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Abstract: This paper considers three variants of quantum interactive proof systems in
which short (meaning logarithmic-length) messages are exchanged between the prover and
verifier. The first variant is one in which the verifier sends a short message to the prover, and
the prover responds with an ordinary, or polynomial-length, message; the second variant is
one in which any number of messages can be exchanged, but where the combined length
of all the messages is logarithmic; and the third variant is one in which the verifier sends
polynomially many random bits to the prover, who responds with a short quantum message.

We prove that in all of these cases the short messages can be eliminated without changing
the power of the model, so the first variant has the expressive power of QMA and the second
and third variants have the expressive power of BQP. These facts are proved through the use
of quantum state tomography, along with the finite quantum de Finetti theorem for the first
variant.
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SALMAN BEIGI, PETER SHOR, AND JOHN WATROUS
1 Introduction

The interactive proof system model extends the notion of efficient proof verification to an interactive
setting, where a computationally unrestricted prover tries to convince a computationally bounded verifier
that an input string satisfies a particular fixed property. They have been studied extensively in computa-
tional complexity theory since their introduction over 25 years ago [9, 10, 2, 3], and as a result much is
known about them. (See [1] and [7], for instance, for further discussions of classical interactive proof
systems.)

Quantum interactive proof systems are a natural quantum computational extension of the interactive
proof system model, where the prover and verifier can perform quantum computations and exchange
quantum information. The expressive power of quantum interactive proofs is no different from classical
interactive proofs: it holds that QIP = PSPACE = IP, and therefore any problem having a quantum
interactive proof system also has a classical one [14, 19, 22]. However, quantum interactive proof systems
may be significantly more efficient than classical interactive proofs in terms of the number of messages
they require, as every problem in PSPACE has a quantum interactive proof system requiring just three
messages to be exchanged between a prover and verifier [24, 17]. This is not possible classically unless
AM = PSPACE, an equality that implies the collapse of the polynomial-time hierarchy [3, 11].

In this paper we consider quantum interactive proof systems in which some of the messages are short,
by which we mean that the messages consist of a number of qubits that is logarithmic in the input length.
Three particular variants of quantum interactive proofs with short messages are considered. The first
variant is one in which the verifier sends a short message to the prover, and the prover responds with an
ordinary, or polynomial-length, message. We prove that this model has the expressive power of QMA.
The second variant is one in which any number of messages can be exchanged between the prover and
verifier, but where the combined length of all the messages is logarithmic. We prove that this model has
the expressive power of BQP. The third variant is one in which the verifier sends polynomially many
random bits to the prover, who responds with a short quantum message. We prove that this model also
has the expressive power of BQP. Thus, in each of these three cases, logarithmic-length messages are
effectively worthless and can be removed without changing the power of the model.

It should be noted that classical analogues of these results are immediate. For instance, one can enu-
merate all logarithmic-length interactions between a classical verifier and prover in polynomial time, and
this implies that a classical variant of our second model has the expressive power of BPP. This argument,
however, does not work in the quantum case: one would need to iterate over an exponential number of
logarithmic-length quantum interactions to be sure that every interaction is closely approximated.

To illustrate the basic idea through which our results are proved, consider the following simplification
of our second model: instead of an arbitrary number of messages with logarithmic combined length, there
is only one logarithmic-length message, sent by the prover to the verifier. Upon receiving this logarithmic-
length message from the prover, the verifier applies a binary measurement { Py, Prej} to decide whether
to accept or reject. The corresponding complexity class is denoted QMA,,,, and was proved to be
equal to BQP by Marriott and Watrous [20] using their error reduction method for QMA. Our methods
lead to a different proof that QMA,, = BQP. We first note that the verifier’s maximum acceptance
probability is the maximum eigenvalue of P,... Although P, acts on a logarithmic number of qubits, it is
given by a polynomial-size circuit, so one cannot directly compute the matrix representation of P in
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polynomial time. Nevertheless, using quantum process tomography, one can perform the measurement
{Pacc, Prej} on polynomially many known states, and then compute an accurate approximation of Pycc
using the data collected. The matrix representation of P,.. has only polynomially many entries, so the
approximation may be represented explicitly. One then simply computes the maximum eigenvalue of
this approximation. (Instead of considering quantum process tomography on measurements, we actually
consider quantum state tomography on the normalized Choi-Jamiotkowski representation of the quantum
channel corresponding to the measurement in this paper. The two approaches are equivalent, but the
second one unifies the arguments made in the different sections of the paper.)

In addition to quantum state tomography and the Choi-Jamiotkowski representation of quantum
channels, the finite quantum de Finetti theorem is a useful tool in this work. Suppose that we are given
several copies of an unknown quantum state, and we want to verify that it is close to some given state.
Using quantum state tomography on the copies, one can find an approximation of the unknown state and
solve the problem. In an adversarial setting represented by a potentially dishonest prover, however, one
may not be guaranteed that the states are indeed copies of the same unknown state—and there could even
be entanglement among different copies. To overcome these difficulties, we use the finite quantum de
Finetti theorem to reduce the problem to the first case.

One possible application of our work is to the design of new quantum algorithms or QMA verification
procedures. Although we do not yet have interesting examples, we believe it is possible that an intuition
about quantum interactive proof systems with short messages may lead to new problems being shown to
be in BQP or QMA, based on characterizations of the sort we prove.

The remainder of this paper has the following organization. Section 2 discusses some of the back-
ground information needed for the rest of the paper, including background on the Choi-Jamiotkowski
representation of quantum channels, quantum state tomography, the finite quantum de Finetti theorem,
and quantum interactive proof systems. Sections 3, 4, and 5 then discuss the three variants of quantum
interactive proof systems with short messages described above. A couple of open problems are described
in Section 6.

2 Background

We assume the reader is familiar with quantum information and computation, including the basic quantum
complexity classes BQP and QMA, simple properties of mixed states, measurements, channels, and so
on [16, 21]. The purpose of the present section is to highlight background knowledge on three topics,
represented by the three subsections below, that are particularly relevant to this paper. These topics are:
the Choi-Jamiotkowski representation of quantum channels, quantum state tomography, and quantum
interactive proof systems.

Before discussing these three topics, it is appropriate to mention a few simple points of notation and
terminology. Throughout this paper we let £ = {0, 1} denote the binary alphabet, and for each k € N
we write C(Z¥) to denote the finite-dimensional Hilbert space whose standard basis vectors are indexed
by X* (i. e., the Hilbert space associated with a k-qubit quantum register). The Dirac notation is used to
describe vectors in spaces of this sort.

For a given space Q = C(X¥), we write L (Q) to denote the space of all linear mappings from Q to
itself, which is associated with the space of all complex matrices with rows and columns indexed by X¥
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in the usual way. The subsets of this space representing the positive semidefinite operators and density
operators on Q are denoted Pos (Q) and D (Q), respectively. A standard inner product on L (Q) is defined
as (X,Y) =Tr(X*Y) for all X,Y € L(Q) (where X* denotes the adjoint, or conjugate-transpose, of X).
The trace norm of an operator X € L (Q) is defined as || X ||; = Trv/X*X, and the spectral (or operator)
norm of X is denoted || X ||.

2.1 Quantum channels and the Choi-Jamiotkowski representation

A quantum channel from a k-qubit space Q = C(X¥) to an /-qubit space R = C(X!) is a completely
positive and trace-preserving linear mapping of the form @ : L (Q) — L (R). (A mapping P is completely
positive if @ ® 1y g) is positive for every choice of a space 8§ = C(X™), meaning that it maps positive
semidefinite operators to positive semidefinite operators. To say that @ is trace-preserving means that
Tr(P(p)) = Tr(p) for all operators p.) We will write C(Q,R) to denote the set of all such quantum
channels. For any quantum channel ® € C(Q,R) one defines the (normalized) Choi-Jamiotkowski
representation [15, 4] of ® as
p=5 L @il @1
y,zEXk

In other words, this is the ¢+ k qubit state that results from applying & to one-half of k pairs of qubits in
the [¢) = (]00) 4]11))/+/2 state.

The action of the mapping & can be recovered from its normalized Choi-Jamiotkowski representation
in the following way that makes use of post-selection. Suppose that Q and Q are k-qubit registers and R
is an /-qubit register, that the pair (R, Qo) is initialized to the state p as defined by @ in (2.1), and that Q
is in an arbitrary quantum state (and is possibly entangled with additional registers not including Qg and
R). Consider the following procedure:

1. Measure each qubit of Q together with its corresponding qubit in Qg with respect to the Bell basis.

2. If every one of these k measurements results in an outcome corresponding to the Bell state [¢ ), then
output “success,” else output “failure.”

This procedure gives the outcome “success” with probability 4%, and conditioned on success the
register R is precisely as it would be had it resulted from the channel ® being applied to Q. (The registers
Q and Qg can safely be discarded if the procedure succeeds.) To see this, assume first that the joint state
of (R,Qo,Q) is p ® & before the measurement takes place. Then the (unnormalized) state of R after the
measurements are performed, assuming the end result is “success,” is

2 L eEDYMENYIER = 5 T @011 = ().

y7)'/7Z7Z/EEk y,ZEEk

The probability of success is therefore 4%, and conditioned on this outcome the process implements
the channel ®. In our applications, k£ will be logarithmic in the size of the problem, in which case ® is
implemented with an inverse-polynomial probability of success. The fact that this process implements
the channel ® exactly for all density operators & implies that it also operates correctly in the case that Q
is entangled with additional registers.
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2.2 Quantum state tomography

Quantum state tomography is the process by which an approximate description of an unknown quantum
state is obtained by measurements on many independent copies of the unknown state. To be more
precise, let Q = C(X¥) denote the space corresponding to a k-qubit register, and suppose that Qp,...,Qy
are k-qubit quantum registers independently prepared in an unknown k-qubit state p € D(Q). The
purpose of quantum state tomography is to obtain an explicit description of a k-qubit state that closely
approximates p.

One way to perform quantum state tomography is through the use of an information-complete
measurement. A measurement {F, : a € I'} on k-qubit registers is information-complete if and only if the
set {P, : a € T’} spans the entire 4*-dimensional space L (Q). When such a measurement is performed on
a k-qubit state p, each measurement outcome is obtained with probability

pla) = (Pa,p) -

Based on the assumption that { P, : a € '} is information-complete, this vector p of probabilities uniquely
determines the state p. A close approximation of p, which may be obtained by sufficiently many
independent measurements, leads to an approximate description of p.

The accuracy of an approximation based on the process just described naturally depends on the
choice of an information-complete measurement as well as the specific notion of approximation that is
considered. Our interest will be on the trace distance ||p — o ||, between the approximation ¢ and the true
state p. To describe the “quality” of an information-complete measurement, it is appropriate to describe
the specific process that is used to reconstruct p from the vector of probabilities p.

For any spanning set {P, : a € I'} of L(Q), there exists a set {M, : a € I'} C L(Q) that satisfies

Y My (P, X)=X

acl’
for every X € L(Q). (One may find such a set {M, : a € T'} by solving a system of linear equations.)
The set {M, : a € I'} allows one to reconstruct a given state from the measurement outcome probabilities
it generates. This set is uniquely determined when {P, : a € I'} has exactly 4% elements (i.e., is a
basis), and hereafter we will restrict our attention to this case. Notice that if p is a density matrix, the
coefficients p(a) = (P,,p) form a probability distribution; and if ¢ is a probability vector that represents
an approximation to p it holds that

p— Z q(a)M,

acl’

Z pla)M, — Z q(a)M,

< Y Ip(a)—q(@)||Mall; < |lp—qll; max||Mq]; -
acl’ acl a€l

1 acl’

1

It is therefore desirable that the maximum trace norm over the set {M, : a € I'} determined by the
measurement {P, : a € I'} is as small as possible.
There is one additional consideration that is sometimes relevant, which is that the approximation

Y ala)M,

acl’

may fail to be positive semidefinite, and therefore fail to represent a valid quantum state. In this
situation one can find a quantum state near to the approximation by renormalizing the positive part of
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the approximation. For the applications of tomography in this paper, however, this issue may safely be
disregarded, as non-positive approximations of density operators will still provide valid approximations
to the quantities we are interested in.

An example of an information-complete measurement on a single qubit is given by the following
matrices:

The corresponding set {My, M;,M,, M3} described above is given by

H—zﬂ 14 1—2\5 1—i
My = ) M, = ;
1—i 52 14 2

2

L2 V2 4
S PTPRE If A LA )

2

It holds that ||M,|; = v/10 < 4 for a € T = {0,1,2,3}. The set {Py,P,P>,P;} is not an optimal
information-complete measurement, in the sense that max, ||M,||, could be made smaller for an al-
ternate choice of the measurement, but it has the advantage of being simple to describe and can be
implemented exactly by a quantum circuit composed of Hadamard, controlled-not, and 7 /8-phase gates,
and measurement in the standard basis.

An information-complete measurement for k£ qubits may be obtained by taking tensor products of the
above matrices. More specifically, for each x € % let us define 2% x 2% matrices P, and M, as

P=P,®--®@P, and M,=M, @ --QM,.

Then {P, : x € I'*} is an information-complete measurement, and its corresponding set is given by
{M, : x € T*}. By the multiplicativity of the trace norm, it holds that ||M, ||, = 10%/? < 4* for every k.

Now, let us suppose that p is a quantum state on k qubits, and tomography (using the measurements
just described) is performed on N copies of p. More precisely, the measurement {P,} is performed
independently on each of the N copies of p, a probability distribution ¢ : I'* — [0, 1] is taken to be the
frequency distribution of the outcomes, and an approximation

H= Z q(x)M,

xerk

to p is computed. We require the following bound on the expected accuracy of this approximation. (Of
course, nothing can be said in the worst case, as any sequence of measurement outcomes could occur
with very small probability in general.)
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Lemma 2.1. For any choice of € > 0, taking N > 2'% /&3 will guarantee that with probability at least
1 — €, the estimate H satisfies ||p —H||; < €.

Proof. For any § > 0, and any fixed choice of x € I', it follows from Hoeffding’s inequality that
Pr|g(x) — p(x)| > 8] < 2exp (-2N&?) .
By the union bound it follows that
Prillg—pl|, > 4]‘6} <Pr [|q(x) — p(x)| > 0 for at least one x € Fk] < 2% lexp (—2N52) .
Setting § = £/16* and using the inequality e=* < 1/« for all & > 0, we have
Pr [Hq—p”l > s/4k} < 2%+ exp (-22k+1/e) <e.

It follows that
Prl||p —H||, > €] <Pr[lg—pl|, > e/4"] <e.

O]

The notion of quantum process tomography has also been considered, where a quantum measurement
or channel is approximated through many independent evaluations of an appropriate sort. (See for
example [21].) In this paper, however, it is not necessary to consider this sort of tomography as being
any different from state tomography. Specifically, we will approximate channels (and measurements,
modeled as channels) by evaluating them on maximally entangled states, followed by ordinary quantum
state tomography on the normalized Choi-Jamiotkowski representations that result.

2.3 The finite quantum de Finetti theorem

Suppose that Qq,...,Qy are all k-qubit registers. A state on (Qy,...,Qy) is said to be symmetric if it
is invariant under any permutation of its registers. For instance, any product state of the form p®V is
symmetric, and any convex combination of such states is symmetric as well. Note, however, that there
are symmetric states that cannot be written as convex combinations of symmetric product states as above;
the pure state X
= — ONR---Qlx

v) NG xg,k [x) [x)
provides one such example. Nevertheless, by tracing out any subsystem of | y), the resulting reduced
density matrix is in the convex hull of the set of symmetric product states. The following theorem [18, 5]
generalizes this observation.

Theorem 2.2 (The finite quantum de Finetti theorem). Let py.+, be a symmetric state over registers
(Q1,.--,Qn+m), and let py =Trq,, ..oy, (Pn+m). There exist states {&;} and associated probabilities
{pj} such that

2k+1N

I =Er&™], <
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2.4 Quantum interactive proof systems

Quantum interactive proof systems are a natural quantum analogue of ordinary, classical interactive proof
systems, where the prover and verifier may process and exchange quantum information. We will only
consider quantum interactive proof systems having an even number of messages in this paper, so for
simplicity we will restrict our discussion to this case.

For ¢ being a function of the form 7 : N — N, we define a z-round (or (2¢)-message) quantum verifier
V to be a collection of quantum circuits

V={Vy;:xeX* 0<j<t(lx])}

that can be generated in polynomial-time given x and j. We will generally write 7 rather than 7(|x|)
hereafter in this paper, keeping in mind that # might vary with the input length. We assume that the
verifier’s circuits are composed of standard unitary quantum gates (controlled-not, Hadamard, and 7 /8-
phase gates, let us say), as well as ancillary and erasure gates. Included in the description of these circuits
is a specification of which input and output qubits are to be considered private memory qubits and which
are considered message qubits. The message qubits refer to qubits that are sent to or received from
a prover (to be described shortly). The following properties are required of the circuits describing a
verifier:

1. For each x, the circuit Vy o takes no input qubits, and the circuit V,; produces a single output qubit
(called the acceptance qubit).

2. There exist functions vi,vs, ... such that V; ;_; outputs v;(|x|) private memory qubits and V, ; inputs
v;(|x|) private memory qubits for 1 < j <t.

3. There exist functions q1, g3, ... and ry,r, ... that specify the number of message qubits the verifier
sends to or receives from the prover on each round, for a given input length. More precisely, each
circuit Vy j_; outputs ¢(|x|) message qubits and each circuit V, ; inputs r;(|x|) message qubits, for
1<j<t

Similar to the function 7, we will often omit the argument |x| from the functions v i» qj, and r; for the
sake of readability. When it is convenient, we will refer to the message qubits sent from the verifier to the
prover as question qubits and qubits sent from the prover to the verifier as response qubits.

A t-round (or (2¢)-message) prover is defined in a similar way to a ¢-round verifier, but no computa-
tional restrictions are made. Specifically, a f-round prover is a collection of quantum channels

P={P;:xeX 1<j<t(x])}.

Again, the input and output qubits of these channels are specified as private memory qubits or message
qubits. When a particular prover P is considered to interact with a given verifier V, one naturally assumes
that they agree on the number of messages and the number of qubits sent in each message, as suggested
by Figure 1. There is no restriction on p;, the number of private memory qubits used by the prover at the
J-th round—but although each p; could in principle be unbounded, it is not difficult to show that for any
choice of a prover, there is an equivalent one giving rise to precisely the same behavior as the first that
uses at most a polynomial number of private memory qubits [13].
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Vi V2 V3
> accept
Vx,O Vx,] Vx,2 Vx,3 — QI’
reject
q1 " q2 n q3 r3
Px,l pl Px,Z p2 Px,3

Figure 1: An illustration of an interaction between a prover and verifier in a quantum interactive proof
system. In the picture it is assumed that t = 3. The labels v;, p;, g; and r; on the arrows refer to the
number of qubits represented by each arrow.

Now, on a given input string x, the prover P and verifier V have an interaction by composing their
circuits/channels as described in Figure 1. The maximum acceptance probability for a given verifier V on
an input x refers to the maximum probability for the circuit V, ; to output 1, assuming it is measured in the
standard basis, over all choices of a compatible prover P. It is always the case that a maximal probability
is achieved by some prover.

Classes of promise problems may be defined by quantum interactive proof systems in a variety of
ways. We will delay the definitions of the classes we consider to the individual sections in which they are
discussed.

3 Two-message quantum interactive proofs with short questions

The first specific variant of quantum interactive proof systems we consider are those in which just a
single round of communication takes place, with the first message being short (at most logarithmic in
length) and the second message being normal (at most polynomial in length). In particular, let us say
that a 1-round verifier V is a [log, poly| quantum verifier if the number ¢ = ¢; of question qubits it sends
during the first and only round of communication satisfies g(n) = O(logn). For functions of the form
a,b: N — [0, 1] we define QIP([log,poly],a,b) to be the class of all promise problems B = (Byes, Byo) for
which there exists a [log, poly] quantum verifier V with completeness and soundness probability bounds a
and b, respectively. In other words, V satisfies the following properties:

1. For every string x € Byes, there exists a prover P compatible with V' that causes V to accept x with
probability at least a(|x|).

2. For every string x € By, and every prover P compatible with V, it holds that P causes V to accept x
with probability at most b(|x|).

For a wide range of choices of a and b, these classes coincide with QMA as the following theorem states.
Theorem 3.1. Let a,b: N — (0, 1) be polynomial-time computable functions such that a(n) — b(n) >
1/ p(n) for some polynomial p. Then QIP([log,poly],a,b) = QMA.
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Proof. Tt is clear that QMA C QIP([log, poly],a,b) for any choice of a and b that satisfy the conditions
of the theorem, so our goal is to prove the reverse containment.

Let B = (Byes, Bno) be a promise problem in QIP([log,poly],a,b), and let V be a [log, poly] verifier
that witnesses this fact. We write g (as above) to denote the number of question qubits the verifier V
sends, and write r to denote the number of response qubits V receives. As V is a [log,poly]| verifier it
holds that g(n) = O(logn). For a fixed input x, we will write Q = C(X?) to denote the question space and
R = C(X") to denote the response space for V, corresponding to the question and response qubits in the
obvious way.

Our goal is to prove that B € QMA, and to do this we will define a verification procedure (to be
referred to as Arthur) that demonstrates this fact. Suppose P is a prover that interacts with V. For a
fixed input string x, the action of P may be identified with a quantum channel ® € C(Q,R), and any
such channel defines a quantum state p € D(R® Q) according to its normalized Choi-Jamiotkowski
representation (2.1). We will define Arthur so that he expects to receive many independent copies of
this state. He will check its validity using quantum state tomography, and will use the state to apply the
mapping ® himself through post-selection.

More specifically, we define Arthur so that he performs the following actions:

1. Input N +m registers (R1,Q1),. .., (RN+m, Qn+m), where N and m are polynomials in the input length
n to be specified below.

2. Randomly permute the pairs (R;,Q1), ..., (RN-+m; Qn+m), according to a uniformly chosen permuta-
tion T € Sy+m, and discard all but the first N + 1 pairs.

3. Perform quantum state tomography on the registers (Qz,...,Qn+1), and reject if the resulting
approximation is not within trace-distance 8 /2 of the completely mixed state 1/29, for d to be
specified below.

4. Simulate the original protocol (P,V) by post-selection using the register pair (R;, Q). Reject if the
post-selection fails, and otherwise accept or reject as the outcome of the proof system dictates.

To specify N, m and 0, we first set
1
€ = W
for p being the polynomial whose reciprocal separates the completeness and soundness probability bounds

a and b. Now set 02 510g -
S_Z’ N_7(5/2)3 and m=——.
Given that ¢ is logarithmic, it holds that N, m, 1 /€ and 1/8 are polynomially bounded.

Suppose first that x € Byes, which implies that there exists a prover P that causes V' to accept x with
probability at least a. Let @ denote the quantum channel that describes the behavior of P, and let p be the
normalized Choi-Jamiotkowski representation of & as described in (2.1). Then for each of the register
pairs (R;,Q;) being prepared independently in the state p, it holds that Arthur rejects in step 3 with
probability at most § /2 (by Lemma 2.1), and accepts in step 4 with probability at least a/47 (conditioned
on not having rejected in step 3). Arthur therefore accepts with probability at least

_2)ya a
2) 407 4
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Now let us suppose that x € By,,. We first consider the situation in which the state of the registers
(Q1,...,Qu+1) at the beginning of step 3 has the form

§®(N+1)

for some density operator & € D (Q). There are two cases to consider: one is that ||§ —1/27||;, < § and
the other is that || § —1/27]|, > 4.

If it is the case that ||§ —1/27||, < &, then by the Fuchs-van de Graaf inequalities [6] there must exist
astate p € D(R® Q) satisfying Trg(p) = 1 /27 that is within trace distance € of the state of (R;,Q;). To
be more precise, consider a fixed purification |y) of the state of (R;,Q;) with an auxiliary register E. As
& =Trg,0e(|w)(y|) has a high fidelity with 1/29, and due to the characterization of fidelity in terms of
purifications, there exists a purification of 1 /29 over (R, Q, E) that has a large inner product with |y).
Then p can be chosen as the reduced density matrix of this pure state over (R, Q). Given that x € By, the
state p would cause acceptance in step 4 with probability at most /44, and therefore acceptance may
occur in the case at hand with probability at most b/49 + €.

If, on the other hand, it holds that ||§ —1/27||, > &, then rejection must occur in step 3 with
probability at least 1 — §/2, so Arthur accepts with probability at most 6 /2 (which of course is smaller
than b/49+ ¢).

Thus, in both cases, acceptance occurs with probability at most b/49 + €. It follows that if the registers
(Q1,...,Qn41) are, at the beginning of step 3, in any state of the form

Y pie MY G.1)

J

(i.e., a convex combination of states of the form just discussed), acceptance may occur with probability
at most b/47 + €.

Finally, by the finite quantum de Finetti theorem (Theorem 2.2), the state of (Q1,...,Qy41) after step
2 is within trace-distance € of a state of the form (3.1), and therefore the probability of acceptance is at
most b/4% + 2¢ in the general case.

Given that a/47 — € and b/49 + 2¢ are efficiently computable and separated by the reciprocal of a
polynomial, it holds that B is in QMA as claimed. O

4 Quantum interactive proofs with short interactions

Next we consider quantum interactive proof systems restricted so that the total number of qubits exchanged
by the prover and verifier is logarithmic. We prove that any problem having such a quantum interactive
proof system is contained in BQP. This fact represents a significant generalization of the equality
QMA,, = BQP proved in [20]. Like the result of the previous section, our proof of this fact is based on
quantum state tomography. In addition we will make use of the quantum games framework of [13].

It is clear that any quantum interactive proof system allowing at most a logarithmic number of qubits
to be exchanged can be simulated by one in which a logarithmic number of single-qubit messages are
permitted, because any number of these messages could consist of meaningless “dummy” qubits that
are interspersed with the qubits sent by the other party. To be more precise, let #(n) = O(logn) and
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Figure 2: Illustration of a quantum interactive proof in which the messages are single bits.

consider a t-round quantum interactive proof system in which each message consists of a single qubit
(.e,qr=ri=-=gq =r=1). We will write QIP|,(a,b) to denote the class of problems having
quantum interactive proof systems of this sort having completeness and soundness probability bounds a
and b, respectively. As the following theorem states, this model offers no computational advantage over
BQP.

Theorem 4.1. Let a,b: N — (0,1) be polynomial-time computable functions such that a(n) —b(n) >
1/p(n) for some polynomial p. Then QIP\o,(a,b) = BQP.

Proof. Tt is clear that BQP C QIPy,(a,b), and so it remains to prove the reverse containment. To this
end let B = (Byes, Byo) be a promise problem in QIPjo,(a,b), and let V be a verifier that witnesses this
fact. As above, let7(n) = O(logn) denote the number of rounds of communication this verifier exchanges
with any compatible prover. For a fixed input string x, we will write Qy,...,9Q, to denote copies of the
space C(X) associated with the ¢ single-qubit messages that V sends to a given prover P, and we will
write Ry, ..., R, to denote copies of the same space C(X) corresponding to the response qubits of P.

The action of V, on a given input string x, is determined by 7 + 1 quantum circuits Vy,...,V,, as
defined in Section 2. Figure 2 illustrates an interaction between V and a prover P for the case that t = 4.
Now consider the channel ® obtained from the circuits Vy, ...,V by setting all of the response qubits
the verifier receives from the prover as input qubits and setting all of the question qubits sent by the
verifier to the prover as output qubits. More precisely, @ maps states on the space R ® --- @ R, to states
on the space A® Q) ®---® 9, where A denotes the single-qubit space associated with the acceptance
qubit. Figure 3 illustrates this channel for the protocol pictured in Figure 2.

Next, let

p=2 L @Ehehi:

y,z€X!
be the normalized Choi-Jamiotkowski representation of ®. The state p is obviously efficiently preparable
given a description of V. By independently preparing N = 21002+1) /€3 copies of p, for € > 0 to be
specified later, and performing quantum state tomography, one obtains a Hermitian operator H on
AR @ QR ®Q®---®Q, that satisfies ||H — p ||, < € with probability at least 1 — €. Let us also
define
pi={lleDp()®l) and  H =({ll@D)H(1)e1)
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Figure 3: The channel ® associated with the quantum interactive proof from Figure 2.

to denote the projection of these operators on the subspace in which the qubit A is |1) (corresponding to

accept).

Using the terminology of [13], p; is a co-strategy that describes the verifier’s action, and the prover
optimizes the acceptance probability corresponding to p; over all strategies. (Strategies are defined in a
similar way to co-strategies as above, but with respect to the prover’s action.) Given any strategy X of the

prover, the acceptance probability is proportional to the inner product of p; and X. More precisely, the

2! <p17X>

maximum acceptance probability is the optimal value of the following optimization problem:
maximize:

subjectto: X € §;

where §; CPos (R ®@ - @R, ®Q; ®---®Q,) is the space of all strategies. It is shown in [13] that 8, is

characterizes as 8y = 1 and
8§;={X>0:Try,(X)=Y®1Lg,Y €8; 1}
for j > 1. This characterization of 8; turns the above optimization problem to a semidefinite program—at

which point we simply replace p; with its approximation H;.
It is clear that Tr(X) = 2 for every X € §;, and therefore
129 (p1,X) =2 (H,.X)| <2 X |pr — Hilly <4 |lpr —Hill, <4 |lp—H|,

1
€:m

for every X € §;. By taking
for instance, one may therefore distinguish the cases x € Byes and x € By, with probability 1 — €, by
approximately solving the semidefinite program described above (using the ellipsoid method [12] for the
O

sake of concreteness).
as defined in [13], allowing for at most a logarithmic number of qubits of communication, offer no

We note that precisely the same argument allows one to conclude that quantum refereed games,
computational power beyond BQP. In other words, QRG;,, = BQP, for QRG;,, defined appropriately.

113

The details are left to the reader.
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S Two-message quantum interactive proofs with short answers

In light of the results of Section 3, one may ask if two-message quantum interactive proofs with short
answers (as opposed to short questions) have the power of QMA or even BQP. If this is true it is likely
to be difficult to show: the graph non-isomorphism problem, which is not known to be in QMA, has a
simple and well-known classical protocol [8] requiring polynomial-length questions and constant-length
answers. (Indeed, every problem in QSZK has a two-message quantum interactive proof system with
a constant-length message from the prover to the verifier, for any choice of constant completeness and
soundness errors [23].)

We can show, however, that public-coin quantum interactive proofs in which the verifier sends
polynomially many random bits to the prover, followed by a logarithmic-length quantum message
response from the prover, have only the power of BQP.

Following a similar terminology to the classical case, we refer to a quantum interactive proof system
in which the verifier’s messages to the prover consist of uniformly-generated random bits as quantum
Arthur-Merlin games. Let us write QAM([poly, log],a, b) to denote the class of promise problems having
two-message quantum Arthur—Merlin games with completeness and soundness probability bounds a and
b, in which Merlin’s response to Arthur has logarithmic length.

Theorem 5.1. Let a,b: N — (0, 1) be polynomial-time computable functions such that a(n) — b(n) >
1/p(n) for some polynomial-bounded function p. Then QAM([poly,log],a,b) = BQP.

Proof. Assume that B is a promise problem in QAM([poly, log|,a,b), and consider a choice of Arthur
that witnesses this fact. For r(n) = O(logn), and for any choice of an input string x, Arthur chooses a
random string y with length polynomial in |x|, and then measures r = r(|x|) qubits sent by Merlin with
respect to some binary-valued measurement {Pox ’y,Plx 7} that depends on x and y. Thus, assuming that
the randomly chosen string is y, the maximum acceptance probability of Arthur is equal to the spectral
norm of P;”. So, to find P, (and its norm), we perform quantum state tomography on the normalized
Choi-Jamiotkowski representation of the channel

B,y (0) = (B.6)[0)(0] + (P12, o) [1)(1]

which describes Arthur’s measurement.
The following algorithm shows that B € BQP.

1. Choose y uniformly at random (just as Arthur does).

2. Let
1 210(r+1)
E = m and N = T

Prepare N copies of the state p, defined to be the normalized Choi-Jamiotkowski representation of
®, ,, and perform quantum state tomography on p. Let H denote the result. Then, by Lemma 2.1,
with probability at least 1 — € it holds that ||p —H ||, < €.

3. Compute the value
o, =2"[| (1@ DH(|1) @ 1)]| .
(It can easily be shown that o is an approximation of || P ||.) If &y, > 1 then accept. Otherwise,
accept with probability o, and reject otherwise.
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Because the maximum acceptance probability of Arthur is equal to the expectation value of || P || over
the random choice of y, and with probability 1 — € the approximation @ is within distance 2"¢ of || P;" |,
the above procedure has acceptance probability within 1/(4p) of the maximum acceptance probability of
Arthur. It follows that B € BQP. ]

6 Open problems

The following two questions have been raised by the anonymous referees. The first one is to find the
expressive power of the following model: the verifier and prover send messages to one other consisting of
a logarithmic number of qubits in total, and at the end the prover sends a polynomial-length message
to the verifier. This model contains QMA, and it might be possible to prove the reverse containment by
combining the ideas in Sections 3 and 4. The second question is a similar one involving an interactive
protocol in which the verifier always sends polynomial-length public-coin messages to the prover, and
the prover replies with quantum messages whose combined length is logarithmic.
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