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Lie symmetries of boundary value problems: Bluman's definition, its

applicability range and the relevant examples

A PDE cannot model any real process without additional condition(s) on the
unknown function(s) because one reflects only a general physical (biological,
chemical etc.) law. Only a boundary-value problem (BVP) based on the given
PDE can describe many real processes arising in nature and society.

One may note that the symmetry-based methods were not widely used for
solving BVPs. The obvious reason follows from the following observation: the
relevant boundary and initial conditions are usually not invariant under any
transformations, i.e., they don’t admit any symmetry of the governing PDE(s).
Nevertheless there are some classes of BVPs which can be solved by means of
the Lie symmetry based algorithm. This algorithm uses the notion of Lie's
invariance of BVP in question.

The first rigorous definition of Lie's invariance for BVPs was formulated by
Bluman in 1970s.[G.W. Bluman, 1971,1974]. This definition and several
examples are summarized in his book [Bluman & Anco, 2002] and was used
(explicitly or implicitly) in several papers to derive exact solutions of some
BVPs. It should be noted that Ibragimov's definition of BVP invariance [N.H.
Ibragimov, 1992, 2009, 2011], which was formulated independently, is
equivalent to Bluman's. Notably, one may say that BVP invariance became to
be widely investigated only since 1990s.

Lie and conditional symmetries of nonlinear boundary value problems:



Lie symmetries of boundary value problems: Bluman's definition, its

applicability range and the relevant examples

Bluman'’s definition

In this section, | restrict myself to the case when the basic equation of BVP is
a two-dimensional evolution PDE of kth—order (k > 2). In this case the
relevant BVP may be formulated as follows:

ut:F<m,u,uz,...,u§k)>, (t,z) e Q C R? (1)

Sa(t,x) =0: B, (t,x,u,uw,...,ugk_l)> =0,a=12,...,p, (2)

where F' and B, are smooth functions in the corresponding domains, § is a
domain with smooth boundaries and s, (t,z) are smooth curves. ¢t and z denote
differentiation with respect to these variables, u) = %,j =1,2,...,k. ltis
assumed that BVP (1)—(2) has a classical solution (in a usual sense).

Lie and conditional symmetries of nonlinear boundary value problems:



Lie symmetries of boundary value problems: Bluman's definition, its

applicability range and the relevant examples

Consider the infinitesimal generator

0] 7] 0]
X =£"t)= + & (tx)=— t —
€(t,2) 5 + (6, 2) -+ nlt,2,0) 5 ()
(hereafter £°, ¢! and 7 are known smooth functions), which defines a Lie
symmetry acting on (¢, z,u)-space | Let X®) be the kth—prolongation of the
generator X calculated by the well-known prolongation formulae.

Definition (Bluman &Kumei, 1989; Bluman & Anco,2002)

The Lie symmetry X (3) is admitted by the boundary value problem (1)—(2) if:
(a) x® (F (nc7u7 Ug, . . . ,u;k)) - ut) = 0 when w satisfies (1);
(b) X(sa(t,x)) =0 when sq(t,z) =0, a=1,2,...,p;

(c) x*-1 (Ba (t,m,u7ux7...,u§f_1))) =0 when B, =0 on s.(t,z) =0
a=1,2,...,p.
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Lie symmetries of boundary value problems: Bluman's definition, its

applicability range and the relevant examples

Let as consider example [Bluman & Anco,2002]. MAI of the linear heat
equation consists of 6 basic operators creating ALg [S.Lie, 1881] 7777 to check
!
Ot, Ox, 2t0¢ + x0z,
I =uly, G =10, — %muauv (4)
T = 620, + twdy — (% + t)ud.,
and the standard (for any linear PDE !) operator X*°. Consider the Cauchy
problem

Ut = Ugax, t>0,$€R
t=0: wu=up(x)

(5)
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Lie symmetries of boundary value problems: Bluman's definition, its

applicability range and the relevant examples

Consider the most general form of operators from ALg
X=eXi=(ta) g+ E0L + [l
O(t x)=c + 2¢st + cot?, (t x) = c2 + c3x + cst + cotx (6)
ftx)=ci— Sa—cog(L +t)
Items [b]-[c] of Definition lead to

=0, F(0,2)uo(x) = £(0,2) 00 (7)

An interesting case is the Dirac function ug = §(z), when one arrives at 3-dim
Lie algebra
G, I, Di=2t0;+ 20, — ulu (8)

In particular, the well-known solution

u(t,z) = \/i? exp ( - Z_t> (9)

can be obtained
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Generalisation of Bluman's definition

Bluman's definition can not be directly applied to BVP of more general form:

@ with boundary conditions defined on infinity, i.e. manifolds including
points (or surfaces) at infinity

@ with boundary conditions on the moving surfaces, which are described by
unknown functions

Let us consider BVP (1)—(2), which includes also the boundary conditions
r=o00: I (t,u,uz, . ,u§k71)> =0,

Assume that Eq. (1) and conditions (2) are invariant under the group of
translations on the plane (¢, z):

t/=t+)\18, Z'/IZ'—F)\QS, u/:u, )\1)\2750, (10)
so that the corresponding infinitesimal generator is

X = MOt + X202 (11)
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Generalisation of Bluman's definition

Nevertheless it is clear that the condition (10) including
x = oo is invariant under (10)
the Definition is not applicable. Moreover, the problem occurs if one generalizes
Definition in the standard way by formulation an additional condition for (11)
like those (b) and (c): © — L = 0, where L — oo because this leads to

lim X(z— L)|

L—oo

,LZLILH;C/\zzx\z#O.

r=
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New definition of Lie invariance for BVPs

Consider a BVP for a system of n evolution equations (n > 2) with m + 1

independent (t,x) (hereafter © = (z1,x2,...,2m)) and n dependent
u = (u1,uz,...,u,) variables. Let us assume that the basic equations are
i i (k) S
uy = F (t,x,u,uz,...,uz >,z—1,...,n (12)

and are defined on (0, 4+00) x Q@ C R™"! Hereafter

() _ 8ju i—1.9 ki -
Uy (91"7-1...830]-77’] ) Sy 3.71++.]77« J

Consider three types of boundary and initial conditions

sa(t,z)=0: B (t,m,u,...,u&ki)> =0, (13)
l 1
Sy(t,z) =0: B! (t,x,u, ol s ngh)) —0, (14)
e T™ (k)N _
Ye(t,x) =00 : To (t,x,uy ... ug =0. (15)

Whereazl,...?p,j:l,...,na;b:l,...,q,l:l,...,nb;czl,...,q,
m=1,...,n. ki <k, k <kand k™ < k are given numbers.
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New definition of Lie invariance for BVPs

Consider an N—parameter (local) Lie group G of point transformations of
variables (¢,z,u) in the Euclidean space R" ™™ (open subset of R"T™11)
defined by the equations

" =T(t,z,e), z; =Xi(t,ze), uj =U;t,z,u,c),

wherei=1,...,m,j=1,...,n; e = (¢1,...,en) — are the group
parameters. According to the general Lie group theory, one may construct the
corresponding N-dimensional Lie algebra L with the basic generators

a m 8 a n a

éa +£a -+ +£a—+a +o 4=, a=1,2,...,N,
8u1 (‘3un

(16)
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New definition of Lie invariance for BVPs

We assume that Sy(t,z) =0, b=1,...,q are non-degenerating manifolds of
the group G, i.e., can be expressed via its invariants, which depend only on
the independent variables (¢, z,u).

In the extended space R"T™ "% of the variables (¢, z,u, S) (here

S = (S1,...,5¢) ), the Lie algebra L defines the Lie group Gn
" =T(t,x,¢e), xf = Xi(t,z,e), u; =U;(t,x,u,¢), Sy = Sp(t,z), (17)

wherei=1,....m, j=1,...,n, b=1,...,q.
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New definition of Lie invariance for BVPs

A boundary value problem of the form (12)—(15) is called to be invariant with respect
to the Lie group 6’1\7 if:
(a) the manifold determined by system (12) in the space of variables
(t, T, U, ..., uék)) is invariant with respect to the kth—order prolongation of the
group G;

(b) each manifold determined by conditions (13) with the any fixed number a is
invariant with respect to the kqth—order prolongation of the group Gy in the
(ka)

space of variables (t,x,u, e, Uy ) , where k, = max{lc(]17 ji=1,...,na};
(c) each manifold determined by conditions (14) with the any fixed number b is

invariant with respect to the kjth—order prolongation of the group G in the

space of variables (t, T, U, ... ,uékb), Spy.ns Slgkb)) , where

kp = max{kl, K}, 1=1,...,np};

(d) each manifold determined by conditions (15) with the any fixed number c is
invariant with respect to the k.th—order prolongation of the group G in the

space of variables (t, T, U, .. ,ugck“)) , where ke = max{k", m=1,...,nc}.
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New definition of Lie invariance for BVPs

Definition
The functions u; = ®;(¢t,z), j=1,...,n and Sy = Up(t,z),b=1,...,q form
an invariant solution (u, .S) of BVP (12)—(15) corresponding to the Lie group
Gy if:
(i) (u,S) satisfies equations and conditions (12)—(15) ;
(i) the manifold
M=Au; =,(t,z), j=1,...,n; Sp = VUp(t,z), b=1,...,q} is an
invariant manifold of this Lie group.

Remark 1. Both definitions can be straightforwardly generalized on BVPs with
governing systems of equations of hyperbolic, elliptic and mixed types.
However, one should additionally assume that n-component governing system
of PDEs are presented in a 'canonical’ form (some authors uses the natation
"involution form’ in this context), i.e. one possesses a simplest form and there
are no any non-trivial differential consequences.
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Algorithm of the group classification for the class of BVPs

Algorithm for solving the group classification problem for a BVP class

If the system of differential equations contain as coefficients arbitrary functions
then the group classification problem springs up. Such kind of problems was
formulated and solved for a class of non-linear heat equations in the pioneering
Ovsiannikov work in 1959. Ovsiannikov's method is based on the classical Lie
scheme and a set of equivalence transformations of the given class of PDEs.

At the present time, more general algorithms for group classification problems
were developed, which take into account form-preserving (admissible)
transformations [J.Kingston, 1991] and were successfully applied to different
classes of PDEs . In particular, the group classification problems were solved
for classes of single RDC equations and RD systems using such transformations
in [ R.Ch. & J.R.King 2001,2005,2006; R.Ch. & M.Serov, 2006; R.Ch.,
M.Serov & |. Rassokha 2008] )
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Algorithm of the group classification for the class of BVPs

We propose the following algorithm of the group classification

(1) to construct the equivalence group F.q of local transformations, which
transform the governing system of equations into itself;

(I1) to extend space of E.q action on the variables S = (S, ..., Sq) by adding
the identity transformations for them, denoting the group obtained as E.q4;

(M) to find the equivalence group Equvp of local transformations, which
transform the class of BVPs (12)—(15) into itself, one extends space of the
E.q, action on the prolonged space, where all arbitrary elements arising in
boundary conditions (13)—(15) are treated as new variables.

(IV) to perform the group classification of the governing system (12) up to

Eéz;vp,

local transformations generated by the group
(V) using Definition, to find the principal group of invariance G°, which is
admitted by each BVP belonging to the class in question;

(V1) using Definition and the results obtained at step (IV), to describe all
possible E5Y P -inequivalent BVPs of the form (12)—(15) admitting
maximal invariance groups of higher dimensionality than G°.
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Let us consider the class of (143)-dim. BVPs describing melting and
evaporation of a solid material ( see [ Lyubov B Ya and Sobol" E N 1983]-
linear case; [R.Ch. 2003] — nonlinear case)

% =V (dl(u)vu)7 (t,X) € Ql(t)7 (18)
% — V (d2(0)V0), (£,x) € Qa(t), (19)
Sl(tyx) =0: dlvaaTu == val Ny — Q(t) N, U= Uy, (20)
1
Sa(t,x) =0:4d ﬁ—d 8—U+HV-n U= Um, v = 0:421)
PANZ) - . 2m8n2 - 1man2 m V2 2, — Um, -
[X| =400: v =V, tEF, (22)

@ di(u), d2(v) are smooth non-negative functions

@ diy, dim, dom, Hy, Hp, are positive parameters with physical
interpretation;

9 Q) M A0, Vi-ng £0, k=1,2 V= (9, 0r,. s, );

9 Uy, Um, Umy Voo = 00 Uy # Um, Um 7 Voo; |VSk| # 0, % #0, k=1,2.
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Figure:
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Table 3. The group classification of system (18)—(19) [R.Ch.& J.R.King, 2006]

no di(u) da(v) MAI

1. v v AE(1,3) = (0t, x4, a0z, — TpOzq, 2t0t + a0z, )
2. k1 v AE(1,3), uu, a(t, x)Ou

3. v k2 AE(1,3),v0y, B(t, )0y

4. ev e? AE(1,3), 240z, + 20u + 20y

5. eY ™ AE(1,3), 240z, + 28u + —U@U

6. u” e? AE(1,3), 240z, + uau + 20,

7. u” ™ AE(1,3),D = xaaza + uau 31}81;

8. uié v7§ AE(1,3), |x|? Oy, — 2%%8% + 5xpudy + 5xpvdy, D
9. k1 ko AE(1,3), u0y, v0y, a(t, x)0u, B(t, x)0y,

Ga = ts, — Ta (ﬁuau + iv@v),
T = t20; + txq0s, — i(\x\2 + 6k1t)udy—
—ﬁ(|x|2 + 6k2t)v0y
10. k1 k1 AE(1,3), uduy, vy, 00y, udy,
a(t,x)Ou, B(t,x)0v, Ga, II (k2 = k1)
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Theorem

BVP (18)—(22) with the arbitrary given functions dy(u), d2(v) (di(u) # d2(v))
and Q. (t), a =1,2,3 is invariant under the three-dim. Lie algebra (trivial Lie
algebra) presented in case 1 of Table 4. The maximal algebra of invariance
(MAI) of BVP (18)—(22) doesn't depend on the form of di(u) and d2(v).
There are only five BVPs from the class (18)—(22) with the correctly-specified
functions Qa(t), a =1,2,3 admitting MAI of a higher dimensionality, namely:
four- or five-dim. Lie algebras of invariance (up to equivalent representations
generated by equivalence transformations from the group quvp ). These MAI
and the relevant functions Q.(t), a = 1,2,3 are presented in cases 2-6 of
Table 4.
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Table 4. Lie invariance of BVP (18)—(22)

no Q1 (t) Qa2(t) Qs(t) MAI

1. A A \ P, P, Ps

2. 0 0 g(t)  Pi,Pa, Ps, i

3. O1(\t) O2(At) qs3 P1, P>, P3, P, + AJ12
4. Lo (IAlogt) & ©:(3Alogt) B PPy Py, Do+ A
5. 0 0 g PP, PPy Jis

6. 0 0 2 Py, P, P3, Do, Ji2

t

where : Py = Oy,, Py = 0¢, J12 = 21025 — ®20z,, Do = 2t0¢ + ©4 04,
O1(7) =qrcosT + gasinT, Oz(7) = —q1sinT + g2 cos T,

g # 0, q1, g2, g3, A are arbitrary constants, ¢(t) # 0 is an arbitrary smooth
function.
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Now we demonstrate how one can apply the result obtained to construct exact
solutions of BVPs from the class under study. Let us consider a nonlinear
model of heat transfer processes in metals under the action of intense constant
energy flaxes directed perpendicular to the metal surface. This model coincides
with the BVP problem (18)—(22), where Q(¢) = q = (0,0, g), ¢ = const.
According to Table 4 such BVP admits the five-dim. MAI As. First of all, we
construct the optimal systems of s-dimensional subalgebras (s < 5) of As.
This can be done using the well-known Lie-Goursat classification method for
the subalgebras of algebraic sums of Lie algebras and the known results of
subalgebras classification of low-dimensional real Lie algebras [ Pathera J et al
1975; Pathera J & Winternitz P 1977 |. Thus, we've constructed the complete
list of subalgebras of the algebra As. This list can be divided on subalgebras of
different dimensionality.
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Reduction of BVP (18)—(22) via (Ji12 + 3 (P3cos ¢ + P;sin¢) , P3sin¢ — Py cos ¢)

9 Ansatz and BVP obtained :
u=u(r,z), v=o(r,z), Sp=Sk(r,z), k=1,2,

where z = x3 — ut — B arctan i—;, r= \/m% + m% are invariant variables.

L (o) (o) a0
L (o) (L) o) o
851 (25)

S1(r,2) =0: d1,V'u-V'S) = (uHy — q) B, U= U
z
JU = Um, v = (R6)
(27)

052
Sa(r,z) =0: domV'v - V'Ss =dim V'u - VSQ-‘FMH"L 52
r2+z2:+oo: V= Voo,

Here p is to-be-determined velocity, V/ = <%, 5—2 + 1%).
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

The further reduction of BVP (23)—(27) with 5 = 0.

The variables z = x5 — pt, 7 = \/x? + 3 admit clear physical meaning: the
first one makes the transition to a moving coordinate system (in the direction
of the variable x3) with the origin at the evaporation surface, the second one
presents the radial symmetry of the process with respect to the variables z;
and x2. Obviously, such situation takes place if the surface bounded by a circle
of the radius R is exposed by the flux Q(t) = q = (0,0, q).

Using ad hoc ansatz [lvantsov GP, 1947]

u=u(w), v=vwW),S = Sk(w), w=z+V22+7r2 k=1,2,
we arrive at BVP for ODEs

d du w du
%(wch(u)%)—&— 5@—0, 0<u)1<0.}<0.}2,
dv w dv
d_( Wm)* @ 0w
du
w=wi: 2div—— = pHy — q, U = Uy,
dw
dv
w = ws 2d2md— :2d1md + puHm, 4= tUm, V= Un,

where wy, k = 1,2 and p are to-be-determined constants.



2 2
Figure: Paraboloid % ot OB 0, k=1,2
wi Wi
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Exact solution of (18)—(22) with dy(u) = a1, d2(v) = a2, and Q(t) =q
[Lyubov B & Sobol’ E 1983]

Uy — Um
vt=———P 22 4+ 22 + (x3 — put)2 + x3 — t>+u ,
‘1’1(R) 7‘1)1((4}2) 1 <\/ 1 2 ( 3 ;LL) 3 13 muv

. — U
v= 28, <\/x%+m§+(x3*ut)2+x3*ut> + Voo,

Pa(w2)
22 +a22  2(w3 — pt)
Sy = 1w%2+ o —1=0, k=1,2; w1 = R.

where w1 = R, while wz and p are solutions of the transcendent equations
Uy — U _1 —s2&R
2d1v v R 16 2a1 7" = wHy, —q,
@1 (R) — ®1(w2)
Uy — Um 1

Um — _
2d _ MwTUm
2m ®1(R) — &1 (w2) 2

i, i
2 w2
Wy € 2a2 =2dim e 2u1 + pHom,

UmP1(R) — upP1(w2)
D1 (R) — P1(w2)

b
Dp(w) = /wile 29k dw, k=1,2;Umy =
W
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Lie symmetries of the class of (1+3)-dimensional BVPs of the Stefan type

Exact solution of (18)—(22) with di(u) = v, d2(v) =1 and Q(t) = q
[R.Ch. & S.Kovalenko 2011]

(le(t, )| 4-z3—pt)u

dv lz(t, p)| + 23 — pt
) =In
V(1+6—W(e: )+A) R
Ruy,
v — v
v =20 (|a(t, p)| + x3 — pt) + voo,
<I>(w2)
2 2 2 — ut
Sklet% L@ ) G k=12 w =R,
wk Wi

where W (z) is the Lambert function, |z (¢, 1)| = \/x% + 22 + (z3 — pt)? and

R R L
A= —%V—Hn ((MHU —q) 5) + (pHo — q) 5t %Ruv

Here w1 = R, while wa and pu are solutions of the transcendent equations

WoUm
dv w2
= =In—,

- 1/(1+6_W(e )+'A> R

Ruy
_ . _ A(wg)
Im ~ Yoo —fuws o W(e : )+A<w2) + pwo Hop .
D(w2)
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Definition of conditional invariance of multi-dimensional BVPs of evolution

type

Definition of conditional invariance

Let's assume that the basic equation of BVP in question is a multidimensional
evolution PDE of kth—order (k > 2). In this case the relevant BVP may be
formulated as follows:

ut:F(t,m,u,ux,...,u;k)>,mGQCR",t>O (28)

sa(t,x) =0: Bg (t,x,u,uz,...,ug’““)> =0,a=1,2,...,p, ka <k (29)

where F' and B, are smooth functions in the corresponding domains, Q is a
domain with smooth boundaries and s, (¢, ) are smooth curves. Hereafter the
notations
; u . . . .
ul) = 07,]:1,2,...,& Ji+ ...+ jn=173
Ljy «ve 8l‘jn

are used and assumed that BVP (28)—(29) has a classical solution.
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Definition of conditional invariance of multi-dimensional BVPs of evolution

type

Consider a BVP for the evolution equation (28) involving conditions (29) and
the boundary conditions at infinity:
Ye(t,z) =00 : T¢ (t,m,u,uw, .. .,ugk“)> =0,¢c=1,2,...,pcc- (30)

Here k; < k, ke < k,n1 and ps are the given numbers, the (¢, z) are
specified functions by which the domain (¢, z). We assume that a classical
solution still exists for this BVP.

Let us assume that the operator

0 0 0
Q:fo(t,m,u)a +§“(t,x,u)87 +77(t7xzu)% (31)

a

is a @-conditional symmetry of PDE (28), i.e.:
(uf,—F(t,m,u,ux,.“,u;kv) ’M:O7 (32)

where C;? is the kth prolongation of @@ and the manifold

M={u — F (t,m,u,uw, .. .,ug(vk)> =0, Q(u) =0} with

Qu) = €°(t, z, u)ue + €% (t, x, u)us, — n(t,z,u).
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Definition of conditional invariance of multi-dimensional BVPs of evolution

type

Remark . Rigorously speaking, one needs to reduce the manifold M by adding
the differential consequences of equation Q(u) = 0 up to order k, which leads
to huge technical problems in the application of the criterion obtained.
However, in the case of evolution equations the resulting symmetries will be
still the same provided £°(t, z,u) # 0 in Q.

Let us consider for each ¢ = 1,2,..., po the manifold
M = {"Y(:(Lx) = o0, FC (t>$>u> Ug,y .- >u(sz)> = 0} (33)
in the extended space of variables ¢, z,u, uz, ... ,u;k“‘) and assume that there

exists a such smooth bijective transform of the form
T=f(t,z), y=g(t,z), w=h(tz,u), (34)

where y = (y1,...,yn), f(t,2) and h(t,z,u) are smooth functions and g(t, z)
is a smooth vector function that maps the manifold M into

M* = {32 (t@) = 0, T2 (7., 0y ) = 0} (35)
of the same dimensionality in the extended space.
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Definition of conditional invariance of multi-dimensional BVPs of evolution
type

Definition

BVP (28)—(29) and (30) is Q-conditionally invariant under operator (31) if:
(a) the criterion (32) is satisfied;

(b) Q(sa(t,x)) =0 when sq(t,z) =0, Bals,(t,o)=0 =0, a=1,...,p;
(c) @ ( (t,.’E,U,Uw,...7u(zka)>> =0 when Bals,(t,0)=0 =0, a=1,...,p;
(d) there exists a smooth bijective transform (34) mapping M into M* of the

same dimensionality;
(e) @ (vi(r,y)) =0 when 4i(1,y) =0, c=1,2,...,poc;

(f) Cg: (Fz (T7y7u7uy7 coo 7u1(Jk:))) = O When Fz"‘/é(T,U):O - Or
c= 1,...,7

where T'} and ~%(7,y) are the functions I'c and ﬁ respectively, expressed
via the new variables. Moreover, the operator Q«, i.e (31) in the new variables,
is defined on M* (may be, excepting a finite number of points).
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Definition of conditional invariance of multi-dimensional BVPs of evolution

type

Example. Consider the reaction-diffusion-convection equation

% = % (u™ugz) + Au"ug + Aou” ™, (36)
where Ax, kK =1,2 and m # —1,0 are arbitrary constants in the domain
Q={(t,z):t>0, x € (21,22), 21 < 22 € R}
Supplying the Neumann boundary conditions

T =2z Up = @a(t),a=1,2, (37)

where ¢1(z), p2(t) are the specified smooth functions, one obtains BVP (36)—
(37) is a nonlinear BVP, which is the standard object for investigation. Eq.
(36) admits the Q-conditional symmetry (R.Ch. & O.Pliukhin, 2007)

0 —m O
Q: &+)\2U %, )\2750 (38)

Now we apply Definition 2 to BVP (36)— (37) in order to obtain the
correctly-specified constraints when this problem is conditionally invariant under
operator (38). Obviously, the first item is fulfilled by the correct choice of the
operator. Item (b) is satisfied automatically because of the operator structure.
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Definition of conditional invariance of multi-dimensional BVPs of evolution

type

A non-trivial result is obtained by application of item (c) to the boundary
conditions (37). In fact, calculating the first prolongation (i.e. ko = 1) of
operator (38)

612 =Q —mAu u mAau D (39)

and acting on (37), one obtains two first-order ODEs
T=24: @at) +miapa(t)u"" =0, a=1,2 (40)

to find the functions . (t),a = 1,2. Thus, BVP (36)- (37) is Q-conditionally
invariant under (38) if and only if (40) hold.

One may note that (40) is nothing else but the Dirichet conditions and,
generally speaking, they may contradict to the Neumann conditions (37).
Happily, there is case when the constraints (40) do not produce any boundary
conditions: ¢q(t) =0, a = 1,2, i.e., the problem with the zero Neumann
conditions (zero flux on boundaries)

T=2zq: uz =0,a=1,2, (41)

is invariant under the Q-conditional symmetry (38).
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Conclusions

Q A new definition of BVP invariance and the relevant example are presented

Q Algorithm for solving the group classification problem for a BVP class is
worked out

© The group classification problem (a complete description of Lie
symmetries) for the class of (143)-dim. BVPs modeling processes of
melting and evaporation under a powerful flux of energy is derived

@ Reductions of BVPs of the Stefan type to BVPs for ODE and examples of
exact solutions are constructed

©Q Definition of conditional invariance for BVPs is worked out and the
relevant example is presented
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