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Zusammenfassung

Diese Dissertation befasst sich mit der Stabilitdt der Symmetrien in der Quantenmechanik in
zwel wichtigen Szenarien. Zunéchst betrachten wir die lineare Stabilitat von Wigners Symme-
triesatz, welcher ein fundamentales Resultat in der theoretischen Darstellung von physikalischen
Symmetrien ist. Danach widmen wir uns einer Symmetrie-Charakterisierung einer wichtigen
Menge von quantenmechanischen Zusténden, ndmlich gaufischen bosonischen Zustdnden. Wir
erforschen, wie stabil diese Charakterisierung ist, wenn wir leichte Anderungen in den An-
nahmen betrachten. Jedes unserer Stabilitatsresultate beinhaltet explizite Schranken inklusive
exakter Angabe der Konstanten.

Abstract

This dissertation deals with the stability of symmetries in quantum mechanics in two impor-
tant scenarios. First, we study the linear stability of Wigner’s symmetry theorem, which is a
foundational result on how physical symmetries are mathematically represented. Then, we turn
our attention to a symmetry characterization of an important set of quantum states, namely,
Gaussian bosonic states. We explore how stable this characterization is when we allow for
small changes in the underlying assumptions. Throughout this work, we give explicit bounds
on every stability result and provide exact constants.






One can learn a lot about a mathematical object by studying how it behaves under small
perturbations.

— Barry Mazur
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1 Introduction

Symmetries permeate our understanding of nature and so it is difficult to conceive a theory
without them. If a physical problem has an exact analytical solution, there is a great chance
that there was an underlying symmetry making this possible. That is, there is a simplifica-
tion of the problem manifested by the fact that “something” (e.g. a property or quantity)
was preserved. These idealizations are sometimes very good approximations to the real world.
But what happens when this “something” is not exactly preserved, but almost; can we still
approximate the problem by the exact case and in that case, can we quantify this? This thesis
deals with these sort of questions in relation with quantum mechanics by studying the stability
of two important mathematical descriptions of symmetries in quantum theory.

1.1 Outline

In this Section we describe the “almost-symmetries” that we investigated in this thesis and give
some guidelines to understand where this research question is located. In addition, an outline
of the structure of the chapters is given.

Our research question deals with the stability of symmetries in quantum mechanics in two
important scenarios. We first study the stability of the symmetry representation theorem of
Wigner. This is a fundamental result in quantum theory as it tells us how we can mathemat-
ically represent physical symmetries in an abstract Hilbert space. This theorem set out the
interest in group theoretical methods and Lie algebras in quantum physics. An exact statement
of Wigner’s theorem as well as a simple and self-contained proof can be found in Section 2.2.
Certainly we have to clarify the notion of being stable and “almost-symmetry” used here. In
Section 2.4 we explain in detail what we mean by stability and review how our research question
stands in relation to other work.

In the field of quantum information theory (QIT) one is mainly interested in studying the ad-
vantages and limitations of information-processing tasks when we use quantum resources. In
the so-called continuous variable setting one focuses in the case that the quantum states are
necessarily represented in an infinite dimensional Hilbert space. This is the case of bosonic
quantum systems which we describe in Section 3. Among the set of bosonic quantum states
there is a particular subset of states, called Gaussian states, which play a prevailing role in
continuous variable quantum information. It turns out that among the set of bosonic quantum
states, Gaussian bosonic states are the only ones that satisfy a particular symmetry property.
Besides the stability of Wigner’s theorem, we study the stability of this symmetry that char-
acterizes Gaussian bosonic states.

In the next Section we give a short presentation of the contributed articles and their scope.
This is followed by an introduction to the main notions and formalism of quantum theory (see
Chapter 2). After this, we move to an introduction of bosonic quantum systems in Chapter 3
where the symmetry property of Gaussian states is described. The key tool to describe gen-
eral bosonic states will be the quantum characteristic function. We discuss the mathematical
properties of the characteristic function and call attention to the similarities and differences



between the classical and quantum characteristic function. An essential tool in this thesis is
the Hahn-Banach theorem which is used with great effect in two of the contributed articles.
Since this theorem appears in different forms, we present them in Chapter 4 together with some
modern tools of Banach space theory that are used in the contributed article A.2. In the latter
article we make a connection between the problem of the stability of almost-symmetries and
the geometry of Banach spaces. This will have repercusions on the quality of the approximation
to an exact symmetry.

After this introduction and overview (Chapters 2 to 4), we present the contributed articles.
Every article is preceded with a summary of the main results and a description of the individ-
ual contribution of the author of this thesis. The main core articles of this thesis have been
accepted for publication and a permission to use them here is include it before each article.

1.2 Summary of Results

The contributed results take different approaches to the study of the stability of symmetries in
quantum theory, being the common ground a mathematical analysis perspective. Core article
I investigates the linear stability of Wigner’s theorem. The focus here is whether an almost-
symmetry operation in quantum theory can always be approximately represented by a linear
map. In core article I, this problem is adressed from other perspective and a link between the
stability of almost-linear maps on finite dimensional spaces and the geometry of Banach spaces
is established. Article III complements the study of the stability of symmetries in quantum
mechanics by studying the stability from a state point of view. In contrast with Core article I
and II, here we consider an exact symmetry operation and quantum states which almost satisfy
this exact symmetry. We ask then whether these states can be approximated by the ones which
satisfy the exact symmetry.

Core articles as principal author

o Article I [1]: Are almost-symmetries almost linear?

In this work, we investigate whether an almost-symmetry transformation can always be
approximated by a linear map. Here a symmetry is understood in the most general sense
in quantum physics: a transformation that preserves the statistics outcomes of an exper-
iment. So an almost-symmetry is a transformation that almost preserves the statistics
up to some small disagreement. We show that in infinite dimensional Hilbert spaces this
is only possible in a weak sense and that in general the quality of the approximation has
to depend on the dimension of the involved Hilbert space. The reason for the latter is
that we can exhibit a non-linear map which almost preserves the statistics, but cannot be
approximated by any linear map. This particular non-linear almost-symmetry will imply
a lower bound on the quality of the approximation that depends logarithmically on the
dimension of the involved Hilbert space. In addition, we obtain for finite dimensional
systems an upper bound on the quality of the approximation which depends linearly on
the dimension of the Hilbert space.

o Article II [2]: Type and cotype constants and the linear stability of Wigner’s symmetry
theorem



This work is a follow-up to Article I. Here, we improve the upper bound on the quality
of the approximation of an almost-symmetry by a linear map. In order to achieve this,
we develop a connection between the geometry of finite dimensional Banach spaces and
the linear approximation of almost-linear maps. The quality of the approximation of an
almost-linear map will depend on some geometric Banach space invariant of both the
domain and codomain of the almost-linear map. This will allow to identify the quality of
the approximation in a systematic way depending on which combination of domain and
codomain are considered. Although this new method does not completely close the gap
of the linear stability of Wigner’s theorem, it provides an insight on the limitations that
extending an almost-symmetry to an almost-linear map has. It turns out that there is
a trade-off between the choice of domain and codomain of this extension and that the
optimal choice is when both of them are Hilbert spaces. In the latter case, the order
of approximation is logarithmic on the dimension of the Hilbert space. This provides a
possible route to follow in order to close the gap.

Further articles

Article IIT [3]: A stable quantum Darmois-Skitovich theorem

In the second core article, we investigate the stability of a symmetry characterization of
Gaussian bosonic states. The latter set of states are important due to their extremal prop-
erties and their role in continuous variable quantum information can be put in the same
level as the one of the normal distribution in classical probability. The symmetry consid-
ered here acts on a pair of quantum states and rotates the coordinates of their canonical
observables. We show that if a pair of independent quantum states, i.e. whose statistic
is uncorrelated, remains independent after the described symmetry transformation, then
the states are necessarily Gaussian and with equal second moments. This corresponds
to a quantum version of a classical theorem of Darmois and Skitovich from the 1950s.
We show that this symmetry property of Gaussian states is stable in the quantum case.
Namely, that states which are almost independent after the action of this symmetry can
be approximated by Gaussian bosonic states. Furthermore, we give explicit bounds on
the quality of this approximation which were not known even in the classical scenario.






2 Basic notions from Quantum Theory

We begin this chapter with a brief introduction to quantum mechanics from a mathematical
perspective and with a focus on the representability of symmetries. The material presented here
can be found in more detail in the textbooks [4, 5, 6, 7, 8]. The presentation that we choose is
based on elementary concepts of quantum information theory. We will restrict sometimes our
attention to finite dimensional systems. However, we will drop entirely the latter assumption
in Chapter 3 and describe only quantum systems in an infinite dimensional Hilbert Space.

Let us first agree on a common notation. Consider a separable Hilbert space H. The Adjoint
of a linear operator A : H — H is written as A* and the complex conjugate of z € C as z. The
set of bounded linear operators on H is denoted by B(H). We follow sometimes the commonly
used bra-ket notation: a vector ¢ in H is written as [¢)). Due to the Riesz-Representation
theorem (Theorem I1.4 in [9]) we can identify the elements of the dual space H* with vectors:
we write these linear functionals as (¢)|. The inner product of two vectors ¥, € H is then
(|¢). The trace in B(#H) is denoted by Tr[-]. For any positive operator A € B(H), there
exists a unique B € B(H) such that B2 = A. Therefore for any A € B(H), |A| := VA*A is
well-defined. The hermitian p—Schatten class is a real Banach space with norm

A, = (Tr [AP)"/7.

If we consider a diagonal operator x with entries x; (so that we can be identify it with a
vector), we recover the [,—norm

1/p

lzll, = | D s l?
j

A rank-one operator in B(H) is written as |x)(z| and is the operator which takes the vector
ly) to (z|y)|x). We denote the unit ball of a Banach space Z by By.

2.1 Quantum states, Measurements and Symmetry

Quantum mechanics is a non-commutative probabilistic theory which, after a set of correspon-
dence rules are established, describes the physics of the microscopic world. The way that the
theoretical framework of quantum mechanics is built on implies that we cannot describe single
events, but rather the result of a collection of statistical experiments. Therefore, with quantum
mechanics we have only access to probabilities of the outcomes of many identically repeated
experiments. It is a custom in quantum theory to divide a physical experiment in a prepa-
ration procedure and measurement part. Since the probability outcomes of a measurement
must be independent of the specific experimental set up, we need to introduce a new concept
which carries the information of the specific probability distribution associated to the observ-
able quantity that is to be measured. The equivalence class of preparation procedures which
generate the same set of probability outcomes for an specific observable measurement is called



a state preparation procedure. If the probability outcomes of two different preparation proce-
dures are the same, we say that the system being measured was in the same state. We describe
quantum states by a positive trace-class operator p € B(#H) with trace Tr p = 1; This operator
is known as “density operator” and to each quantum state there corresponds a unique density
operator. One can analogously describe the state of a physical system by a ray in the Hilbert
space H. That is two vectors |1), |¢) € H describe the same state if and only if [¢)) = M) for
some A € C. A pure state ¢ € H is a ray of norm one |[¢|, = 1. They can be identified in
terms of density operators as rank-one projections, i.e. p = |¢)(¢)|. This simple identification
will be important for a transparent and simple proof of Wigner’s theorem (See Theorem 2.2.2).
The set of density operators in B(H) corresponding to pure states is denoted by P(H). A pure
state can model, for instance, a non-degenerate energy level of an atom or more generally any
isolated system. A density operator which is not pure is called mized.

The set of quantum states is a convex set and its extremal points are the pure states. It
is important to remark that in the quantum setting a general mixed state is not uniquely
determined by the set of pure states as opposed to the set of classical states which are described
by a simplex; For H = C? it suffices to consider the mazimally mized state p = 1gq /d which
has infinitely many decompositions. The smallest quantum system is a two-level system known
as qubit. Qubits are mathematically represented on H = C? and their states can be neatly
described by introducing the pauli matrices

(01 (0 =i /10
T=\10) 27\ o) 7 \o 1)

The pauli matrices together with the identity 1o form a basis in C?*2. By direct computa-
tion, one obtains that any qubit is described by the density operator p = %(]]_2 +n - o) where
neE Bgsand n-0 = Z?:l n;oj. Therefore, for every qubit there corresponds a unique vector n
in the unit Ball Bgs. This unit ball is the so-called “Bloch-Ball”. See Figure 2.1. Pure qubit
states correspond then to vectors with ||7|l, = 1, as they are the extremal points of the unit
ball, and the maximally mixed state to n = 0.

Q>

Figure 2.1: Bloch Ball. The state |1) of a qubit is represented as a vector € R on the euclidean unit
ball. The density operator corresponding to the state |n) is [7)(n| = 3(12 +7- o). For two
pure qubits [) and ¢) the transition probability is given by Tr[|n)(n|&) (&[] = 2(1+n &) =
cos?(0/2) where 6 is the angle between the vectors 7 and &.

We describe now the measurement procedure on finite dimensional systems, i.e. for H = C,
d € N. Any observable is required to be represented by a self-adjoint operator A € B(H) acting



on H. From the spectral decomposition, we write
d
A= "Nlaj)ail, N ER, aj){ag] € P(H),
j=1

where (aj|a;) = d; and Z?:l laj)(aj| = 14. Abstractly, if ¥ = {1,...,n} is the set that labels
the measurement outcomes we define a measurement to be a mapping M : ¥ — B(H) such
that i) M(j) > 0 for all j € ¥ and ii) >77_; M(j) = 1,. This general type of measurement
is known as a Positive Operator-Valued Measurement (POVM). If in addition, we impose that
M(j)? = M(j) for all j € %, i.e. that M(j) is a projection, then M is said to be a sharp
or projective measurement. An important theorem of Naimark (see Theorem 2.42 in [10])
states that any POVM can be viewed as a Von-Neumann measurement on a larger system that
includes the original system as a subsystem. In quantum mechanics it is postulated that the
probability p(j) of measuring an outcome j € 3 is

p(jIM, p) := Tx[M(j)pl,

if the measurement and preparation are described by a POVM M and the density opera-
tor p € B(H), respectively. A relevant example of a sharp measurement is when M (j) is a

rank-one projection for every j € . In this case, {M(j)}"_, is called a von Neumann mea-

j=1
surement. Thus an observable A = Z?Zl Ajlaj){a;| gives rise to a von-Neumann measurement
with measurement outcomes {A1,...,\q} and measurements M(j) = |a;)(a;|,7 =1,...,d. In
this case the probability of obtaining the measurement outcome \; given the prepared state
p is p(j|M, p) = Tr[|aj)(ajlp] = (aj|pla;). Given two pure states |)(¢], |p)(p| € P(H) it is
customary to call the overlap

Tr(|v) (Yl)(el] = [{¥]e)

the transition probability between the state 1)) and |¢). The distance between two pure states
in terms of the Schatten-norms depends directly on the transition probability. In particular
(see Lemma 2.62 in [5]),

) (@l = 1) {ellly = 2v/1 = [(le)?, (2.1)
)& = le)ellly = v2(1 = [{@l)[?),
1) (] = e el = V1 = [l

2.2 Wigner’'s symmetry theorem

It is well known and accepted that the laws of physics are invariant in every inertial reference
frame. In particular, the outcomes of a sequence of experiments might be different depending
on the observer, but the transition probabilities of the outcomes (possibly with different labels)
must be the same between observers. This principle can be stated as: “the statistics of any
experiment is the same in any inertial frame” [6]. This section aims to explain how we mathe-
matically represent a symmetry transformation that preserves the probability outcomes of an
experiment.

Let us consider an isolated quantum system whose state p € B((Cd) may be described by the
pure state p = |p)(p|. The state of the system is ought to be measured so a physicist describes



the measurement procedure by a set of von-Neumann measurements {M (j) = |4, )(%”’?21 -
]P’((Cd),z:?:1 |1V;) (1] = 14 (see Section 2.1). The probability that the state p is in the state
19} (¢;] is then p(j|M,p) = |(¥;lp)|?. Now, another physicist sees the same experiment,
but describes the state and measurement differently as p’ = [¢)(¢)] € B(CY), {M'(j) =

]w;)(w;\}?zl C P(CY), respectively. Although he represents the pure state of the system and
measurements differently, he obtains the same probability outcomes

p(IIM, p) = 1W5le)1* = 151" = p(JIM', o).

So what is the relation between |¢) and |¢') as well as between [p;) and |¢)? More generally,
what sort of transformations g : C? — C? are allowed such that

[(]0) > = Kg(¥)]g(e))]?,

holds for all 4, € C? with [|%|, = |l¢|l, = 1. This question is answered by a celebrated
result of Wigner. Before stating the theorem in its full generality, we recall that a mapping
U:H — His antilinear if

U@+ 2zp) =Ut + zU o,

for all ¢, € H and z € C. A linear isometry U : H — H is a map such that (U, Uv) = (¢, 1))
for all » € H. If U is an invertible isometry, as is the case H = C%, then U is called a unitary
operator. Thus an antiunitary operator U has the property that (U, Uyp) = (p,1) for all
Y, € H. See section 2.3.1 in [5] and section 3.3 in [8] for a deeper discussion of unitary and
antiunitary operations in quantum mechanics.

Theorem 2.2.1 (General Wigner). Let H be any separable or non-separable complex Hilbert
space and f : P(H) — P(H) a map that preserves transition probabilities, i.e. such that

Tr f(X)f(Y)=Tr XY for all X, Y € P(H). (2.2)
Then there exists a linear or antilinear isometry U : H — H such that f(X) =UXU*.

To find a complete rigorous, but simple, proof of theorem 2.2.1 has been for a long time of
great interest to mathematicians. Although Wigner itself did not give a full proof of this result
(see pp. 233-236 in [11]), he inspired subsequent work on this topic. Bargmann [12] gave 30
years after Wigner’s original idea a proof which works for the case where H was separable and
f was not necessarily bijective. It is remarkable, that not until very recently an elementary
proof has been obtained for the general case [13]. We provide a simple self-contained proof of
Wigner’s theorem in the next section for the case H = C%.

Wigner’s theorem has a straightforward interpretation (and proof) in the qubit case. It states
that the only possible symmetries that preserve the angle formed by two pure states on the
bloch sphere are either the group of rotations or the discrete group of reflections with respect
to the xz-plane. See Figure 2.1.

It is clear that unitaries preserve transition probabilities. However what makes theorem 2.2.1
remarkable is that apriori there is no reason to believe that from the preservation of transition
probabilities the map should be even linear. Furthermore, it is worth to note that the symmetry
condition on the transition probabilities is only required to hold on the set of pure states. The
result extends to the full algebra of B(H).



Proof of Wigner’s theorem

In this section we provide a self-cointained proof of Wigner’s theorem based on the ideas of
[13, 14] and [15]. This proof highlights two important features of a Wigner symmetry: (i) it is
a linear operation at the level of self-adjoint operators and (i) it is a Jordan *-homomorphism
on B(H). We choose to present a proof for a finite dimensional Hilbert space, but the proof
could be in principle extended to any separable Hilbert space by considering more carefully
some limits. We do not dwell with this here as we will have enough reasons to remain in the
finite dimensional case (see Section A.1).

Theorem 2.2.2 (Wigner). Let f : P(C?) — P(C?) be a map that preserves transition proba-
bilities, i.e. such that

Trf(X)f(Y)=Tr XY  forall X,Y € P(C%. (S)
Then there exists a linear or antilinear unitary U : C* — C% such that f(X) = UXU*.

Proof. Step 1 (Linear extension): As in lemma 1 of [15], we extend f uniquely to H, and
then to C4*?. For X € H, write the Spectral decomposition X =), A\ X} where X, € P(CY)
and define F : Hy — Hg by F(X) := S, Mf(Xg). Every M € C™? can be uniquely
decomposed as M = X + 1Y with X Y € H4. Thus we define F : C¥*4 — ¥4 by F(M) =
F(X)+iF(Y). For two hermitian matrices with spectral decomposition X = 3", Ay X}, and
Y =) Y, Wigner’s symmetry condition is extended to

T F(X)F(Y) =Y Meu Tr f(Xi) f (V1) = Y i Tr X3, Y] = Tr XY
k,l k,l
Likewise for M, N e C%*¢, ) )
Tr F(N)E(M) = Tr NM.

The maps F and F are unique linear extensions of f. Indeed, let us assume that X =
S, A X}, has another spectral decomposition Y = >, A\yYx, {Yx} € P(C?) such that X =Y.
Then for any Z € P(C?%) we compute using linearity of the trace and Eq. (S)

T Mf(X)f(Z2)=Trd MXpZ=Tr Y MYiZ.
k k k
= Trz MF (Y F(Z)

Since Z € P(C?) was arbitrary, again from linearity of the trace we obtain
1>k Mef (Xk) — >k )\kf(Yk)Hg = 0 and therefore >, A\p f(Xk) = > ) Mo f(Yr) as claimed.

Step 2 (Jordan *-homomorphism) A Jordan *—homomorphism is a linear map 7" such
that i) T(A*) = T(A)* and ii) T(A?) = T(A)?. Property (i) is immediately fulfilled by F' by
definition, so we focus on the second property of Jordan homomorphisms. For a unit vector
|t)) € H we use the short-hand notation PH”L/J>] |1)(¢|. Since f maps rank-1 projections
into rank-1 projections denote by f : C¢ — C¢ the assomated map to f such that f(|¢)(¥|) =
|F () (f ( )|. Then it follows from Eq. (S) that if {\ej> _, C C%is an orthonormal set, so is

{|f(e;))}¢ 521 C C9. Therefore with the spectral decomposmon of X as above

(F <§k: )\ka>>2 = %l:)\k)\lf(Xk Z)\ f(Xp) = (Z A2xk>



which shows property ii) for F. Using this property for A = X + Y one obtains that
F(XY+YX)=FX)F(Y)+ F(Y)F(X). This is already enough to show that F' is a Jordan
*—homomorphism as for M = X +4Y, M? = X? - Y2 +{(XY + Y X).

At this point, one could follow different routes: show that F' is either a homomorphism or
antihomomorphism (Herstein’s theorem [16]) or show directly that F preserves rank and then
use the respective linear preserver characterization (Hou’s theorem [17] or the fundamental
theorem of projective geometry). However, we plan to present an elementary construction as
in [13] by constructing the sought unitaries.

Step 3 (W and Fixed points) As noted in Step 2 the map [ takes an orthonormal sys-
tem {|e;) ?:1 C C? to another orthonormal system {|f(e;)) ?:1 C C%. We define a unitary

W : C? — C¢ such that Wle;) = |f(e;)), j = 1,...,d and use for any map g the short-hand
notation gy (-) := W*g(-)W. From now on, we ﬁx an arbitrary basis {|n)}¢_, € C? and con-
sider the respective unitary W such that fy (P [|n)]) = P [|n)].

Let |¢> Zd,l cn|n) be an arbitrary vector in C? and let fy (P [|)]) = P [|¢)]. Thus, if
¢) = S2%_, ¢|n) we obtain from Eq. (S)

leal? = TrP [[9)] P [In)] = Tt fir (P [[4)]) fur (P [In)]),
— TP [|6)] P [In)] = |, .

This implies together with Eq. (S) that for all different n,m € {1,...,d}

fr (P s )| ) =P | S0 Al

fw (P s )| ) =P Tl £l

where A\, wnm € Sg are unit complex vectors.

Step 4 (Unitarity vs Anti-unitarity)

Now we show the existing relation between A\, and wy,,. For that matters, compute using
Eq. (S)

1 1

S+ )| P | o)+ o)

1=TrP W
:TrfW<P[ ()| ) s (@ | o + it )
1

&

1
=TrP \/i(]n>+)\nm|m } P { 7 (In) + wnm|m)) } ,
1
=3 1+ )\n,m(,qun]2 .
The equation |1 + )\n,mwn,m|2 = 2 has only two solutions: either wy ., = Ay, OF Wpm =

—iXm.
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Step 5 (Preservation of Rank-2 and its consequences) For any z € C, |z| = 1 we have
the following spectral decomposition

() + #hm)] = 5P | T ) =l

Sl

zln) (m| + zjm)(n| _ 14 [
2

Accordingly, using the definition of F

piw (1) L (2 Tt + ] ) = 5w (P | S5 m =) )
1

e ereim] ]

_ )‘n,m|n> (m| + )‘n7m‘m> (n
5 .

Likewise,

[n)(m| = [m)(n|\ _ @am|n)(m| + wnm|m)(n
Fw ( % ) - 2 '

Moreover, depending if wy, m = £idnm

[n)(m| = |m)(n| Anm|n) (m] = Ay m|m) (n]
Fw ( 2 ) ==+ 2 '

As a consequence, if wy ;m = i Apm

O e )
_ Anlm) ]+ Al ] Annl) (] = A m|m) (1
2 5 ,

>

Similarly, if Wy m = =i\ m

)

Fyy(In)(ml]) = Anmlm)(n].

Now we prove that if wy ;, = iAym O Wy m = —iA, ,y, is satisfied for some pair n # m
then it is true for all different pairs n,m € {1,...,d}. To see this, we show first that if
one of the phase equations is satisfied for some n # m, then that equation is also satis-
fied for the same n and all n # m € {1,...,d}. Indeed, assume that w,; = i\, and
Wnm = —iAn,m for arbitrary different n, k,m. Then with A := |n)(k| + |n)(m|, A% = 0, but
F(A)? = (A ln) (k| + A m|m) <n|)2 = ApmAn.k|m) (k| which contradicts that F(A?) = F(A)2.
Analogously, if wy;m = FiA,, for some n,m, then wy , = £idg,, for the same m and all
m # k € {1,...,d}. Combining these last observations we have that if wy, ;, = £i), ,, for some
n # m, then wy; = £idy; for all | # k.

Step 6 (Multiplicativity of phases) We show in this step that Xp,, = [[}%, Ak—1.k-
Without lost of generality assume that wy, ,», = i\, as the other case is analogous. First, note

11



that for different n,k,m € {1,...,d}
—_— J— —_— — —_— 2
M= MMl = [l 0m] = KXl ]| = [Ronlm) ] — (r ) (k] + Rl m])

= | Em) i) — (B kel + 1) m))

)

Nyl + By m?) - <F(n><k|+|k><m|)>2H’
=0,

as F is a Jordan *—homomorphism. Then Anym = Ap kAk,m and applying this recursively gives
/\n,m = )\n,n+1An+1,n+2 cee )\m—l,m-

Step 7 (Conclusion) Define the unitary transformation V : C¢ — C? by

Vin) = (H >\k1,k> n),
k=1

where g1 := 1 and
Anm = Tr fiy (P [\}i(\m + ]m))]) In)(m| € S;.
From Step 6 we have V|n)(m|V* = [[}X,, Me—1,kn)(m| = Ay |n) (m| and so
[n)(m| + |m){n|\ _ |n){m| +[m)(n|
Fwv ( 5 ) 5 ;
pvy (Lo} _ o~

Then since F (and F) is an homogeneous function, the map Fyyy leaves invariant the standard
Hilbert-Schmidt orthonormal basis of H4, that is

[n)(m| + |m)(n| |n)(m| —|m)(n|
[n)(nl, : ,
V2 V2i
Consequently, the transformation Fyyy acts as either the identity map or the transpose map
on H, and thus with U := WV

:n,mzl,...,d,n<m}.

f(X)=UXU* o fX)=UXTU".

2.3 Composite systems and Quantum channels

A system composed of more than one part is described in quantum mechanics by a tensor
product. If H 4 and H p are two Hilbert spaces describing two subsystems A and B, respectively,
then Hap = Ha®H p is the Hilbert space describing the joint system AB. Moreover, dim(H) =
dim(Ha) - dim(Hp). A state pap € B(Hap) is a product state if it can be written as pap =
pARpp with pa € Ha and pp € Hp. A separable state is a state that can be written as convex
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combination of product states. If pap € B(Hap) is not a separable state, then we say that
paB is entangled. The mazimally entangled state in C¢® C¢ is defined as the state

1 d
Q) := \/akzl\k@

where |kk) is short for |k) @ |k) and {|k)}¢_, is an orthonormal basis in C?. The reduced density
operator pa € B(Ha) or marginal of p € B(H.p) with respect to the subsystem A is defined
via

TrjpaX] = Tr[p(X ® 1)] for all X € B(Ha).

A linear map T € B(C™*?) is positive if T(X*X) > 0 for all X € C¥9, It turns out that
one needs a stronger condition if it is to guarantee that when the input of 7" is a quantum state
the output will be also a genuine quantum state. The required condition is called completely
positivity: a linear map T € ’B(CdXd) is completely positive if the map T ® id,, is positive for
all n € N where id,, is the identity on C™*". We use sometimes as well 1,, for the identity
on C™*™. The following result [18, 19] is used to decide if a linear map is completely positive.
A linear map T is completely positive if and only if the operator 7 := T ® id(|2)(€?|), known
as Jamiotkowski state, is positive. If Tr T(X) = Tr X for all X € C?*? then T is called trace
preserving. A trace preserving completely positive linear map T is called a quantum channel.

Given a Jamiolkowski state 7 € B(C?®C?) we can recover the corresponding linear map
T € B(C™9) via
Te|i) (j|T(B) = (IT(B)|i) = dTri)(j| @ B

The following are important examples of quantum channels: the completely depolarizing
channel

with7=-®

T(A) = Tr[4]

Q=
Q=

1
R
The identity channel

T(A) = A, with 7 = |Q)(Q].

The diagonal channel

T(A) = diag(4) := Y _(k|Alk)[k) (K],
k
d

with =3 é]k:)(lﬂ & |k) (k.
k=1

With these channels we can construct other quantum channels such as the depolarizing channel

T(A) = M+ (1)) Tr[A]%, -

L1
d d

<A<1
?—-1-" -

with 7= AQQ+ (1 - X)
We can also construct new channels out of symmetries: the Werner-Holevo Channel [20]

Twrg € B(C™?) is the quantum channel whose Jamiolkowski state 7 commutes with all the
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unitary operators of the form U ® U where U is a unitary matrix in C?. For A € [0,1]

Tywa = ATk + (1= NIy,
1

Sym
Ty = gop (Tl La+AT),
Asym 1

The Jamiotkowski state 7 corresponding to Tyy g is also called the Werner-state [21]

2 2
e C—— HSym 1—\ HAsym
A TEESY) - N3aED :
1 1
5 .= 5 (1+F), Assm = 5 (1-F),

where F € B(C?® C?) is the flip operator, which satisfies F|kl) = |Ik). The following symmetric
channel includes a parametrization, Eq. (2.3), which will play an important role in Section A.1
(cf. Lemma 1 in [22]).

Lemma 2.3.1. Let G be the group generated by all diagonal unitaries and permutation matrices
in C™4 and T : C™4 — C¥? ¢ quantum channel, i.e. a completely positive trace-preserving
map. Then, the following are equivalent

(i) T(A) = UT(U*AU)U* for all unitaries U € G and A € B(CY).

(ii) There exists a pair of real numbers («, ) € R? contained in the triangle with vertices
(a,8) € {(0, 74), (3%,0),(0,1)} so that

Ta(A) = aTr[A] 1a+8A+ (1 — a — ) diag(A).

Proof. Let us denote
Ta(A) :—/ UT({U*AU)U*dU,
G

where dU is the Haar measure of G. Then condition (i) says that T = T. Consider the
the Jamiolkowski state 7 of Tz = T. We show first that (z) implies (#i). Using the identity
1®AQ) = AT ® 1]Q) we can write the Jamiolkowski state of T as

r= /G (U & U)(T id)(12)(Q)(U © U)*dU.

Thus [r,U ® U] = 0 for all U € G. The latter is equivalent to [(id ® t)(7),U ® U] = 0 for
all U € G(f), where t is here the transpose map, t(A) = A”. Note that 7 does not have the
full U ® U symmetry which the Werner state possess. However, we can proceed in the same
fashion and find the general structure of the matrix 7: the action of diagonal unitaries and
the permutation of the basis elements imply that the only possible non-zero matrix elements
are (kk|(id ®t)(7)|kk), (kl|(id ®t)(7)|kl) and (kl|(id ®t)(7)|lk) for k # 1 € {1,...,d}. Moreover,
since these elements are permutationally invariant they are constant and thus

d d d
T=a ) |ROE|+ B kR 4+ |kk) (kK]

k£l k£l k=1

14



where «a, 3,7 € C. Redefining the variables da — «,df — 8 and dy — =, followed by the
invertible transformation («, 8,7 — a — ) — («, 5, @), the corresponding linear map T = T
of 7 can be parametrized as

T(A) = aTr[A] 14 +5A + v diag(A). (2.3)

If we demand that T is a quantum channel, then 7 > 0 and in particular T is Hermicity
preserving (see Prop. 2.1 in [8]). This implies together with the trace-preserving property that
a,f € Rand vy =1 —«a — S. In order that 7 is positive, we need that the eigenvalues of 7
are positive. For that matters, we write T(A) = a Tr[A] 144Y o A, where o is the Hadamard
product and
1—« I5] . I}
I3 l—a ... I5;
Y = : : . : :ﬁJd—l—(l—a—B)ﬂd.

15} 15} oo 1l—a
The matrix Y can be diagonalized to obtain that Spec(Y) = {1 —a + 8(d—1),1 — a — 8}.
Thus, adding the completely positive requirement imposes that

a >0,

_ >

dﬁ—i—d_l_a,
d

= 1-8)>

(-8 2a

meaning that the values of («, 5) € R? which make 7 positive are contained in the triangle with
vertices (o, 8) € {(0, 7). (3%,0),(0,1)}. Finally, (i¢) implies (i) as the trace, the identity
and diag(-) are invariant under such conjugation of unitaries. O

2.4 Stability

In this work we study the stability of symmetries from a mathematical analysis point of view.
At the risk of oversimplification one could say that the general situation is the following: one
slightly perturbs the hypothesis of a theorem in terms of an additive error ¢ and studies whether
the conclusion of the theorem is still close to the ideal situation or not. The deviations from the
ideal situation, € = 0, are quantified by a notion of distance such as a norm and the inequalities
obtained depend on . This is where the realm of analysis enters here. The attention to this
sort of stability problems was sparked by the work of S. Ulam and D. Hyers in 1940 [23, 24]
and later by Th. M. Rassias in 1978 [25]. They studied the stability of the most important
functional equation, namely the functional equation defining an additive map (also known as
Cauchy functional equation).

Theorem 2.4.1 (Hyers—Ulam-Rassias). Let f: X — Y be a function between Banach spaces.
If f satisfies the functional inequality

1f (21 + 22) = fla1) = f(22)lly < (el + llz2l),

for some e >0,0<p<1 and for all x1,2o € X. Then there exists a unique additive function
A: X =Y such that
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2¢e
Hf(-r) - A($)||y < m ||£U||§( fOT all z € X.

If in addition f(tx) is continuous in t for each fixred x € X, then A is a linear function.

Their work has motivated a lot of research in non-linear analysis [26, 27] that nowadays we
referred to this notion of stability on functional equations as the Hyers—Ulam—-Rassias (HUR)
stability. Stability problems do not always give a positive answer. The additive functional equa-
tion is not stable in the HUR sense for p = 1 for general Banach spaces. The case p = 1 is called
the singular case. For d—dimensional Banach spaces X, Y, the additive functional equation is
stable for p = 1, but the bound necessarily depends on the dimension d. This “(in-)stability”
phenomena appears in other problems as well. For instance, almost commuting matrices need
not be nearly commuting if the considered set is B(#) [28] or if they are unitaries [29]. The
stability bounds cannot be independent of the dimension d. On the other hand, almost com-
muting matrices are always nearly commuting if they are Hermitian [30] (see [31] for an explicit
bound). We will encounter a similar situation in the main article of this thesis (see Section A.1).

Our research question deals with the stability of symmetries in quantum mechanics in two
important scenarios. On one hand, we study the linear stability of Wigner’s theorem (see
Section 2.2) which is the fundamental result on how we represent any symmetry transformation
in quantum theory [4]. More concretely, for an arbitrary Hilbert space H, we study if an almost-
symmetry, i.e. a mapping f : P(H) — P(#H) which satisfies for some ¢ > 0

ITr f(X)f(Y)-Tr XY| <e for all X,Y € P(H),

can be always approximated by a linear map. Our results improve the recent results on the
general stability of Wigner’s theorem [32]; we clarify the role of the dimension of A for the sta-
bility and obtain a new result for the infinite-dimensional case (see Section A.1). Particularly
noteworthy in the proof of [32] is the use of the stability of Herstein’s theorem [33]. The latter
non-trivial result implies the isometry-stability of Wigner’s theorem.

On the other hand, we study the stability of an ubiquitous symmetric state in continous
variable quantum information, namely the Gaussian bosonic state (GBS). These states are
central to continuous variable quantum information just as the normal distribution is to classi-
cal probability theory. We investigate an operational characterization of a general GBS. This
characterization describes an inherent symmetry that is only shared by Gaussian Bosonic states
(see Section 3). The main contribution here is that we show that this characterization of GBS
is stable if the symmetry assumption is slightly weakened (see Section B.1).

An important breakthrough in the stability of linear maps is present in the work of N. J.
Kalton. In Ref. [34] (Theorem 2.2) Kalton studies the stability of the additive map between
Euclidean spaces for p = 1 and provides a sharp bound on the dimension dependence. More-
over, he makes a link between the stability of linear maps and the geometry of the Banach
spaces on which the almost-linear map is defined. We study in more detail this last novel idea
in Section A.2 and use it to obtain an improvement in the dimension dependence of the linear
stability of Wigner’s theorem.

An arbitrary isometry f: X — Y between two Banach spaces is a map such that

If (@) = fWll =llz -yl forallz,y e X.
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A similar result to Wigner’s theorem is the classical theorem of Ulam and Mazur [35] which
states that any surjective isometry between two real Banach spaces is affine. However, there
are some major differences between these two theorems. A Wigner symmetry transformation is
not necessarily assumed to be surjective and is initially defined on the set of pure states, which
is a non-linear space. Note that from Eq. (2.1) and Wigner’s symmetry condition, Eq. (2.2), the
distance between pure states is preserved. So in principle, the linearity of Wigner’s theorem is
not directly implied by Ulam-Mazur’s theorem as the latter requires that the isometry is global.
Furthermore, Wigner’s theorem states that the linear isometry has a particular form on B(H)
(in the quantum channel language, it has Kraus rank equal to one). Instead of isometries, one
could consider e—isometries, that is mappings which almost preserve distance. A description of
such e—isometries goes beyond the scope of this introduction. We refer the reader to chapters
14 and 15 of [36] and references therein.

2.5 (Linear) Preservers problems

Although this thesis is mainly concerned with the non-trivial question of the linear stability
of Wigner’s theorem, let us briefly mention where this result might find applications. A pre-
server problem considers the characterization of maps that preserve certain functional, subset,
or invariant in a matrix space or operator algebra. Examples of such problems include the char-
acterization of maps that preserve the spectrum of a matrix or the commutativity properties of
a subset of matrices. For a survey on this subfield of mathematics we refer to [37, 38]. It turns
out that most of the preserver problems in matrix theory give as a result that the only map
that preserves the required property is of the form f(X) = UXU* or f(X) = UXTU* where
U is a unitary matrix. This occurs because in most of the cases the given characterization
can be reduced to the characterization of a map —not necessarily linear— which preserves the
Hilbert-Schmidt scalar product of all rank one projections. That is, they can be reduced to the
Wigner theorem. This does not only happen for linear preserver problems where the studied
map is initially assumed to be linear. In quantum information theory, the mappings which pre-
serve the von Neumann entropy or the relative entropy are again only the Wigner symmetry
transformations [39]. The stability of Wigner’s theorem can be then applied to questions on
almost preserving problems; for instance, on how near is a map that almost preserves entropy to
a Wigner symmetry transformation and what are the optimal bounds for such approximation?
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3 Bosonic quantum systems

In this section we introduce the basic elements of bosonic quantum systems which will be
needed in Section B.1. There are many good books on this topic. In particular, the work of
Holevo [6] establishes the common mathematical and physics background which is still used
widely nowadays. We also urged the reader to take a look at chapter 16 and 17 of Ref. [40]
for a better understanding of the mathematical subtlety that arises when working with bosonic
quantum systems. Here we focus in the description of the ubiquitous Gaussian bosonic states
from a symmetry point of view.

A bosonic quantum system is a quantum system whose canonical observables () and P satisfy
the commutation relation

@, P] =1, (3.1)

where ¢ = /—1. It turns out that any pair of operators (@, P) that satisfy Eq. (3.1) cannot
be both bounded neither representable in a finite dimensional Hilbert space H. This result is
attributed to Wintner and Wielandt (see Lemma 17.1-7 and Proposition 17.1-4 in [40]):

Theorem 3.0.1 (Wintner-Wielandt). Let @ and P be two bounded operators on a real or
complex Hilbert space such that the commutation relation [Q, P| = z 1 is valid for some z € R
or z € C, respectively. Then it follows that z = 0.

Therefore when working with bosonic quantum systems we necessarily work in infinite-
dimensional Hilbert spaces and in particular with unbounded operators. For a system with
multiple degrees of freedom (modes) we denote by

R:= (Ql?Pb'"aQnaPn)?
the vector of canonical operators. We represent the Hilbert space of the whole bosonic quantum
system as the Fock space H = Q) L?(R). The entries Ry, k = 1,...,2n act on the k—tensor
factor of @)_; L2(R). Then Eq. (3.1) is extended to
[Rk, Rl] = 10g, (3.2)

where o0;; are the entries of the symplectic matrix

. 0 1
o= @w with w:= (_1 O> .
i=1
Equation (3.2) is known as the canonical commutation relation (CCR). There exists however
a way to encode the CCR algebra in a family of bounded operators, namely introducing the

so-called Weyl operators Wy := e 7 where ¢ € R?™". The Weyl operators satisfy the relation

WeWy = e 557 Wep,y, € € R (3.3)
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3.1 Phase space description

It will be useful to translate the operator description of an infinite-dimensional quantum system
to a description in terms of complex-valued functions in phase space. For f € L£L'(R*"), the
Weyl Transform f of f is defined as

1
(2m)"

Fim e [ FEW-cde (3.4
where the integral is well-defined in the weak sense. The Weyl transform establishes an

isometry (up to a constant factor) between square-integrable functions in phase space and

Hilbert-Schmidt operators. This is captured by the quantum Parseval theorem [6]:

Theorem 3.1.1 (Quantum Parseval relation). Let {We} be a strongly continuous and irre-
ducible Weyl systems acting on the Hilbert space H with respective phase space X ~ R*" 3 €.
Then A — Tr[WeA] extends uniquely to an isometric map from the Hilbert space of Hilbert-
Schmidt class operators on H onto L*(X), such that

* D 1 TWITAZ. A1
TrA*B = W/Tr[WgA] Tr[WeB]d¢.

It can be shown from Theorem 3.1.1 (corollary 5.3.5 in Ref. [6]) that any Hilbert-Schmidt
operator A in ‘H is the Weyl transform of Tr W¢ A, i.e.

1
A=—— [ (Tr W A)W_¢ dE.
(2m)m™ / (Tr WeA)W-—¢ d§
In fact, the map A — Tr W¢A is the inverse of the Weyl Transform and so it is one-to-one
map. In these terms, the characteristic function x : R*® — C of a quantum state p is defined
as the inverse Weyl transform of p, i.e.

x(§) = Tr[Wepl.

We write x4 to emphasize that this is the characteristic function of the operator A. The
regularity properties of p manifest now on the integrability and differentiability conditions of x,.

Remark on notation: Unfortunately, the mathematical and physics community is not
united on the name for the map in Eq. (3.4). We follow the terminology of Ref. [6] and use
the name of Weyl transform for this map. We caution that this differs from the terminology of
Ref. [41].

The Hilbert-Schmidt norm (HS-norm), ||A|l, := V' Tr A*A, proves sometimes to be a good
choice of norm not only because of Theorem 3.1.1, but rather because of its operational mean-
ing [42]. In a model of equality testing in a two-party scenario in which the preparer and tester
do not share a reference frame, the HS-norm appears as the right figure of merit in which
the optimal probability of success is expressed. Moreover, the HS-norm is the right measure
to distinguish between two equally prepared states if the measurements to be performed are
random.
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3.1.1 Characteristic functions

A classical characteristic function ¢ : R?® — C is the Fourier transform of a classical probability
distribution. The necessary and sufficient conditions for a function ¢ to be a valid classical
characteristic function are given by the Bochner-Khinchin theorem:

Theorem 3.1.2 (Bochner-Khinchin). For ¢ : R?" — C to be a classical characteristic function,
i.e. the Fourier transform of a classical probability distribution, the following conditions are
necessary and sufficient:

1. $(0) =1 and ¢ is continuous at & =0,

2. ¢ is positive definite, i.e. for any m € N, any set {&1,&2,...,&m} of vectors in R?", and
any set {c1,ca,...,cm} of complex numbers

>t ¢(& — &) >0, (3.5)

k=1

Now in order that y : R?® — C is a valid characteristic function of a quantum state the
second condition of Theorem 3.1.2 has to be changed, namely Eq.(3.5) has to be “twisted” so
that it corresponds to a positive definite operator p. This new condition is called o-positive
definite: for any m € N, any set {£1,&,...,&n} of vectors in R?™, and any set {ci,ca,...,Cm}
of complex numbers

m
> et (& — &) 278 > 0.
k=1

As in the classical case x(0) = 1 and x is continuous at £ = 0, which accounts for Trp =1 (see
Section 5.4 in [6]).

We can now list some useful properties of quantum characteristic functions which are easily
verified from the definitions.

Lemma 3.1.3. Let x,, and X,, be the quantum characteristic functions of p1 and p2, respec-
tively. Then

(i) for A1, A2 >0, A + Ao =1 the function x, := A\ix1 + Aax2 s the quantum characteristic
function of the state p = Aip1 + p2p2.

(it) The characteristic function of p1&p2 is X pr0ps (§1,62) = Xp1 (§1)Xps (§2) where §1,&2 € R2",

(iii) x(&) = x(=€) and |x(¢)|? are valid quantum characteristic functions.

() If pap € B(Hap) is a density operator of a bipartite system AB with quantum char-
acteristic function xap(§,n) where £,n € R?", then the partial trace pa = Trp pap has
quantum characteristic function xA(§) := xap(&,0). Likewise pp = Tra pap has quantum
characteristic function xg(n) := xan(0,7).

(v) The action of displacement is at the level of characteristic functions XWepW; (n) = ei""”fxp(n).
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Characteristic functions are useful because if their derivatives exist, we can obtain the statis-
tical moments of the respective distribution. We will talk more about quantum states whose all
moments exist in subsection 3.3. Let us for now assume that we are working with such states.
Then the gradient of the characteristic function at zero gives the first moments of p, that is
Vx(0) = iod where d is the vector with entries dj, := Tr[Ryp]. The vector d is known as the
displacement vector. The covariance matriz is defined as the matrix I" with entries

Fkl = Tr[p{Rk — dk ]l, Rl - dl ]1}_|_],

where {A, B}, := AB+ BA is the anticommutator. The second derivatives of the characteristic
function are related to I" by

(0l )y = —2 <62X(0) dkdl> .

9606

Every bosonic quantum state satisfies I > 4o, which is just a coordinate-independent way
to express Heisenberg’s uncertainty principle [43]. Finally, we define Wigner’s phase space
distribution function of p as

1 &0
(27_[_)2,,1/'6f nxp(n)dna

that is, W is the inverse symplectic Fourier transform of x,. It is generally not a probability
distribution since it can take negative values. However, the marginals of VW are genuine prob-
ability distributions of the individual canonical operators Ry. The Wigner distributions of a
quantum state of light can be readily reconstructed by means of Tomography (see Chapter 5
in Ref. [44]).

Wp(é) =

3.2 Gaussian states

A Gaussian state is a quantum state p whose characteristic function is Gaussian:

Xp(§) = eXp[—% + i€ - d].

This means that the statistic of Gaussian states is fully determined by its first and second
moments. Examples of Gaussian states include thermal states and the so-called squeezed states.
The importance of Gaussian bosonic states lies in the fact that there is a non-commutative
central limit theorem [45, 46] for bosonic systems where these states play the central role; just
like the normal distribution does in classical probability. This quantum central limit theorem
implies a number of important extremal properties [46, 47]. A symplectic transformation is a
real matrix S such that SoST = 0. We denote the group of 2n x 2n symplectic transformations
by Sp(2n,R). These transformations preserve the CC R relations, Eq.(3.2). A Unitary evolution
p — UspU% where Us = expli >y ; Axi{ Rk, Ri}+], AT = A € R2"%27 can be represented by
a symplectic transformation S. This is known as the Metaplectic representation and the map
Us — S is a two-to-one homomorphism (see [43] and references therein). In quantum optics
the action of beam-splitters, phase-shifters and “squeezers” can be modeled very well by such
unitary evolutions coming from quadractic Hamiltonians. We will be particularly interested in
the unitary evolution corresponding to a non-trivial two n-mode Beam splitter operation

(cos& 1y, —sinf1lsy,
0 p—

sinfly, cosf Loy, >7 0 #mn/2, m=0,1,2,.... (3.6)
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At the level of characteristic functions, the dynamical evolution is represented by

X(UspUz) (&) = Xp(57).

When p is a Gaussian state, we see that Ug preserves the Gaussian character of p. This is an
example of a Gaussian Channel. For a general description of general Gaussian channels see [43].

There exist different characterizations of Gaussian states: (i) in terms of its extremal prop-
erties (Gaussian states maximize the von Neumann entropy among all the states with the
same second moments), (i) they are completely characterized by the first and second moments
(Wick’s theorem) and (iii) in terms of a symmetry:

Theorem 3.2.1 (Characterization of Gaussian states). Let p € B(H) be a bosonic quantum
state and let Ty € B(H®H) be the unitary operation corresponding to a non-trivial beam splitter
operation, FEq.(3.6). Then, p is a Gaussian state if and only if p @ p is a fixed point of Ty, i.e.
Ty(p@p) = p® p.

Of course one implication of Theorem 3.2.1 is trivial since Sp(I'®I')S] = (I’ I"). However,
a priori there is no reason to believe that there does not exist a non-Gaussian state which is
also a fixed point of Ty. This symmetry characterization of Gaussian states and its stability
properties will be the main topic of the second core article of this thesis. Theorem 3.2.1 is a
consequence of a quantum version of the Darmois-Skitovich theorem which will be proven in
Section B.1.

3.3 Schwartz operators

The set of quantum states whose all moments of all orders and combinations in @) and P exist
is the set of Schwartz density operators [41]. One way to characterize this set is in terms of
the characteristic function: a quantum state p is Schwartz if and only if the characteristic
function x, is a Schwartz function. We denote the set of Schwartz functions by ./(R") and the
set of Schwartz density operators by .(#). Since the Fourier transform is a linear bicontin-
uous bijection from .(R™) onto . (R"™), we can say that p € /(#) if and only if W, € .7 (R").

Examples of Schwartz quantum states include the set of Gaussian states and the (generally
non-Gaussian) set of Fock states. The latter set is the set of eigenstates of the number operator
a*aln) = n|n), n € NU {0}, where a := (Q + iP)/V2, a* := (Q — iP)/\/2 are the so-
called “creation” and “annihilation” operators, respectively. For a single degree of freedom the
characteristic function a n—Fock state is

Xinynl (€) = €~ 5 Ly (JI€]12 /2),

where ¢ € R? and L, is the n Laguerre polynomial. After the set of Gaussian states, the
Schwartz density operators correspond to the most regular set of states. With this set, we can
manipulate unbounded operators with greater freedom: the cyclicity under the trace is allowed
for a pair of Schwartz operators; the differentiation and integration of the quantum character-
istic function for any order exist and is finite; we can write the derivatives of the characteristic
function in terms of a trace so that they indeed are directly related with the moments of p.
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For A, a bounded operator in £2(R"), the Kernel of A is defined as the function K &
L2(R™ x R™) such that

W) = || DK @ d)old)dadd  forall v, € LR,

Any Hilbert-Schmidt operator A has a unique square-integrable Kernel. Schwartz operators
are operators whose inverse Weyl transform is a Schwartz function. We denote by &(H) the
set of general Schwartz operators. The following theorem summarizes the main properties of
Schwartz operators [41].

Theorem 3.3.1. Let H = L2(R?") and A € B(H). Then

(i) (Range Theorem) A € G(H) if and only if Ran(A) and Ran(A*) are Schwartz functions
on R?".

(ii) A € &(H) if and only if the Kernel of A is a Schwartz function.

(iii) Let f be a polynomial function on the entries of the vector R = (Q1,Pi,...,Qn, Py)
and We the Weyl operator. If A € S(H), then Tr[f(R)A] = Tr[Af(R)]. Moreover,
f(R)A € 6(H) and Tx[We f(R)A] = Tr[f (R)AW¢] = Tx[TW, f(R)].

(iv) If A € S(H), then A is trace-class.
(v) If A€ &(H), then |A| € S(H).

(vi) If 0 < A € &(H), then VA € G(H).

(vii) If A € S(H), then A* € S(H).

Not every quantum state in H is so regular like a Schwartz operator as the next example
shows.

Figure 3.1: The left and center figures are the characteristic functions of a (squeezed) Gaussian state
and 2-Fock state, respectively. The right figure is the characteristic function of the unit
rectangle of example 4.3.2 with [ = 1. It is identically zero outside the strip — < ¢ <1
and not partially differentiable with respect to ¢ at zero.

Example 3.3.2 (Non-Schwartz quantum state). Let | > 0. The state ¢ € H = L%(R) whose

position representation 1s
1
vy = Vi 1=
x| >

9

|~ Do~

bl
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does not correspond to a Schwartz density operator. Its Fourier transform, i.e. its momentum
representation, is 1) (p) = V1sinc(pl/2) where sinc(p) := (sinp)/p. While the moments with re-
spect to Q are finite, e.q. Te Q)| = [ () Pz = 0, Tr Q) (] = [ [(x) 22dz
13/12, the same does not happen with P since [~ [ (p)|2p2da = co. In fact, Y(x) is not clas-
sically differentiable at +1/2 and therefore Tr P|y) (1| has to be understood in a distributional
sense. Moreover, the operator P2 maps 1 out of the Hilbert space of square integrable functions
as | P1||y = co. These sort of pathologies can be seen as well in the characteristic function of
|0)Y (. Let A(y) =1 —|y| for |y| <1 and zero otherwise, then

sin [%A(qu)}
Xyl (¢6:P) = ———

2

The characteristic function of |¢) (1| is not partially differentiable with respect to q at zero since
A is not differentiable at this point. See Figure 3.1.

3.4 Quantum Meyers-Serrin theorem (optional)

The following section is part of a joint unpublished work with Michael M. Wolf and Michael
Keyl. The results presented here find an application in the contributed article B.1, but the
reader can skip it as it is not needed to understand B.1. Here we study how Schwartz density
operators can approximate arbitrarily well quantum states with symmetric moments. This
makes the set of Schwartz density operators more useful.

We define a symmetric moment of p € B(H®") to be the quantity

Tr Q*P°pP’Q*,
where
R O SR
for some
a,f el ={a=(a1,...,an)|e; e NU{0} foralli =1,...,n}.
Recall that Qy and Py act on the k—tensor factor of H®". We define |a| := Y 1" | o and
18] =32 Bi

Definition 3.4.1 (Finite-moment state). Let r € N. We say that a density operator p €
B(H®™) has up to 2r—th symmetric moments if

Iolai= > |leeP? v, <.

avﬂeln
laf+|8]<r

The space of density operators on H which has up to finite 2r-th symmetric moments is denoted

by L2(H).

For p € .7?(H) the expectation values of the canonical operators are finite up to order 2r,
namely for |a| 4+ [5] < r

THQ P < ||Q°Pp| < |Q°P7vi||, = (T PPpPPQ)!/2 < .
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The states p with up to 2r—finite moments can be characterized in terms of the twisted
derivative of the inverse Weyl transform of \/p. The twisted (or symplectic) derivatives L, and
L, of x4 are defined [48] as

d /.

Loxal€) = =i (€572 (e +12) )
= <;Z o8 — Z(i) xa(§)-

Loxa() = =iz (77 (g +2))| |

),
(Lo i)

)
t=0

In order to avoid to many subindices we write sometimes L instead of L, for a symplectic
derivative in an arbitrary direction. We use L, when we want to emphasize the direction. Of
course one has to specify in which norm the derivative is taken; this will depend on the operator
(equivalently, the inverse Weyl transform) as we will see.

Let us write

LoP =L ... LenpP L

Zn+1 Z2n’? (37)
where {zj i’il is a basis such that for i = 1,...n, z;-cRisequal to Q; and fori =n+1,...2n,

z; - oR is equal to P;.

Definition 3.4.2. Let p be a density operator and denote by x, /5 the inverse Weyl transform
of the square root of p. Let r € N and L be the composed twisted derivative defined as in
Eq. (3.7). We say that a density operator p on a Hilbert space H has up to 2r—th symmetric
moments if and only if

> |

a’BEIn
e +[8]<r

La’BX\/ﬁH2 < 00.

This definition is equivalent to definition 3.4.1 due to Lemma 3.4.3 (below) and the quantum
Parseval theorem. Note also that Ly € £2(R?*") if and only if the twisted derivative of the
(inverse) symplectic-Fourier transform of x is in £2(R?").

Lemma 3.4.3. Let T be a Hilbert-Schmidt operator in H and xr € £2(R2") its corresponding
inverse Weyl transform. Let R, = z - ocR where R is the vector of canonical operators and

z € R¥™. If R,T is Hilbert-Schmidt then

d /.
Lyr(§) = =i (€= xr (g +12)) | = xrr(©)

where the derivative is taken in the £L2— norm.

Note that here the limit of the derivative is taken with respect to the £2 norm. We omit the
proof as it is analogous to the proof of Lemma 14 in Section B.1.

The definition 3.4.2 is analogous to the definition of a classical Sobolev space; in the quantum
case the twisted derivative takes the role of the weak derivative. For example, a one-mode
quantum state has finite symmetric second moments if and only if

N g LR PR R
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where 2,29 € R? are orthogonal vectors. We will show that the space of Schwartz-density
operators . (H) is dense in .#?(H). In other words, the set of states with finite symmetric
moments is by definition the completion of .(H) with respect to |-||, . This implies that
when working in any set of states in which the expectation of the canonical operators exist
up to certain order, we can from the start work with the well-behaved set of Schwartz density
operators.

The following theorem is the main result of this subsection and could be understood as
a quantum version of the classical theorem of Meyers and Serrin in Sobolev spaces [49] (see
subsection 3.4.1).

Theorem 3.4.4 (./(H) is dense in .#2(H)). Let p € L?(H) be a density operator with finite
moments up to 2r and € > 0. Then there exists a Schwartz-density operator p. € S (H) such
that for all o, 5 € I, with |af + (5] <,

(i) |Q“PP/p— QPP /pc||, — 0 ase — 0
(i) [[|Q*PPply — [|Q°PPpe[l,] < [|Q*PPp — @Q*PPpc]|, — 0 ase — 0

This theorem tells us that given a density operator p with finite moments up to an even
number, say 2r, there exists a density operator with all finite moments, that is a Schwartz-
density operator p., which approximates p in the strongest possible sense |p — pc|l; — 0.
Moreover, the symmetric moments of this Schwartz-density operator approximate arbitrarily
well the symmetric moments of the original state p. This can be seen by applying the reverse
triangle inequality in (i) and for z,y > 0, |z — y| = [z — /y||v* + /y|. That is, for all
a,f € I, with |o| + (5] <r

TrQ*PPp.PPQ™ — Tr Q*PPpPPQ%| — 0 ase — 0.

Before proving Theorem 3.4.4 we introduce some needed definitions and tools.

3.4.1 Sobolev operators

Let us recall the notion of weak differentiability: ¢ € £2(R™) is weakly differentiable in the x;
direction if there exists f € £2(R"), called the weak derivative of ¢, such that

/gp(:v)gw(x)dx = /f(x)w(x)dx for all ¢ € #(R").
Ty
When the weak derivative exist, these linear functionals are Hilbert space bounded, that is

oY
w{(42)

In the case that the classical derivative of ¢ exists and is continuous, the function f(x) =

—37“;(35) is in £2(R™) (see Theorem 6.10 in [50]). Conversely, if the linear functionals

oY
H —_
w <(P‘ (91’]‘ >
are continuous and bounded, then by Riesz Lemma there is a function f € £2(R") such that

(v

The first Sobolev space of functions that we consider is the set of functions ¢ € £2(R™) that
are

b e SR, ]l = 1} — 11/l < oo.

aaij> = (f|v). From now on, we denote the weak derivative of ¢ as D%p.
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(i) weakly differentiable with respect to a basis z; € R", and

(ii) the Fourier transform of ¢ is weakly differentiable. Equivalently, for a basis z; € R",
zip(x) € L2(R™).

This space is denoted by .#2(R™). This definition extends to the case of higher derivatives.

The following is a useful characterization of Sobolev functions in .#?(R™) without assuming

differentiability.

Lemma 3.4.5 (Characterization of .72(R")). Let ¢ € L2(R™). Then ¢ € Z?(R™) if and only
if for a, B € I, with |a] + |5 <7, the . (R"™)—continuous linear functional

S(R") 3 % = (9| PPQY) € C
is Hilbert space bounded, that is for o, 8 € I, with |o| + |B| < 7,

a6 = sup{|{p|P° Q)| : ¥ € LR, [ll, = 1} < co.

When the derivatives of ¢ exist and are continuous we have in fact

1/2
Il = ||@*P7|, = ( [z de> .

Example 3.4.6 (Z2(R)). The boz-car state U of example 3.5.2 is not in S2(R) since %110 1
is not bounded. However, the state

aaﬁ
55 (@)

— B e <

A(z) =Y = (x) = l
0 |z| > 1,
is in SE(R). The state |A) € L2(R) has finite moments in Q for all orders, but only finite

moments in P up to third order, i.e. Tr[|A)(A|P™] < oo for m < 3. Moreover, we have as well
that the mized moment Tr[|A)(A|PQ] < ||Ally o [[Allg,, is finite. See Figure 3.2.

bsl
06l
04

02l

-2 -1 L 1 2
Figure 3.2: (Left) The blue, orange and green line are the space representation of the states ¢ (Box-
car), A and A x A with [ = 1, respectively. (Right) The blue, orange and green line are

Sinc(k/2), Sinc?(k/2) and Sinc®(k/2), respectively; the Fourier transforms of ¢, A and
A x A are proportional to these functions.

The classical theorem of Meyers and Serrin says that the following spaces are the same
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H,.(R™) := { The completion of ¢ € C*(R?*") with respect to the norm |||, := Z el s
0<p<r

= {go € L2(R™)| D% € L2(R") for 0 < |a| < 7‘} .

In fact, it is shown that the compactly supported functions C§°(R") are dense in H,(R"). Since
C§°(R™) is dense in .(R™) and . (R") C H,(R™) C £L2(R™) it follows that the Schwartz space
is also dense in the classical Sobolev space H,(R™). It can be shown [50] that H.(R") is a
Hilbert space with inner product

(. )r = D (D%|D),

0<|a|<7

where (p|th)) = [pn (2)¢(2)dx is the inner product in £2(R™).
We are now ready to introduce the set of Sobolev operators. Let A € B(?) and consider the
sesquilinear form

S ([R")x € Z(R") 3 (1, 9) = (PPQ P AP QY p) e C
which is well-defined and jointly continuous.

Definition 3.4.7 (Sobolev operators). Let A € B(H). If for a, 8,0, 3 € In with |a| + |o/| +
Bl + 18 <7

1Al 5,5 = suP{{PPQYIAPT Q™ o) : ¥, 0 € (R, [|¥ll, < 1, el < 1} < oo,

then we say A is a Sobolev operator. The set of Sobolev operators is denoted by .#(H).

From Riesz Lemma we know there exists a unique A, o g5 € B(H) such that

(PPQY|APP' Q¥ ) = (Y| Anw pprp) @0 € S (R).

We show that when A € .72(H), the operator Q*P?APS Q" is well-defined on .7 (R") so that
from the previous equality A, o/ g4 is its bounded extension. It will suffice to show that A
maps into the domain of Q*PP:

Lemma 3.4.8. If [|Al|, 050 < o0 for all |af +[B] <7, then Ran(A) C S2R") and
A:H — SR is continuous.
Proof. Since [|A|l, ¢ 50 < o0 and .7 (R") is dense in L2(R™) we have

sup {|(PPQ Y| Ap)| : v € S (R™), |[¢[l, < 1} < o0

for all ¢ € H. Hence from Lemma 3.4.5, Ap € .#?(R™) and [A¢ll05 < [[Alla0p0 ¢l The
last inequality follows from the definition of |-, ¢ 5 0- O
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The previous Lemma implies that for a Sobolev operator A € .#?(H), we have the equality
1Al g0 5 = HQ‘“PB APP' Q|| . We remark that the order of the operators in the definition
b b b 00

of Sobolev operators (and Sobolev vectors) is not relevant since  and P map .(R") into
itself and the CCR relations Eq. (3.2) hold on .(R™). Moreover, the space of quantum states
p € B(H) such that the symmetric moments Tr Q®P?pPPQ® for |a| + |B| < r are finite is the
revelant subset .#/?(#H) which we are interested here.

Before proving Theorem 3.4.4 we introduce some needed lemmas and tools. The symplectic
(or twisted) convolution [51, 52] of two square-integrable functions y; and xo is defined as

1
(2m)"

= (271r)n /XQ(E —n)xa(n) e 277 dny =1 x2 %_y x1(€)

When y1(€) and x2(€) are the inverse Weyl transform of the Hilbert-Schmidt operators A;, Ay
respectively, then y; %, x2(§) is the inverse Weyl transform of the trace-class operator AjAs.
This fact can be seen by computing the integral in the definition of twisted convolution with
the help of the quantum parseval theorem and Eq. (3.3). Although it is not a commutative
operation, it is associative, distributive and satisfies Young’s inequality

£l 2o 119l 2o 1 1 1
T o hen —+-=—-+1. 3.8
(27)n when =0t (3-8)

Lemma 3.4.9 (Schwartz Convolution). Let G be a Schwartz function in R*™ and y € £L*(R?").
Then the symplectic convolution of these two functions is a Schwartz function.

Proof. We consider the Hilbert Schmidt operator T : £L2(R?") — L£2(R?") defined by T(x) =
G *, x. Now, recall that an operator is a Schwartz operator if and only if the kernel is a
Schwartz function (Theorem 3.3.1 (77)). Then clearly T' is a Schwartz operator as the kernel

X1 *o X2(§) == /Xl(f —n)x2(n) e dn,

1f %0 gller <

function G(& — n)e™2"¢ is a Schwartz function. Finally, by Theorem 3.3.1 (i) we know that
the range of a Schwartz operator is a Schwartz function. This finishes the proof. ]

Let us consider the following integrable functions and their respective Weyl transforms (see
theorem 3.1.1)

1 . 1
LIR™) 5 Ge(n) = 7 oxp[-1°/26%] = e = @) / Ge(m)W_ydn,
1
LER*™) 3 x(n) = Te WA +— A= @) / (Tr W, A) W_,dn,

Using these functions we can write the inverse Weyl transform of the operator Ag.,

Xe == X *0 G Age,

1

) = s [ XE— ) Ge) 277 an

Lemma 3.4.10 (Approximation by Schwartz operators). Let G=(§) = 7 exp[—£?/2€?] with
e > 0 and A a Hilbert-Schmidt operator with corresponding inverse Weyl transform x(§) €
L2(R?*™). Define

Xe i= X *q Ge.
Then
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(i) Xe is an Schwartz function with [|xc|| z2 < ||x||z2. Equivalently Age is a Schwartz operator
with [[Agelly < [|All,-

(i) Ixe = Xl c2(r2ny — 0 and [[Xe — x| c2(geny — 0 ase — 0. Equivalently || Age — Ally —
0 and ||g:A — All, — 0 ase — 0.

Note that from this lemma we obtain ||g:Age — Agelly, = [[(9:4 — A)gell, < lg-A — A,
which goes to zero as € approaches zero. Therefore, one can show via the triangle inequality
and induction that for m € N, ||g/*Ag™ — A||, vanishes in the limit.

Proof of lemma 3.4.10. For part (i) we have that y. is Schwartz from Lemma 3.4.9 and the
fact that a Gaussian function is a Schwartz function. Using Young’s inequality Eq. (3.8) and
|Gell ;1 = (27)™ we get an upper bound for the norm (27)" [|x %6 G| 2 < x|l o2 |Gell ;1 =
(27)™ x| p2- For part (ii) we use the triangle inequality to bound

lIxe — XH52(R2“) < X *0 Ge — x % G6H£2(R2") + lIx * Ge — XH[:2(R%) :
The second term goes to zero as € goes to zero due to the classical result on approximating £

functions by smooth functions (see for instance Theorem 2.16 in Ref. [50]). For the remaining
term, we use a standard dominated convergence argument. Indeed,

X *0 G — X * GEH;(R%) = / IX *o G=(§) — x * G6(§)|2 dg,

< o | (€= nlienes 6. e

: %1)2”/ (/ ’X@—n)lQlei"'f’f/?—1|2G€<n>dn> ( / ogm’)dn') dg,
- (2717)n /GE(”) </|x(£—n)|2!e""'”5/2— 1|2d§> dn,

- 271r>"/ o (/ ’X@—emlzweie"'“’fﬂ—1|2d§> dn,

= o [ ([ x@Plenes - apae ) an

Here we have just used the Cauchy-Schwarz inequality in the second inequality, Fubini-Tonelli’s
theorem in the second inequality and finally the change of variables n — en and x — x —en
in the last equalities. Since for x € R, [¢®® — 1] < 2 and [e®® — 1] — 0 as * — 0, we have
by the dominated convergence theorem that ||y %, G: — x * GSH%Q(R%) vanishes in the limit
¢ — 0. From the quantum parseval theorem we obtain the equivalent statement in terms of
Hilbert-Schmidt operators. Finally, the other limit is the same as X.(£§) = Ge *_5 x(—§).

—~

—~

—~

3

O]

In comparison with the classical convolution, the twisted derivative of a twisted convolution
does not commute in general. Instead, we have the following identities which follow directly
from the definitions.
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Lemma 3.4.11. Let x1,x2 be such that Lx1, Lxa € L2(R?") and denote the corresponding
Weyl transforms of these functions by A1 and As. Then

L(x1 #o x2)(§) = (Lx1) *o x2(§) = Tr WeRA1 Ao,
X1 *o Lx2(€) = Lx #5 x2(§) = Tr We A1 RA,,
X1 %o Lx2(€) = Lx1 *o x2(€) — (2 - 9&)x1 *0 x2(§),
TrWeA1AsR = Tr WeRA1 Ay — (2 - 0&) Tr We Ay As.

However, we still have the following important result.

Lemma 3.4.12 (Approximation of twisted derivatives). Let x € L£2(R?") be such that Ly €
L2(R*™). Then
HLGE *UX_LXHLQ — 0 as € — 0.

Proof. The proof consists in a repetitive use of Fubini-Tonelli and dominated convergence
theorem as in the proof of part (ii) of Lemma 3.4.10. We use that for ¢ > 0, G is a Schwartz
function to separate the integral in the definition of the symplectic convolution of LG, and x

LG40 X8 = -0 £6:(6) = gz [ (5-0m) Getate —me 2y

()X (€ — n)e " 2dy.

Since x(£) € L2(R?"), it vanishes when ¢ — oo. Thus we can use partial integration and
X1 *¢ X2(§) = X2 *—5 X1(§) to rewrite

LG 10 x(6) = s [ (57 om) Gt = me o2y + e [ Gt §E(e - merneshay

(2m)" 2 (2m)™ z
- (271r)" (;z ' Ug) / G=(n)x (& —m)e "7 2dn,
= (AG: %, x) (&) +1i (GE %o gﬁ) (€) — (;z : a§> (Ge *4 X)(6), (3.9)

where AG.(n) = (%z . m)) Ge(n). From now on, for any function f we write in short Af(n) :=
(%z : ‘777) f(n) . We consider

ILGe %5 X — Lx||[%2 < [{LGe %5 X, LGe %4 X) — (Lx, LX)| + 2 [(Lx, Lx) — (Lx, LGe %5 X)| ,
(3.10)
and show first that

|(LG: *4 X, LGc %5 x) — (Lx, Lx)| — 0 as € — 0. (3.11)

We insert Eq. (3.9) in the previuos equation and bound each term separately. The first term
we bound is

2m)" [AG: *o Xl g2 < |AGe 21 lIxl 22
= ||AGH£1 HX”z? )
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where we have used Young’s inequality. Since G is Schwartz, [|[AG|| 1 | x|,z < oo and this
term vanishes in the limit. As a consequence, all the inner products with a square integrable
function and AG; %, x vanish by the Cauchy-Schwarz inequality. Indeed,

0 0
%) < NIAG: %o Xl g2 |[Ge 20

(AG: *5 X, G %o 5, <

G: *o

£2
Ox

< AGe %0 Xl | 52

)

EQ

where we have used again Young’s inequality in the last step and Lemma 3.4.10(i). Likewise

2

52'0’5

1/2
[ (@61 0)(©) (52 06) (020 G2 (€ < |AC 30 ( / [0 GO d£> -

The last integral on the previous equation can be shown to be finite by the same arguments as
in the proof of Lemma 3.4.10:

/
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2 2
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IX(& = n)[*Ge(n)dé dn,

z-0f z-om
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2
|X(§)!2d£> G=(n) dn,

. 2
= Gnn.

The next term we bound is

Ox Ox

ox
'HGE . 0: 0

_|19x
0z

< HGE *o

’
L2

which vanishes in the limit because g—f € £L%(R?") and Lemma 3.4.10 applies. We consider now

] 120t 1% G0 de - | IZ'U£I2IX(£)I2d§‘ <
\ [z 06l 15 G de - | IZ-USIQIX*Ga(é)IzdS‘

+‘/Iz-aé“IQIX*Ga(f)\Qdﬁ—/!2'0512!X(§)|2d€’- (3.12)

The first term of the RHS can be bounded again as before
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<o /|z 05\2(/|xs n)|Ge(m)leino/2 udn) .

(& = )P Ge(n)]e™/2 — 1|* dn de,

- / 2 GEPIN(E — en) PG| 12 dn de,

(PG ()72 — 1% de dn,

ien-o 2¢e || x 2
=2 [z oePlemes <1 ag + AR [1e - anf Glapan,

which vanishes in the limit by the dominated convergence theorem. For the second term of
Eq. (3.12) we use the classical parseval theorem || x| -2 = (2m)" |5+ [x]|| ;2 where

1 7
— n-0§ d
5000 = T [ €O e
is the inverse symplectic Fourier transform §,[x] of x (whenever x, is a quantum characteristic
function, §,[x,] is just the Wigner function of the density operator p). The inverse symplectic

Fourier transform of G, is
1 22
3'0.[G5](77) - (271')”6 2,

so with the classical convolution theorem F,[G:*x](n) = (27)"F+[G:](n)T[x](n) and derivative
formulas we obtain

‘/IZ-0§|2IX*Ga(f)\2d£—/!Z-Uﬁlzlx(§)|2d§‘ < [ |2 0€]?|Ge % x(&) — x (&) d¢,

2

= [ mrsaiedon - v + oo T5 ) an
< 2/'83"0 ’ —52772/2_1’2 dT]—l—E(Qﬂ')n/’%U[X}(n)(z‘an)ﬁdn,

Using the fact that LF,[x] € £%(R®*") and applying dominated convergence theorem gives
that this term vanishes in the limit. Finally, we bound the last term using the triangle inequality
and the previous bounds. Here we abuse a bit in notation in order to keep it short and write
the argument of the function inside the £, inner product

8X>‘

(G209 (G 10 X)(E): G r %) = (2 0. 59| < [((2+ 086y x = )9 G
195% dx Ox

A (R NG 1
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Using Cauchy-Schwarz inequality, the previous estimates and Lemma 3.4.10 we find that this
term vanishes in the limit.

In the same fashion we bound the second term of the RHS of Eq. (3.10)

(L 1) = (B LG 0 01 < D, G 20 01 + [ (5 €) (= G )

Ox O0x
+ (L A
‘< X, Ge *o Dz az> ’
A 1 0 0
= 12, <|| Geroxle: H (22 ‘ Uf) b= Ge 2 () £2 - HGa *o 82:( B 8>z< £2> ’
which vanishes in the limit from what we just have done for Eq. (3.11). 0

We are finally ready to prove the main result of this section, Theorem 3.4.4.

Proof of Theorem 3.4.4. For part (i) we set /p: = ge+/pge/ce With c. := (Tr gg\/ﬁgg\/f)) 12 as
the square root of the Schwartz operator p.. Note that /p. is indeed Schwartz from lemma
3.4.10(i) and that for sufficiently small €, ¢. > 0. Moreover, c. — 1 as € — 0. This can be seen
from lemma 3.4.10 and Cauchy-Schwarz inequality

& — 1] = | Te(¢? /o6 — VD)V,
< ||g2v/pg2 = /o, -

We consider

aph app app apB
|Q°‘Pf8\/ﬁ_ m < Qapﬁ\/ﬁ_ Q \/ﬁgs +HQ \/'595 _ Q 96\/596 ,
CE cg CE C&«
2 2 2
and bound the first term by
a pf Qapﬁﬁga apf apfB 65—12 apB
Q PP\ p— S VPN < QoP o+ QP g + || |@oPP vy
€ 2 €
3 Jéj Ce — 1 2 3
<ol [ Jervil,
€

which vanishes from Lemma 3.4.10 because Q*P” \/p is Hilbert-Schmidt.

The second term is an operator version of an extension of Lemma 3.4.12 for higher derivatives.
We do not show here the extension of Lemma 3.4.12 for higher derivatives as it follows from
an inductive argument; using 3.4.10(7) and quantum parseval theorem we find

1 J—
|ce

2 e

QP \/p— Q°Pg. )
_ b
|ce|(2m)"

QP \/pg. — QPP 9. /g

)
2

L8 (X\/ﬁ) — LY@, #, X\/ﬁ’

2’
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which vanishes in the limit.

Part (ii) follows from part (i) since

A

l=e%e], ~fl@~2%d], <

IN

<

Q“P’p - QO‘Pﬂpaﬂl,
Q P’ /py/p — Q*PP\/p/p + QPP \/p=\/p — Q“P"\/per/p-
QP - QP Vo)V + |[(@PPVo2) (V6 — Vo)
Q"P*\/p = Q PP V/p|| IVell, + || QPP /b

)
1

)
1

RN

We have used the reversed and the standard triangle inequality in the first two inequalities and
the trace Cauchy-Schwarz inequality in the last step. O

36



4 Banach space theory

This chapter introduces the main tools from Banach space theory used in the core articles A.1
and A.2. The linear approximation of an almost-symmetry will rely on the Hahn-Banach theo-
rem. Since this theorem takes many forms, we present them here. In a sense, the linear stability
problem of Wigner’s theorem is a problem about extensions of non-linear maps. The best tool
that we have at hand for extending a linear map is precisely the Hahn-Banach theorem. Thus,
at the risk of oversimplification, one could say that much of the effort in the linear stability of an
almost-symmetry consists in trying to use the Hahn-Banach theorem in an almost-linear setting.

In section 4.2 we present a sophisticated use of the Hahn-Banach theorem, namely Maurey’s
extension principle [53]. Section 4.2 and section 4.3 provide the basic notions and tools that
we employ in order to obtain a better upper bound on the linear stability of Wigner’s theorem
(see Section A.2).

4.1 Hahn-Banach theorems

A Banach space is a complete normed vector space X. We will focus here on real Banach
spaces, but most of the results carry over to complex Banach spaces. It is a basic fact in
functional analysis that finite dimensional normed spaces are always complete because they all
have equivalent norms. The dual of a Banach space X is the Banach space X* of all continuous
linear mappings z* : X — R, endowed with the norm ||z*|| = sup{|z*(z)| : * € Bx}. The first
analytic version of the Hahn-Banach theorem is the following (see Chapter 3 in [54]).

Theorem 4.1.1 (Hahn-Banach extension theorem). Let X be a real vector space and E C X
a subspace.

1. Suppose p: X — R is sub-linear, i.e. for all z,y € X and t > 0 we have

p(z+y) <p(x)+ply),  pltz)=tp(z).
If h : X = R is a linear functional satisfying
h(z) < p(x) forallz e E,

then there exists a linear functional h : X — R that extends h, i.e. h(x) = h(z) for all
r€FE, and 3
—p(—z) < h(z) < p(x) forall z € X.

2. If in addition X has a norm, then for every y* € E* there exists a linear functional
x € X* that extends y* and ||z*|| = [|y*||.

For x € X let us denote Z the linear functional on X* which acts as &(y*) := y*(z) for all
y* € X*. Theorem 4.1.1 implies that the natural map x — & is a norm-preserving isomorphism
of a normed space X into its second dual X**(see p. 52 in [55]). Thus, it is natural to consider
X as a subspace of X**.
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We call a point x in a real vector space X an algebraic interior point of a set £ C X if and
only if for all y € X there exists a ¢ > 0 such that for all ¢t € R, |t| < e we have z + ty € E.

let C' be a convex subset of a real vector space X with 0 as algebraic interior point. The
Minkowski functional of C' is defined for all x € C

pc(z) ::inf{tZO:%EC}.

It allows to translate statements in functional analysis to convex geometry (and vice versa).

It is useful to think about linear functionals f : X — R as hyperplanes: for some fixed ¢ € R,
Hy = {x € X : f(x) = c} defines a hyperplane. Using the previously introduced notions and
Theorem 4.1.1, one can obtain the following geometric version of the Hahn-Banach theorem
(see p. 54 in [55]).

Theorem 4.1.2 (Geometric Hahn-Banach theorem). Let A and B be disjoint non-empty con-
vex subsets of a real vector space X. If A contains an algebraic interior point, then A and B
can be separated by a hyperplane, i.e. there is a non-zero linear functional h € X' and a c € R
such that

h(z) <c<h(y) forallz € Aandy € B.

Figure 4.1: Geometric Hahn-Banach theorem

4.2 Type and Cotype

In this section we introduce the notions of type and cotype that are intimately linked with the
geometry of Banach spaces. The mathematical material in this section can be found in many
good textbooks such as [56, 57, 58]. We refer the reader to them for a more detailed exposition.
We denote by E the expectation value of a random variable.

The simplest and most familiar Banach space is the Banach space in which the norm is
induced by an inner product, namely the Hilbert space. It was soon realized [59] by two of the
(mathematical) fathers of quantum theory that a Hilbert space is the only Banach space where
the norm satisfies the Parallelogram identity

lz+y)* |z —yl? 2 2
5t = |l=[I* + [lylI” . (4.1)

A real Rademacher variable r is a uniformly distributed random variable taking values in the
set {—1,1}. Eq. (4.1) can be generalized for arbitrary Hilbert spaces. Indeed, consider a finite
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sequence (%’)?:1 € H and a sequence of independent Rademacher variables (Tj)?:y Then we
have

2
n n n

E|Y rjaj|| =EQ riws, Y rea),
i k

J

= (), w)E(rjry),

7.k
n n
2
= wjan)dn =Y llayll*
ik =1

p\ 1/p
The notions of type and cotype study how the average (IE HZ? Tix; H behaves for general

Banach spaces. They were introduced by Hoffmann-Jgrgensen [60] and developed by Maurey
and Pisier in the 1970s [61, 62]. Let X be a Banach space and let p € [1,2] and ¢ € [2,00). For
every positive interger n we define T}, ,,(X) and Cy, to be the smallest constants such that for
arbitrary finite sequences (:L‘j);‘:l C X, we have

2\ 1/2 1/p
n n
E|Y rja; < Tpn(X) | D llal” )
j=1 j=1
1/q 2y 1/2
n n
ComnX) Y Mzl < E|D ryay
j=1 j=1

The space X is said to be of (Rademacher) type p if T,(X) = sup,, Tpn(X) < co. Similarly, X
is said to have (Rademacher) cotype q if Cq(X) = sup,, Cqn(X) < co. The quantities Tp,(X)
and Cy(X) are called the (Rademacher) type p and cotype ¢ constants of X, respectively. By
replacing the Rademacher sums by Gaussian sums of elements of X we obtain the related no-
tion of Gaussian type and cotype.

If X has type p, then X has type k for £ < p. Thus, the type 2 and cotype 2 constant play
an important role. Let & > 1 be a real constant. We say that X contains a a—isomorphic copy
of Y and write Y C, X if there exists a linear map T : X — Y and constanst a1, as such that
ar1ag < o and

1
—lyl <ITyll < c2llyll, yeY
a1
The type and cotype constants are isomorphic invariants and are inherited by subspaces.
More generally, if Y C,, X, then T),(Y) < aT,(X) and Cy(Y') < aCy(X).

The following theorem of Maurey comes from a clever use of Theorem 4.1.1. It is a powerful
tool in Banach space theory and will be use in section A.2.

Theorem 4.2.1 (Maurey extension theorem). Let X and Y be real Banach spaces. Suppose
E is a closed linear subspace of X andT : E — Y 1is a linear operator. If X has type 2 and
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E has cotype 2, then there exists a Hilbert space H and linear operators R : X — H and
Ry : H = Y with || Ryl || Rel| < C2(Y)T2(X) [|T']| such that T = Ry o Ri|g. In other words, T

has a continuous linear extension T'= Ry o Ry such that
|7 < co0nmax) i

In particular, if X =Y and T is the identity map, then there exists a projection P : X — E
with || P|| < Co(Y)T2(X).

We remark that Maurey’s extension theorem is valid for both notions of type: Rademacher
and Gaussian. Moreover, the norm in the statement is the operator norm. The operator norm
of projections between Hilbert spaces is always one. This is not longer true for general Banach
spaces.

R |
X H = R\(E) ® R(E)
J T
R R
E ! Ri(E) 2 Y

Figure 4.2: Maurey extension Theorem. The map T : E — Y is extended to X by factorizing through
a Hilbert space H. Here 7w : H — R;(FE) is the orthogonal projection of a Hilbert space
into a closed subspace, i.e. into a Hilbert subspace.

Ry N
X H=Ri(E)® R (E)
P = Rfl omo Ry J s
R;!
E Ry (E)

Figure 4.3: A projection can be considered as an extension of the identity map. Factorization through
a Hilbert space in the case T' = id.

The next important characterization of Hilbert spaces follows from Maurey’s extension the-
orem:
Theorem 4.2.2 (Kwapien [63]). For a Banach space X the following assertions are equivalent
(i) X has type 2 and cotype 2;
(i) X is isomorphic to a Hilbert space H.

If these equivalent conditions are satisfied, an isomorphism ® : X — H can be constructed such
that
@[] [| @] < To(X)Ca(X).

Explicit type and cotype constants of finite dimensional l,—spaces can be found in [57],
Proposition 7.1.7. In particular, [, does not have finite type. The Rademacher type and
cotype constants of the Schatten classes were first computed by Tomczak-Jaegermann [58];
they behave similarly as the commutative /,—spaces.
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4.2.1 Proof of Maurey’s extension theorem

Albiac and Kalton [56] (Theorem 7.3.4) have considerably simplified the proof of Maurey’s
extension theorem. Their modern proof can be also found in [57] (Theorem 7.3.2) where a
small typo is corrected. We provide here their proofs for the ease of the reader. This theorem
will be used in the contributed article of section A.2 in order to obtain a better upper bound of
the linear stability of Wigner’s theorem. We remark that the conclusion of Theorem 4.2.1 does
not depend on which definition of type and cotype we use, i.e. Rademacher or Gaussian. In
short, we can say that the latter fact is a consequence of the central limit theorem (see Theorem
7.4.4 in [56]). Furthermore, Maurey extension theorem works also for complex Banach spaces,
but we do not present this here as we will be working with the Hermitian part of the Schatten
classes.

The following Lemma has a crucial role in the proof of Maurey’s extension theorem. It is
a beautiful use of the functional version of the Hahn-Banach theorem 4.1.1. We postpone its
proof until the end of this subsection.

Lemma 4.2.3. Let V be a real vector space and A, B two subsets of V' such that
V' = cone(B) — cone(A),
and two functions f : A — R and g : B — R. Then the following are equivalent:

(i) There is a linear functional ® on V such that

f(a) <®(a) forall acA,
®(b) < g(b) for all beB.

(i) If (ai)iq, (Bj)jLy are two sequences of mon-negative scalars such that

m n
§ ia; = E Bjbj,
i=1 j=1

for some (a;)i2y C A, (bj)j—; C B. Then
D aif(a) < Big(by).
i=1 j=1

We also need the following lemma whose proof can be found in [56] (Lemma 7.4.3.) or in
section 6.1.d of [57].

Lemma 4.2.4 (Covariance domination). Let (7;)72; be a sequence of i.i.d. standard Gaussian
random variables and x1,...,xy and y1,...,Yym be elements of a Banach space X satisfying

Z |x*(yj)|2 < Z |1‘*($z)|2 for all z* € X*,
Jj=1 i=1

Then, for all 1 < p < oo,

p

m p
E|D vyl <E
j=1

n
E Yilq
i=1
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The name of Lemma 4.2.4 stems from the fact that one can define a Gaussian random variable
for a Banach space X. An X —valued random variable z is Gaussian if the real-valued random
variable 2*(z) is a real Gaussian random variable for all #* € X*. This can be also understood
in terms of characteristic functions (see Appendix E.1.c in [57]).

Proof of Theorem 4.2.1. Let F(X*) denote the set of all functions from X* to R and consider
the map X — F(X*) given by = — Z, where Z is the evaluation functional, i.e. &(z*) = x*(x)
for all #* € X*. Let V be the linear subspace of F(X*) of all finite linear combinations of
functions of the form 2 with z,z € X. That is

N
V= {Z Moz : ), € R, (z)N_; and (2;)N_, in X and N € N} :
k=1

The set V is actually generated by the subsets A = B = {#? € V : 2 € X} in the sense that
V' = cone(.A) — cone(B).

Indeed, by linearity it suffices to consider the element A\zZ with z, 2z € X. Now, since these are
linear functionals we have by polarization

so any element in V' can be written as claimed. We intend to apply Lemma 4.2.3 to construct
a linear functional ® on V such that

0< @) < TFX)CHE)T|* |2, weX

and || Tz||> < ®(22) for all z € E. For that matters, let A = B = {#*: 2 € X} with

0 reX\E

~9 9
%) =

/@) {HT.%‘H2 x € FE,

9(@%) = (|71 C2(X)To(X)* [|]* -

Assume 7, 222 = Yoy oy for some (2)i%, (25))—; € X, and some real scalars (a;), ()7, -
Without lost of generality, suppose z1,...,2; € E and 2j41,...,2, € X \ E. Then, since
(222, a?4? are positive functionals
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From the covariance domination principle for p = 2, Lemma 4.2.4, and the definitions of type
and cotype 2 we obtain

l l
Z IT@Bz)I? < ITI2 S 1852412

j=1

l
< |71 C3(B) E|[>_ viBiz|| -
j=1

<||T|* C3(B) B (> vjeuas|

< (1T T2(X)C2(E))* Y eviaill”,
i=1

which by definition of f and g is the inequality

252 2 < (IT) To(X)Co(B))* Y ag(a?)
=1

Therefore, from Lemma 4.2.3 there exists a linear functional ¥ : V' — R with
f(fQ) < ‘1’(502) < g(:i"2), for all z € X.

Define a bilinear form on X by (z,y) := ¥(2y) and consider the seminorm p(z) = /¥ (z2?).
Let N := {x € X : p(x) = 0} and consider the real vector space X := X/N. Let H be the
completion of Xy with respect to the norm p. Then the induced bilinear form on X, has a

unique continuous extension to H. This makes H a real Hilbert space. We denote the norm of
H by ||l

Let Ry : X — H be defined by = — [z] where [z] is the equivalence class module N. That is
[x] ~ [y] if and only if z —y = z with p(z) = 0. Thus we have that

[R1zll3 = [[[2]lly = p(2) = V¥(2?) < Vg(2?) = ||T]| To(X)Co(E) [[] -

Now let Ry : Ri(E) — Y be defined by Ra(Rixz) =T (x). Then

[Ra(Raz)l| = | T(2)|| = v/ f(22) < p(x) = [[[z]lly,,  forallz € E.

Therefore, Ry is well defined on R; and || Rz|| < 1. Finally, by the projection Theorem of Hilbert
spaces (Theorem 11.3 in [9]) every x € H can be written uniquely as = y+w where y € Ri(E)
and w € Ry(E)*. Let us denote by 7 the orthogonal projection of H onto closure of R(E).

Then the extension T of T is T := Ry o7 o Ry (see Fig. 4.2) with HTH < Cy(E)TR(E) ||T].
O

43



Proof of Lemma 4.2.5. (i) implies (i7) follows from the chain of inequalities

Z aif(ai) < Z az (Z azaz> )
=1 =1

= 8@ (b)) < Big (b))
j=1 J=1

We proceed to show that (iz) implies (z). In order to achieve this, define the functional p : V" —
[—OO, OO) by

= inf Zﬁjg (bj) — Zazf(al)
j=1 i=1

where the infimum is taken over all the decompositions of v = >, B;b; — > | ja; where
a; € A,bj € B and «;,5; > 0. Note that since V' = cone(A) — cone(B), the functional p is
well-defined. We will show that p is sub-linear and then appeal to the functional version of the
Hahn-Banach theorem. It is not difficult to check that p is sub-linear, i.e. that p(Avy 4+ v2) <
Ap(v1) + p(vg) for all A > 0 and vy, v € V. In order to appeal to the functional version of the
Hahn-Banach theorem we need to check that p(v) > —oo for every v € V.. We first show that
p(0) = 0. Indeed, p(0) < 0 since 0 = 0b — Oa is valid decomposition of 0 € V.. Moreover, if we

represent 0 as
n m
0= Zﬂjbj — Zaiai,
j=1 i=1
then by (i7)
Z aif(a;) < Z Bjg (b;)
i=1 j=1

so p(0) > 0. Now that we know that p(0) = 0, we find that 0 = p(0) < p(v) + p(—v). This
implies that p(v) > —oo for every v € V. Thus, from the first part of Lemma 4.1.1 with
E = {0} there exists a linear functional ® : V" — R such that

—p(—v) < ®(v) < p(v) forallve V.

Finally, we show that for v € A, p(—v) < f(v), and for v € B, p(v) < g(v). For the first
inequality, consider for —v a fixed b € B and the decomposition —v = 0b — 1v. Then from the
definition of p, p(—v) < 0g(b) — 1f(v) = f(v). Likewise, consider v = 1v — Oa to obtain the last
claimed inequality. O

4.3 Twisted sums

Twisted sums are in correspondence with almost-linear maps and are therefore a useful tool
for the study of the stability of almost-symmetries. The results presented in this section are
mainly due to Kalton and Peck [64, 65]. We follow the presentation of [36, 66].

A quasi-norm on a real vector space X is a function ||-|| : X — R satisfying
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(i) [l|=|l] > 0 for all = # 0,
(ii) [|[Az|| = [A[[|z|]| for x € X and A € R,

(iii) flz +yll < K (]l + lyll) where K > 1.

The constant K is called modulus of convavity and (X, |||-|||) a quasi-Banach space. A twisted
sum of X and Y is a quasi-Banach space Z containing a subspace Y, isomorphic to Y and
such that Z/Yp is isomorphic to X. A map F : X — Y between real normed spaces is called a
quasi-linear map if it satisfies

(i) F(Az) = AF(z) for A e R,z € X and
(ii) there exists a constant 6 > 0 such that for all x1,29 € X

[F (21 + 22) = F(21) = Fa2)[| <6 (2]l + [l2[]) -

Kalton showed that there is a one-to-one correspondence between twisted sums and quasi-linear
maps, i.e. twisted sums arise from and give rise to quasi-linear maps [65]. Given a quasi-linear
map F': X — Y we can construct a quasi-norm on the vector space Y x X via

Gy, )l p = lly = F()lly + [l x -

Here the modulus of concavity is 1 + 0. The subspace Yy := {(y,0) : y € Y} of Z is isometric
to Y and the quotient Z/Yj is isometric to X. Then Z is a twisted sum. This correspondence
suggest an alternative notation for the twisted sum Z generated by the quasi-linear F': X — Y,
namely Z =Y @©p X (the order of the spaces is important). The name “twisted” is basically
due to the fact that the unit balls of twisted sums are twisted by the quasi-linear map F' (see
Figure 4.4).

0.5

0.0F

Figure 4.4: The figure shows the twisting induce by the quasi-linear map F' on the unit ball of R®r R
with ||(y, z)|| = |y — F(z)| + |x|. The dotted lines correspond to F' = 0; the straight lines
to F(x) = x and the dashed line to F(z) = 2 4+ 0.02z.

It was shown by Ribe and Kalton that there exist non-trivial twisted sums of Banach spaces
which are not locally convex -thus the Hahn-Banach theorems do not work in these spaces-
and which are not isomorphic to any direct sum [67, 64, 65]. An exposition of such twisted
sums is beyond the scope of this introduction; we refer the reader to chapter 16 in [36] and
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the book [66]. Such singular twisted sums do not appear directly in our work since we restrict
our attention to finite-dimensional spaces. However, the Ribe-Kalton-Peck twisted sums are
important examples of possible obstructions that can appear in the study of quasi-linear maps
between infinite-dimensional Banach spaces. In Section A.2, finite-dimensional twisted sums
are used together with Theorem 4.2.1 in the case that T = id. This will induce a linear map
that approximates well an almost-symmetry.
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Are almost-symmetries almost linear?

Javier Cuesta and Michael M. Wolf

Wigner’s symmetry theorem is a foundational result in quantum theory that imposes how we
can mathematically represent physical symmetries in quantum physics. Moreover, it is a strong
advocate of the linearity of quantum mechanics. This theorem tells us that a transformation
between pure states that preserves the probability amplitudes muss be necessarily linear and
expressed as an inner automorphism of a unitary or anti-unitary map. It is a natural question
to ask whether this theorem is stable in the case that the probability amplitudes are just almost
preserved, i.e. if we consider an almost-symmetry. After a recent series of work an affirmative
answer to this problem was obtained for finite dimensional Hilbert spaces. The proof basically
consists on two non-trivial steps: first, the linear stability of an almost-symmetry and second,
the stability of Herstein’s theorem on Jordan maps. However, the obtained bound presented
there depends in a rather complicated form on the dimension of the Hilbert space. In our work,
we focus on the first part of the stability of Wigner’s theorem and clarify the role of the dimen-
sion dependency. We show in Theorem 2 () that in infinite dimensional Hilbert spaces we can
approximate an almost-symmetry by a linear map in a weak sense, i.e. we can approximate
the inner product between the value of an almost-symmetry and a fix observable. Moreover,
in Theorem 3 we show that in Hilbert spaces with large dimension there exist a non-linear
almost-symmetry which cannot be approximated by any linear map. This in turn implies that
the linear stability of Wigner’s theorem cannot be independent of the dimension of the Hilbert
space. On the other hand, we show in Lemma 2 that an almost-symmetry can be extended
to an almost-linear map. This is cleverly used in the proof of Theorem 2 (ii) together with
the geometric version of the Hahn-Banach theorem to prove an upper bound on the quality of
approximation of an almost-symmetry in finite dimensional spaces. The latter bound depends
linearly on the dimension of the Hilbert space.

I was significantly involved in finding the ideas and carrying out the scientific work of all parts
of this article. Furthermore, I was in charge of writing the article and the Journal submission.
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ABSTRACT

It d-pends. Wigner’s symmetry theorem implies that transformations that preserve transition probabilities of pure quantum states are linear
maps on the level of density operators. We investigate the stability of this implication. On the one hand, we show that any transformation that
preserves transition probabilities up to an additive ¢ in a separable Hilbert space admits a weak linear approximation, i.e., one relative to any
fixed observable. This implies the existence of a linear approximation that is 4\/ed-close in Hilbert-Schmidt norm, with d the Hilbert space
dimension. On the other hand, we prove that a linear approximation that is close in norm and independent of d does not exist in general. To
this end, we provide a lower bound that depends logarithmically on d.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5087539

I. INTRODUCTION AND SUMMARY OF RESULTS

Wigner’s theorem' is a cornerstone for the mathematical representation of symmetries in quantum physics. It tells us that an arbitrary
transformation on the set of pure states that preserves the “transition probabilities” must necessarily correspond to a unitary or antiunitary
operation. In particular, the transformation is representable by a linear map on the space spanned by the density operators. Hence, Wigner’s
theorem is arguably one of the reasons for the linear structure of quantum theory (besides various forms of locality”” and the probabilistic
framework").

Wigner’s theorem was proven in the general case, which does not assume bijectivity of the map, by Bargmann® 30 years after Wigner’s
original idea. Recently,”” new and simpler proofs of this theorem have appeared where neither bijectivity of the map nor separability of the
underlying complex Hilbert space # is assumed. If we denote by P(?) the set of pure states, identified with rank-one self-adjoint projections,
Wigner’s theorem reads as follows:

Theorem 1 (Wigner). Let f : P(H) — P(H) be a map that preserves transition probabilities, i.e., such that Tr X){(Y) = TrXY for all
X, Y € P(H). Then, there exists a linear or antilinear isometry U : H — H such that f(X) = UXU".

The theorem can be seen to establish two things: linearity and isometry. In the present work, we focus on the stability of the linearity prop-
erty. That is, we address the question: if a map between pure states almost preserves transition probabilities, how well can it be approximated
by a linear map?

Recently, a sequence of works® '’ culminated in the result that Wigner’s theorem is stable for finite-dimensional Hilbert spaces. We want
to shed new light at least on the linear part of the problem and investigate, in particular, the role of the dimension of the underlying Hilbert
space. To this end, we follow a different route than®'’ and employ (convex) geometry rather than analysis of operator algebras for the main
argument. Our results are twofold. On the one hand, any map that approximately satisfies Wigner’s symmetry condition in any separable
Hilbert space is shown to admit a weak linear approximation. That is, when evaluated through an arbitrary but fixed observable, there exists a
linear approximation even in case of infinite dimensional Hilbert spaces. As a corollary, we obtain a linear approximation in Hilbert-Schmidt-
norm whose approximation error is bounded linearly in terms of the Hilbert space dimension. This improves on the corresponding result of
Ref. 8.

J. Math. Phys. 60, 082101 (2019); doi: 10.1063/1.5087539 60, 082101-1
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In the second part, we address the problem from the other end and prove that a linear approximation in norm does not always exist in
infinite dimensions—not even with respect to the operator norm. For that purpose, we study a componentwise logarithmic spiral map and
prove that its operator norm distance to the set of linear maps scales essentially logarithmic with the dimension of the Hilbert space. This
holds despite the fact that the action of the map is arbitrarily close to that of a symmetry in Wigner’s sense.

Il. PRELIMINARIES
We now introduce some notation and definitions. We denote by # a complex Hilbert space, which we assume to be separable in the
following. The space of bounded linear operators on H is denoted by B(#) and its identity element by 1. The adjoint of an operator X is
written as X”. For p € [1, 00), we denote by 7,(H) := {X € B(H)|X = X", |X], := (Tr|X[P)/? < oo} the real Banach space known as the
hermitian p-Schatten class and its respective unit ball by By () := {X € T,(#)||X], < 1}. |, will be the operator norm on B (#).
Occasionally, we will make use of the Dirac “bra-ket” notation where a vector in # is written as |x) and the scalar product of two

vectors |x), |y) as (x|y). A rank-one projection in B(7{) with range spanned by a unit vector |x) is then |x)(x|. Using this, we define
P(H) = {ly){y| | ly) € H, ||, = 1}, which is the set of pure quantum states written as density operators.

. ALMOST-SYMMETRIES ARE CLOSE TO LINEAR

The main result of this section is summarized in the following theorem:

Theorem 2 (Linear approximation of almost-symmetries). Let H be a separable complex Hilbert space and f : P(H) — T2(H) a map
satisfying

ITrf(X)f(Y) - TrXY|<e forall X,Y e P(H). (1)

(i) Forany A € By(H), there is a linear map Ta : Ti(H) — T2(H) such that for all X € P(H),
ITr[A(f(X) - Ta(X))]| < 4V/e.

(i) IfH= C?, there exists a linear map T : TI(H) - T2(H) such that for all X € P(Cd)’
If(X) - T(X)], < 4dV/e.

Note that Eq. (1) is a slight relaxation of Wigner’s condition since we allow f to map into 75(#). That is, we do not restrict its range to
the set of pure states. We will see that this generalization comes at no additional cost in the proof.

The overall strategy of the proof is the following: we first extend f to a map F that is defined on the entire space 7;(H). Exploiting the
condition in Eq. (1), we will show that F almost preserves convex combinations. This enables the use of convex analysis and, in particular,
of the geometric Hahn-Banach theorem to prove the existence of a linear approximation as stated in part (i) of the theorem. Part (ii) is then
derived as a consequence of (i) by exploiting the existence of a finite basis.

We begin the proof of the theorem by extending the function f to a larger domain. To this end, we choose a spectral decomposition
X = Y M Xy for every X € Ti(H) for which || X||; = 1. Here, X; € P(#) are assumed to be orthogonal with respect to the Hilbert-Schmidt
inner product (A, B) := TrA”B. There might be more than one spectral decomposition; however, we just need to work consistently with a
fixed choice. Then, we define F : T1(H) — T2(H) by extending

F(X) = zk:/\kf(Xk) 2

in a homogeneous way from the unit sphere to the entire space 7;(#). Equation (1) then ensures that [F(X)|3 < |X]3 + ¢|X]|] so that,
indeed, F(X) € T2(H). By construction, f is then the restriction of F to the set P(7{) of pure states and F(AX) = AF(X) for all 1 > 0. Moreover,
Wigner’s condition from Eq. (1) easily extends to F.

Lemma 1 (Wigner-condition for the extended map). Let f : P(H) — T2(H) satisfy Eq. (1) and F : Ti(H) — T2(H) be its extension as
defined above. Then,

(FX),F(Y)) = (X, V) < X[, [Yle,  forall X,Y € Ti(H). ®)

Proof. Let X = Y3 MXy and Y = Yu;Y; be the spectral decompositions that define F on X, Y and recall that for elements of 71(#) the
trace-norm ||-||1 is the sum of the absolute values of eigenvalues. The Lemma then follows from applying Eq. (1) to:

J. Math. Phys. 60, 082101 (2019); doi: 10.1063/1.5087539 60, 082101-2
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‘(mek) > uf (Vi) =

ZI/\kHMJII F(Xi).f(Y)) = (X V5)-

O
From here, we can show that F is almost-linear in the following sense:
Lemma 2 (Almost-linearity of the extended map). Let F : T1(H) — T2(H) be any map satisfying Eq. (3). Then, for allm € N,A ¢ R™ and
X1, Xm € Ti(H), we have

Z/\,F(X,‘) —F(ZA,‘X{) SZ\/EZM,MX,”I

i=1 i=1 2 i=1
Proof. Consider Z € T;(H) and use Eq. (3) to bound

(Z/MX,-),F(Z))’
i=1
RO, F@) - 06020 o [ S0 2 - (a2
-1 i=1 i=1
< (S Ji21,e < 2ez), S
i=1 1 i=1
Then, by linearity of the Hilbert-Schmidt inner product
m 2 m m
(Z/\,‘X,‘) (Z/\ixi), ZAXF(XI))‘
i=1 2 i=1 i=1
+ (D MF(Xi) - F(Z)LiX,»),F(Z/\iXi))‘,
i=1 i=1 i=1
m 2 m m
< Z(ZH/\IXIHI) e+2 ZHA,X,HI ZMX,- &,
ps i=1 i=1 1
m 2
< (ZZHA,XZHI) E.
i=1
O

Now, we have all prerequisites for the proof of the main theorem.

Proof of Theorem 2. To show part (i), we define & := 2./¢ and consider the action of F(X) := Tr[AF(X)] on the unit-ball B;(H). If
[Al, < 1,]All, € 1and |X;], < 1, then Cauchy-Schwarz and Lemma 1 imply

F(iﬂuxj) S AE()
= =

TrA(iAjF(Xj) —F(i%‘?@‘))l

j=1 j=1

)
1

ZAF(X]) 6<F(ZAX)<Z/\F(X])+6 (4)

j=1

<Al

Ms

In
5d

iA,F(x) F(

j 2

Thus,

Let g— and g, be the convex and concave envelopes of ¥ over B (). These are defined as

J. Math. Phys. 60, 082101 (2019); doi: 10.1063/1.5087539
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j=1 j=1

g-(X) = inf{znj NE(X) | X = Zn: ij},

ge(X) = sup{ixjﬁoe) |X= ia,-x},
j=1 j=1

taken over all finite convex decompositions of X within the unit-ball B; (#). Using Eq. (4), one verifies
& (X)-0<F(X)<g-(X)+8 forallX e Bi(H). (5)

Let A and A— denote the subgraph of X — g,(X) — § and the supergraph of X — g_(X) + §, respectively. Since g_ and —g, are convex, Ay
are convex subsets of the direct-sum Banach space 71 () @ R. By construction, they have nonempty interiors and due to Eq. (5) the interiors
are nonintersecting, i.e., Int(A;) N Int(A-) = 0. By the geometric Hahn-Banach theorem, A; and A_ can be separated by a closed hyperplane
[cf. Fig. 1(b)]. Since, due to convexity, Int(A.) = A., this implies that there exists a continuous affine map & : 71(H) — R such that for all
X e Bi(H), g+(X) — 8 < h(X) < g-(X) + 8. Using that I < g, and g_ < F, the previous inequality implies

g (X)-F(X)-8<h(X)-F(X)<g(X)-E(X)+6<6,
and so |F(X) - h(X)| < 8. As F(0) = 0, we can choose h linear at the cost of |[F(X) — h(X)| < 26. Defining Ty : T1(H) - T2(H) as
Ta(X) = h(X)A/| A3 then completes the proof of part (i).

Proof of part (ii). Let {Aj}}j:zl be a Hilbert-Schmidt orthonormal basis of self-adjoint operators on % = C? and h; : 7;(#) — R the
corresponding linear maps from part (i). Define a linear map T := 71 (H) - T2(H), T(X) := ZJ{I hj(X)A;. Then, for any A = Y ;a;A;,
TrA(F(X) - T(X)) = Y, aTrAF(X) - ) aihj(X) TrAiA;
7 i
= Z ai(TrAF(X) - hi(X))
< a],26 < 26d] Al,.

Therefore,

[F(X)-T(X)|,= sup TrA(F(x)-T(x)) < 2dd.

l[All=1

FIG. 1. (a) The convex (g9-) and concave (g) envelopes of F. (b) Shifting them by an appropriate 8, the corresponding supergraph and subgraph can be separated by a
hyperplane, which then serves as a linear approximation of F. (c) The plot shows the image of the interval [0, 1] under the spiral map. Each point z € C undergoes a rotation
around the origin by an angle that is proportional to In|z| (for better visibility a large value € = 8 is chosen for the plot, while ¢ ~ 1/Ind is considered in the proof).
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IV. ALMOST-SYMMETRIES FAR FROM LINEAR

In this section, we will address the question from the other end and show that no linear approximation [as in Theorem 2 (ii)] exists if the
level of approximation is not allowed to depend on the dimension. This is even true with respect to the operator norm, for which the intrinsic
dimension dependence is minimal. The result is summarized in the following theorem where Sy := {y € C? : |y], = 1} denotes the unit
sphere of C%.

Theorem 3 (Inapproximability). Let € > 0 and d € N such that d > ¢ +1. Thereisa map g : S; — Sy with the following properties:
M vy, ¢ eSa: [[g(@)gW)I - [{ely)| < e

(i) For every linear map T : C*¥ — C*?, we have

1

sup [ T([y)(y]) - le (W)Wl = 5- (6)
yeSy

Particular instances for T would be T(-) = V - V*, where V is a unitary or antiunitary on C". The heart of the Proof of Theorem 3 is the spiral
map [see Fig. 1(c)],

Caze 2t =z, (7)

Its use goes back at least to the work of John'' and it has since then been used in various similar proofs, e.g., in Refs. 12 and 13. It enters our
discussion through the following:

Lemma 3. Forany e >0, let g : C* — C? be the map that acts as in Eq. (7) componentwise.

(i) Forally, ¢ €Sq, we have |[{g(y)|g($)) ~ (yIg)I*| < e.
(i) If eln(d — 1) = 4m, then |(plg(p))| = 0 holds for ¢} := 5 (1, A=, 74=).

Proof. Lety = (y1, ..., ¥y)and ¢ = (¢1, ..., ¢4). We bound each term separately to obtain

1e(W)Ig(@)I* - (wle)f| < > eiln!% - 1‘,
g; PrdryiyiIn ¢le H
<22 ZIM/:

=el¢l3lvl; =«

For the second inequality, we used |¢* — 1| < |&| for « € R. The third inequality follows from considering the cases where c :=

%‘ is bigger
or less than one and applying [Inc| < c for c> 1 and [In¢| < ¢™' forc< 1.
Part (ii) of the Lemma follows from inserting eIn(d — 1) = 47 into

(olg ()l =[5 + 3 exp[ - gein(@-D)]|

O

Proof of Theorem 3. We use the spiral map g : S; — S, that acts componentwise as in Eq. (7). If d > exp[4n/¢] + 1, then we decrease
€ until equality is achieved. In this way, Lemma 3 proves part (i) of the theorem and at the same time guarantees that ¢ maps ¢ onto an
orthogonal vector. In order to prove a bound on the best linear approximation, we exploit the symmetry of g. Let G be the subgroup of
U(d) c C™ that consists of all unitaries of the form DIT where D is a diagonal unitary and II a permutation matrix. Then, Vy ¢ C? :
U™'g(Uy) = g(v) holds for all U € G. The idea is now to argue that without loss of generality, the best linear approximation has the same
symmetry.

For every unitarily invariant norm on C?**%, in particular, for the operator norm, and for any linear map T : C**¢ - C* consider the
following chain of inequalities:
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sup | T([y)(y]) - lg(w)) eIl = ilngT(U*Il/f)(wlU)U* ~lgew)l|

yeSy

>sup [ [UT(U" ) wl0)U” - g (w)) ()l |[4U
yeSy

f UT (U™ [y (ylU)U"dU - |g(w)){g(v)]

> sup
yeSq

>

where U € G, dU is the Haar measure of G, and the first inequality uses sup Y xgx < >k sup gi. Following these inequalities, we can lower
bound the quality of approximation of any linear map T by the one of its symmetrized counterpart

TG(A) := fG UT(U*AU)U*dU.
As proven in Lemma 1 of Ref. 14, any linear map with this symmetry is specified by three parameters «, 8, y € C and has the form
Tg(A) = aTr[A]1 + A + ydiag(A), (8)
where diag(A) is the diagonal part of the matrix A [strictly speaking, Ref. 14 considers quantum channels, but since the relevant commutant

is a vector space that is closed under taking adjoints, the parametrization in Eq. (8) holds for all linear maps].
Using the state |p) = \% (1, \/%, ces \/%) from Lemma 3 for which (¢|g(¢)) = 0, we can bound

;gspHT(ltV)(wl) —lg(NeWlll e = [ Ts (o) {9l) - I2(9)) ()]l

> max {[(g(9)|(Ta(|9)9]) - [(9)) e (@)Dl (gl(Tallg)ol) - () g(P)D e},

:max{ oc+[3+y4(dd_1)‘} > |/3‘2Fl|,

where the last step used that for x, y € C, max{|x|, [y|}> (|x| + [y)/2 > |x — y|/2. In order to eventually arrive at a parameter-independent lower
bound, we need a second inequality in which 8 appears in a different way. For that purpose, let us denote the matrix of ones by J; € R4, J i
= 1, and the projection P := T — |1)(1]. Since the operator-norm is submultiplicative, we can obtain another lower bound via

[T (l)gl) = Ig(@I) (Pl 2 [P(Ta(lo)o]) ~g())g(@)DP] oo

y B-1
(0‘+ m)“d—l + m]d—l

= max{

L B-1]
4

o+ L—l
Yad-1)

>

y B-1

“r 2d-1) " 2

o+

>

y
2(d-1)

l

Finally, combining the two 5-dependent bounds, we obtain

B+, 1-1 f+1_p-1

331:£||T(|w)<wl) ~leMeWllee 2 = 4 2 2

V. DISCUSSION

The inapproximability result of Theorem 3 shows that a dimension-independent linear approximation result is not possible. This raises
the question about the optimal dimension-dependence of a positive result of the form in Theorem 2 (ii). Theorem 3 imposes a logarithmic
lower bound in the following way:

For any map f : P(C%) — 7:(C%) that fulfills Wigner’s condition up to ¢ according to Eq. (1) define
A(f) = infrsup,ee| T(ly)(wl) = f([¥))(¥))[ .. where the infimum is taken over all linear maps T : c™ ™ Assume that

sup;A(f) < x(d)e? for some function « and some p > 0. Choosing & = 4n/In(d — 1) for sufficiently large d, Theorem 3 provides a map g
that fulfills Eq. (1) together with A(g) > 1/3. Therefore,
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K(d) > mpfsif(f),

S l(ln(dfl))p.

3 4

On the other hand, Theorem 2 guarantees that sup; A(f) < 4d+/e so that a significant gap between upper and lower bound remains. In order
to close this gap, more sophisticated tools from Banach space theory might be useful (see end remark in Ref. 13).
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In the core article [1] we had shown that on a finite dimensional Hilbert space an almost-
symmetry can be approximated by a linear map with an upper bound which depends linearly
on the dimension of the Hilbert space. However, there the lower bound is logarithmically on
the dimension and so an exponential improvement on the upper bound seems possible. The
main idea of the upper bound in [1] relies on an almost-linear extension of an almost-symmetry
together with a clever use of the geometric Hahn-Banach theorem. In this work, we study how
the quality of the approximation would improve if we consider other almost-linear extensions
with different domains and codomains. We do this by developing an idea of N. J. Kalton
which uses sofisticated tools of geometric functional analysis. In Theorem 2 of this article we
show that an almost-linear map can be approximated by a linear map and the quality of the
approximation depends on the type 2 and cotype 2 constants of the domain and codomain of
the almost-linear map. We use this in Theorem 4 in order to show that an almost-symmetry
can be linearly approximated with an upper bound of the order square-root of the dimension of
the Hilbert space. This improves the result of [1], but does not close the gap. However, it does
provide a systematic study of the possible almost-linear extensions that we can consider and
points out the optimal extension, namely the case that the domain and codomain are Hilbert
spaces. In the latter the order of approximation is logarithmic and it would therefore close the

gap.

I am the single author of this article and was thus solely involved in all parts of it.
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Abstract: We study the relation between almost-symmetries and the geometry of Banach spaces.
We show that any almost-linear extension of a transformation that preserves transition probabilities
up to an additive error admits an approximation by a linear map, and the quality of the approximation
depends on the type and cotype constants of the involved spaces.

Keywords: Wigner’s theorem; stability; almost-symmetry; almost-linear; type; cotype; Banach spaces

1. Introduction and Preliminaries

In the work of N. J. Kalton [1-3], we can find novel ideas and methods for the stability of functional
equations that depart from the classical methods of Hyers, Ulam and Rassias [4]. In Ref. [3] (see
Theorem 2.2), Kalton provides a sharp bound on the stability of the additive map in R" for the so-called
singular case. His proof makes use of probabilistic and geometric methods in Banach space theory. This
paper ends with a sketch on how the theory of twisted sums in Banach space theory could be used to
obtain the same result. In this note, we develop this last idea and use it to obtain an improvement in the
linear stability of Wigner’s symmetry theorem (see Theorem 3).

Wigner’s celebrated symmetry theorem [5] is not only central for physics, but it also finds an
important role in many preservers’ problems. A preserver problem deals with the characterization of
maps, primarily on matrix spaces and operator algebras that preserve certain functional, subset, or an
invariant. In particular, in the field of Quantum Information Theory (QIT) it has been shown [6] that
the only mapping T that preserves the f—divergences (this includes the von Neumann and relative
entropy) is a Wigner symmetry transformation, i.e., of the form T(x) = UxU*, where U is either a
unitary or antiunitary transformation on C*. It turns out that most of the proofs of different preservers
problems can be reduced to Wigner’s theorem. Therefore, it is natural to expect that sharp bounds on the
stability of Wigner’s theorem could provide good approximations for a wide range of almost-preserving
problems. It is worth pointing out that there exists a close relation between geometric functional analysis
and many questions in QIT [7]. This is the point of view that we want to motivate here.

It has been recently shown [8] that an arbitrary almost-symmetry in quantum theory,
i.e., a transformation on the set of pure states P(#) in a separable complex Hilbert space # that
almost preserves the transition probabilities up to an error ¢, can be approximated by a linear map
H if and only if H is a finite-dimensional Hilbert space. For an infinite-dimensional Hilbert space,
the approximation is in a weak sense (see Theorem 2-(i) in [8]). The quality of the approximation for a
d-dimensional Hilbert space H was obtained to be

1 [In(d—1)e

Z ~ L — <

S < p) - HLL, < 44vE, )
where [|-||, is the Hilbert-Schmidt norm. The main idea for the upper bound in Equation (1) was to
consider an almost-linear extension of f with some particular domain and codomain, followed by
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an application of the geometric Hahn-Banach theorem. In this work, we explore how the quality
of the approximation depends on the consideration of various classes of almost-linear extensions.
These extensions now have arbitrary finite-dimensional Banach spaces as domain and codomain.

Throughout this note, we will be entirely concerned with finite-dimensional Banach spaces and
the twisted sums generated by almost-linear maps. A map F : X — Y between Banach spaces will be
called almost-linear if it satifies the following two conditions:

(i) F(Ax)=AF(x)forallA e Rand x € X,
(ii) there exists a & > 0 such that for any finite sequence (x;)" ; C X, m € Nand A € R",

m

<8 Al llxillx - (2)
Y i=1

i AiF(x;) — F (i Am)
i=1 i—1

We will show that, for every almost-linear map F, there exists a linear map H whose distance
to F depends additively on § and on some geometric invariants of the domain and target space of
F (see Theorem 1). The Banach space numbers used to express the results are the type and cotype
constants which we introduce now. Let {'yj};?zl be a sequence of independent real Gaussian random
variables, i.e., for each Borel subset B C R, each random variable has a distribution

1 _£2

Let X be a Banach space with norm ||-|| and let p € [1,2], g € [2,0). For every positive interger #,
we define Ty, 4 (X), Cgn(X) to be the smallest constants such that for arbitrary sequences {x; };’:1 C X,
we have

" 2\ 1/2 n 1/p
e Eom | <m0 (1)
j=1 j=1
) 14 ) N 1/2
) (Els17) < (2] £
J= 7=

The space X is said to be of Gaussian type p (resp. Gaussian cotype q) if T, (X) = sup,, Tp»(X) <
oo (resp. C4(X) = sup,, C,n(X) < 00). One can analogously define the Rademacher type and cotype
by exchanging the Gaussian sequence by a Rademacher sequence. The results shown in this note are
valid for both notions of type and cotype.

Forr € [1, o), we denote by Sf the Hermitian part of the d-dimensional r-Schatten class and
by 14 the classical space of r-summable sequences in RY; the space S is a real Banach space with
norm || x|, := (Tr |x|’)1/ ". Table 1 summarizes the behaviour of the type and cotype constants for the
r-Schatten classes that we use (see Ref. [9] for details).

We now introduce some notation. The set of rank-one projections in €% is denoted by P(CY).
The unit ball of a space Z is written as Bz. The convex hull of a set S is the set of convex combinations
of elements of S, which we denote by conv(S). The set of linear maps between X and Y is L(X, Y).
A linear projection P € L(X,Y) is a linear map such that P? = P. Finally, we denote by (x,y) := Tr(xy)
the Hilbert-Schmidt inner product in the real vector space of Hermitian matrices H,;.

In the next section, we introduce a special space which will generate the linear approximation to
the almost-linear map F : X — Y. This space is an extension of X and Y and is called a twisted sum
(basically because it “twists” the unit ball of X and Y according to F). Twisted sums were extensively
studied by Kalton [1] in the context of the three-space problem. In particular, Kalton showed that twisted
sums are in correspondence with quasi-linear maps; this is a weaker condition than almost-linearity,
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but, for our purposes, it suffices to say that any almost-linear map is a quasi-linear map. See Ref. [10]
for a detailed exposition of this topic.

Table 1. Upper bounds for the Rademacher type and cotype constants of the spaces 14 and S¢.
The Gaussian type and cotype for these spaces behave in the same way, up to a factor of v/2/7,
as the Rademacher type and cotype. For a Hilbert space, the type and cotype constants are always
equal to one.

Type p € [1,2] Cotype g € [2, 0]

i i V2
Hilbert space 1 1
14 (4logd)i-1/p dl/a
s4 di=1/r Ve
se, (4logd)-1/p dl/q

2. Finite-Dimensional Twisted Sums

Let X, Y be two Banach spaces with dimension dj, dp, respectively. The twisted sum of Y and
X is a (d1 + dp)-dimensional space Z that contains a subspace Y that is isomorphic to Y and such
that Z/Y) is isomorphic to X. The twisted sums that interest us are constructed with an almost-linear
function F. Consider 6 > 0 and the Cartesian product Y & X (the order is important) endowed with

—F
w2l = WO ®

Then, Yy = {(y,0) : y € Y} is 6~ !-isometric to Y and Z/Yp-isometric to X. Note that, since F
is homogeneous, |||(—y, —x)||z = [I[(v, )|l and |||(y, x)|| = 0 implies that (y,x) = 0. Although
(1, x1) + (2, x2) Ilp < 21y, x2) Il + | (y2, x2) ||| ), we can still endow Z with a norm. The twisted
sum Z can be made into a Banach space with the norm

the quasi-norm:

01 =t { Ell )l ) = £l . @

]

The fact that the above expression defines a norm will be shown below. The completion of a
quasi-Banach space Z whose dual is non-trivial with respect to this norm is known as the Banach
envelope of Z [11]. In order to avoid charged notation, we also denote the Banach envelope by Z.

Lemma 1. Let |||-||| be a quasi-norm on Z, then the following equivalent expressions define a norm on Z.
Forz € Z,

Hﬂ=M{ZWMw=Z%} ®)
j:l j:l

=inf{A > 0:z/A € conv(Byz)}, (6)
—inf{g(z) s € 77, ¢ < 1), %

Moreover, for the quasi-norm defined by Equation (3), we have the following equivalence:

1) < My, )l < 201y, )l ®)

Proof. We show first that the first expression indeed defines a norm. Since |||-||| is a quasi-norm,
the only property that we need to check is the triangle inequality. This can be verified by
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T —lnf{zmwjm ST Zw1+2w1}

j=1

11

<t { £ 2= £ f e me{ £ ]2 = .

]7
= llzll + [|z2ll,

as those are valid decompositions of z; 4 zp. We show now that Equations (5) and (6) are the same.
Let a = ||z|| be the infimum of Equation (6). Then, there exist m € N, positive real numbers (A])]’” 17
1Aj=1and (z]) ", with quasi-norm one such z = & Z] 1Ajzj. This is a valid decomposition of

z and Y/ |llarjzj|[| < a. On the other hand, let z = 1", z; be the decomposition that achieves the

1nf1mum in Equation (5) so that ||z|| = ]:1 Il|z;

: (R
oz -
T [l E(zzﬂ_nnzkn Tl < ®)

The norm of { € Z* can be computed as

I = sup 16(:)] = sup [£(2)] = sup{[z(a)] : Izl < 1},
zeconv(Bz) z€By

as the supremum over a convex function is achieved at the extremal points. Thus, the dual of the
quasi-Banach space Z and its Banach envelope coincide. Thus, Equation (7) is just the usual expression
in terms of the dual. We now compare the quasi-norm in Equation (3) with the norm of its envelope.

Since ||z| is defined by the infimum of }; |||z || over all the decompositions of z, Equation (5),
we immediately have the first inequality in Equation (8). For the second inequality, let (y,x) =
Y.i(yj, x;), then, using Equation (2),

F(x) —
iy ol = L

P 5 G + 5 Ex) — |
- 1)

7

Lt L
i lx

< HF(ijj) _(Szj HY+Z|| y]||Y+ZHx]HXf

Y Hx]||x

. z” %”uzuxjuxf

<23 ([t % H!p-
]

O

Additionally, we can understand the resulting twisted sum Z with a norm as in Equation (5) as
the space with unit ball [12]

Bz = conv ({(3,0) : [ylly < 1} U{(F(x),2): [lx]lx < 1}).

We write Z = Y ©r X for the (Banach envelope of) twisted sum of Y and X generated by the
almost-linear map F : X — Y.
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3. Main Result

We are now ready to put all the pieces together and to make the connection explicitly between
(co)type constants and the linear stability of almost-linear maps.

Theorem 1. Let F : X — Y be an almost-linear map between finite-dimensional real Banach spaces, i.e., F is
a real homogeneous map and there exists a § > 0 such that, for any finite sequence (x;)! , C X,m € N and
A€ R™,

m
<o) il llxillx-
Y =1

m m

Y AF(x) = F ) Aix
i=1 i=1

Let Z =Y @®r X be the respective twisted sum generated by this map. Then,

inf su [F(x) = H(x)
HEL(X,Y) xeXx %l x

Iy 26 min{T>(Z)Co(X), 1+ To(Z*)Ca(Y*)}, ©)

where Ty and C, are the type 2 and cotype 2 constants.

Proof of Theorem 1. We need the following important theorem of Maurey [13] (see Theorem 7.4.4 in
Ref. [14] for a modern proof).

Theorem 2 (Maurey’s Extension). Let E be a Banach space and S a closed subspace of E. Let T,(E) be
either the Gaussian or Rademacher type 2 constant of E and C,(S) either the Gaussian or Rademacher cotype 2
constant of S. Then, there exists a projection P : E — S with

IP|| < T2(E)Ca(S).

We remark that the norm ||-|| in Theorem 2 is the operator norm. This might seem odd at first
sight as usually the projections are considered between Hilbert spaces and in that case they always
have a norm equal to one. This is no longer true when we leave the special world of Hilbert spaces
and consider general Banach spaces. Maurey’s theorem is proven by factorizing through a Hilbert
space though. In a sense, the notions of type and cotype measure how far we are from the Hilbert
space scenario.

Let Z = Y ®f X be the twisted sums of Y and X and consider the Banach envelope of Z. Let us
denote by Z as well the Banach envelope of Z. From Maurey’s theorem, we know there exists a
projection P : Z — X such that ||P|| < T(Z)Cy(X). Since P is a projection, it has the general form
P(y,x) = (y — H(x),0), where H : X — Y is a linear map. Then, using Equation (8),

1Pl L IPEE,Y)
IPI= e o, 91 = 52 0, 01
_ qup LFG) — 01
U F ),
I(F(x) - H),0)

= S T Ew), O
g [P~ HE)y
xeX 25 HXHX
IF(x) — H)lly

> inf su
~ HeL(X,Y) xeg 20 || x|l

We can also consider a dual construction for a different bound. Let Z* be the dual of the twisted
sum Y @r X. It is known [15] that the dual of Z is isomorphic to X* @+ Y*, where F* is in some sense
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the dual map of F (see [15] for details). Since we are dealing with finite-dimensional spaces, Z** can
be identified with Z. Let Q : Z* — Y™ be the projection obtained by Maurey’s extension theorem
when applied to the Banach spaces Z* and Y*. Let us consider the projection P : Z — X defined via
P :=id — Q*, where 7 is the quotient map 77 : Z — X, 7t(y,x) = x. Indeed, let O : X — Y be the
linear map induced by Q*. Then,

P(y,x) = (y,x) — Q" n(y, x),
= (y,x) —Q%x,
= (y,x) — (Q(x),x) = (y — Q(x),0) € X.

Analogously with the previous calculation, we find

[E(x) = Q@)]ly 5
sup ——————— < 26 ||P|| <25(1+ ||Qf])-
QeL(X,Y)xe§ IE4(5% H H ( 1l

The final results then follows from the upper bound that Maurey’s theorem provides on the norm
of such projections. O

4. Applications
The following result gives an improvement on Theorem 2-(ii) in [8].

Theorem 3 (Linear Stability of Wigner’s theorem). Let f : P(C?) — P(C) be a function that satisfies

[(f(x), f(y) — (v y)| <e for all x,y € P(C?). (10)
Then, there exists a universal constant C and a linear map H : Hy — H, such that, for all x € P(Cd),
If (x) = H(x)||, < (Clog, d)F Ve,
where p =2+ % log, log, 2d.

We call a map f : P(C?) — P(C?) that satisfies Equation (10) an almost-symmetry. In order to
prove Theorem 3, we make use of the following lemmas (c.f. Theorem 1 in [12]). First, we need the
type constant of a twisted sum (cf. Lemma 16.6-7 in [16]).

Lemma 2. Let Z be the twisted sum of Y and X; then,
Tz,nz (Z) < TZ,n (Y) TZ,n (Z) + Tz,n (Y) TZ,n (X) + Tz,n (Z) TZ,n (X) (11)

The type 2 constant of a Banach space of dimension 4 can be obtained from the type constant
restricted to families of size d(d + 1) /2 as stated by the following lemma. This result follows from a
cone version of Caratheodory’s theorem (see Lemma 6.1 in [17]).

Lemma 3. Let X be a d-dimensional Banach space. Then, Ton(X) = T, 4a41)/2(X) and Con(X) =
Coa(ar)/2(X) foranyn > d(d+1)/2.

Proof. The first step of the proof consists of extending the function f to F : S9 — S7 such that
Flp (cy = f. We take x in the unit sphere of S¢ and identify it with its antipodal point —x. We choose a
fixed spectral decomposition for both elements, say x = Z}i:1 Ajxj, and define F(x) := 2?11 Aif(x).
Then, we can extend F homogeneously from the unit sphere to any y € S’f by multiplying x or —x
with A > 0 so that Ax = y or —Ax = y. We call again this extension F. By construction, F is a real
homogeneous map. Note that this extension is not unique, but we do not need this here.
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As proven in Lemma 2 of Ref. [8], F is an almost-linear map

i AiF(x;) — F (i Am)
i=1 i=1

m
<o) il il
i=1

2

with § = 2y/e. If we use Theorem 1 with the twisted sum Z := Sg @ 54, we will see that we cannot
obtain anything better than a linear dependence on d. However, we will be able to obtain a better
dimension dependence if we consider a dual construction, namely with Z* := S%, @©p+ S§. For that
matter, we use Lemmas 2 and 3 in order to estimate the type 2 constant of Z*. From Equation (11) and
T2(Seo) < \/4logd, we obtain T, ,»(Z*) < 2,/8log,d T,,(Z*) for all n € N. It is known that, for a
general Banach space E, T;(E) < /dim(E) (Proposition 12.3 in [9]). Thus, for all two-dimensional
subspaces of Z, the type is less than v/2 and T,»(Z) < v/2 (this can be alternatively derived from a
classical result of John and the relation between the Banach-Mazur distance and type 2 constants).

It follows from induction that
T, o+ (Z") < (2y/8logy d)* V2,

logy logp n
2.

which, in turn, implies

Tou(Z%) < \fZ(log2 n)(8log, d)

The dimension of the real vector space of Hermitian matrices H, is d2. Therefore, we obtain from
Lemma 3 with n = 24*

log, log, 2d
Ty(Z*) < 2(8log,d)** 2.

It follows from Theorem 1 and C,(S%) < v/d that there exists a linear map H : S4 — S4 such that

24 108,108, 2d
sup ||f(x) — H(x)|, < 4(8log,d)**— 2 Ve
xeP(C?)
O

The following proposition is essentially due to Kalton. It can be shown using Theorem 2.2 in [3]

as S§ and R” are isomorphic Hilbert-spaces. We present here a proof using the notions of (co)type and
Theorem 1.

Proposition 1 (Stability of Global Symmetries). Let f : Bsg — S4 be a continuous function that satisfies
[(f(x), f) = {oy) <e forall x,y € Bgy. (12)
Then, there exists a linear map H : Sg — Sg and an absolute constant C such that, for all X € Bsg,

If(x) = H(x)|l, < CVelog, d.

Proof of Proposition 1. The first step consists of showing that the function f can be extended to a
continuous homogeneous function on the whole space without paying much.

Lemmad4. Let f : Bgg — Sg be a continuous function that satisfies
2

[(f(x), f(y)) —(xy)| <e forallx,yeBSg.
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Then, there exists a continuous and homogeneous function F : S& — S3 such that

Y F(xj) —F (fo) <4ve ) |xll, forall x; € S5, (13)
j=1 j=1 2 =1
and
sup [|f(x) — F(x)|, < 3ve. (14)
XEBS%

Proof of Lemma 4. Let us extend f to F : $§ — S where

P =1l (1 (3 = (2iors))-

This function is homogeneous, i.e., F(Ax) = AF(x) for all A € R, and continuous as f
and ||-|| are also continuous. Using Equation (12) and the triangle inequality, we obtain the new
almost-symmetry condition

[(E(x), E(y)) = (x,y)| < 4ellx]ly [[yll- (15)

Hence, for any z € sd,

<iF(x]~) —F (i x]) ,F(z)>‘
=1 j=1

I
(\
1=
paz}
\R
|
-
O~
|M:
Ryl
N———
B
O
\/
|
{\
1M1=
Rl
|
-
Ryl
N
~

n
<8¢ ) |l Nzl -
j=1

Therefore, from the linearity of the inner product, we obtain Equation (13). Finally, we show that
f and F are /e-close. From Equation (12),

[E), £() — (x,)]
= 1ela (0 (57 0 = B2 =t (1 (57557 ) st + 152

< 2e||x|,.

Thus, with Equation (15), we have

IF(x) = f(x)]l3 = [IEG)[5 = [1x]3 — 2Re ((F(x), f(x)) — {x,x)) + | f(x)]I5 — | x]13

< de||x|5+4e x|, + &
which is less than 9¢ for all x € Bsg. O

We consider now the twisted sum Z = S4 ©r S§ generated by the almost-linear map F.
Before applying Theorem 1, we estimate the type 2 constant of Z. Since S4 is a Hilbert space, it has a
type 2 constant equal to one and we obtain from Lemma 2 that

Ty 2(Z2) <1+ 2T,(2) for all n. (16)
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As in the proof of Theorem 3, all two-dimensional subspaces of Z have a type less than /2 and
To(Z) < V2. It follows from induction that, for n > 3,

Ton(Z) < 2(1+ v2)log, n.
Hence, from Lemma 3 with n = 4d?,
T,(Z) < 4(1+ V2)log, 2d.

Accordingly, from Cz(Sg) = 1 and Theorem 1, there exists a linear map H : Sg’ — Sg such that, for
all x € Bsg,

IF(x) = H(x) ||, < 32(1 + V2) log,(2d) V. (17)

Finally, from Equation (14) and the triangle inequality, we obtain

sup [|f(x) = H(x)[l; < sup [|f(x) = F(x)]ly + [[F(x) = H(x)ll

XEBSg XEBSg
< 79V¢ (1+log, d).
O

5. Discussion and Perspectives

Using Theorem 1, we are able to improve—up to some logarithmic factors—the upper bound
on the dimension dependence of the linear stability of Wigner’s theorem from d to v/d. There seems
to be room for an exponential improvement in the dimension as the lower bound is of order logd
(see the discussion section of [8]). The method developed here allows us to study systematically the
limitations of considering other types of almost-linear extensions to solve this problem. Even if we
were able to extend the almost-symmetry f to an almost-linear map F : S¢ — S¢ with ¢ independent
of d, we would still get from Theorem 1 an upper bound of order v/d. This is just a consequence of
how the type and cotype constants of Sﬁi and S% behave. There is a trade-off in Theorem 1 between the
type constant for individual spaces and the type constant of their twisted sum.

It can be seen from Table 1 and Lemma 2 that the best bound that can be obtained from Theorem 1
is in the case that X and Y are Hilbert spaces. This is the case of Proposition 1 and a logarithmic
dependence is obtained there. However, the almost-symmetry condition holds there for the entire
Hilbert-Schmidt unit ball, while, in Wigner’s theorem, the almost-symmetry condition is required to
hold only for the non-convex space of normalized hermitian rank-one projections.
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A stable quantum Darmois-Skitovich theorem

Javier Cuesta

Gaussian bosonic states are quantum states that model, in a good approximation, systems
with quadratic bosonic Hamiltonian. They are a non-commutative analogue of the normal
distribution in classical probability and therefore have a distinguish role in continuous variable
quantum Information. There are many abstract characterizations of Gaussian bosonic states
(GBS): assuming that the state is pure, GBS are the only states with positive Wigner function;
GBS maximize the von Neumann entropy among states with the same second moments; GBS
are the states whose quantum characteristic function is a Gaussian. In this work, we study a
characterization of GBS in terms of a simple symmetry and show that this characterization is
stable.

We start our work with a description of a non-commutative analogue of a classical theorem
of Darmois and Skitovich. The latter is a generalization to more than two random variables of
the following: if a pair of random variables is independent in two different coordinate systems,
then the random variables are necessarily normally distributed. This can be understood as a
symmetry where the independence of the random variables is preserved after a linear trans-
formation. It turns out that we have a similar characterization in the quantum case. If a
pair of independent quantum states remains independent after the action of a beam splitter
transformation, then the states are necessarily Gaussian and with equal second moments. This
in turn implies that GBS with equal covariance matrix are the only fixed points of a beam
splitter transformation. We provide a new short and rigorous proof of this previously known
fact. The main contribution of our work is the stability of this symmetry characterization of
GBS. Namely, that if the output of a beam splitter of two incoming independent states is almost
independent, then these input states can be approximated by Gaussian states. Moreover, their
respective covariance matrix have to be close to each other. We give our bounds in terms of
the Hilbert-Schmidt norm and present a first estimate of the stability constants of this problem
which have a physical interpretation. Our stability result in terms of a p-norm was not known
before, even in the classical scenario where the stability is known to hold in only in a weak
sense.

I am the single author of this article and was thus solely involved in all parts of it. The
idea for this project was the result of many discussions with my doctoral supervisor Prof. Dr.
Michael M. Wolf.

82



Permission to include:

Javier Cuesta
A stable quantum Darmois-Skitovich theorem
Submitted to J. Math. Phys. (2019).

83



Permissions - AIP Publishing LLC https://publishing.aip.org/resources/researchers...

Permissions - AIP Publishing LLC

Reusing AIP Publishing Content

Permission from AIP Publishing is required to:

republish content (e.g., excerpts, figures, tables) if you are not the author
modify, adapt, or redraw materials for another publication
systematically reproduce content

store or distribute content electronically

copy content for promotional purposes

To request permission to reuse AIP Publishing content, use RightsLink® for the
fastest response or contact AIP Publishing directly at rights@aip.org and we will
respond within one week:

For RightsLink, use Scitation to access the article you wish to license, and click on the
Reprints and Permissions link under the TOOLS tab. (For assistance click the “Help”
button in the top right corner of the RightsLink page.)

To send a permission request to rights@aip.org, please include the following:

¢ Citation information for the article containing the material you wish to reuse

o A description of the material you wish to reuse, including figure and/or table
numbers

¢ The title, authors, name of the publisher, and expected publication date of the
new work

e The format(s) the new work will appear in (e.g., print, electronic, CD-ROM)

¢ How the new work will be distributed and whether it will be offered for sale

Authors do not need permission from AIP Publishing to:

¢ quote from a publication (please include the material in quotation marks and
provide the customary acknowledgment of the source)

e reuse any materials that are licensed under a Creative Commons CC BY license
(please format your credit line: “Author names, Journal Titles, Vol.#, Article
ID#, Year of Publication; licensed under a Creative Commons Attribution (CC
BY) license.”)

e reuse your own AIP Publishing article in your thesis or dissertation (please
format your credit line: “Reproduced from [FULL CITATION], with the
permission of AIP Publishing”)

¢ reuse content that appears in an AIP Publishing journal for republication in
another AIP Publishing journal (please format your credit line: “Reproduced
from [FULL CITATION], with the permission of AIP Publishing”)

¢ make multiple copies of articles—although you must contact the Copyright
Clearance Center (CCC) at www.copyright.com to do this

Reusing Content Published by Others
To request another publisher’s permission to reuse material in AIP Publishing

articles, please use our Reuse of Previously Published Material form. (We require
documented permission for all reused content.)

Reuse of Previously Published Material Form (pdf)

1of2 7/29/19, 11:17 AM



Permissions - AIP Publishing LLC https://publishing.aip.org/resources/researchers...

Unless the publisher requires a specific credit line, please format yours like this:

Reproduced with permission from J. Org. Chem. 63, 99 (1998). Copyright 1998,
American Chemical Society.

You do not need permission to reuse material in the public domain, but you should
still include an appropriate credit line which cites the original source.

2 of 2 7/29/19, 11:17 AM



Gmail - JMP: Receipt of Manuscript MS #]JMP1... https://mail.google.com/mail/u/0?ik=33e632b4...

M G ma || Javier Cuesta <jav.cuesta@gmail.com>

JMP: Receipt of Manuscript MS #JMP19-AR-01166

jmp-edoffice@aip.org <jmp-edoffice@aip.org> Thu, Aug 1, 2019 at 5:55 PM
Reply-To: jmp-edoffice@aip.org

To: ga52giv@mytum.de

Cc: jav.cuesta@gmail.com

Dear Mr. Cuesta,

On 01-Aug-2019, we received the manuscript entitled: "A stable quantum Darmois-Skitovich theorem".
Your manuscript is assigned the Manuscript #JMP19-AR-01166.

The order of the authors on your submitted manuscript is as follows: Javier Cuesta.
Please note that if this order is changed or if there are any deletions or additions of authors, each author must provide
approval for this change.

Your manuscript is being processed by the editorial office. You will receive another email soon indicating whether your
manuscript has passed the submission check or if modifications are needed before it can enter the editorial process.

Currently, our records indicate that the ORCID ID for your account is 0000-0001-7730-1213. You may use the link
below if you need to update your ID:
https://jmp.peerx-press.org/cgi-bin/main.plex?el=ASG6GMTB3A7Hehj1Bh4B9ftdHOSDo6IuYHI1wL4ZfaKUAY

You may check on the status of this manuscript by selecting the "Check Manuscript Status" link at the following URL:

https://jmp.peerx-press.org/cgi-bin/main.plex?el=A2G4GMTB7A3Hehj6F6A9ftdtKqwuR1cTLbOqYXgpUJkgY
Thank you for submitting your work to Journal of Mathematical Physics.

Sincerely,

Editorial Office
Journal of Mathematical Physics

AIP Publishing

1305 Walt Whitman Road
Suite 300

Melville, NY 11747-4300 USA
phone: +1-516-576-2329
e-mail: jmp-edoffice@aip.org

This email message and any files transmitted with it contain confidential information. If you are not the intended
recipient please notify the sender, delete this email and any attachments from your system, and destroy any copies
you have made, electronic or otherwise.

1of1 10/2/19, 7:00 PM



A stable quantum Darmois-Skitovich theorem
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The Darmois-Skitovich theorem is a simple characterization of the normal distribution in terms of
the independence of linear forms. We present here a non-commutative version of this theorem in
the context of Gaussian bosonic states and show that this theorem is stable under small errors in its
underlying conditions. An explicit estimate of the stability constants which depend on the physical
parameters of the problem is given.
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I. INTRODUCTION AND SUMMARY OF RESULTS

Among all characterizations of the normal distribution, the ones concerning the independence of linear forms stand
out because of their simplicity. The landmark result of such classical characterizations is due to Darmois [1] and
Skitovich [2]. Their theorem is a generalization to n—random variables and arbitrary coefficients of the following
fact: if X,Y are independent real-valued random variables with X +Y and X — Y independent, then X and Y are
normally distributed with the same variance (see Theorem 4). We will be interested in studying a quantum (read as
non-commutative) version of the Darmois-Skitovich theorem, which we now write shortly as DS theorem. In this case,
the role of the normal distribution is taken by Gaussian bosonic states: quantum states whose statistics is completely
determined by the knowledge of the first and second moments and whose canonical observables obey the bosonic
commutation relations.

Particularly noteworthy is the fact that the quantum DS theorem has a clear physical realization. Consider an
arbitrary product state that passes through a beam-splitter as in figure 1. If the output state of the beam-splitter is
also a product state, then the input states are Gaussian bosonic states with the same second moments. This is the
content of the quantum DS-theorem. Mathematically, the content of the quantum DS theorem is given on theorem 7.

* j.cuesta@tum.de



That there does not exist any two copies of identical non-Gaussian states fulfilling this is by no means trivial, since
the action of a beam splitter does not create second-moment cross-correlations for an identical product of quantum
states (Gaussian and non-Gaussian). This operational characterization of Gaussian states was already known [3],
however without a direct reference to the DS theorem. We show this characterization for a general n—mode Gaussian
bosonic state by means of the DS theorem. This has the advantage of a much clear statistical interpretation and a
simpler proof. Additionally, we show that a beam splitter is the only non-trivial linear operation that can have a
factorizable output for all identical input states (Lemma 6). The latter places the beam splitter as the basic element
for detecting non-Gaussianity.

P2

pab = Us, (p1 @ p2)UY,
= Pa @ Py

FIG. 1. Quantum Darmois-Skitovich theorem: let Ug be the unitary operator corresponding to the action of a non-trivial
beam-splitter transformation. The output state pap, := Us(p1 ® p2)US is a product state if and only if p; and p2 are Gaussian
bosonic states with the same moments.

Of course in real life we cannot completely guarantee that two states are totally independent. Therefore it is crucial
to study how stable the DS theorem is. This means, how does the conclusion of the quantum DS theorem changes,
when we assume that the output state is not exactly a product, but is approzimately close to a product state. Our
main result is a proof of the stability of the quantum DS theorem for quantum states whose all statistical moments
in position and momentum, including mixed moments, exist and are finite. Such states are described by the set of
Schwartz density operators [4]. For independent input states whose output from a beam splitter is close in trace norm
to a product state, we show that they are close in Hilbert-Schmidt norm to their respective Gaussian counterpart
(i.e. the Gaussian state which has the same first and second moments). Moreover, the corresponding second moments
of the input states have to be approximately close as well. A precise mathematical statement of this result is given
in theorem 9. We make an effort to present explicit stability constants which reflect the effect of the the physical
parameters of the problem. These explicit constants contain information of how the problem can become unstable,
and have not been estimated before in either the classical or quantum case. The robustness of the quantum DS
theorem depends on the transmitivity of the beam-splitter, the number of modes and the largest fourth moment of
the output state.

The layout of the paper is as follows. In the next subsection we give the basic definitions and results in continuous-
variable quantum information that will be used. Section II contains the main result. We give a simple proof for the
characterization of Gaussian bosonic states using the DS theorem and then proceed to state the stability of the DS
theorem. Section II B introduces and summarizes the main properties of Schwartz operators. In section II1 C we give
a full proof of the stability of the DS theorem. Finally, in section IIID we show some auxiliary lemmas and in the
appendix V some explicit bounds are rigorously computed using the properties of Schwartz operators. These bounds
will be use for the estimate of the constants appearing in the stability of the DS theorem 9.

A. Notation and preliminaries

We will be entirely concerned with continuous-variable systems with a discrete number n of modes. We denote by

RZ: (Ql,Pl,...,Qn,Pn), (1)



the vector of canonical operators for a quantum system and Ry, k = 1,...2n its components. Here Q;, P,,l=1,...n
act on the [—tensor factor of the Fock space H = @;_; L*(R) where L*(R) denotes the space of Lebesgue square
integrable functions on R. The canonical commutation relations (CCR) are defined by

(R, Ri] = o, (2)

where o;; are the entries of the symplectic matrix

a:éw with w = <_01 (1)) 3)

We frequently use the shorthand notation R, :=§-oR, ¢ € R?™. The phase-space description of a quantum state
p is determined by the characteristic function x : R*" — C defined by

x(§) = Tr[Wepl, (4)

where W¢ = e’¢7R is the so-called Weyl operator. The CCR are encoded in the Weyl relation
WeW, =e 259" Wey,, £, €R™. (5)

The name of characteristic function for the map in Eq. (4) comes from an analogy with the classical characteristic
function which is the Fourier transform of a probability distribution. In fact by taking a fixed direction in phase
space we recover the classical characteristic function and from there, we can “import” all the known results of the
classical world. This indeed, will be used in order to give a simple proof of the characterization of Gaussian bosonic
states. The condition for a function y : R*® — C to be a bona-fide quantum characteristic function is the property of
sigma-positiveness. For clarity we state these results and refer the reader to Ref. [5, section 5.4] for a proof.

Theorem 1 (Quantum Bochner-Khinchin). For x : R?™ — C to be a characteristic function of a quantum state, the
following conditions are necessary and sufficient:

1. x(0) =1 and x is continuous at § = 0,

2. x is o-positive definite, i.c. for anym € N, any set {€1,&a, ..., Em} of vectors in R*™, and any set {c1, ¢, ..., cm}
of complex numbers
m .
> et x(&r — &) €27 >0 (6)
k=1

Corollary 2 (Classical Marginals). Let x(§) be the characteristic function of a quantum state. Then for every fized
£ € R*™ the function

R >t~ x(t8),
is a classical characteristic function, i.e. the Fourier transform of a classical probability distribution.

As in the classical case, the characteristic function is a moment generating function. The displacement vector is
defined by the entries dy := Tr[pRy] and we say that the state is centered if d = 0. The covariance matriz (CM) is
defined by the matrix entries Iy, = Tr[p{ Ry — di, R, — d;}]. In order that I" corresponds to a genuine quantum CM
the CCR, impose the further condition [6, 7] I" + 4o > 0, which is nothing but the uncertainty principle expressed in
a coordinate-free form.

A Gaussian bosonic state is defined as a state with a Gaussian characteristic function

x(©) =exp[-5 5 vig-a) @

We write x, to emphasize that x is the characteristic function of the state p. We denote by M (2n,R) and Sp(4n,R)
the set of 2n x 2n matrices with real entries and the group of 4n x 4n symplectic matrices with real entries, respectively.
The latter is defined as the group of matrices S € M(2n,R) such that SoST = 0.



Unitary Gaussian operations, i.e. unitary evolutions coming from quadratic Hamiltonians in P and @), are described
by symplectic transformations [8]. These operations have the property that

X(USpUg)(f) = Xp(ST§)7 (8)

where Ug is a unitary operation associated to the symplectic transformation S (strictly speaking Ug is determined
up to a phase, however this ambiguity disappears in the conjugation Ug - U¢). The unitary evolution of a Gaussian
state is completely determined by the new displacement vector d’ = Sd and CM, I = ST'ST.

A one mode non-trivial beam splitter transformation is the one corresponding to the symplectic transformation

g— < cos@ly sinf 1y

—sinf 1, Cos9112>’ 0#mn/2, m=0,1,2,...

It corresponds to a unitary evolution where the Hamiltonian is
0 * *
H= Z(alag + ajaq),
with a; = (Q; +iP;)/V2, a; = (Q; —iP;)/V/2, j = 1,2 the creation and annihilation operators. A local transformation
acts in each separated mode and corresponds therefore to transformations that can be written as S = @}'_; Si. In the

context of quantum optics, examples of local transformations are phase-shifts and one-mode squeezing transformations.

The Wigner phase space distribution is defined to be the (symplectic) Fourier transform of the characteristic function

1

W(n) = G

/ emE N (€) d. (9)

Its importance lies in the fact that, due to corollary 2, all one-dimensional marginals are positive distributions in
phase space, which can be associated to the usual probability distributions e.g. on position and momentum of a state p.

We write A* for the adjoint operator of A and ||-|| for the uniform norm. The trace norm is defined as ||A||; = TrvVA*A
and the Hilbert-Schmidt (HS) norm [|A|l, = (Tr[A* A])"/%. We have the order ||| < |-, < [I-l;- These norms are in
fact unitarily invariant and [|A*, = [|A]|, for p = 1,2. The usual norm in L? (R*") will be denoted by [l 2 (2ny- We

use sometimes the Dirac notation for a vector |¢) € H and the inner product notation (¢|¢). The commutator and
anticommutator are written as [-, -] and {-, -} respectively. The space of bounded operators on the Hilbert space H is
denoted by B(H).

The inverse relation of Eq. (4) is called the Weyl transform

1
T o / Te[We T]W_ede, (10)

where the integral converges weakly for any Hilbert-Schmidt operator 7. This is a consequence of the quantum
Parseval theorem [5] which due to its importance we state here.

Theorem 3 (Quantum Parseval relation). Let {W¢} be a strongly continuous and irreducible Weyl systems acting on
the Hilbert space M with respective phase space X ~ R?™ 5 ¢. Then T Tr[WeT| extends uniquely to an isometric
map from the Hilbert space of Hilbert-Schmidt class operators on H onto L?(X), such that

1
T TFT, = o /Tr[Wng]Tr[Wng]dg. (11)

This theorem also implies that Eq. (4) is also valid for T Hilbert-Schmidt. The map § — Tr WT is called the inverse
Weyl transform of T; being the characteristic function the special case T a density operator.

We will be using repeatedly the following trace inequalities. If B is a bounded operator and T a trace-class operator,
then a particular case of Holder’s inequality states

Te BT < [|B| |, -



Let T1,T5 be two Hilbert-Schmidt operators. The trace operator version of the Cauchy-Schwarz inequality is
T T < [Tzl < [[Tall; (T2, -

While it is true that the Hilbert-Schmidt norm is often used out of convenience, it also has operational interpretation,
making it preferable for some tasks. This includes equality testing and state discrimination with fixed or random
measurements [9]. Furthermore, the Hilbert-Schmidt norm can be a good measure to quantify the difference between
two quantum states in quantum optics. There, the Wigner functions of infinite dimensional quantum states are
accessible by means of Tomography. The difference between two quantum states is quantified by the Hilbert-Schmidt
distance of the respective Wigner functions.

II. MAIN RESULT

In the next subsections we present the quantum version of the DS theorem and our main stability result. The detailed
proof of the stability of the DS theorem is presented in section IIIC.

A. Quantum Darmois-Skitovich theorem

We are interested in a quantum analogue of the following theorem.

Theorem 4 (Darmois-Skitovich). Let X1, ..., X, (n > 2) be independent random variables and ay, . .., an,b1,...,b, €
R\{0}. If the two linear forms

Y, = Z a; X; and Y= Z b; X; are independent, (12)

then X; is normally distributed.

Different proofs and the history of the classical DS theorem can be found in p. 78 in Ref. 10 and in Ref. 11. Our setup
for the quantum version is the following. We consider two n—mode quantum states pi, p2 € B(H) with respective
canonical operators

Rl = (Qlapla"'aQnaPn)
RQ = (Qn+1ypn+1v-~~aQ2n7P2n)

and write R = (R, Rz). We assume that p; and p, are independent so that their state in B(H ® H) is a product
state p; ® po. We refer to p; and ps2 as input states.

(13)

The action of producing linear forms of random variables can be mimiced by (Gaussian) unitary evolutions Ug.
These unitary evolutions are generated by Hamiltonians that are quadratic expressions in the canonical operators.
Moreover[8], the unitary evolution Ug € B(H ® H) is associated with a symplectic transformation S € Sp(4n,R). In
other words, the linear trasformation

R— SR S € Sp(4n,R), (14)

corresponds to a unitary evolution p — UgspU3.

In order to obtain an analogue of Eq. (12), we classify the set of unitaries Us which produce a bipartite independent
output, i.e. such that

Us(p1 @ p2)U§ = pa @ py, (15)

where pq, pp € B(H) are n—mode quantum states. This is equivalent to classifying the respective set of symplectic
transformation for which Eq. (15) holds. If we are to expect that Ug preserves independence, the transformation
S should at least preserve uncorrelated inputs (a generally weaker condition than independence which only deals
with the second moments). Furthermore, acting locally on each state or swapping them are trivial operations which
preserve independence for arbitrary states. So we need to consider other operations in order to obtain a meaningful
statement for the quantum DS theorem. The following two lemmas show in fact that there is only one non-trivial
symplectic transformation for our setup.



Lemma 5. Let S € Sp(4n,R) be such that

F 0 * O n n
S<01 F2> ST = (o *) for all CM Ty, T, € R,

Here x,- denote any CM € R?"*2" Then S is either of the form (61 g) or (g ?) with A, B,C, D € Sp(2n,R).

If we consider identical inputs we obtain:

Lemma 6. Let S € Sp(4n,R) be such that

ro -0 nx2n
S(O F) ST = <0 *> for all CM T € R*™¥%, (16)

Here *,- denote any CM € R*™*2" Then
S — X 0 1 ]1271 o ]1271
“\0 Y \/1“’7 —aly, Iz, )’
. 0 X 1 ]]-271 - ]l2n
Y 0 VI+42\Y Lo  Lop )7
where X,Y € Sp(2n,R) and a,y € RU {£o0}.

Thus the only non-trivial linear transformation in Eq. (14) is of the form of Eq. (17). We discard the trivial operations
and set a = tanf in Eq. (17)

[ cosf1ly, —sinfly,
= \sinf1,, cosfly,

>, 0#mm/2, m=0,1,2,..., (18)

which is the symplectic transformation associated to a (n—mode) beam splitter operation. We refer to the latter
operation as a non-trivial beam splitter transformation.

Although for every covariance matrix I, Sp(I" & I')S] = (I' & I'), it turns out from the DS theorem that there does
not exist a non-Gaussian state p such that Us, (p ® p)US, = p ® p. See figure 1.

Theorem 7 (QUANTUM DARMOIS-SKITOVICH). Let Ug be the unitary operation corresponding to a non-trivial beam
splitter Eq. 18. Consider the state pqp = Us(p1 @ p2)US obtained after the unitary evolution of an arbitrary product
state. If the output state is a product state pqp, = pg @ pp, then p1 and ps are Gaussian bosonic states with the same
CM but not necessarily same displacement vector.

Due to the 1-1 correspondence between quantum states and their characteristic function we have the following
consequence.

Corollary 8. Let x1 and x2 be the characteristic function of the quantum states p1 and ps respectively, which have
finite second moments. If for a fizred 0 # mw/2, m = 0,1,2,... the characteristic functions satisfy the functional
equation

X1 (cos 01 + sin 0€s) x2(cos 02 — sin 6€1) = x1(cos 01)x1(sin 082) x2(cos 082) x2(— sin ¢y ), (19)

for all &1,&5 € R?™, then py and py are Gaussian bosonic states with the same CM but not necessarily same displace-
ment vector.

An immediate proof of the quantum DS theorem can be obtained from its corresponding classical result and corollary
2. We recall that the latter corollary tells us that we always obtain a positive Wigner function (a classical probability
distribution) from the quantum characteristic function whenever we move through a fixed direction in phase space.

Proof Theorem 7. Using Eq. (8) the evolution of the input states can be expressed in terms of characteristic functions
as Eq. (19). We fixed the direction & = & = £ and parametrize & = t€, & = s€ with t,s € R. Moreover, we
introduce the classical characteristic functions x;(u) := x;(u),j = 1,2 with u € R so that Eq. (19) reads

X1(cos 0t + sin 0s)x2(cos Os — sin Ot) = x1(cos Ot)x1(sin s)x2(cos Os)x2(— sin Ot).



This last equation is the functional version of the classical DS theorem (c.f. Eq. 8.7 of section XV.9 in Ref. 10). From
this classical result it follows that x; and x» are one dimensional Gaussian characteristic functions with the same
variance. We can compute the moments by taking derivates of the characteristic function to obtain that

2
X(t) = expl="L (€ 1) ite ] j=1,2

The result follows with ¢t = 1. O

B. Stability

In the last section we presented an exact version of the DS theorem which brings naturally an operational charac-
terization of Gaussian bosonic states. There, exact factorizability of the output state is assumed. In practice, it is
impossible to assure such thesis since there are always errors in the measurements and therefore the validity of the
result is not completely clear in real life. Moreover, any practical application can immediately be ruled out if the
conclusion is not robust against small changes in the defined conditions.

We are interested in finding to which extent the results of theorem 7 are affected if the main assumption is not exact
but approximately satisfied. It is not always the case that characterizations of the normal distribution are generally
stable. Cramer’s characterization of the normal distribution states that if the sum X 4+ Y of two random independent
random variables X and Y has a normal distribution, then necessarily both X and Y are normal. It turns out that
the classical theorem of Cramer is only stable in a weak sense and that it fails to be robust for stronger notions of
distance such as the entropic distance or the total variation norm [12].

Before specifying the conditions of the stability of the quantum DS theorem, we briefly comment on the respective
classical stability problem [13]. The stability of the classical DS theorem is due to Yu. R. Gabovich [17]. In his
work, the word “approximately” is quantified in terms of the closeness of the cumulative distribution functions of the
random variables. It is shown (Theorem 3 in Ref. 17) that for approximate independency the considered classical
probability distributions are c(loglog(1/¢))~'/8-close to a normal distribution in the Levy metric. In Gabovich’s
estimate there is no explicit value of the constant ¢ and therefore it is not known how it depends on the coefficients
of the linear forms, neither on the number of random variables involved. We adress this in our stability proof as it
contains relevant information of the physical problem such as where instability could raise.

At the level of density operators it was proven [18] that weak operator topology is equivalent to trace-norm topology.
Therefore Gabovich result and corollary 2 should imply at least in a qualitative manner that the quantum DS theorem
is stable. However, we can obtain a better concrete estimate of the stability of the DS theorem by considering not
just the marginals and the classical result, but rather using the entire phase space and the natural restrictions on the
quantum characteristic functions. Namely, due to Heisenberg’s uncertainty principle there cannot be characteristic
functions which are highly concentrated in some regions of phase space. In particular there are no quantum char-
acteristic functions with compact support [20]. This naturally rules out the construction of ill-behaved distributions
that can appear in the classical case. With no more preambules, we give a precise statement of our result.

We say that a quantum state p,p is an e—approzimate product state if there is a product state p, ® pp such that

Pab = pa @ pyll; <e, (20)

Suppose that two independent states evolve according to the action of a beam splitter, but this time the output state
is an e—approximate product state (see Fig. 2). The following theorem describes the robustness of the quantum DS
theorem.



Theorem 9 (Stability DS). Let Ug be the unitary operation corresponding to a non-trivial beam splitter characterized
in Eq. (18) and p1, p2 density operators of two n-mode systems with finite moments of all orders and whose CMs are
It and Iy. Consider the output state pap = Us(p1 ® p2)U% and define by py, p Gaussian bosonic states that have the
same CMs and displacement vectors as p1,pa. If for sufficiently small e € (0,1) the output state pqp is e-close to a
product state in trace norm, then

C2

Pl <P 2 =12 21
los = Pill, < e j (21)
11y = T, < e3e™?, (22)

where the constants c1,co and cg (which are made explicit in the proof) depend on the transmitivity 6 of the beam-
splitter, the number of modes n and the second and fourth absolute moments of the output state pqp.

Note that under the conditions of theorem 9, the bound of Eq. (21) also applies to the distance between the Wigner
functions of p and p’. Furthermore, the stability result could in principle be extended to a larger set of quantum
states since Schwartz operators are dense in the set of trace class operators (see Lemma 2.5 in [4]).

P1

P2

pout = Us, (p1 ® p2)US,

lpout — pa @ poll1 < €

FIG. 2. Stability of the Darmois-Skitovich theorem. In this case we consider the output state to be an e—approximate product
state.

Schwartz operators

We begin this section by reviewing some important facts about Schwartz operators which are the non-commutative
analogue of Schwartz functions. The latter are infinite differentiable functions whose derivatives decay faster than any
polynomial at infinity. The introduction of Schwartz operators allows us to handle differentiability and boundness
problems in an elegant manner and it is for this reason that they play an important technical role in this paper. This
class of operators was first introduced in Ref. 4, and the reader may find there a detailed exposition.

In our proof of the stability of the DS theorem, we deal with terms of the form Tr[Ry R;pRsR,| which are a priori not
necessarily well-defined on any dense domain of p; it may happen that p maps outside the domain of R;. This is a
common issue among others when dealing with unbounded operators (see Section 17.2.1 in [19] for some missleading
formal manipulations with unbounded operators). There is an immense advantage when working with Schwartz
operators since many regular properties for bounded operators become available for unbounded ones (e.g. “cycling
under the trace” property holds). Indeed, Theorem 13 below plays a decisive role in the calculation of the constants
appearing in our proof of the stability of DS theorem.

Definition 10 (Schwartz Operators). An operator T € B(H) is called a Schwartz operator if

HPO(Q/’)TPO‘/Q[S/H1 < 00 for all a, o, 8, 8" € I,



where I, := {a = (aq,...,an)|a; € NU{0} for all i =1,...,n} is the set of multi-indices, and
Q= Q@ PP (23)

The set of all Schwartz operators will be denoted by S(H).

So for Schwartz-density operators all the statistical moments in () and P exist and are finite. We denote by
S (H) :={p € S(H) | pis a density operator }

the space of density operators which are also Schwartz operators. For p € .(H) we have the following neat charac-
terization

Proposition 11. Let T be a Hilbert-Schmidt operator. Then T is a Schwartz operator if and only if the respective
Weyl transform is a Schwartz function.

Corollary 12. A density operator p is a Schwartz operator if and only if its characteristic function x, or Wigner
function W, is a Schwartz function. Moreover, the partial trace of a Schwartz-density operator is a Schwartz operator.

The following Theorem contains the basic properties of Schwartz operators that we use.
Theorem 13. Let H = L*(R*") and T € B(H). Then

(i) Let f be a polynomial function on the entries of the vector R = (Q1, P1,...,Qn, Pp) and {W¢} a Weyl system.
If T € 6(H), then Tr[f(R)T) = Te[Tf(R)]. Moreover, f(R)T € &(H) and Tr[Wef(R)T| = Tr[f(R)TW¢] =
Te{TWe f(R)).

(ii) If T € &(H), then T is trace-class.

(iii) If T € &(H), then |T| € S(H).

(i) If 0 < T € &(H), then VT € G(H).
(v) If T € &(H) then T* € S(H).

For Schwartz-density operators we can write explicit formulas for the gradient and Hessian of the characteristic
function in terms of a trace: Consider {&;}7", any basis in R®", then the gradient of x(¢), denoted by Vx(¢), is
defined by the entries

0 d
% = aX(f + t&k)

The following Lemma generalizes Lemmas 5.4.2 and 5.4.3 in [5].

t=0

Lemma 14 (Gradient of the Weyl Operator). Let T' be a Schwartz operator and V, :=n-V. Then the following
tdentities hold

g 1(6) = (3606~ ) xr(© (24)
o (O = (3606 — i ) r(®) (29)
(Vaxr)(€) = § Tr({We, Ry}T) = £ Te(We( Ry, T)) (26)
(€ 0€)xr(€) = Te(We, RyT) = Te(We[R,, T) (27)

Proof of lemma 14. First note that Eq. (26) and Eq. (27) follow from adding and substracting Eq. (24) and Eq. (25)
together with Theorem 13(z). We show first that

d

—(Tr W, T =iTrR,T. 28
dt( tn ) =0 yl ( )
Since T is trace-class (Theorem 13(ii)) we can decompose T = T3 4 iTy with Ty, T» self-adjoint trace-class operators.
Moreover, we can write T7,7T» as a finite linear combination of positive, trace-class operators and thus from the
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linearity of the trace we can assume without loss of generality that T is a positive, trace-class operator. From the
spectral decomposition R, = [zdE(z) and the functional calculus we obtain

Wiy — 1 e 1
‘Tr<t".Rn>T’—‘/(e : x)TrdE(x)T’,
it it
/eitml
<

it
e =1 .I" < 2|z|, the Cauchy-Schwarz inequality and Theorem 13(iv)

Hence from the dominated convergence theorem we proved what is required. Now we proceed to prove Eq. (24). From
Theorem 13(i,4i) we have that R, T is trace-class and therefore the Weyl transform exists. Moreover, xg,, 7(§) is
Schwartz, hence continuous, as it is the Weyl transform of a Schwartz operator (Proposition 11). So we just need to
verify the relation of Eq. (24) as Eq. (25) is similar. This follows directly from Eq. (28) and (5)

— X

TrdE(x)T.

Using

ezt:L' —1

— X

TrdE(x)T < 2Tr|R,|T,

<2 HRiﬁHQ HﬁHQ < 0.

d
Xre, T(§) = —i T W£Wt§kT‘t:0»

= —i% (e e/ (e + t&c))’

=0
O

We remark that since T is Schwartz, higher order derivatives of xr(£) can be written explicitely by using theorem
13(¢) and Eq. (26). For instance, the Hessian of x,(£) where p € #(#H) has entries given by

*x(6) _
080

In particular, if the state p has covariance matrix I" and displacement vector d

— L TWel Ry {Re,, 1. (29)

Vx(0) = iod and (Hessian x)(0) = —o <§ + ddT> ol (30)

III. PROOFS

A. Proof of lemma 5
. A B .. o .
We write S = C D and express the condition of the vanishing off-diagonal terms

ANGCT + BIyD =0 forall Ih,Ih>io. (31)

If we fix A, B, C, and D all different from zero such that Eq.(31) is satisfied, we can always find I} and I such that
for these choice of submatrices AITCT + BIbDT # 0. Then each summand in Eq.(31) must be zero. For instance if
ANCT = —BILDT take now I} — 21 then A(211)CT + BILDT = AICT = 0.

W.lo.g let us consider AI3CT = 0, the other case will be analogous. We take the singular value decomposition of
A=UDV and C = WXZ where U, V, W, Z are unitaries. From here we choose I'1 = V"' PZ~7 where P is a positive
definite matrix (recall that the sigma positive condition Iy > io can be always obtained from rescaling a positive
matrix). Then AITCT = UDPYWT # 0 everytime we choose the proper I'1. Consequently A = 0, C' = 0 or both.
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Likewise for B and D.
The only matrices that fulfill the symplectic conditions are

(5 5)-(c o) @

provided A, B,C and D are symplectic.

B. Proof of lemma 6

First, it should be noted that the given assumptions immediately imply S <l(; ?) ST = (0

continuity for all I" > 0 and consequently for all I" = I'". The latter is due to the fact that every symmetric matrix
can be decomposed in a semi-definite positive and negative part.

From Lemma 16 we know which is the block structure of S. We consider the case where A, B, C' and D are invertible,
the other cases will be contained here as we will see. Using part (ii) of Lemma 16 we have

2) for all I' > 0 and by

AC=-B®D. (33)

We multiply Eq. (33) by (A= ® 1) from the left and take the trace in the first component, likewise we multiply Eq.
(33) by (1 ®D~!) and take the trace in the second component to obtain

~TrA'B
C=aD where a:=——€R, (34)
2n
and
_ ~1
B =pA where f:= %C eR. (35)
n

From equation Eq. (33) we obtain that & = —f and that
A aA
§= (aD D ) ’

Moreover, the symplectic constraints on S give us that A, D € ﬁSp(Qn,R). We write A = \/#X and

D= ﬁ}/ with X,Y € Sp(2n,R) to obtain Eq. (17). Finally for o # 0 we define v = é and obtain the remaining

equation. The case v = 0 is covered by a — £oo and it gives the swap operation. Clearly @ = 0 gives the local
transformation.

C. Proof of the stability of DS theorem 9

The proof involves a series of steps. We first use Parseval’s theorem to express the distance of the quantum states
in terms of the Ly—distance of their respective characteristic functions. Next, we show that there is a ball ‘B,
around the origin of phase space where the characteristic functions do not vanish. The radius of this ball scales
inversely proportional to the largest variance of the input states and proportional to log(1/¢). Thus the smaller
the error parameter € the bigger this region is. We then proceed to bound the distance separately on 3, and its
complement BE. For the latter region, we exploit the relation between the tails of a distribution and the finiteness of
its moments. Inside 9B,., the problem is equivalent to the stability of the Gaussian functional Eq. (19) with restricted
convex domain. For that matter, the stability of the Gaussian functional equation is reduced to the stability of the
fundamental functional equation, namely the Cauchy functional equation.

We may assumed without lost of generality that the input states (and therefore the output states) are centered. This
is justified by the fact that the trace and HS norms are unitarily invariant and the operation of “Gaussification” (the
operation on bosonic quantum states which produces Gaussian states with the same first and second moments of the
input state) commutes with the displacement operation p — WypWj.
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We denote by Xab, Xo and xp the characteristic functions of pgp, po and pp, respectively. From Lemma 17, we have
lgll; < 3e. Let m1,m2 € R*™ and Ry, Ry be vectors of canonical operators as in Eq. (13). We write

G(n1,m2) = Tr[e"™ 7 @ 27 2 g] = x4 (1, m2) — Xa (1) Xb(n2)- (36)

Now, using the covariant property of Gaussian unitary operations Eq. (8)

X/)ab(g) = Xp1®pa2 (ng),

and the fact that G(n;,0) = G(0,72) = 0, we write for all 1,7, € R*" the dynamical process in terms of characteristic
functions as

X1(cos 01 + sin Onz)x2(cos One — sinOn1) = x1(cos On1)x1(sin 0n2) x2(cos Onz) x2(— sin 1) + G(n1,m2). (37)

This last equation resembles the ideal functional equation Eq. (19) plus a new remainder term G(n1,72). From
Holder’s inequality and the definition of G we note that |G| < 3e.

We state the following lemma with proof in section IIID.

Lemma 15. Let x1 and x2 be two characteristic functions with respective density operators p1, ps and covariance
matrices I'1, I'y. Define for any 0 ¢ {75}

G(n1,m2) := x1(cos n1)x1(sin Ong) x2(cos 012) x2(— sin On1) — x1(cos Oy + sin Onz) x2(cos One — sinbn;y).

Assume |G(m,m2)| < 3e for all n1,n2 € R?™, let X :
and py and define

2 max{[|I1|, |2} be the largest variance of the states py

1l 1
X Ong'

(38)
Then for n € B, := {& | |[€]l, < 7}
Ixs(n)| > 12¢/12 i=1,2. (39)

The choice of exponent 1/12 for ¢ in Eq. (38) will become clear in the estimates done in section V.

We divide phase space in two separating regions. One where the characteristic functions do not vanish, namely inside
the ball 9B, = {§ | H§||§ < r2}7 and its complement which we denote by B¢. So that with the help of Parseval’s

theorem, we express the distance between the two states as

@m)" o1 = Aills = [Ixi — @3
- / I (€) — B(0) de + / ha(6) — B(6)? de. (40)
£€B, 0 £€Be

We compute the bound for B, /, and B¢ /2 separately.

Bound on the region where the characteristic function might vanish

We use |21 — 22|% < (|21|% + |22]?)/2 for 21, 25 € C to express the bound as

[ @-v©Pae<y [ aePasy [e@pe (an)
€EBE £€BL €€BL



13

For the first term of the RHS of Eq. (41) we use that 1 <2|[¢]|, /r for § € B7 , so that

[ a@pra< s [ eBa©Pe (12)

§eBT , £ER?™

Let us denote by W(n) the Wigner function of |x1(£)|? (the product of two characteristic functions is a characteristic
function),

W) = g [ P (43)

fER2"

It can be easily verified by direct computation, that the characteristic function |x1(£)]? is centered and has CM 277.
Moreover, we have

2n 2
[ el @ pde = e Y- 4408 (44)
£€R2n = o

where 1y, are the components of the vector 7 in an arbitrary but fixed basis.
We use now the representation of the Wigner function in terms of the expectation values of the parity operator[24] P

W) = - THpW, PV, (15)

where p is the density operator corresponding to the characteristic function | (¢)|2. The operator p is clearly Schwartz
as its characteristic function is a Schwartz function (corollary 12). The parity operator P is the n-fold tensor product
of the parity operators for a single degree of freedom and is the unitary operator that satisfies

PWeP* =Wy,
PRiP* = —Ry,
P=P =Pl
Using Eq. (45) and Eq. (26) we compute
9*°W(0) 2
=—-——"T" R,,R . 46
877k677l an I'[Pp{ Mo = Nk }] ( )

Thus from Eq. (42), (44) and Eq. (46) we find that

on+4 2n
X1()Pde < =5 > Tr[PpR;]. (47)
geBe ), k=1

Hence, we just need to bound the terms Tr[PpR2]. In order to do this, we notice that Pp = pP. Indeed,

1 2 _ 1! 2
PPZPW/‘X@” W_gd€ = W/‘X(gﬂ WedS P,
1 2 —
= W/\X(f” W_gdg P = pP.

Moreover, from the spectral decomposition of p we have P,/p = \/p P. Accordingly,
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Te[PpRE) = Tr[PyAR: V7,
< [veREVoll, .
= Tr[pRy].

Here we have used the Cauchy-Schwarz inequality and the cyclicity of the trace that comes from the properties of the
Schwartz operator p; see Theorem 13 (4), (i%), (iv).

In summary, we have the following bound for the tails of our characteristic function

2n+4
a(©PPde < =5 T [,
¢emde ,
= (22 Tr ) —.

log -

Since ®(£) has the same CM as x(§) we can use the same bound to obtain

1 192\ Tr Iy 1
—®(9)|%de < ,
o | - wope s (FEER)
cese ),
2
< ot (48)
logg

where

[3ATr I,
Co 1= 8 #, (49)

and [, is the CM of the output state p,p. Note that since the BS is a passive transformation, the trace of the input
CM, I} & I, is the same as the trace of the output CM [,;. Thus it is clear that Tr I < Tr Iyy.

Bound inside the region where x does not vanish:

We proceed to compute the bound for the first term of the RHS of Eq. (40) following the ideas of Ref. 15-17. For that
matter, let 7,7, € R*™ with 15l < 7/2 so that cos @y + sin 6z, cos Oy — sinfn; € B,.. Let us take the logarithm
(principal branch) on both sides of Eq. (37). We write

Uy (cos Oy +sin n9) + Vo (cos Ony —sin Oy ) = Wy (cos On1) + Wy (sin Ong) +Wa(cos On2) + Vo (—sin 6n1) +Q(n1,m2), (50)

where ¥;(n) := —logx;(n) for j =1,2 and

(51)

Q(m,m2) := —log <1 + G(n1,7m2) ) .

x1(cos 01 ) x1(sin 0n2) x2(cos Onz ) x2(— sin 61y )
Since pj,j = 1,2 is Schwartz, we can define continuous vector-valued functions ¢;(§) : B, /2 — C?" by
¢ (&) = V¥;(&).

Note that ¢;(§),5 = 1,2, are in fact conservative vector fields and that ¢;(0) = 0 as p; is centered. The gradient of
¢; is the Hessian of x; (see Lemma 14) and 2V¢;(0) = oo for j = 1,2.

Inhomogeneous Cauchy Functional Equation

Next, we want to obtain a functional equation only depending on 1 or x2. In order to do so, we differentiate Eq. (50)
in the direction of n; to find

cos 01 (cos Ony + sin Onz) — sin Opa(cos Oy — sin Oy ) = cos Odq (cos On1) — sin Odo(— sin0n1) + Q1 (n1,m2), (52)
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dQ(n1+tn1,m2)
dt

where Q1(n1,m2) == . We evaluate in Eq. (52) n1 =0 to get

t=0
cos O¢y (sin On2) — sin O¢pa(cos On2) = Q1(0,12), (53)

In a similar fashion we differentiate Eq. (50) in the direction of 72 and set to zero to obtain

sin 0y (cos Oy + sin O1) + cos o (cos Oy — sin 1) = sin O¢py (sin Or) + cos 0o (cos On2) + Q2 (11, 12), (54)
sin ¢ (cos 0m1) 4 cos pa(— sin 1) = Q2(n1,0), 55)
where Q2(n1,732) 1= W

t=0

Now we will be able to decouple ¢1 and ¢5. First, we substract Eq. (53) from Eq. (52) and Eq. (55) from Eq. (54) to
obtain

[p1(cos Ony + sinOn2) — ¢1(cos On1) — 1 (sin bn2)] = tan O[da(cos Ong — sin Ony) — Pa(cos On2) — d2(— sin 1))
n Q1(n1,7m2) — Q1(0,m2) (56)

cosf ’

[p2(cosOne — sindny) — ¢a2(cos Onz) — Ppa(—sinbnr )] = — tan O[p1(cos O + sin Onz) — ¢p1(cosOn1) — ¢1(sin Ons)]

Q2(n1,m2) — Q2(m1,0) (57)
+ .
cos @

Thus from Eq. (56) and (57) we find the following inhomogeneous Cauchy equations

[¢1(cos On1 + sinOna) — ¢1(cos On1) — ¢1(sin On2)] = sin 0[Q2(n1,12) — Q2(m1,0)]

T cos 0[Qu (. m2) — Q1(0,7m2)], (58)

[¢2(cos Oz — sin 1) — P2(cos Bnz) — 2(—sin by )] = sin 6[Q1(n1,m2) — Q1(0, n2)]
+ cos 0]Q2(n1,m2) — Q2(n1,0)].

Bound on B, /3

Now that ¢; and ¢o are decoupled, we continue only with ¢; as with ¢o is analogous and the same upper bound is
obtained. We recall that the derivative of a vector with respect to a vector can be represented as a matrix. Thus
when we differentiate Eq. (58) in the direction of 7 and evaluate at 72 = 0, we obtain the following matrix-valued
equation

olo”  Q12(0,0) Q12(m)
Vi (cos ) — 5 g Q22(m) + om0 (60)
Here Q12(m,0) : R?™ — C2"*2 and Qa9 (m,0) : R2™ — C27%2n are defined as
D*Q(my + tnr, sm2) Q(n1, sm2 + tne)
= = . 61
le(nla 0) asat s—t—0 and Q22 (771) asat s—t—0 ( )

Accordingly, we integrate the previous equation twice from zero to 7, |||, <r/2. We obtain for £ € B, /5

a© =enl-e (- L)e-r () (62)

cos
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with

Voo @100 o(TrgR RY)o™
' tan 6 tan 6 ’

o Quim , ).
F(§) = 00529/6(5) </C(n) <Q22(771) T ano > dm) dn,

where C(€),C(n) are curves in phase space connecting the origin with the vectors ¢ and n. Moreover, these last terms
can be upper bounded by (see Appendix on section V)

V24n2k
Vly < (tanH) Ve, (63)
§ : ”2“‘”5”4 2/3
‘F <0059> = <2tan202)6 ’ (64)

where the largest absolute fourth moment of pg; is defined as

1= max { s BERS, | 10, = lInlly = 1} (65)

At this point we can show that the CM of p; and py are e—close. From differentiating Eq. (53) with respect to 79
and evaluating at zero, we get the relation between the CMs of p; and ps,

2

In—1I1,=—F—V.
! 27 cos20

Hence, from Eq. (63)

\/384n2f$> /i (66)

I =L, < | ———
17 2ll> < ( | sin 26|

Now we can proceed to show that for £ € B, /5, the characteristic function of the state p; is e—close to the Gaussian
characteristic function ® = exp[—¢ - [1£/4].

We use Eq. (62), |e” — 1| < |z|max {1, eRel1} and |y (€)[? = |@(&)[?eSVE-2ReF(E/cosO] 46 write the bound as

/ 1 (€) — B(€)2de = / |D(6)[2 explé - VE/2 — F(€/ cos0)] — 1] de

§€% /2 geB, /s
Vv 2
< / Ix1(6)? %*F(E/cosﬁ) de,
£EB, /2
VElR
= % / Ix1 (&) <|£4£| +|F(¢/ c0s9)2) de¢
£€B, /o
An2ee2/3
£EDB, /o

Here in the second inequality we have used again |21 — 22|? < (|21]? + |22[%)/2 for 21,22 € C and in the last inequality
Eq. (63) and Eq. (64). We show now that

.
(2m)"

[ P e < =2

£EB, /2

(68)

512n2%k [ 1+ 3sin26
costd '
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We used again the Wigner representation, Eq.(43), of the characteristic function |x;(£)|? in order to compute the
bound of Eq. (68)

1 1
gy | ba@P el < o [ ©F lelas
£€€B, s 56R2"
%HEZ JGREE
RI=1 ¢ Con
_o'W(0)
oot
Using Lemma 14 with the help of the CCR gives

2n 8 2n

> — 3 TpP{RE RPY.

k=1 8775 m k=1

Here p is again the density operator corresponding to the characteristic function |x(£)|?. We use again that Pp = pP
(see subsection III C) and Hoélder’s inequality to bound

2n 2n

2 S PR R < 5 Y (IVARRV, + IVAREREVAL)-

=
k,l=1 k=1

Now using Cauchy-Schwarz inequality and the cyclicity properties for Schwartz operators we find

8 2n
— > TlpP{R;, R?Y]

k=1

IN

16 2n 2
n(E}ﬁp%ﬂ”),
™

k=1
2
<= 32n ZTr pRY. (69)

Since we want to specify all the constants in terms of the moments of the output state p,, we need to do the following
computations. Using the explicit form of the BS transformation Eq. (18) and the derivatives of x1(€), we obtain after
a tedious, but straightforward calculation

2n 2n 2n 2n
cos* 0 Z Tr p1 Ry, + sin* 6 Z Tr po Ry, — 6sin? 0 cos? 0 Z Tr p1 R?, Tr poR3;, = Z Tr pay Ry,
k=1 k=1 k=1 k=1

which together with the positivity of the fourth moments implies

2n 2n 2n

1
E Trpy R < 6tan? @ E Tr p1 R, Trp2R2k+ = E Tr pap R (70)
k=1 k=1

Moreover, the relation between the fourth moments of the symmetrized state p and p; is given by

TrpRp =2Trpi Ry +6(Trp R, k=1,...,2n. (71)

Combining Egs. (70) and (71) and using (Tr p; R7)? < Tr p1 R{ < k we obtain

2n .
1+ 3sin26
E Tr pRi < 16nk (—’—im> ,
— cost 0
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and Eq. (69) gives the claimed bound in Eq. (68). Hence, inserting Eq. (68) in Eq. (67) we obtain the bound for the
non-vanishing region B, /5

1
G | @ -e©P < den (72)
£€B,. /o
where
2 (1+3sin20\ ,
=324/ — | —————— .
a=3 \/71'" ( sin 26 >n " (73)

The result of the theorem follows from Eq. (48), (72) and the elementary inequality for non-negative scalars x1, 2,

VT + 2o S VT + /T2

D. Auxiliary Lemmas

Lemma 16. Let S € GL(4n,R) such that

S (g ]q> ST = (O 2) is 2n x 2n block diagonal for all symmetric I' € R?™"*2", (74)

Then it follows that:
(i) S is either of the form

(a) § = <61 g) or § = (g g)
ws=(& 1)

with A, B,C and D € R2™*2" jnuyertible.

(ii)

S X0 ST = 0 is 2n x 2n block diagonal for all X € R*™*2", (75)
0 X 0 *
A B\ . nxn ;
Proof of Lemma 16. We decompose S = cD into blocks A, B,C and D € R and observe that equation (74)

is equivalent to
Arct + BrpT =0 forall ' =17, (76)
Using tensor notation this equation can be written[25] as

(A C+B®D)|I'=0 for all |I') € R*" @ R*" symmetric.
<= (A®C+B®D)P,|X)=0 forall |X)ecR" @R
— (A C+ B®D)P, =0.

— P, (AT ®C" + BT @ DT) =0, (77)

where P, denotes the projector onto the symmetric subspace of R*" @ R*". We make the following remark that will
be used frequently during this proof: the symmetrization or symmetric component of a non-zero product state does
not vanish. Suppose it does, then P, (Jv) ® |w)) = 0 and |v) ® |w) + |w) ® |[v) = 0. Performing the scalar product with

(v] ® (w] leads to |[v]|* ||w||® + |(v|w)|? = 0 which is only zero if and only if [v) = |w) = 0.
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On (i): We now prove the first part of the Lemma by considering the two cases:

(a) One of the submatrices A,B,C or D is zero: we only treat the case A = 0, the others are similar. Then
AT @ CT =0 and BT is invertible (otherwise S would not have full rank). Since any non-zero product BXv @ DTw
(for some v, w € R?") would contain a non-vanishing symmetric component, equation (77) implies that DT = 0.

(b) We prove by contradiction that in this case the four submatrices are invertible. For instance, assume that A is
not invertible. Then there exists a vector 0 # |a) € KerA”. We choose |e) ¢ KerDT (recall that D # 0) and with
(77) we then find

0= P, (A" @ CT + B" ® D")|a) @ |e) = Po(B” |a) ® D" e)). (78)

By the same argument as in (a) we now conclude |a) € KerBT. Moreover,

()-8 )0

The latter is in contradiction to the invertibility of S (if S is an invertible matrix then the kernel is trivial), hence A
—and due to analogous reasoning— B, C' and D are invertible.

On (ii): We now proof the second part of the Lemma, Eq. (75), by showing that the equivalent expression AXCT +
BXDT =0 for all X € R?"*2" ig true.

This is trivially satisfied if S is given in form of case (i,a). Therefore we are left with the case (i,b) where in particular
B and C are invertible. W.l.o.g. we choose B = C' = 1 (this can be done by redefining A — A~™'B and D — D~1C
in (76)) and equation (77) reads

P (AT ®1+12DT) =0. (79)

We now show in three steps that A7 ® 1+ 1®DT = 0, which then concludes the proof. First we show that there
exists A € C such that Spec(AT) = {A} and Spec(DT) = {—\}. To this purpose we choose eigenvectors |e) of AT
and |f) of and DT with eigenvalues A and w respectively. Then

0=P (AT @1+1@D")|e) @ |f) = A +w)P(le) @ |f)).

Again, since the symmetrization of a non-zero product state is different from zero, we find A = —w. Note that this
holds for arbitrary eigenvalues A of AT and w of DT

Second, using the Jordan normal form decomposition, we decompose AT (and DT') into a diagonalizable A 1 and nilpo-
tent part N4(Np) and observe that (AT ® 1+ 1®DT) = AM1®@1+Na®1)+1®(-A1+Np) = (Na®1+1®Np).
Finally, equation (79) reads

Py (Na®1+1®Np) =0, (80)

and we can conclude the proof by deriving that this implies (N4 ® 1 +1®Np) = 0. This is the third step.

Assume Ny ® 1+ 1®Np # 0. Using the symmetry argument about non-zero product states we find N4 # 0 and
Np # 0. Let s be such that N§ = 0 and Nj‘l # 0. Then we multiply (80) from the right by Nfl_l ® 1 to get
P+(Nj_1 ® Np) = 0. But this, in turn, implies Nj_l ® Np = 0 and leads to a contradiction. Therefore

(NA®@1+1®Np)=0. (81)
O

Lemma 17. Let p12 be a density operator of a bipartite system with reduced states py and ps. If p1 @ pa describe an
arbitrary product state and ||p12 — p1 @ p2ll; < €, then ||p12 — p1 @ pal|; < 3e.

Proof. Using the triangle inequality twice, we find
P12 = p1 @ p2lly < llp12 — A1 @ p2lly + /1 ® p2 — p1 @ p2ly

Se+ o1 @ p2 —p1@p2lly + 101 @ p2 — p1 @ pa2ll;
=e+ 2= p2lly + llor — pull; -
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Exploiting that [|X||; = supyy <1 Tr[Y X] we can bound

lpr —pill; = sup  Tr[(Y ® 1)(p1 ® p2 — p12))s
Y:|Y]<1

< sup  Tr[Y (51 ® pa — p12)],
e

1 ® p2 — pr2ll; <€

and similar for the other term. O

Proof of Lemma (15). We follow the proof idea of Lemma 1 from Ref. 17. W.lo.g assume 0 < 6 < 7/4 and set
ne = tanfny,m = £ in Eq. (37). In case § > m/4, set 71 = 12/ tan6 in Eq. (37) and proceed likewise. Then Eq. (37)
becomes

X1 ((1 + tan? 9) cos 95) = x1 (cos 0&) x1(sin @ tan 6€) x2(cos O tan 0E) x2(— sin 6€) + G (€, tan 0E),

for all £ € R*™. Replace & — (£/ cos ) in the previous equation to obtain

x1 ((1+tan®0) ) = x1 (€) x1 (tan® 6¢) [ x2(tan 6¢)* + G < 3 tan@f) .

cosf’ cosf
Since ||G|| < 3¢, we have for all ¢ € R*™:

X1 ((1+tan®6) €)| > |x1(&)]xa (tan® 06)[|x2 (tan 6€)|* — 3e.

Similarly, for 0 < § < w/4 and 1, = — tan Ona, N2 = £ we arrive to
[x2 ((1+ tan®6) €)| > [x2(&)[|x2(tan® 66)[|x1 (tan ) |* — 3e.

With (&) := min; miny, <¢) [x;(n)] we obtain v ((1 + tan? 9) f) > ~%(€) — 3e. Replacing & by (1 + tan? H)kf with
k € N in the previous equation gives

v ((1 + tan? 6’)k+1 f) >yt ((1 + tan? H)k f) —3e for all € € R*™ k € N. (82)

It is a fact that for any classical characteristic function ¢(t) with variance A the following inequality holds (see for
instance Ref. 21, p. 89)

B()] > 1~ S22 (83)

Let us fix £ in the direction of phase space in which we obtain the largest variance A of p; and p; and consider the
region where ||¢]|, < \/; Then from Eq. (83) for €], < \/g we have |x(§)| > 1/2.
Using Eq. (82) and the inequality (1 —a)™ > 1 — na,Vn € N,Va € [0, 1], we can show by induction that

4k‘,
1 1
7((1+tan26’)k+1§> > (2> —4e for ke N, ||€]l, < \/:
Moreover, for € < 1 we clearly have
1\ 1
~ ((1 1 tan? 0)k+1 5) > <2> L ge1/12 for k € N, [|€]|, < \/: (84)
Finally, we take ko such that 2k = | /log, ﬁ, to obtain with the help of Eq. (84)
1 ko1
~ ((1+tan2 H)ko f) > <2> — 4g'/12,
=12¢/12,

We thus have v ((1 + tan? G)ko f) > ¢'/12 and (1 + tan? Q)kof € B3, as claimed. O
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IV. DISCUSSION

The DS theorem can be understood as the statement that Gaussian bosonic states with same covariance matrix are
the only fixed point states of a non-trivial beam splitter transformation. In constrast with other characterizations
of Gaussian states such as the one from Hudson[14], the DS theorem does not require any constraint on the purity
of the state. The stability result of Theorem 9 provides an explicit estimate of the robustness of a characterization
of Gaussian states through linear independence. In particular, we have obtained an estimate of the constants which
reflects the fact that the quantum DS theorem is unstable when the beam-splitter is close to being transparent (6 = 0)
or a mirror (§ = 7/2). Throughout this work, we have made an effort to present explicit constants as well as to
improve the order of the error parameter; however this does not mean that they are anywhere close to optimal. In
fact, it is not known to us if the optimal constant must necessarily depend on the number of modes n or whether the
log(1/¢)~1/2? dependence can be lifted to a polynomial dependence.

The Darmois-Skitovich theorem is not only interesting as a neat characterization problem, but also because of its
practical applications: it is the main theoretical concept behind the signal reconstruction method known as blind source
separation [23] and independent component analysis [22] which are actively studied in the field of communication and
signal processing. These classical applications only work because the result is sufficiently robust. It is conceivable
that there will be analogous quantum applications where robustness plays a similar role. We hope with this study of
the stability of the quantum DS theorem to stimulate a further investigation of this theorem and its extensions in the
quantum information community.
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V. APPENDIX
A. Upper bound of Eq. (63)

Let us write Rig,k = 1,...2n, and Ryl = 1,...2n, for the entries of the vector Ry = (Q1, P1,...,Qn, P,) and
Ry = (Qn+1, Pot1, - - -, Qan, Pan) respectively. First, from the orthogonality of the symplectic matrix o

B ||a(TrgR1R2T)0TH2

HVHZ - |tan6’|
_ | TrgRiREY, (3 | TrgR Rauf?)
[ tan 6] [ tan 6] '

Our plan is to bound each entry | Tr gRyj R |?. Since the operator g is the difference of two Schwartz operators it is
also Schwartz. Thus we have from Theorem 13 (iii) — (iv) that |g|'/? is a Schwartz operator. If g = 3 ;i) (i| is the
spectral decomposition of g, we consider the following factorization

g=191Q,  with Q= sgn(\;)}i)(i|.

Clearly, Q = Q~! commutes with |g| and |g|'/2. Moreover, from Theorem 13 (i) we will be able to use the trace
cyclicity for our following computation. Using twice the Cauchy-Schwarz inequality and ||g||; < 3¢, we find

| Tr R, Rau|* = | Tr g/ |g|* 2 QR1p Rt > < (Tr|g]) (Tx |g| RS, R3))

< 35\/Tr |g|R{), Tr|g| Ry,
< (3e) max{Tr |g| R}, Tr |g| Ry, }.
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Using again the decomposition of g we obtain for j = 1,2 that

| Tr|g| Rje| = | Tr QgR*| < (|1Q] [|gRjk ||, = [|(Pab — Pa @ pv) Rj |,
<2 “pabR§k||1 )

since R?k is a local operator on one part of the output. Consequently, | Tr gR1j Roi|? < 66 max{Tr pap Ry, Tt pap Ry, } <

6ek where Kk := max{‘ pabRgR%H | 1€l = [Imlly = 1} is the largest generalized fourth moment of pu,. Note that
1

since pqp is a Schwartz operator k < co. Thus

V24n2ke

Vi, < ——.
H ||2— |tan9|

B. Upper bound of Eq. (64)

The line integral of a matrix A € C?"*2" is defined in terms of the line integrals of the rows of A. Namely, if
Ap,k=1,...,2n are the rows of A, then
/ A-dn:= :

Thus the line integral of a matrix-valued function is a vector, and the line integral of a vector field is a scalar. Let us
denote by M : R*" — C?**2" a matrix-valued function. The upper bound for Eq. (64) is equivalent to bound

Fe)= | . ( [ me) -dz) dn,

Q12(2)> '

tan 6

fAl'dn

with £, n € B, /5 and

M(z) = cos? 0 <Q22(z) +

Let us parametrize the curve C(&) via ¥ : [0,1] — C, t — t£ and write My;(z) for the entries of the matrix M(z) €

C*"*2" Define the matrix-valued function R*" 3 z — Y(z) € C*"**" to have the entries Yj(z) := fol My (sz)ds.
From the explicit parametrization of the line integrals and the Cauchy-Schwarz inequality we obtain that

F(O)] < max 1€ Y (t6)e].
1/2

2n
<glly max | Y Y(tul*| - (85)

te(0,1] Py}

In order to bound |Y (t&€);| we differentiate Eq. (51) with the help of Lemma 14 to find

B G2(2)GT(2) Gaa(2) 2nx2n
@22(2) = 2(cos0z)x2(—sinfz)  x1(cos0z)xz(— sinfz) €€ ’
Qua(2) = — Gi2(2) o VXpa (Z)G2T(Z) c (C2n><2n’

x1(cos02)xa(—sinfz)  x3(cosBz)x3(—sinfz)
for z € R*", ||z||, < r/2 where

Ga(2) = =50 T[T Ry, g}] € C,

1 )
Ggg(z) = _ZO Tr[elz'oRl{{Rg,gLRg}]UT c CQnXQn,

1 .
Gia(z) = ~1° Tr[e“"le{{RthRg}] e Cnxan

VA .
VXpa(2) = =5 Tale' 7™ {Ry, pa}] € C*".
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Let us write Rip, k = 1,...2n, and Ry,l = 1,...2n, for the entries of the vector Ry = (Q1,P1,...,Qn, P,) and
Ry = (Qni1, Pus1y-..,Qon, Poyn) respectively. From Lemma 15 we know that for z € B,, x(z) > 12¢'/1? and
therefore we can upper bound each entry of Y (¢£); by

Rok, g} Ra}ly | [{R2k, g3y [{R20, 94y | H{{Rw, 9} Raidlly | [{Rak; patlly [{R21: g}l
V(¢ < 29 ||{{ 2 1 1 1 1 1 1
Y (#)wl < cos ( J12e1 /22 F 4(12e1/12)3 A2 ) tan 0 T 4(12:V12) i tan g

Following a similar procedure as for the bound of |V'||, (see Apendix V A) we obtain

K cos? 6
|Y(t§)kl|2 < <8tar120> 52/37

so from Eq. (85)

EN L (Pl 2y
F|—— < | ——= .
‘ <00s9 =\ 2tan?0 ) ©
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