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To gain better insight into the complexity theory of quantum annealing, we propose and solve
a class of spin systems which contain bottlenecks of the kind expected to dominate the runtime

of quantum annealing as it tries to solve difficult optimization problems.

We uncover a noise

amplification effect at these bottlenecks, whereby tunneling rates caused by flux-qubit noise scale in
proportion to the number of qubits AV in the limit that A — oco. By solving the incoherent annealing
dynamics exactly, we find a wide range of regimes where the probability that a quantum annealer
remains in the ground-state upon exiting the bottleneck is close to one-half. We corroborate our
analysis with detailed simulations of the performance of the D-Wave 2X quantum annealer on our

class of computational problems.

I. INTRODUCTION

Quantum Annealing (QA), a quantum heuristic for ap-
proximately solving NP-hard binary optimization prob-
lems, is already in commercial use [1-7] in machine learn-
ing and artificial intelligence applications. The algorithm
works by mapping Quadratic Unconstrained Binary Op-
timization (QUBO) problems to the problem of solving
for the ground state of a spin glass Hamiltonian. The
time-complexity of QA, however, that is, how the re-
quired resources for running the algorithm scale with
problem size, is still under investigation. The scaling be-
havior has been computed only for several optimization
problems [8-11].

A key benchmarking problem in QA is the question of
how an adiabatic quantum computer performs on spin
glass bottlenecks. Those are time intervals during the
annealing schedule where the gap shrinks exponentially
with problem size, see Fig. 1. A cascade of hard bot-
tlenecks was found [11] in the ordered phase of the an-
nealing process. Over a decade later, another work |[§]
provided an exactly solvable spin glass system, where the
scaling of the gap at these bottlenecks was obtained via
analytical arguments, as opposed to the usual, numeri-
cal treatment. As a result, it is now understood that the
time-complexity of quantum annealing for large problems
is dominated by spin glass bottlenecks [1, 12-16]. There
are two general features of these bottlenecks, (i) an ex-
ponentially small gap as the system size N grows, and
(ii) a quantum tunneling event that flips O(N') spins.

These features can be embedded in a simple model,
which can then be solved exactly (some properties are
accurately accessible only in the asymptotic limit of
N — o0). To the best of our knowledge, there have
been no analytical studies of the effects of realistic
(i.e. longitudinal) qubit noise at bottlenecks of QA
in the presence of frustration, in the limit of large A
[17, 18]. In this study, we ultimately find that, at

FIG. 1. One-dimensional bottlenecks of quantum annealing.
The plot shows some exponentially-small gaps in the spec-
trum (obtained by exact diagonalization) of a 1+1 dimen-
sional N' = 7 transverse-field Ising spin glass. Only one is a
bottleneck (i.e. involves the instantaneous ground state |GS),
shown in the inset). Multiqubit-tunneling at this bottleneck
is asymptotically proportional to the number of qubits N,
magnifying annealing errors in the adiabatic limit. The fig-
ure shows instantaneous eigenenergies F of the Hamiltonian
in Eq. (1) as a function of B(¢) for representative values of
J; couplings in Eq. (3).

an annealing bottleneck, the effects of frustration on
multiqubit tunneling are washed-out in the large-A
limit, leaving behind a large-A noise amplification effect.
In particular, we find that tunneling rates in a wide class
of frustrated spin chains diverge as N'M?, where M is a
suitably-defined bulk spontaneous magnetization. This
gives analytical confirmation of prior work, which has
found that the effective multiqubit noise spectral density
at an annealing bottleneck grows as the multiqubit
Hamming distance between the crossing states [19, 20].



The rest of the paper is organized as follows. We intro-
duce and discuss basic properties of our exactly solvable
model of bottlenecks in QA in Section II. Section I1I con-
centrates on the effects of ambient noise at the QA bot-
tlenecks. We solve the Redfield equation to predict the
behavior of the annealing processor at the bottleneck at
finite temperature in Section IV. We conclude with the
main results in Section V.

II. A MINIMAL MODEL OF A SPIN GLASS
BOTTLENECK OF QA

We now search for the simplest class of Ising spin sys-
tems containing a spin glass bottleneck, where the mini-
mum gap decreases exponentially as the number of qubits
N — oco. Note that spin glass bottlenecks with frustra-
tion are impossible to realize with mean-field-like prob-
lem Hamiltonians (i.e. problem Hamiltonians with all-
to-all interactions), thus motivating an investigation of
the one-dimensional case. Defining Pauli matrices o7,
« = x, z acting on sites j of a lattice, the one-dimensional
transverse-field Ising spin glass has Hamiltonian

Ho(t) = Hp + B(t) Z &r. (1)

The parameter B(t) here represents a uniform transverse

magnetic field, and the problem Hamiltonian Hp for the
one-dimensional Ising spin glass is

N
Hp ==Y J0505,, (2)
j=1

where here, J; denotes a coupler connecting qubits j
and j + 1, and it is understood that the qubit in-
dices j are to be interpreted modulo A/. The one-
dimensional transverse-field Ising model can be mapped
to free fermions [21], and is thus a good place to gain some
useful physical intuition about these bottlenecks. The
simplest one-dimensional annealing problem containing
a spin glass bottleneck is the Frustrated Ring, the one-
dimensional spin system depicted in Figure 2. The cou-
plings J; for the Frustrated Ring are given as follows:

Jr j=n,n+1
—Jr j=2n+1 |, (3)
J otherwise

Jj =

here, 0 < Jg < Jr < J, and we make the total number
of qubits AV = 2n + 1 odd, to make the problem more
symmetric (and thus more amenable to an exact calcula-
tion). The Frustrated Ring is a minimal model of a spin
glass bottleneck, because, in one dimension, one must
modify at least three couplers in an otherwise uniform
graph to achieve a spin glass bottleneck; the Frustrated
Ring saturates this lower bound.
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FIG. 2. The Frustrated Ring (c.f. Eq. (2)) is specified by the
above weighted graph. Links correspond to couplings between
sites represented by circles. It is a solvable 1D model of a
spin glass bottleneck of QA. Red (blue) circle denotes spin up
(down).
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FIG. 3. Performance of the D-Wave 2X quantum annealer
on the Frustrated Ring benchmark (c.f. Figure 2). In the
regime 0 < Jp < Jp < J, JJr > J; (the region between
the two black curves), the annealing schedule of the Frus-
trated Ring contains a spin-glass bottleneck. Within the bot-
tleneck regime, the probability that the D-Wave 2X returns
the groundstate of the Ising Hamiltonian in Eq. (2) decreases
noticeably from ~ 1 (yellow) to ~ 0.4 (dark blue). Here,
N =8, and the coupling J = 1 in the bulk of the chain.

The Frustrated Ring is frustrated, and therefore has a
forced excitation in its groundstate. At zero transverse
field B(t) = 0, there are two generic positions where this
excitation likes to reside: (i) at the antiferromagnetic
coupler Jg (forming the frustrated groundstate |¥g)),
and (ii) at either of the two weak ferromagnetic cou-
plers Ji, (forming degenerate first-excited states |¥p)),
see Fig. 4. At a special value of the transverse-field By
within the ordered phase of the anneal, the |Ug) states
and a pair of |¥p) states form an avoided crossing with
a gap that scales as

A (7 = 72) \™ A
min e (JR(J2 - J§)> ’ @

which is exponentially small in AV, as desired (see Fig. 5).
Representative performance of the D-Wave 2X quantum
annealer in the bottleneck regime, JJp > J3, is depicted
in Fig. 3. Since |¥r) and |Vg) differ by flipping half
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FIG. 4. Lowest energy states of the Frustrated Ring, at the
end of the annealing process. The green loop denotes a bond
that gives a positive contribution to the energy of the Hamil-
tonian in Eq. (2). In (a), |Ug) is formed by violating the

anti-ferromagnetic bond Jg. |¥r) is obtained by violating
either of the two weak ferromagnetic bonds Ji,, as shown in

(b).

of the spins, the avoided crossing of these states has two
key features in common with spin glass bottlenecks: (i)
an exponentially small gap, and (ii) a quantum tunneling
event that flips O(N) spins.

A. Annealing schedule

We now analyze the annealing schedule of the Frus-
trated Ring, and demonstrate that it runs in exponential
time (assuming completely coherent processor dynam-
ics). The first step in the analysis consists of reinter-
preting the system of interacting spins as a system of
non-interacting fermions. In this new description, the
global spin-flip symmetry becomes a symmetry (—1)"*,
which counts the number of fermionic excitations modulo

2:

() =

—

I
-

67 . [Ho(®), (-] =0. (5)
J
The appropriate fermionic operators 41,4z, - ,Jon~ are

Majorana fermions, i.e. they generate the Clifford alge-
bra

Yi%; + 5% = 2045 (6)

These Majorana fermions are written in terms of the orig-
inal spin operators via the Jordan-Wigner transformation

07 = —iy2j-1%25 »

0% = (=)Ao - (7)
In terms of the fermionic operators, the theory decouples
into two free theories:

Hy (1) = =iy J5 429241

e (8)
+iB(t) Y A2j-1%2
j

where in = J; for j # N; Jff EAiJN, and HF (1)
denotes the annealing Hamiltonian Hy(t) restricted to

the sector with an even and odd number of Majorana
fermions, respectively.
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FIG. 5. (a) The low-energy spectrum of an A" = 7 Frustrated
Ring computed for representative values of couplings J; in
Eq. (1) and Eq. (3). Note the avoided crossing. (b) Due
to Zy Ising symmetry, the annealing bottleneck consists of
two crossings, one occurring in each symmetry sector. In the
Frustrated Ring, the odd-parity crossing is gapless. However,
only the even-parity crossing is seen by the coherent annealing
dynamics (see [22] for details), and thus the even-parity gap
(see Eq. (28)) determines the QA time-complexity of this
problem.

1. Zero transverse field

The non-interacting theories may be diagonalized via
the Bogoliubov-de-Gennes formalism for all B(t). To di-
agonalize the theories at the end of the anneal (when the
transverse field is completely turned off), we form the
complex fermions

&L=y + iy, 9)
Cjx 1= Y25 — V2541 (10)

In terms of the complex fermions, both free theories take
the following diagonalized form at B = 0:

Hy(t) = > Jichacia (11)
J



J; >0 for all j, and so, in the odd-fermion sector, all
fermionic quasiparticles thus have positive energy at B =
0. The groundstate in this sector is

[V5) = chr_12-), (12)

Similarly, the two degenerate first-excited states in this
sector are produced by exciting the bonds Jy, at the left-
most portion of the graph:

97) = cly 19, (13)
97) = v, -19-), (14)

where we have factored NV = 2N + 1. The energies of the
above states are equal to the odd-parity vacuum energy,
plus the energy Jg 1, of the bond violated in each case, as
expected from examination of the diagonal form of the
Hamiltonian in Eq. (11). In the even-fermion sector, the
analysis is a bit more complicated, as the presence of an
antiferromagnetic bond means that when that bond is
violated, the spin chain loses energy. In the fermionic
picture, this is reflected by the fact that the fermionic
quasiparticle ¢} N+ has negative energy. Accordingly, the
groundstate in the even-fermion sector is just vacuum:

W) = 0. (15)

It is impossible to have a single fermionic excitation in
this sector. The next-lowest energy eigenstates thus have
two excitations each:

|‘I’J£> = Cj\f,+C}LV,+‘Q+>u (16)
|\I/+'> = C}L\/,+C]1L\I+1,+|Q+>a (17)

where we have again factored A' = 2N + 1. The energies
of the above states are equal to the even-parity vacuum
energy, plus the difference J;, — Jg. Again, here, the
quasiparticle C}L\/—’ ., has negative energy, as it produces a

domain wall at the antiferromagnetic bond JI/ < 0.

2.  Nonzero transverse field

We now make general comments about the above low-
lying spin chain eigenstates in the presence of a nonzero
transverse field B(t) > 0. In general, the diagonal form
Eq. (11) is now dependent on the transverse-field value
B(t). The odd-parity Hamiltonian H; () is simplest to
analyze, as all of its coupling constants are positive in the
limit B — 0, and thus all fermionic excitations (for suf-
ficiently small transverse field) still have positive energy.
For B > 0, the energies € > 0 of these excitations will in
general have some non-trivial dependence on the trans-
verse field, leading to an energy dispersion curve €(B).
For instance, for the right-most localized bound state,

ex,+(B) Fal FJr, etc.. (18)
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FIG. 6. The bonds Jr, support a pair of fermion bound states
b and CTL,, shown in (a) with energies er(B) and er/(B)
shown in (b).
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FIG. 7. The BdG-boundstate crossing (a) A fermion
bound state (a dressed 0O-dimensional domain wall) tunnels
across the graph from left to right. It flips all of the qubits
along its way. (b) Bound-state energies as a function of B.
As external field B is lowered, the defect é; becomes energet-
ically favorable at By, and the tunneling shown in panel (a)
takes place.

When any one of these dispersion curves crosses the hor-
izontal line €(B) = 0, the model becomes gapless. We
call the smallest transverse field at which this happens
B., i.e. the critical value of the transverse-field.

We then define B(t) < B. to be the ordered phase of
the anneal, and the remaining regime B(t) > B, to be the
paramagnetic phase of the anneal. In the ordered phase,
the Bogoliubov de-Gennes (BdG) equations centered on
the bond Jy, = Jr may be solved exactly, producing
a fermion bound state ¢r exponentially localized at the
right-end of the graph, creating the odd-parity ground
state.

V7)== ch_12-). (19)
Similarly, in the limit A/ — oo, the BdG equations cen-
tered on the bond J;, may also be solved exactly (see Ap-
pendix A), yielding two low-energy bound states ¢y, ér/
exponentially localized at the left-end of the graph, so
that the next-lowest energy states with odd-parity are

p)=ep [0, (20)
VL) = ép 1), (21)
The corresponding energies of the states Egs. (19-21)

are €.+ eR, and €,,. + €7, and €,,, + €, respectively,
where €. is the energy of the odd-parity vacuum state



|27). From the definition, it is then clear that, whenever
the energy dispersion curves e, (B) and €, (B) cross, the
corresponding spin-chain eigenstates Egs. (19-20) cross
in energy.

In the even-parity sector, a similar picture emerges,
although the energy considerations are complicated by
the fact that some defects have negative energy in the
ordered phase, as the even-parity Hamiltonian ng con-
tains a coupling constant JI/ = —Jgr which is negative.
However, after some book-keeping, one can deduce the
three-lowest energy states in the even-fermion sector,
which we list below:

W) = 194), (22)
(Uh) =éh el L 10y). (23)
(WF) = ch el 10 (24)

As in the odd-parity case, the corresponding energies of
the states Eqs (22-24) are €y, €/ + €5 + €, and
€T €r, +ef respectively, where €, is the energy of the
even-parity vacuum state |Q2T). Again, this means that
when the energy dispersion curves |ef(B)| and €] (B)
cross, the corresponding spin-chain eigenstates Eqgs. (19-

20) cross in energy. Here, we have taken the absolute
value of the energy of the right-localized defect ék 4> as
this defect has negative energy throughout the ordered
phase B(t) < B, of the anneal.

The origin of the annealing bottleneck becomes clear
once one realizes that the level repulsion between €y, €5/
deflects the energy dispersion curve er(B) of the ¢ép-
defect downwards (see Figure 6), so that, for JJr > JZ,
it crosses with the energy of the ¢g defect at a tunable
B = B, value of the transverse-field within the spin-glass
phase of the anneal:

_ 1 (2= JDUE - TR)
Bb:i

Jr JP+JL—2J2

<B,. (25)

A rigorous derivation of the identity in Eq. (25) is
carried out in Appendix A. The level crossing produces
the situation in the odd-fermion sector depicted in
Figure 7, where a forced excitation (forced by parity
constraints) must quantum-mechanically tunnel from
left to right in the graph. A similar situation occurs
in the even-fermion sector, leading to a second level
crossing at B = By. So, in total, at B = By, two pairs
of energy levels cross.

8. Scaling of the gap

The previous analysis was only exact in the limit
N — oco. At finite NV, in each parity sector, there will
be hybridization between boundstates localized at oppo-
site ends of the graph (due to finite-size effects), and so,
directly at the minimum gap region, the true fermonic

eigenmodes will sweep rapidly through a mixture of left-
and right-modes, producing an avoided (Landau- Zener)
crossing. For example, in the even-fermion sector, one
can define a Landau-Zener approach angle

A(B)
tan20p7(B) = ——
¢x(B) — ¢ (B)

where A(B) is defined as the (exponentially-small) over-
lap between the left- and right-localized even-partity
fermion boundstates. In terms of 0y, the two lowest-
energy excitations become:

éErH_ :éTR’+Sin9Lz+éTL’+COSQLZ , (26)

éJ{’_,'_ZETL’_FSiIl&Lz—éJIr%,_i_COSQLZ . (27)

In contrast, the odd-parity bound states do not hybridize,
as they have different parities under spatial reflection j —
N — (5 —1) (see Appendix A), and the crossing there is
exact, for all N' < oo. Therefore, at B = By, in the large-
N limit, there is a pair of crossings, with each crossing
occurring in a distinct eigenspace of (—1)V7 | ie. each
crossing is labelled by a distinct Z, quantum number, see
bottom portion of Fig. 5. The scaling of the hybridization
of the even-parity boundstates at the bottleneck location
gives the inverse QA runtime

JI2 — 2\
Y (JR(f2 - fé)) T

A(By)
which is exponentially small in AV, as desired. Note that
the spectral data in the odd-parity sector is irrelevant in
analyzing the time-complexity of the closed-system an-
nealing dynamics, as the odd-parity sector is never vis-
ited during the coherent evolution. This is because the
initial state of the QA protocol always has even spin-flip
parity (see, e.g. [22]), and spin-flip parity is conserved
throughout the annealing schedule.

III. ANALYSIS OF FLUX QUBIT NOISE AT
THE ANNEALING BOTTLENECK

In this section we turn our attention to the effects
of ambient flux qubit noise at a frustrated spin glass
bottleneck. In the D-Wave 2X quantum annealer,
fluctuations in onsite qubit flux bias form the dominant
source of noise [19, 20]. This flux bias noise is accurately
modelled by the following system-bath Hamiltonian:

. A N
HD—Wave = HO Z

Z/\ (bjou +01,) (30)
Hp = Z he (Y b +1/2) (31)

+ HB ) (29)
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FIG. 8. Probability of success vs. Jr, for the D-Wave 2X. The
plot shows probability P that the D-Wave 2X at Los Alamos
National Laboratory finds the optimal answer to the Frus-
trated Ring MAXCUT problem, as a function of the param-
eter Jr of the Frustrated Ring for system size N' = 6,8, 10.
We considered the Frustrated Ring defined by the following
coupling parameters: J =1, Jrg = 0.2 and 0.2 < Jr < 0.5.
The simulation on D-Wave 2X was run with annealing time
tqga = 5 ps and temperature 7" = 15.5 mK. We find quali-
tative agreement of numerical Redfield simulations with the
D-Wave 2X.

where the bath operators {b;, }. for each flux qubit sat-

isfy standard bosonic commutation relations [b; ., b;r-’u,]
Ou,u’, and wy, is the frequency of mode u and A, sets the
interaction strength between that mode and its corre-
sponding qubit. For weak noise strength, the effects of
the flux bias fluctuations on the system dynamics are
uniquely characterized by the noise spectral density of

these fluctuations:

S)= [ diet (et e itating ) (39)

0

which we assume to be identical for each qubit. For sim-
plicity, in this study we assume the spectral density of
the noise to be Ohmic:

nwe~“Te

— 32
Slw)=h 1 —exp(—hw/kpT) (33)

at temperature 1. Here, 1 characterizes the strength of
the fluctuations in the flux bias, and is typically measured
in macroscopic resonant tunneling experiments on the
individual qubits in the processing unit. For the D-Wave
2X annealer at NASA QuAlIL, n was measured to be
~ 0.24 in the regime B = 0 [19]. We use this value of 5
for our numerical simulations of the D-Wave 2X at Los
Alamos National Laboratory.

We treat the open-system dynamics specified by Egs.
(29-31) in the Bloch-Redfield approximation, which, at
the qualitative level, closely predicts the probability P
that the D-Wave 2X machine returns a global minimum

of the Frustrated Ring MAXCUT problem:
P={(00---0[pf]00---0) + (11---1|pf|11---1), (34)

where here, py is the collective density matrix of the
qubits in the annealer at the end of the anneal, and
{000---0,111---1} is the complete set of bit strings
which solve the Frustrated Ring MAXCUT problem.
The actual success probability observed in the D-Wave
2X quantum annealer, compared with the simulated
success probability (according to the Bloch-Redfield
simulation of the quantum processor) is plotted in Fig. 8.

Assuming the annealing processor is completely inco-
herent, i.e. the off-diagonal matrix elements of p vanish
in the energy eigenbasis, then the Redfield master equa-
tion degenerates into a kinetic equation involving tunnel-
ing rates between instantaneous eigenstates. These are
given by Fermi’s golden rule as (c.f. [20]):

1
Fiyp= Thgs(wiaf) -Oisg (35)
N
Oi%fEZ|<\IIi‘6]z'|\ij>|2 ) (36)
=1

where here, w;_,; is the gap frequency (E;, — Ey)/h be-
tween the initial |¥;) and final eigenstate |¥ ). Directly
at the bottleneck in our frustrated spin system, we will
find this incoherent evolution to be analytically solvable
in the large-A limit. Symmetry simplifies the problem:
since 6% flips the Zs quantum number corresponding to
spin-flip parity, the relevant form-factors that need to be
calculated are (assuming the temperature is sufficiently
low so that we can assume that the four-lowest levels are
populated during the evolution):

Ovt - = Y TFIGF 1), (37)
J

Oo+ - = »_ (¥ 165 1% )17, (38)
J

O+ - = Z |<\P1+|&;|\Ilz>|2 ) (39)
j

Orisn- =D (Uo7 WR) . (40)

J

All other matrix elements vanish by symmetry, because
6% mixes fermionic Zy parity symmetry. To calculate the
transition rates, we expand them so that they are written
completely in terms of the basis {|¥7), |¥x), [¥1), [U5)}
of crossing states:

OO+HL,R— = Z ‘sin 0LZ<‘I’J15|6JZ'|‘I’Z,R>
I (41)

2
+ cos 0z (VT16519, 2)|



Ol+—>L7R* = Z ‘COS 9LZ<‘I’J15|&JZ‘“I’Z,R>
i (42)

—sin Oz (V67197 »)

Some comments are in order. In general, tunneling due
to non-fermionizable (i.e. 6%) noise in a one-dimensional
quantum spin glass is analytically intractable due to the
fact that the interacting portion of the Hamiltonian in
Eq. (29) maps to a Jordan-Wigner string

> 55Q =D A Aaier D Aulbia + L) -
J j “

(43)
Therefore, solving the full D-Wave dynamics even at the
perturbative, Markovian level is widely considered to be
analytically intractable [17, 18]. For example, one of
the tunneling matrix elements above involves an inner-
product of the form

<‘I’E|&;‘|‘I’1}> = <Q+|(*i)j’71 e "72;‘716}1,,@—) - (44)

The Jordan-Wigner string in the above equation means
that the matrix element evaluates to a determinant of
growing size. Furthermore, the parity-dependent bound-
ary conditions and broken translational invariance of the
model, make the attempts of obtaining the closed-form
solution futile. What is more, the perturbative treat-
ment of this matrix element is also ill-fated because of
the short radius of convergence of perturbation theory in
B in generic spin glasses (inevitably occurring at the first
closing of the gap). In this work, we treat the transverse-
field at the non-perturbative level by performing a field-
theoretic calculation (see Appendix B), leading to an an-
alytical understanding of flux qubit noise at a spin glass
annealing bottleneck.

A. Non-perturbative large-N calculation of
tunneling rates

We begin by computing the off-diagonal, i.e. |[¥r) —
|¥R), matrix elements. These vanish in the large-A limit
as a consequence of Lieb-Robinson bounds [23]. For ex-
ample, we can factor

(T7|65105) = (TE(0)|65(B)[Tx(0) ,  (45)

where 6%(B) = Ut (B)&jU(B), and the unitary U(B) has
the general form

U(B) = Tle ' fo’ 4B H B (46)

with H defined in [23]. Now, suppose B < B, is fixed.
Since H has a spectral gap which is at least O(1) for
all B' < B, U(B) is a constant-depth unitary circuit
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FIG. 9. Noise amplification at a spin-glass bottleneck. Very
close to the annealing bottleneck, provided that the qubit in-
dex j is in the bulk of the chain, the noise matrix element
Of, = 6(By — B)(Wg |65|U7)[° +6(B — By) (Vg |65|0)[
(c.f. Egs. (37-40)) approaches the predicted value of (1 —
(By/J)*)**/2 (dashed line). This is 1/2 the squared magne-
tization of the uniform quantum Ising chain. Therefore, the
corresponding transition rate (which is a sum over all qubits)
is O(N). See text for details.

[24]. That is, 63(B), up to exponentially small correc-
tions constant in NV, is supported on a region of constant
size. However, [¥F) and |U5) at B = 0 are separated by
~ N/2 spin flips. Therefore, for any fixed B < By, the
matrix elements mixing |¥ ) with |Ug) are exponentially

small in N, i.e.
WHET) ~ O,

with ¢ a constant. Within a sufficiently small neighbor-
hood of the crossing, we can assume the diabatic crossing
states |UF) and \\IJ@ to be approximately independent
of B (with the B-dependence of the true eigenstates due
to mixing within the subspace spanned by these cross-
ing states). Therefore, for B > B, sufficiently near the
crossing, the off-diagonal matrix elements are also expo-
nentially small. Via the exact same reasoning, we also
have the asymptotic behavior

(Wlo50)  ~ O™ V2) (48)

for the other off-diagonal matrix element with ¢’ another
constant. Again, this follows from the fact that at B =0
the state | U5, is separated from the state [0} ) by ~ N/2
spin flips.

In summary, the off-diagonal contributions to multi-
qubit tunneling asymptotically vanish near the crossing
in the large- N limit. Therefore, provided that we are suf-
ficiently close to the crossing point so that neither tan 6,z
nor cot 0,z are exponentially small in N, we can ignore
these off-diagonal contributions. In this limit, the large-



N tunneling form factors have the asymptotics
.2 + —\|2
Opi - vy D sin® Ouz|(WRlof[WR) 2, (49)
J

Ovit vy Do Ouzl(WEIOHIWE)E . (50)
J

with analogous expressions for Oy+_,p- 1-. To calculate
the simplified form factors given by Egs. (49-50), we be-
gin with the following generic observation: for each time-
dependent annealing Hamiltonian Hy(t) specified in Eq.
(1), let Ho(t) denote the annealing Hamiltonian obtained
by flipping the sign of Jn,. Upon taking the Jordan-
Wigner transformation (c.f. Eq. (8)), we then have the
following relations:

Hy (t) = HF (t) - (51)

These relations are completely general and hold for any
quantum spin glass on a 2-regular graph. Crucially, if
Hy is frustrated, Hy lacks frustration, and thus perhaps
easier to characterize. For the Frustrated Ring, we can
use the above relation to obtain a complete solution to
the incoherent tunneling rates (c.f. Egs. (37-40)) in the
large-N limit.

Indeed, in Appendix B, we derive the following crucial
identities relating low-lying eigenstates of the Frustrated
Ring benchmark with those of its ferromagnetic counter-
part H:

<WE,L|U§|\IIE,L> = _<‘IIE,L|UJZ‘|‘I’E7L> + O(e_Kle_jR‘) )
(52)

here, jgr is the position of the antiferromagnetic coupler
Jr, and kg is the wavenumber of the boundstate éTR.
Note that these errors are localized at the position of
the Jg-coupler, and thus do not grow if we sum over all
qubits in the graph. N

To summarize, by the replacements |\I/iR> — \\IlfR>,
we can relate our frustrated tunneling form factors to
those in an unfrustrated spin system H (c.f. Eq. 51), at
the cost of inducing an error which does not grow with
the total number of qubits /. We thus have

Ovrosr- D sin 0z (Vo5 | TP, (53)
J

Ot > cos? 0z [(UF |0 W )2, (54)
J

with analogous expressions for O;+_,p- 1-. Note that
the above asymptotics are not valid unless the expres-
sions in Eqs. (53-54) are asymptotically greater than
O(1); we will find that this is the case (c.f. Egs. (58-
59)), so that our calculation is self-consistent. The
frustration-free version (Hy) of our problem is much eas-
ier to solve: in particular, any frustration-free spin sys-
tem is gauge-equivalent to a ferromagnet via a local Zs

041
o—s exact diagonal., N = 23
| | —  theoretical prediction
0.3
o
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o
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FIG. 10. Analytical description of a spin glass bottleneck of
quantum annealing. Very close to the bottleneck, the mul-
tiqubit tunneling rate I'o2 = 0(By — B)Tg+ - + 0(B —
Bp)To+_, g- (black) is given exactly by the analytical expres-
sion (58-59) (red). We utilize this analytical understanding
to probe the dynamics of a finite-temperature anneal through
this region.

gauge-transformation of the form

Ug) = [J(e)*, (55)

with g; € {0,1}. In fact, we find that the matrix elements
in Egs. (53-54) are related to the spontaneous magnetiza-
tion of the ferromagnetic spin chain H. Indeed, at B = 0,
we have

(ThI65TR) =1, (56)
(U7 ]621Wy) ~ sgn(y) - (57)

Therefore, at zero transverse field, the above matrix ele-
ments have the physical meaning of being the local mag-
netization of each state (in Egs. (56-57), we have im-
plicitly re-indexed the qubits from j = —n,---,0,--- ,n,
where N' = 2n + 1). Exact analytical expressions for the
matrix elements in Egs. (56-57) in the more general case
B > 0 can be obtained by performing a field-theoretic
calculation in the corresponding two-dimensional classi-
cal Ising model (see Appendix B). There, we find that
the absolute values of the magnetizations in Egs. (56-
57) approach the bulk value M = (1 — (B/.J)?)/%. Note
that M is equal to the bulk spontaneous magnetization of
a quantum Ising chain with uniform ferromagnetic cou-
pling J [25]. A transfer matrix argument in Appendix
B is used to show that this convergence is exponentially
fast in the distance from the Jr,, Jg defects. We confirm
this prediction with exact diagonalization for A up to 23
sites, see Fig. 9.

As a result, the multiqubit tunneling rates at the spin
glass bottleneck have the following large-A" asymptotic



form:
2 2
FO+—>L_ N:oo S(WQ-FA)L—)W cos” Oz 5 (58)
NM? |
Lo+ r- N S(“’O*ﬂR*)WSan Oz, (59)

which is O(N), with similar expressions for I'i+_, ;- p-.
Again, M = (1—(By,/J)?)"/8, the bulk value of the spon-
taneous magnetization of the one-dimensional transverse-
field Ising model, sets the coefficent of scaling. The
above expressions are in excellent agreement with exact-
diagonalization for N up to 23 sites, as shown in Fig. 10.

The physical implications of Egs. (58-59) above are
clear: in the Landau-Zener formalism, at ¢t = —oo,
(sinf,cosf) = (0,1), and then, at ¢ = oo, we have
that (sin#,cosf) = (1,0). Therefore, at t = Foo, the
transition rate is predominantly the exponentially-small
|¥r) — |¥R) cross-terms (which were neglected in deriv-
ing (58-59)), and the approximation breaks down. How-
ever, at the bottleneck ¢ ~ 0, the transition rate quickly
reaches a peak which is asymptotic to N'M?/2, times
the noise-spectral density evaluated at the minimum gap
frequency.

IV. LARGE-N LIMIT OF QUANTUM
ANNEALING THROUGH THE BOTTLENECK
AT FINITE-TEMPERATURE

The simple analytical formulae (58-59) demonstrate
the existence of a linear O(N) tunneling peak near a
quantum annealing bottleneck, and establish the rela-
tion of the scaling coefficient to a suitably defined bulk
spontaneous magnetization, M, in our benchmark spin
system. Using these asymptotics, we can rigorously ana-
lyze the effects of flux-bias noise on a quantum annealing
chip at a spin glass bottleneck, in the limit that the num-
ber of qubits tends to infinity.

Assuming that the annealing processor is fully inco-
herent, the density matrix p of the system is diagonal in
the eigenbasis {|U{), |¥T), [U5),|¥ )} of the coherent

portion H, of the quantum annealing Hamiltonian (29):

o= Py [93) (W5 | + Py [w) (W]

T e oD (60)
+PR‘\I/R><\I,R| +PL ‘\I/L><\I/L| .

Under those assumptions, the density matrix satisfies in-
coherent time-evolution in terms of rates of the form I';_, ;

BtPOJr ZFL—_)0+PE + PR——>0+PE

> Tormn-o-F (61)
L~ R~

constituting a kinetic equation of Pauli type. Via Egs.
(58-59), the multiqubit tunneling rates in the above equa-
tion can then be computed exactly in the large-N limit,
within a sufficient radius of the crossing point such that

0.8
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FIG. 11. Freezing of annealing dynamics after a spin glass
bottleneck. The plots show ground state population Pgs =
Py + Py as a function of dimensionless annealing parame-
ter s = t/tqa for two temperatures of the annealing chip,
T = 15.5 mK in panel (a) and 7' = 1.55 mK in panel (b). At
typical operating temperatures of the D-Wave 2X, both P
and Pg are nontrivial (c.f. Frustrated Ring depicted in panel
(a)) but at low-temperatures, Pr is negligible (c.f. Frustrated
Ring depicted in panel (b)). In both regimes however, we note
that nontrivial population transfer occurs directly at the bot-
tleneck and then stops completely, making bottleneck physics
particularly relevant to the performance of the quantum an-
nealer. In the simulations, we considered an A/ = 8 Frustrated
Ring defined by (Jr, Jr,J) = (0.2,0.24,1) and assumed an-
nealing time tqa = 5 us. The insets show tqal'o—2 (c.f. Egs.
(58-59)) as a function of s.

the approximation (49-50) is valid. It is thus convenient
to define a tunneling region t; <t < ty within which this
assumption holds. In this case, the instantaneous gap
is much smaller than the temperature, and the Ohmic
noise spectral density S(w) defined in (33) saturates at

its low-frequency value S(w) , /kET . S©). Therefore,
w/KkB1d —

in the tunneling region ¢; < ¢ < ty, the incoherent master



equation Eq. (61) takes the rather symmetric form

agg Jries %(PE cos® Oz + Py sin* 07 — P1)
855 N oo %UDL_ sin? 07 + Pp, cos®> 0,7 — P1)
% N %(PJ sin® 07 + Pj cos® 07 — Py) ,
8({;; Noo %(PJ cos? Oz + Pjrsin® 07 — Pp).

(62)

The above master equation represents the open-system
dynamics of a fully incoherent quantum annealing pro-
cessor at the spin glass bottleneck, in the limit N' — oo.
We can vectorize the density matrix populations by defin-
ing P = [P, P, Py, P ]T. The kinetic equation (62)
then takes the following matrix form:

op  SONM2 .
- o (Tf (sm2 Orz + 175 cos? HLZ) — 14X4) P.
(63)
where here, we have introduced a pseudospin
z 01
it=(] 5) @t (64)
. 1
sz = 12><2 9 (? 0) . (65)

The matrix representation Eq. (63) manifestly diago-
nalizes the Liouvillian for the effective classical master
equation (61), allowing us to solve for the density ma-
trix at all times. We begin by defining (anti-)symmetric
combinations of the populations via
PﬁTzE(PJ+72P1—~_)+7'1(P};+TQPL_)' (66)
Equivalently, P, ,, represents the projection of the vec-
torized density matrix P onto an arbitrary eigenspace
of the time-dependent Liouvillian (63), with 71,70 €
{+1, -1} denoting the eigenvalues under application of
T, 75, respectively. In this eigenbasis, the ground state
population upon exiting the crossing is given by

Paslty) = (Pg + B)| =50+ Po(ty))

t=ty

(67)

The ground state population (67) upon exiting the
crossing can be computed analytically with arbitrary
initial conditions. In particular, defining an effective
rate Tog(t) = SO M2 cos? 0, 7(B(t))/2h? which sets the
timescale of the multiqubit dynamics, we then have

1 _ vy
Peas(ty) Moo 2 <1 e Vi Ten(®) dtP+—(ti)> - (68)

Since this prediction only gives
population upon exiting the bottleneck region,

the ground-state
the
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above analytical formula is relevant provided that
Pgs(t = tf) = Pgs(t = tQA) =P (Cf Eq. (34)) This
is the case, e.g. if the density matrix stops evolving
non-trivially after the bottleneck (so-called freeze-out,
see e.g. [26-28]). Crucially, we witness this stoppage of
evolution in numerical simulations of the Redfield master
equation in the range 1.55 — 15.5 mK, as shown Fig. 11.
As we can see, up to N' = 10 (the performance limit of
our simulations), population transfer is nontrivial and
limits the performance of the quantum annealer.

We now focus on a specific set of initial conditions,
supposing that the four populations in the density matrix
are pairwise thermalized. Before the crossing point, we
have £, — ES' < land B — Ey < 1. Also, the rates in
the annealing process are larger earlier in the annealing
(due to larger transverse-field B). It is thus reasonable
to assume that, entering the crossing (i.e. at t =t;), the
density matrix populations satisfy

P, —-Pf <1, P,-Pf<l (69)
Since the levels in each pair correspond to states with
the fermionic excitation localized at the same location,
this is a reasonable assumption to make. In this limit,
P, _(t;) — 0, and so the success probability (68) is
asymptotic to one half.

V. DISCUSSION

In this paper we proposed and analytically solved a
model that exhibits the effects of frustration on bottle-
necks of quantum annealing. By investigating a simple
class of one-dimensional annealing bottlenecks, we are
able to rigorously extract the scaling of tunneling rates
caused by longitudinal qubit noise, in the large-N (i.e.
complexity-theoretic) limit. In conclusion, in our model,
we have found that the effective noise spectral density at
an annealing bottleneck is O(N), which is of the order of
the Hamming distance between the crossing states. This
exact result provides analytical confirmation of and is
in agreement with results obtained in [19, 20]. Further-
more, in spite of the non-integrability of the flux bias
noise (c.f. (44)), by treating the transverse-field B at
the non-perturbative level, we were able to extract the
scaling coefficient accurate to all orders in the transverse-
field and elucidate its relation to spontaneous magneti-
zation. Finally, we have confirmed using Redfield-type
simulations that the ground-state occupation Pgg upon
exiting a spin glass bottleneck is especially pertinent for
the performance of a quantum annealer, and so we have
identified a range of temperatures where our analytical
scaling formula should directly predict the annealing per-
formance, in the limit of completely incoherent system
dynamics. In the future, we will investigate the effects
of including coherences, i.e. off-diagonal elements of the
density matrix, on the open-system dynamics. This will
allow us to gain more nuanced insight into the scaling



performance of combinatorial optimization and sampling
problems on near-term quantum annealers.
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Appendix A: Exact diagonalization of the Frustrated
Ring

In this Appendix we systematically and rigorously
solve for the bound states of the Frustrated Ring, de-
riving their crossing properties and quantum numbers.
Our starting point is the free-fermion representation of
the one-dimensional transverse-field Ising spin glass:

N N
Hy(t) = =iy J5 Ao +iB(1) Y 42182, » (A1)

j=1 j=1

where in = J; for j # N and J§ = £y, Hi(t)
denotes the quantum annealing Hamiltonian restricted
to the sector with an even and odd number of fermions
respectively. Note that the representation (A1) of the
Frustrated Ring as a pair of free fermion models is a
two-fold redundant description, with each free fermion
theory being valid only in its corresponding parity sector
(the sector with an even number of fermions is called the
Ramond sector, and the sector with an odd number is
called the Neveu-Schwarz sector).

The vector space of all quadratic polynomials in Ma-
jorana fermions, i.e. all expressions of the form

-y

1<i<j<2N

AiiYiYi (A2)

form a closed Lie algebra isomorphic to spin,,/, i.e. the
Lie algebra of the Spin group Spin(2A). It is well-known
that this Lie algebra is isomorphic to sogas, i.e. the Lie
algebra of real, 2N x 2N antisymmetric matrices. The
isomorphism is given by

N o Nid
H = E )\ij’Yi'Yj — HBdG = (_/\ ]) . (A3)
1<i<j<o2N Y

This maps a free-fermion model to its corresponding Bo-
goliubov de-Gennes (BAG) Hamiltonian. The Bogoliubov
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de-Gennes Hamiltonian is a much more lucid representa-
tion of a free-fermion model, because the physical data
of interest, namely, the quasiparticle operators expressed
in the Majorana basis, are given by the eigenvectors of
this matrix, and the quasiparticle dispersion corresponds
to the eigenvalues. The BdG representation of the one-
dimensional transverse-field Ising spin glass is

0 B(t) +Jn
“B(t) 0 J
HgdG = h
In-1
—Jy-1 0 B(t)
FJn —B() 0
(A4)

In the particular case of the Frustrated Ring, after a
change-of-basis

o =425, Toj1=%25-1, (A5)
the matrices specified by (A4) admit a Z; symmetry.
It reverses the order of the basis elements, correspond-
ing to the reflection symmetry of the Frustrated Ring
(J; = Jn—(j—1))- As is standard, the symmetry splits
our eigenvalue problem into two subspaces, indexed by
the eigenvalue under reversion (which we denote by ).
The symmetric subspace (i.e. p = 1) is N-dimensional,
with basis

f‘;r = fj + fQN_(j_l) y (AG)
whereas the antisymmetric subspace (i.e. p = —1) is also
N-dimensional, with basis

Under this splitting, the pair of BAG Hamiltonians (A4)
take the block-diagonal form

o HE o 0NxN>
~ o,— ) A8
fac ~ e e (A8)
where
—OﬂJR B(t)
B(t) 0o —-J
HEie = —J (A9)
0o —-Jg
—Jr uB(t)

Where, here, o = 41 denotes fermion parity. As out-
lined in the main body of the text, we now find exact
low-energy solutions to the BAG equations in the limit
N — co. In this limit, we can treat the BAG boundstate
problem as a pair of semi-infinite bound state problems,

H%KG¢@H = ea,uwo’,u- (AIO)


http://dx.doi.org/ 10.1103/PhysRevA.92.052323
http://dx.doi.org/ 10.1103/PhysRevA.92.052323
http://dx.doi.org/10.1038/nature10012
http://dx.doi.org/10.1007/978-0-8176-4620-2_1
http://dx.doi.org/10.1007/978-0-8176-4620-2_1
http://dx.doi.org/10.1017/CBO9780511622540
http://dx.doi.org/ 10.1103/RevModPhys.36.856
http://dx.doi.org/ 10.1103/PhysRev.85.808
http://dx.doi.org/ 10.1103/PhysRev.85.808

The first such problem looks for a boundstate localized
at the right end of the graph:

, (A11)

where here, oy, 85, are written so that it is clear that
they only depend on ¢ and p through their product.
This is because, in the limit N' — oo, the decay of the
mode (A11) means that the matrix element pB(t) in the
bottom-right corner of (A9) does not enter the eigenvalue
problem (A10). Similarly, we can solve the left-localized
eigenvalue problem:

Ay
+ﬁ“
K
ey,

+K
ey,
+2K
€ L (e

€+2K’“ ﬂu

Y= (A12)

Again, here, oy, §,, are written so that it is clear that they
are independent of o. This is because, in the limit A" —
oo, the decay of the mode (A12) means that the only
matrix element containing o (the matrix element in the
upper-left corner of (A9)) does not enter the eigenvalue
problem (A10).

Substituting the ansétze (A11-A12) into the eigenvalue
problem (A10), and letting

e r=a/p

parametrize the ratio of « to 3, we get two main types
of equations: bulk conditions, and boundary conditions.
The equations in the bulk give

e=e NB-Jetr), |
e=eNB—Je ")

(A13)
(A14)
From Egs. (A13-A14), we get the dispersion relation, as

well as (after some hyperbolic trigonometry) some useful
bulk identities involving A:

¢ =J?+ B* - 2JBcoshk , (A15)
B? =€+ J? — 2Jecosh(\ — k) | (A16)
J sinh k
tanh A\ = ———— Al
a Jcoshk — B (AL7)

For the boundary conditions, we get different conditions
at opposite ends (as would be expected; c.f. (A9)): for
the right-localized boundstate ansétz (A11), the bound-
ary conditions are

Bet =e+opudg , (A18)
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whereas, for the left-localized boundstate ansétz (A12),

the boundary conditions are

i
e—uB "’

Be ™ =¢— (A19)
The right-boundary condition (A18) generically yields
one solution, wfu for each value of the product ou. When
op = +1, we denote this solution as ¢¥, and when
opn = —1, we denote this solution as . For B — 0,
these solutions have the limiting form

1
0

R
of ~ o] (420)

Similarly, the left-boundary condition (A19) generically
yields two solutions for each value of u. For B — 0, the
solution whose eigenvalue is least in magnitude limits to

by~

® B—o (A21)

[ N N

I

whereas, for B — 0, the solution whose eigenvalue is
greatest in magnitude limits to

® B0 (A22)

<

N

2
—_ O O

—p

In summary, putting together both the left- and right-
eigenvalue problems, there are siz subgap states in total
for the Frustrated Ring benchmark.

To write down the quasiparticle/quasihole excitations
corresponding to a given boundstate, we simply contract
the boundstate vector with the Gamma matrices. This
is succinctly captured by the Feynman slash notation,
which is the standard physics notation for such expres-
sions:

2N
A= v (A23)

j=1

with 1; the components of the BAG eigenvector in the
original basis 4, (c.f. (A4)). Having enumerated the sub-
gap states in equations (A20-A22), we must now phys-
ically identify them as localized excitations in our frus-
trated spin system. To do this, we define

N
Fr+ EN S
HO B:O E ‘ Jj Cj,icjd:' (A24)
j=



Cross-matching with Eqs. (A20-A22), we get, in the pu =
+1 sector:

PE o (A25)
/{bi BO—(>0 én,i + énJrl,iv (A26)
My CIL + éIL+1,:|:7 (A27)

B—0 ?

where here, we have factored N’ = 2n + 1. Similarly, in
the u = —1 sector, we get

PO X, Cont1 s (A28)
p =0 G AT (A29)
W =0 I S (A30)

This concludes the main exposition of the boundstate
problem for the Frustrated Ring. In the following sec-
tions, we will apply this knowledge to derive all identities
used in the main text.

a. Definitions of spin-glass excitations used in the main
text

Our analysis thus culminates in our first result, which
is to give a precise definition of the excitations used in the
main text: the identities (A25-A30) derived in the pre-
vious subsection physically motivate the following defini-
tions at B = 0:

CJ1ra¢|B:0 = é§n+1,i ) (A31)
CTL,ﬂB:O = én,i + él+1,i ) (A32)
CE/,HB:O = éIL,:I: éjL+1,:|: (A33)

We can now use (A25-A30) to analytically continue the
above definitions to non-zero transverse-field B # 0, by
simply tracking the BdG boundstates as they evolve:

¢k (B) = Z(u}f)jff , (A34)
e (B) =D (Wh),T5 (A35)
¢l L(B) =Y ()17 (A36)

J

Egs. (A34-A36), along with the definition of the BAG
eigenvectors (A11-A12), give a mathematically precise
notion of these excitations existing throughout the
ordered phase B < B..

Armed with Egs. (A34-A36), we can now prove that,
in the Frustrated Ring benchmark, the crossing in the
odd-parity sector is exact, whereas the even-parity cross-
ing is not. It suffices to look at the positive-energy cross-
ing, as states with energies of opposite sign cannot cross
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in the spin glass phase B < B. (by definition). For
o = +1, the only right-localized boundstate with pos-
itive eigenvalue is the quasihole

R (A37)

By taking the adjoint of (A34), we see that this excitation

consists only of ;4 = —1 Gamma matrices, as (c.f. A5-A7)
4\ T n—

(L) oIy (A38)

In contrast, for ¢ = —1, the only right-localized bound-

state with positive eigenvalue is the quasiparticle
. (A39)

Again, the reversion quantum number for this boundstate
satisfies g4 = +1, which follows from direct inspection of
(A34). On the other hand, on the left-hand-side of the
graph, the positive-energy excitation

5TL¢ (A40)

has reversion number p = —1 (c.f. (A35)). Crucially,
this quantum number is insensitive to the value of o,
as o does not show up in the left-boundary condition
(c.f. (A19)). In summary, therefore, when o = —1,
the left- and right-boundstates with positive energy
have differing reversion quantum number g, and thus
cannot hybridize. In contrast, when o = +1, the left-
and right-boundstates with positive energy are both
antisymmetric (uw = —1) under reversion, and can thus
hybridize. The analysis for the case of the negative
energy crossing proceeds in the exact same fashion.

b. Location of crossings, and scaling of the gap

We now derive the conditions for the existence of a spin
glass bottleneck in the Frustrated Ring annealing sched-
ule, as well as compute its location B = B;,. Furthermore,
we analytically calculate the scaling of the gap at the bot-
tleneck location. To obtain the crossing point of the left-
and right-bound state energies, we set them equal to each
other, i.e. €ff, = ¢l = ¢,. We will deal with both cross-
ings at the same time: from the discussion in the pre-
vious paragraph, we have that the left-localized bound-
state involved in the positive-energy crossing has p = —1
for both the even and odd-crossing, so the left-localized
boundstate involved in the positive-energy crossing is al-
ways

k. (A41)

For the right-localized boundstate involved in the
positive-energy crossing, from the discussion in the pre-
vious paragraph, the value of u depends on the fermion
parity o. However, we can compute the product op =
—1, which is the same in both cases. Therefore, the



right-localized boundstate involved in the positive-energy
crossing is

Pr. (A42)

Furthermore, we note that these states have the same
energy € = €, so by the dispersion relation (A15), we
have that these crossing states have equal and opposite
k = *kp. Therefore, by (A17), the states also have equal
and opposite A = +). Thus, at the crossing, these states
therefore satisfy the boundary conditions

Bbe)‘b = €p — JR s (A43)
J2
Bye*t = ¢, — — L Ad4
b =6 e (Ad4)
which yield the identity
Ji
€p —+ Bb = TR (A45)

Combining this with one of the bulk equation (A13)
yields

Ir
T

ety —

(A46)
Lastly, we can also consider using the bulk equation
(A16). The triplet of equations (A45), (A46) and (A16),
considered together, yield the bottleneck location, as well
as the crossing energy (e.g., using Solve in Mathematica):

1 (2= J)JE = JR) 1
Bbzi 2 2 2 ’ €p =
Jr JE4+J-2J2

JZJ% — Jt

(A47)

Note that JJg > J? is thus a necessary condition for the
crossing point to exist. Also, crucially, the bottleneck
location is independent of o, and thus happens in the
same location for both the even- and odd-fermion sectors.
Using expressions for By and €, to solve for cosh ky, we
obtain

Jr(J? = J2)

EC

kp = log
which determines the scaling of the hybridization of the
boundstates, Apnin ~ O(e*"bN). The location and the

value of the gap can be tuned by adjusting the parameters
of the model.

Appendix B: Field-theoretic calculation of the
tunneling matrix elements

a. Relation to the corresponding ferromagnetic problem
We now turn to the relations used in the text, which

transform a calculation in a transverse-field Ising spin
glass to one in a corresponding ferromagnetic model H.

C JrJR+ I - 203
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We then take advantage of this transformation to calcu-
late the tunneling rates exactly via the quantum-classical
correspondence. Indeed, recall that the transverse-field
Ising chain maps to two free fermion models H* (c.f.
(A1)) (Ramond/Neveu-Schwarz), leading to an unphys-
ical doubling of the number of eigenstates. In our cal-
culations up to this point, we have only considered the
low-energy states

Wp) =ch_[Q2), [U7)=c] [Q_), (B1)
W) =[00), W) =ch ch 194, (B2

and have implicitly discarded the low-energy states

Th) =00) Wiy =ch el _|9-), (B3)
W) =ch 190, WD) =cl 10), (B4)

as they are not genuine eigenstates of the original spin
chain Hamiltonian (they have the wrong parity). How-
ever, utilizing the identity H* = H¥ (ﬁ is the ferromag-
netic modification of the original frustrated Hamiltonian;
see Eq. (51) in the main text, c.f. Figure 12 for a de-
piction of this modification for the case of the Frustrated
Ring), we can reinterpret the unphysical states of H as

physical states for H:
Th) = 194) ,
V7) =k _[0-)

W) =ch e 190, (BD)
W) =2¢h _|0), (B6)

with similar relations for the remaining (i.e. bulk) eigen-
states. Therefore, one can interpret the general situation
in the following way: when one diagonalizes H™ and H~
in (A1), yielding two full sets of fermonic Fock states,
half unphysical, it is actually valid to say that one ob-
tains two full sets of physical spin chain eigenstates, one
for the original spin chain, and the remaining set corre-
sponding to the eigenstates of its frustration-free version.

Now, consider the central problem encountered in the
main text, namely, that of computing

+ - + -

(UgloF|WE), (YLlos V). (B7)

Naively, we can try to take advantage of the above ob-

servation and convert the matrix elements in our glassy

problem H into matrix elements in our ferromagnetic
problem H. Indeed, substituting, we get

(Uhlo3|TR) = (Qylojch _[2-)

= <§—|U§5R,+|§+>: (B8)
(UF|o5|0) = (Qler,enpoich |00

= (Q_[¢L,—Cp,—0iTh , |Q). (B9)

Unfortunately, all of these matrix elements are between
unphysical states, suggesting that one must pass excita-
tions across the o* operator, to amend the situation.



In general, since ¢?, when written-out in terms of #-
matrices, is an element of the Pin group Pin(2N) (see
[29] for a standard reference), passing o* past a fermionic
excitation will rotate that excitation by an orthogonal
matrix [29], producing a new fermionic excitation:

A = o; poj (B10)

where
11[}, = Rjd) )

with R; € O(2N) a rotation matrix. Utilizing this fact,
we have

(B11)

(UHIoF W) = (Qlofch |0

= (Q_|R;[ch, 07104), (B12)
(UF1oF10,) = (Qler er yofch Q)

= (Q_|cr—0F Ryler 4]0, L 104)  (B13)

where in deriving (B13), we have utilized the fact that
RJQ- = lonxon. Computing the rotation R; € O(2N)
implemented by o7 is straightforward. In particular, by
writing everything out in terms of 4 matrices, we find,
that, for i < 25 — 1 < 2N — 4,

R, (0 =~

K3

(B14)

i.e. R; flips the reversion-symmetry quantum number.
From this, due to the localized nature of the R-bound
states, we obtain our desired result:

Rj(chs) =R, (Z(?ﬂf)iff)

(3

= = @HET +0(e )

—erg+ O, (BI5)

which is essential to derive the main results of the paper.
Substituting the identity (B15) into Eq.’s (B12-B13)
and comparing with Egs. (B5-B6), we get the relations
Egs. (52) used in the main text:

(U367 05) = —(Wglo5 |9 h) + O(e="~Ir), (B16)
(W15 107) = —(WL[6519F) + O(e="=Im). (B17)

b. Field-theoretic treatment of the ferromagnetic problem

We now give exact expressions for the matrix elements
given in Egs. (B16-B17), involving eigenstates of the

ferromagnetic Hamiltonian H. We begin by calculating

i
cRﬁaZ ~ 0°CR +

FIG. 12. “Unwinding” the Frustrated Ring. Passing an
excitation from the left to the right of the qubit noise operator
restores parity. More specifically, it removes frustration from
the relevant matrix element, effectively restoring the gap. The
left panel shows the spectrum of original Frustrated Ring.
The bottleneck is removed by flipping the sign of Jxr, as shown
in the right panel. See text for details.

the matrix element corresponding to the ferromagnetic
groundstate:

(URlo5 V) - (B18)
Since the frustration-free model is globally gapped in the
ordered (i.e. ferromagnetic) phase B < B,, there are no

crossings involving the groundstate manifold (See Figure
12), and

UEs) = T5)

span the degenerate ground state manifold in the ther-
modynamic limit of infinite-chain length N' — oco. We
begin by showing that the quantity we wish to compute,
is really the spontaneous magnetization of our quantum
spin chain, in disguise. Since the model is completely
ferromagnetic (as we have removed frustration), if we
perturb the model with an appropriately-aligned longi-
tudinal field, i.e. define

(B19)
(B20)

N
~ h
Ho(h) EHO+NZ 52, (B21)
j=1

then the groundstate degeneracy is broken. Here, the
external field is scaled as ~ O(1/N) in order to ensure



the perturbation is bounded in the thermodynamic limit
N — oco. Since the perturbation mixes fermion par-
ity, simple degenerate perturbation theory in the ground-
state manifold Egs. (B19-B20) yields that the perturbed
ground-state, in the limit A — 07T, is

O\ _ 1 .

Ves) = hli%ﬂr ./\/I'E)noo |Was(h)) (B22)
. 1, = ~_

= lim —(|Uh) +|Vp). (B23)

N—)oo\/§

The reason we consider this perturbation of the
frustration-free model is because this allows us to relate
our transition matrix element to the spontaneous mag-
netization of this model. Indeed, since 67 mixes fermion
parity,

Jim (@679 )

= lim (T + (TR (195) +1F7)

0) |~ 0
= (UOL[a7 1wl (B24)

To compute this spontaneous magnetization, we write

. Tt azid—\ . . A
lim (D3/6707) = lim lim (Was(h)]o; Was(h)

= lim lim lim Tr[e_f{o(h)/T&j].
h—0+ N —oc0 T—0
(B25)

This allows us to probe this matrix element using the
quantum-classical correspondence: we begin by defining
a partition function via

—ﬁo(h)/T].

Z = lim T B26
e = Jim Trle (B26)

As is standard, to obtain the correspondence with a clas-
sical model, we apply the Suzuki-Trotter transformation
with a time-step 7. > 0 to the partition function, pro-
ducing a family of effective actions {S[7.]}+,>0 describing
(classical) stochastic fluctuations of an Ising spin system
on a cylindrical spacetime lattice. After a straightfor-
ward manipulation, one gets [30]:

Z e—S[‘rc,h] )

{sjr==%1}

ZN b = (B27)

Here, 7. < 1 is a UV cutoff defining a non-perturbative
renormalization group flow in imaginary time [31]. For
small values of the UV cutoff, the action of the statistical
field theory simplifies to [30]:

Slte,h] ~

Te—0

> Uilresirsipre + JLlrelsjrsjrin,
J, TETZ

+ Hrsjr) , (B28)
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where the coupling constants in our theory have the fol-
lowing dependence on the cutoff (for small values of the
cutoff):

Jo [1e] = Intanh(Br.),
Jilre] = 1eJj.

Hre] = 1.h/N,

Thus, we have

. T AziT—\ _ 1: .
N WRlo5 W = iy, L,
H=a/N

ngloo<5j7T>H )

(B29)

which is exactly Yang’s definition (as reviewed in [32])
of the spontaneous magnetization of the two-dimensional
classical Ising model (B28). Following [32], we denote this
with the shorthand M, so that Eq. (B29) is equivalently
stated as

lim (Uh|65 (W) = M;

N —o00

(B30)

where it is understood that we are applying Yang’s def-
inition of the spontaneous magnetization to the action
Eq. (B28), which lacks translational symmetry in the
spatial direction.

In the case that the weights in our MAXCUT problem
are uniform in absolute value, i.e. when |J;| = J for all
J, then the two-dimensional Ising model corresponding
to the ferromagnet H is uniform, and we can cite Yang’s
result [33] here for the exact matrix element, which is
independent of j:

Mj=M, M=(Q1-k2%HYs. (B31)
Here, k is called the spectral parameter, and has the fol-
lowing exact form [29]:
k = sinh J[r.] sinh J [7] . (B32)
In this (uniform) case, we can calculate the spectral pa-
rameter in the UV limit of our field theory, in which
case we get the ratio J/B coming from the quantum spin
chain:

k = sinh J[7] sinh J| [7.]
J

~ —Ji[7e] ~
o J[rc]e T (B33)
In other words, in the uniform case |J;| = const, the

matrix element in the spin chain comes out to, in the
large-N limit:
_ k_2)1/8

lim (UF[6%[TR) = (1 (B34)

N—o00

for all B(t) < J (i.e. the ordered phase for the ferromag-
netic problem).



c.  Transfer matriz calculation

In the Frustrated Ring, the couplings are non-uniform.
However, the broken translation invariance in the spin
chain is due to the modification of only 3 couplers,
namely the couplers

In = Jn+1 = JLv

Jont1 = Jr. (B35)

(Note that here, we are using the values of these couplers
in the ferromagnetic version H of our model). Due to the
finite correlation length in the classical model, the effect
of local changes to the coupling constants in the theory
is washed-out in the thermodynamic limit, when we sum
the spontaneous magnetization over all sites j. That is,
we can expect the behavior

N
SM; o~ NM.
N—o0

Jj=1

(B36)

where, here, M = (1 — k~2)Y/% is the result for the
uniform chain. To demonstrate the asymptotic result
Eq. (B36), we must demonstrate a boundary effect
in the classical model. To do this, we calculate the
local spontaneous magnetization using the row transfer
matrix.

Indeed, consider computing the spontaneous magne-
tization (representing the tunneling matrix element in
the frustrated spin system) using Yang’s algorithm (as
reviewed in [32]), but now applied to the row transfer
matriz, as opposed to the column transfer matrix:

M: = lim lim lim (s;
J a—0t N—oco N —oo, < J’T>H
H=a/N,|

Te[T[Jy; H] - 6% T|Jy; H|]
Te[T[Jy; H] -+ T [ s H|

(B37)

= lim lim lim
a—0t N—oo N —o0,
H=a/N|

Here, the row transfer matrix is (see, e.g. [29])

T|J; H) = (H€JL[TC]&i&f+1+H&§>
: (He"l[TC](l +e—2Jl[Tc]a—$)>. (B38)

The spectral parameter for this transfer matrix when
H =0 can be calculated, and comes out to

k; = sinh Jj[7] sinh J | [7.]

J,
~ 7']i[TC] l
oy Ji[tele —=.

(B39)

Tc—0

Note that, since the model is no longer translation-
invariant, this spectral parameter is now dependent on
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the qubit location [ € {1,--- ,N'}. We can then pro-
ceed with the calculation, letting d denote the distance
between the site j (where we are calculating the local
spontaneous magnetization), and the nearest defect (e.g.
the Jp, or Jg coupler):
M; = lim lim lim

a—0t N—oco N —o0,

H=a/N|
Te[T[J; H)462T[J; HN =T [Jp; H?T[J; HNT[Jg; H)|
Te[T[J; HINT[Jo; HPT[J; HINT[JR; H]

with N = n — 1 equal to the bulk chain length. We
can now see the emergence of a boundary effect in the
classical model (and thus, by the quantum-classical
correspondence, in the quantum ferromagnet H as well):
letting |¥ ) denote the maximal eigenvector of T'[J; H],
we have, by analogous arguments to Eqs. (B19-B23),
the following limiting behavior:

1
. . _ + —
ali>rr01+ N}_lgloo |\Ij+> - \/5(‘\1]0 > + |\I]k:0>) ) (B40)
H=a/N

where here, [U{) and |, _ ) are the even- and odd-parity
maximal-eigenvectors of T[J; H = 0] (following the no-
tation of [32]). Therefore, we can write

lim  lim T[J; H)% = |[W (U, |+ O0(e %), (B4l)
a—0t N —oo
H=a/N |

where, here, A is the spectral gap for the unperturbed
transfer matrix T'[J; H = 0], which sets the correlation
length in the spatial direction of the lattice. Using Egs.
(B40-B41), we have

(W4|67194) ~Ad
M, =—"-4+0(e 2, (B42)
T ()
where we have used the fact that, for large N,

N —d — oo, where N =n — 1 is the bulk chain length.
According to [32], the leading-order term in the above
expression comes out to

(W4 |67|94)
(U W)
where kg is the spectral parameter for the bulk transfer
matrix T[J; H = 0], which is simply J/B. Therefore,
in total, at a distance d away from either the right- or
left-end of the chain,

= (1-kg*)"%, (B43)

U= 5210+ —Ad
(glos|VE) Nass M+ O(e™29) . (B44)
This bulk convergence behavior is confirmed by exact
diagonalization with up to N = 23 sites, see Figure 9 in
the main text. The other tunneling matrix

(U762 (B45)



can be computed similarly: one begins by noting that
|UT) is related to |¥}) by applying two quasiparticle
operators (and the same is true for the relationship be-
tween |[¥;) and [¥})). Since these operators are local-
ized at opposite locations of the graph, their product gets
mapped, under the Jordan-Wigner transformation, to a
string of spin flips Hj o between the centers j, and jgr
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of the corresponding bound state wave functions. There-
fore, because conjugation by a product of spin flips only
has the potential to flip the sign of the magnetization,
the tunneling form factors corresponding to (B45) has
the exact same asymptotics (a tunneling form factor is
given by the squared absolute value of a matrix element
of the type considered above).
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