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Numerical solution of viscous flows in a network of thin
tubes: asymptotics and discretization in the cross-section

Eric Canon', Frédéric Chardard!, Grigory Panasenko!, Olga Stikoniené?

December 22, 2021

Abstract

Previously, we considered numerics for a problem on a connected 1D-graph obtained by
Panasenko and Pileckas, as the limit model of nonsteady Navier-Stokes equations in a tube
structure. The problem is described by nonlocal in time diffusion equations, where weakly
singular convolution kernels arise. These kernels are obtained from the heat equation on the
cross-sections of the tubes. Their properties and discretization are the topic of the present
paper. First, the existence of asymptotic expansions for small times is proved, with explicit
formula (with respect to the geometry of the cross-section) for the first five terms. Then,
as direct discretization of the equations for the kernels leads to poor approximations due to
lack of regularity, numerical schemes that use these asymptotics for small times are designed.
Convergence theorems are proved with estimations on the order of convergence. Numerical
experiments highlight the interest of this correction.
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1 Introduction

In [3] we consider a numerics for a problem set on a connected 1D-graph which consists of nonlocal in
time diffusion equations on each edge of the graph, that are connected with appropriate (Kirchhoff)
junctions conditions at the inner vertices of the graph. This model was obtained [14, 16] as the
limit model of nonsteady Navier-Stokes equations in a tube structure, by letting the diameters of
the tubes tend to zero, with appropriate scaling of the data. The aim was notably the modeling



of microfluids and flows in blood vessels. The geometry of a blood vessel network is complex, so
it was important to reduce the full dimension. Suitable numerical scheme for this reduced model
are developed and studied in the first part [3] of this work. In particular, the key role of a good
approximation of the convolution (with respect to time) kernels in the model is highlighted in [3].
Now, the aim of the present paper is to investigate this crucial point more into detail. This is done
in two main directions.

The kernels are computed by solving an auxiliary local heat equation set on some normalized cross
sections of the tubes in the original full dimensional model. As these solutions are not regular at
t = 0, we have to pay a particular attention to the approximation of the kernels for small times.

So our first direction is theoretical : we prove that, at least for a C'"*°-smooth domains, the associated
kernel admits an asymptotic expansion at ¢ = 0 at any order. It is the subject of Theorem 2. The
paper by Gie-Jung and Temam [5] on boundary layers theory for the heat equation (when the diffusion
coefficient tends to 0) is crucial for proving this theorem. Besides, an independent computation of
such an asymptotic expansion for a disk allows us, by comparison, to identify explicitly the first five
terms of this expansion, only in terms of universal constants and of the geometry of the domain.
This is our first main result. A few additional properties of the kernels are also given, in particular
about invertibility and coercivity of the convolution operator, following the lines in [10]. We also
give asymptotic expansions (with exponential convergence) for rectangular and triangular domains.
The second direction is numeric. We propose several schemes for solving the auxiliary heat equation
associated with a given kernel, and show convergence of the approximate kernels associated with
this schemes in the W' norm, as needed for the convergence theorem proved in [3]. This is the
purpose of Theorem 3, 4 and 5. In particular, in Theorem 4, we consider schemes that uses the
asymptotic expansions obtained in Theorem 2 (or Propositions 5, 6), to improve the approximation
for small times, and consequently the whole approximation. Let us emphasize here that the use of a
corrected scheme allows us to improve the order of W'!—convergence from 1/3 to 9/8 theoretically
(from Theorem 3 to Theorem 4), and numerically observed from 1/2 to ca 0.7 (schemes of order
1) or ca 1.25 (schemes of order 2). Numerical experiments are provided at the end of the paper to
validate and illustrate the theoretical results.

Finally, we would like to emphasize that the interest of these results about the kernels is wider
than its application to the problem on the graph. The same kernels appear in other situations and
other equations, such as double porosity like models, where the convolution appears in the time
derivative of a parabolic equation (see for instance, [2, 1, 25, 18, 19]), or in the diffusion term of
parabolic equations arising in viscoelasticity or materials with memory (see [12]). Nevertheless, to
our knowledge, the results on the asymptotic expansions are new. Let us mention however that an
explicit asymptotic expansion with two terms was already used in [1], for a rectangular domain.

Summary of the main result of the first part In [3] we consider a problem set on a connected
graph B in R%, where d = 2 or 3, that we describe as follows. Let Oy,...Oy be different vertices



in R ey,..., ey closed segments (edges) connecting these vertices. The segments only intersect at

vertices. The vertices belonging to a single e; are numbered from 1 to N;: Oq,...,0On,, N1 < N;
M

they constitute the boundary of the structure. The graph is then B = U €;j.
j=1

A positive orientation along each edge e; = [O,L-j, Ok].] is defined as the direction from O;; to Oy;.

—
Then for each edge e; we denote by 86], the derivative in the normalized direction Oij, ij. Given an
arbitrary maximal time T > 0, the original problem set on Bx[0, 7] is then:

—0,, (E("J')GejP(a:,t)) (x,t) = F(z,t) forxee;,j=1,...,M,
> i £, Pz, t) = —U;(t) fori=1,...,N,
€;30; (1)
P is continuous on the graph,
\P(Ol, t) — O,
where «; ; = 1 if the orientation of the segment e; starting from O; is positive, and «; ; = —1 if not.

The £ are convolution operators L?(0, +00) — H_ (0, +00)defined by:

t
vt >0, Lg(t) = / K©)(t — 7)q(r)dr; (2)
0

the kernels K(°7) are given by: K (t) = / V@i)(z, t)dx, where each V(%) solves:
o)
oV — AV =0 on  x R™
V=0 on 90 x R**
V=1 on 2 x {0}
V is continuous  on Q x RT UQ x R*™*,

(3)

for ) = o;, the o, are domains in R corresponding to the sections of the tubes associated with
the edges e; (See [3, 16] for more details).

Last, the functions ¥; are given in Hy(0,T) = {f € H'(0,T); f(0) =0} and F is a given function
in Hy,(0,T; L*(B)) (with quite obvious definition of L*(B), see [3]), that satisfy the compatibility

N
condition: Vt € [0,T], Y W;(t) + / F(z,t)dz = 0.
i=1 B
In [3], we consider schemes for numerically solving (1), and notably prove convergence results in terms
of the error in the approximation of the kernels K. Namely, we prove the following theorem: let



1 tn+1

k > 0 be some time step such that N, = T/k € N; let t,, = kn, K = %/ K7 (s)ds; let then
tn

K(73) designate some approximation of K°7); let the error factor in the discretization of the kernels

for a given time step k be defined by:

Nji—1
wmzrmx{mﬁ”—ﬂ$W+§ju¢m—Kﬁﬁ—Rfﬁ+~£ﬂ}; (4)
n=1

1<j<M

last, let h > 0 designates some space step, and pnp € L*(0,T; H'(B)) the numerical solution as
defined properly in [3]. The following convergence results hold true (Theorem 1 in [3]).

Theorem 1 If (k) — 0 as k — 0, then prx — P when (h, k) — (0,0).
Furthermore, if F € H*(0,T; H*(B)), ¥1,..., %y € H*(0,T) and 0,F and the 0,V, vanishes at
t =0, there exist positive constants Cy and Cy such that for 0(k) < Csy:

1
- P <Ci({h||P —||F 5)
s = Plsganisy <6 (b (IPlaamm. o + =g Flmonae) O

0(k
R Pl om0 08)) + !\P|!L2<[0,T],H1(B))C2_(—9)<k)) :
Remark The initial data in Equation (3) do not satisfy the Dirichlet boundary condition. It
generates a singularity in V. As we need estimates for the kernels in W''(0,T), the term in 6(k) is
thus the most limiting one in (5). This is the main aim of this paper: because of these singularities,
we are led to use boundary layers theory to obtain accurate approximations of the kernels for small
times. Those are then used to perform sufficiently accurate simulations on the graph.

Outline This paper is organized as follows.

In Section 2, we prove the first main result of this paper, Theorem 2: the existence of asymptotic
expansions at any order, for infinitely smooth domains, as stated in Section 2.1. This is proven in
several steps. The first step consists in proving the existence of such expansions for a primitive of
a kernel. This is done using results in [5] for well prepared problems. As (3) is not well prepared
in the sense of [5], this is done for a primitive of V' which solves a well prepared heat equation.
This is done in Section 2.2. In Section 2.2.1, we prove that these expansions can be differentiated
term by term. In Section 2.2.2, we compute the first terms of the asymptotic expansion for a disk.
This is then used in Section 2.3 to identify some universal constants and thus express the first five
terms of the general asymptotic expansions in terms of the geometry of the domain and so finish the
proof of Theorem 2. We end this first part with Section 2.4 by computing asymptotic expansions for
rectangles and equilateral triangles, to illustrate that asymptotic expansions are of a different nature
for non smooth domains.



In Section 3, additional properties of the kernel are presented. First, we propose an alternative proof
for continuity, invertibility and coercivity of the £ operators, to those for smooth domains €2 in [20]
and [21]. This is done in Section 3.1. Then, in Section 3.2, we give links with two other models: first
in the case of a periodic pressure, we rediscover in links with the operator L, the notion of complex
admittances described by Womersley in [28]; second, we note existence of some continuous transition
from the model (1) to the one considered in [15] with a different time scale.

Section 4 is devoted to the design of schemes approximating the kernels, and to convergence proofs.
Error estimates are provided, with convergence rates. The Dirichlet-Laplace operator is discretized
with standard finite elements, with or without Nitsche conditions. In Section 4.3, we obtain a first
set of estimates for a semi-discrete scheme. In Section 4.4, full discretization is considered, in a
quite general setting, and further a priori estimates are obtained. In Section 4.5 and 4.6, we prove
convergence results respectively in the case of a complete discretization for the kernel, and in the case
with correction for small times. In Section 4.7 we go more into detail with the link to the convergence
results of [3].

Finally, Section 5 is dedicated to the presentation of numerical experiments.

2 Properties of the kernels and asymptotic expansion for small
times.

2.1 General - Main result

In this section, we present a theoretical study for an arbitrary kernel. So there is no graph and a
single abstract kernel. Let © be a domain in R?. The kernel associated with a section 2 is defined
on R* by

K(t) :/QV(x,t)dx, (6)

where V' is the unique solution of (3). It can be explicitly computed in terms of the eigenelements
of the Dirichlet Laplace operator: let (Ag)ren be the eigenvalues of this operator, and (wy);eny an
associated orthonormal Hilbert basis of L*(Q2); Then

+oo

K(t) = Z aze M, (7)

k=0

where a; = (wy, 1) ({ , ) designates the inner product in L*(2)). Thus, K can be extended as a
continuous function on {t € C,R(t) > 0}, analytical on {t € C,R(t) > 0}. Besides, its derivatives
satisfy:

+oo
Vre N, KU(t) =) " ap(—Ap) e ™. (8)
k=0

3



As a consequence the following proposition holds true.

Proposition 1 K and its derivatives are monotonic and satisfy: lim KM =0 (K is totally mono-

tonic).
The aim of this section is to prove the following result.

Theorem 2 Let 2 be a C°°-smooth simply connected domain and K be the kernel as defined above
by (6). Then, there exists (cn)nG%N such that:

Vn eN, Vt >0, K(t) = Z CT/Ztr/Z + Oy o+ (t(n+1)/2>
r=0

where

2 S AR S
Co — S7 C1/2 = _ﬁL’ C1 = T, 63/2 = m . H(S) dS; Cy = E . I{(S) dS,

S is the area of Q, L is the length of 00, and k : [0, L] — R is the curvature of O as defined in
Equation (13).

Remarks

(i) In the case of a non simply connected domain, the coefficient ¢; becomes (1 — k), where k
designates the number of holes. In the same spirit, the coefficients c3/» and ¢y have to be
replaced by the sum of the corresponding terms for each hole in €2.

(ii) The assumption of regularity for €2 is essential. In the case of non smooth domains, the situation
is possibly quite different. See the examples in Section 2.4 below.

The proof is based on the boundary layer theory for the heat equation as exposed in Gie Jung
Temam [4, 5]. Also, note that there exist very similar results for the trace of e'® conjectured in the
seminal work “Can one hear the shape of drum” by Kac [9] and proved in Mac Kean Singer [11].
We first prove existence of such an asymptotic expansion for a primitive function of K. We then
prove that this expansion can be differentiated term by term to obtain the existence of an asymptotic
expansion. The first coefficients are then computed by comparison with the asymptotic expansion of
the disk, for which we obtain an explicit expansion at any order.



2.2 General smooth domains : asymptotic expansion for t — 0 of a
primitive of K
Gie and all consider in [5] the asymptotic with respect to e for the heat equation:
Ou® —eAu® = fin Q,
u® =0 on 05, (9)

u® =wug att =0,

for quite general data f and u® but satisfying the compatibility condition: uy = 0 on 9 (what they
call well-prepared initial condition). Obviously, our problem (3) is not well prepared, because 1 is
not equal to 0, even on the boundary So, let us introduce W defined on 2 x R™ by

Wz, t) = /0 t V(z,7)dr,

where V' is defined in (3), so that

vt e R, K(t) = 0, / W (z, £)dz, / K (r)dr = / W(z, #)dz. (10)

The function W satisfies
8tW—AW:11n Q,

W =0 on 01,
W =0 att =0.

This is a well-prepared problem of the form (9) with e = 1 and with very simple data: f =1, ug = 0.
Also, it is easily seen that:

Lemma 1 Vt € RT, Vo € Q, W(x,t) = tu'(z,1).
Hence, we are led to consider the asymptotic with respect to e for

Ot — eAu® = 11in Qx]0,T7,
u® =0 on 02 x [0,T], (11)
u*=0 in Qatt=0,

for given T > 0. We prove the following result.

Proposition 2 Let Q be a bounded C°—smooth domain. Let T'> 0. Then, there exists (En)nelJr%N,
where ¢ = ||, such that:

t 2n+3
Vn e N, Vvt € [0,T], / K(r)dr = Z Crpat™? + Oy sor (17F2).
0

r=2

7



Proof of Proposition 2 We prove the result when  is a simply connected domain of R%. The case
of a holed domain can be dealt similarly, but the boundary I' = 992 would have as many connected
components as the number of holes plus one, and it is a bit cumbersome, though not difficult, to
parameterize I'.

In the case without hole, I' can be parameterized by its arclength v : R — T', s = ~(s) in a way such

that:

7'(s) = i(n(v(s))) (12)
(we turn counter-clockwise around €2) where n : I' — R? is the normal vector to I' and i is the
vectorial rotation of angle 7/2. Then, the curvature & is defined by:

K(5)7'(s) = (no7)/(s). (13)

Remark In the case of a non simply connected domain, to maintain (12) the boundaries of the
holes have to be parameterized clockwise, whereas the exterior boundary is parameterized counter-
clockwise.

One can also define a principal curvature coordinate system on a tubular neighborhood €25 of I':

[Rx]0,6[» Tm X = Q; c Q
| (5,8) = y(s) — €n(r(s))

For small enough 6 > 0, X is a diffeomorphism. Besides, the Jacobian matrix and its determinant
are given by:

J(X)(5,€) = (V(5)(1 = &r(s)) —n(y(s))), det J(X)(s,€) =1 - &r(s).

We look for an asymptotic expansion for u° continuous solution to (3) in Q x [0,7]. According to
equations (200) in [5], u° can be approximated at any order n € N by an asymptotic expansion of
the form:

Uep+1/2 = Z <€j(uj +67) + 6j+%0j+%> : (14)
=0
where u° is the solution to (9);5 with ¢ = 0, that is u’(x,¢) = t. Note that the boundary layers "/

depend on e. Also, it is easily seen from Equation (204) in [5] that with our constant data ug = 0
and f =1, we have that for j # 0, v/ = 0 . So for convenience, we rewrite (14) as:

2n+1

Uepi1/2 = UO + Z ET/QHT/Q.
r=0



The boundary layers 8™/2 are defined as follows. Let us first introduce the functions & of the variables
(5,6,1) € Rx R™ x R™ L-periodic with respect to s, where L = |T'|, and defined recursively for

jeébe:
8,59 —620 = fiin R™ x R**,
9—90,at§—0
hm9—0 (15)
&%+x
6 =0att=0.
where 98:—u0, ég:Oforj#Oand
1 2j—2 i1k 2j—-1 ~ k
; — ko kapl™ 72 k k+1 -3-%
vj € 5N, = Zg (k:+1 00 > > kR0 . (16)

k=0
Remarks
(i) Equations (15) and (16) come from Equations (94), (210), (211), (212) in [5] In this reference,
these equations are written for ¢’ and f(s,¢,t) defined by 9]( 1) = (s 5_1/25 t) and
fi(s,&,t) = fj(s,e’lmf,t) instead of Ej and ]7] Note that for every j € ;N, ¢ does not
depend on ¢, while ¢ , and thus 6’ below, do. It is important for our computations below, and

thus, to prove Proposition 2, to have identified these functions @’ that do not depend on e.

(ii) Since we chose an arclength parameterization, g1 = 1, hy = h = 1 — k{ with the notations of
[5], a lot of simplifications occurs in (94), and therefore in all the subsequent formula in [5].

Let o : RT — R be a C* cut-off function such that ¢ =1 on [0,/3[ and ¢ = 0 on ]§/2, +00[. Then
we define the C°°—functions #’ on €2 by
07 (x,t) = 0(5)5‘7(3,871/25,25) where (£,8) = X () if z € Qs,
=0ifx € Q\ Q.
Our goal is to approximate / u°dz. So, we compute for fixed n € N:

Q
2n+1

/u5n+1/2dx —/udx+z 7’/2/0T/2dx
Q Q

2n+1

— St + Z "/2/0’/2@19;



For each term, we have:

L= | oo | U0 5.6~ r(s)E)dsde

>From Lemma 2.8 Equation (218) in [5] with m =k =0 and j + d = r/2, we see that

5/2 L 7 B
/ o(€) / (5,€,8)(1 — K(s)€)dsd = Onsolexp(—C ™)) (17)

§/3 0

uniformly with respect to ¢ € [0,7T], where C' is a positive constant depending on n, § and T, but
not on e. Hence, using the change of variable v = ¢/2¢ :

§/3 oL
/ o :/ / 7% (5,726, 1)(1 — w(5)E)dsdE + Oy (exp(—Ce™))
(9] 0 0

5/3e/ —_
= / / 7 /2(5, v, t)(1 — k(s)reV/?)el2dsdv + O._o(exp(—Ce™1)).
0 0
Then, reasoning as for (17), we deduce that

/Qﬁ”mdx = 61/2[7-/2(t) — &Jrsa(t) + O.o(exp(—Ce ™)),

where we have set:

—+o00 —+o00
L o(t / / 0 (s,v,t)dsdy,  Jp ot / / 0 (s,v,t)k(s)vdsdv. (18)

Note that these functions, do not depend on e.
Now we are able to finalize the proof. From Theorem 2.5 Equation (227) in [5], we know that the
error in the approximation of u® by u. ,41/2 is bounded as follows:
e msrj2 — Ul oo, L2y < Ce™
With (10) and Lemma 1 we thus get:

2n+1

¢
/ K(r)dr = t/ u'(z,1)dr = St + Z (L2 (ETTD2 — Jo (1)) + Oy o (172, (19)
0 r=0
=9/t + Z D2 — Jp(DEPF2) 4 Oy (1712).

After rearranging, we get the announced result with

|Q’ s 53/2 = Io(l),

o 20
Vr >4, o = Ip_3)2(1) — Jo—ay2(1). (20)

10



2.2.1 Term by term differentiability - Existence of asymptotic expansions for K.

Proposition 3 Let m € Z, M € N*, T > 0. Let H :]0,T] — R be a C* convex or concave function
M /2 (M+1)/2
such that: H(t) = Z oyt 24 O or (t ). Then

N-1
: - M
H'(t) = Z gartrﬂ_l + OO0 (271 where M = {m; J :

Proof Without loss of generality, H is assumed to be concave. Then, for any t €]0,7], h > 0,

() € lH(t—Fh})L—H(t)? H(t) _hH(t_h)} ;

in particular for h = t", where n =

m
+ 1, we get:

(21)

() € {H(tth”) — H(t) H(t) —H(t—t”)] .

tm ’ tm

Now, let us compute:

H(t +t") A Lo |
S R WL

nfl

+ Ot—>0+ (t :

_ Z 5! (g + Oor (t"1)) + O (8

M+1

_Z —pt2 T 4 Oy (17 7Y L O (E2 )

M , i M-1 , i
T M r M
= E Oér§t§71 + Ot_>0+ (t 2 ) = Oér§t§71 + Ot—>0+ (t 2 71).

Likewise:

Then, using (21), we conclude that H' admits the same asymptotic expansion.

Now, we are able to prove the first part of Theorem 2. Applying Proposition 3 to H (¢ / K(r)dr

which is a concave function (see Proposition 1) with m = 2 and M = 2n + 5, in view of Proposition
2, the following holds true.



Corollary 1 Let ) be a smooth domain and K the kernel defined by (6). Then:

n

Vn e NVE2 0, K(t) =Y ot + Oppr (tH/2),
r=0

where, the coefficients ¢, /o are defined by c,jo = (r/24 1) G211, the & 041 being defined in (20).

2.2.2 Case of a disk cross-section

In this section, we consider the case when Q = {z € R*; |z||, < 1}.

+oo
1
Proposition 4 (i) The kernel K is given by: K(t) = 47TZ —Qe’“kzt where the (jir),en- are the
— M
k=1
zeros of the 0-th Bessel function;
VLS wt?

(i3) Fort >0, K(t) =7 — 4wt + 7t + ?ti”/? + 5t Oor ().

Proof Let J; denote the i-th Bessel function, ¢ € N; the eigenvalues A\ of the Laplace-operator are
known to be the square of the roots of all these Bessel functions, with associated eigenvectors of the
form:

wiA(z) = (A; cosif + B;sinif) J;(V Ap)
where (p, 0) are the polar coordinates of .
It is easily seen that [ w; dx = 0 for ¢ # 0 so that only the eigenvalues of the 0-th Bessel function

Q
Jo remains in the series expansion (7) of K:
“+oo
2
K(t) = Za,fe’“k‘ L
k=1

Let us consider non normalized eigenvectors associated with the (ju),cn: (Jo(tap));en+- One can
compute for p > 0:

1To(o)lly" = 7 (Jo (1)* + Ty (1)?)
so that the normalized eigenvectors associated with the (p), oy are the (wy), o defined by: wy (6, p) =

J, 4
M; therefore, the (a,f)keN* are given by: a,”> = —72T So, Assertion (7) is proved.

VT 1 ()| 0

12



Then we remark that K may be rewritten as: K(t) = 7 (1 — Fy(t)) where Iy in a function introduced
in [6] Equation (2.7). The Laplace transform L£(K) of K, which obviously exists for all s > 0, is

therefore given by L(K)(s) =7 (é - £(F0)(s)) . Hence (See (2.1) in [6]):

e = (- S )

s 21 (V/5)

where I, stands for the v-modified Bessel function, which admits (see for instance [27] page 203) an
asymptotic expansion for large s at any order. Using your favorite formal computational software,
it is then easily obtained that

LK) (s) = Q(s?) + 05100 (57%)  where Q(X) = 7X* — 27X® + 7X* + %X5 + %XG.
On the other hand, we know from Corollary 1 that R5 defined by
5
Rs(t) = K(t) — P(v/t), where P(X) = Zr:o Ccrpa X"
is a C® function such that Réj)(()) =0 for j € {0, 1,2}, so that, by integration by parts,

L(Rs)(s) = 5L (RS) (5) = Ousioe (571

and thus £(Po,/)(s) = Q(s™?) 405100 (s7%). Then, using the formula £(t"/?)(s) = T (1 +r/2) s~ 7"/2,
we obtain by identification the announced result.

2.3 End of the proof of Theorem 2

We already know that co = S. To get ¢y/2, 1, €32, ¢2 We need to compute in some way Io(1), Jo(1),
Li2(1) Jij2(1), (1), J1(1), I3/2(1) defined by (18).

According to [5] Equation (134), the boundary layer §": can be written as:

0(s,6.t) = — /Ot erfe (%) dr (22)

2 too o
where erfc(x) = — e Y dy.
7

Remark Here, we use a different definition of the erfc function introduced in equation (135) of [5].

13



As éo does not depend on s, we get:

+oo
Iy(1) = L Iy, where Iy, = / / erfc ( > drdo, (23)

L +o00 v
Jo(1 —J,c/ k(s)ds where J,c—/ /erfc (—) vdrdw. 24
(1) = Joc [ (s : N (24)

According to [5] Equations (137)-(138)-(217), the next 0 are given by:
. +o0
0 (s, v,t) / / fi(s,y, T)N(v,y,t, 7)drdy, (25)

where the f7 are defined in (16) and

1 (v —y)* (v+y)*
N(v,y,t,7) = 2\/_m<exp( m)—exp <_4(t—r))>'

8" (5,0, 1) / +°o / / exp( 2) N(v,y,t, 7)drdrdy, (26)

L

L
Lo(1) = Lo, / k(s)ds and Jyjpe(1) = Ty / (s)2ds, (27)
0

400 400 2

Lo = \/—/ / / / = exXp ( ?") N(v,y,1,7)drdrdydv,
+oo +o0o 2

Jij2,e = \/_/ / / / = eXD ( r) N(v,y,1, 7)drdrdydwv.

The next boundary layer 0" is given by:

-1 Y ~1/2 9 70
0 (s,v,t) :/ / (/{(3)859 (s,y,t) + yr(s) 0l (s,y,t)> N(v,y,t, 7)drdy.
o Jo

In particular,

so that

where

In view of (22) and (26), 8" does not depend on s and 6" is equal to x multiplied by a function

~1
which does not depend on s. Thus, 6 is equal to x(s)? times a function that does not depend on s,
so that there are two constants I . and J; . which do not depend on (2 such that

L(1) :]170/0 k(s)3ds, Ji(1) = JLC/O K(s)3ds. (28)

14



Then, according to (25) and (16)

83/ (s,v,t) / / 291/2 (s,y,T )) N(v,y,t,7)drdv
+o00 . .
/ / (s,9,7) + yn(s)28§91/2(s,y,7) + y%(s)dﬁge{)(s, Y, T)) N(v,y,t,7)drdy.

~1 ~1/2
As 0 is equal to x? multiplied by a function independent of s, as 6 / to k multiplied by a function

~0
independent of s and as 0 is independent of s for the fourth term, there exists some function Fj/s,
independent of s such that

~3/2 too b a2
0 (s,y,t):/ /8520 (8,9, 7)N(v,y, t, 7)d7rdv + K(s)° F3 2 (v, t).
0 0

~1/2 . .. . . . .
As 0,0 / is L-periodic with respect to s, the first term vanishes when integration over s € [0, L].
Therefore, there exist some constant I3/, . such that

—+o00 L
I35(1) / / (s,v,1)dsdv = Ig/gc/ K(s)>ds.
0

L
However, this possibility to express all the coefficients via the k(s)Pds and some universal con-

~1/2 ~3/2
stants stops here: when computing J3/5(1), because of the term K020 / in k0 / which depends on s
via the factor kx”, we only obtain the existence of two universal constants J3/5 . and J§/27C such that

+o0 L~3/2
Jya(1) :/0 /09 (5, v, 1)e(s)vdsdy

L L
= J3/2’C/ R(S)4dS+Jé/276/ K'(s5)%ds.
0 0

Therefore, the next coefficient in the asymptotic expansion cannot be obtained only by comparison
with the expansion for the disks.
Let us conclude the proof. From computations above and from the Total Curvature Theorem, we

L
know that / k(s)ds = 2w, so we may conclude that
0

cip ==L Ip; o =47 (Liyjae — Joe) ;

L L
(ILC — J1/27C) / H(S)2d8; cy =3 (]3/2,C - JLC) / /{(5)3(13.
0 0

N TN | W

C3/2 =

15



As for a disk of radius 1, k is constant equal to 1 and L = 27. Then by comparison with the result
in Proposition 4, we get the announced values for these coefficients.

Remarks

(i) In fact it is possible, although rather technical to compute explicitly, at least, Iy, Jo.c, Ji/2.c,
J1/2,c-

L

L

(ii) Going on further, we would get for c5/» an expression of the form A/ r(s)*ds+B / K'(s)*ds.
0 0

As for a disk " = 0 the term A is also easily obtained by comparison with the expansion for

the disk.

2.4 Non smooth domain examples
2.4.1 Case of a rectangular section

If the section €2 is the finite interval |0, 1 or any rectangle |0, a[x]0,b[ (a,b € R7), the eigenfunctions
and eigenvalues of the Dirichlet-Laplace operator can be computed explicitly. For w =]0,1], the
eigenfunctions are wy, :  +— V2sin(rkz) with associated eigenvalues 7°k?, k € N*. Thus,

! V2
= dr = —— (1 - (=1)*
ag /o wi(z)dz lmr( (—=1)*)
so that the corresponding kernel K is given by:

+o0 +o0
1 2 2 1
Vi 0, Ki(t) =8) e ™ A —y ——
=83 e

k=—oc0
and that .
V>0, Ki(t)=—4 ) e @R,

k=—o00

By applying Poisson summation formula to the function u 26_”2(2“+1)2t, we deduce that
vt >0, Ki(t) 2 f Tk K 2 1 i( 1)k K (29)
= —— exp | imh — — | = ——= — — —1)¥exp | —— | .

7Tt1

Hence, for any € > 0,
—2
K{(t) = ——+ OO0+ (6_1/(4+€)t) .

Vit
16



By integrating, we obtain:

t
Kl(t) = 1 — 4\/;+ Ot—)O* (6_1/(4+8)t) )

Remark By noting that K/(t) = —4e™™"  (2nti, Axti) where 6 stands for the Jacobi f-function,
one could also state directly (29) by invoking the appropriate Jacobi identity.
Now, for Q =]0, a[x]0, b[, by separation of variables, one can easily deduce:

K(t) = abK,(a ?t) K (b~?t).

4 b 16
Proposition 5 V¢ > 0, Ve > 0, K(t) = ab — M\/Z—l— —t + Opyp+ (e /0491
T

VT
2.4.2 Case of an equilateral triangle cross-section

In this section the special case where (2 is the interior of the (equilateral) triangle with vertices (0, 0),
(1,0), (1/2, \/§/2) We prove the following result:

3 6 = 3k?
Proposition 6 (i) Vt >0, K'(t) = ~Ta + 43 — e Zexp (——> :
T Tt

) 20,5 >0, K0 = Y2 -6 [L 4B 0 (o (522 )

16t + ¢

Let us state some notations, facts and preliminary results. For each fixed pair (m,n) € Z?, we
introduce

Ommn = ((mj7 nj))lgjgﬁ = ((m> n) ) <m7 m— n) ) (_nv m— n) ) (_n7 _m> ) (n - m, _m> ) (n - m, n)) )

Emjin; = (—=1)*" which will be called the signature of (m;,n;) with respect to (m,n),
Lyn={(m,n),(m,m-—n),(—n,m—n),(—n,—m),(n—m,—m),(n—m,n)},
and L6

As a consequence of the construction of the pairs eigenvalue-eigenvector for the Dirichlet—Laplace
operator in €2, we have the following symmetry properties.

(m*+n® —mn) . (30)

Lemma 2 Y(m,n) € Z*:

17



(i) Vje{l,..,6}, m; #2n;, nj #2m; m; # —nj,n; #m; <= m#2n, n#2m, m#*—n,
n#m;

(i) Vje{l,...,6}, A, = Amns
(iii) 3 divides m+n = Vje{l,..,6}, 3 divides m; + n;;

(iv) Vk e {l,..,6}, L, =L, n, and either all the pairs of this set have the same signature with
respect to (m,n) and (my,ny), or they all are of opposite signatures;

(v) the integer mjn; (m; —n;) is independent of j.
As may be found in Grebenkov-Nguyen [7] and Pinski [22]:

Lemma 3 The eigenvalues of the Dirichlet-Laplace operator in €1 are the numbers A, ,, defined by
(50), satisfying the following additional conditions:

(i) 3 divides m + n,
(i) m # 2n, n# 2m, m # —n, n # m.

The associated complex eigenvectors u, , are then given by

2.

(mlvnl) E]Ln,n \/§

Remarks

(i) Asa consequence of Lemma 2 (iv) for given (m,n) and j, either U, n;, = Umn O Uy, n, =

_um,n
so that the six pairs ((my,n;)), ;< define (up to the sign) the same eigenvector.

(ii) At this point, we do not yet know the normalization of these eigenvectors.

Lemma 4 Let (m,n) € Z* satisfying Lemma 2(i)-(ii) and mn (m — n) # 0. Then / U () dr = 0.
Q

9

Proof of Lemma 4 Let us first compute each A; := / exp (? (mjxl + (2”j - mj) %)) dz.
Q

We easily get

Va2 [ e/ 2im 2im x
A; = / / exp (—( x1)> dzy | exp (— (m-xl + (2n; — m;) —2)> dy
’ 0 ( z2/V3 3 ’ 3 ’ ! ’ \/g
9V3 1 N 2im 2im
= m; —n;+njexp | —m; | —mjexp | —n;
872 myn; (m; —n;) \' 7 7 P\ 3 JEP\ T3
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where mn (m —n) # 0 and point (v) in Lemma 1 have been used.
: 2

ﬁmn (m —n) /Qumn(x)dx

2
Let us now introduce the notation I(p) = exp <7p) and let A, , =

We thus have
Apn= m—n+nl(m)—mil(n)
—n —mlI(m)+nl(m)+ml(m —n)
—m +ml(—n) —nl(—n)+nl(m —n)
+n —m+ml(—n) —nl(—m)
+n —ml(n—m)—nl(—m)+ ml(—m)
+m —nl(n —m) +nl(n) —ml(n)

Apn = (2n—=m) (I (m) - ( m))
+(n—=2m) (I (n) —I(-n))
+(n+m) (I (I(m—=n)) = I(I(n—m))

so that

A = 2 ((Qn _ m)sin (%%) + (n — 2m) sin (%%) + (n +m)sin (%” (m — n))) |

Now, taking into account that 3 | (m + n), there exists k € Z such that m = 3k — n. Substituting
m = 3k —n in A,,, and using oddity and 27 —periodicity of sin we get then

2
Ayn = 2isin (gn) (3k —3n +3n — 6k +3k) = 0.

The lemma is proved.

As shown in Pinski [22], the case where mn (m — n) = 0 corresponds to the case of simple eigenvalues.
In this case, in view of the symmetry statements of Lemma 1, we may always chose n = 0 and m = 3k,
k € N*. Then according to Corollary 2 in Pinski, a possible choice of associated eigenvector to Ak
is v3y0 defined by:

Vo) = sin (47:;?2) +sin (%k (xl - %)) + sin (27rk (1 — - %)) .

With easy computations, we get the following results.

3v3 3v3
Ar k U3k}0<x>2dx = T

Lemma 5 Vk € N, /ng o(x)de =
0
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Now, we are able to prove the proposition.
Proof of Proposition 6 According to Lemmas 3, 4, 5 we get for ¢t > 0

3v3 X1 1672
K(it)=2YX2N" = By =5
®) 27r2k:1k26Xp( 3 )

and thus, for ¢ > 0,

K’(t)——sﬁfex ) — 4B - av3 f oy (167,
- 2P\ = p(——Kt).

k=—o0

Then, with Poisson resummation formula we get

3 = 3k21\ V3 3 6 = 3k2 1
Kt =4v3— —= 3 ex (___>:_____ x (___).
Q vt k_z_:oo P 16 t 4 rt kz_; P 16 t
Hence, we proved (i); we get (ii) by integrating (i).

Remark As in the case of a segment/rectangle, one could rewrite K’ in terms of the Jacobi 6-
function, by noting that K’ (t) = 4v/3 (1 — 0 (0, 16xti/3)).

3 Additional properties and remarks about the kernel

3.1 Coercivity

In this section, we consider a kernel K : Rt — R satisfying the following hypotheses.
Hypothesis 1

e K(0) >0, K is a decreasing function;
o K € L'0,+00);

o K is continuous on RY, piecewise C' on RT*.
Hypothesis 2

o t = t3K(t) is bounded.
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Remark As it can be easily checked in Section 2, all kernels considered in the present paper satisfy
these hypotheses.
Consider £ : L*(0,+00) — H;(0,00) defined by

t
Vf € L*(0,+00), Vt € RT, L(f)(t) :/ f(r)K(t — 7)dr,
0
and for T > 0, A: L*(0,T) x L*(0,T) — R defined by
T
Yu,v € L*(0,T), A(u,v) >—>/ (Lu) vdt.
0

The aim of the section is to prove that A is continuous and coercive. A discrete version of this proof
was given in the first part of this paper [3]. Continuity and invertibility of £ were already proven
for C* domains € with another approach, in [20] (Theorem 4.3) and [21] (Theorem 2.11); coercivity
was also proven with another approach in [14], along the proof of Theorem 6.1. These results allow
to prove to the well-posedness of the continuous model of [14]. In this section, we prove two results
about the operator £ defined by (2), using only the properties of the kernel K and of its Fourier
transform. The proof follows the lines of [10].

Lemma 6 Under Hypothesis 1, L is bounded, invertible with a bounded inverse.
Proof First note that Hypothesis 1 implies that K € W(0, +c0) and that ngrolK = 0. Then, as
for f € L*(0,+00), ||Lfllz2 < ||K||z1||f]|z2 and as for smooth functions f with compact support in
10, +ool, (Lf) (t) = K(0)f(t) + /t K'(t — 1) f(7)d7, we have that

0

LY e < KO A2 + 1K el 1]z < 2K O)I1f ]2

This proves that L is continuous.
Now, let g € H}(0,00). By Paley-Wiener theorem, the Fourier transform § of g satisfies:

n = sup {3l 2(5 e + 19l 23 @ 2 0} < +oc,

Let us denote, for ¢ < 0,£ # 0:
n 2mi§ g(&
fley= T 09
K(0) + K'(¢)
Since K(0) + K'(§) = K'(t)(e™" — 1)dt, the real part of the denominator is positive when
0

& #£ 0,36 < 0. At this point fAis just a notation: our goal is to prove that fAis indeed the Fourier
transform of some f € L*(0 + co).
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Now, on one hand, as K’ is a continuous function which tends to zero when || — 400, there exists

M > 0 such that, for ¢ > 1, |K(0) + K'(€)] > mee.
On the other hand (note that Hypothesis 1 implies that lim ¢K(¢) = 0),

t—+o0

“+o0o +00
dt = — / (Ot = [ K()dt > 0.
0

0

K(0 [/5 +o00 —2mikt 1
i KRG _ iy [ g 1

£—0 2mi€ -0 J 2mi€
As a consequence, there exists mgy > 0 such that, for |¢| < 1, )K(O) + [/(\’(ﬁ)‘ > my |2mig].
Therefore, we have, for a > 0,

~ 1. . 1~ n
[ fllz2®—ia) < EUHQHLZ(R_M) + — gl 2®=ia) < (31)

Moo min {mg, Moo}
Hence, f is a well-defined function of L*(R). According to Paley-Wiener theorem the support of f
is a subset of [0, +oo[. Hence, f € L*(0,00) and ¢/(€) = f(€) (K(O) + l?(g)) As a consequence:
/0= KO0+ [ FrR' - ndr

As g(0) = 0, we can conclude that g = L£f. As (31) also implies the continuity of £7, this concludes
the proof of the lemma.

Proposition 7 Assume that Hypotheses 1 and 2 hold. Then, A is continuous coercive.

Proof Continuity of A is a direct consequence of continuity of £ and Cauchy-Schwarz inequality.
Let us prove coercivity.
Let u € L*(0,T). We extend u by zero outside [0,7]. By Cauchy Schwarz inequality: ||i]s <

VT||u| 2. Therefore:
HAT -
[t < S,

—1/4T
so that, letting Ry =R\ [-1/4T,1/4T, we get

1 +1/4T
/rm%Tz—mmgz/‘ aldr.
Ry 2 —1/4T
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Then

Au,u L) 2oy = (L), u) ey = (K(0)u + K % u, u) 2wy

) = ((Lu)
_ /R @P(K(0) + B7)dr = /R APR(K(0) + K')dr

> [ EPR(C0) + Rdr > nt R 0) + B [ [apar
Rp T R

1 —~
> —|lull?. inf R(K(0) + K7)
2 Ry

M M

As / K (t)dt = [tzK(t)]éw — 2/ tK (t)dt, we conclude that ¢ — t*K’(t) belongs to L'(0, o).
0 0

Now, as in the proof of the preceding lemma,

— oo oo
K(0)+ K'(¢) = —2m‘§/0 tK'(t)dt — 27r2§2/0 2K (t)dt + o(£?)

As consequence: %ﬂ R(K(0) + [/(\’) > (C'min {1, T’Q} > 0. Hence, we have proved the coercivity.
T

3.2 Remarks on the periodic case and on the slowly varying case

In the current paper, we deal with the transient regime of fluid motion in (networks of) thin tubes.
Two other regimes have also been studied : the periodic® (with respect to time) case [28, 13, 24, 8, 17]
and the transient slowly varying case [16]. As shown below, these two cases can be seen as limits of
the transient case, so that the properties of the kernel K and its suggested approximation may be
useful for these two other situations.

3.2.1 Periodic case

Let us recover the time-periodic regime by considering the initial-boundary value problem with given
T-periodic pressure drop (T > 0). In what follows we prove that in this case the flux asymptotically
approaches the time periodic regime. We give the Fourier coefficients expressing them via the Fourier
transform of K (extended as zero for negative values of time).

Let p € L7, .(R) such that p(t) = 0 if t <0 and p(t + T) = p(t) if t > 0. Then, p € L*(0, M) for any
M > 0. Hence, Lp (L is the operator associated with K, just like in (2)) is well-defined on arbitrary
large intervals. Furthermore,

T n—1

t
Vt e RY, Vn €N, Lp(t +nT) = / Z K(r+rT)p(t — 7+ T)dr + / p(t — 1)K (7 4+ nT)dr.
(— 0

'Notice that the stationary Poiseuille flow [23] is a particular case of the periodic regime.
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Introducing

+o00 +oo
1 . ,
Kr:te ) K(t+rT) == >~ K (quo) '™ (32)
r=—00 q=—00

2T
where wy = T (the second equality is Poisson summation formula), we get:

T T +oo t
Lp(t+nT)— / Kp(m)p(t—7+T)dr = / Z K(r+rT)p(t—7+T)dr +/ p(t—7)K(T+nT)dr.
0 0
(33)
Now, in view of (8), the sequence of functions ¢ — K (¢t + 1) converges exponentially to zero in
W1(0,T), as r — +oo. Hence using (33) and its derivative with respect to ¢ together with Young’s

inequality, we see that the sequence ¢ +— Lp(t + nT') converges to ®p in H'(0,T), when n — +o0,
where:

T
Or it / Kr(1)p(t — 7)dr.
0
T

1 )
Let us denote by ¢,(f) = T/ f(r)e ™7 dr, q € Z, the Fourier coefficients of f € L?(0,T). On

0
one hand, we have that: ¢,(®r) = T'c,(Kr)c,(p). On the other hand, by comparing (32) with

“+oo .
Kr(t) = Zquoo cq (Kp) e,
we get that
1
Vg€ Z, cy(Kr) = =K (woq) / K (t)e ™ot qt,

Hence, the coefficients (T'c,(K7))4ez = ([?(on))qez are the complex admittances as described by
Womersley in [28].

3.2.2 Slowly varying case

Assume that p is a slowly varying function. What follows shows that the flux ® = Lp is also slowly
varying. More precisely, let P : R — R be a fixed smooth function such that P =0 on | — oo, 0[ and
p(t) = P(et). Then:

P(te™!) = / K P(t —es)ds.

Using the Taylor expansion of P at ¢, we get:

+0o0

=2 P(?!(t) (-1 [ K(s)sds + O™
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Now, let (V(_”)) be defined by V® =V, where V is the solution of (3), and

400
vn e N, V" D(x 1) = —/ VD (2, 8)ds.
t

Then, integrating by parts n times, we obtain:

n!

+o0 () (_1)71 400 . Cne)
Vo e Q, Vi (x t)dt = t"V (z,t)dt = =V (0).
0 0

Since V' solves the homogeneous heat equation , so that vt — AV Hence:

—1)i [o° ' 1y - | |
( ') / K(S)S]ds — ( ') / / V(:L‘7 t)tjdtd'm — _/ A_]_lld.f
J: 0 7! oo ;

where A stands for the Dirichlet-Laplace operator.
So, we recover the asymptotic expansion used in [15] (equations (3.3) page 136).

4 Approximation of the operator relating the pressure drop to
the flux

This section is devoted to the approximation of the operators £ defined in (2). All along this
section we consider ¢ in a fixed bounded interval [0, 7], T' > 0, and C'is an arbitrary positive constant
(which does not depend on the parameters of discretization, h and k) so the value of C' can change
from one line to the other.

The kernel K is assumed to satisfy:

(i) Vte0,T], 0< K(0)— K(t) < Ct'/2

Note that for C*°-smooth domains €2, Theorem 2 implies that this assumption is fulfilled, while
Propositions 5 and 6 imply that it is also true in the rectangular and triangular cases.

4.1 Finite space elements

Let (Sh),~( denote a family of space of discretization, (73),., the associated family of approximations
of —A™!, the opposite of the inverse of Dirichlet-Laplace operator, such that: Tj, : L*(Q) — S), C
L*(Q). For each T}, we assume that:

(ii) 7y, is self-adjoint, positive semidefinite on L*(Q2) and positive definite on Sy;
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(iii) there exists r > 2 such that:
Vs € [2,7], Vf € HH(Q), [I(Th + A7) fll2 < CR7| f]

Hs—2.

Example of finite element methods satisfying these conditions are described in Thomee’s book [26]
(most notably, P"~!-elements over quasi-uniform triangulations with boundary conditions dealt with
Nitsche method when r > 2).

4.2 Approximation of the initial condition

Consider P*-elements on a given triangulation 7. Let U be a function which is affine on each triangle,

equal to 1 at the vertices inside €2, and equal to 0 at the vertices on 0€2. Then: / Lio<v<nydz = O(h),
Q

that is /(1 —U)%dz = O(h), ||[1 = Ul|z2 = O(h'/?).
0

As discrete initial condition for our schemes, we use V), the orthogonal projection of 1 on Sj,. Since
V" and 1 — V" are orthogonal, we have:

/ﬂ (1 — V}?) dr = /Q(l —V2)de < /Q(l —U)?dz,
o /Q (1- V) de = /Q (1 V2)de = O(h). (34)

Note that if Nitsche method is used, then V;? = 1 € S,.

4.3 Space discretization

In this section we present semi-discretization (with respect to the space variable) for (3). We then
introduce the associated approximate kernel K, and obtain a priori estimates for it. Note that
from (34), K,(0) — K(0) = O(h). Let A, =T, '. We consider the following semi-discretization:

Vh(t) = e_tAthO.

As 1 € L*(9), according to Theorems 3.4 and 3.5 (with s = 0) p.46 in [26], with (i)-(iii), we have,
for C*°-smooth Q (weaker regularity could be enough):

IV =Va) () Iz < Ch'E2, (|8, (V = Vi) (t) |2 < CRE2 7 (35)
Let us introduce the approximate kernel K} by letting

Kn(t) = /Q Vi(, )de.

We prove the following estimates.
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Proposition 8 Assume that assumption (i)-(iii) hold. Then:

|K — K| (t) < Ch7t772;
T ,
/ K (t) — K (8)]dt < Ch#r,
0

Proof The first estimate is obtained by integrating(35); over €. Let us prove the second one.
Let An1,..., AN, denote the eigenvalues of Aj; arranged in ascending order, and wp1,...,wp N,
denote the corresponding eigenfunctions, normalized with respect to the L? norm. As T}, is self-
adjoint, we choose an orthonormal system of eigenfunctions. Let as; = (wy,;, V}') = (wy,;,1) (the
last equality holds because V}? is the orthogonal projection of 1). Then:
Np
Ku(t) =) _ap et (36)

j=1

As K, and —Kj, are positive and decreasing, using also the second inequality in (35) we have

T T T
vr e [0,7], / K, — K'|()dt :/ |K,Q—K'\(t>dt+/ /Gt(Vh—V)(a:,t)dx dt
0 0 T Q

< —/T (K (t) + K'(t))dt + Ch" /Tt—T/Q—ldt
< K (0) — Kn(r) + K(0) — K(7) % Chrr—"72.

As V}) is the orthogonal projection of V'(.,0), K,(0) = ||[VY||,, < [IV(, 0)]| = = K(0) so that

2
Iz

Kn(0) = Kp(1)+ K(0) — K(7) =2K(0) = 2K (1) + K(7) — Kp(1) < 2(K(0) — K(7))+ |K — K| (7).

Using assumption (i) and the first estimate, we conclude that for all 7 € [0, T7:
T
/ K. (1) — K'()|dt < 7Y% + Chr/2,
0

Choosing 7 = hr%, we get the announced result.
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4.4 Full discretization

Let &k > 0 be a time step such that N, := T'/k is integer, and let for all n € N, t,, = nk, bng1/2 =
(tn + ZfnJrl) /2'

In this section, we consider a family of schemes for (3) associated to the former semi-discretizations,
that may be of order 1 or 2 with respect to time. We then introduce the associated approximate
kernels, and get a priori estimates relating the approximate kernels corresponding to the fully discrete
schemes to the ones corresponding to the semi-discrete schemes. These estimates are used in the
next section to prove convergence in the W' norm for these approximate kernels.

4.4.1 General setting

We consider full discretizations of the form:
Vhrfk - Fn(_kAh) Vf?7 (37)

where F), are functions satisfying the following properties: there exist three constants & > 0, p €
{1,2}, £ €]0, 1] and two functions f and c:] — &y, 0] — R such that

Fu(€) = () f(&)" + Oprioo(e™)  uniformly in | — &, 0],
Fo(&) = Opsioo(e™) uniformly in | — 0o, —&,

f(§) = e + O&HO(fPH)a c(§) =1+ O¢0(E").

The first three equations are stability conditions, the two equations on the fourth line express con-
sistency of order p of the method.

For instance, by choosing & =1, p=1,e=1/2, f(§) = (1 - &) c=1,and F,(§) = (1 — &))", we
get the implicit Euler method.

The second order Backward Difference Formula (BDF2) initialized with the Implicit Euler method:

{ F=1F(=01-9",
Vn > 2, (3 = 2§)Fyp2(§) = 4F,11(8) — Fu(§),

may also be written in this form (38) with & = 2/5, p = 2 and ¢ = 2/3, and with

Fo(§) = c(§)f(§)" + d(&)g(8)",

where for £ €] — &, 0]:
24T
32

2 — T+ 2¢

, 9(&) = 3%

f(€)
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f(&) —g(8)

2
It is then easily seen that |d(£)g(&)"| < C §> . The verification of the third condition in (38),
which is not trivial, is postponed to the Appendix.

4.4.2 A priori estimates for the discrete kernel

According to Theorem 7.2 p.117 in [26], for one-step schemes, and C*°-smooth (weaker regularity

could be enough) domains:

Vi = Va(ta)ll2 < CRPEP ||V (39)

Iz

This is not enough, we need an error estimate on the time derivative of V. >From (38), there exist
& >0, p e {1,2} and € €]0, 1] such that:

VE €] = &,0, et = f(&)] < Clel, (40)
VE €] =&, 0], [f(E)] < e (41)

Besides, one may always choose ¢ sufficiently large to satisfy
Ve €] — o0, &), e <e. (42)

Let us prove the following estimate relating the time derivatives for the full discrete scheme and the
semi-discrete scheme.

Lemma 7 Assume that the hypotheses of Section 4.4.1 hold; assume that

tn 2
%= e In(1 4 kXpn, ),
then: 1
HE (Vhﬁl—l—l _ Vhr?k:) - 3ch(tn+l/2) S Ok‘pt;p_l'
.2

Remark For quasi-uniform triangulations, A, y, = O(h™?). Hence, the time interval where the
bound is not valid is small.
Proof We use the notations of Section 4.3. Then

Np,
Vit = Vit = kOVi(tasap) = Y ang (Fnﬂ(—k)\w) — Fu(=kAn;) + kAh,je_(n%Wh’j) wh,; (43)

J=1
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We have to discuss the contribution of each term in the sum, according to whether —k\ ;
or not.
For 0 < £ < &, from, (38) we have that

Fr1 (=€) = Fo(—€) + ™28 = (=€) f(—€)" (F(—€) — 1) + €&~ DE 1 O (") .

n—1
Using the identity a™ — b" = (a — b) Z aryrl

r=0

—_

n—

F" —e™ = (f(=8) —e9) p_ f(=gye "

T

Il
=)

so that, with (40) and 41:
|[F(=€)" — e < O e 35,

€]

— &, 0]

(44)

Also, with the last two assumptions in (38) and Taylor expansion for e= — 1+ &e~/2 and p < 2, one

easily gets:

|e(=€) (F(=8) = 1) + ge73¢| < ce?,

while from the fourth point in (38), we have

[f(=6) - 1] <&

Hence

‘ (=8) ) ( (_f)—1)+§e_(”+%)f‘

f(=
(e(=) (£(~) ~ 1) + E75%) € 4 o) (f(~€) ~ 1) ()" — )|
C’SpH _"5 + CEP2ne” 3¢,

IA I

Since the functions z +— z°Tle™®

for 0 <& <&
‘C(—f)f(—f)n (f(=§)—-1)+ 56—(n+%)§‘ < CgPtle ™ 4 CgPtine 3¢
C [ an
< — '

For £ > &, using the third assumption in (38) and (42), we get:

Fusa(—8) = Fal ) + 60 < Cen (14+6).

30
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and z — 2°72¢7%/% are bounded on R, we can conclude that



In(1+¢)

But, as we assume that n > 2 , (14 €)e™? < 1, this implies

Ine!
—(n+1 n n C s
Fuin(—€) = Fa(=€) + € 0H9¢| < Cen/? = o (net1en?) < o = O (46)
~From (43), (44), (45), (46) and " < 1/n”™" we conclude that
N, 1/2
Vit = Vit = 0iVi(tnga o)l 2 < KPHHP7HC <Z ah2,j> < k|| V| L -
=1

O
Let us now introduce an approximation of the kernel based on a full discrete approximation of the
form (37)-(38) of V. So let K}, be the continuous function on [0, 7], affine on each [t,,, t,41], defined
by:

Vne{Q“wNﬁ,K%ALJ:1£¥QA$Mx. (47)

As Voh is the orthogonal projection of 1 on Sy, similarly to (36), we also have

Np

Kh,k(tn) = Z aj2»7th(—k>\j7h).

j=1
Proposition 9 Assume that the hypotheses of Section 4.4.1 hold. Then

| K po(tn) — Ku(t,)| < Okt

it 2
K o (tng12) — K (tnsry2)] < Ckrt1=F Zf% > —Eln(l + kAnn,);

t 2
| K (t) — Kn(t)] < Cht ™! ifE > e In(1 + kXN, );

r t 2
/ |K}, (1) — K (7)|dT < Ckt™? sz > e In(1+ kApn,)-
t ’ n

Proof The first assertion is obtained by integrating (39) over €2, the second one by integrating the
estimate of Lemma 7.

Let us prove the third one. From (36), it is easily seen that —Kj is nonnegative and K, is convex
and nonnegative. Thus:

Kn(0) — Ku(t) _ Kn(0) _ K(O)'

t -t t

0<—K(t) <
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Then, using the concavity of K}, we get:

K3, () — Ki(t/2) _ —KG,(t/2)
t/2 =T

0< K)(t) < < 4K(0)t 2 (48)

Now, on each |t,,t,.1[, using the second inequality of the proposition with p = 1 for the first term,
the mean value theorem and (48) for the second one, for ¢, > —2kIn(1 + kM, v, )/ Ine we have:

| (KGx = K3) (O] = [ Kk (tnsry2) = KR ()] < (K = K (bugag) | + [KG(1) = K (taga2)| - (49)

<
< Ckt™2 + Ckt™2.

But from the third assumption of (38) and (47) lim K, = 0 and from (36), 1+1m K, =0, so that, by
integration from t to +o0o0, we get:
| K n(t) — Kn(t)| < Cht ™.

The fourth inequality follows by integrating (49) on [t, T].

4.5 Convergence of the uncorrected scheme

In this section, we prove convergence in W''(0,T) of the approximate kernel, when suitable first or
second order in time schemes are used to solve problem (3) numerically.
Let us make the additional assumption on the time discretization:

VneN, V€ <0, F,(&)=f(&">0. (50)
The implicit Euler method and the second order method defined by

o (9 (59
satisfy this condition.

Let us describe how to construct a scheme satisfying (50). Consider a one step scheme corresponding
to F,(z) = f(z)" and satisfying hypotheses (38), but not (50). Then the scheme defined by F,(z) =
Fo.(z/2)? = f(x/2)*" satisfies both (38) and (50), since f(z)* > 0. This corresponds to taking
a one step scheme over two half-time steps: wuyi1/2 = f(=KkAn/2)Un, Unt1 = f(=kAR/2)Uni1/2 =
f(—kAh/2)2un

Remark Note that such a procedure would not work for BDF2 since it is a multi-step scheme.
Hence, the result of this paragraph does not apply to BDF2 unless it is corrected for small times as
it is shown in the next section.

Now we are able to prove the following convergence theorem for the approximate kernel.
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Theorem 3 Assume that assumptions (i)-(iv), (38) and (50) hold, then for sufficiently small k,

T
| 1Kt = Kol < C,
0

2 2r
here h = k7 and = min { — .
where and [ m1n{3,7r+1}

Remark Hence, for sufficiently large «y, the method is of order 1/3 in time.

Proof Assumption (50) yields that K, is decreasing and positive: indeed, from (38), |f(£)] <1
for € € [—&,0] while for € < —&), F,(€) = O (") = |f(€)| < CY"e < 1 for n large enough, so that
for all n:

Np

K i (tn Zag nf (=kAjp)" = 0 and K ) (tns1/2) L Za] nf (=EXin)" (f (=kAjn) — 1) < 0.

7=1

Thus, reasoning as in the proof of Proposition (8), we get:

/OT |1, (8) — K (8)|dt < K, (0) — K i (1) + K3 (0) — Ku(7)
< K x(0) — K, (0) + | K (1) — Kp (7))
+ 2(K,(0) — K(0)) + 2(K(0) — K(1)) + 2(K (1) — Kp(1)).

2
The first term on the right is 0; from the third inequality of Proposition 9, for 7 > —k:l— In(1 4+

kAnn, ), the second term is bounded by Ck7~'; the third one is non positive; from hypothesm (i) the
fourth one is bounded byC7’2 from PI‘OpOSlthIl 8 the last term is bounded by Ch"7~2. We thus get

[ 1RG0~ K0l < € (b4 7 g )
0

2
Now take 7 = k*, and k sufficiently small, then 7 > —k’l— In(1+ kM, ). Together with the fourth
ne

inequality of Proposition (9), this proves the announced result.

4.6 Convergence with correction for small times

In this section, we also assume that the asymptotic expansion for the corresponding kernel obtained
in Section 2 (Theorem 2) holds for K. This is case when Q is C*°-smooth and simply connected, but
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weaker regularity may be enough. These expansions are used for small times in order to improve the
convergence rate.

2k

For p € {1,2}, summing up the second inequality in Proposition 9 , for 7 > I In(1 4 A, ) we
ne

get:

+oo
kY K i(tsie) = Kj(taap)| <k > CkPtP < CkP / Pt < CkPr7;
T<tn<T T<tn<T T

Let us define:
K k(1) ift>71

th:T(t) = §3/2 s2 (L t .
T Kni(m) + {S—QL\/7+7TS+ v o ( )2ds + 1_6 K<8)3d8:|7- ift<r

Then, for m = 5/2:
/|Kh,” — K'(t \dt<C/ tmide < O™

Theorem 4 Assume that assumptions (i)-(iv) and (38) hold, then for sufficiently small k,

[ 1K ® = KOtk 3 |Kielaine) = K ea)] < CH™

T<tn<T

2r
m+p’72m—|—r

where | = min{ } and T = k*.

The proof is the same as in the previous section.
Remarks

(i) Hence, if 7 is chosen sufficiently large, for p = 2, the method is of order 10/9 > 1 in time.

(ii) In particular, this theorem can be applied to the corrected implicit Euler and BDF2 schemes.

4.7 Link with 0(k)

N 1 tna1 5 1 tni1
Let us take K,, = Z K .- (t)dt for the uncorrected scheme and K,, = % Ky, 1, (t)dt for the
tn tn
tn+1

corrected scheme. In the first part [3]| of this article, we introduced K, = K(s)ds and

k tn

9(]{7):|K0—K0|—|— Z |Kn_Kn—1_Kn+Kn—l|~

0<nk<T
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We also have
Ky — Ky, = k/l K'(k(n + £))(1 — [f])dt = k:/l(K’(k(n 1)+ K (k(n— 1) (1 —Ddt.  (51)

Theorem 5 Under the assumptions of Theorem 3 or those of Theorem 4, we have:
0(k) < CE™

with m = 1/2 (e.g. Implicit Euler without correction) or m = 5/2 (e.g. Implicit Euler and BDF?2
with correction).

Proof Let’s first deal with the corrected scheme. First, as for (51), when ¢,, < 7:

~ ~ tnt1 1
O R O D S [ S L
th—1

O<nk<rt O<nk<t ¥ 'm

< 2 /O T\K,;M(t) — K'(t)] dt.

Then, for t, > 7,

- - 1
Ky — Ky — kK,<tn) =k 9 (Kllz,k(tnflﬂ) + Ki/z,k(tn+1/2)) - K/(tn)
1 1
<k B} (K (tne1y2) + Kp g (tasry2)) — §(K/(tn—1/2) + K'(tpi1/2)
1
+k 5 (Kl(tn_l/g) + K,(tn+1/2)) - K/(tn) .
As,
1
‘§(K/(tn1/2) —I— K/(tn+1/2) — K/(tn) S k’2 sup |K(3)| S Cl{?Qt;E)/Q,
[((n—=1)k,(n+1)k]
we thus get
. . 1
K, — K, — kK'(t,)| < 5 ‘K}/Lk(tnfl/Z) — K'(tn—1/2) + K}, 1 (tng1/2) — K/(thrl/Z)‘ + CK3t, %2,

Similarly, |K'(k(n + 1)) + K'(k(n +t)) — 2K'(t,)| < Ck*  sup  |K®)|, so that
[(n—1)k,(n+1)k]

K, — K,y — kK'(t,)] < Ck3t,, 752,
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Hence

Z ‘Kn - n—1 _f(n+[~(n—l|
0<nk<T

<2 / K} ()~ K'@®lat+C Y ke,

0 T<nk<T

3
5D ey Bhkr (tnmaje) = K (tacryo)| 4 [KG (g j2) = K (b 2)|

With Theorem 4, and Z k3t, %% < Ck*773/%, this proves the result.

T<nk<T
Let us now consider the case of an uncorrected scheme. We have, in the same way:

T
K- Ky — Ky — K| < 2/ | K} . (t) — K'(t)| dt < Ck™.

0<nk<T 0

Now, one needs to bound | Ky — Kol:

| Ko — f(o| <|Kn,—1 — f(Nk—1| + Z |K,, — Koy — K, — Ky,
0<nk<T

so that from the error estimate of the trapezoid formula error:

- | 1
Ky, 1 — Ky, 1| <k sup |K"|+ = |Kpp(T — k) — K(T — k)| + 3 | K x(T) — K(T)|

(T/2,T] 2

Hence, (39) and (47) yields:
‘KNk_l - KNk—1 < Ck2+ CT Pkl + CT P21,

All these terms can be bounded by Ck™" for sufficiently small k. This completes the proof of
theorem. O

We conclude this section, by proving that the conditions on the discrete kernels for convergence and
stability of the schemes in [3] are satisfied by the discrete kernels presented in this paper.

Proposition 10 If the hypotheses of Theorem 3 are satisfied (e.g. Implicit Euler without correction),

tn+1

then (% Ky (t)dt),, and (Kpx(tn))n satisfy Lemma 4 of [3].

t"
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Remark Using proposition 2 of [3], this proves that the scheme presented in equations (1.8-11) and
(3.26) of [3] with W =1 is unconditionally stable.

Proof
Np
Kpi(tn) — 2K (thy1) + Kpi(ts n
U i L) = 20} £ Bnillos) 522, i (—Asa) = 1) 2 0
j=1
Np,
Besides U,+1 — U, = Za§7hf(—k)\j7h)”(f(—k)\j’h) —1)> < 0. Hence (U,), is nonnegative and
j=1
decreasing.
For sufficiently small &,
3T/4 3T/4
K, (t+T/4) - K (t)dt > E = ~ K'(t+T/4) — K'(T)dt.
T/2 T/2

Hence, there exists t,1/2 € [T/2,37/4] such that (T/4)|K}, ;(tns1/2 + T/4) — K} 4 (tngay2)| > E.
E
Hence, there exists t, > 1'/2 such that (T7'/2)U,_; > ——=. We conclude that, as (U,,) is decreasing,

T/2
T E Unp +Upa
fOI‘tnS§7 Un24ﬁ and ——— >

For the scheme presented in [3], Section 3.4.2, we prove the following result.

E
4ﬁ. This concludes the proof.

Proposition 11 If the hypotheses of Theorem 3 are satisfied (e.g. Implicit Euler without correction),
and if we take K,, = Kj, ;(t,) or K,, = Kj, ;(tn41), then the conclusions of Theorem 5 also hold.

Proof

tn+l tn
> Knkltn) = Knp(tar) — K i (2)dt + K (t)dt]
0<tn<T tn tn—1
_ Z ‘Kh,k(tn—l) — 2K 1 (tn) + Kh,k(tn—o—l)’
2

0<tn<T

_ Z K p(tn-1) — 2Kk (tn) + Kp (i)

0<tn<T 2
Kk (0) — Kp i (k) B Kpp (T — k) — Kni(T)
2 2
K — Kup(k) 1 (* 1 ("
02 Bl < 2 ka0 - w0l 5 [ Iw @l
0 0

< CkM? + CkY?,

IN

Using Theorem 5, we get the announced result.
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5 Numerical results

In this section, we test the schemes designed in the previous sections. As it was predicted above
theoretically, we observe convergence. We also compare the theoretically predicted convergence rate
with the one obtained in numerical experiments. This experimental convergence rate is better than
predicted by Theorem 5.

Figure 1 presents the graph of function V' for small values of time. One can observe that the leading
term of the deviation to 1 essentially depends on the distance to the boundary of the domain. It
motivates the application of the boundary layer theory.

Analysing 2 and 3, one can observe the following three regimes of behavior of the error of approxi-
mation of the time derivative of the kernel K:

e the initialization regime for small times the multistep BDF2 scheme, when the hypotheses of
Lemma 7 are not satisfied;

e the discretization error regime, when the results of the previous section are applicable;

e the rounding error regime, when the rounding errors dominate and the error fluctuations become
important.

The numerical results show that when the time discretization error dominates then the error of
approximation of the time derivative of K is:

e proportional to k¢~ for the implicit Euler scheme (with a factor of proportionality of about
0.37);

e proportional to k% ~%/2 for the BDF2 scheme (with a factor of proportionality of about ~ 0.58).

Note that these convergence rates are better than those predicted by the estimates of Lemma 7.
Similar observations can be done for the regime when the discretization in space error is domi-
nant, although in this case the experimental convergence rate is more equivocal and closer to the
theoretically predicted one.

Last, we compare the numerically computed convergence rate with the one theoretically predicted
by the estimate of Theorem 5. The results of this comparison are presented in the tables below. In
order to test the accuracy of the schemes we run the tests for domains €2 for which the exact kernels
are known, namely:

e the equilateral triangle with the length of the side equal to 2;
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e square with the side of the length 1;

e the disc of radius 1.

The error is given both in L'-norm and W' semi-norm in the following senses:

1l = 3 ISl S ) - £

0<tn<T 0Lt <T

For the uncorrected scheme we observe an error of order 1/2 in time and 1 in space (both for Implicit
Euler/P', BDF2/P?) which is better that the theoretical 1/3 in time and 2/3 and 3/4 in space.

For the schemes with correction for small times, the observed orders in space and time are (the first
one is computed for P! elements in space, the second one for P? elements):

e ~ (.84 and ~ 1.23 for Implicit Euler/P' (theoretical 3/4, 6/5),

e ~ 1.47 and ~ 2.36 for BDF2/P? (theoretical 10/9, 15/8).

The first series of four tables uses the P'-elements for the space discretization and the BDF2 method
for the time discretization for triangular and squared domain. We give the accuracy results both with
respect to the space discretization (first tables) and with respect to the time discretization (second
tables), but focus our attention on the order in time. As mentioned above, although order 1/3 was
proven, the order 1/2 is actually observed. We investigate further for the disk geometry, in Tables 5
and 6.

Table 1: accuracy with respect to space discretization, case of an equilateral triangle with side 2,
Nitsche, BDF2.

h k Lj-error  order I/Vk1 error order
le4+00 5e-05 | 1.8175e-02 - 5.8193e-01 -
4e-01  5e-05 | 9.1221e-03 0.752 2.7825e-01 0.805
2e-01  5e-05 | 3.7106e-03 1.298 1.3868e-01 1.005
le-01  5e-05 | 1.0619e-03 1.805 6.5145e-02 1.090
4e-02  5e-05 | 1.8547e-04 1.904 2.5610e-02 1.019
2e-02  5e-05 | 4.7558e-05 1.963 1.8005e-02 0.508
le-02  5e-05 | 1.2097e-05 1.975 1.5205e-02 0.244
4e-03  5e-05 | 2.1411e-06 1.890 1.4530e-02 0.050
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Table 2: accuracy with respect to time discretization, case of an equilateral triangle with side 2,
Nitsche, BDF2.

h k Ly-error  order I/Vk1 Lerror order
4e-03  1e-01 | 3.2533e-02 - 6.7891e-01 -
4e-03  5e-02 | 1.3683e-02 1.250 4.7059%-01 0.529
4e-03  2e-02 | 3.8177e-03 1.393 2.9155e-01 0.523
4e-03 1le-02 | 1.4100e-03 1.437 2.0521e-01 0.507
4e-03  5e-03 | 5.1521e-04 1.452 1.4490e-01 0.502
4e-03  2e-03 | 1.3384e-04 1.471 9.1594e-02 0.501
4e-03  1e-03 | 4.7590e-05 1.492 6.4761e-02 0.500
4e-03  5e-04 | 1.6955e-05 1.489 4.5794e-02 0.500
4e-03  2e-04 | 5.1646e-06 1.297 2.8972e-02 0.500
4e-03  1le-04 | 2.8542e-06 0.856 2.0503e-02 0.499
4e-03  5e-05 | 2.1411e-06 0.415 1.4530e-02 0.497

Table 3: accuracy with respect to space discretization, case of a square with side 1, Nitsche, BDF2.

h k L,-error  order I/Vk1 Lerror order
le-01 1e-04 | 5.4807e-03 - 2.9615e-01 -
5e-02  le-04 | 1.8170e-03 1.593 1.3815e-01 1.100
2e-02  1e-04 | 5.3235e-04 1.340 6.3231e-02 0.853
le-02  1e-04 | 1.5954e-04 1.738 3.0414e-02 1.056
5e-03 1le-04 | 2.7544e-05 2.534 1.4971e-02 1.023
2e-03  1le-04 | 6.8637e-06 1.516 1.3868e-02 0.084
le-03 1e-04 | 2.3534e-06 1.544 1.3686e-02 0.019
be-04 1le-04 | 1.1414e-06 1.044 1.3654e-02 0.003

Table 4: accuracy with respect to time discretization, case of a square with side 1, Nitsche, BDF2.

h k L;-error  order W,i error order
5e-04 1e-01 | 1.9611e-02 - 4.5902e-01 -
5e-04  5e-02 | 9.1157e-03 1.105 3.2094e-01 0.516
5e-04  2e-02 | 2.6101e-03 1.365 1.9619e-01 0.537
5e-04  1e-02 | 9.5608e-04 1.449 1.3721e-01 0.516
5e-04  5e-03 | 3.4703e-04 1.462 9.6689%e-02 0.505
5e-04  2e-03 | 9.0114e-05 1.472 6.1075e-02 0.501
S5e-04  1e-03 | 3.2243e-05 1.483 4.3175e-02  0.500
5e-04  5e-04 | 1.1443e-05 1.494 3.0527e-02 0.500
5e-04  2e-04 | 2.9076e-06 1.495 1.9307e-02 0.500
5e-04  le-04 | 1.1414e-06 1.349 1.3654e-02 0.500
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The next table (Table 5) presents accuracy results for the disk, with P* finite elements and Nitsche
boundary conditions in space, and implicit Euler method. We compare in the same table, the results
without correction for small times on the left side of the table, and the results with corrections on
the right side. Note that, as predicted in the previous section, the results are much better for the
scheme with correction. Indeed, the results are even much better with order 1 in time with correction
than with order 2 in time without correction. The last table (Table 6) shows the same comparisons
for the second order schemes (P' plus BDF2).
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Table 5 : disk, P! + Nitsche, Implicit Euler method.

| Knr — K| | Knpr — K|

h/m k Li Wi Li Wit

272 0.1-27 %] 7.7569¢-03 5.1079e-01 6.8658¢e-03 1.2161e-02

273 0.1-27¥ | 4.2895¢-03 0.85 3.1177¢-01 0.71 | 3.9197¢-03  0.81 2.1384e-02 -0.81
274 0.1-271% | 1.2743e-03  1.75 1.6544e-01 0.91 | 1.0254e-03  1.93 1.0026e-02 1.09
275 0.1-27'%| 3.4323¢-04 1.89 9.0047e-02 0.88 | 2.5132-04  2.03 3.9360e-03 1.35
276 0.1-27¥ | 9.0154e-05 1.93 4.4007¢-02 1.03 | 6.7331e-05  1.90 1.4194e-03 1.47
277 0.1-271 | 2.2885¢-05 1.98 2.1364e-02 1.04 | 1.7637¢-05  1.93 4.7988¢-04 1.56
278 0.1-27¥ | 57614e-06 1.99 1.1607e-02 0.88 | 4.4413e-06  1.99 1.6490e-04 1.54
279 0.1-27¥ ] 1.296%9-06 2.15 5.6007e-03 1.05 | 1.0189¢-06  2.12 5.3222¢-05 1.63
2710 0.1.2718 | 2.0038-07 2.69 2.1013e-03 1.41 | 1.5362e-07 2.73 1.3127e-05 2.02
2710 0.1-271 | 2.2640e-02 2.4466e-01 3.1890e-02 6.0248e-02

2710 0.1-272 | 1.1223e-02  1.01 1.8981e-01 0.37 | 1.2882e-02  1.31 2.9966e-02 1.01
2710 0.1-273 | 5.7809¢-03 0.96 1.4570e-01 0.38 | 5.9278¢-03  1.12 2.1383e-02 0.49
2710 0.1-27% | 3.0129¢-03  0.94 1.0962e-01 0.41 | 2.7347e-03  1.12 1.0704e-02 1.00
2710 0.1-27% | 1.5670e-03  0.94 8.1023e-02 0.44 | 1.3314e-03  1.04 5.9707¢-03 0.84
2710 0.1.276 | 8.0942¢-04 0.95 5.9083e-02 0.46 | 6.6861e-04  0.99 3.5482e-03 0.75
2710 0.1-277 | 4.1492e-04 0.96 4.2647e-02 0.47 | 3.4173e-04  0.97 2.2000e-03  0.69
2710 0.1-27% | 2.1125e-04  0.97 3.0535e-02 0.48 | 1.7427e-04  0.97 1.3054e-03 0.75
2710 0.1-27% | 1.0691e-04 0.98 2.1702e-02 0.49 | 8.9098¢-05  0.97 7.8028¢-04 0.74
2710 0.1-2719] 5.3800e-05 0.99 1.5300e-02 0.50 | 4.5376e-05  0.97 4.5670e-04 0.77
2710 0.1-271 | 2.6900e-05 1.00 1.0671e-02 0.52 | 2.2994e-05  0.98 2.6285e-04 0.80
2710 0.1-2712 | 1.3324e-05 1.01 7.3285e-03 0.54 | 1.1564e-05  0.99 1.4874e-04 (.82
2710 0.1-2713 | 6.4901e-06 1.04 4.9239¢-03 0.57 | 5.7282¢-06  1.01 8.1169e-05 0.87
2710 0.1-27 | 3.0571e-06  1.09 3.2245e-03 0.61 | 2.7538¢-06  1.06 4.1283e-05 0.98
2710 0.1-2715 | 1.3347¢-06 1.20 2.0923e-03 0.62 | 1.2386e-06  1.15 1.7482¢-05 1.24
2710 0.1-2716 | 4.7146e-07 1.50 1.4611e-03 0.52 | 4.6622e-07  1.41 2.9301e-06 2.58
2710 0.1.-2717 | 1.7834e-07 1.40 1.5866e-03 -0.12 | 1.4477e-07  1.69 6.9816e-06 -1.25
2710 0.1-2718 | 2.0038¢-07 -0.17 2.1013e-03 -0.41 | 1.5362e-07  -0.09 1.3127¢-05 -0.91
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Table 6 : disk, P? + Nitsche, BDF2.

[ K — K| ' [ Kpge,r — K| .
h/m k L, wh! L} Lt
272 0.1-27¥ ] 5.0127e-03 4.4303e-01 9.2845e-05 6.4401e-03

0.1-27% ] 8.9903¢-04 2.48 2.3810e-01 0.90 | 3.9114e-04 -2.07 8.4831e-03 -0.40
0.1-27% | 1.3434e-04 2.74 1.2124e-01 0.97 | 1.9698¢-05  4.31 6.9236e-04 3.61
0.1-2718 | 1.8159¢-05 2.89 6.0173e-02 1.01 | 9.5696e-07  4.36 4.8201e-05 3.84
0.1-27 ] 2.3337e-06 2.96 3.0067e-02 1.00 | 1.6260e-07  2.56 5.9797e-06 3.01
0.1-2718 ] 2.7912¢-07 3.06 1.5179¢-02 0.99 | 1.4163e-08  3.52 1.5222¢-06 1.97
0.1-27¥ | 4.5899¢-08 2.60 7.6611e-03 0.99 | 1.3268¢-08  0.09 3.4836e-07 2.13
0.1-27¥ ] 1.3353e-08 1.78 4.1620e-03 0.88 | 9.1745¢-09  0.53 1.2214e-07 1.51

© 0 N O ke W

|
—
o

2 0.1-27% | 4.1871e-09 1.67 1.9915e-03 1.06 | 3.5450e-09  1.37 5.4059e-08 1.18
2710 0.1-271 | 1.4334e-02 3.3695e-01 1.4334e-02 3.3695e-01

2710 0.1-272 | 5.3433e-03  1.42 2.4956e-01 0.43 | 8.5621e-03  0.74 1.2090e-01 1.48
2710 0.1-273 | 1.9827¢-03 1.43 1.7890e-01 0.48 | 1.6564e-03  2.37 3.0048e-02 2.01
2710 0.1-27% | 7.3156e-04 1.44 1.2717e-01 0.49 | 2.5419e-04  2.70 4.2445e-03 2.82
2710 0.1-275 | 2.6748¢-04 1.45 9.0104e-02 0.50 | 6.9242¢-05  1.88 1.4501e-03 1.55
2710 0.1-275 | 9.6946e-05 1.46 6.3756e-02 0.50 | 2.0807e-05  1.73 5.8135e-04 1.32
2710 0.1.277 | 3.4894e-05 1.47 4.5091e-02 0.50 | 6.1545e-06  1.76 2.2248e-04 1.39
2710 0.1.27% | 1.2496e-05 1.48 3.1885e-02 0.50 | 1.8497e-06  1.73 8.8581e-05 1.33
2710 0.1-27% | 4.4598¢-06 1.49 2.2546e-02 0.50 | 5.5914e-07  1.73 3.5762e-05 1.31
2710 0.1-2719 ] 1.5890e-06 1.49 1.5942¢-02 0.50 | 1.6937e-07  1.72 1.4267¢-05 1.33
2710 0.1-271 | 5.6655e-07 1.49 1.1273e-02 0.50 | 5.2919e-08  1.68 5.7136e-06 1.32
2710 0.1.2712 | 2.0320e-07 1.48 7.9714e-03 0.50 | 1.8155e-08  1.54 2.2811e-06 1.32
2710 0.1-2713 | 7.4262e-08 1.45 5.6404e-03 0.50 | 7.8791e-09  1.20 9.3660e-07 1.28
2710 0.1-271 | 2.8545e-08 1.38 4.0048¢-03 0.49 | 4.8191e-09  0.71 3.9281e-07 1.25
2710 0.1-2715 | 1.2337¢-08 1.21 2.8858¢-03 0.47 | 3.9132e-09  0.30 1.7526e-07 1.16
2710 0.1.2716 | 6.5853e-09 0.91 2.1831e-03 0.40 | 3.6361e-09  0.11 7.6785e-08 1.19
2710 0.1-2717 | 4.6041e-09 0.52 1.9025¢-03 0.20 | 3.5638¢-09  0.03 5.1164e-08 0.59
2710 0.1.2718 | 4.1871e-09 0.14 1.9915e-03 -0.07 | 3.5450e-09  0.01 5.4059e-08 -0.08
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P = —
200

Figure 1: Solution to (3) with Dirichlet boundary equations at time ¢ = 1/200 and ¢ = 1/2 for three
different domains. (The triangle is shown at a scale twice smaller than the square and the disc)
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k=1/81920
1021 — k=1/163840
—— k=1/327680
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Figure 2: Case of the disc discretized with P'-elements in space and Implicit-Euler in time.
Kpp(tns1) — Kpp(ty, K(t,1) — K(t, ) )
il +1>k: ok (tn) - ( +1)k (tn) as a function of t,,,/, for various values of the space

2

27 B _18 ) _
step h = ~ (top, k = 0.1-27"°) and the time step k (bottom, h = 5048

for the asymptotic expansion.

). We also present the error
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Figure 3: Case of the disc discretized with P*-elements in space and BDF2 in time.
Kh,k(tn-i-l) - Kh,k(tn) i K(tn-i-l) - K(tn)

? ? as a function of t,,,/, for various values of the space
2m _18 . 2m
step h = ~ (top, K = 0.1-27"°) and the time step k (bottom, h = M) We also represent the

error made for the asymptotic expansion.
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Appendix
Proof of the condition F,(§) = Onyt00(€") uniformly in | — oo, —&], for the BDF2 Scheme.

0 1

We have (?‘Hgg) = A(§) (FFn(a)) where A(§) = -1 4 . Let us also denote
n+2 n+1 3 _ 25 3 _ 26
01
A(—0) = <O O)‘
. . . 10 + /5
One can check directly that the spectral radius p(€) of A(€) is bounded by 19 ~0.644 <2/3=¢

on [—oo, —&]. Besides, 1ir+n |AE)™|M™ = p(€). Now, if we take an algebra norm,
n——+0o0

HAE)T I < (1A©F 1) < 1A©7 1P

Hence (¢ — ||A(6)*'||* "), is a sequence of continuous functions decreasing and converging to p(¢)
on [—oo, —&]. By Dini theorem, this sequence converges uniformly. Hence, there exists m > 0,
such that: [[A(&)*"||* ™ < &, and therefore ||A(£)?"|| < &%, uniformly in [—oo, —&)]. Tt yields
A(&)" = O(e") and then F,(¢) = O(") uniformly with respect to &.
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