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Quantum states cannot be transmitted efficiently
classically

Ashley Montanaro

School of Mathematics, University of Bristol, UK

June 27, 2019

We show that any classical two-way communication protocol with shared random-
ness that can approximately simulate the result of applying an arbitrary measurement
(held by one party) to a quantum state of n qubits (held by another), up to constant
accuracy, must transmit at least €(2") bits. This lower bound is optimal and matches
the complexity of a simple protocol based on discretisation using an e-net. The proof
is based on a lower bound on the classical communication complexity of a distributed
variant of the Fourier sampling problem. We obtain two optimal quantum-classical
separations as easy corollaries. First, a sampling problem which can be solved with one
quantum query to the input, but which requires (V) classical queries for an input of
size N. Second, a nonlocal task which can be solved using n Bell pairs, but for which
any approximate classical solution must communicate 2(2") bits.

1 Introduction

How much classical information does it take to store or transmit a quantum state? In one sense,
the answer is clear: a pure state of n qubits corresponds to a unit vector in C2", which requires
27+1 — 2 yeal numbers to be specified exactly (2" complex numbers, except that the absolute value
of the last one is already determined by normalisation, and we can ignore an irrelevant overall
phase). However, surprisingly, a number of known results suggest that the amount of classical
information required to transmit a quantum state could actually be substantially less than this.

The most famous result of this nature is Holevo’s Theorem [23], a corollary of which is that
the classical information content of a quantum state of n qubits is bounded by n bits. A related
result is a bound of Nayak [35] which implies that any quantum communication protocol which
transmits n bits with success probability ¢ > 0 must send at least n — log,(1/0) qubits. Indeed,
the number of qubits transmitted must be linear in n even if we seek only to retrieve one of the
bits with high probability [4]. It was also shown by Aaronson [1] that to predict the outcomes of
most measurements drawn from some probability distribution on an n-qubit state, one needs to
make only O(n) sample measurements drawn from the same distribution. This result motivated
Aaronson to make the provocative statement that “while the effective dimension of an n-qubit
Hilbert space appears to be exponential in n, in the sense that is relevant for approximate learning
and prediction, this appearance is illusory”.

One way to gain intuition for these results is to observe that having one copy of an n-qubit
quantum state [¢)) does not allow the retrieval of up to around 2" parameters precisely. For any
measurement which we can perform on [¢), if we instead applied it to |{/;> ~ |¢), the distribution
on measurement outcomes would be almost the same. Therefore, the most we can reasonably ask
of a classical protocol designed to store or transmit |¢) is to achieve what the quantum protocol

itself does: allow approximate reproduction of any measurement which we could perform on [¢).

We can express this task within the framework of a communication game. Imagine there are
two parties (Alice and Bob), where Alice has a description of a pure quantum state |¢)) of n
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qubits, and Bob has a description of a quantum measurement (POVM) M. Let pys(|¢))) denote
the probability distribution resulting from applying the measurement M to |¢). Then we ask
that the classical protocol allows Alice and Bob to sample from a distribution pps(]1)) such that
lpar(|)) — Par(|¥0)]|1 < €, for some € > 0, where || - [|; is the ¢; distance ||v|[; = >, v;|. Call
this task Distributed Quantum Sampling with inaccuracy e. Distributed Quantum Sampling can
clearly be solved with € = 0 by a quantum protocol communicating n qubits: Alice just sends [¢)
to Bob, who measures according to M.

Distributed Quantum Sampling can also be solved with O(2™ log(1/¢)) bits of classical commu-
nication. It is sufficient for Alice to encode |¢) using an e-net with respect to the trace norm [22],
i.e. a set of states {|¢;)} such that, for all [¢), [|[1)(¥| — |1i){¢]l]1 < € for some i. Then Alice
sends the identity of the closest state in the e-net to Bob, who samples from the distribution cor-
responding to applying M to that state. As there are e-nets of size (5/6)2n+1 for the space of pure
states of n qubits with respect to the trace norm [22], the identity of a state in the net can be
transmitted using O(2" log(1/€)) bits of communication’. An e-net argument can also be used to
deal with a technicality: to completely specify Alice and Bob’s inputs would require an unbounded
amount of classical information, leading to their protocols being only describable via a nonstandard
computational model. Restricting Alice’s input to be picked from an e-net reduces the amount of
information required to specify it to O(2") bits for constant € > 0, without substantially changing
the complexity of the problem (if Distributed Quantum Sampling with inaccuracy € can be solved
for states in an e-net, this implies a protocol for Distributed Quantum Sampling for arbitrary
states with inaccuracy 2¢). A similar e-net idea can be applied to discretise Bob’s input, assuming
that we restrict to the case where his measurement has a finite number of outcomes, as the set of
POVMs on a finite-dimensional space with a fixed finite number of outcomes is compact [41].

It is easy to see by a volume argument that the result of [22] is tight up to constant terms;
that is, any e-net must have size at least (c/€)?" for some constant ¢ > 0. But could we do better
than this by using a protocol which is not based on simply discretising the space of quantum
states via an e-net? Questions of this nature are studied in the field of quantum communication
complexity [13]. One of the first results in this area was work of Buhrman, Cleve and Wigderson [12]
which implies that, in our terminology, Distributed Quantum Sampling with e = 0 requires Q(2™)
bits of classical communication. Their result is based on proving an Q(2") lower bound on the
deterministic communication complexity of a distributed version of the Deutsch-Jozsa problem in
quantum query complexity. However, the complexity of this problem drops to O(1) if € is allowed
to be nonzero.

Following this, a succession of results showed stronger separations between quantum and clas-
sical communication complexity. Raz [36] gave a communication task which could be solved by a
two-way quantum protocol communicating O(n) qubits, but which requires 2(y/27) bits of classi-
cal communication. Bar-Yossef, Jayram and Kerenidis [5] showed that there is a communication
task which can be solved by a one-way quantum protocol communicating O(n) qubits, while any
classical one-way bounded-error protocol must communicate (v/2") bits. Gavinsky et al. [20]
later proved a similar separation for a functional problem, i.e. one where Alice and Bob’s task is
to compute a function rather than sample from a distribution.

Finally, it was shown by Klartag and Regev that Distributed Quantum Sampling requires
Q(3/27) classical bits of communication between Alice and Bob [25], even if the communication
is allowed to be two-way. This improved a previous result of Gavinsky [19], which implied that
Distributed Quantum Sampling requires €(1/2"/y/n) bits of classical two-way communication.
The lower bound of [25] is proven by considering a more restrictive problem known as the “vector
in subspace” problem, which is defined as follows. Alice gets an n-qubit quantum state |¢)) and
Bob gets a 2-outcome projective measurement {M,I — M}. Alice and Bob are promised that
either (| M) =1 or (| M|¢p) = 0; their task is to determine which is the case. This problem
encompasses all one-way exact quantum protocols where Bob has two possible outputs [27].

INote that the complexity achieved by this approach is better than would be obtained by simply writing down |¢)
in the computational basis, and truncating each amplitude after some number of digits. To achieve sufficient precision
with this approach requires specifying each amplitude up to precision O(e/ NoD ), giving an overall communication
complexity of O(2™ log(2"/¢)).
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Thus, all these results (and more discussed in Section 1.5 below) leave open a natural question:
could there exist a non-trivial classical protocol for Distributed Quantum Sampling for fixed € > 0,
i.e. one that transmits asymptotically less than 2" bits? Such a protocol indeed exists for the
vector in subspace problem: it was already shown by Raz [36] that this problem can be solved
with bounded failure probability using O(y/27) bits of classical one-way communication®. Could
the same be true for the more general Distributed Quantum Sampling problem? In the author’s
opinion, the interest in this question goes beyond simply finding a tight bound for this problem
that would improve the best Q(¥/27) lower bound known. On a fundamental, conceptual level,
the question asks: are quantum states “really” like an exponentially-long string of numbers, or do
they have a more efficient representation?

1.1 Our results

Here we show that any classical communication protocol for Distributed Quantum Sampling with
sufficiently small constant inaccuracy € > 0 must transmit 2(2") classical bits, even if the commu-
nication is allowed to be two-way and the parties are allowed shared randomness. This immediately
implies that any classical method for storing an arbitrary quantum state such that measurements
can be approximately simulated on that state must store 2(2") classical bits. This can be seen
as an “anti-Holevo” theorem: a quantum state of n qubits can only store at most n bits [23], but
Q(2™) classical bits are required to store n qubits.

This optimal lower bound is based on proving a quantum-classical separation for the following
special case of Distributed Quantum Sampling, which we call Distributed Fourier Sampling:

e Alice is given a function f:{0,1}" — {£1}.
e Bob is given a function g : {0,1}" — {£1}.

o Their task is for one party (say Bob) to approximately sample from the distribution ps, on
n-bit strings s where

=5 X 0@ (1)

z€{0,1}n

and s-x = Z?zl s;z;. That is, Bob must output a sample from any distribution py, such
that ||prg — prgll1 < €, for some constant inaccuracy e.

The title “Distributed Fourier Sampling” refers to the fact that the distribution which must be
sampled from is the square of the Fourier transform of the function fg(z) = f(z)g(z) over Z%.

For conciseness, we henceforth write N = 2™. Distributed Fourier Sampling can be solved with n

qubits of one-way communication and e = 0. Alice constructs the state [¢5) = LN > sefon f(@)]@)

and sends it to Bob. Bob then applies the unitary operator defined by U,|z) = g(x)|x) to |¢y) to
produce [¢¢q) = ﬁ Zze{o,l}" f(@)g(x)|z). Finally, Bob applies a Hadamard gate to each qubit

of |¢¢4) and measures in the computational basis. The resulting distribution is exactly psg.

By contrast, we have the following result:

Theorem 1. There exist universal constants €,y > 0 such that, for sufficiently large N, any two-
way classical communication protocol for Distributed Fourier Sampling with shared randommness
and inaccuracy € must communicate at least YN bits.

Theorem 1 implies an optimal lower bound on Distributed Quantum Sampling for € = (1),
matching the general upper bound of O(N log(1/¢)) bits. It remains open to prove a tight bound
when € = o(1). However, note that a lower bound of Q(N + log(1/¢)) does hold, because an
Q(log(1/€)) bound is straightforward. If we let Alice’s state be a|0)+ 5|1), and Bob’s measurement
is fixed to be a computational basis measurement, sampling from the corresponding probability
distribution up to inaccuracy e is effectively the same as transmitting |o|? up to inaccuracy O(e).
This requires transmitting Q(log(1/¢)) bits.

2This result was stated in [36] but the proof has not appeared. We include a proof in Appendix A.
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1.2 Consequences of the lower bound

Theorem 1 immediately implies similar separations in related models.

Query complexity of sampling problems. We can use Distributed Fourier Sampling to
obtain a lower bound in the query model on the classical complexity of the (non-distributed)
Fourier Sampling problem [2, 8]. In this problem, we are given the ability to query (evaluate)
an unknown function h : {0,1}" — {£1}, which corresponds to an input of size N. Our task is
to approximately sample from the Fourier spectrum of h, i.e. the distribution p; on bit-strings
s € {0,1}™ where

2
1
me) =5 3 1)7h)

ze{0,1}m

€. This problem can be solved exactly with 1 quantum query to h by constructing the state
L h(z)|z), applying a Hadamard gate to each qubit, and measuring in the computa-
Van 2uwe{0,1}n , applying g q s g p

More precisely, we are asked to output a sample from any distribution p;, such that ||pn, — prll1 <

tional basis.

Any randomised classical query algorithm solving Fourier Sampling using ¢ queries immediately
implies a classical two-way communication protocol with shared randomness for Distributed Fourier
Sampling communicating at most 2¢ bits, via a standard reduction [29]. Alice and Bob simulate
the procedure for Fourier Sampling, and whenever they want to query h(zx), they replace the
query with evaluating f(x)g(z) using 2 bits of communication®. Therefore, Theorem 1 implies a
corresponding lower bound on the query complexity of Fourier Sampling:

Corollary 2. For sufficiently small constant ¢ > 0, any randomised classical algorithm solving
Fourier Sampling on N input bits must make Q(N) queries.

A lower bound of Q(N/log N) queries on Fourier Sampling was previously shown by Aaronson
and Ambainis [2], who conjectured (on p44 of the first version of the paper on the arXiv) that this
bound was tight, not only for Fourier Sampling, but for all sampling problems that can be solved
with 1 quantum query. Corollary 2 refutes this conjecture. Interestingly, it was also shown by the
same authors that any partial boolean function which can be computed by a bounded-error quan-
tum algorithm making t = O(1) queries can be computed by a bounded-error classical algorithm
making O(N 1-1/ (Qt)) queries [2]. Thus, to see maximal quantum-classical query separations, we
are required to go beyond computing boolean functions.

Following the completion of an initial version of this work, I learned that Scott Aaronson and
Lijie Chen have recently obtained an independent proof of Corollary 2 [3]. (Their proof technique
is compared with the present one in Section 1.3 below.) Also note that it is much simpler to prove
Corollary 2 for deterministic classical algorithms, i.e. ones that choose which queries to make via
a deterministic decision tree, then sample from some distribution depending on the results of the
queries. A proof for this special case is included in Appendix B.

Nonlocality problems. Using a standard mapping between communication protocols and
entanglement [13, Section IV], we can obtain a distribution D which can be sampled from exactly
with no communication between the parties if Alice and Bob share n Bell pairs, but such that
any classical procedure for sampling from D up to distance € in ¢; norm, for some constant € > 0,
requires 2(2") bits of classical communication. A similar lower bound for ezact sampling from the
same distribution D was previously shown by Brassard, Cleve and Tapp [9], but the bounded-error
case was called “an important open question” by Toner and Bacon [39].

To obtain D, we define a variant of the Distributed Fourier Sampling problem. Alice and Bob
are again each given a function, f and g respectively. However, this time they are asked to sample
from a distribution on pairs of bit-strings s,¢ € {0,1}" (where Alice outputs s, Bob outputs t)
of the following form, up to ¢; distance e: a distribution where Pr[s @t = u] = ps4(u) for all

3Note that, unlike in the setting of quantum query algorithms, it is not necessary for Alice and Bob to send
each other their query indices. The classical algorithm can be expressed as a distribution over deterministic decision
trees. Alice and Bob choose which deterministic tree to implement using shared randomness, and from that point
onwards, the values of the queried bits completely determine the algorithm’s behaviour.
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u € {0,1}", where pys, is defined as in (1). We call this problem Doubly Distributed Fourier
Sampling (DDFS).

The quantum protocol for DDFS proceeds as follows. Alice and Bob share a maximally en-
tangled state ﬁ Za:e{o,l}n |z)|x). Alice and Bob each apply the unitary operators Uy and Uy,

defined by Uslz) = f(z)|z), Uglz) = g(z)|x), to their half of the state to produce the state
lprg) = \/% > sefon f(@)g(z)|z)|z). They each then apply Hadamard gates to each qubit of

their half of |¢/,), measure in the computational basis, and output the result.

The final state produced before measuring is

w2 Twe@ [ X s | [ ot ),

ze{0,1}n se{0,1}» te{0,1}m

so for each pair of bit-strings (s, t) such that s @t = u, the probability that Alice and Bob see that

pair of bit-strings is
2

| X e | =2,
ze{0,1}"

Therefore, the probability that they see some pair of bit-strings (s, t) such that s @t = u is exactly
Psg(u). On the other hand, any classical communication protocol for DDFS approximating the
output distribution up to ¢; inaccuracy e with cost ¢ gives a protocol for Distributed Fourier
Sampling up to inaccuracy € with cost ¢ + n. This protocol proceeds as follows: after receiving
outcomes (s, t) from their DDFS protocol, Alice sends s to Bob, who outputs s@t. If the probability
that Alice and Bob output (s,t) was gr4(s,t), then as the DDFS protocol achieved ¢; distance at
most € from a distribution where Prs @t = u] = pyq(u) for all v € {0,1}", we have

Z qrg(s:t) — qrg(s,t)| <€
s,te{0,1}™

for some distribution g, such that for all w € {0,1}", > o drg(8:) = prg(u). So the £
distance between the output distribution and the desired distribution is

Do = D Glst)) = Y

u€e{0,1}n s,t:sBt=u uw€e{0,1}n

Z Z |afq(s,t) — qrg(s,t)]

uG{O,l}” s,t:sPt=u

S ape(sit) — rg(s, )| < e

s,t:s,t€{0,1}n

3 qu(f;jj)pfg(u) ~Grylst)

s,t:s@t=u pfg

IN

We have obtained the following corollary:

Corollary 3. For sufficiently small constant € > 0, any two-way classical communication protocol
with shared randomness for Doubly Distributed Fourier Sampling must communicate Q(N) bits.

It is clear that the bound stated in Corollary 3 is tight up to constant factors, as Alice can send
her Doubly Distributed Fourier Sampling input to Bob using O(NNV) bits of communication. This
bound is also best possible for the following more general problem: Alice and Bob initially share
an arbitrary bipartite entangled state where each party has local dimension N, are each given as
input a local measurement of rank-1 projectors, and are asked to sample from the joint distribution
on measurement outcomes up to constant inaccuracy € > 0. This task can be achieved classically
using O(NN) bits of communication, via a similar e-net construction as for Distributed Quantum
Sampling. Alice simulates her measurement on her half of the state, after which she knows Bob’s
reduced state. She then uses a shared e-net to represent this state up to accuracy €, and sends
the identity of the state in the e-net to Bob, who can then simulate his own measurement. For
constant € > 0, it is sufficient to transmit O(N) bits.
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Finally, we remark that the results given here on Fourier Sampling and its distributed variant are
connected to some of the earliest works on quantum computation: the first exponential separation
between exact quantum and classical algorithms via the Deutsch-Jozsa algorithm [17], the first
super-polynomial separation between quantum and randomised classical algorithms via recursive
Fourier sampling [8], and the first exponential separations between exact quantum and classical
communication complexity via the distributed version of the Deutsch-Jozsa algorithm [9, 12]. It is
remarkable that, around 20 years after these pioneering results, Fourier Sampling continues to be
a rich vein from which quantum-classical separations can be mined.

1.3 Sketch of the proof of the main result

In the remainder of the paper, we prove the claimed lower bound on the classical communication
complexity of Distributed Fourier Sampling. We first give an outline of the proof. The starting
point is to observe that, if there is a classical protocol for approximately sampling from ps, up
to constant inaccuracy e, there is a classical protocol with two outcomes (accept or reject) which
communicates the same number of bits and accepts with probability very close to

2

(LOY o (1 % st )

ze{0,1}™

for most inputs f, g. More specifically, there is a protocol which accepts with probability p(f, g)
such that the average of |p(f, g) — ({f,g)/N)?| over uniformly random f and g is at most ¢/N. A
similar idea was used in [2, 3] in the setting of query complexity. We present the reduction in the
proof of Lemma 5.

Next, we show that for sufficiently small € > 0, any classical protocol whose acceptance prob-
ability is this close to ({f,g)/N)? on average over f and g must communicate (N) bits. It is
convenient to now switch notation and consider the problem of accepting with probability close to
({(z,y)/N)? for strings =,y € {1}V . The first challenge in proving a lower bound is that it is hard
to reason about protocols for sampling problems. In particular, one cannot necessarily assume that
the existence of a bounded-error randomised protocol for a sampling problem implies the existence
of a deterministic protocol for the same problem that is accurate on most inputs*. This is by
contrast with the case of communication complexity of functional (or relational) problems [29],
where this connection is standard and is a typical first step in the proof of lower bounds.

We instead need to reason directly about the acceptance probability of any low-communication
protocol P. Our high-level strategy is to find three distributions D_, Dy, D4 on inputs such that
we can upper-bound the acceptance probability pg of P under Dy in terms of a weighted sum of its
acceptance probabilities p_, p+ under D_, D, . Assuming that P is accurate allows us to find an
upper bound on each of these two acceptance probabilities (and hence an upper bound on py), as
well as a lower bound on pg. If the upper bound is lower than the lower bound, we have obtained
a contradiction and there hence cannot exist an accurate low-communication protocol.

To implement this strategy mathematically, we use the fact that a communication protocol
can be understood in terms of rectangles, i.e. subsets of Alice and Bob’s inputs of the form R =
A x B. First, it is not difficult to see that the only rectangles that contribute appreciably to the
protocol’s average acceptance probability under some distribution are those that are large under
that distribution. Next we want to show that, for any large rectangle that contributes substantially
to the acceptance probability under some distribution Dy, that rectangle must contribute even more
substantially to the acceptance probabilities under some other distributions D_, D,..

At this point, we can make a connection to a remarkably powerful previous technique used
to determine the communication complexity of the so-called gap-Hamming and gap-orthogonality
problems [15, 16, 37, 40]. In the gap-Hamming problem Alice and Bob are each given strings
z,y € {£1}V, under the promise that either (z,y) < —V/N or (z,y) > VN, where as above
(x,y) = >, xiy;; their goal is to determine which is the case. It was first shown by Chakrabarti

4 A previous version of this paper claimed incorrectly that such an implication did hold.
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and Regev that the communication complexity of the gap-Hamming problem is Q(N) [15]. The
key technical step of their bound involved giving three distributions &y, £_, &4 on pairs of strings
x,y € {£1}" such that, for any large rectangle R,

(€ (R)+£4(R) 2 S60(R). 6

N =

The distributions £ and £; are concentrated on strings with relatively large and small (respec-
tively) Hamming distance; indeed, under these distributions « is uniformly random, while for each
i, y; = x; with probability (14 p)/2, for some small p. & is just the uniform distribution. Thus (3)
can be seen as an anticoncentration bound: any large rectangle (i.e. any rectangle that contains
many pairs (z,y) with respect to the uniform distribution) must contain many pairs (z,y) such
that |[(x,y)]| is large.

This appears to give us exactly what we need to complete the proof. However, there are some
difficulties left to surmount. First, the corresponding acceptance probabilities of a good sampler
under the distributions &y, £, &4 used in [15] are not the ones that we need to use to prove
the desired contradiction. To address this, Alice and Bob randomly flip some of their input bits
in a suitably correlated way, which corresponds to shifting the expected acceptance probability
({(z,y)/N)? under each of the distributions. Even after doing this, the bound (3) turns out to not
be enough to imply a contradiction. We instead need a skewed version of the bound:

5 (CE(R) + €4 (R)) 2 S60(R) @

for large rectangles R and arbitrary s € R. Intuitively, in this expression we are improving the
upper bound on & in terms of &, at the expense of making the bound in terms of £_ worse. It
turns out to indeed be possible to prove such a generalised bound based on the techniques of [15]°.
This generalised bound could find applications elsewhere.

The final issue to deal with is apparently a technicality, but perhaps an important technicality.
We have from the accuracy constraint on the Distributed Fourier Sampling protocol that the
expected difference between the protocol’s acceptance probability and ((z,y)/N)? over uniformly
random z and y is at most ¢/N. However, for the above bounds to be meaningful we need the
protocol to also have a comparable level of accuracy when (z,y) are picked from the distributions
&4, €. But the distributions &4, £~ we use are relatively far from the uniform distribution in
total variation distance, implying that an expected error of ¢/N under the distribution £, may not
translate into a small error under the distributions £, £_. To address this, Alice and Bob map
their inputs (z,y) to new inputs (2/,y’) that are larger by a constant factor but preserve the inner
product (z,y). This allows us to show that all probabilities in the corresponding distributions
&', on the larger inputs are at most a constant multiple (depending on €) of their corresponding
probabilities under the uniform distribution, so the accuracy bound can be translated across.

We finally remark on connections between the proof techniques of the tight bound given here
on the communication complexity of Distributed Fourier Sampling, and the tight bound of Aaron-
son and Chen on the query complexity of Fourier Sampling [3]. At a high level, Aaronson and
Chen’s strategy is also to prove hardness of accepting with probability close to ((x,y)/N)?, based
on showing contradictory bounds on the acceptance probability of any classical algorithm that
makes few queries, under three different input distributions. As query algorithms are much more
restrictive than communication protocols, this allows the acceptance probability of an algorithm
in this setting to be written as a weighted sum of certain functions of binomial coefficients. To
complete the proof strategy of [3] it is then sufficient to carry out some technical calculations to
bound these coefficients. In the communication complexity context, it seems necessary to prove a
more general bound of the form of (4), which comes with significant technical complications. For
example, it does not seem obvious how to prove a variant of (4) corresponding to the distributions
used in [3].

5For experts, we remark that the ultimate reason for this is that the bound of [15] hinges on the behaviour of
the function cosh(z), while here we need to understand the function cosh(z — s), which is very similar; and that
it might also be possible to use a suitably generalised and tightened version of bounds proven in [16] to obtain a
similar result.
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1.4 Barriers to use of previous results

It is instructive to check why we cannot just use existing communication complexity results to easily
prove a lower bound on Distributed Fourier Sampling. First, by the O(1/2") classical upper bound
of Raz [36] for any partial boolean function, we can see that we need to look beyond protocols
whose acceptance and rejection probabilities are separated by an additive constant. Looking at
(2), one might naturally guess that a tight lower bound could be proven by considering inputs
obeying the promise that (for example) either (f,g) = 0, or |(f,g)| > 3¢v/N. In the former case,
the protocol should accept with probability at most €¢/N, and in the latter case the protocol should
accept with probability at least (3¢ —e)/N = 2¢/N. So there is a multiplicative constant separating
the acceptance probabilities in the two cases.

This is a variant of the gap-orthogonality problem [16, 37], for which an Q(N) lower bound
is known in the case where acceptance and rejection probabilities are separated by an additive
constant. So extending this result to hold in the nonstandard setting where acceptance and rejec-
tion probabilities are small and separated by a multiplicative constant would suffice to prove our
desired result. Further, G66s and Watson [21] showed that communication lower bounds of this
form can be proven using the corruption method [6, 26, 42], an important lower bound technique
in communication complexity, used in particular by Sherstov to prove his (N) lower bound for
gap-orthogonality [37]. If we had a direct corruption bound of Q(N) for the gap-orthogonality
problem as stated above, this would imply the result we need.

But in fact such a bound cannot exist, because G66s and Watson also showed that the corruption
bound is equivalent to the communication complexity of an optimal protocol whose acceptance and
rejection probabilities can be arbitrarily small, but are separated by a multiplicative constant [21].
And there is indeed a nontrivial protocol of this form for gap-orthogonality: query v/N random
bits of Alice and Bob’s inputs, and accept if they are all different, or all the same. If Alice and
Bob’s strings differ at a 1/24+A/+/N fraction of positions, the probability of acceptance is precisely

o) () " (3 (- 3))

This is roughly equal to 27VN (24 4+ ¢=28) = 21-VN ¢osh(2A). For A values separated by a
constant factor, the acceptance probabilities will also be separated by a constant factor (which can
be made arbitrarily large by taking the AND of multiple runs).

It therefore does not seem possible to use gap-orthogonality to prove the desired lower bound via
standard techniques. So how did Sherstov prove a corruption bound of Q(N) for gap-orthogonality?
He considered the negation of the problem we consider here (i.e. reversing the roles of acceptance
and rejection), which does have such a lower bound. However, it is not clear how to use this
problem to prove a bound on the original Fourier sampling task, as the acceptance probabilities of
the quantum protocol do not correspond directly to the negated problem.

1.5 Other related prior work

The Distributed Quantum Sampling problem has also been studied in the physics literature, where
it is sometimes termed “classical teleportation”. Toner and Bacon [39] showed that, in the case
where Bob makes a projective measurement, Distributed Quantum Sampling on one qubit can
be solved exactly with 2 bits of communication from Alice to Bob (and shared randomness). An
asymptotic protocol which encompasses POVMs and which uses slightly more communication was
previously proposed by Cerf, Gisin and Massar [14]. Montina [32] gave an efficient classical protocol
for the special case where Bob’s measurement consists of two operators: the projector onto a pure
state, and its complement (a similar result can be obtained from work of Kremer, Nisan and
Ron [28]). Montina, Pfaffhauser and Wolf [34], and Montina and Wolf [33], related the asymptotic
and one-shot communication complexities of exact classical simulation of general quantum channels
to convex optimisation problems. The related problem of simulating the correlations obtained by
measuring entangled states has also been studied by a number of authors; see [11, 13] for surveys.

Accepted in (tuantum 2019-06-26, click title to verify 8



Galvao and Hardy [18] considered a variant of the Distributed Quantum Sampling problem,
where Alice starts with a qubit in the state |0), the qubit is sent to Bob via a communication channel
in which it undergoes a number of small rotations, and Bob is then asked to determine whether the
final state of the qubit is |0) or |1), given that one of these is promised to be the case. Galvao and
Hardy argued that any perfect classical simulation of this quantum protocol must use a system
which can have infinitely many states, hence must transmit infinitely many bits of information.
(See [10] for a related result applied to the study of non-classical temporal correlations.) However,
this lower bound does not hold for approximate simulations (e.g. the simulation method based on
e-nets mentioned above); in addition, it only holds when arbitrarily many operations can affect the
qubit during its progress from Alice to Bob.

We finally remark that, using a connection between the corruption bound and Bell inequalities,
the gap-orthogonality problem was recently used by Laplante et al. [30] to give inefficiency-resistant
Bell inequalities with large violations.

2 Preliminary definitions

We use standard definitions from communication complexity [29]. We consider the setting of
two-way communication protocols with shared randomness, with two separated parties (Alice and
Bob). In these protocols, Alice and Bob each receive an input (where Alice’s input is often denoted
x € X, and Bob’s input is denoted y € Y') and share a random bit-string of arbitrary length. They
then follow a protocol to exchange messages, and at the end of the protocol, one party (e.g. Bob) is
asked to output a bit-string satisfying some predetermined criteria. The cost of the protocol is the
total number of bits communicated. (See [29] for formal definitions.) We usually consider sampling
problems, where Alice and Bob are given the pair (x,y) and asked to output a sample from some
predetermined distribution Dy, up to some predetermined accuracy. A rectangle R = A x B is a
product subset of Alice and Bob’s inputs (A C X, BCY).

[a, b] denotes the interval {z € R : a < z < b}. We will use the following family of distributions
on correlated pairs (z,y) throughout:

Definition 1 (cf. [15]). Forp € [—1,1], let £ denote the distribution on (z,y) € {£1}" x {£1}
obtained by picking v € {£1}N wuniformly at random, then picking y by setting y; = x; with
probability (14 p)/2, and y; = —x; with probability (1 —p)/2. When N is implicit, we often write
gp = g}]}\/

Note that &) is the uniform distribution on {£1}V x {£1}V.

3 Proof of main result

We now describe the proof of Theorem 1 in detail. We first state the technical lemmas from which
the main theorem follows, and give its proof assuming these lemmas. The lemmas themselves are
proved afterwards.

The first lemma is a characterisation of shared-randomness classical communication protocols
in terms of rectangles. Note that similar bounds are common in the communication complexity
literature (see e.g. [24]), but are usually stated only for decision problems, where one wishes to
either accept or reject with high probability. As we are interested in the more general setting of
sampling problems, we include a proof in Section 4.

Lemma 4 (Characterisation of communication protocols). Let P be a communication protocol
with two outcomes (accept and reject) and shared randomness, such that P communicates at most
¢ bits. Then there exists a non-negative function p(R) of rectangles R such, for any distribution u
on pairs (xz,y) € X XY,

Pr[P accepts (z,y)] = > p(R)u(R)=n+ > p(R)u(R)
R Rip(R)>2-2
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for some n € [0,27°), where the probability is taken over both (x,y) ~ u and the shared randomness
of P.

Lemma 5 (From Fourier sampling to two-outcome protocols). Assume that, for all sufficiently
large N, there exists a protocol for Distributed Fourier Sampling with inaccuracy € that communi-
cates at most YN bits. Let b be any positive constant. Then there exists a protocol that commu-
nicates at most 2yN bits and accepts with probability p., on input (x,y) € {1} x {£1}V such
that:

_ 1—¢€ 14¢ _ bG+1)B—€ (b+1)B+¢€
ey Pl € [41\7’41\/‘} + B Pl € [ AN 7 4N ’
. (b+1)p—€ (A+1)p+¢
E(x,y)wf\/b/—N [pzy] € |: AN ) AN )

18b

where € = Ce'®%¢ for some universal constant C, and 8 € [1 — o(1),1].

Lemma 6 (Skewed anticoncentration bound for large rectangles). For all b > 0 there exists 6 > 0
such that for large enough N, all rectangles R C {£1}N x {£1} such that &,(R) > 27N, and
all s,

% (GSS,W(R) + e_sfm(R)) > ;50(3)-

Theorem 1 (restated). There exist universal constants e,y > 0 such that, for sufficiently large
N, any two-way classical communication protocol for Distributed Fourier Sampling with shared
randomness and inaccuracy € must communicate at least YN bits.

Proof. Assume towards a contradiction that for all sufficiently large N there exists a protocol for
Distributed Fourier Sampling with inaccuracy e that communicates at most yN bits, for some
small constants €, > 0 which will be chosen later. Let P be the corresponding two-outcome
communication protocol that communicates ¢ < 2yN bits and has acceptance probability bounds
given by Lemma 5, for some choice of b = O(1) to be determined. By Lemma 4, P in turn implies
the existence of a non-negative function p(R) of rectangles R such that

po= Pr [P accepts (z,y)] =n+ Z p(R)&o(R) ()
(y)~to R.go(R)>2-2

for some 1 € [0,27¢). By Lemma 5,

b+1)p—
>~ 7
Po = 4N ’

where ¢ = Ce®e and 8 =1—0(1). By (5) and Lemma 6, assuming that v < §/4, for any s € R

P < 27+ Y P(R)% (esf,m(R) + e—sgm(R))

R,o(R)>272¢

< ( Zp e_ (R Zp ¢ jirw R’))
e 3 —s
< 274+ - e Pr [P accepts (z,y)] +e Pr [P accepts (z,v)]
4 (@y~E_ 7w (@y)~E 7w
. 3 1+€¢ _(4b+1)B+¢
< 9-¢ 2 s s
= + (e iN e AN ’

where the final inequality is Lemma 5. Choosing, for example, b = 10, s = 2, we get that for some
universal constant D,

41 € 10
2
_ _ < -
(e +62)+DN+0(1/N) N+D +0(1/N),

11 3
il G
4N — 16N
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where we have folded the 27¢ term into the o(1/N) term, which is justified by assuming that P
communicates exactly 2N bits, up to rounding to an integer (if there exists a protocol that solves
a problem by communicating at most k bits for some k, there exists a protocol that solves the same
problem by communicating exactly & bits). This is a contradiction for small enough e = Q(1) and
large enough N. Therefore such a protocol cannot exist. O

4 Proofs of communication complexity lemmas

We first prove a mathematical characterisation of communication protocols in terms of rectangles.

Lemma 4 (restated). Let P be a communication protocol with two outcomes (accept and reject)
and shared randomness, such that P communicates at most c bits. Then there exists a non-negative
function p(R) of rectangles R such, for any distribution p on pairs (x,y) € X XY,

Pr[P accepts (z,y)] Zp =n+ > pR)u(R)
Ru(R)>2-2¢

for some n € [0,27°), where the probability is taken over both (x,y) ~ p and the internal random-
ness of P.

Proof. For any (x,y), we have

Pr[P accepts (z,y)] Zﬂ' )[D accepts (x,y)] Zﬂ' Z x,y) € R],
D D ReRD

where (D) is a distribution on deterministic protocols D, each of which corresponds to a disjoint
set of 1-rectangles Rp. Taking the expectation over p,

Pr [P accepts (x,y)] = Z?T(D) Z w(R)

(z,y)~p,D~m ) RERp
= YonD) Y wa®+Y D) > u(R)
D ReRp,u(R)<272¢ D ReRp,pu(R)>272¢

= n+ > m(D) > u(R),
D

ReRp,u(R)>2272¢

where we infer that 0 < n < 27¢ by using |Rp| < 2° for all D and ), 7(D) = 1. The claim
follows by taking p(R) = >_p ger, (D). O

Next we prove a lemma that maps between a distributed Fourier sampler and a two-outcome
communication protocol whose acceptance probability obeys certain bounds. In order to prove the
lemma, we need the following technical claims, whose proofs are deferred to the very end (Section

6):
et | () | =5+ (-5

}2N

Proposition 7.

Proposition 8. Let &, be the distribution on pairs 2',y" € {£1 formed by choosing (x,y) ~
&, then setting ©' = o(z,2"), v = o(y,y"), where 2", y" € {£1}N are fived strings such that
(",y") =0, and o € Sap is a random permutation of the indices of the strings. Then there exists
a universal constant C such that, for sufficiently large N and any A, and p € [—0.01,0.01],

Pr Yy =A §0e2p2N Pr ',y = Al
(z/,y%g;K y) = A (m’,y’)w&%NK y) = A
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Lemma 5 (restated). Assume that, for all sufficiently large N, there exists a protocol for Dis-
tributed Fourier Sampling with inaccuracy € that communicates at most YN bits. Let b be any
positive constant. Then there exists a protocol that communicates at most 2yN bits and accepts
with probability Py, on input (x,y) € {£1} x {1}V such that:

~ 1—€¢ 1+¢€ _ b+1)—€ b+1)B+¢
Ewwre_ i Pl € [4N’ N } + B ] € [ AN T AN ]
. (b+1)p—€ (+1)p+¢
E(x,y)wf\/b/—N [pzy] € |: AN ’ AN )

18b

where € = Ce'®%¢ for some universal constant C, and B € [1 — o(1), 1].

Proof. We first show that, for any N = 2", the existence of a Fourier sampler with the assumed
parameters implies the existence of a protocol that communicates YN bits and accepts with prob-

ability p,, for each pair (z,y), such that
~ (,9)\ €
I < —.
Pay ( N =N ©)

To see this, note that by the definition of Distributed Fourier Sampling and the assumed param-
eters for the protocol, there exists a protocol that communicates yN bits and samples from some
distribution p,, on bit-strings s € {0,1}" such that

E(2,y)~é0 [

€> EBayymey | D 10hy(8) =Py | = D Eayllphy(s) = pay ()],
s€{0,1}n se{0,1}

where pgy(s) = (% Zze{o’l}n(—l)s'zmzyz)a observe that p.,(0") = ({(z,y)/N)%. By the above
inequality, there is an s such that E(, y)~e, [Py (5) = Pay(5)]] < €/N. This implies the existence of
a protocol which accepts with probability p,, on input (z,y) such that E, y)~e,[|Pey — Pay(s)]] <
€/N; this protocol simply accepts when the outcome is s, and rejects otherwise. We can assume
that s = 0" by replacing = with the string 2(*) defined by 2 = (=1)%%z., as Pay(s) = Py, (0™).
As (z,y) were uniformly distributed, so are (z(%),y).

Alice and Bob will apply their protocol which achieves the bound (6) to a pair of inputs
2’y € {£1}2N given by a shifted version of their original inputs (x,%). For any « € [~1,1] and
any o € [0,1], given a pair of inputs (x,y) ~ &, Alice and Bob can produce a pair of inputs
(z”,y") distributed according to £€44a/—aa’ by using their shared randomness to do the following:
for each 4, with probability o/, replace the pair (x;,v;) € {£1}? with a pair (z;,2;), where z; is
picked uniformly at random from {+1}. Then each of 2} and y} is individually uniform, and

1 1 ! !
Pr[x;’:yg’]:a’—ﬁ—(l—o/) +a:7+a—|—a CKCV’
2 2 2

Writing ¢ = /b/N, ¢’ = ¢/(1 + ¢) and then choosing a € {—¢,0,q}, & = ¢, this maps {_, — o,
0 = &q/(1+q)5 Sa = E29/(149)-

Alice and Bob then form a pair of inputs (2',y’) by concatenating the inputs (z”,y") with
a pair of inputs in {£1}" that differ at exactly N/2 positions, and applying the same random
permutation of indices to each of their resulting strings. Denote the resulting distribution on
pairs (z’,3y’), when applied to the distribution &, on (z”,y"), by &.. Then clearly

Pr 2, yy=Al= Pr [(z,y)=A].
(I,’y,)N&K y) =A4] (:L’,y)NETK y) = A

By Proposition 8, there is a universal constant C’ such that for any r € [-0.01,0.01],

Pr (@) =Al<Ce® N Pr [(2,y) = Al

(z’y")~E). (a',y")~E3N
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For r € {0,q/(1 + ¢),2q/(1 + ¢q)} and sufficiently large N, 0 < r < 34/b/N, where we recall that

q = \/b/N. Write Err(z',y') == |paryy — ((z',y')/(2N))?| for the error when Alice and Bob apply
their protocol to (2’,y"). Then we have

N
E(w yy~er [Err(z’,y)] = Z Pr [(@)y) = A] Eqr yy=a [Err(a’, y)]
ATy @y)~E
N
: Z ce (a/ ZBI;&?N[@/’ V') = Al Eg yn=a [Brr(z’, )]
A=—N VI
< Clet® E (2 yrymezn [Err(z’, )]
< 0/618bi

N 9
where the sums are only taken over even A, the inner expectations are uniform over strings =, y’
such that (z’,y’) = A, and the last inequality follows from (6). By Proposition 7, we have

@)\’ _ 1 @)\ 11 1 ¢\’
Bt gy [( v ) | T B, (T ) | Tale U w) o) )
@)\ _1(1 1 29 \*
E(x”y’)wgéq/wq) l( N ! N—'_ 1_N 1+¢q '

The lemma follows by inserting the definition of ¢ and setting C' = 4C". O

5 Proof of Lemma 6: skewed anticoncentration bound

The proof of Lemma 6 is analogous to that of Lemma 2.5 in [15]. Indeed, although it is a general-
isation of this result, somewhat remarkably the same proof technique goes through. The starting
point is to prove an equivalent result for Gaussian measure.

Let vV denote the Gaussian distribution on RY with density (27r)*1\[/2e”‘70”2/27 and let 2, denote
the distribution on pairs (z,y) formed by choosing z,z ~ 7V, and setting y = pz + /1 — p?2.
Note that =, is the “Gaussian analogue” of the distribution &, previously introduced.

Let D(:||-) denote the relative entropy

D(P|Q) = / P(2)In(P(2)/Q(x)) d,

where P and () are probability density functions over R, and write D, (X) := D(P||vy), where X is
a random variable with distribution P. We will need the following technical claims:

Proposition 9 (Chakrabarti and Regev [15, Claim 3.7]). For all e, ap > 0 there exists a 6 > 0 such
that for any probability distribution P on R satisfying D(P) < 6, any z € R, and any 0 < a < ay,
we have

E,p[cosh(az + 2)] > /2 ¢,

Theorem 10 (Chakrabarti and Regev [15, Theorem 3.1]). For all €,6 > 0 and large enough N,
the following holds. Let A C RN satisfy vV (A) > e N, Then, for all but an e 9N/36 measure

of unit vectors y € RN, the distribution of (x,y) where x ~ YN |4 is equal to the distribution of
aX +Y for some o € [1 —6,1] and random variables X, Y satisfying D, (X |Y) <.

We will prove the following result:

Theorem 11. For all c,e > 0 there exists § > 0 such that for large enough N and 0 < n < c/\/N,
all A, B C RN such that vV (A),yN(B) > e™°N, and all s,

1
(es( Pr [z€eAnyeB]+e® Pr [xeA/\yGB])Z(l—G)VN(A)'YN(B)'
z,Y

2 )~E—y (zy)~Eny
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Chakrabarti and Regev’s Theorem 3.5 is Theorem 11 with s = 0 [15]. The proof of Theorem 11
is essentially identical to this special case. However, for completeness and the reader’s convenience,
we include a full proof. In the proof, 31, ..., 87 are positive constants that have to be sufficiently
small.

Proof of Theorem 11. Let
A={zeA:(1-p)N < z]* < (141N}
and similarly define B’. For sufficiently small §, by concentration of Gaussian measure, we have
V(A 2 AN (A) — Bae= > (1 - B2)y (A)
and similarly for B’. Write, for any —1 < ( <1,

pc= Pr_ [recAnycB]
(z,y)~E¢

Then

pe > Pr [re A Aye B
(zy)~E¢

= (@2m) " N2@2r(1 - 772))—1\’/2/1A,(x)1B,(y)e—|Iw\|2/2e—I\y—nw\|2/(2(1—n2))dxdy

= (1-p*)"N2E [e*nzI\wl\z/(2(1*n2))e*n2||y|\2/(2(1*n2))en<w,y>/(lfng)] AN (AN (B')

2y N | g1y~ N | g
> (1= p?) N2 N/ A= [ente A= AN ()N (BY)

ey N| 4y~ N | g

Applying this inequality with { = +n, we obtain that the quantity we wish to bound, which we

can write as %(esp_n +e~°py), is lower-bounded by

1 1 .
(1_,72)—N/26—712(1+51)N/(1—772) E [2ese—n(x7y>/(1—n2) + 26—8671(171/)/(1—712)] YN (AN (B).

(7)

oy N sy~ N g
We next observe that

%ese—nmw/(m?) n %e*sen@,y)/(l*ﬁ) — cosh(n(z,y) /(1 — %) — s).
Let B” C B’ be the set of all y € B’ for which

Byt lcosh(n(e,y) /(1 =) = )] < (1= Ba)e®/ (- =N/,
We will show that this set is relatively small, vV (B”) < B4y (B’), implying that

—n2)2(1—
E ey 4y gV | [c08B(n{z, ) /(1 = %) = 8)] = (1 = Ba) (1 = Ba)e(/ (1= (= PON/2

and hence

(7) (1 — n?) N2 " AFBON/=0*) (1 _ B,)(1 — B3)e/A=n*N*(A=FN/2, N ( 41\ N (B
N 2= AHBON/ (=) (1 _ B,)(1 — B3)e/ A= D*(1=BON/2(1 _ 3))2,N(4)4N(B)
(1 =y (AN (B)
for sufficiently small 31, B2, 3, B4 and sufficiently large N. Assume the contrary for a contradiction,
i.e. that vV (B") > ByyN(B') > Ba(1 — Bo)e V.

Let r € [/(1—B1)N,\/(1+ B1)N] be such that the Haar measure of points in B” of norm
7, normalised (and hence restricted to the sphere), is at least ¥ (B"); existence of such an r
follows from spherical symmetry of the Gaussian distribution and the definition of B”. Next,
apply Theorem 10 with e chosen to be (85, ¢ chosen to be B, and A chosen to be A’. Choosing

vV IV IV
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0 (in the present theorem) to be small enough, there exists y € B” such that the distribution of
(z,y), where z ~ vV | 4/, is given by arX + rY for some o € [1 — £, 1] and random variables X
Y satisfying D, (X | Y) < 5. This in turn implies that

Pr(D, (XIY) < VA > 1- VB,
By Proposition 9, for sufficiently small 57,

E ], [cosh(n(z, y) /(1 = n?) = 5)] E[cosh(n(arX + TY)/( - 772) — )]

> (1—+/Bs)( elarn/(1—n? — B7)
> (1—+/Bs)( en/(1— n’ —B86)>(1=B1)N/2 _ 57)
> (1- 53)e("/(1 n%)* (1~ BUN/2
contradicting the assumption that y € B”. O

We can now prove the corollary we need for the boolean cube (which is Lemma 6 stated in a
slightly more general form).

Corollary 12. For all ¢,e > 0 there exists d > 0 such that for large enough N and 0 < p < c/\/ﬁ,
all rectangles R C {+1}N x {£1}V such that &(R) > 27N, and all s,

(€ (B) + g (B) > (1 - 6o(R)

Proof. Again, the argument is essentially the same as in [15]. For R= A x B, let A’ = {z € R :
sgn(z) € A}, and similarly for B’. Then one can check that, for any n € [—1, 1],

Pr [ze A ANyeB|=¢(R)

(Ivy)NEn

2

for p =1 — = arccosn. In particular, taking n = 0,

min{y" (4), 7V (B)} = V(AN (B) = Pr_[re A Aye B =&(R) =27V,

z,y)~Eo

For p < ¢/v/N and sufficiently large N, < ¢/ /v/N for some constant ¢, so we can apply Theorem
11 to infer the claim. O

6 Proofs of further technical propositions

In this section we prove some claims about the distributions &, &, used in the proof of Lemma 5.
Recall that &) is the distribution on pairs (z,y) € {1} defined in Definition 1.

Proposition 7 (restated).

e (5] 3+ (-
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Proof.

2
@9\ 1
Baw~ey |\ 7N = 2 Eww~ey ny

1
= NN Z B yy~en [2iviz;y;)
i#]
1 1
= 5+ 7z 2 Bewrey 2] B yng, [29)]
i#
1 N
( ) (z,y)~EN [xlyl})2

)
(1 N>p2

Proposition 8 (restated). Let &, be the distribution on pairs x',y’ € {£1}*N formed by choosing

_|_

2=z~ =
+

O

(z,y) ~ &, then setting 2’ = o(z,2"), y' = o(y,y"), where 2", y" € {£1} are fived strings such
that (", y") =0, and o € San is a random permutation of the indices of the strings. Then there
exists a universal constant C such that, for sufficiently large N and any A, and p € [—0.01,0.01],

Pr 'y =A §Cep2N Pr ',y = Al
(I,yy,)%;’K y) = A (m,vy/)NE%NK y) = Al

Proof. Assume A is an even integer, otherwise the claim is trivial. By the definition of the distri-
butions &, £, we have

(N+4)/2 (N=A)/2
1+p 1—p N
Pr xl’ / :A B () () ( ,
(m,,y,)NE;K y') ] 9 9 N;A

') = o] =22 ()

Pr
(z',y")~ERN N+ 5
Setting k = (N + A)/2, the ratio R of these two quantities is thus

< 9N gP(2k=N) (N)

N
__ 9N k N—k (k)
k+N/2 k4+N/2
We now upper-bound this expression using the binomial coefficient bounds, valid for all integer
tell,N—1],

N Nue/Ny — (N N Nh(¢/N)
' < < 8
SIN —0)° =\¢) =\ 2me(v —0)° 7 ®
where h(z) = —zInz — (1 — z)In(1 — z) is the binary entropy measured in nats [31].

First consider the case k € [0,0.1N] U [0.9N, N]. For these values of k, using k¥ < N and (8),

there is a universal constant C such that

(ZJZ) < 9NNp (0.]1VN) < 09N NPeNR(0.1)=2Nh(1/4) < 1N (p—0.1)

sy <27e v < e'Pe < (Ce ,
(k+N/2) (N/2)

implying that, for p < 0.01, R <1 for sufficiently large N.

Now consider the range k € [0.1N,0.9N]. Here we will use the inequality, which follows from
(8), that for some universal constant C”,

9N op(2k—N)

R < C/2N k) \/ (e, /( 2N, /) 2= K) (N (kN 20 (k) 2N 41/2)
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Defining = k/N and combining terms, we have

R<C (x+1/2)(3/2 —z) N (0 24p(2e— 1) +h(z) ~2h(x/24+1/4))
- x(1—x)

For these values of x,
R< C//eN(ln2+p(2m—1)+h(m)—2h(z/2+1/4))

for some new universal constant C”, so to prove the bound claimed in the lemma it suffices to
show that f(z) :=In2+ p(2z — 1) + h(z) — 2h(z/2 + 1/4) < p? for all z € [0,1). By concavity
of hy, In2 + h(xz) = h(1/2) + h(z) < 2h(z/2 + 1/4), so f(z) < p(2x — 1), which is negative for
x < 1/2. So, defining F(z) = f(z +1/2) — 2px = In2 + h(x + 1/2) — 2h(z/2 + 1/2), we want
to find an upper bound on F(z) over x € [0,1/2). We will show that F(z) < —z? and hence
flx+1/2) < 2px — 22 < p?, where we take the maximum over z € [0,1/2).

We have F(0) =0, and

d 1-—2x 1—=x
F’ = —F(z) =1 —1
() dzx () n(1+2x) n<1+x>7

so F'(0) = 0 as well. Thus it is sufficient to show that F”(z) < —2 for all z € [0,1/2) to prove the
desired bound. One can calculate that

2 + 42

F// - - <
(z) 1—5x2 +4a* —

-2

for z in this range, completing the proof. O
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A Classical upper bound for the vector in subspace problem

In this appendix we prove a general upper bound on the amount of classical communication required
to solve a bounded-error (and therefore at least as hard) variant of the “vector in subspace” problem
discussed in Section 1. In this version of the problem, Alice gets an n-qubit quantum state |¢)
and Bob gets a 2-outcome projective measurement {M, I — M}. Alice and Bob are promised that
either (| M) > 2/3 or (Y| M) < 1/3; their task is to output 1 in the first case, and 0 in the
second.

We will show that there is a classical randomised protocol for this problem that communicates
O(V/N) bits, where as before we set N = 2", This implies that any one-way quantum protocol for
computing a partial boolean function on n bits can be simulated by a classical protocol communi-
cating O(v/N) bits [27]. This protocol was proposed by Raz [36] (and subsequently also described
by Klartag and Regev [25]), who stated this complexity bound, but no proof has appeared. We
first note that we can assume that tr M = 2"~1 without loss of generality; if not, we embed [1))
and M appropriately in a space of dimension N’ < 2N such that tr M = N'/2, which does not
substantially affect the complexity bounds.

We will need the following technical lemma:
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Lemma 13 (Corollary of Bennett et al. [7]). Let [1) be picked from CN according to Haar measure
on the unit sphere, and let P be the projector onto an r-dimensional subspace of CN. Then, for
any § >0,

r exp(—rd?/3) [0<d <]
Pr | (4|Ply) > (1 *‘”N} = {exp(r(s/3) [0 > 1]

The protocol proceeds as follows. Alice and Bob use shared randomness to specify K quantum
states |¢1),...,|¢K), each picked independently according to Haar measure, for some K (it will

turn out that K = 2°(VN) suffices). Then Alice finds the state |¢;) such that |(¢;|)| is maximised,
and sends the identity of this state to Bob using [log, K| classical bits of communication. Bob
then outputs 0 if (¢;|M|¢p;) < 1/2, and 1 otherwise.

We first observe that |¢;) can be expressed as

|6i) = elv)) + V1 e2yt),

where € is a random variable such that e = (1)|¢;), which can be taken to be real and positive such
that € = [(¥|¢;)|, and [¢*) is a unit vector distributed uniformly at random in the subspace of
states orthogonal to |¢). This holds because the Haar measure is unitarily invariant, so for each
J, |#;) can be picked by choosing its inner product with each vector in an arbitrary orthonormal
basis according to a complex Gaussian distribution, then normalising the resulting vector.

Assume that (| M) < 1/3 (the case (| M) > 2/3 is similar, swapping the roles of M and
I — M). Then the probability that Bob fails to output the correct answer is

pr (oo = 3] )
We can expand
@ilMlg) = (el +VI= W) M () + VI- )

(WIM) + 26V 1 — 2 Re(($H[M[yh) + (1 — ) (M),
and using (| M|¢) < 1/3 and a union bound, can upper-bound (9) as

1 5e?

Pr {<¢¢IM¢¢> = 2] < Pr [wl — E2Re((y* | M[y)) = 12} +Pr [(1 — )Wt M) = % Tl

We bound each of the remaining two terms separately, conditioned on the event that € > ¢y :=
c¢N~1/4 for some large constant ¢ (we will show that this event occurs with high probability at the
end). For the first term, we use

62 €
P [pe/T= @Rel(w Mo = 5| < Pl 2 5]

[ = oy M 2 o ’
: l 10 =19y M) Z(24|<I|¢><¢|>M|1z»>||”

exp(—((eo/24)*(N —1) = 1)/3),
where in the last step we apply Lemma 13 with r = 1, 6 = (¢/24)2(N — 1) — 1 to |[¢*) and the

projector
J _ I = [ @) M) QIMT — |¢) (4])
tr((1 = [) W) M) (L[ M (I = [4)(4]))

and additionally use that ¢y > N~/2. For the second term, we use

(@ M) < (T ) oy -y o) [97)s

where Ilx denotes the projector onto the support of X, and

N/2 = rank(M) > rank((I— ) ()M (I [ (¢])) = rank((I—[s) (¥])M) > rank(M)—1 = N/2-1,

IA
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together with Lemma 13 and the bound

1 1 5¢? _ 6 — He? >1+62>1+68
1—-e2\2 12) 12(1—¢€?) = 2 2 12

[t

to obtain

Pr {<¢L|MwL> > L (1 - 562)} < exp(—CN¢))
“1-e\2 12/)]° 0
for some universal constant C. As ¢y = Q(N~1/4), the sum of the two probabilities can be bounded
above by an arbitrarily small constant. All that remains is to determine how large K needs to
be to achieve € > ¢y with high probability. Recall that ¢ was the largest absolute inner product
between any of the random states |¢;) and the fixed state |¢). For any 0 < x < 1, we have

. 2 x|l = — X N_l.
Lrlligslw)l” = 2] = (1 - )

To see this, first note that the distribution obtained by measuring a Haar-random /N-dimensional
state |¢;) in an arbitrary orthonormal basis is uniform in the probability simplex [38]. Geometri-
cally, this corresponds to a standard simplex in N — 1 spatial dimensions. Truncating this simplex
by restricting one coordinate from the range [0,1] to the range [z, 1] gives a geometrically sim-
ilar simplex, whose volume must therefore be the volume of the original simplex multiplied by
(1—z)N-1. So, for any 0 < D < N'/2,

|Sr>[|<¢j|w>|2 > DN_l/Q] =(1- DN—1/2)N—1 > (e—QDN*I/Z)N—l > e 2DVN

It is therefore sufficient to choose K = 20(VN) for there to exist some i € {1,..., K} such that
|(¢i]1)] > ¢N~—/* with high probability for large enough N, corresponding to O(v/N) bits of
communication being required to specify |¢;).

B Direct lower bound on the deterministic query complexity of Fourier
sampling

In this appendix we give a simple direct proof of Corollary 2 in the special case of deterministic
query algorithms; that is, algorithms that choose which bits to query deterministically, then sample
from some distribution depending on the bits queried.

Proposition 14. For sufficiently small constant € > 0, any deterministic classical query algorithm
that solves Fourier Sampling on N input bits must make Q(N) queries.

Recall that in this problem we are given query access to a function A : {0,1}" — {£1} (equiv-
alently, to an arbitrary string of N = 2" £1’s), and are asked to output a sample from any
distribution py, such that ||pn — prnll1 < €, where

2

)= 5 3 1R

ze{0,1}m

Proof. Following the same argument as at the start of Lemma 5, from any classical algorithm
which solves Fourier Sampling with k queries, we can obtain an algorithm of the following form.
Given oracle access to a bit-string = € {1}V, the algorithm makes k queries to elements of 2 and
accepts with probability g, such that

2
1
Err == Eq | |¢z (Nsz) <<
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where z is uniformly random. We first argue that we can assume that the algorithm determin-
istically queries the first k bits of x and its acceptance probability depends only on these. Any
deterministic classical algorithm corresponds to a decision tree whose leaves are labelled with ac-
ceptance probabilities, and where we can assume without loss of generality that no variable occurs
more than once on any path from the root to a leaf. Imagine the first query is to variable x;, where

J # 1, and let z; denote the sequence z1,...,Z;-1,%j41,...,%n. Then
2 2
1 1 1 1 1 1
— + . - - _ | - = — )
Brr =3 Ee; | 4o — N+N§xl g B | | N+N;xl
17] 7]

for some sequences ¢*, ¢~ corresponding to decision trees of depth k — 1 that do not query z;.
By permutation-symmetry of the function ), x;, this quantity would remain unchanged if z; were
relabelled to x; throughout these decision trees. Following this, the overall tree’s first query to
x; can be replaced with a query to z; without affecting Err. Performing this transformation
recursively, the second query can be assumed to be to variable xs, etc.; ultimately the tree can be
replaced with an equivalent one querying variables x1, ...,z in order.

Thus, splitting = into a length-k “queried” string y and a length-m “unqueried” string z such
that £4+m = NN, the inaccuracy Err can be written in terms of a sequence of numbers ¢, such that

2

Ey7z qy — % Zyz—FZzJ S%
i J

We will find a lower bound on the left-hand side of this inequality. For convenience, take out a factor
of N2, rescaling @y appropriately. Then minimising this expression is equivalent to minimising

2 2 2
1 1
~z Evoz| |9y — > yi+ Yz = 2 Bz qy—<§ yi>— Yz —2<§ yi) >z
i j i J 4 J

Shifting ¢, by (3, ;) (which we are free to do as qy is an arbitrary function of y), and using the
reverse triangle inequality, we can lower-bound this expression by

2
1 2
J v J

The random variables y and z are independent and uniformly distributed; and we have E, [|>". y;|] =
O(Vk), E. [I3; zi|]] = O(v/m). So the second term is at most O(vkm/N?) in magnitude; and the
first term now does not depend on y. It remains to bound this term, i.e. to lower-bound

2

o1
mqmﬁEz q— sz
J

We split into cases. If ¢ < m, this expression is lower-bounded by

2

1
mszr sz >2m > —
J

for some constant C'; similarly, if ¢ > m, we obtain a lower bound of
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for some constant C’. Therefore, the whole expression is lower-bounded by (Cm — Dvkm)/N? =
(m/N?)(C — Dy/N/m — 1) for some universal constants C' and D. For small enough € > 0, there
exists a universal constant D’ < 1 such that, for all m > D’N, this is strictly greater than e/N. [
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