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Abstract: We consider a three-dimensional nonlinear wave equation with the source term smoothly changing
over time and space due to a small parameter. The behavior of solutions of this PDE near the typical “butterfly”
catastrophe point is studied. In the framework of matched asymptotic expansions method we derive a nonlinear
ODE of the second order depending on three parameters to search for the special solution describing the rapid
restructuring of the solution of the PDE in a small neighborhood of the catastrophe point, matching with
expansion in a more outer layer. Numerical integration curves of the equation for the leading term of the inner
asymptotic expansion are obtained.
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Introduction

This paper is devoted to the study of specific behavior of a solution of the nonlinear wave PDE

LU, U DU U
T " 0x2 " ov? " 072

= f(eT,eX,eY,eZ,U) (0.1)

as a smoothed shock wave, the so called step-like contrast structure. Since this equation (0.1)
contains 4 independent variables in every open domain of the arguments of function in the right-
hand side of this equation there typically exists a point of catastrophe related to degeneration of
f up to 5-th order with respect to the unknown function, that corresponds to “butterfly” type
catastrophe [2].

The purpose of this paper is by applying the matched asymptotic expansions method [3] and
catastrophe theory [2] to deduce the nonlinear ODE of the second order, which depends on three
parameters, the ODE, which would be satisfied by the special solution related to a step-like con-
trast structure. We explore also the variants of such special solutions behavior depending on the
parameter settings.

The similar equation with two independent variables and the corresponding typical point of
“cusp” catastrophe was considered in [12]. The detailed study of special solutions with obtaining
a uniform asymptotic expansion was carried out in [5], [6], this paper mainly follows the approach
taken in these works.

IThis work was supported by RFBR, research project No 16-31-00222.
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1. Preliminary constructions

We consider first a more general than in equation (0.1) form of the differential operator in the
left-hand side of PDE the resultant ODE in some cases will have the first order while in others it
will be the second order. We suppose to study the constructed ODE in our following works in the
framework of RFBR Research Project mentioned above.

Consider a nonlinear PDE of such form

2

Y Aa(eR)0°U(e,R) = f(eR,U(s, R)). (1.1)

|a|=1

Following [13, p. 15] we denote by 0% the operator of differentiation with respect to indepen-
dent variables and assume that the multi-index &« = (a1, ..., a4) corresponds to the independent
variables, in particular, (Ry,..., R4) = R in equality (1.1).

The relation (0.1) is a particular case of the equation (1.1), which corresponds to the following
values of coefficients: Aq =0 for 0 <oy, <2,n=1,...,4and 1 = —A2000 = 402,00 = 40,020 =
Ap0,0,2-

In order to reduce the equation (1.1) to the standard form of singular equations with a small
parameter multiplying the derivative, we make the change of variables s = ¢R, V' (e,s) = U(e,eR),
resulting equation (1.1) takes the form

2
D Ay (5)0*V (e, s) = f(s,V (e, 5)). (1.2)

|a|=1

Let the function f(s,V) be smooth and satisfy the inequality fi (s,V) # 0, (s,V) € Qg X Qy.
Let some conditions relevant to the equation (1.2) specify a solution on the domain 4 asymptoti-
cally approximated by a series of the following form

Ve, s) =Vo(s)+ iann(s), e —0, (1.3)

on the domain 4 except for a neighborhood of its borders, and let the principal term Vj(s) of the
series (1.3) satisfy the equation

f(s,Vo(s)) = 0. (1.4)

Examples of such statements of problems are presented, for instance, in the monograph [11] and in
the paper [5].

At the boundary of Qg could be located points of degeneracy of the function f(s,V) with
respect to the unknown function, i.e., zeros of the function fy (s, V') on the boundary of the set €,
which may contain the manifolds of points of “fold” catastrophe and “cusp” catastrophe, smooth
lines of “swallowtail” catastrophe and isolated points of “butterfly” catastrophe [2].

2. Derivation of special equation

Let a point (s°,V°) on the boundary of the domain Q¢ x Qy be an isolated point of “butterfly”
(Ais) type catastrophe [2, p. 5,11] of the function f(s,V’). Then Taylor asymptotic expansion of
f in the neighborhood of this point is

i(b + Gon(8) + G ())(V—V@)m

m=0
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where
4
Gm(s) =D bm,j(s; = 55),
j=1
é;(s) = Z bm,a(s - so)a’
|o|=2
0=0byp=b; =by = b3 =by, (2.1)
bs = » # 0. (2.2)
We introduce the following notation
B = (bn_lvj)n7j:1,74 .

The vanishing of the five coefficients (2.1) is achieved by the choice of the values of the five coor-
dinates of a point (s°,V°); the existence of a solution of a system of five equations
aTL
Wf(S,V):O, ’I’LZO,...,4

with respect to five unknowns is a typical situation, while satisfying any additional independent
relations would not be the typical for functions f(s,V), and this, in particular, validates the
assumption (2.2) and the inequality

det B # 0. (2.3)

Performing the change of variables
0n=-Gn 1(8),n=1,....,4; 0 = B(s —5°); V(e,8)=V(e,8°+ B la) =W(, o) (2.4)

and using the approach of catastrophe theory [2, p. 37,38,43], we find that there is a diffeomorphism
of a neighborhood of (s°,V°) onto a neighborhood of the origin of variables (o, W) satisfying the
asymptotic relation

V—-V°=Hy(o)+W(1+ Hi(o))+ i W™ (Cp, + Hp (o)), (2.5)
m=2
H, (o) = Z Cra 0™
|a|=1

with a set of numerical coefficients Cy,, Cyy .. Additionally, in the neighborhood of (o°,V°) this
diffeomorphism satisfies the identity

flo, V)= —p1 — paW — o3W? — W3 + 205, (2.6)

where the number s is the same as in (2.2), and the coefficients ¢, = ¢, (o) have the asymptotic
representation

o
on(o) =0, + Z Cn,a0”. (2.7)
|ex|=2
To study in details the behavior of the solution near the point of catastrophe s° corresponding

to the value o = 0 we perform the coordinate stretching

on =678y, B,>0 n=1,....,4, Wl o)=c"W(,8), v>0 (2.8)
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with some exponents (31, ...,8s) = 8 and =, the exact values of which will be defined below.

Since the leading term W of the series (2.5) has to satisfy the limiting equation (1.4) with
expression (2.6) substituted into it instead of function f, then it turns out, that it depends on the
all p,(o), n =1,...,4, and hence, by virtue of the asymptotics (2.7), it is dependent on all o,
n =1,...,4. To achieve this effect, when making the change of variables (2.8), we need to balance
all the exponents of powers of € arising from the terms in equation (1.4). Setting

Bn=m4+ 1)V, n=1,...,4, (2.9)

we obtain the asymptotic approximation

f(s, V(e 8) =7 (=81 — SaW — SsW? — SyW3 + #W?) + Z e Py (S, W), € =0,

m=6

where W = W (e, S). Below, we will analyze the behavior of the principal term of the asymptotic
expansion

Wi(e,S)=w(S)+ Zanwn(S), e —0. (2.10)
To derive the principal term of the asymptotics of the left-hand side part of the equation (1.2) we

transform the operators of differentiation with the use of changes of variables written in equali-
ties (2.4), (2.8):

4
ePrdS, = dop = bn_1;ds;.
j=1

To simplify the calculations we denote "W (g, S) = W(s, S), then, as

S S
; Sn ) dS, = dW(e, S)) = Z::a_ e, s)ds;,
we have
—Bn_Y .
ZE 85 ES ;bn 1,jds; = ZG—SJVES ds;,
whence
0 0
ds; ;_:E "ligs,’
2 4 8 aj
Z el Ay ()0*V (e, 8) = &7 Z elol A ( H (Ze P, RPN ) Wi(e, S),
|a|=1 |a|=1 j=1 =
where

Ax(S) = Aa(s° + B 'a(S)), o(S) = ("Sn)net..a-

Consequently, under the condition of smoothness of functions A4 (s) and taking into account (2.8)—
(2.10) at a fixed value of S and £ — 0 the equation (1.2) can be written as

o2
d(51)?
7 (=81 — Sow — Ssw? — Sqw® + 3w® + O(7)), (2.11)

gl=hry <M8i5’1w(6’ S) + O(e”’)) + 272ty <N Wi(e, S)+ O(s”)) =
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if we collect on the left-hand side in one bracket only the terms with derivatives of the first order
and in another bracket — only with second-order derivatives; here

M= Q@a), N=)> Q),
loe|=1 || =2
Q(a) = Aa(so)ba, b= (b071, N ,1)074).

In particular, the constants M = 0 and N = —(by1)? + (bo.2)? + (bo.3)? + (bo.4)? correspond to the
equation (0.1) and the constants M = —bg; and N = (bp2)? + (bo3)? + (bo.4)? are matched with
the diffusion equation

oU, PU U U
oT ~ 9x? " aY? " 97

= f(eT,eX,eY,eZ,U).

In accordance with the practice of matched asymptotic expansions method [3], when transiting
to an internal scale, we need to choose = such, that the exponents of powers of ¢ at the main terms
of the asymptotics of the left-hand and right-hand sides of the equation coincide with each other
after the transition to the new variables.

Let us consider the following two situations separately:

1) when the constant M # 0;

2) when in the original equation (1.1) all the coefficients of the first derivatives are identical to
zero and the constant IV # 0.

Note that implementation of these inequalities for the constant M and N, the value of which,
except for special cases (for example, the lack of the first order in the original equation (1.1)),
depends on the choice of f on the right-hand part of the original equation, is a typical situation
similar to inequality (2.3), as noted above.
In the first case, by virtue of (2.9) and (2.11) we come to the conclusion, that v has to satisfy
the relation
min{l — 4+,2 — 9y} = 5.

Solving it and taking into account the inequality 7 > 0, we obtain the value v = 1/9. Substituting
it into the equality (2.11), we receive the estimate

Ma% w(S) + 51+ Szw(8S) + Szw?(S) + S1w*(S) — »w’(S) = O('/?). (2.12)

The limiting equation to 2.14 is an ODE of the first order with respect to w(S) as a function of one
variable 57 and three parameters Ss, S3,S4. By making in the ODE the linear change of variables

Sy = (M3 W)W0%, Sy = (M), Sy = (Mx)'"/32 Sy= (M),
u(z) = (M) w (8, (x), Sa(y), S3(2), Sa(t)),

we obtain the first order nonlinear ODE
Uy = u® — tu® — zu® — yu —x, (2.13)

which depends on three parameters y,z,t. We plan the study of the behavior of solutions of
ODE (2.13) to be hold in subsequent papers in the framework of the above mentioned RFBR
research project.
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In the second case, in the relation (2.11) the first term of the equation is completely missing
and the equation for v becomes simpler 2 — 9y = 5v, whence v = 1/7 and therefore equality (2.11)
takes the form:

2

Na((;l)z-w(S) + 81+ Sow(8) + Ssw?(S) + Saw?(S) — sew®(S) = O(e'/7). (2.14)

We turn to the equation obtained from (2.14) as a result of passing to the limit as ¢ — 0 and at
the same time producing a linear change of variables

S1 = —sgn(x) ‘N‘E’%_l‘l/M x, So= —sgn(x) ‘NZ%‘lﬁ v,
S3 = —sgn(x) ‘N3%5|1/14 z, Sy= —sgn(x) !N%ﬂl/? t,
u(z) = | Noe [V w(S1 (), Sa(y), Ss(2), Sa(1)).

Thus, we obtain the desired nonlinear second-order ODE
sgn(N) gy = u° — tu® — 2u* — yu — , (2.15)

depending on three parameters y, z,t. This ODE is held for a special solution describing the rapid
reconstruction of the original PDE solution in a small neighborhood of the catastrophe point s°.

3. Matching with more outer layer condition

Consider the multi-valued relation
u = h(z;y,2,t), (3.1)

each value of which is a root of the equation

0:u5—tu3—zu2—yu—:r.

In order to apply the matched asymptotic expansions method, it is necessary to construct a
function u(x) = u(x;y, z,t), which is a solution of the equation (2.15), i.e., it is the principal term
of the asymptotic expansion of the solution of the original problem for PDE in the inner layer (the
layer, projection of which onto the axis Oz is the set |z| < e=2/7+91) in such way that it would
be matched with the solution of the original problem in the more outer layer (projection of which
onto the axis Oz is the set |z| > e=2/7+%2) where 0 < §; < 9 < 2/7 are some numbers. Therefore
it is necessary to match u(x;y,z,t) and Vy(s), the leading term of the series (1.3), which satisfy
the equation (1.4). As a consequence of that we will look for those solutions u(x) = u(x;y, z,t) of
equation (2.15), which satisfies the limiting relation

lim |u(z;y,2,t) + H(z;y,2,t)| =0, (32)

T——00

where u = H(z) = H(x;y, 2,t) stands for the maximal extension over axis Oz in the right-hand
direction of a smooth branch of the root (3.1) defined in a neighborhood of x = —oc. Thus, we will
configure the function u(x;y, z,t) to match with the Vy(s) on the left-hand side along axis Oz and
then we will study the behavior of such a curve with an increase in the variable .
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4. Numerical search for special integral curves

Integral curves of solutions given in this paper shown in bold and green on the figures below were
calculated using explicit Runge-Kutta—Felberg (4,5) method [1] with variable step and accuracy
control. In all figures a red thick line represents the graph of the root (3.1).

Note that the behavior of solutions of equations (2.15) significantly depends on the sgn(s¢) in
the left-hand side. For minus sign it is typical to appear rapid fluctuations of solutions after passing
the branching point of a multi-valued relation (3.1). Figure 1 illustrates the occurrence of such
fluctuations of the integral curve of the equation

~ Uy = u® + 9u® — 8u — (4.1)

computed under condition (4.6). In this work we do not perform a detailed study of such solutions

N Ll

10 20 30 40

b
o
{
N4
o
|
LN
o
<O

Figure 1. Integral curve for equation (4.1) under condition (4.6) and graph of root line (3.1)

with fluctuations; we focus on so-called step-like contrast structures. Therefore, we will consider
only the equation with plus sign:

Ugy = ud — tud — 2u* — yu — . (4.2)

The purpose of construction and further study of the behavior of the integral curves was to test
the hypothesis about the possibility of proving the existence of such special solutions within the
framework of the approach of [5], [6]. Therefore, at this stage, we have considered the case when
the parameter z in the right-hand side of equation (4.2) is zero, since this option, on the one hand,
includes the very point of “butterfly” catastrophe (at the origin of all variables and parameters).
On the other hand, it is very close to “cusp” catastrophe type of discussed in these papers, since
in this case, the root line (3.1) is odd (symmetric with respect to the origin), and therefore the
solution can be constructed as the extension based on oddness onto the negative half-axis (z < 0)
of a solution u(z) of the Cauchy problem for the equation

Upe = u° — tu® — yu — (4.3)

with the initial conditions

u(0) = 0, (4.4)
uz(0) = au (4.5)
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In this case, the limiting relation (3.2) takes the form

xllgloo |u(z;y,0,t) + H(z;y,0,t)| = 0. (4.6)
Thus, below, we consider integral curves only for the Cauchy problem (4.3)—(4.5). As a problem of
obtaining the principal term of the internal expansion of the original problem for PDE it presents the
extension of study conducted by one of the authors of this paper of bisingular initial problems with
one small parameter for the systems of one, two or more of ODEs, which also has the property of
degeneration of high-order of right-hand part of the equation in respect to the unknown function [4,
7-10].

According to the theorem proved in [6], one can find the initial value of g of the derivative
uz(x) corresponding to the solution that satisfies the asymptotics (4.6) by calculating the exact
lower boundary for a certain set of M. The numerical set M depending on the parameters of the
differential equation was determined in [6] as follows: the number of o belong to the set M, if and
only if the solution of the Cauchy uq () corresponding to initial condition (4.5) with this value of
« has the property, that there exists a point =, such that

e for 0 < x < x, function u,(z) is less than the function H(z);

e at the point z,, functions u, and H(z) coincide.

It is not difficult to see that the most top branch of the root (3.1) defined by the formula
u = H(—x), to which the desired solution has to approach (see, eg., Fig. 4.a), consists by virtue of
the equation (4.3) (except, perhaps, for its leftmost point) of points of repulsion, which damps on
approaching the line u = H(—z) and rapidly increases with increasing the distance from this line in
any vertical direction. Therefore, most of the curves produced with the initial conditions (4.4), (4.5),
either pass through a line of v = H(—x), and quickly grow up, tending to 4oo, or, if the initial
velocity (4.5) is not sufficient, can not come close to this line and are broken down to —oo. Search
for the fine line of the balance between these two states of computed integral curves is consistent
with the idea of the works [5], [6] of the initial value of oy = inf M in (4.5).

We have implemented a simple binary search algorithm of this balance: in the transition from
the range [ay,, by,] of possible values u,(0) at the current step to the next step range [am+1, bmt1]
we always choose one of the intervals [an,, cm], [¢m,bm] (Where ¢, is the middle of the segment
[@m, b)), for which the integral curve started with an initial rate of a,,+; breaks down to —oo,
and one with initial rate of b,,11 grows up to +o00. Clearly, the value b, pretend to be an element
« of the set M described above and the limit of the decreasing sequence b,, could play the role of
ag = inf M.

5. Illustrations of section at z = 0 of separatrix of “butterfly” catastrophe (A;)

This section of the paper is complementary, although it still has an indirect relationship to
the purpose of this paper. Here, for the first time, as far as we know, the three-dimensional
illustration of the cross section for z = 0 separatrix [2, p. 51] “butterfly” catastrophe (Ays) are
given. Separatrix corresponding to such a point of catastrophe is the set of points (z°,y°, 2°,t°)
included into the parameter space of the parametric family of functions

Y(uyz,y, z,t) = v’ — tud — 2u® — yu — x, (5.1)

with the following property: when such a point (z°,y°, 2°,¢°) is substituted into (5.1) the resultant
function ¢°(u) has at least one non-Morse point, i.e., the following relation holds

o, o/ o\ __ awo oy __
Fu®: (v (u)—O,a—u(u)—O).
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The separatrix [2, p. 57-58] divides the parameter space into open domains corresponding to
which subfamilies of the general family of functions (5.1) are structurally stable.

To construct a three-dimensional surface data we implemented the approach applied in [2, p. 62—
63] to the function of “swallowtail” catastrophe (A4). Knowledge about the configuration of the

0.4

0.2

0.2

-0.2

Figure 2. Section at z = 0 of separatrix of family of functions (5.1)

section of the separatrix allows us to study not all possible options for the behavior of curves at z = 0
through taking only one representative from each of the open domains of the parameters (x,y,t)
corresponding to Morse functions from the family (5.1) and additional representatives from the
border separatrix itself, detailed analysis of which can be done by ranking the degree of degeneracy
of the function (5.1) with respect to u. Some of the chosen within the framework of this concept
values of the parameters (z,y,t) are given in Table 1. The figures with the corresponding integral
curves of the Cauchy problem (4.3)—(4.5) illustrating the results of the described above algorithm
of the binary search for the solution of the asymptotic problem (4.3), (4.4), (4.6) are placed in the
next section of the paper.

Table 1. Parameter values and corresponding numbers of figures

‘ No H y ‘ t H Corresponding figures ‘

1 8 9| Fig. 3, 4

2 -10 5 Fig. 5

3 8 -9 || Fig. 6

4 8 8 || Fig. 7

5 -8 -8 || Fig. 8

6 8 0 || Fig. 9

7

0] 0| Fig. 10
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6. Illustrations of numerical calculations

This section is devoted to illustrations of the integral curves for the Cauchy problem (4.3)—(4.5)
obtained using the binary search for the initial speed as described above. We remind that in the
figures bold green line represents the integral curves and the red bold line corresponds to the graph
of the root function (3.1). In figures with contour distributions the increase in the intensity of green
shade in the color of lines corresponds to the increase of positive values of the function, and increase
in the intensity of blue shade in the color of lines corresponds to the increase in the absolute value
of the negative values. The contour distributions are given in the paper to show the rate of the
function (5.1) changing with increasing distance from the line of the root (3.1) in different parts of
the line.

3 3
25 25
2 2
15 15

-

Z
-

Z

057 057
u0g u0g

-059 -059 <
-19 -19 \

~

N
-154 -1.59
2] 29
254 —254
83 B3

-35 =30 25 =20 -15 -10 -5 9 5 10 15 20 25 30 35 -35 =30 25 20 -15 -10 -5 9 5 10 15 20 25 30 35
a) u,(0) = 5.0 b) u,(0) = 6.25

~ ——
254
i
154
5
0.59

3]
257
21
159
1]
057

u07 u07
-057 < -057
EE EE

157
21

:

157
21

-257 -257

v

B3 3"
3530 2520 1510 5 5 10 15 20 25 30 35 3530 2520 1510 5 9 5 10 15 20 25 30 35
¢) u,(0) = 7.34375 d) u,(0) = 7.3834857
3 _ 3 _
257 257
21 21
157 157
1 1
057 057
0] 0]
-057 -057
-1 -1
-157 -157
-2 -2
257 257
T e 3 ee——]
3530 2520 1510 5 9 5 10 15 20 25 30 35 3530 2520 1510 5 5 10 15 20 25 30 35

e) u,(0) = 7.38348578976 f) u,(0) = 7.38348579007552227

Figure 3. Some intermediate stages of search for optimal initial rate u,(0) for the Cauchy problem
(4.3)—(4.5) fory=—-8,t=9

The root line (3.1) for y = —8, ¢t = 9 and z = 0 shown in Fig. 3 and 4 has an explicit double
system of bends, in virtue of which the integral curves of the Cauchy problem (4.3)—(4.5) obtained
for different values of the initial velocity demonstrate a variety of processes including fluctuations.
Partial figures of the Fig. 3 marked with letters from a) to f) correspond to selected stages of the
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binary search, which embodied such variants of the curve behavior as the gradual disappearance of
the interval of oscillation and the slow emergence and expand of the interval, on which the curve
passes very close to the line of the root (3.1).

3 39
257
21
159
1]
059
u0d
-057
E

-1.59
21
—254
31
30 20 = 0 10 20 30 35 230 25 20 15 10 5 é() 5710 1520 25 30 35

a) b)

Figure 4. Results obtained for y = —8,t =9 2z = 0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—(4.5) for u,(0) = 7.38348579007552236

—o 30 0 20 40 -40 30 -20 -10 9 10 20 30 40

a) b)

Figure 5. Results obtained for y = —10,t =5 z = 0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—(4.5) for u,(0) = 0.10031199880359876075

The situation that occurs when y = —10, ¢t = 5 and z = 0 is shown in Fig. 5. It is characterized
by the presence of two deflections of green curve, which is the approximation of the desired solution
of the asymptotic problem (4.3), (4.4), (4.6), from the root line (3.1) in various ways: in the
beginning integral curve follows the line of the root, then exceeds it, then crosses and passes below
the root line and later again starts to follow it.

Situation in Fig. 6 that occurs when y = 8, t = —9 and z = 0, is very similar to the pattern for
case of “cusp” catastrophe studied in the works [5], [6], the resemblance in the shape of the root
lines (3.1) and of integral curves is explicit.

If y=8,¢t= 8 and z = 0, as shown in Fig. 7, the root line (3.1) has a larger number inflection
points, than one in the case of “cusp” catastrophe or than in Fig. 6, but the behavior of the integral
curve remains broadly similar: a sharp increase is replaced by following the root line.

The graph the function (3.1) in Fig. 8 for y = —8, ¢ = —8 and z = 0 increases gradually and
remains single-valued for all points of positive half-axis (z > 0). By virtue of this fact, immediately
from the very point x = u = 0, the root line (3.1) becomes an attractor for the approximation
curve for the solution of asymptotic problem (4.3), (4.4), (4.6) and the integral curve following it
until the final rapid movement to the vertical infinity.
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b)

Figure 6. Results obtained for y =8, ¢t = —9 2z = 0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—(4.5) for u,(0) = 1.982684405999750261
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Figure 7. Results obtained for y =8,¢t =8 z =0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—(4.5) for u,(0) = 12.406010731733428955
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Figure 8. Results obtained for y = —8, ¢t = —8 z = 0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—(4.5) for u,(0) = 0.1236970813110499762

The situation in Fig. 9, corresponding to the values y = 8, t = 0 and z = 0 of the parameters
and therefore to the absence of not only a quadratic but also a cubic term in the formula (5.1), the
shape of the root line (3.1) has a more extended than in Fig. 6, the interval of domination of the
linear term near the origin, but the behavior of the integral curve remains broadly the same as in
the Fig. 6.

The values of the parameters for which the curves in Fig. 10 are constructed, correspond to the



On some numerical integration curves for PDE in neighborhood of “butterfly”... 139

-25 T T T T T T T T T T T T v
-30 20 E [ 10 20 30 —35-30-25-20-15-10 5 9 5 10 15 20 25 30 35

a)x b)

Figure 9. Results obtained for y =8,¢t =0 z = 0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)~(4.5) for u(0) = 4.0017096188039309541127989
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Figure 10. Results obtained for y =0,t =0 2z =0: a) contour distributions of function (5.1); b) integral
curves for the Cauchy problem (4.3)—-(4.5) for u,(0) = 0.9725146994563902

origin of the parameter space of the function (5.1). In Fig. 10 the point x = u = 0 is the very point
of “butterfly” catastrophe. One can note that in a neighborhood of this point the integral curve
slightly deviates from almost vertically growing root line.

Thus, the results of calculations for the values of the parameters in Table 1 show that, gradually
increasing the accuracy of the curve fitting method [1] and using a binary search algorithm, it is
possible to obtain curves, which for more and more long time remain close to the line of balance
noted above, that is consistent with hypothesis about the construction of the desired curve satisfying
the asymptotic condition (4.6) as the solution of the Cauchy problem (4.3)—(4.5) with the value
ag = inf M of the initial rate.

7. Conclusion

We considered a PDE with an arbitrary linear combination of differentiation operators with
smooth coefficients of the first and second orders on the left-hand side of the equation and a
nonlinear function in the right-hand side, which depends on the desired function and contains a
small parameter. We consider and analyze also the three-dimensional nonlinear wave equation with
the source term smoothly changing over time and space.

The primary study of the behavior of solutions of this PDE near the typical point of “but-
terfly” catastrophe was held. We deduce two nonlinear ODE of the first and the second orders,
respectively, depending on three parameters. The order of equation depends on the configuration
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of the coefficients of the linear combination on the left-hand side of the original PDE and of the
properties of the nonlinear function on its right-hand side.

We use the resulting second-order ODE to search for a special solution describing the rapid
reconstruction of the solution of the wave PDE in a small neighborhood of the catastrophe point
matched with expansion in a more outer layer. We have done a primary study: we produced integral
curves that allow one to analyze the behavior of such a special solution. The results revealed no
contradictions with the possibility to prove the existence of special solution within the framework
of the approach given in [5, 6].
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