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Abstract

One of the best lower bound methods for the quantum communication complexity of a
function H (with or without shared entanglement) is the logarithm of the approximate rank of
the communication matrix of H. This measure is essentially equivalent to the approximate v,
norm and generalized discrepancy, and subsumes several other lower bounds. All known lower
bounds on quantum communication complexity in the general unbounded-round model can be
shown via the logarithm of approximate rank, and it was an open problem to give any separation
at all between quantum communication complexity and the logarithm of the approximate rank.

In this work we provide the first such separation: We exhibit a total function H with
quantum communication complexity almost quadratically larger than the logarithm of its ap-
proximate rank. We construct H using the communication lookup function framework of Anshu
et al. (FOCS 2016) based on the cheat sheet framework of Aaronson et al. (STOC 2016). From
a starting function F, this framework defines a new function H = Fg. Our main technical result
is a lower bound on the quantum communication complexity of Fg in terms of the discrepancy
of F', which we do via quantum information theoretic arguments. We show the upper bound on
the approximate rank of Fg by relating it to the Boolean circuit size of the starting function F.
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1 Introduction

Communication complexity studies how much two parties Alice and Bob need to communicate in
order to compute a function when each party only has partial knowledge of the input. The model of
quantum communication complexity allows the players to send quantum messages back and forth,
and measures the total number of qubits that need to be exchanged in order to compute the func-
tion. Communication complexity has become a fundamental area in theoretical computer science
with applications to circuit complexity, data structures, streaming algorithms, property testing,
and linear and semi-definite programs. Many of these applications require showing communica-
tion complexity lower bounds, which raises the importance of studying lower bound techniques in
communication complexity.

In this paper we study lower bounds on quantum communication complexity. For a two-party
function F' : X x Y — {0,1}, we denote by Q(F') the minimum number of qubits needed by a
quantum protocol to compute F' with error probability at most 1/3.

One of the strongest lower bounds on Q(F') comes by viewing F' as a Boolean |X| x || matrix,
known as the communication matrix, which we will also denote by F. The approximate rank of F',
denoted rk; /3(F'), is the minimum rank of a matrix F that is entrywise close to F, that is, satisfying
lso(F — F) < 1/3. Building on the work of Kremer [Kre95] and Yao [Ya093], Buhrman and de
Wolf [BAWO01] showed that Q(F) = Q(logrk, /3(F")). Later, it was shown that approximate rank
can also be used to lower bound quantum communication complexity with shared entanglement,
denoted Q*(F'). More precisely, Q*(F) = Q(logrk, /3(F)) — O(loglog(|X| - [J[)) [LSO8]. As this
paper studies quantum communication complexity lower bounds, we will focus on the measure
Q*(F'), which makes our results stronger.

The logarithm of the approximate rank dominates nearly all other lower bounds on quan-
tum communication complexity, including the discrepancy method [Kre95], the approximate trace
norm [Raz03, LS09], the generalized discrepancy method [Kla07, Raz03, Shell], and the approx-
imate 72 norm bound [LS09].! In fact, to the best of our knowledge, all known lower bounds for
general two-way quantum communication can be obtained using approximate rank. Besides being
a powerful lower bound method, approximate rank is a robust measure posessing several desirable
properties such as error reduction, direct sum and strong direct product theorems [Shel2], and an
optimal lifting theorem [Shell, SZ09].

Given our current state of knowledge, it is consistent that Q*(F') = O(logrk, /3(F")) for every
function F', that is, the logarithm of the approximate rank characterizes quantum communication
complexity. As it is widely believed that this is not the case, this state of affairs points to the
limitations of our current lower bound techniques for quantum communication complexity.

In this paper, we show the first superlinear separation between quantum communication com-
plexity and the logarithm of the approximate rank.

Theorem 1. There is a family of total functions F : Xx) — {0, 1} with Q*(F) = Q (log2 rk1/3(F)) )

As far as we are aware, Theorem 1 is the first superlinear separation between quantum commu-
nication complexity and the logarithm of the approximate rank even for partial functions, which
are functions defined only on a subset of the domain X x .2

In fact, the generalized discrepancy method, logarithm of approximate 42 norm, and logarithm of approximate
rank are all equivalent, up to constant mutliplicative factors and an additive logarithmic term.

2For partial functions, we require the approximate low-rank decomposition of the communication matrix to take
values between 0 and 1 even on inputs on which the function is undefined. Without this constraint it is easy to
construct large partial function separations.



One alternative to approximate rank for showing lower bounds on quantum communication
complexity is the recently introduced quantum information complexity [Toul5]. This bound has
been shown to dominate the logarithm of the approximate rank [BGK ' 15], and has nice properties
like characterizing amortized quantum communication complexity. The quantum information com-
plexity, however, is difficult to bound for an explicit function and has not yet been used to show a
new lower bound in the general unbounded-round model of quantum communication complexity.

By analogy with the log rank conjecture, which postulates that D(F) = O(polylog(rk(F))),
where D(F') is the deterministic communication complexity of F', it is natural to state an approx-
imate log rank conjecture. The quantum version of the approximate log rank conjecture states
Q*(F) = O(polylog(rk;/3(F))). Our results show that the exponent of the logarithm in such a
statement must be at least 2. The largest gap we currently know between D(F') and logrk(F)
is also quadratic [GPW15]. One could also consider a randomized version of the log rank con-
jecture, stating R(F') = O(polylog(rk, 3(F))), where R(F) is the 1/3-bounded-error randomized
communication complexity. This conjecture is actually known to imply the usual deterministic log
rank conjecture [KMSY14]. The largest known gap between R(F') and logrk, /3(F) is 4th power
[GJPW15].

Our separation is established using quantum information theoretic arguments to lower bound
quantum communication complexity of a particular family of functions known as lookup functions,
introduced in [ABBT16b]. We use Boolean circuit size to upper bound the logarithm of approximate
rank of lookup functions. We now provide an overview of lookup functions and our proof techniques.

1.1 Techniques

Many questions in communication complexity have analogs in the (usually simpler) model of query
complexity. The query complexity quantity that is analogous to approximate rank is the approx-
imate polynomial degree. Using the quantum adversary lower bound, Ambainis [Amb03] gave a
function f with an n versus n'3? separation between its approximate polynomial degree and quan-
tum query complexity. This result is the main reason for the belief that there should also be a
separation between the logarithm of approximate rank and quantum communication complexity.
One way to do this would be to “lift” the quantum query lower bound for f into a quantum com-
munication lower bound for a related communication problem by composing f with an appropriate
communication gadget. While such a lifting theorem is known for the approximate polynomial
degree [Shell, SZ09], it remains an open question to show a lifting theorem for quantum query
complexity or the quantum adversary method. The lack of an analog of the adversary lower bound
in the setting of quantum communication complexity is part of the difficulty of separating the
logarithm of approximate rank and quantum communication complexity.

There has recently been a great deal of progress in showing new separations between complexity
measures in query complexity [GPW15, ABB*16a, ABK16]. The work in query complexity most
closely related to ours is the cheat sheet method of Aaronson et al. [ABK16]. The cheat sheet method
is a way to transform a function f into its “cheat sheet” version fcg so that, for some complexity
measures, fcs retains the hardness of f, while other complexity measures are drastically reduced
by this transformation. Among other things, Aaronson et al. [ABK16] use this method to improve
Ambainis’ separation and give a 4th power separation between quantum query complexity and
approximate polynomial degree.

[ABB"16b] generalize the cheat sheet method to communication complexity. They are able to
lift several query results of [ABK16] to communication complexity, such as an example of a total
function with a super-quadratic separation between its randomized and quantum communication
complexities. They do this by introducing the idea of a lookup function. To motivate a lookup



function, consider first a communication version of the familiar address function. Alice receives
inputs x € {0,1}¢ and wog,...,uge—1 € {0,1} and Bob receives y € {0,1}¢ and vp,...,v2c_1 €
{0,1}. The desired output is found by interpreting x & y as the binary representation of a number
¢ € {0,...,2°— 1} and outputting uy & vy.

The (F,G) lookup function Fg is defined by a function F' : X x ) — {0,1} and a function
family G = {Gp,...,Goc_1}, with G; : (X¢x{0,1}™) x (Y°x{0,1}"™) — {0, 1}. Alice receives input
x = (z1,...,2.) € X°and ug, ..., uze_1 € {0,1}" and Bob receives inputsy = (y1,...,y.) € V°and
Vg, .-, v2e—1 € {0,1}™. Now the address is determined by interpreting (F(x1,41),- .., F(xc,ye)) €
{0,1}¢ as an integer ¢ € {0,...,2° — 1} and the goal of the players is to output G((x,ur), (y,v¢)).
Note that, in contrast to the case with the address function, in a lookup function, GG, can depend
on x and y. This is the source of difficulty in showing lower bounds for lookup functions, and also
key to their interesting properties.

Lower bound. The main result of [ABBT16b] showed that, given some mild restrictions on the
family of functions G, the randomized communication complexity of Fg is at least that of F'. Our
main result shows that, given mild restrictions on the function family G, if there is a quantum
protocol with ¢ qubits of communication for Fg, then there is a ¢ qubit protocol for F' with
non-negligible bias. Because of the round-by-round nature of our quantum information theoretic
argument, the success probability of the quantum protocol for F' decays with the number of rounds
of the quantum protocol for Fg. Thus to apply this theorem, we need to start with a function
F' that has high quantum communication complexity even for protocols with small bias. As the
discrepancy method lower bounds quantum communication complexity even with small bias, we
can informally state our main theorem as follows.

Theorem 2 (Informal restatement of Corollary 7). For any (F,G) lookup function Fg, provided G
satisfies certain mild technical conditions, Q*(Fg) = Q(log(1/ disc(F))).

Let us call such theorems, where we lower bound the complexity of a lookup function Fg (or a
cheat sheet function fcg) in terms of a measure of the original function F' (or f), “cheat sheet the-
orems.” Essentially optimal cheat sheet theorems have been shown in a number of computational
models such as deterministic, randomized, and quantum query complexity [ABK16] and random-
ized communication complexity [ABBT16b]. Cheat sheet theorems are in spirit similar to joint
computation results such as direct sum and direct product theorems [BBCR13, BRWY13, BW15,
Drul2, LR13, Shel2, Toul5].? Direct sum and direct product theorems are widely applicable tools
and are often an important goal by themselves. Cheat sheet theorems have become useful tools
recently and for example, the cheat sheet theorems proven in [ABK16] were later used in [AKK16].
We hope that our quantum cheat sheet theorem will find further applications.

We now provide a high-level overview of the proof of our quantum cheat sheet theorem. We
would like to rule out the existence of a quantum protocol II that solves the lookup function
Fg and whose communication cost is much smaller than the quantum communication complexity
of F' (with inverse polynomial bias, for technical reasons explained below). Since II has small
communication cost, during the course of the protocol Alice and Bob do not know the value of the
index ¢ = (F(x1,91),...,F(xc,y.)). Also since there are too many cells in the array, which has
length 2¢ > Q*(F), and II has small communication cost, Alice and Bob cannot talk about too
many cells of the array. We first show that these two conditions imply that Alice and Bob have

30ne point of difference is that in direct sum and direct product theorems, the lower bounds on the amount of
resources (query, communication, etc.) usually scale with ¢, the number of copies of the function F. In the cheat
sheet theorem we prove (and also in prior works), the lower bounds do not scale with ¢. This is due to the fact that
the value of ¢ is usually small in our applications.



little information about the contents of the correct cell of the other player’s array, i.e., Alice has
little information about v, and Bob has little information about w,.

In the hypothesis of the theorem, we assume that G, satisfies a nontriviality condition: this
states that Gy(x,y, ug, vy) takes both values 0 and 1 as (ug, vy) range over all possible values. Thus
the fact that Alice has little information about v, and Bob has little information about u, sounds like
we have reached a contradiction already. The issue is that we do not have any control over the bias
of Gy. This situation is reminiscent of the quantum information theoretic arguments in the proof
of quantum communication complexity lower bounds for the disjointness function [JRS03]. In that
case, one has to argue that a quantum protocol that solves the AND function on 2 bits exchanges
non-trivial amount of information even on distributions which are extremely biased towards the
AND being 0. We use similar arguments (namely the quantum cut-and-paste argument) to obtain
a contradiction for our lookup function. Quantum cut-and-paste arguments usually have a round
dependence (which is provably needed for the disjointness lower bound) but which may not be
needed for our lookup function. Improving our quantum cheat sheet theorem or proving that it is
tight remains an excellent open question.

At a high level our proof follows the same strategy as the proof for randomized communication
complexity in [ABBT16b], but the implementation of the steps of the argument is different due to the
quantum nature of the protocol. A quantum communication protocol presents several challenges,
such as the fact that there is no notion of a communication transcript, since it is not possible to store
all the quantum messages exchanged during the protocol. Hence arguments that applied to the
overall communication transcript do not work in the quantum setting. Several technical lemmas,
such as the Markov chain property of classical communication protocols used in [ABBT16b], fail
to hold in the quantum setting.

Upper bound. We devise a general technique for proving upper bounds on the logarithm of
approximate rank of lookup functions for carefully constructed function families G. Given a circuit
C for F, a cell in the array tries to certify the computation of F' by the circuit C. More formally,
Go(x,y,up,vp) = Liff (F(z1,91),...,F(xc,yc)) = £ and ug D vy provides the values of the inputs and
outputs to all the gates in C for each of the ¢ different evaluations of C on inputs (z1,y1), .- ., (Ze, Ye)-
We show that a small circuit for F' implies a good upper bound on the approximate rank of the
lookup function Fg.

Theorem 3 (Informal restatement of Theorem 6). For any Boolean function F, there exists a
family of functions G satisfying certain nontrivality conditions such that the lookup function Fg
satisfies logrky /3(Fg) = O(v/size(F)).

Here size(F') denotes the size of the smallest circuit (i.e., the one with the least number of
gates) for F' over some constant-sized gate set, such as the set of all 2-bit gates. The high level
idea for the upper bound is the following. Suppose an all-knowing prover Merlin provided Alice
and Bob the value ¢ = (F(z1,91),..., F(x¢,yc)). Then they can “unambiguously” verify Merlin’s
answer with a small amount of quantum communication. Essentially they look at the (" cell
of the array and try to find an inconsistency in the circuit values. This can then be done with
quadratically less communication by a quantum protocol by using a distributed version of Grover’s
algorithm [Gro96, BCW98|. We then show that this sort of upper bound on “unambiguously
certifiable quantum communication” provides an upper bound on the log of approximate rank of
the lookup function Fg. A similar upper bound was also used in the query complexity separations
of [ABK16].

Putting these upper and lower bounds together, if we choose F' to be the inner product function,
which has exponentially small discrepancy and linear circuit size, Theorem 2 and Theorem 3 give



us the desired quadratic separation between quantum communication complexty and the log of
approximate rank for a lookup function Fg.

One intriguing aspect of Theorem 3 is that if one can prove lower bounds on log rk; /3(Fg) > Vn
for every nontrivial function family G, then one proves nontrivial circuit lower bounds for F'! This
theorem is similar in flavor to the theorem [LLS06, Reill] that the square of the quantum query
complexity of a function f is a lower bound on the formula size of f. It might seem hopeless to
prove a lower bound on logrk; /3(Fg) for every nontrivial function family G, but this is exactly what
our quantum cheat sheet theorem achieves for quantum communication complexity, and what the
results of [ABBT16b] achieve for randomized communication complexity.

2 Preliminaries and notation

We will use X, Y, Z to denote random variables as well as their distributions. x <— X will stand for
x being sampled from the distribution of X. For joint random variables XY, Y* will denote the
distribution of Y| X = x.

We now state some classical complexity measures that will be used in this paper. We define
quantum measures in more detail in Section 2.1 and Section 2.2. We first formally define approxi-
mate rank.

Definition 4 (Approximate rank). Let ¢ € [0,1/2) and F be an |X| x |Y| matrix. The e-
approximate rank of I is defined as

k. (F') = min {rk(ﬁ‘) Vee X,ye), \F(m,y) — F(z,y)| <&}
F

As discussed in the introduction, approximate rank lower bounds bounded-error quantum com-
munication complexity with shared entanglement. It also lower bounds e-error quantum commu-
nication [LS08]:

Fact 5. For any two-party function F : X x Y — {0,1} and ¢ € [0,1/3], we have Qi(F) =
Q(logrk: (F)) — O(log log(|X] - [V]))-

Another classical lower bound measure that we use is the discrepancy of a function [KNOG].

Definition 6 (Discrepancy). Let F' be an |X| x |)| Boolean-valued matrix and P a probability
distribution over X x Y. The discrepancy of F' with respect to P is

1 — — F(I’y)
discp(F) = max Z P(z,y)(—1) ,
(z,y)eR

where the maximum is taken with respect to all combinatorial rectangles R. The discrepancy of
F, denoted disc(F'), is defined as disc(F') = minp discp(F'), where the minimum is taken over all
probability distributions P.

The discrepancy bound lower bounds not only bounded-error quantum communication complex-
ity, but also quantum communication complexity with error exponentially close (in the discrepancy)
to 1/2. More precisely, we have the following [Kre95, L.S09].

Theorem 7. Let F': X x Y — {0,1} be a two-party function and € € [0,1/2). Then
1-—2¢
F)=Q(log —— ).
Q:(F) <og diSC(F)>

5



Finally we define the Boolean circuit size of a function. To do this, we first fix a gate set, say
the set of all gates with 2 input bits (although we could have chosen any constant instead of 2).

Definition 8 (Circuit size). For a function F': {0,1}" x {0,1}" — {0, 1}, we define size(F') to be
the size (i.e., number of gates) of the smallest circuit over the gates set of all 2-input Boolean gates
that computes F.

Note that here the encoding of Alice’s and Bob’s input is important, since different input
representations may yield different sized circuits, unlike in communication complexity. When we
use this size measure, we only deal with functions defined on bits where the input encoding is
clearly specified.

2.1 Quantum Information

We now introduce some quantum information theoretic notation. We assume the reader is familiar
with standard notation in quantum computing [NC00, Wat16].

Let ‘H be a finite-dimensional complex Euclidean space, i.e., C" for some positive integer n with
the usual complex inner product (-,-), which is defined as (u,v) = > 7" | ufv;. We will also refer to
‘H as a Hilbert space. We will usually denote vectors in H using braket notation, e.g., [¢) € H.

The ¢; norm (also called the trace norm) of an operator X on H is || X||; := Tr(vV XTX), which
is also equal to (vector) ¢; norm of the vector of singular values of X.

A quantum state (or a density matriz or simply a state) p is a positive semidefinite matrix on H
with Tr(p) = 1. The state p is said to be a pure state if its rank is 1, or equivalently if Tr(p?) = 1,
and otherwise it is called a mized state. Let |1)) be a unit vector on H, that is (¢|¢p) = 1. With
some abuse of notation, we use v to represent the vector |¢) and also the density matrix |¢)(v],
associated with [¢). Given a quantum state p on H, the support of p, denoted supp(p) is the
subspace of H spanned by all eigenvectors of p with nonzero eigenvalues.

A quantum register A is associated with some Hilbert space H 4. Define |A| := log dim(H 4).
Let L£(A) represent the set of all linear operators on H4. We denote by D(A) the set of density
matrices on the Hilbert space H4. We use subscripts (or superscripts according to whichever is
convenient) to denote the space to which a state belongs, e.g, p with subscript A indicates p4 € H 4.
If two registers A and B are associated with the same Hilbert space, we represent this relation by
A = B. For two registers A and B, we denote the combined register as AB, which is associated
with Hilbert space Ha ® Hp. For two quantum states p € D(A) and 0 € D(B), p® o € D(AB)
represents the tensor product (or Kronecker product) of p and o. The identity operator on H 4 is
denoted 1 4.

Let pap € D(AB). We define the partial trace with respect to A of pap as

pp = Tralpan) = Y (il ® 1p)pap(|i) © Lp),

i

where {|i)}, is an orthonormal basis for the Hilbert space H 4. The state pp € D(B) is referred to
as a reduced density matriz or a marginal state. Unless otherwise stated, a missing register from
subscript in a state will represent partial trace over that register. Given a p4 € D(A), a purification
of p4 is a pure state pap € D(AB) such that Trp(pap) = pa. Any quantum state has a purification
using a register B with |B| < |A|. The purification of a state, even for a fixed B, is not unique as
any unitary applied on register B alone does not change p4.

An important class of states that we will consider is the classical quantum states. They are of
the form pap = >, pu(a)|a){a| 4 ® p%, where p is a probability distribution. In this case, p4 can



be viewed as a probability distribution and we shall continue to use the notations that we have
introduced for probability distribution, for example, E,. 4 to denote the average ) u(a).

A quantum super-operator (or a quantum channel or a quantum operation) € : A — B is a
completely positive and trace preserving (CPTP) linear map (mapping states from D(A) to states
in D(B)). The identity operator in Hilbert space H4 (and associated register A) is denoted 14. A
unitary operator Uy : H 4 — H 4 is such that L{LU A=U AUL = 1 4. The set of all unitary operations
on register A is denoted by U(A).

A 2-outcome quantum measurement is defined by a collection {M,1 — M}, where 0 < M < 1
is a positive semidefinite operator, where A < B means B — A is positive semidefinite. Given a
quantum state p, the probability of getting outcome corresponding to M is Tr(pM) and getting
outcome corresponding to 1 — M is 1 — Tr(pM).

2.1.1 Distance measures for quantum states

We now define the distance measures we use and some properties of these measures. Before defining
the distance measures, we introduce the concept of fidelity between two states, which is not a
distance measure but a similarity measure.

Definition 9 (Fidelity). Let pa,04 € D(A) be quantum states. The fidelity between p and o is
defined as

Flpa,oa) = IVBavaall,
For two pure states |¢) and |¢), we have F(|¢) (], |o)(#]) = |(|¢)|. We now introduce the two

distance measures we use.

Definition 10 (Distance measures). Let pa,04 € D(A) be quantum states. We define the following
distance measures between these states.

1
Trace distance: A(pa,04) = §||pA —oall1
Bures metric: B(pa,04) == +/1—=F(pa,o4).

Note that for any two quantum states p4 and o4, these distance measures lie in [0,1]. The
distance measures are 0 if and only if the states are equal, and the distance measures are 1 if and
only if the states have orthogonal support, i.e., if papp = 0.

Conveniently, these measures are closely related.

Fact 11. For all quantum states pa,o4 € D(A), we have
1—F(pa,o4) < Apa,oa) < V2-Blpa,oa).
Proof. The Fuchs-van de Graaf inequalities [FvdG99, Wat16] state that
1—=F(pa,04) < Alpa,oa) <1 —F%(pa,04).
Our fact follows from this and the relation 1 — F?(pa,04) < 2 — 2F(pa,04). O
A fundamental fact about quantum states is Uhlmann’s theorem [Uhl76].

Fact 12 (Uhlmann’s theorem). Let pa,04 € D(A). Let pap € D(AB) be a purification of pa and
oap € D(AB) be a purification of o4 with. There exists a unitary U : Hp — Hp such that

F(10)(0] a5, o) (plap) = F(pa,04),

where |0) 45 = (14 @U) |0) g5 Trivially, the same holds for the Bures metric B as well.



We now review some properties of the Bures metric that we use in our proofs.

Fact 13 (Facts about B). For all quantum states pa, p'y,04,0'y € D(A), we have the following.

Fact 13.A (Triangle inequality [Bur69]). The following triangle inequality and a weak triangle
inequality hold for the Bures metric and the square of the Bures metric.

1. B(pa,04) < B(pa,7a) +B(7a,04).

2. BQ(pAa t+1)<t'Z§:1B2(p;47pf:rl)'

Fact 13.B (Product states). B(pa®oa, p/y@0") < B(pa, p's)+B(0a,0d’y). Additionally, if o4 = o'y
then B(pa ® 04, p)y @ 0’y) = B(pa, ply)-

Fact 13.C (Partial measurement). For classical-quantum states 0xp, 0 5 with same probability
distribution on the classical part, we have

B*(0x 5.0k p) = B x[B* (05, 03)].
Proof. These facts are proved as follows.
A. Proof of part 2 follows from triangle inequality and the fact that for positive reals a1, as, . . . as,

(Za,) —Za +2) a;- aJ<Za —l—Z(a +a> (Z 3).

(2 1<J 1<J %

B. Follows easily from the triangle inequality.

C. Let Oxp =), p(z) |z)(z| ® 0% and O 5 = >, p(z) |z)(z| ® 0F. Then

F(0xB,0xp) = \/Zp z) |z) (x| @ \/O50%\/0%

m(zp e 503/
_Zp HII

:Em<—X[ ( Bagg)]a

which proves the fact. ]

Finally, an important property of both these distance measures is monotonicity under quantum
operations [Lin75, BCF196].

Fact 14 (Monotonicity under quantum operations). For quantum states pa, o4 € D(A), and a
quantum operation E(-) : L(A) — L(B), it holds that

A(E(p),E(0)) < Alpa,oa) and B(E(pa),E(0a)) < B(pa,oa),

with equality if € is unitary. In particular, for bipartite states pap,oap € D(AB), it holds that

A(pap,oaB) > A(pa,oa) and Blpap,oap) > B(pa,oa).



2.1.2 Mutual information and relative entropy

We start with the following fundamental information theoretic quantities. We refer the reader to
the excellent sources for quantum information theory [Will2, Wat16] for further study.

Definition 15. Let py € D(A) be a quantum state and o4 € D(A) be another quantum state on
the same space with supp(pa) C supp(c4). We then define the following.

von Neumann entropy: S(pa4) = —Tr(palogpa).
Relative entropy: S(palloa) = Tr(palogpa) — Tr(palogoa).
We now define mutual information and conditional mutual information.

Definition 16 (Mutual information). Let papc € D(ABC) be a quantum state. We define the
following measures.

Mutual information: H(A :B), :=8(pa) +S(pr) —S(paB) = S(parllpa ® ps) .
Conditional mutual information: I(A: B | C), :=1(A: BC), —1(A:C),.

We will need the following basic properties.
Fact 17 (Properties of S and I). Let papc € D(ABC) be a quantum state. We have the following.
Fact 17.A (Nonnegativity).
S(A[|B), > 0 and |A| > 5(A), >0
I(A:B),>0andl(A:B|C),>0

Fact 17.B (Partial measurement). For classical-quantum states, Oxp, 0 with same classical
distribution on register X :

S(0x]|0x ) = Evex[S(05]|05))-
Fact 17.C (Chain rule). I(A: BC),=1(A:C),+1(A:B | C),=1(A:B),+1(A:C | B),.

Fact 17.D (Monotonicity). For a quantum operation () : L(A) — L(B), I[(A: E(B)) <I(A:B)
with equality when £ is unitary. In particular 1I(A : BC), > I(A : B),.

Fact 17.E (Bar hopping). I(A: BC), > I(A: B | C),, where equality holds if I(A: C), = 0.
Fact 17.F (Independence). IfI(B:C), =0, then I(A: BC), >1(A: B), +1(A: C),.

Fact 17.G (Araki-Lieb inequality). |S(pap) —S(pB)| < S(pa).

Fact 17.H (Information bound).

I(A:BC), <I(A:C),+2S(pB) .
Fact 17.1 (Stronger version of Pinsker’s inequality). For quantum states p and o:
S(pllo) > 1 =F(p,0) = B*(p, 0).
Fact 17.J. For classical-quantum state (register X is classical) px ap:
I(A; BIX), = Eze xS (gl 04 © ph) = Eoe xB? (php, P4 © p) -

I(X; A) = S(pxallpx ® pa) = Bz xS(phllpa) -
I(X;A) =1(f(X)X; A), where f is any function.



Proof. These facts are proved as follows.

A. For nonnegativity of relative entropy, see [NC00, Theorem 11.7]. For nonnegativity of mutual
information and conditional mutual information, see [Will2, Theorem 11.6.1] and [Will2,
Theorem 11.7.1].

B. Let Oxp = >, p(z) |z)(z| ® 6 and O 5 = >, p(z) |x) (x| ® 0. Then
S(0xB||0x ) ZTI" ) [z) (x| @ 0F(log Ox g — log O )
= ZP Tr(0% (log(p(2)0p) — log(p(2)03)))
= Zp ) Tr(0% (log 0%, — log 075))
B xS (O05)
which proves the fact.

Follows from direct calculation.

See [NC00] [Theorem 11.15].

Follows from Chain rule (Fact 17.C) and Non-negativity (Fact 17.A).

= # P Q

Consider the following relations that use chain rule:

I(A: BC),

I(A:B),+1I(A:C| B),
I(A:B),+I(AB:C),-I(B:C),
I(A:B),+1I(A:C),.

Y

The last line uses I(B : C'), = 0 and monotonicity (Fact 17.D).

G. See [NCO00] [Section 11.3.4].

H. Consider,
(A:BC),=1(A:C),+1I(CA:B),-1I(B:C)
<I(A:C),+I(CA:B),
<I(A:C),+S(B) +S(CA) - S(CAB)
<I(A:C),+25(B). (Fact 17.G)

I. Using Corollary 4.2 and Proposition 4.5 in [Tom16], we find that
S(pllo) > —2logF(p, o).
The fact now follows since for any positive z < 1, 2% > 2. z2.
J. For the first relation, we proceed as follows, and then use Pinsker’s inequality.
I(A:B|X),=1(A: BX),-1(A: X),

= S(paBx|lpa ® ppx) — S(paxllpa ® px)
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= E. x[S(phgllpa @ pB) — S(p4llpa)l
= Eox[-S(phn) — Tr(pilog pa) + S(pp) + S(p2) + Tr(pf log pa)]
= Epe x[=S(php) + S(pE) + S(Pi)] = Eeex[S(phgllrh ® pB)],

where in third line, we have used Fact 17.B. The second relation follows by direct calculation
and Fact 13.C. The third relation follows by monotonicity under the maps |z)(z| — |z)(z| ®
|f(x))(f(x)| and partial trace. O

We will need the following relation between I and A for binary classical-quantum states (see
also [JNOG]).

Claim 18. Let pap € D(AB) be a classical quantum state of the form pap = p|0)(0] , ® p% + (1 —
P 1)(1]® ply . Then
I(A: B), < 2log(2) - Alppy, (1 = p)pp)-

Proof. We drop the register index from p%, pL. Let pqp = pp® + (1 — p)p'. Consider
I(A: B),=pS (pOHan) +(1- p)S(le,oav) (Fact 17.J)

_s (pPOH;pM) TS (<1 ) ép) — plog(2) — (1 — p)log(2) + S(»)
;pav> +S ((1 —p)p' ;pav> -

The last inequality follows from S(p) < log(2). Now, using [Audl4, Theorem 9], which states
that

S <pp°H;pav> <log(2)A(pp’, (1 —p)p') and S <(1 -~ p)le;pav> <log(2)A(pp’, (1 —p)ph),

the claim follows. O

<S (ppo

Our next claim gives us a way to use high mutual information between two registers in a classical
quantum state to make a prediction about the classical part using measurement on the quantum
part.

Claim 19 (Information = prediction). Let pap € D(AB) be a classical quantum state of the form
pag = p|0)(0] 4 ® p% + (1 —p) [1)(1| ® p . The probability of predicting A by a measurement on
B is at least

1 I(A:B)
2 2log2
Proof. We drop the register label B. Let M be a projector on the support of positive eigenvectors
of the state pp® — (1 — p)p'. Let the measurement be {M,1 — M} and first outcome imply 0 in

register A and second outcome imply 1. Then probability of success is
pTe(p"M) + (1 = p)Te(p' (1 — M)) = (1 = p) + Te((pp’ — (1 = p)p")M)
1
= (1=p) + 5(llpe" = (L =p)p' 1 + Te(pp” = (1 = p)p"))

(1-p)+ %(pro —(1—=p)ph+2p—1)

4z —(1—
5 T3l = (1 =p)plh
1
=5+ A" (1-p)ph).
From Claim 18, we know that A(pp?, (1 —p)p!) > 1(A: B)/(21og2). O
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2.2 Quantum Communication complexity

In quantum communication complexity, two players wish to compute a classical function F': X x
Y — {0,1} for some finite sets X and ). The inputs x € X and y € ) are given to two players
Alice and Bob, and the goal is to minimize the quantum communication between them required to
compute the function.

While the players have classical inputs, the players are allowed to exchange quantum messages.
Depending on whether or not we allow the players arbitrary shared entanglement, we get Q(F),
bounded-error quantum communication complexity without shared enganglement and Q*(F'), for
the same measure with shared entanglement. Obviously Q*(F') < Q(F). In this paper we will only
work with Q*(F"), which makes our results stronger since we prove lower bounds in this work.

Let F': X x Y — {0,1, %} be a partial function, with dom(F') := {(z,y) € X x Y : F(x,y) # *},
and let € € (0,1/2).

An entanglement assisted quantum communication protocol II for this function is as follows.
Alice and Bob start with a preshared entanglement. Upon receiving inputs (z,y), where Alice gets
x and Bob gets y, they exchange quantum states and then Alice applies a measurement on her
qubits to output 1 or 0. Let O(z,y) be the random variable output by Alice in II, given input
(x,y). Let pu be a distribution over dom(F).

Let inputs to Alice and Bob be given in registers X and Y in the state

>l y) ) (] @ [y)(uly -

Let these registers be purified by Rx and Ry respectively, which are not accessible to either players.
Let Alice and Bob initially hold register Ag, By with shared entanglement ©¢ _4,5,. Then the initial
state is

’\I/0>XYRXRyA0BO = Z Vi, y) ’wxyy)XRxYRy |@0>AOB0
x?y

Alice applies a unitary U' : XAg — XA;C; such that the unitary acts on Ay conditioned
on X. She sends (] to Bob. Let B; = By be a relabelling of Bob’s register By. He applies
U? : YC1B1 — Y(C5B, such that the unitary acts on C;By conditioned on Y. He sends Cy to
Alice. Players proceed in this fashion till end of the protocol. At any round r, let the registers be
A,C,.B,, where C, is the message register, A, is Alice’s register and B, is Bob’s register. If r is
odd, then B, = B,_1 and if r is even, then A, = A,_1. Let the joint state in registers A,.C, B, be
O, 4,c,B,- Then the global state at round r is

|\IJT>XYRXRyArCTBT = Z Vi, y) \$$yy>XRXYRY |@T>ATCTBT :
I7y

We define the following quantities.

Worst-case error:  err(Il) ==  max {Pr[O(z,y) # F(z,y)]}.
(z,y)edom(F)

Distributional error: —err*(Il) := E, ), Pr[O(z, y) # F(z,y)].
Quantum CC of a protocol: QCC(II) := Z |Ci).

Quantum CC of F: QI(F):= min QCC(II).
I:err(IT)<e

12



Our first fact justifies using £ = 1/3 by default since the exact constant does not matter since
the success probability of a protocol can be boosted for QCC.

Fact 20 (Error reduction). Let 0 < § < e < 1/2. Let IT be a protocol for F with err(II) < e. There
exists protocol Il for F such that err(Il') < § and

log(1/0)
(3 - 8)

This fact is proved by simply repeating the protocol sufficiently many times and taking the
majority vote of the outputs. If the error ¢ is close to 1/2, we can first reduce the error to a

constant by using O(W) repetitions. Then O (log(1/0)) repetitions suffice to reduce the error

down to §. Hence the quantum communication only increases by a factor of O ( (lf ;52(1_/66))2 )

QCC(IT) < O ( - QCC(II ))

We have the following relation between worst-case and average-case error quantum commu-
nication complexities. It follows for example from standard application of Sion’s minimax theo-
rem [Sio58].

Fact 21 (Minimax principle). Let F: X x Y — {0,1,%} be a partial function. Fiz an error
parameter € € (0,1/2) and a quantum communication bound q > 0. Suppose F is a family of
protocols such that for every distribution p on dom(F') there exists a protocol Il € F such that

ert"(II) <e and QCC(II) <g¢
Then there exists a protocol II' such that
err(Il') <e and QCC(IT) < q.

Our next claim shows that having some information about the output of a Boolean function F
allows us to predict the output of F' with some probability greater than 1/2.

Claim 22. Let F: X x Y — {0,1,*} be a partial function and p be a distribution over dom(F).
Let XY be registers with the state 3,  u(z,y) |z){(z| ® |y)(y| and define a register F that contains
the value of F(x,y). Let II be a quantum communication protocol with registers X,Y input to Alice
and Bob respectively and number of rounds r (which is even). There either

e There exists a quantum communication protocol II for F with r rounds, with input (X,Y") to
Alice and Bob respectively, such that
1 I(F:AC | X)w,

QCC(I) = QCC(I) + 1, and  er(Il') < 5 — 2108(2)

e Or, there exists a quantum communication protocol II' for F with r rounds, with input (X,Y)
to Alice and Bob respectively, such that
1 I(F:B.Cr|Y)y,

QUOI) £ QCCD,  and er(II') < 5 = =—0,

Proof. We first prove the first case. In II', Alice and Bob run the protocol II, after which Alice
proceeds as follows. Consider the state ¥, xpa,c, in registers X F'A,C, (note that we have added
a new register F' to the state W,., which can be done naturally). Let

Uy xFa.C, = ZM ) |z} (2l @ ¥ pa,c,
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be the decomposition of ¥, xra,c,, which is possible since X is classical. Note that \Ifff FA,C, 18
a classical quantum state between the registers F' and A,C,. Alice, essentially applying Claim 19
makes a prediction about the content of register F'. Then she outputs the prediction. Clearly,

QCC(IT) = QCC(T) + 1.

For every input x for Alice, her prediction is successful with probability at least 1/2+I(F : A,C; )z /210g(2)
by Claim 19. Hence the overall success probability of IT' is at least

1 I(F:AC)w] 1 I(F:AC|X)y,

=X T T 3 l0e(2) 2 T T 2log(2)

Second case follows with same argument, but applied on Bob’ side before he sends C,. to Alice.
Bob then sends the outcome to Alice instead of C,.

The following claim is used in our proof to handle the easy case of a biased input distribution.

Claim 23. Let F': X xY — {0,1,%} be a partial function and let p be a distribution over dom(F).
Let ¢ € (0,1/2) and ¢ > 1 be a positive integer. For i € [c], let X;,Y; be registers with the
state 3, Wz, y) [2)(z]x, ® [y)(yly, and define register L; that holds the value F(x;,y;). Define
X=X1..X,,Y=Y1...Y,,and L =Lq...L.. Let Uxyy be the joint state in registers X,Y, L.
Then either

(a) There exists a protocol I for F such that QCC(IL) = 1, and err*(II) < 1 —¢, or
(b)) A(Vxr, ¥Yx @ Wi, ®...Wr,) < ce, where Wy, is the mazimally mized state in register L;.

Proof. Define, ¢** := Pr[F =0 | X; = x;1]. Assume E, . x, H% —¢"'|] > e. Let II be a protocol
where Alice, on input z1, outputs 0 if ¢ > 1/2 and 1 otherwise. Then,

1
errt(I) = 5 Eu e x,

1

,_qcvl

9 — E&.

<

| =

Assume otherwise E;, « x, % - q””1| < e. This implies

< ceg,

L

A(\I/XL,‘IJX ®WL1 X . ..WLC) <c- A(\leLl,\I’Xl X WL1) = C-Exlgxl 5

where the first inequality follows from Fact 13.B. 0

In below, let Al B! represent Alice and Bob’s registers at round r. That is, at even round r,
Al = A,C,,B. = B, and at odd r, A = A,, B = B,C,. We will need the following version of
quantum-cut-and-paste lemma from [NT16] (also see [JRS03] for a similar argument, where it is
used to lower bound quantum communication complexity of disjointness). This is a special case of
[NT16, Lemma 7] and we have rephrased it using our notation.

Lemma 24 (Quantum cut-and-paste). Let II be a quantum protocol with classical inputs and
consider distinct inputs u,u’ for Alice and v,v" for Bob. Let |¥q a,B,) be the initial shared state

between Alice and Bob. Also let “IIZ/:;/;B,> be the shared state after round k of the protocol when
YRk
the inputs to Alice and Bob are (u”,v") respectively. For k odd, let

o u,v u’ v
hy =B (‘I’k,B;; \Ithé)
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and for even k, let

hk - B (Wu,v \Ilu’vl > .

kAL YA
Then
r—2
! / /
B (W, 0 ) S bt byt 2 i
k=1

The following lemma (see also [CvNT13]) formalizes the following intuition: In a quantum
protocol with communication ¢, the amount of information that Bob has about Alice’s input at
any time point is at most 2¢ (note that the factor of 2 is necessary because of super-dense coding.).

Lemma 25. Let I be a quantum protocol with the inputs of Alice and Bob (X,Y') being jointly
distributed. Alice has an additional input U which is independent of both (X,Y). Let u denote the
distribution of inputs so that p(z,u,y) = u(zx,y)u(u). Let the total pure state after the k™ round
of the protocol be

Vi) x kv v arm = > Vil y)u() [rzuu) g5 vy)yy ‘Gi’u’yh;ﬁ; :
x’y

Then ~
[(BYY :U|X)y, <2g.
Here q, is communication cost up to round k. A similar statement holds by reversing the roles of

Alice and Bob.

Proof. We prove the first inequality by induction on k. The inequality holds trivially for k£ = 0.
First suppose k is even, so that Bob sent the last message. Then,

I(BLYY :U|X)y, <I(B,_,YY :U|X)y,_, (Fact 17.D)
< 2¢qk-1 < 24,

where the first inequality follows by induction step.
Now suppose k is odd, so that Alice sent the last message. By our notation, B} = Cj By, where
C}, is Alice’s message. Then,

I(BLYY : U|X)y, = [(CyBLYY : U|X)y,
<I(BRYY : U|X)w, + 2S(Ck|X) (Fact 17.H)

— (B, ,YY : UX)g, , +25(CyX)
< 2qi—1 + 2|Ck| = 2q4,

where last inequality follows from induction step. O

3 Separation

In this section we establish the main result, a nearly quadratic separation between quantum com-
munication complexity and the logarithm of approximate rank, which we restate below.

Theorem 1. There is a family of total functions F : Xx)Y — {0, 1} with Q*(F) = Q (log2 rk1/3(F)> )

15



Our proof is organized as follows. In Section 3.1 we define lookup functions, which we will use
to construct the function achieving the separation in Theorem 1. Then in Section 3.2 we prove
Theorem 1 using results from later sections. More precisely, we prove the upper bound on our
function’s approximate rank using Theorem 6, proved in Section 4. We prove the lower bound
using Corollary 7, which follows from Theorem 11 in Section 5. Theorem 6 and Corollary 7 provide
a black-box way of using the results of Section 4 and Section 5 without delving into their proofs.

3.1 Lookup functions

We define a simpler version of lookup functions than the ones used in [ABB'16b], since we only deal
with total functions in this paper. This is only for simplicity, and the lower bound shown in this
paper also applies to the more general lookup functions for partial functions defined in [ABBT16b].

First, for any function F': X x )} — {0,1} and integer ¢ > 0, we can define a new function
Fe: x¢x )Y — {0,1}¢ as F((z1,...,2¢), (Y1,---,¥Y)) = (F(x1,91),..., F(xc,yc)), which takes ¢
inputs to F' and outputs the answers to all ¢ inputs. F¢ is simply the problem of computing F' on
¢ independent inputs and outputting all ¢ answers.

An (F, G)-lookup function, denoted Fg, is defined by a function F': X x Y — {0,1} and a family
G ={Go,...,Ga_1} of functions, where each G;: (X¢x {0,1}") x (Y°x {0,1}"") — {0,1}. It can
be viewed as a generalization of the address function. Alice receives input x = (z1,...,x.) € X*¢
and u = (ug,...,uze_1) € {0,1}™>° and likewise Bob receives input y = (y1,...,%.) € Y° and
v = (vo,...,v2c_1) € {0,1}™2°. We refer to the inputs (x,y) as the “address part” of the input
and the inputs (u,v) as the “array part” of the input. We will refer to u; and v; as a “cell” of
the array. The address, ¢, is determined by the evaluation of F' on (x1,y1),..., (Zc, Yc), that is
¢ = F°(x,y) € {0,1}¢. This address (interpreted as an integer in {0,...,2° — 1}) then determines
which function, out of the 2¢ functions G;, the players should evaluate and which pair of cells, out
of the 2¢ possible pairs (u;, v;), of the array are relevant to the output of the function. The goal of
the players is to output Gy(x,up,y,ve). The formal definition is the following.

Definition 4 ((F,G)-lookup function for total F'). Let F': X x ) — {0,1} be a function and
G ={Go,...,Ga_1} a family of functions, where each G;: (X°x {0,1}™) x (¥¢x{0,1}™) — {0,1}.
An (F,G)-lookup function, denoted Fg, is a function

Fg: (X°x {0,1}%) x Y° x {0,1}™* — {0,1}

defined as follows. Let x = (z1,...,2.) € X,y = (y1,---,Yc) € YV, u = (ug,...,uge_1) €
{0,1}™%° and v = (vo, . .., vac_1) € {0,1}™%°. Then

Fg(x,u,y,v) = Go(x,u, y, ve),
where ¢ = F¢(x,y).

Since we only deal with total functions F', we will not need to impose a consistency condition for
instances where some input to F' is outside its domain. (In [ABB'16b], this condition was called
“consistency outside F.”)

In order to show lower bounds on the communication complexity of Fg (Theorem 11) we add
two constraints on the family G as in [ABBT16b].

Definition 5 (Nontrivial XOR family). Let G = {Go,...,G2c_1} a family of communication
functions, where each G;: (X€ x {0,1}™) x (¢ x {0,1}"™) — {0,1}. We say that G is a nontrivial
XOR family if the following conditions hold.
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P lookup function transformation N IPg
Corollary 7 %
log ( gectiey ) = ) : Q' (IPg) = O(n)
size(IP) = O(n) Lheorom 6 log rky 5(IPg) = O(y/n)

Figure 1: High-level overview of our separation. Here IP : {0,1}" x {0,1}" — {0,1} is the inner
product function, disc is the discrepancy, and size is the circuit size.

1. (Nontriviality) For all x = (z1,...,2.) € X and y = (y1,...,y.) € V¢, if we have { =
F¢(x,y) € {0,1}° then there exist u, v, u’,v" € {0, 1}™ such that Gy(x,u,y,v) # Ge(x,u',y,v).

2. (XOR function) For all i € {0,...,2¢—1},u,v/,v,v" € {0,1}™ and x = (z1,...,7.) € X,y =
(Y1, ye) EVifud v =1 & then Gi(x,u,y,v) = Gi(x,u,y,v").

The first condition simply enforces that the content of the correct part of the array, i.e., (ug, vy),
is relevant to the output of the function in the sense that there is some setting of these bits that
makes the function true and another setting that makes it false.

The second condition enforces that the output of the function only depends on u, ® vy, and not
uy and vy individually. This is just one way of combining the arrays of Alice and Bob to form one
virtual array that contains 2¢ cells. Other combining functions are also possible.

3.2 Separation

We can now prove the separation using results from Section 4 and Section 5. Our proof strategy is
depicted in Figure 1.

The separating function is going to be a lookup function Fg defined by a function F': X x Y —
{0,1} and a function family G = {Go,...,Gac_1}. We will choose F' to be the well-known inner
product function IP : {0,1}" x {0,1}" — {0,1} defined as

n

IP(%,y) = @(l’l A yl)

=1

The communication complexity of the inner product function is well understood and is O(n)
in all the models discussed in this paper. In fact, even logsign-rank(F') = ©(n) [For02], where
sign-rank(F') is defined as the minimum rank of a matrix G such that (o (F — G) < 1/2.

To define our function family G, we use the following theorem proved in Section 4.

Theorem 6. Let F' be a total function with circuit size size(F'). Then for all ¢ > 0, there exists a
nontrivial family of XOR functions G = {Go,G1,...,Gaoc_1}, such that

log 1k, /3(Fg) = O(c32\/size(F)).
This theorem gives us a function family G and proves that for this family we have

log k, /3(IPg) = O(c*?\/size(IP)) = O(c*?\/n), (1)
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where we use the fact that size(IP) = O(n). This follows because IP is a parity of size n composed
with an AND function on two bits, and has a circuit of size O(n) consisting of a log n-depth tree of
fanin-2 XOR gates with fanin-2 AND gates at the bottom.

To show the lower bound, we use the following corollary of Theorem 11.

Corollary 7. Let Fg be an (F,G)-lookup function for a function F' and a nontrivial family of XOR
functions G = {Go, G1,...,Gae_1} with c = O(log(Q*(F))). Then

Q' (Fg) = Q(log(1/disc(F))).

Here disc(F') is the discrepancy of F' (Definition 6). Since log(1/disc(IP)) = Q(n) [KNOG6,
Example 3.19], using Theorem 11 we have

Q" (IPg) = Q(log(1/disc(IP))) = Q(n). (2)
We can now choose ¢ = O(logn) to satisfy the conditions of Corollary 7. Thus (1) yields

log tky/3(IPg) = O(v/n),

which together with (2) gives us Q*(IPg) = ﬁ(logQ(rkl/:;(IPg))), proving Theorem 1.

4 Upper bound on approximate rank of lookup functions

The aim of this section is to prove Theorem 6. Proving this will require some work and we will
need to carefully choose our function family G = {Gy,...,Gaoc_1}. To do this, we first introduce
the concept of an unambiguous lookup function.

Definition 8. Let Fg be an (F, G)-lookup function for a function F : X x ) — {0, 1} and a function
family G = {Go, G1, . .., Gac_1}. We say that Fg is an unambiguous lookup function if Gy evaluating
to 1 certifies that F¢(x,y) = ¢. That is, for all x,u,y,v, Gy(x,u,y,v) = 1= F¢(x,y) = ¢.

Note that not all lookup functions are unambiguous even if we enforce the nontrivial XOR family
condition (Definition 5), since the condition for when G; evaluates to 1 need not even depend on x
and y. For example, G;(x,u,y,v) could simply be some nonconstant function of the string u @ v.
However, the condition of unambiguity is quite natural, and the lookup functions used in prior
work are unambiguous lookup functions (or can be slightly modified to be unambiguous).

The advantage of unambiguous lookup functions is that we can upper bound their approximate
rank as follows.

Lemma 9. Let Fg be an unambiguous (F,G)-lookup function. Then we have
logrky3(Fg) = Ofc - max Q*(Gi)).

Proof. We start by observing that the unambiguity condition implies that for any input (x,u,y,v),
at most one of the functions G;(x,u;,y,v;) equals 1. Indeed, only Gy(x,us,y,vs) can potentially
evaluate to 1, where ¢ = F¢(x,y).

In other words, when Fg(x,u,y,v) = 1 we must have Gy(x,us,y,vy) = 1 for £ = F¢(z,y)
and Gj(x,u;,y,v;) = 0 for all i # . On the other hand, when Fg(x,u,y,v) = 0 we must have
Gi(x,u;,y,v;) =0 for all i € {0,...,2° — 1}.

This means the communication matrix of Fg equals the sum of the communication matrices of
G; over all i. More precisely, we extend the definition of G; to have it take all of (x,u,y,v) as
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input in the natural way (i.e., it ignores all the other cells of the array except u; and v;). This

observation directly yields
2¢—1

rk(Fg) < ) rk(Gi).
i=0
The same inequality does not immediately hold for approximate rank, because the errors in the
approximation can add up. So even though A =3 B;, if B; satisfies (o, (Bl — B;) <1/3, it is not
necessarily the case that (A -, B;) < 1/3. However, if each B; is an excellent approximation
to B;, then their sum will still be a good approximation to A. More precisely, it is still the case

that
201

rky/3(Fg) < Z rke (Gi),
i=0

where ¢ < 27¢/3, since the definition of approximate rank allows error at most 1/3. This yields
tk(Fg) < 2°maxrk.(G;) = logrk; 3(Fg) < ¢+ maxlogrk.(G;).
(3 1

Since log of approximate rank lower bounds quantum communication complexity, we have that
logrk:(G;) < QX(G;). By using standard error reduction, we have that Q*(G;) for e =27¢/3 is at
most O(c Q*(G;)). Hence logrk, /3(Fg) = O(c - max; Q*(G))). O

To prove Theorem 6, we need a tool for taking a function F' and finding a collection G such that
Fg is an unambiguous lookup function, and Q*(G;) is small for all G; € G. The following lemma
provides such a tool.

Lemma 10. Let F: {0,1}" x {0,1}" — {0, 1} be a total function with circuit size size(F) (i.e., F
can be computed by a Boolean circuit with size(F') gates of constant fanin).

Then for all ¢ > 0, there exists a nontrivial family of XOR functions G = {Go, G1,...,Gac_1},
such that Fg is an unambiguous lookup function and for all i € {0,...,2° — 1},

Q*(G;) = O(y/c size(F)).

Proof. We need to construct functions G;(x,u,y,v) that lead to an unambiguous lookup function
(Definition 8), that are a nontrivial XOR family (Definition 5) and have Q*(G;) = O(y/c size(F)).

Each G; will check that u; ®v; has a very special type of certificate that proves that F(z,y) = i.
If it contains such a certificate, G; will output 1 and otherwise it will output 0. This takes care of
the unambiguity condition. Since G; only depends on u; & v;, it will be an XOR family and since
it only evaluates to 1 on a certificate, it will be nontrivial.

We now construct the certificate. Let size(F') = m, which means that there is a circuit that
takes in (x,y) as input and outputs F(x,y) using at most m constant fanin gates. The cell u; ® v;
will contain c certificates, each certifying that the corresponding input to F' evaluates to correct bit
of 7. For one instance of F', the certificate is constructed as follows. The certificate has to provide
a full evaluation of the circuit of size m on (z,y) by providing the correct values for the inputs
and outputs of all m gates. The final gate should, of course, evaluate the the claimed output value
for F. The inputs to the first level, which are inputs belonging to either Alice or Bob, should be
consistent with the true inputs that Alice and Bob hold. For a circuit of size m, a certificate of this
sort has size O(m) (with a log factor to account for describing the labels of gates), and hence the
entire certificate has size O(cm).
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If the inputs are consistent with Alice’s and Bob’s input, and all the gates are evaluated correctly,
then the output of the circuit will be F(z,y) and the output string for all ¢ circuits will indeed be
F¢(x,y) = ¢. If this output string is consistent with ¢, then G; accepts and otherwise rejects.

It is easy to see that G satisfies the first two properties we wanted. It remains to upper bound
Q*(G;). As a warmup, note that the deterministic communication complexity of G; is at most
O:(cm) This is because Alice and Bob can simply send all of w; and v; to each other, which costs
O(em) communication. They can then check that the their inputs are correct, the circuit evaluation
is correct, and the circuits evaluate to i.

A similar algorithm, using Grover’s algorithm to search for a discrepancy, yields the quantum
algorithm. Alice and Bob first check that the O(cm) inputs in the circuits (there are O(m) inputs
per F', and there are ¢ copies of F') are consistent with their part of the input using O(y/cm)
communication using Grover’s algorithm. They can then Grover search over all cm gates to check
if their inputs and outputs are consistent, which again takes O(y/cm) communication. The final
step is to check that the output bits equal 7. This takes O(+/c) communication using Grover search.

Hence the total quantum communication complexity of G; is O(y/em) = O(+/c size(F)). O

Lemma 9 and Lemma 10 straightforwardly imply Theorem 6.

5 Lower bound on quantum communication complexity of lookup
functions

In this section, we prove our main theorem, which is the following:

Theorem 11. Let F : X x Y — {0,1,%} be a (partial) function, ¢ > 5log( ’1‘/3(F)) and r > 1

be an integer. Let G = {Go,...,Gac_1} be a nontrivial family of XOR functions where each G; :
(Xe x {0,1}™) x (Y¢ x {0,1}™) — {0,1}, and let Fg be the (F,G)-lookup function. Let § = ﬁ.

For any 1/3-error r-round protocol 11 for Fg, there ezists a % — %—ermr protocol II' for F' such that

QCC(I) = O(QCC(I)).
Before proving this, we show how it implies the corollary used in Section 3, which we restate.

Corollary 7. Let Fg be an (F,G)-lookup function for a function F and a nontrivial family of XOR
functions G = {Go, G1,...,Goc_1} with c = O(log(Q*(F))). Then

Q*(Fg) = Q(log(1/disc(F))).

Proof. Let 1I be a protocol for Fg with QCC(II) = Q*(F). Then from Theorem 11, we have
Qi (F) = O(Q*(Fg)), where e = 1 — g, J = 109%, and 7 < QCC(II) = Q*(Fg)) is the number of

rounds in II. Now from Theorem 7, we know that Q}(F) = Q(log 11;7(2;)) Combining these with
the fact that cr? = O(Q*(Fg)) we get

1—2¢ 1 1
(Fg)=Q(log— ) =Q|1 — ] =1 Hl=a(l — ] =1 *(F
@100 = (05 ) = (1 () ~1oser) =2 (1 (G ) - '),
which implies the statement to be proved. O

Proof of Theorem 11. We explain here the overall structure of the argument which is also displayed
visually in Figure 2.
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(A3) Vi Vk
]I(AkUUX_ly_l, L2|Xz)wk S (5,
I(BeVVX_iY_g; Li| Vi) yr <67

(A2)
AXLXoW)<2L?

No Yes N‘o

(A1)
QCC(II) < 62¢ 7

Yes

Yes Claim 13

No Claim 16
(6)

contradiction

31, err’(I,) <1 -2, QCC(II,) < QCC(II) +1

Fact 21 (Minimax principle)

.

I for F with err(I) < 1 — &, QCC(II') = O(QCC(I))

Figure 2: The structure of the proof of Theorem 11. Note that Claim 13 and Claim 15 only follow
if both of their incoming arcs hold.

Rule out trivial protocols. We first rule out the easy case where the protocol we are given, II,
has high quantum communication cost. More precisely, we check if the following condition holds.
QCC(II) < 62¢. (A1)

If this does not hold then QCC(II) > 62¢ = Q(Q*(F')). By choosing the protocol whose communi-
cation complexity is Q*(F'), we obtain a protocol II' for F with QCC(II') = Q*(F) = O(QCC(II))
and we are done. Hence for the rest of the proof we may assume (Al).

Protocols correct on a distribution. Instead of directly constructing a protocol II' for F
that is correct on all inputs with bounded error, we instead construct for every distribution p on
dom(F'), a protocol II,, that does well on p and then use Fact 21 to construct our final protocol.
More precisely, for every p over dom(F') we construct a protocol II, for F' that has the following
properties:

QCC(I1,) = QCCII) + 1 and err”(II,) < 1/2 —4/3. (3)

Hence for the remainder of the proof let p be any distribution over dom(F') and our aim is to
construct a protocol satisfying (3).

Construct a distribution for Fg. Using the distribution p on dom(F), we now construct a
distribution over the inputs to Fg. Let the random variable T be defined as follows:

TI: (Xl,...,XC,UO,...,UQc,l,Yl,...,ch,Vb,...,‘/2671),
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where for all i € [c], X;Y; is distributed according to p and independent of all other random
variables and for j € {0,...,2¢ — 1}, U;V; are uniformly distributed in {0,1}?*™ and independent
of all other variables. For ¢ € [c], we define L; := F(X;,Y;). We also define X := (X1,...,X,),
Y =W,...,Y.), L :=(Ly,...,L.), U := (Up,...,Use_q1) and V := (V1,...,Vae_1). Lastly, for
i € [c], we define X_; := X3,..., X, 1, X;41,..., X and Xo; := X1,...,X;—1. Similar definitions
hold for L and Y. Let Ag, By be the registers of Alice and Bob after round k of protocol II. The
total pure state after round k can be written as follows:

|77Z)k‘>XXUUYYVVAkBk Z Vir(z,u,y,v) [23) g 5 [uw) y g [yy)yy [vo) g ’¢xuyv>AkBk

T,u,Y,0

Here pr is the distribution of the random variable T'. X , U ,17, V are registers that purify the
classical inputs X, U, Y,V respectively.

Rule out easy distributions p. We now show that if p is such that the output of F(X,Y) is
predictable simply by looking at Alice’s input X, then this distribution is easy and we can construct
a protocol IT,, that does well on this distribution since Alice can simply guess the value of F'(X,Y)
after seeing X. More precisely, we check if the following condition holds.

AXL,X ®@W) < c8/3, (A2)

where W is the uniform distribution on {0, 1}¢.
If the condition does not hold, we invoke Claim 23 with ¢ = §/3. Then we must be in case (a)
of this claim and hence we get the desired protocol II,,. Therefore we can assume (A2) holds.

Construct new protocols II;. We now define a collection of protocols II; for each i € [¢]. II;
is a protocol in which Alice and Bob receive inputs from dom(F'). We construct II; as follows:
leen the mput pair (Xj,Y;) distributed according to 1 - Alice and Bob use shared entanglement
X _ZX _lY_lY_l (Ahce holds X _lX _; and Bob holds Y_lY_Z) where X_;Y_; are distributed accord-
ing to ,u®c Land X_, Y i purify X_;Y_; in a canonical way. They also use shared entanglement
UUVV (Alice holds U U and Bob holds VV), where U and V' are uniformly distributed and UV
purify UV in a canonical way. Note that Alice and Bob now have inputs XU and YV distributed
according to 7. They then run protocol II. It is clear that for all i € [¢], QCC(II;) = QCC(II).

Rule out informative protocols II;. If any of the protocols II; that we constructed has a lot of
information about L;, then we can use Claim 22 to design a protocol for F'. Hence, we can assume
that for each 1 <k <,

W ARUUX Y i5 Lil X, (BRVV X Y_j; Li| Vi), < 0. (A3)

Obtain a contradiction. We have already established that (A1), (A2), and (A3) must hold,
otherwise we have obtained our protocol II,. We will now show that if (A1), (A2), and (A3)
simultaneously hold, then we obtain a contradiction. To show this, we use some claims that are
proved after this theorem.

First we apply Claim 12 to get the following from (A1) and (A2).

' 9 c
ke {Lrh s BaroxaB? (U0 oy oo U gy © V) < T+ (4)

Here ¢ = QCC(II)/2. Intuitively this claim asserts that for a typical x and ¢, Bob (conditioned
on X = x) has very little information about the cell Uy at the end of round k, which is quantified
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by saying their joint state is close to being a product state. This would be false without assuming
(A1) because if there was no upper bound on the communication in II, then Alice could simply
communicate all of U, in which case Bob would have a lot of information about any U;. We need
(A2) as well, since otherwise it is possible that the correct answer ¢ is easily predicted by Alice
by looking at her input alone, in which case she can send over the contents of cell Uy to Bob. A
symmetric statement also follows with Alice and Bob interchanged.

We then apply Claim 13 to get the following from (A3).

Vk € {1, .. ,7"} : EleeXLBQ <¢Z:lBkY?V‘7Ul7¢Z:lBkY?V‘7 & wUl> <3 <2qc + C‘j + 265) . (5)
Intuitively, this claim asserts that for a typical x and ¢, Bob (conditioned on X = x and L = ¢) has
very little information about the cell U, at the end of round k, which is quantified by saying their
joint state is close to being a product state. A symmetric statement also follows for Alice. Equation
5 implies the following relation, which is proved in Claim 14: Pry y 1 v, v, x v,L,0,, v, [Gi(2, y, w, vp) =
a(z,y)] < 1/100, where a(x,y) is either 0 or 1. We then proceed to apply Claim 15.

We then apply Claim 16, which uses (4) and (5) and Claim 15, to obtain the following. There
exists, x,y, [, ﬂl,’ﬁl,ilﬁl such that,

(gt ot Y oo (L4 9 420) <o
Gi(z,y,u;,v;) = 1 and Gl(x,y,ﬂl,fﬁl) =0. (6)
We assume (w.l.o.g) that Alice gives the answer in round r. From above
|Pr(Alice outputs 1 on (z,y,u;,v;)) — Pr(Alice outputs 1 on (x,y,ﬂl,a))\ <0.1.

This is a contradiction since Gi(z,y,u;,v;) = 1 and Gi(z,y, ﬁl,%l) = 0 and the error of Il on any
input is at most 1/3.

Minimax argument. Note that in all branches where we did not reach a contradiction, we
constructed a protocol satisfying (3). Hence we constructed, for any p over dom(F), a protocol II,,
that satisfies (3). We now use Fact 21 to complete the proof. O

This completes the proof of the theorem, except for the claims Claim 12, Claim 13, Claim 14,
Claim 15, and Claim 16 that we did not prove. We now prove these claims.

5.1 Proof of claims

Claim 12. Suppose QCC(II) = 2q and A(XL, X @ W) < ;. Then

2 T z g

for all 1 < k < r. Here vy, is the mazimally mized state on the register U, (in other words a
random variable which is uniformly distributed.)

Proof. We have

¢>U(BYYVV;Uy,..., Uze—1]X)yp, (Lemma 25)
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> N T UBLYYVV; U)X )y, (Fact 17.F)

l
= 2° Byt xowl(BeYYVV;U|X = )y,
c 2 T T
2°-Ey e xowB ( k,Bka/Vf/Ul’d}k,BkY?Vf/ ®¢Ul> (Fact 17.J).

This implies that
2 T T q
Bz xewB ( k,BkY?VVUZ’wk,Bka/V\N/ ® d’Ul) S ¢

Since A(XL,X ® W) < 6; and B2(p,0) < 1 always, this proves the claim as well. O

The next claim intuitively says that, if the communication cost of II is small, then at any point
during the protocol, Bob’s register has small information about the correct cheat sheet cell.

Claim 13. Assume in addition to the assumptions of Claim 12, the following condition holds: for
all i €[], let _

Then q

2 x,l x,l (4
foralll1 <k <r.
Proof. We first prove that the register Ay carries low information about L i.e.

[(AUU; LX)y < 0.

This follows from the following chain of inequalities:

> (ARUUX i Lei; Lil X;) g, (Fact 17.D and Fact 17.J)
> 1(ARUU; Li Lei, X )y, (Fact 17.E).

By summing the inequality over ¢, we get

co > Z ]I(AkUﬁ, Li’L<i, X)T/)k
=1
= I(ALUU; L|X )y, (Fact 17.C).

This implies using Fact 17.J:

2 @l z
EviextB? (67 o 08 4 00) S 0 (7)

Now consider the following two pure states (one conditioned on z,l and the other conditioned on
x):

l
v >k YVIUTAB, Vir(y,o,ulX =z, L =1) u) i YY)y v o)y (V) 4B,

y?’u7u
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and

" yvviuia.e, = Z Vhr(y, v, ulX = z) ut) i YY)y v [ov)yi [0 )k 4B, -

y7v7u

The marginals of these states on the systems AkUﬁ are close as shown above. Now by Uhlmann’s
theorem (Fact 12), there exists a unitary acting on the systems By Y'Y V'V (and the unitary depends

l
onxz. D)UY - _ st.
’ ) uBkYYVV

l l T 2 x,l T
BQ 1 _ A KA > ~ ~ ~| =B ( ~ ~> .
a0 U yovw V) s vosarve 1 kA tBy v Vi a0 Vi AT

The unitary Z/l;’ly?vf/ should be intuitively thought of as implementing the operation of “forgetting
k

L”. Hence Equation (7) gives us that:

2 - x,l x,l x _ o
Esiex1B (HAkUU ®Z’[Bkyffvf/ ’¢ >k,AkUUBkY}7V\7 [ >k,AkUUBkYYVV> < cd. (8)
For all (z,¢), define,

(ﬁm’e:ﬂ - ® x,l B ~‘wz,l>
AUU BLYYVV kALUUBLYYVV

Combining Equation (8) with the monotonicity of Bures metric (Fact 14), we obtain the following:
2 z,l T
EopexrB <¢k,BkY?v17Ul’¢k,BkY17V\7Ul> <o (9)
and

2 ( gzl x

Furthermore, combining Equation (10) with Fact 13.B, we obtain:

2 i
EetexiB (07 5y © VoV pypyp © V) < 6 (11)

Claim 12 gives us that:
2 x x q

Now combining Equations (9), (11) and (12) along with weak triangle inequality for square of Bures
metric (Fact 13.A) and Fact 14, we obtain:

l x,l
E B2 ( x, o 5 o )
@l XL wk;,BkYYVVUl’ ¢k;,BkYYVV ® Yy,

_ 2 x,l x,l

=Eox1B <¢k,BkY3~/V1~/Ul’ ¢k,BkY)~/V\~/ ® wUl)

<3+ (55 +01+200). O
Claim 14. Assuming the conclusion from Claim 13, it holds that

PryytumeX,y,L,u, v [Gi(x, y, u, vp) = oz, y)] < 1/100,

where a(x,y) is either 0 or 1 for every x,y.
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Proof. Using monotonicity and partial measurement (Fact 17.D and Fact 17.B), we have that:

! I q , co
Ex,y,l,ul,vH—XYLULVLBQ (wiﬁ%;’“l’”l, 1/)5’?;,%; ’Ul) <3- (28 + 3 + 2@6)

Let the output register be called O. Then, from our choice of parameters and monotonicity
(Fact 17.D), above inequality implies

Byt XY LU v, B (¢ ’y’l’ul’vlﬂﬁ ’y’l’vl) < 1/400 (13)

Since protocol makes an error of at most 1/400 (which can be assumed due to Fact 20), we have
that
!
Eay e xv Lug vy B (W g |G, y, wg, v) (G, y, ug, v)|) < 1/400. (14)

On the other hand, since the look-up function is an XOR family, we find that for a fixed z,y
(and hence a fixed 1),

Eul<—UL ]Gl(x,y,ul,vl))(Gl(x,y,ul,vz)| :Prul,vleUl,Vﬂz,y,l[Gl(x7y?“hvl) = 0] ‘O><O’
+Prul,vl<—Ul,Vl|:c,y,l [Gl(l',y,ul,?}l) = 1] ‘1><1| :

Define p%yJ = Prul,vleUl,Vﬂx,y,l[Gl(xa Yy, uy, Ul) = 0] and p;7y71 = Prul,vleUl,Vﬂx,y,l[Gl(xa Yy, uy, 'Ul) = 1]
Then above equation, along with Equation (14) implies that

l
Ez,y,l,ul,vl%XYLUlVlB2<wx 2 7’Ul7pgvyl ‘0><0’ +p:cyl ’1><1|) < 1/400

which in conjunction with Equation 13 and triangle inequality gives us

Ex,y,l,u;,w(—XYLUlVlBQ(‘Gl(:Ea Yy, ur, Ul)><Gl (:Ea Yy, ur, Ul)| 7p2,y7l |0> <0| + pi,y,l |1><]‘|) < 1/100 (15)
This directly implies that we cannot have both pgy’l, p;y’l large. More formally, for every x, v,

let a(z,y) be such that pz(yx’ly) < pﬂlc_yal(x’y). Then it is clear that

B2(|Gi(, y, ug, v) (Gl gy w, v)| p2y 1 10)0] + pL yy 11)(1]) > o),

which in turn implies (when used in Equation 15),

o(zy) _ a(z,y
Ew,y,l(—XYpr,yJ =E ,y,l,ul,ful(—XYLUllex y[ < 1/100

(z

" ’ly), this immediately gives us

Recalling the definition of pg
By 1o xv Py 00 Vil [Gi(2, y, w, v) = a2, y)] < 1/100.
This completes the proof. ]
Claim 15. Assume that the assumptions of Claim 12 and Claim 13 hold. In addition,
I(BrVVX_iY_i; Li|Y;)y, <6

and
Proy 1w X,y,LuL v [Gi(T, y, u, v) = oz, y)] < 1/100

also hold for a(z,y) € {0,1} for every x,y. Then there exist x,y,l = l(x,y),ﬁl,'ﬁl,ﬁl,gl s.t. the
following conditions hold:
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1. Gl(xa Y, al)i\}/l) = a(ﬂl‘,y)-

2. Gl(az,y, ﬂl,ﬁ) = Gl(x,y,ﬁl,%l) = Gl(x,y,ﬁl,'ﬁl) =1- a(aj,y).

T x,Y,u,v x,Y,v . q
3 S B (U0 o e ) S 80 ( + 61 200),

for any choice of (u,v) = (i, ), (@, 0r), (U, ).

T x,Y,u,v €,Y,u . q
4 Zk:l B (wk»AkU—lij—l,wkyAkU_lfj_l> < 80r \/(2C o1+ 205)’

for any choice of (’LL,U) = (al’%l)a (51751)’ (il,%/l)‘

Proof. By Claim 13, we have that for all 1 < k <r,

2 (. xl z,l (L
E;ixB <¢k7BkYgV‘~/Uﬂ¢kakY§~/v‘~/ ® ¢Uz> <3 (2c + 41 + 206) :

By monotonicity of Bures metric (Fact 14), we get that

2 z,l x,l U, ) q )
Ex,k—XLB (d}k,BkYV,l\N/,lUlVl’ djk,BkYV,lV,lVl ® ¢ ) <3 (20 + 51 +2¢d ) .

Note that in both the states above, the marginal state on registers U;V; is maximally mixed. Then
by the partial measurement property of the square of Bures metric, Fact 13.C, we get that

L, z,y,l,v q
E B2 ( Z,Y,b,ur, ’lv Y5t 01 _ ) < . (7 2 ) .
syl Xy LUV BTV s SR o ) S35 H o2

Convexity of square gives us that

l l q
Ex,y,l,m,m(—XYLULVLB (wlf:g;gfz%fz’ wl::gkj‘z;l,zﬁfz) = \/g . \/(20 o 206) ’ (16)

Similarly we get that for all 1 <k <,

l l q
BeytuoexyLv v, B <¢Zik5’_f5_l wifi’;ﬁilﬁ_l) <V3- \/ (? + 61+ 205). (17)

Summing Equations (16) and (17) over k, we get the following:

r
x7y7l’ulyvl z7y7l7vl q
Eg oy tu,0XYLUL VL Z B (Q/JkyBkalv—l’wkyBkV—lvfl) <2r- \/<2C + 01+ 265>.
k=1

and

r
x:y7l7ul’vl z7y»l7ul q
Eoy o XyLuLvy Z B (wk,Akalal,wkﬁAkalal) <2r- \/(26 + 01+ 205).
k=1

Now by Markov’s inequality, we can find z,y,l = l(x,y) s.t. the following hold:

Pruzvvﬁ—UlyVl[Gl(x:yaulv vl) - oz(ac,y)] < 1/257 (18)
T
x7y7l7u 7U x7y7l7v q
Eul’vlFUlVl Z B (wlﬁBle_ﬂi/_l’wk,Ble_lv_l) <8 \/<QC +ot 205)’ <19)
k=1
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T
Z‘,y,l,’U,l,Ul xvy7l7ul . g )
B0,V kzl B (ypubue grb ) < \/ (55 + 81 +200). (20)

Without loss of generality, assume that a(x,y) = 1. Let us have the following two notations:

'
R m7y7l7ulvvl x»yzlvul
KA(ulvvl) o kle <¢k,AkU7ﬂjfz’ d)k,Akazﬁfz) ’
-
.— z:y1l7ul1vl a">y7l7/Ul
HB(UZ’ Ul) T ;B (wk,BkV—zV/—l’ ¢k7BkV—l‘7—l> '
Recall that for | = I(x,y), Gi(z,y,u;,v;) is a non-trivial XOR function of the inputs u;, v;. So
there exists a t € {0,1}™ s.t. Gi(z,y,u,u®t) =1 for all u € {0,1}™. Now we will choose wu;, 1y, ;
uniformly and independently from {0, 1}™ and set v; = u;@®t. Note that marginally, the distribution
of (u,v) is uniform over {0,1}™ x {0,1}", for any choice of (u,v) = (u, v;), (4, v;), (ur,v;). Hence
for any choice of (u,v) = (uy,v;), (u,vy), (U, v7), from Equations (18), (19) and (20), we get the
following:

Pr_ =~ =~ [Gi(z,y,u,v) = 1] <1/25,

DIRTKY]

q
EmﬁhglﬁA(u,v) <8r- \/(20 + 01+ 205),

q
Ba 75 v) < 81 \/(2 + 81+ 268).

Now by a simple application of Markov’s inequality, there exists a setting of (4, 51,51) so that for
any choice of (u,v) = (w, 1), (w,vr), (w, vr),

Gl(ma y,u,v) = 07

ka(u,v) < 80r - \/(;C + 01+ 205),

kB (u,v) < 80r - \/(2(1C + 01+ 205).

This completes the proof. Note that we chose v; so that Gy(z,y,u;,v;) = 1. O
The next claim will follow from the quantum-cut-and-paste lemma applied to Claim 13.

Claim 16. Assume that the assumptions of Claim 12, Claim 13 and Claim 15 hold. Then for the
x,y, L, ug, vy, u, vp in Claim 15, it holds that

.Z’,y,l,al;’l\}ll $7y7lval7%l . g >
A <(¢T7ATU—lﬁ—l7wrvA’rU—lfj—l) < 1000r \/(ZC + 014200 ).

Proof. Let us define the following registers: Zk = AkU_lﬁ_l and Ek = BkV_ﬂN/_l. Also we will
define the following;:

o BT Y
0 1= B (WL )

k, Ay kAL
Sin:=DB ( T,Y,11,0] x,yiﬂlﬁz) )
kB wk,Bk ’wkak
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By the triangle inequality for Bures metric Fact 13.A,

< xﬂ'&ﬁlﬁ;l 1’,’!{,5[) ( x’%5l7%l x,:li,{ljl)

Bpa < B (LT P ) o (g i) (21)
< x»:’i:ﬁhal x:yigl) < x’%ﬂhgl xayial) .

i < B (LT gl ) 4 B (g g (22)

Combining Equations (21), (22) and Claim 15, we get the following:

iak,A < 160r - \/<2qc Fo 2c5),
k=1
iak,B < 160r - \/(2q + 61+ 205).
k=1

Note that the state 1/12’%’”’% is a pure state for every k,z,y,u,v. Also for a fixed x,y, these states
s, Dk

can be formed by a quantum protocol II’ where Alice gets the input ~u and Bob gets the input v
(since they are originally formed by running the protocol IT and U_;U_; and V_;V_; are registers
that can be owned by Alice and Bob respectively at the start of IT'). Hence we can apply Lemma 24

(by setting u = w;, v’ = u, v =7, v = 7;) to conclude that

_ r
B (W%Zvum,wfgf’“l’”l) <2 (6,4 + 0k,B)

rAp
k=1
< 6407 - \/(Qqc + 01 +206).
Now the proof is finished by Fact 11 and monotonicity of trace distance (Fact 14). O]

6 Conclusion and open problems

We prove a nearly quadratic separation between the log of approximate rank and quantum com-
munication complexity for a family of total functions, which is also the first superlinear separation
between these two measures. Our separation is based on a lookup function constructed from the
inner product function. To prove the lower bound on the quantum communication complexity of
this lookup function, we prove a general purpose cheat sheet theorem for quantum communication
complexity. We also prove a general theorem about an upper bound on log of approximate rank of
lookup functions based on the circuit size of the base function. This proves the upper bound for
an appropriate lookup function on inner product because the inner product function has a linear
size circuit.
Several interesting open problems arise out of our work. We state some of them here:

1. Can we eliminate the round dependence in Theorem 117 Can we prove a similar result
for quantum information complexity instead of quantum communication complexity, thereby
separating quantum information complexity from log of approximate rank?

2. Can we separate the quantum partition bound [LLR12] from quantum communication com-
plexity? Is the quantum partition bound a stronger lower bound measure than log of approx-
imate rank?

29



3. Can we prove some sort of cheat sheet theorem for log of approximate rank? A simpler
question might be to prove that for the inner product function on n bits, any lookup function
contructed using a nontrivial XOR family of functions has log of approximate rank at least

Qv/n).
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