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Abstract. We consider the most general Gaussian quantum Markov semigroup on a
one-mode Fock space, discuss its construction from the generalized GKSL representation
of the generator. We prove the known explicit formula on Weyl operators, characterize
irreducibility and its equivalence to a Hormander type condition on commutators and es-
tablish necessary and sufficient conditions for existence and uniqueness of normal invariant
states. We illustrate these results by applications to the open quantum oscillator and the
quantum Fokker-Planck model.

Keywords: Quantum Markov semigroup, quasi-free semigroup, GKSL generator, Gaus-
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1. Introduction

Gaussian semigroups are of utmost importance in many fields because they
arise in several relevant models, they form a class with a rich structure al-
lowing one to establish and take advantage of a number of explicit formulas.
This happens also in quantum theory of open systems with quantum Markov
semigroups (QMS), namely weakly*-continuous semigroups (7¢)¢>0 of com-
pletely positive, identity preserving, normal maps on a von Neumann algebra.
When this is the algebra B(I'(C%)) of all bounded operators on the Fock space
['(C%) a QMS is called Gaussian if the predual semigroup (7Tx):>0 acting on
trace class operators on I'(C?) preserves Gaussian states (see Sect. 5 for the
definition).
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There are two typical approaches to this class of semigroups. Physicists
usually consider generators represented in a Gorini-Kossakowski-Sudharshan-
Lindblad [19,22] (GKSL) form (see (1), (3), (2) below), which is only formal
because it involves unbounded operators, and compute moments of Gaussian
observables without concern about the existence and well-definiteness of the
dynamics (see, for instance [1, 3,4, 20, 23] and the references therein). Math-
ematicians introduce Gaussian QMSs by their action on Weyl operators (see,
e.g., [15,30]) of a regular representation of canonical commutation relations
(CCR) but they just show ([30] Proposition 4.8, Theorem 4.9) that the ac-
tion of generator, on a certain restricted domain, admits a generalized GKSL
representation with unbounded Hamiltonian and noise operators.

The joining link for handling both techniques and exploiting the advan-
tages of each one of them is the characterization of the unbounded generator
with a generalized GKSL form involving unbounded operators that are either
linear or quadratic in creation and annihilation operators. In this way one
can go beyond explicit computations on Gaussian states and observables and
study, for instance, the evolution of any initial state applying general results
from the theory of QMS.

In this paper we consider the most general Gaussian quantum Markov
semigroup on the one mode Fock space I'(C) of the regular representation
of one-dimensional CCR. First we discuss its construction starting from the
unbounded generator in its generalized GKSL form and give a proof of the
known explicit formula for the action on Weyl operators. Second, we fully
characterize irreducibility in terms of parameters of the model. This is an
important property of the dynamics because it implies that the system has
to be regarded as a whole and reduction to subsystems is not possible. In
particular, the support of any initial state cannot remain confined in a proper
subspace (see, e.g., [18]). Third, still in terms of these parameters, establish
necessary and sufficient conditions for existence and uniqueness of normal
invariant states. As a corollary, for any initial state, we also deduce conver-
gence towards the unique invariant state.

In this way, we provide a unified treatment of both approaches and a
thorough study of the one-dimensional case. This is quite complex because
it depends on many parameters and a detailed (somewhat lengthy) analysis
of several special subcases is necessary.

Gaussian QMSs on the von Neumann algebra of all bounded operators
on the one-mode Fock space I'(C) are uniquely defined by pre-generators in
a generalized (GKSL) form

L(x) = i[Ha] - =Y (LjLex — 2LjxLe+ 2 LjLy) (1)

2
(=1

N | —

where unbounded operators L1, Lo, called noise operators or Kraus operators,
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depend linearly on Bosonic creation and annihilation operators on I'(C)
L, = EgajL’LLgaT v, up € C, £=1,2, (2)
and H is the operator

12 ¢i,¢
Qaa+2a +2a+ a+2a (3)
with Q € R, k,{ € C. The operators Ly, Lo will be assumed to be linearly
independent. However, we shall also consider the special case when Lo does
not appear in (1), namely the multiplicity of the completely positive part
of (1) is one. We will not consider when there are no noise operators Ly,
corresponding to a closed system.

In this paper, we find three main new results. The first one is the com-
plete characterization of irreducibility and its equivalence to a Hérmander
type condition on certain commutators. More precisely, we show that the
QMS with pre-generator (1) is irreducible if the completely positive part
has multiplicity two, namely the operators Li, Lo are linearly independent
(Theorems 5). While, in the case where the completely positive part has
multiplicity one (i.e., formally, Ly does not appear in (1)), we show (Theo-
rem 7) that the QMS is irreducible if and only if the operators L; and [H, L]
are linearly independent. This is clearly a Hormader type multiple commu-
tator condition in which one needs only the first order commutator because
of one-dimensionality of the CCR. Here, however, Hérmander condition is
established for a differential operator with second order anti-selfadjoint part,
not first order as in the classical case.

The second main result is the characterization of Gaussian QMSs with
normal invariant states by two simple inequalities on the parameters of the
model. We show (Theorems 8, 9) that one can find a normal invariant state,
which is explicit and is a quantum Gaussian state, if and only if

1
o= 26;2(|Ug|2—|ud2) >0 and A2 +0Q*— |k > 0.

Note that normal invariant states may exist also when the Hamiltonian has
no eigenvalues, however transitions to lower-level states induced by the dis-
sipative part must be stronger to compensate the effect of the Hamiltonian
H without eigenstates (see Remark after Theorem 8). The third main result
is uniqueness of Gaussian invariant states in the set of all normal invariant
states and convergence towards invariant states (Theorem 8) which follows
from irreducibility in most cases.

The paper is organized as follows. In Sect. 2 we begin by describing the
generator in the generalized GKSL form and construct Gaussian QMSs by the
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minimal semigroup method. After proving Markovianity (i.e., preservation of
the identity operator) in Theorem 1 we have a characterization of its domain
at our disposal that we exploit for proving the known explicit formula for the
action on Weyl operators (Theorem 2).

Then we turn our attention to irreducibility. In Sect. 3 we prove that
it always holds when the completely positive part of the generator has two
noise operators (Theorem 5). The case in which there is only one noise oper-
ator where the Héormander type commutator condition appears is studied in
Sect. 4 (see the decision tree at the end of the section). In Sect. 6 we study
normal invariant states showing that, when they exist, they are also unique.
Moreover, it turns out that they are either faithful or pure (Proposition 5).
Finally, we illustrate these results by applications to the open quantum os-
cillator and the quantum Fokker-Planck model.

2. Gaussian QMSs

In this section we introduce the class of QMS that we will analyze in this
paper.

Let h = I'(C) be the Fock space on C with canonical orthonormal basis
(én)n>0. Each vector ey, is called n-particle vector. For each z € C the vector

n
e(z) = s én
is called exponential or coherent vector with parameter z. The vector space
of finite linear combinations of vectors of the canonical orthonormal basis,
denoted by D, is a natural common domain for all unbounded operators
that we will consider. One could consider as domain D the linear span of
exponential vectors, or the linear span of (ey)n>0 together with exponential
vectors, without further complications.
The number operator is the selfadjoint operator on h defined by

Dom(N) = {Ezzgneneh:2n2|£n|2<oo} N¢ = annen.

n>0 n>0 n>0

Annihilation and creation operators on h are defined on the domain Dom(N1/2)

by
ag = ) Vnbwen1, alé =Y Vntlgien.

n>1 n>1

It is not difficult to see that a,a’ are closed operators and they are mutually
adjoint. Alternatively, they can be defined via polar decomposition al =
S(N + 1)'/2, o = S*N'/2 where 1 is the identity operator and S the right
shift defined by Se,, = en41.

2150001-4
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Annihilation and creation operators satisfy the canonical commutation
relation (CCR)
[a,a'] = 1
on Dom(N), [-, -] denoting the commutator. Moreover, for all z € C the
operator with domain Dom(N'/2) defined by za! — Za is anti-selfadjoint an
one can define the unitary Weyl operator

W(z) = exp(za' —za).

It is not difficult to see as well that exponential vectors belong to the domain
of N* for all k > 0. In particular, they belong to the domain of a, af and

ae(z) = ze(z), ale(z) = %e(sze)

In this paper we are concerned with quantum Markov semigroups (QMS)
with pre-generators in a generalized Gorini—Kossakowski—-Sudarshan—Lindblad
(GKSL) form (1). The domain of £ will be described below in Theorem 1,
after the construction of a QMS by the minimal semigroup method. The op-
erators Ly, Ly are defined on Dom(N'/?) and H is the operator on Dom(N)
defined by (3). The operator Li, Ly, also called noise or Kraus operators,
will be assumed linearly independent, namely

e=0 '

viug —vau1 # 0,

so as to consider a generalized GKSL representation of £ with the minimum
number of Kraus operators. We shall consider also the special case when there
is only one Kraus operator L; but not the “reversible”, purely Hamiltonian,
case with no Kraus operator.

As shown in [13, Proposition 4.9] the operator G defined by closure of the
operator —iH — (L{Ly + L3Ly)/2 defined on D by

1 ) 1
G = (5 (af + el + [ + Jual?) +i9)ata = 3 (jur? + ual?) 1
1 ) 1 _ i -
~5 (viuy + vaug — ik) al? — B (v1u1 + voTz + iR) a’ — 3 ((aT + Ca)
generates a strongly continuous semigroup (P:);>¢ on h, therefore we can

construct the minimal QMS associated with operators G, Ly, Lo.
We briefly recall the construction (see [13, Sect. 3.3]). Let « € B(h) and

t > 0 and define non decreasing sequence of completely positive maps ﬁ(n)

on B(h) by 7;(0) (x) = Pz P; and
(& TV @e) = (P aP1)E)

2

+ Z/<Lep(t — )&, T (w) Ly P(t — s)§> ds
0

(=1

2150001-5



J. Agredo, F. Fagnola, and D. Poletti

where £,& € D. It can be shown that one can define a weak* continu-
ous semigroup 7 = (7¢)¢>0 of normal completely positive maps on B(h) by

Ti(z) = sup,>g 7;(n) (z) for all = positive and then extend to an arbitrary
x € B(h) by decomposition as sum of positive operators.

THEOREM 1 The minimal QMS T is identity preserving. The domain of
its generator L consists of the set of x € B(h) for which the quadratic form
with domain D x D

2
£(@)[¢, €8] = (G x&) + > (L, xLe€) + (¢, 2 GE)

(=1

is bounded. Moreover, T is the unique weak*-continuous semigroup of posi-
tive operators on B(h) such that

d /o e
G (€ T@e | = £@le.¢

t=0
for all x € B(h), ¢,¢ € Dom(G).

Proof. T is identity preserving by Proposition 4.12 in [13]. The character-
ization of the domain of the generator £ is given in [13] Proposition 3.33.
Finally, if (7/)i>0 is another such semigroup then, for x positive, we can
prove inductively that 7/(x) > ﬁ(n) () for all n > 0 and ¢ > 0, therefore
T/ (x) > Ti(z). Considering the operator x = ||z||1 — x, which is positive, we
have also

2|1 =T/ (z) = T/(lz|1—2) > T(lz|1-2z) = |1 T(z)
therefore T;(x) = T/ (x). O

2.1. EXPLICIT FORMULA ON WEYL OPERATORS

An interesting known feature of Gaussian QMSs is the explicit formula for
their action on the dense subalgebra of Weyl operators (see [24,25,30] and
also [27,31]). We will now present this formula and establish the relationship
with the GKSL generator (1).

We begin by recalling some useful formulae on the action of Weyl opera-
tors

W(2)e(f) = exp (=[2[*/2 = Zf) e(f + 2)
A straightforward computation on exponential vectors yields the Weyl com-
mutation relations

W(z)W(2') = exp (—iS(zz")) W(z + 2')

2150001-6
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in particular W(z)* = W(—z). Moreover, we have
W(z)*'aW(z) = a+ 21, W(z)*a'W(z) = af +71.
l[a, W(z)] = 2W(z), [af, W (2)] = zW(2).

The following Theorem gives the explicit action of maps 7; on Weyl operators.
In the sequel R(z) and I(z) denote the real and imaginary part of a complex
number z.

THEOREM 2 Let (T;)i>0 be the QMS with generalized GKSL generator as-
sociated with H, Ly, Ly as in (2). For all Weyl operator W (z) we have

t t
1
Ti(W(z)) —exp 2/§R eSZz Cesz ds—l—1/§R W(etzz),
0 0
(4)
where Z and C are the real linear operators

2
Zr = (iQJrZ(\W\Q— \w\Q)/Q)z—I—imE, (5)

(=1

2

Cz = Z ((\UAQ + \vg|2)z + QWUZZ) . (6)

~
Il

1

Proof. One can check [30, Theorem 3.1] the semigroup law 7;(75(W(z))) =
Tirs(W(z)) for all t,s > 0. The derivative of (e(g), T:(W (z))e(f)) at time
t =0, namely £(W(2))[e(g),e(f)] is equal to

{((Helg), W()e( )~ {el9). W (=) He(f))
2
— 33 (L Laele) W)e ) — 2 Laelg), W =) el )

/=

[y

= i(e(g), [, W(2) +§Z( ). LW (2), Lile( )
(=1
+ (elg), (L7, W) Lee(f)) )

where all operator compositions make sense because exponential vectors are
in the domain of any power of the number operator. Computing the commu-
tators

W(2), Ll = —(@Oz+uwz)W(2), [Ly,W(2)] = (wz+vz) W(z)

2150001-7
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HW()] = W() ((Qz +R2)a+ (Qz + K7) aT)
KZ2 k22 z (z
(0l e e T )W
[Li, W (z),Ld] = — ((luel® + [oe?) |2* + vgugz® + vpuez®) W (2)

we can write £(W(2))[e(g),e(f)] as (e(g), W(2) X (2)e(f)) where
= (el = Joel?) 2/2 +1 (22 + 2)) of
— (Juel? = el )E/2—i(QE+Ez))a)

((uel® + |vel®) |21 + vpugz® + veugz?)

N -

=2 | =.2 = .7
. KZ° + Rz (z+(z
—|—1<Q|z|2+ 5 >—|—1C 2< :

Since exponential vectors belong to the domain of a,a’, compute now the
derivative of W (e!?2)e(f) at time t = 0 as follows

d

SW(Ze()] = Lo (=5 leZe —eZaf)e(e?z + )|

2
= (-R(zZz)— Zzf)exp <—; 2|2 —zf) e(z+ f)

t=0

+ exp(—*|z| —Zf>*€(€tzz+f)‘t
= —W(z )(Zza—i—?R(zZz)) e(f)

oo (=g P —2r) Sz 4 )| afelzt p).

Recalling the commutation relation [af, W (2)] = ZW (2) we find

gI/V(etzz)e(f) = —W(2)(Zza+R(zZ2)) e(f) + (Z2)a"W (2)e(f)

dt t=0
= W) (Zza' —Zza—R(Z2Z2) +Z Z2)e(f)
= W(z)(ZzaT—Za—F%(EZZ—ZZ))e(f).

Computing the derivative of the exponential factor in (4) at ¢ = 0, the deriva-
tive of the scalar product of the right-hand side of (4) with two exponential
vectors e(g), e(f) can be written as well as (e(g), W(2)Y (z)e(f)) where Y (z)
is

Y(2) = (Zzal ~Zza)+ | (522~ Z22) — JR(Z02) + 1R (C2).

The conclusion follows form X (z) =Y (z) for all z € C. O
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Remark 1 1If the GKSL generator has only one Kraus operator L; formula
(4) also holds with real linear operators Z and C, formally defined in the
same way, setting vo = ug = 0 in (5) and (6).

3. Irreducibility: The Case of Two Noise Operators Li, Lo

In the study of the evolution of an open quantum system irreducibility plays
a key role because it guarantees that there is no proper subsystem which is
invariant under the evolution. Therefore the system has to be regarded as a
whole and reduction to subsystems is not possible. In addition, irreducibility
is a key assumption of many results on the asymptotic behaviour of QMS
(see [16]) and irreducible subsystems constitute the building blocks in the
analysis of the structure of normal invariant states of a QMS (see [10]).

In this section we show that the Gaussian QMS with two linearly inde-
pendent noise operators L1, Lo is irreducible. Gaussian QMS with only one
operator L will be considered in Sect. 4.

DEFINITION 1 A QMS 7 on B(h) is called irreducible if there exists no
non-trivial orthogonal projection p on h such that 7;(p) > p for all ¢t > 0.

A projection p such that 7;(p) > p for all t > 0 is called subharmonic following
the terminology in use in the classical theory of Markov processes. The
following result (see Theorem III.1 in [14]) characterizes such projections.

THEOREM 3 A projection p is subharmonic for T if and only if the range
Rg(p) of p is invariant for the operators P, (t > 0) of the strongly continuous
contraction semigroup on h generated by G and Lyu = pLyu, for all u €
Dom(G) NRg(p), and all £ > 1.

It is worth noticing here that, by general results on strongly continuous semi-
groups (see [14] Lemma III.1), if Rg(p) is invariant for the operators P;, then
Dom(G) NRg(p) is dense in Rg(p) and so conditions on the operators L, are
not reduced to the sole zero vector.

In view of this characterization of subharmonic projections, it is now
intuitively clear that, if there are two linearly independent Kraus operators,
the range of a subharmonic projection should be an invariant subspace for a
and a' and so it will be trivial by irreducibility of the Fock representation of
the CCR. However, the necessary clarifications on operator domains are now
in order.

Let Gy be the closure of the operator —(LiL; + L3L2)/2 defined on D
which is symmetric. It is easy to check that every vector in D is an analytic
vector for Gy. Therefore an application of Nelson’s theorem on analytic
vectors shows that it is selfadjoint. The following is the key result on the
domain of the operator G that we need for proving irreducibility.

2150001-9
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THEOREM 4 If there are two linearly independent noise operator L1, Lo the
domain of the operators G and Gy coincide with the domain of the number
operator N.

We defer the proof to Appendix A and proceed to the main result of this
section. Note that the property Dom(G) = Dom(Gp) = Dom(N) plays a key
role in the proof.

THEOREM 5 The QMS with generalized GKSL generator associated with
H as in (3) and two linearly independent noise operator Ly, Lo as in (2) is
wrreducible.

Proof. Let V be a nonzero closed subspace of h which is invariant for the con-
traction operators P, of the semigroup generated by G and Ly (Dom(G) N'YV) C
Yforl=1,2.
By the linear independence of L1, L, since Dom(G) = Dom(N) we have
also
a(Dom(N)NV) C Dom(NY?)nyY o (Dom(N)NV) C Dom(NY?)nVY
a’a (Dom(N)NV)CV  aa’ (Dom(N)NV)CV

hence, denoting by p the orthogonal projection onto V,
ptap = 0 = pap™,  pralp = 0 = palp"
on Dom(N) NV and, left multiplying by a' the first identity,

pLaTap =0 = paTapL.

It follows that, for all A > 0, we have the commutation (Al+ N)p
p(ALl+ N) and, left and right multiplication by the resolvent (A1+ N)~
yields

—_

pAMI+N)' = AM+N)'p.

In particular, for all & > 0, considering bounded Yosida approximations
Nj = kN (E1+ N)~' of N that converge strongly to N on Dom(N) we have

pkN (k1+N)™' = kN (kI+N)'p

and so pe” Nk = e7Nkp for all ¢, k > 0. Taking the limit as k — 400, by the
Trotter-Kato theorem [12, Th. 4.8 p. 209] we find

pe ™ =Wy Vi>0. (7)

Let v € V, v # 0 with expansion in the canonical basis

v = E URer

k>ko
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where kg is the minimum k for which vy, # 0. Clearly, by (7), e *Nv € V for
all £ > 0 and so

ekote=tNy = E e*(k*ko)tvkek = UgyCky + Z ef(k*ko)tvkek eV
k>ko k>ko

for all ¢ > 0. Taking the limit at ¢ — 400, we find ex, € V. Acting on ey,
with operators a and af we can immediately show that every vector e, of the
basis belongs to V and the proof is complete. O

4. Irreducibility: The Case of a Single Noise Operator L

In this section we study the case where there is a single operator
L = ta+ua' with v#£0 or w#0.

This case is much more entangled. We begin by considering the algebraic
aspect of the problem disregarding, for the moment, domain issues that will
be considered later.

We are looking for common invariant subspaces for the operators G and
L and so also for the commutator [L,G]. A straightforward computation
yields

—2[L,G] = [L,L*L + 2iH] (8)
(L, L*] L + 21 (0Q — uR) a — 2i (uQ — Tk) a’ + 2i (7¢ — uC) .

Thus the candidate subspace must be invariant for the operators
1 ~
G:—iL*L—iH, L =7ta4ua', L= Q—ur)a+ (Tk—uQ)al.

If the operators L and L are linearly independent, namely

dot inw—f UK — uf) 20, )
U
then the candidate subspace must be invariant for @ and a! and so it should
be trivial as in the case of two Kraus operators L.

In the sequel, we prove that under condition (9), which is clearly a
Hormander-type iterated commutator condition the QMS is irreducible. Oth-
erwise, we will see that irreducibility does not hold.

It is worth noticing here that a similar condition appears also in bilinear
control (see [11], Definition 3.6 (ii) p. 102, weak ad-condition) As a matter of
fact, if, starting from any initial non-zero vector £ € h with time evolution
one can reach a total set of vectors in h varying the control parameter z € C
in the differential equation & = G& + zL&;, then irreducibility holds.
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LEMMA 1 Suppose |v| # |u|. Then Dom(Gp) = Dom(N) = Dom(G).
We defer the proof to Appendix B.

PROPOSITION 1 Suppose that condition (9) holds and, moreover, |v| # |u|.
Then the Gaussian QMS with

L = va+ual, HZQaTa+gaT2+ga2+§aT+%a

1s 1rreducible.

Proof. Knowing that Dom(G) = Dom(/N) the proof essentially follows the
line of that of Theorem 5.

Let V (V # {0}) be a subspace of h which is invariant for the operators
P, and L(Dom(G)NV) = L(Dom(N)NV) C V for £ = 1,2. Moreover,
since L (Dom(N™)) € Dom(N™/2) for all m > 1/2 and G (Dom(N™)) C
Dom(N™1) for all m > 1, we have also [G, L] (Dom(N3/2)nV) C V and
L (Dom(N3/2) NV) C V. However, the commutator [G, L] is a first order
polynomial in a,a’, therefore the previous inclusions can be extended to
Dom(N'/2)n V.

By the linear independence of L and Z, we can now follow the argument
of the proof of Theorem 5, with Lo = L. O

We study separately situations in which (9) does not hold distinguishing three
cases.

4.1. THE CASE L OF ANNIHILATION TYPE

We first consider the case where (9) does not hold and |v| > |u|. Act with
the unitary squeeze operator § = e(za'*~7a%)/2 (z #0, z = e'¥s with s = |2])
so that

S*aS = cosh(s)a + e¥sinh(s)al, S*a’S = cosh(s)a’ + e ¥ sinh(s)a.
Then
S*LS = (vcosh(s)+ ey sinh(s)) a + (ucosh(s) + €T sinh(s)) a’ (10)

and, by first choosing a ¢ such that u and €7 have the same phase, and an
s such that

|u| cosh(s) + |v|sinh(s) = 0 <= tanh(s) = ——
we can assume that L is a strictly positive multiple (multiplying L by a phase
does not change the GKSL representation) of the annihilation operator, i.e.,

u=0.
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Of course also €, k,( change to ', &/, {’
Q' = Q(cosh?(s) + sinh?(s)) + 2sinh(s) cosh(s)R(e *k)
k' = kcosh®(s) + & e?¥ sinh?(s) 4 20 ¥ cosh(s) sinh(s)
¢’ = (cosh(s) + (e sinh(s)
and condition (9) does not hold if and only if vk’ = 0, i.e., by v 0, K =0

and (up to an irrelevant multiple of the identity operator in H)

_ :/TCTC :_‘U
L=va, H Q' a'a+ a+2a G (2

where v/ = (Jv|? — |u|?) cosh(s)/|v], up to a phase factor. Dropping the / to
simplify the notation, now we apply formula (4) with

Zz = —([v*/2+iQ)z, Cz = |v*z.

82, — e—(\vP/Z—iQ)s

/|2

—HQ') ata— % (C’aT—i—Z/a) ,

Computing e z and

¢ t
/?R (eSZzC’eSZz) ds = |z|2/|v|26_5|”|2ds = |2|? (1 _ e—tIvIQ)
0 0

¢ _
= sz _ ¢z _ ot(v?/2-i)
/?R(Ce z)ds éR(]vP/Z—iQ (1 e ))
0
It follows that, for all g, f € C,
i tr(e(f))(e(o) TV (=)
_ o lal?/2HR(Cz/ (02 /2-i9)) tZ
e i (e(g), W(Z2)e( )
_ e—|z\2/2+2is(iz/(|v|2—219)) o9f
Noting that, for all u € C
e M (e(u), W ()e(n)) = e FIH/2428G),
defining p = i¢/(|v]? + 2iQ) we find
Jim_tr(e(NN @I TW () = e (e(n), W()e(w))

In particular, e 1#|e(u))(e(y)| is a pure invariant state and the QMS is
not irreducible. Moreover, since linear combinations of linear functionals
le(f))(e(g)| are dense in the Banach space of trace class operators by totality
of exponential vectors, that the above identity also proves that any initial
state converges in trace norm to this pure invariant state.
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PROPOSITION 2 The Gaussian QMS with GKSL generator with only one
Kraus operator L = Ta + ua®, |[v| > |u| and Hamiltonian H as in (3) is
irreducible if and only if condition (9) holds. If it is not irreducible, it has a
unique invariant state e |e(n))(e(p)| (pure) and all initial state converges
to it in trace norm.

Clearly, after our squeeze transformation p = i¢’/(|v/| + 2iQ).
4.2. THE CASE L OF CREATION TYPE

We consider the case where (9) does not hold and |v| < |u|. First choosing a
¢ such that u and €7 have the same phase, and then 6 such that tanh(f) =
|v|/|u| in (10) we can assume v = 0 and L multiple of the creation operator.
Parameters ), k, ¢ are transformed to €', x’, ¢’ and (9) does not hold if and
only if ¥ = 0. In this way the given QMS is transformed to the unitarily
equivalent QMS generated by

¢ ;. C W IR
L=4d, H= Q’aTa+§aT+§a, G = —( 5 +1Q’>aaT—§(§’aT+C a),
where v/ = (Ju|?—|v|?) cosh(#)/|u| up to a phase factor. In the sequel we drop
the 7 to simplify the notation. Let V be the range of a nonzero subharmonic
projection p. Since, by Lemma 1 the operators G and N have the same
domain, by Theorem 3 we have G(Dom(N)NV) CV L(Dom(N)NV) C V.
Adding to G a suitable multiple of L we find the operator

G = —<|u2|2—|—iﬂ> (aaT+ﬁa+naT+\n|2]l)

- (|u2|2 T iQ) W(n)*aaW(n),

where 1 = i¢/(Ju|? — 2iQ) such that G(Dom(N) NV) C V. This property,
together with L(Dom(N) NV) CV, is clearly equivalent to G, L invariance.
Let w € V with expansion w = } ;- wi W(—n)e, where kg is the mini-

mum k for which wy # 0. Since Gisa multiple of the number operator with
strictly negative real part, arguing as in the last part of the proof of Theorem
5, we can show that W (—n)er, € V. As a consequence, by the commutation
alW (=) = W(—n)(a" —71),

LW (=n)er, = uW(—n)(a" —7ql)eg,
= uvko+1W(=n)er11 —unW(-ner, € V.

Applying L we can show inductively that, for all ky > 0, the linear space
generated by vectors W (—n)e, with k > ko is an invariant subspace deter-
mining a subharmonic projection and, in this case, the QMS associated with
G, L is not irreducible.
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4.3. 'THE CASE L QUADRATURE (SELFADJOINT)

We consider the case where (9) does not hold and |v| = |u| so that, v = rel®,
u=re'* with r > 0 and

L = re % +reé®al = rell@—)/2 (e*i(aura)ﬂa + rei(aura)/zcﬁ) :

Therefore, multiplying L by a phase e~i(@=2)/2 anq putting o/ + a = 20 we
get the selfadjoint operator L

L = r(e a4+ %

which is a positive multiple of a quadrature. We could also reduce ourselves
to the case where 6 is zero by applying a unitary transformation ¢’V on

I'(C), however we prefer to keep the parameter 6 to highlight the relationship
between the phase 6 in the operator L and another phase of the coefficients
k of the Hamiltonian H.

Indeed, in a similar way, putting £ = |s|e?'? we can write

H = Qad'a+ ’; (62i¢aT2 + 6_21¢a2) + (Za + CaT) .
Considering quadratures with angle 6 given by the selfadjoint
4 = (e—i0a+ eieaT) V2
and noting that

at = ¢ (g9 —idgsnp2) V2 a = €' (a9 +ignpn) V2 (11)
ala+ad’ = q§+q2+w/2 (12)

we can write H as

Q + |r|cos(2(¢ — 0)) 2+ Q2 — |rlcos(2(¢ — 0)) o

H = 9 0 9 q9+7r/2 (13)
M i -0 a T 211
+ 5 sin(2(¢ — 0)) (¢699+r/2 + do-+r/299) + (Ca + Ca’) 51
We can immediately see that (9) does not hold if and only if
Q = || cos(2(6 — 6)) (14)

the quadratic term qg /2 in H vanishes and the Abelian algebra generated
by the position operator gy is invariant. Indeed, for all smooth function

2150001-15



J. Agredo, F. Fagnola, and D. Poletti

f:R — C, we have [L, f(q9)] = [L*, f(g9)] = 0 and by the identities

(@o4n/2, f(q0)] = {iddqa,f(qa)} = if'(qp)

ei@ ei@ d
 flao)) = 5 a0~ iagmper Flan)] = 5[0 flaw)
619
= ﬁf’(%)
e—iG 6—16 d
[_ T%’ f(qe)i|

[a', f(q0)] = 75 [0+ ity fla0)] = 5

= f'(q0) -

As a result, we find
L(f(a)) = iH, flan)] = (S(ce™)/v2 = [r]sin(2(0 — 6))as ) '(a5)-

Note that, if the quadratic term qg /2 in H does not vanish, then we can
not get the same conclusion.

This is the generator of a deterministic translation process with drift
(in the generic case where |x|sin(2(60 — ¢)) # 0) towards the point . =
I(Ce9) /(v2]k|sin(2(8 — ¢))) (Fig. 1 below).

T S
Too = 3(¢e ™)/ (V2] sin(2(0 — ¢)))

Fig. 1: Deterministic translation process on the algebra generated by gy.

The invariant density of the classical process is clearly 6, which does
not induce a faithful normal state on B(h). However this insight turns out to
be useful to demonstrate that the QMS we are considering in this subsection
is not irreducible if (14) holds. For all ¢ > 0 consider the projection

T — 1[xoo—c,zoo+c] (.’L’)

which is a candidate subharmonic projection because the classical process,
starting from a point in the interval [zo — ¢, + ] does not exit for all
positive times.

To prove that this projection is indeed subharmonic, consider mollifier
¢, namely a C* function ¢ : R — R} with support in the interval [—1,1],
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Jg p(z)dz = 1 and lime_ ge(x) = lime0 € 'p(z/€) = dp and, for all € < ¢
define

T

fol@) = / (e(y — (00 — €)) — ey — (200 + €))) dy

—0o0

Note that, since [ @e(x)dz = 1 for all € > 0 we have fc(x) = 0 for |z —zo| >
cte, f(x) =1for |[x—z| < c—eand fl(z) > 0for xoo—c—€ < & < Too—Ce,
fl(xz) <0 for o + ¢ — € < T < Too + ¢+ €. It follows that the multiplication
operator by fc(gg), which belongs to the domain of the Lindbladian £ because
L(fe(gp)) is bounded satisfies L£(fc(gp)) > 0 and so

ﬁ(fe(QG)) > fe(QG)

for all ¢ > 0. Taking the limit as ¢ goes to 0, f. converges to the pro-
jection 1, _cp 4q in L? and almost surely, therefore Tt (Lo —cpontd) =
lgoo—c w00t for all £ > 0 and the QMS is not irreducible.

A similar argument applies in the case where sin(2(6 — ¢)) = 0 and
Too = 400 (resp. Too = —00) if I(Ce ) > 0 (resp. F(Ce ) < 0) with
projections of the form 1, ;[ (resp. 1j_c 4)-

We now consider the case where |u| = |v| and condition (9) holds, namely
Q # |k|cos(2(0 — ¢)) and show that the QMS is irreducible. To this end
we need the following result also showing that irreducibility is equivalent to
coercivity of G2 + H? + glzll, for some constant ng, with respect to the graph
norm of the number operator N = (g3 + qg+7r/2 —-1)/2.

Intuitively, looking at formula (13), one sees that the coefficient of qg /2

is non-zero if Q # |k|cos(2(0 — ¢)). Therefore, computing H?, the coefficient
of qg /2 is non-zero. The coefficient of qg may vanish but one gets an

additional term r* by addition of G% and strict positivity of leading terms is
restored.

THEOREM 6 If condition (9) holds, namely Q@ # |k|cos(2(¢p — 0)), there
exist constants g% > 0, 912 > 0 such that

Go+H® > ¢* (45 + dgynp2)” — 97 1. (15)
In particular Dom(G) = Dom(N).

Proof. 1In this proof only, to reduce the clutter of the notation, we denote

@6 bY q, qo4r/2 by p, ¢ := cos(2(¢ — 0)), s :=sin(2(¢ — 0)) and by {-,-} the
anticommutator.
As a first step note that, once we show that G3+ H? > gg(qg +q3+7r/2)2 +

Lo.t. for some constant g3 > 0 then, reducing the constant gy if necessary,
we can get the conclusion. Indeed, if the lower order term is, for instance,
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{a, ¢* + p*} for all ¢ € Dom(N?) by the Schwartz and Young inequalities, we
have

(€, {a,q* + p°}&)

(a%¢, (@ +p°)8) + (¢ +P*)¢, a€)

—llat &l - (6 + pHE| — llagll - || (¢ + p*)¢]|

—¢|(¢? +p2 €H2 - *(HaEHQ + [la €]?)
—e (&, (® +p*)%E) — e (¢ +pP)E)

for all € > 0. Now, again by the Schwartz and Young inequalities we have
also

v

v

—e M€l - |1(@® + p*)¢]|
—e|[(@+p2)e|)* =€)

_6_1 <£7 (q2 +p2)£>

v

v

Therefore we find the inequality
(& {a, @ +p°}) > —26(& (¢ +p)%€) — 2 )

and, choosing € small enough, we can reduce the constant g2 in (15), increase
gl2 and get the claimed inequality. We can proceed in a similar way if there
are more lower order terms.

It is now clear that we can assume that G% + H? is a fourth order ho-
mogenous polynomial in p, g, or, in an equivalent way, we can proceed as if
H had no terms of order 1 or 0. In this case the square of 2H is

2H)? = (Q+]xle)?q* + (= |sle)* p* + (2 + |rle) (2 — |kle) {* p*}
+ [6[*s*{q, p}* + (2 + |xlc) |sls {¢*, {a, P} }
+ (=[xl |kls {p*, {a.p}}
and write (2H )2

(Q + [5|c)? (24 |xfe) |sls (24 |xle) (2 = |xlc) 7
(¢, {a, p}, "] (Q+ |xc) [k]s |rs|? 52 (@ — |xle) |x[s {a.p}
Q4+ [rle) (2= |rle) (= Ixle) |xls (2 — |xle)? P2

We now apply Lemma 8 Appendix C on a 3 X 3 matrix as above with A =

— |kle, = Q + |Kle,x = |k|s. Since L = /2rq and Gy = —r?¢?, the
operator (2Go)? 4 (2H)? is associated with a 3 x 3 matrix as in Lemma 8
therefore is bigger than (r* becomes 4r4)

€ (4r4q4 —{p,q¥?/24+ {p* ¢} + Nw q4) + l.o.t.
Note that {p%,¢*} — {p,q}%/2 = —(3/2)1 and {p?,¢*} < p* + ¢* which
implies
AGE+ H?) > e(4r'q" + Nwq') + Lot
> emin{2r*, \2w/2} (q4 +{p% ¢} +p4) + lo.t.

= emin{2r*, \2w/2} (¢? —1—192)2 +Lo.t.
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The above inequality together with (33) implies existence of constants, g, g’ >
0 such that

1NN < gllGel® +g'l1€)1?
for all £ finite linear combination of vectors e, of the c.o.n.b. Therefore

Dom(G) C Dom(N). The other inclusion is trivial and the proof is complete.
]

Let V be the range of a subharmonic projections. By the previous arguments
based on a,a’ invariance of ¥ N Dom(N) and Dom(G) = Dom(N) as in the
proof of Theorem 5 we can now prove the following

THEOREM 7 Let T be the QMS with generator in a generalized GKSL form
associated with a single Kraus operator L = va + ua’ and H as in (3). The
following are equivalent:

(1) Operators L and [H, L] are linearly independent, i.e., 2Qvu # 0%k +
27
u“R,

(2) T is irreducible.

Proof. (1) = (2) If |u| # |v]|, the conclusion follows from Proposition 1. If
|u| = |v|, we know from Theorem 6 that Dom(G) = Dom(N) therefore the
proof of Proposition 1 goes through again and shows that 7 is irreducible.

(2) = (1) We showed, in Sect. 4.1 for |u| < |v|, in Sect. 4.2 for |u| > |v|, and
in Sect. 4.3 for |u| = |v|, that if condition (1) does not hold then the QMS T
is not irreducible. ]

Solution to the irreducibility problem is summarized by the following decision

tree.
number of Kraus's operators L,

at
two one

consider 2QTu — 2k — u’R
#0 =

=0

5. Gaussian States

As a preliminary to the study of invariant states, in this section, we recall
some basic properties of Gaussian states of a one-dimensional CCR algebra.
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DEFINITION 2 A density matrix p is called a quantum gaussian state if
there exist w € C and a real linear, symmetric, invertible operator S such
that

o) = exp (- %%(?Sz) ~iR(@2) VzeC. (16)

In that case w is said to be the mean vector and S the covariance operator
and we will denote it also with p(,, g).

This notation is well posed since there is a bijection between density matrices
and characteristic functions.

Let S be a real linear operator on C and z = z +iy € C. In the following
it will be useful to identify them with a real linear operator S acting on R?
and a vector z in R? that will be denoted with characters in boldface for the
sake of clarity. Namely, z = (x,y) and, if Sz = s12 + s9% for every z € C, we
have

|:§R31+§R82 Fs9 — sy } [az}
Sz = .

Qs1 + sy sy — Rso Y

Vice versa, given a linear operator on R?

S Sz
S = ,
{ So1 S22 }

we can induce a real linear operator S on C via

g, <511+5'22 +iS21—512>z+ (511—522 +1812+521>z.

2 2 2 2

In the following we will also use J as the linear linear operator corresponding
to the multiplication by —i, namely

. 0 1
Jz = —iz, J = [_1 O]'

Eventually we will denote the adjoint of S with respect to the real scalar
product (z,w) — R(Zw) with ST. This operator is explicitly given by

STy = 572+ 5272,
while ST is given by the usual matrix transposition of S.

Remark 2 For a generic real linear, symmetric, invertible operator S to be a
suitable covariance operator of a gaussian state it also needs to satisfy

S—iJ >0, (17)

where S and J are now intended as complex linear operator on C? (see
[24, Theorem 3.1] with a little warning: J there is the multiplication by 1).
Therefore positivity is evaluated with respect to the usual complex inner
product.
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LEMMA 2 The real linear operators C and Z given by (5), (6) satisfy
C+i(z"J+Jz) >0, C>0,

where the first inequality is intended with respect to the complex scalar product
on C2. Moreover, the first inequality holds strictly if and only if there are
exactly two linear independent Kraus operator Ly, Ls. The second one is
strict if and only if the parameter

1 2
=3 > (el = fuel?)
=1

1S NON-zero.

Proof. Let us begin by observing that

sz[!UmLW\Q QS(WW)]’ 7 - [7%() R(k) —Q ]

L 23(vue) g — Tg)?

Now a straightforward computation leads to

|ug+,|? s I
Cri(27T40z) =2| =t 2 ”*Zf“(vf“‘)] —:2Q

2
iy + > S(veue) S luempel

hence positivity of C + i (ZTJ +JZ ) is equivalent to positivity of Q. One
has tr(Q) > 0, while

detQ = i(Z\uz +ﬁg|2><2|w—m|2) — (Z%(uew))Q—vz.
0 0

14

Now we can use |ug & Ty|* = |ug|?® + |vg|* & 2R (ugvy) in order to obtain

det Q = (ZE:W)(ZZ:W'Q) _’;uewF

which is positive by the Cauchy-Schwarz inequality. In the case where there is
only a Kraus operator L clearly det (Q) = 0. Conversely, if det (Q) = 0 then
the Cauchy-Schwarz inequality becomes an equality, therefore we can find A €
C such that uy = Ay for every £ = 1, 2 which contradicts linear independence
of L1 and Lo. The analysis of the first inequality is now complete.
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For the second one observe that tr(C) > 0 and, with similar computa-
tions,
5 o\ 2 2
det (€)= (D2 (uel+eef?) ) = 4| 3 e
¢

¢

> (X (el o)) 4 (X el ) (X Jeel?)
4 l l
= (Z(|W|2_|W|2))2 = 49 > 0.
)4
This completes the proof. O

6. Invariant States

In this section we characterize Gaussian QMS with normal invariant states
in terms of the parameters in the model. We begin by the explicit formula
for the action of the predual semigroup on Gaussian states.

PROPOSITION 3 Let (T;)t>0 be the quantum Markov Semigroup with GKSL
generator associated with H, L1, La as in (2), (3) and let (Tit)t>0 be its pre-
dual semigroup. If p = p(uy,.s,) 8 a gaussian state then py := Tu(p) is still a
Gaussian state for every t > 0 with mean vector wy and covariance operator
St given by

¢
wy = etZTwo—/eSZTCds (19)
0
¢
S, = e?"Spel” + / e CesZds . (20)
0

Proof. Applying the explicit formula (4) of Theorem 2 we can write

pr(z) = t(pT(W(2)))

t
%<z,/eSZTCeSszs> — 13?<z,eltZTSoetZz>
2
0
t
exp | iR </eSZTCds,z> — iR <etZTw0,z>

0

= exp | —

DN |

X
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Comparing the previous equation with (16) we find (20) and (19). Now for
S; to be a suitable covariance matrix it should hold S; —iJ > 0. Indeed,
using S —iJ > 0 and Lemma 2, one gets
t
Sy —iJ > / 7' CevZds + 7 1Jet% i

0
t

= /esZT (C+i(Z2"T+JZ))e?ds > 0.
0

Note that all the operators in the previous inequality were considered as
complex linear and therefore commutation with i was legit.

Remark 3 One could extend Proposition 3 proving that QMSs with general-
ized GKSL generator (1) with Hamiltonian H given by (3) and two, one or
none operator Ly linear in a,a’ as (2) form the most general class of weakly™*
continuous semigroups of completely positive, identity preserving maps on
B(T'(C)) that preserve Gaussian states. We omit the proof because, albeit
interesting, on one hand it would be too long, and, on the other hand, it is
just a slight extension of existing results. Here we limit ourselves to mention
some bibliographic references. The proof can be done in two steps by char-
acterizing, first completely positive maps preserving Gaussian states, then
semigroups composed by such maps. The first step is quite lengthy because
it involves the extension of Theorem 4.5 [15], proved for automorphisms, to
general completely positive maps. This proof occupies the major part of the
paper, accounting for Lemmas and accessory results. An extension of The-
orem 4.5 would not be too difficult but lengthy. Indeed the authors of [8],
at the very end of the paper, claim such an extension is possible, without
spelling out the details.

We now turn our attention to finding Gaussian invariant states.

THEOREM 8 Let (T¢)i>0 be the QMS with GKSL generator associated with
H,Li,Ly as in (2), (3) or with H and a single Kraus operator. If v > 0 and
v 4+ 02— |I€|2 > 0 the Gaussian state p = P(w.S) with

w = (ZT)fIC — (_7+IQ)C_12’€C’ S = /esZTcedes (21)
2+ = x| J

s the unique normal invariant state for the semigroup. Moreover, for all
initial state pg

t—00

t
1
lim t/’ﬁs(po)ds =p
0
in trace norm.
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Proof. First note that, since v2 + Q2 — k2 > 0, the matrix Z in (18) has
eigenvalues with strictly negative real part, therefore the integral in (21) is
well-defined.

We now check that p is an invariant state. Proposition 3 implies that
pt = Tit(p) is still a Gaussian state with mean vector and covariance matrix
given by equations (19) and (20). The state p is invariant if and only if
wt = w and S; = S for every ¢t > 0 that means

t t
/eSZT(ZTw —¢)ds = 0, /esZT(CJr ZTS + 8Z)e*?ds = 0
0 0

for all ¢ > 0. Since both 52" and e*Z are invertible, the invariance of p is
equivalent to
¢ =2"w, Z'S§+8Z = -C. (22)

Conditions on the parameters of the semigroup imply the existence of a pair
(w, 8) satisfying (22). Indeed 72+ Q2 — |k|* # 0 implies invertibility of Z7,
which leads to w = (Z7)~!¢. Furthermore

oo

Z's +Sz = / (ZTGSZTCeSZ + GSZTCeSZZ) ds
0
o

_ / (%GSZTCGSZ) ds

0
oo

= [eSZTCeSZ} = -C.
0
Moreover we can show as in the proof of Proposition 3 that S is a suitable
covariance matrix by noting that

S—iJ = /eSZT(C+i(ZTJ+JZ))eSst,
0

which exists, since Z has only eigenvalues with negative real part, and is
positive thanks to Lemma 2.

Uniqueness follows from irreducibility by standard results on QMS with
faithful normal invariant states (see, e.g., [16] Theorem 1 and Lemma 1),
otherwise it follows from Proposition 2 since v > 0. Convergence towards
the invariant state follows in a similar way either from known results on QMS
with faithful normal invariant states (see, e.g., [17, Theorem 2.1]), or from
Proposition 2 since v > 0. [l
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j:{(’7792_‘ﬁ|2) | 7>07 72+QQ_|"<'3’2>0}

Fig. 2: Parameter region J (shaded) of QMS with Gaussian invariant states.

Remark 4 Condition v > 0 indicates an overall higher rate of transitions
to lower-level states. In order to interpret the other condition we begin
by recalling that the Hamiltonian H has discrete spectrum and the QMS
generated by i[H, -] has normal invariant states if and only if |x[? < Q2.
In the case where Q2 — |x|? < 0 the Hamiltonian H has only continuous
spectrum and the additional condition 72 > |k|?> — Q2 appears. This means
that transitions to lower-level states must be stronger to compensate the
effect of transitions induced by the Hamiltonian without eigenstates.

Theorem 8 shows that a faithful normal Gaussian invariant state exists and
is unique for all parameters (v, Q% — |x[?) lying in the open shaded region
denoted by J (see Fig. 2). We will now show that a normal invariant state,
whether Gaussian or not, does not exist for any choice of parameters (v, 2% —
k%) lying outside of the region J.

Equations (4) and (21) suggest that the quantity R(esZz Ce*?2) plays an
important role in the existence of invariant states. Therefore we begin by the
following two Lemmas, investigating the asymptotic behaviour €4z and the
convergence of the integral (21).

LEMMA 3 For all choices of parameters 7y, ), k such that (v, 0% — |/<;|2) falls
outside the region T\ {(0,0)} there exist Vi, a vector subspace of R?, such
that |e'Zz| diverges ast — oo for every z € Vi \ {0}.

Proof. Recall that the matrix Z is given by (18). We can divide the re-

maining set of parameters in four subsets:

1. v < 0and Q2 > |s|?: eigenvalues of Z are —vy +i1/Q2 — ||? both with
strictly positive real part,

2. v < 0and Q2 < |k|?: eigenvalues of Z are —y — /|K[?2 — Q2 < —y +

\/m . At least —y + \/m is strictly positive,
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3. v >0and 42+ Q% — |x|? < 0 so that Q% — |x|?> < 0: eigenvalues of Z

are —y £ /|| — Q2. Only the biggest eigenvalue —y + /|x|? — Q2 is

strictly positive,
4. v =0 and Q = +|k|: the only eigenvalue of Z is 0.

In each of the first three cases there is an eigenvalue A\ with positive real part
and it is sufficient to choose as V the subspace generated by an eigenvector
of A;. Indeed if zg is an eigenvector of A, we have !etzzo‘ = e | zg).

In the fourth case we have Z # 0 but Z2? = 0. Hence ¢4 = 1+ tZ and
there exists zg € R? such that Zzg # 0. Therefore

‘etzzo‘ = |zo+tZzo| > t|Zz0|

and }etzzo‘ diverges as t — oo. It is then sufficient to choose V, generated
by Z0- O

LEMMA 4 For all choices of parameters v,Q, r such that (7,02 — |s|*) be-
longs to the boundary of J except the origin (0,0) there exists a vector subspace
Vi of R? such that for every z € V. \ {0} the integral

t

/zTeSZTCeSszs (23)
0

diverges as t — 0.

Proof. Consider first the case v > 0, v = ]&\2 - 02,

Since v2+02—|k|* = 0, Z has 0 as an eigenvalue. Let zg be an associated
eigenvector and fix V. as the vector subspace generated by zg. For every
z € Vi \ {0} we have 2Tet?Ce!?z = 2T Cz. This quantity does not depend
on t and is also strictly positive, since C' is invertible thanks to Lemma 2.
Therefore its integral (23) diverges as t — oo.

Consider now the case v = 0, Q? > ‘/{|2.

For every such choice of the parameters Z has two distinct eigenvalues,

namely A+ = +iy/Q2 — |k|* = £id and it can be diagonalized. Let vy, v_

be two eigenvectors corresponding to Ay respectively. If z = w_v; +wyv_
we have 2z = w_el"v, + w,e " v_. Now consider the quantity f.(t) :=
2TetZ" CetZ 2 which is non negative and periodic, from the above considera-
tions. We will show f(¢) cannot be identically zero for every z € R%. Indeed
if it were the case then f.(0) = 0 for every z € R? and thus z € kerC
for every z € R2. However ker C is one-dimensional and there must exists

2o € R? such that f,,(¢) is not identically zero. Therefore, if V, is defined to

2150001-26



Gaussian Quantum Markov Semigroups on a One-Mode Fock Space

be the vector subspace generated by z, the integral (23) diverges, since its
argument is a non-negative, periodic function which is not identically zero.
O

The previous two Lemmas can now be applied to prove the non-existence of
invariant states, for some choices of parameters =, {2, k.

PROPOSITION 4 If
w;:—limﬁ(W(z)) =0 (24)

(in weak* operator topology) for all z in a vector subspace of R? except (0,0),
then T has no normal invariant state. In particular, for any choice of the

parameters v,$, k such that (v, Q% — |f€’2) falls outside of the region J a
normal invariant states for the QMS T does not exist.

Proof. 1If p is a normal invariant state then for every z # 0 such that z is in
the subspace of R? of the hypothesis

tr(pW(2)) = tr(pTe(W(2)))

for all £ > 0. Taking the limit as ¢ — oo, by Lemma 3 and Lemma 4 and
the explicit formula (4), we get tr(pW(z)) = 0. This is a contradiction since
z = tr(pW(z)) is continuous and tr(pW (0)) = 1.

Observe now that if we are also outside of the region 7\ {(0,0)} we can
use Lemma 3 and fix zg € V \ {0}. Letf, g € C, thanks to equation (4) we
have

‘etzz()f

5 —etzzof—getzzo—i-gf}.

[(elg). W(eZz0)e(f))] = exp{ -~
Since ‘e z0| diverges as t — 0o, we have that W (e'?z) converges weakly to
0. Moreover the Weyl operators are unitary, hence the set {W (e'?2g) : t € R}
is bounded and the weak topology coincides with the weak* one. Therefore
W (e? z9) converges weakly* to 0 and

tr(pTe(W zo))| = lee(z0)| [tx(oW (eZ20))| < [tx(oW (e 20))]

where ¢t(2p) is the constant multiplying the Weyl operator in (4). This means
Ti(W (zp)) converges to 0 in the weak* topology for every zo € V\{0}. Hence
there can be no normal invariant states.

Suppose we are now in the region 97\ {0}. Let zg € V., whose existence
is given by Lemma 4. Thanks to (4) one has

[tr(pTe(W (20)))] < eXp

l\D\l—‘

t
/ zOTesz Ceszzods}
0
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since |tr(pW (z))| < 1 for every z € C. Letting ¢ — oo one has T;(W(zp)) — 0
in the weak* topology for every zp € V. \ {0}. Hence also in this case there
are no normal invariant states. U

Summarizing we proved the following complement to Theorem 8.
THEOREM 9 Let (T¢)i>0 be the QMS with GKSL generator associated with
H,Li,Ly as in (2), (3) or with H and a single Kraus operator. The QMS

T has a normal invariant state if and only if v > 0 and % + Q% — |k|* > 0.
The normal invariant state is also unique.

Moreover, we also showed that the above invariant states are either faithful
or pure.

PROPOSITION 5 The invariant state given by Theorem & is pure if and
only if Q> — |k|> > 0, there is a single Kraus operator L = ta + ua' and

S(uv) (k) ~y o Ju— 17]2

w—o  2Q-R(k) 2|k 2[Rk -9

In all the other cases it is faithful.

(25)

Proof. A Gaussian state is faithful if and only if S —iJ > 0 otherwise it is
pure (see [24, Sect. 2] and also [25]). As in the proof of Theorem 8 we can
use

S—iJ = / eZ (C+i(27T +JZ))eds, (26)

0
and study its kernel. Clearly, if C' + i (ZTJ + JZ) > 0, also S —iJ > 0,
since e*Z is invertible. This happens whenever there are two Kraus operators,

thanks to Lemma 2. So the state can be pure only if there is a single Kraus
operator. We restrict ourselves to this case. Now the kernel of S —iJ is
non-trivial if and only if the argument of the integral (26). has a nontrivial
kernel. This happens whenever at least one of the eigenvectors of Z belongs
to ker(C+i(ZTJ+JZ)). Indeed suppose there is 2o € R?\{(0,0)} such that
(C+i(ZTT+JZ))et%zy = 0 for all t > 0. Since ker(C+i(ZT J+J Z)) is one-
dimensional suppose it is generated by vy € R?, we have then etZzy = Mg
for some \; € R. In particular Ag4v9 = e(t+s)zz0 = Ase'%v( which means
v is an eigenvector for e!Z and therefore it is also an eigenvector for Z. The
converse implication is trivial.

Suppose 2 # R(k), via explicit calculations the eigenvectors of Z are

vy = (R(k) — Q, (k) £ /|k]2 — Q). We have
(C+i(ZTT +TZ))vs
[+ 5 (R(k) — Q) +2 (S(x) £ /[P = ) (S(wv) - iy)

> (27
(s(ﬂ) + /]R[E = 92) lu— 3% + 2 (R(x) — Q) (S(wv) + i) (27)
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Now if this were the null vector the imaginary part of the second entry
should be zero. If |k|? — Q2 > 0 this would imply v(R(k) — ) = 0 which is
impossible since v > 0 and we supposed R(k) # Q. Therefore, for (27) to be
zero, |k|? — Q2 < 0 and, letting 6 := 1/Q2 — |x|?, this is equivalent to

{ lu + 0| (R(k) — Q) + 2F(k)S(uv) £ 267 = £5F(uv) —3(k) = 0
S(k) Ju— > + 2(R(k) — QS(w) = +6 |u—0> 4+ 29(R(k) — Q) = 0.

Those equation are in turn equivalent to

S(uw) S(k) ~y lu — )2

w—o? 2Rk -9 5 2Rk -0)

that lead to , having chosen v in order to have v > 0. Vice versa if u, v, &, 2
satisfy equations then one of vy is in ker(C +i(ZTJ + JZ)).

Suppose now 2 = (k). The proper eigenvectors of Z are v; = (0,1),v2 =
(S(k), R(k)) if (k) # 0 or v1 = (0,1),v3 = (1,0) if (k) = 0. One has

S(C+i(ZTT+JZ))v)) = _ _3'7 ] ,
S(C+i(ZTT+IZ)ws) = | _21@:;) } ,
S(C+i(ZTT+JZ))vs) = _ 207 ] ,

that cannot both be zero since this would require either v = 0 or kK = 0,
which would imply vo is the null vector. (Il

7. Examples
In this section we present the application of our results in two remarkable
cases. These also serve to illustrate the relationships we have found between
the parameters that determine the behaviour of the dynamics.
7.1. OPEN QUANTUM HARMONIC OSCILLATOR

Let T be the QMS with generator in a generalized GKSL form with

Li=pa, Ly=X\d, H = QaTa+ + a —|—CaT—i—Ca (28)
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with A, u > 0, Q € R, k,( € C. The special case where kK = ( = 0 has been
analyzed in [7] providing the full spectral analysis of the generator £ in the
L? space of the invariant state for A < p.

In this model v = (u? — A2)/2. Moreover, in the case where both \, u are
strictly positive, the QMS is irreducible (Theorem 5) and admits a unique
faithful normal invariant state if and only if A < p? and (,u2 —\?) / 4+
02 — |k|?> > 0 (Theorem 8) with the explicit mean vector w and covariance
operator S as in (21).

If £ =0 and A > 0 we obtain a QMS which is irreducible if and only if
®A% # 0, namely x # 0 and has no normal invariant state (Sect. 4.2).

Finally, in the case where A = 0 and p > 0 we find a QMS which is
irreducible if and only if ku? # 0, i.e., & # 0. It admits invariant states if
and only if |k|> < Q% 4+ A\*/4; these will be faithful if R(x) # 0 and pure
otherwise (Sect. 4.1). For any initial state po, in both cases, ¢t~* fg Tes(po)ds
converges towards the unique invariant state by Theorem 8.

It is worth noticing here that the Hamiltonian H is bounded from below
or above if and only if Q% — |k[?> > 0, in which case it has discrete spectrum.
Therefore condition |k|> < Q2 + \*/4 appears as a relaxation of discreteness
of spectrum that allows existence of normal invariant states.

7.2. QUANTUM FOKKER-PLANCK MODEL

The quantum Fokker—Planck (QFP) model is an open quantum system in-
troduced to describe the quantum mechanical charge-transport including dif-
fusive effects (see [2,21,26] and the references therein). In this subsection
we show that a simple application of our results allows one to study the
dynamics.

The formal generator

L) = 3 [0+ +ig o .}

— Dyq[p; [p, z]] — Dypla, [¢, 2]] + 2Dpqlg, [p, 2],

can be written in generalized GKSL form (1) with

H = - (p*+w?¢® +g(pg + qp)) ,

N | =

and L, Lo are the operators

—2D, +1i 2vA
#p—k 2Dppq, Ly =

/2D, - 2D,

2150001-30

L =



Gaussian Quantum Markov Semigroups on a One-Mode Fock Space

where w? > 0, Dy, > 0, Dyq > 0, Dpg € Rand A = Dy, Dyg— D2, — g% /4 > 0.
Clearly, L1, Lo are linearly independent if and only if A > 0. Moreover,

—2iDp, — g
Ly = —P_Z(a' —a)++/Dyyla’ +a),

2\/Dyp

ivA
Ly = 1\/> (aT_a)a

Dy

2 2 : 2 : 2
g o= Y ;%au#awa —1—219a2+°i:1

ivA
V Dpp ’

2iDpg + 2Dy, +
o, = a9 /Dy w = a9 /Dpp, 2= —

2/ Dpp

A 2 1 2_1
==, o= p=Y
VDyp 2 2
Compute
12
= S (P — ) = g, QP = WPog?, POl = WP,
=1

Therefore, in the case where A > 0 Kraus operators Li, Lo are linearly
independent, the QFP semigroup is irreducible and a Gaussian invariant
state exists if and only if ¢ = v > 0. This is given explicitly in Theorem 8.
Moreover, it is also faithful and it is the unique normal invariant state by
irreducibility.

The case A = 0 has to be considered separately (see [2,26]). By Theorem
(7) the QFP semigroup is irreducible if and only if 2Qv1u; = Kv?7 + Fu?.
Taking the imaginary parts of this identity we find

9Dpp = —w? Dy (29)

Taking real parts we find w? (4D127q — 92) + 4D§p = —8gDp,D,, and, from
(29), we find the identity

2 2 2 2
w? (4D2, — g*) +4D>, = —8gDpeD,, = 8w D},
namely 4Dgp = w? (4D§q + 92) and, by A = 0 together with D, > 0
Dpp = w?Dyq. (30)

Note that A = 0 together with (29) and (30) are equivalent to conditions
under which, for v > 0, the Gaussian normal invariant state of the QFP
model is pure (see [2, Lemma 9.1]).
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Clearly, they are equivalent to (25). Indeed, a straightforward compu-
tation shows that the first identity is equivalent to D,; = —gD,, and the
second one to Dy, = ¢/(20) which follows from A =0, (29) and (30) (see |2,
Lemma 9.1] for details).

Convergence towards the unique invariant state of ¢! fg T«t(po)ds holds
for any initial state py by Theorem 8.

8. Conclusions and Outlook

We considered the most general Gaussian QMS on the one mode Fock space
I'(C) of the regular representation of one-dimensional CCR. The GKSL gen-
erator associated with unbounded operators (2) and (3) depends on 7 param-
eters (or 5 in the case where there is only one noise operator). We presented
its construction starting form the unbounded generator and proved the known
explicit formula for the action Weyl operators. We characterized irreducibil-
ity in terms of parameters of the model. This property always holds true
when there are two linearly independent noise operators Lq, Ly. However, if
there is only a single noise operator L1, irreducibility holds if and only if the
operators Lj and [H, L] are linearly independent (the Hérmander type com-
mutator condition that appears in many fields of mathematics, from partial
differential equations to control theory). Finally, still in terms of the pa-
rameters of the model, we established the necessary and sufficient condition
v > 0 and y2+ Q2 —|k|? > 0 for existence and uniqueness of normal invariant
states. This condition also implies, by irreducibility convergence towards the
unique invariant state.

It would be useful and interesting to extend the above results to Gaus-
sian QMS on the algebra of bounded operators on d-mode Fock spaces. The
explicit formula for the action on Weyl operators is known also in this case.
We guess that the equivalence of irreducibility with an Hérmander type com-
mutator condition can be proved as well considering commutators of H and
noise operators Ly of order up to 2d—1. This advance seems to require a deep
study of regularity properties of Gaussian semigroups as in the classical case.
However, we think that it is a necessary step in order to establish precise
relationships between the behaviour of the infinite dimensional QMS and the
2d x 2d dimensional matrices Z and C' and reduce a lot of infinite dimensional
problems on the dynamics to finite dimensional ones on matrices. Results
will be the object of a forthcoming paper.

Appendix A

In this section we prove Theorem 4. We begin with the following lemma.
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LEMMA 5 For all ¢ € Dom(N?) and all § € R we have

IN

H(ei@@T + efiea)fH2 2 H(anr + aTa)1/2§H2

. . 2
H(eleau n e—leaz)gH

IN

|aat + atare|” +311e?

Proof. Computations below should be done on quadratic forms defined on
the domain D x D. However, we do only the algebraic computations to
simplify the notation.

To prove the first inequality we begin by expanding

0 < |e¥F — e a2 = afa — 20012 — 2042 | g4t

which implies
eH0at? 4 72942 < ala+ aal.

It follows that
e’ + e a|? < 2(a’a+ aal)

and the first inequality is proved. To prove the second inequality, first note
that

0 < |elea12 _ e—lea2|2 = 212 _ 20t 204 L 22

and so
20t 4 o204 < 2412 L 2,2
Now
(eieaJr2 + e*iecﬂ)2 — (aaT + aTa)2 = Mg 4 a20? + a%al? 4+ 72004
— (aa")? = (a'a)? — aa™a — a'a?al

< 2a'%a® + 2a%a™ — (aa")? — (aTa)? — aa'®a — aTa?a’.
The right-hand side is equal to
OIN(N—1)+2(N+1)(N+2)— (N+1)2— N>~ (N+1)N-N(N+1) = 3

and so
(e%a? + e794%)? < (aa’ +afa)® +3.
The claimed inequality readily follows. (I

We will show that the graph norms of G,Gy and N are equivalent. To this
end need two preliminary lemmas.
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LEMMA 6 Let Ay be the smallest eigenvalue of the 2 X 2 matriz

V1 Vg U1 U
up U2 Vg U2
which is strictly positive by the linear independence of Ly, Lo. There ex-

ists a constant ¢1 > 0 depending on vy, u1,vs, us and uniformly bounded for
V1, U1, U2, us in a bounded subset of C* such that

(=2Go)? > M(a'a+aa")? —ci(ala+ aal).
Proof. Since —2Go = L7Ly + L5 Lo,

2
1
0= "3 Z ((\vﬂzcﬁa + |w\2aaT> + vpugal? + mﬂgaQ)
=1

for all £ € D, thinking of (a¢,a’¢) as a vector in h @ h and of product of a
row vector with a column vector as the natural scalar product in h & h, we
can write (£, Gp&) as follows

(€. Go) = —f[ *f,ad[ i, } ["’1 o ] [Zé ]

U U2 Vo U2

This notation is typical in the study of quadratic Hamiltonians (see, for
instance, [9,27,28,29]). Recall that, by linear independence of L, Ly, the
above matrices have non-zero determinant. Therefore their product is strictly
positive definite and, calling \; its biggest eigenvalue, we have

A (& (ala+aa)e) > (6,-26G0¢) > do (& (ala+aah)e).  (31)

In a similar way, dropping the vector £ and denoting by l.o.t. monomials of
order 2 or less in creation and annihilation operators we have the inequalities

—2G))? ZLe —2Go) Ly + Lo.t.

ot U1 U2 —2Gy 0 U1 U
- [a’a][ul U2:| [ 0 —2Gy Vo U9 CLJr +lot.

f f 0 v U
> t V1 V2 a'a+ aa 1 1 )
= ola’,al [ Uy U 0 afa + aal Uy U aJr Lot

— Noa [aT a] V1 U2 U1 Ul a CLT
’ Uy U9 V2 U9 al
—I—)\oaT[aT,a][vl UQ} [1)1 ul] [ aT]a—i-l.o.t.
Uy U2 V2 U2 a
= Mpa(— 2G0)aT + Mo al(—=2Go)a + Lo.t.
> A3 ( a+aa")a' + N3 a'(a'a + aa’)a + lo.t.
= A(a'a+ aa")? +lo.t.
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Lower order terms can be controlled in terms of (2N + 1) = (afa 4+ aa®) by
Lemma 5 and the proof is complete. Il

LEMMA 7 The commutator [H,Gy] is a second order degree polynomial in
I and
a,a’ an

(&, [H, Golé)| < ea(é, (aTa + aal)'/%¢)

for some constant co > 0 depending on all parameters in the model.

Proof. A long but straightforward computation yields (summation on ¢ =
1,2 is implicit)

[H,Gy] = ﬁﬂdww»mh+aﬁy+GM@@)—?QWP+MM%>¥
— Q (veue) + 5 (Juef? + fuel?) )
5

_l’_

/N

> (wrue) + 5 (o + ff?) )

lvg| + |ug|? ))a+(— 2(

- (g (vetg) —
The claimed inequality follows from Lemma 5 and the Schwarz inequality. [J

Proof of Theorem 4. Clearly Dom(N) is contained in Dom(Gp) and Dom(G).
In order to prove the opposite inclusion we show that there exist constants
c3, ¢4 such that |[NE||? < e3]|Goél|? + cal|€)|? for all € € D. The conclusion
follows because D is an essential domain for Gg and G by their definition.
For all ¢ € D, ¢ > 0 by Lemma 6 and the Young’s inequality, we have the
following inequalities

IGoéII” = (& Goe)
> “owaradie) - (st aa)
)\2

ZO<§ Ta+aal 2§>——H§H H( a—i—aaT)

Vv

\Y

>f)<§ fa+aal 2§> H fa+aal fH ”f”

~ 2| (ata +aahe] -

! el

8)\
Since || (a'a + aal) £H2 > 4||N¢||? we find the inequality
INE|* < %HGofHQ + Ci4 l€]? (32)
G 4XG
for all £ € D implying that Dom(Gp) € Dom(N).
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In order to prove that the domain of GG is also contained in the domain
of N note that G = Gy — iH on D and write

IGE|]* = (&, (Go +1H)(Go —iH)E) = (&, (G + H?)E) +i(¢, [H,Gol€) .

(33)
Now by Lemma 7, <£  H2¢ > > 0 and the previous inequality (32) we find

IGEIP = (€, G3e) — 2 (& (ala+ aal)/2)

A3 2 1/2 cf 2
- IVell — V2] - IV &l = llEl

v

We can now proceed as in the final part of the proof of (32) with an applica-
tion of the Young inequality to show that Dom(G) € Dom(N). O

Appendix B

In this appendix we prove Lemma 1. We begin by noting that Dom(N) C
Dom(Gy).
Conversely, note that for all » € R, on the domain Dom(N) of the number
operator, in a natural matrix notation, we have
L'L = |vfa’a+vua +7ua0® + |ul?aa’
(|v)* +7) a'a + vua™ + vaa® + (Jul|® — r) aa® +rl

2
[ v|*+r  wu a
N [a a] [ U lu|?> —r o | rl

The trace of the above 2 x 2 matrix is strictly positive and the determinant
2 2 2
r(jul* = [vl*) = r

if we choose 7 = (|ul? — |v[?) /2, it is equal to (|ul* — ]v\2)2/4 > 0 and the
lowest eigenvalue is (|v] — |u|)? /2. Tt follows that

[0 — Juf?

1
2

2
L*L > w (aaT —l—aTa> +

and, denoting by l.o.t. monomials of order 2 or less in creation and annihi-
lation operators,

(L*L)? = L*(LL*)L = L*(L*L)L +l.o.t.

> = (|v| = |u))*L* (aaT + aTa) L +lo.t.

N — DN

(|v] — |ul])? (aL*LaT + aTL*La> +lo.t.
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1
1 (Jo] = |u])* (a (aaT + aTa) a' +al (aaT + aTa> a) +lo.t.

= (ol )" (dla)" +Lox.

v

Therefore there exists a constant ¢ > 0 such that
(ol = [u)* [latag]® < |L*LE* + c €] (34)

for all ¢ € D and Dom(L*L) C Dom(/V). This shows the identity Dom(Gg) =
Dom(N).

In order to prove the other one, note first that Dom(N) C Dom(G).
Then, for all £ € D, compute

IGE|1* = [|Go&ll* + | HEN? + (&,i[H, Golé) .

Since the commutator [H,Gp] is a second order polynomial in a, a' there
exists a constant ¢ > 0 such that (¢,i[H, Go]¢) > —¢/||N/2¢||2. Recalling
(34), by the Young inequality, we have

IGE|I> > [|Gogl” — ¢||INY2¢?

(ol = JuD® ¢ o o (ol =Dt Lo 4 2
> f”a ag|* — c[l€]] —?Ha a&| —WHSH

4
vl — (u
= =Y g2 - e

where ¢ is another constant. Thus Dom(G) C Dom(N) and the proof of
Lemma 1 is complete.

Appendix C

LEMMA 8 Let p, \,x,y € R with A #£ 0. For all T > 0 and w > 0 such that
w < min{1, (222)~'} there exists € > 0 such that

pr 4t opx A r 0 1
pux 22 M| > el 0 —1/2 0
AL Ax A2 1 0 A2w

Proof. The difference of the above matrices is

p? 4141 —e) 1% AL — €
pux 2%+ €/2 Az ,
At — € Ax A2(1 — we)
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which is positive, by the Sylvester’s criterion, if and only if all principal
minors are positive. For all € > 0, the principal minor obtained by removing
the first row and column is positive if and only if we < 1 and its determinant

M((1 = 2wz?)e — we?) /2 = Ne((1 — 2wz?) — we) /2

is positive. This is clearly the case if € < min{1,w™!, (1 — 2wz?)/w} = €.
The principal minor obtained by removing the second row and column,
namely
p4+rtl—e)  Ap—ce
A — € A2(1 — we)

has positive diagonal elements for 0 < € < €; and determinant
Mt (20 — A2 pPw — N1 4 w))e + A2 rtwe?

which is clearly strictly positive for all 0 < € < ey for some €2 < €1. Finally,
the principal minor obtained by removing the third row and column, namely

wrrt(l—e)  pz
ux 2 +€/2

which has positive diagonal elements for € < 1, has determinant
ria? 4 (4t = 2rt2?)e/2 — rte?)2.

This is clearly positive for all € small enough if x # 0 because it tends to
r*22 # 0 but also for x = 0 since, in this case it is equal to e(u? +r* —re/2).
This completes the proof. [l
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