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Introduction

Graphene is a single layer of carbon atoms disposed as an honeycomb lattice,
that is, a single sheet of graphite [23] (see fig. 1). This new semiconductor
material has attracted the attention of many physicists and engineers thanks
to its remarkable electronic properties, which make it an ideal candidate for
the construction of new electronic devices (see fig. 2) with strongly increased
performances with respect to the usual silicon semiconductors [3, 9, 21, 32].
Potential applications include, for instance, spin field-effect transistors [27, 52],
extremely sensitive gas sensors [16], one-electron graphene transistors [41], and
graphene spin transistors [14]. The great interest around graphene is attested
by the Nobel prize attributed in 2010 to Geim and Novoselov for its discovery.

Figure 1: Graphene honeycomb cristal lattice.

Physically speaking, graphene is a zero-gap semiconductor: in the energy
spectrum (shown in fig. 3) the valence band intersects the conduction band in
some isolated points, named Dirac points; moreover, around such points the
electron energy is approximately proportional to the modulus of pseudomomen-
tum (or “cristal momentum”):

E = dop [p| = +orh|k[, (1)

where p = (p1, p2) is the cristal momentum, k = (kq, k2) is the Fermi wavevector,
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vp ~ 105 m/s is the zero-temperature Fermi velocity [3%] and, as usual, i denotes
the reduced Planck constant.

The dispersion relation (1) means that the electrons in graphene behave
as massless relativistic particles [50], which means, like photons, with an “ef-
fective light speed” equal to vgp. This remarkable feature allows to test on
graphene some of the predictions of relativistic quantum mechanics with ex-
periments involving non-relativistic velocities; in particular, much attention has
been devoted to the so-called Klein paradoz, that is, unimpeded penetration of
relativistic particles through high potential barriers (see e.g. [32] for details).
Another interesting consequence of the Dirac-like dispersion relation (1) is that
for positive energies the charge carriers are negatively charged and behave like
electrons, while at negative energies, if the valence band is not full, its unoccu-
pied electronic states behave as “holes”, that is, as positively charged quasipar-
ticles [32], which, in condensed matter physics, plays often the role of positrons
[2]. However in condensed matter physics the electron and hole states are re-
ciprocally independent, while in graphene they are interconnected, thanks to
the particular structure of graphene cristal lattice, made up by two equivalent
triangular sublattices (see fig. 4). This fact is actually at the origin of the linear
(with respect to |p|) dispersion relation (1): the quantum-mechanical interac-
tions between the two sublattices lead to the formation of two energy bands with
sinusoidal shape, intersecting each other at the Dirac points and so yielding the
locally conical energy spectrum. As a consequence, the charge carriers have an
additional discrete degree of freedom, called “pseudospin”, different from the
real electron spin, indicating the contribution of each sublattice to the quasi-
particles composition: for this reason graphene quasiparticles must be described
by spinors, that is, two-component wavefunctions [32].

Recently, mathematical models of fluid-dynamic type has been developed
in order to describe quantum transport in semiconductors [7, 8, 16, 17, 18, 28,

, 31, 57]. Such models rely on a kinetic formulation of quantum mechanics
(QM) by means of Wigner-type equations, and are derived by taking suitable
moments of these latter; the resulting equations involve the chosen fluid-dynamic
moments and usually additional expressions (referred to as not closed terms)
which cannot be written as functions of the previous moments without further
hypothesis. In order to solve the so-called closure problem, that is, to compute
the not closed terms from the known moments, many techniques are employed,
e.g. the pure-state hypothesis (which allows to obtain, for a scalar Hamiltonian
of type H = —%A + V(x), the so-called Madelung equations [34]; see also [11]
for fluid-dynamic equations derived from a spinorial Hamiltonian of the form
H = —ihcd- ﬁ), the ad-hoc ansatz (like the Gardner’s equilibrium distribution,
see [29]), and a strategy of entropy minimization' (which will be followed in
this thesis, in analogy to the method employed in the closure of classical fluid-
dynamic systems derived from the Boltzmann transport equation in the classical
statistical mechanics, see [16, 17, 18, 33]).

In order to understand and describe the charge carrier transport in graphene,

1We adopt the reverse sign convention for entropy.
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Figure 2: Schematics of a graphene-based device.

transport models, which incorporate the pseudospin degree of freedom, have to
be devised. Theoretical models for spin-polarized transport involve fluid-type
drift-diffusion equations, kinetic transport equations, and Monte-Carlo simula-
tion schemes; see the references in [40]. A hierarchy of fluid-dynamic spin mod-
els was derived from a spinor Boltzmann transport equation in [10]. Suitable
matrix collision operators were suggested and analyzed in [42]. Drift-diffusion
models for spin transport were considered in several works; see, e.g., [3, 19, 45].
A mathematical analysis of spin drift-diffusion systems for the band densities is
given in [25].

The main advantages of fluid-dynamic models with respect to ”basic” tools
like Schrodinger, Von Neumann, Wigner equations, are basically two. The first
advantage is about physical interpretation: fluid-dynamic models contain al-
ready the most physically interesting quantities (like particle, momentum and
spin densities), while other models usually involve more ”abstract” objects (such
as wavefunctions, density operators, Wigner functions), which do not have an
immediate physical interpretation; in this latter case, further computations have
to be made in order to obtain the quantities of real physical interest from the
solution of the model. The second and most important advantage is about
numerical computation: fluid-dynamic models for quantum systems with d de-
grees of freedom are sets of PDEs in d space variables and 1 time variable, while
other models usually have more complicated structures (for example, Wigner
equations are sets of PDEs in 2d space variables and 1 time variable); so fluid-
dynamic models are usually more easily and quickly solvable via numerical com-
putation than other models.
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Figure 4: The two sublattices constituting graphene cristal lattice, denoted here
with A, B.

We note that there are only very few articles concerned with kinetic or
macroscopic transport models for graphene. In the physics literature, the focus
is on transport properties such as the carrier mobility [26], charged impurity
and phonon scattering [15], and Klein tunneling [39]. Wigner models were in-
vestigated in [37]. Starting from a Wigner equation, hydrodynamic spin models
were derived in [57], and the work [55] is concerned with the derivation of
drift-diffusion models for the band densities. In contrast, we will work in the
present thesis with all components of the spin vector. Furthermore, we provide
a mathematical analysis of one of the models and numerical simulations of both
models.

Content of this Thesis

This Thesis can be divided into two main parts. In the first part several
mathematical models of quantum transport of electrons in graphene are de-
rived; in the second part an analytical study of a particular model (namely
model QSDE1 (4.91), (4.92)) is carried out, and numerical results related to
two of the derived models (more precisely, models QSDE1 (4.91), (4.92) and
QSDE2 (4.107)) are presented.
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The first part is organized as follows.
In Chapter 1 some mathematical tools for the study of statistical quantum sys-
tems, that is, systems composed by many quantum particles, will be exposed:
the density matrices and Wigner formalism will be explained, and the Wigner
equations for the system of interest, that is, electrons in graphene, will be pre-
sented. Finally a fluid model describing a pure state and based upon the fluid
moments ng (charge density), 7 (spin vector), J (current density) will be de-
rived, exploiting the closure relations that hold in this particular case.
In Chapter 2 the minimum entropy principle for quantum systems will be ex-
plained and a semiclassical expansion of the so-called “quantum exponential”
Exp(-) = Op L exp(Op(+))? in the general spin case will be performed; such ex-
pansion will be exploited in the subsequent part of the Thesis in order to obtain
explicit semiclassical approximations of the equilibrium distribution for many
fluid models.
In Chapter 3 one hydrodynamic model and two drift-diffusion two-band models
will be derived: the main feature of these models will reside in the choice of
fluid-dynamic moments, namely the two band densities n,, n_ and the two
band currents J, J_, that mirror the two-band structure of graphene energy
spectrum.
In Chapter 4 two hydrodynamic models and two drift-diffusion spinorial models
will be derived: differently from the two-band models exposed in the previous
chapter, in these models all the Pauli components of the Wigner function will
be taken into account separately in the definition of the fluid moments, which
will be the charge density ng, the spin vector 77, and the current density J.

The second part is organized as follows.

In chapter 5 model QSDE1 (4.91), (4.92) will be studied from an analytical point
of view. An initial value problem in a bounded domain for the system will be
considered. The existence of a weak solution under suitable assumptions on the
data, as long as the uniqueness of such solutions under further hypothesis, and
strong regularity for the charge density ny and potential V', will be proved. An
entropy inequality will be derived, and several results concerning the long-time
behavior of the solutions, namely the convergence to zero of the spin vector 77
under suitable assumptions on the potential V| will be presented.

In chapter 6 several numerical results, related to models QSDE1 (4.91), (4.92)
and QSDE2 (4.107) obtained with a Crank-Nicholson finite difference scheme
in the 1-dimensional case, will be illustrated.

Almost all the results that will be presented in this Thesis have already been
published by the author in [55, 57, 58].

2In this Thesis Op denotes the Weyl quantization rule, given by Eq. (1.7).
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Chapter 1

Kinetic models for quantum
transport

1.1 The Von Neumann and Wigner equations

In this section we will briefly introduce some mathematical tools employed in
the description of statistical quantum systems, i.e. systems composed of many
quantum particles.

1.1.1 Statistical quantum mechanics and density opera-
tors

It is known that the state of a statistical quantum system, whose wavefunctions
belong to a Hilbert space 2, can be described by a density operator S, which
means, a linear self-adjoint operator on .7 such that:

e S is positive: (¢, SY) >0 Vi€ ;
e S has unitary trace: Tr(S) =1 .

It can be proven that, as a consequence, S is a Hilbert-Schmidt operator:
Tr(S?) < oc.
The evolution of the system is described by the Von Neumann equation:

ih0,S(t) = [H,S(t)] = HS(t) — S()H (1.1)

with H the system hamiltonian.
The following results hold:

Proposition 1 A linear operator S on L*(R?) is a density operator if and only

10
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if a function p € L?(R? x R, C) ewists such that:

(Sv)(x) = / pley)b(y)dy Vi € L*(RY),

Rd
plz,y) = ply,x) V(x,y) € R x RY,

//Rd e p(z,y)(x)¢(y) dedy > 0 Voo € L2(R?),

/ / P 9) B (@) (y) dady = 1 V() nen Hilbert basis of L2(R%,C).
neN R xR4

The function p is called the density matrix associated to S, or simply the kernel

of S.

Proposition 2 A linear operator S on a Hilbert space € is a density operator
if and only if a complete orthonormal system (Y )nen of £ and a sequence of
real nonnegative numbers (o, )nen exist such that:

Zanzl, Sszan(z/Jn,ap)wn Yo €

neN neN

moreover:

St =oxthy VEEN,  Tr($%) =) o} <oo.

neN

The system is said to be in a pure state if:
S=Py=(, ) (1.2)

for some (normalized) ¢ € J#, or equivalently, if:

p(ﬂc,y) :¢($)M Vl‘,yERd; (13)

in this case the Von Neumann equation (1.1) is equivalent to the Schrodinger
equation:

ihdp) = Hip; (1.4)

if the system is not in a pure state it is said to be in a mized state.

1.1.2 Wigner formalism for quantum mechanics

! The Wigner transform Wj, is a map which takes a mixed state in something
like a phase-space distribution:

Wr @ L2(R? x R%,C) — L*(RY x R%, C),

Wp)(rp) = 20 [ p(r ger = g6)e e (1.5)

Rd
for all p € L2(R4 x R%, C).
The most important properties of this map are:

1See [4, 5, 49] for details.
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e given p1,pe € L?(R? x R? C),
(Wap1, Whp2) = (210) =% (p1, p2) ;
in particular,
Wy L*(RY x R%, C) — L*(R? x R?, C)
is continuous;

e The Wigner transform is invertible with bounded inverse given by:

Wy ) = |

x+ i(z—y)-
Rdw(%,p)e( /Ry (1.6)

for all w € L2(R? x R?, C).

We remind that the Weyl quantization of a symbol 7 is the functional Opy(7)
such that, for all ¢ € L?(R¢, C):

(Op(7)) () = (2mh) 2 /

R2 xR2

x+ i(x—y)-
V(S5 te) e gy 1)

(for more details see Ref. [20]). So from property (1.6) we find immediately:

(Opa(7)1)(x) = (2mh) 2 / (Wi w) ()b (y) dy

R
which means that Op;, and W, ! can be identified, up to the identification of a
density operator with its kernel.
The Wigner transform of a density matrix is called a Wigner function. The
following results hold:

Proposition 3 A function w € L?>(R? x R?, C) is a Wigner function if and
only if:

(P1) w is real-valued;
(PQ) fRded w(xvp) dx dp =1;
(P3) f]Rdx]Rd w(z, p) WiPy)(z,p)dxdp >0, Wi € .

Proposition 4 Let S a density operator and w := Op_l(S). Let v a classical
symbol and A, = Op(y). If Tr(SA,) < oo then:

Tr(SA,) = /]Rded ~v(z, p)w(x,p)dxdp. (1.8)

Recalling that Tr(SA) is the expected value of the measurement of the observ-
able A in the state S, from prop. 4 we deduce that w plays in the statistical
quantum mechanics the role of weight in the computation of expected values of
physical observables, like the Boltzmann distribution in the statistical classical
mechanics; however, w is not almost everywhere nonnegative, so it is not really
a phase-space distribution, unlike the Boltzmann distribution. Neverthless, it
is possible to prove that the “marginal distributions” are nonnegative:

/ w(z, p)dp = pl,z) > 0, / w(e,p)dz = (Fp)(p.p) > 0.2
R4 Rd

2Here .Z is the Fourier transform with respect to p € R2.
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From the Von Neumann equation (1.1) it is possible to derive an evolution
equation for the Wigner function w associated to the kernel p of the density
operator S. The general procedure consists in writing (1.1) with respecto to p
and then applying the Wigner transform to the resulting equation. For example,
for a standard scalar Hamiltonian H = f%A + V' this procedure leads to the
Wigner equation in standard form:

——i—— Vaow + Ox(V)w =0, (1.9)

with the pseudo-differential operator O (V') defined by Eq. (1.18).

1.1.3 The spinorial case

It is of particular interest, in this Thesis, the extension of the Wigner formalism
to quantum systems with spin. This latter is a discrete degree of freedom of some
quantum particles (namely a form of intrinsic magnetic moment) which has no
classical counterpart, and leads to a more involved mathematical description of
the system (see e.g. [53]). Indeed, the pure states of a system with spin are not
represented by scalar wavefunctions, but rather by spinors, i.e. wavefunctions
taking values in C™ for some n > 1. In this Thesis we will discuss the simplest
case: n = 2.

The state of a spinorial quantum system is stil described by a density oper-
ator S, defined as in the scalar case; the evolution of the system is given again
by the Von Neumann equation (1.1). Proposition 1 can be riformulated for a
spinorial quantum system as:

Proposition 5 A linear operator S on L*(R%)? is a density operator if and
only if a function p € L2(R? x R%, C?*2) exists such that:
(s0)0) = [ plenot)dy Vo e RS C),
R
Pij (2, y) —pﬂ(y, z) V(z,y) eRIxRY, i,j=1,2,

//Rd R Z pZ] x, y )1/@(1/) d-’l?dy > 0 V’l/J c LZ(Rd7(C2)7

i,j=1
> S sy 9 dody = 1 V()ncre Hilbert basis of L3(RE,C2).
neN XRT =1

The function p is called the density matrix associated to S, or simply the kernel

of S.
The analogue relations of eq. (1.3) for spinorial quantum systems is:
pii(,y) = vi(2)d;(y)  Voy€RT, ij=1.2. (1.10)

The Wigner transform w of a density matrix p = (p;j)i j=1,2 and the Weyl
quantization A of a classical symbol v = (7;;):,j=1,2 are defined componentwise:

wij = Whpij Aij = Opy(7i5) » i,j=1,2.
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The following result extends Proposition (3) to the spinorial case:
Proposition 6 A function w € L?(R? x R? C2*2) is a Wigner function if and
only if:

(P1) w(z,p) is a complex 2 x 2 hermitian matriz, for all z,p € R%;

(P2) tr [pa, paw(z,p)dedp=1 ;7

(P3) tr [pay pa w(z, p)WiPy)(z,p)dedp >0, Vi e 2.

Let us introduce the Pauli matrices:

1 0 0 1 0 —i 1 0
70 (0 1) ’ o <1 0) ’ 72 (Z 0 ) ’ 78 (O _1> ( )

The matrices in Eq. (1.11) form a basis of the space of the complex 2 x 2 hermi-
tian matrices. Since the Wigner function w(x,p) is a complex 2 x 2 hermitian
matrix for all z, p € R%, then it can be written in the Pauli basis:

3
w:woa()+zw5055w(]00+117'5, (112)

s=1
where the Pauli components wy ...ws of w are real-valued scalar functions.

Proposition 7 Let S a density operator and w := Opgl(S), Let v a classical
symbol and Ay = Opy(7). If Tr(SAy) < oo then:

Tr(SA,) = / tr(yw)(z,p) drdp = 2/ (vowo + 7 - W)(z,p) dxdp.

R4 xR Rd xRd
(1.13)

1.2 Quantum transport in graphene
It is known (see e.g. [21], [32]) that the electron Hamiltonian in graphene can

be approximated, for low energies and in absence of external potential, by the
following Dirac-like operator:

0 0
Hy = —ih — — 1.14
0 thvp (018x1+028x2>’ (1.14)
where 01, 09 are given by Eq. (1.11).
The corresponding energy spectrum is:
E+(p) = vrlp|. (1.15)

However, in this Thesis we are not going to use (1.14) as the system Hamiltonian,
because a rigorous discussion of a fluid-dynamic model involving (1.14) would
require considering the Fermi-Dirac entropy instead of the Maxwell-Boltzmann,

3Here tr is the classical matrix trace.
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due to the lower unboundedness of the energy spectrum of (1.14). Indeed, in
the rest of the Thesis we will make the hypothesis that the system Hamiltonian
is well approximated by the following operator:

H=0 ﬁ +wvpd-p| = Hy — h—QA (1.16)
= Upy 2m00 FO P | = 1o UOZm ) .

with m > 0 parameter (with the dimensions of a mass), whose energy spectrum
is bounded from below:

_pP?
Ei(P) ~ om iUF|I’|-

Let w = w(w, p,t) the system Wigner function, defined for (x,p,t) € R? x R? x
(0,00). Notice that, due to the presence of the pseudospin, w is a complex
hermitian matrix-valued function instead of a real scalar function; so we can
write w = 22:0 wy0os with w, Pauli components of w. * Moreover let:
J = o 0

’LB:’lU,’lU,U} 78:7aV: 77770 ) p = ) 707 = ’ .

(w1, w2, ws), O = (8331 e ) P'=(p1,p2,0), p=(p1.p2)
The collisionless Wigner equations for quantum transport in graphene, associ-
ated with the one-particle Hamiltonian H + V', with H defined by (1.16), are:

—
—

ai&’lUO + |:’I’Z:L . v:| wo + UF@ -0+ @h(V)wo =0

. (1.17)
- - 2
DG + [p : v} @+ vp [Vwo + fmﬁ] + Ou(V)& =0
m h
with the pseudo-differential operator ©5 (V') defined by:
(On(V)w)(,p) =1(2m) 2 / OV (&, w(x,p)e PPV Ededy
" N (1.18)

5V (x,€) =V (1: + 2§> - V(a: - Zg) .

We refer to [56, 57] for details about the derivation of (1.17) from the Von
Neumann equation.

1.2.1 Non statistical closure: the pure state case

A first fluid-dynamic model for quantum electron transport in graphene can be
derived from the Wigner equations under the hypothesis of pure state. We refer
to [6] for further details.

Since we are considering the system in a pure state, we do not need to employ
a statistical closure, based upon the minimum entropy principle, of the fluid

4 Given a complex hermitian 2 x 2 matrix a, its Pauli components are real numbers given
by: .
as = atr(aas) s=0,1,2,3.
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equations derived from the Wigner equation: thus we can, for the sake of sim-
plicity, use the operator Hy defined in (1.14) instead of H (given by (1.16)) as
the system Hamiltonian. As a consequence, the Wigner equation (1.17) take
the simpler form:

dywo + vpV - @ + OR(V)wy =0,
. 2 (1.19)
00 + vp | Vuwy + =y A B+ On(V)T =0,
Egs. (1.19) will be exploited in order to obtain the pure state fluid model we
are looking for.
Let us consider the following moments, for k = 1,2, s = 1,2, 3:

ng = / wo dp charge density,
ng = / wg dp pseudospin density,

(1.20)
J = / Prwo dp pseudomomentum current,

top = / PrWs dp pseudospin currents.

By taking moments of eqgs. (1.19) it is easy to find the following system of
not-closed fluid equations:

atnoJrc@jnj =0,

2
Oing+cdsng + %Cnsijtij =0, (121)
Or Ji+cOstsi + 1oV =0.

In order to find closure relations we exploit some identities that hold for pure
states. The density matrix associated to such a state takes the form:

pij(z,y) = i)Y (y) (0,5 =1,2); (1.22)

so it is easy to prove that:

pamkp = tr(afkp)pa aykpp - tr(arkp)p (k =1, 2) ) (123)

writing eqgs. (1.23) in Pauli components® we obtain, for k = 1,2:

P00 P0 =77+ Oy
P00y, po =p - Oy, [,

ip' A\ Oy, p =Pz, po — P00z, s

—1p N Oy, p=p0Oy, po — poOy, p’;

(1.24)

5 The matrices involved in the subsequent computations are not Hermitian; however, also
generic complex 2 X 2 matrices can be written in the Pauli basis, provided that the components
are complex numbers.
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from egs. (1.24) we immediately deduce:

ﬁ' (8Ik - 8yk)ﬁ: po(aﬂﬂk - ayk)po ; (1'25)

moreover, it is easy to prove, exploiting egs. (1.5), (1.20), that (we omit the
time dependence):

no(l’) :po(x7x)7 ﬁ(l’) :ﬁ(mvx)7
A (1.26)
Tla) =3 Onup — Dypo)(esw)  (k=1,2);
so from eqs. (1.25), (1.26) it follows:
Ngtsr = noJy (k=1,2,s=1,2,3); (1.27)
finally from eqgs. (1.24) we find:
if A (O, — Oy, )P = PO, + Oy, )P0 — p0(Ozy, + Oy, )7 (1.28)
and so, exploiting again egs. (1.25), (1.26) we deduce:
2
7 MsigNitik = noOkns — nsOkno (k=1,2,5s=1,2,3). (1.29)

Notice now that from eqs. (1.22), (1.26) it is possible to find the known relation
(see e.g. [6], [11]) between ng and 7 that holds for pure states:

no = [ii] = /n? +n3 +nf (1.30)

so defining i), = (t1k,tok, tsx) and exploiting eqs. (1.27), (1.29), (1.30) along
with the easy relation:

we conclude:

no-\ N 20 o hn
= () - G i) 2o
:Jknﬁo + (akﬁ - :08kng) A gnﬁo (k=1,2),
which means:
notsy = nsJk — gnmgna&mg (k=1,2,5=1,2,3). (1.31)

So eq. (1.21) along with the closure relation (1.31) allows us to obtain the
following pure-state fluid model:
8tn0—|—c§ -n=0,
2dAT  c
+

OpiitcVno + ==+ (V- ' (1.32)

. T 1 . .
Oy J+cV - (JSTL) - Chas (nsijnian> +nogVV =0.
0
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Egs. (1.32) can be regarded as the Madelung equations for a quantum particle
described by the Hamiltonian (1.14). We remark that the first equation in (1.32)
is redundant, since Eq. (1.30) holds.

1.2.2 Collisional Wigner equations

We will now derive two different kinetic models by adding a collisional term to
the right side of egs. (1.17) and performing two different scalings: a diffusive
one and an hydrodynamic one. These models will be the starting point for the
derivation of several fluid models in the subsequent part of this thesis.

The new set of Wigner equations we consider here is:

Oywg + [:1 : ﬂ wo + vpV - @ + Op(V)wo :go;iwov
) e (1.33)
Dt S e 2B A el
8tw+[m~V]w+vF[Vwo+thp}+@h(V)w: -

The terms on the left hand side of (1.33) come from the Von Neumann equation
(1.1) associated with the Hamiltonian (1.16). The terms on the right hand side
of (1.33) are relaxation terms of BGK type, with g the local thermal equilibrium
Wigner distribution, which will be defined later, and 7. is the mean free time
(the mean time interval between two subsequent collisions experienced by a
particle).

We make the following diffusive scaling of the collisional Wigner equations (1.33):

T dx, teit, pe—pp, Vi VV, (1.34)

with Z, £, p, 1% satisfying:

20pp 14 2DVETe h R
- = ., p=/mksT; 1.35
W@ b i PO VTP (135)
T is the temperature of the phonon thermal bath [2]. Moreover let us define the

semiclassical parameter e, the diffusive parameter T and the scaled Fermi speed

c as:
h 2DV R T, mv,
= = = . 1.36
=k po BT (1.36)

Notice that, if we choose as m the electron mass m., then ¢ = £r /&, is the
ratio between the Fermi energy £ = m.v% and the classical thermal energy
Ea = kT of the electrons.

We make two main approximations here: the well-known semiclassical hy-

pothesis € < 1, and the following assumption, which we call Low Scaled Fermi
Speed (LSFS):

c~e€ (e —0). (1.37)

By performing the scaling (1.34)—(1.36) on the equations (1.33) under the
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previous hypothesis, we obtain the following scaled Wigner system:

TOwo + To(w) zw ,
ol (1.38)
TOws + Ty(w) =2—-2 s=1,2,3
T
where:
RV .
To(w) :p2 wo + %V - 4 O [V]wg ,
s (1.39)
T (w) :%ws SO0+ OV + nogrupe, 5 =1,2,3,
©V)w)(wp) = (n) 2 [ 5V Eulep)e P ey
N (1.40)
5V (z,€) =V <x + ;g> - V(x - gg) :
and: .
7=-=001) (c=0) (1.41)

for the hypothesis (1.37), 05 = 8% for s = 1,2,3, and 7, denotes the Levi-
Civita tensor:

Nsjraiby = (@AD)s  (s=1,2,3), Va,beR>.
Now we make a hydrodynamic scaling of the Wigner equations (1.33):

T dx, teitt, pe—pp, Vi VY, (1.42)

with &, ¢, p, 1% satisfying:

1 2upp V
z= ”;p:;;, b= /mkpT; (1.43)

moreover, let us define the hydrodynamic parameter T as:

T =

(1.44)

H—>‘,§1

Let ¢ (scaled Fermi speed) be given again by (1.36). We make the same assump-
tions as in the first diffusive model, that is, the semiclassical hypothesis ¢ < 1
and the LSFS hypothesis (1.37). Let v be defined as in (1.41). If we perform
the scaling (1.42) — (1.44) on (1.33) under the assumptions we have made, we
obtain the following scaled Wigner system:

RV . _
Bywo + p2 wo + gv @+ O [V]wy =L Tw() :
R (1.45)
. ) L
05+ i + SVwo + @ A g+ O, [V]w =L =2
2y 2 T

Again, g is the quantum thermal equilibrium Wigner distribution.
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Let us finish this chapter recalling some helpful formal properties of the
operator O, defined in (1.40), already known in literature (see for example [56,
pp. 29-30)):

/@E[V]fdpzo, /pieemfdp: az-V/fdp (i=1,2),

OV]f ==VV -V, f+0(e) ase€— 0,
f even (resp. odd) wrt. p =  O.[V]f odd (resp. even) w.r.t. p.

(1.46)



Chapter 2

Equilibrium distribution:
definition and explicit
construction

2.1 The minimum entropy principle

Given a quantum system, we define the local equilibrium distribution associated
to the system as the minimizer of a suitable quantum entropy functional under
the constraints of given macroscopic moments: this is, in short, the so-called
Minimum Entropy Principle (MEP). Let us now describe the MEP in more
details. Let w = wgop + wsos the (spinorial) system Wigner function, and
let S = Op;(w) the Weyl quantization of w; moreover, let H the one-particle
Hamiltonian of the system. We assume that the system temperature, T, is a
positive constant, and we denote with kp the Boltzmann constant.

We define following functional, which we call Quantum Entropy [17, 18]:

/(S) =Tr[Slog S — S + H/kpT], (2.1)

defined for S € D(«7) suitable subset of the set of the density operators associ-
ated to the system. We notice that &7 is actually not the entropy, but rather a
quantity proportional to the system free energy:

1
=57 (TH(HS) = TE(9)) (2.2)

&(S) =—kpTr[SlogS —S]  system entropy;

()

neverthless, we will refer from now on to the functional &7 as quantum entropy
functional for conventional reasons.

We point out that the functional & in eq. (2.1) can be rewritten in terms of the
Wigner distribution w associated to the density operator S:

A(w) = tr //[wﬁoghw —w+ h/kgT)dxdp, (2.3)

21
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where tr is the algebraic matrix trace, Log, w = W log(ngw) is the so-called
Quantum Logarithm of w, and h = Wy H is the classical symbol of the Hamil-
tonian H.

Let now u( )( ), ,ugk)(p) given real-valued functlons of p € R?, for s = 1,2, 3,
kE=1...N, and let u®(p) = ué )( oo + 1o, for k= 1...N; moreover let
M) (z) real-valued functions of x € R?, for k=1...N.

We define the distribution at thermal equilibrium g = WG associated to the mo-
ments (M(k))kzlmN
minimization problem:

as the Wigner transform of the solution of the constrained

(Q) —min{%(S) : 8 =0pw e D(),
(2.4)
tr/u(k)(p)w(:zz,p)dp:M(k)(fzz)7 k=1...N, I€R2}.

This problem can be solved formally by means of Lagrange multipliers; see
[55, Section 3.2] (for scalar-valued Wigner functions, such problems are studied
analytically in [306]). First, we notice that the constraints in (2.4) can be written
as:

Tr[SOph(u(k)( (k) /M o) dg Vo W) test functions;
(2.5)

real functions (with suit-

now let us define, for S € D(«7) and (g<k>(x))k:1mN
able summation properties), the following Lagrangian functional:

L(S, 6D MY = o7(8) — Tr[SOpy (1™ (p)e™ () / MBE® g (2.6)

according to the Lagrange multipliers theory, if G solves (2.4) then the Frechét
derivative 6.2 /4S of £ with respect to S must vanish for S = G and k) = gk
(k=1...N), for suitable functions (5(’“))16:1“,1\/ called Lagrange multipliers:

6.,2”(
08

from (2.1), (2.6), (2.7) we deduce:

G, W . M) =o0; (2.7)

Tr[(log G + H — Opy, (™ (p)€™ (2)))55] =0 V4, (2.8)
and so, since the variation §S is arbitrary:
log G+ H — Opy (1™ (p)§®(z)) = 0, (2.9)

which means:

G =exp(—H + Op, (1 (p)éP(2))),
g =Expu(—hl€]), hlE] = Wil — u® ()™ (z),

where Exp is the so-called quantum exponential, defined by:

(2.10)

Expp(w) = Whexp(W;, 'w), Vw Wigner function. (2.11)
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We call h[€] the modified hamiltonian of the system. For more details concerning
the quantum exponential see [20].

It is interesting to see that imposing that the variation of £ with respect to
(5(’“));6:1.“1\; vanishes, we obtain the equations of the moments (2.5):

0L

L = 5

55 = —Te[SOpy (1™ (p) 5™ (2))] + / M®§e® g — 0,

for all 66(F) ... 5e(),

Let us now perform a generic scaling x — Zx, p — pp. It is easy to see that the
equilibrium distribution changes in this way:

9 = Exp (—h[E]) = Weexp(-W (R[E))) , (2.12)

with h[€] the scaled modified hamiltonian, and e = h/@p.

The quantum exponential is a highly nonlinear and nonlocal operator: for this
reason, we will derive in the next section an explicit approximation of it valid
for small values of e.

2.2 Semiclassical expansion of quantum expo-
nential

In this section we find an explicit approximation of the quantum exponential of
an arbitrary classical symbol with linear e-dependence, which will be exploited
in the rest of the thesis to find an explicit approximation of the equilibrium
distribution for several fluid-dynamic models. Let:

{(f.9y =Vuf Vg —Vyf-Vag, (2.13)

denote the Poisson brackets between f(z,p), g(z, p) scalar smooth functions. We
apply here the general strategy for computing the semiclassical expansion of the
quantum exponential adapted for the spinorial case (see [28, 29] for details). Let
a=agog+a-a,b=byog+ b- & be arbitrary matrix hermitian-valued classical
symbols, and let us consider the function:

9:(8) = Exp(Bla+eb)), BER. (2.14)

Let us recall the definition of the so-called Moyal product:

fi#efo = O (Op.(f1)Opc(f2)) (2.15)

between arbitrary classical symbols f1, fo. It is known [16] that the Moyal
product has a semiclassical expansion:

oo

#e=) #",

n=0
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and the first three terms of this expansion (the only terms needed in this work)

are:
H#O fo = fifa,
SO fo = 2 @, By, fo — By fr0s. o) (2.16)
h#Pfs = ,é (02,0, 1102 f2 = 202, 1102, f2+ 02, 102, 12) -

Now let us differentiate with respect to S the function g.(3) given by (2.14).
By using the definition (2.15) of the Moyal product we obtain:

230¢(8) = (0 -+ D) #ege () + gDl + b)), (217)

and g.(0) = og. So by writing g.(8) = ¢(?(8) + eg™M(B) + 9P (B) + ... and
expanding the expressions in (2.17) in powers of ¢ we find:

039 (8) = 5 (¢ (B)a+ ag®(5)) (215)

039(8) =5(6" (B)a -+ ag " (8) + 5 (O ()b + by (8))

1 (2.19)
+ 560 B#Va+at Vg (5)),
with the initial conditions:
g(o) (0) = 09, g(l)(O) =0. (2.20)

The equations (2.18), (2.19) with the initial conditions (2.20) can be explicitly
solved in this order to obtain the O(e?)—approximation of £xp, (a) = g.(1): in
fact, each equation is, with respect to the variable 3, a linear ODE with constant
coefficients. It is easy to find the leading term in the expansion of g.(3):

| =

g9 (B) = exp(Ba) = % <cosh(5|a)ao + sinh(8]d)) ~6) . (2.21)

We now have to explicitly compute the first order correction of g.(5) from (2.19);
to this aim, it is useful to employ some properties of the Pauli matrices. It is

=

easy to verify that, for a, b arbitrary hermitian matrix-valued classical symbols,
the following holds:

1 .
5 (@# b+ 0 a) =(ao#t Pbo + @ #" Bo
+ (ao# b + by# 7). & for even k, (2.22)

-,

1 :
5 (@b opMa) =i(a A B) G for odd ,
where we defined:

a* b =a# Wb, (@n*" B); = njaast®b, .
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The relations (2.22) allow us to reduce the calculus of the matrix g(*)(3) to that
of its Pauli components; if fact, due to (2.22), (2.19) becomes:

959" (B) =aogy” (B) + - 7V (8) + bogy” (8) +b- 5 (8)

- . S
955" (B) =a0g™ (8) + g5’ (8) + bog™ (8) + gy (8) + id #" g (8)
(2.23)
In order to solve (2.23), let us consider the homogeneous problem:
Opwo(B) =aoxo(B) +a-Z(B) >0,

(2.24)
9p%(B) =aoZ(B) + dwo(8)  B>0.

The problem (2.24) can be solved by elementary techniques, finding that the
vector X (B) = [x0(B), Z(B)] is given by:
X(B) = S.(B)X(0) >0,

with the semigroup operator S,(3) given by:

_ (Bao cosh(g|al) sinh(8|al)a’
Sa(B) = (sinh(ma)& (cosh(B|d]) — 1)@ ® & 13X3> (2.25)

with @ = @/|d|, and @7 denotes the transpose of the vector @. Now the semi-
group theory allows us to write the solution of (2.23):

B
06(8) = [ el cosh((B — M) a() i
0 (2.26)

| =

B -
+ / eB=N0 Ginh (8 — \)[a]) = - V(A) dA,
0

8l

ﬁ —
7 (p) = / o sial( (6 V)l

B
+/ o(B—Nao ([Cosh((ﬁ —N)a)) - ]a| @‘);l +st3> Y(A)dA,
0

Yo(\) dA

(2.27)
Ya(\) =b (0))\ Z;,-’(l))\7
Y (A) =bog® (\) + bgg” (A) + i@ A* GO (N
finally, from (2.21), (2.26), (2.27), (2.28) we obtain:
9" (8)
:ﬁeﬁao (cOSh(5|a|)b0 + sinh (5|a|)&|'d|b> (2.20)
sinh(8|d@|) — B|a| cosh(ga))

+5€,3a0 46|C_L"d njkts{ajaak}’as 3
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)
ao [ . l_; sinh(S|a a
= (sinb(glal)b -+ cosh 81a) T~ 3 S (o5, da )
_’_Beﬁaosmh(é\aD a/jb /\i‘F
Bl |dl |d]
a, Bld@| sinh(B]d]) — cosh(plal) + 1 @
+ Befe RIE %{%JGATa
Ba, lal cosh(Blal) —sinh(Bla]) -, = @
+ Be 282 {ao, a} ER
(2.30)

So we have explicitly computed the first-order semiclassical expansion of
ge(B) = Exp.(B(a + €b)). We point out that in the scalar case the odd order
terms in the semiclassical expansion of the quantum exponential are zero, while
this does not happen in the spinorial case, due to the noncommutativity of
the matrix product, which increases much the complexity in computation with
respect to the scalar case.

We finish this section by considering a particular case, in which egs. (2.29),
(2.30) are simpler, that is:

bp=0, d(z,p)=qx,p)p, E(x,p) =r(z,p)p, (2.31)

for some suitable scalar functions ¢(x, p), r(x, p). In fact, in the case (2.31), the
following relations hold:

njks{aj P CLk}CLS :07

anb=0,
Looa adfs
aJ{aJ7a} |d| |ﬁ-|2v | | (232)
. a |a
{ao,a}/\ﬁ |p|2V 2ag AP,
(@-b)a _(5-b)p
|a? 7R

so from egs. (2.29), (2.30), (2.32) it follows:

i3
al
FV(8) =B cosh (8lal) L)

oV (8) =BeP sinh (B)a]) -

ITQ

L . L (2.33)
4 e | sinb(B1a]) — cosh(BJa]) +1 Valal A p
2513 P
4 oo ] cosh(Blal) — sinb(3[a]) Vsao A 7

2/3|al pl?
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2.3 The weakly spinorial case

In this section we are going to derive the second order semiclassical expansion
of the quantum exponential (2.14) in the case:

l@l=0, b =0, (2.34)

which we call weakly spinorial.
Clearly from eqgs (2.21), (2.34) it follows:

9V (B) = "0y, (2.35)
and, since ¢(%) () is scalar, (2.23) takes the form:
039 (8) = a0g ™ () + 9 ()b = aog () + ¥ B> 0;
with the condition g(*)(0) = 0; then the solution is:
gV (B) = BePob B> 0. (2.36)

Now we can compute also the second-order correction to g.(8), thanks to the
approximations we have done. From (2.17), (2.34) we obtain:

0392)(5) =a09™ (8) + avt g (8) + 5 (bg®(8) + 4V (B
=aog?(B) + ao# gV (B) + Be’*b? (2.37)
=aog® (B) + ao#® g (8) + B’ B0y,

9(0) =0,

so we deduce that ¢(®(f) is scalar: [§(8)| = 0.
Now let us consider the scalar quantity:

~ 0 2 (2 252|E|2 a
§e(B) = g (B) + g (B) — = (2.38)
from (2.35), (2.37), (2.38) it follows:
953" (B) =aog” (B),
955 (B) =aog® (B) + ao# @3 (B), (2.39)
§0(B) =00, §P(B) =0;
so one finds that:
Exp,(Bao) = §e(B) + O(€*) (2.40)

which, along with (2.38), implies:
2
0:(8) = P00 + BB+ | Exp? (Bao) + 2 [F267 | 0y +O(P), (241)
where Exp(?) (Bag) is the second order correction in the semiclassical expansion

of the symbol Exp,(Bagp); since fay is scalar, then Exp? (Bay) is already known
in literature [10].
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Two-band models

We are going to derive two diffusive models and two hydrodynamic models for
quantum transport of electrons in graphene by taking moments of Eqgs. (1.38)—
(1.39), (1.45) and closing the resulting fluid-dynamic equations by writing the
Wigner distribution w in terms of the equilibrium distribution g, constructed
as in chapter 2. We will consider moments of this type:

mk—/uk@)(wo(r,p)ig-w<r,p>>dp k=00, (1)

with {¢x : R? = R | kK =0...n} suitable monomials depending on p, and n € N
given.
The reason of such a choice is that the functions:

w4 (7, p) = wo(r,p) IT w(r, p) (3.2)

are the phase-space distribution functions of the two-bands (w5 is relative to the
conduction band, w_ is relative to the valence band). For this reasons we will
refer to the models that are going to be presented in this chapter as “two-band
models”.

The monomials pg(p) ... pu,(p) appearing in Eq. (3.1) will be chosen among
the set {1, p1,pa2}, corresponding to the moments:

na(z) = / wedp, TP ()= / pews(.p)dp (k=12).  (33)

The functions n4, n_ in (3.3) are the so-called band densities, that is, the partial
trace (w.r.t. p) of the quantum operators band projections Ily:

M —Op(Ps). Pi(p) = 1(aoi1 )

ns(x) = Tr(TLs S)x) = / tr(Pe(p)w(z, p)) dp;

here S = Opy(w) is the density operator which represents the state of the
system, and the matrices Py (p) are the projection operators into the eigenspaces

28
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of the classical symbol h of the quantum Hamiltonian H, that is:

H = Opy(h), h(p)=E:(p)P+(p) +E_(p)P-(p),

and Ey(p) are the eigenvalues of h, that is, the energy bands related to the

Hamiltonian H: )
) bk

Ei(p o

+op|pl|.

The moments J, = (JM,J,0), J- = (J%, 7% ,0) in (3.3) are the band
currents: they measure the contribution of each band to the total current,
namely J = (J(:) + g9, JJ(FQ) + 79, 0)=Jy +J_ .

In the following part of this thesis, in order to compute moments of fluid
equations, we will have to consider integrals in the sense of the principal value.

For this reason we define the operator (-) that generalizes the Lebesgue integral:

(f) = lim f(p)dp, (3.4)

r—0+t Ip|>r

for all scalar or vector functions f defined in R? such that the limit in eq. (3.4) ex-
ists and is finite. If f € L'(R?) clearly (f) exists, is finite and equals [5, f(p) dp.
In the remaining part of this thesis the following notations will be adopted:

—

aazﬁ-ﬂ, a+ =ag*as, d’J‘Ed—agﬁ, (3.5)
|l P
for all @ hermitian 2 x 2 matrices; moreover we define:

1 .

ng ==(ngy +n_) charge density,
2
1 (3.6)

Ng :§(n+ —n_) pseudo-spin polarization.

3.1 A first-order two-band hydrodynamic model

In this section we present a hydrodynamic model with a two-band structure,
involving all the moments in Eq. (3.3).
The (scaled) equilibrium distribution has the following form:

g Eg[nJr,n,, J+= J*] = 5Xp€(—h§) )

2 —
e = (14 a0+ 2-p) ot (ol + B+ B Lo

(3.7)

where the functions Ag(z), A(z) = (A1 (z), A2(x),0), Bo(x), B(x) = (By(z), Ba(z),0)
_] satisfies the con-

are such that the equilibrium distribution g[ny,n_,Jy,J
straints (recall (3.2)):

(g+ny,n_, Jr, J_])(z) =ni(z) r e R?,
k

Wl Jod D) =Jh@) ae® k=12, O
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We notice the following property. Since clearly g(©) Ny, n_, Jy, J_] = exp(—he),
then:

» 2
9Oy n_, Jy, J_] =em (U HAo At dapa) {COSh(C|p| + By + Bip1 + Bapz)oo

sinh(c|p| + Bo + Bip1 + Bap2) P .7
clp| + By + Bip1 + Baps |p|

in particular:

(g*@))l ~0. (3.10)

3.1.1 Formal closure of the fluid equations
The following formal proposition provides a closed two-band fluid system.

Proposition 8 Let nl, J_i the moments of a solution w™ of Egs. (1.45) ac-
cording to eq. (3.3). If nT — ny, JL — J as T — 0 for suitable functions n,
J4, then the limit moments n4, Jy satisfy:

1 €
O+ +0g {%Ji t3 <9/c + i;lgo>} + <i§|@egk> =0,

1 € Pk
Oy J', 40y, { PiPkg+) + 5 <pi (gk + 90>>} 3.11
+nodiV £ <p1§’1’“ Egk> =0, (i=1,2),
Proof. Since w” satisfies eqs. (1.45) then the functions w} = wg £ @ - p/|p|
satisfy:
Pk € Pk Pk g+ —whi
Ohwl +=—0,wi +— (8;9107 + akwT) +0wi+ =0 w, = ——; (3.12)
P Ty TR T RO T p RO O pl " T

then, since egs. (3.3) hold, by integrating eqs. (3.12) against the weight functions
1, p1, p2 we find:

T @ T\k E
8tni+2 (J )i+2<3kwk _,|3ka> <@ wy £ |_1@ wk> 0,

A (J7)} + (plpkwﬁ + % <p¢ ((‘%w Wakwo)> (3.13)

+< (052 Fr01) ) =0

passing formally to the limit 7 — 0 in egs. (1.45) we deduce that w™ — ¢ as
T — 0; so taking the same limit in eqgs. (3.13) we obtain:

@mi-i- akJi + <3k9k + Hakgo> <9€go + i}k,]@egk> =0,

3tJi+gak (PiPRg+) + % < <3k:9k + |ﬂ|3kgo>> (3.14)

+ <pi (6690 + pk@egk>> =0;
P
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finally, recalling the properties (1.46) of the operator O, we find egs. (3.11).
O

Let us stress the fact that (3.11) is a formally closed system because g
depends on ni and Ji through the constraints (3.8). Such dependance can
be written explicitly in the semiclassical approximation that will be discussed
in the next subsection.

3.1.2 Semiclassical computation of the moments

Now we solve the constraints (3.8) and find an explicit semiclassical expansion
of the Lagrange multipliers A+, Bl, B2 in terms of the moments ny, Ji, J3.
From (3.9) we easily find:

gf) — o~ (B1?/2+AL+BEP*) _ e—AirJr\Bi|2/26ﬂ4i+|1§i\2/27 (3.15)

with By = (BL, B2,0). Let us impose the constraints (3.8). It follows:

e — <g(o>> +O(e) = e—AiHéin/efAiﬂéiP/z dp + O(€)
—ome=AxFI1B2I*/2 | O(e) (3.16)
TE = (0" ©) + O() = e~ +15+ /2 /pke—AiHéiF/z dp + 0(e)

= QﬂBiefAiHBi‘Q/Z + O(e),

and so:
Bf =~k +0(e), =TV ng, (k=1,2),
A =B g (22 4 0 - LS - tog (&) +0@. @i

2 27 2 P 27

(0) _ Mt —|p—ix|?/2.
gj: 271'6 )

since (3.10) holds, eq. (3.17) gives us the leading order term in the semiclassical
expansion of g. In order to compute the first order correction to g we exploit
eqs. (2.29), (2.30). In our case 8 =1 and:

b

7 - _ 7 p P
—ao +0¢0+60'p, _a:(aa‘Fﬁo'ﬁ)*, bO_Oa _b:p7
2 1]
AL+ A A, -A. - By+B. - B,-B_
O[(): Y aU: ) 0 — 9 o =
2 2 2 2
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So from (3.18) follows:

njks{ajaak}as:_njks{(ao+ﬁa m|ﬁ.| (aa+ﬁa mﬂl}(aa"i_ﬁo ﬁ')|j =Y,

L ; ; ;
aj {aj7 a}/\ ﬁ :(a(r +/80' 'ﬁ)|ao’ +/80' 'ﬂvm(aa +Bo' m A W
{a07d’}/\|| — |t + By - P Valag + Fo - ﬁ)/\HQ,
(3.19)
so from (3.19) we conclude:
1) ao [sinh |@| . - coshld],, - d-p
gy’ =e ——a-b+t - a-b)—
: a a
Q- g o+ Po -
:eaoa‘f lbmh lae + 85 - Dl F % cosh |a, + ﬁg ﬁI]
dl | o Dl (3.20)
= $ eaﬂﬂw 3?(040—"-50 m
dl |a, + By - pl
=T |p|e” (71?/2+ A+ +B1p) :
so by making a comparison between (3.15) and (3.20) we conclude:

Now we have to find the first-order correction to Ay, Ei by imposing that g+
given by (3.21) satisfies (3.8). Let Cy = e~ 4= FIB£1"/2 Then:

2= (00 +egV) +0(@), Jh = (09 +eg™)) +0(e),

and so:

2

k k E ei‘Bi+p‘2/2 2
Ji =27Cy | -B :Fe/p |p|—————dp | +O(¢");

e*‘Bi+p|2/2
ny =2nCy 1:Fe/|p|7dp +0(é%),

27
if we define the function:
F:R* =R,  F(u) :/|p|e_|p_“‘2/2;l—7}: Yu € R?, (3.22)
after straightforward computations it follows:

oF

C. :%(1 +eF(uy)) + O(e2),

and so we obtain the semiclassical expansion of the “equilibrium energy band
distributions” g4:

5s = 5 1 e (Flus) = bl + 0 =) S (un) ) [ o2 4 0@,
(3.24)
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Now we have to compute (§))+. From eq. (2.30) it follows:

- | |@| sinh @] — cosh |@| + 1 . a
(g(l))L —ef0 [ ST a;{aj,a} A ﬁ
3.25
|@| cosh |@| — sinh|6|{ 7 A a (3:25)
ag, @} N —= | ;
2a Ul

recalling eq. (3.19) we get:

e [|d|sinh |@| — cosh|d| + 1 o - o
J_:|:| | | | | | (a0+50'@vm(aa+ﬁa'@

7

sinh |@| — |@| cosh |@]| = > 2
= Vm(ao + ﬂO ﬁ) Nig
al [p|?
o . - 1 — cosh(ay + _:,- . - >
=—/| | sinh(ay + 8o - P) + ( = ? P) V(oo + By - D)
2 g+ By - P

i h o + _'a' : = = = D
4 [ Sinhlao +5 f) — cosh(ay + By - ) | Valao + Bo - 7)| A o ;
(% + ﬁa‘ P |p|
(3.26)
but from (3.18), (3.17) we immediately find:
. Q2 — a2 1 TR T
a(r"—ﬂa'ﬁ:% _210g(n+> —%ﬁ'—i—O(e),
@ |?+Ja_]> 1 :_n Uy + U (3.27)
7o U+ - +1— +tu-
: e (125 o0,
ao+ Bo-p 1 5 12 5 P+ O(e)
moreover from (3.18), (3.17) we find that:
et = VA= i = /8 = lp—(us+u-) 21272 4 O (e) s (3.28)
27 ’ '
so from (3.28), (3.27), (3.26) we conclude:
G- =elp| P AAp+O(?),
" 2
- \/ _ 1 —U_ _ -
A(l',p) = e €Xp | —5 s - p—= s ru \I/(.r’p) )
2m 2 2 2

1 ho, ] - ho, .
\P(a:,m_[sinh@a = ]v.@ , Fm - osh(I),,] V. P,
Py ):|ﬁ+‘2+\ﬁ‘_|2 711 <n+n_)7u++ﬂ_ .
o\%P) = 1 2 A2 2 ’
S e S Ny Uy — U
O, (z,p) = | /) -
(@.p) 1 2 %8\ 2

(3.29)

Egs. (3.22), (3.24), (3.29) constitute the semiclassical expansion of the equilib-
rium distribution that we were looking for.

Now we will compute a first-order approximation of (3.11) with respect

to the semiclassical parameter e¢ exploiting the semiclassical expansion of the
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equilibrium distribution g given by egs. (3.22), (3.24), (3.29). Recalling notation
(3.5) and adopting Einstein summation convention we find:

Pk n
Orgr £ =0 Ll +0 ,
kgr = 15 0kg0 = IT K9+ + O (7)),

(oms om) = (3)
(o on)) 5= ar a3

o (3.11) becomes:

ot o o) 0] () .

i L 4 € DiDk )
6tji+2,y@k {piprg) + 50k {i< 7 gi> + (pi (g )k>] (3.30)

L +n_8¢V$ <gk®e (pipk>> _
2 1]

From egs. (3.22), (3.24), (3.29) it follows:

(v () = (1 o222 e
(v (32)) = (i) (2 s 22)) ot

ny Y2 (1) PjDk
—8iV—€8V< (5»;.3— >>+O )
2 g%\ e ) ) O
so we conclude:

1 N (1)L
5tni+5’kJii€5k<Hgf)>j: V$V-<(g ) >:0,

1]
Ot 8k <pzpk(g§:) +69(1))>i*8k <p’p’“ (O)> (3.31)
2 (2
= ()t
—i—nj[@i\/ievgﬂ/-<pz 7 >:0 (i=1,2).

Now let us compute the integrals involving ¢(*), g(!) in (3.31) exploiting egs. (3.22),
(3.24), (3.29). Let us begin with:

(0) Pk —jp-us?/29P _ /a ~p-usl?/2P
g =n4 =N+t p|-€
<|131 : > i 2 buPl 2

o dp OF (332)
_ lp—ul2/2 _
N4 Oy, {/ Iple 27r] "t g (u).

|u:ui
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Then let us consider:

. d
<pipk(gf)+69$))> :ni(lieF(ui))/piPke Ip—us*/22P

2
s |2/2dp
ieni{/plpipke el (3.33)
s —lp—us|2/2dD OF
+/pipk(ps—ui)6 lp—uzl /25%(1&) ;

but it holds:

d d
/pipke_lp_uﬁpﬁ = /(Pi + i) (pr + Uk)e_IT"Z/Q% =0 +usug;  (3.34)

moreover from the relations:

F R )
L =/(ui —plple P2 ) _/pi|p|e—|p—u\ 2P

Ou; 27 2
62F 2 dp
— s o (e — ~lp—ul?/2 9P
o () = [Ba+ (s =) — p)ple™ /25
w2 d
=5 () + [ (o= u) e — w)lple 2L
(3.35)
we deduce:
d oF
= [ Iolpipie 2R (G v P + i)
k
N aF(> OF () (3:36)
bt 8u1 b 6‘ui8uk w
finally from (3.34) it follows:
O L L / L omlp—u? /2P
/ piPk(Ps — us)e o Ou, | pipke o (3:37)

= — Ou, (0i + wit) = —6isu — Oikls ;

so from egs. (3.33), (3.34), (3.36), (3.37) we conclude:
(pipn(9l? + eg)) =ne (1 & €F (u)) (0 + ululy)

) . OF
ik %
teny |:(5ik —uhul)F(us) + ul auk (ust) (3.38)

O’F

Ja
6u§tau’i (us) kUL ous. (us)
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Now let us consider the term:

, , d
<W’k (0>> _ [P a2 g ni/% ip| - pe—lp—us /24P

g =
lp) 7 |p] 27 2
e (s, ~lp—usl?/29P / i el l?/2. 9P
e ( dik / Iple 5, T | IPIok(pi —u)e o
ik i OF
=ny | =0 F(us) — (i — ulul)F(u) — Ui%(ui)
oF 0’F . [ OF
il () + s 4 ()~ b Fs) )]
(3.39)
where in the last equality we applied egs. (3.35), (3.36); so we find:
PiPk (0)\ _ >’F R OF 3.40
< |ﬁ1 94 > =Nt |:8Uia'LLk (Ui) Uy 8”1' (U;i) . ( . )
Now we consider the terms in (3.31) depending on g-. We start with the term:
(GM)* > Anp 2
=e( —== )+ 0(). 3.41
(5 7P ) O (40

We point out that the function p € R2 — A A p/|p|? is not L' due to a not
integrable singularity at p = 0, so we must use the definition (3.4) of the operator
(-) as a principal value to deal with the term (3.41).

For the symmetry properties of the operator (-) and the fact that the map
peR2— K(z,p) € R? is C™ for all € R2, we obtain:

<(g’(1))l> e < [K( \p) — K( ,=D)] /\ﬁ> + 0(62)

7 (3.42)

>l

(L =pIAP

_ [K(-,p)— 62 .
_/ 2|pl? TOE):;

the other term in (3.31) depending on g is:

—

()t _ ()t _ s AN, p) NP
() = [ = [0 e G

Since the structure of (3.29) is very involved, we will not attempt to write the

integrals (3.42), (3.43) in a more explicit way.

Collecting egs. (3.31), (3.22), (3.29), (3.32), (3.38), (3.40), (3.42), (3.43) we
finally complete the proof of the following proposition, which yields the explicit
first order model that we were looking for:

Proposition 9 Eq. (3.11) is equivalent, up to O(e?) corrections, to the follow-
ing two-band hydrodynamic system:

1 F
Oini+—20% Jf: + e'ynia—(ui) +eZ,0,V =0,
2 Oui (3.44)

] .
8t=]:zt+aak (nj:U:ztk) + (nedi £ eRi)0V =0 (t=1,2),
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where F is given by (3.22),

A(,p) — A, —
Zy, :nksé/[ at) 2|p3< Dl dp,

i ) O F OF

0’F oF }

% (U:I:)_6

. . OF
ik i Y5 sy s s Y4
e (o = et () o () = 5 ) = B o )

(-
R, ZUkse/plﬁm?m dp,

A(z,p) is defined in (3.29), and ngse is again the Levi-Civita tensor.

3.2 A first order two-band diffusive model

In this section we present a first order diffusive model with two-band structure
and Hamiltonian given by (1.16). This model will be based on a Chapman-
Enskog expansion of the Wigner distribution w and a semiclassical expansion
of the equilibrium distribution g that appear in Eqgs. (1.38)—(1.39).

The moments we choose are the band densities ny defined by (3.3).

The (scaled) equilibrium distribution has the following form:

g[n-i-a n—] :Expe(ihf) )

2 7 (3.45)
he (“92 +A)oo + (clp| +B)ﬁ .7,

where A = A(z) = (€1(2) + € (0))/2, B = Bla) = (€4(2) — £ ())/2 are
Lagrange multipliers such that:

(gelng,n_])(z) =ne(z),  zeR% (3.46)

3.2.1 Formal closure of the diffusive equations

Let n7_, n” the moments of a solution w = w7 of (1.38) with g given by (3.45),
(3.46), and let:
Tw = ooTo(w) + 5 - T(w). (3.47)

We claim that:
(Tgln.,nT])+) =0 V7 > 0. (3.48)

Indeed, it is immediate to verify that Eq. (3.48) is satisfied if gg[n7 ,n7] is
an even function of p and g[n7,n7] is an odd function of p; as a matter of
fact, g[n ,n7] has this property, because of (3.45). The proof of this claim is
quite similar to the proof of proposition 5.1 in [7]: one only has to consider
the operator T given by (1.39), (3.47) instead of that one used in the paper
and consider C as the set of all the p—dependent 2 x 2 matrices with the parity
structure:
(even, odd, odd, odd)
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instead of:
(even, even, odd, even) .

The following (formal) result holds:

Theorem 1 Let us suppose that:
nl — ny asT—0, (3.49)
for suitable functions ny, n_; then ny, n_ satisfy:
Ont = ((TTg[n4,n-])+) . (3.50)

Proof. The Wigner equation (1.38) can be rewritten, exploiting eq. (3.47):

g[nT,nT] —w"

O™ + Tw” = (3.51)

T

By performing the formal limit 7 — 0 in eq. (3.51) we find w™ — g; from this
fact and eq. (3.51) we easily obtain the following Chapman-Enskog expansion
of the Wigner distribution w:

w” = g[n’,nT] —tTgnT,n"] +O(r?); (3.52)
from eq. (3.51) we obtain immediately:

rOwT + (Tw™)s = gx[nf,nl] —wi : (3.53)

T

integrating eq. (3.53), exploiting the constraints (3.46) and the Chapman-Enskog
expansion (3.52) we get:

TON4 + <(Tg[n17n2])i> -7 <(TTg[n1,n1])i> =0(1%); (3.54)

since property (3.48) holds, then dividing (3.54) by 7, passing to the limit 7 — 0
and exploiting hypothesis (3.49) we finally obtain eq. (3.50).

O

Let us write eqs. (3.50) in a more explicit way. Let w = Tg[ny,n_]. In the
subsequent part we will often consider the moments ng, n, defined in eq. (3.6).
We have:

<<Tw>o>:%6-<ﬁwo>+ S () (3.55)

[NCN e

go[ng,n_] + gﬁ “glny,n-]+ @ego[m’”]] > (3.56)

PP €. _ -
(T ]+ 578 o) + a9V
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V- {glnsn-] @ 9) + 5 Vo + {glnn] AP ;
(3.57)

so from eqs. (3.55)—(3.57) it follows:

1 - = pRP €

T =— : _ —
(Tw)o) Q’YV®V < 2 go[ng,mn ]—0-2
—16-(nﬁv)+iﬁ®ﬁ-<*[n n_]®p)
0 4y g, - p

ﬁ®§[n+?n—]>

(3.58)

2y
€= €2
+ §V {gns,n_] AD) + ZAnO
1. . LS
_%V@) : <p£®pgo[n+an]+€ﬁ®§[n+7n}>
SR (n 6v)+fﬁ G n ) AR + S An
2y 0 ) g4, n—|Ap 1 0 -
Now let us consider the term:
= i 1= /PRp €= 2 I3 -
(Tw)->: -<w>+V-<wo>+<~@ew>; (3.59)
< | 2 | 2 Ip| ||
ﬁ@ﬁﬂ> PR |p-V. €
—w — |—=—gn+,n—-]+ =Vgo|ny,n_
("2 <p| L glnsn-]+ 5Vl 1]>
PRP (o - 4 .
+(TEL Oy ]+ finsn] 7))
Pl (3.60)
o [FER1 e
=V m 2’yg[n+,n_] p+ go[n+,n_]}>
QT
+ <p®sg[n+an—]> )
Pl
2 p|p-v €s
=( — golny,n_]+ =V -gny,n_]+ Ocgo[ny,n—
(Lo} <|p| sl ]+ 5 fon] + ©gofns }D
5. [ LPep €V g > 3.61
=V ( — golne,n_]+=-—®gny,n_ (3.61)
(5T b+ § 2 o gingn]
p
+ 7969 n 7n—>7
(ot
., ) . v ) )
<p-®€w>: £~®€ Lg[n+,n,]+g[n+,n,]/\p
[p| |p| 2y (3.62)
+{ — - 0.0.4gn ,n_>—|—<-®€Vg n ,n_>;
(L-eodnn )+ s (L 0Fnnn
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so from egs. (3.59)—(3.62) we find:

() BYT2Y (PCE[ L )5 Euinin )] )

Ip| 2y Ip|
L. Jrer.
+ =V <M®Eg[n+,n_]>
2y Ip|
€e _ = 1 pep ey _
+-V®V: < —go|n + - —®gn an—>
2 2y Jpl el g @]

+

= /P
- —Ocgo[ny,n_
<|p| 90[ + ]>

—

PV, - -
Wg[m_,n_] + glng,n_] /\p] >

I -
~@€@€g[n+, ]> + = 3 <|m . GGVgO[n+,n}>

<p|§|p {279[”% -] ﬁ+€go[n+»”—]]>

glny,n ]>}
Z?eeg[n+,n_]> + % <|§|®690[n+’n—]>}

7V . .
Wg[n%n—] + g4, n-] /\p] >

_|_
S +

I
<
® =~ In
E‘“ﬁi
o

= :
/\ ®

©)

4;\”’
/\

+

"@l T <

€

=l

-@e®e§[”+a”]> <| | -©Vgolny,n }>-

Sl

+
N —+

(3.63)
Recall eq. (3.6), we can write system (3.50) in a more explicit form:
- o pRP o
3tn0 =—VaV <p 7p90[n+7n—}+€p®g[n+an—]>
1> - €= €2
5V (novv) + 5V (Gngsn-] AR + S Ano,
= [ 1 /Pep 1. -
Ong = S — (| =— ,n_] - M
ine =V @V {27< " [2,yg[n_|r n_]-p+ego[ny,n }]>
(o)}
+— (= ®gny,n_
7 \jp B (3.64)

oy
<p|§|p®eg[n+,n]> + % <§|9690[n+7n}>}

A _ ﬂ
gy, n-] + glni,n_] Ap] >

+5 <‘5~@eﬁgo[n+»n ]> <|p| O 969[n+7n]> :

System (3.64) is closed because we already defined (at least formally) the equi-
librium distribution g[n7 ,n7]. Nevertheless it is very implicit, as the quantum
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exponential which appears in Egs. (3.64) through Eq. (3.45) is very difficult to
handle both analytically and numerically. As anticipated, in the following we
will search for an approximated but more explicit version of Egs. (3.64).

3.2.2 Semiclassical expansion of the equilibrium distribu-
tion

In order to obtain an explicit model from Eq. (3.50), we will exploit the approx-
imations we have done, that is, the semiclassical one and the LSFS assumption
(given by (1.37)). We will expand the equilibrium distribution g[ni,n_] at the
first order in €, neglecting O(e?) terms; to do so, we exploit the approximation
of the quantum exponential obtained in Chapter 2.

The equilibrium distribution g[n4,n_] given by (3.45), (3.46), is written in the
form (2.14) with 8 =1 and

since (2.31) is satisfied, we can apply egs. (2.21), (2.33) obtaining:

0 n_] =e=PP/244) cosh B,

—

FOlnson) == 20 s 5
P
9" [, ] =y |ple= P/ sinn B,
GV [y n_] = — ype= (77244 cosh B (3.65)
1 e~ (plP/2+2) Bsinh B — coshB+1V,BAp
2B GE
o (pl?/2ra Beosh B —sinh BV, AN
2B Ipl?

Now we have to solve the constraints (3.46) with g[n4,n_] given by (3.65) in
order to write the Lagrange multipliers A, B as functions of n.. We have:

<g(()0) [ny,n—]+ 3, n_]- p|> —e~“(cosh B T sinh B) <e*|p|2/2>
p

—9me(A£B)

<gél)[n+,n} + §ny,n_]- p|> —¢~“(sinh B T cosh B) <7\p|e*|p|2/2>
p

=F 27ref(AiB)w / g ;

so from eqs. (3.46), (3.66) we deduce:

ome~(A£B) [1 F 6’7\/§:| =ny + O(e?),

(3.66)
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and so:

N ™ 2 ™ 2
A+B=—log® tlog [1F ey /2| + — 1 Ty
+B 08 5 og[ Fey 2] O(e%) og 5 $67\/; O(e%),

which implies:

A= —log~ n;n_ +0(e?), B=-log, /Zi - e’y\/Z—i— O(e?).  (3.67)

From (3.67) it follows that:

e " cosh B :% [e*(A*B) + 6*(A+B)}
]. e -1 n T -1
it ny (o ™
55 (ees) w5 (me3)
—i ng + Ne€ T +O(€2)
=5 |0 o€y /5 ,

Aginh B == [ —(4-B) _ _(A+B)]
- 1+ z _1—71—* 1= ey /= B + O(e?)
=5 E’Y om €y 5 € (3.69)
==5 {na + noev\/;} + 0(62);
mMoreover:
BsinhB —coshB+1 - Bcosh B —sinh B =
A
xB - IA
[ 2B v 2B v }
1 ﬁw(no + no) ﬁw(no —Ng)
__ - B - _ 2 _ 2\ _
AnB (Bng +mo "o n0)2< no + ne ny — Ng
1 Ha: o Ha: - o
+ (Bg+ny) - (V (ng+n )+ Vaelng—n )) +0(e)
2 ng + Neg ng — Ng

-

= [Falo +10) + Falrno — o)

1 2 Ve(no+ns)  Vai(no —ng)
* 8B (o no = M) ( ng + Ne ng — Ny
+ Ny (Vx(no o) | Valno = n")> +O(e)
no + Ng ng — Neg
=L G0+ 2 [¥a(no + no) — Va(no — o)
*471_ ] S7B 2z (1o Neg z (1o Ng
Y A (no — ne)Va(no + n;Z) —T(;Lo + n6)Va(no — no)} +0(e)
0 "o
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1> 1 1 [mo+ns = 1 /ng—ns=
:7vw — 71 L vg; o~ A vm o
47 1o 47 o8 ng — Neg [ " 2V nog+ neg (no + 1)

and so:
Bsth—coshB+ lﬁmB— BcoshB—sinhBﬁmA
2B
1 _ nog + Ng Ny -
=—-— Vg - —1 ! T
Mthh% Vo= | oz —rz " (3.70)

+0(e).

+(1-—2— ) Vun,
ng —n2

So from (3.65), (3.67), (3.68), (3.69), (3.70) we conclude:

i 1= e (5 -191) ne} 0,
W”“]:fi%{P“+”<¢g‘m)”hw+ﬁwrv}+“g*

(3.71)
with:
1. nyVano + {\/ng —nZ — no} AR
F=-V,no— (3.72)
2 [log(no 4+ ny) — log(ng — ny)| /1 — n

3.2.3 Computation of the moments

Now we will use eqgs. (3.71), (3.72) to compute a O(€%)—approximation of the
implicit terms contained in egs. (3.64). First we start computing several useful
gaussian integrals: for 7,5 = 1,2,

MM—MMW_/ 22y L1 T
i — 7
Ip|® 27 2|p\ 2 2V 2

%%—mm@:/ wn@5 L
2 17 9

p[? 2m
Pibj —|p|*/2 *P dp _ \p| —Ipl® /2 dp _ 1 T, (3.73)
|p| o2 2"
_ppi2/2dp m|_2 @
/pipje Pl /2%2/76 i /2%%‘ = 0ij ,

20 dp I3 | 2,5dp 3 |
/Pz‘pj Ip| e Ipl /2%:/%6 [Pl /2%513‘25 551]’
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Now we can easily compute the moments in egs. (3.64). We begin by considering
the terms that do not contain the potential V: for i,j5 = 1,2,

€ iy
(pipj go[n4,n_]) = (no - ;\/;no'> 8ij + O(€?),

€ T
(epigj[ny,n_]) =3 \/;"a%' +0(e%),

(epiga[ny,n_]) =0+ O(€%),

€ 5 (3.74)
5 <g[’l’l+,7’b_] /\ﬁ} =0+ 0(6 ) )
. 12 ey |m
<pipj g, n—]- |p> = (na - 2\/;710) 5ij + O(€%)
DbiDj € /T
<|p|jego[n+7 n}> =3 \/;noéij +O(€);
then we have to compute the terms containing the potential:
Dpip. pip
(Poaningn1) <oV [, (HE) aisn-ldb + 0(e)
dijPr + Ok;Di iDj
<oy [ [P P auinn i+ O
pip; \ P Glng,n-]
—8-V/<5i- j)d
! Tr)
+ 8jV/ %gj[n+,n,] dp + O(€®);
(3.75)

since the mapping p'+— g[ny,n_] - p/|p| depends only on [p| up to O(€?), then:

/<5_p7pj) ﬁ~§[n+,n_] dp: %ﬁg[n-‘r?n—} dp—|—0(62)
TP vl 2 bl (3.76)

*7;*0511' +0(e%);

moreover since (remember (3.72)):

5 5 —lpl*/2
- P p € ] p
glny,n-] = (m -g[n+,n]> 17l Fe——FA E +0(e%),

2
then:
bip; P -
T9ins,n-]dp = “glng,n-]dp
/ pl™ pI? [p]
d
+ enyis Fi ﬁ’fg e P22 1 o) (3.77)

Ny €
=50+ 54/ 577iijk +0(e%);

so from eqs. (3.75)—(3.77) we deduce:

<p§p®sg[n+, ]> —ngVV + ;\/Zﬁv NF+0(2),
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% <f;;@€go[n+,n]> :Sajv< <| |) go[n+,m }> +0(e)

zgnoajv/ o (5”- —~ pipj) e lpl/2 ;l—p +0(e?)

pl? ™

<\/>Zj \/>”)noav+0()
4\/>n08V+O
e )
Ip| 2y

pip; \ ( Px0 dp
o [ (05 222 ) (B2 g tnsn] + mreailirnlp. ) 2 4 06

0 ey S
:8V{ k/|p| <5j Tpfj) gj[n+,n]dp+77iks/gk[n+,n]T)'dp}+0(€2)

”31

g[”%ﬂ”*] + g)[nvan*] /\ﬁ

dp DL Ps _ dp
_ . 22 ,m/ o P Ps 2P o
{ i e g s [ ey e+ O
3kF PkPs _ dp PiPs _ dp
_ { o [ B2 0yt budy) [ B2 L 0

€ 1
_ Q\Ea v{ o 0 F + (3381 - 613&»613} +0(e)
6 —
__& T F+F %);
Q\EV [WA + }+o<e>,
(3.78)

¢ <| -0 Vgoln,n_ > av/am < ) : ”Oe*\p‘ /2] dp + O(2)

Ipl2 2m
—Ipl?/2 g
€ e D 9
—f0.vones; | ——-2L 10
ARG T (%)

—Z\/Zﬁno VV 4 0(&);
P H P -
— - ©.0.g[n 7n—><'®e@€ <gan y TV ny,n )>
Di
|

:ajvakv{< 0,0, (0 [n+,n_])i> (3.80)
9ol

(o (i )} o0

where we have used notation (3.5).
Let us consider the first term in (3.80), exploiting the symmetry properties

(3.79)
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of the operator (-):

“|avmV@;%( nson ]L>
—Ipl?/2
Di € _ 2
< |a Vakvapjapk < 27 |p[2 677usFlps>> +O(€7)
—|p|*/2 —Ipl*/2
Di (& e
<67}leﬂa V@kV‘ | 512,7% (27‘(’|p|2> Ps + 28pj <27‘(|p|2> 5ks

IpI?/2
<mmﬂavavmpj(mﬁ+m>+0k%

>+0@)

Ipl Ip| =|p|®

oI/

<mmE8V8VZJ m|(WF+®>+O@5
™

e—1pI?/2

<€nzlsﬂa Va V m | |3

(Ipl* + 2)> +0(e*) =0+ 0(e).

(3.81)
now we consider the other term in (3.80):

Di Di
0p, 0 o s =177
(ot (soimemaly))
Di | Pi Di
=\17 8] wJo N4, N—| + go N vnajk()]>
<p| Lp pipsdo =]+ golne n-10pp. 1
(B i () s ()
o[ 3 0,
= (srtnen-tionon (£5))
p;p (3.82)
=~ {pp (@k ) aeben-l)
_ Y (s pip m ekl
- <|pl2 (M pl2> {n"ﬂv\/;m] 2m
1 ik e Ipl?/2
+<|p (o= T ) a5,
_ 5jk €Yo
_Q{ng—l—ey\/; }F—F&]k > \/;,

with:
I'= e 3.83
— O\ 27p|2 m|p|? ’ (3.83)

Notice that, according to the definition of the operator (-) given in eq. (3.4), T’
should be —oo: this cannot be allowed for obvious both physical and analytical
reasons, for the model we are deriving would be completely meaningless. So we
are going to give to the expression (3.83) a different (heuristic) interpretation,
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that will bring us to consider I' as a real number.
We start considering the following Poisson equation in R?:

—Au=19, (3.84)

with § the Dirac delta distribution. It is well known that a noteworthy distri-
butional solution of (3.84) is the so-called fundamental harmonic:

1
u(z) = ——log |z| r € R?; (3.85)
27
let us now take the Fourier transform of eq. (3.84):
1
klPa(k) = —; 3.86
kI*a(k) = 5 (3.86)
so from a heuristic point of view:
1
“——=1qa(k)”; 3.87
3o =10 (387)

this suggests us to consider the expression in (3.83) as the duality product
between the Fourier transform of the tempered regular distribution u(z) and
the Schwartz function ¢(p) = e=IPI*/2

o lnl?/2 ) )
P=—{2mpr )= & e se) =~ P e, s@)

(3.88)
d oo
=/log ple=#P*/2 22 =/ e " ?plogpdp,
0

2T

where S(R?) denotes the space of Schwartz functions. The latter integral can
be numerically evaluated and yields:

o0
/ e " 2plog pdp ~ 5.79657 x 1072
0

Notice that I' is a real positive number: this testifies the nature of the expression
in (3.83) as something different from the principal value of —e~1PI*/2 /(27 |p|2).
The argument contained in eq. (3.88) that has lead us to define I' as a
real number is heuristic; however, making this argument rigorous seems quite a
challenging task and goes beyond the purpose of this Thesis.
Collecting eqs. (3.64), (3.74)—(3.81) we finally obtain the following Quantum
Two-Bands Drift-Diffusion model, which we call QDE model:

1 ey |m 15 - 9
O¢no —WA (no + > 2ng> + WV (noVV) +O(e%),

1 ey |m 1= ey |m -
b= o ) 3 )

€ = = = = € - -
S REAAE [VAF+7F] +4\/;wo~vv

2172
+ @ Kng + e’y\/Zn()) r+ G’Y\/Zno] +0(é?),

with F' and T respectively given by (3.72), (3.88).

(3.89)
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3.3 A second order two-band diffusive model

We are going to derive another diffusive model for quantum transport in graphene,
starting again from the Wigner equations in diffusive scaling (1.38), considering
the same fluid-dynamic moments n4 of the Wigner distribution w(r, p,t) and
taking again as the equilibrium distribution the one given in (3.45), (3.46); how-
ever, we will now make stronger assumptions, which will allow us to consider
also O(€?)—terms in the fluid equations.

We make the semiclassical hypothesis € < 1 like in the previous model, and
another hypothesis, stronger than (1.37), which we call Strongly Mized State
(SMS):

c=0(e), B = 0(e). (3.90)

(Recall the definitions (1.36), (3.45) of ¢ and B, respectively). These further

assumptions are necessary to overcome the computational difficulties arising

from the spinorial nature of the problem: without these hypothesis, it would be

hard to compute the second order expansion of the equilibrium distribution.
We will see that the two approximations will result in the fact:

ny —n—
n+—|-n_

Ng

ol O(e) . (3.91)
This means, from a physical point of view, that the charge carriers have approx-
imately the same probability of being found in the conduction band or in the
valence band of the energy spectrum, or equivalently, there is little difference
(with respect to the total charge density) between the electron density and the
hole density. From the analytical point of view, the main consequence of the
SMS hypothesis (3.90) will be the decoupling of the modified Hamiltonian in a
scalar part of order 1 and a spinorial perturbation of order e; this fact will be
very useful in computations.

3.3.1 Semiclassical expansion of the equilibrium distribu-
tion

For the sake of simplicity let us redefine B — eB and consider B = O(1).
Under our hypothesis, the classical symbol of the modified Hamiltonian be-
comes:

he = (|p2| +A) O’o+€(’Y|p|+B)| ‘

that is, as anticipated, the modified Hamiltonian he decouples in a scalar part
of order O(1) and a spinorial part of order O(e), so that he can be seen as a
small perturbation of a scalar Hamiltonian. We are going to see that this fact
leads to remarkable simplifications in computations.

In order to explicitly compute the second order semiclassical expansion of the
equilibrium distribution ge[ny,n_], let us write it in the form g. = Exp,(a +€b),
with:

_ (P _ 7o
—a={"5-+4)o, *b—(’ylpHB)m'a, (3.92)
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we notice that condition (2.34) is satisfied. We can then exploit eq. (2.41) with
g=1

gelng,n_] =e~(PP/244) 50 com(IPP/2404) ()| + B)ﬁ 7
p

2
+ e2Exp? (— <|2| + A)) o0 (3.93)

€ B)2e—(Ip*/2+4) O(e3
+§(V|p|+ )e oo+ O(€”),

where the Lagrange multipliers A, B are such that (3.46) are satisfied at second
order in € by gc[ny,n_] given by (3.93).

Now let us define, for an arbitrary positive scalar function n(z), the function
M,[n] as the O(e*)—approximation of the scalar quantum Maxwellian with
(Mc[n]) = n, that is:

2
N 2 € 5 _
M.[n] = o€ Ipl*/ [1 + ﬂ((s” — pip;)0;; log n} ; (3.94)

this means that, if M*[n] = Exp (—A* — |p|?/2) with A* = A*(z) such that:
J M*[n]dp = n, then M*[n] = M[n] + O(e*). See e.g. [16], [29] for details.
For convenience of calculus, we substitute the Lagrange multiplier A in (3.93)
with a positive scalar function p(z) in such a way that:

e (IPP/244) 4 202 ( <|pz|2 + A>) = M.[p]; (3.95)

the relation between A and p can be written at first semiclassical order as:
p=2me 4+ 0(?); (3.96)

o0 eq. (3.93) can be rewritten in terms of p, B:

—

yZE—
o7
, b (3.97)
< 2 P —|pl?/2 3y .
+5 (vlpl + B) 5 ¢ o0+ O0(€);

gelnn-) =Mlp) - eL-e" "2 (1|p| + B)

but from (3.46), (3.97) it follows:

n++n_

= = (gl n-lo)

62 _pl2 dp
== Go [P + B2+ 2Blpe L 1 o)

B2
=p+€p (72 + 5 +vB\/§> +0(€%),

e (gdnen) L)

e [ PPRG By + O

=—ep (v\/Z+B> +0(e);

(3.98)
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if we recall definition (3.6) we obtain:

BQ
p =ng {1 — € (72 + > +7B\/§)] +0(é%),

(3.99)

n T

_B=2"9 -z 2
o T g TOED),
and so:
9 ( ™ o 1 ([ ng 2 3
p =ng — Nge 1——>fy +=-(— +O(e%),
4 2 \ eng

(3.100)

n ™
-B=-2 - 2.
o +7\/;+O(e )

Finally collecting egs. (3.97), (3.100) we obtain the second order semiclassical
expansion of the equilibrium distribution (3.45), (3.46):

1 (1,
gelng,n_] =M. lno — nge? ((1 - g) 7+ 9 (enno> )] 70
+enlemlpl/2 |y \/?_lpl ool ba (3100
o 2 eng | |p|
€2 T n 27"& 2
e T Mo |10 —pl2/2, 4 O3 -
+5 [v (\/; pl) + mo] 2t 0Ol

We point out that from eq. (3.100) it follows that the constraint (3.91) is satis-
fied.

3.3.2 Computation of the moments

Now we will exploit egs. (3.94), (3.101) in order to compute a second order
semiclassical approximation of the terms in egs. (3.64).
Let us begin computing:

2
. Y. 2 EAVE IR Y 2
<Png 90[n+an—]> = <p1pj M. lno no¢ ((1 4) v 2 (6710) ) >
+ < {pw, Ipl — \/? _ne) Soe ) 4 o)
9 \PPi | T\ P 2 eng| 2w ’

(3.102)
from eq. (3.94) we deduce (here n is an arbitrary positive scalar function):

2
. —{ pm. T o—IpI?/2 . _5 Y
(pip; Me[n]) <plp] 271_e {1 + 24V ((00 PR p)V log n)} >

) (3.103)
€
=nd;; + ——n0kslogn - / PiDj (Oks — PrPs

—Ipl2/29P
24 )6 b)

2
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since:

—Ipl2 dp 2 dp
/pipjpkpse R = /pipjpkaps (6 ! /2) >

o lp2/29P  (3.104)

= /(5ispjpk + 6;spiDi + OkspiDj) or

=0i50,% + 0js0ik + Oksdij
then eq. (3.103) becomes:

2
€
(pipj Me[n]) =nd;; — " d;jlogn; (3.105)

so from egs. (3.102), (3.105) we find:

2 2
™ 1/ ns €
’I’Lo—n0€2 ((1—4) ’72+§ <6n0> >‘| (5ij—ﬁn0 (’)Z-j logno

€2 T n 2n0 2
.. _ /1y Be —|pl*/2 O(e3) :
+3 /png [7 (Ipl 2) mo] 5. ¢ dp+O(€’);
(3.106)

(pz‘pj go [n+, n_]> =

let us now focus on the last term of (3.106):

2
. _ T _ e | Mo —p?/2
/pzpj [7 (Ipl 2) mo] 5. ¢ dp
\p|2 T n ? o _|p2/2
=45, | == _ 4 7 Help
6U/ 5 [wlpl (7\/;+6n0>] € dp
2
Ipl? | 5 S T Ng no _ip2/2
=6, [ B —2 LANELLA 242 | Bell2g
J/ 5 |V Pl = 29lpl | s o) TV o) 3¢ p
2
o L a—tpz 2P T, Mo / 3,-Ipl2/2 4P
o {3 [llie v 2Ly (5[5 4 22 [lppetorragt
2
+ E_FTL*‘T .
(7 2 677/0) } '
let us now compute:
[e%s) 4
/|p|3e—|p|2/2@ :/ p4e—p2/2dp:2/ P =12
271' 0 R 4
2 2 /
:287 [/ 65”2/2dp} :Qi ﬁ =3 I;
0B |Jr | op* | VB | 2

p=1 B=1

12 /0 dD 02 _ 2,5 dp 0% 1
4—lpl7/228 _4 © Blpl®/2 ZE —41 2 |= _Q.
/|p| € o ap [/e 2n ]| Y97 |5 | 8

B=1 B=1

[\~

(3.107)

(3.108)
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so from egs. (3.107), (3.108) it follows:

2
. T Z B | POtz y
/png {7 (Ipl 2) mo} 5 ¢ p
3 /T n T T n ne \’

=6 42 — Zgna? 23, S 4 D A2 2\/>‘7 G

Z]no{ Y 2777 2,-}/6710 + 27 =+ 276’17‘0 + no (3109)

™n ne \’

— 5 - S KL A B .

9i;jMo {( YN Sy t <6n0> } ;

so from egs. (3.106), (3.109) we deduce:

™ 1/ ng 2
(pipj go[n4,n_]) = nods; — nodyj€ ((1 - Z) 72+ 3 (6”0) )

62 62 m™n n 2
— —ng il — 5 4— 2 _ Lo o
12n0 jlogno + 5 ino | ( )y — 3 eng + <€n0>

62

= noéij — 12710 8@' logno + 6(51‘]‘ |:<1 — %) ’)/26’/10 — ;\/an] + 0(63)

2
— 5. 2.2(1_ 7 B L 2
=0;j [(14—67 (1 4))n0 2\/;710} 12n08ljlogn0+0(e).
(3.110)

Let us now consider the term:

(2evpigjny,n-])

= 27¢€? / ;—ieflplQ/Q {’y <\/§— |p|> + Z;J pr;)'J dp+ O(€®)

= €20y %6"’”'2/2 {W (\/z— Ipl> + 2;} pl dp + O(®) (3.111)
= v€%0;m0 [(’y\/z—i— Z:O) g - 27] + O(e%)

=0;j |:—262’YQ (1 — g) ng + 67\/57%} +0(e%).

Putting egs. (3.110), (3.111) together we find:

(Pipigolny,n_] + 2vepigj[ny,n_])

2
= 52’]’ l:(l - 6272 (1 — %)) ng + % 721-77,0:| — %no (%j logng + 0(52) .
(3.112)

The last term to be computed in the equation for ng is:

(Gln,n AP =0+ 0(e), (3.113)
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since g[ny,n_] is parallel to p at this order.
Now we consider the terms in the equation for n,. Let us begin with:

<p|i)|j(g[”+7 -1 P+ 2vegoln, n ])>

_ [ PiPi [ o _—|p*/2 T No. —|pl?/2 3
(el I
= e 1|20+ (/5 + 22 ) ol = 2l g +O()
D) 2 " en o
B 0ij T T Ny T 3
€

Let us now compute the terms depending on the potential.

(P00 = — [ B2 00, 55 -] do

o () b (5w ] )
oot [ [ eman ()] 5 [ (5 - w1) + ] -0

= 671081“/ |: (\/> |p|) Mo \P‘ /2 gp + O( ) — naaiv + O(ES);

(3.114)

Eno_
(3.115)
Pig oV [ 0, (L) Zeemlpl’/2 gy 4 OB
I\ cgo[ng,n-] ) = eyO o 5. ¢ p+ O(€”)
_ Lo PiPe\ /2d£ 3
= e'ynoakV/| | ((51]@ RE > e or + O(e”) (3.116)

e Ipl /2 dp 3 €y
E’YTL()a V/ 2|p| % O(e ) = B fn(]a 1% + O( )
PV

P
P g |2V
<|p| 2y >
0
=0; V{ ,l; /a <Z;)|) pkgl[n"rﬂ dp+ /ap7 < ) nzksgk[n-‘ra ]ps dp}

=0+0(e%),

gny,n_]+gng,n_JAp

(3.117)
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54
because g[n,,n_] is parallel to p at this order;
;<|Z| -0V go[ny,n_ > <o,vo / ( ) 20 o =1pI*/2 g + O(€3)
€ bip - 2dp 3
= -0 a-v/(@--— j)e P2 22 L O(e
2000V [\ o+ )
€= - e~Ipl*/2 dp 3 € /T~ - 3
§Vn0'VV/ o) 27T+O(e)4\/;Vng-VV+O(e),
(3.118)

<p : @e@eg[n+vn]>
Ip
— OV, 0 —|p|?/2 T_ Pk
ooy (an () on {egee ™ [+ (5 - wi) + S B ) ot
Pk Pk no _ ™ o 4
=-0,VO,V (0, [ )0y, vl /2[ (\/> )+]>+0 3
! <p” (Ipl) (I:DI)E Tz )T, ()
o bipj ) 0 —|p]2/2 T, e 3
=~ o (g (=1 ) Gae 7 5 + ol + 00
= —eno|VV|? & Ty Ne pl| ) + O
- 47 |p|? T\ 2 €ng e ‘
~Ip|? /2 —Ip|?/2
o 2 e _ e 3
= |VV] {evno/ inlp | [e'y\/;n(ﬁrng} <47T|p|2 >}+O(e)
VvV |2
= | 5 ‘ {67\/37104- |:efy\/§n0+ng] P}+O(e3),

according to (3.88).
Let us collect egs. (3.64), (3.112) — (3.119):

A 9 9 T €y @2]' €2
ding 74—72 |:(16"Y (172))n0+ 5 2ng 74,7 Enoa log ng

(3.119)

2
€ |m > - |VV|2 ™ .
+4\/;Vno~VV+ 5 {6’7\/§n0+1‘{67\/;”0+”0]}7

(3.120)
we notice that:
% 031 = L9 (nW, 3.121
4 Eno 0gno —% '(no B>7 (3.121)
where Vg is (up to a constant) the so-called Bohm potential (see e.g. [29]):
1Ay
AR AL (3.122)
2’}/ 6 v/ 1o

so we have finally proven the following:
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Proposition 10 Under the assumption (3.90), egs. (3.50) are equivalent, up to
O(€?), to the second order two-band drift-diffusion model:

A 9 9T ey |m v -
0o —W |:(1+6 5 Z) ng + 2\/gng] + % (nOV(V+VB)) ,

—

A Jey |7 \Y ey |m -
One :4772 {2 \/gno + na] + 5 : |:<n0' + 2\/;710) VV] (3.123)

> - VV|?
+6\/§Vno~VV—|—| | {e’y 7T(l—&-F)no-l-an},

4 2 2
with Vg given by (3.122) and T' defined in (3.88).

We notice that it would be possible to derive a second-order two-band hydro-
dynamic model based upon the Low Scaled Fermi Speed and Strongly Mixed
State hypothesis:

—n_ Ty —J-
|n+ n | _ O(E), ‘ + | _

c=0(e),
ny +n_ ny +n_

O(e) ase— 0, (3.124)
with the moments n, Jy defined by eq. (3.3), in analogy with the second-order
two-band diffusive model (3.123), (3.122); however, such an attempt would be
computationally very difficult and cumbersome, therefore the afore mentioned
hydrodynamic model will not be derived in this Thesis.



Chapter 4

Spinorial models

4.1 A first order spinorial hydrodynamic model

In this section we will derive a hydrodynamic model for quantum electron trans-
port in graphene following a strategy similar to that one employed in the con-
struction of the diffusive model (3.89).

The moments we choose are the following six:

nsz/wsdp s=0,1,2,3,

Jk:/pk’LUodp k:1,2.

ng is the charge density, @ = (n1,n2,n3) is the spin vector, J = (J1,J2,0) is
the flow vector. Note that the flow vector has only two components because
graphene is a two-dimensional object.

According to the theory exposed in Chapter 2, the equilibrium distribution has
the following form:

2
g[no, @i, J| = Exp(—he), he = (I@ + Pk + fo)ao + (& + cps)os, (4.1)

with &o(x), (€s(2))s=1,2,3, (Ex(x))k=1,2 Lagrange multipliers to be determined
in such a way that:

-

(go[no, 7, ﬂ)(x) =no(z), (glno, 7, ﬂ>(x) =7i(z), (Pgo[no, 1, ﬂ>($) =J(z),
(4.2)
for z € R2.

4.1.1 Formal closure of fluid equations

The following formal theorem holds:

56
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Theorem 2 Let nj, 17, J7 the moments of a solution w™ of Egs. (1.45). If
ngy — no, 17 =, JT — Jas T — 0, then the limit moments ng, 1, J satisfy:
V - e=
Oino + — - T+ =V 11 =0
2y 2
LV s ,
8m+5-<g®ﬁ)+§Vno+<g/\ﬁ):O (4.3)
-V [(JeJ o, .
O + — - + 7 +EV-<p®g>+n0VV:O
2y o 2
where:
2 = (7= J/n0) & (5= T/no)go ) (4.4)
is the so-called quantum stress tensor.
The proof of Theorem 2 is analogue to the proof of Theorem 4.2 in [29]: one must

consider (1.45) as Wigner equations and use the weight functions k(p) = {1, p}
for the first equation in (1.45) and k(p) = 1 for the second equation.

Egs. (4.3) are a closed system of hydrodynamic equations, indeed g[ng, 7, f]
is a function of the moments ng, @, J only; however, the system (4.3) is a
very implicit model; in the next subsection we will derive an approximated but
more explicit version of (4.3) by exploiting the hypothesis we have done (the

semiclassical and Low Scaled Fermi Speed (1.37)).

4.1.2 Semiclassical expansion of the equilibrium distribu-
tion

=

It is possible to write the first-order approximation of g[ng, 7, J] given by (4.1) by
following a strategy similar to that one employed to compute the approximation
of the equilibrium distribution for the first diffusive model. More precisely, we
consider (2.21), (2.29), (2.30) with:

2
P - -
—a=(|2| +pk:k+€o>ao+£sas, —b=np-0;

then we impose the constraints (4.2). We recall the definition (2.13) of the
Poisson brackets. Since @ does not depend from p then {a;, ax} = 0 for j, k =
1,2,3; so egs. (2.21), (2.29), (2.30) becomes:
9 [ng, 7, J) =e~(PI*/24PE+60) cosh |€]
) sinh €] » (4.5)
iy

—

7O a1, 7] = — 0P 2931
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—

7l 52 h €] -
g(()l)[ 7_7:, J} :767(|p|2/2+p-_+50 Sll’l ‘£|£

no,
€]
7V ng, 7, J] = — 76_(|p‘2/2+ﬁé+&’) cosh |5§§2 P

e (ol /247 E+eo) SIS <5Afy> A

13 €] €]
B L= cosh |£| — sinh 2

(Ip|*/24+P-E+£o) €] €] g {(lm + PrEk +Eo) ,5} NE;

243 2

moreover, clearly:

2 . 2
H <|p2 = +fo) 5} /\5} =Nijk Op, ('g' +mE +§o> 202,85 &k
=Nijk (Ps + Zs) - 02,85 - &k
~[(G+3) VEne]  =129),
(4.7)
AN £of
SEPNA S = (122 : (4.8)
< € ) € ( &P )p
so we obtain:
g(()o)[ng, J_] —Ke IP+EP/2 cogh |§|
0,7, J] = - Ke-lrrar/zSnlEl e
B o
Y e
FV 0,1, J) = = yKe =2 (€5 + 2) - BIEE) |
where:
K =exp([(B1)* + (22)%]/2 — &) ,
. && | sinh ¢ ( @@)
€] = - i —
][5] cosh |£| |§|2 + |£‘ J |§|2
|§|cosh|£\ sinh |€] (4.10)
22 Niks &k - &s
&&; , sinh|¢] ( &sj)
B; = cosh — 07 — .
][g] COSs |£| |§|2 |£‘ J |§|2

Now we exploit egs. (4.2), (4.9) to find an explicit semiclassical expansion of the
Lagrange multipliers &, &, = depending on the moments ng, 7, J:

dp+O(?)

- - h
no:/ [Ke_|p+:|2/2cosh|f|+e'yKe Ip+2 I/2M§
(4.11)

=27 K cosh || — 2mey |§||£

(€);
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7 :/ l Kel+=?/2 Slf}h"ﬂ ey Ke =2 (o (51 ) - #E) | dp+ O()
_— KSlnh|§| €+ 2meyK BIEIE + O(e?) ;
(4.12)
f:/ﬁ lKep*ElQ/2 cosh |ﬂ + e'yKeflerE‘ /2 s1nh||§ 5| dp + O(?)
. h .
97K cosh |&] & + 2mey i S ¢ (I+ ® )§+0(62);
(4.13)
to solve eqs. (4.11)—(4.13) we first consider them at leading order:
ng =27 K cosh [€] + O(e) ,
7= 27TKSln|I£||€| £+ 0(e), (4.14)
J=—2rK cosh |£|E + O(e) ;
if we define: .
a= 2 = <‘]1,J2,0> . §=—, (4.15)
no nog no o
it follows:
—E=a+0(), |5 =tanhl|]+0(e), é :—é+0(e), (4.16)
and so
= . > § 143
E=—-u+0(e, &= ﬁ H (€); (4.17)
again from eq. (4.14) we find:
1
K = —/n2 — |2+ O(e) —”Wk 1512 + O(e) (4.18)

2m
Let us observe the following fact. From egs. (4.9), (4.17), (4.18) we easily

conclude that:
no _15—i €
golno, 7. J] = 22717512 (af(x) + praf (@) + pras(a) + O(),  (419)
for some scalar (e—dependent) fuctions af(x), j = 0,1,2; but eq. (4.2) pro-
vides, for a generic fixed z € R2, three scalar constraints for gg[ng, 7, ﬂ, which

translate into a linear 3 x 3 system for the vector (af(x),as(z),as(x)) with

matrix:
1 (5% u

M= u 1+ud wus | ;
Us  ULUL 1+u§



CHAPTER 4. SPINORIAL MODELS 60

since det .Z = 1, then for the uniqueness of the solution of a linear system with
nonsingular matrix we deduce that:

golno. i, J] = 3271772 1 O(e). (4:20)
In a similar way, from egs. (4.9), (4.17), (4.18) we deduce:
glno. i, J] =52 P2 @) + MA@)F- D] +O(S), (421)

for a suitable vector-valued function fi(z) and a suitable 3 x 3 matrix-valued
function M(x); but since egs. (4.2) must hold then i = &

T} =goe PR S 4 ME(2) (5 - )] + O() (4.22)

moreover from egs. (4.9), (4.14) it follows immediately that M = O(e); so we

§l

glno

can define M = —eyZ with Z independent from e:
dlno. i, ] =T [ (-] O). (429)
From a comparison between eqs. (4.9) and (4.23) we easily deduce:

Z(F— 1) = Z{K“w@m](ﬁ— @), (4.24)

with K(® and 5<0> the leading order terms in the expansion of K and 5, respec-
tively; so from eqs. (4.14), (4.17) and (4.24) we conclude:

277

2y =K O S8
(0
27‘-[((0) cosh |£"(0)|nznj Mnli‘g( d 5i; — n:nJ
|72 €00 7[>
€0 cosh |€19)| — sinh [£10) 0
27[€0] (4.25)
-1 no g 4 7 (517 - nim>
no AP o [rotlil |7
&\ no—7|
1 |7 2
+ — [no — ———= NiksOjsk - 55 p + O(€);
2y log no+|7|
no— ||

finally, by collecting egs. (4.20), (4.23), (4.24) we find the first-order semiclassical
expansion of the equilibrium distribution that we were seeking:

=

golno, 7, J] =52 =T/ 1 (&),
T
. o . (4.26)
g[n07ﬁv ] :@e*“”*u‘ 2 (n o 672(5_ ﬂ)) + 0(62) 5
2T no
nin; nin; 1l—w nk n
Zij=—d tw (5i‘ - = J) + 5 Niks 7=79; (f) ;
R AP 2y 7\ |7
7] /o (4.27)
w =
log no+|7|
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4.1.3 Computation of the moments

Now we will exploit eq. (4.26) in order to compute a first-order expansion of the
implicit terms in eq. (4.3).

Let us begin with the quantum stress tensor, which coincides, at this semiclas-
sical order, with the classical stress tensor:

P = <(ﬁ— i) @ (p'— @)go[no, 7, f]>

:/ (5~ @) ® (F— @) s2e 72 dp+ O() = o I+ O());

(4.28)

now let us consider the terms depending on g[ng, 7, ﬂ:
- n o o 7
(e glno, 7, J]) = / F® g e P ( —eyZ(p- a‘)) dp + O(€*)
™ no

= =120 d

— i@ i-em [ 702G 0] TTAE L 0@)
b
<2 15 d,

—idwi-em [ 7027 7L 0@,

(4.29)
but it holds:
-1t /2 P
Di ZjkPre or = Zilik, = Zji s (4.30)
so from eqs. (4.29), (4.30) it follows:
<ﬁ® lno, 7, f]> — @@ — eyneZT +0(e?), (4.31)
where the superscript T' denotes transpose.
From eq. (4.31) it is immediate to find:
§n07ﬁ7 j /\ﬁ> =Nijk <pk?g n07ﬁ7 j>
(0.7, I AB) =nige (pugyno, . ] s
=nijk [ukn; — eynoZs] + O(?);
let us put our attention on the term:
2. 1—w Ng 5 (nl >
Nijk<ik =MNijk 2/}/ Tjsl |ﬁ‘ k |ﬁ‘
1
=(0ks0it — 5kl6is)7w "—jak (nf) (4.33)
2y i\
1— ..
= 27‘” 5V = V-5
so from eqs. (4.32), (4.33) we deduce:
<§[n0,ﬁ,ﬂ Aﬁ>:mm%nou—w)[ﬁ-g—gﬁ}g; (4.34)

finally by collecting egs. (4.3), (4.28), (4.31), (4.34) we have proven the following:
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Proposition 11 Under the LSFS hypothesis (1.37), Egs. (4.3) are equivalent,
up to O(€?), to the first-order spinorial hydrodynamic model:

—

8tn0+%'<j+e'yﬁ> =0,

—

v . .
@ﬁ—k;-(ﬁ@d—e’moz—i—e’ynol)—|—ﬁ/\ﬁ+%no(l—w)[v-§—§-V]§=O,

(4.35)
where the functions U, §, Z are defined by egs. (4.15), (4.27).

4.2 A second order spinorial hydrodynamic model

We are going to deduce another spinorial hydrodynamic model, which is ana-
logue to model (3.123). We will start again from the Wigner equations in
hydrodynamic scaling (1.45), we will consider the same fluid-dynamic moments
ng, 1, J of the Wigner distribution w(r, p,t) and we will take again as the equi-
librium distribution the one given in (4.1), (4.2); however, we will make stronger
assumptions than (1.37), which will allow us to consider also O(e?)—terms in
the fluid equations.

We make the semiclassical assumption € < 1 and the SMS hypothesis, that
is we suppose:

c=0(), [£°=0(), (4.36)

where 50 = (69,9, £9) are the Lagrange multipliers appearing in (4.1). We will
see that from the hypothesis (4.36) will follow that:

Il _ O(e) (4.37)

which is the hydrodynamic analogue of the relation (3.91) valid for the diffusive
model (3.123).

Moreover, for the sake of simplicity we make the irrotational hypothesis
|curl @] = O(€?), which means:

Oiu; — Oju; = O(e?)  i,5=1,2. (4.38)

4.2.1 Semiclassical expansion of the equilibrium distribu-
tion
For the sake of simplicity, let us redefine: E 0 eg 0 and consider |§ =0(1).

Under our hypothesis, the classical symbol of the modified Hamiltonian be-
comes:
p|?

—he=a+eb, —a= (2 + Erpr + 50) oo, —b=(yps+&)os, (4.39)
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where v = ¢/e as in (1.41); that is, the modified Hamiltonian decouples in a
scalar part of order O(1) and a spinorial part of order O(e): again, this fact
leads to remarkable simplifications in computations.

We can compute the second order expansion of the equilibrium distribution
(4.1), (4.2) under the hypothesis (4.36) through a strategy similar to that one
employed to compute the second order expansion of the equilibrium distribution
for the second diffusive model: first we substitute (4.39) in (2.41), then we
impose the constraints (4.2).

- 2
dolio, i, J| —e— (PP /2+E7Hé0) (1 +Shi+ g|2)

+2Exp? (—(p|*/2+ Z - 5+ ) + O(%)
Glno, 7i, J] = — ee™ IPP/2425460) (y5 L 8 L O(?).

(4.40)

Let us now consider the constraints (4.2) for charge density no and current J
up to O(€?):

. (4.41)
J; :/pief(lplz/%izﬂ&o) dp + O(€?) i=1,2;
it follows easily that:
0525k _ 10 -2 4 o), (4.42)
™
with @ given again by (4.15); so from eqs. (4.2), (4.42) it follows:
A= / e~ (PP /24E5460) (354 &) dp + O(e3)
¢ [ e TR § dp+ O()
T
= —enp(yii +€) + O(e*),
and so: .
—ef = nﬁ + eyii + O(€%) ; (4.43)
0
then from egs. (4.40), (4.43) we deduce:
gluo.it ] = Je o [ Do) voe). (wa
2w ng

—

Now let us put our attention on gg[ng, 7, J], which can be rewritten, exploit-
ing Eqgs. (4.40), (4.42), (4.43), in the form:

golno, i, J) e~ PIP/245PH60) o 23y (—(|p)2/2 4+ B - j+ &)
2 (4.45)
+O(€).

—

n

o —ey(p— 1)

o —|5—a?/2
—€
* 4
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Let us define, for an arbitrary positive function N (x) and an arbitrary vector

function J () = (J1(z), Ja(z),0):

2
MN, T] = N pu|/2[1_2 (2A1gN+Vj\J[\[| Q(N,j))],

2 (4.46)

where:
QN J) =3(AA + pr AUy + OiU; O;U;) — 20;U;(pi — U;)(95A + pr.0Uy)
— (0, A + prOZUL) (pi — Us) (p; — U;) + [V (A + puldi)*
712
U=JJN, .A:log<N)—|u|.
2w 2
(4.47)

The function M.[n, J|(x, p) is actually the O(e*)—semiclassical expansion of the
scalar quantum Maxwellian with moments <./\/l€[./\/', j]> =N, <ﬁM€[N, j]> =

J in the “irrotational case”, which means, under the hypothesis:
oy — 0;U; = O(€?) i,j=1,2; (4.48)

see e.g. [30] for details.
Since the first two terms of (4.45) constitute the O(e*)—semiclassical expan-
sion of a scalar quantum Maxwellian, and since we assumed (4.38), we have:

M N, j] = o~ (pl* /2455 +60) 4 2&xp@ (—(|p|2/2 + =5+ &), (4.49)

for a suitable choice of the moments N, J; so we can rewrite go[no, 7, J] as:

= 2
— —ey(F- )| +0("), (4.50)
No

go[no, ] MN, j] ; e~ |P=1%/2

with AV (), J(z) such that the right-hand side of eq. (4.50) satisfies the con-
straints for ng, J contained in eq. (4.2):

N 2
n

w:N+/§%*&W”4ffwwfm dp+ O(é),
™ no
o i ) (4.51)
7 o~ |P—1%/2 _ iy 3y .
7+ [y T - 1)| dp+O(E);
so from (4.51) it follows:
1172
N =ng —ng ( —| + 6272> +0(€*), (4.52)
2 )
L. 172
J =J —notl <2 — +€2’72>
n > =2 2
- /(ﬁ— 0) 4—06*‘1’ W2 = —ey(p—a@)| dp+O() (4.53)
s no
—f—noﬁ< >+evn+0 3.
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We remark that, since ng = A and J = J up to O(¢2), then Eq. (4.38) is
equivalent to Eq. (4.48).
By collecting Egs. (4.50), (4.52), (4.53) we obtain the explicit second-order

—

semiclassical expansion of the equilibrium distribution g[ng, 7, J|:

s =

12
golno, ni, J| =M [no —ng (gjl +62~y2> ,J + ey — <2 +€2’)/2> J}

3 g
it L J
— —ey - =
o no

; 7 7 J
glno, i, J) =22 7l T/mol*/2 (” —ey (*— n)) +0(e%).

2
4 0 1= T/nol?/2 +0(e%), (4.54)

47

2

Let us just stress that eq. (4.43) shows that the SMS approximation leads to
(4.37), as anticipated.

4.2.2 Computation of the moments

Now let us exploit eq. (4.54) in order to compute a second-order semiclassical
expansion of the implicit terms in eq. (4.3).

Let us begin by recalling a known property of M[ng, J| defined by (4.46) (see
[30] for details):

i J *jMNf N ENT TN, (455
p_N ® p_N e[ 9 ] - _E ® Og 9 ( )

valid for arbitrary functions N (z) > 0, 7 ().
Let us consider now N (z), J(z) given by eq. (4.53). We have:

- 2
J —not (é =+ 6272> + eyit

= ; +O(e)
ng — No (é + 62’}/2>

_ 2 -
_’_6272) +€7£
No

7

=l

s

no

2
+ 62’}/2

—

0

1
1+

5| +0(€%) (4.56)

2

—

2 5 5 no (1|7
Ty | Fey—Ful 5
no 2|n

0

=+ 62’}/2> + 0(63)
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so from eqs. (4.4), (4.54), (4.55), (4.56) we deduce:

2 =((F= T /no) @ (5~ J/no) golino, 7, J])

I S A W (VU .

—<G N+mm>®G N+WW>M$%ﬂ>

7t (a f)
ALY -
no no

> +O(€%)
2

dp + O(€?)

L= DN R
+<(p—J/no)®(p—J/ﬂo)4§€ #=T/nal’/2

i J
— —€Yp
no

2 2
=N — 6f/\/V(@Vlog/\/'—&-/@@e_lﬁlzﬂ
12 2 4m

1|7
=m=no| g,

12

2 2
+ 62’}/2> - 6—no V ® Vlogng
0

2
+ 4292 | + 0(€%)

o n
+ — | |—
2 no

2

=1+ 6272)710 — %no V® ﬁlog no + 0(63) .
(4.57)

Now let us consider the term:

n0 i (A (T
2w ¢ ng € ng

d
—evno/ﬁ®ﬁe“p‘2/2§ +0(€)

(5o gt 1) = [ e dp+ ()

Jei

-1e
J @7
no

—eyno I + O(€?).

(4.58)
Finally, by collecting Egs. (4.3), (4.57), (4.58) and by recalling Eq. (3.121), we
obtain the proof of the following:

Proposition 12 Under the SMS assumption (4.36) and the irrotational hypoth-
esis (4.38), Eq. (4.3) is equivalent, up to O(e®), to the second-order spinorial
hydrodynamic model:

2y .
V (idoJ) @A
Ot + — - =0
't + 27 < o > no ) (459)
-V (Je(J+eyi v S
@J+-< ®(+wm>+ m+mNW+Vm=m
2y no 2y

where Vg is again the Bohm potential, defined by (3.122).
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4.3 A first order spinorial diffusive model

In this section we will derive a first order spinorial drift-diffusion model for
quantum transport of electrons in graphene, with a proceduce very similar to
the one adopted in the derivation of the first order diffusive model (3.89). In
fact, we will start from the Wigner equation in diffusive scaling (1.38), (1.39),
we will compute a Chapman-Enskog expansion of the Wigner distribution w
and a first order semiclassical expansion of the equilibrium distribution g, and
we will exploit these expansions to obtain a closed explicit fluid model.

The fluid-dynamic moments we will use to deduce the drift-diffusion model
of interest are the following, already considered in the derivation of the spinorial
hydrodynamic models:

no(z,t) =(wo(z,p,t)) charge density,

° . (4.60)
fi(x, t) =(w(z,p,t)) spin vector.

The equilibrium distribution can be written as (we have already applied the
scaling (1.34)—(1.36)):
2
glno, ] = Exp(—h, 5) hyg= (|p2 + A) oo+ (ep+B)-a, (4.61)
where A(z,t), B(z,t) = (By(z,t), Ba(z,t), Bs(z,t)) are Lagrange multipliers to
de determined in such a way that:

(go[no, 1)) (x,t) = no(z,t), (Flno, 7)) (x,t) =7z, t) V(z,t) € R* x (0,00).
(4.62)

4.3.1 Derivation of the model

Let us consider again the scaled Wigner equations for the system (1.38), (1.39).
We assume that the semiclassical parameter € and the diffusive parameter 7 are
of the same order and small, so we will take the limit 7 — 0 in the Wigner
equations:

=9 -00) (r—0). (4.63)

Cc
A —
T T

Under the assumption (4.63), we perform a Chapman-Enskog expansion (see
section 3.2) of the Wigner function w = wg + w0 - 7"

—

=
Wo =go — T (p + @0> go +O(7%),

2y
- (4.64)
L p-V L
w=g—r [(13274-@0)94—9/\1) +0(7?),
where ©g = —VV - ﬁp is the leading order term in the semiclassical expansion

of the operator ©.[V] given by (1.40). Now we take moments of egs. (1.38)
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obtaining;:
\V/ -
TOimo + o (Pwo) + %V
o i (4.65)
. " = "
Tatn-i-% (W R P +§Vn0+<w/\]3> =0.

4.3.2 Semiclassical expansion of the equilibrium distribu-
tion

Now we will derive a first-order semiclassical expansion of the equilibrium dis-

tribution (4.61), (4.62), which will be exploited in the subsequent sections to

compute up to O(e?) the implicit terms in the fluid equations.
We start by considering eqgs. (2.21), (2.29), (2.30) with:

2
B=1, —a:<|p2 +A)00+B'5, —b=~p-7. (4.66)
Since @ = —B depends only on x, then clearly:
{aj,ar} =0  j,k =1,2,3; (4.67)

moreover:
nije{ao, ajtar = niji [3105 <2> (91533} By = niji [(ﬁ' ﬁ)Bg} By, (i=1,2,3),
which means:
{ao, @} NG = [(p V.)B } AB; (4.68)
so from eqs. (2.21), (2.29), (2.30), (4.66)—(4.68) we deduce:
glno, i) = g )[no 7i) + et )[no il + O(€?),

sinh | B

Bz
|B|

)

9 V[ng, ] —e—(Atlp*/2) [cosh|]§| oo —

|B| (4.69)

h|B|\ B®B  sinh|B
B <<cosh|B| sinh | ) (i@ L sin _’| |I> 7
|B| |BJ? Bl
h|B V.)B] A B
(cosh|B| sinb | |> (GAAY )_,B] nB 5}.

|B]
Now we impose that the right-hand side of (4.69) satisfies the constraints (4.62)
up to O(e?). We notice that g'[ng, 7 is odd with respect to p, and so gives no

R _ 2 sinh |B| = R
0D, 7] =ye— A+l /z){ Bl 5 oo

+
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contribution to the computation of {(go[ng, 7]}, (g[no,7]):

noa()—l-ﬁ-&’:<g(())[no7 ]>+O+O( )

_ - inh |B|
= (A+Ipl*/2) hiBl o — 2 B-&| dp+ O(€2
e cos o = o €
/ Bloo =5 p+0) (10,
inh |B| 5
—9reA [Cosh|B|ao sinh B 5 21 4 o)
Bl
it follows:
ome A =/n2 — |12 + O(e?),
~ 5 - 4.71)
B (
ann (B = 4 o), BT Lo,
|B| 73]
in particular:
no |ﬁ

cosh | B| = + O(é?), sinh | B| =

Vng — 7i? ng — []?

so from eqs. (4.69), (4.71), (4.72) we find:

—|p?/2
e
g(()O) [nOa n] = o no,
—lp|*/2
70 . 7] =2 1
g [n07 TL] o n,
—Ipl*/2
95" [0, 7] = 79,
7o, 7] = — 4% - - +wl> RN A LI
05 = - T A 1=0
| \2 27|72
(4.73)
where the function w, already introduced in eq. (4.27), is given by:
= |"|/”0+|ﬂ‘ . (4.74)
no n
10g \/ o —al

Eqgs. (4.73) provide an explicit approximation of the equilibrium distribution
glno, 7]: in the next sections they will be exploited in order to derive a first-
order spinorial drift-diffusion model for the system.
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4.3.3 Computation of the moments

Now we will exploit egs. (4.73) in order to compute the implicit terms of
eq. (4.65). From eqs. (4.63)—(4.65), it follows:

v /. AV
TOmo+— (P |go— T PV +0Og | 90
2y 2y

v 2
7O+ — - <{g—T Kp +eo> GHGAP
2y 2y

(4.75)

from eq. (4.73) we deduce that g(9[ng,7] (respectively g)[ng,]) is even (re-
spectively odd) with respect to p; so we can rewrite (4.75):

v
TOMo+— - <ﬁ [egél) -7
2y

5V<{ - Kv@)

+ <{e§<” —7 <p2-7v + ®o> O+ g /\ﬁ] } Aﬁ> =0(&) = 0(%);

76)
dividing eq. (4.76) by 7 and passing (formally) to the limit e = 0 (7 — 0) it is
immediate to obtain:

VR
I\D‘ o
<

_|_

@

o
~_

N
°z

1 A
atnO + 8s (FOS + ns) = 07
2y 2

! K (4.77)
Onj + 0Os <2,ijs + 25jsn0> + NjksFrs =0 (1=1,2,3),

with (Fos)s=1,2,3, (Fjs)j,s=1,2,3 given by:
. 1 .
FOS =) <psgél)[n07 n]> - {2816 <pkpsg(()0) [’I’LQ7 ’I’L}> + nOaSV} (8 = 1u 27 3) 9
Y
W = 1 OT
Fjs =\ <psgj [no,n]> - Zak <pkpsgj [no,n}> +n;0:V

+ Njkt <psplgl(co) [”07ﬁ]> } (4,5 =1,2,3).

(4.78)
Before computing the terms in Eq. (4.78), we notice the following fact. The
first order two-band diffusive model (3.89) is derived (see section 3.2) from a
closed set of fluid equations, namely Eq. (3.50), having a different structure from
Egs. (4.77), (4.78): in fact, the ratio A = ¢/, present in Eqs. (4.77), (4.78), does
not appear in Eq. (3.50). Actually, due to the particular choice of the moments
(4.60) used to derive Egs. (4.77), (4.78), the equivalent of property (3.48) for
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the spinorial case, namely:
(Tg[ng,7"]) =0 vr >0, (4.79)
does not hold; instead we have:
(Tg[no, 1]y = O(e) ase—0. (4.80)

Because of property (4.80) we were forced to assume (4.63): otherwise the terms
containing the first order term in the semiclassical expansion of the equilibrium
distribution g[ng, 77] would have been divergent for 7 — 0.

Let us now compute the terms in eq. (4.78) by exploiting eqs. (4.73).

(1) . e—1pl?/2 Lo
<psgo [no,n]> =- ’Y/ps o n-pdp=—yns; (4.81)
—Ipl?/2
— e
<pkpsg(()0) [no, n]> = /pkpS ng dp = nolks ; (4.82)

let us define, for the sake of brevity:

niny Ok - Ny .
N =1 —w)Lz +wdjp — (1 — w)njsi o= k=1,2,3), (4.83
ik ( w) |7_7:|2 +w ik ( w)njél 2’7|ﬁ|2 (.]7 ) &y )7 ( )
so that from egs. (4.73), (4.83) it follows:
DAV ooz
g [no, 1] = —yno—5— AP’ (4.84)
T
but from eq. (4.84) we deduce:
O o-lpl/2
<psgj [no7n]> = —ynoNjk / Pspr—g— dp = —ymofjs; (4.85)
o - e-lpl?/2
<pkpsgj [no,n]> =n; / PPs—— dp = 1;0ps ; (4.86)

then collecting eqs. (4.78)—(4.86) we find:

1
Fos = — Myng — {285710 + noc?'sV} ,
7 , (4.87)
Fjs = - /\'YnO%s - {2783”]' + njasv + njksnk} )

implying that:
1
NiksFrs = — Njks | AYN0N s + Zf)snk +nk0sV + nrisny

) (4.88)
= — Mynonjks s + Z(V AN18); = (RANVV)j + NjksNuesnu s
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but clearly:

NiksMiks =2051

e asnoz 'n
—NjksNis = — Njks [(1 — w)‘;i? + wigps — (1 — W)nkalTTﬂQl
—a Viess OsNg - Ny
= W)NksjNkal 27‘ﬁ|2 (4.89)

asna sy
29|72
[64’1’— "6} n;;

=(1- w)(58a5jl - 5815]'@)

_ 1—w
R

so from eqs. (4.88), (4.89) we deduce:

S

NiksFrs = [Anol_ﬂw (ﬁ R = ﬁ) i+

2|71|? ;

(4.90)

by collecting eqs. (4.74), (4.77), (4.83), (4.87), (4.90) we obtain the proof of the
following formal:

Proposition 13 Under the assumption (4.63), Eqs. (4.77), (4.78) are equiva-
lent to the first order spinorial drift-diffusion model:

atnO :ast y

(4.91)
Js =0sng + ngds V' ,
8tnj :6514]3 + F] 5 (.] = 17 27 3)
Ajs = <5jl + by, [::| njkl) asny + njasV
0
ﬁ .
—2njamy + b |:Tl0:| (§jkns — 5j5nk) , (]7 s=1,2, 3)
7 7 .
Fy =njuinxdlV — 2n; + bs [} dsnj — b {} dsns, (1 =1,2,3),
o no
(4.92)

where we defined, for all @, T € R3, 0 < |v| < 1:
N 2|9

log(1 + |7]) — log(1 — [4])
We refer to model (4.91)—(4.93) as Quantum Spin Diffusion Equations (QSDE1).

by [U] =Avg |52 (1 ) , (k=1,2,3). (4.93)

We notice that:
[b[7]] < A for0< |v] <1, k=1,2,3,

bi[v] = %vk + O(|7?) as |0 = 0, (4.94)
b [V] = Avg as |U] — 1.

The model (4.91)—(4.93) will be studied from an analytical point of view in
chapter 6.
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4.4 A first order spinorial diffusive model with
pseudomagnetic field

In the model QSDEL1 (4.91), (4.92) the charge density ng evolves independently
of the spin vector 7i: we are going to modify the QSDE1 model in order to ob-
tain a fully coupled system by adding a ”pseudomagnetic” field able to interact
with the charge carriers pseudospin. The idea of such a field has already been
proposed in [24]: the Authors suggest that by breaking graphene sublattices
symmetry (see the Introduction to this thesis) through strain, it is possible to
generate a pseudomagnetic field and therefore obtain Landau levels and quan-
tum Hall phases without breaking time reversal symmetry (see e.g. [17] about
this topics).

Negulescu and Possanner, in their paper [42], consider a semiconductor sub-
ject to a magnetic field interacting with the electron spin, and derive a purely
semiclassical (without quantum corrections) diffusive model for the charge den-
sity ng and the spin vector 7 throught a Chapman-Enskog espansion of the
Boltzmann distribution. We will follow a similar procedure to obtain our new
model.

4.4.1 Derivation of the model

We define two quantities:

¢ =C(z,t) pseudo-spin polarization of scattering rate; (4.95)
@ =d(z,t) direction of local pseudo-magnetization. -

The quantity (z,t) satisfies:

PR ESSCIN
LTI e

where sy are the scattering rates of electrons in the upper band and in the
lower band; it is bounded between 0 and 1. The vector &, being a direction, has
modulus equal to 1.

We modify the scaled Wigner equations (1.38) in this way:

RV, .
T@tw0+p—2 w0+gvuj‘+@€[v]wo :QO(w) ,
| = ) T (4.96)
o+ EN 4 o+ 0 A G+ OV]E + 73 A5 =2
2y 2 T
with the collision operator Q(w) defined by:
Qw) =P (g—w)P/?,  P=o0o+(@-5. (4.97)

The hermitian matrix P is the so-called polarization matriz. Note that its

eigenvalues:
Ae(P) =1 (@] =14¢7
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are positive since 0 < ¢ < 1, so P is positive definite and P/? makes sense.

We assume again (4.63) and we perform a Chapman-Enskog expansion of
the Wigner distribution w = wgog + w - 7:

w=g— P2 (75[9]00 +Tg] - 5) P24 0(r2), (4.98)

where the action of the operators 7y, 7 on an arbitrary (smooth enough) func-
tion f = foog + f - & is defined by:

1

ol = Y

. .V
% fo+©ofo, T/

= Wf-i— Oof + [ AP (4.99)

it is straightforward to prove that for all hermitian matrices a = agog + a - &
the following relation holds:

P 2aP12 =(1 — )" H(ap — (& - @)oo
+[(Fap + (G T+

1-¢(I-d@d))d-
so from egs. (4.98), (4.100) we find:

wo =go = 7(1 = ()7 (Tolg] = (& Tg)) + O(7), w0
G= -7 [Tl + @5+ V1- (I -30d)Tl]| +0¢%);

now let us we take the moments of eqs. (4.96) obtaining:

—

Y 3}
Tf)mo+2—~<p”wo>+%V~ﬁ:0,
§ 7 (4.102)
v ;
Tatﬁ+ﬂ~<w®]5}+§Vno+<w/\ﬁ> FTE AT =0;

So from egs. (4.101), (4.102) we deduce:

romo + 5 (70— (1= ) (Tolg] ~ @ Tl ) + 59 71 = 0(7?),
7O + Z {g-7[@Tl+ @es+vVI-CUI-s00)Tl]} @)
+{{7-7[@Tlol + @es+VI-CU -3 28)Tl] | AF)

+ gﬁno + TG AT =0(T%);

(4.103)
again, from eq. (4.73) we deduce that g(9)[ng, 7i] (respectively (1) [ng, @] is even

(respectively odd) with respect to p; moreover, Tg, T are odd operators, in the
sense that, for an arbitrary function f = fooo + f - 7:

f even with respect to p = To[f], T1f] odd with respect to p; (4.104)
f odd with respect to p = Tg[f], T1f] even with respect to p; .
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so we can rewrite (4.103)in this form:

oo+ (e~ 1~ ) Tl — 63 FigD} )+

5 <{6g —T[Coﬂa[ N+ (@R + 1—(2(1—5®Q))71[g(0)]}}®ﬁ>
({eg® -7 [c@Tolg ) + @@+ V1= (I -5 @) Tl } A5)
€
2

(4.105)
now we divide eqs. (4.105) for 7 and, recalling eq. (4.63), we pass to the limit

7 — 0, obtaining:

—

oo+ 5+ (F{af = (1= ) (Tl ) - @ Tl ) + 597 = 0.
8tﬁ+2i~<{A§(1)—[CLUTO[g(O)]+(u7®cD+ 1= C(I-50a) TV} @)
+ ({00 = [@Tols V) + @ @@+ V1= I -5 @) Tl } A5)

+%6m+wAﬁ:m
(4.106)
finally, exploiting eqgs. (4.81), (4.82), (4.83), (4.85), (4.86), (4.99) to compute
the integrals in (4.106) we can prove the following formal:

Proposition 14 Under the assumption (4.63), Egs. (4.106) are equivalent to
the first-order spinorial drift-diffusion model with pseudomagnetic field:

atnO :aSMOS ;

atnj :aijs + njks(Mk:s + nkws)

7
+ 0, {bk {no} (Njk10sny + djxns — 5jsnk)}

7 n )
+ by [no] Osnj — b; [no} OsNig (1=1,2,3), (4.107)

MOS :¢_2{<65n0 + noasv) - ka(asnk + nkasv + nklsnl>}’ )
Mjs =¢~*{—(w;(0sno + no0sV)
+ [wjwr + ¢(G5k — wjwr)](Osnk + nkdsV + nrismu) }
(b =V 1- 42 )

with bt /no] still given by (4.93).
We call model (4.107) Quantum Spin Diffusion Equation 2 (QSDE2).
We remark that in the model QSDE2 (4.107) the charge density ny depends on
the spin vector 77 through the pseudomagnetic field; such dependence takes the
form of cross-diffusion terms proportional to (.

Model QSDE2 (4.107) will be studied in Chapter 6 from the numerical point of
view.
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Chapter 5

Analytical results

5.1 Introduction

In this section we will present some analytical results concerning the model
(4.91), (4.92). We will prove existence of (weak) solutions satisfying suitable
L bounds, prove uniqueness of solutions under stronger assumptions, find an
entropy inequality, and study the long-time behaviour of the solutions.

The model (4.107) will not be studied from an analytical point of view in this
Thesis. Differently from model (4.91), (4.92), it is a completely coupled system
of PDE: the equation for ng depends on 7, and conversely. Moreover, it is possi-
ble to prove that the system (4.107) is uniformly parabolic if supg,,. ((z,t) < 1.
However, the presence of cross-diffusion terms makes hard proving L*° bounds
for the moments; for this reason, an analytical study of model (4.107) goes be-
yond the purpose of this Thesis.

From now on we will consider the potential V' which appear in egs. (4.91), (4.92)
as self-consistently given by the Poisson equation:

— M AV =ny - C. (5.1)

The constant Ap > 0 is the so-called scaled Debye length and C : 2 — R is the
so-called doping profile, which is an assigned function.

We consider in this chapter the following two boundary value problems for the
model QSDE1 (4.91), (4.92):

0o =div (Vng +noVYV) xe, tel0,T7,
“ALAV =ng — C(x) xeQ, te|0,T],
no(z,t) =nr(z,t) x e, te|0,T], (5.2)
V(z,t) =U(z,t) zed, tel0,T],
no(x,0) =nor(x) x €,

7
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oi=divJ+F zeQ, tel0,T],
fi(x,t) =0 xed, te|0,T],
fi(x,0) =i (x) z €9,
Fj =njpenidV — 2nj + by[it /no)dxn; — b;[ii/no]V - 7,
Jjs 2(5]'@ + b [ﬁ/no}njkg)asng + n]@sV
= 2njs0me + bi[ii/no](6jkms — djsmi)  (J,8=1,2,3),
- 0l 2|7
A |- —F =~
] log (}jﬁ\')
Here Q@ C R? is a bounded domain, np : 9Q x [0,T] — R, n; : © — R,
U: 00 x[0,T] — R (scaled applied voltage), if = (nir,n2r,n3r) : & — R3 are
given functions, whose properties will be specified later.
Since problem (5.2) is decoupled from problem (5.3), we will first solve (5.2)
and then we will solve (5.3) considering ng and V' as given function with suit-

able properties. Moreover, we notice that problem (5.2) is already known in
literature, since it is the classical drift-diffusion model coupled with the Poisson

TER} 0<|v] < 1.

equation [22, 35].
We define Qr = Q x [0, T]; moreover, for an arbitrary A C R?, we denote with
14 the characteristic function of A:

la(x)=1 ifzxeA, 1a(z)=0 ifadgA;

finally for an arbitrary function u : R?> — R we indicate with u, the positive
part of u:

ug(zr) =u(z) if u(x) >0, uyp(x) =0 ifu(z) <0.
To prove the subsequent theorems, we will need the following;:

Lemma 1 Let u € HY (), u < 0 a.e. on Q' Qp = {x € Q : u(x) > 0}.
Then uy € H5(Q) and diuy = 1o, ju fori=1,2.

Proof. Let us preliminarily consider the case u € C*(R?). Let ¢ € H'(Q)
arbitrary, and D € {0y, 02}. It follows:

/ uy Do = uD¢ = up — ¢Du = / up — / ¢plo, Du. (5.4)
Q Qy 29, Qy o0y Q

Clearly 0Q, = (0QNAL) U (QNAIAL) with A, = {z € R? : u(z) > 0}. Since
u is continuous on R? it vanishes on dA and a fortiori on QN AA,; but u=0
also on 9Q N A, because u < 0 on 99; so the boundary integral in Eq. (5.4) is
equal to zero. It follows:

AU+D¢=—/52¢1Q+DU,

Tt means that the set of points where the trace of u on 9Q is positive has zero measure
with respect to the one-dimensional Lebesgue measure on 052; see [12] for details.
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which proves the thesis for the case u € C*(R?).

Let us now consider the general case u € H'(2). From standard results on
Sobolev spaces (see [12] for details), a sequence (uy), € C°(R?) exists such
that (un)|Q — win HY(Q). Again let ¢ € H*(Q2) arbitrary. From the previous

discussion we already know:

/(z(un)JrD(ﬁ: —/Q¢1Q+,nDun, (5.5)

where Q4 , = {z € Q : wu,(z) > 0}. Let us consider the first member of
Eq. (5.5):

/(un)+D¢:/ ]_Q_*_YnunD(,b:/(1Q+‘n71Q+)UnD¢+/ 19+unD¢. (56)
Q Q Q Q
We have:

[0 = 10006 < 1, = 10, ol élon - 6

From Sobolev embedding theorem it follows that H'(Q) C L*(); since (u,,) o

u on H'(Q), this means that [luy| z1(q) is uniformely bounded with respect to
n. Moreover u,, — u a.e. on €, which implies 1o, , — 1q, a.e. on £; so from
dominated convergence theorem we obtain ||1q, , — 1a, [|z2@) — 0. Thus the
left-hand side of Eq. (5.7) vanishes as n — oo:

/(]-QJ“” - 1Q+)unD¢ —0. (58)

Taking the limit n — oo in Eq. (5.6), exploiting Eq. (5.8) and recalling the fact
that (un)|Q — u in HY(Q) we find:

/gz(un)+D¢—>/ng+uD¢:/Qu+D¢. (5.9)

In a similar way it can be proven that:

/¢1Q+mDun—>/¢1Q+Du. (5.10)
Q Q

Taking the limit n — oo in Eq. (5.5) and exploiting Egs. (5.9), (5.10) we obtain:

/QU+D¢=—/Q¢1Q+DU,

which yields the thesis.

O

In the next section we will also make use of the following Gagliardo-Niremberg
inequality (see e.g. [12]). Given 1 < ¢ < p < o0, a constant k > 0 exists such
that:
1—
ollzog@) < Ellol|%hg ot Yo e HYQ). (5.11)
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5.2 Existence of solutions for first problem

Now we will study the existence and regularity of solutions (ng, V') of Problem
(5.2).
We impose the following conditions on the data:

nr € HY(0,T; H*()) N H?(0,T; L*(2)) N L>(0,T; L*(Q)), (5.12)
HY(Q inf = Q inf 1
nor € H (), inf nor > 0, nor =nr(0) on 09, émlxr%o,T) nr >0, (5.13)

UeL>®0,T;W»P(Q)NH' (0, T; H' (), Ce€L>®(Q), C>0inQ, (5.14)

for some p > 2. Under these assumptions, we are able to prove the existence
of strong solutions (ng, V) to the drift-diffusion model (5.2). We remark that
results of existence and uniqueness of weak solutions to (5.2), as long as nonneg-
ativity of the charge density, under weaker assumptions on the data, are already
known in literature (see e.g. [22]); however, here we are going to prove a result
of improved regularity for the solution and uniform positivity for the charge
density, which will be exploited further on during the proof of the existence
theorem for Problem (5.3).

Theorem 3 Let T > 0 arbitrary and assume (5.12)-(5.14). Then there ezists
a unique solution (ng, V') to Problem (5.2) satisfying:

no € L>=([0,T], H*(Q)) N H([0,T), H*(Q)) n H*([0,T], (H*(Q))"), (5.15a)

Ve L=([0,T], Wh>(Q)) n H' (0, T], H*(2)), (5.15b)
O<me ™ <ng<M inQ, t>0, (5.15¢)
where:
p=Apom,
M =max sup nr, supngr, supC 3,
{aﬂx(o,T) " Q o Q (5.16)

m:min{ inf  nr, infn01}>0.
9% (0,T) Q

Proof. The existence and uniqueness of a weak solution (ng, V) to problem
(5.2) satisfying:

no >0, nge L*0,T; H Q)N H(0,T;(H'(R)), VeL?*0,T;H(Q)),

is shown in [22] (also see Section 3.9 in [35]), for less regular boundary data. To
prove the L° bounds and the strong regularity properties for ng we will first
prove that ng € L>(Qr).

Let v = (ng — M)4. From the definition (5.16) of M and Lemma 1 it follows
that v € H} () and Vv = 1no>a) Vg, By multiplying the first equation in
(5.2) by v and integrating in §2 we find, with simple manipulations:

d 2 2
= % = 7/|V’U|2+/AV B+MU} ; (5.17)
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the last integral in (5.17) can be rewritten using (5.1) as:
v? v?
/AV {2+Mv} :)\52/(6’—va) |:2+MU:| <0; (5.18)

so from egs. (5.17), (5.18) we find:

which implies v = (ng — M)4 = 0 in Qr, meaning that ng < M on Qp. So the
upper bound for ng in Eq. (5.15¢) has been proved. Along with the nonnegativity
of ng, this implies that:

ng € L>(Qr). (5.19)

Eq. (5.19) shows that the right-hand side of the Poisson equation is an element
of L>([0,T],L*>*(R2)). Then, by elliptic regularity (see e.g. [12] for details ),
V € L*>=([0,T], W?P(Q)), where p > 2 is the same as in (5.14); in particular
V e L2([0,T], H*(2)) because € is bounded. Since W2P(Q) — W1>(Q) (we
recall that Q C R?), it follows that:

VV e L*®(Qr). (5.20)
Now we prove the lower bound for ng in Eq. (5.15¢). Let:
fig = ettng, "= )\152 ,0= (g —m)_. (5.21)
From egs. (4.91), (5.21) it follows:
Oig = div(Vig +noVV) 4 pung . (5.22)

Notice that & = (fig —m)_ = —(—7p +m)+ € H}(Q) from the definition (5.16)
of m and from Lemma 1; so we can multiply eq. (5.22) by © and integrate on :

O f=—/|v17|2—/ﬁow-vv+u/ﬁoﬁ
:—/|Vﬁ|2—/ﬁV6-VV
—m/Vﬁ-VV+u/172+um/ﬁ (5.23)
=—/|V17|2—/17V17-VV
+,u/172+m/17[AV+u] .

Let us consider the last integral in Eq. (5.23):
/@ [AV +u] = /75 [A\p2(C — e #7g) +
= / 5 [Ap2C — e MALT — e AL m + u (5.24)

< /f} [,u — e_“t)\BQm} ;
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from the definition (5.16) of p and Eq. (5.24) we conclude:

/ﬂAvw]go,

whecih implies, along with Eq. (5.23):
172
O 5§—/|w|2—/@w~vv+u/@2. (5.25)

Exploiting the boundedness of VV' and applying Young inequality we can esti-
mate the second integral on the right-hand side of Eq. (5.25) finding:

J— € . 1 [
‘/vw.vv‘ < VV | Lo (00 {2/|W|2 + 25/@2} , (5.26)

with e = 2/[|VV||p(q,). By collecting Egs. (5.16), (5.21), (5.25) and (5.26)
we obtain:

o0 [ 507 < |51V Eaian + 2] [o07  tepT,

/17(0)2 =0,

so from Gronwall’s lemma we conclude that o = (g — m)_ = 0 and then the
lower bound for ng in (5.15¢) has been proved.

Now we exploit the full regularity of nr in (5.12) in order to show that ng
has the regularity stated in (5.15a).
Since Eq. (5.12) holds, from standard results about the theory of traces in
Sobolev spaces (see e.g. [12]), a function Np : Qr — R exists with the properties:

Nr, Ny €L*([0,T], H*(R2)), 0%Nr € L*(Qr),

(5.27)
Nr =nr on 00 x [0,T7];
note in particular that, since Ny, 9;Nr € L?([0,T], H?(2)), then:
Nr € C([0,T], H*(Q)) . (5.28)
We define n = ng — Nr which is the solution of:
at’fl :le(V’fl + flVV) + f on QT 5
=— 9, Nr + div(VNr + NpVV) |
f == 0l + dv(VT + NeVY) (5.29)
n =0 on 90 x [0,7T],
n(x,0) =ngr(xz) — Nr(z,0) r €.
Let us rewrite f exploiting eq. (5.1):
=—0;Nr + ANr + VNr - VV + N AV
f ¢ N r r r (5.30)

=~ 0;Nr + ANy + VNr - VV — A2 (no — C)Nr;
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from egs. (5.19), (5.20), (5.27), (5.28), (5.30) we can easily deduce that f €
L?(Q7); so from standard results on parabolic PDE theory we obtain that:

dino, On € L*(Qr) . (5.31)

Now let us consider the time derivative of f, which can be immediately computed
from eqs. (5.2), (5.30):

0f =— 9% Nr + Ad, Ny + VO,Nr - VV + VN - VO,V

2 s (5.32)
- )‘D Npatno — >‘D (no — C)ath .
From (5.1) we find:
—AA,V = 9ng  in Qr, oV =0 in 99 x [0,T], (5.33)
and so:
oV € L*([0,T], H*(2)). (5.34)

Let us then estimate the term, appearing in (5.32):

T T
/O IV N - VO,V 22 dt < / IV Vel e VOV gy

T
< sup VN |2 / VOV dt;
[O,T] 0

from (5.28) it follows that supjy 7 ||VNF||%4(Q) < 00; moreover, applying (5.11)
with p =4, ¢ = 2 and recalling (5.34) we find:
T T
| IvaViEae de<e [ V0V 190V e at

T
Cc
%/O (Hvatvllizm)+||vatV|\§p(m) dt < o0

so we conclude that:
T
/0 ||VNrp - V@tVHsz(Q) dt < 00. (5.35)

By collecting (5.19), (5.20), (5.27), (5.31), (5.32), (5.34) and (5.35) we can eas-
ily deduce that d;f € L?(Qr); moreover from (5.27) we have ng; — Np(-,0) €
H2(Q) N HY(Q); so from [59, Theorem 1.3.1] the regularity statements on
ng = 1+ Nr finally follows.

5.3 Existence of solution for second problem

Now we are going to study Problem (5.3) considering ny and V as given by
Theorem 3. We will prove the following:
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Theorem 4 Let (ng,V) be the solution to Problem (5.2) according to Theo-
rem 3 and let ii® € HE(Q)? such that:

=0
up 1031

<1; 5.36
z€Q TLOI(ZU) ( )

then Problem (5.3) has a solution i such that:

i€ L*([0,T], Hy(2))° n H'([0,T], HH())*,  sup LLE <1; (5.37)
Qr Mo
furthermore, there exists at most one weak solution satisfying (5.37) and
i € L>=([0,T], WH4(Q))3.

In order to prove Theorem 4, we will first truncate the differential equations
in (5.3) and prove existence of solutions for the truncated problem by applying
Leray-Schauder fixed-point theorem; then we will find an L°° bound for the
solution of the truncated problem which will imply that this latter is also a
solution of (5.3).

For the sake of brevity we define:

X = L*([0,T], H}(Q) n H*([0,T], H () € L*(Qr) . (5.38)

The compact embedding X cC C([0,T], L?(£2)) follows from Aubin’s lemma.
Let 0 < x < 1 a fixed parameter, ¢, : R = R a continuous nonincreasing
function such that: ¢, (y) =1 for y <1 —x, ¢y (y) =0 for y > 1, and let:

bX[0) = gu (1T ble) VT ER®. (5.39)
Notice in particular that, from egs. (5.3), (5.39) it follows:
X[7]] <A VFeR®. (5.40)
We split the proof of Theorem 4 in several lemmas.

Lemma 2 (Application of the fixed-point theorem) The truncated prob-
lem:

Ot =div JX + FX  in Qrp,
FX =njpmi0cV — 2n; + b[ii/no|Okn; — b} [7/no]V -,
T =(8j0 + b1 /nolnske) Dane + 105V
= 2mjsene + bl /no) (Gjems — djsmi)  (J,5 = 1,2,3),

(5.41)

with bX given by (5.39), has at least one weak solution i € X3.

Proof. In order to define a fixed point operator, let i’ € L?(Q27) and o € [0,1].
We wish to solve the linear problem, which is the weak form of linearized (5.3):

<8tnj , Zj>(H*1(Q),Hé(Q)) + a, (7, Z;t) =0 Ze H&(Q)g' , a.e. t €[0,7],
it = 0)

7
(5.42)



CHAPTER 5. ANALYTICAL RESULTS 85

where, for a.e. t € [0,T], a,(-,-;t) is the bilinear form on Hg ()3 defined by:

w050 — [ { (30 [29] ) o
ﬁ/(t)} (0jkms — 5js”k)}

no(t)
_ / 2 {jjkmkalvu) ~om, +Oab§ {ZO((’?J d,m;
— ob¥ {ZO((?)] 8Sns} vit, 7€ HY(Q)?,

and (-, *)(g-1(q),mi () is the duality product between H=Y(Q) and H}(Q).
Due to the bounds (5.20), (5.40) on VV and bX [’ /ng], we deduce that a con-
stant C' > 0 independent of ¢t and o exists such that:

+n;0,V (t) — 2njsiny + by [
(5.43)

lao (71, 2:t)| < Cllill gy 1Zl gy V.2 € Ho(Q), ae. t€[0,T]; (5.44)

moreover, since 7, is antisymmetric, for arbitrary @ € Hg(£2) we have *:

a (7, ;1) —/{WﬁF + 202 + 0,0,V (),

[ (@)
+ oby |:77/0(t)

o (o[ Z D] =y [20] 00.) ).

All the terms on the right-hand side can be written as a product of n;, Jxny,
and possibly an L* function. Note that the only term in a, (7, 77; t), which does
not have this structure, bin;x0sn9sn;, vanishes because of the antisymmetry
of njke. Therefore, the Holder and Cauchy-Schwarz inequalities yield

:| (5jkns - 5jsnk) asnj (545)

ao (7, 71 t) = Cl”mﬁj{g(g) - 02”5”%2(9) ’ (5.46)

for some positive constants c1, co, independent of ¢, o. Finally, t — a, (7, Z;t)
is measurable in [0,7], for all 77, Z € H}. So from standard results of lin-
ear parabolic equations theory (see e.g. [54, Corollary 23.26]) it follows that
Eq. (5.42) has exactly one solution 7 € X?3; moreover (5.42) is equivalent to the
following operator equation:

Oii(t) + A()7(t) =0 a.e. t€ 0,77,

7(0) =, (5.47)

where A(t) : H(Q) — H~1(Q) is defined by:

(Au, v)(g-1(0),11(0) = alu, v;l) Yu,v € Hy(Q), ae. tel0,T].

Notice that the test functions Z in (5.42) are independent from ¢. However,

2here |Vii|? = 3, , (9smr)?.
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in the subsequent part of this thesis we will often choose time-dependent test
functions in (5.42); this is possible because (5.42) is equivalent to (5.47), and
the operator A(t) in (5.47) extends in a natural way to an operator

A L2([0,T], HX()) — L*([0,T), H~()) defined by:

T
(Au, ) (L2(j0,11,H-1(Q)),L2([0,T), HE () = /0 a(u(t),v(t);t),
for all u,v € L2([0,T], H}(2)). This fact allows us to choose z € L2([0, T, H} (£2))
in (5.42).
We seek now an estimate of ||7Z]| x in terms of ||7i°|| ,2(q), which will be used

later. Using @ € L?([0,T], H}(2)) as a test function in (5.42) and exploiting
(5.46) we get:

1., S . .
§3t||n||L2(Q) = —a(n,n;t) S —cl||n||?qé(m + CQ||n||L2(Q) 5 (548)
so from Gronwall’s Lemma we find:

172 oo (0,77, 2 (00)) < €T N0 L2 () 3 (5.49)

integrating in time (5.48) and exploiting (5.49) we obtain:

T T
_ . /s .
o [ Wl <ea [ Wl + 5 (17 Bage) ~ 17D )
0 0 X (5.50)
< (caTe T 4 5 ) 11
Let us consider again (5.42). Making use of (5.44) we get:
(Ot , 2) (-1 m@) < CllilmollZlme Yz € Hy(Q),
so:
10| ir-1(0) < Clliillaa) — ae t€0,T],
which, together with (5.50), implies:
T 1
01/ 10e7i 151 () < C* (62T6262T + 2) 17°1172 62 - (5.51)
0

From egs. (5.50), (5.51) it follows that a constant D > 0 independent of o exists
such that:
7]l x < D] 2(q - (5.52)

We define now the operator F : [0,1] x L?(Qr) — L?(Q7) such that: for all
(o,7') € [0,1] x L}(Qr), @ = F(o,7') € X3 is the solution of eq. (5.42). We
note that F(0,7') = 0.

From the compact embedding X cC C([0,77], L*(Q)) and (5.52) it follows that

F' is compact. Let us show that F' is also continuous.

Let (ﬁ/(k))keN C L?(Qr) a sequence converging in L*(Qr) to a function 7’ €
L?(Q7), and (™)) en C [0, 1] asequence converging to o. Let i) = F(i7'®) (k) €
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X3 and bk = px [ﬁ’(k)/no] for all £ € N . The following relations hold for all
keN:

<3tn§k) ) Zj>(H*1(Q),H§(Q)) = */35%‘{ (5jl + ab’r"knjrz) 5snl(k)

+ ng.k)@sv - 2njsm( ) 4 obX* (5 ) — jan) }

+ /zj{njrlngk)alv - 2n§k) + sz."k(?sng-k) (5.53)

- Ub;"kasngk)} VZ e 02(Q)?,
ik (t = 0) = 7°
Since X is relatively compact in L?(Q7) and F is compact, it follows that, up
to a subsequence:
i® =i in L2(Qp),
7 i in X3,
") 8, in HH(Q),

T a.e. in ;

(5.54)

from Lebesgue’s dominated convergence theorem and bound (5.40) follows that:

—1(k) =/
bX [”n } — bX {:] in L2(Qr) (s =1,2,3);
0 0

so in the limit £ — oo from (5.53) follows:

<5tng s Zj>(H HQ),HE () /5’ Zg{ < il +0b [ } Uﬂcl) Osny

+ 10,V — 2n;5m + ob) [ } (8115 — 05m) }
1o
=/
+/Zj{77jklnkalv —2nj + obf {n] Osn; (5.55)
no
ﬁ/
- szc |::| asns} VZ e CEO(Q)?”
no

it =0) = i";

)

by a density argument we conclude that 7 = F(7’, o), which proves the conti-
nuity.
Let now assume that 7 is a fixed point of F (-, o) for all o € [0, 1]:

F(i,o) =1 o €0,1]; (5.56)

from eq. (5.52) follows that a constant K > 0 independent from o exists such
that:

lillz2 ) < K Vo e0,1]. (5.57)
Finally, F(7’,0) is easily shown to be independent from 7’ € L?(Qr) since all
the terms in (5.42) containing 7’ disappear when o = 0.
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So we can apply Leray-Schauder fixed point theorem [54] and find that the
operator F(-,1) : L?(Q7) — L?(Qr) has a fixed point 7 € L?*(Q7), that is,
fi € X3 and satisfies:

<5tn] s Z]>(H 1(Q),HE () /8 ZJ{ < 5l JrO’b |: :| 7]]kl> dsny

+ 10,V — 2n;9my + obf [ 0} (0jkms — 0j5nk) }
=/
+ / zj{njkmkaﬂf —2n; + ob} {:] s (5.58)
0
[ > 1/0)3
- ob] - Osns VZ e Hy(2)°,
it =0) = i°;
which means that 7 € X2 is a weak solution of Problem (5.41).
O

Lemma 3 (L* bound for @) The solution i of the truncated problem (5.41)
belongs to L>(Q7)3.

Proof. Now we will prove that the solution 7 of (5.58) is bounded in Q7. To
this purpose, we define the function:

= /11 A2 ; (5.59)

clearly we have: ¢ € H(2), 0,0 € H~1(Q). Let us scalarly multiply (5.41)
by 7i/y/1+ |7i|? € H}(Q); exploiting the antisymmetry of the tensor n;xs, we
obtain (in the sense of distributions):

1/)({9151/) Oyl = njﬁ <5jl + b |:n :| 77]kl> Osny + njasV
0

—

n
- 277jslnl + b;g |:7’L0:| (5jkns — 5jsnk)]

+’/lj

NiknkOV — 2n; + b {TZ)] Osnj — b;? {:J asns]
(5.60)

n 1.,
=0, [8 i | + |7 | osV Z(ajnk)Q + §V|n|2 -VV

Jik

+ 21 - ﬁ AT+ b?g |:TZ):| (5jk’fls - (5jsnk.) 85)1;|
. 7 )
— 2|7[% + n;bX [no} dsnj — n;bY {no} OsMis ;

since from the definition of by (see Eq. (5. 3)) it follows that b[7] is parallel to
¥ for all 7 € R3, then the terms containing bX in eq. (5.60) cancel out and we



CHAPTER 5. ANALYTICAL RESULTS 89

obtain:
App = % (A(|7?) + 2div(|A[2VV) — VV - V7> — 297]) , (5.61)
where ¢ is defined by:
G =Y (05u)” + 20 curl T+ 27> Vi€ H'(Q)*. (5.62)
7.k

Let us find some relations that will be helpful for our argument. We have:

v

Ay =0; (q/) 0; ns> =t [aj(nsajns) ng0jns—— m

o [a (M) - our] .

1 =12y 1 2,
@A(In\ ) = Ay + J\Vd)l ; (5.64)

(5.63)

and so:

moreover it is immediate to see that:

2 . .
2wvv VA2 = VV - Vi (5.65)

=

finally exploiting eq. (5.65) we obtain:
Vil

div (YVV) =V - VV + AV = VV + YAV

|7 [?
29
2+ |7i|?

:idiv(hﬂzVV) AV + YAV

AV
2y P (5.66)
n
—AV + LAV — 7d1 RAvATS
50 5% (|7 )

1

(G

1 V|72
ZAV — :

” V 2% \4%
v

1 ~12
ﬂdlv(|n| VV) +

1
:Ediv (|7PVV) +

1
:idiv (|7PVV) +

1 1
= v (IAPVV) + —AV — Vi - VV,

and so: . 1
Ediv(|ﬁ|QVV) =div(pVV)+ VV - V¢ — JAV; (5.67)
so from eqs. (5.61), (5.64), (5.65), (5.67) we deduce:
Do = A + div(pVV) — AV — (@[] — [VP2) (5.68)

in order to estimate the term 27 - curl ¥ contained into ¥[fi] let us consider the
expression (7 :  — R3 arbitrarily smooth):

lcurl 9% =n;,0;0% MistOsvi = (850Kt — 0;10ks) Ojvk Dsvy
:8-vk (8"Uk 8kv]) 8kv] (8 Ve — 8kvj)

,Z@vk_akvj <Z [(95vr)% + (0kv7)?]

(5.69)
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so we have proven the following inequality:

|curl 7] < 22 (B0)° ; (5.70)
jok

then, exploiting (5.70) and applying Young inequality, from eq. (5.62) we obtain:

G > (95u)” — 2|d]|curl 7] + 2|7

7,k
I .
> (9500)” — o] - ~ lcurl ol + 2|7 (5.71)
ik
2
>(1-= Ojuk)” + (2 — )|t
> (1-2) S+ -l

Jik

with a > 0 arbitrary; so, for all 7 : @ — R3 smooth enough, the following
estimate holds:

G[v] > sup (1 - i) Z(ijk)Q +(2—-a)d?| >0; (5.72)

a>0 ik

moreover from eq. (5.59) it follows:

jo ()] Zw [0 — i)

_Z(‘?nk —Qan in kaj¢+| ‘ |V¢|2

. (5.73)
7l
= Z (9;n1)° (wQ —2] [Vy|?
—§jank (147 Vel
so from egs. (5.62), (5.72), (5.73) we deduce:
[V[?
v¢2_¢2%[ ] >0. 5.74
Now we are going to exploit eqs. (5.68), (5.74) and the boundedness of AV, VV
to prove, with the Stampacchia truncations method (see e.g. [12] for details),
that:
=142 € L*=(Qr), (5.75)
and so 7 € L>(Qr)3.
Let: B -
M =sup+/1+ |72, p=—(1+M "sup|AV],
Q Qr (5.76)

p=etty,  U=(p— M),
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Notice that ¥ € H}(Q) from Lemma 1.
From eq. (5.68) we immediately find the following equation for :

Op = Ap + div(pVV) — e~ LAV — ey~ Y (G i) — [V|?) + b . (5.77)

By multiplying eq. (5.77) by ¥ and integrating over 2 we find:
U2 9 ~
Oy 5 =" VU] — | VU - VV + M | TAV

—/\I!e”tz/)_lAV—/\I/e“tw_l(%[ﬁ] — |Vy[?) (5.78)

—M/‘llz—i-uM/W;

but recalling the inequality (5.74) eq. (5.78) implies:

2
o, %g—/wqxﬁ—/\wm-vv—/qf?
(5.79)

+/\IJ [MAV—e#t¢’1AV+,uM} ;

the last integral in eq. (5.79) is nonpositive because of eq. (5.76); so applying
Young inequality we find:

at/\p? g—/|v\11|2+ <sup|VV| —2) /qﬂ; (5.80)
Qr

finally, recalling that ¥(¢ = 0) = 0, from eq. (5.80) and Gronwall’s lemma we

conclude:
Jwr= [z = [ - =0

and so ¢ = /1 + [7i]2 < Me~", which implies that 7 € L>(Qr)>.

O

Lemma 4 (L* bound for |7i|/ng) A number ¢ = &(T) independent from x
exists such that:
il <(1—=¢eno  (2,1) € Qr; (5.81)

in particular, we can choose x < e so that bX[ii/ng] = b7 /ng], implying that the
solution 7 of the truncated problem (5.41) satisfies (5.3).

Proof. Let us define
7l
n% ’

u=1- (5.82)

from the fact that 7 € (X®N L""(QT))3 follows that u € HY(Q), dyu € H=1(Q);
we will show that infg, u > 0.
From egs. (5.59), (5.61) we deduce:

i - it = Yo = A(JiI|?) + 2div(|7A|*°VV) — VV - V|id|? — 29[ii];  (5.83)
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so from egs. (5.3), (5.82), (5.83) it follows:

2
8tu:—72ﬁatﬁ+7

0
== {A %) + 2div(|A[*VV) = VV - V|i|* — 2¢[i1] }

2|n|2

{Ang + div (ngVV)} .

Let us consider the terms containing the potential:

2 =2
f—dlv(\nFVV)Jr —VV - V|l + :’;J div (ngVV)
0 0

_ {v( )+ TE0 L 2o, | ov
_{V( APV ( )] VYV = Vu- YV,

moreover from eq. (5.62) it follows:

2

—

R 2 ~ .
7 n s 7

G| —| = o0; | — +2—.curl — +2|—
[no] Z { ! (noﬂ no L)

n
J,k 0

9.
= [ ik _ ng@jno} +ng 2 (Zﬁ-curl ﬁ—|—2|ﬁ|2>
a 0 ng
:ngzg[ i) — 2ng nka ink 0jng + n04|n\ |Vnol?;
so from eqs. (5.84)—(5.86) we deduce:
Owu =Vu -VV + 29 [n] + 4na3nk6jnk djno
no
_ A(laf) | 2(A?
4)=2 2 )
— 2n0 |7’l| |V'I’L0‘ - T + FAno,
but it holds:

\V4 =2
Vlogno - Vu :”O-v<1—|”|2)

no ngy
_ 8jn0 anajnk . 2|ﬁ|26
T n2 na Zino
0 0 0
2|ﬁ‘2 2 2nk3jnk 3]'710
=" ‘VTL0| - 3 ;
ng N

so we can rewrite eq. (5.87) exploiting eq. (5.88):

0w =V (2logng + V) - VquQ%{ :|+C€

A(|7|? 2|72
() , 2l
g L)

€ =8ng *nypdjny, jng — 6ng 2|12 | Vne|? —

ATLO

92

(5.84)

(5.85)

(5.86)

(5.87)

(5.88)

(5.89)
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Now we find show that ¥ = Auw, in fact:

|2 A(|7|? . _ o _
su=-a () = -2BD vy v - P AGs?)
0

A =2
=— % + 8ng *nidjny Ojno — |i*div (—2ng *Vny)
0
A(|7]? _ . _ _
= (T|L(2)| ) + 8ng *nidjny Ojno + 2|7|* (—=3ng *|Vno|* + ng® Ang)
(5.90)
so from egs. (5.89), (5.90) we conclude:
Owu = Au+ V(2logng + V) - Vu + 29[ii/ng] . (5.91)
We are going to prove the lower bound for u by means of the Stampacchia
truncations method (see e.g. [12] for details). Let:
m= min{ inf w, inf u} , U=(u—m)_. (5.92)
o001x (0,7 Qx{0}

Notice that U € L?([0,T], Hi(2)) from Lemma 1. if we use U as a test function
in the weak formulation of (5.91), after an integration by parts we find:

2
0, % = 7/|VU|2 +/UV(zlogn0+V)~VU+2/Ug[ﬁ/no]; (5.93)

let us estimate the term:
-1
’/ UV log o - VU’ < <iélfn0) / \U||Vnol| VU (5.94)
T
applying the Young and Cauchy-Schwartz inequalities with an arbitrary ¢ > 0:
1
[1wivmiivul <5 [ WPk + 5 [ 1vur

1 €
<51 9nalltae U1y + 5 [ 1901

(5.95)

applying Gagliardo-Nirenberg (5.11) and Young inequalities we deduce:
c _
U110y < ellUllzz@ U1l < 5 (721012 + 21Uy ) 5 (5.96)
from the regularity properties of ng we find:

[[VnollLa) < c[sup] [[n0||m2(0) < 00; (5.97)
0T

)

so from (5.94)—(5.97) and Poincaré inequality we conclude:

'/UVlogno.VU‘ < k(e)/|U|2+elZ:/\VU\2, (5.98)
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for some positive constants k(e), I%, with k independent from e.
So we rewrite eq. (5.98) exploiting eqs. (5.72), (5.93):

o [V < /|VU|2+— su \VV|2/ 5/|VU|2
t] o % oo 2

Qx[0,7]
+k(s)/U2+sé/|VU|2;

if e < (k+1/2)"" then:

2 2
at/% < /U (5.100)

so, since U(t = 0) = 0 in  from eq. (5.36), we conclude from Gronwall’s lemma
that U = (u—m)_ =0 in Q x [0, 7] and so u > m, which means |7i| < Cng in
Qp for some constant 0 < C' < 1 which is clearly independent from x.

(5.99)

1
k(e)+ — sup |[VV|?
2e Qx[0,T]

O

Lemma 5 (Uniqueness of solutions) If @, ¥ are solutions of (5.3) satisfy-
ing (5.37) and @, v € L>=([0,T], W+4(Q))3, then @ = ¥ a.e. on Q.

Proof. Let @ = @ — ¢. Taking the difference of the equations satisfied by @
and ¥, respectively, and employing @ € L?([0,T], H}(2)) as a test function, we
find that:

T /| W) + / V|| < /{ — W;Okw;OkV 4 2njkeweOpw;
— (bx[a] — bk [0]) (MjkeDsue + djrus — Gjsur)Dsw; — be[T](djkws — djswr)Dswy }
+ / {00V = 20y + (6. [7) = b [7) 0oy + bu 100
— [(b;[a] — b;[0])Osus + b;[0]dsws|w; } -
Thanks to the L* bounds on VV, 4, and ¥, we can estimate as follows:
5 5 [ V0P < = [19aP +c [ ot 1va) + |9l @2 + |val o) (va)

1 o L, . -
<=5 [ IVl + clVlsan 0+ [V Tlsan) [ 107,

where ¢ > 0 is some generic constant.
Let us estimate now the following integral by exploiting the W4 regularity for

1 €
< 21,2, € 2
[1valwlivel < [ 1vulp+ 5 [1vul

1 9
<— Vul|? ; 7/ vl
<5 [FO?Z% || U|L4(Q)‘| ||w||L4(Q) + 2 | ’LU|

—

u:

K 5
<tz @llwlln @ + 5 / Vu?

_4 2/|w|2+5K’/\Vw\2
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with € > 0 arbitrary constant and K, K’ > 0 suitable constants independent
from e. So, choosing € > 0 small enough, we obtain:

%/\wﬁgK"/m?, Wt =0)=i(t=0)—(t=0)=0),

for K" > 0 suitable constant. By applying Gronwall’s inequality we conclude
that @ = 0 a.e. on Q.

The proof of Theorem 4 is now concluded.
In the next section we shall prove an entropy dissipation relation for model

QSDE1 (5.2), (5.3).

5.4 Entropicity of the system

Let (ng,7, V) be a solution to eqs. (5.2), (5.3) according to Theorems 3 and 4.
We assume boundary data of global thermal equilibrium for the charge density
ng and vanishing spin vector 7, i.e.

np=e Y V=U #7=0 ondQ, (5.101)

where U = U(z) is time-independent. We remark that the first equation in
(5.101) makes sense because we are working with dimensionless variables. In
this subsection, we will show that the macroscopic entropy

() = [ (0 -+ 1) (1ogrno + 1) = 1)+ (0 — [ (tog(mo — ) ~ 1

2
+ (ng — C(2))V — >\2D|VV|2> dz

(5.102)
is nonincreasing in time. Note that ng < |7i| by Theorem 3 and then log(ng—|7|)
is well defined.

The functional S(t) can be derived as follows. Inserting the thermal equilib-
rium distribution g[ng, 7] in the quantum entropy A[w| defined by eq. (2.3) and
taking into account the electric energy contribution, it follows that the total
macroscopic free energy reads as

2
S(t) = Alg[no, ]| — /Q (cmv + A2D|vv2) da.

Then the semiclassical expansion of g[ng, 7 yields the above formula for S(t) =
S(t) + O(e).
In fact, from egs. (2.3), (4.61) we find immediately:

glno, @ —tr// no, N Aao—E'E—I) dxdp

= —/ ((A +1)ng+ B- fi) dx . (o109
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Notice that from egs. (5.2), (5.101) it follows that | dyngdz = 0, so the total
charge f ng dx is constant in time; since we are interested in an estimate for
9,8, we can neglect terms proportional to [ ngdz in the expression for S.
From egs. (4.71) we obtain:

—A = —log(27) + log \/n? — |ii|2 + O(€?),

i no + |7
— log

(5.104)

_é = +O(62) )

|_“

no — |ﬁ|

so eq. (5.103) becomes:

B - + ||
_ 1 2 _ |32 1 0 2y, (5.105
Alg[no, 7] /(no og\/ng — i[> + |7i] log - ﬁ|> +0(€);  (5.105)

then we conclude that the total macroscopic free energy S can be approximated

up to O(€?) terms by the entropy S.

Proposition 15 The entropy dissipation dS/dt can be written as:

ds 1 " =
@2 / (no + [} [V (log(no + [7]) + V)|
1

~ 5 [0 ) Voo )+ VI (5.106)

2
1 . ng + |ﬁ| n

— 5 | |7illog — 19 | =] <0,
2 no — || 7]

with & given by (5.62).

Proof. In order to compute the time derivative of S, let us first consider the
function inside the first integral in (5.102). Putting:

p=5 3 (no -+ Cil) lom(ng + Clal) 1+ V] ; (5.107)
(==

from elementary computations follows:

O¢p =p10sno + P2 - G4t

- . i no + |7 (5.108)
p1 =logy/nd — i[> +V, p2 = 7= log |q| ;

7] no — |7
from the regularity results contained in Theorems 3, 4 we can easily prove that

p1 € L2(Q7), p2 € L([0,T], H}(Q)), so we can exchange integration and time
derivation and write:

is P 1 no 1Al oo
E_/ [(logW+V) (9mo+|ﬁ|10g\/;n o (5.109)

2
+/noatvfat/ (C’VJr)\QDVVF) ,
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where the second term in the ﬁrst integral of eq. (5.109) makes sense since
of € L2([0,T), H~(2))* and & log/2HE € L2([0,T), H}($))*. from (5.1),

no—|i

(5.101) (in particular from the fact that 0;V vanishes in 9Q) we find:

)\2
/noatv = /(C —ALAV),V = 0, / (CV + 2D|VV|2> : (5.110)
moreover from (5.3) we deduce:
n-om=A 5 +div (|7]*VV) = V 5 -VV —9[ii]; (5.111)

so from (5.2), (5.109), (5.110), (5.111) we find:

s
s /{ (log\/n% |72]2 V) div(Vng +noVV)

1 2
+Wlog szlz [ <|n| )+d1v (|7]*VV) (5.112)
2
v (1) vy - |

from (5.112) follows integrating by parts:

dsS -
o :—/{V <log\/7m+ ) (Vng +noVV)
1 =
|7] no — |7

5.113)

| —|
_—
m\ﬂ
[\
N———
+
=
[\
4
<
—

> 212
+ L jog Mot 1 {v |”) VV+%[ﬁ]} }
7] o — |7l 2
and so:
ds 5
i V|logy/néd — |72+ V) (Vng+noVV)

(5.114)

[ () v}

from a computation very similar to the one shown in eq. (5.86) we obtain:

M 172G 7] — 207 P dymi 0,17 + |71V 2
7|29 — |7~ V|7] (5.115)

a2t + 9 () v('“')
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which leads to:

o ] 5 (2) [r () ]

|
+ % [v (";'2) -VV+€€[ﬁ]} :

so rearranging the terms in the first integral in (5.114) and applying (5.116) in

(5.116)

the second one, we find:

T =3 {Ttostmo 4 1) + V) (T + ) + oo + )TV
+ 9 logna ~ 1) + V) (Vo — 1) + (o~ 1)V} 51)

- e g 2]
no — |7~ L[]

We observe that the expression

o o )
il log (”0 - 'ﬁ') g M S T ( - "1'/"0) iy m
no — |7 |7 no |7t /no 1 — 7| /no |

is integrable because info,. ng > 0, supg,, |7|/n¢ < 1, the map

1 1
(0,1 —¢) = R, xl—>log< —|—x>
T 1—x

is bounded for all € > 0 and |77|*¢[7i/|7i|] € L'(Qr) (see egs. (5.62), (5.115)).
Since

V(no £ |7i]) + (no £ |7A])VV = (ng £ |7])V (log(no + |7i]) + V),

from eq. (5.117) we immediately obtain eq. (5.106).

5.5 Long-time decay of the solutions

Let (no,7, V) be a solution to (5.2), (5.3), according to Theorems 3 and 4. We
will show that, under suitable assumptions on the electric potential, the spin
vector converges to zero as t — oo.
We start by proving the following:

Lemma 6 Let ¥ given by eq. (5.62). A constant Ko > 0 exists, depending only
on ), such that:

/%[a‘] > ’ng/|ﬁ|2, Vii € HY(Q)3. (5.118)
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Proof. Let > 0, and let B, (@, ) the following bilinear form on H{ (2)3:
B, (i, 7) = / > Ojup Ojvg + @i - curl T+ 7 cwrl @+ (2+ p)ii- 7| . (5.119)
jik

We point out that from egs. (5.62), (5.119) follows:
B, (i, %) :/%[ﬂ’] +u/ |i|?de Vi€ Hy()3. (5.120)
Q Q

The bilinear form B is symmetric, continuous, and coercive on H}(Q2)3; in fact,
exploiting eq. (5.71) with & = 2+ p, eq. (5.120) and the Poincaré inequality:

B, (4, w) > /Q (1 - Z) Z(ajuk)z + /9(2 — )i + “/Q i) 2dx

J.k

2 2
= 1—— (Ojur)?® > ¢ (1 — > ||| % .
L(-525) e

Hence by the Lax-Milgram lemma for all f € L?(Q)? there exist a unique
solution @ € HE(Q) to:

(5.121)

B(a’,ﬁ):/ﬁﬁ Vi e HE (Q)?. (5.122)

This defines a linear operator T, : L?(2)% — L?*(Q)3, 7;(]?) = 4. Moreover,
T.(L*(2)3) C Hg(Q)?, T, is compact (since B is coercive and the embed-
ding H}(Q) C LQ(Q) is compact) symmetric (since B is symmetric), and pos-
itive, that is: ff f) > 0 for all f € L2(Q) (since B is coercive). By the
Hilbert-Schmidt theorem for symmetric compact operators (see, e.g., [44, The-
orem VI.16]), there exists a complete orthonormal system (@*)) of L?(Q) of
eigenfunctions of the operator 7,:

To(@®)y = na@™ 0 < A\ 0, / i - qd®) =65 Vi keN. (5.123)

Note that, since 7,,(L?(Q)%) € H}(Q)?, (#F)reny C HE(Q)3.
From (5.122), (5.123) it follows:

B, (@™, 5) =\t /a“ﬂ ¥ VkeN, Vie Hy(Q). (5.124)

We want to prove that )\fl > p. Let us suppose )\fl < u; then from egs. (5.119),
(5.120), (5.124) we deduce:

/ 91@D) = B, (@, aV) / V2 = / @2 <0,
Q
and so, since 4[] > 0 (see eq. (5.72)), from the definition (5.62) of & we obtain:

G[a™M] Z (8 u,(f1 ) +2aW - curl @ + 21V 2 = 0. (5.125)
jik
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From eq. (5.70), (5.125) it follows:
lcurl @2 4+ 4aW - curl @ + 4laV 2 <o, (5.126)
and so:
lcurl @) 4 2aM|? < 0; (5.127)

moreover, since in eq. (5.127) the equal sign must hold almost everywhere (a.e.),
then it has to hold a.e. also in eq. (5.70); this means that the Young inequality
in eq. (5.69) must hold a.e. with the equal sign and so:

o) =~V (jk=1,2,3); (5.128)
so collecting egs. (5.127), (5.128) we obtain:
curl @V = —2q™M) | 8ju§€1) = —ﬁku;l) (J,k=1,2,3); (5.129)
but since Q@ C R? then from eq. (5.129) it follows:

_2U§1) 262U§,1) - 63119) = —283ugl) =0,
—2u§” =05ul") — dyuf” = 205ui” =0, (5.130)
—2uél) zalug) - 82u§1) =0.

We have concluded that @) = 0 in Q, and this is absurd. Then A7* > p.
Now let @ € H}(Q)> N H?(Q)3. We can write: @ = Y, .y a@®, with the series
converging in L?(Q). By an easy integration by parts we find that:

/ U curl W = / wecurl ¥ VT, W€ Hy(Q); (5.131)
Q Q
so from egs. (5.119), (5.131) we obtain, again integrating by parts:
B (i, @) :/ 7 (AT + 20ur] @4+ (2 + )i}
Q

_ / S i) - {— AT + 2eurl @+ (2 + 1)}
2 jeN

~Y a / 79 {—Ad + 2eur] @ + (2 + 1)@}
jen 7@
4 ' | (5.132)
=Y a, / @ - {—ATY + 2curl @9 + (2 + p)a}
jen 78
= Z ozjozk/ a@® - {—AGY9) + 2curl 79 + (24 p)a}
j,keN @
= Z oo B, (@9 @)y .
j,keN

We point out that (5.132) is not trivial, since B, is countinuous on H{ ()3,
while the series @ = Y.,y ar@® is only convergent in L*(Q)3. Collecting
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egs. (5.132), (5.123), (5.124) we find:

Z ajagA; / i = Zaz)\ / |72

J,keN JEN (5133)
ZAL 1||UH2L2(Q) ;
by a density argument we deduce that eq. (5.133) holds for all @ € HE(Q).
From the fact that A7 > p and eq. (5.120) we conclude that (5.118) holds with
]Cg2:>\1_1—u>0.
O
We are now able to prove the following:

Theorem 5 Let Kq as in (5.118), and let 2 < p < oo arbitrary.
1 A positive constant ¢ = c(p,Q) ewists such that: if supg,. |VV| < ¢ then:

17l ey () < |171] ope™  ¥E>0, (5.134)
for a suitable number k = k(p, 2, supq,. [VV]) > 0.
2 If supg, AV < Kq then:
17|22y () < sl ze@ye ™ V>0, (5.135)
with k' = 2Kq — supg, AV > 0.
3 If supg,, AV <0 then:
172 oo () (1) < ||1] oo e ™t VE>0, (5.136)
with k" = —supq, AV > 0.

Proof. Let us prove the first point. Since p > 2, from the smoothness
properties of 7, ng and the bound (5.37) on 7 it follows that |7i|P~27 € H}(Q).
So integrating the differential equation in (5.3) against the test function p|7|P~27
and recalling eq. (5.111) we find:

=12
o / 7P = (0, pliAlP 7)1 mp) = /p|ﬁ|pQ{A <"2|>

+div(|ﬁ|2vv)v<|nz|2) . }} (5.137)

let us consider first:

[wirza () = - [Eogars-voar)

p(p —2)
(I7)2)P/2=2v ([7)))?

2

—
= [P gapprvgan T Gas)
— [

ple ] V(P

- [ i
b
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now let us compute:

/p|ﬁ|p_2 {div (J7*VV) = v ('7;'2) VV}

—— [{pwarsy ey e () o)

_ —/pvqmp).vv+/§|ﬁ|17*2w|ﬁ|2) YV (5.139)
= [ovqap)-vv + [ v

- [~ vv(ap)-vv;

so from egs. (5.137)—(5.139) we deduce:

4(p —2
o [l =222 [(wjaerp - - 1) [vv- v
~p [ 12

Let us exploit the fact that 4[7] > 0 (see eq. (5.72)):

2)
/| P <— =2 /|V| i|P/2)|? — —1)/VV-V\ﬁ|p; (5.141)

now, since i € H} (9)3, from Poincaré inequality we deduce that a constant
C > 0 exists such that:

(5.140)

/mech/mw (5.142)

moreover from Cauchy-Schwartz and Young inequalities we get:

‘/vv Vi

so from (5.142), (5.143) we conclude, choosing o > 0 small enough:

8t/|ﬁ|p < (k1 sup |[VV]? — kz) /|ﬁ\p, (5.144)
Qr

with ki1, ko > 0 suitable constants, depending only on 2, p. So by applying
Gronwall’s Lemma the estimate (5.134) is proved.

Now let us prove the second point. Writing (5.140) for p = 2, integrating by
parts and using (5.118) we find:

/\n|2 <SupAV/|n|2 72/% < (supAVQlCQ) /|ﬁ|2, (5.145)

which immediately implies (5.135).

1
< —sup|VV|2/\ﬁ|p+a/\V\ﬁ|p/2|2, Va>0; (5.143)
[0 Qr



CHAPTER 5. ANALYTICAL RESULTS 103

Finally let us prove the third point. From (5.141) we easily deduce, by an
integration by parts:

o [1aP < - vswav [,
Qr
and so
171l oy () < TPz AV 1511 L 6)(0) VE > 0; (5.146)
passing to the limit p — oo in (5.146) yields (5.136).
O

We observe that it is not possible to prove eq. (5.134) for p = 2 with the
strategy followed in Theorem 5. In fact, the first integral on the right-hand side
of (5.141) vanishes in this case, so we cannot control the term [ VV - V|7i|? in
(5.141), unless we integrate it by parts and we bound it with the supg,  AV.
We also point out that (5.136) holds even if supg,, AV is nonnegative (it can be
easily seen from the proof of the third point of Theorem 5); it is clear, however,
that (5.136) is not trivial only if supg, AV < 0, since 7 is bounded.



Chapter 6

Numerical simulations

6.1 Introduction

In this chapter we present some numerical results related to some of the models
derived in part 1. More precisely, we solved the spinorial diffusive model without
pseudomagnetic field QSDE1, and the spinorial diffusive model with pseudo
magnetic field QSDE2, both coupled with the Poisson equation, in one space

dimension.
Recall model QSDEL1:

Ogno =div (Vng +noVYV) (z,t) € Qp,
atnj :35st+Fj (]:1,2,3) (.’ﬂ,t) € Qrp,
AV =23(C — no) (x,t) € Qrp,

Fj ankgnkagv — 2nj + by, [ﬁ/no]aknj — bj [ﬁ/no]ﬁ -1,
Jjs =(5jg + by [T_L'/no}njkg)asnz +n;0V

- 277]’52”2 + bk [ﬁ/nO](éﬂcns - 5jsnk) (.73 s = ]-a 2; 3) y
L g ol ) B
bV :)\T - -~ p—y Vo eR 5
) =A ( Tog(1 7 [6) — log(1 — )

and model QSDE2:

Oyng =0, Mo (z,t) € Qr,
Oy =0, Mj1 + njks(Mys + ngws)

7
+ 0, {bk {no} (Njk10zny + djpn1 — 5j1nk)}

oy [”} Dun; — b; [”} Doy (j=1,2,3)  (a,t) € O,
no no

AV =)52(C — ny) (z,t) € Qp,

104

(6.1)

(6.2)
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Mos =¢~{(sn0 + 1005V) — Cwr (snk + 105V + mpasmu )}
My =¢~*{—(w;(dsn0 + 105 V)
+ [wjwr + ¢k — wjwr)](Osnk + nk0sV + Mkismu) }
¢ = V 1- 42 )
with b[7] given again by (6.2). In egs. (6.1)—(6.4) 8, = 8, is the partial derivative
with respect to the position x, 9, =0, Qpr = Q x [0,T], and Q = (0,1) (remem-
ber that we are working with scaled dimensionless variables). Remember that
the spinorial diffusive model without pseudomagnetic field QSDE1L (6.1), (6.2)
can be regarded as a particular case of the spinorial diffusive model with pseu-
domagnetic field QSDE2 (6.3), (6.4), and can obviously be obtained by putting
¢=0,&=0in (6.3), (6.4).
We have discretized egs. (6.1), (6.3) in space with the Crank-Nicolson finite-
difference scheme (see e.g. [13] for details), obtaining a set of ODE which have

(6.4)

been solved by means of the Matlab routine ode23s. More precisely, we have
discretized the first and second derivative operators by means of centered finite
differences: for arbitrary smooth functions u = u(z), v = v(z),

Uit1 — Ui—1 .
~N—— 1<i<N-1
(awu)‘xmci 2Ax == ’
1
(O (udyv))) _ Ao [tiva (vie = vi) + wi(vigs = 205 +vi1) (6.5)
— 1 (v; — vi—1)] 1<i<N-1,

where the points {x;, 4 = 0... N} are the nodes of the uniformely spaced dis-
cretization grid, Ax = z;41 — x; and u; = u(z;) for 1 < i < N — 1. We point
out that, if u, v are smooth enough, the approximations in (6.5) are accurate
up to O(Az?), as Az — 0.

We simulated a ballistic diode to which a certain bias is applied: we chose
initial and boundary conditions corresponding to a state of global equilibrium
with zero applied voltage and zero spin, and we observed the evolution of the
system towards a new equilibrium due to the applied potential.

6.2 Numerical results for the models QSDE1,
QSDE2.

In this section we present some numerical results related to the models QSDE1
(6.3), (6.4) and QSDE2 (6.3), (6.4). We choose the boundary conditions:

ng=C, 7=0, V=U ond={0,1}, t>0, (6.6)

where U(z) = Vax and V4 = 80 is the scaled applied potential, and the initial
conditions
no(x,0) = exp(~Veg(2)),  ii(x,0) = 0, (6.7)

where V4 is the equilibrium potential, defined by
Ap0pVeq = exp(—Veq) = Cla) inQ,  Veg(0) = Veg(1) = 0.
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We choose A2, = 1073. The doping profile corresponds to that of a ballistic
diode:
C(z) =Chpin forz<z<l-—%, C(x)=1 otherwise,

where Chi, = 0.025 and Z = 0.2. The pseudo-spin polarization and the direction
of the local magnetization in the model QSDE2 (6.3), (6.4) are chosen as follows:

(=05 &@=(0,0,1)".

Table 6.1 shows the values of the units which allows for the computation of
the physical values from the scaled ones.

space unit 107" m
time unit 0.5x 107135
voltage unit 1.25 x 1072V

charge density unit | 10'"m™2

current density unit | 2 x 1023 m~"! 7!

Table 6.1: Units used for the numerical simulations.

Models QSDE1 (6.1), (6.2) and QSDE2 (6.3), (6.4), with the correspond-
ing initial and boundary conditions (6.6)-(6.7) are discretized with the Crank-
Nicolson finite-difference scheme and the space step Az = 1072 (see eq. (6.5)).
The resulting nonlinear discrete ODE system is solved by using the Matlab
routine ode23s.!

Since the initial spin vector is assumed to vanish, the charge density ny,
computed from the model QSDEI, corresponds exactly to the charge density
of the standard drift-diffusion model, and the spin vector vanishes at all times.
The situation is different in the model QSDE2 since the equations are fully
coupled. For the model QSDE2, Figure 6.1 shows the charge density ny and the
components n; of the spin vector versus position at various times. The solution
at t = 1 corresponds to the steady state. We observe a charge built-up of ng
in the low-doped region of the diode (i.e. where C = C;,). The spin vector
components vary only slightly in this region but their gradients are significant
in the high-doped regions close to the contacts. Clearly, the components n; do
not need to be positive and, in fact, they even do not have a definite sign.

The presence of the pseudomagnetic field affects slightly the charge density
evolution. Figure 6.2 shows a comparison between the charge density profiles
for the models QSDE1, QSDE2 at (scaled) time ¢ = 0.05, when the relative
difference between the two profiles is maximized.

The models QSDE1 and QSDE2 are well defined only if |7i|/no < 1. We
plot this ratio in Figure 6.3 at various times for the model QSDE2. In all the
presented cases, the quotient stays below one. This indicates that by[i/ng] is
well defined also in this model.

We have shown in Theorem 5 that the spin vector of the model QSDE1
converges to zero if the electric potential satisfies certain conditions. In Figure

1 The routine ode23s solves a system of stiff ODE with a low order method.



CHAPTER 6. NUMERICAL SIMULATIONS 107

Charge density X107 Spin vector, component 1
5,
0
o I
c i , -7 s _
o —t=0
| ! t=7e-4
\\ // -—t=1
-10— : : : :
0 0.2 0.4 0.6 0.8
X
Spin vector, component 3
0.3r
l —1t=0
-0.05f R / 0.2 t=7e-4
‘y // N / 01 S~ - t= 1
& -0.1h /' =0 = l/ \\\;¥77777 -
| ; = 0 -
[ t=7e-4
0151 - t=1 -0.1
v/
-02— : : : : ‘ -0.2 : : : :
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
X X

Figure 6.1: Model QSDE2: Charge density and components of the spin vector
versus position at times t =0, ¢t =7-10"%, and ¢t = 1.

6.4, the relative difference ||ng(t) — no(co)ll2/||no(c0)||2 versus time is depicted
(semilogarithmic plot), where ng(co) denotes the steady-state particle density
of model QSDE1 or QSDE2, respectively. The norm | - || is the discretized
L? norm, which means, the Euclidean norm on RY where N is the number of
points in the space grid. The stationary solution is approximated by ng(t*) with
t* = 1, because we have observed numerically that at ¢ = ¢t* = 1 the solution
almost perfectly steady. Whereas the decay of the solution to the model QSDE1
is numerically of exponential type (in agreement with the theoretical results),
the decay for the model QSDE2 seems to be exponential only for small times.

In the final Figure 6.5, we present the current-voltage characteristics for the
models QSDE1 and QSDE2, i.e. the relation between Jy at z = 1 and the applied
bias V4. The characteristics of model QSDE1 correspond to the current-voltage
curve of the standard drift-diffusion model coupled with the Poisson equation.
We observe that the additional terms in the definition of Jy lead to an increase
of the particle current density.
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Charge density for models QSDE1, QSDE2 at time t=0.05 versus position.
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Figure 6.2: Charge density for models QSDE1 and QSDE2 versus position at

0.1

Figure 6.3: Model QSDE2: Ratio |77|/ng versus position at various times.
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Figure 6.4: Relative difference ||ng(t) — no(c0)||/||no(t)|| versus time (semiloga-
rithmic plot) for the models QSDEL1 (solid line) and QSDE2 (dashed line).
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Chapter 7

Conclusions

The subject of our PhD thesis was the description of quantum transport of
electrons in graphene by means of fluid models.

After a short introduction, where we presented the carbon-based semicon-
ductor material known as graphene and its main electronic properties, we pre-
sented a kinetic model, that is, the collisional Wigner equation (1.33), as the
starting point of the derivation of fluid models; several scalings have been applied
to the Wigner equations in order to derive models of different kind (diffusive or
hydrodynamic).

We defined the quantum equilibrium distribution by means of the quantum
minimum entropy principle, i.e. as a minimizer of a suitable quantum entropy
functional under the constraints of given fluid-dynamic moments; we computed
then a semiclassical expansion of the quantum exponential in the spinorial case,
which has been exploited in the subsequent part of this thesis in order to derive
explicit fluid models.

We derived two classes of models: two-band models, which are based upon a
choice of moments reflecting the splitting of the energy spectrum in two bands
(conduction and valence), i.e. involving the band distribution functions w4, and
spinorial models, which means, evolution equations for fluid moments involv-
ing separately all the Pauli components of the Wigner matrix. The first fluid
model we presented is the first-order hydrodynamic model (3.44), involving the
moments ny (band densities) and J; (band currents). Then we derived two
diffusive two-band models for the band densities ny: a first-order model (3.89)
and a second-order model (3.123). Two spinorial hydrodynamic models for
the moments ng (charge density), 7 (spin vector), J (current) have been pre-
sented next: a first-order model (4.35) and a second-order model (4.59). Finally
two first-order spinorial diffusive models have been derived, namely the QSDE1
model (4.91)—(4.92) and the QSDE2 model (4.107), involving the fluid moments
ng, ; in particular, to derive the QSDE2 model (4.107) we theorized the exis-
tence of a “pseudo-magnetic field” able to interact with the electron pseudospin
and providing a strong coupling between the model equations.

During the derivation of each fluid model, semiclassical expansions of the
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equilibrium distribution for the system have been exploited in order to over-
come the intrinsic computational difficulties, which are due to the nonlinearity
and nonlocality of the quantum exponential (appearing in the expression of the
quantum thermal equilibrium distribution) and to the presence of the pseu-
dospin degree of freedom.

We performed an analysis of the diffusive spinorial model (4.91)—(4.92): we
proved, by applying a fixed point argument, the existence of weak solutions
and uniqueness of the solution under a regularity condition on the moments; we
found an entropy for the model and proved an entropy inequality; we studied the
long-time behaviour of the solutions showing, by exploiting an energy method,
the decay of the spin vector in several LP norms.

We obtained some numerical simulations for both the spinorial diffusive mod-
els, (4.91)—(4.92) and (4.107), in one space dimension, through a finite difference
scheme: we simulated a graphene-based device (namely, a ballistic diode) to
which a certain bias is applied, showing the temporal behaviour of the moments
and pointing out some noteworthy features of the analyzed fluid models.

It is interesting to compare the models, which have been presented in this
thesis, with other existing fluid models for quantum transport of electrons in
graphene. However, very few mathematical models of this kind have been
considered in literature until today, since both quantum fluid-dynamics and
graphene are very recent fields of reseach.

In [48] a hydrodynamic model for electron-hole plasma in graphene is de-
rived employing a statistical closure of a set of two scalar collisional Boltzmann
equations (one for each energy band):

atfe + UFllp;I . ﬁatfe + eﬁzﬁp : 6;Dfe :St{fea fe} + St{fea fh} + Sti{fe}a
O¢ fn + UF‘% Vafn — €V Vo fn =S fr, fu} + St{fu, fe} + Sti{ fn};

here f., fn are the electrons and holes distribution functions, vr ~ 10 m/s is
the Fermi velocity, e is the absolute value of the electron charge, ¢ is the electric
potential (which is self-consistently given by the Poisson equation), St;{f.} and
Sti{fn} are the collision integrals of electrons and holes, respectively, with im-
purities and phonons, and St{f., f.}, St{fe, fn}, St{fn, fn} are the intercarrier
collision integrals.

The fluid model is a system of Euler equations involving the moments X,
3, (electron and hole sheet densities, respectively), 176, Vi (electron and hole
average velocities):

O +div(Z,V,) =0 (s=e,h),

3 L vp o - . L
5o 0P Vo) + SV {pe) = €2V = = BV = fn(Ve = V), (71
3 .

— Vp = = — —
5o (1) Vo) + 5 (1) + eV = = BV = B (Vi = Vo)

where (p.), (pn) are the average momentum modulus for electrons and holes,
respectively, and they depend only on Y., ¥;. The average velocities V., Vj
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are assumed to be small: as a consequence, the friction terms are neglected in
comparison to the electron-electron and hole-hole collision terms.

The distribution function of each band at thermal equilibrium is chosen to
be a Fermi-Dirac distribution:

fs(p): 1+exp (’UFﬂ_ﬁ'Vvs_Ms>‘| (S:(B,h), (72)

T

with suitable chemical potentials p, pup, and average drift velocities Ve, I7h. The
dynamics of the two energy bands is thus assumed to be decoupled at thermal
equilibrium: the coupling between the fluid equations is given by the collision
terms. Moreover a first-order Taylor expansion with respect to Ve, Vi, of the
equilibrium distribution is performed, leading to a linearization of this latter
with respect to the average drift velocities:

fs@) = fs(; Ve =0) + Vy fulp;Va=0)- Vi (s=eh).  (73)

The fluid model (7.1) involves band densities and band currents, is of hy-
drodynamic type and contains no viscous corrections; concerning this general
features, it is similar to the first order two-band hydrodynamic model (3.44).
However, the differences between the Euler equations (7.1) and the models previ-
ously derived in this thesis are many. First of all, model (7.1) is purely semiclas-
sic, which means, no quantum correction is considered in the fluid equations or
in the equilibrium distribution: the kinetic equation from which the fluid model
is derived is a collisional Boltzmann equation, and the contributions of each
band to the equilibrium distribution are reciprocally decoupled, as it happens
at leading semiclassical order. In this thesis, instead, the quantum counterpart
of the Boltzmann equation, that is, the Wigner equation, has always been the
starting point in the derivation of the fluid models, and quantum corrections
of at least first order to the equilibrium distribution have always been taken
into account, even if simplifying assumptions (like the low scaled Fermi speed
hypothesis (1.37) and the strongly mixed state assumption (3.90), (4.36)) have
been considered in order to overcome the not trivial difficulties, which natu-
rally arise in the computation of the semiclassical expansion of the quantum
exponential in the spinorial case. Moreover, in the derivation of Eq. (7.1), the
Fermi-Dirac statistics (see eq. (7.2)) is adopted in order to describe the system,
coherently with the fact that the energy spectrum of the Hamiltonian describing
massless electrons in graphene (given by Eq. (1.15)) is unbounded from below.
On the contrary, all models that have been presented in this thesis are based, for
the sake of simplicity, upon the Maxwell-Boltzmann statistics: as a consequence,
an additional term has been added to the system Hamiltonian (see Eq. (1.16))
in order to cut off the infinite negative energy branch without destroying the
double-cone structure of the energy spectrum near the Dirac points. Concerning
the approximations employed in the derivation of the models, we remark that a
first order Taylor expansion of the equilibrium distribution with respect to the
drift velocities (see eq. (7.3)) have been exploited to derive model (7.1), leading
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to relevant simplifications in the computations; this technique can be compared
with the strongly mixed state hypothesis (see Egs. (3.90), (4.36)), which has
allowed the derivation of second order fluid models that would have been very
hard to obtain otherwise.
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