PHYSICAL REVIEW A 96, 062337 (2017)

Effect of correlated decay on fault-tolerant quantum computation

B. Lemberger and D. D. Yavuz

Department of Physics, 1150 University Avenue, University of Wisconsin at Madison, Madison, Wisconsin 53706, USA

(Received 23 June 2017; published 29 December 2017)

We analyze noise in the circuit model of quantum computers when the qubits are coupled to a common bosonic
bath and discuss the possible failure of scalability of quantum computation. Specifically, we investigate correlated
(super-radiant) decay between the qubit energy levels from a two- or three-dimensional array of qubits without
imposing any restrictions on the size of the sample. We first show that regardless of how the spacing between the
qubits compares with the emission wavelength, correlated decay produces errors outside the applicability of the
threshold theorem. This is because the sum of the norms of the two-body interaction Hamiltonians (which can
be viewed as the upper bound on the single-qubit error) that decoheres each qubit scales with the total number
of qubits and is unbounded. We then discuss two related results: (1) We show that the actual error (instead of
the upper bound) on each qubit scales with the number of qubits. As a result, in the limit of large number of
qubits in the computer, N — o0, correlated decay causes each qubit in the computer to decohere in ever shorter
time scales. (2) We find the complete eigenvalue spectrum of the exchange Hamiltonian that causes correlated
decay in the same limit. We show that the spread of the eigenvalue distribution grows faster with N compared
to the spectrum of the unperturbed system Hamiltonian. As a result, as N — 0o, quantum evolution becomes
completely dominated by the noise due to correlated decay. These results argue that scalable quantum computing
may not be possible in the circuit model in a two- or three- dimensional geometry when the qubits are coupled

to a common bosonic bath.
DOI: 10.1103/PhysRevA.96.062337

I. INTRODUCTION

Over the past two decades, quantum computing and
quantum information processing have emerged as exciting
fields of science because of the possibility of solving certain
problems much more quickly than any foreseeable classical
computer [1-4]. It has been predicted that, in addition to
factoring [5,6], quantum algorithms can be used for solving a
variety of problems including efficient data search and finding
the eigenvalues and eigenvectors of large matrices [7,8]. The
most widely utilized model for quantum computing, which
is often referred to as the circuit model, utilizes quantum bits
(qubits) which are quantum systems that can be in two different
states. Quantum computing relies on operations performed on
qubits, analogous to gates on classical bits, but qubit operations
can exploit the extraordinary behavior of nature at the quantum
scale. The principles of quantum computing have now been
demonstrated using a variety of physical qubits including
trapped ions [9-11], neutral atoms [12-14], semiconductor
quantum dots [15,16], superconductor Josephson junctions
[17,18], and single photons [19,20]. Quantum mechanics tells
us that the size of the Hilbert space of N identical two-level
systems is 27, i.e., exponentially large in the number of qubits.
Quantum computers are predicted to be so powerful in part
because they utilize this exponentially large dimension of the
Hilbert space and perform many computations simultaneously
in parallel (often referred to as quantum parallelism). In this
paper, we discuss a ubiquitous source of noise on quantum
computers and argue the failure of scalability of quantum
computation. This noise source is correlated (super-radiant)
decay, which inevitably happens when the qubits are coupled
to a common bosonic bath.

It is now well understood that the ideas of error correction
and fault tolerance are central to any computer architecture,
and quantum computers are no exception. Similar to our
current silicon-based solid-state classical computers, future
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quantum computers will almost certainly employ codes to
detect and correct errors at various stages of the computation.
It is not a priori obvious that traditional error correction
ideas would extend to quantum computers. Over the past
two decades, a growing body of literature has shown that
error correction and fault-tolerant operation is indeed possible
for quantum computers [21-23]. One of the most important
achievements in the field has been the discovery of the
threshold theorem [24-28]. This theorem argues that if the
quantum gates are constructed with a fidelity better than a
certain threshold, then arbitrarily long quantum operations
are, in principle, possible. The error threshold is typically
established to be n ~ 10~*, but can be as high as n ~ 1072
for surface codes [29]. The threshold theorem has been a main
driving force in the field. Many experimental implementations
of quantum computing have been aiming to demonstrate gate
fidelities better than the mentioned threshold, in order to
demonstrate the feasibility of their approach [9-20].

Although the threshold theorem is a remarkable achieve-
ment, it has a number of weaknesses. The theorem works
under certain assumptions regarding the properties of the
noise that affects the quantum computer. One of the key
requirements is that the sum of the norms of the Hamiltonians
that decoheres each qubit must be bounded. It is now well
understood that this assumption is not valid for certain models
of environment-qubit coupling, especially when the bath is
bosonic in nature. In such cases, it has been discussed that
the threshold theorem becomes extremely sensitive to the
high-frequency spectrum of the bath operators [27]. A number
of authors have also criticized the threshold theorem using
more general arguments [30-33]. Despite these weaknesses,
the threshold theorem has generally been regarded to cover
most reasonable models of noise sources. Quantum computers
are now widely believed to be scalable at least in principle, and
the difficulties associated with constructing an actual quantum
computer are considered technical in nature.
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In this paper, we focus on the circuit model of quantum
computation and analyze noise on quantum computers due
to correlated decay between the qubit levels which inevitably
happens when the qubits are coupled to a common bosonic
bath [34]. We consider a two-dimensional (2D) or three-
dimensional (3D) array of qubits and do not impose any
restrictions on the size of the sample; i.e., the spacing between
the qubits can be comparable to or larger than the emission
wavelength. When the qubits are coupled to a common bosonic
bath, the physical mechanism that causes correlated decay is
the exchange interaction between the qubits. We first show that
exchange interaction produces errors on each of the qubits that
are outside the applicability of the threshold theorem. This
is mainly because the strength of the exchange interaction
between the qubits decays slowly as a function of their
separation, and as a result, the introduced errors cannot be
assumed local; each qubit in the computer is affected by the
presence of any other qubit with a strength that violates the
conditions of the threshold theorem. In more technical terms,
the sum of the norms of the Hamiltonians that decoheres each
qubit scales with the total number of qubits in the computer.
This scaling is N'/? in a 2D and N%/3 in a 3D geometry and the
sum of the norms is not bounded in the N — oo limit. Because
the sum of the norms is unbounded, the introduced error on
each qubit cannot be assumed lower than a certain threshold;
this is precisely how the assumptions of the threshold theorem
are violated.

The violation of the threshold theorem does not necessarily
imply uncorrectable error in a quantum computer. The norm
of a noise Hamiltonian is its largest eigenvalue, which can be
viewed as an upper bound (i.e., the worst case scenario) for
the introduced error. The fact that the upper bound cannot be
assumed lower than a threshold does not necessarily imply the
actual error in most instances of algorithm to be unbounded.
We will discuss two results that argue that correlated decay
indeed produces errors that are uncorrectable in the N — oo
limit. (1) We study the error on each qubit that is caused
by correlated decay for a general state of the computer in the
Hilbert space. Using two different methods, we find that for the
vast majority of the Hilbert space, the actual error (instead of
the upper bound) on each qubit scales with the total number of
qubits in the computer. In the first method, we find the complete
eigenvalue spectrum of the noise Hamiltonian that decoheres
each qubit. In the second method, we use an iterative algorithm
to solve for the time evolution of the reduced density matrix
of each qubit. Both methods give the same answer and show
that the single-qubit error scales as +/In N (N'/%) in a 2D (3D)
geometry. As a result, as N — oo, correlated decay causes
each qubit in the computer to decohere in arbitrarily short
time scales. (2) We find the complete eigenvalue spectrum of
the total exchange Hamiltonian due to correlated decay. We
show that in the N — oo limit, the eigenvalues are distributed
according to the Laplace distribution whose standard deviation
(i.e., the spread) scales as N'/2InN (N??) in a 2D (3D)
geometry. As aresult, the spread of the eigenvalues of the noise
Hamiltonian scales faster with N compared to the unperturbed
system Hamiltonian, which scales as N''/2 in both geometries.
This shows that in the N — oo limit, the size of the noise
Hamiltonian becomes much larger compared to the size of
the unperturbed system Hamiltonian for the quantum system.
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As a result, the dynamics of the quantum evolution become
completely dominated by the noise due to correlated decay.

As mentioned above, throughout this paper, we will focus
on the limit of a large number of qubits in the computer, i.e.,
the limit N — oo. From a practical viewpoint, this limit may
look purely academic without much real-world implication.
However, many of the main ideas in modern computational
complexity theory argue that this is not the case; the scaling
in the N — oo limit dictates in a very real and practical sense
the efficiency of an algorithm [35]. It is now well understood
that when the number of operations required to solve a certain
problem scales polynomially with the problem size, then the
problem is viewed as efficiently solvable. Such computational
problems belong to the complexity class P and they are usually
denoted by P = T(N*) [here, N is some measure that is
related to the size of the problem (for example, number of
digits in factoring), and is usually polynomially related to the
number of bits used]. When a polynomial algorithm cannot
be found, then the problem is viewed as “hard” without an
efficient algorithm to solve. The idea of polynomial scaling of
the required number of operations (which can also be viewed
as the run time of the algorithm) is central to the computational
complexity theory. The question then is, from a practical
viewpoint, why does polynomial scaling provide a crucial
distinction? Suppose that we have two algorithms which scale
as N1000 apd 20001V respectively. From a purely practical
viewpoint, for most reasonable instances of the problem, the
second algorithm would require fewer steps to obtain the
solution. Why would we then favor the first algorithm from
a computational complexity standpoint? Although the answer
to this question is not known for certain, more than 60 years
of literature on the subject suggests that such pathological
cases never happen [35]. The constants are irrelevant (i.e.,
N* versus 2N for arbitrary k and c¢), and the behavior as
N — oo dictates the efficient solvability of a problem in
practical instances. This is the key reason why it is important
to understand the scalability and fault tolerance of quantum
computers in the large number of qubits limit. This is also
precisely the reason why it would be a mistake to ignore noise
sources such as correlated decay by arguing that using proper
choice of qubit levels (for example, clock states in neutral
atoms) the decay time scales between the qubit levels can
be quite long. Within this context, we would like to point
out the pioneering work of Mucciolo and colleagues [36-39].
They analyzed fault-tolerant operation of quantum computers
in detail when the qubits are coupled to a bosonic bath in the
N — oo limit (which they term as the thermodynamic limit).
They have shown how time evolution of the system can be
mapped onto a statistical spin model, and they have identified
the existence of an error threshold with a thermodynamic-like
phase transition. They have also clearly discussed the violation
of the threshold theorem if the interactions are sufficiently
long range. Our results are also related to the recent paper by
Hutter and Loss, who have discussed the breakdown of error
correction in surface codes during the presence of correlated
noise [40]. Differing from what we will discuss below, they
consider the propagation of errors at a certain point in the
computer and discuss the scaling of the errors as a function
of the depth of the computation (i.e., the number of quantum
operations).
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FIG. 1. We analyze an N-qubit quantum computer in (a) two-
and (b) three-dimensional geometry with the qubits coupled to a
common bosonic bath. For a single qubit present, the interaction with
the bath causes an independent decay rate of I' between the qubit
levels. When the whole ensemble of qubits is present, correlated
decay causes correlated errors to build up across the whole computer.
Since we are primarily interested in the N — oo limit, we do not
impose restrictions on the size of the sample; i.e, the spacing between
the qubits may be much larger than the radiation wavelength, d > A,.
For concreteness, we focus on a square and a cube arrangement of
atoms with regularly spaced qubits, but the results are not sensitive
to the precise shape and arrangement structure of the array.

Throughout this paper, we will focus on the circuit model of
quantum computation and will not consider other architectures
such as adiabatic quantum computing [41]. Our results also do
not apply to systems where the bath is fermionic in nature
or where the interaction between the qubits and the bath is
substantially different from the Hamiltonian of below Eq. (1),
for example, to structures that are topologicaly protected [42].
Although our results argue that scalable quantum computing in
the circuit model may not be possible in a 2D or 3D geometry
when the qubits are coupled to a bosonic bath, we certainly
have not proven that this is the case. It may perhaps be possible
to overcome the noise that is described here by using clever
encoding techniques (similar to decoherence-free subspaces
[43—46]) or by designing the hardware appropriately (such as
sufficiently isolating certain subsections of the computer so
that the amount of correlations are reduced). We will discuss
our preliminary assessment of a number of these strategies in
the conclusions section.

II. FORMALISM AND THE EXCHANGE INTERACTION

Since the seminal paper by Dicke [47,48], the super-
radiance problem has been analyzed by a large number of
authors and this problem continues to be relevant for a wide
range of physical systems [49-58]. As shown in Fig. 1, we
consider N two-level atoms, each with levels |0) and |1), in
a two- or three-dimensional geometry. Throughout this paper,
we will take all the qubits in the computer to be in the “causality
cone,” that is, sufficient time evolution is allowed so that each
qubit in the computer can be causally influenced by every other
qubit. InFig. 1, for concreteness we have focused on square and
cube geometries with a regular spacing of d between adjacent
qubits. However, the results are insensitive to the precise shape
of the geometry and also to the regular nature of the array
(i.e., the qubits can be taken as randomly distributed within
the considered region). We denote each individual qubit with
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the index j and consider a continuum of bosonic modes with
annihilation and creation operators d,. and &IE respectively.
These operators act on the mode of the field with wave vector
k and polarization €. The total Hamiltonian for the system
when only the energy-conserving terms are retained (under

the rotating-wave approximation) is
N 1 L o oa 1
Hioa = Z Ehwao—zj + Zhvke (a,l(eal(e + 5)
J K€
=) higeelane exp(ii - 7)67]
j ke

+al, exp(—ik - 7)67], (1)
where

6] = 1)/ /(1] = |0)/ /0],

67 =10)/ /(1]. 2)

In Eq. (1), the first two terms describe the qubit array
and the bosonic modes in the absence of any interaction
whereas the third term describes the coupling between the
two systems. ; is the position of the jth atom and the energies
of the qubit states |0) and |1) are taken to be —%ha)a and
%hwa, respectively. The Dicke limit of the above equations
is obtained when the total size of the sample is assumed to
be small compared to the « vector of the relevant modes,
ie., i - 7; — 0.Itis now well understood that the key physical
effect that describes many different aspects of correlated decay
and super-radiance is the exchange interaction. Starting with
the Hamiltonian of Eq. (1), this interaction has been derived
using a variety of approaches by a number of authors [59-62].
One such derivation of the exchange interaction Hamiltonian
is shown in Appendix A. This derivation uses assumptions
that are similar to the traditional Wigner-Weisskopf theory of
spontaneous decay [63]. Briefly, we take the initial atomic
system to be an arbitrary superposition (in general entangled
state) and assume initially zero excitation in each bosonic
mode « €. We then study the problem in the interaction picture
and integrate out the probability amplitudes of the continuum
states using the usual Born-Markov approximation. Using this
approach, the end result is the following effective interaction

Hamiltonian:
Ha =) ) H*. 3)
ik

Here, the sum is over all pairs of qubits and operators H/*
act nontrivially only on the qubits with indices j and k

ik AJ Ak AJ Ak
H'* = ija_{_a_ + Fk_]‘O'iO’+, (4)

which is essentially a “spin” exchange interaction (mediated
by photon modes) with coupling constants of Fj:

T 3 SN K, 7 g

(] — 300829-k)(COSKarjk 3 sinKarjk):| 5)
! (Karjk)2 (K-arjk)3 ’
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Here, I is the single-atom decay rate and dw is the single-atom
Lamb shift of the qubit transition. rj; is the distance between
the two atoms, and 6, is the angle between the atomic dipole
moment vector and the separation vector 7 j;. The quantity «, is
the wave vector for the bosonic modes energy resonant with the
qubit transition: x, = w, /c. For concreteness, we have focused
on qubits in free space interacting with electromagnetic modes
and have taken the nature of the qubit transition to be dipolar
(electric or magnetic dipole). However, the scaling results
that we discuss would apply to other types of radiation,
such as quadrupole or higher order multipole, with only
the angular factors in Eq. (5) being different. Similarly,
the formalism would also apply to other types of bosonic
baths, such as phonons in solid-state structures. Note that
the coupling constants Fj; are complex with an imaginary
part proportional to single-atom decay rate I'. As a result,
the effective Hamiltonian of Eq. (3) is not Hermitian since it
models dissipative decay in addition to unitary dynamics. For
the below discussion, the precise values of the constants F
are not important. Rather, two properties of these constants
are critical: (i) they have random signs for large separation
of the qubits, k.7 > 1, and (ii) to leading order, they scale
as Fjr o< 1/k,4r . All the scaling behavior with respect to the
total number of qubits will result from these two properties.
Similarly, the non-Hermiciticity of the effective Hamiltonian
of Eq. (3) is also not of significance. Our scaling results would
remain identical if we ignore the decay part of the problem and
only focus on resonance shifts due to the exchange interaction
(i.e., if we ignore the imaginary parts of the coupling constants
of Eq. (5) and take them to be purely real).

Born-Markov approximation that results in the effective
exchange Hamiltonian of Eq. (3) assumes the evolution time
scales for the state coefficients to be slow compared to the
correlation time scales of the bath. As we will discuss below,
decoherence time scales will get shorter as N — oo, and
for a sufficiently large N, the assumptions of the Born-
Markov approximation will be violated. When Born-Markov
approximation is not satisfied, the system can no longer be
described by the static Hamiltonian of Eq. (3); instead the rate
of change in each state coefficient is not only influenced by
the values of the other coefficients at that particular time but
depend on their evolution history. All the scaling results that
we discuss in the paper result from N-dependent sums over
coupling constants between the state coefficients, which have
almost random phases (due to large spacings) and 1/7 j; scaling
factors. As a result, the scaling results should not be altered
when one considers not just the values of the coefficients at that
particular time but also their evolution history, since neither
phases nor the average strengths of the coupling constants are
altered. We will discuss the extension of our formalism beyond
the Born-Markov approximation also in Appendix A.

III. VIOLATION OF THE THRESHOLD THEOREM

We next discuss how the effective Hamiltonian of Eq. (3)
violates the threshold theorem. We note that the exchange
Hamiltonian involves two-qubit interactions only, and the
applicability of the threshold theorem under these conditions is
well understood. Following Ahoronov and colleagues [26-28],
each qubit j decoheres with the Hamiltonian A/ = X H* =
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>« Fix616* + F;6'6% (which we will frequently refer to
as the single-qubit error Hamiltonian). An upper bound on
the magnitude of the error can be found using the inequality
I, H¥|l < 3, IIA7¥|| (the notation | ... || denotes the L,
operator norm). The applicability of the threshold theorem
then requires

> 1AM < 1. 6)
k

where 1y is the time required for a quantum gate. Equation
(6) requires the sum of operator norms to be bounded,
> |A7¥|| < co. We note that for the exchange interaction
the operator norm for each pair Hamiltonian is given by
the absolute value of the coupling constants, |A*|| = |F ikl
As a result, for the threshold theorem to be applicable,
we would require Y, |Fjx| < co. However, in both 2D and
3D geometries this sum scales with the number of qubits
and is unbounded. In a 3D geometry, the distance between
the qubits scales as rj; o« N'/3d. Since there are N terms
in the sum of operator norms, we have, to leading order,
Dok 1 Fjkl o (T'/k,d)N?*/3. In a 2D geometry for the qubit
array, the spacing between the qubits scales as rj; ~ N'/2d,
and the corresponding scaling for the sum of the operator
norms is Y, | Fjx| o (T'/k,d)N'/?. Physically, the key reason
for the violation of the threshold theorem in both two and three
dimensions is that the interaction strength between the qubits
due to correlated-decay drops slowly as a function of distance,
only as oc1/r.

We note that as the spacing between the qubits d is
increased, the correlated error and the sum of the norms would
drop as >, | Fjx| « 1/k,d. This may initially suggest that the
noise due to correlated decay can be reduced to arbitrarily
low values by increasing the separation between the qubits.
However, this argument is misleading since, as shown in
Eq. (6), the important quantity is the amount of error during
the time required for a quantum gate #y. As the qubits become
further apart, the two-qubit gate time will increase at least as
to o d/c (due to fundamental causality constraint). As a result,
the amount of error per gate time due to correlated decay is
independent of the qubit separation d.

IV. SINGLE-QUBIT ERROR

The violation of the threshold theorem does not necessarily
imply uncorrectable error. The reason is that the norm of an
operator is its largest eigenvalue and the sum of the norms in
Eq. (6) can be viewed as an upper bound, i.e., the worst-case
scenario for the error. This worst-case scenario may occur
only in a specific region of the Hilbert space with a dimension
that does not grow exponentially with N. In this case, for
most states of the quantum computer, the introduced errors
will not scale with the number of qubits, allowing for error
correction. Calculating the actual error on the qubits instead
of just the upper bound is a much more difficult task since
it requires finding the complete eigenvalue spectrum of the
error Hamiltonian (instead of just the largest eigenvalue). In
this section, we accomplish this goal by explicitly evaluating
all the moments of the eigenvalue distribution in the N — oo
limit. With the moments of the distribution calculated, we
find the complete eigenvalue spectrum of the single-qubit
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error Hamiltonian and show that the width of the eigenvalue
distribution scales with the number of qubits. This scaling is
A/InN in a 2D geometry and N'/® in a 3D geometry, and
as expected, it grows more slowly with the number of qubits
compared to the scaling of the largest eigenvalue. Because of
this scaling, in the N — oo limit, the errors on each qubit
would happen in arbitrarily short time scales, rendering error
correction impossible. The very slow +/In N scaling in a 2D
case suggests that this geometry may be on the threshold of
scalability for noise due to correlated decay.

We have also been able to verify these results by calculating
the dynamics of the reduced density matrix for a specific qubit.
We find an analytical solution for the evolution of the reduced
density matrix under the single-qubit error Hamiltonian which
is valid in the N — oo limit. Consistent with the eigenvalue
spectrum discussed in the previous paragraph, this solution
predicts decoherence of each qubit with a time scale that
gets shorter with the mentioned scalings (+/InN in a 2D
and N'/® in a 3D geometry). We have also found that this
analytical solution predicts the dynamics reasonably well even
for a computer with a relatively low number of qubits. As
we discuss below, we perform exact numerical calculations
for a 16-qubit quantum computer and show good agreement
between analytical results and the numerical simulations.

A. Eigenvalue spectrum of the single-qubit error Hamiltonian

In this section, we discuss the complete eigenvalue spec-
trum of the single-qubit error Hamiltonian H/ = Y", A/% =
Yy Fix616k + F;676% in the N — oo limit. In this limit,
the eigenvalues A of A/ can be viewed as having a continuous
distribution with probability density function f, (A) = P{A =
A}. This probability density function can be evaluated by
explicitly calculating all the moments of the distribution
o™ = E[A™] = [ faA(M)A™dA, where E[...] stands for the
expected value. By definition, these moments are

o™ = E[A™] = 2"VTr[(A)"]. %

Remarkably, we were able to analytically calculate all the
moments using Eq. (7) in the N — oo limit and thereby
explicitly evaluate fA(A). This derivation is shown in detail
in Appendix B. Here, we give a brief summary of the main
ideas used in this derivation. For all integers m, the trace can
be explicitly evaluated using A/ = 3", H'*:

o = 27N (A" = 27N Y " (qI(A7)"Iq)

q
=2V N> @lHN A g), ()
qg Kk k,

m

where the state |g) runs through all 2" possible combinations
of the qubit basis states. Using Eq. (8), calculating the trace is
reduced to summing over the matrix elements of the products
of two-qubit exchange Hamiltonians H /¥, We first observe that
in order for (g|H* ... A% |q) # 0, each H/% must appear
an even number of times; thus if m is odd, o™ = 0. For m
even, in the high-N limit the trace is dominated by the terms
which correspond to sequences of Hamiltonians A/~ ... Hikn
(which we identify with the sequence of qubits {k; . ..k,}) in
which each qubit k; appears exactly twice. This is discussed in
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detail in Appendix B. Because the status of qubit j alternates
as the two-qubit Hamiltonians are applied to |g), if the first
Hamiltonian H/% at which a given qubit k; appears is at an even
(odd) location in the sequence, then the second time the same
Hamiltonian A/ appears must be at an odd (even) location.
These sequences correspond to ways to pair the Hamiltonians
at an even location in the sequence, of which there are m /2,
with Hamiltonians at odd locations, of which there are also
m /2. Thus there are (m/2)! ways to pair them, and we call
such a pairing s, so that the sum over all of these pairings is
>, (note that here, differing from in Appendix B, in order to
simplify the discussion we have chosen the patterns s to be not
ordered).

For a given pairing s, a sequence can be reconstructed
by choosing a set of qubits {k;...ku,,} and an or-
der to assign them to the pairs. For concreteness, con-
sider m = 6 and the specific sequence of Hamiltonians
HISAPYEI IS HI2AT2 This sequence can be broken
down into the pattern {{1,4},{2,3},{5,6}} (labelling the left-
most Hamiltonian 1 and the rightmost as 6) and the qubit
list {5,31,2}. All relevant sequences conform to exactly one
pairing s, and all sequences which conform to a pairing are
accounted for by summing over all ways to assign qubits to
those pairings, i.e., > . . .-

For any sequence s, the number of g for which
(g|H™* ... H%n|q) # 0is 2V~"/2 because the status of each
of the qubits {k; ...k,} is fixed relative to j, and modifying
the status of any other qubit preserves (g|H/* ... Hi*|q).
Because each qubit appears twice in {k;...k,}, there are
only m/2 qubits in that list, leaving N — m /2 other qubits
which each can be up or down. For example, consider the
sequence and state (q|H/> H/3' A AISAIZAT?|q) #0
with m = 6; it must be that qubit 2 is opposite j in g (i.e., if j is
raised in ¢ then 2 is lowered, or vice versa), qubit 5 must also be
opposite j, and qubit 31 must match j. Thus once j is fixed, the
three (or more generally m/2) qubits involved in the sequence
are fixed, while the other N —1—-3 =N —1—m/2 are
arbitrary. There are two choices for j, as well as for the other
N —1—-3=N —1—m/2 qubits, leading to 2 x 2¥~173 =
2N=3 = QN=m/2 gtates.

For each of the g for which (g|H’* ... A% |q) 0, this
matrix element is simply the product of exchange coupling
constants (g|H/* ... Hi*|q) = F3, ....szkm/,. Therefore, if
we break up the sum over sequences which conform to the
condition that each qubit appears exactly twice into a sum
over pairings s and qubit assignments {k; . ..k,,/»2}, we obtain

o =2 NoN=m/2 Y Fi oo Fh o 9
s ki k)

There is no s dependence to the right of its sum, so
it simply contributes a multiplication by the number of
pairings s, which is (m/2)! as previously discussed. As
discussed in detail in Appendix B, in the high-N limit
the second sum can be replaced by the expected value of
the exchange coupling constants and a combinatorial factor
Yt ko) oo Fh = O)m/2) E'[F?] (here, E'..]
denotes the expected value of the quantity in brackets over
all pairings jk with j fixed). Using the high-N limit of the
combinatorial prefactor [( ]:1 721 Y(m/2)! — N™?2], we finally
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FIG. 2. The distribution of the eigenvalues of the single-qubit
error Hamiltonian A/ = Y, A/* =Y, Fy6]6* + F,;676% in the
N — oo limit. The distribution has a width o = (NE'[F?]/2)!/?
(the quantity E'[F?] denotes the expected value of the square of the
coupling constants for all pairings jk with j fixed), which scales as
o ~+/InN ina2D and 0 ~ N'/% in a 3D geometry, respectively.

obtain

om s (m/z)!(NE/[F2]/2)m/2
o™ — 0

m even,

m odd. (10)

Equation (10) shows that the probability density function
has a standard deviation o = (NE'[F?]/2)!/?. Using the
expected values of the coupling constants as discussed in
Appendix E, the width of the distributions would scale as
o ~+/InN in 2D and o ~ N6 in 3D, respectively. The
moments shown in Eq. (10) do not correspond to any known
distribution. However, using these moments, we can find the
probability density function f,(X) by first calculating the
moment generating function:

Frnoment(§) = E[exp(i¢ A)]

= fexp(ié“?»)fA(/\)d?»

N2
:E|:l+i§A+%A2+~--}

CIok

m!

=1+ Y (=1)"*m/2)!

m even

(1)

With the moment generating function calculated using
Eq. (11), the probability density function can then be es-
timated by taking the inverse Fourier transform fy(A) =
f Froment($)exp(—i¢A)d¢. We perform this calculation nu-
merically by using all the even moments m ranging from 2
to 200 in Eq. (11). The calculated probability density function
fa(A) with the horizontal axis scaled by the standard deviation
of the distribution is shown in Fig. 2.

We next discuss how the eigenvalue distribution of the
single-qubit error Hamiltonian relates to the single-qubit error.
The state of the computer can be written as a superposition
of the eigenstates of the single-qubit error Hamiltonian,
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|¥) = >, calva). The error on the state vector over a gate
time 7o will then be € ~ />, [c,|?A2tg ~ oty. Since the
width of the distribution of the eigenvalues, o, scales with
the number of qubits, the actual error also scales with the
number of qubits for the vast majority of the states of the
quantum computer in the Hilbert space. More formally, if we
bound the amount of single-qubit error by a threshold, € < 7,
the fraction of the Hilbert space producing errors below this
bound vanishes as N — oo.

B. Time evolution of the reduced density matrix

In this section, we discuss the time dynamics of the reduced
density matrix for a specific qubit in the ensemble, qubit j. In
this section only, we take the exchange coupling constants F
to be purely real and consider Hermitian dynamics (i.e., we
focus on the Lamb shift part of the coupling constants instead
of the decay). One motivation for this simplification is to
emphasize that all the scaling results that we discuss do not rely
on the non-Hermiciticity of the exchange Hamiltonian. Also,
non-Hermitian dynamics cause the probability amplitudes to
be not conserved, which complicates interpretation of the
dynamics. Without loss of generality, we can write the initial
state of the computer in the following form:

Wt =0) =10 ® Y aglg) + 11/ @Y Byla). (12)
q q

Here, differing from the rest of the paper, |g) denotes the
states of the remaining N — 1 qubits other than that specific
qubit j (instead of the state of the full computer), and the
quantities o, and B, are the complex expansion coefficients.
Using the single-qubit error Hamiltonian A/ = Y~, A% and
the expansion of Eq. (12), Schrodinger’s equation can be
reduced to a set of coupled differential equations for the
coefficients:

.dp
ld_tq = ;ijaq@k. (13)

Here, we use the notation |g © k) to mean the configuration
that equals |g) at all qubits except qubit k # j which has under-
gone |1)*¥ — |0)¥ transition (the summation is over configura-
tions |g © k) where |g) has qubit k raised). Similarly, |g & k)
is the configuration that equals |g) at all qubits except qubit
k # j which has undergone |0} — |1)¥ transition. With the
time evolution for the coefficients calculated through Eq. (13),
the reduced density matrix elements for the qubit j can be
calculated by writing out the full density matrix and tracing out
the coordinates of the remaining N — 1 qubits, which results
in plo() = 3, legOP. pfy() =3, 1B, (the diagonal
density matrix elements), and ,oé](t) = Zq oeq(t)f};‘(t) (the
off-diagonal density matrix element).

We first discuss the solution of Eqgs. (13) when the initial
condition is such that only one of the «g coefficients for
a specific configuration Q is nonzero [i.e., ap(t =0) = 1;
ay(t =0) =0 for g # Q; B,(t =0) = 0]. The key difficulty
in finding the solution is that due to the structure of the
coupled equations (Fig. 3), the number of coefficients that
ap couples to grows exponentially. For the vast majority of
states Q in the Hilbert space, a( initially couples to (~N /2)
Boer coefficients, each of which couples to (~N/2) apoier
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ﬂqek

FIG. 3. The structure of the couplings in the coupled equations of
Egs. (13). Each «,, initially couples to (~N /2) B, coefficients, each
of which couples to (~N/2) a,crer coefficients, and this structure
continues until cr, couples to all the coefficients in a specific subspace
of the Hilbert space. Because of this nested structure, the number of
coefficients that o, couples to grows exponentially.

coefficients, each of which couples to (~N/2) Bockekrok
coefficients, and this nested structure continues. This structure
suggests that an iterative solution based on Taylor series
expansion can be found. The details of this solution are
discussed in Appendix C. Briefly, we start with the zeroth-
order solution, which is essentially the initial condition (at
t =0) for the coefficients: a(QO) =1 a;‘)) =0 for g # Q;
B =0. We then solve Egs. (13), using the zeroth-order
solutions on the right-hand side of the equations. The result
gives us the first-order solutions which we denote as a(Ql), afil),

and B"). These first-order solutions are then used to resolve the
coupled differential equations to give second-order solutions,
and this iterative procedure is repeated until all orders of the
Taylor series expansion are found. The end result is a Taylor
series solution of the form

n l(n) n
ap(t) = ;H) M(arf : (14)

where o is the standard deviation of the eigenvalue distribution
of the single-qubit error Hamiltonian as discussed above o =
(NE'[F?]/2)"/2. The quantities /(k) are combinatorial factors
whose values are calculated algebraically using an iterative
algorithm which gives /(1) = 1,1(2) = 2,1(3) = 5,1(4) = 14,
[(5) =42, [(6) = 132, and so on. The details of this iterative
algorithm can also be found in Appendix C. We numerically
find that the Taylor series converges when more than about
30 terms are kept in the expansion (i.e., terms that go until
190). Using this approach, we numerically evaluate ap(t) and
the result is shown in Fig. 4. oo(f) decays as the amplitude
leaks out to the other states in the Hilbert space in time scales
t « 1/o. As discussed above, the standard deviation of the
eigenvalue distribution scales as 0 ~ +/In N in a 2D geometry
and o ~ N'/® in a 3D geometry, respectively. As a result, the
decay time scale gets ever shorter as the total number of qubits
in the computer is increased: ¢ ~ 1/+/In N in 2D, t ~ 1/N/®
in 3D, respectively.
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FIG. 4. The evolution of a((#) as a function of time for the initial
condition ap(t =0) = 1; a,(t =0) =0 for g # Q; B,(t =0) =0.
The initial probability amplitude decays in time scales given by ¢
1/o, where o = (NE'[F?]/2)'/?. As a result, the decay time scale
gets ever shorter as the total number of qubits in the computer is
increased: ¢ ~ 1/+4/In N in 2D, t ~ 1/N'/¢ in 3D, respectively.

To extend the analysis to an arbitrary initial state, we
utilize the linearity of the problem. We denote the specific
time function that starts at a value of 1 and decays to 0
as plotted in Fig. 4 with £(¢). In the previous paragraphs,
we have shown that with ap(t =0) =1 initial condition,
the solution is of the form a () = ap(t = 0)(¢). Using the
general form of the solution of the Schrodinger’s equation,
[P (2)) = exp(—iﬁft)lw(t = 0)), for an arbitrary initial state
written in the form of Eq. (12), the solutions for the expansion
coefficients will be of the form

ay(t) = ay(t = 0)&(1) + dary (1),
By () = B,(t = 0)&(1) + 8B,4(1). (15)

Here, da, (1) and 88, (¢) include the “flow” of the probability
amplitude to that specific ,; or B, due to the decay of all
the other coefficients. The key insight that Eq. (15) gives is
that each coefficient in the initial condition decays with the
time function £(¢) and gets gradually replaced by a “random-
looking” contribution that depends in a complex manner on
all the other coefficients. This shows that the function &(¢) as
plotted in Fig. 4 captures the “single-qubit error.” For example,
the evolution of one of the off-diagonal density matrix element
(coherence) for this specific qubit j is given by

OEDIACIAG!
q
=Y o, OB;OER + ) ag(0)3B;(1E()
q q
+ ) 8oy (NBOEW) + ) Sy (1)8B; (1)
q q
= P OED* + ) a (08B (1)
q

+ Y 8ay (NBLOED) + ) Say (1)5B(1). (16)
q q
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FIG. 5. The time evolution of the coherence (off-diagonal density matrix element) for qubit j, pél (1), for eight different initial conditions in

a 16-qubit quantum computer. (a) Uniform initial condition oty (t = 0) = B,(t =0) =1/ V2V | (b) 8 nonzero amplitudes with equal amplitudes
and phases, (c) only 2 nonzero amplitudes, (d) 200 nonzero amplitudes with 50 of them 7 out of phase with the rest, (¢) 50 nonzero amplitudes
with 8 of them m out of phase with the rest, and [(f)—(h)] all nonzero probability amplitudes with random amplitudes and phases (slight
nonrandomness in the phases is introduced to produce a small initial value of the single-qubit coherence). For comparison, the square of the
analytical solution of Fig. 4 is also plotted for each initial condition (red dashed line). The initial decay is well predicted by the analytical
solution (which is valid in the N — oo limit) even for this low number of qubits.

Equation (16) shows that the initial coherence for the qubit
decays with the function £(¢)* and gets replaced by sums over
quantities that involve da,(¢) and §8,(¢). Inthe N — oo limit,
the coupling coefficients Fj; have practically random signs.
As a result, the signs of o, (¢) and 88,(?) are also random,
and neither of the three sums in Eq. (16) produce substantial
coherence. This shows that qubit j decoheres and essentially
loses all the information regarding its initial coherence in time
scales determined by ¢ o 1/o. The evolution of the diagonal
density matrix elements, pj, and p{,, would show exactly the
same behavior. The bit-flip errors would also happen in time
scales determined by t < 1/o.

We have also tested these ideas by performing numerical
simulations over the full Hilbert space of the computer. In
these simulations, starting with a specific initial state, we
numerically solve coupled equations of Egs. (13) using the
finite difference method on a discrete time grid. Because of
memory limitations, the largest number of atoms that we can
simulate is limited to 16 with the Hilbert space dimension
of 2'® = 65536. For concreteness, we consider a 2D 4 x 4
array of qubits and choose qubit j to be at the corner of
the array. We take the emission wavelength to be A, =9
and choose d = 5 in arbitrary units such that x,d = 10/9.
Figure 5 shows the evolution of the coherence for the qubit

j» Py for eight different initial conditions; the specifics of
these initial conditions are outlined in the figure caption. For
all eight of these initial conditions, the initial decay of the
coherence is rather similar. Because of the low number of
qubits considered, the values of the coupling constants F;
do not span a very large range. As a result, there are partial
revivals of the coherence at time points that depend on the
specifics of the initial conditions. For comparison, the square
of the analytical solution of Fig. 4, £(¢)?, is also plotted for
each initial condition (red dashed line). The initial decay is
well predicted by the analytical solution, which is strictly
speaking valid in the N — oo limit. Using similar numerical
simulations with a variety of initial conditions, we have also
looked at the evolution of the diagonal density matrix elements
for qubit j, p{,(t), and pjy(t). We have found results to be
similar to those that are displayed in Fig. 5; both diagonal
elements approach 1/2 in time scales determined by r < 1 /0,
and the initial information regarding the value of the bit is lost.

Figure 6 shows the diffusion of the initial probability
amplitudes in the full Hilbert space of 2'¢ coefficients for
the numerical simulation of Fig. 5(c). Here starting from the
initial two nonzero probability amplitudes, the state of the
computer evolves to cover almost all of the Hilbert space by
the time ot ~ 4. Although some information about the initial
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FIG. 6. The absolute value of the expansion coefficients at r = 0,
ot=1,0t=2, 0t =3, and ot = 4 respectively. This simulation
is performed for parameters that are identical to those used in
the simulation of Fig. 5(c). Starting from the initial two nonzero
probability amplitudes, the state of the computer evolves to cover
almost all of the Hilbert space by the time ot ~ 4.

condition remains by the time ot ~ 4, the random nature of
the leakage of the initial amplitudes to the Hilbert space is also
clear even for this very small number of qubits.

In this section, we have shown that each qubit j in the
computer decoheres in time scales ¢ & 1/o due to correlated
decay. As discussed in the introduction, if complexity classifi-
cations have a similar importance in quantum computation as
in classical computation, then the fundamental result that the
error always dominates for sufficiently large N is relevant
regardless of the number N* at which the error begins
to dominate. However, there is no guarantee that N — oo
limit carries the same weight in quantum computing (as it
does in classical computing), and we now have the tools
to roughly estimate N*. We stress that this is tangential to
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the main result, which is the mere existence of such an N*.
We define N* through the condition 1/0 = fy, where o is
the width of the single-qubit Hamiltonian spectrum so that
1/o is the time scale over which a single qubit decoheres,
and 7, is the gate time, which we take to have its smallest
physically possible value, ) = d/c. As discussed above, 0 =
V/NE'[F2]/2, which leads to the condition N* = e ©</T) jn
2D and N* = m(a{a /)% in 3D, respectively (we have
averaged over all possible choices of single qubits j, so that
E'[F?] — E[F?] where E[...] stands for the expected value
over all possible pairs, and used the results of Appendix E for
E[F?]). For N > N*, qubits decohere on time scales shorter
than the gate time, making error correction impossible.

V. PHYSICAL DESCRIPTION OF THE SINGLE-QUBIT
ERROR

The scaling of the single-qubit error with the total number
of qubits in the computer can be understood using a qualitative
classical argument which we discuss here. The key idea is that
at the position of specific qubit j, the field emission from each
of the other qubits interfere and cause this qubit to dephase.
In the limit of N — oo, the radiation from other qubits at the
position of qubit j has essentially random phases. As a result,
the interference can be thought of as an incoherent sum of the
radiated fields from the other qubits at the position of qubit j.
Consider any other qubit in the computer, qubit &, at a distance
Fjx away from qubit j. Classically qubit k can be viewed as
a radiating dipole at the frequency of the qubit transition w,.
This radiating dipole would then produce the following electric
field at the position of qubit j [64]:

2
_ %,

2 .
=1 — exp(ikar jk)- (17
TTCFjk

Eik
Here, the quantity » is the impedance of free space n =
/1t0/€o, and u is classically the strength of the radiating dipole
(the dipole matrix element). In Eq. (17), for simplicity, we have
ignored any angular dependence of the radiation pattern and
considered the angular average. The electric field of Eq. (17)
will interact with qubit j and cause unwanted rotation of the
qubit states. The rate of this dephasing rotation is captured by
the Rabi frequency due to the electric field:
(c/', a)2 2
Qi = % - Jj’r—hcfj—k exp(ikar ji)- (18)
Equation (18) can be thought of as the dephasing rate of
qubit j due to the presence of qubit k in the computer. Each
qubit k in the computer produces an electric field given by
Eq. (17). In the N — oo limit, the quantities «,7;; become
very large, and as a result, the radiated fields from individual
qubits can be taken to have a random phase relationship with
each other. The total electric field is then the incoherent sum
from individual emissions o = /Y 4 1€jk|*> and the total
dephasing rate is

3 1/2
Qiotal = /Z|sz,k|2=<ZNE/[F21> D)
k

This dephasing rate can be thought of as the single-qubit
error rate. Note that this result agrees (within a prefactor) with
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both of the results discussed in the previous section; i.e., the
spread of the eigenvalue distribution o of the single-qubit error
Hamiltonian and the decay predicted by the analytical solution
of Fig. 4.

VI. EIGENVALUE SPECTRUM OF THE TOTAL
EXCHANGE HAMILTONIAN

We note that the previous sections have only considered
approximate dynamics for estimating the single-qubit error on
a given qubit by only including interactions in the exchange
Hamiltonian H.; which affect that qubit, i.e., the single-
qubit error Hamiltonian H/. The width of the single-qubit
Hamiltonian’s spectrum gives the time scale over which state
coefficients evolve if only those interactions are considered;
in Sec. IV, we also showed that, as expected from the
eigenvalue spectrum, the single-qubit coherence evolves on
this time scale. However, because [ H* k2, F*:ks] # 0fork; #
ks, this time evolution is approximate; although unlikely,
there is the possibility that interactions between single-qubit
Hamiltonians, the sum over which comprise the full exchange
Hamiltonian, mitigate the errors. In this section, we show
that this is not the case by finding the spectrum of the full
Hamiltonian and showing that it is consistent with the picture
in which each single-qubit Hamiltonian acts randomly and
independently. Roughly speaking, if N single-qubit Hamil-
tonians act independently during each time step, changing
the coefficient in a random direction but with magnitude
typically o (where o is the width of the single-qubit error
Hamiltonian spectrum), then the coefficient should change by
typically v/ No during that time step. If this holds for finite
times, all moments of the exchange Hamiltonian spectrum
should therefore be /N times larger than the moments of the
single-qubit error Hamiltonian, which is indeed the case. In
this section, we will also discuss how error correction fails
in another fundamental way. The width of the eigenvalue
spectrum of the exchange Hamiltonian grows faster compared
to the width of the system Hamiltonian. As a result, as
N — oo, exchange interaction Hamiltonian dominates and
can no longer be thought of as a perturbation to the system
Hamiltonian. In fact, the system Hamiltonian becomes a
perturbation on the exchange interaction Hamiltonian.

The eigenvalue distribution of the full exchange Hamilto-
nian A" = Z(jk) H7* can be found in the N — oo and con-
tinuum limit by again finding the moments of the distribution,
o™ for all integers m:

o_(m) — 2—NTI.[(I:Ieff)m]
=27 " (ql(A)"|q)
q
= 2*”2 Z Z (gl A" . A% g). (20)
q  (ki,ly) (ks L)

This derivation is highly technical and the details are presented
in Appendix D. The result is that the odd moments become
negligible as N — oo, and the even moments fractionally
converge to

o™ — m!(§NE[F*]'?)". (21)
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FIG. 7. The distribution of the eigenvalues of the total exchange
Hamiltonian H.g inthe N — oo limit. The eigenvalues are distributed

according to the Laplace distribution, f)(1) = ﬁexp(— %) whose

standard deviation is given by o = %N E[F?] 2 The width of the
spectrum scales as e ~ N2In N in 2D and o ~ N?3 in 3D
respectively. Since in both geometries the spectrum spreads faster than
the spectrum of the system Hamiltonian, %wa 27=1 6/, the dynamics
of the computer become completely dominated by the noise due to
correlated decay in the N — oo limit.

Here, the notation ET. . .] refers to calculating the expected
value of the quantity inside the brackets for all possible pairings
of jk. Equation (21) shows that the eigenvalues of the full
exchange Hamiltonian are distributed according to the Laplace
distribution,

1 [A
Sad) = 7 CXP<——>, (22)
Oeff

Oeff

whose standard deviation is given by o = %N E[F 2]1/ 2,

This distribution is plotted in Fig. 7. Using the scaling of
the expected values of the coupling constants as discussed
in Appendix E, the width of the spectrum scales as e ~
N'2InN in 2D and o ~ N*3 in 3D respectively. Note
that the computer system Hamiltonian without any noise is
%a)a Z?/:l 6! (with possibly a gate Hamiltonian added on,
which adds no N dependence). When N — oo, the eigen-
value distribution of the computer Hamiltonian thus becomes
a Gaussian distribution, with standard deviation Ogysem =
wav/N/2. Both in 2D and 3D geometry, the spectrum of
the exchange interaction Hamiltonian has a spread that scales
faster compared to the system Hamiltonian, showing that as
N — o0 noise would dominate. To formalize this statement,
for a Gaussian distribution, the odd moments are zero and the

even moments are (m — l)!!as’;‘Stem =(m— 1)!!(%a)aN1/2)m
(the symbol “!!” stands for the double factorial). Thus the

scaling of the mth moment (for m even) of the computer
Hamiltonian is N”"/?, while for the exchange Hamiltonian it
is N"E[F*]"/2;in 2D N™E[F?*]"/?> ~ N™/?In(N)"™/? and in
3D, N"E[F?]"/? ~ N"™/2N™/%_As a result, for both geome-
tries for sufficiently large N the spectrum of the exchange
Hamiltonian dominates over the computer Hamiltonian. When
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the exchange interaction Hamiltonian dominates, the system
can no longer be thought of as a collection of two-level
systems. This is another way to see that the exchange
Hamiltonian causes fundamental problems when considering
scalability.

The eigenvalue spectrum of the full exchange Hamiltonian
discussed above is consistent with each single-qubit error
Hamiltonian decohering the quantum state randomly and
independently. Suppose that there are no correlations between
the single-qubit Hamiltonians A/, in the sense that for almost
all states |¢), the overlap between Hi|y) and H*|y) for
J # kis approximately the overlap between two random states,
which is the randomly signed sum of 2" objects, each typically
of the magnitude (27V/2)2, making the overlap typically
2-N/2 Then the norm of ﬁeff|1p), which is typically o,
is (| Hete Hege |9 )'? = (X, (W HI A 1yr)'?. For k = j,
(WI(H? ) is typically 0% in magnitude (o is the width of
the single-qubit error Hamiltonian). For k # j, (W|H/ H*|y)
is typically 6>2~"/2 in magnitude under the assumption of no
correlations between H/, H*. There are N terms with k = j
and N? with k # j, so for large N the k # j terms don’t
matter and the norm of Heg|y) is typically v/No. Similar
considerations show that the same relationship holds for all
powers: The norm of (Hege)" | ), which by definition is on
average o™ ~ oL, is typically N"/2c. As we have found,
these are indeed the moments of the exchange Hamiltonian
spectrum, which shows that the N single-qubit Hamiltonians
do not have strong correlations between them, and therefore
that the single-qubit Hamiltonian yields the correct time scale
for the single-qubit error.

VII. CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, we have analyzed noise on quantum com-
puters due to correlated decay between the qubit levels,
which inevitably happens when the qubits are coupled to
a common bosonic bath. We have first shown that even
when the spacing between the qubits becomes larger than
the emission wavelength, correlated decay produces errors
outside the applicability of the threshold theorem. This is
because the sum of the norms of the Hamiltonians (which
can be viewed as the upper bound on the single-qubit error)
that decoheres each qubit scales with the total number of qubits
and is unbounded. We have then discussed two related results:
(1) We have shown that for a majority of states in the Hilbert
space, the actual error (instead of the upper bound) on each
qubit scales with the number of qubits. As a result, in the
limit of large number of qubits in the computer, N — oo,
correlated decay causes each qubit in the computer to decohere
in arbitrarily short time scales. (2) We have found the complete
eigenvalue spectrum of the Hamiltonian that causes correlated
decay in the same limit. We have shown that the spread of
the eigenvalue distribution grows faster with N compared to
the spectrum of the unperturbed system Hamiltonian. As a
result, as N — oo, quantum evolution becomes completely
dominated by the noise due to correlated decay.

One weakness of our results is that, throughout this paper,
we have taken all the qubits to be causally connected to each
other. It could perhaps be argued that if quantum error detection
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and correction cycle time is chosen to be sufficiently short,
then before correlations causally reach all the qubits in the
computer, errors can be corrected. We believe, however, that
this argument is flawed. Suppose that we choose a fixed number
of qubits, K, and during every quantum error correction cycle,
we detect and correct errors on these K qubits. In this picture,
we divide the full computer into clusters each of which contains
K qubits. The error correction cycle is chosen to be sufficiently
short such that K qubits in each cluster are causally connected
to one another, but they are causally isolated from the rest
of the computer. The main concern is that the qubits in each
cluster can emit photons to the bath, which can propagate
and at a later time be absorbed by another cluster. Unless
the bosonic bath memory is erased, then bath correlations
would propagate across the clusters and eventually cover the
full computer (once sufficient time evolution is allowed so
that the full computer is causally connected). To us, it is very
hard to see how propagation of photons in the bath (causing
“coupling” between clusters) can be avoided unless sections
of the computer are completely isolated from one another. The
physical picture that is developed in Sec. V is also helpful
here. As noted above, this picture suggests that the radiated
fields from all the other qubits in the computer interfere at
the position of each qubit, causing decoherence that depends
on the total number of qubits in the computer. In this picture,
the precise emission time of the photons should not matter.
The photons emitted from far-away points in the ensemble,
even though they may have been emitted many quantum error
correction cycles ago, would have similar strength and random
phase as they reach a specific qubit in the ensemble. The
scaling results that we discuss should, therefore, still be valid
even though there may be many quantum error correction
cycles during the time as the whole computer becomes causally
connected.

In our view, our results put the scalability of quantum
computers in 2D and 3D geometries into significant question,
since any quantum system is inevitably coupled to a common
bosonic bath. This being said, we certainly have not proven
that noise due to correlated decay cannot be overcome. One
strategy would be to use clever software (encoding) techniques
of quantum information. It is now well understood that
when the qubit-environment coupling is completely symmetric
(small-sample regime), then quantum information can be
protected from this kind of noise by encoding in decoherence
free subspaces [43-45]. Unfortunately, such subspaces do
not exist when the symmetries in the qubit-environment
coupling are broken [46], which inevitably happens in the
large sample case. But nevertheless, there are states with a
reduced decoherence rate. For example, in the eigenvalue
spectrum of the single-qubit error Hamiltonian of Fig. 2,
there are eigenstates with an eigenvalue near zero. Because
the standard deviation (the spread) of the whole distribution
scales with the number of qubits, it is clear that the fraction
of states with an eigenvalue smaller than a fixed threshold
will be vanishingly small as N — oco. But perhaps it may
be possible to show that scalable quantum computing can be
performed in this vanishingly small fraction of the Hilbert
space. We do note, however, that for complicated noise
Hamiltonians (such as the exchange Hamiltonian that causes
correlated decay) it is not clear how such special portions of
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the Hilbert space can be calculated. For such systems, even
calculating the ground state of the Hamiltonian is usually an
exponentially-hard problem. This indicates that it is likely not
possible to efficiently calculate the space of states with reduced
decoherence properties for such complex Hamiltonians. As
discussed in detail in Refs. [66,67], efficient calculation of
the eigenstates of similar spin-glass Ising models would have
far-reaching consequences in computational complexity.

Another strategy would be to design the computer at
the hardware level to overcome correlated noise. A detailed
discussion of various hardware strategies is left for a future
publication, but we will mention a few ideas here. The key
reason why correlated noise becomes uncorrectable is that
every qubit interacts with and randomly decoheres every
other qubit in the computer. It may be possible to physically
isolate subsections of the computer so that they are uncoupled.
Although it is not quite clear how this could be done, since
subsections need to be entangled at some point during the
computation and any entangling operation will necessarily
include some kind of common environment coupling. Related
to this idea, perhaps clusters of qubits at remote locations
(coupled using, for example, long optical fibers) could be used.
Yet another strategy would be to use a specific qubit system
that would be less susceptible to correlated decay. Degenerate
qubits (i.e., qubits with zero energy spacing between the qubit
levels) and systems with varying qubit energies over the whole
ensemble are known methods to reduce correlated decay. Our
preliminary assessment of these strategies indicates that none
of these ideas change the central results and the scalings in the
problem; i.e., in the computational complexity terminology
they modify the constants but not the N scalings. However, all
of these ideas need to be carefully evaluated to clarify if the
noise due to correlated decay can be overcome at a fundamental
level.

We finally note that the exhange interaction is rather fun-
damental and is relevant in many interacting “spin” systems,
ranging from polar molecules to Rydberg atoms [68]. Another
future direction would be to explore the implications of the
spectrum of the total exchange Hamiltonian of Fig. 7 in these
other interacting spin systems.
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APPENDIX A: DERIVATION OF THE EXCHANGE
HAMILTONIAN

In this Appendix, we discuss derivation of the effective
exchange Hamiltonian of Eq. (3) starting with the total
Hamiltonian for the system of Eq. (1) which describes the
qubit ensemble, the bosonic bath, and the interaction between
the two. This derivation follows steps that closely mimic the

PHYSICAL REVIEW A 96, 062337 (2017)

Wigner-Weiskoppf theory of spontaneous decay [63]. We take
the the initial state of the qubit system to be an arbitrary (in
general entangled) superposition state and assume that we start
with zero photons in each field mode «e. The initial state
of the combined atom-radiation field system can be written
as

2N —1

Wt =0) =Y cqolg) ®10). (A1)
q=0

Here, the index g runs through all possible 2" combinations
for the qubits and ¢, are the expansion coefficients. We define
the following parameter for each atomic state |g):

2M, = # of atomsin state|1) — # of atoms in state|0).  (A2)

With this definition, the energy of the atomic state |g) is
M, liw,. Working in the interaction picture, we expand the
wave function as

2V —1
(@) = cqo®)expl—i(Mywa)t] Iq) ® [0)
q=0

2N —1

DI INTANG!

ke q'=0
x exp[—i(Mywq + ve)t] 1g) ® [1ce). (A3)

Here, |1,.) represents the state of the radiation field in
which the field mode ke has one photon while all the other
modes are in vacuum state and the quantity v, is the fre-
quency of this mode. With these definitions, the Schrédinger’s
equation

Ldly(@) A
ih = Hiowa | (1)) (A4)
dt
yields the following continuum of coupled equations:
dego . - o
= =) 8ee ) OXPUR Tj)ege;1, (1)
K€ Jj
X exXp[—i(Vee — @wa)t],
degsjn. . o =
% = igye Zk: exp(—ik - ri)cqojok,0(t)
X exp[_i(wa - vl(e)t]- (AS)

Here, as mentioned in the main text, we use the notation
|g © j) to mean the configuration that equals |g) at all
qubits except the qubit j which has undergone a 1)/ — |0)/
transition. The quantity 7; is the position vector of the qubit j.
Similarly, the configuration |¢ © j @ k) differs from |g © j)
by raising qubit k (at the position 7;) from [0)* — |1)X.
The coupled equations of above are intuitive. Each specific
configuration |g) is coupled to configurations where a qubit is
lowered (configurations |g © j)) by emitting a photon into
the bath. Similarly, each configuration |g & j) is coupled
to configurations where a qubit is raised (configurations
g © j @ k)) by absorbing a photon from the bath. We then
formally integrate the equations that contain bath excitations

062337-12



EFFECT OF CORRELATED DECAY ON FAULT-TOLERANT ...

CqOj.1ke

Cgoi1e (1) = igec Y eXp(—ik - Fy)
k

t
X / expl—i(wg — vee)t'Icqojak,0(t)dt’ .
0
(A6)

Here, it is assumed that the coupling to the radiation
modes is turned on at + = 0. It is also assumed that the
initial conditions for the continuum mode amplitudes are
¢q0j.1..(t = 0) = 0. Using Eq. (A6), the differential equation
for ¢4,0 in Eq. (A5) now reads

d;‘;“) == I’ YD expliic - Fu)
Ke Jj k

X /O exp[—i(vee — @)t — 1)lcgejar0(t)dt,
(AT)

where we have defined 7jx = F; — 7. This way, the problem is
reduced to a set of coupled integrodifferential equations for the
initial probability amplitudes ¢, o. Each state |g) is coupled to
all states that differ by lowering one qubit and raising another
qubit in the configuration (i.e., to states |g © j @ k)). We next
rewrite the summation as an integral since we are considering
a continuum of radiation modes:

\%4
N (A8)
Ke K€

Here, k = || and V is the quantization volume which
is assumed to be much larger than the qubit ensemble. We
proceed in spherical coordinates and replace d*« integral with
d’k = «?sinOdkdbd¢. The coupling constants g, depend on
the matrix element between the two levels and also the angle
between the polarization of a particular electromagnetic mode
and the orientation of the atomic dipole:

2
Vee ™ - 5 o
- €4)". A9
2€0hv(6 6) ( )

2
|gl(€| =

Here, p is the coupling matrix element between the two
levels (electric-dipole or magnetic-dipole), € is the polarization
vector of the mode with frequency vy, and €, is the orientation
vector of the atomic dipole. With these definitions, Eq. (A7)
reads

dcy o w2 /°° 3
dit | 202n)eghc® Xj:; , K

T 2
X [ / / sinO(€ - €,)% exp(ik - ?jk)dedqs]
0 0

X [ / exp[—i(ve — w )t — t’)]cqej@k,o(t’)dt]dvx.
0
(A10)

Here, we have used the identity ¥ = v, /c to convert the
outermost integral from d« to dv,. The middle angular integral

PHYSICAL REVIEW A 96, 062337 (2017)

can be evaluated analytically:

T 2
/ / Sin O(€ - €,)% exp(ii - 7;;)d0d ¢
0 0

= 47 (1 — cos? ij)w +47(1 — 3 cos® 0ik)
ICij
8 |:cos(/<rj2k) 3 sin(icrj;;)]‘ (All)
(k7jx) (krjx)

Here rj; = |Fj| and the angle 6 is the angle between the
atomic dipole moment vector €, and the separation vector r x:
(ga - F jk)2

2
ij

cosj = (A12)

To evaluate the time and frequency integrals in Eq. (A10),
we employ the usual Born-Markov approximation. For this
purpose we replace cggjgk0(t') With cyojero0(t) and take
this quantity outside the integral. We also consider the
t — oo limit of the inner time integral, which results in
15 expli(ve — @ )t'1dt’ = 7w8(ve — w,) + iP{ VK_lw“ } (8 is the
Dirac § function and P{} stands for the principal value). Using
all of these results and simplifications, Eq. (A10) reduces to

dc 0
4.0 _
o ——E E Fixcqojok.0s
Tk

where Fj; are the exchange coupling coefficients as defined in
Eq. (5).

(A13)

1. Beyond the Born-Markov approximation

The Born-Markov approximation that allows the derivation
of the effective exchange Hamiltonian of Eq. (3) assumes
the evolution time scales for the state coefficients to be
slow compared to the correlation time scales of the bath.
It is important to understand our system beyond this ap-
proximation, since as N — oo the system dynamics become
ever faster and Born-Markov approximation is violated. We
recently developed a model of correlated decay that goes
beyond the Born-Markov approximation and models finite
time scales of bath correlations and propagation effects across
the sample. We will discuss the details of this model, including
its derivation, in a future publication. Briefly, in this model,
the state coefficients evolve according to an integrodifferential
equation of the form

C;Lt‘l = _<%>g ;;(1 — cos? G_jk)/o expliwg(t — 7)]

x G(t — T)cgojer(T)dT, (A14)
where
2 |: t—1 }
G(it—1)= Box
(rjx/c) (rjx/c)
P 1n|: (/o) + (@ =) } (A15)
(rjr/c) |(rji/c) — (@ — 7))l

Here, the Box function equals one when its argument is
between 0 and 1, and equals zero otherwise. The integration
kernel G(¢r — 1) captures the correlation (memory) time scales

062337-13



B. LEMBERGER AND D. D. YAVUZ

of the bath, which has a width of order r;;/c. We have
verified that the above model is consistent with many other
formulations of large-sample super-radiance, as discussed in
detail, for example, in the review article Ref. [48], Sec. 7.
The above model clarifies the effect of the Born-Markov
approximation in large samples. If the evolution time scales
for the state coefficients are slow compared to the width of
the function G(t — 1), then the kernel effectively acts like a
4 function. Under these conditions, ¢,g jex(7) coefficients can
be taken outside the integral and be replaced by c,g g () ~
cqojek(t). If the coefficients are not slowly varying, then this
approximation cannot be applied. When the Born-Markov
approximation is not satisfied, the rate of change in each
coefficient ¢, is not only influenced by the values of the
coefficients at that particular time, c,gjek(f), but instead
depends the values of the coefficients over the time window
[t,t — 7jx/c]. We note that all the scaling results that we discuss
in the paper result from N-dependent sums over the prefactors
in fronts of these coefficients, which have almost random
phases (due to large spacings) and 1/rj; scaling factors. It
is very hard to see how any of these scaling results could
be altered when one considers not just the values of the
coefficients at that particular time but also takes into account
their evolution history, since neither phases nor the average
strengths of the prefactors are altered.

As discussed in Sec. V above, a good physical model
for correlated decay in large samples can be summarized as
follows: Consider a specific qubit j in the ensemble. The
radiated fields from all the other qubits in the computer
interfere at the position of the qubit j producing a randomly
fluctuating field. This fluctuating field results in random phase
rotations and population transfer in qubit j, causing bit-flip and
decoherence errors. When the Born-Markov approximation is
satisfied, we evaluate the field values at a specific point in
time and consider their interference. When the Born-Markov
approximation is violated, we need to take into account not
only each emitted field at a specific point in time, but also
the history of the field over the window [z, — r/c]. But for
both cases, neither the number of fields that are interfering nor
the average strength of each field is altered. As a result, the
scaling results that we discuss should remain valid even when
the Born-Markov approximation is violated.

APPENDIX B: THE EIGENVALUE SPECTRUM
OF THE SINGLE-QUBIT ERROR HAMILTONIAN

Here we present the details of deriving the eigenvalue dis-
tribution of the single-qubit error Hamiltonian A/ in the limit
of N — oo. The method outlined below is more complicated
than it needs to be, but it introduces the ideas and definitions
necessary for the case of the full exchange Hamiltonian H.,
which is discussed in Appendix D. The distribution of the
eigenvalues can be reconstructed by evaluating the moments,
the mth of which is defined as

o™ = 27NTr[(A7)"]. (B1)

To compute the trace, we use the basis of states |¢) which cor-
respond to definite arrangements ¢ of the qubits. For example,
with N =6, one ¢ is {{1,1},{2,0},{3,0},{4,1},{5,1},{6,0}},
which indicates that the first qubit is raised, the second is
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lowered, the third is lowered, and so forth. Let the space of
arrangements of any set of qubits Q be Ag; defining A/ be the
set of all qubits, ¢ € Ay. We will make use of the space Ag
for Q # N, which makes the explicit reference to the qubit
labels in the arrangements ¢ useful. Note that the common
convention in which the qubit label is deduced from the loca-
tion, i.e., {{1,1},{2,0},{3,0},{4,1},{5,1},{6,0}} — {100110},
is more concise but is only unambiguous when dealing
with arrangements of all qubits, i.e., @ = N. To make the
distinction between these cases clear, we reserve the letter
g for elements of Ay, and use r for elements of .Ag when
Q C N.Thus above, g € Ay, butr = {{1,1},{4,0}} € Ay 4.

Each of the N qubits can be 0 or 1, which we call
“lowered” and “raised” respectively, so 2V = | Ay| is the
number of elements in 4. Expressing the trace in this basis
results in

o™ =273 (ql(A')"|q). (B2)
qeAN

First we expand each of the m Hamiltonians as a sum of pair
Hamiltonians H/ =), 2 H’ k and then expand the product
over the m Hamiltonians:

o™ =23 (g N AR AR g,

qeAyN ki ke ki
(B3)

where the restriction that each sum is over qubits k, # j
is implicit, in order to avoid the notation becoming too
cumbersome.

For each ordered sequence of m qubits {k; ...k}, given
a state |¢), it is either the case that (g|H/% ... Hi*n|g) =
Fjx, ... Fji,, in which case we call this sequence compatible
with ¢, orelse (g|H/* ... H/*"|g) = 0, in which case we call
this sequence incompatible with g. Let K¢, be the set of all
ordered sequences of m qubits chosen from the set O, and
introduce a function w(q, K), which accepts an arrangement
in g € Ay and a sequence K € K7, and returns 1 if they
are compatible and O if they are incompatible. Defining
[TF(K)=TI,_, Fjx, for K = {k;...k,} and denoting the

set of all qubits besides j as A,

o™ =2 NN ST Fka - knDo(g. th K}

geAN ki ki

=2" 3" Y [[FK)wq.K)

geAn K EK:K,,

=27" Y J]F&) ) wg.K). (B4)

KeK?, gedy

Let us divide the set K5 into subsets in which each element
(sequence) of the subset has the same number of unique
qubits. We will denote the space of all sequences of m qubits
chosen from the set @ with u unique qubits appearing in
itby K5(u). K = Kg(1) UKG2) U - - - UKG(m A |Q[) and
K'guy) N KG(uz) = 0 for uy # up (we use the notation a A b
to mean the smaller of a,b), so we may express the sum over
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K as
mAIN|

o™ =2N3" 3 J]FK) ) og.K). B

u=1 KeKy,u) qgeAy

We only require o™ out to arbitrarily high but finite order, so
wetakem A N | =m A (N — 1) =m.

We note that w(q,{k;...k,})=1 if and only if
lg) = A% .. H*J|g). Thus for m odd, there are no
sequences compatible with any states, and so " = 0; from
now on we focus exclusively on the case that m is even.
Because the product H/% ... A% only acts nontrivially on
J and the qubits which appear in the sequence {k; ...k}, all
arrangements which agree on these qubits will be compatible
or incompatible with the same sequences. To formalize this
statement, let Ux be the unordered set of u unique qubits
which appear in the sequence K € KG(u). Then for any
K € Kg(u), for any r € Ay, ), and for all ¢,q" € Ay and
q,9' 2r, w(g,K)=w(q’,K). Thus we may unambiguously
define a new function &(r € Ay,u;).K € K’é(u)), which
accepts a sequence and arrangements of j and the qubits
appearing in that sequence (as opposed to w which accepts
a sequence and arrangements of all N qubits), to be equal
to w(q,K) for any g 2 r, g € Ay . For example, consider a
four-qubit computer with N' = {1,2,3,4}, and focus on pair
Hamiltonian sequences K € IC{ZL 4 that only involve qubits 1
and 4. Then if we consider all arrangements g where qubit 1
is lowered and qubit 4 is raised, r = {{10},{41}} € A(; 4}, the
states of qubits 2 and 3 are irrelevant for compatibility, i.e.,
w({10},{20},{30},{41}}, K) = o({{10},{21},{30}.{41}},K) =
w({{10},{20},{31},{41}}, K)=w({{10},{21},{31},{41}},K) =
a({{10},{41}}, K).

For each sequence K € K'g(u), for any r € Ay, ). there
are 2V=4~1 unique ¢ € Ay that contain ¢, because each of
the N —u — 1 qubits which are not j or in Uk can be up
or down for such a ¢g. Therefore, > gedn w(g,K € K, (n)) =

N—u-l ZreAaK uij) @(r, K ), which allows us to write

a<’">:i2—“—‘ Z HF(K) Z &(r,K).

u=1 KE/ij'r(”) reAugug)

(B6)

To calculate Eq. (B6), we wish to isolate the N dependence
of the different pieces of this sum, so that we may keep only
the important parts as N — oo. To this end, note that we
can construct any sequence {k; ...k, } = K € K5(u) out of
(1) an ordered list of u subsets of the first m integers and (2) an
ordered list of # unique qubits which are not j. The sequence is
then constructed by assigning the first location in the sequence
the integer 1, the second location the integer 2, etc., and
then placing the first qubit in the qubit list at all locations
in the sequence associated with the integers contained in the
first subset, the second qubit at all locations associated with
integers in the second subset, and so forth until the uth qubit has
been assigned. For example, the sequence {2,5,14,2,2,5,2,14}
with m = 8 and u = 3 is constructed by the integer subsets
{{145},{26},{38}} and the qubit list {2,5,14}. A set of integer
subsets paired with a qubit list generates a sequence as long as
there are the same number of subsets as qubits, and each integer
appears in exactly one subset. We will call a set of integer
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subsets in which each integer appears in exactly one subset a
pattern (we do not employ the notion of a partition because it
does not extend to the full Hamiltonian case) and denote the set
of all patterns of m integers with u subsets by S,,, (1), so that the
set of all patterns of m integersis S, = S,,(H)US,,2Q)U---U
Sp(m). We will call £ the set of all ordered lists of u unique
qubits chosen from the set of qubits Q. We define a function
S to take a pattern and a qubit list, and return the constructed
sequence, i.e., if K € K'g(u) is the sequence constructed by
s €S, (w)and L € L”Q, then S(s,L) = K. Then, because every
sequence can be constructed by some pattern and qubit list,
we may express the moments as

m

(m)_zz—u 1 SZ ZM AGG L))HF(S(S,L))
se (u)Le,C
x )

reAug 1))

a(r,S(s,L)), B7)

where A(K) is the number of combinations of patterns and
qubit lists such which, when given as the argument of S, yield
S = K. Each pattern and qubit list is associated with one
sequence, but each sequence is associated with many pattern
and qubit list combinations, so we must divide the degeneracy
factor A to prevent overcounting. All sequences are paired
uniquely with a set of subsets which make up a pattern; this is
done by writing down subsets containing the integer locations
of each qubit. The order is left arbitrary, and the sequence
K (s,L) will not be altered if we reorder the subsets in s and
then reorder the qubits in L in the same way. Thus, A(s) = u!
fors € S, (u).

The system is invariant under the relabelling of qubits, so
it must be that the quantity quAuS - a)(q S(s,L)) = Q(s)
does not depend on the choice of qubits. This allows us to
write

m

o =Y s 3 2 Y [T Fse.L)

u=1 T seS,,u) Leﬁfv,

(B8)

There is no N dependence in |S,,(u)| or Q(s). Thus for
fixed m, the above sum is a fixed number of terms (one for each
patterns € S,,), with a fixed coefficient (equal to 2(s) /2" u!)
in front of an N-dependent sum ZLE%/ [T1F(S(s,L)) =
G4(N):

m

a(”‘)=2ﬁ > Q)G(N).

u=1 C s€8S,u)

(B9)

We now examine the scaling with large N of the sums
ZLGL“ [T1F(S(s,L)) = G4(N) for patterns with nonzero
coefﬁc1ents ie., Q(s) # 0, and keep only the patterns for
which the N scaling is the largest among these, creating a
new quantity which will fractionally converge to o™ in the
high-N limit. We use the notation A — B to mean that A
fractionally converges to B, i.e., A/B = 1 in the limit that N
goes to infinity.

We note that L}, is the set of all ways to make an ordered
list of u unique qubits chosen from the set of all qubits except
J»so L] = (Nu_1 Ju! — N" is the number of ways to pick u
qubits times the number of ways to order them. Thus, by the
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definition of the expectation value of a pattern, E[ [1F1, as
defined in Appendix F, we have
(117

N
6w = 3 TG0y = "2
(B10)

LeLy,

~ N'E! []_[ F].

In order for Q(s) # 0, each of the u subsets in the pattern s
must contain some even number of integers. Let p, be the
number of integers in the zth subset; then D 7 | p. =m,
all p, are even, each p, > 2, and for any set of integers
{p1, ..., p,} which obey these conditions, there is some pattern
s for which Q(s) # 0 and with p, integers in its zth subset.
For a pattern s with at least one p, > 2, we compare the
N scaling of G(s,N) to the scaling of G(s’,N), where s’ is
the same as s except that one of the p, greater than 2 has
been reduced by 2, and u has been increased by 1, adding a
Pu+1 = 2;i.e.,if shas {pi,...,pi, ... p,} where p; > 2, then
s" has {p1,....,pi —2,...pu,2}. As shown in Appendix F,
E([1F) <y NE,[[] F1 (where <y means “has smaller N
scaling than”), so

G,(N) - N"E! []_[ F] <N N"“E;,[]_[ F] = Gy(N),

(B11)

and we conclude that terms corresponding to the pattern s
becomes negligible compared to s in the high- N limit (as long
as Q(s”) # 0, which is true if Q(s) # 0). This transformation
may be repeatedly applied to all patterns for which some p, #
2, and thus all such patterns may be ignored in favor of patterns
for which all p, = 2. Keeping only these, which are all of the
patterns with u = m /2,

1

(m)
o = 212+ (1 /2)!

Y Q)GN)

$€S,(m/2)

1 S
= w2 N e

S€S,(m/2)
(B12)

Recall that Q(s) = quAuS(‘ o a(q,S(s,L)), for s €
S, (m/2); in order for @(q,S(s, L)) to be nonzero the qubits in
L[LZK’ZL) must have the ‘correct’ relative status to j in ¢, depend-
ing on the locations they appear at in the sequence. For exam-
ple, suppose j is raised in g; if (q|I:Ijk, I:Ijkzﬁjkzﬁjkl lg) # 0,
then k; must be lowered in ¢, and k; must be raised. Thus
Q(s € S,,(m/2)) = 2, corresponding to the two possibilities
for qubit j, which yields

Nm/2

W > 2E[[F]
o
m/2+1 s
2 (m/z)' $ESu(m/2)
Nm/Z
B13)
v o ElTFL
2 (m/2)! $€Su(m/2)
The  expectation value of [[F, which s

Z(kl...k,,,/z) szkl ... szkm/z/(nf\/IZ)’ is the same for all patterns in
S, (m/2); we denote this by Efz,m)[ [T F1, and utilize the fact

that there is no longer any s dependence in the summand to
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write
Nm/Z
> #eIT7]
o
212 /Y 2,m)
ERRTR) 5€Smm/2)
Nm/2

- WE@,")[]—[ FiSntm/2)1. (B14)
The patterns in S, (m/2) are all of the ways to pair up
the integers, but because the status of j alternates after
each Hamiltonian is applied, each odd integer must be
paired with an even integer. We may order these m /2 pairs
in any way, so |S,(m/2)| = (m/2)! x (m/2)!. Using the
result in Appendix F that E£2,m)[ [1F1— E'[F*]"/* (where
E'[F*] - N! Zk# Fj2k), we finally obtain

o™ — (m/)ANE'[F?1/2)"2,
o™ =0,

m even,

m odd. (B15)

APPENDIX C: DYNAMICS OF THE REDUCED DENSITY
MATRIX FOR A SPECIFIC QUBIT

In this Appendix, we discuss the details of the Taylor-
series analytical solution of Eq. (B14), which is plotted in
Fig. 4. Consider the initial condition that only one of the o
coefficients for a specific configuration Q is nonzero, oo (t =
0) = 1;a4(t =0) = 0forg # Q; B,(t = 0) = 0. We view this
initial condition as the zeroth-order solution: ag) = Lo =0
forg # Q; ,3((]0) = 0. To find the first-order solutions, we solve
the coupled equations of Eqgs. (13) using the zeroth-order
solution on the right-hand side of the equations:

daD ,3 1
g * (0)
Tar T Zijﬂqek’ J
k
which then gives
1 _
ay = 1,

Z Fjaln,. (Cl)

al’ =0, (C2)
,3(1) =—iFut if q=00k.

These first-order solutions are then used again in the right-
hand side of the coupled equations, to find the second-order
solutions:

da®

LTI o )

i— = FiBe
k

d,B(z)

Z Firoto,. (C3)

which then gives

1
a8)=1—§<Zlkal2>f2
k

1
of = —S(FjFior* if g=Q0kak, (C4

BP = —iFut if g=Q6k.
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Using these second-order solutions, the third-order solu-
tions can again be found by solving the coupled equations:

1
ap =1- §<Z|F,-k|2)t2,
k

3
afi

. 11
By =—iFut +is3 (ij > |F,k|2>r3
k

11 .
+i§§(ijZ|ijr|2)t3 if g=Q0k,
k/

A3) ~11 * 3 - ’ "
,3q = —lzg(ij//Fik,ij)l‘ if q = Ockdk ok

1
_E(ka'F;k)tz if g=Q0k®k,

(C5)

This procedure can be continued until all coefficients of the
Taylor series expansion for the initial probability amplitude
ao(t) are found. As shown above, the solutions contain terms
that are summations over the squares of the exchange coupling
constants Y, |Fjx%, Y |Fix|*, Y1 | Fjxr|?, and so on. For
the vast majority of the Hilbert space, these summations
contain ~N /2 terms. As the number of qubits N is in-
creased, the expected value of these sums grows more quickly
compared to the variations around the expected value. We,
therefore, make the key assumption that in the N — oo limit,
these sums can be taken equal, Y~ |Fij|> ~ Y, |Fijr|* &
> o |Fijr 2 &~ ... and replace these sums with their expected
value 02 = (N E’[F?]/2). Under this assumption, the solution
for the initial probability amplitude is of the form

n l(n) n
ap(t) = ;(—1) M(mz ,

(Co)
where the quantities /(n) are combinatorial factors. By
inspection, these factors can be found using the following
recursive relationship. Start with an initial array of numbers
A where the only nonzero element is the first element and it
equals to 1; i.e., the initial array is A® = (1,0,0,0,0,0, ...).
Then at each step, update the array using the recursive
algorithm: A™(0) = A"=D(0) + A®~D(1), and A™(m) =
A D(m — 1)+ 24 D(m) + A Dm + 1) for m >0 (n
is the number of iterations and m is the element number
in the array). For example, after one iteration, the array
is AV =(1,1,0,0,0,0, ...), after two iterations it is A® =
(2,3,1,0,0,0, ...), and after three iterations, the array becomes
A® = (5,9,5,1,0,0, ...), and so on. The combinatorial factors
[(n) are the first elements of the array at each iteration,
I(n) = A™(1).

APPENDIX D: THE EIGENVALUE SPECTRUM
OF THE TOTAL EXCHANGE HAMILTONIAN

Here we find the eigenvalue distribution of the exchange
Hamiltonian ﬁeff in the limit of N — oco. We will use very
similar techniques to those in Appendix B and use much
of the same notation; for simplicity, when dealing with an
object never referenced outside of the appendices, we use the
same symbol for the analogous object from Appendix B, even
though in some cases the analogous objects are not the same.
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We again begin by calculating the moments of the distribution:
o™ =27V Tr[(Her)"]- (D1)

Following Appendix B, we introduce the basis |g) which corre-
spond to definite arrangements g of all of the qubits in the com-
puter. The set of all qubits is NV, and the set of all arrangements
of any set of qubits @ C N is denoted by Ag; thus g € Ay.
We use the convention set in Appendix B for the form of ar-
rangements which has explicit reference to the qubits involved.
Each of the N qubits can be 0 or 1, which we call “lowered”
and “ raised” respectively, so 2V = | Ay is the number of
elements in .4,,. Expressing the trace in this basis results in

o™ =23 (q|(Her)"|q)-
qeAN

(D2)

First we write each of the m Hamiltonians as a sum
of pair Hamiltonians Hey = I HA*, and then expand the
product over the m Hamiltonians. Each term in the resulting
expansion begins and ends with some state |g), and has m
operators in between each of which act nontivially on two
qubits, e.g., (q|Hx,1, Hi, - - - Hi, 1, |q). For each sequence of
m pairs of qubits {{ki/i}{kolr}...{knl,}}, it is either the
case that (q|Hy,, ... Hy,; |g) = 0, in which case we call this
sequence incompatible with the configuration |g), or else
(q|Hii, - - Hi,1,1q) = Fiy1, i, - - - Fi,1,,» 1n Which case we
call this sequence compatible with |g). Let K be the set
of all sequences of m pairs of qubits chosen from the set
Q, and introduce a function w(g € Ap,{{kil1}.. . {knln}} €
K\7) which accepts states and sequences, and returns 1
if the sequence is compatible with the state and O if the
sequence is incompatible with |g). Introducing the notation
[TF{{kili}. . knln}} € K8) = 1., Fx,.,» we then have

G(m) = 27N Z Z Z T Z (qu:Iklll I:Ikzlz s ﬁkmlm |CI>

qeAy (kily) (kaly) (kmlm)

=2V 3 3.

qeAy (kily) (kala)

> okl .. k) [ ] Frot,

(kinlm) a=1

=2 N Z Z a)(q,K)l_[F(K)

qeN KeKy,
=2V Y [IFE) D wg.K). (D3)
KeKy, geAy

Let us divide the set K into subsets in which each element
(sequence) has the same number of unique qubits appearing
in it. We will denote the space of all sequences of m pairs of
qubits chosen from the set Q with u unique qubits appearing
in it by Kg(u). K5 = KD UKZ2)U---UK52m A |Q])
and Kg(u1) N KG(uz) = 0foruy # us, so we may express the
sum over K as

2mA|N|

o™ =23 3" J]FK) ) wg.K). (D4

u=2 Keky(u) qeAN

We only require o™ out to arbitrarily high but finite order, so
we take 2m A IN| =2m A N = 2m.
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We define U to be the unordered set of all qubits appearing
in the sequence K € K3, so that |Ux| = u if K € IC’&(M) For

{tkili}s oo ko ln ) = K € K, the operator Hkll Hkm,
acts nontr1v1a11y only on the qubits in Uk, so for the same
reasoning as in Appendix B, for a given K € K5 and r €
Ay, for any g,q" which are in Ay and contain r (i.e.,
q,9' 2 1), w(q,K)=w(qg’,K). Thus we may unambiguously
define a new function &(r € Ay, ,K € IC”Q’(u)), which accepts
a sequence and arrangements of the qubits appearing in
that sequence (as opposed to w which accepts a sequence
and arrangements of all N qubits), to be equal to w(g,K)
for any ¢ 2 r, ¢ € Ay. For each sequence K € K'(u), for
any r € Ay, , there are N—u unique g € Ay that contain r,
because each of the N — u qubits which are notin Uk can be up
or down for such a g. Therefore, qu/w w(g,K € K (u)) =

2NN ey, @(r K), which allows us to write

2m
o™ =32 Y"T]FK) > arkK). (D)
u=2 KeKy, r'G.AuK

We wish to isolate the N dependence of the different pieces
of this sum, so that we may keep only the important part as
N — oo. To this end, note that we can construct any sequence
{tki.li}s -k}l = K € Kg(u) out of (1) an ordered list
of u subsets of the first m 1ntegers and (2) an ordered list
of u unique qubits. The sequence is then constructed by
assigning the first location in the sequence to the integer 1, the
second to the integer 2, etc., and then placing the first qubit
in the qubit list at all locations in the sequence associated
with the integers contained in the first subset, the second
qubit at all locations associated with integers in the second
subset, and so forth until the uth qubit has been assigned. For
example, the sequence {{2,7}{5,9}{5,2}{7,9}{5,13}{5,13}}
with m =6 and u =5 is constructed by the integer sub-
sets {{13},{5,6},{2,3,5,6},{1,4},{2,4}} and the qubit list
{2,13,5,7,9}. A set of integer subsets paired with a qubit list
generates a sequence as long as there are the same number
of subsets as qubits, and each integer appears in exactly
two subsets. We will call a set of integer subsets in which
each integer appears in exactly two subsets a pattern, and
denote the set of all patterns of m integers with u subsets
by S,.(u), so that the set of all patterns of m integers is
Sn = Su(2)USu(3)U -+ U S, (2m). We will call L, the set
of all ordered lists of # unique qubits chosen from the set of
qubits Q. We define a function K to take a pattern and a qubit
list and return the constructed sequence; i.e., if K € Kg(u)
is the sequence constructed by s € S,,(u) and L € L{, then
K(s,L) = K. The double use of the letter K should not lead to
confusion, because after being given arguments, the function
K becomes an element of K. Then, because every sequence
can be constructed by some pattern and qubit list, we may
express the moments as

oM — 22 u SX: 2 ([(( ) l_[F(K(S L))
€S (u) LeLy,
x Y @(rK(s.L)), (D6)
reAus 1)
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where A(K) is the number of combinations of patterns and
qubit lists such which, when given as the argument of the
function K, yields K. Each pattern and qubit list is associated
with one sequence, but each sequence is associated with many
pattern and qubit list combinations, so we must divide the
degeneracy factor A to prevent overcounting. All sequences
are paired uniquely with a set of subsets which make up a
pattern; this is done by writing down subsets containing the
integer locations of each qubit. The order is left arbitrary, and
the sequence K(s,L) will not be altered if we reorder the
subsets in s and then reorder the qubits in L in the same way.
Thus, A(s) = u! fors € S,,(u).

The system is invariant under the relabeling of qubits, so
it must be that the quantity ) _ Ay a)(r K(s,L)) = Q(s)

does not depend on choice of qubits, i. e does not depend on
L. This allows us to write

o = Z > a0 ) [[F&Ge.L). ©D)

! s€S,, (1) LeL,

In evaluating Eq. (D7), we note that there is no N
dependence in |S,,(u)| or Q(s). Thus for fixed m, the above
sum is a fixed number of terms (one for each pattern s € S,,,),
with a fixed coefficient (equal to 2(s)/2"u!) in front of an
N-dependent sum ZLGLH, [1F(K(s,L)) = G4(N):

(Wt)_Z

Having isolated the N dependence, we wish to identify the
parts with the largest scaling, since we need only keep these
as N — oo in order to have a quantity which fractionally
converges to o™ for large N. First, we subdivide each set
Sp(u) into sets S, (u,v) where v is the number of pairs
of subsets in s whose intersects contain an odd number of
integers. Intuitively, this is the number of qubits whose choice
in L will affect the overall sign of [] F(K(s,L)) because
that qubit appears as the index of an F which appears an
odd number of times in [] F in total. Each element of S,,, (1)
belongs in one such S,,(#,v), so we can write

RIS M ML

T =0 seS,, (u,v)

Z Q(s)G,(N).

! SES (u)

(D8)

(D9)

We now examine the scaling with large N of the sums
e cy, [T F(S(s,L)) = G,(N) for patterns with nonzero co-
efﬁciehts, i.e., Q(s) # 0, since only these have relevant N
scaling. We use the notation A — B to mean that A fraction-
ally converges to B, i.e., A/B = 1 in the limit that N goes to
infinity. In addition, <y means “has lower N scaling than,”
so that if A/B — 0, then it must be that A <y B. In order
for Q2(s) # 0, each subset in s must contain an even number
of integers, so that every qubit gets flipped an even number
of times and therefore is ultimately unchanged, allowing
(q|Hu1, - - Hi,i,lq) # 0. Thus Q(s € S, (u > m)) = 0, and
so we may truncate the sum over u at m. We note that £} is
the set of all ways to make an ordered list of u unique qubits
chosen from the set of all qubits, so | £}/| = (g)u! — N"isthe
number of ways to pick u qubits times the number of ways to
order them. Thus, by the definition of the expectation value of
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apattern E[ [ F] as defined in Appendix F, for s € S, (u,v)

we have
Gi(N)= Y []F(SGs,L)
Leﬁw

(N—u)! ~[HF]—>N“ []_[F] (D10)

When v # 0, in the large sample limit where the sign of each
Fj factor is random, G,(N) — 0. However, for purposes
of comparing the relative size of terms, we are interested in
the typical size of G4(N), denoted by |G(N)|, which by the
central limit theorem has the typical size

Gl = N VN[ [TTF] = v [[TT ]
(D11)

For v =0, |G4(N)| = G4(N) since each term in the sum is
positive.

We proceed to identify the class of patterns for which
|G(N)| has the largest N scaling among all s with 2(s) # 0
by taking certain kinds of patterns s and identifying patterns
s’ for which |G(N)| <y |Gy (N)|; then, as long as Q(s”) # 0,
the |G4(N)| term can be ignored in the large-N limit since
they will become negligible compared to the |Gy (V)| term.
For each of the steps below, we choose s’ related to s such that
Q(s) # 0 = Q(s") # 0.

We begin with patterns in which there exists a pair of subsets
whose intersect contains greater than two elements; this means
that for any L € LY, in [] F(S(s,L)) is some F“ fora > 2,
where j and k are decided by L. Let s’ be the pattern created by
starting with s, finding two subsets with an intersect larger than
two, choosing any two elements of that intersection and remov-
ing them from both subsets, then creating two new subsets,
each of which contains both elements. This effectively takes
Fij to F]‘.’,:2 F 12 «» Where j’ and k" do not appear anywhere else
in the sequence. As shown in Appendix F, when s and s” have
this relationship, Es[|[] F|] < NEy[|[] F|], meaning that

IG,(N)| — N”’”/ZESHI_[ FH < N““’”/ZEJ/HH FH

_ N"’-l—”’”ES,HH FH = NG (N). (DI12)

where s € S,,(u,v) so s’ € S,,(u',v)=3S,,(u +2,v). Thus
terms associated with s can be ignored in the large- N limit, and
we now focus only patterns for which the overlap between any
two subsets contains at most two integers; i.e., for each unique
Fjiin [] F(s,L), itis either raised to the first or second power.

Next we show that any pattern with a subset containing
four or more elements that has two elements in an intersect
with another subset can be ignored. The products associated
with these patterns contain terms like Fy , F; kzz 1> and we show
that these scale less with N then the same pattern but with
this product changed to Fy, kz k r,- Accordingly, let us call
the original pattern s, and s’ the pattern s except with the
two elements in the intersect between the subset with four
or more elements, another subset removed from both, and
both added to two new subsets which contains only those
two elements. Note that for s € S,,(1,v) and s’ € S,,,(u',v’),
v/ = v while ' = u 4+ 2 or u + 1, the latter case being if the
subset in s whose intersect with a subset with four or more
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elements contains two elements has only two elements in it in
total. According to Appendix F, E[| [ F|] <v NEy[|] Fll,
which yields for s € S,,(1,v) and s’ € S,,,(u’,v),

it

< N“/’”//ZE‘Y/HH FH — |Gy (N).

IG,(N)| — N”‘“/ZESHH FH
(D13)

Thus terms associated with patterns like s can be ignored.

The only patterns that have not been shown to be ignorable
for large N have at most two elements in the intersect of any
two of its subsets, and if the intersect between two subsets
does contain two elements than both subsets contain only two
elements. This corresponds to patterns with [ [ F(K (s,L)) of
the form Fy i, Fiok, Fist, e i, Fiy.,» Where there are a number
of F? with no overlapping indices, and then a number of F'!
with potentially complicated overlapping indices with each
other but not with any of the F2. For one of these patterns
s € 5, (u,v), let us call a the number of pairs of subsets whose
intersect contains two elements (i.e., the number of F? in
[1F(K(s,L)), so that 2a = u — v), and let b = m — 2a be
the number of F! which appear in [[ F(K (s,L)). All qubits
appearing as an argument of an F' can affect the overall sign,
while the ones appearing in an F2 cannot, so v < b.

We first treat the case that m is even; note in this case
that b is even. Let s’ € S,,(m,0) be a pattern in which all
subsets contain two elements, and the intersect between any
two subsets contains 2 or 0 elements. This corresponds to
patterns with [T F(K (s, L)) of the form FZ, FZ, ... FZ . .
Gy (N) is the same for all s” which obey this property because
they are all the same under the renaming and reordering of
qubits and subsets, and we call this G,,,,)(N). If b = 0, then
G;(N) = G@,m)(N). In Appendix F, it is shown for b # 0
that E[| [T F|] < N*>7'2EQ[|T] FIl = NY>'PEQT] F,
which means that for s € S,,(«,v) and 5" € S,,(m,0),

G| — N[ F[] < N2, [T F

— NM7U/2+b/271/27m Gg/(N)

— Nu_v/2+b/2_l/2_mG(zqm)(N). (D14)
Using the relations 2a + b = m and 2a + v = u, we have that
u—v/24+b/2—m= %(v—b),andsincev <bu—v/2+
b/2 —m < 0, allowing us to conclude

IG,(N)| < N™'2Gam)(N), (D15)
meaning that, for m even, only patterns with all subsets
containing 2 elements and all intersects containing 2 or 0
elements matter as N — oo, and all of these matter because
the terms associated with each of these patterns have the same
N scaling. These are exactly the patterns in S, (m,0), so

1
(m)
oM = S ) QWG
€S, (m,0)
1
= Zu G@mN) Z Q(s), meven. (D16)
’ $€S(m,0)
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Now we treat the case that m is odd; note in this case that b is odd. Let s € S,,(«,3) be a pattern in which all but three subsets
contain two elements, and the intersect between any two of these subsets contains 2 or 0 elements, and the other three subsets
each have 2 elements and the intersect between any two of them contains 1 element. For all such s’, the N scaling of |G (N)|
is the same, and we call this |G, (N)|. In Appendix F, it is shown that, for b > 3, E,[|[] F|] <y N??>7*2E,[|] F|], and

therefore
G| = N PE[|[TF|] <w v e [[TTF|]

N Nu_v/2+h/2_3/2_(m_3/2)|Gs/(N)| — Nu—v/2—1n+b/2|G(3.m)(N)|. (D17)

Using the same relation as in the m even case, thatu — v/2 4+ b/2 —m = %(v — b) < 0, we conclude
|G (V)| <y |GEm(N)I, (D18)

and thus for m odd, only patterns like s” described above matter as N — oo. These are exactly all of the patterns in S,,(u,3), so
for m odd, the typical size of the moments scales as

lo™| —

o 2 QWIGMI = S Gam(N) Y, Qs), modd. (D19)
m: $€S,, (m,0) €S, (m,3)

Now we must evaluate Q(s) for s € S,,(m,3) when m is odd, and s € S,,,(m,0) when m is even. Recall that Q(s) =
Dore Aoy @(r,K(s,L)) for any L € L is the number of arrangements of the set L of m qubits such that the Hamiltonian

operator term associated with the sequence K (s,L) (for example, if K(s,L) = {{k1,l1}, ...,{kmlx}} then the associa}ted operator
term is Hy,y, . . Hk .1,), when sandwiched in between (g||q) for any g D r, is not zero. In order for (quk,zl o Hilq) #0,

k| can have any status in g but /; must be opposite k;. Similarly, for each pair of qubits which appear as indices on the same
Hamiltonian, they must be opposite one another, and so there are two choices. For s € S,,,(m,0), if k; and /; appear as indices
on a Hamiltonian, then they also appear on the indices on another Hamiltonian, and the condition is therefore automatically
satisfied for the second. There are m /2 pairs of qubits, so 2(s) = 2m/2 For s € S,,(m,3), the same reasoning applies to each
paired Hamiltonian, of which there are (m — 3)/2. For the triplet of the form Hy,k, Hi,k, Hi.k,, once the status of k; is set, the
status of k and k3 is fixed, so all three of those qubits only contribute a factor of 2 to Q(s). Thus Q(s) = 2"=3/2 x 2 = 2m/2=1/2,
and

G(ln)_)2mm' Z om/2 _ 2m/2 G(zm)(N)IS (m,0)|, m even,
s€S,,(m,0)

0 > S Gam W 3 2V = (G (WIS odd, (D20)
€S, (m,3)

For m even, elements of S,,(m,0) have m /2 unique subsets which each contain two integers, and there are two copies of each
subset. Thus |S,,(m,0)| is the number of ways to pair up m objects times the number of ways to order the m objects. There are
(”21 )("’gz) ... (;)(;) = 27"/2;m| ways to pair up the Hamiltonian terms, and m! ways to order them, so |S,,(m,0)| = 27"/2(m!)>.
For m odd, elements of S,,(mm,3) have (m — 3)/2 unique subsets which each contain two integers, and there are two copies of
each of these: The other three subsets each contain two elements, and the intersect with each other contains one element. Thus
| S (m,3)| is the number of ways to choose three objects from m of them times the number of ways to pair up m — 3 objects
times the number of ways to order all m of them, which is (’") X 27320 — ) x m! = %Z’m/z“/z(m!)z. Therefore,

1
oM Sl G(zm)(N)Z m2(m1)? = —G(zm)(N) m even,
—m 1
1= om0 R = G m ot o21)

We next discuss how the odd moments can be ignored in the N — oo limit by evaluating the moment generating function,
which is the Fourier transform of the probability density function of the eigenvalue distribution:

B [eS) (lé‘)m . 00 ((ls)Zm om) (i§)2m+1 (2m+1)> B o (l§)2m< m) l§ (2m+1)>
Fmomem(é')—z m o _n%(:] (2m)!a + (2m+1)!0 _r;) 2m)! 7 +2m+10

m=0

o0

(l /2" <G(2 wmy(N) + —= a3 ——=Gg, 2m+1)(N)> (D22)

Z e

As in Appendix F, we define Eq ([ [ F1by Gam) — N™E@uml[] F1and similarly |G my| — N™E@ mE[| [ F|]. Using the
result that Eq ([ F1 — E[F*1"?, Gom(N) — N™E[F?]"/?, and introducing the rescaled variable { = N E[F?]'/?¢, we
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obtain

i G@3om+1) ) (D23)

oo
Fmoment(g) = (lg/z)Zm (1 + n -
r;) 6«/§N2 +1E[F2] +1
Typically, the size of G@3m)(N) is |GEm(N)| — N’"’3/2E(3,m)[| [TFIl. As shown in Appendix F, the N scaling of
EamlTTFI is at most Eq,—3[[[F]x E[|FI] — E[FI|E[F*1" /2, and $0 |G 2nen(N)/(N*" E[F?1"*!) has,
as a maximum N scaling, N?>"+!173/2 x E[|F||E[F?|®m =32 (N E[F2"+1) = E[|F|]/(N*?E[F?]?). As shown in
Appendix E, in 2D geometry, E[F*] ~ In(N)/N and E[|F|] ~ N~2, so this maximum N scaling is In(N)~2, which vanishes
when compared to the other term which ~1. Similarly, in 3D geometry, E[F?] ~ N=2/3 and E[|F|] ~ N~'/3, and so the
maximum N scaling is N~!/2 which also vanishes when compared to the other term. Thus the odd terms can be ignored in the
large- N limit, and the moment generating function converges to

Fnomend(@) = D _GT/27" =) (igNE[F?]"?/2)™". (D24)

m=0

APPENDIX E: THE DISTRIBUTIONS AND EXPECTATION
VALUES OF VARIOUS POWERS OF THE EXCHANGE
COUPLING CONSTANTS

In this Appendix, we discuss the probability density
functions and the expectation values of various powers of
the exchange coupling constants Fj; for both the 2D and 3D
geometries. We are particularly interested in the N dependence
of the expected values of these quantities in the N — oo limit
since these expected values are used throughout the paper.
The full expression for the exchange coupling constants are
given in Eq. (5). Since we are interested in the N — oo limit,
we will only consider the leading order of these constants,
Fjr ocsinkgrji/(kqr ji ). For large distances, the sin «,7j; term
essentially produces a random sign, whose square contributes
afactor of 1/2 to the expected value. We therefore focus on the
remaining 1/(x,7 j;) term in this section. We define a random

variable U = 1/ (Ksrjgk) (which is proportional to the square

J

m=0

(

of the exchange coupling constant U ~ szk) and first discuss
the probability density function and the expected value of this
random variable. We will then discuss the distributions and the
expected values of various powers of U.

1. Two-dimensional geometry

Consider a two-dimensional array of qubits in a square
geometry, in x-y dimensions. Note that r7, = x3, + y7, =
(x; —x)? + vj — yi)* where (xj,v;) and (x;,y) are the
coordinates of the jth and kth qubits respectively. We view
each of these coordinates x;, x;, y;, and y; to be uniformly
distributed random variables within the interval [0 N'/2d].
Taking these initial uniformly distributed random variables,
the probability density function of the random variable U =
1/(kzr;) can be found using the methods outlined in Ref. [65].
Defining fy(u)du = P{u < U < u + du}, this probability
density function is

fuw)=0 if u <0
1

=0 fO<u< —

i US 573

2 oz 2 AT st
= — | — arcsin u—1)—— — — 4+ —,/— — if — <u<—

u?| L? L2 ul* L3Vu 2L2 L?

1 7'[+ 1 4 " 1 << 1 ED)
=—|=4+—-———=| if =<ux< .

w?| L2 ul*  Jul? L? Kk2d?

Here, the quantity L = N'/%k,d is the phase accumulation
over the full length of the square. Using the density function
of Eq. (El), the expectation value of U can be found, which
gives in the N — oo limit

7 InN

E[U] :/fy(u)udu = — .

E2
k2d*> N 2

Using the probability density function of the random
variable U, we can find the distributions of various powers
of U (such as ~/U, U2, and so on) again using the methods
outlined in Ref. [65]. These distributions are then used to

(

find the corresponding expected values various powers of the
exchange coupling constants. These results are

10

[F]= wd NIZ
E[Fz] ' InN (E3)
=TT e
k2d> N
E[F"] ~ K;'d”ﬁ forn > 2.

062337-21



B. LEMBERGER AND D. D. YAVUZ

PHYSICAL REVIEW A 96, 062337 (2017)

2. Three-dimensional geometry

Here, we consider a three-dimensional array of cubits in a cube geometry, in x-y-z dimensions and we have rj?k = sz.k +
yjz-k + z?k =(x; — X)) + (y = yi)? + (2 = zx)?. Following the above discussion, taking all the coordinates to be uniformly

distributed, the probability density function of U = 1/(k;r7,) is

fuw)=0 if u <0
1
—0 f0<u<—
1 u 3L2
12 [ (21—t 2t 4Ji—1L? 1 1 1 1
= — — arcsin - - — — |dt if — <u< —
2 i | L2 2 L4 L3 T, L 312 202
1 (Y [»n ¢t 4t 1 1
=2 R |
u= Jiju-12 L i tL
1 el 22—t 2t 4Ji—1L? 1 1 1 1
+— — arcsin - — - — ——|dt if —<u<—
u? ), 2 14 L3 T, L 212 L2
17T 27 A 1 oL )
=————-—— 4+ ——— —— | if =<u< .
W | Jul?  eL* ' uJels  2u’L6 L2 x2d?

Here, the probability density function in some of the regions
cannot be evaluated analytically and as a result they are left
in the integral form (the quantity ¢ is the integration variable).
The quantity L = N'/3k,d is again the phase accumulation
over one length of the cube. We numerically find that for
the calculation of the expectation value, the majority of the
contribution comes from the ﬁ <u< # region which can

be evaluated analytically:

The exact numerical result that includes all the regions of
the probability density function [given in Eq. (E4)] differs
from the analytical result of Eq. (E5) only by 1.2%. Following
the 2D discussion, with the probability density function fi, (1)
known, the distribution of the various powers of U can be
evaluated and the corresponding expectation values for the
coupling constants are (again with an accuracy at the level of
few percent)

29

E[U]foy(u)uduz <71.|_E 1

«2d2 N2/3° (E5)

ENF r 271—%
[l |]—Ka—dW,
29\ I'? 1
21— 2l
ElFl= (”+ 12>K3d2 N2
5. 4m T3 InN
E[F‘]=—3——,
3 k2d®> N
E[F"] -1 f 3 (E6)
~ — orn > 5.
k'd" N "

In Fig. 8, we plot the probability density function fy(u)
for both the 2D (dashed red line) and 3D (black solid line)
geometries. The functions are plotted for the case when the
length of each side is L = 1. For an arbitrary L, the horizontal

axis of the plot is scaled by 1/L? whereas the vertical axis is
scaled by L2.

In the above discussion, we have taken selected qubits j and
k to be randomly among all the qubits and have calculated the
distribution and the expected value of the exchange coupling
constants Fj;. For the single-qubit error Hamiltonian and
subsequent discussion, one of the qubits, qubit j, is fixed, and
the summations are over the remaining qubits in the computer.
For this case, the precise values of the distributions and the
expected values will depend on the choice of the qubit j, for
example, whether it is chosen to be at the edge of the array or at
the center. However, using the above formalism, as expected,
one can show that these considerations do not change the N
scalings of the expected values, i.e., E'[ F"] ~ E[F"] for all n
in both 2D and 3D geometries.

fU(u) 04 T T T T
L 3D B
0.3 - J
L " B
I
02t |/20°) ]
I \
L ) B
] N\
01 F [1 N J
| J
L[ S~ i
! -
0 / L L L L —=
0 2 4 6 8 10

FIG. 8. The probability density functions of the random variable
U = 1/(k;r}) for an array of atoms in two (dashed red line) and
three (solid black line) dimensions. The functions are plotted for the
case when the length of each side is L = 1. For an arbitrary L, the
horizontal axis of the plot is scaled by 1/L? whereas the vertical axis

is scaled by L>.
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APPENDIX F: VARIOUS DEFINITIONS AND RESULTS ON THE EXPECTED
VALUES OF THE COUPLING CONSTANTS

In this Appendix, we define the expectation values E[[] F] and E[[ | F] for some pattern of u subsets of m integers S,, (1)
(see Appendixes B and D for this and other definitions used in this Appendix). The expectation value is over all ways to choose
qubits for the pattern, i.e., over all qubit lists which can combine with that pattern to create a sequence. In the single-qubit
Hamiltonian case, we only choose qubits from A7, which is the set of all qubits besides j, whereas in the full Hamiltonian case
we choose qubits from N, which is the set of all qubits. Thus we define two expectation values, one for each case: For s € S, (u),

E[[TF]= > TTrse.oyieyl. E[[TF]= Y TTFS6.LY|ck| (F1)

LeLy, LeLy,

We can divide the sum over all elements of L, into a sum over all ways to choose qubits from Q and a sum over all ways to order
those qubits. This implies that | L% = ('f' ou! = |9|!/(|Q| — u)!, which scales as N* when Q = A or /. Taking this limit, and

denoting the sum over all choices of u qubits from the set Q by ZE,?]) k> the sum over all permutations of these qubits by Zm ,
and the element of E”Q created by putting the qubits k; . .. k, in the order 7, by L({k; . .. k,},m,),

W)
E[[TF] =~ 3 Y TTFSGLAKk k) m),
(klku) Ty
(')
E[[TF] -~ 3 S TTFS6LAk - kb m). (2)
(ky...ky) T
We also define
EF) = —— 1_ . Y Fi—> N> F},
kit j ket j
1
E[F?] = (T)ZFk% - N2 N R (F3)
2/ (kl) k l#k
1
E[IF = = > |Ful > N2> " |Ful.
(2) (k1) k l#k

The N scalings of the expected values of Eq. (F3) are discussed in Appendix E. Next, we prove inequalities between expectation
values of patterns related in specific ways. We will utilize the N scaling of the maximum and minimum values of F(x) = %ﬁ")
in the large sample size limit where the the sine can be averaged out, leaving |F(x)| = f/kx. In this case, Fpna = f/kd, and
Fuin = f/kR ~ N~YP_where R is the largest separation between any two qubits, and the computer dimension is D, so that R
scales as N!/P_ This means that, for any x and y, |F(x)| < N'/P|F(y)|, where the equality is only if x = d and y = R. This
also means that, for any ki,l1,ka,02, | Fi,,| < NYP|Fpp,l.

As mentioned previously, we will make use of the notation A <y B which means that the N scaling of A is less than the
N scaling of B, i.e., A/B — 0 as N — oco. We also define ~ to mean “ scales with N as”: For example, A ~ N“ means that
A — ¢N? for some constant c.

For the single-qubit case, if we call the number of integers in subset z p,, then we may associate with each pattern a list of
integers {pi, ..., p,} for which }"_, p. = m. All patterns which are compatible with any states (i.e., (s) # 0) have an even
number of integers in each of its u subsets; i.e., p, is even for all z. We seek to show that for any s with {p;,...,p;, ... p,} with
some p; > 2, E[[[] F] <w NE;,[]_[ F] where s’ has {p,...,pi —2,...,pu,2}. This is done by using the definitions of the
the expectation values, and that F J.Zkl < NP szkz for any k; and k,, which is a consequence of the inequality established above.

Definining ), to be > kithy.. ki, We have

Eé[l_[F]*N‘” ZW)ZHHS(&L(UQ...ku},nu)))=1v-“Z oo TIFkx

(kl --<ku) Ty kl#] k2¢j~k| kl,75j,k| v~~~,ku—l z=1

3 I I L Y e S 3 I

ki#j ka#J ka#j z=1 ki#j ku#j

2 Pu 2/D g2
. Fli x NYPF,

min*

(F4)

For D=2, E'[F’]— N7'Y, oy szk~1n(N)/N, while F2 ~ 1/N, meaning that F2, <y E'[F*] and therefore

N?PF2 <y NE'[F?]. For D=3, E'[F*]~ N~%3 while F2 ~N%P =N"23 so F2 ~ E'[F?], and therefore
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N*PF2, <y NE'[F?]. Using this, and the fact that for any unique k1 ... ku» i Fit = Dt i, Frio

- i—2 , 2/D 2
N"Z ZFlkl FJI‘Dk; : FpuXN/F

min

ki#j ku#j
< Nl—u Fpl F*Pi_2 Fpu F2 /N
N te Jky ot Tjke Tk Jkut1
kl#] ku#] ku+l#/
1—u i pi=2 Pu )
- N ZZ FO L FRT2FR N Fh /N
ki#j ku#j ki1

=Ny Y F,pk’l- FI'F%  =NE| [l_[ F] (F5)

ki#j ke #J

thus establishing the desired result for D = 2 and D = 3.
For the single-qubit case, we show that E(Z,m)[ [TF]1— E'[F?]"/2, where E(,Z,m)[ [] F1 is defined in Appendix B and also

below for any even integer m. We begin by rewriting E(,Z,m)[ [1FI:

E(/Z m)[l_[ F] - N2 Z Z Z F12k1 Fj2k2 ka/z

ki#j ka#j 711/2#]
m/2—1
—m/2 2
Z Z Jkl : ka/z 1 Z ]km/7 Z ij . (F6)
ki#j m/2 1% km/25£]

Let us compare the size of the two terms; the first, N™"237, . ...3% = o Fh .. Fi . 3 L Fho
is equal to Ef,, ,[[1FIE'[F?]. The second, N™"723%, ....%% = . Fj .. F]ka/2 1 et Fj,. is less than
N3 Z;(m/z i Fi "'szkm/zq X (m/2 — DFg, =m/2—1DE;, »[[]F1Fs,/N. In both two and three di-
mensions, (m — 1)F2,_ /N ~ N~! <y E'[F?], so the second term is negligible compared to the first for large N and thus
El l [1F1— Ej,,_»[(F*)""']E'[F?]. The base case E(,,[[]F]= E'[F?] is true by definition, and so by induction
E(, [ [1F1— E'[F?]"/* for all even integers .

For the full Hamiltonian case, we first show that E;[| [] F|] < NEy[|[] F|] when s is a pattern in which there exists a pair
of subsets whose intersection has more than two elements, and s’ is the pattern created from s by removing two of the elements
contained in the intersect of such a pair of subsets in s from both of those subsets, and adding two new subsets, each of which
contains the two removed elements. To do this, let us define an intermediate pattern, s”, which is s but with the two elements
moved to two new subsets by s’ instead of simply removed from both subsets in which they originally appeared in s. Thus for
s €S,(u,v),s" €S,_»u,v)and s’ € S, (v, v’) = S, (u + 2,v). Using the inequality established above, that for any & and [,
Fy < NY2F,;,, and again using Zk = Zk 2, s We obtain the desired result:

£

HFH - NU (N)Z ‘ HF(K(S L({kl k } ”u)))‘

(ki... Ty
W)
<N T ‘ [FKG" Ltk .. k)| x NP FR,
(kyoky) T
W) Zk #k ok Zk #ki,....k sz kuso
NZ/D u ‘ F(K(S// L({kl k }ﬂu)))‘ u+17K15 - K u2 7K1 Kl u+1Ku+2
a(,X?;,) 712“ 1_[ —u)(N—u-1)

__ a72/D-u W) " Zku+] Zku+2 Kus1kuto
=N > Z’]‘[F(K(s Ltk k) m))) | R e

(ky...ky) b
W)
- NP HF(K(sCL({kl...km},m,m)}'=N2/DEs/U J 7
(k1.ky2) g2

and therefore, for both D = 2 and D = 3,

‘|

HFH <NEHHFH (F8)
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Next, we show that if s € S, (u,v) has a subset with four or more elements, and its intersect with another subset contains two
elements, then for s’ € S,,(1’,v") which is s but with the two elements in the intersect between the two subsets in question removed
from both subsets, and both added to each of two new subsets which contains only these two elements, then E[|[] F|] <y
NEy[|[] FI]. This is done similarly to above, but in order to have <y instead of <, we use the fact that in D = 2, E[F 2] >
N2 > iu Fg ~ In(N)/N and Fy, ~ 1/N, whilein D = 3, E[F?] ~ N~*/% and F};, ~ N~/ meaning that in either case

N*PF2 <y NE[F?]. Additionally, we use that, for any finite set of u qubits k, .. . ,k,, > ke k > TR sz furr =

L L e LA =) PR - PPN

Do s Flo ks = ks kit Fi — N2E[F?].Lets” € S,_»(u”,v") be s but with the two elements moved to

k k

uy Kut+2 u+1Ku+2

new subsets in s’ simply removed from both subsets they appear in. We must treat the case that both subsets with an intersect
with two elements have four or more elements, as well as the case when one has four or more and the other has two. In the former
case, u” = u and u’ = u + 2, and we have

E[|[TF|] = v (k.;f); [T FkGs. Lk, ...ku},n”)))'
< N7 ZW)Z‘HHK(S“,L({kl...ku},m»)) x NP Fo,
(ky...ky) Ty
N Y ‘ [ FKG" Ll -k mon| x E(F?)
(ky..ky) T
L oy (kz;)mZ’HF(K(s",L({kl...ku},nu))) kaZF,fk
= N kzk:(m [T FKG LAk koD o] = NE[|[TF[]- (F9)
(ki.kyy2)  Tus2

If one of the subsets has only two elements, then u” = u — 1 and ' = u + 1, so

‘|

[1#]] - v Z“’Z‘]‘[nms,u{kl...ku},m))’

(ky...ky) T
W) "
< N'WN-@=1) Y Z‘HF(K(S Lk . kb ))| x NYPFZ
(ky..ky—1) Tu—1
u W)
- Ny Z‘]‘[F(K(s”,u{kl...ku1},nu1))> x NYPFL,
(ky.ky—1) Ty
u W) ,
<y NN Z‘]‘[F(K(s’,u{kl k1) x E(F?)
(k[...k“_]) TTy—1
—u W) / /
- Ny Z‘]‘[F(K(s“,u{kl...ku1},m,1))> Yo Y B,
(k1..ky—1)  TTu—1 ku kit
u W)
= N U] PR Lk ...kuﬂ},nm))‘ = NE[|[T7]] (F10)
(kl---ku+l) TTu+1

Thus in both cases, which are exhaustive, we have established the desired result.

For m even, we show that if s € S,,,(u,v) has u — v = 2a subsets with two elements and the property that the intersect between
any of these subsets with any other is two or zero (there must be an even number of these), and the other v subsets, which contain
a total of m — 2a = b integers, have intersects with all other subsets which contain no more than one element, and s’ is a pattern
where all subsets have two elements and all intersects have two or zero elements (i.e., b = 0), then for b # 0, E[|[] F|] <
NP2Z12E (| T] FI1. All s of this form have the same expectation value, which we denote Ey[|[] F|] = Eq.ml|[] FI]. Let
s” € 84(2a,0) be s but with all subsets which with an intersect with another subset containing one element removed, so that
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u' =u—v:

2l

HFH —- N7H Z( )Z‘HF(K(S L({kl k } ﬂu)))‘
(ki...

Ty

<Ny Y )Z‘]‘[Fm(s” L({ky ..y}, n»’

(klwku—v) Tu—v

DI

ky—v+1 Ku—vt2

< NV-2-ut®=1/D Z Z ‘ l_[ F(K(s",L({ky .. ky_p}, 7 v)))’

(klwku—v) Tu—v

Fku L+lku v42 N(b 1)/DFb !

W)

’ 2
« Zku—w] : Zku v+b ku— 1/+Iku 2 Fklx—t‘+b—lklt—v+b
N—(u—v+2)(N—u—v+3)..\IN—u—v+®B-1))

(%)
_, Nv-2utb-1/D Z Z‘HF(K(SH Lllky . kus )t U)))‘
(ky.oky—y)  Tu—y
b-2) 2
XN~ Z Z ku—vrrky—vi2 * 0" Fkufwrbflkufvﬁ»b
u v+1 u v+b
= NUTepTURT Z DRI B RAG R 2T A m)))‘
(k1 ..ky—vip) Tu—vtb

_ Nv—u—b/D—l/D-ﬁ-mES’I:' 1—[ FH N~ DD, [ 1—[

sinceu —v+b=u—-v+m—-2a=m.(b—-1)/3<((b—-1)/2,sofor D=20r D =3,

E[ I1 FH < Nt-12E, []_[ F] (F12)

For m odd, we show that if s € S,,,(u,v) has u — v = 2a subsets with two elements and the property that the intersect between
any of these subsets with any other is two or zero (there must be an even number of these), and the other v subsets, which
contain a total of m — 2a = b integers, have intersects with all other subsets which contain no more than one element, and s’ is
a pattern where all subsets but three have two elements and all intersects between these subsets contain two or zero elements
and the other three subsets each contain two elements and the intersect between any two of them contains one element (i.e., s
but with b = 3), then for b > 5, E,[|[] F|] <y N?/>732Eg[|]] F|]. All s’ of this form have the same expectation value, which
we denote E¢[| [] FI1 = Ea.mll [] FI1. Again, let s” € S5,(2a,0) be s but with all subsets which with an intersect with another
subset containing one element removed, so that u” = u — v:

E[|[TF] -~ Y )Z‘Hm«s Lk ..k}

(ky...ky) Ty

FH (F11)

< NUNUT3 Z( )ZHF(K(S”,L({IQ...ku_v},rru_v)))
(ky...ky

Kues)  Tu—

x Z Z Z Z > |Fk,4 vtk Pk s Fr sk s INCTVP DD

ku—vt1 ku—vi2 ku—vi3 ku—via ku—vis

< NUSHh/D=3/D Z( SO FORG LGtk - R h )

(kpooky—)  Tu—v

(b-5) 2
XN~ ky— L+|ku w2 Tt Fk“,‘;+1774kufv+b,3 |Fku—v+b—2ku—v+b—l Fku—v—lku—u Fku—vku—v—z

ku—vt1 ku—v+b

= NVThH /DD Z Yo TTFKG LAk - kuvip b Tuv i)

(k- ky—yb) Tu—vtb

N NU—lt—b+b/D—3/D+l’n Ey( 1_[ F

], (F13)

) — NO®-3/D Es/[
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‘|

] < N”/23/2E5r|:‘ HFH
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(F14)

Finally, we simplify Eq [ [] F]1and Ea.y[[] F1 (as defined in Appendix B) in terms of E[F?*] and E[F?]. We begin with
showing that E( (] F) — E[F?]™/2. This is done similarly to the analogous result in the single qubit case. We begin by

rewriting Eq [ F1:

Eom|F ﬁNmZZ ZFklkz Bk
ki ko
=N ZZ Z Fklkz

ki ko ki

Let us compare the size of all three of these terms: The first term, N™" 3, Z;z .
szm—lkm’ is equal to Eq o) [[] F1 x E[F?]. The second, N~ Zkl Z;Q
x (m —2)(N — DF,
/N ~ N~

than N=" 57, S oo 3 Fin - FL o
term has the same upper bound for large N. But (m —2)F?

m—2 m—2
2 )
ka 3km—2 Z Z K1k § : § :Fk,-k - § E F, (F15)
kim—1 km #km 1 i=1 k;ék/ i=1 k
/ 2 2
: ka 2 l 2 e m ?km 2 Zk/n 1 Zk ?(:km 1

Z;Cm 2 k21k2

—>(m 2)F?

kim—3km—2 Z Zk#k k k> is smaller
E(2,m72>[1_[ F]/N. Similarly, the third

E[F?] in both two and three dimensions, so

max max

the second and third terms become negligible for large N, and thus E(z'm)(]_[ F)— Eom-[]] F]1E[F?]. The base case

Eonl[[F1=

E[F?] is true by definition, and so by induction E [ [] F] — E[F21""* for all even integers m.

We now show that the N scaling of Eg [| [] F|]is at most Eq ,—3)[[] F1 x E[|F]].

E(3,m)|:“_[ FH — N Z Z/ .. Z/|Fk2]k2 .. szm—élkm—B Fr,, ok Frop iy Fkn |
ki ke ki

<N~ mZZ ZFkkz...
l 2 n13

SADD IS 3N
I 2
< NI- ”'F;ZZ/
ki ko

kim—3
— Nl sz

= FrnEem-3 [l_[ F]E[IFI],

and the result is obtained by noting that Fi,x ~ 1.

bt 2 2 2

SR

| Fk/n—ka—l Fk/n—]km kak

m—2
km—2 kim—17km—2 km7Fkm—1,km—2

2 2
ka,;tk,,,,g 2 : 2 : 2 : ’ka—zkm—l Fmax

kin—2 km—17km—2 kmFkm—1,km—2

2
Fk:y174k»,xf3 Z Z [ Fia

k I#k

2 N’"—3E(2,m_3)[]_[ F] x N2E[|F|]

(F16)
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