” implies that for all o, € P,

2¢

V32n

D(Ua,U', Co,CT) < (6.5.1)

Since we will only apply UO'gUT for 0, € G we restrict this to only the generators

to find that for all o, € G,

2e
D(Uo, U, Co,Ct) < 6.5.2
Uo,UT. G0 < (652)
giving
2
tr UO'gUTCO'gCT €
>1—-—— 0.

2n - 8n?2 (6:5.3)

for every generator o,. We need a bound on the non-squared coefficients, which

follows directly:

(6.5.4)

trUagUJ’CUgC’Jr >1_i.
on - 8n?

Therefore when measuring the coefficients to precision lg%, all results will give

3 2
at least 1 — 15°.

b) Using the contrapositive of Lemma B8, D (U, C') > € implies that there exists
op € P such that
DY (U, U, CopCT) > e. (6.5.5)

Using the contrapositive of Lemma 83 this in turn implies there exists o4 € G
such that
D (Ua,Ut,Co,CT) > 2i (6.5.6)

n

which means that for at least one o, € G, UO'gUT will have a small overlap with
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CO'QCT i.e. there exists 0, € G such that

tr UO'QUTCO'QCT €2
1-—. 6.5.7
on < 4n? ( )

The C returned by the application of Theorem .48 is such that tr UO'gUTC o,C f
is positive, which justifies inserting the absolute value signs above when using

D7 rather than D. This implies that at least one coefficient will be found to be

- 32 3 . .. €2
less than 1 — 75— when measuring to precision 1. O

6.6 Conclusions and Further Work

We have shown how to exactly identify an unknown Clifford operator in O(n) queries,
which we show is optimal. This is then extended to cover elements of the Cy hierarchy
and for unitaries that are only known to be close to C; operations. The key to
the Clifford learning algorithm is to apply CUch and then find the resulting Pauli
operator.

A way of extending this idea could be to learn unitaries from larger sets. Suppose
V is a set of unitaries with the property that for every V € V, VJpVJr is a linear
combination of a constant number of Paulis. Then V can be learnt in the same
way as above, using the quantum Goldreich-Levin algorithm of [MOOK], which can
efficiently find which Paulis have large overlap with an input unitary. However, we
have not been able to find interesting sets V other than the Clifford group with this
property.

We also presented a Clifford testing algorithm, which determines whether a given
black-box unitary is close to a Clifford or far from every Clifford. This can be seen
as a quantum generalisation of quadratic testing, just as Pauli testing can be seen
as a quantum generalisation of linearity testing. Property testing of this form is
used to prove the PCP theorem [ALMTI8| so these quantum testing results could
potentially be useful in proving a quantum PCP theorem. It would also be interesting

to strengthen the testing method in Theorem to remove the O(1/n) difference
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between the close and far conditions.
Finally, it would be interesting to see if it is possible to remove the requirement
to have access to UT. However, using both U and Ut is the key to our method so we

do not know if a method without UT is possible with low query complexity.

6.7 Proof of Lemma 6.4.4

Proof of Lemma[0.4-4} The proof is by induction. The base case is for k = 1 when
we have the Pauli group. Without loss of generality, assume C is a Pauli operator
with no phase. Let C' = oy,

Expand U in the Pauli basis:

U=> vq)ay (6.7.1)

q

Since U is unitary, we have |7(¢)|?> = 1. By Lemma G243,

tr o, U |2
D(U,0,)% =1— r;’; (6.7.2)
which implies
)PP >1-¢€. (6.7.3)

Now, suppose for contradiction that there exists op,, # op, with D(U, 0p,) < € and
D(U,0p,) < €. Then by the above, |y(p1)|?, [v(p2)|? > 1 — €2. But there is also the
|2

constraint |y(p1)|? + |v(p2)|? < 1 which combined give

€> — (6.7.4)

which is false by assumption. This implies o), = 0,, which proves the base case.
To prove the inductive step, again assume for contradiction that there exist

C,Cy € Ck+1 with C7 # Cy and D(U,Cl) < ¢ and D(U,CQ) < ¢. Then there
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exists o4 € G with

Cho,Cl =: C1y # Coy := Cho,Cl. (6.7.5)

Here, C14,Cyy € Cy.

Using Lemma B.8.T], D(UJgUT, Chg) < 2¢€ and D(UO'gUT, Cyg) < 2e.

Now there are two cases. Firstly, suppose we can choose o, such that C’lagCir =+
ngagC;. Then C1, and Cy, are not equivalent up to phase so, using the inductive

hypothesis, we must have

2 (6.7.6)

€2 S
or

1
€ >

= Q172 (6.7.7)

which is again false by assumption.
For the other case, C’lagCir = ngagC;r for all o, € G. This implies that Cy =

Cyo4 for some Pauli o, # I. Then we have

D(U7cl) <e

D(U,Choq) <€ (6.7.8)
which by unitary invariance gives

D(CIU,T) <€

D(C]U,0,) <. (6.7.9)

But we proved that this is impossible in this range of € in the k£ = 1 proof above. [

6.8 Miscellaneous Lemmas

Here we prove some miscellaneous lemmas used earlier in the chapter.
The first lemma says that for two close operators U; and Us, UlapUlJr is close to

UQO'pUQT for all Paulis o):
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Lemma 6.8.1. If D(Uy,Us) < § then for all o, € P,
D(Uy0,U}, Uya,UJ) < 26.

Proof. Let Uy = VU and Ua), = UgapU;r. Then we simply apply the triangle inequal-

ity for D and unitary invariance:

VUQp, Uzp) + D(UQp, U2pV)

V,I)+ D(I,V)

= 2D(U,Uy). O

The next lemma is a converse to this:

Lemma 6.8.2. If for all o), € P
DY (Uyo,Ul, Uyo,Ud) < 6 (6.8.1)

then
D(Uy,Usy) <. (6.8.2)

Proof. 1f DY (Uyo,U], Uso,US) < & then JkRetrUyo,UfUsa,Us > 1 — 6%, Since this
is true for all 0, we can take the average of this over the whole of P and use the fact
that for any d x d matrix A £- Zopef? opAcy, = 5 tr A (the Paulis are a 1-design) to
find

2inRe tr U <2in tr UlTU2> Ul >1-4° (6.8.3)

which simplified gives )
trgile; >1 -6 (6.8.4)
giving the desired result. O
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Now we show how to go from distances for just the generators G to distances for

the whole of P:

Lemma 6.8.3. If for all o, € G
DY (Uyo Ul Uyo,US) < 6 (6.8.5)

then for all o), € P
DY (Uyro,Ul, Ugo,,Ud) < 206 (6.8.6)

Proof. The proof is by induction on the number of generators required to make o,

using the triangle inequality for DT. O
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