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Abstract

Pure quantum mechanics can be formulated as a Hamiltonian system in terms of the density
matrix. Dissipative effects are modeled via coupling to a macroscopic system, where the coupling
operators act via commutators. Following Ottinger (2010) we use the GENERIC framework (Gen-
eral Equations for Non-Equilibrium Reversible Irreversible Coupling) to construct thermodynami-
cally consistent evolution equations as a sum of a Hamiltonian and a gradient-flow contribution,
which satisfy a particular non-interaction condition:

q¢=J(q@)DE(q) + K(q)DS(q).

One of our models couples a quantum system to a finite number of heat baths each of which is
described by a time-dependent temperature.

The dissipation mechanism is modeled via the canonical correlation operator, which is the
inverse of the Kubo-Mori metric for density matrices and which is strongly linked to the von Neu-
mann entropy for quantum systems. Thus, one recovers the dissipative double-bracket operators
of the Lindblad equations but encounters a correction term for the consistent coupling to the
dissipative dynamics.

For the finite-dimensional and isothermal case we provide a general existence result and dis-
cuss sufficient conditions that guarantee that all solutions converge to the unique thermal equilib-
rium state.

Finally, we compare of our gradient flow formulation for quantum systems with the Wasserstein
gradient flow formulation for the Fokker-Planck equation and the entropy gradient flow formulation
for reversible Markov chains.

1 Introduction

A fundamental problem in nanoscience is a consistent coupling of quantum mechanics with effects
on larger scales. In particular, one is interested in combining quantum and continuum mechanical
models with dissipative effects in such a way that the fundamental axioms of thermodynamics are
still satisfied. We follow [Ott10, Ott11] in modeling the coupling between classical dissipative sys-
tems and reversible quantum systems. The basis is the theory of GENERIC systems, which stands
for the acronym General Equations for Non-Equilibrium Reversible Irreversible Coupling. It provides
systems that are thermodynamically correct in the sense that the total energy is preserved while the
total entropy is nondecreasing. Moreover, the evolution has an additive split into the reversible dy-
namics driven by a co-symplectic structure (Poisson bracket) acting on the energy and the irreversible
dynamics given as a gradient flow with the total entropy as the driving functional.

Evolution of the quantum mechanical system is given in terms of the density matrix p = p* > 0
such that it can be coupled to more macroscopic dissipative components z. Thus, the total state
q = (p, z) lies in the state space Q = PR x Z, and the evolution is given by the GENERIC system



(Q,€,8,7,K). Here £ and S are the conserved energy functional and the entropy functional. The
mapping J defines a Poisson structure, i.e. 7 (q) = —J (¢)* and the Jacobi identity holds, while XC
defines an Onsager structure, i.e. K(q) = K(q)* > 0. The evolution is given in the form

q¢=J(q)DE(q) + K(q)DS(q), (1.1)

where the crucial structural condition is the mutual non-interaction condition
J(@DS(q) =0 and K(q)DE(q) = 0. (1.2)

We discuss the main properties of GENERIC systems in Section 2. For the history and the motivation
of the GENERIC framework we refer to [GrO97, OtG97, Ott05, Grm10]. For applications in continuum
mechanics see [Mie11a].

In this work we follow the approach pioneered in [Ott10, Ott11] and analyze the system proposed
there mathematically. Our aim is to provide existence results as well as conditions guaranteeing that
the solutions converge into thermal equilibrium. To be more precise we consider GENERIC systems
where the coupling occurs only through the Onsager operator C. We assume that £, S, and 7 have
the form

J[ﬂé D]OO ) ’

E(p,z) = (| H)) + E(2), S(p, z) = —ks{(pl logp)) + 5(2), T(q,2) = (

where j = i/h and “CJ” indicates the slot where the argument should be inserted. Here (( A || B )) de-
notes the operator scalar product which for A, B € CN*N turnsinto (A || B)) = Z?fk:l AjBj, =
tr(AB*). Hence —kg{( p || log p)) is the quantum mechanical von Neumann entropy whereas S(z)
is assumed to be a concave macroscopic entropy.

The coupling between the components p and z occurs through K which is most easily formulated in
terms of the dual dissipation potential U*(¢; &) = 3 (K ()&, £) and is assumed to have the form

N
(.20, = 5 71 [Qul2) 1—{00(2). QO B U ey
n=1

where Q,,(z), 7 = 1, .., N are coupling operators and ||A||% := ( CA|| A)). The dissipative cou-
pling via (), and hence the interaction of the quantum system with the z component, occurs only
through the commutators

Q.5 = Q= - Q.
The coefficients «,,, are assumed to satisfy the relation (v, (), DE(z)) = 1suchthat U*(¢, DE(q)) =

0, which implies the second relation in (1.2). Since 7 (¢)DS(q) = 0 also holds we have a GENERIC
system.

In particular, we consider the case that z describes a finite number of macroscopic heat baths, each
of which is fully characterized by its temperature 0, (¢) and its fixed heat capacity ¢, > 0, i.e. with
z2=0:= (b, ....00) €10, 00[" we have

M M
E@)=c-0=> cubn and S(0) = cylogb.
m=1 m=1



Note that £ is a linear functional in ¢ = (p, @) while S is strictly concave. Thus, for each given
energy level E there is a unique maximizer of S subject to £(p, ) = Ej called the thermodynamic
equilibrium, which is given as

-1
Qeq = (Peqs beq) With Oeq = 0.(1,. ..., 1) and peq = %exp <k 0 H>,
BYx

where Z and 6, depend on £ only. By the abstract theory of GENERIC (cf. Section 2.2) this geq is
an equilibrium independently of the choice of 7 and /C if (1.2) holds.

To prove a global existence result for the associated evolutionary system (1.1) we further specify the
dissipation by choosing the super-operators C,,, suitably. We follow [Gra82, Ott10, Ott11] and use the
inverse of the so-called Bogoliubov-Kubo-Mori metric (cf. [Str96, Str00, MPAOQO]) given by

1 [e9)
C,A = / p*Ap'~*ds and C’;lB = / (p+sI)"'B(p+sI)"ds.
0 0

We call C, the canonical correlation operator and refer to the above references for the relevance
of this metric. There is a strong relation between the von Neumann entropy and C,, encoded in the
commutator relations

[CpA, log p] = [A, pl=C, [A, log p] , (1.3)

forall A = A* and p € fR. Recall that D,& = —kg log p and note that D%S = Cp_l, see [MPAOQO].
A proof of (1.3) is given in Section 4.1, where also the continuity of the mapping R > p +— C, is
established.

Choosing C,,, = C, and av; = %ﬁem(j) € RM we arrive at the system
m(j

M Np

1
_ZZ[ 217]{3[ nm7p]+e_cp[ ?an]]v (1.4a)
m=1 n=1 m
. 1 Y
D= w5) 0t (o S kol o G I HD) ()
- m=1,.,

which will be discussed in Section 4. The equation for p displays dissipative double commutators
[Q, @, p]] of the Lindblad type in (1.4a) with a correction term involving the nonlinear term p +—
[Q,C,[Q, H]]. The latter term is continuous but not Lipschitz continuous on 3. Moreover, we see a
clear coupling to the temperatures 6,,, in the different heat baths.

In Section 6 we discuss the isothermal case where the underlying Hilbert space H is finite-dimensional,
i.e. H = C%™H which leads to the system

ZQ” kelQ" P + 5 C[Q” H]J, (1.5)

where now the temperature 0, > 0 is fixed. This is a dissipative Hamiltonian system of the form
p= (J(p) — 5K (p))DF(p) for the free energy

Flp) = (pll H) + ksb. (o] logp).

Global existence of solutions is established in Theorem 6.2, and Theorem 6.4 provides conditions on
the coupling operators (" such that all solutions satisfy p(t) — Peq for t — oo. In Section 5.3 we
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discuss the case dim H = 2 in detail and display the dynamics in suitable coordinates as an ODE in
R3.
The linear Lindblad systems (cf. [Lin83, Lin76, Gra82]) can be understood as approximations of

(1.5) after replacing the super-operator C, by the constant C,,, . Using (1.3) we have C,, [Q, H] =
—kpb.[Q, peq] and arrive at (see Section 4.4),

Peq "

-1
kg0,

lexp( H). (1.6)

p=ilp. H Z Q" klQ", p = pea]]  with peg = —

n=1

Section 7 gives some analogies between the gradient structure p = K9(p)DS,m(p) used here
and two other entropy gradient structures for stochastic problems, namely that for the Fokker-Planck
equation introduced in [JKO98, Ott01] and that for reversible Markov chains introduced in [Maai1,
Mie11b]. All structures have the common feature that the mapping p — K (p) is homogeneous of
degree 1, i.e. K(Ap) = AK(p). Moreover, K is defined in terms of couplings in the discrete case or
derivatives relating to transportation in the continuous case.

2 The GENERIC framework

The framework of GENERIC was introduced by Ottinger and Grmela in [GrO97, OtG97]. It is based on
a quintuple (Q, &, S, J, K), where the smooth functionals £ and S on the state space Q denote the
total energy and the total entropy, respectively. Moreover, Q carries two geometric structure, namely a
Poisson structure J and a dissipative structure /C, i.e., for each ¢ € Q the operators 7 (¢q) and K(q)
map the cotangent space T;Q into the tangent space T, Q. The evolution of the system is given by
the differential equation

¢ = J(q)DE(q) + K(q)DS(q), (2.1)

where D& and DS are the differentials taking values in the cotangent space.

We refer to [GrO97, OtG97, Grm10] for applications in fluid mechanics, to [JHO06] for electromag-
netism, to [Mie11a] for applications of GENERIC in elastoplastic materials. The book [Ott05] contains
a general introduction with an emphasis towards numerical simulation. Subsequently we will mainly
dwell on the quantum mechanical papers [Ott10, Ott11].

2.1 The structure of GENERIC

The basic conditions on the geometric structures 7 and K are the symmetries
J(q) = =T (q)" and K(q) = K(q)" (2:2)
and the structural properties
J satisfies Jacobi’s identity,
K(q) is positive semi-definite, i.e., (£, K(q)§) > 0.

Jacobi's identity for 7 means {{F1, F2},, Fs}, +{{F2, Fs},, Fi}, + {Fs. Fi},, Fa}, = Ofor
all functions F; : Q — R, where the Poisson bracket is defined via

{F,G},(q) == (DF(q), T (9)DG(q)).
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Finally, the central condition states that the energy functional does not contribute to dissipative mecha-
nisms and that the entropy functional does not contribute to reversible dynamics, which is the following
non-interaction condition (NIC):

Vge Q: J(@DS(g) =0 and K(q)DE(q) = 0. (2.4)

Of course, the structure of GENERIC is geometric in the sense that it is invariant under coordinate
transformations. Introducing new coordinates ¢ = z(Y") we define the transformed functionals £ and
S in the usual way, namely

E(Y)=E=(Y)) and S(Y) = S(z(Y)).
Moreover, the transformed geometric structures J and K are obtained via
JY)=Dx(Y) ' T(x(Y))Dx(Y) ™™ and K(Y) =Dz(Y) 'K(x(Y))Dx(Y)™*,  (2.5)

where Dz(Y) ™ : T} ) — T}y Q denotes the adjoint of the inverse of D (Y') : Ty Y — Ty Q.

Clearly, the transformed system Y = J(Y)DE(Y) 4+ K(Y)DS(Y) is equivalent to the original
system (2.1).

2.2 Properties of GENERIC systems

The first observation is that (2.3) and (2.4) imply energy conservation and entropy increase:

S£(a(t)) = (DE(). ) = (DE(q), TDE + KDS) = 0 +0 =0, 26

%S(q(t)) — (DS(q), ) = (DS(q), TDE + KDS) = 0 + (DS,KDS) > 0.  (2.7)

Note that we would need much less than the two conditions (2.3) and (2.4) to guarantee these two
properties. However, the next property needs (2.4) in its full strength.

Next, we show that equilibria can be obtained by the maximum entropy principle. If z¢, maximizes S
under the constraint £(q) = E), then we obtain a Lagrange multiplier Aeq € R such that DS (geq) =
NeqDE (Geq)- Assuming that A\eq 7# 0 we immediately find that z. is an equilibrium of (2.1). Indeed,

j(‘]eq)Dg<Qeq) = tj(%q)DS(qeq) = 0and ’C(Qeq)DS(Qeq) = )‘eqlq%q)Dg(‘leq) =0,

where we have used the NIC (2.4).

Vice versa, for every steady state ¢, of (2.1) we must have
T (geq) DE(geq) = 0 and K(geq) DS (geq) = 0. (2.8)

Thus, in a steady state there cannot be any balancing between reversible and irreversible forces, both
have to vanish independently. To see this we simply recall the entropy production relation (2.7), which
implies (DS (geq); K(geq) DS (geq)) for any steady state. Since K(geq) is positive semidefinite, this
implies the second identity in (2.8). The first identity then follows from ¢ = 0 in (2.1).



2.3 Isothermal systems

Often temperature effects can be neglected and the model can be approximated by an isothermal
system. We show here how this can be deduced consistently from the GENERIC form if we add some
coupling to an external heat bath fixed to a given temperature 6, > 0. In particular, we will replace the
two functionals £ and S by one, namely the free energy F. at the given temperature 6...

We start from a general system for the variable ¢ = (y, #) in the form

()= 5) G+ (5 2) 6% (aeey) o

ﬂhere the cou_pling operator A is assumed to be positive definite. Defining the functional F°(y, 0) =
E(y,0) — 0.S(y,0), the system (2.9) takes the form

N _ [ J-EK a-L D,F\ [ 0
0) =\ —aT—25" —LA ) \Dyre A(6—0,))

The equation for § reads § = (J — ;-K)DF° + (o — - 3) DgF°, where the last term vanishes
to order O(||60—0.]|), see [Mie11a, Sect.2.6] for more details. Defining the isothermal free energy
F.(y) = F°(y,0.) and neglecting all terms of order O(6—0,) we arrive at the isothermal damped
Hamiltonian system

g=(J(y,0.) — QiK(y,e*))Df*(y)- (2.10)

Note that J still defines a Poisson structure and that K is positive semi-definite. Hence, F, is a
Liapunov function for (2.10).

3 Coupling of quantum and dissipative mechanics

3.1 Quantum mechanics

The quantum mechanical system is described by states in a Hilbert space H with scalar product
(-]-) and a Hamiltonian (operator) H : D(H) — H, which is assumed to be selfadjoint and
semi-bounded, namely

hin € RV Y € D(H) = (HY[Y) > hoin|[20]]
The associated Hamiltonian dynamics is given via the Schrédinger equation
. i
Y = —jHy, where )= 7 (3.1)

which has the solution ¥ (t) = e 74)(0).
We denote by £P( H ) the Banach space of compact operators A from H into itself, such that
1/p

Al = (iajuw) < o0,
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where o is the jth singular value of A (i.e. the jth largest eigenvalue of (A*A)'/2). We refer to
[GoK69, Ch. IlI] for this and the following standard properties. Moreover, £L>°(H ) is the set of bounded
linear operators with || A||~ denoting the standard operator norm. For 1 < p; < py < oo we have

LPY(H) C LP*(H)and [|A||,, > ||Allp, forall A e £P*(H).
Moreover, if 1/p = 1/p; + 1/ps < 1, then Hélder's estimate holds
|ABll, < | Al || Bl forall A € £7(H), B € £7(H). 2

On L'(H) the trace operator tr : L'(H) — C, A w 377 (A;|¢;) is well-defined, where
{¢;|j € N}isan arbitrary complete orthonormal system in H . Using the dual pairing

(Al B) = tr(AB"), where tr(v ® ¢) = (¥]0),

we see that £?(H ) is a Hilbert space and LP(H)' = L9(H ) for1 < p,q < cowith 1/p+1/q = 1.
We will need the following elementary commutator relations:
(Al BC) = (B*A[C) = {AC* || B)), giving

(ANB, C) = ([1B% A C) = =([A, B C) = ([A, 1| B ). &)

To couple a quantum system to a macroscopic one we need to describe it in terms of the multi-particle
form using the density matrices

pER={peclL(H)|p=p">0,trp=1}

Hence, each p € R has the representation

p=> ;@Y (3.4)

Jj=1

wherer; > 0, 5°r; = 1,and {¢;|j € N } is an orthonormal set. (Note that () ® @)a = {(a|¢)v)
and (YR @P)A =Y ® A" .) Using (3.1) the evolution of p is given via the Liouville equation

p=Jlp, H], where [p, H| :== pH—Hp. (3.5)

This is consistent with (3.1) if each of the 7); solves (3.1) while all ; are constant.
Below we will use the von Neumann entropy

[e.o]

Sqm(p) = —kp{(p| logp) = —kptr(plogp) = —kp er log ;. (3.6)

j=1
It is easy to see that the entropy remains constant in the Hamiltonian case.

While the single-commutator equation (3.5) gives rise to Hamiltonian dynamics, the following double-
commutator equation leads to dissipative dynamics:

0 =-[Q,[Q.n]] = —(Q@* — 2QnQ + nQ*), (3.7)



where Q € LE(H) is a given operator. As () can be written in the form > °° | ¢,,¢,, ® &,, we easily
find that the corresponding coefficients 7,,,,,(t) = {(p(t)¢,|dnm) satisfy the ODE

ﬁnm = _<Qn_Qm)277nm-

Thus, the double-commutator evolution diminishes all off-diagonal elements, while the diagonal ele-
ments of 7 (and hence the trace) remain unchanged. Hence, a typical dissipative quantum system is
Lindblad equation of the form

N

,b = j[pv H] - Z [an [Qnap - peqH . (3-8)

n=1

While it is well-known that this equation preserves the property that p(t) € R it is less clear what the
longtime dynamics is and what suitable Liapunov function are. We will see later that the GENERIC
framework leads to a correction of (3.8), see Section 4.4.

3.2 Dissipative evolution

We assume that an additional variable z is present in the model that is dissipative. For simplicity,
we assume that z lies in a closed subset Z C Z = RY. The evolution is assumed to be purely
dissipative in the sense that it is a gradient flow with respect to the entropy S : Z — R, namely

s = K(2)DS(z), where K(z) = K(z)" > 0. (3.9)

We immediately obtain entropy production in the form

5(:(1)) = DS(z) - K(z)DS(:) > 0.

If an energy £ : Z — R is conserved along solutions z of (3.9), then the relation DE(z) -
K (2)DS(z) = 0 has to hold. Very often one imposes the stronger condition

K(z)DE(z) =0,

which is certainly sufficient, but not at all necessary.

3.3 Coupling of the models

We now couple the quantum and the dissipative system in the GENERIC sense. The joint state space
is Q =R x Z C LLH) x RN, where the state is given by the pair (p, ). The energy functional £
and the entropy functional S take the form

E(p,2) = (H(2)[[p) + E(z) and S(p,2) = —ks((p|l logp)) + 5(2).

In the general case, the Hamiltonian H may depend on the dissipative variable z, but for our mathe-
matical results we assume that H is independent of z. For the Poisson structure we assume that the
variable z is totally dissipative, which means that 7 has block structure on the form

JI(p,z) = (J[p’OD] 8)7
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where [ indicates, where the corresponding component of the vector applied from the right has to
be inserted. The dissipation operator is first defined in terms of the dissipation potential, which is
quadratic in the driving forces

0 D,S(p) —kglog p
() =pste.) = - .
¢ D.S(p,z) DS(z)
In the following we use a special ansatz for the dissipation potential that is based on the physical

observation that a quantum mechanical system interacts with its environment only via the commutators
with respect to suitable coupling operators Q),,(2) € L (H ). This leads to

(2 ()|(1)) = ¢ Kl <+Z||| Q) 1= )¢ HE 0

where a,,(p, 2) € RY, Kyes(p, 2) € RY*N is symmetric and positive semidefinite, and the super-
operators C,,,(p, z) are symmetric and positive semidefinite on EQ(H). (Here super-operators are
linear operator on L£P(H).) The norm || - || is defined via

[Alle == {CA| ANY? = [[CV2A|.
To simplify the following notations we introduce another super-operator
KE: A Q" ClQ,A].

Using (3.3) the associated linear operator K takes the form
K(g) = ( - ) s ( K (0 0) K H )
1 0 Koo ) =\ —(K&'D| H)ow (K& H|H)om@@ )’

where we have omitted the arguments p and z for simplicity. The occurrence of double commutators
ngwi indicates the dissipative nature of /.

To satisfy the NIC (2.4) we still need an assumption on K, namely
Kass(p, 2)D,E(p, 2)) = 0and ayy(p, 2):D.E(p, 2)) =1 forallm, p, z. (3.10)

These assumptions guarantee IC(q)DE(q) = 0. Thus, J (p, 2) and the symmetric and positive linear
operator C satisfy the NIC (2.4), i.e. J(p,2)DS(p,z) = 0 and K(p, 2)DE(p,z) = 0. Now the
GENERIC formalism provides the evolutionary system for ¢ = (p, z), namely

M
p=alH(2). 0 = > K& (ks log pam(p, 2)-DS()H(2)).
1

zZ= Kdiss(p7 )DS( ) (3.11)

+Z (K., (ke log ptam(p, 2)-DS(2)H(2)) || H(2) Yam(p, 2)-

In the following we will reduce the generality in order to obtain more structure.



4 Canonical correlation

4.1 The Kubo-Mori metric

Following [Gra82, Ott11] we introduce a canonical correlation operator which associates with the
density matrix p in the following way: for each p € ‘R we define

o { CE - EE

A e [ prApeds. @

The boundedness follows from Holder’s estimate (3.2) giving

1 1 1
CAl, < A for—- = — 4+ —.
H p Hq ||p”p1” ||p2 4

We further have the identity (C,A)* = C,(A*) (using reparametrization and p = p*). If p has the
representation > r;1); ® 1, then we have

dim H dim H

Cod =D A(ry,ri) (Al @ By and (CLA[L AN = > A(ry, ) |[(Avelyy)|”, 4.2)

jk=1 jk=1
where the continuous function A : [0, co[> — [0, co| is given by

a—=b
ogalogs fora,b>0anda # b,

1
Aa,b) = / a*b' S ds = a fora=15b>0, (4.3)
0 0 for min{a, b} = 0.
Note that A satisfies the bounds min{a, b} < vab < A(a,b) < :(a+b) < max{a, b}.
Thus, we have on £ (H ) the relations
(CAllB)) ={(AlC,B) and (C,AlA) >0,

which induce the scalar product (A, B) — ((C,A || B)). This scalar product is called the canonical
correlation between A and B for the given state p in [KTH91, Ott11].

For p > 0 and dim H < oo the operator C,, is invertible, namely
G,A:=C 1A= / (p+sI) T A(p+sI)*ds. (4.4)
0

This formula is most easily derived from (4.2) by using 1/A(a,b) = [;° ((a+8)(b+$))71 ds. The
tensor G, defines the Bogoliubov-Kubo-Mori metric on the set of density matrices as follows, see
[Pet94, PeS99, MPA0O]. For a curve [0, 1] 5 s — p(s) we define its Kubo-Mori length £(p) via

(O = [ (7)1 G ().

The relevance of the Bogoliubov-Kubo-Mori metric as a generalization of the Fisher information metric
is discussed in the above references. For our usage, the most important fact is the connection to the
von Neumann entropy Sqm, see (3.6). In fact, G, can be identified by its Hessian, namely

(AID*Sam(p)BY) = —ks{ Al G,B)).
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Open problem 1: /s the mappingR = p — (A || C,A)) concave for all A? A positive answer would
give good metric properties for the Riemannian manifold (R, G p), see [LiM12].

The following identities, which go back to [Kub66], play an important role in the field of dissipative
effects in quantum mechanics and manifest the relation between the von Neumann entropy S, and
the canonical correlation operator C,..

Proposition 4.1 Forall A € LP(H) and all p € R withlog p € L (H ) we have
[C, A log p] = [A, p] = C,[A,logp]. (4.5)
Proof: For the convenience of the reader we give a full proof. With P = log p we have p = e’ and
1 1
[C,,A, log p} = / [eSPAe(l_S)P7 P} ds = / eSPA(e(l_S)PP) - (PeSP)Ae(l_S)P ds
0 0
td sP 4. (1—s)P sP 4 (1—s)P\1 P
= i 5(—6 Ae )d5:—(e Ae )Oz[A,e}:[A,p].

With slightly different grouping, we also obtain the second identity, namely
1 1
C, [A, log ,0] = / (AP — PA)e(l_S)PdS = / eSPA(Pe(l_S)P) — (eSPP)Ae(l_S)Pds
0 0

1
= / %( — eSPAe(l_S)P) ds=...= |:A7 )0} .
0

Thus, both identities are established. [

The following result shows that C, € Lin(LZ(H), L§(H)) depends continuously on p € R €
Lé(H) with respect to the norm topology. This result will be crucial for our existence theory. This
property is derived from Phillips’ result on Holder continuity for p — p® in the appropriate norms.

Proposition 4.2 For all py, ps € LE(H) with p1, p2 > 0 and all A € L (H ) we have

o1 =p2|ls
|Co A = Cp, Allx < w( loalls+llp2l[1) [[Allso, (4.6)
AT ol ) ¢ )
1—v
where w(v) = 2o

Proof: The proof relies on Phillips’ inequality (see [BhH88, Thm. 4]):
X=X">Y=Y">0andp>1 = |XV"-YV|,<|X-Y|". @7

We need the result a for the two non-ordered operators p; and p». For this we define V' = p, — p;
and decompose it into its positive and negative parts, namely V' =V, — V_ with V| V_ > 0. With
Z = p1 + V4 we have

Z=p1+Ve>2p1 20 and Z=py+V_=>py >0.
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Applying Phillips’ inequality (4.7) to these two ordered pairs we obtain
12 = 01l < 1Z = pul)* = ViV and 1 2Y7 = 031l < 12 = pally* = V-1
Thus, the triangle estimate gives the desired generalization of (4.7), namely
107 = o1 llp < IVl + IVAIR” < 2 PIVIEY = 2 P llp—palli”, - 48)
where we have used ||V, || + ||V_|[1 = ||V]|1 and

a'/? 4 g7 < 2V ()P torallp > 1, , B> 0. (4.9)

We now estimate C',, A — C,, A in L§(H) as follows:
1
1Cpy A=Cp, All1 < / 105 Apy " —psApy Il + |03 Apy°—p5Apy~* |1 ds
s=0

1
< / 105 =5 N1/sll Allssllot 5 lya—s) + 103 1ysl| Allscll i =p5 5 ll1ja—s) ds
s=0

1
< 140 / 10—l (Lol lpall7) dr
r=0

1
—r r ol—(1-r I—r
<Ml [ 27 lo=pallt 270 (o ltlel) o

where we have used (4.8) and (4.9) for the last estimate. Calculating the integral in the last expression
gives the desired estimate (4.6). ]

We emphasize that R > p — C, € Lin(LF(H),L{(H), if R is equipped with the norm of Lg(H).
Moreover, assuming dim H < oo and writing int R = {p | p > 0} we see thatint R 2 p — C,

is an analytic function. For this we use that R = log p is an analytic function on int R and that
C,A= [ eRAel—*) s,

4.2 GENERIC systems with canonical correlation

We now specialize the general system (3.11) by choosing all the operators C,,, equal to C,, as sug-
gested in [Ott11]. However, we note that the dissipative bracket in [Ott11, Eqn. (10)] does not have the
form assumed here. The point is now that the interaction of C,, with log p simplifies the evolutionary
system considerably by invoking (4.5) giving

K¢ logp = [Q,[Q, l].
where the right-hand side is continuous, in contrast to log p. We arrive at the system

M

p= 310 = 3 (kal Q). [Qu2).sl] + (o2} DS(IKEOH()),
Z = Kyes(p, 2)DS(2) (4.10)

+ D (kB [Qun(2). [Qn(2), Al] + am(p, 2)-DS(2)KE" P H(2) || H(z) Y (p, 2).

12



The most important feature of this system is that the singular term log p in the right-hand side has
disappeared. Under suitable further assumptions the right-hand side forms a continuous vector field,
which wasn'’t the case for (3.11).

We simplify the above system even further by assuming that it consists of M heat baths with temper-
atures 0 = (61, ..., 0y ) and heat capacities ¢y, ..., cy > 0. Each heat bath can interact with the
quantum system by a finite number of coupling operators ()", n = 1, ..., N, which are independent
of . Writing shortly ¢ = (¢,,,) we have the following GENERIC system (Q, £, S, 7, K) with

Q=2 x]0,00[", q=(p,0), (4.112)

E(q) =tr(pH)+c-0, S(q) =—kptr(plogp)+ Zf\le Cm 10g O, (4.11b)
O] o

7= ("7 0 ). K@ =i en), (110

where the dual dissipation potential ¥* is given by
* . M Nm n Tm
v (p707€77_) = %Zm:l n=1 |||[ m?g_aHH”%p + %T' KT,

where Kk € Ré\meM is positive semidefinite with kernel k = span c. A typical choice for x is given

by 7- kT =3 MM L st Kol (Tm —Ti) where the positive coefficients k., give the direct heat
transfer between the heat baths m and [. We have the NIC (2.4) because (i) DE(q) = (H,¢) and
U*(q; (H,c)) = 0imply K(q)DE(¢q) = 0 and (i) DS(¢q) = (—kg log p, ) implies 7 (¢)DS(q) =
0.

The differential equation generated by the GENERIC system (Q, &£, S, J,K) is

M Np, 1
p=ale H] =3 > [ 8@, Pl + =Gl o HI (4.12a)
m=1n=1 m
. | Na
0 =r(52) e, M+(C—Z<<k3[ o P 7=ColQ H ||| ’,;,H]))) L @z
M p=1 m=1,..,

We nicely see the correction terms 7= [Q7,,C,[Qm,, H]] to the otherwise linear Lindblad system

p=glp, H) — kg oM SN [ m[ Pl

If dim H < oo the right-hand side of (4.12) is analytic in the interior of Q, i.e. in int R x |0, oo[M,
while it is continuous on Q. Hence, solutions starting in the interior are unique as long as they stay in
the interior. In [MiN12] the global existence of solutions for (4.12) will be established. The difficulties
arise if solutions reach the boundary of Q, where the extension is nontrivial and may be nonunique.
In Section 6 we only discuss an existence result for the simplified model presented in Section 5.

4.3 Steady states

We finally discuss the steady states for (4.12). By strict convexity of S there is a unique maximizer
Geq = (PeqsPeq) € Q subject to the constraint £(q) = Ej, as soon as Ey > A\yn(H). The latter
condition is needed to make the admissible set { ¢ € Q| £(q) = Ey} nonempty. The unique
maximizer takes the form

Oo (o) = 0.(Eo)(1, .., 1) and peq =

1 -1

13



By Section 2.2 we know that all geq(E)) are steady states of (4.12).

The following result provides conditions showing that the family geq(Ep) provides the only steady
states ¢ = (p, 0) of (4.12) satisfying p > 0.

Theorem 4.3 Assume kernel k = span ¢ and that (Q1",) m=t. 00 and H satisfy:

.....

IfA=A* € Lin(H), [H, A] =0, and
Vm=1,.,MVn=1.,N,: [QF A =0, (4.14)
then A = ol for some o € R.

Then, all steady states ¢ = (p,0) € Q of (4.12) satisfying p > 0 have the form qe,(Ey) for some
Ey e R.

Proof: If ¢ is a steady state with ¢ = (p, 6) with p > 0, then 20" (¢, DS(q)) = $S(¢) = 0. Hence,
we have

0= KDpS(a) = (), e 0= Q. —Fulogp— 2 Hlle,

Using kernel x = span c we obtain 6§ = (6, ..., 6). Since p > 0 we have HAHCP = 0 if and only if
A = 0, whence

Vm=1,..,MVn=1,..,Ny,: [Qn, ksglogp+ %H] =0.

Inserting this into (4.12a) with p = 0 (for a steady state) we also find [p, H] = 0. The Iatter implies
[H, kg log p + %H], and we can apply (4.14)to A = kg log p + % L H. Now kg log p + % LH=al
implies the desired result. =

In general it seems difficult to exclude steady states ¢ = (p, ) with det p = 0. We refer to Section
5.3 for an example where (4.14) does not hold and where a whole segment of equilibria exists for each
Ey.

Open problem 2: Provide minimal assumptions on H, ()., and k to guarantee that there are no
steady states with det p = 0.

4.4 Comparison to the Lindblad equation

Most often dissipative quantum mechanics is described in terms of the Lindblad equation (cf. [Lin76,
Gra82, Lin83]). In the isothermal case 0,,, = 0., (4.12a) takes the nonlinear form

M Npm

1
p=alp, H =D > [ s P+ 5-ColQ 1], (4.15)

m=1n=1

where now the free energy F.(p) = kgb.{(p || logp)) + { p|| H ) is a Liapunov function.
The corresponding linear Lindblad equation is obtained from (4.15) simply by replacing C, by C

Peq

where we take the p. = % exp (k;—é*H) Using the commutator relation (4.5) we have Cpeq[ noH] =
—kp0[Q7, peq] and arrive at
M Np
p:][va]_ZZ[ ?nakB[ ZwP—PeqH- (4.16)
m=1 n=1
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The striking advantage of the Lindblad equation is its linearity. We will see in Section 6 that it also
leaves ‘R invariant, i.e. it preserves the trace condition tr p = 1, the symmetry p = p*, and the
positivity p > 0.

However, for the coupling to the exterior like heat baths it is less useful. Note that pe, has to be known
already. In general, the equilibrium pe, Will depend in a complicated and nonlinear way on the other
variables, e.g. peq(f) in (4.12). More importantly, one has to model the influence of p—peq(€) on the
other variables in a self-consistent way. In particular, energy conservation and nonnegative entropy
production rates have to be guaranteed.

5 A simple coupled system

5.1 The case of one heat bath

We simplify the above problem even further, by assuming that there is only one dissipative interaction
term (i.e. m = 1) with one coupling operator () (i.e. N7 = 1). Moreover, the matrix x disappears as
c > 0 and k¢ = 0. The system reduces to

p=9lH.0] ~ [Q.ks[@.0) + 5C,[@. H]],

-1 1
Energy and entropy are given by

E(p.0) ={(plH) +ct and S(p,0) = —kptr(plogp)+ clogd

(5.1)

It is easy to check that £ is conserved along solutions while S is nondecreasing. For this, set =
—kplog p— %H , where ® can be seen as the driving force for irreversible processes as DS — %DE =
(P, O)T, see [Mie11a]. With these abbreviations system (5.1) takes the form

. . 1

Hence, we easily find

e, 00)

d

SS(o(), (1)

(PIH) +cb=0+(KZO[H) — (LI H) =0,

1
— (Ko | )

(PNl —kslogp ) +cg =0+ (K30 ~kylogp )

(KFele)=(C[Q @] I [Q @] ) =0.

5.2 Elimination of the temperature

Since # > 0 is only a scalar, we may eliminate it by using the invariance of the energy by assuming
E(p,0) = Ey.Then, 0 = (Ey— ((p|| H )))/c and we can reduce system (5.1) to the single equation

for p:
c

Eo—(pll H)

p=3[H.p] = |Qks[Q.p] + ¢,(Q.H]). (5.22)
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which has the negative entropy ~Sasa Liapunov functional, where
S(p) = —ks{(pll log p)) + clog (Eo—{ p|l H ). (5.2b)

Note that gis still a strictly concave function on the compact set R. Hence, assuming that Fj, is given
such that S is finite at least at one point in $R, then there is a unique maximizer p, given via

1
0, = (FEy—{p.||H))/c>0 and p, = 7 XD (—maH). (5.3)

In fact, we are now easily able to pass to the isothermal limit in the sense of Section 2.3. We assume
that £ and ¢ tend to oo while H and () are fixed. Assuming Eq/c — 0, > 0 we find the expansion

CUpllHY) +O(c/E2),

clog (Eo—{(p || H)) = clog Ey — B

where we use that p € R is bounded. Thus, we find the free energy

Fulp) = lim (f%logﬁb——9w§0ﬂ> = (ol H) + ksb.( ol logp)), (5.42)

c,Eg—o0
Eg/c—0x

and the simplified isothermal evolutionary system

p=alH.0] ~ [Q.ks[@.0) + SC,[0 H]]. (5.40)

5.3 Thecasedim H =2

In the case that the basic Hilbert space H is two-dimensional, i.e. H = C2, we can write (5.4)
explicitly by introducing suitable coordinates. While in the general case H = C" the set R can be
seen as a real (n?—1)-dimensional manifold with piecewise smooth boundary, the case n = 2 is
special, because R has a smooth boundary and can be identified by the closed ball A = By /»(0) C
R3 as follows:

R={p=pla)ac A}, wneepias)=( 270 1T,

iy 3-a

Using z = 3 + 7y and r = |a| the eigenvalues 71 and eigenvectors ¢ of p(a) are

1 1
ry=—=+r, ¢i:—( ‘ )
2 2r(rFa) \—a=£7

Thus, Csa) can be written out explicitly using (4.2). In particular, choosing H and () we are able to
write (5.2) and (5.4b) as explicit ODE systems in the three variables («, /3, 7). For didactical purposes
we will do this for the special case

H_<O hz) and Q—(q O)’
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where hy, ha,q € R. In treating this example, we will see some of the difficulties in proofing the
existence of solutions and the convergence of all solutions into the unique thermodynamic equilibrium
ps«. We first note that the free energy F, has the form

~

Fla) = Fu(pla)) = kgb. ((3+7) log(3+7) + (3—7) log(3—7)) + $(hi+hs) — (ha—h1)ev.

Some lengthy calculations, using the explicit form of r, ¥4 and (4.2), give

c, ( 01 ) _ < (L 5Ra) ARy il
Pla) \ _1 ¢ _/\_12_372_112_7?2/\ 17(12_304_1) ,

where A = A(r) = A(3+4r, 3—7). Using A(0) = 1/2 we see that r — (A(r), 1_2232(’")) is analytic
on [0, 1/2[ and continuous on [0, 1/2]. Thus, we see that @ — C5a) (", ) is smooth in the interior
of A and continuous on the closed ball A, as predicted by Proposition 4.2. Inserting this into (5.4b)

leads to the system

a 0 4o ) 22+ 122242

X ho—h r2

gl =1 tha=h)y | —ka?| 0 +—21—§——i2 0 . (55)
¥ (h1—h2)p 4y . —L2ay

It is also instructive to see the isothermal form of the GENERIC system as given in (2.10). Using the
coordinates @ = (a, 3,7)T € Aandr = |a| we have

ha—h 0 e
~ 2kpt, [ ¢ 2 - gt
DF(a) = =2 g |- 0 L Ja)=| —v 0 o |,
A(r) 0 g —a 0
2X\(r) 0 0 91 ¥ 0 —ay
R@=¢| o o o _+€l£;?iﬂl 0 0 0
0 0 2X\(r) " —ay 0 o

It is now easy to see that (5.5) is given in the form @ = (J(a) — LK (a))DF(a). Moreover, we
see that the Poisson structure .J on A is the classical Lie-Poisson structure on R? used for Euler's
equation for rigid bodies, cf. [AbM78, MaR99]. Moreover, we see that there is no dissipation in the
[3-component, since its direction is parallel to () and, thus, vanishes in the commutator.

In particular, we see that all solutions starting in .A remain there. In fact,

P2 = %‘0’2 =a-a=—4kgq*(a®+7%) + %(hz—}h)a)\(’aD (5:6)

1d 1
2 dt 2
implies that for @ € 0A (i.e. r = |a| = 1/2) we have 7 < 0 because of A(1/2) = 0. Moreover,
solutions immediately move into the interior of A except when starting in a(0) = (0,+1/2,0)7,
where @ = £(0, 0, (h;—h3)/2)T. Hence, except for the case h; = h also in this case the solutions

leave the boundary of A.

The following general result on the dynamics of the simple ODE system (5.5) is an immediate conse-
quence of the above derivations.

Theorem 5.1 System (5.5) has for each initial condition a(0) € A a global solution, along which F
is nonincreasing. Solutions with |a(0)| < 1/2 are unique and never touch the boundary 0.A.
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In the purely Hamiltonian case q = 0 the solution are periodic with a(t) = «(0) and r(t) = r(0),
i.e. the free energy F(a(t)) is constant.

For q # 0 all solutions a(t) converge to a steady state fort — oc. If hy # hy this is the unique
steady state a.. corresponding to p. = p(a.) given in (5.3) and minimizing JF .

If hy = ha, then 3(t) = B(0) while (a(t),v(t)) = e~ B2 (a(0), 7(0)).

Finally, we compare the solutions of the GENERIC system (5.5) with the corresponding linear Lindblad
system, where the nonlinear term [Q, C,[Q, H]| is replaced by the constant term [Q, C,,, . [Q, H]| =
—kpb.[Q, [Q, peq]] = const. in (5.4b), namely

e 0 Q' — Qg
ﬁ = (hg—hl)’y — 4kBq2 0 y (57)
gl (hi—=h2)f g

where o depends on 0, and hy—h4. Note that the dynamics of o and (3, ~) are mutually uncoupled,
which is certainly not the case in (5.5).

6 Existence and convergence into equilibrium

Here we restrict ourselves to the finite-dimensional setting assuming H = C" for n > 2. To keep
notations simple we study the case without temperature, i.e. we either consider the isothermal case
(5.4) or the full case (5.2) for a given value of E, see Section 5.2. In both cases the driving functional
(now being a Liapunov functional) has the form

Flp) =e(plllogp) +m({pll H)),

where e > 0 and m : R — R U {0} is continuous convex function. Our state space is the compact
set SR and the equation we study is

p=V(p):=lH.p] - [Q".C,[Q",DF (p)]]

”2; N (6.1)
=J[H,p|] —e Z Q" [Q",pl]] —m!({p I H)) Z [Q".C,[Q", H]|.

6.1 Existence via a modified explicit Euler scheme
The construction of solutions uses an explicit Euler scheme with a slight modification to keep the

property p € DR. Consider the time interval [0, o], choose an integer N, and define the time step
d = to/N. For a given initial condition ¢y we define incrementally

P =P (" + 0V(0")). (6.2)
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Here we introduced the projection operator Psx; that maps arbitrary matrices with trace 1 to elements
in YR in the following way

n

P i ©7,) = sy 0 max{0,r; 0 7,
=1

=1

The necessary properties of Psx are given in the following lemma.

Lemma 6.1 The nonlinear projector Pe satisfies:

()3C >0V p1, p2 € CI*" with trp; = 1:
dist(pj, R) < 1/2 = [[Pw(p1) — Parlp2)ll < Cllpr — p2l-

(i) R > p* — p € R, and §* — 0, then 5- (P (p*+3V(0*)) — p*) — V(p).

Proof: Assertion (i) is clear by the classical Lipschitz continuity of orthogonal projections.

For assertion (ii) we distinguish the cases p > 0 and p € 0fR. In the first case convergence (ii) follows
easily by the continuity of }, because for sufficiently large & the projection Pg; acts as identity.

Now assume p = (g %) with o > 0. In particular, we split the space H = H; & H> and write all
operators as 2 x 2-block operators with respect to this splitting. We find

An A\ [ CAL O
G ( I e 63)
and conclude that V(p) = (5"* % ) To show (ii) we use the decomposition

(Pl 40V (") = p) = Vi + V2 + V().
where V! = L (Pu(p* +5,(5)) ~Pon( 4 +6:0(0)) )

k

and V?:= i(P{R(ﬂk‘l‘ékV(p)) = (,ok+5kV(p))>,

which means that we have to show Vk1 — 0 and V,f — 0. By the Lipschitz continuity (i) and the
continuity of V on R we have ||V,!|| < C||[V(p*)—V(p)|| — 0.

For the second term we establish the decomposition
pr = pF + 0 V(p) = pr + Wi with g, € Rand W, — 0. (6.4)
Then, Py(pr) = pr implies the estimate
V2 = 5 11Po(pr) = prll < 5 l1Por(or) = Por(pi)ll + 515k —pll < (CH+D)[[Wi|| — 0,

which establishes the convergence in (ii).

It remains to show (6.4). We use the notation

v [ ok by ok [ X By
P _<bz Ck)a”dpk—P +5kV(p)_(BZ Ck)?
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i.e. Xy = o + 0px and By, = by, + ;3. As an intermediate decomposition we let

0

1 * _—1 kv —1
0 e ) , Where v, = E(bkak by—BpY, Bk).

sz,/O\iﬁ—(

Here py, is positive semidefinite because of

(% B (0 0
PL=\ Br B;S;'By 0 cp—blog by )

where the first and second operator are positive semidefinite because of o ~ %, > 0 and p’“ >0,
respectively. Using tr p,, = 1 — 0 tr v, ~ 1, we now let

~ ~ 0 O ~
. . . 1 ~ .
Pk = pr+ 0, Wy  with pp, = T35, Peand Wy = < 0 ) — (tr k) Pk

By construction we have p ~ p;, € R and it remains to be shown 7, — 0. Using p* — 0 we have
b, — 0 and, hence, obtain

C
Il < 5—;(HBk—bk\!(\!bk\!+113k\!) + llow =Skl (1Bl +11&]1)*) < Callbe]l + o) — 0.

This completes the proof of the lemma. ]

With this lemma at hand, we obtain our global existence result. In contrast to the subsequent conver-
gence result, we don’t need any specific properties of H, Q',..Q™. In [MiN12] we will show that the
existence result can be extended to more general systems containing several heat baths, e.g. (4.12).

Theorem 6.2 Consider e, m, H, and arbitrary coupling operators (Q" as defined at the beginning of
this section. Then, for all initial conditions p° € fR there is a global solution p € C'([0, co[;R) of
(6.1) with p(0) = p°.

Proof: The proof follows easily using the incremental approach based on the modified explicit Euler
scheme (6.2). Since the vector field ) is continuous on the compact set ‘R it is bounded. For a given
time increment 6 > 0 we obtain the incremental approximations plg and form two interpolants, namely
Ps 1 [0,00[ — R and ps : [0, 00] — R, where p; is continuous and piecewise affine, whereas p; is
piecewise constant and continuous from the right, i.e. ps(t) = p& for k§ < t < (k+1)d. Obviously,
these interpolants satisfy

d .

&Pd
Moreover, the sequence py is uniformly Lipschitz continuous and, thus, admits a uniformly converging
subsequence with § = &, — 0 and a limit ¢ : [0, to] — Q. Moreover, we may assume <5 — w in
L°°([0, oo[; LE(H)). Using Lemma 6.1 and the uniform convergence of p; to p, the right-hand side in
(6.5) converges uniformly to V(p(t)). Standard ODE arguments show that p € C*([0, co[; LZ(H))
with p = w, such that p = V(p). Hence, p is a solution of (6.1). n

(1) = +(Pon(@s+0Vin(@5)) — @;) foralt € [0,00[\ {Ok|kEN}.  (65)

Open problem 3: Do we have uniqueness if every solution leave, the boundary of SR immediately?
What are conditions on H and (Q™ to guarantee this property?
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6.2 Convergence into the thermodynamic equilibrium

One problem in our system is that the functional F (or more general the entropy S(p, 6)) is not
differentiable on the boundary O%R of fR. Thus, it is not clear how to show that F is a strict Liapunov
function along solutions staying on 0%R. Thus, we will first provide some general conditions on the
coupling operators (" such that %R is transversally repelling, i.e. each solution leaves the boundary
to the inside with a positive speed.

For a family Q = (Q*, ..., Q") € LZ(H )N we define

N

w(Q) = inf{ fo(u,0) | [¢] = 6] = 1, ([¢) = 0} where fo(v,¢) = Y [(Q"v|¢)[*.

n=1

Clearly, we have ;(Q) if @ = (Q) and dim H > 2, since then we may choose two orthogonal
eigenvectors of (). However, for Q = (Q', Q?) with

o-(3 )= (31)

Open problem 4: What is the minimal number N for a given dim H such that there exists Q =

(Qla "-7QN> WithM(Q) >07?

we find 1 (Q) > 0.

Proposition 6.3 Assume that (6.1) satisfies additionally 11(Q) > 0, then all solutions p : [0, co[ —
R with p(0) € int R satisfy inf{ dist(p(t),0R) |t > 0} > 0. Moreover, there exist t, > 0 such
that for each solutions with p(0) € OR we have dist(p(t), O0R) > eu(Q)t > 0 fort € ]0, to].

Proof: Since p = jlzmlH Tethr @1, we have p € R if and only if det p = 2;”1Hrk = 0. This
implies dist(p, 9R) > min{r; | k = 1,..,dim H }. Moreover, from the equation p = V(p) and

p(t) = 213Hrk(t)wk(t) ®Ek(t) we obtain easily the relation

(1) = (V(p(0) k(1) @ Py (t) ) = (V(p(t))tbw(8) [ (1)).

Now assume p(t) € 9R, which means that there exists k with r;,(¢) = 0. For the three terms of V in
(6.1) we obtain ({ [, H] | (t) © 0 (£) ) = {( H || [p, (t) © 0 (£)]) = 0 using (3:3). Invoking

]
the block structure (6.3) with Hy = span ¢, we find (C,A)ix(t) @ ¥, (t) = () @ ¥, (t)(C,A) =
0 for all A and conclude
(1Q.C,B] | vn(t) @y (1) ) = ([C, B, vu(t) @ U, ()] | Q) = (0= 0] Q) = 0.

Thus, only the Lindblad terms in V(p) remain. Using the abbreviation E; = t;(t) ® ¢,(t) and
r(t) = 0 we obtain the relation

(t) = —e Z« Q" Q" pll | Ex ) = —e Z T Z« Q" [Q", Ex]] || Ex )

=2e) 1) NQilu)* = 2¢ Y i p(Q) = 2e4(Q),

j#k n=1 #k
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where we used 7, = 0 to drop the term for j = k and (([Q, [@Q, E;]] || Ex)) = —2|(Q¥; |V, )|? for
j # k. By the assumptions e > 0 and 1(Q) > 0 and the compactness of O%R, the continuity of
guarantees that 7 (t) > eu(Q) > 0 whenever dist(p(t), 0R) < ¢ for some § > 0. Now all the
assertions of the proposition follow by standard ODE arguments. ]

The above proposition shows that we only need to consider solutions lying in the interior of R, where
JF is smooth and where the dissipation relation

%f(p(t)) = =20 (p,DF(p)) = = Y _I[Q" elogp+m'({p|l H ) H]IZ,

holds. Hence, F is a Liapunov function but not necessarily a strict Liapunov function. The latter means
that F is strictly decreasing along ¢ — p(t) whenever p is not constant (recall that we have unique-
ness of solutions in the interior of YR). In fact, (6.1) still allows for (linear) Hamiltonian dynamics in a
subspace H), if this subspace is left invariant by H and Q"| g, = 0 for all n.

The following result shows that a slight strengthening of the commutator condition (4.14), which was
used to establish the uniqueness of steady states, is sufficient to show that JF is a strict Liapunov
function.

Theorem 6.4 Assume that the system (6.1) satisfies ;1(Q) > 0 and the strengthened commutator
relation
AcLi(H)andVn=1,..N:[Q",Al=0 = 3JacR: A=al (6.6)

Then, all solutions p : [0, co[ — R of (6.1) satisfy p(t) — peq, Where peq is the unique minimizer of
F.

Proof: It remains to show that  is a strict Liapunov function. For this we have to investigate the set
U*(p,DF(p)) = 0.Using C, > 0 for p € int R condition (6.6) gives elogp + m/'(..)H = al.
Thus, we have p = cexp(—vH) with ey = m/({p|| H))), where ¢ > 0 and v € R have to
satisfy 1 = ctrexp(—yH ) and ey = m/(c{(exp(—yH) || H ))). Because of the monotonicity of 1’
(convexity of m) there is exactly one solution which defines peq. Now, the convergence to the unique
steady state follows by the principle of Krasovskii and La Salle, cf. [HiS74]. ]

Open problem 5: What are weaker conditions that guarantee that all solutions converge into some
steady state? When is F a strict Liapunov function?

7 Comparison to stochastic gradient structures

In this section we restrict ourselves to purely dissipative systems, which don’t have any Hamiltonian
part JDE. Our aim is to highlight analogies between the dissipative evolution of the density operator
p and certain other gradient flows arising in probabilistic systems. First, we compare to the Fokker-
Planck equation with the Wasserstein gradient structure introduced in [JKO98, Ott01]. Second, we
show the analogy to the entropic gradient structure for reversible Markov chains introduced in [Maa1i1,
Mie11b].
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In general, a gradient system consists of a basic space X with a differential structure, a differential
potential 7 : X — R, and a metric G such that G(u) : T, X — T:X is a linear, symmetric,
and positive definite operator. As in the GENERIC framework we will use the the inverse operator
K(u) = G(u)~! and will denote the gradient system by (X, 7, K). The gradient flow is then defined
by the evolutionary equation

0=G(u)t+DF(u) <= u=-VgF(u)=:—K(u)DF(u).

Thus neglecting the Hamiltonian part j[p, H] in our dissipative quantum system (6.1) we have the
gradient system (R, Fom, K&, ) with

N
Fan(p) = (ol logp) + (o H)) andKZ,(p)=:=) [Q " E].
n=1
Hence, K2, is associated with the dual dissipation potential U7 (p,Z) = 3 LSy MQr ENE,

We now compare this with the Fokker-Planck equation
i = div(M(Vu+uVH)), t>0,z¢cR

where M € R%?is a symmetric and positive definite matrix and H € C?(R?) is a suitable potential.
This equation can be understood as the gradient system (L?(R?), Frp, Kpp) with

Frp(u) ::/dulogu+qux and Kpp(u Za uM;;0,,€).
R

The analogy between F,, and Frp is obvious, whereas for ICqm and ICFp we see that the operators
= — [Q™, Z] are replaced by directional derivatives £ — g - V. Moreover the multiplication factor
u > 0, which is the core of the Wasserstein theory, is replaced by the canonical correlation operator
C, > 0, which also is homogeneous of degree 1 in the state variable p, i.e. Cy, = AC,,.

Finally, we consider Markov chains on a finite number of sites, namely {1, ..., N'}. If p,, denotes the
probability to be in site n, then the states p = (py, ...,pN)T lie in the state space Xy = {p €
0,1/ |p-e=1},where e = (1,...,1)T. The evolution is given in terms of the linear ODE

p=Ap, where A € RV with A;; > Ofori # jand ATe = 0.
Here A;; > 0 denotes the transition rate from j to i, and ATe = 0 guarantees that p stays in X y.
J

We assume that the Markov chain p = (p is irreducible, which means that the kernel of A is one-
dimensional such that there is a unique steady state w = (wy, ..., wN)T € Xy. An irreducible
Markov chain is reversible (or is said to satisfy the ‘condition of detailed balance’), if

Apmn W, = A, foralln,m € {1,..., N}.

For such Markov chains p = Ap it was shown in [Maa11, Mie11b] that they can be understood as
the gradient system (X n, Fuy, Ky K) with

N
fMV an IOg pn/wn) and
n=1
K (p Z Apmwm A (22, 22) (e"—e™ )@ (e"—e™) € RE,
n,m=1
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where A is defined in (4.3) and e” denotes the n-th unit vector in RY . Note that Ky again is homo-
geneous of degree 1, namely Ky, (Ap) = Moy (D).

In fact, one can see the Markov chain as the restriction of the quantum mechanical density functional
theory to the case that p is a diagonal matrix, i.e. p = diag(p) € . Thus, we restrict the non-
commutative operator theory in L2 (C™) to the commutative case in X . Note that the dual dissipation
potential W3, can be rewritten using the canonical correlation operator and commutators as follows:

\IJK/[V(p7 7") - %7‘- : ICI\AV(p>ﬂ- - %Z'r]:fmzl ||| [Qn’n'u dlag(ﬂ)] |”g/3(p)7

where p(p) = diag(p,/w,) and Qum = (Anpwny,)/?i(e"®@e™+e™@e™). This form shows
clearly the analogy between reversible Markov chains and dissipative quantum mechanics.

Open problem 6: /t would be interesting to find sets of commutators (Q”)nzlw N such that the dis-
tance d;cqm can be characterized in more detail. In particular, one would be interested in an explicit
characterization like for the Wasserstein distance djc. .
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