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NEW INTERIOR PENALTY DISCONTINUOUS GALERKIN
METHODS FOR THE KELLER-SEGEL CHEMOTAXIS MODEL*

YEKATERINA EPSHTEYNT AND ALEXANDER KURGANOVY

Abstract. We develop a family of new interior penalty discontinuous Galerkin methods for
the Keller—Segel chemotaxis model. This model is described by a system of two nonlinear PDEs: a
convection-diffusion equation for the cell density coupled with a reaction-diffusion equation for the
chemoattractant concentration. It has been recently shown that the convective part of this system is
of a mixed hyperbolic—elliptic-type, which may cause severe instabilities when the studied system is
solved by straightforward numerical methods. Therefore, the first step in the derivation of our new
methods is made by introducing the new variable for the gradient of the chemoattractant concen-
tration and by reformulating the original Keller—Segel model in the form of a convection-diffusion-
reaction system with a hyperbolic convective part. We then design interior penalty discontinuous
Galerkin methods for the rewritten Keller—Segel system. Our methods employ the central-upwind
numerical fluxes, originally developed in the context of finite-volume methods for hyperbolic systems
of conservation laws. In this paper, we consider Cartesian grids and prove error estimates for the
proposed high-order discontinuous Galerkin methods. Our proof is valid for pre-blow-up times since
we assume boundedness of the exact solution. We also show that the blow-up time of the exact
solution is bounded from above by the blow-up time of our numerical solution. In the numerical
tests presented below, we demonstrate that the obtained numerical solutions have no negative values
and are oscillation-free, even though no slope-limiting technique has been implemented.
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1. Introduction. The goal of this work is to design new discontinuous Galerkin
(DG) methods for the two-dimensional Keller—Segel chemotaxis model [13, 29, 30,
31, 36, 38]. The DG methods have recently become increasingly popular thanks to
their attractive features such as local, elementwise mass conservation; flexibility to use
high-order polynomial and nonpolynomial basis functions; ability to easily increase the
order of approximation on each mesh element independently; ability to achieve almost
an exponential convergence rate when smooth solutions are captured on appropriate
meshes; block diagonal mass matrices, which are of great computational advantage
if an explicit time integration is used; suitability for parallel computations due to
(relatively) local data communications; applicability to problems with discontinuous
coefficients and/or solutions. The DG methods have been successfully applied to a
wide variety of problems ranging from solid mechanics to fluid mechanics (see, e.g.,
[3, 7, 14, 15, 17, 21, 23, 41] and references therein).
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DG METHODS FOR THE KELLER-SEGEL SYSTEM 387

In this paper, we consider the most common formulation of the Keller—Segel
system [13], which can be written in the dimensionless form as

(1.1)

+ V- (xpVe) = Ap,
{pt (xpVe) = Ap (r.0) €0 £50,

¢t = Ac—c+ p,
subject to the Neumann boundary conditions:
Vp-n=Ve-n=0, (z,y)¢€ oN.

Here, p(z,y,t) is the cell density, c¢(z,y,t) is the chemoattractant concentration, y is
a chemotactic sensitivity constant, 2 is a bounded domain in R?, 05 is its boundary,
and n is a unit normal vector.

It is well-known that solutions of this system may blow up in finite time; see, e.g.,
[27, 28] and references therein. This blow up represents a mathematical description
of a cell concentration phenomenon that occurs in real biological systems; see, e.g.,
[1, 8, 10, 11, 16, 39).

Capturing blowing up solutions numerically is a challenging problem. Finite-
volume [22] and finite element [35] methods have been proposed for a simpler version
of the Keller-Segel model,

pt + V- (xpVe) = Ap,
Ac—c+p=0,

in which the equation for concentration ¢ has been replaced by an elliptic equation
using an assumption that the chemoattractant concentration ¢ changes over much
smaller time scales than the density p. A fractional step numerical method for a fully
time-dependent chemotaxis system from [42] has been proposed in [43]. However,
the operator-splitting approach may not be applicable when a convective part of the
chemotaxis system is not hyperbolic, which is a generic situation for the original
Keller—Segel model as it was shown in [12], where the finite-volume Godunov-type
central-upwind scheme was derived for (1.1) and extended to some other chemotaxis
and haptotaxis models.

The starting point in the derivation of the central-upwind scheme in [12] was
rewriting the original system (1.1) in an equivalent form, in which the concentration
equation is replaced with the corresponding equation for the gradient of c:

w = (u,v) := Ve

pt + V- (xpw) = Ap,
wy — Vp=Aw — w,

This form can be considered as a convection-diffusion-reaction system
(1.2) U; +£f(U), +g(U), = AU +r(U),

where U := (p,u,v)T, £(U) := (xpu, —p,0)T, g(U) := (xpv,0,—p)T, and r(U) :=
(0, —u, —v)T. The system (1.2) is an appropriate form of the chemotaxis system if one
wants to solve it numerically by a finite-volume method. Even though the convective
part of the system (1.2) is not hyperbolic, some stability of the resulting central-
upwind scheme was ensured by proving its positivity-preserving property; see [12].
A major disadvantage of the system (1.2) is a mixed type of its convective part.
When a high-order numerical method is applied to (1.2), a switch from a hyperbolic
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388 YEKATERINA EPSHTEYN AND ALEXANDER KURGANOV

region to an elliptic one may cause severe instabilities in the numerical solution since
the propagation speeds in the elliptic region are infinite. Therefore, in order to develop
high-order DG methods for (1.1), we rewrite it in a different form, which is suitable
for DG settings:

(1.3) pr + (xpu)z + (xpv)y = Ap,
(1.4) ¢t =A0Ac—c+p,

(1.5) U = Cq,

(1.6) vV = Cy,

where the new unknowns p, ¢, u, and v satisfy the following boundary conditions:
(1.7 Vp-n=Ve-n=(u,v)] -n=0, (z,y)¢c .

The new system (1.3)—(1.6) may also be considered as a system of convection-diffusion-
reaction equations

(1.8) kQ: + F(Q): + G(Q), = FAQ + R(Q),

where Q := (p,c,u,v)”, the fluxes are F(Q) := (xpu,0,—c,0)7 and G(Q) :=
(xpv,0,0,—c)T, the reaction term is R(Q) := (0, p — ¢, —u, —v), the constant k = 1
in the first two equations in (1.8), and k£ = 0 in the third and the fourth equations
there. As we show in section 3, the convective part of the system (1.8) is hyperbolic.

In this paper, we develop a family of high-order DG methods for the system
(1.8). The proposed methods are based on three primal DG methods: the nonsym-
metric interior penalty Galerkin (NIPG), the symmetric interior penalty Galerkin
(SIPG), and the incomplete interior penalty Galerkin (ITPG) methods [4, 18, 19, 40].
The numerical fluxes in the proposed DG methods are the fluxes developed for the
semidiscrete finite-volume central-upwind schemes in [33] (see also [32, 34] and refer-
ences therein). These schemes belong to the family of nonoscillatory central schemes,
which are highly accurate and efficient methods applicable to general multidimen-
sional systems of conservation laws and related problems. Like other central fluxes,
the central-upwind ones are obtained without using the (approximate) Riemann prob-
lem solver, which is unavailable for the system under consideration. At the same time,
certain upwinding information—one-sided speeds of propagation—is incorporated into
the central-upwind fluxes.

We consider Cartesian grids and prove the error estimates for the proposed high-
order DG methods under the assumption of boundedness of the exact solution. We
also show that the blow-up time of the exact solution is bounded from above by the
blow-up time of the solution of our DG methods. In numerical tests presented in
section 6, we demonstrate that the obtained numerical solutions have no negative
values and are oscillation-free, even though no slope-limiting technique has been im-
plemented. We also demonstrate a high order of numerical convergence, achieved
even when the final computational time gets close to the blow-up time and the spiky
structure of the solution is well-developed.

The paper is organized as follows. In section 2, we introduce our notations and
assumptions and state some standard results. The new DG methods are presented in
section 3. The consistency and error analysis of the proposed methods are established
in sections 4 and 5; some technical details which are omitted from the proof can be
found in [20]. Finally, in section 6, we perform several numerical experiments.
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2. Assumptions, notations, and standard results. We denote by &, a
nondegenerate quasi-uniform rectangular subdivision of the domain Q (the quasi-
uniformity requirement will be used only in section 5 for establishing the rate of
convergence with respect to the polynomial degree). The maximum diameter over all
mesh elements is denoted by h, and the set of the interior edges is denoted by I'y,. To
each edge e in 'y, we associate a unit normal vector n. = (ng,n,). We assume that
n, is directed from the element E' to E2, where E' denotes a certain element and E?
denotes an element that has a common edge with the element E! and a larger index
(this simplified element notation will be used throughout the paper). For a boundary
edge, n. is chosen so that it coincides with the outward normal.

The discrete space of discontinuous piecewise polynomials of degree r is denoted
by

Win(Er) = {w € L*(Q) : VE € &, w|p € P.(E)},

where P,.(F) is a space of polynomials of degree r over the element E. For any
function w € W, 5, we denote the jump and average operators over a given edge e by
[w] and {w}, respectively:

for an interior edge e = OE* NOE?, [w] := wE' — wa, {w} := 0.5weE1 + 0.5weEz,
for a boundary edge e = OE' N 99, [w] := wF {w} = weEl,
where w’ " and wf2 are the corresponding polynomial approximations from the ele-
ments E' and E?, respectively. We also recall that the following identity between the
jump and the average operators is satisfied:
(2.1) [wiwa] = {wi }[wa] + {w2}w:].

For the finite-element subdivision &, we define the broken Sobolev space

H*(&) = {w e L*(Q) 1 w|y € HY(E),j=1,...,Np}

with the norms

1 1
2 2
wlllo.0 = (Z leléE) and |[|w]|]s,0 = (Z IwIIZE) , 8>0,

Ecgy, Ecé&y

where || - ||s,z denotes the Sobolev s-norm over the element E.

We now recall some well-known facts that will be used in the error analysis in
section 5. First, let us state some approximation properties and inequalities for the
finite-element space.

LEMMA 2.1 (hp approximation [5, 6]). Let E € &, and ¢ € H*(E), s > 0.
Then there exist a positive constant C, independent of 1,r, and h, and a sequence
Y € Po(E), r=1,2,..., such that for any q € [0, 5]

-c hH—a

.E rs—4

(2:2) v - o

LEMMA 2.2 (trace inequalities [2]). Let E € &,. Then for the trace operators o
and 71, there exists a constant Cy, independent of h, such that

Il s wp:=min(r+1,s).

(23) VweH'(E), 521, |howly, < Ch~* (lwlop+hlVwlos).
(24) Vwe H'(E), 522, |nuwly, <ChF ([Vullyg + V20l )

where e is an edge of the element E.
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390 YEKATERINA EPSHTEYN AND ALEXANDER KURGANOV

LEMMA 2.3 (see [40]). Let E be a mesh element with an edge e. Then there is a
constant Cy, independent of h and r, such that

(2.5) Yw € P(E),  [lyowlly, < Ceh™ 27wl 5

LEMMA 2.4 (see [4,9]). There exists a constant C, independent of h and r, such
that

1

1 2

wenaen. <o 3 vty X i)
Ecéy, e€l'y

where |e| denotes the measure of e.
LEMMA 2.5 (inverse inequalities). Let E € &, and w € P.(E). Then there exists
a constant C, independent of h and r, such that

(2.6) [l ooy < Ch™ r|wllg g
(2.7) lwlly 5 < Ch™ rllwlly -

We also recall the following form of Gronwall’s lemma.

LEMMA 2.6 (Gronwall). Let ¢,v, and ¢ be continuous nonnegative functions
defined on the interval a <t < b, and the function ¢ is nondecreasing. If o(t)+1(t) <
o(t) + fat ©o(s)ds for all t € [a,b], then p(t) + ¥ (t) < e'~%¢(t).

In the analysis below we also make the following assumptions:

e () is a rectangular domain with the boundary 02 = 9Qyer U 0Qnor, where 0Qyer
and 0Oy, denote the vertical and horizontal pieces of the boundary 0f2, respectively.
We also split the set of interior edges I'j, into two sets of vertical I'}*" and horizontal
I'hor edges, respectively.

e The degree of basis polynomials is r > 2, and the maximum diameter of the
elements is h < 1 (the latter assumption is needed only for simplification of the error
analysis).

3. Description of the numerical scheme. We consider the Keller-Segel sys-
tem (1.8). First, notice that the Jacobians of F and G are

xu. 0 xp 0O xv 0 0 xp
OF 0 0 0 0 oG 0O 0 0 0
— = and — =
0Q 0 -1 0 0 0Q 0 0 0 0
0O 0 0 0 0 -1 0 0

and their eigenvalues are

respectively. Hence, the convective part of (1.8) is hyperbolic. We now design semidis-
crete interior penalty Galerkin methods for this system.

We assume that at any time level ¢ € [0,T] the solution (p,c,u,v)" is ap-
proximated by (discontinuous) piecewise polynomials of the corresponding degrees
Tp,Te, Tu, and 7, which satisfy the following relation:

)T

T .
(3.2) Tmz_lx < a, Tmax = Max{r,, rc, "y, Ty}, Tmin := Min{r,, re, 7y, ry},
min

where a is a constant independent of r,,rc, 7y, and 7.
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Our new DG methods are formulated as follows: find a continuous-in-time solution
(PG (-, 1), PG (-, 1), uPC (-, 1), 0PE (-, 1)) € meh XWX W o X Wy

which satisfies the following weak formulation of the chemotaxis system (1.3)—(1.6):

/pDGwp+ Z/vavap Z/{vaG n.}[w’]

Ecé&y ecl'y,
o3 [1vwron (o]
eel’y, €
to, Z / DG] [1p0] — Z / PPCUPC ()
ecl'y, || Ecé&y,
+ > / xpPCuP) ngfw?]
eeryer
Z /XPDG DG wp Z / XPDG DG [wp] =0,
EES eephor
/ G+ Z / VePevwe — Z /{VCDG nepw] +e¢ Z /{Vw .} | DG]
Ecé&y ecly, ecl’y,
(34) —i—ac / DG /CDGwC—/pDGwC:O,
cely, |€| Q Q
/ DG u+ Z / DG + Z / DG wu]
Ecép eeryer
(3.5) — Z /CDGTLI’LUU—FO'U / DG’ =0,
e€Oyer ¥ € e€l L U0Qvor |e|
/ PO 4 3 / PG () + 3 / DY, [
EES} eel’*hm
(3.6) — Z /cDGnyw”—i—ov / DG =0,
e€Oor ¥ € e€l', UdQmor | |

with the initial conditions

[ oo = [ oo, [ 0wt = [ 0

/QUDG(-,O)w“:/Qu(-,O)w“, /QUDG(-,O)w”:/QU(-,O)w”.

Here, (w?,w®,w",w?) € Wy, x W, x W, x W, are the test functions, and
OpyOc, Ous and o, are real pomtrve penalty parameters The parameter ¢ is equal to
either —1,0, or 1; these values of € correspond to the SIPG, IIPG, or NIPG method,
respectively.

(3.7)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



392 YEKATERINA EPSHTEYN AND ALEXANDER KURGANOV

To approximate the convective terms in (3.3) and (3.5)—(3.6), we use the central-
upwind fluxes from [33]:

1 . 2 )
(XpDGuDG)* _ qout (XpDGuDG)eE _gin (XpDGuDG)f gt P
qout — gin qout — gin ’
R—— bout (XpDGUDG)El _ bin (XpDGUDG)E2 boutbin bG
- (Xp v ) = boeut _ bin — - pout _ bin [ ]’
(38) - out (CDG)E1 _ g (CDG)E2 4out gin .
D D
(—C )u == CLoeut _ CLin < - CLout _ CLin u }’
E! ; E? .
(- DG)z _ _bout (CDG)e - bfn (CDG)e B bombm. [UDG]
bout _ bm bout _ bm
Here, a°t, o', b°"t, and b™™ are the one-sided local speeds in the z- and y-directions.

Since the convective part of the system (1.3)—(1.6) is hyperbolic, these speeds can be
estimated using the largest and the smallest eigenvalues of the Jacobian g—g and ‘g—g

(see (3.1)):

a®"’ = max ((XuDG)fl ; (XuDG)f2 ,0) , @™ =min ((XUDG)fl ) (XUDG)f2 50) )
(3.9)
b = max ((XUDG)El ) (XUDG')GE2 70) , 0™ =min ((XUDG)El 3 (X”DG)Ez 70) .

€ € €

Remark. If a® — a™™ = 0 at a certain element edge e, we set

(xpPC DG)E1+( DG DG)E2 (DG)E1+( DG)E2
(XpDGuDG)* _\Xp ). Xp——u—"), (_CDG)* __\c ) ¢ e
2 ’ u 2 ’
E! E? E! E?
(pPEuPE)" — (PP vPe) [+ (PP, (cePG)" (P9, A (eP9),
Xp 5 : . 5

there. Notice that in any case the following inequalities are satisfied:

out in bout _bin

a —a d <1
qout — gin — ’ pout _ pin — ’ an pout _ pin — '

(3.10)

qout — gin — 77
From now on we will assume that a®* — @™ > 0 and b°** — b > 0 throughout
the computational domain.

4. Consistency of the numerical scheme. In this section, we show that the
proposed DG methods (3.3)—(3.6) are strongly consistent with the Keller-Segel system
(1.3)-(1.6).

LEMMA 4.1. If the solution of (1.3)—(1.6) is sufficiently reqular, namely, if (p,c) €
HY([0,T)) N H?(&L) and (u,v) € L3([0,T)) N H?(Er), then it satisfies the formulation
(3.3)—(3.6).

Proof. We first multiply (1.3) by w” € meh and integrate by parts on one
element E to obtain

/ptw”—i—/ VoVuw? — Vp-newp—/ Xpu(w”)r—k/ xpunzw?
E E OE E OE

(4.1) —/ va(wp)y—i—/ xpvnyw” = 0.
E OF
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Notice that the continuity of p and u implies that at the edge e, pZ = pE° and
(xpu)E" = (xpu)E”. Therefore, [p] = 0 and

out in

1 1 1 2 1 a® —a 1
{xpu} = S0en)s + 500w = (eow)s = e (eou)?
CLout 1 in 5
= = (pr)f — w0
: 2
a®t (xpu)E' — o™ (xpu)?

= aout — gin = (X,OU)*
Summing now (4.1) over all elements F € &, using the jump-average iden-

2
tity (2.1), adding the penalty terms €Y . [ {Vw” - n.}[p] and 0,3 cp, % 1.1p]
[wP], and using the Neumann boundary conditions (1.7), we obtain that the solu-
tion of the system (1.3)—(1.6) satisfies (3.3). A similar procedure can be applied to
show that the solution of (1.3)—(1.6) satisfies (3.4)—(3.6) as well. This concludes the
consistency proof. O

5. Error analysis. In this section, we prove the existence and show the conver-
gence of the numerical solution using Schauder’s fixed point theorem [25].

In the analysis below, we will assume that the exact solution of the system (1.3)—
(1.6) is sufficiently regular for ¢ < T', where T is a pre-blow-up time. In particular we
will assume that

(5.1) (prcuv) € H([0,T) NH=(Q), 51> 3/2, s2>3,

which is needed for the h-analysis (convergence rate with respect to the mesh size),
or

(5.2) (prcuv) € HY([0,T]) NH™(R), 51> 3/2, s2>5,

which is needed for the r-analysis (convergence rate with respect to the polynomial
degree). Notice that these assumptions are reasonable since classical solutions of the
Keller-Segel system (1.1) are regular (before the blow-up time), provided the initial
data are sufficiently smooth; see [27] and references therein.

We denote by p, ¢, u, and v the piecewise polynomial interpolants of the exact
solution components p, ¢, u, and v of the Keller—Segel system (1.3)—(1.6) and assume
that these interpolants satisfy the approximation property (2.2). We then use the
idea similar to [37] and define the following subset of the broken Sobolev space:

5= {(¢p,¢c,¢“,¢v) € L2([0, T)) N L2([0, TI) AW, x WE X Wi x W,

T
sup H¢”—p|\og+/ (IIIV( ~Plloq+ Z el | Zf)]llae> < Gy,

te[0,T] e€l),

c =2
tESE%%]HQS EHO,Q"‘/O <|||V(¢ ~)|||OQ+ Z ||| (¢¢ —0)] |Oe> < Ceé,

ecl'y,
sup (|6 — o0 < &, / 6" =0+ 3 “n DIz, | < cuen,
[0,T7] 0 ecTy,

2
sup 6" — To g < &, / 6" =Tl + 3 2@ -G ) < Cti .
[0,77 0 ecl'y, |
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394 YEKATERINA EPSHTEYN AND ALEXANDER KURGANOV

where
p2min(ra+1,sq)—2 1 1 1
. = - 9 —a1 - h T
(653) & §: rgfoﬁ4 =0 (Tp T Tc * Ty * Tv)

ae{p,c,u,v}

C,C,,C.,Cy, and C, are positive constants (which will be defined later) independent
of h and the polynomial degrees (7, 7¢, 'y, 7y), and the parameters s,, S¢, Sy, and s,
denote the regularity of the corresponding components of the exact solution. Clearly
the subset S is a closed convex subset of the broken Sobolev space, and it is not
empty since it contains the element (p, ¢, @, v). We first show that the functions in S
are bounded.

LEMMA 5.1. For any (¢, ¢°, ¢", V) € S, there exist positive constants M,, M.,
My, and M,, independent of h,r,,7c, 7y, and 1y, such that

(5-4) sup 1600 < Mo, a € {p,c,u, v}
teo

Proof. From the definition of the subset S, we have sup,c(o 7 [|¢” — ]5||(2)Q < Cy&

and hence sup,eio 1y l|¢” —pllgg < M h_ Using the inverse inequality (2.6), we

. - Tmin
obtain

sup ¢ = pll . < Marph ™! Sup 167 = pllg.g < — M < M.
+€[0,T] t€[0,7] "m

This estimate implies that sup,cjo 7y [|6°||o0 o < M +supj, 1) |9l o Which, together

with the hp approximation property (see Lemma 2.1), yields the bound (5.4) for

a = p. The estimates for a = ¢, u, and v are obtained in a similar manner. d
We now define the solution operator A on S as follows:

V(P 0% ¢",0") €S, A(d7, 6% ¢",¢") = (¢, 6L, ¢L, 91),

where the initial conditions are (¢7, 95", ¢%° 7)) = (3°,°,2°,7°) and the func-
tions
e WE = H(O.T) AW 0 05 € WE o= HE(0,T) AWE e s > 3/2,

o e W™ t::LQ([O,T])ﬂL"O([ THNWe ., ac€{u,v},

Ta,h

are such that

[+ ¥ [ vepve - Z/{vm-ne}[wmaZ/e{w-ne}wm

Eec&y, ecl'y, ecl’y,
+a,,z |/¢p Jfw’] — Z/xqﬁ” (W), + D | (x676") na[w]
Ecé&y, e€lyer v ¢
(5.5) -3 /X¢P¢” (W), + Y /x¢”¢” nyw’] =0 Yuw? e W
Ee&y eeIhor
[ @+ 3 [ verver =3 [(vorndu+e 3 [ n o)
EcE&), e€ly, ecly, * ¢
(5.6) —I—O’Ceep | |/¢L —I—/Qd)chc_/qu)ZwC:O VwCEWTCC)ha
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/Q¢’2‘W"+ > [Eqs‘z(w“m Yo oh)imalw) = Y /d)anzw"

E€&y, ecryer V€ e€0yer ¥ ¢
T’lz,b U u u u
(5.7) to 2 =0 verewr,
€T, U8 Dyer €
[orr+ 3 [ o, + 3 [opimbr- 2 [ine
@ Bee, ' E e €O or ¥ ©
r% v v v v
(5.8) ton Y H/[¢>L][w]:o Vat € WY
e€l L U0Qnor €

As before, the central-upwind numerical fluxes are utilized in (5.5)—(5.8):

1 . 2 .
P90y — af (xd 6") ag'ay

P AUk ar _ 4
(X¢L¢ ) a%ut . ajLn a%ut . ailr/l [¢L]’
s bout(X¢P ¢v)€El _ bin(X¢P ¢v)§2 boutbin
oy OO =P )
5.9 1 . 2 H
(_¢c )* _ _a%Ut(¢cL)eE — a’llr/l((b%)eE _ a%Utaf. [¢u]
L)u a%ut o a][ll’l CL%M _ agl Ll
1 : 2 .
(_d)cL)* — _b%ut(d)cL)eE - bf((b%)eE _ b%Utban‘ [(bl[)/]
’ by — by by —bp

where the one-sided local speeds are

| at = max (6")F' (@0 aip = min ((66")E" (0")",0).
(5.10
by = max (x6")E', (x0")E",0), b = min (6")E", (x6")E",0) .

Notice that the inequalities similar to (3.10),

CLout _ain bout _bin
(511) L m < 1’ out L in — 77 outL in — 7 and out L in — 7
—a a"t —ay bt — b} bt — by

which are needed in our convergence proof, are satisfied for the local speeds defined
in (5.10) as well (for simplicity, we assume that a°" — @™ # 0 and b°"* — b'" #£ 0
throughout the computational domain).

We now show that the operator A is well-defined by proving the existence and
uniqueness of (¢7, ¢S, ¢%, dY).

LEMMA 5.2. There exists a unique solution (7,45 ,¢%, %) € meh,t XWyp pa X
WE X W2, of (5.5)(5.8).

Proof. First, notice that (5.5)-(5.6) can be rewritten as the explicit linear dif-
ferential equations for ¢7 and ¢5. Hence, there exists a unique solution (¢7,¢%) €
Wt X W i

Te,h,
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Equations (5.7)—(5.8) can be rewritten as

[otrso > 2 fopui=- 5 [ - 5 [Copmde

e€lpUIQyver Ee&, eclyer e
(5.12) + Z PrnLw" Yw" e W,
e€Oyer V¢
2
r *
[ewrso, ¥ 2 flpu == 3 [oiwn), - 3 [l
Q ecl', UdQhor € Ecé&y, E BEFEDT €
(5.13) + Z 5 nyw”’ VYw" € Wy .
e€or ¥ €

The bilinear form on the left-hand side (LHS) of (5.12) is coercive since for all ¢ €

2

W s Jo 9P +0u D eer, o, % L. lelle] > ||<,0||§Q - Tt is also continuous on W} , x
W, while the linear form on the right-hand side (RHS) of (5.12) is continuous on
Wt .. Hence, there exists a unique solution of (5.12). The same argument is true for
(5.13). This concludes the proof of the lemma. O

Our next goal is to show that the operator A maps S into itself and that A is
compact. By the second Shauder fixed-point theorem [25], this will imply that the
nonlinear mapping (¢, ¢¢, ¢%, ¢¥) € S — A(¢?, ¢°, ¢*, ¢") has a fixed point denoted
by (pDG’ CDG’ uDG’ ’UDG).

THEOREM 5.3. Let the solution of (1.3)—(1.6) satisfy the assumption (5.1). Then
fOT any (¢pa¢ca¢ua¢v) ES? A(¢p7¢cv¢u7¢v) €5

Proof. Let (¢, ¢%, ¢", ¢") € S and (¢, 05, 9%, ¢Y) = A(¢”, ¢°, ¢*, ¢¥). We intro-
duce the following notation:

(5.14) Tp::¢z_’,5j §=p—p, TO=9¢7—-¢ Eri=c—g

Tu::¢1i_u’ §“zu—ﬂ, Tv:zqsli_aa f”;:v—f’g,

It follows from the consistency Lemma 4.1 that the exact solution of (1.3)—(1.6) sat-
isfies not only (3.3) but also the similar equation

Lo+ X [ wovwr =3 [V ndurl+e 3 [(vur-ni

Ecé&y, ecly, e, e
,,,.2
> ﬁ/[p][wp] > / xpu(w?), + 3 | (eou) g fw?)
el ¢ E€&y E echyer ¢
Eeg, ' E e e
where
1 . R .
(xpu)™* = a%ut(xpu)eE - ag‘(xpu)eE B CL%MCLB ol
ag™ —alp Aot —
1 . R .
o DP(xp0)E = b (xpv)E bgutpin
(va) — bout _ bin - bOut — bin [p]
L L 7 T
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and the local speeds a9"t, @i, b9"*, and b\ are given by (5.10). Using (5.14), (5.15)
can be rewritten as

[+ > [ Viver =3 [V ndwn)+e 3 [(vurni

Ecé&y, eel’y, eel’y,
+ 0p Z |/mwp Z /Xp(bu wp Z /XPU Nz [w’]
e€Ty, E€&y, echyer V€
- > / Xpo" (W), + / (xpv)**ny[w”]
Eeg BEFhDr

> [vernw)

ecl'y,

—sZ / {Vur n.}[¢]

ecl
—0, ) |/£”w” Z/X&”w” Z/xp ¢ —u)(w),

eely, E€é&y E€é&y
(5.16) + Z / x&fv(w?), Z /qub —v)(w’),.
Ecé&), Ee&y
Subtracting (5.16) from (5.5) and choosmg wf = 7P, we obtain
1d 2
(1715 ) + 971113 0 + 0 Z e,
2 dt lel
(1—¢ Z /{Vrp ne "] + Z / xTP o (7)),
eel’y, Ecén
- / (x@r6")" = (xpu)™) nar] + ) / xt7¢'(r"),
eelyer Ecé&y,
- > / (x@70")" = (xpv)™) my[T7] + /6”7’)
eelhor
+ Z/vgpwp Z/{vgp n}[r] +aZ/{w n}[¢”]
FEe&p eel’y, ecl'y,
+UPZ /fp Z/Xgp (°), Z/ prTp
eel, Jel E€é&y E€é&y,
(5.17) Z/XpQS —u)(r”) +Z/Xp¢ —o)(77), =T + T3 + - + T,
Eecéy, Ee€é&y,

Next, we bound each term on the RHS of (5.17) using standard DG techniques. The
quantities €; in the estimates below are positive real numbers, which will be defined
later.

We begin with the first term on the RHS of (5.17). The Cauchy—Schwarz inequal-
ity yields

T < @ =e) > IV Hio 7o,

ecly,
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As before, we denote by E' and E? the two elements sharing the edge e. Then, using
the inequality (2.5), we obtain
P
) 1l

S T o N < 3 5 (H(Vﬂfl
> (197 lo,50 + 197l g2) 1l

ecl'y, ecly,
ecl'y,

o + H(va)fz

< CtT'p

~2vh

and hence, using the fact that |e| < V'h, we end up with the following bound on TY:

2 2
2 r 2 2 r 2
T <l Y IVrllg s +CE D |f|||[7”]llo,e =IVrllle e +C7 Y ﬁ”[Tp]HO,e'
Ecé&), ecl'y, ecly,

(5.18)
Consider now the second term on the RHS of (5.17). From Lemma 5.1 we know
that ¢" is a bounded function, and hence T can be bounded as follows:

(5.19) [T] <28 57 )02 5 + CEIT 2 < U)o + CE 71
Eec&y,
Next, we bound the third term on the RHS of (5.17) as
CLOUt 1 1
T <y ( /# ((x¢’£¢“)f — (xpu)? ) Ny [7]

_ ,in
ecTyer ar” —ar

H [ i (06508 — (o)) ]

ar,
—aPa™
(520) + m[¢L —p]nw[Tp] =: 14 IT 4 III.
e @ —ar

Using (5.11) and (5.14), the first term on the RHS of (5.20) can be estimated by

I<x Y

ver
ecly

[ (@698 = o) nolr

[eeE ) +

€

AWWEMW]

+

[t =00 nalre)| +

[0 natr

) T

We now use the Cauchy—Schwarz inequality, the trace inequality (2.3), the inequality
(2.5), the assumption (3.2), the approximation inequality (2.2), and the bound on ¢*
from Lemma 5.1 to obtain the bound on I:

r h2 min(re+1,s4)

~ 1 2 p 2 ~12
I<|lroa+K D |;f’|||w1||0,6+0* Y " =g .
ecl’y, a=p,u Ta

A similar bound can be derived for the second term II on the RHS of (5.20). To
estimate the last term on the RHS of (5.20), we first use (5.14) and the definition of
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e ) i

Then, using the Cauchy—Schwarz inequality, the trace inequality (2.3), and the ap-

the one-sided local speeds (5.10) to obtain

m<c ) <|| [1llo « +

celyer

proximation inequality (2.2), we bound III as follows:

h2 min(r,+1,s,)

~ Kih r’ 2
e (B ) 5 g e
P ecl Tp

Combining the above bounds on I, II, and III, we arrive at

5 7:’2) 5 . h2min(7’a+l,sa) " .
T < I loa+C3 > il Mloe+C° > =g+ C™ll¢" ~lloo
ecl'y, ae{p,u} @
(5.21)
The terms 7)) and T¥ are bounded in the same way as the terms 7% and T%,
respectively, and the bounds are

2
(5.22) T2 < &l MMy + Cllmllo g
and
) 5 ) 5 . h2min(ra+1,sa) el o 2
1< Iloa+Cs D il Mo +C" 3 ——g—+C"6" ~Tlog
€Tn a€{p} *
(5.23)

The term T{ is bounded using the Cauchy—Schwarz inequality and the approxi-
mation inequality (2.2):

) 5 *thin(rp+l,sp)
(5.24) 51 < lIm°lloo + O ——55,——

rzs”
Using the Cauchy—Schwarz inequality, Young’s inequality, and the approximation
inequality (2.2) for p, we obtain the following bound for the term 77

h2 min(r,+1,s,)—2

2 *
(5.25) 771 <2Vl + C 25,2
P

The term T} is bounded using the Cauchy—Schwarz inequality, the trace inequality
(2.4), and the approximation inequality (2.2):

2 2min(r,+1,s,)—2

r 9 *h 4 4
(5.26) 51 < 08 ) —|ep| I lo.e + & g
P

eel’y,

To bound the term T}, we use the trace inequality (2.5), inequality (2.3), the
Cauchy—Schwarz inequality, and Young’s inequality:

h2 min(r,+1,s,)—2

2 *
(5.27) 75| < esllIVTlllo .0+ C 25,1
P
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Similarly, we bound the term T}, by

7.2 h2min(rp+1,sp)72
(5.28) ITHI < Cf Y |f||\[7p]|\§,e +C T
P

ecl'y,

For the terms T}, and TY,, we use our assumption on the smoothness of the
exact solution together with the Cauchy—Schwarz inequality and the approximation
inequality (2.2) to obtain the following bounds:

. , 5 *h2min(rp+1,sp) ) , 5 *h2min(rp+l7sp)
|T11| < 511|||(Tp)z|||o_g+c a5, |T12| < 511|||(7p)y||| +C 2.,
, ) 3 0,22 I P

(5.29)
Consider now the term T7;. We first use (5.14) to obtain
J)
Then we apply the Cauchy—Schwarz inequality and the approximation inequality (2.2),

T, <1C § : /; ¢ l/nf
J — < ( (
W thh result in

Ecé&y,

) , 5 *h2min(ru+l7su) el w2
(5.30) |T13| < E13|||(Tp)gc|||o,g"‘c T +C* ¢ _UHO,Q'
The bound on the term T}, is obtained in the same way as the bound on T%;:
) ) 9 . h2min(ru+1,su) el 2o 12
(5.31) |77, SE13|||(7p)y|||079"‘C 2 +C™ o _UHO,Q'

Finally, we plug the estimates (5.18)—(5.19) and (5.21)—(5.31) into (5.17) and use
the assumption that h < 1 to obtain

1d
B dt”Tp”o ot —el—ef—ch—ef—cly — E13)|||V7'p|||0 Q
+ (0, = Cf = C§ = C8 —C§ = Cfy) Y B |H[Tp]||oﬂ (B+C5+CNlI 5.0
eel’y,
. h2min(rp+l,sp)—2 h2min(7’a+l,sa) " o ~u2
(532) + Cp T + Z T +C Z (H(b - 04”079).
P

(e

ae{u,v} ae{u,v}

We now choose e? and the penalty parameter o, so that the coefficients of |||VT”|||0 o

and Eeerh 15 ||[7'p]||0 o on the LHS of (5.32) are equal to 1/2. We then multiply (5.32)

by 2 and integrate it in time from 0 to t. Taking into account that (¢*,¢¥) € S and
using the fact that 70 = 0, we obtain

(5.33) [I7°l5 o + / <|||w|||m+2 L ||oe><cp / 172115 o + C™ &1

ecll

Next, we apply Gronwall’s Lemma 2.6 and take the supremum with respect to t of
both sides of (5.33):

T
(5.34) sup HTpHagﬂ'/O <|||VTP|||OQ+ Z Tl T”]Ioe> < C'éy,

[0,7] ecl’y,
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where &) is given in (5.3) and C! is a constant that depends on oMl zox jo,77): 112 (02))
HPtH L>=([0,T]);L2(Q))" ||U|| L>=([0,T]);L2(Q))" ||U|| L>=([0,T]);L2(Q))" and 7" only.

Accordmg to the deﬁmtlon of the broken Sobolev space S given on p. 393, the
estimate (5.34) implies that ¢f € S. Using similar techniques, it can be shown that
(95, 0%,¢Y%) € S as well (see [20] for the detailed proof). Therefore, we have shown
that A(S’) C S, and the proof of Theorem 5.3 is now complete. O

Let us recall that our goal is to show that the operator A has a fixed point.
Equipped with Theorem 5.3, it remained to prove that A is compact. To this end, we
need to show that A is continuous and equicontinuous.

LEMMA 5.4. The operator A is continuous and equicontinuous.

Proof. We consider the sequence {(¢2, ¢%, ¢it, ¢2)} and assume that

sup (||(¢2, 8%, %, 0%) — (¢, ¢, 8", ¢")||ls) = 0 as n — oc.

te[0,T]
Let
(5.35) (8L > OLn> PLins PL.n) = A(S1, & b1y D)
and
(5.36) (6L, 0L. 0L 01) = A(¢”, 6°, ¢“ ")

be two solutions of (5.5)—(5.8). We denote by (A C (b”) the difference between
these two solutions (note that (Aﬁ’o, QASCL’O, 03%0, a%o) = (0, 07 0,0)), subtract (5.36) from
(5.35), and choose the test function in the resulting equation for p to be w” = &i
This yields

it el I o X A
:(1“”2/@ Vo, n.} (3] E;/X‘b (%)
DI RUNCERRICAR

Ecé&y
—Z / x86") e [0 + Z / (0,6 = (6t u08)" ) ma |91
+E;/x¢”¢” (%),+ 2 /w (%),
S [y i
egThor V€
630+ % [ (008 — (00 ) my [F7] = Rat Rt R

We now bound each term on the RHS of (5.37).
The term R; can be bounded using the Cauchy—Schwarz inequality, Young’s in-
equality, and the inequality (2.5):

1 ,\ 2 ’1"2 ~ 2
. <3llIva| i 1]
(5.38) B < 2 ||Vl O)Q+01€§ " %]]|.
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Next, applying the Cauchy—Schwarz and Young’s inequalities and using the bound-
edness of |[¢"[| , o, established in Lemma 5.1, we obtain the following bound on Rs:

= i< 1),

2 2
o ™ 2 9% 0
0,0 0,0

Using the Cauchy—Schwarz and Young’s inequalities and the fact that ¢Z7n €S, we
bound the term R3 by

o i< | @),

2
2
|y T Csllgh = 0" 0

We then use the Cauchy—Schwarz inequality, the inequality (2.5), and the first nu-
merical flux formula in (5.9) to estimate Ry:

12 r2 e 1112
(541 Rl < ot ], + 0 3 25192,
ecl'y,
We now consider the term Rs. It follows from formulas (5.9)—(5.10) that the numerical
fluxes (xqb’z)nqbu)* are the composition of the continuous functions with respect to the
variables (¢*)E" and (¢*)E°. Hence, we can apply the Cauchy-Schwarz inequality
and the inequality (2.5) to Rs so that it is bounded by

2 ~
(642)  |Bs] < 1060,09")" — (05098 o o + 5 3 15 [[42]]
eel’y,

2
Qe.

The terms Rg, R7, Rs, and Ry are similar to the terms Rs, R3, R4, and Rs5 estimated
in (5.39), (5.40), (5.41), and (5.42), respectively. Therefore, we obtain

a3 Il < gl|(%),

2 12

0,2 0,8
PR 2

(Ga1) IRl < g M(asz)

2
+ C7llon — ¢ llo.q

Yillo,Q
~ 112 r2 i~ 2
5.45 Rl <||at| s Y 2|[%]]]
(5.45) |Rs| < ||¢% O,Q+ 8€§h e [QbL] 0.
P vk P v \* (|2 T‘% P 2
(5:46)  1Fo] < (0800~ (X060 o+ o 3 1| []]]
eel’y €

Substituting the estimates (5.38)—(5.46) into (5.37) yields

it 10 2 1921, Al e A

il - — - <

i [¥Ele + 2 99l 0o -0 2 i lI[92]],, < 2],

e€ly

DY ||¢::—¢a||§7g+||(x¢z,n¢a>*—(xqzs’;,nqbz)*nz,g),

ae{u,v}

where the penalty parameter o, is chosen sufficiently large so that the coeflicient
(0, — C) is nonnegative.
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We now integrate the latter inequality with respect to time from 0 to ¢ and apply
Gronwall’s Lemma 2.6 to obtain

12 t 112 r2 i~ 2 2
: Vel -0 @], )< o o]
ol (W5 -0 5 B, Jors ool

t
+ 2 [ (o= 0+ et “)*—(xebz,naﬁ)*lli,g))-

ac{u,v}

Finally, taking the supremum over ¢ and since QAS’;O = 0, we arrive at

~ |2 T ~ 1112 7‘,2) 112
v ‘H H[ H di
Sup H¢LH0)Q +/0 m & 07Q+ Zer le| oL 0
€ h

te[0,T)
T
< M* Z /O (||¢ff - QZ/)O‘HaQ + ||(X¢f£7n ) _ (ng)zmgbz‘)*”zg)

ae{u,v}

This inequality together with the similar inequalities for g/b\c, (/5“, and (;Aﬁ”, which can
be obtained in an analogous way, imply continuity of the operator A.

Applying similar techniques to the difference (5’2,52,5;,52) = (97,05, 9%, 8Y)
(t1,z1,91) — (97, 8%, OF, ¢Y )(t2, 2, y2) and using the fact that (¢*, ¢”) € S, one can
show that the operator A is equicontinuous. a

Equipped with Lemma 5.4, we conclude that the operator A is compact. Hence,
by the second Schauder fixed-point theorem [25], it has at least one fixed point
(pPG, PG uPG vP) | which is the DG solution of (3.3)—(3.6). For this solution, we
establish the convergence rate results, stated in the following theorem.

THEOREM 5.5 (L2(H')- and L>°(L?)-error estimates). Let the solution of the
Keller—Segel system (1.3)—(1.6) satisfy the smoothness assumption (5.2). If the penalty
parameters o,, 0¢, 0y, and o, i the DG method (3.3)-(3.9) are sufficiently large and
Tmin > 2, then there exist constants C, and C., independent of h, r,, v¢, T, and 1y,
such that the following two error estimates hold:

122 = 2l e 0.17520) T IV (0P =) 20,1752
r T3 T DG 2 :
([ S B Al <om
0 Gerh e| ,
|7 — C||L°°([O,T];L2(Q)) + [V (P = )] ‘L2([0,T];L2(Q))

([ S Elee-dis.) <o
o 2 e) SCE

ecl'y,

where

hmin(ra+1,sa)—1

E = Z —

T
a€{p,c,uw} *

Proof. The result follows from the definition of space S, the fact that the DG solu-
tion is a fixed point of the compact operator A (defined above), the hp approximation
Lemma 2.1, and the triangle inequality. d
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Remark. The obtained error estimates are h-optimal but only suboptimal for r.

Finally, equipped with the results established in Theorem 5.5, we obtain the
following bound for the blow-up time of the exact solution of the Keller—Segel system.

THEOREM 5.6. Let us denote by t, the blow-up time of the exact solution of the
Keller-Segel system (1.1) and by t2¢ the blow-up time of the DG solution of (3.3)—
(3.9). Then t, < tPC.

Proof. The solution p of the Keller-Segel model blows up if |[p||z ) becomes
unbounded in either finite or infinite time (see, e.g., [27, 28]). Therefore, in order to
prove the theorem we need to establish an L°°-error bound.

From Theorem 5.5 we have the following L2-error bound: ||pP% — Pllr2) < CoF,
and hence from (2.6) we obtain [|p°% — p[| o« ) < CpE1, which, in furn, i2mplies that
107 e ) < N0l Ly + CoBry where By =3 crun % From the
last estimate the statement of the theorem follows. O

6. Numerical example. In this section, we demonstrate the performance of
the proposed DG method. In all of our numerical experiments, we have used the
third-order strong stability-preserving Runge-Kutta method for the time discretiza-
tion [24]. No slope-limiting technique has been implemented. The values of the
penalty parameters used are o, = 0. = 1 and o, = 0, = 0.01. We note that no
instabilities have been observed when the latter two parameters were taken as zero;
however, since our convergence proof requires o, and o, to be positive, we show only
the results obtained with positive o, and o,, which are almost identical to the ones
obtained with o, = o, = 0.

We consider the initial boundary value problem for the Keller—Segel system in
the square domain [—3, 3] x [—1, 2]. We take the chemotactic sensitivity y = 1 and
the bell-shaped initial data

p(x,y,0) = 1200 20C49) (2, y,0) = 6006007,

According to the results in [26], both components p and ¢ of the solution are expected
to blow up at the origin in finite time. This situation is especially challenging since
capturing the blowing up solution with shrinking support is extremely hard.

In Figures 6.1-6.4, we plot the logarithmically scaled density In(1+pP%) computed
at different times on two different uniform grids with h = 1/51 (Figures 6.1 and 6.3)
and h = 1/101 (Figures 6.2 and 6.4). The results shown in Figures 6.1-6.2 have
been obtained with quadratic polynomials (i.e., r, = r. = ry, = 1, = r = 2), while
the solution shown in Figures 6.3-6.4 have been computed with the help of cubic
polynomials (i.e., 7, =1, =1, =1, =7 =3).

Numerical convergence of the scheme is verified by refining the mesh and by
increasing the polynomial degree. As one can see, the computed solutions are in very
good agreement at the smaller times (t = 1.46 - 1075, 2.99 - 107>, and 6.03 - 1075).
However, at time close to the blow-up time (¢ = 1.21-10~%) the maximum value of pP¢
grows, while its support shrinks, and no mesh-refinement convergence is observed: the
numerical solution keeps increasing when the mesh is refined. Using Theorem 5.6, we
can conclude that in this example the blow-up time of the exact solution is less than or
equal to the blow-up time of the DG solution, which is approximately tl]?G ~1.21-107%.

We note that even though no slope-limiting or any other positivity-preserving
techniques have been implemented, the computed solutions have never developed
negative values and are oscillation-free.

Finally, we check the numerical order of the convergence of the proposed DG
method. We first consider the smooth solution at a very small time ¢t = 1.0 - 10~7
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o5 05 05

FIG. 6.1. h = 1/51,r = 2. Logarithmically scaled density computed at t = 1.46-107° (top left),
t=2.99-10"° (top right), t = 6.03-107° (bottom left), and t = 1.21-10~* ~ tDPC (bottom right).

508

F1G. 6.2. The same as in Figure 6.1 but with h = 1/101,r = 2.

and test the convergence with respect to the mesh size h for the fixed r = 2 (piece-
wise quadratic polynomials). Since the exact solution for the Keller-Segel system
is unavailable, we compute the reference solution by the proposed DG method on a
fine mesh with A = 1/128 and using the fifth-order (r = 5) piecewise polynomials.
We then use the obtained reference solution to compute the relative L?- and relative
H'-errors. These errors are presented in Table 6.1. From this table, one can see that
the solution numerically converges to the reference solution with the (optimal) second
order in the H'-norm which confirms the theoretical results predicted by our conver-
gence analysis. Moreover, the achieved third order of convergence in the L2-norm is
optimal for quadratic piecewise polynomials.
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Fi1G. 6.3. The same

05 05 05 05

Fi1G. 6.4. The same as in Figures 6.1-6.3 but with h = 1/101,r = 3.

We then test the convergence of the proposed DG method with respect to the
degree r of piecewise polynomials for the fixed h = 1/32. The obtained results,
reported in Table 6.2, show that the error decreases almost exponentially when the
polynomial degree increases (this is a typical situation when DG methods capture

smooth solutions).

We also compute the L2-errors with respect to the reference solution for the
solutions plotted on Figures 6.1 and 6.2 at times ¢t = 2.99 - 1075 and ¢ = 6.03 - 1075.
These times are close to the blow-up time, and the solutions develop a pick at the
origin. The obtained errors are reported in Table 6.3. As one can see, even for the
spiky solutions, the convergence rate is very high though it, as expected, deteriorates

as t approaches tP¢.
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TABLE 6.1
Relative errors as functions of the mesh size h; r = 2 is fized.

h L2-error Rate H'-error Rate
1/4 3.0578 - 1.5591 -
1/8 1.0290 1.6 1.2348 0.35
1/16 0.0796 3.7 0.5206 1.3
1/32 0.0075 3.4 0.0937 2.5
1/64 0.0006 3.6 0.0157 2.6

TABLE 6.2

Relative errors as functions of the piecewise polynomial degree r; h = 1/32 is fized.

r L2-error Rate H'-error Rate

2 7.5e-03 - 9.4e-02 -

3 9.0e-04 5.2 2.2e-02 3.6

4 8.0e-05 8.4 2.6e-03 7.4

5 6.9e-06 11.0 2.9e-04 9.8
TABLE 6.3

Relative L?-errors at two different times; v = 2 is fized.

A t=299-107° t=6.03-107°
L2-error Rate L2-error Rate
1/51 5.5e-02 - 5.0e-02 -
1/101 5.2e-03 3.4 1.1e-02 2.2
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