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Topology change of level sets in Morse theory

Andreas Knauf and Nikolay Martynchuk

Abstract. The classical Morse theory proceeds by considering sublevel sets f~1(—o0,a]
of a Morse function f: M —R, where M is a smooth finite-dimensional manifold. In this paper,
we study the topology of the level sets f~!(a) and give conditions under which the topology of
f~1(a) changes when passing a critical value. We show that for a general class of functions, which
includes all exhaustive Morse functions, the topology of a regular level f~!(a) always changes
when passing a single critical point, unless the index of the critical point is half the dimension of
the manifold M. When f is a natural Hamiltonian on a cotangent bundle, we obtain more precise
results in terms of the topology of the base space. (Counter-)examples and applications to celestial
mechanics are also discussed.

1. Introduction and notation

Let M be a smooth m-dimensional manifold without boundary (in this paper,
we consider only separable and metrizable manifolds). We recall that a function
f€C?(M,R) is called a Morse function if for every critical point x€M of f, the
Hessian

Hessf(x) : T,MxT, M —R

is non-degenerate. One defines the index of a critical point by index(f, z):=dim(V),
where VCT, M is a subspace of maximal dimension on which Hessf(z) is negative
definite.

The classical Morse theory (see [24] and [27] for background material) proceeds
by considering sublevel sets

(1.1) MP:={zeM|f(x)<b} and M!:={xcM|a<f(x)<b}.
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Under standard compactness assumptions (for instance, if all the sets M’ are com-
pact; see Section 2), for regular values a<b of f, the sublevel sets M® and M? are
diffeomorphic if M? contains no critical points. If there is one critical point z in
the interior of M?, then Mb§M“UH,Q”, with the handle H,Q”::Dk x D™~F of index
k:=index(f, ) attached along OH"=S*"1x D™~*_ We note that by the construc-
tion, the intersection M2NH™ is the subset S*~1x D™~*CoM?. In particular,
M? is homotopy equivalent to the space M*UD* obtained from M® by attaching
a k-cell D*. This is implies that M? is not homotopy equivalent to M@ if M is
compact; cf. (2.1) below.

In the present paper we are interested in the topology of the level sets f~1(a)=
OM®. First we note that OM® and OM® are always diffeomorphic if M? contains
no critical points. It is not difficult to see that the same can happen if M? contains
several critical points. In fact, simple examples (like Example 2.1 below) show that
for regular values a<b, 9M® may be diffeomorphic to 9M* even when M? contains
a single critical point. This leads to the following natural question: under which
conditions does the topology of 9M® change (in the rough sense that Hy,(OM?; G)#
Hy(OM®*; G) for some abelian group G and some ¢€Ny), when the function f passes
a critical level with one or several critical points? The main goal of the present paper
is to develop criteria to answer this question in many cases.

We note that the above topology change question is not completely new. It can
be traced back to Maxwell’s paper on Hills and Dales [21] published in 1870. It is
also very natural in the context of surgery theory, which according to [31] “studies
the possible handle structures on manifolds and cobordisms”. In particular, the
knot complement theorem [13], which states that non-trivial Dehn surgeries on non-
trivial knots in S® do not give 52, and the so-called cosmetic surgery conjecture
[5] and [17], which is a generalisation of the knot complement theorem, are very
similar to this question. Recently, it has been raised by A. Albouy in connection
with the n-body problem and the topology of the corresponding integral manifolds
[2], [32] and [33]. The main question in this context, which motivated our work,
is whether for the n-body problem, the topology of the integral manifolds always
changes when passing through a bifurcation level. We note that this is true for the
two levels of the Kepler problem with a given nonzero value of angular momentum,
for n=3 celestial bodies [23], and for the planar n-body problem, provided that the
reduced Hamiltonian is a Morse function having at most two critical points on each
level set; see Section 4 and [22].

To conclude the introduction, we now give an outline of this work together
with a short summary of the results.

In Section 2, we consider level sets of abstract Morse functions, which satisfy
the so-called Palais-Smale condition [28] and for which the level sets have finitely
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generated homology groups; see Assumptions 2.2. We show that for such a function
f, the topology of f~!(a) changes when passing a single critical point, if the index &
of the critical point is different from m/2, where m is the dimension of the manifold
M. We also consider the case of several critical points on a given critical level and
prove the topology change under a certain assumption on the indices of these critical
points. Specifically, it turns out that the topology always changes when passing a
given critical level if it contains a critical point of index k#m/2 such that there
exists no other critical point of index k—1,k+1 or m—k; see Theorem 2.9. We note
that these results apply to functions which do not have to be everywhere Morse (it
is sufficient to assume non-degeneracy in a small neighborhood of a given critical
level), and the level sets do not have to be compact.

The general discussion of Section 2 is based on the assumption(!) that there
exists a critical point of index k#m/2, where m is the dimension of the ambient
manifold M. And this is to be expected, since to such a critical point there corre-
sponds a surgery on a level set that removes an embedded sphere of dimension k—1
and replaces it with a sphere of a different dimension m—k—1. When k=m/2 (note
that this is always the case in knot theory, for then k=4/2), the spheres have the
same dimension and, at least on the level of Morse function on abstract manifolds,
both outcomes for the topology change are possible. In fact, it is even possible for
a regular level set to bifurcate to another differentiable manifold without chang-
ing its homeomorphism type, as examples of exotic spheres show; see Remark 3.9.
Nonetheless, it is natural to ask for criteria which guarantee a topology change also
in this case of a middle dimension. We address this question in Section 3 for a
special class of Morse functions.

More specifically, in Section 3, we consider the case when the manifold M is
a rank n vector bundle over an n-manifold N and the Morse function f is (up to
translations) a sum of a fiberwise positive definite quadratic form and a ‘potential’
function, which is constant on the fibers. The most important such case is the one
of a Hamiltonian function

(1.2) H:M=T*N-—R, H(qg,p)=K(p—A(q)+V(q)

on the cotangent bundle of a base manifold N; here K and V are the system’s kinetic
and potential energy, and A is the magnetic potential. In this case, we show that
the topology of H~!(h) always changes when passing a single critical point if the
Euler characteristic of the base space N is different from +1. In the case of abstract
vector bundles, we obtain a similar result in terms of the Euler number. We note
that the Euler number plays an important role also in the context of classification

(1) We note that a related condition k<m/2 appears very classically in a procedure of killing
the homotopy groups of manifolds [16] and [25].
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of integrable Hamiltonian systems with two degrees of freedom [4] and [12] and
monodromy of such systems [10], [19] and [20]. In Section 3 we also consider the
special case when N is an n-sphere. Because of Adams’ result on the Hopf invariant
one problem [1], it follows that in this case, no topology change is possible only in
dimensions n=2, 4 and 8.

We remark that the results of Section 3 indicate that the question of the topol-
ogy change that we consider in this paper is not only a question about surgeries on
abstract level sets; at least for the case of natural Hamiltonians on cotangent bun-
dles, it is intimately related to the global topology of the ambient manifold M =T*N
on which the Morse function is defined; see Theorem 3.6 and Corollary 3.8.

In Section 4, we illustrate the developed theory on specific examples from
Hamiltonian and celestial mechanics: on the quadratic spherical pendulum, the
restricted three-body problem, and the planar n-body problem. In particular, we
demonstrate that there is always a topology change for the planar n-body problem,
provided that the reduced Hamiltonian is Morse having at most two critical points
on each level set; cf [22].

We conclude the paper with the Appendix, where details of some proofs and a
few miscellaneous results are given.

2. Level sets of Morse functions

Let f€C?(M,R) be a Morse function on a manifold M and let m:=dim(M)>0
denote the dimension of this manifold. It is not difficult to see that two level sets
f~1(a) and f~1(b) may be diffeomorphic even if there are critical values in the
subinterval [a,b]. Indeed, one can take a closed manifold M and a Morse function
f on this manifold that has unique global minimum and maximum points =i, and
Tmax; then f71(f(2max)—¢) and f~1(f(2min)+€) are diffeomorphic to a sphere
Sm—1,

This is also possible if between the levels there is only one critical level with a
single critical point:

Ezample 2.1. (No topology change of level sets) Consider the Morse function
f=for 1:RP(2)—R, induced by
f:S2CR?—R, fla)=30_, klal?,

with projection m: S?2—RP(2)252?/S% Then f~1(2) is a critical level with the
unique critical point +(0 1 0), and f~1(2+¢)=S'=f~1(2—¢). Note that a similar
phenomenon arises for a perfect Morse function f on the complex projective space
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CP(2)=5°/8t, with regular level sets diffeomorphic to the sphere S3. So it is not
caused by lack of orientability.

More generally, there is no topology change for m even at the level of the index
m/2 critical point of the Morse function f=3"7"%"k|x|> on RP(m) and, similarly,
at the level of the index m critical point of fzzzzrll k|z1|? on CP(m)=82?m+1 /51

(m is assumed even in both cases).

So we consider the following general question: How does the homology of level
sets of a Morse function f:M—R on an m-dimensional manifold M change when
passing a critical value ceR?

First, consider the more usual case of sublevel sets (1.1) and assume, for the
moment, that f is erhaustive, that is, that all the sublevel sets

Ma:f_l(_oo’a]

are compact. Consider a<c<b such that there is only one critical point z.€ f~1(c)
of fin M?. For k:=index(f,z.),

1. M® (M?) is homotopy equivalent to M® (respectively, OM?) with a k-cell
D* attached.

2. M? is diffeomorphic to M® with an m-dimensional handle HJ":=D" x D™~*
of index k attached, see [7, Theorem 17.5]. Note that this uses as data the embed-
ding S—0M* of a sphere S:=S*~! with trivial normal bundle T4 (9M*?) and, see
[27, p. 24], a bundle isomorphism

©: SXR™F T4 (OM?).
Then by excision [27, Section 2.3], one has
H.(M" M®) = H,(D*,dD").

Here H.(X, A)=H.(X, A;F) denotes the relative homology chain complex of a pair
(X, A). (Unless stated otherwise, the coefficients are in a field F.) By subadditivity
[27, Lemma 2.14] for the long exact homological sequence of the pair (M?°, M?), one
gets the inequality

P(M®*)+P(M° M®) = P(M")

of Poincaré polynomials, with relative Poincaré polynomial P(M®, M®)(t)=t*. The
symbol > means existence of a polynomial ) with nonnegative coefficients such that
(2.1) (P(M*)+P(M°, M*)—P(M"))(t) = (1+)Q(t).

This implies, in particular, that P(M%)#P(M?).
Hence, if f is exhaustive (in particular, if M is compact) and M? contains a
critical level f~!(c) with one critical point, then M® is not homotopy equivalent to
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M?. As we have seen above, for the level sets OM®=f~1(a) this is no longer the
case.

We note that if M is non-compact, it may happen that the level and sublevel
sets change their topology even in the absence of critical points. This phenomenon
occurs, for instance, in the 3-body problem and in that case is due to the so-called
critical points at infinity [2]. To avoid this situation, but to include a large class of
functions on non-compact manifolds, we shall assume throughout the paper, without
always mentioning this explicitly, that f satisfies the following assumptions; cf.
[28].

Assumptions 2.2. 1. There exists a Riemannian metric on M such that M is
complete with respect to this metric and for every SCM on which |f] is bounded,
but the norm ||gradf]| is not bounded away from zero, there is a critical point of f
in the closure of S.

2. The integer homology groups of each level set OM®=f~1(b) are finitely
generated.

Remark 2.3. The first assumption is known as the Palais-Smale condition [28].
Under this condition, the usual Morse theory applies, even if the level sets f~1(a)
are not compact. The second condition is technical and is needed for dimension
counting. It implies, for instance, that homology groups with coefficients in a field
F are finite-dimensional; see Lemma 2.4. We note that when f is a proper function,
that is, when all the sets M?=f~'[a,b] are compact (in particular, when f is ex-
haustive), Assumptions 2.2 are satisfied. Non-compact examples can be found in
Sections 3 and 4.

We will need the following lemma, where the above notation is understood.
Lemma 2.4. (%) Let z. be a non-degenerate critical point of f with
k=index(f,x.)

and let F be a field. Assume that values a and b are chosen such that x. is the only
critical point in M?. Then we have (under Assumptions 2.2)

dim H,(dM?®; F) = dim H,(OM?;F)+ 7,

where jo=0 if L¢{k—1,k,m—k—1,m—k}. Moreover,
1) if 2k<m—1, then either jr_1=0 and jy=1, or jr_1=—1 and j,=0;
2) if 2k=m—1, then jr—1=0 and jx=1,2, or jy_1=—1 and j,=0, 1.

(?) Compare with [25, Lemma 2] and [31, Proposition 4.19].
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Ezample 2.5. For instance, the data j; =1, jo=0, 2k<m—1 can be realised as
a bifurcation from S3 to $2 x S'. Other possibilities can be realised as bifurcations
of the following form: S3ULS3—S3, S2US2—=5%, R2UR?— St xR, S2—=T?, and
S2—+ KL (here KL stands for the Klein bottle).

Proof. First we consider the case of an arbitrary index k. We will come back
to the condition 2k<m—1 at the end of the proof.

From standard Morse theory, the space M;’ is homotopy equivalent to OM*°
with a k-cell D* attached. Analogously, we have that M’ is homotopy equivalent
to OM?® with an m—k-cell D™~ % attached. Hence,

Hy(MY,0M®) = Hy(D*, 0D*) =) and
Hy(M;, 0M") = Hy(D™*,0D™*) = For-+(©),

where we use F as the coefficients for homology groups; dx(¢) stands for the Kro-
necker delta. From the exact homology sequences of the pairs (M2, dM®) and
(M?,0MP), we therefore get that the following sequences are exact:

FoR+) 2 g oM Ly Hy(MP) 2 For©)
Fon—+ (D) 2, b1, M) L 1, (M2) 2Ly Fonr(®)

Let
ag:=dim(Hy(OM®)) , by:=dim(H(OM®)) , ¢o:=dim(H,(MD)).

It follows that ag=c,=by if {¢{k—1,k,m—k—1,m—k}. This proves the first state-
ment. To prove the remaining statements, consider the homology classes [0D*]e
Hy,_1(0M?) and [0D™ *]€ H,,,_j,_1(OM?) under the boundary homomorphisms 0.
There are two possibilities for each of these classes: either they represent a trivial or
non-trivial element in Hj,_1(OM?), respectively, Hj_1(OM?). (We note that in the
closed and orientable case, Poincaré’s duality prohibits two of these four options,
but we do not make these assumptions here; cf. Example 2.5 and Remark 2.6.)

Assume that 9[D¥]=0 and 9]D™ ¥]=0. Then there exist ay, in H},(0M*) such
that j¢(ax)=[D*]. In particular, aj is not in the kernel of j& and, by exactness,
not in the image of if. It follows that ay=cj,—1. Similarly, b,,—r=cm—r—1. In all
other dimensions, ay=cy=by. Hence, jx=1, j_r=—1 and j,=0 for {#k, m—k.

Let O[D*]#£0 and 9[D™ *]#£0. Then aj_1=cx_1+1 and by, 1=Cpm_p_1+1.
In all other dimensions, ap=cy=b,. It follows that jx,_1=—1, j;m_r—1=1 and j,=0
for (£k—1,m—k—1.

Now let [D¥]=0 and 9[D™ *]#0. Then ar=c,—1 and by, _r_1=Cpm_p_1+1.
In all other dimensions, ay=cy=b;. Now if k#£m—k—1, then jy=j,_rx_1=1 and
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je=0 for £k, m—k—1. If k=m—k—1, that is, if 2k=m—1, then j=2 and j,=0
for (#£k.

In the remaining case of 9[D¥]#0 and 9[D™ *]=0, we have the following:
ap—1=cx—1+1land by, _p=cm_r—1. f k—1#m—Fk, then jp_1=7,,_r=—1and j,=0
for {#£k—1,m—k. If k—1=m—k, that is, if 2k=m+1, then j,,_r=—2 and j,=0
for {#m—k.

Collecting the above results and assuming 2k<m—1, respectively, 2k=m—1,
yields the remaining statements of the lemma. [

Remark 2.6. If M is closed and orientable, then the change in homology groups
happens according to Poincaré duality, and we can specify Lemma 2.4 further as
follows. (Asabove, k stands for the index of the critical point and m is the dimension
of M.)

o If 2k#m, m—1,m+1, then either jx_1=j,_r=—1 and the remaining j,=0,
or jx=Jm—r—1=1 and j,=0 for all {#£k, m—k—1.

o If 2k=m—1, then jz=2 and the remaining j,=0, or jx_1=Jjm—r=—1 and
je=0 for f#£k—1,m—k.

e Similarly, if 2k=m+1, then j,,_r=—2 and j,=0 for all £#£k, or jx=jm_k_1=
1 and the remaining j,=0.

Remark 2.7. In the case of the middle dimension, we can similarly obtain the
following statement. Assume that M? contains a single critical point of the index
k=m/2. Then the levels 9M® and OM® have different homology groups if exactly
one of the classes [0D*|€ Hy,_1(OM®) and [0D™ *|€ H,,,__1(0MP®) vanishes. (Here
the above notation and Assumptions 2.2 are understood.)

Observe that the function g=—f has the same level sets as the function f;
moreover, each index-k critical point of f is also a critical point of g of index m—k.
From Lemma 2.4, we get the following result.

Theorem 2.8. Let f be a Morse function on an m-manifold M with sublevel
sets MP=f~1(—o0,b] and MP=f"1[a,b]. Assume that f satisfies Assumptions 2.2
and that the set Mf; contains N >1 critical points of the same index k and no critical
points of some other index. If the homotopy type of OM® and of OM® coincide, then
k=m/2 (in particular, m is even).

More generally, we have the following theorem.

Theorem 2.9. Let f be a Morse function on an m-manifold M. Assume that
the set M? contains a critical point of index k#m/2 such that there exists no other
critical point in MY of index k—1,k+1 or m—k. Then, under Assumptions 2.2, the
homotopy types of OM® and of OM® do not coincide.
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Proof. Let xj be a critical point of index k& in M?. We shall assume that
k<m/2; otherwise, we consider the function g=—f, which has the same level sets
as f. Let o3/ be any other critical point in M, if it exists.

Let je(zx) denote the change that occurs in the ¢-th Betti numbers when f
passes z. Then, according to Lemma 2.4, either ji_1 (zx)=—1 or ji(xx)=1, 2 (these
possibilities are not mutually exclusive). Moreover, we always have jx_1(z1) <0 and
Jk(zx)>0.

For the critical point z of index k', we may observe a change in the Betti
numbers only in the following dimensions: {k'—1,k,m—k'—1,m—k'}. Thus, if
k—1 and k do not belong to {k'—1,k',m—k'—1,m—Ek'}, the statement follows.
Since k'#£k+1,k—1, m—k, the remaining possibilities are k'=k, ¥’=m—k—1, and
k'=m—k+1. We observe that

o If k'=F, then by Lemma 2.4, ji_1(zx ) <0 and ji(x)>0.

o If ¥’=m—k+1, then m—k'=k—1. Applying Lemma 2.4 to the function
g=—f, we get that jr_1(xp)<0 and ji(zs )=0.

e Finally, consider the case k' =m—k—1. If ¥’ <m/2, then ¥'=Fk. This case was
considered earlier. If ¥'>m/2, then m—k'=k+1<m/2. Moreover, j(zx )>0 and
Jk—1(xk)=0. The remaining case k’=m/2 is not possible since then k+1=m/2=Fk'.

We conclude that in all these three cases ji_1(xx)<0 and ji(zp)>0, and
the initial change that occurs in the Betti numbers when passing zj; cannot be
compensated. The result follows. [

We note that the critical points in Theorems 2.8 and 2.9 may occur at different
level sets.

3. Energy levels in classical mechanics

3.1. Mechanical systems on vector bundles

Consider a rank n vector bundle
(3.1) m E— N

over a connected n-manifold N without boundary. The manifold N and the bundle
m: E— N are assumed to be orientable.

We will be interested in the topology change of level sets of a ‘Hamiltonian’
function on F of the following form (3.2) (which includes the class of natural me-
chanical systems and natural mechanical systems with magnetic terms)

(3.2) H=K+Vom,
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where K is a Riemannian bundle metric on £ and V is a Morse function on N.
We shall assume that both H and V satisfy Assumptions 2.2. We will need the
following result, which specifies how the homology groups of the level sets H~!(h)
change when passing an index-n critical point.

Lemma 3.1. Let x. be a non-degenerate local maximum of V such that there
are no other critical points on V= (h.), he=V (z.)=H(x.,0). LetF be a coefficient
field and >0 be sufficiently small. Then the (n—1)-Betti number changes according
to

bn—l (H_l(hc"‘a); ]F) = bn—l (H_l(hc_g); F) +jn—1;
where jn—1=—1 if x. is not a global maximum and j,—1€{—1,0,1} if x. is a global

maximum.

Proof. Let x. be a local maximum of V' and h. be the corresponding critical
value. By Assumptions 2.2, for all £>0 small, h,. is the only critical value of V' (and
therefore also of H) in [h.—e, h.+¢c]. We observe that:

1. By applying the Morse Lemma [27, Theorem 1.12] to V, there is a closed

neighborhood UCN of z. and a suitable chart ¢:U —(U)=D™ CR™ with ¢(x.)=
0, such that Voy=1(x)=h.—|z|?

2. Following a proof of the Morse lemma (for the function H), we can find a
closed neighborhood U of Z.:=(z.,0) and a local trivialization ¢: U— D" x D™ of
(3.1) such that omr=mop for mi(x,y):=x and
(3:3) Heop ! (z,y)=he+ |yl = z|* ((x,y) € D" xD").

If £>0 is small, then the intersections with W=n"1(U) of the levels
Yi:=H Y(h.te)
are contained in U ; moreover, they are the images of diffeomorphisms

fo:8" D" — S_NW, respectively, f+ D" xSy N

see Figure 3.1.
3. The (2n—1)-manifolds with boundary

Ti = Zi\int(W)

are naturally diffeomorphic.
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y
£.(8°xS%) £.(8°xS%)

f(S°xs? - (S°xSP)

y.<

£(S0xS0) f(S7xS°)

>\

f,(S°xS%) f,(S°%xS%)

Figure 3.1. The neighborhood U Cn~1(U) of the critical point . for n=dim(N)=1.

The third statement follows, for instance, from the following construction.
Specifically, consider a regular level set H~!(h). It projects to the corresponding
Hill region

By :={xeN|V(z)<h},

which is a manifold with boundary. The level set H~(h) can be viewed as a sphere
bundle with fibers Sf(;)l over z€ By, of radius r(z)=+/2(h—V(x)), thus collapsed
over 0By,.

By 1) and 2), using the chart (U, ), we can write

YT Uy S"'xD™ and ©2T,Uy, D"xS"?

where the attaching maps for the respective boundary components are the diffeo-
morphisms

f:t ::fi|sn—1><sn71 :Sn71 XSnil HaTj:, ({ZZ,y) — (’JI, v1ite y)

From this description it follows that under the map f_, the boundary of the n-disk
{z} x D™ is mapped to a fiber of the collapsed sphere bundle 7: T_ —w(T_). On
the other hand, fi(0D™x{y}) is a cross section. We note that

[{z} x D"] generates H, (S"~!x D" S"~1xS"~L ), if v S"1;

[D™ x{y}] generates H, (D" xS"~1 Sn=tx Sn=L ), if yeS"~L
Consider the homology exact sequences of the pairs (X4, 74 ):

(3.4) F2% H, 4 (Ts;F) — H, 1 (S+;F) —0.
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Below we shall use this sequence, together with the information about the attaching
maps f1+ and some additional properties to compare the (n—1)-th homology groups
of ¥, and ¥_.

First, consider the case of a global maximum. In this case, the statement
follows from the exactness of (3.4). Indeed, the exactness of this sequence implies
that b,—1(Ta;F)=b,—1(X4;F) or b1 (Tx;F)=b,—1(X4;F)+1. (Recall that, by
the assumption, the homology groups of 7 and ¥4 are finite dimensional F-vector
spaces.) But by Observation 3) above, the spaces T_ and T’y are diffeomorphic and,
in particular, b, _1(T; F)=b,_1(T—;F). It follows that b, 1 (X 1;F)=b,_1(X_;F)+
Jn-1, where j,_1€{-1,0,1}.

Now consider the case when x. is a local, but not a global maximum. We
observe that the following properties hold:

A) Let B1:=By,_1.. The intersection o7 (T )NIB4 #L.

B) For any xz€n(T-), there is a homotopy within 7_ between the fiber Sf(;)l<
—T_ over z (with r=4/2(h.—e—V(z))) and a point.

To prove A), we note that h.<h.+e<sup,V(q), so that 0B, #@, and that
m(Ty)=B\U.

To prove B), we construct a homotopy p:S™~! x [0,1]—T_ which projects to a
path mop:[0,1]— B_ from z. to a point of 83_\1/)_1(5'\”[;1).

We note that properties A) and B) do not hold if z. is a global maximum. If
x. is only a local maximum, then b, _1(3X4;F)=b,_1(X_;F)—1, as we now show.

e Consider the case of ¥;. The first of the maps in (3.4) is given by a
boundary homomorphism 0, on H,,(D"x S"~1 §7~1x §n=1:F)~F. We claim that
the image of J, is non-trivial in this case. Indeed, by A), [D"x{y} € H,(D"x
Sl gn=lx §n=LF)\{0}. We observed above that f.(0D"x{y}) is a cross sec-
tion over 7(f1(0D™ x{y})), where 7 is defined in (3.1). It follows that

T (Ou[f+ (D" x{y})]) = [0U].

In particular, we have that 0. [f+ (D™ x{y})]€ Hy,—1(T) is non-zero, using B). From
the exactness of (3.4) it follows that the map H,,—1 (T4} )— H,,—1 (X4 ) is not injective.
However, it is surjective by virtue of the last arrow in (3.4).

e Consider the remaining case of ¥_. We observe that the map

Hn—l(T—) — Hn—l(z—)

is bijective; indeed, from C) it follows that image(d,)=0 in this case.

Recall that the homology groups of T, Y are finite dimensional F-vector spaces
and that T_ and 77 are diffeomorphic. By counting dimensions, we conclude that
bp—1(ZF)=b,1(X;F)-1. O
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Combining Theorem 2.8 and Lemma 3.1, we get
Corollary 3.2. Consider a function on E of the form
H=K+Von,

where K is a Riemannian bundle metric on E. Let x. be a non-degenerate critical
point of V' that is not a global mazximum. Assume that x. is the only critical point
on V=Y(h.), for he=V(x.)=H(z.,0). Then the topology of H=1(h) changes when
h passes the critical value h..

Remark 3.3. Assume that the base manifold N is compact and 2-dimensional.
Then for h<max V, the corresponding energy levels H~!(h) are topologically clas-
sified by the Euler characteristic of the Hill region Bp; see [3]. This gives another
proof of Corollary 3.2 in this case, since the Euler characteristic of By, changes when
passing a Morse critical point.

Corollary 3.4. Consider a function on E of the form
H=K+Vor,

where K is a Riemannian bundle metric on E. Let x1, ...,:cLevfl(hc) be the non-
degenerate global mazxima of the function V on N. If L>3, then the topology of
H~Y(h) changes when h passes the critical value h..

Remark 3.5. We note that Lemma 3.1 and Corollaries 3.2, 3.4 hold even when
the bundle (3.1) is not orientable (but the base N still is).

Below we shall study in more detail the case of a global maximum of V. In
addition to the orientability of the manifold N and the bundle 7: E— N, we shall
assume that the base manifold N is compact. Under these assumptions, the Euler
number e(E) of m: E— N is defined.

The following result specifies when the topology of H~!(h) changes when pass-
ing a global maximum of V' or a number N of global maxima, which are on the
same energy level.

Theorem 3.6. Let N be a closed orientable n-manifold and w: E—N be an
orientable rank n vector bundle over N. Consider the function H=K+Vor: E—R
on E and let xy,...,x, €V ~1(h.) be the non-degenerate global mazima of the function
V on N. Then the topology of H changes when H passes the critical value h. if one
of the following conditions is satisfied

1) L=1 and the Euler number e(E) is not equal to £1;

2) L=2 and the Euler number e(E) does not vanish;

3) L>2.
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Proof. The case L>2 was considered earlier. The proof in the other cases relies
on the homology exact sequence of a pair. In the case L=1, a special choice of a
coefficient group is made; specifically — Zj, where k=e(F) is the Euler number.
Details are given in Appendix A; see Theorem A.5. [

Corollary 3.7. Let N be a closed orientable n-manifold and w: E—N be an
orientable rank n vector bundle over N. If the Euler number e(E)#+1, then the
topology of H=K +Vor: E—R changes whenever H passes a critical level H=(h..)
with one (and only one) non-degenerate critical point.

For cotangent bundles, we have the following result.

Corollary 3.8. If E=T*N is the cotangent bundle of a closed orientable man-
ifold N and the Euler characteristic x(N)#=£1, then the topology of the level sets
for H=K+Vom: T*N—=R always changes when H passes a simple critical level.
This is the case, in particular, if

(1) the dimension dim(N) is odd or dim(N)=2k, where k is odd,

(2) the Betti number baim(n)/2(N) is even.

Remark 3.9.

(1) We remark that Theorem 3.6 and Corollary 3.7 do not hold if one does
not make any assumptions on N or E. For instance, consider the tautological line
bundle over N=CP!. Then, for any smooth function V on CP' (with a unique
non-degenerate maximum), we have that

Hil(hmax+€) gIfil(hmaxf{f) gsga

since 7: H ! (hmyax+¢€)—CP! is isomorphic to the Hopf bundle.

(2) By considering rank 4 vector bundles 7: E—S*, one can even have a situ-
ation when H~!(hpax+e€) is homeomorphic to H ! (Amax —€)=2S7, but not diffeo-
morphic to it; this follows from [26].

(3) For cotangent bundles, the situation is a bit different.

First, we note that Corollary 3.8 applies to all 2-dimensional orientable surfaces
(in this case, the Euler characteristic of N is even), parallelizable manifolds N (in
particular, to all Lie groups), and odd-dimensional manifolds.

Thus, there are no counterexamples in dimensions n=3 or less.

We conjecture that the 4-manifold CP2#T* with Euler characteristic

X(CP*#T*) = x(CP?)+x(T*) —x(5*) =3-2=1

is a counterexample.

We note that in the non-orientable case N=RP?, y(RP?)=1, but H ! (hpax—
g) and H ! (hmax+€) are not diffeomorphic; they are diffeomorphic to S2 xS and
the lens space L(4,1), respectively [18].
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In fact, for a class of bundles, including bundles over spheres, we have a much
stronger statement, which follows from Adams’ result [1].

Proposition 3.10. Consider an orientable rank n vector bundle w: E—N
over a closed orientable manifold N and a Morse function on E of the form

H=K+Vom.

If the restriction m: 7= Y(N\U)— N\U, where U is a small disk in N, is a trivial
bundle and n#2,4 or 8, then the topology of H level sets changes when passing a
simple critical level.

Proof. The statement follows from Adams’ result (S"~! is an H-space only in
dimensions n=1,2,4 and 8) [1]. O

Corollary 3.11. If N is a homotopy n-sphere, a situation of no topology
change is possible only when n=2,4 or 8.

4. Applications

4.1. Quadratic spherical pendulum

Let S? denote the unit sphere in R3(z, 3, 2). Consider the Hamiltonian system
on T*S? given by the energy function

H= .04V (),

where V=22—2/2 is the potential. This Hamiltonian system is integrable and
is called a quadratic spherical pendulum; it naturally appears in the context of
integrable Hamiltonian systems with non-trivial monodromy [9]; see also [4] for the
necessary background. The corresponding bifurcation diagram, that is, the set of
the critical values of the energy-momentum map (H,J): T*S?—R?, is depicted in
Figure 4.1; here J is the angular momentum about the z-axis — the first integral
of the system.

The Hamiltonian function H has two non-degenerate critical points, which
correspond to the two maxima of the potential V|gz2. These points give rise to
two critical level sets. From Theorem 3.6, we conclude that the topology of H~*(h)
changes when passing each of these critical levels. The same is true when we compare
the topology of H~*(h) below and above these two critical levels. Indeed, the Euler
characteristic x(S2)=2 is different from 0 and £1. In fact, it can be shown that
these level sets are diffeomorphic to S?xS1, S3, and RP3. We note that a similar
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Figure 4.1. Bifurcation diagram of the energy-momentum map (H,J), and the two curves ~;
corresponding to non-trivial monodromy.

result applies also to the usual spherical pendulum, that is, when the potential
V(z)==z.

One important consequence of the topology change for such system is the non-
triviality of monodromy around the corresponding singular points; see [8] and [19]
for more details and the background.

4.2. Restricted three-body problem

1) can be

1-p)}) in

The planar circular restricted 3-body problem with mass ratio pe(0
written as an autonomous Hamiltonian system on R? x (R?\ {(—, 0), (0,
a co-rotating reference frame; the Hamiltonian function is given by
.’L'/ 2 +y/ 2 1 1 —1 m
H=—"——— 1'2 3 — — >
2 2( +y ) T1 + T9
r; denoting the distances to the respective centers. There are five equilibrium points
Lq,...,Ls. These are the critical points of the potential function
1 I—p p
V=—c(@+y’)—(—+—]).
2 ( Y ) 1 T2
Each of these critical points gives rise to a bifurcation value for the energy function
H. Tt is known that each such value gives rise to a topology change of the energy
levels H~!(h), and it is not difficult to determine the homotopy types of these energy

levels; the corresponding Hill regions are shown in Figure 4.2. Below we show how
this result of the topology change follows from the theory developed in this paper.
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s'ys! s'ys'vs'ys! s'ys'ys' s'ys'ys' S'us'us’

Figure 4.2. The Hill regions and their homotopy types.

First, we note that L1, Ly and L3 are index 1 critical points for V' and hence
also for H. Hence the topology changes when passing these critical values by The-
orem 2.8. The critical points L4 and Ls are of index 2, which is half the dimension
of the phase space, and are on the same energy level; these points are related by the
Z3=0(2)/SO(2) symmetry of the problem. Since the base manifold is not compact
and there are two critical points, the result follows.

4.3. Planar n-body problem

Consider the Newtonian n-body problem in R?. The Hamiltonian of this prob-
lem is given by the function

(O3 TN =T
i=1

< llg—all

where G is the gravitational constant. Reducing by the translational symmetry,
we get a Hamiltonian system on T*Q, where Q=R?"~2\ A with A denoting the
(reduced) collision set, that is, the set of points where ¢;=g¢; for some i#j, reduced
by translations.

Fixing a non-zero value of the angular momentum L=, ¢*p} —¢/p? and tak-
ing the quotient with respect to the SO(2) symmetry group, one gets the reduced
symplectic manifold M of dimension 4n—6. The Hamiltonian H restricts to this
manifold as a smooth function. Following Smale [32] and [33], we are interested in
the topology of the level sets of H on this reduced manifold. Specifically, we would
like to answer the general question of whether the topology of H~1(h)|y always
changes when passing a bifurcation level.

We observe that the manifold M can be viewed as a vector bundle over Ry x
CP(n—2). Here Ry =(0, 00) and each point of R} corresponds to fixing the moment

of inertia
1
=3 Y millal?.
1
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Using [2], the reduction of the Hamiltonian to M can be rewritten in the following
form:

H=K+c/(4p*)=U(q)/p,

where K is a bundle metric, ¢#0 is the value of L, I=p and U denotes the reduction
of the potential to the projective space I~1(1)/S!. From this description, it follows
that the index A of each non-degenerate critical point is at most 2n—4<1(4n—6)=
2n—3. From Theorem 2.8, we get the following result, which also follows from
McCord [22, Proposition 5.2].

Theorem 4.1. Consider the Hamiltonian H on the reduced manifold M. As-
sume that V defines a Morse function on I='(1)/S'=CP(n—2)\A, so that H is a
Morse function as well. Assume, moreover, that a given critical level set H~*(h.)
contains a single critical point or two critical points of the same index (related by
the Zo=0(2)/SO(2) symmetry). Then the topology of H~*(h) changes when passing
this critical level.

Acknowledgements. We are very grateful to A. Albouy for useful discussions
and his remarks, which led to an improvement of the original version of our arti-
cle. The authors would also like to thank the anonymous referees and participants
of A.T. Fomenko’s seminar Modern Geometry Methods for useful comments and
suggestions.

A. Appendix

The goal of this section is to prove Theorem 3.6 formulated in Section 3. Recall
that we consider a smooth function of the form

H=K+Vor

on a rank n vector bundle 7: E—N. Here N is a connected n-manifold without
boundary, K is a Riemannian bundle metric on £ and V is a Morse function on
N. The manifold N and the bundle 7: F— N are assumed to be orientable. In this
section, the manifold N is assumed to be compact.

Observe that a section s: N—F in general position has finitely many zeros
and that, by homogeneity, they can be assumed to be arbitrary close to some point
x€N. This shows that F admits an almost global section, which is defined and
non-zero everywhere on N\ D (and also on N\{z}), where D is an arbitrary small
disk containing z.
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We observe that for the unit sphere bundle 7=7|g, 5, the degree of the map
ros: D= 8"t — SPlxg1(g),

where 7 is a retraction of #~!(D) onto the central fiber #~1(x), is equal to the
intersection number of s(NN) and the zero section NCE.
We will need the following lemma.

Lemma A.1. ([11, Section 19.6B] and [14, Section 4.D])The FEuler number
e(E), that is, the pairing of the Euler class of E with N, is given by the intersection
number of the zero section NCE and a section in general position. If E=T*N is
the cotangent bundle, the Euler number equals the Euler characteristic of N.

We will also need the following result.

Lemma A.2. Let m: E— B be an orientable n-vector bundle over a manifold
B (possibly with boundary). Assume that there exists a global, everywhere non-zero
section s of w. Let T=ml|g, p: S1B— B be the unit sphere bundle of m (with respect
to some bundle metric). Then, for any coefficient group G, the relative homology
groups of (S1B, 051 B) are the same as for the direct product (Bx S"~1, 0B x S"~1).
Moreover, for all b€ B and any G, #~1(b) represents a mon-trivial homology class

m anl(slB; G)

Proof. Take any simplicial decomposition K of B and the standard cellular
decomposition {pt}uUD"~! of S"~!. Then construct a cellular decomposition of
S1B as follows. For any simplex cy€K, consider the preimage m 1(cx). It is
a direct product ci xR™. Without loss of generality, the section s has the form
b—e1=(1,0,...,0)€ S ' CR™, where S}~ ' =7"1(b) is the fiber of 7 over becy. The
preimage 7~ !(c) is thus a direct product ¢ x S"~1. Moreover, it admits a cellular
decomposition of the form

ek x{e1 }Ucy x DL,

Since for any k-cell ¢ € K, the distinguished point e; is given by the section s, we
have that the boundary operator for S B satisfies

O(ckx{e1}) = (Ock) x{e1}.

Moreover, since the bundle 7w and hence 7 are trivial over the closure ¢z, we have
that

Olcix (Do }) = 3 H(-1)c x (D),
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where dcp=>"(—1)'ci is the boundary of ¢ with the induced orientation. We
observe that since m and hence 7 are orientable, the sign can be chosen so that
O(cp x{Dp-1})=0c, x{Dp_1}. We conclude that the boundary operator is the
same as for the direct product.

To prove the last statement, consider the cell {bo} x D"~!, where by is a vertex
of K. We observe that this cell is not a boundary of C; x D"~! or C,, x{e;} (here
C; and C,, are some 1 and n chains in K, respectively). Indeed, dC; consists of an
even number of points and the boundary 9(C), x{e1}) is transverse to the fibers.
O

Remark A.3. From Lemma A.2 it follows that if 7|s,p: S1B— B admits a
global section, then the homology groups of S1 B can be computed using a Kiinneth
formula.

FEzample A.4. As an example, consider the Stiefel manifold Vj 2. It can be
viewed as the unit tangent bundle of S*~!. It is known that the integer homology
groups of Vay, o are the same as for the product S2~1x §2k=2; see [14, Section 3.D].
On the other hand, Va5 is not homeomorphic to the product S2*~1 x §2%=2 unless
k=1,2 or 4 [1] and [15]. We note that the integer homology groups of Vajt1 2 are
different from the homology groups of S2¥x S2*~1: in this case there is no global
section since the base S?* is even-dimensional.

Let e(E) denote the Euler number of 7: E—N. We are ready to prove the
desired result (Theorem 3.6).

Theorem A.5. Let N be a closed orientable n-manifold and m: E—N be an
orientable rank n vector bundle over N. Consider the function H=K+Vom: E—R
on E and let x1,...,x1, €V ~L(h.) be the non-degenerate global mazima of the function
V on N. Then the topology of H changes when H passes the critical value h. if one
of the following conditions is satisfied

1) L=1 and the Euler number e(E) is not equal to £1;

2) L=2 and the Euler number e(E) does not vanish;

3) L>2.

Proof. The case L>2 was considered earlier, so we only need to consider the
cases L=1 and L=2.

Case L=1. Let xy,x be the unique non-degenerate global maximum of V' and
hmax=H (Zmax, 0) =V (Zmax). Fix a small number £>0. Then the level sets X :=
H ’1(hma,{:|:5) are regular. We observe that the level ¥ is homeomorphic to the
unit sphere bundle SN of E.
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Let Ty=H '(h.%e)\nY(U), where U is a small open disk containing the
maximum Zpyax. Observe that the sets T_ and T are sphere bundles over L\U,
and that these sphere bundles are isomorphic through a radial projection. Similarly
to the proof of Lemma 3.1, we have that

=T Uy Sl D™ and
Yy T Up, DM xS*

where the attaching maps for the respective boundary components are such that
f-({x}x0D™) is a fiber of the sphere bundle 7: T_ —-N\U and f; comes from
the sphere bundle structure on .. In particular, fi({z}xS""!) is a fiber of
m: To —N\U and f,(0D™x{y}) is a section over OU.

Consider a part of the homology exact sequences of the pairs (X4, Ty ):

(A.1) G2 H, ((Te;G)— Hy 1 (S25G) — 0.

Observe that the map H,,_1(T_;G)—H,_1 (E_; G) has a non-trivial kernel, given
by the homology class of the fiber f_({z}xdD"); this homology class is non-trivial
in H,_1(T-;G) by Lemma A.2. On the other hand, this map is surjective.

The bundle 7: T — N\U also has a global section. We denote it by f. We
observe that the restriction of f;lo f to the boundary sphere U =S""! is a map
of degree k#=1, where k is the Euler number. (Strictly speaking, f_;l o f maps into
D" x S™~1 but this space deformation retracts onto S"~!.) The section dD" x {y}
gives rise to a map of degree 0.

Setting G=Zj, for k#0 and G=R for k=0, we get that f(0U) and f,(0D" x
{y}) are of the same G-homology class in T. Hence [f;(0D" x{y})] is trivial in
the group H,,—1(T4;G) and

anl (EJr, G) = Hn71<T+; G)

when G=Zj, (or R when k=0). Since 7_ and T} are diffeomorphic and also com-
pact, it follows that the (n—1)-th homology groups H,,_1(X+;G) and H,_1(X_; G)
are not isomorphic for G=Zj.

Case L=2. We shall assume that the two maxima are on close, but different
level sets of V', and that we are passing both of these maxima at the same time.
Then one maximum becomes local and the other global.

Consider what happens when we pass the second (global) maximum. We ob-
serve that there is an almost global section f such that the restriction of f;lo f
to the boundary sphere QU=S"~! is a map of degree k#=+1, where k is the Eu-
ler number. By the assumption, k#0. Observe that f(0U) is trivial in the group
H,_1(Ty;G). However, if G=R, then f (0D" x{y}) is non-trivial in H,_1(T; G).
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Indeed, using a suitable cellular decomposition of T (see Lemma A.2), we get that
any relative n-cycle in T is given by linear combinations of

a) The products of relative 1-cycles in (N\U,0U) and D"~ !, where D"~ 1U
{pt}=5"""

b) The section f(N\U).
But the boundary of any n-cycle as in a) vanishes in U x S"~!, whereas df (N \U)
and f; (0D" x {y}) are different homology cycles in QU x S"~1 since k#0. It follows
that f1(0D™x{y}) is not a boundary and that

bn71(2+, R)+1 = bnfl(T+7 R)

Since

bp_1(S_,R)+1=b,_1(T_,R)

and since T— and Ty are homeomorphic and also compact, we get that b, (X4, R)=
bp—1(X_-,R). But Lemma 3.1 implies that the other (local) maximum contributes
to the change of the (n—1)-Betti number, also when G=R. The result follows. O

Remark A.6. Assume that the maxima x4, ..., z1, are not located on one critical
level, but belong to (the interior of) the set V ~![a, b], a<b, that contains no other

critical points. In this case, the same result holds if one compares the topology of
H~1(a) with that of H=1(b); cf. Subsection 4.1.

Remark A.7. We note that if L=1 and the Euler class vanishes, then the
(n—1)-Betti number changes according to

b1 (H ' (he+e);F) =bp—1 (H ' (he—e); F) +1,

where F is a field; c¢f. Lemma 3.1.
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