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Power geometry in nonlinear partial
differential equations

ALEXANDER D. BRUNO
(Presented by A. M. Samoilenko)

Abstract. Power Geometry (PG) is a new calculus developing the
differential calculus and aimed at nonlinear problems. The main concept
of PG is the study of nonlinear problems in logarithms of original co-
ordinates. Then many relations nonlinear in the original coordinates
become linear. The algorithms of PG are based on these linear relations.
They allow to simplify equations, to resolve their singularities (including
singular perturbations), to isolate their first approximations, and to find
asymptotic forms and asymptotic expansions of their solutions. In par-
ticular, they give simple methods to identify the equations and systems
as quasihomogeneous, and then to introduce for them self-similar coor-
dinates. As an application, we consider the stationary spatial axially
symmetric flow of the viscous compressible heat conducting gas around
a semi-infinite needle. Other application: finding blow-up solutions.
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Introduction

Traditional differential calculus is effective for linear and quasilinear
problems. It is less effective for essentially nonlinear problems. A linear
problem is the first approximation to a quasilinear problem. The linear
problem is usually solved by methods of functional analysis, then the so-
lution to the quasilinear problem is found as a perturbation of the solution
to the linear problem. For an essentially nonlinear problem, we need to
isolate its first approximations, to find their solutions, and to construct
perturbations of these solutions. This is what Power Geometry (PG) is
aimed at. For equations and systems of equations (algebraic, ordinary
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differential, and partial differential), PG allows to compute asymptotic
forms of solutions as well as asymptotic and local expansions of solutions
at infinity and at any singularity of the equation (including boundary
layers and singular perturbations) [1].

Elements of plane PG were proposed by Newton for an algebraic equa-
tion (1680); and by Briot and Bouquet for an ordinary differential equa-
tion (1856). Space PG for a nonlinear autonomous system of ODEs was
proposed by the author (1962), and for a linear PDE, by Mikhailov (1963).

In this talk we intend to give basic notions of PG, present some of its
algorithms, results, and applications. It is clear that this calculus cannot
be mastered during this presentation. This talk consists of three parts:
space PG (Section 1), self-similar solutions (Section 2) and boundary
layer on a needle (Section 3).

1. The space Power Geometry

Let X € C™ be independent and Y € C™ be dependent variables.
Suppose Z = (X,Y) € C™™. A differential monomial a(Z) is the

. . R __ 1 T'm+n —
product of an ordinary monomial cZ* = cz;' -+ z,;")", where ¢ = const

€C, R=(r1,...,"myn) € R™ and a finite number of derivatives of
the form
d'y; det O'y; ik
= ;>0 Li=1, L=_(,....0n).
axﬁl---axiﬁ oxL» =" ;] ’ (I, )

A differential monomial a(Z) corresponds to its vector power exponent
Q(a) € R™™ formed by the following rules

Q(cz®)y =R,  Q(d'y;/0X") = (-L,Ej),

where E; is unit vector. A product of monomials a - b corresponds to the
sum of their vector power exponents:

Q(ab) = Q(a) + Q(b).

A differential sum is a sum of differential monomials

F(2) =Y a(2).

A set S(f) of vector power exponents @Q(ay) is called the support of the
sum f(Z). The closure of the convex hull T'(f) of the support S(f) is
called the polyhedron of the sum f(Z). The boundary OT'(f) of the poly-
hedron I'(f) consists of faces ng), where d = dim F§d) and j is its num-
ber. Let R™"™ be the space dual to the space R™" such that the scalar
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def .
product (P, Q) = p1q1i+- -+ PrmgnGmin exists for P = (p1,...,Pmin) €
R” and Q = (q1,---,Gm+n) € R™T™. Each face Fg.d) has its normal
cone Ug-d) C R™"_ Tt consists of all vectors P such that the hyperplane

supporting I' and normal to the vector P, intersects the polyhedron I'
exactly along the face ng)‘ Each face ng) corresponds to the truncated
sum

f;d)(Z) = Zak(Z) over k: Qr €8S ﬂFé-d).

Consider a system of equations
fi(X,Y) =0, i=1,...,n, (1.1)

where f; are differential sums. Each equation f; = 0 corresponds to: its

support S(f;), its polyhedron I'(f;) with the set of faces I‘E}i") in the main
g}ji) in the dual space R™+",
and the set of truncated equations fl-(]‘-ii)(X ,Y) = 0. The set of truncated
equations

space R™T" the set of their normal cones U

fixyy=0, i=1,...n (1.2)
is the truncated system if the intersection
ulWn.nuld) (1.3)
is not empty. A solution
v = pi(X), i=1,...,n (1.4)

to the system (1.1) is associated to its normal cone u C R7**",

Theorem 1.1 ([1]). If the normal cone u intersects with the cone (1.3),
then the asymptotic form y; = ¢;(X), i = 1,...,n of the solution (1.4)
satisfies the truncated system (1.2), which is quasihomogeneous.

2. Self-similar solutions [2]

Let S(f) be the support of a differential sum f(Z) and @ € S(f).

The set
o def

S(f) =8(f)-@

is called shifted support of the sum f (% ). Each equation of system (1.1)
has its own shifted support S (f;). Let I" be the convex hull of their union

S(f1)U---US(fa)
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and d be the dimension of I'. If d < m + n, system (1.1) is quasihomoge-
neous.
Let A be a square real nonsingular (m + n)-matrix with the block

structure
B11 0 >
A= 2.1
<321 Boo (2.1)

where Bi1 and Bsy are square matrices of dimensions m and n respec-
tively. We denote log Z = (log 21, . ..,10g z;m+n), and asterisk * means
transposition.

The change of variables

(log Z)* = A(log Z)* (2.2)
is called power transformation.

Theorem 2.1 ([2]). If system (1.1) is quasihomogeneous and d = dim T,
then there exists a power transformation (2.2), which reduces system
(1.1) to a system containing m+mn — d variables Z; in the form O(log z;).

Example 2.1. In [3] the system

12 2 (2.3)

g =|—e¢ -y

t < I3 x>x 7 k
was considered. Here ¢ and x are independent variables, £ and ¢ are
dependent variables, and ~ is a real parameter. Here m = n = 2,

m+n=4,and x1 = t, zo = x, y1 = k, y2 = €. Support Sy of the
first equation consists of three points

Q1 =(-1,0, 1, 0),
Q2= (0, =2, 3, —1),
Q3= (0,0, 0, 1).
Support Sy of the second equation consists of three points
Qi=(-1,0,0, 1),
@5 = (0, =2, 2, 0),
Qs = (0, 0, —1, 2).
Shifted supports él =S; — Q3 and Sg = Sy — (¢ consist of three points

def

Py :QI_Q3:Q4_Q6:(_]‘> 0, 1, _l)a
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def

Py :Q2_Q3:Q5_Q6:(07 _27 37 _2)7
0=0Q3—Q3=~Q— Qs

Hence d = 2. Let us find basic vectors
R; = ;P + 3; P (1=1,2)
of the form
Ry = (r11, r12, 1, 0), Ry = (ro1, ro2, 0, 1).

After evident computation, we obtain

Ry =(2, =2, 1, 0), Ry = (3, =2, 0, 1).
Now we introduce new dependent variables

w= 2% = 2272k, v=2% =372

Hence
k= t22%, e =t 3%,

(2.4)

It is the power transformation (2.2) with the matrix (2.1) where matrices

B11 and Bsyy are identical and

-2 2
B (2 2)

Change of variables (2.4) reduces system (2.3) to the form

u? u?
wt — 2u = 37(2u +upz) + o [?(Qu + uwx)L -,
2 2 2

vt — 3v = 3u—(2v +vpx) + [u—(% + vx:v)} — fyv—.
v U

v T

Let us consider two cases.
Case 1: u, v are constants and system (2.5) is
3
u
—2u=6— —w,
v

2
—3v = 6u’ — fyv—.
u

Its nonzero solution is
3—2y 3— 2y

R U RS

(2.7)
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with two critical values v =1 and v = 3/2.
Case 2: Let ( = t%x, where ¢ € R. Now u and v are functions of (.
In this case, in (2.1) the matrix

1 0
B = (—a 1) ;

but matrices Ba; and Bag are as before. For u(¢) and v((), system (2.5)
gives a one-parameter (o) family of systems of two ordinary differential
equations.

If u and v are functions of ¢ only, we obtain the system

3
wt — 2u = 6— — v,

v ) (2.8)

vt — 3v = 6u? — 71}—.
u
For v # 1 and v # 3/2, its solutions are

o B=29)?
- 6w? + Cle/('Yfl) ’

v = tu/w, (2.9)
where w = (v — 1)t 4+ ¢; and ¢y, co are arbitrary constants.
For v =1,

2
~ 6¢2 +cgexp(t/cr)’

u v=tu/cy. (2.10)

For v =3/2,

2
S w?(12logw + )’

u = v =tu/w, (2.11)

here w =t/2 + ¢;.
If in (2.5) u and v are functions of x only, then they satisfy the ODE

system
3 2 2
—2u = L(Qu—i—ucca:) —&—x[u—(Qu—i—uwx)} -0,
v v T
(2.12)
3u? u? v?
—3v=—2v+vyz)+x [—(21} + vmx)] —y—.
v v x u

After the logarithmic transformation

T = logt, E=logx (2.13)
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system (2.5) is

u? u?
ur —2u = 37(2u + ug) + [7(211 + ue)}

3
o 5 p (2.14)
.= 30 =3"—(2 = ] -~
v v v(v+vg)+ Q}(v+v§)§ U

Support S of the first equation consists of six points
Qll = (_17 07 17 0)7
Q3 =1(0, 0, 1, 0),
Qé = (07 07 35 _1)7
Qil = (07 _11 37 _1)7
Qg} - (07 _27 37 _1)7
Qs = (0, 0, 0, 1).
Its projection to the plane ¢}, ¢; consists of four points
(-1, 0), (0, 0), (0, —1), (0, —2). (2.15)
Support S}, of the second equation consists of six points

Q7 =(-1,0,0, 1),
Qs = (0, 0, 0, 1),
Q4 = (0, 0, 2, 0),

Q1 = (0, -1, 2, 0),
Qu = (0, -2, 2, 0)
Q12 =1(0,0 2).

Its projection to the plane ¢}, ¢5 consists of four points (2.15). Their
convex hull is the triangle I (see Fig. 1) with three vertices

1% = 0,0, 1¥=(-10, =0, -2),
and three edges

it = o, rP], 1l = [0, o], ) = [, ri]

Exterior normal vectors IV; to edges I‘;l) are

Ny =(0,1), Noy=(1,0), Ny=—(2 1).
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9> P>

(O]
1

O]
2

Fig. 1.

So normal cones to edges M and T are rays (p}, p5) € AN; and
1 2 1> P2

(p}, Ph) € ANa, A > 0, respectively. And the normal cone to the vertex

Fgo) is (p, ph) € AN1 4+ pNa, 0 < A, p; i.e. it is the first quadrant (see

Fig. 1).

According to (2.13), if t — 0 or oo, then 7 — oo and the truncated
system of system (2.14) contains only terms with ¢} = 0. It is exactly
system (2.12) after the logarithmic transformation (2.13). According
to Theorem 1.1 (see also [4, Ch.I]), asymptotic forms of solutions to
system (2.14) are solutions to the truncated system, i. e. to system (2.12).

If x — 0 or oo, then & — oo and the truncated system of system (2.14)
contains only terms with g5 = 0. It is exactly the system (2.8) after the
logarithmic transformation (2.13). According to Theorem 1.1 (see also [4,
Ch. I]), asymptotic forms of solutions to system (2.14) are solutions to
the truncated system, i.e. to system (2.8). Hence, these asymptotic
forms are (2.9)—(2.11).

If both ¢ and z tend to zero or infinity, then 7 and £ tend to infinity. If
the ratio 7/£ does not tend to zero or infinity, then the truncated system
of system (2.14) contains only terms with ¢; = ¢, = 0. It is exactly
system (2.6). According to Theorem 1.1 (see also [4, Ch. I}), asymptotic
forms of solutions to system (2.14) are solutions to system (2.6). Hence
these asymptotic forms are (2.7).

Using the power transformation (2.4), we can obtain asymptotic
forms of solutions to initial system (2.3).
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3. Boundary layer on a needle [4]

The theory of the boundary layer on the plate for a stream of viscous
incompressible fluid was developed by Prandtl (1904) and Blasius (1908).
However a similar theory for the boundary layer on the needle was not
known untill recently, since no-slip conditions on the needle correspond
to a more strong singularity as for the plate. This theory was developed
with the help of Power Geometry (2004).

Let x be an axis in three-dimensional space, r be the distance from the
axis, and semi-infinite needle be placed on the half-axis z > 0, r = 0. We
studied stationary axisymmetric flows of viscous fluid which had constant
velocity at * = —oo parallel to the axis x, and which satisfied no-slip
conditions on the needle (Fig. 2). We considered two cases.

—_—> r
—
—>
U
—>
—>
0 X

Fig. 2.

First case: incompressible fluid. For it, the Navier—Stokes equations
in independent variables x, r are equivalent to the system of two equations
for the stream function v and the pressure p

dof  10v 0 /10y 10y 9 /10y 19p
0 o Gar) roras (e ar) poz
2
a5 s (50) =
aot 100 9 109\ 19¢ 9 (10p\  1dp (3-1)

g2 = ;a—m(;aJ —;Ea—x(;ax) t oo

2 2
(5 (o) + 2 () =0

where p, v = const, with the boundary conditions

¥ =1or? for x = —o0, by = const; (3.2)
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o0z = O )Or = 9% /0x0r = d*p/Or® =0
forz >0, r=0.

The system (3.1) has the form (1.1) with m = n = 2 and m +n = 4.
Hence the supports of the equations (3.1) must be considered in R*. Tt
turned out that polyhedrons I'(g;) and I'(g2) of the equations (3.1) are
three-dimensional tetrahedrons, which can be moved by translation in
one linear three-dimensional subspace, that simplified the isolation of the
truncated systems. An analysis of truncated systems and of the results of
their matching revealed [4, Ch. II] that the system (3.1) had no solution
with p > 0 satisfying both boundary conditions (3.2), (3.3).

Second case: compressible heat-conducting gas. For this case, the
Navier—Stokes equations in independent variables x,r are equivalent to
the system of three equations for the stream function %, the density p,
and the enthalpy A (an analog of the temperature)

def  10Y 0 181/))+181/) (18¢) Ag(h)

hr= ‘;a—@(prax v ar oz \praz) ~ arl

505 (T (an) -5 i(ﬁnax(i?f))
- i(h”rar(plrgfﬁw"@( (%%))

or
R a ()

(3.3)

def 1OV 0 (1 O 10y 0 /1 0y d
f2 = r@x@r(m“ar> r@r@x(pr@r) Ox (ph)

P20 DO (L00y) 2o (1D (100
+°; 2 (e 2 (20 —%ﬁ< 3 (re))
a2 (w2 (LO0Y) o (s

p, det LOWOR 10V 0h A0y d(ph) , A 0Y 9(ph)
5T y0xor rorox pr 0xr Or pr Or Ox

+ Qthn<8r (plr gﬁﬁ)) Qthn(r;p gﬁﬁ) * 20”h”<6:ﬂ <p1r a@f))

npn 9 n 0 )
+Ch (&r(plr anf)) -t 8x(p1r 0@:21)81"(:7‘ 8%)

+thn(8r<plrgqf)> ;C”h (r@r(;gqaf))
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+4i>t"hn8r(/1)gﬁ>8x(plr?f> ;Onhn<8x(p1r?;f)>
L) S ) o

or Or o Ox

where parameters A,C,o > 0 and n € [0, 1], with the boundary conditi-
ons
1/}:7/)072, p=po, h=hy for z=—o0,

3.5
Vo, po, ho = const (3:5)

and (3.3). Here m = 2, n = 3, and m +n = 5. In the space R, all poly-
hedrons I'(f1), I'(f2), I'(fs) of the equations (3.4) are three-dimensional,
and they can be moved into one linear subspace. In coordinates (¢}, ¢, ¢5)
of this three-dimensional space, they are shown in Figs. 3, 4, 5 respec-
tively. This simplified the isolation of the truncated system corresponding
to the boundary layer on the needle

12 = Ad(ph) /or =0 (or B(ph)/0r = 0),

f.(2) def 10V 8(1 8w> 10y 0 <1 (’w)

2 7 19z or \pror r Or Oz \ pr Or
0 c" o /., 1 0y
B A%(ph) T r or (h "or <p7“ or )) 0, (3.6)

o) 100Oh 1000k A 00 0(ph) | A 00 0(ph
2 7 r9xor rordcz proxz Or pr or Oz

o (g (5 5)) + o () =0

with self-similar variables

Y =2G(E), p=PE), h=H(E), &=r’/z, (3.7)

and with the boundary conditions

¢ =1or?, p=po, h=ho; o, po, ho = const, r — oo (3.8)

and (3.3). In Figs. 3-5, the faces corresponding to the truncated system

(3.6) are shown in bold. According to the first equation (3.6) and the

equalities (3.7), (3.8), the product P(§)H(§) = const = Cp o poho.

Hence P(¢) = Cy/H (&), and the system (3.6), for the variables (3.7), is

equivalent to the system of two ordinary differential equations
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Fig. 3.

i

q;

Fig. 4.

RYG(G'H) +20" [¢HW(G'H)]' =0,

(3.9)
s Y oGH +16C"Cy % H™((G'H))? + 4C"0~ Y(¢H"H') = 0,
where / % d/d¢, with the boundary conditions

G =1l H=hy as&— too, (3.10)
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>~
q;
1
AN
AN
AN
AN
\ =~
-1 AN 0 XCII
~
~
P
-~ 1
~
7’
Fig. 5.
G=dG/d§{ =0 as & =0. (3.11)

The problem (3.9)—(3.11) has an invariant manifold (G'H)" = 0 on which
it is reduced to one equation

A2 " H) — 26 H"H + (€ + c2)H' =0,

where ¢y is an arbitrary constant, with the boundary conditions

H—1 as & — oo,
H — 400 as & — +0.

An analysis of solutions to the latter problem by methods of PG
revealed that for n € (0,1) it has solutions of the form

H ~ cs|In¢|"/", ¢ —0,

where c3 is an arbitrary constant.
Thus, for n € (0,1), in the boundary layer 7?/x < const, as x — 400
and ¢ = r2/z — 0, we obtained the asymptotic form of the flow

¥~ ar?| g7V p e Ing| TV b~ gl Inglt,
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i.e. near the needle, the density tends to zero, and the temperature in-
creases to infinity as the distance to the point of the needle tends to
+00.
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