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Abstract. Quantum Markov semigroups characterize the time evolution
of an important class of open quantum systems. Studying convergence
properties of such a semigroup and determining concentration properties
of its invariant state have been the focus of much research. Quantum
versions of functional inequalities (like the modified logarithmic Sobolev
and Poincaré inequalities) and the so-called transportation cost inequali-
ties have proved to be essential for this purpose. Classical functional and
transportation cost inequalities are seen to arise from a single geometric
inequality, called the Ricci lower bound, via an inequality which inter-
polates between them. The latter is called the HWI inequality, where
the letters I, W and H are, respectively, acronyms for the Fisher informa-
tion (arising in the modified logarithmic Sobolev inequality), the so-called
Wasserstein distance (arising in the transportation cost inequality) and
the relative entropy (or Boltzmann H function) arising in both. Hence,
classically, the above inequalities and the implications between them form
a remarkable picture which relates elements from diverse mathematical
fields, such as Riemannian geometry, information theory, optimal trans-
port theory, Markov processes, concentration of measure and convexity
theory. Here, we consider a quantum version of the Ricci lower bound
introduced by Carlen and Maas and prove that it implies a quantum
HWT inequality from which the quantum functional and transportation
cost inequalities follow. Our results hence establish that the unifying pic-
ture of the classical setting carries over to the quantum one.

1. Introduction

Realistic physical systems that are relevant for quantum information process-
ing are inherently open. They undergo unwanted but unavoidable interactions

® Birkhduser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00023-020-00891-8&domain=pdf

2116 N. Datta, C. Rouzé Ann. Henri Poincaré

with the surrounding environment and are hence subject to noise and deco-
herence. Under the Markovian approximation, which is valid when the system
is only weakly coupled to its environment, the resulting dissipative dynamics
of the system is described by a quantum Markov semigroup (QMS), whose
generator we denote by L. The analysis of quantum Markov semigroups is
hence a key component of the theory of open quantum systems and quantum
information. An important problem in the study of a QMS is the analysis
of its convergence properties, in particular its mizing time, which is the time
taken by any state evolving under the action of the QMS to come close to its
invariant state.!

1.1. Functional and Transportation Cost Inequalities

Classically, given a measure i, functional inequalities, e.g. the Poincaré inequal-
ity (usually denoted as PI(A)) [29] and the (modified) logarithmic Sobolev
inequality (or log-Sobolev in short), denoted as MLSI(«) [22], constitute a
powerful tool for deriving mixing times of a Markov semigroup with invari-
ant measure p and determining concentration properties of u. They are also
related to the so-called transportation cost inequalities denoted by TCy(cq)
and TCa(cg). Here o, ¢; and c¢o denote constants appearing in the respective
inequalities. Consider a compact manifold M, and let P(M) be the set of prob-
ability measures on M. Given a measure u € P(M), the inequality TCq(c1)
(resp. TCy(c2)) provides an upper bound on the so-called Wasserstein distance
W1 (resp. Wa), between any probability measure v € P(M) and the given mea-
sure p, in terms of the square root of the relative entropy of v with respect
to p. Since p is fixed, this relative entropy is simply a functional of v and,
due to its close links with the Boltzmann H-functional, is often denoted by the
letter H in the literature. The notion of Wasserstein distances first appeared
in the theory of optimal transport, which was initiated by Monge [21] and
later analysed by Kantorovich [15]. In its original formulation by Monge, the
problem of optimal transport concerns finding the optimal way, in the sense of
minimal transportation cost, of moving a sand pile between two locations (see
also [30]). In 1986, Marton [20] showed that transportation cost inequalities
are also useful for deriving concentration of measure properties of the given
measure /.2

The classical inequalities discussed above can be shown to be obtainable
from a single geometric inequality, involving a quantity called the Ricci curva-
ture of the manifold M, and referred to as the Ricci lower bound. In fact, there
is an inherent relation between the geometry of the manifold and a diffusion
process (whose associated Markov semigroup has generator £, say) defined on

1Here we assume that the QMS is primitive, i.e. it has a unique invariant state.

2Given a metric space (X, d), a probability measure p is said to satisfy Gaussian (resp. expo-
nential) concentration on it if there exist positive constants a,b such that for any A C X,
and r > 0,

wA)>1/2 = p(A;) =1 —ae P70,
where A, == {z € X : d(x, A) <} and f(r) = r? (resp. 7).
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it: the diffusion process can be used to explore the geometry of M, and con-
versely, the latter determines the mixing time of the diffusion process. Finding
a quantum analogue of this appealing geometric inequality is hence a problem
of fundamental interest and is considered in this paper. Before we present our
results on this problem, we first need to explain the statement of the Ricci
lower bound in the classical setting. In fact, it is instructive to start from the
very definition of curvature which generalizes to the Ricci curvature for the
case of a Riemannian manifold.

1.2. Ricci Curvature and Ricci Lower Bound (Classical Setting)

Given a surface S embedded in the Euclidean space R?, the Gauss curvature x
of § is a measure of its local boundedness. More precisely, given a point x € S
and any two mutually orthogonal unit tangent vectors u,v at x, the distance
between two geodesics v, and 7,, starting at x, with respective directions u
and v, obeys the following Taylor expansions:

dulonlt) ) = VE (1= 52 0@) . ez

where dg is the geodesic distance defined with respect to the metric g induced
on S by the Euclidean metric. In the case when x = 0 uniformly on the surface,
the latter is flat, and we recover the Pythagoras theorem from Eq. (1.1). More
generally, let  be a point on a d-dimensional compact Riemannian manifold
M, let u belong to the tangent space T, M at the point x of M, and com-
plete the vector u into an orthonormal basis (u,va, ..., v4) of T, M. Then, the
Ricci curvature of M, evaluated at wu, is the averaged Gauss curvature over
orthogonal surfaces defined by all the geodesics starting at x with direction
given by the unit vectors belonging to the vector subspace spanned by u and
any other vector v;, i = 2,...,d. The expression for the Ricci curvature [30] is
given in terms of the Laplace-Beltrami operator (denoted simply as A), and
hence, the curvature is usually denoted as Ric(A). Since A is the generator
of the heat semigroup, the curvature provides a bridge between the geometry
of the manifold and the evolution on it induced by heat diffusion. There is
an important inequality, known as the Ricci lower bound, which is denoted
by Ric(A) > k [3], and is the property that the Ricci curvature is uniformly
bounded below by a real parameter £ > 0. Intuitively, the inequality is related
to concentration of the uniform measure on M, which is known to be the
unique invariant measure of heat diffusion. For example, in the case of the
sphere, which has constant Ricci curvature given in terms of its radius, the
Haar measure can be shown to concentrate around any great circle. One can
relax the condition of uniformity of the measure in order to allow for the study
of concentration of measure phenomena for different measures p, invariant for
other diffusions processes on M. In this more general framework, the Ricci
lower bound is denoted by Ric(L) > k, where £ denotes the generator of the
diffusion semigroup associated with p (Fig. 1).
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FIGURE 1. The Gauss curvature

More recently, Sturm [27,28] and Lott—Villani [18] showed that Ric(£) > & can
be viewed as a (refined) convexity property (called the k-displacement convex-
ity) of H along geodesics on the Riemannian manifold obtained by endowing
the set of probability measures P(M) on M with the Wasserstein distance Wy
[31]. This discovery led to a more robust notion of a Ricci lower bound, which
does not explicitly depend on the expression of the Ricci curvature, and hence
can be extended to more general metric spaces. Starting from this convexity
property, one can then construct a diffusion semigroup for which H decreases
the most along the direction of evolution induced by the semigroup. In this
case, the path on the Riemannian manifold (P(M), W), which corresponds
to the actual evolution under the diffusion, is said to be gradient flow for H.
It is a striking fact that this diffusion coincides with the one whose generator
appears in the Bakry-Emery condition (see [10,14]).

In [23], the authors introduced the so-called HWI(k)-interpolation inequality,
using which they reproved the so-called Bakryfﬁmery theorem, which states
that for k > 0, Ric(£) > k implies MLSI(«) (for diffusions on R™ with asso-
ciated generator £). The letters W, I and H are, respectively, acronyms for
the Wasserstein distance Wy (appearing in TCs(cz)), the Fisher information
(which arises in MLSI(«)) and the relative entropy (also called the Boltzmann
H-functional, as mentioned above) which appears in both these inequalities.
They also showed that MLSI(«) implies TCz(cz). The term interpolation here
comes from the fact that in the case K = 0 and ¢ > 0, TCz(c) together with
HWI(0) gives back MLSI(«).

In [11,12,19], a modified version of the Ricci lower bound was defined for
Markov processes on finite sets, which led to the unification of the previously
discussed functional and concentration inequalities in this discrete framework.
In particular, it was proved in [11] that one can recover the Poincaré and
modified log-Sobolev inequalities from the Ricci lower bound, provided the
diameter of P(M), with respect to the Wasserstein distance, W, is bounded.

1.3. Ricci Lower Bound (Quantum Setting)

In the case of a quantum system with a finite-dimensional Hilbert space H, the
set P(M) is replaced by the set D(H) of quantum states (i.e. density matrices)
on H. Then, in analogy with the classical case, starting with a primitive QMS
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Wo, <D, AxD~2

a=K>

Ric(£)> 5 = HWI(x)  MLSI(a) =25 TCy(ez) == PI() — Exp.
v _
Wy <D, axD ™2, c1=dca

(Ag)y>( unital
=0 TC1(c1) == Gauss.

1
TCy(cz) + HWI(k) = MLSI(a), a = max [T(l + k)2, K] .
C9

F1GURE 2. Chain of quantum functional- and Tala-
grand inequalities and related concentrations for a prim-
itive semigroup (A;);>0 with generator £ defined on a
Hilbert space of dimension d. The implication MLSI(«)
= PI(\) was proved in [16]. Here, “Exp.” refers to the
notion of exponential concentration, whereas “Gauss.” refers
to the stronger notion of Gaussian concentration. The
implications MLSI(a))=TCs(c2)=PI(A\)=Exp., as well as
TCs(c2)=TC1(c1)=Gauss. were proved in [24]

with generator £, Carlen and Maas [6,7] defined a quantum Wasserstein dis-
tance Wa  which renders D(H) with a Riemannian structure, and for which
the master equation associated with the QMS is gradient flow for the quantum
relative entropy.

In [7], the authors proved that a quantum MLSI(«), first introduced
n [16], holds provided the quantum relative entropy (between a state on a
geodesic on this manifold and the invariant state of the QMS) satisfies a quan-
tum analogue of the rk-displacement convexity property along geodesics, for
a =k > 0. This is denoted below by Ric(£) > « in analogy with the classical
case, with £ being the generator of the QMS.

The quantum versions of the Ricci lower bound, the HWI inequality,
and the functional and transportation cost inequalities, all fit into a unifying
picture which is analogous to the classical setting. It is given in Fig. 2.

Our Contribution: In this paper, we analyse the quantum version of the Ricci
lower bound introduced by Carlen and Maas [7] and derive various implications
of it in Theorem 3. Moreover, we show that Ric(£) > & implies a quantum
version of the celebrated HWI(k) inequality which interpolates between the
modified logarithmic Sobolev inequality and the transportation cost inequal-
ity (Theorem 5). We show that, in the case of x > 0, HWI(x) = MLSI(k)
(Corollary 2), recovering the result of [7]. On the other hand, in Corollary 3,
we establish that in the case when k € R, Ric(L > k) together with TCy(c2)
implies MLSI(«). Moreover, in the case when x = 0, we show that, under the
assumption of boundedness of the diameter D of the set of states with respect
to the quantum Wasserstein distance W ¢, Ric(£) > 0 implies PI(c; D~2) for
some universal constant ¢; (Theorem 6). Moreover, in the case of a unital QMS
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(i.e. one which has the completely mixed state as its unique invariant state),
we show that it also implies MLSI(co D~2) for some universal positive constant
¢o (Theorem 7). We hence extend the results of [11] to the quantum regime.

1.4. Layout of the Paper

In Sect. 2, we introduce the necessary notations and definitions, including
quantum Markov semigroups, the quantum Wasserstein distance and quantum
functional inequalities. The quantum version of k-displacement convexity is
studied in Sect. 3. In Sect. 4, we prove the quantum HWI(x) inequality, show
that it implies MLSI(k) in the case when x > 0 and derive interpolation results
between MLSI(k) and TCsy(c2) from it. In Sect. 5, we show that in the case
in which x = 0, PI(\) holds with a constant A proportional to D=2, where D
stands for the diameter of the set of states. In Sect. 6, we show that under the
further assumption of the QMS being unital, MLSI(«; ) holds with a constant
o also proportional to D2,

2. Notations and Preliminaries

2.1. Operators, States and Entropic Quantities

In this paper, we denote by (H,(.|.)) a finite-dimensional Hilbert space of
dimension d with associated inner product (.|.), by B(H) the algebra of lin-
ear operators acting on H, and by Bs,(H) C B(H) the subspace of self-
adjoint operators. Moreover, the Hilbert—Schmidt inner product (.,.), where
(A,B) = Tr(A*B) VA, B € B(H), provides B(H) with a Hilbert space struc-
ture. Here, the trace Tr is unnormalized, adopting the uses of the community
of quantum information theory, so that Tr(I) = d. Let P(H) be the cone of
positive semi-definite operators on H and Py (H) C P(H) the set of (strictly)
positive operators. Further, let D(H) := {p € P(H) | Trp = 1} denote the set
of density operators (or states) on H, and Dy (H) := D(H)NP+(H) denote the
subset of faithful states. We denote the support of an operator A by supp(A).
Let T € P(H) be the identity operator on H, and id : B(H) — B(H) the
identity map on operators on ‘H. For p, ¢ > 1, the p-Schatten norm of an oper-
ator A € B(H) is denoted by ||A|, := (Tr|A|?)'/?, and the p — g-norm of a
superoperator A : B(H) — B(H) by [[A[p—q. Such a linear map is said to be
unital if A(I) = I. Given two states p,o € D(H), the quantum relative entropy
between p and o is defined as:

Tr(p(logp — log o ifsu C supp(o),
D(pllo) ::{+o(§( gp —logo)) else.pp(p)_ pp()

2.2. Quantum Markov Semigroups and the Detailed Balance Condition
In the Heisenberg picture, a quantum Markov semigroup (QMS) on a finite-
dimensional Hilbert space H is given by a one-parameter family (A,g)t20 of

linear, completely positive, unital maps on B(H) satisfying the following prop-
erties

® Ay =id;
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e Ay oAy = Ay s—semigroup property;
o VX € B(H), tlir%||At(X) — X||oo = 0—strong continuity.

The parameter ¢ plays the role of time. For each quantum Markov semigroup,
there exists an operator L called the generator, or Lindbladian, of the semi-
group, such that

d
&At:AtO,C:,COAt. (21)

In the Schrédinger picture, the dual of Ay is written A, for any ¢ > 0. Sim-
ilarly, we denote by L. the dual of £. The QMS is said to be primitive (or
ergodic) if there exists a unique invariant state o, i.e. such that A (o) = o.
Such a QMS is said to satisfy the detailed balance condition if the following
holds:

Tr(oL(X)'Y) = Te(eX*L(Y)), X,Y € B(H). (2.2)

In the context of quantum logarithmic Sobolev inequalities (introduced later),
the quantum Fisher information of p with respect to the state o, first defined
in [25], is particularly useful:

() .= § ~Tr(Lu(p)(logp —logo)), peDi(H)

o—(P) = .

~+o00, otherwise.

This quantity is also referred to as entropy production and denoted by EP,
in the literature. We will use both notations in what follows. The following

theorem provides a structure for the generators of primitive QMS satisfying
the detailed balance condition:

Theorem 1 ([1,7]). Let 0 € Dy (H), and let (A¢)i>0 be a quantum Markov
semigroup on B(H). Suppose that the generator L of (Ay)i>0 satisfies the
detailed balance condition with respect to a full-rank invariant state o. Then
there exists an index set J of cardinality |J| < d? — 1, where d = dim(H),
such that L takes the following form for any f € B(H):

£(f) =Y e (e 2L, L] + e[y, f117) (2.3)
JjeET
where w; € R and ¢; > 0 for all j € J, and {Ej}jej is a set of operators in
B(H) with the properties:
1. ﬁ(ﬁ)ﬁ(ijﬂk) =0y, forallj ke J
Tr(L;) =0 foralljeJ
{Ljtjeq = {Lj}jes
{L;}jeq consists of eigenvectors of the modular operator A, : f — pfp~
with

1

Ll O

Ao(i]‘) = e_“-fij.
Finally for each j € J

¢ =c¢j, and wj = —wj when f/; = L. (2.4)
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Conversely, given any faithful (full-rank) state o, any set {I/j}jej satisfying
the above four conditions for some {wj}jes C R and any set {c;}cs of
positive numbers satisfying the symmetry condition (2.4), the operator L given
by Eq. (2.3) is the generator of a quantum Markov semigroup (Ay)i>0 which
satisfies the detailed balance condition.

2.3. The Wasserstein Distance W5 o

In this section, we recall the construction of the Wasserstein metric Wy , first
defined in [7]. Assume given a generator £ of a primitive QMS, with invariant
state o, of the form of (2.3). Given an operator X € B(H), its non-commutative
gradient is defined as:

VX := (81X7...,an), XGB(H>7
where 0; X = [I~/]—, X]forall j € 7. Similarly, given a vector A = (A1,..., A7)
€ @,cs B(H), the divergence of A is defined as

div(A) = Y c;[4;, L3 = =) ;05 A;,

JjeET JjeT
where 97 X := [ZJ*-,X]. For & := (w1,...,w|7|), define the linear operator [p]s
on P, s B(H) through
[p]t:)A = ([p]wlAlv EERR [p]w‘J|A|J|)7 A= (Ala s 7A|J|)7
where for any w € R,
t—e™v
- - w/2
[plo =Ry o fu(Dy), fult) =e logt 1w’

where R, : B(H) — B(H) denotes the operator of left multiplication by p.
Intuitively, [p]. can be understood as a non-commutative way of multiplying

by p:

eR, (2.5)

Lemma 1 (see Lemma 5.8 of [7]). For any w € R, and p € D1 (H),
1
[p}w(A)=/ U279 p* Ap! =2 ds.
0

Let (7(8))se(—c,c) be a differential path in D, (H) for some € > 0 and
denote p := v(0). Then Tr(§(0)) = oo Ir(7(s)) = 0. Carlen and Maas
proved that there is a unique vector field V € @, ; B(H) of the form V =
VU, where U € B(H) is traceless and self-adjoint, for which the following

non-commutative continuity equation holds:

4(0) = — div(la VD). (26)
Define the inner product (.,.)z,, on ;¢ B(H) through:
(W, V)= ;W [plu, Vi), (2.7)
JjET

where (A, B) := Tr(A*B) denotes the usual Hilbert-Schmidt inner product
on B(H). Hence, looking upon D4 (H) as a manifold, for each p € D, (H), we
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can identify the tangent space T}, at p with the set of gradient vector fields
{VU : U € B(H), U = U*} through the correspondence provided by the
continuity equation (2.6). Defining the metric g, through the relation

O35, = IVO)IZ, (2.8)

this endows the manifold D4 (H) with a smooth Riemannian structure. In
this framework, Carlen and Maas then defined the modified non-commutative
Wasserstein distance Wy o to be the energy associated with the metric g,
ie.:

1
Wac(p,0) = inf { (/0 IIV(S)IIi,ws)dS)

where the infimum is taken over smooth paths v : [0,1] — D, (H), and V :
[0,1] — ;.7 B(H) is related to  through the continuity equation (2.6). The
paths achieving the infimum, if they exist, are the minimizing geodesics with
respect to the metric g.. The following lemma, proved in [24], follows from a
standard argument:

1/2

17(0) = p,y(1) = 0} , (29)

Lemma 2. With the above notations, the Wasserstein distance between two
faithful states p, o is equal to the minimal length over the smooth paths joining
pand o:

Wor(po)=  inf {/ 560l 55 2(0) = . 2(1) =0}

v(s) const. speed
(2.10)

where the infimum is taken over curves v of constant speed, i.e. such that
s+ [19(8)llgz ., @ constant on [0,1].

This definition for the quantum Wasserstein distance, W5 £, is natural in the
sense that the master equation

pt = ‘C*pta

is gradient flow for D(.||0), where o is the invariant state associated with
L. This means that L.p = —grad, D(p||o), where the gradient grad, of a
differentiable functional F : D1 (H) — R is defined as the unique element in
the tangent space at p so that

d

@O =gc,(3 grad,,  F(p)) (2.11)

t=0

for all smooth paths ~(¢) defined on (—¢,¢) for some € > 0 with v(0) = p. In
particular, for v(t) = pr = Aut(p),

= —92.0(Ls(p), L+(p)) = ~ 1L (P)l5,.,- (2.12)

The following lemma is going to play a crucial role in the rest of this paper:
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Lemma 3. For any p € Dy(H), the map Dy(p) : U — —div([p]azVU) is
invertible and positive in the sense of Loewner order on the Hilbert space of
self-adjoint, traceless operators. Moreover, if p > el for some € > 0, then:

Dz(p) ™' < Kp e tid,

where K = sup,c 7 WH(— divoV(.)) a2 > 0.

e

Proof. Let W be the space of self-adjoint, traceless operators on H. From
Theorem 7.3 of [7], for any C' path (y(t))se(—c.c), with ¥(0) = p, there exists
a unique vector field of the form VU for which the continuity equation 4(0) =
—div([p]z(VU)) holds. Moreover, by ergodicity of (A;)i>0, ker(V) consists of
multiples of the identity. Therefore, there exists a unique U € W such that
4(0) = —div([p]z(VU)). Now, for any U,V € W:

(U, Ds(p)[V]) = Y ¢;(0;U, [plu, 0; V)

JjET

= ci{lple, 05U, 0;V)
jeJ

=Y (05 ([plw; ;U), V)
JjET

= —({div([p]aVU), V)

= (Ds(p)[U], V),

which means that Dg(p) is indeed self-adjoint. By the same argument, we can
show that the superoperators V : B(H) — @,c7B(H) and —div : &,e 7 B(H) —
B(H) are adjoint to each other, where B(H) and @;cs7B(H) are provided
with the inner products (.,.) and Zjej ¢; (., .), respectively. Indeed for any
UeB(H)and V = (V7,.. .,V|j|) € ®jesB(H):

> eilVi 5U) = 3 ¢ Tr((Vy)*[Ly, U))
JjET €T

=Y TV, Lj]U)

JjegJ
==Y ¢ Te([V;, L3]*U)
€T
= (—div(V),U).
Assume now that p > el for some € > 0, so that for any j € J:

1 w;i/2 _ a—wji/2
Plw, = / ewj(l/z_“)LgR;_“da > 27 idso.
0 wj
Hence, — divo[p] o V(.) is positive and
(—divo[p]z o V()" < e lsup e

_ | — 3 71
SUp e—‘”J'/2( divoV(.))™ ",

and the result follows. O
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The above lemma allows us to extend the definition of the Wasserstein distance
to non-faithful states:

Proposition 1 (Extension of the metric to D(H)). Let p,w € D(H) and let
{pntnen and {wy,}nen be sequences of faithful states satisfying

Tr[(p — pn)?] — 0, Tr[(w —wyn)?] — 0, (2.13)

as n — o0o0. Then the sequence {Wa r(pn,wn)}nen converges. Moreover, the
limit does not depend on the choice of the approzimating sequences {pn}nen

and {wn}n€N~

Proof. The proof is similar to the one given in Proposition 4.5 of [6]. It is
enough to show that {Ws £ (pn, wn) }nen is Cauchy. By the triangle inequality,
it is even enough to prove that Wa £ (pn, pm) — 0 as m,n — oco. Let € € (0,1)
and set p := (1—¢)p+e’. Let N € N be such that for any n > N, Tr[(p—pn)?] <
€2, For n > N, consider the convex interpolation 7(s) := (1 — s)p, + sp. Since
~v(s) > 68% for s € [0, 1], we find from Eq. 2.10 that

Waclons ) < [ 156 ae

- [ s awopo)z o 9 Gl
0 |jes

1

2

/ VEE) a0 T A6)ds

<\ /0 2 TR ) s,

where we used Lemma 3 in the second, third and fourth lines above. Now
Tr[(3(5))%] = Tel(p — pu +e(I/d — p))?]
< 2Tx[(p — pu)?] + 26 Te[(I/d — p)?]
<2(1+ Tx[(I/d — p)?]) €
Hence, Wa £ (pn,p) < VK (L, p)e, for some constant K (L, p) depending on p

and L. Since ¢ is arbitrary, we conclude by triangle inequality that Wa £ (pm, pn)
< WQ,E(Pma ,5) + W2,/$(ﬁa ,Dn) — 0. L

The above proposition justifies the following definition: The modified Wasser-
stein distance Ws  between two states p, w € D(H) is defined as

War(p,w) = lim W £(pn,wn),
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where {pn}tnen and {wy}nen are arbitrary sequences in Dy (H) satisfying
(2.13). It can be shown that (D(H),Ws ) forms a complete metric space
as follows:

Lemma 4. For any p,w € D(H),
1/2

lo—wlh <23 e+ e LI | Werlpw).
JjeT

Proof. The proof follows from a direct application of inequality (2.39) of
Lemma 6 of [24]: for any X € B, (H):

| Tr(X (p — w))| <V [ X ipWa,c(p,w),

where
1/2
0y o= | 5 0 eslemr/? 4 69/2) 10, X2,
JjeT o
é% gcj<e*wj/2+ew2>||ij||§o 1X .

The result follows from the duality relation between the norms ||.||» and
[H/Fe O

Proposition 2. The metric space (D(H), Wa z) is complete.

Proof. This directly follows from Lemma 4 and Proposition 1: assume that
{pn}tnen is a Cauchy sequence in (D(H), Wa z), that is Wa £(pn, pm) — 0 as
m,n — oo. Then, by Lemma 4, {p, }nen is also Cauchy with respect to the
trace norm ||.||;. By completeness of the normed vector space (B(H),|.]1),
this implies existence of po, € B(H) such that ||pn, — polli — 0 as n — oo.
Moreover, ps € D(H): indeed, for any ¢ € (H,{.|.)),

(Y]poct) = (¥|(poo — pn)¥) + (] pn V),

which ixuplies the positivity of poe, sice [{9](pos—pn) )| < llo00—pll (015} —
0 as n — oo, and (¥|p,1) > 0 for all n. Moreover

| Tr(pn — poo)| < [lon = pocllt — 0, 1 — oo,
which implies Tr po, = 1. We conclude that Wa £ (pn, Poo) = Wa.£(poo, Poo) =
0 by Proposition 1. O
2.4. Quantum Functional and Transportation Cost Inequalities
A primitive QMS (A4);>0 with unique invariant state o is said to satisfy:

1. a Poincaré inequality with constant A > 0, if for all f € Bs,(H) with
Tr(of) =0,

AVar, (/) < — Te(o FL(F)), (PI(V)
where Var, (f) := Tr(cf?) — Tr(o f)?.
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2. a modified logarithmic Sobolev inequality with constant a; > 0 if for all
pEe D+ (H)v
901 D(pl|o) < EPo(p) = 1 (p). (MLSI(ay))

3. a transportation cost inequality of order 2 with constant co > 0 if for all
pe D-‘r (H),

W, c(p,0) < \/2c2D(pl|o). (TCz(c2))
4. MLSI4+TC5(c) inequality with constant ¢ > 0 if for all p € Dy (H),

Wa r£(p,0) < eI, (p). (MLST+TCq(c))

That (MLSI(ay)) implies (TCz(cg)) for co = a; ' was proved in [24]. Hence,
the following corollary easily follows:

Corollary 1. Assume that (Ay)i>o satisfies (MLSI(ov)) for some ay > 0. Then
it also satisfies (MLSI+TCxy(c)) with ¢ = ajt.

3. Quantum Ricci Lower Bound and x-Displacement Convexity

In their celebrated paper [3] (see also [2]), Bakry and Emery found an elegant
criterion which implies the logarithmic Sobolev inequality in the setting of dif-
fusions. In this case of Markov semigroups defined on a Riemannian manifold
M, this criterion, called the Ricci lower bound, which is a special case of the
Bakry—Emery condition, was shown later on to be equivalent to the so-called
k-displacement convexity of the relative entropy along geodesics in the Wasser-
stein space of probability measures on M in [26]. This notion of x-displacement
convexity was extended to the framework of (necessarily non-diffusive) finite
Markov chains by Maas in [19]. Carlen and Maas generalized this notion to
the quantum regime in [7] and proved that it implies the modified logarith-
mic Sobolev inequality as well as the contractivity of the Wasserstein metric
under the flow associated with the underlying quantum semigroup (A;);>o. In
their previous article [6], the same authors had already studied this quantum
extension of the notion of k-displacement convexity in the particular case of
the fermionic Fokker—Planck equation. In this section, we provide a system-
atic analysis of the x-displacement convexity, including a study of the geodesic
equations on the Riemannian manifold (D4 (H), gr).

3.1. Geodesic Equations

Similarly to Theorem 2.4 of [12], Carlen and Maas provided in [7] the set of
faithful states D4 (H) with a Riemannian structure with associated Riemann-
ian distance given by Wy o. Therefore, the local existence and uniqueness of
constant speed geodesics is guaranteed by standard Riemannian geometry. We
first recall that a constant speed geodesic ((s), U(s))se[o,1], where U is related
to v through Eq. (2.6), satisfies a Euler-Lagrange equation that we derive in
Theorem 2. This result is a direct generalization of Theorem 5.3 in [6]. We
start by recalling the abstract framework. Let (V, (.,.)) be a finite-dimensional
real Hilbert space. Let W C V be a subspace of V, and z € V\W. Consider
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the affine subspace W, := z + W, and let M C W, be a relatively open sub-
set. Let D : M — B(W) be a smooth function such that D(x) is self-adjoint
and invertible for all z € M. We shall write C(z) := D(z)~!. Consider the
Lagrangian L : Wx M — R defined by L(p, z) = (C(x)p, p) and the associated
minimization problem:

1
inf Lu't,utdt:quuo,ulzul),
et ([ B w0) =, wi)
where ug,u; € M are given boundary values. Then, the Euler-Lagrange equa-
tions are equivalent to the following system of equations:

W/ (t) — D(u(t))u(t) =0,
() + 50 Du(®)o(0), v(1)) = 0.

Here, we apply this abstract result to the case where V = B, (H), with inner
product (., .) the usual Hilbert—Schmidt inner product, W = {A € V: Tr(4) =
0}, z :=I/dim(H), and M = D, (H). Indeed, any density operator p can be
written as p = I/dimH + K, for some self-adjoint and traceless operator
K. For any p € D4 (H), we already proved in Lemma 3 that Dg(p) : U —
—div([p]z VU) is invertible and self-adjoint. Now we use the following identity
(see [6] p. 21):

(3.1)

B
p
A dgd 2
d —o // l—s]I—|—sp (1—8)I+sp pds (3:2)

for any 0 < a <1, p€ Do (H) and A € W. Hence for all A,U € W,

Dt tawv) -

tA)"
t(p+

> (0,0, [p + tA], 0;U)
t=0 jeg

1
00, [ e
t=0 je 7 0

0,U(p+ tA)*)da
_ (A,VU., VU, (3.3)

t=0

4
dt

where for two vectors f/l, f/g in @ B(H),

Vl pv2 = ch/ / 5(1/2=a) Xj(‘_}la‘_/;*apvaas)

JjeT
+ Xj(Vl*a Vo, p,1— a, s))dads, (3.4)
where
L. @ P P’
Xj(Vl,V%p,ms) = /0 m(%)y (V2) md

Therefore, in our context the Euler-Lagrange equations (3.1) reduce to the
following:
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Theorem 2. The geodesic equations in the Riemannian manifold (D4 (H), Wa, )
are given by

Lo (s) + v ()= VU () =0,

W (3.5)

ds

3.2. Different Formulations of Quantum k-Displacement Convexity

1
+ §VU(S).7(S)VU(S) =0.

In analogy with [12], we say that a primitive quantum Markov semigroup
(Ay)i>0 with associated invariant state o and generator £ of the form of
Eq. (2.3) has Ricci curvature bounded from below by a constant k£ € R if
the following inequality holds:

d? 2 :

12 S_OD(V(S)HU) = £l 0)l5, - (Ric(£) = k)

where (7(s), U(8))se(—c,e) is the unique solution to the geodesic equation
(3.5) such that D4 (H) 3 p :=v(0) and U(0) = U. We also refer to the above
inequality as the quantum Ricci lower bound. Theorem 2 is useful to derive
an expression for the second derivative of the relative entropy D(y(s)||o) with
respect to s, where (7(s))se(—c,¢) is a constant speed geodesic with associated
tangent vector VU (s) at each s. We already know from the gradient flow
equation (2.12) that

LDG(s)lo)
= —0r.~(s) (’7<S>7 L, ('7(3)))

= > ¢(0U(s), [y(5)]u; 05 (log 7(s) — log o))
JjeTJ
= {00 (s), [(5)]u, (Ly log(e™1/2y(s)) — log(e*/*1(s)) L)),
JjeET
where the second line comes from Theorem 5.10 in [7], and the last identity
comes from Lemma 5.9 of [7]. Now by identity (5.6) of the same paper,

[7(8)]w, (L log(e™7/25(s)) — log(e“//?y(s))L;) = e /> Lj(s) — e*1/?y(s)L;,

so that we finally get

d D(y(s)llo) = Y ¢j{0;U(s),e™ /2Ly (s) — */24(s)Ly).

ds ;
jeT

Differentiating once more, we get:
d? d
00| =Y {@ LU
§= JjeT

(00,72 L3(0) = e*/25(0) L) } (3.6)

e 2Lip—e/pLy)
s=0
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We first take care of the second line of Eq. (3.6). Using Theorem 2 as well as
Eq. (2.3), we find

(0;U,e™%i/2[;4(0) — e“3/25(0) L)
—(0;U,e=%i/2L; div([p]s VU) — e~/ div([p]s VU)L;)
—(0;U0,e™%L; > eil[pluy, 06U, Li) — €/2 > " i l[plu, kU, L)L)

keJ keJg
= 3 e (T O, [l O6U) — 52 (0u(O,U L), [0l 01U )
keJ
=3 alon (e—wa-/%;ajU _ ewa'/ZajUi;) [P U
keJ
Hence by (2.3),
> (05U, e 2 Li4(0) — e/ 24( ch (LU, [p]w, rU)
JjeT
L)LV, 31

By (3.5), the first line of (3.6) is equal to
- ch (VU.,VU),e%i/?pL; —e™%i/2L;p)
jEJ

1 Tx T wj —wj Tx T
=5 > ¢ (VU., VU, (L}, pL;les/* — e “/2[L L;pl)
JjET

_ %WU.,)VU, L.(0), (3.9)

where we used that, replacing L; by i;‘ so that w; — —w; and ¢; — c¢;,

L.(p) =) ¢ (e‘”/z[i}% Ly + e i/?[L;, pi;])

JjeTJ
= > (e 2L, L] + 0[5 L] )
JjET
Hence, using (3.7) and (3.8), (3.6) reduces to
d? 1
32 P0G)o)) =5 {(VU.,VU,Lu(p)) = (VLU), VU)c,p. (3.9)
s=0

One can compare this expression with the one derived in Proposition 4.3 of
[12]. To make this analogy more clear, we denote the quantity on the right-hand
side of Eq. (3.9) by B(p,U) so that

d2

SDOG)0)| = Bp,U). (310)
8 s=0

The following lemma extends Lemma 4.6 of [12] to the quantum regime, as
well as part of the proof of Proposition 5.11 of [6], and is proven to be useful

in what follows:
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Lemma 5. Let (7(s))sejo,1] be a smooth curve in Dy (H). For each t > 0, set

Y(s,t) = Aust(v(8)), and let (U(s,t))sejo,1) be a smooth curve satisfying the
continuity equation

0s(7v(s,t)) + div([y(s, )]s VU(s,t)) =0, s €[0,1]. (3.11)
Therefore,

1
5Oll0 (5,05, ..., + s D(r(s:B)l0) = =sB(1(s,1), U(s,t).

Proof. Start by noticing that
8.D(1(s,8)]lo) = B, Tr(x(s,£) (log (s, ) — log 7))
= Tr(9sv(s, t)(log (s, t) — log 7))
— — Tr((log (s, £) — log o) div([y(s, )]aVU (5,1)))
—(log(s, t) —log o, div([y(s, 1)]a VU (s,1)))
— =37 5o 1(5,) — log 15, )y (U 5, £)), L))
JET

= Z C_] IOg’Y s t) log 0')7 [7(53 t)]wj (6JU(53 t))>
JjET

= Z i (| 0;(logv(s,t) —logo)),0;U(s,t))
jeT

= > (07 [v(5, 1)), (0 (log Y(s, 1) — log 0)), U (s, )
JjeT
= _<E*(’7(Sa t))’ U(57 t)>,

where in the third line we used (3.11), in the last line we used Theorem 5.10
of [7], and in the second line we used that

Tr(r(,£)0s log (s, £)) =T <7<S’t)88 /O°° ( +1u)ﬂ TG 5 Tl d“)
1

o 1
—TYW(Sat)/O m@’ﬂ&ﬂm du
= Tr0s7(s,t)
=0.

Moreover, by definition of the metric g, through Egs. (2.8) and (2.7),

1
§8t||as'y(sv t) .

Hgﬁ,'y(s.t)
= 200D e {OU(5,), s, 1], DU s, 1)
JjET
=3 (00,0 (s,1)). [y (5, D], U (5,1))
JjeET

+ 50,0050, 01501, (5. 0)). (312
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From (3.3),
> e 03U (5. ), 0[5, 1)), )O3 U (s5,)
JjET
= (0ry(5,1), VU (5,1).(s,) VU (5, 1))
— (L (1(5,8)), VU (8, 8)ur 0y VU (5,). (3.13)
Moreover,

> (00U (5,8)), [y (s, D), ;U (5, 1))
jedJ

= - Z Cj <atU(Sv t)v [['7(37t)]wj (ajU(Sﬂ t))7 E;D

JjET

= —(0:U(s,1),div([v(s,1)]a(VU(s,1))))
<8tU(s7t)785'7(87t)>
= at(<U(57t)’887(57t)>) - <U(3 t) a at’}/(s t)>
= 0,)|0sy(s, )2 —(U(s,t),0s07(s, 1))

(

ng: ~(s,t)
— o (s OI2, .~ U(s.0,0.(L.(s,0)),  (3.14)

where we used once again (3.11) in the third and fifth lines above. Therefore,
using (3.13) and (3.14), the right-hand side of (3.12) reduces to

G = (U(s:1),05(sLe(v(s,1))))

- %s(ﬁ*(v(s,t)), VU (8,1 (6.0y VU (5, 1)).

atllaw(s Ol

Hence,
L0005, )12, . +3:D(1(s, 1))
= s(U(s,t), Li0s(v(s,1))) — %s(ﬁ*fy(s,t), VU(8,t)(s,)VU(5,1))
= —s(L(U(s,1)),div([7(s, )]s VU (s,1)))
- % (Lev(5,1), VU(8,1).y(s,) VU (5, 1))
= S<V‘C(U(Sa t))a VU(Sa t)>£,'y(s,t)
— 35L(1(5,1)), VU (5,0)y0 VU 5,1)
= _53(7(57 t), U(87 t))7
which is what needed to be proved. ]

Theorem 3. Let L be the generator of an ergodic QMS (Ay)i>0, with unique
invariant state o, of the form of Eq. 2.3). Then, for k € R, the following are
equivalent:

(i) Ric(L) > &
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(ii) For all p € D4 (H), and U € W, the space of self-adjoint, traceless oper-
ators on H,

B(p,U) =2 k|VU|Z,,.
(iil) For all p,w € Dy (H) and all t > 0, writing p: := Aut(p):
1d
5 d@l,.
(iv) Equation (3.15) holds for any p,w € D(H).
(v) k-displacement convexity of the relative entropy: given any constant speed
geodesic (v(s))sepo,1) in D(H),
D(y(s)llo) < (1 = 5)D(v(0)[lo) + sD(y(1)l|o) — gS(l — 8)Wa,c(7(0),7(1))%
(3.16)

(Wa.e(pr )’ + 5 Wae(prsw)* < Do) = Dipilo).  (3.15)

Proof. The proof is inspired by the one of Theorem 4.5 of [12]. That (i) < (i4)
follows from Eq. (3.10). We use Lemma 5 to show that (i4) = (4ii): Take a
smooth path (v(s), U(s))seo,1] such that v(0) = w, 7(1) = p and

1
[ 1612, a5 < Waclp.w? + (3.17)
; ,
With the notations of Lemma 5,
1 S
50 (e 10:7(s, D2, .., ) + B (2 D(3(5, Dl|o)) < 26te>** D(y(s, 1) o).

Integrating with respect to ¢t € [0, h], for some h > 0, and s € [0, 1],

1 ! KS
= / (=0 (s. W2, ., =~ 105 0)2, ., ) ds (3.18)
h
+ [ @ D6 0.010) - DO 0.0]0) dr
1 h
<2k ds/ dt te***D(y(s,t)||o). (3.19)
0 0

The following inequality, for which a classical equivalent is given in the proof
of Theorem 4.5 of [12], can be derived similarly to Lemma 5.1 of [9]:

9c,~(s,h) 7

1
m(kh) Wz (pn,w)? < / 259 (s, W2, ds (3.20)
0

where m(x) := xe®/sinh(z). Indeed, define f : s s e2"sh

and denote Ly :=
fol ﬁds. Then, let ¢ : [0,1] — [0,1] be the smooth increasing map defined
as g(s) = L;l f; ﬁdu and denote its inverse k such that k'(g(s)) = L f(s).
Then define the reparametrized curve (y(k(r), h), &'(r) U(k(r), h))ref0,1] Wwhich

satisfies the continuity equation:
Ory(k(r), h) = K'(r)01y(k(r), h)
= —k'(r) div([y(k(r), )]s VU (k(r), b)),
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where we used Eq. (3.11) in order to establish the second line. This curve
satisfies y(k(0), h) = w and (k(1), h) = pp, so that

Wa,c(on,w / 10, I, o dr
- / (PR IFU ) W2 ey T
1
- / K (0() 90 (5, D)2 oy s

— L / KOs DI, . ds

which directly leads to (3.20). This inequality, together with (3.17), implies

m(hk)
2

1 ! 2ksh
<5 [ oIk, .0 / )2, ds

h
+ [ e Daulo) dt ~ hD (o)
0

1k
< 2&/ / te®*t D(~(s,t)||o) dt ds.
0o Jo

where, in the first inequality, we also used the monotonicity of the relative
entropy so that D(pp||o) = D(pn||Axno) < D(pt]|Awto) = D(pt]|o), and in the
second one that for all ¢ > 0, v(1,t) = p;, 7(0,t) = w, as well as (3.19). Since
for all s € [0,1], t — D(v(s,t)||lo) is bounded,

lim — / / te?* ' D(v(s,t)||o)dt ds = 0.

h—0 h

h
Woc (o) — 5 Wac(p,w)’ — <+ / etdt D(pylo) — hD(wljo)

Moreover,

. 1 h 2kt
1glh< | e D(phna)w(wno))

Since € > 0 is arbitrary, we arrive at

d m(kh
2 U s, (ns)? ) + Dipllo) ~ Dlwlio) <0.

dh,_o+ 2
The result for ¢ = 0 follows from the fact that the first term in the left-hand
side above is equal to gWg’c(ph,w)Q —&—% % heo+ Wa. £ (pn,w)?. The case t >0
directly follows from the case t = 0.
(7it) = (iv) follows from Theorem 3.3 of [9] together with the fact that
(D(H), W2, ) is complete (cf. Proposition 2).
(iv) = (v) follows directly from Theorem 3.2 of [9)].
(v) = (i) can easily be proved as follows: let 0 < € < &, and without loss of gen-
erality, let v : (—¢’,&’) — D4 (H) be speed 1 geodesic, and that v(0) = p. Then,

D(pllo) = D(wllo)




Vol. 21 (2020) Relating Relative Entropy, Optimal Transport and Fisher 2135

construct the following constant speed geodesic 7 : [0, 1] — Dy (H) as follows:
for any s € [0, 1], 4(s) := y(2es—¢). It then follows that W2 »(5(0),5(1)) = 2e.
Moreover, by applying (3.16) to 4, we find, after a suitable rearrangement of
the terms:

D((e)llo) = 2D(pllo) + D(v(=e)llo)

The result follows after taking the limit € — 0. g

3.3. Other Equivalent Formulations of Displacement Convexity

Here, we provide other characterizations of the Ricci curvature lower bound in
terms of some contraction properties of the Wasserstein metric along the semi-
group (P¢)>0. In the next theorem, the characterization of displacement con-
vexity in terms of gradient estimates can be interpreted as a non-commutative
version of Bakry-Emery’s original gradient bound (see Theorem 4.7.2 of [4]):
in particular they showed that the Ricci curvature lower bound is equivalent
to the following pointwise inequality for smooth enough functions:

L(P(f), Po(f)) < e > P(I(f, ), (3.21)

where I" stands for the carré du champ operator:
I'(f,9):==V/[f.Vy.

Proposition 3 (Gradient estimate). Ric(L) > & is equivalent to the following
gradient estimate: for any p € D1 (H), any U € Bso(H) with Tr(U) = 0, and
allt > 0:

IVAUDIZ, < e > IVUIIZ A, (3:22)
Proof. Define for u € [0,t] py = Asw(p) and U, = A, (U). Then,

B(s) i= VU2, = e ¢(0,(Un), [puluy 0, (UiL)).
JjET
Then, ¢(0) = |[VU;|7Z,, and &(t) = e=***||VU||Z ,,. It is then enough to prove
that @ has non-negative derivative to prove the claim. But:
—zKkS 1 a
@(s) = 27 [ = K| VUL, + 552 VU2,
_ 9e—2ns [ — K VU7, + D ¢i(050:Uss, [ps]e, ;U —s)
JjET
1
+ by Z Cj <ajUtfsa 85([p5]wj)ajUt*5>:|
JjeT
= 2072 = B VU2, — (VL) VUi 2.,

1
+ 5(£4(0), VUisop, VU-)]

— Qe 2ks |: — KHVUt*S”%,pS + B(ps, Ut,s)]
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where we used Eq. (3.3) in the second line. We conclude by a use of (ii) of
Theorem 3. For the reverse implication, assume that Eq. (3.22) holds. Then,

0< e |VU|Z,, — IV (AD)IZ,
= (" = |VU|Z,, +e > (IVUIZ,, ~ IVUIZ,)
—IVA(O)IZ, +IVUIZ,-

By dividing by t and letting ¢ — 0, we once again obtain that 7H||VU||%,/) +
B(p,U) > 0. O

In the commutative diffusive setting, the Ricci curvature lower bound is
also known to be equivalent to the contraction of the Wasserstein distance
along the semigroup (P;);>o (see Theorem 9.7.2 of [4]):

Wo (P (v), P (V) < e "Wy (v, ).

This still holds true in the non-commutative, finite-dimensional setting:

Proposition 4. For any k € R, Ric(L) > k is equivalent to the contraction of
the Wasserstein distance along the flow generated by (A¢)i>o: for any p,w €
D, (H)

Wo,e (Aea(p), Ave (@) < e Wa2(pyw). (3.23)

Proof. The direct implication follows from Proposition 3.1 of [9] and Theorem
3(iii). The reverse implication is proved as in inequality (2.12) of [9], using
the smooth Riemannian structure provided by (D4 (H),Ws, ) in the finite-
dimensional case. 0

In the commutative diffusive setting, the contraction of (3.21) is actually
known to be equivalent to its “square root” version, usually referred to as the
strong gradient bound:

L(P(f), Pi(f) < e ™ P (VI (f. [))- (3.24)

The proof of (3.24)=(3.21) follows by a simple use of Jensen’s inequality,
the converse being the content of Theorem 3.3.18 of [4]. The advantage of
this formulation arises from the fact that some canonical semigroups (e.g. the
quantum Ornstein—Uhlenbeck semigroup on R™) saturate the inequality, or
equivalently:

(L, V] = kV.

Therefore, the Ricci lower bound is equivalent to comparing the commu-
tation of a semigroup with the gradient to the one of a canonical semigroup. A
similar reasoning recently lead [13] to formulate a Bakrny/)mery condition for
birth and death processes on N in terms of a comparison to the Poisson pro-
cess. Going back to our non-commutative setting, [7] showed that the quantum
Ornstein—Uhlenbeck semigroup, as well as its fermionic version on the Clifford
algebra, does satisfy such a commutation relation. They used this fact to derive
the modified logarithmic Sobolev constant for these QMS via the contraction
(3.23). In the next proposition, we recall their argument:
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Proposition 5. Assume that the following equalities hold: there exists Kk € R
such that, for any j € J and any t > 0,

Gj o At = ef’itAt o 8]- . (325)
Then, Ric(L) > k holds.

Proof. From Proposition 4, it is enough to prove that (3.23) holds. Assume that
(7(s))sejo,1] is a minimal geodesic relating p to o and denote by (A(s))se[0,1]
the unique solution of the continuity equation

A(s) = div A(s).

By duality, Eq. (3.25) implies that A;.(s) = e~ div /Kt*A(s), where j_it*A =
(AriAj)jes. Then, denoting (s, t) := Ap(y(s)),

o5y V(5,1 3(5,8)) = €72 Y (Pur(A;(5)), [v(s, )]0} (Pre(A5(5))))
JjET
o2kt Z 1A ( ))>
JjeJ
= e_2ntg/$,'y(s) (’7(8)7 '7(5)) )
where the inequality arises from the property of monotonicity of Fisher infor-

mation metrics (cf. [17]). The result follows after taking the integral over the
geodesic path. O

3.4. Example: The Quantum Depolarizing Semigroup

In this section, we derive a Ricci curvature lower bound on perhaps the sim-
plest possible QMS: the depolarizing semigroup: define (A?ep)tzo on B(C?) as
follows,

AJP(X) = e X 4+ (1 — e_t)é Tr(X)1.

Theorem 4. The quantum depolarizing semigroup (Afep)tzo satisfies Ric(L£P)
> 1
- 2 .

Proof. In the Schrodinger picture, the generator L3P can be written as

I
L£3P(p) = 5 Tr(p) dzZ UjpUj—p), p € D(CY,

where the operators U; can be chosen to be self-adjoint (e.g. generalized Pauli

matrices [32]). In this case, ¢; = 573, Lj=Ujand w; =0,j =1,...,d> Now,
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given a vector V = (Vi,...,Vaz) € D; B(C?) and p € D, (CY),

<‘7, V)[:dep’ P = 5

\
Do
R =
[\)
S—
>
=2
5
he)
w
Q<
R
-
V)
S~—
o,
»

Now, given U € B,,(C%) and p € D, (C?), the following holds:

vU.,NVU

a—p3

- la P

N 2d22/// 1—8H+Sp8 aU( —S)H—&-spdﬂdea
11—« 1(16

/// lszJr anan( ST dﬁdsda,

where we used that, since U; = U, (VU)* = —VU. Then:

1
(VU VU, L3P (p))

1 1 @ I
=—— dsda / Tr<—p)
), e [ (G

La»Uplfaa'ULd
(1—s)+sp ’ 7T (1= s+ sp

11—« ]I pﬁ pl—(x—ﬁ
+ Tr| - — — ;U p 0, U———df ;.
/0 (d p) (1—s)+sp ’ P (1 =38+ sp 5}
By cyclicity of the trace, and since fol mds = p~ !, forgetting about

the positive contributions coming from the terms in d~'I, the above expression
can be lower bounded as follows:

L(VUL VU, £29(p))

[ [ oo

-«
+/ Tr(pﬂajUpo‘ﬁjUpl_o‘_*B)dﬁ} da
0
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1 &t
= iF Z/o {aTr(0;Up" = *0;Up®) + (1 — @) Tr(9;U p*0;Up" ™)} da
j=1

d? 1
1 § —a
=1

On the other hand,
d2
1 ! I -
(VLIP(U), VU) paen, , = °F Z/O Tr {aj (d Tr(U) — U> p° ajUpls} ds
j=1

d? 1
1 —s
= o E / Te[9;U p*0;U p'~*]ds
j=1"0

Therefore,

d? 1
1 . 1
BU) =~ X [ TV »00 00 1ds = SIVU
j=1

and the result follows. O

Remark 1. This result was independently found in [8].

4. A Quantum HWI Inequality

In [7] it was proved that, in the case when x > 0, Ric(£) > & implies MLSI(a;)
for k = «ay. This is, for example, the case of the classical and quantum
Ornstein—Uhlenbeck processes. Here, we study the case of k € R. In [12],
the authors proved that, in the classical discrete framework, Ric(L£) > & for
k € R implies an HWI-like inequality (see Theorem 7.3). Here, we provide a
quantum generalization of their result.

Theorem 5. Assume that Ric(L) > k, for some k € R. Then L satisfies the
following inequality

Vp € Di(H), D(pllo) < Wa.c(p,o)v1s(p) — *ch p,o)?. (HWI(k))

Proof. By Theorem 3, for any p,w € D1 (H)

Ld
2 dt

K
Wa,c(p,w)® + 5 Wa,c(p,w)* < D(wllo) = D(pllo).

t=0+
Taking w := o, this implies that

1d

D < —
(bllo) < —5 %

K
Wa,z(pillo)? — §W2,£(P7 0)% (4.1)

t=0*
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Then,
LA o) = liminf L (Wa £(p,0)2 — Waz(pe,0)?)
9 dt ot 2,£\Pt, —am o 2,£\pP, 2,L(Ps)

. 1
< lim sup ?(WZE (pa ps)Q + 2W2,£ (p7 ps)W2,£ (p87 U))

s—0t s

, 1
< limsup s £ (p, ps)? + War(p,o)V/Is(p)

s—0t
=Wa,c(p,0)V1s(p).

where the second inequality follows from Lemma 7 of [24]. The result follows
from inserting this back into (4.1). O

In the case when k > 0, we recover the result of [7]:

Corollary 2 (Quantum Bakry Emery theorem). Assume that Ric(£) > &, for
some K > 0. Then L satisfies MLSI(k).

Proof. By Theorem 5, £ satisfies HWI(x). MLSI(x) follows from an application
of Young’s inequality:

1
zy < cx? + 4—y2, Vz,y e R,e >0, (4.2)
c
in which we set x = W5 £(p,0), y = \/Is(p), and ¢ = §. 0

In the case Ric(L) > & for k € R, HWI(k) still implies a modified log-Sobolev
inequality under the further condition that a transportation cost inequality
holds. This is a direct quantum generalization of Theorem 7.8 of [12] (see also
Corollary 3.1 of [23])

Corollary 3. Assume that Ric(L) > K, k € R, and that TCy(c2) holds with
¢yt > max(0, —r). Then MLSI(ay) holds for

1
1 = max i (14 k), K
Proof. The proof is identical to the one of Corollary 3.1 of [23]. O

Similarly, we can show that Ric(L£) > &k for k € R implies MLSI as long as
MLSI+TCy holds.

Corollary 4. Assume that Ric(L) > k, k € R, and that the inequality MLSI
+TCx(c) (defined in Sect. 2.4) holds with ¢t > max(k,0), then MLSI(aq)
holds, with

1

= c(2—ke)

Proof. See Corollary 3.2 of [23]. O
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The diameter of D(H) in the Wasserstein distance Wy , is defined as follows:

Diamg(D(H)) = sup Wi (p,w).
p,wED(H)

Another straightforward consequence of the x-displacement convexity of the
quantum relative entropy for x > 0 is the following estimate on the diameter
Diamg(D(H)), which is a quantum analogue of the Bonnet—Myers theorem
(see Proposition 7.3 of [11]).

Proposition 6. Assume that Ric(L) > & holds for k > 0. Then for any two
states p,w € D(H),

W

Wa£(p,w)? < ~(D(pllo) + D(wlo)).

Therefore,

8
Diamg(D(H)) < sup 1/ —D(p|o).
p€D(H) ¥V K

Proof. The result follows directly from the convexity of the quantum relative
entropy (cf. (v) of Theorem 3):

0.< DH(1/Dl0) < 5D(pllo) + 5 Dlwllo) — W, c(p,w)*

[N

for a given constant speed geodesic (y(s))sejo,1) relating p and w. O

5. From Ricci Lower Bound to the Poincaré Inequality

In this section, we show that Ric(£) > 0 together with a condition of finiteness
of the diameter of D(H) with respect to the distance W, , implies the Poincaré
inequality, hence extending Proposition 5.9 of [11] to our non-commutative set-
ting. Throughout this section, we fix (P;);>0 to be a primitive QMS on B(H),
‘H finite dimensional, with unique invariant state ¢ and associated generator
L, satisfying 0-DBC. The next result is a non-commutative extension of the
fourth equivalent statement in Theorem 4.7.2 of [4]:

Proposition 7. (Reverse quantum Poincaré inequality) Assume that Ric(L) > &
holds. Then for any p € DL(H), any U € Bso(H) and all t > 0:

eZnt -1

2K

Tr(Ast(p)U?) = Tr(p(Ae(U))?) = IVA(D)IZ, (5-1)
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Proof. The proof is similar to the one of Theorem 3.5 of [11]. For u > 0, let
pu = N (p) and U, = A, (U). Then, from Proposition 3,
2* VU2,

265V (AsUt—s) 12,

< 2| VUi |2,
=23 ¢i(05Us—s, [ps)e, O Us—s)
jeT
<N (OUis, (e P Ry, + €71, ) 05U
JET
=S¢ (e%‘/? Te[ped;Us—s (9;Us—s)"] + e~/2 Tr[ps(ajUt,s)*ajUt,s])
JjET

=3 ¢ (e Te(pulLy, U allUss, L3]) + €/ Ta(ps [Uis, L1115, Vi)
jeTJ

= Z Cj (Tr(ps(f/jUtQ,siJ*-ewj/z + e_w]‘/QZ/;Uthsij))
jeTg
+ew1/2 Tr(ps(—ijUtfsE;Ut—s - Utst/jUtfsE;'< + Ut*SEjE;Ut*S))
+e 2 Te(pg(Us— s Ly L;Us—s — LjUs— s L;Us—s — Ut*si;Ut*sij)))
= Tr(psL(U74))
+ Z i (e i/2 Tr ps( EjUtst/;Utfs . Utfsisztfsli;
€T
+Ut75EjE;Ut75 + UtQ—Sj;]E;))
+ e—wj/Q Tr(ps(Ut—siz;ijUt—s — i,;(Ut_stjUt—s
~Up—sLjUp—sLj + E§fijE—s)))
= TI"(Ps[:(UtQ—s)) = Tr(psUt—sL(U—s)) — Tr(ps L(Up—s)Ut—s)
0
= o, Ti(psUis)

where we used (2.38) of [24], with R,(A) = Ap and L,(A) = pA, in the fourth
line. The claim follows after integrating the above inequality from 0 to ¢t. [J

).

Proof. Let f € Bs,(H) be an eigenvector of £ with associated eigenvalue
opposite to the spectral gap A of £. Without loss of generality, || f]lc = 1,
and by primitivity of (A;);>0, Tr(of) = 0. Now, note that A;(f) = e f.
Therefore, the reverse Poincaré inequality (5.1) in the case when x = 0 implies
that for any p € D, (H),

Theorem 6. Ric(£) >0 + Diamg(D(H)) < D = PI(-}s

9 e?At 9
19512, < S
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Optimizing over ¢ and using || f|le = 1, we find

IVAIZ,, < eAlfI%

Given the following spectral decomposition of f = Zu P, since Tr(of) =0,

the minimum and maximum eigenvalues of f, respectively, denoted by pmin and

Lmaxs OD€Y fimin < 0 < fimax. Since we assumed || f|loc = 1, this implies that

given a path (v(s),U(s))seo,1) in D(H) joining the states v(0) = Tr%'%
M

max)

Py, 1.
and (1) = TS such that [; [|5(s)]/? ds < Wa £(v(0),7(1))* + &,

Hmin gL‘A/(S)
Py b
1< max — Mmin| = T L - .
< Vi~ ] = [0 (e = b )

(s o)

1
_ /0 > {031 (8], 05U (5))ds

jeg

1/2

Vo7 ([ 1901 s) < VBT

where in the last line we used the Cauchy—Schwarz inequality with respect to
the inner product > .. ;c;i( fol [Y(s)]w,;ds .), and the result directly
follows. 0

6. From Ricci Lower Bound to Modified Log-Sobolev Inequality

In [11], a modified logarithmic Sobolev inequality was proved to hold under
the conditions that Ric(£) > 0 and that the diameter of the underlying space,
in terms of the modified Wasserstein distance, is bounded. Here, we extend
their results to the quantum regime under the further assumption that the
semigroup (A):>o is unital, leaving the study of the general case to later. The
idea of the proof is to get a non-tight logarithmic Sobolev inequality from
HWI(0) and then to tighten it using ideas borrowed from [5]. In what follows,
we denote by d the dimension of H.

Given two states p,w € D(H), with associated spectral decompositions
P =2 ea P, w= ZjeB p;Qj, where A and B are two finite index sets, a
coupling of p and w is a probability distribution ¢ on A x B such that

> ali ) = Tr(Q;)

i€ A

> ali,g) = X Te(Py).

jEB
The set of couplings between p and w is denoted by II(p,w). In analogy with the
classical literature (see, for example, [12]), given an ergodic semigroup (A;):>0
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with associated generator L, the coupling Wasserstein distance of order two
between p and w is defined as follows:

W2,L',,C(paw)2 = Il_[l’lf Z q(iuj)W?,[:(piawj)Qa
a€ll(p,) €A, jEB
where
P; Q;

b - ; i B.
Pi Tl“Pi’w] Tl“(Qj)’leA,]e

The following result is a quantum generalization of Proposition 2.14 of [12]:

Proposition 8. Let (Ay)i>0 be a primitive QMS, with unique invariant state
o and associated generator L, satisfying the detailed balance condition. Then,
fOT’ any p,w € D+(H)7

Wa.c(p,w) < Wa ro(p,w).

Proof. Let p = 37,c 4 AiPi, w = 3o 11;Q; the spectral decompositions of

the states p and w. For (i,j) € A x B, define p; := %7 wj = %, and
i J

let € > 0. By definition of the Wasserstein distance W5 ., there exists a curve
vij + [0,1] — D(H) from p; to w; such that

1
[ RO, 05 < Waclprp)? 4

For any coupling ¢ : A x B — R, of the states p and w, define the path
(7(5))sejo,1) on D(H) as
v(s) = D ali ) vi(s).
i€A, jEB

Therefore, v(0) = p and v(1) = w. Now,

1
Wac (p,w)? < / ()2, ds

1
< Y i) [ s,
i€ A, jeB 0
< >0 qi,5) Waclpiw))® +e.
€A, jEB

where we used the convexity of g, in the second line (see equation (8.15) of [7]).
As ¢ is arbitrary, the result follows after optimizing over the
couplings q. O

In what follows, we restrict our analysis to the case of a primitive QMS (A;);>0
with unique invariant state I/d that satisfies the detailed balance condition.
In order to prove the main result of this section, we need the following two
lemmas that are extensions of Lemmas 6.2 and 6.3 of [11]:
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Lemma 6. Assume that Ric(L) > 0 and Diam,(D(H)) < D. Then for any
§ >0 and f € Bsa(H) such that Tr(f?) = d:

D (72 /dl1/d) < 5D Toyal ) + 35T 111y ()

Proof. The case when f is not of full support is trivial, as then I,(f?/d) =
o0o. Without loss of generality, we assume that f has full support, so that
f?/d € Dy(H). Write f = >, 4 ¢(i)P; the spectral decomposition of f, for
some index set A. From HWI(0), and Young’s inequality (4.2) with ¢ = §D?,

7= /T (Fd), and y = Wa,(f/d,1/d):
D A1) < 5D Tyja(52/d) + 555 Wo,c (2, 1/d)%

From Proposition 8, for any coupling ¢ : A x B — R, between f2/d and 1/d
such that ¢(i, ) = 0 for all j # i whenever ¢(i)? < 1,

1
46 D?

P; P; 2
q(i,))Wa,c (, J) 7
i, %2>1 Tr(P;)’ Tr(P;)

< 6D Tya(72/d) 4 = (10000 ().

D(f?/d||[1/d) < 6D 1y4(f?/d) +

We recall that such a coupling ¢ exists due to Strassen’s theorem. O

Lemma 7. For any A > 1, there exists v > 0 such that for any f € Bs,(H)
with Tr(f?) = d,

1 A \?
T () < (527 ) Varya(h) (6.1)
1
D(f?/d|[1/d) <y Varya(f) + 5 Tr(f*10g f*11a2 o) (£)). (6.2)
Proof. This is a direct rewriting of Lemma 2.5 of [5]. O

Theorem 7. Let (A¢)i>0 be a primitive semigroup with unique invariant state
I/d and associated generator L. Assume that Ric(L) > 0 and that Diam,(D(H))
< D. Then MLSI(¢D~2) holds, for some universal constant c.

Proof. Let A > 1and f € By, (H) of spectral decomposition f =", 4 o(i)P;,
with Tr(f?) = d. Without loss of generality, we can assume f positive definite.
Then, set fa := fV A=} )54 ()P + AL 4)(f). Define the state

pa = f3/Te(f3). By (6.2),

D d1/d) < 5 Varyja(f) + 5 (7 o8 e () (63)
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By Theorem 6,

2
VVarya(f) < ~2eD% 5 (£ < S lya ), (64)

where in the last inequality, we used the strong regularity of Dirichlet forms
of unital semigroups (see [16]). Moreover,

%Tr(fﬁogle[ﬂ,oo)(fz)) % (fAlngA) gAQlogAQTT(l(—oo,A)(f))
2 2
< 0+ AN D(pald) + T8 1oy (TI) - L iy (),

(6.5)

where in the last line we used that % Tr(f3) < 1+ A% However, from Lemma
6 applied to fa, since Iy q(pa) < Tr(f2) Ii/q(f?/d) by convexity of monotone

Riemannian metrics (see, for example, equation (8.16) of [7]),

d5D2 1 9 )
(S 2
e Talf? /) + 4d§ 2 T 0 (), (6.6)

where in the last line we used that A% < 1 Tr(f%). Using (6.1) and (6.4)
together with Theorem 6,

D(palll/d) < 552 Iia(f%/d) + ﬁvarﬂ/d(f)

oD?
< % Iia(f?/d) — ﬁ%(ﬂﬁ(ﬂ)
2 oD?
(5AD2 + 86(AD— 1)2) Iiya(f?/d)
Now,
Tr(JA) log (Tr(JA)> B A lo(gi,‘(A ) Tr(1 (e n(f)

= é(AQ Tr(]'(—oo A) (f)) + Tr(le[AQ,oo) (f2))>
log [d(/@ Tr(1(—o0,4)(f)) +Tr(f21[z42,oo)(f2)))]

- A 11y (1)
Tr( 2142 o0y (f2
- AQ% Tr(1(—oo,a)(f))log (cll Tr(1(_son(f)) + r(f EiAAé ) (f )))

T ) (D)o (42 T () 4 5 T (7))
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(1 (7)) log(1 + 4%)

< g (14 B0 () L

dA?
< (1 +10g(1 + A7) 2 TH(142 00 (),

where in the fourth line we used that 3 Tr(f?) = 1. Using once more (6.1) and
(6.4) together with Theorem 6, we find

THUR) g (DA Lot

Tr(1(—oc,41(f))

d d d
eD?A%(1 + log(1 + A?)) 9
< .
< 50— A)? Lyja(f7/d) (6.7)
The result follows after combining (6.7), (6.3), (6.4), (6.5) and (6.6). O

7. Conclusion

In this paper, we prove that a classical picture, relating various inequalities
which are useful in the analysis of Markov semigroups, carries over to the quan-
tum setting. Classically, a key element of this picture is a geometric inequality
called the Ricci lower bound. Functional and transportation cost inequalities,
which play an important role in the study of mixing times of a primitive
Markov semigroup and concentration properties of its invariant measure, can
be obtained from this geometric inequality. The connection between them is
provided by an interpolating inequality called the HWI inequality. In this
paper, we analyse a quantum version of the Ricci lower bound (due to Carlen
and Maas [7]) and show that it implies a quantum HWTI inequality, from which
quantum versions of the functional and transportation cost inequalities (which
are relevant for the analysis of quantum Markov semigroups) follow.
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