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We derive the invariant measure on the manifold of multimode quantum Gaussian
states, induced by the Haar measure on the group of Gaussian unitary transformations.
To this end, by introducing a bipartition of the system in two disjoint subsystems,
we use a parameterization highlighting the role of nonlocal degrees of freedom—the
symplectic eigenvalues—which characterize quantum entanglement across the given
bipartition. A finite measure is then obtained by imposing a physically motivated
energy constraint. By averaging over the local degrees of freedom we finally derive
the invariant distribution of the symplectic eigenvalues in some cases of particular in-
terest for applications in quantum optics and quantum information. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4768712]

. INTRODUCTION

With the advent of quantum information theory! the notion of entanglement has assumed a
prominent role.” Bipartite entanglement is the simplest to consider. It can be quantitatively charac-
terized in terms of several (though physically equivalent) measures in the case of small quantum
systems (such as a pair of qubits). The problem becomes more complicated for larger systems
where, also due to the exponentially increasing complexity of the Hilbert space resulting from
multiple constituents, a theoretical characterization turns out to be a daunting task.

A promising approach towards such a characterization relies on statistical properties of en-
tanglement when the states of the system are assumed to be distributed according to a suitable
probability measure. In this way the problem is simplified by restricting attention on the “typical”
(most likely) features of the entanglement. For finite dimensional quantum systems a natural and
unbiased measure on pure states stems from the Haar measure of the unitary group, whose elements
allow to retrieve any pure state when applied to another fixed pure state. On this basis typical
entanglement can be addressed and analyzed.

More specifically, let us consider a collection of n d-dimensional quantum systems described
by a Hilbert space H ~ C%", and a bipartition H = H, ® Hp into two disjoint sets of respectively
n4 and ng elementary systems, with H, ~ C4"*, Hp ~ C%"*  and ny + ng = n. Putting Ny = d"*,
N = d"#, N = d" and assuming without loss of generality n, < np, a normalized vector |v/) € H,
representing a pure state of the system, can always be put in the following normal form (Schmidt
decomposition):*

Na
V)= VP la®lis. (1)

j=1
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Here {|j)a}j=1,.. .~ {17) B} j=1,...\; are orthonormal systems of the local Hilbert spaces H 4 and H g,
respectively. The components of the probability vector p = (p1, ..., pn,) € An,—1, Where Ap;,_;
isthe (M4 — 1)-simplex (py > 0, > py = 1), are known as the Schmidt coefficients. They completely
characterize the nonlocal features of bipartite entanglement in pure states.* Then, accordingly to what
has been stated above, the statistical properties of entanglement can be found once the distribution
of the Schmidt coefficients has been defined. A suitable distribution is the one induced by the Haar
measure on the A/-dimensional unitary group U(N), that reads>¢

NA NA

dus(p) = P(p)dp = Cyw, [ (oo — po* [ p}" dp, @)
h>k=1 j=1

with dp the Lebesgue measure on Ay, 1, and C s y;, a normalization factor. The probability measure
P(p) is by construction invariant under the action of the unitary group U(N). This expression
has been the starting point of several studies concerning the typicality of entanglement, see, e.g.,
Refs. 7-12.

For any given number of elementary systems n, n4 and np, the invariant distribution (2) is not well
defined in the case of elementary Hilbert spaces with infinite dimensions, i.e., in the limit d — oo. This
makes problematic the characterization of entanglement in continuous variable quantum systems,
i.e., quantum systems described by pairs of canonically conjugated observables with continuous
spectra, for which H = L*(R)®" ~ L?(R"). However, due to the relevance of such systems'*~!3
a solution of this problem urges. To this end we shall consider a specific finite-dimensional, yet
unbounded, manifold G ¢ L*(R)®" of pure states, known as Gaussian states.'3~3

Entanglement typicality in multimode Gaussian states has been the subject of few
investigations,'®-?? whose starting points were the probability measures induced by microcanonical-
like and canonical-like ensembles. Here, we follow a different route and derive an invariant prob-
ability measure induced by the “most unbiased” measure, i.e., the Haar measure on the group of
Gaussian unitary transformations, whose orbit passing through the vacuum state is the manifold of
Gaussian states (this is the content of Theorem 1 of Sec. II B and parallels Eq. (2)). In the same
fashion we derive the invariant measure on the group of n-mode Gaussian unitary transformations
(this is the content of Theorem 2 of Sec. II B). Clearly, although the Haar measure can be considered
the “most unbiased” measure, other choices are possible and have been considered in literature'*->?
as starting point to investigate entanglement typicality in multimode Gaussian states.

Furthermore, in order to obtain a measure which is finite and motivated by physical applications,
in Sec. IIT we introduce a suitable effective cutoff by means of an energy constraint. That enables us
to normalize the invariant measure, then to compute the average over the local degrees of freedom
and finally to derive the probability distribution of the nonlocal parameters (symplectic eigenvalues)
characterizing bipartite entanglement in Gaussian states. Among other examples, we consider a
specific submanifold of Gaussian states which is relevant for applications in the domain of quantum
optics, namely the submanifold of states generated by nonlinear optical parametric processes. Indeed,
the latter induce a natural bipartition of the set of modes into two disjoint subsets, respectively called
signal and idler modes, which breaks the symmetry under mode permutations.

The present study provides tools for attacking the theory of continuous variable entanglement
which contains a variety of (locally) inequivalent classes. In fact, restricting statements to the “typical
entanglement” would allow to overcome several complications. That was already pointed out in
Ref. 23, for finite dimensional systems, by looking at “concentration of measure” around the
average of the entanglement probability distribution with increasing n. Furthermore, our study
can give insights into the complexity of entangling quantum circuits with continuous variable gates.
Remarkably, in the finite dimensional case Eq. (2) leads to the fact that a circuit of elementary
quantum gates is able to maximally entangle a separable state within an arbitrary accuracy by a
number of gates that grows only polynomially in the number of qubits of the register.?*?* Finally,
since the statistical properties of entanglement can be derived by introducing a partition function with
a fictitious temperature, the present study can help in singling out possible phase transitions between
different regions of entanglement corresponding to different ranges of temperature, similarly to what
occurs in the finite dimensional case.” '
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Il. DEFINITIONS AND MAIN RESULTS
A. Multimode Gaussian states

In this subsection we briefly recall few basic definitions and properties of Gaussian states. For
a comprehensive review of their mathematical features and physical relevance we refer to Refs. 13,
15-18.

Definition 1 (Continuous variable quantum systems): A continuous variable (CV) quantum
system is defined by a collection of n bosonic modes in the Hilbert space L*(R") with canonical
annihilation and creation operators

ak,az, k=1,...,n, 3)

defined on the common dense domain S(R"), the Schwartz space of the functions of rapid decrease,
and acting as

ap(x) =272+ 0/0x)v (), @y =27 0n — 3/0x)Y (x), )
for any € S(R"). They obey the canonical commutation relations
lan, a1 =, lan, ax] =laf, a1 =0, Vhk=1...n. (5)

We define the n-mode vacuum state |0) € S(R"), as the unit vector satisfying

ap|0) =0, (6)
and given by

do(x) = "2, @

It generates the n-mode number states with occupation numbers (jy, j2, ..., ju) € N" by

n
s oo dn) 2= [ JGRD™ @) *10). ®)
k=1

Notice that the n-mode number states |ji, ja, ..., j.) € S(R") are just tensor products of Her-

mite functions (Hermite polynomials times a Gaussian), which form an orthonormal basis for L>(R").
In the following we will study the action of multimode Gaussian unitaries, namely those unitary
operators generated by quadratic self-adjoint polynomials of the canonical operators.

Definition 2 (Gaussian unitary transformations): Let us consider the family of quadratic Hamil-
tonians, as the family of symmetric operators on the common domain S(R"), that are quadratic in
the canonical operators. Namely,

Hg(0,a) = Hy + H, + Hy, )
where
Hy=0, (10)
H=iy (&a - &a) . an
kn:I
Hy= Y (Muaras + Myyajal + Nuajar) | (12)

h,k=1

with € R, o = (&, M, N), where § € C", M is a complex and symmetric matrix and N is a Hermitian
matrix. We define as multimode Gaussian unitary (or n-mode Gaussian unitary) the exponential of
HGI

U0, a) = e @) (13)
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The set of n-mode Gaussian unitaries is a group, denoted as the group of n-mode Gaussian
unitaries. The quadratic Hamiltonians of the form (9) constitute the Lie algebra of this group. It
is well known that the group of n-mode Gaussian unitaries is a projective representation of the
inhomogeneous symplectic group ISp(2n, R), with the quadratic terms (12) corresponding to the
homogeneous subgroup Sp(2n, R), and the linear terms (11) to the subgroup of translations 7>,
isomorphic to C" (in quantum optics H;(§) represents the generator of the displacement operator
and £ is the amount of displacement in the optical phase). We hence denote as homogeneous
Gaussian unitaries the Gaussian unitary transformations obtained by putting £ = 0. Finally, notice
that S(R") contains the linear span of the Hermite functions, which is a dense set of analytic vectors
for any Hg. Therefore, by Nelson’s analytic vector theorem, S(R") is a common domain of essential
self-adjointness of the quadratic Hamiltonians.?®

Our analysis focuses on the manifold of pure Gaussian states G C H = L*(R") defined as the
orbit of the action of the group of Gaussian unitary operators on the vacuum state:

Definition 3 (Gaussian pure states): We call any vector state of the form
Ve =Ugl0) = e710) (14)
for some multimode Gaussian unitary Ug, a Gaussian pure state.

The orbit of the subgroup of homogeneous Gaussian unitaries is a submanifold of Gaussian
states, that we refer to as the submanifold of homogeneous Gaussian states. Homogeneous Gaussian
states are characterized by the conditions

Welae) = (Yelajve) =0,  k=1,...,n. (15)

According to the definition of Perelomov,?’ Gaussian states are coherent states for ISp(2n, R), and
the homogenous Gaussian states are coherent states for Sp(2n, R).

Let us hence consider a bipartition of the system into two disjoint subsets, denoted A and B, of
the canonical modes,

ak,az, k=1,...,nA, (16)

bi,b,,  k=1,...,np, (17)

with ny + np = n. This naturally induces on the total Hilbert space the bipartition into two Hilbert
spaces, H = Ha @ Hp = L*(R") @ L*(R"#). Without loss of generality we assume n4 < ng. For
Gaussian pure states of a bipartite system the following Proposition holds:

Proposition 1 (Ref. 28): By acting with local Gaussian unitary transformations L{g and Ug on
subsystems A and B, any Gaussian pure state W of na + ng modes can be put into the canonical
Sform

na
A B
Ve =Ud ©UE Yo = [ Jexp [retabi —alb) |10}, ()
k=1
wherery, ra, ..., Iy, are nonnegative parameters (unique up to permutations) associated to the state

V.

In order to clarify our notation, let us consider the case n = 2, with n4 = ng = 1. Then any two
mode Gaussian state, by local Gaussian unitaries, can be put in the canonical form

ITMSV) = exp [r(ab —a'b")]|0), (19)

which is the so-called two-mode squeezed vacuum (or twin-beam state), a state of utmost importance
in quantum optics and in CV implementations of quantum information processing.'?
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By expanding the exponential in Eq. (19) one gets

2 S /v—1)\/"
TMSV) =,/ —— 20
| ) ,/ng(UH) 1j, J) (20)

where v = cosh 2r. By taking the partial trace over one of the two modes, one gets a thermal-like
reduced state

2 K v-1\ .
pA=pB=v+IZ<v+l) )G 1)

j=0

Thus, the entanglement of the two-mode squeezed vacuum is characterized by the single parameter
ve|l, +00).

Coming back to the multimode case, by means of the canonical decomposition in Eq. (18), we
see that it is possible to write any Gaussian pure state of n4 4 np modes as the direct product of rn4
two-mode squeezed vacua and ng — n4 vacua.

Definition 4 (Symplectic eigenvalues): Given a Gaussian pure state Y € G, and a bipartition
into ng + ng modes, with ny < ng, the symplectic eigenvalues associated to the given bipartion are
defined as

V¢ = cosh2ry, k=1,...,n4, 22)

where the parameters ry are given by the canonical form (18) of ¥ ¢.

All the entanglement properties of a n-mode Gaussian pure state with respect to the given
bipartition are uniquely determined by the n4 symplectic eigenvalues, depending on the nonlocal
parameters ri. They are invariant under local unitary transformations and can be explicitly computed
by symplectic diagonalization.?$2

B. Main results

The manifold G of Gaussian states is a locally compact orbit of the group of Gaussian unitary
transformations. Indeed, through the parameterization of Definition 2 it is locally homeomeorphic
to a finite dimensional Euclidean space. Therefore, there exists a unique invariant measure on the
manifold of Gaussian states induced by the left Haar measure on the group of Gaussian unitaries.
Our main result is the derivation of the explicit form of the invariant measure on Gaussian states. In
particular, being interested in the characterization of entanglement, we use the latter to compute the
probability measure on the symplectic eigenvalues in several settings of physical relevance.

The following Theorem is the main result of this paper:

Theorem 1: The invariant measure on the manifold of Gaussian pure states has the form

= 2 = ng—n
dpe = Kun, ] (r =) []vi07 — 17" dvdua(os) dies(os) do, (23)
h>k=1 j=1
where: v = (v, ..., v,,) are the symplectic eigenvalues and dv = [, dvy; dpa(aa), dup(ag)

with o = (€, M, N) of Definition 2, are the volume forms of the local degrees of freedom os and op
induced by the Haar measure on the local subgroups of Gaussian unitaries acting on subsystems A
and B respectively; df corresponds to the scalar term in Definition 2; and K, ,, is a normalization
factor.

The proof of Theorem 1 is given in Sec. IV A.

This expression for the invariant measure on the manifold of n-mode Gaussian states makes use
of a parameterization which highlights the symplectic eigenvalues as signatures of the entanglement
across a given bipartition of the system.
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1. Haar measure on Gaussian unitary transformations

The expression in Eq. (23) can be used to derive the distribution of the symplectic eigenvalues
by integrating over the parameter 6 and over the local degrees of freedom oy, ap.

It is hence worth deriving an explicit expression for the Haar measure on the group of n-mode
Gaussian unitary transformations. For the sake of conciseness here we restrict to the subgroup of
homogenous Gaussian unitary transformations—obtained by setting & = 0 in Eq. (9), the extension
to the non-homogenous group being straightforward.

A parameterization of the subgroup of homogenous Gaussian unitary transformations can be
obtained from the Euler decomposition:

n n n
—if : 2 N2 . +
U =e exp| —i Z T;‘ja;.aj exp <Z ska; — si(ay) )exp —i Z Ti’jai’aj , (24)
i,j=1 k=1 i,j=1
where 6 € R, T,and T" are Hermitian matrices, and sy, s3, . . . , 5, are real and nonnegative parameters.
T,~_,-aiT aj), with T Hermitian, define a
representation of the group U(n), see, e.g., Ref. 30, and their action on the canonical operators
reads

n

The Gaussian unitaries of the form Ug = exp (_iZi, =1

UZ—; axUs = Z U ap , (25)
h=1

where U = e~ € U(n). Furthermore one has

n n
exp ( - Zsjajz- — sj(a;)2> ay exp <Zsja§ - sj(ajf)2> = cosh (2s;) a; — sinh (2sk)a,1'. (26)

j=1 j=1
The following Theorem holds:

Theorem 2: The Haar invariant measure on the group of n-mode homogeneous Gaussian
unitaries, parameterized according to Eq. (24), is given by

duUs) = K, H |Ap — Al dAdug(U)dpy (U, (27
h<k=1

where |y denotes the Haar invariant measure on the unitary group U(n), U = exp (— i7),
U =exp(— iT), A = (A1, A2, ..., An), Ax = cosh2sy, dA = [[;_, dAk, and K,, is a normalization
factor.

The proof of Theorem 2 is given in Sec. IV B.

2. Distributions of the symplectic eigenvalues

Section III presents several examples of distributions of the symplectic eigenvalues. Since the
manifold of Gaussian states—although locally compact—is not compact, the invariant measures as
well as the distribution of the symplectic eigenvalues cannot be globally normalized. To circumvent
this problem one may introduce a suitable effective cutoff. Motivated by general physical considera-
tions we hence introduce an effective cutoff by imposing a finite value of the mean energy of each of
the subsystems A and B. This allows us to derive a finite measure on the manifold of Gaussian states
and, after integration on the local degrees of freedom, a normalized distribution of the symplectic
eigenvalues. Explicit expressions are derived for the case of a CV quantum systems composed of
1 + land 2 4 2 modes.

Finally, in Subsection III D, Theorem 4, we derive the measure on a submanifold of Gaussian
states which is of special interest in view of physical applications. This submanifold of states
arises in nonlinear optics when the Hamiltonian governing the physical process induces a natural
bipartition of the set of modes into two disjoint subsets, respectively called the signal and idler
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modes, which breaks the symmetry under permutations of the modes. The mean energy takes a
particularly simple expression for these states, allowing us to derive the corresponding symplectic
eigenvalue distribution under constrained mean energy.

lll. APPLICATIONS AND EXAMPLES
A. A finite measure from an energy constraint

The manifold of Gaussian states is not compact, implying that the invariant measure cannot be
globally normalized. As a consequence, all the statistical moments of the symplectic eigenvalues
diverge. This also yields unbounded statistical moments of entropies of entanglement.?! The same
holds true for other entanglement quantifiers, as for instance the logarithmic negativity'* 3> and
the coherent information,”®3* which are increasing functions of the symplectic eigenvalues. In
order to avoid unphysical results we impose a suitable constraint, yielding an effective cutoff on
the unbounded manifold of Gaussian states, see also Refs. 29,34, and 35. There are clearly many
inequivalent ways in which such a cutoff can be introduced that will lead to different distributions
of the symplectic eigenvalues. Here we choose to constrain the mean value of the energy in each
subsystem. Such a choice is motivated by physical realizations of Gaussian states, especially in the
field of quantum optics, in which the mean energy is a crucial quantity.'® '3

Definition 5 (Mean energy): Given a Gaussian pure state g and a bipartition of n harmonic
oscillators in two subsystems A and B, all with frequency wry = 1,k=1,...,nand h = 1, the mean
energy of each subsystem is defined as

na

1
Er =5 ) Well@a +aa)vo), (28)
k=1

Ep = (Y6 |(bibr + bib))yG) . (29)
k=1

N =

The mean energies take values in the interval [1/2, 4 00).

In the following we will consider the submanifold of homogeneous Gaussian states and restrict
to the case of balanced bipartitions with ny = ng = n/2 (n even). The motivation of this choice is
based on the fact that the use of balanced bipartitions maximizes the amount of information when
studying the properties of the symplectic eigenvalues and, therefore, of entanglement. However,
the extension to non-homogeneous Gaussian states and/or unbalanced bipartition is straightforward.
The subsystems mean energies are the quantities that we will consider fixed (and finite) on a physical
basis. The following Lemma gives a convenient expression for £4 and Ep:

Lemma 3: The mean energies of subsystems A and B, when calculated on homogeneous Gaussian
states and for ny = ng = n/2, have the form
n/2

D Ul han vic, (30)
hi=1

1

Ex = 3
n/2

Es =5 D Usul* Aoy vi. (31)
k=1

where Uy and Ug are unitary matrices of U(n/2), v are the symplectic eigenvalues defined in

Eq. (22), and g = (Aa1, Ma2, - -« s Aann) s Ap = (A1, AB2, - . ., Apnp2) are the parameters defined in

Theorem 2.

The proof of the Lemma is given in Sec. IV C. Notice that the mean energies are functions of
both the nonlocal parameters v and the local ones, Uy, A4, Ug, Ap.
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By imposing the constraints (30) and (31) on the local mean energies, we get an expression for
the probability measure of the symplectic eigenvalues:

du(v|€a, Ep) = P(v|E4, Ep)dv
n/2 n/2

1 1
= /3(5A —3 Z |Uanl* A an Vk) 3<5B —3 Z \Upnmi|* kg Vk) dug, (32)

h,k=1 h,k=1

where § denotes the Dirac delta function. This integral can be evaluated by using the invariant
measure of Eq. (23) after making the formal substitutions of du(a ), du(ag) with du(ug), d,u(ug ),
the latter being the Haar invariant measures on the local groups of Gaussian unitaries. The explicit
form of the Haar measures du(ug), diUE) is given by Theorem 2. After integrating we obtain

n/2 n/2
P|En, E8) = Knnpp g, E1) g, Ep) ] 07 =D’ [V (33)
j<k=1 =1

where
1 n/2 n/2
—— 2
g, €)== Kup / 8(& -5 h;l \Uanil® an vk)hg[lmh —harldiadu(Us),  (34)

and g(v, £p) is given by the analogous expression.
Let us apply Eq. (33) to some simple but enlightening cases.

B. The case of 1 + 1 mode

For n = 2 and ny = ng = 1, the mean energies (30) and (31) read

1 1
EA ZE)\AU, 53:5)\3\). (35)
Thus, the integral in (34) becomes
1 2K
g, &) = K1/5 <5A - E)»Aﬂ)) diar = Tl (36)

Therefore, after fixing the values of the normalization constants K, K, the probability measure
(33) of the symplectic eigenvalues reads

1

POIES, Ep) = ——
N WIS

v € [1, min{€4, Ep}]. 37)
C. The case of 2 + 2 modes
For n = 4 and ny = ng = 2, the probability measure of the symplectic eigenvalues reads
P(i, val€x, Ep) = Ka2 g1, v2, E4) g1, v2, Ep) (v —13)° v3 (38)
with g given by (34). The 2 x 2 unitary matrix acting on the subsystem A can be parameterized as
( el? cos ©/2) elX sin v/2) )
Ua = . . ) (39)
—e sin(¥/2) e ¥ cos(¥/2)
with ¢ € [0, 7], ¢, x € [0, 2], and the normalized Haar measure on U(2) reads
du(Uy) = 27127) % sin9dodedy . (40)
Then, from (30) and (31) it follows

1 1
Ex = 1 (Aar +Aa2) (v +v2) + 1 cos ¥ (Aag — Aaz) (vi —12) . (41)
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After integration over dpdy we get

K>
g, v, &) = de)\m digpdcosd [Aa; — Aasl
1 1
x8|Ex — 1 (Aar + Aaz) (v +v2) — 100519(/\“ —Xa2) (V1 —v2)

2K,
_ 2k / sy s 42)
lvi —v2| Jp

The domain D for the A4 variables is determined by the inequality

‘4& — (a1 + 2a2)(v1 + 12) <1, @3)
(Aar — Aa)(vi —v2)

yielding

— | [2E4 — 2
/ By digy = [vi — w2 [2E4 — (V1 +12)] . (44)
D viva(vy + 1)

Finally, we obtain
P(1,v2|€a, Ep) = 4 Ka2 K3 (01 = 12)* 264 = 01 + )P [26p — i +v)P . (45)
where the range of the symplectic eigenvalues is determined by the inequalities

v > 1,
v >1, (46)
Vi + vy <2min{&y, Ep}.

The probability measure is zero for v; = v,, and attains its maximum when one of the two symplectic
eigenvalues is equal to one.

D. Nonlinear optical parametric processes

The measure (23) has been obtained by requiring the invariance over the whole manifold of
Gaussian states G. However, in physical applications, one is mostly interested in submanifolds of
states arising from specific physical processes. The most relevant ones in which multimode Gaussian
states are produced are nonlinear optical parametric processes, see, e.g., Ref. 36. The Hamiltonian
governing these kind of physical processes induces a natural bipartition of the bosonic system into
two disjoint subsets of canonical modes, commonly referred to as signal and idler modes, which
breaks the symmetry under permutation of the modes.

Let G (with G C G) be the submanifold of such n-mode Gaussian states with a given bipartition
in ny signal modes and ng = n — ny (> ny) idler modes. The quadratic Hamiltonians generating
them are of the form

np ng

Ho =6+ Z Namaiar + Z Nowbibi+ Y 3 (Muanbs + Myalpl) . @47)
h,k=1 h,k=1 h=1 k=1

where N4 and N are Hermitian. Comparing with Eq. (9), the linear terms and some of the quadratic
terms are dropped. The subgroup generated by these Hamiltonians is a projective representation of
SU(n4, ng).>” According to Ref. 27, the Gaussian states of the form /¢ = exp (—iHg)|0) are hence
coherent states for SU(n4, ng). Following Ref. 37, these states can be written as

np np na np
Yo =e exp(ZZFhkahbk Y Fia bk)|0 (48)

h=1 k=1 h=1 k=1
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The canonical form for this class of states can be obtained from the singular value decomposition of
the matrix F:

Fpe = Z UnjriVij (49)
Jj=<na

with U € U(ny), V € U(np), and r; > 0 are its singular values. By virtue of Eq. (25), we can find a
pair of local Gaussian unitaries U2, U g such that

na ng
U @ up =3 Usa;, UE B UE =Y Vb, (50)

j=1 i=1

Thus the canonical forms of these states read

Ws = U @UE v = [exp (rkakbk - rka;b,f)w) , (51)
k=1

where the local Gaussian unitaries have the form

Z/{g = exp < —1i Z T4k aZak> , (52)
h,k=1
ng
UE = exp ( 1) Tou b;bk) , (53)
h,k=1

with T, Tp Hermitian matrices.
Finally, the following Theorem holds:

Theorem 4: The invariant measure on the submanifold G has the following expression

na na
dug = Kowy [T = [T(v; = 1" dvdp(@a) du(@s) o, (54)
h<k=1 j=1

where K, ,, is a normalization constant and the local degrees of freedom &y, ag, are induced by
the local unitary transformations U2, L{g .

The proof is given in Subsection IV D.
The expression for the mean energy of the subsystems takes a particular simple form on this
submanifold, see Sec. IV C. For instance, for a balanced bipartition, n4 = ng = n/2 (n even),

1 n/2

8/‘:55:52”"' (55)
k=1

The corresponding probability measure of the symplectic eigenvalues at fixed mean energy is

n/2 n/2
_ 1 )
du(|€) = Kn,n/2<s<5 -5 ; v,») hg[:] (vp — ve)* dv, (56)

with & = &4 = Ep.

IV. PROOFS OF THE THEOREMS
A. Proof of Theorem 1

In order to derive the invariant measure (23) we consider the manifold of the Gaussian pure
states. Such a manifold is embedded in the n-mode Hilbert space, L2(R™), which in turn is considered
as a real vector space endowed with the real scalar product induced by the standard Hermitian scalar
product.
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As a preliminary remark, notice that there is a common dense set of analytic vectors, containing
n-mode numbers states (8), for the quadratic Hamiltonians Hg. That is, any vector i in this set
satisfies: ¥ € (1), D(HZ), with D(H}) the domain of H}, and >, |HZ ¥ |t"/n! < oo for some
t > 0.6 This subspace is left invariant by the action of the Gaussian unitaries, generated by the
quadratic Hamiltonians. Thus, on the manifold G of Gaussian pure states, which is the orbit of the
vacuum state, the action of the Gaussian unitary group is smooth and can be derived at will.

Therefore, let us consider a system {H, }, of generators of the algebra of the group of Gaus-
sian unitary transformations, and evaluate the corresponding infinitesimal transformations on the
canonical state:

e—idaHnwg — & = —ida Hyye, = —ida U, (UjHaUr) |0)

= —ida U, y¢, , (57)
where
na .
Ur =[] exp [rk(akbk - a,fb,;)] : (58)
k=1
Vo = U HyUr|0) (59)
and r = (1, r2, ..., ) € R". Therefore, by neglecting the unitary factor —iU,, we can define

a set of vector-valued one-forms {do ¢, }«. By construction, the volume form generated by a
maximal subset of linearly independent one-forms is the desired invariant measure on the manifold
of Gaussian states. We then proceed as follows. By looking at the Hilbert space as a real vector
space, we fix a suitable system {Z g } 5, orthonormal with respect to the real scalar product. We hence
expand the one-forms in terms of this set, i.e.,

Veu = Jup p- (60)
B

Finally, the invariant measure is given in terms of the determinant of the matrix of coefficients:
dug = |detJ| Ay do . (61)

In order to write dug as a product of a measure on the symplectic eigenvalues and a measure on
the local degrees of freedom, we consider a basis for the algebra of the group of Gaussian unitary
transformations composed by

the generator of the scalar-phase shift;

a basis for the generators which are linear in the canonical operators;

a basis for the quadratic generators acting on subsystem A;

a basis for the quadratic generators acting on subsystem B;

a suitable set of linearly independent nonlocal generators responsible for the variations of the
symplectic eigenvalues.

Before going into the details of the calculations, let us have a closer look at the action of the
unitary transformation U, on the canonical operators. The following identities hold:

o fork <mny

U;fak U, = coshryay + sinhry bz , (62)

U:bk U, = coshry by + sinhry aZ , (63)

o fork > ny

Ub U, = by . (64)
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The Lie algebra of the group of Gaussian unitaries is composed of Hamiltonians which are (at
most quadratic) functions of the canonical operators,

H, = Hy(a,a"), (65)
where we have introduced the shorthand notation

a=(i,...,an,,b1,...,by,), (66)

a*:(ar,... aT,bI,... b ). (67)

> ' *“np
Below we compute the corresponding vector-valued one-forms using the following relation
da y§, = da (U] Hy(a, a")U,) 10) = da Hy(a', a'))0) (68)

where @’ = U/ aU,, at = Ufa'U, are explicitly given by Egs. (62)~(64). It follows that the vector-
valued one-forms belong to the linear span of the following vectors:

o fork <my

lk,0,0) := a;|0), (69)
10, k, 0) := b;|0), (70)
k2.0, 0) := 27"2(a])*|0), (1)
10, k2, 0) := 272(b})*|0) , (72)
o fork > ny
10,0, k) := b]]0), (73)
o forh<ny,k<ny
|hk, 0,0) = a,a]|0), (74)
|0, hk, 0) := b} b} |0), (75)
|h, k,0) := a,b}|0), (76)
o h<ny, k>ny
h, 0, k) := a,b{|0), (77)
0, h, k) := b, b!|0) . (78)

In the following we compute the explicit expressions of the one-forms.

1. The scalar term
By variation of the parameter 6, corresponding to a scalar phase-factor, we obtain the one-form

de10) . (79)
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2. The linear terms

Let us now consider the linear generators, proportional to the complex vector £&. We consider
variations of the real parameters

{Re(6ap), Im(Eap)}e<n, » (80)
{Re(5p1), Im(Ep 1) i<n, » (81
{Re(éBk)’ Im(éb’k)}n,; <k<npg > (82)

where Re and Im denote the real and the imaginary part. Thus, using the identities (62)—(64), we get
the following expressions for the corresponding one-forms:

o fork < ny

dRe(£4y) (coshrylk, 0,0) + sinh#|0, &, 0)) , (83)
1dIm(£4;) (coshrlk, 0, 0) 4 sinh 7|0, k, 0)) , (84)
dRe(&p;) (sinhri|k, 0, 0) 4 coshri|0, &, 0)) , (85)
idIm(&gy) (sinhrilk, 0, 0) 4 coshr |0, k, 0)) , (86)
o fork > ny
dRe(£54) 10,0, k) , 87)
idIm(£g;) 10,0, k) . (88)

3. The quadratic terms: Subsystem A

We now consider the generators which are quadratic in the canonical operators of subsystem A:
na
Hy = Z 1y ahak—i-MAZkaZaZ—i—NAhk aZak, (89)
hk=1
where My is a complex-valued symmetric matrix, and Ny is a Hermitian matrix.
Considering the variations of the parameters Re(My i), Im(Mypt), for h < k < ny, we have the
one-forms

dRe(M sp;) (coshry coshry|hk, 0, 0) + sinh ry, sinh |0, hk, 0)) , 90)
dRe(M i) V2 (cosh? rglka, 0, 0) + sinh?® 740, k2, 0)) , 1)
—idIm(M 4 ) (cosh ry, coshry|hk, 0, 0) — sinh r, sinh |0, hk, 0)), (92)
—idIm(M ) V2 (cosh? relka, 0, 0) — sinh® 1[0, k2, 0)) (93)

The variations of the parameters Re(Naui), Im(Nape) for h < k < nya, and Nay for k < ny, yield

dRe(Npi) (coshry, sinhri|h, k, O) 4 sinh ry, cosh ri|k, h, 0)) 94)

dN ark (cosh re sinhre |k, k, 0 + sinh? ry |O)) , (95)
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idIm(N 45;) (coshry, sinhr|h, k, O) — sinhry, coshrilk, h, 0)) . (96)

4. The quadratic terms: Subsystem B

Moving to the local transformations on the subsystem B, we first consider the quadratic Hamil-
tonians involving the operators {by, bz}ksm» which are of the form

na
Hp = Z M bibi + Mgl bybl + Ny bjby . CD)
hk=1

Proceeding as in the case of subsystem A, we obtain the following one-forms from the variations of
the matrix Mp:

dRe(Mp;) (sinhry, sinhry|hk, 0, 0) 4+ cosh ry coshr|0, hk, 0)) , 98)
dRe(Mp) /2 (sinh® ry k2, 0, 0) + cosh? [0, k2, 0)) (99)
1dIm(Mpy;) (sinhry, sinhry|hk, O, 0) — coshry, coshr |0, hk, 0)) , (100)
i dIm(M ) v/2 (sinh? relka, 0, 0) — cosh? 7|0, k2, 0)) (101)

From the variations of the matrix Nz we obtain the one-forms

dRe(Ngy) (sinhry, coshri|h, k, 0) + coshry, sinhri |k, ki, 0)) , (102)
dNg g (sinhrg coshrilk, k, 0) + sinh® r|0)) (103)
—1dIm(Npgyy) (sinhry, coshrylh, k, 0) — coshry, sinhrilk, h, 0)) . (104)

Then we consider the Hamiltonians coupling the operators {by, bz}ks:u with {by, bZ}kMA, that
is,

na np
Hy=) > (PB/hk bubi + Pjhy bibL + Qs babl + Q. b,jbk) , (105)
h=1 k=ns+1

where Pg and Qp are complex-valued matrices. For & < ns and ny < k < ng we get

dRe(Pp ;) coshry|0, h, k), (106)
idIm(Pp i) coshry|0, h, k), (107)
dRe(Qppy) sinhry|h, 0, k), (108)
idIm(Qp/ ) sinhry|h, 0, k) . (109)

Finally, let us consider the quadratic Hamiltonians containing only the operators {by, bZ}bnA:

Hyp = Z M i babx + My bibj + N by (110)
h,k=ns+1
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where the matrix M is complex-valued and symmetric and the matrix N is Hermitian. We obtain
that the variations of the elements of the matrix Np yield vanishing one-forms. The non-zero
one-forms are generated by the variations of Mp/,

dRe(Mp ) 210, 0, hk) (111)
dRe(Mp 1) /210, 0, ky) , (112)

— idIm(Mp) 210, 0, hk) , (113)
—idIm(Mp ) v2(0, 0, k») . (114)

5. The nonlocal generators

It remains to consider the nonlocal transformations whose action changes the symplectic eigen-
values. These are generated by Hamiltonians of the form

(Hyow =i (abx = afb) .k <na, (115)

The corresponding one-forms are

—idrelk.k,0) = ———* |k, k,0), k<ngs. (116)
2 sinh 2ry

6. The invariant measure

We can now compute the invariant measure on the manifold of Gaussian states.

First, we consider the one-forms corresponding to linear Hamiltonians. The matrix of coefficients
is readily obtained from Egs. (83)—(88), from which we obtain the following factor in the invariant
measure:

l_[ dRe(54,)dRe(€4,) H dRe(5p;)dRe(£p;) = dEadés , 117)
h=1 k=1

Second, we consider the one-forms corresponding to the scalar phase-shift and the quadratic
Hamiltonians. The matrix of coefficients can be straightforward obtained from Egs. (79), (90)—(96),
(98)—(104), (106)—(109), (111)—~(114), and (116). A maximal subset of linearly independent one-
forms can be obtained by eliminating the one-form in (95), which is proportional to the one in (103)
due to the symmetry of the canonical form (18).

From the matrix of coefficient one gets

na na

ldets|=C ] 02— []2(2-1)"", (118)

h<k=1 j=1

where C is a constant factor. Finally, the invariant measure in Eq. (23) is obtained by inserting the

differentials d9, dvy, ..., dv,,, and identifying the factors depending on the local degrees of freedom
na na

dulen) = dig [[ EManad®Nawe [ [ Mas; . (119)
h<k=1 i=1

ng na
dp(ap) = dgp [ E*Mpud®Npw [ [ MpidNp;;

h<k=1 i=1
n n n
xl_A[ ]_B[ d’Py ;> Py ;d*0p ;d*0p ; ]_E[ d>Mp (120)
B jis LBl B ji B'ji B'pq -

Jj=1ll=nas+1 p<q=n,+1
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B. Proof of Theorem 2

In order to derive the explicit expression of the Haar measure on the group of n-mode homo-
geneous Gaussian unitaries, we apply the unitary transformations on the vacuum state. Using the
Euler decomposition in Eq. (24) we obtain the n-mode homogeneous Gaussian state

Yo =Ug|0) = e 10 exp < —1i Z ﬂjaiTaj) exp (Zska,f — sk(az)2)|0) , (121)
k=1

ij=I1

ij™i

where we have used exp (—i ZZJ.:I T'a'a j) |0) = |0). Then, by variation of the parameter 6, of the

elements of T and of the parameters s = (sy, 7, . . . 5,), we obtain a set of vector valued one-forms.
By proceeding as in Sec. IV A, these one-forms can be used to derive an explicit expression for the
invariant measure on the manifold of homogeneous Gaussian states. Then, the Haar measure on the
group of homogeneous Gaussian unitaries can be readily obtained from the latter.

By variation of the parameter 6, we obtain the vector-valued one-form

deo |0) . (122)
The variations of the parameters s yield
idse v2]ks) (123)
where |ky) =27/ 2(aZ)2|O). The variations of the parameters Ty yield the one-forms
dTy [27'/% sinh 2s¢|k>) + (sinh s;)?]0)] (124)
Similarly, by variations of the parameters Re(7};), we obtain
dRe(Tjx) sinh (s, + sp)|hk) , h<k<n, (125)
and the variations of the parameters Im(7;) yield
1dIm(T}y) sinh (s — sp,)|hk) , h<k<n, (126)

where |hk) = a]a; |0).

The volume form generated by these one-forms is by construction the invariant measure on the
considered submanifold of Gaussian states. First, we notice that the volume forms generated by the
variations of the matrix elements of 7 and 7’ are

n n

[Td7u [T &7 = du). (127)
k=1 i<j=I

[Tazi [] €7 = du’), (128)
k=1 i<j=1

where du(U) and du(U'), with U = exp ( — iT) and U’ = exp ( — iT"), denote the Haar measure on
the unitary group U(n). Then, from the one-forms (122)—(126), we derive the following expression
for the Haar measure on the group of n-mode homogeneous Gaussian unitaries:

duo) = Ky [ 10— 2l []dn; dp@an, (129)
h<k=1 j=1

with A, = cosh 2s;, and K, a normalization factor.

C. Proof of Lemma 3

For a given n-mode homogeneous Gaussian state ¥, and a bipartition of the system defined
by two disjoint sets of canonical operators

{ag, a Vi1, nyr Bk b)Yzt oy (130)
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nas + np = n, we consider the mean value of the energy of one of the two subsystems. The non-
homogeneous case can be analyzed in a similar way, and gives rise to an additional term in the mean
energy. To fix the ideas we consider the mean energy of subsystem A,
1 &
Er =3 D Wl +aa)Ve) (131)
k=1
and restrict to the case of balanced bipartition, ny = ng = n/2.
Using the canonical form (18) we get

n/2

> e US (ajar + aaDUGE)
k=1

1
€ =3
1 n/2
=3 D _Wel@ds +dal ) (132)

k=1

where a'y = Z/IéTakL{é are a; = L{éfazL{é are linear combinations of the operators {ax, a; }i—1...m-
The explicit form of U4 can be written starting from the Euler decomposition of the homogeneous
Gaussian unitary, see Eq. (24),

n/2 n/2 n/2
UL = e exp < —i Z TA,»jalTa_,-> exp <ZsAka,f - sAk(aZ)z) exp ( —i Z TA;]-a[Taj) .

i,j=1 k=1 ij=1

(133)

Then, using Egs. (25) and (26) we get
1 n/2
Ex= - Uppil* 2 , 134
A 21121' Ankl” Aan vk (134)

where Uy = exp ( — iTy4), Aar = cosh2sy4,, and v, ’s are the symplectic eigenvalues. The analogous
expression is obtained for the mean energy of subsystem B,

n/2

> 1Ubul® M vic- (135)
hk=1

1
Ep = 3
The local mean energies take a particular simple form for the submanifold of states considered

in Sec. III D. In that case, from Egs. (52) and (53) we get Aax = Apr = 1, which in turn implies

n/2
1
5A=53=5k;vk. (136)

D. Proof of Theorem 4

To derive the invariant measure in Eq. (54), we proceed along the same steps of Sec. IV A,
with the difference that only the terms which are compatible with the form of the Hamiltonian in
Eq. (47), and hence compatible with the local Gaussian unitaries in Eqs. (52) and (53), have to be
retained. Thus, the invariant measure is generated by the one-forms (79), (94)-(96), (102)-(104),
(108)—(109), and (116). This yields the expression in Eq. (54) where the factors depending on the
local degrees of freedom are explicitly given by

na
dp@a) = [ &*Naw., (137)
h<k=1
ng na na ng
dp@s) = [] Now [[dNsi [T ] @*Cvpd® Qs (138)

h<k=1 i=1 j=ll=ns+1
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