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Chapter 4

Conclusions and future
research

In this thesis we studied the models of two chemical reactions, yielding results of
interest to the mathematical as well as the chemical side of reaction dynamics.

The studies of both chemical reactions are marked by the extensive involvement
of invariant manifolds of transition states. Because the invariant manifolds guide
energy surface volume to and from the neighborhood of their respective transition
states, they are the structures that determine quantitative as well as qualitative
aspects of dynamics in these systems.

The first part of this thesis focuses on the hydrogen exchange reaction. Using a
combination of lobe dynamics, Monte Carlo and a qualitative division of heteroclinic
tangles we explain that the decrease of the reaction rate is due to insufficient transfer
of energy between the two degrees of freedom. It is very likely that reaction rate
decreases for the same reason in other collinear reactions too.

The second part is devoted to the study of roaming. As presented on the
example of CH+

4 , roaming does not necessarily require a detailed study of the
heteroclinic tangle. Instead it relies on the existence of particular intersections
of invariant manifolds that can be shown to exists by much simplier means. In
fact, although the nonconstant local geometry of the energy surface posed initial
difficulties, by generalizing the Conley-McGehee representation we are able to study
this intersection in full three dimensions.

Many questions regarding transport in dynamical systems remain open. Here
are some that are related to questions we answered in this thesis.

Determining areas of certain lobe intersections should be possible in a more
cost-efficient way than Monte Carlo. As remarked in [RKW90], there are other
possibilities that are not viable in practice due to drawbacks such as exponential
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growth and inability to distiguish between the inside and outside of a lobe. De-
termining intersection points of invariant manifolds efficiently should be the first
step.

Naturally, it would be interesting to know whether our reasoning can be gen-
eralized to systems with 3 degrees of freedom, such as the full hydrogen exchange
reaction. Due to dimensionality it is not clear how the TS and its invariant man-
ifolds should be approached, especially when sections of the energy surface are 4
dimensional.

Since invariant manifolds are essential for transport, lobe dynamics need to
be understood in higher dimension so that it can be applied in a similar manner
to what we present in this work. An efficient way of computing volume of lobe
intersections will then be necessary.

Same challenges await the study of roaming in higher dimension, which is very
desirable due to the inherent need to include the process of intramolecular (hydro-
gen) abstraction. This problem will probably require more a step up from 3 degrees
of freedom making it even more challenging.

We encountered loss of normal hyperbolicity of a TS in both sytems we studied.
In the hydrogen exchange reaction, F0 lost its normal hyperbolicity in an inverse
pitchfork bifurcation and became stable. In a similar process Γo in the CH+

4 dis-
sociation disappears altogether. Γi, on the other hand, losses normal hyperbolicity
when it is heteroclinic to two index-2 critical points and immediately regains it, in
what is called a Morse bifurcation. Part of the process is the transition from vibra-
tion to rotation. These are probably all of the ways of loosing normal hyperbolicity
in a system with 2 degrees of freedom the TS is an unstable periodic orbit.

System with 3 degrees of freedom are very different. Because the TS in such
systems is 3 dimensional (codimension-2 on the energy surface), it can undergo a
host of exotic bifurcations and thereby loose or gain normal hyperbolicity.


