N
N

N

HAL

open science

Asymptotic numerical hypocoercivity of the space-time
discontinuous Galerkin method for the Kolmogorov equation

Zhaonan Dong, Emmanuil H Georgoulis, Philip J. Herbert

» To cite this version:

Zhaonan Dong, Emmanuil H Georgoulis, Philip J. Herbert. Asymptotic numerical hypocoercivity of the space-

time discontinuous Galerkin method for the Kolmogorov equation. 2026. <hal-05080993v3)

HAL Id: hal-05080993
https://inria.hal.science/hal-05080993v3

Preprint submitted on 18 Feb 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Qoo

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License


https://inria.hal.science/hal-05080993v3
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

ASYMPTOTIC NUMERICAL HYPOCOERCIVITY
OF THE SPACE-TIME DISCONTINUOUS GALERKIN METHOD
FOR THE KOLMOGOROV EQUATION

ZHAONAN DONG, EMMANUIL H. GEORGOULIS, AND PHILIP J. HERBERT

ABSTRACT. We are concerned with discretisations of the classical Kolmogorov
equation by a standard space-time discontinuous Galerkin method. The Kol-
mogorov equation serves as simple, yet rich enough in the present context,
model problem for a wide range of kinetic-type equations: although it involves
diffusion in one of the two spatial dimensions only, the combined nature of
the first order transport/drift term and the degenerate diffusion are sufficient
to ‘propagate dissipation’ across the spatial domain in its entirety. This is
a manifestation of the celebrated concept of hypocoercivity, a term coined
and studied extensively by Villani in [30]. We show that the classical space-
time discontinuous Galerkin method admits a corresponding hypocoercivity
property at the discrete level, asymptotically for large times. To the best of
our knowledge, this is the first result of this kind for any standard Galerkin
scheme. This property is shown by proving one part of a discrete inf-sup-type
stability result for the method in a family of norms dictated by a modified
scalar product motivated by the theory in [30]. This family of norms contains
the full gradient of the numerical solution, thereby allowing for a full spectral
gap/Poincaré-type inequality at the discrete level, thus, showcasing a subtle,
discretisation-parameter-dependent, numerical hypocoercivity property. Fur-
ther, we show that the space-time discontinuous Galerkin method is inf-sup
stable in the family of norms containing the full gradient of the numerical
solution, which may be a result of independent interest.

1. INTRODUCTION

In kinetic modelling, numerous degenerate evolution (integro-)differential equa-
tions model diffusion/dissipation along specific spatial directions only, without
spanning the entirety of the spatial domain of definition of their solutions. Nonethe-
less, such models have been shown to exhibit convergence towards an equilibrium
state over long time scales. Such models frequently emerge from integrating sto-
chastic processes, often resulting into Kolmogorov/Fokker—Planck type partial dif-
ferential equations (PDEs). A representative case includes the modelling of multi-
particle systems whereby random collisions are permitted in the presence of external
drift.

The term hypocoercivity, introduced by Villani in [30], describes the property
of evolution (integro-differential) operators admitting dissipation also in spatial
directions where no diffusion is explicitly present in the operator. Villani developed
a framework for sufficient conditions for hypocoercivity in the celebrated work [30],
building upon earlier seminal works by Hérau and Nier [20], Eckmann and Hairer

2020 Mathematics Subject Classification. Primary 65N30, 78M10, 65N15.
E. H. Georgoulis and P. J. Herbert gratefully acknowledge the financial support of EPSRC
(grant number EP/W005840/2).
1



2 ZHAONAN DONG, EMMANUIL H. GEORGOULIS, AND PHILIP J. HERBERT

[14], Hérau [19], Dolbeault, Mouhot and Schmeiser [10] Mouhot and Neumann [24]
and others. We also mention the work by Talay [29] as a key step in the development
of these ideas. A different framework for sufficient conditions for hypocoercivity was
given by Dolbeault, Mouhot and Schmeiser in the seminal work [11].

To fix ideas, in a Hilbertian setting with inner product (-,-) inducing a norm
Il := +/(,"), we consider an evolution equation of the form

(1.1) uy + Lu =0, whereby L := Lggew — Laiss,

with Lggew corresponding to a skew-symmetric, typically “transport-like” | operator
and Lg;ss a degenerate, self-adjoint operator modelling diffusion/dissipation. Due
to the skew-symmetry of Lggeqw, a straightforward energy argument would imply

1d
5&”””2 = (Laissu, u) < 0.
The degenerate nature, however, of Lg;ss may not be sufficient to provide a norm

so that spectral gap/Poincaré-type inequality of the form
Kllu —a)|* < —(Laissu, u)

for some k > 0 holds, with @ denoting an equilibrium state, or some kernel-
eliminating functional. Thus, we cannot immediately conclude

lu—al| < e™"" Juol|

i.e., exponential decay to equilibrium, with u¢ denoting an initial state and ¢y a
final time.

However, such decay may, indeed, hold in certain settings, despite the presence of
a non-trivial kernel for (Lg;ssu, u), due to the degenerate nature of the dissipation.
Such a state of affairs can occur, informally speaking, when Lgge,, is “appropriately
non-constant” and is able to “transport dissipation” also in the directions where
no diffusion is explicitly present, that is, the equation admits the hypocoercivity
property.

The proof of trend to equilibrium for the kinetic Fokker-Planck equation was
given by Hérau & Nier in [20] upon modifying the inner product used to include
certain mixed derivatives. Related ideas have also been used by Eckmann & Hairer
in [14] for the study of spectral properties of certain hypoelliptic operators in-
volving degenerate diffusions, and by Mouhot & Neumann [24] in the study of
kinetic models with integral-type collision operators, among others. Villani [30]
and Dolbeault, Mouhot, & Schmeiser [11] conceptualised the algebraic nature of
the interplay between transport and dissipation properties of the spatial operator
L and were able to provide abstract sufficient conditions for hypocoercivity to hold,
that is, |[u — a|| < Ce " ||ug||, for some constant C' > 0. They achieved this by
modifying the energy setting, i.e., by constructing appropriate inner products of
the form (-, Ype := (-,-) + (), with ((-,-)) denoting an additional appropriately
constructed symmetric bilinear form, whose respective induced norms are strong
enough to admit spectral gap/Poincaré-type inequality and, hence, decay can be
inferred. The modified inner products (-,-)n. are carefully constructed to reflect
the interplay between Lgge, and Lgiss-

It is highly desirable to preserve hypocoercive structures upon discretisation to
guarantee that the resulting numerical schemes demonstrate robust performance
for long-time computations. However, the exploration of numerical hypocoercivity
properties remains relatively limited to date. Notable works in this area include [26],



ASYMPTOTIC NUMERICAL HYPOCOERCIVITY OF SPACE-TIME DG 3

which investigates hypocoercivity for a central difference discretisation of the Kol-
mogorov equation (see (1.2) below) within the abstract framework of [30, Theorem
18]. Further, Dujardin, Hérau, and Lafitte [13] extend this approach to examine
the spectral gap for central difference discretisations of the Fokker-Planck equa-
tion. Foster, Lohéac, and Tran [17] present a Lagrangian-type splitting method
employing a similarity transformation and linear finite elements on quasi-uniform
meshes. Bessemoulin-Chatard and Filbet [2] propose design principles for con-
structing equilibrium-preserving finite volume methods for nonlinear degenerate
parabolic problems. Recently, Bessemoulin-Chatard, Herda, and Rey [3] introduce
an asymptotic-preserving finite volume scheme for one-dimensional kinetic equa-
tions in the diffusive limit, applying the hypocoercivity framework of Dolbeault,
Mouhot, and Schmeiser [11]. For a finite-volume method of a one-dimensional
nonlinear reaction kinetic model, we refer [4].

With the exception of [17] whereby kinetic equations in two spatial dimen-
sions are discussed, the above developments on numerical methods concern one-
dimensional spatial problems and/or finite difference or finite volume methods. De-
veloping Galerkin/finite element methods that preserve hypocoercivity structures
remains a largely unexplored area, despite the advantages these methods offer, such
as high-order discretisations over unstructured or locally adapted meshes.

The first work in this context is [18], whereby a hypocoercivity-preserving family
of spatially discrete non-conforming finite element methods of arbitrary order for
the Kolmogorov equation

(1.2) w +Lu=0, in (0,tf] x €

with Lu := —ugze + 2uy, for some final time ¢ty > 0, with Q C R?, along with
appropriate initial and boundary data, is constructed and analysed, following the
framework in [30]. Recently, a hypocoercivity-exploiting fully-discrete, stabilised
space-time finite element method is presented and analysed in [12], which is proven
to admit “numerical hypocoercivity” in an asymptotically exact sense. In both
[18, 12], Kolmogorov equation serves as a simple model problem characterised
by diffusion in one of the two spatial directions only, and, moreover, it admits
a hypocoercivity-inducing algebraic structure in the spirit of [30].

Due to their relevance in setting the context of the present work, we give a
conceptual overview of the developments in [18, 12]. Upon defining a symmetric
and positive semidefinite matrix A € R?*?, (see (2.2) below for details,) we denote
by (-, )4 the inner product (w,v)) 4 := (w,v)+(Vw, AVv), for w,v € H'(Q), with
induced norm ||-[| 4 := +/((+, ) a; here (-, )., corresponds to the standard Ls(w) inner
product for w C R%, d € N, along with respective induced norm || - ||, and we drop
the subscript when w = €, for brevity. Hence, assuming sufficient regularity, (1.2)
implies

(1.3) (ur, v) a + (Lu,v)a = 0,

for all v in a suitable test space. Roughly speaking, i.e., ignoring non-trivial bound-
ary terms and regularity considerations, (1.3) can be viewed as arising from testing
(1.2) against v — V - AVwv. Imposing, now, homogeneous boundary conditions on
the appropriate part of 92, the latter gives

(1.4) (ut,v)a+a(u,v) =0, with a(u,v):= (ug,ve)+ (Tuy,v)+ (VLu, AVv).
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Integration by parts and elementary operations eventually give (see Section 2 below
for details):

1
(1.5) a(u,u) > c(||u35||2 + Juy||? + VAV, |? + (§xn2Vu — 11 Vg, AVu)aQ).

If the entries of A are taken to be fixed suitable numbers, as done in [18], and
additional boundary conditions are to treat the last term on the right-hand side of
the above lower bound, we deduce a(u,u) > collul|4, for some ¢g > 0, independent
of u. The latter, in turn, implies

1d

2 dt|
i.e., exponential decay as t; — oco. (We note that, in the present setting of a
bounded spatial domain, decay results from the additional boundary conditions.)
Further, in [18] a C%interior penalty spatially-discrete (non-conforming) finite el-
ement method with continuous elements is designed and corresponding decay is
proven, thereby yielding the first, to the best of our knowledge, Galerkin method
admitting a “numerical hypocoercivity” property. The respective spatial bilinear
form af(-,-) corresponds to a fourth order operator; this remains the case upon
Galerkin discretisation if the entries of the matrix A are selected independent of
the discretisation parameters; we refer to [18] for details.

Starting again from (1.4), a stabilised non-conforming finite element method for
the fully discrete Kolmogorov problem (without additional boundary conditions)
was recently developed in [12], combining the classical streamline upwind Petrov-
Galerkin (SUPG) point of view with the above modified hypocoercivity-inducing
inner product to arrive at a non-standard spatial discretisation. The method is
completed by a discontinuous Galerkin time-stepping scheme, to arrive at a fully
discrete space-time Galerkin method of arbitrary order. To ensure that the spatially
discrete operator is spectrally equivalent to a second order discrete operator, the
entries of the matrix A in [12] are scaled by the local mesh-size and polynomial
degrees of the Galerkin spaces. For this method, the asymptotically exact numerical
hypocoercivity with mesh and polynomial degree dependent exponential decay rate
is proven and a complete a priori error analysis is given [12].

In this work, we demonstrate that the classical space—time discontinuous Galerkin
(dG) method—namely, the symmetric interior penalty dG method in the z-variable
combined with an upwind dG treatment in the y- and ¢-variables, applied to (1.2)
preserves an asymptotic numerical hypocoercivity structure. In stark contrast to
[18, 12], the asymptotic numerical hypocoercivity is shown through the establish-
ment of one side of an inf-sup condition on a sufficiently strong norm. This special
norm is related to the SUPG-hypocoercive norm from [12]. We stress that the
result holds for the classical space-time dG scheme [22], i.e., without the presence
of additional A-inner-product-induced Petrov-Galerkin-type terms, as is the case is
[18, 12]; cf., (1.3). To the best of our knowledge, this is the first demonstration of
(asymptotic) numerical hypocoercivity for a well-known /classical Galerkin method.

The classical, fully discrete discontinuous Galerkin (dG) method for advection
or advection-diffusion PDEs is known to be inf-sup stable in an SUPG-like norm
[23, 15, 1, 6, 9, 7] involving control in the advection direction. A key idea of the
present developments is the observation that a term of the form V +7(V, +zV},) —
V - AVV lies in the same discontinuous polynomial space as V itself, for 7 and A
element-wise constant functions. This observation eventually allows for coercivity

Jull% + collullz <0,
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in a norm strictly stronger than the SUPG-like norms for which dG is known to
be inf-sup stable. For the fully discrete space-time dG method, we also complete
the inf-sup stability in the new ‘enhanced’ norm. The new norm is strong enough
to counteract the absence of spectral gap/Poincaré inequality of the standard Lo-
energy argument and, thereby, to conclude asymptotic numerical hypocoercivity
for the classical space-time dG scheme. To the best of our knowledge, the latter
constitutes a stronger stability result to what is available in the literature to date
for the space-time dG method for the Kolmogorov initial/boundary value problem.
The method of proof is generic and is expected to be applicable to other related
equations also.

The remainder of this work is structured as follows. In Section 2, upon providing
some necessary notation, we discuss in more detail the hypocoercivity mechanism
for the model problem of the Kolmogorov equation. In Section 3, we present its
discretisation by the space(-time) discontinuous Galerkin method. In Section 4, we
present one part of the crucial inf-sup condition which, in turn, allows to conclude
asymptotic numerical hypocoercivity of the spatially discrete method. In Section
5, we are extend the result to the fully-discrete space-time dG method. Also, we
are able to complete the full inf-sup stability proof. Finally, in Section 6, we draw
some conclusions and give some potential extensions.

Notation. We abbreviate the Ly (w)-inner product and Ly (w)-norm for a Lebesgue-
measurable subset w C R? as (-, ), and |||, respectively. Moreover, when w = €,
we will further compress the notation to (-,-) = (-, -)q and ||-|| = ||'|lq. The standard
notation H*(w) for Hilbertian Sobolev spaces, k € R will be used. In addition, given
an interval J C R and a Banach space V', we use standard notation for Bochner
spaces, denoted by L,(J; V).

2. HYPOCOERCIVE STRUCTURE

Closing a degenerate parabolic PDE with suitable boundary conditions is well un-
derstood via the classical theory of linear second order equations with non-negative
characteristic form [16, 25]. Assuming that 0 is polygonal and denoting the unit
outward normal at each point of 9Q (whenever well defined) by n := (ny,n2)7 at
almost every point of 92, we first define the elliptic portion of the boundary

Lo :={(z,y) € 0N : n1(x,y) # 0}.
We further subdivide 9Q\I'g, into inflow and outflow boundaries
I'_ = {(z,y) € 00\Ig : zna(x,y) <0}, Ty :={& € IOy : anz(x,y) >0},

respectively, so that 0Q =T'o UT'_ UT' . Introducing the time interval I := (0,ty],

for a final time ¢ > 0, and the notation L := —92+x:0,, the initial/boundary-value
Kolmogorov problem we consider is given by:
up + Lu = f, in I x 9,

u = ug, on {0} x €,
2.1) 0 {0}

u =0, on I xT_,
niu, = 0, on I x Iy,

for f € Lo(I; Lo(Q)), and ug € La(Q2). The well-posedness of the above problem
is assured upon assuming that I'_ has positive one-dimensional Hausdorff measure
[25]. We note that different boundary conditions on I x I’y are admissible and give
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results to what is proven below under minor modifications only; we do not consider
these explicitly for brevity.

The matrix A. Throughout this work A will be the matrix

(2.2) A= <%‘ f)

where the values of a, 8, and v will be given as

1 1 10

3 P meE T

where § > 0 is a parameter depending on the discretization parameters, which
will be chosen later and will vary (slightly) between the semi- and fully-discrete
problems. With this choice of «, 5, and ~, we see that A is positive definite with
det(A) = (92166%)~1. The choice of parameters given in (2.3) is by no means
unique, as long as the analysis presented below remains true. We opt to provide a
concrete choice of A, rather than conditions on the entries «, £, and =, in an effort
to streamline the analysis below. In [18], the values of «, 3,7 are taken to be fixed
numbers, whereas, in [12], § is selected in a mesh and polynomial degree dependent
fashion, as we shall also do so below. With this matrix A, we denote by ((-,-))a the
inner product

(2.3) o=

(w,v)) 4 = (w,v) + (Vw, AVv),
for w,v € H'(Q) with induced inner product ||| 4 := \/((, ")) a-

Hypocoercivity. Consider a test function v € H (Q) := {v € HY(Q) : v|s_q =
0}. Assume that the exact solution, u, of (2.1) is sufficiently regular, so that the
following calculations are valid. Upon differentiation of (2.1) and testing against
AV, and subsequent addition to (2.1) tested against v and integration by parts,
the problem can be written in the non-standard weak form: find u € H! (Q), such
that

(2.4) (ue,v)a + ane(u, v) = (f, v) 4,
whereby
(2.5) ane (U, v) == (Ug, V) + (Tuy,v) + (VLu, AVv).

Again, momentarily assuming that u is regular enough, specifically u € H! (Q) N
H?57¢(Q), so that (FznoVu—ny Vug, AVu)aq is well defined, we evaluate anc(u, )
and perform integrations by parts, to deduce

1
20 ane(u, 1) = [|ue|* + S Vanaullf, + VAV |* + Blluy|* + aluy, ur)
2.6

1
+ (imeu —n1Vug, AVu)aq;

the detailed calculation is given in [18]. Moreover, in [18], additional boundary
conditions are considered, so that the unsigned boundary term on right-hand side
of (2.6) is non-negative and, thus, can be omitted. In this work, we do not assume
any such condition and we will make A small, so that the boundary terms may be
absorbed in the positive terms at the discrete level, as done also in [12].
Returning to the continuous problem, for the sake of highlighting a concept of
hypocoercivity, we assume momentarily that the additional boundary conditions
from [18] hold, so that the unsigned boundary term on right-hand side of (2.6) is
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non-negative. Now, applying Young’s and Cauchy-Schwarz’ inequalities, and upon
discarding non-negative terms, we deduce

1, o, 1

by the choices of a and S made in (2.3). It then follows that there is ¢ > 0,
depending on § such that ane(u,u) > c|lul%, thus one has

1d
5 gl + ellullly < (f w)a,

which allows for stability estimates that do not depend exponentially on the final
time t;. In other words, using the non-standard test function v —V - (AVw) for
well-chosen A, results in L providing coercivity also with respect to |Ju,||. This is a
manifestation of the concept of hypocoercivity: the nature of the trasport operator
xd, is such that it can “disseminate” the available dissipation of the problem, —92,
in all spatial directions. Villani showed in [30] that sufficient conditions for a degen-
erate operator admitting such hypocoercivity property can be of purely algebraic
nature and, in particular, they concern the study of linear spaces spanned by cer-
tain commutators between the transport and the dissipation parts of the operator.
In the particular case of (1.2), since [20y,0,] = 0y, we can expect hypocoercive
structure since 0, and 0, correspond to directional derivatives along the axes and,
thus, they span ; we refer to [30, Theorem 24] for details.

ey 1%,

(2.8)

3. DISCRETE SPACES AND PROBLEM FORMULATION

3.1. Space discretisation. For the rest of this work, €2 is a Lipschitz polygonal
domain. We introduce a family of subdivisions Ty = {7 }hen, for some index
set H, in €, consisting of mutually disjoint open triangular or box-type elements
T € Trn, whose closures cover (2 exactly. Also, let h: Uper, T — Ry be the
local meshsize function defined elementwise by h|p := hp := diam(T"). Each 7}, is
assumed to be shape-regular, in the sense that the radius pr of the largest inscribed
circle of each T € T}, is bounded from below with respect to each element’s diameter
hr, uniformly in the index set H. Also, we assume that each T}, is locally quasi-
uniform in the sense that the diameters of adjacent elements are uniformly bounded
from above and below in the index set H. Finally, for each Ty, let I' := Upeg;, 0T
denote the mesh skeleton, and define Ty := {z € T : © & 90}, the interior part of
the mesh skeleton.
For each element T' € Ty, we define its inflow and outflow boundaries,

O_-T :={(x,y) € T : ana(x,y) <0}, 0LT :={(z,y) € T : xna(x,y) > 0},

respectively. Given T € Ty, the trace of a function w € H(T) on d_T, relative to
T, is denoted by w. Further, if 0_T\I'_ # ), then for x € _T\I'_, there exists
a unique T € T, such that x € 94T"; with this notation, we denote by wy the
trace of w|ps on O_T\I'_. Hence the upwind jump of the (scalar-valued) function
w across a face F' € 9_T\I'_ is denoted by

lw] == wf —wr.
We define the jump [w] of w across the common element interface e := 9T ‘noTI
of two adjacent elements T, T7, by [w]|e := w|p: — w|ps, when i > j, for the
indices; correspondingly, we also define the average {w}l|e := (w|r: + w|7s)/2 of
w across e. In addition, for boundary faces e C 97 N 9N, we set [w]|e := w|r and
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{w}e := w|r, respectively. The above jump and average definitions are trivially
extended to vector-valued functions by component-wise application.

We denote the broken Sobolev spaces, subordinate to a mesh 7, by H" (2, Tp) :=
{vlp € H'(T),T € T} Further, we define the broken gradient V, to be the
element-wise gradient operator with Vjw|r = Vw|r, T € Ty, for w € HY(Q,Tp).
Similarly, we define the broken divergence operator div; to be the element-wise
divergence operator.

We consider the family of discontinuous element-wise polynomial spaces subor-
dinate to T, defined by

Vi =V} = {V € Lo(Q) : VIr € Py(T), T € Ta},

with P, (w), w C R%, denoting the space of polynomials of total degree at most p
over w, p € N.
We will use the standard hp-version inverse inequalities (see, e.g., [28]):

Cop Cyp?
(3.1) ”VH@TS\/T—THV”% and [|[VV]r < or IV,

which hold of for all V € P,(K), p € N, T € T, with the constants Cp > 0 and
Cv > 0, depending only on the space dimension d and the mesh shape-regularity
constant C, > 0, defined as the global constant, such that hp/hp < C,, for all
T,T" € Ty, sharing a (d — 1)-face, and for all {7, }nen-

For spatial discretisation, we select the classical (upwind) discontinuous Galerkin
method of Houston, Schwab and Sili [22] for equations with non-negative charac-
teristic form. For the particular case of the Kolmogorov equation, the dG bilinear
form from from [22] discretising Lu reads:

agc(U, V) := Y (U, Vo)1 + (2Uy, V1)

TeTh
(3.2) - (U}, [VDrie — {aVe}s [UDrs, + (@[U] [V
- Z ((xn2U ],V )o_rary, + (@neUT, Vo rar_),
TeTh

where o: I'jyy — R is a penalty term whose precise expression is to be provided
later. So, the spatially discrete method reads: find U € H*(I;V},), such that

te

3.3)  B.(U,V) ::/Of((Ut,V)—Fadg(U,V)) dt:/o (F,V) = 6,(V)

for all V € V), and U(tg) := mug, with 7: Lo(2) — V) denoting, the orthogonal
Lo-projection onto Vj,.

3.2. Time discretisation. We subdivide I = (0,ty], into the family 7 := {I,, :
n=1,...,N}, where I, := (t,_1,t,] for a strictly increasing sequence 0 = tg <
t1 <...<ty =ty and let k: I — Ry, with k|, :== k,, = t,, — t,—1 denote each
timestep. Further, we define a family of space-time (discontinuous) finite element
spaces subordinate to Z and 7T by

Ve =Vil={V € Lo(L;Vy) : Vi, € Py(In),n=1,...,N}
for ¢ € N. We denote by [V],, the time-jump across t,, viz.,
V] :=V(t)) = V(t,) = lim V(t,+¢€) — lim V(t, —¢) forn=1,...,N.
e—0t e—0t
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For later reference, we recall the standard one-dimensional inverse estimates, see,
e.g., [2 ]forVGP( n)s n=1,...,N, we have

(B4) V(D < (a+ Dk VI, and V'], < VI2(g+ 1)V,

3.2.1. Fully-discrete scheme. Starting from (3.3), we further discretise the ¢-variable,
resulting to the classical space-time dG method: find U € V}, i, such that

(3.5) By (U, V) =4s(V), forall VeV,
with

N N
Bu(U, V) : Z / U,V +adG<U,v>)dt+;<LUJn_1,v<t:_1>>+<U<to+>,v<t3>>,

and N
Iy / (£, V) dt+ (U(t3), V(E]),

where it is again convenient to choose U(t;) := mug, as it can be implemented
efficiently by inverting a block-diagonal mass matrix. We note carefully that (3.5)
is, again, the classical upwind discontinuous Galerkin method of Houston, Schwab
and Sili [22] for equations with non-negative characteristic form in three variables,
(i.e., inclusive of ¢,) upon selecting a three-dimensional space-time mesh as above.

Of course, due to the “space-time slab”-like selection of the mesh and the choice
of the test function, in practice (3.5) is typically solved on each time-step, viz.,

/((Ut’v)+adG(UaV))dt—*—(U(ti—l)vV(t;:—l)) /(ﬁ V)dt+(U(t, 1), V(Ei 1),

n I’!L
forall V€ Vi, n=1,...,N. Later, we shall make use of the following notation,
forn=1,...,N:

36 BuUY) = [ (UaV)+ ascV)de+ (Uas,VIEL))
I,
The well-posedness of the fully-discrete problem follows from its coercivity; see
[22], or Theorem 5.4 below, for details.

4. ASYMPTOTIC NUMERICAL HYPOCOERCIVITY OF THE SEMI-DISCRETE SCHEME

The strategy of the proof is to first demonstrate positivity in a stronger, hypo-
coercivity-inducing norm for the spatially discrete method (3.3) by choosing optimal
test functions of the form

(41) Vi=U+ > @l +U)lr+ Y (= div(AVU)|r) = Vi + Vo + Vi,
TETh TETh

with appropriate choices of 7 defined in (4.3), and ¢ for A, defined in (4.4) below,
respectively.

Remark 4.1. A trivial, yet crucial aspect in the proof, is that V' is, indeed, admissible
test function, since V€ C°(I;V},), due to the nature of the first order transport
term zU, + U; which is element-wise a polynomial of total order p and, of course,
due to the use of discontinuous approximation space. This is in sharp contrast
with previous works [18, 12], whereby the spatial discretisation employs standard,
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continuous, Lagrange elements, thereby requiring additional non-standard Petrov-
Galerkin-type terms in the bilinear form, to ensure coercivity in a hypocoercivity-
inducing norm.

For the spatially discrete setting of this section, we set ¢ : I'iyy — R, defined
face-wise by

(4.2) olp = 64N5(Cynip)? max hy', for F =0Ty NTy, Ty, Ty € Th,

with n{ := ||n1]|1__(w), for any w C I', and Ny denoting the number of faces per
element. Also, we define 7 : Q0 — R element-wise by

2 2 212 T 2
(09)  rlpmry (G, S GG

—1
for T
pt 6 64pt 3p? ) , for T €T,

with o7 := maxpeyr oF and x% := |lzn2| L (o), for notational brevity. We note
that 7 ~ h?/p* as h/p — 0, with ~ denoting proportionality. In addition, we set

2,4 2 T 2h
(4.4) 67 := max {1, Cdzp max {4 + Civz, M, \/RT}}, for all T € Tj.
hZ, 8C5 4

whereby Ry := 2h2p~ 475! + 1040Ny(nf'C,C5")% + 8(CvCy ' xL )?p~2hy. Note
that § > 1, which implies that «, 3,7 < 1, and, also, we have § ~ p*/h% as h/p — 0
For later use we define the dG-seminorm:
1
2 2
Fint) )

1
(4.5) 1Ullag = (3 W0l + 51012, + V&I
TeTh

with the upwind terms collected in

1l 2= (2 (V22U ror oo, zery + IVERLU 3 2er,,) )

TETh

Nl

The dG bilinear form aqc(,-) is coercive with respect to ||-||ac, see [22] or Lemma
4.2 below for a proof. Crucially, however, ||-||ac may fail to be a norm in V. Thus,
the standard stability analysis in [22] does not apply.

The idea of the analysis below is to enhance ||-|lag with additional terms to
result into a norm in V}, which will be shown to satisfy a discretisation parameter-
dependent Poincaré inequality for functions in V}, and, thus, we will eventually
conclude the asymptotic numerical hypocoercivity property announced above. The
proof will be split to a number of intermediate results, showing stability against
each V;, i = 1,2,3, cf., (4.1) above, before collecting the bounds and completing
the argument.

Lemma 4.2. Let U € HY(I;V},) and let o as in (4.2). Then, a.e. in t, we have

d 2 7 2 1 2
S0 + LU + 61U,

N |

(Ut,Vl) + adG(Ua Vl) Z
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Proof. Recalling that V; = U and employing the trace inverse estimate (3.1), we
have, respectively,

int

b i, < (30 07 (Cont? 30 ht 10 03) " 1VoIille

Felin Tewr
1
2

(46) < (X Iwal) IVl
TeTh
1 €
<5 2 ULl + SIVAIVIR,,
TETh

for € > 0, with Ny denoting the number of faces per element, wg is the collection of
two elements sharing the face F, upon selecting ¢|r = Np(Coni'p)? maxre,, h;l,
when nf” # 0; when nf" = 0, no further estimation is required.

Now, integration by parts and investigation of the flux terms gives the identity

@n 2 ((IUy, U)r—(zn2| U], U )o_rrr,,, +(@n2U™, U+)8_an_) HU”uW;
TeTh

we refer to [21, Lemma 2.4] for a detailed proof. Thus, (4.7) yields

aac(U,U) = Y U7 — 2(fnaUs}, [UD ., + IVETUTIIE

TET

int

1
i F el
+ 5IU12,

Employing (4 6) with ¢ = 8, along with the identity (U;,U) = £-$|U||? and

the splitting 1||U|12,, = ({5 + 15)||U|/%, completes the proof, upon recalling the

definition of o. O
Lemma 4.3. Let U € HY(I;V;,) and 7 as in (4.3). Then, a.e. in t, we have
1 o 1 2
(48) (Ui Va) +aac(U,V2) 2 7 > V(U + 2yl - 10 Ge-
TETh

Proof. Testing (3.3) against Vo = 7W, with W|r = (2U, + U)|r, T € Tp, and
employing the inverse inequalities (3.1), along with standard estimation, gives
(Ut, TW) + ad(;(U TW)

Z (”\/»W”T ( xaTW ) (an LUJva+)8,TﬂF3m_(mn2U+7TW+)8,TﬂF,)
TETh

= ({raUa}, [TWDr,, = ({amWa }, [UDry, + (0[U] [PW e, -

Employing inverse inequalities (3.1) and standard steps, we estimate each group of
terms separately, as follows. We have

80%1)4 9 1 9
> Ue,™Wo)r == Y o ITWiiz — > 35 1Uallz-

TETh TeT, T TET,
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Also, working as in (4.6) (for ¢ = 16), and setting ¢ := maxpcar ¢|F, with ¢ as
in the proof of Lemma 4.2, we have

{rnUs} [T WD, > 32 V=117 = 81Vl W3,
TeTh
(4.9) L
Z Uz HT —16 Z Cﬁ”lp Z hrllv ¢TTW||T
TGTh FeTlint Tewr
1
Z= 33 V=017 =16 > ¢7llrWIIF,
TET TeTh

with an additional application of (3.1). Further, working as in (4.6) (for ¢ = 4),

(W}, [UDr, = — 3 Z ITWeliz — 216 [U]

TeTh

>y Cvp eI ~ 5V TUTIR

TeTh

l nt

DCint?

recalling that o = 64¢. Also, working as before,

1
@01, [FWI)r, = = 8IV6AIrWIIR,,, — o5 IVETUTIR,,
1
>—128 3 o7llrWiE - IIValUTI?

Teﬂl

Finally,

> (($n2 UL, 7WH)a_rary, +(anUT, TWJr)a,Tmr,)
TETh

20817
TeTh
Combining all the bounds and noting the definition of 7 given in (4.3), we deduce
(Ue, 7W) + aqc (U, 7W)

1 1 1
> > (FIVIWIE - 11U l3) - I VaTUTIR

T€ETh

- 7HU”uw7

int

from which the result follows. O

Lemma 4.4. Let U € HY(I; V), A given by (2.2) with o, 3, and 7 as in (2.3),
and 0 as in (4.4). Then, a.e. in t, we have the bound

d
(U Vi) +a0a(U, Vi) 2 5 3 (S IVAVUIR + IVAVU, 3 + |V omAVU R, 1

TETh

1
AU+ )+ 10 - 21013 - SV
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Proof. Testing (3.3) with V3 = —div,(AV,U), integrations by parts give
(Ut, V3) + aac(U, Vs)

= (2 dtIIWVU||T+||\FVU |12 + (V(zU,), (AVU))r

TETh
— (U +2Uy,n- (AVU))or — (Uz,n - (AVUL))or

+ (@nalU ], V3o rorn. + (@l v:;)am)

= ({ U}, [VaDri., — (fnadiv(AVU) }, [UDry,. + (@[U] [VaDr,. -

We estimate each term separately.
Focusing on the special term (V(zUy), AVU)r, we have, respectively,

(V(zUy), AVU)r
= a(Us, Uy)r + BlUlI7 + (xVAVD),, VAVU) 7

1 1
= aUs, Uy)r + BIU I3 + 511 Vana AVU 3, ¢ — 5 |1v/fanafAVU3
202 3 1 (x nQCap)
(8= S ) 1013 = SN0l + S I1Vana AVU 3, 1 - IVAVU3.

using the trace inverse inequality (3.1), with the understandlng that «, 3,v are
evaluated on T.
Now, from (3.1), along with elementary manipulation, we have

C?p
— (U +2Uy,n- (AVU))or > — N

> — VAU +aU,) I -

Y

IIW(Ut +2U,y) |7 [|AVU |7

4Cdp

|AVU 7.

Working in a similar fashion, we also have

80§p4
I

Next, working as in (4.6) (for ¢ = 16) and continuing as in (4.9), we have

(U}, [VsDra, = - Z U117 — 8l1V/o[Val 2

[AVU, 7.

1
~(Us.n (AVU)or > =55 [|Ux 7 —

lnt

TETh
> - Z UL 17— 16 > o7 Vall7
TeTh TETh
32C% p2.p*
> - Sl - Y B javu;,
TeTh TEThH T

with an additional use of the inverse inequality (3.1) in the last step.
Further, working as in (4.6) (for e = 4) and recalling that o = 64¢, we have

Amdiv(AVU L [0, > — 5 3 lv(AVL)I — o5 IVoTUTIR

TeTh

02p4
>y S AVU - —2||\/5[[U]]H%i,,u

TeTh

int




14 ZHAONAN DONG, EMMANUIL H. GEORGOULIS, AND PHILIP J. HERBERT

and, similarly,

(oAU D 2~ 3 oBIValE — 55110l
TET

2
Tint

C%o2p* 1
>— Y || AVU |7 — 5 IVelUlI,,-
2h7 32
TETh

Finally, we also have

Z ((zng U], div(AVU))o_rrry, + (zn2UT, diV(AVU+))8_TmF_)

TeTh
CoCyal p?
> V2| Ullw Y, ——52—|AVU||7
TETh h%
1 (4CyCyxl p®)?
> Ul - Y e avug,
TeTh T

For convenience, we denote by |A| the spectral norm of A, i.e., its largest eigenvalue,
and we note the elementary estimate |A| < 2a = (46)~!. The proof is presented in
Lemma A.1. Also, observing that max;—; 2 hi_1 < Cph;l, and that op = 64¢7, we
have

CZo2pt  320%¢%p* < 2080Ny(ni' C,Cy)2p®
2hZ, hZ, - h. ’
so that, the definition of J, (4.4), implies

T 2

( (4Cgp4 | 2080Np(n{'CyCo)*p* (4Cacvx§2p3)2)| Al + (], Cop) ) <5
ThZ. hi. h3. 4 ohy ) =T
C3\ |Alr]p*
and also (1 — (8Cj + TV)%) > 1
Combining the above bounds, we arrive at

(4.10)
(Ut’ ‘/3)) + adG(Uv V3)

1d 1 1
>y (mwﬁvm% + 5 IVAVOL |3 + 5 1Van AVU |3, ¢ — oz | VAVU
TeTh
1 202 3 1
— s IVFU+aU I+ (8= =) 10,1 — SUI%) T
Also, since

52

IVAVUIR = allUall3 + 28(Us, Uyr + 110, B < 200013 + (v + ) 173,

using the above bound, we infer
(Ut V3)) + aac (U, V3)

1d 1 1
> Y (5 IVAVUIR + SIVAVU IR + 5 IVamAVUIB, - - srlVAVU}

Ter 2 dt
1 9 2 2 )
— VAU + a0 + (8= 5= = = = o) |0, I

3 1
-+ 28ra)l0LlR) - UG,
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and, recalling a = (80) 7!, B = (4852)7! and v = 10(48253) 7!, we calculate

202 5Tﬂ2 a? 3 5
- Sy =(38402) = — d - +20ra= -
B 3 o T (38 T) 6’ an ] + 20T ]’
on each T' € T. The result follows upon using the last bound and the last two
identities on (4.10). O

The next step is to combine Lemmata 4.2, 4.3, and 4.4, to show a positivity
result, which will eventually imply the asymptotic numerical hypocoercivity of the
semi-discrete scheme. To that end, we define the “enhanced” norm

1 1 1
lolll = Y2 (IVAVws + 5 llow, I3 + Slhwalld + 5 IV (we + zw,) 3
(4.11) TE€Tn

1

2
+ Ve AVl 7 ) + IValwll,, + 2w, ),

for all w € H?(Q2,Ty), along with the “broken” A-inner product and norm:

(w,v)an = (w,v) + (AVyw,Viv), and  |lw|lan =1/ (w,w)an,
for all w,v € H'(Q, Ty).

Proposition 4.5. Let U € H'(I;V},), V € Vy, given by (4.1), A given by (2.2) with
a, B, and v as in (2.3), and § as in (4.4). Then, a.e. in t, we have the estimate

1d 1
(4.12) (U, V) + aqc(U, V) > §a||U||,24,h + 1|HUH|2-
Proof. The result follows by combining the bounds in Lemmata 4.2, 4.3, and 4.4.
(]
The next step is to show that [||-]|| controls [|-||a, that is we have “Poincaré

inequality” / “spectral gap”. Due to the dependence of A on the mesh parameters
h and p, as expected, we can only show a mesh dependent spectral gap, with the
respective constant degenerating as h — 0 and/or p — oo.

Lemma 4.6 (mesh-dependent spectral gap). There exists a number k = k(h,p) >
0, depending on hyiy := ming h, on the polynomial degree p, on the domain geom-
etry, and on the mesh shape-regularity constant C,, such that, for all w € Vy,, we
have

(4.13) lwll® > & [Jwl][%,,-

Moreover, as huyin/p — 0, we have k = k(h,p) ~ ht. p=8.

Proof. Let B := diag(1,a?), recalling that o = (85)~!. We employ the splitting
IVBVull? = VB = vAV ] + VoAV,

for v = (26) 7. Then, B —vA is positive definite with smallest eigenvalue satisfying

APA > SeUBvA) 5 (9985%) 1 cf., Lemma A.L.

Since for a face F' = 0Ty N 0T, shared by two elements T1,Ty € Ty, we have
max;—1,2 hi_1 > ({h}|r)~!, and since 64Nyp? > 1, we already have the lower bound
. 1 1
2lell® > min oo [ Vnw|* + [[VeAVw| + [lna {1}~ [u] 7,

+ > Ivaezlwll3_ror,,, + IV Izl [l _or, -

TeTh

(4.14)
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To conclude the proof it is sufficient to find suitable L(h,p) > 0, such that

_1
> (I g0} el + lvrselell}_rar,, ) + I1vinzelwl?_or,

TeTh
_1 _1
> L(h,p) (IR} Tl + 1A Fwl_or, )

To that end, we first observe that the left-hand side sum runs through all the inter-

nal faces in the mesh. Indeed, each element face e in I';; is either inflow or outflow.

If it is outflow, for a given element, it is inflow of the element “downstream”.
Flrst consider a face e C Ty, Wlth [na| < 2 , i.e., a “vertical-like” face. Then,

=1-n3 > % and, so, |n1 {h} 2 [w]|2 > Z\\{{h}_%[[wml?

Novv7 we consider “horizontal-like” faces for which |ng| > % We set hpin =
2 min{1, imin }, and we separate two cases: a) |z| > 2hy, for all (z,y) € e, ie.,
“sufficiently far” from the y-axis, and b) |z| < 2hmyin for some (z,y) € e, that is
“yery close” or crossing the y-axis.

For a), we have |zn3| > hmin, to conclude ||y/[ngz|[w]||2 > 2R2_|[{h} = [w] 2.

For b), (that is, |#| < 2hmin for some (z,y) € e and |ng| > 3, ie., € is a
“horizontal-like” face and is “very close” or crosses the y axis,) we begin by con-
sidering the near-most piece of e to the y-axis, denoted by eg, for which |z| <
Pmin (256p2) 7L, for all (x,y) € eg. (If it so happens that || > huyin(256p%) 1, for
all (xz,y) € e, then e = eg.)

Then, we have

(4.15) IV In2z|[w]ll2 > 1V In2a|[w]l?\e, = 511;;2”[[ Weve,:

Further, recalling the one-dimensional inverse estimate ||v||% o) S < 32p2|e|” 1||vHL2(e),

for v polynomial of degree p on e, (see, [27] or, e.g., [28, Eq. (3.6.4)],) we have

w2\, = ITwllZ = Tw]lE, = 1[ell2 = leoll[wlllf. )
> [[[w]lI? — leol32p ||~ [[[w]IZ,

respectively. Upon noting that |eg| < hmin(64p?)~! by construction since ny >

1. Combining the last two bounds, we conclude ||[[w]]||e\eo > 1| [w]||?, which in

conjunction with (4.15), gives

hmm mln _5 2
IVl full? = g5t 1wl > fomes) ()~ ful |2

Note that the above argument remains valid also for boundary facese CI'_ UT,.
From the above, it is sufficient to select L(h,p) := h2; (1024p?)~!, upon noting

the bound h2; (1024p*)~! < max{2,2h2, }. Thus, (4.14) gives

: B?mn -1
2fwl]® = min { min 7o, s (19wl + 103l or o)

+ VAV w2

Further, it is known (see [5, Theorem 1.6] for details) that the “broken” Poincaré
inequality (spectral gap) holds in this case:

(4.16) lwll* < Copr (IVhw]* + {2} 2 [w]lIE,.or_ur, ),
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for a constant Cyppr > 0, independent of w and of the discretisation parameters,
but dependent on the length of I'_ UT';. Then, (4.13) follows by setting

(hp) = — i { D SR - }
K=K min ¢ min
P 5Cme o 228527 1024p2
Thus, as hyin/p — 0, we conclude k = ming (Cpprp2286%)~1 ~ hi. p8. O
Remark 4.7. Note that |||-||| is, indeed, a norm in V), since it majorises the norm

We are now ready to prove the first main result of this work.

Theorem 4.8 (Asymptotic numerical hypocoercivity of the semi-discrete scheme).
Let U € HY(I; V) be the solution of the semi-discrete scheme (3.3) for f = 0.
Then, we have

(4.17) U Ep)lan < e/ 4U(0)] 4 n,
where k = k(h,p) ~ ht. p™8 as huyin/p — 0.

Proof. From Lemma 4.6 and Proposition 4.5, we have, respectively,

(4.18)

1d

3 dtHUHAh +- | An S5 dtHUHA T *|||U|H2 (U, V) +a(U, V) =0.
The result follows by integration with respect to ¢ in the interval I, noting that
U(0) € Vi, € HY(Q, Ty). O

The above result shows that the classical discontinuous Galerkin method retains
an “asymptotically preserving” hypocoercivity structure at the discrete level, in
the sense that the spectral gap becomes significant for ¢; > x=! ~ p®h_* . This
is, perhaps, expected, due to the bounded domain and the boundary conditions.
We refer to the preservation of this structure by a numerical method as numerical

hypocoercivity.

Remark 4.9. To highlight the importance of V3 in the present context, we discuss
briefly the effect of omitting this term. Indeed, upon testing with V3 + V5 only, we
return to the inf-sup stability analysis of the classical dG method in a stronger-
than-energy, SUPG-like norm; we refer to [1, 8, 7], for various, related results in
this context, extending the seminal, classical result presented in [23]. Combining
the bounds in the bounds in Lemmata 4.2, 4.3 only7 we deduce

(U, Vi + Va) +aac (U, Vi +V2) = 5EIIUH2 HUIIdG+ > IVTU + 2U) |-
TeTh

Now, it is not known if it is possible to bound (|U||3q+% Y rer, IV7(Ur + 2Uy)[17) 12

by ||U|| from below in general, cf., (4.16), given that ||U,|| is not present in ||U||%q.
Thus, the energy argument for f = 0 becomes

5 dt HUH2 (U, Vi + Vo) + a(U, V1 + V3) =0,

which, in turn, implies just |U(¢f)| < [|[U(0)]]; cf., (4.17).
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5. ASYMPTOTIC NUMERICAL HYPOCOERCIVITY OF THE SPACE-TIME METHOD

The respective result for the fully discrete scheme (3.5) providing the space-time
discrete solution U € Vp, 1, follows by extending the results of the previous section.
To that end, we consider the test function V', which is defined in the fully discrete
space-time dG space V}, i, along with the V;, i =1,2,3, as:

(5.1)
Vi=U+Y Y mran@Uy U)o+ Y Y —div(AVU)|1, xr = Vi+Va+Vs,
I.€ZITET, I.€ITEeTh

upon redefining 7 and § as follows. We set 7

I xT ‘= TTn, with

. kn,
(5.2) T i=min {TT, m},
forall T € Tp, n =1,..., N, with 77 as in (4.3). Note that 7 ~ min{h?/p*, k/q*},
as h/p — 0 and as k/q — 0, with k = max,—1, .. N kn.
Also, we modify (slightly) the definition of the (space-time) element-wise con-
stant function 6, which is now given by 6|7, x7 = érpn, T € T, n = 1,..., N,
where

_ Cap* O3 (2,)°hr
(53) 5T,n = max {1, h% max {4 + @, T, RT,n} 5

with
R = 2hgp~ 17, + 1040Ny(nf C,C5 ")
+8(CvCy el )’ hr + 207 (g + 1)k,

ng

Note that we have § ~ max{p*/h?,p*q/(hVk)}, as h/p — 0 and as k/q — 0. In
particular, for later reference, we have o7, > 1 and

C2pt V2C2p?*(q+ 1)
0T > ‘9—\/7% p > L7
T, h% T, hT /fkn

and, so, on each I,, x T, we have

hovkn }

A = (887,) " inqd1,
(5.4) a = (807.4,) <m1n{ C2 (g + 1)

5.1. Stability estimates. We prove lower bounds for B,,, from (3.6), when tested
against each one of V;, i =1,2,3.

Lemma 5.1. Let U € Vy, . Then, for o as given in (4.2), we have
1 _ _
Bu(U, V1) 2 5 (I0)nall” + U @D = U (- )1)

7 1
“NUic + =IUZ,) dt.
+ [ GIvtEe + IR

n

Proof. Since Vi = U, B,(U,U) includes [, aqc (U, U) dt, which has essentially been
treated in Lemma 4.2. For the remaining, time discretisation terms, we have

[ ) e (01, U ) = 5 (1wl + I0EDIP = 10

and the result already follows. ([
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Lemma 5.2. Let U € V}, , and 7 as in (5.2). Then, on each I, we have

65 BV 2 [ (55 30 IVAe+aU) I~ U1 b= ol o
TeTh

Proof. Test B, (U,-) against Vo = 7W, with W/, xr = (2Uy, + Up)|1,x7, n =

1,...,N, T € Tp, (noting that W is now a space-time polynomial on each space-

time element I,, x T,) with 7 as given in (5.2). Note that this way we retain the
validity of the bound in Lemma 4.3 and, thus,

B0 = [ (3 3 INAWIE = 501G de+ (U)us, W L )):
In TeTh
Employing (3.4), and standard estimation steps, we have
(U1, Vot ) = = 3 drpala +1)%; / VW b — < [0 7
TET

Since 6477, (q + 1)%k,; ! <1, due to the choice of 7 in (5.2), the result follows. O

Lemma 5.3. Let U € Vy,, and § be as given in (5.3). Then, on each I, we have
1 _
Bo(U,Vs) = 5 (IVAVAU ol P+ IVAVAU () 2= IVAVRU (1,,) )
1 1
- a4 [ (5 3 (VAVOLIE + IVam AU, -

TeTh
1 a? 5 1
- IV 4 U + S0 - S101) - 101 ).
Proof. On each I,,, we have

BMUJ@:>1[(&%dwﬂAVMﬁ)+aﬂxadeAVﬂD»dt

— (|Uln—1, diva(AVLU) (8 1))

The first integral on the right-hand side of the last equality can be handled com-
pletely analogously to Lemma 4.4; we, thus, focus on the second term. Integrating
by parts in space on each T' € 7T;, we have

~([UJn-1,divi(AVRU)(t;_1)) = (WUJn—l’ (AVRU)(ty_1))
=Y ([Uln-1,n- (AVRU)(t]_))or-

TETh

Using the inverse inequalities (3.1) and (3.4), we have

— ([Uln-1,n- (AVLU)(tr_1))ar
_ _(Cop)*(a+ VA7
(5.6) = hrEn
_ 4(Cap)* (g +1)*Alr|
2k,

HUln-1l2IVAVU |11, x7

v

1
IVAVUIZ, xr = 16Ul 7
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The following identity holds on each time interval I,,:

- / (AVAUL, V4U)) dt + (IVaU) s, (AVAU)(EE )

= % (II VAV, U| 1|2 + |VAVLU ()] - ||¢thU(t;_1)||2) ;

its proof follows upon observing (AV, Uy, V,U) = 4|V AV,U||%. The remainder
of the proof follows completely analogously to the proof of Lemma 4.4. O

Hence, combining the bounds from Lemmata 5.1, 5.2, and 5.3, we already deduce
the following stability estimate

(5.8)  Bn(U,V) = (IIU( A = U DI+ LU n-all%) + / U dt.

The last estimate motivates to define following space-time dG norm:

N N 1
1 _ 1 3
leollse 2= (5 (IR + T + D2 Mewlailf) + 7 D / Il at)
n=2 n=1 n

for all w|;, € C(L,; H*(,Tn)), n = 1,..., N. Indeed, summing (5.8) over all I,,,
n=1,...,N, we get

(5.9) B (U, V) = [|IU|1Z.
Equipped with the last bound, we are ready to show the second main result.

Theorem 5.4 (Asymptotic numerical hypocoercivity of space-time dG). Let U €
Vi be the solution to (3.5) for f =0. Then, we have

N -1
(5.10) ||U<tf>||zsﬂ(1+2(“’“" ) UG

q+1)?
with U(ty ) := wug € V3, denoting for the approzimated initial condition.

Proof. Setting f = 0 into (3.5), for V € V1, given by (5.1) on I,,, along with (5.8)
give:

(5.11)

N | =

_ _ 1
U@ = 10 —)l) + Z/z IU[*dt < B, (U, V) = 0.

for n = 1,..., N, noting carefully that for n = 1, U(t,) = muo is the projected
initial condition onto V;. Hence, Lemma 4.6 implies

_ R —
(5.12) U DI + 5/ U1 dt < U (t_ )l

Employing, now, the trace inverse estimate (3.4), we get

Kky,
sV EE < 5 [ ikt

which upon substitution into (5.12) gives

I < (14 5tt) 10Dl

Applying the last bound iteratively for all n = 1,..., N, we deduce the required
estimate. (]
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Remark 5.5. Assuming constant timestep k, = k for alln = 1,..., N, (5.10) gives

o
[~

Kkt

oty 3
[U(tg )la — e 1@ |U(ty)]|a,

|

(5.13) [UEs)a < (1 + z(qulfm)z

as k — 0. Comparing with (4.17), the exponent has the same scale of the respective
one in the semidiscrete case for ¢ = 0. Note that the above result also holds for
variable temporal degree, say ¢,, by replacing ¢ with max,, ¢,.

5.2. Hypococercivity-enhanced inf-sup stability. A by-product of the proof
of Theorem 5.4 is the bound (5.9), viz., Bs (U, V) > [||U]||%,, with V given in (5.1).
This is one side of the proof of an inf-sup condition in the hypocoercivity-enhanced
norm |||-||ls for the classical space-time dG method. To complete the proof of the
inf-sup condition, we need also to show that |||V|||ss < C||U]||st- This given in the
final main result of this work.

Theorem 5.6. There exists a positive constant A, independent of discretization
parameters hr, kn, p and q, (but depends on ||z||1_(q),) such that:
B

AN

5.14 inf sup L > A,
(5.14) eV 0} vew oy UMl

Proof. To show this, it remains to prove that there exists positive constant A > 0,
independent of discretization parameters h, k,, p and ¢, such that

(5.15) IV llse < UMt + MVallse + N Vallse < ATHIU -

for V given in (5.1). This bound, together with By (U, V) > ||U|||2, proves (5.14).
To streamline notation, we set Cj, := max{C3, Cv}pzh;l, so that the inverse
estimates (3.1) can be expressed as

(5.16) 1ZI[3r < Chpll ZI7,  and [|VZ|7 < CF |1 Z]7
forall Z e P,(K),p €N, T € Tp. On each I, x T, we note the bounds
< Fn

T n = )
T = 64(q + 1)?
with ¢ := max{1, C’gCgZ}, from the definitions of 71, and d7,. We shall make
frequent use of (5.16) and (5.17) below without explicit announcement in the text.

We first show |||V2|||lst < Cal||U]||st for a constant Cy independent of h, p, g, k. To

that end, we begin by setting, as before, Wy, x1 := (U, +2Uy)|1, x7, n =1,..., N,
T € Ty, for notational brevity. Then, on each time interval I,,, we have

IV W, arye <2 D IVOTWIF, cor

2
(5.17) a< hQTC’GQp*4 < EC’}:;, T, < gEC;pQ, and

TeETh
<2 ormrnCupVTWIG o <1 > IVTWIG s
TEThH TEThH

with ¢; > 0 (see also below), ¢ € N, independent of h, of p, and of the functions
involved. Next, since |A|r, x7| < 2a < 260;;, we have

IVAVEW)al7, e < Cipl Al lrrn VTWIIE, or < 2 VTWIIZ, o

(W), xr < Crp@®rrnl VW, r < csCt IVTWI,
Similarly, we also have [[(TW).|17 .7 < callV/TWIF -
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Now, triangle inequality and the estimates (3.4) and (5.17) imply

TrnllVTWe + aWy)lli,r < eslVTWIT, s
with ¢5 := 24 + HxHQLw(Q)' Also,

Va2 AV (W), <o, + IV [en2lTWIT, cor < cslVTWIT, oz

Finally, for the time discretisation terms, using (5.17), we have
+ + +
W (G Dlrl% = ITW ()7 + ImVAYW ()17
< (¢ +1)°rrmky L+ 20 IVTWIE or < elVTWIE, o,
+1-1

with m :=n+ £ ie, m=mnfor ¢} | and m =n—1 for t;_,. Combining the
above bounds, we arrive at |||Va|||ss < Co||U]||st for Co > 0 independent of h, p, g, k.
To conclude, we also need to show that || V3]||st < Csl|U]||st for a constant C3 > 0

independent of h,p, q, k. We start by observing that
8a? 2003 2803
IVAVOI} = all Ul + -V, Uy + = [0y < 20|03+ = [0, B

or |VAVU|% < 4a|VBVU|2, with B = diag(1, a?) as in the proof of Lemma 4.6.
We consider each term in ||| V3[||% separately, starting from

Ve div(AV]IT, wr,, < O 4orChy|AlL, <7l [VAVU
TETh

2 o < allVBYLU|P,

with & > 0 (see also below), i € N, independent of h,p,q, k and of the functions
involved. Also, we have, respectively,

VAV (div(AVD)), |13, «r < 4aCs |AlL «7 | IVBVU|3 7 < &l VBYUI3, .1,
la(div(AVD)) 17, 7 < 40°Chy| Al <7 [IVBVUI7, or < & IVBVU|T, 1
and
|[div(AVU)o|l3, w1 < 4aCh|AlL, 2 [IVBVU|3, op < EllVBVU|3, -

Further, recalling (5.4), we see that a < ¢v/ kn(q+1)_1(]h_p1, with ¢ := max{1, C’vC’gQ},
so that

IVF((iv(AVD)), + a(div(AVO)), I,
<8aC2, (12(q + 1)y 2+ [22__ 0y Ciy) | Al xr 7 |VBVU
Also, we have

V22 AV (div(AVU))(?, o, 7 + [V |2n2|div(AVU)|[7, xor
< Nal7 o) (Chpl Al xr* + Cipl Al xrl) [VAVUF o < ECp IVBVUI, e
Finally, employing again (5.17) and o < evk,(q + 1)_10,;91, we have

div(AVD) (G )lrl%
= [ldiv(AVU) (1) II7 + VAV (AVU) ()|l
2
o lat )

o knz
for m :=n + £L=1. Combining the above bounds, we arrive at [|[V3]||lss < C3[[|U][|st

for Cy > 0 independent of h, p, ¢, k, which concludes the proof.

%,IXT < 65||\/EVU||%"><T'

(CRolAl Ll + Ch | AlLxr2) IVAVUIR, 1 < &l VBVUIR, er,
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Remark 5.7. We note that Theorems 5.4 and 5.6 remain valid (upon setting p = q),
with different constants in the definitions of 7 and ¢, if we consider total degree
space-time polynomials in the spirit of [7].

6. CONCLUSIONS AND EXTENSIONS

We have shown that the standard, classical, space-time discontinuous Galerkin
method discretising the Kolmogorov equation on a bounded spatial domain admits
a subtle, mesh-dependent hypocoercivity property at the discrete level, asymptot-
ically for large times. To our knowledge, this is the first result of this kind for
any standard Galerkin scheme. Kolmogorov initial/boundary value problem on a
bounded domain with standard no-flux conditions is not expected to admit decay-
ing solutions for all initial conditions. The asymptotic numerical hypocoercivity
results proven above are consistent with the latter statement, in the sense that the
decay as t — oo proven degenerates as h/p,k/q — 0. Nevertheless, the stability
proven in Theorems 4.8 and 5.4 is strictly stronger than the corresponding strongest
inf-sup stability result from the literature [23, 1, 8] described in Remark 4.9. The
key development that allows for the stronger results is to reveal the underlying
hypocoercivity structure through the new test functions (4.1) and (5.1). Further,
we have shown that the space-time discontinuous Galerkin method is inf-sup stable
in the same hypocoercivity-enhanced discretisation parameter-dependent family of
norms containing a full gradient of the numerical solution.

It is possible, in principle, to extend the results presented to meshes comprising
general polygonal elements, with the respective choice of discontinuity penalisation
parameter ¢ as in [8, 9], provided a broken Poincaré inequality on such meshes is
available; we refer to a recent result in this direction [5]. We have refrained from
doing so in this work, to avoid additional technicalities, in the interest of clarity of
the presentation.

Finally, a note regarding the generality of the approach. Although the focus of
this work has been on the specific Kolmogorov equation, the methodology used,
i.e., to enhance the test functions by a ‘hypocoercivity-inducing’ term mimicking
the effect of the modified inner product in (2.4), is general, in principle. As such,
we expect to be able to prove similar results for other hypocoercivity-inducing
equations, kinetic-type advection fields.

APPENDIX A. AN ELEMENTARY EIGENVALUE BOUND

Lemma A.1. Consider a real 2 X 2 symmetric and positive-semidefinite matrix

A= (Z g) , whose entries satisfy a,c > 0. Then, we have ‘ZC_F‘ZT <|Al <a+ b <

2a, with | - | the spectral matriz norm.

Proof. The assumptions imply @ > 0 and ac — b%> > 0. For A_ < A\, the two

eigenvalues of A, we have 2A; = (a + ¢)(1 £ /1 —4(), with ¢ := %, we get

Ay <a+[b]. Since Ay A~ = det(A) = ac — b?, we conclude A > 2e=b. O
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