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Local bifurcation-branching analysis of global
and “blow-up” patterns for a fourth-order
thin film equation

P. Alvarez-Caudevilla and V. A. Galaktionov

Abstract. Countable families of global-in-time and blow-up similarity sign-
changing patterns of the Cauchy problem for the fourth-order thin film
equation (TFE-4)

ur = -V - (Ju/"VAu) in RY xRy, where n >0,
are studied. The similarity solutions are of standard “forward” and “back-
ward” forms

us (@, t) = (£ f(y), y=a/(*1)",

6= ! —4om’ +t >0, where f solve
B (a, f) = =V (|f['"VAf) £ By-Vf+af =0 in RY, (0.1)
and « € R is a parameter (a “nonlinear eigenvalue”). The sign “4”, i.e.,
t > 0, corresponds to global asymptotics as t — +oo, while “=” (¢ < 0)

yields blow-up limits ¢ — 0~ describing possible “micro-scale” (multiple
zero) structures of solutions of the PDE. To get a countable set of nonlin-
ear pairs {f, a4}, a bifurcation-branching analysis is performed by using
a homotopy path n — 0% in (0.1), where BF (a, f) become associated
with a pair {B,B"*} of linear non-self-adjoint operators
1 N . 1 % *
B:—AQ—i—Zy V41 and B :—AQ—Zy -V(so (B)j2=B"),
which are known to possess a discrete real spectrum, o(B) = o¢(B*) =
{/\.Y = —%"}‘ ‘ (7 is a multiindex in R™). These operators occur after
=0

corresponding global and blow-up scaling of the classic bi-harmonic equa-
tion uy = —A>u. This allows us to trace out the origin of a countable

family of n-branches of nonlinear eigenfunctions by using simple or semi-
simple eigenvalues of the linear operators {B,B*} leading to important
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properties of oscillatory sign-changing nonlinear patterns of the TFE,
at least, for small n > 0.
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1. Introduction: TFE-4 and “adjoint” nonlinear eigenvalue
problems

1.1. The model, two classes of similarity solutions, and main problems

In this paper, we study global asymptotic behaviour (as t — +o00) and finite-
time blow-up behaviour (as t — T~ < 400) of solutions of the fourth-order
semilinear thin film equation (TFE-4)

ug = -V - (Ju/"VAu) in RY xR,, n>0, (1.1)

where V = grad, and A = V - V stands for the Laplace operator in RY.

Before describing the main application of such a nonlinear higher-order
PDE model, which has become widely known in the last decades, we state the
main goal of the paper. We study similarity solutions of (1.1) of two “forward”
and Sturm’s “backward” types:

(i) global similarity patterns for t > 1, and
(ii)  blow-up similarity ones with the finite-time behaviour as t — T~ < oo.

Both classes of such particular solutions of the TFE-4 (1.1) can be writ-
ten in the joint form as follows (here, the blow-up time T = 0 for solutions in

(ii)):
ue(z, )= ()" f(y), y==2/(£t)" for +t>0, where 521_4%’
(1.2)

and similarity profiles f(y) satisfy the following nonlinear eigenvalue problems,
resp.,

|(NEP).: Bi(a.f)=-V-(f|"VAf)£0y-Vf+af =0 in RV
(1.3)

Here, @ € R is a parameter, which stands in both cases for admitted real
nonlinear etgenvalues. Thus, the sign “47, i.e., t > 0, corresponds to global
asymptotic as t — 400, while “=” (¢ < 0) yields blow-up limits ¢t — T = 0~
describing a “micro-scale” structure of the PDE. In fact, the blow-up patterns
are assumed to describe the structures of “multiple zeros” of solutions of the
TFE-4. This idea goes back to Sturm’s analysis of solutions of the 1D heat
equation performed in 1836 [37]; see [24, Ch. 1] for the whole history and
applications of these fundamental Sturm’s ideas and two zero set Theorems.
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Being equipped with proper “boundary conditions at infinity”, namely,

for global case, B (o, f) : f € Co(RY) (fis compactly supported), and (1.4)
for blow-up case, B, (o, f) : f(y) has a “minimal growth” as y — oo,

(1.5)

equations (1.3) become two true nonlinear eigenvalue problems to study, which
can be considered as a pair of mutually “adjoint” ones. All related aspects and
notions used above, remaining still somehow unclear, will be properly discussed
and specified.

Our goal is to show by using any means that, for small n > 0, eigenvalue
problems

(NEP).. admit countable sets of solutions ®*(n) = {aZ, fVi}MZO’ (1.6)

where v is a multiindex in RY to numerate the pairs.
The last question to address is whether these sets

®*(n) of nonlinear eigenfunctions are evolutionary complete, (1.7)

i.e., describe all possible asymptotics as ¢t — +oo and t — 0~ (on the corre-
sponding compact subsets in the variable y in (1.2)) in the CP for the TFE-4
(1.1) with bounded compactly supported initial data.

Our main approach is the idea of a “homotopic deformation” of (1.1) as
n — 0% and reducing it to the classic bi-harmonic equation

up = —A%u in RY xRy, (1.8)

for which both problems (1.6) and (1.7) are solved positively by rather stan-
dard (but not self-adjoint) spectral theory of linear operators.

1.2. Main TFE applications: nonnegative and oscillatory solutions

It has been well known since the 1980s, when higher-order parabolic models
began to be studied more actively, that the TFEs-4 like (1.1) have many appli-
cations arisen particularly in modeling the spreading of a liquid film along a
surface, where u stands for the height of the film in this context of thin film the-
ory. Other physical related problems come from lubrication theory, nonlinear
diffusion, flame and wave propagation (the Kuramoto—Sivashinsky equation
and the extended Fisher-Kolmogorov equation), phase transition at critical
Lifshitz points and bi-stable systems. We refer to a number of key survey and
other papers on TFE theory such as [3,4,8-10,12,30]; see also Peletier—Troy
[35] as a guide to higher-order ODEs and [19,21] for most recent short surveys
and long lists of references concerning physical derivations of various models,
key mathematical results and applications of TFEs. Concerning mathematics
of TFEs, one has to refer to the pioneering Bernis—Friedman paper [5] and
[7,23,14] for the role of source-type similarity solutions of (1.1). On modern
existence-uniqueness theory for the 1D TFE (for FBP setting), see [29], [20,
Sect. 6], and references therein.

It should be pointed out that most of the results cited above are asso-
ciated with nonnegative solutions of a free-boundary problem (FBP) for the
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TFE-4 (1.1), while currently this equation is written for solutions of changing
sign. Moreover, as mentioned above, the development of general approaches
to nonnegative solutions of the FBP began with the work of Bernis—Friedman
[5] in 1990 with such solutions having a most relevant physical motivation and
applications.

The study of oscillatory solutions of changing sign for the TFE-4 is more
recent; see [13,20,22] and references therein. It was shown in [19-22] (see also
[1] as the most recent publication) that such solutions can be attributed to the
Cauchy problem (CP) in RY x R, rather than a FBP, posed in a bounded
domain with moving free boundaries. The study of the Cauchy problem is
interesting from both points of view in some biological applications as well
as its clear mathematical interest in PDE theory. We refer to [1], where more
details on the CP setting are available.

In this connection, another pioneering paper of Bernis—McLeod in 1991
[6] should be mentioned, where existence and uniqueness of first three oscilla-
tory source-type solutions of the Cauchy problem for the fourth-order porous
medium equation (PME—4)

ur = —(Ju]" ) pree In R X Ry, (1.9)

are studied. Here, unlike (1.1), Eq. (1.9) contains a monotone operator in the
metric of H2(R). By classic theory of monotone operators [33], the CP for
(1.9) with compactly supported initial data ug admits a unique weak solution
that is oscillatory close to the interfaces for all n > 0 and evidently for n = 0,
where it becomes the bi-harmonic equation (1.8), with an oscillatory kernel of
the fundamental solution; see below.

For n > 0, such classes of the so-called “oscillatory solutions” of TFE-4
(1.1) is difficult to tackle rigorously, and even their ODE representatives (in
the radial geometry) exhibit several surprises in trying to describe sign-chang-
ing features close to interfaces [19]. Indeed, the CP in RY x R, shows com-
pactly supported blow-up patterns, which have infinitely many oscillations
near the interfaces and exhibit maximal regularity there (consult [19] for fur-
ther details). It turns out that, for a better understanding of such singularity
oscillatory properties of solutions of (1.1), it is quite fruitful to consider the
homotopic limit n — 07, thanks to the spectral theory developed for the pair
{B,B*} in [18] for rescaled operators where n = 0. Thus, here we perform
a homotopic approach, more rigorous than before, in order to obtain such
interplay between the CP for the TFE-4 (1.1) and the bi-harmonic equation
(1.8).

1.3. Our approach, problem setting, and layout of the paper

Before giving a description of our approaches, it is worth mentioning again
that TFE theory for free boundary problems (FBPs) with nonnegative solu-
tions is well understood nowadays (at least in 1D). The FBP setting assumes
posing three standard boundary conditions at the interface, and such a theory
has been developed in many papers since 1990. The mathematical formalities
and general setting of the CP is still not fully developed and a number of prob-
lems remain open. In fact, the concept of proper solutions of the CP is still
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partially obscure, and moreover it seems that any classic or standard notions
of weak-mild-generalized-. . . solutions fail in the CP setting.

Various ideas associated with extensions of smooth order-preserving semi-
groups are well known to be effective for second-order nonlinear parabolic
PDESs, when such a construction is naturally supported by the maximum prin-
ciple. The analysis of higher-order equations such as (1.1) is much harder than
the corresponding second-order equations or those in divergent form (cf. (1.9))
because of the lack of the maximum principle, comparison, order-preserving,
monotone, and potential properties of the quasilinear operators involved.

It is clear that the CP for the bi-harmonic equation (1.8) is well-posed
and has a unique solution given by the convolution

u(z,t) = bz — -, t) * uo(-), (1.10)

where b(x,t) is the fundamental solution of the operator D;+A?. By the appar-
ent connection between (1.1) and (1.8) (when n = 0), intuitively at least, this
analysis provides us with a way to understand the CP for the TFE-4 by using
the fact that the proper solution of the CP for (1.1), with the same initial data
ug, i that one which converges to the corresponding unique solution of the
CP for (1.8), as n — 0. Thus, we shall use the patterns occurring for n = 0, as
branching points of nonlinear eigenfunctions, so some extra detailed properties
of this linear flow will be necessary.

In Sect. 3, we, more carefully, introduce two classes of similarity solutions
(the so-called nonlinear eigenfunctions), while Sect. 4 is devoted to necessary
properties of the spectral pair {B,B*} of linear differential operators that
occur at n = 0.

Our further analysis is as follows:

1.4. Local bifurcation-branching analysis for global solutions (Sect. 4): first
operator theory discussion

In the first part of this work, we perform a local bifurcation-branching
analysis with respect to the continuation parameter n > 0, when that param-
eter is small enough. Thus, we obtain the bifurcation of solutions of the non-
gradient equation (1.3)_ from the branch of the corresponding eigenfunctions
of a rescaled linear operator. This yields some information and properties of
the global in time similarity solutions (1.2), of the TFE-4 (1.1).
The linear elliptic equation occurring at n = 0,
BF =-A’F + %y~va+ %F: 0 in RY, / F(y)dy =1, (1.11)
RN

where F is the rescaled kernel of the fundamental solution b(x,t) in (1.10),
will be pivotal in the subsequent analysis. Indeed, the nonlinear operator in
(1.3),

1—an

B, (a, f) = =V - (If["VAf) + y-Vf+af, (1.12)

can be written in the following equivalent form:

B (o, f) = -A%f + y-Vi+taf+V-((1=[f[")VAf). (1.13)

1—an
4
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Then, the solutions of B (c, f) = 0 are regarded as steady states of the non-
linear evolution equation

f-=Bl(a,f) in RN xR,. (1.14)

The bifurcation-branching point from our solutions (for n = 0) will be denoted
by (n, f) = (0,%y), which is shown to occur for some values of the nonlinear
eigenvalue « written as @ = ay (k = |f] is characterized by a multiindex
B in RY), and 1y representing the eigenfunctions of the operator B, whose
expressions will be obtained in detail later on.

Firstly, we shall prove that no bifurcation from the branch of trivial solu-
tions (n, f) = (0,0) occurs when the parameter n approximates 0. Secondly,
an infinite number of branches of solutions is shown to emanate from the
eigenfunctions of the rescaled linear operator B. Consequently, this analysis
provides us with a countable family of solutions pairs (1.6) for the nonlinear
equation (1.3) for small n > 0.

According to classic bifurcation theory [15,16,31,38], we denote

B/ (a, f) = F(n, f) == L(o,n) f + N(n, f), (1.15)

and assume that n is the main continuation parameter. Then, in order to have
a branch of solutions emanating from the branch of trivial solutions (n, f) =
(0,0) at certain values of the parameter n (bifurcation points), the nonlinearity
in (1.13), denoted by

N(n, f) =V - (A= [f[")VA]),
must fulfill the following conditions:
(NL): N(n,0)=0, D¢N(n,0)=0 forall neR;. (1.16)
In other words,

N(n, f)=o(lfl) as f—0.

Recall that, here, N'(n, f) serves as a perturbation of the operator B, defined
as in (1.13). Thus, under the given assumptions (which are not that easy to
pose in a suitable functional setting, to say nothing of the proof), the linear
operator denoted by
1—an
4

defines an analytic semigroup in the space, where the solutions of (1.3), are
defined.

Note that, in any case, the necessary assumptions for the nonlinearity of
(1.3) . are far from clearly specified, when f is very close to zero, so something
else must be imposed. Let us note that the condition (NL) in (1.16), roughly
speaking, assumes that the functions f(y) are sufficiently smooth and have
“transversal” zeros with a possible accumulating point at a finite interface
only. Otherwise, if f(y) exhibits vanishing inside the support at a sufficiently
“thick” nodal set, with many non-transversal zeros, this can undermine the
validity of (1.16), even in any weak sense.

Lla,n) = —A%+

y-V+al, (1.17)
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As customary in nonlinear operator theory, instead of the differential
operators in (1.15), one has to deal with the equivalent integral equation

f==(Lla,n)—al) " (N(n, f) +af), (1.18)

where a > 0 is a parameter to be chosen so that the inverse operator (a resol-
vent value) is a compact one in a weighted space L,Q)(RN ); see Sect. 3. We will
show therein that the spectrum of L is always discrete and, actually,

o (Lla,n)) = {(1 —an) (—Z) tok=0,1,2,.. } , (1.19)

so that any choice of a > 0 such that a ¢ o(L) is suitable in (1.18). Therefore,
in particular, the conditions (1.16) are assumed to be valid in a weaker sense
associated with the integral operator in (1.18).

Let us explain why a certain “transversality” of zeros of possible solutions
f(y) is of key importance. As we see from (1.13), we have to use the expansion
for small n > 0

fr=1=el_1=14nhn|f|+ - —1=nln|f|+---, (1.20)

which is true pointwise on any set {|f| > o} for an arbitrarily small fixed

constant €9 > 0. However, in a small neighbourhood of any zero of f(y), the

expansion (1.20) is no longer true. Nevertheless, it remains true in a weak

sense provided that this zero is sufficiently transversal in a natural sense, i.e.,
" =1

“——— —~In|f|] as n—0" (1.21)
n

in LS, since then the singularity In|f(y)| is not more than logarithmic and,

hence, is locally integrable in (1.18). Equivalently we are dealing with the limit
nIn? |fl =0, as n]O0",

at least in a very weak sense, since by the expansion (1.20) we have that

-1 1
V=L uigi= fnw? g4
n 2

Note also that actually we deal, in (1.18), with an easier expansion
(f" =D VAf = (nIn[f[+---) VAS, (1.22)

so that even if f(y) does not vanish transversally at a zero surface, the extra
multiplier VAf(y) in (1.22), which is supposed to vanish as well, helps to
improve the corresponding weak convergence. Furthermore, it is seen from
(1.13) that, locally in space variables, the operator in (1.18) (with @ = 0 for
simplicity) acts like a standard Hammerstein—Uryson compact integral opera-
tor with a sufficiently smooth kernel:

f~ (VAT =) VA (1.23)

Therefore, in order to justify our asymptotic branching analysis, one
needs in fact to introduce such a functional setting and a class of solutions

P={f=f(.n):feH\(RY)},
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for which:

(L1 1 +
Pi (VA) (= VAS) = (VA) W fIVAS) as n— 0" (124)

a.e. This is the precise statement on the regularity of possible solutions, which
is necessary to perform our asymptotic branching analysis. In 1D or in the
radial geometry in RY, (1.24) looks rather constructive. However, in general,
for complicated solutions with unknown types of compact supports in RY,
functional settings that can guarantee (1.24) are not achievable still. We men-
tion again that, in particular, our formal analysis aims to establish structures
of difficult multiple zeros of the nonlinear eigenfunctions f,(y), at which (1.24)
can be violated, but hopefully not in the a.e. sense.

To study nonlinear integral operators it is necessary to construct a func-
tion space in which the integral operator possesses favorable properties (conti-
nuity, compactness). Indeed, one can apply the classical fixed point principles
of Schauder’s type to an operator acting between suitable Banach spaces. In
this situation we can assert the existence of such fixed points establishing the
continuity and boundedness of the integral operator. To do so, thanks to clas-
sical nonlinear integral operator theory we should impose the continuity of the
kernel function involved in our integral operator (1.23).

Within the previous context, let us observe that the integral equation
with a Hammerstein—Uryson operator-type (1.23) is equivalent to the integral
equation (1.18), for which we know that the inverse operator (L£(a,n) —al)~*
is compact. Indeed, by the spectral theory described in Sect. 3, we are able
to deduce that the operator L is defined between two exponential weighted
spaces. Hence, it looks like to ascertain the existence of such fixed points for
(1.18) and, equivalently for (1.23), the suitable Banach spaces (that will pro-
vide us with the existence of solutions of the original equation (1.12)) are
precisely those exponential weighted spaces, together with the assumption of
continuity of the kernels involved in the equivalent integral equations (1.18)
and (1.23).

In addition, we would like to mention that for the study of elliptic prob-
lems of order 2m by Schauder’s inversion procedure the suitable Banach spaces
could be the typical pairs consisted of either Holder spaces

(€2 (), 0% (®)), with 0 <a<1,
or as remarked in the previous paragraph Sobolev spaces
(W2re®Y), L2(RY)), with 1< p< oo

The particular weights assumed for those Banach spaces should be con-
sistent with the exponential ones obtained in Sect. 3. Thus, this enables us to
obtain a priori estimates for the solutions of the original nonlinear equation
(1.12) and provides us with the compactness of the integral operators involved
in (1.18) and (1.23).
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1.5. Regularity convention

Overall, we observe that, unlike classic existence bifurcation-branching theory
[16,31,38], where sufficiently smooth expansions are used, the present singu-
lar one (1.20) dictates a special functional setting in a subset P of functions
(admissible solutions), for which (1.24) should be valid a priori. In particular,
such an analysis of the integral equation (1.18) will always require some deep
knowledge of admissible structure of proper solutions f(y) near zero (nodal)
sets (also unknown), which we are still not aware of. Recall that, as our main
goal, the present branching analysis is going to give us a first understanding
of such delicate properties via the known eigenfunctions of the linear rescaled
operators to appear at n = 07.

Thus, since these necessary nodal properties of possible solutions f(y)
are unknown entirely rigorously, we perform our analysis under the following
regularity convention:
we assume that, regardless of the strong degeneracy of the nonlinear elliptic operator

involved, the problems under consideration in both integral and differential forms

admit sufficiently reqular expansions of solutions in small mn > 0
in the functional class, for which (1.24) holds.

As usual in bifurcation theory, the hypothesis for this to be valid is for-
mulated for the equivalent integral representation of the operators, though,
for simplicity, we perform the n-expansion analysis in the simpler (but indeed
equivalent) differential form. Overall, currently, we honestly do not think that
our analysis can be justified more rigorously than that: technicalities to arise
can be extreme and a full prove truly illusive. However, in Appendix A, we
show that a suitable justification of the branching is indeed achievable provided
that clear transversality of a.a. zeros of linear eigenfunctions of B is known.
Nevertheless, the problem of the actual existence of nonlinear eigenfunctions
for small n > 0 remains open still.

1.6. Further branching discussion

Now, once we have discussed the principal difficulties, which have arisen, we
carry out a local bifurcation analysis close to m = 0. Then, the change of
stability from the branch of trivial solutions (n, f) = (n,0) should be deter-
mined by the spectrum of the linearization £(«,n) and the assumptions of the
nonlinearity. Therefore, a bifurcation would take place at some values of the
parameter n if every neighbourhood of (n, f) = (n,0) in R x C({2) contains
a nontrivial solution (n, f) of (1.3), under the assumptions imposed for the
linear and nonlinear part of the equation. However, as will be proved later,
such a bifurcation from the branch of trivial solutions (n, f) = (n,0) never
happens at the value of the parameter n = 0. Hence, we obtain a branching
from the points (n, f) = (0, ) only; these arguments are fully consistent with
more particular results obtained earlier in [1].

Moreover, since the bifurcation from the branch of trivial solutions
depends on the eigenvalues of the linear operator (1.17), we believe that such
a bifurcation does not exist at all (any proof is also very difficult). Indeed,
after some rescaling of the type y — ay, with a = (1 — 0471)_1/47 it turns out
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that the spectrum of (1.17) is directly related to the spectrum of the linear
operator B. This suggests that no bifurcation from the branch of trivial solu-
tions ever happens. Therefore, as also discussed in [1], we conjecture that if one
wants to ascertain the global bifurcation analysis for these similarity TFEs-4,
a new, different operator theory approach must be used.

Next, let us obtain the values of the parameter o for which the bifurca-
tion-branching phenomena occurs. The spectrum of the operator B in (1.11),
which appears for n = 0 in (1.3) 4> is already well known and will be explained
in detail in the next sections. This has the form

o(B) = {Ak - —Z,kzo,l,Q,...}.

Moreover, for k = 0, i.e., for the first eigenvalue-eigenfunction pair {ag(n), fo},
from the conservation of mass condition, denoting by M (¢) the mass of the
solutions of (1.1), we have that (here €2 is the rescaled support of f(y), how-
ever, for the CP, one can put Q = RY)

M(t) := /Q u(z,t)de =t=¢ /Qf (%) dz = t=o+PN Qf(y) dy.

This yields the exact values
N 1
= and n) = .
4+ Nn bom) = 7
However, the construction of the first eigenfunction fo(y) is not that straight-
forward even in 1D; see [20, Sect. 7], where its oscillatory properties cease to
exist at a heteroclinic bifurcation calculated numerically as

ny = 1.7587. ...

Tt is worth mentioning that, fortunately, for all n € (0,1) (this interval is of
particular interest in what follows), both the existence and the uniqueness of
fo(y) follow from the results of [6], since, rather surprisingly, source-type simi-
larity profiles for (1.1) and (1.9) are reduced to each other with the parameter
change n +— nil; see a precise statement in [20, Prop. 9.1].

Thus, it turns out that, when the parameter n approximates zero, we
obtain according to (1.25)

—a+fN=0 = ap(n) (1.25)

050(0) = 1 5

so the solutions of (1.3), seem to approach the first eigenfunction 1y associated
with the first eigenvalue of the operator B, i.e., corresponding to Ay = 0. How-
ever, that approximation for the solutions of (1.3) . should also be extended
to the eigenfunctions vy, for any k& > 1, when the parameter « reaches the
following values:

N
ar(0) := _)\k+Z forany k=1,2,..., (1.26)
where )\; are the eigenvalues of the operator B, so that
N N +1 N +2 N +k
O[()(O):Z7O[1(0): 4 ,QQ(O):T,,ak(O):T
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Then, we introduce the next expression for the parameter o

ag(n) : N

= — . 1.2
44 Nn Ak (1.27)

Hence, due to the necessary assumptions, the structure of the bifurcating-
branching set emanating at (n, f) = (0,1) depends on the spectral theory
for the operator (1.11). For the first eigenvalue, since Ao = 0 is simple, we can
ascertain accurately the local bifurcation-branching. Then, at least for suffi-
ciently small n’s, the bifurcation-branching is locally a C! curve, which can be
parameterized as s +— (ng(s), f(s)) in R x C(Q) with

(n0(0), £(0)) = (0,%0), f(0) =0, Py € Yo,

where / := %, emanating from the eigenfunction 1y at the n = 0 in the direc-
tion of the space Yy orthogonal to the eigenspace ker B, with g = F (the
rescaled fundamental kernel of b(x,t)) being the eigenfunction associated with
the eigenvalue Ay = 0.

However, in the case when the multiplicity of the eigenvalues A\; with
k > 1 is higher (bigger than 1), we obtain that the continua emanating at
(n, f) = (0,1 are tangent to the manifolds Y}, orthogonal to ker (B + #I).
And, hence, we might have more than one direction of bifurcation-branching,
depending on certain values related to the eigenfunctions which generate the
eigenspace. This certainly agrees with the work of Rabinowitz [36], in which
for potential operators and bifurcation from the branch of trivial solutions,
one of the next alternatives for the bifurcation structure must be obtained:

(i) for the value of the parameter where the bifurcation takes place, the trivial
solution is not isolated; or

(ii) for any other value of the parameter in one-sided neighbourhood of the
bifurcation point, there are at least two nontrivial solutions; or

(iii) for any other value of the parameter in a neighbourhood of the bifurcation
point, at least one nontrivial solution exists.

In general, the question about how many precise branches bifurcates for
any k > 1 remains an open problem, though we think it is very related to
the dimensions of the eigenspaces. As far as we know, only partial and very
specific results have been obtained for non-variational problems with higher
multiplicities.

1.7. Blow-up patterns via branching theory (Sect. 5)

This is a natural counterpart of the global similarity analysis of PDEs in the
limits as t — oo. We next consider blow-up limits ast — T~ < oo, ort — 0~
as in (1.2)_, where T' = 0. We thus perform a detailed and systematic analysis
of the blow-up similarity solutions. This is done again by using the homotopic
approach as n — 07 via branching theory, but this time based on the Lyapu-
nov—Schmidt methods in order to obtain relevant results and properties for
the solutions of the self-similar equation (1.3)_. This homotopic-like approach
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is based upon the spectral properties of the adjoint (to the B above) operator

1
B*=-A?--y-V, with o(B*) = {)\[3 = —@,

=0,1,2,...
: pl=0.12,...}.

(1.28)

which occurs after blow-up scaling of the linear counterpart (1.8) of the TFE-4
(1.1) for n = 0. Note that (1.28) admits a complete and closed set of eigenfunc-
tions being generalized Hermite polynomials, which exhibit finite oscillatory
properties.

It is curious that, in [19], blow-up similarity analysis of the related unsta-
ble TFE-4 did not detect any stable oscillatory behaviour of solutions near the
interfaces of the radially symmetric associated equation. All the blow-up pat-
terns turned out to be nonnegative, which is a specific feature of the PDE under
consideration therein. This does not mean that blow-up similarity solutions of
the CP do not change sign near the interfaces or inside the support. Actually,
it was pointed out that local sign-preserving property could be attributed only
to the blow-up ODE and not to the whole PDE (1.1). Hence, the possibility of
having oscillatory solutions cannot be ruled out for every case. Indeed, thanks
to the polynomial expressions of the eigenfunctions for the operator B*, we
have, in particular, that the first eigenfunction *(y) = 1 is not oscillatory,
but for some other eigenfunctions we shall expect sign-changing behaviour.

Then, this homotopy study exhibits a typical difficulty concerning the
desired structure of the transversal zeros of solutions, at least for small n > 0.
Proving such a transversality zero property is still a difficult open problem,
though qualitatively, this was rather well understood in 1D and radial geom-
etry [19].

1.8. TFE: FBP and CP problem settings
We recall that, for both the FBP and the CP of (1.1), the solutions are assumed
to satisfy standard free-boundary conditions:
u =0, zero-height,
Vu =0, zero contact angle, (1.29)
—n -V (Jul" Au) =0, conservation of mass (zero-flux)

at the singularity surface (interface) T'g[u] = 0, which is the lateral bound-
ary of
suppu C RN xRy, N>1,
where n stands for the unit outward normal to T'g[u], which is assumed to be
sufficiently smooth (the treatment of such hypotheses is not any goal of this
paper).
For smooth interfaces, the condition on the flux can be read as
lim —n - V(ju|"Au) = 0.
dist(z,To[u]) L0

For the FBP, dealing with nonnegative solutions, this setting is assumed
to define a unique solution. However, this uniqueness result is known in 1D
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only; see [29], where the interface equation was included into the problem set-
ting. We also refer to [20, Sect. 6.2], where a “local” uniqueness is explained
via von Mises transformation, which fixes the interface point. For more diffi-
cult, non-radial geometries in R, there is no hope of getting any uniqueness
for the FBP, in view of possible very complicated shapes of supports leading
to various “self-focusing” singularities of interfaces at some points, which can
dramatically change the required regularity of solutions.

For the CP, the assumption on nonnegativity is got rid of, and solutions
become oscillatory close to interfaces. It is then key that the solutions are
expected to be “smoother” at the interface than those for the FBP, i.e., (1.29)
are not sufficient to define their regularity. These mazimal reqularity issues for
the CP, leading to oscillatory solutions, are under scrutiny in [20]; see also [1],
as the most recent source of such a study.

Next, denote by

M(t) = /u(x,t) da

the mass of the solution, where integration is performed over smooth support
(RV is allowed for the CP only). Then, differentiating M (t) with respect to
t and applying the divergence theorem (under natural regularity assumptions
on solutions and free boundary), we have that
) = B _/ n-V(|u"Aw).
dt Ton{t}

The mass is conserved if J(¢) = 0, which is assured by the flux condition in
(1.29).

The problem is completed with bounded, smooth, integrable, compactly
supported initial data

u(z,0) =wup(xz) in TolulN{t=0}. (1.30)

In the CP for (1.1) in RY x R, , one needs to pose bounded compactly
supported initial data (1.30) prescribed in RY. Then, under the same zero flux
condition at finite interfaces (to be established separately), the mass is pre-
served; however smoother regularity properties of solutions require a separate
study /understanding; see [20] for some results.

2. Self-similar solutions: two nonlinear eigenvalue problems

2.1. Global similarity solutions
We now more carefully derive the problem for global self-similar solutions of
(1.1), which occur due to its natural scaling-invariant nature.
Namely, using the following scaling in (1.1):
x = p%, t:=M, u:=vi, with
ou vou Oou v ou 0%u v 0%u (2.1)

AN Om pdm 0 PO
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and substituting those expressions in (1.1) yields

v ou pntt
——==——"""7"V - (|[u|"VAu).
S 9 o (lu]"VAu)
To keep this equation invariant, the following equalities must be fulfilled:
5= ”nzl = p=N=v:= )\$, so that
M 451 (2.2)
w(z, t) :=X"m w(z, ) =\"n u (%) ,  where =M.
Consequently, we have to rescale in the following way:
1
uy(x, t)y=t"“v(y, 1), y::t%7 7=Int : Ry - R, where (= 4an7
(2.3)

such that f(y,7) = u(;5,7), we obtain, after substituting (2.3) into (1.1) and
rearranging terms, that f solves a quasilinear evolution equation given by

1—an

v, =Bl (a,v)=-V - (Jv|" VAv)+ y-Vut+av in RVxR,. (2.4)

Consider the steady-states of the parabolic equation (2.4). Thus, we
analyze the local bifurcation-branching behaviour of the nonlinear eigenvalue
problem:

Bi(a, f) ==V -(f"VAf) + 3522y - Vf+af =0, feCoRY).

(2.5)

Here, the “boundary conditions at infinity” stated as f € Co(RY) are nat-
urally associated with the known properties of finite propagation for TFEs,
which have been mathematically justified about two decades ago at least; see
a survey on energy methods in PDE theory in [28]. Then, any assumption
stating that f(y) is “sufficiently small” at infinity, e.g.,

fe H'RY) or HjRN) (2.6)

(the last space is a domain of the linear operator B in (1.11); see the next
section), would lead to compactly supported solutions. In fact, such a conclu-
sion entirely depends on asymptotic (i.e., local, not any global) properties of
the nonlinear elliptic operators involved, so will not be a main concern in our
study.

2.2. Blow-up similarity solutions

The blow-up similarity solutions of the TFE-4 (1.1) correspond to completely
different limits and then describe a “micro-scale” structure of its solutions at
any given point. For convenience, we reduce the blow-up time to 7' = 0. Then,
similar to the global solutions, replacing ¢t — (—t), we obtain the patterns
1—an

with the same parameter (= 1

(2.7)

u-(@1)i= (=0T W) v={m
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Hence, substituting that expression into (1.1) and rearranging terms, we arrive
at the following quasilinear elliptic equation:

[Bu(0.f)= V- (f"VAf) ~By-Vf—af =0 in B¥.| (28)

In order to get the corresponding second “adjoint” nonlinear eigenvalue prob-
lem, one needs to specify a “minimal growth” of admissible nonlinear eigen-
functions f(y) as y — oo. This will be done in Sect. 5. Note that, by obvious
and straightforward reasons, (2.8) does not admit compactly supported solu-
tions. Indeed, the nature of blow-up scaling (2.7) would then mean disappear-
ance of a such a solution in finite time, contradicting uniqueness and other
easy asymptotic issues for the TFE-4.

In general, for solutions with finite blow-up time 7" € R, the full self-sim-
ilar scaling

u(z,t)=(T — t) " “w(y, 1), y::ﬁ7 T=—In(T —t) : (—00,T)—R,
(2.9)

yields the parabolic equation

1—an

wy =B, (a,w) = -V - (Ju|" VAw) — y-Vw—oaw in RY xR,.

(2.10)

3. Spectral properties of the linear operator B

In this section, we describe the spectrum o(B) of the linear operator B
obtained from the rescaling of the bi-harmonic equation (1.8). This spectral
theory will be essentially used in ascertaining the direction of the branches
bifurcating from the trivial (actually nonexistence) and other eigenfunctions
and the number of branches for the blow-up solutions.

3.1. Relation to a linear eigenvalue problem

Let u(x,t) be the unique solution of the CP for the linear parabolic bi-harmonic
equation (1.8) with the initial data

up € L2 (RY),  where p(y) = ™’ 0> 0 small, (3.1)

given by the convolution Poisson-type integral

umw=mm*wzf%/

[ F ((x - z)t—%) up(2) dz. (3.2)

Here, by scaling invariance of the problem, the unique fundamental solution
of the operator % + A? has the self-similar structure

b(a,t) =t~ T F(y), y:= t% (z € RM). (3.3)

Substituting b(z,t) into (1.8), we obtain that the rescaled fundamental
kernel F' in (3.3) solves the linear elliptic problem (1.11). B is a non-symmetric



498 P. Alvarez-Caudevilla and V. A. Galaktionov NoDEA

linear operator, which is bounded from Hj(R"Y) to L2(R"Y) with the exponen-
tial weight given in (3.1). Here, more precisely, a € (0,2d) is any positive
constant, depending on the parameter d > 0 characterizing the exponential
decay of the rescaled kernel:

IF(y)| < De=WI"" in RN (D> 0), (3.4)

Later on, by F' we denote the oscillatory rescaled kernel as the only solution
of (1.11), which has exponential decay, oscillates as |y| — oo, and satisfies the
standard pointwise estimate (3.4).

Thus, we need to solve the corresponding linear eigenvalue problem:

By =Xy in RN, ¢eL2RY) (3.5)

It seems clear that the nonlinear problem (1.1) formally reduces to (3.5) at
n = 0 with the following shifting of the corresponding eigenvalues:

A= —a(0) + % (3.6)

It is another reason to call (2.5) a nonlinear eigenvalue problem, since for n =0
it reduces to the classic eigenvalue one for a linear differential operator. More-
over, crucially, the discreteness of the real spectrum of the linear problem (3.5)
can be apparently inherited by the nonlinear one, but a complete justification
of this issue is far from being clear.

3.2. Functional setting and semigroup expansion

Thus, we solve (3.5) and calculate the spectrum of o(B) in the weighted space
L2(RN). We then need the following Hilbert space:

4 (pN 2 (N 2 (PN
H, (RY) c L? (RY) c L* (RY).
The Hilbert space H;‘(]RN ) has the following inner product:

), = [ plo) Y Druly) Druy) dy,
/Rpr];) Y Yy)ay

where D*v stands for the vector {D”v,|3| = k}, and the norm

4
2
ol = [ o) > 10" .
RN
k=0
Next, introducing the rescaled variables
N x
u(z,t) =t +w(y, 1), y:= ryze T=Int : Ry — R, (3.7)
we find that the rescaled solution w satisfies the evolution equation
w, = Buw, (3.8)
since, substituting the representation of u(x,t) (3.7) into (1.8) yields

1 N ow 0T
~A2 —y-V _ —
Ayw—i— Y yW + 1 w(y, 7') t TR
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Thus, to keep this invariant it must be satisfied that t%; =1=— 7= Int
Hence, w(y, 7) is the solution of the Cauchy problem for the Eq. (3.8) and
with the following initial condition at 7 =0, i.e., at t = 1:

wo(y) = u(y,1) =b(1) * up = F * up. (3.9)

Thus, the linear operator a% — B is a rescaled version of the standard parabolic
one % + A2, Therefore, the corresponding semigroup eB” admits an explicit
integral representation. This helps to establish some properties of the operator
B and describes other evolution features of the linear flow. From (3.2), we find

the following explicit representation of the semigroup:

w(y, T) :/NF(y—zefﬁ) uo(z) dz = eBTwy, where x:t%y, T =Int.
R

(3.10)

Subsequently, consider Taylor’s power series of the analytic kernel

_z ,&(—1)%‘ 3 8 _ler 1
Fly—ze 1) = e 1+ ——DF(y)z" = e 4 zﬁ,
(v )=> 3 MEEDY W)
8) (8)

(3.11)

for any y € RY, where

P = zfl---ng,

and g are the normalized eigenfunctions of the operator B. The series in
(3.11) converges uniformly on compact subsets in z € RV. Indeed, estimating
coefficients for 8] =1,

—1)!
S ) popga | < by,

|
B=l A
by Stirling’s formula we have that, for [ > 1,
N Nt - Ui ne
b = o S]yp ) |D5F(y)| ~ 71 LAgl/4 oy [ =3L/4,L _ o—1In3l/4+lInc
yERN,|B|=1
(3.12)
Note that the series Y b;|z|" has its radius of convergence R = oc.
Thus, we obtain the following representation of the solution:
] 8
w(y, ) = ZGAB Mpg(uo)s(y), where Mg =: —% (3.13)

(8)

and {¢3} are the eigenvalues and eigenfunctions of the operator B, respec-
tively, and

Mga(ug) == 21’31 o~~z]€,Nu0(z) dz

1
VB S

are the corresponding moments of the initial datum wy defined by (3.9).
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3.3. Main spectral properties of the pair {B, B*}
Thus, the next results hold [18]:

Theorem 3.1. (i) The spectrum of B comprises real eigenvalues only with
the form,

o(B):= {)\5 =: —@, 8l =0,1,2,.. } (3.14)

FEigenvalues A\g have finite multiplicity with eigenfunctions,

_1)18l _1\18l B BN
woty) = T2 pop(y) = U (a) (a) Fy).  (3.15)

V! VIR dyn
(i) The subset of eigenfunctions ® = {1} is complete in L*(RY) and in
L2(RY).
(iii) For any A\ ¢ o(B), the resolvent (B — X )~! is a compact operator in
L2(RY).

Then, the adjoint operator B* of B (in the dual metric of LQP(RN) takes
the form (1.28) and is defined in the weighted space L2. (RM), with the domain
Hﬁ* (RM), where the (dual) weight function is exponentially decaying:

1 o
pry) = = >0
(y)
It is a bounded linear operator [18],
B*: H,. (RY) = L2.(RY), so (Bv,w)= (v,B*w), ve Hy(RY), we H).(RY).
Moreover, the following theorem establishes the spectral properties of the

adjoint operator which will be very similar to those shown in Theorem 3.1 for
the operator B.

Theorem 3.2. (i) The spectrum of B* consists of eigenvalues of finite mul-
tiplicity,

o(B*) = o(B) := {Aﬁ = \ﬁl 18l =0,1,2,. } (3.16)

and the eigenfunctions ¢E(y) are polynomials of order |3
(ii) The subset of eigenfunctions ®* = {14} is complete and closed L. (RN).
(iii) For any A\ ¢ o(B*) the resolvent (B* — M )~! is a compact operator in
L2.(RN).

It should be pointed out that, since 1y =

/ wody—/ F(y

However, thanks to (3.15) we have that

RNz/ngO for any |f3| # 0.

This expresses the orthogonality property to the adjoint eigenfunctions in
terms of the dual inner product. Due to Theorem 3.2 the adjoint eigenfunctions
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are polynomials which form a complete subset in Lf)* (RM) with exponential

decaying weight p*(y) = e—alvl"’’.

Note that [18], for the eigenfunctions {13} of B denoted by (3.15), the
corresponding adjoint eigenfunctions are gemeralized Hermite polynomials of
the form

) B/,
Wh(y) = i v+ ﬁA2jyﬁ : (3.17)
v j=1

Hence, the orthogonality condition holds:

(Yg,1y) =03, forany f,n, (3.18)

where (-, -) is the duality product in L?(RY) and &g  is the Kronecker’s delta.
Operators B and B* have zero Morse index (no eigenvalues with positive real
parts are available).

The main spectral results are extended [18] to 2mth-order linear poly-
harmonic flows

uy = —(—A)"u in RY xRy, (3.19)
where the elliptic equation for the rescaled kernel F(y) takes the form

_ m 1 N o : N _
BF = —(—-Ay) F+2my VyF—|—2mF—0 in RY, /RNF(y)dy—l.
(3.20)

In particular, if m = 1 and N = 1, we find the classic second-order Hermite
operator B (see [11] for further information)

1 1
BFEF//+§F/y+§F:O,

whose name is associated with the work of Charles Hermite of 1870,
although such equations and polynomial eigenfunctions of the adjoint operator
B* = D2 — L yD, were obtained earlier by Sturm in 1836 [37]; see [24, Ch. 1]
for history and references.

4. (NEP),: local bifurcation-branching analysis via a formal
approach

In this section, we show the nonexistence of local bifurcations points from the
trivial solution (n, f) = (n,0) for the nonlinear operator (1.13), and, hence,
the existence of branching from the eigenfunctions of the linear operator B
when n is sufficiently close to zero. This analysis allows us to show locally the
existence of non-zero solutions of (1.3), in the proximity of n = 0.
Throughout this section, we write the operator (1.13) in the form F(n, f),
denoted by (1.15), where L(a,n) and N (n, f) are the corresponding linear and
nonlinear parts of the operator (1.13) under the abstract framework already
explained above (first section). This operator is of class C", with r sufficiently
big to make all the subsequent derivatives exist. Moreover, when n = 0 we
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have the operator B defined by (1.11), for which we showed in the previous
section its complete spectral theory. It is apparent that its eigenvalues Ax and
eigenfunctions v, with k£ > 0, will determine the precise number of branches
from (n, f) = (0, ¢%).

Let us note that the nonlinearity condition assumes that the functions f
are sufficiently smooth and have “transversal” zeros with a possible accumu-
lating point at a finite interface only. Also, for each k£ > 0, denoting ng , = 0,
we find that

ker [£ (no,x)] =ker (B+Z[>span{wg,|ﬁk} for any £=0,1,2,3,...,

(4.1)

where £(ng k) := L((0),n0,x). Then, due to Fredholm’s alternative (see e.g.,
[16]),

R[L(nok)] = {u €C(): / wuy = 0}, such that
Q
k
ker<B+4I)@R[ﬁ(no,k)}:Li(RN) forany k:0,1,2,....

Thus, ¥y, ¢ R[L(no)] for any k& > 0. It is clear that the operator L(ng ) =
B + £ I is Fredholm, i.e., R[L(a,n)] is a closed subspace of L2(RN) and

dimker (L(a,n)) < 00, codim R [L(a,n)] < o0,

at least for each n ~ 0. Then, the operators L(ng ) are Fredholm of index
zero. Indeed, we already know that the first eigenvalue Ay = 0 is a simple
one of the operator L(ng) = B, so its algebraic multiplicity is 1. Hence, we
will apply the classical results of Crandall-Rabinowitz [15] about bifurcation
for simple eigenvalues in order to prove the nonexistence of bifurcation points
from the branch of trivial solutions at the value ng = 0.

Note that, due to Theorems 3.1 and 3.2, for any k > 1, the algebraic mul-
tiplicity is equal to the geometric ones, so we are not dealing with the problem
of introducing the generalized eigenfunctions (no Jordan blocks are necessary
for restrictions to eigenspaces).

On the other hand, when dealing with essentially non-analytic functions
of n, at n = 0 as in (1.13), we cannot use standard apparatus of bifurca-
tion-branching theory even in the case of finite regularity; cf. [16,31,38]. This
reflects the main partially technical but often principal difficulties of such a
branching study.

Once the assumptions are established, we introduce the following concept,
which will play a role in the forthcoming analysis. In dynamical system theory,
such concepts are typical for characterizing various types of bifurcations.

Definition 4.1. (ng,0), with ng, = 0 for any £ = 0,1,2-- -, is a bifurcation
point for equation (2.5) from the curve of trivial solutions (n, 0), if there exists
a sequence

(nknnfm) €Rx (Hﬁ(RN)\{O})’
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where m > 1, such that

lim (ng,,, fm)=(0,0) and F(ng,,fm)=0 foreach m >1.
m—00

Since B + %I is Fredholm, and

fo(n07k70)f= (B-Fi[) f (4.2)

for any k, on the whole, as was discussed in [34], it is clear that the condition
k
M, = ker <B+4I> >1,

is necessary for any (n, f) = (ngk,0) to be a bifurcation point of (2.5) from
(n,0), the trivial solution. However, the bifurcation does not occur depend-
ing only on the linear part. Therefore, as was shown in [34] through simple
algebraic examples, the nature of the nonlinearity determines the sufficiency
condition in order to have such a bifurcation. To be more precise, the nonlinear
part of the operator (1.13) must fulfill the assumptions established in the first
section of this paper.

Therefore, according to bifurcation theory, the points, where a bifurca-
tion from the branch of trivial solutions occurs, must depend on the spectrum
associated with the linear part and assuming some conditions on the nonlinear
part. Here, we prove the nonexistence of bifurcation from the branch of trivial
solutions at the value of the parameter n = 0. Moreover, due to the rescaled
relation between the linear operators B (1.11) and £(«, n) defined by (1.17), it
turns out that there is no bifurcation point from the branch of trivial solutions
at any n > 0.

4.1. Bifurcation-branching for simple eigenvalues

Firstly, we present a result that provides us with the nonexistence of the branch
emanating from the trivial solutions at the point (n, f)=(ng,0), with ng =0,
when )\ is a simple eigenvalue. Secondly, consistent with some recent findings
[1], we also show that there exists a branching from the eigenfunction v at
the value of the parameter ng g = 0. We actually know that Ao = 0 is a simple
eigenvalue of B in a general setting in RV, but we cannot assure that it is
the only such one in other geometries. For instance, in 1D and in the radial
setting, all eigenvalues are simple, so we can apply this simplified analysis.
Thus, the calculus below will be valid for any k& such that Ag is simple
(under suitable restrictions). However, to avoid excessive notation, we make
all the computations for the case kK = 0, which is always special and simpler.

Lemma 4.1. Under the regularity convention and assumptions in Sect. 1.4:
(1) (n, f) = (n0,0,0), with ngo = 0, is not a bifurcation point for the station-
ary equation

Fn,f)=0 (fe€Co(RY) or Hﬁ(RN); of. (2.6)).
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(i) (n, f) = (no,0,%o) s a branching point for the stationary solutions of the
functional F(n, f). Furthermore, let Yy be a subspace of H:f(RN),

Yo :={ucCR") : / ug =0}, such that ker(Loo) @ Yo = H,(RY).
]RN

Then, there exists ¢ > 0 and two maps of the class C"1,
no: (=€) =R, Qo : (—g,e) =Yy, n0(0) =0, P(0)=0,
such that, for ngo =0 and for each s € (—¢,¢€),
F(no(s), fo(s)) =0,  fols) = 1ho + sPo(s), (4.3)

where g is the eigenfunction associated with the simple eigenvalue Ao of B, so
that dim ker[L(ng)] = 1. Moreover, there exists p > 0 such that if F(n, f) =0
and (n, f) € B-(0,%0), then either f =, or (n, f) = (no(s), fo(s)) for some
s € (—e,¢), where B,(0,%0) is the a ball of the radius r centered as (0,y) in
R2 x L2(RYN). Furthermore, if F is analytic, so are no(s), ao(s), and fo(s)
near 0.

Proof. (i) To show that (n, f) = (n0,0,0), with ng,o = 0, is not a bifurcation
point, we check that the transversality condition of Crandall-Rabinowitz [15]
is not satisfied. Under the regularity assumptions and convention of Sect. 1.4
imposed on the linear and nonlinear parts, we obtain that £(n) := D;F(n,0),
where standard calculations of the derivative are allowed:
F(n, f+hg) — F(n, f)

h
—V - (If+hg|"VA(f +hg)) + 12"y - V(f+hg) +a(f+hg) — F(n, f)

Dy F(n, f)g = Jim

= lim
h—0 h
= iy T N)+R [V - (nlf|"'gVAS) =V - (|f|"VAg)+ 52y - Vg+ag|+o(h)—F(n, f)
) h
n— n 1—an
= =V (nlf]""gVAS) = V- (If]"VAQ)+ "y Vg+ag,

for any g € Co(RY), or Hj(RN); cf. (2.6). Moreover, owing to the spectral
theory shown in Sect. 3, we find that there exists a singular value \g, the
eigenvalue of the operator L(ngg), with ngo = 0, associated with the eigen-
function g. Set Lo,0 := L(no,0) and Ly := %L’(nw) where

d N(4+ Nn) — N2n N\ N?

—Ln) = — — |y V——-——1.

an = ( A rNn? 4 @1 Nn)?

Then, ker(Lo,0) = span{¢o} and the following transversality condition does
not hold:

L1,0%0 & R[Loo]- (4.4)
Indeed, suppose

N N2
Loty = Y Vg — T6 1o € R[Loo], so

N

N2 1 N
—EQ'V%—T(S%Z—AQU—&-fy-Vu—k—v, (4.5)

4 4



Vol. 18 (2011) Local bifurcation-branching analysis 505

for any v € R[Ly,0]. Hence, multiplying (4.5) by the adjoint eigenfunction v
and integrating by parts yields

N2 N N2 N [ .
35 [ vovs = 55 [ v v == [wovs+ 5 [ v
N2 N N2
=—E/%%*‘E/%y'V%*'E/%%

N2 N2
Z—E/%T/}S‘FE/%%:O,

which implies the nonexistence of bifurcation at ngo = 0 from the trivial
solution.

(ii) We now prove the final statement of Lemma 4.1. Then, under the
same necessary regularity assumptions and the convention in Sect. 1.4, we
define the auxiliary operator

}‘(noﬂbso-i's‘?o)’ if s 75 0,
Df]:(n(h ’(/}0) (I)()? if 8207
for s € R;s =~ 0,n9 € R, and ®g € Y. Since F is C" in both variables, G is
C"~!in all its arguments. The number 7 is sufficiently large ensuring that the

derivatives employed in the sequel exist. Moreover, by the definition, we have
that

G (s,n0,®g) := { (4.6)

since Dy F(ng, 0)®o = 0 by construction. Then, if the zeros of the eigenfunction
1)y are transversal a.e.,! we find that

L= [0l ~ 0
in the weak sense (or even “a.e.”) for a sufficiently small s. Hence,

G (0, noh, h®y) — G(0,0,0
D (1ny,84)5(0,0,0) (ng, o) = lim (0,70 0) ( )

h—0 h
_ i 227 (n0, %0) (o) (4.8)
h—0 h

= Alir%) (Loo+ hnolip) Do+ o(h) = Lo oPo.
Thus, owing to
Yo @ ker (Lop) = Hy(RY),
the operator
Di14,36)5(0,0,0) : R x Y — L>(R")
is an isomorphism. Then applying the implicit function theorem, we deduce

the existence and uniqueness of two C"~! functions

1For 40 (y) which is a radial function, this is very probable; however we do not have a fully
convincing proof.
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no:(—e,e) =R, ®¢:(—¢,e) =Yy, such that
nO(O) = Oa (I)O(O) = Oa g(S,’I’Lo(S), (I)O(S))
O

Throughout the rest of this section, we calculate the possible types of
local bifurcations. According to our formal analysis above, it follows that (2.5)
has a local curve of solutions

(nQ(S),fo(S)), fO(S) = 1/J0+8<I>0(8),

emanating from (n, f) = (n,vo) at n = 0. This shows in some natural sense
that the component emanating at (n,f) = (0,%g) consists of two subcon-
tinua, Qla' and ¢, in the direction of ®;, and —®, respectively, where ®g
belongs to the orthogonal space Yy to the eigenspace spanned by the eigenfunc-
tion associated with the simple eigenvalue Ay = 0. Moreover, those functions
(no(s), fo(s)) admit the next expansions of the form: as s — 0,

no(s) := s70,1 + 5270,2 + 0(52)7
fo(s) = + 5‘1)071 + 82(130,2 + 0(82)7 (49)

for certain real numbers 7o, and some functions ®q; € Yy, with [ = 1,2. In
addition, since we are assuming that « is dependent on n, this eventually yields
N
ap(s) = T + sn0.1 + 5°1m0,2 + 0(s%),

where np; € R for any i =1,2,....

Now, substituting the expansions defined by (4.9) and the corresponding
expansion for the parameter ag(n) into the nonlinear elliptic equation (2.5)
yields

-V - (Wo + 5@071|(S’Yo,1+0(3)) VA¢0) — sV - (|tho + S(I,O,1|(S’yo,1+0(3)) VA® 1)

S o\ s 1
—$2V -+ (Jihg + @1 |01 T TAD 5) + 1Y V(o + 501 +o(s))

s (% + sno,1 + 82770,2 + 0(82)) 70,1
4

N
+ (4 + 8101 + 82002 + 0(32)> (o + sPo,1 +0(s)) = 0.

Next, passing to the limit as s — 0, by the regularity convention (in particular,
this assumes the transversality condition for the zeros of the eigenfunction 1)),
we have that [1g]*7! =1+ sy9,1In|¢g| + o(s), and according to the spectral
theory shown in Sect. 3 we find that

1 N

y- V(o + sPg1 + 0o(s))

Hence, dividing the rest of the terms by s and passing to the limit as s — 0
gives

N
B® 1 =1 [16 y-Vio+ V- (In WOVAZ/JO)] + 10,1%0. (4.10)



Vol. 18 (2011) Local bifurcation-branching analysis 507

Now, applying Fredholm’s theory [16] to (4.10) yields that there exists a func-
tion ®g 1, which solves (4.10) if and only if the right hand side is orthogonal
to ker B, i.e., to the eigenfunction ¢; = 1 of the adjoint operator B*. This
uniquely defines the coefficient:

S 0,1 (¥, Vo)

’ 16 (5, y - Vibo) + (4§, V - (In |1 VA))

- = 70,1 : (4.11)
16 (1,y - Vo) + <1, V- (In ]| VA))

provided that the denominator does not vanish (notably, a difficult property to
prove or even to verify numerically). Therefore, any different branching-type
in the vicinity of n = 0 from the first eigenfunction ¥y of the operator B will
depend on the values of the coefficients 7y 1 and 79,1 related by (4.11).

4.2. Bifurcation-branching for semisimple eigenvalues

Hereafter, in this section, we focus on the case when the kernel is multidi-
mensional. Note that, the question of local bifurcation at the value of the
parameter, for which the corresponding eigenvalue is simple has been exten-
sively studied in literature. In particular, as was shown above, for (2.5), under
some assumptions over the nonlinearity, we proved that no bifurcation takes
place at n = 0 from the branch of the trivial solution, and when the eigenvalue
is simple. However, for any neighbourhood around n = 0, a branch of solutions
emanates from the associated eigenfunction in the direction of the orthogonal
subspace Yj.

On the other hand, for eigenvalues with higher multiplicity, we prove that
the nontrivial solutions emanating from the eigenfunctions v at the value of
the parameter ng ; = 0, for any £ > 1, are tangent to a manifold Yj,.

Also, in general, it is not completely understood how many branches ema-
nate from the trivial solution, which remains an open problem and it can only
be obtained for some specific examples.

For the case of bifurcation from the branch of trivial solutions (n, f) =
(n,0), there exist some results supposing that the operators are potential (see
[17,36]) and very few for non-gradient, non-self-adjoint operators [32].

Here, we provide a number of possible branches of bifurcation-branching
when n is close to 07 from the eigenfunctions 1, under some conditions
imposed over certain values.

Similarly to the case of simple eigenvalues, we already know that

k
My, = dimker (B + 1 I> >1, (4.12)
for any k£ > 1, and the inequality is strict in dimensions N > 1. Note that
A = —% is not a simple eigenvalue and (4.1) is fulfilled by v as the eigen-

functions associated with those semisimple eigenvalues of B, Ak, such that
Y = Z‘ Bl=k cgg, for every k > 1 and under the natural “normalizing”
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constraint

d =1 (4.13)

Subsequently, under the circumstances imposed for the nonlinearity, it is
apparent that

dim ker (B + i[) = codim R <B—|— ZI) = M,

for any k > 1. Thus, as was discussed above, the operator (4.2) is Fredholm of
index zero since it is a compact perturbation of the identity.

It should be pointed out that the odd crossing number condition might
fail, so we are not distinguishing between odd or even multiplicities (see the
works Ambrosetti [2] for gradient operators and by Kromer—Healey—Kielhofer
[32] for more general operators). It is classically known that, when the multi-
plicity is odd, there is always a bifurcation. However, when the multiplicity is
even, the bifurcation depends strongly on the nonlinearity.

The next theorem is one of the main results of this paper.

Theorem 4.1. Let the assumptions for the linear and nonlinear part of the
functional F be satisfied, together with the regularity convention in Sect. 1.4,
and (4.12) hold. Then:
(1) (nox = 0,0), for any k > 0, is not a bifurcation point, and;
(i) if
ker (B + i[) QY = H;l(RN)’

where the subspace Yy is defined by

Yk::{ueC(RN) : ANu¢k=0},

there exists € > 0 and two maps of class C" 1,
ng: (—e,e) = R, ®p:(—¢,6) = Yy,
such that, for n =0 and for each s € (—¢,¢),
F(n(s), fr(s)) = 0, fr(s) := v + sPr(s). (4.14)
Furthermore, if F(n, f) is analytic in a neighbourhood of (0,vx),k =1,2,...,

so are ng(s),ar(s), and fr(s) near s = 0, a countable number of branches
emanate from 1y, for n =~ 07F.

Note that our earlier result for simple eigenvalues, k& = 0, is included
here, with similar conclusions.

Proof. Firstly, we consider the following auxiliary operator:
F (e, Yu+sPr) if s#£0

Py = s
g(s,nk’ k) {ij:(nlﬁwk)q)ka if 8:07

for s € R and close to zero, np € R and ®;, € Y}. Since F is C” in both vari-
ables, G is C"~! in all its arguments. As customary, we impose some regularity

(4.15)
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conditions making sure that all the derivatives in the sequel exist. Moreover,
by definition we have that

G(0,0,0) =0, (4.16)

for every k > 1. Thus, similarly as done for the case of simple eigenvalues
(4.8),

_ G(0,nih, h®;) — G(0,0,0
Dy 2,)G(0,0,0) (e, B) = lim S Z) 0.0.0

~ im D F(ng, ) h®y
- h—0 h (417)

}1}1%([:07]@ + hnkﬁl,k)ék + O(h)
= Lo, Pr.

Hence, if the following condition
Yy @ ker(Lo ) = Hy(RY)

holds, then the operator Dy, 4,)G(0,0,0) : R x Y3 — L2(RY) is an isomor-
phism. Consequently, we can apply the implicit function theorem. Therefore,
the existence and uniqueness of the following two C"~! functions are guaran-
teed:

ng: (—e,e) > R, P : (—e,6) =Yg, such that

Now, in order to conclude the proof, we must show that if (n,f) =
(nok,0), with ng, = 0, is not a bifurcation point, for any k& > 0, then the
following condition, providing us with the bifurcation from the branch of triv-
ial solutions at the value of the parameter ng j = 0, must not be satisfied

R A k
span {ﬁl,k'(/)h - ,[:ngka} ®R (B + 1 I) = LIQJ(}RN))

where Ly = %E(noﬁk), with ng, = 0, and {1&1,...,1/31\4,6} a basis of the
subspace ker (B + %I ) such that

Vi = 017/;1 +--+ CM;J/;M;”

with the “normalizing” constraint (4.13). Thus, we suppose that

M, R N 2 M,
Ll,k¢kzz c; L1k = (— ) chwj Zc]wj €ERI[Loy], so
J=1
N2 M

ch,cl Kb = (—N + ) chij T chwj

1 N
—A2v+1y-Vv+Zv,

for any v € R[Lo ). Now, we restrict ourselves to the case when k = 1 and
My, = 2 (i.e., N = 2) to avoid excessive calculations. Hence, multiplying (4.18)

(4.18)
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by the associated adjoint eigenfunctions T/A}T and 125 and integrating by parts,
we obtain the following system:

{ ML [ty - (Vi + Vi) + 16 = [ (et + extho) =
N+1 f¢2y C1V¢1 + 02V1/)2 16 fwz 011/)1 + 021/)2)

and, hence,

[N“f%y Vi + 22 [ 1o } [N“fwly Vi) + 22 f¢1¢2]

€1 [% fﬁgy : Vi&ﬁ‘% f&éﬁ?ﬁl} +c2 [NH f¢gy V¢2+ 16 f¢2¢2}
(4.19)

Consequently, if the determinant of the system (4.19) for the unknowns ¢; and
¢y is different from zero,

(N+1) f¢1y v¢1+N2f1/’11/’1 (N+1) f1/)1y V1/)2 +N2f1/’17»[12
(N +1) [ 5y - Viby + N2 [y (N +1) [ b5y - Vo + N2 [ 5eby

we arrive at the desired result with the normalizing constraint (4.13). Similar
computations can be done for any finite k and M}; see below. O

# 0,

Furthermore, as was performed for the case with simple eigenvalues, we
ascertain the conditions that provide us with how the branching from the
eigenfunctions at n = 0 is and how many branches we actually have. Hence,
by Theorem 4.1, for any k& > 1, the local curve of solutions

(nk(s), fx(s)),  fr(s) = v + sPr(s),

emanates from the branch of solutions (n, f) = (0,¢y), for any & > 1. That
curve of solutions is defined locally by two maps of class C" !,

ng: (—e,e) = R, P :(—¢g,6) = Yy,
such that, for s = 0,
ni(0) =0, @4(0) =0,

and the eigenfunction 1, of the subspace ker (B + % I ), as well as the expan-
sion of the parameter a(n) depending on n.

Moreover, since the eigenvalues associated with the eigenfunctions ¢ are
semisimple, the dimension of the kernel M} will be greater than 1. Thus, the
component emanating at n = 0 will do it in the direction of the orthogo-
nal manifold to the one generated by {zﬁl, . 7zﬁM,c}7 in such a way that 15, =
clzﬁl +-- -+ch1/AJMk. In other words, depending on the coefficients ¢, ..., car,,
we shall obtain different directions of the bifurcation-branching. Then, those
functions (ng(s), fr(s)) admit the following expansions of the form: as s — 0,

nk(s) == $Yk,1 + 2 k2 + o(s?),
fu(8) == g + 5P 1 + $2Pp 2 + o(s?),
for certain real numbers 7. ; and some functions ®,; € Y, with [ = 1,2,

and k > 1. Furthermore, we set ay(s) = # + $Mk1 + $2Mk2 + o(s?), where
Mk € R for any ¢ =1,2,... and any k£ > 0.
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Hence, substituting those expansions into the Eq. (2.5) and dividing by s
gives
V- ([t + 5D 1 | TAY) — 5V - ([ + 5Pp [T VAS )
—$°V - (|s1/)k + 52<I>k,1 |(s%’1+o(s)) VAD; 2) + iy V(g + sPx,1 + 0(s))
(BEE 4 smp1 + 82,2 + 0(8%)) e

-5 ! 1 ’ —y - V(¢ + sPr 1+ 0(s))

4

Then, passing to the limit as s — 0 in a similar way as was done for the case of
simple eigenvalues (assuming a “sufficient transversality” of a.a. zeros of the
eigenfunctions ¢, and, hence, the expansion |15 = 14 sy 1 In [¢r|+0(s)),
we have that

<B+ I)q,/;k_ (—A2+iy-V+N+k )wk_o

which is true by Sect. 3. Dividing the rest by s and letting s — 0 give

N+ k
+ ( + SNk + 8277k,2 + 0(82)> (i + 5P 1 + o(s)) = 0.

k N+ k
(B +7 I) Q1 =i [ T Vi, + V- (In |wk|VA¢k):| + N1 Yk
(4.20)

where ¢, = 011/11 o Fem 1,/} M, - Hence, multiplying by the associated adjoint
eigenfunctions {1/}1 Y ,1/1 M, }, integrating over RY and applying the Fredholm
alternative [16], we obtain an algebraic system with the coefficients {c;, j =
1,..., My}, vk, and ng1 as the unknowns. Again, to avoid excessive calcu-
lations, we will restrict ourselves to the simplest case in which k¥ = 1 and
M; = 2(N = 2). Then we arrive at the following algebraic system:

[W [t Thitma [0 nfesis + cadal T AG)
bt w} [”“‘N““) /w Y- Vi
PEV - (ln\c11/)1+621/12|VA1//2 + 11 /¢1 1/’2} =0,

11,1

+71,1

\\

[(Nk) / U3y Vi + 1 / G5V - (Infern + eat| VAG )
. N+ k . .
11 / w} [711('*') /%f Vs
+’711/ 3 V- IH\C1¢1+62¢2|VA¢2 +ma /% 1/4 =0,
1+ co =

(4.21)

We will achieve the existence of solutions due to standard fixed point theory
arguments (see [1] for further details). Then, in order to ascertain how many
possible solutions we might have, one can fix the value of 7 ; and solve the
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nonlinear algebraic system (4.21) for the remaining unknowns. Thus, from the
third equation of (4.21) we find that ¢; = 1 — ¢. Then, setting c11h; + o) =
wl + co (1/}2 — wl), substituting it in the other two equations, and integrating
by parts in some of the terms (the ones with the logarithm), we obtain

N+ k N R . A

a | S [ty vine [viim| s [
N+ k& - N R

+co [711(16+) /lﬁfy (Vb = Vih1) + 711

X /Vﬁf(lh—hﬁ*ﬂhl /@T@z—%)} =0,

N+ k
o |[SEE [osyewiie [Vism|ema [0,
N+ k
w%“ﬂw+)/¢wwvw—vwmwm

X /V%/AJS (he —h1) +m1 /1215 (1hy — 1/31)} =0,

where hy == In |1hy + co(thy — U1)|[VAD1, hy = In |ty + ca(tha — 1) |V ADs.

Hence, we next solve the system without considering the extra perturbation
terms, which h; and ho are involved in, i.e.,

wi(’yLl,Cg) = ")/171 /Vi[}: hl -+ 627171 /VI[): (hg — hl), Wlth ’L = 1,2

Hence, we need to solve the system,
(N +k)
ﬂi———/ﬁl vw—vm+mu/¢1w—wﬂ
N+k
+W1,1% Dy Vi + 1 /1/11 1 =0,

N+k) [ - p p b (1hy — 0
%6—’_) /¢§y.(v1/)2—vw1)+771,1 /@ (¢2—¢1)]

NAK) [ - -
+71,1% /lffzy'V?//lJrTlm /1/12 Y1 = 0.

At this point it is quite easy to prove that, for example, after substituting the
expression for co, obtained from the first equation, into the second equation,
we arrive at a quadratic form which depends on the unknown 7y 1,

S(y1) = Al’V%J + By, +C1 =0,

with at most two possible solutions. Note we are assuming that at least one of
the following conditions is fulfilled:

M /w Y vw27v(¢)1 +771 1 /"(/} ’1/127’(/)1) # 0 with 7= 1,2
(4.23)

Those solutions will correspond to two possible values of ¢5 which are the roots
of the following quadratic form:

@(02) = AQC% + Boco + Cs = 0.

(4.22)
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Moreover, owing to the “normalizing” constraint (4.13), we have that ¢y €
[0, 1]. Hence, for that quadratic form the following is ascertained:

(i) c2=0= 6(0) = Cq;
(11) Co :1:>Q5(1) :A2+BQ+CQ;
(iii) Differentiating & with respect to ca, we obtain that &'(ca) = 2¢2 A5+ Ba.

Then, the critical point of the function & is c¢§ = —23722 and &(c3) =

— & +Ca.

Once the solutions for ¢, are established, that we know they are between 0
and 1 according to the “normalizing” constraint, we are able to ascertain the
solutions for vz 1. Although, they can reach any value in the real line, and not
only values between 0 and 1, they must fulfill the quadratic form § as well, so
that, we will have at most two solutions corresponding to this unknown =z ;.
Therefore, going back to (4.23) and supposing it is true, we shall obtain two
solutions after imposing the following conditions:

(a) C(A2 + By + CQ) > 0;
b) C (—ng n 02) < 0; and
(c) 0< —23722 < 1.

On the other hand, if —43722 + C5 = 0 then we have just one solution of the
quadratic form.

However, in the case when condition (4.23) is not fulfilled, we obtain a
single unique solution for s 1, which satisfies the following equality:

= ma VT ~ ma [
A= T NTE - T T (N+k . P
B8 [hry vy SR sy Vi

Unfortunately, in this case nothing can be said about the number of solutions
for ¢y and, hence, for the other unknowns appearing in the system (4.21),
unless just one of them is satisfied, in which case we ascertain one unique solu-
tion for all the unknowns. Observe that, for any solution pair (11, ¢z2), there
corresponds a value of 71,1, that we fixed above.

Therefore, we will obtain at most two solutions of the system (4.22), and,
eventually, imposing some conditions on the extra nonlinear terms w;(y1,1, ¢2)
such as

||wi(71,13 CQ)HLOO < min{s(’ﬁ:lx 6(63)}7 for any 1= 17 2a

where, 77 ;,c5 are the values where the quadratic forms catch the critical
points, we finally obtain at most two solutions for the original nonlinear alge-
braic system (4.21).

For the sake of completion, we extend these results to the case in which
k = 2 and the dimension of the kernel is My = 3 (again, N = 2). In other
words, the kernel will be generated by {1/;}‘,1/33‘,7,/;;} such that ¢y = 0112)1‘ +
cgﬁé‘ + 03@‘. Hence, for this particular case, multiplying again (4.20) by the
adjoint eigenfunctions 1/3;* , with + = 1,2,3, and imposing the “normalizing”
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constraint (4.13), the following algebraic system is obtained:

e P“N““ /1/11y V?/)1+’721/L/11 1n\c1¢1+c2¢2+c3w3\vm1)
oy R R e PR
410 [ 919+ (Inferds + cava + cadalVAGR) +naa [ 9 1/4
v |25 [ty vy
2 /¢1 (tnlerths + caths + cstha| VAU ) + 12, /¢1 %} —0,

€1 {W /7/’234 Vi1 + 2,1 /7702 1n‘61¢1+02¢2+031/)3\VA¢1>

[721 (N +k)

12,1 /7[13 12)1} +c /%y Vs

+72,1 /1/12 (In|e191 + cotha + c303|VAD) + 1.1 /¢2 ¢2]

(N +k)
+es [721 +

/ W5y - Vi (4.24)
+72,1 /% ln |11 + cathy + 031/J3|VA¢3> + 12,1 /% 1/4 =0,
c [W /¢3 Y- V¢1 + 72,1 /¢3 ln ‘Cﬂﬂl + C2¢2+C31/)3‘VA¢1)

/% y - Viby

SN (N +k)
+12,1 /7/13 1/)1} + c2 [721

+72,1 /1/13 (In|erthy + catha + c39)3|VAD,) + M2,1 /1/)3 ?/12]

(N + k)
tes [72 1V +

/wgy Vi

+72,1 /ws ln 1y + cathy + 031/J3|VA¢3 + 12,1 /ws 1#3} =0,

Cl+02+03:1.

As mentioned above, for the case k = 1, the existence of non-degenerate solu-
tions is guaranteed by standard fixed point theory. Moreover, since by the
third equation ¢; = 1 — ¢o — c3, substituting it into the other three equations
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of the system (4.24) yields

m[N”“ /% vw1+/vw1h1}+n21/w1w1
{721(N+k

+eco /1/113/ (Viho — Vb)) + 72,1 /V% (ha — h1)

A N N k
i / i1 wz—wl)] +cs [W / Dty (Vs — Vi)

+72,1 /Vl/;f (ha — h1) + 21 /1;{ (3 — 1&1)} =0,
N+k) [ - . . -
v |[SoE [isy-wine [Vism|4ma [0
+co {W /@y (Vipy — Vib1) 4 Y21 /V@ (ha — hy)
(4.25)
/«@;y- (Vs — Vi)

b 05— )] ey [ 2250

+72,1 /V@K (hg — h1) +n2,1 /1&5 (1/;3—1%)} =0,
m[N““ [z vw1+/w2h1}+n21/w3w1

N+k) [ - p p )
rea [ 220D [y (9= W) 4 ma [ 5 (s = )
{W

+m2,1 /¢§ (¥2 — ﬁl)] +c3 /ws (Vi3 — Vibr)
+72,1 /V@ (hg —h1) +m2.1 /1;; (13 — 1&1)} =0,

where,

h,l = In ‘1&1 + 02(1&2 - '([Jl) + CS(/&S - 7&1)|VA’([)M
hs :=1n \7]11 + (32(7]12 — 1/31) + 63(1/;3 - 1&1)|VA1[’2a
hy :=1n \1[11 + 02(77212 - 1&1) + 03(1/33 - 7/31)|VA1/A13~

Subsequently, as previously done for the particular case £ = 1, we solve the
nonlinear algebraic system (4.25) without including complicated nonlinear per-
turbations, which the terms hq, ho, and hg are involved in:

wi (72,1, €2, €3) = Y21 /V@k hi+cay2,1 /Viﬁf (ha — h1) + 3721

x/w; (hs — h),
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with ¢ = 1,2. Thus, ascertaining the number of possible solutions for the
system
rea SR [ty s [ b6
+co ﬂ/% (Vipa — Vihn) +7721/1/)1 1#2—1/&)
+e3 M/% (Vips — Vi) +7721/1/J1 1/13—1#1) =0,
72,1(]\7%/%31 V¢1+7721/¢21/11
+co ﬂ/%y (Vi — Vi) +7721/1/)2 ¢2—1/J1)
+e3 M/%y (Vips — Vi) +7721/1/J2 ¢3—¢1)- =0,
Ve N+k /7/133/ V¢1+7721/¢31/11
+es [W [ s (Ve = i) tma [ 5]
+cs [W /?ﬁgy (Vibs — Vi) +7721/¢3 77[13—1/)1)}—0

and controlling the oscillations of the extra nonlinear perturbations
wi(y2,1¢2,¢3), for any i = 1,2,3, as above for k = 1, we achieve the desired
results imposing the conditions

N-i—k .
”“7/1/) (Vih; — Vo) + mis

/1/} wl #0, with i=1,2,3 and j=2,3.

Our system can be reduced to the study of two perturbed quadratic forms.
Therefore, we arrive at the problem of studying the number of intersections of
two conic surfaces, which provides us with the number of solutions between
zero and four. We postpone explaining how this approach works until Sect. 5.5,
where it is applied to the blow-up nonlinear eigenvalue problem (1.3)_. This
approach is quite similar for both the cases.

As a preliminary but a key conclusion, it is worth mentioning now that we
believe that, since we are dealing with a kernel of the dimension 3, in this case,
we have four solutions. It seems then that two of them should coincide. This
is a principal issue, owing to the fact that, somehow, the number of solutions
depends on the coefficients we have for the system and, at the same time, on
the eigenfunctions that generate the subspace ker (B + % I ), so its dimension.
However, a full justification is not proved here and, due to the difficult nature
of the problem, perhaps it will never be possible to justify it completely.
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4.3. A short discussion on global behaviour of n-branches

After performing a very precise analysis about the bifurcation-branching anal-
ysis in the proximity of n = 0, we intend to explain how the global behaviour
of the branch of solutions that emanates from the eigenfunction vy at the value
of the parameter n = 0 can be. It is well known that the existence of solutions
is not guaranteed for any n. Indeed, it was discussed in [20] that the existence
of oscillatory solutions ends when n = 1.7587.... The value where the exis-
tence of oscillatory solutions ceases obviously depends on the type of the thin
film equation we are dealing with (the pure TFE, with extra absorption terms,
stable, unstable, etc).

Due to the analysis performed in this section, we already know that there
is no bifurcation from the branch of trivial solutions at n = 0 for the TFE

(1.3),,
B (o, f) = -V - (|fI"VAf) + By -Vf+af=0 in RV,

Moreover, after some rescaling the spectrum of the linear counterpart of (1.3)
is directly related with the spectrum of the operator B denoted by (1.11)

BF = —A§F+1y-VyF+EF:O in RY, / F(y)dy = 1.
4 4 RN

Therefore, according to this, we believe that there is no bifurcation from
the branch of trivial solutions at any value of the parameter n > 0. How-
ever, a rigorous proof of this fact is difficult, since our nonlinear operators are
not monotone and, hence, the main techniques usually used in the analysis
of second-order operators are not applicable here. However, if that was the
situation, we could obtain the existence of certain turning points, or even a
connection with another branch among the ones emanating from some other
eigenfunction ¢, with & > 1; cf. Fig. 1. We plan to carry out this work in a
subsequent paper.

5. Blow-up similarity profiles for the Cauchy problem
via n-branching

5.1. Preliminaries: homotopy and nodal sets

In this section, we describe the behaviour of the blow-up similarity solutions
(1.2)_ of the TFE-4 (1.1) through the same homotopic approach by setting
n | 0 in (1.3)_ and, hence, arriving at the linear adjoint operator (1.28).
Then, we shall use the eigenfunction patterns occurring for n = 0 (those
are generalized Hermite polynomials (3.17)) as branching points for nonlinear
eigenfunctions providing us with a straightforward and practical n-continuity
approach to the self-similar Eq. (2.8) associated with the TFE-4 (1.1) from
the Eq. (1.11) associated with the bi-harmonic equation (1.8).

It is worth recalling now that homotopic approaches are well-known in the
theory of vector fields and nonlinear operator theory (see [16,31] for details).
In our case, a “homotopic path” just declares the existence of a continuous
connection (a curve) of some nonlinear eigenfunctions f = f, (y) satisfying
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v
=

F1GURE 1. A formal global branching n-diagram

(2.8) that ends up at n = 0" at the linear adjoint polynomials ¢} (y) given
in (3.17). Due to Sect. 3, we already know that those profiles correspond to
generalized Hermite polynomials given by (3.17), which have finite oscillatory
properties. For instance, for any even |3|, the polynomials (3.17) do not have
any zero nodal surface at all. However, for k£ > 1, linear combinations of such
eigenfunctions do have nodal sets of known and relatively simple structure.

For odd |3| (or on multi-dimensional eigenspaces), arbitrary linear com-
binations of Hermite polynomials for such a fixed & = |3] > 1 explain all
possible structures of nodal sets and (see [26] for a full formulation)

’ multiple zeros of solutions of the bi-harmonic equation (1.8). ‘ (5.1)

Furthermore, it turns out that, using classical branching theory, “non-
linear eigenfunctions” fi(y) of changing sign, which satisfies the nonlinear
eigenvalue problem (2.8) (with an extra “radiation-minimal-like” condition at
infinity to be specified shortly), at least, for sufficiently small n > 0, can be
connected with the adjoint polynomials ¢} (y) in (3.17), or their linear combi-
nations from the eigenspace. We are capable of justify this through the corre-
sponding Lyapunov—Schmidt branching equation, trying to be as rigorous as
possible in supporting and deriving the critical nonlinear eigenvalues ay(n).

5.2. Towards “minimal growth at infinity”

This is about the “minimal” (a “radiation-like”) condition at infinity,
announced in (1.5), which makes the Eq. (2.8) to be a nonlinear eigenvalue
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problem. We recall that, for n = 0, the (NEP)_ in (1.3) reduces to the linear
one for the operator B* in (1.28), with the straightforward correspondence

ak(o):)\kE_§7 k=0,1,2,.... (5.2)

Equation (2.8) admits two kinds of asymptotics at infinity. The first one
is nonlinear and is given by the first two operators: assuming simple radial
behaviour (f = y”) yields
1—an

4

y Vit -=0= f(y) ~ ‘y|% as y— 0.
(5.3)

Note that, as n — 0%, precisely this behaviour leads to an exponentially
growing bundle, which is prohibited in Theorem 3.2 by specifying the proper
weighted space L%* (RM) and eventually leading to the polynomial eigenfunc-
tions (3.17).

The second asymptotics is linear: as y — o0,

V- (If["VAS) -

1-— 4
Sy Vf—af+ =0 = fy)~ly]" where y=—-—"
4 1—an

>0,
(5.4)

since by (5.2) we have to assume that oy (n) < 0 (the first eigenvalue ag(n) =0
is not of particular interest; see below) and always aj(n) < +. Note that then
4| 4

e 5.5
1+ |an n (5:5)

gl

so that the linear behaviour (5.4) is the actual minimal one in comparison
with (5.3).

Overall, this allows to formulate such a “radiation-like” condition at infin-
ity, which now takes a clear “minimal nature”:

’ﬁnd solutions f(y) of (2.8) bounded at infinity by functions as in (5.4). ‘
(5.6)

In self-similar approaches and ODE theory, such conditions are known to
define similarity solutions of the second kind, a term, which was introduced by
Zel'dovich in 1956 [39]. Many of such ODE problems (but indeed, easier) have
been rigorously solved since then. For quasilinear elliptic equations such as
(2.8), the condition (5.6) is more subtle and delicate indeed. We cannot some-
how rigorously justify that the problem (2.8), (5.6) is well posed and admits
a countable family of solutions and nonlinear eigenvalues {ag(n)}. We recall
that using the homotopy deformation as n — 0% was our original intention in
order to avoid such a difficult “direct” mathematical attack of this nonlinear
blow-up eigenvalue problem.

We begin our actual study by noting that the first nonlinear pair for
(2.8), (5.6) is trivial: for any n > 0,

ap(n) =0 and fi(y) =1, (5.7)
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so that this well corresponds to the first Hermite polynomial from (3.17) with
|8] = 0, where ¢¢(y) = 1. However, similarity solutions (2.7) with the first
eigenfunction in (5.7) are trivial and do not change sign, so, to understand
formation of nonlinear “multiple zeros”, we will study branching of eigenfunc-
tions f, (y) for k > 1.

5.3. Technical bifurcation calculus

Thus, the critical values ax(n) are obtained for small n > 0 according to spec-
tral theory established in Sect. 3. As was noticed, the explicit expression for
the eigenvalues and eigenfunctions for the operator B* in (1.28) are known;
see Theorem 3.2. Moreover, supposing the corresponding linear counterpart
from (3.17) with n = 0, we find, at least formally, that

E(a)f::—AQf—iy-Vf—ozsz. (5.8)

This equation can be considered as a linear perturbation in terms of the param-
eter a of that for the adjoint operator B* in (1.28). From that equation
combined with the eigenvalue expressions obtained for the operator B*, we
derive the critical values for the parameter « given in (5.2), where \j, are the
eigenvalues defined in Theorem 3.2. Note that those eigenvalues coincide with
the eigenvalues of the operator B. In particular, when k = 0, we have that
oo = 0 = A\ and the eigenfunction is 15 = 1, satisfying

By =0, sothat kerL(ag) = span{¢g=1}.

Hence, A\g = 0 is a simple eigenvalue for the operator L£(ag) = B* and its
algebraic multiplicity is 1. In general, we find that (note that & = 0 is trivial)

k
ker (B* + 4]) =span{yg, |f] =k}, forany k=0,1,2,3,..., (5.9)

where the operator B*+£ T is Fredholm of index zero. In other words, R[L(ay)]
is a closed subspace of L2(RY) and

dimker(L(ay)) < oo, codim R[L(ay)] < oo

for each ay. Moreover, dim ker (B + %I) =M} >1, forany k=0,1,2,3,....
Then, once the relation between (5.8) and the linear operator B* has

been established, for which we know its spectral theory, by regularity issues in

Sect. 1.4, we can assume for small n > 0 in (3.17) the following expansions:

ag(n) = ag + mgn+o(n), |fI* = [f" =" Vi= 14+ nl|f|+o(n),
(5.10)

where the last one is assumed to be understood in a weak sense. Again, it
is convenient to discuss further the last one. Indeed, the second expansion
cannot be interpreted pointwise for oscillatory changing sign solutions f(y),
though now these functions are assumed to have finite number of zero surfaces
(as the generalized Hermite polynomials for n = 0 do). However, as usual,
this, of course, imposes some restrictions on the possible zeros of the eigen-
functions w;(y) According to the spectral theory in Sect. 3 we already know
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that those eigenfunctions and their linear combinations for the adjoint opera-
tor B* are generalized Hermite polynomials given by (3.17). Hence, they are
analytic functions with isolated zeros.

Since the possible zeros are isolated, they can be localized in arbitrarily
small neighbourhoods. Indeed, it is clear that when |f| > § > 0 for any § > 0,
there is no problem in approximating of |f|™ as in (5.10), i.e., |f|” = O(n) as
n — 0%. However, when |f]| < § for § > 0 sufficiently small, the proof of such
an approximation is far from clear unless the zeros of the f’s are all transversal
in a natural sense. In view of the expected finite oscillatory nature of solutions
/7 (y), this should allow one to obtain a weak convergence as in (1.21) to be
used in the integral equation similar to (1.18) (with B replaced by B*).

However, let us stress again that, in the present “blow-up” case, we do not
need such subtle oscillatory properties of solutions close to interfaces, which
are not known in complicated geometries. The point is that, due to the con-
dition (5.6), we are looking for solutions f(y) exhibiting finite oscillatory and
sign changing properties, which are similar to those for linear combinations
of Hermite polynomials (3.17). Hence, we can suppose that their zeros (zero
surfaces) are transversal a.e., so we find that, for n > 0 and any 6 = d(n) >0
sufficiently small,

nlln|f|[>1, if |f] <d(n),

and, hence, on such subsets, f(y) must be exponentially small:
1 1
m|fll> ~ = hlf|< - = |f| <em.

Thus, we can control the singular coefficients in (5.10), and, in particular, see
that

In|f] € Ll (®Y). (5.11)

Recall that this happens also in exponentially small neighbourhoods of the
transversal zeros.

It is worth recalling again that our computations below are to be under-
stood as those dealing with the equivalent integral equation similar to (1.18)
and operators, so, in particular, we can use the powerful facts on compactness
of the resolvent (B —\I)~! and the adjoint one (B* —AI)~! in the correspond-
ing weighted L?-spaces.

Note that, in such an equivalent integral representation, the singular term
in (5.10) satisfying (5.11) makes no principal difficulty, so the last expansion
in (5.10) makes rather usual sense for applying standard nonlinear operator
theory. Overall, the above analysis somehow justifies further branching study.
We must admit that this is not a rigorous one, but is indeed sufficient for our
formal expansions as n — 07F.

Thus, substituting (5.10) into the nonlinear eigenvalue problem (2.8) and
omitting o(n) terms when necessary, we obtain the following expression:

1 — agn — pg pn?
4

V- [(I+nh|f)VAS] y-Vf—(ar+pen)f =0,
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for any k£ =0,1,2,3,.... Hence, rearranging terms yields

oA iy gn?
4

In addition, using the expression of the operator B* yields

A f-nV - (| fIVAf) -7y TS+ Y- Vi~ f i gnf =0

<B* + - I> [+ nNg(f) +o(n) =0, (5.12)
with the operator

Ni(f) = — (lnlfIVAf)ﬂL*y V=l (5.13)

Subsequently, we shall compute the coefficients involved in the expansions
(5.10) applying the classical Lyapunov—Schmidt method to (5.12) (branching
approach when n | 0), and, hence, describing the behaviour of the blow-up
solutions for at least small values of the parameter n > 0. Two cases are dis-
tinguished. The first one in which the eigenvalue is simple and the second for
which the eigenvalues are semisimple. Note that due to Theorems 3.1 and 3.2,
for any k£ > 0, the algebraic multiplicities are equal to the geometric ones, so
we do not deal with the problem of introducing the generalized eigenfunctions
(no Jordan blocks are necessary for restrictions to eigenspaces).

5.4. Simple eigenvalue

Recall that this always happens for & = 0 (not interesting) and also in 1D
and radial geometry, when all the eigenvalues of such ordinary differential
operators are simple.

As a typical example, we perform the analysis as for k = 0, bearing in
mind the above other more interesting applications.

Thus, since the first eigenvalue Ay = 0 of B* is simple, the dimension
of the eigenspace is M§ = 1, the analysis of this particular case presents less
difficulties than the corresponding ones for any other k£ > 1. Hence, denoting
ker B* = span{¢§ = 1} and by Y the complementary invariant subspace,
orthogonal to ¥, we set

F=u5+ Vg, (5.14)

where V; € Y. We define Py and P; such that Py + P = I, to be the
projections onto ker B* and Y| respectively. We next set

Vo i=n®7 o+ o(n). (5.15)

Then, after substituting (5.14) into (5.12) and passing to the limit as n — 0T,
we arrive at a linear inhomogeneous equation for ®7

BT, = —No(¥p), (5.16)

since B*1)¢ = 0. By Fredholm’s theory [16] (spectral theory of the pair {B, B*}
from Sect. 3 does also matter), a unique solution Vj* € Y of (5.16) exists if
and only if the right-hand side is orthogonal to the one dimensional kernel of
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the adjoint operator, in this case B. In other words, in the topology of the
dual space L2, the following holds:

(No(¥5), %o) = 0. (5.17)

Therefore, (5.16) has a unique solution @7 ; € Y determining by (5.15) a bifur-
cation branch for small n > 0. In addition, we obtain the following explicit
expression for the coefficient j11,o of the corresponding nonlinear eigenvalue
ap(n) denoted by (5.10):

o VIV AUG), )
o <¢8»¢0>

= (V- (In 45|V A¢g), tho)-

5.5. Multiple eigenvalues for k > 1
For any k > 1, we know that

k
dim ker (B* + 4[) =M} >1 (actually, M; = My).

Hence, we have to take the representation

F=" epds+ Vi, (5.18)
|Bl=k

for every k > 1. Currently, for convenience, we denote {Qﬁg}wzk =
{wf,...,w}kwk}, the natural basis of the M -dimensional eigenspace ker
(B*+£1) and set ¢ = 2 181=k cﬁiﬁ;;. Moreover, V¥ € Y and V| =
Z|ﬁ|>k cp, where Y,® is the complementary invariant subspace of
ker (B* + % I). Furthermore, in the same way as we did for the case kK = 0, we

define the Pj, and Py, for every k > 1, to be the projections of ker (B* + % I)
and Y} respectively. We also denote V" by

Vi i=nd7 . +o(n). (5.19)

Subsequently, substituting (5.18) into (5.12) and passing to the limit asn | 07,
we obtain the following equation:

.k .
(B +7 I) Oy 5 = —Ni ﬁz_:k s |, (5.20)

under the natural “normalizing” constraint
d =1 (5.21)
|Bl=k

Therefore, applying the Fredholm alternative [16], a unique V;* € Y}* exists
if and only if the right-hand side of (5.20) is orthogonal to ker (B* + %I).
Multiplying the right-hand side of (5.20) by 3, for every |3|, in the topology
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of the dual space L?, we obtain an algebraic system of M} + 1 equations and
the same number of unknowns, {cg, |8] = k} and 1 x:

<Nk > e ,¢5> =0 forall |3 =k, (5.22)
181=k

which is indeed the Lyapunov—Schmidt branching equation [38]. Through that
algebraic system we shall ascertain the coefficients of the expansions (5.10)
and, hence, eventually the directions of branching, as well as the number
of branches. However, a full solution of the non-variational algebraic system
(5.22) is a very difficult issue, though we claim that the number of branches
is expected to be related to the dimension of the eigenspace ker (B* + %I )
In order to obtain the number of possible branches and with the objective
of avoiding excessive notation, we analyze two typical cases.
COMPUTATIONS FOR BRANCHING OF DIPOLE SOLUTIONS IN 2D. Firstly, we
ascertain some expressions for those coefficients in the case when |5] =1, N =
2 and M} = 2, so that, in our notations, {¢3}3=1 = {47, %} such that

Vi = clz/A)’f + 021/35. Consequently, in this case, we obtain the following alge-
braic system:

er(hr, ha)+ S (W, - VOT) —erpn g +ea(n, ha)+ 2 (1, y - Vids) =0,
(

1 (2, ha) + AZL (o, y - Vi) + c2(t2, h) + 21 bo,y - V) —coptr 1 = 0,
C1 + Co = ].,

(5.23)
where
hy = =V - [In(c19} + cot03)VAYT], he := =V - [In(c19] + c2003) VAYS],

and, c1, cg and p; 1 are the coefficients that we want to calculate. Also, oy = Ay

is regarded as the value of the parameter o denoted by (5.2) such that 1&1‘72
are the corresponding associated adjoint eigenfunctions. Now, from the third
equation we have co = 1—c¢q, so that substituting it into the first two equations

of (4.5) gives
0= Ni(cr,p11) + 1 {(77/;1,1/ VT — (1,y - VJ’;)} ) (5.24)
0= Na(er,p1) + 1% {@2,2/ S Vr) = (e, y - V@)} — H1,1, '

where

Ni(ei,piq) = c1 (1, he) 4 (1, ho) + % (1, - Vb3) — c1 (1, ha) — C1i1,1,

Na(en, pi1,1) = e1{tha, ) + (b, ha) + % (tha,y - Vab3) — ¢1 (12, ha) + crpina

represent the nonlinear parts of the algebraic system, with hy and hy just
depending on ¢; in this case.

To detect solutions for the system (5.23) we apply the Brouwer fixed
point theorem to (5.24) (see [1] for further details). Then, we suppose that
the values ¢; and 1 are the unknowns in a sufficiently big disc Dgr(¢é1, fi1,1),
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centered in a possible nondegenerate zero (é1, fi1,1). Therefore, if one of the
next two conditions are satisfied

W1,y - V7)) — (b1, y - VY3) #£0 or (o, y- Vib3) — (tha,y - VT) # 0,

the nonlinear algebraic system (5.24) has at least one non-degenerate solution.
Note that multiplicity results are extremely difficult to obtain. So, to ascer-
tain the number of solutions for those nonlinear finite-dimensional algebraic
problems is rather complicated. However, we expect, and in fact compute it in
some cases, that this is somehow related to the dimension of the corresponding
eigenspace ker (B* + %I) k> 1.

Firstly, we calculate the number of solutions for the nonlinear algebraic
system (5.23). Integrating by parts the terms in which hy and hg are involved
in the first two equations and rearranging terms, we arrive at (as usual, all
integrals are over R™V)

/V% -In (Cﬂ[)f + Cz?ﬁ;) VA (Cﬂ[ﬁ + 021215) + Cl% /1/319 VT — e
I ~ ~
+ea [y vi; =0,
n n e e 7% aq n n
/Vilfz -In (Cl% + 02%) VA (021/11 + 02%) toa /wﬂl - VY1 — capinn
o ~ ~
+cQ11 /’t/ng-V’l/J; =0.

Then, substltutlng the third equation with the expression ¢; = 1 — ¢ and,
hence, putting et + coths = F + (5 — ¥F)ey into those two equations
obtained above yields

v (37 + (35 - 91) ) VA (97 + (95 = 67) c2) — paa + o
+—/¢1y Vi + et /wly Vi - Vi) =
[ e (31 + (95 - i) cQ) VA (35 + (35 - 7)) — cama (525)
2 [y i+ @ [y (Vi3 - vi7) =0
Subsequently, adding both equations, we have that
s = [ (V4 Via) (47 + (35 - 91) ea) V(95 + (95 - ) o)
% [ (Brda)y-vit v e [ (d+in)u (995 - 91).
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Substituting it into the second equation of (5.25), we find the following equa-
tion with the single unknown co:

2a1 / (77[}1 + %) (Vl/;g - Vi[’;)
tey L (/1/)23/ Vi — /(% +2¢2) y'vﬁf)
£ / oy Vi + [ Vo tn (514 (35 -01) ex) VA (974 (9597 o)
—eo [(Vir+Viin) (G5 (561 ) ca) VA (974 (95 07) e2) =0,
(5.26)
which can be written in the following way:

CEA4 B+ C +w(c) = F(c2) +w(c) = 0. (5.27)

Here w(ca) can be considered as a perturbation of the quadratic form F(c2)
with the coefficients of such a quadratic form defined by

aq n 7 7% 7%
A== [ (G +da) y- (Vi3 - Vi),
o ~ ~ ~ ~ ~
B = Zl (/%y'vvﬁg /(¢1+2¢2)y'vzﬁ>a
[e5] ~ -
= Z /wa ) v1#17

wler)i= [ Vo etn (37 + (95 = 07) e2) VA (47 + (35 - 07 ca)

—eo [ (Vbr+ V) +1n (3 + (95 = 1) e2) VA (45 + (35~ 91) ca)
Hence, due to the normalizing constraint (5.21), ¢y € [0, 1], solving the qua-
dratic equation F(c2) = 0 yields:

(i) o =0=F(0) =C;
(i) c=1=F(1)=A+B+C; and
(iii) differentiating § with respect to cs, we obtain that §(c2) = 2c2A + B.

Then, the critical point of the function § is ¢ = f% and its image is

() = a5 +C.

Therefore, since we know about the existence of at least one solution,
different from zero, in this particular case we impose some conditions in order
to have at most two solutions:

(a) C(A+B+C) >0
(b) C (-2 +C) <0; and
() 0<—-E <1
Note that, for 75 + C = 0, we have just a single solution.

Consequently, going back again to the equation (5.27), we need to control

somehow the perturbation of the quadratic form to maintain the number of
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solutions. Therefore, controlling the possible oscillations of the perturbation
w(eg) in such a way that

lw(e)ll o < F(e2),

we can assure that the number of solutions for (5.23) is exactly two (or at most
two). This is actually the dimension of the kernel for the operator B—i—i I as we
conjectured. Note that, in general and for large k£ > 1, to solve such multiplic-
ity problems for those types of non-variational equations is a rather difficult
open problem.

BRANCHING COMPUTATIONS FOR || = 2. Subsequently, we shall extend those
results for the case in which the dimension of the eigenspace is greater
than 1. Again the calculus are rather tedious. For that reason we find it

easier to make such calculations for the particular case when |3] = 2 and
M3 =3(N = 2), so that {¥j}5=2 = {¢],93,13} stands for a basis of the ei-
genspace ker (B* + % I), with k =2 and A\ = —% as the associated eigenvalue.

Observe that ay(0) = Ag.
Thus, in this case, performing in a similar way as was done for (5.23)
with ¢35 = c19] + cotb3 + 313, we arrive at the following algebraic system:

c1 <¢A)1, h1) + CQ("ZJl,AhQ) + C3A<1/A)1, hs) + 72 (77/;1,24 . V’L/:‘T) + 22 (1211,?; . V1f1§>
) T2 (VY- Vi3) — e,z =0, ) ) )
12, ha) + ca(y2, ha) 4 c2(V2, ha) + “42 (a2, y - VIT) + =72 (2,4 - V3)
) +E52 (P2,y - VI3) —cop1,2 = 0, ) X R
c1 (s, h1) + 62(1/13,Ah2> + 02A<1b37 hs) + S22 (3, y - VUT) + 272 (s, y - V3)
+E82 (Y3, y - Vib3) — cap2 = 0,
c1+c2+ce3 =1,

(5.28)

where
hy ==V {ln (Cliﬁf + oot} + 03@) VA’&T} ;
hy =~V - [m (clz[f{ + et + ch/Sg) vm&;] :
and h3:=-V- [ln (011/;1‘ + e + 0377/}:’;) VAz/A);} ,
and ¢y, ¢, c3, and p; o are unknowns.

Here, 11,19, 13 represent the eigenfunctions associated with the eigen-
value A2 = a2(0) and 97,935,135 are the corresponding adjoint eigenfunctions,
which are associated with the same eigenvalue \s.

As for the case | 3| = 1, the application of the Brouwer fixed point theorem
and the topological degree provide us with the existence of a non-degenerate
solution for the nonlinear algebraic system (5.28) under certain conditions.

Furthermore, in the subsequent analysis, we shall show a possible way
to ascertain the number of solutions of the nonlinear algebraic system (5.28).
Obviously, since the dimension of the eigenspace is bigger than the corre-

sponding one in the case |3| = 1, the difficulty in obtaining multiplicity results
increases.
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We proceed as in the previous case. Firstly, we integrate by parts those
terms in which A1, ho, and h3 are involved. After rearranging terms, this yields

/V% “In (Cﬂﬁf + et + 03@) VA (Cllsz + et} + 631/3:3:)
—Hﬁ% /ﬁly Vit — Cip1,2 + 02% /Qﬁly V3
+03% /1/31y-V1/3§ =0;

[ Tt (exih - cats + o) VA (catif + o + cay)
+C1% /ﬁzy'vﬂsf — Cafi1,2 +C2% /ézy-V@
+03% /wzvag =0;

/Vi/sg -In (Cllﬁf + ety + 037&;) VA (021/}1k + et} + 031/35)
+Cl% /ﬁsy : Viﬁf —C31,2 + 02% /1/}321 : Vz/?;
+83% /i;gy-w}; =0.

Next, by the fourth equation in (5.28), we have that ¢; = 1 — ¢a — ¢3. Then,
setting

C11/31 + 621/32 + 631/33 = 1/31 +c (1/;2 - 1&1) +c3 (7/33 - 1/31)

and substituting this into three equations above yields a nonlinear algebraic
system:

[ e (31 (95 = i) o+ (35 - 97) )

XA (G5 + (@5 = o7 ) 2 + (5 — 67 es)

—p1,2 F Capr 2+ Capr 2 + % /ily -V

422 [y (05 - Vit) eat (Vi3 - 967 ) ) =0
[ e (35 (95 = 1) o+ (35 97) )

XA (G5 + (05 = o7 ) 2 + (5 — 61 s)

ez P [y I+ % [y (Vi3 - V) e

+ (W?éf - V&T) 63) =0;
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[ Tt (55 (95 = 1) o+ (35 - 97) )
VA (65 + (95 — o7 ) 2 + (5 — 07 ea) (5:29)
—eamat P [ by Vi + 2 [day- (V5 - Vi) o
+ (V5 - Vi) ) =0.
Now, adding the first equation of (5.29) to the other two ones, we have that
[ (9 90) 10 (5 + (95 = 9f) eat (95 - 1) ca)
XA (97 + (95 = 07) e + (V5 =7 ) o)
12+ capio + / (91 +92) v Vi
422 [ (G d) y- (V95 = Vi7) ea t (V5= ViF) ) =0,
[ (9 ) 10 (5 + (95 = 95) eat (95 - 7 ) ca)
VA (65 + (95 =7 ) 2 + (5 — 07 ea)
12+ o + / (91 + ) y- Vi
+2 / (91 +4s)y- (995 = V97) e+ (V45 - Vi ) ) = 0.
Subsequently, subtracting those equations yields

[ / (V2 = Vi) - mwrvaw + 2 / (%2 —ds) y- Vi

H12 =
C2 —C3

+ 2 [ (2= )y (V95 - V45 2 + (Vb3 — Vi) cg)] :

where U* = F + (% — ¥F)ea + (5 — 97 )cs. Thus, substituting it into (5.29),
we arrive at the following system, with ¢y and c3 as the unknowns:

cs / (V1= Va4 Vilg ) - In UVAT* —c / (Vi1 + Vs = Vilg ) -Inwvaw*
+/ (V2 = Viis) - 0" + %/ (92— s ) y- Vi
v | [ (e =da) - (45 - 205) - [y v
v | [ (e o)y (43 - 205) - [y v

rac | [ (vi5- i)
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+ [ (da=da)u (2905 - Vi - 933) )
Q2 n n n e e
+& 2 [ (= v+ )y (Vi - V)
«a n hn N % 7%
~GZ [ (d1+da—ids)y- (Vi - Vi) =0,
cg/vzﬁz In VAT — cz/w}3 n UFVAT* + cg% /¢2y Vo
o N 7% « 7 e e e e
2 [y Vita [ by (995-96) o+ (Vi - Vi) co)
a n 7k e e e
—e /¢3y~ ((w}2 - vwl) cs+ (vwg - w}l) 03> —0.
These can be re-written in the following form:
F1(ca,c3) +wi (c2,¢3) = Arcs + Bics 4 Cica + Dics + Eycacs
+wiy (c2,¢3) =0,
T1(ca,c3) +wa (2, ¢3) = Agch + Boca 4 Cocy + Docs + Facacs
+ wo (CQa CS) = 07

where wy (¢g,c3) 1= 03/ (Vz/?l — VZ/A}Q + VZ[AJ3> InU*VAY*

(5.30)

e / (Vz&l + Vi — Vzﬁg) U VAP
; 5 . Q2 0 0 "
4 [ (V02— Via) - wr = %2 [ (G2 = da) y- 0,
and  wsy (cz,¢3) == cS/vu}Q In VAT —cQ/Vz/SS-lanJ*VA\IJ*

are the perturbations of the quadratic polynomials
%Z‘(C% 63) = Alcg + Bzcg + 01'62 + Di(33 + EiCQC?” Wlth 1= 1, 2.

The system (5.30) can be re-written in a matrix form with two quadratic forms
involved:

(2 c3)Py (22) + Q1 (Ei) + F =0,
(c2 e3)P1(2) +Qu(2) + Fa=0,

where the matrices P; and @); of the quadratic forms with j = 1,2 have the
corresponding coefficients A; to E; as entries, plus the perturbations of the
quadratic forms denoted, under this notation, by Fj, with j = 1,2.

Then, owing to the conic classification, we are able to solve (5.30) (with-
out the nonlinear perturbation) and obtain an estimate for the number of
solutions of the original nonlinear algebraic system (5.28).

Hence, according to the conic classification, we will have the following
conditions that will provide us with conic section of each equation of the sys-
tem (5.30) (without the nonlinear perturbation):
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(i) If sz —4A;C; <0, the equation represents an ellipse, unless the conic is
degenerate, for example ¢3 + c3 + a = 0 for some positive constant a. So,
if A; = B; and C; = 0 the equation represents a circle;

ii C—4A;C; = e equation represents a parabola; an

(ii) IfBj2 4A;C; = 0, the equati ) parabola; and

iii © — 4A;C; > 0, the equation represents a hyperbola. If we also have

iii) If B —4A4;C; > 0, th ti ts a hyperbola. If Iso h
Aj + C; = 0 the equation represents a hyperbola (a rectangular one).

Therefore, taking into account the “normalizing” constraint, the zeros of
our system will depend on the coefficients we have for the system, so on the
eigenfunctions that generate each eigenspace ker (B* + % I )

Observe that the number of intersections between two conics oscillates
from one to four. Hence, this will be the possible number of branches that are
obtained for our problem. However, since the dimension of the eigenspace in
this particular case is three, it seems that, in this case, we have four branches,
so two of them should coincide, though this claim remains uncertain.

Moreover, as was done for the previous case when || = 1, we need to
control the oscillations of the perturbation functions in order to maintain the
number of solutions. Consequently, assuming that

Hwi(627c3)||L°° < Si(czacg)a with 7= 1727

we conclude that the number of solutions must be between one and four. This
again gives us an idea of the difficulty of more general multiplicity results.

6. Final comments

6.1. A first comment: towards evolutionary completeness

According to [25], evolutionary completeness of the nonlinear eigenfunction
subsets @~ (n) simply means that those functions describe all possible types of
finite time blow-up asymptotics for solutions of the TFE-4 (1.1) in a neighbour-
hood of any point (xg, tg). For nonlinear evolution equations, such a complete-
ness is a very difficult question. As far as we know, the evolution completeness
result proved in [25] for the 1D porous medium equation on a bounded interval
remains the only known such result for essentially quasilinear PDEs (i.e., not
a perturbed semilinear equation).

Indeed, for the TFE-4 (1.1), such a completeness problem is difficult
beyond any imagination. In particular, this would include a full analysis of
all the asymptotics of the non-stationary quasilinear fourth-order degenerate
parabolic flow (2.10) containing no monotone, coercive, potential, or order-
preserving operators.

However, our homotopy approach somehow implies certain (but not that
strong and promising) confidence concerning the evolutionary completeness
of &~ (n) for n > 0: the point is that, for n = 0, the eigenfunction set of
the Hermite polynomials (3.17) is indeed complete and closed in any suitable
weighted space, where those notions are now understood as in classic theory
of bi-orthogonal polynomials and Riesz bases. So we may expect that the evo-
lution completeness for small n > 0 can be “inherited” from those brilliant
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spectral properties available for n = 0 (Sect. 3). This is the only issue we are
aware of and can rely on in this analysis.

Same speculations apply to the evolutionary completeness of global
similarity patterns ®*(n) for small n > 0, which is now connected with com-
pleteness/closure of eigenfunctions (3.15) of B for n = 0; see [18] for proofs.

6.2. A pessimistic comment

Overall, we must admit that, though we have obtained some multiplicity results
for not-that-multi-dimensional eigenspaces and have shown certain extensions
of our techniques, any further rigorous justification seems to be too excessive.
Indeed, any rigorous results will inevitably require to specify or evaluate with
sufficient accuracy of those numerical values of various projections given by
linear functionals as linear combinations of the Hermite polynomials (3.17). In
view of a complicated nature of non-self-adjoint theory for the spectral pair
{B,B*}, this is expected to be entirely illusive.

On the other hand, it would be very important to trace our n-bifurcation
branches of nonlinear eigenvalue problems in both global and blow-up setting
by using some more general and powerful techniques of nonlinear operator
theory. However, no one can expect this to be a simply task. We suspect that,
in view of principally non-variational structure of such nonlinear eigenvalue
problems, containing no monotone and/or strongly coercive operators, any
non-local (in n) sharp results on existence/multiplicity of n-branches will not
be obtained reasonably soon.

Therefore, overall, we claim that our n-branching approach, which
allowed us to explain the occurrence of nonlinear branches from linear eigen-
functions at n = 0, though not being fully rigorous, is the only currently
available way to detect branching phenomena for such nonlinear eigenvalue
problems embracing similar classes of non-variational and non-monotone oper-
ators. It is clear how these homotopy-branching methods can be extended to
more general and more higher-order quasilinear operators of different types,
once a parameter homotopy to a proper linear spectral problem for a suitable
non-self-adjoint pair {B, B*} has been well understood and carefully and rig-
orously studied. However, we warn that the latter linear problem often can be
a very difficult one itself; one such example of a refined scattering theory for
2m-th order linear Schrédinger operators is under attack in [27].

Appendix A: Necessary functional setting for branching at
n = 0"

Here, we are going to present some justification of the our main branching anal-
ysis. Namely, we need to deal with expansions such as (1.20) and/or (1.21).
Recall that, using this, we are not going to, and in fact cannot, justify rigor-
ously the existence of nonlinear eigenfunctions as solutions of (1.3),, (1.4) at
least for small n > 0, but just the branching at n = 0, under the hypothesis
that a proper limit

flyin) = foly) (=vp(y)) as n—0" (A1)
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exists in a necessary metric to be specified. According to our spectral theory
of the non-self adjoint pair {B,B*}, here f, denote some eigenfunction g,
and, in the most simple and interesting case, we assume that

foly) = F(y) (=vo(v)), (A.2)

where F(y) is the rescaled kernel of the fundamental solution (3.3) of the
bi-harmonic operator.

Thus, we need to check under which extra assumptions on (A.1), the
following limit takes place, in the weak sense,

PR =L va o), (A3)

where the right-hand side is assumed to be well defined (bounded) a.e. First
of all, it is obvious that such a convergence crucially depends on the structure
of zeros of the limit functions fy(y), which is easy to demonstrate:

Ezample. a non-transversal zero. Let fy(y) have a non-transversal zero at, say,
y = 0~ (the interface point), and

, )" — v —1
fly;m) =env fory < 0= |f(y,n73\ L . (A1)

Actually, this means that
fly;n) = 0= fo(y) as n— 0" forally<0, (A.5)

i.e., y = 0 is not a transversal zero of fo(y). Then the limit (A.3) makes no
sense and the branching analysis at n = 0 does not apply at all.

Fortunately, such a situation cannot occur for the analytic kernel F'(y)
and all its derivatives, representing other eigenfunctions. Of course, we cannot
guarantee that non-transversal zeros of F(y) cannot occur at all. They can,
but with a lower probability as for any analytic function. However, we do know
that such non-transversal zeros are always isolated and cannot concentrate on
a given surface in RY. Therefore, on any compact subset such non-transversal
zero surfaces have zero measure. However, this is not sufficient and an extra
rough estimate would be useful.

Evidently, (A.3) is violated in the pointwise sense on a bad set of points
b.(n) such that

[f(y;n)| = [ foly)| < e~ forall n > 0 small. (A.6)
Then, in this worst case,

MN—E*}OO as n— 0. (A.7)
n n
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Assume that a non-transversal (a multiple) zero again occur at y = 0 and the
1D behaviour is as follows:

foly) ~y*, where k=23,4,.... (A.8)

Then, in the weak sense, the integral representation of (A.3) will provide us
with the “bad” (“worst”) discrepancy of the order

1 1
meeasb*(n)wfe_ﬁ —0 as n—0" (A.9)
n n

for any finite multiplicity of the zero at y = 0. It is clear that any use of the
RN -geometry of such multiple zeros cannot affect the non-analytic exponential
term in (A.9) and the convergence.

We complete our discussion as follows:

Proposition A.1. Let (A.1) hold uniformly on compact subset, where the limit
function fo(y) satisfy the above assumption of a.a. transversal zeros. Then
(A.3) holds in the weak sense.

Finally, let us also formally note that, in (1.24) on the bad set b.(n), we
have the following:

‘(VA)1 ('fnn_l VAf) ‘ ~ ‘(VA)1 (Tll VAf> ’ ~ ‘71] f(y)‘ < %e*% -0
(A.10)

as n — 0T. This confirms that the convergence (1.24) takes place a.e., pro-
vided that the zero set of fo(y) has zero measure only on any compact subset
in RV i.e., the analyticity is not required (Sard’s theorem for CP functions in
RY with any p > 1 may be used). Of course, this is just a rough estimate and
further study is needed.
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