aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nested quantum annealing correction at finite
temperature: p-spin models
Shunji Matsuura, Hidetoshi Nishimori, Walter Vinci, and Daniel A. Lidar
Phys. Rev. A 99, 062307 — Published 10 June 2019
DOI: 10.1103/PhysRevA.99.062307


http://dx.doi.org/10.1103/PhysRevA.99.062307

Nested Quantum Annealing Correction at Finite Temperature: p-spin models

Shunji Matsuura,’? Hidetoshi Nishimori,®> Walter Vinci,* and Daniel A. Lidar® %78

Y1QB Information Technologies (1QBit), Vancouver, British Columbia, V6C 2B5, Canada
2 Niels Bohr International Academy and Center for Quantum Devices,
Niels Bohr Institute, Copenhagen University, Blegdamsvej 17, Copenhagen, Denmark
3 Institute of Innovative Research, Tokyo Institute of Technology,
Oh-okayama, Meguro-/ﬂi, Tokyo 152-8551, Japan
2

5 Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089, USA
S Center for Quantum Information Science & Technology,
University of Southern California, Los Angeles, California 90089, USA
" Department of Electrical Engineering, University of Southern California, Los Angeles, California 90089, USA
8 Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA

Quantum annealing in a real device is necessarily susceptible to errors due to diabatic transitions
and thermal noise. Nested quantum annealing correction is a method to suppress errors by using
an all-to-all penalty coupling among a set of physical qubits representing a logical qubit. We show
analytically that nested quantum annealing correction can suppress errors effectively in ferromag-
netic and antiferromagnetic Ising models with infinite-range interactions. Our analysis reveals that
the nesting structure can significantly weaken or even remove first-order phase transitions, in which
the energy gap closes exponentially. The nesting structure also suppresses thermal fluctuations by

reducing the effective temperature.

I. INTRODUCTION

There has been much interest in developing methods
based on quantum mechanics to solve classically hard
problems. Among such methods, quantum annealing
(QA) emerged as a quantum metaheuristic to solve hard
optimization problems [1-7]. The algorithm attempts to
find a configuration of variables that minimize a cost
function, or a problem Hamiltonian, by carefully ex-
ploiting the effects of quantum fluctuations. As such,
a physical implementation of the algorithm in quantum
hardware is of particular interest, since it might lead
to quantum speedups over algorithms running on clas-
sical hardware. Following pioneering QA experiments in
naturally occurring disordered magnets [4, 5], theoretical
proposals [8, 9] inspired the construction of commercial,
programmable quantum annealing processors using su-
perconducting flux qubits by D-Wave Systems Inc. [10-
17]. These processors implement the transverse field Ising
model and have been the subject of intense independent
scrutiny [18-25], as the search for examples of quantum
speedup using them continues [26-38]. They have also
inspired alternative approaches to QA with more coher-
ent but far less numerous flux qubits [39, 40]. Alterna-
tive approaches that implement the transverse field Ising
model using atomic systems such as ion traps [41, 42],
quantum gas microscopes [43, 44], and Rydberg atoms
[45, 46] are also being actively pursued, primarily for the
purpose of quantum simulation of interacting quantum
spin systems, but such systems are likely to be flexible
enough to also be used eventually for solving combinato-
rial optimization problems [47, 48].

The idea of using quantum hardware to realize algo-
rithmic speedups of course has deep roots in quantum
computation [49, 50], which provided the first theoret-

ical examples of quantum speedups [51-54]. Adiabatic
quantum computing (AQC), or the quantum adiabatic
algorithm [3, 55], is a QA-inspired idea that formalizes
the requirements for a quantum speedup using the quan-
tum adiabatic theorem [56, 57]. This theorem (or set
of theorems [58-65]) guarantees that the minimum of a
problem Hamiltonian can be found by an adiabatic pro-
cess in a closed system, provided the computational time
grows inversely with a small power (typically 2 or 3) of
the minimum gap encountered during the adiabatic evo-
lution. If this gap closes more slowly with the problem
size than the best classical algorithm for the same prob-
lem, then the adiabatic algorithm provides a quantum
speedup; otherwise it may result in a slowdown (the adi-
abatic theorem only provides a sufficient condition). Ex-
amples of both types of scenarios are known and have
been reviewed in Ref. [66].

Just like any other quantum information processing
method, the performance of real quantum annealers is
hindered by decoherence and control errors. The former
are due to the presence of the omnipresent (thermal) bath
interacting with the physical device, and the latter are
due to the analog nature of the computation. Therefore,
the development of error correction techniques is crucial
for the scalability and ultimate usefulness of QA hard-
ware. Various error suppression methods for AQC have
been proposed and studied theoretically [67-78]. An er-
ror correction approach that can be directly implemented
on the current generations of quantum annealers, called
quantum annealing correction (QAC), has been devel-
oped and tested experimentally [79-84].

In QAC, logical qubits are redundantly encoded into
a larger number of physical qubits. Energy penalties
which commute with the problem Hamiltonian but anti-
commute with undesired spin-flips occurring late in the



computation (errors) are then introduced in order to in-
duce the physical qubits representing each logical vari-
able to represent it consistently throughout the anneal.
At the end of the anneal a decoding procedure is per-
formed, which enables the recovery of logical ground-
state candidates even if errors did accumulate during the
anneal and the final state is not in the code space. Three
types of QAC have been introduced and studied. The
first uses designated penalty qubits to impose the en-
ergy penalty [79-81] [which we refer to as “penalty QAC”
(PQAC)], while the other two use no designated penalty
qubits but connect physical qubits to impose penalties
against excitations [82-84]. Of these, one uses a two-level
grid structure to connect physical qubits [82], while the
other uses a nesting of complete graphs for this purpose.
Here we are primarily interested in the latter, known as
“nested QAC” (NQAC). Experiments using four differ-
ent generations of the D-Wave quantum annealing de-
vices show that all three methods increase the success
probability of QA significantly [79-84]. In one case the
scaling of the time-to-solution in the case of random Ising
problems was shown to improve using PQAC [80], which
to date is the only demonstration of error correction im-
proving the algorithmic performance of a quantum infor-
mation processing device.

Previously, we used a mean field analysis to study the
performance of PQAC for the transverse field Ising model
in both the ferromagnetic and Hopfield model cases, the
latter involving randomness and frustration [85, 86]. We
showed analytically that PQAC can prevent or ‘soften’
a quantum phase transition, depending on its order.
In PQAC, the designated penalty qubits behave as a
source of external fields. At zero temperature, this makes
the paramagnetic phase unstable and induces symmetry
breaking from the paramagnetic phase to the ferromag-
netic or Hopfield phase. At finite temperature, the para-
magnetic phase is not destabilized by the penalty term.
Nevertheless, the effective free energy barrier between the
two phases becomes significantly smaller as the penalty
coupling increases, thus enhancing tunneling. The fact
that PQAC improves computational results including the
zero temperature case suggests that PQAC protect quan-
tum states not only against the thermal noise but also
diabatic transitions which can be a source of errors even
in the absence of noise.

There have been various works relating the order of
phase transitions and the behavior of energy gap closing.
For instance, in the case of uniform infinite range ferro-
magnetic models which we study in this paper, the order
of the interaction p and the behavior of the gap closing
are related: for p = 2 the phase transition is of second or-
der and the energy gap closes polynomially, whereas for
p > 3 the phase transition is of first order and the energy
gap closes exponentially [87]. While this type of relation
between the order of the phase transitions and the behav-
ior of the energy gap closing is common in many systems,
there are some known exceptions in which the energy gap
closes polynomially in a first order phase transition [88—

91].

Here, we use the same approach to analytically study
NQAC at zero and finite temperatures. Because of the
high connectivity in NQAC, the mean field approach is
particularly suitable. We further extend our error cor-
rection method to combine PQAC and NQAC.

The remainder of this paper is organized as follows.
We first review NQAC in Sec. I1. In Sec. 111 and Sec. 1V,
we study the phase diagrams of ferromagnetic systems af-
ter NQAC by analyzing the free energy and saddle point
equations. Sec. III focuses on a model of a polynomial
gap closing and Sec. IV focuses on a model of an expo-
nential gap closing without NQAC. We show how NQAC
changes the properties of phase transitions depending on
the type of interactions. In Sec. V, we study the va-
lidity of the mean field analysis in encoded NQAC. We
conclude with a discussion in Sec. VI. Details of vari-
ous calculations and additional results are given in the
Appendix.

II. HAMILTONIAN FOR NESTED QUANTUM
ANNEALING CORRECTION

Many combinatorial optimization problems can be for-
mulated in terms of a classical Ising Hamiltonian [92],
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where ¢ = 1,2,..., N are site as well as qubit indices,
{h;} the local fields, {J;;} the Ising couplings, and of* is
the o € {z,y, z}-component of the Pauli matrix acting on
the i-th qubit. The couplings {h;} and {J;;} are chosen
so that the ground state of HZ represents the solution
to the optimization problem we wish to solve. Quantum
fluctuations are induced by a driver Hamiltonian. We
consider the standard form,
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whose ground state is easy to prepare, and which has a
small but non-vanishing overlap with any eigenstate of
H?. The time-dependent Hamiltonian is given by

H=A@t)H + B(t)H? = B(t) (T(t)H* + H?) . (3)

The initial state at t = 0 is the ground state of the driver
Hamiltonian [A(0) = 1, B(0) = 0]. We adiabatically re-
duce quantum fluctuations to reach the problem Hamil-
tonian at the final time ¢t = ¢ [A(ty) =0, B(ty) = 1].
Fluctuations induced by the driver term are desirable
but are deliberately made less likely towards the end of
the anneal by decreasing the magnitude of the driver
term. However, undesirable bath-induced fluctuations
can cause bit-flip errors at all times, including when
A(t) < B(t), which generally result in transitions out
of the ground state. To reduce the likelihood of such un-



desirable fluctuations we use NQAC to encode the Hamil-
tonian [83]. The basic idea is to (1) increase the energy
cost of an undesirable bit-flip by creating ferromagneti-
cally coupled physical qubits, (2) decode any bit-flip er-
rors that might have nevertheless taken place.

We label a physical qubit within the i-th logical qubit
by (,c¢), with the logical qubit index ¢ = 1,--- , N and
the nesting index ¢ = 1,---,C. The physical prob-
lem Hamiltonian (1) is first promoted to a logical prob-
lem Hamiltonian, whose Pauli matrices o represent the
logical binary (41) variables of the given optimization
problem. All indices in the logical problem Hamiltonian
are then mapped to physical qubit indices as o7 — o7,
Jij = Ji,e),e), and h; = k(. Logical qubits ¢ and
j interact with strength J;;. An obvious way to realize
this is to connect all physical qubits (7, ¢) and (j, ¢’) with
the same strength, and correspondingly rescale the local
fields:

J(i7c),(j7c’) = Jij, Ve, c Vi £ (4a)
h(i,c) = Ch“ VC,i . (4b)

The need to rescale the local fields by C' can be viewed
to some extent as a deficiency of NQAC since it requires
growing the energy scale; it can of course be avoided by
restricting ourselves to problem instances without local
fields. Reducing the energy scale by rescaling J to J/C
is not necessarily preferable, since in practice, with finite
precision couplers as is the case with the current genera-
tion of commercial quantum annealers, this means a loss
of precision.

Next is the penalty term. In NQAC we couple all C
physical qubits of logical qubit ¢ ferromagnetically with
strength -,

J(i,c)7(i,c’) =7 Ve 7& d Vi ’ (5)
so that bit-flip errors are suppressed by an energy gap.
As long as no more than | (C' — 1)/2] of the qubits have
flipped, we can faithfully decode the logical qubit. In
other words, we can equivalently view this procedure
as encoding a logical qubit into a distance-C' repetition
code. The N penalty terms (one for each logical qubit)

c 2
Hpen,i = -7 (Z qu) =7

Ci:1

C
CI+2 Z Ufcafd}
c<c!
(6)

are added to the total Hamiltonian. Note that this sum
includes C' identity terms which merely shift the total
energy, and that we are double-counting the interactions;
the latter means that the physical penalty strength is
actually 2. Note further that each 07,07, term can be
understood as an element of the stabilizer of the distance-
C repetition code; because of the complete graph (K¢)
connectivity of the physical qubits, each single-qubit bit-
flips error o} anticommutes with (is detected by) C' —

1 such terms, which is another way to understand the
energy penalty using the ideas of error suppression for
AQC [67-76].

Since current QA devices do not extend control to the
driver Hamiltonian, which is fixed as a simple sum over
single-qubit o” terms, the new driver Hamiltonian re-
placing Eq. (2) is simply

HX:_ZZUZCCW (7)

Note that this means that the driver Hamiltonian ap-
pears as an ‘error’ detected by the penalty Hamiltonian.
This is clearly an undesirable aspect of NQAC, but as
we shall see it will fortunately not completely spoil the
method’s error suppression ability. Intuitively, this can
be understood as being due to the fact that the sup-
pression effect is small when fluctuations are deliberate
[i.e., when B(t) < A(t)]. Conversely, the suppression
effect peaks when the deliberate fluctuations are small
[i.e., when B(t) > A(t)], and this is exactly when unde-
sirable fluctuations would be potent if left unsuppressed.
The potentially problematic regime is when B(t) ~ A(t);
our analysis below reveals that the problem is in fact not
severe. Finally, note that to also encode the driver Hamil-
tonian using the logical operators of the repetition code
(as in the AQC schemes [67-76]) would require mapping
0% @ 0%, which is unfeasible.

ey

III. SECOND-ORDER TRANSITION IN THE
FERROMAGNETIC MODEL

Section summary: We first consider a mean-field anal-
ysis of an NQAC implementation of a fully ferromagnetic
system with two-body interactions. As we shall see, this
system undergoes a second order phase transition during
the anneal. This means that the energy gap closes poly-
nomially and as a consequence the required annealing
time is polynomial. Our analysis in this section repro-
duces in more detail some of the results first reported in
Ref. [83]. The main result is that while the penalty cou-
pling does not remove polynomial gap closing, it reduces
the effective temperature as T//C?.

A. Problem formulation and the free energy

We choose the logical problem Hamiltonian to be the
infinite-range ferromagnetic Ising model with two-body
interactions,

2
HZ - _% <Z af) . (8)



The encoded Hamiltonian takes the following form ac-
cording to Eq. (4),

J N C N
H=-THY - = ; > 070, =D Hpeni (9
i#j cici=1 i=1
e 2
=-THY -NJ|{ > Zawl>
. ;:1 c;=1
Sy () (9
=1 \c¢;=1
where
A=~—J/N (10)

and from now on HX is as given in Eq. (7). We are
interested in the large N limit in this work while keeping
J fixed, so that v — A. We shall thus refer to A as the
effective penalty strength. Note that in Eq. (9a) we have
rescaled the logical couplings, as is customary in mean-
field analyses, to ensure that the total Hamiltonian is
extensive in N. Our goal is to understand the free-energy
landscape and the effects of the nesting level C' from the
point of view of mean field theory.

For a given temperature T' = 1/8 and a Hamiltonian
H, the partition function is given by Z = tre ™ ?H (we
use units where kg = i = 1). The free energy per sin-
gle logical qubit is defined by F = —(T/N)logZ. We
take the following standard steps. First, we apply the
Suzuki-Trotter decomposition [93] to rewrite the parti-
tion function in path integral form. Then we introduce
Hubbard-Stratonovich fields m; for each logical qubit and
m for the total magnetization,

s = L ZC:JZ(” 5 =L ZN:SZ (11a)
7 - C ic - N %
c=1 i=1
1 N
=(80), m=($)=5> mi (1)
=1

where brackets denote the standard thermal average. We
make the static approximation, i.e., we take the fields m;
and m to be constant along the Euclidean time direction.
This is known to give the exact solution in the case of
without nesting (C' = 1) [94, 95]. The path integral is
dominated by its saddle point for m and m; when N and
C are large. A practically interesting caseis N > C > 1,
which corresponds to exploring the effects of NQAC on
a computational problem with a large number of logi-
cal variables. We expect the mean field approximation
within each logical qubit to be reasonably good already
for moderately large C. By following the steps outlined
above (see Appendix A for a detailed derivation) we find

that the free energy is given by

A2
2+ ~ > mi+ (12)
=1

—B(;Vg;bg [QCOSh (6\/4c2(Jm+>\mi)2+F2)] .

F=JC*n

We are interested in extracting the effect of nesting on
the physical parameters of the problem. In particular, we
would like to determine how C' rescales the temperature
and the transverse field strength. Note that the quantum
effects are captured by the last term in this free energy
expression, since it explicitly contains the transverse field
through its dependence on T'.

1. The low temperature limit

In the low temperature limit § — oo,
X,
+ T ; m; +

N
1
-5 > VATC?m + AC?m;)? + (TC)2.
=1

F — JC*m?

(13)

One can see that, in this low temperature limit, the effect
of C' levels of nesting is equivalent to rescaling all the
parameters appearing in the free energy F' as follows:

B — B, A — AC?,

which can be interpreted as a boost of the problem cou-
plings by a factor of C? while the driver term is boosted
by a factor of C only. The fact that the driver term scales
differently than the problem Hamiltonian is due to the
aforementioned fact that, in QAC, the driver term is not
encoded.

Alternatively, since the partition function is Z =
e NBE we can interpret the effect of nesting as being
equivalent to the following rescaling

B—=BC? J=J A=\ I =T/C. (15)

J — JC?, r-TC, (14)

This can be understood as an effective temperature re-
duction by a factor of C?, although at the same time the
driver term is reduced by a factor of C, which corresponds
to a suppression of quantum fluctuations; this once again
reflects the price we have to pay for not encoding the
driver Hamiltonian. The problem can be alleviated by
rescaling I' to CT by either increasing A(t) or decreasing
B(t) [recall from Eq. (3) that T'(¢t) = A(t)/B(t)], but this
presents a problem similar to the one discussed in relation
to the rescaling of the local field h; following Eq. (4).
The effective temperature reduction was one of the
main conclusions first reported in Ref. [83], and we shall
expand on it here: it is possible to ‘trade’ physical qubits



in exchange for a lower effective temperature. This pro-
vides an important mechanism for reducing thermal ex-
citations occurring in physical implementations of quan-
tum annealing. The nested structure of NQAC takes
advantage of a more complex encoding to achieve bet-
ter error correction than PQAC, in which the free energy
is only linearly proportional to the number of physical
qubits per logical qubit (the parameter C' in NQAC) [86].

2. Arbitrary temperature

We can derive the saddle-point equation for m; directly
from Eq. (12) without taking the low temperature limit.
The result is:

B 2(Jm + Amy;)
L VATm+ amy)? + (T/C)?
xtaﬂn“BC)V%th%—Mn02+(F/CP . (16)

m;

This shows that the effect of nesting is equivalent to
rescaling the temperature and the transverse field as fol-
lows:

8 —pC, T —-T/C. (17)

This rescaling is general and dictates the scaling of the
critical points on the phase diagram as a function of the
nesting level C. We can interpret it as showing that
NQAC suppresses both thermal and quantum fluctua-
tions.

Interestingly, Eq. (17) gives a result that is different
from what we found in the low temperature limit, where
we had 3 — SC?. This shows that NQAC is more effec-
tive at low temperatures.

How do we reconcile these different results? First, note
that there is in fact no inconsistency, since in the low tem-
perature limit the 8 dependence in Eq. (16) disappears,
so the saddle point equation makes no statement about
the scaling of the temperature in this limit. Moreover,
the scaling of .J, v, and A implied by Egs. (14) and (15)
agree with their respective scaling from the saddle point
equation (16).

More generally, in a physical system, it is the free en-
ergy (or equivalently the partition function) that deter-
mines the probability of finding certain states. Thus,
Eq. (12) is to be understood as the principal relation.
However, it does not appear to be possible to directly
extract the scaling relations from it, which is why we
must resort to either the low temperature limit or the
saddle point approximation.

It is useful to clarify the validity of the two correspond-
ing scaling relations. The scaling in Egs. (14) and (15)
is the scaling of the free energy or the partition function
at low temperature. This means that any physical tran-
sition rates, or the probability of finding certain states,
should follow this scaling at low temperature. On the
other hand, Eq. (17) is the scaling of the saddle point so-
lution. While this is valid for any temperature, it is not

valid away from the saddle point and therefore it is not
the scaling of the transition rates. Neither of the scalings
are the exact scaling of the free energy in Eq. (12).

B. Second-order phase transition

As we assume J > 0 and A > 0, all interactions are fer-
romagnetic, and the configuration that minimizes the free
energy has all m; equal: m; = m Vi. The saddle point
equation then becomes simply that of the standard mean-
field Ising model in a transverse field. The solutions of
the saddle point equation (16) with m; = m depend on
the scaled temperature SC and the scaled transverse field
I'/C. At a large temperature or a large transverse field,
thermal or quantum fluctuations becomes large, and the
order parameter vanishes: m; = m = 0. As the temper-
ature and the transverse field decrease, there is a second
order phase transition to the ordered phase with m; = m,
which is doubly degenerate.

Figure 1 shows both sides of Eq. (16) with m; = m for
various values of I'/C at J =1, A = 1.5, T/C = 0.02.
If T'/C is below the critical value I" ~ 5, there are three
intersections. At and above the critical point, the inter-
section is only at m = 0, representing the paramagnetic
phase. Making C larger at fixed I' moves the m # 0
intersections closer and closer to m = =1, i.e., favors
correct solution to the (in this case trivial) optimization
problem.

The critical values of SC and I'/C satisfy

E2U+AﬁmhkC(gﬂ- (18)

At zero temperature, the critical " is I'; = 2C(J + \),
with the ferromagnetic (ordered) phase arising when I' <
T'c. This implies that both a larger penalty v and a larger
nesting level C favor the ordered phase. However, it is
also clear that the role of the effective penalty is simply
to shift the coupling J to J 4+ A, which is a consequence
of having set m = m;. We will discuss this in more detail
in Sec. IV.

Clearly, the parameters in Eq. (18) obey a scaling rela-
tion. If {T', 3, (J+ A)} is a solution, then {T'a, 8/a, a(J +
A)} is also a solution for arbitrary a > 0. Thus it suf-
fices to solve Eq. (18) numerically for one set of values
{I',8,(J + A\)}, and then rescale to get the rest. The
solution is shown in Fig. 2 for various values of A. The
ordered phase m; = m # 0 is realized below each critical
line, while the paramagnetic phase m; = m = 0 is real-
ized above each line. Increasing the penalty favors the
ordered phase (pushes the lines out).

IV. FERROMAGNETIC p-BODY
INTERACTIONS WITH ¢-BODY PENALTY

Section summary: Having studied the two-body case,
we now proceed to the generalization of NQAC to ferro-
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Figure 1. Saddle point equation (16) with m = m; at J =1,
A =15, T/C = 0.02 with various values of I'. For I'/C' < 5
there are three intersections (ferromagnetic phase), and above
I'/C =5 there is only one, m = 0 (paramagnetic phase).
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Figure 2. The critical line in the (I'/C,T/C) plane for J =1
and A = 0.5, 1.0 and 1.5. The ordered (disordered) phase is
below (above) the lines.

magnetic systems with p-body interactions and g¢-body
penalties. Without NQAC, the energy gap closes expo-
nentially during the annealing for p > 3. However, the
penalty coupling of NQAC allows us to change the energy
gap from exponentially small to polynomially small. Fur-
thermore, the effective temperature is reduced to T/CP.

The value of ¢ needs to be even in general. For even
g, both of the logical 0 (all spins up) and 1 (all spins
down) are stabilized by the penalty coupling. However,
for odd ¢, only the logical 0 is stabilized. This is an
example of a stabilizer code with distance d = 0 and it
does not store a single qubit information. We use this
solvable model to learn about the phase diagram. While
this is not an issue for the ferromagnetic case, this does
not stabilize more general states such as the ground state
of an antiferromagnetic system.

An NQAC Hamiltonian for the p-spin model with ¢-

body penalty interactions within each logical qubit reads:

p
H=-T) Y o} —JN (;VZZU;CJ
i . i Ci
—)\Z <Zafai> .

The first step is to determine the free energy and scaling
relations, which we do next. The p = ¢ = 2 case we
discussed in the previous section exhibits a second-order
phase transition; as we shall see the generalized models
undergo a first-order phase transition for p > 3.

(19)

A. Free energy and scaling relations

By using the Suzuki-Trotter decomposition and the
static ansatz, one can compute the free energy per logical
qubit, to find (see Appendix A for the derivation):

1 C
F=(p—1)JCPmP + (¢ — 1))\C‘ZNZm§ - 72 X

1/2
log {2 cosh 8 ((pJC’p_lmp_1 +gACTImIT 2 4 F2> ]
(20)

with the same definitions of m and m; as in Eq. (11b).
The saddle-point equations are:

1

N Ez: \/(mep_l + ACa—Pgm{™)2 4 (T/CP—1)2

X tanhﬁC’pfl\/(mep_l + XCa—Pgmi™H)2 4 (T /CP—1)2
JpmP~! + ACTPgm? !

V pmr=t £ ACaPgmi=h)2 1 () Cr-1y2

x tanh BCP~1\/ (Jpmp=1 + ACa-Pgmi™")2 + (I/CP~1)2,

(21)

JpmP~! + ACTPgm?!
m =

m; =

Each parameter scales with C' as

A= \CIP B — BCPTLT T /CPL (22)
In the zero temperature limit, the free energy (20) re-
duces to the simple form

1
F=(p—1JC"m" + (g - 1)ACT ;mg (23)

cP -
- S @It pcrrmd e+ (njcr 1)
i
From this expression we see that the parameters appear-
ing in the low-temperature free energy scale as:

B—pB,J—=JCP XN—= \CI,T = TC, (24)



or, equivalently, using the partition function Z = e~ VAF":

B — BCP,J = J A= NCTPT - TC"P . (25)

The same comments as in the previous section apply re-
garding the difference between the saddle point and low
temperature results. An interesting new aspect of the
present analysis is that the effective penalty strength A
can be affected by the nesting level if p # ¢g. Specifically,
choosing g < p causes A to decrease with increasing nest-
ing after rescaling, as one might expect given that this
choice lowers the degree of penalty interactions relative
to the logical coupling between spins.

We remind the reader that the main focus of this work
is the study the static properties of NQAC in the simul-
taneous large N and C limit. The true dynamics at finite
N and C may or may not be described as the static prop-
erties of the thermodynamic limit, and analyzing them
is outside of the scope of this paper. However, in Ap-
pendix B we demonstrate that our conclusions apply also
when the large N limit is taken, while C' is kept finite.

B. First-order phase transition
1. p=q=4

Let us begin the analysis of phase transitions with the
case p = ¢ = 4. The free energy simplifies to

F=3c! (Jm4 + )\% Zm;*) (26)

- 2%4 Z \(Jm3 + Am)2 4 (T/C3)2.

Near the end of anneal, I' ~ 0, the free energy (26) is
proportional to C*, and thus the effective temperature
decreases as T/C*. If the temperature is very low one
can expect a uniformly ordered state to be realized since
the system is ferromagnetic. I.e., in this limit we expect
m = m;. The free energy at the transition point, exhibit-
ing typical low temperature behavior (7//C* = 0.01), is
plotted in Fig. 3, as a function of the magnetization m.
The system clearly undergoes a first-order phase tran-
sition. Our numerical results show that the potential
barrier at the first-order phase transition persists at any
value of A\. This means that the potential barrier is not
reduced by increasing A, so that the penalty term is not
helpful in this case. We can understand this as a con-
sequence of the fact that when p = ¢, as can be seen
from Eq. (26), the effective penalty A simply acts to shift
J (e, J = J+X) if m; = m, as we also saw in the
p = q = 2 case discussed in Sec. I11 B.

We thus consider p # ¢, for which the role of the effec-

tive penalty A is different from the p = ¢ case, since then
A cannot be absorbed into the ferromagnetic coupling J.
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Figure 3. Free energy at the transition point normalized by
C* as a function of m for p = g = 4. Parameters are chosen
tobe J=1,A=1,T/C®=2.37,T/C* = 0.01.
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Figure 4. Free energy at the transition point, normalized by
C*, as a function of m, for p =4, ¢ =2, and J = 1,T/C4 =
0.01. The red dotted line is for A\/C? = 0.01 and T'/C® = 1.2,
the blue dashed line for A/C? = 0.1 and T'/C?® = 1.3, the
green solid line for A\/C? = 0.6 and I'/C® = 2.0, and the
orange dotted line for A/C? = 3.3 and I'/C® = 6.7.

2. p=4,q=2

The free energy at the transition point (where the free
energy become degenerate) is plotted in Fig. 4 for p =4
and ¢ = 2, for various values of A. One sees that the
potential barrier becomes smaller as A\ increases, and it
disappears for large values of .

The height (AF) and the width (Am) of the potential
barrier at the transition point as functions of the effective
penalty strength are shown in Fig. 5. The system is in
the paramagnetic phase for large I' > 1 while it is in the
ordered phase at I' = 0. Therefore, the phase transition
exists for all values of A. However, as A increases, the
first-order phase transition in the ground state softens, in
the sense of smaller values of the potential barrier height
AF and width Am, as seen in Fig. 5. The order of the
phase transition eventually changes from first to second
when the free energy barrier vanishes at \/C? = 4.

In order to study the phase transition in more detail,
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Figure 5. The height of the barrier AF and the width Am
at the transition point, for the same parameters as in Fig. 4.
The dotted line (red) represents AF/C* and the dashed line
(blue) represents Am.

we expand the free energy around m = 0 to quartic order:

A 2)2 tanh(ﬁf‘)) 2

4N
F/C _(02 CT

(s 2CBX*  8CAtanh(BT) N 2C\*T tanh(ST)
2 T r4
208\ tanh? (AT
N & ( )> mi (27)

where we omitted the constant term F(0)/C* and higher
order terms in m. Let us assume that the phase transition
is dominated by the quadratic and quartic terms in the
expansion. The point m = 0 becomes perturbatively
unstable when the coefficient of m? is negative, and the
critical point is at ', where the coefficient of the m? term
vanishes. In the following we use the subindices ¢; and
co to represent critical points potentially associated with
first and second order phase transitions. If the coefficient
of m* is positive at T' = I'.,, m = 0 is a global minimum
for I' > I'c,. Therefore, the phase transition will be of
second order. If the coefficient of m* is negative, then
the global minimum must be at m = m, # 0; F(m =
0) > F(m,) at I' = T';,. This means that there must be
a first order phase transition at I'c, > I'., where F'(m =
0) = F'(m. # 0). In Fig. 6, we show the critical value A,
as a function of temperature, at which the order of the
phase transition changes from first to second: a second
order phase transition for A > A\, and a first order phase
transition for A < ..

To understand the impact of an increasing effective
penalty strength A, consider Fig. 6 at a fixed temperature
T. Starting from small effective penalty in the first order
region, increasing A has the effect of eventually crossing
the critical line into the second order phase transition re-
gion. From the point of view of successful QA, a second
order phase transition is preferred as — unlike the first
order case — it does not require tunneling through the
free energy barrier, an event that is exponentially sup-
pressed in the barrier width and height. At T'= 0 a first
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Figure 6. The critical value A\. at which the phase transition
changes from first order to second order for p = 4 and ¢ =
2. The region with A > A. exhibits a second order phase
transition, while the region with A < A, exhibits a first order
phase transition. Above T/C* ~ 12.5 the ferromagnetic phase
disappears due to the strong thermal fluctuations.

(second) order quantum phase transition is commonly
associated with gap that closes exponentially (polynomi-
ally) in system size; we corroborate this in Sec. IV D2
below.

Fig. 6 also shows that the higher the temperature, the
larger A needs to be in order to affect the transition from
the first order to the second order regime. Since the tem-
perature is rescaled by C*, increasing the nesting level
makes the effective temperature smaller, which has the
same beneficial effect for QA as increasing the effective
penalty.

C. Comparison with the unencoded case

As observed so far, all the couplings and the physi-
cal quantities have certain scalings [Egs. (24) and (25)]
with respect to the repetition number C. This allows
us to use normalized quantities such as F/CP. In or-
der to evaluate the advantage of using NQAC, we need
to compare the results with those in the unencoded case
where no repetition or penalty coupling is used. While
NQAC efficiently suppresses thermal noise, it requires
multiple spins, rather than a single spin, to tunnel at the
phase transition from one ground state to the other. In
Figs. 7 and 8 we show the C-dependence of the width
and the height of the potential barrier explicitly at the
phase transition, and compare to the unencoded case
(A=0,C=1).

It can be seen that for a fixed value of A, both the width
and the height of the potential increase as C increases.
This is expected on the grounds that many-qubit tun-
neling is harder than that of a smaller number of qubits.
However, at fixed C' we always find that both the width
and height become smaller than the unencoded case for
sufficiently large penalty values. This is remarkable, since
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Figure 7. C dependence of the potential width at the phase
transition. The same data as in Fig. 5. The red lines (UE)
represents the unencoded case.
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Figure 8. C dependence of the potential height at the phase
transition. The same data as in Fig. 5. UE represents the
unencoded case.

it means that multi-qubit tunneling becomes easier than
single-qubit (unencoded) tunneling if the penalty cou-
pling is chosen to have a large enough value.

D. Penalty strength and first-order phase
transitions at zero temperature for ¢ =2

In this subsection we consider the T' = 0 case, when
all the phase transitions are quantum. We study in more
detail when first order phase transitions disappear for a
sufficiently strong effective penalty. We only consider the
q = 2 case.

The leading order terms of the Taylor expansions of the
free energy (23) with m = m, around the origin m = 0

are then:

p=3: (28a)
F A 2C\ 9 3CA 3

p=4: (28b)
F A 2C\ 8JCA 20)\*

i~ o2 ( T ) m” + <3J T + T3 ) m
p=9: (28c)

F A 20\ 9 274 4
cﬁcw(l—r)m +<rs>m
We omitted the m-independent term F'(0)/C? as well
as higher order terms in m. As in Sec. IVB, m = 0
becomes perturbatively unstable when the coefficient of
the quadratic term (m?) becomes negative. The critical
point is I'ce = 2CA. For I' > T',,, the coefficient is pos-
itive and m = 0 is perturbatively stable. For I' < I'.,,
m = 0 is perturbatively unstable.

It is important to note that this quadratic term does
not exist if the effective penalty vanishes (A = 0); in this
case the phase transition is always of first order. It is
the quadratic penalty terms that enable the second order
phase transitions. Whether the first order phase transi-
tions persist or not depends on the higher order terms.
If the coefficient of the next lowest order term beyond
m? is positive at I' = I'.,, then the phase transition will
be of second order, and if it is negative then the phase
transition will be of first order. Of course, this estima-
tion of the first order phase transition is based on the
assumption that the lowest and the second lowest terms
in the Taylor expansion determine the phase transition.
As we will show in this section, this assumption is in fact
not valid for higher p.

1. p=3

Let us first consider p = 3. From Eq. (28a), both of
the coefficients of m? and m?> are positive for T' > 3C\,
so that m = 0 is the global minimum. For I';, = 2CA <
I' < 3C\, the coefficient of m? becomes negative while
that of m?2 is still positive. This suggests that there exists
a critical value I'c, < T';, and for I' < I',; < 3C')\, the
global minimum shifts from m = 0 to m = m. # 0.
The critical value T', is determined by F'(0) = F(m.).
This is a first order phase transition since m = 0 and
m = m, are separated by a potential barrier. Since I';, <
I'c, independent of the value of A, the first order phase
transition is inevitable. We show the difference between
I'c, and I';, in Fig. 9.
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Figure 9. The p = 3 case. The difference of the critical values
of the transverse field (T'e, — I'c,)/C? as a function of A/C.
Since I'c; > I'c,, there is only a first order phase transition.

2. p=4

For p = 4, the coefficient of the subleading term,
namely the coefficient of m?* in Eq. (28b) at the crit-
ical point I'., = 20\ is A\/C? — 4. The coefficient is
negative for A\/C? < 4 which means that there is only a
first order phase transition at I'., < I';,. It is positive
for A\/C? > 4 and a second order phase transition takes
place to destabilize m = 0.

While this conclusion is based on a Taylor expansion
analysis, a full numerical analysis shows that there is
no first order phase transition for p = 4 above \/C? =
4. Indeed, this is already clear from Fig. 5, which is
for T/C* = 0.01; the only change at T' = 0 is that the
vertical axis scale is somewhat compressed.

Figure 10 shows the free energy as a function of m
near the critical point I'/C? =8 for p=4 and \/C? =4
where the first-order phase transition disappears. One
can see that the phase transition is of second order even
though the interaction has a higher order power (p > 2).
The point at which A\/C? = 4 and T'/C3 = 8 is where
the coefficients of the first two leading terms m? and m*
vanish simultaneously, and the next order leading term
(mS) has a positive coefficient. Above this value of A the
phase transition is always of second order, and below it
is of first order.

3. p>5

The Taylor expansion for p = 5, Eq. (28¢), suggests
that the subleading m* term is always positive. This does
not mean that the phase transition is always of second
order. In fact, since there is a single first order phase
transition for p > 3 in the absence of the effective penalty,
by continuity there must be a first order phase transition
when A is very small. This suggests that higher order
terms in m become relevant for these first order phase
transitions. In Fig. 11, we plot I';, and I'., as a function
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Figure 10. Free energy around the critical point for /\/C2 =
4,T/C® =8 for p = 4.
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Figure 11.  The critical values I'.,/C* and T'.,/C* as a
function of \/C?® for p = 5. For \/C* < 2.078, T, > T,.
Therefore, there is a first order phase transition. For 2.078 <
A/C* < 2.5 the first order phase transition and the second
order phase transition coexist. For 2.5 < A/C*, there is only
a second order phase transition.

of the effective penalty coupling \/C3. They cross at
A/C3 ~2.078. When \/C? < 2.078, there is a single first
order phase transition between m = 0 and m = m, >
0. For 2.078 < \/C3, m = 0 becomes perturbatively
unstable and there is a second order phase transition from
m = 0tom = m, > 0. There are two different cases after
the second order phase transition. For 2.078 < \/C? <
2.5, there is a first order phase transition at I'., < I',
and the order parameter changes discontinuously from
me to m > m,. On the other hand, for 2.5 < A\/C? there
is no phase transition other than the second order phase
transition from m = 0 to m = m..

This behavior is general for p > 5. In Fig. 12, we show
the order of the phase transitions for various values of p
and \. As we saw earlier, only the first order phase tran-
sition exists for p = 3. For p = 4, the first order phase
transition changes into a second order phase transition
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Figure 12.  The order of the phase transitions for various

values of p and ¢ = 2. For p = 3 there is a unique first order
phase transition. For p = 4, there is a critical value of A above
which the phase transition becomes of second order. For p >
5, there is an intermediate region where the first and second
phase transitions coexist. For p > 4, all the phase transitions
turn into second order phase transitions for sufficiently large
A

at A\/OP=2 = 4. For p > 5 there is a parameter region
where the first order and the second order phase transi-
tions coexist. The first order phase transition disappears
above a certain p-dependent value of \/CP~2.

E. Energy gap from instanton analysis

While the width and height of the free energy bar-
rier are useful measures for a qualitative inference of the
change of the energy gap [86], one can estimate the en-
ergy gap more accurately in terms of the eigenstates of
the effective Hamiltonian. The energy gap is given by the
instanton solution in the Euclidean path integral which
connects two different minima of the free energy. When a
transition between two minima happens instantaneously,
the energy gap can be approximated by the overlap of
two eigenstates of the effective Hamiltonian at each local
minimum [85, 86, 96].

Let us discuss this viewpoint in some detail. At the
critical point, there are two minima characterized by the
order parameters m = mg = 0 and m = m, > 0. A first-
order phase transition happens between mg and m.. The
last term of the free energy (20) , which represents quan-
tum effects as it involves T', takes the form of cosh(fe)
with € = /(pJCP~ImP~1 + gACIIma-1)2 +- T2 after
using m = m;. This contribution to the energy can be re-
produced by the linearized Hamiltonian which is obtained
by replacing every power > 1 of the Pauli matrices o7,
by the expectation value m:

Heg(m) = —(pJCP*mP~ + gACT 'm0 —To” .
(29)
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Figure 13. The overlap of the m = mo = 0 and m = mc
eigenstates of the effective T' = 0 Hamiltonian (29), as a func-
tion of the effective penalty A for p = 4,¢q = 2. This overlap
determines the closing of the gap, as per Eq. (30).

Let |mg) and |m.) be the ground states of Heg(mg) and
H.g(m.), respectively. Then the energy gap A is (for a
detailed justification see Appendix B of Ref. [86]):

A~ [{mo|me)| V¢ (30)

Figure 13 shows the wavefunction overlap as a function of
the effective penalty A. It reaches 1 at the critical penalty
strength \/C? = 4, which implies that the gap ceases to
decrease exponentially as a function of the system size.
This agrees with the conclusions we drew above about the
phase transition changing from first order (corresponding
to an exponentially decreasing gap) for A\/C? < 4 to sec-
ond order for \/C? > 4.

Away from the phase transition point, there is a unique
ground state at a certain value of m. In the mean field
theory picture, low lying excitations can be obtained
by solving the eigenstates of the linearized Hamiltonian
around the mean field value. The effective Hamiltonian
(29) has two eigenstates with eigenenergies +e. The en-
ergy gap is then 2e. If the ground state is in the paramag-
netic phase (m = 0), then the energy gap is independent
of C. If it is in the ferromagnetic phase (m # 0), then
the energy gap is a monotonically increasing function of
C'. As shown in Appendix C [Egs. (C24) and (C29)], the
increase of the energy gap as a function of C holds in the
p = 2 case as well.

F. ( dependence and )\ dependence

As can be seen from Eq. (20), the free energy scales
as C™x(1:9) for large C. Since the occupancy rate of the
excited states is suppressed by the factor e #NF (™) ther-
mal fluctuations are efficiently suppressed in terms of the
nesting level C'. This is an essential feature required for
scalable error correction, and NQAC satisfies this condi-
tion. Note that the free energy in PQAC [79-81] scales



linearly in C' [85, 86]. Therefore, NQAC removes thermal
noise more efficiently than PQAC.

While increasing C' is beneficial for suppressing ther-
mal fluctuations, it may enhance Landau-Zener transi-
tions at the critical point in a first order phase transition:
the energy gap is suppressed by a power of C' [Eq. (30)].
On the other hand, the wavefunction overlap |(mg|m.)|
in Eq. (30) can be increased by increasing the penalty
coupling A, as shown Fig. 13. Therefore, one can adjust
the parameters {C, A} so that both thermal fluctuations
and Landau-Zener transitions are efficiently suppressed.

The saddle point approximation used in the analysis
becomes exact in the large C' limit. In order to take into
account finite C' corrections, we may need to resort to
numerical methods. The dimension of the Hamiltonian
is 2NC. Given that the angular momentum operator of
each logical qubit, i.e., (S¥)? 4 (S¥)? + (S7)?, commutes
with the total Hamiltonian, one may be able to reduce
the matrix size to (C' + 1) x 2V. We leave this analysis
to future work.

V. FAILURE OF THE MEAN FIELD ANALYSIS
FOR THE FULLY-ENCODED CASE

An important feature of the NQAC scheme is that only
the problem Hamiltonian is encoded, but not the driver
Hamiltonian. This partial encoding is a deliberate as-
pect of the original QAC scheme [79], introduced in light
of practical limitations of quantum annealing hardware,
which only includes controllable ¢® and 0% ® o* terms,
but no controllable ¢® terms, and no multi-spin ¢ inter-
actions. The encoded o* operator for a repetition code is
0% = Zf 0%, so the encoded 0% ® o* is a sum of physical
0% ® o* terms, but the encoded o* is 6 = ®.0%, and is
thus not realizable. Yet, the standard approach to quan-
tum error suppression for AQC is based on a full encoding
of the entire Hamiltonian (e.g., Refs. [67-78]). When this
is done, the encoded Hamiltonian has a spectrum that
faithfully reproduces the spectrum of the original, unen-
coded Hamiltonian (the spectrum is copied in different
sectors separated by a gap proportional to the imposed
energy penalty, provided the latter is large enough, with
each sector corresponding to a different error syndrome;
the lowest energy sector is the code space, which is error-
free). This means, in particular, that the gap of the
original Hamiltonian is unmodified under the encoding.
However, under the NQAC scheme the gap is modified.
Indeed, this is precisely what we have shown here using a
mean field analysis in terms of a modification of the order
of phase transitions. What happens when we apply our
mean field approach to the fully-encoded case? It turns
out it incorrectly predicts that the gap is modified in the
same manner as for the partly encoded case [97]. To ex-
plain this discrepancy, we show in this section that the
mean field approach fails in the fully-encoded case. Let
us from here on refer to the partly encoded Hamiltonian
we have analyzed in this work as “Z-encoded NQAC”.

12

In Z-encoded NQAC, we defined order parameters m;
for individual logical qubits &} and applied a saddle point
analysis. One may consider a similar analysis for fully-
encoded NQAC. However, as we show below, the saddle
point analysis is not justified in this case. To simplify the
problem let us focus on the physical Hamiltonians for a
single logical qubit. Changing the couplings I" and A to ¢
for simplicity, the Hamiltonian for Z-encoded NQAC is

c A 2
HZ—encoded = _(1 - t) Zaf - ta (Z Ui) ) (31)
c=1 c=1

while for fully-encoded NQAC:

c A 2
Hfully—encoded = _(1 - t) H UZ N t5 (Z Ui) (32)
c=1 c=1

Eq. (31) is an infinite range model in which a single qubit
interacts with C' — 1 qubits. Recalling that a qubit in
the C'/2-dimensional square lattice model has C nearest-
neighbor sites, this model can be expected to behave as
a higher dimensional limit of the square lattice model.
Mean field theory is known to become more accurate for
higher dimensions and this justifies its use for Z-encoded
NQAC. On the other hand, the first term in the fully-
encoded Hamiltonian Eq. (32) is maximally non-local.
This puts the validity of mean field theory in doubt, at
least when ¢ is small (when the first term dominates).
Indeed, the purpose of full encoding is to make the system
of C physical qubits act as a logical qubit. Therefore, the
fully-encoded system behaves as a single qubit state even
when C is large, which renders mean-field theory invalid.

To see this explicitly, we consider the correlation func-
tion
Zij = (0¢,08,) — (02, )(0¢;) - (33)
In order for mean field theory to be justified, the corre-
lation function needs to be small (recall that in the limit
where mean field theory is exact, (o7 07 ) = (07,)(0¢,))-
The ground state of the Z-encoded Hamiltonian at ¢ = 0
is |+ ---4), where |+) = %(|O> +11)), and

(e o

+o) = (et olol |+ ) =0,
(34)

so that Z;; vanishes. On the other hand, the ground
state of the fully-encoded Hamiltonian at t = 0 is [+) =
%(\O} + [1)). In this case

(Floc|+) =0, (Flog,0c,1+) =1, (35)

and Z;; = 1. This is independent of C' and suggests that

the mean field theory is not valid.

One can also consider the behavior near ¢ = 1. The
ground state of the problem Hamiltonian is |1). If
we treat the first term Hcczl o¥ as a perturbation (for

1 —t < t) and do the perturbation expansion from |1),
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Comparison of (07,) (green dashed line), (07, 0¢) (red dotted line), and the correlation function Z;; (blue solid

line) for a single encoded qubit using Z-encoded and fully-encoded NQAC. (a) Z-encoded case [Eq. (31)]: the correlation is
small everywhere, and finite only in a small region. (b) Fully-encoded case [Eq. (32)]: the correlation is large when ¢ is small,
implying that mean field theory is not valid. The result is independent of the number C' (not shown). Both (a) and (b) are
for C = 6. (c) Correlation for the Z-encoded case: the correlation decreases as the system size C' increases. This is consistent
with the fact that the mean field theory is valid for the Z-encoded case.

it is straightforward that all the states that appear in
the expansion are only |0) and |1) at any order. Since
(0%,0%,) = 1 for any state that is a superposition of |0)
and |[1), the correlation function is determined by (o),
and mean field theory only becomes valid when (o7 ) be-
comes close to 1. '

We confirm these statements numerically. Fig-
ures 14(a) and 14(b) show (07 ), (0F 07 ), and the cor-
relation function Z;; for the fully-encoded case and the
Z-encoded case, respectively. Figure 14(c) shows how
the correlation function changes as C' increases for the Z-
encoded case. It decreases monotonically as C' increases,
which justifies the validity of mean field theory for the
Z-encoded case. On the other hand, the observables are
independent of C' for the fully-encoded case. This shows
that mean field theory-based conclusions for the fully-

encoded case are invalid.

VI. DISCUSSION AND CONCLUSIONS

We have studied nested quantum annealing correction
(NQAC) [83, 84] in the case of ferromagnetic models
at zero and finite temperatures. The antiferromagnetic
case is analyzed in Appendix D, and a hybrid of NQAC
and penalty quantum annealing correction (PQAC) is
analyzed in Appendix E. While PQAC (studied theo-
retically in Refs. [85, 86]) has designated penalty qubits
which serve to induce a symmetry breaking field, NQAC
does not have designated penalty qubits and therefore the
penalty coupling itself does not induce symmetry break-
ing. Nevertheless, we have shown that first-order phase
transitions can be removed or significantly weakened
when the interaction strength between physical qubits
within a logical qubit is chosen appropriately. Moreover,
the nested structure works to efficiently reduce thermal
fluctuations: for p-body coupling, the temperature T is
reduced effectively to T//CP. Therefore, NQAC helps to

stabilize the ground state by reducing thermal fluctua-
tions, and serves as a means to address the ‘temperature
scaling law’ problem identified in Ref. [98], that in order
to serve as optimizers, quantum annealer temperatures
must be appropriately scaled down with problem size.

While a larger value of the penalty coefficient is ben-
eficial for keeping the state in the ground state, it may
cause a different problem. A larger value of the penalty
term creates local minima in the free energy for excited
states, as detailed in Appendix F. Once the system state
becomes excited and trapped by one of those metastable
states, it may be difficult to escape to the ground state
if the penalty coupling is too strong. This is a difficult
problem to analyze, and we leave the evaluation of tran-
sitions between metastable states and the ground state
for future investigations.

The success of NQAC sheds some light on the compu-
tational efficiency and the local structure of the problem.
In PQAC, the order parameters are the expectation val-
ues of total spins [85, 86]. On the other hand, NQAC has
an extensive number of order parameters (m;) in addi-
tion to the expectation value of the total spin (m). When
the penalty coupling is strong, the behavior of the free
energy is determined by the local order parameters m;.
Therefore, by tuning the local physics (the strength of
the penalty coupling ), one can change the structure
of the phase transition of the whole system. In our ex-
amples, even when the original problem has a first-order
phase transition, e.g., for the case of p > 3, by encoding
qubits properly in NQAC with ¢ = 2, one can change
the order of the phase transition into second. It is an
interesting problem how these results generalize beyond
simple mean-field models with uniform interactions, and
we plan to address this in future work.
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Appendix A: Derivation of the free energy of NQAC

In this Appendix, we derive the free energy of NQAC
by using mean field theory. We consider an NQAC
Hamiltonian

H=Hx+ Hy (Al)

where, as in Eq. (19):

A P N [ C !
Hy=—JN (NZfo) A;(Z”>

] ci=1
(A2a)

=1 Cci=

(A2b)

From now on we replace the double subscript ic; by ia to
simplify the notation, and keep in mind that a enumer-
ates the physical qubits within the i-th logical qubit.

Skipping many steps which parallel the calculation in
Appendix A of Ref. [86], the partition function Z =
tr(e7PH) is computed via the Suzuki-Trotter decomposi-
tion:

N C
_ z BI e,
= zv}li)noo H H / dmeadmadm;qdm;, exp [zma (NC’ma — Z Z Um(a)> % — NCPmkb

C

a=1

where M is the Trotter number and
C

[Ttolo) = [T(or(@)lot(@){ot(@)lof.(a + 1)

c=1

i:l a=1
) S afa<a>] [Telo). (A3)
(A0)

We use the static ansatz where all the variables are Trotter index « independent; mq, = m, Mq = M, Mjq = Myj, Miq =
m;. We also rescale (m,m;) to ﬁ(ﬁz,ﬁzi). Then, in the thermodynamic limit N — oo,

Z = exp (iNCrhm + BINCPmP +iC Y " imgm; +C9> 5Am§> (Tr exp (—

i

c

N
s 2 2 T
E imo;, —im;or, + Bloy,

i=1

= exp (iNCmm + BJNCPmP + iC’Z m;m; + C? Z ﬁ,\mg> (H(e\/(imiﬁu)2+(ﬁl“)2 + 6\/(¢m¢mi)2+(5p)2)>

%

The saddle point equations for m and m; are

im+ BpJCP~tmP~t =0,
iﬁli + ,Bq)\qulmq_

Inserting these into the partition function, we obtain

%

(A5)

(A6a)
t=o0. (A6b)

Z = exp (—ﬁ(p —1)JNCPm? — B(q — l)AC’qug>
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C
x <H<ea\/<m“m“+qmlmwm + e—wwaquxoqlmz”““)) - (AT)
%

The free energy F defined by Z = exp(—8NF) is

F=({p-1)JCPmP + (¢ —1AC?'— Zm

C
" BN

log

H (eﬂ\/(pJCP*1m+q>\Cq*1mi)2+1"2 +e—ﬂ\/(pJCP1m+qACq1mi)2+F2)] _ (AS8)

7

Appendix B: Limit considerations

In our calculations, there are two limits, N — oo and C' — co. Suppose we take the thermodynamic limit N — oo
such that C' = aN? where a,b > 0 are constants. Since the ground state of the ferromagnetic system satisfies m; = m,
thermal fluctuations are controlled by the factor

BNF = —logZ
= (p—1)Jm?(Ba’NP"*1) 4 (¢ — )Am?(Ba?N"H)
aN*11og [(eﬂprm(aMNW*1>)+qu<aQ*1Nb<H>>>2+F2 T efﬁJ(me(aﬂ*lNb(p*w>+qu<aq71Nb<H>>>2+r2)

(Bi)

In the low temperature limit, this becomes
BNEF = (p— 1)JmP(Ba’ N**1) + (g — 1)Am?(BaN"TT1)
— aN"1p <\/ (pJm(aP=LNb@=1)) 4 gAm(ad=1 Nb(a=D))2 + rz) . (B2)
From this expression, one can read off the following scaling behavior
A = Aa?PNPAP) 5y ggPNPPHL D T /(aPTINYPTD)) (B3)
Now we take b — 0 limit. In this limit, C' approaches a constant. The free energy is now
F={p-1)JmPd’ + (¢ —1)Am%a? —a (\/(meaP—l + gAmad—1)2 4+ F2) ) (B4)

which is essentially the same as the free energy (23) with C replaced by a. Therefore, the phase structure is the same.
In particular, when p > 4 and ¢ = 2, the energy gap changes to polynomially small from exponentially small as A
exceeds a critical value. This argument shows our conclusions are not expected to change if C' is kept finite while only
N is made large.

1. Energy and degeneracy for p =2 in the ferromagnetic case

The existence of metastable states can affect the success probability of quantum annealing due to thermal and
quantum fluctuations. At the end of annealing (I' = 0), after substituting Eqs. (F3) into Hz [Eq. (A2a)], the energy
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Figure 15. (a) w; and ws for the ground state k/N = 0, k/N = 0.03 and highly excited state k/N = 0.48, as a function of
T'/C at T/C =0.03, A = 1. (b) Fy for I'/C = 0.03. The solid purple line represents the ground state free energy contribution
Fo/C2.

levels are:

N 2
Ey, ~ C? {J (kw1 + kU}Q)

N N
N —k k
N —k N —k k
- 2\J — A
N ; ‘ ( N w1+Nw2)+ wy
k N —k k
N;Z‘J( - w1+Nw2>+)\w2}. (B5)
In thermal equilibrium, the probability Py of finding a state at Ej is
Py, ~ dpe PEr (B6)
where dj, is the degeneracy. In our case dj = 2(];7 ) For large N and small k we have dj, ~ % Note that the

degeneracy increases rapidly as the energy increases. Without this entropy effect, the excited states are suppressed by
the Boltzmann factor. However, the rapid increase of dj for excited states might change this situation and therefore
change the phase transition and the annealing success probability. To analyze this, let us use Eq. (A8) to define an
effective action F as the free energy of the k-th excited states:
\C?
Fy = JC?*m? + T((N — k)w? 4 kw3)
C
“aN ((N —k)log {2 cosh (ﬁ\/4CQ(Jm + Awp)? + I‘2>]
+klog {2 cosh (B\/4C’2(Jm + Awg)? + FQ)D

o)

which takes into account the entropy (degeneracy) through the last term. The partition function is given by Z =
e INE

By solving Eq. (F3), we plot in Fig. 15(a) the values of w; and wsy for the ground state k = 0, a slightly excited
state k/N = 0.03, and a highly excited state k/N = 0.48 at T/C = 0.03. The metastable state ws ~ —1 disappears
quickly when I'/C increases from zero to finite value and the only true ground state wq = wg ~ 1 exists. For highly
excited states, wy, > 0 and we < 0 approach each other as I'/C increases (the blue dashed and the purple dot-dashed
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Figure 16. (a) The borders between the existence and the absence of the metastable states for k/N = 0.1 and p = 4. (b)
Penalty coupling A\/C? as a function of temperature 7/C? for ' = 0 and a function of T' for T/C® = 4 x 10* and p = 4.

lines) until I'/C' ~ 1.25 and then the metastable states disappear above this value. In Fig. 15(b), we plot the free
energy contribution from excited states at different temperatures. Because of the absence of the metastable states
for smaller k/N, the free energy contribution of the excited states starts from a critical value of k/N for a given

temperature. The degeneracy contribution to Eq. (B7) is —ﬂiN log [2 (JIX )} There is a unique ground state for £ = 0,

for which this term vanishes. The largest degeneracy is realized at k = N/2. For k = aN > 1, (a € (0,1/2]), this term
scales as T [aloga + (1 — a)log(1 — a)]. Figure 15(b) shows that although the number of degenerate states increases
exponentially, the contribution from the higher excited states is still subdominant as long as the effective temperature
T/C is low. Since this term does not depend on C, its effect in the normalized free energy Fj/C? is diminished as C
increases. This is another benefit of using NQAC.

2. Excited states and first order phase transitions when p > 3 in the ferromagnetic case

We can extend the p = 2 analysis to p > 3. Figure 16 shows the borders between the existence and absence of the
metastable states for p = 4. The qualitative features are the same as in the p = 2 case: metastable states do not
survive at high temperature and/or quantum fluctuations. Fig. 17(a) shows the potential barrier between local minima
for various values of the penalty coupling. The potential barrier becomes higher as the penalty coupling increases. As
one can see in Fig. 17(a), the local free energy minimum is realized at wo ~ —1 while the local maximum is realized
at —1 < wg < 0. On the other hand, the difference between the free energy minima at ws ~ —1 and wy ~ 1 does not
change as the penalty A changes.

To evaluate the height of the potential barrier, in Fig. 17(b) we plot the free energy difference between the local
maximum and the local minimum, as well as the local maximum and the ground state seen in Fig. 17(a). It shows
that increasing the penalty A prevents the ground state to transit into the metastable state.

Appendix C: Energy gap in the second order phase transition

In this section, we calculate the energy gap following the method described in [94], which is originally from [99]. The
basic idea is to assume C' > 1 and treat S7 and S semi-classically. More precisely, we apply the Holstein-Primakoff
transformation to the logical qubit at each site ¢ and treat quantum fluctuations around the classically fixed spin
orientation as small perturbation represented by harmonic oscillators.

It is first necessary to rotate the axes in spin space such that the classical orientation lies along the new z axis in
order to apply the Holstein-Primakoff transformation. We have in mind the state with vanishing total z-magnetization,
S% = 0, which is naturally expected to be realized at the beginning and the end of annealing. Correspondingly, we
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Figure 17. (a) Normalized free energy F(wi = 1,ws) — F(wi = 1,ws = 1), for k/N = 0.1, T/C® = 3.7 x 107*, T' = 0.1. The
potential barrier between the metastable state (w1, w2) ~ (—1,1) and the true ground state (w1, w2) = (1,1) becomes larger as
\/C? increases. (b) The free energy difference AF(MS) = F(1,w5**) — F(1,-1), AF(GS) = F(1,w5**) — F(1,1) between
the local maximum (w2 = wy**®), and the local minimum (w2 = —1) or the ground state (w2 = 1) for w1 = 1 seen in Fig. 17(a)
(normalized by C*). Other parameters: k/N = 0.1 T/C® =3.7 x 107*, T/C?® = 3.7 x 1073,

choose the classical orientation differently for ¢ = 1,2,--- ,N/2 and i = N/2+1,--- , N,

SP\ _ [(Fsinf cosf Sy
(5;) = ( cos 0 j:sin&) (5) (C1)
where the upper sign is chosen for ¢ = 1,--- , N/2 and the lower sign for i = N/2 + 1,--- | N. Note that the initial
(' — o0) and final (I' = 0) orientations are expected to be (S¥,S7) = (1,0) and (S7,S?) = (0,=£1), respectively,
because the spins align in the z direction initially and along the 4z direction finally. This is indeed realized by the

above transformation with § = 0 and @ = 7/2, respectively, both with (57, 57) = (0,1). We now insert the rotation
(C1)) into each term of the Hamiltonian,

Jo? N/2 ~ ~ N R ~ 2
JNC’z(SZ)QZT Z(cos@~5f+sin9~5iz)—|— Z (cos@ - SF —sinf - S7)
i=1 i=N/2+1
N N/2 N
fJC’Q)\Z(Sff = —JC%\ Z(cos9-§f+sin9~§f)2+ Z (cosf - S¥ —sinf - S7)?
i=1 i=1 i=N/241
N N/2 N
—FCZS;”:—FC Z(—sin9-§f+6059~§f)+ Z (sin® - S% +cosf - S7) | . (C2)
i=1 i=1 i=N/2+1

Let us apply the Holstein-Primakoff transformation whose general form for spin of magnitude S(>> 1)is

5% =8 —ala,
St = (V28 —ala)am V2S5 a,
S~ =a'\/25 —ata ~ V2Sal (C3)

Since the largest possible value of C'S* and C'S? is C' and also since C'S? is supposed to be close to its classically
largest value C', we apply this transformation as

C’Sf =C — ajai, CSZ”” =4/ %(ai + a;r). (C4)
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We plug this transformation into Eqs. (C2))- (C2)) and drop terms beyond harmonic (quadratic) in the boson
operators.

The leading-order term of this semi-classical approximation represents the classical state (Sf =1, S'f = 0) with
energy

Ho=—NC(JCAsin®6 + T cos®). (C5)
Minimization of Hy with respect to 6 gives § = 0 or

r
COba_?JC’X (C6)
The solution 6 = 0 is to be accepted for I' > T'. = 2JC\, whereas the solution to Eq. (C6)) is chosen for 0 < T < T.
The solution for T' = 0 is § = /2 as expected. The next order term is linear in the boson operators, and is expected
to vanish if we choose 6 that minimizes Hy. The reason is that the stationarity condition of the leading term implies a
vanishing linear term. The next term is quadratic in bosons and represents quantum fluctuations around the classical
state. Diagonalization of this quadratic term gives the energy spectrum, from which we extract the energy gap. We

therefore drop the terms linear in a:.r and a; as well as the Oth order terms as

1 /2 cos f ala N cos ala; :
S*)2 = — a;i+al) +sinf(1— 228 ) + a; +al) —sinf(1 — ==~
(59" = 3 Z<@< D) +siné(1 - =) i_%j%l Jog @i +al) —sinb(1— =)
2
1 cos?8 (& "
AT <Z<+>> ()
N /2 cos 6 cos @ ala; \2
2\2 . i 0 T 0 i Qi
;(Sz) ;(m(az—ka)—ksm ( ) ~ ]%;H N (a; + a}) — sin6( o ))
N 2 .2
cos® 6 2sin“ 6
— Z ( (a; + a:-r)2 - ajaZ) (C8)
e 2C C
N N/2 t t i
a; + a; . a; + a; a; a;
-C» St=cC sin 6 L —cosf C sin 6 L+ cosf(1 —
-y (st o= 50 e 3 (o oo 520)
N
— cosf Z alai. (C9)
i=1

The quadratic term of the Hamiltonian is therefore

2
JCcos?0 [ t JONcos? 0 & 2 . N + N i
Hy, = N (;(ai +al)]| — f;(ai +a})*+2JCAsin ‘9;%@1’ +F0080;aiai. (C10)

For diagonalization, we apply the Fourier transformation

> emipf. (C11)
k

5-

1 ik j T
alz—geljb,a»z
TNt



which gives

> (a; +al) = VN (bo + b))

J

Za}aj :sz,bk

J

> (a; +al)? NZZZ (e™9by, + e~ HIpT) (e Ty + e~ FIp] )

J
= (bibr + bl + bLbx + BT ).
k

The Hamiltonian is rewritten as

JC cos? 6
H, = TN(Z)O + bg)2 —

JCO M\ cos? 6

5 > (biby + bibf, + bby + bLbT )
k

+ (2JCAsin? 0 + T cos® 0) Z bl by
k

B JC cos? 6 B JCcos? 0

N 2 2

> (bo + b))% + (2JCAsin 0 + T cos 0) b by

k0
Jf(l — \) cos® 0(b + (b$)2) + (JC(1 = \) cos® @ + 2JCAsin® § + I cos G)bgbo
2
+y {—W(bkbk +blb ) + (2JCAsin2 0 + T cos 0 — JC cos? 9)bzbk}
k#0
JC(1 — X)cos?6 JC A cos? 0
— A {bgbo + %(bg n (53)2)} +BY {bLbk — S (kb + bLb*_k)} :
k#0
where We thus find
A=JC(1— X cos?0+2JCAsin?6 +Tcosf (Cl6a) Hy = woafoo + Y wiofag,
B =2JC\sin?60 — JCXcos? 0 + T cos 6. (C16b) k70

— A1 — 22 _p./1_ 2
The Hamiltonian (C15) can be diagonalized by the Bo- wo = A\ =5, wnr=By/1-Xp

goliubov transformation

+Z{ JC)‘COS e(bkb_kerLbT_ )+ (2JCAsin? @ + T cos @ — JOA cos® )bTbk}JFCOHSt'

20

(C12)

(C13)

(C14)

(C15)

(C20a)

(C:20b)

(C21)

with
by = ag COSh¢+OéT_k sinh ¢ (C17a) . JC(1 —X)cos? 6 ~ JCXcos? 6
bJ,L = ai cosh ¢ + a_j sinh ¢ (C17b) 4T A T
with The energy gap is therefore the smaller of wy and wq, the
latter being highly degenerate.
tanh 2¢ = —A, (C18) When 6 =0 (T > T, = 2JCN),
with Ay being defined by Wl =A% - A2\ = (JC(1 -\ +1)% -

=I242JCA-NT>0(\<1
bTbk+ > (bkb + b} ol ). (C19) ( ) ( )

=T(C —2JCA) .

w?=B?—B*\% = (T — JC))? — (JCN)?

2?2
(C22)

(C23)

Therefore, wy does not vanish whereas w; behaves around

I'=T, as

= /T(T = 2JC\) =~ V2JCX\\/T —T...

(C24)



This is how the gap closes in the thermodynamic limit.
Similarly, for 0 < 0 < 7/2 (0 <T < T =2JC)\), using

r

cosf = m,

(C25)

we have

I I
A=JC(1—A)—— +2JCA (1 - )

(2JCN)2 (2JCN)2
I2 1-\
= 2 +2 2
+2JC’)\ INSIE + 2JC\, (C26a)
Ady = JC(1 = N) 1) (C26b)
AT (2JCA)?2 — 4JCA2
Hence,
1— A 2 1-x L\’
A% — A%)N2 = 242 — I?
A4 (4JC/\2 * JCA) <4JC>\2 )
1—
= (2JCN\)? +2JC\ A 2 >0. (C27)

2JC N2

This means that the zero-mode does not vanish, as was
the case for I' > I'.. The other mode has

I? I?

2
r 2JCA a

= - 2
370 17Cx (C282)
2 2
Blp = —JCA = 28b
p=-JC (2JCA)? ~ 4JCA (C28b)
2 2
2 p2y2 _ _ o
B? — B2)\} <2JC’/\ Text 4JC)\> X
2 2
<2‘]CA T 4JCN 4JC)\>
F2
= (2JCA —T)(2JCA+T) . (C28¢)
Then for I' =~ T,
w1 ~ V4JON/T, — I (C29)

The results (C24) and (C29) show that the gap closes
with exponent 1/2(= vz) near the critical point. The
exponent that expresses the rate of gap closing at the
critical point for finite systems is z, with A ~ L%
(though it is unclear what L is in the present infinite-
range model). The critical exponent vz is independent
of the non-universal parameter C, as expected, and the
same is expected for z. Therefore, we must accept that
nesting does not qualitatively improve the rate of gap
closing (C-independence of z). Nevertheless, the coeffi-
cients in Eqgs. (C24) and (C29) increase proportionally
to v/C, and hence the gap becomes quantitatively large
for large C.
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One of the strengths of this method is that it applies
to arbitrary lattices, not just the mean-field model, in-
cluding Chimera-native problems as long as C' > 1. In
such cases, the final gap spectrum w; will have a k-
dependence. The present results Egs. (C24) and (C29)
apply directly only to the case C' > 1. Nevertheless, the
exponent 1/2 appearing in these expressions should not
depend on C' and therefore would be valid for smaller C'
such as C = 4. The same would apply to other critical
exponents. The coefficients in these equations, v2JCA
and v4JC\, would be the leading terms of asymptotic
expansions of the relevant coefficient g(C') in the limit
of C' > 1. In other words, it is expected that the gap
closes as g(C)+/|I" — T¢| for general values of C with g(C)
having the above asymptotic forms for C' > 1.

Appendix D: The antiferromagnetic case

In this section we study fully antiferromagnetic sys-
tems, where the coupling satisfies J < 0. As mentioned
in Sec. IV, it is crucial to take ¢ to be even in this case.
Unlike the ferromagnetic case, the long-range antiferro-
magnetic system is frustrated and thus exhibits different
behavior.

The free energy and the saddle point equations are the
same as those in the ferromagnetic case, i.e., Eq. (20), the
only difference being that J is replaced by —J(< 0). The
penalty 7 coupling (and hence also the effective penalty
A) between physical qubits within a logical qubit remains
ferromagnetic as it is designed to introduce resilience
against bit flips in a logical qubit. It tends to induce
a ferromagnetically ordered state for each logical qubit,
ie., m; #0.

Let us assume that the total number of logical qubits
is even and that the effective penalty strength is large,
i.e., v > J, so that the logical qubits are ordered. In this
case, there are two possible phases in the model with anti-
ferromagnetic interactions. The first is the paramagnetic
phase, where each logical qubit has a vanishing expecta-
tion value m; = 0 and consequently the total magnetiza-
tion also vanishes: m = 0. This phase is realized when
the temperature and/or the transverse field are large.
The second phase is where each logical qubit is ordered,
i.e., m; = +n, while the total magnetization again van-
ishes: m = 0. We call this a “locally ordered phase”; it
appears when the effect of X is stronger than that of the
temperature or the transverse field. In the following we
analyze these phases at or near the ground state, analyt-
ically as well as numerically. In addition, there can be
metastable states as in the ferromagnetic example, which
we analyze in the appendix.

Since both of the phases take m = 0, the value of
p does not determine the order of the phase transition,
which is different from the ferromagnetic case. Instead,
the order of the phase transition is controlled by ¢. All
the J dependence disappears from the mean field free
energy [Eq. (20)] and the p-dependence appears only in
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Figure 18. Free energy barrier in the antiferromagnetic case
between two phases at a first-order phase transition, at T/C =
0.03 and 3.3, for p = ¢ = 4. Contrast with Fig. 5 for the
ferromagnetic case.

the scaling of parameters in C' discussed in Sec. [V A.
Assuming that the total number of spins N is even,

the free energy (20) reduces to:

(¢—1)

F = o200 + (—n)?) + (D1)

Let us first consider the ¢ = 2 case. The expression
for the free energy is the same as for the ferromagnetic
case with two-body interactions p = 2 [Eq. (12)], with
the local (logical qubit) order parameter n = £(3°,0%,)
replacing the global order parameter m = Nic< icOic)
appearing in the ferromagnetic case. I.e., the free energy
of the ferromagnetic system with the order parameter m
is the same as that of the antiferromagnetic system with
the different order parameter n. Therefore, the latter has
a second-order phase transition. It should be noted that
the conventional p-body antiferromagnetic Ising model
(C = 1) does not have a phase transition for p even.'

The phase transition point is determined in the
same way as in the ferromagnetic case, where we de-
rived Eq. (18). The critical parameter values satisfy
2AC tanh(AT")/T" = 1, which is p-independent. The para-
magnetic and locally ordered phases exist in the respec-

1 The classical energy of antiferromagnetic interactions
+JN( ZN:l o?/N)P (J > 0) becomes smallest when Zivzl of
is 0, the paramagnetic state. This state has the largest entropy
since the number of possible spin configurations is largest. Thus
the free energy is lowest for the paramagnetic state irrespective
of the temperature for the classical model, i.e., no phase
transition. The situation is essentially the same in the quantum
case with a transverse field. For p odd, the antiferromagnetic
model becomes equivalent to a ferromagnetic model under the

L H x Y z T z Yy
spin inversion {o¥,0/,07} = {07, —07, -0 }.
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tive regions

2AC tanh(fI)/T' < 1
2AC tanh(gT) /T > 1

m; =+n #0

(D2a)
(D2b)

It is clear from these equations that high temperature and
large transverse field favor the paramagnetic phase (all
m,; = 0), while large local ferromagnetic coupling A favors
the locally ordered phase (all m; # 0). In addition, we
see that a larger value of C' also favors the locally ordered
phase. This is because C' aligned spins behave as a single
spin-C' vector, thus increasing the effective ferromagnetic
coupling by C2.

It is straightforward to extend the analysis to a general
g. For even ¢(> 4), the phase transition is of first order,
and for odd ¢(> 3) there is no phase transition since the
state with the lowest value of the free energy always has
m; 75 0.

Figure 18 shows the height of the free energy barrier
at the transition point for ¢ = 4. Clearly, a larger value
of the penalty coefficient A has a higher barrier height,
in sharp contrast to the ferromagnetic case (Fig. 5). The
T /C-dependence is very weak. The jump in the order pa-
rameter Am at the transition does not depend on A and
T/C within the numerical precision of our simulations.

Appendix E: Hybrid NQAC-PQAC strategy

The penalty term in NQAC prevents transitions from
the code space by imposing ferromagnetic couplings be-
tween physical qubits within a logical qubit. This is not
the only way to impose a penalty. For instance, one can
introduce an independent and designated penalty qubit
for each logical qubit, and connect this penalty qubit and
the physical qubits in the logical qubit ferromagnetically.
We refer to this method as penalty quantum annealing
correction; it was proposed in Ref. [79] and further stud-
ied in Refs. [80, 81]. As shown in Refs. [85, 86], phase
transitions can disappear or be significantly weakened
when the penalty coupling is sufficiently large.

In this section we consider a hybrid penalty-nested
QAC model, and introduce designated penalty qubits
into NQAC.

1. Ferromagnetic case

Let us explicitly write the Hamiltonian for the case of
the p-spin ferromagnetic model,

1 N C P N C q
H=-NJ <N SN o—;ci> =2 (Z afai>
=1 c¢;=1 =1 \c¢;=1

C

N C N
TY S e Y <Z U;Ci> i (B
=1

i=1 ¢c;=1 c;i=1



where each designated penalty qubit (labeled i0) couples
ferromagnetically via o, to the physical qubits within a
logical qubit labeled by ¢ with a coupling strength 7. The
corresponding free energy is

ol
) c
f—ﬁN log aE:i ll:[QCOSh ﬂvi"] (E2)
where

v = CPix (E3)

VIpTme=t + ACrrmi ! £ (n)Cr1)J2 + (T/Cr-1)2

The penalty coupling is rescaled as 7 — n/CP~! and
the effective temperature decreases as T'/CP (from the
partition function Z = e~N8F) which serves to suppress
thermal excitations.

Let us now focus our attention on the ground state
at zero temperature. Since the system is ordered in
the ground state, the local magnetization of each logi-
cal qubit assumes the same value as that of the total
system, i.e., m = m;. Then Eq. (E2) yields:

F=(p-1)JCPmP + (¢ — 1)ACIm? — CPx (E4)
Vme T pCT P (O )+ (17O TR

To study the stability of the paramagnetic state m =
0, we perform a Taylor expansion of F' around m = 0
[compare to Eq. (28) for the NQAC case|. For p > ¢:

q(n\)CaP

F/CP ~ — m?t + O(m?) (E5)

where we neglected a constant term F'(0). For p = ¢:

a(n(J + )

RS

If there is no nesting penalty coupling (i.e., A = 0) then:

F/CP ~ — mi~t +O(m?)  (E6)

p(Jn)

/772 + I"‘Q
In all cases, we see that the stable state is ferromagnetic,
m # 0.

Figure 19 shows the critical line for T'= 0,p = 4 and
g = 2. In the parameter region (1, \) below the line the
system undergoes a first order phase transition, while
above the line it undergoes a second order phase tran-
sition. The critical value of A decreases rapidly when 7
is turned on and then decreases almost linearly above
n/C3 ~ 0.1. As expected, the critical value of 7/C? at
A/C?% = 0 reproduces the result for penalty quantum an-
nealing correction found in Ref. [85]. The main point
is that the two types of penalties are complementary, in

F/CP ~ — mP~t + O(mP) (E7)
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Figure 19. Critical values of the penalty strength n/C® and
A/C? for T = 0,p = 4,q = 2,J = 1, for the hybrid NQAC-
PQAC strategy and ferromagnetic coupling. The phase tran-
sition is of first order below the blue dotted line and of second
order above it. Since the second order phase transition region
is preferred, increasing 7 in the hybrid NQAC-PQAC strategy
allows for a lower value of A than in the pure NQAC case.

the sense that increasing one (say 1) allows for a smaller
value of the other (say ).

2. Antiferromagnetic case

Assuming v > J as in Sec. D to ensure ordering of the
logical qubits, the ground state of the antiferromagnetic
system has m; = +n, m = 0. The free energy is

1

— (g — apd _
F=(qg—1)XCn AN

C
log <{2 coshﬁ\/(q/\C’qflanl +1)2 + rz}

N
+ [2 cosh B/ (gA\C4—1na—1 — )2 + FZ} C) (E8)

At zero temperature this becomes:

F = (q—1)AC"ni—
~V(gACa[n|7=1 + Cy)? + (CT)?  (E9)

The free energy in this case is identical to the free
energy of the ferromagnetic system with a designated
penalty term discussed in Refs. [85, 86], after the rescal-
ing n + Cn, I' — CT.” This system has a rather re-
markable feature. When 7 = 0, there is, respectively, a
second and a first order phase transition for ¢ = 2 and
q > 3. At finite 7, the second order phase transition for
q = 2 disappears at T'= 0. For ¢ > 3 and T' = 0, there is

2 Compare Eq. (F9) to Eq. (3b) in Ref. [85] and in addition identify
K~ C,mg+n,qrp, v n,and set A= C179,



a first order phase transition for n below a critical value
71.. However, the strength of the first order phase transi-
tion becomes weaker as 7 increases and above the critical
value 7, the first order phase transition disappears. At
finite temperature, the first order phase transition exists
at any value of 7. However, the strength of the phase
transition significantly weakens as 7 increases. More de-
tails can be found in Refs. [85, 86].

To summarize, the penalty coupling A and the nest-
ing level C' reduce or effectively remove the thermal fluc-
tuations. While the energy gap closing associated with
increased nesting level C' (recall Sec. IV I') still exists in
NQAC, it can be removed or significantly weakened by
introducing designated penalty qubits and their coupling
7, as illustrated in Fig. 19.

Appendix F: Excited states

In the main text we analyzed ground state phase tran-
sitions, where the main focus was the energy gap between
the ground and first excited states. We demonstrated
that this gap becomes larger at the phase transition as
the penalty strength increases. When this is the case it is
more likely for the system to stay in the ground state, and
errors are suppressed. However, in an open system, ther-
mal fluctuations can cause transitions to excited states
even when there is no phase transition. Therefore it is
important to understand how easily excited states can
relax into the ground state. The aim of this section is to
understand the energy landscape of NQAC in the pres-
ence of a strong penalty coupling.

1. The ferromagnetic case for p =2

Let us first consider the ferromagnetic case with p =
q = 2. In the ground state, all the spins take the same
expectation value m; = wy. The excited states include
spin flips within a logical qubit. If the number of spin
flips is less than C'/2, we obtain a correct answer by ma-
jority vote at the end of annealing. For simplicity, we do
not consider spin flips within a logical qubit and assume
that all the encoded qubits in a logical qubit point in the
same direction (this would be the case when the penalty
coupling is large). In the following, we study when they
become metastable states (local minima of the free en-

ergy).

Without loss of generality, we can assume that w;
is positive and ws is negative. Substituting this into
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Eq. (16), the excited state is determined by:

(2Jm + 2 wy)
w, = X
V(2Jm + 2 w, )2 + (T/C)2

tanh(BC/(2Jm + 2)w;)? + (T/C)?), (Fla)
B (2Jm + 2 ws)
Y2 Jdm + Dan)? + (L0
tanh(BC/(2Jm + 2 w.)? + (T'/C)2) (F1b)
where
m = (N — k)w; + sz. (F2)

N

The solutions of these equations are shown in Fig. 20.
The two curves show the individual solutions of
Egs. (Fla) and (F1b), and the intersections are the
solutions that satisfy both equations. The red dots in
Fig. 20 are local and global minima. When quantum fluc-
tuations are large the only local minimum is the ground
state [Fig. 20(a)]. Each logical spin is in the paramag-
netic state m; = 0. As the fluctuations decrease, there is
a second order phase transition and the local minima are
in the ferromagnetic states m; # 0 [Fig. 20(b)]. The value
of each logical spin approaches +1 [Fig. 20(c)] and when
the fluctuations become very small, the excited states
start to appear as local minima in the mean field free
energy [Fig. 20(d)].
In the low temperature limit, Egs. (F'1) become

(2Jm + 2 w1)
V@2Tm + 22w, )? + (T/C)?

(2Jm + 2 wo)
V@Im + 22 ws)? + (T/0)?

(F3a)

w1 =

(F3b)

Wo =

The necessary condition for the existence of metastable
states is that (wq,we) = (£1,F1) is the solution of
Egs. (F3) at I' = 0. In this limit, Egs. (F3) become
sgn(wy2) = sgn((2Jm + 2Awi2)). Then (w1, ws) =
(£1,F1) can be a solution if

ATk
2] — <7 —2A <0 (F4)

This condition is satisfied for any value of (k, N) if J < A.
If J > ), it is satisfied only if the middle term % com-
pensates for the difference between J and A. Specifically,
the metastable state disappears for small k& more easily
than for large k. And for any k, the metastable state
disappears as N increases.

From this observation, we know that there can ex-
ist metastable states when the quantum fluctuations are
small. In Fig. 21(a) we show the transition lines in the
(k/N,T'/C) plane below which there exist metastable
states and above which there are no metastable states.
This is likewise the case for thermal fluctuations; in
Fig. 21(b), we show the line between the existence and
non-existence of metastable states in the (k/N,T/C)
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Figure 20. Solutions to Egs. (Fla) and (F1b) for k/N =0.09,J =1,T7/C =0,y = 0.9. Red dots are local and global minima.

(a) T/C = 3.8; (b) [/C = 3.3; (c) ['/C = 0.07; (d) [/C = 0.
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Figure 21. Phase diagrams in the k-I' plane and k-T" planes. (a): k/N vs I'/C at T = 0. for v = 0.9 and v = 1.1, the phase

transition line is determined only by the ratio k/N: k/N = 0.05 is the lowest excited state which can have a metastable state
for y=10.9. (b) k/N vs T/C at I" = 0. for v = 0.9 and v = 1.1. the phase transition line is determined only by the ratio k/N.
T/C = 1.28 is the highest temperature which can have a metastable state for v = 0.9. Above this, metastable state disappears.

plane Remarkably, Fig. 21(b) and Fig. 21(a) are indis-
tinguishable, suggesting that the excited states are sim-
ilarly affected by quantum and thermal fluctuations in
this case.

Fig. 22(a) shows the transition line between the ex-
istence and the absence of metastable excited states in
the (T/C,T'/C) plane, for various values of k/N and .
Fig. 22(b) shows the transition line between the exis-
tence and the absence of metastable excited states in the
(k/N,)) plane. For a fixed penalty, when only a small
number of spins inside a logical qubit have flipped there
are no metastable states. But a state with many flipped
spins (at fixed penalty) can be metastable. The higher
the penalty, the smaller the range of no metastability,
since in the limit of large penalty the only stable states
are the all-up and all-down states (logical spins must be
completely ordered). This explains the negative slope in
Fig. 22(b).

2. The antiferromagnetic case for p = 2

For simplicity let us assume that N is an even number.
Classically, the ground state of an antiferromagnetic sys-
tem then has half of the spins pointing in the positive z
direction and the rest of the spins pointing in the neg-
ative z direction: the ground state has N/2 spins with
m; = 1 and N/2 spins with m; = —1, and the average is
m = 0. The k-th excited states have N/2 £ k spins with
m; = 1 and N/2 F k spins with m; = —1. The average is
m = j:%. When quantum and thermal fluctuations are
induced (I',T # 0), the values of m, change. We study
the existence and stability of excited states using a mean
field analysis.

Consider the k-th level excited states in which N/2—k
of the m; are positive and N/2 + k of the m; are nega-
tive (since the system has Zs spin-flip symmetry we can
make this choice without loss of generality). Similarly
to Eq. (F1), to determine the excited states we need to
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Figure 22. (a) Disappearance of lower excited states for k/N = 0.1,0.2 in the ferromagnetic case for two values of A\: metastable
states exist only below the transition lines (toward the bottom left). (b) Critical A as a function of k/N in the ferromagnetic
case. The metastable states are first excited states. Here T/C = 0.03, I'/C = 0.03, and J = 1.

consider the following set of equations:

(=2Jm + 2A\w)
V(=2Jm + 2X\w1)? + (T/C)

wyp =

X
2

tanh(BC\/(—2Jm + 2w, )2 + (T/C)32) (F5a)
e — (—2Jm + 2 \w,) "
27 J(—2Jm + 2 w22 + (T)C)2
tanh(BC\/(—2Jm + 2 wq)2 + (T/C)2)  (F5b)
I (—2Jm + 2A\ws) "
P /(~20m + 2)ws)2 + (T)C)2
tanh(BC\/(—2Jm + 2 ws3)2 + (T/C)2) ,  (F5c)
where
m:(%—k—l)wl—k(%—kk)wg%-wg. (F6)

N

Here (N/2—k—1) of the m; take a value wy > 0, (N/2+k)
take a value wy < 0, and a single spin takes a value ws,
which can be positive or negative. If w3 is positive, then
it is the k-th excited state and if it is negative, then
it is the (k 4 1)-th excited state. The reason why ws is
needed is the following, and stems from the the difference
between the ferromagnetic and antiferromagnetic cases.
In the ferromagnetic case, we considered the transition
between the k-th excited state and the ground state. The
k-th excited state has N — k spins taking a positive value
wi > 0 and k spins taking a negative value we < 0, while
the ground state has all spins taking a positive value.
The reason we consider this transition is that lower en-
ergy states, for instance the (k — 1)-th excited state, are
less stable than higher energy states against the quan-
tum and thermal fluctuations. This feature can be seen
in Fig. 22 as well as Fig. 15(a). Therefore, when the k-th
excited state loses its metastability, the (k—1)-th excited

state has already lost its meta-stability, and the transi-
tion happens collectively with all k spins flipping from
negative to positive. This kind of behavior is captured
by two parameters w; and wy. On the other hand, in the
antiferromagnetic case, the lower excited states are more
stable; when the k-th excited state loses its metastability,
all the lower energy states are still metastable. Therefore,
the transition from the k-th excited state to the (k—1)-th
excited state happens most likely by flipping a single spin.
This transition requires three parameters wi 2 3; two of
them (w; and ws) do not change their signs before and
after the transition, and one of them (w3) describes the
single spin that flips under the transition.

At T =0 and ' = 0, the saddle point equations are

wy = sgn(—2Jm + 2 wy)
wg = sgn(—2Jm + 2\ws)

ws = sgn(—2Jm + 2 ws) (F7)

In this case, w; can only be £1. Let us assume w; = 1
and we = —1. For k > 0, ws = +1 has a lower energy
and ws —1 has a higher energy. In order to have
wy =1, wy = —1, wg = 1 as the solution of Eq. (F7), the
couplings must satisfy

2kJ
A> — F8
> = (Fs)
while for wy = 1, wy = —1, w3 = —1, we need
2(k+1)J
A> — F
> 2 (F9)

As can be seen from Eq. (F8), the ground state k = 0
always satisfies the existence condition. Higher energy
states (k # 0) do not exist unless the penalty coupling A
is large enough.

At finite temperature and finite transverse field (T' #
0,T" # 0), we solve the saddle point equations (F5) nu-
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Figure 23. Existence of metastable excited states in the antiferromagnetic case. Panel (a): T'/C = 0; panel (b): T/C = 0.33.
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Figure 24. Phase diagram in the T-I" plane between the
phases with m = 0 and m # 0, for A = 1.5 and A = 1.

merically for various values of the transverse field I' and
the penalty A. The dashed lines in Fig. 23 separate
the different phases. The excited states corresponding
to each value of k/N exist as metastable states of the
free energy in the larger A region of the transition lines,
while there are no corresponding metastable states in the
smaller A region. The solid line represents a phase transi-
tion line in the ground state. The ground state is locally
paramagnetic (m; = 0) above the line, and m; # 0 below
the line. For small excitations k/N < 1 (red dotted lines
in Fig. 23) the critical I" increases as A increases, while
for larger k/N (green and blue dotted lines in Fig. 23) the
critical I' decreases. This means that for a given penalty
coupling A, the metastable states of higher energy states
disappear at larger values of I'. Therefore, they are less
stable. This result is the opposite of the ferromagnetic
case, where higher excited states are locally more stable
than lower excited states.

Fig. 24 shows the phase transition lines in the
(T/C,T/C) plane for the penalty coupling values A =
1,1.5. The phase transition for the ground state between
the local paramagnetic m; # 0 and ferromagnetic states
m; # 0 are given by Eq. (D2b). The green dotted line is
for the excited states k/N = 0.4. One can see that the
phase transition lines are fairly insensitive to the excita-
tion level k/N.

In the ferromagnetic case, there are two degenerate
ground states for locally ordered phase m; = £n. In
the antiferromagnetic case, there is an ( NI\/IZ)—fold degen-
eracy in the ground state for even N and an ((Nﬁ)/2>_
fold degeneracy for odd N. This is in contrast to the
case of the one-dimensional Ising model with nearest-
neighbor coupling H = 43,0707, ;. In this case, there
are two ground states for both ferromagnetic and antifer-
romagnetic interactions. In the nested configuration, all
spins are coupled. Therefore, any configurations which
have the same number of positive m; and negative m;
have the same energy. This fact may change the thermal
behavior of the ferromagnetic and the antiferromagnetic
cases. In the case of the ferromagnetic model, the num-
ber of excited states (metastable states) increases rapidly
and therefore their contributions to the partition func-
tion and the transition rates between potential wells are
important. On the other hand, in the antiferromagnetic
case, the largest degeneracy happens in the lowest energy
states and the degeneracy of the excited states is smaller.

We study the state in which (N/2—k) spins take values
m; = wi, and (N/2 + k) spins take values m; = wy. The
ground state is k = 0.

In Fig. 25, we show w; and ws for the low energy state
k/N = 0.01 and a highly excited state k/N = 0.46 for
T/C = 0.03. Both |w;| and |ws| decrease continuously as
a function of I' and reach zero at a critical value. This is
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Figure 25. wy (starts from 1 at A = 0) and ws (starts from —1 at A = 0) for a low energy state k/N = 0.01 and highly excited
state k/N = 0.46. Here T/C' = 0.03, A =1 (b) w; (ends at 1 at v = 1.0) and ws (ends at —1 at v = 1.0) for I'/C = 0.67 and

T/C = 0.03.

again a second order phase transition. It is interesting to
note [see Fig. 25(a)] that the positive expectation value
w > 0 (minority of the spins) as a function of I'/C' does
not strongly depend on k/N whereas the negative expec-
tation value w < 0 (majority of the spins) is sensitive
to k/N. Also interesting is the fact that [see Fig. 25(b)]
for small (k/N-dependent) penalty A, at first the system
tends to become locally disordered (both w; and we de-
crease in absolute value), before settling in the locally
ordered state

Let us compare the above result with the results ob-
tained in Ref. [83]. Let us assume that A is large enough
and all the physical qubits within a logical qubit are
aligned. Under this assumption,

2(5 k)

m= —=——->=

N mi:il,

(F10)
where there are % — k logical qubits with m; = £1 and
% + k logical qubits with m; = F1. The energy at the

end of the anneal (¢t = ¢;,I' = 0) is then

By, =C? [J (1—%)2+)\ (F11)

N

Therefore the energy level difference between the ground

state k = N/2 and the Ak-th excited state k = N/2+ Ak
is

4C?J
Enjotar — Enj2 = ﬁ(Ak)

2

(F12)

The probability of occupancy of the ground state is then

d —BNC?x
P(J,C) = 0

s /02 diefﬁNC%&B%ﬂ
1=
1
= F13)
N/2 4, 4C27J ;2 (
> iZo %eJrﬁ Nt

where d; is the degeneracy of i-th state. Note that chang-
ing the number of physical qubits C' is effectively the

same as changing the antiferromagnetic coupling J

P(J,C) = P(JC?,1) (F14)

This reproduces the theoretical scaling results reported
in Ref. [83], which were confirmed with empirical data
from experiments using a D-Wave processor, with the
scaling J ~ JCO? replaced by JO<, with 1 < a < 2 due
to embedding and other overhead.

[1] A.B. Finnila, M. A. Gomez, C. Sebenik, C. Stenson, and
J. D. Doll, “Quantum annealing: A new method for min-
imizing multidimensional functions,” Chemical Physics
Letters 219, 343-348 (1994).

[2] Tadashi Kadowaki and Hidetoshi Nishimori, “Quantum
annealing in the transverse Ising model,” Phys. Rev. E
58, 5355 (1998).

[3] Edward Farhi, Jeffrey Goldstone, Sam Gutmann, Joshua
Lapan, Andrew Lundgren, and Daniel Preda, “A quan-

tum adiabatic evolution algorithm applied to random in-
stances of an np-complete problem,” Science 292, 472
(2001).

[4] J. Brooke, D. Bitko, T. F., Rosenbaum, and G. Aeppli,
“Quantum annealing of a disordered magnet,” Science
284, 779-781 (1999).

[5] J. Brooke, T. F. Rosenbaum, and G. Aeppli, “Tunable
quantum tunnelling of magnetic domain walls,” Nature
413, 610-613 (2001).


http://dx.doi.org/10.1016/0009-2614(94)00117-0
http://dx.doi.org/10.1016/0009-2614(94)00117-0
http://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.5355
http://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.5355
http://science.sciencemag.org/content/292/5516/472
http://science.sciencemag.org/content/292/5516/472
http://dx.doi.org/ 10.1126/science.284.5415.779
http://dx.doi.org/ 10.1126/science.284.5415.779
http://www.nature.com/nature/journal/v413/n6856/full/413610a0.html
http://www.nature.com/nature/journal/v413/n6856/full/413610a0.html

(6]

[7]

8]

9

(10]

(11]

(12]

(13]

(14]

(15]

(16]

Giuseppe E. Santoro, Roman Martondk, Erio Tosatti,
and Roberto Car, “Theory of quantum annealing of an
Ising spin glass,” Science 295, 2427-2430 (2002).

Arnab Das and Bikas K. Chakrabarti, “Colloquium:
Quantum annealing and analog quantum computation,”
Rev. Mod. Phys. 80, 1061-1081 (2008).

W. M. Kaminsky and S. Lloyd, “Scalable Architecture for
Adiabatic Quantum Computing of NP-Hard Problems,”
in Quantum Computing and Quantum Bits in Mesoscopic
Systems, edited by A.A.J. Leggett, B. Ruggiero, and
P. Silvestrini (Kluwer Academic/Plenum Publ., 2004)
arXiv:quant-ph/0211152.

William M. Kaminsky, Seth Lloyd, and Terry P. Or-
lando, “Quantum computing and quantum bits in meso-
scopic systems,” (Springer, New York, 2004) Chap. 25,
pp. 229-236.

R. Harris, J. Johansson, A. J. Berkley, M. W. Johnson,
T. Lanting, Siyuan Han, P. Bunyk, E. Ladizinsky, T. Oh,
I. Perminov, E. Tolkacheva, S. Uchaikin, E. M. Chapple,
C. Enderud, C. Rich, M. Thom, J. Wang, B. Wilson, and
G. Rose, “Experimental demonstration of a robust and
scalable flux qubit,” Phys. Rev. B 81, 134510 (2010).
R. Harris, M. W. Johnson, T. Lanting, A. J. Berkley,
J. Johansson, P. Bunyk, E. Tolkacheva, E. Ladizinsky,
N. Ladizinsky, T. Oh, F. Cioata, I. Perminov, P. Spear,
C. Enderud, C. Rich, S. Uchaikin, M. C. Thom, E. M.
Chapple, J. Wang, B. Wilson, M. H. S. Amin, N. Dickson,
K. Karimi, B. Macready, C. J. S. Truncik, and G. Rose,
“Experimental investigation of an eight-qubit unit cell in
a superconducting optimization processor,” Phys. Rev.
B 82, 024511 (2010).

A J Berkleyy M W Johnson, P Bunyk, R Harris,
J Johansson, T Lanting, E Ladizinsky, E Tolkacheva,
M H S Amin, and G Rose, “A scalable readout sys-
tem for a superconducting adiabatic quantum optimiza-
tion system,” Superconductor Science and Technology
23, 105014 (2010).

M. W. Johnson, M. H. S. Amin, S. Gildert, T. Lanting,
F. Hamze, N. Dickson, R. Harris, A. J. Berkley, J. Jo-
hansson, P. Bunyk, E. M. Chapple, C. Enderud, J. P.
Hilton, K. Karimi, E. Ladizinsky, N. Ladizinsky, T. Oh,
I. Perminov, C. Rich, M. C. Thom, E. Tolkacheva, C. J. S.
Truncik, S. Uchaikin, J. Wang, B. Wilson, and G. Rose,
“Quantum annealing with manufactured spins,” Nature
473, 194-198 (2011).

A. J. Berkley, A. J. Przybysz, T. Lanting, R. Harris,
N. Dickson, F. Altomare, M. H. Amin, P. Bunyk, C. En-
derud, E. Hoskinson, M. W. Johnson, E. Ladizinsky,
R. Neufeld, C. Rich, A. Yu. Smirnov, E. Tolkacheva,
S. Uchaikin, and A. B. Wilson, “Tunneling spectroscopy
using a probe qubit,” Phys. Rev. B 87, 020502— (2013).
P. I Bunyk, E. M. Hoskinson, M. W. Johnson, E. Tolka-
cheva, F. Altomare, AJ. Berkley, R. Harris, J. P. Hilton,
T. Lanting, AJ. Przybysz, and J. Whittaker, “Archi-
tectural considerations in the design of a superconduct-
ing quantum annealing processor,” [EEE Transactions on
Applied Superconductivity 24, 1-10 (Aug. 2014).

T. Lanting, A. J. Przybysz, A. Yu. Smirnov, F. M.
Spedalieri, M. H. Amin, A. J. Berkley, R. Harris, F. Al-
tomare, S. Boixo, P. Bunyk, N. Dickson, C. Enderud,
J. P. Hilton, E. Hoskinson, M. W. Johnson, E. Ladizin-
sky, N. Ladizinsky, R. Neufeld, T. Oh, I. Perminov,
C. Rich, M. C. Thom, E. Tolkacheva, S. Uchaikin, A. B.
Wilson, and G. Rose, “Entanglement in a quantum an-

(17]

(18]

(19]

20]

21]

(22]

23]

24]

[25]

[26]

27]

(28]

29]

(30]

29

nealing processor,” Phys. Rev. X 4, 021041— (2014).

N. G. Dickson, M. W. Johnson, M. H. Amin, R. Harris,
F. Altomare, A. J. Berkley, P. Bunyk, J. Cai, E. M. Chap-
ple, P. Chavez, F. Cioata, T. Cirip, P. deBuen, M. Drew-
Brook, C. Enderud, S. Gildert, F. Hamze, J. P. Hilton,
E. Hoskinson, K. Karimi, E. Ladizinsky, N. Ladizinsky,
T. Lanting, T. Mahon, R. Neufeld, T. Oh, 1. Perminov,
C. Petroff, A. Przybysz, C. Rich, P. Spear, A. Tcaciuc,
M. C. Thom, E. Tolkacheva, S. Uchaikin, J. Wang, A. B.
Wilson, Z. Merali, and G. Rose, “Thermally assisted
quantum annealing of a 16-qubit problem,” Nat. Com-
mun. 4, 1903 (2013).

Sergio Boixo, Tameem Albash, Federico M. Spedalieri,
Nicholas Chancellor, and Daniel A. Lidar, “Experimen-
tal signature of programmable quantum annealing,” Nat.
Commun. 4, 2067 (2013).

Sergio Boixo, Troels F. Ronnow, Sergei V. Isakov, Zhihui
Wang, David Wecker, Daniel A. Lidar, John M. Martinis,
and Matthias Troyer, “Evidence for quantum annealing
with more than one hundred qubits,” Nat. Phys. 10, 218

224 (2014).

T. Albash, T. F. Rgnnow, M. Troyer, and D. A. Lidar,
“Reexamining classical and quantum models for the D-
Wave One processor,” FEur. Phys. J. Spec. Top. 224, 111

129 (2015).

Tameem Albash, Itay Hen, Federico M. Spedalieri, and
Daniel A. Lidar, “Reexamination of the evidence for en-
tanglement in a quantum annealer,” Physical Review A
92, 062328 (2015).

John A. Smolin and Graeme Smith, “Classical signature
of quantum annealing,” Frontiers in Physics 2, 52 (2014).
Lei Wang, Troels F. Rgnnow, Sergio Boixo, Sergei V.
Isakov, Zhihui Wang, David Wecker, Daniel A. Li-
dar, John M. Martinis, and Matthias Troyer, “Com-
ment on: ‘Classical signature of quantum annealing’,”
arXiv:1305.5837 (2013).

Seung Woo Shin, Graeme Smith, John A. Smolin, and
Umesh Vagzirani, “How “quantum” is the D-Wave ma-
chine?” arXiv:1401.7087 (2014).

Seung Woo Shin, Graeme Smith, John A. Smolin, and
Umesh Vazirani, “Comment on ”distinguishing clas-
sical and quantum models for the D-Wave device”,”
arXiv:1404.6499 (2014).

Troels F. Rgnnow, Zhihui Wang, Joshua Job, Sergio
Boixo, Sergei V. Isakov, David Wecker, John M. Mar-
tinis, Daniel A. Lidar, and Matthias Troyer, “Defining
and detecting quantum speedup,” Science 345, 420-424
(2014).

Sergio Boixo, Vadim N. Smelyanskiy, Alireza Shabani,
Sergei V. Isakov, Mark Dykman, Vasil S. Denchev,
Mohammad H. Amin, Anatoly Yu Smirnov, Masoud
Mohseni, and Hartmut Neven, “Computational multi-
qubit tunnelling in programmable quantum annealers,”
Nat Commun 7 (2016).

Davide Venturelli, Salvatore Mandra, Sergey Knysh,
Bryan O’Gorman, Rupak Biswas, and Vadim Smelyan-
skiy, “Quantum optimization of fully connected spin
glasses,” Phys. Rev. X 5, 031040 (2015).

James King, Sheir Yarkoni, Jack Raymond, Isil Ozfi-
dan, Andrew D. King, Mayssam Mohammadi Nevisi,
Jeremy P. Hilton, and Catherine C. McGeoch, “Quan-
tum annealing amid local ruggedness and global frustra-
tion,” arXiv:1701.04579 (2017).

Catherine C. McGeoch and Cong Wang, “Experimental


http://science.sciencemag.org/content/295/5564/2427
http://dx.doi.org/10.1103/RevModPhys.80.1061
http://arxiv.org/abs/quant-ph/0211152
http://arxiv.org/abs/quant-ph/0211152
http://arxiv.org/abs/arXiv:quant-ph/0211152
http://dx.doi.org/ 10.1103/PhysRevB.81.134510
http://dx.doi.org/10.1103/PhysRevB.82.024511
http://dx.doi.org/10.1103/PhysRevB.82.024511
http://stacks.iop.org/0953-2048/23/i=10/a=105014
http://stacks.iop.org/0953-2048/23/i=10/a=105014
https://www.nature.com/nature/journal/v473/n7346/full/nature10012.html
https://www.nature.com/nature/journal/v473/n7346/full/nature10012.html
http://link.aps.org/doi/10.1103/PhysRevB.87.020502
http://dx.doi.org/10.1109/TASC.2014.2318294
http://dx.doi.org/10.1109/TASC.2014.2318294
http://dx.doi.org/10.1103/PhysRevX.4.021041
http://dx.doi.org/10.1038/ncomms2920
http://dx.doi.org/10.1038/ncomms2920
http://dx.doi.org/10.1038/ncomms3067
http://dx.doi.org/10.1038/ncomms3067
http://dx.doi.org/10.1038/nphys2900
http://dx.doi.org/10.1038/nphys2900
https://link.springer.com/article/10.1140%2Fepjst%2Fe2015-02346-0
https://link.springer.com/article/10.1140%2Fepjst%2Fe2015-02346-0
http://link.aps.org/doi/10.1103/PhysRevA.92.062328
http://link.aps.org/doi/10.1103/PhysRevA.92.062328
http://journal.frontiersin.org/article/10.3389/fphy.2014.00052
http://arxiv.org/abs/1305.5837
http://arXiv.org/abs/1401.7087
http://arXiv.org/abs/1404.6499
http://science.sciencemag.org/content/345/6195/420
http://science.sciencemag.org/content/345/6195/420
http://dx.doi.org/10.1038/ncomms10327
http://link.aps.org/doi/10.1103/PhysRevX.5.031040
http://arXiv.org/abs/1701.04579

(31]

32]

(33]

34]

35]

(36]

37]

(38]

(39]

(40]

[41]

42]

(43]

(44]

evaluation of an adiabatic quantum system for combi-
natorial optimization,” in Proceedings of the 2013 ACM
Conference on Computing Frontiers (2013).

James King, Sheir Yarkoni, Mayssam M. Nevisi,
Jeremy P. Hilton, and Catherine C. McGeoch, “Bench-
marking a quantum annealing processor with the time-
to-target metric,” arXiv:1508.05087 (2015).

Itay Hen, Joshua Job, Tameem Albash, Troels F.
Rgnnow, Matthias Troyer, and Daniel A. Lidar, “Prob-
ing for quantum speedup in spin-glass problems with
planted solutions,” Phys. Rev. A 92, 042325 (2015).
Helmut G. Katzgraber, Firas Hamze, Zheng Zhu, An-
drew J. Ochoa, and H. Munoz-Bauza, “Seeking quan-
tum speedup through spin glasses: The good, the bad,
and the ugly,” Phys. Rev. X 5, 031026 (2015).

Vasil S. Denchev, Sergio Boixo, Sergei V. Isakov, Nan
Ding, Ryan Babbush, Vadim Smelyanskiy, John Marti-
nis, and Hartmut Neven, “What is the computational
value of finite-range tunneling?” Phys. Rev. X 6, 031015
(2016).

Salvatore Mandra, Zheng Zhu, Wenlong Wang, Alejandro
Perdomo-Ortiz, and Helmut G. Katzgraber, “Strengths
and weaknesses of weak-strong cluster problems: A
detailed overview of state-of-the-art classical heuristics
versus quantum approaches,” Physical Review A 94,
022337- (2016).

Walter Vinci and Daniel A. Lidar, “Optimally stopped
optimization,” Physical Review Applied 6, 054016—
(2016).

Tameem Albash and Daniel A. Lidar, “Evidence for
a limited quantum speedup on a quantum annealer,”
arXiv:1705.07452 (2017).

Salvatore Mandra and Helmut G. Katzgraber, “A
deceptive step towards quantum speedup detection,”
arXiv:1711.01368 (2017).

Fei Yan, Simon Gustavsson, Archana Kamal, Jeffrey
Birenbaum, Adam P Sears, David Hover, Ted J. Gud-
mundsen, Danna Rosenberg, Gabriel Samach, S Weber,
Jonilyn L. Yoder, Terry P. Orlando, John Clarke, An-
drew J. Kerman, and William D. Oliver, “The flux qubit
revisited to enhance coherence and reproducibility,” Na-
ture Communications 7, 12964 EP — (2016).

Steven J. Weber, Gabriel O. Samach, David Hover, Si-
mon Gustavsson, David K. Kim, Alexander Melville,
Danna Rosenberg, Adam P. Sears, Fei Yan, Jonilyn L.
Yoder, William D. Oliver, and Andrew J. Kerman, “Co-
herent coupled qubits for quantum annealing,” Physical
Review Applied 8, 014004— (2017).

R. Islam, C. Senko, W. C. Campbell, S. Korenblit,
J. Smith, A. Lee, E. E. Edwards, C. C. J. Wang, J. K.
Freericks, and C. Monroe, “Emergence and frustration
of magnetism with variable-range interactions in a quan-
tum simulator,” Science 340, 583-587 (2013).

J. Smith, A. Lee, P. Richerme, B. Neyenhuis, P. W.
Hess, P. Hauke, M. Heyl, D. A. Huse, and C. Monroe,
“Many-body localization in a quantum simulator with
programmable random disorder,” Nature Physics 12, 907
EP - (2016).

Jonathan Simon, Waseem S. Bakr, Ruichao Ma, M. Eric
Tai, Philipp M. Preiss, and Markus Greiner, “Quantum
simulation of antiferromagnetic spin chains in an optical
lattice,” Nature 472, 307 EP — (2011).

Martin Boll, Timon A. Hilker, Guillaume Salomon,
Ahmed Omran, Jacopo Nespolo, Lode Pollet, Immanuel

(45]

[46]

(47]

(48]

(49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

(58]

[59]

(60]

(61]

30

Bloch, and Christian Gross, “Spin- and density-resolved
microscopy of antiferromagnetic correlations in fermi-
hubbard chains,” Science 353, 1257 (2016).

Hendrik Weimer, Markus Miiller, Igor Lesanovsky, Peter
Zoller, and Hans Peter Biichler, “A rydberg quantum
simulator,” Nature Physics 6, 382 EP — (2010).

Thanh Long Nguyen, Jean-Michel Raimond, Clément
Sayrin, Rodrigo Cortinas, Tigrane Cantat-Moltrecht,
Fédéric Assemat, Igor Dotsenko, Sébastien Gleyzes,
Serge Haroche, Guillaume Roux, Thierry Jolicoeur, and
Michel Brune, “Towards quantum simulation with circu-
lar rydberg atoms,” arXiv:1707.04397 (2017).

Hannes Bernien, Sylvain Schwartz, Alexander Keesling,
Harry Levine, Ahmed Omran, Hannes Pichler, Soon-
won Choi, Alexander S. Zibrov, Manuel Endres, Markus
Greiner, Vladan Vuleti¢, and Mikhail D. Lukin, “Prob-
ing many-body dynamics on a 51-atom quantum simula-
tor,” arXiv:1707.04344 (2017).

J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis,
P. Becker, H. Kaplan, A. V. Gorshkov, Z. X. Gong,
and C. Monroe, “Observation of a many-body dynami-
cal phase transition with a 53-qubit quantum simulator,”
arXiv:1708.01044 (2017).

Richard P. Feynman, “Quantum mechanical computers,”
Optics News, Optics News 11, 11-20 (1985).

R.P. Feynman, “Simulating Physics with Computers,”
Intl. J. Theor. Phys. 21, 467 (1982).

D. Deutsch and R. Jozsa, “Rapid Solution of Problems
by Quantum Computation,” Proc. R. Soc. London Ser.
A 439, 553 (1992).

E. Bernstein and U. Vazirani, “Quantum Complexity
Theory,” in Proceedings of the 25th Annual ACM Sym-
posium on Theory of Computing (ACM, New York, NY,
1993) p. 11.

P. W. Shor, “Algorithms for quantum computation: dis-
crete logarithms and factoring,” Foundations of Com-
puter Science, 1994 Proceedings., 35th Annual Sympo-
sium on, 35th Annual Symposium on Foundations of
Computer Science, 1994 Proceedings , 124-134 (20-22
Nov 1994).

Lov K. Grover, “A fast quantum mechanical algorithm
for database search,” in Proceedings of the Twenty-
eighth Annual ACM Symposium on Theory of Comput-
ing, STOC 96 (ACM, New York, NY, USA, 1996) pp.
212-219.

Edward Farhi, Jeffrey Goldstone, Sam Gutmann, and
Michael Sipser, “Quantum Computation by Adiabatic
Evolution,” arXiv:quant-ph/0001106 (2000).

M. Born and V. Fock, “Beweis des adiabatensatzes,”
Zeitschrift fiir Physik 51, 165 (1928).

T. Kato, “On the adiabatic theorem of quantum mechan-
ics,” J. Phys. Soc. Jap. 5, 435 (1950).

L. M. Garrido and F. J. Sancho, “Degree of approximate
validity of the adiabatic invariance in quantum mechan-
ics,” Physica 28, 553-560 (1962).

G. Nenciu, “On the adiabatic theorem of quantum me-
chanics,” J. Phys. A: Math. Gen. 13, L15 (1980).

J. E. Avron, R. Seiler, and L. G. Yaffe, “Adiabatic theo-
rems and applications to the quantum hall effect,” Com-
mun. Math. Phys. 110, 33-49 (1987), erratum: ¢bid, 156,
649 (1993).

George A. Hagedorn and Alain Joye, “Elementary expo-
nential error estimates for the adiabatic approximation,”
J. Math. Anal. Appl. 267, 235-246 (2002).


http://arXiv.org/abs/1508.05087
http://link.aps.org/doi/10.1103/PhysRevA.92.042325
http://link.aps.org/doi/10.1103/PhysRevX.5.031026
http://link.aps.org/doi/10.1103/PhysRevX.6.031015
http://link.aps.org/doi/10.1103/PhysRevX.6.031015
http://link.aps.org/doi/10.1103/PhysRevA.94.022337
http://link.aps.org/doi/10.1103/PhysRevA.94.022337
http://link.aps.org/doi/10.1103/PhysRevApplied.6.054016
http://link.aps.org/doi/10.1103/PhysRevApplied.6.054016
http://arXiv.org/abs/1705.07452
http://arXiv.org/abs/1711.01368
http://dx.doi.org/10.1038/ncomms12964
http://dx.doi.org/10.1038/ncomms12964
https://link.aps.org/doi/10.1103/PhysRevApplied.8.014004
https://link.aps.org/doi/10.1103/PhysRevApplied.8.014004
http://science.sciencemag.org/content/340/6132/583.abstract
http://dx.doi.org/10.1038/nphys3783
http://dx.doi.org/10.1038/nphys3783
http://dx.doi.org/10.1038/nature09994
http://science.sciencemag.org/content/353/6305/1257.abstract
http://dx.doi.org/10.1038/nphys1614
http://arXiv.org/abs/1707.04397
http://arXiv.org/abs/1707.04344
http://arXiv.org/abs/1708.01044
http://dx.doi.org/10.1364/ON.11.2.000011
https://link.springer.com/article/10.1007%2FBF02650179
http://ieeexplore.ieee.org/document/365700/
http://ieeexplore.ieee.org/document/365700/
http://ieeexplore.ieee.org/document/365700/
http://dx.doi.org/ 10.1145/237814.237866
http://dx.doi.org/ 10.1145/237814.237866
http://dx.doi.org/ 10.1145/237814.237866
http://arxiv.org/abs/quant-ph/0001106
http://dx.doi.org/10.1143/JPSJ.5.435
http://dx.doi.org/http://dx.doi.org/10.1016/0031-8914(62)90109-X
http://iopscience.iop.org/0305-4470/13/2/002
http://dx.doi.org/ 10.1007/BF01209015
http://dx.doi.org/ 10.1007/BF01209015
http://www.sciencedirect.com/science/article/pii/S0022247X01977650

(62]

(63]

(64]

(65]

(6]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

(79]

(80]

(81]

Sabine Jansen, Mary-Beth Ruskai, and Ruedi Seiler,
“Bounds for the adiabatic approximation with appli-
cations to quantum computation,” J. Math. Phys. 48,
102111 (2007).

Daniel A. Lidar, Ali T. Rezakhani, and Alioscia Hamma,
“Adiabatic approximation with exponential accuracy
for many-body systems and quantum computation,” J.
Math. Phys. 50, 102106 (2009).

Yimin Ge, Andras Molnar, and J. Ignacio Cirac, “Rapid
adiabatic preparation of injective projected entangled
pair states and gibbs states,” Physical Review Letters
116, 080503— (2016).

S. Bachmann, W. De Roeck, and M. Fraas, “Adiabatic
theorem for quantum spin systems,” Physical Review
Letters 119, 060201 (2017).

Tameem Albash and Daniel A. Lidar, “Adiabatic quan-
tum computing,” Rev. Mod. Phys. (accepted) (2016).
S. P. Jordan, E. Farhi, and P. W. Shor, “Error-correcting
codes for adiabatic quantum computation,” Phys. Rev.
A 74, 052322 (2006).

G. Quiroz and D. A. Lidar, “High-fidelity adiabatic quan-
tum computation via dynamical decoupling,” Phys. Rev.
A 86, 042333 (2012).

Kevin C. Young, Mohan Sarovar, and Robin Blume-
Kohout, “Error suppression and error correction in adi-
abatic quantum computation: Techniques and chal-
lenges,” Phys. Rev. X 3, 041013— (2013).

Mohan Sarovar and Kevin C Young, “Error suppression
and error correction in adiabatic quantum computation:
non-equilibrium dynamics,” New J. of Phys. 15, 125032
(2013).

Kevin C. Young, Robin Blume-Kohout, and Daniel A.
Lidar, “Adiabatic quantum optimization with the wrong
hamiltonian,” Phys. Rev. A 88, 062314~ (2013).

Adam D. Bookatz, Edward Farhi, and Leo Zhou, “Error
suppression in hamiltonian-based quantum computation
using energy penalties,” Physical Review A 92, 022317—
(2015).

Iman Marvian and Daniel A. Lidar, “Quantum error sup-
pression with commuting hamiltonians: Two local is too
local,” Phys. Rev. Lett. 113, 260504~ (2014).

Zhang Jiang and Eleanor G. Rieffel, “Non-commuting
two-local hamiltonians for quantum error suppression,”
Quantum Information Processing 16, 89 (2017).

Iman Marvian, “Exponential suppression of decoher-
ence and relaxation of quantum systems using energy
penalty,” arXiv:1602.03251 (2016).

Milad Marvian and Daniel A. Lidar, “Error Suppres-
sion for Hamiltonian-Based Quantum Computation Us-
ing Subsystem Codes,” Physical Review Letters 118,
030504— (2017).

D. A. Lidar, “Towards fault tolerant adiabatic quantum
computation,” Phys. Rev. Lett. 100, 160506 (2008).
Anand Ganti, Uzoma Onunkwo, and Kevin Young,
“Family of [[6k,2k,2]] codes for practical, scalable adia-
batic quantum computation,” Phys. Rev. A 89, 042313
(2014).

Kristen L Pudenz, Tameem Albash, and Daniel A Li-
dar, “Error-corrected quantum annealing with hundreds
of qubits,” Nat. Commun. 5, 3243 (2014).

Kristen L. Pudenz, Tameem Albash, and Daniel A. Li-
dar, “Quantum annealing correction for random Ising
problems,” Phys. Rev. A 91, 042302 (2015).

Anurag Mishra, Tameem Albash, and Daniel A. Lidar,

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89)]

(90]

[(91]

92]

(93]

[(94]

[95]

[96]

[97]

31

“Performance of two different quantum annealing correc-
tion codes,” Quant. Inf. Proc. 15, 609-636 (2015).
Walter Vinci, Tameem Albash, Gerardo Paz-Silva, Itay
Hen, and Daniel A. Lidar, “Quantum annealing correc-
tion with minor embedding,” Phys. Rev. A 92, 042310
(2015).

Walter Vinci, Tameem Albash, and Daniel A Lidar,
“Nested quantum annealing correction,” Nature Quan-
tum Information 2, 16017 (2016).

Walter Vinci and Daniel A. Lidar, “Scalable effec-
tive temperature reduction for quantum annealers via
nested quantum annealing correction,” arXiv:1710.07871
(2017).

Shunji Matsuura, Hidetoshi Nishimori, Tameem Albash,
and Daniel A. Lidar, “Mean field analysis of quan-
tum annealing correction,” Physical Review Letters 116,
220501- (2016).

Shunji Matsuura, Hidetoshi Nishimori, Walter Vinci,
Tameem Albash, and Daniel A. Lidar, “Quantum-
annealing correction at finite temperature: Ferromag-
netic p-spin models,” Physical Review A 95, 022308
(2017).

V. Bapst, L. Foini, F. Krzakala, G. Semerjian, and
F. Zamponi, “The quantum adiabatic algorithm ap-
plied to random optimization problems: The quantum
spin glass perspective,” Physics Reports 523, 127 — 205
(2013), the Quantum Adiabatic Algorithm Applied to
Random Optimization Problems: The Quantum Spin
Glass Perspective.

G. G. Cabrera and R. Jullien, “Universality of finite-size
scaling: Role of the boundary conditions,” Phys. Rev.
Lett. 57, 393-396 (1986).

G. G. Cabrera and R. Jullien, “Role of boundary con-
ditions in the finite-size ising model,” Phys. Rev. B 35,
7062-7072 (1987).

C. R. Laumann, R. Moessner, A. Scardicchio, and S. L.
Sondhi, “Quantum adiabatic algorithm and scaling of
gaps at first-order quantum phase transitions,” Phys.
Rev. Lett. 109, 030502 (2012).

Manaka Okuyama, Yuuki Yamanaka, Hidetoshi Nishi-
mori, and Marek M. Rams, “Anomalous behavior of the
energy gap in the one-dimensional quantum xy model,”
(2015), 10.1103/PhysRevE.92.052116, arXiv:1508.02814.
A. Lucas, “Ising formulations of many NP problems,”
Front. Phys. 2, 5 (2014).

Masuo Suzuki, “Relationship between d-dimensional
quantal spin systems and (d+1)-dimensional ising sys-
tems: Equivalence, critical exponents and systematic ap-
proximants of the partition function and spin correla-
tions,” Progress of Theoretical Physics 56, 1454-1469
(1976).

B Seoane and H Nishimori, “Many-body transverse in-
teractions in the quantum annealing of the p-spin ferro-
magnet,” Journal of Physics A 45, 435301 (2012).
Manaka Okuyama and Masayuki Ohzeki, “An exact so-
lution of the partition function for mean-field quantum
spin systems without the static approximation,” arXiv
e-prints , arXiv:1808.09707 (2018), arXiv:1808.09707
[cond-mat.stat-mech].

T. Jorg, F. Krzakala, J. Kurchan, A. C. Maggs, and
J. Pujos, “Energy gaps in quantum first-order mean-
field-like transitions: The problems that quantum an-
nealing cannot solve,” Europhys. Lett. 89, 40004 (2010).
Tameem Albash, (Private communication).


http://scitation.aip.org/content/aip/journal/jmp/48/10/10.1063/1.2798382
http://scitation.aip.org/content/aip/journal/jmp/48/10/10.1063/1.2798382
http://scitation.aip.org/content/aip/journal/jmp/50/10/10.1063/1.3236685
http://scitation.aip.org/content/aip/journal/jmp/50/10/10.1063/1.3236685
http://link.aps.org/doi/10.1103/PhysRevLett.116.080503
http://link.aps.org/doi/10.1103/PhysRevLett.116.080503
https://link.aps.org/doi/10.1103/PhysRevLett.119.060201
https://link.aps.org/doi/10.1103/PhysRevLett.119.060201
http://arXiv.org/abs/1611.04471
http://link.aps.org/doi/10.1103/PhysRevA.74.052322
http://link.aps.org/doi/10.1103/PhysRevA.74.052322
http://dx.doi.org/ 10.1103/PhysRevA.86.042333
http://dx.doi.org/ 10.1103/PhysRevA.86.042333
http://link.aps.org/doi/10.1103/PhysRevX.3.041013
http://stacks.iop.org/1367-2630/15/i=12/a=125032
http://stacks.iop.org/1367-2630/15/i=12/a=125032
http://link.aps.org/doi/10.1103/PhysRevA.88.062314
http://link.aps.org/doi/10.1103/PhysRevA.92.022317
http://link.aps.org/doi/10.1103/PhysRevA.92.022317
http://link.aps.org/doi/10.1103/PhysRevLett.113.260504
http://dx.doi.org/ 10.1007/s11128-017-1527-9
http://arXiv.org/abs/1602.03251
https://link.aps.org/doi/10.1103/PhysRevLett.118.030504
https://link.aps.org/doi/10.1103/PhysRevLett.118.030504
http://link.aps.org/doi/10.1103/PhysRevLett.100.160506
http://link.aps.org/doi/10.1103/PhysRevA.89.042313
http://link.aps.org/doi/10.1103/PhysRevA.89.042313
http://dx.doi.org/10.1038/ncomms4243
http://link.aps.org/doi/10.1103/PhysRevA.91.042302
http://dx.doi.org/ 10.1007/s11128-015-1201-z
http://link.aps.org/doi/10.1103/PhysRevA.92.042310
http://link.aps.org/doi/10.1103/PhysRevA.92.042310
http://dx.doi.org/10.1038/npjqi.2016.17
http://dx.doi.org/10.1038/npjqi.2016.17
http://arXiv.org/abs/1710.07871
http://arXiv.org/abs/1710.07871
http://link.aps.org/doi/10.1103/PhysRevLett.116.220501
http://link.aps.org/doi/10.1103/PhysRevLett.116.220501
https://link.aps.org/doi/10.1103/PhysRevA.95.022308
https://link.aps.org/doi/10.1103/PhysRevA.95.022308
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2012.10.002
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2012.10.002
http://dx.doi.org/ 10.1103/PhysRevLett.57.393
http://dx.doi.org/ 10.1103/PhysRevLett.57.393
http://dx.doi.org/ 10.1103/PhysRevB.35.7062
http://dx.doi.org/ 10.1103/PhysRevB.35.7062
http://dx.doi.org/ 10.1103/PhysRevLett.109.030502
http://dx.doi.org/ 10.1103/PhysRevLett.109.030502
http://dx.doi.org/10.1103/PhysRevE.92.052116
http://dx.doi.org/10.1103/PhysRevE.92.052116
http://arxiv.org/abs/arXiv:1508.02814
http://dx.doi.org/ 10.3389/fphy.2014.00005
http://dx.doi.org/ 10.1143/PTP.56.1454
http://dx.doi.org/ 10.1143/PTP.56.1454
http://dx.doi.org/10.1088/1751-8113/45/43/435301
http://arxiv.org/abs/1808.09707
http://arxiv.org/abs/1808.09707
http://stacks.iop.org/0295-5075/89/i=4/a=40004

32

[98] Tameem Albash, Victor Martin-Mayor, and Itay Hen, “Quantum phase transitions in fully connected spin mod-
“Temperature scaling law for quantum annealing opti- els: An entanglement perspective,” Phys. Rev. A 83,
mizers,” Physical Review Letters 119, 110502— (2017). 022327 (2011).

[99] Michele Filippone, Sébastien Dusuel, and Julien Vidal,


https://link.aps.org/doi/10.1103/PhysRevLett.119.110502
http://dx.doi.org/10.1103/PhysRevA.83.022327
http://dx.doi.org/10.1103/PhysRevA.83.022327

	Nested Quantum Annealing Correction at Finite Temperature: p-spin models
	Abstract
	Introduction
	Hamiltonian for nested quantum annealing correction
	Second-order transition in the ferromagnetic model
	Problem formulation and the free energy
	The low temperature limit
	Arbitrary temperature

	Second-order phase transition

	Ferromagnetic p-body interactions with q-body penalty
	Free energy and scaling relations
	First-order phase transition
	p=q=4
	p=4, q=2

	Comparison with the unencoded case
	Penalty strength and first-order phase transitions at zero temperature for q=2
	p=3
	p=4
	p5

	Energy gap from instanton analysis
	C dependence and  dependence

	Failure of the mean field analysis for the fully-encoded case
	Discussion and Conclusions
	Acknowledgments
	Derivation of the free energy of NQAC
	Limit considerations
	Energy and degeneracy for p=2 in the ferromagnetic case
	Excited states and first order phase transitions when p3 in the ferromagnetic case

	Energy gap in the second order phase transition
	The antiferromagnetic case
	Hybrid NQAC-PQAC strategy
	Ferromagnetic case
	Antiferromagnetic case

	Excited states
	The ferromagnetic case for p=2
	The antiferromagnetic case for p=2

	References


