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Abstract. In this work, we prove uniform continuity bounds for entropic
quantities related to the sandwiched Rényi divergences such as the sand-
wiched Rényi conditional entropy. We follow three different approaches:
The first one is the “almost additive approach”, which exploits the sub-
/superadditivity and joint concavity/convexity of the exponential of the
divergence. In our second approach, termed the “operator space approach”
we express the entropic measures as norms and utilize their properties for
establishing the bounds. These norms draw inspiration from interpolation
space norms. We not only demonstrate the norm properties solely relying
on matrix analysis tools but also extend their applicability to a context
that holds relevance in resource theories. By this, we extend the strate-
gies of Marwah and Dupuis as well as Beigi and Goodarzi employed in
the sandwiched Rényi conditional entropy context. Finally, we merge the
approaches into a mixed approach that has some advantageous proper-
ties and then discuss in which regimes each bound performs best. Our
results improve over the previous best continuity bounds or sometimes
even give the first continuity bounds available. In a separate contribu-
tion, we use the ALAFF method, developed in a previous article by some
of the authors, to study the stability of approximate quantum Markov
chains.
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1. Introduction

Entropic quantities are indispensable for classical and quantum information
theory to characterize information-theoretic tasks. Examples of such quan-
tities include various forms of (conditional) entropies, (conditional) mutual
information, and many others. In applications, one often has especially con-
venient quantum states for which the entropic quantity of interest can be
evaluated explicitly and one would therefore like to reduce nearby quantum
states to this case. This is why continuity bounds for entropic quantities have
become a ubiquitous tool. They provide upper bounds on

sup{lg(p) — g(o)| : p,o € So, dist(p, ) < £}

Here, g is the entropic quantity of interest, Sy is a suitable subset of the set of
quantum states S(H) in a finite-dimensional Hilbert space H, and dist(-, ) is
an appropriate metric on S(H) (often the trace distance). If the bound on the
supremum only depends on € and Sy, but not on p and o, then g is uniformly
continuous on Sy.

One of the earliest continuity statements in quantum information theory
is the continuity bound on the von Neumann entropy provided by Fannes
in [15], which was later improved in [4,30]. Another well-known bound in
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quantum information theory is the Alicki-Fannes inequality for the conditional
entropy [1], for which an almost tight version was proven by Winter in [42]:

|H,(A|B) — H,(A|B)| < 2logda + (1 + £)h (1 . 6) ,

where ¢ is an upper bound on the trace distance between quantum states p
and o and h is the binary entropy. Shirokov and others [27,39] realized that
the proof method used for this result does not only work for the conditional
entropy but can be generalized [35,36]. Shirokov named this approach the
Alicki-Fannes-Winter (AFW) method. Recently, the method was further de-
veloped in [8] by some of the authors of the present article and applied to
quantities based on the Belavkin—Staszewski relative entropy [6].

In this article, we focus on entropic quantities derived from the sand-
wiched Rényi divergences [28,41]

Da(pllo) =

1 —a —o
-logtr](o % po 5)°),
where « € [1/2,1) U (1,00). Examples of such entropic quantities include the
sandwiched Rényi conditional entropy and the sandwiched Rényi mutual in-
formation:

HI(AIB), == sup —Dalpapl|lla®rg), IL(A:B),= jsnf DuolpaBllTa®TB) .
TBES(HRB) :1?3665((771{?3))’

Recently, there has been increased interest in continuity bounds for the sand-
wiched Rényi conditional entropy. In [25], it was shown that for a € [1/2,1),

1 1 adQ(lfa) 7 2
Og( +e A (1+6)1_a

(1)

|HL(AIB), — HL(AIB),

< log(1
Slog(l+e)+ 17—

and for a € (1,00), they used duality to infer that

}ﬁ;(A|B)p - H;(A\B)U) < log (1 +V2e) + : i 5 log(1 + V26" d2177) — (1+\/x/§:i)1—ﬁ>

(2)
where 3 is such that a=! + 5~ = 2.
Using techniques from the interpolation of operator space, it was shown
in [5, Theorem 6.2] that for « € (1, 00)

|[HL(AIB), — HL(AIB),| < o' log(1 + 227, (3)

where o/ = a/(« — 1). The authors of [5] note that their bound is better than
Eq. (2) for large a, but that it diverges for o — 1.

On a high level, the proof of [25] uses sub-/ superadditivity of the ex-
ponential of the sandwiched Rényi divergence, while [5] makes a connection
to norms on interpolation spaces. Based on these ideas we develop a unified
approach to proving not only continuity bounds for the sandwiched Rényi
conditional entropy which improves or extends the ones discussed above, but
further allows us to prove bounds for related entropic quantities such as the
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sandwiched Rényi mutual information. In particular, we introduce a new fam-
ily of norms defined as optimizations over amalgamations with compact convex
sets of positive operators.

Generally, we consider uniform continuity bounds on quantities of the
form

D = inf D
a,c(p) inf, a(pllo)

where C is a compact convex subset of the quantum states containing at least
one full-rank element. Such quantities have appeared in the context of resource
theories (see, e.g., [3,23,32,43]) and were termed entropy of resource. Resource
theories provide a framework to answer questions about the interconvertability
of states, using only allowed operations. Every resource theory has two main
ingredients: (i) the set of free states, i.e., states that do not possess the resource
(ii) the set of free operations which map the set of free states to itself, i.e.,
these operations do not create the resource. The best-known example of such a
theory is the theory of entanglement, in which the free states are the separable
states and the free operations are the local quantum operations and classical
communication (LOCC). Others include, for example, the resource theories of
coherence and asymmetry.

One way to quantify the resourcefulness of a quantum state in a given
resource theory is to measure its distance to the set of free states. Common
choices of distance measure include the relative entropy [3,23] and the sand-
wiched Rényi entropies [32,43]. In the latter case, for C the set of free states,
-5a,C is the corresponding resource measure. The results of this article can
therefore be used to quantify the continuity of popular resource measures such

as the Rényi relative entropies of entanglement and coherence studied, e.g., in
[43].

The article is organized as follows: In Sect. 2, we present the main results
of this paper, before continuing with the necessary preliminaries on divergences
and entropic quantities in Sect.3. We will follow three different approaches
in this article: an almost additive approach, an approach based on operator
spaces, and one where both methods are mixed. The tools for all these ap-
proaches are developed in Sect.4, such that all the continuity bounds will
follow straightforwardly from the theorems proven in this section. In Sect. 5,
we derive and discuss our continuity bounds on the sandwiched Rényi di-
vergences and their derived entropic quantities. In Sect. 6, we showcase how
continuity bounds can be useful for studying approximate quantum Markov
chains. Notably, the continuity bounds in this section do not stem from the
three approaches mentioned previously but use the ALAFF method introduced
in [8] by some of the present authors. Finally, the paper finishes with a short
discussion in Sect. 7.
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2. Main Results

In this section, we summarize the main results—the achieved continuity bounds
for the sandwiched Rényi conditional entropy, mutual information, and the di-
vergence itself with a fixed second argument. All quantities are defined via the
sandwiched Rényi divergence, i.e.,

L loa(Qalpllo)) = ——logtr [ (0" pr )]

Then, the sandwiched Rényi conditional entropy is defined as

Da(pllo) :=

HI(A|B), ==~ sup Da(pagll1a®75),
TBES(HB)

the mutual information by

I(A:B), = TAeisr%%A),D“(pAB”TA ®7B),
TBES(HB)
and the divergence itself is just considered as a function in the first argument
with a fixed second argument. A precise definition of these quantities can be
found in Sect. 3.2.
To prove bounds for these quantities, we explore three different methods
(see Sect. 4).

e The almost additive approach: This approach is inspired by [25] and uses
joint convexity /concavity and super-/subadditivity of Q.. The name is
motivated by the fact that this super-/subadditivity reduces to almost
concavity of p — D(pl||o), respectively, almost convexity of the von Neu-
man entropy if @« — 1. The main result in this approach, from which
the respective continuity bounds follow straightforwardly, is a continuity
bound on the distance to a compact convex subset of the quantum states
in Theorem 4.4. ~

e The operator space approach: It is inspired by [5] and relates @, to a
norm. In this context, showing the norm properties poses a challenge,
yet yields continuity bounds directly through the triangle inequality. In
particular, we define new quantities for 1 < ¢’ < p’ < oo such that

% = % — ﬁ, namely
I le g BH) = [0,00), X = | X|[gpq = inf [c7 2 X 27

ceC,c>0

1
where X € B(H) and || - ||,y = (trﬂ . |p/}) v Usually, C is considered a
subalgebra of B(H). Our proof, however, extends this to compact convex
subsets of B(H) consisting of positive semidefinite operators containing at
least one full-rank state. We prove, without having to resort to interpola-
tion theory, that the dual quantity is subadditive on positive semi-definite
elements, i.e.,

X +Yliep g < 1 Xlep e + 1Yl

0'q’
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for X,Y € B>o(H). This yields another continuity bound on the distance
to a compact convex subset of the quantum states in Theorem 4.17, which
allows us to directly infer all our continuity bounds based on this approach
in the following.

e The mixed approach: It combines the previous two approaches. The main
theorem in this approach is Theorem 4.20.

The table below illustrates the various upper bounds that our work en-
compasses with each bound having a range in a on which it is superior. Note
that one bound was already previously proven in [25], which we marked in the
table with the reference. All other bounds are new.

Theorem. Letp,o,7 € S(Ha®Hp)" withker 7 C ker pnker o and 3||p—o|; <
g, define m, to be the minimal nonzero eigenvalue of 7, and m = min{da,dp}.
Then, the following continuity bounds for the sandwiched Rényi conditional
entropy, mutual information, and divergence in the first input (3.2) hold, i.e.,
for an entropic quantity g., one finds upper bounds on |ga(p) — ga(o)|:

Approach Continuity bound a
Conditional entropy (5.1)
- 2(1—
A. additive log (1 +e)+ i log(1 + eadA( o _ W) [25] %, 1)
2(a—1 o
log(1+¢€) + ﬁlog(l%ﬂ;‘dA(a ) Oiﬁ) (1, 00)
a—1
Op. space —2_-log 1+ sd2 o 1,00
a—1
a—1 a1
Mixed log(1+¢) + %5 log | 1+ sd?4 « - = 2 (1,00)
(14e) o
Mutual Info. (5.2)
1 1
A. additi 2log (142 ) + 1251 (1 com2(i-a) _ #) 11
acame s\t Fasalos(tHetm (14em)2(1-a) 21
1 1 e
2 lo; (l—}-aa)—i-Llo <1+€Em2(a*1)—57 1,00
. a1 %% (14ea)2(e—1) (1,00)

15 Entry of divergence (5.4)

‘A. additivel log(1+¢) + ﬁ log(1 +e¥ma~—1 — W) %, 1)

log(1+¢) + ﬁllog (1+5ﬁz}_—“ — Uéﬁ) (1, 00)

Op. space! g log 1+ ET7L7—T> (1, 00)
1—a a1

Mixed! log(14¢) 4+ 25 log [ 1+em. > — =+ (1, 00)
(14e) o

The continuity bound directly implies the same bound as a divergence
bound 5.5 by choosing o = 7

For the various results presented in the table, it is important to note
that none is universally preferable across the entire interval of «. Rather, each
method possesses its strengths and limitations. In the following, we compare
our results using the sandwiched Rényi conditional entropy. The accompanying

I Note that this includes the case S(H) by choosing H4 = H and Hp = C.
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FiGURE 1. Continuity bounds for H!(A|B), proven by the
almost additive, operator space, and mixed approach, where
the visible colour indicates the tightest bound

diagram (Fig. 1) demonstrates the almost additive method is particularly well-
suited for a close to 1 and small dimensions. The mixed method, which as
the name suggests is a combination of the almost additive and operator space
method, can even improve this property in large dimensions, while the operator
space method is better suited for large «. Even though the mixed method
results in a slightly weaker bound, it performs well across the entire regime
a € (1,00). The continuity bounds proven for the mutual information and the
first entry of the divergence come with similar scaling. In comparison to the
existing results mentioned in Eqgs. (1), (2), and (3), our bound proven by the
almost additive approach performs in the regime o € (1,00) by a power of
two better than the result in [25] for small e. The operator space approach
improves the result in [5] by an order of two. Furthermore, [5,25] treat only
the case of the sandwiched Rényi conditional entropy, whereas our versions
can also be used for other entropic quantities such as the sandwiched Rényi
mutual information and the sandwiched Rényi divergence with fixed second
argument.

For even more general quantities, where none of the inputs of the sand-
wiched Rényi divergence is fixed, we apply the ALAFF method introduced in
[8] to estimate the continuity bounds for the Qva and related quantities of the
sandwiched Rényi divergences. The analysis of the bounds is worked out in
Sect. 6 and applied in the context of approximate quantum Markov chains.

As covered in the introduction, more results exist for the limiting case
a — 1. Here, the sandwiched Rényi conditional entropy converges to the usual
quantum conditional entropy, the sandwiched Rényi mutual information to
the usual quantum mutual information and the divergence itself to the rel-
ative entropy. Similarly, for the limit @ — oo, the quantities converge, re-
spectively, to the min-conditional entropy, the max-mutual information and
the max-divergences. Moving forward, we will focus on exploring the limits
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to compare our methods with each other but also with already established
continuity bounds.

Corollary. Let p,o,7,e,m,, and m be defined as in the beginning of Theorem 2.
Then, the obtained continuity bounds converge for o« — 1 or o — oo in the
following way:

Approach a—1 a — 00
Conditional A. additive 2elogdy + (1+¢e)h( 1is) log(1+¢) +2logda
Entropy (5.1)
Op. space oo log(1 + Edi)
Mixed 2elogda + (1 + €)h( 1j_5) log(1 + ed% + e(1 +
£(d — 1))
Mutual Info. (5.2)  A. additive 2elogm +2(1 +e)h(7 jg) log 4m?
15% Entry of Diver- A. additive elog(mz1)+(1+e)h( 1i5) log(1 + ¢€) + log(mz 1)
gence (5.4)
Op. space 00 log(1 +em; 1)
Mixed elog(mz 1) +(1+e)h(15z) log(l + e + (1 +
(2~ 1))

The corollary shows that the almost additive and mixed approach for the
sandwiched Rényi conditional entropy converge for a — 1 to the established
bound by Winter [42] and thereby recover the best-known results. For the
other quantities, we achieve similar bounds. Moreover, it is noteworthy that
both the operator space and mixed method converge to a similar limit, which
is markedly superior to that of the almost additive method, as the latter does
not vanish for e — 0. Furthermore, the almost additive and mixed approach
applied to the first entry of the divergence reduce for a — 1 to the bound
proven in [8].

Thus, our three new approaches have allowed us to prove good continu-
ity bounds for many quantities of interest related to sandwiched Rényi diver-
gences. Additionally, the ALAFF method allows us to derive slightly worse,
albeit more general, continuity bounds with applications in the context of ap-
proximate quantum Markov chains.

3. Preliminaries

3.1. Notation and Basic Concepts

We start by fixing the notation used in this paper. We denote by H a complex
Hilbert space with an inner product linear in the second argument. Throughout
this paper H is finite-dimensional with dimension d € N. For a bipartite or
tripartite system, we will always use indices with capital letters to refer to the
different subsystems. If we have, for example, the bipartite space H = HA®Hp
and consider the dimension of H 4, we write d4.
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The set of bounded linear operators on the Hilbert space H will be de-
noted by B(H) and its convex subset of positive semi-definite operators with
trace one, i.e. the quantum states, by S(H).

We use tr[-] for the usual matrix trace and || - ||; and || - ||oo to denote
the trace norm and the spectral norm on B(H), respectively. More generally,
we set || X||, := tr[|X|P]*/?, which coincides with the Schatten p-norms for
p € [1,00].

Moreover, for a state p on a bipartite system Hap = Ha ® Hp, we set
pa € B(Ha) to be the output-state of the partial trace. The partial trace is a
completely positive trace-preserving (CPTP) map. Finally, we denote by 1 4
the identity matrix on A and, with a slight abuse of notation, we denote by
tra[-] both the partial trace of A as well as the corresponding map on Hap
by tensorizing with 1 4. In the first case, we mean just the usual definition of
the partial trace as a map from B(Hap) to B(Hp) while in the second case
we mean 14 ®tra[]

Throughout the text, we will use the logarithm in natural basis and will
denote it by log.

3.2. Divergences and Entropic Quantities

In this section, we will introduce the entropic quantities considered in the
present article. We start with the sandwiched Rényi divergence, which is the
base for all subsequently defined quantities.

Definition 3.1 (Sandwiched Rényi divergence). Let X, Y € B(H) be positive
semi-definite operators with ker X D ker Y. For o € [1/2,1)U(1, 0), we define
Qu(X[|Y) = tr[(Y 5 XY 50 )% = |V 5 XY 3
In case the power in Y 'z becomes negative these quantities have to be un-

derstood as positive powers of the pseudoinverse of Y. Then, the sandwiched
Rényi divergence of X and Y is

Da(X|Y) := log Qu(X|[Y).

a—1

Remark 3.2. Alternatively, we can write
Qu(X[IY) = tr [ (X3 =X 1) | = ¥y = X3,

because the operator f(A*A) for f(0) = 0 is defined by applying the continuous
real function f on the singular values of A. The simple trick A*Av = \v =
AA*Av = MAv shows that the singular values of A*A and AA* are equal such
that tr[f(A*A)] = tr[f(AA*)].

It is known that the sandwiched Rényi divergences converge in the limits
a — 1 and a — oo to well-known quantities [40, Section 4.3.2]:

Proposition 3.3. Let p, 0 € S(H). Then, Do(pl|o) converges to

e the relative entropy D(p||o) := tr{p(log p — log o)] for a — 1.
o the maz-entropy Do (pllo) :=inf{\ >0 : p < era} (see also Eq. (3.10))
for a — 0.
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For a = %, it holds that .51/2(pH0—) = —log F(p,0), where F is the fidelity
2
Flp,0) = (trlly/pv/7l)*.

Next, we define the sandwiched Rényi conditional entropy in the same
spirit as the conditional entropy in terms of the relative entropy.

Definition 3.4 (Sandwiched Rényi conditional entropy). Let pap € S(Ha @ Hp).
Then, for o € [1/2,1) U (1,00), the sandwiched Rényi conditional entropy is
given by

- 1 ~
Hl(A|B), = sup log Qa(papl|1a@0p).

opeS(Hp) 1 —

Mimicking how the mutual information arises from the relative entropy,
we arrive at the sandwiched Rényi mutual information:

Definition 3.5 [Sandwiched Rényi mutual information]. Let pap € S(Ha ®
Hp). Then, for a € [1/2,1) U (1, 00), we define the sandwiched Rényi mutual
information as

I(A: B),:= ,nf Da(paslloa®ap),
where the infimum is taken over 04 € S(H4) and op € S(Hp).

Finally, we define the sandwiched Rényi conditional mutual information
in the same spirit as the conditional mutual information in terms of the rel-
ative entropy. In this case, we base our definition on the difference between
(sandwiched Rényi) conditional entropies.

Definition 3.6 (Sandwiched Rényi conditional mutual information). Let papc €
S(Ha®Hp ®Hc). Then, for o € [1/2,1)U(1, 00), the sandwiched Rényi con-
ditional mutual information is given by

:chy(A 1 C|B), == ﬁi(C|B)p - ﬁl(C|AB)p-
Note that the infimum in the definition of the mutual information and
the conditional entropy is attained at the reduced state of pap (see, e.g., [40,

Section 5.1]). We will often use that the sandwiched Rényi conditional entropy
is bounded by [40, Lemma 5.2]

—logmin{da,dp} < HI(A|B), <logda. (4)

As already observed, the entropic quantities defined for the sandwiched
Rényi divergences converge for & — 1 to the ones defined by the Umegaki
relative entropy. We recall its definition:

Definition 3.7 (Umegaki relative entropy). Let p, o € S(H) be quantum states
with ker o C ker p. Then, the Umegaki relative entropy of p and o is given by

D(pllo) := tr[plog p — ploga].

We can furthermore define the quantum conditional entropy
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Definition 3.8. (Quantum conditional entropy) Let pap € S(Ha ® Hp). Then,
the quantum conditional entropy is given by

H(A[B),:= sup —D(papl/la®cp)=—D(paslla®ps).
ocB€ES(HB)

and the quantum mutual information

Definition 3.9 (Quantum mutual information). Let pap € S(Ha ® Hp). Then,
the quantum mutual information is given by

I(A:B),:= inf D(paploa®op)=Dlpaslpa®ps),
where the infimum is taken over 04 € S(H4) and op € S(Hp).

Finally, we consider explicitly the limit of @ — oo of the sandwiched
Rényi divergences:

Definition 3.10 (Maz-divergence). Let X, Y € B(H) be positive semi-definite
operators with X # 0. Then, the maz-divergence of X and Y is given by

Doo(X[[Y) :=inf{A>0: X <e*V}.
Note that it admits the following equivalent representation:
Doo(X[[Y) :=log [[Y T2 XY /2| .

Definition 3.11 (Min-conditional entropy). Let pap € S(Ha ® Hp). Then, the
min-conditional entropy is given by

H(Io(A|B)p:: sup  —Doo(pap||la®op).
ocB€ES(HB)

Likewise, we can define a max-mutual information:

Definition 3.12 (Max-mutual information). Let pap € S(Ha @ Hp). Then, we
define the max-mutual information as

IL(A:B), = nf Doc(paplloa®op),
where the infimum is taken over o4 € S(H4) and o € S(Hp).

It has been shown that o — Dg(p||o) is monotonically increasing [40,
Corollary 4.2]. Thus, in particular,

Da(pllo) < Doc(pllo) Ve € [1/2,1) U (1, 00). ()

4. Technical Tools and Main Theorems

In this section, we will introduce the technical tools and prove the main the-
orems that form the cornerstones for our proofs of the continuity bounds in
Sect. 5, which are just corollaries of the former.
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4.1. Almost Additive Approach

We start by reviewing some tools that are related to the almost additive ap-
proach to sandwiched Rényi divergences (see [28,40] for an overview). One
property is that @, is jointly convex/concave:

Lemma 4.1 (Joint convexity and concavity of @a) For quantum states p, o €
S(H), the function
(p,0) = Qalpllo)
is jointly concave for a € [1/2,1) and jointly convex for o € (1, 00).
Proof. For a proof, see [40, Proposition 4.7 and Theorem 4.1].

Another useful property of the @a is that it behaves nicely under addi-
tion, unlike the sandwiched Rényi divergences:

Lemma 4.2 (Sub- and Superadditivity of Q. ). For X1, Xa, Y € B(H) positive
semi-definite with ker Y C ker X1 Nker X5, we find that for a € (0,1)
Qa(X1+ Xa[Y) < Qu(X1[|Y) + Qu(Xa||Y)
and further for a € (1,00)
Qa(X1[Y) + Qa(X2[[Y) < Qu(X1 + Xa2[[Y).

Proof. The proof of the first claim can be found in [25], based on an inequality
from [26]. For the second, we use that one can write

Qa(X1 + Xa|[Y) = tr[(X] + X2)°] = [|(X] + X3)1,

with X[ := Y%XiY%, i =1,2. As before Y ! is the pseudoinverse of Y.
Since || - ||; is unitarily invariant and since the map Ry 3 x +— z® is convex for
a > 1 and vanishes at zero, we can apply [10, Theorem 1.2] to conclude

I(XT+X2)% > (XD +(X3)% [ = e [(X)* +(X3)] = Qa(X1[[Y) +Qa(Xa[Y).
The trace and 1-norm agree as all involved operators are positive semi-definite.

One might be tempted to conjecture that super- and subadditivity holds
more generally for the analogues of the @, in the case of Petz or geometric
Renyi divergences. However, this is not the case. One can relatively easily
construct counterexamples:

Ezxample 4.5. In the following, we present an example which contradicts the
superadditivity of the Petz and the geometric Rényi divergence. For p, 7 €
S(H) with ker p D ker 7 and « € (0,1) U (1, 00),

1

Qu(plr) = tr[p*r' =], DalpllT) == 108 Qa(rl7)
is the Petz Rényi divergence and for « € (1, 2], let
~ PR R 1 R
Qalpll7) =tx[r> (r2p772)*72], Da(p|7) = log Qa (pllT)

a—1
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be the geometric (maximal) Rényi divergence. For the density matrices
0.8 0.3 0.1 0.2 0.45 0.49
pr= <0.3 o.2>’ P2 = (0.2 0.9>’ T (0.49 0.55)’
one can calculate
Q15(plIT) + Qus(p2llT) > 6 > 5.9 > Qy 5(p1 + p2|T)
and

Qus(p1l7) + Qus(p2lT) > 9> 6 > Qis5(p1 + pa7)
which contradicts the superadditivity.

We conclude the subsection on the almost additive approach by proving
our fundamental technical result from which all our continuity bounds follow-
ing the almost additive approach will be obtained.

Theorem 4.4 (Distance to a convex, compact set). Let C C S(H) be a conver,
compact set that contains at least one positive definite state. Then the map

Dac:S(H) =R, pr> Dac(p) := inf Da(p|7)
is uniformly continuous (cf. [33, Definition 4.18]) for a € [1/2,1) U (1,00).
For p, 0 € S(H) with t|p— o1 < e, a € [1/2,1) and k (see Remark 4.5)
such that sup Dgc(p) < log(k) < co we get

pPES(H)

N ~ 1 . €
|Da,c(p) — Da7c(0')| S log(l + 5) + 1—a log <1 + 5a:‘€1 — (1-’—(5)1_‘1)
Further for o € (1,00) and k (see Remark 4.5) such that sup Dac(p) <

pPES(H)

log(k) < o

I o 1 a—1 Ea
|Da,c(p) - Da,c(0)| S log(]. + 5) + a_1 log <]. + €K - (1—1—&‘)0_1) .

Proof. We will only demonstrate here the proof for the second inequality (a >
1), as the proof for the first (o < 1) is almost completely analogous. The proof
is inspired by [25]. Without loss of generality, we can assume that 3[|p— oy =
€, as the bound is monotone in €. We have

1 inf Qa(pllT)

og —
a—1 inf
igcQa(UHT)

|l~)a,C(p) - f)a,C(Uﬂ =

using the monotonicity of the logarithm. Hence the result reduces to an upper
bound on

int Gu (") inf Gu (o)

.f‘ﬂvi and f~7 .

f Qa(oll7) if Qa(pllT)
We only upper bound the first fraction as the bound on the second is achieved
by swapping the roles of p and o. First, there are orthonormal quantum states
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w, v such that p 4+ ep = o + ev. Using the superadditivity of @a (Lemma 4.2)
and the a-homogenity in the first argument gives

Qac(p) +*Qacl) < inf (Qalpllr) +*Qalpllr)) < Quclp+2n)
where we set @a,c(X) = int; Qu (X||7) for a positive semi-definite operator X.
TE
Joint convexity of the (), and their a-homogenity further allows us to write

Quclo+ev)=(1+e)* inf Qa<1+a T1+1+€ )
T1,T2€
< (14 inf Q inf £Q
< (1+e) (TllrécQa(Ulln)+712réC€Qa(V|Tz)>

= (142 (Qac(0) +2Qac(v))

where we split the infimum in the becond argument into an equivalent infimum
over a convex combination 3 TN T T2 which allows us to split the infimum
later. Moreover, it holds that 1< QQ)C(V) < g1 for any state v, where
the lower bound stems from the non-negativity of the sandwiched a-Rényi
divergences on quantum states and the upper bound holds by assumption.
Putting these estimates together, using p + eu = o + ev, we find

éa,C(P) S (1 + E)Q_l (@a,C(U) + 8Ha_l - (]__;r_i_(:;al) .

1+E

We therefore obtain

Quclo) !~ iy T
1 1+ —— | <(1 1 -
Qocle) =T ( e s R ek S (S

where in the second inequality we lower bound @a,C (o) by 1. This is valid, since
for e € (0,1), ek — # > € — # > 0. Repeating the procedure
for the other fraction gives the same bound and hence concludes the claim.
Remark 4.5 (Existence of (uniform) ). A kK < oo upper bound on Ea,C(') and
uniform in all o € [1/2,1) U (1,00) always exists, since we can upper bound
Dy c(+) < log||77Y|s independently of a, where 7 is a full-rank state in C
(which by assumption exists). For the continuity bounds the x can, however,
also depend on a.

Before considering the limit cases, we prove that limits can be exchanged
with the infimum in the above definition of D, ¢(-):

Lemma 4.6. Let C C S(H) be a compact set that contains at least one positive
definite state. Then the following identities hold:

lim Da.c(p) = inf lim Da(plir) = inf D(pl|7) =: D1c(p)
and
lim Dgac(p) = inf lim Dy (pl|l7) = S;E Doo(pl7) =: Dos.c(p).

a—00 T7€C a—00
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Proof. Let n € C be positive definite, which exists by assumption. We note
first that the infimum inf,cc Do (p||7) is attained [2, Theorem 2.43] since C is
compact and o — D(p||o) is lower semi-continuous for any fixed p € S(H) [20,
Proposition 4.5]. Then,
D (plln) =: o < 0.
Moreover,
inf Da(plim) < Dalplln) < ex

for all @ € (1, 00], since the sandwiched Rényi divergences are monotonically
increasing in a [40, Corollary 4.2]. Next, we define C(p) = {7 € C | Dao(p||7) <
Coo } Which satisfies by the above
int Do) = inf Dalolr)

for all @ € (1, 00]. The set C(p) is compact, because the preimage of (—00, ¢
under a lower semi-continuous function is closed. Hence, also the infimum on
the right-hand side is attained. Moreover, the function C(p) 3 7 +— Dy (p||T)
is continuous for all & € (1, 00]. Therefore, Dini’s theorem [2, Theorem 2.66]
shows that C(p) > 7 — D, (p||T) converges uniformly for o — 1, & — o0, since
we have pointwise convergence by [40, Section 4.3.2] (see also Proposition 3.3).
Thus, the assertion follows from [14, Lemma 1.7.6].

Lemma 4.7 (Limits). Let p,o € S(H) with 5|p — ol1 < € and k a bound on

D, ¢ independent of o (see Remark 4.5), then the limit &« — 1 of the bounds
obtained in Theorem 4.4 gives

~ ~ €
Dic(p) = Dre(o)] < elogr + (14 2)h( )

where h(-) is the binary entropy. Unless ¢ is trivial, i.e. € = 0, we find for
a — 00

|Deo.c(p) — Doo.c(0)] < log(1+¢) 4 log &
which is no longer a continuity bound

Proof. Using 'Hospital’s rule, we find that

li 1 1 o, (1—a) &
al}‘nl{la og(l + "k (1+€)170¢)
b [l — e log s —log(l + &) pryrem
- algll 1+ cag(l—a) _ W

= —clog(e) +elogk +elog(l +¢)

and similarly

1 e
I log(1+ex@D - ¢
a1 [a— 1 og(1 +ex (1+a)“—1)
. ex@Dlogk — log(s)ﬁ +log(1 + E)(lél)lal‘|
a1 1+£/€(0‘*1)—$
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=clogr —elog(e) + elog(l +¢)

which proves the limit o — 1. Another use of I’'Hospital’s rule shows that

(a-1) _ __ E”

li —_—
1m (1 +€)a—1

a—oo | — 1

log(1 +ex )| = log k.

4.2. Operator Spaces Approach

In this section, we will construct a family of norms inspired by the norms
on interpolation spaces over von Neumann algebras defined in [5, Theorem
4.5]. These norms have an explicit characterization given by a supremum of
amalgamations with elements from a different von Neumann subalgebra in a
Schatten p-norm. In this section, we show that in the finite-dimensional setting,
this construction is not limited to amalgamation with a von Neumann subal-
gebra, but can be generalized to a convex compact set of positive semi-definite
operators, which contains at least one positive definite state. We further give
a direct proof of a triangle-like inequality for a map arising from these norms,
previously only shown in an abstract and more restrictive setting. To be more
precise, our goal is to show that for positive semi-definite operators the map
X — inf ||c_71rXc_%||p
ceC,c>0
satisfies a triangle inequality and some other properties that come in handy
when proving continuity bounds later. Here r is implicitly constrained by the
explicit p and an implicit ¢ satisfying p > ¢ > 1. The choice to not use r as a
defining parameter will become clear later when we establish duality relations
and p and ¢ transform to their Holder conjugates while r is unaffected. C is a
convex, compact set of positive semi-definite operators containing at least one
positive definite element.
We begin with the construction of the auxiliary norms.

Definition 4.8 (The C,p,q norm). Let C C B>o(H) be a convex, compact set
containing at least one positive definite state. Then for 1 < p < ¢ < oo,

% =1 _ 1 we define
P q
FENEE
I lle.pq s B(H) = [0,00), X = [ X]lcpq:= Slellg lezr X ||,
c
where || - ||, = (tr]| - |p])% is the Schatten-p-norm.

Lemma 4.9. || - ||¢,p,q : B(H) — [0,00) defines a norm on B(H).

Proof. The map is finite for all X € B(H), because C is compact and ¢ +—
c3 X2 continuous on positive semi-definite matrices. Further, it is positive
definite since C contains a positive-definite state, by assumption. Finally, it
satisfies positive homogeneity and triangle inequality because the Schatten-p-
norm has this property and the supremum is subadditive.

We will proceed to define the maps we are interested in:
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Definition 4.10. Let C C B>o(H) a convex, compact set containing at least

one positive definite state. Then for 1 < ¢’ < p’ < co and 2 = % — i, we
define
. 1 1
I BOO) = [0,00), X o X[y o= int [l Xe~

where X € B(H) and || - ||, = (tr[| : |p’])’7.

Remark 4.11. For the above maps, the norm properties are no longer appar-
ent. We get that the map is finite, positive homogenous, and further positive
definite (requires a bit more work but relates back to the compactness of C).
However, the triangle inequality we can only prove for positive semi-definite
operators.

We will now show that on the positive semi-definite operators || - ||z ./
satisfies triangle inequality by showing that ||-[|¢  , agrees with the dual norm
of || - ||¢,p,q on this set. Here p is given by 1 = 1% +% and g by 1 = %—i— % Note
that the latter norm is indeed consistent with Definition 4.8 (as choosing ¢ via
1= %4—% leaves r invariant and satisfies the requirements, i.e. 1 < p < g < 00).
As a first step, we derive a Holder-inequality for these maps.

Lemma 4.12 (Hoélder-inequality). Let || - ||c,p.q as defined in Definition 4.8 be
given, then for all XY € B(H)

rXY]] < 1 Xl 7.
where || - [z s+ as defined in Definition 4.10 with p given by % + i =1 and

D via L+ L —
qmaq+q, 1.

Proof. For ¢ € C with ¢ > 0, using Holder inequality on Schatten-p-norms, we
have

tr[XY]| = |trfe Xeore 2 Y e o)

< ez X2 [|lle™ Ve 2|,

Now using that [|¢2r Xc27 ||, < || X|l¢.p.q We get
_ 1 _ 1
e[ XY ][ < [ Xllepalle™2 Y em 2.
Finally taking the infimum over all ¢ € C, ¢ > 0 of the above inequality
e[ XY < [ X]lepallY]

*
C.p'q" -
We can now characterize || - [cpq via || - [|¢ - as follows.

Lemma 4.13. Let ||-||c,p.q as defined in Definition 4.8 be given. Then we obtain

sup [t XY ]| = [ Xlle,p.q
YEBMH). IV, <
where || -|| s, is the map from Definition 4.10 with p’ defined via % + i =1
and ¢ m‘a%—i—%zl.
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Proof. Let X € B(H) be given. Due to the continuity of ¢ +— c2r Xczr on C
and compactness of C, there exists an ¢, € C such that
EET
X llepq = e X2 (|,

Due to the convexity, the existence of a positive definite state 7 in C and the
continuity of ¢ — ¢2r X¢2r, we have that for all € > 0 there exists a § € [0,1]
such that ¢ = (1 = d)ex + 7 € C, ¢5 > 0 and

1 1
1Xllepq < lleg” Xeg [, + €.
Regarding || - ||,» as dual norm to || - ||, (see e.g. [40, Lemma 3.3]) where
1=21 +1 wefind
P P
1 1
X lle.pq < sup trlef” Xeg W]l + e
WeB(H), W], <1
= sup [tr[XY])| + ¢
1 1
YEB(H),lles 27 Yeg 27 ||,0<1
< sup [tr[XY]| + ¢,

YeBM)IYIZ <1

L L
where the last inequality holds, since |c; > Y, >
1. Now taking € — 0 gives

1Xlle.p.q < sup [tr[XY]].
YeBR)IYIG <1

p < Limplies Y|z, <

The reverse inequality is a direct consequence of Lemma 4.12. We, hence,
conclude the claim.

Now we come to the theorem which is at the heart of our continuity
bounds.

Theorem 4.14 (A dual formula for || - [|z , /). Let || - ||& ,, » be as defined in
Definition 4.10 and X > 0. Then
swp XY = X

YeBxo(H),[IYlc,p,q<1

for p given by % + i =1, ¢ via % + % =1 and ||Y||cp,q as in Definition 4.8.

That is, on positive semi-definite states, || - ||¢  , agrees with the dual norm
of |+ llep.a-
Proof. Let X € B>o(H). Then we immediately get that

sup ‘tr[XYH S ||X||Z,p’,q’

YEB>o(H), Y llc,p,q<1

by Lemma 4.12. This inequality furthermore holds for X € B(H). To prove
the reverse inequality, we define the auxiliary function

fX : Bzo(H) xC — R,

(Y,c) — fx(Y,c) = p'tr[XY] — ];/tr[(c’;ch;r)p] ,
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where p is given by %+ z% = 1. Note that the function is lower semi-continuous
in ¢ and upper semi-continuous in Y (as it is continuous in both of its argu-
ments). In addition, we will now show, that it is concave in Y and convex
in ¢. The concavity in Y is straightforward. We have that Y — tr[Y X] is
linear in Y, hence in particular concave. Further for a fixed ¢, we have that
Y — —%tr[(chchTlr )P] is concave, since x — —zP for p > 1 is. To show con-
vexity in ¢, we have to show that for a fixed Y, ¢ — tr[(c2r Yc2r )P] is concave.
We first rewrite
tr[(c? Ve )P] = tr[(vVYer VY)P)
and then use [40, Eq. (3.16)] to obtain

tr[(\/?c%\ﬁ) ] = sup ptr[\ﬁcr VY Z) - —tr[Z1O 1= sup ptr[\ﬁcr\FZP ]— —tr[ ]

Z>0
Since 0 < i,% <1 and + 2 = 1, + % — ﬁ = % < 1, Lieb’s concavity
theorem [24] gives us joint concav1ty of the map

(Z,c) — ptr {fcerp } — p—tr[Z]
and therefore concavity of

¢ — sup ptr |:\/>CT\/>ZP }——tr[ ] =tr K\/»cr\/») } = tr [(c%Yci)p} .

Z>0

Knowing that fx is a map from the Cartesian product of a convex set with a
convex compact set to the reals, being upper semi-continuous and convex in
its first and lower semi-continuous and concave in its second argument, we can
employ Sions minimax theorem [22, Theorem 2.18] to find that

sup inf fx(Y,e)=inf sup fx(Y,c).
YeBso(H) ¢€C c€C Y eB5o(H)

Rewriting the RHS of the above equation gives for ker ¢ C ker X

/
sup  fx(Yie)=  sup  pulXY] - Luf(cFryer)y)
YEB>o(H) YeEB>o(H) p
/
= sup p’tr[cfﬁXc*%Y]—p—tr[Y”]
YEB2o(H) p

= ||07%X0771T ||§:

with -~1 in this context being the pseudoinverse and oo if ker ¢ Z ker X. Using

the lower semi-continuity of ¢ — [¢™2r X¢™ 2 ||p, and that for every ¢ € C we
can approximate it via ¢s = (1 — d)c+ 7 € C a positive definite sequence, due

to 7 € C chosen positive definite and 6 € (0, 1), we have finally

f Y 3 27"X 27 P _ X ) 6
érelCyezl}o)("li)f)(( ,c) CECkerI}:CkerX”C ¢ ”’ H ”C,p ,q ()
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The LHS becomes

/
inf fx(Y,c) =p'tr[XY] — 2 sup tr[(c2r Yezr )P
eeC P cec

p/
= p/tr[XY] - o Y118 5.4

As of Equation (6) we have that for all € > 0 there exists Y € B>o(H), s.t.
I s
p'tr[XY] - SVt 1X0¢E 30"
This immediately? gives that for all € > 0 there exists Y € Bso(H) (w.lo.g.
Y #0), s.t.

tr[XY] )P' ,
e e XNy " - (7)
(Y|C,p,q cra

and hence taking an upper bound on the LHS,

p
sup |tr[XY]| +e=> ”X”apﬂq’p
YGBEO(H)!HYHC,qugl

Letting € — 0 and taking the p’th root on both sides concludes the claim.
The following corollary is a consequence.

Corollary 4.15. Let X,Y € B>o(H), then

||X + YHz,p’,q’ S ||X||ap’,q’ + ||Y||Z’,p’7q’
Proof. This follows directly from the formula derived in Theorem 4.14 and the
subadditivity of the supremum.

We further have the following lemma.

Lemma 4.16. For X,Y € B>o(H) with X <Y, we have that
1XNe pr.qr < WY E pr g -
Proof. We have that for every c € C, ¢ > 0
¢ X < Y
and hence, since the Schatten p-norms preserve order on positive semi-definite
operators, we have

||67%X07% » < ||c7%Y07%

P
concluding the claim.

Putting together the above results, we can now show the following.

2To see this we introduce a nonnegative parameter A and take g(A\) = p/tr[X(\-Y)] — % [[(A-
Y)|% p.q- Clearly supy>q g(A) > p'tr[XY] — %HY”’& p.q With the supremum being achieved
1 _ tr[xy]

at AP~ =
Y112 p.q

. Inserting this immediately gives Equation (7).
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Theorem 4.17 (Distance to convex, compact set). Let C C S(H) be a convez,
compact set that contains at least one positive definite state. Then the map

Doc:S(H) =R, pr Dac(p) := inf Dalpllr)

is uniformly continuous (cf. [33, Definition 4.18]) for o € [1/2,1) U (1,00).
For p, 0 € S(H) with L|p— o1 < e, a € [1/2,1) and k (see Remark 4.5)
such that sup e s ﬁa,c(p) <log(k) < o0,

~ . 1 .
[Da.c(p) = Daclo)] = ——log(1 + ek,

—

Further for a € (1,00) and k (see Remark 4.5) such that sup e s(3) Da,c(p) <
log(k) < oo we have

~ ~ « a—1
|Doc(p) — Do c(0)] < o log (1 +ek @ ) .

Proof. The proof strategy is inspired by [5]. Let p,o € S(H). Without loss of

generality, we can assume that 3||p — oy =€, as both bounds are monoton-

ically increasing in €. We will begin with the first bound, i.e. the bound for
a < 1 and note that

1 sup Qa ()

= ’“ ceC

[Da,c(p) — Da,c(o)| < 1—a

log —
sup Qu(o||c)
ceC

Now, we can use that there exists v, € S(H) such that p +ev = o + e
and hence p < o + eu. Furthermore Q,(+|¢) is monotone for all ¢ € C and
subadditive (c.f. Lemma 4.2), which gives us

sup Qo (pllc) < sup Qa(o +epllc) < sup Qa(o||c) + % sup Qa(ullc) -
ceC ceC ceC ceC

If we use that k*~! <sup ¢ Qa(pl|c) and SUDP.cc Qa(o|lc) <1, we find

sup Qa (p]lc)
ceC

sup Qu(a||c)
ceC

<14e%17>.

Repeating the same steps for the inverse fraction gives the claim.
For a > 1, we find

~ ~ oY 111G 01
|Da.c(p) = Da,clo)] = 7‘ log <| ‘ .

a—1 |O—||é,a,l
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Using now that there exist v, u € S(H) such that p + ev = o + ep and hence
p < o+ ep, we can employ Lemma 4.16 and Corollary 4.15

1ol1E 1 - llo+epllé oy

lollear = lollgaq
< HU|an'+EHMHan
B |U| z,(x,l
*
< 1+€”M”S’a’1
||U||c,a,1

We can now bound [[u[|¢ , , from above with k“+ and lower bound lollg.a.1

with 1 from below, as Dy ¢(-) > 0 on quantum states. We hence obtain

21E a1

a—1
<1l+erk o
11 a,1

and the same bound for the inverse quotient. This proves the claim.

Remark 4.18. In [31], the authors prove a continuity bound for o € [1/2,1)
and 0 < € < (Qa.c(p))/* given as

a—1 @a,C(p)

This form is convenient for them as they work in the context of resource the-
ories and are looking for dimension independent bounds. This bound immedi-
ately implies a continuity bound of the kind that we are looking for, namely

~ . 1 R
|Da,C(p) - D(x,C(U)‘ < log (1 — ) .

1704) )

~ ~ 1
|[Dac(p) = Dac(o)l < —— log(1 — e

for 0 < e < k(@=1/@_ Using the inequality log(l+z) < —logl —zfor 0 <z <
1, it can be seen that this is worse than the bound we obtain in Theorem 4.17.
Altering the proof in [31] slightly one could, however, also derive the bound in
Theorem 4.17, since both proofs are almost identical.

In the following lemma, we investigate the limiting behaviour for the
bounds derived above.

Lemma 4.19 (Limits). Let p,o0 € S(H) with 3||p — o|l1 < € and K (see Re-
mark 4.5) a uniform bound on 5a,c(') independent of c, then the limit a — oo
of the bound derived in Theorem 4.17 is stable and we find that

|Dos,c(p) — Dooc(0)] < log(1 + x).

For a — 1 the bound diverges unless it is trivial, i.e. € = 0.

Proof. Both conclusions are obtained straightforwardly.
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4.3. Mixed Approach

For ao > 1 we notice that both approaches have one limit (¢« — 1 or av — 00)
in which they perform well, while for the other one they either diverge or do
not give a continuity bound anymore. The purpose of this section, therefore,
is to combine both approaches and to obtain a bound which performs well in
both limits.

Theorem 4.20. (Distance to convex, compact set) Let C C S(H) be a conver,
compact set that contains at least one positive definite state. Then the map

f)a,C :S(H) — R, P’_’ﬁa,c(/’) = 71_I€1£l~)a(p||7')

is uniformly continuous (cf. [33, Definition 4.18]) for o € (1,00). For p, o €

S(H) satisfying £||p—oll1 < € and k (see Remark 4.5) such that sup Dac(p) <
PES(H)

20-1
@ 10g 1“"51‘{/% _6700671 .
-1 (1+4+e)%

Proof. Let p,o € S(H). Without loss of generality, we can assume that | p —
olli = e, as the bound is monotonically increasing in €. Since the loganthm
and the map z +— T are monotone, we find
. 1201 01
lol1g,a,1

We further get wv € S(H), such that p+ epu = o + ev. Due to Corollary 4.15
and [[v[|g , 1 < k", we have

log(k) < oo we find

|Dac(p) — Dac(o)| < log(1+¢) + -

(07

|Dac(p) = Daclo)| = P

a—1
lo+evlicar <lollear +elvliea: < llollcar +er

- s &y b=

Q=

We then also have that for X >0, || X[ .1 = (ing @a(XHc)) , which gives
s ce

1

o+ el = (0 Qalp+ )

> (inf Qulplle) + = inf Qa(ull0))*

Q=

1 1 9
= (1 E( * o a—1 * a)
(1 +0)% (Tl an® + oz Ml e
> (146) (ol + & Nuléan )

2a—1
> (1+6) 5 (lolean +"5)

where we used Lemma 4.2, the concavity of 2 — za= and that [ulle or > 1,

since 504,C(') > 0 on quantum states. Combining these two bounds, we find

2a—1

x —1 g «
Iplean < (T +e)"s (lollgar +er"s — ——=
(I1+¢) =
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2c0—1

and as a consequence (since again |o|| ., > 1 and ex - (Eﬁ > 0)
o 1+a) «
* 2a—1
a— a— E «
||p||i,a,l < (1+E)Tl 1—|—€KTI B .
||0||c,a,1 (1+¢)=

Repeating the same steps for the inverse fraction proves the claimed bound.

Lemma 4.21 (Limits). Let p,o € S(H) with |lp — o|1 < e, and k (see Re-
mark 4.5) be a bound on ﬁa,C(') independent of o € (1,00). Then, the limit
a — 1 of the bounds obtained in Theorem 4.20 gives

~ ~ £
|Dic(p) — Dic(o)| <elogr + (1+ 5)h(m>

and for aa — oo
[ Doc,c(p) = Doo.c(0)] < log((1 4 &) (1 + k) — °)

Proof. With 3 = =1 'Hospital’s rule lets us infer that

1+8 1+8
. . 5 el+8 . exBlogk — log(e)(irig)ﬁ + log(1 +¢) (i+8)5
lim (8) ™" log(1 +exk” — ———) = lim TTE

F—0 (L+e)f”  p-0 1+ewh— =

GroP
=clogk —cloge +elog(l+¢),

and

2—1 2
(8] a—1 g a [

lim lo 1+ek = - =T =lo <1+8/€— )

a—oo o — 1 g( (1—|—€)C¥> & (1+<€)

5. Continuity Bounds for Sandwiched Rényi Divergences

5.1. Continuity Bounds for the Sandwiched Rényi Conditional Entropy

In this section, we prove and compare the bounds for the sandwiched Rényi
conditional entropy using the three different approaches: almost-additive, op-
erator space, and mixed. We will start with a discussion of these bounds for the
example of the sandwiched Rényi conditional entropies, but our conclusions
carry over to the other quantities in the following sections as well.

The comparison is shown in Fig. 2. As we discussed in Sect. 2, the strength
and weaknesses of each bound depend on the combination of parameters «,
dy, and e. Our analysis reveals that the almost additive approach performs
best in the low d4 regime with small a, followed by a region where the mixed
approach is superior, and then with increasing «, the operator-space approach
outperforms the other two. As we increase d 4, the almost additive approach
becomes progressively weaker compared to the mixed and operator-space ap-
proaches. Specifically, in the low « regime, the mixed approach dominates,
while in the high « regime, the operator-space approach performs best. This
improvement in performance with increasing d4 for the mixed and operator-

a—1
space approaches is due to their scaling with di «  which is more favourable

2(a—1
A

than the scaling with d ) of the bound we got using the almost additive
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FIGURE 2. A comparison of the continuity bounds for
H!(A|B), proven by the almost-additive, operator space,
and mixed approach. The value of d 4 is according to the title
of each plot. The visible colour indicates where the respective
bound outperforms (is tighter than) the others

approach. Notably, the superior scaling of the mixed and operator-space ap-
proaches allows us to take the limit @ — oo and obtain a continuity bound.
However, the almost additive approach fails to have this property and does
not vanish for € — 0 in this limit.

Corollary 5.1. Let p,o € S(Ha®Hp), with ||p—o|| <, then fora € [1/2,1)

. - 1
|HL(A|B),~HL(A|B),| < log(14¢)+7

—

a 2(1-a) €
10g<1+5 dA —m),

(8)
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which is the bound from [25] (see Eq. 1), and for o € (1,00)

log(l+¢)+ ﬁ log (1 + sdi((kl) - ﬁ) ,
~ ~ a 2ot
|HL(A|B),—HL(A|B)s| < min{ a=1 108 (1 +edy ) )
a—1 21
log(1 + ¢) + =% log (1+gdj = 7a1) :

<1+g)%
(9)

Proof. We have that C = {ch1 1la®op : op € S(Hp)} is clearly a convex
and compact set, containing a positive definite state. Using this definition and
the (1 — a)-homogeneity of the @, in the second argument, we get

HJ(A|B), = —Da,c(p) +logda
and hence
|HI(A|B), — HL(A|B)s| = |Dac(p) — Dac(0)]

We further have that sup,c s Ea,c(p) < 2logda using Eq. (4) and hence
can directly apply Theorem 4.4, Theorem 4.17, and Theorem 4.20 to obtain
the bounds in the assertion.

We can now study the limits @ — 1 and o — oo of the new bound
in Corollary 5.1. We find that the former limit coincides with the bounds by
Alicki, Fannes and Winter and the latter bound with the one found by Marwah
& Dupuis in the appendix of [25, Theorem 2].

Corollary 5.2 (Limits). Let p,0c € S(Ha®Hp), with §|p — ol|y < e. Then,
the limit « — 1 of Equation (9) yields

\H(A|B), — H(A|B),| < 2¢logda + (1+)h (1 i E) :
and of Equation (9)
2clogda + (1+€)h (1;) ,

|H(A|B), — H(A|B)y| < min{ oo,

2elogda + (1+¢)h <1j—a> )

where H,(A|B) is the usual quantum conditional entropy, which is the bound
derived in [42]. The limit &« — oo of Equation (9) yields

log(l+¢)+2logda,
|H1,(A|B), — HL(A|B),| < min < log(1 +ed?) ,
log((1+¢)(1+ed}) —€?).

Proof. The proofis a direct application of Lemma 4.7, Lemma 4.19, Lemma 4.21
in the context of Corollary 5.1.
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5.2. Continuity Bounds for the Sandwiched Rényi Mutual Information

Now, we can bring our techniques to bear on the sandwiched Rényi mutual
information. We, unfortunately, cannot employ the theorems established in
the beginning as {pa @ pp : pa € S(Ha),pp € S(Hp)} is not a convex set,
however, will use techniques very similar to those presented already.

Corollary 5.3. Let p,o € S(Ha®Hp) with £||p — oy < e. Then, for a €
[1/2,1) we find

~ ~ 1
ITL(A: B),~Il(A: B)s| < 2log (1+sé)+1

-«

1
log | 1 +edm2l—a) _ 7810 ,
(1 +Eg)2(17a)

(10)
and for o € (1,00) we have

II(A:B), —IL(A: B),|
E(X

1
1 l+egamla-t)y - = 11
og( +eom {a +€é)2(a71) , (11)

where in both bounds m = min{da, dg}.

1
< 2log (1+5é) +
a—1

Proof. We will only demonstrate the proof for a € (1,00) as the case a €
[1/2,1) is almost completely analogous up to reversing the inequalities. We
further will only cover the case where 1|p — 0|y = &, since the proposed
bounds are monotone in €. Let u,v be orthogonal quantum states such that
p+ep =0+ ev. It is straightforward to see that deriving the claimed bound
boils down to deriving upper bounds on

inf Qu(pllTa ® 78) inf Qu(o|Ta ®75)
TA,TB sTB

TA

- — and - — .
inf Qa(ollra @ 75) it Qulplira ©7p)

TA,TB
Since the proof for both fractions is exactly the same, we will only demonstrate

it for the first one here. Employing joint convexity of the @a (c.f. Lemma 4.1),
we get that

inf Qu(c+ev|Ta ® 75)
TA,TB

< (1+e)* ! (inf (g}sf QQ(UHTA ®TR) + Ei%f @a(VHTA ® TB)>)

TA
where we could split the first infimum by writing the optimization as an opti-
mization over 75,1 and 7 2, replacing 75 = %HTBJ + ﬁﬂgg and then apply

1

£ o

1
TTA1 T
14ea 1+e

and bounded via the anti-monotonicity of @a in the second argument (see [40,
1

joint convexity. The second infimum is divided in 74 =

T TA,2

e
1+

Lemma 4.10]) and 74 > —2+741, 74 >
14ew

(1+e)t (ir}f(inf@a(a\|7A ®78) +cinf Qu(v||Ta ® TB)))
T TB TB

“1r74,2. This gives
E

§(1+5)°‘71(1+ai)0‘71( j‘nf @a(UHTA(X)TB)
TATB
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1T inf Qa(vllTa ®78))
TA>TB

<(A+ed)2@ D inf Qu(ollta®p) +ea inf Qa(vlta ®78)).

TA>TB TASTB

Now, using again the superadditivity (c.f. Lemma 4.2), we get
inf @a(o +ev|ta ®@7Tp) = inf @a(p +eullta ® )
TA,TB TA,TB

> inf Qu(pllTa®@7B)+e“ inf Qu(ullTa ® 78)

TA,TB TA,TB

It holds that for a quantum state £, 1 < inf Qu(&|lTa®75) < m2(@=1 where
TATB

m = min{da,dp}. Indeed, assuming without loss of generality m = da, we
can estimate Io(A : B)e < —H(A|B)¢ + logda and use the bound in Eq. (4).
Combining both estimates with this bound, we get

inf Qu(pllTa®@7p) < (1+e2)2@=V( inf Qq(ollTa@7p)+eam?@ V)¢,
TATB TATB
Subsequently, we divide by inf,, -, Qu (o]|ta ® T8) and use again that for &

a quantum state 1 < inf., -, Qn(§]|Ta ® 7). In addition, we use that (1 +
gw)2aDegp2(a-l) _ga > gl/a _ ca > () This leads to

m

inf @a(p||TA ®TB)
TA,TB

< (14 ew)2@D <1 +eam2eh

inf Qulolra @) o)

Applying the logarithm, multiplying with ﬁ and then repeating the whole

procedure for the other fraction gives the claimed result.

Corollary 5.4 (Limits). Let p,o € S(Ha®Hp) with 1|p — oll1 < e. Then,
taking o — 1 in Egs. (10) and (11) yields

|[I(A:B), —I(A:B),| <2clogm+2(1+¢)h (18—1—5> ,
where I(A : B), is the usual mutual information. This is the bound from [34].
Taking the limit o — oo leads to
[IL(A:B), -1 .(A: B),| <logdm?

which is no longer a continuity bound.

Proof. The first limit can be obtained using I’Hospital’s rule as in Lemma 4.21.
The second limit can be obtained by isolating m?(@~1) in the logarithm.

5.3. Continuity Bounds for the Sandwiched Rényi Conditional Mutual Infor-
mation
Let us recall that given a tripartite space Hapc = Ha ® Hp @ Ho and papc €
S(Hapc), the sandwiched Rényi conditional mutual information of pspc is
given by
Igé(A :C|B), = H;(A|B)p - HoTL(A|BC)p-
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We also define the max conditional mutual information
IL(A:C|B), = HL(AIB), — HL(A[BC),.
and the quantum conditional mutual information
I(A:C|B), := H(A|B), — H(A|BC), . (12)

As a consequence of the definition, we can derive continuity bounds for the
sandwiched Rényi conditional mutual information in terms of the continuity
bounds for sandwiched Rényi conditional entropies obtained in Sect. 5.1. This
is the content of the next result.

Corollary 5.5 (Continuity bound for sandwiched Rényi conditional mutual in-
formation). Let p, o € S(Hapc) be quantum states, with %||p—oll1 < €. Then,
for a € [1/2,1) we have

II(A:C|B), — Il(A: C|B),| < 2log(1 +¢)

2 2(1—a) €
+1_a10g(1+€adA BEDEIA (13)
and for o € (1,00),
2log (1 +e)+ éllog(l + Edi(a—l) _ ﬁ) 7
T1(A: C|B), — IL(A: C|B)s| < min{ 2% log(1 +edy = ),
a—1 _1
2log(1+¢) + % log(1 + EdiT — %)
(140)°&
(14)

Proof. Note that
[I1(A: C|B), — Il(A: C|B),| < |[H\(A|B), — HL(A|B),|
+ |H}(A|BC), — H}(A|BC),|.

Thus, a continuity bound for the sandwiched Rényi conditional mutual infor-
mation follows as a continuity bound for the sandwiched Rényi conditional
entropy, with a factor of 2. We conclude using the bounds from Corollary 5.1.

For the sake of consistency, we state in the following the limits @ — 1
and o — oo which directly follows from Corollary 5.2 by the same argument
as in the proof of the above corollary:

Corollary 5.6 (Limits). Let p, 0 € S(Hapc) be quantum states, with |lp —
ol <e. Then, the limit o« — 1 of Equation (13) yields

II(A:C|B), — I(A: C|B),| < 4elogds +2(1 +€)h (1;) :

and the limit of Equation (14)
delogda +2(1+2)h (152
|[I(A:C|B), —I(A: C|B)s| <min < oo,
delogda +2(1+2)h (152 -



30 A. Bluhm et al. Ann. Henri Poincaré

where I(A : C|B), is the usual quantum conditional information (see Eq. (12)).
The limit a« — oo of equation (14) yields

2log(1l +¢) +4logdy,
[IL(A:C|B), — I ,(A:C|B),| <min{ 2log(1 + ed?),
2log((14&)(1 +ed?y) —€?).

Proof. The proof is a direct application of Corollary 5.2.

5.4. Continuity Bounds in the First Argument for Sandwiched Rényi Diver-
gences

Corollary 5.7 (Continuity bound in the first argument). Let p, o, 7 € S(H)
be quantum states, with kert C kerpNkero, 1|p— o1 <e and a € [1/2,1).
Then

1 a~a—1 €
|Da(pll7) = Dalo|r )|<log(1+a)+1_alog(l+a my _(1+€)1_O‘>7
(15)
where M is the smallest nonzero eigenvalue of 7. For a € (1,00) we find
log(1 +¢€) + =15 log (1 +eml > — ﬁ) ,

l1-o
|Da(pll7)—Da(ol|7)] < min { 227 log (1 -+ ) ,

1-a -1
log(1 +¢) + =27 log <1 temye — ) .
(1+e) &

(16)

Proof. We first restrict H to the support of 7 which gives us a Hilbert space
H on which 7 is positive definite. Clearly p, o € S(H) as ker 7 C ker pNkero.
We further have that C := {7} is a convex, compact set containing a positive
definite state and

~ 1
sup Dgc(p) <log—,
pES(H) Mr

which follows from D (v||7) < Deo(v|7) < —log i, for v € S(H) (see Eq.
(5)). Lastly, we find
Da(nlir) = Dac(n)  n€{po},

allowing us to use Theorem 4.4, Theorem 4.17, Theorem 4.20. This yields both
assertions.

We can again consider the limits o — 1 and o — oo.

Corollary 5.8 (Limits). Let p,0,7 € S(H) be quantum states, with kert C
kerpNkero, 1|p— oy <e. For the limit « — 1 in Equation (16), we obtain

|D(p||7) — D(o||7)| < elog(m:t) + (1 +&)h <1 i E) ;
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where m, is the smallest nonzero eigenvalue of T, and for Equation (16)
elog(m=1) + (1+¢)h (ﬁg) ,
[D(pl|7) = D(o||T)| < min { oo,
elog(zl) + (1+e)h (ﬁ) ,

which is exactly the continuity bound in [8]. For oo — oo Equation (16) gives

log(1 + ¢) + log(m; 1),
Do (plI7) — Do (o]|7)] < min { log(1 + en; ),
log((1+¢)(1 +em;t) —e?).
Proof. The proof is a direct application of Lemma 4.7, Lemma 4.19, Lemma 4.21
in the context of Corollary 5.7.
5.5. Divergence Bounds for Sandwiched Rényi Divergences
The continuity bounds in the first argument directly give us divergence bounds
of the sandwiched Rényi divergences.

Corollary 5.9. (Divergence bound) Let p, 7 € S(H) with kert C kerp and
sllp =7l <€ and o € [1/2,1)

~ 1
Dalplir) < log(1+ &) + T—

a~a— €
IOg <1+€ m.,. T (]_—|—[—:)10‘> s (17)

where m, is the smallest nonzero eigenvalue of 7. For a € (1,00) we find

e

log(1+¢) + =15 log (1 + emy~® — (léﬁ) .
- _l-a
Da(pHT) S min ﬁ log(l + Em-,—“ ) 5 (18)

1—o 1
log(1 4 £) + =% log (1 +emye - ) .
(I14e) o

Proof. The proof is a direct application of Corollary 5.7, with ¢ = 7.

Corollary 5.10 (Limits). Let p, 7 € S(H) withker T C ker p and 3| p—7|1 < e.
For the limit &« — 1 in Equation (17), we obtain

Do) < clog(in ) + 1+ 2 (5 )

where m, is the smallest nonzero eigenvalue of T, and for Equation (18)
elog(m;Y) + (1 +¢e)h <1i8) ,
D(p|l7) < min{ oo,
elog(yl) + (1+€)h (ﬁ) ,

which is exactly the divergence bound in [8]. For o — oo in Equation (18)
gives

log(1 +¢) + log(m; '),
Do (pl|7) < min ¢ log(1 + em; 1),
log((1+¢)(1+emt) —e?).
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Proof The proof is a direct application of Lemma 4.7, Lemma 4.19, Lemma 4.21
in the context of Corollary 5.7.

5.6. Distance to Separable States

We consider the distance to the set of separable states in terms of the sand-
wiched Rényi divergence and prove that it is uniformly continuous in the spirit
of [13,42]. Note that the @ — 1 limit recovers the Corollary 8 of [42].

Corollary 5.11 (Distance to the set of separable states). Let SEP 45 C S(Ha ®
Hp) be the set of separable states. Then the map

Dysep: S(Ha®Hp) — R, p— Dy spp(p) = egg}g D (pllT)
T AB

is uniformly continuous for o € [1/2,1) U (1,00) and for p, 0 € S(Ha @ Hp)
with ||lp — 0|1 < e, and o € [1/2,1)

log(1 4 &“m! =@ — c

Brosir(p) — Do ()] < log(1 Tro
|Da,sep(p) sep(0)] < log( +E)+1_a (1+e)l-«

)

and for a € (1,00)

@

log(1+¢) + ﬁ}?g(l +em® ! — 75a),
|Da, 510 () — Dasip ()] < min { a2y log(1+em™e), 1

log(1 +¢) + ;%5 log(1 + emet — —= ),
(140) "%

where m = min{da,dp}.
Proof The set of separable states is known to be compact and convex and

contains the maximally mixed state, which is positive definite. Consider a > 1.

Due to the joint convexity of @a we can reduce to pure states and further using
Remark 3.2 shows

inf @a(pllT)Sslzp inf Q) (¥ll7)

TESEP B )TESEPAB

—a

—sup inf ()7 [w)°,

[) TESEP AR

where [1) ()| is a rank-1 projection. Let
W) = Ailei)alfi)s
i=1
be the Schmidt decomposition of [¢)) such that in particular A; > 0 for all

i€{l,...,m}and >, \? = 1. Both {|e;)}; and {|f;)}, are orthonormal sets.
Choose

1= > led el @ )i
i=1

Then,

inf Qalplr) < TZW'TJ%Q ¥)°

TESEP AR
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= bup me <Z /\2>
=m* .

The proof for a € [1/2,1) proceeds analogously, using the same 7.
Employing Theorem 4.4, Theorem 4.17 and Theorem 4.20 gives the claimed
bounds.

We can conclude the limits o — 1 and a@ — oo as before using Lemma 4.7,
Lemma 4.19 and Lemma 4.21.

Corollary 5.12 (Limits). Let p, o € S(H) and %||p — o1 < e. For the limit
a — 1 in Equation (17), we obtain

elog(m) + (1+2)h (132 )
|Dsep(p) — Dsgp(0)| < min oo,

elog(m) + (1 +¢)h (1%) ,
which is exactly the bound in [42]. For o — oo we infer

log(1 4+ ¢) +log(m™1),
|Doo,SEP(,D) — Doo,SEP(U)| < min log(l + Em) R
log((14&)(1 +em) —e?).

5.7. Distance Measures in Resource Theories

While the previous section already gave an application to entanglement theory
of our tools developed in Sect. 4, we can apply our techniques to any resource
theory that includes a set of free states F that is compact and convex and
contains a positive definite state. Then Ea, #(p) quantifies the resourcefulness
of the state p in terms of its distance to the set of free states (see, e.g., [43]).
This resource measure is known as the Rényi relative entropy of resource.
Especially, the requirements for F hold for the resource theories falling into
the framework of [3], requiring the sets of free states to be compact and convex
and further contain the maximally mixed state. These theories include the
resource theories of

1. entanglement (where the free states are the separable states).

2. coherence (where the free states are the states diagonal in a fixed basis).

3. asymmetry (where the free states are those invariant under some group).

4. nonuniformity and purity (where the only free state is the maximally
mixed state).

5. thermodynamics (where the only free state is the Gibbs state for a fixed
Hamiltonian and temperature; for this to be the maximally mixed state,
we can take the temperature to be infinite).

6. contextuality (where the set of free states are non-contextual probability
distributions).
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7. stabilizer computation (where the free states are the convex hull of states
that can be produced with a Clifford unitary from a standard state such
as |0)).

For more details on the resource theories in question, we refer the reader to
[3] and the references therein as well as to the textbook [17]. We now present
the continuity bounds we obtain on resource measures:

Corollary 5.13 (Distance to the set of free states). Let F C S(H) be the free
states of a resource theory such that 1 /d € F. Then the map

504’]: :S(H) — R, p— l~)a7].-(p) = Tnelg_f)a(pHT)

is uniformly continuous for a € [1/2,1) U (1,00) and for p, o € S(H) with
sllp—olli <e, and a € [1/2,1)

- ~ a jl—a €
1Da7(p) = Doir(0)] < log(1 4 €) + 7 log(1 +<"d' ™" — (i)
and for a € (1,00)
log(1+¢) + g1y log(1 +ed* ™! — 355e=r),

~ ~ a—1
|Da,7(p) = Do #(0)] < minq a=1 log(1+ed™="),
s

_ 1
log(1+¢) + =25 log(1 +ed*s — ——21).
(14e) %=

Proof We observe that, using 1 /d € F,

~ 1
sup Da r(p) < log(d) + sup log tr[p®] < log(d).
pES(H) pes(r) @ — 1
Then, the claimed bounds follow from Theorem 4.4, Theorem 4.17, and The-
orem 4.20.

Remark 5.14 The bounds presented here use no special knowledge of F other
than that it contains the maximally mixed state. Note that this state could
be replaced with another full-rank state of choice. As seen in Sect.5.6 better
bounds are in some cases possible for a given resource theory using other states
in F to estimate the x in Theorem 4.4, Theorem 4.17, and Theorem 4.20. Sim-
ilar calculations can also provide continuity bounds on the resource measure in
the resource theory of thermodynamics at finite temperature. We leave further
explorations of concrete resource theories to future work.

5.8. Generalized Sandwiched Rényi Mutual Information

In this section, we are interested in continuity bounds for the generalized sand-
wiched Rényi mutual information defined as

Lpaplta) == inf  Dulpap|ta ®op) (19)
UBES(HB)

for pap € S(Hap) and 74 € S(H4) such that ker(74) C ker pa.

This quantity appears in the context of hypothesis testing [18]. More
concretely, in appears in the strong converse exponent of the hypothesis test
where the null hypothesis is that the state is p%% and the alternative hypothesis
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that the state is Tf?" ® o pn for some state ogn, not necessarily product. In this
case, we impose that the error of the second kind goes to zero exponentially
fast with a rate exceeding the mutual information I(pag||Ta). Here, I(papl||Ta)
is defined as in Eq. (19), but with the Umegaki relative entropy. Then, the
authors of [18] prove that the error of the first kind converges to 1 exponentially
fast and the rate is determined by jl(pAB”TA) with @ > 1. Recently, the
generalized sandwiched Rényi mutual information has also appeared in the
context of convex splitting [11,12].
For this quantity, we can prove the following continuity bounds:

Corollary 5.15 Let pap, oap € S(Hap) and 74 € S(Ha) such that ker 74 C
ker pgy Nkeroa. Moreover, let %HpAB —oag| < € and let m, be the minimal

nonzero eigenvalue of T4. Then the function nag — T;(T]ABHTA) s uniformly
continuous on S(Hap) with the following continuity bounds: for a € [1/2,1),
we find

111(pasliTa) — TL(capllTa)| < log(1+¢)
B ST U 2 S
1—a ® m, (1+¢e)l-o

log(1+¢) + —L-log (1 m N e
og(l+e)+ =g log | 1+e (5 = (Feye=T |

and for a € (1, 00)

a—1

EL(pasllra)~IL(oaplra)| < min{ ;o5 log(1+= (22 ) * ),

a—1 _1
log(l—&—e)—&-()ﬁllog(l-i-g(%n) o _651>7

where m = min{da,dp}.

Proof We first restrict the Hilbert space Hap to the support of 74 ® 15 and
get that this is a Hilbert space ﬁAB on which 74 ® 1 is positive definite.
Clearly pag,oaB € S(ﬁAB) as ker74 C kerpa Nkeroy, a fact that can be
verified using a purification of p 4 and an appropriate Schmidt decomposition
that for P4 the orthogonal projection onto the support of 74, it holds that
(PAa®1)pap(Pa®1) =pap. Hence

C(ta) ={ra®op:0p € S(HpB)}

is a compact convex subset of the state space S(H 4p) which contains a positive
definite state (e.g. 74 ® g—ﬁ). Finally, we have that

0< Il(paplra) < inf Do (pag it 1a ® o5)
= - IOg(ffL'r) + iUan 5oc(pABH]lA ® JB)
where we have used Lemma 4.3 of [40] in the inequality. Thus

< ~ =~ m
sup |, (pazllra)| < ~log(inr) — H1(AIB), < log =

PAB

The assertion now follows from applying Theorem 4.4, Theorem 4.17 and 4.20.
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For 74 = 1/da, we retrieve the bounds on the sandwiched Rényi condi-
tional entropy in Sect. 5.1 as expected. Therefore, they also have an interpre-
tation in a hypothesis-testing scenario.

Corollary 5.16 (Limits). Let pap, oap € S(Hap) and 7 € S(Ha) such that
kerty C kerps Nkeroy. Moreover, let %”PAB —oagll < € and m, be the
minimal nonzero eigenvalue of Ta. Then we find

m €
I -1 < el — 1 h(——
[I(pap|lTa) (caBlTa)| < elog <m7> +(1+¢) (1 +a)’

T 7 m
11l (pasllTa) — Il (casllTa)| < log (1 + gm) i

T

Proof This follows from Lemmas 4.7 and 4.19.

6. a-Approximate Quantum Markov Chains

The main aim of this section is to study a-approximate quantum Markov
chains, namely positive states papc on a tripartite space whose (non-variational)
sandwiched Rényi conditional mutual information is small enough. Here, we
show that this notion is equivalent to that of approximate quantum Markov
chains, i.e. states for which the conditional mutual information is small enough.
Beforehand, we need to introduce some technical results, which concern con-
tinuity bounds for sandwiched Rényi divergences in both inputs.

6.1. Continuity Bounds for Non-Variational Rényi Divergences via the ALAFF
method

In contrast to our main results, we prove in this section some continuity bounds
for the sandwiched Rényi divergence and its derived quantities with respect to
both inputs. The drawback of this more general approach is that the bounds
obtained are less tight compared to those previously proven by techniques
tailored to continuity bounds where the second input is fixed or optimized
over.

In comparison to the quantities studied before, we no longer optimize
over the second state but consider it to be the marginal of the input. Let us
consider a bipartite Hilbert space Hap = Ha @ Hp and pap € S(Hagp). Then,
for @ € [1/2,1) U (1, 00), the (non-variational) sandwiched Rényi conditional
entropy is given by

1og Qu(pasll 14 ©p5) .

~ 1
Ha(A|B)y = 1

—

Note that we will also use the notation Qq (A|B), = Qa(pagl|1 ®pp). Anal-
ogously, for the (non-variational) sandwiched Rényi mutual information we
set

fa(A :B), = EQ(PABHPA ® pB),
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and lastly, we define the (non-variational) sandwiched Rényi conditional mu-
tual information for papc € S(Ha @ Hp ® He) by

I.(A:C|B), := Hy(C|B), — Hy(C|AB), .

The approach to derive continuity bounds will be based on the ALAFF
method [8,9]. This is a generalization of the Alicki-Fannes-Winter (AFW)
method, introduced under this name by Shirokov [35,36] and based on the
seminal results for continuity bounds of entropies by the authors of [1,42].

Let H denote a finite-dimensional Hilbert space and f be a real-valued
function on the convex set Sg C S(H). We say that f is almost locally affine
(ALAFF), if there exist continuous functions ay, by : [0, 1] — R, that are non-
decreasing on [0, %], vanish as p — 07 and satisfy

—ay(p) < fpp+ (1 =p)o) —pf(p) — (1 —p)f(o) < bs(p) (20)
for all p € [0,1] and p,0 € Sp. Moreover, the set Sy is called perturbed A-
invariant with perturbation parameter s € [0,1) if for all p,o € Sy with
p # o, there is a state 7 such that both states
Ai(pv g, T) = 5T+ (1 - 8)571[[) - U]i € 80 ’

where we fix £ = £|[p— 0o/, and denote by [-]+ the positive and negative parts
of a self-adjoint operator, respectively.

In the following result, we prove that Qq(-|-) is almost locally affine for
a € [1/2,1) U (1,+o0). Note that we only need to prove the almost joint
concavity part for a € (1,+00) (respectively, convexity, for a € [1/2,1)), since
Qa(+]]-) is already jointly convex (resp. jointly concave).

Theorem 6.1 Let (p1,01), (p2,02) € Sker := {(p,0) € S(H) x S(H) : kero C
ker p}, p € [0,1], and define p := pp1 + (1 — p)p2 and o := poy + (1 — p)oa,
respectively. Let us denote by my, and m,, the minimal nonzero eigenvalue of
o1 and o2, respectively. Then, for o € [1/2,1), we have

Qa(pllo) < pQalprllor) + (1= p)Qalp2llo2) + £(a,p,01,09),  (21)
and for o € (1, +00),

Qalpllo) = pQalprllor) + (1 = p)Qalpallos) + &, p,01,02),  (22)
where for a € [1/2,1) the error term £ is positive and if « € (1,00) it is
negative. Moreover,

€(e,p,01,02) == =1+ p*(p+ (1L = p)mg )~ + (1 = p)* (pmg, + (1 —p)'~°
< (1= a)yp ((log(mg,) +1) (mz )1~ + (mg, +1) (mg,)' ™) =: ual(p)
fora €[1/2,1) and

&(a,p,o1,02) == —(p—p*(p+ (1L —p)m; ) ~¥)mL ™

—((1=p) = A =p)*(pmg, + (1 =p)' " )mg,
> (1—a)yp ((log(m;ll) + 1) m},:o‘ + (m;; + 1) m},;o‘) =: va(p)

for a € (1, 00).
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Proof We start with the case o € [1/2,1). Here, we first separate p using the
superadditivity of @, (cf. Lemma 4.2)
~ l—a 1—a
Qalpllo) = tr[(o72e po2)7]
< ptrl(o = pro = )] 4 (1= p)*trl(o = pao =),
To split o, let P; be the projection onto the support of o1. Then, we can upper
bound PyoP; by o1 using Pios Py < P; < m;llal to obtain

P1O'P1 = po1 + (1 —p)Pldgpl S (p+ (1 —p)m;ll)al =:C501 -

Then, we rewrite and upper bound by

tr [(U%plo’%)a} —tr [(P/ Pt P1p1/2> ]

<tr[(n(PioP) 5 %) |

l1—a «
< ¢y, tr [(ﬂimala pi”) ] :

which uses that = — z° is operator monotone and operator concave for s €
[0,1] and, in particular, =% € (0,1] for all a € [$,1). Therefore, the first
inequality follows from [7, Theorem V.2.3] Repeating the same steps for og,
this time inserting the projection P onto the support of o2, and using the
inequalities Qu (p1]o1) < 1 and Qqa(ps||o2) < 1, we obtain

Qolpllo) < p*es7*Qalprllon) + (1= p)*ch; *Qalpallo2)
gan(/}lHO—l) (1 _p)éa(pQHJQ)+§(a7p70170—2)ﬂ

for
f(a,p, 01,02) = (pacclrl “—p)+((1- )a (1r2 “ (1 - ))
> (p*ch * = p)Qalprllor) + (1= p) el = (1= p))Qalp2lloz),

which proves the first bound. For p € {0,1} the bound is clear so that
w.l.o.g. we consider p € (0, 1) in the following. Next, we upper bound &(«, p, 01, 02)
further:

£(a7p7 o1, 02) = —P +pa(p + (1 - p)mgll)lia
—(1-p)+Q—p)*(pms} +(1—p)'~*

1
= / p L +pta —p)mg )=
Jo ds
+(1 —p)di((l —p) tpm, ) +1)* " ds
S
1
=(1- a)/o p' 1= (log(p + (1 — p)mz ') — log(p))
(p+ (1 —pymg (=)

+ (1= p)' 7207 (log(pm,} + (1 — p)) — log(1 — p))
(pmz) + (1 —p)*1=ds,
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where the natural logarithm is considered. Next, we bound the following term
separately

§2(m;11)1’”‘p(\/13 -p)
<(mg,)' Vb
where we used p(\/p —p) < %\/f) Similarly,

1
—/ (1—p)'*0=%og(1 — p)(pm;} + (1 — p))*1 =)
0

1
< —(pmzl +(1—p)i® / (1 - p)' =2 log(1 - p)ds

<2(m; ) 1 =p)(V1-p—(1-p)
<(mg, )1 “Vp
which uses that /T —p — (1 — p) < 1,/p in the last inequality. Therefore,
&(a,p,01,02)
1
=(1- oz)/O p 0 (log(p + (1 — p)mg ') —log(p)) (p + (1 — p)m; !> =)
+(1—p)ttm) (log(pma2 + (1 *p)) log(1 —p)) (pmg, + (1 —p))*=*)ds
(1) (vp (log(mz ") + 1) (m + (log(pmy, + (1= p)) + v/p) (m5; )" ™%)
(1 - ) (vp (log(mz ) + 1) (m + (log(pm, +1) +v/p) (m;)' ™)
(1= a)v/p ((log(mg ") + 1) (mg. )1 *+ (mgy) +1) (mg))' %)

finishes the bounds for the case o € [1/2,1). Next, we consider the case of
€ (1, +00), which follows a similar line of reasoning. The superadditivity of

Qo (cf. Lemma 4.2) gives

Qal(pllo) > p*tr [(o%mo%) } +(1—p)°tr [<U%p201;;> } :
Then, we use the bounds PioP; < ¢,,01 and PooPs < ¢,,09 again. Since
a € (1,400), the fraction ITTO‘ € (—1,0) so that z +— —rat s operator

monotone and operator concave, allowing us to use [7, Exercise V.2.2] and
find

<
<

IN

Qalpllo) = ey, *Qalprllor) + (1= p)*cy, “Qalpal|oz)
= an(p1||Ul) + (1 - p)Qa(pQHUQ) + §(a7pv 01, 02) ’
Since Qo (pillo:) < my® for i = 1,2, we find that

E(a,p,o1,02) = =[(p = P, )mg,* + (1= p) = (1 = )%y, )y, ]
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~[(p = ey, )Qalpillon) + (1 - p)
*(1* Py, *)Qalpallo2)]

giving the third bound in the assertion. At last, we simplify this bound as
follows;

—&(a,p,01,02)

=p-p"@+0—pm; N )M+ (1 —p) = (L—p)*(pm,, + 1 —p)' “)m;,*

—(wl)/olp““““) (tog(p + (1 = pYmy) —log(p) ) (p + (1 = p)m 1 )* = m]

11— p)l—S(lfa) (10g(pm + (1 —p)) —log(1 — p)) (pm;2 +(1— p))s(lfoc)mi;ads

Q-1 (p (1080mz ) — log(p)) my T + (log(pmz) + (1= p) + vB) mi ")

< (@ = 1) (v (log(m;,) + 1) mi ™ + (loglom ) + 1)+ vB) mi,”)
< (afl)\/ﬁ((log( )+1> alo‘ + (m;; +1) m};&) 7

additionally, to the inequalities exploited before, we used in (i), the inequality
—(1 =p)log(l —p) < /p and in (ii) —plogp < /p. This finishes the proof.

Remark 6.2 The function &(a, p,01,02) has the following behaviour:

e If p=10,1, we have £(a,p,01,02) = 0. For the bounds uy (p), ve(p) from
Lemma 6.1 only p = 0 makes them vanish.

e If 01 = 09, we can replace &(«, p, 01, 01) by the simpler function («a, p,01) =
(—1+p +(1-p)~ ), for a € [1/2,1), and (o, p,01) = —(1 —p*—(1-
p)* )m},l @, for a € (1,+00), as in these cases we can take ¢,, and ¢,, to
be 1 in the proof.

e It can be seen from the statement of Lemma 6.1 that p — wu,(p) and

p — v (p) are non-decreasing on [0, 1/2], since the square root is.

We are now in position of using the findings of Lemma 6.1 for Qu(-||-),
jointly with a suitable A-invariant set, to apply the ALAFF method (cf. [8,
Theorem 4.6]) and obtain continuity bounds. For the time being, we focus on
H,(A|B) and I, (A : C|B), however, prove more general continuity bounds for
Qo (-||)), and thus Dg(-||-), in Sect. 6.3.

Corollary 6.3 Let dyp >m > 0 and So := {p : p € S(Hap),m, > m} with
m, the minimal eigenvalue of p. Then for p,o € S with %HP —o|1 <e, we
find for o € [1/2,1) U (1, 00)

|Ho(A|B), — Ho(A|B)y| < (e, m, da,dap)Ve .

with da,dap the dimensions of Ha and Hap, respectively, and

AT 1 V22e(a,m) 2(1—a)

Alfa 1-mdagp + (1—mdag) d OS [1/27 1)
claym,da,dap) = 2logdar—iy— + 2o a=1

2=y L V3 (aum)

Aozfl 1—mdan (1—mdag) S (1700)
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N (log(m™) + m~t +2)m*~! a € [1/2,1]

where ¢(a, m) = L L L .
(log(m™") +m~" 4+ 2)m'~* a € (1,00)

Proof We will only demonstrate the proof for a > 1 as the one for a < 1
is completely analogous. First note that Sy is a convex, md 4 p-perturbed A-
invariant set® (see [8, Corollary 6.8] for comparison). We further have that
p+— Qa(A|B), as amap from Sy — [0, c0) is convex and almost concave with
remainder v, (p) (cf. Lemma 6.1). Lastly, we get

sup  |Qu(AlB), — Qu(AlB),| < d 7V —1,
w,veS(H)

VP

and that p — ”%(];) is monotone on [0,1) as clearly 17

1
Theorem 4.6] gives

is. Employing [8,

£ \/1fmdAB+€~

Qa(AIB), = Qa(AIB)s| < (d* " = D) e+ (@ = D ¥ (o, m)VE
2(a—1) € _ V2¢(a,m)
S g, e 1)<1—mdAB>ﬁ

<(a—1)c(la,m,da,dap)Ve-

Note that the normalization of Qu (A|B) o is cancelled in the difference so that
the bounds in Lemma 6.1 can be applied. In the above estimations, we used
e < 1 twice. If we now assume that w.l.o.g. we have H,(A|B), > H,(A|B),,
we can deduce the following from the bound above:
|Ho(A[B), — Ha(A|B)o| = Ho(A|B), — Ha(A|B),
1 Qo(AlB

log Q ( | )P

a—1""Qa(A|B),

Ly (@awB)p — Qu(AB)s 1)

a-1 Qvoc(A|B)o
< C(Oé, m, dA7 dAB)\/g
where we employed log(z + 1) < z for # > 0 and finally 1 < Q4(A|B),. This

concludes the claim.

It is straightforward to derive a continuity bound for the non-variational
sandwiched Rényi conditional mutual information as a consequence of the
previous result.

Corollary 6.4 Let Hapc = Ha @ H Q@ He, dg}gc >m >0, p,o€S(Hapc)

with p,o >m1. If 3||p — o|l1 < e, then for a € [1/2,1) U (1, 00)
II(A:C|B), — I.(A: C|B),| < 2¢(a,m,dc,dapc)Ve.

with c(a,m,dc,dapc) from Corollary 6.3.

_L

30ne can for example use Tan

to perturb.
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Proof This is a direct consequence of Corollary 6.3, since we can write
[Io(A: C|B), — I.(A: C|B),| < |Hy(C|B), — Ha(C|B)o|
+|Ho(C|AB), — Hy(C|AB),| .

and %HpABC —oapclli < e implies %Hpgc —opc|i < e by DPI of || - ||1.
Similarly papc,capc > m1 implies pgc,opc > m 1.

6.2. Application: Approximate Quantum Markov Chains

In this section, we use the continuity bound for the (non-variational) sand-
wiched Rényi conditional mutual information to derive a stability result for ap-
proximate quantum Markov chains. Consider a tripartite Hilbert space Hapc =
Ha®@Hp@He and pape € S(Hapce). Let us denote by R, 5 (+) the Petz
recovery map for the partial trace in B, given for X € B(Hp¢) by

Ry pe(X) = pyalep  tre[X]pp " ® Lo)pyé -
This can be lifted to a map on B(Hapc) as ida ®R;_ g To enhance read-
ability, we will omit id4, 1, and other identity operators whenever their
inclusion is clear from the context. We remind the reader, however, that all
matrices in each product act on the same space and are implicitly extended
with identities as needed. It is well known [19,29] that

I(A:C|B), =0 & papc =Ry _pclpan) & Io(A: C|B), =0
for any o € (1/2,1) U (1, 00), (23)

where the last equivalence can be found, e.g. in [16, Corollary 4.23]. We can
further replace the Petz recovery map in the previous equivalences by the
universal Petz recovery map [21,38] R;", 5 (+), given by

REY po(X) = / Rgt_/FBC(X) Bo(t)dt, with [o(t) = g(cosh(wt) +1)71,
R

where R’Z}lBC(') is the rotated Petz recovery map, namely
RE pe(X) = ppcpg "trelXlop"ppt

A state papc satisfying Equation (23) is called a quantum Markov chain. This
notion can be extended to an approximate version in the following way: Given
a small € > 0, a state papc € S(Ha @ Hg @ H¢) is an approzimate quantum
Markov chain [37] if, and only if, I,(A : C|B) < e. In an analogous way, for
a € (1/2,1) U (1,00), we can say that papc € S(Hapc) is an a-approzimate
quantum Markov chain whenever I, (A : C|B), < e.

In [8, Section 7.3], some of the authors of the current manuscript proved
that a state papc € S(HaA® Hp ® He) is an approximate quantum Markov
chain if, and only if, it is close to its reconstructed state under the Petz re-
covery map. As a consequence of our new continuity bounds for sandwiched
Rényi divergences, we can extend now that result to the case of c-approximate
quantum Markov chains in the following way.



Vol. 27 (2026) Unified Framework for Continuity 43

Proposition 6.5 Let papc € S(Ha® Hp ® He) be positive definite. Given o €
(1/2,1)U(1,00), papc is an a-approzimate quantum Markov chain if, and only

if, it is close to its (rotated, universal) Petz recovery. More specifically, we have
fora e (1/2,1)

(0% Lt —1_ 4t it Lt —r
alog(1+(’C||pABc_p12301pB2 lpABpBQ ZP12301 [ ) )
<I,(A:C|B),

<c(allpapolssde,dage)

1/2 — —1/2 1/2,1/2
lpaBc _pB/CpB /2 PABPRB / pB/C” / )

for any ¢ € (0, 1-— i), with

™ /2 7r
K=||—— 8| ————
<<es sin(ﬂ'lga)) - ) 2 cosh(nt) ’

and for a € (1, 00),

1
« 1t —1— —it 4t L ¢
— log (1 + (IC' lpaBc — phe PR’ PABP32 ric I ) . >

<I,(A:C|B),

(67

<c(a papells s desdase)

1/2 — —1/2 1/2,1/2
lpaBc _pB/CpB /2 PABPB / pB/CH / )

for any e € (0, %), with

o (V)
- (essm( as 1)) * 2 cosh(nt) ’

and c(a, -, -, ) the function from Corollary 6.3.

Proof The lower bounds appear in [16, Corollary 4.21], where the only differ-
ence is a term* Qo (papc|lpas @ 1¢ /dc) which we lower bounded by one in
IC and K’ as well as upper bounded it by d2C in K'. For the RHS we first note
that

I4(A: C|B), = Ha(C|B),—Ha(C|AB), < Ho(C|AB)ge, . _(—Ha(C|AB),
by the data processing inequality. An application of Corollary 6.3 proves the

claim.

6.3. General Continuity Bounds Via the ALAFF Method

We conclude this section by deriving some continuity bounds for sandwiched
Rényi divergences for both inputs. To that end, we first prove a continuity
bound for Q,(+]]-) which we will subsequently use to obtain one for D, (:||).
For that, we consider a perturbed A-invariant set Sg which is a modification

of the aforementioned Sie;.

4Note that the following is the notation from [16] where Qoo (pllo) := ||0*/2671p/2|| 0
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Theorem 6.6 Let 1 > 2m > 0 and
So:={(p,0) € S(H) x S(H) : kero Ckerp, 2m < m,},

where my is the minimal eigenvalue of o. Then, Qu(-|-) is uniformly con-
tinuous on So. For (p1,01),(p2,02) € So with %le —pali € e <1 and
tllor — o2ll1 <6 <1, we have for a € [1/2,1)

Qalpillor) = Qulpalloz)| < (14 V2)Ve + 2c(a,m, dr)V3,  (24)
and for a € (1,00)
1Qu(p1llor) = Qalpolloe)] < (1 4+ V2)m! Ve + 2c(a,m, dp)Vs.  (25)
with

o 1+x/§(1—oz)(log;l(:n":;L*—m71+2)m0‘71 a€[1/2,1)
5 s UH) = ! -
mlfa 1+\/§(O‘71)(113g7gg7{ )er 1+2) o€ (17 OO)

Proof Let (p1,01), (p2,02) € So with %le —p2| <e<1and %Hal — o9 <
0 < 1. We define

1 1
52501"—5027 (26)
and obtain

ool = o —oali < 2 <1

20 011_401 021_2_7

1 1 P

Lo — oy — <2<

2||0 o211 4||<71 o2(l1 < 5 <

Using this, the triangle inequality shows

Qa (prllor) = Qalpzllo2)]
< |éa(P1H01) - éa(PIHEN + |éa(/’1”5) - @a(PQHE”
(N (I1)
+|Qa(p2l[7) = Qulpsl|o2)] - (27)
(IIT)

In the following, we bound each of these terms separately for the two cases
a€[1/2,1) and a € (1,00). Let us begin with the case o € [1/2,1):

e For (II), we require a continuity bound for Q4 (-||-) in the first argument:
Note that p — Qq(-|[7) as a map from the 0-perturbed A-invariant set
S(H) to the reals is ALAFF using Lemma 6.1 and Remark 6.2 with a = 0
and b = ( —14+p*+(1 fp)a). Moreover, we have that

sup  |Qa(p1]7) — Qalp2][7)] < 1,
p1,p2€S(H)

3ller—p2=1
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where we used that 0 < Qu(p1]7) < 1. Employing [8, Theorem 4.6], we
conclude:

@a(prl0) - Qulpall) < (1 2) (<14 (1i€)a+ (&)) |
(28)

e For (I) and (III), we need a continuity bound for Q4 (-||-) in the second
argument. We argue for (I) and (IIT) completely analogous:
By Lemma 6.1, we find that o — Qu(p1]-) on Ssm(H) = {p €
S(H) : ¢ > m1} is ALAFF with b = £{(a,p,m1,m1) and a« = 0.
Moreover, we have that
sup |Qa(p1llor) = Qalprllo2)] < 1.
01,02€8>, (H)
sllor—ozlli=1-m
and that 8>, (H) is mdy-perturbed A-invariant. Hence [8, Theorem 4.6]
and the fact that 01,5 € S>,,,(H) allows us to conclude:

~ ~ 5 1—mdy +46 )
o - [e1 o) < ) ’ ]17 1
Qutprllrn) = Qalprl)] < o+ T e (0B )
V1— _ _ _
< g + de+6(1—a)(log(m Hym 4 2)m VG
l—de l—de
14+ v2(1 — a)(log(m™1) + m=1 4 2)m—1 5
- 1 —mdy ’
c(a,m,dy)

(29)
where we are using §/2 < § < /4 for § € [0, 1].
Merging these bounds, we find

Qa(pillor) — Qalpallo)| < e+ (1+¢) <_1 + (1is>a + (1 Jlre)a>

+2c(a,m,dﬁ)ﬁ
< (1 4+ V2)Ve + 2¢(c, m, d V3,

where we are using the following inequality, proven with elementary calculus:

(1+¢) <1+<1i€>a+(1ig>a> <V2e.

This concludes the case a € [1/2,1). For o € (1,00) the bound is obtained
similarly with the only difference that the uniform bounds in (I), (II), (III)
are given by m®~1 instead of 1 (e.g. for (I) we have  sup |Qu(p1]|T) —

_ p1,p2€S(H)
Qalp2[@)] <m>1).

From this result, we can derive the following continuity bound for sand-
wiched Rényi divergences with respect to the first and second input.

Corollary 6.7 Let 1 > 2m > 0 and
So:={(p,0) e S(H) x S(H) : 2m < m,},
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where my is the minimal eigenvalue of o. Then, QQ(H) is uniformly con-
tinuous on Sg. For (p1,01),(p2,02) € S with %le —p2li € e <1 and
sllor — o2lli <6 < 1, we have for a € [1/2,1)

Dalpillon) ~ alpalloz)| < T [(1+ VE)WE + 2c(a,m, ) V], (30)

and for a € (1,00)

~ 1
Da(prllon) = Dalpalloz)] < —— [(1+V2m! = VE + 2e(aym, dr) V3 .
(31)
with c¢(o,m,dy) as in Theorem 6.6.

Proof For a € (1,00), note that

)
« 2 2
= ! log (Qa(mHUl) Qa(ﬂ2||02) +1>
a1 Qulp2llo2)
< 1 @a(PIHNUl) — Qa(p2“0'2)
Ca-l Qu(pso)
1

< =7 (Qulorllon) = Qulpzllo))

where we are using Qo (p2llos) > 1 and log(z 4+ 1) < = for every x > —1.
Exchanging the roles of p1, 01 with ps, 02, we conclude

Dalprllon) = Dalpallon)] < —= |Galprllon) ~ Qalpzllon)

— [(1 FV2)mimOE + 2¢(a, m, dH)JS} .

IN

For a € [1/2,1) the proof follows the same lines.

7. Discussion

In this paper, we presented a framework for proving uniform continuity bounds
for sandwiched Rényi divergencies and presented a comprehensive analysis of
the continuity properties of the sandwiched Rényi conditional entropy, the
sandwiched Rényi mutual information and the sandwiched Rényi divergence
with fixed second argument. While our almost additive approach drew inspira-
tion from [25] and our operator space approach from [5], we further developed
and extended the methodologies introduced in both papers. This extension en-
abled us to enhance the bounds for the sandwiched Rényi conditional entropy
and broaden the applicability of these methods to encompass other entropic
measures, which could find practical use in resource theories, for example.
Combining the two other approaches, the mixed approach yields bounds that
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perform well in all regimes and are optimal for large d 4 and small «. Addition-
ally, we explored the ALAFF method ([8]), devised by some of the authors.
However, it yielded bounds that underperformed in comparison to those pre-
sented here. Comparing the bounds obtained by the operator space, the almost
additive and mixed approaches we highlight their strengths and weaknesses.
We find that the operator-space approach gives the best bound for large «,
while the mixed and almost additive methods are optimal for low «. To the
best of our knowledge, we provide the tightest bounds known for the sand-
wiched Rényi conditional entropy in the regime o € (1,0), the sandwiched
Rényi mutual information in the range « € [1/2,1)U(1, 00) and the sandwiched
Rényi divergence with fixed second argument in the range « € [1/2,1)U(1, 00).
Finally, we provide an application of continuity bounds to quantum Markov
states. Here, we resort to the ALAFF method, since the almost additive, op-
erator space and mixed approaches rely on the optimization in the second
argument and are hence not applicable in this context.
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