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We compute the quantum maximal correlation for bipartite Gaussian states of continuous-variable systems.
Quantum maximal correlation is a measure of correlation with the monotonicity and tensorization properties that
can be used to study whether an arbitrary number of copies of a resource state can be locally transformed into
a target state without classical communication, known as the local state transformation problem. We show that
the required optimization for computing the quantum maximal correlation of Gaussian states can be restricted to
local operators that are linear in terms of phase-space quadrature operators. This allows us to derive a closed-form
expression for the quantum maximal correlation in terms of the covariance matrix of Gaussian states. Moreover,
we define Gaussian maximal correlation based on considering the class of local Hermitian operators that are
linear in terms of phase-space quadrature operators associated with local homodyne measurements. This measure
satisfies the tensorization property and can be used for the Gaussian version of the local state transformation
problem when both resource and target states are Gaussian. We also generalize these measures to the multipartite
case. Specifically, we define the quantum maximal correlation ribbon and then characterize it for multipartite

Gaussian states.

DOLI: 10.1103/PhysRevA.108.062419

I. INTRODUCTION

The problem of preparing a desired bipartite quantum state
from some available resource states under certain operations
is of great foundational and practical interest in quantum in-
formation science. This problem has been extensively studied
within the class of local operations and classical communi-
cation in the context of entanglement distillation, where two
parties aim to prepare a highly entangled state using copies
of a weakly entangled state [1—4]. The optimal rate of entan-
glement distillation for pure states equals the entanglement
entropy [1], and there are mixed entangled states that are not
distillable [5].

A more recent version of this problem is local state
transformation under local operations and without classical
communication [6]. (See Fig. 1 for a precise description of
the problem.) This problem is highly nontrivial even if the
goal is to generate only a single copy of the target state o4 p
using arbitrarily many copies of the resource state psp. The
difficulty remains even if the target state is not entangled or
even in the fully classical setting [7] (see also [8]).

To study the local state transformation problem, we need
measures of correlation that are monotonic under local op-
erations and remain unchanged when computed on multiple
copies of a bipartite state. The latter crucial property is called
tensorization and is required since in local state transforma-
tion we assume the availability of arbitrarily many copies of
the resource state while we aim to generate only a single copy
of the target. There are resource measures, based on certain
free operations, for Gaussian states [9], quantum coherence
[10], and nonclassicality of quantum states [11] that satisfy the
tensorization property. However, this property is not satisfied
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by most measures of correlation, such as mutual information
and entanglement measures, which makes them inapplicable
to the local state transformation problem. Quantum maximal
correlation was introduced as a measure that satisfies both the
monotonicity and the tensorization properties and therefore is
suitable for proving bounds on this problem [6]. In particular,
based on these properties, one can see that local state transfor-
mation is not possible if the maximal correlation of the target
state is higher than that of the resource state (see Sec. II for
more details).

Quantum maximal correlation of a bipartite quantum state
pap 1s defined as sup |tr(papX /I ® Yp)|, where the supremum is
taken over all local operators X4 and Yp that satisfy tr(psXs) =
p(osYs) = 0 and tr(paX} Xa) = p(pY, Ys) = 1. It is shown
that computing quantum maximal correlation is a tractable
problem for systems with a finite-dimensional Hilbert space
[6]. However, in general, it is not clear how to calculate quan-
tum maximal correlation for states of continuous-variable
systems with infinite-dimensional Hilbert spaces, as the space
of local operators X, and Yz becomes intractable. Of particular
interest is the class of Gaussian states that are readily available
in the laboratory and can be used as resource states to prepare
other states.

In this paper, we compute the quantum maximal correla-
tion for Gaussian states of continuous-variable systems. This
measure enables us to study the local state transform problem
when either the resource state or the target state is Gaussian.
In this case, we show that for Gaussian states it is sufficient to
optimize over local operators X, and Y3 that are linear in terms
of phase-space quadrature operators. This turns the inherently
infinite-dimensional problem of computing quantum maximal
correlation into a finite-dimensional one (see Theorem 2 for

©2023 American Physical Society
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FIG. 1. Local state transformation problem. Two parties share an
arbitrary number of copies of a resource state psp and their goal is
to generate a single copy of a target state o4 . They are allowed
to apply local quantum operations, but classical communication is
forbidden. Quantum maximal correlation, a useful measure to study
the local state transformation problem, is monotonic under local op-
erations and remains unchanged when computed on multiple copies
of the state. The latter is known as the tensorization property. The
local state transformation is not possible if the quantum maximal
correlation of o,/p is larger than that of p4p.

the statement of our main result). Moreover, we define Gaus-
sian maximal correlation as a measure based on Hermitian and
linear local operators in terms of quadrature operators, corre-
sponding to local homodyne measurements. This measure can
be used in the Gaussian local state transform scenarios, where
the target and resource states are Gaussian. In particular, this
shows that copies of weakly correlated Gaussian states cannot
be locally transformed to a highly correlated Gaussian state.
This result should be compared to previous results showing
that entanglement in Gaussian states cannot be distilled using
Gaussian operations [12—-15].

We also generalize the quantum maximal correlation to
the multipartite setting. We define an invariant of multipartite
quantum states, called a quantum maximal correlation ribbon,
that, similar to the bipartite case, satisfies the monotonicity
and the tensorization properties. We also show that to com-
pute the maximal correlation ribbon for multipartite Gaussian
states it suffices to restrict the optimization to local operators
that are linear in terms of quadrature operators.

The structure of the paper is as follows. In Sec. IT we
review the notion of quantum maximal correlation from [6].
In Sec. III we review the definition of Gaussian states and
some of their main properties. We note that the objective
function in quantum maximal correlation is a bilinear form
which can be thought of as an inner product. Then, to compute
the maximal correlation it would be useful to find orthonormal
bases for the space of local operators X4 and Y. Following this
point of view, Sec. IV is devoted to the introduction of such
an orthonormal basis for Gaussian states which might be of
independent interest. The results of this section will be used
to prove our main result in Sec. V. We introduce the Gaus-
sian maximal correlation in Sec. VI. Considering examples
of Gaussian states in Sec. VII, we further illustrate various

features of these correlation measures. We also generalize
the definition of maximal correlation for multipartite states
in Sec. VIII by introducing the quantum maximal correlation
ribbon. We show that the maximal correlation ribbon satisfies
the monotonicity and the tensorization properties and com-
pute it for multipartite Gaussian states. Detailed proofs of the
results in the multipartite case are left for the Appendixes. We
conclude the paper in Sec. IX.

II. REVIEW OF QUANTUM MAXIMAL CORRELATION

Given a bipartite probability distribution pp, its maximal
correlation is defined as the maximum of the Pearson correla-
tion coefficient over all functions of random variables A and
B [16-19]. Specifically, the classical maximal correlation is
given by'

(A, B) = sup E[fagsl, (D

where the supremum is taken over all real functions f; and
gp with zero mean and unit variance, i.e., E[ f4] = E[gg] = 0
and E[f7] = E[g3] = 1. The classical maximal correlation is
zero if and only if the two random variables are independent
and equals one if they have a common bit, meaning that there
are nontrivial functions f and g such that f(A) = g(B).

The maximal correlation for Gaussian distributions was
first computed in [20]. The main result of [20] is that in the
computation of maximal correlation for a Gaussian distribu-
tion pap over R?, it suffices to restrict the optimization in (1)
to functions f4 and gp that are linear in A and B, respectively.
Based on this, there are essentially unique choices of linear
functions f; and gp and then w(A, B) for such a Gaussian
distribution pap equals

(A, B) = M )
W2 = NarAvarlB]
where Cov[A, B] = E[AB] — E[A]E[B] and Var[A] =

Cov[A, A] is the variance. The result of [20] was derived
by thinking of (f, g) — E[fg] as an inner product on the
space of functions. Then, in the Gaussian case one can use
the orthonormal bases of Hermite polynomials for the spaces
of functions f4 and gp to turn the problem of computing the
maximal correlation into the problem of computing overlaps
of functions in these bases. The main technical contribution
of [20] is essentially computing these overlaps.

The maximal correlation in the quantum case can be de-
fined by replacing functions in Eq. (1) with local operators
[6]. Given a density operator psp describing the joint state of
a bipartite quantum system, the quantum maximal correlation
is defined as

(A, B) : = sup |tr(pasX, ® Yp)l,

Xa,Yp

tr(paXa) = tr(pp¥p) =0, 3)
tr(paX)Xa) = tr(pp¥s¥p) = 1,

'In the classical literature, maximal correlation is usually denoted
by p. Here in the quantum case, following [6], we save p for density
matrices and denote maximal correlation by 1.
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where the supremum is over all choices of local operators Xy
and Y. Note that, in this definition, these operators are not
necessarily Hermitian; hence we maximize over the modulus
of the objective function tr(pspX /I ® Yp). If, however, the opti-
mal operators are found to be Hermitian, one can express them
using their spectral decompositions X4 = Y, fa..Ila, and
Yp = Zm gB.mI1p m, where f4 , and gp ,, are real eigenvalues
and the projectors T4 , and Ig,, (3, My =D, Mg =1)
can be viewed as local measurement operators for each sub-
system. In this case, the quantum maximal correlation of state
Pap 18 given by

WA, B) =Y fargemp(n,m)=E[fsgsl, (&)

which is equal to the classical maximal correlation of the
joint probability distribution p(n, m) = tr(paplla, ® g )
associated with the local measurements. This implies that, in
general, the quantum maximal correlation is an upper bound
on the classical maximal correlation associated with the joint
outcome probability of any local measurements on the state
pag. Note that, as shown in [21] and discussed in Sec. VII,
for some quantum states the optimal local operators are non-
Hermitian and hence cannot be viewed as local observables.
An application of the Cauchy-Schwarz inequality shows
that 0 < u(A, B) < 1. It can be shown that (A, B) = 0 if and
only if pap = pa ® pp is a product state. Note that if psp is
not a product, there always exist local measurements whose
outcomes are correlated and hence their maximal correlation
is nonzero. Also, if u(A, B) =1 for some Hermitian local
operator X, and Yz as above, one can verify that the joint
outcome probability distribution in (4) is perfectly correlated

[6]:
p(n, m) = tI'()OABI-[A.n ® l_IB,m) = pnsn,m- (5)

This form means that the shared state between two par-
ties can be used to extract perfect shared randomness
through local measurements. Based on this, we can see
that w(A,B) =1 for any pure entangled state |Yap) =
>, cnlna, ng), with {|ns)} and {|np)} the Schmidt bases, and
its completely dephased version in the Schmidt bases psp =
dou lca|?|na) (na| ® |ng)(ng|, which is a separable state. In
these cases, considering observables Ny = > h,|n4)(na| and
Ng =), hulng)(ng| for subsystems A and B, the optimal
local operators in (3) can be found as Xy = (N4 — (Na))/ ANy
and Yz = (Np — (Np))/ANp, with identical means (N) =
(Ng) =3, |ca|?h, and identical standard deviations AN, =
ANg = (O, leal*hy — (Na))'/2.

The maximal correlation satisfies two crucial properties
[6].

(i) Data processing. If opp = Pan @ Vg p(04aB),
where @44 and Wp_p are local quantum operations
[quantum completely positive and trace-preserving (CPTP)
superoperators], then

w@A’, B') < (A, B).

(ii) Tensorization. For any bipartite density matrix pap and
any integer n we have

(A", B") = u(A, B),

where the left-hand side is the maximal correlation of the state
Pangn = /?g considered as a bipartite state.

The first property says that maximal correlation is really
a measure of correlation and does not increase under local
operations. The second property, however, is an intriguing
property saying that no matter how many copies of p4p are
shared between two parties, their maximal correlation remains
the same. This is unlike most measures of correlations (such
as mutual information and entanglement entropy) that scale
when the number of copies increases.

The above two properties of maximal correlation make it
suitable for proving the impossibility of certain local state
transformations. Suppose that psp and o p are two bipar-
tite states with (A, B) < u(A’, B'). Then it is not possible
to transform psp to o4 p under local operations even if an
arbitrary many copies of psp is available. This is because if
there exist local operations ®4._, 4 and Wg._, p acting on n
copies of pap such that opp = Pana ® \DBnﬁBr(pfl;“), then
we must have

(A, B) = n(A", B") > n(A', B),

where the equality is due to the tensorization property and the
inequality follows from the data processing inequality.
Let us examine the example of noisy Bell states. Let

Pl = kW) (Wl + (1 — )il ©6)

be a mixture of the Bell state |¢) = \/LE(K)O) + |11)) and the

maximally mixed state I/4 for two qubits with 0 < x < 1.
It is not hard to verify that u(A, B) = k (see [6]). Thus, by

the above observation, local transformation of pf("g to pX;) is

impossible if ¥’ > x even with arbitrarily many copies of pf";;.

It is shown in Theorem 1 in [6] that the maximal correlation
(A, B) of psp is equal to the second Schmidt coefficient of
some vector associated with psp in a tensor product Hilbert
space. This makes the problem of computing £ (A, B) tractable
when the dimensions of the local Hilbert spaces of A and B are
finite. In the infinite-dimensional case, however, computation
of maximal correlation remains a challenge in general.

Our main result in this paper is to compute the maximal
correlation for Gaussian quantum states, which are of great
practical interest in quantum information processing. Similar
to the classical maximal correlation for Gaussian probability
distributions, we show that in the computation of (A, B) for
the Gaussian state psp, the optimization in (3) can be re-
stricted to operators X, and Yp that are linear in local creation
and annihilation operators.

III. GAUSSIAN QUANTUM STATES

In this section we review the definition and some basic
properties of Gaussian states. For more details refer to [22,23].

The Hilbert space of an m-mode bosonic quantum sys-
tem is the space of square-integrable functions on R>”. We
denote the annihilation and creation operators of the jth
mode by a; = (x; + ip;)/+/2 and aj. = (X; — ip;)//2, re-
spectively, where X; and p; are the phase-space quadrature
operators, similar to the position and momentum operators of
the quantum harmonic oscillator, that satisfy the commutation
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relations?
[x;, pr] = idjk.
We denote by

R = (Xl, P, -5 X, pm)T

the column-vector consisting of quadrature operators. Then
the above commutation relations can be summarized as

[R,R"] =iQ,, (7)

where [R, R"] is understood as coordinatewise commutation
and 2, = Q; @ --- P 2, with

0 1
Q = :

Forr = (ry, ..., 7)) " € R?", the m-mode displacement op-
erator (also called the Weyl operator) D, is defined as

m
—ir' Q,R ;
De=e ™ PR —exp | iy (rajxj = r2j-1p))
j=1

m m
= Qe = Q) Doy ®)
j=1

j=1

which is the tensor product of the displacement operators for
each mode and hence is local. We note that D} = D_,. More-
over, as a consequence of the Baker-Campbell-Hausdorff
(BCH) formula® we have

DDy = e—i(l/2)rTQmsDr+s.

This in particular means that DrDr+ =D.D_.=Dy=1,1e.,
the displacement operator is unitary.
A crucial property of Dy is that*

D.RD] =R —r. )

This means that Dyx;D] = X; — rp;_; and Dyp;D} = p; —
rj,1.e., Dy displaces quadrature operators under conjugation,
thus the name.

For an arbitrary m-mode density operator p = py,
vector of first-order moments in R?” is defined as

d(p) = tr(pR), (10)

which contains the canonical mean values d(p)2;—1 = tr(pox;)
and d(p),; = tr(pp;). The covariance matrix, containing the
second-order moments, is defined as

y(p) = tr(p{[R — d(p)], [R —d(p)]"}), (11

where {-, -} denotes anticommutation and as before {[R —
d(p)], [R —d(p)]"} is understood as coordinatewise anti-
commutation. Thus, y(p) is a 2m x 2m matrix, which by
definition is real and symmetric. Furthermore, it can be shown

>We assume that /i = 1.

SELX, [X, Y]] = [Y, [X, Y]] = 0, then ¢X+¥ = ¢Xe¥ ¢~ (/X1

“For the proof note that if [X, [X,Y]] =0, then XYe™X =Y +
[X, Y]. Also, see Eq. (3.16) in [22].

[see Eq. (3.77) in [22]] that as a consequence of the canonical
commutation relations (7) we have

y(p) +i, = 0. (12)

This in particular means that y(p) is positive definite.’

Let y;(p) be the jth 2 x 2 block on the diagonal of y(p).
Then, by definition, the covariance matrix of p,, the marginal
state on the jth mode, equals p(pa;) = y;(p). Similarly,
d(,oAj), the first-order moment of the marginal state, equals
the jth pair of components of d(p).

Let us examine the effect of the displacement operator on
the first and second moments of a density operator. Let p’ =
D:f pDy. Then, by (9) we have

d(p') = tr(p'R) = tr(pD,RD]) = d(p) — . (13)

This implies that D[R — d(,o’)]DI = R — d(p) and therefore
by (11) we get y(p’) = y(p). Thus, the application of the
local unitary D, shifts the first-order moment of p but does
not change the covariance matrix.

The characteristic function of a density operator p is de-
fined as

x(r) = tr(pDr).

The characteristic function fully determines a density operator
via

) / x (r)D_.d*"r.
R2m

= (27-[ )m

The Wigner function [24] is then defined as the Fourier trans-
form of the characteristic function

1 T
W) = ——— r)e’™ Snsq?my,
)= G /R x(x)
Applying the inverse Fourier transform, we obtain

T
W(S)e—lr Q,,,Sdst.
R2m

tr(pe ™ WR) = y(r) =

We note that this equation holds for any r € R?”. Thus, think-
ing of both sides as functions of r, considering their Taylor
expansion, and comparing corresponding terms, we realize
that the same equation holds for all r beyond real ones, that is,
for any complex ¢ € C>", we have

CRy— [ W(s)e 5d¥s. (14)
R2m

tr(pe

A quantum state is called Gaussian if its Wigner function
is Gaussian. In this case, the Wigner function is specified by
the first-order moments d = d(p) and the covariance matrix

y =v(p):

W(s) = e Y6, (15)

1
. /dety

STaking the transpose of (12), we find that y(p) — i€2,, > 0. Sum-
ming this with the original equation gives y(p) > 0. To verify that
y(p) does not have a zero eigenvalue, suppose that y(p)r = 0 and for
S =r — €iQ,r write the condition s"y(p)s > —is'Q,,s to conclude
thatr = 0.
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By using the Wigner function, one can verify that the
purity of Gaussian states can be calculated as tr(p?) =
Qrym fRzM W2(s)d*"s = 1 /+/dety. Therefore, pure Gaus-
sian states have dety = 1.

The Wigner function of a marginal state is the marginal
distribution of the Wigner function of the joint state. Hence,
marginal states of the Gaussian state are also Gaussian. Note
also that, due to the uncertainty principle, the Wigner function
cannot be viewed as the joint probability distribution associ-
ated with local measurements.

Coherent states are well-known examples of a single-mode
Gaussian states, which are displaced vacuum states. For a
complex number o = (x + ip)/\/i let |a) = D,|0), where
D, = exp(oca+ —a&a) = D¢ p). Then d(Ja)) = (x, p)-r and
y(Ja)) = I, where I is the 2 x 2 identity matrix.® Other impor-
tant examples are squeezed-vacuum states |z) = exp[z(a' —
a?)/2]|0) with squeezing parameter z and thermal states pg, =
fexp[(—|a|2/fz)]/(ﬁn)|a)(o¢|d2a with mean-photon number
i. The first-order moments of these states are zero and their
covariance matrices are y(|z)) = diag(e*, e=%%) and y(pp) =
2n+ DI.

In general, Gaussian unitary operators that map Gaussian
states to Gaussian ones can be described in terms of a dis-
placement operator and a unitary operator associated with
Hamiltonians that are quadratic in terms of quadrature opera-
tors (see Chap. 5 in [22]). The latter can be written in the form
Uy = e (/DRTHR 'in which H is a 2m x 2m real symmetric
matrix. Letting p’ = Uy pU T, it can be shown that

d(p") = Spd(p) (16)

and
y(0) = Suy(p)Sy, (17)

where Sy =e is a symplectic matrix (satisfying
Sy 2nSY; = Q). Examples of single-mode unitary operators
are the phase rotation with H;, = 8(I — Y') and the symplectic
matrix Sy, = cos(6)/ + isin(@)Y, and squeezing with Hy, =
zX and the symplectic matrix Syq = diag(e®, e™*), where Y
and X are the Pauli matrices. Using these two unitary oper-
ations and displacement, any single-mode pure Gaussian state
can be transformed to the vacuum state.

The following proposition provides a standard form for
Gaussian states under local unitaries.

Proposition 1. Let p = pq,,...4, be an m-mode Gaussian
state. Then there exists a local Gaussian unitary V such that for
p' =VpVT we have d(p') =0 and y,(p) = Yoy = Ajl,
with A; > 1. If m = 2 we can further assume that the covari-
ance matrix can be in the standard form [25-27]

, )\]I 4 18
o=\ ) (18)

with v = diag(vy, vp).
Proof. First, by applying an appropriate displacement op-
erator, that is, a local unitary, we can shift the first-order

Q,H

®In this paper, I, denotes the n x n identity matrix, but we drop the
subindex for n = 2.

moments to zero without changing the covariance matrix.
Next, to bring the state into the desired form, we use a local
unitary operator Uy = e~ (/VR'HR 'yhere H is block diag-
onal with 2 x 2 blocks on the diagonal (one block for each
mode). This means that block-diagonal symplectic matrices
correspond to local unitaries.

Now suppose that Sy = diag(Si,...,S,) is a block-
diagonal symplectic matrix with the S; being 2 x 2 symplectic
matrices to be determined. Also, let y f (p) = y(pa,) be the jth
2 x 2 block on the diagonal of the covariance matrix. By (17)
we know that the application of the local unitary Uy would
change y;(p) to Sjyj(,o)SjT. By choosing each local unitary
to be a phase rotation that diagonalizes y;(p), followed by a
squeezing operator that makes the diagonal elements equal,
we get ¥ = SuqjStoj¥ SSeq; = il with A; > 1. Note that
A; = 1 means that the marginal state p;\j is the vacuum state,
which is pure and hence cannot be correlated with the other
modes. Also, A; > 1 implies a thermal marginal state with
mean photon number 7 = (A; — 1)/2. Putting these together,
we find that there is a local Gaussian unitary operator V =
Uy Dy, consisting of local displacements, phase rotations, and
squeezing, that brings the covariance matrix to the desired
form with marginal thermal states.

For m = 2, the above procedure gives a covariance matrix

of the form
)\1] v
V/T )»2[ ’

However, by including further local phase-rotation oper-
ations with the block-diagonal symplectic matrix Sy =
diag(S;,;, S;.;) into V, we can get

Al Sﬁolv/(S;OZ)T
S;OZV,T (Sll'ol )T )LZI ’

where S/, V'(S/.,)" = v is diagonal. Thus, we obtain the stan-
dard form of the covariance matrix for bipartite Gaussian
states. |

Another useful phase-space quasiprobability distribution is
the Glauber-Sudarshan P function [28,29] that, in terms of the
characteristic function, is given by

1 T
P(S) = —(27.[)2;71 /];Rzm X(r)erTr/4elr Qmstmr' (19)

Using this distribution, a density operator of an m-mode sys-
tem can be expressed in terms of m-mode coherent states

p= / P(o)|er) (x| d*"er, (20)

where &« = (aj,00,...,,) € C™ and by using «; =
($2j-1 + iszj)/\/z we have P(a) = 2"™P(s). For most quan-
tum states the Glauber-Sudarshan P function either takes
negative values or is a highly singular function, existing as
a generalized distribution [30]; these states are known as
nonclassical states [31]. Quantum states whose P(e) is a prob-
ability density distribution are known as classical states [32].
For Gaussian states, if

y(p)=y(p) — by =0, 20
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where I, is the 2m x 2m identity matrix, then the Fourier
transform (19) exists and the Glauber-Sudarshan P function is
a Gaussian distribution

P(s) = e GOy (22)

1
mm,/dety

In this case, the state is classical and separable.

IV. ORTHONORMAL BASIS FOR LOCAL OPERATORS

To compute the maximal correlation of Gaussian states, we
take a similar approach to the one used in [20] for computing
the classical maximal correlation of Gaussian distributions.
Specifically, we first express optimization (3) in terms of an
inner product on the space of operators and then compute
orthonormal bases with respect to this inner product for the
spaces of local operators. Operators in these orthonormal
bases may be thought of as quantum versions of Hermite
polynomials that form a basis for the space of functions [20].

Let p be an arbitrary quantum state which, for the sake of
simplicity, is assumed to be full rank. Then for any pair of
operators X and X’ we define

(X, X", = tr(pX'X). (23)

Here (-, -), satisfies all the properties of an inner product:
It is linear in the second argument and antilinear in the first
argument; also, (X, X), = 0 and equality holds if and only
if” X = 0. Therefore, the objective function in the quantum
maximal correlation (3) can be written in terms of the inner
product with respect to the joint state psp:

/'L(A’B) = Sup |<XA7YB)0AB|7
Xa,Yp

<IA7XA>,D/\ = <137 YB)pB = Oa
(X, Xa)py = (Y3, YB)p, = 1.

Here the conditions on the local operators are also expressed
in terms of the inner products associated with the marginal
states pq = trg(pap) and pp = tra(psp). Following a similar
approach to the one in [20] for computing classical maximal
correlation for Gaussian distributions, to compute the above
maximization it would be helpful to find orthonormal bases
for the space of local operators X and Yz with respect to
these inner products. Specifically, we want to express the local
operators as

Xo=Y_ fuH), Ys=)_ guHy), (24)

where {H? :n} and {HZ :m} are orthonormal bases with
respect to the inner products (HZ, H%), =38,, and
(HB, HE),, = 8 ., respectively.

Let pap be a two-mode Gaussian state. It is clear from the
definition that local unitaries do not change the maximal cor-
relation. Therefore, by using Proposition 1 and without loss
of generality, we assume that d(p4p) = 0 and the covariance
matrix of psp is in the standard form (18), meaning that the
marginal states are thermal.

"Note that we assume that p is full rank.

In the following, we consider a single-mode thermal state
pm With d(pg) = 0 and y(py) = A with A > 1. We find an
orthonormal basis {H, : n} with respect to the inner product
associated with the thermal state (H,,, Hy') 5, = 6,,. This ba-
sis can be used for both expansions in (24) and will be used to
compute the maximal correlation in the next section.

For any r € R? let

A
Cr = exp (rTTR — ZrTTTTr>, (25)

where Y is a 2 x 2 matrix to be determined. Using the BCH
formula, we have

CITCS — ne(rTT+STT)R’
where T is the entrywise complex conjugate of T and
A — = [
7 = exp ( — T Tr 4TI Ts) + %rTTﬁlTTs)
Then, by using (14) and (15), we have

w(pnCiCs) = 77_/ W (u)el™ T+ Dug2y
]R2
A TonT i T -
= exp 51’ TY S+§r TQ]T s ), (26)

where W (u) = exp(—u'u/A)/m A is the Wigner function of
the thermal state. Now let

1 (1 —i
T:E<1 i), (27)

which is unitary and gives

_ —i 0
YO, YT = ( )
0 i

This choice of T simplifies (26) as

A1 A—1
(puClCy) = exp (A + Drys +( 282
2 2
_i 1 ((A+1)m1>"<(/\—1)r2s2>’Z
Ao ke 2 2

(28)

On the other hand, we define the operators Hy , by expand-
ing C; as a function of r = (r, 1) ",

ol
C= ) Wf&(x);f(k)r%m, (29)

k, =0

A+1 A—1
ai =0 a=\T5— @0

We note that H; ; is a polynomial of the quadrature operators
x and p of degree k + £. For instance, Hy o = I and

with

1
Hy, = ﬁ(erip). €29

Hy o= (x —ip),

1
VA +1
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By using the expansion (29), we can then write
tr(pnC; Cs)
3 BT

riryST 8, tr(p[hH]j!EHk/’[/).

k0K 0 VAV AVl
Comparing this equation with (28), we find that
(Hi.e. Hie o)y, = tr(pthlj,ZHk’,z/) = Sk ke Se.er- (32)

Theorem 1. Let py, be a single-mode thermal state with
d(pw) = 0and y(pn) = Al, with L > 1. Define operators Hj, ,
via (29), with C; given in (25). Then

= {Hy.:k £>0) (33)

is an orthonormal basis for the space of operators with respect
to the inner product (-, -) ,, .

Proof. We have already shown in (32) that {H , : k, £ > 0}
is an orthonormal set. It remains to show that {Hy ¢ : k, £ > 0}
spans the whole space of operators.

Let V), be the space of polynomials of operators x and p of
degree at most 7, i.e.,

., Xpl—l’ pf}

We note that, as mentioned above, H; ; is a polynomial of
operators X and p of degree k + £. Thus,

V[ = Span{la X, p9 Xzs va pz’ .

span{Hy , : k+ £ <t} C V.

On the other hand, by the orthogonality relations already
established, we know that {H} , : k 4+ £ < t} is an independent
set. Thus, computing the dimensions of both sides in the above
inclusion, we find that span{Hy ; : k + £ < t} = V. Thus, tak-
ing the union over ¢ > 1, we find that span(I") is equal to
Voo = UiV, 1.€., the space of all polynomials of the quadrature
operators. On the other hand, we know that the latter set
spans the whole space of operators.® In fact, V., contains
the displacement operators, and any bounded operator can be
expressed in terms of displacement operators [34]. |

V. MAXIMAL CORRELATION FOR BIPARTITE
GAUSSIAN STATES

As discussed, the maximal correlation is invariant under
local unitary transformations. Hence, in order to compute
the maximal correlation for bipartite Gaussian states, we can
restrict the optimization to Gaussian states in the standard
form (18) through Proposition 1. Let psp be a bipartite Gaus-
sian state that is in the standard form with the first moment
d(pap) = 0 and the covariance matrix

(ons) dal v vi O (34)
= = . V= .
Yap = Y\0aB v gl 0w

Hence, the marginal states are thermal states with the co-
variance matrices y(p4) = Aal, p(pa) = Apl, and d(py) =
d(pp) = 0.

8This is essentially the content of the Stone-von Neumann theorem
[33].

According to Theorem 1, we know that the sets {H,ég :
k,¢ > 0} and {Hlf,e 1k, £ > 0} are orthonormal bases with
respect to the inner products (-, -),, and (-, -),,, respectively.
Here H,ﬁ . and H,f ¢ are defined in terms of the corresponding
quadrature operators and the parameters A4 and Ap, respec-
tively. To compute the maximal correlation ©(A, B), we use
the above bases to expand the local operators X4 and Y. Then
the objective function in the definition (3), which is equal to
[(X4, YB) ,, |, can be expressed in terms of the inner products
(H,é o H,ﬁ, o) pan» Which we compute in the following.

Let C# and C5 be the operator (25) in terms of the modal
quadrature operators Ry = (x4, p4)" and Rz = (x3, pg) ', re-
spectively. As CA and C? are local operators and commute, we
have

(1Y et = e TR,
where 7 =exp(—2r" YT r— 2s"YYTs), u= (), and

T = (Z 8). Thus, by using the Wigner function (15), we
can compute the inner product

u' TRyz
(€0, = ttw(oape” TR0
=1 f W, (V)e" TVd*y
R4
1 T4 T
= T exp Zu Ty, u

| R
= exp <§rTTvTTs)

Poo , .Po1 , P10, P11
_ Z Wop Woy Wip @1y

1po1!' P10 11!
poo.por P00-P01-P10-P11-
P10,P11

% rlpooJer r§711+P10S11700+P10S501+P11 ,

where wqy, . .., wq; are entries of %TvTT given by

oo o1 1o+ Lfvi+twm
==-TvY =-
w1 @11 2 vV — 1

On the other hand, using the expansion (29), we have

(C? ’ Cf)pAE

~

k k' pt
oo By B C o
o¥1F0O M1 k. £ kK L A B
- § risk s (Hk,e,Hk,’e,)pAB,
k.l

Jreen !

Kol

where g = §o(ra), a1 =51 (ha), Bo = So(rp), and B =
¢1(Ap) are given in (30). Comparing the above equations
yields

(H HE ) =0

PAB

iftk+e#£k+0. (35)
Moreover, if k + ¢ = k' + ¢/, then
NISTAVATA
(H HE ) = Z

o = ol A

Poo , .Po1 , P10, P11
Wop Po1 Do @i

oo tom—i Poolpor!piolpii!

po+pn=;Lt
Poo+pio=k'
por+pu=t
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Now let X4 and Yz be arbitrary operators that satisfy
the conditions tr(psXs) = tr(pgYz) = 0 and tr(,oAXAXAT) =
tr(,oBYBYBT ) = 1. Consider the expansion of these operators in
the orthonormal bases {H,é[ 1k, £ >0} and {ng,z’ kL0 >

0} as follows:
ka HYyo Yp= ng' vHE .
K.
The first condition on X4 and Yp means that (I4, Xs),, =
(Is, Yp)p, = 0. As Iy = Hyy and Iy = HJ, we find that f o =
80,0 = 0. The second condition on X4 and Yz can also be
written as (X4, Xa),, = (Y3, Ys),, = 1. Thus,

IF11> = llgl* =

where f=(fo.1, fi.0, fi.1,-..)" and g = (go.1, 81,0, &1.1, - - -
are the vectors of coefficients excluding the first ones fj ¢ and
8o.0 that are zero. Hence, the inner product can be written as

(Xa, Yodoy = O fregwolHY G HE L) o (36)

k.t
k’,ld’

)T

Let Q be the matrix whose rows and columns are indexed
by pairs {(k, £) : k + £ > 1} and whose ((K', £'), (k, £))th en-
try is equal to

Que.nety = (Hi s Hige/>pAB' (37)
We note that by (35), Q is a block-diagonal matrix whose ¢th

block Q) is associated with pairs (k, £) with k + £ =t and is
ofsize (¢t + 1) x (t + 1):

Q(l) 0 0
0 Q9 0
Q= 0 0 Q(3) (38)
The matrix elements in the rth block, for 0 < €, ¢/ < t, are
given by
(t) — B
(Q )Z 14 —( t—0,0° H,_g/,g/)pAB
S =0 —enHe'!
oo By By
Poo , .Po1 . P10, P11
% Z Wop Woy Wip @i (39)
]
Protpi=t poo'poi!piotpin!”
por+pn=t'
poo+poi+pio+pn=t
In particular, the first block reads
@00 @01
1) _ [ «bBo aoBi
Q= (m ﬂ)
a;fo ai B
i+w) i—w)
_ l (Aa+1)(Ap+1) (Aa+1)(Ap—1)
- (v1—12) (i+w)

(Aa—D(s+D) (a—D(p—1)

Lo o0
_ L TorT (P .40
2\ 0 o 0o B!

Now we can state the main result of this paper.

Theorem 2. Let psp be a Gaussian state with d(pap) = 0
and covariance matrix (34). Let {H, : k, £ > 0} and {H ,, :
k', £’ > 0} be orthonormal bases for the spaces of local opera-
tors of modes A and B, respectively, constructed in Theorem 1.
Let O be the matrix consisting of inner products of operators
in {H, : k4> 0} and {H , : k' 4+ ' > 0} defined as in
(37) and with the block structure given in (38) and (39). Then
the maximal correlation for the Gaussian state is given by

(A, B) = |QW].

Equivalently, this means that in computing the maximal cor-
relation in (3) we may restrict the optimization to X4 and Yp
that are linear in quadrature operators.

Proof. By using (36) and (38), the maximal correlation (3)
for a Gaussian state reads

(A, B) = ||Q|l = If* Qg
HfII H H 1

where || Q|| is the operator norm of Q. Given the block struc-
ture of Q, we know that || Q| = max, [|Q®]|. Thus, to prove
the theorem we need to show that

1V > 1Q“Nve > 1.

To this end, we derive an equivalent representation of the
matrices Q.

For 0 < ¢ <
> bi, define

tand b= (by,...,

2t —£)!
Seb = 8¢,bly/ % (41)

and let S be the matrix of size (r + 1) x 2" with entries s p.

Observe that
Z S¢,bSe’.b
b

(SST)ee =
0 — 0)!
=) St wdep———
1!
b

b)) € {0, 1}, with |b| =

e — 0!
=800 Z e -0t

|
b:|b|=¢ r
= SZ’Z’.
Thus SST = I+, with [, the (t + 1) x (¢ 4+ 1) identity ma-

trix. Next, to simplify the notation we use Q = oW and
compute

(SQ¥' SN = Z sensey Dy
b

T — O — 0]
= Z(Se,m@x\bw\/ o)

t' b,b'*

For a given b, b’ € {0, 1}’ define p, as follows:
Paw = {i : (b, b)) = (a.d)}. (a.d') € {0, 1} (42)
Hence, by using (40), we get
Qb b = Q00

POI Qp]() Pll
P00, .Po1 . P10, P11
Wop Woy Wip @iy

poo+por ., Pro+P11 pPoo+Pio gPor+pin "
) o) Bo Bi
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On the other hand, we note that if |b| = ¢ and |b’| = ¢/, then
C=po+pu. € =pou+pu. (43)

For a fixed tuple (pgo, po1, P10, p11) satisfying these equa-
tions, we can see that there are

( t ) B t!
Doo, Pots P10s Pli poo'pot!piolpin!

pairs of (b, b’) that satisfy (42). Therefore, putting these to-
gether and comparing with (39), we obtain

t
sovsh= ¥ )
- Poo> Po1, P10s P11
portpu=t'

poo+port+piotpi=t

X\/ﬂl(t—ﬁ)!ﬁ’!(t—ﬁ’)! Poo YPo1 YP10 P11
t' 11 12 21 22

JeE — e — o)
poo'por!piolpii!

po+pn=;Lt

por+pu=¢t
Poo+tpo1+pro+pii=t

P00, Po1 , P10, P11
Wy Po; Pp @y

poo+po1 ., P1o+P11 pPoo+P1o gPo1+P1
) o) Bo Bi

_ Q(f)

— =

Therefore, SO®' ST = Q® and
197 = 1ISQ*'s™|
< ISI- ISTH - 119 |

=1Q% | =2l
where in the second line we use the fact that SS™ = I;+1, which
gives ||S|| = |IST|| = 1. Next we note that || Q|| < 1 because
" Og|
1QIl = max =
r.g20 ||f]| - llgll
|(f0Hﬁ0 + le(ilv gOHE() + ng(fl)pAB’
= max
f.g#0 £l - gl
| oty + filo | - | g0y + 81H, |
< max
f.g70 Il gl
=1,

where in the third line we use the Cauchy-Schwarz inequality
and in the last line we use the fact that {Hf‘y0 + Hé 1} and

{H, + Hy,} are orthonormal. Thus,

1
1 < el <l = 19"

and therefore the maximal correlation for a Gaussian state in

the standard form becomes

@A, B)=1Q"|| = max

f'oMg|. 44
IIfH=Hg||=1| QVgl (44)

This implies that the optimal local operators, by using (31),
can be expressed as a linear combination of quadrature
operators

X4 = foH{y + fiH = ouXa + appa, (45)

YB = gOHEO + ng(fl = ,BxXB + ,Bpsz (46)

where the coefficients are determined by (44). Note that, in
general, the coefficients may be complex numbers and hence
the optimal operators may not correspond to local physical
observables. ]

VI. GAUSSIAN MAXIMAL CORRELATION

In this section, we define another measure of correlation for
bipartite Gaussian states by restricting the optimization in (3)
to Gaussian observables [35], i.e., operators that are Hermitian
and linear in terms of quadrature operators and correspond
to homodyne measurements. We refer to this new correlation
measure as the Gaussian maximal correlation, which is given
by

1G(A, B) = sup tr(papXs ® Yp), 47
Xa,Yp

where p4p is a bipartite Gaussian state and X4 and Y3
are local Hermitian observables that are linear in terms
of quadrature operators and satisfy tr(psXy) = tr(ppYp) =
0 and tr(,oAXj) = tr(pBYBz) = 1. Note that, by definition,

mG(A, B) < n(A, B).
Suppose that the covariance matrix of psp is

Ya vaB
Yap =¥(pa) = | -
Vap VB

and for simplicity assume that d(ps5) = 0. By the restrictions
on X4 and Y3, there are real vectors ry and rp such that X, =
I‘XRA, YB = l‘;RB, and
1= tr(,oAX AZ)

= tr(pa{Xa. Xa})

= Irjtr(pa{Ra, RaDrs

= %r;‘r Yara,
and similarly r,}yBrB = 2. Note that tr(psX4) = tr(pgYp) =0
is automatically satisfied since d(psp) = 0. Next, similar to

the above computation, it is easily verified that 2 tr(capXs ®
Yg) = erABrB. Therefore, rescaling r, and rp by a factor of

«/5, the Gaussian maximal correlation reads

N
1G(A, B) = maxr, vapra,
g, rp

-
r,yara =1,

ryprs = 1. (48)

Writing the above optimization in terms of sy = yi/ ’rsy and
Sp = yllgﬂrg, we find that

1A, B) = vy *vasyy | (49)

Therefore, for a Gaussian state in the standard form (34) with
[vi] = |v2|, which can always be accomplished by relabeling
the phase-space quadratures, the Gaussian maximal correla-
tion becomes

[v1]
AaAp

nG(A, B) = (50)
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Note that the joint probability distribution p(x,, xg) associated
with local homodyne measurements on the x quadratures is
Gaussian with Cov[xa, xg] = vy, Var[xs] = A4, and Var[xg] =
Ap. Therefore, comparing this equation with (2), we observe
that the Gaussian maximal correlation is in fact the classical
maximal correlation of the outcome probability distribution of
optimal local homodyne measurements. However, unlike the
classical case, Eq. (50) shows that ig(A, B) cannot be equal
to one, as due to the uncertainty relation (12), the covariance
matrix of physical states cannot have a zero eigenvalue.

Considering the characterization of Gaussian CPTP maps
[22], one can verify that ug(A, B) is monotonic under local
Gaussian CPTP maps; the point is that under such local su-
peroperators in the Heisenberg picture, linear operators are
mapped to linear operators. Therefore, correlations between
phase-space quadratures cannot be increased under Gaus-
sian operations. Gaussian maximal correlation also satisfies
the tensorization property. To verify this, it suffices to use
(49), the fact that y(pap ® pap) = y(pas) ® ¥(pap), and
II€ & || = max{||&]|, In|l}. Therefore, the Gaussian maximal
correlation satisfies both the monotonicity and tensorization
properties and therefore can be used to study the local state
transformation problem when both resource and target states
are Gaussian. For example, this result shows that n copies of
a Gaussian in the standard form with the Gaussian maximal
correlation (50) cannot be locally transformed into another
Gaussian state with the same marginal states but with |vj| >
[vil.

We state yet another reformulation of the Gaussian maxi-
mal correlation. Note that

(y4 ® yB)il/ZYAB()’A ® 73)71/2

_ ( Iy )’Xl/szBJ’El/z)
- —1/2 —1/2 :
Vs / "IB)’A / Ip

Then, using (49), we find that (¥, ® ) "’y s(¥s &
yB)’l/2 >1—pug(A,B). Therefore, we can  write
uc(A,By=1—-V(A,B), where V(A,B)=max{g<1:
Yag = q(y4 @ yp)}. This formulation of the Gaussian
maximal correlation is related to the measure for Gaussian
resources [9] and is reminiscent of the entanglement
measure introduced in [13] for Gaussian states. Indeed,
the measure of [13] is defined by V'(A, B) = max{qg < 1:
Yag = 9V, © yp)}, where y/, and y/; are covariance matrices
of some quantum states, while in our case they are the
covariance matrices of the marginal states of p4p.

We finish this section by emphasizing the fact that the
Gaussian maximal correlation is monotonic under local Gaus-
sian operations, which preserve the Gaussianity of the state.
However, the quantum maximal correlation studies in previ-
ous sections is monotonic under all local operations.

VII. EXAMPLES

In this section, we further illustrate various features of the
correlation measures by considering examples of Gaussian
states. We consider two classes of bipartite Gaussian states
that are in the standard form with symmetric marginal states
and zero first-order moments.

The first class of Gaussian states is described by the covari-
ance matrix (18) withAy = Ap=A > landv; = —v, =v >
0. The physicality condition (12) implies that v < ~/A2 — 1,
and the state is entangled for A — 1 < v < +/A2 — 1. We re-
fer to these states as correlated-anticorrelated (CA) Gaussian
states. The maximal correlation for these states, using (40) and
(44), is given by

0o v
~ B _ m 80
(tca(A, B) = ||fHI£|?g)ﬁ=1(f0 f1)< - 0 ) <g1>

v

=1 Gl
where the maximum is attained for fy = fi =go=g1 =
1 /\/5. Hence, optimal local operators using (45) and (46)
can be found as X, = a;/«/)» +1+4+a4//A—1and ¥y =
ag/«/k + 1 +ap/+/A — 1, which are not Hermitian and can-
not be viewed as physical observables. Note that for v =
/A% — 1, the Gaussian state corresponds to a two-mode
squeezed vacuum state

[ 2 A —1\"?
|VaB) = k+1zn:(k+1> |14, ng),

which is a pure entangled state with wca(A, B) = 1. Here
{|na)} and {|np)} are the Fock states. Thus, following Sec. II,
one can easily verify that for two-mode squeezed vacuum
states the maximal correlation of © =1 can be achieved
using local Hermitian operators Xy = (a;;aA —n)/An = Hfl
and Y = (ajag — 1)/ An = H? |, where /i = (A — 1)/2 and
An = +/A2 — 1/2 are the mean and the standard deviation of
the photon-number distribution of the marginal states, respec-
tively. This implies that the same maximal correlation can
be obtained for two-mode squeezed vacuum states by using
local Hermitian operators that are quadratic in the phase-space
quadrature operators. This means that, in general, optimal
local operators for the maximal correlation are not unique.

As discussed, the maximal correlation for Gaussian states
can be used to study the local state transformation problem
when the target state is not Gaussian. For example, by using
(51), it can be seen that any arbitrary number of copies of
CA Gaussian states cannot be locally transformed into the
noisy Bell state (6) without classical communication if v <
k+/A2 — 1. Note, however, that if two states have the same
amount of maximal correlation, it is not clear whether or how
the two states can locally be transformed into one another in
general.

We also consider a second class of Gaussian states de-
scribed by the covariance matrix (18) with A4 = Ap = A > 1
and v; = v, =v > 0. Note that for all physical values of
v < A — 1, these states are separable with a non-negative
Glauber-Sudarshan P function. We refer to these states as
correlated-correlated (CC) Gaussian states. Using (40) and
(44), the maximal correlation is given by

o TL 80
Hfurilnag)ﬁﬂ(fo fl)( 0 x_v1> <81>

=" (52)
-2

mcc(A, B) =
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Here, for go=fo=0 and g, =fi =1, we can see
that optimal local operators X4 = as+/2/(A — 1) and Yp =
ag/+/2/(A — 1) are not Hermitian again. Of particular interest
is the case of v = A — 1 where pcc(A, B) = 1. In this case,
the Gaussian state can be written as
De—2aP/G=1) ,
= ————|a){« o) {o|da.
PAB G o) (| ® |} (x|

Using this representation, we can see that for any local mea-
surements {I14 , : n} and {I1p,, : m},

2~ 2lal’/(i=1)
A —Drm
X (| g )’ # 0 (53)

tr(IOABl_[A,n & l_[B,m) = <0‘|HA,11|“)

for any n and m. Note that here the positivity of measure-
ment operators implies («|I1p ,|) > 0 and (|14 |e) = 0.
Also, (¢|IT]e) is in general an everywhere convergent power
series in terms of o and & and cannot be identical to zero
on some nontrivial region, unless I1 =0 [30]. Therefore,
(a|TIg ploe) (| T1p m|e) cannot be zero almost everywhere. As
the joint outcome probability distribution (53) is not in the
form of (5), pcc(A, B) = 1 for v = A — 1 cannot be achieved
using Hermitian local operators. This example shows that
the maximal correlation of continuous-variable systems must
be optimized over all Hermitian and non-Hermitian local
operators.

It is easy to verify that even for non-Gaussian bipartite
states of the form

PaB = / P(a)|a) (@] @ |a)(a|d*, (54)

where P(«) is not necessarily Gaussian, the quantum max-
imal correlation of one is achieved using non-Hermitian
local operators X4 = (as — (as))/Aay and Yp = (ap —
(ag))/Aag, with (as) = (a4) = [ P(a)a d’a and Aal =
[ P(e)la|*d>a — (a4)*> = Aaj. This fact can also be verified
by examples of two-qubit states (see [21]).

Comparing the maximal correlation of the CC and CA
states for the same marginal states and 0 < v <A —1,
in which case both states are separable, we can see that
Ucc(A, B) < uca(A, B). Although the only difference
between the two classes is the sign of the correlation, this
shows that any arbitrary number of copies of the CC state
cannot be transformed to the CA state by local operations
and without classical communication. We note, however, that
these two states have the same amount of Gaussian maximal
correlation since by (50)

v
/-’LGCA(As B) = I’LGCC(A9 B) = X

Hence, although the maximal correlation shows the
impossibility of the local state transformation of the CC
state into the CA state, the Gaussian maximal correlation
cannot detect this. We also note that for these states the
Gaussian maximal correlation is strictly less than the maximal
correlation given by (51) and (52).

As an application of the Gaussian maximal correlation
measure, suppose that a third party prepares a CA state pap
and sends one subsystem to Alice and the other one to Bob
through lossy channels. The covariance matrix of the shared

state between Alice and Bob is given by [22]

(tar + 1 — 1)l JTaTRVZ
JTATsvZ (tgh+1—1)1 )’

where 0 < 74 < 1 and 0 < 13 < 1 are the transmissivities of
lossy channels to Alice and Bob and Z = diag(1, —1). We can
then see that, if 74 < 1 and/or 3 < 1, the Gaussian maximal
correlation of the shared state is less than the Gaussian maxi-
mal correlation of the initial state,

A/ TATBV v

< —.
Naah+T—1))(mph+1—15) A

Therefore, using any arbitrary number of copies of the shared
state and without classical communication, Alice and Bob
cannot locally retrieve the initial state psp.

VIII. MULTIPARTITE GAUSSIAN STATES

Classical maximal correlation for multipartite probability
distributions was first defined in [36]. The maximal correla-
tion of an m-partite distribution is a subset of [0, 1]™, called
the maximal correlation ribbon. This subset for m = 2 is fully
characterized in terms of a single number that is the (bipar-
tite) maximal correlation (see Proposition 29 in [36]). Thus,
the maximal correlation ribbon is really a generalization of
the (bipartite) maximal correlation. Moreover, maximal cor-
relation ribbon satisfies the data processing and tensorization
properties, which are required for the local state transforma-
tion problem in the multipartite case.

In this section, we first generalize the classical notion of the
maximal correlation ribbon for multipartite quantum states.
Then we characterize the quantum maximal correlation ribbon
for multipartite Gaussian states. Here we briefly discuss these
results and give the details in Appendixes A and B.

Following the definition of the maximal correlation ribbon
in the classical case [36], in order to define a quantum max-
imal correlation ribbon, we first need a notion of quantum
conditional expectation. Let psn = pa,,...a, be an m-partite
quantum state and let ps;, j = 1, ..., m,be its marginal states.
For simplicity, we assume that PA; is full rank for all j. Then,
for any 1 < j < m define the superoperator £(-) by

EX) = trﬁj(X,OAmPle),
where by tr—; we mean tracing out all the subsystems except
the jth one. Here £;(-) behaves like a conditional expectation
whose properties are given in Lemma 1 in Appendix A.
Next recall that the variance of an operator X is defined by
Var(X) = (X, X) . — |tr(panX)P?
= (X —tr(panX), X — tr(panX)I)
= IX — w(pan X1,

where as before (X, Y),,. = tr(pamX Y).

Definition 1. For an m-partite quantum state pa, 4, let
S(A,...,A,) C [0, 17" be the set of tuples (0y,...,0,)
such that for any operator X = X4» we have

Var(X) > Y 0;Var[£;(X)]. (55)
J
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FIG. 2. (a) The MC ribbon is a convex subset of [0, 1]" and the
nontrivial part of G(Ay,...,A,) is the set of tuples (6,...,6,)
with »°,0; > 1. For m = 2, the MC ribbon of a generic state is
the dark gray area plus the light gray area, which is the trivial part,
containing points satisfying 6, + 6, < 1. We note that by Eq. (57)
when (A, A;) = 1, the MC ribbon is equal to this trivial part. (b) In
the case of m = 2, with the reparametrization ¢; = 1/(1 —6,) and
q> = 1/6,, by Eq. (57), the MC ribbon is determined by the line
WA, Ay)(g1 — 1) = g2 — 1. We note that in this case the nontrivial
part of the MC ribbon takes the form of a ribbon, thus the name.

We call G(Aq, ..., A,,) the maximal correlation (MC) ribbon

of pa,....A,-
Note that since Var(X) >0, in the definition of
G(Ay,...,A,) we set the restriction §; > 0. Moreover, as

shown in Lemma 1 in Appendix A, we have
Var(X) = Var[£;(X)]V j. (56)

Thus, Eq. (55) implies 6; < 1. This is why G(Ay,...,A,)
is defined as a subset of [0, 1]". Moreover, by (56),

any (0y,...,6,) €[0,1]" with Zj 0; <1 belongs to
S(Ay,...,A,) for any pan. Thus, the interesting part of
S(Ay,...,A,) is the subset [0, 17" beyond the above triv-

ial subset. Finally, from the definition, it is clear that
S&(Ay, ..., A,) is a convex set. See Fig. 2 for a typical shape
of the MC ribbon.

It can be shown that for product states pam = p4, ®
---® pa,, the MC ribbon is the largest possible set:
Sy, ...,A,) =10, 17". On the other hand, for the maxi-
mally entangled state %QOO) + |11)), the MC ribbon con-

sists of only trivial points: G(A;, Ay) = {(61,6,) € [0, 177 :
Zj 0; < 1}. (See Appendix A for more details.)

In particular, as shown in Theorem 5 in Appendix A, when
m = 2, the pair (61, 6,) € [0, 117 belongs to G(Ay, Ay) if and

()]lly if
! 1 ! 1) > 1% (A A ) (57)
91 9 = 1 2)s

where (A, Ay) is the maximal correlation of the bipartite
state. This shows that the MC ribbon can be viewed as the
generalization of the maximal correlation.

As shown in Theorem 6 in Appendix A, the maximal
correlation ribbon also satisfies the data processing and the
tensorization properties.

(i) Data processing. For local quantum operations o'

Aj—AL
if
o = B, @ @B (par),
then (A, ..., An) C 6A], ..., A}).

(ii) Tensorization. For any ps» and any integer n we have
6(Arll’ tre ’AZ1) = G(Alv v ’Am)5

where the left-hand side is the MC ribbon of p&".

These two properties show that the MC ribbon is a relevant
invariant for the local state transformation problem in the
multipartite case.

Now we get to our main problem, namely, how to compute
the MC ribbon for multipartite Gaussian states. The following
theorem, which is a generalization of Theorem 2, is our main
result in this direction.

Theorem 3 (informal). To compute the MC ribbon for
Gaussian state it suffices to restrict X in (55) to operators that
are linear in phase-space quadrature operators.

For a formal statement of this result and its proof see
Appendix B.

Motivated by the definition of the Gaussian maximal cor-
relation (48), we can define a Gaussian maximal correlation
ribbon for multipartite Gaussian states as follows. For an m-
mode Gaussian state py, . 4, let Sg(A1, ..., A,,) be the set of
tuples (61, ..., 0,) € [0, 1]™ satisfying

m m l
Var(ZX,) <> 5 Var(X;)
j=t"

j=1

for all local operators X, . . ., X, that are Hermitian and linear
in terms of phase-space quadrature operators. We note that,
by Theorem 4 in Appendix A, removing the latter constraints
on the X;, we recover G(Ay, ..., A,). Therefore, we have
S, ...,An) €66y, ..., A,). Moreover, it is not hard
to verify that Sg(Ay, ..., A, ) is monotonic under the action
of local Gaussian operations and satisfies tensorization (in the
sense of Theorem 6).

To find an equivalent characterization of Sg(Ay, ..., An),
a straightforward computation as in the bipartite case shows

that (6y, ..., 6,) belongs to SG(Ay, ..., A,) if and only if
1
E),Al 0 e 0
1
0 gyAz A 0
2 yA] ..... Am’
0 0 e émm
where p,, 4, is the covariance matrix of py,,..4, and p, is

the covariance matrix of its marginal py;.

IX. DISCUSSION

The maximal correlation is of particular interest for the
local state transformation problem, where two parties are re-
stricted to local operations but do not have access to classical
communication. We have shown that the maximal correlation
for bipartite Gaussian states can be simply calculated by re-
stricting the optimization to local operators that are linear in
terms of the phase-space quadrature operators. As the space
of phase-space quadrature operators is two dimensional, this
turns the problem of computing the maximal correlation of
Gaussian states into computing the operator norm of a matrix
of size 2 x 2 (the @ matrix) whose entries are given in terms
of the covariance matrix. These optimal local operators may
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not be Hermitian and therefore the maximal correlation in
general is an upper bound on the classical maximal correlation
of the joint outcome probability distributions associated with
optimal local measurements (local Hermitian observables).
Using our results, one can investigate the problem of local
state transformation with local operations when either the
resource or the target state is Gaussian.

We have also introduced the Gaussian maximal correlation,
as another measure of correlation for Gaussian states, by re-
stricting the optimization to the class of Hermitian and linear
operators in terms of quadrature operators. This measure cor-
responds to performing optimal homodyne measurements on
the phase-space quadratures and is relevant to the local state
transformation when both the resource and the target states
are Gaussian. Nevertheless, we have shown through examples
that sometimes the maximal correlation gives stronger bounds
on the local state transformation compared to the Gaussian
maximal correlation even if both states are Gaussian.

An interesting question, motivated by the definition of the
Gaussian maximal correlation, is whether one can define other
variants of maximal correlation by considering Hermitian
local operators that are quadratic or higher order in terms
of quadrature operators. As we have shown for two-mode
squeezed vacuum states, the optimal local measurements
yielding the maximal correlation of one are photon-counting
measurements that are non-Gaussian. This suggests that the
maximization in the Gaussian maximal correlation can be
further optimized using Hermitian and quadratic operators
in terms of quadrature operators. We leave the study of the
properties of such invariants for future works.

We have also generalized the maximal correlation to the
quantum maximal correlation ribbon for the multipartite case.
We have shown that the quantum maximal correlation ribbon
of Gaussian states can also be computed by restricting the
optimization to local operators that are linear in terms of
quadrature operators. Further, we have discussed its Gaussian
version based on using Gaussian local observables.

In this paper, in both the bipartite and multipartite cases,
in the computation of the maximal correlation for Gaussian
states, we assumed that each subsystem consists of a single
mode. Another interesting problem is to generalize our results
to cases where each party can have more than one mode of
the shared Gaussian state. For example, one can consider the
maximal correlation of a Gaussian state p4p in which each
subsystem A and B consists of two modes.

The orthonormal basis of local operators we derived in
Sec. IV can be thought of as a quantum version of the basis of
Hermite polynomials that are orthonormal with respect to the
normal distribution. Here we used this basis to compute the
maximal correlation of quantum Gaussian states, yet given
the wide range of applications of Hermite polynomials, it
is conceivable to look for other applications of the basis of
Sec. IV.

Hypercontractivity ribbon is another invariant of quantum
states that gives bounds on the local state transformation
problem [37]. It would be interesting to compute the hyper-
contractivity ribbon for Gaussian states.

Finally, the quantum maximal correlation is really a mea-
sure of correlation and not a measure of entanglement, as it
can take its maximum value on separable states. It is desirable

to find a measure of entanglement that satisfies the tensoriza-
tion property; see [38] for an attempt in this direction.

APPENDIX A: QUANTUM MAXIMAL
CORRELATION RIBBON

In this Appendix we discuss in detail some properties of the
quantum maximal correlation ribbon mentioned in Sec. VIII.
We start with the conditional expectation operator defined by

Ei(X) = trﬁj(XPAm,Ole),

where tr—; means partial trace with respect to all subsystems
except the jth one. We note that £; maps an operator acting
on the whole system A™ to an operator acting only on the jth
subsystem.

Lemma 1. (i) If Y is an operator acting on the jth subsys-
tem, then for any X we have

(Y, X) gy = (Y, E;(X)),,
where the inner product is given in (23).
(i) &; is a projection, i.e., 512 =¢;.
(iii) &; is self-adjoint with respect to the inner product

(' ) " ) Lam *
(iv) For an operator X we define its variance by

Var(X) = X — te(pan XI5,

= (X —tr(panX)I, X — tr(panX)I)

Pam

= (X, X) pyu — ltr(panX)I*. (A1)
Then we have
Var(X) = Var[€;(X)] + Var[X — &;(X)]. (A2)

Moreover, since Var[X — &;(X)] > 0 we have Var(X) >
Var[£;(X)].

Equation (A2) can be understood as a quantum generaliza-
tion of the law of total variance.

Proof. (i) Since Y acts on the jth subsystem we have

(Y, X) g = tr(panY 'X) = (Y "X ppm)
= tr[YTtr—;(X pan)] = tr[pA/Y+tr_.j(XpAm)p;j]]
= tr[,OAjYTtI'_‘j(X,OAmIOAjl)] = (Y, gj(X)>PA]»'

(i) We need to show that for ¥, , acting on the jth subsys-
tem, we have £;(Y) =Y. We compute

EiY) = tr_.j(YpAme/l) = Ytr_,j(pAm),oA_jl = YijpA_jl =Y.

(iii) We need to show that (£;(X),Y),,. = (X, E;(Y))
We compute

(E1(X).Y) py = el panE5X)Y] = [ pantr; (X pan ) Y ]

pam *

= te[tr—; (X pan ") "tr (¥ pan)]

trftr—j (03 oanX ) tro; (¥ pan)]
;) tr-j (oan X e (¥ pan)]
[ 0]
[ ]

trtr—; (panX " Yr—; (Y pan)py,

J

tr tr_.j (,OAmXT )tl'_.j (YIOAm p;]l)
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= tr[pAmXTtrﬁj (YpAm ,0;/_1)]
= tw[panX"E;(Y)]
- (Xv gj(Y)>pArrl .

(iv) Let Y =X — &;(X). By (i) and the fact that Is»
can be considered as an operator acting on the jth subsys-
tem, we have (Iyn, X),,., = (IAj,Ej(X))ij and tr(panY) =
(Igm, Y ) pw = 0. This in particular means that tr(ps»X) =
tr[pa,E;(X)]. Therefore,

Var(Y) = (Y, Y)pm = (X = E(X), X — £;(X))
= (X.X) py — (X, E5X))
— (EX). X) gy + (EX). £,
= (X. X)p — (E;(X). £y,

Pam

= (X, X) py + [tr(panXO1* — |tr[pa,&;COT1?
— (£5(X), E;(X))y,,
= Var(X) — Var[£;(X)],

where in the third line we use (i). |
Now recall that the maximal correlation ribbon is defined
as

G(Alv LR Am)

:meq@»wma)>2pﬂmmumvx.
J
(A3)

In the above definition (when the underlying Hilbert space
is infinite dimensional), X runs over the space Ba» of op-
erators for which (X, X),» is finite. We note that for such
an X € Bun, by the Cauchy-Schwarz inequality, tr(psmX) =
(I, X),,m 1s also finite. Moreover, by the law of total variance
established in Lemma IX, £; maps Bs» to B;, the space of
operators X; acting on the jth subsystem with (X, X;), <

00. Thus, &(A4, ..., A,,) is well defined even in the infinite-
dimensional case.
To establish (6y, ...,0,,) € &(Ay, ...,A,) we need to ver-

ify an inequality for all operators X € By acting on the whole
system A™. In the following we show that we may restrict X
to be a linear combination of local operators belonging to B;.
We note that

L=DB1+-+ By C Ban

is a subspace of Bam, where By 4 --- 4+ B, is the closure
of the subspace B + - - - + B,,. Moreover, Ba» is equipped
with the inner product (-, -),,.. Thus, we may consider the
orthogonal complement of £ in Byn:

K=, Buw=L®dK=0B + -+B,dK.

Let Y € K. Then, by the orthogonality condition and part (i)
of Lemma 1 for X4, € B; C £ we have

0=WXMW=4%W%&MW

Thus, £;(Y) is an operator acting on the jth subsystem that
is orthogonal to all local operators in B;. This means that

Ej(Y)=0for all j and Y € K. Moreover, since Iy» € L we
have tr(psnY) = (Iyn, Y) pu = 0.

Proposition 2. In the definition of the MC ribbon in (A3)
we may set the restriction X € £, that is, we may restrict
X to operators that are linear combinations of local ones.
Moreover, we may assume that tr(pa=X) = 0.

Proof. First, by continuity we may assume that X
belongs to (B1+---+B,) KB+ +85,)dK =
B4n. Such an X can be written as

X=X+ +X,+7,

where X; e B; and Y e K. Let X' =X, +---+X, € L.
Then, by the above discussion we have £;(X) = &;(X").
Moreover, using (X', Y),,, = 0 and tr(pa»Y ), we have

Var(X) = Var(X' +7Y)
=X 4+Y —tr(panX), X' +Y — tr(panX")) pym
= (X" —tr(panX"), X" — tr(pan X)) pyu + (¥, V) g
= Var(X') + Var(Y)
> Var(X').

Putting these together, we find that if the inequality in (A3)
holds for X’, then it holds for X.

We also note that Var(X)= Var(X +cly») and
Var[€;(X)] = Var[£;(X) + cly,] = Var[£;(X + clp»)]. Thus,
without loss of generality, we can assume that X in (A3)
satisfies tr(panX) = 0. |

Forany I < j <mlet

B) ={X € B; : tr(pa,X) = 0} (A4)

and £° = B) + - - - + BY. Observing that B? is the orthogonal
complement of the identity operator in 3;, we have

Bpn = (CI@,CO e K.

m

By Proposition 2, in the definition of the MC ribbon we may
set the restriction X € By + --- + BY.

Theorem 4. Forany 1 < j<mlet{Fj;:k=1,2,...} C
B?, be an orthonormal basis for B?, where B? is defined in
(A4). Define

ik ik = Fiks Fj k) pum

and let G = (gjk, j«) be the Gram matrix associated with the

set Uj{Fj,k tk=1,2,...}. Also, for (64,...,6,) €[0, 11"
let ® be the diagonal matrix
Oji jk =8,y Sk ib;. (AS)

Then (04, ...,0,) € 6(A4y,...,A,) if and only if 0 >g,
meaning that ® ' — G is positive semidefinite. Equivalently,
@1, ...,0,) € G(Ay,...,Ay) if and only if for every X; €
B?,j: 1, ..., m, we have

m

Var<2m:Xj> < Z 6%Var(Xj).
j=1

j=1"

(A6)

Proof. By assumption, any X € £° can be written as

m

X = ZZCijj’k'
j=l k
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Since tr(psmX) = 0 we have
Var(X) = (Y,Y)

pam
m
= Z Zéjkcj’k’(Fj,kaFj’,k’>pAm
G =1 kK
=c'Ge,

where ¢ is the vector of coefficients cj. Next, using £;(X) €
B?, we have

Var[€;(X)] = (£;(X), E;(X)) pyn
= [IE;X)I?

=2 |Fu £,
k

= Z |<Fj’k’X>pA”’ |2
k

| 2

2

E Cj/k/gjk,j’k’

J K

Also, a simple computation shows that

> 6, Varl;(X)] = Z@_,(Z
j=1 j=1

k

E Cj/k,gjk,j/k/

JK

2)
=c'G'ege.
. 0,) € 6(Ay, ..., Ay)if and only if
¢'Ge > ¢'GOGe.

Therefore, (61, ..

Equivalently, this means that G > G'®G. Now note that G
is the Gram matrix of a linearly independent set and is in-
vertible. Hence, multiplying both sides from the left and the
right by G =GN, we find that G > GOG is equivalent
to G~' > ©. Next, using the fact that ¢ —> 1/t is operator
monotonic [39], we obtain the equivalence of (6, ...,6,,) €
Sy, ..., A, and

o '>g.

This equation means that for any ¢ we have ¢'®~'e > ¢'Ge.
Then, thinking of ¢ as the vector of coefficients of the expan-
sions of operators X; € B? in bases {Fjx:k=1,2,...} for

j=1,...,m and following similar calculations as above, it
is not hard to verify that the above equation is equivalent to
(A0). |

Let us use this theorem to compute the MC ribbon for
the example of a product state pa» = p4, @ - -+ ® pa,,. In this
case, for basis operators F; ; and Fj  with j # j' we have

(Fi» Fyp i) pn = tr(0a, ® ij'Fka ® Fjr )

= tr(ijF;k)tr(pAl,, Fj’,k’) =0.

Thus, the Gram matrix G is the identity matrix. In this case,
for any (6,...,6,) € [0, 1]" and its associated matrix ®
we have ®~! > G. This means that S(A, ..., A,) = [0, 11,
that is, for product states, the MC ribbon is the largest possible
set.

The following theorem shows that MC ribbon is really a
generalization of the maximal correlation in the bipartite case.
Theorem 5. In the case of m = 2 we have

G, A) = {(91, 6,) € [0, 1] : <i — 1) (i — 1>
0, 6,

> /ﬁ(Al,Az)}.

Proof. By Theorem 4, (6),6,) € [0,1]*> belongs to
G(A1, Ay) if and only if for any X; € B?, j=1,2, we have

1 1
Var(X; + X») < 6TVar(Xl) + Q—Var(Xz).
1 p)

We note that since tr(po4,X;) = tr(p4,X2) = 0 we have
Var(X; +X3) = (X1, X1)p,, + (X2, X2),, +2Re(X3, Xi)p,, -

Then (61, 6) € &(Ay, Ap) if and only if for every X; € BY,
j=1,2, we have

1
2Re(X, X1),, < (e)_ - 1>Var(X1)
1

1
+ (— — 1)Var(X2).
0,
Scaling X; and X, and replacing them with ¢; X; and ¢, X5, we
obtain

1
2Re(c102(X2, X1)p,,) < |Cl|2<9_ - 1)Vﬂr(xl)
I

1
+ |c2|2<0— - 1)Var(X2)Vc1, .
2

This is equivalent to

((% — 1) Var(X;)

— (X1, X2)p,
>
_<X27 X1>

(% — 1) Var(X,)

Pa2

being positive semidefinite, which itself is equivalent to

(X1, X0)p,| < \/<l - 1) (i - l) Var(X)Var(X,).
4 o 0,

Therefore, (61, 6,) € &(A}, Ay) if and only if
(X1, Xa) gy, |

max —el il (l - 1)<i - 1),
A/ Var(X1 )Var(Xz) 91 92

where the maximum is taken over X; € BY and X, € BY.
We note that, by definition, the left-hand side is equal to
u(Ay, Az). u

Recall that for [Y¥)aa, = JLE(|OO) +|11)) we have
,bL(Al,Az) =1. Thus, by Theorem 5, (91, 92) € G(Al,Ag) if
and only if (1/6; — 1)(1/6, — 1) > 1, which is equivalent
to 8; + 6, < 1. Therefore, the MC ribbon for [1/)4,4, is the
smallest possible set.

For the next result we first need a lemma.

Lemma 2. Let X, X', Y, and Y’ be positive-semidefinite ma-
trices with the block forms X = (X;;), X' = (Xifi), Y = (¥;),
and Y' = (¥/;). Suppose that X >Y and X’ >Y’, meaning
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that X — Y and X’ — Y are positive semidefinite. Then
XXX >YXY,

where X X X’ is a matrix whose (i j)th block equals X;; ® Xl-’j,
and Y X Y’ is defined similarly.

Proof. Since X —Y and X’ — Y’ as well as X’ and Y are
positive semidefinite, (X —Y)® X’ and Y ® (X' —Y’) are
positive semidefinite. This means that (X —Y)Q X' +Y ®
X' =Y)=X®X' —Y ®Y'is positive semidefinite. Now
we note that X XX’ —Y XY’ is a principal submatrix of
X ® X' —Y ® Y’ and so is positive semidefinite. ]

We now prove the main properties of the MC ribbon,
namely, the data processing inequality and the tensorization.

Theorem 6. (i) Data processing. Suppose that Qyjar is
a quantum operator acting on the subsystem A;. Then for
a1, we have

S, .. LA

m

L An) € SA, ..
(ii) Tensorization. For any pa,, . a,,, OA,....A, WE have

SAAY, .. AyAL) =GAy, ..., Ay)NSA,, ... A),

where the left-hand side is the MC ribbon of the state
PAy...A, O ar, considered as an m-partite state.

Proof. (i) Any quantum operation is a combination of an
isometry and a partial trace. Clearly, local isometries do not
change the MC ribbon. Thus, it suffices to prove data process-
ing under partial traces. To this end, we need to show that for
a state p4,,.....A,,8, We have

yenes

G(ABy, ..., AnBy) S G(AL ..., An).

This inclusion is immediate once we note that in the definition
of the MC ribbon in (A3), we may restrict Xa,p,....4,85, to act
nontrivially only on the subsystems (A1, ..., A,).

(ii) Let {Fjx : k=0, 1, ...} be an orthonormal basis for
By, with Fjo=1I4,. We note that {Fj;:k=1,2,...} is
an orthonormal basis for ng ={X € By, : (IAj,X)ij = 0}.
Then the Gram matrix G of the set Uj{Fj,;< k=1,2,...}
can be decomposed into blocks G = (G;; ), where the block
G;j consists of the inner products of elements of {Fj; : k =
1,2,...}and {Fy; : k=1,2,...}. Similarly, letting {Fj”k/ :
k' =0, 1, ...} bean orthonormal basis for BA} with Fj g = IA},
we can consider the associated Gram matrix G’ = (g;.j/) as
above.

We note that the space of operators acting on A jA’j is equal
to BA,A; =By, ® BA//_. Then {Fj; ® Fj/,k’ kK =0,1,...}is
an orthonormal basis for BA/. Al Moreover, since Fjo ® F]/ 0=
IA_,.A3_, the set {Fj; ® ijk/ : (k, k") # (0, 0)} is an orthonormal
basis for B , .
compute the G;am matrix of the set j{Fj,k ® Fj/ w o (kKD #
(0,0)}. This set can be decomposed into | J j{Fj’k ®Fj/ v

Thus, following Theorem IX, we need to

(k, k') # (0,0)} = FUF' U F, where

F=UFuw®ly, k=1.2..}
J
F=Jy ®Fp K =1.2,...},

J

ﬁ: U{F]‘,k®lrj/,k/:k’k/= 172’}
J

Observe that, first, these three sets are orthogonal to each
other. Second, the Gram matrix of F equals G, the Gram
matrix of Uj{Fj,k :k=1,2,...}, and similarly the Gram
matrix of 7 equals G’. Third, a straightforward computation
shows that the Gram matrix of F is equal to G X G’, defined in
Lemma 2. Putting these together, we find that the Gram matrix
of the union is given by

G o0 0

0o g 0

0 0 gKR¢gG
Now suppose that b,...,0,) € SA,, ..., AU
&), ...,A)). Then, by Theorem 4 we have e '>¢

and ® ! > G, where ®' is defined similarly to ® but
probably with a different size. Thus, by Lemma 2 we have

o' 0 0 G 0 0
e 0 >lo ¢ o | &
0 0 O 'XKg 0 0 GNRg

Next we note that ©~! is diagonal, so
0'XKG =0 'R®diagG,,, ..., G

where diag(Gy,, ..., G,,,) is a the block-diagonal matrix with
blocks g}j on the diagonal. On other hand, recall that g_;j is
the Gram matrix of the set {FJ’ v k'=1,2,...}, which is
orthonormal. Thus, Q} ; is the identity matrix. Therefore,

O 'RG =0 ' Rdiagd, ..., 1™),

where 1) is the identity matrix of an appropriate size.

Then, using Theorem 4, Eq. (A7) implies that (6, ..., 6,,) €
G AL, ... ALAL) and
Sy, ..., AN G(A/l, . ..,A;n) C BG(A 4], ...,AmA:n).

Inclusion in the other direction is a consequence of the data
processing property proven in the first part. |

APPENDIX B: MAXIMAL CORRELATION RIBBON
FOR GAUSSIAN STATES

In this Appendix we compute the MC ribbon for multi-
partite Gaussian states. We show that, similar to the bipartite
case, in order to compute the MC ribbon via (A6), it suffices
to consider only observables Xi, ..., X,, that are linear in the
position and momentum operators. To prove this result, we
follow similar ideas used in Sec. V.

Let pan = pa,....a, be an m-mode Gaussian state. We note
that, as is clear from its definition, the MC ribbon does not
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change under local unitaries. Thus, by Theorem 1 we may
assume that d(ps») = 0 and

)\11 V12 e Vim

v A e
y=ypa)=1 o |- BD

S % S .

where y(pa;) = Al and v;; = v}, .

Theorem 7. Let psn be an m-mode Gaussian state with the
first moment d(p™) = 0 and the covariance matrix given by
(B1). Let

. )‘-1+1 )‘-1_1 )‘-m+1 )‘-m_l
Azdlag(\/ 2 \/ 2 \/ 2 \/ 2 )

and Y, =Y &---® Y, where Y is given in (27). Then
01, ...,6,) €[0, 1] belongs to &(Ay, ..., A,) if and only
if

INTT.(r+iQ)T AT <07 ® b, (B2)

where ® = diag(dy, ..., 0,) and L, is the 2 x 2 identity ma-
trix. In particular, to compute the MC ribbon of p4n, it suffices
to consider Xi,...,X,, in (A6) that are linear in terms of
phase-space quadrature operators.

Proof. We follow similar steps as in the proof of Theorem
2. First, we note that the set {H,ii,) : k, £ > 0} defined via (29),
for A = X;, forms an orthonormal basis for B;, the space of
operators acting on A;. Moreover, we have Héfg =1, so
{Hk(,jz) : (k, £) # 0} is an orthonormal basis for Bgi. Thus, to
apply Theorem 4 we need to compute the Gram matrix of the
set | J j{H,:fZ : (k, £) # 0}. To this end, we decompose this set
in terms of the total degrees:

o0
U{ES oy 0) = (U{H,ﬁ;’g kL :t}).
j =1\ j
We note that by (35), basis operators with different degrees
are orthogonal to each other. Then the associated Gram matrix
takes the form diag(G", G, ...), where G is the Gram
matrix of (J j{Hk(;’l) :k+ ¢ =t}. As computed in (40), the

inner product of elements of {Hk(;’z :k+¢=1} and {Hk(fé) :
k + ¢ = 1} equals

l(gﬂ_l(kj) 0 >'_Tv~~rTT
2\ o g'op) 7

<cgl(x_,-/) 0 )
X 1 s
0 ;‘1 ()Lj,)

M _
Gij =

where ¢o(1) and ¢;(A) are defined in (30). On the other hand,
a simple computation shows that

—1 o
1(4‘0 () 1 )’Y‘(Aj1+iQ)TT
2 0 g]_ (Aj)
(cg‘(xp 0 )
X 1 =12
0 §1 ()\j)

is the identity matrix, i.e., the Gram matrix of {Hk(jg k+ 0=
1}. Putting these together, we conclude that

GV =IAT"T,(y + i)Y, AT,
which is the left-hand side of (B2). Thus, the statement of the

theorem says that (6, ..., 0,,) € 6(Ay,...,A,)if and only if
¢V <o ' ®L.
We note that, by Theorem 4, (0y, ...,0,) € G(Ay,...,A,)if

and only if for any # we have
G" <O @y,

where © = diag(6,...,6,,) and L, isthe (t + 1) x (t + 1)
identity matrix. Thus, to prove the theorem we need to show
that if the above inequality holds for r = 1, then it holds
for all . We note that + = 1 corresponds to degree-one basis
operators, which are linear in terms of quadrature operators.
Let S be the matrix of size (r + 1) x 2" used in the proof of
Theorem 2 whose entries are given by (41). Also, let

Sn=S®---S=1,S.

Based on the computations in the proof of Theorem 2, we have
SST = I. Moreover, letting gjf; be the (jj/)th block of G®) that
consists of the inner products of elements of {Hk(fg k+1C =
¢t} and {H,i;’;) 1k + £ = t}, we have S(gj}?)@fST = G®. There-
fore, using the notation of Lemma 2, we have

Sn(G")Hs] = G?. (B3)

Thus, to prove the theorem we need to show that if GV <
O~ '® b, then S,(G¥S’ < O®'®1I,,. Starting from
¢ < O ! ® I, and using Lemma 2, we have

G <O 'L R@GMXD el g,

where the equality follows from the fact that ®~! ® I, is diag-
onal and the blocks on the diagonal of (G")®¢=D are equal
to If’ =D Next, conjugating both sides with S,, = [, ® S and
using (B3) yields

GV <S8 (0! =1, @H(O 'R, ®ST)
=0'®SS" =07"'®14,

which proves the theorem. |
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