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Abstract

Pure quantum mechanics can be formulated as a Hamiltonian system in terms
of the Liouville equation for the density matrix. Dissipative effects are modeled
via coupling to a macroscopic system, where the coupling operators act via com-
mutators. Following Ottinger (2010) we use the GENERIC framework to construct
thermodynamically consistent evolution equations as a sum of a Hamiltonian and a
gradient-flow contribution, which satisfy a particular non-interaction condition:

¢ =J(¢)DE(q) + K(q)D3(q).

We give three applications of the theory. First, we consider a finite-dimensional
quantum system that is coupled to a finite number of simple heat baths, each
of which is described by a scalar temperature variable. Second, we model quan-
tum system given by a one-dimensional Schrodinger operator connected to a one-
dimensional heat equation on the left and on the right. Finally, we consider thermo-
opto-electronics, where the Maxwell-Bloch system of optics is coupled to the energy-
drift-diffusion system for semiconductor electronics.

1 Introduction

A fundamental problem in nano-science is a consistent coupling of quantum mechanics
with effects on larger scales, see [KW*11] for the modeling of lasers based on quantum-
dot layers. In particular, one is interested in combining quantum and continuum me-
chanical models with dissipative effects in such a way that the fundamental axioms of
thermodynamics and quantum mechanics are still satisfied. We follow [Ott10, Ott11] in
modeling the coupling between classical dissipative systems and reversible quantum sys-
tems formulated in terms of the Liouville equation for the density matrix. The basis is
the theory of GENERIC systems, which stands for the acronym General Equations for
Non-Equilibrium Reversible Irreversible Coupling and which was developed earlier under
the name metriplectic system, see [Mor86] and [BMR13, Sect. 15.4] for the history.

A GENERIC system is a quintuple (Q,€&,8,J,K) with state space Q, total energy
€ : 9 — R and total entropy 8 : Q — R. The evolution equation reads

¢ = J(g)DE(q) + K(q)D8(q), (1.1)

which displays an additive split into a Hamiltonian part J(¢)D&(q), where J is a Poisson
structure, and a dissipative part K(q)D8(q), where the Onsager operator K satisfies K =
K* > 0. GENERIC systems are thermodynamically correct in the sense that the total
energy € is preserved while the total entropy 8 is nondecreasing. This is guaranteed by
the central non-interaction conditions

(NIC) J(¢)D8(q) =0 and K(¢q)DE(q) = 0. (1.2)

The evolution of the quantum mechanical system on a Hilbert space H will be de-
scribed in terms of the density matrix p € R := {p € LY H) |0 < p = p* trp=1}
and the Liouville equation p = %[p, H], where H = H* is the Hamiltonian. Following
[Ott10, Ott11] we couple this quantum system to the dissipative system 2 = Kg;(2)D84;(2)



using observables @),, = ), as coupling operators. In Section 2.4 we show that

p=alpH] = 3 ([Qn+ kalQum: o) + €[Qm, Bu(2)DSui(2)]] ).
m=l y (1.3)
z= Kai(2)D84gi(2) + Z B}, (2) [ @m » k8[Qm, p] + CplQum, Bm(2)D8ai(2)] |

with Kg;DEg; = 0 and B,,DEg; = H for m =1, ..., M is a GENERIC system for
E(p,z) =tr(pH) + Eai(z) and 8(p,z) = —kptr(plogp) + Sai(2).

The crucial mathematical structure in our theory of the so-called canonical correlation
operator €, : L®(H) — L'(H) given by

1 00
C,A = / p*Ap'*ds and €,'B= / (ptsI)~'B(p+sI) ™" ds,
0 0

see [Gra82, Ott10, Ottll] for its justification via fluctuation theory. The inverse G;l
is called the Bogoliubov-Kubo-Mori metric, cf. [Str96, MPAOO]. There is a strong rela-
tion between the von Neumann entropy and C, encoded in the fundamental commutator
relations

[C,A log p] = [A, p] = €,[A,log p], (1.4)

for all A = A* and p € R. Recall D,§ = —kplogp and note that D28 = €', see
[IMPA00, CaM12]. The continuity of p — €, is proved in [Miel3, Prop. 21.2], see (2.18).

In Section 2 we give the basic features of GENERIC system, introduce the relevant
notation for quantum systems, and describe the general principles of coupling in terms of
commutators [Q,,, -| with coupling operators and the canonical correlation operator. In
Section 3 we consider the finite-dimensional model that is obtained by assuming dim H <
0o and z = (b1, ...,0h;) € 10, 00[™. We give a short overview of the results of [Miel3].

In Section 4 we discuss a quantum dot described by a one-dimensional Schrédinger
operator that is coupled to a left and a right reservoir described by a heat equation. Here
we also address the question of the existence of non-equilibrium steady states, which arises
if the specific heat of the reservoirs tends to infinity. We also conjecture suitable formulas
for the flux through the quantum dot if the temperature of the two reservoirs is different.

Section 5 is devoted to thermo-opto-electronics, which couples the Maxwell-Bloch
system for optics in a crystal with polarization to the semiconductor equations for tem-
perature and drift-diffusion for the charge carriers. The former is a Hamiltonian system
(cf. [JMR0O0, Dum05]), while the latter was shown to be a gradient system in [Miellb].
See [BKM14] for the full details.

2 Coupling of quantum and dissipative mechanics

We first introduce the notion of GENERIC systems and then specify to the case where
the underlying Hamiltonian system is given by a quantum mechanical system. In Section
2.4 we introduce the Kubo-Mori metric on density matrices, which provides a canonical
way of defining dissipation in quantum systems.



2.1 The GENERIC framework

The framework of GENERIC was introduced by Morrison [Mor86] under the name metriplec-
tic systems, see [BMR13, Sec. 15.4] for an outline of these early developments. In [GrO97,
OtG97] Ottinger and Grmela introduced the name GENERIC to emphasize the thermo-
dynamical modeling aspects that were relevant for their applications in fluid mechanics.
A more mathematical formulation is given in [Miella], where applications to thermo-
plasticity are developed. A survey on the modeling aspects of GENERIC and various
applications will be presented in [MiT14]. Our subsequent discussion is mainly based on
the quantum mechanical papers [Ott10, Ott11].

A GENERIC system is a quintuple (Q, €, 8, J, K), where the smooth functionals € and
S on the state space Q denote the total energy and the total entropy, respectively. More-
over, Q carries two geometric structures, namely a Poisson structure J and a dissipative
Onsager structure K, i.e., for each ¢ € Q the operators J(¢) and K(¢g) map the cotangent
space T;Q into the tangent space T;Q. The evolution of the system is given as the sum
of the Hamiltonian part J(¢)DE(¢) and the gradient-flow K(¢)D8(g), namely

¢ =J(g)DE(q) + K(q)D3(q). (2.1)
The basic conditions on the geometric structures J and K are the symmetries
J(q) = =J(q)" and K(q) = K(q)" (2:2)

and the structural properties

J satisfies Jacobi’s identity,

2.3
K(q) is positive semi-definite, i.e., (£, K(q)&) > 0. (23)

Here, Jacobi’s identity for J holds, if

(1, DI(@)[I(@)n2]na) + (m2, DI(@)[T(g)ns]m) + (ns, DI(@)[I(q)m]ne) = 0 for all n; € T;Q.

The central condition states that the energy functional does not contribute to dissipative
mechanisms and that the entropy functional does not contribute to reversible dynamics,
which is the following non-interaction condition:

(NIC) VgeQ: J(@DS8(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, see [Miella, MiT14]. The first observation is that (2.3) and
(2.4) imply energy conservation and entropy increase:

d

dt
d

dt

Of course, to guarantee energy conservation and positivity of the entropy production one
needs much less than the two conditions (2.3) and (2.4).

However, the mazimum entropy principle really relies on (2.4). It states that a max-
imizer g. of 8§ subject to the constraint £(¢) = Ey is an equilibrium of (2.1), the so-
called thermodynamic equilibrium for the given energy. Indeed, if ¢, maximizes 8§ under

Ze(qt)) = (DE(q), 4) = (DE(q), IDE + KDS) = 0+ 0 = 0, (2.5)

S8(g(t)) = (DS(q), d) = (DS(q),IDE + KDS) = 0 + (DS, KDS) > 0.  (2.6)

3



the constraint €(q) = Ey, then we obtain a Lagrange multiplier \eq € R such that
D8(g.) = ADE(q«). Since D8(q) # 0 for all ¢ (e.g. by 0pS > 0), we have A, # 0 and
conclude J(¢.)DE(qy) = ﬁJ(q*)DS(q*) = 0 and K(q.)D8(qs) = AeqK(g:)DE(g.) = 0,

where we have used the NIC (2.4). Vice versa, every steady state g, of (2.1) satisfies
J(q.)DE(g.) = 0 and K(q.)D8(g.) = 0. (2.7)

Thus, in a steady state there cannot be any balancing between reversible and irreversible
forces, both have to vanish independently.

To show (2.7) we simply recall the entropy production relation (2.6), which implies
(DS(g+),K(g«)D8(g.)) = 0 for any steady state. Since K(q,) is positive semidefinite, this
implies the second identity in (2.7). The first identity then follows from ¢ = 0 in (2.1).

2.2  Quantum mechanics

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

Elhmin e R vw S D(H) : <H¢‘¢> 2 hminHwHQ'

The associated Hamiltonian dynamics is given via the time-dependent Schrodinger equa-
tion ¢) = —H1), where j = }iw which has the solution () = e™#4(0).

We denote by LP(H) the Banach space of compact operators A from H into itself
with norm ||Al], := (Z‘;‘;l o;(A)P) l/p, where o is the jth singular value of A, see [GoK69,
Ch. ITI]. Moreover, L>(H) is the set of bounded linear operators. On L!'(H) the trace
operator tr : LI(H) — C, A 372 (Ad;|¢;) is well-defined, where {¢; [ j € N} is an
arbitrary complete orthonormal system in H. Using the dual pairing

(Al B) :=tr(AB"), where tr(¢®¢) = (¢|9),

we see that L2?(H) is a Hilbert space. By LE(H) we denote the subspace of symmetric
bounded linear operators in LP(H). The coupling of a quantum system to a macroscopic
one can be described using the density matrices

pER={pe LN (H)|p=p" >0, trp=1} C LL(H).

Each p € ! has the representation p = > 72 7;1; ®v;, where r; > 0, > °r; = 1, and
{®;]7 € N} is an orthonormal set. The evolution of p is given via the Liouville equation

p=jlp,H|, where [p, H] := pH—Hp. (2.8)
Below we will use the von Neumann entropy

Sam(p) = —ks{{p|l logp)) = —kptr(plogp) = —kg D77, rjlogr;, (2.9)

which remains constant along the solutions p of the Hamiltonian system (2.8).

Defining Q =R, Eqm(p) = tr(pH), Jqm(p) = 7lp, 0] (where “0O0” indicates the place to
insert the argument), and K, = 0, we see that (2.8) is given by the purely Hamiltonian
GENERIC system (R, €qms Sqms Jqm; 0)-



2.3 General coupling of QM to dissipative models
We consider an additional variable z € Z which is driven by a a gradient flow
2 = Kg(2)D84i(2), where Kg(2) = Kg(2)* > 0. (2.10)

We call such systems Onsager systems, because of Onsager’s fundamental contributions
n [Ons31, Part II, (1.11)], where the symmetry Kgi(z) = Kgi(2)* was derived, see also
[OnM53, eqns. (2-1) to (2-4)], where it is stated that (2.10) is the universal form for many
physical systems close to (local) equilibrium such as Ohm’s law, Fick’s law, heat flow, etc.
We assume that (2.10) preserves an energy Eq; via the condition Kg;(2)DEgi(2) = 0.

Following [Ott10, Ott11] we couple the above quantum system to the Onsager system
in the GENERIC framework by setting Q = R x Z and using an additive split of the
energy and the entropy:

E(p,2) = (H(2) [l p) + Eai(2) and 8(p,2) = —ks{p| logp)) + Sai(2).

In the general case, the Hamiltonian H may depend on the dissipative variable z (see e.g.
(5.1) and (5.3)), but for the moment we assume that H is independent of z. We obtain
the thermodynamic driving forces

(&) =re0=(o.y0) (€)oo= (5557) = (os')

Since z is a totally dissipative variable, the coupled Poisson structure J reads

J(p,2) = (Jq“{)(p) 8) = (j[p’om] 8) , (2.11)

and using [p, log p| = 0 we see that (NIC); (i.e. JD8 = 0) is satisfied.

The Onsager operator K of the coupled system is the sum of Ky and a dissipative
coupling between the variables p and z. We will write it in terms of the dual entropy-
production potential R*(p, z, i, () = %(( ). K(p, )( )). Using K > 0 it is easy to see

(NIC)Q — fR*(praDg(p7 Z)) = :R'*<p7Z7H7D8di<Z)) =0.

As in [Otth, Ottll] we assume that the quantum system can only couple to the
dissipative macroscopic system via observables, which are given by commutators with
symmetric bounded linear operators Q(z) € L3°(H ). Hence, a possible form for R* is

R*(p, Z, W, C) << Kdl Z H| Qm Z>C]mz}m(p,z)7

where B,,(2) is a linear operator from T:Z to self-adjoint operators on H such that
B (2)DEgi(z) = H. The norms |H . H}c are given via

IA]l . == (€A AYY2 = || 245,

where the super-operators €,,(p,2) is symmetric and positive semidefinite on L?(H)
(where super-operators are linear operator on LP(H)). Using the notation YA :=
[Q*, €[Q, A]] we can write the Onsager operator K in the form

(0 0 - /Qr —R"B,,(2)
<= (5 i) )+ 2 (otiage moomimt )

m=1

5



The above assumptions guarantee that (R, &, 8, J,K) provides a GENERIC system.
The evolution equations for ¢ = (p, z) are the coupled system

= S (ko B D5 ).
(2.13)

i = Kai(2)DSui(2 +ZB* YK (k log p-+Bu (2 )Dsdi(z)).

2.4 The Kubo-Mori metric

In [Gra82, Ott11, Miel3] it is argued that the dissipative super-operators €, should be
given by the canonical correlation operator C,, which associates with the density matrix
p € R in the following way:

GW{LTF):tgggﬁw. (2.14)
By p = p* one has (C,A)* = C,(A¥), and if p = > r;9; ®Ej, then
dim H dim H
CoAd =D Alry,ri) (Avluy)i; @ Py, and (C A AN = 3 Alry,me)|[(Avely) |
" " (2.15)

with A(a, b) = fgl a*b'~*ds. In particular, €, is symmetric and positive semidefinite:
(CAlB) =(AlCB) and (CA|A) =0

Hence, €, induces the scalar product (A, B), := (C,A|| B )), which 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

GpA:=CtA = [F(p+sI) " A(p+sI)"ds, (2.16)

which can be derived from (2.15) using 1/A(a,b) = [~ ((a+s)( b+s))71 ds. The super-
operator G, defines the Bogoliubov-Kubo-Mori metric on the set of density matrices as
follows, see [Pet94, MPAQO].

For us, the most important fact is the connection to the von Neumann entropy Sgu,
see (2.9). In fact, §, can be identified by its Hessian up to the factor —kp, namely
(A D*Sqm(p)B ) = —kg{(A|| §,B). In particular, we will heavily use the identities

[GpA,logp] = [A,p] =G, [A, logp}, (2.17)

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 Sqm
and the canonical correlation operator C,. See [Miel3, Prop.21.1] for a simple proof
and [CaM12, Lem.3.1], where a general calculus for operator functions is developed.
(These identities generalize the differential identity vV (logwv) = Vv, which is crucial for
the entropic gradient formulation of the Fokker-Planck equation, see [Ott01] and [Miel3,
Sect. 21.7] for a comparison of the different gradient structures.)



In addition, [Miel3, Prop.21.2] provides the continuity of €, in the form

1€ A=€pAlly < (Tt ) (Il +Hloall) [Alle, - w(W)=2i5 (218)
We emphasize that R 3 p — €, € Lin(LF(H),LL{(H) is continuous, if R is equipped
with the norm of L{(H).

If we specialize the general coupled system (2.13) by choosing all €, equal to C,, as
suggested in [Ott11], we can use the identities (2.17) which yields ﬁgﬂ logp = [Q,[Q. ],
where the right-hand side is continuous. Thus, the singularity in log p and the nonlinearity
of €, interact in a nice way to give rise to a linear and hence continuous term. Hence,
(2.13) takes the form (where we dropped the dependence of @,, on z for simplicity):

p=alpH] =3 ([ ksl@usp] + €l Qs Gn(2)]]).
m=1 Ny (2.19)
z= Kdi(Z)DSdi(Z) + Z B:n(Z) [ Qm , kB [Qma p] + ep[Qm7 Gm(z)] L

where G,,(z) := B,,(2)D84;(2). We see the analogy to the so-called Lindblad equations

M

p' = j[p, H] — k?B Z [Qrm [Qma pH’

m=1

where the double bracket terms generate the dissipation, see e.g. [Gra82, Lin76, Arn08].

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 (2.13).

3 A finite-dimensional model with simple heat baths

In this section we consider a finite-dimensional version of the general coupled system
developed above. We will summarize the results obtained in [Miel3, MiN14].

This model is a special case of system (2.19) by assuming that H = C" and that the
dissipative variable z consists of the absolute temperatures 6 = (61, ...,0y) € |0, oo[M
Zyr of the simple heat baths, where “simple” means that the state of the heat bath is
determined by a single value §; > 0 for the absolute temperature. Thus, (2.19) reduces
to an ODE with dimension n? — 1 + m.

While the Poisson structure J on Q := R, X Z, is given by (2.11), we still have to
specify the energy, the entropy, and the Onsager operator. We assume that the mth heat
bath has the constant specific heat ¢,, > 0, then we have

M M
E(p,0) = tr(pH) + > el and  8(p,0) = —kptr(plogp) + Y  cmlog(0m/b0),
m=1 m=1

where 6, > 0 is an arbitrary reference temperature. Choosing €,, = C,, the Onsager
operator K in (2.12) is fixed by specifying B,, : RM® — C5*". We take

-
B (71, ooy Tir) = C—mH,
m



which highlights the fact that @),, couples the quantum system to the mth heat bath.
Using Dy, 8(p,0) = ¢ /0m we also find B,,(2)D,8(p, z) = H as desired for (NIC),. Hence,
we define the dual entropy-production potential R* via

Re(p, 0511, 7) = 3 Xomiy |1 Qs =22 H][[ g + 37 - 5(6)7.

A typical choice for k() € RY*M is given by 7 k1 = S0} Zf\ierl'/%ml(Q)(Z—Z—Z—;)Q,
where the non-negative coefficients k,,;(#) give the direct heat transfer between the heat
baths m and [.

Setting K(p, 0) = Di}TfR* (p,0,0,0) the quintuple (R, xZys, €, 8, J, K) defines a GENERIC

system which generates the following coupled system:

M
p=alp, Hl =)  [Qum: kn[Qum:p] + eiep[Qm,H]}, (3.1a)
m=1 m
) 1 ¢ &) 1 1
= — > O) 5+ —(knlQ@us A+ =€yl Qs H] [ @ H]). (3.10)
=1 ! Cm m

Choosing Ky (0) = Kpbm8, makes the first term in (3.1b). This choice is used in [GIM13]
to model linear interface conditions in heterostructures using gradient structures.

Since dim H = n < oo the right-hand side of (3.1) is analytic in the interior of Q, i.e.
in int B x0, oo[M, while it is continuous on Q. Hence, solutions starting in the interior are
unique as long as they stay in the interior. Even for this ODE model the global existence
theory is not completely trivial. We observe that all temperatures stay bounded by energy
and entropy estimates. Indeed, using H > h,I and tr p = 1 we have the upper bound

CnOm (1) < ché’l(t) < E(p(t),0(t) — ho = E(p(0),0(0)) — ho =: e..

Using the entropy we find a lower bound via

S(p(0),6(0)) < 8(p(1),0(1)) < kglogn + Y _ e/ log(6i(t)/6,)
< kglogn + Z clog (ex/(cibo)) + cm log (6, (t)/60).
l#m

Since R, is compact, we find that the solution (p(t),0(t)) stays in a compact set. More-
over, the vector field defined in (3.1) is uniformly continuous on this compact set, see
(2.18) for the continuity of p — C,. Hence, a solution could only cease to exist by leaving
the compact domain through the boundary of R,,. However, using the method developed
for [Miel3, Thm. 21.3] it can be shown that this is not possible. Hence global existence
follows, see [MiN14] for more details.

In [Miel3, Sect. 21.6] the case of one heat bath is analyzed further. In that case the
single temperature = #; can be eliminated by using energy conservation &(p, ) = Ey in
the form 0 = (Ey — tr(pH))/c. Allowing for L coupling operators Q' connecting to one
simple heat bath we arrive at the following equation for p alone:

L

p= jlH,p| - kBZ Q" 1Q" p]] + m Z (@', ¢,[Q", H]]. (3.2)

=1 =1



Global existence of solutions is established in [Miel3, Thm. 21.3]. The question of unique-
ness of solutions remains still open, since non-uniqueness may occur, when solutions touch
the boundary of 9R,,. Additional assumptions guarantee that the thermodynamic equi-
librium peq = Z(}Eo)e_B(E‘))H is the only equilibrium and that all solutions decay to this
equilibrium for ¢ — oo. Defining

L

Q) = inf{ fo(1h,¢) | | = || = 1, (¥|¢) = 0} where fo(ih,¢) = > [Q"¥|¢)[*,

=1

the following result was established in [Miel3, Thm. 21.4].

Theorem 3.1 Assume that(3.2) satisfies u(Q) > 0 and the commutator condition
(A € L2(H) and Y1=1,..,L: [Q", A] = o) — JaecR A=al.  (3.3)

Then, all solutions p : (0,00 — R of (3.2) satisfy p(t) — peq-

4 A quantum dot coupled to heat equations

We consider a one-dimensional system consisting of a left reservoir and a right reservoir
that are coupled to a quantum system modeling a quantum dot (QD). Our aim is to
model the energy exchanges between the QD and the two reservoirs. In particular, energy
can flow from one reservoir into the other only through the QD.

4.1 QD with two reservoirs

The two reservoirs are contained in the domain Q = Q, U Q_ with QL = ¢, ¢3]. We
use the absolute temperature 6 : Q2 — ]0, 0o to describe the local state of the heat bath.
The quantum system is defined on the Hilbert space H := L*(Qqy) with Qg =
| =05, 65], where 0 < ¢; < ly < l3. We decompose this space into a subspace where
the coupling may occur and the space where the quantum system is left free, namely
H = Hcoup X Hie. with Hcoup = LQ(Qcoup)a Hi... = LQ(eree)a eree = [_61761]; and
Qeoup = Qg \ Qree- For the Hamiltonian operator H we consider the Schrédinger operator
Hiy = —3=0" + Vi) with a smooth potential V and boundary conditions ¢'(4¢5) = 0.
The total energy € and the total entropy & are given by

E(p,0) = tr(Hp) + /

i c(x)0(x)dx and S(p,0) = —kp tr(plog p) + / c(x)log(0(x)/0o) dz.

Q

While the Poisson structure J is given by the standard Lie-Poisson structure (2.11), we
have to specify the Onsager structure in more detail. It contains the heat conduction as
well as the interaction of the quantum system and the heat baths. We define it in terms
of the dual dissipation potential

0 012 M Tyq 2
R (.0, . 7) = / ?\Wz)\ do + 3 1@ = Bu (D],



where @, € L°(Honp), m = 1,..., M, are the coupling operators. For every m € m =
1,..., M we need a linear mapping B,, from L?(Q) into the self-adjoint operators on H
such that B,,1 = H, e.g. a possible choice would be

1 .. . . N v(x for = € €,
Byv = T om div (3V¢) +8Ve, where B(z) = { affine intgeri)olation for x € [—4q, (1]
The adjoint operators Bf, : LZ(H) — L*(Q) are defined as usual, i.e. tr((B,,v)A) =
fQ A)dx for all A.

Obv1ous1y, we have R*(p,0,DE(p,0)) = 0 as desired and, hence, have a GENERIC
system after defining the Onsager operator K(p, 0) = D?M,T)fR* (p,0,0,0). To highlight the
interactions between the quantum system and the heat bath we write the equations for
the coupled system explicitly:

M

p=alH,pl =3 ([, [Qus 1] + (@ €o[Qun, Bin(1/6)] )

' - M 4.1
cf = —div (k(0)V(1/60)) + > B}, [Qu, ka[@um: pl+Cp[Qum, Bin(1/6)]]. .

0= 8339(.%) for x € 0Q) = {—63, —61761763}.

4.2 QD with one left and one right coupling

We now simplify the above model to highlight its structure more clearly. For this we mak-
ing particular choices, namely M = 2 such that () = @)1 couples to the left reservoir and
@+ = Q2 couples to the right. In particular, we assume Q1+ = g+ ® g, with supp(g+) C
4101, 05) and g4 € H2(Qeoup) such that Hgy lies in L2(Q) and j[Q+, H] € L2(H). Finally,
we choose B. as simple as possible, namely

. 1
B.(0) =Pt with [l = = | vy

where in the case £; = {5 the value [v]+ can be interpreted as a point evaluation v(=£¢;).
Hence, B, sees the average temperature on the right coupling region, while B_ that on
the left. In particular, the adjoints B are simple as well, namely B1Q = Ly, ¢, tr(QH),
where 15 denotes the indicator function for the set S.

With these choices (4.1) takes the more specific form

,O = j[H, ,0] - Z (kB [Qom [QOHP” + [[1/0]]04[@0‘7 GP[QQ7HH>7

a€{+ -}
(4.2)

of — div ( b3 L i ((Qu H) (hnlQu )+ [1/81.8,1Qu. HI)),

ac{+,—}

plus the same boundary conditions for # as in (4.1). In (4.2) we nicely see the coupling
between the heat equation and the quantum system: the dissipative terms in the quan-
tum system give rise to a source term in the heat equation. The GENERIC structure
guarantees that the energy remains constant, while the entropy increases.
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4.3 Non-equilibrium steady states and fluxes

The above model allows us to study non-equilibrium steady states (NESS) by assuming
that the reservoirs are huge. Mathematically we realize this by making the specific heat
¢ very large, namely ¢ = 1/e for ¢ \, 0. For a fix ¢ we still expect that all solutions
(p,0) will converge to the thermodynamic equilibrium. However, starting from initial
conditions (p,6), where 6(z) = 6y for x € +[(1, (5], one expects that p decays to an
equilibrium on a time-scale of order 1 (relative to €), while the temperatures only change
with a rate proportional to €. Hence, we can formulate a nonlinear equation for the NESS
p as follows:

0=t7 = 3 (ka[Qu [Qu7l) + = [Qu.C5lQu. 1] ). (43)

ac{+,—}

Here the NESS p is the only unknown, since the temperatures §+ and 0_ are given.

The heat equation is no longer part of the problem, however it allows us to calculate
the energy flux through the quantum system. The energies in the left and the right
reservoirs are given by [ A %9(3:) dz. Taking the time derivative of these terms and
inserting the heat equation we obtain the flux from the left to the right reservoir by

F(O_.0.) =T, (0_,0,) — F_(0_,0,)

with 500, = v ([0 H) (ki 71+ 2o ). Y
0+

where the NESS p is a function of (5_, §+) The term div (kV(1/6)) does not contribute
to the flux terms F., because of the no-flux boundary conditions. It is interesting to see
that the non-equilibrium flux does not depend on the choice of the operators B...

For #; = 6, one obtains the thermodynamical equilibrium p = peq = +e ?# with
3 =1/(kgb). Assuming 8 = 6, %6 it should be possible to calculate p(8) = Peqt+00+0(6%)
and to find an expansion for the non-equilibrium flux F(0,—4d, 6,+9) = §Fy + O(6?), where
we expect that Fy can be related to the Landauer-Biittiker theory, see e.g. [CNZ09].

5 Thermo-opto-electronic models for semiconductors

The coupling of quantum systems to classical opto-electronic systems is common practice
in the modeling of laser devices, if the optically active zones are based on quantum wells or
quantum dots, see e.g. [KW*11]. Fully quantum mechanical models as in [NWZ13] cannot
be used because of the macroscopic complexity of real semiconductor devices. Hence, such
models have to consist of two subparts that are typically considered independently. On
the one hand the drift-diffusion equation for the charged particles (usually free electrons
and holes in a semiconductor crystal) and the heat equation form a parabolic system
that can be written as a gradient system ¢ = K(¢)D8(q), see [Miellb]. On the other
hand the Maxwell-Bloch system for the electromagnetic fields and the polarization form
a hyperbolic system that is mostly treated as an energy conserving Hamiltonian system
which contains a quantum model, see [JMR00, Dum05]. We present the main results of
[BKM14], which show that both models can be coupled via GENERIC.
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5.1 The Maxwell-Bloch equation as Hamiltonian system

Finally, we present an example of a coupling between a quantum system and a classical
system, where the quantum system is distributed in the whole crystal, but this time it is
described by a finite-dimensional Hilbert space H = C" on each material point x in the
domain © C R3. We assume that there is no coupling between the different points, which
is a good approximation for certain polarizations of an optically active crystal.

To introduce the notation we start with Maxwell’s equations in the vacuum R?® by
considering the dielectric displacement D and the magnetic flux B as the basic fields:

D=cwlH, B=-culE, divD=0=divB

with conserved total energy En(D,B) = [gs ﬁ\Dl2 + ﬁ|B[2 dz, electric field E =
Dpéu(D, B) = %D, and magnetic field H = D&y (D, B) = HLOB.

The Maxwell-Bloch system is a combination of the Maxwell equations and an n-
level quantum system at each material point x € ) described by the density matrix
p(t,x) € R, :=RNC{LL,. This quantum system contains the material properties of the
underlying crystal 2. Without interaction with the electromagnetic waves it is given via
p = jlp, Ng] where Ng = Nj; € C™" is the Bloch Hamiltonian. The coupling of p to
Maxwell’s equation occurs via the polarization in the form D = E + P with polarization
P(t,z) = Tp(t,z) where T' : CX" — R3 is called the dipole-moment operator. Thus we
arrive at the nonlinear Maxwell-Bloch system

D = curl H, B = —curl(D-T)), p = jlp, Ng—I""(D—-Tp)]. (5.1)

Choosing the space Q = L2(£2,div)? x L2(Q,div)? x R, and setting eg = po = 1 for
simplicity, these equations form a Hamiltonian (Q, €,J) with the energy E(D, B, p) =
Jo %|D—Fp|2 + ﬁ|B|2 + tr(Npp) dx as follows

d D Dpé 0 curl 0
d—(B)zJ(p)(D;gS) where J(p) = (—curl 0 0 >

In [JMRO00, Dum05] the variables (E, H, p) are used which lead to a slightly more involved
formulation for the Poisson structure J, but make the analysis easier.

5.2 Energy-drift-diffusion systems as Onsager system

As is explained in [Miellb], one can also handle general energy-drift-diffusion systems
with reactions as treated in [AGHO02| as long as the reaction satisfy a detailed balance
condition. The formulation is most easily in terms of the densities of the charge carriers,
namely c¢(t,z) € [0, OO[I, and the density © € R of the internal energy. Then, the total
energy € and the total entropy 8 are given by

8(c,u):/gg\v¢c|2+udx and  8(c,u)dz,

where the electrostatic potential ¢, is the unique solution of the Poisson equation

—div (Eng) = ddop + 2z - ¢ in (2, plus suitable bound. cond.,
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where z = (21, .., z1) € Z! is the vector of the charge numbers. We note that the differen-
tials of the these functionals have the form

DE(e,u) = ((bf) and DS(c,u):(

We define the Onsager operator K in terms of the dual entropy-production potential

R*(e,u;p,7) = 1 / Vi 2OV M(e, u): Vi = T2V e + p - H(e,u)pde,
2 Jq \Ys s

0:5(¢e,u)

9,5(c. u)) where 0,5(c,u) =1/6.

ie. K = DfuiR*. Here M gives the mobilities of the particles and the heat conduction,
while H gives the reaction coefficients.

By construction we have ¥*(e, u; DE(e, u)) = 0, which implies energy conservation for
the Onsager system via K(c, u)DE(c, u) = 0. The Onsager evolution 4 (¢) = K(e, u)D$(c, u)
is then given in the form

) (2 - (o) () o

Je\ Vo.S(e,u) — 0,5(c,u)z&V d.
where (Ju) = M(e, u)( v,5(c, u) )

The equation for u in (5.2) contains the work of the charge carriers moving against the
electric field E = V¢,, namely E - (z-J.), where z - J. is the net flux of all moving
charges. This term is needed in the energy balance to compensate for the change in the
electrostatic energy 5|Vel|*.

5.3 A GENERIC formulation for thermo-opto-electronics

To couple the Maxwell-Bloch equation and the energy-drift-diffusion system we use the
state variable ¢ = (D, B, p,c,u) :  — R3 x R3 x R, x [0, oo[I xR. If S(D, B, p,c,u) is
the entropy density then 0,5 gives the inverse 1/6 of the temperature 6. The total energy
€ and the total entropy & are assumed to have the form

1 1
&(q) = / §\D—Fp]2 + §]B|2 +tr(Npp) + udz, 8(q) = / S(p,ec,u)dz
Q Q

leading to the thermodynamic driving forces

E D-Tp 0
H B 0
n | =D&g)=| I Tp—D)+Ng |, DS(q)=| 9,5
o 0 0cS
T 1 0uS

For the Poisson structure we choose an operator that is similar to the Maxwell-Bloch
operator, but is now augmented by a term that accounts for reversible exchanges of heat
(also called latent heat in mechanics):

0 curl 0 0 0
—curl 0 0 0 0
Jror(q) = 0 0 Jlp.0O0 0 —A(g)
0 0 0 0 0
0 0 A(g)* 0 0



with A(q)T = 7370 [p,3,5(¢)] and A(q)*n = s0tr (n[p,9,5(q)]), cf. [Miella] for similar
latent heat terms in thermoelasticity. Here A is constructed in such a way that to obtain
(NIC); holds, namely using #0,S = 1 we find Jror(q)D8(¢) = 0. Hence, the reversible
part of the dynamics of the density matrix p takes the form

p = 1p: D,E(q) — D,8(p)] = 3[p, DT (p)] (5.3)

which emphasizes the role of the free energy & = € — 68 for the reversible dynamics.
The Onsager operator Krog for thermo-opto-electronic has the additive form:

KTOE(Q) = Kreact(Q) + KB (Q) + Kdiff(Q) + Kheat(Q)v

where each term is of the form K;(q) = A;(¢)*L;(¢)A;(¢) with L; > 0. Hence if
A;(¢)DE(q) = 0 holds for all j then (NIC), holds as well.

(i) For the reactions between charge carriers (including stimulated emission) we choose
Aveact(Q)(E, H,n,pu, 7) = o and Lieaey = H. Moreover, A,eact(q)DE(q) = 0 follows from
D.€(q) = 0. We obtain Kyeer(¢)D8(q) = (0,0,0, HDS(q),0)".

(ii) To model the quantum relazations we set N(q) := D,E(q) = Ng — I'*(D—-Ip),
define Ag(q)(E, H,n, p,7) :=n—71N(q), and choose an arbitrary L(q) > 0, e.g. L(¢q)n =
M [Qu, €)[Qm,n]]. Using the definition of N(g) and D,&(q) = 1 gives Ag(q)DE(q) =
0, and (NIC), holds. In particular, we obtain

Ko (0)D(q) = (0.0.L() (9,5(a) ~ 3V ()). 0.~ ir (V(@)L(9,5() ~ 1N(0))))

We observe that the dissipative relaxations are driven by the free entropy N, namely by
D,N(q) =D,8(q) — 3D,&(g). Moreover, the last term can be seen as a heating term due
to dissipation in the quantum systems.

(iii) The drift and the diffusion of the charge carriers is modeled via the mobility. Since
the flux tensor J. for the densities ¢ should have the form J, = M.(Vu — %z@E) € RIxd
we define the operator Ao, (q)(E, H,n,pu,7)" := 2QFE + Vu — 7 20(D-Tp) € RI*4,
Using E = D—TI"p we find the relations

Aucn(@DE(G) =0, Ana(0)DS(g) = VOS — z&(D-Tp).

Thus, Kyon(q) = A(q)*Mc(q)A(q) satisfies (NIC)y and provides
z-Mc(V%—%z®E)
Kair(q)D8(q) = 0
ain(2)D8(9) —div (M(Vp—320F))
(2QE):M.(Vu—32QF)

The first component gives the effective charge flux z-J., the fourth component generates
the drift and the diffusion term, and the fifth component contains the power of charges
working against the electric field.

(iv) The heat transfer can be given in the form

Keat (¢) (B, H, 7, 11, 7)7 = (0,0,0,0, — div (x(q) V7)) "

Clearly D,E(q) = 1 gives Kpeat(¢)DE(q) = 0, which is (NIC),. In fact, in general we may
allow for cross-diffusion between charges and heat:

(7) = (ot "l ) (Pminnt®). "
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Now we are able to write the full GENERIC system ¢ = Jtor(q)DE(q) +Kror(q)DS(q)
with the building blocks described above. It leads to the following coupled system of
partial differential equations

D= culB +z-J,,

B =—cullE,

p=alp. N@)—09,5(q)] +L(q)(9,5(a)—5N(q)),
c= —divJ. + H(q)0.5(p, ¢, u),

u=0tr (N(q)ilp, 0,5(q)]) — div g, — tr (N(Q)L(Q) (5p5(Q)—%N(Q))> + (2QE):J.,

where (Je, J,,) is given in (5.4), E = D—I'p, and N(q) = D,E(q) = Ng—I'*(D—TIp).

The first equation (combined with the fourth and using the charge neutrahty zH=0
of the reactions) is compatible with div.D = d40p + z:¢  for all ¢ > 0, if it is satisfied for
t = 0. The last equation can be written as

i = —divj, + (29E):J, — tr (N(q) (J]p. D,E—0D, 8] + L(@(Dps_gDpe)))
= —divj, + E-2z-J. — tr (D,&(q)p),

which displays the balance of internal energy with the work of the charges against the
electric field E and the work of the quantum system. For more details see [BKM14].
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