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Error suppression in Hamiltonian-based quantum computation using energy penalties
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We consider the use of quantum error-detecting codes, together with energy penalties against leaving the code
space, as a method for suppressing environmentally induced errors in Hamiltonian-based quantum computation.
This method was introduced in Jordan er al. [Phys. Rev. A 74, 052322 (2006)] in the context of quantum adiabatic
computation, but we consider it more generally. Specifically, we consider a computational Hamiltonian, which
has been encoded using the logical qubits of a single-qubit error-detecting code, coupled to an environment of
qubits by interaction terms that act one-locally on the system. Additional energy penalty terms penalize states
outside of the code space. We prove that in the limit of infinitely large penalties, one-local errors are completely
suppressed, and we derive some bounds for the finite penalty case. Our proof technique involves exact integration
of the Schrodinger equation, making no use of master equations or their assumptions. We perform long time
numerical simulations on a small (one logical qubit) computational system coupled to an environment and the

results suggest that the energy penalty method achieves even greater protection than our bounds indicate.
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I. INTRODUCTION

A major problem on the road to building scalable quantum
computers is the difficult task of protecting the system from
errors, such as those due to unwanted environmental interac-
tions. In the usual circuit model of quantum computation, the
theory of quantum error correction has been well developed,
culminating in the threshold theorem [1-5], which proves
that, provided the error rate in a quantum computing system
can be reduced to below a certain threshold, errors can be
suppressed arbitrarily well using quantum error-correcting
codes. The situation for the Hamiltonian model of quantum
computation as used in, for example, adiabatic quantum
computing, continuous-time quantum walks, and Hamiltonian
simulation problems is less understood and no fault-tolerant
theorem is known. In this paper, we take steps towards
establishing such a theorem.

In the Hamiltonian model, the computational system is
described by a Hamiltonian, which is a (possibly time-
dependent) Hermitian operator, Hcomp, that governs the time
evolution of the system according to

d
ZE |¢(t)> = Hcomp(t)|¢(t)>7

where |¢(?)) is the state of the computational system at time
t. In this model, the goal is to evolve some initial state
|¢(0)) to a final state |¢(T)), the measurement of which
reveals some information about the problem to be solved. Note
that no instantaneous unitary gates are applied, nor are any
intermediate measurements performed. To consider the effects
of unwanted environmental interaction, one must consider the
Hamiltonian Heomp + Henvironment + Hinteraction that governs the
evolution of the entire system-environment supersystem. The
goal of error suppression is to ensure that the state of the system
at time 7 is approximately as though the evolution had been
governed by just Heomp alone.
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It is not clear how to adapt the successful error-correcting
code techniques of the circuit model to the Hamiltonian model.
In a conventional quantum error-correcting code [6], each
qubit is encoded as a logical qubit, comprised of several
physical qubits, so that the occurrence of any single-qubit
error on any physical qubit can be detected. The use of
such a code in the error-correcting circuit model essentially
consists of four steps: the state is encoded, the state is allowed
to evolve, a measurement is made to determine what error
has occurred (if any), and gates are applied to correct that
error. In our Hamiltonian model, we do not allow intermediate
measurements or the application of instantaneous gates, and
therefore rule out any active determination and correction of
errors; thus, a different strategy is required.

The error suppression strategy used in this paper is that
of energy penalties, first suggested in [7], in which the
system Hamiltonian is modified according to a quantum
error-detecting code and a constant (time-independent) term
is added to the Hamiltonian. This extra term, the energy
penalty, penalizes states that have been corrupted by, say,
single-qubit errors. It is believed that such a penalty will
suppress the occurrence of environmentally induced errors,
as it imposes an energy barrier that must be surmounted for
an error to occur. In this work, we prove that, in principle,
this energy penalty method does indeed work; we show
that it successfully suppresses errors arbitrarily well when
the penalty is arbitrarily large. (Throughout the paper we
concentrate on one-local errors and use a one-qubit error
detecting code. In the Appendix, however, we show that this
result can be generalized to k-local errors when using a k-qubit
error-detecting code.) We also explore (in the one-local error
case) how well the penalty terms work when the penalty is
not infinite but of a reasonable size. We then show the results
of small-system numerical simulations that suggest that the
achieved protection is even better than our bounds can predict.

We note that since we will not be performing active error
correction, we do not need an error-correcting code, which
gives information about which error occurred; rather, it suffices
to use an error-detecting code, which only detects whether any
error has occurred.

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.74.052322
http://dx.doi.org/10.1103/PhysRevA.74.052322
http://dx.doi.org/10.1103/PhysRevA.74.052322
http://dx.doi.org/10.1103/PhysRevA.74.052322
http://dx.doi.org/10.1103/PhysRevA.92.022317

ADAM D. BOOKATZ, EDWARD FARHI, AND LEO ZHOU

An error suppression technique using energy penalties
has recently [8] been applied to the quantum annealing
paradigm of computation. However, that method differs from
the one discussed in this paper, as its energy penalty does
not suppress phase-flip errors, while the penalty used in
this paper suppresses arbitrary single-qubit errors. Other
previously suggested Hamiltonian model error suppression
methods include exploiting the Zeno effect [9,10] and using
dynamical decoupling [11-14]. Some of these techniques
require intermediate measurements, which is outside of the
Hamiltonian paradigm, or require the ability to add rapidly
time-dependent control terms to the Hamiltonian. The energy
penalty method used in this paper remains in the Hamiltonian
model paradigm and requires only the addition of a constant
term to the encoded Hamiltonian. It would therefore be useful
even when intermediate measurements and fast, active control
are not available. A discussion of the similarity between the
energy penalty, Zeno, and dynamical decoupling methods can
be found in [15,16].

II. QUANTUM ERROR-DETECTING CODES

We first review some basic facts about quantum error
detecting codes. Suppose that we have a [[£,1]] quantum error
detecting code, meaning that by encoding a single qubit as a
logical qubit comprised of ¢ physical qubits, we can detect
arbitrary one-qubit errors. Throughout this paper, we use this
code to protect our system of n qubits, meaning that each qubit
of the original Heomp is encoded to be £ qubits, so that the full
encoded system consists of n; = £n qubits.

Specifically, for each qubit register i, the original com-
putational basis states [0); and |1); are encoded as the
£-qubit logical states |0.); and |1.);. The code space of
the ith logical qubit is then the span of the logical states,
{al0z);, + b|1.); : |a|* + |b|> = 1}. Associated with this code
space is the projection operator

Pi =10.)(Ol; + ML) (1Ll;,

where P; acts as the identity on all physical qubits other than
those associated with the logical qubit i. Note that states in the
code space are invariant under P;, whereas P; kills states that
are orthogonal to the code space of the ith qubit.

Saying that the code can detect arbitrary one-qubit errors
is equivalent to saying that the code detects all single-qubit
Pauli errors, i.e., an error caused by the application of a Pauli
operator (X, Y, or Z) to any single physical qubit. Thus, for
any single Pauli operator o acting on one of the ¢ physical
qubits comprising logical qubit i, we have

PiO'Pi =0. (1)

The full code space for the entire logical space (over all n
logical qubits) corresponds to the projector

P=PP---P,. 2)

The quantum code also allows us to “encode” the Pauli
operators X, Y, and Z as logical operators Xy, Y, and Z; .
Logical operators are Hermitian operators that have the same
effect on the logical basis states as their corresponding Pauli
operators have on the corresponding basis states. Furthermore,
the logical operators associated with qubit i commute with the
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code space projector P;,i.e., X; P, = P; X, and similarly for
YL and ZL.

As a concrete example, consider the four-qubit code of
Jordan-Farhi-Shor [7], in which

0z) = %(IOOOO) +i]0011) 4 i|1100) 4 [1111)),
1) = %(—|1010) +1|1001) +i|0110) — |0101)),
X =YQeIerel,

Y =-10X®X®I1,

Z,=72Q07Z11x1.

Observe that the logical operators have the same effect on
logical qubits as the operators to which they correspond have
on unencoded qubits, e.g., X1 [0.) = |1L).

Using the logical operators, we can encode the Hamiltonian
that acts on the system. Suppose that Heomp is some Hermitian
operator on the original (n-qubit) system. Because the Pauli
matrices (along with the identity) form a basis for all 2 x 2
matrices, we may generically write

Heomp®) = Y Coo, ()1 ® @0y,
o; € {1,X,Y,Z}

where the sum is over all possible choices of 0; € {1,X,Y,Z}
for each i. We may therefore encode the Hamiltonian by
replacing X,Y,Z with X;,Y;,Z; in the sum above, to obtain

L
Hcomp(t) = Z Coy,..., Un(t) 01 ® - Q 0y,
o; €{1,X.,Y..Z)}

i=1,..., n

which is a Hamiltonian on the n;-qubit encoded space built
entirely out of logical operators (and 1). Since each logical
operator commutes with each P;, HCLOmp also commutes with
each P; and with P.

Observe that the logical operators in the Jordan-Farhi-Shor
code are all two-local. The encoding in this case thus doubles
the locality of the original Hamiltonian, so that if the original
Hamiltonian is two-local, the encoded one is four-local. As [7]
points out, such an encoding is optimal (in terms of locality)
if the code is to protect against arbitrary one-qubit errors.

III. HAMILTONIAN MODEL AND ENERGY PENALTIES

In this paper we consider a system coupled to an environ-
ment. We do not attempt to modify the environment or the
system-environment interaction. However, we assume that we
can modify the Hamiltonian of the system, and do so in two
ways. As just discussed, we encode the original computational
Hamiltonian in a quantum code. Furthermore, we add extra
terms (acting only on the system) that penalize system states
that are outside of the code space.

The combined system-environment Hamiltonian H, after
encoding and penalty modifications, consists of three parts,
and can be written as

H=Hy+ LV +EpQ.

We discuss each of these parts in turn.

022317-2



ERROR SUPPRESSION IN HAMILTONIAN-BASED ...

(1) The first term is
H() = Hg:)mp ® ]lenv + IlSyS ®HCHV7

which governs the evolution in the absence of any system-

. . . L .
environment interaction. Both H;, . and Hepny are in general

time dependent. Evolution under Hch)mp alone is equivalent to
evolution under Hcomp and represents the desired evolution we
wish to protect.

Because the system Hamiltonian is encoded, the system
consists of ny = £n qubits. The size of the environment will
play no role in our discussion, except when we do simulations,
and can be thought of as much larger than the system size.
Note that Hclémp is built up from only logical operators and
therefore commutes with each P;. Since H.,, (which acts only
on the environment) trivially commutes with each P;, we have

[Hy,P1=0 fori=1,...,n.

(2) AV is the error Hamiltonian, reflecting the coupling
of the system to the environment, with A serving as a
time-independent (presumably small) parameter indicating the
strength of the interaction (with units of energy), and V is
a Hermitian operator acting on the full system-environment
space. Our code is designed to protect against one-qubit
errors, so we assume a one-qubit error model, i.e., that V
acts one-locally on the system. Thus, we can write V as a sum
of terms

ng

v=>" Y o ®B, 3)

s=1 pu=X,Y,Z

where o, is the uth Pauli matrix acting on physical system
qubit s and each B; is some operator acting on a small set
of environmental qubits. We also allow the possibility that
B}, = 1, which could represent one-local system control errors
independent of the environment.

For convenience, we group terms in V according to the

logical system qubit on which they act, so that

V= Z Vi, )
i=1

where each V; is an operator whose one-local action on the
system is only on the £ system qubits that comprise logical
qubit i. Observe that V; causes one-local errors on the system,
as per Eq. (3), and that we are using a code that can detect
arbitrary one-qubit errors, as per Eq. (1). Thus, we have that

PZVIPZIO fOI'i:l,...,l’l,

which is crucial to our later analysis.

(3) EpQ is our time-independent energy penalty, which
penalizes states outside of the code space. Specifically, Ep is
a real constant with units of energy and Q is the sum of the
projectors Q; = 1—P;, i.e.,

0=>0=) 1-P), )
i=1 i=1

so we have a separate energy penalty for each logical qubit. In
this context, Q is to be understood as Q ® 1.y, since only the
system is encoded. Observe that a state |1/) is in the code space
if and only if O |y) =0, so EpQ applies an energy penalty
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of magnitude at least | E p| to states outside of (i.e., orthogonal
to) the code space.

We point out that Q is the sum of code-space projectors,
differing from the penalty used in [7] which is a sum of code-
space stabilizer generators. Note that the locality of Q is that
of each P;, which is at most £ (i.e., 4 in the case of the Jordan-
Farhi-Shor code).

The key point in this model is that V acts precisely one-
locally on the system and we are using a quantum code that
can detect one-qubit system errors. This enables us to penalize
the states that arise from the action of V, and therefore have
hope of suppressing Vs effect. We can similarly consider the
case in which V acts k-locally on the system as long as the
quantum code can detect k-qubit errors. However, we consider
only the one-local case throughout the paper, leaving the more
general case to the Appendix.

IV. ERROR SUPPRESSION THROUGH ENERGY
PENALTIES

A. Infinite Ep case

We first address the question of whether adding an energy
penalty works even in principle; that is, we want to show that
if Ep is arbitrarily large, errors are suppressed arbitrarily well.
Let Uy(?) and U (¢) be the evolution operators corresponding to
the desired Hamiltonian, Hy = H" _ + H.,,, and the actual

comp

Hamiltonian, H = Hy+ AV + Ep Q, respectively. That is,
Uyp(t) and U(r) obey

d
id—Uo(l) = Hy()Up(t), Up(0) =1,
! (6)

i%U(r) = HOU®), U©)=1.

We wish to show that in the code space, as Ep — o0, U(t) acts
as Uy(t). Our approach will be to show that the error induced
by V is modulated by a term oscillating with frequency Ep in
such a way so that for large Ep such errors are suppressed.

Our first step is to view AV as a perturbation and to work
in the interaction picture using

Hop(t) = Hy(t) + EpQ

as the reference Hamiltonian. This corresponds to the evolution
operator Uyp(t), which obeys

d
iEUOP(t) = Hop(t)Uop(t), Upp(0)=1.

Because H, commutes with each P;, and therefore with O, we
have that

Uop(t) = Up()Up(1), (N
where the evolution operator due to the error penalty alone is
Up(t) = e /Er0r,

Now, the interaction picture evolution operator
U =UU
obeys

’dU—M/U
l_ == 9
dr ' =1
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where
WVi(6) = MU OV (OUop(0). (®)
These are just the usual interaction picture equations with a

reference Hamiltonian Hyp and a perturbation AV. Taking
conjugates, we get

Ul = UUwp = UTUUp 9)
and
d ot _ oyt
EUI =AUV, (10)
which upon integration gives
UNT) =1+ix fOT UVt (11)
Note that QP =0, so
Up(t)P = e~ ErQip — p (12)
and therefore
UlpP=U'UP.

Now, we multiply Eq. (11) on the right by P and use this last
relation to get

UN(T)Uy(T)P = P +ix /OT Ulv, Pd.
Multiplying this by U(T') gives
U(T)P =U(T)P + iAU(T)/OT U;VIPdt, 13)
which we can use to track the difference between the evolutions
(in the code space) with and without the coupling to the

environment. Our goal is to show that as Ep goes to infinity,
this difference goes to zero. To this end, let

F(t):/ Vi(r)Pdr. (14)
0

Using integration by parts, we see that

L T dF
UV, Pdt = Ul—dt
/0 rH /0 dr
'

Tdu
- U,T(T)F(T)—/ d—’th
0 t

T
= U}(T)F(T)—i/\/ UV, Fdt,
0

where Eq. (10) was used to obtain the final equality. Applying
Egs. (9) and (8) we can write this as

T T
/ UiV, Pdt = UNT)Uop(T)F(T) — iA/ U'VUypFdt
0 0

and using this in Eq. (13) we find that

U(T)P = Uy(T)P — i,\[UOP(T)F(T)

T
—i,\U(T)/ UTVUOPFdz}, (15)
0

which is an exact expression and not just an expansion in A.
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We now focus on the operator F(¢) defined in Eq. (14),
which using Eq. (8) for V; and Eq. (7) for Uyp is

t
F(t) = / ULUVUUp Pdr.
0

P commutes with Hy, and therefore also with Uj. Because of
this and Eq. (12) we have

t ~
F(t) = / Uity PUd.
0

Consider
¢ ErOTy p = o ErOT(V 4. 4 V)P, (16)

where we have written V as the sum over terms associated

with each logical qubit, as in Eq. (4). From the definitions in

Egs. (2) and (5), the first term is
eiEPQT ViP = eiEPQlfeiEPsz . eiEPQnT ViPy---P,.

But, P, P; - -- P, commutes with V;, and P;Q; = 0 for all i,
So we get

ErOTy P = o Er QT P P, (17)

Our code protects against single-qubit errors and we are
assuming that the coupling to the environment involves only
single-qubit terms, so again,

PViP =0,
which implies that
ViPi = QViPy. (18)

Because Q) is a projector, we have that

dErQIT = (ErT Q. (19)
The previous equations combine to give

B0ty p = ErTy, p
and accordingly,

dEr0ty p = (Friy p, (20)

Returning to F(¢), we thus have
t
F(t) = / e ErTUN(T)V (T)Up(7) Pdr. (21)
0

Observe that UJ(T)V(T)U()(‘E)P is independent of Ep.
Therefore, we see that when Ep is large, the integrand of
F is a rapidly oscillating function of 7 due to the e'£77. We
can apply the Riemann-Lebesgue lemma to conclude that F
vanishes as Ep goes to infinity. To be explicit, we perform an
integration by parts to see that

t
F(t):/ ¢ErT UiV U PdT
0
1 iEpt 77T
= — | PTUL(O)V(1)Uy(t
iEp[e oV ()Uo(1)

t E d .
- V() —/ e ”T—(U(;VUO)dTi| P. (22)
0 dt
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The first two terms in the brackets do not grow with Ep and
the third is bounded by ¢ times the maximum magnitude of
j—T(UgVUO) which is independent of Ep. So as Ep goes to
infinity, F(¢) goes to zero. Since both terms in the brackets in
Eq. (15) contain F' and are otherwise bounded independent of
Ep, we have our Ep goes to infinity result:

Theorem. Suppose that the Hamiltonian of a system coupled
to an environment is

H = Hy, + Hew + AV + EpQ,

where V acts one-locally on the system, H: _is encoded in a

comp
quantum code that can detect single-qubit errors, and Q is the
operator defined in Eq. (5). Then, in the limit of an infinitely
large energy penalty (positive or negative), the actual evolution
in the code space is as if there were no errors due to V; i.e.,
for any time 7,

lim U(T)P = Uy(T)P,

Ep—>=+o0

where U and Uy are the actual and error-free evolution
operators defined in Eq. (6) and P is the code-space projection
operator of Eq. (2).

This result applies to the evolution of both the system and
the environment, and is therefore stronger than what we need,
which is only that the system evolution be protected. We view
our infinite Ep result as the starting point for large but finite
E p investigations.

Although throughout this paper we have focused only on
the simplest case, where V acts one-locally on the system
and a one-qubit quantum error-detection code is used, this
simplification is not necessary. The theorem still holds as long
as the error-detecting code can detect the errors that V' causes,
i.e., as long as PV P = 0, and therefore includes cases where
V acts k-locally as long as the code can detect k-local errors.
We show a proof of this in the Appendix. The remainder of
the paper addresses the case where V acts one-locally but in
which we use a finite, rather than infinite, penalty Ep.

B. Finite Ep case
1. Frequency analysis

We have just seen that for infinitely large E p, the evolution
in the code space in the presence of noise is the same as the
desired noise-free evolution. We now want to know how large
Ep must be to assure us that F(¢) is very small, so that the
actual evolution in the code space is close to the desired one. It
is helpful to consider the “natural frequencies” present in the
expression for F(t), as given by Eq. (21), which we informally
analyze now.

If f(¢) is a (suitably nice) complex function, and f(w) is
its Fourier transfer, then

t t o0
/ dte'trT f(r) = / dteiEPT/ dwe " f(w)
0 0 _

o0

00 ei(Epfw)r —1 .
= do———— f(w).
/—oo i(Ep —w)
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Suppose that there exists an w, such that f(w) is non-negligible
only for |w| < w,.. Then

ei(Epfw)t -1

! iEpt ~ £
Adre f(@) /wngdw—i(EP_w) F).

Now, if E p is much larger than w., we canreplace 1 /(Ep — w)
by 1/Ep in this integral, and may therefore conclude that the
integral is small (shrinking as 1/Ep).

The question is, therefore, what are the natural frequencies
of UJ(T)V(T)U()(‘L’)? If they are not too large, then F(¢)
should be small for reasonably large values of Ep. Consider
first the time-independent case, in which Hy and V are
time independent, so Uy(t) = e~*%, Certainly U, will have
extremely large frequencies, namely e 7 where E are
eigenenergies of Hy; since Hj includes the environment, E
can scale with the size of the environment and be extremely
large. However, the frequencies of UJVUO, are expected to
be much smaller. Inserting two complete sets of Hy energy
eigenstates, | E'), we see that in the time-independent case,

Ui(@)VUy(z) = Y e E-E|EV(E|V|E')E'
EE'

’

indicating that the frequencies are the energy differences
induced by V. If V acts locally, we expect it would be unable
to change the energy of the system and environment by a large
amount—for example, it is unlikely that flipping just two spins
in a spin chain will change the energy of the entire chain by
more than a small amount. Therefore, we expect that (E |V |E’)
is very small when |E — E’| is large. If we make Ep larger
than the largest |E — E’| corresponding to any non-negligible
(E|V|E'), we can conclude that F is small. To be more precise
would require a specific model for the system, environment,
and interaction. Still, we can make some progress on bounding
F, even in the general time-dependent case.

2. Bounding F

We now bound the norm of F@t)=
fot eiEPTUg(‘[)V(T)U()(t)PdT. Since the norm of V is
expected to grow linearly in the size of the system, and
therefore in n, one would naively expect the same of F.
However, the fact that each logical qubit is independently
encoded allows us to do slightly better. Recall from Eq. (4)
that we can write V as a sum of terms, V;, where each V;
acts only on the ith logical system qubit (as well as the
environment). Let

Fi(t) = / ¢ ErTU (T Vi(T)Uo(r) PdT
0

SO

‘We now show that

IFII < «/Zml_aX £ (23)
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Proof. Observe that

n
FIF=>"F'F
ij=1

n t pt
= Z/ / d‘L’ld‘L'geiEP(Tz_rl)
0 Jo

ij=1
x [PUJ(t) Vi(x))Uo(t)][U (12) V (22)Uo(2) P]

and consider the terms with i # j. In the first P there is

a P; (ie, P = PP;) and it commutes with Ug(rl),Vi(rl),

Uy(ty), and Ug(tz). But P;V;P =0 so these terms are 0.
Consequently, the sum is only over i = j, i.e.,

n
F'F=Y"F!F,
i=1

and the claim follows since || F||> = maxy (¢| FTF [y). B

We now consider how to bound F; (for any logical qubit 7).
In deriving Eq. (22), we assumed that j—T(UJ VUy) is finite; we
now explicitly bound this term. By Eq. (6), we have

d ot idVi
a(UoViUo) = —iU,[Vi,HylUg + U()EUU

Using this, Eq. (22) becomes

1 .
Fi(t) = E[e”?"’ug(r)wnuo(r) — Vi(0)

t
+if ¢ ErTUl [V, HolUod
0

/t iEP‘EUdeViU dr | P
— e -
0 0 dt 0

and taking the norm, using that ||A 4+ B| < ||All + ||B],
IAB| < IlAIIBII, [[Uoll = 1, and || P|| < 1, we obtain

1
IFOI < _<”Vi(t)|| + IV (Ol
|Ep]

i

+ max [[Vi(z), Ho(o)]ll7 + max

t). 24)

The norm || % || will be bounded for reasonable V. For
example, if the system control operations do not greatly change
the environment surrounding each qubit, one expects that each
V; will likely stay fairly constant. Accordingly, we will ignore
this term and the time dependence of V;, in which case

1
IF: N < m(EllVill + max I [Vi, Ho(D)1l9). (25)
P
The commutator [V;,Hy] = [V;,H" _+ H.,,] involves the

m
environment Hamiltonian, which CI(I)laI;’ be extremely large;
however, we now show that by making some reasonable
physical assumptions, ||[V;,Hp]|| is independent of the size
of the system and environment.

First, we assume that HCLDmp, H.,,, and V; are local
operators. They can therefore each be written as a sum of
terms, each term involving only a few qubits. Second, we
make the assumption that each qubit (of the system and

environment) appears in at most a few of these local terms of
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Hclg)mp, H.,y,and V;. For example, if a Hamiltonian is two-local
and geometrically local, say on a cubic lattice, so that each
qubit only interacts with its immediate neighbors, then this
restricts the number of terms in which any qubit appears, say
to six for the cubic lattice. In terms of operator norms, these
assumptions translate as follows.

For V; we have

¢
V-
s=1

where the sum over s is only over the £ system qubits that
comprise the i th logical qubit. B), is an environmental operator
that couples to o, and only consists of a few local terms
(because system qubit s only appears in a few local terms
of V;), each acting on only a few environmental qubits (by
locality). Therefore,

D, o.®B,

u=X.Y,Z

|81 = o)

independent of the system and environment sizes. (Recall
that the coupling A has units of energy, so the B, are
dimensionless.) We thus have that

IVill = £O(1). (26)

Now, Hy = HCLomp + H.,, and both terms contribute to the
commutator [V;, Hy]. Let k%, be the sum of all terms in H-

sys comp
involving system qubit s, where s is a part of logical qubit i.
Since there are only a few such terms, each of which acts on
only a few system qubits, we can assert that

I | = 000,

sys

where £ is an energy scale parameter whose size is on the order
of the size of the individual terms in Hclémp- Similarly, let hf,,
be the sum of all terms in H.,, that contain the environmental
qubits that appear in B;, for 4 = X,Y,Z. Since B, involves
only a few environment qubits, which each appear in H,,, in

only a few, local terms, we have that
[ 72| = EOCD).

Then, since |A + Bl < [|All + 18]I, I[A,Blll < 2||AlllIB],
and |[A® B| = Al BI,

14

Vi HOl <Y D o) ® By Hegup] |

s=1 u=X,Y,Z
+ o) ® B Hen ]|

14

[[o5@ Bl iy + [0 @ Bohen ]|

s=1 u=X,Y,Z
4
<2 > o lIB (s + Iatw 1)
s=1 u=X,Y,Z
Thus,
H[V,-,HO] ” — (£O0(1) 27)

independent of n and the size of the environment.
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Applying the bounds of Eqgs. (26) and (27) to Eq. (25) gives

1
[Fi()l < ——[£O01) + £EtO(1)]
|EPp|

and using this in Eq. (23), we obtain

n
IF@)) < |E—f|z[o<1> + E10(D). (28)
P
The term that grows with ¢ represents a very weak bound for
large t. We see from Eq. (21) that F(¢) is an integral over [0,¢]
of an oscillating integrand and such integrals typically do not
grow with . For example, bounding

t
/ sin(wt)dt < t,
0

while true, is not very helpful for large . However, this is the
best that we have been able to do for the general problem at
hand. In Sec. V we will look at the full ¢ dependence of small
systems using numerical simulation.

3. Fidelity calculation

Suppose the system plus environment is initially in the
pure state |y), and it evolves under U for time 7. We begin
in the code space of the system, so P |¢) = |¢). The fidelity
squared, JF 2 between the desired final state U, [Y) and the
actual final state U |¢/) is given by

F2 = (W USU ) 1> = (W | PUU PIy) 2.

To evaluate this, we left-multiply Eq. (15) by PU(J)[ , and use
Eq. (12) to give

T
PUJUP = P —iAPF — kzPUJU/ UTVUp Fdt.
0

Because P commutes with Uy and PV P = 0, we see from
Eq. (21) that PF = 0. Therefore,

T
PUlUP =P —,\ZPUJU/ U'VUpFdr,
0

SO

T
WIUSUI) =1 =22y PUJU/ UtVUp Fdz V).

! (29)

Making the physical assumptions discussed above, we can

immediately derive a bound on the fidelity. From Eq. (26),

IV || = n€O(1), and using Eq. (28), along with the norm prop-

erties of |AB| < [[AllIIBI, IUoll = |U|l =1, and || P|| < 1,
we obtain

T
,\2<1/f|PUJU/O UTVU(,PFer)‘
< A% max ||V IFOIT
0<t<T

A2p3/202
< 2 T ro) + £T200)].
|Ep|

PHYSICAL REVIEW A 92, 022317 (2015)

Therefore, by the reverse triangle inequality, the fidelity is
bounded by

F = [y UU )|

T
—1-22 <¢|PU§U/ UTVUyp Fdt )
0

A2n3/2p2
> 1- 2 o) + £T200),
|Ep|
so we are guaranteed good fidelity if we have
Ep = 0?2 [TO) + ET?O1)], (30)

where by O(1) we mean the constants from Egs. (26) and (27).
For any efficient algorithm, 7 < poly(n), so since A, £, and €
are independent of n, it suffices for Ep to grow polynomially
in the number of logical qubits 7.

We assume that A, the system-environment coupling, can
be engineered to be small compared to the magnitudes of
the individual terms in Hy. Accordingly, let us consider

(1ﬂ|U§U |¥) to order A>. Working to this order, we can set
U = Uyp (as would occur if . were zero) on the right hand
side of Eq. (29):

(WIULU ) = 1 =22 (y| PUJUgp
T
xf UL, VUop Fdt [§r) +O0).
0

Recall from Eqgs. (7) and (12) that Upp = UpUp and PUp =
P, so that PUJUOP = P. Recalling the notation of Eq. (8)

from the interaction picture, i.e., of V; = Ug pVUop, and the
definition of F' in Eq. (14), we therefore have

T
WIUUIY) =1 =22 (¥ P/O Vi()F(t)dt [§r) +O0)

T t
=1-2(y| P/O vm[0 Vi(r)P dvdt )

+00>).

With perfect error suppression, F2 — 1, so 1 — F2 is a
measure of error suppression failure. We calculate

1-F=1—-|(y|UjUy)]?

T t
=2 (1//|P/ dt/ dt Vi)Vi(D)P |¥)
0 0

+Hec. + 00>,

where H.c. denotes the Hermitian conjugate. But this conjugate
involves

T t T T t
(/ d:/ dt V,(t)v,(z)) :/ dt/ dt V) (t)V, (1)
0 0 0 0

T T
:/ dt/ dt Vi(t)Vi(t),
0 0

where in the last step we used the fact that V; is Hermitian
and relabeled ¢t <> t, showing that this term is identical to the
term of which it is the conjugate, except for the integration
region. The original integrates over a region with T < ¢, while
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the conjugate integrates the same integrand over a region with
t < t, so their sum integrates over all 0 < 7,7 < 7. Thus,

1 —F2 =2 (y] P/T dtVI(t)/TdtVI(t)P ) + 00,
ie., ' '
1 —F2 =22 (Y| FIF |y) + O03)
SO
1= F2<RNFIP+ O0). 31)

We see thata small || F'|| corresponds to good error suppression.
We can combine this expression with Eq. (28) to obtain, at
time T,

2
11— FAT) < 2—352[0(1) +OETP + OO,
P

It is possible to write an expression for the A* contribution. We
find that the leading term in 1/Ep in the A3 contribution goes
like A3T'/ E%. Again, we do not believe that this gives a useful
bound for large T, but it may be useful in the small T regime.

V. NUMERICAL SIMULATION FOR ONE LOGICAL
QUBIT

In this section, we discuss the results of a numerical
simulation of one logical qubit, encoded as four physical qubits
using the Jordan-Farhi-Shor [7] code, coupled to an eight-qubit
environment according to

H= H}omp + Hew + AV + EpQ.

Since we track the evolution over long times, we find it too
computationally expensive to work with more than 12 qubits
total; therefore, for this paper we analyze only one logical
qubit coupled to a modest size environment.

We choose the environment and the couplings as follows.
The environment qubits are arranged on a randomly chosen
three-regular graph and have two-local interactions between
nearest neighbors. Each physical system qubit couples to
a single, unique, randomly selected environment qubit. For
simplicity, the environment and coupling Hamiltonians, Heyy
and V, are time independent.

We choose the environment Hamiltonian to be

8
Hey = Y talii - 5°) + Y opeliity - 5") @ (£, - 5°)
a=1 (b,c)

where each #n,, m;,, and fc is a randomly chosen unit
vector, 0% = (og,0y,07) are the Pauli operators acting on
environment qubit a, each ¢, and o, is a coefficient chosen at
random in the range of [0.9,1.1],and ) (b.c) denotes a sum over
neighboring environment qubits on the three-regular graph.

In this small simulation, with one logical qubit, the system
size is 4. The system-environment coupling has the form of
Eq. (3), with the environmental operators chosen to be simple
single-qubit terms, and is given by

4 4
V= Z,Bs(ﬁs . &3) + Z VS(mS . 6’3) ® (ES . 6gnv)’

s=1 s=1

PHYSICAL REVIEW A 92, 022317 (2015)

where each 7, i, and fs is a randomly chosen unit vector, &
are the Pauli operators acting on system qubit s, and 6, are the
Pauli operators acting on the environment qubit that is coupled
to system qubit s. Note that we have included single-qubit error
terms, A, - ¢, that are not coupled to any environment qubits
but may arise from pure system errors. The coefficients B, and
y, are each chosen at random in the range [0.9,1.1]. By design,
V acts one-locally on the system.

The initial state is taken to be a pure product state of the

system and environment,

) =1y’ ® v,

where the initial environment state |¢) is arandom eight-qubit
state. We will study different choices for the initial system
state [¢*) and the computational Hamiltonian HCLomp. In order
to compare the actual and desired dynamics, we evolve with

U and U defined in Eq. (6) to obtain

o) =U@) 1Y),
lpo()) = Uo(®) 1),

Note that because the system and environment are not coupled
by Hp, we can write

o)) = |5(1)) ® |¢5(1))

so that the state of the system at time # is |¢;(¢)), independent
of the environment. In the coupled case, on the other hand,
the state of the system at time ¢ > 0 is described by a density
matrix,

t €[0,T],
t €[0,T].

p(t) = Treny|(1)) (P(1)],

where the environment qubits have been traced out.

At any time ¢, we compare the actual versus coupling-free
evolutions using the following measures:

(1) The squared fidelity of the total evolution,

FA(t) = o).

As a result of our theorem, this measure goes to 1 as Ep —

Fo0. This fidelity also contains the fidelity of the environ-

ment’s evolution, and accordingly is a stronger measure than

what we need to track how well the computation is protected.
(2) The squared fidelity of the system evolution,

Ft) = (p50)]p@0)|d5(1))-

This measure determines if the quantum computation in the
presence of the coupling to the environment is following the
desired evolution. The irrelevant bath degrees of freedom are
traced out.

We first perform simulations for the time-independent
computational Hamiltonian HCLOmp = X . Figure 1 shows the
results of a typical simulation with A = 0.1 and for a variety
of Ep values, for both fidelity measures defined above. The
initial system state in this case is a random superposition of
|0.) and |1.), which can be viewed as a random superposition

of the code-space eigenstates of HCI;)mp = X, ie., of
1
|£L) = —=(0r) £ [11)).

V2

We make the following observations:
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Ep=128

-w%w%\«vwwm

VA~ N\

(system fidz-:‘lity)2

(total fidelity)?

FIG. 1. (Color online) (Top) squared system fidelity JF? and
(bottom) squared total fidelity F2 as functions of time ¢ on a log
scale for A = 0.1 and initial system state |¢°) = «|+.) + B|—1L)
with a random choice of @ and 8 obeying |a|> + |8]*> = 1. Results
are shown for increasing energy penalty strengths Ep. All data are

for H: =~ = X, on a four-qubit system, and for a particular random
instance of He,, V, |¥*), and | ¢) with eight environment qubits.
The dashed line in the top panel is at |«|* + |8|*, which is 0.615 for
this particular choice of |/*); its significance will be explained later.
The dashed line at 1/16 is the expected long time system fidelity in

the absence of protection.

(1) In the absence of an energy penalty, i.e., when Ep = 0,
the fidelities rapidly fall. We see that 2 falls to a value of
about 1/16, which is the expected fidelity between two random
four-qubit system states. In other words, the state of the system
is outside the code space and is uncorrelated with the state
resulting from the desired evolution.

(2) For large Ep, near-perfect fidelity is maintained for a
long time, both for the system (F;) and the system environment
(F). However, the fidelity eventually falls, and does so fairly
abruptly (on a log scale). This kind of behavior would not
be seen in a low-order power series expansion in time and
is certainly not seen in expressions like Eq. (24) that have a
linear term in 7. Note that the larger the value of E p, the longer
near-perfect fidelity is maintained.

(3) For sufficiently large E p, the general behavior is for the
system fidelity F to approach an asymptotic value for large ¢,
about which it has small fluctuations.

We have data for times greater than what we plot here that
support this observation, but of course we cannot draw firm
conclusions about what happens as t — oo. Still, we can say
that the system fidelity stays fairly level away from zero at
time scales much larger than any natural time scale involved
in the simulation.

(4) The total fidelity F always falls to very close to O for
very large ¢, indicating that the environment state is not as well

PHYSICAL REVIEW A 92, 022317 (2015)
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FIG. 2. (Color online) (Top) squared system fidelity 2 and
(bottom) squared total fidelity 2 as functions of time ¢ on a log
scale for A = 0.01. All other values are identical to those of Fig. 1,
but the time scale has been increased because there is better protection
for the smaller value of A.

protected as the system state is. This is unsurprising, as there
is no preferred code space for the environment.

(5) In Fig. 2, we see qualitatively the same behavior for the
same randomly chosen H.ny, V, and |¢), but with A = 0.01
(rather than A = 0.1). Note that for each Ep, the smaller A
value allows for good protection for longer times than the
larger A value allows.

It is interesting to compare the bounds of Egs. (31)
and (25) with our numerical observations. For the parameters
used to generate Figs. 1 and 2, we have ||V | ~ 7, ||Hyl =
12, and ||[V,Ho]|| & 17 (significantly less than ||V|| - || Hol|,
in accordance with our previous discussion on locality).
Equation (31) suggests that good fidelity squared, say of 0.9,
can be achieved if A2||F|? < 0.1, so for A = 0.1 we expect
that we need || F|| < 3. The bound in Eq. (25) indicates that
for Ep =32, |F|| <3 for T <5, so that these two bounds
together suggest that good fidelity can be maintained for
time T <5 if Ep = 32. However, in Fig. 1 we see that,
in this case, we can maintain good F? up to T = 1000.
Similarly, for A = 0.01 we expect that we need || F| < 30
[from Eq. (31)], which for Ep = 32 can be guaranteed for
T <60 [by Eq. (25)]; however, Fig. 2 indicates that in this
case we can maintain good F2 up to T = 100 000. We thus see
that Eq. (25) is not really useful for large T, as our numerical
results show good fidelity for far longer than our bounds can
guarantee.

To address the question of how long good fidelity can be
maintained, we note that for successful quantum computation
it suffices to have high system fidelity F; high total fidelity
JF is not required. Accordingly, we define the protection time
forot t0 be the time at which the squared system fidelity 2 first
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O Simulation data
2|
g = 0.752(Ep/\’)
T

12

10 10 10° 10 10" 10

Ep\?

FIG. 3. (Color online) The protection time #,, defined as the
time at which the squared system fidelity F2? drops to 0.9,
vs Ep /Az for a range of Ep and A values, specifically, Ep €
{35,45,...,225} and A € {107*,3 x 107%,1073,3 x 1073,1072,3 x
1072,1071,3 x 10,1} (each of the nine “clusters” of data in the
figure corresponding to a different A value). All Hamiltonian and
initial-state values (other than Ep and 1) are kept identical to those
of Fig. 1. The line shows that a linear relationship between f,,; and
E p /A7 fits the data well.

drops to 0.9. In Fig. 3 we plot f for a variety of values of
Ep €[35,225] and A € [10~%,1] (with all other Hamiltonian
and initial state values held fixed). Observe that, to a very good
approximation, the data fit the relation

tprol X EP/)Lz

especially for larger values of Ep. We will later show a simple
model that is consistent with this behavior.

We next address the question of what the system fidelity
falls to at late times for large E p. For the Hamiltonian HCLOmp =
X1, given |*) we can actually predict the long-term system
fidelity. To help uncover this relationship, we plot in Fig. 4(a)
the system fidelity as a function of time, with |¢*) taken to be
|0.). Note that the long term system fidelity is very near 1/2
for Ep > 16. In Fig. 4(b) we show the same thing but with
|[Y¥*) = |+L), an eigenstate of X, and see that the long term
system fidelity is very near 1 for Ep > 16. More generally, we
observe that if we write

[V*) = al+.) + Bl—L), (32)

with |£.) being the code-space eigenstates of X; and
la|?> 4 |B|? = 1, then the long-term system fidelity is well
approximated by |a|* + |8|*. In Fig. 5 we show the long-term
system fidelity versus |a|* + (1 — |a|?)? for a set of randomly
chosen |y*) and the good fit is apparent.

We show in Fig. 6, for the three choices of |*) displayed
in Figs. 1, 4(a), and 4(b), the probability to remain in the
code space, (¢(t)|P|p(t)). We see that it is close to 1 for
all displayed times for Ep > 16, indicating that any loss of
system fidelity is occurring because of errors inside the code
space. With Hclg)mp = X, the desired evolution, starting with
the state in Eq. (32), is

lo5(0) = ae " |+1) + Be''|—1)

since the code-space eigenvalues of X are 1. Imagine that
the only effect of the coupling to the environment is to induce
dephasing in the HX  energy eigenbasis. Then the density

omp
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(b)

FIG. 4. (Color online) Squared system fidelity 72 as a function
of time ¢ on a log scale for initial states (a) |¢*) = |0.) and (b)
[y = |+L), with Hg;)mp = X, and A = 0.1. All Hamiltonian and
initial environment state values are identical to those of Fig. 1. The
dashed lines at 1/2 (in the top figure) and 1/16 (in both figures) serve
as guides for the eye. Note that in the bottom figure, for Ep > 16, F?

remains close to 1 for the duration of the simulation.

matrix of the system will approach

p(t) = lalP|+1)(+2] + 1B l—r)(—1l

and the squared system fidelity, (¢y(t)0(t)|gy(2)), is o [* 4+
|8]*. That the data in Fig. 5 match this is good evidence that the

0.8 B

0.7 . 4

05f £ = E

tem fidelity)

© 04 4

(sys

0.3 B

0.2 R
° data

0.1
log* + (1-JofH?

:
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Jof?

FIG. 5. (Color online) The long-term squared system fidelity 2
as a function of ||?, where the initial system state is [*) = a|+7) +
Bl—1) and |&|*> + |B]> = 1. The curve y = |a|* + (1 — |a|?)? is also
shown, and the good fit is apparent. Each data point represents a
random choice for « and B, as well as V, H.,, and the initial
environment state |1¢). The computational Hamiltonian is HX

comp

X, and Ep = 128. Each data point is the average .7-1?(T) over the
times T = {1,2, ...,10} x 10® to account for fluctuations in time of

F, about the long-term system fidelity.
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FIG. 6. (Color online) The probability (¢(z)|P|¢(t)) of the sys-
tem being found in the code space for the three different initial states
used in Figs. 1, 4(a), and 4(b), namely, (a) |¥°*) = a|+.) + Bl—L),
(b) |¥*) =10.), and (c) |¢¥*) =|+.). The dashed line at 1/8
represents the expected probability for a maximally mixed four-qubit
state to be found in the one-qubit code space. In all three cases, for
Ep > 16 the code-space probability is very near 1 for all displayed
times.

effect of the coupling to the environment is to cause dephasing
in the energy basis of Hl;, .

In our simulation we see that, for sufficiently large energy
penalties, the system remains in the code space and decoheres
inside the code space via dephasing of the energy eigenstates.
We now present a simple phenomenological model that allows
us to estimate #,ro(, the time at which the effects of decoherence
become appreciable. The model has three states. The first
two states are the code-space eigenstates, |+) and |—), of
the logically encoded two-level computational Hamiltonian
with energies w and —w. The third state is a penalty state,
representing all the states orthogonal to the code space, and
accordingly has energy Ep > w. The third state is coupled to
the first two as a result of interactions with the environment,

PHYSICAL REVIEW A 92, 022317 (2015)

so that the effective Hamiltonian is

w 0 )\,+
Heff =10 — A
A+ A Ep

Here, A, and A_ are the effective couplings of the first two
states to the penalty state, and we assume that they are small
compared to w. We imagine that A, and A_ are proportional
to some constant A that represents the overall scale of the
effective couplings. Expanding to lowest order in A, A_, and
1/Ep, we find that

. Ar\2
||(—|e”H€“"|+>II2 5( § ) )

(L)Ep

so in this model the transition probability between states |+)
and |—) is negligible for all time.

Treating the coupling as a perturbation, the effect of the
coupling of the system states to the penalty state is to shift
their energies. The perturbed energies are calculated to be

)\,2
Ey = 40— —=
Ep
to lowest orderin A4, A_, and 1/Ep. Thus in this little model,
attime ¢, the interaction-induced phase difference between |+)
and |—) is

2 _ 42
22 -2
Ep

so that the characteristic dephasing time is proportional to
Ep/A\*. Generalizing from the toy model to an encoded two-
level logical system with a coupling to the environment of size
A and energy penalty term of size Ep, we guess that
Ep
F )
in agreement with the behavior seen in Fig. 3.

Returning to the simulation results, we have seen that
a sufficiently large energy penalty keeps the system in the
code space, even for large . We also presented evidence
that decoherence inside the code space occurs via dephasing
in the energy basis. In particular, with a time-independent
HCLOmp = X, starting in an energy eigenstate, say |+, ), we find
that for sufficiently large E p the system remains approximately
in that eigenstate for the duration of the simulation. In
adiabatic quantum computation [17], the state of the system is
initially the ground state of a time-dependent computational
Hamiltonian and, provided that the computational Hamiltonian
is changed slowly enough, the evolving state is expected
to remain near the instantaneous ground state. One might
therefore expect good fidelity in the adiabatic computation
case as well.

We now show the results of simulations for the one logical
qubit adiabatic computation

(Ey — E- —20)t = — t

Tprot X

L t t
Hcomp(t) =(1- ? X+ TZLs

where the initial system state |¢*) = %QOL) — |1.)) is the

ground state of HCLOmP(O). The results are shown in Fig. 7 for
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FIG. 7. (Color online) For the adiabatic computation, Hc];)mp(t) =
(1 = )X + 7Z, withT = 10000, the (top) squared system fidelity
JF?2 and (bottom) squared total fidelity 72 as functions of time ¢ for
A = 0.1. All data are for a particular random instance of He,, V,
and |y ¢) with eight environment qubits, with the system initially in
the ground state of Hanmp(O), Note that for Ep > 16, we have nearly
perfect system fidelity throughout the evolution.

T = 10000. Observe that for Ep > 16, the system fidelity
remains very high for the duration of the computation.

We emphasize that our numerical results are for a small
system (one logical qubit made of four physical qubits)
coupled to a small environment (of eight qubits). We do
not know if the observations we have made for one logical
qubit will hold in more complicated systems with many
logical qubits. In particular, we would like to know if with
a large number of qubits, modest energy penalties can keep
the system in the code space and, if inside the code space,
whether the decoherence is limited to dephasing in the energy
basis. If so, this would be of great help in protecting adiabatic
quantum computation. Furthermore, we are concerned that
in our simulations, the size of the environment may be too
small, especially given the large values of Ep that we are
exploring. It would be disappointing if our encouraging small
system simulation results are artifacts of having too small an
environment or do not reflect what actually happens in large
systems. Nevertheless, these numerical results, in conjunction
with the proof that the energy penalty method works in the
infinite Ep limit, suggest that the energy penalty method may
be a useful approach towards the development of fault-tolerant
Hamiltonian-based quantum computing.

VI. OUTLOOK

To use the energy penalty method in an actual device,
some practical hurdles remain to be overcome. The logical
operators used by the codes discussed in this paper need to
be at least four-local (in order to detect arbitrary one-local
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errors), whereas physically implementable Hamiltonians are
generally constrained to be two-local. The usual procedure
to overcome such locality constraints is to use so-called
perturbative gadgets (as introduced in [ 18]), which allow one to
construct a two-local Hamiltonian whose low-energy subspace
approximates a given desired Hamiltonian. Such techniques
can perhaps be used here, too, to achieve error suppression
using only two-local operations and energy penalties. Another
technique that might work for certain situations is to use codes
that do not correct arbitrary errors but have a smaller locality,
similar to what was done in Ref. [8] in the context of quantum
annealing. This would be useful in situations in which it is
known that only certain types of errors are problematic. In
addition to allowing for only two-local Hamiltonians, such
codes may admit fewer physical qubits per logical qubit (i.e.,
a smaller value of £), reducing the total error on the system and
enabling numerical simulations for a larger number of logical
qubits than we have been able to do in this paper.

Another potential hurdle is the scaling of the energy penalty.
To maintain a given desired fidelity, it is possible that the
magnitude of the required energy penalty Ep depends on the
size of the system. Fortunately, Eq. (30) shows that under
reasonable physical assumptions, such a scaling is at most
polynomial in the number n of logical qubits. We hope
that this inequality can be tightened further. For scalable
implementation of Hamiltonian-based quantum computing
with error suppression, it is likely that changing the energy
penalty (even polynomially) to accommodate increases in the
logical system size may be difficult to do. For a practical
fault-tolerant theorem, it would be desirable for the error
suppression to be ultimately achieved through the addition of
extra qubits, as in the circuit-model case, rather than requiring
hardware modifications (such as increasing the magnitude
of energy penalty terms). Recently, it has been shown [19]
how two-local perturbative gadgets can be used to achieve
effectively large energy penalties using much weaker energy
interactions, at the expensive of having additional qubits. It
would be of great interest to see if such a technique could
be applied here to develop a threshold theorem for scalable
Hamiltonian-based quantum computing. Unfortunately, the
technique in [19] requires a large overhead in the number
of interaction terms per qubit, which is likely physically
unrealistic and is in opposition to the physical assumptions
we made in deriving our fidelity bounds. Nonetheless, it may
be a fruitful avenue for future research.

VII. CONCLUSION

In this paper, we considered the energy penalty method
of error suppression, i.e., the method of achieving error
suppression by encoding a Hamiltonian using a quantum error
detecting code and adding a constant term that penalizes
states outside of the code space. We proved that this method
does indeed work in principle. Specifically, we showed that,
in the limit of an infinitely large energy penalty, the actual
evolution of the system is precisely the evolution in the absence
of unwanted control errors and environmental interactions,
provided that the code can detect these errors. Moreover, we
have provided some bounds governing the finite energy penalty
scenario, allowing one to bound the energy penalty required to

022317-12



ERROR SUPPRESSION IN HAMILTONIAN-BASED ...

attain the desired evolution with good fidelity. We believe that
these bounds can be improved, as supported by our numerical
evidence for a single logical qubit, and leave their tightening
as an interesting open problem. We hope that progress in this
area will eventually lead to a practical fault-tolerant paradigm
for Hamiltonian-based quantum computation.
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APPENDIX

In this paper we focused on the simplest case, where V acts
one-locally on the system and the quantum error-detecting
code can detect one-qubit errors. In this Appendix we show
that this simplification is not necessary. As long as the error
detecting code can detect the errors that V causes, our infinite
energy penalty theorem still holds. This includes, for example,
the case where V acts k-locally and the code can detect k-local
errors. Specifically, the only requirement on V is that

PVP =0. (A1)
We now present a proof of this general case.
Define R, (forr =0, ...,n) to be

Rr:Z{A1®"'®An:Ai G{PhQi}
such that |{i : A;=0;}|=r]},

where as before, P; is the code-space projector for the ith
logical qubit and Q; = 1 —P;. In other words, R, is the sum
of all terms, each of which is a tensor product of a total of n
P;’s and Q;’s, one for each logical qubit, such that precisely
r of these projectors are Q;’s. For example, Ry = P, R, =
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010>+ Oy, and
Ri=0\P-- P+ + PP On.
Observe that the R, are in fact a complete set of orthogonal
projectors:
R>=R,
R.R. =0

r=0

where the last equality can be obtained by expanding out 1 =
[1:(P: + Q).

Now, recall that ¢/£r7Q P, = P, and that ¢!£r7Qi Q; =
e'Er7 Q;. Therefore, using the definition of Q in Eq. (5), we
see that for any r,

for all r,
forr £ r',

n
U};('L’)Rr — eiEp'L’QRr — HeiEpriRr — eirEerr
i=1

because each term in R, consists of precisely r Q;’s. Applying
U I, tol=7)""_, R, therefore lets us write

U;[J(_L,) — ZeirEp‘[Rr
=0
so that applying U}T, to V P gives

ULVP =Y e R, VP.
r=0
We now apply our key requirement of Eq. (A1) to see that
the r =0termis RyVP = PV P = (. Thus, we have

ULvP =Y "R, VP,
r=1

instead of the one-local version in Eq. (20), and our formula
for F from Eq. (21) therefore generalizes to

F@) = Z/) eirEPTRrUg(r)V(t)Uo(r)Pdr.
r=1 (

Note that every term in F(z) has a phase of ¢/ £# for some r >
0. Applying the Riemann-Lebesgue lemma, we again conclude
that in the infinite E p limit F(¢) — 0 and our theorem follows.
This form of F may be useful in deriving finite energy penalty
bounds in the case that we have a code that can protect against
more than one-local errors.
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