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HYPOCOERCIVITY BASED SENSITIVITY ANALYSIS AND
SPECTRAL CONVERGENCE OF THE STOCHASTIC GALERKIN
APPROXIMATION TO COLLISIONAL KINETIC EQUATIONS WITH
MULTIPLE SCALES AND RANDOM INPUTS *

LIU LIUT AND SHI JIN%

Abstract. In this paper we provide a general framework to study general class of linear and
nonlinear kinetic equations with random uncertainties from the initial data or collision kernels, and
their stochastic Galerkin 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, Non-
linearity, 19, 969-998, 2006; M. Briant, J. Diff. Egn., 259, 6072-6141, 2005] based on hypocoercivity
for the deterministic kinetic equations can be easily adopted for sensitivity analysis for random ki-
netic 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 stochastic Galerkin (SG) methods for the equations, establish hypocoerciv-
ity of the SG system and regularity of its solution, and spectral accuracy and exponential decay in
time of the numerical error of the method in a weighted Sobolev norm.
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scales, gPC stochastic Galerkin
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1. Introduction. Consider the initial value problem for kinetic equations of the
form

1 1
(1'1) o f + E—QU Vo f = WQ(JC)’

fO,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 z, velocity v and a 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 Q 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. « =1
is referred to the incompressible Navier-Stokes scaling, while a = 0 corresponds to
the Euler (or acoustic in this article) scaling. The periodic boundary condition for
the spatial domain € = T¢ is assumed here.

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
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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 for 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 towards 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-th 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(e) random perturbation to the collision kernel and boundedness of the ran-
dom domain I, with some additional assumption for the orthogonal polynomials used
in the gPC approximation.

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
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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 were our results new on the Boltzmann equation
with uncertainties in both the continuous and the discrete gPC-SG equations, we
also give a wunified 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 finish 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 the results on expo-
nential decay to the global equilibrium. The proof of some of the convergence results
are 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 the sequel £ is used for both the linear models and the linearized models for
nonlinear equations such as Boltzmann, Landau or semi-classical relaxation models,
etc. Suppose g € L?(Q x R?) solves the linear kinetic equation

1 1
(2.1) Org + v Vag = mﬁ(g) ;

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
linearized operator

1 1

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

Hy=tol [ % [0nngls, dedo < oo}
Q><]Rd| v

il+71<1

in which L2 , = {g| [q,pa 9% dxdv < 0o}, such that

rillgllar, <nlg) < w2llgllms,,  forg € Hy,,
which leads to
d
M) < =wllgOllmy,, >0,

with constants k1, k2, £ > 0. Then one concludes the exponential convergence of g in
H, . The obvious choice of n[g] = c1lgl7. +¢c2||Vagll72 +e3||Vogllr2 | does not

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

d
E<vw97 vv9>L§,u = _||V19||2L§,U +2(VaL(g), Vv9>L§,U :

It was proved in [38] that if the linear operator £ satisfies some assumptions, then
L — v -V, generates a strongly continuous evolution semi-group !9 on H3 ,, which
satisfies

(2.2) 1" (I~ Tg)|lz; , < Cexpl-rt],

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 ¢, x. Now consider
the linearization around this equilibrium and perturbations of the solution of the form

(2.3) f=M+eMh,
with
1 v|?
M= = e : 2‘ ,
()’

and M = v/M. The linear (or linearized) operator £ is acting on L2 = {f | [o. f* dv <
oo}, with the kernel denoted by N(£) = Span{p1,- -, ¢n}. {¢i}1<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

n

(2.4) Me(h) =) </Rd he; dv) Pis

=1
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where Il is the projection on the ‘fluid part’ and I — II, is the projection on the
kinetic part, with I the identity operator. The global equilibrium is then

n

(2.5) Mg(h) = (/WW he; dxdv) ©i,

=1

which is independent of x and ¢ and is the orthogonal projection on wa.

Small scalings and main idea for the full equation:  With the small
scaling e, 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
incompressible Navier-Stokes, compressible Euler equations and 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 gaurantees that the
solution will be classical, thus allows one to conduct estimates in the Sobolev space
[19]. [6] considers the kinetic equation (1.1) with the incompressible Navier-Stokes
scaling (o = 1). With (2.3), h satisfies

1 1 1
(2.6) Oh+ =v - Voh = = L(h) + =F(h, 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 gives a strong convergence in time to the incompressible Navier-Stokes
equations as € goes to zero, under some assumptions on the initial conditions. [6] also
gives the proof of existence of solutions close to the global equilibrium.

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

2.7) Ouh+v-Voh — %E(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:
H1. £: L? = L¥(T¢ x RY) is closed, self-adjoint on L2 and local in ¢,z. £ has the
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form £ = K — A. There is a norm || - ||, on R%, such that Yh € L2, A satisfies the
coercivity condition:

(2:8) vy |Ikl[72 < v [Rl[R, < (M), h)rz < v5 [|AI[R, ,
and Vh € H},
(2.9) (VoA(h), Voh)rz > v [[Voh]IR, = vi [1Bl172

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

(2.10) (L(h), g)rz < CIhlla, llglla, -

H2. K has a regularizing effect. V4 > 0, there exists some explicit constant C'(d) > 0
such that Vh € H],

(2.11) (VoK (h), Vyh)z < C(6)[|h]172 + 8[| Vohl|Za -
H3. £ has a finite dimensional kernel

N(L) = Span{e1, -, ¢n}.

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

(2.12) (L(R), hyr2 < =XM1,
where
ht =h—Ti(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 notations of
multi-indices and Sobolev norms. For two multi-indices j and [ in N¢, define

3] =0/9v; d/dx,.

For i € {1,---,d}, denote by ¢;(j) the value of the i-th 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(6is) = 1if i = i and 0 otherwise. We use the notation

OFh = 0%h.
Denote || - [|a := [||[ - [|a, [|z2- The Sobolev norms on H; , and Hj are defined by
Bl = S Rl bl = S lofn.
1+l <s 7+l <s

Define the sum of Sobolev norms of the z derivatives by

2= S llomally, . BB = S 110"l -

|m|<r Im|<r

Bl B e = S 110" bl s

|m|<r

|1
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Note that these norms are all functions of z. Define the norms in the (x, v, z) space

ez o = [ Bl ) .
z
in addition to the sup norm in z variable,

(2.13) 1hllzzp e = sup ol Il ag o = sup [[hflag , -

zel, zel,

Assumptions on the linear operator £ in H; ,, s> 1:
H1'. For all s > 1, |j| + |!| = s such that |j| > 1,

Whe ', (@A), 9ihss, > v ORI — v Bl

H2'. For all s > 1, for all |j| + |I| = s such that |j| > 1 and for any § > 0, there exists
an explicit C'(6) such that Yh € HZ

(O K(h), O} h)12 , < C@)|[hlf3.—s + 6110 hIIZ: -
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?2x L? — L? is a bilinear symmetric operator such that for all multi-indexes
j and [ such that [j| + |I| < s, s >0, m >0,

(@™ F(h,h), f)ra .
‘ : " g;:T(hvh)Hf”Av if j = 0.

x,v

Sum up m = 0,---,r, then 359 € N, Vs > s, there exists a z-independent Cr > 0
such that for all z,

Y (G (hh)? < CrllhllGsn 1h1Zer,

|m|<r

> (G (h k) < Crlhlls e o Al s -

ml<r

2.3. Convergence to the Global Equilibrium. Define a positive functional
on H? , with a dependence on ¢,

T,V
J12 = 2p(8) 199112 $) 1199.112 () g% . go.
M= >0 @b > o o Fe + D eal O s, s
71412 <s,|j]>1 [1|<s [1|<s,4,ci(1)>0

and the Sobolev norms

Al = D 1107kl s kIl pee = sup [[Allaer

\mlgr z€l,
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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,x,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) 0+ —v-Vog = 5L(9),
then
(1) V0 < € < €q, for some 0 < eq < 1, the operator G. defined by
1 1
(2.16) Gelg) = 5L(9) = Zv- Vayg

generates a CY-semigroup on H; .
(2) oy, (b;fl)), (al(s)), (aﬁ-fl)) > 0 such that V0 < € < g,

I Mo~ (1B, + S0P 122+ S0 1901, |

l1<s [2+l5]1<s, |51 =1

and ¥ g in H? , and all z,

x,v

(Ge(9), 9)pz < —C§ Mg — g (9)|3rs -

(8) For solution to the nonlinear equation (2.6), ¥ hy € H3L N N(G)™, h €
Dom(T") N H: ,,Vm <r and s € N, then

d m s m s s,m 2 s s,m 2
(217) 10" bl < —Kg” (107 Rl + K17 (G20 (h 1) ¢ K™ (G2 (b))

Moreover, sy € N, such that Vs > so, (2.17) leads to
(2.18)

d
—|lh
i

Yo < —KG 1Bz + K57 0l gz 2 WAl + € K57 1Rl e G-

(4) YO < € < €q, for some 0 < €54 < 1 and Vs > sp, 395, Cs, 75 > 0, such
that: For any distribution 0 < fi, € LY(T% x R? x I,) with fiy, = M + e Mh;, and
hin € N(Ge)*, if [[Rinll3gsm Lo < ds, then there exists a unique global smooth (in Hyy,
continuous in time) solution f = f(t,x,v,z) satisfying f > 0 with f = M + e Mh,
and

(2.19) hllpgrpee < dse7 ™"
Furthermore,
(2.20) [|Allsmr < s e st

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 Ge defined in (2.16). (3) and (4) of Theorem 2.1 give

ds _
1Pl srpee < fe Tt

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 h* 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 ,, .

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

-1, = > SN =T 5 + > 110P - 1132,
l71+12]<s, [51>1 1| <s
i
(2.21) + Z 6%1 (7 5 751 >
[1|<s,i,¢;(1)>0

and the corresponding Sobolev norms

Ler= 3 1107 HIB

|m|<r

srpee = sup [[Allyer

zel,

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 € Hyy is a
solution of (2.6), with h;, € Hzon N(G)*t, then V0 < € < eq, for some 0 < eq < 1,
VseNand m <r, HKSS), Kis), (b;fl)), (al(s)), (a (S)) > 0 such that for all z, we have
(2.22)

d m s 1 m m s s,m
Glomhliz, < — &G Sl1m g + 0 ofomalliy, | +EL (2L (h b))
1<[l|<s

Furthermore, 3sg € N, Vs > s, this implies
(2.23)

d s 1 m s
B < K6 | SR G+ >0 D0 o™ hlliy | | +EL O (1Al 1Al

|m|<r1<|1[<s
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 parenthesis of 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(bf;), (ozl(s)), (agj)) >0 and 0 < eq < 1, such
that for all 0 < e < e¢q,
() e, ~ - Mg
(2) Assume ||hin||gspse < Cr, then if h is a solution of (2.6) in Hyy for all z, we
have

(2.24) 7]y < Cre ™,
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where Cr, Ts are positive constants independent of €. Furthermore,
(2.25) hlles  rr < Cre™ ™",

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

Al nee < Swe™ ™ [lhllary < 607"
(2) of Theorem 2.5 accordingly changes to
Whllgzpre < Cre= ™', ||hllms oy < Cre” 7",

(i) Theorem 2.5 shows that the uncertainties from the initial datum will eventually
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 scal-
ing 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 pointwisely. 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 0™ of F will have
crossing terms like F(9'h,0™~"h) (0 < i < m), thus one needs to verify Assumption
HS5, 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 9™ 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).

Proof of Theorem 2.5 (2): The proof of (1) for each z is the same as in [6]. To prove
(2), for all z, one can easily observe the following Lemma by taking 0™ on both sides
of equation (2.6) and then follow all the estimates derived in [6] for deterministic
problems.

LEMMA 3.1.
d m s i am m s s.m 2
ol <=k (>0 llafomht R+ Yo o allk | + K57 (G (. )
71+ <s,l5]1>1 0<|l|<s
(3.1)

< =K 0™ 3+ K (G5 (h, 1))

Then we sum up m = 0,---,7 of (3.1) and apply Assumption H5, 359 € N,
Vs > sg, such that

d . o
(32) bl e < (KO 10l By = K7 ) Nl

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

d . -
bl < (KR ClBIBy — KE) Wbl
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Therefore if the initial data satisfy

K(S*)
inlBysr €~
+ T2k c

one implies that ||h|[3:.- is always decreasing, so for all ¢ > 0,
€1

K(()S*) 2 * 2
S lIhlfEe < =Colihlgy

d
—[|h][Fr < ——3——
dt L T 90y

where C* is a constant independent of z. The last inequality is because Hj controls
the H; ,—norm that is equivalent to the H7 —norm. Applying Gronwall’s inequality
gives the exponential decay of ||[[3z+ ~ [[h]|z:; , thereafter the exponential decay

x,v )

of ||k 57 oo, 80 (2.24) is proved. Furthermore, one has

33) Wl e = [ Bl 72 < B [ 7o) < GRen,

I, z

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) 6tf+ e_av'vwf = Wg(fu f)7
£(0,z,v,2) = fOz,v, 2), reQcTveR? 2z e,

The collision operator (local in ¢, ) is

QU f) = [ Bllo=vlcost) (f'f: = §1.) dv. do
Rdx§d—1
We adopt notations f" = f(v'), f« = f(vs) and f, = f(v.,), where
V= @ u)24 (0 —val/2o, L= (0t 0.)/2— (o —v.l/2)o
are the post-collisional velocities of particles with pre-collisional 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
(4.2) -G | rosrao=— [ o pos(ras = o

The global equilibrium distribution is given by the Maxwellian distribution

Poo |uoo - U|2
4' o0y OO7TOO — X o N - T am 9
(43) M(poou )= BT ) T2 eXp( 2T >
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where poo, Uso, Too are the density, mean velocity and temperature of the gas

Poo = / f () dxdv, Uoo = L vf(v) dedv,
QxR4 Poo JOxRd
1 / 9
T = —— Uoo — V v) dxdv,
oo | o= o )

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, that is,

Assumptions on the collision kernel:

B(|U - U*|7C059) = (]5(|’U - U*|)b(COS9)7 (b(g) = C¢ 677 with RS [07 1]7
(44) wvnel[-L1], M| <C, () <Ch,

where b is non-negative and not identically equal to 0. Introduce the collision fre-
quency

v(v) = / o(Jv — vi])b(cos @) M (vy) dvsdo = (¢ * 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),

h! h B h
4. =M — v|)b 0 ¥) | ==
(45) [l = DbleosOM) | 5+ 5~ 37— 37

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

£Hh) = / 6(lv — v.|)b(cos 8) [ M + b M'|M. dv.do .
Rd xSd—1

The bilinear part is given by
F(h,h) = M~ [Q(Mh, Mh) + Q(Mh, Mh)]

(4.6) - / (v — va)b(cos O) M. (W — hoh) dvsdo
R x§d-1

The spectrum of £ in L2 is included in R_. Moreover the null space of £ is
(4.7)
N(‘C) = Span{Ma lev e ,UdM, |1}|2M} = Span{@la e a@n}a n=d+ 25

thus

(4.8) L(h)p;dv=0, i=1,---,n.
Rd

Define the coercivity norm

[1Al[a = (L + [0)2]|
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The coercivity argument of £ is proved in [36]:
(4.9) (hy L(R)) 1z < =Al[h"||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 L5 satisfies Assumption H3 with an explicit bound. Proofs of Assumptions
H1', H2', 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) = F*(h,h) + F~ (h,h), with

Ft(h,h) = / (v — vi|) b(cos ) M, b, h' dv.do ,
R x §d—1

F~(h,h) = —/ d(Jv — vs|) b(cos @) M, hy h dv.do .
Rd x Sd—1

I()eno[te]z)ZUOHleh_m |4+ |1a|=t = 25,1~ Differentiating operator F~, one obtains
see |6

. 1 . . .
FF (hh)=—23 / blcos ) [ul 03 (M(v —w)"/?) (2] h.) (0} h) dudo
2 I Rd x §d—1
Denote Y ;= and >, = . For|m| <r, take 9™,
) 1 ) o o
" F~(h,h) = -5 3 (m) / b(cos 0) |u|” 9° (M(’U - u)1/2) (0'0)2h) (8" 0]* hyy) dudor .
" N (2 Rd x §d—1
7l 4

Following [6] and the cutoff assumption |[b] < Cp, by the Cauchy-Schwarz inequality,
one has

oreir <o () [ iy oogalis ([t omo e do. ) duda
gl x

%

(4.10)
<CG(hh) [1fl]a

where

1/2
s,m m i 0J2 m—i 9J1
gy (hh) =" ( ) > (/w |0°072 hlIR, 110™ 07! bl |7 dw)

- 2 . -
g 71+l +g2 ]+ 12| <s

m m—i i
<y <) Coll0™hllszs  [10R1rs

(4.11)
< Cspr||hllmem ||B][gzm < Cs ||

aer |hgsr

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
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that 3sg € N, such that if s > sg, we have H§/2 — L°. We divide the sum into two
cases |71 + |l1] < /2 and |ja| + |l2] < /2. If |j1] + |l1| < s/2, then for each z, one
has

10720 hl|72 < sup [|0720™h|[72 < Cs
€T

Y o

Ip|<s/2p1+p2=p

o om=in 2.

HE?

(044, 0™ 7 h) (3114, 0™ ") | dvde < Co 0™ Al

after using the Cauchy-Schwarz inequality in the last step. In the other case, if
|j2| + |l2| < s/2 and by the same calculations, ||9/20"h||, < Cs ||8ih||%ljs\ . 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, H1' — H2' introduced in section 2.2 for
the hypocoercivity theory also hold for several different kinetic models, in addition to
the Boltzmann equation. [38] validates the assumptions for linear relaxation, linear
Fokker-Planck, nonlinear semi-classical quantum relazation kinetic and the Landau
equation with hard and moderately soft potential. The results established in section
2.3 for 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(|v — vy, c086, 2) = ¢(|v — vi]) b(cos b, z), d(&) = Cp &7, with v € [0, 1],

(4.12)
vn € [-1,1], b(n, 2)| < Cy, |0,b(n, 2)| < Cy, and |9Fb(n,2)] < CF, VO <k <.

Under the above assumptions for B, all the Assumptions H1-H5, H1’-H2’ intro-
duced 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, semi-classical relaxation model of quantum Boltzmann equation and the lin-
ear Fokker-Planck equation. Our analysis follows those of [26, 34] for linear transport
equations, with some new estimates by using the A-norm.

Suppose g is a solution to

1 1
(4.13) 0:g + ZU V29 ==L(9),

€2

where £ is given in (4.5), with b given by (4.12).
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n

Recall (2.4) that I, (g) = Z (/ 9pi dv) ¢;. Then by (4.8), one knows
Rd

i=1

[ eneans= [ eSS ( [ aeide) ovduds

QxR i—1

:/ E / E(h)%-dv</ gwidv)daz—().
Q= Jre R
| —
=0

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

(4.14) (L(h), g)rz, = (L(h), g=T1e(g))ez , = (L(hT), g7 )z, < CF|Ih*[allg ™A

x,v

where we used (2.10) in Assumption H1.

The below arguments 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

lollZzr = D 110™gllZ2,  llgllz-= > llo™glA.

|m|<r |m|<r

Our goal is to show that

(1.15) o Y Cnriall0”alls ) < Al IR,
m=0

where A > 0 is a z-independent constant that depends on Cj in (4.12), Cyypp1 > 0
are constants.
Taking 0! on (4.13), one gets

(4.16) 20,0'g + ev -V, (9'g) = 'L(9g) .
Multiplying (4.16) by d'g and integrating on x and v, then
2
€
(4.17) S OldgllL: | = (0'L(9), D'9)1z,,,

where integration by parts and periodic boundary condition in x are used, thus (v -
V. (0'g), 8lg>L§ , = 0. We first prove the following Lemma.

LEMMA 4.2. For any m > 0, there exist m constants Cj,, >0, j =0,--- ,m—1
such that
e : _2)‘||9J_||?\7 m =0,
w19 ealomals + Y Cinl0al: ) <
= o =Alomg 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 S 3
528t<§||g||%§yu + 2 107glE:, + >
m=1

—1
m=1 j=0

m

Com gl ) < =il
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which is equivalent to
p .
(4.19) @0 30yl ) < Aol
7=0

where

% + an:1 COm; ] = Oa

1= 1+ Cm, 1< j<p-—1,
1, Jj=n.
Denote
(4.20)
» aig/ aig/ 81'9* aig
L; =M —*87”“117 % * — — — —Z | dv.d
W=y [ o= M<v>[M4 v 2009 09) o,

where [P 70| < O 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:

P
+1
O Lle). g, = (£, 0 g + D (M) o) 0 s,

s U " Z
=0

p
* p+1 i
< Mo+ IS (P ) 0 lior g

i=0
(C5)% S~ P+ L A
< Aot 13 + S (P ot + S 1ot
=0
(4.21)
A L2 G A OL#)2
< Dot + ot COD S g3 = <Dt + et 0 g
=0

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 Cauchy-Schwartz inequality, namely

NP i e = (P S a2 LN (L2
IS (" otir =X (M1 Lotk <o Yot
=0 =0 =0 1=0

is used in the third inequality. Therefore,

4.99 29 119P+1gl12, < —\||9P+1gL2 4p+l(Cﬁ)*)2 1
(4.22) o007 gllz2 < AP g IR + Mgl
4P+1(C£,*)2

2 and adding to (4.22), one has

Multiplying (4.19) by

p
o107l + 3 it 09l ) < 2110779 IR

J=0
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4p+1 (Cﬁ,*)2
— O} p11- This shows that (4.18) holds when m = p + 1.

By Mathematical Induction, (4.18) is true for all m € N, thus Lemma 4.2 is proved.d

where Cj 41 =

As a consequence, adding up (4.18) for m < r, with C}, .., = Crmrp1 > 0 in
(4.15) and (4.19), one obtains the goal estimate (4.15). Define

T
(4.23) lgllpzr = > Conrirl10™gllz2
m=0
then
(4.24) 0lgll 2o < =MlgT IR < =Aellg™ IR,

where the second inequality is because (4.23)—defined as some weighted Sobolev norm
|| - ||zrr=— is equivalent to the standard Sobolev norm || - [|g; in the random space.
The above analysis also holds for [|V,g]|, 2.+ etc, in the definition of ||g||,,1.-. For
x,v €L

example,
€04|IVagllp2re < —Ael[VagHlRre -

One can extend to higher Sobolev space H¢" and get the conclusions in Theorem 2.5.

The impact of z in b(cos @, z) on the nonlinear term can be estimated similarly to
(4.10), namely one has [(0™]F~, f)| < C G (h,h)||f||a, where

T,v,2

m i, 1/2

s,m m m—i ? n aJj2 i—n aJ1

g =S (Moo (L) S ([ werekni, o rainli )
n=0

i=0 [Fil+ [l +g2]+[l2]<s

* Z m i n i—n
< 30 (M) (1) culonllus, 1o nlug

(4.25)

< Gy Cs e |IMlmey 1M < Cp Cs [0 ore

h’HHZ’T* )

with the constant @,T depending on s and r, and the last inequality is because
|| [lzr ~ || ||g7=. 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
(x,v), one gets -

||h| |H§,vH§* < Cy e~ st

Since || - [|s  m7~ is equivalent to the standard Sobolev norm || - [|g: g7 in (z,v,2)-
space, thus ~
[[Plas 1 < Cr e ™t

where 7, > 0 is a constant independent of z and €. Therefore, Theorem 2.5 holds true
if the uncertainty comes from random collision kernel.
REMARK 4.3. For the linear Fokker-Planck equation with small scalings,

a(2)

61—i—o¢
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where o = 0 or 1, the coercivity norm A is given in [6] for deterministic problem,
I3 = lohl2s +I[.h2s .

The analysis in this section can be applied to (4.26) with random diffusion coefficient
o, under the assumption |0%c| < Cy for k = 0,--- ,7 with Cy 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 collision
kernel, under our assumptions for the collision kernel (4.12), and for the initial data
[[hinl| g e < Cr, then we have the following:

(i) Under the incompressible Navier-Stokes scaling,

Whllmsgre < Cre”™"  |hllag oy < Cre”™".
(i) Under the acoustic scaling,
WAl gzpre < Cre= ™', ||hllms oy < Cre” 7",

where Ct, 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
review the gPC-SG method for solving kinetic equations with uncertainties. Take the
Boltzmann equation as an example [22]. One seeks for a solution in the following
form:

K
ft,z,v,2) ~ Z fielt, z,v) P (2) == f5(t, 2,0, 2),

k|=1
K

(5.1) h(t,z,v,2) =~ Z hi(t, z,v)Y(2) == hE(t, z, v, 2).

[k|=1

Here k = (k1,--- , k) is a multi-index with |k| = k; + -+ k,. 7(2) is the probabil-
ity distribution function of z, which is given a priori in our problem. {uy(2)} are
orthonormal gPC basis functions satisfying

. Ui (2)5(2) m(2)dz = dy;j, 1<k, jl < K.

One can expand f by

oo

flt,z,v,2) Z (t, z,v)x(2), fielt, z,v) :/1 ft,x, v, 2)Y(z) w(2)dz.

Define the projection operator Pk as

fie(t, ,v)i(2).

1

Mw

(5.2) Pr f(t,z,v,2) =
k|
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Assume the random collision kernel has the assumptions given by (4.12). Inserting
ansatz (5.1) into (2.6) and conducting a standard Galerkin projection, one obtains
the gPC-SG system for hy:

Orhy + L Vohi = l,c (R5) + ]-' (R%, 5,
(5.3) € €2

Py (0, 2,v) = hy(z,v), xGQCTd v eRY,
for each 1 < |k| < K, with a periodic boundary condition and the initial data given
by
h) = / RO (z, v, 2)x(2) 7(2)dz.
I

z

The collision parts are given by
(5.4)

K
Li(P®) = Ki(h®) = Ak(r¥),  Kw(h¥) = £Z(h%) = LL(W5), M) = ma b,
li=1

(R VU — Uy v (v v v, dv,do,
£ |Z/SS (1o = ) a()M(82) + Ba()M (W) M(v2) v

L (W) = M(v) Sii ¢(|v — vs|) hi(ve) M (v,.) dv,do,
8 ;1 /]Rded*1 «

Fi(W hE) (¢, 2, v) Z /Rde . Skij d(Jv — vi|) M (v) (hi(v")hj(v]) — hi(v)hj(vs)) dvido,

lil,131=1

with

Sy = / b(cos B, z) Yk (2)i(2) m(2)dz, Vi 1= / Sii d(Jv — va|) M(v,) dv.do,
Ré xSd—1

z

and Skij = /1 b(cos b, z) Yx(2)i(2)v5(2) w(2)dz.

z

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

(5.5) b(cos B, z) = by(cos ) + by(cosh)z,
with |0,b] < O(e). We also assume the technical condition
(5.6) [|Vk]|Le < CKP, vk,

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

K
(5.7) EX(t) = ES () =) kel .
k=1
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with the initial data satisfying EX(0) <n. Then for all s > s, 0 < eq < 1, such that
for 0 < e <eq, if R is a gPC solution of (5.3) in HE ., we then have the following:
(i) Under the incompressible Navier-Stokes scaling,

K

EX(t) <npe 7.
(i) Under the acoustic scaling,

EE(t) < peet,
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 (5.7) enables one to obtain the desired
energy estimates with initial data independent of K [39].

To prove Theorem 5.1 on estimate of the gPC solution, a modification of Assump-
tion HS5 is necessary.

Assumption H6: There exist constants 4, C'(§) > 0 that are independent of K,
such that
(5.8)

K K K K
D K@ F(WE 0T, firz, | < C6) Y lImUhallFy Y (In%hallf: 46> [k fillR -
k=1 m=1 n=1 k=1

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

(5.9)

|Smnk| < (Cot£C) [[Ynllzoe ([Ymls [Yrl) oz < (Cot€C:) [[¢nllLoe [[Pmll Lz [z = Cn?,

where C' = C(Cy 4 £C.) with C given in (5.6). We mention that this assumption
was introduced in [39], and some examples where (5.9) holds are given there. For the

case I, = [—1,1] with uniform distribution, ¢, is the normalized Legendre polyno-
mials, and (5.9) holds with p = 1/2. For the case I, = [—1, 1] with the distribution
7(z) = ——2— and 1)}, are the normalized Chebyshev polynomials, (5.9) holds with

VrV1—22
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, thus Sy,nt = 0if (m—1)4+(n—1)+1 < k—1.
Then Sy.nk may be nonzero only when the inequality

(5.10) m+n>k

holds. Note that (5.9) and (5.10) also hold if m,n, k are permuted, that is, when the
inequalities

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

are satisfied, Sy, may be nonzero. To validate Assumption H6, we follow a similar
proof as Assumption H5 in section 4.2, combining the idea used in [39]. First consider

~ N\ ¢
m > n, by (5.9) and (5.10), then Cmin? > <§> [Smnk| n97P, thus

k24

mand

(5.12) |S k| < C kI nPa.
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Now let Xmnk be the indicator function of the set of indexes (m,n,k) for which
Smnk 7 0, namely

0, Smnk = 0,
1, Smnk 7£ 07
then
K .
k21(8] Fie (B, 25, fa)rz ‘
k=1
K K ) ) 1/2
= DL DR CHPTAICHND SN 0 T A P AT
=1 mael [l g2 iz <5 N T
K 120
< Z md nd |Smnk| Xmnk CS ||mqhm||Hf\ ||7’thn||H;U ||fk||A
k,mmn=1
K ~
< Z Cs C?’Lp_quqhmHHf\ nqhnHH;,U ||kqfk||Aank
k,m,n=1
<C.COW) S Wm0l By o+ Ce G0 S R Ful Xk
k,m,n=1 k,m,n=1

I II
K K K
<CE) Y NImthllirg Y NIn%hallfy  +6 Y [IKfillR -
m=1 n=1 k=1

We used (4.10) and (4.11) in the first and the second inequalities, (5.12) and Young’s
inequality in the third and fourth inequalities, respectively. Cs, &', §, C(¢'), C(d) are
all positive constants independent of K. In the last inequality, we used the following
arguments that are first shown in [39]:

K K K
(5.14) T <2) (mWhlliyg - D In%halld . T <e Y KR,
m=1 n=1 k=1

with ¢ a constant independent of K. To get (5.14), one writes

K K
I'= Z ||mqhm||%lf\ I, I = Z nP™1 ||”qhn||§{;u Xmnk -
m=1 n,k=1

By definition (5.13) and (5.11), Xmnt = 1 indicates that m—n < k < m+n by (5.10),
so I, has at most 2n choices for a fixed n. That is,

K K
L <23 0P~ Infh, [[3, <23 [In%halF,
n=1

n=1

if ¢ > p+ 1. Similarly,

K K K
<2y a7 Y RfAIR < e D IRl

m=1 k=1 k=1
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since for each fixed pair (n, k), there are at most 2n choices for m. If ¢ > p + 2,
c=2% 0" nPm1t <2(1+(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 As-
sumption H6 for the Boltzmann equation.

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

€l

InlBe = AllbliZs, +alIValilZy | +BIIVhEBe | +ac(Vahi, Vohi)rs -

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

(5.3) and integrating on z, v, then the term involving L is

K

K
1 ~
(5.15) = D RLO D Skihi), hadrz -
k=1 =1

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

i=k—-1,k k+1,
ork=1—1,1, i+ 1, then

t+1

(5.16) 5

<

<.

o |

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

(5.17) Skl < &ll2llne ([nl, [il) ez < EC: N[Wnllnz 1ill2 = Ca(€),  if K #4,

where the constant C(§) = £ C, = O(e).
If ¢ = k, since S = b and by using the coercivity property (2.12) and integrating
on z, one has

1 & Ao
= E k2q<£(hk)7hk>L§m§_6_2§ KR |13
k=1 k=1

Ifi#k,theni=%k—1ori=k+ 1. Define

(5 18) o 05 gki = 07
. Xki = 1, gki # 07
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and use (2.10) to bound (5.15) by some positive terms,
r K

K
1 ¢ 5,
€2 Z k> (L Zsm i), hie)rz | < 2 Z k29 ||Ski halla [P |a

k=1 k,i=1
ote; k24 Cc*-C:
< €O S B s el < SC D 30 S anh s [l
ki=1 Eyi=1
CECHE)Cs(0) =~ |1:q CECH(E)C5(0) N~ |0y 112
< CECRICD $~ oy s + ELEDD $ a2
kyi=1 kyi=1

(5.19)
K K K
1 4Cy )
= > ikl A + 2 E [k hi |} = = > il
i—1 k=1 i=1

2q
where we use kz,—q < 297 by (5.16) and Young’s inequality in the third and fourth
inequalities, respectively. The fifth inequality is because ¢, k have only 2 choices for a
fixed k, i, respectively. C3(q) is a constant depending on g and we denote the constant
C1 = CFC(€) C3(q) = Ofe).

One observes that C7 in the nominator can be cancelled with an ¢ in the de-
nominator on the right-hand-side of (5.19), then the whole term is of O(1/¢€). Note
from (5.3) that the nonlinear term T has coefficient 1/e. We combine (5.19) with 1/e
multiplied to the second term on the right-hand-side of (5.8), wherein fx = hy in (5.8)
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 V,hy in (5.19).

Let Cy = max(Ch,C2(£)). To get an estimate of ||Vvhkl||%iu, by using (2.8),
(2.9) and (2.11) in Assumption H1 and H2, one gets the following term involving £:

K K K
1 ~ 1 ~
50 KL Skihi), Vohi)iz, = = D K (VoL(Skihi), Vohi)rz

k=1 i=1 kyi=1
Ca 2q vy L v oA L2
S Q2 K (C0) A+V4)||h I3+ _A_VB)vathA
kyi=1 Yo
o s TR Pt KOV b
= 6_21“':1 iQ_q( ( )%4' ) lli ||A+6_k,i2:1( T v3) |l [k
(5.20)
3><4qC4

304
< ———(C( A+V4 ZquhJ—”A'i' ZHqu hiclA

€
where we use (5.16) in the second equality, and the fact that both k,i have only 3
choices for a fixed i, k, respectively. (5.20) is similar to the estimate [[V,h*||z2 used
in the proof of Theorem 2.5, in the sense that h is substituted by k9 hj, and summing
up k=1,---, K. The estimate for (V,hy, V,hg)r2 s also similar in the above way
to the estimate (Vih, Vyh)rz =~ when proving Theorem 2.5 in [6].

Analogous to the proof of Theorem 2.5, we multiply by k27 on both sides of all
the estimates and sum up £ = 1,--- , K, then achieve the same result as Theorem
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2.5, that is, the exponential decay of Zszl ||k9hk||%. . Therefore, Theorem 5.1 is
proved. ,

As a corollary, with the assumption (5.6) on the basis, using the Cauchy-Schwarz
inequality and the norm definition (2.13), one gets the estimate for the gPC solution
hK,

K K
15 WG pee = 11 (@) e < C D K [l
k=1 k=1

K K K
(5.21) <c ( e ||hk||%{;v) (Z W@) <O kil
k=1 k=1 k=1

since ¢ > p+2, C is shown in (5.6) and C” is a constant independent of K. Therefore,
||hK||H; Lo also decays exponentially in time with the same rate as E(t), namely

(5.22) W™ |r pee <ije”™
in the incompressible Navier-Stokes scaling, and
(5.23) WS \|ers pee < 7T

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

(.20 lollrg 2 = [ lalfy m(2)

I,

Then (5.22) and (5.23) further implies that

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

1R [y re <e™™, (Il o2 < e

(i) Under the acoustic scaling,

RS ||as  roe < 7T, W™ kg 2 <ipe™ ",

where 7, 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:

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||gsrpe < Cr are
satisfied, we then have the following: ,

(i) Under the incompressible Navier-Stokes scaling,

e—)\t

(5.25) g 22 < Ce
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(i) Under the acoustic scaling,

e—e)\t

Kr '’

(5.26) ||h€||H;,UL§ <C.

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

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

(5.27) he =h—h® .= h — Pgh + Pgh — h% |
N—— N————
RK eXK

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

||h||H5 grtt e—TSt
(5.28) IR || 22 < ||R¥ ||z ree < Cp ——2—— < CpCy o
where C'p, C are constants. Define
K K
(5.29) e := Pgh—h¥ = Z (hi(t, ,v) — hg(t, 2, 0)) Yi(2) == Z er(t, z,v) Yr(z),
k=1 k=1

where one defines the coefficients of e by
er = hi — hi, 1<k <K, e= (e, ,ex).

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
ex(0,z,v) =0, reQc T veRY
Since

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

By the estimate (5.28), the expression for £ given in (5.4), we observe that the term
involving Skx in L1, (RE) 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 ¢ = k + 1 contributes to an order € coefficient thanks to the small
random perturbation assumption (5.5) of the collision kernel, thus the estimate for
L1 (RX) is given by

—Tst

e
(5.31) ILk(R™)|pg 2 < Ce o
where C' is a constant independent of K and z.
Based on Corollary 1 to 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 € LLN L2,

1Q(fs Dz, < Crer[Ifllz2, Nlgllzz ,
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where Cyer > 0 depending only on the collision kernel and is independent of z. Using
(4.6), one gets

(5.32) F (s Dlag, < Crer lIfllez, gl , < Crer [[fllaz , l19lla2, -

Notice that ey satisfies the 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 the similar procedure as the proof for Theorem 2.5, using
||6K||$.[§L 2 = S ||ek||%3ﬁ and the estimate (5.31) multiplying by the coefficient

1/€%, which is of order 1/e thus can be combined with the nonlinear estimates and is
shown in the third term on the RHS of (5.33) below, one gets

(5.33)

1d —Tat

_ e
ol B sz < (A6l o+ Aw e ™ e g1z + a2 ) e oz

where 75 = 71 + 75, and A; > 0 (i = 1,2,3) coming from C;, Cp, Cye, are all constants
independent of K and e. Choose the initial data h;, with ||hm||H;;2L§o < Cf such

that Az < Ay. Since || - ||H§L is equivalent to the | - |[zs ~norm, thus
d, K K e
(5.34) a”e s r2 < —Aa|le™|[as 12 + A3 G

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

e*lﬁt

Kr’

(5.35) ||6K||Hg’vL§ < As

where AV3, Ay, As, k > 0 are all constants, independent of K and e. Combining (5.28)
and (5.35), since h® = RK + ¢ one then has

e—)\t

17 bz, 22 < Ce =

where C,, A > 0 are constants independent of K and e. For the acoustic scaling, we
multiply by € on the right-hand-side of (5.33) and (5.34) then obtain (5.26). 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 e. 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.

REMARK 5.5. As all of our estimates were established in weighted L? or cor-
responding Sobolev norms, our time-decay results (for both analytic and numerical
solutions) will hold for both expected value and variance of h.

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
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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 desire further research. For exam-
ple, whether one can establish a similar analysis for more general orthogonal polyno-
mials not satisfying condition (5.6), random variable z in unbounded domain, Cauchy
problem in R?, and uncertainties arising from boundary conditions for boundary value
problems.

Appendix A. Proof of the estimate used in Theorem 5.4. Take 8{ deriva-
tives (with |j| + || < s) on equation (5.30), multiply by & ej and sum up all the
k=1,---,K, then integrate on z and v. Denote dz; = m(z)dz and du = dxdv, the
nonlinear term on the right-hand-side is given by

K
RHS = Z/a{ (Fr(h, h) — Fi (B, h5)) 0] ex du
k=1

K . .
- Z / / & (F(h,h) — F(B™, b)) ¢y (2)dz1 0] ex dps
k=1

— //613 (]—"(h,h) —.F(hK,hK)) BljeKdudzl

< (//(a{ (F(h, h)—]—"(hK,hK)))Qduda)%-(//(8{6K)2dudz1)%,
®

(A.1)

®

where we used the definition of F, in the first equality, (5.29) in the second equality
and the Cauchy-Schwarz inequality in the last inequality. It is obvious that ® <
||eX] H: 2. Now we estimate term @.

Using the relation

(A.2) F(h,h) — F(hX h5) = F(h — b5 h) + F(WX h — b5,
then

@2 < ||]:(h7 h) - ]:(hKu hK)H%—I;,ULz

<2 (IF (= W)y e+ IFGS b= W), )

(A3) <2C, =813 i (1AM 2+ 105 B 1) -

By Theorem 4.4 and Corollary 5.3, we know

(A.4) [1A*]

Hy L2 < e ™, |Pllms 22 < Cr e Tt
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Using (5.27) and the estimate of R¥ in (5.28), one has
(A.5)

—275t
2,
A=h5 12y gz <2 (1R Iy gz + X113y 1) <2 ((opcn? I

K

Plug in (A.4) and (A.5) into (A.3), then
—27st

* —4T1 e
@ < (C)e? t((Cpcffﬁﬂlel(llizg,vx)

which gives

—Tst

K’I"

(&
@< Cre ! (CPCI + IIeKIIH;,sz> )

where C* = 2v/2 Cyer max{ij, Cr}. With the estimate of term @, ® in (A.1), we
conclude that

B effst
(A.6) RHS < C* e ! (OPOI = ||eK||H;mL3) 5 s 12 -
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