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Abstract. In this paper we consider the persistence of lower dimensional tori of a class
of analytic perturbed Hamiltonian system,

H = {@(@),1) + 300 (& + %) + P(6,,2,5,)

and prove that if the frequencies (wp, ) satisfy some non-resonance condition and
the Brouwer degree of the frequency mapping w(¢) at wy is nonzero, then there exists
an invariant lower dimensional invariant torus, whose frequencies are a small dilation
of wy.
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1 Introduction

In this paper we consider small perturbations of an analytic Hamiltonian in a normal form
1 2 .2
N ={(w(G) ) + 5 - (u” +0%),

on a phase space
(0,1,2,2) e P=T"xR" xR xR,

where T” is the usual n-dimensional torus and the tangential frequencies w(&) = (w1, ..., wy)
are parameters dependent on ¢ € D C R" with D a bounded simply connected open domain.
The associated symplectic form is

do; Adl; + du A do.
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The Hamiltonian equations of motion of N are
0= w(&), =0, 1= 0o, 0 = —Qou.

Thus for each ¢ € D, there exists an invariant n-dimensional torus T” x {0} x {0} C R*" x R?
with tangential frequencies w(¢), which has an elliptic fixed point in the normal uv-space with
normal frequency (). These tori are called lower dimensional invariant tori, split from resonant
ones lying in the resonance zone constituted by both stochastic trajectories and regular or-
bits. The persistence of lower dimensional invariant tori has been widely studied. See many
significant works [3, 4, 9, 11, 12, 14, 22].

The classical KAM theorem [1, 10, 13] asserts that, under Kolmogorov non-degeneracy
condition, namely,

det(dw/dp) # 0,

if the perturbation is sufficiently small, a Cantor family of n-dimensional Lagrangian invariant
tori (so-called maximal dimensional invariant tori) persists with the frequencies w satisfying
Diophantine conditions:

|(k, w)| > 0£kez"

o
W/
When we consider the persistence of low dimensional invariant tori, the well known first
and second Mel'nikov conditions [11, 12] are formulated to deal with the resonance between
tangential and normal frequencies. The KAM theorem ensures that a large proportion of lower
dimensional invariant tori (in the sense of Lebesgue measure) can survive during sufficiently
small perturbations at the cost of removing a series of parameter sets with small measure,
which gives rise to the inability of prescribing frequencies.
The classical KAM theorem is extended to the case of Riissmann’s non-degeneracy condi-
tion
a1w1(p) + apwr(p) + -+ -+ aywn(p) 0 on D, (1.1)

for all (ay,ap,---a,) € R"\ {0}. See [2, 6, 16, 17, 18, 21]. However, in the case of
Riissmann’s non-degeneracy, generally speaking, we cannot expect any more information on
the persistence of both maximal and lower dimensional invariant tori with a given
Diophantine frequency vector without adding any other extra condition to the Hamiltonian,
since the image of the frequency map may be on a sub-manifold.

Very recently, Sevryuk [20] obtained partial preservation of unperturbed frequencies of
maximum invariant torus for perturbed Hamiltonian systems under Riissmann’s non-degen-
eracy condition, whose proof is based on external parameters and some Diophantine approx-
imations properties.

Similarly, by introducing external parameters and applying the KAM method, Xu and You
[23] showed the persistence of maximum invariant torus for a class of nearly integral Hamil-
tonian systems with a given Diophantine frequency vector w(py) satisfying deg(w, D, wp) # 0
without assuming Kolmogorov non-degeneracy condition, just provided the perturbation is
sufficiently small. Meanwhile, they also pointed out that, their results could not be general-
ized to the lower dimensional elliptic case.

In [4], Bourgain showed the persistence of lower dimensional invariant torus T4 x {0} x
{0} € R* x R¥ under Kolmogorov non-degeneracy condition by combining Nash-Moser
type method, introduced and developed by Craig and Wayne [3, 7, 8] and KAM method.
Furthermore, the author proved that for a fixed Diophantine frequency wy, the perturbed
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Hamiltonian system admits a lower dimensional invariant torus, whose frequencies w, are a
small dilation of wy with the dilation factor A, that is,

Wy = Awy, AeER, A =1,

which reveals some interesting dynamical behavior of object motions in the phase space that
the frequencies of quasi-periodic motions winding around invariant tori always lie in a fixed
direction, being a multiple of a given Diophantine vector.

Motivated by [4, 20, 23], in this paper, we aim at proving the persistence of elliptic lower
dimensional invariant tori with prescribed frequencies for small perturbations H = N + P
of the Hamiltonian N. To be more precise, we will show that if frequencies (wp, ()o) satisfy
some non-resonant conditions and the Brouwer degree of the frequency mapping w({) at wy
is nonzero, then there exists a lower dimensional invariant torus, whose frequencies are a
small dilation of wy.

To present our main theorem quantitatively, we make some preliminaries and introduce
some notations.

We first introduce complex conjugate variables

z=(u+iv)/V2, z=(u—1iv)/V2.
The corresponding symplectic form and Hamiltonian become }_d0; A dI; +idz A dz and
H=(w((),I) + Q22+ P(0,1,2,%7), (1.2)

respectively.
Denote a complex neighborhood of the torus T” x {0} x {0} x {0} by

D(s,7) = {(6,1): Tmf| <5, |I| <2, |z| + ]z <r} CcC"x C" x C x C.
Expand P(6,1,z,Z;¢) as Fourier series with respect to 6 and we have

P(&0,1) = Y P(lz%E) e,

kezn

Define
HPHD(SJ‘)XHU = Z HPkHr,-g' €S|k‘,
k1

where || Pellr.c = SUP|; <2 |24 21<, SUPzer, [Pc(L, 2,2 €)].
Let
[I={eD:|—-dD| >0},

where ¢ > r > 0 is a small constant, and I, a complex closed neighborhood of IT with the
radius o, that is,
I, ={¢eC":|g-T1I <o}

For ¢ € I1,, denote by d the diameter of the image set of w(¢), and a cover of w(I1) by
O = (Uzer1B(w(£),d)) NRY,

where B(w,d) = {@ € C" : |@ — w| < d}. Define a positive constant L, such that |w({)| +1 <
Lforall{ € D.

For integer vectors (k,1) € Z" x Z with |I| < 2, we use the notation | - | to denote its | - |;
norm. Set Z = {(k, 1) #£0, |I| <2} Cc Z" x Z.
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Theorem 1.1. Suppose that the following Hamiltonian system
H=(w(),I)+Qo-2zz2+P(0,1,2,z¢) (1.3)

is real analytic on D(s,r) x D. Let wy = w(&o), Go € D. Suppose that frequencies wq and Q) satisfy
the following non-resonance condition:

[k wo) +1- 0 > —, (k1) € Z,
Ak

where (-, -) is the usual scalar product and Ay = 1+ |k|” with T > n + 1; and the Brouwer degree of
the frequency mapping w at wg on D is not zero, i.e.

deg(w, D, wy) # 0.

Then there exists a sufficiently small constant € > 0, such that if ||P||p(s ,)xr, < €, (1.3) has an
elliptic invariant torus with non-resonant frequencies (ws, () = (1 + ps)(wo, Qo), where y, is a
small dilation depending on e.

Remark 1.2. The above theorem can apply to the following example. Set w({) = wp +
( %dlﬂ,..., %d”ﬂ), where dj,...,d, are positive integers. Note that w(¢) does not satisfy
the Kolmogorov non-degeneracy condition at ¢ = 0 (only with Riissmann’s non-degeneracy
condition satisfied). However, the previous KAM theorem cannot provide any information
about the frequencies of invariant tori of perturbed systems. When applying Theorem 1.1, we
know that the Hamiltonian system possesses an invariant torus along the prescribed direction

wy.

Remark 1.3. In fact, the normal frequency () of the system (1.3) can depend on the parameter
¢. But we should add certain restriction to the derivative of ()y(¢) in order to make sure the
shift of (&) does not affect the Brouwer degree of w(¢) at wy. The extra restriction will be
determined by the extent of degeneracy of w({). Here we do not explore this situation and
assume () to be a constant.

Remark 1.4. In this paper we aim at the persistence of elliptic lower dimensional invariant
tori with one normal frequency. In this case we come across essentially the first Mel'nikov
condition, which can be solved by introducing external parameters and Brouwer degree as-
sumption. Once two or more normal frequencies are involved, without any non-degeneracy
condition we cannot manage the second Mel'nikov condition and preserve the frequencies at
the same time.

2 Proof of the theorems

First we introduce an external parameter vector A and consider the Hamiltonian
H(6,1,2z,zZ,¢,A) = (w(C) + A1) +Qo-22+ P(0,1,2,%,C). (2.1)

In what follows we abbreviate H(0,1,z,%;¢,A) as H(-;¢,A). The method of introducing pa-
rameter was used in [19, 20] to deal with Riissmann’s non-degeneracy condition and remove
degeneracy. The Hamiltonian system (2.1) then corresponds to (1.3) with A = 0.

We subsequently give a KAM theorem for (2.1) with parameters (&, A) and obtain an ellip-
tic torus with prearranged frequencies direction. Topology degree theory ensures the existence
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of certain ¢ such that A(¢) = 0, which implies the obtained invariant torus is actually one of
the original perturbed Hamiltonian system.
For fixed ), define

o

O:{w:](k,w>+l-QO\ZAk, (k,l)eZ}. (2.2)
Let M =I1, x B(0,2d + 1). Then the Hamiltonian H(+; ¢, A) is real analytic on D(s,r) x M.
Theorem 2.1. There exists a small € > 0 such that if
[Plpsrxm < €
we have a Cantor-like family of analytic curves in M:
Fo ={(¢,A(8)): ¢ €T},
which are implicitly determined by the following equation
At w(@) +8(8A) = (T4 p(,A))@,

for @ € O, where g(&, A), u(&, A) are C* smooth on M with estimates

N —

2¢
SENI< [N + g )] <
and
2e 1
and a parameterized family of symplectic mappings
®(;8,A): D(s/2,7/2) = D(s,r),  (&A) €T = Upcolo,

where ® is C* smooth in (&, A) on T in the sense of Whitney and analyticin (6,1,z,Z) on D(s/2,r/2),
such that for (¢,A) € To,

H(-;C,/\) © CI)(-;@',/\) = N*(‘;C:/)‘) + P*(~;€,/\),
where
N*(-,‘g,/\) = <w*r1> +Q*(61A)Zzl

with tangential frequencies
we = (1+pGA))o, Qo= (1+pu(E 7)),

and

otohalp, 0, 2l+|p+g| <2

|I,u,v:O =

Therefore, (2.1) possesses an elliptic invariant torus ®(T" x {0,0,0}; &, A) with tangential frequencies
ws = (14+u(g, A))w for each (¢,A) € Tp.
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Now we first use Theorem 2.1 to prove Theorem 1.1 and delay the proof of Theorem 2.2
later. In fact, let @ = wp and then we have an analytic curve I',,: ¢ € IT — A({), implicitly
determined by the following equation

At w(@)+8(EA) = (T4 u(g A))wo.

The implicit function theorem shows

AME) =wo—w(@)+AE), VEeIl
Moreover, if € is sufficiently small, we have

A 2L € A 8L €
< == £ <= .=

|A(€)‘ = |QO| 72 and |A§(§)| = ‘QO| 72

It follows from the assumption that
deg(wp — w,I1,0) # 0.
Therefore, if € is sufficiently small, we have
deg(A,I1,0) = deg(wo — w,I1,0) # 0.

Then there exists ¢, € IT such that A(¢,) = 0. The Hamiltonian system (2.1) with H(-;{x) =
H(-; ¢+, A(g+)) has an elliptic invariant torus ®(T" x {0,0,0}; ., A({«)) with tangential fre-
quency (1+ (E., ME.)))wo.

Below we are to prove Theorem 2.1. In order to verify the Hamiltonian flow on the per-
sisted tori winds along the prearranged direction @, we tend to adjust tangential frequencies
w(g, A) at each KAM step to guarantee the consistent direction; and for this goal the external
parameter A and internal parameter ¢ are varying in decreasing domains.

The KAM iteration scheme mostly follows the classical papers [14, 15]. We also highlight a
recent work by Berti and Biasco [5], which deals not only with various, weak small perturba-
tions of elliptic tori to obtain the existence of KAM tori, but can apply to both our circumstance
and PDEs with Hamiltonian structure. Consequently, we just provide admissible definition
domain for (¢, A), and omit the other standard parts of KAM step, as readers can refer to
[5, 14, 15] for concrete estimates.

KAM step. The following iteration lemma can be regarded as one KAM step. If the estimates
(2.3)-(2.7) and (2.11) hold, then the assumptions A1 and A2 hold for H and so the KAM step
can be iterated infinitely.

Lemma 2.2 (Iteration lemma). Consider the following Hamiltonian

H(;58A) = (@(&A), 1) + Q(E )22 + P(E, 1),
where w(§,A) = w(&) + A+ g(E,A) and Q(E,A) = Qo + (&, A1) Q. Assume:
(A1) the Hamiltonian H is analytic on M X D(s,r) with ||P||pxp(sy) < €

(A2) the functions g and y satisfy the following estimates:
1
2@+l @M <5 VEA) EM, 23)

RENI<; ad @) +le@] < g VENEM @4
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For each @ € O, the equation
w(GA) = w(@) +A+g(EA) = (1+p(G A)@
implicitly defines an analytic mapping
A:gell, = A(G) € B(0,2d +1)

such that T = {(&,A(€)) : € €Tl } C M. Let e K = %e%, h= o and 6 = Zh.
Thus,
U(Tw,8) = {(&A) € TI, x C": |A' = A(E)] <6} € M.

Suppose
€ < min {2’3carp””+1,2*1602} , (2.5)
e < (32L) 71|35, (2.6)
€7 < (3¢c) larpTtmtl, (2.7)

where the constant c is twice the largest constant appearing in the following iterative process and is
independent of KAM steps. Set
— 3 _ ~1.3 _ — —
s+ =s—5p, n° = (3¢) €2, P+ = 50 ry =ur, €y = €2,

where 0 < p < s/5, and
M, = {(C,/\/) eC'"x(C": ¢e Hgf%é, (EA) el M =A< ;5}, (2.8)

where I' = Upeo L. Then for any (&, A) € M. there exists a symplectic mapping
®(+;¢,A): D(s4, r4) = D(s,7),
where ® is real analytic on D(sy,r4+) x My, such that
Hy (58 A) = H(58,A) o @(58,A) = (w4 (§,A), I) + Qi (G A) - 22+ P (58, M),

where

wi(6,A) =w(§) +A+g(5,A) +8(S,A),
and

QL (5,A) = Qo+ (u(E,A) + (S,1)) 0

Furthermore, the following estimates hold.

(i) The new perturbation term P, satisfies |P+|[p(s, r,)xm, < €+
The mapping ® has the following estimates:

ce

IW(® —id)llp(s, r.yxna, + IWDP = IA)W ™ Ips. 1 yxm, < arpE T

where D is the differentiation operator with respect to (0,1,z,z) and W = diag(p I, r 21,
r~1,r=1) with I, the n-th order unit matrix.
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(ii) & satisfies that

8(EA)] < g V(EA) €M,
and e
|<‘>§)\(§/A)’ + ’gé‘(gr/\” < E, V(C,A) e My,

fl satisfies that
- €
|f1(C, A) - Qo < ey V(¢ M) €M,

and
2¢
. . < .
@+ RGN < gy YEA) €My

The equation
wi(§A) =w(@) +A+84+(6A) = (1+p (8 A)@

implicitly determines an analytic mapping

Ap: €Ty, — AL(E) €B(0,2d+1) with 0y =0 — %5,
satisfying
8L € 1
- < 2= &<z .
|/\+(§) A(CN = ‘ 0‘ 2= 45 (29)
and
I ={(CA+(0): Tellp} C M. (2.10)
Let hy = o and 6, = 2hy, where K, satisfies e~ K+P+ = %e%. If
+
1
0+ < 40, (2.11)

then for all @ € O we have U(TS,6,) C M.

Proof of the Iteration lemma. Assumption (A2) shows that w(¢,A) = (1+ (¢, A))@ on I with
@ € O. Noting (2.2) and Q(&,A) = (14 u(¢,A))Qp, thenon T,

[k w(ZA) +1-QG M) = (1+p(EA) - [{k @) +1- O

> (U= 525 % (212)

for (k,1) € Z and |k| < K.
Moreover, for (¢, A) € U(T,6), there exists wy = (1 + (¢, A))@o with @y € O such that
|w —wp| < h. Thus, for (¢,A) € U(T,6), (k1) € Z and |k| <K,

[(k,w(,A)) +1-Q(G, M| = [k, wo) +1-QG,A)| = [k] - [w —wo|
3u b

>——h-lk| > — 2.1

> o ek > 5 (213)
where the last inequality follows from (2.12) and h = 7%

Once the non-resonance condition (2.13) holds, we can simulate the proof of [5, Theorem

5.1] to conduct a detailed KAM step. The relevant estimates here are standard and analogous.
The conclusion (i) holds subsequently.
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Recall the small shift of frequencies §(&, A) = Pyioo(E, A) and f1(¢, A) = Ppo11(¢, A); then the
estimates of ¢ and ji hold obviously. Cauchy estimate also yields the estimates for ¢ and ¢\
in conclusion (ii). Set g+ = ¢+ ¢ and 4 = p + fi. Define M as in (2.8). It follows from the
closeness of the set O that M, is also closed. Note that dist(M,,dM) > §/2. Cauchy estimate

again shows

1g+2(6,A)] < % (a8 A)] < ﬁ V(& A) € M.

Implicit function theorem and (2.6) also imply that the equation

wi (6 A) =w(@) +A+8+(6A) = 1+ pi (G A))@

determines an analytic mapping
Ap:¢ell,, - AL(C) € B(0,2d+1).

It is easy to see the estimates (2.9)—(2.10) hold. Inequality (2.11) yields U(T},6+) C M.
Hence, the conclusion (ii) holds. O

Iteration and convergence. Now we choose some suitable parameters so that the above step
can be iterated infinitely. At the initial step, let

1
Sgp =S, p():ﬁs, o =171, €)= €, op=20.
K 1.3 1.3
. _ 13 13 .
Let Ko and 1o satisfy e” "0 = ze5 and 175 = 5.€, respectively. Furthermore, we choose €

sufficiently small such that
_ 1\ T _
o < (21T H12nH3646) e (1116 —1In e§> < (2'°L) ' Q| arpd. (2.14)

For j > 0, we define

I 2 1
hi = 1w 05 = 3hj, Ojr1 = 0j = 59j; (2.15)
]
1
Pj+1 = EP]'/ Tit1 = 1T}, Sji+1 = Sj — 5pj; (2.16)
3 Kivio: 11 1 1
€1 =¢/, e = el M = 3€f (2.17)

Then all the above parameters are well defined for ;.

For conciseness, we merely provide the details concerning frequencies shift and admissible
parameter domains, and recommend readers to refer to [5] for the other estimates.

Let Hy = H and My = I1, x B(0,2d + 1). The iteration lemma introduces a monotonous
decreasing sequence of closed sets { M;}, and a sequence of symplectic mappings {®;(-;¢,A)}
defined on D(sj;1,7j41) for (¢, A) € Mj1.

Set ®/ = dyo--- oCID]-_1 with ®° = id, and H]- =Hod = N]- + Pj, where

N](/C//\) = <wj(C//\)/ I> + Q](C,/\) - 2%,

with w;(&,A) = w(&) + A+ g;(&,A) and (&, A) = Qo + p;(E, A1) Q.
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The iteration lemma shows, for @ € O,, the equation
wj(&A) = w(@) + A+ (G A) = (14458, A))@
on M; implicitly defines an analytic mapping A = A;(¢), ¢ € Iy, whose graph in M; forms an
analytic curve I',. Denote by I'; = Unco, I’),. Recall that

1
Mjyy = {(g,;v) €C" X C":E €My, [N —Al < 56, (6,M) € r]},

which yields M]'+1 C M]' and diSt(Mj+1,aM]') > %5]
Note

g}(é )‘) = Wj4+1 <§/ A) - wj('; /\) and ﬁj('gr /\) = (Qj-l-l (gr/\) - Qj(gr/\)) /.
Then for (¢, A) € M;, we arrive at

181(&, M) S?J- and [#1;(¢,A) - Qo gr%.
J j

Cauchy estimate shows, for (¢, A) € M4,

3ix(E, A s (EMN)] <=L and  |fje(E A 1 (5N < = - =L
’g](';'('gr )| + |g]/\(§r )| > rj‘sj an ’V]@(é/ )‘ + ‘.u]/\(él )’ = |QO’ 7’]2(5]'
Furthermore, we have
8L €
[Aj+1(8) = A(8)] < o] ﬁ V(G A) € M. (2.18)

Based on the initial value and induction, it is easy to verify assumptions (2.5)—(2.7) in the
iteration process. Noting (2.15)—=(2.17) and the above estimates, we are able to verify (2.3), (2.4)
and that all the sequences are Cauchy sequences. Hence, the defined variable sequences are
ultimately convergent.

Let D, = D(0,3s), M, = NjzoMjand o = 0 — : Y2 6j- Choose € sufficiently small such
that 5p < ¢, and then o, > 0 — %50 > %0. As a consequence, I, C ﬂjzo ng.

Furthermore, let

®=1lm®, Ag)=1lmAi();  g(EA) = ]lgfgogj(C,A) and (M) = jlggo (& A)

j—roo j—oo

respectively, for ¢ € Il,, and ({,A) € M.. Then we have the estimates for g(&,A) and u(g,A)
for ({,A) € M, in Theorem 2.1.

Recall T; = {(,A;(%)) : € € Il,;} C M; and A; is analytic on IT,,. Then we obtain the
analyticity of A({) on Il,, and

>

MO - @) < 2,

by using (2.18). This indicates that

T = {(EAQ): €€} CM; and T*= J T5 C M,

we0
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Consequently, I'" C M. = ;>9 M;. For (§,A) € T'g,

A+ w(@)+8(A) = (1+u(@ ).

Note that M, is not an open set. Hence, the smoothness of g, y and P, with respect to
(¢, A) on M, should be understood in the sense of Whitney. Applying Whitney extension
theorem [24], we can extend g, # and P, to be C* smooth on M, which only makes sense on
M... Hence, we have completed the proof of Theorem 2.1.
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