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SOME PROPERTIES OF A SOLUTION AND
FINITE DIFFERENCE SCHEME FOR ONE
NONLINEAR PARTIAL DIFFERENTIAL MODEL
BASED ON THE MAXWELL SYSTEM



Abstract. Linear stability and Hoph bifurcation of a solution of the initial-boundary value problem
as well as the finite difference scheme for one system of nonlinear partial differential equations are
investigated. The blow up case is fixed. The mentioned system is based on the Maxwell equations
which describe the process of electromagnetic field penetration into a substance. Numerous computer
experiments are carried out and relying on the obtained results, some graphical illustrations are
presented.
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1 Introduction

The aim of the present paper is to study the linear stability and Hoph bifurcation of a solution of the
initial-boundary value problem and finite difference scheme for one diffusion system of nonlinear partial
differential equations. Such systems arise in mathematical modeling of the process of penetration of
an electromagnetic field into a substance. Upon penetrating through a material, the variable magnetic
field induces in it a variable electronic field, which causes the appearance of currents. The currents
lead to the heating of the material and arise its temperature that affects the diffusion process. For
large oscillations of temperature, the dependence on it should be taken into consideration. In a
quasistationary case, the corresponding system of Maxwell equations has the form [10]:

0H
E = —I'Ot(l/m rot }I)7 (11)
00 )
Cy E = Vm(I'Ot H) 5 (12)

where H = (H;, Ho, H3) is the vector of a magnetic field, 6 is temperature, ¢, and v, characterize
the thermal heat capacity and electroconductivity of the substance. System (1.1) defines the process
of diffusion of the magnetic field and equation (1.2) describes the change of temperature. As a rule,
the coefficients ¢, and v, depend on temperature 6, ¢, = ¢, (0), vm = v (0).

Many authors are studying models (1.1), (1.2) and their different variations and generalizations
(see, e.g., [1-3,8,14,16,17] and the references therein). In [7], the reduction to the integro-differential
model of system (1.1), (1.2) was proposed and investigated. As for the investigation and approximation
solution of various versions of Maxwell system and the corresponding to it integro-differential models,
one can find, for example, in [8] (see also the references therein). The existence of the corresponding
initial-boundary value problems for such kind of integro-differential models can be proved by using
Galerkin’s modified method and compactness arguments as in [11,15] for nonlinear parabolic equations
and, as it is carried out in [5-7], for the case of one-component magnetic field.

The rest of the present paper is organized as follows. In Section 2, the problem is stated and the
linear stability of a solution of the initial-boundary value problem with nonhomogeneous boundary
conditions on the right side of the lateral boundary is studied. The possibility of appearance of Hoph
bifurcation and the blow up case are fixed, as well. In Section 3, the finite difference scheme for the
problem considered in Section 2 is constructed and its convergence is investigated. At the end of this
section, some graphical illustrations, confirming theoretical findings are given. The final Section 4
contains brief conclusion.

2 Linear stability and Hoph bifurcation

The model of Maxwell equations (1.1), (1.2) is complex enough for theoretical investigations and
practical applications.

In some physical assumptions, if the vector of a magnetic field has the form H = (0,U, V), where
U=U(z,t) and V = V(x,t), then in the cylinder [0, 1] X [0, 00) we consider the initial-boundary value
problem

fLU_ﬁ(SafLU) fLV_E@afLV)
ot Ox ox/)’ ot Oz ox /)’
3=+ () + (5) )
ox ox
1,

ot
U(Ovt) = V(Ovt) =0, U( ) =1, V(lat) = 1o,
U(x,0) = Up(x), V(z,0)=Vy(x),

S(z,0) = Sp(x) > sg = const > 0,

(2.1)

where a, b, 11, 12 are positive constants and «, 3, v are real numbers which will be specified later;
Uo(z), Vo(z), So(z) are the known functions of their arguments.

Stabilization of the stationary solution and the finite difference scheme for the special cases of the
above model were investigated in [4,6,9)].
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It is not difficult to show that if 8 # ~, then the stationary solution of problem (2.1) has the form

2 2 1
Vo= ine, Vomvar, 5= (WEEEDN)

The following statement holds.

Theorem 2.1. Let 2a+ 8 —~ > 0, 8 # v, then the stationary solution (Us, Vi Ss) of problem (2.1)
is linearly stable if and only if the inequality

B—a—1

ay-Bewi )] T <

is fulfilled.
Proof. Assume that a solution of problem (2.1) has the form
Uz, t) =Us +u(x,t), V(x,t)=V;+wv(x,t), S(z,t)=25s+s(z,t), (2.2)

where u(z,t), v(z,t), s(z,t) are small perturbations.
Introducing the notations

_ (W7 +93)b\ 5 WY\
aw=a () T a= ()T
2 2 b a:i b% sr
PYs:aw2<WI+Tw2))B ) Vs:(’y_ﬁ) 271 ( :%'1'7#%)2*’7
arP—

L 1) R Y LT B))

after linearization of the system of problem (2.1) we get the following system of partial differential
equations:

ou 0s + 8, 02y

ot~ M ox dx?’
v ds 0?%v
=y — + By — (2.3)
ot = " ox T aa
0s - Ou n ov
-7 — Vs s a_
ot~ 7T e T O
We seek for a solution of system (2.3) in the form
u(z,t) = u(x)e?t, v(x,t) =v(x)e?t, s(z,t) = s(x)et, (2.4)
and get the problem on eigenvalues for the following system of ordinary differential equations:
ds d*u ds d*v
wu =05 ——+ s =, wo=7s——+0s -,
dx dx? dx da? (2.5)
WS = VsS + d—u + d—v
= Vs s s o
Assume now that a solution of system (2.5) is of the form
u(z) = upe™®,  v(x) = vee™®,  s(x) = se'”.

Substituting these functions in (2.5), we get

wuge™ = aike* sy — B kPug,  wupe™® = v, ike™ sy — Bk vy,

kx

wsee™® = vgs0e™™® + ngikuge™® + pgikvge™®
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from which we obtain
'UJO(W + Bsk2) — a,tksy =0, 'UO(W + Bsk2) —¥stksg = 0,
uotkns + vopsik + so(vs —w) = 0.

It is clear that this system has a nontrivial solution if and only if the condition

w + Bsk? 0 —ikoug
Alw, k) = 0 w+ Bsk?  —ikys
1kns ikt Vg — W

= (W Bk (Vs —w) = (W + Bk )k ans — (W + Bk? pssk® = 0,

or
(w+ Bsk®)[(w 4 Bsk?) (vs — w) — k2asns — kX psys] = 0
is fulfilled. This implies that

E%(Bsvs — Bsw — g — pisys) — w? + wrs = 0. (2.6)

Since the case w + B.k% = 0 is trivial, the latest equality gives two values of the parameter k such
as k1 = —ko.
It is easy to show that the solution of system (2.5) has the form

ikix —ikiz _ ikl’ys ikiz —ik1x
(Sie Sae ), v(z)= Wt BT (S1e Sae )s @7)

S((E) _ Slezklw + S2efzk1z,

u(x) o ikl()(s
W Bek?

where S; and Sy are the constants.
Taking into account the boundary conditions (2.1), from (2.2) and (2.4) we get

u(0) =u(l) =0.
From this, taking into account (2.7), we get the following system:
S1— 852 =0,
Syttt — Spe~ihr = 0,

which above has a nontrivial solution when

A= eilkl —e_}ikl =™ — 7™ = 2isink, =0,
or
kip=mn, n€Z
Let us rewrite equation (2.6) in the form
Wy + Pr(Bas bin, ve)wn + L (Bs, ki, Vs s s, 75) = 0,
where

Pn(ﬂs, kn, Vs) = Bski — Vs,
Lo (Bsy ks Vs sy sy Vs) = —Bsvski, + asnskl + psysks.-
It should be noted that the solution of problem (2.1) is linearly stable if and only if for all n the
inequality Re(w,) < 0 holds. It is easy to show that if 2a+5—~ > 0, then L,,(Bs, kn, Vs, 1)s, tts,Vs) > 0.
Therefore, for the solution to be linearly stable, it is necessary and sufficient that the inequality
B—1

2 4+ P2)b\ 525 bF=— B-1
Pnzﬂski_l/s: (M)[j 7T2n2_(7_ﬂ) E(d’%‘“ﬁ%)ﬁ‘” >0,
a aB—~

or
B—a—1

b B—~
aly=B)[Z Wi +ed)] T <nt (n=1)
holds. Thus, the proof of Theorem 2.1 is complete. O
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Remark. As we can see from the above inequality, when v < 3, the solution of problem (2.1) is
always linearly stable.

Assume that v > 8,  —a — 1 # 0 and consider the value
2 —a—1 a—pB+1

-
b = | o T bﬁ}”‘“‘l,
y—B

for which
P1<w87a7/87,y)207 Pn(’(/}57a’ﬂ7’y)>07 n:2737""
In addition, if we assume that 8 — a — 1 < 0, then for ¢ € (0,%), ¥ = ¥? + 93, we have
Pn(waaaﬁa’y) > Oa n e ZO~
Therefore, if ¢ € (0,1)5), then the solution of problem (2.1) is linearly stable, and if 1) > 15, then
it is unstable. For ¢ = 1), we have Re(w;) = 0 and Im(w;) # 0, i.e., there appears the possibility
of Hoph bifurcation. The small perturbations may cause transformation of a solution into a periodic
oscillations [12].
Consider the problem
iU_ﬁ( allU) al_ﬂ( aal)
ot Ox ox/)’ ot Oz ox /)’
oS oU\2 oV\2
22— (%) + ()]
ot 333) + 8x) (2.8)
U0,t) =V (0,t) =0, U(1,t)=1v1, V(L,t)=1)a,
U(z,0) =Uy(x), V(x,0)="Vo(x), S(z,0)=So(z)> so=const>0.
It is not difficult to verify that if o # 1 and Sp(z) = so, then the functions
U(.’E,t) =17, V(:L’,t) = 1o,
1
S(x,t) = [s,7 + (1 — a) (4] +93)t] = *

are the solutions of problem (2.8). But if a > 1 at a finite time to = s5~*/[(¢} + ¥3)(a — 1)], the
function S(z,t) becomes infinity. This example shows that the solution of problem (2.8) with smooth
initial and boundary conditions can be blown up at a finite time.

3 Convergence of finite difference scheme

In the rectangle [0,1] x [0, T], where T is a positive number, let us consider the initial-boundary value
problem (2.1).

Now, we study a numerical approximation of problem (2.1). If we introduce the notation W = S 172
then problem (2.1) takes the form

oU 0 /o o0 oV D D
W U Vv
G =W () (5 | (3.1)

U,t)=V(0,¢t) =0, U1, t)=u¢1, V(1,t) =1,
U(x,0) = Up(z), V(x,0)=Vo(x), Wi(z,0)=So(x)]">.
Let us discretize the domain [0, 1] x [0,T] and apply the following known notations [13]

1 T ;
_ _ _ _ _
h_M’ T= x; =th, t;=j1, r(zt;) =r],
_ . " o1 .
wh:{xi, 220,17...,M}7 Wi, =T = 2—5 h, 1=1,2,...,M¢,
. . — — * *
wT:{tj:]T, ]zO,l,...,N}, Whr = Wp X Wy, Why =Wy X Wr,
Jj o ,d J_,.J Jj+1 J
i T T VR T | gy
Toei = ’ Tz = ’ th*
’ h ’ h T
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and the corresponding inner products and norms
‘—thgl, (r7, ‘—thgz,

= () =

For problem (3.1), consider the following finite difference scheme:

ul = (W*uz)e, v = (W*V5)a,
; b
wi = 2w g Do 1) o)

J_ ,J _ J J o -
U/O_UO_07 U'M_wla UM_¢27 .7_0717"'7N7

u? = Up(x;), v? = Vo(x;), w? = [So(xiﬂ/g)]lp, 1=0,1,....,M — 1,

where the grid functions v and v are defined on @y, while the grid function w is defined on wj,_. Note
that here and below, if the grid functions are taken without indices of time level, it assumed that they
are considered at t;1.

It is not difficult to show that an approximation error of scheme (3.2) on smooth solutions of
problem (3.1) is O(r + h?).

The following statement holds.

Theorem 3.1. An approzimation error of scheme (3.2) on smooth solutions of problem (3.1) is
O(t +h?) and if B> 1/2, a =, |a| < 1/2, then a solution of scheme (3.2) converges to the solution
of problem (3.1) in discrete analogues of the norms of the space L2(0,1) and the rate of convergence
is the same as an approximation error.

Proof. For the errors X =u—-U,Y =v—V and Z =w — W, we have

X7 = (w*uz — W Us), + o1, (33)
Y = (w*®vg — W Va), + o, (3.4)

; b
Z] = —g (W=t — W21 4 5 (w2 - W2 4 w2 — W2V 4 g, (3.5)

where ¢ = O(7 + h?), k =1,2,3.
Assume o = 7y and |a| < §. Let us multiply scalarly equations (3.3)—(3.5) by 27X, 2rY and # 77,
respectively. Using the discrete analogue of integration by parts and the identities [13]

27(Xp, X) = | X||* = | X7 + 72| X%, 27(Ye,Y) = Y7 = IY7* + 72| Ve,
27(Zs, 2) = 121" = | 271 + 7*1| Z] .

we get
X[ = [1X71 + 72 Xl = = 27 [(w®, u3] = (w® + W, uzUs] + (W, UZ] = (1, X)],
Y12 = Y717+ 72Vl = = 27[(w®, 3] = (w® + W vVl + (W, V] = (2, Y )],
1 ; a _
3 (1212 = 1Z7]1° + P2 N127) = = 5 (= = W2 ) (w = W)

b
+’7’((U) —w W Wl — (WO w — WO, U2

_ _ 2T
+ (w5 —w?w, vZ] — (W5 Lw — W79, V;]) + > (3, Z].

Here we introduced the notation 2o = 4.
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Adding the above equalities and assuming 8 > 1/2, we get
. . T .
X2 = 1 X701 + V]2 = Y7 ) + i (12117 = 112°11%)
5 5—1 5 5—1
< 27 [(W u% w UI?’ 1} _ (w5 + W‘s,quﬂ
5 -1y W 4+ W1 1
+ (w +u2} ’U%"’_ +2 wV§271:| _(w6+W67UTVI]_((P17X)_(9027Y)_b((p37Z]:|

< —27{ ([(® + w1 W) (W + W) P — W Jug] U]

+ ([ + wf W)W+ W) F = wf = W, Jug] [Val]| = (1, X) = (2, Y) - % (¢3.2]}. (36)
Note that
(w6 o w6—1W)(W6 o W&—lw) o (wé + W(S)Q

_ 2w5w5 + w5+lw5—1 + w6—1W5+1 _ w2§ _ 2w5w5 _ W26
_ <w6+1 _ W6+1)(W6—1 _ w6—1>. (3.7)

Since |9] < 1, we have
(w5+1 _ W6+1)(W571 _ w(S*l) > O

Using relations (3.6) and (3.7) and taking into account the last inequality, we arrive at

1 ) . 1 . 1
IXIP + VI + 7 1ZIP < 107 4+ 1912 + 2 1297 + 27 (o0, X) + (00, Y) + 5 (95, 21),
which yields
X1+ Y]l +1|2]] = O(T + h?).
Thus, the proof of Theorem 3.1 is complete. O

Using the approach on proving Theorem 3.1, it is not difficult to prove the stability of scheme
(3.2).

Applying scheme (3.2) given in this section and the Newton iterative method, various numerical
experiments have been carried out which fully agree with theoretical findings. Using the results
obtained in Section 2, we get graphical illustrations for the stability of solution (see Fig. 1) and fix
the bifurcation phenomena (see Fig. 2).

U v
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Figure 1. Stabilization of solution.
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Figure 2. Hoph bifurcation.

4 Conclusion

For the system of nonlinear partial differential equations, which is based on the Maxwell equations
describing the process of penetration of an electromagnetic field into a substance, the linear stability
of a solution, as well as the possibility of Hoph bifurcation are studied. The blow up case is fixed,
too. The corresponding finite difference scheme is constructed and its convergence is proved. The
carried out various numerical experiments show the linear stability of a solution of the corresponding
initial-boundary value problem and also Hopf type bifurcation for certain boundary data.
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