ON CONTINUOUS BRANCHES OF TWICE PERIODIC
SOLUTIONS OF PDE *
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Abstract. Theorems on the existence of a continuum of twice periodic solutions with
all amplitudes from zero to infinity are presented for autonomous PDEs. The results are
applicable to functional differential equations.
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1. Twice periodic solutions. Let us start with an example. Consider
the equation

(1) Uy + Uyy + 2Uy — Uy + DU = f(u, uy, uy)
with twice periodic boundary conditions
(2) we+ Ty +T,) = ul(x,y), z,y € R.

Here both the periods T, T, are a priori unknown.

Any solution u(z, y) of (1)—(2) defines the continuum of shifted solutions
u(r + ¢z, y + ¢y). Generically, this continuum is 2-parametric. We shall
consider non-stationary solutions of the form u(z,y) = v(wiz + wqy); here
the corresponding continuum v(wix 4+ wey + ¢) is 1-parametric. Stationary
solutions u(z,y) = const are generically isolated.

The linear problem (1) —-(2) with f = 0 has the continuum of twice 27-
periodic solutions u, 4(x,y) = rsin(z — 2y + ¢) and no other twice periodic
solutions. These periodic solutions satisfy ||u,4(-,)]|c — 0 as 7 — 0 and
|ty (-, )|[c — 00 as 7 — oo. Under appropriate conditions, the nonlinear
problem (1)—(2) has a similar continual set of twice periodic solutions.
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PROPOSITION 1. Let |f(u,ui,us)| < qlu| for all u,ui,us € R with
q < 3. Then for any r > 0 equation (1) has classical twice periodic non-
stationary solutions of the form v, (wi(r)z + wa(r)y + ¢), where ¢ € R and
the 2m-periodic functions v,(+) satisfy

®) L [Cuweta] =
0

In this paper we present similar results for scalar higher order PDEs.

The results are close to theorems on the existence of the so-called con-
tinuous branches of cycles for various ordinary differential equations with
a scalar parameter. Equation (1) does not depend on a parameter, but it
includes two independent variables, which leads to similar results. If an au-
tonomous equation includes n > 2 independent variables, than the structure
of the set of multi-periodic solutions may be even reacher.

The functions w;(r) and the mapping r +— v,(-) in the following analogs
of Proposition 1 may be non-unique. Under appropriate additional assump-
tions on the smoothness of the nonlinearity, it is possible to state uniqueness,
regularity and some further properties of w;(r) and v,.(-). Here we restrict
ourselves to the existence theorems only and state sufficient conditions for
the existence of continuous branches of twice periodic solutions.

2. Main theorem.

2.1. Branches of solutions. Let L = L(p;,p2) be a real polynomial
with constant coefficients. It generates the differential operator

0 0
Lu = L(%, a—y)u

Let the complex-valued function L(wyi, wei) of the real variables wy, wy have
on the plane (wy,ws) a zero (wj,w3). Then the operator £ maps twice

periodic functions rsin(wjz + wiy + ¢) to zero.
Consider the equation

(4) Lu = f(u,ugz,uy,...).

Let |L(nwi, nwei)| — 0o as n — oo uniformly with respect to (wy, ws) from
the closure D of some vicinity of the point (w?f,w3}) and let for some integer
K = K(L) > 0 (generically, K is the degree ¢ > 2 of the polynomial L) the
relation

(5) lim  sup 0" | L(nwii, nwyi)| = oo

n—oo (wi,w2)ED
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be valid. The polynomial L(pi,ps) = p? + p3 + 2p1 — po + 5 that defines the
left-hand part of equation (1) satisfies these assumptions for (wf, w}) = (1, 2)
and K = 2.

Let us fix numbers fi(;_pr) > 0 with 0 > 0. Let §(q) denote the class
of all continuous nonlinearities f satisfying the estimate

m J
(6) |f (w0,0), u(1,0)5 Wo,1)5 - - - Uo.m))| < @ Z Z HG—ke) UGk |

7=0 k=0

and such that m < K = K(L). In (4) the arguments u(;_j ) of the nonlin-
earity are replaced by the partial derivatives 97u/dz7~*oy*.
An important role in our constructions plays the continuous planar vector

field
@(Ujl,U)Q) = (%L(wli,wgi), %L(ﬂ]ll,wgl))

on the plane (wq,wsy). Suppose that the zero (wf, w}) of this vector field is
isolated; therefore a topological index of the zero (wj,w}) of ® is defined
([1]). Denote this index by v = ~(®; (w}, w3)).

THEOREM 1. Let v # 0. Then there exists a qo > 0 such that for
any q < qo equation (4) with any f € §(q) has classical twice periodic non-
stationary solutions of the form v, (wi(r)z +ws(r)y+ @) for all r> 0, where
the 2m-periodic functions v, satisfy (3).

Remark that (3) implies [|v,||ce — 0asr — 0 and ||v,||c — oo asr — oc.

From the next Theorem 2 it follows that condition (3) may be replaced
by its analog ¥ (v) = r with any continuous functional ¢) : C' — R such
that ¢(v) — 0 as ||v]|c — 0 and ¥(v) — oo as ||v|]|c — oo, where C' =
C'[0, 27]. More precisely, it means that under the assumptions of Theorem 2
equation (4) has classical twice periodic non-stationary solutions of the form
vp (w1 (r)z 4+ wa(r)y 4+ ¢) with ¢(v,) = r for all > 0. The same is true for
the functionals defined on the spaces LP, C*, etc. For example, Theorem
2 guarantees the existence of periodic solutions with all positive amplitudes
|lu(-, )|le = ||lv(-)|lc = r. Also, this remark is valid for the theorems of the
next subsection.

Let us consider a Banach space B and a set-valued mapping ¢ : R — 28,
Let &(r) # @ for any r € Rt = (0,00). Following Mark Krasnosel’skii
([2, 3]), we say that & = £(r) is a continuous branch in B for r € [ry, 5] if the
boundary 0G of any open set G C R* x B such that {(r,2) : 2z € {(r1)} C G
and {(r2,2) : z € £(r2)} (VG = @ contains at least one point (r,z) with
r € [r1,m2] and z € £(r).



4 A.M. KRASNOSEL’SKII AND D.I. RACHINSKII

The usual way to prove that £ = £(r) is a continuous branch is as follows.
Suppose that we can construct a bounded open set {2 C B and completely
continuous vector fields =, = Z,(z) in B so that £(r) = {z € Q: E,(2) = 0}
for each r € [ry, 5] where Q is the closure of Q. Let for all 7 € [ry, 73] the
relation 92 &(r) = @ hold, the rotation v(=,,09) of the vector field =,
on the boundary 02 of Q be non-zero (see, e.g. [2]) and =, = =Z,.(z) depend
continuously on r uniformly with respect to z € Q. Then £ = £(r) is a
continuous branch in B for r € [ry,75]. One can also use domains 2 = €,
depending on r.

Denote by ¢ = r(r) the set-valued mapping that sends each r € R to
the set of all triples (wi(r),w2(r),v,) such that v, (wi(r)z + wa(r)y) is a
twice periodic non-stationary solution of equation (4) and the 27-periodic
function v, = v,.(-) satisfies (3).

THEOREM 2. If the conditions of Theorem 1 are satisfied and f € F(q)
with g < qo, then the set-valued mapping ¥ = r(r) is a continuous branch in
the space R x R x C' for every segment r € [ry,1r9] C RT.

2.2. Estimates for ¢y. In what follows, it is more convenient to use
instead of (6) the similar estimate

m J
(7) |f(u(07o),u(1,0),u(o,1)7 cee ,U(o,m))\ <q ZZM(j—k,k)U%j_m)-

j=0 k=0
Consider on the plane (wy,ws) the real-valued non-negative function

|L(w17j, w2@)|

(8) \If(wl, U)Q) = — r AT .
\/Zj:O D ko MGk )WY W;

Let us surround the zero (wf, w}) of the function (8) by a simple contour I’
such that

(9) W (wy, wa) > qo, (wy,wy) € T
(10) U (nwy, nwsy) > qo, (w1, wy) € D, n=0,2,3,4,...,

where D is the closed bounded domain with the boundary I' and ¢q > 0.
Denote by v(®,I") the winding number of the vector field ¢ along the contour
I". Suppose that relation (5) is valid for the domain D and denote by §,(q) the
class of all continuous nonlinearities f satisfying (7) and such that m < K.

THEOREM 3. Let relations (9), (10) hold. Let v(®,I') # 0. Let ¢ <
qo- Then equation (4) with any f € §1(q) has classical twice periodic non-
stationary solutions of the form v,.(wy(r)x +wq(r)y + @) for all r > 0, where
the 2m-periodic functions v, satisfy (3).
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If the nonlinearity f does not depend on derivatives (m = 0), i.e., the
equation has the form

(11) Lu = f(u),

then condition (9) may be weakened in the following way. We assume that for
any (wy,wq) € I' either (9) is valid with W(wy, wy) = |L(wqi, wsi)], or all the
numbers Sm L(nwyi, nwyi) for n = 1,2, ... have the same signature. Recall
that |L(nwii, nwyi)| — oo as n — oo uniformly with respect to (wy,wsy) € D.

THEOREM 4. Let the function W (wy, we) = |L(w1i, wei)| satisfy (10) and
let for any (wy,wy) € T either (9) be valid, or all numbers Im L(nw,i, nwai)
forn =1,2,... have the same signature. Let (®,I") # 0. Then equation (4)
with any continuous f satisfying |f(u)| < qlu| with any q < qo has classical
twice periodic non-stationary solutions of the form v,.(wi(r)z + wa(r)y + @)
for all r > 0, where the 2w-periodic functions v, satisfy (3).

As a particular case, consider equation (11) with a linear part such that
the factorization Sm L(wii, wei) = (ywy + agws) Ly (wy, wsy) holds with some
polynomial L;. Set u(z,y) = v(—agx + ayy). Then the equation for v(t)

has the form LQ(%)U = f(v) where Ly = Lo(p) is an even polynomial. The
existence of a continuum of cycles of all positive amplitudes for such equations

with the nonlinearities satisfying sector estimates |f(v)| < ¢lv| was proved
in [4].

2.3. Example. As an example, consider problem (1)—(2). Proposition
1 is a consequence of Theorem 3 (see Fig. 1). For ¢y = 3 the contour I'
defined by W(w;,ws) = qo (the large contour in Fig. 1) is tangent to the
contour W(2wq, 2wy) = qo (the small one). Here gy = 3 is the largest ¢o that
may be obtained by Theorem 3.

2.4. Equations with shifts. Similar results are valid for equations
with shifts:

(12) Lu = f(u(x,y),u(:v - hlay - h2)7ux(x>y)vux($ - hl,y - h?)v B )

Analogs of Theorems 1 and 3 for equation (12) can be obtained by straight-
forward changes of formulations. Also, it is easy to generalize these theorems
to equations with shifts in the linear part.

2.5. Solutions of general form. An interesting problem is if there
exist twice periodic solutions of general form u(x,y) that can not be repre-
sented as v(w;x+wqy). It would be also interesting to obtain some conditions
for the uniqueness of a twice periodic solution for a fixed r or for a fixed ratio
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wy /wy (here we identify all the shifts u(x + ¢,y + ¢,) as a unique solution).
Authors do not know any results of this type.

3. Proof of Theorem 3. We give the proof of Theorem 3 only. The-
orem 1 follows from this theorem. The proofs of Theorems 2 and 4 may be
obtained by rather standard modifications of the following scheme and we
omit them.

To simplify the notation, we suppose that the polynomial L(pwyi, pwsi)
of one variable p has the same degree ¢ for all (wy,wy) € D. This means that
K(L) = ¢ and all derivatives included in f are of order less than /.

3.1. Ordinary differential equation. We look for twice periodic so-
lutions to equation (4) of the form u(z,y) = v(wix +wyy). Substituting this
formula in (4), we obtain the following ordinary differential equation for the
unknown function v = v(t):

def d

(13) Lo = Ly(wy,we)v = L( ,wgi)v = f(v,wv,wer', ...

w1 —

dt’ “dt
We couple this equation with the 27-periodic boundary conditions and look
for solutions

(14) v(t) = rsint + h(t)

such that the Fourier series of the 27-periodic function h(t) does not contain
the harmonics sint and cost. We are going to prove that for any r > 0 there
exist a point (wy,ws) = (wq(r), wa(r)) € D and a 27w-periodic function h =
h, = h,(-) such that formula (14) defines a classical solution v = v, = v,.(¢)
of equation (13). Since (0,0) ¢ D (due to (5)) and the functions v, satisfy
(3), the corresponding twice periodic solutions u, 4 = v, (w1 (r)x+ws(r)y+ @)
of equation (4) are non-stationary for all 7 > 0, ¢ € R and therefore for this
set of solutions the conclusion of Theorem 3 holds.

Everywhere below r > 0 is considered as a parameter; the unknowns
are the numbers w; = wi(r) and wy = wy(r) as well as the component
h = h, = h,(t) of the 2r-periodic solution (14) of equation (13). Remark that
every non-stationary 2m-periodic solution v(t) of this autonomous equation
is included in the continuum v (¢4 ¢) of such solutions (which define the same
cycle in the phase space of equation (13) for all ¢ € R), but at most one of
them has the form (14) with r» > 0.

3.2. Auxiliary constructions. We use the spaces C, C*, L? and W2
of functions x(t) : [0,27] — R with the usual norms. Consider the projector

Px(t) = l/0 7rCos(t —s)x(s)ds

™
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onto the plane E spanned on the functions sint and cost and the projector
Q = I — P onto the subspace E~ that consists of all the functions z = x(t)
such that Px = 0. The projectors P and Q act in all the above spaces. In
L? they are orthogonal.

Consider the differential operator £; = L;(wy, wy) with the 2m-periodic
boundary conditions. Since (10) implies L(nwi, nwsi) # 0 for all (wy,ws) €
D, n =0,1,2,..., the kernel of this differential operator is the plane E if
L(wyi, wei) = 0 (in particular, this is the case for (wy,ws) = (w}, w})) and
the kernel is zero if L(wqi,wqi) # 0.

For each (wy,ws) € D denote by H = H(wy,ws) the linear operator
that maps any function y = y(t) € E+ () L? to a unique solution x = Hy €
E+ N\ W*2 of the equation Lz = y(t). The existence of the solution x = x(t)
follows from y € E+ and L(nwyi, nwoi) # 0 forn = 0,1,2,. .., the uniqueness
follows from z € E+. Operators H : EX(L? — E+ (W2 are continuous;
the norms of the operators H and the operators

dkz
HO = B (w1, 00) =

acting in the subspace E+ () L? of L? satisfy the estimates

| HI|z2—r2
| H®) || 2 p2

maxp=0,2,3,... |L(w1m', wzm')|_1,

max,—g2.3,.. W°|L(wini, woni)| !

(15) -

for all (wy,wy) €D, k=1,... ¢

Also, the map (wy,ws,y) — H(wy,ws)h of the product D x (E+ () L?)
to W* 12 is completely continuous and each operator H (w1, w) maps con-
tinuously £+ C to C*.

3.3. Equivalent system. We look for solutions of equation (13) of the
form v(t) = rsint + H(wy,ws)y(t) with y = y(t) € B+ () L?. For each r > 0
set

Zy = Z,(wi,wa)y = f(rsint + Hy,wi(rsint + Hy)', wy(rsint + Hy)',...).

Since the operators H = H(wy, ws) act from E+ () L? to W*2, the function
f is continuous, and the order of the highest derivative included in f is by
assumption less than ¢, it follows that each operator Z = Z,(wy,ws) acts
from E+(L? to C. Moreover, the map (wi,ws,y) — Z,.(wi,wsy)y from
D x (E+( L?) to C is completely continuous.
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For each r > 0 consider the system
(16)
2w 2w

mrRe L(w1i, wat) :/ Zy(t)sintdt, 7r3m L(wi,wyi) = [ Zy(t)costdt,
0 0

y(t)=QZy(t).

By construction, every its solution (wy,ws,y) € D x (E+ () L?) defines the
2m-periodic solution v(t) = rsint + H(wy,ws)y(t) € W52 of equation (13).
Due to Zy(t) € C, the last equation of (16) implies y € C and therefore
Hy € C* ie., v=0o(t) is a classical 27-periodic solution of (13).

3.4. Deformation. For each r > 0 consider in the space E = R? x
(E+ (N L?) a completely continuous deformation © = (@w, @y) with the com-
ponents

2w
Oy (w1, wa, y, ) =<§R€L(w1i,w2i) - i/ Zy(t)sint dt,
0

wr
2

Sm L(wyi, wai) — £ Zy(t) costdt) c R?
7r Jo

Oy (wi,we,y, &) =y —EQZy € E-N L7

where (wy,ws,y) € D x EX(L? C E and € € [0,1] is the parameter of the
deformation. By definition, for £ = 1 every zero (wy, we, y) of the vector field
O(wy,ws,y,1) is a solution of system (16).

Set

2

m J
— — 2j—2k_ 2k 2 ™q
=n(wy,w —E E ik )W wy", = -———"—- max n(w,w
n=n(wy, ws) jZOkZOM(J k,k) W1 2 ( q2q02) (wl’wz)epﬁ( 1, W2)

(here g < go by assumption) and define the set
D =D, = {(w,ws,y) € E: (w1, ws) €D, [lyllzz < (c+1)r}.

To prove the existence of at least one zero of the vector field ©(wy, ws,y, 1)
inside D), it is sufficient to show that the deformation ©(wy,ws,y, &) is non-
degenerate on the boundary 0D of D for all £ (i.e., O(wy,ws,y, &) # 0 for all
(w1, we,y) € ID, £ € [0,1]) and that for £ = 0 the rotation v(©°, OD) of the
vector field ©° = ©(wy, wy,y,0) on ID is non-zero.

3.5. Non-degeneracy of O(wy,ws,y,§). Everywhere in the following
|-l = || - [|z2- First, let us prove an a priori estimate for || Zy||. The main
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estimate (7) implies

mJ
i .
1Zyl° < @)Y ng-raywi’ w3t (mr? + [|HOy|?),

§=0 k=0
where H®© = H. From the definition of the operators HY U =H (3)(w1 ws),
it follows that

5 Qk N ) , m j i kkwl 2k: n2J
33 ks RO Py 305 Lo o)

j=0 k=0 §=0 k=0

(this estimate is close to (15)). By definition of the function (8), the double
sum in the right-hand part of this estimate equals U2 (nwy, nw,), therefore
(10) implies

>3 grawl [ HOY | < )P max 0wy ) < g5 ?llyl?

and consequently,
(17)

mo
1Zy> <7 > 0> pgrwwi’ P wsk + ai*yll1* = 7 n + a5 > 1yl
§=0 k=0
for all (w1, ws) € D, y € B+ L%
Now note that for every zero of the deformation © = ©O(wy, ws,y, &) the
equality

r? | L(wyi, wai)|* + [|y[|* = € 2y*

holds. Since 0 < € < 1 and |L(wi2, wqi)]* = n(wy, we)W?(wy,ws), from this
equality and the estimate (17) it follows that

mr?n(wr, wa) (U (w1, w2) — ¢%) + (1 = ¢%¢5 ) lylI* < 0
and due to r > 0, n = n(wy,ws) >0, go > q > 0,

|| ||2 7“] n(wlwa) 2
%

The first of these two estimates implies ||y|| < ¢r. The second estimate and
condition (9) imply (wq,ws) & I'. Since for every point of the boundary oD
of the domain ID at least one of the relations ||y|| = (c+1)r and (wy,wy) € T
holds, it follows that the deformation © has no zeros on 9D (i.e., © is non-
degenerate on 0D for all &).

U (wq,wsy) < q.
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3.6. Rotation of the vector field ©° = O(w;, w,,y,0). By definition,
the components of this vector field have the simple form

@?u = (%L(U}l’l, 'lUQ’i), S‘smL(wlz,wgz)) = <I>(w1, 'UJQ), @2 =Y.

Directly from the Rotation Product Formula (see [2] or any other book on the
degree theory) it follows that 7(@0, GID) = ~(®,T). This rotation is non-zero
by assumption, which completes the proof.
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