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A quantum expander is a unital quantum channel that is rapidly mixing, has only a few Kraus operators, and can
be implemented efficiently on a quantum computer. We consider the problem of estimating the mixing time (i.e.,
the spectral gap) of a quantum expander. We show that the problem of deciding whether a quantum channel is not
rapidly mixing is a complete problem for the quantum Merlin-Arthur complexity class. This has applications to
testing randomized constructions of quantum expanders and studying thermalization of open quantum systems.
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I. INTRODUCTION

A quantum expander is a unital quantum channel that is
rapidly mixing. This means that with repeated applications
of the channel, every quantum state is rapidly contracted to
the maximally mixed state, which is the unique fixed point.
In addition, a quantum expander has only a small number of
Kraus operators, each of which is described by an efficient
quantum circuit. Quantum expanders are quantum analogs of
expander graphs, which play a prominent role in computer
science and discrete mathematics [1]. The idea of quantum
expanders was introduced in [2,3]. Since then, several explicit
constructions of quantum expanders have been discovered,
and quantum expanders have found various applications in
quantum information theory, such as constructing quantum
states with unusual entanglement properties and simulating
thermalization in quantum systems [4-9].

Here we study the problem of estimating the mixing rate of
a quantum expander. Given a quantum channel ® of the above
form (a small number of Kraus operators, specified by quantum
circuits), this problem is to estimate the spectral gap of ®. This
problem arises in connection with randomized constructions
of quantum expanders [9], where with high probability one
obtains a good expander, but it is not obvious how to test
that a particular instance of the construction is in fact good.
In addition, this problem can be viewed as a special case
of a more general question: given an open quantum system,
determine whether it thermalizes, and on what time scale. (The
behavior of a quantum expander is roughly equivalent to that
of a quantum system with a particular weak coupling to a bath
of harmonic oscillators.)

Formally, we define the “quantum nonexpander problem”
(which is the complement of the above problem), and we
give evidence that this problem is computationally intractable:
We prove that it is QMA-complete. Here QMA (quantum
Merlin-Arthur) is a complexity class that is a quantum analog
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of NP (nondeterministic polynomial time) [10-12]. Proving
that a problem is QMA-complete implies that it is equivalent
(up to polynomial-time reductions) to all other QMA-complete
problems [11,13-19], a survey of which can be found in [20].
In particular, this implies that the problem cannot be solved in
polynomial time (unless QMA = BQP). Furthermore, this
implies that our original problem, the “quantum expander
problem”, is complete for the complexity class co-QMA
(where co-QMA is the class of all problems whose comple-
ments are in QMA); hence the “quantum expander problem”
cannot be in QMA (unless QMA = co-QMA). In other words,
when a channel ® is not a quantum expander, there is an
efficiently verifiable quantum proof of that fact; but when ®
is a quantum expander, there is no way of giving an efficiently
verifiable quantum proof.

II. PRELIMINARIES

A. The quantum nonexpander problem

We use the definition of explicit quantum expanders due to
Ben-Aroya, Schwartz, and Ta-Shma [4]. For an N-dimensional
Hilbert space H, let L(H) denote the space of linear operators
from H to itself. A superoperator @ : L(H) — L(H) is admis-
sible if it is a completely positive and trace-preserving map. An
admissible superoperator is unital if ®(7) = I, where [ = +
is the maximally mixed state on H (where / is the identity
operator on 7). A unital superoperator is D-regular if ® =
% > P4 and for d=1,...,D, &4(X) = UdXU;, where
the U, are unitary transformations on . The unitaries U, are
called the operation elements (or Kraus operators) of ®, and D
is called the degree of ®. A D-regular superoperator is explicit
if each of its operation elements can be implemented by a quan-
tum circuit of size polylog(N), where N is the dimension of H.

Definition 1 (quantum expander). A D-regular superop-
erator ® : L(H) — L(H) is a «-contractive expander if for
all A € L(H) that are orthogonal to I with respect to the
Hilbert-Schmidt inner product, that is, Tr(AI~ ) =0, it holds
that

[PAF < kllAllp. (D

Here the Frobenius norm is given by [|Allr = VZM |a[j|2,
where a;; are the entries of the matrix A. The quantity 1 — «
is called the spectral gap of ®.
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Remark 1. The motivation for this definition can easily be
seen from the following argument. A good quantum expander
@ rapidly sends any density matrix p to the maximally mixed
state I. Because Tr [p] =Tr [I]=1wecan always write p =
I + A where Tr[A] = 0. The requirement of Eq. (1) therefore
formalizes the idea of @ bringing p towards I by rapidly
killing off the A term. In this context Eq. (1) is equivalent
to demanding that | ®(p) — I||r < k|lp — I||F, which clearly
encapsulates the idea of ® rapidly sending density matrices
towards the maximally mixed state. Note that in this argument
A = p — I is Hermitian; however, it can be shown that if
Eq. (1) applies for traceless Hermitian matrices, it also applies
for traceless matrices in general, thus justifying Definition 1.

We consider the problem of estimating the mixing time of a
quantum expander. Formally, we study the following decision
problem:

Definition 2 (quantum nonexpander problem). Fix some en-
coding such that each string x € {0,1}* specifies the following:
an explicit D-regular superoperator ® :(C2)®" — (C?)®",
with operation elements Uy, ...,Up, and two parameters
o> f.

We will consider instances which satisfy the following
promises:' m and D are upper-bounded by (fixed) polynomials
in |x|; the parameters o and S are polynomially separated,
i.e., they satisfyor — 8 > m for some (fixed) polynomial g;
and the operation elements Uy, ...,Up are given as quantum
circuits of size at most r(|x|) for some (fixed) polynomial r.

The “quantum nonexpander” problem is the task of decid-
ing which of the following is correct, given the promise that
exactly one of them is correct:

(1) @ is not an a-contractive expander (YES case),

(2) @ is a B-contractive expander (NO case).

B. Thermalization of open quantum systems

To motivate the “quantum nonexpander” problem, we now
describe a connection between that problem and the study
of thermalization in open quantum systems. We show an
example of a quantum system coupled to a bath, where the
system thermalizes and the relaxation time is determined by
the spectral gap of a certain quantum expander.

Let the system consist of m qubits, and fix some unitary
transformations U, (for « = 1, ..., D) which act on (C?)®™".
Let the bath consist of a large number of harmonic oscillators,
with annihilation operators b, (fore = 1,...,D and k € €,
where 2 is some large set). Let the total Hamiltonian be

H = Hg+ ¢H; + Hp, )

where the system Hamiltonian is Hg = 0, the bath Hamiltonian

is
Hp =Y > wiblibat. 3)
o k
and the interaction Hamiltonian is

Hy =Y (Us® fo) + US ® £, )

o

where the operators f,, are defined by f, = ﬁ Zk bok.

"Here |x| denotes the length of the string x.
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In the weak-coupling limit (¢ — 0), the time evolution of
the system is described by a master equation [21]. Suppose the
bath is in a thermal state, pg = (1/Zg)exp(—Hpg/T). Then
the master equation takes the following form:

d
Jops() =Ry ;waps(t)u; — ps(1))
+ R Y (Ulps(OUy — ps(t)), 5)

where pg(t) is the state of the system at time 7, and Ry
and R; are positive real numbers. Equation (5) has two
special features: There is no contribution from a “Lamb shift”
Hamiltonian, and the dissipator is in diagonal form with
Lindblad operators which are unitary. (See Appendix 1 for
the derivation of this equation.)

Now define the quantum channel

Ro Rl
(0] = U, Ul + — Ul U,.
@) (Ro+ R1)D ; Pl (Ro+ R)D ; aP

This channel @ is a (nonuniform) mixture of unitary op-
erations. In the special case where the set of unitaries
{Uy |la=1,...,D} is closed with respect to the adjoint
operation (i.e., for every 1 < a < D, there exists some 1 <
B < Dsuchthat U, = U ;), the channel ® can be written as

1
®(p) = Xa: UlpUsy;

hence ® is a D-regular superoperator, as described in the
definition of a quantum expander.
The master equation can now be rewritten in terms of ®:

d
E,Os(t) = (Ro + R)D(® — I)[ps(®)],

where Z denotes the identity channel. We can solve for pg(t):
ps(t) = explt(Ro + R1)D(P — D)][ps(0)].

Thus the system converges to the maximally mixed state as
t — 00, and the rate of convergence depends on the spectral
gap of ®. More precisely, write ps(t) = I + A(r) where A(r)
is traceless. Then it can be verified that

IA®IF < exp[—1(Ro + Ri)DI — i) AO) -

C. Quantum Merlin-Arthur complexity class

We will show that the quantum nonexpander problem
is QMA-complete, i.e., it is contained in QMA, and every
problem in QMA can be reduced to it in polynomial time. The
complexity class QMA consists of decision problems such
that YES instances have concise quantum proofs. The QMA
complexity class is motivated by the following protocol. Given
a problem instance x (i.e., a string of |x| bits) and a language
L € QMA, a computationally unbounded but untrustworthy
prover, Merlin, submits a quantum state of poly(|x|) qubits
as a purported proof that x € L. A verifier, Arthur, who
can perform polynomial size quantum computations, then
processes this proof and either accepts or rejects it. If x € L
then there exists some polynomial size quantum state causing
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Arthur to accept with high probability, butif x ¢ L then Arthur
will reject all states with high probability. QMA is a quantum
analog of MA, which is the probabilistic analog of NP.
Definition 3 [QMA(a,b)]. A language L is in QMA(a,b)
if for each x € {0,1}* one can efficiently generate a quantum
circuit V with the following properties:
(1) V acts on the Hilbert space W ® A, where

W= (CHEm, A= (CHE,

and the functions n,,,n, : N — N grow at most polynomially
in |x|.

(2) V consists of s(|x|) elementary gates where the
function s : N — N grows at most polynomially in |x]|.

(3) If x € L (YES case) then there exists a witness state
[Y) € W such that

IPVIY)0))* > a. (6)

(4) If x ¢ L (NO case) then for all states |y) € WV we have
that

IPVI¥)10)]* < b. )

Here W and A are the witness and ancilla registers,
respectively, and P = [1)(1| ® 1 projects onto the subspace
of the first qubit of WW ® A being in the state |1). The state
|0) = |00...0) is the all-zeros state on A.

Observe that VW, A,n,,n,, and P depend on x; however,
to avoid unnecessarily complicated notation, we do not
indicate this explicitly.

Remark 2. Tt is conventional to define QMA =
QMA(2/3,1/3). However, the complexity class QMA(a,b) is
highly insensitive to the particular values of a and b. In fact,
even if a and b are functions of the problem size 7, it remains
true that QMA(a(n),b(n)) = QMA provided a(n) — b(n) >
ﬁ for some polynomial p. It is always possible to achieve
that a = 1 — ¢ and b = ¢ by increasing the size of the circuit
by a factor polylog(1/¢) and increasing n, by polylog(1l/¢)
qubits, with no change in n,, [22,23].

III. QUANTUM NONEXPANDER IS IN QMA

We now show that the problem defined in Definition 2 is in
QMA. We first consider the YES case. In this case, Merlin has
to convince Arthur that there exists a traceless matrix A such
that

@A) F > el AllF. ®)

We may assume without loss of generality that ||A|lF = 1.
Clearly, Merlin cannot directly send the matrix A because
it is an exponentially large matrix. Instead, he can send the
quantum certificate

N
[Wa) =Y aijli) ® 1)
ij=1

encoding the matrix A. We show that |y4) can serve as
a witness making it possible to convince Arthur that the
inequality in Eq. (8) holds.

Arthur’s verification protocol makes use of the following
facts:

A% = (Wal¥a), Tr[Al='N{p|¥a),
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FIG. 1. Hadamard test for V.

where |¢) = ﬁ SN 1i) ® i), and

IP(AI% = (YAl WIW[Pa),

where
12
W=—=)» U;®Uy,,
D; d® Uy

and U, denotes the complex conjugate of Uy.

First, to check whether Tr[A] = 0, Arthur verifies that
|[Yr4) is orthogonal to |¢). Second, to estimate the contractive
factor, Arthur estimates the expectation value (/4| wi Wira)
of WIW.Ford,e =1, ...,D, define the unitaries

Ve = (U} @ UT)(U. ®T,).

Note that V; , = Vi 4 and V; 4 = 1. The expectation value can
be expressed as

N 1
(VAW W(a) = D2 Z(WAIVd,elllfA)
d,e

2
% + 2 ZR6(¢A|Vd,e|1ﬁA>-
d<e
Arthur can estimate the values Re(yr4|Vy|¥4) using the
Hadamard test (shown in Fig. 1), since it will output 1
with probability Pr(1) = %(1 + Re(¥alVaela)). From this
Arthur can calculate ('(//A|WTW|'WA) = ||<I>(A)||%F and ensure
it exceeds .
Now consider the NO case. In this case, Arthur’s first mea-
surement projects the state |y 4) onto the subspace orthogonal
to |¢); and by definition, all states |14) in that subspace must

satisfy
(YAl WIW(|Pa) = DA < B~

This shows that Merlin cannot cheat, that is, make Arthur
believe that there exists a quantum state with contraction
greater or equal to «, provided that Arthur estimates the
expected value sufficiently well and with sufficiently high
probability of confidence.

Asinthe original definition of QMA in [11], we may assume
that Arthur has multiple copies of the quantum certificate |r)
so that we can estimate the expected value sufficiently well.
Using the powerful technique of in-place amplification [22],
we can transform a quantum circuit requiring |)®* into one
that requires only a single copy of |i).

IV. SOME TECHNICAL TOOLS

A. The Frobenius norm

In the proof that quantum nonexpander is QMA-hard we
will frequently make use of the Frobenius norm; we therefore
present some useful facts about this norm here. If B is a matrix
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with entries b;;, then the Frobenius norm is defined as
IBlr = Tr[B'B] = 2]m| )

We have the following identities: |A @ Bllr = ||Allr|IBllF,
Tr[A ® B] = Tr[A]Tr[B], and of course Tr[A + B] =
Tr[A] + Tr[B]. If |¥) and |¢) are pure states then

1Y) @lllr = VWl @le) = )i, (10)

Note that [[|0)(O[llF = I11){1[llF = 1.

In this paper we denote the Pauli matrices on one qubit
by o;, with o9 = 1, 01 = 0y, 0, = 0y, and 03 = o,. Consider
any traceless matrix A that acts on some space C¢ ® C2,
where we will refer to the second subspace (i.e., single-qubit
subspace) as the indicator qubit register. Because the Pauli
matrices o; form a basis for the matrices acting on the
indicator qubit register, we can decompose A as Z?:o A; ® oj,
where A; are matrices on the combined multiqubit subspace
(the witness and ancilla registers that we will see later).
Because o; are traceless for i = 1,2,3, the traceless condition
on A therefore becomes Tr[Ag] = 0. Moreover, because the
Pauli matrices are orthogonal with respect to the trace inner
product and all satisfy ||o;[|% = 2, we have ||}, A; ® 0;[|% =
Y. lAi ®oill3 =2, |A;|l%, giving the inequality

3
Z A; ® o;
i=0 F

A quantum operation G is called a pinching operator if
G(B) = )_ , PBP where P are nonoverlapping projectors with
> p P = 1. Pinching operators are trace preserving,

Tr [Z PBP:| = Tr[B], (12)
P

and moreover (by the pinching inequality) cannot increase
Frobenius norm:

> V2| Aol - (11)

< BllF- 13)

Z PBP
P F

It should be noted that a quantum expander £ is also norm-
nonincreasing,

IEBIF < IBllF, (14)
and similarly for any projector P,
IPBP|F < | BllF- 15)

B. Controlled expanders

The remainder of our paper will make repeated use of
controlled expanders, which we introduce here. If U is a
unitary gate, we use the notation AU to indicate a controlled-U
operation.

Definition 4 (controlled expander). Let F be a quantum
expander with operation elements {U;:i = 1...m} so that
F(B) = %Z:":l U,-BU;[. The controlled expander AF is
defined to be the m-regular superoperator whose operation
elements are the controlled unitaries {AU; :i = 1...m]}.

PHYSICAL REVIEW A 87, 042317 (2013)

More explicitly, consider two registers, a control register
and a target register, and suppose that an expander JF acts on
the target register as F(B) = Zl UiB U Decompose the
control register into two orthogonal subspaces and let Q and
P be projectors onto these two subspaces (so Q + P = 1 and
PQ = QP = 0). Suppose that the controlled operations AU;
are to be applied when the control register is in the subspace
corresponding to P; thus AU; = P ® U; + Q ® 1. Consider
a matrix A ® B, where A and B act on the control and target
registers, respectively. Then the controlled expander AF, with
operation elements AU;, actson A ® B as

AFA®B) =~ Z (AU;)(A ® B)(AU,)]

5

YUPU+Q®INA®B)(P @ U,
i=1

® D]

[PAP ® U;BU! + PAQ ® U; B

3|~ + 3|~

.M§(Q

i=1

+ QAP ® BU; + QAQ ® B]

1 _
1
=PAP® — Z(UiBUi)
1
PA AN AY:

1 t
+QAP®B<ZIZU,-> + QAQ ® B.

(16)

Note that if we impose on F the requirement that
Sui =0, (7

then we obtain
AF(A® B) = PAP® F(B) + QAQ ® B, (18)

which is how we would naturally desire a controlled expander
to act. Unfortunately, unlike Eq. (18), Eq. (16) has additional
cross-terms whose elimination would greatly simplify our
future analysis.

We will, however, freely assume that Eq. (17) is satisfied,
justified by the following observation. If necessary, we may al-
ways increase the set of operation elements of F from {U; :i =
1...m} to {U;:i=1...m}U{=U;:i =1...m}. Such a
change has no effect on the original expander F; the expander
F(B) = %Z(U,BU;) is invariant under U; <> —U;, even

though the controlled expander AF(B) = % > (AU;B AUiT)
is not necessarily invariant under U; <> —U;. Thus, with only
a factor of two overhead in the number of unitaries, we may
satisfy the condition of Eq. (17), thereby eliminating the
undesired cross-terms; as such, Eq. (18) may effectively be
taken as the definition of a controlled expander.

A concrete example of a controlled expander—and one of
particular importance in this paper—is the controlled complete
depolarizer. Throughout this paper we use D to denote the
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control
target
FIG. 2. A controlled expander, AF.

complete depolarizing channel on a single qubit, which is
normally defined to apply a unitary from {1,X,Y,Z} with
uniform probability 1/4. To ensure that Eq. (17) is satisfied,
we therefore define the effect of D on a matrix o to be

Tr[o]
2 b

1
D(o) = - WoW =1

where the sum is over W € {1.,X,Y,Z, -1, —-X,-Y, —Z}.
Consequently, the controlled complete depolarizer A D with a
single-qubit target and (possibly multiqubit) control projectors
P (indicating apply D) and Q (indicating do nothing) is the
8-regular superoperator with operation elements

having the effect

Tr o]
2

Although controlled expanders are not actually quantum
gates, we will nevertheless include them in circuit diagrams.
If AF(B) = % Zi(AU,-BAUiT) then the circuit in Fig. 2 is to
be interpreted as applying an element selected uniformly at
random from the set { AU;} (or equivalently, as applying to the
target register a unitary selected uniformly at random from the
set {U;}, but only if the control register is in the appropriate
state). As a final remark note that although a controlled
expander is a unital map, it is not itself a good expander (first,
because depending on the control qubit, the operator might not
do anything at all, and second, because even when the operator
does act, it only expands on the subspace of the target, not the
entire space). For example, note that |0)(0| ® |0)(0| is not
contracted at all by the controlled complete depolarizer A D,
thus indicating that A D is not a good expander.

ADA®c)=PAP®1

+0A0®0.  (19)

V. QUANTUM NONEXPANDER IS QMA-HARD

A. Outline of the proof

Let L be any language in QMA(%,%). We show that the
quantum nonexpander problem is QMA-hard by reducing L
to a quantum nonexpander problem. Specifically, let x be an
|x|-bit problem instance whose inclusion in L, or lack thereof,
we wish to determine. Because L € QMA we have access to a
verifier circuit satisfying Eqs. (6) and (7) acting on a witness
space of n,, = poly(]x|) qubits and some ancilla space. For
reasons that will become apparent later, we now use QMA
amplification to give that L € QMA(a,b) for polynomially
separated a and b, where

a>099 and b < (0.1)27"*D,

Note from Remark 2 that this can be done without increasing
the size of the witness space of the verifier. Let the resulting
QMA(a,b) verifier circuit be called V, which acts on the same
witness space of n,, = poly(]x|) qubits and some ancilla space

PHYSICAL REVIEW A 87, 042317 (2013)

Ty T
witness
na V VT na g
ancilla T J_‘
indicator 2 2 *
ancilla |«— witness — | controlled £

veriner veriner

FIG. 3. The map ® constructed from the verifier circuit V, the
complete depolarizer D, and the k¢-contractive expander €. The first
controlled depolarizer is applied only if the ancillae are not all zero
and the second one only if the top output is zero. The controlled £
expander is applied only if the bottom qubit is one. Note that this
figure is not a true circuit because D and £ are quantum expanders,
not unitary gates.

of n, = poly(|x|) ancilla qubits. Merlin can provide Arthur a
valid (with high probability) witness if and only if x € L.

Let &€ be an explicit kg-contracting expander of degree D¢
acting on n,, + n, qubits, where x¢ < 0.1 and Dg is constant
(independent of |x|). Such expanders are known to exist, as
we outline in Appendix 2 using Ref. [24]. Using V and &, we
create a quantum expander @ that is bad if x € L but good
if x ¢ L; indeed, we will present polynomially separated (in
fact, constant) & and § such that ® is a S-contracting expander
if x ¢ L but is not an «-contracting expander if x € L. The
circuit for @ is shown in Fig. 3, which we now describe in
detail.

The map ® acts on three registers, which from top to bottom
are the witness register (of n,, qubits), the ancilla register (of
n, qubits), and an additional single-qubit register we call the
indicator qubit register. The circuit is realized by composing
the following three maps:

(1) the ancilla verifier,

(2) the witness verifier,

(3) the controlled £.

The basic idea is that if x € L then Merlin can provide a
valid witness and properly initialized ancillae that will pass
the verifiers and not be mixed by the final controlled expander
(indicating that our quantum expander is bad); conversely,
if x ¢ L then no matter what witness and ancilla qubits
Merlin provides, the indicator qubit will be depolarized and
consequently his state will be well mixed by the final controlled
expander (indicating our expander to be good).

We now provide a detailed description of the three different
maps and their purposes.

(1) The ancilla verifier is the first gate in Fig. 3. It is
the controlled expander A, D, which applies the complete
depolarizer D to the indicator qubit register only if any of the
ancilla bits are 1 (i.e., if they are not all 0). More technically,
itis

1
AweDB) = =Y  Aye WBA e W1

(with W e {1,X,Y,Z, -1, —X, -Y, —Z}), where A W is
the gate shown in Fig. 4. Note that A ,,c W requires a controlled-
W' gate controlled by n, qubits, which can be implemented
with n,2 gates using no extra work qubits [25]. (It is important
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witness

— X

ancillae

indicator @ @1

FIG. 4. The controlled expander verifying the ancillae. The
unitary W is selected from {1,X,Y,Z, —1, —X, —Y, —Z} uniformly
at random.

i3t

that the implementation not require work qubits, because we
demand that there be no internal ancillae; our expander must
be an expander on the entire space, not just a subspace.)
Intuitively, if the ancilla qubits are not initialized to be all
0’s, the verifier will depolarize the indicator qubit, whence the
term ancilla verifier.

(2) The witness verifier consists of the next three opera-
tions in Fig. 3. First, V operates on the witness and ancilla
registers, with its output on the top qubit (with |1) signifying
that the witness is valid, |0) signifying that it is invalid); the
lower multiqubit register of n,, + n, — 1 qubits contains the
rest of V’s output (required by reversibility). A controlled-
depolarizer then acts on the indicator qubit, conditioned upon
the top qubit being |0) (i.e., failing the witness verification).
The effects of V are then uncomputed with V. At this point,
intuitively, the indicator qubit has been depolarized if and
only if the input failed either the ancilla verifier or the witness
verifier (or both).

(3) Finally, the last operation, which is the controlled
expander Ajyq &, acts, conditioned on whether the indicator
qubit is |1). Intuitively, if the input was |¢) ® |0) ® |0), with
the indicator qubit initialized to |0), with the ancilla qubits
initialized to |0) = |00. .. 0), and with |y) a valid witness (for
x € L), then the indicator qubit will remain |0) and nothing
will happen; if, on the other hand, the witness/ancillae failed
any of the verifiers, thus depolarizing the indicator qubit to be
% 1= %|O) (0] + %|1)(1|, then £ will act on the top registers,
resulting in a highly mixed output (across all three registers).

Note that because £ is an explicit Dg-regular expander
(where D¢ is a constant), ®, being the composition of
two explicit 8-regular superoperators and A &£, is manifestly
explicit and 64 D¢-regular (i.e., of constant degree). We now
proceed to show that @ is indeed a good expander if x ¢ L
(the NO case) but not if x € L (the YES case).

B. Analysis of NO case

First, consider the case in which x ¢ L. We wish to show
that ® is a good expander, and therefore by Eq. (1), that
it sufficiently decreases the Frobenius norm of any input
traceless matrix. As discussed earlier, we may therefore take
the input state to be Z?ZO A; ® o; for some matrices A; with
Tr[Ag] = 0, where o; are the Pauli matrices on the indicator
qubit register.

Both the witness and ancilla verifiers are controlled depolar-
izers, and we can analyze each of them in the same way using
projection operators that act on some subspace of the system;
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specifically, we will use Q = Z¢ passes |@)(¢| that projects
onto the states that pass the verifier and P = Z¢ fails 19) (@]
that projects onto the states that fail it. For the ancilla
verifier, these are Q, = 100...0)(00... 0|y (more properly
writtenas Q, = Lyi ® [00...0)(00...0]snc ® ling) and P, =
1-0,= Zx#OO...O |x){X|anc. For the witness verifier, Q,, =
VI1){1lopV and P,y = V10)(0lpV (50 that P, + Q,, = 1).
Here the subscript fop is used to indicate the top qubit register
output from V.

Applying Eq. (19) and linearity, the effect of a verifier unit
on the input state Z?:o A; ® o; is therefore

3

3
F (Z A® ai) =3 |mre1T +or0wa]
i=0

i=0

3
= PA()P®]1+ZQAiQ®Ui-
i=0

By linearity, it is easy to see that the effect of two such
verifier units—the ancilla verifier with projectors { P,, Q,} and
witness verifier with projectors {P,,, O, }—is

3
F, oF, (Z A ® 0,~>
i=0

3
= Fy(PaAoP, ® 1) + F, (Z QuAiQu ® ol-)
i=0
= (PwPaAOPan + QwPaAOPaQw + PwQaAOQan)

3
®H+ZQwQaAzQqu ®Ui

i=0

3
=Y PAP ®1+) 04;0'®a;.
P i=1
where the first sum is over P € {P,P,, P, Qu, 0w P,, 004}
and where Q is the single product Q = Q,,Q, and Qf =
0,0, . Notice that the i = 0 term (involving oy = 1) in the
second sum has been transferred to the first sum, thereby
allowing the first sum to include all possible projection
combinations.
We can rewrite this as

3 3
F,oF, (me) =CAN®1+) 040 ®o,

i=0 i=1

(20)
where

C(Ag) =Y _ PAP!
P

:ZRw

Ry=Py,Qu
= (Gy 0 Ga)(Ao)

Z R.AoR. | Ry
R,=P;, 0,

is the composition of the pinching operators G;(B) =
P;iBP; + Q;BQ; applied to Ay.
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Since C is the composition of pinching operators, Eqs. (12)
and (13), along with Eq. (11), tell us
Tr[C(Ap)] = Tr[Ao] =0 (21)

and

1
IC(ADIIF < lAollF < 7 (22)

ZAi(X)O'i

We are now ready to apply the final controlled expander,
which by Eq. (18), with P = |1)(1]| and Q = |0){0|, has the
effect

AEB ®b) = E(B) ® [1)(1]b[1){1] + B ® [0){0[5]0)(0].

F

Applying this to the state Eq. (20) we conclude that the effect
of the map in Fig. 3 on the initial traceless matrix Z?:o A; ®o;
is

3
® (Z A ®a,») = C(Ag) ® 0)(0] + € (C(Ag) @ 1) (1]
i=0
+04;0" ®10)(0] — £(QA; Q")
Q[
To show that & is a good quantum expander, we must
show that it sufficiently decreases the Frobenius norm of its

traceless input. Since £ is a kg-contractive expander and C(Ay)
is traceless [see Eq. (21)] we are guaranteed that

IE(C(ADIIF < kellC(AD F- (23)

Applying the triangle inequality and Eqgs. (14), (22), and (23),
we therefore have
3
@ <ZA1 ® Ui) < IC(AIIF + IIE(C(A)IIF
i=0 F

+1QA QM + 1E(QA; 0N #
<A+ k) IC(AD)IIF + 2104301 I

3
1+ kg
< E A; ®o;
ﬁ i=0 l F

+2[10A; Q1| p. (24)

Note that we cannot make a claim similar to Eq. (23) for
E(QA3 Q") because QA3 Q' need not be traceless.

In QMAC(1,0) we are guaranteed that provided the ancillae
are initialized to be all 0rs, no witness can pass the verifier (for
a NO instance). Mathematically, this guarantee is equivalent
to saying that Q9 = 0. Consequently, the Q A3 Q' vanishes and
we are done. In QMA(a,b), however, we must upper bound
| QA3 Q' r, which we now proceed to do.

Because x ¢ L € QMA(a,b) we are assured that for any
purported witness |{),

10, 1¥) 0] < V. (25)

Because Q, projects onto the |0) (0| ancilla subspace, we may
write

QuA304a = Y c(Y1.¥)|¥n) (Y| ® [0)(0],
V1,92
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where {|;)} is any orthonormal basis of the witness subspace.
Note that because the witness register consists of n,, qubits,
c(Y¥1,¥) can be regarded as a matrix with dimension N =
2™ x 2™ Thus using the triangle inequality and Egs. (10)
and (25),

1045011 = | 3 e, 12) Qul41)10) (41 (01 Qs
V1,92 F

< Z le@Wr1, Yl Qu [ Y1) 10) (Y2 (0] Q| F
V1,92

= Z lc@W1, YD QulY )0 Il Qul¥2) 10} | F
V1,92

< D le@ v)lb.
1,92

The matrix ¢ has (2"*)? elements, so its 1-norm and 2-norm
are related by

Dl )l <2 [ e, ¥)P =211 Qu A3 QI
1,92 Y1,92

But by Egs. (11) and (15), [|Q.A30Lllr < [As]r <
\/% ||Zi3:0 A; ® oi||r; thus we conclude,

2w | S
A ®o;
VA )

Although 2" is exponential in n,,, recall that b was chosen so
that 2"»+1p < 0.1. We conclude from Egs. (24) and (26) that
@ is a B-contractive expander,

10A;Q|IF <

b. (26)
F

3 3
@(ZAim) <BY_A®a| . @D
i=0 F i=0 F
with
1 2t
_ ket S b gs 28)

/2

C. Analysis of YES case

Now consider the case in which x € L. Since L €
QMA(a,b) there exists a valid witness |y) such that

1Qu1¥)I0)]1* > a. (29)

From this witness we construct the density matrix ¥ =
V) (¥ ] ®10)(0] ® |0)(0]. Because W passes the ancilla veri-
fier unchanged and the witness verifier with very little change,
W is almost a fixed point of our expander ® [and indeed, for
QMAC(1,0) it is a fixed point]; intuitively, therefore, ® is a poor
expander. The matrix [ = ”;H 1 is certainly a fixed point
(for any unital map); therefore the traceless matrix

1

A=W =T =)@ 00l @ 0)0] -

is also expected to change very little under ®. By showing this
to be the case, we will show that ® is not an «-contractive
expander for an « that is polynomially separated from the g
found in the NO case.
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Using an analysis similar to the previous case, it is easy to
see that the effect of our circuit on W is

v = 1Y) (Y| ®0){0] & |0)(O]
ancilla verifier

—> [¥) (¥ ®10)(0] ® |0)(O0]
witness verifier

———— P,(IY) (¥ ®0)(0DP, ® 1
+ 0, (1¥) (¥ ©10)(0]) Q. ® [0)(0]

controlled £

—————— SEPV) (W @ 10) (0D P, ] ® [1)(1]
+ 5 Pu(19) (Y] @ 10)(0) P, ® |0)(0]
+Qu (¥ ) (¥ ®10)(0) Q0w ® |0)(0].

Note that the three final terms are mutually orthogonal because
[0)(0|1)(1| = 0 and P, Q,, = 0. Consequently, we have

[P 17 = FIEIPu(¥) (¥ @ [0)(0)) P17
+ HIP (Y)W @ 10) (0D Py |1
+ 1 Qu(¥) (W] ® 10)(0) QI
> 1 Qu(1¥) (¥ @ [0)(0) Q0 13
= 1Qul¥)|0)]|* > a?, (30)

where we have used Eqgs. (10) and (29).

Now, because W is a pure state density matrix, ||A||%p =
v — I||2F = Tr[W?] + Tr[I%] — 2Te[W 1], using Eq. (9), so
that

IA: =1 (31)

- Dnwtng+1 :

Thus, using that @ is linear and trace-preserving, that o) =
I, and Egs. (30) and (31), we have

P17 = I|PW) — S|
= Tr[®(¥) O(W)] + Tr[1*] — Tr[®(W)I]

— Tr[®(W) 1]
= | D(W)||% + Tr[[?] — 2Tr[W]]
1
2 _ 2 2
za — o = Al - (1 —a?)

8
> [1 -5 —az)}uAu%,

where in the last inequality we have used from Eq. (31) that
for n,, > 1 we have % < ||A||2F < 1. Thus we conclude that ®
is not an «-contractive expander,

[PA)F > el AllF, (32)

a=,/1-%1-a%>098. (33)

Note that @ and B are constants, and therefore certainly
polynomially separated.

with

VI. CONCLUSION

We have presented a computational problem, gquantum
nonexpander, and proved that it is QMA-complete. This gives
some insight into the computational complexity of estimating
mixing rates of quantum channels and open quantum systems.
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In contrast to the plethora of natural NP-complete problems,
very few problems have been shown to be QMA-complete.
We hope that it may be possible to find new QMA-complete
problems, using reductions from the quantum nonexpander
problem.
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APPENDIX

1. Master equation for a quantum system coupled to a bath

In this section we derive the master equation (5), given the
system-bath Hamiltonian specified in (2)—(4). We follow the
arguments of Secs. 3.3 and 3.4 in [21].

First, define new operators Ay, and By, (fora =1,...,D
ando =0,1):
A (0 [V + (1Y U]
ac = —=(—1 o - als

V2
1

Bus = —=i°[fu + (=17 f]1.
7 f /.

Then we can write the interaction Hamiltonian in the form

H; = ZAO[J ® Byo -

This form is convenient because A,, and B,, are Hermitian.

In the weak-coupling limit (¢ — 0), one gets the following
master equation (Eq. 3.140 in [21], simplified using the fact
that Hg = 0):

d
7705 = —ilHys, ps(1)] + Dlps(0)), (AL)

where H;g is the “Lamb shift” Hamiltonian and D is the
dissipator,

Hps = Z S(Xﬂ(ffAI(gAﬂT7

afot

. 1 .
— E T Al
D(pS) - Yapot <AﬁrpSAag 2{AM,A;S1:UOS}>7

afot
and the coefficients Syg,; and y,g,; are given by
1
Saﬂar = z_l.(raﬁar - F;aro’)’ Yapor = Faﬂar + F;arg?

where I'qg,, are the one-sided Fourier transforms (evaluated
at frequency 0) of the bath correlation functions,

Faﬁar = / ds(B(ia(s)Bﬂf(O))s By (1) = eiHBtBome_iHBt.
0
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We can evaluate the bath correlation functions, using the fact that the bath is in a thermal state at temperature 7. After some

algebra, we get

1
(BLo(5)Bye(0)) = 5i EZWW akbpi)
2 £
1
= —i%i"8ep—
2 1€2|
where N(a)k) = W.

+ e (=D (barblye + (=17 (bl bgie) + (=17 € (= 1) (blybf)

Z(( 17" N(ey) + e (= 1)'[1 + N(wp))).

We take a continuum limit, replacing the sum ﬁ >« by an integral fQ dk; this amounts to using a

bath with infinitely many modes, and is necessary to obtain irreversible behavior of the system.
We then substitute the above expression into the definition of I'ggs+:

1 o0 . .
Papor = 5i71%80p / ds / dk((—1)7 € N(@p) + ¢ "> (= 1)*[1 + N(wp)).
0 Q

We can simplify the above formula by exchanging the integrals and using the identity fooo dse™™ =m8(x) —i P(%), where §(x)
is the Dirac distribution and P( %) is the Cauchy principal value (equation 3.202 in [21]). We then get

Faﬂar )

N(awy)

Wi

Lo lfaaﬂ(< 1 AN(O) + (—1)iP /
2 Q

In particular, I'yg,; can be written in the form

dk + (=)' [l + N(0)] — (—l)TiP/
Q

lz“zfaaﬁ/ ((—1)"N(wk)/ e ds 4+ (—1)[1 —i—N(a)k)]/ e—”wkds>dk
0 0

1+ N(wk)dk)

Wi

Capor = 517 8ap((—1)" Qo + (= 1)* Q1),

where the coefficients Q¢ and Q; are complex numbers with positive real part.
‘We can now calculate the “Lamb shift” Hamiltonian H; g as follows:

Saﬂar = 2

Hpg

11
= El 7i%8ap((=1)"(Qo — Qp) + (=D"(Q1 —

o),

= QO; Qg Z <Z iU(_l)“ALa> (ZiTA(H) + Q14;ZQT Z (ZiaAIm> (Zir(_l)rAar>
QOZIUqu+Q"QIZfUU|f 0 —Gipr 27

1DI

So Hp g is a multiple of the identity, and it contributes nothing when we substitute it into the master equation (A1l).

Finally we can calculate the dissipator D. First,

Vapor = 3171 8p((=1)"(Qo + Q5) + (=D (Q1 + O7))
We substitute this into the definition of D, and simplify it in the same way as we did for Hys. This yields

Dips) = (Qo+ 0 Y (UapsUS — ps) +(Q1 + 01 D (Ul psUx — ps).

Note that Qo + Qfand Q; + Q7 are positive real numbers. We
substitute this into the master equation (A1). This completes
our proof of (5).

2. Controlled expanders

In this section, we outline how we obtain the requisite
controlled expander A £ needed for Sec. V. We use the results
of Ben-Aroya, Schwartz, and Ta-Shma [24], whose Theorems
4.3 and 4.6 give the following result.

Theorem Al. There exists an integer Dy such that for every
D > Dy and for every integer ¢ > 0, there exists a explicit

,-contractive expander of degree D? on a space of dimension

8 where A, < A + cA2 with ¢ a constant and » = @.

We will additionally use the following result, which follows
directly from the definition. Here we use the notation that F"
denotes the r-fold composition of F.

Proposition Al. If F is a A-contractive expander of degree
D on a space of size N, then for any positive integer r,
FT is a A"-contractive expander of degree D" on a space of
size N.

In Sec. V we require an kg-contractive expander £ with
ke < 0.1 on a space of size N =2"*"_ Note that N is
actually allowed to exceed 2" ™"« since we can always have
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extra input ancillae that do nothing but are acted upon by the
final controlled expander A £.
Fix D to be any power of 2 larger than Dy. Then A =

4—”3*1 < 11is fixed. Let r be such that (A + cA2)" < 0.1. Let

PHYSICAL REVIEW A 87, 042317 (2013)

— ny+ng __ Ny t+ng+Nexia 3
t= fglogzD §Tog, D for some nexra < 8log, D. Using

the above theorem we are guaranteed the existence of a A}-
contractive expander of degree D" on a space of size D% =
2 Hnatiews where D and r are constants and 1] < 0.1.
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