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Abstract. We construct an efficient numerical scheme for the quantum Fokker-Planck-
Landau (FPL) equation that works uniformly from kinetic to fluid regimes. Such a
scheme inevitably needs an implicit discretization of the nonlinear collision operator,
which is difficult to invert. Inspired by work [9] we seek a linear operator to penal-
ize the quantum FPL collision term Q,rpy in order to remove the stiffness induced by
the small Knudsen number. However, there is no suitable simple quantum operator
serving the purpose and for this kind of operators one has to solve the complicated
quantum Maxwellians (Bose-Einstein or Fermi-Dirac distribution). In this paper, we
propose to penalize Q,rpr by the “classical” linear Fokker-Planck operator. It is based
on the observation that the classical Maxwellian, with the temperature replaced by the
internal energy, has the same first five moments as the quantum Maxwellian. Numer-
ical results for Bose and Fermi gases are presented to illustrate the efficiency of the
scheme in both fluid and kinetic regimes.
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1 Introduction

The Fokker-Planck-Landau (FPL) equation is a kinetic model widely used in plasma
physics. It describes the time evolution of charged particles in a plasma [21,22]. When
the quantum effects of particles are taken into account, for example, several bosons can
occupy the same quantum state while only one fermion can occupy a particular quantum
state, one has to use the following so-called quantum Fokker-Planck-Landau equation,

d 1
a—J:-l—v-fo:EQquL(f), xeQCR%, veR%, (1.1)
where f(t,x,v) >0 is the phase space distribution function depending on time ¢, position
x and particle velocity v. ¢ is the Knudsen number which measures the degree of rar-
efiedness of the particles. It is the ratio of the mean free path and the typical length scale.
The quantum collision operator Q,rp; is given by

Qurri(f) ()= Vo [ A@=0.) [f.(1£0L)Vof —f(1£00f) Ve f]do.  (12)

with f=f(t,x,v) and f. = f(t,x,0v.). A(z) =¥ (|z|)I1(z) is a d, x d, semi-positive definite
matrix and I'l(z) is the orthogonal projection onto the space orthogonal to z,

zZQRz

(z)=1-22%
E=1"p

I is the identity matrix. (1.3)

For inverse-power law interactions, ¥ (|z|) =|z|7"2 with —3<-<1. The case y=—3 refers
to the Coulomb potential which is of primary importance in plasma applications. The
parameter 6y = hd”, where 7 is the rescaled Planck constant. Here in (1.2) and the sequel,
the upper sign will always correspond to the Bose gas (composed of bosons) while the
lower sign to the Fermi gas (composed of fermions). For the latter f must also satisfy
f <1/86p by the Pauli exclusion principle.

Unlike the classical FPL equation, very few studies have been conducted on the quan-
tum FPL equation. See [7] for a formal derivation from the quantum Boltzmann equation
in the grazing collision limit and [23] for a spectral analysis of its linearization near the
equilibrium. In the spatially homogeneous setting, the well-posedness and regularity of
the solution were established in [1,5] for Fermi-Dirac particles and the equilibrium states
were rigorously determined in [2].

It is well-known that the equilibrium, in this context the quantum Maxwellian M,
(Bose-Einstein or Fermi-Dirac distribution), is reached when the Knudsen number ¢ goes
to zero. Then we could instead consider the limiting hydrodynamic equations satisfied
by the moments of M,. However, fluid equations are not adequate for many applica-
tions. Very often one has to deal with multiscale phenomena, where the Knudsen number
varies between different regimes. Our goal in this paper is to design an efficient numeri-
cal scheme for the quantum FPL equation (1.1) that works uniformly for both kinetic and
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fluid regimes. The main difficulty arises when ¢ is very small: the right hand of Eq. (1.1)
becomes stiff and due to the diffusive nature of the collision operator explicit schemes
are subject to severe stability constraints (require time step At = O(eAv?), where Av is
the mesh size in velocity domain). Implicit schemes don’t have such a restriction, but a
fully nonlinear equation needs to be solved at each time step. Ideally, we would like an
implicit scheme that allows larger time step and can be inverted easily.

A class of asymptotic preserving (AP) schemes recently introduced in [9] has success-
fully resolved this issue for the classical Boltzmann equation. The basic idea is to penalize
the collision term with a BGK operator:

Q= [QCB_/\(MC_f)]+/\[MC_f]/ (1.4)
less stif f stif f

where O3 is the classical Boltzmann collision operator. A is some constant approxima-
tion of the spectrum of Q.p. M, is the classical Maxwellian given by

p - (v,”>2
Mi=—~—F-e¢ 77, (1.5)
(2nT)=

where p is density, u is macro-velocity and T is temperature. Now the first bracket in
(1.4) is less stiff than the second one and can be treated explicitly. The second bracket
will be discretized implicitly. Using the conservation properties of the BGK operator, this
implicit term can actually be handled explicitly [6].

Later, a similar idea was applied to the quantum Boltzmann equation [8] and the clas-
sical FPL equation [17]. As the name implies, the quantum FPL equation (1.1) shares the
features of both equations: (1) admits the quantum Maxwellian M, as the equilibrium
state like quantum Boltzmann; (2) becomes the classical FPL when 6y — 0. Correspond-
ingly, we are facing the numerical challenges from both sides: have to invert a nonlinear
2 by 2 system to define M, [8]; the BGK operator is not suitable for penalization since
QquL contains diffusion-like terms [17].

In this work, we propose to penalize (1.2) by a “classical” Fokker-Planck (FP) opera-
tor:

Qurrr = [QqrpL —APerp(f, M) | +APerp(f, M) (1.6)
with
Porp(f, M) = Vo (MV(ML)) (1.7)

The idea is based on the observation that the classical Maxwellian (1.5), with the temper-
ature replaced by the (quantum) internal energy, has the same first five moments as the
quantum Maxwellian. In addition, the classical FP operator (1.7) has good conservation
properties and is relatively easy to invert. Thus we arrive at a scheme uniformly sta-
ble in ¢ and avoid computing the complicated quantum Maxwellians. Furthermore, our
numerical experiments show that the solution f will converge to M, eventually within
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an error of O(At), no matter what the initial condition is. This guarantees the captur-
ing of the fluid dynamic limit for small At in the sense of the asymptotic-preserving
schemes [15,16]. A second order extension is also given.

To implement the above scheme, we need a fast and accurate solver for the quan-
tum FPL operator Q,rp;. The spectral method introduced in [10,26] for the classical FPL
operator can be easily extended to this case. Even though Q,rp; is cubic, the fast algo-
rithm still applies, allowing us to reduce the cost from O(n?) to O(nlogn) (n=N%, N
is the number of discretized points in each direction of v). The details of the method are
presented in the Appendix.

The rest of the paper is organized as follows. In the next section, we briefly summarize
the basic properties of the quantum FPL equation. In Section 3, we describe the numerical
schemes. Numerical examples are given in Section 4 to illustrate the asymptotic property
and the effectiveness of the scheme in both the kinetic and fluid regimes. Finally we make
some concluding remarks in Section 5.

2 The quantum FPL equation and its hydrodynamic limit

In this section we review some basic facts about the quantum FPL equation (1.1). They
will be useful to design the numerical scheme.
The weak form of the collision operator (1.2) reads:

[ Quergto=—2 [ (Vup= 0 Al0—0)ff(1£00£)(1£00)

1 Uf 1 Vv*f*
<1i60f F—1zar ¢ )do.do. 2.1)

Then
| Quert(Hdo= [ Quer(fodo= [ Quepu(flofdv=0. @2
Conservations of mass and momentum are straightforward. Conservation of energy fol-
lows from zT A(z) = (A(z)z)T =0.
If p=In[f/(1£60f)], one has

QquL<f)ln1j:';0fdv

Réo

Vo Vv* A\ T
:_%//Rdvxwv(uleof ff_lizof* f*f) Alo—o.)

Fof(1+600£.) (160 f) <1i190f vaf _ 1i1190f* v;1 fi

This is Boltzmann’s H-theorem. The last inequality comes from the semi-positivity of
A(z). Moreover,

)dv*dvgo. (2.3)

QurrL(f)In

dv=0 <= Qurpr(f) =0 <= f=M,, (2.4)

f
Rdv 1 :|:90f
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where M, is the quantum Maxwellian given by

R U 05

(v—

— pE——
00 ;1,1 T1

The macroscopic quantity z is called the fugacity: z=e"/T, y is the chemical potential
(see [13] for more details about the derivation of M,). (2.5) is the well-known Bose-
Einstein (—) and Fermi-Dirac (+) distributions.

21 The hydrodynamic limit

Define the density p, macro-velocity u and specific internal energy e as

— _ _1 2
p= ]Rdvfdv, pu—/wvadv, pe—i/wvf|v—u| dov. (2.6)

Then with f = M,, the first d,+2 moment equations of (1.1) can be closed and yield the
quantum Euler equations:

9p

g+vx (P”) =0,
a(g;)—l-vx-(pu@u—i—dgpel) =0, (2.7)
v
| 3o o ()0

This form is exactly the same as the classical Euler equations. In fact pressure p = d—zvpe
holds for both classical and quantum gases. However, the intrinsic equipartition laws
are quite different. For classical (monatomic) gas e = %T, while for quantum gas p and e
are connected with T and z (appeared in the definition of M, (2.5)) by a nonlinear 2 x 2
system:

(2.8)

where Q,(z) denotes the Bose-Einstein function G,(z) and Fermi-Dirac function F,(z)
respectively,

1 Y
Gv(z):r(v)/o —dy, 0<z<l, v>0; z=1, v>1,  (29)

1 o xl/fl
F = d 2.9b
v (2) F(v)/o > Ter 1 X, 0<z<oo, v>0, (2.9b)
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where I'(v) = fowxvfle*"dx is the Gamma function.

The physical range of interest for a Bose gas is 0 <z <1, with z=1 corresponding to
the degenerate case (the onset of Bose-Einstein condensation). z could be any positive
real number for a Fermi gas and the degenerate case is reached when z>> 1.

For small z, the integrand in (2.9a) and (2.9b) can be expanded in powers of z,

0 1 ZZ Z3
Gv(z)zzzlﬁzz-l—z—v-i-?)—v-i----, (2.10a)
n=
© N ZZ Z3
n=

Thus both functions behave like z itself for z <1 and one recovers the classical limit.
On the other hand, the first equation of (2.8) can be written as

Qu(z)= %90, (2.11)
: (2nT)2

where p/(27tT) 7 is just the coefficient of the classical Maxwellian and should be an O(1)
quantity. If 6 — 0, then Qu, (z) =0, which implies z — 0 by the monotonicity of function
Q,. This is consistent with the fact that one gets the classical FPL operator in (1.2) by
letting 6p — 0.

3 Numerical schemes

As discussed in Introduction, our goal is to design a numerical scheme for the quantum
FPL equation (1.1) that works uniformly for different e. Inspired by work [9], we seek a
suitable operator P(f, M) to penalize Q,rp;. A first-order (in time) scheme should look
like:

fn+1 _fn 1 A 1 1
T—l—v.vxf” == [QuepL(f")=AP(f", M7)] JFEP(f"+ M. (3.1)

To find f"*!, we need to compute ./\/134rl first. This can be accomplished by taking the

moments on both sides of (3.1), i.e,, multiply by ¢=(1,0,3v?)T and integrate with respect
to v. If P(f,M,) preserves mass, momentum and energy, one has

un+1 -y
=+ [#(0)0-Vafdo=0, (3.2)
where U= (p,pu,pe+5ou*)". Once we get U™+, M+ is known, then we go back to (3.1)
to compute f"*1.
From the above discussion, we require the operator P(f,M,) to satisfy the following
conditions:
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1. It preserves mass, momentum and energy;

2. Itis easy to invert; preferably linear in f;

3. It contains diffusion-like terms to mimic the structure of Q,rpy;
4. It has a unique equilibrium solution: P(f,M,) =0 <= f=M,.

Remark 3.1. The last condition is to insure the asymptotic property of the scheme. Simply
speaking, if f"— M =0(e), then QurpL(f")=0(e), P(f",M})=0(e). Thus (3.1) implies
P(f* 1, Myt =0(e), so f*1 =M+ =O(e). Later we will see this requirement is not
necessary if we allow a weaker asymptotic condition.

A similar problem has been thoroughly studied in [17] for the classical FPL equation
and the FP operator (1.7) was suggested there as penalization. For the quantum Fokker-
Planck-Landau equation, it is very natural to think of an operator P(f,M,) that depends
on the quantum Maxwellian M, and meets all of the above criteria. However, even if
one can find such an operator, there is still one difficulty left. In the classical case, if unti
(conserved quantities) is known then M”*! is readily obtained, but it is not easy to get
Mg“. In fact, one has to invert the nonlinear system (2.8) to get z and T in order to
define M, [8,13]. In practice this is very expensive (has to be done at every time step and
every spatial point). Furthermore, setting a good initial guess for the iterative method is
not trivial especially when z is close to the degenerate regime.

Since P.rp works perfectly for the classical FPL equation and M g 1s expensive to in-
vert, motivated by our previous work on the quantum Boltzmann equation [8], we pro-
pose Pcrp (1.7) as the penalization operator, where

dy

Me=p( ) *e e (3:3)

47te

The modification on M_ is just to replace the temperature T with internal energy e using
relation e= % T. The reason is because such defined M. has the same first d,+2 moments
as M. Therefore, our scheme for the quantum FPL equation (1.1) reads:

fn+1_fn+'0-v fn_l[Q ( n —)\P n n & n+1 n+1
At x] 7 = [=qFPL f") erp(f", M)+ EPCFP(f SMETH). (3.4)
The right hand side of (3.4) is still conservative, so one computes M *! same as before.

It is important to notice that z and T are not present at all in this scheme. If they are
desired variables for output, one only needs to convert between p, e and z, T through
(2.8) at the final time, see [13].

Remark 3.2. In general, one cannot expect /"1 = M1 =0(¢) even if f"— MI=0O(e) for
this new scheme. Since then Q,rp; (f") = O(e) and the other terms on the numerator of
the right hand side of (3.4) could be written as, roughly speaking, O (f" — M")+O(f"*1—
M), which is equal to O(f" = M) +O(f* 1 = M)+ O (M = M)+ O (M -
M?). Assuming all the functions are smooth and At > ¢, the last two terms are of O(At),

this implies O(f" ! = M *1)=O(At).
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Remark 3.3. In [8] when the quantum BGK operator was penalized by the classical BGK
operator, we were able to show

|f' =My <a"|fP-Mp|+O(AL),  0<a<l. (3.5)

Based on this simple analysis, we expect that f will converge to M, in (3.4) eventually
within an error of O(At) for any initial data. The numerical experiments in the next
section actually confirm this property for our new scheme, but there is no theoretical
justification yet.

At this point, it is beneficial to get a qualitative idea of the differences between classi-
cal Maxwellian and quantum Maxwellian, since basically we are replacing M, with M.
in the penalization and still expect f to be driven to M, instead of M.. As discussed in
Section 2, we know that M, and M are more or less the same in the classical regime
(when ) — 0, i.e., z<<1). What we are really interested in is the behavior of the solution
in the quantum regime (when 6 is not small, corresponding to z ~ 1 for Bose gas and
z>1 for Fermi gas). Fig. 1 shows the 2-D profile of a typical Bose-Einstein distribution
and Fermi-Dirac distribution along with the (classical) gaussian distribution, all obtained
with p=T=1, u=0. In the numerical examples of Section 4, we always solve the equation
in the quantum regime, where the differences between M, and M. are evident () is not
small and may take various values in different examples).

Bose-Einstein distribution classical distribution Fermi-Dirac distribution

Figure 1: Left: Bose-Einstein distribution (z=0.9216); middle: classical Maxwellian (z<1); right: Fermi-Dirac
distribution (z=306.8393).

3.1 The algorithm

We are ready to describe the detailed algorithm.

Given f" and U" = (p,pu,pe+3pu?)" at time #",

Step 1. Approximate the transport term v-V " in (3.2) by a finite volume or finite difference method.
Step 2. Compute U"*! via (3.2) (using any quadrature rule for the integral).

Step 3. Construct M *1 through (3.3).
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Step 4. Evaluate Qurpr(f") by a fast spectral method presented in Appendix A.
Step 5. Solve f"*1 by

fn+1:<17$PCFP(‘,M?+1))71. (fn*At’U'van
+2H(Quep () = APerp (. M), 66)

The discretization of P.pp and its inverse can be found in [17], where only a symmetric matrix
needs to be inverted by the Conjugate-Gradient method.

A remaining question is how to choose an appropriate A to approximate the spec-
trum of Qurpr. The form (3.12) indicates a reasonable choice: A should be the largest
eigenvalue of matrix

/d A(0—0,)fo (1460 f. )do.. (3.7)
Rév

Note that the integral is just the convolution of A and f(1+6yf), which can be obtained
via the Fourier transform.

3.2 Discussions on other possible penalty operators

An equivalent form of P,rp is written as

v—u
Perp =V (Vo f+—= f)- (3.8)
This reminds us of the quantum Fokker-Planck or Kaniadakis-Quarati equation [18-20],
of
S =V (Vof +0f (1£60f)). (3.9)

It was introduced as a simplified model of the full kinetic equation. The well-posedness
and long-time asymptotics of the solution were investigated in [3,4]. Recently it was also
considered for modeling the Bose-Einstein condensate [28].

For the spatially inhomogeneous case, we define

Pyrp=Vo- (Vof + " f(1£60f) (3.10)

analogous to its classical counterpart. Let’s check if this operator serves our purpose. It is
not hard to see that P;rp satisfies conditions 3 and 4. However, it is not linear in f which
needs more effort to invert than a linear one (although much better than Q,rpr). Most
importantly, P;rp only preserves mass. Momentum and energy can be bounded [3], but
are not strictly conserved.

Another possibility is the following operator:

P(erq):v%U‘_Mq)- (3.11)
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This P clearly satisfies conditions 1-4, but it turns out to be a bad choice. We give a simple
argument here. The quantum collision operator (1.2) can be rearranged as

Vo ([, A=0)f.(1£00f)d0. ) Vof = ( [ | A@=0.) V0 fudo. ) F(1200f)]. (3.12)

On the other hand,

v—u

VA(f= M) = Vo (Vof =VaMy) = Vo (Vof + 7= My(1£60M,) ). (313)
Comparing (3.12) with (3.13) and (3.10), it is not surprising that the quantum FP operator
(3.10) works better than the purely diffusive one (3.11). Similar scenario happens in the

classical case, readers are referred to [17] for more explanations and numerical results
regarding this issue.

3.3 An extension to second order method

Up to this point we are only dealing with the first order method, in the sense that the
numerical accuracy is first order in time, as well as the asymptotic property (f" — My =
O(At)). Here we propose a way to extend scheme (3.4) to second order.

3.3.1 A toy model

We start with the toy model
1
atf:—gf. (3.14)

A penalty based second order method can be given as,

3fn+1_4fn+fn71 __1
2At e

2f" = =AQRf = T A, (3.15)

Lemma 3.1. The scheme (3.15) is stable for any € and At if and only if A>3/4.

The proof is straightforward and given in Appendix B.

Remark 3.4. The critical case A =3/4 gives a stable scheme for any nonzero e. But in the
limiting case e =0, one of the roots of the characteristic polynomial for (3.15) is —1. Then
(3.15) does not give the right solutions f" — 0. In fact, when A =3/4 this method is not
L-stable, which is crucial for AP schemes [14].
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3.3.2 A second order method for the quantum FPL equation

Now we can give the second order method for the quantum FPL equation:

3fn+1_4fn+fn_l n n— _1 n n—
L ovier- ) =L 20N - ()]
A

[ZP(f”,MZ)—P(f”‘l,MZ‘l)]+%P(f”+1,/\/l?+1), (3.16)

where Q= Q,rp; is the qFPL operator, P= P,p is the classical Fokker-Planck operator.

Like the first order method, we don’t have any rigorous justification for the quantum
FPL equation. But when the scheme is applied to the quantum BGK equation, we can
improve the result in [8] with the following proposition.

Proposition 3.1. Suppose Q(f) in (3.16) is the quantum BGK operator M, —f and P is
the classical BGK operator M. — f, then when A >3/4, for any initial data, there exists a
constant integer N >0, such that

f”—./\/lg:(’)(Atz), forany n>N. (3.17)
Proof. Under the assumption, the second order method (3.16) reads

A=1

+1 +1__
f” _Mg - A

QU =MD = (T =MIT)+ A, (3.18)
with
A=0(e)+O(AP). (3.19)
Denote r; and r, as the two roots of

A=1 A1

glr=r-2

One can check that |r1| <1 and |r2| <1 under the condition A >3/4.
We write (3.18) as

(f =My = (f" =My = (= MY) =2 (" = M)+ A (3.21)
Let " = (f"*1 = M) —ra(f" = M}), then
W =rh" Y A=r2h"24 (141) A= =0+ (141 4+ H A (3.22)

Noting the last term is of order O(e)+O(A#?) since |r1| < 1.
Take N >0 satisfying Y = O(e) + O(At?), then

W'=0(e)+O(A+), forany n>N.
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This means
e —MZH =r2(f"=Mg)+0(e) +0O(A#?), forany n>N.
With same iterations, one obtains
=M = NN — MY+ (142441571 (O(e) + O(AF)).
Therefore for n large enough, we have
frH—MITT=0(e)+O(AF).
This completes the proof. O

This improvement is very promising and deserves more studies. We will show some
preliminary results of scheme (3.16) in the next section.

4 Numerical examples

In all the simulations, the velocity space is assumed to be 2-D and the interactions be-
tween particles are the Coulomb interactions. A second order finite volume method with
slope limiters [24] is applied to the transport part.
Whenever fugacity z and temperature T are needed, we compute them as follows.
System (2.8) (d, =2) leads to
Qi(z) _ 6o p
Qa(z) 2me’
the left hand side is treated as one function of z and inverted by the secant method. To
evaluate the quantum function Q,(z), expansion (2.10a) is used for the Bose-Einstein
function. The Fermi-Dirac function is computed by a direct numerical integration. The
approach adopted is taken from [27] (Chapter 6.10).

(4.1)

4.1 The spatially homogeneous case

We first check the behavior of the solution in the spatially homogeneous case. Consider
the nonequilibrium initial data

o) = g (e (-5 e (<5720 ) 42)

with pp=1, Tp=3/8 and 19=(1,1/2). Fig. 2 shows the time evolution of f up to time t=1.2
for a Bose gas. Here 6y =9 which corresponds to z=0.6635 (the behavior of the quantum
gas is significantly different from that of the classical gas). The Knudsen number & =
le—4. The computational domain for v is taken as [—8,8] x [—8,8] with N =64 in each
direction. Under this condition, an explicit scheme would require At= O (eAv?) 2 1le—6,
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t=0 t=0.1

t=0.2 t=1.2

7
AN

o

5

Figure 2: The evolution of f for a Bose gas at times =0, 0.1, 0.2 and 1.2. 63 =9. e=1e—4. At=0.01.
veE[—8,8] x[—8,8] on a 64 x64 mesh.

L' norm relative entropy H

107 | [ — Mgl
— ol

10710
0

time time

Figure 3: The time evolution of ||f—Myl|z1, [|f—Mc||;1 (left) and the relative entropy H (right) for a Bose
gas. 0p=9. e=le—4. At=0.01. v€[8,8] x [8,8] with N =64.

while our scheme (3.4) gives fairly good results with a much coarser time step At=0.01.
Furthermore, Fig. 3 (left) clearly illustrates that the so obtained f is indeed driven to
the quantum Maxwellian M, rather than classical Maxwellian M.. Fig. 3 (right) is the
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evolution of the relative entropy H,

1

H=
R 90

f 14600 f
[(90 f)lnm:F(lj:GO f)hWOqu]dv. (4.3)

By the Boltzmann’s H-theorem, this quantity will decay to zero eventually.

4.2 The spatially inhomogeneous case

4.2.1 Asymptotic property

We now numerically verify the asymptotic property of the scheme (3.4) for the spatially
inhomogeneous equation. Consider the equilibrium initial data

(I)' fO :Mqol
sin(27tx) +2
3 7

_ cos(2mx)+3

with po= 1p=(0,0), To= i , x€[0,1],  (44)

and nonequilibrium initial data

(IT): f0:4£0T0 (exp(—%) -I-eXP(—%)),

sin(27tx) +2 _ cos(2mx)+3
3 ’ n 4 ’

with po= U= (0.2,0), To xe [0,1] (4.5)
We set 6p =1 to get a Bose gas in the quantum regime. The Knudsen number ¢ =1e—6.
ve[—8,8] x [—8,8] with N=64. Spatial size Ax=0.01. At=0.0013 by the CFL condition im-
posed on the transport part. The periodic boundary condition is used in the x-direction.
In Fig. 4, we report the time evolution of || f —Mj||1 for the equilibrium initial data (T)

and nonequilibrium data (II) respectively. As one can see, the distances between f and

equilibrium initial data, Knudsen number=1e-6 - nonequilibrium inital data, Knudsen number=1e-6

11f-M,Jl,+ first order
“ [If-M|+ first order

[If-M,fl,+ second order E 102
1If-M_l,+ second order

[1f=MJ| first order
107 E
ey
SN
(AN

[Ii-M,+ second order

[16=M 1 frst order

=7 llf-MJ|,+ second order

L L L L L L L L L L
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.05 0.1 0.15 0.2 0.25 0.3
time time

Figure 4: Distances between f and the Maxwellians for a Bose gas. Left: equilibrium initial data (I); right:
nonequilibrium initial data (Il). p=1. e=1e—6.
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M, is about le—3~ O(At) as expected. For comparison, we also plot || f —M.||;1, which
is much bigger than || f — M,|| 1.

In the same figure, we also show the results of the second order scheme (3.16): N=64,
Ax=0.01, At=6.25¢—4. The error is smaller, but we mention that the long term behavior
is not satisfactory. A larger N gives better result yet the same increasing trend.

Remark 4.1. The long time behavior is not so satisfactory. This might be due to the lack
of well-balanced property for the IMEX type scheme. Consider a conservation equation
with a source term

Oru~+0x f (1) =g(u). (4.6)
One can solve it by an IMEX type method

un-i—l_un

ny __ n+1
Y +o f(u")=q(u""). (4.7)

However this method is not well balanced in the sense that the stationary solution, i.e.,
the solution to

dxf(u)=q(u) (4.8)

is not accurately preserved in the discrete level [11,12].

This lack of well-balanced property is a typical problem for the long time behavior of
AP schemes and deserves further investigation. It is beyond the scope of current work.
We leave it for future studies.

4.2.2 A shock tube problem

We next apply our scheme to the 1-D shock tube problem:
(pl,ul,Tl):(l,O,l), OSXSOS, (4 9)
(pr,ur, Tr)=(0.125,0,0.25), 05<x<1. '

We adjust 6p(=4) to get a Fermi gas in the quantum regime (z;=0.8901, z, =0.3748). The
Knudsen number ¢ =1e—4. v e [—8,8] x [—8,8] with N=64. Ax=0.01. At=0.0013. In
this hydrodynamic regime, the solution of the kinetic equation should be close to that of
the fluid dynamic equations. So we compare the results of scheme (3.4) with the kinetic
scheme (KFVS scheme in [13]) for the quantum Euler equations (2.7). Fig. 5 shows the
macroscopic quantities p, u, z and T at time t=0.2.

4.2.3 Mixing regime

So far the Knudsen number has been fixed in the numerical simulation and we’ve seen
that our scheme works well in the fluid regime. In the real situation the Knudsen number
usually varies between different regimes. The next example is devoted to this kind of
problem.
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Figure 5: Fermi gas in the fluid regime e=1e—4. 6y =4. Density p, velocity uj, fugacity z and temperature T
at t=0.2. ve[—8,8] x[—8,8] with N=64, Ax=0.01, At=0.0013. o: scheme (3.4) for quantum FPL equation;
solid line: KFVS scheme for quantum Euler equations.

Assume ¢ is space-dependent:
e=¢0+0.05(tanh(5—10x)+tanh(5+10x)), e =1e—3, x€[0,1], (4.10)

as shown in Fig. 6.

o1
£~0.1
0.08 |
0.06
0.04
0.02
_ £~0.001
ol
. . . . . . . . .
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x

Figure 6: Space-dependent ¢.
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Figure 7: Fermi gas in the mixing regime. 6y =2.25. Density p, velocity u; and temperature T at t=0.2.
ve[—8,8 x[—8,8] with N=64. Ax=0.01. o: scheme (3.4) with At=0.0013; solid line: explicit second-order
Runge-Kutta scheme with At=6.7771e—06.

We consider a Fermi gas with 6y =2.25 (z:0.16 ~0.76) starting from the equilibrium
initial data (4.4). Let ve[—8,8] x [—8,8] with N=64. Ax=0.01. At=0.0013 by the CFL con-
dition, independent of ¢. Periodic boundary condition is applied to the x-direction. The
macroscopic quantities p, u and T at time t=0.2 are plotted in Fig. 7. The reference solu-
tion is computed by an explicit second-order Runge-Kutta method with a much smaller
time step At=6.7771e—06. All the results agree pretty well which demonstrates that the
scheme is also reliable for problems with mixing scales.

5 Conclusions

An efficient numerical scheme was constructed for the quantum Fokker-Planck-Landau
equation (1.1) that works uniformly for different Knudsen numbers. The main idea is
to penalize the quantum collision operator Qurp; (1.2) by the “classical” Fokker-Planck
operator P.rp (1.7), with the temperature T replaced by internal energy e in the classical
Maxwellian M. The implicit P.rp term can be easily inverted while Qq rpr. is much more
complex to invert. A remarkable feature of the scheme is that the numerical solution f is
still driven to the quantum Maxwellian rather than M. under the fluid regime. We also
developed a fast spectral method for the collision operator Q,rp; following its classical
counterpart.

Appendix
A A fast spectral method for the quantum FPL collision operator

In this Appendix, we outline the fast spectral method for evaluating the quantum FPL
collision operator (1.2). It is an extension of the spectral method in [10,26] for the classical
FPL operator.
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In order to develop a spectral approximation, we restrict the function f on the cube
Dr =[-T,T]* and extend it periodically to the whole domain. T is chosen such that
T =2R, where B(0,R) is the compact support of f [25]. We can then write the operator
(1.2) as ([26])

Qe (@) =V [| | Alg) [h(o+8)Vof (2) ~h(0) Vs f(o+g))dg, (A1)

where

A(g)=1g2(1 ,gﬁ) h(0) =f(0) (160 (0)).

Now f and h are approximated by truncated Fourier series,

N
271 ik A 1 _iTk.

fo)m T et o= g [, S, (A22)
k=—% T
-1 . 1 ‘

h(v)~ el Tk, hk:W/D h(v)e TRy, (A.2b)
k=—1% T

Plugging them into (A.1), one can get the k-th mode of QquL,
2 5-1
2

A __ T 742 —(- et T8 de fili
Oupris==1z L. [, e 87 200Hm) ~ () (L)) F S i

_/B(OZR) ’g‘wz[m(l—i-m)—(m-l‘)(<l+771)'l‘)]ei%m'gdgfmﬁl], (A.3)
where u=g/|g|. Following [26], we define

F :/ 12605 me g, Ad
()= [, 17T S (A40)
Ipq(m):/B(O 2R) ’gp/gpgqei%m.gdg/ plq:]v"'/dv‘ (A4b)

Then (A.3) can be recast as

N
. 2 271 o . o .
Qurpri=—"3 3. |IF(m)fihn-+-mlE(m) fih—mF (m) ffiy—mlF (m) fuf
Im=—X
l+m:l§

dy dy
— Z IplgTpg(m) fihm — Z Lpmglpg(m) film

pg=1 pg=1
dy o dy o
+ Y mplglpg(m) fruhy+ ) mpmqlpq(m)fmhl}. (A5)

pg=1 pg=1
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Every term in (A.5) is a convolution, which can be computed by the Fast Fourier Trans-
form in O(nlog(n)) operations, where n= N is the total points in the velocity space.

As for F(m) and I,;(m), we precalculated them according to the formulas given
in [26]. In the 2-D case, a factor (T/7)”** needs to be multiplied to their results since
we are dealing with the arbitrary domain Dr.

B The stability of the second order method for the toy model

Here we prove Lemma 3.1.
Proof. Eq. (3.15) gives

—4(14+A8 (A1), 1+28(A-1)

n+1 n n—1__
+ + =0.
/ 3+28E) / 34 2t) f
et 2At At 2At
— " 2 e W Iy W
g(r)-(?a-l— . A)r 4<1+ - (A 1)>r+<1+ - (A 1)) (B.1)

Suppose the two roots of ¢(r) are r1 and rp. If r; #ry, the solution { /" } is given by
f=ciri+cory, (B.2)

where ¢ and c; are determined by f° and f!. If r; =r,, the solution { f"} is given by
f'=cir{ +conry. (B.3)

Therefore the stability of method (3.15) is equivalent to the condition that || <1, |r2| <1.
Note that the parabola g(7) opens upward and

g(1):2§ ~0.

Case 1. A >1. Note that

2At

r+r  2(1+8(A-1))

= 1
0< 2 3+28L) < b
1+220(A—1)
O<7’17’2:—€ A

3+2LA

e Casel.l,r and rp arereal. Then0<r1 <1,0<r, <1.
e Case 1.2, 1 and r; are not real. Then |rq|=|rp|= /112 <1.
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Case 2. 2 <A< 1. Note that

At
g(=1)=8+—(81-6)>0,

rt+r  2(1+484(A-1))

-1
=2 3+

<L

e Case2.1,r; and rp arereal. Then —1<r; <1, —1<r, <1.
e Case 2.2, 1 and r, are not real. Then g(0) >0, hence

g0) _142(A-1)

0< =
2At 2At
34280y 340

ie., 0<rry<1. Then |r|=|r|=+/rr2<1.
We have shown that the scheme is stable if A > %.

IfA< %, with € small enough,

At
g(~1)=8+—(81-6) <0.

Since g(r) is a parabola that opens upward, there must be a root r; < —1, which makes
the scheme unstable. O
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