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Abstract

The Eyring—Kramers law describes the mean transition time of an overdamped Brown-
ian particle between local minima in a potential landscape. In the weak-noise limit, the
transition time is to leading order exponential in the potential difference to overcome.
This exponential is corrected by a prefactor which depends on the principal curvatures
of the potential at the starting minimum and at the highest saddle crossed by an opti-
mal transition path. The Eyring—Kramers law, however, does not hold whenever one
or more of these principal curvatures vanishes, since it would predict a vanishing or
infinite transition time. We derive the correct prefactor up to multiplicative errors
that tend to one in the zero-noise limit. As an illustration, we discuss the case of a
symmetric pitchfork bifurcation, in which the prefactor can be expressed in terms of
modified Bessel functions, as well as bifurcations with two vanishing eigenvalues. The
corresponding transition times are studied in a full neighbourhood of the bifurcation
point. These results extend work by Bovier, Eckhoff, Gayrard and Klein [BEGKO04],
who rigorously analysed the case of quadratic saddles, using methods from potential
theory.
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1 Introduction

Consider the stochastic differential equation
da; = —VV(xy) dt + v2e dW; (1.1)

where V' : R — R is a confining potential. The Eyring Kramers law ([Eyr35, Kra40])
describes the expected transition time 7 between potential minima in the small-noise limit
¢ — 0. In the one-dimensional case (d = 1), it has the following form. Assume x and y
are quadratic local minima of V', separated by a unique quadratic local maximum z. Then
the expected transition time from x to y satisfies

2

JVE-V@)/e (1.2)
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In the multidimensional case (d > 2), assume the local minima are separated by a unique
saddle z, which is such that the Hessian V2V () admits a single negative eigenvalue \;(z),
while all other eigenvalues are strictly positive. Then the analogue of (1.2) reads

- 2 det(V2V(2)) NV () /e
E {7—} ~ T\ eV (@) V() -V(@)]/e (1.3)

This expression has been generalised to situations where there are several alternative
saddles allowing to go from z to y, and to potentials with more than two minima.

A long time has elapsed between the first presentation of the formula (1.3) by Eyring
[Eyr35] and Kramers [Kra40] and its rigorous mathematical proof (including a precise
definition of what the symbol “~” in (1.3) actually means). The exponential asymp-
totics were proved to be correct by Wentzell and Freidlin in the early Seventies, using
the theory of large deviations [VF69, VF70, FW98]. While being very flexible, and allow-
ing to study more general than gradient systems like (1.1), large deviations do not allow
to obtain the prefactor of the transition time. An alternative approach is based on the
fact that mean transition times obey certain elliptic partial differential equations, whose
solutions can be approximated by WKB-theory (for a recent survey of these methods,
see [Kol00]). This approach provides formal asymptotic series expansions in e, whose
justification is, however, a difficult problem of analysis. A framework for such a rigor-
ous justification is provided by microlocal analysis, which was primarily developed by
Helffer and Sjostrand to solve quantum mechanical tunnelling problems in the semiclas-
sical limit [HS84, HS85b, HS85a, HS85¢c|. Unfortunately, it turns out that when trans-
lated into terms of semiclassical analysis, the problem of proving the Eyring—Kramers
formula becomes a particularly intricate one, known as “tunnelling through non-resonant
wells”. The first mathematically rigorous proof of (1.3) in arbitrary dimension (and its
generalisations to more than two wells) was obtained by Bovier, Eckhoff, Gayrard and
Klein [BEGKO04], using a different approach based on potential theory and a variational
principle. In [BEGKO04], the Eyring—Kramers law is shown to hold with a ~ b meaning
a = b(1 + O(c'/?|logel)). Finally, a full asymptotic expansion of the prefactor in powers
of € was proved to hold in [HKN04, HNO5], using again analytical methods.

In this work, we are concerned with the case where the determinant of one of the
Hessian matrices vanishes. In such a case, the expression (1.3) either diverges or goes
to zero, which is obviously absurd. It seems reasonable (as has been pointed out, e.g.,
in [Ste05]) that one has to take into account higher-order terms of the Taylor expansion



of the potential at the stationary points when estimating the transition time. Of course,
cases with degenerate Hessian are in a sense not generic, so why should we care about
this situation at all? The answer is that as soon as the potential depends on a parameter,
degenerate stationary points are bound to occur, most noteably at bifurcation points, i.e.,
where the number of saddles varies as the parameter changes. See, for instance, [BFG07a,
BFGO07b] for an analysis of a naturally arising parameter-dependent system displaying a
series of symmetry-breaking bifurcations. For this particular system, an analysis of the
subexponential asymptotics of metastable transition times in the synchronisation regime
has been given recently in [BBMO09], with a careful control of the dimension-dependence
of the error terms.

In order to study sharp asymptotics of expected transition times, we rely on the
potential-theoretic approach developed in [BEGK04, BGKO05]. In particular, the expected
transition time can be expressed in terms of so-called Newtonian capacities between sets,
which can in turn be estimated by a variational principle involving Dirichlet forms. The
main new aspect of the present work is that we estimate capacities in cases involving
nonquadratic saddles.

In the non-degenerate case, saddles are easy to define: they are stationary points at
which the Hessian has exactly one strictly negative eigenvalue, all other eigenvalues being
strictly positive. When the determinant of the Hessian vanishes, the situation is not so
simple, since the nature of the stationary point depends on higher-order terms in the Taylor
expansion. We thus start, in Section 2, by defining and classifying saddles in degenerate
cases. In Section 3, we estimate capacities for the most generic cases, which then allows
us to derive expressions for the expected transition times. In Section 4, we extend these
results to a number of bifurcation scenarios arising in typical applications, that is, we
consider parameter-dependent potentials for parameter values in a full neighbourhood of
a critical parameter value yielding non-quadratic saddles. Section 5 contains the proofs of
the main results.
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the MAPMO, Orléans, and NB the CRC 701 Spectral Structures and Topological Methods
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the French Ministry of Research, by way of the Action Concertée Incitative (ACI) Je-
unes Chercheurs, Modélisation stochastique de systémes hors équilibre, and the German
Research Council (DFG), by way of the CRC 701 Spectral Structures and Topological
Methods in Mathematics, is gratefully acknowledged.

2 Classification of nonquadratic saddles

We consider a continuous, confining potential V : R4 — R, bounded below by some
ag € R and having exponentially tight level sets, that is,

/ e V@/E 4z < Cla) e™" Va > ag , (2.1)
{zeR2: V(z)>a}

with C'(a) bounded above and uniform in ¢ < 1. We start by giving a topological definition
of saddles, before classifying saddles for sufficiently differentiable potentials V.



FIGURE 1. Examples of potentials and gates. (a) G(A, B) = {z}. (b) G(4, B) = {z1, 22}
(c) G(A,B) = {z1} or {z2}. Here curves show level lines, shaded areas indicate potential
wells and the star marks a potential maximum.

2.1 Topological definition of saddles

We start by introducing the notion of a gate between two sets A and B. Roughly speaking,
a gate is a set that cannot be avoided by those paths going from A to B which stay as low
as possible in the potential landscape. Saddles will then be defined as particular points
in gates.

It is useful to introduce some terminology and notations:

e For z,y € R% we denote by v : & — y a path from z to y, that is, a continuous
function «: [0,1] — R < such that v(0) = z and (1) = .

e The communication height between x and y is the highest potential value no path
leading from x to y can avoid reaching, even when staying as low as possible, i.e.,

V(z,y) = inf sup V(v(t)) . (2.2)
T TY 1e(0,1]

Note that V(z,y) = V(z) V V(y), with equality holding, for instance, in cases where
x and y are “on the same side of a mountain slope”.
e The communication height between two sets A, B C R? is given by

V(A,B)= inf V . 2.3

(4,B) = _inf V(z,y) (2.3)
We denote by G(A,B) = {z € R?: V(2) = V(A, B)} the level set of V(A, B).

e The set of minimal paths from A to B is

P(A,B) = {’y: z—y ‘ xeAyeB, sup V(y(t)) = V(A,B)} L (2.4)
te[0,1]

The following definition is taken from [BEGKO04].

Definition 2.1. A gate G(A, B) is a minimal subset of G(A, B) such that all minimal
paths v € P(A, B) must intersect G(A, B).

Let us consider some examples in dimension d = 2 (Figure 1):

e In uninteresting cases, e.g. for A and B on the same side of a slope, the gate G(A, B)
is a subset of AU B. We will not be concerned with such cases.

e If on the way from A to B, one has to cross one “mountain pass” z which is higher
than all other passes, then G(A, B) = {z} (Figure 1a).
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FIGURE 2. Examples of potentials and valleys. In case (b), z is a saddle.

If there are several passes at communication height V (A4, B) between A and B, between
which one can choose, then the gate G(A, B) is the union of these passes (Figure 1b).
If when going from A to B, one has to cross several passes in a row, all at communica-
tion height V (A, B), then the gate G(A, B) is not uniquely defined: any of the passes
will form a gate (Figure 1c).

If A and B are separated by a ridge of constant altitude V (A, B), then the whole ridge
is the gate G(A, B).

If the potential contains a flat part separating A from B, at height V (A, B), then any
curve in this part separating the two sets is a gate.

We now proceed to defining saddles as particular cases of isolated points in gates.
However, the definition should be independent of the choice of sets A and B. In order to
do this, we start by introducing notions of valleys (cf. Figure 2):

e The closed valley of a point € R is the set
CV(z) ={yeR": V(y,z) =V(x)}. (2.5)
It is straightforward to check that CV(z) is closed and path-connected.
e The open valley of a point € R? is the set
OV(z) ={yeCV(z): V(y) < V(z)} . (2.6)

It is again easy to check that OV(z) is open. Note however that if the potential
contains horizontal parts, then CV(z) need not be the closure of OV(z) (Figure 2c).
Also note that OV(z) need not be path-connected (Figure 2b). We will use this fact
to define a saddle.

Let B.(z) = {y € R%: ||y — z||2 < €} denote the open ball of radius ¢, centred in x.

Definition 2.2. A saddle is a point z € R¢ such that there exists € > 0 for which

1. OV(z) N B:(2) is non-empty and not path-connected.
2. (OV(z)U{z}) N B.(z) is path-connected.

The link between saddles and gates is made clear by the following two results.

Proposition 2.3. Let z be a saddle. Assume OV(2) is not path-connected,' and let A and
B belong to different path-connected components of OV(z) N B:(z). Then z € G(A, B).

'We need to make this assumption globally, in order to rule out situations where z is not the lowest
saddle between two domains.



PRrROOF: Choose points x € A and y € B and a path v: A — B. Since A and B belong to
different path-connected components of OV(z), the path v must leave OV(z), which implies
supyepo,1) V(7(t)) = V(2). Since (OV(2)U{z})NB:(2) is path-connected, we can find a path
v: A — B staying all the time in this set, and thus for this path, sup;cjo 1) V(7(2)) = V(2).
As a consequence, the communication height V(x,%) equals V(z), i.e., v belongs to the
set P(A, B) of minimal paths. Since OV(z) is not path-connected, we have found a path
v € P(A, B) which must contain z, and thus z € G(A4, B). O

Proposition 2.4. Let A and B be two disjoint sets, and let z € G(A, B). Assume that
z is isolated in the sense that there exists € > 0 such that B (z):=B:(2) \ {z} is disjoint
from the union of all gates G(A, B) between A and B. Then z is a saddle.

D= U U y(t) (2.7)

~E€P(A,B) te[0,1]

PrOOF: Consider the set

of all points contained in minimal paths from A to B. We claim that D = CV(z).

On one hand, if x € D then there exists a minimal path from A to B containing x. We
follow this path backwards from x to A. Then there is a (possibly different) minimal path
leading from the first path’s endpoint in A through z to B. By gluing together these paths,
we obtain a minimal path connecting x and z. This path never exceeds the potential value
V(2), which proves V(x,z) = V(z). Thus x € CV(z), and D C CV(z) follows.

On the other hand, pick y € CV(z). Then there is a path 7;: y — z along which
the potential does not exceed V(z). Inserting this path (twice, going back and forth) in
a minimal path v € P(A, B) containing z, we get another minimal path from A to B,
containing y. This proves y € D, and thus the inverse inclusion CV(z) C D.

Now pick x € A and y € B. There must exist a minimal path v: x — y, containing z,
with the property that V' is strictly smaller than V(z) on ([0, 1]) N BZ(2), since otherwise
we would contradict the assumption that z be isolated. We can thus pick 2’ on v between
x and z and ¥’ on v between z and y such that V(z') < V(2) and V(y') < V(z). Hence
we have 2/, 3y’ € OV(z) and any minimal path from 2’ to 3’ staying in B.(z) has to cross
z ¢ OV(z). This shows that OV(z) N B.(z) is non-empty and not path-connected. Finally,
take any z,y € OV(2)NB:(z) C D. Then we can connect them by a path v 5 z, and making
¢ small enough we may assume that V' is strictly smaller than V(z) on 7([0,1]) N BZ(z),
i.e., v([0,1])\ {2z} € OV(z). This proves that (OV(z)U{z}) N B.(z) is path-connected. [

2.2 Classification of saddles for differentiable potentials

Let us show that for sufficiently smooth potentials, our definition of saddles is consis-
tent with the usual definition of nondegenerate saddles. Then we will start classifying
degenerate saddles.

Proposition 2.5. Let V be of class C', and let z be a saddle. Then z is a stationary
point of V, i.e., VV(z) = 0.

PROOF: Suppose, to the contrary, that VV'(z) # 0. We may assume z = 0 and V(z) = 0.
Choose local coordinates in which VV(0) = (a,0,...,0) with a > 0. By the implicit-
function theorem, there exists a differentiable function h : R4 — R9 such that all
solutions of the equation V(z) = 0 in a small ball B.(0) are of the form x; = h(zs, ..., zq).
Furthermore, V(¢,0,...,0) = aec + 0(¢) is positive for £ > 0 and negative for ¢ < 0. By



continuity, V' (x) is positive for x1 > h(xs,...,2z4) and negative for z1 < h(z2,...,zq),
showing that OV(z) N B.(0) is path-connected. Hence z is not a saddle. O

Proposition 2.6. Assume V is of class C?, and let z be a saddle. Then

1. the Hessian V2V (z) has at least one eigenvalue smaller or equal than 0;
2. the Hessian V2V (z) has at most one eigenvalue strictly smaller than 0.

PROOF: Denote the eigenvalues of V2V (2) by A1 < A2 < --- < A\g. We may again assume
that z = 0 and V(0) = 0, and choose a basis in which the Hessian is diagonal. Then

d
Via)= 3 3 Na? +o(lal}) (28)
=1

1. Assume, to the contrary that Ay > 0. Then V' > 0 near z = 0, so that OV(z) = (), and
z =0 is not a saddle.
2. Suppose, to the contrary, that Ay < Ao < 0, and fix a small § > 0. Since

d
1 1 1
V(o) = —5lled = S Palad + 5 3" hie? + o) (29)
=3

we can find an € = £(6) € (0,0) such that for any fixed (x3,...,z4) of length less than
g, the set {(z1,72): % + 23 < 6%,V (x) < 0} is path-connected (topologically, it is an
annulus). This implies that {(x1,...,74): 23 +23 < 62, V(z) <0, ||(z3,...,24)|]2 < €}
is also path-connected. Hence OV(z) N B.(z) is path-connected. O

Proposition 2.7. Assume V is of class C?, and let z be a nondegenerate stationary point,
i.e. such that det(V2V (z)) # 0. Then z is a saddle if and only if V2V (2) has exactly one
strictly negative eigenvalue.

PROOF: Denote the eigenvalues of V2V (z) by A\ < A2 < --- < A\g. If 2 is a saddle, then
the previous result implies that A\ < 0 < Ao. Conversely, if A1 < 0 < A2, we have

d
1 1
Viw) = —5ld + 5 3 ha? +o(lal) (2.10)
=2

Thus for fixed small (z2,...,24), the set {z1: |z1| < &,V (z) < 0} is not path-connected,
as it does not contain 0. Thus OV(z) N B:(z) is not path-connected (it is topologically
the interior of a double cone). However, for 1 = 0, adding the origin makes the set
path-connected, so that (OV(z) N B:(z)) U {z} is path-connected. O

We can now classify all candidates for saddles in the following way. Let A\; < A2 <
.-+ < Mg be the eigenvalues of the Hessian V2V (2) of a stationary point z, arranged in
increasing order. Then the following cases may occur:

1. A\ <O0:
(a) A2 > 0: z is a nondegenerate saddle.
(b) A2 =0:
i. A3 > 0: z is a singularity of codimension 1.
ii. )\3 =0



A. Xy > 0: z is a singularity of codimension 2.
B. Ay =0: z is a singularity of codimension larger than 2.

2. )\1 =0:
(a) A2 > 0: z is a singularity of codimension 1.
(b) A2 =0:

i. A3 > 0: z is a singularity of codimension 2.
ii. A3 =0: z is a singularity of codimension larger than 2.

One can of course push further the classification, including all singularities up to
codimension d.

2.3 Singularities of codimension 1

We assume in this subsection that the potential V is of class C* and that z is a stationary
point of V with the Hessian V2V (z) having one vanishing eigenvalue. We may assume z =
0 and V(z) = 0. According to Proposition 2.6, there are two cases to be considered:

1. )\1<0,)\2:0and0<)\3<--~</\d.

2. )\1:Oand0<)\2<---<)\d.
It will be convenient for the purpose of this subsection to relabel the first two eigenvalues
in such a way that Ay = 0, while Ay # 0 can be positive or negative and to choose a
basis in which V2V (z) = diag(0, X2, ..., \q). For potentials V of class C" and i1,..., i, €
{1,...,d}, we introduce the notation

1 0 0 ) )
Viyoi, = V(z), n; = #{k:ir =j}, (2.11)

ni!...ng! Ox; Oz,

with the convention that the ¢;’s are always in increasing order.
Under the above assumptions, the potential admits a Taylor expansion of the form

d

1

Vi(z) = 5 E Ay + E Vijkrixjry + E Vijmwizjopr +o(||z]l3) , (2.12)
i—2 1<i<j<k<d 1<i<G<k<I<d

and the theory of normal forms allows to simplify this expression. Indeed, there exists a
change of variables x = y + g(y), with g a polynomial function, such that the potential
expressed in the new variables has as few as possible terms of low order in its Taylor
expansion. In general, only a few so-called resonant terms cannot be eliminated, and are
thus essential for describing the local dynamics.

Proposition 2.8. There exists a polynomial change of variables x =y + g(y), where g is
a polynomial with terms of degree 2 and 3, such that

d

1
V(y+9(y) =5 > Aiwi + Cayi + Cayl + o(ly2) - (2.13)
=2
where .
1= Vi3
Cs =Vin, Cy =V — 3 )\1*1] (2.14)
i=2 Y

The proof uses standard normal form theory and will be given in Appendix A. Note
that if V is of class C%, then (2.13) holds with o(]|y||3) replaced by O(||y||3). Let us now
apply the result to derive an easy to verify necessary condition for a point z to be a saddle.



Corollary 2.9.
1. Assume Ao < 0. Then the point z is

e a saddle if C3 =0 and Cyq > 0;
e not a saddle if C3 #0 or Cy < 0.

2. Assume A9 > 0. Then the point z is

e a saddle if C3 =0 and Cy < 0;
e not a saddle if C3 # 0 or Cy > 0.

PRrROOF: Consider first the case C3 # 0. For simplicity, let us restrict to d = 2. In a
neighbourhood of z = 0, any solution to the equation V(y) = 0 must satisfy

2Cs . 20,
y3 = ———yi — —yi +o(lyl3) - (2.15)
Ay Ao

Thus, solutions exist for y; with y;C3/A2 < 0. Plugging the ansatz

20;

= 44 /=
Y2 Ay

yi [1+72(y1)] (2.16)
into the relation V(y) = 0, dividing by ¥} and applying the implicit-function theorem to
the pair (rg,y1) in the resulting equation shows that there is a unique curve through the
origin on which the potential vanishes. Since for o = 0, the potential has the same sign as
y1, we conclude that 0 is not a saddle. Now just note that the proof is similar in dimension
d> 2.

Consider next the case C3 = 0 and A\2Cy > 0. If Ay > 0, one sees that the origin
is a local minimum. If A9 < 0, then for fixed (ys,...,yq) and sufficiently small ¢, the
set {(y1,y2): ¥2 +y3 < &2, V(y) < 0} is path-connected (topologically, it is an annulus).
Hence OV(0) U B.(0) is path-connected.

Finally, if C3 = 0 and A\2Cy < 0, then either the set {y1: V(y) < 0} for fixed (y2, ..., yq)
or the set {y2: V(y) < 0} for fixed (y1,¥3, ..., yq) is not path-connected, so that the valley
of 0 is locally split into two disconnected components, joined at the origin. O

Remark 2.10. The normal-form transformation = +— = + g(z) can also be applied when
A1 # 0. The result is exactly the same normal form as in (2.13), except that there is an
additional term %Aly% This observation is useful as it allows to study the system with a
unique transformation of variables in a full neighbourhood of the bifurcation point.

Remark 2.11. One easily checks that if V' is of class C", one can construct higher-order
normal forms by eliminating all terms which are not of the form y¥ with & < r. In other
words, there exists a polynomial g(y) with terms of degree between 2 and r — 1 such that

d
| , "
Vy+9w) =5 > v} + Csyi + Cayl + -+ ol + 0([lyll3) - (2.17)
=2

In general, however, there is no simple expression of the coefficients of the normal form in
terms of the original Taylor coefficients of V. Note that for z = 0 to be a saddle, the first
index ¢ such that C; # 0 has to be even with A\Cj < 0.

10



2.4 Singularities of codimension 2

In this subsection, we shall assume that the potential V is of class C" for some r > 3
and that z is a stationary point of V with the Hessian V2V(2) having two vanishing
eigenvalues. We may assume z = 0 and V' (z) = 0. According to Proposition 2.6, there are
two cases to be considered:

1. )\1<0, )\2:/\3:0and0<)\4<~-</\d.

2. =X =0and 0< A3 <+ < A\g.

For the purpose of this subsection, it will be convenient to relabel the first three eigenvalues
in such a way that A\ = Ay = 0, while A3 # 0 can be positive or negative. We choose
a basis in which V2V (z) = diag(0,0,As3,...,Aq). The potential thus admits a Taylor
expansion of the form

d
1
V(x) = 3 z; Aixﬁ + Z Vijkrizjz) + Z Vijmrivjogr, + ... . (2.18)

1<i<j<k<d 1<i<j<k<I<d
The theory of normal forms immediately yields the following result.

Proposition 2.12. There exists a polynomial change of variables x = y + g(y), where g
1 a polynomial with terms of degree between 2 and r, such that

d r
Vit o) = 5 3 hiw? + 3 Vil ve) + o(lol) (2.19)
=3 k=3

where each Vi is a homogeneous polynomial of order k, i.e.,

Va(y1,y2) = Vinys + Vireyiye + Viseyiys + Vaooys
Va(yr, y2) = Viinyt + Viteyiye + Vitooy2y3 + Viesoyrys + Vasooys (2.20)

and similarly for the higher-order terms.

The proof uses standard normal form theory and follows along the lines of the proof
of Proposition 2.8, given in Appendix A. Therefore, we refrain from giving its details
here. Let us remark that if V is of class C"™!, then (2.19) holds with o(]|y||}) replaced by
O(lylly™).

We can again apply the result to derive an easy to verify necessary condition for a point
z to be a saddle. Let p be the smallest k& such that Vj, is not identically zero. Generically,
we will have p = 3, but other values of p are quite possible, for instance due to symmetries
(see Section 4.3 for examples). We call discriminant the polynomial?

t.1) = P =1 ... if
A(t) = {Vp( )=V utP+Viae +--+ Vo 0 if Vi1 #0, (2.21)

Vp(1,t) = Vo ootP + Vo ogt? L+ 4+ Vi 11 ifVi.11=0.

The following corollary as well as Table 1 provide necessary conditions for z to be a
saddle, expressed in terms of A(t) and the sign of As.

2The roles of y; and y2 being interchangeable, both definitions in (2.21) are equivalent via the trans-
formation ¢t — 1/t and multiplication by t*. We choose to make this distinction in order to avoid having
to introduce “roots at infinity”. Equivalently, one could work on the projective line RP?.
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A3 <0 A3 >0

All roots of A(t) real and simple | Not a saddle | Saddle

No real root of A(t) and A(t) > 0 | Saddle Not a saddle (local minimum)
No real root of A(t) and A(t) <0 | Not a saddle | Not a saddle

TABLE 1. Classification of stationary points with double-zero eigenvalue with the help of
the discriminant A(t) and the sign of As.

Corollary 2.13.
1. Assume d > 2 and A3 < 0. Then the point z is

e not a saddle if the discriminant has one or several real roots, all of them simple;
e a saddle if the discriminant has no real root and is positive;
e not a saddle if the discriminant has no real root and is negative.

2. Assume d =2 or A3 > 0. Then the point z is

e a saddle if the discriminant has one or several real roots, all of them simple;
e not a saddle (a local minimum) if the discriminant has no real root and is positive;
e not a saddle if the discriminant has no real Toot and is negative.

PROOF: In order to determine the open valley OV(z) of z = 0, we first look for solutions
of V(y1,42,0,...,0) = 0 near the origin. Such solutions are necessarily of the form y; =
y2(t + R(y2)) for some t, where R(y2) goes to zero continuously as yo — 0. Plugging in,
dividing by vy and setting y» = 0, one sees that ¢ must be a root of the discriminant.
Applying the implicit function theorem to the pair (y2, R), one finds that there is a unique
R if this root is simple. Thus whenever the discriminant has real roots, all of them simple,
V(y1,92,0,...,0) changes sign in a neighbourhood of the origin, the regions of constant
sign being shaped like sectors. If A3 < 0, we have to distinguish between three cases:

1. The discriminant has simple real roots. In the plane y3 = --- = yq4 = 0, there are
several disconnected regions in which V is negative. However these regions merge
when y3 becomes nonzero. Hence all regions can be connected by a path leaving the
plane y3 = --- = y4 = 0, so that the origin is not a saddle.

2. The discriminant has no real roots and is positive. Then for each fixed (y1,vy2, 4, -.),
the set of y3 such that V is negative is not path-connected, and consequently the set
{y: V(y) < 0} cannot be path-connected either. By adding the origin, the latter set
becomes path-connected, showing that 0 is indeed a saddle.

3. The discriminant has no real roots and is negative. Then either d = 3 and the origin is
a local maximum, or d > 3 and the set of (yq,...,yq) for which V is negative is path-
connected for each fixed (y1, y2,y3). Thus any two points in the open valley close to the
origin can be connected (connect both endpoints to points in the set y4 = --- =y4 =0
by a path with constant (yi,y2,y3), and then connect the two paths within the set
ys = -+ =yq = 0). Thus the origin cannot be a saddle.

The proofs are analogous in the case Az > 0. O

We note that if A3 < 0 and the degree p of the discriminant is odd, then the origin is
usually not a saddle. For the sake of brevity, we do not discuss here cases in which the
discriminant has nonsimple roots, because then the behaviour depends on higher-order
terms in the Taylor expansion and there is a large number of cases to distinguish.

12



2.5 Singularities of higher codimension

Generalisation to nonquadratic saddles of higher codimension is now quite obvious. If the
potential V' is of class C" and the first ¢ eigenvalues A1, ..., \; of the Hessian V2V (z) are
equal to zero, the normal form can be written as

V(y+g(y Z Ayl +2Vk Y1, yq) +olyls) S (2:22)
z q+1

where again each V}, is a homogeneous polynomial of degree k. Let p denote the smallest
k such that Vj is not identically zero. Then the role of the discriminant is now played by

its analogue
Altry .oy tgm1) = Vot ta, .. tg-1,1) (2.23)

and the classification is analogous to the one in Table 1 (with A\j41 instead of A3). Equiv-
alently, one can study the sign of V), on a sphere of constant radius.

3 First-passage times for nonquadratic saddles

3.1 Some potential theory

Let (x¢); be the solution of the stochastic differential equation (1.1). Given a measurable
set A C R? we denote by 74 = inf{t > 0: x; € A} the first-hitting time of A. For sets®
A, B C R%, the quantity

hA,B(l’):]P)x{TA<TB} (3.1)

is known to satisfy the boundary value problem

Lhap(z)=0 for x € (AU B)°
hap(z)=1 forze A, (3.2)
hap(z)=0 forx € B,

where L = ¢A — (VV(:),V) is the infinitesimal generator of the diffusion (z;);. By
analogy with the electrical potential created between two conductors at potentials 1 and
0, respectively, ha p is called the equilibrium potential of A and B. More generally, one
can define an equlhbrlum potentlal R\ A.B defined by a boundary value problem similar

to (3.2), but with Lh* AB = = A\ AB- However, we will not need this generalisation here.

The capacity of the sets A and B is again defined in analogy with electrostatics as the
total charge accumulated on one conductor of a capacitor, for unit potential difference.
The most useful expression for our purpose is the integral, or Dirichlet form,

capA(B) = ¢ /( oy ITRAB@IB dr = S ham) (Y
U c

We will use the fact that the equilibrium potential h4 p minimises the Dirichlet form

@(AuB)c, 1.

cap4(B) = hel7r11£ . P (aup)e(h) - (3.4)

3All subsets of R? we consider from now on will be assumed to be regular, that is, their complement is
a region with continuously differentiable boundary.
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Here H 4 p is the space of twice weakly differentiable functions, whose derivatives up to
order 2 are in L?, and which satisfy the boundary conditions in (3.2).

Proposition 6.1 in [BEGKO04] shows (under some assumptions which can be relaxed
to suit our situation) that if = is a (quadratic) local minimum of the potential, then the
expected first-hitting time of a set B is given by

/ e VW by oy B(y) dy

Bfire} = caps, ) (B)

(3.5)

The numerator can be estimated by the Laplace method, using some rough a prior:i es-
timates on the equilibrium potential hg_(,) p (Which is close to 1 in a neighbourhood of
x, and negligibly small elsewhere). In the generic situation where x is indeed a quadratic
local minimum, and the saddle z forms the gate from z to B, it is known that

/ e—V(y)/sh ( )d _ (27rg)d/2 e_v(gc)/g [1—}—(’)(81/2’10 8’)] (3 6)
. Be(z),B\Y) Ay det(VQV(a:)) g ) :
cf. BEGK04, Equation (6.13)]. Thus, the crucial quantity to be computed is the capacity
in the denominator. In the simplest case of a quadratic saddle z whose Hessian has
eigenvalues Ay < 0 < A9 < -+ < Ay, one finds

1 [(2me)d M| _y
B) = —| L e VEEN 4 021 3.7
cap, (o) (B) = 5[yt [1+ O oge)] (37)
cf. [BEGKO04, Theorem 5.1}, which implies the standard Eyring-Kramers formula (1.3).
In the sequel, we shall thus estimate the capacity in cases where the gate between
A = B.(x) and B is a non-quadratic saddle. Roughly speaking, the central result, which
is proved in Section 5, states that if the normal form of the saddle is of the type

d
1 T
V() = —ua(y) +uay2, - v0) +5 D Ayi +O(wllz™) (3.8)
J=q+1

where the functions u; and ue satisfy appropriate growth conditions, then

2me
= [1+ R(e)] , (3.9)

5
/ ' e"mW/e gy j=q+1 J
-5

/ e—u2(y2,---qu)/‘E dys ... dyq d
Bs, (0)

capy(B) = ¢

for certain 0; = d1(¢) > 0, 62 = da(e) > 0. The remainder R(e) goes to zero as € — 0,
with a speed depending on u; and uy. Once this result is established, the computation of
capacities is reduced to the computation of the integrals in (3.9).

Remark 3.1. If = is a nonquadratic local minimum, the integral in (3.6) can also be
estimated easily by standard Laplace asymptotics. Hence the extension of the Eyring—
Kramers formula to flat local minima is straightforward, and the real difficulty lies in the
effect of flat saddles.
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3.2 Transition times for codimension 1 singular saddles

We assume in this section that the potential is of class C® at least, as this allows a better
control of the error terms. Consider first the case of a saddle z such that the Hessian
matrix V2V (2) has eigenvalues \; = 0 < A < A3 < --- < A\g. In this case, the unstable
direction at the saddle is non-quadratic while all stable directions are quadratic. According
to Corollary 2.9, in the most generic case the potential admits a normal form

d
1
V(y) = =Cayi +5 > _ Ay + O(lyll3) (3.10)
j=2

with C4 > 0, i.e., the unstable direction is quartic. (Note that the saddle z is at the origin
0 of this coordinate system.)

We are interested in transition times between sets A and B for which the gate G(A, B)
consists only of the saddle z. In other words, we assume that any minimal path v €
P(A, B) admits z as unique point of highest altitude. This does not exclude the existence
of other stationary points in OV(z), i.e., the potential seen along the path v may have
several local minima and maxima.

Theorem 3.2. Assume z is a saddle whose normal form satisfies (3.10). Let A and B
belong to different path-connected components of OV(z) and assume that G(A, B) = {z}.
Then

_ 2041/4 (2m)d-1 d/2+1/4 —V(z)/e 1/4 5/4
capy(B) = T\ dar € e [1+ O *logel™*)] , (3.11)

where I denotes the Euler Gamma function.

The proof is given in Section 5.3. In the case of a quadratic local minimum z, combining
this result with Estimate (3.6) immediately yields the following result on first-hitting times.

Corollary 3.3. Assume z is a saddle whose normal form satisfies (3.10). Let O be one
of the path-connected components of OV(z), and suppose that the minimum of V in O is
attained at a unique point x and is quadratic. Let B belong to a different path-connected
component of OV(z), with G({z}, B) = {z}. Then the expected first-hitting time of B
satisfies

o _ 1/4 2mA2 - A __1/a V() -V(@)]/e 1/4 5/4
E*{rp} = o\ v ))5 [1+ 0@V logeP™M] . (3.12)

Note in particular that unlike in the case of a quadratic saddle, the subexponential
asymptotics depends on ¢ to leading order, namely proportionally to g1/,

Remark 3.4.

1. If the gate G(A, B) contains several isolated saddles, the capacity is obtained simply
by adding the contributions of each individual saddle. In other words, just as in
electrostatics, for capacitors in parallel the equivalent capacity is obtained by adding
the capacities of individual capacitors.
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2. We can extend this result to even flatter unstable directions. Assume that the potential
V is of class 2p + 1 for some p > 2, and that the normal form at the origin reads

d
1
V() = ~Co? + 53 Ay + Oyl (3.13)
j=2

with Cy, > 0. Then a completely analogous proof shows that (3.11) is to be replaced
by

1/2p
pCs,p M) ot p—1)/2 1/2
B) — 1 (] (2p+1)/2p\] 14
cap4(B) L(1/2p) \ Aa... A\g © [ Ol [loge| )] (3.14)

Consequently, if the assumptions of Corollary 3.3 on the minimum x and the set B
are satisfied, then

1/2p 2o Ay

T — p=1)/2p o[V(2)=V(2)]/e 1/2p (2p+1)/2p

B*{rs} = i\ et (Ve % [1+0(H lloge] )]
(3.15)

Note that the subexponential prefactor of the expected first-hitting time now behaves

like e~ =1)/2P Ag p varies from 1 to oo, i.e., as the unstable direction becomes flatter

and flatter, the prefactor’s dependence on e changes from order 1 to order 1/+/e.

Consider next the case of a saddle z such that the Hessian matrix V2V (z) has eigenval-
ues A\; < Ay =0 < A3 < --- < A\g. In this case, all directions, whether stable or unstable,
are quadratic but for one of the stable directions. According to Corollary 2.9, in the most
generic case the potential admits a normal form

d
1 1
V() = =5yt + Cays + 5 D Awi +O(yll3) (3.16)
j=3

with C4 > 0, i.e., the non-quadratic stable direction is quartic.

Theorem 3.5. Assume z is a saddle whose normal form satisfies (3.16). Let A and B
belong to different path-connected components of OV(z) and assume that G(A, B) = {z}.
Then

L(1/4) [@2m)3 N dj2—1/4 .~V (2)/e 1/4 5/4
capy(B) = 2017 Ny C e [1+ 0O loge]*™)] . (3.17)

The proof is given in Section 5.3. In the case of a quadratic local minimum z, combining
this result with Estimate (3.6) immediately yields the following result on first-hitting times.

Corollary 3.6. Assume z is a saddle whose normal form satisfies (3.16). Let O be one
of the path-connected components of OV(z), and suppose that the minimum of V in O is
attained at a unique point x and is quadratic. Let B belong to a different path-connected
component of OV(z), with G({z}, B) = {z}. Then the expected first-hitting time of B
satisfies

201/ [ (2m)3Xs.. . Mg

Ere} = T/ \ T det(vev ()

gl/4 e[v(z)*v(x)]/s[l + (’)(51/4|10g5|5/4)] . (3.18)
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Note again the e-dependence of the prefactor, which is now proportional to /% to
leading order. A similar result is easily obtained in the case of the leading term in the
normal form having order ygp for some p > 2. In particular, the prefactor of the transition
time then has leading order e(®—1)/2p.

1/2p
pCs, (27303 .. A (1 _
EZ — (p=1)/2p [V (2)=V(@)l/e[1 1 0 (1/2P|] (2p+1)/2p\] |
{rs} T(1/2p) \/’)\1‘ det(VQV(m))g ¢ [1+O(e*Plloge] )]

(3.19)
As p varies from 1 to oo, i.e., as the non-quadratic stable direction becomes flatter and

flatter, the prefactor’s dependence on e changes from order 1 to order /e.

3.3 Transition times for higher-codimension singular saddles

We assume in this section that the potential is at least of class C°. Consider the case of a
saddle z such that the Hessian matrix V2V (z) has eigenvalues

M<0=X=A3< << N\ (3.20)

In this case, the unstable direction is quadratic, while two of the stable directions are non-
quadratic. Proposition 2.12 shows that near the saddle, the potential admits a normal
form

d
1 1
Vi(y) = —5\)\1\2/% + Va(y2,y3) + Va(yz, y3) + B Z)‘jygz‘ +O(llyll3) , (3.21)
=1

with V3 and Vj; homogeneous polynomials of degree 3 and 4, respectively. If V3 does not
vanish identically, Corollary 2.13 shows that z is typically not a saddle. We assume thus
that V3 is identically zero, and, again in view of Corollary 2.13, that the discriminant

A(t) = Vagaot™ + Vagost® + Vagsst® 4 Vazsat + Vazss (3.22)

has no real roots, and is positive with Vas9o > 0. It is convenient to introduce polar
coordinates, writing
V(7 cos p, rsin ) = k() , (3.23)

where we may assume that k() is bounded above and below by strictly positive constants
K, > K_. Then we have the following result, which is proved in Section 5.3.

Theorem 3.7. Assume z is a saddle whose normal form satisfies (3.21), with V3 = 0
and Vy > 0. Suppose, the discriminant A(t) has no real roots and satisfies Vagzea > 0.
Let A and B belong to different path-connected components of OV(z) and assume that
G(A,B) ={z}. Then

_\/7;/% de (2m)a=4 |\ dj2—1/2 —V(z)/e 1/4 5/4
capy(B) = L)y ko) VY € e [14+0(e*loge”*)] . (3.24)

Corollary 3.8. Assume z is a saddle whose normal form satisfies (3.21). Let O be one

of the path-connected components of OV(z), and assume that the minimum of V in O is
reached at a unique point x, which is quadratic. Let B belong to a different path-connected
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component of OV(z), with G({z}, B) = {z}. Then the expected first-hitting time of B
satisfies

4 M)A A 10 v()-v@)/ !
- _ z z)l/ef1 /4 1 5/4 .
{5} 27 dy \/|>\1|det(V2V(fL’))€ ‘ O s

0 k‘(@)lﬂ

s

(3.25)

The prefactor is now proportional to £1/2 instead of being proportional to e1/4 which
is explained by the presence of two vanishing eigenvalues.

Remark 3.9. This result admits two straightforward generalisations to less generic situ-
ations:

1. If the potential is of class C?’*! and the first nonvanishing coefficient of the normal
form has even degree 2p, p > 2, then a completely analogous proof shows that

1_(1\ (¥ dy (02, Ll D ST Y _
B = —1(= /2=(p—1)/p o=V (2)/e
CapA( ) 2p (p) /0 k(go)l/p )\4 - )\d c ©

x [14+O(Y?|loge|@PHD/2r)] . (3.26)

Consequently, if the assumptions of Corollary 3.8 on the minimum x and the set B
are satisfied, then

2p 1 (27‘(‘)4/\4 N )\d ( -1 —
E® _ p=1)/p ([V(2)-V(2)]/e
{5} - ( 1 > 7 4o\ Mldet(V2V(@))© ¢

p) Jo k(p)l/r

x [14+ O("/?P|loge|@PHD/2P)] | (3.27)

2. If all eigenvalues from A2 to A4 are equal to zero, for some g > 4 and the first nonvan-
ishing coefficient of the normal form has even degree 2p, p > 2, then the prefactor of
the capacity has order e%/2-(@=1)(E=1/2r and involves a (q — 2)-dimensional integral
over the angular part of the leading term in the normal form.

The other important codimension-two singularity occurs for a saddle z such that the
Hessian matrix V2V () has eigenvalues

0:)\1:>\2</\3<"‘<)\d' (328)

In this case, Corollary 2.13 states that z is a saddle when the discriminant of the normal
form has one or more real roots, all of them simple. As a consequence, there can be more
than two valleys meeting at the saddle. This actually induces a serious difficulty for the
estimation of the capacity. The reason is that for this estimation, one needs an a priori
bound on the equilibrium potential hy p in the valleys, some distance away from the
saddle. In cases with only two valleys, h4 g is very close to 1 in the valley containing A,
and very close to 0 in the valley containing B. When there are additional valleys, however,
one would first have to obtain an a priori estimate on the value of h4 p in these valleys,
which is not at all straightforward, except perhaps in situations involving symmetries. We
will not discuss this case here.
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FIGURE 3. Saddles and open valleys of the normal-form potential (4.2), in a two-
dimensional case, (a) for Ay > 0, (b) for A2 = 0 and (c) for Ay < 0. The system
undergoes a transversal pitchfork bifurcation at Ay = 0.

Arguably, the study of singular saddles satisfying (3.28) is less important, because
they are less stable against perturbations of the potential. Namely, the flatness of the
potential around the saddle implies that like for the saddle-node bifurcation, there exist
perturbations of the potential that do no longer admit a saddle close by. As a consequence,
there is no potential barrier creating metastability for these perturbations.

4 Bifurcations

While the results in the previous section describe the situation for nonquadratic saddles,
that is, at a bifurcation point, they do not incorporate the transition from quadratic to
nonquadratic saddles. In order to complete the picture, we now give a description of
the metastable behaviour in a full neighbourhood of a bifurcation point of a parameter-
dependent potential. We will always assume that V is of class C°.

We shall discuss a few typical examples of bifurcations, which we will illustrate on the
model potential

N
V(@)=Y Ul }Z i — Tip1)? (4.1)

introduced in [BFGO7a]. Here z; denotes the position of a particle attached to site i of the
lattice Z /NZ, U(z;) = fa} — 37 is a local double-well potential acting on that particle,
and the second sum describes a harmonic ferromagnetic interaction between neighbouring
particles (with the identification zx4+1 = x1). Indeed, for N = 2 and v = 1/2, the origin
is a nonquadratic saddle of codimension 1 of the potential (4.1), while for all N > 3, the

origin is a nonquadratic saddle of codimension 2 when v = (2sin?(7/N))~!

4.1 Transversal symmetric pitchfork bifurcation

Let us assume that the potential V' depends continuously on a parameter v, and that for
v = ~*, z = 0 is a nonquadratic saddle of V, with normal form (3.16). A symmetric
pitchfork bifurcation occurs when for v near +*, the normal form has the expression

U

SN +odwl) . (4.2

Jj=3

N

1 1
Vy) = §>\1(7)y3 +5h(y VY2 + Ca(y)yd +

where A2(7*) = 0, while A1 (7v*) < 0, C4(7*) > 0, and similarly for the other quantities. We
assume here that V is even in ys, which is the most common situation in which pitchfork
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(a) (b)

P A0
5] (J

FIGURE 4. Level lines of the potential (4.6), (a) for v > 1/2, (b) for 1/2 > v > 1/3
and (c) for 1/3 > v > 0. A transversal pitchfork bifurcation occurs at v = 1/2, and a
longitudinal pitchfork bifurcation occurs at v = 1/3.

bifurcations are observed. For simplicity, we shall usually refrain from indicating the -
dependence of the eigenvalues in the sequel. All quantities except Ao are assumed to be
bounded away from zero as y varies.

When A2 > 0, z = 0 is a quadratic saddle. When A2 < 0, 2 = 0 is no longer a saddle
(the origin then having a two-dimensional unstable manifold), but there exist two saddles
z+ with coordinates

zp = (0, £1/[A2]/4Cs + O(X2),0,...,0) + O(A3) (4.3)

(Figure 3). Let us denote the eigenvalues of V2V (z+) by u1,...,uq. In fact, for Ay < 0
we have

pa = —2X2 + O([\o*?) |
1y =\ + O(x]*?) for j € {1,3,...,d} . (4.4)

Finally, the value of the potential on the saddles z+ satisfies

2
V() = Vi) = V() - o + Ol (1.5

Example 4.1. For N = 2 particles, the potential (4.1) reads
V(zy,22) =U(xy) + U(xg) + %(m —19)%. (4.6)

Performing a rotation by 7/4 yields the equivalent potential

=~ 1

V(ybyQ) = —53/% -

1—2vy ., 1
5 U5+ (Ul + 6uiys +ua) (4.7)

8

which immediately shows that the origin (0,0) is a stationary point with A;(y) = —1 and
A2(7) = —(1—2). For v > ~* = 1/2, the origin is thus a quadratic saddle, at “altitude” 0.
It serves as a gate between the local minima located at y = (+1/v/2,0). As 7 decreases
below 7*, two new saddles appear at y = (0, ++/2(1 — 2v) (cf. Figure 4 which shows the
potential’s level lines in the original variables (z1,22)). They have a positive eigenvalue
p2(y) = 2(2y — 1), and the “altitude” —3(1 — 2v)%. There is thus a pitchfork bifurcation
at v = 1/2. Note that another pitchfork bifurcation, affecting the new saddles, occurs at

v=1/3.
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FIGURE 5. The functions ¥4 («), shown on a linear and on a logarithmic scale.

Our main result is the following sharp estimate of the capacity.

Theorem 4.2. Assume the normal form at z = 0 satisfies (4.2). Let A and B belong to
different path-connected components of OV(z) (respectively of OV(zx) if Ao < 0). Assume
further that G(A, B) = {z} (resp. G(A,B) ={z_, 21} if A2 <0). Then for Ay > 0,

(2m) 2|\ ( A2 > d/2 o~V (2)/
B) = v FIEN 4+ Ry(e, M) ],
capy(B) \/[)\2+(26C'4)1/2])\3...)\d + (2:C) 172 e’’e [ + Ry(e 2)]
(4.8)

while for Ay < 0,

ca _ (2m) 42| s | 142 /2 o=V (24)/e
pa(B) = \/[M2+(2504)1/2]M3---Hd W((2€C4)1/2>6d eV [1+R7(5’N2)] :
(4.9)

The functions ¥V, and V_ are bounded above and below uniformly on R,. They admit
the explicit expressions

mo(l+a) _,2/6 a? a?
\Il_(a) = Te /6 |:I1/4<64 +I1/4 a y (410)

where Ky4 and Iyy,4 denote the modified Bessel functions of the second and first kind,
respectively. In particular,

liT Uy(a)=1, hl:Ii_l VU_(a) =2, (4.11)
and I(1/4)
lim W, (a) = lim ¥_(a) = it = 08000 (4.12)

Finally, the error terms satisfy

ellogel3 1/2

max{|)\|, (¢]log €|)1/2}

|Ri(e, V)| < C (4.13)
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FIGURE 6. The prefactor of the expected transition time near a pitchfork bifurcation, as
a function of the bifurcation parameter Ay, shown for three different values of . (To be

precise, we show the function Ay + /A +1/2/¥ (A\g//2) for Ay > 0 and the function
Ay =/ =2Xg +1/2/W_(—2)\y/e!/?) for Ay < 0.)

The functions ¥4 («) are universal, in the sense that they will be the same for all
symmetric pitchfork bifurcations, regardless of the details of the system. They are shown
in Figure 5. Note in particular that they are not monotonous, but both admit a maximum.

Corollary 4.3. Assume the normal form at z = 0 satisfies (4.2).

o If Ao > 0, assume that the minimum of V in one of the path-connected components of
OV(z) is reached at a unique point x, which is quadratic. Let B belong to a different
path-connected component of OV(z), with G({x}, B) = {z}. Then the expected first-
hitting time of B satisfies

x _ Do+ (26C)V2N5... Ng  elVE-V@I/e
E*{rp} = 27r\/ M[det(V2V(2)) Wy (Ao/(26C4)1/2) 1+ Ri(e,22)] . (4.14)

e If Ay <0, assume that the minimum of V in one of the path-connected components of
OV(z4) = OV(z-) is reached at a unique point x, which is quadratic. Let B belong to
a different path-connected component of OV(zy), with G({z}, B) = {z4+,2-}. Then
the expected first-hitting time of B satisfies

x + (2eC)Y? s . .. elV(z£)-V(2)]/e
s 2”\/[MZ VG T ey RG] (@

When )\, is bounded away from zero, the expression (4.14) reduces to the usual Eyring—
Kramers formula (1.3). When Ay — 0, it converges to the limiting expression (3.18). The
function W controls the crossover between the two regimes, which takes place when Ao
is of order /2. In fact, when o < £1/2, there is a saturation effect, in the sense that
the system behaves as if the curvature of the potential were bounded below by (2504)1/ 2,
Similar remarks apply to the expression (4.15), the only difference being a factor 1/2 in
the prefactor when po is bounded away from 0 (cf. (4.11)), which is due to the fact that
the gate between x and B then contains two saddles.

The Ao-dependence of the prefactor is shown in Figure 6. It results from the combined
effect of the term under the square root and the factors W. Note in particular that the
minimal value of the prefactor is located at a negative value of Ao, which can be shown to
be of order £!/2.
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FIGURE 7. Saddles and open valleys of the normal-form potential (4.16), (a) for A\; < 0,
(b) for Ay = 0 and (c) for Ay > 0. The system undergoes a longitudinal pitchfork
bifurcation at \; = 0.

4.2 Longitudinal symmetric pitchfork bifurcation

Consider now the case where for v = v*, z = 0 is a nonquadratic saddle of V', with normal
form (3.10). Then a slightly different variant of symmetric pitchfork bifurcation occurs,
when for v near «*, the normal form has the expression

—_

Vi) = g — o+ 5 SN + Ol (4.16)

d
24
7j=2
where Ai(7*) = 0, while Cy(7*) > 0 and A;(7*) > 0 for all j > 2. We assume here
that V is even in y;, which is the most common situation in which pitchfork bifurcations
are observed. As before, we no longer indicate the y-dependence of eigenvalues, and all
quantities except A; are assumed to be bounded away from zero.

When A\; < 0, z = 0 is a quadratic saddle. When A; > 0, z = 0 is a local minimum,
but there exist two saddles z4+ with coordinates

2y = (£/A1/4Cs + O(A1),0,...,0) + O(N]) . (4.17)

The open valleys of z; and z_ share a path-connected component which we denote by Oy,
while we denote their other components by O, cf. Figure 7. Let us denote the eigenvalues
of V2V (2+) by 1, ..., pg. For A1 > 0 we have

1= =2\ + O(A}/?)
=\ + O for j €{2,...,d} . (4.18)

Finally, the value of the potential on the saddles z+ satisfies

A

oot ON/?) . (4.19)

V(zg) =V(z2) =V (2) +
Such a bifurcation occurs, for instance, in Example 4.1 for v = 1/3. Then both
saddles z_ and z; have to be crossed on any minimal path between the global minima, as
in Figure 1lc.
We can now state a sharp estimate of the capacity in this situation, which is proved
in Section 5.4.

Theorem 4.4. Assume the normal form at z = 0 satisfies (4.16). Let A and B belong to
the pathconnected components O_ and O4 respectively. Assume further that G(A, B) =
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FiGURE 8. The prefactor of the expected transition time near a longitudinal pitchfork
bifurcation, as a function of the bifurcation parameter A1, shown for three different values
of e. (To be precise, we show the function Ay — ¥, (|A1]/e'/2)/\/|M1] + €172 for Ay < 0

and the function \; — W_(2X;/e'/2)/\/2\1 4+ £1/2 for A\; > 0.)

{z} (resp. that {z_} and {z1} both form a gate between A and B if Ay > 0). Then for
A1 <0,

e QO P
cap4(B) = e "WEN + Ri(e,M))]
Patt) \/ Ao U (h]/(2eC)17?) 1+ R (e [Aa])]
(4.20)
while for Ay > 0,
(2m) 42| | 4 (2eCy)*/?] gd/2 V()
cap(B) = e "VE/EIT 4 R_(e, :
A(B) \/ Lo . g U (|n]/(2eCo)72) [ (e, [pl)]
(4.21)

The functions ¥y and Y_ and the remainders Ry are the same as in (4.10) and (4.13).

When A; > /2, the function ¥_ in (4.21) is close to 2, so that the total capacity
equals half the capacity associated with each saddle z_ and z;. As in electrostatics, when
two capacitors are set up in series, the inverse of their equivalent capacity is thus equal to
the sum of the inverses of the individual capacities.

Corollary 4.5. Assume the normal form at z = 0 satisfies (4.16).

o If )\ <0, assume that the minimum of V in one of the path-connected components of
OV(z) is reached at a unique point x, which is quadratic. Let B belong to a different
path-connected component of OV(z), with G({x}, B) = {z}. Then the expected first-
hitting time of B satisfies

YD A1 ) V(2)-V()]/
Em _ 2 lII A z xT)|/€E
{TB} W\/[)\1| + (2eCy)1/2) det(V2V (x)) +<(25C4)1/2 e

x [1+4 Ry(e, [M])] - (4.22)

e If Ay > 0, assume that the minimum of V in the path-connected component O_ of
OV(z_) is reached at a unique point x, which is quadratic. Let B belong to the path-
connected component O of OV(z4), with G({z}, B) = {z4} or {z_}. Assume finally
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that V (x) is strictly smaller than the minimum of V' in the common component Oy of
OV(z_-) and OV(z4). Then the expected first-hitting time of B satisfies

’ r2 P il ven v
E =92 o (Aml )
o} W\/[Ml\ + (2eCy) /2] det(V2V (z)) ((2504)1/2> ¢

x [1+ R_(e,|ml])] - (4.23)

For A\; = 0, this result reduces to Corollary 3.3. For negative A; of order 1, one
recovers the usual Eyring—Kramers formula, while for positive A1 of order 1, one obtains
the Eyring—Kramers formula with an extra factor 2, which is due to the fact that two
saddles have to be crossed in a row. Note that when applying this result to Example 4.1
near v = 1/3, all expected transition times have to be divided by 2, because there are two
equivalent paths from one global minimum to the other one.

4.3 Bifurcations with double-zero eigenvalue

We consider finally the case where the y-dependent potential V' admits, for y =~*, 2 =0
as a nonquadratic saddle with two vanishing eigenvalues. Then the normal form is given
by (3.21) with V3 = 0. This singularity having codimension 2, there are several different
ways to perturb it, and actually two parameters are needed to describe all of them. We
restrict our attention to the particular perturbation (which is generic, e.g., in cases with
Dy-symmetry, N > 3)

d
1 1 1
V() = 500wt + 52005 +83) + Valyz,usi7) + 5 D A(0)y; +O(lll3) - (4.24)
j=4

where Vj(y2,y3;7y) is of the form (2.20) with positive discriminant, satisfying V3111 > 0.
Here A\a(7*) = 0, while A1 (7v*) < 0, A4(7*) > 0, and so on. Again, we no longer indicate
the y-dependence of the eigenvalues in the sequel. All quantities except As are assumed
to be bounded away from zero.

Example 4.6. Consider the potential (4.1) for N > 3. In Fourier variables

N
1 —ki2w/N
2 = —— e Ti, —|N/2| <k < |N/2|, (4.25)
VN ; !
the potential takes the form

1 1
= 5 Z NkZkZ—k + ﬁ Z Zhy Zko Zks Pky (4.26)
k ki+ko+ks+ks=0 (mod N)

where n, = —1 + 2ysin?(kxr/N). For v > (2sin?(7/N))~!, all 7, except ng = —1 are
positive, and thus the origin is a quadratic saddle. It forms the gate between the two
global minima of the potential, given (in original variables) by IT = #(1,...,1). As v
approaches (2sin?(7/N))~! from above, the two eigenvalues 7+1 go to zero, and the origin
becomes a singular saddle of codimension 2. In [BFGO07a] it is shown that as v decreases
further, a certain number (which depends on N) of quadratic saddles emerges from the
origin, all of the same potential height. The set of all these saddles then forms the gate
between I~ and I™T.
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The normal form of (4.26) is equivalent to (4.24) with d = N, up to a linear transfor-
mation (one has to work with the real and imaginary part of each zj instead of the
pairs (zx,2_k)), and to a relabelling of the coordinates, setting A\; = 19y = —1 and
Aok = Agk1 = M-

We start by considering saddles with normal form (4.24) for Ao > 0, when the origin
is a saddle, and for slightly negative As. Indeed, in these cases one can derive a general

result which does not depend on the details of the nonlinear terms. We define k(p), as
n (3.23), by Vi(rcos,rsinp;v) = rk(p; 7).

Theorem 4.7. Assume the normal form at z = 0 satisfies (4.24). Let A and B belong to
different path-connected components of OV(z) (respectively of the newly created saddles if
Ao < 0). Assume further that the gate G(A, B) between A and B is formed by the saddle
z in case Ao = 0, and by the newly created saddles, otherwise. Then for Ao > 0,

cap /27r (2m) ] © (AQ > dep
AlB)= o Do+ 2ek(@) V2P0 g \(22k())12

x g2 e7V(2)/e 1+ Ri(e,A2)], (4.27)

while for —(e|loge|)/? < X9 < 0

2 [ (2m)d- 2\)\1| O_(—Xa/(2ek()'/?) 42
5/16<k(e0)
apalB) =50 / /Yy k()2 a7

x g4/2 g V(2)/e [1+R_(g,X2)] , (4.28)

The functions ©4 and ©_ are bounded above and below uniformly on R 1. They are given

by
0,4 (a) = \/5(1 + ) e’ /8 @(—3‘) : (4.29)
O_(a) = 2@(3‘) : (4.30)

where ®(x) = (2m)~1/2 I e™¥’/2dy denotes the distribution function of the standard
normal law. In particular,

. v
Jm es@) =1, lm 6(a)=/7, (431)
and
hn%J O4(a) = lirr(l) O_(a) = \/? ~ 0.6267 . (4.32)

Finally, the error terms satisfy

|Rs(e, )] <c[ ellog e[ ]1/2 (4.33)
SOV T max{[A] (ellog )12} ] '

The proof is given in Section (5.4). The functions ©(«), which are shown in Figure 9,
are again universal in the sense that they will be the same for all bifurcations admitting
the normal form (4.24).
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FIGURE 9. The functions ©4(a), shown on a linear and on a logarithmic scale.

Corollary 4.8. Assume the normal form at z = 0 satisfies (4.24).

e If Ay > 0, assume that the minimum of V' in one of the path-connected components of
OV(z) is reached at a unique point x, which is quadratic. Let B belong to a different
path-connected component of OV(z), with G({z}, B) = {z}. Then the expected first-
hitting time of B satisfies

elV(2)=V(x)l/e

/27r O (Xa/(2ek(p))Y/?) . [1+ Ri(e, )] -
0

o1 YWY
E{rs} 27T\/\)\1|det(V2V(x)) 1

27 Ao + (2ek(p))1/2
(4.34)
e The above situation extends to slightly negative Ao, that is, —y/elloge| < A2 < 0,
where
[V(z)-V(z)]/e
E*{rg} = 27r\/ 3 )\4‘”2)% o - 1/2
[A1|det(V V(x))l/ O-(A2/(2ek(p)) B/16K(0)
2 Jo (2ek(y)) /2

x [1+ R_(g,X2)] . (4.35)

For positive Ay of order 1, one recovers the usual Eyring—Kramers law (recall that
A2 = A3), while for As = 0, one recovers Corollary 3.8. For negative Ay, if the function
k() is nonconstant, the integral over ¢ in (4.35) can be evaluated by the Laplace method.
Extrapolating the result to Ao of order —1, the integral would yield an extra £'/2 which
cancels with the £'/2 in the integral’s denominator.

Example 4.9. Consider the potential (4.26) for N = 3 or N > 5. The resonant terms
near the bifurcation occurring for \; = 0 are the monomials proportional to z1z_1 and to
2222 .. In order to obtain the standard normal form (4.24), we set 211 = (y2 £iy3)/V2
(the factor v/2 guarantees that the change of variables is isometric). This yields

3
Vi(y2,y3) = STV(Z/% +y3)%, (4.36)

and thus a constant k() = 3/8N. The integrals in (4.34) and (4.35) can thus easily be
computed. For instance, for odd N and A\ = —1 + 2ysin?(7/N) > 0, the prefactor of the
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transition time from I~ to a neighbourhood of I" is given by

AMAG - - - AN—1 )\2+(3€/4N)1/2
det V2V (1) ©+(X2/(3/4N)1/2)

[1+ Ri(e,A2)] , (4.37)

which admits a limit as Ay — 0. Note that the eigenvalues of V2V (I~) are of the form
V) =2, Vop = Vopy1 = 2 + 2ysin?(kn/N), so that all quantities in (4.37) are known.

Example 4.10. Consider now the potential (4.26) for N = 4. Then there are two addi-
tional resonant terms, namely the monomials proportional to zf and 2% ;. Proceding as in
the previous example, this yields

1
(2 +43) (4.38)

and thus k(¢) = (3 + cos(4¢))/32. It is, however, more convenient to keep rectangular
coordinates instead of using polar coordinates. Then the coordinates ys and y3 separate,
each one undergoing independently a pitchfork bifurcation.

V4(y27 y3) =

The behaviour for negative Ao < —y/¢|loge| is determined by the shape of the potential
in the (y2,ys)-plane. Near the bifurcation point, the potential is sombrero-shaped. As Ao
decreases, however, the sombrero may develop “dips in the rim”, and these dips will
determine the value of the integral over . We conclude the discussion by an in-depth
study of this phenomenon in the case of our model potential.

Example 4.11. Consider again the potential (4.26) for N = 3 or N > 5. As seen in
Example 4.9 above, the quartic term then is rotation-invariant. This, however, is not
sufficient to determine the behaviour for Ao < —y/e|loge].

In fact, we know from symmetry arguments [BFG07a] that the normal form of the
potential around the origin has the form

M
Vi) = gl + ghor’ + D Conr™ o+ D™ con(20) + Z Ay +O(lyIB"+2)
= J
(4.39)
with M = N if N is odd, and M = N/2 if N is even. Here (r, p) denote polar coordinates
for (y2,y3). To be precise, the approach presented in [BFG07a] is based on a centre-
manifold analysis, but the expression of the potential on the centre manifold is equal to
the resonant part of the normal form (this is because after the normal-form transformation,
the centre manifold is [|y||2™ *2-close to the (y2,y3)-plane).
For Ay < 0, V(y) has nontrivial stationary points of the form z* = (0,7*,¢*,0,...,0)+

O(A\3), where
r= T ONP), sin2Mph) = 0. (4.40)

The eigenvalues of the Hessian around these points are of the form

p1 = A1+ O(|A2]) ,

102V, | | A\ M v
= 500 ) = a0 (22) ol
v, .
M3 = W(T L") = =2 + O(|X2]?)
wr = A + O(|A2|) k=4,...,N. (4.41)
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FIGURE 10. As-dependence of the prefactor of the expected transition time for the model
system (4.1) for N = 3.

The points z* with uo > 0 are saddles. They correspond to the “dips on the rim of the
sombrero”. In the sequel we will therefore assume py > 0.

Defining the sets A and B as usual, an analogous computation to the previous ones
(see Section 5.4 for details) shows that

(2m)%2| | < i3 ) < p2/t3 )
B) =2M o
apa(®) \/(M2M3+(2M)286(3’4)M4---MN (8201)172 )"\ (2M)?8<C4
« gd/2 o=V (2")/e 14+ R_(c,p2)] , (4.42)

with R_(e, p2) as in (4.33). Here ©_ is the function defined in (4.30), and

x(a) =2v1+ae “Iy(a), (4.43)
where Ij is the modified Bessel function of the first kind. It satisfies
. . 2
lim y(a) = 2, lim y(a) =1/—. (4.44)
a—0 a—00 s

It follows that if B is a small neighbourhood of I", then for Ay < 0,

E" {rp} = 2m [ (pops + (2M)?8eCy)ps - . . pN elVz)—Via)l/e
P oM il det(VV(ID) g s paft
~\ (8eCy) /2 (2M)28Cy

X [14+ R_(e,p2)] . (4.45)

The normal-form coefficient Cjy is in fact equal to 3/8N (compare (4.36)), which allows to
check the continuity of the prefactor at Ao = 0. One can identify three different regimes,
depending on the value of pg > 0 (or Ay < 0):

e For 0 < pug < /g, the arguments of the functions ©_ and x are negligible, so that
the denominator can be approximated by ©_(0)x(0) = /m/2. Furthermore, the
term (2M)?82Cy under the square root dominates pouz. This results in a prefactor
of order €!/2, compatible with (4.35) and (4.37). In this regime, the potential in the
(y2, y3)-plane is almost flat.
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o For /e <« 3 < el/M the argument of ©_ is very large, so that ©_ can be ap-
proximated by \/m/2, while the argument of x is still negligible. The product of
©_ and y is thus close to v/2m. In this regime, the potential in the (yo,%3)-plane is
sombrero-shaped, and very close to rotation-invariant.

e Finally, for 3 > /M| the arguments of both ©_ and x are very large, so that their
product is close to 1. Furthermore, po/u3 under the square root dominates (2M)28eCy.
In this regime, the potential in the (y2,ys3)-plane is sombrero-shaped, but with 2M
dips of noticeable depth. One recovers the standard Eyring—Kramers formula, with an
extra prefactor of 1/2M accounting for the fact that the gate consists of 2M saddles
at equal height.

The Ao-dependence of the prefactor is shown in Figure 10 in the case N = 3. In
general, the prefactor behaves like Ao for Ay > /¢ and like |>\2|M/ 2 for Ay < —/M_ Note
that as N increases, the second crossover at ¢!/ occurs later and later, as the system
becomes closer and closer to being rotation-invariant.
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5 Proofs

5.1 Upper bound on the capacity

We assume that the potential V is of class C"T! for some r > 2, and that the origin 0 is
a stationary point with eigenvalues satisfying A\ < 0 < Ag41 < -+ < Ag for some ¢ > 2.
The eigenvalues Ag, ..., Aq lie between A\; and Ag41, but may have an arbitrary sign. We
assume that A\j41 < --- < Ag are of order 1. In the vicinity of the origin, V' admits a
normal form

d
1
V(y) = —u(yn) +u2(v2, - v0) +5 Y Ay + OUwlls™) (5.1)
Jj=q+1

where we may assume that u; and us are polynomials of degree less or equal r, and
increasing at infinity. Suppose that

e cither the origin z* = 0 itself is a saddle,
e or that there exists a finite number of saddles 2} in the vicinity of z = 0.

Let A and B belong to two different path-connected components of OV(z*) or OV(z}), re-
spectively; and assume for simplicity that the gate G(A, B) consists of the above-mentioned
saddles only. The assumptions below will guarantee that the saddles 2} are close to z = 0.
However, the results can easily be extended to more complicated situations with several
gates which are not necessarily close to the origin, simply by summing the contributions
of all gates.

Proposition 5.1 (Upper bound). Assume there exist strictly positive numbers 61 = 01(¢),
do = d2(e) and ¢ > 0 (independent of ) such that

u1(y1) < delloge] whenever |y1| < 1 ,
u2(y2, ..., Yq) = —cde|loge] whenever [[(y2, ..., Yq)||2 < 2,
u2(y2, ..., yq) = 2de|loge| whenever [|(y2, ..., Yq)||2 = 92, (5.2)
and such that )
[61(e) + (52(5)]“L = 0(e|logel) . (5.3)
Then
/B o e v (W2ba)/E qy, dy, 5
me
cap4(B) < & —2 - H T[1 + Ri(e)] + Ra(e),  (5.4)
/ e /e gy imat1 V7Y
—5

where Bs,(0) = {(y2, ..., yq): Y5+ + yg < 02} and the error terms satisfy

Cle'/?loge|V/? + e 1 (67T + 65T1) + 01 + 2] for 7 > 2,
Ry(e) < Ce3¥/4+15-2 L Ced/2+3/252 (5.5)

Ri(e) < {0[81/2!10g€|3/2 Fe O 4 85T £ 8, + 8] forr =2,

for some constant C > 0.
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PRrOOF: The proof is adapted from the proof of [BEGK04, Theorem 5.1].

Recall that the capacity can be computed as the minimal value of the Dirichlet form
®(4uB)e; cf. (3.4), which involves an integration over x. In the vicinity of the saddle, we
carry out the normal-form transformation of Proposition 2.8 or 2.12 in the integral. This
can always be done locally, setting x = y + p o g(y), where p is a smooth cut-off function
which is the identity in a small ball of radius A, and identically zero outside a larger ball
of radius 2A. Inside the smaller ball, we may thus assume that the potential is given

by (5.1).
Let 6 = 24/(1 + c¢)de|loge|. We introduce a set
d
Ce =[—61,61] x Bs,(0) x [] [-6;,65], (5.6)
J=q+1

where §; and s satisfy (5.2) and (5.3) and we choose

§j=——, j=q+1,....d. (5.7)

By assumption, making ¢ small enough we can construct a layer S; of width 2461, separating
the connected components of the open valley OV(0), and such that V (y) is strictly positive
for all y € S.\ C.. Let D_ and D, denote the connected components of R ¢\ S. containing
A and B respectively. Note that we can choose a radius A for the ball Ba(0) in which
we carry out the normal form transformation independently of € in such a way that V is
bounded away from zero on S; N Ba(0)°.

The variational principle (3.4) implies that it is sufficient to construct a function h* €
Ha,p such that ®4pe(h") satisfies the upper bound. We choose

1 forye D_
Rt (y) =<0 forye D, (5.8)
fly1) foryeC.,

while ht(y) is arbitrary for y € S. \ C;, except that we require ||Vh'||y < const /§;. The
function f(y1) is chosen as the solution of the one-dimensional differential equation

() — S;’l<y1,o,...,o>f’<y1> ~0 (5.9)

with boundary conditions 1 in —d1 and O in &7, that is,

01
/ SV (0.0 /e gy
fl) =4 (5.10)

Inserting h™ into the expression (3.3) of the capacity, we obtain two non-vanishing terms,
namely the integrals over S;\ C and over C.. The first of these can be bounded as follows.
For sufficiently small A, Assumptions (5.2) and (5.3) imply that for all y € (S:\Cz)NBa(0),

Viy)

r+1
. )

> —d|loge| — cdlloge| + 2(1 + c)d|loge| + O (e7[8 + 81 + 62

3
> Zd|log5| (5.11)
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for sufficiently small e. On (S: \ C:) N Ba(0)¢, V' is bounded away from zero, and by the
assumption of exponentially tight level sets, the contribution from this part of the integral
is negligible. It follows that

E/ efv(y)/s COT;St dy = O(€3d/4+151—2) = RQ(S) . (512)
SA\C- Ji

When calculating the second term which is given by

/ Ve 2V (110.0)/5 g
B, (h) = ¢ / VOV ()2 dy = 2

01 P
e </ eV(yl,O,...,O)/s dy1>
—5

it is sufficient to carry out the normal form transformation in a smaller ball of radius 2A
with A = Vdmax{0,d;,52} as Bz (0) contains C.. The Jacobian of the transformation

thus yields a multiplicative error term 1+ O(A). By (5.1), we have for y € C;

(5.13)

d
1
V(y)_2v(y1a 07 s 70) = U1(91)+U2(y27 s :yq)+§ Z )‘Jyj2+0([5+61+52]r+1) . (514)
J=q+1

Hence the numerator in (5.13) is given by

51 d
/ /e gy / emuatmewi)/= dy, - dy, T /
_61 852(0)

J=q+1° 7~

x [1+O([5+51:52]H1ﬂ . (5.15)

& —\y2/2e
e NYj dyj

Substituting in (5.13) we get

/ efuz(y%u-qu)/g dy2 - dy
852(0)

(I)CE (th) =£

q d S
H /J e_)\jy?./Qé dy]

3
/ e (/e gy j=at177%

o X [1+O<[5+61:52r+1ﬂ -0

Using the fact that the Gaussian integrals over y;, j = ¢+1,...,d, are bounded above by

\/2me/ A}, the desired bound (5.4) follows. O
Remark 5.2. Using the conditions (5.2) in order to bound the integrals over y; and
(y2,...,Yq), one obtains as a rough a priori bound
54
cap 4 (B) < const z—gl—qﬂ—@ﬂ/?)du + Ry(e)] + Ra(e) . (5.17)
1

In applications we will of course obtain much sharper bounds by using explicit expressions
for wi(y1) and ua(ys,...,y,), but the above rough bound will be sufficient to obtain a
lower bound on the capacity, valid without further knowledge of the functions u; and us.
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5.2 Lower bound on the capacity

Before we proceed to deriving a lower bound on the capacity, we need a crude bound
on the equilibrium potential h4 . We obtain such a bound by adapting similar results
from [BEGKO04, Section 4] to the present situation.

Lemma 5.3. Let A and B be disjoint sets, and let x € (AU B)¢ be such that the ball
B (x) does not intersect AU B. Then there ezists a constant C such that

hap(x) < Ce™capp, (4 (A) eV @hDV/e | (5.18)
Proor: [BEGKO04, Proposition 4.3] provides the upper bound
capp, (z)(A)
hap(z) < O— @) 5.19
(=) capg, (z)(B) (5:19)

so that it suffices to obtain a lower bound for the denominator. This is done as in [BEGK04,
Proposition 4.7] with p = €, cf. in particular Equation (4.26) in that work, which provides
a lower bound for the capacity in terms of an integral of ¢"/¢ over a critical path from
z to B. Evaluating the integral by the Laplace method, one gets ¢ {#hB)/e ag leading
term, with a multiplicative correction. The only difference is that while Bovier et al
assume quadratic saddles, which yields a correction of order /e, here we do not assume
anything on the saddles, so that in the worst case the prefactor is constant. This yields
the bound (5.18). O

The capacity capg_(;)(A4) behaves roughly like e~V UzhA)/e 50 that the bound (5.18)
is useful whenever V({z}, A) > V({z}, B). This is the case, in particular, when A and
B belong to different path-connected components of the open valley of a saddle z, and x
belongs to the same component as B. If, by contrast, x belongs to the same component as
A, the symmetry ha p(z) = 1—hp a(z) yields a lower bound for the equilibrium potential
which is close to 1.

We now consider the same situation as in Section 5.1. Let d1(¢), d2(¢) and ¢ be the
constants introduced in Proposition 5.1.

Proposition 5.4 (Lower bound). Let K > max{2d(2+c),d—q}, and assume that 61(¢) >

.4 Furthermore, suppose there exist strictly positive numbers §; = 01(¢) and by = da(e)

such that

ul(igl) > 4Kellogel ,
u2(y2, - -+, Yq) < Kellogel whenever ||(y2, . .., yq)|l2 < 02,
and such that ) ) )
[01(e) + (52(e€)]r+ = o(ellogel) . (5.20)

Then

/ e—uz(y%--wa)/E dy2 Ce dyq

B;, 0) ﬁ TE [ Ry(o)] (52
51 ] )\j 3 | |
/ omu /e 4y i=a+l

_5

cap(B) > ¢

K/2+1/4—d/8 *

4 actually suffices to have ;1 > ¢ which is a very weak condition satisfied whenever §; > €

for a K > 1 depending on ¢, d and gq.
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where the remainder Rs(e) satisfies

1/2 3/2 | —1(fr+l  FrHly 4 5 & _
Ra(e) < {O[e loge|3/2 4+ & 161 4+ 65+Y) + 81 + ba + ] forr =2, (5.2

Cle'/?|loge|"/? + e 187 + 65 + 01 + &2 + 2] forr > 2,
for some constant C' > 0.

PRrROOF: As in the proof of Proposition 5.1, we start by locally carrying out the normal
form transformation in the integral defining the Dirichlet form. Next we define a slightly
different neighbourhood of the saddle,

d
Ce = [=b1,01] x By, (0) x [ [=0;,8;] = [~01,01] x C*, (5.23)
J=q+1
where we now choose
SJ:L, j=q+1,...,d, (5.24)
(d—q)\;

with § = /Kelloge|. The reason for this choice is that we want the potential to be smaller
than —62 on the “sides” {£0;} x C% of the box. Indeed, we have for all y, € C,

~ 2
R . e

< —4K|l K|l d—q)——F——
logel + Klloge|+ (4 4) -
—K|loge| (5.25)

for sufficiently small €. As a consequence, if h* = h p denotes the equilibrium potential,
Lemma 5.3 and the a priori bound (5.17) yield

R 5‘1 1 .
W(81,y1) = O [ Zet T g Bi(0)] + Bafe)| ¥ 1)) (5.26)
_ _aTO((elloge) TV UHDY | eiryaya K, _1/2
7@(5 [ K3+ 1/i=dJ8 gl=/2=(e41/2) [1+\log€\]}€ —1—5/)
= 0(?) (5.27)

while X
h*(=d1,y1) =1 —O(/?) . (5.28)

We can now proceed to deriving the lower bound. Observe that
capy(B) = @aup)c(h*) = @5 (h*) . (5.29)

Now we can write, for any h € Ha B,

s>z (2 o

_E// —V(y)/a< (ybyﬂ) dyy dy,
oL J-4 9
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and thus

5
O (W) >e /A [ Cinf / e VW )2 dyy | dyy (5.30)
CL Lfs fb)=h*(kb1y1) /-5

The Euler-Lagrange equation for the variational problem is

ov

ef"(y1) — Tyl(ylayJ_)f,(yl) =0 (5.31)

with boundary conditions h*(—gl, Y1) in —6; and h*(Sl, Y1) in 51, and has the solution

o1
ev(t7yL)/8 dt

Fly) = h*(61,y1) — [h*(gh?ﬂ) - h*(—&,yﬂ] y;l . (5.32)
eV by)/e gy

—5

As a consequence,

, P o 2 eVyL)/e
') = [P*(01,y0) = h*(=01,y1)] — , (5.33)
" Vw)/e gy
_5,

so that substitution in (5.30) yields

*( 5 * IN 2
e (1) > s/A [P (00 1) = W (=01, 51)] dy . (5.34)

0
Cgl / ' ev(tvyL)/a dt
—b1

The bounds (5.26) and (5.28) on h* show that the numerator is of the form 1 — O(e'/?).
It now suffices to use the normal form (5.1) of the potential, and to carry out integration
with respect to yg41, ... Y4 O

5.3 Non-quadratic saddles

PrOOF OF THEOREM 3.2. For the upper bound, it suffices to apply Proposition 5.1 in
the case 7 = 4, ¢ = 2, u1(y1) = Cqyi and ua(y2) = Xoya/2. The conditions for the upper
bound are fulfilled for &; = (de|loge|/Cy)Y*, 62 = 2(de[loge|/A2)Y/? and ¢ = 0. This yields
error terms Ry (e) = O(e/*|loge[?/*) and Ry(e) = O(e¥?+1/|loge|'/?). The integrals over
y1 and yo can be computed explicitly as extending their bounds to oo only produces a
negligible error, and we see that the contribution of Ra(¢) is also negligible. A matching
lower bound is obtained in a completely analogous way, using Proposition 5.4 with 31,
b5 of the same order as 01, 02, respectively, yielding that Rs(¢) is of the same order as
R1 (6) O

PROOF OF THEOREM 3.5. The proof is essentially the same as the previous one, only
with the roles of d; and J2 interchanged. O
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Proor oF THEOREM 3.7. We again apply Propositions 5.1 and 5.4, now with ¢ = 3,
ur(y1) = |M|y?/2 and ua(y2,y3) = Via(ya,y3). The conditions for the upper bound are
fulfilled for 6, = (2delloge|/|A\1])Y/2, 02 = (2delloge|/K_)Y/* and ¢ = 0, and similarly
for the lower bound. This yields error terms Ri(e) = O(c'/4|logel?/4) and Ry(e) =
O(e*t1D/2 /|loge|). The integral over y; can be computed explicitly. Writing the integral
over yo and y3 in polar coordinates, and performing the integration over r yields the stated
expression. [

5.4 Bifurcations

We decompose the proof of Theorem 4.2 into several steps, dealing with positive and
negative \o separately.

Proposition 5.5. Under the assumptions of Theorem 4.2, and for Ao > 0,

[ (2m)d— 3|)\1 4/2-1/2 V(2 /e
capy(B) 204 1/4 wy [1+R(g)], (5.35)

where R (¢) is defined in (4.13), I, is the integral

/ (a*+az®)/2e qp; (5.36)

and a = Ay /\/2CY.

PRrOOF: It suffices to apply Propositions 5.1 and 5.4 with » = 4, ¢ = 2, u; a quadratic
function of y; and uo a polynomial of degree 4 in yo and ¢ = 0. We only need to take
some care in the choice of the §;. The conditions yield §; = (2de[loge|/|\1|)*/? and

—X2 + /A3 + 32dCyellog €|

2 _
0 = 40,

(5.37)
For Ay > (]loge|)!/2, this implies that dy is of order (g[loge|/A2)/2, while for 0 < Ay <
(e[loge|)'/?, it yields dy of order (e[loge|)*/%. The expressions of 4; and do are similar.
This yields the stated error terms. The integral over y; is carried out explicitly, while the
integral over yy equals I, ./(2C4)"/%, up to a negligible error term. O

Proposition 5.6. Under the assumptions of Theorem 4.2, and for Ao < 0,

Jhe @D agapo e VER/E[1 4 R_(6)] (5.38)

CapA(B) (204)1/4 U3 .. fhd

where R_(e) 1is defined in (4.13), Jp. is the integral
Joe = / o=/ )22 g (5.39)

and b = po/v/2CYy.
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PROOF: First note that for small negative Ao,

2
K2 Ko 3/2 2
C. O(|A 5.40
wli) = 03 (13~ {2 )~ s oy (5.40)
where the constant term corresponds to V' (z4) —V(z) (recall z = 0). The situation is more
difficult than before, because ug is not increasing on R . When applying Proposition 5.1,
we distinguish two regimes.

1/2 1/4

e For py < (g]logel)'/#, it is sufficient to choose d2 of order (¢|logel)

e For iy > (e[loge|)/?, we cannot apply Proposition 5.1 as is, but first split the inte-
gral over yo into the integrals over R ; and over R _. Each integral is in fact dom-
inated by the integral over an interval of order (¢|logel/p2)'/?
Yo = j:(,u2/804)1/2, so that one can choose do of that order.

around the minimum

We make a similar distinction between regimes when choosing b in order to apply Propo-
sition 5.4. This yields the stated error terms, and the integrals are treated as before. [

PROOF OF THEOREM 4.2. In order to complete the proof of Theorem 4.2, it remains to
examine the integrals I, . and J;, .. First note that

2mel/2
e =0 (o), (5.41)

].+Oé y + y /2
« d 5.42
=\ 5 Y. (5.42)

The change of variables y = z/v/1 + « yields

U (a) = \/12?/: exp{—;[(lj:)Q + 1°‘jza”dz, (5.43)

which allows to show that ¥, is bounded above and below by positive constants, and to
compute the limits as & — 0 and a — oo. The expressions in terms of Bessel functions
are obtained by observing that

£(5) ::/Zexp{—;{y + 261 + de \fKM(‘;Q), (5.44)

because it satisfies the equation f”(§) = (§2/4)f(5). The other integral is treated in a
similar way. O

where a = a/+/¢ and

PROOF OF THEOREM 4.4. For A\; < 0, the proof is analogous to the proof of Theorem 4.2,
with the roles of y; and g9 interchanged. The same applies for positive Ay up to order
Vellogel.

For larger A1, Propositions 5.5 and 5.6 have to be slightly adapted:

e For the upper bound, we define a neighbourhood C of z; and a neighbourhood C-
of z_ in the usual way. Instead of two regions D4, we construct three regions D_, Dy
and D, intersecting respectively O_, Og and O, and contained in the corresponding
basins of attraction (see Figure 7c). They are separated by layers Sgi. The function
hy is then defined to be equal to 1 in D_, to 1/2 in Dy and to 0 in D4. Inside the
boxes CF, hy is constructed in a similar way as before, only with different boundary
conditions. This yields a factor 1/2 in the capacity.
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e For the lower bound, we first construct boxes @i around the saddles z* in the same

way as before. Then we connect éj and 65_ by a tube staying inside Op (whose
cross-section is of the same size as the sides of the boxes). One can define coordinates
(y1,.-.,Yd), given by the normal-form transformation inside the boxes, and such that
y1 runs along the length of the tube, in such a way that the Jacobian of the transfor-
mation x — y is close to 1. Lemma 5.3 is still applicable, and yields a prior: bounds
on the equilibrium potential on the sides of the boxes not touching the tube (that is,
contained in O ). The Dirichlet form is then bounded below by restricting the domain
of integration to the union of the boxes and the connecting tube. The remainder of
the proof is similar, except that the range of y; is larger. The value of the integral is
dominated by the contributions of the two boxes. O

PROOF OF THEOREM 4.7. We first consider the case Ao > 0. It suffices to apply Propo-
sitions 5.1 and 5.4, taking some care in the choice of the ;. The conditions yield
61 = (2defloge|/|A\1])'/? and

=X+ /A3 + 32dK_elloge]

52
2 4K _

(5.45)

For Ay > (elloge|)!/2, this implies that d; has order (g|loge|/A2)'/2, while for 0 < Ay <
(elloge|)/?, it yields 8y of order (g|loge|)'/4. The expressions of &; and dy are similar.
This yields the stated error terms. The integral over y; is carried out explicitly, while the
integral over yo and ys gives, using polar coordinates,

2
/ R W)/E qyp dys = / / T etk /2 4y g
Bs, (0) 0 0

(2k(p)/2)/ 452
oW tal(p)y?)/2 y dyde, (5.46)

L Al

where a(p) = X2/+/2¢k(p). Using the fact that

/ ef(y2+d)2/21/ dy = 1/ 0=2%/2 4y — \/?q)(_d) , (5.47)
0 2Ja 2

a straightforward computation shows that the integral over y is approximated by

O+ (a(p))
. 5.48
1+ a(p) (5:48)
For small negative Ao, we can write
Xl 2 A\
i) = ) (72 = 375 ) s (5.49)

where the constant term corresponds to the actual minimum of the potential.
If —(elloge])'/? < Ap < 0, it suffices to apply Propositions 5.1 and 5.4 with d, of order
(e|log g|) /4. O

PROOF OF (4.42). The main task is to compute the integral related to uz, namely

2
T = / o M2r?+2 oLy Cogr?a]/2e / o~ D2nr®M cos(2M ) /e dprdr . (5.50)
0
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We first carry out the integral over ¢, yielding
27 2M
D
/ e*DQJ\{/]"QAI cos(2M ) /e do = 27TI()< 2]\/27‘ > : (551)
0

where I is the modified Bessel function

1

2
In(a) = 277/0 e ¥ do . (5.52)

The Laplace method shows that for large «, Iy(a) behaves like e* /v/2ma. We thus intro-
duce the bounded function

x(o) =2v1+ae “Ih(a) =

1 2
Vi+a / o—all—cosp) do . (5.53)
™ 0

Inserting in (5.50) and performing the change of variable 72 = (¢/2C4)"/?u yields

V8Cy V1+ Dope1(u/(2Cy)12)M

Applying the Laplace method shows that the integral is dominated by u close to u* =
|\2|/(8C4)/2. Relating the obtained expression to the eigenvalues at the new saddles via
the relation

Doys u* M _ paps 1+ O(Ne)
( ) - (5.55)
e \(2Cy)1/2 (2M)2 8=Cy
yields the necessary control on J. The stated formula for the capacity follows. O

A  Normal forms

PROOF OF PROPOSITION 2.8. Let us denote by Gi(n,m) the vector space of functions
g: R™ — R™ which are homogeneous of degree k (i.e., g(tx) = t*g(x) Vz). We write the
Taylor series of V' in the form

V(z) = Va(z) + Va(z) + Va(z) + o(|lz]3) , (A.1)

where Vi, € Gi(d,1) for k = 2,3,4. We first look for a function gy € Ga(d,d) such that
V o [id +¢2] contains as few terms of order 3 as possible. The Taylor series of V o [id +¢2]
can be written

V(z + ga(x))
= Va(a) + VVa(x) - g2(2) + V() + Va(ga(@)) + VVs() - ga(a) + Va(w) +0(]|z]2) -

order 3 order 4

(A.2)

Now consider the so-called adjoint map T': Go(d, d) — G3(d, 1), g2 — VVa(:) - g2, seen as a
linear map between vector spaces. All terms of V3(z) in the image of T' can be eliminated
by a suitable choice of go. Let ¢; denote the Ith vector in the canonical basis of R%4. We
see that

T(xjxre;) = Nxjrgr; # 0 forl=2,...,d. (A.3)
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Thus all monomials except 3:{’ are in the image of T'. Since T involves multiplication by

Ty Or X3 Or ... O x4, however, a:?l’ is not in the image of T'. Hence this term is resonant.

We can thus choose g5 in such a way that

V(@ +g2(2)) = Va(@) + Vinai + Va(ga(x)) + VVs(x) - ga(2) + Va(@) +o((lzll3) - (A4)
——

order 3 order 4

Now a completely analogous argument shows that we can construct a function g3 € Gs(d, d)
such that V o [id +go] o [id 4+g3] has some constant times x7 as the only term of order 4. Tt
remains to determine this constant. From (A.4) we deduce that it has the expression

d

d
Ca=35Y Nlgl)?+ > Vigly + Vi (A.5)
=2 j=1

where 9{1 denotes the coefficient of x%ej in go. The expression of T' shows that necessarily
g1, = —Vi1;/Aj for j =2,...,d, while we may choose gi; = 0. This yields (2.14). O
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