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a self-similar change of variables technique to transform the Kolmogorov Equation into
a new form, such that the problem of designing structure preserving schemes, for the
original equation, amounts to building a standard scheme for the transformed equation.
This transformation also has the added benefit of allowing for an exact operator splitting

Keywords:

Kolmogorov equation scheme, whereas in the original form a standard operator splitting was only second-order.
Long time simulation Finally, we verify the preservation of long time behavior through numerical simulations.
Self-similar variables © 2016 Elsevier Inc. All rights reserved.

1. Introduction

In this paper we are concerned with preserving the long time behavior of numerical solutions of the Kolmogorov Equa-
tion

df —d2f —vif=0. (1)

The hypoellipticity and the asymptotic behavior of this operator are well known, see for instance the original work of
L. Hérmander [17] and the work of C. Villani [25] and F. Rossi [23]. The solution of eq. (1) over all of R? is known to decay
polynomially in time, while the solution on a truncated domain, € C R?, is known to decay exponentially in time in L2
norm, with periodic boundary condition.

Attempting to simulate over all of R? can be quite expensive and complicated, thus simulating over a truncated domain
is quite attractive in this sense. However, as stated, the asymptotic behavior on a truncated domain is quite different from
the asymptotic behavior on all RZ. When simulating over a truncated domain, a set of artificial boundary conditions must
be chosen. These boundary conditions then interact with the solution, such that the asymptotic behavior is changed. In this
paper we present a scheme for solving the Kolmogorov Equation, eq. (1), on a truncated domain, 2 c R2, which preserves
the long time behavior of the solution to the Kolmogorov Equation over the whole space, R?.

To our knowledge, only a few papers investigate the long time asymptotics for numerical solutions of Fokker-Planck type
equations. One of most popular schemes for Fokker-Planck equations of type
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oru(x) = Ml div(N(x)Vu(x) + P(x)u(x))

)

is the Chang-Cooper method [9], which is a finite difference scheme in both space and time. The Chang-Cooper method was
developed in [6] and [21]. In [3], [4] and [8], the authors studied nonlinear Fokker-Planck equations, where the nonlinearity
is on the diffusion term. Systems of Fokker-Planck type equations have also been studied in [12] and [16] by a Voronoi
finite volume discretization.

However, most of the equations studied before possess full parabolic structures, and thus the existing approaches aren’t
appropriate for the Kolmogorov equation, which has a different structure: there is an advection term but no diffusion term
in the x-variable. As can be seen from its form, the solution of the equation not only diffuses in the direction of v, by the
effect of the diffusion operator 83, but also in the direction of x, due to the transport equation d; f — v dx f. This diffusion
process causes the support of the solution to grow over time and therefore the artificial boundary conditions become quite
important over time.

For the Kolmogorov Equation, one may choose one of two natural approaches to solving the Kolmogorov equation nu-
merically; either by an operator splitting method or by a change of variables. The most natural operator splitting technique
to use is one by which the Kolmogorov Equation is split into two equations: a transport and a heat equation. In order to
solve the heat equation by some discretization method, one needs to restrict the domain R2 to a truncated domain and
impose boundaries condition. However, it is known that the support of the solution to the heat equation spreads to the
whole space as time evolves, therefore restricting the computational domain to a truncated domain is not an ideal strategy
to observe the long time behavior of the solution of eq. (1).

On the other hand the change of variables

fe,v,x)y=g(t,v,x+tv)y=g(t,v,2) (2)

transforms the Kolmogorov Equation, eq. (1), into

g =02g + 2t dy,8 +t202g. 3)

With this change of variables the frame of reference follows the transport and this allows one to apply classical techniques
such as the finite element method (FEM). However, the support of the solution spreads to the whole space as time evolves.
In Section 4, we prove that for a truncated domain, the solutions of eq. (1) and eq. (3) set in a bounded domain with
homogeneous Dirichlet boundary conditions converge exponentially to zero, while the solution to the original problem
converges to zero in polynomial order.

Inspired by the self-similarity technique in control theory (see for instance [10,11]), we propose, in Section 3, a new
strategy to design structure preserving schemes for the Kolmogorov Equation by using the technique of self-similarity change
of variables. This scheme has the benefit of preserving the polynomial decay expected from a solution obtained over the
whole space R?, but allowing us to solve eq. (1) on a truncated domain. Thus, simulations are more computationally efficient
and less reliant on artificial boundary conditions.

We would also like to mention a similar technique: in [14,13], F. Filbet et al. introduce a new technique based on the
idea of rescaling the kinetic equation according to hydrodynamic quantities. The rescaling in velocity, is as follows

f(l' V) — # (t L)
V)= w(t, x)dv AN o, x))’

where the function  is an accurate measure of the support of the function f and d, is the dimension of the velocity
variable v. The rescaling can be defined based on the information provided by the hydrodynamic fields, computed from a
macroscopic model corresponding to the original kinetic equation. However, the collisional kinetic equations considered by
F. Filbet et al. are much more sophisticated than the Kolmogorov Equation, since they are nonlinear. Therefore, the scaling
in space w(t, x) has to be computed through hydrodynamic quantities, while in our case, the space scale is quite simple to
compute.

Our idea is quite similar to theirs, but goes further; we not only rescale the velocity variable, but also the time variable.
Indeed, we rescale the time and space so that the solution of the rescaled equation converges to a non-zero steady state
solution. This has the benefit of maintaining compact support, rather than an expansion of the solution to the whole space.
Numerically, one can see with the time rescaling, as time evolves, the support of the self-similarity solution is trapped in a
truncated domain if the initial condition is compactly supported.

Rescaling/self-similar algorithms are a well-known strategy in constructing numerical schemes, which can capture the
profile of blow up solutions. Such algorithms were first introduced in [2] and have continued to be developed in [5,20,18,
24). We refer to [22] for a different attempt in this direction, using a finite-difference centered approximation.

The structure of the paper is as follows: in Section 2, we recall some classical results on the kernel and asymptotic be-
havior of the solution of the Kolmogorov Equation. In Section 3, we introduce the self-similar formulation of the Kolmogorov
Equation. We also provide a theoretical study on the solution of the self-similar equation: in Proposition 3.1 the solution
is proven to converge to a steady state in Theorem 3.1. In Section 4, we discuss truncating the domain for the Kolmogorov
Equation in three forms: the original form eq. (1), the Lagrangian form eq. (3) and the self-similar form eq. (5). We prove
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that once the domain is truncated the solution to the original form eq. (1) and the Lagrangian form eq. (3) converge ex-
ponentially to zero, which does not correspond to the polynomial convergence predicted for the original Cauchy problem.
For the self-similar case eq. (5), we will see numerically in Section 5 that the solution converges to a steady state. This
coincides with the property of the original Cauchy problem. As a consequence, we choose to truncate and discretize the
self-similar equation (5). The convergence of the truncated method is given in Proposition 4.2. We also give a necessary
condition, eq. (12), which should be satisfied for the truncated domain in order to obtain a time asymptotic convergence
to a steady state. In Section 5 we introduce our method for simulating the Kolmogorov Equation in a truncated domain for
both the original form of the Kolmogorov Equation and the Self-Similar form of the Kolmogorov Equation. We use an oper-
ator splitting technique combined with a finite element method. The analysis of the operator splitting technique is given in
Proposition 5.1. Furthermore, numerical results verifying the theory are presented in Section 6.

2. Kernel and long time behavior

In this section we recall the kernel for the Kolmogorov equation, on the whole space R2, and describe the long time
behavior. This will be useful in determining the correctness of the methods developed in later sections and for developing
the self-similarity change of variables.

The kernel is obtained by a standard method using the Fourier transform, and was originally obtained by A. Kol-
mogorov [19] in the '60s. Later a more general statement was developed by O. Calin, D.-C. Chang and H. Haitao [7], and in
K. Beauchard and E. Zuazua [1].

Proposition 2.1. The kernel of (3) is

\/§ — 1 32 a2
Gt(V,Z) = —Ze 43 (B3z°+(2t v—32)%)
2t

Given the initial data, fo € C*°(R?), the solution f(t, v, x) to (1) is given by the convolution

ft,v,x)=(foxG)(v,x+vt) t>0,xeR, veR).

(t>0,xeR, veR). (4)

In what follows, we will give precise decay rates, using the explicit form to the solution of (1) given in Proposition 2.1.
Substituting z=x+ vt into (4) we see the kernel in (v, x) variables is

3 _1 2 2
Ge(v, x+ Vi) = Lze GOV B )
2t

Thus, the kernel represents a series of ellipses given by the Gaussian

1

eI Gt V)2 +(GBx+t v)?)

)

3
where the spread of the ellipse in the direction x 4+t v is described by the standard deviation 2% on the other hand the
spread in the direction 3x 4+t v is described by the standard deviation 2t3. Thus, we see not only that the shape changes
over time, but the width of the solution changes over time, and it changes to a varying degree in different directions.
Now we want to know what the behavior of the solution of (1) is as t — oo. To this end, we compute the asymptotic

behavior of the Kernel G.

Lemma 2.1. For every q € [1, oo] and every t > 0, we have G; € LY(R?) and

q-1

=1 3\ 1
g (%) ifg e [1,00),
Gt llaw2y = T (t>0).
V3

e g =oo.

Combining the above estimates with Young’s inequality, we obtain

Corollary 2.1. Let p, q, 1 € [1, o] such that % + % =1+1
If fo € LP(IR2), then the solution f of (1) satisfies for every t > 0, f(t) € L' (R?) and

c@ _
217‘11) ”fO”LD(]RZ) lqu[],OO),

(

Ollprrey <L
IF Ol @2y c@ o
7 Il foll Lo (m2) ifq=o0,
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~ a1
with (@ =q7 ($2) 7 ifgell 0 and (@) = $ ifg=oc.

Remark 2.1. Since g(t, -, -) is obtained by the change of variable (2), we have ||g(®)||;rr2) = I f (©)[lr(r2) and consequently,
it is expected that the decay rate in time of g is also polynomial.

3. Self-similar formulation of the Kolmogorov operator

In this section we derive the self-similar form eq. (5) for the Kolmogorov Equation (1). In addition, we prove the conver-
gence of f, the solution to eq. (5), to a steady state as time tends to infinity. Moreover, we give a remark establishing that
the behavior of the norm of f is not monotonic.

Let us introduce the function g from eq. (2) to obtain eq. (3). Now define the change of variables

t=¢e—1,
v = e5/2%, (5,7, ) e Ry xR xR)
z = e¥/%%

and define:

fs, v, %) =e¥g(t,v,2).

Then, T is the solution to the initial value problem

—_

O f=02f +2(1 —e )y f + (1 —e™*) 20w f + ~Voy f + =Xoxf +2f ,

f©,,)=fo.

Since eq. (5) is obtained from eq. (1) by a change of variables, it is straightforward to show that this equation admits a
unique solution. ~ N

Let us now give some qualitative behavior of f. More precisely, we discuss the behavior of the norm of f. It is easy to
see that

\S]
N W

(5)

1d ~ ~ ~ ~
53 T Oz, = = [ =e™%T©) + 5T O [z, + TG 2z, >0

So we see the evolution of the norm of T is the result of competition between the norm of 7 and the norm of the
“divergence” of f. But since we are working on an unbounded domain, we cannot use a Poincaré inequality to give a
precise result on the behavior of the norm of f.

However, using the integral representation of g, we can give a more precise statement for the behavior of the L° norm
of g.

Proposition 3.1. Let us assume that fo € L1 (R2) N L (R2), then the solution [ of eq. (5) satisfies

~ - |v3 1 2

I1£(s, - ) lIpoo(r2y < min Em”folhl(ﬂv), e” |l foll oo m2) (s >0).
Remark 3.1. It is easy to see that we also have

I fGs, - Moo rzy < C(5) maX{”fO”U(RZ) ) ||f0||L<>C(R2)} (s>0),

with C(s) = min { Y3_ 1 ezs}. The behavior of C is plotted on Fig. 1.

2 (1—e5)2°
Proof. Recall:
Fs, 7, %) =eXge® —1,e27,e3/%%) (5,7, %) eR xR x R)
and hence, for (s,V,X) e R x R x R,
fs,v,%) =e* /Ges_1 ,¢) fo(€**V —v,e¥¥xX — ¢)dvdg
]RZ
=e*® / Ges—1(e"/27,e¥/%7) fo(e?(V — 1), &3/ F X — 7)) dvde .

R2
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Fig. 1. Graphical representation of s — min { Y31 25].

2T (1—e—5)2°

Hence, using Young’s inequality, for every s > 0, we have

1T ) <€ [Ger@2, 32| [ fo(es?., 3%

[°(R2) L[R2

Consequently, using Lemma 2.1,

V31

||f(5)||LDO(]R2) < Em ||f0||1_1(R2)-
On the other hand, since fy € L>°(R?), applying again Young’s inequality, we also obtain:

1F O llo@) <€ [1Ges-1llp @) 1 folliogz) (5> 0)
and Lemma 2.1, gives:

1Ol e@e) <e* N foliomzy  (>0). O
Let us now consider the asymptotic behavior of the norm of the solution to eq. (5), 7 as s — oQ.

Theorem 3.1 (Long time behavior of f). Let p € [1, co] and fo € L1(R2) N LP(R2). If p = oo, we assume in addition, fo € CO(R2).
Set Mg = /fo(v, x) dv dx and assume Mg # 0.

R2
Then the solution f of eq. (5) with initial Cauchy data fy satisfies:

Slingo (s, ) —MoGillp g2y =0.

Proof. Let us first assume that fp € CC"O(RZ). The solution of eq. (3) with initial Cauchy data fy is given by:

gt v,2)=(Gex fo) (v,2) = /Gf(v, Ofov—v,z=¢)dvde  ((t,v,2) e Ry x R xR),
R2
with G given by eq. (4). Hence, in terms of self-similar variables, we have, as in the proof of Proposition 3.1,
fs,7,%) =e* /Ges_l @7, e327) fo(e¥?(V —=1), e3P G —=7)dvd; (5,7, %) eRy x RxR).
R2
But, we have from eq. (4),

eZsGeS_l (es/zi, 935/22)

o%./3 - ((3e35’£2 + (2(e5 — 1)es/2 — 3e35/22)2)
= exp
27 (eS — 1)2 45 —1)3

/3 (68 + (20 - eV - 3)%)
T2 e 41—y

=G1_e— (V,2) .
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Thus,
Nf’(svvv’k‘) = (Gl—e‘s * yS) ("777{) = (Gl * J/S) ("77?{) + ((G1—€_S - G]) * VS) ("777{) ’

where we have set, y5(V,X) = e% fo (e%/27, e3/%%).
Let us notice that,

/Malys(V,B?)dVd}?:Mgl/fo(v,x)dvdx:l and HMglys
R2 R2

_ -1
. M5 1ol <00 (s20)

and, since fp has a compact support, for every ¢ > 0, there exists so > 0 large enough such that for every s > sg, we have
supp s C B(e) (with B(e) the ball of R? of radius & centered at 0).
Consequently, (Mg1ys)s>o is an approximate identity sequence, and hence, for every p € [1, co], we have,

Sl_l)ngo 1G1 * ¥s — MoGillpp 2y = 0.
In order to finish the proof, it remains to prove that

lim [(G1_e-s — G1) * ¥s =0.
§—>00

”LP(RZ)
But Young's inequality ensures that
[Gres =G * V5| 2y < sl [G1es = Gill oy (520),
that is to say, for every s >0,
| Gre-s = G1) * ¥s | o gzy < Mg Ml follin ) [ Grme-s — G [ o e, -
Consequently, in the rest of this proof we will prove that

;iglo 1G1—o — G1llppr2) =0.

For every (o,v,¢) €[0,1) x R x R, we have

__ 3 -1 2.2
Gio (v, 0) = 5=y exp ((] o (3; —31-0)v+(1—0)v ))

V3 1 2 2.2
_E<m_l) exp((1 S (37 =30 -onev+ -0 ))

V3 -1
+ 22 ex p((1 o7 (3;2 30 —o)v+( —a)zvz))

2
=02 -0)G1-c(v,%)

1
—i—exp((l —~ (3; —3(1—0)tv+(1—0)%v 2)+(3;2—3;u+v2)> G1(v, ©)

=02-0)Gi_e(v,0)
—0 2\ .2 2.2
+exp<m (3(3—30+o ); 30 -0)2—-0)v+(1—0)v )) Gi1(v, )
= 0(2 - O)G]—U(Uv ;) + (/)g(v, é‘)Gl(V7 ;) )
with ¢ (v, ) = exp (—({, V)As (¢, v)T), where we have defined

o <3(3—3a +02) 30 —a)(2—a)>

= ia-me-0) © -0

Consequently, we have

wo'(vv {)

G1(v,0)—G1(v,{) = mcl(l)»f)—c](%ﬁ
_ 1 G G 0(2—o0) C
—m(‘ﬁo(‘),f) 1v,¢) — 1(U,C))—m 1(v,0)

and so
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o2—-o0)

Gi—¢ — G < 1—-0(2—-0)
1G1—6 — G1llpp g2y 1-0(2-0)

(@5 — 1)G1”LP(R2) + ‘ ‘ IIG1 “LP(]R2) .

N—-0@2-o)l

2 —
It is clear that lim M
c—-0|1—0(2—0)

One can easily compute that det A; > 0 and Tr A, > 0 for every o € (0, 1]. This ensures that for every o € (0, 1), @5 is
bounded by 1 on R? and exponentially decays to 0 at infinity. In addition, the eigenvalues of A, are of order ¢ as o — 0.
Let us denote A, the largest eigenvalue of A, . Then for every R € R*, every o € (0, 1) and every p € [1, co], we have:

IG1llp g2y = 0. Thus, it remains to prove that ;imo (9o — 1) G1llp g2y = 0.
—

96 G1 — Gillpp w2y = (@ — 1) Gillppgery + 1(@o — 1) Gillpp w2\ (r))
S @o — Uipeogry 1G1lIrBRY) + 1@ — 1) Gill s w2\ B(R))
< (1= R) 161l gz, + G lipcen\pery
where B(R) c R? is the ball of radius R centered at 0. Consequently, since ;il?o Ao =0 and G; decays exponentially to O
at infinity, by taking R = R, =

Ulig}) (@5 — 1) G1 ||LP(R2) =0.
All in all,

] . . 7)LUR0 _ . _ .
T it follows that (}1510 (1 —e ) =0 and (llino 1G1llpr2\B(Ry)) = O- That is to say,

Jim 17 (s, ) = MoGillp2y =0 (p € (1, 00])

and the result follows from density arguments. O

4. Restriction to a bounded domain

Since the numerical simulations will be performed in a truncated domain, let us first start this section with some
results on the behavior of the solution to egs. (1), (3) and (5) in a bounded domain with homogeneous Dirichlet boundary
conditions. In addition, in the self-similar formulation, we will also present a convergence result for the truncated solution
to the full solution as the size of the domain goes to infinity.

In this section we aim to study the impact of changing the space domain R? to a bounded domain  c R? with
homogeneous Dirichlet boundary conditions. First, let us remind the reader that according to Corollary 2.1, the decay in
L?-norm of the solution, f, set in the whole space R? is polynomial. In $ 4.1 we will see that the solution of the equation
in the original form (1) converges exponentially to 0, when we truncate the space domain to a bounded domain. In $ 4.3,
existence and uniqueness of a solution to the truncated self-similar equation and convergence of the bounded domain
problem to the full space problem are proven in Proposition 4.1 and Proposition 4.2. A condition such that the truncated
solution does not tend to 0 as time goes to infinity is given in Proposition 4.3.

The results presented here are consequences of the following Poincaré inequality.

Lemma 4.1. Let Q C R? be a bounded domain and set I, and I be two open and bounded intervals of R such that @ C I, x Iy.
Then for every ((v, X) = g(v, x)) € H(l)(Q) and every t > 0, there exists Cq(t) € R such that:

Ig1I72 () < Ca®lldvg + g7

with,
1,2 i
Llis ;' ifo< %ts 1,
X
Ca(t) < Cr,xi, () < L2 | (6)
by bl
2t [Ix|

The proof of this result is given in Appendix A.
4.1. The Kolmogorov equation
In this subsection we show that the asymptotic behavior of (1) simulated on a truncated domain with Dirichlet boundary

conditions is no longer polynomial and is, in fact, exponential.
To this end, let us consider (1) on a bounded domain £2, i.e.
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O f=vouf+07f inR* x ,
f=0 on R} x 9€2,
f=fo on {0} x Q.

It is easy to see that

Now using Lemma 4.1 for t =0, it follows that
||f<t)||L2(Q) ~2Co0) " If O,

with Cq(0) > 0 defined in Lemma 4.1. Thus, using Gronwall’s lemma, we obtain:

—t
1 f®Oll2@ < 1foll2¢q) eXP ——+ o) (t=>0).

Consequently, this direct simulation cannot be used in order to capture the long time behavior of the solution, since the
expected decay rate is polynomial.

4.2. The rotating form

As in $ 4.1, we show in this subsection that the asymptotic of (2) simulated on a truncated domain with Dirichlet
boundary conditions is no longer polynomial and is, in fact, exponential.
To this end, let us consider (3) on a bounded domain £2, i.e.

dg =028 4 2t0, 058 + t202g inR* x €,
g=0 onR} x 9€2,
g=fo on {0} x Q.

It is easy to see that

3 dtng(r)nLZ(Q) —19v f(©) +t3xglPr g, (> 0).

Now using Lemma 4.1 for t > 0, it follows that

||g(t>||Lz(Q) ~2Ca® O,

with CQ(t) > 0 defined in Lemma 4.1. Thus, using Gronwall’s lemma, we obtain:
t
lg®l < |l foll ex / s t=0)
W@ s ol po Cal(s) -

Let I, and Iy be two open and bounded intervals of R such that  C I, x Iy then from the estimate (6), we have,

t 2t x|
/ ds _ fime ife<
Ca(s) ~ | Akl i el

0 “ ‘3 + ‘ lft > T *

23
Consequently, we have < [|g(t)ll;2q) = Ot_>oo<e3l'xlz>. Consequently, this direct simulation cannot be used in order to

capture the long time behavior of the solution, since the expected decay rate is polynomial, see Remark 2.1.
4.3. The self-similar form

Now in contrast to the results in the previous subsection, we will show in this subsection that using a self-similar
change of variables allows one to simulate (1) on a truncated domain with Dirichlet boundary conditions and still preserve
the polynomial decay. Thus, a self-similar change of variables is indeed a useful method for preserving asymptotic decay
rates.

Let us consider the self-similar form of (1), i.e. (5), on a bounded domain, €2,
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o f =03f +2(1 —e™)yorf + (1 —e 9 f + 3Vorf + 3%k f +2f  inR}x @, (7a)
f=0 onR* x 3%, (7b)
f=fo on {0} x Q. (7¢)

In Proposition 4.1 we prove that (7) admits a unique solution. Then, in Proposition 4.2 we show that if the truncated
domain is converging to the full space, then the truncated solution is also converging to the full one i.e. to the solution of (5).

Proposition 4.1. Let fo € L2(S2), then there exists a unique solution f € C1([0, T1, L2(2)) for (7).
Moreover, we have

N
TSz <exp s [
0
with Cq(-) defined in Lemma 4.1.

do

Call—e0) Ifolliz — (s=0), (8)

Proof. In order to prove that (7) has a unique solution, we consider the following equivalent form of (7).
Define f = fe~25, then f satisfies the following equation

sf = —F () = 04f +2(1 — e )awdxf + (1 — e )22+ IVauf + 3%3f  inR%Y x Q, (9a)
f=0 OnRiXBQ, (9b)
f= fo on {0} x Q. (9¢)

A classical argument shows that F is a continuous operator in L?(2). We show that F is also coercive

/f(f)fdvcl}?:/ 07§ + (1 — e =)o) d’v“d’i+/|f|2d’\7d%. (10)
Q Q Q

The existence and uniqueness of a solution to (9) then follows and estimate (8) follows from (10), Lemma 4.1 and Gronwall’s
lemma. O

For every ¢ € D(R, x R?), a distribution on R, x R?, we define

s 2 1~ 3
Kp=0d5¢p— (0 +(1—e*)dx) ¢ — §v817+§3; ¢—2¢ and

* —s 2 1. 3
K'o=—00p— (5 +(1—e k) ¢+ iva;+§a; Q.

Proposition 4.2. Consider the sequence of bounded domains of R?, {Qn}nen+ and assume:

U Qv=R? and Qi CcQC---CQvC---CR2
NeN*

Set fo € Cc(R2). Then the equation

dsgn = 02gn +2 (1 —e ™) dydrgn + (1 —e*)202gN + 1V dugn + X dxgn + 28N inR% x Qn, (11a)
gn=0 onR% x aQy, (11b)
gn = folay on {0} x Qn, (11c)

has a unique solution gy in C1([0, T1, L2(2n)).
Moreover, for every T > 0, then, there exists a subsequence of (gn)n which converges in the weak topology of L2([0, T] x R?) to
the solution g, of (7) in the following sense

0=/¢@om+ / g.K*0,
R2 [0,T]xR2

for every ¢ € C2°([0,T) x R?). In addition, all convergent subsequences of (gn)n are weakly convergent in L2((0, T) x R2) to a
solution of (7) in the sense mentioned above.
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Proof. The existence and uniqueness of gy is provided by Proposition 4.1. -
Let us classically extend gy by O outside Qy. We now prove the weak convergence of (gy)ny to f. Thus, according to
(8), for every N € N* we have

N

12N )l 2qa2) = 188 51200y < €xp [ 5 /

s
Cay(1—e9) ||f0||L2(QN) <e ||f0||1_2(R2) (se€[0,T].
0

This ensures that up to a subsequence the sequence (gy)y is convergent to some g, € L?([0, T] x R?) for the weak topology
of L2([0, T] x R?). Let us still denote by (gn)y this convergent subsequence. Now, for every ¢ € C°([0,T) x R?), there exists

No € N* such that for every N > Ng, we have suppg C [0, T) x Q. Since gy is solution of (11), we have, 0 = / oKgn

[0,T]xR2
and integrating by parts, we obtain,

0=/<P(0,-)f0+ [ gnK*g.
R2 [0,T]xR2

But, since ¢ € C°([0, T) x RR?), we have K*¢ € L?([0, T] x R?) and by the weak convergence of (gn)y, we have, taking the
limit N — oo,

0=[v0on+ [ Ky,
R2 [0,T]xR2
for all ¢ € C°([0, T) x R?). O

While the self-similarity change of variables can indeed provide a method for preserving the polynomial decay of solu-
tions, this method is very reliant on the following condition to be able to provide for such decay rates.

Proposition 4.3. Given 7 the solution to (7) and let 2 C R? be a bounded domain and let I,, and I be two bounded intervals of R
suchthat Q c I, x Iy c R2. 5
In order to avoid the exponential convergence of f to zero as t — oo, I, and I shall satisfy

I |>V2  and |l >V2. (12)

Proof. Using (8) together with the estimates (6), we have
S

~ do
1 f )Nl 2q) < exp 5—/m lfollzey  (s=0),
0
with
2
IV o < vl g,
2 x|
C) = (t=>0)
k2 [Iv]
5 1 < —t.
2t x|
But,

1. if [Iy] < |Iy], then C(1 —e~9) = % for every o > 0. Thus,

N

/ do 2 (5>0):
CA—e) |l -
0
2.0 [Iy] > |1yl
I
let us define s = In ﬂ ie Wl(q _e=%0) =1, then,
[Ty — x| I
i 2
'g ifo <so,
Cl-e )= ,
Ix]
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and consequently, if s <so we have

N

/ do . 2s
CA-eo) [

0

and if s > sg we have

S N
do 2s 2

/N = 02+—/(l—e_")2da

C—e=9) |2 |Ik?

0 So

2s0 < _ _ 1,0 1, 2s
=——+—=(s—sp+2eF—2e0— e+ )=—+40 1.

12 L2 2 2 2 = 7T

According to Theorem 3.1 it is expected that the solution to (5) does not decay to zero. In order to avoid the exponential
convergence to zero as t — oo, we have to choose Q2 = I, x I, such that the solution f is not decaying to zero. From the
above expressions, it easily follows that in order to ensure this condition, we must have:

| >~2  if|ly] < |Ixl,
[Ix| 2«/5 if [Iy] > |Ix].

That is to say, in any cases, |I,| >+/2 and |Iy| > V2. O
5. Discretization schemes

In this section, we introduce the numerical schemes used to solve the various forms of the Kolmogorov equations, i.e.
egs. (1) and (5). This is needed to compare the effectiveness of the self-similarity change of variables introduced in Section 3,
which is discussed in Section 6.

Since eq. (1) and (5) are not coercive it is quite natural to use an operator splitting method. Thus, in this subsection we
will introduce two operator splitting methods for the simulation of eqs. (1) and (5). The operator splitting method for (1)
will be a second order scheme, while the method used for (5) will be an exact method.

In order to simulate the equation, we will truncate the solution to a bounded domain € of R2, as in Section 4. Then,
the spatial approximation will be based on the finite element method. To this end, in this section, 7" is a triangulation of
Q with given average triangle size, h, and X" H(l)(Q) is the set of P;-finite elements based on this triangulation 7™. Let
us also define P" a projector of Hg)(SZ) to X".

5.1. Operator splitting for Kolmogorov equation

As stated above the Kolmogorov equation, (1), is not coercive and thus an operator splitting method will be used in
our simulations. The operator splitting method Algorithm 1 introduced in this subsection is second order accurate and thus
some care must be taken when simulating over long times. Thus, we see that there is not only a problem with artificial
boundary conditions, but the accuracy of the method tends to cause a problem.

For the operator splitting method used on the Kolmogorov equation, (1), we define two operators

Ay =0 — 02 (13a)
Ay =0 — vy (13b)

With these two operators in place we can solve the first operation using a finite element method, or some other method of
choice, while solving the second operation using an exact solution from the method of characteristics.

To this end we introduce the following weak form relating to the operator .4;. Given the test function x € H(l)(SZ) then
the weak form for 4; defined on a domain € c R? with f|sq =0 is

Find f € H}(S2) such that
@, X)+@v f. oy x) =0 ¥y € Hy().
For the operator A, the method of characteristics can be used and therefore it is easy to see that the solution of
o f—voxf=0 on €2,
fG-0=fo on
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is
f,x,t)= fo(v,x+vt) t>0, (v,x) e Q)

and so an exact solution can be obtained using a translation.
Using these two operators we then define Algorithm 1 for determining the solution to the Kolmogorov equation, (1),
using finite elements.

Algorithm 1: Operator splitting method for Kolmogorov equation (1).

Given At >0 a time step and given fp € H})(Q).
initialization Set f = P" fo e X".

repeat

1. Find @, € X" such that

(@cpn. Xn) + @vepn, dy xn) =0 (t€© A0, xpeX,
@n(0) = fy.
2. Using the method of characteristics solve
0 Yn = Vox¥n (te (0, At)),
Yn(0) = ¢ (AL).
3. Update solution,

I =y,

until nAt=T.

The proof of the convergence of Algorithm 1 can be found in [15].
5.2. An exact splitting scheme

The self-similar version of the Kolmogorov equation (5) is not coercive and so a unique solution to the finite element
discretization is not guaranteed. To address this issue we can split the (5) into two operators. We will select these operators
in such a way that both are coercive and commute, since operators which commute result in a no error from the operator
splitting scheme. The following theorem states that there exists an operator splitting for (5) which is exact.

Proposition 5.1. Set 01 < 1 and 03 = 2 — 01 and define

1. 3.
Kis=— (v +(1—e %)) — 5 Vo — X — onld. (14a)
Kz,g =O’21. (14b)

Then K1 s and K s commute, K> s is coercive on Hg)(Q), K1 s is coercive on L%(2) and (5) can be written as
asf=_KLsf+K2,sf- (15)

Proof. Since o1 + 02 =2, it is obvious that (5) can be written as (15).
Since 03 =2 — 01 >0 and K35 is a multiple of identity, it is obvious that K3 s is coercive and K3 s and Ky,s commute.
Let us now check that K s is coercive. As in the proof of Proposition 4.1, we have for every f € H},(Q),

f?K1,57=/|aﬁ+(1—e*5>az7\2+(1—ol>/\'ﬂ2> |o5F + (1 = e )F |2 -
Q Q Q

But, according to Lemma 4.1, for every s > 0, there exists Cq(1 —e %) > 0 such that

1

~ o 2 FII?
|3 f + 1 —e™)0xf |12, > m”f”msz)' .

Since (5) is not coercive we cannot guarantee the Finite Element solution to (5) is unique. However, since K; s and
K>, commute, we can create an exact operator splitting method where our operators are coercive by choosing o1 < 1 and
0y =2—0]1.

For the purpose of the numerical simulation, we introduce the following weak form, relating to the operator s + K s.
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Find f € H}(Q) such that
@f 00 +as(F, x)=0 ¥x e Hy(Q),
where we have set
as(F. ) = @ f. 0y 0 + (1 —e™*) (@ F. ) + @xf. 85 )0)) + (1 —e )@ . 8xx)
1, ~ - — o~ 3, ~ ~
+7 ((f.Voyx) — (Vo f. x)) + 2 ((f.Xoxx) — Roxf. x))
+1=on(f. ).
For the operator K3 s, the solution is explicit. In fact, it is easy to see that the solution of
df—Kysf=0 onQ,
fC.-.0)=fo on Q
is
fCn9=e"fo  (s=0).

Using these two operators we then define Algorithm 2 for determining the solution to the Kolmogorov equation in
self-similar variables (5), using finite elements.

Algorithm 2: Operator splitting method for the self-similar Kolmogorov equation (5).

Given As > 0 a time step and given fp € Hé(Q).
initialization Set ?,? =P fy e X

repeat

1. Find gy € X" such that

0 (te(0,As), xpe X, (16a)
s (16b)

(Ot@n, Xn) +as(@n. Xn)
©n(0)

2. Update solution,
[ = 7285y (As).

until nAs=T.

In the numerical test, we will use Crank-Nicolson method to solve (16).
6. Numerical results

In this section we compare the results of the finite element method applied to the various forms of the Kolmogorov
Equation, eqgs. (1) and (5). The comparison will be performed on two different initial conditions, egs. (19) and (23). The first
initial condition, (19), is a smooth Gaussian, while the second initial condition, (23), is a square pulse centered at zero. In
this way, we demonstrate the benefits of using the self-similarity change of variables, which include

e Small space domain,
e Fast marching in time,
e Convergence to steady state.

In what follows we determine the effectiveness of each finite element discretization introduced in Section 5 through
comparison of L%-errors and a percent difference defined as

%diff(f) - ||fnumerlcal fexact” .100%. (17)
Il fexactll
The use of %diff will show the distribution of error and thus show where the largest errors occur. For (1) the major con-
tribution of errors is expected to occur on the boundary, due to the interaction with the artificial boundary conditions.
However, it is expected that for the self-similarity solution of (5), the major contribution of error should directly come from
discretization error rather than imposed boundary conditions.
For the various forms of the Kolmogorov Equation, eqs. (1) and (5), we take the time interval, and problem domain to
be respectively

I=[0,10], €©=[-10,10] x [-10,10], (18)
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Table 1
L%-error for the finite element discretizations
at t =10 (i.e. s=In(t — 1) =In(9) for Algo-

rithm 2).
Algorithm 1 Algorithm 2
0.0490644 0.019473

which obviously satisfies condition (12). For each equation we take the time step to be At = As =0.01 and the number of
triangles along each side of the domain, €2, to be N =128.

Remark 6.1. We note that while the starting domain for (5) is given by Q the respective change of variables results in the
domain growing over time. Additionally, since s is a scaling of the time, t, we take the time interval for (5) to be Iy = [0, 2.4]
which corresponds to t € I, since t =e5 — 1 = s € [0, log(t + 1)].

Due to the scaling in time, when comparing solution behavior (L? and L norms) over time we will take t € [0, 240] for
simulating the Kolmogorov Equation, (1). This will allow for a proper comparison of long time behavior in the norms. While
t =240 is still no where close to the final time of s = 10, we obtain a good picture of the decay rate over time. Running the
simulation out to this time took quite a bit of computational time especially as compared to simulating, (5), out to s = 10.

To this end, we begin by comparing the simulations given an exact solution resulting from the initial condition (19).
In the last subsection we will compare long time solution behavior given a square pulse as the initial condition. No finite
element error analysis will be performed on this example, since we do not have an exact solution.

6.1. Test 1: simulation with exact solution

For the purposes of comparing solutions and contribution of errors from the finite element discretization we first need
exact solutions to each of the different forms of the Kolmogorov Equation. To this end, we define the initial condition

fov,x)=e "' (19)

and therefore the solutions to eqs. (1) and (5) are respectively given by

ex (34362 4+463)v2+6t(1-+26) vx+3(1+4t)x?
p 34124463444

fexact(t, v, X) = , (20)
\/1 +4t+ 302+ 314
(1—4e° (3+e5(—3+¢))) v2+1265 (—1+e5) vz—3e25 (—3+4e5) 22
N €Xp T9+8e5 1265 —12e%5 4 4e®
Sexact(s, v, x) = (21)
\/—3 + 8es + de25 — 4e35 4 et
Additionally, from Theorem 3.1 we see that the solution to (5) converges to
~ e~ V3 sy
fooF,%) = ——e7 "2V (22)

which is an elliptic Gaussian having magnitude 4

For (1) the support of the solution grows beyond the problem domain in the given time interval, I, and therefore
the boundary conditions become more and more important as time increases until the solution, given by the finite element
method, no longer approximates the true solution of the original problem. This can be seen in Fig. 4. Thus, as time increases
the error becomes larger and larger, due to the divergence from the exact solution caused by the interaction of the boundary
conditions. While (5) tends to a steady state with compact support in the domain € for the given time interval, therefore
the approximation given by the finite element method remains valid throughout the simulated time and should provide a
better approximation to the exact solution, as can be seen in Fig. 5.

Additionally, the L%-error at time t = 10 is smaller for the self-similarity version of the Kolmogorov Equation, (5), as
compared to the original Kolmogorov Equation, (1), as expected, as seen in Table 1. In fact, the L%-error for the self-similarity
version of the Kolmogorov Equation at t =e!® — 1, i.e. s = 10, is still smaller than the L%-error associated with (1) at t =10
and is

Il fexact (10,7, %) — £(10,7%,%)| = 0.0107995.

Thus, we see that the self-similarity solution performs much better over long times.



E.L. Foster et al. / Journal of Computational Physics 330 (2017) 319-339 333

Table 2
L2-errors for finite element method applied to the self-similar Kolmogorov
equation, (5), at s =10 with dt =0.01.

h L2-error Order
1.00000 6.27854 x 107! -
0.50000 9.90501 x 102 2.6642
0.25000 2.70934 x 102 1.8702
0.12500 6.94450 x 1073 1.9640
0.06250 1.74641 x 1073 1.9915
0.03125 4.36256 x 10~ 2.0011
0.01562 1.08071 x 1074 2.0132

Norms over time
; r

. L?*-norm

Norm

08 n A n n
time

Fig. 2. The observed solution behavior over time for finite element method and Algorithm 2 applied to (5).
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(a) Kolmogorov Equation (1) (b) Self-similarity solution (5)

Fig. 3. Observed L°°-norm and L%-norm over time.

Remark 6.2 (Finite element convergence). We see in Table 2 that the rate of convergence appears to follow the classical
quadratic convergence rate expected for linear finite elements and the convergence rate is given by the least squares fit

E(h) = 0.49796 h>9401

In addition to the decreasing L%-error for the finite element approximation to (5) we would like to bring the reader’s
attention back to behavior remarked in Proposition 3.1 relating to the L°-norm of (5) not being monotonic. Indeed, the
numerical simulation of (5) by finite element method follows the same behavior as the one predicted by Proposition 3.1
and this can be seen in Fig. 2. In this simulation we observe that initially the L°°-norm increases and then eventually
decreases to a steady state as expected (see Fig. 2). We also note that while the graph appears to be increasing as time
increases the data appears to be converging to a constant, and can be observed by the fact that the L* eventually is only
changing in the 4th decimal.

When comparing long time solution norms on a log-log (see Fig. 3a) plot we see that the solution given by Algorithm 2
applied to the Self-Similar Kolmogorov Equation seems to have a polynomial decay rate, while the solution given by Algo-
rithm 1 applied to the Kolmogorov Equation seems to have a decay rate which is faster than any polynomial decay rate.
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Fig. 4. Solution to the Kolmogorov Equation, (1), simulated using Algorithm 1 (a) and percent difference (b) between exact solution and simulated solution
at t=10.
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Fig. 5. Solution to the self-similar Kolmogorov Equation, (5), using Algorithm 2 (a, c) and percent difference (b, d) between exact solution and simulated
solution at s =2.40 (t ~ 10).

Remark 6.3. We note that the change of variable z = x + t v results in the rotation of the initial condition in the opposite
direction to the direction seen in the original variables. This is apparent in both the exact solution given in (4) and the
simulation presented in Section 6, especially in Fig. 5.

6.2. Test 2: square pulse
In the next example we take the initial condition to be a square pulse defined by

1 ifjx]<land|v| <1
0 otherwise.

F(0,%) = fo(x) = (23)
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Fig. 6. Comparison of solution behavior over time for similarity solution, b, in original variables and Kolmogorov equation, a, with initial condition (23).
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Fig. 7. Comparison of solutions, at t = 10, to self-similar Kolmogorov, b and ¢, and Kolmogorov equations, a, with the initial condition (23).

For this initial condition we see that again the solution support has grown beyond the original domain size by t =10
(see Fig. 7a), and therefore the boundary conditions begin to play a big role in the simulated solution. However, due to a
lack of exact solution, we cannot quantify the error due to boundary conditions. However, we can determine the effects on
the solution behavior.

The solution to the Kolmogorov Equation is supposed to follow a polynomial decay, but as can be seen in Fig. 6a the
solution does not appear exhibit polynomial decay. However, in Fig. Gb, we see a clear trend of polynomial decay. In fact,
polynomial decay which is of second order as indicated by the slope of the line in the log-log plot, Fig. 6b.

7. Conclusions

In this paper we introduce a discretization of the self-similar Kolmogorov equation (5) based on an operator splitting
technique combined with a finite element method and provide theoretical results for the method. Then in Section 6 we
verified our theoretical results. The effectiveness of the self-similar change of variables was demonstrated in Section 6, by
comparing finite element solutions for (1) using the method of splitting in Algorithm 1, and the self-similar version of
Kolmogorov (5). The self-similar change of variables had the lowest L2-error as compared to the solutions for (1). The main
reason for this was due to the interaction of the artificially imposed boundary conditions with the solution on the inside
of the domain. This is exactly as expected. We note that the self-similar change of variables solution can also suffer from
the same draw back of artificial boundary conditions if a domain which is too small is chosen. However, the key point here
is that the domain required is much smaller than that of (1), allowing for efficient long time simulation. In addition to the
ability to use much smaller domains for long time simulation, the self-similar change of variables allows for fast marching
in time due to the change in time from t to s where t = e’ — 1. Thus, time marching is exponential which adds to the
efficiency of computing solutions to the self-similar change of variables version of the Kolmogorov equation. In summary
we see that for long time integration the self-similar change of variables has the following benefits, as compared to the
original formulation of the Kolmogorov equation: small space domain, and fast marching in time.
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Appendix A. Proof of Lemma 4.1
Let g € Hé(Q) and let us extend g by 0 outside €2, so that g € H(l)(lv x Iy). Assume that there exists Cj, «r, (t) such that

IENT2 1, w1y < CloxiON1BvE + gl -
But we have
2 2 2 2
”g”Lz(leIx) = ”g”LZ(Q) and ||8Vg+taxg||]_2(lvx1x) = ||8vg+taxg||L2(Q)

Consequently, for every g € H%(Q), there exists Cq(t) < Cr, x1,(f) so that

Igl172 i) < Ca®dvg + t3xgll? g -

Consequently, it remains to prove the existence and the estimate on Cj, xj, (t).
Assume now that Q =1, x Iy, with I, = (ay, by) and Iy = (ay, by) and let g € H(l)(lv x Iy). Let us define

gV, %) =g (ay + (by —a,)V, ax + (bx — a,)x) ((V,%) € (0, 1)2) .
Then we have g € H}((0, 1)?),

~ ~ o~ o~ [Ix] ~ ~
(078 +tdx8) (v, X) = [Iy] <3vg+ ﬁtaxg> (ay + 11|V, ax + Ix|x)
v

and

1M 2
ovg + ——tokg
Iy

112 0,12 = v IIxIIgN T2, sy @Nd 1358 + 58117 g 1y2) = v P11k ] :
L=(Iy xIx)

Consequently, if there exists Cg )2 (t) such that

181720,y < Co12 ON9vg +t0xgl 72 0,12y (& € Ho((0, 1),
then,
2 2 vl 2 1
”g”LZ(IVXIX) g |IV| C(O,l)2 |I |t ||avg+taxg||L2(lvxlx) (g € HO(IV X IX)) .
X

Consequently, it remains to prove the result for = (0, 1)2.
Let us prove the result for g € C§°(2) (with = (0, 1)2), the global result will follow from density arguments. Let us

extend g by 0 outside €2, then we have g € CZ° (R?). For every (vo, Xo) € R? and every s € R, we have:
N

d
g(vp+s,x +ts) = /Eg(vo +0,x0+to)do
0

N
= /(avg(vo +0,x0+to)+tdg(vo+0,x +to)) do.
0
Hence, by Cauchy-Schwarz inequality,
S
1g(vo +5, X0 +t5)]? < s/|8vg(vo +0,X0+to) +tg(vo+ 0, X +to)|*do. (24)
0

Before continuing, let us consider the particular case t = 0.
In this case, eq. (24) is
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N
18(vo + 5. x0) <sf|avg<vo+a,xo>|2do
0
and hence,

v

11 11
Ilgllfz(m=//Ig(v,x)lzdvdX<//V/Iavg(a,x)lzda dvdx
00 00 0

11
)
00
That is to say Cq(0) < %

Let us now consider the case t > 0. Then, we have

1
13v8(0, 0 do dvdx < 1188z g -

o _

1 1
t 1-s

1 1 T
Ilgllfz(m=//|g(v,)<)|2dxdv:t/ Ig(v,ts)lzdst=t/ / lg(w +s, ts)|* dwds.
00

1

00 0 -s
Then,
o ift<1,
-7 ¢ 0 1-w 1 1-w
||g||f2(9) =t / / lg(w + s, ts)|? dsdw + / / lg(w +s, ts)|2dsdw+/ / lg(w +s,ts)|?dsdw | ;
,Tl —w ]_% -w 0 0
o ift>1,
0t -1 ¢ 1 1-w
||g||f2(9) =t / / lg(w + s, ts)|> dsdw + / /lg(w +5,ts)2 dsdw + / / |g(w + s, ts)|> dsdw
—1-w 0 0 1-1 0
All the integrals in the above expressions are of the form:
b B(w)
/ / |g(w+s,ts)|2 dsdw,
a o(w)
with a <b and a(w) < B(w).
But we have, using eq. (24),
b B(w)
/ [ lg(w+s, ts)|2dsdw
a o(w)
b B(w)—a(w)
:/ / lg(W + (W) + 5, ts + ta(w))|* dsdw
a 0

b B(w)—a(w) s
</ [ 5/|8Wg(w+a(w)+o,ta +ta(w))+t3xg(w+oz(w)+a,ta+ta(w))|2da dsdw

a 0 0
b p(w)—a(w) s+a(w)

</ / s / |0wg(W + 0, to) + tdkg(w + o, to)|? do dsdw
a 0 a(w)
b B(w)—a(w) B(w)

s f |0wg(W + 0, to) + tog(w + o, to)|> do dsdw

N

a 0 a(w)
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b
2
/ﬂ(w) v /|3wg(W+a,tU)+t8xg(W+U’ta)|2dadW

a(w)

b B(w)
<1 su - 2 P t £ to)|? dod
<3 Pb Bw) —a(w)) [Owg(W +0,to) +tdxg(w +0,to)|"dodw.

wela,b] 2 alw)

Consequently,

e if 0 <t <1,

1

t

t
||g||fz(m <5 / /|8wg(w +5,t5) + taxg(w + s, ts)|2 dsdw
%1
0 1-w
+ [ [0wg(W + s, ts) + toxg(w + s, ts)|2 dsdw
w

1 —

t

1
o
0

1-w

/|awg(w+s,ts)+t8xg(w +s,ts)|2dsdw ;
0

o if t >1
0
Ieia =5 | [
52
t

_|_

[0wg(W +5, t5) + tdxg(W + s, ts)|? dsdw

5 \wl—-

1
t

=

oY~

/|8wg(w +5,t5) 4+ taxg(w + s, ts)|* dsdw
0

1-w

[0wg(W + s, tS) + toxg(w + s, ts)| dsdw

\_.

0

-

Going back to [0, 1]2, we end up with

t2 19wg +toxglFs g, ift>1.

All in all, we have proved that C 1y2(¢) exists and we have

= ifo<e<11,
ift>1
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