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1 Introduction

Fluid-dynamical models are commonly adopted for semiconductor device simula-
tion. The accuracy in predicting device performances depends in particular on the
consistency of the model with semiconductor physics and the selection of macro-
scopic unknown functions. For what concerns the first point, models in literature
can be classified as either semi-classical or quantum ones. In the former case, they
are derived from a semi-classical description of electron transport (Anile et al. 2003,
Krause et al. 2007), and quantum effects are either considered negligible or added
a-posteriori (de Falco et al. 2005). In the latter case, instead, models are derived
from a quantum picture (Arnold and Jiingel 2006), thus they are capable to de-
scribe quantum phenomena in nano-devices. For what concerns the definition of the
macroscopic variables, in classical and semi-classical fluid-dynamics they are intro-
duced as moments in the velocity variable of the phase-space distribution-function.
Then, fluid-dynamical models are derived by applying the moment method and
appropriate closure conditions. Wigner function is the quantum equivalent of a



classical distribution function in the phase-space, w = w(z,v,t), (z,v) € R?*? ¢t > 0
(Wigner 1932). Accordingly, the macroscopic variables can be formally defined as
v-moments of the Wigner function. Wigner equation is the basic kinetic model for
quantum transport in nano-devices: it describes time-evolution of the electrons un-
der the effect of a potential V' = V(x). Thus, quantum fluid-dynamical models can
be obtained analogously by applying the moment method and closure procedures.
Quantum transport and quantum hydrodynamical models are analytically challeng-
ing (Arnold et al. 2007, Arnold et al. 2007, Dolbeaut et al. 2006) and their numerical
implementation requires further investigation (Jiingel and Miligié¢ 2007).

Another crucial ingredient for the accuracy of the model is the suitability to capture
the physical regimes at which the devices operate. Nanometric devices nowadays
give rise to non-equilibrium hot-electron transport regimes, due to high voltage ap-
plied to the contacts, e.g. . In some regimes the electrical field and the interaction
with the crystal lattice have comparable strength and are dominant with respect to
transport. Accordingly, these regimes are called of “drift-collision balance” (Carrillo
et al. 2000). Mathematically speaking, the diffusion is a phenomenon of different or-
der of magnitude than the drift, then it appears as a correction to the drift in terms
of some asymptotical parameter. In Carrillo et al. (2000) the corresponding semi-
classical model with unknown the electron position density is labelled “augmented
drift-diffusion”. Many semi-classical models of high-field semiconductor transport
are available in literature (Ben Abdallah et al. 1996, Cercignani et al. 2001, Degond
and Jiingel 2001, Poupaud 1991, Poupaud 1992).

We are interested instead to describe quantum-driven electron transport in high-
field regimes. In Manzini and Frosali (2006) we derive a quantum augmented drift-
diffusion model, by using a Chapman-Enskog type procedure. As expected, the
equation for the electron position density contains classical and quantum diffusive
terms as corrections to the classical drift term, of higher-order in the asymptotic
parameter.

In the present paper our aim is deriving a more accurate quantum fluid-dynamical
model of semiconductor transport in high-field regimes. Accordingly, we enlarge the
set of macroscopic unknown functions: it includes the electron position density n,
the fluid velocity U and the energy density e.

The simpler way to model electron interaction with the lattice in Wigner picture is
as the tendency of the electron ensemble to relax to a state of thermal equilibrium
with a surrounding phonon bath. Observe that we neglect electron-electron interac-
tions since most devices work at low-density regimes. The corresponding equation
is called relaxation-time Wigner equation.

In the present paper, we assume that the dominant mechanisms in the evolution are
the relaxation phenomenon and the external-field effect. Therefore, we rescale the
relaxation-time Wigner equation with the Knudsen number € as follows

e%—l;Jrev-wa = OV]w —v(w —weq), t>0. (1)

The pseudo-differential operator O[V], which will be defined in next section, char-
acterizes quantum description. The scaling above was used for the first time for



semiconductor semi-classical modelling by F. Poupaud in (Poupaud 1992). We re-
mark that the different phenomena are described as independent each from the other:
the relaxation-time distribution function weq is the O(h?)-correct expansion of the
state to which the quantum system shall converge due to the presence of a thermal
bath at temperature 1/k3 (Wigner 1932), and in absence of some other significant
phenomenona.

We shall apply the Chapman-Enskog procedure to Eq. (1) to derive a corrected
equation for the unknown n, which shall be identical to the one in Manzini and
Frosali (2006). Then, we shall apply the moment method to derive from Eq. (1)
equations for I/ and e and discuss a closure procedure for these equations. We shall
recover a set of equations containing drift terms at zero-th order in the asymptotic
parameter € and classical and quantum diffusion terms of the first order in . We
anticipate that both the equation for the fluid velocity U and for energy density e
shall contain O(e)-corrections that are to be referred to quantum transport, precisely
quantum energy-fluxes. Moreover, in the equation for e shall appear quantum-high-
field corrections as flux of energy-fluxes. These corrections are due exactly to the
use of the pseudo-differential operator instead of the classical Vlasov operator and
describe quantum effects induced by the high-field regime.

2 Wigner-BGK equation

The starting point is Wigner equation with unknown the quasi-distribution function
w = w(x,v,t), (z,v) € R??, t > 0, describing, at the kinetic level, the time-evolution
of a quantum system with d degrees of freedom, under the effect of an external
potential V = V(z),z € R%. Tt reads

aaif—i_vvxw_@[v]w = Q’LU, (I7U)EIR2d, t>0 (2)

(Wiginer 1932), with the pseudo-differential operator ©[V] defined by

i i(v—v')-
OV]w)(z,v,t) = W/]Rd - SV (z,n)w(z, v, )’ dy! dn
7 .
_ ivn
(27T)d/2 IRd 5V(1:777)~/Tw($a777t)6 dna

oV (z,n) :=% [V (“th:l) —V(a:—il)]

with Fw(n) = [Fy—nw](n) denotes the Fourier transform of w from v to 7, m the
electron mass and A the scaled Planck constant. In the Fourier-transformed space
RZ x IR% the operator ©[V] is the multiplication operator by the function i 0V’; in
symbols,

where

F(OV]w) (x,n) =i 6V (z,n)Fuw(z,n). (3)



We recall that the expansion of ©[V] (for V smooth enough) with respect to & looks
as follows (see Gardner 1994):

V.V h? 4

O[V]w

Accordingly, at the leading order in A the pseudo-differential operator coincides with
the operator V., V-V, appearing in Vlasov equation and it is easy to prove that, for
all multi-index j, |j| = 0,1,2,

/Uj OV]wdv = /vj VoV, Vywdv, (4)
m
whereas - 2
/v3 OV]wdv = /v3 Ve Vywdv + —5n VAV . (5)
m 4Am3

Therefore the quantum correction due to the use of the pseudo-differential operator
appears only in the computation of the v-moments of order greater or equal than 3
of the field operator.

The term Qw, added on the right hand side, mimics interactions of the electrons
with the lattice. We remark that this point is quite delicate, since the kinetic
model has to be consistent with the description in the operatorial (Heisenberg)
formulation. In particular, a Wigner equation with a BGK term containing the
Wigner transform of the equilibrium operator exp (—(5H) , H Hamiltonian operator,
is the Wigner transform of an equation in Lindblad form, see Lindblad (1976),
thus it is quantum-mechanically correct. In Wigner (1932) E. Wigner introduced
the h-expansion of the Wigner transform of the equilibrium operator exp (—(GH).
Precisely,

ww(z,v) = (%)d e P
0?V ()

9207, +O(") ¢ (6)

d
x <1 +h26—2 —iAxV(x) + ﬁmw%) +8) " v
24 m m

r,s=1

where &(x,v) := mv?/2+V (x) is the total energy of the system. We call wyw a local
(in time and space) modification of wvy, defined by

ww(z,v,t) = C(z,t) ww(z,v),

with C' = C(z,t) to be defined appropriately.
By performing explicit calculations

—_— m d/2 BV
/ww(m,v,t) dv = <27th§> C(z,t)e

B 5o ve) 4 o
<(1ew i (caw s Zwve) vom )



thus, if we assume that it holds

/m(x,u,t)dv - /w(x,v,t) dv =: n(z,t),

where n is the unknown position density, we get

o\ /2 y
C(x,t) = (W) n(x,t)e?

X {1 + hZﬁ [—AV + 6|VV|2] + O(h4)}_1 . (7)
12m 2

Eq. (7) defines C in terms of the unknown function n and the assigned function
V. By substituting the function C' defined by (7) into (6), we can introduce a local
version weq of the equilibrium function wyw that looks like

pm ok —Bmuv? /2
Weq(x,v,t) = n(z,t) o e
2 d 2
257 1 oV
X QLR | = AV 5 ) L o I SR

r,s=1

It is convenient to denote for later reference weq = n(F + h2F") with F = F(v) =
(Bm/(Zﬂ))d/2 exp (—fmv?/2) and

d/2 2 3 d 2
h _ ph _ ﬁﬂ —pmv?/2 | B ﬁi o°V
F F"(z,v) ( o > e —24mAxV + 91 VpUg ———

r,s=1

The function weq is the O(h?)-accurate approximation of the Wigner function de-
scribing the quantum system in the thermodynamical equilibrium state induced by
the contact with the phonon bath at temperature 6 := 1/(kf3). Let us collect here
below the first three moments of the equilibrium function weq:

/weq(az,v,t)dv = n(x,t), (9)

/vweq(m‘,v,t)dv = 0, (10)

T 2
/v@vweq(az,v,t) dv = n(z,t) <k0 ¢ 4 h

x V), 11
m 12m2k«9v @V V> (11)

where we use Z,; to denote the d x d identity matrix. Observe that the contributions
coming from the quantum correction F'" appear already in the computation of the
second order v-moment of weq. In the tensor (11) we can indeed distinguish the
classical pressure tensor proportional to the phonon temperature # and the O(h?)-
anisotropic tensor coming from F" (the O(h?)-correction to the Maxwellian).



We define the first and second order unknown macroscopic quantities, i.e. the fluid
velocity and the energy density

1

U=Ux,t) = - vw(z,v,t)dv, (12)
v/2

e=e(x,t) = /2w(m,v,t)dv. (13)

Moreover, we recall that we can split e as

o — U2 2 , .
e(z,t) = /(21/{) w(z,v,t) dv—i—n% =: el(z,t) + 50 (2, 1) (14)

where e' and € indicate internal and kinetic energy density, respectively. From
the expressions for the moments of weq, we deduce that in case the system is in the
state of thermodynamical equilibrium with the bath individuated by weq, then the
fluid velocity is zero

Usq(z,1) =0
and the energy density consists only of the internal energy:
n(x,t) (dk6 h? ;
e ) - A{E — ! 5 . 1
€eq(, 1) 5 < - + 19m2k0 V(x) Ceq(T,1) (15)

Let us consider a more general equilibrium state in which a nonzero fluid velocity
field W = W(z) is admitted. Such state can be described by wky := weq(z, v =W, t)
and its first three moments are

/wgg(x, v,t)dv = n(z,t), (16)
/v w,l/(\;(x, v,t)dv = n(z,t)W(x), (17)
k6T, h?
/v@vwé/g(az,v,t)dv = n(z,t) < md + 12m2k9vx ®VxV+W®W> ().
(18)
Consequently, the related energy density eZX is

W _ Wi, Wkin_ 1 (dkf h? LYY

€eq = €eq + €eq = 5 (m + mAIV + EW , (19)

which equals the equilibrium function internal energy e(isq in (15), augmented by the
nonzero-kinetic energy.

Both weq and w) describe (with O(h?)-accuracy) equilibrium states that a quantum
system attains when in contact with a phonon bath, in case a velocity field WV is not,
respectively is, admitted. In the next section we shall describe, instead, a physical
regime that is induced by the joint action of an external electrical field and of the
phonon bath on the quantum system.



3 The leading order solution of
the high-field Wigner-BGK equation

High-field Wigner equation in rescaled form reads

e%zf +ev-Vyw =0[V]w — v(w — weq) , (1)

where we have introduced the parameter € for keeping tab on terms of equal order of
magnitude (see Cercignani et al. 2001, Manzini and Frosali 2006), for the derivation
of the scaling). The leading order term w(®) satisfies the following equation

O[V]w® — v(w® —we) =0, (2)
thus, it can be expressed as

w® = (v = OV]) ™ Ve .- (3)

The inverse operator (v — ©[V])™! is defined in the Fourier space as the multipli-
cation by the factor (v — 49V (x,7))~! (which exists and is bounded for all V since

v > 0), precisely: Fveq(,1)
(0) = Ft (el I

The reader can find an example of functional settings in which the definition above
is rigorous in Manzini and Frosali 2006.

Lemma 1 Let w®) be defined by Eq. (4). Then the moments of w9 are

/w(o)dv = n, (5)

0.V
/vj wOdy = —n an , (6)
kO 0.V 0y V h?
N (1)) — M ziV T 2
/Uzvjw dv n (m% +2 — + 12m2k98xixjv> , (7)
2 2 2
Y Ody - Ko L (9Y W g
/211) dv = n d2m+ - +24m2k081jv ) (8)



0z, V 0.V
/vk V; V) wOdy = - /vi vj w0 dy — %/Uk vj w9 dy

vm vm
0,V K2
— me v v; wOdv + n4 8%8%8%‘/ 9)
2 2
/Uz'vjw(o)dv _ %V ()dv_/vw-w(o)dvawjv +n h 0y, 02V
2 vm 2 J vm Sm3y ! 2,V
(10)
2
/vk viﬂw(o)dv = 833’“‘/8%‘/ w O dy -|—2 /v,v dva v
2 vm  vm 2 vm e vm
0, V\? . 0.V
+ /vkviw(o)dv< J ) —1—28 14 /vkvjw(o)dv J
vm vm vm
(“)ka h? 5 8$1V h? 9
- 9 el vy OIZGxJV ng,3 ax,ﬁij
K2 0,V v2
- N 505,00, 0, V 2 - /vkvl 2] WeqdV . (11)

Proof. The moments are computed in the Appendix. The calculations are based
on the following well-known identities of Fourier calculus:

/JE_1 (Ff) () dv=Ffly=0,  Vo(F)n) = F(=ivf(v)). (12)

Remark 1 The moments of w(®) are computed by taking moments of Eq. (2). For
the computation of the moments (5), (6), (7) and (8) we can as well substitute the
pseudo-differential operator O[V] with its O(1)-approximation in A, 1/mV,V-V,,
due to (4). Thus, instead of the expression (4), it can as well be used the “classical”

one: Fu (1)

— 1 [ VFweq(z,m

wO (g, v) = F~ 1 [ ——=12 )

(z,v) v+ ViV

Accordingly, the only quantum correction appearing in the first four expressions
comes from weq, since weq = n(F + h2F"). Precisely, it contributes to the moments
(7) and (8). Except for this quantum correction, the first four moments coincide
with those computed in Cercignani et al. 2001, relative to Boltzmann equation.
The moments (9), (10) and (11) instead contain as well O(h?)-corrections due to the
pseudo-differential term: more precisely, (9) and (10) contain

h? h2

VV;E@VQC@Van, VAVn

respectively (cf. Eq. (5)). Eq. (11) contains additional terms that are due to the
co-existence of the quantum and the high-field regimes:

2 , 2 8,V B2
g%V R ——0,, 07V _pOuV, R 0y, 0V — 2 g Vv,

vm  8m3v vm  Smdv vm  Adym3 TRTT

8



being products of the high-field fluid velocity and of the third moments of the pseudo-
differential operator.

In conclusion, for an accurate description via a 3-moments fluid-dynamical model of
transport in quantum-high-field regimes, it is crucial to use the pseudo-differential
operator, i.e. Wigner equation, instead than Vlasov one. [ |

We adopt Einstein convenction. We shall use capital greek letters for tensors and
calligraphic capital letter for column vectors. Then we can define

n = /w(o)dv, (13)

o _ OV
U = - (14)
© k00, (0), ,(0) o
Ly~ = n( m TR g OV ) (1%)
k6 R
© ._ LY O
e : n<d2m—|—|2/l | +24m2k0AxV>’ (16)
0 0) (0 0)(0 0 h? 0
2\ = (u; ' +u”n) + un ”) —a;% u® (17)
B2
~7z(0) = €(O)Ui(0)+nl(-?)u(-0) 8 Qagjul(), (18)
0 e 0 0 0
R L CARTL LRI
©, " 20 00 P00
- U ng 502 U, e U U sl U U (19)
= zeq+e(°) (24 )u-(o))+2u(°) 10U _ g2 440
ki k 7 k 17 ' 8m2 xj
(0, ,(0) R o (0) O o (0 e o), 0
4 2<ijuj e 0 Uy >u2. ( U om0 Uy )uj .
(20)
where

2
'U.

eq ,_ J

¥l = /vk vity Weqdv .

Remark 2 We stress that the term appearing due to the high-field regime is the

additional tensor Z/IZ-(O)Z/{ ](0) in the HZ(-?), which consequently appears wherever appears

(0)

1 precisely also in e(©) (which is its trace), ®,. f and ji(o). Moreover, are to be

1]
referred to the high-field regime all the terms of the tensor E,(Coi) — X} The rewriting
(20) of the fourth order moment shall be useful in the last section. [ ]

From the computation of the v-moments of the leading order state, we can conclude
that w(9) describes a nonzero—fluid-velocity state and the velocity field is determined



by the applied electrical field, see (14). Observe that the velocity field is constant

with respect to time. This means that in the high-field regime the fluid velocity

immediately reaches its saturation value. The kinetic energy 61(31)1 is

2
el(((i)r)l(x’t) _ n<w7t) ‘VV((L'” ]

2 v2m?
By using (16), the internal energy density ei(o) =e) — 61(<?1)1 is
o _n(dko \VVE
V== V) 21
G 2 ( m + v?m? * 12m2k6 v (21)

Thus, the high-field action makes the equilibrium internal energy ey increase of a
quantity

n|VV|?

2 12m?’
Remark 3 We stress that in general a nonzero-velocity field W only affects the
kinetic energy and does not contribute to increase the internal energy density, see,
e.g. (19) relative to the equilibrium regime w(l/(\; . This means that a field partecipates
in modifying the electron internal energy just in case the field has the same order of
magnitude as the interaction with the environment, i.e., just in the high-field regime,
(Demeio and Frosali 1998, Poupaud 1992). [

We can now anticipate the aim of next section: we shall derive via a Chapman-
Enskog procedure a correction w(!) of O(e) for the solution w(® of Eq. (1).

Remark 4 (Conserved quantities) By formally computing the moments of the
high-field Wigner BGK equation (1) we get the continuity equation
0
DV, (nUd) =0, (22)
ot
by the skew-simmetry of the pseudo-differential operator and the mass-conservation
of the BGK operator. For the 1st-order moment, we obtain

onlU
ot

€

—i—evx-/v@vwdv%-nv;‘/:—ynu, (23)

and the velocity-momentum is indeed not conserved by the BGK term. In order to
resume the conservation of velocity-momentum we can assume that
U~ V.V

vm

in the O(1)-term. This closure corresponds to assume that 2 ~ U©) holds, i.e. the
system is close to the high-field regime, where the velocity field reaches its asymp-
totical value. For the 2nd-order moment, instead, we obtain

o
ot

V.V
m

2
—f—evx'/vl;wdv—l— “(nU) = —v(e—ecq) - (24)

10



and again for the equation to be in conservative form we can assume that

V.V
m

(nU) = —v(e —eeq),
namely that it holds the following constitutive law

V.V

vm

€= €eq — S(nU) = ecq + U (nUU), (25)
in the O(1)-term. Again, this closure means that the regime we are describing is
close to the high-field one, and then e ~ (), where ¢ = eqq + nU(?)|?, ie. the
difference of energy density, e — eeq, is due to the action of the high field. Observe
that we are implicitly assuming that the interactions with the lattice can be con-
sidered “elastic” due to the high-field regime: the electrons are so “hot” that the

energy loss due to phonon collisions is an unsignificant fraction of their energy (Ben
Abdallah 1996). [ ]

4 The Chapman-Enskog procedure

The procedure consists of two steps: first, we assume that the microscopic unknown
w depends on time only through macroscopic quantities. Among the macroscopic
quantities the only one that is conserved by the high-field Wigner-BGK equation is
the mass, cf. Remark 4. Then we select the position density n as the sole macroscopic
time-dependent unknown and we express

ow OJw @

ot (26)

Secondly, we assume that n is an O(1) quantity, and we use instead to compute the
other v-moments the following expansion

w = Z Fw ~ w® + ew® (27)
k=1

In order not to contradict the Chapman-Enskog assumptions it must hold | w® dy =
0, see (31).

We remark that we are applying the Chapman-Enskog procedure to derive a cor-
rected version of the equation with unknown n. Accordingly, we start from the
continuity equation for the position density n, (22),

0
at/wdv+vm-/vwdv—0,

(9812}:((2:(—Vz-/vwdv).

11

and (26) becomes



By substituting this expression in the scaled equation (1), we obtain

€ (?;:(—Vx-/vwdv>) +ev-Vyw=0[V]w—v(w — weq) ,

then, by substituting the truncated asymptotic expansion (27), we get

(2 (e fuva) ) st (- v fonva))
A2 (v fontva) o o (250 (5 foutran) )

€V - wa(o) + €% - wa(l)

= OV]w® + e0[V]w® — v(w® — we) — evw® .
At the 0-th order in e it remains
OV]w® — v(w® —weg) =0,
whose solution is given formally by (3). By considering weq = n(F + h2F"),

w® = (v—0O[V]) ! vwe
= nl@tF <V—i5V(x,77)>( )

Let us define the function M = M (x,v) by

_1 (VF(F + R2F")
M = O AU 28
(@)= (D) (@), (28)
see Manzini and Frosali 2006, then it holds w(® = n M. At the first order in e
Ow©®

- ( v /vw(o)dv) +o-Vu® = (0[V] - v)w®

Ow®
Taking into account ad

= M (cf. (28)) and (13), we obtain

MV, - (n VIV> +v-Vow® = (0[V] —v)uwl,

vm

Then we have

w = v, - <n va) OV]— ] "M+ [0V] - ] (v-Va(n M) . (29)

vm

Now, we can rewrite the continuity equation with unknown n by using w = w(® +
ew™ and the expressions for w(® and w®. We get a correction of O(e) for the
continuity equation (22):

%;L + Vg - /vw(o)dv +€eVy - /Uw(l)dv =0. (30)

In order to write explicitly the correction term we compute moments of w®):

12



Lemma 2 Let w() be defined by (29). Then the moments of w?) are

/w(l)dv =0 (31)

nd® = /vw(l)dv _ 1y, o4 ly,. (nu(°>) u© (32)
1% 1%
(0)
M .= /v 2owVdy = —1v,.0 41y, (nu<o>) L
1% v n
UM ouU® +u® @ nuyu® (33)
2 (0)
e .= / %w(l)dv = —%V;yj(o) + %Vm : (nu(0)> % +nUD. ¢y (34)
2 0
70 _ /0“2 wDdy — —%Vx- 50 4 %Vx- (nu(m) ‘7;) 4 oWz 4 1r(14(0)

(35)

The proof is in the Appendix. Observe that we use the shortened form 0,, IIy; =
V11, as well as 0, ®ri; = V- ®. Then Eq. (30) can be rewritten as

on vx-<nw>+6vx-<vx-<nw) W) Y, v,-T® — 0, (36)
1% 12

ot vm vm ) vm

with 1) as in (15):

koL vV VvV h?
0) —
1 n( m +2ym®um+12m2k9vx®vxv> '
This is at O(1) in € a classical drift term with unkwon n with a O(e)-additional drift
due to the high-field regime. By splitting the following term as

(o, (1)) = o o (1) g (v, (w2,
14 vm vm 14 vm vm vrvm vm

we indeed derive the following high-field corrected version of the (classical) mobility

coefficient o = 1/(vm)
1 e AV
png = — ([ 1+ ——+ .
vm vvm

Moreover, there is an O(e)-diffusive term: to the standard classical and quantum
tensors, see Degond et al. (2005), is added an anisotropic tensor, (proportional to)
VV ®VV, that is peculiar of the high-field regime, Cercignani et al. (2001). Eq. (36)
is a quantum augmented drift-diffusion model and it coincides with the one derived
in Manzini and Frosali (2006) via a different asymptotical procedure. We remark
that the quantum correction is due to the O(h?)-expansion of the Wigner equilibrium
function and not to the use of the pseudo-differential operator.

In the next section we shall go further and apply the moment method and then
propose a closure procedure suggested by the Chapman-Enskog expansion w(®) +
ew®.

13



5 Corrections to moment equations

In the previous section, we have derived a corrected version of the conservation equa-
tion for the position density n in a regime close to the high-field one by expressing
the position-density flux nif := [vwdv as

nt ~nU® +enuy = /v (w® 4+ e wM)dv,

with w® obtained by the Chapman-Enskog precedure. In this section we want to
obtain corrected equations for the evolution of the fluid velocity A(9) and the energy
density e(©).

Let us start then from the moment equations (23), (24):

ea(gtu)+ Vi / VoV wdv = V/dev,

2
ef—i—ev /v vwdv = —V(/dev—eeq>.
m 2

The closure strategy consists in using for the computation of the fluxes w ~ w(® +
ew® this means that we are computing with O(e)-accuracy all the terms that
decide the evolution of the macroscopic unknowns. Let us start from Eq. (23),

namely,
ea(nb{) +6Vz-/v®vwdv+v;;v/wdv:—u/vwdv,

ot

and substitute w &~ w(©® 4+ ew® for the computation of the fluxes. We obtain
Oml) | g O ¢ ey, 4 10V —lun(u@) + euMy.

0 € m €

By substiting the expressions for (9 and ¢4, precisely,

Vg V

m

o0 .— —vnu = v, 1" _ v, . (nuw)) Uo

it reduces to the following equation with unknown U ~ U(©):
A(nU)
ot

We stress that the standard term V,-II(?0) disappears due to the correction of the
BGK moment —vnid), thus at the leading order there is some drift equation in
U, Let us rewrite the definition (33) of TIY) in a more explicit form:

(0)
(H yors u(m) v, - (num))

_ v, (Vx‘ I & y©® + 10 g v,. H<0)>
v

+V, - (nu((’)) U 4 ev,. - =o.

va.ﬂ(l) —

8

. (u(m STO + 11O g y© + H,S;)ufo))

2
N VA v <néjn2V®V®U(0)> , (37)
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with the anisotropic tensors I1(°) as in (15) and with H( )Uz(o) componentwise in
order to distinguish it from ¢/ 1L = ¢©) @ 1) and H( "oul” =10 ¢y,
Then, at O(e) there are diffusive terms in (9 (first line of (37 ) and drift terms
in U (second line of (37)). The last two lines are —vV,- V- ®© as in (17). The
third line contains again O(e)-drift and diffusive terms in U(?), while the fourth a
quantum iper-diffusive term in ¢(©.

Starting instead from Eq. (24), namely,

8
‘9

that is the 2nd-order moment of the high-field Wigner-BGK equation, and substi-
tuting w ~ w® + ew for closing the moments, we get

V.V
t—l—eV /vwd +T (nU) = —v(e —eeq),

+ Ve TO 4 eV IO —ptf @y = —p e (38)

By substituting the explicit expression for e(), namely

0
e = pyW.y© 4 lﬁvm . (nu(o)) - %Vrp' T

von
(38) simplifies to

e(0)

0
% v, (nu<0>) +eV, TV =0,

ot

where, once again, at order O(1) the standard term V- 7 does not appear, since
the regime is of drift-collision balance. Consequently, we expect diffusive terms to
appear as order O(e) corrections. By writing explicitly all the terms contained in

vJM (we used (20) for £ and (37) for IIM), we obtain
Vj(l) _

0 0 2
V. (niy® QQL{(U) + 33U O Py + Qyu(o) — LA u©
v n n 8m2 "

r 2
— V.- e(O)Z/I(O)—i—H(O)Z/{(O)—n8h2AIZ/l(O)] U — (v, 11)3)4©) 2
m
r 2
OV, |ze 4 (2u<0>®u<0>)+2u<0>® @70 _ Ay
I 8m?
[ h2 h2
— Vo [2(mOU® — = AUO ) y® + (1O 0 u® —2n——Vaveu® | u®
I 8m? 4m?

- 2
Ve U0 o 1O 41O 0 u® + YU u® 4 v, [nh
L J 4m?2

VV® LI(O)] U

Among them we isolate the following terms of vV, 7"

v, (n u<0>) (imum))

2V, -V, [u@)vx- (€<o>u<0>)} —9V,- V- [e<0>u<0> 2 u(O)}

15



that are O(e) drift and diffusive terms in e(®). The remaining terms of vV, J;
contain the expected quantum—high-field corrections.
Appendix

Proof of Lemma 1
Since it holds

(0) — —1 Vfweq
wh=7 {1/ — 0V

and
”jf*lf:}hl (ianjf) ’
then F( ) FWeqOp, 0V
(0) _1 | VIS (UjWeq _V Weq nj
K F { v—1idV (v —i6V)?
and
S (0) _1 [ vF(vivjweq) B vF (vjweq)Op, 6V
it d { v—idV (v —idV)?
o VF (Viweq)O, 0V VFweq iy, 6V v Fweqdy, 6V 20,6V
- V)2 T (w—iV)2 | (w—av)p

Then, by further differentiation

vpviv; w® = F1 {Vj:(vivj“kweq) B Vj:(vivjweq)ank(sv}
1 Uj =

v—idV (v —i0V)?
- Fi VF (0jVkWeq) O OV + v F (vteq) i8,3mk(5v  VF(0jweq) O, 8V 20y, 0V
(v —i6V)?2 (v —i0V)? (v —16V)3
R VF (00 Weq)On, 0V . VF (viWeq) i@%jnkév B VF (Viteq) Oy, 0V 20y, 6V
(v —1i0V)? (v —1i0V)? (v —1i0V)3
e VF (Vg Weq) i@,zmj OV vFweq z’2a§mﬂkav B VFWeq z'@%mj oV 20,6V
(v —idV)? (v —idV)? (v —1i6V)3
Lo VF (VgWeq) Oy, 6V 20,6V N VF Weq 10, (Op; 0V 20,,0V)
(v —i6V)3 (v —idV)3
71 60 F weqOy; OV Oy, 6V Oy, 6V
- (v—i6V)4

and third order term vkvjz w©® dv is computed by taking ¢ = j in the previous
calculation. Fourth order terms can be computed analogously.
The corresponding moments are computed by applying the following identity

/ (Fﬁlf) (U) dv = f‘n:()a

16



i.e. by evaluating in 7 = 0 the functions between curl parentheses. [
Proof of Lemma 2
Let us rewrite w) as

. (0)
v Va < vm >}_ {MVV ind 0V —v ’

where we recall M := w(® /n. First we compute the moments of the first addendum.

[ FM L (F(o,M)  FMd, 8V
) 1 — 1 J "j
it {i&V—V} F {MV—V (16V —v)2 |7’

_ FM 1 [Floo; M)  F(vjM)0,,6V
). 1 — 1 J J i
vivi 7 {iéV — 1/} d { Vv (i0V —v)?

n f_l{f(viM)BnﬁV FMidy, 6V fM@nj5V26m6V}

(10V —v)? (16V —v)? (16V —v)3

v s FM O\ FIM/2)  F(v;M)d,,6V
2 iV —v iV —v (i6V —v)?

2 (i6V —v)2 ' (i6V — )3

vivjz}__l { FM } R {]—'(vivf—M/Z)+.7-"(v]2-M/2)8i5V}

2 iV —v iV —v (16V —v)?
Lt [Fih)9, 0V F (M) i0; 0V o1 [ T M)0,,6V 20,6V
(i6V —v)? (16V —v)? (i16V —v)3
1 F(viM)id%86V  FMi?9® ,6V 1 FM id?,6V 20,6V
Loz -1 5 + 715 + 7;‘—1 ;
2 (16V —v)? (16V —v)? 2 (i6V —v)3
Lo F(viM)(8,,6V)*  FM idy,((0n,6V)?) P FM(0,,0V)* 30,6V ‘
(i6V —v)3 (16V —v)3 (i6V —v)t

Secondly, we perform analogous calculations with the second addendum

o] F(v-Vaw®) _ g F(vjv - Vew®) N F(v- wa(o))(?njcﬂ/
! 0V —v 0V —v (16V —v)? ’
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L F-vaw©) F(owjv - Vaw®)  Flojo- Vaw®)d,, 6V
). 1 )72\ V™ ] _ 1 ] 5 x M
viviF { iV —v e 0V —v * (i16V —v)?
Y FACTRE w®)d, 5V+J-'(v V,w®)idy, 5V
(i6V — v)? (i16V —v)?
F(v-Vw®)d, 6V 20,0V
1 nj Mi
o { (16V —v)3 }’

iV —v iV —v + (i6V —v)?

. 0)y ;52
+ ffl {1f(v v:cw )Zanjz(sv f(U . wa(o))(anjdv)z }
2 )

1232-]___1{.7:(1)~wa(0))} B J,E_l{?(v?(v-vxw@))/m f(vjv-wa(O))ﬁm(FV}

GV —vZ @6V — )3

Uiivjz}__l (v-V,w®
WV —v
)/2)

(v - Vpw® F(v 24(11 - Vow©)/2)0;6V
de —v (i6V — v)?
Lo F(vw;v - V,w)o, 6V N F(vjv - wa(o))iﬁflmjév
(16V —v)? (i6V —v)?
F(vjv - Vpuwl )3 OV 20,6V
1 J T i
o { (i16V —v)3 }
1 F(viv - Vyw! )282 V. F(v-Vew® ))i282,n26v
— T .7
3 (i16V —v)? * (16V —v)?
1 F(v- Vyw® 182 oV 20,0V
L
+ 2 (10V — V)
N F(viv - V' )(9, ,0V)? N Fv-Vaw®)id : ((8,6V)%)
(i0V — V) (i0V — 1/)3
Lo F(v- Vaw®)(0,,6V)?30,,6V
(16V —v)4 '

We now evaluate the expressions in curl parentheses in 7 = 0 and recombine them
according to the definition of w(}). Observe that we use the writing

V- /vvjw(o) dv = Z@m /Ukvjw(o) dv
k
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and analogous ones to shorten the notation. We obtain

0z, V
I//ij(l)dv = Vg (anV>{ /v]Mdv+ }
vm vm
0.V
+ {—Vx~/Uvjw(0)dv+vx-/vw(0)dv J }
vm
0.,V
= Vx_<VV> — -V, /vvj dv,

GI.V -
V/Uﬂ)jw(l) dv = o < >{ viv; M dv — 4 JW}

Vi
+ { = vvlv]w dv+2V <
0z, V
{Vm /v d8 V—l—V /vvw dv—— }
vm vm

0,V 8,
= -V, <nv V) (/Ui’UjM dv +2—2— 78 1V>
vm vm vm

, 05,V
+ V.- /Uvjw(o) de + V- /vviw(o) dv—2—

vm vm

— Vg~ /vvivjw(o) dv,
v? v? 0, V\?2
V/]w(l) dv = =V, <anV) </]Mdv—|— ( %3 >
2 vm 2 vm
0.V v?
+ V- /m}jw(o) dv—— -V, - /ij(o)
vm 2

2
VU5
y/zjw(l) dv =
VU 2]\4 vIM , Oy V
v .<”V9”V>{ / dv—i—/ i de—l—/ijMdv
2 vm vm

nVV { aij 0.,V n?aglxgv}
3

vm vm
nV,V\ 0,V 8,V
vm vm rvm

_|_

vm 8m° v

v? O,V
vvzgjw dv + Vg / —|— Ve /vvlv] ) do

{ vm
293 L,V
+ -2V, /vvj ©) gy 22— (%ZV + V- nvv —
vm vm vm 8Smdv
9, V\? .. V\?%0,,
vm vm vm vm
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vivZ M v M _ 0.V

= —V,- (anV> (/ I v — /3 dvaxl — /vivadv 2

vm 2 2 vm vm

2
v (nV v> (_3 <6ij> axiv>
vm vm
0z, V

— V /vv,w dv+V, / O)d =V + V. /vvzv] 0) gy ==

vm
0z, V 0, Or, V
- 2V, /vvw(o)dv 2 M—V /vvw(o)dv( 2 )

vm vm vm
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