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Abstract: Various quantum analogues of the central limit theorem, which is one of
the cornerstones of probability theory, are known in the literature. One such analogue,
due to Cushen and Hudson, is of particular relevance for quantum optics. It implies
that the state in any single output arm of an n-splitter, which is fed with n copies of a
centred state p with finite second moments, converges to the Gaussian state with the
same first and second moments as p. Here we exploit the phase space formalism to
carry out a refined analysis of the rate of convergence in this quantum central limit
theorem. For instance, we prove that the convergence takes place at a rate O (n’l/ 2) in
the Hilbert—Schmidt norm whenever the third moments of p are finite. Trace norm or
relative entropy bounds can be obtained by leveraging the energy boundedness of the
state. Via analytical and numerical examples we show that our results are tight in many
respects. An extension of our proof techniques to the non-i.i.d. setting is used to analyse
a new model of a lossy optical fibre, where a given m-mode state enters a cascade of n
beam splitters of equal transmissivities A !/” fed with an arbitrary (but fixed) environment
state. Assuming that the latter has finite third moments, and ignoring unitaries, we show
that the effective channel converges in diamond norm to a simple thermal attenuator,

1 . . .
with arate O (n 2m+1) ) This allows us to establish bounds on the classical and quantum

capacities of the cascade channel. Along the way, we derive several results that may be
of independent interest. For example, we prove that any quantum characteristic function
X, 1s uniformly bounded by some 1, < 1 outside of any neighbourhood of the origin;
also, n, can be made to depend only on the energy of the state p.

1. Introduction

The Central Limit Theorem (CLT) is one of the cornerstones of probability theory. This
theorem and its various extensions have found numerous applications in diverse fields
including mathematics, physics, information theory, economics and psychology. Any
limit theorem becomes more valuable if it is accompanied by estimates for rates of con-
vergence. The Berry—Esseen theorem (see e.g. [1]), which gives the rate of convergence
of the distribution of the scaled sum of independent and identically distributed (i.i.d.)
random variables to a normal distribution, thus provides an important refinement of the
CLT.
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The first results on quantum analogues of the CLT were obtained in the early 1970s by
Cushen and Hudson [2], and Hepp and Lieb [3,4]. The approach of [3] was generalised by
Giri and von Waldenfels [5] a few years later. These papers were followed by numerous
other quantum versions of the CLT in the context of quantum statistical mechanics [6—
14], quantum field theory [15—-17], von Neumann algebras [18, 19], free probability [20],
noncommutative stochastic processes [21] and quantum information theory [22-24]. For
a more detailed list of papers on noncommutative or quantum central limit theorems
(QCLT), see for example [19,25] and references therein. A partially quantitative central
limit theorem for unsharp measurements has been obtained in [26].

An important pair of non-commuting observables is the pair (x, p) of canonically
conjugate operators, which obey Heisenberg’s canonical commutation relations (CCR)
[x, p] = il, where I denotes the identity operator.! These observables could be, for
example, the position and momentum operators of a quantum particle, or the so-called
position and momentum quadratures of a single-mode bosonic field, described in the
quantum mechanical picture by the Hilbert space M := L?(R) — the space of square
integrable functions on R. The corresponding annihilation and creation operators are
constructed as a := (x + ip)/\/z anda’ = (x — ip)/ﬁ. When expressed in terms of
a,a’, the CCR take the form [a, aJ’] =1.

Quantum states are represented by density operators, i.e. positive semi-definite trace
class operators with unit trace. A state p of a continuous variable quantum system
is uniquely identified by its characteristic function, defined for all z € C by yx,(z) =

Tr [,0 eZ“T_Z*“]. The special class of Gaussian states comprises all quantum states whose
characteristic function is the (classical) characteristic function of a normal random vari-
able on C.% Exactly as in the classical case, a quantum Gaussian state is uniquely defined
by its mean and covariance matrix.

Cushen and Hudson [2] proved a quantum CLT for a sequence of pairs of such
canonically conjugate operators {(x,, p,) : n = 1,2, ...}, with each pair acting on a
distinct copy of the Hilbert space 1. More precisely, they showed that sequences that are
stochastically independent and identically distributed, and have finite covariance matrix
and zero mean with respect to a quantum state p (given by a density operator on Hy),
are such that their scaled sums converge in distribution to a normal limit distribution [2,
Theorem 1].

Their result admits a physical interpretation in terms of a passive quantum op-
tical element known as the n-splitter. This can be thought of as the unitary opera-
tor Upspiit that acts on n annihilation operators of n independent optical modes as

Un»split aj UT

wjk ;o . .
nosplit = Zk Fjrar, where Fji = e » ' is the discrete Fourier transform

matrix. Passivity here means that U,,_spl;; commutes with the canonical Hamiltonian of
the field, i.e. I:Un»splitv > j a;a j:I = 0. When n identical copies of a state p are combined

by means of an n-splitter, and all but the first output modes are traced away, the resulting
output state is called the n-fold quantum convolution of p, and denoted by o This
nomenclature is justified by the fact that the characteristic function x, @ of two states
p and o is equal to the product of the characteristic functions of p and o, a relation anal-
ogous to that satisfied by characteristic functions of convolutions of classical random
variables. Observe state p™" can also be obtained as the output of a cascade of n — 1

1 Throughout this paper we set A = 1.
2 The characteristic function of a complex-valued random variable X is defined by x x (z) := E[eZX* - X].
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beam splitters with suitably tuned transmissivities A; = j/(j+1) for j =1,2,...n—1
(see Fig. 1a).

Cushen and Hudson’s result is that if p is a centred state (i.e. with zero mean) and has
finite second moments, its convolutions pEB” converge to the Gaussian state pg with the
same first and second moments as p in the limit n — oo (Theorem 3). In [2, Theorem 1],
the convergence is with respect to the weak topology of the Banach space of trace class
operators, which translates to pointwise convergence of the corresponding characteristic
functions, by a quantum analogue of Levy’s lemma that is also proven in [2]. This in
turn implies that the convergence actually is with respect to the strong topology, i.e. in
trace norm (see [27], or [28, Lemma 4]).

In this paper, we focus on the framework proposed by Cushen and Hudson, and
provide a refinement of their result by deriving estimates for the associated rates of
convergence. We consider a quantum system composed of m modes of the electromag-
nectic field, each modelled by an independent quantum harmonic oscillator, so that the
corresponding Hilbert space becomes H?m = L? (R™). The main contribution of this
paper consists of estimates on rate of convergence of ,OEE" to the ‘Gaussification’ pg of p,
obtained under suitable assumptions on p — typically, the finiteness of higher-order mo-
ments. In analogy with the classical case, we refer to our Theorems 6 and 7 as quantum
Berry—Esseen theorems. Our estimates are given in the form of bounds on the Schatten
p-norms (for p = 1 and 2) of the difference (,oEE" — pg) in the limit of large 7, as well
as bounds on the relative entropy of ,oEE" with respect to pg in the same limit.

We also show that the assumption of finiteness of the second moments cannot be
removed from the Cushen—Hudson theorem. Namely, we construct a simple example
of a single-mode quantum state o such that Tr [o (aa)! =8 ] is finite for all § > O (and

infinite for § = 0), yet o® does not converge to any quantum state as n — oo.

As an application, we propose and study a new model of optical fibre, represented as
a cascade of n beam splitters, each with transmissivity A!/” and fed with a fixed environ-
ment state p, which is assumed to have bounded energy and thermal Gaussification. Such
a model may be relevant to the mathematical modelisation of a channel running across
an integrated optical circuit [29,30]. We are able to show that for n — oo the cascade
channel converges in diamond norm, up to irrelevant symplectic unitaries, to a thermal
attenuator channel with transmissivity A and the same photon number as that of the envi-
ronment state p. Furthermore, an extension of our results to the non-i.i.d. setting allows
us to bound the rate of convergence in terms of the diamond norm distance. Finally, com-
bining existing continuity bounds on entropies and energy-constrained channel capaci-
ties [31,32], obtained by Winter [33,34] and Shirokov [35,36], with the known formulae
expressing or estimating energy-constrained classical [37,38] and quantum [39-45] ca-
pacities of thermal attenuator channels, we derive bounds on the same capacities for the
cascade channel.

Finally, along the way we derive several novel results concerning quantum charac-
teristic functions, which we believe to be of independent interest. First, we prove the
simple yet remarkable fact that convolving any two quantum states (i.e. mixing them in
a 50 : 50 beam splitter) always results in a state with non-negative Wigner function
(Lemma 16). This allows us to interpret the quantum central limit theorem as a result
on classical random variables, in turn enabling us to transfer techniques from classical
probability theory to the quantum setting. Secondly, we derive new decay bounds on the
behaviour of the quantum characteristic function both at the origin and at infinity. For
instance, we prove that for any m-mode quantum state p and for any ¢ > 0 there exists
a constant 7 = n(p, &) < 1 such that |x,(z)| < n(p, ) forall z € C" with |z] > ¢
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p /)EEU,

P ——>
n . (]n,—split,
P ——>

(a)

p —> ——u N R _

v U V)

(b)

Fig. 1. The n-fold convolution pE” of a state p can be realised by mixing n copies of it either: a in an
n-splitter; or b in a cascade of beam splitters with suitably tuned transmissivities

(Proposition 14). Moreover, we show that such a constant can be made to depend only
on the second moments of the state, assuming they are finite (Proposition 15). As an
explicit example, consider a single-mode state p with mean energy E. We then prove
that [x,(z)] < 1 — % for all z with |z| > \/LE’ where ¢, C are universal constants.

Note that any such bound must depend on the energy, as one can construct a sequence
of highly squeezed Gaussian states for which the modulus of the characteristic function
approaches one at any designated point in phase space (Example 2).

Layout of the paper: In Sect.2 we introduce the notation and definitions used in the
paper. In Sect.3 we recall the Cushen and Hudson quantum central limit theorem. Our
main results are presented in Sect. 4. The rest of the paper is devoted to the proofs of these
results. We start with the novel properties of quantum characteristic functions (Sect.5),
which lie at the heart of our approach. Then, in Sect.6 we prove our quantum Berry—
Esseen theorems. Section 7 is devoted to the discussion of the optimality and sharpness
of our results. In Sect. 8 we apply our quantitative non-i.i.d. extension of the Cushen—
Hudson theorem to an optical fibre subject to non-Gaussian environment noise. The
paper contains a technical appendix (Appendix A) that makes the connection between
moments and the regularity of the quantum characteristic function and shows that our
definition of moments induces a canonical family of interpolation spaces.
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2. Notation and Definitions

In this section, we fix the basic notations used in the paper, and introduce the necessary
definitions.

2.1. Mathematical notation. Let H denote a separable Hilbert space, and let B(H)
denote the set of bounded linear operators acting on H. Let D(H) denote the set of
quantum states of a system with Hilbert space H, that is the set of density operators p
(positive semi-definite, i.e. p > 0, trace class operators3 with unit trace) acting on H.
We denote by || - ||97p(H) = |- || p the Schatten p-norm, defined as || X ||, = (Tr |X|”)l/p.
The Schatten p-class T,(H) is the Banach subspace of B(H) formed by all bounded
linear operators whose Schatten p-norm is finite. We shall hereafter refer to 77 (H) as
the set of trace class operators, to the corresponding norm || - ||1 as the trace norm, and
to the induced distance (e.g. between quantum states) as the trace distance. The case
p = 2 is also special, as the norm || - ||, coincides with the Hilbert—Schmidt norm.

Let A, B be positive semi-definite operators defined on some domains
Dom(A), Dom(B) C H. According to [46, Definition 10.15], we write that A > B

if and only if Dom (Al/z) C Dom (31/2) and ||A1/2 W)”2 > ||Bl/2 |1ﬂ)“2 for all
[v) € Dom (Al/ 2). Now, let A be a positive semi-definite operator, and let p be a quan-
tum state with spectral decomposition p = ) ; p; |e;)(e;|. We define the expected value
of Aon p as

Tpal= Y pi[a2 1| € BoU frool. ()

i:pi>0

with the convention that Tr[p A] = +o00 if the above series diverges or if there exists an
index i such that p; > 0 and |e;) ¢ Dom (Al/ 2). To extend this definition to a generic
densely defined self-adjoint operator X on H, it is useful to consider its decomposition
X = X; — X_ into positive and negative part [46, Example 7.1]. We will say that X has
finite expected value on p if |e;) € Dom (Xl/z) NDom (Xl_/z) for all i such that p; > 0,

. 2 .
and moreover the two series ) ; p; || X i/ 2 le;) || both converge. In this case, we call
172

TpXl= Y pi| X 1)) = 3w

i:pi>0 i:pi>0

2 2
| X2 @)

the expected value of X on p. Clearly, given two operators A > B > 0, we have that
Tr[pA] > Tr[pB].

For two real sequences (a, (1)), , (b,())), that depend on some parameter A, we
write a, (A) = 0y, (b, (})) if there exists a constant ¢) > 0 that only depends on XA such
that |a, (1)| < ¢, |b,(A)| holds in the limit n — oco. We also write a, (L) = Oy, (b,,(L)>°)
if for every N € N we have that a,, (1) = 0, (bn (A)N).

For an n-linear tensor A : x?_,C" — Ck, we write Ax™™) = A(x,...,x) if

h'\/_d
n times
the vector we apply the tensor to is the same in every component. For functions f, we
sometimes abuse the notation by denoting the norm of this function as || f(z)|| instead
of || f]l. We denote with * the entry-wise complex conjugation, with T the standard
transposition of vectors, and with { the combination of the two.

3 That s, operators A € B(H) for which ||A||| := Tr|A| < oo.



Convergence Rates for the Quantum Central Limit Theorem 229

For partial derivatives with respect to complex variables z, z* we write 9, and 9.
Consider an m-dimensional multi-index o = (a1, ap, ..., &) with |¢| = a1 + ap +
-+ + oy Then 9% == 97077 ... 92", and analogously for z*. The total derivatives of

order k of a function f : C" — C we denote by DX f := (838’3 f)‘ [+Bl=k we
al+|Bl=

Z*
then recall the definition of the Fréchet derivative for functions f : C" — C such that
DFf:C"™ — B(C™ x --- x C™, C) and therefore
—_—

k times

*
Jot]

k
k | k 8 © ©
Df@(”“v-’“( )>: > @ (T IT vean | -
=1

lee|+|Bl=k O=|ar]+1
(3)

with ju () = min ij efl...me<y’_ aj/}. Let Co(C™) denote the space of
continuous functions f : C™ — C that tend to zero as |z| — oo, where for z € C™ we

set
el =20 _ el @)

We write C2°(C™) to denote the space of smooth and compactly supported functions
on C™. For some open set 2 € C™ with closure 2, a function f : @ — C, and a
non-negative integer k € Ny, we denote by C*($) the space of functions for which the
norm

1/t = max_sup|o73L. £ (2)| 5)

la|+Bl<k ;eQ

is finite. Here, o, 8 € Ng’ are multi-indices. When k > 0 is not an integer, we define
instead

829%, f(2) — 8%dP. f (w)

max
lal+IBI=1k] ; wea. llz — wi*=Lk)
ZFW

(6)

||f||ck(§) = ||f||chJ(§) +

This extension allows us to consider the normed spaces C* (5) for all k£ > 0. Typically,
we will deal with the case where 2 is bounded, so that C¥ (5) is in fact a Banach space.

Finally, L2(£2) will denote the space of equivalence classes of measurable functions

f : 2 — C whose L? norm ”f”iZ(sz) = [o | f(@)|* d*"z is finite.

2.2. Definitions.

2.2.1. Quantum information with continuous variables In this paper, we focus on con-
tinuous variable quantum systems. The Hilbert space of a set of m harmonic oscillators,
in this context called ‘modes’, is the space H,, = L*(R™) of square-integrable func-
tions on R™. Let x;, p; be the canonical position and momentum operators on the j

mode. The m annihilation and creation operators, denoted by a; == (x; +ip;)/+/2 and

7.

;= (xj — ipj)/ﬁ (j =1, ..., m), satisfy the commutation relations

a

laj,ax ] =0,  [aj,a1=208;l, 7
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where 7 is the identity on H,,. An m-mode quantum state p is said to be centred if

1
Tr[pa.,']::—(Tr[px.,']+iTr[,opj])EO vVji=1,...,m, (8)

V2

i.e. if all expected values of the canonical operators on p, defined according to (2), vanish.
For an m-tuple of non-negative integersn = (n1, ..., n,) € N, the corresponding Fock
state is defined by |n) = (n!...n,")~"1/2 ®;'-121 (a;)"j |0), where |0) € H,, denotes
the (multi-mode) vacuum state. In what follows, we often consider m = 1.

The (von Neumann) entropy of a quantum state p is defined as

S(p) = —Tr [plogp]. ©

which is well defined although possibly infinite.* The relative entropy between two states
p and o is usually written as follows [47]

D(plio) ="Tr[p (log p — logo)] . (10)

Again, the above expression is well defined and possibly infinite [48].°

For two Hilbert spaces H, H’, a quantum channel /" : 7;(H) — T1(H') is a
completely positive, trace-preserving linear map. For a linear map & : 7;(H) —
Ti(H"), we define its diamond norm as

(Z ®ide)(X)
IZlls=sup  sup ” s
keN X eT; (HaCk) 1 X111

; 11
where the supremum is over all non-zero trace class operators X on H ® Ck.

Consider a quantum system with Hilbert space H, governed by a Hamiltonian H,
which is taken to be a positive (possibly unbounded) operator on H. The energy of a
state p € D(H) is the quantity Tr[pH] € Ry U {+o0} defined as in (1).

Given two Hilbert spaces H and H’, a Hamiltonian H on H, and some energy bound
E > inf |y e (W |H ) > 0, the corresponding energy-constrained classical capacity
of a channel /" : T1(H) — 71(H’) is given by [31,49-52]

%H(A/,E):nlin;o%xﬁ(n) (/o nE),
@ By= s s me) = psenfn (2

{pi.piti
> piTrlpi HISE

where it is understood that the Hamiltonian H ™ on H®" is given by H"™ := Z;'.:l Hj,
where H; acts on the 7™ tensor factor, and tensor products with the identity operator

4 One way to define it is via the infinite sum S(p) = >;(—p; log p;), where p = Y, p; |e;)(e;| is the
spectral decomposition of p. Since all terms of this sum are non-negative, the sum itself can be assigned a
well-defined value, possibly +00.

5 To define it one considers the infinite sum D(p||o) := Zi,/ ‘(ei 1fj) ‘2 (pi log p; — pilogqj +q; — p,-),
where p =) ; p; lej){ej| and o = Zj qj | fj){fj| are the spéctral decompositions of p and o, respectively.
As detailed in [48], the convexity of x > x logx implies that all terms of this sum are non-negative, which
makes the expression well defined.
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are omitted for notational simplicity. With the same notation, one can also define the
energy-constrained quantum capacity of /', given by [32,34,53-55]

@y (N, E) = lim EQ% (/®", nE),
n—oon
OV W Ey=  sup S (Trg W) (W) =S @ D (@)}, 13
WyeHRH
(V|HQI|V)<E

where Trg is the partial trace over the entirely arbitrary ancillary Hilbert space H.In
this paper we are interested in the simple case H = H,, = L>(R") and H' = H,,y =
LZ(R'”/), so that there is a natural choice for H, namely, the canonical Hamiltonian

m
Hy =) ala (14)
j=1

of m modes. In this case, we will omit the subscripts and simply write the energy-
constrained capacities as € (4, E) and Q@ (N, E).

2.2.2. Phase space formalism We define the displacement operator 9 (z) associated
with a complex vector z € C™ as

D(2) = exp [Zj(z/'aj- - Z?aj)] : (15)
Thus, 9(z) is a unitary operator and satisfies 9(z)% = D(—z) and

DD (W) = D(z +w) ez Ew ='W (16)

valid for all z, w € C™.

Let Hyuad = Zj’k (Xjka;ak +Yjkajar + Yj?*kaj.a,:>, where X = XTisanm x m
Hermitian matrix, and ¥ = YT is an m x m complex symmetric matrix. The unitaries
e~ Hauad generated by such Hamiltonians, and products thereof,’ are called symplectic
unitaries, because they induce a symplectic linear transformation at the phase space level
(zr,z1) € R2" where zg = Nz and z; = Iz [56,57]. A symplectic unitary is called
passive if it commutes with the number operator ) ; a;a j» which happens whenever the
generating Hamiltonian Hgy,q satisfies ¥ = 0. A passive symplectic unitary V acts on
annihilation operators as Va; V= U jkak, where U is an m x m unitary matrix.

For trace class operators T € 71(H,,), the quantum characteristic function xt :
C™ — C s given by

xr(2) =Tr[T 2(2)]. a7

Conversely, the operator 7 can be reconstructed from x7 via the weakly defined identity

2m

d
T= [ @22, (18)

6 While not all products of unitaries of the form e Hauad can be written as a single exponential, two such
factors always suffice. See [56, p.37], combined with [56, Propositions 2.12, 2.18, and 2.19] and with the

observation that the exponential Lie map of the unitary group is surjective.
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Observe that the adjoint T of T satisfies x7i(2) = xr(—z)* for all z € C™, so that
T is self-adjoint if and only if x7(—z) = xr(2)*. The characteristic function x7 of a
trace class operator 7' is bounded and uniformly continuous [58, § 5.4]. If T is positive
semi-definite (e.g. if 7' is a density operator), then max, |x7 ()| = x7(0) = Tr[T].

We write [/ ¢) to denote the pure state corresponding to the wave function f €
L?(R™), so that the corresponding rank-one state v = |¥r)(¥r| has the following
characteristic function:

Xy (2) = eI / d"x f*(x) f(x — V2zg) eV (19)
where as usual z = zg +iz;.

The Fourier transform of the characteristic function is known as the Wigner function.
For atrace class operator T', the Wigner function is given by [59, Eq. (4.5.12) and (4.5.19)]

d2m -
Wr(2) = / ()T (20)
— i—m Tr [9(—Z)T9(Z) (—1)xi “5'“1'] . @1

Observe that W+ (z) = Wr(z)*, so that T is self-adjoint if and only if W7 (z) € R for all

z € C™.From (21)itis not difficult to see that | Wy (z)| < 72[—',':,||T||1,where TN = Tr|T|
reduces to 1 when T is a density operator. By taking the Fourier transform of (19), one
can show that

2 .
Wy, (@) = —/dmx f*(x+\/§ZR)f(—X+\/§ZR)62“/§’Z;X. (22)
bid
Moreover, the energy of any density matrix, p, can be obtained as a phase space integral
2m 2 m
/" el Wy @ =T | p (Hu+ 5 1) 23)

The displacement operator Z(z) induces a translation or displacement of the Wigner
function as follows, hence the nomenclature:

o *
Xo(0) p eyt ) = €T, (w) . W) poreyt ) = Wl —2) . (24)

The map T +— x7, defined for trace class operators 7 in (17), extends uniquely to
an isomorphism between the space of Hilbert—Schmidt operators and that of square-
integrable functions Lz((Cm). In fact, the quantum Plancherel theorem guarantees that
this is also an isometry, namely

2m

T d™"z * m 2m *
TS Tl = | —= xs(@)" xr@) =77 [ d77z Ws(2)"Wr (2) (25)

and therefore

d2m
lp—oll} = / @ - %@l = n’"/d””z (Wp(2) = Wa)* . (26)

Henceforth, we refer to (26) as the quantum Plancherel identity.
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Gaussian states on H,, are the density operators p € D(H,,) such that W,(z) is
a Gaussian probability distribution on the real space (zg, z;) € R?" and are uniquely
defined by their first and second moments. A particularly simple example of a single-
mode Gaussian state is a thermal state with mean photon number N € [0, co), given by

]

1 N \"
o= N+IZ<N+1> In){n] . @7)

n=0

The thermal state is the maximiser of the entropy among all states with a fixed maximum
average energy:

max [S(0) : p e D(H), Tr[pa'a] = N} = s(on) = ) (28)
for all N > 0, where the function g is defined by
gx) =+ 1log(x+1)—xlogx. 29)

The characteristic function and Wigner function of the thermal state evaluate to [59,
Eq. (4.4.21) and (4.5.31)]

2 2
— ,—@N+D[z/2 W _ —2[z2/2N+1) 30
XTN (Z) (5 ’ N (Z) 7T(2N + l) e ’ ( )

respectively, so that Ty is easily seen to be a centred Gaussian state.

2.3. Moments.

Definition 1 (Standard Moments). An m-mode quantum state p is said to have finite
standard moments of order up to k, for some k € [0, 00), if

Mi(p) =Tr [pHy*] < o0, 31)

where H,, is the canonical Hamiltonian (14), and the above trace is defined as in (1).

Remark. The above condition is fairly easy to check once the matrix representation
of p in the Fock basis is given. Namely, resorting to (1) and exchanging the order of
summation for infinite series with non-negative terms, we see that (31) is equivalent to

Mi(p) = Y (m+n)*"*(nlpln) < oo, (32)

neNy
where as usual |n| = Zj nj.

Given k > 0 and m € N, we can also define, by analogy with classical harmonic
analysis, the m-mode bosonic Sobolev space of order k as follows

W (M) = {X € Tt (Huw): 1 Xl ay,,) < 00}
where as usual H,, = LZ(R™). Here, we set

1X Mgk r,,) = ”(Hm +mD* X (H,, +m1)k/4H1 :
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with the canonical Hamiltonian on m modes being defined by (14). For density operators
p it holds, using monotone convergence and cyclicity of the trace, that

0l = SUp T [ B0,y (Fn) (Bl +m DM/ o (yy + m 1) 140,y () |
E
— supTr [p (Hyp +mI)k/? ]I[O,E](Hm)]
E
=T [,0 (H,, + mI)k/z]

where 1o, ) is the indicator function of the interval [0, E].

It is well known that the characteristic function of any classical random variable
with finite moments of order up to k (with k being a positive integer) is continuously
differentiable k times everywhere. We can draw inspiration from this fact to devise an
alternative way to introduce moments, relying on the regularity of the quantum char-
acteristic function, in the quantum setting as well. We refer to moments defined in this
manner as phase space moments.

Definition 2 ( Phase space moments). An m-mode quantum state p is said to have finite
phase space moments of order up to k, for some k € [0, 00), if

Mi(p. &) = | xo ”C"(B(O,s)) <o (33)

for some ¢ > 0, where B(0, &) := {z € C" : |z]| < &} is the Euclidean ball of radius &
centred in 0, and the norm on the space C k (B(0, ¢)) is defined by (5) and (6).

In complete analogy with the classical case, finiteness of standard moments implies
local differentiability of the characteristic function, and hence finiteness of phase space
moments. See Theorem 9 of Sect.4.

However, the converse is not true in general. This is not surprising, as the same
phenomenon is observed for classical random variables. In fact, a famous example by
Zygmund [60] shows the existence of classical random variables with continuously
differentiable characteristic function whose first absolute moments do not exist. We can
swiftly carry over his example to the quantum realm, e.g. by considering a particular
displaced vacuum state p = ¢ Y 005 —-=— (D(n) [0)(0] D(m)" + D(n) 0)(0| D(n)).

n2logn

. .. . . 2 .
One can show that its characteristic function is x,(z) = e~ 1" 3% %, which

turns out to be continuously differentiable everywhere [60]. However,

o0
1
T > E: 2v/2n = +o0,
rlp|x|] > cn:2 "Tlogn n 00

which implies that p has no finite first-order moments (see Lemma 24).

In spite of the above counterexample, we show in Theorem 28 that at least if & is an
even integer, then the existence of k" order phase space moment implies the existence
of the k™ order standard moment. Again, this is in total analogy with the classical case
[61, Theorem 1.8.16].

Remark. Due to the above, for even k, we simply use the word moment in the statements
of our theorems, instead of differentiating between standard moments and phase space
moments.
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2.4. Quantum convolution. A beam splitter with transmissivity A € [0, 1] acting on two
sets of m modes is a particular type of a passive symplectic unitary, which we express

b
U, = exp [(arccos \/X) Zj (a;bj — ajbj)] , (34)

as
whereajandb; (j =1, ..., m) are the creation operators of the first and second sets of
modes, respectively. Its action on annihilation operators can be represented as follows

U)LajUJr = \/Xaj — 1= )\.bj s U)LbjUT =+1-1xa; +\/ij Vje{l,.,m}.
(35
Accordingly, displacement operators are transformed by

Uy (D(2) @ D(w)) U] =9<«/Xz+«/l —,\w) ®9(—\/1 i+ ﬁw) . (36)

The beam splitter unitary can be used to define the following (A-dependent) quantum
convolution: for two m-mode quantum states p, o and A € [0, 1], their (A-dependent)
quantum convolution is given by the state p B, o which is defined according to [62] as

p B0 =T |[UpaU]]. (37)

In terms of characteristic functions, this definition corresponds to

Xp@,0(2) = Xp (ﬁz) Xo ( 1— Az) . (38)

It is not difficult to verify that for all symplectic unitaries V and all A € [0, 1], the beam
splitter unitary U, of (34) satisfies [V ® V, U,] = 0. In particular,

VipE, o) Vi = wpvhHm, (vavh (39)

for any state o. Also, using (35) it can be shown that the mean photon number of a
quantum convolution is just the convex combination of those of the input states, i.e.

Tr[(p By 0)Hpul = A Tr[pHp] + (1 — 2) Tr [0 Hp] (40)

where the canonical Hamiltonian is defined by (14).

For all m-mode quantum states o and all A € [0, 1], we can use the corresponding
convolution to define a quantum channel /. ; : 71(H;) — 7;(H;), whose action is
given by

Noa(p) = pHyo. 41)

When o = 7y is a thermal state (with mean photon number N), the channel A7, ; =:
&n 5 1s called a thermal attenuator channel. Its action, obtained by combining (38) and
(30), is given by

1—
%N,)L : X,O(Z) — X%N,A(p)(z) = Xp <ﬁz> e_TA(2N+1)|Z\2 . 42)

For the thermal attenuator channel, the energy-constrained classical capacity (defined
in (12)) can be shown to reduce to can be shown to be given by [37,38]

€ (Ens E) =g AE+(1 —M)N) —g((1 —1)N), (43)

7 Tensor products are omitted here.
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where g is given by (29).
In what follows, we will be interested in the symmetric quantum convolutions p;

- -H p,,, iteratively defined for a positive integer n and states py, . . ., p,, by the relations
pHo = pH)noand
p1B---Hp, = (plE"'Bapn—l)Bal—l/n Pn - (44)

We will also use the shorthand

o= p@E...Bp . (45)
h?/_/
n tumes

In terms of characteristic and Wigner functions, we can also write

Xy 88, (2) = xp1 (2/V/1) . Xo, (2/v/n). (46)

Wi 8.8, () = 0" (Wpy %% Wy, ) (Vnz) @7

Here, » denotes convolution, which is defined for n functions fi, ..., f, : C" — R by
i > i) () o= / "1 d™ Yy i) Fat Gt o (8 = 1 — o = yu)
(48)

Equation (46) shows that the quantum characteristic function of the symmetric quantum
convolution satisfies the same scaling property as a sum of classical i.i.d. (independent
and identically distributed) random variables. The important special case p; = p of (46)
foralli € {i, 2, ...,n}, on which we will focus most of our efforts, reads

X3 (2) = Xp (2//n)" . (49)
Iterating (39), using (44), shows that

v (o) v = (vovhE (50)

holds for all symplectic unitaries V.

3. Cushen and Hudson’s Quantum Central Limit Theorem

In [2], Cushen and Hudson proved the following quantum mechanical analogue of the
central limit theorem, which is the starting point of our study.

Theorem 3 [2, Theorem 1]. Let p € D(H,,) be a centred m-mode quantum state with
finite second moments. Then the sequence (p EE") neN converges weakly to the Gaussian
state pg of same first and second moments as p:

Tr [pE"X] —— TrpeX]. VX eBH), (51)

where B(H,,) is the set of bounded operators on 'H,,.
Remark. The state pg is commonly called the Gaussification of p.

In fact, the proof of Theorem 3 relies on the equivalence between weak convergence
of states and pointwise convergence of their characteristic functions. More precisely, the
following holds:
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Lemma 4 ([27, Lemma 4.3] and [28, Lemma 4]). Let (0,)neN be a sequence of density
operators on 'H,,. The following are equivalent:

o (on)neN converges to a density operator in the weak operator topology, namely, it
holds that lim, oo (x|pnly) = (x|ply) for all |x) . |y) € Hn;

e (pn)neN converges in trace distance to a trace class operator;

o the sequence (xp,)neN of characteristic functions converges pointwise to a function
that is continuous at 0.

Together, the above lemma and Theorem 3 allow us to conclude the following seem-
ingly stronger convergence:

Theorem 5. Under the assumptions of Theorem 3, we have that

lim H L ” —0. (52)

n—o00 1

4. Main Results

The main objective of this paper is to refine Theorem 5 of the previous section in the
following directions:

e First, in the case in which the state p satisfies the conditions of the Cushen—Husdon
theorem, we provide quantitative bounds on the rate at which the sequence of states
(0T en converges to pg, under the assumption of finiteness of certain phase space
moments of p. We also show how finiteness of phase space moments is implied by
finiteness of the corresponding standard moments, the latter having the advantage of
being a more easily verifiable condition. Moreover, we show that finiteness of even
integer phase space moments implies finiteness of even integer standard moments
(Sect.4.1).

e Secondly, we provide an example to show that the assumption that the second
moments be finite in the Cushen—Hudson theorem cannot be weakened (Sect.4.2).
e Thirdly, we extend our results to the non-i.i.d. setting, i.e. we consider a scaling in the
quantum convolution different from (44). This allows us to analyse the propagation
of states through cascades of beam splitters with varying transmissivities (Sect.4.3).
e Finally, we provide a precise asymptotic analysis of the behaviour of quantum

characteristic functions at zero and at infinity (Sect. 4.4).

4.1. Quantitative bounds in the QCLT. In this section, we state our results on rates
of convergence in the Cushen—Hudson quantum central limit theorem. We call them
quantum Berry—Esseen theorems, as is customary in the literature. Our first theorem
provides convergence rates O (n_l/ 2) in the quantum central limit theorem under a
fourth-order moment condition. The rate of convergence is boosted to O (n’l) if the
third derivative of the characteristic function at zero vanishes:

Theorem 6 (Quantum Berry—Esseen theorem; High regularity). Let p be a centred m-
mode quantum state with finite fourth-order phase space moments. Then, the convergence
in the quantum central limit theorem in Hilbert—Schmidt norm satisfies

— o, (7).

Here, M) = M}(p, ¢) is the moment defined in (33), and & > 0 is sufficiently small.
Moreover, if D3 Xp(0) = 0 then the convergence is at least with rate @Mi (nfl).

Hn H
H o Lo )
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The proof of Theorem 6 is provided in Sect. 6. In the next Theorem, we weaken the
assumption on the moments of the state p, which leads to a slower rate of convergence.

Theorem 7 (Quantum Berry—Esseen theorem; Low regularity). Let p be a centred m-
mode quantum state with finite (2 + o)-order phase space moments, where a € (0, 1].

The convergence in the quantum central limit theorem in Hilbert—Schmidt norm is given
by

1P%" = polla = Opgy, (7).

Here, M}, , = M., (p.¢) is the phase space moment defined in (33), and & > 0 is
sufficiently small.

The proof of Theorem 7 is provided in Sect. 6. The variable o allows us to obtain a
convergence rate under the assumption of finiteness of phase space moments of order
all the way down to 2 (excluded), which is the assumption required in the Cushen—
Hudson QCLT. The above results can further be used to find convergence rates in other,
statistically more relevant, distance measures:

Corollary 8 (Convergence in trace distance and relative entropy). Assume that an m-
mode quantum state p has finite third-order phase space moments. Then,

~ 2D Hin ~ S
= O (1) D (6 ) = Oug (7 )

where Mé = Mé (p, &) isdefined in (33), and ¢ > 0 is sufficiently small. The above rates
are replaced by @Mém (n_“/ (2m+2)) when p only satisfies the conditions of Theorem 7.

HPEH — Pc

The proof of this Corollary is given in Sect. 6.

Remark. (Condition on the existence of moments). The error bounds in Theorems 6 and
7 are stated in terms of assumptions on the phase space moments M, given by (33), of
the state. It is possible to bound the phase space moments M, directly in terms of the
standard moments M} defined in (31). This is stated in the following Theorem, whose
proof is given in Appendices A—C

Theorem 9. Let k € [0, 00), m a positive integer, and ¢ > 0 be given. Then every m-
mode quantum state with finite standard moments of order up to k also has finite phase
space moments of the same order. More precisely, there is a constant ¢y, (8) < 00 such
that

Mi(p.8) = X0l cxpo.)) = hm(E)Milp) .

Conversely, if the characteristic function is 2k times totally differentiable at z = 0
for some integer k, then the 2k standard moment is finite as well.

The importance of Theorem 9 for us comes from the fact that most of our proofs rest
upon local differentiability properties of the characteristic function. While mathemati-
cally useful, such properties have no direct physical meaning and may be hard to verify
in practice. Instead, the condition of finiteness of higher-order standard moments, as
given in Definition 1, bears a straightforward physical meaning, related to the properties
of the photon number distribution of the state, and is often easier to verify.

The key to proving Theorem 9 for fractional & lies in an interpolation argument. To
state it precisely, we briefly recall some basic facts about real interpolation theory (see
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[63] for more details): given two Banach spaces (Xp, |.|lx,) and (X, ||.]|x,), and a
parameter 0 < 6 < 1, define the K -function as follows:

K(.X):=  inf (IXoly +11Xilly) Vi>0, (53)

and derive from this the function ®4 (K (X)) = sup,.( K (¢, X). The real interpola-
tion spaces, parametrised by 6 € (0, 1), are then defined as

(X0, X1)g 1= {X € Xo; Py(K(X)) < oo} withnorm [|X||(x, x,), = Po(K(X)).

Now, given two couples of Banach spaces Xy, X} and )y, Vi, and a map ¥ : &) +
X1 — Yo+ Visuchthat ¥ : Xy — )pand W : X} — ) are bounded, the map
W (X, X))o — Vo, V1)e is bounded and:

W 2 (X, X1 — Vo, Yol < W : X — Dol 1w : & — i)l°.

We want to apply this to the map p — x,.
The following interpolation result for density operators then holds:

Proposition 10. Let ky > kg > 0 be real numbers. The m-mode bosonic Sobolev
spaces 750V (H,,) and WV (H,,) form a compatible couple such that for any m-
mode quantum state p and 0 € (0, 1) the real interpolation norm satisfies

oW @rt01 1) 37741 Ho g oo = NP Mlogra-ok0051.1 (34,

The proof of Proposition 10 is stated in Appendix B.

4.2. Optimality of convergence rates and necessity of finite second moments in the QCLT.
The results stated in the previous section lead naturally to the following questions:

(1) Can the assumption of finiteness of second moments in the Cushen—Hudson the-
orem be weakened?

(i1) Are the convergence rates of Theorems 6 and 7 and Corollary 8 optimal?
We start by answering the first question in the negative: there exists a state with finite
moments of all orders 2(1 — §) (for § > 0) for which neither Theorem 3 nor Theorem 5
holds.

Proposition 11. Consider the one-mode state \ry == |\ r){{ r| with wave function

1 1
V2 (1+x2)3/4°

Then: (a) W is centred; (b) Mag—5)(¥ ) = (Yrl(aa")'=8|¥s) < oo forall § > 0;
vet (c) the sequence (| Y)Yy |®")n does not converge to any quantum state. Hence, the
assumption of finiteness of second moments in the Cushen—Hudson QCLT (Theorems 3
and 5) cannot be weakened.

fx) = (54)

The proof of the above proposition is given in Sect. 7.

We now come to the second question (ii) regarding tightness of the estimates in
Theorems 6 and 7 and Corollary 8. In Sect. 7 below, we study several explicit examples
and provide convincing numerical evidence that our estimates are indeed tight, at least as
far as the Hilbert—Schmidt convergence rates are concerned. Our findings are summarised
as follows.
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e We start by looking at the pure state |) = (|0) + |3))/ V2, with density matrix
Y = |¥)(¥| and thermal Gaussification ¥ = t3,2. Our findings indicate that

[ — v
to 1 as n — oo, for some absolute constant ¢ (Example 5 and Fig.4). Hence, the

O(n=1?% convergence rate of Theorem 7 is attained.
e Next, we focus on the second estimate of Theorem 6, and show that it is also tight.

) ~ ¢n~12_ in the sense that the ratio between the two sides tends

Namely, we compute the differences H e H for the simple case of a single-
photon state ¢ = |1)(1| and for { = 1, 2, and find numerical evidence that again
e — v

shows that the ©(n~!) convergence rate stated in Theorem 6, under the assumption
that D3Xp (0) = 0, is also attained.

~ ¢n~! for some absolute constant ¢ (Example 4 and Fig.4). This
¢

4.3. Applications to capacity of cascades of beam splitters with non-Gaussian environ-
ment. We now discuss applications of our results to the study of channels that arise
naturally in the analysis of lossy optical fibres. We model a physical fibre of overall
transmissivity A as a cascade of n beam splitters, in each of which the signal state w
is mixed via an elementary beam splitter of transmissivity A!/” with a fixed state p,
modelling the environmental noise (Fig.2). Each step corresponds to the action of the
channel 4}, 31n : @ + @ B;1/» p (cf. the definition (41)), so that the whole cascade
can be represented by the n-fold composition /Vp’f ;- Note that this is in general a
non-Gaussian channel, albeit it is Gaussian dilatable [28,64]. We are interested in the
asymptotic expression of the output state A ;ﬁ ;1 (@) as the number £ tends to infinity, as
a function of the input state w. In other words, we want to study the asymptotic channel
limy 00 A7 510

At this point, it should not come as a surprise that such a channel exists and coincides
with W)g 5.

Before we see why, let us justify why the above model may be relevant to applications.
The recently flourishing field of integrated quantum photonics sets as its goal that of
implementing universal quantum computation on miniaturised optical chips [29,30,65,
66]. A quantum channel that runs across such a circuit is susceptible to noise generated by
other active elements of the same circuit, e.g. single-photon sources. While we expect
such noise to be far from thermal, it may become so in the limit n — oo of many
interactions. In a regime where n is finite, albeit large, our setting will thus be the
appropriate one. The forthcoming Corollary 13 allows us to study the classical and
quantum capacity of the effective channel in such a regime.

Let us note in passing that the cascade architecture we are investigating now, in spite
of some apparent resemblance, is different from that depicted in Fig. 1b. While we regard
the former as more operationally motivated, the latter is mathematically convenient, as
the transmissivities are tuned in such a way as to yield the symmetric convolution pEn
at the output.

Theorem 12 (Approximation of thermal attenuators channels by cascades of beam split-
ters). Let p be a centred m-mode quantum state with finite third-order phase space
moments Mé, cf. (33), and denote by pg its Gaussification. Then,

1
n 1
H_/Vp A — g/‘/‘pG’AH = @M,; (n 2(m+1)) s
s ° 3
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n

p
W — [ ceeeose e \—V‘/V;})\l/n(W)
l AL/ l AL/n l AL/

Fig. 2. An input state w enters an optical fibre modelled by a cascade of n beam splitters with equal transmis-
sivities A1/” and environment states P

«—
—

where || - || stands for the diamond norm (11).

One can further make use of the recently derived continuity bounds under input
energy constraints [33-36] in order to find bounds on capacities of the cascade channel
N p" ;i in the physically relevant case where the Gaussification pg of p is a thermal

state.3

Corollary 13. Consider a single-mode quantum state p with finite third-order phase
space moments M (cf. (33)) and thermal Gaussification pg = ty as in (27). Then, for

A € [0, 1], mean photon number N := Tr [,0 aTa] < 0o, and some input energy E > 0,
the energy-constrained classical and quantum capacity of the cascade channel N p" N

relative to the canonical Hamiltonian a'a satisfy
(G (7 s E) = G+ (1= )N) + (1 = IN)| = Acln; N, M, 2, ) (55)

and
QA s E) = (8.0 E)| = Mg N, M3 3, E). (56)

where g(x) == (x + 1) log(x + 1) — x log x (as in (29)), and @(%N,;L, E) is the quantum
capacity of the thermal attenuator®
The remainder terms are such that

Ac(n; N, My, 1, E) < C(M3)n~Y*logn,

/ / 1/8 (57)
Ag(ny N, M4, &, E) < C(M{)n~®logn.

for some constant C = C(Mé) and all sufficiently large n > ny (AE +(1—X)N, Mé)
The proofs of Theorem 12 and Corollary 13 are postponed to Sect. 8.

8 This amounts to assuming that p can be brought to its so-called Williamson form (see (63) of Sect. 6) by
a passive symplectic unitary only.

9 An analytical formula for this quantity is currently not known. We report the best lower [39,45] and
upper [40-44] bounds known to date in (105)—(106) and (107)—(109), respectively. These results can be used
together with (56) to find bounds on @(/V: A/ E)
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4.4. New results on quantum characteristic functions. In this subsection we state our
refined asymptotic analysis of the decay of quantum characteristic functions that we
employ in the proofs of our main theorems. For arbitrary quantum states, we have the
following asymptotic result on the quantum characteristic function at infinity. It states
that the quantum characteristic function can, in absolute value, only attain the value
one at zero and decays to zero at infinity. Both these properties do not hold for general
classical random variables, see Sect. 5.2.

Proposition 14. The quantum characteristic function of an m-mode quantum state p
is a continuous function that is arbitrarily small in absolute value outside of a suffi-
ciently large compact set, i.e. x, belongs to the Banach space Co(C™) of asymptotically
vanishing functions. Moreover, for any ¢ > 0 we have

1, 58
o xe@)] < (58)

where B(0, ) := {z € C" : |z| < &} denotes a Euclidean ball of radius ¢ centred at the
origin.

The proof of Proposition 14 is given in Sect. 5.2. Interestingly, we can obtain a much
more refined asymptotic on the decay of quantum characteristic functions if we assume
that the state has finite second order moments.

Proposition 15. Let p be an m-mode state with finite average energy
E :=Tr [p (Hm +5 1 ) ], where we have explicitly accounted for the non-zero energy
of the vacuum state. Then, for all z € C" and all § € [0, 1] it holds that

_ \32m—1 2 2
%@ <1 (1= 8)382m=1 (2m + 1)) min{|z|2, p 5}‘

6- 24m . E2m—l E

The proof of Proposition 15 is given in Sect. 5.2.

5. New Results on Quantum Characteristic Functions: Proofs

Quantum characteristic functions constitute a central tool in our approach. Therefore,
the first step in our path towards the quantum Berry—Esseen theorems is to prove the
results stated in Sect. 4.4. The structure of this section is as follows:

e Quantum—classical correspondence: We derive a quantum—classical correspon-
dence of the central limit theorems by showing that the quantum convolution of
two arbitrary density operators naturally induces a classical random variable (Sect.
5.1).

e Decay bounds: We derive new decay estimates and asymptotic properties of the
quantum characteristic function at infinity (Sect.5.2).

5.1. Quantum—Classical Correspondence. In this section we show that the quantum
convolution p Ho of any two states p and o has a non-negative Wigner function. While
the mathematics behind this is known (seee.g. [67, Proposition (1.99)], [2, Proposition 5],
and [68, Eq. (8)]), we believe that its physical implications have not been appreciated to
the extent they deserve.
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Lemma 16. Let p and o be arbitrary m-mode quantum states. Then the Wigner function
of their convolution p B o defined by (37), with A = 1/2, is given by

Wm0 (2) = 72T—mTr [p 9(\/§z)10192(f2z)T], (59)

Ta.:
where J := (— l)z-/' 491 is the unitary and self-adjoint operator that implements a phase
space inversion (in the sense of Eq. (61) below). In particular,

W,m,() =0 VzeC". (60)

Proof. We start by verifying that J actually corresponds to a phase space inversion, in
the sense that

Wips(z) = Wy(=2) (61)

for all m-mode quantum states p and all z € C™. This follows from the easily verified
fact that Ja;J = —aj for all j, which also implies that J2(z)J = D(—z). In fact,
using (21) we find that

m m

Wipi(2) = i—mTr (2(=2)JpID(2) J] = i—mTr[JQ(Z)p@(—z)] = W,(-2).
We now compute
W, @0(2) = 27 (W, % W) (ﬁz)
2 om /dzmu W, () Wy (ﬁz - u)
=" / 42" W) Wy (1 = /22)

4 Am 2m
=2 /d qu(u)Wg( )»r(u)

V22)Jo (V2
3 2—:: Tr [,o g(ﬁz)lajg(ﬁz)q )

i
In 1, we use the convolution property for the Wigner function in (47),where in 2 we just
write out the convolution of several functions as in (48). In 3 we then first flip phase
space variables according to (61) and use the displacement operator in 4 to translate them
by +/2z, cf(24). Finally, in 5 we use the quantum Plancherel identity (25) to transform
the integral over Wigner functions in a trace over density operators.

(24)

The above equalities are labelled by the equation numbers corresponding to the
identities that justify them. O

Remark. 1t is not difficult to see that A = 1/2 is the only special value for which
Lemma 16 can hold, i.e. such that W,m,0(z) =0 for all m-mode states p, o and for
all z € C™. To see why, consider the case where m = 1 and p, o are the first two Fock
states. The action of the beam splitter unitary on the annihilation operators, as expressed
by (35), leads to the identity |0)(0] B, [1){1] = A[0)(0] + (1 — A) |1)(1]|. Using the
expression for the Wigner function of Fock states [59, Eq. (4.5.31)], we see that

W, = = 2 e 1 1— 4z
10)(01 B, 11)(11(2) = Wajoy01+1—n)1y(1](2) = p A—=0=2)(1-4z]7)).
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Hence, Wo)0,@,)1)(11(0) < 0 assoonas 0 < A < 1/2. For 1/2 < A < 1, we arrive
at the same conclusion by looking at the state |1)(1| H, |0)(0] = |0)(0] Bi_x |1)(1],
obtained by sending A — 1 — A.

We proceed by showing how the above result bridges the gap between classical and
quantum central limit theorems. We now fix an m-mode quantum state p, and notice that
pEEz” = (pH p)EE". Consider the probability density function fx := W,m, > 0, where
positivity holds by (60). Let X be a random variable with density fx. The mean and
covariance matrix of X coincide with those of p H p, which are in turn the same as those
of p. Hence, at the level of Gaussifications, fg = W,;. We write for an i.i.d. family of

random variables X; with law fy
W,OEEZ” (M) = W(p =2] p)En (M)
1 *
=n" p’éap (ﬁu)
= £ ()
VGRS RYNAC)

where 1 follows from (47) and 2 follows from the change of variables u > /nu. This
implies by applying the classical and quantum Plancherel identities (26) that

R e )
1Y 1 ¢} - X pBan Xpc L2(R2m)
2
— M _
=" | W =W (62)
2

=™ H f(X1+...+Xn)/ﬁ - fG L2(R2m)
which shows that the QCLT is equivalent to a certain CLT for classical i.i.d. random
variables. The problem with this approach is that the right classical tool to use here
would be an estimate on the rate of convergence of (X| + - - - + X,,) /+/n to the normal
variable X with respect to the L? norm. However, it is known that convergence fails
to hold in general, and even under some finiteness of moments assumption there does
not seem to be a readily available result in the literature, that is powerful enough to be
successfully employed here. Therefore, we do not pursue this route further here.

5.2. Decay estimates on the quantum characteristic function. Before studying the rate of
convergence in the quantum central limit theorem, we show that quantum characteristic
functions have the so-called strict non-lattice property. To motivate this property, we start
by recalling some basic properties of characteristic functions from classical probability
theory.

The characteristic function xf} of a classical random variable X always attains the
value one at zero. However, it can also attain the value one, in absolute value, at any other
point. The random variables that exhibit this latter behaviour are precisely those that are
lattice-distributed:'° see also [69, Section 3.5]. Examples include the Dirac, Bernoulli,
geometric and Poisson distributions.

10 These are discrete random variables with probability distributions supported on a lattice.
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Knowing that ]x)c(l(t)| < 1 for all values t+ # 0 however does not imply that
limsup,_, o, | X)C(l (1) ‘ < 1. This latter condition is known as the strict non-lattice property
of a random variable. An example of a non-lattice distributed random variable which
does not satisfy the strict non-lattice property is as follows.

Example 1 ([69, Section 3.5]). Consider an enumeration of the positiverationals g1, g2, . . .
Q; with g; < i and a non-lattice random variable X defined by

P(X = gn) = P(X = —q,) =27 "D,

The random variable X is then given by

X5 = E@™) =Y (" + e 1P(X = g,)

n=1
which simplifies to

]

1 cos (tq;)
xx () = Z Tl
i=1

Let g; = % where p; € Z and r; € Ny, by considering times t, = 2x ]_[;-1=1 r; for
1

arbitrarily large n, one has lim sup,_, o [xg ()| = 1.

We now show the surprising fact that quantum characteristic functions do not exhibit
this somewhat pathological behaviour. Instead, for any quantum state p it holds that
limsup;|_, o | Xp (z)| = 0, as the proof of Proposition 14 below shows.

Proof of Proposition 14. Thanks to the spectral theorem and by the dominated conver-
gence theorem, it suffices to prove that lim;|—c Xy ,(z) = 0 for all wave function

f € L*(R™), where Yy = |Y¥r)(¥rl, and [y y) is the pure state with wave function
/. We rephrase this as the requirement that xy , belongs to the Banach space Co (C™),
where the norm on Cy (C™) is the supremum norm.

We consider smooth compactly supported functions f first. For such functions,
the claim follows by combining (i) Eq. (19); (ii) the fact that f is normalised, i.e.
f d"x|f(x)|* = 1; and (iii) the Riemann-Lebesgue lemma. For general [ € L2(R™),
the result then follows by a density argument: for an arbitrary f € L?(R™) there is a
sequence of smooth and compactly supported functions f, € C2°(R™) converging to
f e L2(R™), so that

sup ’(wan — Xvy) @]
zeCm

= sup [(V£,12@I¥7,) — (WD)

zeCm

< swp [ [V 12015) = W@+ W51 2@ 1) - Wr12@1)| |

zeCm

<2|ws) = 1wl =210 = flz@n —=2 0.

Since Co(C™) is a Banach space and W € Co(C™), this implies that also the limit
Xy, € Co(C™). Thus, to complete the proof of (58) it suffices to show that for every
& > 0 and any z € C"™\ B(0, ¢) one has that |X1ﬁf (z)| < 1. If this were not the case, then
[ ) would be an eigenvector of the displacement operator & (z). This is well known to
be impossible, see e.g. [28, Lemma 10]. O
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For a given state p and some fixed ¢ > 0, Proposition 14 tells us that there exists a
constant7(p, &) < 1suchthatmax,ecm\ g(,e) |Xp (2) | < n(p, &) (ct.(58)). However, the
problem of characterising the quantity 1(p, €) in terms of some physically meaningful
property of the state p remains. To this end, a natural candidate turns out to be the energy
of the state. To see why this is the case, consider the following simple example.

Example 2 (Squeezed states). Forevery z € C"™ andevery § € (0, 1) there is a (Gaussian)

state pg of mean photon number Tr [pg H,;,] < 81“% — 4—11 such that |ch (z)| >1-4.
1-68

To see that this is the case, up to the application of passive symplectic unitaries, it
suffices to consider the case z = (¢, 0, ..., 0), where t > 0. Consider the ‘squeezed’
Gaussian state [70-72] defined by the characteristic function

21,21 P
X (2) = e 2O g (2 =g M g

where we set n := min {z% In ﬁ, 1} > 0. The mean photon number of pg is well

known to be given by Tr [pc H),] = }1 (n + %) — % <z %, where we used the fact

thatn < 1.

The above example shows that any estimate on 1(p, €) can be reasonably expected
to depend on the energy. We now show that our preliminary work on the quantum—
classical correspondence allows us to derive a general upper estimate for | x,(z)| at any
designated point z € C™ in terms of the energy of the state p. For this purpose, we draw
upon some important mathematical results from the well-developed theory of classical
characteristic functions. Proposition 15, whose proof we present now, implies e.g. that
for a one-mode state p, we can take n(p, ) = 1 — % min {82, % }, where E is the energy
of p, and ¢, C are universal constants.

Proof of Proposition 15. Denoting as usual with |z| the Euclidean norm (4) of z € C™,
we write the following chain of inequalities.

| 1/2
X (@) = ’XpEEp (“/EZ)’
2| u 1/2
- ’X?Cf(pﬁﬂp) (‘62)‘

( 2(1 — 8)382m=1 (2m + N2 { ) n28}>1/2
1— min { |z]7,

[Aw

3. 24m . E2m—1 E

[N+

2(1 = 8)382 =1 (2m + D> . , w28
1— min{ |z]7, —¢ .
6 - 24m . pam—1 4E

Here, 1 is an application of the quantum convolution rule (cf. the n = 2 case of (49)).
In 2 we introduced the classical random vector X (p B p) taking values in C™, with
probability distribution given by the Wigner function W, g ,, which is everywhere non-
negative by Lemma 16. The inequality in 3, which is the non-trivial one, follows from
[61, Corollary 2.7.2]: we set a = sup,ccm W,m,(z) < 2" with the latter estimate

coming from (21), and & = 2, so that "

Vo = V2 = /dmz |z|? W,m, (@) (2=3)Tr [(p Hp) (Hm + % I)] (4=0)Tr [,0 (Hm + % 1)] =F;
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also, we substituted m +— 2m, because our phase space C” has real dimension 2m;
finally, we used the well-known formula I'(m + 1/2) = /7 27" (2m — 1)!!, where (-)!!
is the bi-factorial. Lastly, the inequality in 4 is just an application of the elementary
estimate /1 —x <1 —35forO0<x <1. O

Remark. In [61, Section 2.7], several other estimates for | Xg(t)| are derived. While
we decided to stick to the simplest one, as it is already very instructive, it is possible
to substantially improve over it, e.g. by resorting to non-isotropic estimates (cf. for
instance [61, Theorem 2.7.14]). Notably, our quantum—classical correspondence allows
us to translate all of these inequalities to the quantum setting, up to an irrelevant factor
of 1/2 in the associated constants (see step 4 in the above proof). We do not pursue this
approach further, though we want to stress that it immediately leads to a plethora of
further results.

6. Quantitative Bounds in the QCLT: Proofs

In this section, we provide proofs of the convergence rates in our quantum Berry—
Esseen theorems. We also provide proofs of some of the statements in Sect.4.3 on
the convergence rate for cascades of beam splitters converging to thermal attenuator
channels.

Outline of this section:. To fix ideas, we give a high-level outline of our proofs:

e Williamson form: We apply a suitable symplectic unitary to the state, so as to make
the Hessian of its characteristic function diagonal and larger than the identity. Sub-
sequently, we use the quantum Plancherel identity to express the difference of the
convolved state and its Gaussification in Hilbert—Schmidt norm as a difference of
quantum characteristic functions in L? norm (Sect. 6.1).

e Local-tail decomposition: We then split the integral of the L2 norm of the difference
of the quantum characteristic functions of the convolved state and the Gaussification
of the original state into a regime around zero (Lemma 17), in which we can control
the behaviour of the quantum characteristic function by its Taylor expansion, and a
tail-regime in which we estimate the difference using Proposition 14. The error in the
Taylor expansion is controlled by the phase space moments of the state, cf. Lemma
18.

e Hilbert—Schmidt convergence: We implement the above ideas to prove Theorems 6
and 7, and Proposition 22 (Sect. 6.2).

e Trace norm and entropic convergence: We then use the preservation of the bound-
edness of the second moment under quantum convolutions to obtain a quantitative
estimate of convergence in trace distance, employing Markov’s inequality and the
Gentle Measurement Lemma [73], and in relative entropy, using entropic continuity
bounds [33] (Sect. 6.3).

e Convergence rates for cascades of beam splitters: In the final subsection, we prove
the results claimed in Sect. 4.3, namely convergence rates for cascades of beam
splitters converging to thermal attenuator channels (Sect. 8).
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6.1. Preliminary steps.

6.1.1. Williamson form Let p be a centred m-mode quantum state with finite second
moments, as in the Cushen—Hudson theorem. It is known that one can find a symplectic

unitary V and numbers vy, ..., v, > 1 such that
o =VipV (63)
satisfies {
X @ =1=33 vjlzP+o (1) =0 (64)
J

With a slight abuse of terminology, we will call o’ the Williamson form of p [74]. Bringing
a state to its Williamson form allows us to assume that (i) the smallest eigenvalue of its
covariance matrix is at least one. Also, (ii) the transformation in (63) does not change
the first moments of the state, so that if p is centred then o’ remains centred. Finally, (iii)
the same unitary V brings not only p but also its Gaussification pg to their Williamson
forms simultaneously, so that

1 2\™
prG(z) = exp [—5 Zj lezj-lz] , Wp(/}(z) = (;) exp [—2 Z‘/ v,-lzj-lz] .
(65)

holds as well. Thanks to the covariance of the quantum convolution with respect to
symplectic unitaries (50), we see that

H’Omn _”GHz - HVT (pEEn _’OG) VH2

= [0 -

)
Combining this with the quantum Plancherel identity (26) yields

2 d*"mz 2
Hn _ oy,
0% = oo, = f S e @ = %, @ (66)
2

=n" / d™z (W(p/)EEn (2) = Wy (z)) : (67)
In short, when estimating any unitarily invariant distance of ,OEE" from its limit pg, we
can assume without loss of generality that all states are in their Williamson forms. When
the Hilbert-Schmidt norm is employed, we can compute the distance as an L norm at
the level of characteristic functions, or equivalently at that of Wigner functions.

6.1.2. Local-tail decomposition We continue with an important technical lemma that
reduces the convergence in the quantum central limit theorem to the behaviour of the
quantum characteristic function around zero.

Lemma 17. Let p be an m-mode quantum state with finite second-order phase space
moment. Without loss of generality, we assume that p is centred and in Williamson form,
and that its Gaussification pg has characteristic function as in (65). Then for everye > 0
we have that

2 1 ., 1 "
Hn _ ” - d2mZ’ 2 _e—jzjvj\zj'l ‘ +0 (1> 68
H/O Pc 2 wm <y Xp (ﬁ) ( ) 68)
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as n — oo. If p has also finite third-order phase space moments, then

m(m + D(m +2) | D3, 0]
6 NG

1 / 5
+— d"z
mm/2 ( lzl<yne

where the Fréchet derivative of x, is defined by (3).

+0((n~)

B
™" = psll2 <

0 (5) - (1 o0 )

(69)

Proof. The first identity (68) follows along the lines of the second one (69) and so we
focus on verifying the latter. Using the quantum Plancherel identity (26) and the relation
(46), we apply the triangle inequality and split the integration domain into two disjoint
sets such that

7| pB 2 RS I 12
”zllp"—pc||2=</dmzxp(ﬁ) Tl )
172
2m Tz ’1_ _Lz_v..‘z‘,|2< 1 3 ( 3 2
E<~/I’\< nad Z‘Xp <ﬁ) e s 1+6J71D xp(0) (2 ))

* </\z\>ﬁe d*"z | X (ﬁ)n 2 Xivilel (1 + ﬁDSXp(O) (ZX3>>‘2>1/2

N 172
+ % (/ d*z e Xy vl (éD3Xp(0) <ZX3>> ) .
(70)

The last term on the rightmost side of (70) can be estimated explicitly using spherical
coordinates. Namely, combining the fact that the coefficients appearing in the Williamson
form satisfy v; > 1 with the bound | D3 x,,(0) (z*®)| < | D3x,(0)| |zI*, we obtain that

/ d2mZ

IA

2 —
vol(§?"~1) [ D x, (0)||? /Oodre”zrz’”“'S
36 o

o1 X vileil? (éD3Xp(0)(ZX3)>

T (m +3) vol(s™~1)
= - 1D %O

m

_T 1 21D x, 0|12
=3 m(m+1)(m+2) |D”x,(0)]~,

2
where we used that [;° dr ¢ 25 = L)

Fz(”TN//;) for the volume of the (N — 1)-sphere. Furthermore, the second-to-last term in

(70) can be shown to be exponentially small. In fact,

/ d2mZ
|z|>/ne

fof e (fn ()

2(n—1)
2
<2 4 Z
: (:“f:'w') Lol ()

,and recalled the expression vol (S¥~!) =

o (G 5 (1 oot ()

2 s 2 23 :
+’e RN <1+% ‘D3X"(0)")‘ )

2
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pro|)f

1 2 3
+2/ dzmz‘e_fzf“flzf‘ (1+@
lz|>/ne o/
2(n—1)
3 2
=" (sup }xp(z)> f d™u | x,pw)]
|z|>¢ |u|>e
2 eS|, 0|)
lz|>/ne i

s ey o PID %, 1
2 ;
< 2" (sup |Xp(z)}) +2vol (82’"*1)/ dr e "yl (1 + Xo )
|z|>¢

Jie o6dn
2(n—1) 3 3 2
5 4™ 00 2 D 0
< 2n™ sup |Xp(Z)} + L e 2" / dr €—7r2m—1 1+ M ,
|z]>e (m—1)! e 6\/5

where in 1 we use that (a + b)? < 2(a? + b?), in 2 we use that

o

/|<fg)(x>|2 dx 5sup|f<x>|2/|<g)<x>|2dx,

and in (3) we changed variables in the first integral to u := \/Lﬁ Finally, in 4, we

used that the L2 norm of the characteristic function is at most one and switched to

. . . . . 2
spherical coordinates to compute the second integral. In 5, instead, we estimated e™" <

2
e e~ 2 forr > /n e. Note that the first addend goes to zero faster than any inverse

power of n for n — oo by Proposition 14. The second decays exponentially, essentially
because the integral is bounded in n (in fact, it tends to 0 as n — o0). This concludes
the proof. O

2
—5n

The first term on the right-hand side of (69) features an explicit dependence on 7,
while the second decays faster than any inverse power of n. Therefore, all that is left to
do is to estimate the third term, which can be done by looking at the behaviour of the
characteristic function in a neighbourhood of the origin. The first step in this direction,
rather unsurprisingly, involves a Taylor expansion of x, around 0. In the subsequent
lemma we record various important estimates of this sort, which will play a key role in
the proofs of our quantum Berry—Esseen theorems.

Lemma 18. For ¢ > 0 and k € [0, 00), let p be an m-mode state with finite phase
space moments of order up to k (namely, with the notation of Definition 2, assume that
M,i(,o, g) < 00). Then for all z € C™ with |z| < \/n ¢ it holds that

[k1—1 k
1 1 2m+|k] -1 |z]
z )\ _ = ph xh - / A<
% (57) };) i DO (7)< LkJ!( 1K) )M"(p’g) Wiz
(71)
In particular, if p is centred and in Williamson form,
2m+1 2
o (5) 1] = " wayp, 00 2 (72)
1 2m+1 T

X0 (55) = 1450 X il < 22 0,00 S (73)
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1 m(m+1)(2m+1) |z
% (55) =1+ 35 X, vl = S5 M0 (74)
1 a0 | mmeD)@mA1)2m+3)
1o () =145 22 viles P = = D@ (%) = -
4
Mo, 0 (75)

depending on what phase space moments are finite. In (73), we assumed that o € (0, 1).

The estimate in (71) follows immediately from using Holder continuity of the deriva-
tive.

6.2. Proofs of convergence rates in Hilbert—Schmidt distance. We start with the proof
of Theorem 6 assuming fourth-order moments.

Proof of Theorem 6. By the discussionin Sect. 6.1.1, we can assume that p isin Williamson
form, namely, that its characteristic function satisfies (64), with vy, ..., v, > 1. Since
M) (p, €) is monotonically non-decreasing in ¢, for any fixed 1 € (0, 2) we can chose

& > 0 small enough so that for any z € B := B (0, /n ¢) it holds that

2

o=

Looking at (72), this implies that 2 ‘1 — Xp (
define the function

a(x) == —% (log (1 _ —) —) i Te 77
=0

Substituting x = 2 (1 — Xp (\%)), we then have that

oz (0 (52)) + (1= (32)) | = |- (1= (5)) e (21~ (%)))\

2 2 1 2 4
MO My, 0 agn) oy
n

\%)‘ < 1. Now, for x € C with |x| < 2

(78)
where to deduce the last inequality we observed that |x| < u implies that |a(x)| < a(w).
Then, thanks to (78) and (74), an application of the triangle inequality yields

o1 (5))+ 45 e

5”‘10g<Xp(ﬁ>> I_X,o(\/*) +n Xp( ) 1+ = Z VJIZ]
- m2(2m + 1)2 " ) lzI* mm+DCm+1) M lzI? (79)
=3 2(p,8)7a(w) e + -9 3(p, &) ﬁ
Cilz)?
<

=
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where for fixed m the constant C; depends only on M} (remember that M, < M} by
construction). Using again (78) but now in conjunction with (75), by a swift application
of the triangle inequality we see that

toe (10 (55)") # 5 22, wilesl - % D30 ()
Xp ([) -1 +%Z,~ vjlzj1? - 6\% D%, (0) (Zx3>’

<nflog (x (55)) +1 =% (G5) |+

2 m2@2m+ 1)2 lzZ* mOn+D@m+1)2m+3) lz|*
=< fMé(P,S)za(M)T*' 144 MZ‘( )7
_ Gkl

n

(80)
where for fixed m the constant C» depends only on M (remember that M}, < M} by
construction). We now estimate

1
o1 2 vilzil?

Xo (T)n ez ivilel (1 + 6}/‘ Xp(o)( ))‘

oo (e o () 35, w10) = (14 505 200 ()|

o oo ), ) =1+ () £ 2
J

ou o (5)) #§ Sl 1 00 ()

21,16
CH® crepyyi , Col2l
n n

1.2
edll (C12|z|6+C2\z|4>.

(81)

Here, 1 follows simply by the triangle inequality. In 2, we (i) observed that " — (1 + u)| <
|u|2el; (i) operated the substitution ¥ = log (Xp ( ) ) 3 Z v; |z/ ; (iii) noted
that R 5 x +— x2¢* is a monotonically increasing function; and (iv) used the fact —
proved in (79) — that |u| < %ﬁp Finally, in 3 we remembered that |z| < /n ¢ and

assumed that ¢ > 0 is small enough so that eC; < }1. Now, since vy, ..., v, > 1, we
can rephrase the above estimate as

1
S (Clzlz|6+C2|z|4). (82)
n

Xo (7) — e Xk (1 YT D’ x,(0) (z“))

Upon integration, (82) naturally yields an upper bound for the second term on the right-
hand side of (69). We obtain that
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2

n 1 2 1
d2m z 2 Z/ vjlzjl 1+ —— 0
/\z\sﬁs z|%p (ﬁ) e N Dy, ( )( )

l

< — a2y o1l (C]2|z\6+C2|z|4>
lzl=y/ne

< */dz'" S (1 + Colzl)
4 1 2m—1 2m—1,-3 26 ne
4 n7V01 <S m >‘/0 dr r?m— Zr (Clr +C2}’ ) (83)

[l

1 o0 _
— 2" ol (SZ"H) / ds e (4c;‘s’"+5 +4C2Cos™ + cgs"“-‘)
n 0

2 M (m + 1) (m +2) (m + 3)
2

[l

- (4c;‘(m +4)(m +5) +4C2Co(m +4) + C22)

IA=
N‘w(?\)

n

The justification of the above steps goes as follows: in 4 we switched to spherical
: .3 : 1.2,

coordinates; in 5 we performed the change of variables s := 5r“; in 6 we computed the

gamma integrals, also remembering that vol (Szm_l) = (2” m), ; finally, the constant C3

introduced in 7 depends — for fixed m —only on M} (note that M} < M by construction).
The proof of the first claim is completed once one inserts (83) into (69). In particular,
if D3 Xxp(0) = 0 we see that the convergence rate is @Mi (n ) This proves also the
second claim. O

We continue with the proof of the low-regularity QCLT that assumes finiteness of
phase space moments of order up to 2 + «, for some « € (0, 1].

Proof of Theorem 7. We just deal with the case where o € (0, 1). As above, we start
by fixing u € (0, 2) and choosing a sufficiently small & > 0 so that for any z € B :=
B (0, Jn 8) the inequality (76) holds. By a similar estimate as in (79), but now leveraging

(73) instead of (74), we have that for any z € B (0, /n ¢)
el (55 i
ol ()1 (B on b () 1+ 35 ]

2 2 4 2+a
m-2m +1) 2 |z | m(2m+1) , |z]
4 Mz(ps ) Cl( ) 2 M2+a(p7 8) na/z

C4|Z|2+Ol

(84)

where the constant Cy4 introduced in the last line depends only on M), (note that
My < M,,).

1 2
02 2jVilZ

S\ L]
= lexp <log (Xp (ﬁ) ) *3 Zj Vj|Zj|2) — 1‘
L C4‘Z|2+a eC4|Z|2+a/nu/2
-  po/2
C4‘Z|2+D( Lyz2
Py A

[A
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Here, in 1 we used the elementary estimate |e* — 1| < |u|e|”|, together with the obser-
vation that the function R 5 x + xe* is monotonically increasing. In 2 we used the
fact that |z| < /n e, and chose ¢ > 0 sufficiently small so that e¥Cy < 4—1‘. Combining
the above estimate with the fact that vy, ..., v, > 1 yields

‘Xp(j%)n'—e‘%xbvﬂﬁp

which upon integration in turn leads to

C 24+a
L (85)

~n

2
n 1 22 C 1.2
2m z —5 D vilzjl 4 2m ., ,—5lz 4+2a
|G € T I
lzl<y/ne n= Jizlsyne
Cc? 12
S _2 d2mze 2|Z| |Z|4+2Ol
n

[l

i -1\ [~ 32 2m+3+2
VOI(S m_) dre 2"yt
o

n 0
4 2" CE T (m+a+ 1)
B n® (m — 1)!
2
16
— na'

(86)
Here, in 3 we switched to spherical coordinates; in 4 we operated the change of variables
s = %rz and computed the gamma integrals; the constant introduced in 5 depends, for
fixed o, only on M), . Inserting (86) into the right-hand side of (69) completes the
proof. 0O

6.3. Convergence in trace distance and relative entropy. In this section, we further
use the assumption of finiteness of the second moments of the state in order to find
convergence rates in trace distance and in relative entropy.

Proof of Corollary 8. The hypothesis implies in particular that p has finite phase space
moments of the second order. By Theorem 28, this amounts to saying that p has also
finite standard moments of the second order, that is, that Tr [p H,,] < E < oo. Iterating
(40) and passing to the limit, we see that in fact

T [0 Hy, | = Tr o6 Hu] = Tr[pHp) < E.
Now, for any E’ > 0, denote by Pg- the projection onto the finite dimensional subspace

generated by the eigenvectors of the canonical Hamiltonian H,, of eigenvalue less than
E’. Then, by Markov’s inequality, for any & > 0,

Tr [/OEEHPE/g] , Tr[poPee] = 1—¢.
From the so-called ‘gentle measurement lemma’ [73, Lemma 9], we have that

Hn

H,O — PEje pE"PE/a L |oc = Peje pc Peje|, < 2.
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Then,
H,OEE" —po, = HPEE" — Prje p® Ppye .t HPE/a (PE" - PG) Peje| + | Pese o Prse = pal,
<4/e+ H P /e (pEE" - po) Prys |,
< 4ve+ | Peel, | Pese (0™ = pc) Prse
< e+ (/e ™ — o
The result follows after optimising over & > 0. In particular, if H pE — pg , = 6 (n™?),

we find that HpE” — 'OGH1 =0 (n—ﬁ)

We now turn to the proof of the convergence in relative entropy. Observe that, since
,oEE” and pg share the same first and second moments, Tr [,OEE" log ,OG] =Tr [,OG log pG]

and thus D (,oE” ||,oG) = S(pg) — S (,oEE"). The result follows directly from [33,
Lemma 18]. O

7. Optimality of Convergence Rates and Necessity of Finite Second Moments in
the QCLT: Proofs

In this section we discuss the optimality of our results in two different directions:

e First, we provide examples of states p that do not have finite second moments and for
which ,OEE" does not converge to any quantum state. This shows the necessity of the
assumptions on finite second moments in the Cushen—Hudson Theorem (Sect. 7.1).

e Secondly, we provide examples of explicit states which saturate our convergence
rates in Theorems 6 and 7 (Sect.7.2).

7.1. Failure of convergence for states with unbounded energy. We now show that the
assumption of finiteness of second moments in Theorems 3 and 5 cannot be weakened,
e.g. by replacing it with finiteness of some lower-order moments. Some examples of
states with undefined moments that do not satisfy Theorems 3 and 5 can be obtained
by drawing inspiration from probability theory. For instance, remembering that a clas-
sical Cauchy-distributed random variable does not satisfy the central limit theorem, we
construct the following example.

Example 3 (Cauchy-based wave function). Consider the pure state [/ ) with wave func-
tion f(x) = Lﬂ # The characteristic function of this state can be computed thanks

to (19), which in this case evaluates to

. \/Ee—\zll(ﬁﬂ'm)

X\ s ) =—".

[yl V2+izn

The absolute value of this characteristic function is illustrated in Fig. 3.

We then find the pointwise limit 1im,,— o X|y ;) (y;| (2/+/7)" = 8:,0 which again is
not continuous at 0 and hence is not the characteristic function of any quantum state.
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Quantum characteristic function

-10 10

Fig. 3. Example of the modulus of a quantum characteristic function, taken from Example 3, with heavy tails
in a single direction

The main drawback of the above state is that it does not have even first order moments.
We can fix this by considering a slightly more sophisticated example. To proceed further,
we first need to recall a well-known integral representation of fractional matrix powers.

Lemma 19 ([46, Proposition 5.16]). Forallr € (0, 1), all positive (possibly unbounded)
operators A, and all |y) € Dom (Al/z), we have that

sm(nr)
HAr/ZW - / Vv a

where all functions of A are defined by means of its spectral decomposition.

V) dt, (87)

Proof of Proposition 11. The state is clearly centred, for instance because the wave
function is symmetric under inversion x +— —x. We proceed to prove claim (b). Note
that, since x2 +p2 = I+2a'a > ], 2aa’ = x? +p2 +1 < 2(x2 +p2), where p := —i%
is the momentum operator. We now apply the operator inequality (A + B)" < A" + B",
which can be shown to hold for all » € [0, 1] and all positive (possibly unbounded) self-
adjoint operators A, B. To prove this explicitly in the non-trivial case where r € (0, 1),

we apply (87)to A+ B. For a generic [Y) € Dom (A’/z) N Dom (B’/z), we obtain that

H(A+B)r/2|w>H2= sintr) tli;iBW) dt

_ sm(nr) tr*] A N B Jt
N W|<t1+A+B tI+A+B>W)
) o

sm(rrr) e

<

< / (ww+yw<
= |42l + |5

where the inequality in the above derivation follows e.g. from [46, Corollary 10.13].

Now, setting A = x2, B = p2 and r = 1 — §, we obtain that

(aa")' ™ < [P0 4 p P < 1P g 14 2



Convergence Rates for the Quantum Central Limit Theorem 257

Computing the expectation value on [ ) yields

- - 3 7
Wrl@a)' 1y < iyl (120 ‘”+1+p2)|wf>—f (——a) @+l

where the last step is by explicit computation. This proves (b). We now move on to (c).
For this we evaluate the characteristic function of the convolution |/ ¢) (v f |BH” on the
purely imaginary line. For ¢ € R, using (19) we obtain that

Xt 1 G0 =/ dx | f 0 PeV ™ = V2101 Ky (V2 Il

were K is a modified Bessel function of the second kind, and the last equality follows
from (54) and [75, Eq. (9.6.25)]. Therefore, for any fixed ¢+ > 0 it holds that

. . . it
nIEIOIo X|1//f>(1//f|EEn(lt) = nlggo Xl ) (s (ﬁ)

1 2 !
= lim <1+<c+logt——logn>—+0<n_3/2)) =0,
n—oo 2 n

where we have used the expansion in [75, Eq. (9.6.53)] (see also [75, Eq. (6.3.2)
and (9.6.7)]). Since Xiy ) (g 5 B (0) = 1foralln because |/ ) (¥ f |EB " is a valid quantum
state, the sequence of functions X ) B does not possess a continuous limit. Hence,

it cannot converge to the characteristic function of any quantum state. This proves (c).
0

7.2. Optimality of the convergence rates. The following two examples show that the
bounds stated in Theorems 6 and 7 are indeed saturated. Both examples consist of states
constructed using the Fock basis. The construction of examples saturating the bounds
in Theorems 6 and 7 is motivated by the following Proposition.

Proposition 20. Let p be a one-mode density operator satisfying the assumptions of
Theorem 6 and also (i|p|j) = O for |i — j| € {1, 3}. Then the state ,OBH” converges at
least with rate O (n’l) to its Gaussification

o= =l =0 (7).

In particular, every density operator satisfying the assumptions of Theorem 6 that is
diagonal in the Fock basis achieves a O(n=Y) rate.

Proof of Proposition 20. By Theorem 6 it suffices to show that D3 x »(0) = 0 under the
assumptions of the Proposition. We start by recalling that any density operator p has an
expansion into the Fock basis such that

o0

=Y {ilpli) 1)l - (88)

i,j=0
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Hence, we find for the characteristic function that

e¢]

Xo(@) =Y iloli) X1 (2)- (89)

i,j=0

Using a finite-rank approximation of the density operator p, it suffices then by Theorem
9 to analyse the component-wise derivatives in (89). The functions x;)(;| are explicitly
given by [59, Eq. (4.4.46) and (4.4.47)]

. T o
\/g(—z)’ ™2 L:; "1z ifi < j,
- T N .
\/%(Z*)Z_Je_TL; / (|Z|2) ifi > j.

Here, LK (x) = % L,(x) = (=DF 2‘;(’)‘ (iie) (_gj)l are the associated Laguerre poly-

nomials. By assumption, it suffices to consider the case where |i — j| is even or |i — j|

is odd and at least 5. We find that by writing the characteristic function in the form
_12

Xy (2) = T H i (z) for some suitable function H;, as in (90), that for the diftfer-

ent possible third derivatives, we have

Xiiyj1 (@) = (90)

32 x1iy(j1(0) = —30. H;; (0) + 82 H;; (0),

92 X1iy(j1(0) = =38, H;; (0) + 82 H;; 0),
9202+ X1iy(j1(0) = — 8+ H}i (0) + 829+ Hj; 0),
929, X1i) (1 (0) = =8, H;; (0) + 828, H;; (0).

Therefore, the only possible non-zero contribution to the third derivative of the quantum
characteristic function x, at zero could be due to terms that contain either one or three
derivatives of functions H; evaluated at zero.

If |i — j| > 4 then z and z* appear in (90) with a joint power of at least 4; thus, this
term’s contribution necessarily has to vanish. It suffices therefore to consider the case
where |i — j| = 2. If Hj; is only differentiated once, then it is clear that this derivative
has to vanish at zero, since z, z* appear with a joint power of at least two.

If Hj; is differentiated three times, then the term |z|? causes the derivative to vanish
at zero unless this term is differentiated precisely two times. This, however, implies that
the Laguerre polynomial is differentiated exactly once. However, by the chain rule any

first order derivative of the term Lll.j il (|z|?) vanishes at the origin. This concludes the
proof. O

The following example shows that the @(n~!) convergence rate stated in Proposition
20, under the assumption that D3 Xp(0) =0, is in fact attained.

Example 4 (O(n~")-rate). By Proposition 20 we can take p = |1)(1| to obtain a con-
vergence rate of at least O (n~1) in the QCLT. That the 6(n") rate is actually attained
is illustrated in the right figure in Fig.4. The O(n~") rate is saturated both in Hilbert—
Schmidt and trace norm.

The following example shows that the ©(n~!/?) convergence rate of Theorem 7 is
attained.
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1/4/n Convergence rate 1/n Convergence rate

4 3.5¢
3 —+ o nl|p" — pall1
3 __ o5l «ocnllp” = pall2
= E
< ' ;2]
| 2t - .
2 L 215,
= |, = |t
& 1T e B 1 fetssasisnsssianininsn
S TR e=tT TR
ISR NN oLiliiiiiti il iiidiiiil
10 .20 30 10 20 30
Iteration n Iteration n

Fig. 4. This plot shows the expressions cn® || pE" — p|| for a constant ¢ > 0 such that lim;,— 5o cn® Hpaa" —
pll = 1. The left figure shows that the O(1/4/n) convergence rate is sharp (Theorem 7) by using the state from

Example 5. The right figure shows that we can obtain a rate O(1/n) if D3 Xp(0) = 0 (Theorem 6) by using
the state from Example 4. In both figures we write p”* for pEB”

Example 5 (O(n~"'/?)-rate). Consider the state!!

_ 10y +13) O + (3l
V2oV

Its characteristic function is explicitly given by (90)

I 2 3 3 4 6
Xp(@) = e (12—18|z| +«/6(z —(z))+9|z| —Izl)

Now, since (0]p|3) # 0 we see that the condition of Proposition 20 does not hold. One
verifies directly that x,(z) = 1 — 2Jz|* + 0 (|z|?), so that p is already in Williamson
form (cf. (64)). Letting ®(z) = e‘2|z‘2, we then find that pr — CDHLZ(R?) converges

—1/2

with rate n , see Fig.4.

The following example shows that the @ (n~%/?) convergence rate of Theorem 7 is
attained at least for o = 1/2.

Example 6. Consider the probability density function p on R given by

(1) = r'(7/4) 1
PR = rGa) A+ )7
Its Fourier transform reads
+00 ) u|>/*
Hu) = dte "p(t) = ——— K , 91
0 [_Oo 10 = 177 Koreud 1)

11 We use states |0) and |3) rather than |0) and |1) because the latter choice does not lead to a centred state.
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where K, (z) is again the modified Bessel function of the second kind, and (91) follows
from [75, Eq. (9.6.25)]. Define the single-mode quantum state

Jo =/ dt p(t) |t)(t] ,

—00

where

=Y 1
n:Om

is a so-called coherent state [76-79]. The characteristic function of p can be easily
computed as

20z ey

oo —|z|2/2=2itz; __ = —1z12/2
Xp(2) = dtpt)e =pQzr)e = Ks/4(2lzrl) e

— ['(5/4)

which leads us to

w2z P 2lz11\" 2
XpEEn(Z)—Xp (Z/\/ﬁ) —WK5/4 W e .

On the other hand, a little thought confirms that p has vanishing first moments and
second moments given by Tr[px?] = 9/2 and Tr[pp?] = 1/2. Its Gaussification then
reads . .

2 2 2
— dt —— —17/4 (|, — —4lz717= Izl /2‘
po= [ s nul. e =

We also observe that: (a) p has finite standard moments of order up to 5/2 — §, for all
8 > 0; but (b) it has no well-defined phase space moments (nor standard moments) of
order 5/2.

To prove claim (a), start by setting 8 := 5/4 — §/2. Assuming that § < 1/2 so that
B > 1, forall t € R we have that

2
@iy 2 e 3 S
n'
n=0
o0 2n
7l2 t B—1
=e
2 T
n=1
2 ad t2
2 —t L p—1
t X(:) — 1+ 1)
n=

|ua | A

~ ~
o o
—~

—_
+ ™
~

YT
"CQON
| S
—_ S
=S| ®
i\

~~

S

+

—_

e
Ss~—
il

B
(1 +t2> ,

where 1 is just the definition of coherent state, 2 comes from the concavity of the function
2

IA

t2ne—t

—— is a probability distribution over N, and

x +— xP~1 and from the fact that ¢, =




Convergence Rates for the Quantum Central Limit Theorem 261
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Fig. 5. This plot shows the expression n_l/4||pEE” — pgll, with pEE” and pg as in (92). In particular, this

figure shows that the O(1/ nl/4) convergence rate is sharp (Theorem 7) for o« = 1/2

finally in 3 we used the formula Z;.,o:o ;‘l—r,l (n+1) = (1+x)e*. From the above calculation
we now deduce that

8 +00 B I'(7/4) +00 dt
" [” (aa) } < [ aro(ver) = 2o | e <

as claimed.

To prove claim (b), it suffices to use [75, Eq. (9.6.10) and (9.6.11)] in order to write
2" K, (2) = A(z) + 22V In(z) B(z), with v > 0, A, B analytic functions, and B(0) # 0.
Setting v = 5/4 shows that the phase space moment of p of order 5/2, as constructed
in Definition 2, is not well defined, formally Mg /2(,0, g) = +oo forall ¢ > 0.

‘We now present numerical evidence hinting at the fact that H ,oEE" — 06 = O(n~1*

for our choice of p. Note that

2 d*z
o™ e, = [
2 T

2
TP S 21|z |3/4 2lzi\" _.p2
oMz 1222 sja (22 2

T (5/4) 578 Jn
2
= i " g_9u2/2 _ —2nu5n/4 K5/4 2_u ! e‘u2/2
7 o T(5/4) /3 N
92)

The above integral can be evaluated numerically to a high degree of precision. Plotting the

function —In HPEE" ~ Pol, against Inn shows that ”,OEE" — PG H2 decays as O(n~!/4),

cf. Figure 5. By what we have learnt above, Theorem 7 predicts a convergence at least
as fast as O(n~"/4*%) for every fixed § > 0, and is therefore tight at least for o = 1/2.
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8. Cascade of Beam Splitters: Proofs

In this section, we prove the results claimed in Sect. 4.3, namely convergence rates for
cascades of beam splitters converging to thermal attenuator channels.

8.1. Generalities of the cascade channels. In order to study the convergence of the
cascade channel, we start by proving the following elementary equivalence.

Lemma 21. For an m-mode quantum state p, some A € [0, 1], and a positive integer n,
consider the cascade channel NV p" sun (¢f. (41)). One has that

‘/Vpn, am = NpGn), a - Xo(2) —> X/Vp" i (@) (2) = Xw <‘/XZ) Xp(k,n)( 1= Z) s
93)
where the effective environment state p (A, n) is defined via its characteristic function

1 —Al/n

n
XpGm) (@) = H w1 e (94)

Proof. We proceed by induction. The case n = 1 follows from (38). Let us assume that
the claim holds for n — 1, so that

n—1

-1 _ =1
/V/: P = ‘/Vp(l,_,nfl)yu N X/’/n;ll/(hl)(w)(z) = Xo (\/,EZ) 1_[ Xp (\/ 1— Ml/(n 1) Mz(n—l)z) .

” (=1

By setting = A"~D/" we see that

n—1
_ =t (=
./V: A,l/,” = Np(uo=0in 1), pn=D/n s Xt ()@ = Xo (k n Z) 1_[ Xp (\/1 _Al/n Z) .
P =1
Since /Vp" i (@) = Ny (-/Vp";}/n (a))) = ,/Vp";]l/n (w) B,/ p, composition with the
n'™ copy of the channel Ny, aim yields

_ 1/2n iy
X @@ = Xt (@) (A Z) Xp ( L= alin Z)

n—

=10 (452) (T 0 (V=300 ), (T 372)

n—

= Yo (ﬁz)rf xo (VI =11/ 352)

=0

= Xw (ﬁz)li[ Xp <\/1 —)\]/”)»%Z),

which proves (93) and (94). Finally, one can also verify by induction that

n—1
pGom) = p (A7 0= 1) By o (95)

Al/n l—k("_l)/”
where n(A, n) = %

forallA € [0,1]and alln. O

€ [0, 1], so that p(A, n) is a legitimate quantum state
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8.2. On the effective environment state. Thanks to Lemma 21, the study of the cascade
channel /' p’f ,1» bOils down to that of the iteratively convolved state p (A, n) of (94). Since
such a convolution is not symmetric (cf. (49)), to proceed further we need to extend
our quantum Berry—Esseen results to a non-i.i.d. scenario. Note that the classical central
limit theorem has indeed been extended to sequences of independent, non-identically
distributed random variables [1,80], and even to sequences of correlated random vari-
ables [81]. Rates of convergence for the former case can be found for instance in [82]
(see e.g. Theorem 13.3 of [82]).

Proposition 22. Let p be a centred m-mode quantum state with finite second-order phase
space moments. Then the sequence of quantum states p (A, n) defined via (94) converges
to the Gaussification pg of p in trace norm. Moreover, if p has finite third-order phase
space moments then

1pGm) = palla = 03 ury (n772). %6)
1pGem) = polly = Oy gy (w7272 7

Here, M, = M} (p, €) is defined by (33), and & > 0 is sufficiently small.

Proof. The argument is a variation of that used to prove Theorem 7 in Sect.6.2. First
of all, reasoning as in Sect.6.1.1, we can assume without loss of generality that p is in
its Williamson form. To simplify the notation, we introduce the re-scaled vectors wy :=

lﬂlk/" ATz € C™" where £ € {1,...,n)}. Then clearly Xoom @) = TTh—; xp (we).

Note that |wy| < % |z|; substituting z +— wy into (72) and (74), we see that

whenever |z| < | /% ¢ it holds that

m@2m +1) log L |72
Ixp (we) — 1] < fMg(p,wl_; — (98)
L= oy L mm+H@m+1) log 1\ |23
Xo (W) =14 5 ——— A7 Zjl)j|2j| sy Mol 55
99)

We start by choosing ¢ > 0 small enough so that (76) holds for some © € (0, 2). We
can now mimic the calculations in (79), obtaining

1 2
10g Xp.m (2) + 5 Zj vilzjl ‘
- 1
2
10gﬂ Xp (we) + 5 Zj vjilzjl

1 n
=2

=1

11_}»1/11 1 )
10gXp(w£)+§ﬁ)» " Zj‘fj|2j| ’

n

< Z{ [log xp (we) + 1 — x, (we)| +

=1

2 1—x

11=alr o
Xp (wWe) =1+ =~ A Zjv,-lszZH
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n

3/2
2 m2Qm+1)? logt ) lzI*  m@m+1)Q2m+1) log 1 Iz
S;{Tl—x%(’)"g) ”(“)nTJr#MW’S) 1—2 W}
3 Colzf
s . 100
=/ (100)

Here, in 1 we observed that ) ;_, 1 lklk/n A n =1 and applied the triangle inequality.
To deduce 2, instead, we proceeded as for (78). Namely, on the first addend we used the
identity log (1 — %‘) +5 =— a(x) satisfied by the function a(x) defined by (77), we
setx =2 (1 — Xp (wg)), we noted that |x| < wimplies that |a(x)| < a(u), and lastly we
employed (98). The second addend, instead, has been estimated thanks to (99). Finally,
for fixed m the constant introduced in 3 depends only on M7 and A (again, M), < M} by
construction).
Proceeding as usual, we continue to estimate

n
1_[ Xp (we) — efé X vilzj?

=1

= |exp (log(l_[)(p(wg)+ Zvj\z] )) -1
£=1

1 .12 1 2 1 .2
e Tl |y o (2) — e Za Vil ’ — 3 X vilzil

£ Gl eoip v
==
3
2 Colzl” tep
n

Note that in 4 we applied the elementary inequality |e* — 1| < |ule!*!, observed that

R>xt>xe‘isa monotonically increasing function, and leveraged the bound in (100).

Golz? < C
o

In 5, instead, we wrote 1 elz]? < 4|z|2 where the last estimate holds

provided that & > 0 is small enough.
Remembering that vy, ..., v, > 1, we can massage the above relation so as to get

3
C6|Z| e7%|2|2 .

1
Xotan(@) —e B < (101

Jn

Now, we can repeat the steps that led to (68). We obtain that

7" oGk, n) = pall3

:/dZmZ

6 iy 22 Iy s 2]?

S[ dsz‘Xp()\,n)(Z) —e 3 25 vilzjl ‘ +/ dsz‘Xp(x.n)(Z) _e 3 2 vilzl
lzl<yne lz|>/ne

7 Celz|® . _ Jzil?

f/ a2z SO e +2/ dsz|Xp(A,n)(z)}2+2/ d¥"ze 2 vili]
lz|l<v/ne n lz|>y/ne lz|>/ne

8 C &2 .
= J+2 Sup 1_[|X” (w()| [ dsz|Xp(wl)‘2+2e_7n/ e_%“l2
n lz|>/ne

|zl>/ne p—n lzlzv/ne

1 212
_ ez vl ‘

Xp(run)(2)
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2n-1) )

2 ¢ 21— -

=2 sup X ()] <n(1)> +202m) e T " (102)
" |v|>% T og(1/x) & log 5

The justification of the above steps is as follows. The estimate in 6 is just an application
of the triangle inequality. In 7 we used (101) and the elementary fact that |u + v|?> <
2|u|?+2|v|? on the second addend. As for 8, we: (i) performed the integral and introduced
a constant C7 that depends on m only on the first addend; (ii) decomposed x ,(..n)(z) =
Xo(w1) - [ 175 x,(we) on the second; and (iii) used the fact that e~ X il <e 1P <

&2

1,2 . . . . . .
e~ 7 "¢~ 213" in the prescribed range on the third. Finally, in 9 we noted that if |z| > /n &
then eventually in n

| l—kl/”kz;1| | 1 oz |

wy| =,/ ————A 2 > — og &

¢ 1—x Q= pVioER

forall £ € {1, ..., n}; moreover, we used the fact thatfdzmu |)(p(u)|2 < 1 to evaluate

the integral in the second addend.

Since the second term in the rightmost side of (102) decays faster than any inverse
power of n as n — oo thanks to Proposition 14, the proof of (96) is complete. Lastly,
(97) follows similarly to Corollary 8. 0O

8.3. Approximating cascade channels. With this convergence at hand, we provide a
quantitative bound on the approximation of thermal attenuator channels by cascades
of beam splitters (with possibly non-Gaussian environment states). Recall that, to an
environment state o one can associate an attenuator channel /), ) (w) = o B, p of
transmissivity 0 < A < 1. The following simple lemma is crucial to convert the above
state approximation result (Proposition 22) into a statement about approximations of
attenuator channels.

Lemma 23. Given any two m-mode quantum states p1 and pa, and some X € [0, 1], the
corresponding channels defined as in (41) satisfy

[ o1 2 = Hopn|l, < o1 = o2l - (103)
Proof. Let R be any reference system, and let w € D(H ar) be a state on the bipartite
system AR. Then
1(Npy 5 = Ny, 3) ®idr(@)]l1 = || Trr[Us(w ® PI)U;] — Trr[U) (0 ® PZ)U;]HI
< U (@@ p1 — 0@ p)U; Il
= llpr — p2ll1 s

where the inequality stems from the monotonicity of trace distance under quantum
channels. O

With this lemma at hand, we are ready to prove Theorem 12.
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Proof of Theorem 12. Recall from Lemma 21 that ./Vp” sum = No(an), »» where p(A, n) is
the state with characteristic function given by (94). Applying Lemma 23 and Proposition
22, we have that

2

(103) 97) _
H/V;A'/" - /VPG)» -/Vp()»,n),k - /Vpo,)»Ho < llo(,n) — pslli = @Mz’ (’1 1/(2m+2)> s

concluding the proof. O

Proof of Corollary 13. We now move on to Corollary 13. Let us start by proving the
statement on quantum capacities, namely (56) and (57). Our aim is to apply [34, The-
orem 9] to the two channels /Vp’f N and N, 5 = &p.», for the special case m = 1
(cf. (42)). We set

1”
> — |\ n_%N)»”
o 207 P2 i RV

1
n
&y = 3 H‘/Vp')‘l/n — &N

where the energy-constrained diamond norm is defined with respect to the canonical
Hamiltonian, namely the number operator H = a'a (see [36, Eq. (2)] and [34, Eq. (2)]).
Note that &, = Oy (n~'/*) by Theorem 12.

The input-output energy relations can be easily determined for both channels thanks
to (95) and (40), which together show that Tr [p(k, n) aTa] = Tr [p aTa] = N =
Tr [tya'a]. One obtains that

Tr [./Vp”‘ ) aJ"a] =Tr [./Vp()\,n),,\(w) a"'a] =ATr [a) a"'a] +(1=XN,
(104)
Tr [%N,A(a)) a*a] = ATr [a) aTa] +(1=2)N.

This means that we can set @ = A and Eg = (1 — A)N, and hence E=M\E+ (I1—A)N,
in [34, Theorem 9]. We obtain that

4(LE + (1 — A)N)
NG

1
‘@(W;A,/,,,E)—@(%N,A,E)‘ 556¢a—ng( >+6g(4@)

2 1
<c./& log —
&n

2 ooy e

= 38

Here, in step 1 we applied [34, Theorem 9] together with the formula S(ty) = g(N)
(see (28) and (29)); the inequality in 2 holds eventually in n for some universal constant
¢ < 57 +24loge, as can be seen by combining the bounds g(x) < log(x + 1) + loge
(tight for large x) and g(x) < —2x log x (valid for sufficiently small x); finally, in 3 we
used the fact that g, < C (Mé) n~l/4 eventually in n by the already proven Theorem 12,
together with the observation that x — —x log x is an increasing function for sufficiently
small x > 0.

To complete the first part of the proof we need to estimate the classical capacity of
/V;’ ;1w in terms of that of the thermal attenuator &y . of (42), in turn given by (43).
Although we could use the estimates in [34], we prefer to resort to the tighter ones
provided in [36]. We obtain that
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4 5
(G 1 E) =€ (0. E)| = Ton (log RE+(1=3)N+1) —log 5 +1) +2¢ (%) +amy ()

logn

5, 16 , ,
§cs,110ga§C(M3)m.

The inequality in 4 is an application of [36, Proposition 6]. To see why, let us re-write
the result of Shirokov [36, Proposition 6] for one-mode channels and with respect to the
canonical Hamiltonian as

|€ (M, E) — € (M, E)| <26 2t +re(t)) (log(E + 1) + 1 — log(er)) +2g (€re(1)) + 4ha(et) .

Here, /#; (i = 1, 2) are two quantum channels with % M — Mlop < €, we picked E’

such that sup,,. 11, 4ta)<g Tr [#i (p) a’a] < E’, the function re is defined by re (1) =
1+1/2
1—et’

and A (x) ;== —xlogx — (1 — x) log(1l — x) is the binary entropy. Setting /] =
/Vp’f sums N2 = En i, we see that E' = LE + (1 — A)N (cf. (104) and [36, Eq. (21)]);
choosing t = 1/2 and hence r,(¢) < r1(t) = r1(1/2) = 5/2 yields the above relation 4,
as claimed. The inequality in 5 holds for all sufficiently large n and for some absolute
constant ¢’ < 15. Finally, 6 is analogous to 3 above. O

Remark. Let us stress that the threshold in n above which the inequalities in the above
proof hold true depends on both LE + (I — A)N and Mé (which dictates the rate of
convergence of g, — 0). Although this is a minor point from the point of view of the
mathematical derivation, it may be important for applications.

Remark. An analytical formula for the quantum capacity of the thermal attenuator that
appears in Corollary 13 is currently not known. The best lower bound to date reads [45,

Eq. 9)]

@ (&N, E) > max x{g (/\£+(1 7)L)N> -g (1 <DA NE)+ (1 =2 (E 7N) - 1))
’ 0<x<l1 X 2 ’ X
1 E
—E(E<DA,N()C)—(1—)»)(*—N -1 }

X

(105)

where

E 2 E (E

Dy n(x) = A+M)—+A—=AN+1) —4r—|—+1]). (106)
X X X

The best upper bound to date, instead, can be obtained by combining the results of [40,
Eq. (23)-(25)] (see also [41, Section 8]) with those of [44, Theorem 9] and [43, Theo-
rem 46], in turn derived by refining a technique introduced in [42]. We look at the case

where A > NIJMZ , because below that value of A the channel &y, becomes 2-extendable

[83] (that is, anti-degradable [84-86]) and therefore @ (& 5., E) = 0.

Q (&N, E) < max {Fi1(N, %; E), F2(N, %; E)}, (107)

A=MW+D G Era—nN 108
m( +—=A) )>7( )

Fx(N, %; E) = — log ((1 - A)AN) —o(N). (109)

FI(N,AE)=g(AE+ (1 —A)N) —g(
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Appendix A: Standard Moments Versus Phase Space Moments: The Integer Case

In this appendix we prove that a state with finite standard moments of order up to k also
has finite phase space moments of order up to k, i.e. Theorem 10. More precisely, we
show that its characteristic function is differentiable k times, and that there are constants
ck,m(€) < oo such that the standard moments and phase space moments, defined by
(31) and (33), respectively, satisty M,i (p, &) < ck.m(e)My(p) for all m-mode quantum
states p. We start with the following lemma.

Lemma 24. For all positive integers m and real numbers k € [0, 00), there is a universal
constant dy , > 0 such that

\k/2
(X, a0)) " = dewn X (st + 1ps1") (A1)
J

where xj = (a; + a;)/ﬁ and pj = —i(aj — a;)/\/i are the position and momentum

quadratures of the j™ mode.

Proof. Firstofall, it suffices to consider the one-mode case. Indeed, assume that (aa1 V/2 >

di(|x|*¥ + | p|¥) for some dy > 0. Then, leveraging the fact that the operators aja | ; com-
mute with each other, and employing standard inequalities between p-norms, we deduce

that

k/2 . . .
T min{k/2—1, 0} N7 min{k/2—1,0} Ok ik
(E ja]aj) >m E j(ajaj) >m di E j(|x]| +1pjl )

Therefore, from now on we look at the one-mode case only. The vector space V,,, :=
span{|n) : n € Np} of states with a finite expansion in the Fock basis is a core for both
(aaT)k/ 2, as well as |x|* and |p|¥. Thus, it suffices for us to prove the inequality (A1)
on states in V.

It is enough to show that (aa™*/? > d|x|* for some constants dy > 0, as the other
inequality (aa™)*/> > di|p|¥ is obtained by performing a phase space rotation of an

angle /2, i.e. by conjugating both sides by the unitary operator e’ Faa’,
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We now prove that the inequality (aa™)*/> > di|x|* holds for some d; > 0 on all
vectors in V,,,. Write k = 2rh, where r € (0, 1] and h := [k/2] € Nj. Since the
function A — A’ is well known to be operator monotone [46, Proposition 10.14], it
suffices to show that (aa™)" > dyx*" for all non-negative integers 1 € Ny. To this end,
let us take advantage of our restriction to states with a finite expansion in the Fock basis.
Defining ITy as the projector onto the span of the first N + 1 Fock states (from 0 to N),
we have to show that

Ay =Y (U +n)" [n)(n] — dy Ty Ty = Ty ((1 +ata)t — dthh) ni >0,
n=0

where the inequality now involves only matrices. Thanks to Gershgorin’s circle theo-
rem [87,88], in order to show that Ay is positive semi-definite, it suffices to prove that
Ay is diagonally dominant, i.e. that for all N and 0 < n < N the inequality

(nlAnln) = > [{nlAnin')| =0 (A2)
n'=0,...,N,
n'#n

holds true. Writing down the left-hand side yields

(nlAnln) = > [{nlAyln') |

n’'=0,...,N,
n ;tn
N
= ! —di Y [l ')
1
= —di Y |l
n':|ln—n'|<2h
=+ —dy 3 e —d Y k)
n':n<n'<n+2h n’:max{n—2h,0}<n’<n
, h—(n'—n)/2
>+ —dy Y Z | fot—nl |(nl@ @) a" " n)
n’:n<n'<n+2h
h—(n—n')/2
— dy, > ST e |l@ @) @) ')
n’:max{n—2h,0}<n’<n =0
h—(n'—n)/2 T
_ h , I
=1+ —dy ) Z | Fier—nl 'y —
n’:n<n'<n+2h
h—(n—n')/2 Y
i ¢ :
—dy ) > Wnewwlny =
n’:max{n—2h,0}<n’<n =0
3 h h
> +n)' —dyFp(n+2h)
4
>0.
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Here, in 1 we extended the sum over n’ to all values that yield a non-vanishing result,
i.e. those that satisfy |[n — n’| < 2h. In 2 we used the canonical commutation relations
(7) to expand

=2 ard = Y (@ ota” + £ @0 @),
£,0'>0, £+0'<2h

In 3 we applied standard estimates for factorials: for example, when n < n’ < n +2h
we used the fact that n®\/ 21 < nf(n)"' ="/ < ()W =/2 < ()" < (n +2m)%";
moreover, we defined Fj = Yy yr~0 p10<on (lfh,z,e’l + If};j,z/l). Finally, 4 follows by

choosing e.g. d}jl = (2h + )" Fy,. Since (A2) holds for all n, we conclude that Ay > 0
for all N, which completes the proof. O

Remark. The inequality in Lemma 24 depends critically on the special properties of the
canonical operators. In fact, there is no universal constant d; > 0 that makes the general
relation (A+B)k > di (Ak + Bk ) true for all positive matrices A, B > 0. To see why this
is the case, it suffices to consider two pure states A = | ) (| and B = |¢)(¢|. Setting
A= 1—|(¥|¢)| € [0, 1], it can be shown that the minimal eigenvalue of (A + B)¥ is
Ak, while that of A¥ + B¥ = A + B is clearly A. By Weyl’s principle, the conjectured
matrix inequality would imply that A¥ > diA for all A € [0, 1], absurd.

Proposition 25. Letk > 0 andm > 1 be integers; also, let ¢ > 0 be given. Then, there is
a constant ¢, (€) < 00 such that every m-mode quantum state p with finite k-moments
My (p), as defined by (31), also satisfies

Mi(p.8) = X0l cxpo.)) = hm(E)Milp) -

In particular, according to (33), p has finite phase space moments of order up to k.

Proof. Let p be an m-mode quantum state. We start by considering the modified state
o = p H]0)(0] that is obtained by convolving it with the (multi-mode) vacuum state
according to the rule (37) (for A = 1/2). A firstimportant observation is that the moments
of o and p are related. Namely,

My (o) < Mi(p)  Vk€[0,00). (A3)

To see why, we pick a multi-index n € N’ and evaluate the n™ diagonal entries of &
with respect to the Fock basis. We obtain that

(n|A(p B10){0D)]|n)
(n|A(p) B 10)(0] |n)
> (Llple) (n] (1£) (I BB [0)(0]) |n)

LeNy

3 —ler (¢
=) (tolo)2 (n)

>n

(nlo|n)

[Ie

Here, in 1 we introduced the dephasing operator in the Fock basis, whose action is
given by A(X) = ZkeNg’ |k)(k| X |k)(k|.In 2 we observed that A(wH ) = A(w) HS
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for all m-mode quantum states @ whenever § = A(§) is already diagonal in the Fock
basis. To show this, first exploit linearity and factorisation of A to reduce to the one-
. ivat —ivat .

mode case. Then, use the representation A(X) = 02” g—;f el aax e~t9a d valid for
bounded X and where the integrals are as usual weakly converging, and remember that

io(atarbt ivat iobTh ; . oo
eivla’asb’d) _ yiva'a @ ,ivb'h g 4 function of the total Hamiltonian and thus commutes
with the action of the beam splitter. The identity in 3 follows from the formula

l
£)(¢] BB 10)(0] =271 (e) 1£)(e]

U<t

for the convolution of a Fock state with the vacuum. Here, £, £’ € N’(’f are multi-indices,
K .
e.g. by first reducing to the one-mode case, and then by induction on £, employing the
relations (35). Computing the k" moment of o then yields

ordered entry-wise, and (f,) =] j ( ) The above expression can be obtained easily

Mi(o) = Y (m+1n)"? (njo|n)

neNy
5 il
=) (tpl) Y m+n) 2 "(n>
LeNy n=<t
6
< Y (Llple) (m+ et/
LeNy
7
= M (p) .

Here, 4 and 7 follow from the representation in (32); in 5 we rearranged a double series
of non-negative terms, and in 6 we observed that for a given £ € Ni' the coefficients

Py(n) == 2718 (ﬁ) form a probability distribution over the set of multi-indices n € Nff
with n < £. This proves that the K™ moments of o are upper bounded by those of p.

The state o is also useful because its characteristic function is a closg relative of that of
p. Namely, according to (38) we have that x,(z) = x, (z/+/2) e I2I°/4  and hence

||Xp ||Ck(3(0,8)) = 8i,m (&) 1xo Ik (B(0,6)) (A4)

for some constants g, (¢). Thus, it suffices to find a suitable upper estimate for the norm
lxo Ck(B(0.¢))- By Lemma 16, the Fourier transform of x,, i.e. the Wigner function W,
of o, is everywhere non-negative. Hence, x, can be seen as the characteristic function
of a classical random variable Z over C™, with probability density function W,. If we
show that Z has finite absolute moments of order k, then thanks to [61, Theorem 1.8.15]
we deduce that y, is k-fold differentiable everywhere, and since

688 10 ()| = '/d% (T, s ) Wo oy 7 =<1

< /dz"’u T W, 1)

(AS)
for all multi-indices «, 8 € N[J', we in fact have that

X0 llck (B(0.e)) <1 +/d2m14 lull* W () =: 1+ Li(0) . (A6)
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Therefore, we now look at the quantity Ly (o). For a vector u = ug +iu; € C", with
ug,uy; € R™, we observe that

fatt = (X wky +adp) = my™{510) (X, (lusl* + 1) ).

Thus,

Lito) = ™ 1E10) [ amundmin ¥ (gl + sy ) W

(2m)ma"['5‘l’°]</d”’uze (Z]./|14Rj|k)/dmul Wo (1)

+/dmu1 (Z, |u,j|’<)/dmuR Wa(u))

e 1 (52, )] (5, 10))
(2m)ma"{§‘1’ o} 2Dl Ty [a (Z] 4 jaj)m]

10
< Chom Mi(0) .

[l o0

[Ae

In the above derivation, the identity in 8 can be verified by first reducing to the case
of a pure o, which can be done by linearity and by multiple applications of Tonelli’s
theorem, and by subsequently remembering that for a pure state |y s) with wave function

2
f € L>(R™) it holds e.g. that S d"up Wiy py w1 () = V2 )f(ﬁu;e)’ . The inequality

in 9 is just an application of Lemma 24. Finally, in 10 we introduced a suitable constant
c;(’ > 1.
Corrnnbining the above estimate with (A4), (A6), and (A3), we deduce that

Mi(p, &) = | x|l ek (po.eyy = 8km () Ixollck 0.6y < 8km(e)(1 + Li(0))
< 2 8km(€)Ch p Mi(0) < 2 g m(€)cy y Mi(p) == ckm(e)Mi(p) ,

which concludes the proof. O

Appendix B: Standard Moments Versus Phase Space Moments: The Fractional
Case

In the last section, we showed that the k™ phase space moment was controlled by the
k™ standard moment in the case of an integer constant k.

Here, we show that this fact still holds when & is a positive real number by an interpolation
argument. In principle, we could conclude this fact from the setting of Proposition 25,
using that for L” (wg) spaces with weight function wg and L? (w;) spaces with weight
function w1, the real interpolation spaces [63, Theorem 5.4.1] satisfy

(L7 (wo), LP(w1)), = LP (wg)

where wg := w(l)_g w(l’. This would allow us to extend the estimate in (A5) to fractional

powers as well. However, we want to establish the stronger result that shows that the
moments themselves naturally induce an interpolating family of normed spaces. That
is, we show the following:
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k/2
Proposition 26. Let p be an m-mode quantum state andk > 0. If Tr [,o (Z ja jaD i| <

00, then ||Xp||ck(3(0’8)) < 00 for some ¢ > 0. Moreover,

k2
”Xp”C"(B(O,a)) =C Tr |:;O (ZJ aja}) ] ’

for some constant C; > 0.

We have seen in Appendix 8.3 that the map p +— x, is bounded from W (H)
to CX(B(0, ¢)) for any k integer. Since the spaces C¥(B(0, ¢)) form an interpolation
family, meaning that for any ko, k; € No with k| := ko + 1, C1=0k+0ki(B(0, ¢)) =
(c ko (B(0,¢)), C ky (B(0, €)))s, we have from the previously mentioned interpolation
method that

X0 ll c1-03kg+0x1 (B(0,8)) = Ce ||,0||(7ykoyl(Hm),7/k1=1(Hm))e ) B1)

for some positive constant C, that comes from the bounds derived in Sect. 8.3 for kg and
ky. It only remains to prove that the interpolated norms || o[l k0.1 (34, ) 577%1:1 (H,,)), A0
further be bounded above by || o [|5;-1-6kg+ox.1. First, we recaﬁ a useful technical lemma
[89, Lemma 3.4].

Tl} 17
T2'1 I
that Ty : C? — C4, then

Lemma 27. Let T = ( ) be a positive semi-definite trace class operator such

1
T2l = 5 (Tl + 1 T22110) -

Proof of Proposition 26. We provide the proof only for m = 1, since the general case
follows similarly. First, observe that

o
T [p(@a2] = " (loln) a-+ 172, (B2)
n=0
First, we restrict attention to states p that are orthogonal in the Fock basis. We then

write I1g for the spectral projection onto the Fock states of energy at most E, that is
Mg = stLEJ |7){j|. Next, we fix two parameters 0 < ko < k; and introduce the

quantity y, = (n + 1)®17%0)/2 fix a parameter ¢ > 0, define No(¢) € N such that
Vi < No(t) : yn <tV and yyguper > 17",
the two operators

Xo(t) := (I — My p (I — Mnyry) = 0and X1(2) := My pTnge) =0

and p = pdiag(?) 1= Xo(?) + X1(#). Using these two operators we start estimating
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K (&, paiag 1)) : inf  Xollgtot gy *+ 11X gty

Pdiag (1)=X0+X1

IA

X0 k0.1 4,y + ENX1 D lggrtr1 a4,

( D (nlpaiag @)+ 124 Y <n|pdiag(z>|n><n+1)"“%)

n>No(t) n=No(r)

= Y (nlpaiag () 1) (n + 17 (ay + 1y )
n=0

where o, = 6, ny(r) and B, = 8,<n, () With Kronecker delta 6. Thus, we obtain for the
norm |l gkt (1) %11 () the upper bound

o
1ol rtort 2y 1 339y < supZ (1l paiag (O |n) (n + DXt (0 + tyn ) -
>0 n=0
We now recall that for y,, < +~! we have &, = 0 and B, = 1 such that

=Y (“n"‘t]/nlgn):t_etyrl:t an ayne fyn

For y,, > +~1 we have o, = 1 and B, = 0 such that

—6

17 (an +tyufn) =17 <yl

Thus, in either case, we have the estimate

e¢]

1ol rtort 1y 11 1y < Z (n]pln)(n + 1)(1=Oko+0kn/2

This shows that for arbitrary density operators

”p”(7/"0=1(H1),‘7/"1~'(H1))9 =< ||P||7/(179)ko+9k1»1(711)~

To extend the bound to a density operator p that is not diagonal in the Fock basis, and
not only for the diagonal pgia (f), We partition p as

_ (Xo(t) ;m(t)*)
p21() X1(t)

and a self-adjoint diagonal operator S® @) = diag (ka) (1), Sék) (t)) where ka) (1) :=

- k - .. .
M o) (@ah)F/* Ty ) and S8 (1) := (I — Tyg)(@a)F*(I = Ty (). This implies
that

.
1® . 5,50 — [ 70X 0 (50050 0)
S 0en 081 87 0215 ()

k k
Let then S (1) := Ty (aa"H¥* Ty, and S @) = (I — Ty @aH¥* (1 —
TNy (r))- The previous Lemma 27 then shows that

1
1570 e s Ol = 5 (1P OensP Ol + 1 0pnsP @l -

From here, we examine three cases separately:
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o Case 1: |[TV|l; = I T5V||;. In this case, we find from choosing Xo := py; and
X1 :=0in (53)

K (1, p21) = 21Dl 3, = I Xo@ ko ¢, -

e Case 2: ||T2(§°)||1 > IITI({CO)H] In this case, we find from choosing X := 0 and
X1 := p211in (53)

K (1, p21) = tlp2atllgtrt g,y < ENX 1O gkt 3,y -

o Case 3: T4 < 17491 and ITSV |y = 175V )1 In this case, we find from

choosing Xo = p21/2 and X1 = p21/2 in (53) that
o2t ko1 34,y + 2 P21 llegkr 1 34,

| 2 (B3)
3 <||X0(f)||7/k011(7-[1) +1 ”Xl(t)”Wkl’l(Hl)) :

K(t, p21) <

IA

Hence, we have altogether that
K (1, p(1)) = K(1, pdiag(t)) + 2K (1, p21(1))
=3 (10O llgrior gy + 1 1X1 Ol 13y )
which implies that

||P||(Wkovl(Hl),WkN(Hl))@ = 3||P||7/(179)k0+9k1-1(7-[,) .
The result follows from the interpolation bound (B1).

Appendix C: Standard Moments Versus Phase Space Moments: A Partial Converse

We now show that at least for even integers k, the existence of k™ order phase space
moments implies the existence of standard moments of the same order.

Theorem 28. Let p be an m-mode quantum state such that its characteristic function
Xp s 2k times totally differentiable at z = 0 for some integer k, then the 2k™ standard
moment is finite as well.

Proof. For simplicity, we restrict attention to m = 1. Let H = a +a' and H, =
(—i)(a — a”) be two Hamiltonians, and consider the spectral decomposition of the
density operator p = Zfi 1 Ai lei)(e;|. Then, there exist unique probability measures

Me; such that
(e,-lf(Hli)|e,-) = / . S ) dpe; (1) for all f bounded measurable.
o (Hy,)
We then define the new probability measure 1, :== Y ;o A /i, such that

Tr [,o f(Hl?;)] = /(Hi) S ) dpp(r) for all f bounded measurable.
o Hjip
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We now proceed with an induction argument. Start by noting that for k = 0 the result
holds. For k > 1, define the auxiliary function ¢ : R — C as

(1) =Tr [p e”Hlm] :

which is by assumption 2k times differentiable at zero and let u(t) = Re(t). Then, u is
also 2k times differentiable at zero. Since <p2k (0) exists, fort € (—e, ¢), with sufficiently
small ¢ > 0, the function ¢ (p(Zk_l)(t) exists and is continuous.

We record that Taylor’s formula implies that for ¢ € (—e, ¢)

- e ! (2k—1)
u(t) — ! (0) < up |u T (90‘,
2O = e,

where odd derivatives vanish at zero, since u is even.

We then define a positive continuous function f; : R — [0, 0o) with f;(0) = 1 and for
t #0as

k—1 2i
t
1) = (—1)kF@k)1 = n-=Y (=1
fe@) = (=1 2k) (cos() Z( ) (21),>
From Taylor’s formula above we obtain the following estimate for ¢ sufficiently small

[,0 fitHE) iz"]: f . )fk(l‘)»))Lde/Lp()»)

<1>k(2k> (T [p eHD™]
((r) Z( D' ==

2k—1
<2k sup u: 2 (1)

oc0.1] Ol

Then, we have from Fatou’s lemma

Tr[ (Hli) ] Tr[pfk(O)( 11n)2k]

< liminf / Freemr*dp, (0)
nO- Jo(Hg,)

= lim&)nfgk(t) = 2k|u**(0)| < 0.
t

Using integration by parts and standard estimates only, it is straightfroward to verify that
the finiteness of both Tr [p Hé’l‘i] implies the finiteness of Tr [p(aa®)*]. O
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