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Abstract

We study dynamical optimal transport metrics between density matrices associated to
symmetric Dirichlet forms on finite-dimensional C*-algebras. Our setting covers arbitrary
skew-derivations and it provides a unified framework that simultaneously generalizes recently
constructed transport metrics for Markov chains, Lindblad equations, and the Fermi Ornstein—
Uhlenbeck semigroup. We develop a non-nommutative differential calculus that allows us to
obtain non-commutative Ricci curvature bounds, logarithmic Sobolev inequalities, transport-
entropy inequalities, and spectral gap estimates.

Keywords Non-commutative optimal transport - Functional inequalities - Lindblad
equation - Gradient flow

1 Introduction

In the context of diffusion semigroups, a great deal of recent progress has been made based
on two different gradient flow interpretations of the heat flow, namely as

(1) The gradient flow of the Dirichlet energy in L?;
(2) The gradient flow of the Boltzmann entropy in the space of probability measures endowed
with the 2-Kantorovich metric.

In this paper we study the analogs of (1) and (2) for non-commutative probability, in the
setting von Neumann algebras, and we establish the equivalence of (1) and (2) in this setting.
This naturally involves the construction of non-commutative analogs of the 2-Kantorovich
metric, a topic that was investigated in our earlier papers [8,10] and in the independent work
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[34,36]. Recently the subject received the attention of a number of authors; see [11,12] for
noncommutative transport metrics, [22,45,46] for functional inequalities, and [28,48] for
results in infinite dimensions. We refer to [6,23] for different non-commutative variants of
the 2-Kantorovich metric in other contexts.

Our focus in this paper is on developing the relations between (1) and (2) in the non-
commutative setting with the aim of proving functional inequalities relevant to the study of
the rate of approach to equilibrium for quantum Markov semigroups, in close analogy with
what has been accomplished along these lines in the classical setting in recent years.

In order not to obscure the main ideas we shall work in a finite-dimensional setting and
postpone the infinite-dimensional extension to a future work. The finite-dimensional case is
of direct interest in quantum information theory, and the essential aspects of our new results
are interesting even in this setting where they can be explained to a wider audience that is not
thoroughly familiar with the Tomita—Takesaki theory. We now briefly describe the content
of the paper. Any unfamiliar terminology is explained in the next subsection, but hopefully
many readers will not need to look ahead.

The central object of study in this paper is a quantum Markov semigroup (QMS) (Z);=0
on A, a finite-dimensional C*-algebra containing the identity 1. That is, for each ¢, 22,1 = 1
and & is completely positive. The generators . of such semigroups have been characterized
in [24,31].

We are concerned with the case in which there is a unique faithful invariant state o for the
dual semigroup; i.e., # o = o forall . The paper [47] is an excellent source for the physical
context and makes it clear that assuming that the invariant state o is tracial, which we do not
do, would preclude a great many physical applications. Let {3y denote the space of faithful
states. We would like to know, for instance, when there is a Riemannian metric g on 34 such
that the flow on B given by the dual semigroup (9: )r>o0 is the gradient flow driven by the
relative entropy functional Ent, (p) = Tr[p(log p — log o')] with respect to the Riemannian
metric. In [10,36], it is shown that when each 4, is self-adjoint with respect to the Gelfand-
Naimark-Segal (GNS) inner product induced on A by o, this is the case. We constructed the
metric using ideas from optimal mass transport, and showed that, as in the classical case,
the framework provided an efficient means for proving functional inequalities. This has been
taken up and further developed by other authors, in particular Rouzé and Datta [45,46]. As
in the classical case, Ricci curvature bounds are essential for the framework to be used to
obtain functional inequalities. As shown in [10,46], once one has Ricci curvature bounds,
a host of functional inequalities follow. A central problem then is to prove such bounds. A
main contribution of the present paper is a flexible framework for doing this. It turns out
that there are many ways to write a given QMS generator . (that is self-adjoint in the GNS
sense) in “divergence form” for non-commutative derivatives. Each of the different ways of
doing this can be associated to a Riemannian metric on B3 . Different ways of writing . in
divergence form may have advantages over others, for example in proving Ricci curvature
bounds. Hence it is important to have as much flexibility here as possible. We shall use this
flexibility to give new examples in which we can obtain sharp Ricci curvature bounds. The
machinery is useful for other functionals and other flows; the methods of this paper are not by
any means restricted to gradient flow for relative entropy, despite our focus on this example
here in the introduction.

An interesting problem remains: For each way of writing .# in divergence form, we have
a Riemannian metric. The formulas are different, but in principle, all of the metrics might
be the same. That is, they might all be determined by ., and not the particular way of
writing in divergence form, even though doing this one way or another may facilitate certain
computations.
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The problem of writing QMS as gradient flow for the relative entropy was also taken up
independently by Mittnenzweig and Mielke [36], and although their framework is somewhat
different, their approach also works in the case that each Z; is self-adjoint with respect to the
GNS inner product induced on A by o . Here, we shall show that if (%;),>0 can be written as
gradient flow for Ent, with respect to some continuously differentiable Riemannian metric,
then each Z; is necessarily self-adjoint with respect to another inner product associated to o,
the Boguliobov-Kubo-Mori (BKM) inner product. As we show, the class of QMS with this
self-adjointness property is strictly larger than the class of QMS with the GNS self-adjointness
property. Thus, there is at present an interesting gap between the known necessary condition
for the construction of the Riemannian metric, and the known sufficient condition. Of course,
in the classical setting, the two notions of self-adjointness coincide, and one has a pleasing
characterization of reversible Markov chains in terms of gradient flow [15].

1.1 Notation

Let A be finite-dimensional C*-algebra containing the identity 1. In the finite-dimensional
setting, all topologies one might impose on .4 are equivalent, and A is also a von Neumann
algebra. In particular, it is generated by the projections it contains. We may regard any such
algebra as a x-subalgebra of M, (C), the set of all complex n x n matrices. Let .Aj; be the
subset of hermitian elements in .4, and let A, C A denote the class of elements that are
positive definite (i.e., sp(A) C (0, co) for A € A;.For A = M, (C) we write A1 = M (C).

Throughout this section we fix a positive linear functional t on A that is tracial (i.e.,
T[AB] = t[BA] for all A, B € A) and faithful (i.e., A = 0 whenever t[A*A] = 0). Under
these assumptions, T induces a scalar product on A given by (A, B);2(4 ;) = t[A*B] for
A, B € A.In our applications, t will often be the usual trace Tr on M, (C) in which case the
scalar product is the Hilbert—Schmidt scalar product, but it will be useful to include different
situations, e.g., the trace induced by a non-uniform probability measure on a finite set.

A state on A is a positive linear functional ¢ on A such that (1) = 1. If ¢ is a state,
there is a uniquely determined o € A such that ¢(A) = t[c A] for all A € A. Note that o
is a density matrix; i.e., it is positive semidefinite and t[o] = 1. Let 3(.A) denote the set of
density matrices. We write L4 (A) = {p € P(A) : p is positive definite}. We will simply
write B = PB(A) and Py = P (A) if the algebra A is clear from the context.

We always use T to denote the adjoint of a linear transformation on .A with respect to the
scalar product (-, -) 24 7). If " is such a linear transformation,

(A, X'B) 20y = (H A B)2ar) - (1.1)

Though we suppose no familiarity with the Tomita—Takesaki Theory of standard forms
of von Neumann algebras, we will make use of the so-called modular and relative modular
operators that arise there. In our setting, these operators have a simple direct definition:

Definition 1.1 (The relative modular operator) Let o, p € 4. The corresponding relative
modular operator A, , is the linear transformation on .A defined by

A p(A)=cAp~!. (1.2)

The modular operator corresponding to o, Ay, is defined by Ay := As .

Since (B, Ag.pA) 12040y = Tl(@/2Bp~ 1) * (a2 Ap~"/%)] for all A, B € A, the oper-
ator Ay, is positive definite on L?(A, 7). In case that 7 is the restriction of the usual trace
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Tr to A € M, (C), the operators o and p are also positive density matrices in M, (C), and
the same computations are valid for all A, B € M,,(C). We may regard A, as an operator on
M, (C), equipped with the Hilbert-Schmidt inner product, and then, so extended, it is still
positive definite.

We are interested in evolution equations on ‘B4 (A) that correspond to forward Kol-
mogorov equations for ergodic Markov processes satisfying a detailed balance condition, or
in other words a reversibility condition, with respect to their unique invariant probability mea-
sure. Before presenting our results, we introduce the class of quantum Markov semigroups
satisfying a detailed balance condition that are the focus of our investigation.

2 Quantum Markov Semigroups with Detailed Balance

Let A € B(J#) be a C*-algebra of operators acting on a finite-dimensional Hilbert space /7.

Let t be a tracial and faithful positive linear functional on A. A quantum Markov semigroup

on A is a Cp-semigroup of operators (£ );>¢ acting on A, satisfying

1 21=1,

(2) P is completely positive, i.e., Z; ® Iy, (c) 1S a positivity preserving operator on A ®
M,,(C) foralln € N.

Note that (2) implies that & is real, i.e., (#A)* = P, A* forall A € A. Let @: be the

Hilbert—Schmidt adjoint of & satisfying I[A*ﬁ:B] = t[(PA)*B] forall A,B € A. It

follows that @: is trace-preserving and completely positive.

It is well known [24,31] that the generator . of the semigroup &; = e!
in Lindblad form

< can be written

ZLA=ilH A+ ) VIA Vi1+I[V}. AlV;, 2.1)
jeg
L =—ilH, pl+ Y [Vi. pV1+[Vjp. V}1, 2.2)
jeg

where J is a finite index set, V; € B(#) (not necessarily belonging to A) for all j € 7,
and the Hamiltonian H € B(J7) is self-adjoint.

2.1 Detailed Balance

The starting point of our investigations is the assumption that (%% ),>0 satisfies the condition
of detailed balance.

In the commutative setting, if P = (P;;) is the transition matrix of a Markov chain on
{1, ..., n} with invariant probability vector o, we say that detailed balance holds if o; P;; =
o Pj; for all i, j. An analytic way to formulate this condition is that P is self-adjoint with
respect to the weighted inner product on C" given by (f, g)¢ = Z'}zl o jTjg e

In the quantum setting, with a reference density matrix o that is not a multiple of the
identity, there are many candidates for such a weighted inner product. E.g., given o € L3,
and s € [0, 1] one can define an inner product on A by

(X,Y)s =1[X*0 Yo' 7). (2.3)

Note that by cyclicity of the trace, (X, X)s = t[lo*/2Xo1=9/2|2] > 0,sothat (-, -), isindeed

a positive definite sesquilinear form. The inner products for s = 0 and s = % will come up
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frequently in what follows, and they have their own names: (-, -)¢ is the Gelfand—Naimark—
Segal inner product, denoted (-, -) L2 (@) and (-, -)1/2 is the Kubo—Martin—Schwinger inner
product, denoted (-, -) ;2 (). We shall write A = Ling(A, 0) (resp. A = L s(A, 0)) if
we want to stress this Hilbert space structure.

Suppose, for some s € [0, 1], that &, is self-adjoint with respect to the (-, -); inner product.
Then, forall A € A,

(P 0)A]l = 1[0 Z,A] = 1[0 16" 2, A] = (1, P, A)s
= (21, A =(1,A); =1[0A].

Hence for each of these inner products, self-adjointness of &?; implies that ¢ is invariant
under ,@f .

The following lemma of Alicki [1] relates some of the possible definitions of detailed
balance; a proof may be found in [10].

Lemma 2.1 Let 2% be a real linear transformation on A. If  is self-adjoint with respect to
the (-, -)s inner product for some s € [0, 1/2) U (1/2, 1], then & commutes with A, and
' is self-adjoint with respect to (-, -)s for all s € [0, 1], including s = 1/2.

As we have remarked, for a QMS (Z;)>0, each & is real, and so &, is self-adjoint with
respect to the GNS inner product if and only if it is self-adjoint with respect to the (-, -)5 inner
product for all s € [0, 1]. However, if each & is self-adjoint with respect to the KMS inner
product, then it need not be self-adjoint with respect to the GNS inner product: There exist
QMS for which each Z is self-adjoint with respect to the KMS inner product, but for which
Z; does not commute with A, and therefore cannot be self-adjoint with respect to the GNS
inner product. A simple example is provided in appendix B of [10]. The generators of QMS
such that 7 is self-adjoint with respect to the KMS inner product have been investigated by
Fagnola and Umanita [20]. However, there is a third notion of detailed balance that is natural
in the present context, namely the requirement that each 27; be self-adjoint with respect to
the Boguliobov—Kubo—Mori inner product:

Definition 2.2 (BKM inner product) The BKM inner product is defined by

1
(A, B2 () =/O (A, B)s ds . 2.4)

By what we have remarked above, if each Z; is self-adjoint with respect to the GNS inner
product, then each 2 is self-adjoint with respect to the BKM inner product. However, as will
be discussed at the end of this section, the converse is not in general true. The relevance of
the BKM version of detailed balance is due to the following result that we show in Theorem
2.9: If the forward Kolmogorov equation for an ergodic QMS (#);>¢ with invariant state
o € ‘B is gradient flow for the quantum relative entropy Ents (p) := t[p(log p — logo)]
with respect to some continuously differentiable Riemannian metric on P, then each &,
is self-adjoint with respect to the BKM inner product. The BKM inner product is closely
connected to the relative entropy functional, and for this reason it appears in some of the
functional inequalities that we consider in Sect. 11.

On the other hand, only when each #; is self-adjoint with respect to the GNS inner product
do we have a construction of such a Riemannian metric. The same is true for other construc-
tions of Riemannian metrics on 4 for which QMS become gradient flow for Ent, (p),
in particular see [36]. Since most of this paper is concerned with our construction and its
consequences, we make the following definition:
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Definition 2.3 (Detailed balance) Leto € Abe non-negative. We say that a quantum Markov
semigroup ()= satisfies the detailed balance condition withrespect to o if foreacht > 0,
; is self-adjoint with respect to the GNS inner product on .4 induced by o, i.e.,

T[cA* P B]l = t[0c (P A)*B] forallA,B c A.
We shall write that (27); satisfies o-DBC for brevity.

The following result gives the general form of the generator of quantum Markov semi-
groups on B () satisfying detailed balance. This result is due to Alicki [1, Theorem 3]; see
[10] for a detailed proof.

Theorem 2.4 (Structure of Lindblad operators with detailed balance) Let &2, = e be a
quantum Markov semigroup on B(J€) satisfying detailed balance with respect to o € .
Then the generator £ and its adjoint £" have the form

L= el ZLi(A) = VA V4V, ALY, (2.5)
jeT

L= eyl 2]y =1V pVi1+ Ve, VT (2.6)
jeg

where J is a finite index set, the operators V; € B(JC) satisfy {V;}jes = {VJT“}jej, and
w; € R satisfies

AoVi=e"%V; forall jeJ. 2.7
For j € J,let j* € J be an index such that Vj» = V7. It follows from (2.7) that
wjr = —wj .

Moreover, if we define H = —log o, (2.7) is equivalent to the commutator identity [V, H] =
—w; V;. Furthermore, in our finite-dimensional context, the identity

ALV =iy, (2.8)

is valid for some ¢ % 0 in R if and only if it is valid for all € C.

2.2 Gradient Flow Structure for the Non-commutative Dirichlet Energy

Let (Z%):>0 be a quantum Markov semigroup satisfying detailed balance with respect to
o € P4 (A). Let £ be the generator, so that for each r > 0, #; = 'L As explained in the
discussion leading up to Definition 2.3, for each ¢, &, is self-adjoint with respect to both the
GNS and the KMS inner products induced by o. Therefore, we may define a Dirichlet form
& on A by

E(AA) = lzifol ;(A, I = ZHA) (2.9)

where the inner product is either the GNS or the KMS inner product. Then, either way,
the Kolmogorov backward equation 9,A = Z A is a gradient flow equation for the energy
&(A, A) with respect to the chosen L? metric.

The class of bilinear forms & defined in terms of a self-adjoint QMS ()0 through (2.9)
is, by definition, the class of conservative completely Dirichlet forms on A in the specified
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inner product. The abstract Beurling—Deny Theorem, discussed in the next section, provides
an intrinsic characterization of such bilinear forms.

Although Definition 2.3 might seem to suggest that the natural choice of the L? metric is
the one given by the GNS inner product, we shall show that in some sense it is the KMS inner
product that is more natural: The Dirichlet form defined by (2.9) using the KMS inner product
induced by o can be expressed in terms of a “squared gradient”, and the associated non-
commutative differential calculus will turn out to be very useful for investigating properties
of the flow specified by ;A = ZA. A somewhat different construction leading to the
representation of Dirichlet forms with respect to the KMS metric in terms of derivations has
been given by Cipriani and Sauvageot [13]. Our “derivatives” are not always derivations, and
this more general structure is suited to applications. Indeed, one of the first non-commutative
Dirichlet forms to be investigated in mathematical physics, the Clifford Dirichlet form of
Gross, is most naturally expressed in terms of a sum of squares of skew derivations. The
flexibility of our framework will be essential to our later applications. In this part of the
introduction, we present only some of the key computations in a simple setting involving
derivations to explain the roles of the KMS inner product. Our more general framework will
be presented in Sect. 4.

Consider a Lindblad generator . given as in Theorem 2.4. To bring out the analogy with
classical Kolmogorov backward diffusion equations of the form

%f(x,t):Af(x,t)+(Vlogo(x))-Vf(x,t), (2.10)

where o is a smooth, strictly positive probability density on R", we define the following
partial derivative operators on A:

0;A =1V}, Al, @2.11)

j € J. Note that 8; = 0+, where we recall that j* denotes an index such that V;« = V]?".
An easy computation shows that the adjoint of 9; with respect to (-, -) L205(@) is given by

i —1/247(1/2 4 1/2) _—1/2
0 ,A=0 / 3} (o 2Ac'?) o2 (2.12)
Proposition 2.5 (Divergence form representation of .£) For all A € A we have

;
LA== "0 0jA.

jeg
Proof Using (2.12) and (2.8) we obtain
T T
Yool A=Y 0l (ViA—AV))
jeg jed
—1/2 47 1/2 1/2\ _—1/2
= Zo / 8].(0 / (V;A—AVj)o / )6 /
jeg
-y a—‘/z(v;o‘/z(v,A —AV)e 2 g 2(ViA - Avj)ol/zvjf")or—‘/2
jeg
=2 (eTRPVI(V A = AV)) = e 2(ViA - AV)VY)
jeg
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-y (e_“).i/QVj*(VjA —AV)) — (VA - Avj*)vj)
jeg
=-) e lPLA) =-24,
jeg
as desired. O

Proposition 2.5 can be stated equivalently as an integration by parts identity

D (0jA0B) 2 (o= —(A,LB)2 () forABeA. (2.13)
jed

It is now immediate that the backward equation 9;A = £ A with £ given by (2.1), is
the gradient flow equation for the energy & (A, A) with respect to the KMS inner product
induced by o. What makes this particular gradient flow representation especially useful is
that the Dirichlet form & is written, in (2.13), as the expectation of a squared gradient.
That is, the gradient flow structure given here is analogous to the gradient flow formula-
tion for the Kolmogorov backward equation (2.10) for the Dirichlet energy Deiqss(f) =
% fR,, |V f(x) |20 (x) dx. This would not be the case if we had considered the Dirichlet form
based on the GNS inner product: We would have a gradient flow structure, but the Dirich-
let form would not be the expectation of a squared gradient in any meaningful sense; see
however, Proposition 4.12 below for a related representation.

In the next section we show how the non-commutative differential calculus associated
to the Dirichlet from & allows us to write the corresponding forward equation as gradient
flow for the relative entropy with respect to a Riemannian metric constructed in terms of this
differential calculus.

2.3 A Gradient Flow Structure for the Quantum Relative Entropy

Consider the quantum relative entropy functionals Ent, : 34 — R given by

Ent, (p) := t[p(log p — logo)] .

Our goal is to sketch a proof of one of the results of [10,36], namely that the quantum
master equation 3; p = .Z" p, which is a Kolmogorov forward equation, can be formulated as
the gradient flow equation for Ent,, with respect to a suitable Riemannian metric on ‘3. The
construction of the Riemannian metric will make use of the “quantum directional derivatives”
d; introduced in the last subsection.

Since ‘B is a relatively open subset of the R-affine subspace {A € Aj : T[A] = 1},
we may identify, at each point in p € ., its tangent space T,*P+ with Ag := {A € Ay :
7[A] = 0}. The cotangent space Tg P+ may also be identified with A¢ through the duality
pairing (A, B) = t[AB] for A, B € Ay.

Let (gp)pep, be a Riemannian metric on P, i.e., a collection of positive definite bilinear
forms g, : TP+ x T,B+ — R depending smoothly on p € P,. Consider the associated
operator ¥, : T,'B+ — T;‘BJF defined by (A, ¥,B) = g,(A, B) for A, B € T,'3. Clearly,
¢, is invertible and self-adjoint with respect to the Hilbert—Schmidt inner product on Ap.
Define 7, : T;&BJF — T,B4 by 7, = (%)’1, so that

gp(A,B) = (A, .2, 'B). (2.14)
In many situations of interest it is convenient to define the metric g, by specifying the operator

J). In such cases, there is often no explicit formula available for ¢, and g,.
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For a smooth functional F : B, — R and p € B, its differential DF (p) € T;‘Iﬁr is
defined by lim, o~ '(F(p + £A) — F(p)) = (A, DF(p)) for A € T,*B+ (independently
of the Riemannian metric g,). Its gradient Vo F(p) € T, depends on the Riemannian
metric through the duality formula g, (A, V. F(p)) = (A, DF(p)) for A € T,B . It follows
that 4,V,F(p) = DF(p), or equivalently

Vo F(p) = H,DF(p) .
The gradient flow equation d; 0 = —V,F(p) takes the form
0p =—X,DF(p) .

Let us now focus on the relative entropy functional Ent, for some o € 3., and note that
its differential is given by

DEnt,(p) =logp —logo . (2.15)
Consider a generator .2 written in the form (2.6), i.e.,

L= el o) =1V eV Ve, VS,
jed
where {V;};c7 is a finite set of eigenvectors of A, such that {V;}jej = {Vj}jes, and

where A, V; = e™“/V; for some w; € R. As before, we use the notation 9; A := [V}, A].
For p € P we define p; € A® Aby

1
b = / (e‘”f/zp)lfs ® (e7®i%p)" ds .
0
We shall frequently make use of the contraction operator # : (A® A) x A — A defined by
(AQ® B)#C := ACB (2.16)

and linear extension. A crucial step towards obtaining the gradient flow structure is the
following chain rule for the commutators d;, which involves the differential of the entropy.

Lemma 2.6 (Chain rule for the logarithm) For all p € B+ and j € J we have
e @i2Vip —e®1?pV; = pi#d;(log p — logo) . (2.17)
Proof Using (2.7) we infer that
3;(log p —logo) = V;log(e i’%p) —log(e®?p)V; .

Consider the spectral decomposition p = ), A¢E¢, where Ay > 0 for all i, and {E,}, are
the spectral projections, so that E¢E,, = 8¢, E¢ and ), E; = 1. Observe that

pj = ZA(ewf/zM, ¢ I )m)E; @ Ep

L,m

where A(€, n) = fol gl=sps ds = mgg%fogn denotes the logarithmic mean of £ and 5. Thus,

0;#(3j(log p —logo))
= Z A(ew_,-/Z)%’ e_w.i/zkm)Eg(10g(e_w.f/2kp)VjEp — IOg(ew.//z)\,p)Eij)Em

Lm,p
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=Y A, e_wf/zkm)<log(e_w.i/2k,n) - log(ew.//zkg)) E(V;Ep
Lm

= (e hm — e”1P M) E¢ViEn
Lm

= e_wj/2Vjp — ew-f/szj ,
which proves (2.17). O

For p € P+ we define the operator .7, : A — Aby

HpA =) 3 (pj#D;A) . (2.18)
jeg
Since Tr(A*J¢, B) = Tr(B*.%,A) for A, B € A, it follows that 7, is a non-negative self-
adjoint operator on L?(A, ) for each p € P.. Assuming that &, is ergodic, the operator
H, 1 Ao — Ay is invertible for each p € B4 (see Corollary 7.4 below for a proof of
this statement). Since %, depends smoothly on p, it follows that %, induces a Riemannian
metric on P defined by (2.14).

The following result shows that the Kolmogorov forward equation 3;p = .27 p can be
formulated as the gradient flow equation for Ent, .

Proposition 2.7 For p € ‘B we have the identity
2o =—2,DEnt, (p) ,

hence the gradient flow equation of Ent, with respect to the Riemannian metric induced by
() p is the master equation 0;p = LTp.

Proof Using the identity (2.15), the chain rule from Lemma 2.6, and the fact that {V;} = { Vj*}
and wj* = —w;, we obtain

H,DEnts(p) = Y aj.(ﬁj#aj(logp —log o))
jer
=D a1 (e Vi — e PpV))
jer
1 Y | | o
=32 (aj.(e “iVip — e pV;) +9; (e VD —e w"/zp"f»
jer
1 —w; /2 /2
= =3 2 (Ve V1LV 0. V1) +e 2 (LV] oV 0. Vi)
jer
== > e (v oV T+ Vip, V1)
jer
=-Z"p,

which is the desired identity. O

In this paper we extend this result into various directions: we consider more general
entropy functionals, more general Riemannian metrics, and nonlinear evolution equations.
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Remark 2.8 The gradient flow structure given in Proposition 2.7 can be viewed as a non-
commutative analogue of the Kantorovich gradient flow structure obtained by Jordan,
Kinderlehrer and Otto [29] for the Kolmogorov backward equation

a
E,o(x, t)=Ap(x,t) — V- -(p(x,t)Viogo(x)) .
This structure is formally given in terms of the operator K, defined by

Koy ==V -(pVY),

for probability densities p on R" and suitable functions ¢ : R” — R in analogy with
(2.18). As the differential of the relative entropy Ent, (p) = f]R,, p(x)log £ W) dx is given

o(x)
by DEnt,(p) = 1 + log 2, we have

o

K,DEnt;(p) = —Ap+ V- (pVlogo),

which is the commutative counterpart of Proposition 2.7.

2.4 The Necessity of BKM-Detailed Balance

In the classical setting of irreducible finite Markov chain, Dietert [15] has proven that if
the Kolmogorov forward equation for a Markov semigroup can be written as gradient flow
for the relative entropy with respect to the unique invariant measure for some continuously
differentiable Riemannian metric, then the Markov chain is necessarily reversible. That is, it
satisfies the classical detailed balance condition.

Theorem 2.9 Let (Z;);>0 be an ergodic QMS with generator £ and invariant state o € P
If there exists a continuously differentiable Riemannian metric (g,) on B such that the
quantum master equation dp = £ p is the gradient flow equation for Ent, with respect to
(8p), then each 2, is self-adjoint with respect to the BKM inner product associated to o.

Before beginning the proof, we recall some relevant facts, and introduce some notation.
Regarding o as an element of M, (C), we define the operator .# on M, (C) by

1
MA :/ oS Act ds .
0

A simple calculation shows that ./ is the derivative of the matrix exponential function. Its
inverse is the derivative of the matrix logarithm function:

-1 © 1 1
MTA = A dr,
o0 t+o0o t+o

(see Example 6.5 below for more details). While the matrix logarithm function is monotone,
the matrix exponential is not. Thus .# ~! preserves positivity, but .# does not. In fact A —
# "1 A is evidently completely positive. The BKM inner product can now be written as

(A, B2 () = T[A*#B] = t[.#/(A")B] .

Proof of Theorem 2.9 As before, it will be convenient to consider the operators (.¢))
defined by (2.14). Since DEnt,(p) = logp — logo, the gradient flow equation d;p =
—2,D Ent, (p) becomes

ZTp = —2,(logp —logo) . (2.19)
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Applying this identity to p, = o + €A for A € Ap, and differentiating at ¢ = 0, we obtain
using the identity 9, |.—o log pe = .# ' A that

LTA=—,.07'A, (2.20)
Consequently, for A, B € A,

(LA B2 () = TI(LA)MB) =T[A*ZL 4 B] = —t[A" 4, B].

M@

As g5 is a symmetric bilinear form, the operator .7 is self-adjoint with respect to the
Hilbert-Schmidt scalar product. This implies the result. O

We are unaware of any investigation of the nature of the class of QMS generators that
are self-adjoint for the BKM inner product associated to their invariant state o. Therefore
we briefly demonstrate that this class strictly includes the class of QMS generators that are
self-adjoint for the GNS inner product associated to their invariant state o.

Let 2 be a unital completely positive map such that 7o = o, and define

PA) =4 P2A)?) .

Note that
12 5172

dt

*® o
MNP APy = / A
o t+o0 t+o
defines a completely positive and unital operator, and hence P is completely positive and
unital. Moreover,

PNA) = 2T (02 Ac ),

and hence Zo = o. Now observe that & is self-adjoint with respect to the BKM inner
product if and only if & is self-adjoint for the KMS inner product. In fact, forall A, B € A,

(DA, B);2 )_r[/z(//z—'(a‘/zgz(A*)aW))B] (PA, B),»

Mm@ 5(0)

Next, it is clear that & commutes with A, if and only if & commutes with A, . Since
there exist completely positive unital maps & satisfying 27 = o that are KMS symmetric
but do not commute with A, there exists completely positive unital maps Z satisfying
P'e = o that are BKM symmetric but do not commute with A,

Moreover, the class of completely positive unital maps e satlsfymg Do = o that are
BKM symmetric is in some sense larger than the class of completely positive unital maps &
satisfying 270 = o that are KMS symmetric: The map & — 2 is invertible, but .7 is not
even positivity preserving, let alone completely positive, so that

P(A) =0 P (P (Ao

need not be completely positive. It is therefore an interesting problem to characterize the
QMS generators that are self-adjoint with respect to the BKM inner product.

3 Beurling-Deny Theory in Finite-Dimensional von Neumann Algebras
In this section we recall some key results of Beurling—Deny theory that will be used in our

construction of Dirichlet forms in Sect. 4. We present some proofs of known results for the
reader’s convenience, especially when available references suppose a familiarity with the
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Tomita—Takesaki theory. However, Theorem 3.8, which singles out the KMS inner product,
1S new.

3.1 Abstract Beurling—Deny Theory

In this subsection, H always denotes a real Hilbert space with inner product (-, -). Let &7 be
a cone in H. That is, & is a convex subset of H such that if ¢ € &2, then Lp € & for all
A > 0. The cone & is pointed in case ¢ € & and —¢ € & together imply that ¢ = 0. In
particular, a subspace of H is a cone, but it is not a pointed cone.

Definition 3.1 (Dual cone) The dual cone &?° of a cone & is the set
P =y eH : (Y,9)>0 forallp e Z}. 3.1)
A cone & is self-dual in case #° = 2.

Let & be a non-empty self-dual cone in H, and take ¢ € H. Since & is a non-empty
closed, convex set, the Projection Lemma ensures the existence of P4 (¢) € &2 such that

lo =Pz (@Il <llo =y forally e Z, ¥ #Px(p). (3.2)

Theorem 3.2 (Decomposition Theorem) Let &2 be a non-empty self-dual cone in 'H. Then
for each ¢ € 'H, there exists a unique pair ¢, o_ € & such that

¢ =¢y—¢— and (g4, 90_)=0. (3.3)

In fact, o4 = P () and ¢ = Py (—@), where P denotes projection onto (the closed
convex set) L.

Proof Define ¢ := P4 (¢). Then define —¢_ := ¢ — ¢. We claim that ¢_ € . Indeed,
forany Y € & and any € > 0, ¢4 + €y € &, and hence,

o7 =g — 11> < Nl — (@1 +€W)* = lo-|I* + 2elp—, ¥) + 2|y |* .

Therefore, (¢_, ) > 0 for all y € &. Since & is self-dual, the claim follows.

To see that ¢4 and ¢_ are orthogonal, let e € (—1, 1), so that (1 + €)p4 € &. It follows
that lp— |2 = llp — @412 < llg — (1 + 1 1? = lp_II> + 2€{p—, ¢4) + > ¢4 > which
yields a contradiction for negative € sufficiently close to zero, unless (¢_, ¢4+) = 0. This
proves existence of the decomposition. Now the fact that ¢_ = P4 (—¢) follows from a
theorem of Moreau [37], as does the uniqueness of the decomposition, though both points
can be proved directly by variations on the arguments just provided. O

Definition 3.3 Let H be a real Hilbert space with a non-empty self-dual cone #. For ¢ in
‘H, define ¢4 and ¢_ as in Theorem 3.2. Then ¢ is the positive part of ¢, ¢ is the negative
part of ¢, and |¢| := ¢4 + ¢_ is the absolute value of . If ¢_ = 0, we write ¢ > 0.

We next recall some elements of the abstract theory of symmetric Dirichlet forms. A
bilinear form on a real Hilbert space H is a bilinear mapping & : D x D — R where D C 'H
is a linear subspace (called the domain of &). We say that & is non-negative if & (¢, ¢) > 0
for all ¢ € D; symmetric if &(p, ¥) = &, @) for all Y, ¥ € D; closed if D is complete
when endowed with the norm |¢|le = (||| + &(¢, 9))'/?; and densely defined if D is
dense in H.

@ Springer



332 E. A. Carlen, J. Maas

Definition 3.4 (Dirichlet form) Let H be a real Hilbert space with a non-empty self-dual
cone &. A non-negative, symmetric, closed bilinear form & on H with dense domain D is a
Dirichlet form in case |¢| € D for all ¢ € D, and

(el lol) = &(@. ¢) . (3.4)

or equivalently, if for all ¢ € D,
@+, 9-) <0. (3.5)

To see the equivalence of (3.4) and (3.5), note that
Elels lph) — E(p, ) =48 (@4, ) .

Given a non-negative, symmetric, closed bilinear form &, the operator £ : Dy C 'H —
‘H associated to & is defined by

Dy ={yeD[F#EecH: @ ¥)=—(p.§) VoeD}, ZLy:=§.

This operator is well-defined since D is dense. Moreover, .Z is non-positive and self-
adjoint.

The following abstract result by Ouhabaz [40] characterizes the invariance of closed con-
vex sets under the associated semigroup (in a more general setting that includes nonsymmetric
Dirichlet forms).

Theorem 3.5 (Ouhabaz’ Theorem) Let H be a real Hilbert space, and let & be a non-negative,
symmetric, closed bilinear form with domain D and associated operator £. Let C C H be
closed and convex. Then, the following assertions are equivalent:

(1) e ¢ eCforall p € Candallt > 0;
(2) Pco € Dand EPcy, ¢ — Pcp) <0 forall ¢ € D.

Combining Theorems 3.2 and 3.5 we obtain the following result.

Corollary 3.6 (Abstract Beurling—Deny Theorem) Let H be a real Hilbert space with a non-
empty self-dual cone &. Let & be a non-negative, symmetric, closed bilinear form with
domain D. Then, & is a Dirichlet form if and only if &< ¢ > 0 for all t > 0 and all ¢ > 0.

3.2 Completely Dirichlet Forms

Let & be a Dirichlet form on (A, (-, L2as (6)) with the KMS inner product specified by a
faithful state o. Here, the notion of Dirichlet form is understood with respect to the self-dual
cone consisting of all positive semidefinite matrices belonging to .A4; see Lemma 3.10 below.
Let 2, = ' where ¢ is the semigroup generator associated to &. Recall that the Dirichlet
form & is said to be completely Dirichlet in case for each t, &7 is completely positive.

The condition that & be completely Dirichlet may be expressed in terms of & itself,
permitting one to check the property directly from a specification of &.

For m € N, let E;; denote the matrix whose (i, j)-entry is 1, with all other entries being
0. Alternatively, E;; represents the linear transformation taking €; to e;, while annihilating
e; for k # j. (Here {eyq, ..., e;} is the standard orthonormal basis of C™.) It follows that
E;jEre = 8k Ej¢. The general element of .A ® M, (C) can be written as

A= Z Aij®Eij 3.6)
i j=1
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where each A;; € A. With 1, denoting the normalized trace on M, (C), the state ¢ ® 7, on
A ® M, (C) is defined by

1 m
0 ® Tm(A) = p” E o(Ajj),
Jj=1

where A is given by (3.6). The corresponding KMS inner product on A ® M, (C) is denoted
(-, ')LZKMs(o®rm)‘ One readily checks that for A, B € A ® M, (C),

] m
(B, A)L%MS(U®Tm) - Z Z (Bij Ai-i>L§MS(0) '
i,j=1
Define @,(m) on A® M, (C) by
m
Z"A=Y 24, @ E; -7

i,j=1
where A is given by (3.6). One then computes

m

1 & 1
L]= L, j=

d

(m)
e (A, 2, A>L§MS(U®Tm)

Thus, we define & on (.A ® M, (O), (-, '>L§Ms(0®ﬂn)) by

l m
EM (A, A) = — ~Z1 E(Aij, Aif) (3.8)
l,]=

where A is given by (3.6). In view of Corollary 3.6, & is completely Dirichlet if and only if
for each m € N, &™) is Dirichlet.

A QMS (Z); is not only completely positive; it also satisfies ;1 = 1 for all ¢. This too
may be expressed in terms of the Dirichlet form &: A Dirichlet form & is conservative in
case &(A,1) = 0 forall A € A, and one readily sees that this is equivalent to the condition
that Z,1 = 1 for all 7.

3.3 Moreau Decomposition with Respect to the Cone of Positive Matrices

LetH, (C) denote the set of self-adjoint n x n matrices, which contains a distinguished pointed
cone &, namely the cone of positive semidefinite matrices A. If we equip Hl, (C) with the
Hilbert—Schmidt inner product (X, Y) = Tr[XY], then & is self-dual: for X € H,(C),
(X,A) > 0 foral A € & if and only if (v, Xv) > O for all v € C”", as one sees by
considering rank one projections and using the spectral theorem.

The next result characterizes the Moreau decomposition in (H,(C), (-, -)) in spectral
terms. For X € H,(C), there is the spectral decomposition X = X ) — X (—) where

X(+) = Xl(()’oo)(X) and X(,) = —Xl(,oo,o)(X) . (39)

Theorem 3.7 (Moreau decomposition for Hilbert—Schmidt) Let H be H,,(C) equipped with
the Hilbert—Schmidt inner product, and let &7 be the cone of positive semidefinite matrices.
Then the spectral decomposition of X € 'H coincides with the decomposition of X into its
positive and negative parts with respect to 2.
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Proof Let X € H,(C), and let X = X, — X_ be the decomposition determined by 2.
Then, for v in the range of X, we have X — €|v)(v| € £ for all sufficiently small € > 0.
Therefore,

IX_|I> = 1X — X1 [I> < IX — (X4 — e[y (D> = | X_|I> — 2 (v, X_v) + €*[|v]|* .

It follows that (v, X_v) < 0, but since X_ € £, this yields (v, X_v) = 0. Hence the
range of X lies in the null-space of X_, so that X_ X = 0. Taking the adjoint, we find
that X4 X_ = 0. Therefore, X_ and X4 commute with each other, and hence with X.
Thus, the projectors onto the ranges of X and X_ are both spectral projectors of X. Since
X =X, — X_itfollows that Xy = X(y)and X_ = X (. O

The situation is more interesting for other inner products on H,, (C). Let o be an invertible
density matrix. For s € [0, 1], let (-, -} be the inner product on M, (C) given by (A, B); =
Tr[A*o® Bo179].

Theorem 3.8 Let o be an invertible n x n density matrix that is not a multiple of the identity.
Then the cone & of positive matrices in H,, (C) is self-dual with respect to the inner product
(-, -)s determined by o if and only if s = %

Proof Let X € H,(C) and A € 2. Then (X, A)y = Tr[Xo*Ac!=5] = Tr[(c !~ Xo*)A].
Therefore, (X, A); > 0 for all A € 2 if and only if 0! *Xo® € 2. If 6!™X0o* €
P, then o= X" is self-adjoint, and hence ol Xo% = 0% Xo ™%, or, what is the same,
[01725, X] = 0. Let X := |v)(v| with v chosen not to be an eigenvector of o. Then for
s # %, [01_25, X1 # 0. Therefore, X € &, but X ¢ £2°. Hence, & is not self-dual when
‘H is equipped with the inner product (-, -)s for s # %

One the other hand,

(X, A)1p = Tr[Xo 2 A0 /2] = Tr[(0/* X o /) (0! /4 Ac/*)] .

Since o is invertible, as A ranges over &, o 1/4p451/4 ranges over &, and so (X, A)12 >0
for all A € & if and only if oA Xgllt e 2. Again, since o is invertible, this is the case if
and only if X € #2. Hence, & is self-dual for (-, -)1 /2, the KMS inner product. O

The Moreau decomposition for the KMS scalar product can easily be obtained from
Theorem 3.7 by a unitary transformation.

Theorem 3.9 (Moreau decomposition for KMS) Let o be an invertible n x n density matrix
and let X € H,(C). Then, with respect to the KMS norm on H,, (C),

X —0_1/4(61/4X01/4)(+>0_1/4||L2K <X = Al o (3.10)

Ms (@) =
forall A € &. Consequently, the positive part of X in the decomposition according to &,
X, is given by
X, = 071/4(01/4X01/4)(+)o*1/4 . (3.11)
Proof The map Y + o '/4Yo!/* is unitary from H,(C) equipped with the KMS inner
product to H, (C) equipped with the Hilbert-Schmidt inner product. That is,

X — A||i% )= Trlo /4 Xo /% — o 1/* Ac /42

ms (@

for X, A € H,(C). By Theorem 3.7, min{Tr[c/*Xo!/* — B]*> : B € 2} is achieved at
B = (oc4Xa/*) 4. o
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We conclude the section by extending the results above to an arbitrary x-subalgebra A of
M, (C). Let o be an invertible n x n density matrix belonging to A.

Lemma3.10 Let H be Aj equipped with the KMS inner product induced by o, and let & be
the positive matrices in M., (C), and let Z 4 .= & N A. Then 24 is self-dual in H.

Proof Let X € &2 4. For any A € &4 we have 0124612 > 0, hence (X, A2

kms (@) -
Tr[Xo!'/2Ac'/2] = 0, which shows that X € 2.

Conversely, suppose that X € A, belongs to &%. For every A € &4 we then have
Tr{Xo!/?Ac!?] = (X, A)2 (o) = 0.Since o is invertible, it follows that Tr[X B] > 0 for
every B € & 4. Therefore, the spectrum of X is non-negative, which implies that X belongs
to & and hence to & 4. O

Lemma3.11 Let X be a self-adjoint element of A. Then the decomposition of X with respect
to P4 is given by X = X4 — X_ where

X4 = 0_1/4(0'1/4XO'1/4)(+)0'_1/4 and X_ := 0_1/4(01/4X01/4)(_)0_1/4 .

Proof Let X be a self-adjoint element of .A. Then by Theorem 3.9, min{|| X — A|| L2ys(0)

A € P} is achieved at A = o~ 1/*(c/*Xo!/4) )0 ~!/4, and since this belongs to A, this
same choice of A also achieves the minimum in min{|| X — A||L§MS(0) 1A e Pyl O

4 Construction of Dirichlet Forms on a Finite-Dimensional von
Neumann Algebra

Motivated by the results in Sects. 2 and 3 we introduce a general framework in which various
gradient flow structures can be studied naturally. This setting unifies and extends several pre-
vious approaches to gradient flows, in particular for reversible Markov chains on finite spaces
[32,35], the fermionic Fokker-Planck equation [8], and Lindblad equations with detailed bal-
ance [10,36]

While the results in Sect. 2 show that the general QMS satisfying the o -DBC can be repre-
sented in terms of a Dirichlet form specified in terms of derivations, our applications require
us to work with representations for the generator .# in terms of “partial derivative operators”
d; that are not simply derivations. The reason is that, to obtain functional inequalities and
sharp rates of convergence to equilibrium, it will be important to obtain commutation rela-
tions of the form [0}, .£] = —ad; for a € R. We shall demonstrate that such commutation
relations may hold for the general class of representations introduced in this section, but not
for the simpler representation in terms of derivations discussed in Sect. 2.

Our starting point is a finite-dimensional von Neumann algebra .4 which we may regard
as a subalgebra of M, (C) for some n € N. On account of the finite-dimensionality of A,
there is always a tracial positive linear functional 7 on .A: One choice is the normalized trace
t[A] = n~! Tr[A]. However, if A is commutative (hence isomorphic to £5°), there will be
many other tracial positive linear functionals — any positive measure on {1, .. ., n} specifies
such a positive linear functional. In what follows, T will denote any faithful positive linear
functional on A that is tracial; i.e., such that t[AB] = t[BA] for all A, B € A. Since 7 is
faithful, every state o on A can be represented as 0 (A) = t[o A], where on the right side
o € AC M, (C) is the n x n density matrix belonging to A determined by the state o.

The basic operation in terms of which we shall construct completely Dirichlet forms on
A has several components.
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Let B be another finite-dimensional von Neumann algebra with tracial state 7. A unital
sx-homomorphism ¢ from (A, t) to (B, ) is (7, T8)-compatible in case for all A € A,

t5[£(A)] = t[A]. 4.1

Equivalently, £ is (t, 75)-compatible in case its adjoint £7 : L2(B, 15) — L?(A, ) satisfies
'1B) =14.

Let0 # V € B, and let £ and r be a pair of (7, 73)-compatible unital x-homomorphisms
from A into B. Then define the operator dy : A — B by

dyA = Vr(A) — L(A)V . 4.2)

If B = A and both £ and r are the identity, this reduces to (2.11). The following Leibniz rule
shows that dy is an (£, r)-skew derivation.

Lemma 4.1 (Leibniz rule for dy) For A, B € A we have
ov(AB) = (0vA)r(B) + £(A)dy B . (4.3)
Proof Since ¢ and r are algebra homomorphisms,
dy(AB) =Vr(AB) —{(AB)V
= (Vr(A) — £(A)V)r(B) 4+ L(A)(Vr(B) — £(B)V) = (dy A)r(B) + £(A)dy B ,
which is the desired identity. O

Remark 4.2 Since ¢ and r are algebra *-homomorphisms, it follows that
€T(L(A)BL(AY)) = A1€T(B)Ay and r'(r(A1)Br(Az)) = Air’(B)A, (4.4)

for all A, A, € Aand B € B. Moreover, £/ (B)* = £7(B*) and r¥(B)* = rT(B*) for all
B e B.

Let o € A be the density matrix (with respect to ) of a faithful state on .A. Since € and
r are (t, tg)-compatible, £(o) and r (o) are density matrices (with respect to T3 on 3). The
inner product that we use on B is a KMS inner product based on both £(¢') and r (o) defined
in terms of the relative modular operator A¢(s),r(o):

At(o).r(o)(B) 1= () Br(o)™" . (4.5)

It is easily verified that Ay () 1S a positive operator on L?(B, 1), and hence we may
define an inner product on B through

. 1/2 1/2 1/2
(B1, B2) 12 5.4(o)r(oyy = (Bir(@)! AL o B (@) 125 1)

= 15[B}t(c'/*)Bar(c'/?)] .

Given a faithful state o on A, V € B, and two pairs (£, r) and (£, r,) of (7, T3)-compatible
x-homomorphisms of A into B, define dy by (4.2), and define

dye = V¥ru(A) — L (A)V*

in accordance with (4.2), but using V*, £, and r,. Then define a sesquilinear form & on .4
by

&(A1, A2) = (v Ay, BVAZ)LZKMS(B,Z(U)J(U)) + (dv+Ar, av*AZ)LZKMS(B’[*(U)”*(U)) .(4.6)
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Our immediate goal in this section is to determine conditions on V, (¢, r) and (£, r,) under
which & is a conservative completely Dirichlet form on A equipped with the KMS inner
product induced by o.

It is first of all necessary that the operator .# determined by & through &(A1, Az) =
—(B, fA)L%(MS(o)bereal;i.e.,(,Z(A))* = Y A*.Since (A1, A2>L§MS(0) = (A3, AT>L§MS(0)
forall A1, A2 € A, itis easily seen that . is real if and only if £(A;, A2) = &(A3, AY) for
all A1 s Az e A.

Lemma 4.3 Under the condition that for all A1, Ay € A,
B[V (A VI (A2)] = t8[VFr (A1) VEL(A)], 4.7)
we have &(A1, A2) = &(A5, A]) forall Ay, Ay € A

Remark 4.4 One can satisfy (4.7) in a trivial way by taking ¢, r, £, and r, each to be the
identity. Almost as trivially, one may take ¢, = r and r, = €. However, we shall see that
one can also satisfy (4.7) with £, = ¢ and r, = r = I with a non-trivial x-homomorphism
£; see the discussion in the next section on the Clifford Dirichlet form. Other non-trivial
realizations of (4.7) arise in practice.

Proof of Lemma 4.3 We compute
<8VA15 8VA2>L2KMS(B,€(0)J(0)) = ‘CB[F(AT)V*K(GI/Z)Vr(Az)r(Ol/z)] (48)

+ 15[ VUADL( ) (A V()]
—t8[r(ADV*(e ) (A V(o))
— B [VHADL ) Vr(ADr@ D] (4.9)

By cyclicity of the trace 73, the homomorphism property of £ and r, and (4.7),

Blr (AN V() Vr(A)re?)] = tlr(Aye 2 AH V(a1 /?)V]
= 15[l (A2a 2 AD V(02 V]
= B[V € (A2)ls(0 D) (AP V ra(a )]
This shows that the quantity in (4.8) is what we obtain from the quantity in (4.9) if we replace

£ by Ly, r by ry, V by V*, Ay by A%, and A by A7. Similar computations then yield the
identity

(OvAL OvA2) 12 (Bee).ro) = (VAL WV AT) 12 (B0, (o) (o)) »
and this implies £(A1, Az) = &(A], A}). O

Thus, the condition (4.7) suffices to ensure that the sesquilinear form & defined in (4.6)
is real. In the rest of this section, we suppose that this condition is satisfied, and then since &
is real, it suffices to consider its bilinear restriction to Aj,.

One further condition is required to ensure that & be a Dirichlet form on .4;, and we
shall see that under this same condition & is actually a completely Dirichlet form. The
assumption is that V (resp. V*) is an eigenvector of the relative modular operator A¢(s) /(o)
(resp. Ag,(0),r.(0))- Since the relative modular operator is positive, there exist w, wy € R
such that

A¢oyr )V = e ®V and AZ*(U)J’*(O')V* =e PxV*, (4.10)

There are several equivalent formulations of this condition that will be useful.
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Lemma 4.5 The first condition in (4.10) is equivalent to the condition
dy logo = 0V , (4.11)

and to the condition that for all t € R,

AQ(U)J((,)V =e V. 4.12)

Moreover, (4.10) implies that
Wy = —W. 4.13)
Proof Note that (Ate( o)r(o ))teR is a group of linear operators on 53, and the generator ¢ of this

group is given by ¥ B = {(logo)B — Br(logo), thus ¥V = —0y logo. The equivalences
thus follow from basic spectral theory.
Using (4.7) with A = 0 and Ay = o1, and two applications of (4.12), we obtain

e[V V] = [V @) Vr(c D] = t5[VEl(c  HV*ri(0)] = e[V V*].
Since V # 0, this yields (4.13). O
We are now ready to state the main result of this section.

Theorem 4.6 Let o be a faithful state on A. Let V € B and two pairs (£,r) and (€4, ry)
of (v, tg)-compatible x-homomorphisms be given. Suppose also that (4.7) is satisfied, and
suppose that V (resp. V*) is an eigenvector of the relative modular operator Ay(sy (o) (Tesp.
Ap, (o). (o)) satisfying (4.10). Then the sesquilinear form & : A x A — C given by (4.6)
defines a conservative completely Dirichlet form on LZKMS (Ap, o).

Proof To explain the crucial role of the assumption that V is an eigenvector of the relative
modular operator, so that (4.10) is satisfied, we fix V, W € B and (temporarily) define the
operators d, dx : A — Bby dA := Vr(A) —L(A)W and 9, A := V*r(A) — L. (A)W*, and
set

&(Ar, Ap) = (044, 8A2>L§MS(B,Z(U)J(U)) + (04A1, a*A2>L§MS(B,[*(g)J*(g)) .
We will show:

_ L2712 — 02 712
() IEW = e”PAy5 oV and W = e™/2A, /00 )

defines a Dirichlet form on L%(MS (Ap, o).
(2) If, in addition, (4.10) holds, then &(1, A) = O for all A € Ay, hence & is conservative.

V* for some w, wyx € R, then &

Consider the unitary transformation U : L2KMS (A,0) > L%*(A4, 1) given by UA =

ol/*Ac1/4. For brevity we write 7B := Aé{i)’r(o)B = (o /") Br(c~1%), and likewise,
T.B:= A4 B = £,(c /%) Bry(o~1/%).

Ly (0),r«(0)
For A € Aj;, we need to show that (A4, A_) <0.For A1, A € A we have

(0A1,0A2) 12 (B.0(0).r(0))
B [r(01/4) (r(AT)V* _ W*g(A’f)>€(gl/2)(Vr(Az) - E(Az)W>r(ol/4)]

- r3[<r(uAT)(TV)* (7! W)*Z(MAT)) ((TV)r(UAz) —UANT ! W)]
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= tg[(TV)r(L{AzuAT)(’TV)* — (TV)UUA)T ' WrUAY)
— rUA) T I WYCUAT(TV) + (T W) CUATUA)T ! W] . (4.14)

For A € Aj, we have Ay = U~ (UA)4) by Lemma 3.11, thus
UALUA_ = UA)HUA) -y =0 and UA_UAL = UA)HUA)4) =0.
‘We obtain

DAL DA 12 (5.10rren = —TB| (TVILUAIT T WrUAL) s
n (T—1W)*Z(UA+)(TV)r(UA,)] . '

Since r(UA1) > 0, it follows that (0A 4, 8A7>L§MS(B‘Z((T),I‘(O’)) < 0 if we can show that

(TVYUUANT'W >0 and (T'W) L WUALN(TV)>0. (4.16)

To show this, we make the assumption that W = e®/ zAég) r(o) V for some w € R. Equiv-

alently, this means that TIW = ¢/27TV, and since LUAL) > 0, we obtain (4.16). This
proves that (0A 4, 8A—>L]2<MS(B,Z(0)J(0)) <0.

An entirely analogous argument shows that (0, A4, 0, A_) L2415 (B.£4(0).14(0)) < 0, and this
proves that £(A4, A_) is a Dirichlet form.

Observe now that 01 = V — W and 0,1 = V*— W™, Thus, to conclude that 01 = 9,1 = 0,
we need to assume that V is an eigenvector of Ay(s) () With eigenvalue e~®, and that V* is
an eigenvector of Ay, (4 r, (o) With eigenvalue e~ “*. It immediately follows that £(1, A) = 0
for all A € Aj, hence & is conservative.

It remains to prove that under the given conditions, & is completely Dirichlet. Let Tr be
the standard trace on M, (C). Let H be a self-adjoint element of A ® M, (C), and let H
and H_ be the elements of its decomposition H = H; — H_ in L%Ms (0 ® Tr), where H
and H_ are positive and such that (H+;H_) L2y (0®T) = 0.

Leto = Z?:l o ® Ejj and write H = o '/4Ha !/# for brevity. By Theorem 3.9, Hy =
a’l/4ﬁ(+)a’l/4, hence [H, ];; = 0’1/4[ITI<+)],-]-0’1/4. It follows that

3 U L )UAH 1)) = Fpy, B 2gm =0
i,j=1

Using this identity, (4.15) with V = W yields

Z (3[H+]ijs a[H—]ij)L%MS(By[(o’)yr(g))
i j=1

=— Z TB[V*E(U[H—]ij)VV(U[H+]ij) + V*E(U[H+]ij)VF(U[H—]ij)]
i, j=1

== 3 [ Vel VAl L) + VU L VAL |
i,j=1

=~ @ T [(V & L) ) (V @ Lr ) +(V @ L) el (v @ Lor )]

where 1,, denotes the identity matrix in M,,(C), and in the last line, we simply write ¢
and r to denote their canonical extensions £ ® [ and r ® 1. Since r(H)) > 0 and (V ®
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1 )*Z(ﬁ(jF))(V ® 1,,) > 0, it is now evident that the right-hand side is non-positive. An
analogous argument applies if we replace d by 0, and therefore,

m

™M Ho) = ) S(H ;. H-];) <0.
i,j=1
In summary, this proves that £ is a Dirichlet form for all m € N, and hence that & is
completely Dirichlet. O

Evidently, the sum of a finite set of conservative completely Dirichlet forms on A is a
conservative completely Dirichlet form. Thus, we may construct a large class of conservative
completely Dirichlet forms by taking sums of forms of the type considered in Theorem 4.6.
In the remainder of this section, we consider such a conservative, completely Dirichlet form
and the associated QMS &;.

It will be convenient going forward to streamline our notation. In the rest of this section
we are working in the framework specified as follows:

Definition 4.7 Let .4 be a finite-dimensional von Neumann algebra .A endowed with a faithful
tracial positive linear functional t. A differential structure on A consists of the following:

(1) A finite index set 7, and for each j € 7, a finite dimensional von Neumann algebra B;
endowed with a faithful tracial positive linear functional ;.

(2) Foreach j € J, apair (£, r;) of unital *-homomorphisms from A to B; such that for
each A € Aandeach j € 7, 7;(£;(A)) = 7;(rj(A)) = 1(A), and a non-zero V; € B;.

(3) Itis further required that for each j € J, there is a unique j* such that V;‘ = V;x, hence
{(Viljeg = {VJ?"}jEJ and Bj+ = B;. Moreover, for j € 7 and Ay, A; € A,

‘L’.]'[V;Ej(Al)erj(Az)] = ‘L’J'[V;krj* (ADVjiLx(A2)] . 4.17)

(4) Aninvertible density matrix o € ‘B, such that, for each j € J, V; is an eigenvector of
the relative modular operator Ay, (4),r; (o) 00 B; with

Agj(o)rjo) (Vi) = e *1V; (4.18)
for some w; € R.
Then for each j € 7, we define the linear operator d; : A — B; by
0;A :=Virj(A) —L£;(A)V; (4.19)
for A € A, and set

VA:=@;A)jegeB. B=]]8;.
jeJ
We refer to V A as the gradient of A, or derivative of A, with respect to the differential structure
on A defined above. We will denote the differential structure by the triple (A, V, o).

For s € [0, 1] we endow B; with the inner product
(B1. Ba)s,j = 1 B{¢;(@*)Barj(0' )]
The most relevant case for our purposes is s = %, in which case we write
(B1, B2) ) = (B1,B2)12,j -

2
Liwms,
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It follows immediately from Theorem 4.6 that

E(Ar, Ap) = Z<ajAl’ajA2)L2KMsj(0) (4.20)
jeJ Y

is a conservative completely Dirichlet form on L%MS (Ap, 0).

Remark 4.8 As we have seen earlier in this section, (3) ensures that the sesquilinear form &
defined by (4.20) is real and leads to the symmetry condition (4.13), and then (4) ensures
that & is completely Dirichlet.

Having the gradient V at our disposal, we can define a corresponding divergence operator
by trace duality. For B = (B}) je.7 € B we shall use the notation

divB=—)" aJTBj . 4.21)
jeg

Proposition 4.9 Let s € [0, 1]. The adjoint of the differential operator 3; : (A, (-, -)s) —
(BJ7 ('1 )_S,]) is given by
+, sw; —Sw;
0B = e (ViB) — eVl (BVY) . (4.22)
In particular, the adjoint of the operator 9; : L%MS (A,0) —> LzKMS,j (Bj, o) is given by

8;’03 - e—w.f/zrj.(v;‘B) - ew.f/zzj(Bv;) (4.23)

for B € Bj.

Proof For A € A we obtain using (4.4) and (4.12),

(0jA, B)s,j
= 7j[(Vjrj(A) = £;(A)V;) " (0" Brj(@'™)]
=71 [rj(A)*VJf"Zj(GS)Brj ((Tl_s) — Ej(A)*Ej ((TS)B}’J‘ (GI_S)V;]
= t[A* [ (Vi@ Brj(c' ™) — A*(i(¢;(0*)Brj(c'*)V})]
= t[ 4% (] (@ IVi ") B) = £ (Bry@ =)V ;™) )o '~
= t[A%0* (e r (Vi B) — "Vl (BV))o ' ]
= (A, e ir](ViB) = !l (BV)),
which proves (4.22). O

The following result provides an explicit expression for .Z.
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Proposition 4.10 The operator £ associated to the Dirichlet form (4.20) is given by
LA =Y (= AV 2V AV = ViVri(4))
jeJ
= ew.f/zej(v,-rj(A)vf — 0;(A)V; v;‘) - e—wz‘/zr;(vj‘v,-rj (A) - v;‘e,-(A)v,»)
jed
for A € A. Its Hilbert space adjoint with respect to L*(A, 1) is given by
L= e*wfﬂ( —rl(rj (@ VFV;) + 205 (Virj () Vi) = r] (Vi Vyr (p)))
jeg

= (] (Ve V) = eV v)))
jeTJ

) )
forpe A

Proof Using Proposition 4.9 we obtain

LA=-"0] ;A

jeg
2 T 2,
=— ) e ilPri(VF9;A) — e 2 (0, A)V)
jeg
=" Z eiwj/zr;'r(vf Virj (A)_Vj?kg.i (A)Vj)_ewj/zgj' (erj (A)V;_Z.i (A)V; Vj*) )
jed

which yields the second expression for .. The first expression is obtained using (4.17) and
the fact that w j» = —w;. The formulas for £ follow by direct computation. O

The following result is an immediate consequence.
Proposition 4.11 We have

Ker(¥) = Ker(V) and Ran(ﬁT) = Ran(div) .

Proof The identity A = — ). jeg 3 i, 08 ;i A implies that Ker(V) C Ker(.Z). The reverse
inclusion follows from the identity —(.Z A, A>L12<MS(U) = ZIEJ(E) A, 0 A)LZKMS.J'(U). The
identification of the ranges is a consequence of duality. O

Proposition4.12 Fors € [0, 1] and A1, Ay € A we have the identity

(LA Az)s = Y 7D (D541, 0;4),
jed

Consequently, the operator £ is self-adjoint with respect to (-, -)s for all s € [0, 1], and in
particular, the detailed balance condition holds in the sense of Definition 2.3.

Proof This follows from a direct computation using (4.22). O
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5 Examples

We provide a number of examples of conservative completely Dirichlet forms defined in the
context of a differential structure on a finite-dimensional von Neumann algebra A equipped
with a faithful state o.

5.1 Generators of Quantum Markov Semigroups in Lindblad Form

We have seen in Sect. 2 that generators of quantum Markov semigroups satisfying detailed
balance (see Theorem 2.4) naturally fit into the framework of Sect. 4 by taking A = B; =
B(%)andﬁj =Trj =IA.

The framework also includes quantum Markov semigroups on subalgebras A of B (7).
In this case we set Bj = B(J), so that the situation in which V; ¢ A is covered. Such a
situation also arises naturally in the following example.

5.2 Classical Reversible Markov Chains in the Lindblad Framework

For n > 2, Let {ey, ..., e;} be an orthonormal basis of R" and set Ey, = |ex)(e,|. Note
that Ey, E,g = 8, Ers and E,’fp = E . We consider the algebra A € M, (C) consisting of
all operators that are diagonal in the basis given by the ¢;’s:

AZ{ZI//Z'E,',' . 1#1,...,1//,16@}.
i=1

Furthermore, for each k, p, we set By, = M, (C), and we endow A and By, with the usual
normalized trace given by 7(B) = % Zi (Be;, e;). Let £y, = ryp be the canonical embedding
from A into By,. It then follows that z}[p(B) = r,j'p(B) =Y (Bei, e)Ei.

For k # p, let gx, > O be the transition rate of a continuous-time Markov chain on
{1,...,n}. Weset Vi, = 2’1/2(qkpqpk)1/4Ekp so that Vk’; = Vpr. Moreover, it is immediate
to see that the identity in (4.17) holds. Fix positive weights 7y, ..., . It then follows that
o =) ,; m; Ej; satisfies (4.18) with wy, = log(),/mx).

By Proposition 4.10, the operator . associated to the Dirichlet form (4.20) is given by

1 kpq pkTk [ 4 *
Za=3 3 [P (A Eipl + (B, A1E)

k#p

for A € A. Assume now that rq, ..., 7, satisfy the classical detailed balance condition, i.e.,
TkqGkp = Tpqpk for all k, p. Then we have

1
DA = 5 quk (E;“[,[A, Expl + [E},, A]Ekp) .

k#p
More explicitly,
Z(D i) = 3 apWp — Vi) Eni
i k,p
Hence, under the identification (Y, ..., ¥,) < Z?:] Y E;i, the operator .Z corresponds
to the operator Ay given by (Auv )k = Y. » Qkp(Wp — Vi), which is the generator of the
continuous-time Markov chain on {1, ..., n} with transition rates from k to p given by gi.
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5.3 Another Approach to Reversible Markov Chains

Let us now give an alternative way to put reversible Markov chains in the framework of
this paper, which corresponds to the construction in [32,33]. As above, let g;, > 0 be
the transition rate of a continuous-time Markov chain on {1, ..., n}, and assume that the
positive weights 7y, ..., m, satisfy the detailed balance condition mxqrp = mpqpk. Let
J = {(k, p) : qkp > 0} be the edge set of the associated graph. We consider the (non-
)commutative probability spaces (A, T) and (B, txp) given by

n
B
A:=¢6°, t(A):= ZA,-ni , Bip =C, twp(B):= Enqup .
i=1

The operators 9y, are determined by Vi, = 1, £x,(A) = Ay, and rg,(A) = Ap for A e e
It follows that le(B) = qupek and r,jp(B) = gqpkep, where ey is the k’th unit vector in
£5°. Therefore,

B
dpA=A,— A and 9 B = 5 @pkep — qiper) -

Moreover, as o = 1 satisfies (4.18) with wyp = 0, it is readily checked that this defines a
differentiable structure in the sense of Definition 4.7. Using Proposition 4.10, we infer that
the operator . is given by

(LA =) qrp(Ap — Ap),
p

so that . is indeed the generator of the continuous time Markov chain with transition rates
Gkp-

5.4 The Discrete Hypercube

For a given Markov chain generator, there are different ways to write the generator in the
framework of this paper, and it is often useful to represent . using set 7 that is smaller than
in Example 5.3; see also [21]. We illustrate this for the simple random walk on the discrete
hypercube Q" = {—1,1}". Set 7 = {1,...,n}, and let s; : Q" — Q" define the j-th
coordinate swap defined by s;(x1, ..., x,) = (x1,..., =X, ..., Xp).

Consider the (non-)commutative probability spaces (A, T) and (B}, t;) determined by

A=L020QY), T(A):=2" > Ax), Bj=A, 15:=1.

xeQn
Furthermore, seto = 1and w; = 0. We define V; = 1, £; = I, and r;A(x) = A(s;x), sO
that 9;A(x) = A(sjx) — A(x). This defines a differential structure with o = 1. It follows
that r; =rj and

0jA(x) = E)JTA(x) = A(sjx) — A(x) .

It follows that

n

LAX) =2 (Alsjx) — AW)
j=1

which is the discrete Laplacian on Q" that generates the simple random walk.
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5.5 The Fermionic Ornstein-Uhlenbeck Equation
A non-commutative example in which it is advantageous to work with £; not equal to
the identity, is the Fermionic Ornstein—Uhlenbeck operator, for which a non-commutative

transport metric was constructed in [8]. Let (Q1, . .., Q,) be self-adjoint operators on a finite-
dimensional Hilbert space satisfying the canonical anti-commutation relations (CAR):

0i0;+ Q;0; =24; .
The Clifford algebra " is the 2" -dimensional algebra generated by {Q ; }’}z - Letl: € —
¢" be the principle automorphism on €”, i.e., the unique algebra homomorphism satisfying
I'(Q;) = —Qjforall j.Lett be the canonical trace on €", determined by r(Q‘i” c QM) =
80,je| for all @ = (aj); € {0, 1}", where || := Zj aj. We then set 7 = {1,...,n},
A = B; := ¢" and 7; := 7. Furthermore we set V; = Q;,£; = I', and r; = I. Then
Kj. =TI, and the operators 9; and 3; are skew-derivations given by

0jA=QjA-T(A)Q;. A=Q;A+T(A)Q;.
Taking 0 =1 and w; = 0 we obtain
n
$A=2§}ngj—m,
j=1

which implies that ¥ = —4N, where N is the fermionic number operator (see [8,9] for
more details).

5.6 The Depolarizing Channel

This is one of the simplest non-commutative examples. Given a non-commutative probability
space (A, 7) and y > 0, the generator is defined by

LA =y(r[A]l - A) . 5.1)

In the case where A = B; = M;(C) and 7 is the usual trace, this operator can be written
in Lindblad form using the Pauli matrices

0 1 0 —i 10
ol LTS PN B TR §

Weset V; = \/yo;and £; = r; = I 4, so that the differential operators 9y, dy and 9, are the
commutators

3jA = ﬁ[Oj, A]

for j € {x, y, z}. This yields a differentiable structure with o = 1 and w; = 0, and a direct
computation shows that . is indeed given by (5.1).
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6 Non-commutative Functional Calculus

Let A be a finite-dimensional C*-algebra. Let A, B € A be self-adjoint with spectral decom-
positions

A=) "NA; and B=) B 6.1)
i k

for some eigenvalues A;, ux € R and spectral projections A;, By € A satisfying A; Ay =
SikAi, BiBx = 8jxBi,and ) ; A; = ), Bx = 1 4. For a function 6 : sp(A) x sp(B) - R
we define (A, B) € A x A to be the double operator sum

0(A, B) =)0, ) Ai ® By . (6.2)
ik
Remark 6.1 A systematic theory of infinite-dimensional generalizations of 6 (A, B) has been

developed under the name of double operator integrals, see, e.g., [5,43].

Double operator sums are compatible with the usual functional calculus, in the sense that

0(f(A), g(B)) = (0o (f,8)(A, B) (6.3)

forall f:sp(A) > R, g : sp(B) > Rand 6 : R x R — R. Moreover, recalling that the
contraction operator has been defined in (2.16), we have

62(A, B)#(61(A, BJ#C) = (62 - 61)(A, B)#C (6.4)

The straightforward proof of these identities is left to the reader.

LetZ C R be an interval. Of particular relevance for our purposes is the special case where
0 =38f : Z xZ — R is the discrete derivative of a differentiable function f : Z — R,
defined by

J) - fw A
SfO.w =1 a-p ’ 6.5)
oy, A=,
Using the contraction operator we can write the following useful chain rule:
J(A)— f(B) =48f(A, B)#(A—B). (6.6)

We can also formulate a chain rule for the operator dy defined in (4.2), which plays a crucial
role in the sequel.

Proposition 6.2 (Chain rule for dy) Let A € Ay,. For any function f : sp(A) — R we have
oy f(A) =8 f(L(A), r(A)#ov A . 6.7)

Proof Let A =), A; A; be the spectral decomposition with eigenvalues A; € R and spectral
projections A; € A satisfying A; Ay = 8jxA;and ) ; A; =14.Since£(14) =r(14) =14
by assumption, it follows that ) ; £(A;) = ), r(A;) = 1 for all j. Therefore,

Iy A = Zki<Vr(Ai) - E(A,-)V)

= Z(Ak — i) (ADVr(A) .

ik
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Consequently, since £(A,)L(A;) = L(ApA;) = 8,il(A;) and r (Ap)r(Am) = Sgmr (Ax),

Sf((A), r(A)#0A = Z 8fAps Am) (i — Ai)E(Ap AV (AkAm)
i,k,p,m

=Y 8f0uir ) Ok = ML(AD VF(AR)
ik (6.8)

= > () = FOD) AN VF(AL)
ik
=0y f(A).
O

Remark 6.3 Note that the function f is not required to be differentiable in Proposition 6.2.
In this case, 6 f is not defined on the diagonal, but the second line in (6.8) shows that its
diagonal value is irrelevant.

The following well-known chain rule can also be formulated in terms of § f.

Proposition6.4 Let A : T — Ay, be differentiable on an interval T C R and let f be a
real-valued function on an interval containing sp(A(t)) forallt € I. Then:

d
3 (A0) =8f(AM), AD)#A'(1) (6.9)

d
ar[f(A(z»] =1[f'(A@)A'(1)]. (6.10)

Proof The first assertion follows by passing to the limit in (6.6). The second identity follows
easily using the definition of § f and the cyclicity of the trace. O

Example 6.5 We illustrate the proposition above with a well-known computation that will be
useful below. For p,0 € P (A) and v € Ay, with T[v] = 0, set p; := p + tv. It follows
from (6.10) that

9, Ent; (o) = t[v(log po; — logo)] . (6.11)
Since 8 log(r, 5) = 228 = [*(x +7)~!(x+5)! dx, we have Slog(R. §) = [5°(x +
R)'® (x + §)~! dx. Thus, (6.9) yields
92 Ent, (p;) /Oo[ ! ! ]d (6.12)
n = T|V v X . .
O N Ay

We finish this subsection with some useful properties of the sesquilinear form (A, B) —
<A, (/)(R, S)#B)LZ(.[) on A.

Lemma 6.6 Let R, S € A be self-adjoint and let ¢ : sp(R) x sp(S) — Ry be given. Then,
forall A € A,

<A7 (p(R7 S)#A>L2(‘[) Z O .

Proof Using the spectral decompositions R = ) ; A;R; and S = ), xSy we may write

(A, (R, SY#A)2r) = Y 9k, ) TIA*RiAS,] .
ik

Since T[A*R; AS;] = t[(R; ASk)*(R; ASy)] > 0 the result follows. O
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Proposition 6.7 Let R, S € A be self-adjoint and suppose that ¢ : sp(R) x sp(S) — Ris
strictly positive. Then the sequilinear form

(A, B) = (A, o(R, S#B) 2,

defines a scalar product on A.

Proof Consider the spectral decompositions R = ), A;R; and S = ), ux Sk. Using basic
properties of the trace, we obtain

T[A*R; BSi] = t[(A*R; BSy)*] = T[Sk B*R; Al = T[B*R; AS(],

and therefore, since ¢ is real-valued,

(A, (R, S)#B)2r) = Y @(hir i) T[A*R; BS;]
ik
= @0, p)TIB*RiASK] = (B. (R, S)#A) 12, -
ik
Moreover, since ¢ is strictly positive on the finite set sp(R) x sp(S), we have ¢ > ¢ for

some ¢ > 0. Thus Lemma 6.6 implies that (A, (R, S)#A) > s||A||iZ(T). It follows that

(A, (R, S)#A) > 0, with equality if and only if A = 0. O

Higher Order Expressions

In the sequel we will use versions of Propositions 6.2 and 6.4 for higher order derivatives, for

which we need to introduce more notation. Forx = (x1,...,x,) €e R"and1 <i <m < nwe
will use the shorthand notation x!" = (x;, Xj41, ..., Xm—1, Xn). For a function ¢ : R" — R
and j =1, ..., n we consider the discrete derivative §;¢ : R — R defined by

Sip(x] , (xj, X)), Xt y) = 8o(x{ T, X ) (g, X)) (6.13)

where § denotes the discrete derivative given by (6.5). Iterating this procedure, one arrives
at expressions that can be naturally encoded using rooted planar binary trees. Indeed, for a
given function 6 : R x R — R and x, y € R, we write

9(x,y)=9("\./y).

The left and right child in this tree correspond to the variables x and y in 6 (x, y) respectively.
More complicated trees are then constructed by iteratively replacing one of the children e
by v. This will correspond to discrete differentiation with respect to the respective variables,

e.g.,

x y 0(x,z) —0(y,2)

80((x, .0 =00( el _:) :=Xfyy, (6.14)
¥ z O(x,y) —0(x,z

80(r, (.2 =80 (r e )= % 6.15)

N y O, w)—6(z,w) _ O(y,w)—0(z,w)
() =so( T ) m
~
- (6.16)
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The middle expressions are valid whenever the variables are distinct. If some of the variables
are equal, finite differences are to be interpreted as derivatives. For instance, if x = y # z in
(6.16), we have

o(F )=o)
T =908 w) — (0, w) — 6, )
- (x —2)? .

If x = y = zin (6.16), then the formula above becomes

X X 1
59( Tel w)=§8129(x,w).

~,—
The functional calculus (6.2) generalizes naturally to functions of several variables. Let
AL A™ be self-adjoint elements in A with spectral decompositions

k) _ (k) 4 (k)
AB =350 4
i
for some eigenvalues A% ¢ Rand spectral projections AP € A with > AP =1 A. For
i 14 [ .

a function 0 : sp(AD) x -+ x sp(A™) — R we define O(A1, ..., A,) € A®" to be the
multiple operator sum

0(Ar....An= Y o0 MA@ Al (6.17)

In the sequel we shall apply this definition to §6 in order to define expressions such as
36(A, B). The tree notation is useful when considering generalizations of the contraction
operation (2.16) to higher order tensor products. Each of the nodes that is a parent can be
used to indicate the position at which an operator for contraction is inserted: e.g., we write

D p0 M) 5@\ 4D A

O(0 —  —4?) =0(AV, APwB = "0(x;",27)ABAY
i

1 3 2 3

00" ) =00 )

A A . D ps@ (3)
89( \B<./A(3>)—Z Aj"BAT ® AT,

i,j.k

@ e
(i =0 ) = ¥
A()\./B

i,j.k

0 _,0
Ry

1 2 1 3

oD ) =00 1)
> _,0
WP =g

1) o AP gaA®
AV ®APBAY

where the fractions at the right-hand side are to be understood in the sense of limits if the
denominator vanishes. These expressions appear naturally in the following chain rule that
will be useful in Sect. 7.

Proposition 6.8 Let A, B : T — Ay, be differentiable on an interval T C R, and let 0 :
R x R — R be differentiable. Then:

A A
0L B =80 (" =an =) +00(s " =an ")
Proof We have 0,0(A;, B;) = 0;|s—0(As, B;) + 0s|s=:0(A;, By). Since we can write

0(A;, By) =) 0(As, s k) ® Fyk, where By = Y, g i Fy x denotes the spectral decom-
position of By, the result follows by applying (6.9) from Proposition 6.4 twice. O
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Higher order derivatives can also be naturally expressed in terms of trees, but since this
will not be needed in the sequel, we will not go into details here.

7 Riemannian Structures on the Space of Density Matrices

In this section we shall analyze a large class of Riemannian metrics on the space of density
matrices. Throughout the section we fix a differentiable structure (A, V, o) in the sense of
Definition 4.7. The generator of the associated quantum Markov semigroup (£ ); will be
denoted by .Z.

7.1 Riemannian Structures on Density Matrices

Consider the R-linear subspace
Ao :=Ran(ZMH N 4, .

We shall study Riemannian structures on relatively open subsets of 3¢, the set of all strictly
positive elements in 3. These subsets are of the form

My = (p+A0) Ny,
where p € . At each point of .#),, the tangent space of .#,, is thus naturally given by .Ag.

Remark 7.1 Of special interest is the ergodic case, i.e., the case where Ker(.Z) = lin{1}. In
this case we have Ag = {A € A, : T[A] = 0}, and therefore .#, =P, forall p € P.

In order to define a Riemannian structure, we shall fix for each j € J a function 6; :
[0, 00) x [0, c0) — R satisfying the following properties:

Assumption7.2 For j € J the functions 6; : [0, c0) x [0,00) — R are continuous.
Moreover, on (0, 0o) x (0, 00), the function #; is C*° and strictly positive, and we have the
symmetry condition

0j(r,s) =0j(s,r) . (7.1)

Recalling the definition of the double operator sum in (6.2), we will use the shorthand notation
pi=0ij(p),ri(p) eB;B;, p=Pjjeg forpeP, (7.2)

pj = Qlj(ﬁj(p),rj(,o)) €EB;®Bj, p=p)jeg forpePy. (7.3)

Let us now define the class of quantum transport metrics that we are interested in. For p € 3,
we define the operator %7, : A — A by

HpA = —div(PHVA) = ) aj(ﬁ,-#ajA) , (7.4)

jeg
where we use the vector notation p#VA = (p;#9;A) je7 and we recall that the divergence
operator has been defined in (4.21). To define the Riemannian metric we need a lemma

concerning the unique solvability of the continuity equation in the class of “gradient vector
fields”. Therefore we need to identify the kernel and the range of the linear operator .%,.
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Lemma 7.3 (Mapping properties of %) For p € P the operator ), is non-negative and
self-adjoint on L*>(A, t). Moreover, we have

Ran(.¢,) = Ran(i”) = Ran(div) , Ker(t),) = Ker(£) = Ker(V) . (7.5)
Furthermore, %), is real, i.e., for A € Awe have (J,A)* = JH,A*.
Proof For A, B € A, Lemma 6.7 yields
(oA, B) 2y = Y (Bj#0, A, 3jB)2(r)) = > (0,4, Pj#0jB) 2,y = (A, HpB) 2oy
jeg jedg

hence %, is self-adjoint on L%(A, 7).

The identities Ker(.#) = Ker(V) and Ran(.#") = Ran(div) have already been proved in
Proposition 4.11. Clearly, Ker(V) C Ker(.%,). To prove the opposite inclusion, we note that
since p € P, there exists ¢ > 0 with 0 |sp(p) = ¢ > O forall j € 7. Lemma 6.6 implies
that

—~ 2
(A, %A)LQ(A’T) = Z(ajA, pj#BjA)Lz(Bj,,j) =>c Z ”ajA”Lz(Bj’fj) >
jed jed
from which we infer that Ker(.#,) C Ker(V). This proves the second identity in (7.5), and
the nonnegativity of %, follows as well. The first identity in (7.5) follows using elementary
linear algebra, since the self-adjointness of %, in L%(A, 1) yields

Ran(.%,) = (Ker(#,))* = (Ker(V))* = Ran(div) .

To prove that %), preserves self-adjointness, we consider the spectral decomposition p =
Zk M E, and write 05?’" := 0 (Ak, Ap) for brevity. We have

(B. HpA") [2(r)

= Y 7jl(3;B)*pj#9;A*]

jeJ

= 3 S dm[(vir B - BV ) € B0 (Vi (4% — €AY )rj (En)]
JjeJ k.m

=Y Ze}""rj [rj(B*)ijj(Ek)vjrj(A*)rj(Em) — V(B (EDVrj(A"r (Em)
jeJ k.m

— 1} (BRI (E)L (AN Vr i (Em) + er,-(B*)ej(Ek)zj(A*)erj(Em)]
= 2 DOk VI (B Vi (A En B = V(B EQ V(A En)
jeJ k.m
— VL (E A%V (EnB*) + vj’.“zj(B*EkA*)vjrj(Em)]. (7.6)
On the other hand,
(B. (HpA)) 12(r)

= Z ;[ B*)(Pj#3;A)*]
jed

= 3 S akm[(viry B — BV, )i B (Virs () — 5 0V;) (B
jeJ k.m
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= Z Zé’?m‘rjlierj(B*)rj (Em)rj(A*)VJkaj(Ek) — erj(B*)rj(Em)VJWj(A*)Ej(Ek)
JjeJ k.m

= Li(BX)Vjrij(Em)rj(AYViLi(Ep) + £;(BX)V;ri(Em)VL, (A*)fj(Ek)]
= Zef’"zj[v;zj(Ek)vjrj(B*EmA*) — VI (A EQVjrj (B Ep)

jeJ k.m

— VI (EBY)Vjrj(EmA*) + V;‘Ej(A*EkB*)erj(Em)] .

Thus, using (4.17), and then changing j by j* and using that 05?’" = 9]'.'ik by Assumption 7.2,
we obtain

(B, (HpA) )20y

=y ZQ;‘mrj[Vjﬁj*(B*EmA*)Vj*rj*(Ek) — Vjljs(B*Ep)Virjs(A*Ep)
jeJ k.m
— Vilj(EnA*)Virj=(E B*) + Vjﬁj*(Em)ijkrj*(A*EkB*)]

= > DO [V (B En ANV (i) = Vi (B En) Vs (A% Er)
jed k.m

- V;Zj(EmA*)erj(EkB*) + V;Ej (Em)erj(A*EkB*)]
which coincides with (7.6) after interchanging m and k. O

The following result expressing the unique solvability of the continuity equation is now
an immediate consequence.

Corollary 7.4 For p € P, the linear mapping %, is a bijection on Ay that depends smoothly
(C*®) on p.

Proof 1t follows from Lemma 7.3 that %, maps Ay into itself. Since the restriction of a
self-adjoint operator to its range is injective, the result follows. Smooth dependence on p
follows from the smoothness of 6. O

The following elementary variational characterization is of interest.

Proposition 7.5 Fix p € By and v € Ayg. Among all vector fields B € B satisfying the
continuity equation

v+ div(7¥B) = 0 (7.7)

there is a unique one that is a gradient. Moreover, among all vector fields B solving (7.7),
this vector field is the unique minimizer of the “kinetic energy functional” &, given by

&,(B) = Z(ﬁj#Bj, Bj)2r,) -
jeg

Proof Existence of a gradient vector B field solving (7.7) follows from Corollary 7.4. To
prove uniqueness, suppose that div(o#VA) = —v = div(p#V A) for some A, A € A. This
means that 7, A = %Z, hence Lemma 7.3 yields VA = VA. The remaining part follows
along the lines of the proof of [8, Theorem 3.17]. O
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We are now ready to define a class of Riemannian metrics that are the main object of study
in this paper.

Definition 7.6 (Quantum transport metric) Fix p € ‘B4 andletf = (6;); satisfy Assumption
7.2. The associated quantum transport metric is the Riemannian metric on .#, induced by
the operator %), i.e., for p1, p2 € Ao,
(B1.p2)p = (A b1, p2) 12(r) -
or, more explicitly,
(b1, p2) = (VAL p#V A2) 12 ()
=) (8141.6,(¢;(0). rj(0)#3j Ad) o, ) forp € Py, (7.8)
J

where, for i = 1, 2, A; is the unique solution in .4y to the continuity equation
0i +div(p#VA;) =0.

It follows from Lemma 7.3 and Corollary 7.4 that %, indeed induces a Riemannian metric
on ..

7.2 Gradient Flows of Entropy Functionals

In this section we shall show that various evolution equations of interest can be interpreted
as gradient flow equations with respect to suitable quantum transport metrics introduced in
Sect. 7.1.

We consider the operator %), : Ag — Ap given by

HpA = 31 (P#I;A)
jeg
where ,’51 =0;(£;(p),rj(p)) is defined in terms of a well-chosen function 6; that depends
on the context and will be determined below.

Theorem 7.7 (Gradient flow structure for the relative entropy) Consider the operator %,
defined using the functions 0; given by 0;(r,s) := A(e®ir, e=®il%g), where A(r,s) =

res o S
Togr—Togs 'S the logarithmic mean. Then we have the identity

Z"p = —#,DEnt, (p)

for all p € ‘B, thus the gradient flow equation for the relative von Neumann entropy
functional Ent, with respect to the Riemannian metric on .#, induced by (X)) pe.n,, i the
Kolmogorov forward equation d,;p = £ p.

This result generalises the gradient flow structure from [10,36] as described in Sect. 2.
The proof relies on the following version of the chain rule.

Lemma 7.8 (Chain rule for the logarithm) Define 0;(r,s) = A(e®i/?r,e=?i/%s), where
A(r,s) = m is the logarithmic mean. Then, for all p € P4 we have

e i2Viri(p) — e®120;(p)V; = pi#d;(log p — log o) . (7.9)
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Proof Using (4.18) we infer that
dj(log p —logo) = V;jlog (e_‘”.f/zrj (p)) — log (e“’.f/2£j (P)V; .

We consider the spectral decomposition p = ), Ax E as before, and observe that

5 =0;(£;(0).rj() =D A(e”ai. e 1)t (E) @ 1j(Em) .

k.m

Using this identity, we obtain
p;#(3j(log p —logo))

= Z A(ew.f/zkk,e_w.f/2km)€j(Ek)
k,m,p

x (1og(e™112,)V;rj (E,) = log(e”//%h,) e (Ep)V; )rj (En)
=Y APy, e*wf/zxm)(log(e*wfﬂxm) — 1og(ewf/zxk))zj(Ek)vjrj(Em)
k,m
= Z (e_w//zkm - e“’//z)»k)ﬁj(Ek)erj(Em)
k,m
= e “iIVri(p) — e Li(p)V; ,
which yields (7.9). o

Proof of Theorem 7.7 Since D Ent, (p) = logp — logo, the chain rule from Lemma 7.8
yields, using Proposition 4.9,

H,DEnt; (p) = ) 3;(,(37#3j(logp —logo))

jeT

=Y 9l (e V(o) — €7 (p) V)
jeg

= Z e_“’j/z{r;(Vj*VjVj () — Ej.(erj (p)vjfk)]
jedg

— e 2T (Vi ovy) = (6 v v
which equals the expression for —.% p given in Proposition 4.10. O

Let us now consider the special case where o = 1. Then (4.10) reduces to w; = 0 for all
Jj € J, and we will be able to formulate a natural nonlinear generalization of Theorem 7.7.
Let f € C%((0, 00); R) be strictly convex, and consider the functional F : 3, — R given
by

Fp) =zlf(p)],

where f(p) is interpreted in the sense of functional calculus. Let ¢ € C (0, 00); R) be
strictly increasing, and consider the operator .7, as defined before, with 6; = 6 given by

e —p() if A £
_ ) Fo-rw: K
00 ) = % otherwise. (7.10)
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The following result is a non-commutative analogue of a seminal result by Otto [38],
which states that the porous medium equation is the gradient flow equation for the Rényi
entropy in with respect to the 2-Kantorovich metric.

Theorem 7.9 (Gradient flow structures with general entropy functionals) Consider a differ-
entiable structure with o = 1, and let 0; be given by (7.10). Then we have the identity

Zo(p) = L p(p) = —#,DF(p) (7.11)

for p € B, thus the gradient flow equation for F with respect to the Riemannian metric on
A induced by (J£)) pe.nr, 18 given by

0hp=ZLo(p) .

Proof The first identity in (7.11) follows immediately from the construction of £ since
o = 1. The chain rule (6.10) implies that the derivative of F is given by

DF(p) = f'(p) .

Recalling (6.5), we note that 6; is defined to satisfy the identity 6 - § f* = 8¢. Using (6.4),
(7.10), and the chain rule from Proposition 6.2 we infer that

Pi#0;DF(p) = 6(E;(0). rj (0)#(8.(€,(0). j (0))#0; )
=38¢(L;(p). rj(p))#d;p

=djp(p) .
We obtain
HDF(p) =Y 31 (55#0,DF(p)) = Y _ 8]0,0(p) = —Lp(p) ,
jeg jeg
which is the desired identity. O

Remark 7.10 The result remains true if f is required to be strictly concave and ¢ is required to
be strictly decreasing. Note that 6 is positive in this case, so that (%) , induces a Riemannian
metric.

Remark 7.11 This result contains various known results as special cases. Take f (1) = Alog A
and ¢(r) = r. Then the functional F is the von Neumann entropy F(p) = t[p log p], and
we recover the special case of Theorem 7.7 with o = 1. It also contains the gradient flow
structure for the fermionic Fokker-Planck equation from [8]. In the special case where . is
the generator of a reversible Markov chain, we recover the gradient flow structure for discrete
porous medium equations obtained in [19].

Remark 7.12 In some situations the expression for ,’5} =0(£;(p), rj(p)) canbe simplified. If

f(A) = Alog i and @(A) = A, it follows that O (A, ) = bgﬁ%{égu is the logarithmic mean.

The integral representation 6 (A, u) = fol A5 15 ds allows one to express p; in terms of the
functional calculus for £;(p) and r;(p):

1
B =9<e,-<p>,r,-(,o)>=/0 () ®ri(p) ds .
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More generally, take m € R\{0, 1}, and set p(A) = A™ and f(X) = ﬁk’". We shall
consider the power difference means defined by
m—1 A" —=pu"

m am—1 _ Mm—l ’

Om (A, ) =

with the convention that 6,,(1, A) = A. A systematic study of the operator means associated
to these functions has been carried out in [25]. Various classical means are contained as
special cases:

2A L

_ m = —1 (harmonic mean) ,
At
Ap(logr —log p) m— 0
)\' _ M bl 9
Om(Xs ) = § /Al , m= % (geometric mean) ,
A -
LR , m — 1 (logarithmic mean) ,
kog A —log
% , m = 2 (arithmetic mean) .

The following integral representation holds:

1 1
O (A, ) = / ((1 — )] —|—(x,um_l>m71 do . (7.12)
0

If m =2and £; = rj = I, one has p;#A = %(,oA + Ap), which corresponds to the
anti-commutator case studied in [12].
Another special case is obtained by taking ¢(A) = A and f(1) = A%/2, which yields

O(x, u) = 1,sothat %, = —£ forall p,and F(p) = %r[pz] = %||p||iz(r).ln this case, the

distance associated to %, may be regarded as a non-commutative analogue of the Sobolev
H~!-metric.

7.3 Geodesics
As before we consider the operator %, : Ag — Ag given by
. Tea
HpA =0, (pj#0;A) .

For fixed p € P+ we will compute the geodesic equations associated to the Riemannian
structure on .#; induced by the operator (%) ,. The Riemannian distance d_ is given by

1
dx (Bo, p1)* = /i)nﬁ : f (Ao Ars A p2cary At 2 0pr = Hp Ar s po = po,p1= 51}
’ 0

1
= inf : / (0#V A, VA,)Lz(A 0 de :
p,A 0 ’

dpr +div(p#VA) =0, po = po,p1 = /71} :

where the infimum runs over smooth curves {0; };¢[0,1] in .# and {A; };¢[0,1] in Ao satisfying
the stated conditions.
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The geodesic equations are the Euler-Lagrange equations associated to this constrained
minimization problem, given by

0sps = Hp, As

1 (7.13)
0sAs = _§<D<%/)OxAS7 AS)LZ(A,‘[) .

Note that the latter equation is equivalent to
1
0sT[AsB] = —E(DB%SAs, As)r2cA 1)
for B € Ap, where D %), = lim;_,¢ g1 (%+8 B — Ji/p) denotes the directional derivative.

Proposition 7.13 (Geodesic equations) The geodesic equations for (ps, As)s are given by

05 ps + div(p;#VA,) =0, (7.14)
0sAs + ®(ps, As) =0, (7.15)

where

00 4 = 3 3 a0, ( e ) Bt (0,807 (E,) ;407 B

JET k.m,p

=3 > o0;( \Af’;-/ VEr (9,40 €,(E )9 A) En

Jje€T k.m,p

Here, p = Y, A Ey denotes the spectral decomposition of p.

Remark 7.14 1In the sequel we will use (7.15) in the weak formulation:

dTlABl = = > 7 @A) N #0;40) ] 1.16)
jeq

forall B € Aand n =1, 2, where
1),j tj(p) tj(p) 2),j 7 (p) 7 (p)
Né’g] =89j<] T /\] /rj<p>>, N;,fg] =89j(ej<p> \/ i ! )

Remark7.15 1f6;(r,s) := A(e®i/?r, e=®i/2g) where A is the logarithmic mean, the expres-
sion above can be simplified. In this case we have the integral representation

a B Z/j
5/\ / / / { 1 _ g) + sy (1 — S) n Sz:| dg da ds ,

so that

N 1 rl ra ) yﬂ*ﬂ
A oz e = Wi T .
(o) = [ Ll e

B
(1 —5) + sewil?z

} dp da ds ,
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which implies that

D(p, A) = L[ o Pt (@A) (0" (@; A)*
(P, )—Zfo /0 /0 e [(l_s)lﬂewj/zp H(@5)r5 (0"~ 0;477)
g

jed
% Y
(1 =) +5e®i’?p

Zfl/l/a pot—,B + |
— e“’j“|: r.((8~A)*E'(,O 7“)8~A>
— —w 2, Til9) j j
o Jo Jo (I —5) +se ®’p
pﬂ

j|d,3dotds.

] d da ds

X
(1 —s) +se®i'%p
Proof of Proposition 7.13 Proposition 6.8 yields

0e|,_o0; (z,-(p +eB).rj(p+ 53))

C:(p) Li(p) ri(p) ri(p)
2501'(] T B) /\" /r,«p)) +59j(zj<p> \] T ! )

and therefore
35’820(%+53A, A>L2(A,r)
() £j(p) r;(p) r;(p)
= er[(ajA)*{wj( \éj(B)iajA/rj(p)) +89j(ej(p)\8jA;rj(B)/ )}] ’
jed
Since A is self-adjoint, it follows using (7.1) and (4.17) that

. rj*(p) ‘ _rj*(p)
O CRERSCEC I |
J

A Am
= 300520 = ) g @A e (B (04 A)rye (ExBE) |

k,m,p

Moo Am
:Z(SQ]< -\./Ap)

k,m,p

x 15[ (1 (V) = Ve ()€ (Ep) (Vi (A) = €5+ (AIV] e (Ex BEn) |

)‘k\ Am
2289j< .<./Ap>

k,m,p

X tj[(éj(A)Vj - erj(A)>rj(Ep)(V;k€j(A) - rj(A)V;)ej(EkBEm)]

-y aej(kk \-<A'."/ ’p )rj[(ajA)*ej(EkBEm)(ajA)rj(E,,)]
k,m,p

I R0
- zj[(ajA) 59j( "j(B)\ajA/’j(p)>] :

This implies the equality of the two sums in (7.16), and it also follows that

e O )
Oe|,_o(HpreBA, A)p2(ar) =2 Z T; [(BjA) 59j< B e ’j(/’)>:| , (7.17)
JjeJ
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which yields the weak formulation (7.16) in view of (7.13). To obtain (7.15), we compute
using (4.4),

(
= 00 ( e )G BED G A E @ A B |
(

e )zj :Bﬁj. (ej(Em)(ajA)rj(E,,)(a,-A)*zj(Ek))]

-y 59].(” ~." )ei [ BEt] (@A) (Ep)0;4) ) Ei]

= 5[ Bo; (0. 4],
where
Moo _tm T *
®i(0,A) =Y 59]-( " )Emej((ajA)rj(Ep)(ajA) )Ek .
k,m,p
An analogous computation shows that

e /Ak + *
®i(0, A=Y aej*(xp\ . )Ekrj*<(3j*A) Ej*(Ep)Bj*A>Em.
k,m,p

We thus obtain
(D‘%/,()As A)LZ(A,I) = 2(1)(/37 A) )

hence the result follows from the Euler-Lagrange equations (7.13). O

We will use the geodesic equations to compute the Hessian of some interesting functionals
on .#,. Note that the Hessian is obtained from the formula

Hess v € (po)[Ao. Aol := 7| _,&(ps)
for Ag € Ap, where (ps, As)s evolves according to the geodesic equations (7.13) with initial

conditions p|s=0 = po and 8‘;|S=0ps = Hp,Ao.

Proposition 7.16 For p € Py, let & : #; — R be a smooth functional, and let us write
M (p) = HpDF(p) for the Riemannian gradient of F induced by (%) ,. Then, the Hessian
of & is given by

Hess.» &(p)[A, Al = T[ADy, 4.4 (p)] — r[(VA)*N,E?j//(p)#(VA)] (7.18)

for A € Agandn = 1,2, where Dg.# (p) = limy_o &~ (///(p +&eB)— //l(p)) denotes the
directional derivative. In particular, if #(p) = — %" p (as is the case in setting of Theorem
7.7, where &(p) = Ents(p)), we have

Hessy €(p)[A, Al = —t[(V.LA)*DHV A] + t[(VA)*N;'i)Wp#(VA)] . (7.19)
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Proof Let (ps, Ay); satisfy the geodesic equations (7.14)—(7.15). Then:
95& (ps) = T[DE(ps) s ps] = TIDE (p5) K, As] = T[Ag ), DE(p)] = T[As (ps)] -
Thus, by (7.16),
026 (ps) = TLA Oy M (p)] + TL(Bs Ag)A ()]

= T[ADr, 4 A ()] = I 7| @ AN S, #0540)]
jeg
for n = 1, 2, which proves (7.18).
If #(p) = —.,2”%,0 we have Dp .7 (p) = — "B, hence the expression above simplifies
to

2 i (), J
826 (py) = —T[AL A Al + grj[@,-m)ij e, #0540
je

~ .
= —T[(VLA) BV A + Z;rj[(ajAS)*Np:”é,l.ps#(ajAs)] .
je

O

Remark 7.17 In the setting of the theorem above, we remark that the following equivalent
expression holds as well:

Hess - &(p)[A, Al = 1[ADy,a.# ()] — T[P(p, A). 24 (p)] .

8 Preliminaries on Quasi-entropies

In this section we collect some known results on trace functionals that will be useful in the
study of quantum transport metrics. Special cases of the results in this section already played
a key role in the proof of functional inequalities in [10].

Let A be a finite-dimensional von Neumann algebra endowed with a positive tracial linear
functional 7. We consider the mapping Jp p : A4 x A4 x A — R given by

Jo.p(R, S; A) := (A, 07 P (R, S#A) = Ze—”(xk, M)r[A*E,fAEg] ,
k,l

where 0 : (0, 00) x (0,00) — (0,00)and p e R,and R = ), kkE,f and S =), ,ugEf
denotes the spectral decomposition. The main cases of interest to us are p = +1.

In this section we shall assume that the function 0 is 1-homogeneous, i.e., 0 (Ar, As) =
AG(r,s) for all A, r,s > 0. Clearly, this assumption is satisfied if and only if there exists a
function f : (0, c0) — (0, oo) such that 8(r,s) = sf(r/s) for all r, s > 0, in which case
we have f(r) = 0(r, 1). To simplify notation, we write k(r) = 1/ f(r).

Remark 8.1 (Relation to the relative modular operator) It is instructive to see how the
definition of 8(R, §) can be formulated in terms of the relative modular operator, if 6 is 1-
homogeneous. Given § € A4, letLg and Rg denote the left- and right-multiplication operators
definedby Ls(A) = SAandRg(A) = AS. Then the relative modular operator Ag s : A — A
defined by Ag sA = RAS™! can be expressed as Ag s = Lg o Rg-1 = Rg-1 o Lg. Let {&]}
(resp. {n¢}) be an orthonormal basis of C" consisting of eigenvectors of R (resp. §), let
{Ar} (resp. {u¢}) be the corresponding eigenvalues, and set Ey, := |&)(n¢|. It follows

@ Springer



Non-commutative Calculus, Optimal Transport and Functional... 361

that Ag s(Eke) = )‘—’zEkg, hence the Ej,’s form a complete basis of eigenvectors of Ag s.
Moreover, the Ej,’s are orthonormal with respect to the Hilbert—Schmidt inner product
(A, B) 2y = Tr[A*B] on M, (C). Consequently, the spectral decomposition of Ag s is
given by

Ak
Ars =Y = |Ex)(Exel ,
k.0 e

and for functions f : (0, c0) — R we find f(AR,S)(A)zszZ fOux/me)(Ekes A) L2cre) Eke-
Note that

(Exes A) p20re)Exe = ) _(Exetim, Atim) Exe = (&, Ane) Exe = ERAE]

m
where E,f = |&)(&k| and E? = |n¢)(nel . It follows that
FARSA) =) fOu/ne) ESAE]
k¢
and therefore, since f(r/s)s = 6(r, s),
O(R, S)#A = (Rs o f(AR.s))(A) .
Example 8.2 Let us recall our main examples of interest. A central role is played by the filted
logarithmic mean 6y g given by

e P2y — P2

1
01 4(r.5) = ~BI2 )10 B2\ qo — ’
1,8(r, 8) /() (e r) (eP'*5)” da “B T logr —logs

B2 _ GBI
—B +logr

for § € R. More generally, in view of Remark 7.12 we are interested in the class of power
difference quotients 8, given by fy,, g(r) = 0, g(r, 1), where

frpr) =

_1

1
Om p(r, s) = / (A =)™yt 4 a2 ~) " da
0

m—1 (e P2rym — (eP/2s)m
m (e—ﬁ/zr)m—l _ (eﬂ/zs)m—l :

Consider the mapping Y7 , : Ay X Ay x A — R given by
Yr (R, S; A) =Ty p(R, S; A) = (A, 07P(R, SHH#A)

Our goal is to characterize its convexity and contractivity properties in terms of f and m. For
this purpose we recall that a function f : (0, co) — (0, 0o) is said to be operator monotone,
whenever f(A) < f(B) for all positive matrices A < B in all dimensions. Each operator
monotone function is continuous, non-decreasing and concave. We set f(0) := inf,~o f ().

The following result has been obtained in [27, Theorem 2.1]. The implication “(2) = (1)”,
as well as the reverse implication for fixed p = 1 had already been proved in [26].

Theorem 8.3 (Characterization of convexity of Y'r ,) Let f : (0, 00) — (0, 00) be a function
and let p € R\{0}. The following assertions are equivalent.

(1) The function Y7 p is jointly convex in its three variables;
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(2) The function f is operator monotone and p € (0, 1].
Applying this result to the functions f = f, g, we obtain the following result.

Corollary 8.4 (Characterization of convexity of Y , for power difference quotients) For
m € R\[0} and B € R, let f = fup and 6 = O, g be as in Example 8.2. Then, the
associated mapping Yy p is jointly convex if and only if m € [—1,2], p € (0, 1], and B € R.
In particular, the mapping

o0 1 1
* n—1 _ *
(R, S, A)— (A ,Gliﬁ(R,S)#A>_r[/0 A x—l—e*ﬂ/zRAx—i-eﬂ/zS dx]

is jointly convex for all B € R.

Proof Since f, g(s) = ePl? fm,o(e_ﬂ s), the operator monotonicity of f,, g does not depend
on B. It has been proved in [25, Proposition 4.2], that f,, ¢ is operator monotone if and only
if m € [—1, 2]. Hence, the first assertion follows from Theorem 8.3. The second assertion is
the special case m = p = 1, noting that

1 /00 1 1 .
0 alr.s) X .
O1p(r,s)  Jo x+ePr x4 efls

O

Remark 8.5 In the case where 6 = 6 g, the operator monotonicity of fi g can be checked
elementarily, by writing f1 g(r) = fol e PU/2=0) e oy and applying the Lowner-Heinz
Theorem (e.g., [7, Theorem 2.6]), which asserts that the function r + r® is operator mono-
tone for @ € [0, 1].

The following result is proved in [26, Theorem 5].

Theorem 8.6 (Contractivity of ® ¢ , under CPTC maps) Suppose that f : (0, c0) — (0, o0)
is operator monotone. Then, forany R, S € Ay and A € A, and for any completely positive
and trace preserving map T : A — A, we have

Y 1(T(R), T(S5); T(A) < Yr1(R,S; A). 8.1)
In the case where f = f, g as in Example 8.2, we obtain the following result.

Corollary 8.7 (Contractivity of ® ¢, for power difference quotients) Let m € [—1, 2] and
B R, andlet f = f,, p and 0 = 6,, g be as in Example 8.2. Then, for any R, S € A, and
A € A, and for any completely positive and trace preserving map & : A — A, (8.1) holds.
In particular, for m = 1 we obtain

%) . 1 1
T[/o TArS + e—ﬁ/2T(R)T(A)x + P27 (S) dx}

< /OOA* ! A ! d
T x|.
- 0 x+eB2R x4 P28

Proof This follows from Theorem 8.6, as the operator monotonicity of f,, , had already been
noted in Corollary 8.4. O
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9 The Riemannian Distance

Fix a differentiable structure (A, V, o) in the sense of Definition 4.7 and a collection of
functions (6;) ; satisfying Assumption 7.2. For simplicity we restrict ourselves to the ergodic
case, so that ., = ‘P forall p € P.

In this section we study basic properties of the Riemannian distance % associated to the
operators (%), defined in (7.4). For pg, p1 € P this distance is given by

1
# (po, p1)* = inf { / (Hp Ar, Ag) dt 2 O = Hp, Ar s prli=0 = po , Prli=1 = ,01}
0
1
= inf { / t[(VA) Di#VA ] dr - 9.1
0

0o +div(p#VA) =0, pili=0,1 = /00,1} ,

where the infimum runs over smooth curves (0;)s¢[0,17 in P+ and (A;)r¢0,17 in Ao satisfying
the stated conditions.

In the classical theory of optimal transport, it is a useful fact that the following equivalent
formulations hold for the 2-Kantorovich distance on R”:

1
Wz(po,m)Z:inf{ /O IV (x) 1> dpr (x) dt = 30 +div(p Vi) =0, prli=0,1 =Po,1}

. VP ()2 _ .
= inf dxdt : 0o +divP, =0, prli=0.1 = p0.1¢ - 9.2)
0o pr(x)

The latter formulation has the advantage that the minimisation problem is convex, due to the
2
convexity of the function (p, r) — P on R? x 0, 00).

e
Using the convexity results presented in Sect. 8 we will show that an analogous result
holds in the non-commutative setting. We use the shorthand notation

(B.C), = > 7[B}B#Cp1.  (B.C)_1, =Y 7[B}(5#C]I,
J J

to denote the scalar products that will frequently appear below. The corresponding norms are

givenby ||B|l, = /(B,B), and |B||_;,, = \/(B, B)_1 ,. It will occasionally be convenient

to write
o/(p;B,C) = (B,C)-1, and /(p,B) =B|Z, .

We start with a non-commutative analogue of (9.2).

Lemma 9.1 For pg, p1 € P+ we have

1
W (po, Pl)2 = inf { /0 ||Bt||2,1,p, dt : %o +divB; =0, plr=0,1 = /00,1} , (9.3
where the infimum runs over all smooth curves (0t):c(0,1] in B+ and (B;)se(o,17 in B.
Proof Any admissible curve (A;) in (9.1) yields an admissible curve (B;) in (9.3) given by
B, = p; VA, that satisfies | VA, |, = |IB¢ll-1,,,. This implies the inequality “>"in (9.3).

To prove the reverse inequality, we take an admissible curve (o, B;); in (9.3). We consider
the linear space of gradient vector fields 4 = {VA : A € Ap}, and let D; € ¢ denote its
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orthogonal complement in B with respect to the scalar product product (-, -),, . Consider the
orthogonal decomposition

b’j#B[:VA[‘i‘D[eg@,D[

Since (VA, D;),, = 0 forall A € Ay, it follows that div(5#D;) = 0. Therefore, 8; 0, +
div(p;#V A;) = 0. Moreover,

t[(VAY BHV A = VA, < 184#B115, = B2, .
which yields the inequality “<” in (9.3). O

Proposition 9.2 (Extension of the distance to the boundary) Suppose that 6;(a,b) >
C min{a, b}? for some C > 0 and p < 2. Then the distance function W : P4 x P - R
extends continuously to a metric on *B.

Proof Let py, p1 € Pandlet {pf}n, {o}n be sequences in P satisfying 7[| o — pi[*] = 0
asn — oo fori =0, 1. We claim that the sequence {# (o, p})}, is Cauchy.
To prove this, it suffices to show that % (p]', p/") — 0 asn,m — oo fori =0, 1, since

17 (pg. 1) — # (g IO < # (05, p5) + ¥ (o1, pT') -

Fix £ € (0, 1), and set p := (1 — &)pg + €1. Take N > 1 so large that 7 [|pf — pol*] < &?
whenevern > N.Forn > N we consider the linear interpolation p;' = (1 —1)p +1p. Then
P = p — pg forall t € (0, 1). Since .#] is invertible on .Ap by Lemma 7.3 and ergodicity,
we may define A := Ji/fl(ﬁ — pgy) € Ao, and we have p; = div(VA). Since p;' > tel for
t € [0, 1], we have (9_1j|sp(,0,”) < C(te)~P, and thus t[(VA)*pI#VA] < C(te) Pr[|[VA|*]
by Lemma 6.6. It follows that

1
PP = [ JrTAr VAL < VAl
0
since p < 2. Using the boundedness of V o ){1_1 we obtain

CUIVAllL2q = 15 = pillL200)
= llpo — P4 Il 2(x) + €11 = poll 2oy
<e(l+11=poll2r)) -

We infer that % (pg5, p) < C e!'=P/2 for some C < oo depending on pg. It follows that
W (py, Py) < Cel=P/2 forn,m > N. Since p < 2, this proves the claim.

We can thus extend 7 to P by setting # (0o, p1) = lim,— 00 # (py, p})- It immedi-
ately follows that % is symmetric and the triangle inequality extends to ‘3. The fact that
# (po, p1) # 0 whenever pg and p; are distinct, follows from Proposition 9.4 below. ]

Our next aim is to prove Proposition 9.4 below, which yields a lower bound on the distance
# in terms of a non-commutative analogue of the 1-Kantorovich metric. To formulate the
result, we use the notation

1
Bllsai= | 5 D 16)(B;B)) +r)(B]B))la
J
for B = (Bj)jeg € B.
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Lemma 9.3 There exists M < 0o such that |B||, < M|B|| 5,2 forall p € Py and B € B. If
0j(r,s) < %(r + ) forallr,s > 0, then this estimate holds with M = 1:

IBll, < IBll5.2 .

Proof Recalling that || - || B; denotes the norm on B;, we define
M; = sup{rj[mj#Bu :pePy, IBls; < 1} . and M :=sup M; .
jeJ

Since our setting is finite-dimensional, M is finite and all norms on B are equivalent. Thus,
for a suitable constant M < oo, it follows that

Bl =D =i[Bip;#B;j1 < Y IIBls;vl1p/#B,11 < M Y |IB)ll5, < MIBIl3, ,
J J J

which proves the first statement.
Suppose now that 8;(r, s) < %(r + s). Since p is positive and the operators £; and r;
preserve positivity, we obtain using Lemma 6.6,

B = 7;[B}p;#B)]
J
1
<5 DTl (P)B; B +ri(0)B}B;]
J

1
= 5 > tle(€j(B;B)) +r(B;B))]
J

< %Z 1€5(B;BY) + [ (BIB))||A .
J
which yields the result. O
For pg, p1 € P we set
Wi(po, p1) := sup {T[(Pl —po)Al: Ae A, |VA|B2 = 1} . 9.4

By analogy with the dual Kantorovich formulation of the commutative 1-Kantorovich metric
Wi in terms of Lipschitz functions, this metric can be seen as a non-commutative analogue
of W;. The following result generalizes a result from [18] from the discrete to the non-
commutative setting; see also [46] for non-commutative results of this type.

Proposition 9.4 Let M be as in Lemma 9.3 and set N := sup{||VAl||B2 : ||Alla < 1}. Then,
for po, p1 € P we have

N='2[lpo — p1ll < Wi(po, p1) < MH (o, p1) -

Proof The first inequality follows from the definitions, since t[|B|] = SUP|A| 4<1 t[AB] for
B e A

Fix ¢ > 0, take pg, p1 € B, and let (o;, B;); be a solution to the continuity equation with
approximately optimal action, i.e.,

1 2
9o+ div(FHVB,) = 0 and (f IVB,12, dt) < W (Bo. i) +e .
0
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For any A € Aj, we obtain using Lemma 9.3

1
|[2[AGpo — pD]| = /O t[Ap] dt

1
- / T[A div(p,#V B,)] dt
0

1
- / (VA,VB,), di
0

1 1/2 1 1/2
( / IVAL?, dr) ( / IVBII2, dr)
0 0

< M||VAls2(¥ (po. p1) + &) -

IA

Since ¢ > 0 is arbitrary, the result follows by definition of W. O

In the remainder of this section we impose the following natural additional conditions in
addition to Assumption 7.2.

Assumption 9.5 The functions 6; : [0, c0) x [0, 00) — [0, 00) are 1-homogeneous (which
implies that 6;(r, s) = sf;(r/s) for some function f;). The functions f; are assumed to be
operator monotone.

Under this assumption, we will prove some crucial convexity properties for the action
functional and the squared distance.

Proposition 9.6 (Convexity of the action) Let p' € P andB' € Bfori =0, 1. Fors € [0, 1]
set p* = (1 —s)p° +sp! and B® := (1 — 5)B® + sBl. Then we have

A (0°B°) < (1= 5)e/(p°. B%) + 5/ (0" . BY) .
Proof This follows immediately from Theorem 8.3 in view of Assumption 9.5. O

Theorem 9.7 (Convexity of the squared distance) For i = 0,1, let ,06, ,oi € ‘B, and for
s € [0, 1 set p == (1 — s)p3 + sp} and pj := (1 — s)p) + sp}. Then:

(05 P < (L =W (0, P))* + sH (g, p1)* -

Proof Fix ¢ > 0. By continuity, it suffices to prove the inequality for ,0("), pi € P, and
i =0, 1.Let (p], B}), be such that &, p} +divBi = Oand [ o (!, Bl) dt < # (p}), p})>+e.
For s € [0, 1] we define

o8 =1 —=s5)p)+sp! and B := (1 —s5)BY + 5B/ .

It follows that 9; p; 4 div B = 0, and by Lemma 9.1 and Proposition 9.6 we obtain
1
oy, p})* < / o (pf, BY) dt
0

1 1
5(1—s)f o (p?, BY) dt+s/ o (p!, Bl d
0 0

< (=) (pg, p))* + s (pg. p1)* + 26 .

Since ¢ > 0 is arbitrary, the desired inequality follows. O
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Using these convexity properties, the existence of constant speed geodesics for the metric
W follows by standard arguments; cf. [18, Theorem 3.2]) for a proof in the commutative
setting and [46] for a proof in a non-commutative context.

Theorem 9.8 (Existence of % -geodesics) For any po, p1 € ‘B there exists a curve p :

[0, 1] — B satisfying po = po, p1 = p1, and W (ps, p1) = |s — t|# (po, p1) for all
s, 1 €[0,1].

10 Geodesic Convexity of the Entropy

In this section we will analyse geodesic convexity of the relative entropy functional Ent, .
Throughout this section we fix a differential structure (A, V, o) and assume that the asso-
ciated quantum Markov semigroup (%) is ergodic. We consider the transport metric %
defined in Theorem 7.7 using the functions 6; given by 0;(r, s) := A(e®i?r, e=®il%g), so
that the Kolmogorov forward equation 8;p = £ p is the gradient flow of the relative von
Neumann entropy Ent, with respect to the Riemannian metric induced by (7).

The following terminology will be useful.

Definition 10.1 Let (X, d) be a metric space. A functional F : X — R U {400} is said to be

e weakly geodesically A-convex if any pair xg, x] € X can be connected by a geodesic
(¥1)tef0,1] in (X, d) along which F satisfies the A-convexity inequality

K
Fly) =A=0Fo) +1F (1) — Et(] — )d(xo, x1)* . (10.1)
o strongly geodesically A-convex if (10.1) holds for any geodesic (¥:)¢(o,17 in (X, d).

The following result, shows in particular that these concepts are equivalent in our setting
and provides several equivalent characterizations of geodesic A-convexity. We shall use the
notation

dt t+h) — f(

— f(t) = limsup fa+n-—f ]

dr 110 h
We refer to [18] for a version of this result in the discrete setting, and to [46] for the Lindblad
setting.

Theorem 10.2 (Characterizations of geodesic A-convexity) Let A € R. For a differential
structure (A, V, o) the following assertions are equivalent:

(1) Ent, is weakly geodesically ,-convex on (B, #');
(2) Enty is strongly geodesically \-convex on (B, #');
(3) Forall p,v € B, the following ‘evolution variational inequality’ holds for all t > 0:

1d* + A
s Pl + ISP o) <Entg ) M p): (102)

(4) Forall p € P4 and A € Ay we have

Hess » Ents (0)[A, A] > AT[A,A] .
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Proof “(4) = (3)” This can be proved by an argument from [14]; see [18, Theorem 4.5] for
a proof in a similar setting.

“(3) = (2)”: This follows from an application of [14, Theorem 3.2] to the metric space
(B, 7).

“(2) = (1)”: Since (B, #) is a geodesic space, this implication is immediate.

“(1) = (4)”: Obvious. O

In the classical setting, the Ricci curvature on a Riemannian manifold .# is bounded from
below by A € Rif and only if the entropy (with respect to the volume measure) is geodesically
A-convex in the space of probability measures &2 (.#') endowed with the Kantorovich metric
W,. This characterisation is the starting point for the synthetic theory of metric measure
spaces with lower Ricci curvature bounds, which has been pioneered by Lott, Sturm and
Villani.

By analogy, we make the following definition in the non-commutative setting, which
extends the corresponding definition in the discrete setting [18].

Definition 10.3 (Ricci curvature) Let 1 € R. We say that a differential structure (A, V, o)
has Ricci curvature bounded from below by A if the equivalent conditions of Theorem 10.2
hold. In this case, we write Ric(A, V, o) > A.

It is possible to characterize Ricci curvature in terms of a gradient estimate in the spirit
of Bakry—Emery; see [17] for the corresponding statement in the setting of finite Markov
chains and [46] for an implementation in the Lindblad setting.

Theorem 10.4 (Gradient estimate) Let & € R. A differential structure (A, V, o) satisfies
Ric(A, V, o) > A if and only if the following gradient estimate holds for all p € 5B, A € Ap
andt > 0:

2 2t 2
IV2AIL < e IVAP,: . (103)
Proof We follow a standard semigroup interpolation argument. Clearly, (10.3) holds for any

p € P if and only if it holds for any p € P.
Fixt > 0, p € B+ and A € Ay, and define f : [0, ] — R by

f(s) = e 2 (A1, Pr—s A, Pr_sA) 240y = e_ZMHV,@t_SAH;Ip

Writing p; = 33; pand Ay = A, it follows by (7.17) and Proposition 7.16 that
TN — ,—2As x o a (D) (2)
f&) = e (VAL W 7y AN VA
- z(ngt—s)*ﬁs#VAt—s - ZX(VAI—S)*@#VAI—S]
= 2672 (Hess e Bntg (p)[Ar—s, Ai—s] = Ae[Ar—y Ty, Ar]) .

Assume now that Ric(A, V, o). Applying (4) from Theorem 10.2, we obtain f'(s) > 0
for all s. This implies that f(¢) > f(0), which is (10.3).
To prove the converse, set g(1) = e**|V.2,A|2 and h(1) = ||VA||29T . Then (10.3)
P p

implies hat g(r) < h(¢) for all t > 0. Since g(0) = h(0), we infer that g/(O)tf h'(0). Since
g'(0) = 2t[(VLA DHVA] + 2A[IA]7
(1) (2)
K (0) = r[(VA)*(Np’fﬂp +Np’$1.p)#VA] ,
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we obtain Hess » Ent, (0)[A, A] > At[AJZ, A] in view of the expression for the Hessian in
Proposition 7.16. O

An immediate consequence of a Ricci curvature bound is the following contractivity
estimate for the associated semigroup, which was independently proved by Rouzé in [44].

Proposition 10.5 (A-Contractivity) If Ric(A, V, o) > A, then the ,-contractivity bound
W (P, po, P p1) < e W (oo, p1)
holds for all pg, p1 € B andt > 0.

Proof This is a well-known consequence of the evolution variational inequality (10.2); see
[14, Proposition 3.1]. O

Using the techniques developed in this paper, we can explicitly compute the Ricci curvature
for the depolarizing channel defined in Sect. 5.6. The result has been obtained independently
by Rouzé in [44].

Theorem 10.6 (Ricci bound for the depolarizing channel) Let y > 0, and let (A, V, 1)
be a differential structure for the generator of the depolarizing channel given by LA =
y(t[A]1 — A). Then Ric(A, V, 7) > y.

Proof Since ZA = y(r[A]l1 — A) and 9;1 = 0, we have 0;. ZA = —y9; A, independently
of the choice of the operators ;. We will show that the result follows from this identity.
First we note that

—1[(VZLA) 0#VA] = yTt[(VA)*DH#VA] . (10.4)
Moreover, since 91 A(a, b) = fol (1 —s)a=b* ds we obtain (using the notation from (7.16)),

M, b v
N y8A< an” /p)

A()"k’ )\-p) - A()"}‘n7 )\p)
= Ei(1—-p)E E
vy T v(1—=p)En ® E,
k,m,p
=y(1—p) Y 01AGk 1) Ex ® E)
k,p

=y(1—p)®1)3;1Ap, p)

Similarly, we haveN/i)épjp = y(1®(1—p))02A(p, p). Using the scalar identity ad; A (a, b)+
by A(a.b) = A(a. b). it follows that
1,j 2).j
N+ NP =y @A+ 028 — M)(p. p) .

Moreover, we note that 0{A(a, b) + doA(a,b) > 1 > A(a,b) fora, b € [0, 1] (and hence
for a, b € sp(p)). Therefore, for n = 1, 2, we obtain using Lemma 6.6,

1
LVAN V] = St (VA (T, + N J#(VA)]
= J;r[(VA)*(alA + A - A)p, p#(va] 10

>0
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Combining (10.4) and (10.5), it follows from (7.19) that
Hess » Ent(p)[A, A] > yt[(VA) p#VA] = y (KA, A) 12(r)
which proves the result. O

Since the spectral gap of .# equals y, it follows from the results in Sect. 11 that the
obtained constant is optimal.

10.1 Geodesic Convexity Via Intertwining

In this subsection we provide a useful technique for proving Ricci curvature bounds, which
has the advantage that it does not require an explicit computation of the Hessian of the
entropy. Instead, it relies on the following intertwining property between the gradient and
the quantum Markov semigroup.

Definition 10.7 (Intertwining property)For A € R, we say that a collection of linear operators
(Zt)r>0 on B is A-intertwining for the quantum Markov semigroup (Z);>0, if the following
conditions hold:

(1) Forall A e Aandt > 0, we have VHZ, A = VA,
(2) Forall p € B, B = (B;) € Bandt > 0, we have
o (p, P{B) < e o/ (p, (2, B));) - (10.6)
By duality, the intertwining relation (1) implies the identity
2, div(A) = div(#]A),  forA € B. (10.7)

The following lemma allows us to check the A-intertwining property in several examples of
interest.

Lemma 10.8 Let A € R, and suppose that 0; ZA = (£ — L)d;A for all A € A. Then the
semigroup (%t); defined by (#B) ; = e M, Bj is A-intertwining for the quantum Markov
semigroup (P;);>0-

Proof By spectral theory, the stated condition on the generator is equivalent to the semigroup
property 0; Z; A = e M, 0;A for all t > 0. Thus, the semigroup (%), satisfies (1) in
Definition 10.7. Since (W:B)j =e M 9: Bj, condition (2) follows as well. O

Theorem 10.9 (Lower Ricci bound via intertwining) Let (A, V, o) be a differential structure,
and let & € R. If there exists a collection of linear operators (%t);=0 on B that is A-
intertwining for the associated QMS (2;);>0, then Ric(A, V, o) > A

Proof of Theorem 10.9 The proof is a variation on an argument by Dolbeault, Nazaret and
Savaré [16].
Fix p, v € B, and let (o5, Bs)se[o0,17 be a solution to the continuity equation

O5ps +divB; =0, o=V, pL=p,

that minimizes the action functional (9.3). This implies that (p; ) is a constant speed geodesic,
and

o (ps, By) = # (v, p)* (10.8)
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for all s € [0, 1]. We define p! := :,,OS, so that d;p! = 9:,(8sps) — tZT,@:,pS. Using
this identity, we obtain

v,og 931(&,0?) - tf 9”,09
= —ﬁsl(dlv B;) — t.i”,os
= —div(Z.By) — 1.2 p!
Write V = (8 )j» where 3 = e ®i/? “Virj(p) — e®il2g; j(p)V;. It then follows from Lemma

7.8 and Theorem 7.7 that ,,2” = div V. Hence, we infer that the curve (p!)se0.17 satisfies the
continuity equation d; 0! + div B% = 0, where

B! = 7B, — 1Vl .

s

Using the bilinearity of A(p!, -, -), we obtain

1
W, 75y < / /(pl. BL) ds
0 (10.9)

1
= /O o (pl, PLBy) — 20 (p!, B, Vpl) — 127 (o!, Vp!) ds .
Using (10.6) and Corollary 8.7 we infer that
(oL, PIBy) < e o (Pfips, (P18 5)j) < e 4 (s, By)
hence (10.8) yields
1 =2t
t T 1 € =2
o (pl, PIBy) ds < ———— W' (v, p)
0 2At
A direct computation using Lemma 7.8 shows that
ds Ent, (p!) = t[(log p! —log0)dsp!] = —t[(log p! — log ) div B.]
= 1[(V(log p! — log0))*BL] = t[(5#V p!)*BL] = A(pl: B, Vp!) .

Estimating the final term in (10.9) by 0, we infer that

1(7/( P52 —w( )) 1(1—e—2M 1)%( 5)2 /laEt (o) d
v, — W (v, _ v, - . En .
27 t P Y =57 3y P A s a(pg) ds
Since 7 > Ent, (p) is continuous, we observe that the right-hand side converges as ¢ |, 0.
Letting ¢ | O we infer that

1d*+

2 dt

>

W (v, 21p)* < # (v, p)* + Enty (p) — Enty (v) ,

\S]

t=0

which proves the evolutional variational inequality from Theorem 10.2 for t+ = 0. By the
semigroup property, the inequality holds for all # > 0, hence the result follows. O

Remark 10.10 As pointed out by an anonymous referee, the condition from Lemma 10.8 is
preserved under taking tensor products of quantum Markov semigroups. Therefore, Theorem
10.9 yields a lower Ricci curvature bound for tensor product semigroups of this type. It is an
interesting open question whether such a tensorisation property holds for arbitrary quantum
Markov semigroups, as is known to be true in the Markov chain setting [18].
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We finish the section with the example of the Fermionic Ornstein—Uhlenbeck equation
from Sect. 5.5, which was already discussed in [10]. For the convenience of the reader we
provide the details.

Proposition 10.11 (Intertwining for fermions) In the fermionic setting, we have the commu-
tation relations [0, £ = —0; for j = 1, ..., n. Consequently, the intertwining property
holds with A = 1.

Proof We use the well-known fact that the differential operator 9; is the annihilation opera-
tor: it maps the k-particle space H* into the (k — 1)-particle space H*~! forany 0 <k < n
(with the convention that H~! = {0}). On the other hand, —_ & is the number operator, which
satisfies ZA = —kA forall A € H*. Hence, for A € H*, we have 0j LA = —kojA, whereas
Z0jA = —(k—1)0;A. This yields the desired commutation relation [9;, ] = —0; on HE s
which extends to €" by linearity. The result thus follows from Lemma 10.8. O

We immediately obtain the following result.

Corollary 10.12 The differential structure for the fermionic Ornstein—Uhlenbeck equation in
Sect. 5.5 satisfies Ric(€", V, 1) > 1 in any dimension n > 1.

It follows from the results in the following section that the constant 1 is optimal.

11 Functional Inequalities

One of the advantages of the framework of this paper is that it allows one to prove a sequence
of implications between several useful functional inequalities. Throughout this section we
assume that (4); is ergodic.

Recall that

Ent, () := Tr[p(log p —logo)],  Zy(p) := — Tr[(log p —logo).Z p] ,

and note that % Ent, (9; p) = —IU(@;r p) for p € P4. The quantity Z, is a quantum
version of the Fisher information (or entropy production) relative to o; we refer to [42] for
an introduction to several notions of Fisher information in the quantum setting.

The gradient flow structure from Theorem 7.7 implies that LTy = div(p#V(log p —
log o)), which yields Z, (p) = ||V(log p — log a)||%. Recall that for p € P and A € A we
denote the associated Bogolioubov—Kubo—Mori scalar product and norm by

1
_ * 11— _
(A,B)LzBKM(p)_/O t[a* o'~ Bp*] ds ||A||L%KM(p)_‘/(A, Ak M -

The results presented in this section have been obtained in the classical discrete setting
of finite Markov chains in [18], and in the setting of Lindblad operators in [46]. Here we
state and prove the results in the more general framework that includes arbitrary differential
structures (A, V, o). The proofs closely follow the original arguments by Otto and Villani
[39], which were adapted in [18,46]. In our finite-dimensional setting, most of the results
follow directly from Riemannian considerations, though some additional care is needed due
to the degeneracy of the metric at the boundary P\ .

Definition 11.1 A differential structure (A, V, o) satisfies

@ Springer



Non-commutative Calculus, Optimal Transport and Functional... 373

(1) a modified logarithmic Sobolev inequality with constant A > 0 if for all p € Z(X),
1
Ents(p) < ﬁza (o) . (MLSI(2))
(2) an H#'I inequality with constant ¥ € R if for all p € Z(X),

Enty (p) < # (p. o)L (p) — %"//(p, o). HY 1(x))

(3) amodified Talagrand inequality with constant A > 0 if for all p € 3,

2
W(p,0) =4 xEnta () - (Ty (M)

(4) a Ty-transport inequality with constant A > 0 if for all p € 3,

2
Wi(p, o) =/ Ento () . (T1(M)

(5) a Poincaré inequality (or spectral gap inequality) with constant . > 0 if for all A € A,
with r[fol o= Ac® ds] = 0,

1
141G o) = 5 IVAIZ (P(2))

It is well known and an easy consequence of Gronwall’s inequality, that MLSI(A) is
equivalent to the exponential decay of the entropy with rate 2A:

Enty (2, p) < e % Enty (p) . (11.1)

There are other approaches to some of these inequalites and variants of them; see, e.g.,
[3,4,9,30,41].
Recall that for an absolutely continuous curve (o;); € (P, #), its metric derivative

ro e W Piths Pr)
10/ = lim L Pr)
h—0 |h]

exists for a.e. t € [0, T]; see [2, Theorem 1.1.2].

Proposition 11.2 Let p, v € P. Forall t > 0 we have

dt
PR ACATRDEREACADY (11.2)
In particular, the metric derivative of the heat flow with respect to W satisfies |(9’,T )| <

VIo (2] p).

Proof Set p; := W,T p. Using the triangle inequality for " we obtain
dt

. 1
— W (o1, v) = limsup = (# (pr4s, v) = ¥ (p1, V)
dr sl0 S

. 1
< limsup =% (pz, pr+s) -
sj0 S
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In view of the gradient flow identity ;0 = div(p#V (log p — log o)), the definition of #
yields

. 1 ) 1 t+s
lim sup —%# (o;, pr4+s) < limsup — / IV{og p, —logao)ll,, dr
si0 S si0 S Jt
1 t+s
= lim sup — / VZs(py) dr
si0 S
t
=V IO' (pt) .
The last equality follows from the continuity of r +— /Zs (o). O

The following result is a non-commutative analogue of a well-known result by Otto and
Villani [39].

Theorem 11.3 Assume that Ric(A, V, 0) > « for some k € R. Then H# (k) holds as well.

Proof Fix p € B. If Z,(p) = +oo there is nothing to prove, so we will assume without loss
of generality that p € By. Set p; := 32; p. From Theorem 10.2 and the lower bound on the
Ricci curvature we know that the curve (p;) satisfies EVI(k), i.e., equation (10.2). Choosing
v =0 and t = 0 in the EVI(x) yields

Bt < -2 S| w012 = (o, 07
_ — ,O) — — ,0)° .
o(p) = 2 dr |, Pr 3 Y
It remains to show that
+
—— —| H(pr.0)* < W (p, o)W (p).
=0

To see this, we use the triangle inequality to estimate

1 d*

2 dt

1
W (pr,0)* = liminf — (¥ (p,0)* — # (pr, 0)*
. (pr.0)" = liminf = (#(p. o) (pr,0)°)

. 1
< lim sup o (# (0, 0)* +2# (0, p1) - W (p, )
1l

Using Proposition 11.2 with v = p and r = 0 we see that the second term on the right-hand
side is bounded by # (p, 0)r/Zs (p), while the first term vanishes. m|

The following result is now a simple consequence.

Theorem 11.4 (Quantum Bakry—Emery Theorem) Suppose that Ric(A, o, V) > A for some
A > 0. Then the modified logarithmic Sobolev inequality MLSI()) holds.

Proof Take p € .. It follows from Theorem 11.3 that (A, o, V) satisfies H#I(1). Using
this inequality followed by Young’s inequality we obtain

A 1
BMMSW@JN%@%EWwJVSﬁ%@%

which is MLSI(2.). O
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Theorem 11.5 (Quantum Otto—Villani Theorem) Suppose that the differential structure
(A, V, o) satisfies MLSI()) for some A > 0. Then the Talagrand inequality Ty (A) holds as
well.

Proof 1t suffices to prove Ty (1) for p € P, since the inequality for general p € 3 can
then be obtained by approximation.
Fix p € B, and set p; = 5”;,0. Ast — oo, we use (11.1) to infer that

Ent, (0:) = 0 and % (p,p) = #(p,0) . (11.3)

2
F@):=%(p, pr) + \/ XEﬂta(Pt) .

We have F(0) = ,/%Entg(p) and F(t) — #(p,0) ast — oo by (11.3). Hence it is
%F(r) <Oforallt > 0.If p; # o, we use Proposition 11.2 and the
identity (f—t Ent, (p;) = —Z5 (p;) to obtain

Define F : Ry — Ry by

sufficient to show that

d+ 7,
S RN ATy =}

V21 Ents (o)
where the last inequality follows from MLSI(}). If p; = o, then the same inequality holds,
since this implies that p, = o forall r > t. O

It is known that the modified logarithmic Sobolev inequality implies a Poincaré inequality
by a linearization argument. The following result shows that Poincaré inequality is in fact
implied by the Talagrand inequality, which is weaker than the MLSI in view of the previous
theorem. The BKM metric in the left-hand side of P(X) appears since it also appears in the
second order expansion of the relative entropy of Ent, (p) around p = o; see (6.12).

Proposition 11.6 Assume that the triple (A, o, V) satisfies Ty () for some ) > 0. Then
the Poincaré inequality P().) and the T|-transport inequality T1()\) hold as well. Moreover,
Ric(A, o, V) > A implies P().).

Proof The fact that Ty (1) implies the T}-inequality is an immediate consequence of Propo-
sition 9.4.

Suppose that Ty (1) holds and let us show P(1). Fix v € Ag and set p° := o + ev.
Then p® € B for sufficiently small & > 0. For such ¢ > 0, let (pf, BY); be an action
minimizing curve connecting p§ = p° and pj = o. Thus we have 9;p; + div(p; #B}) = 0
and [ T[(BE)*BF#BE] di = ¥/ (pF, o).

Write A = [ (x +0) 'w(x+0)"! dxsothaty = fol o'75Ao* ds. Using the continuity
equation we obtain

1 1 ) 1!
||A||i2 = —T[A*(0° — 0)] = —T[A* div(DF #B°)] = —-/ T[(VA)*Or#BE] dr .
BKM & & & Jo
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The Cauchy-Schwarz inequality yields

, | 1 , 12, a1 , 12
A < - VA|Ze dt By, dt
41 o= 3 ([ 1vaiz o) ([ iz ar)

1 1 1/2
—(f IVAIZ dr) Y (p°,0),
& 0 !

since (o5 ); is a #-geodesic. Using Ty (1) we obtain

" W (p®,0) <1 1 /ZEt (0% < 1 1A
imsup ————= < limsup —,/ — En — ,
s—)Op € - e—>0p eV A o= v Lo (©)

since Ent, (pf) = %82 ”A“iﬁm(a) + 0(g%) by (6.11) and (6.12). It remains to show that, as

e— 0,
! 2 2
[ 1va a - ivaiz.

To see this, note that t[|p® — o|] — 0, hence #'(p®,0) — 0. Since # (p;,0) = (1 —

HW (pf, o), it follows that # (p,0) — O as e — O forall ¢ € [0, 1], which implies that

IVA ||ig — ||[VA ||§ for all ¢ € [0, 1]. The result now follows using dominated convergence,
t

since ||VA||3)5 < |IVA||p by Lemma 9.3.
t
The final assertion of the proposition follows by combining this result with Theorem 11.4
and Theorem 11.5. O
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