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Abstract

The existence of quantum uncertainty relations is the essential reason that some classically impossible
cryptographic primitives become possible when quantum communication is allowed. One operational
manifestation of these uncertainty relations is a purely quantum effect referred to as information locking [DHL™04].
A locking scheme can be viewed as a cryptographic protocol in which a uniformly random n-bit message is
encoded in a quantum system using a classical key of size much smaller than n. Without the key, no measurement
of this quantum state can extract more than a negligible amount of information about the message, in which case
the message is said to be “locked”. Furthermore, knowing the key, it is possible to recover, that is “unlock”, the
message.

In this paper, we make the following contributions by exploiting a connection between uncertainty relations
and low-distortion embeddings of /5 into /.

o We introduce the notion of metric uncertainty relations and connect it to low-distortion embeddings of ¢> into
£1. A metric uncertainty relation also implies an entropic uncertainty relation.

e We prove that random bases satisfy uncertainty relations with a stronger definition and better parameters
than previously known. Our proof is also considerably simpler than earlier proofs. We apply this result to
show the existence of locking schemes with key size independent of the message length.

o We give efficient constructions of bases satisfying metric uncertainty relations. The bases defining these metric
uncertainty relations are computable by quantum circuits of almost linear size. This leads to the first explicit
construction of a strong information locking scheme. Moreover, we present a locking scheme that can in
principle be implemented with current technology. These constructions are obtained by adapting an explicit
norm embedding due to Indyk [Ind07] and an extractor construction of Guruswami, Umans and Vadhan
[GUVQ9].

e We apply our metric uncertainty relations to exhibit communication protocols that perform equality testing
of n-qubit states. We prove that this task can be performed by a single message protocol using O(log(1/¢))
qubits and n bits of communication, where € is an error parameter. We also give a single message protocol
that uses O(log® n) qubits, where the computation of the sender is efficient.
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1 Introduction

Uncertainty relations express the fundamental incompatibility of certain measurements in quantum mechanics.
Far from just being puzzling constraints on our ability to know the state of a quantum system, uncertainty
relations are arguably at the heart of why some classically impossible cryptographic primitives become possible
when quantum communication is allowed. For example, so-called entropic uncertainty relations introduced in
[BBM75| [Deu83| are the main ingredients of security proofs in the bounded and noisy quantum storage models
[DESS05, IDFRT07, KWW09]. A simple example of an entropic uncertainty relation was given by Maassen and
Uffink [MUS8S]. Let B, denote a “rectilinear” or computational basis of C* and By be a “diagonal” or Hadamard
basis and let B~ and By~ be the corresponding bases obtained on the tensor product space (C?)®". Then we have
that for any quantum state on n qubits described by a unit vector |¢)) € (C?)®", the average measurement entropy
satisfies

1 n
5 (P50 j0) +Hps,. ) = 5 (1)

where pg |,y denotes the outcome probability distribution when |¢) is measured in basis B and H denotes the
Shannon entropy. Equation (I) expresses the fact that measuring in a random basis Bx where K €, {+", x"}
produces an outcome that has some uncertainty irrespective of the state being measured.

A surprising application of entropic uncertainty relations is the effect known as information locking [DHL™04]
(see also [Leu09]]). Suppose Alice holds a uniformly distributed random n-bit string X . She chooses a random basis
K €, {+", x"} and encodes X in the basis Bk. This random quantum state £(X, K) is then given to Bob. How
much information about X can Bob, who does not know K, extract from this quantum state via a measurement?
To better appreciate the quantum case, observe that if X were encoded in a classical state £.(X, K), then £.(X, K)
would “hide” at most one bit about X; more precisely, the mutual information I(X;&.(X,K)) > n — 1. For
the quantum encoding &, one can show that for any measurement that Bob applies on £(X, K') whose outcome is
denoted I, we have I(X; I) < n/2 [DHLT04]. The n/2 missing bits of information about X are said to be locked in
the quantum state £(X, K). If Bob had access to K, then X can be easily obtained from £(X, K'): The one-bit key
K can be used to unlock n/2 bits about X.

A natural question is whether it is possible to lock more than n/2 bits in this way. In order to achieve this, the
key K has to be chosen from a larger set. In terms of uncertainty relations, this means that we need to consider
more than two bases to achieve an average measurement entropy larger than n/2 (equation (I)). The authors of
[HLSWO04] show the existence of an encoding that locks n — 3 bits about X € {0,1}" using a key K € {0,1}%1°en,
They prove this result by showing that random bases satisfy entropic uncertainty relations of the form (1) with more
than two measurements. Recently, [Dup10},[DFHL10] prove that random encodings exhibit a locking behaviour in
a stronger sense and that it is possible to lock up to n — § bits for any arbitrarily small constant § while still using
a key of O(logn) bits. In this setting, a locking scheme can be viewed as a cryptographic protocol that uses a key
of size O(logn) to encrypt a random classical n-bit message in a quantum state. Knowing the key, it is possible to
recover the message from this quantum state. However, without the key, for any measurement, the distribution
of the message X conditioned on the outcome I of the measurement is close to the prior distribution of X in total
variation distance.

It should be noted that entropic uncertainty relations of the form of (1)) with ¢ > 2 measurements are not well
understood. A natural generalization of rectilinear +" and diagonal bases x™ called mutually unbiased bases does
not work as well for more than two measurements. In fact, it was shown in [BW07, I AmbQ9] that there are up to
t = 2"/2 mutually unbiased bases {Bo, Bi,...,B;_1} that only satisfy an average measurement entropy of n/2,
which is only as good as what can be achieved with two measurements (I). To achieve an average measurement
entropy of (1—e)n for small e while keeping the number of bases subexponential in 7, the only known constructions
are probabilistic and computationally inefficient [HLSW04|]. Furthermore, standard derandomization techniques
are not known to work in this setting. For example, unitary designs [DCELQ9] define an exponential number
of bases. Moreover, using a ¢-biased subset of the set of Pauli matrices [AS04, IDD10] fails to produce a locking
scheme unless the subset has a size of close to 2" (see Appendix|D).

1.1 Owur results

In this paper, we study uncertainty relations in the light of a connection with low-distortion embeddings of (C%, ¢5)
into (C%, ;). The intuition behind this connection is very simple. Consider the measurements defined by a set of
orthonormal bases {By, B, ..., B;_1} of (C?)®". The bases {By, B, ..., B;_1} verify an uncertainty relation if for



every n-qubit state |¢)) and “most” bases By, the vector representing |¢) in B, is “spread”. One way of quantifying
the spread of a vector is by its /; norm, i.e., the sum of the absolute values of its components. A vector |¢) € (C?)®"
of unit £, norm is well spread if its ¢; norm is close to its maximal value of v/27. For technical reasons, it turns out
that the relevant norm for us is not the ¢; norm but rather a closely related norm called ¢; (¢2).

This connection suggests measuring the uncertainty of a distribution by taking a marginal and measuring its
closeness to the uniform distribution. This is a stronger requirement than having large Shannon entropy and it
leads to the definition of metric uncertainty relations (Definition 2.1). Using standard techniques from asymptotic
geometric analysis, we prove the existence of strong metric uncertainty relations (Theorem [2.5). This result can
be seen as a strengthening of Dvoretzky’s theorem [Dvo61} Mil71] for the special case of the ¢;({2) norm. In
addition to giving a stronger statement with better parameters, our analysis of the uncertainty relations satisfied
by random bases is considerably simpler than earlier proofs [HLSWO04, [DFHL10]. In particular, for large n, we
prove the existence of entropic uncertainty relations with average measurement entropy strictly increasing with
the number of measurements. This result also leads to better results on the existence of locking schemes (Corollary
B.4). We also show in Theorem [3.7 how to use these locking schemes to build quantum hiding fingerprints as
defined by Gavinsky and Ito [GI10].

Moreover, adapting an explicit low-distortion embedding of (R?, £5) to (R?', ¢1) with d’ = d*+°() due to Indyk
[Ind07], we obtain explicit bases of (C?)®™ that verify strong metric uncertainty relations for a number of bases
that is polynomial in n. Measuring in these bases can be performed by polynomial size quantum circuits. The
main new ingredient that makes our “quantization” of Indyk’s construction verify stronger uncertainty relations
than do general mutually unbiased bases is the additional use of strong permutation extractors, which are a special
kind of randomness extractor. A strong permutation extractor (Definition is a small family of permutations
of bit strings with the property that for any probability distribution on input bit strings with high min-entropy,
applying a typical permutation from the family to the input induces an almost uniform probability distribution on
a prefix of the output bits. Our construction of efficiently computable bases satisfying strong metric uncertainty
relations involves an alternating application of approximately mutually unbiased bases and strong permutation
extractors. Our approximately mutually unbiased bases consist of sets of single-qubit Hadamard gates. Moreover,
both the permutations and their inverses have to be efficiently computable for our construction. We build such
strong permutation extractors using the results of Guruswami, Umans and Vadhan [GUVQ9].

We use these uncertainty relations to build an explicit locking scheme whose encoding and decoding operations
can be performed by circuits of size almost linear in the length of the message. Moreover, we also obtain a locking
scheme where both the encoding and decoding operations consist of a classical computation with polynomial
runtime and a quantum computation using only a small number of single-qubit Hadamard gates (Corollary [3.5).
Performing these quantum operations can be done using the same technology as implementing the BB84 quantum
key distribution protocol [BB84], but as was the case for BB84, our idealized scheme must still be made robust to
noise and imperfect devices. It should be noted that this simple scheme requires a ciphertext that is longer than the
message. On the way to obtaining this result, we prove a min-entropy uncertainty relation on a sparse set of BB84
states that might be of independent interest (Lemma [2.13| with Lemma [2.12). This locking scheme can be used to
obtain string commitment protocols [BCH08] that are efficient in terms of computation and communication.

We also give an application of our uncertainty relations to a problem called quantum identification. Quantum
identification is a communication task for two parties Alice and Bob, where Alice is given a pure quantum state
|¢)) and Bob wants to simulate measurements of the form {|o)}p|, 1 — |@)®|} on |¢)) where |¢) is a pure quantum
state. This task can be seen as a quantum analogue of the problem of equality testing [AD89, [KN97] where
Alice and Bob hold n-bit strings = and y and Bob wants to determine whether = = y using a one-way classical
channel from Alice to Bob. Hayden and Winter [HW10] showed that classical communication alone is useless
for quantum identification. However, having access to a negligible amount of quantum communication makes
classical communication useful. Their proof is non-explicit. Here, we describe an efficient encoding circuit that
also uses less quantum communication: it allows the identification of an n-qubit state by communicating only a
single message of O(log® n) qubits and n classical bits.

1.2 Other related work

Aubrun, Szarek and Werner [ASW10b,|/ASW10a] also used a connection between low-distortion embeddings and
quantum information. They show in [ASW10b] that the existence of large subspaces of highly entangled states



] [ Inf. leakage | Size of key | Size of ciphertext | Efficient ? |

[ [DHLT04] n/2 1 n yes
[HLSW04] 3 1log(n) n no
[DFHL10] en 2log(n/e?) + O(1) n no

Corollary|3.4 en 21og(1/€) + O(loglog(1/e)) n+ 2 [log(9/¢)] no
Corollary (3.4 en 4log(1/€e) + O(loglog(1/e)) n no
Corollary|3.5 en Os(log(n/e)) (446)-n,withd >0 yes
Corollary3.5 en O(log(n/e)log(n)) n yes

Table 1: Comparison of different locking schemes. n is the number of bits of the message. The information leakage
and the size of the key are measured in bits and the size of the ciphertext in qubits. Efficient locking schemes
have encoding and decoding quantum circuits of size polynomial in n. The locking schemes of the first and next
to last actually have encoding circuits that are implementable with current technology; they only use classical
computations and simple single-qubit transformations. It should be noted that our locking definition is stronger
than all the previous definitions. Note that the variable € can depend on n. For example, one can take ¢ = 7/n to
make the information leakage arbitrarily small. The symbol O(-) refers to constants independent of € and n, but
there is a dependence on ¢ for the next to last row.

follows from Dvoretzky’s theorem for the Schatten p—normﬂ for p > 2. This in turns shows the existence of channels
that violate additivity of minimum output p-Rényi entropy as was previously demonstrated by [HWO08]. Using a
more delicate argument [ASW10a], they are also able to recover Hastings’ [Has09] counterexample to the additivity
conjecture.

In a cryptographic setting, Damgard, Pedersen and Salvail [DPS04] used ideas related to locking to develop
quantum ciphers that have the property that the key used for encryption can be recycled. In [DPS05], they
construct a quantum key recycling scheme (see also [OHO5]) with near optimal parameters by encoding the
message together with its authentication tag using a full set of mutually unbiased bases.

1.3 Notation

We use the following notation throughout the paper. For a positive integer n, we define [n] = {0,...,n — 1}.
Random variables are usually denoted by capital letters X, K,..., while px denotes the distribution of X,
ie, P{X =2} = px(z). The notation X ~ p means that X has distribution p. unif(S) is the uniform
distribution on the set S. To measure the distance between probability distributions on a finite set X', we use
the total variation distance or trace distance A(p,q) = 3> .+ |p(x) — q(x)]. We will also write A(X,Y) for
A(px,py). When A(X,Y) < ¢, we say that X is e-close to Y. A useful characterization of the trace distance is
A(p,q) = maxxpy~q P {X =Y} (this equality is known as Doeblin’s coupling lemma). Another useful measure
of closeness between distributions is the fidelity F'(p,q) = > , .» v/P(7)q(r). We have the following relation
[EvdG99] between the fidelity and the trace distance

1— F(p,q) < Ap,q) < /1 - F(p,q)>. (2)

The Shannon entropy of a distribution p on & is defined as H(p) = — > _ . » p(z) log p(z) where the log is taken here
and throughout the paper to be base two. We will also write H(X) for H(px). The mutual information between
two random variables X and Y is defined by I(X; Y) = H(X)+H(Y)—H(X,Y"). The min-entropy of a distribution
p is defined as Hy,in (p) = — log max, p(x). We say that a random variable X is a k-source if Hynin (X) > k. To refer
to the i-th component of a vector v € R”, we usually write v; except when v already has a subscript, in which
case we use v(7). The weight of a binary vector v (number of ones) is denoted by w(v) and the Hamming distance
between two binary vector v, v’ (number of components that are different) is written as dy (v, v').

The quantum systems we consider are denoted A, B,C' ... and are identified with their Hilbert spaces. The
dimension of a Hilbert space A is denoted by d4. Every Hilbert space A comes with a preferred orthonormal
basis {|a)*},c(a4] that we call the computational basis. The elements of this basis are labeled by integers from 0 to
da — 1. For a Hilbert space of the form C?", this canonical basis will also be labeled by strings in {0,1}". A ~ B
means that the Hilbert spaces A and B are isomorphic. For a state [1)) € A, p,, is the distribution of the outcomes

IThe Schatten p-norm of a matrix M is defined as the £, norm of a vector of singular values of M.



of the measurement of [¢) in the basis {|a)}. We have pjy,(a) = [(a|¢)[>. Similarly, for a mixed state p, we define
pp(a) = trf|a)a|p]. The tensor product A® B is sometimes denoted simply AB. S(A) is the set of density operators
acting on A. The Hilbert space on which a density operator p € S(A) acts is denoted by a superscript, as in p*.

Partial traces are abbreviated by omitting superscripts so that p* g pAB. This notation is also used for pure

states [1))4 € A. The density operator associated with a pure state is abbreviated by omitting the ket and bra

det |)1|. The symbol 14 is reserved for the identity map on A. If U is a unitary acting on A, and |¢) a state in

A ® B, we sometimes use U|¢)) to denote the state (U @ 17)]4)).

The trace distance between den51ty operators acting on A is defined by A(p,0) = 1tr/(p—0)2 The von
Neuman entropy of a quantum state p* is defined by H(p) = — trplog p. It will also be denoted H( )p- For a
bipartite state p'? € S(AB), the quantum mutual information I(4; B), = H(4), + H(B), — H(A, B),.

2 Uncertainty relations

Outline of the section In this section, we start by introducing uncertainty relations and setting up some notation
(Section 2.1). Then we define metric uncertainty relations in Section[2.2] In Section 2.3} we prove the existence of
strong metric uncertainty relations. Explicit constructions are given in Section 2.4}

2.1 Background

Consider a set of orthonormal bases B = {By, ..., B;_1} of the Hilbert space C. Each basis By = (vf,...,v5._;)
defines a measurement on C. The outcomes of these measurements are indexed by = € [dc]. The outcome
distribution pg, |, when the measurement is performed on the state [¢)) € C' is defined by pg, |y (@) = [{vE|1))|? for
all z € [d¢]. An uncertainty relation for a set of orthonormal bases B = {By, ..., B;—1} expresses the property that
for any state |¢)) € C, there are some measurements in 3 whose outcomes given state |¢)) have some uncertainty. A
common way of quantifying this uncertainty is by using the Shannon entropy. The set of bases B is said to satisfy
an entropic uncertainty relation if there exists a positive number / such that for all states |¢) € C,

~
|

1

H(ps, |4)) > h.
0

~+ | =

>
Il

For example, for a qubit space (dimC = 2), consider the two bases B, = (|0),|1)) and B; =
(%(|0> + 1)), %(|O> - |1>)> It was shown in [MUS88] that these two bases satisfy the following entropic
uncertainty relation: for all states |¢)) € C,

1 1

5 (Hps,0) + Hipg, v))) > 5.

Note that this uncertainty relation cannot be improved: For any bases By, B1, one can always choose a state [1g)
that is aligned with one of the vectors of By so that H(pg, |4,)) = 0, in which case 3 (H(pg, 14)) + H®5,,160))) < 5

It is more convenient here to talk about uncertainty relations for a set of unitary transformations. Let {|z)“},
be the computational basis of C'. We associate to the unitary transformation U the basis {UT|z)},. On a state |1),
the outcome distribution is described by

putyy (x) = [{@[U) .

As can be seen from this equation, we can equivalently talk about measuring the state U|y) in the computational

basis. An entropic uncertainty relation for Uy, ..., U;—; can be written as
=
2D Hu,w) 3)
k=0

Entropic uncertainty relations have been used in proving the security of cryptographic protocols in the bounded
and noisy quantum storage models [DER™07, KWW09]. For more details on entropic uncertainty relations and
their applications, see the recent survey [WW10].



2.2 Metric uncertainty relations

Here, instead of using the entropy as a measure of uncertainty, we use closeness to the uniform distribution. In
other words, we are interested in sets of unitary transformations Uy, ..., U;_; that for all [¢) € C satisfy

-
|

1

A (puy ), unif([de])) < e
0

1§
t

>
Il

for some e € (0,1). A(p, g) refers to the total variation distance between distributions p and ¢. This condition is very
strong, in fact too strong for our purposes, and we will see that a weaker definition is sufficient to imply entropic
uncertainty relations. Let C = A ® B. (For example, if C consists of n qubits, A might represent the first n — logn
qubits and B the last log n qubits.) Moreover, let the computational basis for C be of the form {|a)*®|b)?},., where
{la)} and {|b)} are the computational bases of A and B. Instead of asking for the outcome of the measurement on
the computational basis of the whole space to be uniform, we only require that the outcome of a measurement of
the A system in its computational basis {|a)} be close to uniform. More precisely, we define for a € [d4],

dp—1

Py (@ = D [al* (bPUrle) .

b=0

We can then define a metric uncertainty relation. Naturally, the larger the A system, the stronger the uncertainty
relation for a fixed B system.

Definition 2.1 (Metric uncertainty relation). Let A and B be Hilbert spaces. We say that a set {Uy, ..., U,_1} of unitary
transformations on AB satisfies an e-metric uncertainty relation on A if for all states |¢)) € AB,

t—1
%Z (pﬁkww””if([dA])) <e @
k=0

Remark. Observe that this implies that (#) also holds for mixed states: for any v € S(A ® B),
S A (g g umiflda))) < 0

Metric uncertainty relations imply entropic uncertainty relations In the next proposition, we show that a metric
uncertainty relation is also an entropic uncertainty relation. It is worth stressing that there are no restrictions on
measurements.

Proposition 2.2. Let € € (0, 55) and {Uy, ..., U1} be a set of unitaries on AB verifying an e-metric uncertainty relation
on A:

~

-1

1 .
n kZOA (p‘gklw,umf([dA])) <e

Then
Lt
n ZH(pUkw;)) > (1 —2¢)logda —n(e).
k=0
where n(e) = —2¢ln(2e).

Proof Recall that the distribution pék_ ) (see equation () for a definition) on [d 4] is a marginal of the distribution
PUy |- Thus H(py, y)) > H(pﬁk’| ). Using Fannes” inequality [Fan73], we have for all k

H(pék_w>) >logds — 2A (pf}klw>7unif([d,4])) logda — n(e)
> (1 —2¢)logda — n(e).



Explicit link to low-distortion embeddings Even though we do not explicitly use the link to low-distortion
embeddings, we describe the connection as it might have other applications. In the definition of metric uncertainty
relations, the distance between distributions was computed using the trace distance. The connection to low-
distortion metric embeddings is clearer when we measure closeness of distributions using fidelity. We have

F(pUklw,unlf([dA ) \ﬁ C;) W

J [{al (0| P Ukl4h) |2

OM

1
= ﬁ“Uk‘w>||€f(€§)

where the norm ¢7!(¢F) is defined by
Definition 2.3 ({1 ({2) norm). For astate [¢)) =3_,, apla)?|b)?,

HWW@{*(@QB) - Z [{evap}o]l, = Z Z a0
a a b

We use || - ||12 & |+ l¢aezy when the systems A and B are clear from the context.

Observe that this definition of norm depends on the choice of the computational basis. The ¢! (¢£) norm will
always be taken with respect to the computational bases.

For {Uy,...,U;_1} to satisfy an uncertainty relation, we want

1 1
n Zk: \/T—AHUHWHZ{‘(@) >1-—e

This expression can be rewritten by introducing a new register K that holds the index k. We get for all |¢)

1
7 > Ukl) k)™ > (1—€e)Vt-da. (5)
k AR (2F)
Using the Cauchy-Schwarz inequality, we have that for all [¢),
1
— > U|)C k)" Vit-da ZUkw kYKl =/t da. (6)
Vig
ff‘K(&f)
Rewriting (B) and (6) as
1 ClL\K
R F SRR
(1-¢< - <1,
t-da .Uk|¢>c|k>KH2

we see that the image of C by the linear map |¢)) — % > x Uklt) ® |k) is an almost Euclidean subspace of
(A® K ® B, ({*5(¢5)). In other words, as the map [¢) % > UklY) ® |k) is an isometry (in the / sense),
it is an embedding of (C, ¢2) into (AK B, (45 (¢F)) with distortion 1/(1 — €) [Mat02].

Observe that a general low-distortion embedding of (C, £5) into (AK B, ({¥(¢2)) does not necessarily give a
metric uncertainty relation as it need not be of the form |¢) — % >k Uklt) ® |k). When t = 2, a metric uncertainty
relation is related to the notion of Kashin decomposition [Kas77]; see also [Pis89)5za06].

A remark on the composition of metric uncertainty relations There is a natural way of building an uncertainty
relation for a Hilbert space from uncertainty relations on smaller Hilbert spaces. This composition property is also
important for the cryptographic applications of metric uncertainty relations presented in the second half of the
paper, in which setting it ensures the security of parallel composition of locking-based encryption.



Proposition 2.4. Consider Hilbert spaces A1, Az, B1, Bo. Fori € {0,1}, let {U,El) Vst be a set of unitary transformations

of A;® B; verifying an e-metric uncertainty relation on A;. Then, {U, ,S) ®U, ,gf) Yey ko€[t1] x [t2] VeTifies a 2e-metric uncertainty
relation on A1 ® As.

Proof Let|¢) € (A1 ® B1) ® (A2 ® By) and let py, 1, denote the distribution obtained by measuring U(l) ® U(l) )
in the computational basis of A; ® A,. Our objective is to show that

1 .
LS A i) x [4,) < 2 )
142 ki €[t1],ka€[t2]
We have
. 1 1
A(pkhkwunlf([dz‘\l] x [dA2D) = 9 Z pkl,kz(aha’Q) - dada
a1.as 10 A,
pkl ko (al) 1 Pky ks (a’l) 1
< — — > _
= Z Dy ko (@1, 02) — da, + 9 122 da, da,da,
0«170«2 ai,a
1 A Pryks(a1,02) 1 1 A 1
= — 1 chh2 N0 A4S T - 1 _ 8
ZGZpkhkz(al)Z pﬁlk (a1) da, T QZ pkhkfz(al) da, ®
1 as 1,k2 ay

where p;:ll ko (@1) = Y ay Pki,k> (@1, a2) is the outcome distribution of measuring the A; system of U ,51) ® Uk2) [¢).
The distribution py, 1, can also be seen as the outcome of measuring the mixed state

;
oo
in the computational basis {|a1)}. Thus, we have for any ks € [t2],

1

il Ay ; <
5 2 A(pklka,unlf([dAl])) <e.

Pkl kz(ahaz)

Moreover, for a; € [d4,], the distribution on [d4,] defined by is the outcome distribution of measuring

(a1)
lcl ko
in the computational basis of A, the state

T
Ulg ¢A232 U(2)

k1,a1

Az Bz

where ¢ * " is the density operator describing the state of the system A;B; given that the outcome of the

measurement of the A; system is a;. We can now use the fact that {U, ,g)} Taking the average over k; and ks
in equation (8), we get
1

N A(pk17k27unlf([dA1] [dA2])) < 2e.
tltg

1,k2
O

This observation is in the same spirit as [IS10, Proposition 1], and can in fact be used to build large almost
Euclidean subspaces of ¢{(¢2).

2.3 Metric uncertainty relations: existence

In this section, we prove the existence of families of unitary transformations satisfying strong uncertainty relations.
The proof proceeds by showing that choosing random unitaries according to the Haar measure defines a metric
uncertainty relation with positive probability. The techniques used are quite standard and date back to Milman’s
proof of Dvoretzky’s theorem [Mil71, [FLM77]. In fact, using the connection to embeddings of {5 into ¢;(¢2)
presented in the previous section, this existential theorem can be viewed as a strengthening of Dvoretzky’s theorem
for the ¢, (¢2) norm [MS86]. Explicit constructions of uncertainty relations are presented in the next section.

In order to use metric uncertainty relations to build quantum hiding fingerprints, we require an additional
property for {Uy,...,U;—1}. A set of unitary transformations {Uy,...,U;—1} of C? are said to y-approximately



mutually unbiased bases (7-MUBs) if for all elements |z) and |y) of the computational basis and all £ # £/, we
have

1
|<$‘U11Uk’|y>| < Ik )
1-MUBs correspond to the usual notion of mutually unbiased bases.

Theorem 2.5 (Existence of metric uncertainty relations). Let ¢ = 9% and € € (0,1). Let A and B be Hilbert spaces with

dim B > 9/€? and d “ qim A ® B > 96'37,?2”. Then, for all t > %3(9/6), there exists a set {Uy, ...,Ui_1} of unitary
transformations of AB satisfying an e-metric uncertainty relation on A: for all states |¢p) € AB,

o~

—1
1 .

7D A (il wnifi[da))) < e

k=0

Moreover, for d such that 4td? exp (—d*~7) < 1/2, the unitaries {Uy, ..., U1} can be chosen to also form ~-MUBs.

Remark. The proof proceeds by choosing a set of unitary transformations at random. See and for a precise
bound on the probability that such a set does not form a metric uncertainty relation or a 0.9-MUB. O

Proof The basicidea is to evaluate the expected value of A (pgl oy unif([d A])) for a fixed state when U is a random

unitary chosen according to the Haar measure. Then, we use a concentration argument to show that with high
probability, this distance is close to its expected value. After this step, we show that the additional averaging

1 ZZ;IO A (p‘gk |y > unif([d A])) of t independent copies results in additional concentration at a rate that depends on

t. We conclude by showing the existence of a family of unitaries that makes this expression small for all states |)
using a union bound over a J-net. The four main ingredients of the proof are precisely stated here but only proved

in Appendix
We start by computing the expected value of the fidelity E {F <p‘§| - unif([d A])) }, which can be seen as an

¢1(€2) norm.

Lemma 2.6 (Expected value of ¢{!(¢2) over the sphere). Let |p)P be a Haar-distributed random pure state on AB.

Then,
1
A H > [ —
E {F(pw,umf([dA]))} >\ 1m0
We then use the inequality A(p, o) < 1/1 — F(p,0)” to get

B {a ity i) } < B Wl - F(p@,umf(w)z} |

By the concavity of the function = — /1 — 22 on the interval [0, 1],
2
E {A(pfp>,unif([dA]))} < \/1 ~E {F(plf‘p>,unif([dA])>}

1
< _ _
<4/l (1 dB)

<¢€/3.

The last inequality comes from the hypothesis of the theorem that dg > 9/€2. In other words, for any fixed [¢),
the average over U of the trace distance between pﬁl »y and the uniform distribution is at most ¢/3. The next step
is to show that this trace distance is close to its expected value with high probability. For this, we use a version of
Lévy’s lemma presented in [MS86].

Lemma 2.7 (Lévy’s lemma). Let f : C¢ — R and 1 > 0 be such that for all pure states |¢1), |p2) in C?,
£ (1)) = F(e2))] < mlller) = lpa) 2



Let |) be a random pure state in dimension d. Then forall 0 < 6 <,

2
P{[f(l¥)) —E{f(¢)}[ =0} < 4dexp ( ind)

where c is a constant. We can take ¢ = 9.

We apply this concentration result to f : [p)4Z — A (pﬁ; y» unif([d A})). We start by finding an upper bound on
the Lipshitz constant 7. For any pure states |¢;)4? and |p2)45

1F(er)) = flle2))| < A2, p2,)

1
5 (@l Gl = Kal* (0] % |p2) [
b
A pltm ' D)pa) )
2
S p“/’l p\w))
S p\991> p|¢2>))

\/2—22| al(ellon)] - (al (bl

S |Ial(Bllen)] — 1al (lle)l]?

< 1) = le2)l2- (10)

The first two inequalities follow from the triangle inequality. The third inequality is an application of (2). The
fourth inequality follows from the fact that 1 — 2 < 2(1 — z) for all z € [0, 1]. The last inequality follows again
from the triangle inequality. Thus, applying Lemma[2.7} we get forall 0 < § < 1,

P {[ (ot wnita.)) | 2 5} < aesp (22

where 4 = E {A (pﬁ:) , unif([d A])) } The following lemma bounds the tails of the average of independent copies
of a random variable.

Lemma 2.8 (Concentration of the average). Let a,b > 1, § € (0,1) and t a positive integer. Suppose X is a random
variable with 0 mean satisfying the tail bounds

P{X >4} < ae™®  and P {X <=6} < ae "
Let X1, ... X, be independent copies of X. Then if 6*b > 16a°m,

{‘ Zxk >5}<exp( 52;”).

k=1
Taking 0 = ¢/3 and using Lemmaﬁ (which we can apply because we have (¢/3)% - ¢ > 16 - 42 - 1), we get

g o) sen(3122),

Using this together with Lemma[2.6) we have

t—1 62
P {1 ;}A (pék\¢>’unif([df4])) 2 26/3} < exp (wt;i) . (11)

We would like to have the event described in hold for all |¢)) € AB. For this, we construct a finite set A/ of
states (a 6-net) for which we can ensure that } Z_:}) A (p{‘,kl vy unif((d A])) < 2¢/3 for all |¢)) € N holds with high
probability.

t—1

> A (b unif([da)))
k=0

10



Lemma 2.9 (§-net). Let § € (0,1). There exists a set N of pure states in C¢ with |N'| < (3/8)%¢ such that for every pure
state [1) € C4 (i.e., |||1)||2 = 1), there exists [1)) € N such that

1) =)z < 6.

Let \V be the ¢/3-net obtained by applying this lemma to the space AB with § = ¢/3. We have
1o e%td
P {37@ €N 5 Y0 A(pd - unif(da) > 26/3} <IN exp (_186>
k=0

< exp (—d (12’5 _ 21n(9/e)>>

Now for an arbitrary state |1/) € AB, we know that there exists [¢)) € A such that ||[¢)) — [¢)]2 < ¢/3. As a
consequence, for any unitary transformation U,

A (P wnif([da])) < A (v}, wnit(dD) + A (v 5981
(pf gy umif([da])) + U1 — U1
<A (p’glw> unlf([dA])) +¢/3.

In the first inequality, we used the triangle inequality and the second inequality can be derived as in (I0). Thus,

P {3|¢> € AB: %i A (pu, gy, unif([da])) > e} < exp (—d (1; - 21n(9/e)>) (12)
k=0

If¢ > M, this bound is strictly smaller than 1/2 and the result follows.

To prove that we can suppose that {Uy, ..., U;_1} define v-MUBs, consider the function f : |¢) — (¢|¢) for
some fixed vector |¢). Then, if |¢) is a random pure state, we have E { f(|¢))} = 0. Moreover, using Levy’s Lemma

with § = d=/2 .
d—7
P >d 2l <4 — :
ot = a2} < e (<27
Thus,
=
P {3k £ K.y € A (lUfU )| 2 77} <t exp (2 ) (13
C

which completes the proof. 0

Corollary 2.10 (Existence of entropic uncertainty relations). Let C be a Hilbert space of dimension d > 2. There exists
a constant ¢’ > 1 such that for any integer t > 2 such that 5%5%?5& < d, there exists a set {Uy,...,Us_1} of unitary
transformations of C' satisfying the following entropic uncertainty relation: for any state 1),

t—1
1 c'logt 18t c'logt
-y H 1—4/ logd —1 — | -
t Z (pUkW>) ( t > 08 08 (c’logt) g ( t )

k=0
where n(e) = —2e1n(2e¢) for all € > 0. In particular, in the limit d — oo, we obtain the existence of a sequence of sets of ¢
bases satisfying
1 i1
= H /
lim & Ek:o (pUkW)) >1- c logt.
d— oo log d t

Remark. Recall that the bases (or measurements) that constitute the uncertainty relation are defined as the images
of the computational basis by U, ,I . Note that for any set of unitaries {Uy, ...,U;—1}, we have

t—1
1
k=0

11



It is an open question whether there exists uncertainty relations matching this bound, even asymptotically as
d — oo [WW10]. Wehner and Winter [WW10] ask whether there even exists a growing function f such that

o L ko Hpv ) 1oL
d—oo t logd f(t)
The corollary answers this question in the affirmative with f(¢t) = ,/ ﬁogt' O

Proof Define ¢’ = 5 - 18c where ¢ comes from Lévy’s Lemma €=/ % and decompose C' = A ® B with
dp = [9/€?]. As d > 248 and

4-18cl t t
4-18clog(9/¢) 0g(9/¢) =4-18clog . <t,
€2 clogt) 5-18clogt

we get a family Uy, ..., U;_; of unitary transformations that satisfies

t

Ju

% 3 A (v gy umif(da])) < e
k=0

By Proposition[2.2] these unitary transformations also satisfy an entropic uncertainty relation:

1 t—1 d
t kZ:OH PUyy) = (1= €)log (W) —n(e)

> (1 —€)logd —log(18/€%) — n(e).

2.4 Metric uncertainty relations: explicit construction

In this section, we are interested in obtaining families {Uy,...,U;_1} of unitaries verifying metric uncertainty
relations where Uy, ..., U;_; are explicit and efficiently computable using a quantum computer. For this section,
we consider for simplicity a Hilbert space composed of qubits, i.e., of dimension d = 2" for some integer n. This
Hilbert space is of the form A® B where A describes the states of the first log d 4 qubits and B the last log d g qubits.
Note that we assume that both d4 and dp are powers of two.

We construct a set of unitaries by adapting an explicit low-distortion embedding of (R?, ¢5) into (R?', ¢;) with
d' = d*+°(1) by Indyk [[nd07]. Indyk’s construction has two main ingredients: a set of mutually unbiased bases
and an extractor. Our construction uses the same paradigm while requiring additional properties on both the
mutually unbiased bases and the extractor.

In order to obtain a locking scheme that only needs simple quantum operations, we construct sets of
approximately mutually unbiased bases from a restricted set of unitaries that can be implemented with single-qubit
Hadamard gates. Moreover, we impose three additional properties on the extractor: we need our extractor to be
strong, to define a permutation and to be efficiently invertible. We want the extractor to be strong because we are
constructing metric uncertainty relations as opposed to a norm embedding. The property of being a permutation
extractor is needed to ensure that the induced transformation on (C?)®" preserves the /> norm. We also require the
efficient invertibility condition to be able to build an efficient quantum circuit for the permutation. See Definition
for a precise formulation.

The intuition behind Indyk’s idea is as follows. Let V;, . . ., V,._1 be unitaries defining (approximately) mutually
unbiased bases and let {P,},cs be a permutation extractor (these terms are defined later in equation and
Definition [2.14). The role of the mutually unbiased bases is to guarantee that for all states |¢)) and for most values
of j € [r], most of the mass of the state V;|¢) is “well spread” in the computational basis. This spread is measured
in terms of the min-entropy of the distribution py;|,y. Then, the extractor {P,}, will ensure that on average over
y € S, the masses Y, |(a|(b| P, V;|¢)|? are almost equal for all a € [d4]. More precisely, the distribution pﬁyvj ) 18
close to uniform.

12



We start by recalling the definition of mutually unbiased bases. A set of unitary transformations Vg, ..., V;_1
is said to define ~y-approximately mutually unbiased bases (or v-MUBs) if for i # j and any elements |z) and |y) of the
computational basis, we have

1
(VI = 75 (14)

As shown in the following lemma, there is a construction of mutually unbiased bases that can be efficiently

implemented [WE89]. The proof of the lemma is deferred to Appendix

Lemma 2.11 (Quantum circuits for MUBs). Let n be a positive integer and d = 2. For any integer r < d+ 1, there exists
a family Vy, . . ., V._1 of unitary transformations of C¢ that define mutually unbiased bases. Moreover, there is a randomized
classical algorithm with runtime O(n? polylog n) that takes as input j € [r] and outputs a binary vector a; € {0,1}*"~1,
and a quantum circuit of size O(n polylogn) and depth O(logn) that when given as input the vector o (classical input)
and a quantum state ) € C% outputs V;|¢)).

Remark. The randomization in the algorithm is used to find an irreducible polynomial of degree n over Fy[X].
It could be replaced by a deterministic algorithm that runs in time O(n* polylogn). Observe that if n is odd and
r < (d+1)/2, itis possible to choose the unitary transformations to be real (see [HSP06]). O

It is also possible to obtain approximately mutually unbiased bases that use smaller circuits. In fact, the
following lemma shows that we can construct large sets of approximately mutually unbiased bases defined by
unitaries in the restricted set )

H={H"YH" @ @ H" ve{0,1}"}

where H is the Hadamard transform on C? defined by

1 1 1
i=g(1 4 )
In our construction of metric uncertainty relations (Theorem [2.16), we could use the 1-MUBs of Lemma or the

(1/2 — §)-MUBs of Lemma As the construction of approximate MUBs is simpler and can be implemented
with simpler circuits, we use Lemma when the choice of y-MUBs is not specified.

Lemma 2.12 (Approximate MUBs in H). Let n' be a positive integer and n = 2.

1. For any integer r < n, there exists a family V, ..., V,_1 € H that define 1/2-MUBs.

2. Forany 6 € (0,1/2), there exists a constant ¢ > 0 independent of n such that for any r < 2°" there exists a family
Vo, - -+, Vo1 of unitary transformations in H that define (1/2 — §)-MUBs.

Moreover, in both cases, given an index j € [r], there is a polynomial time (classical) algorithm that computes the vector
v € {0, 1}" that defines the unitary V; = H".
Proof Observe that for any v € {0,1}" and any y € {0,1}", we have

/

(1)
y;€{0,1} for v;=1 2
y;=y; for v;=0

H (ly1)) @ @ lyn)) = H 1) @ - - - @ H'™

Thus,

(2| HPH [y)| = || H*|y) (15)

<1
— 2dH(v,v’)/2

Using this observation, we see that a binary code C' C {0,1}" with minimum distance yn defines a set of ~-
MUBs in H. It is now sulfficient to find binary codes with minimum distance as large as possible. For the first
construction, we use the Hadamard code that has minimum distance n/2. The Hadamard codewords are indexed
by = € {0,1}"; the codeword corresponding to z is the vector v € {0,1}" whose coordinates are v, = z - z for all
z € {0,1}"". This code has the largest possible minimum distance for a non-trivial binary code but its shortcoming
is that the number of codewords is only n. For our applications, it is sometimes desirable to have r larger than n
(this is useful to allow the error parameter ¢ of our metric uncertainty relation to be smaller than n=1/2).

13



For the second construction, we use families of linear codes with minimum distance (1/2 — §)n with a number
of codewords that is exponential in n. For this, we can use Reed-Solomon codes concatenated with linear codes
on {0,1}9() that match the performance of random linear codes; see for example Appendix E in [Gol08]. For
a simpler construction, note that we can also get 2°(v?) codewords by using a Reed-Solomon code concatenated
with a Hadamard code. o

The next lemma shows that for any state [1), for most values of j, the distribution py; | is close to a distribution
with large min-entropy provided {V;} define v-MUBs. This result might be of independent interest. In fact, the
authors of [DFR™07] prove a lower bound close to n/2 on the min-entropy of a measurement in the computational
basis of the state U|t)) where U is chosen uniformly from the full set of the 2" unitaries of . They leave as an open
question the existence of small subsets of 7{ that satisfy the same uncertainty relation. When used with the v-MUBs
of Lemma[2.12} the following lemma partially answers this question by exhibiting such sets of size polynomial in
n but with a min-entropy lower bound close to n/4 instead. This can be used to reduce the amount of randomness
needed for many protocols in the bounded and noisy quantum storage models.

Lemma 2.13. Letn > 1,d = 2" and € € (0,1) and consider a set of r = [ % | unitary transformations Vy, ..., V,_1 of C*
defining v-MUBs. For all |¢)) € C,

H] € [r] : A distribution g;, A(ijW),qj) < eand Hyin(gj) > % - log(8/62)}‘ > (1—er.

Proof This proof proceeds along the lines of [Ind07, Lemma 4.2]. Similar results can also be found in the sparse
approximation literature; see [Tro04, Proposition 4.3] and references therein.

Consider the rd x d matrix V' obtained by concatenating the rows of the matrices V;,...,V,_1. For § C [rd],
Vs denotes the submatrix of V' obtained by selecting the rows in S. The coordinates of the vector V|¢) € C™ are
indexed by z € [rd] and denoted by (V[¢)).

Claim. We have for any set S C [rd] of size at most d’/? and any unit vector [¢)),
5]

I(VI¥))slz <1+ ek (16)

To prove the claim, we want an upper bound on the operator 2-norm of the matrix (Vs), which is the square
root of the largest eigenvalue of G = Vg Vs. As two distinct rows of V' have an inner product bounded by #, the
non-diagonal entries of G are bounded by —5. Moreover, the diagonal entries of G are all 1. By the Gershgorin

circle theorem, all the eigenvalues of G lie in the disc centered at 1 of radius 12 - /2 We conclude that (16) holds.

Now pick S to be the set of indices of the d” largest entries of the vector {|(V[))|?}.c[q- Using the previous
claim, we have ||(V|¢))s||3 < 2. Moreover, since S contains the d7/2 largest entries of {|(V[¢)). | }., we have that
forall = ¢ S, |(V]9)).[?d""> < ||VIo)]3 = 22720 Vi) 13 = r. Thus, forall = ¢ S, |(V|¢):[* < 7.

We now build the distributions ¢;. For every j € [r], define
w; = > (VIg)): P2,
zeSN{jr,....,(j+1)r—1}
which is the total weight in S of V;|¢). Defining T, = {j : w; > €}, we have |T.]e < [|(V]¢))s]|3 < 2. Thus,
ITe] < 2/e <er.
We define the distribution ¢; for j € [r] by

(2) = { Vil + G ifjd o g S
€ Ly if jd+z € 8.

Since

Z‘IJ ) =w; + Z m|VW) Z | x|V|1/)

z€[d]:jd+x¢S z€(d]

g; is a probability distribution. Moreover, we have that for j ¢ T.

Apvwa) <5 X e X (L lalvinl) | =w <e

z:ijd+z¢S z:jd+axesS

[\
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1 2r

The distribution g; also has the nice property that for all x € [d], ¢j(z) < 575 + 3 < 3575 In other words,

Huin(g;) > 5 — log(8/¢%). o

We now move to the second building block in Indyk’s construction: randomness extractors. Randomness
extractors are functions that extract uniform random bits from weak sources of randomness.

Definition 2.14 (Strong permutation extractor). Let n and m < n be positive integers, £ € [0,n] and e € (0,1). A family
of permutations {P,},cs of {0,1}" where each permutation P, is described by two functions P} : {0,1}" — {0,1}™
(the first m output bits of P,) and PJ* : {0,1}" — {0,1}"~"™ (the last n — m output bits of P,) is said to be an explicit
(n,£) —. m strong permutation extractor if:

e For any random variable X on {0,1}" such that H,,;,(X) > ¢, and an independent seed Us uniformly distributed
over S, we have

A <p(Us,P,}ES(X))’”mf(S X {07 1}m)) <e

which is equivalent to
1 ) m
5l > A(pPyE(X)a unif({0, 1} )) <e 17)
yeSs

e Forall y € S, both the function P, and its inverse P, "' are computable in time polynomial in n.

Remark. A similar definition of permutation extractors was used in [RVWO00Q] in order to avoid some entropy loss
in an extractor construction. Here, the reason we use permutation extractors is different; it is because we want the
induced transformation P, on C?" to preserve the £, norm. 0

We can adapt an extractor construction of [GUV09] to obtain a permutation extractor with the following
parameters. The details of the construction are presented in Appendix

Theorem 2.15 (Explicit strong permutation extractors). For all (constant) 6 € (0,1), all positive integers n, all
k € [clog(n/e),n] (cis a constant independent of n.and €), and all € € (0,1/2), there is an explicit (n, k) —. (1—0)k strong
permutation extractor { Py}, e with log|S| < O(log(n/e)). Moreover, the functions (x,y) — P,(x) and (x,y) — P, (z)
can be computed by circuits of size O(n polylog(n/e)).

A permutation P on {0, 1}" defines a unitary transformation on (C?)®" that we also call P. The permutation
extractor { P, } will be seen as a family of unitary transformations over n qubits. Moreover, just as we decomposed
the space {0, 1}" into the first m bits and the last n — m bits, we decompose the space (C?)®" into A ® B, where A
represents the first m qubits and B represents the last n — m qubits. The properties of { P’} will then be reflected
in the system A.

Combining Theorem and Lemma we obtain a set of unitaries satisfying a metric uncertainty relation.

Theorem 2.16 (Explicit uncertainty relations: key optimized). Let § > 0 be a constant, n be a positive integer,
€ € (27971) (¢ is a constant independent of n). Then, there exist t < (2)° (for some constant c independent of n
and €) unitary transformations Uy, . .., U,_1 acting on n qubits such that: if A represents the first (1 —d)n/4 — O(log(1/¢))
qubits and B represents the remaining qubits, then for all |¢) € AB,

o+

1 -1
70 Ay wnifllda)) < e

k=0
Moreover, the mapping that takes the index k € [t] and a state |v) as inputs and outputs the state Uy|y)) can be performed
by a classical computation with polynomial runtime and a quantum circuit that consists of single-qubit Hadamard gates on a
subset of the qubits followed by a permutation in the computational basis. This permutation can be computed by (classical or
quantum) circuits of size O(n polylog(n/e)).

Remark. Observe that in terms of the dimension d of the Hilbert space, the number of unitaries ¢ is polylogarithmic.
O

Proof Lete =¢/6. Lemma gives 7 = [2/€”] < 2" unitary transformations Vp, ..., V,_; that define mutually
unbiased bases. Moreover, all theses unitaries can be computed by circuits of size O(n polylogn). Theorem
with £ = n/2—log(8/€?) and error ¢’ gives | S| < 2¢1°8("/<) permutations { P, },cs of {0, 1}" that are computable by
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classical circuits of size O(n polylog(n/¢)). We now argue that this classical circuit can be used to build a quantum
circuit of size O(n polylog n) that computes the unitaries P,.

Given classical circuits that compute P and P~!, we can construct reversible circuits Cp and Cp-: for P and
P~ The circuit Cp when given input (z,0) outputs the state (z, P(z)), so that it keeps the input x. Such a circuit
can readily be transformed into a quantum circuit that acts on the computational basis states as the classical circuit.
We also call these circuits Cp and Cp-1. Observe that we want to compute the unitary P, so we have to erase the
input z. For this, we can then combine the circuits Cp and Cp-1 as described in Figure[l} Note that the size of this
quantum circuit is the same as the size of the original classical circuit up to some multiplicative constant. Thus,
this quantum circuit has size O(n polylogn).

) |) |P(x)) P
P(w>>< 12
|0> CP (Cp—l)il |0>
|0)
[0) |0)

Figure 1: Quantum circuit to compute the permutation P using quantum circuits Cp for P and Cp-1 for P~
(Cp-1)~1 is simply the circuit Cp-1 taken backwards. The bottom register is an ancilla register.

The unitaries {Uy, . .., U;_1} are obtained by taking all the possible products P,V for j € [r],y € S. Note that
t = r|S|. We now show that the set {Uy, ..., U;_1} verifies the uncertainty relation property. Using Lemma
for any state |¢), the set

def
Tiyy =

2
{j : I distribution qj,A(ij‘w),qj) <€ and Vz € [d], gj(z) < \/%}’
has size at least (1 — ¢')r. Moreover, for all a € [da], pp, v, (@) = 32, [{al* (0] P, Vi[y)[> = P {P;’(X) = a} where

X has distribution py; ). By definition, for i € T},,, we have A (py; 4y, ;) < € with Hpin(q;) > n/2 — log(8/€2).
Using the fact that { P,”} is a strong extractor (see ({17)) for min-entropy n,/2 — log(8/¢"?), it follows that

1 .
&l Z A (pﬁ/‘,ilw>7un1f([d,4])) < 2¢
yes

forall i € Tjy. As [T}yy| > (1 — €')r, we obtain

~+

1

% X_: A (péklw),unif([dA])) <3¢ = ¢/2.

k=0

To conclude, we show that ¢ can be taken to be a power of two at the cost of multiplying the error by at most two.
In fact, let p be the smallest integer verifying ¢ < 2P, so that 2P < 2t. By repeating 27 — ¢ unitaries, it is easily
seen that we obtain an e-metric uncertainty relation with 2p unitaries from an ¢/2-metric uncertainty relation with
t unitaries. O

Note that the B system we obtain is quite large and to get strong uncertainty relations, we want the system B
to be as small as possible. For this it is possible to repeat the construction of the previous theorem on the B system.
The next theorem gives a construction where the A system is composed of n — O(loglogn) — O(log(1/¢)) qubits.
Of course, this is at the expense of increasing the number of unitaries in the uncertainty relation.

Theorem 2.17 (Explicit uncertainty relation: message length optimized). Let n be a positive integer and ¢ € (2=, 1)
(¢’ is a constant independent of n). Then, there exist t < (%)Clogn (for some constant ¢ independent of n and €) unitary
transformations Uy, . .., Uy_1 acting on n qubits that are all computable by quantum circuits of size O(n polylog(n/e)) such
that: if A represents the first n — O(loglogn) — O(log(1/¢)) qubits and B represents the remaining qubits, then for all

|v) € AB,

-
I

1

A (b uy wnifi[da])) < e (18)
0

| =
ks
I
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Moreover, the mapping that takes the index k € [t] and a state |1) as inputs and outputs the state Ug|v) can be performed
by a classical precomputation with polynomial runtime and a quantum circuit of size O(n polylog(n/e)). The number of
unitaries t can be taken to be a power of two.

Proof Using the construction of Theorem we obtain a system A over which we have some uncertainty
relation and a system B that we do not control. In order to decrease the dimension of the system B, we can apply
the same construction to that system. The system B then gets decomposed into A; B, and we know that the
distribution of the measurement outcomes of system A, in the computational basis is close to uniform. As a result,
we obtain an uncertainty relation on the system AA; (see Figure2).

Ay

B 1 A

0 Uk(: ) ) 2
1 By = AyB, U,g )

2 B,

Figure 2: Composition of the construction of Theorem In order to reduce the dimension of the B system, we
can re-apply the uncertainty relation to the B system.

More precisely, we start by demonstrating a simple property about the composition of metric uncertainty
relations. Note that this composition is different from the one described in (7), but the proof is quite similar.

(1), e Ut(llil} of unitaries on A;B; satisfies a (1, €1)-metric uncertainty relation on

Claim. Suppose the set {
system A; and the {UO ey Ut(f)_l} of unitaries on By = Ay B, satisfies a (t2, €2)-metric uncertainty relation on
As. Then the set of unitaries {(]lA1 ® Uéz)) : U,gi)

on Aj Ag: for all [¢) € A1 Ay Bs,

} satisfies a (t1t2, €1 + €2)-metric uncertainty relation
k1 ,kze[tl] X [tz]

1

1o Z A (pU,iz)U]i?w>7unif([dA1dA2])> <€ + €.

fit2 k1,k2€[t1] ¥ [tz]

For a fixed value of k1 € [t1] and a1 € [da,], we can apply the second uncertainty relation to the state

sl = b5, (01U, [9)) 1) € By = A>Bs. As {[b) }o, = {[02)[b2) }ay.p,, we have
\/Pukl|w>(a1
1
A1 Ag Bz Al
ZZ - Z| ar| 1 (az] 2 (b| 72 (1 @ Uy, ) U, [9) > — ——| < ea.
ky a2 pU: |¢>(a1 ba Gz
We can then calculate, in the same vein as
A (4] 42 (b P> (1™ @ Uy, U
T 2 Y [ e e (1 @ U U )~
k1,k2 a1,a2 | bs
5 0[5 ot 1 @i i - O L s [P
- tth P b ! 2 2 2 ! Ag tl & dAz dAldAz
1,k2 A1 2 1 ai,a2
1
< fzngk |¢)(a1)€2 + €1
1 k1 a1
<e+e€

This completes the proof of the claim.
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To obtain the claimed dimensions, we compose the construction of Theorem h times with an error
parameter ¢ = e¢/h and 6 = 1/8. Starting with a space of n qubits, the dimension of the B system (after one
step) can be bounded by

Tn— 00g(1/¢) < logdp < In

So after h steps, we have

(7/8)" n— O(log(1/€)) - 8(1 — (7/8)") < logdp, < (7/8)"n
Thus,
(7/8)" n — O(log(1/€)) < logdp, < (7/8)"n

Note that 4 cannot be arbitrarily large: in order to apply the construction of Theorem on a system of m qubits
with error ¢, we should have ¢ > 2=¢™_ In other words, if

1
log ch > g log(h/€)7 (19)

then we can apply the construction h times. Let ¢’ be a constant to be chosen later and h =
{m (logn — log(cloglogn + clog(l/e)))J . This choice of h satisfies (19). In fact,

logdp, > cloglogn + clog(1/e) — O(log(h/e))
1
> L log(h/e)

if ¢ is chosen large enough. Moreover, we get
IOg ch — 2—logn . 2logO(loglogn+log(1/e)) on = O(loglogn + 10g(1/6))

as stated in the theorem.
Each unitary of the obtained uncertainty relation is a product of h unitaries. The overall number of unitaries is
. . 21
product of the number of unitaries for each of the h steps. As a result, we have ¢ < (%)( 8" for some constant c. t
can be taken to be a power of two as the number of unitaries at each step can be taken to be power of two.

As for the running time, each unitary of the uncertainty relation is a product of O(log n) unitaries from Theorem
Hence, each unitary can be computed by a quantum circuit of size O(n polylogn). O

Itis of course possible to obtain a trade-off between the key size and the dimension of the B system by choosing
the number of times the construction of Theorem is applied. In the next corollary, we show how to obtain an
explicit entropic uncertainty relation whose average entropy is (1 — €)n.

Corollary 2.18 (Explicit entropic uncertainty relations). Let n > 100 be an integer, and ¢ € (10n~1/2,1/(2¢)). Then,
there exists t < (%)Clog(l/e) (for some constant c independent of n and €) unitary transformations Uy, . .., Uy acting onn
qubits that are all computable by quantum circuits of size O(n polylog n) verifying an entropic uncertainty relation: for all
pure states 1)) € ((CQ)@L,

t—1
: > H(pu, ) > (1—3e)n —n(e) (20)
k=0

~+

where 1(e) = —2¢1n(2¢). Moreover, the mapping that takes the index k € [t| and a state 1)) as inputs and outputs the state
Uy |¢) can be performed by a classical randomized precomputation with expected runtime O(n? polylogn) and a quantum
circuit of size O(n polylogn). The number of unitaries t can be taken to be a power of two.

Proof The proof is basically the same as the proof of Theorem except that we repeat the construction
h = [log(1/€)/1log(8/7)] times. We thus have

logdp, < (7/8)" n < en.
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We obtain a set of ¢ < (2)° tog(1/¢) unitary transformations. Applying Proposition 2.2} we get

€

1t
t

|
—

H(pu,jy)) = (1 = 2€)(1 = €)n —1(e)

(2

Il
=

> (1 —3e)n —n(e).

3 Locking classical information in quantum states

Outline of the section We apply the results on metric uncertainty relations of the previous section to obtain
locking schemes. After an introductory section on locking classical correlations (Section [.1), we show how to
obtain a locking scheme using a metric uncertainty relation in Section Using the constructions of the previous
section, this leads to locking schemes presented in Corollaries[3.4/and In Section[3.3} we show how to construct
quantum hiding fingerprints by locking a classical fingerprint. In Section we observe that these locking
schemes can be used to construct efficient string commitment protocols. Section [3.5|discusses the link to locking
entanglement of formation.

3.1 Background

Locking of classical correlations was first described in [DHL™04] as a violation of the incremental proportionality
of the maximal classical mutual information that can be obtained by local measurement on a bipartite state. More
precisely, for a bipartite state w?, the maximum classical mutual information I. is defined by

IC A;Bw: I(1 ;I ’
B = B8y T4 1)

where {M7} and {MP} are measurements on A and B, and I4,Ip are the (random) outcomes of these
measurements on the state w?. Incremental proportionality is the intuitive property that £ bits of communication
between two parties can increase their mutual information by at most ¢ bits. The authors of [DHL™04] considered

the states
1 d—1

1
W = 9 2 2 Il @ ™ @ (Ul @y

for k € {0,1} where Uy = 1 and U; is the Hadamard transform. It was shown in [DHLT04] that the classical
mutual information I. (X K; C),, = % log d. However, if the holder of the C system also knows the value of k, then
we can represent the global state by the following density operator

1 d-1

JXKCK' _ 2% SO laNal X @ [k)EIS @ (Usl)a|U)E @ (k)
k=0x=0

It is easy to see that I.(X K; CK'),, = 1 + log d. This means that with only one bit of communication (represented
by the register K’), the classical mutual information between systems X K and C' jumped from % logdto 1+ logd.
In other words, it is possible to unlock % log d bits of information (about X) from the quantum system C using a
single bit.

The authors of [HHLSWO04] proved an even stronger locking result. They generalize the state in equation to

] d=1il
WX K = d SO la)a* @ k) ® (Ukla)Xz|U)E @ [k)Xk* (22)

=0 k=0

where Uy, are chosen independently at random according to the Haar measure. They show that for any € > 0, by
taking ¢t = (log d)? and if d is large enough,

I.(X;C), <eclogd and I.(XK;CK'), =logd + logt
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with high probability. Note that the size of the key measured in bits is only logt = O(loglogd) and it should
be compared to the (1 — €) log d bits of unlocked (classical) information. It should be noted that their argument
is probabilistic, and it does not say how to construct the unitary transformations Uj. It is worth stressing that
standard derandomization techniques are not known to work in this setting. For example, unitary ¢-designs use
far too many bits of randomness [DCEL09]. Moreover, using a d-biased subset of the set of Pauli matrices fails to
produce a locking scheme unless the subset has a size of the order of the dimension d [AS04, DD10] (see Appendix
D).

Here, we view locking as a cryptographic task in which a message is encoded into a quantum state using
a key whose size is much smaller than the message. Having access to the key, one can decode the message.
However, an eavesdropper who does not have access to the key and has complete uncertainty about the message
can extract almost no classical information about the message. We should stress here that this is not a composable
cryptographic task, namely because an eavesdropper could choose to store quantum information about the
message instead of measuring. In fact, as shown in [KRBMO07], using the communicated message X as a key for
a one-time pad encryption might not be secure; see also [DFHL10]. It is however strictly stronger that the notion
of entropic security [RW02, [DS05, DD10] (see Appendix [D| for an example of an entropically secure encryption
scheme that is not e-locking).

Definition 3.1 (e-locking scheme). Let n be a positive integer, £ € [0,n] and e € [0,1]. An encoding € : [2"] x [t] — S(C)
is said to be (¢, €)-locking for the quantum system C'if:

o Forallxz # 2’ € 2" andall k € [t], A(E(x, k), E(2, k) = 1.

o Let X (the message) be a random variable on [2"] with min-entropy H,in (X)) > ¢, and K (the key) be an independent
uniform random variable on [t]. For any measurement {M;} on C and any outcome 1,

A(PX\[I:i]vpx) <e (23)
where I is the outcome of measurement {M;} on the (random) quantum state £(X, K).

When the min-entropy bound ( is not specified, it should be understood that { = n meaning that X is uniformly
distributed on [2™]. The state E(z, k) for x € [2"] and k € [t] is referred to as the ciphertext.

Remark. The relevant parameters of a locking scheme are: the number of bits n of the (classical) message, the
dimension d of the (quantum) ciphertext, the number ¢ of possible values of the key and the error e. Strictly
speaking, a classical one-time pad encryption, for which ¢ = 27, is (0, 0)-locking according to this definition.
However, here we seek locking schemes for which ¢ is much smaller than 2", say ¢ polynomial in n. This cannot
be achieved using a classical encryption scheme.

Observe that one can simply guess the key and apply the corresponding decoding. This observation shows

that the error of an e-locking scheme satisfies € > + — 5~ [DHL'04]. 0

Note that we used the statistical distance between px|;—; and px instead of the mutual information between
X and I to measure the information gained about X from a measurement. Using the trace distance is a stronger
requirement as demonstrated by the following proposition.

Proposition 3.2. Let € € [0, 5] and € : [2"] x [t] — S(C) be an e-locking scheme. Define the state

, 1 t—12"—1 ’
WXKCK' _ - Z Z leXz| X @ [EXE|E @ E(x, k) @ [kXk|IK .
k=0 =0

Then,
I.(X;C)y < 2en + n(e) and I.(XK;CK"), =n+logt

where n(e) = —2eIn(2¢) with n(0) = 0.
Proof First, we can suppose that the measurement performed on the system X is in the basis (|2)*), . In fact,

the outcome distribution of any measurement on the X system can be simulated classically using the values of the
random variables X.

Now let I be the outcome of a measurement performed on the C' system. Using Fannes’ inequality, we have
for any i

H(X) - H(X|I =) < 2A (px,px|=q) — 1 (A(px,px|ir=1))
< 2en + n(e)
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using the face that £ defines an e-locking scheme. Thus,
I(X;1) =H(X)- > P{I=i}H(X|I =)

< 2en + n(e).
As this holds for any measurement, we get I.(X; C),, < 2en + n(e). O

The trace distance was also used in [Dup10| [DFHLI0] to define a locking scheme. To measure the leakage of
information about X caused by a measurement, they used the probably more natural trace distance between the
joint distribution of p(x ) and the product distribution px x p;. Note that our definition is stronger, in that for all
outcomes of the measurement i, A (p X|[I=i]» P X) < e whereas the definition of [DFHL10] says that this only holds
on average over i. To the best of our knowledge, even the existence of such a strong locking scheme with small
key was unknown.

For a survey on locking classical correlations, see [Leu(9].

3.2 Locking using a metric uncertainty relation

The following theorem shows that a locking scheme can easily be constructed using a metric uncertainty relation.

Theorem 3.3. Let € € (0,1) and {Uy,...,U;_1} be a set of unitary transformations of A @ B that satisfies an e-metric
uncertainty relation on A, i.e., for all states 1)) € AB,

-
|

1

1
. OA(p§k|¢>,uniJf<[dA}>) <e

b
Il

Assume da = 2". Then, the mapping € : [2"] x [t] — S(AB) defined by

dp—1

£z, k) = é 3" U] (el © [6K0IP) Uk,
b=0

is e-locking. Moreover, for all £ € [0,n] such that 2°=™ > ¢, it is (¢, 52— )-locking.

Remark. The state that the encoder inputs in the B system is simply private randomness. The encoder chooses a
uniformly random b € [dp] and sends the quantum state U, ,I |z)4|b)B. Note that b does not need to be part of the
key (i.e., shared with the receiver). This makes the dimension d = dsdp of the ciphertext larger than the number
of possible messages 2". If one insists on having a ciphertext of the same size as the message, it suffices to consider
b as part of the message and apply a one-time pad encryption to b. The number of possible values taken by the key
increases tot - dp. O

Proof First, it is clear that different messages are distinguishable. In fact, for z # 2’ and any &,

]lB B

A(E(z, k), E(x' k) = %tr \/|x>(xA ® —— — |22/ |A ® B

=1.
dim B

We now prove the locking property. Let X be the random variable representing the message. Assume that X is
uniformly distributed over some set S C [da] of size |S| > 2¢. Let K be a uniformly random key in [t] that is
independent of X. Consider a POVM {M,} on the system AB. Without loss of generality, we can suppose that
the POVM elements M; have rank 1. Otherwise, by writing M; in its eigenbasis, we could decompose outcome i
into more outcomes that can only reveal more information. So we can write the elements as weighted rank one
projectors: M; = &;le;)Xe;| where & > 0. Our objective is to show that the outcome I of this measurement on
the state £(X, K) is almost independent of X. More precisely, for a fixed measurement outcome I = i, we want
to compare the conditional distribution px;—; with px. The trace distance between these distributions can be

written as
da—1

S P(X=all=i) ~P{X=1}| (24)
=0
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Towards this objective, we start by computing the distribution of the measurement outcome /, given the value
of the message X = z (note that the receiver does not know the key):

t—1dp—1

P{I=ilX =a} = tdBZ Z tr [Uklei)ei| U - Ja)]* @ [b)b] 7]
k=0 b=
t—1dp—

= S A Ul U
B 120 b=0
t—1dp—1

tdB Z Z ‘ (z]4( b|BUk|el)‘

k=0 b=0
t—1
& 1 A
=2 ;Zl’vkwm( )
k=0

Since X is uniformly distributed over S, we have that forall z € S

P{X =2)P{I=iX =z
Yowes PAX =2/} P{I =i|X =2}

) S @
(/D) Yres S bl oy @)

Observe that in the case where X is uniformly distributed over [2"] (S = [2"]), it is simple to obtain directly that

1
ZpUkle

using the fact that {Uy} satisfies a metric uncertainty relation on A. Now let S be any set of size at least 2¢, let
a=1% s> pﬁk‘ei>(x’). We then bound

P{X=q|ll=i}=

(25)

dAl

A(px|pr=i» Px) Z

=0

dAl

1 (1/t) 2Pl 1ep @) 1
,Z|P{X—x\1—z} P{X—x}]:§Z - kle:) 8
zeS
1= a
— A
- a'z gszk\eﬁ(x)im
z€eS k=0
1 1 «
<— - — ———1].
~2a t (Z;q Pijyjen (@) = o | T |2n ISI>

We now use the fact that {U, } satisfies a metric uncertainty relation on A: we get

1
72 ZpUkle T on —tz Z pUkle 27—6
k mGS k z€[da])
and
S S 1
: Z'a‘ sy S ot 26)
zESk: 0

As a result, we have
2¢
A(pX\[I:i]me) < o
Using (26), we have a > [S]27" — e > 27" — €. If € < 27", we get

2e
Alpxr=i»px) < g

— €
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In the general case when X has min-entropy /, the distribution of X can be seen as a mixture of uniform
distributions over sets of size at least 2. So there exist independent random variables J € N and {X;} uniformly
distributed on sets of size at least 2¢ such that X = X ;. One can then write

5 P X =all =i}~ P{X =}l = 3 3P (T =} (P X, = all = . =}~ PLX; =l = )
2
— 920—n _ ¢’

O

Using Theorem [3.3] together with the existence of metric uncertainty relations (Theorem [2.5), we show the
existence of e-locking schemes whose key size depends only on € and not on the size of the encoded message. This
result was not previously known.

Corollary 3.4 (Existence of locking schemes). Let ¢ = 972, n > 8 + logcand € € (0,1). Then there exists an e-locking
scheme encoding an n-bit message using a key of at most 2log(1/€) + O(loglog(1/e)) bits into at most n + 2log(18/e)
qubits.

Remark. Observe that in terms of number of bits, the size of the key is only a factor of two larger (up to smaller
order terms) than the lower bound of log(1/(e + 27™)) bits that can be obtained by guessing the key. In fact,
consider the strategy of performing the decoding operation corresponding to the key value 0. In this case, we have
P{X =il =i} > P{K =0} = 1/t. Thus, A(px|7=i,px) > 1/t =27

Recall that we can increase the size of the message to be equal to the number of qubits of the ciphertext. The

key size becomes at most 41og(1/¢) + O(log(log(1/¢€)). O
Proof Use the construction of Theoremwith ds = 2" and dp = 29 such that 2971 < 9/¢%> < 29and d = dadp.
Take t = 27 to be the power of two with or—1 < %f(g/e) < 2P, 0O

The following corollary gives explicit locking schemes. We mention the constructions based on Theorems
and Of course, one could obtain a tradeoff between the key size and the dimension of the quantum system.

Corollary 3.5 (Explicit locking schemes). Let § > 0 be a constant, n be a positive integer, ¢ € (27", 1) (¢ is a constant
independent of n).

o Then, there exists an efficient e-locking scheme encoding an n-bit message in a quantum state of n’ < (4 + d)n +
O(log(1/€)) qubits using a key of size O(log(n/e€)) bits. In fact, both the encoding and decoding operations are
computable using a classical computation with polynomial running time and a quantum circuit with only Hadamard
gates and preparations and measurements in the computational basis.

o There also exists an efficient e-locking scheme &' encoding an n-bit message in a quantum state of n qubits using a key
of size O(log(n/e) - logn) bits. £ is computable by a classical algorithm with expected runtime O(n? polylog n) and
a quantum circuit of size O(n polylog(n/e)).

Proof For the first result, we observe that the construction of Theorem encodes the message in the
computational basis. Recall that the untaries Uj of Theorem are of the form U, = P.V, where Py
is a permutation of the computational basis. Hence, it is possible to classically compute the element of the
computational basis P,I |z)|b). One can then prepare the state P,I |z)|b) and apply the unitary V,CT to obtain the
ciphertext. The decoding is performed in a similar way. One first applies the unitary Vj, measures in the
computational basis and then applies the permutation P, to the n-bit string corresponding to the outcome.

For the second construction, we apply Theorem with ' = n + ¢ [loglogn + log(1/¢)] for some large
enough constant ¢’. We can then use a one-time pad encryption on the input to the B system. This increases the
size of the key by only ¢’ [loglog n + log(1/¢)] bits. O

As mentioned earlier (see equation (2I)), explicit states that exhibit locking behaviour have been presented in
[DHL™04]. However, this is the first explicit construction of states w that achieves the following strong locking
behaviour: for any § > 0, for n large enough, the state wX“¥ verifies I.(X; C),, < § and I.(X;CK), = n + logdx
where K is a classical O(log(n/4))-bit system. This is a direct consequence of Corollary B.5|taking ¢ = 6/(20n), and
Proposition 3.2l We should also mention that the authors of [RRBM07] explicitly construct a state exhibiting some
weak locking behaviour.
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3.3 Quantum hiding fingerprints

In this section, we show that the locking scheme of Corollary [3.4/can be used to build mixed state quantum hiding
fingerprints as defined by Gavinsky and Ito [GI10]. A quantum fingerprint [BCWdWO1] encodes an n-bit string
into a quantum state p, of n’ < n qubits such that given y € {0, 1}" and the fingerprint p,, it is possible to decide
with small error probability whether x = y. The additional hiding property ensures that measuring p, leaks very
little information about z. Gavinsky and Ito [GI10] used the accessible informatiorﬂ as a measure of the hiding
property. Here, we strengthen this definition by imposing a bound on the total variation distance instead (see

Proposition [2.2).

Definition 3.6 (Quantum hiding fingerprint). Let n be a positive integer, §,e € (0,1) and C be a Hilbert space. An
encoding f : {0,1}" — S(C) together with a set with a set of measurements {MY,1 — MY} for each y € {0,1}" is a
(6, €)-hiding fingerprint if

1. (Fingerprint property) For all x € {0,1}", tr [M* f(z)] = 1 and for y # z, tr [MY f(x)] < 0.

2. (Hiding property) Let X be uniformly distributed. Then, for any POVM {N,} on the system C whose outcome on
f(X) is denoted I, we have for all possible outcomes i,

A(px|ir=ip: px) < €.

We usually want the Hilbert space C' to be composed of O(logn) qubits. Gavinsky and Ito [GI10] proved that
for any constant ¢, there exists efficient quantum hiding fingerprinting schemes for which the dimension of the
quantum system C'is O(logn) and both the error probability ¢ and the accessible information are bounded by
1/n¢. Here, we prove that the same result can be obtained by locking a classical fingerprint. The general structure
of our quantum hiding fingerprint for parameters n,J and ¢ is as follows:

1. Choose a random prime p € P, s uniformly from the set P,, . 5.

2. Sett = [clog(1/e)e 2], da = p and dg = [¢//e?] and generate ¢ random unitaries U, ...,U!_; acting on
A®B.

3. The fingerprint consists of the random prime p and the state (U})'|z mod p)*|b)® where k € [t] and

b € [dg] are chosen uniformly and independently. The density operator representing this state is denoted

def
F(@) = 505 324, (UD) & mod p)a mod p|*|b)b|PUY.

Observe that even though this protocol is randomized because the unitaries are chosen at random, it is possible to
implement it with polynomial resources in n as the size of the message to be locked is O(log n) bits. In fact, one can
approximately sample a random unitary in dimension 2°(°¢") using a polynomial number of public random bits.
The mixed state protocol of [[GI10] achieves roughly the same parameters. Their construction is also randomized
but it uses random codes instead of random unitaries. For this reason, the protocol of [GI10] would probably be
more efficient in practice.

Theorem 3.7. There exists constants c, ¢’ and ¢, such that for all positive integer n, §, ¢ € (0,1/4) if we define P,, 5, to be
the set of primes in the interval [I, u] where

1/0.9

7 2
l:<66,10g(81/6)> +10n and w=1+ (2n/5)*
€

and provided u < 2"~2, the scheme described above is a (0, €)-hiding fingerprint with probability 1 — 2~ over the choice
of random unitaries.

The proof of this result involves two parts. First, we need to show that the fingerprint of a uniformly distributed
X € {0,1}" does not give away much information about X. This follows easily from Theorem 2.5|and Theorem
We also need to show that for every y € {0,1}", there is a measurement that Bob can apply to the fingerprint
to determine with high confidence whether it corresponds to a fingerprint of y or not. In order to prove this, we
use the following proposition on the Gram-Schmidt orthonormalisation of a set of almost orthogonal vectors.

2The accessible information about X in a quantum system C refers to the maximum over all measurements of the system C of 1(X;I)
where [ is the outcome of that measurement.
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Proposition 3.8. Let v}, ..., v} be a sequence of unit length vectors in a Hilbert space. Let 0 < § < 1. For any i # j,

suppose [(v|v;)| < &. Let vi,...,v, be the corresponding sequence of vectors got by Gram-Schmidt orthonormalising
vy, ..., v.. Then for any i, ||v; — vi||a < 04/32(i — 1).
Proof Since |(v;|v})| < § < 1/r for any i # j, the vectors vj, ..., v, are linearly independent. Define Il to be the

zero linear operator. For ¢ > 1, define II; to be the orthogonal projection onto the subspace spanned by the vectors

’ !
/ / <) / . . _ ”i+1—Hi(”i+1)
vi,...,v;. Observe that for any 7, v{,...,v; and v1,...,v; span the same space, and v;;1 = Tl L, T We

shall prove by induction on i that ||II;(v},)||2 < 46+/i for all i and all k£ > i. This will prove the desired statement
since
2
lvi =vill3 = I ()13 + (1 = [Jvf = T (v)]]2)
2
= M@+ (1= 1= DB

2 —2,/1— | IL_1(W))|2 < 2—2/1—166%(i — 1)

< 320%(i —1).

The base case of ¢ = 1 is trivial. Assume that the induction hypothesis holds for a particular . Let 1 < j <i+1

and k > i + 1. Observe that v}, = IT;_ (v}) 4 /1 — [T;-1(v}) |3 v;. We have

[l = (kI ) 4+ /1= T2 (05) 3 (ko)
= [ @I a (@) + /1= 12 ()13 (0h o)

1= [T -1 (W13 [(vklv)] = ITLi—1 (vp) |2 [TLi—1 (v]) |2,

\%

which implies that

[kl |+ 1T (o) 2 [T ()
1= [T (v5)113

04160 —1) _ 0+9

<
- /1-1602(j—1) ~ V1-0
46.

<

[ (g Jv;)]

Thus, |41 (v,)]13 = Z;J:l |(v},|v;)|? < 1662 (i+ 1), which gives ||[T1;11(v},)|]2 < 46V + 1 completing the induction.
O

Using this result we can prove the following lemma.

Lemma 3.9. Let {Uy,...,U;_1} be a set of unitary transformations on AB that define v-MUBs and d=7/? < 1/(16tdp)

where d ¥ ddp. Define for y € [d ] the subspace F,, = span{U,I|y>|b>, k € [t],b € [dg]}. Then for any x € [da), y # =,
ko € [t} and by € [dB],

tr [pr U,Io\x>|b0>] < 2v/32(tdp)2d .
where Il is the projector on the subspace F.
Proof Consider the set of vector {U,l|y>|b>}ke[t]7be[d3]. We have for all (k,b) # (K', 1),
|yl |[Up Uflg) 0] < d™7/2.

Picking any fixed ordering on [t] x [dp], define {|ey s(y))}rs to be the set of vectors obtained by Gram-Schmidt
orthonormalising {U,I|y>|b>}ke[t])be[d31. Using Proposition we have |||exs(y)) — U,I\y>|b>||2 < d/2/32tdg.
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Thus,

tr [T, U, 1) bo)] = 2 eIV I} ol

)

2
<3 Kol @10 U, ) o) | + Hews () = UFm) )1
kb

2
<tdg-d7 (\/32td3 n 1)
< 2V/32(tdp)*d 7.
O

Proof of Theorem We start by proving the hiding property. For any fixed p, the random variable Z &' X mod P

is almost uniformly distributed on [p]. In fact, we have for any z € [p], P{Z =z} < Tbéipﬂ In other words,
H,.in(Z) > logp — log(1 4+ p2~"). Thus, using Theorem 2.5|and Theorem 3.3} we have that except with probability
exponentially small in n (on the choice of the random unitary), the fingerprinting scheme satisfies for any

measurement outcome ¢ 9
€
A(pzii=ij,pz) < —5—— < 4e

14+p2—7m —¢€

where I denotes the outcome of a measurement on the state f(X). Recall that we are interested in the information
leakage about X not Z. For this, we note that the random variables X, Z, I form a Markov chain. Thus,

Alpxju=igopx) = >, |D. P{Z=2I=0}P{X=u|l=i,Z=2}-P{Z=2}P{X =2|Z =2}
z€{0,1}" |z€[p]

= > D P{Z=z2I=iP{X=2[Z=2} -P{Z=2}P{X =2|Z =2}
z€{0,1}™ |z€[p]

<Y P{Z=z:I=i}-P{Z=2} > P{X=2(Z=2z}
z€[p] ze{0,1}"

= A(pz|=i»pz) < 4e.

This proves the hiding property.

We then analyse the fingerprint property. Let z,y € [2"] and p be the random prime of the fingerprint.
We define the measurements by MY = IIy, for all y € {0,1}" where IIf, is the projector onto the subspace
F, = span{U,f”y mod p)|b), k € [t],b € [dB]}. If z =y, then f(z) is a mixture of states in span{UlfT\y mod p)|b), k €
[t],b € [dp]}. Thus tr[MY f(z)] = 1.

We now suppose that z # y. First, we have P {x mod p =y mod p} = P{z —ymod p =0} < §/2 as the
number of distinct prime divisors of « — y is at most n and the number of primes in [/, u] is at least 2n/J for n large
enough. Then, whenever z mod p # y mod p, Lemma 3.9 gives

tr [Ip, f(z)] < 2V32(tdp)*(dadp) "?

2 8
S 2\/372 . 4020/2 log (1/6) . 52
8 " log=(1/e)

<6/2
for ¢ large enough with probability 1 — 2-(d4ds) = 1 — 2=%") gver the choice of the random unitaries (using
Theorem 2.5). Finally, we get tr [, f(z)] < § with probability 1 — 27, O

3.4 String commitment

In this section, we show how to use a locking scheme to obtain a weak form of bit commitment [BCH"06].
Bit commitment is an important two-party cryptographic primitive defined as follows. Consider two mutually
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distrustful parties Alice and Bob who are only allowed to communicate over some channel. The objective is to be
able to achieve the following: Alice secretly chooses a bit z and communicates with Bob to convince him that she
fixed her choice, without revealing the actual bit «. This is the commit stage. At the reveal stage, Alice reveals the
secret « and enables Bob to open the commitment. Bob can then check whether Alice was honest.

Using classical or quantum communication, unconditionally secure bit commitment is known to be impossible
[May97, [LC97]. However, commitment protocols with weaker security guarantees do exist [SR01, IDFSS05,
BCH™ 06, BCH"08]. Here, we consider the string commitment scenario studied in [BCH"08, Section III]. In a
string commitment protocol, Alice commits to an n-bit string. Alice’s ability to cheat is quantified by the number
of strings she can reveal successfully. The ability of Bob to cheat is quantified by the information he can obtain
about the string to be committed. One can formalize these notions in many ways. We use a security criterion
that is similar to the one of [BCH™08] except that we use the statistical distance between the outcome distribution
and the uniform distribution, instead of the accessible information. Our definition is slightly stronger by virtue of
Proposition[3.2] For a detailed study of string commitment in a more general setting, see [BCH*08].

Definition 3.10. An (n, o, 8)-quantum bit string commitment is a quantum communication protocol between Alice (the
committer) and Bob (the receiver) which has two phases. When both players are honest the protocol takes the following form.

o (Commit phase) Alice chooses a string X € {0,1}" uniformly. Alice and Bob communicate, after which Bob holds a
state px.

o (Reveal phase) Alice and Bob communicate and Bob learns X.
The parameters o and [3 are security parameters.

o If Alice is honest, then for any measurement performed by Bob on her state px, we have A (px,px|1=i)) < % where 1
is the outcome of the measurement.

e If Bob is honest, then for all commitments of Alice: 3y, o 1ynPe < 2%, where py is the probability that Alice
successfully reveals x.

Following the strategy of [BCH™08], the following protocol for string commitment can be defined using a
locking scheme £.

e Commit phase: Alice has the string X € {0,1}" and chooses a key K € [t] uniformly at random. She sends
the state £(X, K) to Bob.

e Reveal phase: Alice announces both the string X and the key K. Using the key, Bob decodes some value X".
He accepts if X = X".

A protocol is said to be efficient if both the communication (in terms of the number of qubits exchanged) is
polynomial in n and the computations performed by Alice and Bob can be done in polynomial time on a quantum
computer. The protocol presented in [BCH™08] is not efficient in terms of computation and is efficient in terms of
communication only if the cost of communicating a (random) unitary in dimension 2" is disregarded. Using the
efficient locking scheme of Corollary [3.5] we get

Corollary 3.11. Let n be a positive integer and € (n27°",n) (c is a constant independent of n). There exists an efficient
(n, clog(n?/B), B)-quantum bit string commitment protocol for some constant c independent of n and f.

Proof We use the first construction of Corollary B.5|with € = 8/n. If Bob is honest, the security analysis is exactly
the same as [BCH™08]. If Alice is honest, the security follows directly from the definition of the locking scheme.
O

3.5 Locking entanglement of formation
The entanglement of formation is a measure of the entanglement in a bipartite quantum state that attempts to

quantify the number of singlets required to produce the state in question using only local operations and classical
communication [BDSWO96]. For a bipartite state pX¥, the entanglement of formation is defined as

E/(X;Y), = {p%%} > piS(X)y,- (27)
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where the minimization is taken over all possible ways to write p*Y = 3" p;[);)}(1;| with >, p; = 1. Entanglement
of formation is related to the following quantity:
I“(X;Y), = I(X;I
(X5¥7)p = max [(X; 1)
where the maximization is taken over all measurements {}/;} performed on the system Y’ and I is the outcome
of this measurement. Koashi and Winter [KW04] showed that for a pure state | o)XY, a simple identity holds:

Ef(X;Y), +I7(X;Y’), = S(X),. (28)

Let {Uy,...,U;—1} be a set of unitary transformations of A ® B ~ C and define

7 1 C ’
PABCNE ——— S AP (Ul o [8) ) k)
dadp
ket],a€lda],bEdEB]
If {Uo,...,U,_1} satisfies an e-metric uncertainty relation, then we get a locking effect using Theorem and
Proposition[3.2] In fact, we have I~ (4; (), < 2elogda + n(e) and I (A; CK) = log d 4. Thus, using (28), we get

Ef(A; A'BK), =S(A), —I7(4;C), > (1 —2¢)logda — n(e)
and discarding the system K of dimension ¢ we obtain a separable state
Ef(A; A/B)p = 0.

Explicit states exhibiting weak locking behaviour of the entanglement of formation have been presented in
[HHHOO03]. Strong but non-explicit instances of locking the entanglement of formation were derived in [HLWO06].
Here, using Theorem we obtain explicit examples of strong locking behaviour.

4 Quantum identification codes

Consider the following quantum analogue of the equality testing communication problem. Alice is given an n-
qubit state 1)) € C' and Bob is given |p) € C. Namely, Bob wants to output 1 with probability in the interval
[[(W]e) |2 — ¢, [(1]p)]? + €] and 0 with probability in the interval [1 —[(¢|¢)|* —€, 1 — |[(1)]p)|? + €]. This task is referred
to as quantum identification [Win04]. Note that communication only goes from Alice to Bob. There are many
possible variations to this problem. One of the interesting models is when Alice receives the quantum state |))
and Bob gets a classical description of |¢). An e-quantum-ID code is defined by an encoder, which is a quantum
operation that maps Alice’s quantum state i) to another quantum state which is transmitted to Bob, and a family
of decoding POVMs {D,,, 1 — D, } for all |) that Bob performs on the state he receives from Alice.

Definition 4.1 (Quantum identification [WinO4l|). Let H1,H2, C' be Hilbert spaces and € € (0,1). An e-quantum-ID
code for the space C using the channel N : S(H1) — S(Hz) consists of an encoding map € : S(C') — S(H1) and a set of
POVMs {D,,1 — D} acting on S(H3), one for each pure state |¢) such that

VIY), lv) € C, tr [DeN(E@W))] = [{pl)?| < e.

Here we consider channels N transmitting noiseless qubits and noiseless classical bits. We also say that e-
quantum identification of n-qubit states can be performed using ¢ bits and m qubits when there exists an -

quantum-ID code for the space C = (C?)®" using the channel N/ = H?‘g ®1d5™, where id, and id, are the noiseless
bit and qubit channels. Hayden and Winter [HW10] showed that classical communication alone cannot be used
for quantum identification. However, a small amount of quantum communication makes classical communication
useful. Using our metric uncertainty relations, we prove better bounds on the number of qubits of communication
and give an efficient encoder for this problem.

Our protocol is based on a duality between quantum identification and geometry preservation demonstrated
in [HW10, Theorem 7]. In our particular setting, the direction we use of this duality states thatif V : C - A® B
defines a low-distortion embedding of (C, ¢2) into (AB, ¢{1(¢¥)), then the maps T, : C — B for a € [d4] defined
by [¢) = > pcq, ((al(b]V]4))|b) approximately preserve inner products on average. The following lemma gives a
precise statement. We give an elementary proof for completeness.
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Lemma 4.2. Let V : C — A ® B be an isometry, i.e., for all |yp) € C, ||V|Y)||2 = |||¢)||2. For any vector |¢) € C, we

define the vectors [q) € B by V1) = 3 c(a,) |a)[¥a). Assume that V satisfies the following property:

|||t/1>||

Vo) € C \Wm2 < el[¥) 2

a€lda]

Then we have for all unit vectors |1), |¢) € Cwith V) = 3_ ¢ 14,1 la)[¥a) and Vi) =3 cia. @) |ea)

( a|90a>|2

_WYalra/l < 12¢ +4v/e.
e 2Tea)Tz

= [(¥lo)f?

Proof Let|¢) and |¢) be unit vectors in C. We use the triangle inequality to get

a|—%>|2_ ,
e lelleals ~ |19

‘lew

aed]

|<wa|@a>|2 .
 dalllea)2]llea)ll2

— [{¥alpa) |2

’I (Yala)l®

a€lda] a€lda]

We start by dealing with the first term in (3T). Observe that

(¥} (Re(y]0))?
dA dA

Re(y[p)
da

s@me—

Itwalen)t - +[(tmvalea)? -

da
I
gﬂmmmw +$mwm—mgﬂ.

(Im ()[p))?

(29)

(30)

(1)

(32)

In the last inequality, we used the fact that (z — y)? < 2|z — y| whenever |z + y| < 2. To bound these terms, we

apply the assumption about V' (equation (29)) to the vector |1) — |¢):

%) — )13
%) = la)ll5 — *———2
aez[:cm i da

< elllv) — |93 < 4e.

By expanding |||¢a) — |a) |3 and [||¢0) — |¢)||3, we obtain using the triangle inequality
2Re<1/)|¢>‘ |||w [

_ )13
Z ‘2Re ¢a|90a> d,

a€lda]

<4+2Mmu

a€ldal

Mam

< Ge.

In the last inequality, we used equation for |¢) and |¢). The same argument can be applied to ¢|1)) and |¢) to

get
I
2zlmwm—mwﬂ<&
da
a€lda]
Thus, substituting in equation (32) we obtain
2
ltwatoat? - LOAE | < 15
A
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We now consider the second term in (31I). We have using the Cauchy-Schwarz inequality

Yalpa)|?
Z ‘| T/Ja|80a d ||:’fb >:| ||T >|| |||wa || H|SO(1>||2
a€lda] A a/l121[1#a/l2 aed]
lealls 1
< S Il |leallls - ﬁ‘ ] _ L
a€lda) a€ldal da
1 2 2
< [ 1waiz ]m% lo— -] + \Hwa o - ——
a€lda) a€lda) da a€lda) da
< \m% 12— \ 2 3 \wa - \
aE[dA aE dA
< 44/e.

For the third inequality, we used once again the Cauchy-Schwarz inequality and for the fourth inequality, we used
the fact that ) 1¥a)lI3 = |V |4)]|3 = 1. Plugging this bound in equation (31)), we obtain the desired result.
O

a€lda]

K
%&:V‘J) T
A /7<
k,a
)y — Uk
B D(]z,a — Outcome

I
Classical description of |¢)

Figure 3: The system K is prepared in a uniform superposition state % > i |k). Then, controlled by system K, the

unitary Uy is applied to C' = A ® B. The K A system is then measured in its computational basis. The outcome
k,a of this measurement is sent through the classical channel. The system B is sent using the noiseless quantum
channel. The receiver constructs a POVM D:Zva based on a classical description of his state |¢) and the classical
communication k, a he receives.

Theorem 4.3 (Quantum identification using classical communication). Let n be a positive integer and € € (27", 1) (¢/
is a constant independent of n). Then for some m = O(log(1/¢)), e-quantum identification of n-qubit states can be performed
using a single message of n bits and m qubits.

Moreover, for some m = O(log(n/¢) - log(n)), e-quantum identification of n-qubit states can be performed using a single
message of n bits and m qubits with an encoding quantum circuit of polynomial size.

Proof Let {Up,...,U;—1} be a set of unitaries on n qubits verifying an €'- metric uncertainty relation with
¢ = 2(e/32)? We start by preparing the uniform superposition \/iz 22;10 |k)X and apply the unitary Uy on system
C controlled by the register K. We get the state % e Y (URlpNAE = 37, o k) S la)* 4k q) P for some not
normalized vectors [¢y ,) € B. Alice then measures the system K A in the computational basis obtaining an
outcome k, a and sends k, a and |4 ») to Bob. Observe that Y=, , [[[¢x.0) /|3 = 1 and [[|[t.q)[13 = + 'pf,kw)>(a) so that
the metric uncertainty relation property can be written as

— (33)
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This shows that the isometry |¢) — % S kYK (Uk[9)) AP satisfies the condition of Lemma

The decoding POVMs for received classical information &, a and state |¢) are defined by Df;“ = |Pk,a X Pk,al
where % Sk IR EUkle) AP = 32 o YK [a) A or.0)? and [@k.a) = |@k.a)/l|k.all3. Hence, when performing the
POVM {DE4, 1 — Dk} on the state [ ) ' \4hr.a)/|l[¥k.a) |3 The protocol is illustrated in Figure

We now analyse the probability that Bob outputs 1. Recall that outcome 1 corresponds to the projector |¢)¢|.
The probability that the protocol in Figure [3loutputs 1 is

> llekad 3 -t [ Do Xebial| = D Nle.a) 131 Dol Br.a) -

k,a k,a
Applying Lemma 4.2} we get

1 N ~
i 2 [1haldia) ? - [Wle) 2| < 16v2¢ = ¢/2 -~
k,a
Using the triangle inequality, equations and (33), we obtain

S M) B [l alnal? ~ 11| < 3 o [[ralona) P = [l + 3
k,a k,a

k,a

1
2
3= =~ -2
|||1/Jk M3 tdA’

<e€/2+4€ <e

Thus, the probability of obtaining outcome 1 is in the interval [|(¢)|¢)|? — €, [(¥|¢)|* + €]. Note that we actually
proved something stronger: by a simple application of Markov’s inequality, we get that for most values of
(k,a) € [t] x [da], the measurement {D*, 1 — D%} as defined above approximately simulates the measurement

{loXel, 1 = le)el}-

We conclude by using the metric uncertainty relations of Theorems [2.5/and For the explicit construction,
we still need to argue that the encoding can be computed by a quantum circuit of size O(n? polylog(n/e)) and
depth O(n polylog(n/e)) using classical precomputation. To obtain this running time, we actually use the 1-MUBs
of Lemma in the construction of Theorem The only thing we need to precompute is an irreducible
polynomial of degree n over F5[X]. Then, using the same argument as in the proof of Lemma[2.11} we can compute
the unitary operation that takes as input the state |j) ® [¢)) and outputs the state |j) ® V}|¢)) using a circuit of
size O(n? polylogn) and depth O(n polylogn). Since the permutation extractor we use can be implemented by a
quantum circuit of size O(n polylog(n/¢)), the unitary transformation |k) ® |¢) — |k) ® Ug|¢) can be computed by
a quantum circuit of size O(n? polylog(n/e)) and depth O(n polylog(n/e)). O

This result can be thought of as an analogue of the well-known fact that the public-coin randomized
communication complexity of equality is O(log(1/¢)) for an error probability e. Quantum communication replaces
classical communication and classical communication replaces public random bits. Classical communication can
be thought of as an extra resource because on its own it is useless for quantum identification [HW10, Theorem 11].

5 Conclusion

We have seen how the problem of finding uncertainty relations is closely related to the problem of finding large
almost Euclidean subspaces of ¢;(¢2). Even though we did not use any norm embedding result directly, many of
the ideas presented here come from the proofs and constructions in the study of the geometry of normed spaces.
In particular, we obtained an explicit family of bases that satisfy a strong metric uncertainty relation by adapting a
construction of Indyk [Ind07]. Moreover, using standard techniques from asymptotic geometric analysis, we were
able to prove a strong result on the uncertainty relations defined by random unitaries [HLSWO04].

We used these uncertainty relations to exhibit strong locking effects. In particular, we obtained the first explicit
construction of a method for encrypting a random n-bit string in an n-qubit state using a classical key of size
polylogarithmic in n. Moreover, our non-explicit results give better key sizes than previous constructions while
simultaneously meeting a stronger locking definition. In particular, we showed that an arbitrarily long message
can be encrypted with a constant-sized key. Our results on locking are summarized in Table [I We should
emphasize that, even though we presented information locking from a cryptographic point of view, it is not a
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composable primitive because an eavesdropper could choose to store quantum information about the message
instead of measuring. For this reason, a locking scheme has to be used with great care when composed with other
cryptographic primitives.

As a cryptographic task, one could compare a locking scheme to an entropically secure encryption scheme
[RW02, [DS05]. These two schemes achieve the same task of encrypting a high entropy message using a small
key. The security definition of a locking scheme is strictly stronger. In fact, for a classical eavesdropper (i.e., an
eavesdropper that can only measure) an e-locking scheme is secure in a strong sense. This additional security
guarantee comes at the cost of upgrading classical communication to quantum communication. With respect to
quantum entropically secure encryption [Des09} [DD10], the security condition of a locking scheme is also more
stringent. However, a quantum entropically secure scheme allows the encryption of quantum states.

Nonetheless, we note that an e-locking scheme hides the message in a stronger sense if the adversary is limited
to a small quantum memory. In fact, using the same technique as [HMR ™10, Corollary 2] based on [RRS09], if the
adversary is allowed to store m qubits, then the joint state of the message and the knowledge of the adversary
is (c2™/2¢)-close to a product state for some universal constant c. For example, if m = O(logn), then a key of
logarithmic size can still be used. This is especially interesting for the scheme presented in Corollary for
which the sender and the receiver do not use any quantum memory. One could then use such a scheme for key
distribution in the bounded quantum storage model, where the adversary is only allowed to have a quantum
memory of logarithmic size in n and an arbitrarily large classical memory. Note that even though this is a strong
assumption compared to the unconditional security of BB84 [BB84], one advantage of such a protocol for key
distribution is that it only uses one-way communication between the two parties. In fact, the BB84 quantum key
distribution protocol needs interaction between the two parties.

We also used uncertainty relations to construct quantum identification codes. We proved that it is possible to
identify a quantum state of n qubits by communicating n classical bits and O(log(1/¢)) quantum bits. We also
presented an efficient encoder for this problem that uses O(log®(n/¢)) qubits of communication instead. The main
weakness of this result is that the decoder uses a classical description of the state |¢) that is in general exponential
in the number of qubits of |¢). But as shown in [Win04], if Bob was to receive a copy of the quantum state |¢), the
task of quantum identification becomes the same as the task of transmission.
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Appendices

A Existence of metric uncertainty relations

In this section, we prove the lemmas used in Theorem 2.5

Lemma (Average value of ¢{'(¢F) on the sphere). Let |¢)AE be a random pure state on AB. Then,

VB {F(syuniiaa)) } = B{ll0) lgp } = S ) Llade) s i L

I'(dp) T(dadp+ %

where T is the Gamma function T'(z) = [;° u*~'e~"du for z > 0.

Proof The presentation uses methods described in [Bal97].

Observe that the random variable AB| 1, is distributed as the 024 (12%8) norm of a Haar-distributed real
¥ 1 \F2
random vector on S?4495 =1 We define for integers n and m the norm ¢7(¢3") of a real n + m-dimensional vector
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{vi j Yiem).jetm) as for the complex case (Definition 2.3)
Vllepegy =D [ lvisl?.
? J

Note that we only specify the dimension of the systems as the systems themselves are not relevant here. In the

rest of the proof, we use || - [[12 as a shorthand for | - || 4. (215" Our objective is to evaluate the expected value
1

E {||©]|12} where O has the Haar distribution on the real sphere S*~! and s = 2d with d = dd . For this, we start

by relating the E {||Z]||12} and E {||©]|12} where Z has a standard Gaussian distribution on R® . By changing to

polar coordinates, we get

s 2
i=1%;

e~ 2Z
B(1Z12} = [ ol e e

e sm/%do (6)
= 0 . Sfld
/0 /H Ir¥lhe 5572 NEE R

where ¢ is the normalized Haar measure on S*~'. The term ( +1) is the surface area of the sphere in dimension

s — 1. Using the equality I'(z + 1) = 2I'(z), we have FS(“ 4/:) = 2”(—/2 Thus,

27‘(’3/2 o —
E{l|Z]l12} = ()S/QF(S)/ rie”" Pdr '/S 10][12do(0)
2 s—1
1 2
- s, ,—r/2 .
= gy f, e 10lhade(o

We then perform a change of variable u = r?/2:

1 > s— —u
E{||Z||12}M/ (QU)( /2, du'/s,l 10]|12do (6)

3)
2(571)/21-\(551 +1) /
= : 10[12de (6)
25/2-11(3) gor
ﬂr(sgl)
=——+—E .
Now, we compute
ez llzll3
B{1Zlha} = [ el Grymde
d/f/ 1] Ll=)12
= Till2
i=0 /R* (2m)>/2
where we decomposed = = (zo, . .., 74, 1) where z; € R??2. As all the terms of the sum are equal

E 7 d e‘%\lfﬂngd e_%l‘zll‘gd da—1
12lhad = [ ool gy [ S

JaT
D [ oot
( ) §2dp—1
\[ (2dB+1 )
[(dp)
To get the second equality, we use the same argument as for (35). We conclude using equation (35)
E{llo})leacep) } = E{IOlh2}

I(dp + 1) - T'(dads)
I(dg)  T(dadp+3)

=da

:dA

33



We now prove the inequality in the statement of the lemma. We use the following two facts about the T’
function: logT" is convex and for all z > 0, I'(z2 + 1) = 2I'(z). The first property can be seen by using Holder’s
inequality for example and the second using integration by parts. Using these properties, we have

1 1 1
logT (J: + 2) < ilogI‘(a:) + 3 logT(z+ 1)

= %log (2T(z)?)

=log (VzI'(z)).
Thus, ;(Jr < /z. Similarly, we have Tz A )z) < y/z — 3 which implies that F?(J;)% ) > o — 1 when writing
P(z+1/2) = (z - 1/2)0(z - 1/2).
We conclude that
E{Jlleleper)} > da-\Jd —
2 AdB

F

Lemma(Levy’s lemma). Let f : C¢ — Rand 1 > 0 be such that for all pure states |¢1), |2) in C%,

|f(l1)) = fe2)) < nlller) — lw2) |2

Let |) be a random pure state in dimension d. Then for all 0 < 6 <,

2
P{[f(lp) —E{f(p)}| >} <dexp (‘iﬁ)

where c is a constant. We can take ¢ = 9r2.

Proof We can instead study the concentration of a Lipschitz function on the real sphere S?~1. Note that the
induced function (that we also call f) is still a-Lipschitz. Concentration on S??~! can be proved in a simple way
using concentration of the standard Gaussian distribution. This proof is due to Maurey and Pisier and can be
found in Appendix V of [MS86]. Specifically, using Corollary V.2 in [MS86]], we get

2
P{|f(Z) ~E{f(Z)}| >t} < 2exp (_ f&g?f?)) e (_22:)

5%d
< 4exp —7971_2772 .

In the notation of the proof of Corollary V.2 [MS86], we have set 6 = 1/2. This can be done because using the
same arguments as in the proof of Lemma we can show that the expected /> norm of the standard Gaussian

distribution in dimension n at least v2,/n — 3 > /n for n > 2.

We used this version of Levy’s lemma because it has an elementary proof and it gives directly the concentration
about the expected value. Different versions involving the median of f and giving better constants can be found
in Corollary 2.3 of [MS86] or Proposition 1.3 in [Led01] for example. O

Lemma (6-net). Let § € (0,1). There exists a set N of pure states in C* with |N'| < (3/8)2? such that for every pure
state |1) € C4 (i.e., |||1)||2 = 1), there exists |1)) € N such that

1) = [}z < 6.

Proof A proof can be found in [HLSWO04] as Lemma I1.4. O
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Lemma 2.8 (Concentration of the average). Let a,b > 1, § € (0,1) and t a positive integer. Suppose X is a random
variable with 0 mean satisfying the tail bounds

P{X >d} < ae™™  and P {X <=6} < ae "

Let X1, ... X be independent copies of X. Then if 6*b > 16a°m,
1 82bt

k=1
Proof For any A > 0, using Markov’s inequality

P {iXk > t5} =P {exp <)\iXk> > exp ()\té)}
k=1

k=1

t
<E {exp (AZX@) } e Ao
k=1

- E {e/\X}t oA

We now bound the moment generating function E {¢** } of X using the tail bounds.

o b AZ\? A2
AX
E{e }SlJra/O exp )\2<22b> +4b)dz

A /Ooex b —)\—2 2 d
)] TP\ e \F T :
A2\ A o u?
=1+ aexp (4() E/_Ooexp (—2> du
VI v)
= a - ex J—
e

VT A2
< . — .
< 2max (l,a 7 exp m

We choose A\ = 26b (this is not the optimal choice but it makes expressions simpler),

P {Zt:Xk > ta} < max <2t, <2a\/jg‘>t - exp (f;)) exp (—\td)

k=1
= max (exp (—26°bt + tIn2) ,exp ((52bt — 2520t + tln(4aﬁ5\/3)))
= max {exp ((—20°b+In2) t) ,exp ((7526 + 1n(4aﬁ5\/5)) t)} )
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Claim. Foralle>1landz > ¢

1
3 In(cz) —z < —g.

The function  — % — 1 In(cz) is increasing for « > 1. It suffices to show that it is nonnegative for z = c. To see
that, we differentiate the function y — y — In(y?) to prove that for all y > 1, we have y — In(y*) > 0. This proves
the claim.

Using this inequality, we have for §%b > 16a?m,

2 2
—6%b+ In(4ay/76Vb) < —% and —26%b+1n2< —%.

t 2
P {ZXk > td} < exp (—62bt> .

k=1

Finally,

B Proof of Lemma[2.11

We define 1V, = 1, and the remaining unitaries are indexed by binary vectors u € {0,1}", for example the binary
representations of integers from 0 to » — 2. The construction is based on operations in the finite field [F2~. The field
Fan can be seen as an n-dimensional vector space over Fy. Choose § € Fa» such that 1,6, ..., 6"~ forms a basis of

Fyn. For any z,y € [n], 67 - 0¥ € Fon can be decomposed in our chosen basis as 67 - §¥ = Z?:_ol my(z,y)0* for some
mye(z,y) € Fa. We can thus define the matrices My, My, ..., M, from the multiplication table

1
4

(16 ...t ) =M+ MO+ + My_16"
gn;l

where My = (m¢(2,y))s,yen- For a given u € {0, 1}", we define the matrix
n—1
Nu = Z ’LLeMz.
=0

Notice that as 6% - Y = #“1Y, the entry N,(z,y) of N, only depends on x + y, i.e, Ny(x,y) = N,(z',y) if
x+y =2 +y. So we can represent this matrix by a vector a,(z + y) = N,(z,y) of length 2n — 1. We then
define a quadratic form on Z4 by: for v € {0,1}",

T,(v) = vTN,v mod 4.
Note that the operations vT N, v are not performed in 5 but rather in Z. Using the vector «,,, we can write
2n—2 z
Tu(v) = Z v Ny (z,y)v, mod 4 = Z <Z vzvzz> a,(z) mod 4
z,y€[n] z=0 \z=0

if we define v, = 0 for z > n. We then define the diagonal matrix D, = diag (i7«(*))
1<5<r—1,

very Finally, we define for

Vi = Dyinj—1) H*"
where bin(j) € {0, 1}" is the binary representation of length n of the integer ;.

The fact that these unitaries define mutually unbiased bases was proved in [WEF89]. We now analyse how fast
these unitary transformations can be implemented. Note that we want a circuit that takes as input a state |¢))
together with the index j of the unitary transformation and that outputs V;[v).

36



Given the index j as input, we show it is possible to compute © = bin(j — 1) and compute the vector «; o,
in time O(n? polylogn). In fact, we start by computing a representation of the field Fa» by finding an irreducible
polynomial @ of degree n in Fo[X], so that Fon = F5[X]/Q. This can be done in expected time O(n? polylogn)
(Corollary 14.43 in the book [vzGG99]]). There also exists a deterministic algorithm for finding a irreducible
polynomial in time O(n* polylog n) [Sho90]. We then take § = X. Computing the polynomial X* - X¥ = X**¥
mod @ can be done in time O(n polylogn) using the fast Euclidean algorithm (see Corollary 11.8 in [vzGG99]). As
z+y € [0,2n — 2], we can explicitly represent all the polynomials X~ for 0 < z < 2n — 2 in time O(n? polylog n). It
is then simple to compute the vector a,, using the vector u in time O(n?).

To build the quantum circuit, we first observe that applying a Hadamard transform only takes n single-qubit
Hadamard gates. Then, to design a circuit performing the unitary transformation Dy;,(;_1), we start by building a

classical circuit that computes
2n—2 z
T.(v) = Z <Z vmvz_m> a,(z) mod 4

z=0 =0

2
on inputs v and «,. Observing that . _ v,v._, is the coefficient of Y* in the polynomial (ZZ;& va“) , We can
use fast polynomial multiplication to compute T, (v) in time O(n polylog n) (Corollary 8.27 in [vzGG99]). Moreover,
computing the inner product of two vectors can easily be implemented by a circuit of depth O(logn). Thus, T,,(v)
can be computed by a circuit of size O(npolylogn) and depth O(logn). This circuit can be transformed into a
reversible circuit with the same size and depth (up to some multiplicative constant) that takes as input (v, @;, g)
where v € {0,1}", a; € {0,1}*""! and g € Z4, and outputs (v, o, g + Ty, (v) mod 4).

This reversible classical circuit can be readily transformed into a quantum circuit that computes the unitary
transformation defined by W : |v)|g) — |v)|g+T,(v) mod 4). Recall that we want to implement the transformation
D, : |v) + iT«(M|v) efficiently. This is simple to obtain using the quantum circuit for W. In fact, if we use a catalyst
state |¢) = |0) — i|1) — |2) + i|3), we have

Wo)|g) = i7" [v)|$) = Dyin(j—1)[0)[9).
Finally, Dyn(j—1)H®" can be implemented by a quantum circuit of size O(n polylogn) and depth O(logn).

C Permutation extractors

In order to prove the existence of strong permutation extractors with good parameters, we use the construction
of Guruswami, Umans and Vadhan [GUV09] which is inspired by list decoding. Their main construction is a
lossless condenser based on Parvaresh-Vardy codes. Using this condenser, they build an explicit extractor with
good parameters. However, this lossless condenser based on Parvaresh-Vardy codes does not seem to be easily
extended into a permutation condenser. The same paper also presents a lossy condenser based on Reed-Solomon
codes, which can indeed be transformed into a permutation condenser. This permutation condenser can then be
used in the extractor construction instead of the lossless condenser giving a strong permutation extractor. In this
section, we describe this construction. For completeness, we reproduce most of the proof here, except the results
that are used exactly as stated in [GUV09].

It is also worth mentioning that to obtain metric uncertainty relations, we want strong extractors. Even though
the extractors in [GUVQ9] are not directly described as strong, they are essentially strong. In this section, we
describe all the condensers and extractors as strong.

Definition C.1 (Condenser). A function C : {0,1}" x S — {0,1}" is an (n, k) —. (0, k') condenser if for every X
with min-entropy at least k, C (X, Ug) is e-close to a distribution with min-entropy k' when Ug is uniformly distributed on
S. A condenser C'is strong if (Ug, C(X,Ug)) is e-close to (Usg, Z) for some random variable Z such that for all y € S,
Z\|yg=y has min-entropy at least k.

A condenser is explicit if it is computable in polynomial time in n.
Remark. The set S is usually of the form {0, 1}¢ for some integer d. Here, it is convenient to take sets S not of this

form to obtain permutation extractors. Note also that an extractor is an (n, k) —. (m, m) condenser. O

Definition C.2 (Permutation condenser). A family {P,},ecs of permutations of {0,1}" is an (n,k) —. (n', k') strong
permutation condenser if the function P¢ : (z,y) Pyc (z) where Pyc (x) refers to the first n' bits of P,(x) is an
(n, k) —¢ (n', k') strong condenser.
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A strong permutation condenser is explicit if for all y € S, both P, and P, "' are computable in polynomial time.

The following theorem describes the condenser that will be used as a building block in the extractor
construction. It is an analogue of Theorem 7.2 in [GUV09].

Theorem C.3. For all positive integers n and ¢ < n, as well as o, € € (0,1/2), there exists an explicit family of permutations
{RSy}yes of F5, that is an

(nt, (€ + 1)t) = (£t, (1 — a)lt — 4)
strong permutation condenser with t = [1/a - log(24n?/e)| and log |S| < t. Moreover, the functions (z,y) — RS,(z) and
(z,y) = RS, ' (x) can be computed by a circuit of size O(n polylog(n/e)).

Remark. Note that the input space of the condenser is {0, 1}"* instead of {0, 1}". But one can see such a condenser
as a permutation condenser (P,) on the smaller space {0, 1}" defined by P} (x) = P,(z0") for all z € {0, 1}" where
z0" is obtained by appending ¢ zeros to z. O

Proof Setq = 2'and ¢ = ¢/6. Consider the function C" : F x F, — F.™! defined by

C'(fy) =y, FW), F(Cy),- -, F(CT )]

where Fy is interpreted as the set of polynomials over F, of degree at most n — 1 and ( is a generator of the
multiplicative group Fy. First, we compute the input and output sizes in terms of bits. The inputs can be described

using log [F’| = nlogq = nt bits, the seed using log |F,| = ¢ bits and the output using log [F{**| = (¢ + 1)¢. Using
Theorem 7.1 in [GUVQ9], for any integer h, C’ is a

£ _ ¢ _
<nt,log (q . 1)) —2¢o (Zt +t,log (Ah26 1)) (36)
0 0

condenser where 4 & ¢og — (n — 1)(h — 1)f. We now choose h = [¢'=>]. As g > (4n?/€p)'/*, we have
A > eoq —n?h > e0q — €0q®/4 - (¢1 7 + 1) > €9q/2. Thus, we can compute the bounds we obtain on the condenser
c”

l_
log (q 1) =/t +1log(1/ep) < (£ + 1)t
€0

log (Ah‘f — 1) = log (Ah[) + log (1 — 1)
2€0 2€0 Aht
> log(q/4) + Llogh — 1
>t+ (1 —a)it—3.

and

Plugging these values in equation (36)), we get that C’ is a
(nt, (€ + 1)t) —2¢, (Lt +1t, (1 —a)lt+1t—3)) (37)

condenser.

Observe that the seed y is part of the output of the condenser. As we want to construct a strong condenser,
we do not consider the seed as part of the output of the condenser. For this, we define C : F7 x F, — F! by

C(f,y) = [f(y),-.., f(¢*"'y)]. Moreover, as will be clear later when we try to build a permutation condenser, we

take the seed to be uniform on § & [F; instead of being uniform on the whole field F,. Note that this increases the
error of the condenser by at most 27" < ¢ (because one can choose Ur: = Ur, with probability 1 —27*). Here and
in the rest of this proof, we will be using Doeblin’s coupling lemma.

Equation then implies that if X has min-entropy at least (¢ + 1)t and Ug is uniform on S, then the
distribution of (Us, C(X, Usg)) is 3ep-close to a distribution with min-entropy at least (1 — a)¢t +t —3. LetY € S
and Z € {0,1}(**1 be random variables such that Hy,in (Y, Z) > (1 — o)t +t — 3 and (Us, C(X,Us)) = (Y, Z)
with probability at least 1 — 3¢y. If Y was uniformly distributed on S, then it would follow directly that for all
y €S, Hpin(Z]Y =y) > (1 — a)lt. However, Y is not necessarily uniformly distributed. We define a new random
variable Z’ by

g Z Y =Us
U ifY # Us
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where U’ is uniformly distributed on {0, 1}(**1* and independent of all the other random variables. We have for
any z € {0,1}(**Vtand y € S,

1
P{Z =2Ug = =———  (P{Z =2Y=9y4Y=U P{Z =2 Us=vyY #U,
{ Z‘ S y} P{US:y}( { 2, Y, S}+ { z,Us Y, ?é })
1 1
S 2—(1—a)€t—t+3 +2—(€+1)t . )
P {Us =y} ( 5]

< 9.9-(1-a)t+3

Moreover, we have (Us, C(X,Us)) = (Ug, Z') with probability at least 1 — 6¢.

We conclude that C'is a
(nt, (€ + 1)t) —c (¢, (1 — )lt — 4)) (38)

strong condenser.

To define our permutation condenser, we set the first n’ = (¢ bits RS () of RS, () to be RSS (z) = C(,y).
We then define the remaining bits by defining RSff(f) = [f(¢%),..., f(¢("1y)]. Asq>n — 1and ( is a generator
of F;, the elements y, Cy, ..., (" 'y are distinct provided y # 0. So for y # 0, (RSC, RST),(f) is the evaluation of
the polynomial f of degree at most n — 1 in n distinct points. Thus, f + P,(f) is a bijection in [} for all y # 0.
This is why the value 0 for the seed was excluded earlier.

Concerning the computation of the functions RSS and RS/, they only require the evaluation of a polynomial
on elements of the finite field F,. Computations in the finite field I, can be performed efficiently by finding an
irreducible polynomial of degree log g over IF; and doing computations modulo this polynomial. In fact, finding
an irreducible polynomial of degree log g over 5 can be done in time polynomial in log ¢ (see for example [Sho90]
for a deterministic algorithm and Corollary 14.43 in the book [vzGG99] for a simpler randomized algorithm).
Since addition, multiplication and finding the greatest common divisor of polynomials in F2[X] can be done
using a number of operations in Fy that is polynomial in the degrees, we conclude that computations in F,
can be implemented in time O(polylog(n/€)). Moreover, one can efficiently find a generator ¢ of the group
;. For example, Theorem 1.1 in [Sho92] shows the existence of a deterministic algorithm having a runtime
O(poly(log(q))) = O(polylog(n/e)).

To evaluate RS, at a polynomial f, we compute the field elements y,(y,...,(" 'y, and then evaluate the
polynomial f on these points. Using a fast multipoint evaluation, this step can be done in O(n polylogn) number
of operations in I, (see Corollary 10.8 in [vzGG99])). Moreover, given a list [f(y), ..., f((""1y)] for y # 0, we can
find f by fast interpolation in F,[X] (see Corollary 10.12 in [vzGG99]). As a result RS, ' can also be computed in
O(n polylogn) operations in F,. 0

This condenser will be composed with other extractors, the following lemma shows how to compose
condensers.

Lemma C.4 (Composition of strong permutation condensers). Let (Piy,)y,cs, be an (n,k) —c (0, K)
strong permutation condenser and (Ps,,)y,cs, be an (n',k') —¢ (n”,k") strong permutation condenser. Then
(Py)y:(yl,yg)esl.xsg - (Pyc’ P?JR) where Pyc;l& = P2C,yz OPlC,yl and Py}?yz = (Pfyz Opfyl) ’ Pl],%yl isan (n, k) —ae (0", k")
strong permutation extractor.

Proof P, is clearly a permutation of {0,1}". We only need to check that P® is a strong condenser. By definition,
if Hyin(X) > k, (Us,, Plc’US1 (X)) is eclose to (Us, , Z) where Z|y4, =, has min-entropy at least £’. Now putting Z

into the condenser PS, we get that for any y;, (Us,, Pstz (Zus, ) is eclose to (Us,, Z2) where Zs|yg,—y, has min-
entropy at least k" for any y» € S3. Thus, Z2|vg vs,=y,y, has min-entropy at least £”. Moreover, by the triangle

inequality, we have A ((US17 Us,, Pgsl Us, (X)), (Us,,Us,, Zg)) < 2e. O
Next, we present one of the standard extractors that are used as a building block in many constructions.

Lemma C.5 ("Leftover Hash Lemma” extractor [ILL89]). For all positive integers n and k < n, and € > 0, there
exists an explicit family (P,)yecs of permutations of {0,1}" that is an (n,k) —. m strong permutation extractor with
log |S| =log(2"™ — 1) and m > k — 2log(2/e).

Proof We view {0,1}" as the finite field Fy» and the set S = F5... We then define the permutation Py(z) = z - y
where the product z - y is taken in the field Fo». The family of functions P, is pairwise independent. Applying the
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Leftover Hash Lemma [ILL89], we get that if ¥ uniform on Fa», the distribution of the first [k — 21og(1/€)] bits of
Py (X) together with Y is e-close to uniform. Now if Ug is only uniform in F3.., (Us, Py, (X)) is e+ 2~ "-close to the
uniform distribution. The result follows from the fact that we can suppose ¢ > 27" (otherwise, k — 2log(1/¢) < 0
and the theorem is true). O

The problem with this extractor is that it uses a seed that is as long as the input. Next, we introduce the notion
of a block source.

Definition C.6 (Block source). X = (X1, Xs,...,X;) isa (ki, ko, ..., ks) block source if for every i € {1,...,s} and
T1yeeos Tic1, X| Xy mar, X1 =a;_, 15 4 kj-source. When ky = --- = ks =k, we call X a s x k source.

)

A block source has more structure than a general source. However, for a source of large min-entropy & (or
equivalently with small entropy deficiency A = n — k), one does not lose too much entropy by viewing a general
source as a block source where each block has entropy deficiency roughly A. See Corollary 5.9 in [GUV09] for a
precise statement.

Lemma C.7 (Lemma 5.4 in [GUVQ9]). Let s be a (constant) positive integer. For all positive integers n and £ < n and all
€ > 0, setting t = [8slog(24n? - (4s + 1)/€)|, there is an explicit family {L,},cs of permutations of {0,1}" that is an

(n,20t) — 0t
strong permutation extractor with log|S| < 20t/s + t.

Proof As the extractor is composed of many building blocks, each generating some error, we define ¢y = ¢/(4s+1)
where e is the target error of the final extractor. The idea is to first apply the condenser RS of Theorem [C.3| with
o = g- to obtain a string X’ = C(X, Ur:,) of length n/ = (2¢ — 1)t which is €o-close to a k'-source where

k= 17i 20— 1)t —4
(1-5) -

The entropy deficiency A of this k’-source can be bounded by A = n’ — k' < + 4. Then, we partition
X' = (X1,...,X5,) (arbitrarily) into 2s blocks of size n” = [n//2s| orn” + 1. Usmg Corollary 5.9 of [GUV09],
(X1,... ,Xés) is 2s€p-close to some 2s x k''-source where k" = (n” — A —log(1/€p)).

We have A < (t/(4s) + 3 < £t/(3s) for n large enough. Thus,

(20— 1)

20t (t
K> — — — —log(1 —Et—l 1/€o).
> 20— o~ log(1/en) = ot — log(1/c0)
We can then apply the extractor Lemma|C.5to all the 2s blocks using the same seed of size n” 4 1. Note that we can
reuse the same seed because we have a strong extractor and the seed is independent of all the blocks. This extractor
extracts almost all the min-entropy of the sources. More precisely, if we input to this extractor a 2s x k”-source, the
output distribution is 2s¢p-close to m uniform bits where

4
m > 2s- (k" —2log(2/€g)) > gft — 6slog(2/eq) > It

Overall, the output of this extractor is €y + 2s¢g + 2s¢y = e-close to the uniform distribution on m bits.

It only remains to show that the extractor we just described is strong and can be extended to a permutation.
This follows from Lemma and the fact the condensers (coming from Theorem and Lemma|C.5) are strong
permutation condensers. O

Remark. As pointed out in [GUV09], a stronger version of this lemma (i.e., with larger output) can be proved by
using the condenser of Theorem and the high min-entropy extractor in [GW97]] with a Ramanujan expander
(for example, the expander of [LPS88])). This construction can also give a strong permutation extractor. However,
using this extractor would slightly complicate the exposition and does not really influence the final extractor
construction presented in Theorem [2.15| O

The following lemma basically says that the entropy is conserved by a permutation extractor. It is an adapted
version of Lemma 26 in [RRV99].
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Lemma C.8. Let {P,},cs bea (n, k) —. m strong permutation extractor. Let X be a k-source, then (Us, P, (X ), P (X))
is 2e-close to (Ugy {0,13m, W) where Ugy (o,1}m is uniform on S x {0,1}"™ and forally € S, z € {0,1}™

Hmin(W‘USX{O,l}m = (y,z)) >k—m—1

Proof As{P[’}isastrong extractor, there exists a random variable Ug (9,1}~ uniformly distributed on S x {0,1}"
such that P {(Us, PF. (X)) # Usxoayn } <€ DefineT = {(y,z) € S x {0,1}™ : P{PF(X) =z} < £ -27™}. We
have for every (y,z) ¢ I'and « € {0,1}"™,

_P {PF(X) =2, PF(X) =2z}
— 27m71

< 2P {X =P, (z,2)}

S 27(]67777,71)'

P{P}(X)=a|P](X) =2z}

We then show that P {(Usg, Pgs) € I'} < e. Using the fact that {Pf } is a strong extractor, we have
P {Us,Upyn €T} —P{(Us,PF,) €T} <e
But recall that, by definition of T, P {(Us, PF.) € T} < $P {Us,Uo1}n € L'}, so we get
P{(Us,PF,)eT} <e

Finally we define

W{ PR(X) if (Us, PF (X)) ¢ T
v if (Us, PE.(X)) €T

where U’ is uniform on {0, 1}"~™ and independent of all other random variables. We conclude by observing that
with probability at least 1 — 2¢, we have (Us, P, (X)) = Usx (0,1}~ and P} (X) = W. O

We then combine these results to obtain the desired extractor. The proof of the following theorem closely
follows Theorem 5.10 in [GUVQ09] but using the lossy condenser presented in Theorem and making small
modifications to obtain a permutation extractor.

Theorem C.9. For all integers n > 1, all € € (0,1/2), and all k € [200 [2001log(24n?/e)| ,n| there is an explicit
(n,k) —¢ |k/4] strong permutation extractor {P,},cs with log|S| < 200 [200log(24n?/€)|. Moreover, the function
(x,y) — Py(x) can be computed by circuit of size O(n polylog(n/e)).

Proof Ifn < 2-10% we can use the extractor of Lemma with s = 200 and ¢ > 1 such that 26t < k < 2(¢ + 1)t.
This gives an extractor whose seed has size % < 10* < 200 [2001og(24n?/€)| and that extracts ¢t > 1.2(¢+1)t > &
bits, so the statement still holds true. In the rest of the proof, we assume n > 2 - 10°.

The idea of the construction is to build for an integer i > 0 an explicit (n, 2¢-8d) —. 27! - 8d using d bits of seed
by induction on i. Fix t(e) = [2001log(24n?/€)| and d(e) = 200t(e). The induction hypothesis for an integer i > 0 is
as follows: For all integers i’ < ¢ and n and € > 0, there is an explicit

(n,2" - 8d(e)) — 2"~ - &d(e)

strong permutation extractor with seed size d(¢). This extractor is called {ngi) tyes;-

For both i = 0 and i = 1 we can use the extractor of Lemma [C.7]with s = 20. For i € {0,1}, we obtain an
(n,2% - 8d(e/(4s + 1))) —¢ 21718d strong permutation extractor with Let ¢y = For i € {0,1}, this gives an

extractor with seed Z-34Ue/8D |4 < 16(¢) 4 16900 [200log(81)] < d(c).

_€
4s+1"

We now show for i > —1 how to build the extractor {Py)} using the extractors {P‘,y/)} for i/ < 4. Using
the induction hypothesis, we construct the following extractor, which will be applied four times to extract the
necessary random bits to prove the induction step. The choice of the form of the min-entropy values will become
clear later. Set ¢y = €/20.
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Figure 4: The extractor Q is obtained by first applying the condenser of Theorem [C.3|and decomposing the output
into two parts. The Leftover Hash Lemma extractor (Lemma is applied to the first half and its output is used

as a seed for the extractor {P,SFQ)} coming from the induction hypothesis.

Claim. There exists an } ‘
(n, 2" . 45d(60)) —?5¢0 2" . d(&o)

strong permutation extractor {Q, },er with seed size log |T'| < @.

To prove the claim, we start by applying the condenser of Theorem[C.3|with a = 1/200 and ¢ = ¢, (so we use
a seed of size t(¢g)). The output X’ of size at most 2 - 4.5d(eo) is then ep-close to having min-entropy is at least
(1 — )2' - 4.5d(ep) — t(eo). The entropy deficiency of this distribution is a2’ - 4.5d(eg) + dQ(S‘(’)) < %. We then
divide X' into two equal blocks X’ = (X7, X3), and we know that it is 2¢, close to being a 2 x k’-source for

21 . 4.5d(eg) 20 -4.5d(eo) 49 1
K = - —log(1 > —-2"-45——)d
B) 100 og(1/e0) = 100 5 200 (€0)
as log(1/ep) < t(eg) = dQ(S‘())). For the extractors we will apply next to this source, we should note that £’ > 2d(eg)

and that 27 - 4d(eg) < k' < 2 - 8d(ep).

We now apply the extractor of Lemma to X| (viewed as a 2d(eg)-source) using a seed of size

2d(ep)
=55~ and

obtaining X" that is ¢; close to uniform on d(ey) bits. We then use the extractor {nyi*Q)} obtained by induction
for i — 2 to the X} (of size 2 - 4.5d(eg) < n) with seed X" (of size d(ep)): it is an (n,272 - 8d(eg)) —r¢, 2° - d(e€o)
permutation extractor.

The construction is illustrated in Figure Note that the number of bits of the seed is log |T'| < ¢(ep) + %S”) <
@. This concludes the proof of the claim.
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Figure 5: The permutation extractor {Q,} described in the claim is applied four times with independent seeds in
order to extract 271 - 8d(e) random bits.

The source X we begin with is a 2-8d(e)-source. But we have 2°-8d(e) > 27-8d(ep)—2"-8-200% log 20 > 2%-4.5d(eo)
so that we can apply the permutation extractor (Q,)yer of the claim. We obtain Qf, (X) which is eo-close to 2°-d(e)
random bits. As Q¥ is part of a permutation extractor, the remaining entropy is not lost: it is in Qf} (X). More
precisely, applying Lemma we get Qff (X) is eo-close to a source of min-entropy at least 2°-8d(e) —2*- d(eg) — 1.
As 2¢ - 8d(e) — 2" - d(ep) — 1 > 2% - 4.5d(ep), we can apply the extractor (Q)yer of the claim to this source. Note
that the input size has decreased but as mentioned earlier this only makes it easier to extract random bits as one
can always encode in part of the input space. To apply @, we use a fresh new seed that outputs a bit string that
is close to uniform on 2'73 - 8d(¢y) bits and the remaining entropy can be found in the R register. We apply this
procedure four times in total as shown in Figure 5| Note that the reason we can apply it four times is that at the
last application 2° - 8d(e) — 3 - 2173 - 8d(eg) — 3 > 2° - 4.5d(ep). As the extractor (@) 7 has error at most 5¢g, the
total error is bounded by 20¢y = e.

We thus obtain an ' 4
(n,2" - 8d(€)) —v¢ 4-2°72 - 8d(eo)

strong permutation extractor with seed set S = T so that log |S| < 4 - @ < d(e).

By a repeated application of the previous theorem, we can extract a larger fraction of the min-entropy.

Theorem For all (constant) 6 € (0, 1), there exists ¢ > 0, such that for all positive integers n, all k € [clog(n/e),n],
and all € € (0,1/2), there is an explicit (n,k) — (1 — 0)k strong permutation extractor {P,},cs with log|S| =
O(log(n/e)). Moreover, the functions (x,y) +— P,(x) and (x,y) — P, '(x) can be computed by circuits of size

O(n polylog(n/e)).

Proof We start by applying the extractor of Theorem We extract part of the min-entropy of the source and
the remaining min-entropy is in the R system (Lemma [C.8). This min-enrtopy can be extracted using once again
the extractor of Theorem After O(log(1/9)) applications of the extractor, we obtain the desired result. O

D Impossibility of locking using Pauli operators

The objective of this section is to give an example of a construction that is not a locking scheme to illustrate what
is needed to obtain a locking scheme. The 2 x 2 Pauli matrices are the four matrices {1, 0,,0,, 0,0, } where

(01 q (10
o=\ 1 9 an o=\ 9 _1 )
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For bit strings u, v € {0,1}", we define the unitary operation o%o? on (C2)*" by

Ono, =010 Q-+ - Qoumon.
It was shown in [AMTdWO00] that one can encrypt an n-qubits state |¢)) perfectly using a key (U, V) of 2n bits.
To encrypt [¢), one simply applies cJo) to |¢). This can be thought of as a quantum version of one-time pad
encryption. Of course, this encryption scheme also defines a (0,0)-locking scheme, but the size of the key is 2n
bits. Recall that we want to use the assumption that the message is random to reduce the key size to something
like O(polylog(n)) bits.

Ambainis and Smith [AS04] showed that to achieve approximate encryption, it is sufficient to choose the key
uniformly at random from a subset S C {0,1}?" of size only O(n?2"). Such pseudorandom subsets are called
d-biased sets and have also been used to construct entropically secure encryption schemes [DS05, [DD10]. For
example, [DD10] showed that it is possible to encrypt a uniformly random state by applying oY o} where (U, V)
is chosen uniformly from a set S C {0,1}" of size O(n?) (see [DS05, [DD10] for a precise definition of entropic
security). Such a scheme can seem like a good candidate for a locking scheme. The following proposition shows
that this encyption scheme is far from being e-locking. Note that this also shows that the notion of entropic security
defined in [Des09,[DD10] is weaker than the definition of locking.

Proposition D.1. Consider an e-locking scheme & of the form &(x, k = (u,v)) = oo, |x) where the message v € {0,1}"
and the key u,v € {0,1}" (see Definition 3.1). Suppose the key K is chosen uniformly from a set S C {0,1}?". Then
IS| > (1 —e)2m™

Proof Let X be the message (recall X is uniform on {0, 1}") and (U, V) be the key. The key is uniformly distributed
on S. We show that a measurement in the computational basis gives a lot of information about X . Let I be the
outcome of measuring £(X, K) in the computational basis. We have for z,: € {0,1}",

P{X=qall=i}=P{l=iX =z}

1 Su v 2
5 3 llokotlol.
(u,v)€S

Observing that the term |(i|c%o?|z) | € {0,1}, we have that for any fixed i, there are at most | S| different values of
x for which P {X = z|I =i} > 0. Thus, defining T’ = {z € {0,1}" : P{X = z|I =i} = 0}, we have

A(px|i=i,px) 2P{X eT} —-P{X €T|I =i} = g =1- %
By the definition of a locking scheme, we should have
A(pX\[I:i]va) <e
which concludes the proof. O
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