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HYPOCOERCIVITY BASED SENSITIVITY ANALYSIS AND
SPECTRAL CONVERGENCE OF THE STOCHASTIC GALERKIN
APPROXIMATION TO COLLISIONAL KINETIC EQUATIONS
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Abstract. In this paper we provide a general framework to study a general class of linear
and nonlinear kinetic equations with random uncertainties from the initial data or collision kernels,
and their stochastic Galerkin (SG) approximations, in both incompressible Navier—Stokes and Euler
(acoustic) regimes. First, we show that the general framework put forth in [C. Mouhot and L.
Neumann, Nonlinearity, 19 (2006), pp. 969-998; M. Briant, J. Differential Equations, 259 (2005),
pp. 6072-6141] based on hypocoercivity for the deterministic kinetic equations can be easily adopted
for sensitivity analysis for random kinetic equations, which gives rise to an exponential convergence
of the random solution toward the (deterministic) global equilibrium, under suitable conditions on
the collision kernel. Then we use such theory to study the SG methods for the equations, establish
hypocoercivity of the SG system and regularity of its solution, and study spectral accuracy and
exponential decay in time of the numerical error of the method in a weighted Sobolev norm.
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1. Introduction. Consider the initial value problem for kinetic equations of the
form

w O + v Vaf = Q).

f0,z,v,2) = fin(z,v,2), reQcThveRyzel, CR,

where f(t,x,v,z) is the distribution of particles in the phase space depending on
time ¢, particle position x, velocity v, and random variable z, and d > 1 denotes
the dimension of the spatial and velocity spaces. z is a random variable that lies
in domain I, C R. The operator @ models the collisional interactions of particles,
which is either binary or between particles against a surrounding medium. € is the
Knudsen number, the dimensionless ratio of particle mean free path over the domain
size. a = 1 is referred to as the incompressible Navier—Stokes scaling, while « = 0
corresponds to the Euler (or acoustic in this article) scaling. The periodic boundary
condition for the spatial domain Q = T¢ is assumed here.
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The main goal of this paper is to study the above kinetic equation and its numeri-
cal approximation under the influence of random uncertainty. Since kinetic equations
are not first-principle physical equations, there are inevitably modeling errors, in-
complete knowledge of the interaction mechanism, and imprecise measurement of the
initial and boundary data, which contribute uncertainties to the equations. Under-
standing the impact of these uncertainties is crucial to the simulation and validation
of the models, in order to provide more reliable predictions, calibrations, and improve-
ments of the models. In this paper we consider the uncertainty coming from initial
data and collision kernels. The uncertainty is described by the random variable z,
which lies in the random space I, with a probability measure 7(z)dz, then the solution
f = f(t,z,v,2) depends on z. The sensitivity analysis aims to study how randomness
of the initial data and collision kernel (the “input”) propagates in time and how it
affects the solution in the long time (the “output”) [40]. It is an essential part of the
so-called uncertainty quantification for kinetic equations.

For a general class of linear collisional kinetic models in the torus without uncer-
tainty variable z, including the linearized Boltzmann equation for hard spheres, the
linearized Landau equation with hard and moderately soft potentials, and the semi-
classical linearized fermionic and bosonic relaxation models, based on the hypocoer-
civity theory established by Mouhot and Neumann [38], Briant [6] proved explicit coer-
civity estimates for some modified Sobolev norms on the associated integro-differential
operator. For the full nonlinear models including the Boltzmann, Landau, and semi-
classical relaxation model of quantum Boltzmann equation, [6] deduced the existence
of classical solutions near the global equilibrium and obtained explicit estimates on
the exponential convergence rate toward equilibrium. We first show that this general
hypocoecivity theory can be easily adopted for the uncertain kinetic equation (1.1)
to obtain a similar theory of convergence to the (deterministic) global equilibrium,
in a weighted Sobolev norm including the random space. For the case of random
initial data, the analysis is basically the same as those in [6] except one has to check
that the estimate constants are independent of z and the estimates need to be ex-
tended for the high-order derivatives in z. When the collision kernel is random with
bounded z-derivatives, for the Boltzmann equation, while the nonlinear portion of
the collision operator needs a slight generation to include the high-order derivative
of the collision kernel in z, we adopt the ideas in [26, 34] with some new estimates
for the linearized collision operator. The results show that the impact of the ran-
dom uncertainty will diminish in time, namely, the long time solution is insensitive
to the random perturbation of the initial data and the collision kernel, for both the
incompressible Navier—Stokes and acoustic scalings.

To numerically solve such equations with uncertainties, one of the standard and ef-
ficient numerical methods is the generalized polynomial chaos approach in the stochas-
tic Galerkin (referred as gPC-SG) framework [15, 17, 42, 30, 22, 23]. Compared with
the classical Monte Carlo method, the gPC-SG approach enjoys a spectral accuracy
in the random space—if the solution is sufficiently smooth—while the Monte Carlo
method converges with only half-order accuracy. In the second part of this paper,
by extending the hypocoercivity analysis to the gPC-SG system, using a weighted
norm first introduced by Shu and Jin [39], we prove the exponential decay in time to-
ward the global equilibrium and the spectral accuracy of the gPC-SG approximation
in both incompressible Navier—Stokes and acoustic scalings, under the assumption
of small O(¢) random perturbation to the collision kernel and boundedness of the
random domain [,, with some additional assumption for the orthogonal polynomials
used in the gPC approximation.
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While uncertainty quantification has been a hot topic in scientific and engineering
computing in the last two decades, research on uncertainty quantification for kinetic
equations has been relatively recent. We refer to recent review articles [23, 11] and
some recent works [30, 22, 10, 27, 26, 8, 33, 34, 28, 31, 29, 39, 1] in this direction. The
first sensitivity analysis similar to this paper for the linear transport equation, with
uniform (in the Knudsen number) spectral convergence of the gPC-SG approximation,
was given by Jin, Liu, and Ma in [26]. For similar theory for linear transport equation
with anisotropic collision kernel, see [27, 34]. Uniform regularity for general linear
transport equations conserving mass, based on hypocoercivity established in [13], was
obtained by Li and Wang in [33]. The first regularity for a nonlinear kinetic equation,
the Vlasov-Poisson-Fokker—Planck system with random initial data in both high-field
and parabolic regimes, was established by Jin and Zhu [31]. Shu and Jin obtained
uniform regularity and spectral convergence of the gPC-SG system to a nonlinear
Fokker—Planck—incompressible Navier—Stokes system with uncertain initial data in
[39]. In this paper, not only are our results new on the Boltzmann equation with
uncertainties in both the continuous and the discrete gPC-SG equations, we also give
a unified approach, for both incompressible Navier-Stokes (diffusive) and acoustic
(Euler) scalings, which applies to a wide class of both linear and nonlinear kinetic
(such as Boltzmann, Landau, the relaxation model of quantum Boltzmann) equations
with uncertainties in initial data and collision kernels.

As we finished this manuscript, Zhu announced similar convergence results for the
Boltzmann equation with random initial data and the Euler scaling, and the stability
and regularity of its stochastic Galerkin approximation [43], using techniques specific
to the Boltzmann equation in the whole-space case [18, 14].

This paper is organized as follows. Section 2 provides the theoretical framework
and hypocoercivity assumptions for general kinetic models and gives the results on
exponential decay to the global equilibrium. The proof of some of the convergence
results is given in section 3. In section 4, we prove that the theoretical results of section
2 are valid for the Boltzmann equation with both random initial data and random
collision kernel. Section 5 proves the hypocoercivity, and exponential time decay of
the solution of the gPC-SG approximation to the uncertain Boltzmann equation, with
numerical error shown to be spectrally accurate and exponentially decaying in time.
The paper is concluded in section 6.

2. General framework and convergence to the global equilibrium. In
this section, we describe the abstract framework and assumptions of the hypocoerciv-
ity theory, introduced in [38, 6], extend them to include the random dependence, and
then give the results about convergence toward global equilibrium for the nonlinear
kinetic equations with uncertainty. The results are stated for the case of random ini-
tial data. The case of random collision kernel can be included in the same framework.
See subsection 4.3 for the Boltzmann equation.

2.1. Theoretical framework: Perturbative setting and small scalings.
In what follows L is used for both the linear models and the linearized models for
nonlinear equations such as Boltzmann, Landau, or semiclassical relaxation models,
etc. Suppose g € L?(Q x R%) solves the linear kinetic equation

1 1
(2.1) 09+ v Vag = 55L09).

where L is a linearized collision operator depending on the precise form of the collision
operator Q. As summarized in [9], the idea is to employ the hypocoercivity of the
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linearized operator
1 1
6= Fml-aT

[ Ea

where 7 = v - V, is the streaming operator, using the dissipative properties of L
and the conservative properties of 7. The aim is to find a functional 7[g] which is
equivalent to the square of the norm of a Banach space, for example,

H;m: g|/ Z ||amang||iiv dzxdv < o0 p
QxRd ’

lil+71<1

in which L2 , = {g] [ ga 9% dzdv < 00}, such that

rillgllm, <nlgl < wollglluz,  forge H,,,

which leads to p

Zlg®)] < —wllg@llm . >0,
with constants k1, k2, k > 0. Then one concludes the exponential convergence of g in
H} . The obvious choice of n[g] = c1lg[7. +c2||VegllF2 +c3||Vugllz  does not

work. The key idea, first seen in [41] and implemented in [38], is to add the “mixing
term” c(V,g, V,g)r2  to the definition of n[g], that is,

d
C(Vag, Voghiz, = ~IVagl3 . +2(VaLlg), Vug) 2, -

dt
It was proved in [38] that if the linear operator L satisfies some assumptions, then
L — v -V, generates a strongly continuous evolution semigroup €'Y on H3 ., which

satisfies
(2.2) €' (1 = T1g)||my , < Cexp[—7t],

for some explicit constants C, 7 > 0 depending only on the constants determined by
the equation itself. This result shows that apart from 0, the spectrum of G is included
in

{€eC:Re(¢) < —7}.

The perturbative setting. Equations defined in (1.1) admit a unique global
equilibrium in the torus, denoted by M which is independent of ¢,2. Now consider
the linearization around this equilibrium and perturbations of the solution of the form

(2.3) f=M+eMh,
with
_ 1 w2
(2m)% ’

and M = v/M. The linear (or linearized) operator £ is acting on L2 = {f | [p. f*dv <
oo}, with the kernel denoted by N (L) = Span{e1,...,on}. {®iti<i<n is an orthonor-
mal family of polynomials in v corresponding to the manifold of local equilibria for
the linearized kinetic models. The orthogonal projection on N(£) in L? is defined by

(24) e =3 ([ o)
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where Il is the projection on the “fluid part” and I — Il is the projection on the
kinetic part, with T the identity operator. The global equilibrium is then
(2.5 o) =Y ([ hodsi) g

i—1 Td xR4

which is independent of x and ¢ and is the orthogonal projection on Li,v'

Small scalings and main idea for the full equation. With the small scaling
€, the problem becomes more interesting and challenging. The project was initiated
by Bardos, Golse, and Levermore [3, 4] to derive the fluid limits which include in-
compressible Navier—Stokes, compressible Euler equations, and the acoustic system
from the DiPerna—Lions renormalized solutions [12]. See, for example, [16, 32]. Here
we will study the solution in the perturbative setting (2.3), which guarantees that
the solution will be classical, thus allowing one to conduct estimates in the Sobolev
space [19]. Briant [6] considers the kinetic equation (1.1) with the incompressible
Navier—Stokes scaling (o = 1). With (2.3), h satisfies

(2.6) Oth + %U -Vzh = éﬁ(h) + %]—'(h7 h).

Due to the small scaling, if one directly applies the estimates in [38], typically
the v-derivatives contribute to the energy norm by a factor of 1/e. This prevents one
from having a uniform exponential decay for the v-derivatives. As initiated by Guo
[19], one needs to study the v derivatives of the microscopic part of the solution h.
This allows [6] to construct a new energy norm to capture the structure of £ on its
orthogonal part, which, when combined with the previous strategy, leads to a uniform
exponential decay for solutions close to the global equilibrium. The result is uniform
in €, thus giving a strong convergence in time to the incompressible Navier—Stokes
equations as € goes to zero, under some assumptions on the initial conditions. Briant
[6] also gives the proof of existence of solutions close to the global equilibrium.

Another important scaling is the compressible Euler (or acoustic) scaling (a = 0),
in which h solves

(2.7) Db+ v Voh = %L(h) + F(hh).

The authors in [24, 32, 25, 21, 2| studied the acoustic limit of the Boltzmann equation
in the framework of classical solutions of the form (2.3). They established the global-
in-time, uniform-in-e energy estimates for the perturbated solution h and proved its
strong convergence to the distribution function whose dynamics is governed by the
acoustic system, which is the linearization of the homogeneous state of the com-
pressible Euler system. Furthermore, [20] studied the compressible Euler limit of the
Boltzmann equation by using the local Hilbert expansion around the local equilibrium
for smooth solutions, which was first done by Caflisch in [7].

In this paper, we will focus on the incompressible Navier—Stokes and the acoustic
scaling for solutions of the form (2.3).

2.2. Hypocoercivity assumptions. We first discuss the following assump-
tions.
Assumptions on the linear operator £ in H;’v.

Hl. £: L? = L?(T? x RY) is closed, self-adjoint on L2, and local in ¢,z. £ has

the form £ = K — A. There is a norm || - ||, on R%, such that Yh € L2, A satisfies
the coercivity condition
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(2.8) vy [1Bl12s < vt [BIIR, < (A(h), B)rz < vg |IRIS,
and Vh € H},
(2.9) (VoA(h), Voh)zz > w4 IVoh[R, = vi [[RIIZ: |

where (v2)1<5<4 > 0 are constants depending on the operators and the velocity space.
One further assumes that Vh,g € L2,

(2.10) (LR, g)i2 < CZ1lHlIa, llglla, -

H2. K has a regularizing effect. For all § > 0, there exists some explicit constant
C(8) > 0 such that Vh € H},

(2.11) (VoK (h), Vyh)rz < C(6)||hl|72 + 8[| Vuhl[Za -
H3. £ has a finite dimensional kernel
N(L) = Span{(pl, ey 8071}

I (h) given in (2.4) is the orthogonal projection in L2 on N(L£). L has the local
coercivity property: There exists A > 0 such that Vh € L2,

(2.12) (L(h), h)1z < —Al[h*|

2
Ay
where

ht =h —T1I.(h)

stands for the microscopic part of h, which satisfies h* € N(£)* in L2.
To extend to higher-order Sobolev spaces, let us first introduce some notation of
multi-indices and Sobolev norms. For two multi-indices j and [ in N¢, define

&) = 8/dv; /0.

For i € {1,...,d}, denote by ¢;(j) the value of the ith coordinate of j and by |j| the
I* norm of the multi-index, that is, |j| = Zle ¢i(j). Define the multi-index §;, by
¢i(0;) =1 if i = i and 0 otherwise. We use the notation

O¢h = 0%h.
Denote || - [|a := |[]| - ||a, [|zz- The Sobolev norms on H; , and H} are defined by
BB = S ke, Wbl = S l6RIR.
l71+1i<s l7l+1i<s

Define the sum of Sobolev norms of the z derivatives by

10l = > 110" Al 13z = D [10™h]

|m|<r [m|<r

BBy pa = 7 1107 hl g -

|m|<r

2,
Hy >
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Note that these norms are all functions of z. Define the norms in the (z, v, z) space

1l ey = [ bl ) .

1.
in addition to the sup norm in z variable,

(2.13) Allagoe = sup [Ihllagy s [lAllag e = sup [|Alla; , -

z€eIl, z€eI,

Assumptions on the linear operator £ in H7 ,, s > 1.
H1'. For all s > 1, |j] + |I| = s such that |j| > 1,

Vhe H®, (9 A(h), & hy2 > vi |[0]R]]} — v Il -

H2'. For all s > 1, V |j| + || = s such that |j| > 1, and for any § > 0, there exists
an explicit C'(§) such that Vh € H

T,V

(O K (h), & D) 12

z,v

< C(8)[hll3y-s + 8107l -
H4. Orthogonality to N(L):
Vh,g € Dom(F)NL:  F(g,h) € N(L)*

where Dom(F) stands for the domain of the operator F.
Due to the uncertainties introduced to the system, we also make the following
assumption on the nonlinear term, which is slightly different from [6].

Assumptions on the nonlinear term F.
H5. F: L? x L2 — L2 is a bilinear symmetric operator such that for all multi-
indexes j and [ such that |j] + [I] <s, s >0, m >0,

00 F(h 1), 1) ‘_{ Gu () [Iflla 15 #0,

G2 (h W) |[flla ifj =0,

Sum up m = 0,...,r, then Isg € N, Vs > s¢, there exists a z-independent C'x > 0
such that Vz,

> (Go(h h)? < CrllbllGen 1Al 3sr,

|m|<r

> (G (1)) < CrlhllFer 2 1] -

|m|<r

2.3. Convergence to the global equilibrium. Define a positive functional
on H?  with a dependence on e,

x,v’
1B = > @u 0911
He ™ VLR Y 2
l71+1T<s,131=1

s S 5L
+ 2 o [1of - 1z2, + > eaz(‘,l) (O, )z,

[l<s [l <s,i,ci(l)>0
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and the Sobolev norms

e SO |2y 1| PP (1]

Im|<r

HET Lo = Sup ||h||7{:” .

z€el,

The proof of the theorems in this section is similar to [6], except that we need to
estimate the (higher-order) derivatives in z. We consider the perturbed form of the
solution (2.3), with initial condition

(2.14) h(0,z,v,2) = hin(z,v, 2),

under the incompressible Navier-Stokes scaling (2.6). For results on the acoustic
scaling, see Remark 2.2.

THEOREM 2.1. If g is the solution to the linear equation
1 1
(2.15) 09 + gv Vg = §£(9)7
then the following hold:
(1) VO < € < ¢q, for some 0 < ¢4 < 1, the operator G, defined by

(2.16) Go(g) = 5 L(g) ~ 10 Vg

generates a C°-semigroup on Hj .
(2) 3CY), (6], (V), (al)) > 0 such that V0 < € < g,

1B~ (1 M7a, + Do N0 1z, +€ 0 >0 119711z, ]

l1]<s [+171<s,191=1

and Vg in H; , and Vz,

(Ge(9), 9)pz < —C§ Nlg — g, ()3 -

(3) For solution to the nonlinear equation (2.6), Vhy € H3H N N(Go)t, h €
Dom(T') N H: ,,Vm <r and s € N, then

T,

d m S m S s,m 2 s s,m 2
(217) 10" hll5y; < —Kg” (107l + K1Y (G2 (h 1) 46 K57 (G (b))

Moreover, 3sg € N, such that Vs > sg, (2.17) leads to
(2.18)

Al B < KGRIy + KL 1Bl G 1Rl + € K57 1Rl (1Al

(4) For all 0 < € < ¢4, for some 0 < €4 < 1 and Vs > sg, 3ds, Cs, 75 > 0, such
that for any distribution 0 < f;, € LY(T? x R? x ) with fi, = M + e Mh;, and
hin € N(G)r, if |[hin| werpee < Os, then there exists a unique global smooth (in Hy '\,
continuous in time) solution f = f(t,x,v,z) satisfying f > 0 with f = M + e Mh,
and

(2.19) llpger e < 8 e~
Furthermore,
(220) ||h| H:H? § 55 eiTSt .

In this theorem, all constants are independent of z.
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Remark 2.2. This theorem gives an exponential decay for the semigroup gener-
ated by G, defined in (2.16). Items (3) and (4) of Theorem 2.1 give

1)
llaz e < Z2et

under the incompressible Navier—Stokes scaling. This shows that the v-derivatives
grow at a rate of 1/e. Combining with the work by Guo [19] who studies the fluid
part and the microscopic part of the solution A+ independently, the author in [6]
constructs a new norm defined by (2.21), builds up a functional that is equivalent to
the standard Sobolev norm, and obtains an exponential decay in H

z,v "

With uncertainty in the equation, following a similar framework, we have Propo-
sition 2.3 and Theorem 2.5. Define || - ||H§L by

1B = >0 o @—tme)- 52 + > o™ 197 - 17,
71+ <s, [5]>1 l1|<s
(221) D DR CAP N S PP

U<, es (1) >0

and the corresponding Sobolev norms

19ll5er = D2 0™ Al Al o = sup |||

zel,

M
[m|<r

PROPOSITION 2.3. Let L be a linear operator satisfying assumptions H1’, H2',
and H3 and F be a bilinear operator satisfying assumption H5. If h € Hpy is a
solution of (2.6), with hy, € H3% NN (Ge)*t, then V0 < € < eq, for some 0 < eq <1,

VseNandm<r, EIK(SS), Kis), (b;fl)), (Ozl(s))7 (ag)sl)) > 0 such that Yz, we have
(2.22)

d s 1 s 2
SN0 hlG < — K | S0 h G+ Y0 0Pkl | KLY (G (h )
1<]i[<s

Furthermore, sy € N, Vs > sq, this implies

d o[ 1 .
(223) bl < KV | SRR+ D0 D0 oo,

Im|<r 1<[l|<s

+ K Cr 1Pl Rl 7

Here all constants are independent of z.

Remark 2.4. In Proposition 2.3, there is a negative constant order —1/¢? as the
coefficient of the microscopic part h* (the first term inside the parentheses of the
right-hand side of (2.23)), which is the same order as that derived by Guo in [19] for
the dissipation rate.

THEOREM 2.5. For all s > s, El(bfl)), (al(s)), (agi)) >0, and 0 < ¢4 < 1, such
that V0 < e < ¢4,
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D) M- leg, ~ M- Mg 3
(2) assume ||hin||gsm oo < Cr; then if b is a solution of (2.6) in H3;, Yz, we have

(2.24) Al gy < Cre ™",
where Cy, Ts are positive constants independent of €. Furthermore,
(225) ||hHH§UH§ <Cy e TSt

Remark 2.6. (i) For the acoustic scaling (2.7), one can get similar results as in
Theorem 2.1 and Proposition 2.3. One only needs to multiply by € to the right-hand
side of the estimates (2.17), (2.18), (2.22), and (2.23). The corresponding results for
Theorem 2.1 become

hllgrpee < dse™ ™8, |[hllyspr < 0se” T
Item (2) of Theorem 2.5 accordingly changes to

lliz < Crem ™, |lllmz mr < Cre= ™.

x,v

(ii) Theorem 2.5 shows that the uncertainties from the initial datum will eventu-
ally diminish and the solution will exponentially decay in time to the deterministic
global equilibrium, with a decay rate of O(e™*) under the incompressible Navier—
Stokes scaling and O(e™ ") under the acoustic scaling.

3. Proof of Proposition 2.3 and Theorem 2.5. The proof follows the frame-
work in [6] for deterministic equations under the incompressible Navier—Stokes scaling,
since our analysis in the random space depends on z pointwise. The main difference
lies in the following: (1) one needs to check that all constants are independent of z,
which is the case here by going through the proofs in [6]; (2) taking 9™ of F will have
crossing terms like F(9°h,0™~*h) (0 < i < m); thus one needs to verify assumption
H5, which is done in section 4.2 for the Boltzmann equation with uncertainties.

Proof of Proposition 2.3. For all z, one can observe (2.22) by taking 0™ on both
sides of all the estimates derived in [6] for deterministic problems. Summing up
m=0,...,r in (2.22) and using assumption H5, we get (2.23). 0

Proof of Theorem 2.5(2). The proof of (1) for each z is the same as in [6]. To
prove (2), Vz, one can easily observe the following lemma by taking 9™ on both
sides of (2.6) and then following all the estimates derived in [6] for deterministic

problems. 0
LEMMA 3.1.
d g S ] m m
G | S N D SN [ 22l [ S S 12 A
71+ <s,|71>1 0<|i|<s

+ KO (G (b))
< K0 Rl + K (G2 ()

Then we sum up m = 0,...,r of (3.1) and apply assumption H5, Is9 € N,
Vs > sg, such that

d
(32) ol

2er < (KICx Iy — KE7) IR

x,v
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Since [|h||3z and [|h][g: 1 are equivalent, so [|1][3;: < C||h|[3,s.r with C indepen-
dent of €, then

d . o
lblBy < (KO Cr C BBy = K& ) Bl
Therefore if the initial data satisfy

K

|hinl3sr < ———,
(Y A leae:

one implies that ||h|[7:.- is always decreasing, so V¢ > 0,
€L

K

0 | < —C*[[Rl e
ok el

d 2
%HhHH:f <

where C* is a constant independent of z. The last inequality is because Hj controls
the H; -norm that is equivalent to the H; -norm. Applying Gronwall’s inequality
gives the exponential decay of HhHHSI ~ ||h]| g, and thereafter the exponential

z,v ?

decay of [|h[|gs:7 o, s0 (2.24) is proved. Furthermore, one has

63) Wbl e = [ bl m(2)ds < hlBigre [ m(2)ds < G,

thus (2.25) is obtained.
4. The Boltzmann equation with random inputs.

4.1. The basic setup. Let us consider the Boltzmann equation with uncertain
initial data and both scalings. For discussion of the case with random collision kernels,
refer to subsection 4.3. The problem reads

1 1
(41) 8tf+ ;U'wa: mg(faf)v
£(0,z,v,2) = fOz,v,2), zeQcT veR? zel,.

The collision operator (local in ¢, x) is
QU f) = [ Blo= vl eosd) (71} = 11.) dve do
Rdx§d—1

We adopt the notation f' = f(v'), f« = f(vs), and f. = f(v}), where
V= (v4u)/24 (v —wl/2)o, vy = (v+0.)/2 = (Jv—v/2)0

are the postcollisional velocities of particles with precollisional velocities v and wv,.
6 € [0, 7] is the deviation angle between v’ — v}, and v — v,.

Boltzmann’s collision operator conserves mass, momentum, and energy. The so-
lution formally satisfies the celebrated Boltzmann’s H theorem,

d
(42) -G | fostao=— [ or.pos(pydv=o.
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The global equilibrium distribution is given by the Maxwellian distribution

I RN ) P
(4.3) M(poos Uoo, Teo) = (27T )N/2 oxp < 2T ) 7

where poo, Uso, Tno are the density, mean velocity, and temperature of the gas,

1
Poc = / f)dzdv, U =— vf(v) dzdv,
QxR Poo QxR

1
Toozi/ Uso — v|? f(v) dzdv,
Now Qde| ” f(v)

which are all determined by the initial datum due to the conservation properties. We
will consider hard potentials with B satisfying Grad’s angular cutoff, as follows.

Assumptions on the collision kernel.

B(jv— v.],cos0) = g([v — v.]) bleos0), (€)= Cy€, with 5 € [0, 1],
(44) Vnel-Ll, Pl <G, Wml<,

where b is nonnegative and not identically equal to 0. Introduce the collision frequency
v(v) = / O(Jv — v |)b(cos ) M(vy) dvido = (¢ * M) (v).
Rd x §d—1
Recall that h solves (2.6), with the linearized collision operator given by
L(h) =M~ [Q(Mh, M) + Q(M, Mh)] = K(h) — A(h),

R, I s h
4. =M — Vs W) | —
( 5) R 5 gd—1 ¢(|/U v Db(COS Q)M(’U ) Mi M/ M* M

where

A(h) =v(v)h,  K(h)=L"(h) = L*(h),  L*(h) = M[(hM)* ¢],

£H(h) = /R . Ollo = v.)bleos ) [ + LML, do.do

dygd—1
The bilinear part is given by
F(h,h) = M~ [Q(Mh, Mh) + Q(Mh, Mh)]
(4.6) = / é(|v — vs])b(cos ) M. (kLW — hyh) dv.do .
Re x§d—1

The spectrum of £ in L2 is included in R_. Moreover the null space of £ is

(4.7) N(L£) = Span{M, v, M, ..., vgM, |v|* M} := Span{e1,...,¢n}, n=d+2,

thus

(4.8) L(h)p;dv=0, i=1,...,n.
Rd
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Define the coercivity norm

[1Plla = [JA(L + [o])"/?[| 2 -
The coercivity argument of £ is proved in [36]:
(4.9) (h, L(h)) 1z < =Al[B"]|az -

Explicit spectral gap estimates for the linearized Boltzmann and Landau operators
with hard potentials have been obtained in [37] and extended to estimates given in
[36]. Thus Lp satisfies assumption H3 with an explicit bound. Proofs of assumptions
H1', H2', and H5 are given in [38] and [6]. We will show in the following subsection
that with the restriction on the collision kernel (4.4), assumption H5 is satisfied.

4.2. Proof of assumption H5. The bilinear part F is given in (4.6). Let
F(h,h) = Fr(h,h) + F~(h,h), with

Ft(h,h) :/ (v — vs]) b(cos ) M, b, 1 dv,do ,
Rdx §d-1
F(hh) = —/ 6([v — v.]) b(cos O) M. h. hdv,do .
Rdxsd71

]()eno[te]z)zleHlejzl_j, |+ [la]=l = Ej’l . Differentiating operator F~, one obtains
see |6

HF (=33 / ooy VeosO) a0 (M(—w)*7?)
Jl X d—1

< (8] 1) (0] h) dudo .
Denote Y iv =, and >, _ =" . For |m| <r, take 9™,

) 1 .
O"O) F~(h,h) = _522 (’:‘) /Rd . b(cos ) [u|” 3 (M(v —u)1/2)
IR XS4

x (0°0{2h)(0™ 0] h) dudo .
Following [6] and the cutoff assumption |b| < C%, by the Cauchy—Schwarz inequality,

one has

. _ m i o

(om o) F ,f>|sczz<.)/ (1+ [ol) |0°08 ] | f
gl ? QxR
x (/ M |am—ia{;h*|dv*) dvda
Rd

(4.10) <CGr.(hyh)|Ifl]a
where

(411) G0, (h,h)

->(7) = ([ rean

( [g1 [+ [+]g2]+[l2]|<s

m m—i i
<3 (") cullo™ a1l

< Csr [[P[rsm [|B]

o 1/2
?\7, 87"718{1%“%% dx)

mpm < Cop||hf[mer [[A]| g
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where the constant C , depends on s and r, and Holder’s inequality was used in the
second inequality. To get the first inequality, note that the Sobolev embedding stating
that 3sg € N, such that if s > sg, we have H§/2 — L°. We divide the sum into two
cases, |j1] + 1] < s/2 and |ja| + |l2] < s/2. If |j1] + |l1| < s/2, then for each z, one
has

10710™h|[7, < sup |[&'0™ A7, < Cs
Y zeTd v

2 %

Ip|<s/2p1+p2=p

1070 nllz

HE?

(aljll-Hn am*’bh) (8ljll+PZ

8’”*%)’ dvdz < C, |0™ " h[%,

after using the Cauchy—Schwarz inequality in the last step. In the other case, if |j2| +

|l2| < s/2 and by the same calculations, ||0/?8"h||3 < C H@%H%X . Taking the square

and summing up |m| =0, ...,7 on both sides of (4.11), we obtain assumption H5.
The second term }"g is dealt with in the same way.

Remark 4.1. Assumptions H1-H5 and H1’-H2’ introduced in section 2.2 for the
hypocoercivity theory also hold for several different kinetic models, in addition to
the Boltzmann equation. Mouhot and Neumann [38] validate the assumptions for
linear relaxation, linear Fokker—Planck, nonlinear semiclassical quantum relaxation
kinetic, and the Landau equation with hard and moderately soft potential. The
results established in section 2.3 for the Boltzmann equation can be done for these
other models in a similar fashion. We omit the details.

4.3. Uncertainties from random collision kernels. The above estimate can
also be applied to the case of random collision kernels, in which b depends on z, under
the restriction that all the z-derivatives of b are assumed to be bounded, i.e.,

B(Jv — vy, 080, z) = ¢(|v — v.|) b(cos 8, z), 6(&) = Cy &7, with v € [0,1],

(4.12)
VU € [71v 1]7 |b(7772)| < va |a77b(’r]az)| < Oba and |8§b(77a2)| < 0;:7 VO < k <r.

Under the above assumptions for B, all the assumptions H1-H5 and H1'-H2’
introduced in section 2.2 still hold when uncertainties are from collision kernels, which
is obvious to see. The main goal of this section is to show that Theorem 2.5 is still
valid when collision kernels are random. The difference in the proof compared to
the random initial data case will be discussed. The impact of z dependence of b on
the linear (or linearized) collision operator £ needs to be estimated differently, which
is shown in Lemma 4.2. With Lemma 4.2, we then show how to embed it and get
the same result as Theorem 2.5—with rest of the proof following the case of random
initial data. This section will be concluded with Theorem 4.4.

Below we use the linearized Boltzmann operator with random collision kernel
(4.12) as an example, although the same analysis can also be done for the linearized
Landau, semiclassical relaxation model of the quantum Boltzmann equation and the
linear Fokker—Planck equation. Our analysis follows those of [26, 34] for linear trans-
port equations, with some new estimates by using the A-norm.

Suppose g is a solution to

1 1
(4.13) Gug+ —v-Vag = 5L(9),

where £ is given in (4.5), with b given by (4.12).
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Recall (2.4) that Iz(g) = Y1, (Jga 9% dv)@;. Then by (4.8), one knows

n

[ eonetdods= [ oS ( [ gpiie) prduda

i=1

:/ Z L(h)p; dv (/ gapidv> dx=0.
Q i Jra R
| Sl

=0
Since £L(h) = L(h —TIz(h)) = L(h1) because Iz (h) € N(L), thus

(4.14) (L(h), 9)rz, = (L), g=Tc(g))rz , = (L(AT), g ez, < CEllTlallg™la s

x,v

where we used (2.10) in assumption H1.

The arguments below follow the idea in [26, 34]; nevertheless, with the help of
(4.14), a more general framework (especially for the linear Fokker—Planck and the
linearized Boltzmann, Landau, etc.) is constructed here. Denote

91172 = > ||8mg||%g,, lgllz- = > 110™gll -
C o ml<r Im|<r

Our goal is to show that

(4.15) 20, (Z Conrin ||amg|%g,v> < Algt1-
m=0

where A > 0 is a z-independent constant that depends on Cp in (4.12), Cpy g1 > 0
are constants.
Taking 0' on (4.13), one gets

(4.16) 20,0'g + ev -V, (9'g) = ' L(g).

Multiplying (4.16) by 8'¢g and integrating on x and v, then

2
€
(4.17) S Old'gllZ: | = (0'L(9), D91z,

vy

where integration by parts and the periodic boundary condition in x are used, thus
(v-V4(8'g), 9'g)r2 = 0. We first prove the following lemma.

LEMMA 4.2. For any m > 0, there exist m constants Cjp, >0, 7 =0,...,m — 1,
such that
ol | 2 llgtE,  m=0,
(418) @0, ([10™all + Y Cim 1Pall3s | < { o
’ =0 =Alo"g R, m>1.

Proof. We will prove this lemma by using mathematical induction.
When m = 0, by (4.17), (4.18) holds because of assumption H3. Assume that
(4.18) holds for any m < p, where p € N. Adding all these inequalities, we get

1

m

1 p p )
<o | Sllglls  + Do N0mglRe D0 D Cimllgllia | < —Allg*tllar
m=1 1

m=1 j=0
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which is equivalent to

(4.19) Z o 1070ll2: | < =Mlg IR

where

% + Zfﬂ:l CVOma ] = Oa

Chpir =145 Ciy  1<j<p—1,
1, Jj=p
Denote
(4.20)
. 81'9/ 8ig/ aig* aig
i(g)=M — 0, [)OPT b M (v, * — 22 29 d
L;(g) RdXSd_lgb(\v v.|)0 M(vy) [Mi + 37 ML ar | Bedos

where |71~ < Cf as shown in (4.12).
When m =p+1,let I =p+1in (4.17), and the right-hand side of (4.17) has the
following estimate:

(4.21)

L 1
@ L), 0, = (000, g+ Y (ML) 070,

Z<P+1>az i

i=0

< —Al|oP gt} + o 107+ g |

A

2
< A [1gPH g2 Cﬁ* - pm A gl L2
< AlorHigh| + Z gl +5 1107 g IR
= A
A OL:*)2 p ;
< 2o HgH + 4 % LRI
i=0
by (C,C,*)Q
= =S [|oP gt R + 4P g |lar

2

where we used (4.14) with C* substituted by C** that depends on Cj, since L;, as
defined by (4.20), has z-derivatives of b involved. Young’s inequality is used in the
second inequality, and the Cauchyfschwarz inequality, namely,

Z(”f )8’ - <Z(p+) Zna’gw wlZnaz L3,

=0 A =0

is used in the third inequality. Therefore,
L,%)2
w2) ol < AllorigH R+ g
- t 9z , = ARV b\ g liar -

. . 4PHL(CEx)2 .
Multiplying (4.19) by ———5z— and adding to (4.22), one has

p
Eo, 107 gl2, + 3 Copmn 197132 | < —Mlo"Hg3
=0
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where Cj 11 = w C% ,+1- This shows that (4.18) holds when m = p + 1. By
mathematical induction, (4.18) is true Vm € N, thus Lemma 4.2 is proved. |

As a consequence, adding up (4.18) for m < r, with C}, ., = C,,MH > 0 in
(4.15) and (4.19), one obtains the goal estimate (4.15). Define

r

(4.23) HgHLJZC;,* = Z Crnrt1 HamgHLfm,v
m=0

then

(4.24) E0hlgll 2 < =Algt IR < —Aellg Iz

where the second inequality is because (4.23)—defined as some weighted Sobolev norm
|| || rr+—is equivalent to the standard Sobolev norm || - ||z in the random space.
The above analysis also holds for ||Vggg||L§,’27 etc., in the definition of HgHHlf'
For example,
E0|IVagll gz < —Ae|[Vag [ -

x,v

One can extend to higher Sobolev space H¢" and get the conclusions in Theorem 2.5.
The impact of z in b(cos d, z) on the nonlinear term can be estimated similarly to
(4.10), namely, one has \<amajf Al < Cgem (hh) || fl|a, where

> (7)o sz( )
1=0
) ) 1/2
S (J/ Ha"&fhﬂivﬂa““aﬁhH%de>
Td Y

71+ + 2+ l2]<s

(4.25) Gyt (hyh) =

* WA m i n i—n
<ar 3% (M) (1) clonllu, 1o nlug

=0 n=0

< Gy Cor [1Mllmzy (1Pl g < CF Co Ml g 1Bl

with the constant C~’s¢ depending on s and r, and the last inequality is because
[ llzzr ~ || - [|z=. One can also assume ¢ depending on z and easily obtain a similar
estimate upon a suitable assumption on Cy in (4.12). We omit the details. With
the estimates (4.24) and (4.25) and an extension to the higher-order Sobolev space in
(z,v), one gets -

Al zzs e < Cre™ ™"

Since || - [|gs g7~ is equivalent to the standard Sobolev norm || - [|gs g7 in (z,v,2)-
space, -
1ol 1z < Cre™ ™,

x,v

where T; > 0 is a constant independent of z and €. Therefore, Theorem 2.5 holds true
if the uncertainty comes from a random collision kernel.

Remark 4.3. For the linear Fokker—Planck equation with small scalings,

(4.26) O+ 0V = 2D, (Vuf 4 ).
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where o = 0 or 1, the coercivity norm A is given in [6] for the deterministic problem,
I3 = llohlZs | +I1VuhlZs -

The analysis in this section can be applied to (4.26) with random diffusion coefficient
o, under the assumption |0%a| < C, for k = 0,...,7 with C, a positive constant
independent of z.

To conclude, we summarize our results in the following theorem.

THEOREM 4.4. If the uncertainties come from both initial data and/or the colli-
sion kernel, under our assumptions for the collision kernel (4.12), and for the initial
data [|hin||gsrree < Cr, then we have the following:

(i) Under the incompressible Navier—Stokes scaling,

[Pl gz rpee < Cre™t, hlles e < Crem ™",
(ii) Under the acoustic scaling,

hllarzre < Crem ™t |Ihllug mr < Cre ™,

where Cy, Ts are positive constants independent of €.
5. Spectral accuracy of the gPC-SG method.

5.1. A gPC based stochastic Galerkin method. In this subsection, we re-
view the gPC-SG method for solving kinetic equations with uncertainties. Take the
Boltzmann equation as an example [22]. One seeks a solution in the following form:

K
f(t,x,v,z) ~ Z fk(tawvv)wk(z) = fK(t,:v,v,z),

[k|=1

K
(5.1) h(t,z,v,2) & > etz 0)i(2) = b5 (¢, 2,0, 2).

k|=1

Here k = (k1,...,ky) is a multi-index with |k| = k1 + -+ k. 7(z) is the probabil-
ity distribution function of z, which is given a priori in our problem. {¢x(z)} are
orthonormal gPC basis functions satisfying

. Vi (2)95(2) m(2)dz = by, 1< k|, j| < K.

One can expand f by

) = 3 At hlt) = | steao il wle)i

Ik|=1
Define the projection operator Py as

K

(5.2) Py f(t,z,v,2) = Z k(t, 2, 0)K(2).

Assume the random collision kernel has the assumptions given by (4.12)

fk:M+€th.
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Inserting ansatz (5.1) into (2.6) and conducting a standard Galerkin projection, one
obtains the gPC-SG system for hy:

1 1 1
(5.3) Ol + —v - Vahic = 5 Li(h) + —Fi(h, 05,
hi (0, z,v) = hy)(z,v), zeNCT veR?,
for each 1 < |k| < K, with a periodic boundary condition and the initial data given
by
R = / RO (2, v, 2)iy (2) w(2)dz.
I

z

The collision parts are given by

Li(h') = Ky (W)= A ("), Ki(h) = £ (W) —LE(h™), Ax(hF) = Zukl i
lil=1

L (h5) = Z /d " S o(|v = v.]) (hs (V)M (V) + hi(0) M (V') M (vy) dvydo,

K
Li (W) = Z /Rd i Sii 0(Jv — v.|) hi(v,) M (v,.) dv,do,
) K
fk(hK,hK)(t,I,’U) = Z / Skij ¢(|’U—1}*|)M(v*) (hi(U/)hj(U;)
il ljl=1 /RS
— hi(v)hy(vs)) dvedo,
with

Ski ::/I b(cos O, z) Y (2)i(2) m(2)dz, i ::/ Sii d(Jv—vi]) M(vy) dvsdo,

Rd xSd—1

and Skij ::/ b(cos 8, z) i (2)vi(2)v5(2) m(2)dz.

IZ

5.2. Hypocoercivity estimate of the gPC solution. In this and the next
sections, we assume z € I, is one-dimensional and I, has finite support |z|] < C,
(which is the case, for example, for the uniform and Beta distributions). Let us first
introduce the main result of this section on the estimate of the gPC solution.

THEOREM 5.1. Assume the collision kernel B satisfies (4.12) and is linear in z,
with the form of

(5.4) b(cos b, z) = bo(cos ) + by (cos )z,
with |0,b] < O(e). We also assume the technical condition
(5.5) [YnllLe < CKP VE,

with a parameter p > 0. Let ¢ > p+ 2, and define the energy EX by

K
(5.6) EX(t) = BE,(0) = > |kl l3.
k=1
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with the initial data satisfying E¥(0) < n. Then Vs > so, 0 < g < 1, such that for
0 <e<eq, if W is a gPC solution of (5.3) in HZ ,, we then have the following:

z,v7

(i) Under the incompressible Navier—Stokes scaling,
EX(t) <me .
(ii) Under the acoustic scaling,
EE(#) < peem,
where n, T are all positive constants that only depend on s and q, independent of K

and z.

Remark 5.2. The choice of energy EX in (5.6) enables one to obtain the desired
energy estimates with initial data independent of K [39].

To prove Theorem 5.1 on the estimate of the gPC solution, a modification of
assumption Hb5 is necessary.
Assumption H6. There exist constants §, C'(§) > 0 that are independent of K,
such that
K
(5.7) D KO Fi(hS ), fi)z,

k=1

K
<C©) Y [[mhy|
m=1

K K
fy D Inhallzg +0 D Kl
n=1 k=1

In order to obtain the estimate for the gPC coefficients hj, we make the assumption
(5.5) on the basis functions. Since |b| < Cy, |b1| < &, and |z] < C,, then

(5.8) Skl < (Co+EC) [l (mls o) 2
< (Cy+€C2) all lmllzz lonl| 2 = C?,

where C' = C(Cy+ £ C.) with C given in (5.5). We mention that this assumption was
introduced in [39], and some examples where (5.8) holds are given there. For the case
I, = [—1,1] with uniform distribution, )y is the normalized Legendre polynomials,
and (5.8) holds with p = 1/2. For the case I, = [—1, 1] with the distribution w(z) =
ﬁ and 1)y, are the normalized Chebyshev polynomials, (5.8) holds with p = 0.

Now since we assume that B is linear in z and vy, is a (k—1)th degree polynomial,
orthogonal to all lower-order polynomials, Sy =0if (m—1)4+(n—-1)+1<k—1.
Then S,,,x may be nonzero only when the inequality

(5.9) m+n>k

holds. Note that (5.8) and (5.9) also hold if m,n,k are permuted, that is, when the
inequalities

(5.10) m+n <k, or n+k <m, or k+m<n,

are satisfied, Sy,,r may be nonzero. To validate assumption H6, we follow a similar
proof as for assumption H5 in section 4.2, combining the idea used in [39]. First
consider m > n, by (5.8) and (5.9), then C'man? > (£)7|S,,,,,| n97P; thus

k2

md nd

(5.11) |Spank| < C kInP=1,
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Now let Xumni be the indicator function of the set of indexes (m,n,k) for which
Smnk 7# 0, namely,

. Xk = 1; Smnk 7é 07
then

K .

Z qu <aljfk(hK7hK)7 fk>LEv |

k=1
K K

S Z k?q Z Xmnk |Smnk| Cs
k=1 m,n=1

) 1/2
0ifhn|%zdx) 1filla

<X (el

71+l |+ 72 +]i2|<s

K ]€2q
< Z md nd |Smnk‘ Xmnk Cs quhmHHf\ nqhnHH;m fk”A
k,m,n=1
K ~
< Z Cs CnP1 ||7nqh'mI|H;X nqhnHH;m ||kqfk||/\ Xmnk
kmn=1
_ K
<COCE) Y 0 im0l Brs | Xono
k,m,n=1
I
_ K
+ Os cy Z nP~1 ||kqfk||?\ Xmnk
k,m,n=1
17
K K K
<CO) Y lImhmllir Y lInthallf  +6 Y [KillR -
m=1 n=1 k=1

We used (4.10) and (4.11) in the first and second inequalities and used (5.11) and
Young’s inequality in the third and fourth inequalities, respectively. Cs, 8', 8, C(¢'),
C(9) are all positive constants independent of K. In the last inequality, we used the
following arguments that were first shown in [39):

K K K
(5.13) I<2) \mhlltg - lnhallty . I <e ) |KUalR,

m=1 n=1 k=1
with ¢ a constant independent of K. To get (5.13), one writes
K

K
I = Z quhm”%@ I, Iy = Z nP~4 ||nqhn”%1;m Xmnk -
m=1

n,k=1
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By definition (5.12) and (5.10), Xmnt = 1 indicates that m —n < k < m+n by (5.9),
so I, has at most 2n choices for a fixed n. That is,

K K
Ln <23 0P~ Inthy |3, <2 [[n%ha[3
n=1 ' n=1 7

if ¢ > p+ 1. Similarly,

K K K
I1<2y =Y kAR < e D IR,
m=1 k=1 k=1

since for each fixed pair (n,k), there are at most 2n choices for m. If ¢ > p + 2,
c=2% 0" nPm1t <2(14+(p—q+2)~'). For the terms with m < n, one exchanges
the indexes m and n and can get the same conclusion. Thus we have validated
assumption H6 for the Boltzmann equation.

To get Theorem 5.1, we also need to take care of the linearized operator £, which
is an analogue to the proof of Theorem 2.5. For simplicity, we show the case s = 1
with the energy estimate on \|h;€||ya, defined by

el = AllbIBs +al[VahilZs | +bIVGhER: | +ae(Vahn, Vhu)rz -

For a higher-order Sobolev norm, one can refer to [6] and easily extend the conclusion.
When estimating ||hg||2. for k = 1,..., K, multiplying k7 hy, to both sides of

(5.3) and integrating on x,v, the term involving £ is
| K K
(5.14) D DL <.c <Z Skihi> : hk>
k=1 i=1 Li,u

Since the collision kernel is assumed to be linear in z, similar to the argument in (5.9),
Sk; may be nonzero only when ¢ has three choices:

i=k—1,k k+1,
ork=i—1,4,4i+1, then

141
2

|

(5.15) < <i.

Under the assumptions given in Theorem 5.1, one can see that |§kk| < (Cy and

(5.16) Skl < &l2|z (|¥nl, [Vil)rz < EC:|[Yrl|Lz [[¥illLe = C2() if k#1,

where the constant C2(§) = £ C, = O(e).
If i = k, since Sk = b and by using the coercivity property (2.12) and integrating

on x, one has
K

K
1 A
= 2 KL() i)z, < =5 D KR IR
k k=1

=1
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Ifi#k,theni=%k—1ori=k+ 1. Define

(5 17) - 0) §ki = 07
N Xk"L - 1, §k2 ;é 07
and use (2.10) to bound (5.14) by some positive terms,
(5.18)
1 K K oL K B
e <£ <25h> : h> < 5 0 KISk hlla l1hella
k=1 i=1 Lz, k,i=1
CECy(8) k> CEC(€)
s——;;——§jg—wﬂhmwmmA<g—;i—2q}jnﬂhmww%uuxM
k,i=1 k,i=1
CELCy(€ CEC X
< CEOICUD 5 i 4 DD S a2
k,i=1 k,i=1
al 2C 40
1 1 1
sz ‘qh‘|A+7Z||kqhk||A_ lezthlA,

where we use % < 27k7 by (5.15) and Young’s inequality in the third and fourth
inequalities, respectively. The fifth inequality is because i, k have only two choices
for a fixed k, i, respectively. Cs(q) is a constant depending on ¢ and we denote the
constant C; = C* C (&) C3(q) = Ofe).

One observes that (7 in the nominator can be canceled with an € in the denomi-
nator on the right-hand side of (5.18); then the whole term is of O(1/¢). Note from
(5.3) that the nonlinear term I" has coefficient 1/e. We combine (5.18) with 1/e¢ mul-
tiplied to the second term on the right-hand side of (5.7), wherein f; = hy in (5.7)
since Zszl ||[k9hy||% is estimated; then the rest of the proof is the same as that in
Theorem 2.5. The same estimate holds if substituting hy, by Vg hy in (5.18).

Let Cy = max(Ch,C2(£)). To get an estimate of ||V, hl||L2 . by using (2.8),

(2.9), and (2.11) in assumption H1 and H2, one gets the following term involving L:
(5.19)

K K K

1 ~ 1

:22 k1 <vv,c <§ Ski hf) ,vvh,¢> = § K (V,L(Ski hi), Vohi )z,
k=1 =1 =1

2
Lm,v

C1 <= v L vy 2
<S> e ((c@D ) iR+ (5% - od ) 19t 1R )
R Yo v

K

Cy k24 A . Cy K A
~G > S (e et) IR+ S Y (55 o) Ik vanii
) v €2 L V)
k,i=1 k,i=1
K
3X4q04 304 1%
S GG A+u4)2||th||A+ (6 -2 ) Sl 0ot 2.
k=1

where we use (5.15) in the second equality, and the fact that both k,i have only
three choices for a fixed 4, k, respectively. Equation (5.19) is similar to the estimate
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[Voht||L2  used in the proof of Theorem 2.5, in the sense that h is substituted
by k% hy and summing up k¥ = 1,..., K. The estimate for (Vyhg, Vyhg)rz | is also
similar in the above way to the estimate (V.h, V,h)r2 ~when proving Theorem 2.5

in [6].
Analogous to the proof of Theorem 2.5, we multiply by k29 on both sides of all
the estimates and sum up k£ = 1,..., K, then achieve the same result as Theorem

2.5, that is, the exponential decay of 22{:1 ||k9h||%. . Therefore, Theorem 5.1 is
proved. )
As a corollary, with the assumption (5.5) on the basis, using the Cauchy—Schwarz

inequality and the norm definition (2.13), one gets the estimate for the gPC solution
h,

K 2 K
(5:20) |IWF | Lo = > i t(z) <SCY K 1l
k=1 Hi,ngc k=1
K K K
<c (z R el ) (z w—@) <O S kil
k=1 k=1 k=1

since ¢ > p+2, C is shown in (5.5) and C” is a constant independent of K. Therefore,
[R5 || gs e also decays exponentially in time with the same rate as E*(¢), namely,

(5.21) [R5 || e < e

x,v

in the incompressible Navier—Stokes scaling, and
(5.22) 35 s e < e

in the acoustic scaling. Here 77 = C'). Define the norm for general function g,

(5.23) ol z2 = [ ol m(z)d

I.

Then (5.21) and (5.22) further implies as follows.

COROLLARY 5.3. Suppose all the assumptions in Theorem 5.1 are satisfied; we
have the following estimates for the gPC solution h* :
(i) Under the incompressible Navier—Stokes scaling,

Tt

||hK||H;,,UL;>° <ne ", HhKHH;,ng <iqe .

(ii) Under the acoustic scaling,

15y e < 7e™ T (A 12 <G,

where 1, T are positive constants independent of K and z.

For other kinetic models like the Landau equation, the proof is similar and we
omit it here.

5.3. Estimate of the gPC error. We first give the main result of this section
on the estimate of the gPC error.
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THEOREM 5.4. Suppose the assumptions on the collision kernel and basis func-
tions in Theorem 5.1 and the assumption for initial data ||hin|lgsrr~ < Cr are

satisfied; we then have the following: oy

(i) Under the incompressible Navier—Stokes scaling,

—At
(5.24) 1B llms 22 < Ce S
(ii) Under the acoustic scaling,
—eXt
(5.25) 1Bl 12 < Ce e

where the constants C., A > 0 are independent of K and e.

Recall the reconstructed gPC solution defined in (5.1) and the projection operator
in (5.2). The total gPC error is given by

(5.26) he =h—h" .= h— Pgh + Pgh — h" |
N—_—— N—_———
RK eXK

where R¥ is the projection error and eX is the numerical error.
By Theorem 2.5 and the standard estimate on the projection error,

||h||HS grt! e—'rst

(5.27) |R®[|ms ,r2 < [|R¥ ||z 12 < Cp ——2—— < CpCy o
where C'p, C7 are constants. Define

K K
(5.28) €/ := Pch—hX =" (hi(t,z,0) = hi(t, 2,0)) Ve (2) = Y _ enlt, ) Yi(2) ,

k=1 k=1
where one defines the coefficients of eX by

ek:ﬁk_hky ]-SkSKa e:(elv"‘veK)T'

We discuss the incompressible Navier—Stokes scaling below. In order to get the
hypocoercivity estimate for h®, one needs to write down the gPC system for the
numerical error ey

1 1 1
Orey + —v Vaier = = (Li(h) — Le(R™)) + g(]:k(hv h) — Fi(R*,h5)),

(5.29)
er(0,2,v) =0, reQc Ty veRl

Since

Li(h) — L (W*) = Ly(h — Pxh + Pih — h5) = Li(ef) + L. (RF).

By the estimate (5.27), the expression for £ given in (5.4), we observe that the term
involving Skx in Li(RX) equals to zero because of the assumption that leading order
of random collision kernel being constant and definition of R¥; and the term involving
Sk for i =k —1 or i = k+ 1 contributes to an order € coefficient thanks to the small
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random perturbation assumption (5.5) of the collision kernel, thus the estimate for
L1 (RE) is given by
—Tst

x,v

where C' is a constant independent of K and z.

Based on Corollary 1 and Theorem 3 shown in [35] (see also [5]), if B satisfies the
assumption (4.12) on the uniform boundness of z-derivatives of the collision kernel,
then for any f,g € LN L2,

1Q(f, 9z, < Cher [ fl]L2

T,v

gllzz

z,v

where Cye, > 0 depending only on the collision kernel and is independent of z. Using
(4.6), one gets

(5-31) F (s Dz, < Crer lIflez, gllzz, < Crer [[fl 1,

Notice that e satisfies a similar estimate as (3.2) in section 3, except for the
nonlinear terms involving the operator F, whose estimate is given by (A.6) in the
appendix. Repeating a similar procedure as the proof for Theorem 2.5 and using

K
||eK||3_[§lL§ =30, \|ek||§_12;, one now gets

9llus, -

(5.32)

Ld, ko2 K —rit LK e ! K
S lle H’HgLL’;’S —Aille™ |[ms 2 + A2e™ ™ |7 |z r2 + As o lle™ mz 22

where 75 = 71 + 75, and A; > 0 (i = 1,2,3) coming from Cj, Cp, Cye, are all constants
independent of K and e. Choose the initial data hi, with ||hin||gsrre < Cr such

that Ay < A;. Since || - HH?J_ is equivalent to the || - [|g: A norm,
d, K K e
(5.33) gplle llaz r2 < —Adlle® [l 12 + As —=

One usually chooses initial data such that e = 0; then a simple Gronwall’s in-
equality argument gives

efmt

KT’

(5.34) H€K||H;,,UL§ < 4

where A3, Ay, A5, k> 0 are all constants, independent of K and e. Combining (5.27)
and (5.34), since h® = RX + X one then has

oM

Kr’

where C,, A > 0 are constants independent of K and e. For the acoustic scaling, we
multiply by € on the right-hand side of (5.32) and (5.33), then obtain (5.25). Thus
Theorem 5.4 is proved.

We would like to point out that the above proof is different from [22]. Our analysis
gives sharper constants which are independent of K and €. Theorem 5.4 shows that the
gPC-SG method for the Boltzmann equation with random inputs and both scalings
is of spectral accuracy. In addition, the total gPC error h¢ decays exponentially in
time.

[ hrs  r2 < Ce

Remark 5.5. As all of our estimates were established in weighted L2 or corre-
sponding Sobolev norms, our time-decay results (for both analytic and numerical
solutions) will hold for both expected value and variance for h.
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6. Conclusion. In this paper, we first give an exponential decay to the global
equilibrium for both linear and nonlinear kinetic models with random uncertainties in
the initial data and collision kernel and with small scales corresponding to both the
incompressible Navier—Stokes and the Euler (acoustic) scalings, using the theoretical
framework developed in [38, 6] for deterministic problems. As an example we obtain
the results for the Boltzmann equation, while similar results can also be obtained for
other (random) linear and nonlinear kinetic equations whose deterministic counter-
parts are covered in [6]. Furthermore, for small random perturbation of the collision
kernel, we prove the exponential time decay of the gPC-SG solution, the spectral ac-
curacy of the gPC-SG method, as well as the exponential time decay of the numerical
error, under some mild conditions on the orthogonal polynomials.

There remain many interesting questions that need further research—for example,
whether one can establish a similar analysis for more general orthogonal polynomi-
als not satisfying condition (5.5), the random variable z in unbounded domain, the
Cauchy problem in R?, and uncertainties arising from boundary conditions for bound-
ary value problems.

Appendix A. Proof of the estimate used in Theorem 5.4. Take 8{ deriva-
tives (with |j] + |I| < s) on (5.29), multiply by 8ljek, and sum up all the k =1,..., K,
then integrate on z and v. Denoting dz; = w(z)dz and du = dxdv, the nonlinear term
on the right-hand side is given by

(A1)

K
RHS =3 / O (Fu(h, h) — Fr(h, h5)) 0] ey dps
k=1

= & (F(h,h) — F(R, b)) by (2)dz1 D ex d
I;// ( ) v vdu

= / / 3 (F(h,h) — F(h*,h5)) 8] X dudz

< (//(a{ (F(h, h)—]—'(hK7hK)))2dudz1>%-(//(8{6K)2d,ud21)é7
@ ®

where we used the definition of Fj in the first equality, (5.28) in the second equality,
and the Cauchy—Schwarz inequality in the last inequality. It is obvious that ® <
le®||g: 12. Now we estimate term @.

Using the relation

(A.2) F(h,h) — F(hS %) = F(h — B% h) + F(h*, b — b5,
then

@2 < ||]:(h= h) - ]:(h‘K7hK)H%I; +L?
< 2 (I1F (= W5 )y 2+ IF G R = RN 1e)

(A.3) < 2GR = B8 e (10l e + 513 12 -
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By Theorem 4.4 and Corollary 5.3, we know

(A.4)

1A 1

T,v

2 <ne’, 1Bl s r2 < Cre™ ™"

x, vz

Using (5.26) and the estimate of RX in (5.27), one has

(A.5)

b= %13y e <2 (1RSI o2 +11e¥ By 12)

9 e—QTSt

<2 ((CPCI) o T |6K|%I;'UL§> .

Plug (A.4) and (A.5) into (A.3), then

9 6727'st

@2 < (C*)%e 2t ((cpcf) =t ||eK||%{;,,ULg) 7

which gives

s T, vz

. e—Tst
@< Cre ™t (CPCI % +H6K||Hf‘ L2>7

where C* = 2v/2 Oy max{7j, C7}. With the estimate of term @, ® in (A.1), we
conclude that

(A.6)

e—TSt
RS < " (CpCr S 11l ) e 22

Kr z,v z,v
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