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Abstract

We consider the multiparty typicality conjecture raised by Dutil from
a one-shot perspective. Asking for a multipartite state close to the state
of the system that is typical on different subsystems simultaneously, this
conjecture serves as a placeholder for the general difficulty to transfer the
concept of classical joint typicality to the quantum setting. In this work, we
reformulate the multiparty typicality conjecture as an optimization problem
for min-entropies of different marginals. We find that the resulting one-shot
conjecture is satisfied whenever the marginals under consideration commute.
In this case we provide an optimal bound on the distance of the optimal state
that demonstrates that atypical correlations for different subsystems can form
mutually exclusive events on the global system. We furthermore show that
our conjecture also holds in the two party quantum case. The techniques are
then generalized to a restricted case for more parties given that the marginals
to optimize do not overlap. Finally, this leads to a proof of our conjecture for
tripartite systems in a pure state.
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1 Introduction

In this thesis we consider an aspect of joint typicality on multiparty systems from a
one-shot perspective. Our work is based on a recent conjecture raised in the context
of multiparty state merging. It is closely related to another conjecture concerning
communication over a quantum multiple access channel. The conjectures shall be
motivated in the following.

First, let us consider the task of multiparty state merging. The initial setting
is given by a number of senders Aj,...,A,, that share an unknown quantum
state with a single receiver B. The goal is now to merge the senders’ systems
to the receiver using only classical communication and a minimal amount of
entanglement. This task was first investigated by Horodecki et al. [1]. They
provided a protocol for one-party state merging with optimal entanglement rate.
This one-party state merging strategy admits a generalization to the multiparty
scenario applying it successively on every sender’s system. In this manner, the
corner points of the entanglement rate region of multiparty state merging have been
shown to be achievable [1]. Intermediate points on the boundary of this region can
be approximated by partitioning a large number of rounds of the protocol into
sections, on each following a different successive one-party state merging strategy
with an appropriately permuted ordering among the senders. This technique is
referred to as time sharing.

Although the successive one-party state merging presented in [1] was shown
to achieve the full rate region it has a fundamental disadvantage. That is, it does
not yield a code to directly achieve intermediate points in the entanglement rate
region without time sharing. This is especially a drawback in the one-shot setting,
where time sharing is impossible. It was thus attempted by Dutil [2] to avoid
its use suggesting a protocol where all senders initially perform a simultaneous
measurement on their systems. The initial joint state of the systems A; - -- A,, B
is then reconstructed at the receiver’s system by local actions. In order to show
that such a protocol succeeds with high probability the proof requires for the given
initial state on A; - - - A,, the existence of a close state with typical purities on every
subsystem. Such a state was proven to exist for two senders in [2], leaving the case
for more senders as a conjecture. A proof of this so called “multiparty typicality
conjecture”, restated as conjecture 3.2 in chapter 3 in this thesis, would complete
the error analysis of the multiparty state merging protocol suggested in [2].

Subsequent to Dutil’s conjecture, Notzel [3] considered the problem of
multiparty typicality from a representation theoretic point of view. Contributing
an alternative proof for the case of two parties, the argument could, however, not
be generalized further.

In this thesis, we approach multiparty typicality from a one-shot perspective
reformulating Dutil’s conjecture in terms of smooth min-entropies introduced
by Renner [4]. Smooth entropies can be used to optimize the rate of various
information processing tasks allowing for small error to eliminate atypical
behaviour of the system. In the case of the smooth min-entropy, this corresponds



to reducing atypically large probabilities in the state of the system, for which we
use the term ”smoothing”. The multiparty typicality conjecture 3.2 in a slightly
stronger form then asks whether one can smooth atypically large probabilities on
all subsystems of a multiparty system without to change the state too much. That
is, given a state we search for a close state whose min-entropy exceeds the largest
min-entropy in a specified neighbourhood of the system’s actual state on every
subsystem. The existence of such a state would then directly imply the multiparty
typicality conjecture by virtue of the asymptotic equipartition property as we show
in section 3.

The second conjecture of close interest was raised by Fawzi et al. in [5],
who considered classical communication over a quantum multiple access channel
(MAC). This work is put into a larger context in the thesis by Savov [6]. The
setting is given by m senders that are connected to a receiver by a single classical-
quantum (cq) channel. Proving the ability of a particular protocol to almost
certainly transmit information through the cq-MAC essentially consists of finding
a decoding POVM that allows the receiver to reconstruct the senders’ messages
with high probability. One possible strategy introduced by Winter in [7] is known
as successive decoding. In the case of two senders, this means that the receiver
first decodes the message of the first sender followed by the message of the
second sender using the side-information from the first sender’s message he has
already decoded. The side-information in the second step allows for an increase
in the capacity from sender two to the receiver compared to the point-to-point
communication scenario. The rate tuple corresponding with the described strategy
together with the one for the same strategy with a permuted ordering among the
senders in the decoding protocol marks the corner points in the capacity region of
the cq-MAC. Using time sharing, one can again approximate any intermediate rate
point by a convex combination of different corner point strategies. The described
strategy can be generalized to m parties in a straight forward manner as shown in
[7].

Naturally, as it is the case with successive one-party state merging such an
approach is infeasible to reach non-extremal points on the boundary of the capacity
region of the cq-MAC in the one-shot setting. Similarly, we can replace the
successive decoding strategy by a simultaneous decoding protocol to relax the
restriction to time shared codes. In order to obtain a natural generalization of the
error analysis of such a protocol from the classical case, one would need to include
the properties of different conditionally typical projectors in the decoding POVM.
Since conditionally typical projectors contrary to the classical setting in general do
not commute it is not clear how to construct such a measurement. Nevertheless, the
existence of a simultaneous decoder for the cq-MAC has been proved for the case
of two senders ([5], Theorem 2). For three parties with the exception of certain
special cases ([5], Theorem 5) it remained a conjecture ([5], Conjecture 4). Similar
to the multiparty typicality conjecture there exists a one-shot counterpart of this
conjecture in terms of smooth conditional min-entropies, which is however out of
the scope of this thesis.



A proof of this simultaneous decoding conjecture for the case of three senders
would be of special importance to the study of quantum interference channels
with two senders and two receivers which is the main topic of [5]. For short, an
interference channel is a shared communication medium among multiple senders
and multiple receivers, where the goal of each sender is to communicate with a
matched receiver in the presence of interference. For general classical interference
channels the set of strategies discovered by Han and Kobayashi [8] yields the
best known to be achievable rates to date. The Han-Kobayashi strategy involves
splitting of the codebooks of each of the two senders into a personal and a common
part. The point of this distinction is that every receiver is required to decode both
messages of his corresponding sender as well as the common message of the other
sender. Translating this strategy to the quantum setting, we are confronted with
two instances of a simultaneous decoding problem for three sender cq-MACs ([5],
proof of Theorem 12). The basic problem in this context is that an arbitrary point
in the rate region of both cq-MACs may not necessarily be achievable. That is, we
can always construct codes which yield an optimal rate on one of the cq-MACs by
time sharing. However, if the corner-point strategies of this cq-MAC do not lie in
the rate region of the other cq-MAC the code might not even be decodable for the
second receiver. Actually, the ultimate goal would be to prove the decodability of
any code that corresponds to a point lying in the intersection of the rate regions of
both cq-MACs. This is exactly implied by the simultaneous decoding conjecture.
We note that the achievability of the quantum Han-Kobayashi rate region follows
without the simultaneous decoding conjecture for three senders from the results of
Sen [9] who used a sequential decoding technique and subsequently Savov ([6],
Theorem 5.5), who reduced the need for the three sender simultaneous decoding
conjecture to hold to the case of two senders, both proving the achievability of the
larger quantum Chong-Motani-Garg rate region [10].

We proceed with an outline of the content of this thesis. After a short
introduction, we show in chapter 3 how the multiparty typicality conjecture 3.2 is
related to the one-shot conjecture 3.1 concerning smooth min-entropies. In chapter
4, we prove conjecture 3.1 under the assumption that the marginals commute. This
is especially satisfied in the classical setting. We then provide an explicit example
to demonstrate that the distance estimate on the typical state we found in the proof
is optimal in general. Specifically, we show that for sufficiently large systems
there exists states consisting of correlations that form mutually exclusive events yet
each of them being strongly atypical on a different subsystem. As a consequence,
eliminating all atypicalities comes at the cost of inducing an error that runs
exponentially in the number of parties. That is, unless the smoothing parameter
is chosen exponentially small (almost) the entire state has to be smoothed off to
achieve all different optimization objectives! Subsequently, we address the general
quantum case in chapter 5, first proving conjecture 3.1 in the case of two parties
and then generalizing the employed techniques to prove a restricted form of the
conjecture for more parties. To show the limits of our current techniques we
dedicate section 5.1.3 to the study of the three party system. Motivated by the



failure of the considered techniques in this case, a different approach based on a
classical intuition is pursued in section 5.2. We first rederive the result from chapter
4 in the classical setting and then outline the obstacles in a quantum generalization
of this argument.



2 Preliminary work

2.1 Foundations of quantum information theory

We assume the reader to be familiar with classical information theory and give a
short introduction to the formalism of quantum information theory. For a more
comprehensive overview the reader is referred to the book by Nielsen and Chuang
[12].

The state of a quantum system is given by a normalized positive semidefinite
operator p on a Hilbert space A,

peS—(A):={reP(A)|trT =1}.

Here, we denote the positive semi-definite cone, that is the set of hermitian
operators with positive eigenvalues, by P(A) = {p € End(A)|p > 0}. The state p
is not immediately observable itself, but through measurements with probabilistic
outcomes. A measurement is characterized by a positive operator-valued measure
on the set of possible outcomes X, that is a set { M, },ex C P(A), with the
property » ., M, = 1 4. The probability of measuring a particular z € X' is
given by tr(M,p). The process of measuring a quantum system always imposes
an evolution on its state. More generally, a quantum evolution is given by a trace
preserving completely positive map, which can be represented as an operator sum
by
E:peS—(A) Y EwpE} € S<(A)
k

where the set {Ex}r € Hom(A, A’) is called Kraus operators satisfying the
condition ) _, E;LE;C = 1 4. The measurement considered above can then be seen
as a quantum evolution from the system A to the classical-quantum system X ® A

by
Easxaniprr Y |a)z| @ v/ Mupy/M,.
TEX
Here, the post-measurement state of the system A is conditioned on the
measurement outcome x € X in the first factor of X ® A. If the
measurement is unknown, the post-measurement state on A is just the reduced
state (5A—>X®A(P))A-

The Hilbert space of a composite quantum system consisting of two parties A1
and A, is given by the tensor product A1 As := A; ® As. An m-party system
with parties A1,..., A, is consequently described by Ay --- A,, =: A. In the
following, we use the letter A; to equivalently denote the Hilbert space as well as
a label for the system itself. Whenever we write S C Ay - -+ A, S # (), we mean
by S the subsystem with state space ) A;€8.1<i<m A;. Tts complementary system
in Ay ---A,, is denoted by S¢, so that S ® S¢ = A. We reserve the notation
|S| for the number of parties in subsystem S, except for section 4.1 where the
notation | - | is used as a counting measure on classical registers. Furthermore, by
K c 2414 \ [} we mean a collection of non-empty subsystems of A.



2.2 Distance measures

We use two distance measures based on extensions of the trace distance and the
fidelity to subnormalized states,

S<(A) = {p e P(A)|trp < 1}.

Subnormalized states themselves do not have an immediate physical interpretation.
However, they can be seen as density operators of a larger system restricted to a
subsystem. Moreover, every non-zero subnormalized density operator corresponds
to an element of S(A) through normalization. For subnormalized states, we define
quantum evolutions as trace non-increasing completely positive maps. That is, in
terms of Kraus operators we require only the inequality ) -, E;ZEk: < 1 4 instead
of equality. A more comprehensive introduction is given [13, Chapter 3].

For the following, let p,o € S<(A) be subnormalized density operators. The
trace distance is defined as

1 1
D(p,0) i= 5o —olli + 5 tr(p— o)),

where ||M||; = tr [ MTtM } is the trace-norm. Another distance function that is
more commonly used in this context is the purified distance [13].

P(p,U) =1 _F(pa0)27

where the fidelity is given by
F(p,o) := |vpvoli+ V(1 —trp)(1 - tro).

The two distance measures are related by

D(p,0) < P(p,0) < \/2D(p, 0). (1)

For the trace distance, the closed ¢-ball around p is denoted by B2 (p) and for the
purified distance by BY(p). Quantum evolutions are non-expansive maps in both
the trace distance and the purified distance. That is, for any trace non-increasing
completely positive map &£, we find

D(E(p), €(0)) <
P(E(p),E(0)) <

D(p,0), )
P(p,0).

2.3 Min-entropy

Let p € S<(A). The min-entropy of the state p is defined as Hy,in(A), =
— log Amax(p) Where A\pax(p) := ||p|lco denotes the largest eigenvalue of p. For
€ > 0 the smooth min-entropy of p is

H>Y(A), = m H.,in(A),
mln( )P O’EB?E/J) ( ) (3)
=1 N Amax
og(gemép(p) ax(0))



where X can be chosen to be either D for trace-distance or P for purified distance.
As the purified distance is more commonly used in this setting, we drop the
superscript P when using it. Since BX(p) C S<(A) is compact the maximum
in (3) is well-defined and achieved by a state 0 € BX (p),
Huin(4)s = Hip (A), @

Note that this state o necessarily lies on the boundary (‘3B§ (p) since for every T €
int(BX(p)) we can find a scalar A € (0, 1) so that Hypin (A)ar > Hiin(A), while
AT € BX(p). The state o can always be assumed to share a particular eigenbasis
with p since a measurement £ with respect to an eigenbasis of p increases neither
the largest eigenvalue of o nor the distance X (E(p),E(0)) < X (p,0).

As we demonstrate in the subsequent Lemma, the state o € BZX(p) that
satisfies (4) has the following structure:

Lemma 2.1 (Min-entropy smoothing). Let p € S<(A), € > 0. For X = D the
state o € BEX (p) that achieves (4) is not unique. Define the function

D) = o HLL(Wp g > 2-HEZ(A),
‘ B x, z < 2—Hfr;f1(A),,'

Then o := fP(p) € BP(p) satisfies (4) for X = D. In contrast, for X = P the
state o € BY (p) such that (4) holds is unique. For € > 0 so that

1

my _ ’
¢ := arcsin(e) < arctan ( N ) B, N >0,

g ) A/ = 07
where X = Amax(p) with my = dgig, ), B = arccos(v/Amy), N =
max L itis givenby o := fF with

jesax | iLis g y f2(p)

cos?(B+¢) —HP (4)

() = ShclgS(Z(f()m x, x>2 - p
—5 L T < 2_Hmin(A)P
sin®(8) -

Proof As remarked previously, the determination of the min-entropy smoothing
state reduces to the classical problem. That is we can restrict the optimization in
(3) to density operators that commute with p. Since the ambiguity of the eigenbasis
of o as we shall see in the remainder of the proof will not affect our statements, we
assume it to share a particular eigenbasis with p. We note that the trace distance
and fidelity for subnormalized states p, o € S<(A) are equal to the corresponding
expressions for the normalized states p:= p® (1 —trp), 6 := 0 @ (1 —tro) on
the extended Hilbert space A & C.



Choosing a particular eigenbasis of p, we identify the states p, & with points
D, q € RiAH containing the eigenvalues in their components. The min-entropy
optimization problem then translates to

minimize  max g¢;
1<i<d4

. 1
subject to: §Hp —qli=¢ gl =1

in case of the trace distance. We can decompose ¢ —p = {q — p}+ — {¢ — p}—
into its positive and negative part with 1-norm ¢ each due to ||p[[1 = 1 = ||¢]|1.
Only the negative part —{q — p}_ can be used to minimize the object function,
which is achieved by reducing the largest components of p by € in total. The
positive weight can be distributed arbitrarily over the other components as long as
the object function is not changed. A feasible choice is {¢ — p}+ = (0,...,0,¢)
giving rise to the function f defined in the Lemma.

For the purified distance, we define p,q € S C R%*! component-wise as
the square-root of the eigenvalues of p, 6. The min-entropy optimization problem
for the purified distance then is

minimize max ¢;
1<i<dyg

subject to:  (p,q) = m, llglle =1

We note that g = V1 —&2p + ¢, withp L q1, |lq1|2 = €. Letp; = -+ =
Pm, = A be the maximal components of p. If € is small enough so that there exists
no feasible ¢ with g; > maxj<;<m, ¢; the optimal ¢ is such that the overlap with
Pmax = (P1,---,Pm,,0,...,0) is minimized. Denoting by IT : » — r — (p,r) p
the orthogonal projection onto p* := {r € R¥*!|(p r) = 0}, we find by the
Cauchy-Schwarz inequality

enl
> ’ "=p ’ <Hpmax7 QJ_> ‘

< HHpmaXHZHQJ_H2

’ <pmax yqL

with equality if ¢, o IIpyax and hence we find the unique optimal ¢, =

—5&% € Span{pmax, p}. Thus the unique optimal ¢ € S is given by

. Hpmax
= cos — sin(¢) ———
4= o =IO, T
:COS(B‘F(ZS) Pmax +Sln(ﬂ+¢) D — Pmax :
[[Pmax|l2 1 — [[Pmax|l3
with & = sin(¢), ||pmax||2 = cos(5). 0

Using this Lemma, we define H,j,-smoothing as a quantum operation.
Concisely, we realize it as a multiplication operator on the eigenvalues {; }; of the

10



state p € S<(A), mapping \; to f-(A;) ;. The smoothing function, f(z) := @

for x € (0,1], f-(0) := 1, is chosen according to Lemma 2.1. Since f. < 1, we
can represent this map as a quantum operation on S<(A),

E:rm =V (p) (). 5)

Note that this map is also a feasible smoothing operation for P due to anﬁl(A) o <
Hfﬁﬁ(A)p by (1). For the distance we then find P(p, £(p)) < v/2¢. An analogous
construction for the purified distance is not possible since the Kraus operator would
have eigenvalues that exceed 1 provided the spectrum of p contains more than a
single non-zero eigenvalue. Cutting such a map down to a quantum operation by
reducing the largest eigenvalue of the Kraus operator to 1, one generally induces
a distance error of P(p,E(p)) ~ /2 in the limit ¢ — 0.! Thus, we will use the
trace distance to define the smoothing operation (5). Its Kraus operators, in the

following denoted by IT := +/ fP(p), then satisfy

Il e P(A), I < 14, [II, p] = 0.

Since the properties of the operation (5) that are essential for the proofs in this
thesis are captured in these conditions, we will in the remainder of this thesis use
them to define min-entropy smoothing as a quantum operation and refer to such a
II with additional property that o = IIpllI as a min-entropy smoothing operator.
The smooth min-entropy, moreover, exhibits the following important property:

Lemma 2.2 (Monotonicity of the smooth min-entropy). Let p,o € S<(A), 0 < p
and € > 0. Then anfi(A)a >HoX (A), for both X = D and X = P.

min

'Let A be a qubit with the state p = cos®(0)|0)X0| + sin®(9)|1)(1], & € (0,%). Ordering
the Schmidt-coefficients of a purification non-increasingly, we obtain the Schmidt vector of p,
(cosf,sinf). The Schmidt vector of the min-entropy smoothing state for ¢ < sin(§ — ) is then
given by v/s = (cos(0+ ), sin(0 + ¢)), ¢ = arcsin(e). This follows from the fact that the purified
distance simplifies to the sine of the angle between Schmidt vectors for normalized states. The
closest state o to p with the property Huyin(A)s > Hf,’lf;(A) p and o < pis then characterized by
the Schmidt vector /5% = (cos(f + ¢), sin(6)). This is the case since any state whose eigenspaces
differ from those of p can be measured with respect to an eigenbasis of p. Such a measurement does
neither affect the operator ordering between that state and p, nor decrease its min-entropy or increase

its distance to p. After some trigonometric analysis we find for the fidelity

F(p,0) =1 — cos(f) cos (%qb - 9) 2sin (g) =1- %sin(%’)e + O(?).
—_— ————

=cos( T —0)+0(e) =c+0(c?)

Since the purified distance involves the fidelity squared, we find P(p, o) = sin(20)/e + O(e) in
the limit ¢ — 0. Thus for every non-pure normalized qubit state p € S—(A), p # 311 4, we have

lim £(P:9)

e—0 \/E

= sin(20).

11



Proof Fix X to be either D or P. Let w € BX(p) be such that Hyi,(w) =
H (p). Leto = >, i |[vi) (vi] be a spectral decomposition of o with strictly

min

positive eigenvalues {y;};. Let

Mg
<Uz‘\ p ’Ui>

G =

lvi) (vi| < 1y

be a set of positive operators and define the trace-non-increasing CPM £
537_)2\/Ei7_\/Ei
i
By construction, one has £(p) = o. Using the monotonicity of X under trace
non-increasing CPMs (2),
X(€(w),0) < X(w,p) <e,

and the fact that

E(w)|loo = max; —— (v;|w |v;
1€ () ol p oy (vl w [vi)
S max; <’UZ| w |Uz>
< JJwlloo
it follows that HoX () > Hyin(E(w)) > Huin(w) = HS (p). O

12



3 Conjecture

We first present our one-shot conjecture on simultaneous min-entropy smoothing
and then show how it is related to Dutil’s multiparty typicality conjecture below.

Conjecture 3.1 (Simultaneous min-entropy smoothing). For any number of parties
m € N there exists a function g,, with lin% 9gm(g) = 0 such that the following holds.
E—

For any state p € S<(A) on any m-party system A = Aj - -- A, there exists

a state o € Bfm(s) (p) that satisfies
Hpin(S)e > HE i, (S),, VS C{A1, ..., An}, S #0.

Note that the rate of convergence given by the function g,, is the same for
all systems A with equal number of parties. For applications, it is important that
gm does not depend on the dimensions of the parties Aj,..., A;,. We remark
that equivalently to the purified distance one may also use the trace distance to
formulate conjecture 3.1 by relation (1).

We now state the multiparty typicality conjecture (conjecture 3.2.7 in [2]).

Conjecture 3.2 (Multiparty typicality). Let A = Ay - - - A, be an m-party system
in state p € S<(A). Fixe,0 > 0. For n € N large enough there exists a state

o € Bl (p®n) such thar
tr((ogen)?) < 27"EH0=) s <« {4, .. Ay}, S # 0.

We note that the multiparty typicality conjecture 3.2 in the above form follows
from the simultaneous min-entropy smoothing conjecture 3.1 applied to the system
A®" with parties AP™,..., AS" in the tensor power state p®". To see this,
we choose the smoothing parameter ¢/ > 0 such that g,,(¢') < £/2. Then,
by conjecture 3.1 there exists a state ¢ € BY ) (pP) with [lo — p®"1 <

gm(gl —
2P (a0, p®™) < € using (1) that satisfies
tr((050n)?) < Amax(0gen)
< 9 (5% pon

(H(S),~0(Z))

S

<27

The last inequality follows by virtue of the asymptotic equipartition property [13].

13



4 Commutative min-entropy smoothing

In this chapter, we prove conjecture 3.1 under the assumptions that the min-entropy
smoothing operations for different subsystems commute and only decrease the state
of the system globally. These assumptions are always satisfied in the classical case.
Furthermore, we provide an optimal distance bound g, in this case.

In the following, we describe the state of a classical system A = Ay --- A,,, by
a density operator

dAl dA2 dAm

p=3"5 Y piinlit)itla, ® - @ lim)inla,, ©)

i1=114=1 im=1

where {|ix) }1<i <d ” denotes an orthonormal basis of A for all & €
{1,...,m} and (pi1~~~im)1§ik§dAk71§k§m is a probability distribution on the
register [[;-,{1,...,da,}. Where the particular eigenbasis of p is not explicitly
needed, we equivalently use the probability distribution (p;,. 4., )1<i.<d Ay l<k<m
to characterize p. The form (6) of the state p implies the commutation relations

[ps @ Lge, pr @ Ape] =0 (N

for all non-empty S, T C {A41,..., Ay }. Subsequently, we show that conjecture
3.1 is satisfied under slightly weaker assumptions than (7) on the state p. In
preparation for the result we prove the following.

Lemma 4.1. Let p € S<(A), K € 2841-2Amd\ (Y, Let {15} 5exc € P(A) with
e < I forall S € K, such that

%, 117 = 0VS, T € K, (8)
[I1%,p] =0VS € K. ©)

Then the state
o= (H Hs>p<H H5> (10)

Sex SeKx
satisfies
o < MpI°vsS ek (11)
D(p,oc) < Y D(pg,II%pgII%). (12)
Sex

Proof We first show equation (11). Fix a subsystem S € K. By the commutation
relations (8) the operator IT° may be moved to the outermost position,

o = II°TI pIT# 119,
where § := K\ {S} and IT¥ = [Ires 17 accordingly. Since for any T € $,

II” and p are simultaneously diagonalizable and I17 < 1 4 we find II7 pIIT < p.

14



By induction it follows that ¥ pH$ < p. Applying II° to this inequality gives
o < IIpII® as required.

To compute a bound for D(p, o) consider an arbitrary ordering (.S i)1§i§| x| of
all considered subsystems K. Define IT¢ := H;;ll 1% for 1 < i < |K| (the empty
product is defined to be 1 4). By the commutation relations (8) IT* is hermitian.
Since ||IT7]| o0 < H;;ll |T17|| oo < 1, we have IT* < 1 4. Then

K|
D(p,0) < ZD(fIipﬁi,fIiHSIpHSZfIi)

i=1
K| ‘ A

<Y D(p, 1% pI1%")
i=1
K| , .

= D(pg:, 1% psilT*")

=1

where we used the monotonicity of D under the trace non-increasing CPMs
& : 7 — 171" in the second line (2). In the third line we applied the property of
the trace distance that for

T,w € S<(H), 7 > w: D(r,w) = tr(1 — w) (13)

to the inequality p > s pHSi. O

This Lemma can be employed to prove conjecture 3.1 in the case where the
min-entropy smoothing operations for different subsystems commute and only
decrease the state of the system globally.

Corollary 4.2. Let p € S<(A), K ¢ 2040 A} \ (@} and e > 0. For S € K
define 11° € P(S), I° < I g such that
Hmin(S)HspHS = H;ﬁ(s)ﬂv (14)
D(ps, 1%psT1®) < e.
If {TT1%Y sexc and p fulfill conditions (8) and (9) then o € S<(A) defined as in (10)
satisfies

Huin(S), >HIP(S),VS €k (15)
D(p,o) < IKle. (16)
Proof Apply Lemma 4.1 and use Lemma (2.2) for ¢ < p to obtain (15). ad
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Note that this proof can be generalized replacing the smoothing maps p —
I1° pIT® by arbitrary trace non-increasing CPMs £° acting on the global system A
with

,D
Hmin(S)ES(p) = anin(s)m

D(p,E%(p)) < ¢

for all S € K. The condition of commutative, globally state decreasing min-
entropy smoothing (8), (9) then become ESET = ET6 £S5 and Es(p) < p for all
S, T e K.

As introductorily indicated, choosing K = 2{A1-Am} \ {1 Corollary 4.2
proves conjecture 3.1 for all classical states. In particular, with the choice IT° =
V fP(ps), fP as defined in chapter 2, the eigenspaces of the state pg always refine
the eigenspaces of IT° for every S € K. We can employ this to conclude that (8),
(9) follow from (7) VS, T € K U {A}. In fact, conjecture 3.1 has a well-defined
classical limit. Even if quantum states are available to define a simultaneous min-
entropy smoother ¢ it can be chosen to be classical whenever p is classical. This
follows from the fact that a measurement of ¢ in the classical basis cannot increase
neither its largest eigenvalue on any subsystem nor the distance to p on the total
system. Therefore, the closest simultaneous min-entropy smoother of a given
classical state can always be assumed to be classical.

Corollary 4.2 does, however, not only apply to classical states. In particular,
the commutation relations (7) V.S,T € K U {A} do not imply that the state p is
classical. As an example consider a bipartite system A; A in the entangled pure
state

d
1
W)= —=1id)ara, (17)
= v
where {|j) 4. }1<j<d,, 1s an arbitrary orthonormal set on A; for i = 1,2 and

1 < d < min{da,,da,}. This state has one-party marginals that are fully mixed
on their support which immediately implies (7). Hence, we find that Corollary
4.2 holds for the special class of bipartite entangled pure states whose Schmidt
coefficients are fully degenerate.

In fact this is the most general bipartite pure state to which Corollary 4.2 applies
if KC contains a one party subsystem A;. To see this, observe that (9) requires
147 [h) o< |¢). By analysing the effect of I on the Schmidt-coefficients of [¢)),
this can only be satisfied if ITT4¢ is a multiple of the identity on supp|¢)(¢)| 4,. Then
by definition of T4, |1))(1)| 4, can have only one non-zero eigenvalue and hence
|1) is given by (17).

For the case of a general bipartite pure state one may ask whether there exist
small perturbations of the smoothing operators so that the modified IT4¢, i = 1,2,
achieve [IT47, |¢))(1)|] = 0 while satisfying the property

e,D
Honin (Ai) gy = Hiig (Ai) gy -

16



This, however, is not the case since it implied that o < [|¢)1| for o defined
as in (10) and hence 0 = Al) |, A € (0,1). Now, let 1)) have Schmidt-
coefficients /c + ¢ with multiplicity 1 and /c with multiplicity d — 1, where
d := min{da,,da,}, c :== 5. We then find that A\ < L= ﬁ. Hence if
the parties A1, Ao are large enough the state o will have vanishingly small trace,
tro = A. Thus, for a pure multiparty state v, a close min-entropy smoother of a
one-party subsystem in general cannot be smaller than |1/)(¢)| on the total system
with respect to the positive semidefinite operator ordering.

We conclude this section with the observation that for every bipartite pure
state 1) we can always find a commuting family {II°}gci with the properties in
(14). This is due to the fact that one can choose IT4142 o 1 A A,- In fact, the
state defined in (10) then satisfies (15) as the interested reader may verify. The
expression € on the right hand side of expression (16) then has to be replaced by
\/2¢. Since the proof of these facts involves techniques introduced in section 5.1.1,
we omit it here.

4.1 Optimal classical simultaneous min-entropy smoothing

We provide an example that shows that the distance bound (16) can be saturated
in the classical setting. For the functions {g;, }men introduced in chapter 3 this
implies that the choice

gm(e) = (2™ —1)e

is optimal in the classical limit of conjecture 3.1 formulated in terms of the trace
distance.

Theorem 4.3 (Optimal classical simultaneous min-entropy smoothing). Let & > 0.
There exists Nz € N such that on every classical system A = Ay --- Ay, with

1I<1a'i<1f1 da, > Nz the following holds. For any K C 2{A1-Am}\ {(} there is a
<i<m

state p such that for every e € (0, | any classical state q with

Houin(9), > H2P(S), vSek (18)
satisfies
D(p.q) > |Kle. (19)

Asymptotically, as € — 1/|K|, we can choose Nz = O((1/|K| —&)~™).

The intuition behind the proof of this Theorem is to construct a state p whose
min-entropy smoothing operations for any two different subsystems in /C must act
on different entries of the associated probability distribution. This is precisely the
case when the entries of p that contribute to the peak probabilities of different
marginals form disjoint sets on the register of the total system. The proof of
Theorem 4.3, hence, consists of the construction of a state p with this disjoint
smoothing property.
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Before addressing the general case it is instructive to consider two parties first.
Let the parties A;, A have equal dimension, d4, = da, = 2n2 + 1 forn € N.
Define a state p on the register {—n?, ..., n%}? by the probability distribution

faq
2n2

faqa,
2n

faq
2n2

where only every n-th entry on the diagonal is occupied by ]%21%. All blank entries
are set to 0. Let L C {Aj, Ag, AjAs}. For S € K define fg := ﬁ, else set
fs := 0. Then we make the following claim restating Theorem 4.3 for two parties.
Claim. For every € < ﬁ there exists ng € N so that Vn > ng, Ve < € any
classical state ¢ on A1 Ao with

Hmin(s)q > HE’D (S)p VS ek (21)

min
satisfies D(p, q) > |Kle.

Proof To prove this claim we denote the horizontal non-zero line in (20) by hA,
the vertical non-zero line by h**? and the non-zero diagonal by h4142. Computing
the marginals to

= fa, ifi =0
(P4, )i < fA217:42 + fA{léz]é\{j} clse.

We observe that the entries of pg, S € K, coming from S dominate all others by
order n. Hence, for any € < ﬁ there exists an ng so that Vn > ng a probability

weight of at least ¢ has to be removed from /* in order to smooth p on S. Since the
only common entry of the sets {h°} gcx has probability 0 the claim follows. O

The construction of p in (20) can be naturally generalized to m parties. The
probability distribution p is then defined on the discrete m-cube. The discrete
lines h° are replaced by discrete hyperplanes, each lying orthogonal to the main
diagonal of the subspace associated to the subsystem S. The density of non-zero
entries on these hyperplanes decreases exponentially in the number of parties in
subsystem .S. We will in the following define the required geometric entities and
then proceed with the proof of Theorem 4.3.
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Let m € N be an arbitrary number of parties. Let all parties Ay,..., A, be
isomorphic with dimension d4, = N = 2n" + 1 for n € N. The state of the
system can be represented by a probability distribution p on the cubical register

C:={-n",..,n"}"=(N-1)I"NZ™" CR™,
where [ := [—%, %] We identify the j-th component of the global state
(i1,-..,1m) with the state of party A;. For T' C {Ay,...,An}, T # (, define
the continuous hyperplane
1
HT .= Z ej | cR™, (22)
j,Aj erT

where (e;)1<;<m denote the standard basis vectors of R™ and ()= is the orthogonal
complement with respect to the standard inner product. Restricting H” to the
register C, we obtain the discrete hyperplane

W.=HT"nC

23

j,AjET

We can reduce the density of states on this hyperplane by a factor of plTI=1 by
defining
W' = {(ky, ..., km) € W7 |(kj)ja,er C nZIT}. (24)
This construction can be repeated naturally when a subsystem S C
{A1,..., A}, S # 0, takes over the role of the total system. We denote the
register on S by

Cs = {(is)s,aces} = {—n"™,...,n™}5 c RISI. (25)

Note that the indexing used for the components of a state ¢ € C'g is kept the same
as in C, that is ¢ = (4);,4,c5. For T" C S, we can then define the continuous

hyperplane
1

I,AJeT
in analogy to (22). Restricting it to the register Cg, we obtain the discrete

hyperplane
(hT)s = (H")sNCs (26)

as in (23) and finally
(hT)s = {(k1, ..., km) € (hT)s|(kj)ja,er C nZIT}. (27)

To prove Theorem 4.3 we need the following Lemma on the size of the discrete
hyperplanes (23), (24), which by construction transfers to the ones defined in (26),
27).
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Lemma 44. Let T C {A1,...,An}, T # 0. The discrete volume of the
hyperplanes T (23) and hT (24) is

T = 8N 1+ O(N ),

. . - (28)
BT = v = (1 OV ),
in the limit N — oo with o|p| € [ﬁ, %] 5|T‘ _ o-lret O Especially,

both terms in (28) are bounded from above by N™ 1. Moreover, h™ has the largest
volume among all discrete hyperplanes in C' lying parallel to it.

Proof  From the definition (23) of h”, (24) of AT, it follows that the
components (k;); a,ere of the vector (kq,...,kp) can be chosen freely in the
set {—n™,...,n™}HT°l. The remaining ones, (k1)1 4,e, must sum to O forming
the hyperplane (h7)p, (hT)r respectively, on the register C. We note that
(WTYyp = (WD)p nnzITl = (HT)p 0 201171 0 nZT1 and thus, performing a
dilation by 2,

((W)r| = |(HT)p 0 2n™ 11T 0 ZIT).
Hence, the size of (h')7, (ilT)T, is the same as that of
¢"(t) =tQT nzl",

where Q7 := (H")r N 21171, choosing t = n™, t = n™ ! respectively.

We may apply Ehrhart’s theorem on integer dilations of integral polytopes?> to
quantify |¢7 (t)| for ¢ € N. For this purpose, we set m* := |T'| and use a linear
indexing convention on C7 in this part of the proof. Define a linear map via

(H)yy —R™ 1
e — €1 €1

F

which maps ¢” (t) bijectively to a subset of the integer lattice Z™ ~!. The image
of QT under F is an integral polytope in R™ ~!. This can be seen from the fact

The object under consideration in Ehrhart’s theorem is a convex d-dimensional integral polytope
@ C R?. That is a polytope with vertices on the lattice Z®. The theorem states that the number of
integer points contained in the dilated polytope tQ, where ¢ € N, is a polynomial of degree d in t,

d
Lo(t) = [tQNZ =) at'.

=0

Normalizing Lq(t) = |Q N $Z% by ¢* and considering the limit ¢ — oo we can identify the
coefficient ¢4 to be the d-dimensional volume of (). This follows from the fact that () can be
arbitrarily well approximated by a finite union of d-cubes of edge length % centered at points on the
lattice %Zd that lie in Q). For a more comprehensive introduction to Ehrhart’s theory the interested
reader may consult [16]
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that the vertices of Q7 lie on the edges of the cube 2/™" while their coordinates
must sum to 0. By the fact that F' is a linear isomorphism, we then find

" (O] = fQT NZ™ |
2@ty nzm ! (29)
'S volgme 1 (FQT)E™ 1 + O™ 2),

where we have applied Ehrhart’s theorem to the integral polytope F(QT). To

compute the volume of F(QT), note that vol gy, is the contraction of volg

with the unit outer normal v = \/71?(1, ..., 1) in terms of linear forms.> Pulling

this form back under F—!, we obtain
(F~hy* vol(gr), = det(v, F7(e1),..., F  (eme—1)) volgm=—1

with

Ha -
|
L
|
L
|
L

-3

det(v, F7Y(e1), ..., F Y epm_1)) = det

3

§H
o
=
—_

= vm*.
Thus, we conclude that

1

/m*
1
= ﬁ VOI(HT)T (QT)
Finally, we note that the volume of a central (m* — 1)-dimensional slice through
the unit cube I™" has been shown to be bounded from below by 1 in [17] and
subsequently from above by v/2 in [18]. 4 Thus, inserting t = n™, t = n™ !, in
(29) we recover the size of (hT)7, (hT)r respectively,

volgm 1 (F(QT)) = (F~1 Vol gy, (F(QT))

Wl = \/i;?V()l(HT)T <1QT> N™=Y 14+ O(N7Y),
|(iLT)T’ = ﬂ“u*ll\/i*VOl(HT < QT) N™ —1—7_( —|—O( —a %)))

m

and hence (28) follows.

3That is VO](HT)T (U1, Um*—1) 1= VOlgm= (M, V1, ..., Um*—1) YU1,..., Um*_1 € (HT)T
‘A summary of these results can be found in the first chapter of [19].
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To see that |(hT)p| < N™ ~!is immediate since the choice of the first m* — 1
components of a state in (h”)7 completely determines the remaining one as they
have to sum to 0.

It remains to prove that h” maximizes the volume among all discrete
hyperplanes in C' parallel to it. Parametrizing parallel hyperplanes by

hy = (k. km) €Cl Y ki=ay,
I,AJET
for x € 7Z, we can prove that
Va,y € Z, |z < |yl ¢ |hg| > |hy]

by induction over the number of parties in A. For this purpose, we define discrete
hyperplanes on the register of the system A; - - - A,,,—1 by

(hg\Am)A1'“Am—1 = {(kl, LR km—l) S CAl“'Am—l‘ Z ki = x}’

I,LAJET
for x € Z. The induction step uses that for all z € Ny,
N1 N-1
2 2
T T ATIL T ATVL
L LY e NN (ot YO S SR (e VAT
ko—_N=1 koo—_N=1
m P} m 2
T\Am T\Am ind. hyp.

= ’(hm_¥)A1“‘Am—1‘ - ’(h‘ )Al“'Am—l‘ > 0,

o414 gt

and the inversion symmetry of the cube C, |hT | = |hL]. 0

We are now ready to prove the Theorem.
Proof (of Theorem 4.3) We construct an explicit state p that generalizes (20) with
the property that any simultaneous min-entropy smoother ¢ on subsystems K must
satisfy (19). Set Q5 := b5\ (Urex 125 hT), define the state

IS i (i, i) € QS
iy = 03] 1 (117 7Zm) (30)
0 else,

The parameter fg is a probability weight associated with hyperplane hS. As we
shall see in the remainder of the proof, to saturate the bound (19) it can be adjusted
to any value that is larger than ¢ provided the dimension N is sufficiently large. In
this case, it will always be necessary to remove a probability weight € from (ils )s
on pg to achieve the smooth min-entropy of p on subsystem S.

Fix a subsystem S € K. Leti = (ij); ,es be an element of the register C's.
Denote by

G; = {(k’l,...,km) €C|]€j :ij, Vj,Aj S S} ccC
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the set of states on the total system A that are compatible with ¢ on subsystem S.
It is precisely this set that we sum over when computing the marginal (pg);.

In the following, we compute the S-marginal of p. Since G; C hS for
i € (h%)s, we have

fs

(ps)i = 05 a\| U ], ie@)s=0%s\| U (s
TeK,T¢S TekK,TCS
(3D
First, we observe that .
0%] < | (32)
and bound
‘GiﬂiLT| = (kl,...,k?m) € Gz’ Z k= — Z i, (kl)LAzET GTLZ‘TI
1LLAIET\S I,AJleTNS
< (W ge| < NISIFL T 7 8.

(33)

To see this, note that the components (k;); 4,cs are fixed by G;. The remaining
ones, (k)i a,ese, together with the condition Zl,AleT\S k = — Zl,AleTﬂS 1
form a subset of a hyperplane on Cge parallel to (hT\S )se and hence the second
line follows from Lemma 4.4.

We conclude that

G\ U Wz (Gl - > [Gink]]

TeK,TZS TEK,TZS o (34)

=NI5¢l <NIS¢l-1

> Nl —on )
using (33) to obtain the second line. We can now lower bound pg on (QS )s by

(ps)i > A5 (1- O, ie(@S)s 35)

|(7%)s]

using the fact that | 25| = NI5°1|(h5)g].
For subsystems 7' C S we find

(ps)i < éﬁ‘wi\, ie(hh)s. (36)

To obtain an upper bound on these probabilities, we note that

Q"= pT - A" nhY|
Uek,U#T . . (37)
<IAT) 7 |[(RUAT ) e

> K71 - O(NTY),
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where Lemma 4.4 was used in the last step. We therefore find

, -1
951 % i+ O
__Jr ds 1 -2
= 1) y yEE O 9
1 1 :
=— O "m), ie(h”
) (N=m), ie(h)s

for T C S expanding by |(7°)s| and using Lemma 4.4 to obtain the last line.
To bound pg on all states on Cg lying outside of the hyperplanes

{(iLT)S}TGIC,TCs, we find

G e
SN\S |—1
Ir T
TeK,TZS 2]
Zriaron-1))
(28) NISel-1
2 ) .
Tektgs O N™~1=
) 1
<K max T -l s (L OV =03y
TeRTELS §i7y |(hS)s| N1— 5
1
= — O(N~m)
|[(h%)s]

again expanding by |(h°)g| and using Lemma 4.4 in the last step. Thus, if £ is such
that

!
€< | min ;, — max ) 1%, 40
(uin ) = max () ) 19 0
a probability amount ¢ has to be removed from Q° in p in order to achieve the
smooth min-entropy on S. Analogous to (37), one obtains

(Q5)s] > [(hS)s](1 — O(N—U=m))) 41)

Hence, putting together the previous expressions (35), (38) and (39) with the last
equation, the right hand side of (40) is lower bounded by fg—O(N ™~ w ). Therefore,
if ¢ < mingex fg inequality (40) is satisfied if NV is sufficiently large and hence for
every S € K a probability weight ¢ has to be removed from hS in p to achieve the
smooth min-entropy. Choosing fg := I%\’ S € K, fs = 0 else, proves optimality
of the bound (19).
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From the condition & % fs—O(N _%) we conclude that to satisfy (19) for p
with fg = 1/|K| in the limit ¢ — 1/|K| the dimension of the parties d4, = N can
be taken as

N = O((1/IK| - &)™),

Hence, the lower bound Nz in the Theorem can be chosen to grow only
polynomially in the inverse difference 1/|K| — £ as € tends to 1/|K|.
0

The proof of Theorem 4.3 demonstrates that the if the smoothing parameters
are not the same, e.g. we have a collection {es}seic, D gex€s = 1 — 9 < 1, the
distance bound (19) still holds in the altered form

D(p,q) > ) _ es.

Sek

Set fg =eg + % in the definition of p for an example. Note that the probability
weights {fs}sex do not have to be equal either in order to saturate the bound
(19). In fact, the distribution p may even be varied further, e.g. by choosing it
non-uniform on A5, without to lose the disjoint smoothing property. To obtain this
property in this case with our proof techniques, the only condition on p is that all
entries of pg on (2%)g (up to such that can asymptotically form an impossible
event) must fall off faster than N2m /|(h%)s| but slower than N ~om /|(RS) 5] as
N — oo.

The fidelity of any simultaneous H i, -smoother ¢ to p (defined as in the proof
of Theorem 4.3 with fg = 0 for S & K) such that Hpin (S)g > Hi’lﬁl(S)p must
satisfy

F(p,q) <) cos(bs) cos(0s + ¢)
Sex

=1- Z cos(fs) sin(fs)e + O(e?)
SeK

in the limit (¢ — 0), where 0g = arccos(v/fs), ¢ = arcsin(e). Thus,

P(p,q) > |2 Z cos(fg) sin(fg)e + O(e)

Sek
= Z V fs\V/1— fs2e + O(e)
Sek

where the leading term is maximized by the uniform distribtion fg = ﬁ, Sek,

yielding
P(p,q) = V/IK| = 1vV2e + O(e).
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5 General quantum case

We now consider conjecture 3.1 in the general quantum setting. We present a
proof for the case of two parties using an iterative smoothing technique according
to a particular ordering of the subsystems. A generalization of this argument to a
restricted case for more parties is then made, where the subsystems to smooth do
not mutually overlap. This is then used to prove conjecture 3.1 for three parties in
a pure state. We subsequently proceed with an analysis of the simplest case where
our techniques fail. That is a three party system in a mixed state. Given these
limits, we subsequently pursue a non-iterative approach based on minimization in
the positive semi-definite cone to prove conjecture 3.1. We rederive the result in
the classical case and point out the shortcomings of this technique in the general
quantum case.

Throughout this chapter we will use the following basic invariance property of
the purified distance.

Lemma 5.1. Let S € 214uAnk\ () If 7 € S<(A), TI® € P(S), IT° < I,
are such that [IT°, 75] = 0, then

P(r,1%711%) = P(7g, T%7411%). (42)

Proof The inequality “>" follows by the monotonicity property of the purified
distance (2) under the TPCPM trge. To derive the other inequality we use
Uhlmann’s Theorem for the fidelity [14]. Let |1)) € AR be a purification of 7,
then

IVTVIISTITS |y > (9| 1% [9)

= tr(Il%7g)
[HSJ'S}:O S S
= II\/Ts v IIP 15 I1%||

where in the first line it was used that IT° |¢) is a purification of IT°7II%. As
tr(IT9711°) = tr(IT1%75I1°%) and tr(7) = tr(rg) we conclude

F(r,T1%711%) = F(7g, T97411%).

a

This Lemma is a manifestation of a more general fact stated in Corollary 3.6
in [13]. That is, there always exists an isometric extension of a given state on a
subsystem relative to a reference state defined on the total system if we work in the
purified distance. Lemma 5.1 gives a concrete formula for this extension for special
cases. Note that one can in general not replace the operator product IT° - IT® in (42)
by an incomplete measurement of the form Eg(-) := > P2 - P, PY € P(S),
that has the same effect on 75 and satisfies II° = >~ P2. To see this, observe that
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for a pure state ¢ € A,

P, Es(w)) =[S (] PS )’

< @D PEw)*
= (| TI° [9) = F(vs,Es(1)s)).-

The inequality in the second line becomes strict as soon as there exist more than one
operator P that have non-zero overlap with 1, (| P |¢)) > 0. In the case where
only one operator P has non-zero overlap with 1 the considered measurement
Es(+) is equivalent to the operator product IT¥ - IT. We conclude that the outcome
of an incomplete measurement Eg of a state 7 on a subsystem in general is not
an isometric extension of the measurement outcome on that subsystem, Eg(7s),
relative to 7.

As a consequence, to obtain an explicit extension of the min-entropy smoother
o on a subsystem S C A for a given state p € S<(A),

Hmin(s)a = Hfﬁﬁ(s)p

we are forced to write it in the form o = IISpII®. Replacing IT° - II¥ by an
incomplete measurement with respect to an eigenbasis of pg with the same effect
on pg will in general perturb the state p too much. The reader interested in an
example may consider a maximally entangled state on a bipartite system A; Ao,
14t = 1 4, and £4, a measurement in the A;-part of the Schmidt basis of 1. The
outcome €4, (1) under this measurement is a maximally correlated classical state
with P(¢, €, () = /1 — g~

Finally, note that the trace-distance exhibits a property that is similar to Lemma
5.1 stated in (13). However, it requires the commutation relation [I1%, 7] = 0 to

hold on the total system A while the assumptions in Lemma 5.1 only impose a
condition on subsystem S.

5.1 Iterative min-entropy smoothing

In this section we show how conjecture 3.1 can be proved for two parties by
iteratively smoothing the min-entropy over all subsystems. The techniques admit a
natural generalization to the setting with more parties solving a restricted form of
conjecture 3.1 in this case. This result can be used to conclude conjecture 3.1 for a
three party system in a pure state. Finally, we analyze the simplest case where the
iterative approach fails to provide a simultaneous min-entropy smoother, which is
the three party system in a mixed state.
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5.1.1 Two parties

In this section we give proof for conjecture 3.1 in the case of two parties consisting
of quantum systems A; and As. We note that the multiparty typicality conjecture,
which is the special case when p is a tensor power state, was proved in [2] and
subsequently in [3] for two parties. We provide here a proof in the more general
one-shot setting which is hopefully more transparent.

Theorem 5.2 (Quantum case of conjecture 3.1 for two parties). Let p €
S<(A1A3z), € > 0. There exists 0 € S<(A1Az) such that

Hmin(S)g > fnin(S)Pfor all S € {Al,AQ,AlAQ}, (43)
P(p,o) < 3V2e. (44)

Before starting with the proof, we make the following basic observation
Lemma 5.3. Let p € S<(A1A43), 4,54, be a quantum evolution on Ay. Then,
(Za, ® Eay545(p)) 4y < pas-

This Lemma is simply proved by considering an operator-sum representation,
Eay(-) = Y4 B - Ef with Pay = 3", EJ By < 1 4,,

par — (Eay(p))ay = (La, — Pay)p)a,
= (V/1Lay, — Payp\/Ia, — Pay)a, >0,
where we used the cyclicity of the partial trace in operators acting only on the
system being traced out. We are now ready for the proof of Theorem 5.2.

Proof We start by defining 0. Define II° € P(S), II° < 1lg for S €
{A1, Ay, A1 A3} such that in the order listed

Honin (A1 A2) 41 45 g4y Agparas = HOD (Ay Ao, ayas, (45)
Honin (A2) 114 g 4s e = HOE (Ag), a5, (46)
Honin (A1) a1 g ar i = HOE (A1), a5, (47)

D((0%)5,I1% (%) 5IT%) < e VS € {A1, Aa, A1 Ay} (48)
where we abbreviated 04142 = p, ¢42 = [[AA2g41421]4142 apd g41 =

420421142 and finally o := II41¢41T141. Note that the superscript does not
refer to the system on which the operator acts, it is just a label to keep track
which IT° is to be applied next. In particular, we have 0% € S<(A;Ay) for all
S € {A1, Az, A1 Ay}, Also, we used smoothing with respect to the trace distance
to assume that the optimizers have the form IIpIT with II < 1 positive, but note
that we have H;ﬁ > H .

Now, let us show the min-entropy smoothing property (43). On the total system
A1 Ay, this follows using submultiplicativity of || - ||oc,

lofloe = I @ IMA20 211 @ 1142 o
< I @ T2 g [l 2 oo [ T4 @ T142 o (49)

< llo"2loo,
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since T < 1a,, 42 < 14,. On subsystem Ap, by Lemma 5.3, we have
(A1 42014 ) 4, < (042) 4,. We infer

o4, = M2 tr g, (1A o421 ) 142

S HAZ(UAZ)AznAQ. (50)

Applying Lemma 2.2 on the monotonicity of the smooth min-entropy we find

Hmin(A2)o > Hmin(A2)HAng2HA2
= HE’D (Ag)aéal (51)

min

>HoD (A2),

min

where the second line follows by definition of IT4? in (46) and the third line from
o2 < p. For subsystem A, observe that by Lemma 5.3 it follows that

(042) 4, > tra, (T420421142).

The right hand side of this expression equals (1) A, by (47) so that by definition
of o and Lemma 2.2 we find

Hoin(A1)o = HOP (A1), 4,

,D
> Hfnin (A1 )UA2
> HE’D (Al)p

min
using 04, < p again in the last step. This concludes the proof of the min-entropy
smoothing properties of 0.
To compute the distance P(p, o), we use the triangle inequality
P(p,0) < P(oM 2 A2 ghidepdidz)

+ P02, 125 A21142) (52)

+ P(o™, T g,
By the fact that IS¢ 5TI® by Lemma 5.1 are isometric extensions of their reduced

states on subsystem S relative to o for both S = A; and A the second and third
term on the right hand side of (52) can be re-expressed such that

P(p,0) < P(o™142 T2 g rAidz)

+ P((UA2 )Aza I (JAQ )A2HA2)
+ P((0™1) 4, T4 (041) 4, TT) < 3V/2¢
where the last inequality follows from the relation (1) and (48). a

We emphasize that in contrast to the proof of Corollary 4.2 this proof does
not construct a min-entropy smoother o close to p that fulfills ¢ < p. Note
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that we found in chapter 4 that such a state o can in general lie far off from p
if p is pure. Instead of imposing an operator inequality on o, it is obtained by
iteratively smoothing p on all subsystems according to a particular order. The
order has to respect the inclusion among subsystems since otherwise we could not
have applied the submultiplicativity argument (49) to show that the min-entropy
smoothing on one-party subsystems does not reduce the min-entropy of the total
system. Furthermore, to show that the smoothing of other subsystems does not
decrease the min-entropy on a fixed one-party system, we used that two subsystems
are either disjoint or fully contained in one or the other. As we shall see in the
following section, the argument presented in the proof of Theorem 5.2 can be
naturally generalized to more parties.

5.1.2 Non-overlapping subsystems

We apply the technique of iterative smoothing from the proof of Theorem 5.2
to prove a restricted form of conjecture 3.1 in case of an m-party system A =
Ay -+ - Ay, where the subsystems /K under consideration do not mutually overlap.

Theorem 5.4 (Quantum case of conjecture 3.1 for non-overlapping subsystems).
Let p € S<(A), e > 0. Let K < 2{AvAm}\ {0} be such that

VS, TekK:(ScT)v(TCcS)v(SNT=0) (53)
There exists a state o that satisfies

Houin(5), > HEP(9), VS € K,
(54)
P(p,0) < |K|V2e.

Proof Let (S%);cq1,..xjy be an ordering of KC that respects the inclusion, S .57
forall 1 <i < j < |K|. Define IT*" € P(S), II%" < 1 iteratively in decreasing
orderin j = |K[, |K| —1,...,1 such that

Hmin(Sj)HsJUSszj = H;ﬁ(sj)osh (55)
D(c® %% %) < e, (56)

holds, where 0%’ = ([T 1) p([T[,, ) forall 1 < j < [K| - 1,
Us\’C\ = .

First, we shall prove property (54) of o for a fixed subsystem S/ € K.
Note that all S, 1 < i < j, are either subsystems of S7 or do not intersect
SJ. In the first case, we apply the submultiplicativity property of || - ||~ as in
(49) to show that the corresponding 1% do not increase the largest eigenvalue
of ([Ti<icjsigsi ") o’ (ITi<icjsigsi I15°)1)g;. In the second case, we use
Lemma 5.3 to deduce that the quantum operation 7 — II°7II%" can only decrease
astate 7 € S<(A)on S/ forall 1 <i < j with S* ¢ 5.
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It remains to show (O'Sj) gi < pg; in order to apply Lemma 2.2 on the
monotonicity of the smooth min-entropy. For this purpose choose the subsequence
(5%)1<i<r, of all subsystems in (S%);c(;.. x|y that contain S7 (preserving the
order of the sequence). We can then show the inequality (o°") gi < pgi by
induction over [, establishing (¢°") g;, < (US”“)S” foralll1 <! < L —1inthe
induction step. Since all subsystems S*, i; < @ < 441, are disjoint with 5%, we
can apply Lemma 5.3 to obtain (0°")g;, < (HS”+1O’S”+1HS”+1)SQ. Chaining
this with the well-known inequality II9"*" (¢5""") iy, IS < (05",
reduced to subsystem S proves the induction step. The base step involves
proving (") iz < pgiy, which is either a trivial statement or again follows
by Lemma 5.3 applied on S?. Thus by an application of Lemma 2.2 we find that
anﬁ(Sj) < Hmin(S‘j)HSjO_SjHSJ’ < Huin(S7), where we have included the
results from the first paragraph in the last inequality.

The proof of the distance estimate (54) is analogous to the two party case, again
making use of the fact that II¢STI® is an isometric extension of its S-marginal
relative to o° by Lemma 5.1.

o) < Z P(o®, T1°¢°T1%)
Sek
=) P((¢”)s,115(0%)sI1%)
Sek

< |K|V2e
a

Since the iterative smoothing procedure as presented in the above proof is rank
non-increasing, that is ranko < rank p, the statement of Theorem 5.4 can be
slightly generalized for pure states. As a consequence, conjecture 3.1 is satisfied
on a three party system if its state is pure. Moreover, the distance estimate (54) can
be improved in certain cases. To formulate these results in the following Corollary,
we introduce an equivalence relation on the set 2{414m}\ {(} of subsystems of
A via

K~K &VSeKk:SekK'vSek.

Corollary 5.5. Let p € S<(A) be pure, ¢ > 0 and K < 2{A1-4n}\ (Y, [f
there exists K' ~ K that is non-overlapping (53), then there is a pure state o that
satisfies

Huin(S), > H2P(S),VS e KU{TT € K}, (57)

min

P(p,o) < |K'[V2e. (58)

A

Proof Construct o as in the proof of Theorem 5.4 applied to K’ instead of K.
Observe that ¢ is pure. Then, by the Schmidt decomposition the eigenvalues of
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os, oge as well as pg, pse for S € K are identical (with equal multiplicity) which
implies
Hmin(SC)a = Hmin(S)a > HE’D(S)p = HE’D (SC)P

min min

5.1.3 The three-party case

We shall now analyze the simplest case where the iterative smoothing approach
fails. In the previous section we found that conjecture 3.1 is satisfied for a three
party system if its state is pure. It is, however, unknown, whether a similar result
holds for mixed states on a three-party system. Note that similarly we had shown
in Corollary 4.2 that conjecture 3.1 is satisfied if all parties are independent, but
could not deduce the statement for arbitrary separable states.

To see why our proof techniques fail in the case of three parties and for the sake
of completeness, we shall here present another, more elementary proof of theorem
5.4 using a purification point of view. As a side-effect this proof shows that the
iterative definition of the smoothing from the proof of Theorem 5.4 can be relaxed
in favour of the iterative application of the smoothing defined for the initial state p
of the system.

To start, note that conjecture 3.1 can equivalently be restated in terms of pure
states if one adds a purifying system R to A. Let ©» € AR thus be a purification of
p € S<(A), lete > 0. For a non-overlapping collection & ¢ 2{41--4m}\ {()} we
define the set of operators {IT°} gcx such that

Hpin(S)usy = Hfﬁﬁ(s)w (59)

D((I1%)s,¢s) < e (60)

Next, we pick an arbitrary ordering (Si)lgig‘ x| of the set K that respects the
inclusion, S* 2 S7 if i < j. Then the state

Kl
o= ([T ) v 61)

i=1

is claimed to satisfy (54). To see this, observe that the Schmidt decomposition
V) =3 Vi li)g @ |2) A\ s induces a unitary G' =}, [1) 4 g\ 5 (i[5 between the
supports of 1s and 1 o g\ 5 for every S C A. Since IT° is diagonal in the eigenbasis
{]i) g} of 1g we may act on ¢ equivalently by TI® := G o IT% 0 G~1 = ITAF\S ¢
P(AR\ S) to obtain the same result,

%y = 5.

The crucial difference here is that ITS only acts on the complementary system of S
in AR. This turns out to be very useful in proving the min-entropy smoothing
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property of ¢ on a fixed subsystem S¢.  Precisely, we iteratively replace all
operators 115, S* < S7 by II¥ in decreasing order in j. For this purpose,
let (j;)i<i<r, € {i +1,...,|K]|} be the increasing sequence that enumerates all
subsystems containing S°. Note that we have the ordering S7* C --- C S7 by the
non-overlapping condition (53). We then find

L ‘ L-1 ‘
HHSJW} _ (H HSJz) ﬁSJLw

=1 I=1
L—1
- o ; (62)
= [1%" (H HS”> Y
=1
T T )
Thus, we can move IT5" next to 1) in the definition of ¢ with only positive operators

that are < 1 acting either on systems complementary to S’ in AR or subsystems
of S* applied afterwards,

i-1 K| K| r
¢ = (H H5l> [T o [T ) oy 63
=1

l1=i+1,51 55t l1=i+1,5128

=15, ||T15" |0 <11

As shown in the proof of Theorem 5.4 the submultiplicativity property and Lemma

5.3 ensure that the first product can only decrease the state 154 on S* while

IT5" can only decrease the state I1°"[4))(t)| ¢ IT1°". This proves the min-entropy

smoothing property of ¢ on all subsystems in K. Note that this property also holds

on all subsystems of AR complementary to those in & by the fact that ¢ is pure.
To obtain the distance estimate in (54) we proceed by

Kl Ik kL
Pp,¢) <> P ][I, J[ 0%
i=1 J=i J=i+l
T K| |
<SP (ST, 1%y ) < 30 P, y)
i=1 =1
K|

=3 P ) g, ) < |KIV2e,
=1

where we used the expression obtained in (63) and the monotonicity of the purified
distance as well as Lemma 5.1 and finally (1) in the last row.
It is apparent, that such a proof cannot be conducted in general for m = 3 when
K is overlapping. Purifying the state of the system we obtain ¢ € AR. We may
now consider IC = {41 Ay, A3 A3}. The state ¢ analogously defined to (61) would
then take the form
¢ = HAIAQHAQAS,l/}
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up to a permutation of the order in which 114142 and 114243 are applied. The
problem now is that 14243 cannot be moved past 4142 hence we cannot
apply IT1142 to ¢) directly. It is not known, whether 14243 manipulates 1/ such
that ¢ does not smooth the min-entropy of @ on A;As. Moreover, the non-
commutativity of 14142 and 114243 also prevents us from applying the argument
used for the distance estimate above. Returning to a genuinely iterative scheme as
in section 5.1.2 would solve this problem. We may thus redefine I14142 such that
(1'[‘41‘421'["‘2’4?’1&),41,42 is the e + D((I'IAQAFW)AlA2 , ¥4, A,) close Hypin-smoother
of (HA2A31/1) A, A,- While the resulting state ¢ formally has the right min-entropy
on A; Ay, we introduced an unknown parameter D ((I142434)) Ay A, VA, 4,). There
is no reasonable bound known on this quantity since it is unknown how large the
distance between 1142434} and 1) has to be chosen so that the state ¢ has larger min-
entropy than H;ﬁ(A2A3)¢ on AsAs. Concretely, the fact that A1 Ay ¢ AxAz
prohibits an application of the submultiplicativity of || - || oo to II*242 on subsystem
Ao As. To summarize, the inherent non-commutativity of quantum min-entropy
smoothing on different subsystems prevents an iterative approach from succeeding.

We conclude this section with an analysis of a special three-party case,
where conjecture 3.1 can actually be proved by iterative techniques. Let A; be
independent from A As, let £ = {4143, A2 A3, A1 A3}. Choose a purification
U= Vg, @ Wiy, Writing T = 7 [i)ila, © I IS < 1y,
and 1T, 4, 1= Hﬁ;‘?? ® Hle?’ we find on A5 A3

3%

164215 llo0 = 17 (il ¥, [8) Tay ap T1H2420008, 4 T4 0, 0

1

<D (i W, 18) Ty T2 4 T2 T 5 o

)

S|z Ay, TA243])

< HHA2A3¢AQA3HA2A3 ”OO

On subsystem A1 A;, 2 < j < 3, we find that ¢ is min-entropy smoothing since the
operators IT° with A, Aj # S C A can be replaced iteratively by operators acting
only a subsystem of AR; Ry \ S by the techniques described in this section. Note
that the structure of the purification 1 gives more freedom to replace operators
acting on it by ones that act on different subsystems. Moreover, I14142 and TT414s
commute. Then an application of Lemma 5.3 implies the min-entropy smoothing
of ¢ on A1 A;. The distance part is similar. We leave it to the reader.

5.2 Minimization in the positive semi-definite cone

Motivated by the failure of the iterative smoothing approach in the general quantum
case, we consider an alternative proof ansatz for conjecture 3.1 in this section. The
idea is to first construct a set of isometric extensions of min-entropy smoothing
states on subsystems relative to the state of the system. Then the minimum
of this set in the positive semi-definite cone is taken. In this manner, we are
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able to rederive the result that follows from Corollary 4.2 in the classical case.
Subsequently, we discuss the difficulties arising in an attempted generalization to
the quantum setting.

5.2.1 The classical result

For the purpose of finding a isometric extension of a classical state relative to a
given reference state on a classical-quantum (cq) system in the trace distance we
prove the following Lemma.

Lemma 5.6. Let X A be a classical-quantum system, p € S<(XA), 0 € S<(X).
There exists an extension ¢ € S<(XA) to the total system with 6x = o and

D(p,) = D(px,0).

Proof Note that the trace of a density operator is independent of the subsystem
under consideration. Therefore, it suffices to find an extension & to the total system
that satisfies ||p — |1 = ||px — o]|1. For this purpose we write p in cq-form,

p=2_ Px(@))zl @ pi~,

where {|x)} denotes the classical basis of X and p =% is the normalized state

of system A conditioned on the event X = z. If Px(z) = 0 then p%X =% can

be any normalized density operator. Let 0 = > Qx(x)|x)z| be a spectral
decomposition. Then the state
=Y Qx(@)la)z|®pi~" (64)
X

is a cg-extension of ¢ to the total system with

lo=alli =1 > (Px(2) — Qx(@)|a)z| @ pX ="
= 3" [Px(2) — Qx (@)lll|lz)z] © pX="s

= llpx —alh

where the second line follows from the orthogonality of the support of |z){z| ®
pif =7 for different = and positive homogeneity of the trace norm. The third line is
a consequence of the normalization of ,01)4( =, ad

With the aid of this Lemma, we can prove conjecture 3.1 for classical states.

Theorem 5.7. Let p € S<(A) be a classical state on an m-party system A =
Ay Ay, let K c 2{A1-Am} \ 0. For e > 0 there exists a classical state
o € S<(A) such that

Hoin(S)e > HIL(S), (65)
D(p,o) < |Ke (66)
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Proof We explicitly construct a state ¢ that satisfies (65), (66). For every .S € IC,
let w® € BP(pg) be such that Hyi,(9),s = Hi’lﬁ(S)p. Since w® and p are
classical, by Lemma 5.6 the state w” can be isometrically extended relative to p to
a classical state @¥ € S<(A). Define the joint minimum o of the set {0} gex on

the space of classical states via
a::lz (glei%<il,...,im|@5|¢1,...,im>)\i1><ily,41..-\imximum, (67)
115--5Tm

By definition, it follows o < @° for every S € K. By positivity of the partial
trace this relation inherits to subsystem .S, where it is equivalent to og < w® and
therefore implies (65).

To bound the distance consider a partition of the classical basis

{lin, - vim) aya, hi<ipeds, = | ] K°

Sek
into disjoint subsets where [i1, ... ,%m) 4,4 can only lie in K*if
(i1, yim| @ Ji1, .. im) zqu%@l,...,im\@T ity ey im) .

Define the corresponding complete set of orthogonal projections {HS | supp s =
Span K°}gex onto mutually orthogonal subspaces of A. We then find p =
S rexc DT pIT and o = 3 ¢, II9@STI®, which gives rise to

D(p,o)=D(Y_1"pn", Y e 1)
Tek Sek
=Y D[@®pn®, M%)
Sek (68)
<> D(p,°)
SeK
< |Kle

Here, the second line is a consequence of the fact that by definition {I1°}gcxc
project onto mutually orthogonal subspaces of A as well as p > @° forall S € K
to obtain equality. In the third line, the monotonicity property of D (2) for the trace
non-increasing CPM 7 — II°71I° was used. ad

Note that the inequality in the third line of (68) makes especially transparent
why the example presented in chapter 4 saturates the distance bound (66). Namely,
this inequality becomes an equality if p and & differ only on suppII®.

5.2.2 Generalization to the quantum setting
It is worth investigating a possible generalizations of the minimum-based approach

to the quantum setting. Recall in this context, that the iterative smoothing in section
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5.1.3 failed to yield a proof of conjecture 3.1 in the general quantum case due to
the non-commutativity of the min-entropy smoothing operation for overlapping
subsystems. Such a difficulty could be avoided if we, instead, take a minimium
over a set of extensions {(Z;S }sex of min-entropy smoothing states on subsystems
in the positive semidefinite sense.

However, there are two basic problems with this generalization of the classical
idea to the quantum setting. First, we cannot apply Lemma 5.6 to conclude the
existence of an extension @® of the state w® € BP(ps) that is equally close
to p on the total system. This is, however, easily solved if we use the purified
distance instead of the trace distance in the definition of the smooth min-entropy,
H,in(S5),s = Hiﬁ(S ),- In particular, know by Lemma 5.1 that I1¥pIT¥ is an
isometric extension of w® = IT°pgII° relative to p. For ease of notation, we may
thus due to (1) for the remainder of this section assume that @° € plh (p) holds
forall S € K.

The other more important issue is that the collection {@°}sex € B (p) in
general may not admit a positive semidefinite minimum o € S<(A) close to p.
Precisely, the inequality o < 7 implies suppo C suppT since

V]a) ekert: 0= (a|7|a) > (a|ola) = ||V |a) H2 (69)

from which it follows that kerm C kero. Therefore, if the common support
Nsex suppw® = {0} is the trivial subspace the unique positive semidefinite
minimum of {&@°}gex is ¢ = 0. This is always the case when the collection
{@%}sex contains two pure states that do not lie on the same complex line in
A. Moreover, we have already seen in chapter 4 that the closest extension ¢ of
a min-entropy smoothing state of a subsystem that satisfies ¢ < p can generally
be arbitrarily close to 0. Therefore, the positive semidefinite minimum condition
alone tends to be too rigid to be yield a close candidate state to satisfy conjecture
3.1.

In the following we shall investigate which states p admit a positive
semidefinite minimum o € S<(A) of the e-ball around them, 0 < w, Vw € B.(p)
that converges to p as € — 0. For this purpose, we observe that the topology of the
positive semidefinite cone is such that regular operators lie in its interior int(P(A))
while singular operators lie on its boundary 0P (A):

intP(A) = {7 € P(A)|rankr = dim?#}
OP(A) = {r € P(A)|rankr < dimH}

Consider the minimization over an e-ball centered p € OP(A), ¢ > 0. By
continuity of the action of unitaries on density operators, we find that UpU' €
Bﬂ'Hl(p) for U in some open neighborhood V' C U(A) of 1. Therefore, by
argument (69) it follows that ker(UpU') = Uker p C kero for all U € V. This
implies that o = 0 since the sum of all subspaces U ker p, U € V, contains a basis
of A. We conclude that there exists no non-zero positive semidefinite minimum o
of any open neighborhood of the unitary orbit around p if p € OP(A).
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Notably, the situation changes once the state p lies in the interior of P(#). Let
€ < Amin(p), so that Bﬂ’”l(p) C int(P(A)). Then, we can argue

vre Bl :p—c1 <, (70)

hence o := p — el > 0 is a feasible minimum of pllh (p) (in fact the closest
achievable to p) that converges to p: ||[p — o||1 = edim A — 0 (¢ — 0). Note,
however, that the dimension of A enters the distance expression, which renders the
state p — €1 useless for applications.

In particular, the question is whether the distance estimate improves
significantly if we define o to only minimize over the set {0} ¢ and replace
the states {&w”}sex on OP(A) by appropriate ones in int P(A). To address the
former we can consider

oc=p+ Z{@S—p}_, (71)

Sek

where {O}_ := f(O) only keeps the negative part, f(x) := 2X(_o0,0]. However,
expression (71) does not necessarily define a positive operator if Ayin (p) < |Kle.

To obtain a valid density operator in this case, we may apply a (slightly
modified) depolarizing channel

trp—e¢
dimA 7’

Ep T (1—p)T+p (72)

where p € [0,1], trp — ¢ = inf tr7, to the states p and {0°}gsex

II-111
TEB: (p)
first. Note that &, contracts the set of density operators towards a fully mixed

state mapping By'||1(p) to B(Hl'”jp)g(é'p(p)). To obtain a valid density operator o

replacing p — &,(p), @° — &,(@) in definition (71), we have to choose p such
that

Anin(Ep(p) = 1 D _{E(@%) = E(p)}- I,

—_——

Sek

=Amin (P)+pfirl§1_j
<IKI(1-p)e
[KCle—=Amin (p)
IKle+(tr p—e)/dim A~
not increase the largest eigenvalue of any state in B!Hl (p) on any subsystem of A
this state o will in fact achieve the smooth min-entropies on all subsystems in K
simultaneously. For the distance to p we find

which is satisfied if p > Since the depolarizing channel does

lp=olli < [lp= &)l + 1€p(p) = all1.
N—— N————

=pllp—SL=51|;  <Xsex {E(@5)=Ep(p)} - W <IK|(1-p)e

(73)

The second term on the RHS is unproblematic since p € [0, 1]. The first term,

however, gives a value close to |[p — SL=21|; since the lower bound on p lies

close to 1 for ¢ > m as is usual in applications. Therefore, such a state
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o generally lies far from p and is of little use to actual applications. However,
interestingly, we find that p — 0 (¢ — 0, dim A fixed), which proves the existence
of sequences of simultaneous min-entropy smoothing states that converge to the
state p of the system in the limit e — 0.
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6 Conclusion

In this work, we transferred Dutil’s multiparty typicality conjecture [2] to the one-
shot setting using the concept of smooth min-entropies. As a result, we obtained an
optimization problem for the min-entropies of different subsystems. A proof of this
so-called simultaneous min-entropy smoothing conjecture was obtained for states
whose min-entropy smoothing operations commute. This condition is especially
satisfied in the classical case, where we derived an optimal distance bound. We
demonstrated that there exist classical states whose support can be partitioned into
mutually exclusive events, each being strongly atypical on a different subsystem.
As a consequence, in general eliminating atypically large probabilities on all
subsystems of a classical system simultaneously comes at the cost of an error
growing exponentially in the number of parties.

We then addressed the quantum case, proving our one-shot conjecture 3.1 for
the case of two parties by iteratively smoothing all subsystems according to an
appropriate ordering. This result was generalized to more parties if the subsystems
under consideration do not overlap. By the fact that smoothing was implemented
as a rank non-increasing operation, we could conclude that conjecture 3.1 is also
satisfied on a three party system in a pure state. However, we were not able to
generalize this result further to arbitrary mixed states on three parties. Similarly,
we could neither conclude our conjecture for general separable states from the fact
that it holds for product states. The obstacle in these cases was the fact that it is
unknown how smoothing operations for overlapping subsystems affect the min-
entropies of the other system.

An alternative approach via minimization in the positive semidefinite cone was
then considered. Although we could rederive an earlier result in the classical
setting, a generalization of this idea to the quantum case did not succeed. This
is due to the fact a state that achieves the smooth min-entropy on a subsystem and
is smaller as an operator than the state on the total system generally can lie close
to zero. An application of the depolarizing channel could not resolve this issue,
however, it demonstrated the existence of sequences of simultaneous min-entropy
smoothing states that - although at the wrong rate - converge to the state of the
system in the limit where the smoothing parameter tends to zero.

Backed by these observations it is believed that in principle simultaneous min-
entropy smoothing may be possible. However, more sophisticated techniques are
required to obtain reasonable distance bounds. A potential solution could also
come from further analyzing the iterative smoothing method in the three-party case
as presented in section 5.1.3. In this context, techniques developed in the study of
the quantum marginal problem [11] might be useful. To prove conjecture 3.1 in
general it is felt that new insights into the compatibility of simultaneous eigenvalue
perturbations on different subsystems might be required.

A further goal of future research should be to elucidate the operational meaning
of simultaneous (min-)entropy smoothing. Are there any more fundamental
applications than multiparty state merging? In this context, we note that the results
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presented in sections 4, 5.1.1 and 5.1.2 with the exception of Theorem 4.3 can be
minimally modified to apply to the max-entropy, where Hy,.x(p) := logrank p,
H: .« (p) = min,cp () Hmax(). Also, a generalization of the simultaneous
min-entropy smoothing conjecture to the conditional setting should be attempted
to raise the potential for further applications of this concept, among them the
simultaneous decoding conjecture for cq-MACs.
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