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HYPOCOERCIVITY OF STOCHASTIC GALERKIN FORMULATIONS
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Abstract. We consider the stabilization of linear kinetic equations with a random relaxation term.
The well-known framework of hypocoercivity by J. Dolbeault, C. Mouhot and C. Schmeiser (2015)
ensures the stability in the deterministic case. This framework, however, cannot be applied directly for
arbitrarily small random relaxation parameters. Therefore, we introduce a Galerkin formulation, which
reformulates the stochastic system as a sequence of deterministic ones. We prove that the hypocoercivity
framework ensures the stability of this series and hence the stochastic stability of the underlying random
kinetic equation. The presented approach also yields a convergent numerical approximation.
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stability; stochastic Galerkin
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1. Introduction Stabilization of hyperbolic balance laws has been studied in-
tensively in the past years with applications to Euler equations for gas dynamics, the
p-system, and shallow water equations, see e.g. [2,10] and the references therein for
an overview on recent results. A well-known approach to prove exponential stability of
equilibria is the analysis of dissipative boundary conditions and the construction of suit-
able Lyapunov functionals [11,13,26]. However, general results are so far only available
if the source term is sufficiently small [12, 18], diagonally stable [1] or strictly positive
definite [3]. For certain balance laws with stiff source term also the limiting behavior
has been studied [4, 14, 50].

Kinetic partial differential equations belong to the class of linear hyperbolic balance
laws and formally the previous results can be applied to study their stabilization. An
interesting class of linear kinetic equations are those with an additional stiff source (or
relaxation) term resulting from linearization of nonlinear problems for stability analysis
and optimization.

Commonly, solutions are close to a kinetic equilibrium. Those equilibria typically
fulfill hyperbolic conservation laws. However, estimating the rate of the relaxation of
the solutions towards an equilibrium is a challenging problem, since the collision term
may only act with respect to the velocity space [16].

For linear hyperbolic systems with stiff source term in one dimension that satisfy
structural stability conditions, presented in [50], boundary stability has been studied
using a weighted Lyapunov functional [32,51]. We also refer to [30] for boundary control
of Vlasov-Fokker-Planck equations and to [23,39] for boundary control of general kinetic
systems. It is remarkable that widely used Lyapunov functionals in boundary control
may be improper to characterize the long time behaviour [25]. This is in particular
the case for relaxation systems when the desired equilibria are not constant in space.
Then, it has been proven that the solution to the kinetic system may diverge, when the
stiffness parameter tends to zero. Therefore, we investigate the use of hypocoercivity for
systems with stiff relaxation. In previous works, hypocoercivity has been systematically
developed to analyze the large time behaviour of the solutions and convergence to

*RWTH Aachen University, 52062 Aachen, Germany, gerster@Qigpm.rwth-aachen.de
TRWTH Aachen University, 52062 Aachen, Germany, herty@igpm.rwth-aachen.de
fTsinghua University, 100084 Beijing, China, huiyu@tsinghua.edu.cn

1



2 Hypocoercivity of stochastic Galerkin formulations for stabilization of kinetic equations

equilibria. To this end, a modified entropy functional has been proposed to bound
the L2-norm of solutions, see e.g. [16,17,28,29,47].

Uncertainties commonly arise in hyperbolic and kinetic equations due to modelling
errors, measurements and uncertain boundary conditions. In particular, the relaxation
parameter is not physically motivated and cannot be obtained by measurements. Hence,
it should be modelled by a random parameter taking arbitrarily small values.

Many attempts have been made to stabilize the stochastic systems to obtain a de-
terministic desired state. Boundary control for hyperbolic systems have been presented
in [27,40] to reduce the variance in the system.

The question if the random solutions to linear kinetic equations converge to the
deterministic kinetic equilibirum exponentially fast with respect to a suitable norm
has been extensively analyzed [37,38]. Exponential decay has been established in the
parabolic scaling [37, Th. 3.3] and in the high field scaling [37, Th. 3.6] for arbitrary
random perturbations in the relaxation term and initial data. These results have been
extended to nonlinear equations and have been unified with acoustic scalings [35, 38].
Results for the acoustic scaling, however, are only partial, since an arbitrarily small
relaxation parameter results in a vanishing decay rate [38, Rem. 2.6, Th. 4.4] and the
random input is so far assumed bounded [38, Sec. 6].

This paper is devoted to the acoustic scaling of linear kinetic equations with random, un-
bounded relaxation. We prove that the impact of randomness diminishes exponentially
fast in time as the solution converges to the kinetic equilibrium.

Typically, one would use Monte-Carlo methods and apply the former hypocoercivity
framework for each realisation. In other words, first, the solution is discretized in
the stochastic space and then stabilization results are obtained. However, this “first-
discretize-then-stabilize” ansatz cannot be directly applied if the relaxation parameter
tends to zero.

Instead, the underlying tool to study this problem is the representation of the solu-
tion by a series of orthogonal functions, known as generalized polynomial chaos (gPC)
expansions [6,21,48,49]. Here, a series expansion of the solutions is substituted into
the governing equations and as second step the series is projected to obtain evolution
equations for its coefficients. This approach is often applied in uncertainty quantifica-
tion, where the parameter is interpreted as a random variable. In this direction many
results for kinetic equations are available [7,8,33,35,46,52,53]. Recently, also results for
hyperbolic equations have been established [9, 15,19, 20, 22,34, 36,43, 45]. For conver-
gence results of the truncated expansions to the true solution smoothness assumptions
are required [22,33,53]. Similarly to [33,37,53], we prove that the solution preserves
the regularity of the initial data. Regularity with respect to the relaxation parameter
is then found in terms of the decay of the coefficients. To this end, we introduce a
weighted sequence space as solution space. It turns out that the hypocoercivity frame-
work [17] can be applied in this new sequence space without discretizing the solution
in the stochastic space. This allows to obtain the desired convergence and stabilization
results.

This paper is organized as follows. Section 2 recalls the hypocoercivity framework
from [17]. We illustrate both theoretically and numerically the applicability for a fixed
value € >0 and its little informative value in the limit ¢ —0%. Section 3 analyzes a
stochastic Galerkin formulation corresponding to the random kinetic equations. An
infinite-dimensional weighted sequence space is introduced as solution space. If the
hypocoercivity framework from [17] is applied in this space, its informative value for the
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stabilization of the mean of deviations remains high even if arbitrarily small relaxation
parameters occur. We obtain a convergent numerical method by approximating the
stochastic Galerkin formulation on a finite-dimensional subspace.

We consider the kinetic equations

3tf(t,x,v)+€ian(t,x7v) = Lf(t,z,v) with (t,z,v) €RT xR?

clta
for a distribution function f(¢,x,v) subject to the initial data f(0,z,v)= fo(z,v) and
subject to periodic or reflecting boundary conditions. Here, T :=vd, — 9,V (x)d, is the
transport operator. The external potential V' (z) is a possibly space-varying function.
The collision operator L is independent of time, for example L= (M[f]— f), where M|f]
is the local Maxwellian. The variable v is the velocity and vanishing boundary conditions
in the limit |v| — oo are imposed.

The parameter >0 describes different regimes. We have a=1 for the parabolic
scaling and a=0 for the acoustic scaling, wherein we are interested in. We denote the
linear kinetic equations with acoustic scaling as

O f (tyx,0)+Tf(t,x,v) =L f(t,x,0) with L.:= é

The relaxation parameter € >0 is typically unknown and very small. Thus, we replace
it by a random variable, defined on a probability space (Q,.4,P), with arbitrarily small
positive realizations e(w) € RT for w € Q. More precisely, the inverse T}u) is modelled by
the y-distribution that is a family of continuous probability distributions, which includes
the exponential, Erlang and y2-distribution as special cases. The steady state F(x,v)
is independent of each realisation £(w), but the solution f(¢,x,v;w) is random as well
and depends on the event w € ().

This paper addresses the question if there exist positive constants C, x>0 such that
the random solution f(t,z,v;w) converges to the deterministic steady state exponentially
fast in the mean squared sense

IE[/R/R(f(t,x,v;w)—F(Jc,v))zdaﬁdv] gce—“/R/R(fo(a:,u)—F(x,v))zdxdv.

In the deterministic case, when the value € >0 is fixed and remains positive, an answer
to this question can be given by analysing hypocoercivity of the operators.

2. Hypocoercivity framework We recall the strategy, proposed in [17], to
study the hypocoercivity of the deterministic kinetic equations (1) for a fixed relaxation
parameter € > 0. We consider a Hilbert space H such that the linear operators L., T are
closed and generate the strongly continuous semigroup eX=~7) on the space . The
orthogonal projection IT from the solution space D onto the set of local equilibria N'(L.)
is defined by

Hf::p—fF with pf(t’x)::/f(t,x,v)dv.
PF R

We will examine the modified entropy functional H|f]

HLf )= 70AL ) with As=[1+ (T (rm) ™ (rmy”

and <f(t,-,-),g(t,-,~)>:= R2f(t,x,v)g(t,x,v)du for M:F(}(fj;})
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Here, v €(0,1) is a problem-dependent positive parameter. Following [17], we introduce
four critical properties.

H1: Microscopic coercivity: The operator L. is symmetric and there exists a
positive constant A,, >0 such that

—(Lef, )2 A ||1=TD) f||* forall feD.

H2: Macroscopic coercivity: The operator T is skew-symmetric and there exists
a positive constant Aps >0 such that

|TTLf||* > Mg ||TLF||* for all feD.
H3: The operator T" and L. satisfy
T =0.

H4: The operators AT (1—1I) and AL, are bounded. There exists a constant C; >0
such that

|AT(1—T0) f||+||AL-f|| < Cum||(1=T0)f|| forall feD.

Microscopic coercivity states that the restriction of the operator L. onto the com-
plement A'(L.)* is coercive. Macroscopic coercivity on the other hand guaran-
tees that the transport operator T is coercive on the nullspace N(L.;). Assump-
tions (H3) and (H4) have technical importance. In particular, assumption (H4) is
slightly stronger than actually required in the proof of [17, Th. 2]. Theorem 3.2 in
Section 3 makes use of the following weaker, but sufficient property

(AL:f,f) < Cu|| A =TD£([[I£]] (2.2)

Theorem 2.1 describes the asymptotic behavior of the deterministic problem (1).

THEOREM 2.1 (According to [17, Th. 2]). Suppose the assumptions H1 — H4 hold.
For any initial values fo € D and for any positive relaxation parameter € >0 there exist
positive constants C(g) and k(g) that may depend on €>0 such that

£t =FC|P <C@e ™ | fo—F* for all t=o0.

In particular, we have for some § >0 the rate

R R, )\m77(CM+1)’ YA | v0(Cum+1) with 0:1"’77.
1+~ 20 14+ A 1+~ 1—~

Note that periodic and reflecting boundary conditions ensure conservation of mass and
the skew-symmetry of the operator T' at the boundary. Next, we discuss limitations of
the applicability of this strategy in a particular case.
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2.1. Applicability of the hypocoercivity framework As a toy problem, we
consider the two-velocity model

—

O f(t,x)+Tf(t,x)=L.f(t,z)  with (2.3)
20 oy ([Tt (10 1 /=11
We obtain the following corollary by applying Theorem 2.1.

COROLLARY 2.1. Assume a fixed relazation parameter € >0. Then, there exist positive
constants C(e) and k*(e) such that the solution to the model (2.3) converges to the
steady state F' exponentially fast, i.e.

17t = FO)|* <Ce)e™ @ fo— F||* for all t>0. (2.4)
If the relaxation parameter € >0 is sufficiently small, we have the decay rate

20 4r*e—5(1+2¢)(1+7%)
e Am2ed+ (142 +46)(1+72)°

K*(e):= max - {/{*(6,5)} for k*(6,e)=
0<<T=Farm

Proof. The global steady state and the projection onto the nullspace N(L.) read

= o (Ff(z)\ _1/1 > 111\ > fr4+f (1
Fz)= (p—@;)) =3 (1) and 11f =3 (1 1>f—2 <1>
It remains to show the properties (H1) — (H4).

H1: We have L. = L(IT—1) and (L.f,f) < —1[|(1~11)f]]°. This yields A, =
H2: We have

w362 (oS e )

By applying the Poincaré inequality to the scalar function ﬁ%, whose aver-
age value over the domain [0,1] is zero, we obtain

| =5 [ [ourt+5)] dﬂc>*||Hﬂ|

with Poincaré constant Cp = % Hence, we have Ay =m2.

H3: We calculate
1 1 0\1 00\
w5 (1) ()3 ()= (60) =2

(TTH*T(1—T0) = —07T?*(1 1) = ~TI(1 - )92 =

H4: The equality

yields ||AT(1—1II) f|| =0. We conclude Cps =2
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Theorem 2.1 yields the decay rate

2 . [46—~v(1+2¢) ~x? v6(1+2¢)
k=-—— |min , - )
1+~ 40e 1472 4e

To maximize it, we make the parameter v dependent on §,e >0 and we define

40 —y(142¢e) Am* | y6(1+2¢)
o -

d,) =
(5. = argmax e
4(1472)é

T An2e0+1+ 2+ 24 2n2e

The existence of a positive value v(d,e) > 0 and hence a positive decay rate is guaranteed
by the bounds

473

0 d 0<df<——7———.
> an < <(1+772)(1+25)

For small values of € >0, we have v(d,e) <0. The maximal decay rate £*(d,¢) in terms
of v is achieved at v(4,¢), i.e

N 2 (45 —~(5,e)(1+2¢) ~(6,6)m? 0,€)0(1+2¢
R
27v(d,¢) w2 0(1+2¢)
:1—&—7(6,5)[14—#2_ 4e ]
8(1+72)é w2 §(1+42¢)
T Am2ed+ 1+ 2e+ 72 + 212 +4(1+72)0 {14—w2__ de :

2 4% —6(1+42¢)(1+72)
e Am2ef+ (1+2e+46)(1+72)

O
0.4 0.8}
o 1
A 0.3 / ’/’
— 06t -7 —~
W -
w 0.2 - - 0.8 w
< = -’ =
g 0.1 04l s 0.6
7
0 /, 0.4
7/
0.6 0.2} /
. ’ 2
. 0.2 0.4 00 / )
' 0.2 ' 0 0
e>0 0 0o , 0 0.2 0.4 0.6
0<9< 90739 e>0

14+72)(1+2¢)

FIGURE 2.1. Decay rate in Corollary 2.1 depending on € >0, 6 >0.

The left panel of Figure 2.1 shows the decay rate depending on € >0 and § >0. The
guaranteed decay rate x*(0*,¢) that maximizes the decay rate for each fixed relaxation
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parameter >0 is shown as blue line. The corresponding optimal choice v(6*,¢) is
shown as green (dashed) line in the right panel of Figure 2.1. Since both quantities
tend to zero for € — 07, exponential decay of the system is not guaranteed in the small
relaxation limit. The reason is the violation of assumption (H4).

Note that these observations confirm the findings in [38, Rem. 2.6], where a van-
ishing decay rate for the acoustic scaling is obtained for e — 0. In contrast, the decay
rate does not vanish for the parabolic [37, Th. 3.3] and high field scaling [37, Th. 3.6].

2.2. Numerical simulations This behaviour is also seen in numerical experi-
ments. Similarly to [31,42,44] we use a first-order implicit-explicit (IMEX) scheme that
treats the convective term explicitly and the collision term implicitly due to the stiffness
for small values of € >0. Then, the IMEX scheme [31] for the two-velocity model (2.3)
reads as

At

efl + AtTIA® f1
e+ AL '

e+ At

A7 /7 with fI'= (2.5)
It is an asymptotic preserving scheme [31, Prop. 1] for any Lipschitz continuous numer-
ical flux function F needed for the spatial differentiation of the discrete operator T2%.
The left panel of Figure 2.2 shows the L2norm || f]|2 in the logarithm scale for various
relaxation parameters € > 0. The exponential decay guaranteed by Theorem 2.1 is illus-
trated using dotted lines in Figure 2.2. The numerically computed rate is shown in solid
lines. Different colours are related to different values of the relaxation parameter. The
right panel shows the numerically observed decay rate with respect to the right y-axis
as black crosses. As expected, we observe also numerically small decay rates for small
relaxation parameters.

1

—2
107% ¢ ©
=
S|
—
4 >
é 10741 < 8
Qo P Q
o S E
L\»lq 1079 [ | observed, guaranteed decay e L
- @ for e=0.5! §
—%—  xe for e=0.5° 2
10784~ g for =053
—-— P for e=05"
—— P for € =05
1010 T Y \
0 2 4 6 8 10
time ¢

FIGURE 2.2. Exzponential decay depending on the parameter € >0.

Figure 2.3 shows the exponential decay of the entropy functional H[f] as well as
the magnitude of the term I'. (%) 22’7(5*78)<Af(t, ), f, -)) in definition (2.1) of the func-
tional H[f]="1/2| f]|+T(t), where the optimal choice of 7 is illustrated in Figure 2.1.
The left y-axes show the exponential decay of the functional H[f] in blue as solid line.
The bound by the L2-norm is gray shaded and the guaranteed decay is shown as dotted
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line. The term I'.(¢), which determines the width of this bound, is shown with respect to
the right y-axes in a green dashed line. The value of v(6*,¢) and hence the contribution
of ', are relatively small.

Summarizing, the parameters \,, and Cjps in the conditions (H1) and (H4), and
hence the decay rate established in Theorem 2.1 depend on the parameter € >0. In
particular, assumption (H4) is violated in the limit e —07. Corollary 2.1 explicitly
shows that there is no guarantee on exponential decay in the limit ¢ — 0.

e =0.25
5.1071 ¢
107?
5.1072
— . 1072 —
~ 5. 1073 =
= | e
—4
5-10 ‘\
\
5.10°° i%nfn? < H[f] < ”%H{flﬂ 1079
0 5 10 10
time ¢

FIGURE 2.3. Illustration of the entropy functional H[f]=1/2||f|2+T<(t), defined by equa-
tion (2.1), with Tc(t) =(6*,&)(Af(t,"), f(t,)).

3. Stochastic exponential stability If we consider system (1), without stiff
relaxzation, given by

Ouf(t,x,w)+Tf(t,x,v)=Lf(t,x,v) for (t,z,v)ERT xR? (3.1)

where the operator L =¢L, is independent of the relaxation parameter € >0, then the
two systems (1) and (3.1) have the same global steady state F'(x,v). We consider now
the full model (1) and we write the term 1/ >0 as

Ye=E€+1).

We introduce the stochastic system

Ouf (t,x,v;6) + T f(t,x,0:8) = (E+n)Lf(t,x,0;6) (3.2)

by considering ¢ as a random variable with realizations ¢(w) € Ry. The random vari-
able £ ~P is described by the vy-distribution with probability density

dP _ B 5a+1

— = = a,—B¢ + +
£ p(§) F(a—i—l)fe for aeRj and BeR

The constant 1 >0 is arbitrarily small, but deterministic and ensures that the param-
eterized system cannot simplify to a conservation law in the case £(w)=0. In the
following, we will show that if the system (3.1), without stiff relazation, satisfies the
properties (H1) — (H4), the system (3.2) is exponentially stable in the sense of a
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weighted, averaged L?-norm with respect to & and any small parameter n>0. To be
precise, we will show the bound

E[[I £t~ F|] =/0w1|f(t7-,-;£)—F||2 pOds<Ce ™[ fo—F|*  (33)

for some positive constants C' >0 and x>0. We use generalized Laguerre polynomials
defined by the recursion

Lg(§) =1, Li)=1+a—u,
(k+ 1)L () = Ch+1+a—=LE () — (k+a) Li_1(§)

for k>1 and a €R{. According to [24, Sec. 7.414] the scaling

(3.4)

Ly (BE)

M(a+1+k)
ILg B,

NEESE and BeRT (3.5)

Pr() = with || L (8¢)|, =

is orthonormal to the inner product

($1:85)p = / T 50(O65(6) p(©)deE= 0y .

Then, the functional dependence of the solution on the random variable £ ~P is de-
scribed by the series expansion

ft,z,v;€ ka (t,z,0)pr(&) for f£r(t,z,v):= <f(t,x,v, ), ¢k>p'

We define the sequence of infinite matrices

T:=T1, L,=LP, with P,=P+yl, P::(<§¢k(5),¢j(5)>p)kjeN,

where 1:=diag{1,...} denotes a sequence of identity matrices. By projecting the sys-
tem (3.2) onto the space spanned by the polynomials {¢g,¢1,...}, we obtain the stochas-
tic Galerkin formulation

Ouf(t,x,v) + Tf(t,z,v) =L, f(t,x,v),
£(0,z,v) = (<f0(357v),¢k>p> = fo(x,v)(00,k) keNo

keNy

(3.6)

where f = (f1,fs,...)T is an infinite vector. Due to the orthogonality of the generalized
Laguerre polynomials, we have by construction

[ 150l werts= 3l =3 [ [ et

Therefore, the averaged L2-stability (3.3) follows from the L2-stability of the stochastic
Galerkin formulation (3.6). We also consider the truncation

{atp““(t,z,v) + TP (t,2,0) = L{OpU) t.,0), (37)

p ) (0,2,v) = fo(z,0)(5k,0)ken, -
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Here, the entries of the finite matrices TU) L) ¢ RE+DX(K+1) gatisfy T( ) = =T,
and L(K) L; ;. The corresponding solution is denoted by

K
P8 (ta,v:6) =3 pr(t,z,0) () with pU) = (py,...,p)T ERFTL,
k=0

In other words, p)(t,2,v;¢) and p¥)(t,2,v) are approximations to f(t,z,v;£) and
f(t,z,v). First, we will show that the solution f to the infinite system (3.6) belongs for
each fixed t >0 to the weighted sequence space

2 ::{ = (f1)ken, ‘ <f,g>zg =y Jk<fk(t>'7')gk(t7'7')>7 ||fHeg <0 }

keNy

va+1
28n

and the inner product defined in equation (2.1). Note that the inner product depends on
time. We write for short <f7g>£2 (t)= <f7g>e2 and 2 =2 in the case o}, =1 with k€ N.

Then, we show that the hypocoercivity framework can be applied to the space ¢2.
Finally, we consider stable approximations p*) with respect to the stochastic space,
which results in a first-stabilize-then-discretize framework.

with the weights o), =k +

3.1. Characterization of the solution space First, we calculate the entries
of the matrix P exactly.

LEMMA 3.1. The scaled, generalized Laguerre polynomials ¢y, k € Ng satisfy

0 for j=2,
fPo ;=4 —/1+a forj=1, for k=0,
14+« for =0
0 fOT |]7k|227
k(k j=k—1
pP ;= (k+a) forz T for k>1.
—/(k+1)(k+1+a) for j=k+1,
2k+1+a for j=k

Proof. The recurrence relation (3.4) and the normalization (3.5) yield

(2k+1+a)¢r (&) =V (F+ 1) (E+1+)dp11(§) = VE(E+ ) dr 1 (

Izga (0, 7 ﬁe I,
Y] —(k L e
e, O O G

= (2k+14+a)¢r(§) - (k+1) -1(8)

= BEpr(§) for k=1

The claim follows from the orthonormal projection

BP ;= B(Ebr(£),0;()),
=(2k+1+a)0kj— v/ (k+1)(k+14+a)k1,;— VE(k+a)dk_1;.
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This lemma states that the entries of the matrix P grow linearly and it allows us to
prove the following technical lemma.

LEMMA 3.2. For all K € NgU{oo}, the matrices

(K) cFPpE) 4 pK) 5 (K)
ng = 5

+770'(K), P,,:= Pfﬁg)

va+1
28n

(3.8)
with o) =diag{oo,...,0x}, or=k+

are symmetric and positive semidefinite.

Proof. Define the sequences di:=+/k(k+«) and g :=2k—dp —dgr1. Then, we
have the bound di41—dr >+va+1 and the sequence gi is monotonically decreasing
with limit g \, —(a+1) for £ — co. The nonzero components of the matrix ngfj) in the
k-th row read for k>1 as

1 -1+
(P - (—dkm7(2k+1+a)ok+ﬁnak7—dkﬂ

> Ok +0k+1
7 ) (k—1,kk+1) S 2 '

2
The claim follows from Gershgorin circle theorem and the estimate

Ok—1+0k _d Ok +0k+1
2 k+1 9

(2k+1+a)oy + Bnoy —dy

i1 —d
=Bnb— LK L kn+ (gr+ 1+ a) (k+b)

2
1 vV 1
> Bnb— ot =0 for b= ot .
2 267

Next, we derive the solution space to the stochastic Galerkin formulation (3.6).

THEOREM 3.1. We define for K € NgU{oo} the possibly infinite matrices

va+1
28n
Assume initial values fo independent of € >0. Then, the exact solution f(t,z,v) to the

infinite system (3.6) belongs to the weighted sequences space (2. In particular, the exact
solution and the truncated system (3.7) satisfy the bounds

o) —

U(K)::diag{ao,...,oK} and o =o' diag{og,01,...} with op=k+

2 va+1 2 2 va+1 2
I£ll < =55, ol and [P < agn lfoll” forall t=0. (3.9)

Proof. According to Lemma 3.2 the symmetric matrix P%{? is positive semidefinite
and hence, the square root (P%{?)V 2 exists. Thus, we obtain

(K)L(K)+L(K) (K)

o o
<p(K),L§7K)P(K)>@2://p(K)(t,m,v)T — p (t,2,v)dzdv
2 Jrr

T
= [ [ (@ #pU0 k) L((RUD) P t,2.,0)) o
RJR

<0 forall ¢>0.
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The system (3.7) implies
0— <p< ), 0yp) 4 TP _ LK) p >> ,7Hp
2d

\/7

2 2
= ") <[P0, = 2B Y| fol P <00 forall 0.

As Lemma 3.2 holds for K € NgU{oo}, the bound is valid in the limit K — oco. d

2. Hypocoercivity framework Using Theorem 3.1, we show that the

solution f e /2 satisfies the inequality [|f]|,2 <c,||f]|s2 for some constant ¢, >0. Note
that this inequality does not hold for general elements f € £2. The restriction f € ¢2 C (2
is necessary.

COROLLARY 3.1. Consider a solution £f€/(% to the stochastic Galerkin formula-
tion (3.6). Then, there exists a constant c, >0 that satisfies the inequality.

1£]lez <collflle=

Proof. Theorem 3.1 states that the solution satisfies f(t,-,-) €2, op =k+ “2(2';1 for
all £>0. Thus, we have the bound

JaTT
281

The bound (3.10) implies that the space £2 is continuously embedded into 2. Further-
more, the spaces (2, [|[l,2), (¢2,]]-l;2) are Hilbert spaces [41]. Thus, the identity

d: (@,HH@) — (egaHHﬁ)

is linear, bounded and bijective. The open mapping theorem [5] states that also the
inverse

||f(t,-,-)H£2§ Hf , <oo forall f(t,-,-)ef: and t>0. (3.10)

e

A (82,0 llee) = (€2, 11e2)
is linear and bounded, which means

Hf(t,-,-)”zg:Hid_l[f(t,~,-)]Hzg§c(,.Hf(t,-,-)HZ2 for all f(t,-,-)€¢% and t>0.

Finally, we state our main theorem.

THEOREM 3.2. Assume there exist positive constants Ap,Apr,Carr >0 such that the
deterministic system (3.1) satisfies the properties (H1) — (H4). Then, for any given
parameter 11> 0 there exist positive constants C >0 and k>0 independent of € >0, such
that the random solution to the system (3.2) with %z{—i—n >0 decays exponentially fast
in the mean squared sense

E[Hf(zz-,-;f)—F!ﬂ:/o 1/ (te56) = F|* pe)dg <ce™ || fo—F|%.  (3.11)
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Proof. Let 1 be the identity matrix of infinite dimension and define the matrices

L=L1, II =111,
-1 Jatl . Jatl
A= ]1+(TH)*(TH)} (TIL)*, U::diag{ ;ﬁ: 1+ ;B; }

which fulfill L,=LP,=P,L. The augmented system (3.6) satisfies the proper-
ties (H2) and (H3), since these are independent of £>0. It remains to prove the
properties (H1) and (H4).
H1: The smallest eigenvalue of the matrix P,, which is symmetric and positive
definite, is bounded from below by 7>0. We define f:= P;/zf to obtain

L ~ ) 2
~(Lof.8) o = —(LEE) o > A (L~ TDE |, = APy (1 —TDE | |
> A (L—TD)E|[7, for all fef?.
H4: Since the term AT(1—1I)f is independent of € >0, we also have
|AT (1 —-TD)f|| ,, < Cur| (L —TD)f| .

According to Theorem 3.1 the solution satisfies f(¢,-,-) €2 for all +>0. Thus,
Corollary 3.1 implies that there exists a constant ¢, >0 such that

[€ll <ol -T0E] e[ (@-TOf. foran ez

The linear growth of the entries in the matrix P,, stated in Lemma 3.1,
is bounded by the scaling c~!. Thus, there exists a constant cp >0 such
that HPnU_lH[2 <cp. We use the assumption (H4) on the deterministic sys-
tem (3.1), ie. [J[ALf||<Cun|/(1—T)f||, to prove the weaker version (2.2) of

assumption (H4) for the stochastic Galerkin formulation. Then, we have

(ALE£),, = (ALPy0 e 8) | <cp|[ALo"E| 0]
< epCag | (1~ T0)0" ][] = Car| (1~ T0E] ]
< epCurc? | -TOE o ],

|

3.3. Discretization in the stochastic space The previous analysis is
constructive, since it leads to a numerical approach to compute the mean squared
deviations (3.3) by truncating the stochastic Galerkin system (3.6). The next theorem
ensures the convergence for K — co.

THEOREM 3.3. For the approzimate solutions pF) and p) generated by the truncated
system (3.7), there exist constants ¢, >0, d>2 — independent of ¢ >0 and K € Ny — that
satisfy the bound

va+1

—d
—_— forall k=0,....K and t>0. 3.12
267 ) .

ol <c, 1+



14 Hypocoercivity of stochastic Galerkin formulations for stabilization of kinetic equations

Furthermore, there is the a priori error estimate

[ lo0-neso] e

—d 1-d (3.13)
NCESR Vati
<c ILIP [ K+1 2 K+1
<cy|IL| ( +1+ o d 1 +14 267

Proof. The existence of constants ¢, >0, d> 2 that satisfy the bound (3.12) follows
from the hyperharmonic series and the bound (3.9), since we have

3 (s G e <

Due to the linearity of the system (3.2), the approximation p € RE+1, described by the

system (3.7), and the truncated exact solution £ = (fo,...,fK)T satisfy
ap(t,z,v)+ T p(t,z,0) =L p(t,2,0),
O (1, 2,0) + TE L) (¢ 2 0) = L(K)f(K)(t z,0)+ R (t,2,v)

with residual ’R( (t,z,v)=L Z £5( tx<€+77)¢j(f)a¢k(§)>
p

j=K+1
_Jo if 0<k<K-1,
(K +1D)f gy (tzw) if k=K.

Subtracting these equations yields the system

9, (t,2,0) + T ) (1, 2,0) = LIV (£, 2,0) + R (¢, 2,0)

for the error () =) _ pF) e RE+1, This system implies
0= <e<K e £ TUO ) _ () (k) _R(K>>
KZ
(K) 7< (K) <K>>
- 2 dt ’ e \® R e
=i~ D (e ),

Cauchy—Schwarz inequality and the bounds (3.12) yield

Gl S U DL < G DI i

= e . < [0, o + (K + 1| /O [£xc-1(7,7, )| dr

1—4
+1 2
<o) (Ke1e Y ) 14
<cpil (K5t (314
since the initial error e®)(0,2,v) is zero. Furthermore, the bounds (3.12) imply
[e’s} e’} —d —d
1 e 1
Sl s > (k5 e [T () ar
k=K-+1 k=K +1 B K+1 Bn
1-d
Cy Va+1
= K+1 . 3.15
d—l( MR > (3.15)
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Then, estimates (3.14) and (3.15) give the a priori estimate

oo

%) 2
[0 - n)eeo| serae= e+ > i
0 k=K+1
2—d 1-d
ganQ(K+1+ ‘2?) t2+dc_"1 <K+1+ ;5;1)

|

3.4. Numerical results To compute the solution to the truncated system (3.7)
for K €Ny, the IMEX scheme (2.5) is applied. The discretization reads as

—1 - —1
f?“:(]l(K)—s—AtPSIK)) f?—AtTMfi"JrAt(]l(K)—s—AtPS]K)) PUOTgr,

fr= (]l(K) +AtP,(7K)) B (f? +AtP§7K>H<K)f?)

with 1(5) .= diag{1,...,1} e RE+! and ) =), Upwinding in the numerical flux
is used for the spatial differential operator T4%. Theoretical resulty are illustrated
by means of the two-velocity model with initial values f*(0,7)==+cos(2rz) for the
exponential distribution p(¢)=e~¢ with parameter «=0 and S =1.

. weighted L2-norm for d = 2 weighted L?-norm for d = 5
16
1071} 8
10721
1073
0 2 10
(S (S
— —_=
A& 05 11,51 A
B 04 ] B
g . 11.50 ©
3 0.3+ 11.49 E
) 0.2} 11.48 g
g 0L 1147 5
2 0 ©
8 11.46 8
= -0.1 ‘ ‘ ‘ - =
% 1 25 50 75 100 ?
truncation K truncation K

FIGURE 3.1. [llustration of the bound Hp<K) sz < % Hﬁ)”Q in Theorem 3.1 for n=1/2.
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3.4.1. Illustration of the solution space Figure 3.1 illustrates the main idea
of Theorem 3.2. Namely, the exact solution belongs to the weighted sequence space ¢2.
The right panel shows the evaluation of the weighted L?-norm

K —
Z(k‘—&-%)d 1Hp,(€K)H2 for d=5.
k=0

Note that this stronger weighted norm does not necessarily decay. The explanation is
illustrated in the plots below: For both cases d=2 (left panel) and d=5 (right panel),
the matrix P(()f? 1:%(U(K)P(K) +P(K)U(K)) is indefinite, although the matrix P is

positive semidefinite according to Lemma 3.1. The smallest eigenvalue of Péﬁ) may

become negative as seen in the scale of the left y-axis (in blue color). On the other
hand, the matrix ngff) remains positive semidefinite for d=2 as proven in Lemma 3.2.
The proof, however, fails for arbitrary d> 0. In fact, we observe negative eigenvalues in
the case d=05, as seen in the green line and in the scale shown at the right y-axis.

truncation error over time

I T 7 T T
8103 4= K=1 o= K=5 — K=10 +K:15—>-K:20k’/',
6-1073 .
4-1073 .
2-1073

0 L
0 ) 10 15 20
time ¢
_, truncation error in t =5 _, truncation error in ¢ = 20
- ‘ ‘ ‘ ‘ ‘ :
X XXxx
10727 xxx 1 1072 xxxxxxXxXxx ]
1073 ] “x | 103 XX xx
X
1074} Xx., | 10
-5 X -5
107} xxx : 10
1070} xxx— 10°6
10771 ‘ ‘ ‘ ¥ o107 ‘ ‘ ‘ f
0 5 10 15 20 0 5 10 15 20
truncation K truncation K

FIGURE 3.2. Truncation error (3.13) in Theorem 3.3 for n=10"8.
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3.4.2. Truncation errors Figure 3.2 shows the error (3.13). The integrals are
computed using Gaussian quadrature with 100 quadrature points, and spatial discretiza-
tion Az =278, The plot in the upper half of the figure consists of the error in time for
different truncations K. We observe an increase of the truncation error that is bounded
by the estimate (3.13). The second and third plot show the truncation error at t=>5
and ¢t =20, which decays if the number of basis functions K increases.

3.4.3. Reference solution One may try to deduce the averaged L2-stability
directly from Theorem 2.1, where the constant C'(¢) >0 and the decay rate k(e) depend
on the relaxation parameter € >0. By applying Theorem 2.1 for each fixed relaxation
parameter £ = (£+1)7!, we obtain

o 2 _ 2 = o 1 (1
[Tl sone<E@lnl. Bo= [ o ) e e
0 0 §+n
However, a possible violation of assumption (H4) in the limit ¢ — 0" prevents to deduce
the exponential decay of the function E(t). We can only obtain the bound E(t) < E(0)
due to

%E(t) _ —/OOO m(ﬁ)C(ﬁ) () pleyde < int {m(gin) } B(t)=o0.

Still, we may use the decay rate k*(g) derived in Corollary 2.1 to compute numerically a
reference decay rate. The quadrature rule, however, does not take the limit € — 0% into
account. Hence, there is no convergence result in this “first-discretize-then-stabilize”
framework. To justify at least numerically that the function E(t) with decay rate x*(¢)
decays exponentially with a rate kz >0, we neglect the constant C' and we consider the
expression

E(t)::/oooexp(—/i*(d*,gj_?»t) pé)dé <e rE! & —%ln@(t))z@. (3.16)

exponential decay no exponential decay
101k > — E®) '
N —kgt
1072 AU _
103 N 7%111 (E(t))
> 10_4 \\\\
\[ﬂ 1075 \\\
— % N H
10-6 . ‘\\ ‘ \
1077 ™ . 0.02
10 T S, '
0 500 1000 1500 2000 0 500 1000 1500 2000
time ¢ time ¢

FIGURE 3.3. Left panel: Exponential decay (3.16) for the reference solution with n=10"8%; Right
panel: No exponential decay for the pointwise decay rate k(£)= %exp(fﬁ)‘
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The left panel of Figure 3.3 illustrates the exponential decay of E(t), where the
scale is indicated on the left y-axis. The dotted function illustrates that the decay
rate k5 =0.01 yields an upper bound, i.e. E(t) Sexp(—ﬁEt)E(O). The integrals are
computed using Gaussian quadrature with 100 nodes. The right panel is devoted to
a toy problem with decay rate k(&)= %exp(—f). Such a decay rate may arise from a
pointwise application of Theorem 2.1 to each sample of relaxation parameters. Namely,
this theorem states only for each sample a positive decay rate that may vanish in the
relaxation limit. This choice yields the averaged L?-norm

_ l—et - e t(t—et+1)
E(t)= F{t)=—————~
==, -
o/
= lim Bt _ lim ! }:O. (3.17)

t—o0 E(t) T i Soet—1 N t
Due to limit (3.17) there exists no strictly positive decay rate 5 >0 such that
E'(t) )
—2<—kp <« e(t)<e(0)e "B' forall ¢>0.
By St S 00 >

We have circumvented this issue by considering augmented systems with solutions in
the weighted sequence space £2.

3.4.4. Exponential decay in the mean squared sense Figure 3.4 shows the
decay of the averaged L?-norm according to Theorem 3.2. The mean squared L?-norm
is approximated by

o0
2 2
| 1t ste)de pt. (3.18)
0
lgmr === === === === === === === ===
f — K — — K=15
e - K=5 —K=20
ol 004
1020 g0
g F 0041
o i
IS _ .
= 10 L0038
~ E 0037
~ [ 0.036
10°4L 0.035
£ 0.034
©0.033
5[ 0032
10%0.031,,,,,,,,,/
. 19 191 192 193 194 195 19.6 19.7 19.8 19.9 20
10*6 | | |
0 5 10 15 20

time ¢

FIGURE 3.4. Ezponential decay of the weighted L?-norm according to Theorem 3.2 for n=107%.
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As reference solution (black line), the integral (3.18) is computed using Gaus-
sian quadrature with 100 nodes. As reference decay rate (black, dashed), the decay
exp(—kgt) is shown, which is deduced in the previous subsection. The L%-norm (3.18)
decays for all choices of K € Ny and approaches the reference solution from below.

4. Conclusion We have applied the hypocoercivity framework from [17] to sta-
bilize stochastic kinetic equations with random, stiff source terms. We have shown in
Corollary 2.1 that a direct application of this framework is not possible, since the real-
izations of the source term may be arbitrarily large. Therefore, the solution space of a
stochastic Galerkin formulation has been derived in Theorem 3.1 and hypocoercivity in
this solution space has been shown in Theorem 3.2. The presented approach yields also
a stable numerical approximation, whose convergence is proven in Theorem 3.3.
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