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Abstract We propose a unified approach to nonlinear
modal analysis in dissipative oscillatory systems. This
approach eliminates conflicting definitions, covers both
autonomous and time-dependent systems and provides
exact mathematical existence, uniqueness and robust-
ness results. In this setting, a nonlinear normal mode
(NNM) is a set filled with small-amplitude recurrent
motions: a fixed point, a periodic orbit or the closure
of a quasiperiodic orbit. In contrast, a spectral subman-
ifold (SSM) is an invariant manifold asymptotic to a
NNM, serving as the smoothest nonlinear continuation
of a spectral subspace of the linearized system along
the NNM. The existence and uniqueness of SSMs turns
out to depend on a spectral quotient computed from
the real part of the spectrum of the linearized system.
This quotient may well be large even for small dissipa-
tion; thus, the inclusion of damping is essential for firm
conclusions about NNMs, SSMs and the reduced-order
models they yield.
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1 Introduction

Decomposing nonlinear oscillations in analogy with
linear modal analysis has been an exciting perspec-
tive for several decades in multiple disciplines. In the
engineering mechanics literature, this approach was
initiated by Rosenberg [38], who defines a nonlinear
normal mode in a conservative system as a synchro-
nous periodic oscillation that reaches its maximum in
all modal coordinates at the same time. Shaw and Pierre
[39] offer an elegant alternative, envisioning nonlinear
normal modes as invariant manifolds that are locally
graphs over two-dimensional modal subspaces of the
linearized system. These definitions have subsequently
been relaxed and generalized to different settings, as
surveyed by the recent reviews of Avramov and Mikhlin
[3,4], Kerschen [25] and Renson et al. [37].

In conservative autonomous systems, a relation-
ship between the above two views on nonlinear nor-
mal modes is established by the subcenter-manifold
theorem of Lyapunov [17]. In its strongest version
due to Kelley [23], this theorem guarantees that
unique and analytic invariant manifolds tangent to two-
dimensional modal subspaces of the linearized system
at an elliptic fixed point persist in an analytic non-
linear system under appropriate nonresonance condi-
tions. These persisting manifolds are in turn filled with
periodic orbits. Roughly speaking, therefore, conser-
vative Shaw—Pierre-type normal modes are just sur-
faces composed of Rosenberg-type normal modes, if
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one relaxes Rosenberg’s synchrony requirement, as is
routinely done in the literature.

A similar relationship, however, is absent between
the two normal mode concepts for non-conservative
or non-autonomous systems. In such settings, periodic
orbits become rare and isolated in the phase space.
At the same time, either no or infinitely many invari-
ant manifolds tangent to eigenspaces may exist, most
often without containing any periodic orbit. Having
then identical terminology for two such vastly dif-
ferent concepts is clearly less than optimal. Further-
more, while both dissipative normal mode concepts
are inspired by nonlinear dynamical systems theory,
neither of the two has been placed on firm mathemati-
cal foundations comparable to other classic concepts in
nonlinear dynamics, such as stable, unstable and center
manifolds near equilibria (see, e.g., Guckenheimer and
Holmes [16] for a survey).

Indeed, as Neild et al. [30] observe, the envisioned
Shaw—Pierre-type invariant surfaces are already non-
unique in the linearized system, and there is no known
result guaranteeing their persistence as nonlinear nor-
mal modes in the full nonlinear system. These authors
propose normal form theory as a more expedient com-
putational tool to investigate near-equilibrium dynam-
ics for model reduction purposes. Truncated normal
forms, however, offer no a priori guarantee for the
actual existence of the structures they predict either.
Rather, the persistence of such structures needs to be
investigated on a case-by-case basis either numerically
or via mathematical analysis.

Cirilloetal. [10,11] also observe the non-uniqueness
of invariant manifolds tangent to eigenspaces in a two-
dimensional linear example. They point out that only
one of these manifolds is infinitely many times differen-
tiable and then state without further analysis that there
is a unique, analytic Pierre-Shaw-type invariant sur-
face tangent to any two-dimensional modal subspace
of a nonlinear system. While a proof of this claim is
yet to be provided, the authors also put forward a com-
putational technique for the construction of invariant
manifolds on larger domains of the phase space. Their
proposed approach is actually a special case of the clas-
sic parametrization method (see, e.g., Cabré et al. [9]
for a historical and technical survey), which forms the
basis of some of the rigorous invariant manifold results
we will use in the present paper.

The above concerns about an ambiguity in the def-
inition of Shaw—Pierre-type normal modes have been
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sporadic in the literature. One reason might be the gen-
eral expectation that if one manages to compute arbi-
trarily many terms in the Taylor-series approximation
of an envisioned invariant surface, then that surface
is bound to exist and be unique. While the success
of a low-order numerical or Taylor approximation to
an envisioned invariant manifold is certainly encour-
aging, by no means does it give any guarantee for the
existence of a unique manifold. This classic issue is
well documented for the divergence of Lindstedt series
for invariant tori in conservative systems (Arnold [2]).
For dissipative systems, an early example of a diver-
gent expansion for an invariant manifold was already
pointed out by Euler [13] (cf. Arnold [1]).

We recall Euler’s example here briefly in a slightly
altered form relevant to damped vibrations. Consider
the planar dynamical system

X = —xz,

j]:—y—'—x, (1)

whose right-hand side is analytic on the whole (x, y)
plane. A formal Taylor series for a center manifold tan-
gent to the x-axis at the origin is computable up to any
order, but diverges for any x # 0. Therefore, the for-
mal Taylor expansion of the center manifold does not
converge to any analytic invariant manifold (cf. Appen-
dix “Modified Euler example of a non-analytic but C*°
center manifold” for details). Accordingly, there is a
continuous family of non-unique, non-analytic center
manifolds with vastly different global shapes for x > 0
(cf. Fig. 1). None of these manifolds is distinguished
in any way. Approximating any one of them analyti-
cally or numerically, then reducing the full system to
this approximation leads to a highly arbitrary reduced
model outside a neighborhood of the fixed point.

The global phase space dynamics of higher-
dimensional systems cannot be visualized in such
a simple way as in Fig. 1. Accordingly, the non-
uniqueness of Shaw—Pierre-type invariant surfaces is
often overlooked or ignored in computational stud-
ies for multi-degree-of-freedom problems (see Renson
et al. [37] forarecentreview). Some of these approaches
solve a PDE for the invariant manifold with ill-posed
boundary conditions; others use the modal subspaces of
the linearization to set boundary conditions away from
the fixed point; yet others envision a uniquely defined
boundary condition that they determine by minimiz-
ing an ad hoc cost function (cf. Appendix “Uniqueness
issues for invariant manifolds obtained from numerical
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Fig. 1 Phase portrait of the dynamical system (1) showing
infinitely many C* invariant manifolds with vastly different
global behaviors. The formal computability of the common Tay-
lor expansion of these manifolds up to any order, therefore, does
not imply their uniqueness

solutions of PDEs” for details). In all cases, the com-
puted invariant manifold depends on the choice of basis
functions, or domain boundaries or cost functions used
in the process. The resulting ambiguities in the solu-
tions are small close to the equilibrium, but are vastly
amplified over larger domains where nonlinear normal
mode analysis is meant to surpass the results from lin-
earization (cf. Fig. 1).

Here we discuss a unified mathematical approach
to nonlinear normal modes in dissipative systems to
address these issues. First, we propose eliminating the
ambiguity in the terminology itself. Borrowing the
original concept of Rosenberg [38] from conserva-
tive systems, we call a near-equilibrium quasiperiodic
motion in a dissipative, nonlinear system a nonlin-
ear normal mode (NNM). Such NNMs are certainly
special, but the invariant surfaces envisioned in the
seminal work of Shaw and Pierre [39] are arguably
more influential for the overall system dynamics, and
can be viewed as invariant surfaces asymptoting to
eigenspaces along a NNM. To emphasize this distinc-
tion, we will refer to the smoothest member of an invari-
ant manifold family tangent to a modal subbundle along
an NNM as a spectral submanifold (SSM). Our precise
definitions of NNMs and SSMs (to be given in Defi-
nitions 1 and 2) are general enough to apply to both

autonomous and externally forced systems with finitely
many forcing frequencies.

With this terminology at hand, we employ classical
invariant manifold results of Fenichel [15] and more
recent invariant manifold results of Cabré et al. [8] and
Haro and de la Llave [18] to deduce existence, unique-
ness, regularity and robustness theorems for NNMs
and SSMs, respectively. The conditions of these the-
orems are computable solely from the spectrum of the
linearized system. Contrary to common expectation
in vibration theory, however, the mathematical condi-
tions for NNMs and SSMs are more affected by the
real part of the spectrum, rather than the imaginary
part (i.e., frequencies) of the oscillations. Therefore,
even weak damping should be carefully considered
and analyzed, rather than ignored, if one wishes to
construct robust SSMs for model reduction purposes.
We illustrate our results on simple, low-dimensional
examples and discuss the relevance of our findings for
model reduction. More detailed numerical examples of
higher-dimensional mechanical systems will be treated
elsewhere.

2 Setup
Our study is motivated by, but not restricted to,
n-degree-of- freedom mechanical systems of the form

MG+ (C+G)g+(K+B)g
=Fo(q,q) +€Fi(q,q,¢t, ..., Qt;€),

0<exkl, 2
Fog. @) =0 (1al*  lallal . 1dF) 3)
where ¢ = (q1,...,q9,) € U C R" is the vector

of generalized coordinates defined on an open set U;
M = MT e R"™" is the positive definite mass matrix;
C = CT e R™" is a positive semi-definite damp-
ing matrix; G = —GT e R™" is the gyroscopic
matrix; K = KT € R is a positive semidefinite
stiffness matrix; B = —BT e R"™ " is the coeffi-
cient matrix of follower forces; the vector Fy € R"
represents autonomous nonlinearities; and the vector
F; € R”" denotes external forcing with the frequency
vector @ = (Q, ..., %) € R* with k > 0. Note that
Fi(q,q,2t, ..., Qt)isnotnecessarily nonlinear and
hence can in principle be large even when |¢| and |¢| are
small. In the special case of k = 0, the external forcing
is autonomous, while in the case of k = 1, the external
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forcing is time-periodic. For k > 1, the external forc-
ing is quasiperiodic if at least two of the frequencies
2 are rationally incommensurate. We assume both Fg
and F| to be of class C” in their arguments, where
r is either a nonnegative integer, oo, or equal to a,
with C referring to analytic functions. In short, we
assume

r€N+U{oo,a}. 4

For ¢ = 0, system (2) has an equilibrium point
at ¢ = 0. Linear oscillations around this equilibrium
point are governed by the spectral properties of the lin-
earized system on the left-hand side of (2). Our main
interest here is the relevance of these linear oscilla-
tions for the dynamics of the full system (2). A strict
mathematical relationship between linear and nonlin-
ear oscillations can only be expected near the equilib-
rium (i..e, for small values of |¢| and |¢|) and for small
values of the forcing parameter €. We seek to establish,
however, the existence of nonlinear sets of solutions
near the equilibrium that continue to extend to larger
domains of the phase space and hence exert a more
global influence on the system dynamics.

After the change of variables x| = g, x = ¢, the
evolution of the vector x = (x1, x2) e Y = U x R"is
governed by the first-order differential equation

X = Ax + folx) + €f1(x, Qt; €),
fo) =0(x), 0<e<x1, (5)

with a constant matrix A € R¥>*N and with the class
C” functions fo: U — RN and fi: U x Tk — RV,
where TF = S! x ... x S is the k-dimensional torus.

Aslongas A, foand f are of the general form stated
above, their specific form will be unimportant for our
forthcoming discussion, as we state all results in terms
of the ODE (5). If, however, the ODE (5) arises from
the mechanical system (2), then we specifically have
N = 2n and

A 0 I
“"\-MYK+B) -M'C+6))

0
Jo(x) = (M_lFo(xl,xz)) ,

0
Silx, Q) = (M_lFl(xl,xz, Qltv-"’gkt)).
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3 Linear spectral geometry: eigenspaces, normal
modes, spectral subspaces and invariant
manifolds

3.1 Eigenvalues

The linear, unperturbed part of system (5) is

X = Ax. (6)
The matrix A has N eigenvalues 1; € C,j =
1, ..., N, with multiplicities counted. We order these

eigenvalues so that their real parts form a decreasing
sequence under increasing j :

Redy <Redy_| <--- < Rel;. (7

We denote the algebraic multiplicity of A ; (i.e., its mul-
tiplicity as a root of the characteristic equation of A) by
alg (1) and its geometric multiplicity (i.e., the num-
ber of independent eigenvectors corresponding to A ;)
by geo (A;). We recall that A is called semisimple if
alg (A;) = geo () holds for all A ;. This is always the
case if all eigenvalues are distinct or A is symmetric.
When A is not semisimple, then some of its eigenval-
ues satisfy alg (A;) > geo(A;), leading to nontrivial
blocks in the Jordan decomposition of A. A good ref-
erence for this and other forthcoming aspects of linear
dynamical systems is Hirsch et al. [21].

3.2 Eigenspaces

For each distinct eigenvalue Aj, there exists a real
eigenspace E; C RY spanned by the imaginary and
real parts of the corresponding eigenvectors and gener-
alized eigenvectors of A. Wehavedim E; = alg (A ;) in
case ImA; = 0, while we have dim E; = 2 x alg (4;)
in case ImA; # 0. In the latter case, E; = Ej
because A; = A j+1- That is, the real eigenspaces asso-
ciated with each of two complex conjugate eigenvalues
coincide with each other.

An eigenspace E; also represents an invariant sub-
space for the linearized system (6), filled with trajecto-
ries of this system corresponding to the eigenvalue A ;.
Specifically, we have

alg (4;)
E; =span{ R’ cos|[Im (;)1] Z a;’.‘to‘_l;
teR a=1
alg (1)
R4t sin [Im (1) 1] D~ b5e*! (8)
a=1
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for appropriate real vectors a%, b% € RN . In the generic
case, A is a simple real or simple complex eigenvalue,
in that case £ is one- or two-dimensional, respectively.

3.3 Linear normal modes

The classic definition of a linear normal mode refers
to a periodic solution of the linear system (6), aris-
ing from an eigenvalue A; with ReA; = 0 and
alg (A;) = geo(A;). In this case, normal modes fill
the full eigenspace of A}, i.e., we have

alg (1)

Ej = span{ a}cos [Im (%) t],...,aj cos [Im (1) t];
teR ’

b}sin[Im(Aj)t],...,b;lg()‘j)sin[lm(kj)t] }, ©))

with the vectors a‘]’.‘,b?‘ appearing in (8) and with
dim E; =2 x alg (). In case of a linear mechanical
system without symmetries, the eigenvalues 1; = iw;
generating normal modes are typically simple. In that
case, we have alg (A;) = geo(A;) =l anddim E; =
2. The normal mode family of period T; = 27 /w;
then spans the two-dimensional invariant plane £ in
the phase space of the linear system (6)

The fixed point x = 0 of the linear system (6) can
also be considered as a singular normal mode when
viewed as a periodic motion of arbitrary period. This
trivial normal mode, however, is isolated and does not
form a family spanning a nontrivial subspace. Yet, this
representation of the fixed point as a periodic orbit
becomes useful when we seek its continuation under
small forcing (¢ > 0) in the perturbed Eq. (5). The
fixed point will generally not survive, but a unique
periodic or quasiperiodic orbit mimicking the stabil-
ity of the fixed point will often exist, as we discuss
below.

3.4 Spectral subspaces

By linearity, a subspace spanned by any combination
of eigenspaces is also invariant under the dynamics of
the linear system (6). Specifically, a spectral subspace

with @ denoting the direct sum of vector spaces, is an
invariant subspace of system (6). The definition (10)
avoids double-counting the same real eigenspace cor-
responding to complex conjugate eigenvalues. Also, by
definition, any single eigenspace E; is also a spectral
subspace.

Classic examples of spectral subspaces include the
stable subspace E®, the unstable subspace E" and
the center subspace E€. In the presence of ny, n, and
n. eigenvalues with negative, positive and zero real
parts, respectively, these classic spectral subspaces are
defined as

ng
Esz[veRN : v:Zvi, v € Ej;,

i=1

i:l,...,ns},

ny
E“:[UGRN:vz E vi, v €Ej,
i=1

Rerj <0,

Rerj, > 0, i=1,...,nu],

ne
E€ = {UERN : v:Zvi, v € Ej;,

i=l1
Rekj, =0, i:l,...,nC]. (11)

Linearized oscillatory systems in mechanics often
have only decaying solutions due to the presence of
damping on an otherwise conservative system of oscil-
lators. In that case, ES = RY and E* = E¢ = @. If,
in addition, all eigenvalues A ; are distinct and com-
plex, then the minimal spectral subspaces are formed
by the two-dimensional eigenspaces E;. Again, any
direct sum of these two-dimensional eigenspaces is a
spectral subspace by the above definition.

3.5 Invariant manifolds in the linearized system

For simplicity, we assume here that the matrix A has
only distinct eigenvalues. We make this assumption
here only for ease of exposition and will drop it later in
our results for the full nonlinear system.

In its eigenbasis, A is then diagonal and the lin-
earized system (6) can be written in the complexified
form

@ Springer



1498

G. Haller, S. Ponsioen

y=Ay, A=diag(r,...,An), (12)

where y € CV is a complex vector, with its jth coordi-
nate y; denoting a coordinate along the (generally com-
plex) eigenvector e of A. Complexified equivalents of
all real eigenspaces Ej and spectral subspaces Ejy . j,
are again invariant subspaces for the linearized dynam-
ics (12). As invariant manifolds, not only are all these
subspaces infinitely many times differentiable but also
analytic. Indeed, their coordinate representations are
givenby the analytic graphs y; = fi(yj,, ..., y;,) =0,
for all I ¢ {j1...., jq}, Over any spectral subspace

There are, however, generally infinitely many other
invariant manifolds in the linearized system (12) that
are also graphsover £, Js and are tangent £, jg at
the origin. Indeed, as we show in Appendix “Unique-
ness and analyticity issues for invariant manifolds in
linear systems,” along any codimension-one surface
,,,,, Ja» intersected transversely by the linear
vector field (12) within Ej, | jg» WE can prescribe the
y; coordinates of an invariant manifold via arbitrary
smooth functions y;|r = fIO(F) with I & {j1,..., jg}
and obtain (under nonresonance conditions) a unique
manifold satisfying this boundary condition. For two-
dimensional systems, this arbitrariness in the boundary
conditions leads to a one-parameter family of invariant
surfaces (see. Fig. 2a). In the multi-dimensional case,
illustrated in Fig. 2b, there is a substantially higher
degree of non-uniqueness for invariant manifolds tan-
gent to individual spectral subspaces. Indeed, both the
choice of the codimension-one boundary surface I" and
the choice of the boundary values fIO(F) of the invari-
ant manifold are arbitrary, as long as I is transverse to
the linear vector field.

A subset of these infinitely many solutions is simple
to write down in the case of underdamped mechanical
vibrations whereby we have ImA ; # 0 for all eigenval-
ues. Passing to amplitude-phase variables (r;, ¢;) by
letting (y;, y;) = (yj, yj+1) = rjei‘”f, we can rewrite
system (12) in the simple amplitude-phase form
rj=-Rekjr, ¢;j=Imk;, j=1,...,n=N/2,
with n denoting the number of degrees of freedom in
the system (2). In this case, a family of invariant mani-
folds tangent to the spectral subspace Ej;,__ j, is given
explicitly by the equations

.....
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Rex;
Rel ;.

q .
. Y e— i Ji
Ty @j,) = E C; rio

i=1

r] Zfr,(rjl»‘/)jln-

Ji Im)»l
7rjq7 (p]q) = Dl + —(ley

b1 = fo(rj, @jis - T
J1
(13)

for all I ¢ {ji,...,j,}, with C/' € R and D]’ €
[0, 2r) denoting arbitrary constants. Under the non-
resonance conditions A; /A j; ¢ NT | if

Rer; <Rerj;; <0, i=1,...,q, lgé{jl,...,jq}

(14)

holds, then any nonzero solution (13) has only finitely
many continuous derivatives at the origin. The only
exceptions are the identically zero solutions for which
C/" = 0 holds for all j; and [ values, giving
S @, Tigs (qu) = (. These zero solutions
are, in fact the unique smoothest (C* and even C%)
member of the solution family (13), representing the
invariant spectral subspace Ej, Ja itself.

Condition (14), however, never holds in the case
of Ej .. i = EN_g+1,..,N, 1., when the invariant
manifold is sought as a graph over the spectral sub-
space of the g fastest decaying modes. In this case,
ReXj, < Rel; < 0 hold for all indices involved, and
the only differentiable member of the solution fam-
ily (13) at the origin is fi(yN—g+1,--.,yn) = 0.
This is unique differentiable invariant manifold over
EN_g+1,..,N, wWhich also happens to be analytic. The
uniqueness of Ex_,41,...,§ as asmooth invariant mani-
fold with the prescribed tangency property does not just
hold within the special solution family (13). Indeed,
the classic strong stable manifold theorem (see, e.g.,
Hirsch et al. [20]) applied to the linear system (12)
implies uniqueness for Ey_,1,... 5 among all invari-
antmanifolds tangentto Ey 4 1,..., v atthe origin. This
uniqueness of fast invariant manifolds is also illustrated
in Fig. 2a for the two-dimensional case and in Fig. 2b
for the multi-dimensional case.

In summary, under appropriate nonresonance assump-
tions on the eigenvalues, there are infinitely many
Shaw-Pierre-type invariant manifolds tangent to any
non-fast spectral subspace Ejj, ;. at the origin of the
linearized system (6). Clearly, one cannot expect such
manifolds to be unique in the nonlinear context stud-
ied by Shaw and Pierre [39] either. Thus, the common
assumption in the nonlinear normal modes literature,
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(a)

Fig. 2 a Non-uniqueness of invariant manifolds tangent to the
slower decaying spectral subspace of a planar, linear dynami-
cal system. Note the uniqueness of the invariant manifold tan-
gent to the faster-decaying spectral subspace. b Non-uniqueness
of invariant manifolds tangent to the direct product Ej, . 4 of
g slowest decaying spectral subspaces of a higher-dimensional,
linear dynamical system. Under appropriate nonresonance condi-

that invariant manifolds tangent to eigenspaces will
uniquely emerge from approximate operational proce-
dures, is generally unjustified.

Observe, however, that despite the non-uniqueness
of invariant manifolds tangent to a non-fast spectral
subspace E j, g A the origin of the linear system (12),
the flat boundary condition y; = fi(yj,,...,yj,) =0,
with [ ¢ { Jiseens jq}, yields the unique analytic
invariant manifold, Ej, Ja> provided that the non-
resonance conditions A,/A;, ¢ Nt hold (see Appen-
dix “Uniqueness and analyticity issues for invari-
ant manifolds in linear systems” for details). This
gives hope that perhaps there is a unique analytic
(or at least a unique smoothest) continuation of spec-
tral subspaces of the linearized system to locally
smoothest manifolds in the nonlinear system (5)
near the origin. As we show in later sections, this
expectation turns out to be justified under certain
conditions.

(b)

tions (cf. Appendix “Uniqueness and analyticity issues for invari-
ant manifolds in linear systems”), any codimension-one bound-
ary surface I transverse to the flow within £, yields aninvari-
ant manifold tangent to £, at the fixed point, for any choice
of the smooth functions y; = f2(I'), with I ¢ {ji..... jg}.
Again, note the uniqueness of the invariant manifold tangent to
the spectral subspace of the remaining faster-decaying modes

3.6 Spectral quotients

As we observed above, nontrivial solutions of the
form (13) have only a finite number of continuous
derivatives at the origin. Namely, if the graph is con-
structed over the spectral subspace Ej, _j,, then only
Int [Rek;/Rek j, | continuous derivatives exist for the r;
coordinate function, with Int [ -] denoting the integer
part of a real number.

The smoothest non-flat invariant graphs in the family
(13), therefore, satisfy

Reiy
: Rel ;
ry = CIJ"rjI ", L=arg max [Reir],

1¢{jls~~~s]q}

’

I =arg min |Rel;
gie{l,..‘,q}| Ji

rn=0, [#L,

with their degree of smoothness at the origin equal
to Int[Rez /Rekj,|. This is the maximal degree of
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smoothness that any non-flat member of the solution
family (13) can attain. The only smoother invariant
graphover Ej, __ j, in the graph family (13) is the sub-
space Ej, . g itself.

This maximal smoothness of the invariant graphs
(13) is purely determined by the ratio of the fastest
decay exponent outside Ej,, _j, to the slowest decay
exponent within Ej, _j . For later purposes, we now
give a formal definition of the integer part of this ratio
for any spectral subspace E of the operator A. We also
define another version of the same quotient, with the
numerator replaced by the fastest decay exponent in the
whole spectrum of A. Our notation for the full spec-
trum of A is Spect(A), whereas we denote the spec-
trum of the restriction of A to its spectral subspace E
by Spect(A|E).

Definition 1 For any spectral subspace of the linear
operator A, we define the relative spectral quotient
o (E) and the absolute spectral quotient X (E) as

min - Rel
a(E):Int[ LA S } (15)
max;espect(A|z) ReA
min ReA
Z(E):Int|: AESpect(d) ] (16)
maxj eSpect(A|g) Rei

These spectral quotients will play a major role in later
sections when we discuss the existence and uniqueness
of nonlinear continuations of invariant manifolds of the
linearized system.

4 Nonlinear spectral geometry: nonlinear normal
modes and spectral submanifolds

The fundamental assumption of nonlinear modal analy-
sis is that appropriate generalizations of invariant man-
ifolds of the linearized system persist under the full
system (5) (see, e.g., Vakakis [44], Kerschen et al. [24],
Peeters et al. [33], and Avramov and Mikhlin [3,4] for
reviews).

The classic definition of Rosenberg [38] for
autonomous, conservative systems states that nonlin-
ear normal modes are synchronous periodic orbits, i.e.,
periodic motions that reach their extrema along all
modal coordinate directions at the same time. A useful
relaxation of this concept allows for general (not nec-
essarily synchronous) periodic orbits in autonomous
systems (see, e.g., Peeters et al. [33]).

Here we relax Rosenberg’s definition even further
for general dissipative systems, allowing a nonlinear
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normal mode to be a recurrent motion with a discrete
Fourier spectrum of f frequencies.! If f > 1 and the
frequencies of the motion are rationally independent,
then the motion is quasi-periodic and forms a non-
compact set in the phase space. To this end, we use
the closure of such a trajectory in our normal mode
definition (with the closure including the trajectory as
well as all its limit points). Specifically, the closure of
a periodic orbit is just the periodic orbit itself, while
the closure of a quasiperiodic orbit contains further
points outside the trajectory, forming an invariant torus
densely filled by the trajectory.

Definition 2 A nonlinear normal mode (NNM) is the
closure of a multi-frequency solution

o0
x(t) = Z e e N, Qe R/,

lm|=1

of the nonlinear system (5). Here f € N is the num-
ber of frequencies; the vector m is a multi-index of
f nonnegative integers; and x,, € C" are the com-
plex Fourier amplitudes of the real solution x(¢) with
respect to the frequencies in the frequency vector 2 =
(Ql, e, Qf). Special cases of NNMs include (see
Fig. 3):

(1) trivial NNM (f = 0): a fixed point

(2) periodic NNM (either f = 1,or f > 1 and the ele-
ments of 2 are rationally commensurate): a peri-
odic orbit

(3) quasiperiodic NNM (f > 1 and the elements of 2
are rationally incommensurate): an f-dimensional
invariant torus

A further expectation in the nonlinear vibrations
literature—put forward first by Shaw and Pierre [39]
in its simplest form, then extended by Pescheck et al.
[31], Shaw et al. [41], Jiang et al. [22]—is that an arbi-
trary spectral subspace Ej,  j of the x = 0 fixed
point will also persist under the addition of nonlinear
and time-dependent terms in system (11). This would
lead to anonlinear continuation of the spectral subspace
Ej .. Ja into an invariant manifold W, Ja (N) along
N . While Shaw and Pierre [39] call such a lequ N
anonlinear normal mode, the dynamicsin W, ___ ;. (N)
will not inherit the forward- and backward-bounded,

! Recurrent motions are typical in conservative systems with
compact energy surfaces. Thus, recurrence by itself can only
distinguish nonlinear normal modes in dissipative systems.
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Fig. 3 Schematics of the
three main types of NNMs
(trivial, periodic and
quasiperiodic) and their
corresponding SSMs E.
(autonomous, periodic and o
quasiperiodic). In all cases,

the NNM are, or are born *
out of, perturbations of a

fixed point. The SSMs are
always tangent to a
subbundle along the NNM
whose fibers are closetoa T "TTT--
specific spectral subspace NNM
Ej,...j, of the linearized

Trivial NNM
(fixed point)
and its SSM

recurrent nature of linear normal modes even in the
simplest dissipative examples. To make this distinc-
tion from classic normal modes clear, we refer here to
Wit () as a spectral submanifold.

Definition 3 A spectral submanifold (SSM) of a NNM,
N, is an invariant manifold W () of system (5) such
that

(i) W(N) is a subbundle of the normal bundle NA

of NV, satisfying dim W(N) = dim E + dim N
for some spectral subspace E of the operator A.

(ii) The fibers of the bundle W (N) perturb smoothly
from the spectral subspace E of the linearized
system (6) under the addition of the nonlinear and
O(e) terms in system (5).

(iii) W(N) has strictly more continuous derivatives
along A than any other invariant manifold satis-
fying (i) and (ii).

More specifically, in the case of zero external forcing
(e = 0), an SSM is the smoothest invariant manifold
W (0) out of all invariant manifolds that are tangent to
a spectral submanifold £ at x = 0 and have the same
dimension as E. In the case of nonzero external forcing
(e # 0), an SSM is the smoothest invariant manifold
W (N) out of all invariant manifolds that are O(¢) C!-
close to the set AV x E along N and have the same
dimension as N x E does.

To be clear, there is no a priori guarantee that a
unique smoothest member in a family of surfaces satis-
fying (i) and (ii) of Definition 3 actually exists. Indeed,
no smooth surface might exist, or those that exist may

R T .

ffm

NNM

Quasiperiodic NNM
(invariant torus)
and its SSM

Periodic NNM
(periodic orbit)
and its SSM

be equally smooth. We will need to derive conditions
under which SSMs are unique and hence well defined
in the sense of Definition 3.

Special cases of SSMs include (see Fig. 3):

(1) autonomous SSM (f = 0): nonlinear continua-
tions of spectral submanifolds discussed for linear
systems in Sect. 3.5.

(2) periodic SSM (either f = 1, or f > 1 and
the elements of €2 are rationally commensurate):
a three-dimensional invariant manifold tangent to
a spectral subbundle along a hyperbolic periodic
orbit

(3) quasiperiodic SSM (f > 1 and the elements
of Q are rationally incommensurate): an invariant
manifold tangent to a spectral subbundle of a hyper-
bolic invariant torus.

Classic examples of autonomous SSMs include the
stable manifold W*(N') and the unstable manifold
WH*(N) of a fixed point N (i.e., of a trivial NNM).
Classic examples of non-autonomous SSMs include
the stable manifold W¥(N') and the unstable mani-
fold W“(N) of a periodic or quasiperiodic orbit A
The SSMs of interest here are submanifolds of W*(N)
that perturb smoothly from spectral subspaces within
N x ES. The construction of these surfaces has been
the main question in the nonlinear modal analysis of
autonomous and non-autonomous systems, to be dis-
cussed in detail in our Theorems 3 and 4 below.

There is a clear geometric distinction between our
NNM definition (a generalization of the normal mode
concept of Rosenberg) and our SSM definition (a
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generalization of the normal mode concept of Shaw
and Pierre, with the highest smoothness requirement
added). Both concepts are helpful, but refer to highly
different dynamical structures in dissipative dynamical
systems.

5 Existence and uniqueness of NNMs

As mentioned before, the survival of the trivial NNMs
in the form of a nearby perturbed solution in system
(5) is broadly expected in the nonlinear normal modes
literature. These perturbed NNMs are routinely sought
via formal asymptotic expansions with various a pri-
ori postulated time scales (see, e.g., Nayfeh [29] for
a survey of such intuitive methods). There is generally
limited concern for the validity of these formal approx-
imations (see Verhulst [45] for a discussion). Formal
computability of the first few terms of the assumed
asymptotic expansion for NNMs, however, does not
imply that the targeted structure actually exists, as we
discussed in the Introduction.

Here, we would like to fill this conceptual gap by
clarifying the existence and uniqueness of NNMs using
classical invariant manifold theory. The same theory
also allows us to conclude the existence of a special
SSM, the stable manifold of the NNM. Here we only
consider damped mechanical vibrations for which
Rer; <0, j=1,...,N 17
holds in the linearized system(6). This assumption
ensures that we are in the dissipative setting in which
our NNM and SSM definitions are meaningful.

5.1 Trivial NNM under autonomous external forcing
(k =0)

For time-independent external forcing, (5) remains
autonomous even under the inclusion of the remaining
O(e) forcing terms. Because these autonomous forc-
ing terms are not assumed to vanish at x = 0, the full
system will generally no longer have a fixed point at
x = 0. The following theorem nevertheless guarantees
the existence of a nearby trivial NNM with spectral
properties mimicking that of the origin.

Theorem 1 (Existence, uniqueness and persistence of
autonomous NNMSs) Assume that the external forcing
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is autonomous (k = 0) in (5). Assume further that (17)
holds for the eigenvalues of the matrix A.

Then, for € # 0 small enough, there exists a unique,
trivial NNM, x. = t(¢€), with t(0) = 0, in system (5).
This NNM attracts all nearby trajectories and depends
oneinaC" fashion.

Proof Since no zero eigenvalues are allowed for the
linearized system, a unique, smoothly persisting fixed
point (trivial NNM) will exist for small enough € by the
implicit function theorem. This persisting fixed point
will be asymptotically stable by the classic stable man-
ifold theorem applied to system (5), as described, e.g.,
in Guckenheimer and Holmes [16]. O

5.2 Periodic and quasiperiodic NNM under
non-autonomous external forcing (k > 1)

The existence of a small-amplitude periodic solution
under purely periodic forcing in system (5) is also rou-
tinely assumed in the nonlinear vibrations literature.
These solutions are then sought via numerical contin-
uation or finite Fourier expansions. Conditions guar-
anteeing the success of these formal procedures are
generally omitted.

Next we deduce general mathematical conditions
for system (5) under which the existence, uniqueness
and even the stability type of a nontrivial NNM follow
under general quasiperiodic forcing, including the case
of periodic forcing (k = 1).

Theorem 2 (Existence, uniqueness and persistence of
non-autonomous NNMs) Assume that the external forc-
ing f1 is quasi-periodic with k > 1 frequencies, and
the eigenvalues of the matrix A satisfy (17).

Then, for € # 0 small enough, there exists a unique
NNM, xc(t) = €t (Qt, ..., Qt; €) in the system (5),
where the function t is 27 -periodic in each of its first k
arguments. This NNM attracts all nearby trajectories
and depends on € in a C" fashion.

Proof For r € NT | the theorem can be proven using
classic invariant manifold results, as detailed in Appen-
dix “Existence, uniqueness and persistence of non-
autonomous NNMs.” Proving case for r € {0, oo, a}
requires use of the existence results of Haro and de la
Llave [18] for invariant tori which are directly applica-
ble here. O
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Theorem 2 gives a mathematical foundation to various
formal expansion techniques (two-timing, harmonic
balance, etc) and numerical continuation techniques
used in the nonlinear vibrations literature. The exis-
tence of the NNMs and their domain of attraction are
independent of any possible resonances between the
forcing frequencies 2; and the imaginary parts of the
eigenvalues of A. The nature of the NNM (periodic or
quasiperiodic) will depend on the actual value of € and
will be captured by general multi-mode Fourier expan-
sions, as we describe in Sect. 8.1.

Of relevance here is the recent work of Kuether et al.
[26], who call a periodic NNM (as defined in Defi-
nition 2) nonlinear forced response, to distinguish it
from nonlinear normal modes (defined as not neces-
sarily synchronous periodic orbits of the unforced and
undamped nonlinear system). Kuether et al. [26] inves-
tigate connections between NNM and forced responses
via intuitive techniques. A firm connection between the
quasiperiodic or periodic NNM and the x = 0 equilib-
rium is offered by Theorem 2 for small |e| values. For
large values of |€|, such a connection no longer exists,
as the local phase space structure near the former equi-
librium is drastically altered by large perturbations.

6 Spectral submanifolds in autonomous systems
(k=0)

In this section, we discuss spectral submanifolds in the
sense of Definition 3, i.e., smoothest nonlinear con-
tinuations of spectral subspaces Ej;  j in the non-
linear system (5). We assume here that k = 0 holds,
in which case, after a possible shift of coordinates, all
autonomous terms contained in the function f; on the
right-hand side of system (5) can be subsumed either
into the linear term Ax or the autonomous nonlinear
term fp(x). Thus, without any loss of generality, we
can write the k = 0 case of system (5) in the form

= Ax + fo(x), fox)=00x1®), foecC,
(18)

where r is selected as in (4).

6.1 Main result

The idea of seeking two-dimensional spectral submani-
folds in system (18) is originally due to Shaw and Pierre

[39]. They called such spectral submanifolds nonlinear
normal modes, even though these surfaces generally
do not contain periodic or even recurrent motions in
the presence of damping. Shaw and Pierre [40] later
extended their original idea to infinite-dimensional evo-
lutionary equations arising in continuum oscillations.
Furthermore, Pescheck et al. [31] extended the origi-
nal Shaw—Pierre concept to the nonlinear continuation
of an arbitrary, finite-dimensional spectral subspace.
More recent reviews of the approach and its applica-
tions are given by Kerschen et al. [24] and Avramov
and Mikhlin [3,4].

We restrict here the discussion to the case of a
stable underlying NNM, the context in which the
Shaw—Pierre invariant manifold concept was origi-
nally proposed. We thus assume throughout this section
that

Rer; <0, j=1,...,N, (19)

implying that the origin is an asymptotically stable
fixed point. By reversing the direction of time, we
obtain similar results for unstable NNMs (repelling
fixed points) withReA; >0, j=1,..., N.

To describe appropriate nonresonance conditions for
a spectral subspace E, we will use linear combina-
tions of eigenvalues associated with a spectral subspace
E with nonnegative integers m;. Specifically, for a g-
dimensional spectral subspace E, we denote such linear
combinations as

(m,A)E:=m1Aj1+...+mqqu,
Aj, € Spect(Alg), meN!, ¢g=dimE.

We define the order of the nonnegative integer vector
m as

Im| :=my+ ... +my.

Theorem 3 (Existence, uniqueness and persistence
of autonomous SSM) Consider a spectral subspace
E and assume that the low-order nonresonance
conditions

{m, Mg # M, M &Spect(Alg), 2 <|m|<o(E)
(20)

hold for all eigenvalues of A; of A that lie outside the
spectrum of A|Eg.
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Then the following statements hold:

(i) There exists a class C" SSM, W (0), tangent to the
spectral subspace E at the trivial NNM, x = 0.
Furthermore, dim W(0) = dim E.

(ii) W(0) is unique among all C° E)*V invariant man-
ifolds with the properties listed in (i).

(iii) If fo is jointly C" in x and an additional para-
meter vector i, then the SSM W (0) is jointly C"
in x and . In particular, if fo(x, ) is C* or
analytic, then W (0) persists under small pertur-
bations in the parameter | and will depend on
these perturbations in a C* or analytic fashion,
respectively.

Proof We deduce the results from a more general
theorem of Cabré et al. [8] in Appendix “Proof of
Theorem 3.” O

In short, Theorem 3 states that a unique smoothest
Shaw-Pierre-type invariant surface, i.e., an SSM in the
sense of Definition 3, exists and persists, as long as no
low-order resonances arise between the master modes
and the enslaved modes. The order of these nonreso-
nance conditions varies from one type of SSM to the
other, as we discuss next.

6.2 Application to specific spectral subspaces

We now spell out the meaning of Theorem 3 for dif-
ferent choices of the spectral subspace E. We specif-
ically consider spectral subspaces Ej,, . j,, where the
selected g eigenvalues A.j,, ..., A j, are ordered so that
their real parts form a nondecreasing sequence:

Rerj <---=Rerj, < 0. 21

We order the real parts of the remaining N — ¢ eigen-
values as

ReA <---<Reij, <0. (22)

jz1+l

Here Rekj,,, may be larger or smaller than the real
parts of any of the eigenvalues listed in (21).
We distinguish three types of SSMs in our discussion

(cf. Fig. 4).

e A fast spectral submanifold (fast SSM),
Wn_g+1,..,n(0), is an SSM in the sense of Defin-
ition 3, with Ey_441,.... v chosen as the subspace
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of the g strongest decaying modes of the linearized
system. Here ¢ < N, with ¢ = N marking the spe-
cial case of a fast spectral submanifold that coin-
cides with the domain of attraction of the fixed point
atx = 0.

e An intermediate spectral submanifold (intermedi-
ate SSM), W, .. Ja (0), is an SSM in the sense of
Definition 3, serving as the nonlinear continuation
of

@ Ej, (23)

for a general choice of the ¢ < N eigenspaces
Ejl""’E./q'

o Aslow spectral submanifold (slow SSM), W1 .. 4(0),
is an SSM in the sense of Definition 3, with the
underlying spectral subspace Ej,... , chosen as the
subspace of the ¢ < N slowest decaying modes of

the linearized system.

In Fig. 4, we illustrate parts of the spectrum of A that
generate fast, intermediate and slow spectral subspaces,
whose smoothest nonlinear continuations are the fast,
intermediate and slow SSMs.

Tablel summarizes relevant relative spectral quo-
tients and nonresonance conditions, as obtained from
a direct application of Theorem 3 to fast, intermediate
and slow spectral subspaces.

For fast SSMs, Table 1 requires no nonresonance
condition, giving just a sharpened version of a classic
result in dynamical systems, the strong stable manifold
theorem (see, e.g., Hirsch et al. [20]). If the nonlin-
ear function fj is analytic (class C%) in a neighbor-
hood of the origin, then so is the unique fast SSM,
Wy —g+1,...~(0). In that case, seeking the unique fast
SSM as a Taylor-expanded graph over the fast stable
subspace En—g4+1,..,n leads to a convergent Taylor
series for Wy _441,..,.n(0). By statement (iii) of The-
orem 3, the same holds for Taylor expansions with
respect to any parameter © on which the system may
depend analytically.

That said, the relevance of fast SSMs for model
reduction is generally limited. These manifolds contain
atypical trajectories that reach the origin in the shortest
possible time, practically unaffected by the remaining
slower modes. Special cases of relevance may arise, for
instance, if one wishes to control general motions that
exhibit the fastest possible decay to the equilibrium.
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Fig. 4 Fast, intermediate
and slow spectral subspaces
identified from the spectrum
of A. The smoothest
nonlinear continuations of
these along an NNM are
fast, intermediate and slow
SSMs of the NNM

Intermediate spectral subspace

E

Jiwes)
! +ImA

E

N—-g+l,.,N

Fast spectral subspace

L...q

Slow spectral subspace

Table 1 Conditions for different types of SSMs obtained from Theorem 3, with parameters a, b € N? and/ € N

Fast SSM Intermediate SSM Slow SSM
E EN—g+1...N Ej,. i Ei. .4
o(E) 0 Int [Re;, ., /Rek;, | Int [ReAy /Reiq]
Nonresonance - Z;’:] (Lli)\,j[ + b,-ij,.) # A Z;’:] (aiki +biii) %+ M
lal + 16| € 2,0 (E)], 1 € [jg+1,Jn] lal +1bl € [2,0(E)], [ €lg+1,N]
W(0) WN—g+1,...5(0) Wii....j; (0) Wi....q(0)

The two-dimensional invariant manifolds originally
envisioned by Shaw and Pierre [39] generally fall in the
category of intermediate SSMs, with g = 1,Im A, #
0, and dim E;, = 2. In the later work by Peschek
et al. [31], invariant surfaces defined over an arbitrary
g > 1 number of internally resonant modes are envi-
sioned, although the resonance among these modes
is not exploited in the construction. By Table 1, all
these intermediate SSMs exist in a rigorous mathe-
matical sense, as long as the spectral subspaces over
which they are constructed exhibit no low-order res-
onances with the remaining modes (resonances within
those spectral subspaces are allowed). A low-order res-
onance is one whose order |a| + |b| does not exceed
o(E) = Int[Rekj,, /Rekj, |. Any such intermediate
SSM is of class C”, but is already unique in the class
of C?E*1 invariant surfaces tangentto £, Ja- This
means that a Taylor expansion of order o (E) + 1 or
higher is only valid for a unique intermediate SSM.

Slow SSMs exist by Theorem 3 under the condi-
tions detailed in the last column of Table 1. Again, no
low-order resonances are allowed between the g slow-
est decaying modes in E1 ., and the remaining faster
modes outside E7,.. 4. The order of the resonance is
low if it does not exceed the relative spectral quotient
o (E) = Int [ReAy /ReA]. Interestingly, this nonreso-
nance order has no dependence on the number g of slow
modes considered. As intermediate SSMs, slow SSMs
are unique among class C”®)*! invariant manifolds
tangent to £, at the trivial normal mode x = 0. For
model reduction purposes, slow SSMs offer the most
promising option, as we discuss in Sect. 8.

Shaw and Pierre [39,40], Elmegard [12], and Ren-
son et al. [37] allude to the theory of normally hyper-
bolic invariant manifolds by Fenichel [15] as justifica-
tion for the numerical computation of general SSMs.
Another hint in the literature at a rigorous existence
result for two-dimensional autonomous SSMs in ana-
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lytic systems is given by Cirillo et al. [11], who invoke
a classic analytic linearization theorem by Poincaré
[34]. A closer inspection of these results reveals, how-
ever, that the applicability of the theorems of Fenichel
and Poincaré is substantially limited in practical set-
tings (see Appendices “Comparison with applicable
results for normally hyperbolic invariant manifolds”
and “Comparison with results deducible from analytic
linearization theorems” for details).

Example 1 (Application of Theorem 3) Consider the
planar system

X = —x,

V= —V24y 4+ x? + 37 x4 2, (24)

which s analytic on the whole plane, i.e., wehaver = a
in the notation of Theorem 1. The eigenvalues of the

linearized system at the origin are A, = —+/24 and
A1 = —1, giving N = 2 and ¢ = 1 for the construction

of a slow SSM Wj(0) over the slow subspace E| =
{(x,y) : y =0}. The required order of nonresonance
from Table 1 is, therefore,

o (E) = Int [ReAy /Rei;] = Int [¢24] =4,
up to which the nonresonance condition
al'(_l)#_V249 a1=23374

is satisfied. Then Theorem 3 guarantees the existence of
an analytic (class C) slow SSM, W;(0), that is unique
among all class C invariant manifolds tangent to the
x-axis at the origin. We seek this slow SSM in the form

y =h(x) = ax> + azx® + asx* +asx> + -+, (25)

the minimal Taylor expansion that only exists for the
analytic SSM but not for the other invariant manifolds.
Differentiation of (25) in time gives

y = [2a2x + 3a3x? + dasx> + Sasx* + (’)(xs)]

% = —2apx? — 3azx> — dasx* — 5asx° + O(xé),
(26)

while substitution of (25) into the second equation in
(24) gives

)3 = (l — \/ﬁaz)xz + (1 - x/ﬁag)f + (1 - \/ﬁm) x4
+ (1 - «/2?@) 0+ 0. 27
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Equating (26) and (27) gives

1 1 1
a) = —(—, a3 = = as = —(—,
V24 -2 V24 -3 V24— 4
1
as=———, a; =0, j>6. (28)
V2a—5 /

We also observe that the ODE (24) is explicitly solv-
able: A direct integration gives x(¢) which, upon sub-
stitution into the y equation, yields an inhomogeneous
linear ODE for y(7). Combining the expressions for
x(t) and y(z) enables us to eliminate the time variable
t, giving the equation of trajectories in the form

V(x; X0, y0) = K (x0, yo)x ¥4 + %
X3 x4 XS
s 4 Vs
K (x0, yo) = )3;—4 - 5(1—4@2 - j;ji
0
xg_m xg_m
V2d -4 V24 -5

with (xg, yo) denoting an arbitrary initial condition on
the trajectory. This shows that the graph y(-; xo, yo)
of the slow SSM is generally only of class C*, as
the term K (xg, yo)x‘/ﬂ admits only four continuous
derivatives at the origin. The only exception is the case
K (x0, y0) = 0, forwhich y(-; x¢, yo) becomes a quin-
tic polynomial in x and hence analytic over the whole
plane. But K (xo, yo) = 0 holds only along the points

3 4 5

)Cg + XO + XO + XO
0 — 5
W= a3 Ji—4 J@—s
(29)

which lie precisely on the SSM, W;(0), whose Taylor
expansion we computed in (28). This example, there-
fore, illustrates the sharpness of the results of Theorem
3: The analytic slow SSM, W;(0), is indeed unique
among all five times continuously differentiable invari-
ant manifolds tangent to the x-axis at the origin. We
plot in red the unique analytic SSM for this example in
Fig. 5a.

Example 2 (Optimality of Theorem 3) Consider the
planar dynamical system

X = —x,
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Unique analytic slow SSM

T T

15}

0.5

-15¢

2L

T

No twice differentiable
invariant manifold

T T T T T

15¢ 1

Fig. 5 a Phase portrait of system (24), with the unique ana-
lytic SSM guaranteed by Theorem 3 computed explicitly (red).
b Phase portrait of system (30). ¢ Phase portrait of system (34).

y=—2y+x%, (30)
with its phase portrait shown in Fig. 5b. The system
is analytic over the whole plane and has a stable node-
type fixed point at the origin with eigenvalues A, = —2

0 05 1 1.5
X
(a)
Infinitely many analytic
invariant manifolds
2| \
1.5 1
1, 4
0.5
> 0r 1
-0.5f
a4t ]
151 1
-2,
2 145 -1 05 0 05 1 15 2
X
(c)

For all three plots: Trajectories are shown in blue and the vector
field is indicated with gray arrows. (Color figure online)

and A —1. This system, therefore, falls into the
slow SSM case of Table 1 with o (E) = 2. The corre-
sponding nonresonance condition is, however, violated
because
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ar-(—1)=-2, a; =2.

Theorem 3, therefore, fails to apply, and hence, we have
no a priori mathematical guarantee for the existence or
uniqueness of an at least C> slow SSM. To see if such
a manifold nevertheless exists, we again seek a slow
SSM in the form

y=hx)=ax®+ax> 4., 31)

a graph with quadratic tangency to E; at the origin.
Differentiation of this graph in time gives

§ = [2a2x 4 (9(x2)] =2t +0xY,  (32)

while substitution of the graph into the second equation
in (30) gives

v = (=2a+ 1) x> + O@x). (33)

Equating (32) and (33) gives no solution for a», and
hence, no C2 invariant manifold tangent to £ exists in
this example. There are infinitely many invariant man-
ifolds tangent to the spectral subspace E1, but none of
them is smoother than the other one: They all just have
one continuous derivative at the origin. As a conse-
quence, no SSM exists by Definition 3. Next, consider
the slightly different dynamical system

X = —x,
y=—2y+x, (34)

with its phase portrait shown in Fig. 5c, which violates
the same nonresonance condition as (30). This time,
we find infinitely many analytic invariant manifolds
tangent to the spectral subspace E1. Indeed, any mem-
ber of the analytic manifold family y(x) = Cx? — x3,
with the parameter C € R, is invariant and tangent to
the spectral subspace E; of (34) at the origin. Thus,
the violation of the nonresonance condition in the slow
case of Table 1 may either lead to the nonexistence
of a single C? invariant manifold, or to a high degree
of non-uniqueness of smooth (even analytic) invariant
manifolds.

Example 3 (Illustration of Theorem 3 on a mechan-
ical example) We reconsider here the damped non-
linear mechanical system studied by Shaw and Pierre
[39]. As shown in Fig. 6, this two-degree-of-freedom
mechanical system consists of two masses connected
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q, q,
k,y _,\/k\/\ k
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i

Fig. 6 The two-degree-of-freedom mechanical model consid-
ered by Shaw and Pierre [39]

via springs to each other and to their environment. Two
of the springs are linearly elastic and linearly damped,
while the remaining spring is still elastic but has a cubic
nonlinearity as well. The displacements g; and g2, as
well as the damping coefficient ¢, the spring constant
k and the coefficient y of the cubic nonlinearity, are all
non-dimensionalized.

The equations of motion for this system are of the
general form (2) withn = N/2 =2 and ¢ = (q1, ¢2),
and with the quantities

m 0 c —c
M_(O m)’ C_(—c 2c)’

2%k —k 0 0
KZ(—k 2k)’ GZB:(O 0)’

) —yq? 0
FM%q)=( g%), 6ﬂ==(0).

In the variables x| = g1, x2 = q1, %3 = q2, X4 = q2,
the first-order form (5) of the system has

0 1 0 0 0
2k c k c 3
—| " m Tm m m | ~rn
a=|Tg Ty ml pw=| T
k c 2 2¢ 0
m m m m
0
0
efi=|,
0

Shaw and Pierre [39] fixed the parameter values

c=03, k=1, m=1, y =05, (35)

and reported for this parameter setting the eigenvalues

A1 = —0.0741 £ 1.0027i Ap = —0.3759 £ 1.6812i.
(36)

This implies the existence of two two-dimensional real
invariant subspaces, E1 and E», for the linearized sys-
tem.
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Shaw and Pierre calculated a formal cubic-order
Taylor expansion for SSMs tangent to these subspaces
at the origin. Since the function fy(x) is analytic on
the whole phase space, Theorem 3 guarantees the exis-
tence of an analytic fast SSM, W>(0). Furthermore,
since o (Ez) = 0 holds by Table 1, W>(0) is unique
among all C! invariant manifolds tangent to the fast
spectral subspace E; at the fixed point x = 0. Theo-
rem 3 also guarantees the existence of a unique analytic
slow SSM, W1(0), as long as no resonance conditions
(listed in the last column of Table 1) up to order

Re i
a(El):Int|: © 2}:5
Re A

hold. These nonresonance conditions take the specific
form

—0.0741 (a1 + by) + 1.0027 (aj — by) i
£ —0.3759 £ 1.6812i, |ai| +|b1| = 2,3,4,5,

which are all satisfied, as seen by inspection.

We conclude that the analytic slow SSM W;(0)
exists and is unique among all C® invariant manifolds
tangent to the slow spectral subspace E at the fixed
point x = 0. Therefore, the cubic-order Taylor expan-
sion of Shaw and Pierre [39] more than captures the
fast SSM W, (0) uniquely, but fails to capture the slow
SSM uniquely. Indeed, the latter cubic expansion holds
for infinitely many C? invariant manifolds tangent to
the origin along the slow spectral subspace. A 6th-order
Taylor expansion would hold only for the unique ana-
lytic slow SSM, for which the expansion can be contin-
ued up to any order, giving a convergent power series
in a neighborhood of the origin. The required order
of expansion remains the 6th for general underdamped
parameter values, but increases sharply with increasing
overdamping (see Fig. 7).

We now carry out the computation of the slow SSM
in detail for the parameter values (35). Applying a linear
change of coordinates, we split the state vector x € R4
as

x=(y,z) € E1 X Ey, 37

which results in the transformed equations of motion

. ~0.0741 1.0027
y=Ayy+ foy(y.2) = (—1.0027 —0.0741) Y

10148
+ (—0.2162) Py 2), (38)

Fig. 7 Dependence of the uniqueness class of the slow SSM in
Example 3 on the parameters k/m and c¢/m

_ ~0.3759 1.6812
7= AZZ + fOz(y, 7) = (—16812 —03759) ¢

0.8046 \
—0.1685 ) P*> %)

p(y,z) = —0.5(—0.0374 y; — 0.5055 y, — 0.1526 z;
—0.305222)°. (39)

We seek the slow SSM, W1 (0), within the class of C 6
function in which the analytic SSM is already unique.
This requires finding the coefficients in the 6th-order
Taylor expansion

6
z=h(y)= > hpy’. p=(pi.p2) €N,
Ipl=1
¥y =y h, e R (40)

Differentiating this expression with respect to time and
substituting z from (39) gives

dh(y)

S [y oy (- hOD] = Ah) + fo: (02 hOY).

Equating powers of y on both sides of this last expres-
sion, we obtain the unknown coefficients 4 , in (40) and
hence the slow SSM in the form

21 = —0.0278y7 + 0.0011y{y> — 0.0026y1 5 + 0.0009y3
+0.0023y7 — 0.0006y "y, 4 0.0026y7 3 — 0.0007y} y3
—0.0010y1 y5 +0.0002y3,
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Fig. 8 Two views of the slow SSM for the nonlinear oscillator
system (38)—(39). In the plots (8a—8b), z| and z; are shown as a
function of y, respectively. The blue curve is a trajectory starting
on the SSM from the initial conditions (y;(0) = 1.2, y,(0) =

22 = —0.0032y; — 0.0470y7y, — 0.0074y1y3 — 0.0323y3
+0.0004y7 + 0.0039y}y> + 0.0004y7 y3 + 0.0065y7 y3
— 0.0005y1y5 + 0.0011y3.

Note that the 6th-order terms (as well as any other odd-
order terms) vanish due to the particular form of the
nonlinearity in this example. The slow SSM obtained
in this fashion is shown in Fig. 8.

We now compare the accuracy of the third-order
approximation employed by Shaw and Pierre [39]
to the fifth-order approximation used here. By the
nature of the nonlinearity, this is in fact just one
step up in accuracy, as the fourth-order terms are
absent in the Taylor expansion of the SSM. Figure
9 shows a Poincaré-map view of our comparison,
with dots indicating the intersection of representa-
tive trajectories launched from the approximate slow
SSMs with the y, = 0 Poincaré section. We con-
clude that the sixth-order (which is the same as the
fifth-order) approximation to the slow SSM brings a
major improvement in its accuracy. This is evidenced
by significantly reduced trajectory oscillations arising
from the lack of exact invariance of the approximate
SSM.
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0,z1(31(0), y2(0)) = —0.042, z2(y1(0), y2(0)) = —0.0045).
The trajectory remains close to the SSM and converges to a triv-
ial NNM, the (y, z) = (0, 0) fixed point. (Color figure online)

x 1 0'3/
25 \
1 — Sixth order slow SSM
—— Third order slow SSM
24
1.5-]

14

Z2

Fig. 9 Poincaré map for trajectories launched on different
approximation to the slow SSM. Dots indicate intersections of
the trajectories with the y, = 0 hyperplane. Arcs connecting
adjacent intersections are for illustration only, to give a sense of
the trajectory evolution

7 Spectral submanifolds in non-autonomous
systems (k > 0)

The idea of periodic SSMs (k = 1) was proposed first
by Shaw, et al. [41] for undamped oscillatory systems
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and then later extended by Jiang et al. [22] for sys-
tems with damping. In these studies, the periodic time
dependence appears as a perturbation, as in our Eq.
(41). As a parallel development, Sinha et al. [42] con-
sidered systems with a time-periodic linear part and
applied a Lyapunov—Floquet transformation to bring
this linear part to an autonomous form before apply-
ing the SSM approach of Shaw and Pierre et al. This
treatment appears to be the first one to give a general
nonresonance condition for the Fourier expansion of
the SSM to be at least formally computable (without
consideration of convergence) up to a given order.

In later work, Redkar and Sinha [35] assume single-
frequency external forcing and select the master modes
(i.e., those constituting the spectral subspace of inter-
est) as the ones in resonance or near-resonance with
the external forcing. Gabale and Sinha [7] develop
this approach further, selecting the master modes to be
either in near-resonance with the forcing or to be those
with eigenvalues that have dominant negative real parts
(fast NNMs). The authors provide nonresonance con-
ditions for formal computability up to any order, but
the actual convergence of the approximation to a true
invariant manifold is not discussed. As noted before,
such a convergence is not guaranteed, as a PDE for an
invariant surface can always be written down for any
system, but it may not have a solution under the pre-
scribed boundary conditions. Gabale and Sinha [7] also
discuss the case of a time-periodic linear part, using
a Lyapunov—Floquet transformation. This appears to
be the first reference where the Shaw—Pierre invariant
manifold approach is formally applied in the presence
of two frequencies.

In summary, as in the autonomous case, only formal
calculations of non-autonomous SSMs have appeared
in the literature without mathematical arguments for
existence and uniqueness. Unlike in the autonomous
case, however, the connection of the assumed non-
autonomous SSM to any surviving NNM (periodic
orbit or invariant torus) has remained unexplored. It
is therefore unclear in the literature what the orbits in
the envisioned invariant manifolds should asymptote
to. In the following, we address these conceptual gaps
in the theory of non-autonomous SSMs.

7.1 Main result

We consider the full, perturbed non-autonomous dynam-
ical system

X = Ax + folx) + €fi1(x, Qt; €),
fox) =0(x?), QeR k>1; 0<e<xl.

(41)

Our smoothness assumptions on fp and f; will be
spelled out in our main result below.

We continue to assume that the linear part of this
system is asymptotically stable, i.e.,
Rei; <0, j=1,...,N. (42)
As already noted in the autonomous case, this assump-
tion on the dissipative nature of the system ensures that
our NNM and SSM definitions indeed capture distin-
guished solution sets of the nonlinear oscillatory sys-
tem.

Theorem 4 (Existence, uniqueness and persistence of
non-autonomous SSM) Consider a spectral subspace E
and assume that the low-order nonresonance conditions

(m,Red)p #Red;, A ¢ Spect(Alp), 2 < |m| < X(E)

(43)

hold for all eigenvalues A; of A that lie outside the
spectrum of A|g.

Then the following holds:

(i) There exists an SSM, W (x.(t)) that is of class
CEE* iy the variable x. For any fixed time
to, the time slice W (x(tp)) of the SSM is O(¢)
C"-close to E along the quasiperiodic NNM,
xe(t) = €t(Q2; €). Furthermore, dim W (x.(t)) =
dim E + k.

(i) W (xe(2)) is unique among all invariant manifolds
that satisfy the properties listed in (i) and are at
least of class C*E)*Vyith respect to the x variable
along the NNM x(t),

(iii) If the functions fj and f; are C*° or analytic, then
W (x¢(t)) will depend on € in a C* or analytic
fashion, respectively.

Proof The results can be deduced from a more general
result of Haro and de la Llave [18], as we show in
Appendix “Proof of Theorem 4.” O

According to Theorem 4, under the appropriate non-
resonance conditions between the modes in the spec-
tral subspace E and those outside E, a well-defined
periodic or quasiperiodic SSM attached to a periodic
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or quasiperiodic NNM exists. This gives precise math-
ematical conditions for the existence and uniqueness
of the invariant surfaces envisioned by Jiang et al. [22]
for the time-periodic case and extends their existence to
the case of quasiperiodic forcing. The SSMs obtained
in this fashion are unique among invariant surfaces that
are at least X (E) + 1-times continuously differentiable
in the x direction along the NNM.

7.2 Applications to specific spectral subspaces

We again consider a select group of ¢ master modes of
the linearized system with

Rerj; <--- < Requ < 0, 44)

and with the remaining modes ordered as

ReA <---<Reirj, <O.

.jq+l

In analogy with the autonomous case, we distinguish
three types of non-autonomous SSMs in our discussion
(cf. Fig. 4):

e A fast spectral submanifold (fast SSM),
Wy —g+1,...N(xe(?)), is an SSM in the sense of
Definition 3, with the underlying spectral subspace
chosenas En_g4+1,... N, the subspace of theg < N
fastest decaying modes of the linearized system.
The SSM Wy _;41,... N (xe()) is time-periodic if
either k = 1 or the elements of the frequency 2 are
rationally commensurate for £ > 1. In all cases,
Wy _g41,...~n (xe(2)) is a surface in which trajecto-
ries are asymptotic to the nontrivial NNM, x, (2¢).

e An intermediate spectral submanifold (intermedi-
ate SSM), Wii,...ig (x¢(2)),1s an SSM in the sense of
Definition 3, serving as the nonlinear continuation
of

Ej],...,jq=Ej1@Ej2@”-@qu 45)

for a general choice of the ¢ < N eigenspaces
Ej, ...,qu. Trajectories in Wj]w,jq (x¢(2)) are
asymptotic to the nontrivial NNM, x, (7).

o A slow spectral submanifold (slow SSM),
Wi,...q(xe(2)), is an SSM in the sense of Defini-
tion 3, with the underlying spectral subspace cho-
sen as E1,._4, the subspace of the ¢ < N slowest
decaying modes of the linearized system. Again,

@ Springer

trajectories in Wy ,(xc(7)) are asymptotic to the
nontrivial NNM, x(¢).

Table 2 summarizes the relevant absolute spectral quo-
tients and nonresonance conditions, as deduced from
Theorem 4, for specific choices of the spectral sub-
space E.

Much of our general discussion after Theorem 3 on
the various choices of E remains valid in the present
non-autonomous context, with two main differences.
First, even the existence of fast SSMs now requires
a low-order nonresonance condition (cf. the first col-
umn of Table 2). Accordingly, a non-autonomous fast
SSM is only guaranteed to be unique among at least
CEE*T gmooth invariant manifolds. Second, Table 2
only requires the real parts of the eigenvalues inside
E to be in nonresonance with the real parts of those
outside E. Resonances, therefore, occur with a larger
likelihood than those listed for the autonomous case in
Table 1, since they now only involve a condition on the
real parts of the eigenvalues.

Being as far as possible from resonances is also more
important here than in the autonomous case, as the exact
nonresonance condition ensuring the convergence of
the Taylor approximation for non-autonomous SSMs
is not explicitly known. Rather, this condition is only
known to be O(¢) close to that listed in the appropriate
column of Table 2. This is because the spectrum of
the infinite-dimensional transfer operator arising in the
proof of the Theorem 4 is generally only computable
for e = 0, giving the nonresonance conditions listed in
Table 2 (see Appendix “Proof of Theorem 4”).

As in the autonomous case, one might ask if the
existence of SSMs guaranteed by Theorem 4 could
also be deduced directly from more classical dynamical
systems results (cf. our related discussion in Appen-
dices “Comparison with applicable results for nor-
mally hyperbolic invariant manifolds” and “Compar-
ison with results deducible from analytic linearization
theorems” for the autonomous case). It turns out that
the shortcomings of Fenichel’s invariant manifold the-
orem would be the same as in the autonomous case,
while the non-autonomous extensions of Poincare’s
analytic linearization theorem would be even more
restrictive than in the autonomous case (cf. Appen-
dices “Comparison with applicable results for normally
hyperbolic invariant manifolds” and “Comparison with
results deducible from analytic linearization theorems”
for details).
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Table 2 Conditions for different types of non-autonomous SSMs appearing in Theorem 4, with parameters ¢ € N? and/ € N

Fast SSM Intermediate SSM Slow SSM
E EN—g+1...N Ej, . ., Ei . .4
S(E) Int [Rely /Redy—g41] Int [ReAy /Rek;, | Int [ReAy /Rer;]
Nonresonance ZfV:N_qH a;Re); # Re); >, aiRekj, # Rely 7 | aiRek; # Re)
lal € [2, 2(E)], 1 €[l,N —q] la| € [2, (E)], 1€ [jg+1. in] lal € 12, Z(E)], [ €lg+1,N]
W (xe(1)) WN—g+1,...N (xe (1)) Wii....iy (xXe (1)) Wi,....q(xe (1))

Example 4 (Periodic SSM from the application of The-
orem 4) Consider a periodically forced version of
Example 1, given by

X = —x,
y = —+24y + x>+ 3 +x + X7 +esinQr,

(46)
with Q1 = 1. This system is analytic in all variables,
and hence, we again have r = a in the notation of The-
orem 1. The same nonresonance conditions are satis-
fied as in Example 1. Therefore, Theorem 4 guarantees
the existence of an analytic (i.e., class C%) slow SSM,
Wi (xe(2)), that is unique among all class C> (in x)
invariant manifolds tangent to the horizontal axis along
the NNM. Near the origin, this slow SSM is guaranteed
to be of the form
y =h(x, 1) = ap(t) + ax(1)x* + a3 (1)x>

+ ag(1)x* 4 as(0)x>

+---,a(t+21) =a;®). 47)
This is the minimal Taylor expansion that only exists
for the analytic SSM but not for the other invariant man-

ifolds tangent to the slow subbundle along the NNM.
Differentiation of (47) in time gives

y=ap+ [Zazx + 3a3x? + dasx> + Sasx* + O(xs)]
X+ aox? + a3x® + agx* + asx> + O(x°)
= (dp — 2a2) x> + (a3 — 3a3) x> + (G — 4daq)
x* + (a5 — Sas) x> + O(x9), (48)

while substitution of (47) into the second equation in
(46) gives

y = —mao +esint + (l — maz) x?
+ (1 — x/ﬁag) x4+ (1 - x/ﬁcm) x*
+ (1 - @as) 4+ 005, (49)

Equating (48) and (49) gives
do = —v/2Aag + esint, aj = (j - V24) @+ 1,

j=2.3.4.5 ak=(j—~/z4)ak, k> 6.
(50)

The requirement of 27 -periodicity on a;(¢) given in
(47) defines a boundary-value problem for the ODEs
in (50), whose unique solutions are

V24 (. 1
ao(z):ef sint — —— cost

1
, ai(t)y = ——,
V24 ) J V24—
j=2,3,4,5, a()=0, k>6

Just as in Example 1, the ODE (46) is explicitly solv-
able: A direct integration gives x(¢) which, upon sub-
stitution into the y equation, yields an inhomogeneous
linear ODE for y(¢). Combining the expressions for
x(t) and y(¢) gives the solutions in the form

. _ v, X
y(x; x0, Yo, 1) = K(x0, yo)x¥ " + m
.X'3 .X'4 .XS
+m_3+m_4+m_5
+6@ |:sint — Lcost]
25 V24 ’
Yo — 6% (sin to — \/;274 cos to)
K (x0, y0, t0) = 7
X0
xg_m xg_m xg_m x(s)_m
V-2 J2A-3 JH-4 JA-5

(51)

with (xg, yo) denoting an arbitrary initial condition for
the solution at the initial time ;.

This confirms the existence of a unique periodic
NNM guaranteed by Theorem 2. Specifically,
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Xe (1) —et(Q:€) = 0
Ye (1) —erian e =« ‘é—?[sint—ﬁcost]

attracts all solutions from the SSM, which can be
seen with x = xpe~’ substituted into (51). The
graph y(-; xo, yo; t) is a time-dependent representa-
tion of all invariant manifolds tangent to the slow
subbundle of this NNM, which is parallel to the x-
axis. As in the autonomous case, these invariant man-
ifolds are generally only of class C*, because the
term K (xq, Y0, to)xm admits only four continuous
derivatives along the NNM (which satisfies x = 0).
The only exception is the case K (xg, yo) = 0, for
which y(-; xg, yp) becomes a quintic polynomial in x
plus sine and cosine functions of ¢, all of which are
analytic. But K(xg, yo) = O holds only along the
points

x5 % Xy
(x0, o) = + +
Y- = T -3 Va4
+ xg +eﬁ(sint—icost)
V24 -5 25 0" 0)
(52)

which lie precisely on the Wi (z(tp)) slice (or fiber)
of the SSM, Wj(z.(¢)), whose Taylor expansion we
computed in (50). We show the unique analytic SSM
for this example in Fig. 10.

Example 5 (Quasiperiodic SSM from the application
of Theorem 4) Consider the system

¥ =—x,y=—-v24y + x>+ x> +x*

+x° 4 e(sin 17 + sin Qa1), (53)
with Q; = 1 and 5 = +/2. This is just the quasi-
periodically forced version of Example 3. Based on the
same reasoning as in that example, we conclude from

Theorem 4 the existence of a unique quasiperiodic SSM
in the form

y =h(x, ¢1,¢2) = ao(¢1, $2)
+ax($1, $2)x” + az(pr, ¢o)x’
+as(¢r. p2)xt +as(@r, g)x + -+,
aj(¢1, $2) = aj(p1 + 27/, ¢2),
aj(@1, $2) = a;($1, 2 +27/V2), (54)

with the phase variables satisfying ¢ = 1, ¢ = /2.
Differentiation of (54) in time gives
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y =ag+ [2a2x + 3a3x2 + 4a4x3 + 5a5x4 + O(xS)]
XX + d2x2 + Ez3x3 + a'4x4 + d5x5 + 0%
= (@p — 2ap) x* + (a3 — 3a3) x> + (aa — daz) x*
+ (a5 — 5as) x> + O (55)

while substitution of (54) into the second equation in
(53) gives

§ = —/24ap + € (sint +sin ﬁt) n (1 - \/24a2)

xx2 + (1 — x/ﬁa3) x> (56)
+ (l — «/ﬁaél) x4 (l — «/ﬁas) x>+ 0.
(57)

Equating (55) and (56) gives

ao = —/24ag + € (sint + sin x/Et) ,

dk = (J — \/24) ag,

w=(j—vEA)a k=6 (58)
The quasi-periodicity requirements on (¢, ¢2) given

in (54) define a boundary-value problem for the PDEs
in (58), whose unique solutions are

24 1
ap(P1, ¢n) =€ (£ [Sin ¢$1 — —=cos ¢1]

25 J24
24 2
+2_C |:sin¢2 — \/% cos ¢2:|),

1
a‘( ) )E Y .221374’57
j (1. 92 7 J

ap(¢p1,¢2) =0, k>6.

At the same time, just as in Example 3, the ODE (53)
is explicitly solvable: A direct integration gives x ()
which, upon substitution into the y equation, yields an
inhomogeneous linear ODE for y(¢). Combining the
expressions for x(¢) and y(¢) gives the solutions in the
form
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Fig. 10 Phase portrait of
system (46) in the extended
phase space of (x, y, ¢),
where ¢ =t mod 2. The
green surface is the unique

analytic SSM guaranteed by 0.5+
Theorem 4, emanating from
the unique NNM (red) (U Y @

guaranteed by Theorem 2.

The forcing parameter is -0.5
selected as € = 2. (Color
figure online) ; N

3

x2

v(x; X0, Yo, t) = K(xo, YO)JC“/T4 +

periodic NNM

periodic SSM

4 5

X X X
+ + +
V24—2 J24-3 J24—-4 J24-5

+ 247 t ! |+

el — |sint — — cos -
25 V24 26

yo — € (T [sin fo — \/Lﬂ cos to] + ‘é—zﬁj [sin V2t — J% cos «/Eto])

. V2
sinv/2r — 75 «/Eti|)

V24
K (x0, 0, o) =
Ja

224 3-24 4
X0 ) )

TV —2 -3 Ja—4

5-24
_ %o
V24 -5

with (xo, yo) denoting an arbitrary initial condition for
the solution at the initial time fg.

Again, all these solutions decay exponentially to a
unique quasiperiodic NNM given by

Xe (1) _ .
(ye(t)) = €t(Qq, Qot; €)

0

J24 [ . 1
=€ 35 s1nt—ﬁcost

—i—% [sin V2t — J% cos \/Et]

The graph y(-; x9, yo; t) is a time-dependent represen-
tation of all invariant manifolds tangent to the slow sub-
bundle of this NNM. Any ¢ = t, slice of this subbundle
is parallel to the x-axis, i.e., to the spectral subspace
Eq. As in the autonomous case, these invariant mani-
folds are generally only of class C*, because the term
K (x0, 0, to)xm admits only four continuous deriv-
atives along the NNM (which satisfies x = 0). The
only exception is the case K (xg, yo) = 0, for which

v(+; X0, o) becomes a quintic polynomial in x plus
sine and cosine functions of ¢, all of which are ana-
lytic. But K (xo, o) = 0 holds only along the points

2 3
X0

y0 4 %
V24—2 J24-3 V244
5
X3 V24 [ , 1 }

+—— + €| — |sintg — —— COS I

V24 —5 ( 25 RV, R

24 2
+7 |:sin V21 — i cos «/Eto:|) , 59)

Yo (xo, t0) =

NG

which lie precisely on the r = fg slice (fiber) of the
SSM, W (x¢(¢)) whose Taylor expansion we computed
in (58). We show the unique analytic SSM for this
example in Fig. 11.

Example 6 (Illustration of Theorem 4 on a mechanical
example) As a last example, we reconsider here Exam-
ple 3 with time-dependent forcing. First, we illustrate
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2 -1.5
-2
Fig. 11 A projection of system (53) from the extended phase
space of (x, Yy, ¢1,¢2), where ¢1 = (¢10 + Q1f) mod 27
and ¢» = (P20 + Q) mod 27/ /2. The green surface is the
unique analytic, quasiperiodic SSM guaranteed by Theorem 4,
emanating from the unique quasiperiodic NNM (red) guaranteed

F (Qt,...,Q.0) F(Q....Q.0)
— ——
D, 2,
iV AAN A
m m
@] O ﬂc O O ¢

Fig. 12 The quasiperiodically forced version of Example 3

the application of Theorem 4 to the general case of
quasiperiodic forcing. Next, we restrict the forcing to
be periodic and compute the periodic NNM and slow
periodic SSM guaranteed by our results for this case.

Figure 12 shows the two-degree-of-freedom system
already featured in Fig. 6, but now with multi-frequency
parametric forcing

F11(91t,-~,9kt))
cFl =¢ 60
! (F12(Qlt,-~a9kt) 60)

acting on both masses, with k > 1 arbitrary frequen-
cies. All other details remain the same as in Example 3.
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quasiperiodic

by Theorem 2. The forcing parameter is selected as € = 2. The
specific projection used in this visualization is (x, ¢1, ¢2, y) —
(x +0.2cos¢p + 1) cos ¢y, (x +0.2cos ¢ + 1) sin ¢y,

y(x, @1, ¢2)). (Color figure online)

The eigenvalues of the linearized, unforced system
are again those listed in (36), yielding the absolute spec-
tral quotients
S(E)) = Int[ReM} =5, E(Ez)=1nt[Re’\2] —1.

Re A Re A»
By Table 2, the relevant nonresonance condition for the
slow non-autonomous SSM is

—0.0741a; # —0.3759, a1 =2,3,4,5,

which is very close to being satisfied for a; = 5. This
means that the existence of a non-autonomous SSM can
only be concluded from Theorem 4 for very small val-
ues of €. Whenever it exists, the slow SSM is still ana-
lytic in the positions and velocities and unique among
invariant manifolds that are at least of class C® in these
variables. The dependence of this uniqueness class on
the parameters is identical to that shown in Fig. 7. As for
the fast SSM, Table 2 shows that no nonresonance con-
ditions are required, because X (E>) < 2. This time,
however, the fast SSM can only be concluded to be
unique in the function class C 2, given that X (E») = 1.

For simplicity, we now restrict our discussion to
time-periodic forcing by selecting the forcing terms
(60) as
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0
€F = (sin(Q]t))’

with Q; = 1. As concluded above already for more
general forcing terms, Theorem 4 guarantees the exis-
tence of a unique analytic slow SSM, W (x¢(¢)), for
€ > 0 small enough. This SSM is already unique
among class C® invariant manifolds tangent to the
slow spectral subbundle of a small-amplitude, periodic
NNM, which is guaranteed to exist by Theorem 2. To
compute this NNM and its slow SSM, we again use a
linear change of coordinates (37) to obtain the equa-
tions of motion in the form

y=Ayy+ foy(y, 2) +€fiy(Qut; €)
_(—0.0741 1.0027 L ( 10148 0.2
“\ -1.0027 —0.0741 ) ¥ T\ —0.2162 ) P %
1.0016 \ .
+e€ (—0.0660)Sm t, 61)
2= Az + fo:(y,2) + efi(Qit; €)

[ —0.3759 1.6812 0.8046 )
“\ -1.6812 —0.3759 ) T\ —0.1685 ) P 2

—0.7987 .
“\ o3ger )"
p(y,z) = —0.5(=0.0374 y; — 0.5055 y,
—0.1526z; —0.305225)° . (62)

First, we seek the unique periodic NNM of this sys-
tem in the form of a Taylor expansion in the pertur-
bation parameter €. By Theorem 2, this NNM can be
written in the form

xe (1) = €11 (1) + O(?). (63)

Substitution of this expression into (61)—(62) and col-
lection of the O(¢) terms gives

. . Ay, O
71(t) = Ay,ti(t) +c-sint, Ay, = ( 0} A ),
Z

1.0016
—0.0660
“= | -o07987 | 64)

0.3861

The unique, periodic particular solution of this inho-
mogeneous system of linear differential equations can
be sought in the form

T1(t) =a-sint + b-cost, a,b € R*. (65)

Substituting (65) into (64) gives algebraic equations
for the vectors a and b, whose solutions are explicitly
computable as

—1 —1
a:—AyZ(Agz—i—I) c, b:—(A§Z+I) c.

With the relevant parameter values substituted into
(63), we obtain the leading-order approximation of the
attracting periodic NNM in the form

6.7213 0.4402
o —0.9408 | . 6.7357 P
X () =€ 0.0194 sint + € _0.4134 cost + O(e?).
0.7253 —0.0809

(66)

To obtain the unique slow SSM, Wj(x¢(¢)), guar-
anteed by Theorem 4, we use the time-periodic Taylor
expansion

6
2=h(y,0)= D> hy0y", p=(p1,pr) e,
IpI=0
yP =yl hp(t) = hy(t +2m) € R (67)

Differentiating (67) with respect to time and substitut-
ing y and z from (61)-(62) gives

ah(y,
gyy 2 [Ayy + foy (v, h(y, D) + €f1,(Qt; €)]

6
+ D hpy? = Ah(y.0) + for (v, h(y.1)
Ip|=0
+€f1,(21t; €).

Comparing equal powers of y in this last expression
leads to a set of coupled ODEs for h,(t). The 27-
periodicity requirement on /4, (t) given in (67) defines
a boundary-value problem for these ODEs, which we
solve numerically. The slow SSM surface obtained in
this fashion is shown in the extended phase space in
Fig. 13, along with the periodic NNM (red) obtained
in (66).

As an alternative view, an instantaneous projec-
tion of the dynamics on the slow SSM from the four-
dimensional (yi, y2, z1, z2) phase space is shown in
Fig. 14.

8 Relevance for model reduction
8.1 Expansions for NNMs

Theorems 1 and 2 provide existence, uniqueness and
robustness results for NNMs in both the autonomous
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21

Fig. 13 Projection of the SSM and NNM for the periodically
forced Shaw—Pierre example from the extended phase space of
(y, z, 21t mod 27). The forcing parameter is € = 0.1. (see the
related online supplemental movie for animation)

0.5

z, 0.0

Fig. 14 Instantaneous projection of the analytically computed
periodic NNM and slow SSM for the periodically forced Shaw—
Pierre example from the (y;, y2, 21, z2) phase space fore = 0.1.
Shown is an instantaneous position of the SSM surface along
with the history of a trajectory (blue) launched from the SSM
at an earlier time. Note that the trajectory has converged to the
analytically computed approximation to the NNM (red). We find
the mean squared error between the independently computed
NNM and its projection onto the SSM to be O(e3) over one time
period (see the related online supplemental movie for animation).
(Color figure online)

and the non-autonomous settings. Specifically, by The-
orem 1, the unique NNM x, in the autonomous case
(k = 0) depends on € in a C” fashion and hence can be
approximated in the form of a Taylor series

xe=et(e) =Y & +o(e),

=1

with the vector & € RY denoting the I/th order Taylor
coefficient of the function x..

@ Springer

In the non-autonomous case (k > 0), Theorem 2
guarantees aunique NNM, x (1) = et (Qt, ..., Qit; €)
in system (5) that depends on € in a C" fashion. Thus,
Xe(t) can be approximated in the form of a Taylor—
Fourier series

xe(t) = et (Qt, ..., Qt;€)
r o0
=D da@ur... . +o() =D D ¢
I=1 I=1 |m|=1

x [Af,, sin((m, ) 1) + B!, cos((m, Q) r)] +o(e),

~

with the vectors Al B! € RN denoting the multi-
frequency Fourier coefficients of the function x, (¢) cor-
responding to the multi-index m = (my,...,my) €
N,

8.2 Expansions for slow SSMs

Theorems 3 and 4 provide a theoretical underpin-
ning for the construction of reduced-order models
over appropriately chosen spectral subspaces of the
linearized system. Specifically, approximations to the
flow on an SSM may simplify the study of long-term
system dynamics.

Of highest relevance to such model reduction are
slow SSMs. Since all linearized solutions decay to an
NNM in our setting, slow SSMs contain the trajec-
tories that resist this trend as much as possible and
remain active for the longest time. These SSMs can be
constructed under the conditions spelled out in the last
columns of Tables 1 and 2.

To approximate uniquely a slow SSM, we need to
use a Taylor expansion of at least order o (E) + 1 or
2 (E) + 1, respectively. This order depends solely on
the damping rates associated with the fastest and slow-
est decaying modes. Even if the real part of the whole
spectrum of A is close to zero, o (E) and X (E) may
well be large, as seen in the mechanical systems con-
sidered in Examples 3 and 6.

Example 7 (Illustration of model reduction on a mechan-
ical example) Here we illustrate the relevance of slow
SSMs in model reduction for the unforced oscillator
system in Example 3. Figure 15a, b shows different
visualization of the fast convergence of a generic tra-
jectory first to the slow SSM and then to the stable
equilibrium along the SSM.
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Fig. 15 a Fast convergence of a generic trajectory to the
slow SSM and then subsequently to the equilibrium point
along the SSM. Initial conditions for the trajectory were cho-
sen off the SSM with the coordinates y;(0) = 1.2, y2(0) =
0,z1(y1(0), ¥2(0)) + Az; = —0.042 4 0.1, z2(y1(0), y2(0)) +
Azp = —0.0045+0.1). The vertical axis in the figure represents

8.3 The optimal dimension of the slow SSM

The integer g in the choice of the slow spectral subspace
E;.... 4 1s a free parameter. This integer is best selected
in a way so that the resulting slow SSM, Wy, (x¢), is
the most prevalent low-dimensional attractor contain-
ing the underlying NNM x,(¢) described in Theorems
1 and 2.

Generally, can can construct a nested hierarchy
of such prevalent slow manifolds. At any step in
this hierarchy, the remaining slow spectrum can fur-
ther be divided along the next largest gap in the
real part of the eigenvalues A; of the linearized
system (6). Dividing the spectrum along this spec-
tral gap provides the most readily observable decay
rate separation for the trajectories inside of, and
toward, the slow SSM. Defining the index sequence

qj as

—arg max |ReA;y1 —Rel;|,
q1 gje[l’N_l]‘ j+1 J‘

’

) = ar max |ReA;r; —Rel;
a2 =g max | [Rehjs /

the difference between (z;, z2) and i(y, y2), which decays in
time due to attraction to the SSM. b A different view on the same
convergences shown by the Poincaré map already used in Fig.
9, with the damping now decreased to ¢ = 0.03 to increase the
number of intersection with the Poincaré section for clarity

q = arg max

ReA ;1 —ReA;|,
jelhg—11 0t /

quw =1,
gives the nested sequence
El,...,ql D El,...,qz D...D El,,,,yql O...D E;

of w spectral subspaces. If the appropriate nonreso-
nance conditions of Table 1 or 2 are satisfied for each
element of this nested sequence, then a nested sequence
of w slow SSMs exists, asymptotic to an NNM of the
full nonlinear system. In the autonomous case, this
nested sequence of slow SSMs is

Wit D Wi g, 0)D...D W 40)D... D> Wi(0),
(68)
while in the non-autonomous case, we have
Wi gt (xe(@) D Wi g (xe(@) D ... D Wy q(xe(D))
.. D Wixe (). (69)

In the autonomous case, therefore, the minimal slow
SSM is W1(0), tangent to the slowest eigenspace E|
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at x = 0 with dim W{(0) = dim E;. In the non-
autonomous case, the minimal slow SSM is Wy (x¢ (1))
which is O(e€) C"-close to {x.} x E in the x variable.

Reducing the full dynamical system (5) to the mini-
mal slow SSM brings the largest reduction in the num-
ber of dimensions: The dimension of the reduced model
obtained in this fashion is equal to the algebraic multi-
plicity of the eigenvalue X1 that lies closest to zero. If
this eigenvalue is simple and complex, then the dimen-
sion of the reduced system on the slowest SSM is two.
If the eigenvalue is simple and real, then this reduced
dimension is one.

Reducing the dynamic to the minimal (slowest)
SSM, however, only captures the correct system dynam-
ics over very long time scales in case the spectral gap
between ReA; and Re, is small. This is because in
that case, solution components decaying transverse the
slowest SSM may take a long time to die out. More
generally, the optimal choice of the SSM in the nested
sequences (68)—(69) depends on the time scale over
which the approximation of the reduced flow on the
SSMi s to be used as a model for the behavior of the full
system. In the absence of a definitive target time scale,
a reasonable choice is Wy, 4, (0) or Wi 4 (xe(2)),
i.e., the slow SSM corresponding to the largest gap in
the real part of the spectrum of A.

8.4 Implications for the computation of NNMs and
slow SSMs

Theorems 3 and 4 provide a mathematical foundation
for a systematic computation of slow SSMs. Without
going into technical details, we briefly mention the
main computational implications that follow from the
application of these theorems.

8.4.1 Local Taylor—Fourier expansion for slow SSMs

In our terminology, all slow SSMs are unique and
anchored to a unique NNM, which may be trivial (a
fixed point), periodic (a closed orbit) or quasiperiodic
(an invariant torus). The most common nonlinearities
used in mechanical modeling are analytic functions,
i.e., have everywhere convergent Taylor-series expan-
sion in terms of the x and e variables. To this end,
we will assume here that the right-hand side of the
dynamical system (5) is analytic near the origin in all
its arguments, i.e.,

fo, f1 € C*.

@ Springer

Theorems 3 and 4 then guarantee that under appropriate
low-order nonresonance conditions, the slow SSMs of
the system also admit convergent Taylor expansions
about the NNMs they are anchored to.

Consider a spectral subspace Ei_ , with u :=
dim Ey, 4, satisfying the nonresonance conditions of
Table 1. After a linear change of coordinates, the vari-
able x can be split as

x=(,2) € E1,. 4 xEgt1,..N-
In these coordinates, system (5) takes the form

y=Ayy+ foy(y,2) + efiy(y, z, Q15 €),
2= A2+ for(v, ) +€fiz(y, z, Qs €), (70)

with the constant matrices
N—u)x(N—
Ay € R, A, ER( 1) % ( M)’

and with appropriate C" functions foy, fo;, f1y and
fiz-

In the autonomous case, the unique slow SSM
Wi,...4(0) can then locally be written in the form of
a convergent Taylor series

o0

2 =10 =D ",
=

yo= 0 ) hg e RN,

pP=(pt,.-, Pu),

By Theorem 3, this expansion can be truncated at an
order

o(Ey,. 4) +1=Int[Reiy/Rer;]+1,

as an approximation to the unique slow SSM Wy ,(0).
Lower-order truncations of h°(y) also approximate
a multitude of other invariant manifolds tangent to
Ei. 4.

In the non-autonomous case, the slow SSM,
Wi ....q(xe, 21), can locally be written in the form of a
convergent Fourier—Taylor series

2= h(y, 1) = h°(y) + eh' (v, Qut, ..., Qut; €)

= > hy0)y”

lpl=1
pOO oo 0 00

= Z h?,y”+z Z z elyr
Ipl=1 I=1 |p|=1 |m|=1

[Clmp sin({m, 2) 1) + Dimp cos((m, £2) t)] >
(71
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with Cipp, Dimp € RN~#_ Again, by Theorem 4, the
convergent power series 2% and i! of y can be truncated
at an order

Y (Ei,..q) + 1 =Int[Reiy/Reri] + 1,

serving as an approximation to the unique slow SSM,
Wi,...q(xe(2)). Lower-order truncations of the series
will also approximate an infinity of other invariant man-
ifolds with similar properties.

For an illustration of these computations in a sim-
ple setting, we refer the reader to Example 6. In that
example, the Taylor expansion was carried out up to
sixth order, and the Fourier expansion in formula (71)
was replaced by the direct numerical solution of the
boundary-value problems defining the time-periodic
Taylor coefficients 4, (2).

8.4.2 Local PDEs for slow SSMs

Once the existence and uniqueness of the slow SSMs
in the appropriate function class is clarified from The-
orems 3 and 4, we may also write down a PDE
for these manifolds using their invariance properties.
As mentioned in the Introduction (see also Appendix
“Uniqueness issues for invariant manifolds obtained
from numerical solutions of PDEs”), such PDEs are
solved in the literature without specific concern for the
uniqueness of their solution under ill-posed or undeter-
mined boundary conditions.

The relevant lesson from Theorems 3 and 4 is
that approximate numerical solutions of these PDE
in any set of basis functions should be constructed
in a way that the infinitely many less smooth invari-
ant manifolds are excluded from consideration. For
instance, in the autonomous case covered by Theorems
3, cost functions penalizing the magnitude of numeri-
cally computed derivatives of order o (Ey ... 4) + 1, or
X(E1,.. 4) + 1, respectively, could be employed for a
defendable approximation to the SSM.

8.4.3 Global parametrization of slow SSMs

Classic invariant manifold techniques (see, e.g.,
Fenichel [15]) construct the invariant surfaces in ques-
tion as graphs over an appropriate set of variables. In
our present context, this translates to seeking an SSM
as a graph of the form z = ho(y) or z = h€(y, 1),
as assumed in the Taylor—Fourier- and PDE-based
approaches discussed above. Both of these approaches

are local in nature, capturing only a subset of the SSM
that can be viewed as a graph over the underlying
E\,.. 4 spectral subspace. The construction of the SSM,
therefore, breaks down once the SSM develops a fold
over £y 4, 1i.e., becomes a multi-valued graph over
Ey,. 4 (cf. Fig. 16)

The proofs of the results underlying Theorems 3—4,
however, do not assume such a graph property. Rather,
they construct the SSM by the parametrization method
pioneered by Cabré et al. [8]. This method renders the
SSMs as an embedding of E; ., into the phase space
RY rather than a graph over the subspace Ey, . 4 of
RY . Moreover, the flow on the SSM is exactly conju-
gated to a polynomial function of a parametrization of
E;, .. 4. The order of this polynomial is no larger than

More specifically, with the notation X(x,¢) =
fo(x) + €fi(x, ¢, €), our dynamical system (5) and
its associated flow map F'(x, ¢): RV x T* — RN
can be written as
=X, 9), ¢=1,

%F’(x, ) =X (F'(x,¢), 0+ ), F'lx,d)=x.

An SSM can then be sought as the image of E; 4
under an embedding
W:E 4, xTE - RN,

(n,¢) — x,

such that the reduced model flow on Ej, ., has the
associated differential equation and flow map

n=AMm¢), =,

d
—G'(n, $)=A(G'(n, $), ¢ + Q1),

0 _
o G'(n,¢) =n.

(72)
Our model flow is defined over all of the spectral sub-

space E1,.._,. We may seek this model flow map in the
form of a Fourier-Taylor expansion

K
G'(n.¢)= D gj(¢.Om',

ljl=1
which, substituted into (72), gives

K
A gi@ oml ¢+
=1
K .
= > [Dpgi(@.0Q+ Digj(p.0)] 1/
=1

+8j(@. DA, ).
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Fig. 16 An illustration of
the idea of the
parametrization method for
autonomous systems (no
dependence on ¢):
constructing an SSM as a
graph over a spectral
subspace E versus as an
embedding of the spectral
subspace E

SSM as graph over
a spectral subspace E

The invariance of the SSM can then be expressed by
the equation

F'(W(n,¢),¢) =W (G'(n, ¢), ¢+ Q).

Differentiating this equation in time and setting t = 0
yields the infinitesimal invariance condition

X (W, ¢), ¢) = DyW (. ¢) A(n, ) + Dy W(n, 9)S2.
(73)

Substituting the analytic Taylor—Fourier expansions

W, ¢) =D > D €n’[Empsin(im, Q) 1)

[=1|pl=1|m|=1
+ Flmp cos({m, £2) t)] s

A @) =D D" D € [Gumpsin((m, Q) 1)

I=1 |p|=1 |m|=1
+ Himp cos({m, 2) t)] )

into the invariance condition (73), one can recursively
solve for the coefficients of the embedding W (7, ¢) of
the SSMs together with the coefficients of the right-
hand side A(n, ¢) of the differential equation (72),
describing the reduced-order dynamics on the slow
SSM.
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SSMas embedding of
aspectralsubspace E

SSM z
E
0 Y
y(m)
=W(n)
z(m)
w

E
= - >

= A1) 1

Practical hints on the numerical implementation of
the above parametrization method are described by
Haro et al. [19] and Mireles—James [28]. As men-
tioned in the Introduction, Cirillo et al. [10] have
recently suggested a computational technique for a
two-dimensional autonomous SSM that is identical to
the parametrization method in their setting.

9 Conclusions

We have proposed a unified terminology in the non-
linear modal analysis of dissipative systems, deriving
rigorous existence, uniqueness, smoothness and robust-
ness results for the nonlinear normal modes (NNMs)
and their spectral submanifolds (SSMs) covered by this
terminology.

The NNMs defined here generalize the original non-
linear normal mode concept of Rosenberg to dissipa-
tive yet eternally recurrent motions with finitely many
frequencies, including fixed points, periodic motions
and quasiperiodic motions. In contrast, the SSMs
introduced here are the smoothest invariant manifolds
asymptotic to such generalized NNMs along their spec-
tral subbundles. As such, SSMs build on the Shaw—
Pierre normal mode concept and clarify its relation-
ship with Rosenberg’s concept in a general dissipa-
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tive, multi-degree-of-freedom system, possibly subject
to time-periodic or quasiperiodic forcing.

In our setting, NNM:s are locally unique in the phase
space, admitting a unique SSM over any of their spec-
tral subspaces (or subbundles) that have no low-order
resonances with the remaining part of the linearized
spectrum. In the autonomous case, the order of these
nonresonance conditions is fully governed by the rela-
tive spectral quotient o (E) of the spectral subspace of
interest. In the non-autonomous case, the role of o (E)
is taken over by the absolute spectral quotient X (E).
Both of these spectral quotients can be a priori deter-
mined from the spectrum of the linearized system (see
Tables 1, 2).

Our results cover three classes of SSMs: fast, inter-
mediate and slow. Out of these classes, fast SSMs
have unrestricted uniqueness among all differentiable
invariant surfaces in the autonomous case, but are gen-
erally the least relevant for model reduction. In con-
trast, slow SSMs are the most relevant to model reduc-
tion, but have the most restricted uniqueness properties.
Namely, the minimal order of a Taylor expansion distin-
guishing any slow SSM from other invariant manifolds
is the smallest integer that is larger than the ratio of the
strongest and the weakest decay rate of the linearized
system. This spectral ratio may well be large even for
weakly damped systems; thus, a careful consideration
of damping is essential for rigorous SSM-based model
reduction approaches.

Our results are meant to aid the construction of for-
mal expansions and intuitive computations of NNMs
and SSMs. As we discussed, most of these opera-
tional approaches tend to hide the fundamental non-
uniqueness of invariant manifolds tangent to modal
subspaces. The ambiguity in the results is inherently
small close to the underlying fixed point but is mag-
nified significantly away from fixed points (see, e.g.,
Fig. 5a) and becomes an obstacle to extending invariant
manifolds in a defendable fashion to larger domains of
the phase space. The use of SSMs eliminates this ambi-
guity and should therefore be useful in expanding the
range of nonlinear modal analysis in a well-understood
fashion.
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Appendix: Existence, uniqueness and analyticity
issues for invariant manifolds tangent to eigenspaces

Modified Euler example of a non-analytic but C*
center manifold

For the system (1), the origin is a fixed point with
eigenvalues A; = 0 and A = —1 and corresponding
eigenvectors e; = (1, 1) and e; = (0, 1). Therefore,
the classic center manifold theorem (see, e.g., Gucken-
heimer and Holmes [16]) guarantees the existence of a
center manifold W¢(0), tangent to the x-axis at the ori-
gin. We seek W€ (0) in the form of a Taylor expansion

o0
y = h(x) =x+2ajxj,
j=2

which we differentiate in time to obtain
oo o0
y = 1+Zjajxf_1 X=- 1+Z:jajx]_l
=2 j=2

oo o0
X === japxt = = (= Dajax/,
j=2 j=2
(74)

where we have let a; = 1. At the same, we evaluate
the second equation in (1) on the manifold W¢(0) to
obtain

y=—h(x)+x= —Zajxj. (75)
j=2

Equating (74) and (75) gives the recursion a; = (j —
Daj_q witha; = 1, which implies a; = (j — 1)!. We
therefore obtain the explicit form

h(x) =D (j — Dix/ (76)

J=1

tas a formal expansion of the center manifold, as
stated in the Introduction. The formal series h(x) =
Zi‘;l(j — 1)!x/, however, diverges for any x # 0;
thus, the center manifold is C*° but not analytic in any
open neighborhood of the origin.
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Uniqueness and analyticity issues for invariant manifolds

in linear systems

Any invariant manifold through the origin of the lin-
earized system (12) is locally a graph over g of the
elements of the vector y. Such a graph is of the general
form

yi=fiG ey Ll ig}- (a7
By the invariance of these surfaces, one can substitute

full trajectories into (77) and differentiate in time to
obtain the PDE

q
Mfi =D hjyidy, fir L& {in ...} (78)

i=1

This linear PDE can be solved locally by the method
of characteristics (see, e.g., Evans [14]), once we pre-
scribe the value of f; along an appropriate codimension-
onesetI'(sq, ..
Here the real variables s = (s1, ..., s;—1) parametrize
the surface I'. For instance, I" can be selectedasag — 1
gin.
Fixing a boundary condition

ST Gs1seesg=1) = f(10 0 5g-1) (79)
gives the equation for characteristics:
v (@) =Ti(s, ..., sq_l)e)‘fit, i=1,...,q.

(80)
FGH@, oy, )= 51, ... sq-1)e".

(8D

Then, the strategy to obtain a solution for the
PDE (78) is the following: express the variables
($1,...,84-1,1) as a function of (yj,..., yjq) =
0p@®, ..., Vi (t)) from the g algebraic equations (80)
in the vicinity of I' and substitute the result into (81) to
obtain a solution f;(y;, ..., yjq) to (78) that satisfies
the boundary condition (79).

To this end, we rewrite (80) as

[ (s1, ---,Sq—l)ekjft -y; =0, i=1,...,q,
(82)
and observe that this system of ¢ algebraic equa-

tions is solved by + = 0 and y?i = y;0) =
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., 84—1) of the spectral subspace E j, .

[i(s1, ..., 5q—1). By the implicit function theorem, the
variables (s1, ..., s4—1,1) can be expressed from (82)
near I" as a function of yj; if the Jacobian

| ST Sq—l)ekjlt — Vi
DS],A..,S([,],Z
T,(s1 sg_1)etia’ — y;
(515 --., 54 Jg (yjl:y;?i,r:O)
= [Dsl“, —1\)’|Ejl ..... jq]’ (83)

is non-degenerate. In other words, along the surface I',
all tangent vectors of I" should be linearly independent
of the vector field Ay restricted to its invariant subspace
Ej, ... j,- Inthe language of linear PDEs, the boundary
surface I should be a non-characteristic surface for a
unique, local solution to exist near I" for any boundary
condition posed over I". This argument just reproduces
the classic local existence and uniqueness result for
linear first-order PDEs (see, e.g., Evans [14]).

Under these conditions, therefore, we have a unique,
local solution for any initial function flo(sl, ce8g—1)
defined on I'. There are infinitely many different
choices both for the surface I' and the boundary val-
ues flo. Since the Jacobian (83) is non-degenerate for
any y # 0, each of these infinitely many choices leads
to a local invariant surface satisfying (78) in the vicin-
ity of I, which in turn can be propagated all the day
to the y = O fixed point along characteristics of the
PDE. Accordingly, we obtain infinitely many invari-

in the linearized system (12). Applying the more gen-
eral Theorem 3 in the current linear setting, however,
we obtain that only one analytic solution exists to the
PDE (6) for any fixed subspace Ej . Ja under the
nonresonance conditions detailed in Theorem 3. Since
Sy, yjq) = 0 is analytic, this flat solution must
be the unique analytic solution of (78). All other solu-
tions are only finitely many times differentiable and
hence are not even C*°.

Uniqueness issues for invariant manifolds obtained
from numerical solutions of PDEs

The PDE approach we described in Sect. 1 is broadly
used in the literature to compute Shaw—Pierre-type
invariant surfaces for nonlinear systems. This approach
was originally suggested by Shaw and Pierre [39],
explored first in detail first by Peschek et al. [32], then
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developed and applied further by various authors (see
Renson et al. [37] for a recent review). Interestingly,
none of these studies report or discuss non-uniqueness
of solutions, which appears to be in contradiction with
our conclusions in Sect. 1. Here we take a closer look
to understand the reason behind this paradox.

In the simplified setting of Sect. 1, one may seek
invariant manifolds of the form y; = fi(y;;, ..., yj,),
I ¢ {ji....jq} inanonlinear system

y=Ay+g(y), A=dagk,...,An),
g0 =0 (1v7). (84)

over a spectral subspace £, . ; ’ of the operator A. The
same argument we used in the linear case now leads to
a quasilinear version of the linear system of PDEs (78).
This quasilinear system of PDEs is of the form

q
Mfi+ & )= [Mivi + i (vjs D] 8y,
i=1

Lé i jg}s (85)

with y; = (yj;, ..., yj,) and f denoting the vector of
the f; functions.

The local existence and uniqueness theory relevant
to this PDE is identical to that for its linear counterpart
(cf. Evans [14]). Specifically, as in Sect. 1, boundary
conditions
STt sg-1) = (51,00 5q-1), (86)
must be posed on a non-characteristic, codimension-
one boundary surface I' inside the subspace Ej, . Ja
for the PDE (85) to have a unique local solution near
I". Here the required non-characteristic property of I' is
that the projected vector field y; = [Ay + g(y)]; over
Ej ... j, should be transverse to I" at all points. Since
this boundary condition is arbitrary, one again obtains
infinitely many local Shaw—Pierre-type invariant man-
ifolds near the boundary surface I' for the nonlinear
problem (84): one for any boundary condition posed
over any non-characteristic surface I'. In the general
case, all of these are also global solutions that extend
smoothly to the origin and give a smooth solution to the
PDE (85) in a whole neighborhood of the fixed point.
The only exception is when the invariant manifold is
sought as a graph over the ¢ fastest modes. In this case,
the strong stable manifold theorem (Hirsch et al. [20])
guarantees the existence of a unique invariant mani-
fold. In this case, while infinitely many local solutions

still exist near a non-characteristic boundary surface
", these local solutions do not extend smoothly to the
origin.

Surprisingly, all available numerical algorithms
aiming to solve (85) in the nonlinear normal modes lit-
erature ignore this non-uniqueness issue. They are typi-
cally validated or illustrated on the computation of two-
dimensional invariant manifolds tangent to the single,
slowest decaying spectral subspace (g = 1,dim E| =
2). Already in this simplest case, the high degree of
non-uniqueness illustrated in Fig. 2 definitely applies.
This raises the question: How do these studies obtain a
unique invariant manifold? There are different reasons
for each numerical algorithm, as we review next.

Peschek et al. [32] consider a spectral subspace E
corresponding to a simple, complex conjugate pair of
eigenvalues. They pass to amplitude-phase variables
(a, @) by letting y;, = ae'? and reconsider the qua-
silinear PDE (85) posed for the unknown functions
fi(a, ¢). As domain boundary I', they then consider
the a = 0 axis, over which they prescribe f;(0, ¢) =0
and 9, f7(0, ¢) = 0. This is consistent with the fact that
the origin y;, = 0 is mapped, due to the singularity of
the polar coordinate change, to the a = 0 of the (a, ¢)
coordinate space, and hence, the surface should have a
quadratic tangency with this line. However, the a = 0
line is invariant under the transformed nonlinear vec-
tor field (a, @), given that it is the image of the fixed
point of the original nonlinear system, which satisfies
a = 0. As a consequence, I" is a characteristic surface,
and hence, local existence and uniqueness are not guar-
anteed for the quasilinear PDE (85) with this boundary
condition. As we discussed above, the PDE is in fact
known to have infinitely many solutions, all of which
have a quadratic tangency with the origin and hence
satisfy the singular boundary conditions f;(0, ¢) = 0
and 9, f;(0, ¢) = O in polar coordinates. Therefore,
the problem considered by Peschek et al. [32] only has
a unique solution for invariant manifolds over the fast
modes, but not over the slow or intermediate modes.
The same holds true for all other studies utilizing the
approach developed by Peschek et al. [32].

Renson et al. [36] solve the same quasilinear PDE
(85) in the setting of Peschek et al. [32] (autonomous
system with ¢ = 1 and with dim E; = 2). In the con-
servative case, they seek to construct solutions using a
closed boundary curve I' to which the nonlinear vector
field y; is tangent at each point. For damped systems,
they solve the PDE outward from the equilibrium, first
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over an elliptic domain and then gradually outward over
anested sequence of annuli. The boundaries of all these
domains are selected as non-characteristic curves; thus,
aunique solution can be constructed over each domain
in the nested sequence. Over the initial (elliptic) domain
boundary, however, the spectral subspace itself is cho-
sen as initial condition (fX(I") = 0 for all I > 2),
which singles out one special solution out of the arbi-
trarily many. The perceived uniqueness is, therefore,
the artifact of the numerical procedure.

Finally, Blanc et al. [6] start out by correctly select-
ing a non-characteristic boundary curve I' in the
amplitude—phase—coordinate setting of Peschek et al.
[32] discussed above. This curve is just the ¢ = 0 line
of the (a, ¢) coordinate plane, to which the characteris-
tics of the PDE are transverse in a neighborhood of the
origin, as required for the local existence and unique-
ness of solutions near I'. In this case, any initial profile
fia,0) = f2a) with £2(0) = 0 and £(0) = 0
would lead to a Shaw—Pierre-type invariant manifold,
thereby revealing the inherent non-uniqueness of this
numerical approach. Instead of realizing this, Blanc et
al. [6] assert that there is a single correct boundary con-
dition that they need to find by an optimization process.

In this optimization process, Blanc et al. [6] mod-
ify the initial boundary condition iteratively so that the
computed PDE solution along the line ¢ = 2, given
by fi(a,2m), is as close to fi(a,0) = flo(a) as pos-
sible in the L? norm. Should they enforce the exact
periodicity of the solution of the PDE on the periodic
domain (a, @) € [0, amax] x [0, 27r] (say, by a spectral
method), they would always have f;(a, ¢) = fi(a,0)
on any solution, so minimizing the error in this iden-
tity would lead to a vacuous process. In other words,
the seemingly unique solution in this approach is the
surface along which the error arising from an inaccu-
rate handling of the periodic boundary conditions is
minimal in a particular norm.

Existence, uniqueness and persistence of non-
autonomous NNMs

We rewrite system (5) in the form of a (N + k)-
dimensional autonomous system

= Ax 4 folx) +€fi(x, 3 ©),
$=q, (87)
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defined on the phase space P = I x TX. For € = 0, the
trivial normal mode x = O now appears as an invariant,
k-dimensional torus

Toz{(x,¢)eP:x:0, qbe’ﬂ“k}

for system (87).

Assume that all eigenvalues of A satisfy the condi-
tion ReA; # 0. This means that all possible exponen-
tial contraction and expansion rates transverse to 7T
dominate (the zero) expansion and contraction rates in
directions tangent to T, along the ¢ coordinates. In the
language of the theory of normally hyperbolic invari-
ant manifolds, the torus Ty is a compact, r-normally
hyperbolic invariant manifold for any integer r > 1
(Fenichel [15]).

Fenichel’s general result on invariant manifolds does
not allow, however, to conclude the persistence of
€%, C>® or C“ normally hyperbolic invariant mani-
folds. Instead, such persistence is established by Haro
and de la Llave [18], who specifically study persistence
of invariant tori in systems of the form of (87).

Existence, uniqueness and persistence for
autonomous SSMs (k = 0)

First, we recall a more abstract result of Cabré et al. [8]
on mappings in Banach spaces, which we subsequently
apply to our setting.

Spectral submanifolds for mappings on complex Banach
spaces

We denote by P a real or complex Banach space and
by U C P an open set. We let C" (U, Y) denote the
set of functions f : U — Y that have continuous
and bounded derivatives up to order r in . Let the
space C*°(U, Y) denote the set of those functions f
that are in the class C" (U, Y) for every r € N, and let
C%(U, Y) denote the set of functions f thatare bounded
and analytic in U.

Let0 € U be a fixed point fora C" map F: U — P,
where r € N U {00, a}. We denote the linearized map
at the fixed point by A = DF(0) and its spectrum by
spec(A).

We also assume a direct sum decomposition P =
‘P1 @ P, with the subspaces P; and P, to be described
shortly in terms of the spectral properties of 4. We
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denote the projections from the full space P onto these
two subspaces by 71 : P — Py andmp: P — P, and
assume that both projections are bounded. Finally, for
any set S and positive integer k, we will use the notation

SK=8§x...xS§
———
k
for the k-fold direct product of S with itself.
Assume now that
(0) A is invertible
(1) The subspace P; is invariant under the map A,
ie.,

AP C Py.

As a result, we have a representation of A with
respect to above decomposition as

(A B
A_(OAz)’ (88)

with the operators A = w1 Alp,, A» = mAlp,,
and B = w1 Alp,. If P, is also an invariant sub-
space for A, then we have B = 0.

(2) The spectrum of A; lies strictly inside the com-

plex unitcircle, i.e., Spect(A;) Cc{z € C : |z] <1}.

(3) The spectrum of A, does not contain zero, i.e.,
0 ¢ Spect(A3).
(4) For the smallest integer L > 1 satisfying

[Spect(Al)]LJrl Spect(A; ") c{z e C : |z] <1},
(89)

we have

[Spect(A)]" N Spect(Az) = @ (90)

for every integer i € [2, L] (in case L > 2).
G L+1=<r.

We then have the following result:

Theorem 5 (Theorems 1.1 and 1.2, Cabré, Fontich and
de la Llave [8]) Under assumptions (0-5):

(i) There exists a C” manifold M that is invariant
under F and tangent to the subspace P; at 0.

(ii) The invariant manifold M is unique among all
CL*! invariant manifolds of F that are tangent
to the subspace P at 0. That is, every two CL 7!
invariant manifolds with this tangency property will
coincide in a neighborhood of 0.

(iii) There exists a polynomial map R : P; — P of
degree not larger than L and a C" map K: U; C
P1 — P, defined over an open neighborhood 4
of 0, satisfying

R(@0) =0, DR(0) = A,
mDK(0) =1,

K(0) =0,
DK (0) = 0,

such that K serves as an embedding of M from P;
to P, and R represents the pull-back of the dynam-
ics on M tof; under this embedding. Specifically,
we have

FoK=KoR.

(iv) If, furthermore, [Spec(Al)]lﬂSpec(.Al) = P holds
foreveryintegeri € [L_, L], then R can be chosen
to be a polynomial of degree not larger than L _ — 1.
(v) Dependence on parameters: If F is jointly C" in x
and a parameter w, the invariant manifold M is
jointly C"~L~1 in space and the parameter . In
particular, C* and analytic maps will have invari-
ant manifolds that are C* and analytic, respec-
tively, with respect to any parameters in the system.

Proof of Theorem 3

We now apply Theorem 5 to system (18). In this con-
text, the space P is the finite-dimensional, real vector
space P = R, and the mapping is the time-one map
F = F':UCP — P of system (18). We further
have

FO)=0, A= DF@O)=DFY0) =", 91)

and hence A is invertible. We have the spectra
spec(A) = {e“,exl, e, exN] ,
spec(Afl) = {eik' , eiil, e e*iN} ., (92)

where we have ordered the eigenvalues in an increasing
order based on their real parts, i.e.,

Reiny <...<Rer; <0,

and listed purely real elements of the spectrum of A
and A~! twice to simplify our notation. Equation (92)
implies that condition (0) of Theorem 5 is always sat-
isfied.

For a given spectral subspace E, we let P; = E, so
that assumption (1) of Theorem 5 is satisfied. Because
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the real part of the spectrum of A is assumed to be
strictly negative, the operator .4 defined in (91) satisfies
assumptions (2-3) of Theorem 5.

Next we note that the smallest integer L satisfying

[Spect(Al)]L+] Spect(.Agl) c{zeC: |zl <1},
is just the smallest integer that satisfies

L+1 .
I:emaxxss;’ectm\ £) RCK] MiNjeSpect(4)—Spect(dl ) ReA

The solution of this inequality for a general real number
Lis
- MiNj eSpect(A)—Spect(A|p) ReA 1
Mmax; eSpect(A|g) ReA

3

which, restricted to integer solutions, becomes
L>o(E),

with the relative spectral quotient o (E) defined in (15).
The nonresonance condition (90) can then be written in
our setting precisely in the form (20). Thus, under the
assumptions of Theorem 3, the conditions of Theorem
5 are satisfied, and the statements of Theorem 3 are
restatements of Theorem 5 in our present context.

Comparison with applicable results for normally hyper-
bolic invariant manifolds

Out of the three types of SSMs covered by Theorem 3,
the existence of the slow SSMs (last column in Table
1) can also be deduced in a substantially weaker form
from the classical theory of inflowing invariant nor-
mally hyperbolic invariant manifolds (Fenichel [15]).
To show this, we first rescale variables via x — §x in
system (18) to obtain the rescaled autonomous problem

3 N 1
f=Ax+8fo(c8). fo(xi8) =5 fox).  (93)

For § = 0, this system coincides with the linearized
system (6), while for § > 0, it is equivalent to the full
autonomous nonlinear system (18).

Assume now that the slow spectral subspace E1,.._4
featured in Table 1 satisfies the strict inequality

Reldg+1 < Redy.

This implies that £ 4 is normally hyperbolic, i.e., all
decay rates of the linearized system within £y, are
weaker than any decay rate transverse to Ey
thermore, a small compact manifold E l..q C E1,..4
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with boundary can be selected for the unperturbed
limit (§ = 0) of system (93) such that dim Elg_._,q =
,,,,, ¢ and E 1,...,q 1s inflowing invariant under the
unperturbed limit of (93). This means that Ax points
strictly outward on the boundary OF 1....q- Then, for
8 > 0 small enough, the classic results of Fenichel
[15] imply the existence of an invariant manifold W (0)
with boundary in system (93) thatis C I_closeto E R
Furthermore, dim W(0) = dim E;__, and the mani-
fold W (0) is of class C?, with

Rex
Yy = min (r, Int [M}) , 94)
Rea,

which is the minimum of the degree of smoothness of
(93) and the integer part of the ratio of the weakest
decay rate normal to E 1,...,¢ to the strongest decay rate
inside E 1....q- Since § > 0 has to be selected small in
this result to keep the norm §| f (0)| small enough, the
above conclusion on the existence of W (0) holds in a
small enough neighborhood of x = 0 in system (18).

This result might seem attractive at the first sight,
as it requires no nonresonance conditions among the
eigenvalues of the operator A. At the same time, the
properties of W (0) are substantially weaker than those
obtained for Wi 4(0) in Theorem 3. First, the degree
y of differentiability for W(0) (cf. formula (94)) is
generally much lower than r, the degree of smooth-
ness of system (18). In particular, even if (18) is ana-
lytic, the manifold W(O) may well just be once con-
tinuously differentiable and hence cannot be sought in
the form of a convergent Taylor expansion. Second, no
uniqueness is guaranteed by the normal hyperbolicity
results of Fenichel [15] for W (0) within any class of
invariant manifolds. Third, the whole argument is only
applicable to slow SSMs, but not to intermediate and
fast SSMs.

Comparison with results deducible from analytic lin-
earization theorems

The analytic linearization theorem of Poincaré [34]

concerns complex systems of differential equations of
the form

=Ay+em, g =0(bP), (95)
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where A € CV*V is diagonalizable and g(y) is ana-
lytic. If

1. all eigenvalues of A lie in the same open half plane
in the complex plane (e.g, ReA; < Oforall j, asin
our case), and

2. the nonresonance conditions (m,A) # A; hold
foralll = 1,..., N for all integer vectors m =
(my,...,my) withm; > 0, and Zi m; > 2,

then there exists an analytic, invertible change of coor-
dinates z = h(y) in a neighborhood of the origin under
which system (95) transforms to the linear system

7= Az. (96)

The spectral subspaces of this linear system are all
defined by analytic functions (trivially, flat graphs over
themselves). As we discussed in Sect. 1, the spectral
subspaces of nonresonant linear systems are in fact the
only analytic invariant manifolds that are graphs over
spectral subspaces.

Recall that the composition of two analytic func-
tions is analytic and the inverse of an invertible ana-
lytic function is also analytic. We can, therefore, trans-
form back the spectral subspaces of (96) under the ana-
lytic inverse mapping A~ (z) to conclude that (95) also
has unique analytic SSMs tangent at the origin to any
selected spectral subspace of the operator A. (Indeed,
if (95) had more than one such analytic SSMs, then
those would have to transform to nontrivial analytic
SSMs of (96) under A (y), but no such nontrivial ana-
lytic SSMs exist in (96).) The unique analytic SSMs
over spectral subspaces of (95) can in turn be extended
to smooth global invariant manifolds under the reverse
flow map of (95) up to the maximum time of definition
of backward solutions.

Cirillo et al. [11] touch on parts of this argument for
the existence of two-dimensional SSMs in autonomous
nonlinear systems, without establishing uniqueness and
analyticity in detail. These authors involve the Koop-
man operator (cf. Mezi¢ [27]) in their arguments, but all
spectral subspaces of a linear mapping are well defined
without the need to view them as zero sets of Koopman
eigenfunctions. (These subspaces are in fact the only
invariant manifolds of the linearized system (96) out
of the infinitely many that are expressible as zero sets
of Koopman eigenfunctions under the nonresonance
conditions given above.) Furthermore, as shown by

the argument above, the restriction to two-dimensional
SSMs is not necessary either.

The line of reasoning we gave above for the exis-
tence of autonomous SSMs is complete but applicable
only under assumptions that limit its applicability in
practice. Specifically, SSMs obtained from the analytic
linearization are applicable only when the linear oper-
ator A in system (6) has no resonances, not even inside
any of the spectral subspaces. This latter assumption
is a limitation, as the main motivation in the nonlinear
normal mode literature for multi-mode Pierre—Shaw-
type invariant surfaces is precisely to deal with internal
resonances inside a spectral subspace £, . ; ” Further-
more, unlike Theorem 3, Poincaré’s result guarantees
uniqueness only for analytic dynamical systems and
only within the class of analytic SSMs. This is again a
limitation in practice, as no finite order can be deduced
over which a Taylor expansion will only approximate
the unique SSM. A relaxation of Poincaré’s analytic
setting to the case of finite differentiability is available
(Sternberg [43]). In that setting, however, the unique-
ness of SSMs can no longer be concluded within any
function class, given that the local linearizing transfor-
mation A (y) is no longer unique.

Existence, uniqueness and persistence for non-
autonomous SSMs (k > 0)

First, we recall a more abstract result of Haro and de
la Llave [18] on quasiperiodic mappings and their sub-
whiskers, which we subsequently apply to our setting.

Invariant tori and their spectral subwhiskers in quasi-
periodic maps

We fix the finite-dimensional phase space P = RY x
T*. On an open subset Y = U x T C P of this
phase space, we consider a map Fj: U/ — RY. For
some r € NU {00, a} and s > 2, we will say that the
map F is of class C"*,if F(x, ¢) is C” in its second
argument ¢e TX, and jointly C"** in both of its argu-
ments (x, ¢) € U x T. In other words, if F; € C"*
then Bé ] F1 exists and is continuous for all indices
(i, j) € N? satisfyingi <randi+ j <r +s.

Next we assume that for any ¢ € TX, the map
Fi1(-,¢) is a local diffeomorphism. For a constant
phase shift vector A € R¥, we define the quasiperi-
odic mapping F = (Fi, F) : U x TF — P as
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F(x,¢) = (F1(x, ¢), F2(9)) := (F1(x, ¢), ¢ + A).

Assume that F,(0, ¢) = 0, i.e., K = {0} x T¥ is an
invariant torus for the map F. Let K : T — R” be a
parametrization of the torus .

Next, we define the torus-transverse Jacobian

M(¢p) = DxF1(0, ¢) 7

of the mapping component 7, and let v: T — RV
be any bounded mapping from the k-dimensional torus
into R . We then define the transfer operator Tp : v >
Tav as a functional that maps the function v into the
function

[Z7av] (@) = DxF1(0, 9 — A)v(¢ — A). (98)

Note that 7 is just the torus-transverse component of
the mapping (¢ — A, v(p — A)) > (¢, [Tav] (@)
which maps the vector v(¢ — A), an element of the
normal space of the torus K at the base point (0, ¢ — A),
under the linearized map D into a vector in the normal
space of /C at the base point (0, ¢).

As long as v is taken from the class of bounded
functions, the spectrum of the operator 7p does not
depend on the smoothness properties of v (see Theorem
2.12, Haro and de la Llave [18]). We will need the
annular hull of the spectrum of T, defined as

A= {zei"‘ : z € SpectZp, « € R} . 99)

This set is a union of circles in the complex plane,
with each circle obtained by rotating an element of the
spectrum of 7x.

We make the following assumptions:

(0) The spectrum of the operator 7a does not intersect
the complex unit circle, i.e.,

Spect7p N{z e C : |z] =1} = 0.

(1) There exists a decomposition of N/C, the normal
bundle of K, into a direct sum

NK=P & P,

of two C” subbundles, P;, P, C NK, such that
P is invariant under M (¢). As a consequence, a
representation of M (¢) with respect to this decom-
position is given by

(M) B@)
M‘( 0 M2(¢>)'
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The corresponding restrictions of the transfer oper-
ator 7 onto functions mapping into Py and P, will
be denoted as 77 A and 75 A. The annular hulls A;
of the spectra of these restricted operators can be
defined similarly to .A:

Aj=ze : zeSpeatTja, weR), j=1.2
AjU Ay = A, (100)

(2) The annular hull of Spect(7; ) lies strictly inside
the complex unitcircle,i.e., 4] C {z € C : |z] < 1}
(3) For the smallest integer L > 1 satisfying

A AT czeC Iz < 1), (101)
we have
AiNA, =0 (102)

for every integer i € [2, L] (in case L > 2)
By L+1<s

We then have the following result:

Theorem 6 (Haro and de la Llave [18])
assumptions (0-5):

Under

(i) There exists an invariant manifold M C P that
is a C™* embedding of the subbundle P; into P,
and is tangent to P; along the torus K.

(ii) The invariant manifold M is unique among all
¢+ invariant manifolds of F that are tangent to
the subbundle P; along the torus K. That is, every
two C”-L*1 invariant manifolds with this tangency
property will coincide in a neighborhood of /.

(iii) There exists a map R : P — Pp that is a poly-
nomial of degree not larger than L in the variable
A, of class C" in x and C in ¢, and there exists
aC" map W: Uy C Py — P, defined over an
open tubular neighborhood U of the zero section
of Py, satisfying

R(0,¢) =0, DiR(0,¢) =M,
W, ¢) = K@), 7pDiW(O,¢)=1p,
g, D2W (0, ¢) =0
forall pe ’]I‘k, such that W serves as an embedding
of M from P; to P, and R represents the pull-
back of the dynamics on M to U; under this
embedding. Specifically, we have
FiW, ¢),¢) = W(R0, ¢), ¢+ A)
in the tubular neighborhood Uj.



Nonlinear normal modes and spectral submanifolds

1531

(iv) If we further assume that for some integer L_ >
2, we have A’i N A; = @ for every integer i €
[L_, L], then R can be chosen to be a polynomial
of degree not larger than L_ — 1.

V) f A N{zeC: |zl =1=0} (ie., the torus K
is normally hyperbolic), then statements (i)—(iv)
remain valid under small enough C™* perturba-
tions of the map Fi. In particular, the invari-
ant manifold M and its parametrization persist
smoothly under small enough changes in para-
meters £ € RP as long as for the new variable
$ = (¢, 1), the function F (x, ¢) is of class C.

These results have been collected, with minor nota-
tional changes, from Theorem 4.1 and Remark 4.7 of
Haro and de la Llave [18].

Proof of Theorem 4

We consider eq. (41) but will work with its equivalent
autonomous form
X = Ax + fo(x) +efi(x, ¢, €),
¢ =Q. (103)
We will state the smoothness assumptions on fj and f;
in more detail later. By (v) of Theorem 6, we can first
establish the existence of various spectral submanifolds
attached to the invariant torus Koy = {0} x IT¥ of the
€ = 0 limit of (103). We then conclude the existence of
similar submanifolds attached to the quasiperiodic nor-
mal mode x.(¢), represented by a perturbed invariant
torus C¢ for € > 0 in the full perturbed system (103).
In the context of the above theorem, we are working
on the phase space P= R x T* and an open neighbor-
hood U = U x T*, where U ¢ R" is an open neigh-
borhood of the fixed point x = 0 of (41). We define
the mapping F as the time-one map of the autonomous
system (103) fore = 0., i.e.,
Fer. o) = (F .0 +9) U~ P,

Fi(x) = Fy (%),

Fd) =¢+Q, (104)
with the map FOl denoting the time-one map of x =
Ax + fo(x). By our assumptions, we have F1(0) = 0,
and hence, the torus Ky = is an invariant torus for the
map F fore = 0.

The Jacobian of the x-dynamics at x = 0, as defined
in (97), is
M(@) = Dy Fy (0) = e,

and the transfer operator defined in (98) takes the form
[Tav] (@) = e*v(g — Q).

We now Fourier expand the general function v: T —
RV as

o0
V@) = D e me

Im|=1

Be definition, A € C is in the spectrum of the opera-
tor Tg if [A] — Tq]™" does not exist. After Fourier-
expanding 7qv, we see that the non-invertibility of
Al — Tg is equivalent to the non-solvability of

o o
Z (“ _e—z(m,Q)eA) Dyl P — Z 5l )

|m|=1 m|=1

for the coefficients v,,, where vy, is arbitrary but fixed.
This non-solvability arises precisely when

det [eA - Aei<’"’Q)I] =0,

i.e., when Ae’ ™) is contained in the spectrum et We
conclude that the spectrum of 7g, is given by

Spect(TQ):{e*f”m@: i=1,....d: meNk},
(105)

where A ; are the eigenvalues of A, listed in (7). By the
definition (99), the annular hull of Spect7g, is therefore

A={ZEC s z] = R j=1,...,d}. (106)

For later reference, the analogous annular hull defined
for the inverse of A is then

A—lz{zecc Dzl = e Reh j=1,...,d}.

By assumption (42), Eq. (105) implies that hypothe-
ses (0-2) of Theorem 6 are satisfied. To verify the
remaining assumptions of the theorem, we note that
the smallest integer L satisfying

.A{‘H.A_1 clzeC: |zl <1}
is just the smallest integer that satisfies

L+1 .
[emaXAeSpecl(A\E) Re?»] eMiMiespect(4) Reir _ | .

The solution of this inequality for a general real L is
given by

min Rex
L > reSpect(A)

maxj eSpect(A|g) ReA

@ Springer
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The integer solutions of this inequality therefore satisfy
L = X(E),

with the absolute spectral quotient o (E) defined in
(16). The nonresonance condition (102) can be written
in our setting precisely in the form (43). Thus, under the
assumptions of Theorem 4, the conditions of Theorem
6 are satisfied. The statements of Theorem 4 are then
just restatements of Theorem 6 in our present context.

Comparison with applicable results for normally hyper-
bolic invariant manifolds

As in the autonomous case, the existence of slow non-
autonomous SSMs (last column of Table 2) could also
be deduced in a substantially weaker form from the
classic theory of inflowing invariant normally hyper-
bolic invariant manifolds (Fenichel [15]).

Following the approach taken in Appendix “Com-
parison with applicable results for normally hyperbolic
invariant manifolds” for the autonomous case, we let
8 = /€ and use the rescaling x — §x in system (103)
to obtain the equivalent dynamical system

X = Ax—l—S[fo(x;S) +f1(5x7¢)],
b =Q. (107)

Assume that the slow spectral subspace E| .. 4 featured
in row (1) Table 2 satisfies the strict inequality

ReAg11 < Rely.

This implies that in the § = 0 limit of system (107),
the torus bundle Ko x Ej .4 is a normally hyperbolic
invariant manifold, i.e., all decay rates of the linearized
system within Ko x Ej, ., are weaker than any decay
rate transverse to £ ,. Furthermore, a small compact
manifold Ko x E ... q C Ko x E1,... 4 with boundary
can be selected such that dim El,_._,q =dimE__,
E ¢ is inflowing invariant under the flow of
(107) for 6 = 0. This specifically means that the vector
field (Ax, ©2) points strictly outward on the boundary
a(Koy x El,‘..,q) = Ko x 351’“”(1 of Koy x El,.‘.,q~
Then, for 6 > 0 small enough, the results of Fenichel
[15] imply the existence of an invariant manifold W
with boundary in system (107) thatis O(8) C I_close to
Ko x E 1,...,¢ Within a small neighborhood of Xp. Fur-
thermore, dim W = dim E 1....q + k and the manifold
W is of class C? with the integer y defined in (94).

.....

@ Springer

The limitations of this approach are identical to those
discussed in Appendix “Comparison with applicable
results for normally hyperbolic invariant manifolds.”

Comparison with results deducible from analytic lin-
earization theorems

A time-quasiperiodic extension of the linearization the-
orem of Poincaré [34] (cf. Appendix “Comparison
with results deducible from analytic linearization theo-
rems”) is given by Belaga [5] (cf. Arnold [1]), covering
differential equations of the form

F= A0, gne)=0 (7). (108)
=0, (109)

where A € CN*Nis diagonalizable, ¢ € T* and
g(v, ¢) is analytic. If

1. all eigenvalues of A lie in the same open half plane
in the complex plane (e.g, ReA; < Oforall j in our
setting), and

2. thenonresonance conditions A; # (m, A)+i (p, 2)
hold for all integer vectors m € (my,...,my),
withm; >0, and 3, m; > 2, and for all p € Z*,

then there exists an analytic, invertible change of coor-
dinates z = h(y) in a neighborhood of the origin under
which system (108) transforms to

7= Ag,
é=Q. (110)

The spectral subbundles of the trivial normal mode
{z =0} x T* in this system are all defined by ana-
lytic functions, given as direct products of flat graphs
over any spectral subspace of A with the torus T, It
follows from our discussion in Sect. 1 that these flat
subbundles are the only analytic spectral subbundles
of (110). Then, following the argument in Appendix
section “Comparison with results deducible from ana-
lytic linearization theorems,” we conclude that (108)
also has unique analytic, quasiperiodic SSMs, tangent
at the origin to any selected spectral subspace of the
operator A. These unique analytic SSMs over spectral
subspaces of (108) can in turn be extended to smooth
global invariant manifolds under the reverse flow map
of (108) up to the maximum time of definition of back-
ward solutions.

This construct has all the practical limitations
already discussed Appendix “Comparison with results
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deducible from analytic linearization theorems,” plus
two more. First, resonances with the external forcing
are also excluded by the above nonresonance assump-
tions. Second, the term representing external, time-
dependent forcing must be fully nonlinear in the phase
space variables. The latter is rarely the case in mechan-
ical models.

We close by noting that in the case of k = 1 (single-
frequency forcing), the above results of Belaga can be
extended to cover time-periodic dependence in the lin-
ear operator A as well (see Arnold [1]). This is the
mechanical setting for the formal manifold calculations
of Sinha et al. [42] and Redkar et al. [35]. The limi-
tations of the linearization approach discussed above
remain valid for this extension as well. In contrast, a
direct application of Theorem 5 to the Poincaré map
of (108) with k = 1 gives sharp existence, persistence
and uniqueness results for SSMs, assuming that the
Floquet multipliers associated with the time-dependent
linearization are known.

Similarly, if A has quasiperiodic (k > 1) depen-
dence on ¢, Theorem 6 formally applies to the qua-
siperiodic map associated with the linearized sys-
tem, giving sharp existence, persistence and unique-
ness results for SSMs in the nonlinear system. In
this general case, however, the spectrum of the trans-
fer operator [75o 2] (¢) defined in (98) is not known
and requires a case-by-case analysis. For this reason,
we have assumed throughout this paper the common
mechanical setting in which the operator A of the lin-
earized system is time-independent.
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