PHYSICAL REVIEW A 86, 042315 (2012)

Min-entropy uncertainty relation for finite-size cryptography

Nelly Huei Ying Ng,'>" Mario Berta,*' and Stephanie Wehner'*

Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543
2School of Physical and Mathematical Sciences, Nanyang Technological University, 21 Nanyang Link, Singapore 637371
3 Institute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland
(Received 7 June 2012; published 15 October 2012)

Apart from their foundational significance, entropic uncertainty relations play a central role in proving the
security of quantum cryptographic protocols. Of particular interest are therefore relations in terms of the smooth

min-entropy for Bennett-Brassard 1984 (BB84) and six-state encodings. The smooth min-entropy H,

(X/B)

in

quantifies the negative logarithm of the probability for an attacker B to guess X, except with a small failure
probability €. Previously, strong uncertainty relations were obtained which are valid in the limit of large block
lengths. Here, we prove an alternative uncertainty relation in terms of the smooth min-entropy that is only
marginally less strong but has the crucial property that it can be applied to rather small block lengths. This paves
the way for a practical implementation of many cryptographic protocols. As part of our proof we show tight
uncertainty relations for a family of Rényi entropies that may be of independent interest.
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I. INTRODUCTION

Entropic uncertainty relations form a modern way to
characterize the uncertainty inherent in several quantum
measurements. As opposed to more traditional methods of
capturing the notion of uncertainty, they have the advantage
that they are able to quantify uncertainty solely in terms of
the measurements we consider and are independent of the
state to be measured. To see this clearly, let us explain the
notion of entropic uncertainty in more detail (also, see [1]
for a survey). Suppose we are given a state p on which we
can make one of L possible measurements with outcomes
labeled x € X. Let py|, ¢ denote the probability of observing
outcome x when making the measurement labeled 6 on the
state p. For each measurement, we can consider some form
of entropy of the outcome distribution such as the Shannon
entropy H(X|® = 0) = — ) Pxip.0 108, Px|p.6. An entropic
uncertainty relation in terms of the Shannon entropy is then
determined by the average (py = 1/L) over the individual
entropies. More precisely, such a relation states that, for all
states o,

%ZH(Xl@:O)zH(X@)?C, (1)
%

where c is a constant that depends solely on the measurements.
For example, if p is a single qubit state and we consider L = 2
measurements in the Pauli ox and o, eigenbases, we have
c= % [2]. To see why (1) for ¢ > 0 is indeed connected with
uncertainty, note that if the outcome is certain with respect
to some measurement € on the state p [H(X|® = 6) = 0],
then the outcome of at least one other measurement 6’ # 6 is
uncertain [H(X|© = 6’) > 0]. Similarly, the larger the value
of ¢ is, the more uncertain these outcomes are. The value of ¢
thus give a natural measure of the incompatibility of different
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sets of measurements. Strong uncertainty relations have the
property that c is large.

From a cryptographic perspective, uncertainty relations in
terms of the minimum entropy (min-entropy) Hpin(X|® =
0) = —log, max, py,¢ are of particular interest since the
min-entropy determines how many random bits (key) can
be extracted from X [3]. In a cryptographic setting, it is
thereby often interesting to consider a slight extension of
the notion of uncertainty relations above. Namely, instead of
measuring one state p, we imagine that an adversary prepares
with some probability p; a state p; (labeled by some classical
label K = k) which we subsequently measure. Since entropic
uncertainty relations hold for any state, they do, in particular,
hold for any state p; that the adversary may have prepared.
Yet the distribution {p,xy} over measurement outcomes may,
of course, depend on k. Uncertainty relations with respect to
such classical side information K thus take the form

Hmm(X|®K) 2 C/ (2)

for some constant ¢’ depending on the measurements we
make. Averaging over bases ® and classical information K,
the conditional min-entropy is given by (see the Appendix)

Hiyin(X|OK) = —10gZP0 Zl’k\e Max prjs- 3)
9 k

For example, imagine that p is an n-qubit state and we perform
one of the 2" possible measurements given by measuring each
qubit independently in one of the two Bennett-Brassard 1984
(BB84) bases [4], i.e., in the eigenbasis of Pauli o, or o.. It is
known that in this case ¢’ = —n log,[1/2 4+ 1/(2+/2)] ~ 0.22n
for any K. This is also optimal as there exists a state that attains
this lower bound.

Measurements in BB84 bases are indeed common in many
quantum cryptographic protocols. In particular, they are used
in two-party cryptographic protocols in the bounded [5,6] and
noisy-storage models [7-9]. These models allow for the secure
implementation of any two-party cryptographic primitive
under the assumption that the adversary’s quantum memory
device is bounded and imperfect. This includes interesting
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primitives such as oblivious transfer, bit commitment, and
even secure identification of, e.g., a user of an ATM machine.
The security of all protocols in this model crucially rests on
the existence of uncertainty relations in terms of min-entropy
[5-11]. Yet the value of ¢’ & 0.22n for BB84 bases is usually
too low to be cryptographically useful. In particular, a low
value for ¢’ means that the adversary’s memory must be very
limited and/or noisy for security to be possible [5,6,9] at all.
Furthermore, a low value of ¢’ means that any experiment
implementing such protocols can tolerate only a small amount
of bit-flip errors and losses [8,12,13]. For instance, if pe;
is the bit-flip error on the channel connecting Alice and
Bob, then security for the cryptographic primitive known
as oblivious transfer is possible if ¢’ — h(pey) > 0 [12,14],
where h(p) = —plog, p — (1 — p)log,(1 — p) is the binary
Shannon entropy.

Motivated by this need to obtain a strong uncertainty
relation for BB84 bases, that is, a large ¢’, the authors of [6]
considered the so-called smooth min-entropy H}, (X|©K).
Intuitively, a lower bound ¢’ on this quantity tells us that we
do indeed have min-entropy at least ¢’, except for some small
error parameter ¢ > 0. Formally, this quantity is defined as
(see the Appendix)

H: (X|OK), = sup Hnin(X|OK),, “)
o

where p’ is € close to p in terms of the purified distance [15].

It turns out that at the expense of such a small error ¢, a

much stronger uncertainty relation can indeed be obtained. In

particular, it has been shown [6] that for measurements in the
BB84 bases and any § € (0, %],

H(XIOK) >n (4 -9), ©)

where
_ 8%n 6
cTEP [_ 128(2 + log, %)2} ' ©

Using this relation in a cryptographic protocol only yields an
additional error ¢ in the overall security error, and it is widely
employed in the protocols of [6,9,10,12—14].

From a theoretical (asymptotic) viewpoint, this uncertainty
relation is certainly sufficient. Yet, when it comes to putting
any of such protocols into a practical experiment, it has a small
caveat: whereas ¢ decreases exponentially in the number of
qubits n, for a large amount of uncertainty, i.e., ¢’ = 1/2 —
6 &~ 1/2, the convergence is extremely slow. For example,
for § = 0.0106 [13] corresponding to ¢’ = 0.4894, we need
n > 2.39 x 10% to even have ¢ = 0.1. In an experiment using
weak coherent pulses, with a frequency of 1 GHz and Poisson
parameter u = 1, it takes approximately 2.5 s to generate
such an n [13] if there are absolutely no losses of any kind.
However, compared to the generation time, a more significant
inconvenience is that the classical postprocessing of such large
block lengths is time-consuming.

II. RESULTS

To implement the aforementioned protocols, it would thus
be desirable to have a relation that is useful for significantly
smaller values of n. Here, we prove such a relation that makes a
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statement for any desirable fixed error ¢ > 0. In particular, we
show that, for any n qubit quantum state p and measurements
in BB84 bases,

Hiio(X1OK) 2 negpss, (7N

where

1 s 1 2
CpB84 ‘= slg(a)l,)h ;[1 + s —log,(1 4+ 2°)] o log, o ()

At first glance, it may be hard to see that cpgpgs is
indeed large. However, applying it to the example from [13]
(see above) by plugging in s = 0.1 demonstrates that for
the same ¢ = 0.1, cgpsa > 0.4894 whenever n > 2.36 x 10*.
Comparing this with calculations in the previous section, the
required block length 7 is approximately 10~ times smaller.
Figure 1 provides a comparison of these two bounds. We see
that even for large €, the required bound on the block length n
given by (0) is large.

Our relation can readily be applied to any BB84-based
two-party protocols in the bounded (or noisy) storage model
and enables experiments for significantly smaller values of
n. For example, it enables the experimental implementation
of [16] with n = 2.5 x 10° instead of n > 10° for the same
error parameter €.

Furthermore our relation can be extended to the case of
six-state protocols, i.e., measurements in Pauli oy, o;, and o,
eigenbases as suggested in [10,11,14]. For this case we obtain

Hin(XIOK) > nce | €))

min

where

. 1 1 l—s 1 2
Co = sg}gﬁ(] " log, |:§(l +2 )} s—nlogz o (10)
This yields a similar improvement over the relation analogous
to (5) proven in [6].

A crucial step in our proof is to show tight uncertainty
relations for conditional Rényi entropies of order «, denoted
by H,(A|B). These may be of independent interest. Previously,

Logy [n]

&

FIG. 1. (Color online) The minimal required block length n on a
logarithmic scale of base 10 in order to achieve an error parameter
€. The dashed curves are plotted for the previous known bound (6),
while the solid lines are obtained from our present analysis (8). The
different colors represent the fixed values of the lower bound ¢’, with
values 0.45, 0.46, 0.47, 0.48, and 0.49, from bottom to top. As ¢’
increases, the plotted bounds get relatively higher.
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such relations were only known for single qudit measurements
foroa - 1, « =2, and ¢ — 00 (see, e.g., [1,17,18]). More
precisely, we show that for measurements on n-qubit states p
in BB84 bases, the minimum values of the conditional Rényi
entropies for any « € (1,2] are

a —log,(1 +2%71)
oa—1

min Hy (X|©)1, = n , (1)

where
1 —a
H,(A|B),, i= mlogz tr[p550a ® pp)' ] (12)
Similarly, for measurements in the six-state bases,

log, 3 — log,(1 + 2*7%)
a—1 '

min Hy(X|©),, = n (13)
)

III. PROOF

Let us now explain the proof of our results. A technical
derivation including all details may be found in the Appendix.
For simplicity, we restrict ourselves to the case of BB84 mea-
surements. An extension for six-state protocols is analogous
and can be found in the Appendix. To obtain (8) we proceed in
four steps. First, we will prove a tight uncertainty relation
in terms of the «-Rényi entropy when p is just an n =1
qubit state. Second, we show how to extend this result to
an uncertainty relation for n > 1 qubits, giving us (11). The
third step is to reintroduce K as outlined in the Introduction.
Finally, we relate the Rényi entropies of order @ € (1,2] to the
smooth min-entropy.

Step 1: A single qubit uncertainty relation. For the case
when A and B are classical the conditional «-Rényi entropy
reduces to the simple form

1
— log, Z PB=b Z Piaaip=p- (14)
b a

The relevant ¢-Rényi entropy for a single qubit state p; (Where
k denotes some classical information associated with the state

Pr) s

Ha(A|B)p\p =

Ho(X|©)py1p =

10g2 Z Po Z Px|k9

6€{0,1}  xe€{0,1}
1 1 .
= —lom |5 Y M| 09
0e{0,1},xe{0,1}

Here pyko := tr(Myj90x), where M, denotes the measure-
ment operator
Mo = H’|x) (x|H’, (16)

with H being the Hadamard matrix. To minimize the «-Rényi
entropy for values of « € (1,2], it is sufficient to maximize the
summation term. Defining

1
PX[O), =5 )]

0e{0,1},x€{0,1}

Pfﬁke ’ a7

we first rewrite p,xs as functions of two variables: g, :=
tr(o,px) and g, := tr(o,pr). The Bloch sphere condition for
a qubit gives g2 + g§ + g? < g+ g? < 1, which serves as
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a constraint in maximizing (17). Switching to spherical
coordinates and evaluating the partial derivatives of (17)
according to multiple independent variables, we prove

1 1,
Hol(Xle))pAka 2 m10g2 [m(z +2)i|

1
= [@ —log,(14+2°"N].  (18)
a—1

Moreover, the minimal «-Rényi entropy is achieved on an
eigenstate of either measurement basis.

Step 2: A relation for n qubits. To extend the one qubit
uncertainty relation to multiple qubits, the central problem
is to prove that the lower bound on the conditional entropy
scales linearly with the block length n. This essentially implies
that for a system of n qubits, the entanglement across qubits
does not give rise to a lower minimal «-Rényi entropy. In
our analysis, we show this by first considering the last qubit
measured, conditioned on all the previous n — 1 measurement
bases and values. That is, we consider an n-qubit normalized
density operator p4px, Where B denotes the last qubit and A
is the remaining n — 1 qubits, and write

Z piBWBXAGAk’ (19)

0p,xp€{0,1}

1
P(XB|®)pABk =3

where  py,i05x.04k = (M 9,08), with the corresponding
normalized density operator

M, 0, 048cM)
op = try l x?leA ’ 20)
tr[MxA|9A,0ABkMxA|€A]

Since the uncertainty relation for one qubit (18) holds for any
density operator, it holds in particular for o. By induction, it
is then easily shown that the minimal entropy is additive.

Step 3: Classical side information K. After steps 1 and 2,
we established a tight uncertainty relation for a binary string
X" conditioned on the basis string ®". Namely, we have

1 _
Ho(X"10") 1, 2 n— ot = logy(1 +2° 1@y
for any n-qubit state py. In this step, we obtain the conditioning
with relation to classical side information K. In other words,
we need to evaluate H,(X|®K),, with

p= D mlf) 9|Zpk|epk > puerlx)ixl. (22)

0e{0,1) xef0,1}

By observing the independence of ® and K, we show that the
bounds of these values coincide, implying that
1

Hy(X|OK) 1, 2 nj[a —log,(1+2*7"H].  (23)

Step 4: Relation to the min-entropy. As motivated previ-

ously, the final desired measure of entropy is the smooth

min-entropy H;, (X|®K),. A recent work [19] has shown

that a lower bound can be obtained for this quantity. Namely,

we have for any state p and @ € (1,2]

" (X10K), > Hy(X|OK),, —

mlIl

2
— ——log, o 24)
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This combined with (23) implies the claim

(X|0K), >

mm

2
n n%ax —[l+s— 10g2(1+25)]—— log2
(25)

It is worth noting that as n — oo, the maximum is obtained
fors — 0, implying that as the system size approaches infinity,
the optimal bound is still given by (5), that is, in terms of
a bound which comes from the Shannon entropy. However,
our analysis provides a better alternative to bound the smooth
min-entropy for finite system sizes and hence is more useful
for practical implementations.

IV. CONCLUSIONS

We have proven entropic uncertainty relations that pave
the way for a practical implementation of BB84 and six-state
protocols [5-10,12—-14] at a small block length. Indeed, our
relation has already been employed in [16] for an experimental
implementation of bit commitment in the bounded and noisy-
storage models.

It is an interesting open question whether similarly strong
relations can also be obtained with respect to quantum side
information [11,20,21]. This would allow security statements
for such protocols in terms of the quantum capacity [11] of
the storage device, rather than the classical capacity [9] or the
entanglement cost [22]. For the six-state case this has been
done (implicitly) in [11] for the special case of a Rényi-type
entropy of order o = 2, yielding, however, a slightly weaker
uncertainty relation than what might be possible for other
values of o € (1,2]. As the amount of uncertainty is the key
element in being able to tolerate experimental errors and losses
in said protocols, it would be nice to extend our result to this
setting.

APPENDIX

In this appendix, we provide the technical details that
lead to our claims. In Appendix 1, the complete proof
for the uncertainty relation for BB84 bases (measure-
ments in eigenstates of Pauli o, and o;) is presented. In
Appendix 2, similar methods are used to derive bounds for
six-state bases (measurements in eigenstates of Pauli oy, oy,
and o).

We first restate the definitions of the relevant entropic
quantities. Given any finite-dimensional Hilbert space H, let
S<(H) denote the set of subnormalized density operators on
‘H and S(H) denote the set of normalized density operators
on H. For H4 and Hp, the conditional min-entropy of
pap € S(Hy ® Hp) given op € S(Hp) is defined as

Hmin(A|B)p\a =
and the conditional min-entropy of A given B is defined as

Hpin(A[B), == sup (A2)
o5eS(Hp)

sup{rh € R: 27" x I, ® o5 = pan}, (Al)

Hmin(AlB)pla .

The smooth conditional min-entropy of A given B and ¢ > 0
is defined as

(A|B),0 = Ssup Hmin(A|B)p’v

p'eB(p)

(A3)

mm
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where

V1= FXp,p) <
distance with
F(p.p") = /oy I + /(A —ulph(d — ulp])  (Ad)

being the (generalized) fidelity [15].
The conditional «-Rényi entropies are defined as

Bf(pap) := {p)p € S<«(Ha @ Hp)|P =
€} is an ¢ ball in terms of the purified

1
Hy(A|B)p|p = T—w logtr [p% ;T4 ® pp)' ], (AS5)

where (possible) inverses are understood as generalized in-
verses. Note that there exist also slightly different definitions
of conditional «-Rényi entropies in the literature.

1. Uncertainty relation for BB84 measurements
a. Step 1: Single qubit relation

For any qubit state p € S(C?) we have to examine the
quantities

1
Hy(X10)p), = I~ log P, (X|0),

Py(X|®) = tr [pfo(Ix ® pe)' ],
0 =D PopxplX) (x| ® [0)(60),

0,x
Dxjo = tr(Myppp), (A6)

with M, = H?|x)(x|H’ and Hzf(l ) being the
Hadamard matrix. Since the choice of measurements is
uniform, we get

Py(X]0) = (AT)

1
E;Pgw-

Theorem 1. Let p € S(C?) and « = 1 + s with s € (0,1].
Then we have for BB84 measurements as in (A6) that

1
Hu(X10)y, > ~[1 45 —logl 291 (A8)

Proof. We evaluate the term

PHS(X|®>=— YooY

2 yio) o)
= 5[tr(p|0> (OD'™** + (1) (1™

+ tr<p|+><+|>1+f + tr(p|—=)(=D'*]
= ——{l1 + tr(o:p)]""* +[1 — tr(o.p)]'**

22+s
+ [1 + tr(o )]+ [1 = tr(o, 0)]' )

B 22+s [T+ + 0 =)™ + 1+
+(1 =)', (A9)

where x := tr(o, p) and z := tr(o, p). For any one qubit state
0, we have the Bloch sphere condition

tr(o, p)* + tr(o, p)* + tr(o, p)* < 1 (A10)
and can therefore parametrize x and z by polar coordinates,
X =rsing, z=rcose, (A11)
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where r € [0,1]and ¢ € [0,%]. P,(X|®) can then be rewritten
as a function depending on the variables s, r, and ¢:

0(s,r,¢) = —[(1 +rcos)'™ + (1 — rcosg)!**

22+

+ (1 +rsing)'™ + (1 —rsing)! ™. (A12)

The partial differential of Q(s,r,¢p) with respect to r
becomes

00(s,r,¢) 1+ . B .
9y = 22+ [cos (1 +r cos @)’ — cosp(1 —r cos @)

+ sin@(1 + rsing)’ — sing(1 — r sin¢)*].
(A13)

Since in the range of ¢, sin ¢ and cos ¢ are positive, we obtain
W > 0, which implies that the maximum is attained
atr = 1. The partial differential of Q(s,r,¢) with respect to ¢
at r = 1 becomes

90(s,1,9) 1+
EY) T 02+s
+ cos ¢(1 + sin @)’ — cos ¢(1 — sin ¢)*]

= L+ {smq)[(l —cos )’ — (1 + cos¢)’]

22+€
+ cos¢[(1 + sin¢)® — (1 — sin¢)*]}.

[—sin (1 + cos ¢)* + sin(1 — cos ¢)*

(Al4)

For a stationary point of Q(s,1,¢), (A14) is zero, and the solu-
tion is obtained at three points: ¢ = 0, Z 5 The characteristics
of the endpoints ¢ = 0,% are the same; hence it suffices to
analyze either. It remains to analyze the characteristic of these
stationary points. To do so, we evaluate the second partial

derivative at these points as a function of s:

2
fi(s) = M‘ = a2 sz,
(A15)
_ 9206.1.9)
fols) = 397 -

[0 )]
()~ (- )} e

To determine if the stationary point is a local minima
or maxima, we show the positivity or negativity of these
functions over the interval s € (0,1]. Note that f1(0) =

and f1(1) = 0, while fi(s) is always increasing since "f ‘(Y)

2, =[2— (1 +s)In2] > 0. Hence fi(s) is negative, 1mply1ng
the endpoints correspond to a local maxima. On the other hand,
note that the second term in (A16) is exactly of the form g(a,s)
as stated in Lemma 2 witha = Lz With this, we conclude that
the point ¢ = 7 is a local minimum. This leaves the endpoints
as the only candldates for optimal parameters that achieve the
maxima of Q(s,1,¢). Evaluating Q(s,1,0) then provides us
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the bound
P115(X]0) < Q(s,1,0) = 21“(25 b, (A17)
and plugging this back into (A6) gives (A8). |

b. Step 2: Relation for n qubits

The goal is to prove that, for any n-qubit state measured
independently on each qubit in BB84 bases, the minimal output
a-Rényi entropy is additive. First, let n = 2 with the first
system denoted by A and the second by B. We have

Po(XaXp|©aOp) = Z P65 Z D3y x164,0

04,08 XA,XB
1 1
= E Z pzAleAE Z pgﬁleﬁAﬂB’ (A1)
xa,04 xg,0p
where pe,e, = pe, and pe,—o = pe,—1 = 1/2. Now, as-

sume that we have a one-qubit upper bound

1
5 Z Pf&w,\ Sc

xa,04

(A19)

for P,(X|®). Note that the second summation term in (A18)
corresponds to P, (X|®) of the single-qubit density operator

T
|: M, 0,pa8M, 0, :|
op =1y T ,
tr [MXAWA pABMXAWA]
where My, 0, = H |x4){(x4|H? @ I 5. Hence we have

c
2
<52 Pl <

x40

(A20)

Po(X4Xp|©AOp) (A21)

The following lemma generalizes this argument to arbitrary 7.
Lemma 1. For p € S((C*)®") measured independently on
each qubit in BB84 bases, the minimal conditional «-Rényi
entropy of X" with respect to ®”" is additive.
Proof. Consider

Po(X"|©") ) = Z Por Z P
x)l

=D (n ).

" e {0,1}7x7€{0, 1}
(A22)

where Dilxi=1,0i-1 = Py|Xi-1=xi-1 @~1=0i~1 K=k for i > 2 and
D1 = Px |6, k=k- Assuming the same upper bound as in (A19),
we get

Pa(Xn|®n)p|p

Z Z (1_[17,|le9:1> lpn\x"‘é)"l
"

9"6{0 )" xnef0,1

1 n—1
cot ¥ (M) <
[O,l]"’]

@”’I,X”’]E i=1

(A23)

[ |
Combining this with the one-qubit uncertainty relation
derived before, we obtain the following.
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Corollary 1. For « =1+s with s € (0,1] and p €
S((C?)®") measured independently on each qubit in BB84
bases, we have

Ha(Xn|®n)p\p 2

n% [14s—log(1+29)]. (A24)

c. Step 3: Classical side information K

In Corollary 1 we have obtained an uncertainty relation
H,(X"|®"),, for any n-qubit states p. But, generally, we
want to consider n-qubit states p; labeled with classical
information K, and we need to make a relation to the quantity
Hy(X"|®"K),, for the state p =), prpox. That is, the
«a-Rényi entropy is also conditioned on classical information
K. This quantity is evaluated as

Ha(X"|®”K)p|p

= IOgZ Z Pk.on Z Pxn\en

k 07€{0,1}r

= logZpk Z Pen\k Z px”@"k’

x"ef{0,1}"

(A25)

where the difference is that now p(®|K = k) is conditioned
on the classical information K = k. However, in our case ®"
is chosen randomly regardless of what state is prepared. Thus
p(@O'K =k)= p(®*") =27", and we get

H (Xn |®n K)p|p

logZpk Z Por Z Pinjon k

x"e{0,1}"

> n—[l + 5 —log(1 + 2%)]. (A26)
S

d. Step 4: Relation to the min-entropy

After obtaining a bound on H,(X"|®"K),,, we now link
this to a bound on HZ; (X"|®"K),. It is shown in [18],
Theorem 7] that for pap € S(Hag), € > 0,and o € (1,2],

HE(AIB), > Hu(AB),p — — ——log 2 @)
Thus the smooth conditional min-entropy is lower bounded by
general conditional «¢-Rényi entropies, with a correction term
growing logarithmically in 1/€2. For the Shannon entropy
(¢ — 1) this term diverges, but considering o € (1,2],
the bound is very useful. Namely, the smooth conditional
min-entropy of X" given ®”" K is bounded to

1
_H(;‘ (Xn |®nK)p

min

1
2 _Ha(Xn |®HK)p|p

\\/

1 2
max —[1 + s —log(l +2%)] — — log

(A28)
s€(0,11 §

Note that the maximum value of (A28) is obtained for
different values of s, as n and € vary.
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2. Uncertainty relation for six-state measurements

In this section, we make use of the same methods as in
Appendix 1. We derive an uncertainty relation for any n-qubit
state measured independently on each qubit in six-state bases.
For the single-qubit version, we have to consider

1
Hy(X|0),)p = T—a log P, (X10),

Py(X|©) = tr [po(Ix ® po)' ],
1
pxe =3 D pxolx) (x| ®10)(6],
0,x

Dxjo = t(Nyjpp), (A29)

]—l

with Nyjg = T|x)(x|T? and T = \/»(1 ) being the matrix

that cyclically permutes the eigenbases of Pauli o,, 0y, and 0.
Theorem 2. Let p € S(C?) and o = 1 + 5, with s € (0,1].
Then we have for six-state measurements as in (A29) that

N U
> —log|=-(1+2""9].
s 3

Proof. We evaluate the term

PI+S(X|®>=— >0 mp

xe{O] }6€(0,1,2}

S Z[( L+ x)"™ + (1 —x)'™1, (A31)

3 2l+s

Ha(X|®)p\p (A30)

where {xg,x1,x2} := {x,y,z} and x; := tr(oy, p). Parametrizing
this in terms of spherical coordinates, we write

X, =rcosf,
(A32)

Xo =rsingsinf, x; =rcos¢sinb,

where 0 <r <1,0< ¢, 6 < % Expression (A31) can be
rewritten in terms of these new coordinates as

11
M(s,r,¢,0) := 350 Z [1+ (=1)Prsingsin6]'*
p=0,1
+ Z [1+ (—=1)"r cos ¢ sinf]'**
p=0,1

+ Z [1+ (=1)? cosH]'**

p=0,1

(A33)

Evaluating the partial differential of Q(s,r,¢) with respect
tor,
oM(s,r,¢,0)
ar
1 I+s 1 : s
= 3 i sinf{sin p[(1 4 r sin ¢ sinH)’
— (1 —rsingsin®)*] + cos ¢p[(1 + r cos ¢ sin6)°

— (1 —rcos¢sinf)*1}. (A34)

Again we see that since, in the range of ¢, 6, all values
of sines and cosines are positive, we obtain M >0,
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which implies the maximum is attained at r = 1. Subsequently,
evaluating the partial derivative,

oM(s,1,¢.,0)

a9
I+s 1 .
= 3 21.:,_5 SIHQ{COS¢[(1 + smqb Sln@)
— (1 —sin¢ sin0)’] — sinp[(1 + r cos ¢ sin O)°

— (1 —rcos¢sin®)’l}, (A35)

gives the points ¢ = 0,7,7% as solutions. We continue by

evaluating the second partial derivative at these points:

3>M(s,1,4,0 1 1
,1,¢,6) = +s sin {2s sin 0
06> |y 3 2%
—[(1 +sinf)’ — (1 —sin6)’]},
’M(s,1,0,6) _14s 1

s—1 s—1
007 ¢:K 3 ¢ {s[(l—i—c) +0 -0y

- é[(l +o’ =01 - C)S]}, (A36)

where ¢ = % By expanding in Taylor’s series, the first

equation is negative for s € (0, 1], whereas the second equation
is positive. Hence the maximum is obtained at ¢ = 0. The last
step is to evaluate

IM(s,1,0,0) 1+
a0 T3 2
— (1—sin¢ sin @)’ 1 —sin ¢p[(14r cos ¢ sin 6)*
— (1 —rcos¢sind)*1}. (A37)

sin 8{cos ¢[(1 + sin ¢ sin )’

But then this has a form similar to (A14), and thus the maxima
is obtained at @ = 0. Evaluating M(s,1,0,0) then results in the
claim
Piis(X10) < M(5,1,0,0) = 3(1 +2'7°).  (A38)
]
The additivity of minimal entropy holds by using the same
argument as in step 2 of Appendix 1. Namely, given a string
divided into parts A and B, where B denotes a single-qubit
system, the uncertainty relation for B holds for the state

Ny,i6,PaBN, 5, ] ’ (A39)

OB —tI’A|: T
tr [NXA\GA'OABNXA\OA]

where Ny, = T%|x4)(xs|T% ® 1. By exactly the same
arguments as in steps 3 and 4 in Appendix 1, the smooth
conditional min-entropy of the string X" € {0,1}" conditioned
on the basis 8" € {0,2}" and the classical side information K
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can then be bounded by

1
HF (Xn |®nK)p 2

min

1
;HO,(X”|®"K)p|p

-1 1 I
> max — log 3(1—i—2 )

s€(0,1] §
1 2
i log (A40)
sn
3. Technical Lemmas
Lemma 2. Given the function g : R x R — R,
gla,s) =sl0+a)~" + (1 —a)]
1
— ;[(1 +a) — (1 —a)']. (A41)

Then g(a,s) > 0 fora € [0,1) and s € (0,1].
Proof. Since a lies within the convergence radius of the
function (1 £ a)*, we expand the function in Taylor’s series:

sl(l+a) '+ —a)'1— 2[(1 +a) —(1—a)']
=D —=2)---(s—n) ,
21 2as +2 Z (s—n+1)
a n=3,5,.
=D —=2)---(s—n) ,
:25[ Z a0 a
n=24,...
Z =D —=2)---(s—n+1) ,_,
N n! ¢
n=3,5,...
=D —=2)---(s—n) ,
= 25|: Z P a
n=2.4,...
Z (s—=D6—=2)---(—J) ;
. ' a
j=2.4,... (G + D!
n n
= 2s n:;“(s — D=2 —m—ga
> 0. (A42)

The first equality holds by a straightforward expansion of
Taylor’s series, the second equality holds by extracting 2s and
absorbing % into the second summation term, the third equality
follows from redefining the summation variable j =n — 1,
and the last inequality follows because (s — 1)---(s —n) > 0
for s € (0,1] and n being an even integer. ]
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