TWMS J. App. Eng. Math. V.9, N.4, 2019, pp. 909-920

NUMERICAL SOLUTION OF AN INVERSE PROBLEM FOR THE
LIOUVILLE EQUATION

FIKRET GOLGELEYEN', MUHAMMED HASDEMIR!, §

ABSTRACT. We consider an inverse problem for the Liouville Equation. We present the
solvability conditions and obtain numerical solution of the problem based on the finite
difference approximation.
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1. INTRODUCTION

In this work, we consider the Liouville equation

ou
Lu= E—&—{H,u}:)\(m,v,t) (1)

in the domain Q = {(z,v,t):z € DC R", ve GC R", t € (0,T)}, where

" /(OH du  Ou OH
k=3 (505~ o)

and the boundary 02 is sufficiently smooth.

In applications, u(z,v,t) is the density of distribution of the number of the particles
in the phase space, H(x,v,t) is the Hamiltonian, A(x,v,t) is a source function, x is the
space coordinate vector, v and ¢ denote the velocity and time, respectively. The Liouville
equation characterizes the continuity of the motion of a substance with phase volume
conservation. It is used for quantitative and qualitative description of many physical,
chemical, biological, social and other processes [3].

There have been many works on the direct problems for the Liouville equation, [See, e.
g. 9]. As for the inverse problems, we refer to [1, 3], where the uniqueness of the solution
was investigated. Numerical solution of some inverse problems for the stationary kinetic
and transport equations were studied in [6-8]. To the best of our knowledge, there has been
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no study devoted to numerical solution of such inverse problems for the non-stationary
Liouville equation.

In this paper, we investigate the solvability conditions and numerical solution of the
following inverse problem:

Problem 1. Determine the functions u(x,v,t) and A(z,v,t) that satisfy equation (1)
provided that the trace of the solution u(x,v,t) on the boundary 9 is known:

ulyq = uo. (2)

The uniqueness of the solution of Problem 1 will be proved in the same way as in [1, p.
86], [3, p. 43]. B
Theorem 1. Let the Hamiltonian H(z,v,t) € C* (Q) satisfy the conditions

- 62H . 0’H
Z §§J> o ¢, Za 5§J< —as [¢]?, (3)
: 7 ]7
for all (z,v,t) € Q, £ € R", where a1, as are positive numbers. We assume that the
function A(x,v,t) satisfies the equation
~ " 02\
L) = =0. 4
avjaxj ( )

Then Problem 1 has at most one solution (u,\) such that v € C? (Q),X € C? ().

Proof. Let (u,\) be a solution to Problem 1 such that v = 0 on 0Q and u € C? (),
A€ C2%(Q). Since (4) holds for the function \, we have

ou O\ -
Z ov; 0x; Z ov; ( amz) (5)

On the other hand, we can write

B Z O*H 0Ou Ou O*H Ou du
N 0v;0vj Ox; (9.%'] Ozvlﬁx] ov; 81)3

1=

0 (Ou (Ou
(axz (2o u}))}
OH Ou Ou o /0H du du

Taking into account the geometry of the domain  and condition u = 0 on 0f), from (5)-
(6), we get

Y PH du du  *H du du du O\
ijjl/ﬁ (@vﬁvj 61’1 695] 3%8:5] 8UZ 81@) df) = 22/ 8’01- axl dQ = 0. (7)
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By condition (8), we have
al/ ]qu|2d(2+042/ IVul? dQ < 0. (8)
Q Q

Since Q is bounded and uw = 0 on 0, inequality (8) implies u = 0 in Q. Hence, by
equation (1), we have A =0 in , which completes the proof of the theorem. O

It is easy to check that condition (4) holds, for example, for any function A of the form
A= Ai(x,t) + Aa(v,t), where \; and A are continuously differentiable functions.

As for the existence of the solution of Problem 1, we reduce the problem to the following
one with homogeneous boundary data:

Problem 2. Determine (u, A) from the relations

Lu = X\az,v,t)+ F(z,v,t), 9)
ulpg = 0, LA=0, (10)

provided that the boundary 952 is sufficiently smooth and the concordance conditions for
the data are satisfied. In (9), F' is a known function in Hy(£2).

Then the following theorem can be proven by the same method presented in [1] which
is based on the Galerkin method and we will omit the proof here.

Theorem 2. Under the hypothesis of Theorem 1, there exists a solution (u,\) of
Problem (2) in Hy1(§2)x La(2).

We note that the solvability of Problem 1 depends on the geometry of the domain (2.
Namely, it is necessary that ) can be represented in the form of the direct product of the
three domains D, G and (0,7).

Next, we give another problem where the geometry of the domain is not essential for
the solvability.

Problem 3. Find a pair of functions (u(z,v), A (z,v)) defined in D x G that satisfy
the stationary form of equation (1) and the conditions

Vu|8(D><G) = Uuo;, vv)"a(DxG) = Ao, u(@o,v0) = u1, (11)

where (z,v0) is a point in D x G.
Theorem 3. Under the hypothesis of Theorem 1, Problem 3 has at most one solution
(u, A) such that we C* (D x G) , A€ C? (D x Q).

Proof. Suppose that (u, \) is a solution to problem (3) such that ug = Ao = uy = 0. Using
relations (5)-(8) in the stationary case and by the fact that V,\ is given on the entire
boundary we obtain ug, = u,, = 0,7 =1,2,...,n. Then equation (1) in the stationary case
implies A =0 in D x G. Since u (xg,v0) = u1 = 0, it follows that w =0 in D x G, which
completes the proof. O

It is worth noting here that, by using the semi-group theory, we can have a more
general result devoted to solvability of Problem 1. Since the operator L := {H,-} is
the infinitesimal generator of a contractive operator semigroup, see [4], we can prove the
existence, uniqueness and stability of the solution of Problem 1 based on the method used
in [5, p. 489].
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2. THE FINITE DIFFERENCE METHOD

Now we concern with the construction of finite difference approximation for the following
inverse problem:
Problem 4. Find (u, ) from the relations
u (z,0,t) + Hy (2,0,t) ug (z,0,t) — Hy (2,0, t) uy (z,0,t) = A(z,0,t) + F(x,0,t), (12)
u(z,v,t)]|yq =0,
L)\ =0,
where Q = {(z,v,t)| = € (a,b) CR, v € (¢,d) CR, t e (e, f) CR}.

By applying the operator L to both sides of equation (12), we get an auxiliary Dirichlet
boundary value problem for a third order partial differential equation:

ut$v+uxvav_uvvaJ:+ux:chv_uvawx+ua:vHvx_Uvaxv+uvaUJ:_uvHwi = -F (xa v, t) )
(13)
ulgg = 0. (14)

By using the central finite difference formulas in (13)-(14), we obtain the following discrete
version of the previous problem:

(ko + ka)af ;- 1+(2k2—k3+k5) U j— 1+( ki — ko) @i

+ (=21 + kg — k) UF_y ;4 (—2ky + 2ks) @} ; + (2K +k4+k‘6) Ugy
+ (k4 ko) @y 5o+ (—2ke — ks — ks) 5 4y + (ko — k1) @51 440
+(k7)(@ fﬂljﬂ - afjf,jﬂ - af:ﬁlj 1t ~f+11,j 1 ~f+113+1 + it
s ) =fl =L L =1 k=1, K (15)
Ugj: Ul}+1g—“fo §J+1:ﬂoj_&z‘[,(j+1: )
i=0,1,. 0+1, =01, J+1, k=0,1,...K +1, (16)

where I, J, K are positive integers, Az = 8{_‘3 Av (( 7 +§)) and At = ((K +1)) are step sizes
in the directions z, v, t, respectively. In (15), @} j is the finite difference approximation
for the solution w(x;,vj,t;) = u(a + iAz, c + jAv, e + kAL), hk- is the finite difference

approximation for the function H(x;,vj,t;) = H(a + iAz, ¢ + jAv e+ kAt), fF. is the

2]
approximation to the function F(x;,vj,t;) = F(a + iAz, ¢+ jAv, e + kAt) and
k k k k
- hivy; — hifl,j’ ,— hije — hz’,jfl’
4(Ax)? (Av)® 4(Ax)? (Av)®
]{53 _ h’f—f‘lj 2h +h7, 1,7 - hf]-{-l Qhk +hzg 1
(Az)? (Av) ’ (Az)* (Av)*
ke — hf—}—l,j—f—l - 2h§,j+1 + h§—1,j+1 - h§+1,j—1 + 2h§,j—1 - hf—1,j—1
4 (Az)* (Av)? ’
ke — hf+1,j+1 - 2h§+1,j + hf—&-l,j—l - h?—l,j—&-l + 2h£‘€—1,j - hi‘c—l,j—l
4 (Az)* (Av)? ’
1

ke =

8 (Az) (Av) (At)”
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The approximate solution ﬂi-f ; of Problem 4 is obtained at I x J x K mesh points of {2 by
solving the matrix equation

N
|

[ A0 BMH o
c? 4@ B©®
0 c®
|0 0

In (18), the matrices AW B0 () are defined as follows

c@®

Agi’l)
Agi,2)
0

0

r B§i,1)

Béi,z)
0

0

B Cfi’l)

Céi,Q)

APV o
Agi’2) Aéi,Q)
Agz,S)
0o A’
B 0
2 2
B%Z ) Béz )
B§Z73) .
0o By
oo
0,2 0,2
o of?
C?(’z,?)) .
o o

Agz,J_n

Béi,J—l)

BY’J)

ol =1)

2 .
sz,])

d KX 1K
71’_172’

UK x K
7221727

UK xJK
7Z:2737

4 JK x JK

(17)

(18)
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where
" (i) 0 e 0
A6 — 0 filig) - :
: - 0
L 0 e 0 fs(za]) Kx K
R I 0
_1)(s+D) (5— .
D e g4(ind)
Bgz,]) — 0 0 ’
. . (=1)%(s=1)
: . . ( 1). wa
(=1)+D (s—1) s
i 0 0 —1)! a 9s(i, ) 1 kxi
[ . —1)6+D) (s— 7
hs(i, 7) %a 0 . 0
E e hy(ig) :
cli) = 0 0 )
. (=D EHD (s—1)
1) (s—1) .
i 0 s 0 Wa hs(l7]) 1wk
s = 1)2)3) j_1727 7J)
and
J1(i,j) = —2ka+2ks, fo(i,§) = —2ka — k3 — ks, f3(4,J) = 2k2 — k3 + ks,
hi(i,j) = —2k1+ka — ke, ha(i, j) = k1 + k2, hs(4,5) = k1 — ko,
g1(i,5) = 2k1 +ka+ke,g2(i,5) = —k1 + k2,93(i,j) = —k1 — k2,a = k7.

In (17), F is a column matrix which consists of

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T
1 2 K 1 2 K 1 2 K K
F = |:f1,17 fl,l,) ceey fl,lu f1,27 f1,27 ceey f1,27 cey fl,J) fl,Jv ceey f17J7 cey f],Ji|

and u is the solution vector:

~ -1 =2 K ~1 =2 ~K -1 =2 ~K ~K 1T
u: [u1’17u1,177.-.7”171,“1’27u1,27..-7?,1/1727--.7u1,J7u1’J7.-.7U17J7..-7uI’J}
Finally, we obtain A numerically from the difference equation
~k+1 ~k—1 1 ~k ~ ~
(ui,j U ) s (Uz‘+1,j - “z‘—1,j) C (ui,j+1 + ui,j—l) Gk _ 5\@
2At 2Ax 2Av “J N

1= 1,2,...,1; 5 = 1,2,..,J; k = 1,2,..., K, where S\f] is the approximation to the
function A(z;,vj,t,) = AMa + iAz, ¢+ jAv, e+ kAt). The last relation is derived from
(12) by using the central-difference formulas.
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3. NUMERICAL EXPERIMENTS

In this section, we present numerical solution of three inverse problems of the form
(9)-(10) by using the method developed in the previous section. The computations are
performed using MATLAB R2014a program on a PC with Intel(R) Core(TM) i7-7700HQ
CPU 2.80 GHz, 16 Gb memory RAM, running under Windows 10.

Example 1. Let us consider the problem of finding (u, \) in Q = (2,3) x(—1,1)x(0,1)
from relations (9)-(10) provided that
H(z,v,t) = v +log(x),
F(z,v,t) = 23(v—2tv + 2tv> — v3) 4+ 22 (620 — 9t%0? — 6tv* — 10tv> + 9t0?
+10tv + 50° — 5v) 4 2(—20t%v* + 35t%0% + 20tv* + 12t03
—35tv? — 12tv — 6v° + 6v).

It is known that the exact solution of the inverse problem is

w(z,v,t) = zv(z—2)(z—3)w? —1)#* —1),
A(z,v,t) = t(t—1)(120* — 300% 4+ 2° — 5z + 6).

In the following figures, we compare the exact solution with the calculated finite difference
solution of the problem for I = 80, J = 200, K = 2, that is we consider 32000 mesh points.

(a) (b)

FIGURE 1. (a) Computed values and (b) Exact values of u for t=0.5.

Table 1. Errors in the computation for Example 1

I =50, J=100,|I=50, J=200,|I=380, J=200,
K =2 K=2 K =2
Number of mesh points 10000 20000 32000
Elapsed time 90.42 s 183.49 s 622.27 s
Maximum error for u 3.8445e — 04 8.9666e — 06 8.4668¢e — 06
Maximum error for A 3.9840e — 04 8.5537e — 05 8.2733e — 05
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FIGURE 2. (a) Computed values and (b) Exact values of A for t=0.5.

FIGURE 3. The structure of the matrix A (32000x32000) in Example 1.

@ 210 ()

© Computed Solution
= Exact Solution

FICGURE 4. A comparison of computed and exact solutions for u:
(a) fixed v, t; (b) fixed x, t.

Example 2. Find a pair of functions (u, A) defined in Q = (2,3) x (0,3) x (0, 1) that
satisfies equation (9)-(10) with
2

H(z,v,t) = % — 22
F(z,v,t) = a3(4te’ — 4t%e” — 2tve’ + 2t%ve?) + 2% (v + 3e” + 20t%e¥ — 2tv — 26te’

—ve¥ 4 12tve’ — 10t%ve?) 4 z(4tv — 15e¥ — 2t%0? — 24t%e¥ — 5v
+2tv? 4 6120 + 5dte’ + 5ve’ — 16tve’ — 2tv’e’ + 6t2ve’ + 2t%v?%e?).
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The exact solution of the problem is
u(z,v,t) = (z—2)(x—3)(e —1)(v—23)t>—1),
Az,v,t) = 22(=2t2 + 20)2® + (10t — 4t — 3) + x(—12t% — 18t + 15) + 36t + 6v

+tv(5tv — bv — 15t + 3) 4 €”(v — 3)(12t + 5tv — 5t%v — 6) — 18.

FIGURE 5. (a) Computed values and (b) Exact values of u for t=0.7.

®)

FIGURE 6. (a) Computed values and (b) Exact values of A for t=0.7.

Table 2. Errors in the computation for Example 2

I=4, J=500,|1=10, J="700,|I=10, J= 1300,
K=4 K=3 K=3
Number of mesh points 8000 21000 39000
Elapsed time 39.11 s 214.51 s 1153.12 s
Maximum error for u 1.2796e-05 8.1005e-06 2.3519e-06
Maximum error for A 4.4605e-04 2.8981e-04 8.4804e-05
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FIGURE 7. A comparison of computed and exact solutions for u (all values).

Example 3. Find a pair of functions (u, \) defined in Q = (—3,3) x (0,1) x (1,3) that
satisfies relation (9)-(10) with

2
H (z,v,t) = Ll

2
1
2

)

F (z,v,t) = [vz(3z — 3vz) — tve(—6v2 + 6v — 1222 + 108)

+3vecos (5 2)) (22 — 9) (v — 1)]
—i—% [Gxecos(%”))(—v?’ +v? — 202 + 18v + 22 — 9)
pecos(+a) sin(% +2)(a? — 9)(0? — v) (v + mz) (82 — 4t + 3)}

tvx(—8v% + vx + 8v — 1622 — 2 + 144) — tvw(—2v% 4 2v — 422 + 36)
—ecos(F o) [x3(4tv — 160 — 2t 4 8) + 2% (v? — v)
+a (18t + 144v — 36tv — 2tv* + 2tv° + 8v? — 8v® — 72) — 9v* + 9] .

The exact solution of the problem is

wlwvt) = (t=3)(; ~ DEE 1)@ - 907 —v),

4 1
Az, v,t) = 38— g — 2t) + (18t + 57 —72) + 90 + ﬁ(zwﬁ —27v) — 902

The finite difference and the exact solution of the inverse problem at ¢ = 2 are shown
in Figures 8-9 for I = 100, J = 100, K = 3.
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FIGURE 8. (a) Computed values and (b) Exact values of u for t=2.

(@ (b)

i
o exact solution
o _computed solution

FIGURE 10. A comparison of computed and exact solutions for u:
(a) fixed v, t; (b) fixed x, t.
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Consequently, numerical experiments have demonstrated that the proposed method
provides highly accurate numerical solutions for the source inverse problems for the Liou-
ville equation. It is worth to note that the method used for proving the solvability of the
inverse prgblem paves the way of solving the problem numerically. Namely, applying the
operator L, our problem is reduced to a direct problem for u. Then the finite difference
approximation for the Dirichlet problem for a third order partial differential equation gives
the result directly.
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