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inverse power law potentials). Albeit more physical, the non-cutoff kernels bring a lot of
difficulties in both analysis and numerics, hence are often cut off in most studies (the well-
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Non-cutoff collision kernel cutoff kernels, achieving the accuracy/efficiency comparable to the cutoff case. We also
Singularity show through several numerical examples that the solution to the non-cutoff Boltzmann
Fractional Laplacian equation enjoys the smoothing effect, a striking property absent in the cutoff case.

Fourier spectral method © 2020 Elsevier Inc. All rights reserved.

Fast Fourier transform

1. Introduction

The Boltzmann equation, proposed by Maxwell and Boltzmann, is one of the fundamental equations in kinetic theory and
models the fluid flow behavior at a wide range of physical conditions [6,5,22]. Generally speaking, when the mean free path
of the system is comparable to the characteristic length of the problem, the Navier-Stokes based macroscopic description
would break down and one has to resort to the mesoscopic kinetic description. This situation often occurs when the mean
free path is large (e.g., in design of spacecrafts in outer atmosphere where the air is rarefied), or when the characteristic
length is small (e.g., in modeling of microsystems where the devices are small), bespeaking the wide applicability of the
Boltzmann equation in various science and engineering disciplines.

The Boltzmann equation reads

f+v-Vf=0(f,f), t>0,xeQCR3 veR3, (11)

where f = f(t,x,v) is the probability density function of time t, position x, and velocity v, and Q(f, f) is the so-called
Boltzmann collision operator describing the binary collisions among particles:

Q(f. Hv) Z//B(V Vi, ) [N FVY) = F(V) f(v.)] dodvs. (12)
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In the formula above, t and x are suppressed since Q(f, f) acts on f only through the velocity. (v/,v}) and (v, v,)
represent the velocity pairs before and after a collision, which satisfy the conservation of momentum and energy:

Vvi=vave, VPV =R+ vl (13)
so that (v/, v)) can be expressed in terms of (v, v,) as

, VAV [v — vy , V+ Vs [v — vy
vi= —0, V,= ———0

- ’ ) 14
2 2 * 2 2 (14)
where o is a vector varying over the unit sphere S2.
It can be shown that Q(f, f) satisfies the conservation of mass, momentum, and energy:
[ e nav=[ e pwav= [ o piveav=o (15)
R3 R3 R3
and the celebrated Boltzmann’s H-theorem:
[ et fymsav <o, (16)
R3
with equality holds if and only if f reaches the equilibrium:
lv—u?
M(v) = %e_ oo, (1.7)
2rT)2
where the density p, bulk velocity u, and temperature T are given by
1 1
p=/fdv, uz—/fvdv, T:—/f|v—u|2dv. (1.8)
P 3p
R3 R3 R3

In (1.2), the collision kernel B is a non-negative function depending only on |v — v, | and cosine of the deviation angle 0
(angle between v — v, and v/ — v,). Thus B is often written as
0 (V—Vy)
B(v —v4,0)=B(]v —vy|,cos0), cos = ————. (1.9)
[V — vyl
The specific form of B can be determined from the intermolecular potential using classical scattering theory [5], yet its
explicit form is not known except for some simple potentials. For example, in the case of inverse power law potentials
U)=r—6-D 2 < s < 0o, where r is the distance between two interacting particles, it can be shown that the angular part
and velocity part of B are separated:

B(|v — v4|,c0s0) =b(cosO)D(|v — v4]), (1.10)
where ®(Jv —v,|)=|v—v, Y,y = % —3 <y <1, and b(cos ) is some function defined implicitly. Using simple asymp-
totic expansion, one can show that b(cos®) when 6 — 0 behaves as

2

sin@b(cosH) ~KoT1V, v= 0<v<2, (111)
0—0

s—1’
i.e,, it has a non-integrable singularity when the deviation angle is small. The kernel (1.10) encompasses a wide range of
potentials, and we just mention two marginal cases: s =00, ¥y =1, v =0 corresponds to the hard spheres, and s = 2,
y = —3, v =2 corresponds to the Coulomb interaction (in fact, the Boltzmann collision operator loses the validity in this
case and one has to use its grazing limit, the so-called Landau operator [22], a diffusive type operator). Finally, we point out
that the non-integrable singularity in the collision kernel is a generic phenomenon when the interaction is long range and
does not only appear in the inverse power potentials. For instance, the Debye-Yukawa potential U(r) =r~le™" also leads to
an angular singularity as & — 0 (cf. [16]):

SindB(|v — v|, cos6) o ~K|v— v*|9_1|log0_1|. (112)

Albeit more physical, the non-integrable singularity in the collision kernel brings a lot of difficulties in both theoretical
and numerical treatment of the Boltzmann equation. Due to this, Grad [12] introduced the famous angular cutoff assumption,
replacing the collision kernel by a locally integrable one, and it is henceforth used in the majority of works on the Boltzmann
equation. The Grad’s cutoff assumption greatly simplifies the analysis, but also changes the qualitative behavior of the
solutions. Since the work of Desvillettes [7], it has been realized that the solution to the non-cutoff Boltzmann equation

2
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enjoys the smoothing effect, which is not true in the cutoff case where the solution can be at best as regular as the initial
data. Without going into technical detail, we quote the following statement from [2] to help readers better understand the
structure of the problem: “The non-cutoff Boltzmann operator Q(f, -) behaves like the fractional Laplacian —(—A)%. In the limit
case v = 2, it has to be replaced by the Landau operator, which is precisely diffusive in nature.” There are by now a large number of
theoretical results related to the non-cutoff Boltzmann equation. We refer to the recent review by Alexandre [1] for further
references.

Our contribution. Numerical approximation of the Boltzmann equation is also largely influenced by the Grad’s cutoff
assumption. This includes both the direct simulation Monte Carlo method [3] and deterministic methods such as the Fourier
spectral method [19,18,10,9]. Therefore, it is our goal of this work to introduce a reliable numerical method to solve the
more physical non-cutoff Boltzmann equation. We will show that the general framework of the fast Fourier spectral method
developed in [9,14] can be extended to handle the non-cutoff kernels, achieving the accuracy/efficiency comparable to the
cutoff case. In particular, we will carefully compare the solutions computed with and without cut-off assumptions, and
verify the regularizing effect as predicted by the theory.

Related work. There are some existing numerical work related to the non-cutoff Boltzmann equation. [20,8] are the
closest to ours, where the authors considered the grazing collision limit of the Fourier spectral method for the Boltzmann
operator and showed that it reduces to the Fourier spectral method for the limiting Landau operator. We mention that the
Taylor expansion has been used in [20,8] to study the integrability of the kernel and our approach in Section 2.1 shares a
similar spirit. Yet, both works focused on the transition from the Boltzmann to the Landau equation (i.e., v — 2 in (1.11))
and no fast algorithm was introduced. The recent work [11,24] indeed considered the non-cutoff Boltzmann equation (i.e.,
0 <v <2in(1.11)): the former solved a radially symmetric version with Maxwell molecules using symbolic calculation, and
the latter proposed a modified equation by adding a scaled Landau operator to account for the singularity.

The rest of this paper is organized as follows: Section 2 describes the basic formulation of the Fourier spectral method for
the non-cutoff Boltzmann equation, where the focus is to prove the integrability of the weight in the method. In Section 3
we establish the consistency and spectral accuracy of the method in approximating the collision operator. In Section 4
we introduce a fast algorithm to accelerate the method and discuss some implementation detail. Numerical examples are
presented in Section 5 to demonstrate the efficiency and accuracy of the proposed method. The paper is concluded in
Section 6.

2. A Fourier-Galerkin spectral method for the non-cutoff Boltzmann equation

In this section, we describe the Fourier-Galerkin spectral method for solving the non-cutoff Boltzmann equation. Since
the main difficulty comes from the collision operator, for the rest of this paper we will consider the following Cauchy
problem of the spatially homogeneous Boltzmann equation:

[a[f(t, V)I=0O(f,f), t>0 veRY d=2or3,
fO,v)=f(v),

where the collision operator is rewritten here for clarity (we include the 2D model as well since it leads to some numerical
simplicity):

(21)

of, HH(v) = / / B(gl.o - ) [f(W)FOV) — F(v — @) f(v)] do dg, (22)
]Rdsd—l
with

1 1
V’=V—§(q—|q|0), v;=V—§(q+|q|0)- (2.3)

Note that compared to the original operator (1.2), we have done a change of variables: v, — q =v — v, in the above
formula, and |q|, § = q/|q| denote the magnitude and direction of q, respectively.

In order to apply the Fourier spectral method, we first need a proper truncation of the domain and integral. To this
end, we assume that f has a compact support in v: Supp(f(v)) C Bs, where Bs is a ball centered at the origin with
radius S (in practice, S can be chosen roughly as max |u® # c+/T9|, where u® and TO are the bulk velocity and temperature
corresponding to the initial data f°, and c is some constant ~ 3). It then suffices to truncate the infinite integral in g
to a larger ball Bg with radius R > 2S. It is also easy to see Supp(Q(f, f)(v)) C szs- Hence we can restrict v to the

computational domain D; = [—L, L]¢ with L > +/2S and extend the solution periodically to the whole space (in practice, L
can be chosen as L > (3 4+ +/2)S/2 to avoid aliasing effect [19]).

With the above assumptions, we consider the following truncated problem as an approximation to the original problem
(2.1):

aft,v)=0kK(f,f), t>0, veD, d=2or3,

(2.4)
fO,v)= (v,
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(2.5)

with
QR(f,f)(V)=/ / B(gl.o - [f(V)fV) = f(v—q) f(v)] do dg,

Br Sd—l
and its (truncated) weak form
(2.6)

/QR(f f)(V)fb(V)dv—ff / B(gl,0 -9 f(v =) f(WMIp(v) — ¢ (v)1do dqdv,

Dy Bg sd-1

where ¢ (v) is some test function.
We now construct the Fourier-Galerkin spectral method for (2.4). Consider the space of trigonometric polynomials of

degree up to N/2':
2.7)

N
- —<k<—=
-T2

3T
iTkv

N}’

Py = span ie
equipped with inner product
(2.8)

1 _
(fvg)zm/fgdv
Dy

The method seeks a solution fy € Py such that?
N
(2.9)

e, v) = Z fie@e Tk,

k=—1%
(2.10)

and requires
N N
=0, for — —<k<—.
2 2

(O fn — QR (fn, fn), el TKY) =

The resulting Galerkin system reads
d R N N
—fi=9, —==<k=z-=
fie= 2 2 (211)

fi©0) = £,
with
fo ir k V (2'1 2)

of .= (R (fw, fa), elTkvy, £

Using the weak form (2.6), one can derive that

1 N T
Q,’S=W/[ f B(ql,0 - @) fn(V) fn (v — @) (e TKY —e1TkV) do dgdv
(2.13)

Dy Bg sd-1

Nz

= > GU.m)fifn.
l,m:—%
I+m=k

where the weight G(I, m) is given by
(2.14)

Gd,m) = / etime / B(lgl. 0 - §)(e'zrtM@70l) _1)do | dg
sd—1

Br
We mention that up to this point, the derivation of the spectral method is completely formal and the singularity of
the collision kernel does not play a role. In fact, if B(|q|,o - q) is integrable, the derivation is done and one can proceed

=(kq,..., ,kg). —N/2 <k <N/2 means —N/2 <k; <N/2, j=1,....d
N/2
'desz/z-

2 N2 N/2
Zkffw/z = Zlq:—N/Z -
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straightforwardly to the implementation: precompute the weight G(I,m) according to the formula (2.14) up to certain
accuracy as it does not depend on f, and evaluate the sum (2.13) directly to get Q,’f at every time step. However, in the
non-cutoff case B(|q|, o - ) has a non-integrable singularity, hence nothing guarantees the weight defined in (2.14) is well
defined. Then whether the Fourier spectral method is a suitable approximation deserves further investigation. Fortunately,
we will show below that the answer is positive.

2.1. Integrability of the weight
In this section, we show that the weight (2.14) is well defined using a simple Taylor expansion. Similar approach has
been used in [20,8] to study the grazing limit of the Boltzmann equation, that is, when all collisions are concentrated around

6 ~0.
For simplicity, we assume the kernel has the form

B(lql,0 - q) = @(|q])b(o - Q), (2.15)

and rewrite (2.14) as follows

R
G(”’")zf / (|q))lgl*—Te-iFlaim / b(o - §)(@ T+ G-0) _ 1) dor | dgdig)

0 Sd—l Sd—l
2.16
. (2.16)
://q’(lfJI)Iqld”e*i%mIm-qF(l+m,Iql,fl)dfldlql,
0 sd-1
where

F(k, [ql,8) == / b(o - §)(e'z k@) _1)dg. (2.17)

Sd—l

We have the following result.

Proposition 2.1. Let B(|v — v,/|, cos®) be the collision kernel of the Boltzmann equation whose angular part b(cos ) satisfies the
singularity condition:

sin®~2 b (cos 0) o™ K6~17V, 0<v<2, d=2or3, (2.18)
then the weight F(k, |q|, q) in (2.17) is well defined.

Proof. We discuss the 2D and 3D cases separately.

(i) 2D case: (2.17) becomes

Fik. 19l 9) = / b(o -4) (G- 1) do
51
2T

=/b(c050) (ei%\q|k-[@(1—cos€)—f]lsin0J B 1) a0 (2.19)

0
21

:/b(cos@) (eﬁ(e) - 1) do,

0

where we parametrized o in a coordinate system determined by (G, 41):

0 =qcosO +q, sind, (2.20)

and

- T A O
F@0) := 1Z|q|k -[q(1 — cos@) — g sind]. (2.21)



J. Huand K. Qi Journal of Computational Physics 423 (2020) 109806

Apparently, for fixed k, |q| and ¢, the integrand in (2.19) has a singularity at & = 0 and 2. Therefore, it suffices to
consider the following integral:

€ 2

Fe :/b(cose) (eF(G) - 1) do + / b(cos6) (e“” - 1) do

0 27 —€

€ 2

:/b(cos@) (F(@) 4 O(Fz(e))) o + / b(cos®) (F(e) 4 0(1'3"2(9))) do,

0 2w —€

(2.22)

where a Taylor expansion is applied to the exponential function.
For the first order terms in F., we have

€ 2
/b(cos@)ﬁ(@)d9+ / b(cos)F () do

0 21w —€

€ 21

:/i%ml(k-@)b(cos@)(l —cosf)do + / i;T—L|q|(k-Q)b(cos<9)(l —cosf)do,
0 2w —€

(2.23)

where the terms involving ¢ cancel due to parity. Using 1 — cosf = 251r12(t9/2)|6HO ~ 62 and (2.18) (with d = 2), we have

b(cos6)(1 — cose)‘ ~ K@l_”, 0O<v<2. (2.24)
6—0
Similarly,
b(cos6)(1 — cos@)‘ ~KQmr — 9)]’”, 0<v<2. (2.25)
0—2mw

Hence the integrals in (2.23) are integrable.
For the second order terms in Fe, it is easy to see O(FZ(G))|9_)0 ~ 62, Using again (2.18), we have

b(cos@)O(Fz(e))L) .~ Ko™, o0<v<2. (2.26)
Similarly,
b(cosQ)O(I:"z(Q))‘e L ~ker-o)'™, 0=v<2 (2.27)
—21

Hence these terms are also integrable.
To summarize, we have shown that the integral F converges.

(ii) 3D case: (2.17) becomes

Fk, 1q], Q) :/b(c X)) (ei%lmk(ﬁ*") — 1) do
52
2n
— //b(COSQ) (eif—L\q\lo[Q(lfcosG)fﬁsin9cos¢7}'sin9 sing] __ l) sing do d¢ (2.28)
0
b4

/b(cos@) (e“@) _ 1) sin6 do dg,
0

o\g_, o

where we parametrized o in a coordinate system determined by (fz, 3 q):

cr:ﬁsin@cosqﬁ+]’sin65in¢+€1c059, (2.29)

and
F©) = i;_L Iqlk - [(1 — cosO) — hsin@ cos ¢ — }'sinO sin¢]. (2.30)

6
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Now for fixed k, |q| and g, the integrand in (2.28) has a singularity at = 0. Therefore, it suffices to consider the following
integral:

21 € 2w €
Fe =//b(cos€)(eﬁ(9) —1)sin0 d9d¢=//b(cosé)(F(0)+O(F2(0))) sinf do dg, (231)
00 00

where a Taylor expansion is applied to the exponential function.
For the first order term in F¢, we have

2w €

//b(cose)ﬁ(e)sinededqa
00

21 €

:ffb(cos@)i;—qulk [q(1 — cosH) — hsine cos ¢ —jsin@ sin¢]sin6 do d¢ (2.32)
00

€
o7 / i;—L|q|(k - §)b(cos8)(1 — cos6) sin 6 do,
0

where the terms involving h and } integrate to zero due to periodicity in ¢. Using 1 — cos6 = Zsin2(9/2)|9_>0 ~ 62 and
(2.18) (with d = 3), we have

b(cos@)(l—cos@)sin@‘g Ko 0=v<2, (2.33)

hence the integral in (2.32) is integrable.
For the second order term in Fe, it is easy to see O(F?(6))|,_ ,~ 6. Using again (2.18), we have

b(cos@)O(Fz(Q))sine‘e O~1<91—”, 0<v<2. (2.34)
—

Hence this term is also integrable.
To summarize, we have shown that the integral F converges. O

Remark 2.2. Note that we used (2.15) to simplify the presentation but nothing is essential about this assumption.
3. Consistency and spectral accuracy
In this section, we prove the consistency result of the spectral approximation of the non-cutoff collision operator, that is,

when f has certain regularity, the Fourier approximation of the collision operator enjoys spectral accuracy.
In order to do so, we need the following important regularity result of the non-cutoff collision operator.

Theorem 3.1. ([1], Theorem 7.4) Assume that the collision kernel B (|[v — v|, cos0) = |v — v,|Vb(cos ) with y € R and the angular
part satisfying sin®~2 b(cos 6) ’0 0 K617V, 0 <v < 2,d =2 or 3. Then, for any m € R, we have
—

12(8: Hllpm(ra) = C||g||L2y+V)+(Rd)||f||H2’;++"U)+(Rd)’ (3.1)
where (y +v)T = max {(y +v), 0}, Q(g, f) is the bilinear collision operator given by
(g, Hv) =/ / B (v — .|, cos0) [g(v) f(v)) — g(vi) f(v)] do dv,, (32)
Rd sd—l

and the weighted norms are defined as
1/p 1/2

£l = /|f<v>|p<1+|v|2)sp/2dv C = D000 ) (33)
Rd

lijl<m

The above theorem can be easily generalized to our setup in the bounded domain D; = [—L,L]¢ and the truncated
collision operator QR (g, f)(v).
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Lemma 3.2. Assume f, g are compactly supported in Bs, and R > 25, L > +/2S. Then under the same condition as Theorem 3.1, we
have

1R (g, Nllmcpy) < Cliglgpp L f lmv (o). (34)

where C > 0 is a constant depending ond, y, v, L.

Proof. Note that if f, g are compactly supported in Bs, then QF(g, f)(v) = O(g, f)(v), and Q(g, f)(v) is compactly
supported in Bﬁs C D;. Then using Theorem 3.1, we have

.
197 (g, MHllumpy < CA+LHY T gl Il f amsv ()
+ d
<CA+LHY™T D)2 gl 2py I f Il (D).

where we used the Cauchy-Schwartz inequality in the second inequality. O

(3.5)

For a periodic function f(v) € L?(Dy), we define its Fourier projection as

= > RV fe=(f e TR, (36)

We have the following basic fact regarding the projection operator (see for instance [13]).

Lemma 3.3. For any m, r € R such that 0 <m <r, if a periodic function f € H' (D), then there hold

C
1 =Puflliz = o I e 1 = PanHmfNr _

I il (3.7)

We are ready to prove our main result.

Theorem 3.4. Assume that the collision kernel B (|v — v,|, cos0) = |[v — v,|Vb(cos@) with y € R and the angular part satisfying
n?=26b (cos 9) o ~ K6~ 1Y, 0 < v < 2,d =2 or 3. Furthermore, assume f is compactly supported in Bs, and R > 25, L > +/28.
Thenfor anyr e R such thatr > v, if f € H' (Dy), we have

1R (f, f)—PnOR(Pnf. PNz < NV (AN N F U+ F el f o) - (3.8)

Proof. By the obvious triangle inequality,

IOR(f, f) — PnOR (PN F, PN H)II2

R R R R (3.9)
<[NQ*(f, /Y=PnQ (f, Oz +IPNQ (f, f) = PnQ  (Pnf. PN )l 2
For the first term, we have for any r > v,
IQR(f. ) —PnOR(f, P2 < N 1R (f. Hllyr— < = ezl (3.10)
where we used the Lemma 3.3 in the first inequality, and Lemma 3.2 in the second inequality.
For the second term, we have for any r > v,
1PN @ (f. /) = Pn Q@ (Pnf. Py )2
<IQ®(f, /)= QX P f, Pn )2
<IQ¥(f =Pnf. Pl +1Q¥ PN f. f — Pyl (311)
<Cllf —Pnfll2llflly +C||PNf||L2 If —Pnflln
=g —— I f g | fllmy + N —— 2l fllwr,

where we used the Parseval’s inequality in the first inequality, Lemma 3.2 (with m = 0) in the third inequality, and
Lemma 3.3 in the last inequality.
Combining (3.10) and (3.11), we obtain the desired inequality. O

8
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As a corollary, we have the spectral accuracy for the moments as well.

Corollary 3.5. Under the same condition as Theorem 3.4, if a function ¢ € L%(Dy), we have

[(QF(f. 1), #) = (PNQ (PN f PN ), 9] < - (3.12)
Proof. Using the Cauchy-Schwartz inequality and Theorem 3.4,
HQR(f. £).¢) — (PNQR(PNF. PN ). ¢} < I1QR(f. ) — PN QRPN F. PN O2 18]l 12
(3.13)

C
=N (AN e+ U N I f =) Il 2. ©

4. A fast algorithm and precomputation of the weight

Now the validity of the Fourier spectral method for the non-cutoff Boltzmann equation has been justified. When it comes
to implementation, the method requires the storage of the precomputed weight G(I,m) as defined in (2.14) and a direct
evaluation of the sum (2.13). Assume N points (basis) are used in each velocity dimension, the total computational cost
would be 0(N2?) and the same amount of memory is required to store the weight matrix. Therefore, the direct spectral
method is both computationally expensive and memory consuming, especially for three dimensional problems.

Recently in [9,14], a fast algorithm is introduced to accelerate the direct Fourier spectral method as well as to alleviate
its memory requirement. The idea is to shift some offline precomputed items to online computation so that the sum (2.13),
which is a weighted convolution, can be rendered into a few pure convolutions to be evaluated efficiently by the fast
Fourier transform (FFT). Fortunately this idea can be generalized to the non-cutoff case without much change, which we
briefly describe below.

Our goal is to find a low-rank decomposition of G(I, m) in (2.14) as follows

Np
G(l.m)~y Jarp(l+m)py(m). (41)
p=1
where ap and B, are some functions to be determined and the number of terms N, in the expansion is small. With this
approximation, (2.13) becomes

Np g
Of &Y ey Y fi(Bp(m)fm), (42)
p=1 ,mz,ﬁ
z+m=ﬁ

where the inner summation is a convolution of two functions f; and g,(m) f,. Hence the total cost to evaluate Q,’f (for
all k) can be reduced from O (N2%) to O(Nde log N) with the help of a few FFTs.

To find the decomposition as in (4.1), one just needs to use the form (2.16) and approximates the integrals in |q| and g
using quadratures as

Glm)~ Yy wigw;(lahlg e TIMIF A +m, g1, d), (43)
lql.g

where wiq and wy are the corresponding quadrature weights. In practice, we use Nig = O(N) Gauss-Legendre quadrature
points to discretize |q| and Nj < N Spherical Design [23] quadrature points to discretize g. Now using (4.3), (2.13) is
approximated by

N

2
Of ~ Y wigwg®(lah 1" Pk, lgl ) Y- fi(e T gy ) = OF. (44)
lql.q Im=-5
[4+m=k

Therefore, the total cost to evaluate Q,’f is O(NaNd“ log N). What’s more, the only term that needs to be precomputed and
stored is the weight F(k, |q|,q) defined in (2.17), which requires O(N@N‘”]) memory at most.

Remark 4.1. The fast algorithm introduced above still preserves mass as in the direct spectral method. To see it, notice that

ON = f fndv =LY fo(t), (4.5)
Dy
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where fy is the zero-th mode of the numerical solution and is governed by
d SR
— fo= OR, 4.6
dt fO QO ( )
From (4.4) and the definition of F in (2.17), it is easy to see QO =0 since F(0, |q|,q) =0.
4.1. Strategy in precomputation of F(k, |q|, q)

From the previous discussion, it is clear that the online part of the fast algorithm is no different from that in the cutoff
case. The main difference lies in the offline stage, i.e., the precomputation of the weight F(k, |q|, q). Indeed if the kernel is
integrable, computing F is rather straightforward. However, in the non-cutoff case, as we proved in Section 2.1, F contains
an integrable singularity as @ — 0. Due to the cancellation effects of terms b(o - §) and (elZ!1c@=9) _ 1) in (2.17), extra
care is needed to compute the integral accurately. This is especially true when the singularity in the kernel is strong.

To be precise, we take the following strategy:

(i) 2D case: We start with the formula (2.19). Since the singularity of b(cos6) appears both when 6 — 0 and 6 — 2,
we split the integration domain 6 € [0, 27r] into three parts [0, €], [€,2m — €], and [2 — €, 27]:

2
F(k, Iql,&)=/b(c059) (em) —1) do
0
€ 2m—€ 2
:/b(cos@) (eF<9> —1) o + / b(cos) (eF<9> —1) o + / b(cos6) (e“") —1) do
0 € 2m—e
€ 2m—e
%/-b(cosé) <F(<9)+ %F2(9)> do + / b(cos) (eF<9> - 1) do (4.7)
0 €
1 11
2
+ / b(cos6) (F(9)+%F2(9)> do,
2w —e

11

where for parts I and III the Taylor expansion of ef® up to second order is used, hence some angular terms can be
canceled immediately. After this manipulation, standard quadrature can be applied to each part. In our implementation, we
calculate part I and part I1] exactly (after Taylor expansion), and apply the MATLAB built-in function “integral” to part I1.

(ii) 3D case: We start with the formula (2.28) and split the integration domain 6 € [0, 7r] into two parts [0, €] and [e, ]:

2

F(k, |q|,@)=//b(c059) (eﬁ(‘)) —l)sin9d9d¢
00

2w € 2n
://b(cose) (eF<9> —1)sin9 d9d¢+//b(cose) (e”9> —1)sin9 do dep @s)
00 0 € '

21 € 2n 7

%//b(cosé) <I~?(0)+%F2(6)) sind do d¢+//b(cos@) (eﬁ(g) —1) sin6 do dg,
00 0 €

I 11

where for part I the Taylor expansion of ef® up to second order is again used to cancel some angular terms. After this
manipulation, standard quadrature can be applied to each part. In our implementation, for the integral in 6, we calculate
part I exactly (after Taylor expansion) and apply the MATLAB built-in function “integral” to part II; for the integral in ¢,
we use the mid-point rule for both part I and part I1.

In practice, we choose € = /1000 and the numerical results in the next section (in particular the BKW tests) imply that
F(k,|q|,q) has been computed to the same accuracy as in the cutoff case.

10
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Remark 4.2. Similarly as in Section 2.1, the assumption (2.15) is used to simplify the presentation but all the discussions in
this section work for general kernels of the form B(|q|, o - ).

4.2. Key differences between the cutoff case and non-cutoff case

Although formally the fast Fourier spectral method presented above can be implemented the same in both cutoff and
non-cutoff cases (provided the weight F(k, |q|, §) has been precomputed), we would like to point out a few key differences
between the two cases.

First of all, in the cutoff case, for quite a few collision kernels commonly used for numerical purpose such as the variable
hard sphere model (VHS) [3], where B(|q|,o -q) = C|q|” only has the velocity dependence, there exists analytical formula
for F(k,|q|,q) hence no precomputation is needed. Indeed, if b(cosd) = C, in 2D,

F@Jﬂﬁ)zC/&?%WW@*”—l)da:C é%mma/eA%WWUdJ—Zn

J J (4.9)
_ iZlgkq (75 )_ ]
2 [0k Jo (lqlikl) - 1]
and in 3D,
F(k,lql,q) = C/ (ei%m”"@"’) - 1) do = C | elarlalka / e itk o qo — 4z
(410)

52 52
iy N T
=47C [e'ﬂ'ql"'qsmc (—lqllkl) - 1] :
2L

However, in the non-cutoff case, precomputation is always inevitable.

Secondly, in the cutoff case, one can separate the gain (positive) term and loss (negative) term in the collision operator.
Since the loss term under the Fourier spectral approximation is readily a convolution, no extra low-rank approximation as
in (4.3) is needed. Numerical experiments suggest that this way would yield better accuracy in comparison to computing
the gain and loss terms together using (4.4), especially for anisotropic solutions, see [14]. Unfortunately, this option is not
available in the non-cutoff case as the gain and loss terms cannot be separated (they have to be viewed together since each
of them is a divergent integral).

5. Numerical results

In this section, we perform a series of numerical tests to demonstrate the accuracy and efficiency of the proposed
method in 2D and 3D cases. We first carefully validate the accuracy of the method using an analytical solution, which can
be constructed for both cutoff and non-cutoff collision kernels. We then use the method to simulate a few examples with
measure valued initial data, where we observe very different solution behavior for different kernels.

5.1. Some preliminaries on the BKW solution with non-cutoff kernels

The Bobylev-Krook-Wu (BKW) solution [4,15] is one of the few analytical solutions one can construct for the homoge-
neous Boltzmann equation with Maxwell molecules (i.e., B(|q|,o0 -q) =b(o - Q) in (2.2)). Although the BKW solution (with
cutoff Maxwell kernels) has been widely used to validate the deterministic numerical solvers for the Boltzmann equation, it
is not well recognized that the solution is also valid for non-cutoff kernels, hence is an ideal candidate to test the accuracy
of the proposed method. For this reason, we briefly describe the construction of the solution in this subsection.

The BKW solution is an isotropic function of the form:

1 2\ (d+2)K—-d 1-K
t,v) =——exp| ——— v . 51

Tev =G p( ZIC>< T Tl (1)
In order for (5.1) to be a solution of (2.1), it can be verified by direct substitution that K = C(t) must satisfy

K'=x(1-K), (5.2)
with

1 A A
A:Z / (1—(a-q)2>b(0~q)da, (5.3)
sd-1

11
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which indicates

K =1— Cexp(—Aat). (5.4)

Differentiating (5.1) and using (5.2), we obtain

V2 (1 =K)? 2 5, 4
=of=———exp(-—2L 4A[dd 2K2 —2(d +2)K ] 55
o =0 = G exp( ) a4+ @+ 2KV +1v| (5.5)
In 2D, we can choose benchmark values
1 . 1
C=-, bloc.-q9)=—, 5.6
> (-9 o (5.6)
which leads to
1 1 t
A=— =1-= —— . 5.7
g k=15 () 57)

Based on these values, we can construct several non-cutoff kernels b(o - q) with different degree of singularity but all
correspond to the same value of A, hence the same shape of the solution.
In 3D, we can choose benchmark values

C=1, bo-§=—, (58)
4

which leads to

1 t
A=—, =1- ——. 59
6 K exp( 6) (5.9)

Similarly to 2D, we can construct several non-cutoff kernels b(o - §) that all correspond to the same A and same solution.
5.2. 2D BKW solution — Maxwell molecule

Based on the discussion in Section 5.1, we construct the following collision kernels which all correspond to the same A
and K as given in (5.7).

o Cutoff kernel bq:

A 1 .
bi1(o -q) =b1(cosH) = o 0 €[0,2m] with /bl do =1. (5.10)
Sl
e Non-cutoff kernel b;:

n 3
by(o -q) =by(cosf) = —
2(0 - q) = ba( ) %)

—., 0€[0,27] with /b2d0:+oo. (5.11)
sm%

s1

The order of singularity of by is by ~@0~1=v with v =0.

Non-cutoff kernel bs:

|94>0

bs(o - q) =b3(cosH) = ——5, 0€l[0,2n] with /bg do = +o0. (5.12)
87 sin” 3
s1
The order of singularity of bs is bs|, o ~6~'"" with v=1.
o Non-cutoff kernel by4:
. 5 cos §| )
bs(o - §) =bs(cosd) = ——5—, 6€[0,2r] with /b4 do = +o0. (5.13)
256sin? § K

The order of singularity of by is bal,  ,~ 671" with v=3.

12
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Table 1

Section 52: 2D BKW solution - Maxwell molecule. [|Q%(f, f) —
QMM (£ f)|l at t =0. N is the number of points in each velocity dimen-
sion. Njg = N is the number of points used in the radial direction (with
Gauss-Legendre quadrature). N; = 32 is the number of points used in the
angular direction (with mid-point quadrature). R =6, L = 3 + v2)R/4 ~

6.62.
N by by b3 by
8 1.8411e—02 1.8612e—02 1.9054e—02 1.9569e—02

16 1.0692e—03 1.0806e—03 2.1531e—-03 3.9562e—03
32 1.4704e—07 1.3363e—07 1.0620e—07 3.0431e—-07
64 2.8322e—-09 2.9002e—-09 3.1950e—09 4.4349e—09

Absolute max norm error of f

E I I I I
E —*— cutoff kernel b1
10 L non-cutoff kernel b2
E —+— non-cutoff kernel b3
C —©— non-cutoff kernel b4
10°® E
£ T $ 99— o o o o — P4 ——o—&
10—8 ? P——0—0—0—& & A4
1o-to L \ \ \ \ \ \ \ \ \
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 1. Section 5.2: 2D BKW solution - Maxwell molecule. Time evolution of || feXt — fPUM ||, Classical RK4 with At = 0.05 for time discretization. N =
Njg=N3=32.R=6,L=(3+ V2)R/4~ 6.62.

For all the above four kernels, they yield the same solution (5.1). Without introducing any time discretization error, we
verify the accuracy of our method by evaluating (5.5) at certain time. The results are reported in Table 1, which demonstrate
that the Fourier spectral method in the non-cutoff case works equally well as the cutoff case. Note that for the cutoff kernel
b1, one can just use the analytical formula (4.9) to get F(k,|ql|,q). This, on the other hand, indicates that our strategy of
precomputing the weight F(k, |q|, @) is reliable.

To examine the error evolution in time, we next use our method to solve the homogeneous Boltzmann equation. The
classical fourth-order Runge-Kutta method is employed for time discretization to ensure that the temporal error does not
pollute the spectral accuracy in velocity. The result is shown in Fig. 1, where there is no significant difference among four
kernels.

5.3. 3D BKW solution — Maxwell molecule

Based on the discussion in Section 5.1, we construct the following collision kernels which all correspond to the same A
and KC as given in (5.9).

o Cutoff kernel bs:

A 1 .
bs(o - q) = bs(cosh) = yr 6 €[0,r] with /bs do =1. (5.14)
52
o Non-cutoff kernel bg:

bg(o - q) = bg(cosO) = 0 €[0,m] with /bs do = +o0. (5.15)

87 sin®sin §
52

The order of singularity of bg is sin6bg|, ,~6~'~" with v =0.
o Non-cutoff kernel b7:

b7(o - @) =b7(cosf) = 0 €[0,m] with fb7 do = +o0. (5.16)

S2

1
672sind sin® §

13
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Table 2

Section 5.3: 3D BKW solution - Maxwell molecule. || Q®t(f) — Q™M (f)||1
at t =6.5. N =32 is the number of points in each velocity dimension.
Njq = 32 is the number of points used in the radial direction (with Gauss-
Legendre quadrature). Nj is the number of points used in the sphere (with

Spherical Design quadrature). R =6, L = (3 4+ v/2)R/4 ~ 6.62.

N[Z bs be by bg

12 4.1224e—04 5.5098e—04 1.5792e—-03 3.4256e—03
48 5.7277e—05 9.1134e—05 1.7077e—04 2.8334e—04
70 1.1213e-05 1.9541e—-05 4.5150e—05 8.8087e—05

120 9.7623e—07 1.5891e—06 4.6049e—06 1.0831e—05
192 5.6276e—07 4.2911e—07 3.4111e—-07 5.5735e—07

The order of singularity of by is sin6by|, ,~6~'"" with v=1.
o Non-cutoff kernel bg:

0
5cos§

bg(o - q) = bg(cosh) = , 6¢€[0,m] with /bs do = +o0. (5.17)

NS
1927 sin@sin? &
2 52

The order of singularity of bg is sin®bs|,  ,~6~1"" with v=3.

We now perform a similar test as in 2D with the above four kernels. The results are reported in Table 2. Since the inte-
gration on the sphere is harder than that over the circle, our focus here is to demonstrate the convergence with respect to
the spherical quadrature. Note that for the cutoff kernel bs, one can just use the analytical formula (4.10) to get F(k, |q], q).
Again we can see that the method can achieve the same level of accuracy for both the cutoff and non-cutoff kernels.

5.4. Measure valued solution in 2D — Maxwell molecule

We now perform a series of numerical tests for the (approximate) measure valued solutions with time evolution using
different collision kernels. The existence of measure valued solutions has been established in [21,17]. Furthermore, it is
known that the solution to the non-cutoff equation enjoys the smoothing effect if the initial datum is not a single Dirac
delta function. Though theoretical regularity is hard to justify under numerical discretization, one can expect quite different
behavior for different kernels.

We consider an initial condition of the form:

1
fov) =3 Guw(v) +8w (v - 0.2)), (5.18)
where §,,(v) is an approximated delta function given as follows:
1 v
1 (1 v <
Sw(v) = 2w (14 cos 57 M_W.’ (5.19)
, otherwise,

and w is taken to be 0.5//Av (Av is the mesh size in velocity).

We first take the 2D non-cutoff kernel b3 (5.12) as an example to illustrate the time evolution of the solution, see Fig. 2
where the trend to Gaussian equilibrium is clear.

We then compare the solution profiles computed with four different kernels by (5.10), by (5.11), b3 (5.12), and b4 (5.13).
The results are shown in Fig. 3. We can observe that although all solutions converge to the same equilibrium in the end,
the non-cutoff solutions tend to be smoothed out faster compared to the cutoff one, and the higher the singularity is in the
kernel, the smoother the solution behaves. This is quite striking and is the first time such differences between the cutoff
and non-cutoff Boltzmann solutions are reported in the literature, as far as we know.

5.5. Measure valued solution in 3D — Maxwell molecule

We now perform a similar test as the last subsection using four 3D kernels bs (5.14), bg (5.15), b7 (5.16), and bg (5.17).
The results are gathered in Fig. 4, where similar behavior as in 2D is observed.

5.6. Measure valued solution in 3D — Debye-Yukawa kernel

We then consider a more physically relevant collision kernel resulting from the Debye-Yukawa potential:

o\ 1
log | 2sin =
og( 51n2>

14

1
SINOB (|v — vy, c086) = ——|v — vy , 0el0,m], (5.20)
2sin 5
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08
08
4 4
35 35
3 3
25 25
@, 12 -2 2N
7SN
15 15 OSSN
; ; A0S
05 05
0. 0.
08 | 08 o |
! - — 08 L ez 08
02 - 04 06 0a 06
o = 02 : 02 ™
02 T : 02 © T 04 = 02 ©
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(e) t=8 (f) t=10

Fig. 2. Section 5.4: Measure valued solution in 2D - Maxwell molecule. Time evolution of the distribution function f with non-cutoff collision kernel b3
and initial condition (5.18). Classical RK4 with At =0.05 for time discretization. N = Njq =64, N3 =32. R=0.66, L = (3 + ﬁ)R/4 ~0.73.

which has a limiting singularity behavior as (1.12) when 6 — 0. Note that this kernel contains a velocity dependence similar
to hard spheres. As a comparison, we also consider a cutoff version of the kernel:

0 oo, ], 5o
Sin®Beytoft (|V — V|, cOs0) =1 4 . py—1 5.21
Zsin%lv—v*| log(2sin§) |, 0[],
Fig. 5 shows the results obtained with the above two kernels subject to initial condition
0 1
ffv)y= ESW(IVI —0.2), (5.22)

where §,,(v) is given by (5.19). The difference of solutions in the cutoff case and non-cutoff case is obvious.
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Fig. 3. Section 5.4: Measure valued solution in 2D - Maxwell molecule. Time evolution of the distribution function f (a slice of the solution along v
with v, =0) computed with cutoff kernel by and non-cutoff kernels by, b3 and b4. Initial condition given by (5.18). Classical RK4 with At =0.05 for time
discretization. N = Njq =64, N3 =32. R=0.66, L= (3 + V2)R/A~0.73.
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Fig. 4. Section 5.5: Measure valued solution in 3D - Maxwell molecule. Time evolution of the distribution function f (a slice of the solution along v; with
vy = v3 =0) computed with cutoff kernel b5 and non-cutoff kernels bg, b7 and bg. Initial condition given by (5.18). Classical RK4 with At =0.2 for time
discretization. N = Njqy = N; =32. R=0.66, L=(3 + V2)R/A=0.73.
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Fig. 5. Section 5.6: Measure valued solution in 3D - Debye-Yukawa kernel. Time evolution of the distribution function f (a slice of the solution along
v1 with vy = v3 = 0) computed with the Debye-Yukawa kernel (5.20) and its cutoff version (5.21). Initial condition given by (5.22). Classical RK4 with
At = 0.05 for time discretization. N = Njqy = N3 =32. R=0.66, L= (3 + V2)R/4~0.73.
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Fig. 6. Section 5.7: Discontinuous solution in 2D - Maxwell molecule. Time evolution of the distribution function f (a slice of the solution along v; with
vy = 0) computed with cutoff kernel (5.26) (with 6y = 7 /4, 6o = 7 /10 respectively), and its non-cutoff version (with 6y = 0). Initial condition given by
(5.23). Classical RK4 with At =0.02 for time discretization. N = Njq =64, N3 =32. R=6, L=(3 + V2)R/4~6.62.
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5.7. Discontinuous solution in 2D - Maxwell molecule

In this final test, we consider the following discontinuous initial data in 2D:

01 )2
T exp( ), for vq>0,

02 v]?
T exp( 2T2) for vy <0,

Py = (5.23)

where we pick p; = 5 P2 = g = % = % such that
/fodv /f°|v| dv=1, /fovdv_ (5.24)
2

which leads the normalized Gaussian distribution as the equilibrium:

1 |v|?
fref(V)—_e p( > ) (5.25)

To clearly tell the difference in the smoothing effect between cutoff and non-cutoff kernels, we compare the non-cutoff
kernel b3 with its corresponding cutoff version:

BT (cosy = 1 0 €0,60) U 2 — 6o, 27],
’ —L. el 2m — 6o,

87 sin® 5

(5.26)

where we choose 6y = v /4 and 7 /10 respectively. Fig. 6 shows the time evolution of the solutions, where we can see that
the solution with the non-cutoff kernel is smoothed out more quickly than that with the cutoff kernels.

6. Conclusion

We have introduced a fast Fourier spectral method for the spatially homogeneous Boltzmann equation with non-cutoff
collision kernels. These kernels arise in a large range of interaction potentials but are often cut off in numerical simulations
for simplicity. This, as a result, changes the qualitative behavior of the solutions: the non-cutoff Boltzmann collision operator
behaves like a fractional Laplacian, hence regularizes the solution immediately, whereas the solution in the cutoff case does
not enjoy any smoothing property. We demonstrated that the Fourier spectral method is a well-defined framework to solve
the non-cutoff Boltzmann equation and established the consistency and spectral accuracy of the method. Furthermore, the
fast algorithms proposed previously for the cutoff Boltzmann equation [9,14] can be readily generalized to the non-cutoff
case, resulting in a method of the same numerical complexity. Through a series of examples, we have validated the accuracy
and efficiency of the method, as well as verified the regularizing effect of the equation. The proposed method can be used as
a black box solver to simulate the spatially nonhomogeneous Boltzmann equation, where many interesting problems remain
open.
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