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Abstract

A detailed study of two classes of oscillatory global (and blow-up) solutions was began in

[20] for the semilinear heat equation in the subcritical Fujita range
up=Au+u"u in RVxR, for 1<p<py=1+2, (0.1)

with bounded integrable initial data u(x, 0) = uy(x). This study is continued and extended

here for the 2mth-order heat equation, for m > 2, with non-monotone nonlinearity
u=—(=AY"u+u in RYVxR,, intherange 1<p<py=1+ 27’", 0.2)

with the same initial data u,. The fourth order biharmonic case m = 2 is studied in greater
detail. The blow-up Fujita-type result for (0.2) now reads as follows: blow-up occurs for

any initial data u, with positive first Fourier coefficient:

fuo(x) dx >0,

i.e., as for (0.1), any such arbitrarily small initial function u,(x) leads to blow-up. The con-
struction of two countable families of global sign changing solutions is performed on the
basis of bifurcation/branching analysis and a further analytic-numerical study. In particular,

a countable sequence of bifurcation points of similarity solutions is obtained:

[=0,1,2,....

=1+ 2m
P = N+l

2010 AMS Subject Classification: 35185, 49J40, 58E05.
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1 Introduction: higher order semilinear heat equations, blow-
up, Fujita exponent, and global oscillatory solutions

This paper generalizes to higher order (polyharmonic) diffusion operators the study of [20] of the
semilinear second-order heat equation in the subcritical Fujita range

up=Au+uP'u in RVXR,, where l<p<py=1+3, (1.1)

with bounded integrable initial data u(x, 0) = up(x). Necessary key references, results, and our main
motivation of the study of (1.1) and further related models can be found in [20, § 1].

1.1 Higher order semilinear heat equation: blow-up Fujita-like result

Thus, we intend to extend some of key results of [20] to semilinear parabolic equations with higher
order diffusion operators. Such models are steadily becoming more and more popular in various
applications and in general PDE theory. Namely, we consider the 2mth-order heat equation, for
m > 2, in the subcritical Fujita range:

u=—(=A"u+lulP in RNxR, for 1<p<py=1+2 (1.2)
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with sufficiently smooth, bounded, and integrable initial data,
u(x,0) = up(x) in RN, (1.3)

The choice of the non-monotone nonlinearity |u|’ (a source term) in (1.2) is associated with the
necessity of having a standard sounding Fujita-type blow-up result. Namely, it is known [8] that
blow-up occurs for (1.2) for any solutions with initial data having positive first Fourier coefficient

(see [9] for further details and [21] for an alternative proof):

f up(x)dx > 0, (1.4)
RN

i.e., any, even arbitrarily small, such data lead to blow-up. A similar result for positive solutions of
(1.1) was well-known since Fujita work in 1966; see [20, § 1] for a survey.

1.2 Results and layout of the paper

In Sections 2—4, we perform construction of countable sets of global sign changing solutions on
the basis of bifurcation/branching analysis, as well as of a centre-stable manifold one. Here, we
apply spectral theory of related non-self-adjoint 2mth-order operators [9], which is available for
any m = 2,3,.... As for (1.1), i.e., for m = 1, this gives a similar sequence of critical bifurcation
exponents:

=1+ 1=0,1,2, ... (1.5)

2m
N+l
References and some results for analogous global similarity solutions of a different higher order

reaction diffusion PDE with a standard monotone nonlinearity as in (1.1),
u = —(=A"u+uf'u (m>2) (1.6)

can be found in [17]. It is remarkable (and rather surprising for us) that the bifurcation-branching
phenomena therein for (1.6) are entirely different from those for the present equation (1.2), which
turn out also to be more complicated, with various standard and non-standard bifurcation phenom-
ena.

It is worth mentioning here that our study also directly concerns blow-up solutions of (1.1): we
claim that, under the conditions that our two classes of its global oscillatory solutions are evolution-
ary complete (see [20, § 7] for a precise statement and some results for (1.1)), all other solutions of
(1.2) must blow-up in finite time. Then this describes a much wider class of blow-up solutions, and
actually says that almost all (with a.a. defined in a natural way) solutions of (1.2) in the subcritical
Fujita range blow-up in finite time.

2 Global similarity solutions and p-bifurcation branches

In what follows, we use a general scheme and “ideology” of the study in [20] of the second-order
semilinear equation (1.1). Therefore, omitting some obvious details, we now more briefly start
to describe which results on global solutions can be extended to the 2mth-order reaction-diffusion
equation (1.2) in the subcritical range.
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2.1 First family of global patterns: similarity solutions

As usual, for the higher order model (1.2) with m > 2, we first study the existence and multiplicity
of the standard global (i.e., well defined for all # > 0) similarity solutions of the form

us(x,0) = 7T f(y), y=x/t9, @7
This leads to the semilinear elliptic problem for the rescaled similarity profile f:
{1hf+VWs—eAWf+5pwVf+ﬁqf+vw=o in RN,

f(y) decays exponentially fast as |y| — oo.

2.8)

For m = 1, this problem admits a variational setting in a weighted metric of Ll%(RN ), where
p= b4 This positive fact was heavily used in [20], where category/fibering techniques allowed
us to detect a countable number of solutions and bifurcation branches.

However, for any m > 2, (2.8) is not variational in any weighted L? space; cf. reasons for
that and a similar negative result in [23, § 7]. So, those power tools of potential operator theory in
principle cannot be applied for (2.8), with any m > 2.

Moreover, unlike the previous study of (1.1) in [20], we cannot use standard variational results
on bifurcation from eigenvalues of arbitrary multiplicity (for our purposes, the results for odd mul-
tiplicity [7, p. 381, 401] concerning local and global continuation of branches are sufficient). We
also do not have global multiplicity results via Lusternik—Schnirel’man (L-S, for short) and fibering
theory. As usual, higher order semilinear elliptic equations such as (2.8), or even the corresponding
ordinary differential equation for radially symmetric profiles f, become principally different and
more difficult than their second-order variational counterparts. We again refer to [2, § 6.7C] for gen-
eral results on bifurcation diagrams, and to [1, 29] for more detailed results for related 2mth-order
ordinary differential equation in 1D. These results do not apply directly but can be used for a better
understanding of global bifurcation diagrams of similarity patterns f(y).

Thus, as in [17] for a quite similar looking equation (1.6), for global continuation of branches,
we have to rely more heavily on numerical methods, and this is an unavoidable feature of such a
study of nonlinear higher order equations. Surprisingly, we detect completely different local and
global properties of p-branches in contrast with those in [17] for the equation (1.6), which therefore
are not so definitely attached to variational, monotone, or order-preserving (i.e., via the Maximum
Principle) features of these difficult global similarity problems studied since the 1980s.

2.2 Fundamental solution and Hermitian spectral theory

We begin with the necessary fundamental solution b(x, ) of the corresponding linear parabolic (poly-
harmonic) equation
w=—(-A"u in RVXR,, 2.9)

which takes the standard similarity form
b(x,f) = t 7 F(y), where y=x/t%. (2.10)
The rescaled kernel F is then the unique radial solution of the elliptic equation

BF = —(-A)"F+5-y-VF+ &L F=0 inRY, with [F=1. 2.11)
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The rescaled kernel F(]y|) is oscillatory as |y| — oo and satisfies the estimate [10, 14]

IFO) <D e™® in RN, where @ = 52 €(1,2), (2.12)
for some positive constants D and d depending on m and N. The linear operator B in equation (2.8)
is connected with the operator (2.11) for the rescaled kernel F in (2.10) by

~ _ 1 _ N — Npo-p)
B, =B +cI, where ¢| = p=1 "~ 2m = 2m(p-1)

and po=1+ 2. (2.13)

In view of (2.13), in order to study the similarity solutions, we need the spectral properties of B
and of the corresponding adjoint operator B*. Both are considered in weighted L2-spaces with the
weight functions induced by the exponential estimate of the rescaled kernel (2.12). For m > 2, we
consider B in the weighted space L,%(]RN ) with the exponentially growing weight function

p() =e™ >0 in RY, (2.14)

where a € (0,2d) is any fixed constant and d is as in (2.12). We ascribe to B the domain Hgm(RN )

being a Hilbert space with the norm

2m
VP2 = f P D IDM ()P dy,
RY =0

induced by the corresponding inner product. Then Hg’” C L/% C L. The spectral properties B are as
follows [9]:

Lemmal (i) B: HIZ)”1 - Lg is a bounded linear operator with the real point spectrum
oB)= {4 =5, 1=0,1,2,..}. (2.15)
The eigenvalues A; have finite multiplicities with eigenfunctions
= W iR or an =1 2.16
us) = S DFFO), - for any 1Bl=1 (2.16)
(ii) The set @ = {Yr3} g0 is complete and the resolvent (B — AD7"is compact in Lg.

By Lemma 1, the centre and stable subspaces of B are given by E¢ = Span{y, = F} and
E¥ = Span{ysg, |6| > 0}.

Next, consider in the dual L?-metric the adjoint operator
B = —(—A)’"—ﬁy-v. (2.17)
For m > 2, we treat B in Lf,* with the exponentially decaying weight function
p*(y) = /%y) =e " > 0. (2.18)

Lemma 2 (i) B* : Hgi" - Lz* is a bounded linear operator with the same spectrum (2.15) as B.

Eigenfunctions (//;(y) with |8 = [ are lth-order generalized Hermite polynomials given by

[181/2m] .
w0 = 5 [+ p) L(=Aymiy) (2.19)

(i1) The set ®* = {lﬁ;}wzo is complete and resolvent (B* — AI)™' compact in L,Z,*.
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It follows that the orthonormality condition holds

where (-, ) denotes the standard L>(R") inner product and 0py 1s Kronecker’s delta.

Using (2.20), we introduce the subspaces of eigenfunction expansions and begin with the op-
erator B. We denote by le) the subspace of eigenfunction expansions v = }; cgiyg with coefficients
cg = (v, defined as the closure of the finite sums {35<) cgi¥p} in the norm of Lﬁ. Similarly,
for the adjoint operator B*, we define the subspace lif,* c Lf)*. Note that since the operators are not
self-adjoint and the eigenfunction subsets are not orthonormal, in general, these subspaces can be
different from L;f and Lﬁ,, and the equality is guaranteed in the self-adjoint case m = 1, a = }1 only.

2.3 Existence of similarity profiles close to transcritical bifurcations

Consider the elliptic problem (2.8). Using the above Hermitian spectral analysis of the operator
pair {B,B*}, we formulate the bifurcation problems, which guarantee the existence of a similarity
solution in a neighbourhood of bifurcation points. In fact, our consideration is quite similar to that
for the second-order case in [20], so we may omit some details. Since p < pg, our analysis is
performed in the subcritical Sobolev range:

l<p<ps=¥2 — Hr®Y)cLl™®Y) compactly. (2.21)

Taking p close to the critical values, as defined in (1.5), we look for small solutions of (2.8). At
p = pi, the linear operator B, has a nontrivial kernel, hence:

Proposition 1 Let for an I > 0, the eigenvalue A; = —ﬁ of operator (2.11) be of odd multiplicity.
Then the critical exponent (1.5) is a bifurcation point for the problem (2.8).

Proof. Consider in Lg our equation written as
Bf=-(1+c)f—IfI", where B=B,—(1+c)[=B-1 (2.22)

It follows that the spectrum o(B) = {-1 — ﬁ} consists of strictly negative eigenvalues. The in-
verse operator B! is known to be compact, [9, Prop. 2.4]. Therefore, in the corresponding integral
equation

f=A) = -1 +c)B L -Bl(fP), (2.23)

the right-hand side is a compact Hammerstein operator; see [26, Ch. V] and applications in [3,
17, 23]. In view of the known spectral properties of B~', bifurcations in the problem (2.23) occur
if the derivative A’(0) = —(1 + ¢;)B™! has the eigenvalue 1 of odd multiplicity, [27, 26]. Since
O'(A’(O)) ={d+c)/A+ %ﬂ)}, we obtain the critical values (1.5). By construction, the solutions of
(2.23) for p ~ p; are small in Lf, and, as can be seen from the properties of the inverse operator, f is
small in the domain Hg’" of B. Since the weight (2.14) is a monotone growing function as |y| — oo,
using the known asymptotic properties of solutions of (2.8), f € Hg’" is a uniformly bounded,
continuous function (for N < 2m, this directly follows from Sobolev’s embedding theorem). [ |

Thus, [ = 0 is always a bifurcation point since 4y = 0 is simple. In general, for [ = 1,2, ... the
odd multiplicity occurs depending on the dimension N. For instance, for [ = 1, the multiplicity is
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N, and, for [ = 2, it is m In the case of even multiplicity of 4;, an extra analysis is necessary
to guarantee that a bifurcation occurs [27] using the rotation y; of the vector field corresponding to
the nonlinear term in (2.23) on the unit sphere in the eigenspace ®; = Span{y;, |8] = I} (if y; # 1,
then bifurcation occurs). We do not perform this study here and note that the non-degeneracy of
this vector field is not straightforward; see related comments below. It is crucial that, for main
applications, for N = 1 and for the radial setting in RY, the eigenvalues (2.15) are simple and (1.5)
are always bifurcation points. Unlike Proposition 3.2 for m = 1 [20, § 3], we have the following
result describing the local behaviour of bifurcation branches occurring in the main applications, see
[26] and [27, Ch. 8]. Unlike the case m = 1, some bifurcations become transcritical.

Proposition 2 Ler A; be a simple eigenvalue of B with eigenfunction y;, and let
k= l” yy) # 0. (2.24)
Then the p-bifurcation branch crosses transversely the p-axis at p = p;.

We next describe the behaviour of solutions for p ~ p; and apply the classical Lyapunov—
Schmidt method, [27, Ch. 8], to equation (2.23) with the operator A that is differentiable at 0. Since,
under the assumptions of Proposition 2, the kernel Ey = ker A’(0) = Span {¢,} is one-dimensional,
denoting by E; the complementary (orthogonal to i) invariant subspace, we set

f=F0+F1, where F():SllﬁlEE() and F]ZZk#_lSklﬁkEE]. (225)

Let Py and Py, Py + P, = I, be projections onto Ey and E| respectively. Projecting (2.23) onto Ej
yields

vier = =B, vi=1- 1 = ey =P P (2.26)

By bifurcation theory (see [27, p. 355] or [7, p. 383], where A'(O) is Fredholm of index zero),
F, = o(g) as g — 0, so that g; is calculated from (2.26) as:

yier = —lelPBl? v + o(el) = lelP~2e = &(p — poIL + o(D)], (2.27)

(N+1)?
4m2k,

where ¢; = . We have used the following calculation:

Byl g7y = lyl”, B 1) = =

Recall the identity (B~")* = (B*)~!.

It follows from the algebraic equation in (2.27) that the bifurcations are transcritical provided
that k; # 0, while the sign of k; determines how the branches cross the p-axis. For / = 0, it is easy to
see that ko > 0, since ¥ = F and ¢ = 1, so that

ko = ol ¥g) = LN IFI” >0 (p=po) (2.28)

Moreover, for pg ~ 1%, by the definition of F in (2.11), we have that ky ~ 1. The positivity or
negativity of the scalar product (2.24) for [ > 1 and arbitrary p > 1 is not straightforward, and we
should rely on a delicate numerical evidence; see [17]. It turns out that «; can be both positive and
negative for different / > 1.
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Let us note the following principal difference in comparison with the case of monotone nonlin-
earity +|f|P~! f studied before for m = 1, [20]. It turns out that

k=0 forodd/=1,3,5,.., (2.29)
since in (2.24), [ ()I? is even, while the polynomial 7 (y) is odd. This means the following:
p=p; forodd!/> 1 are not “standard” bifurcation points. (2.30)

The corresponding “non-standard” bifurcation phenomenon will be discussed shortly. On the other
hand, for the standard monotone nonlinearity as in (1.6), all critical exponents {p;} are pitchfork
bifurcations, [17].

Thus, under the assumption «; # 0 on the coefficients (2.24), we obtain a countable sequence of
bifurcation points (1.5) satisfying p; — 17 as [ — oo, with typical transcritical bifurcation branches
appearing in a neighbourhood. The behaviour of solutions in sz’" and uniformly in R¥, for p < pg,

takes the form

L
Jiy) = 1é(p — pol 7T sign (&(p — p)) Wu(y) + o(1)) as p — pu. (2.31)
Instability of all these local branches of similarity profiles is studied similar to the case m = 1 in [20,

§ 2]; see also [17].

2.4 Lyapunov-Schmidt branching equation in the general multiple case:
non-radial patterns

Let now 4; = —ﬁ have multiplicity M = M(I) > 1 given by the binomial coefficient

M(l) = dimWeB -4 =CL,, , = %*v%f; so that (2.32)
EO = ker(B - /111) = Span{;bll, ceny I,DIM}. (233)
Then, looking for a solution

f = f() + fl, with fO =&ewWn + ... + emim, where flJ_E(), (2.34)

and substituting into the equation (2.23), multiplying by 7, and denoting, as usual, s = p — py,
0 < |s| < 1, we obtain the following generating system of M algebraic equations:

&g = ﬁ fN |81¢/11 + ..+ SMl//lM|p l?b}kz = D,’(S], ...,SM), = 1,2, oM. (235)
R

Here p = p;. Denoting x = (g1, ...,ey)" € RM, the system (2.35) is written as a fixed point problem
for the given nonlinear operator D = (D;(x), ..., Dy (x))7,

x=D() in RM. (2.36)

In the second-order case m = 1 [20, § 3], the system (2.36) was variational, that allowed us to get a
multiplicity result. In view of the dual metric in (2.20), for any m > 2, the algebraic system (2.35) is
not variational, so the multiplicity of admissible solutions remains an open problem.
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Global extension of the above local p-bifurcation branches is performed by classic theory of
nonlinear compact operators, [7, 26, 27]. However, since the problem is not variational, nothing
prevents existence of closed p sub-branches or appearances of turning, saddle-node bifurcations (we
will show that this can actually happens), so that the total number and structure of solutions for any
p € (1, po] remain a difficult problem. We will then inevitably should rely on careful numerics.

2.5 “Non-standard” pitchfork bifurcations for x;, = 0

Without loss of generality, we consider the simplestcase /= 1, N =1,m =2 (thenp; =1+m =3
by (1.5)), where, from (2.24) and (2.16), (2.19), it is clear that k; vanishes:

@ = (b sf
R

Next, unlike the standard approximation (2.25) close to p = 3, we now use an improved one given

F'(y)Pydy = 0. (2.37)

by the expansion on the 2D invariant subspace Ej» = Span{y, -} (this choice will be explained

below):

f=Fpp+F3, where Fiy=¢gy+&y, and F3LE),, (2.38)

with the scalar parameters &1, &, to be determined. For simplicity, we next use the differential version
of the integral equation (2.23) for [ = 1:

B-UDf-5f=|f+.., where s=p-p (2.39)

and where we omit the O(s?)-term. Substituting (2.38) into (2.39) and projecting onto corresponding
one-dimensional subspaces, quite similar to the system (2.35), we obtain the following asymptotic
system of two algebraic equations:

—%81 = —f|81(ﬁ] +82!ﬁ2|3!ﬁT + ...,
R (2.40)

1 K 3
_282=‘—§82—f|811ﬂ1+6‘2¢2| lﬂ;+...,
R

where we put A, = —ﬁ = —% (for I = m = 2) and where we have omitted higher order terms
associated with the orthogonal F5 in (2.38) and via replacing p by p; = 3 in the integrals on the
right-hand sides. Then, the second equation, as s — 0, gives the dependence of &, on the leading

expansion coeflicient £ on E|;:

1
& =2le1Pup + ..., where pup = f|w1|3w§ #0 and yj = —yz. (2.41)
R V2

It is crucial that, unlike in (2.37), the coefficient y; is given by the integral of some even function, so
that, now, the assumption y;> # 0 is not that restrictive and can be quite reliably checked numerically.
Next, the first equation in (2.40), after a Taylor expansion in the integral, by using that &, = o(ey)

as s — 0, provides us with the necessary bifurcation scalar equation on ¢y,

fg = f lre1 Py + 367 signg16v12 + ..., with vip = f YA (sign ) vy’ # 0, (2.42)
R
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where, again, in v, we face an even function in the integral. Since the first coefficient vanishes by
(2.29) forl =1, f |l//1|31//‘1‘ = 0, using the dependence (2.41), we obtain

A P 1
|81|5 =¢Cip85+.. where &= s (243)

It follows that we thus deal with a pitchfork bifurcation at p = p; = 3, which is subcritical if ¢;, < 0
and supercritical if ¢jp > 0.
Overall, the bifurcation branches take the following form: for, e.g., ¢;» > 0,

FO) = £[en(p = HBY10) + 2ulen(p — D) + ... as p— 3. (2.44)

We will reveal this kind of bifurcation numerically in Section 4. Note that this non-standard bifur-
cation branch near p = 3 is more “steep”, ~ O((p — 3)§)), than the standard one in (2.31), which, for
I = 1,is of the order ~ O(+/p - 3).

One can see that a similar bifurcation scenario, under the vanishing assumption (2.29), can be
developed by using other invariant subspaces rather than that in (2.38). The crucial conditions then
remain the same: the corresponding coefficients i in (2.41) and v_ in (2.42) must be non-zero. This
is possible by mixing even and odd eigenfunctions in the subspace, depending on the multiindices
chosen. This has an interesting and surprising consequence:

There can be more than one bifurcation branch, even for 1D eigenspace. (2.45)

In Section 4, we will observe this numerically for the one-dimensional eigenspace.

2.6 Transversality of intersections of subspaces

This was a permanent subject of an intense study for nonlinear second-order parabolic equations;
see related key references and further comments in [20, § 6.2]. We briefly recall these important
results below. This problem was completely solved rather recently for a scalar reaction-diffusion

equation on a circle of the form
ur = A() = uyy + g(x,u,u,), x€ S =R/27Z, (2.46)

where the nonlinearity g(-) satisfies necessary conditions for existence of global classical bounded
solutions for arbitrary bounded smooth initial data. Then, if f is a hyperbolic equilibrium of A,
A(f) = 0, known to be generic (or a rotating wave), then the global stable and unstable subspaces
of A’(f) span the whole functional space X* = H**(S!), a € (%, 1), where the global semiflow is
naturally defined, i.e.,

W (A'(f) @ W'A'(f)) = X7, (2.47)

so that these subspaces intersect transversely. 1t is crucial that such a complete analysis can be
performed in 1D only, since it is based on Sturmian zero set arguments (see [16] for main references
and various extensions of these fundamental ideas), so, in principle, cannot be extended to equation
in RN, We refer to most recent papers [5, 13, 24], where earlier key references and most advances
results on the transversality and connecting orbits can be found.

We perform our transversality analysis for p close to the bifurcation points p = p; in (1.5) by
using bifurcation theory from Section 2.3.
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Proposition 3 Fix, for a given p = p;, p # p;, a hyperbolic equilibrium fg, with a |B] = I, of the
operator A in (2.8),
A(N)==CD)"f+ 55y Y+ 5 F+IfP. (2.48)
Then the transversality conclusion holds:
WAA'(fz) ® W'(A'(fp) = Hg’"(RN). (2.49)

Proof. 1t follows from (2.48) and the expansion (2.31) that, for p = p; + &, with 0 < |¢] < 1,

A'(fp) = =(-0)" + 5=y V + ﬁ 1+ plfslP~"sign fz 1

(2.50)
= (B — D) + plejl lelly|P~'sign (ciegp) + ... (1 =1B)).
Therefore, for p = p;, the following analogy of (2.49) is valid:
Afp)=B-4 = WB-4HoW'B-4DSWB-4)= Hg’”(RN), (2.51)

and dim W¢(B — ;1) is equal to the algebraic multiplicity (2.32) of 4; = —ﬁ. By the assumption of
the hyperbolicity of fz and in view of small perturbations (see, e.g., [4, 25]) of all the eigenfunctions
of A’(fp) for any |g| < 1, & # 0, which remain complete and closed as for p = p;, we arrive at
(2.49). Recall that, since by (2.50), A’(fp), with eigenfunction {g@/;}, is a small perturbation of B—Agl
(with eigenfunctions {y}) and, in addition, the perturbation is exponentially small as y — oo, the
“perturbed” eigenfunctions 1/75()1) remain a small perturbation of the known y(y) in any bounded
ball, and sharply approximate those as y — oo. Therefore, close to p = py, there is no doubt that
the well-known condition of completeness/closure of {1@/3} (the so-called property of stability of the
basis) is, indeed, valid:
Yo 1gllo g — wgll, < 1.
|

Thus, close to any bifurcation point p = p;, we precisely know both the dimensions of the
unstable subspace of A’(fp) of any hyperbolic equilibrium f3 (and, sometimes, we can prove the
latter) and the corresponding eigenfunctions {Jxﬁ}:

by continuity, forall p~p;: A ~-4 =5 and yz~yp, (2.52)

m

where convergence of eigenfunctions as p — p; holds in HS’" and uniformly in RY.

Furthermore, moving along the given bifurcation p-branch, the transversality persists until a
saddle-node bifurcation appears, when a centre subspace for A’(f3) occurs, and hence (2.49) does
not apply. If such a “turning” point of a given p-branch does not appear (but sometimes it does; see
Section 4 below), the transversality persists globally in p.

3 Numerical results: extension of even p-branches

Thus, the above bifurcation analysis establishes existence of a countable set of transcritical p-
bifurcations at p = p; for even /. As we have mentioned, since (2.8) is not variational for m > 2,
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we do not have any chance to use power tools of category-genus-fibering theory in order to guaran-
tee nonlocal extensions of p-branches of similarity profiles f(y). However, as is well-known from
compact nonlinear integral operator theory [7, 26, 27], these branches are always extensible, but can
end up at other bifurcation points, so their global extension for all p > p; is not straightforward.
Actually, we show that precisely this happens for m = 2 in 1D.

3.1 Preliminaries for m = 2: well-posed shooting of even profiles

We first concentrate on the simplest fourth-order case:
N=1 and m=2, sothat py=1+2=5 (3.53)

in order to exhibit typical difficult and surprising behaviours of global p-branches of the first similar-
ity profile fo(y), which bifurcates from the first critical exponent py = 5 in (3.53). We also compare
Jfo in dimensions N = 1, 2, 3, and 4. For convenience, we will denote by fj(y) the profiles that
bifurcate at the corresponding critical p; and hence, by (2.31), “inherit” the nodal set structure of the
eigenfunction y;(y) in (2.16) for N = 1.

In the case (3.53), the problem (2.8) becomes an ordinary differential equation:

AN =D+ 33 + 55 F+1fP =0 for y>0, s
f(y) decays exponentially fast as y — +oo. '

We first easily prove the following result, somehow confirming our bifurcation analysis:

Proposition 4 (i) In the critical case p = 5, the only solution of (3.54) is f = 0; and
(ii) The total mass of solutions of (3.54) satisfies

ff<0 for p<po=5 and ff>0 for p>35. (3.55)
R R

Proof. Integrating the ordinary differential equation (3.54) over R yields the following identity:

fur- — f . (3.56)

Remark on bifurcation analysis. Firstly, according to the bi-orthogonality (2.20),

fd/,:O forall [/=1,2,3,..., and fl//():szl, (3.57)
R

so we see that (2.31) somehow “contradicts” (3.55). However, there is no any controversy here:
indeed, (2.25) assumes, in 1D, the following expansion:

f=ew+eo+ ..., (3.58)

where we keep the only eigenfunction i with the unit non-zero mass. Then, the identity (3.56) is
perfectly valid provided that

= A | f lal? (1 + o(1)) = o(&r), (3.59)
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so that this small correction in (3.58) allows one to keep the necessary non-zero mass on any even

p-bifurcation branch.

As usual, for the even profile fy (and for f, fi,...), since the ordinary differential equation (3.54)

is invariant under the symmetry reflection y — —y, two symmetry conditions at the origin are im-
posed,

f0)=f"0)=0 (then f(-y)=f()). (3.60)

Let us first reveal a natural “geometric” origin of existence of various solutions of the problem
(3.54), (3.60). This is important for the present non-variational problem. Notice that we do not have
other standard techniques for its global analysis.

It is easy to see that the ordinary differential equation in (3.54) admits 2D bundle of proper
exponential asymptotics as y — +oo:

FO) ~ e T [Creos (%2 y3) + Cysin (92 y3)], ap =327, 3.61)

where C1, € R are arbitrary constants. Obviously, (3.54) also admits a lot of solutions with much
slower algebraic decay,

fO) ~Coy ™1 as y— 400, CoeR, Cop#0. (3.62)

However these solutions should be excluded from our consideration, hence we can always take
Cy=0.

These two parameters C|; in (3.61) are used to satisfy (to “shoot”) also two conditions at the
origin (3.60). Overall, this looks like a well-posed (“2-2”, i.e., not over - and under-determined)
geometric shooting problem, but indeed extra difficult “oscillatory” properties of the ordinary differ-
ential equation involved are necessary to guarantee a proper mathematical conclusion on existence
of solutions and their multiplicity (in fact, an infinite number of those). This will be done with the
help of numerical methods, and, as was mentioned, the final conclusions are striking different from
those obtained in [17, 18, 19] for monotone nonlinearities.

Thus, we arrive at a well posed “2—2” shooting problem. Denoting by f = f(y; Cy, C3) solutions
having the asymptotic behaviour (3.61) (note that such solutions can blow-up at finite y; > 0, but
we are interested in those with yo(Cy, C2) < 0; see below), by (3.60), an algebraic system of two
equations with two unknowns occurs:

{f’(O; C1.Cy) =0, (363

17(0;C1,C2) = 0.

Proposition 5 For any even integers p = 2,4,6, ..., the system (3.63) admits not more than a count-

able set of solutions.

Proof. For such p’s, the ordinary differential equation (3.54) has an analytic nonlinearity, so by
classic ODE theory [6, Ch. I], both functions in (3.63) are also analytic, whence the result. [ |

We expect that a similar result is true for arbitrary p > 1, but a proof of an analytic dependence
on parameters', is expected to be very technical.

!'As is well known, dependence on parameters in such ODE problems can be much better than the smoothness of co-
efficients involved. A classic example is: for elliptic operators with just measurable coefficients, the resolvent is often a
meromorphic function of the spectral parameter A € C.
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global similarity profile fo(y): N=1, m=2, p1 [5.01, 6.4] (p0=5)
0.7 ‘

f(y)

T
Z

05 \ ]

0.4r \ i

0.2

0.1

8 10

Figure 1: The first profile fo(y) of (3.54) for N =1, m = 2 and p € [5.01,6.4].

3.2 The first symmetric profile f,(y)

For solving our problem (3.54), we use the bvp4c solver of the MathLab with the enhanced accuracy

and tolerances in the range

1076 - 1072, (3.64)

and always, with a proper choice of initial approximations (data), observed fast convergence and did
not need more than 2000-8000 points, so that each computation usually took from 15 seconds to a
few minutes.

We begin with Figure 1 presenting a general view of the similarity profile fy(y) for various p
above the critical exponent py = 5. It is clearly seen that fy(y) is oscillatory for large y, but definitely
has a dominated “positive hump” on y € (0, 3.4), so that overall (cf. (3.55))

ff0>0.

However, by (1.4), this does not imply blow-up of the corresponding similarity solution u(x, t), since
this happens in the supercritical range p > py = 5, when, in particular, all sufficiently small solutions
are known to be global in time.

Figure 2 shows the dependence of the radial pattern fy = fo(|y|) on dimensions N = 1, 2, 3, 4.
All the profiles look similar and their L*-norm, f,(0), increases with N. However, the location of
the “positive hump” of each f;(y) remains practically unchanged, as well as the location of the first

“nonlinear transversal zero”, yy ~ 4 always; see more below.
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f(y) m=2: the first global similarity profile fo(y) for p=6 and N=1,2,3,4

2

15

0.5

Figure 2: The first radially symmetric solution f,(y) of (2.8) for m = 2, p = 6, and dimensions N = 1, 2, 3, 4.

N=1, m=2: p-bifurcation diagram of fo(y)

11
I, |

0.9t 1
0.8} 1
07t 1
0.6} 1
05} 1
04t 1
03} 1

0.2r J

01 . . .
0 50 100 150 200

Figure 3: p,-branch of f, for N = l,rr)n = 2, extended for p € [5.01,200].

3.3 p-branches and further even profiles

More delicate results are shown in Figure 3, where we present the global py-branch, initiated at
p = 5" and extended up to p = 200. In particular, this shows that

lfollo = fo0(0) > 17 as  p — +oo, (3.65)

an asymptotic phenomenon with a possible difficult logarithmically perturbed behaviour that was
discovered and studied in [17, § 5] for another model (3.54) with the monotone nonlinearity |f |PLf.
The deformation of the profile f; on the same interval p € [5.01,200] is shown in Figure 4, again
confirming (3.65).

We next study the extension of the pg-branch for p < pg = 5. The transition through the first
transcritical bifurcation at p = pg = 5 is explained in Figure 5, which shows a clear spatial similarity
of fo(y) ~ £o(y) = £F(y) along both limits p — p& = 5%, according to (2.31) for / = 0.
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N=1, m=2, p1 [5.01, 200]
‘

f(y) ‘

0.8

0.4E

0.2}

Figure 4: p-deformation of f from Figure 3; N = 1, m = 2, p € [5.01,200].

N=1, m=2: transition of fO(y) through p0:5

f(y)

0.3

p=5.1

0.2

0.1

|

Figure 5: Transition of fy(y) to f>(y) of (3.54) for N = 1, m = 2 for p ~ 5*%.
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N=1, m=2: negative pg—branch of fo 2(y) forpl (pz,po):(7/3,5)

0
f(0) \
-0.11 b
-0.21 b
‘ transcritical bifurcations

-0.3f R
-0.41 R
-0.51 R

| | | | | |

2 25 3 35 4 45 5

Figure 6: p,-branch of f, for N = 1, m = 2, extended for p € (pa, po).

The global p,-branch, which is an extension of the positive pyp-one in Figure 4, is shown in
Figure 6 while the corresponding deformation of f’s in Figure 7. It turns out that it ends up at the
next (even) bifurcation point

p=p2= 1+ % = % = 23333, (366)

so that the branch is expected to be continued for p < p, = % in a “positive” way, etc.

To justify such transcritical bifurcations at p = p; for even / > 2, in Figure 8, we present a
transition through p = p, = % . Similarly, in Figure 9, we show transition from f4(y) for p = 1.85 >
pa=1+2=18to fo(y) for p = 1.75 < pa.

Thus, according to the results given above, we expect that there is a continuous deformation
along each connected branch of f; into f>, f> into fi, f4 into fg, etc., i.e., there exists a unique
global p-branch of even similarity profiles. Hence, we observe that all connected branches have
similar shapes with always two bifurcation points involved: the right-hand end point p = p4 and
the left-hand end one pyi+».

3.4 ‘‘Approximate” Sturmian zero property

Let us comment on the “Sturmian property” of similarity profiles {f;(y)}. Figures 5 and 8 indicate
that, regardless the oscillatory exponential tails, each profile f;(y) has a clear “approximate” (“non-
linear”) Sturmian structure and exhibits / + 1 dominant extrema (meaning [ “transversal” zeros in
between). In a rigorous mathematical sense, such properties are known to hold for the second-order
problems. In [20], where (1.1) was studied, Sturmian properties were connected with the category
of the functional subset for each f;, being the corresponding min-max critical point of the functional,
since the category assumes using the reflection of the functions (-) — —(-) and hence the nodal sets

of fi(y) gets more and more complicated as [ increases’>. However, in the present non-variational

2There is no still and rigorous treatment of such zero-set phenomena.
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N=1, m=2: deformation of f0 on the negative p(;—branch

Figure 7: p-deformation of f, from Figure 6; N = 1, m = 2, p € (pa, po)-

N=1, m=2: transition through p2:7/3:2.333...

f(y)
f4(y) for p=2.25<p, >
0.05} . |
0 | | S
‘V ’.— :‘ V
-0.05} ]
-0.1r f,(y) for 1
p=2.4>p,
-15 -10 -5 10 15

Figure 8: Transition of f, for p = 2.4 > p, into f; for p = 2.25 < p,, where spatial shape of both mimics the
eigenfunction i, (y) according to (2.31).
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N=1, m=2: transition through p =9/5=1.8
f(y) *

0.031 3
f4(y) for p:1A85>p4 B
0.025 : ]

0.02

0.015} fs(y) for p:1.75<p4

-0.005} N 1

-0.01} 1

-0.015¢

-0.02} |

-15 -10 -5 0 5 10 15

Figure 9: Transition of f; for p = 1.85 > p, into f; for p = 1.75 < p4, where spatial shape of both mimics the
eigenfunction 4 (y) according to (2.31).

case, we cannot use even those rather obscure issues, though numerical evidence clearly suggests
that the approximate Sturmian nodal properties persist in both variational and non-potential prob-
lems. Honestly, we do not know, which “mathematical/functional structures” can be responsible
for such a hugely stable Sturmian-like phenomena, and this remains a challenging open problem of
nonlinear operator theory.

For the higher order equations, some extra mathematical reasons for Sturmian properties to
persist in an approximate fashion are discussed in [17, § 4.4]. These can be attributed to the fact that
the principal part of (3.54) contains the iteration of two positive operators

-D} = ~(-D})(-D;),

and for such pure higher order operators Sturm’s zero property is true [11]. Then the linear per-
turbations affect non-essential zeros in the exponential tails only. No rigor justification of such a

conclusion is available still.

4 Towards odd non-symmetric profiles and their p-branches

4.1 An auxiliary discussion

We begin by noting that, for such fourth-order nonlinear ordinary differential equation (3.54) with a
clearly principal non-coercive operator, for any p > 1, we expect to have, at least, a countable set of
different solutions (as in [17, 18, 19]).

However, in all our previous studies of higher order elliptic ODE problems, [17, 18, 19], exactly
half of such solutions were odd functions of y (in 1D; in the radial symmetry, obviously, odd profiles
are not admitted). In the present case, the profiles f;(y), f3(3),... , are not odd (anti-symmetric), since
the ordinary differential equation (3.54), unlike that for (1.6), does not admit the corresponding
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symmetry
fe-=f ye -y (4.67)

Bearing in mind the multiplicity bifurcation results in Section 2.5, one concludes that other profiles
must be non-symmetric in any odd sense. Notice that precisely that explains the bifurcation expan-
sion (2.44), where the leading term is odd via ¢ (y), while there exists always an even correction via

U ().

We first check some analytical issues concerning such unusual similarity profiles. Thus, we

+
1,2°

shoot from y = +co using the same bundle as (3.61), with the coefficients C
f) ~e 2" [CY cos(%g yi) + C; sin(%6 y3)], where ap=3-275. (4.68)

Evidently, most of such solutions f = f(y;C],C;) will blow-up at some finite yo = yo(C},C3)
according to the following asymptotics: as y — y;,

O =P +0(1)) = ) = Coly—y0) 7T(1 +o(1)),

(4.69)
-1
where CP™ = ﬁ(;‘j + 1)(p4T1 + 2)(}%1 +3).
Therefore, in order to have a global profile, we have to require that
¥o(CT,C3) = —oo. (4.70)

Once we have got such a global solution defined for all y € R, we then need to require that, at
y = —oo, the algebraic decay component (3.62) therein vanishes, i.e.,

Cy(Ct,CH) =0. 4.71)

We, thus, again arrive at a system of two algebraic equation (4.70), (4.71), where the result of
Proposition 5 applies directly to guarantee that the total number of possible solutions is not more

than countable.

In Figure 10, as a first typical example, we show a non-symmetric “dipole-like” profile, denoted
by f3(y) (see below why such a subscript) for p = 2.7, which with a sufficient accuracy ~ 107
satisfies the identity (3.56). It turned out that this identity can be used as a “blueprint” for checking
the quality in some worse-converging cases.

4.2 p-branch of f;: from p, = 3 to a saddle-node bifurcation

Starting from the profile f; for p = 2.7 in Figure 10, we perform a continuation in the parameter p
to get to the bifurcation origin of this p-branch. Not that surprisingly (cf. Section 2.5), we observe
in Figure 11(a) that the corresponding bifurcation branch, with certain accuracy, goes to the odd
bifurcation point (1.5), with [ = 1:

pr=1+%=3. 4.72)

In this calculation, we take the continuation step Ap = 1072 (then the calculation takes a couple
of hours), so, as seen, we cannot approach closely to this bifurcation point. To see approaching
p = p; more clearly, we, in addition, took the continuation step Ap = 10~* (the calculation of the
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f N=1, m=2, p=2.7: nonsymmetric profile, Tols=10_8, 2500 points
v) ‘ ‘ ‘ ‘
I ‘ (p-5)14(p-1)]" of= off’ 1
0.1 /\ q
0 R \/
-0.1F | 6f=-0.9357<0 1
-0.2 1
-0.31 1
-041 1
~05 | | | |
-15 -10 -5 0 5 10 15

y
Figure 10: A non-symmetric profile f3(y) for p = 2.7, well satisfying the identity (3.56).

full branch then took about 16 hours) and observe approaching p; = 3 up to p = 2.9991, so that
existence of such a “forbidden” earlier bifurcation is without any doubt. Figure 11(b) clearly shows
that, as p — p| = 3, the profile f3(y) (the bold dashed line at p = 2.998)) takes a typical “dipole”
behaviour governed by the second eigenfunction from (2.16):

Yi(y) = —F'(y), (4.73)

where F(]y|) is the even “bi-harmonic Gaussian” satisfying (2.11) for m = 2. Therefore, this f3(y) ~
C(p)y1(y), with some (unknown still) constant C(p), looks like a standard dipole for the Gaussian
form =1

Vi) = sy ye ™ 4.74)

but it has oscillatory tails and further dominant positive and negative humps.
Extending this p-branch of f; for p < 2.7, we observe existence of a saddle-node bifurcation at

some p = ps_,, where we obtain the estimate

] 2.6148 < p,_, <2.6149, (4.75)

by using again the step Ap = 107*. The profiles f; close to p;_, are shown in Figure 12.

The lower bifurcation branch of f; is shown in Figure 13. The corresponding upper bifurcation
branch is shown in Figure 14, while the corresponding deformation of f; is presented in Figure 15.

Quite surprisingly, the upper bifurcation branch in Figure 14 ends up at the previous bifurcation
point pg = 5! Comparing with Figure 6 for symmetric even profiles, we thus obtain Two different
bifurcation branches (of symmetric and non-symmetric) solutions originated at p = 5~. It is worth
mentioning that the kernel of the linearized operator at p = 5 is one-dimensional. We still do not
have a proper explanation of such a hard and unusual bifurcation phenomenon. However, the case
[ = 0 is not degenerate by (2.28), so it seems one cannot create a bifurcation approach similar to that
in Section 2.5. This remains an open problems
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”f” N=1, m=2: p-bifurcation diagram of f3(y) as p approaches p1:3
® 05
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(a) p-bifurcation branch of f3

N=1, m=2: deformation of f3(y) as p approaches p1:3
f(y)
y

0.2

0.1

10

(b) deformation of f3
Figure 11: p-bifurcation branch of f; (a), and its deformation (b) for p € [2.7,2.924].
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N=1, m=2: behaviour of f(y) on the lower p-branch as p tends to p..
f(y) -
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-0.1f
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-0.3f

-0.41

p=2.6149 = Ps_n

-15 -10 -5 0 5 10 15

-0.5F

Figure 12: Non-symmetric profiles f3(y) close to the saddle-node bifurcation (4.75).

N=1, m=2: p-bifurcation diagram of f3(y), the lower branch; A p:10_4

0.56
IIfll,,

0.551 \ 1
saddle-node bifurcation at p__ =2.6221...

0.54

0.51}

0.5F

0.48
261 262 263 264 265 266 267 268 269 2.7

p

Figure 13: The lower bifurcation branch of the non-symmetric profile f3(y) for p € [2.6149,2.7].
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”f” N=1, m=2: p-bifurcation branch of f3(y); the upper branch for p1 [psin,s]
[ee]

051

0.4r saddle-node bifurcation at p__ =2.6120... 1

0.1f 1

0 L L L L L
25 3 35 4 4.5 5

Figure 14: The upper bifurcation branch of the non-symmetric profile f3(y) for p € [2.6149, 5].

N=1, m=2: deformation of f3(y) forpl [ps_n,5], A p=0.005

Figure 15: Deformation of the non-symmetric profile f3(y) for p € [2.6149, 5].
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5 Second countable family: global linearized patterns

5.1 Stable manifold patterns

This construction is similar to that for m = 1 and again relies on stable manifold [28] and Hermitian
spectral theory for the operator pair {B, B*} in Section 2.2. We perform the same scaling of a global
solution u(x, t) of (1.2) fort > 1,

u(x,f) = £ 7 v(y,7), y=x/t%, tv=Inf, where (5.76)
ve = AW) = —(-A)"v + ﬁ y-Vv+ ﬁ v+ P, so (5.77)
A'0)=B+cil, Clzﬁ—%=%>0 for p < po. (5.78)

Thus, A’(0) has the infinite-dimensional stable subspace:
E’ =Span{yp: Ag+c1 <0, ie., |8l > 2ci). (5.79)

Using the above spectral properties of B [9], similar to [20, § 5], by invariant manifold theory for
parabolic equations [28, Ch. 9], we arrive at the following (see also [15, 17]):

Proposition 6 For any multiindex B satisfying |8] = [ > 2¢1, equation (5.77) admits global solutions

with the behaviour, as T — +o0o,
ve(y, T) = e(’lr’f“‘)ﬂpﬁ(y)(l +0(1)), where ¢geSpan{ys: |Bl=1}, ¢z #0. (5.80)
In the original variables (5.76), the global patterns (5.80) take the form:

ug(x,t) = 5 ()1 +o(1)) as ¢ — +oo. (5.81)

5.2 Centre manifold patterns

Unlike the simpler case m = 1 in [20, § 5.2], for the present m > 2, such patterns do exist. Performing
a model 1D analysis of the equation (5.77), as in [20, § 5], we conclude that such patterns may occur
if

Ag+c=0 = [=|g=2mc; >0, or p=p. (5.82)

Studying the centre manifold behaviour of the simplest 1D type
V1) = (D +wt as T — +oo, (5.83)
we obtain from (5.77) the following equation for the expansion coefficient:
ap = klal’(1 +o(1)),  where k= (y|”, ;) (#0), (5.84)
which admits global bounded orbits. For instance, noting that ko > 0, one obtains the behaviour

ao(™) = —[ko(p— DI P T 7 (1 +0(1)) as -+ (p = po). (5.85)
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Similarly, the same estimate is derived for any / > 0 provided that k; # 0. Finally, this means that, at
such critical values p = p;, we expect the following logarithmically perturbed patterns:
. 2mlk;| —% 1 —% X
wi(x, 1) ~ =signi; [T 7 (tIne) > (%) as ¢ — +oo. (5.86)

For the M-dimensional eigenspace for [ > 1, we obtain the decomposition
v(y,7) = V%l ag(OY(y) + wh(, 1), (5.87)

that leads to a system of ordinary differential equations for the expansion coeflicients {ag(7)}g=i:

ay = | D ag@up| Wiy + . =1 (5.88)

Assuming the natural “homogenuity” of this centre subspace behaviour:
ag(t) = ag T_%’(l +o(l)) as 7—> 400, |B=1, (5.89)

where {43} are constants, (5.88) reduces to an algebraic system (cf. the bifurcation one (2.35)) of the
usual form:

ay = — 2| St flﬁlﬂﬁlp,ll/f), vl =L (5.90)

General solvability properties of (5.90), except some obvious elementary solutions, and sharp mul-

tiplicity results are unknown. Of course, as above, (5.90) is not variational.

Again, as for m = 1, we arrive at two countable families of global patterns: the nonlinear (2.7)
and the linearized (5.81) ones. Since the rescaled equation (5.77) is not a gradient system in any

weighted space, their evolution completeness remains entirely open, though may be expected.
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