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Abstract

We strengthen the standard bifurcation theorems for saddle-node, transcritical,
pitchfork, and period-doubling bifurcations of maps. Our new formulation involves
adding one or two extra terms to the standard truncated normal forms with coefficients
determined by algebraic equations. These extended normal forms are differentiably
conjugate to the original maps on basins of attraction and repulsion of fixed points or
periodic orbits. This reflects common assumptions about the additional information in
normal forms despite standard bifurcation theorems being formulated only in terms of
topological equivalence.

1 Introduction

In most textbooks bifurcation theorems contain two parts: a skeleton in which the exis-
tence of particular solutions (e.g. fixed points or periodic orbits) is established as a function
of parameters, and a local equivalence in which the dynamics away from the skeleton is
described. The local equivalence is topological, but in this paper we show that it can be
made differentiably conjugate to simple polynomial normal forms.

The skeleton is usually established using the Implicit Function Theorem [4, O, 1T} [I7],
although versal deformations of singularities can also provide this information [12], as can
local asymptotic expansions [5]. The local equivalence often relates the dynamics to a ‘typical’
simple example. This can either be by a rigorous change of coordinates to a simple normal
form [16], or to a truncated version of the normal form [8 [I1] for which it is claimed that
the local dynamics is topologically equivalent to the general system being studied.

For the four simplest local bifurcations of one-dimensional maps, the truncated normal
forms used to describe these bifurcations are listed in the second column of Table[Il This ta-
ble also lists our modifications to the normal forms introduced below. For multi-dimensional
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H Bifurcation H Standard normal form Additional terms H

saddle-node Tpi1 = Tp +V— 22 + a3

transcritical Tpa1 = T + 20 (V — 23) +ax?
pitchfork Tpp1 = Ty + (v — 22) +axd + bva?

period-doubling || 2,11 = —x, — x,(v — 22)  +axd

Table 1:  Standard normal forms and additional terms that make it possible to create
differentiable conjugacies.

maps the normal forms can be obtained by first reducing to a one-dimensional centre mani-
fold.

The relationship between the two elements of the analysis, change of coordinates and
topological equivalence, is often unclear. If only topological equivalence is required, then
the continuous parameter v of the truncated normal form of the saddle-node bifurcation,
for example, could be replaced by the sign of v, a discrete parameter (see Theorem 2.T]).
Since a topological conjugacy does not depend on the existence of derivatives, a family of
piecewise-affine maps could also be used.

Despite this, many textbooks take great care to show that the truncated normal forms of
Table [ can be obtained by smooth changes of coordinates to leading order, e.g. [IT]. Clearly
there is an unwritten assumption that the truncated normal forms carry more information
than the topological conjugacies stated in the theorems, and indeed the skeleton arguments
carry information about the parameter dependence of some solutions without recourse to the
normal form. But in that case why introduce the normal forms and changes of coordinates
as anything other than simple examples?

In this paper we will show that the normal forms, modified as in Table[I], do indeed carry
more information. More explicitly, there are local diffeomorphisms between parts of the
dynamics of the general map and the corresponding parts of the dynamics of the extended
normal form. We also provide equations connecting the new parameterisation to the param-
eter dependent coefficients of the new terms. Our proof of local differentiable equivalence
does not involve actually creating the coordinate changes, so none of the technical issues
regarding the convergence of infinitely many successive coordinate changes will be needed.

The extra information used in our analysis is the multiplier (or stability coefficient) of
a periodic orbit. The multiplier of a fixed point is the derivative of the map evaluated at
the fixed point. For a periodic orbit the multiplier is the product of the derivative evaluated
at the points on the orbit. Our method is to equate the multipliers of the fixed points of
the normal form to those of the original map and the additional terms in Table [ allow us
to do this. Then we use local linearization theorems [2) [13] 14l [I5] to show the existence
of differentiable conjugacies on the basins of attraction and basins of repulsion of the fixed
points and periodic orbits of the skeletons. This extends the standard two step analysis
(skeleton and topological equivalence) to the following four steps (once the reduction to a
one-dimensional centre manifold has been made):

e a skeleton in which the existence of particular solutions is established as a function of



parameters;

e a normal form skeleton in which the existence of particular solutions is established
as a function of parameters of the normal form;

e multiplier equivalence in which it is shown that the multipliers of the skeleton are
equal to the multipliers of corresponding solutions of the normal form skeleton for
appropriate values of coefficients; and

e local differentiable conjugacy in which the dynamics away from the skeleton is
described via one or more differentiable conjugacies.

In the remainder of this paper we go through the standard bifurcation theorems in this
stronger format. In §2 we give the definitions and sketch the conjugacy theorems needed to
develop this approach. In §3lwe give the strengthened bifurcation theorems in full; the subse-
quent four sections go through the four fundamental cases. This starts with the transcritical
bifurcation (§4)) as it is in many ways the easiest to handle, and we do this without full rigour
to show how the method works. As in most expositions we do not specify neighbourhoods
as we go through the argument. A more detailed account is given in §5] where we treat the
saddle-node bifurcation. Paradoxically it is the case with no fixed points, the easiest to work
with on the whole real line, which presents the greatest challenge when restricted to a fixed
interval in space with varying parameter. We then sketch the equivalent approach for the
pitchfork bifurcation and period-doubling bifurcation in §6l and §71 We conclude in §8 with
a short summary of how our new approach fits in with other bifurcations. For each bifurca-
tion there is a tension between having the strongest dynamic equivalence given the types of
dynamics that are generated and keeping the analysis as simple as possible. We argue that
the approach here via differentiable conjugacy is optimal for the elementary bifurcations, but
that it is not so appropriate in more complicated bifurcations.

2 Topological versus differentiable conjugacies

Near local bifurcations maps are monotonic on a neighbourhood of the bifurcation point,
increasing for the saddle-node, transcritical and pitchfork bifurcations and decreasing for the
period-doubling bidurcation. In this section we bring together the technical results needed
to prove the new bifurcation theorems stated in g3

Definition 2.1. Maps f : U — R and g : V — R are topologically conjugate if there
exists a homeomorphism (continuous bijection with continuous inverse) h : U — V such that
ho f =goh. If his a diffeomorphism then f and g are differentiably conjugate. If h is of
class C", r > 1, then f and g are C"-conjugate.

If z is a fixed point of f then y = h(z) is a fixed point of g and referred to as the
corresponding fixed point of g. If h is differentiable then x and y have the same multiplier:
f'(x) = ¢'(y). The conjugacy h is essentially a coordinate transformation, so if y, = h(z,)
then

Y1 = h(@ni1) = h(f(a)) = B(f(h 7 (ya))),  ie.g=hofoh "
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Figure 1: A sketch of the increasing maps f and g of Theorem 2l As indicated h is
constructed so that it maps an orbit of f to an orbit of g.

The following result shows just how weak the condition of topological conjugacy is for
increasing maps of the real line. We are not sure to whom this result should be attributed,
but it is part of the folklore of the subject.

Theorem 2.1. Suppose f : R — R and g : R — R are increasing homeomorphisms with
precisely n > 0 fixed points, x, and y respectively for k =1,...,n, with xtg = —00 < 11 <

L Ty <00 =Ty and Yo = —00 < Yy < 00 < Yy < 00 = Yy Then foand g are
topologically conjugate by an increasing homeomorphism if and only if the sign of f(x) — x
on (zy, Try1) and the sign of g(y) —y on (Yr, Yer1) is equal for each k =10,..., n.

Here we prove Theorem 2.1l by constructing h on each (xy, zx41) so that it maps an orbit
of f on this interval to an orbit of g on (yx, yr+1), as in Fig. [

Proof. First suppose ho f = goh for an increasing homeomorphism h. Then each fixed point
of f maps to some fixed point of g. Further h(xy) = y for each k because h is increasing.
Thus h maps (zx, Tx+1) t0 (Yg, yxs1) for each k =0, ..., n. Now choose any k = 0,...,n and
x € (zk,Tks1). The sign of f(z) — z is the same as the sign of h(f(x)) — h(x) because h is
increasing. By ho f = g o h this is the sign of g(y) — y where y = h(z) € (yx, Ypr1). Thus
f(z) —z and g(y) — y have the same sign as required.

Conversely suppose f(z) —x on (xy, rx41) has the same sign as g(y) —y on (yg, ygr1) for
each k. Define h on the fixed points {x}} by h(zy) = y,. For each k € {0,...,n} choose
some po € (T, Trr1) and qo € (Yr, Yey1) and let

pi= (o) @ =9(q),

for all i € Z. Suppose f(x) —x > 0 on (zx,zk+1). Then {p;} and {¢;} are strictly increasing
sequences and

lim p; = ay,, lim p; = @p41, lim ¢ = yi, lim ¢; = Yp41,
11— —0Q 71— 00 1—— 00 71— 00



as in Fig. [l (If f(z) — x and g(y) — y are negative the sequences are decreasing and the
limits are switched.) Now define h : [pg, p1] — [qo, ¢1] using any continuous strictly increasing
function, say

and for € [p_(i11),p—i),7 > 0 by

hx) = (g7 o ho f)a).

By construction this is continuous on the images and preimages of pg, continuous and strictly
increasing at all other points, and goh = ho f. U

The remarks in Il about the inadequacies of topological conjugation stem from this
theorem. Stronger results of course need more conditions. These are supplied by an extension
of Sternberg’s linearization result [15] due to Belitskii [2].

Theorem 2.2. (Belitskii) Suppose f : R — R and g : R — R are strictly increasing
C" diffeomorphisms, v > 1, and both maps have precisely n > 1 fixed points, x, and yp
respectively for k =1,...,n, with ro = —00 < 11 < -+ < X, < 00 = Tpy1 and Yo = —00 <
Y < -0 < Yp < 00 = Ypu1. Suppose in addition that

fllan) =g'(ye) #1, forallk=1,....n.

Then f restricted to (zp_1,ry1) and g restricted to (yx_1, yxr1) are C""-conjugate for each
k=1,...,n.

An outline of a proof of this result is given in Appendix[Al If f and ¢ have no fixed points
then a minor variation of the construction in the proof of Theorem 2.1l shows that there is a
topological conjugacy which is smooth everywhere except at the ‘boundary’ points p; (these
are the points of an orbit of f). Since there are no fixed points we cannot use Sternberg’s
result [T5] to generate intervals on which both p; and f(p;) or f~!(p;) are contained in an
open set on which they are both continuously differentiable. It is possible to use a lemma
due originally to Borel (see e.g. [14]) based on formal power series and Taylor’s theorem to
prove that the conjugating function can be chosen to be continuously differentiable at these
end points. Here we adopt a slightly different, and simpler, strategy.

Theorem 2.3. Suppose that f : R — R and g : R — R are increasing C" diffeomorphisms,
r > 1, with no fixed points, and that both f(x) — x and g(x) — = have the same sign. Then
there exists an increasing C"-conjugacy h : R — R with goh = ho f.

Proof. Suppose f(x) —x > 0 so the images and preimages {f(x)}>, form an increasing
sequence. Choose any point, for example x = 0, and define the conjugating function from
an open neighbourhood U of 0 to a neighbourhood V' of 0, say by letting h(z) = x on U.
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By choosing U smaller if necessary we may assume that the closures of the images f/(U) are
disjoint for all i € Z. Now define h on f(U), i € Z, by

h(z) = (gi oho f_l)(x)

This immediately implies h = go[¢g" ' oho f~(~Y]o f~! and since the composition of maps in
square brackets is simply h on f~}(U) the functions h defined in this way satisfy ho f = hog.

Now write fH(U) = (u;,u}). Using a C* jump function extend h on [uf,u;] so that h
is a C" diffeomorphism on (ug,u}). We can now push h forwards and backwards as in the
proof of Theorem 2], and the C" differentiability of h follows from the fact that f and g are

cr. O

The non-hyperbolic case is more subtle and is treated by Takens [16] in the C'™ case and
Kuczema et al. [10] (Theorem 8.4.5) in the C? case, see also [18].

Theorem 2.4. ([10,[10]) Suppose that f and g are C* and
f(x) =a+ax? + O™, g(z) =z +ba? +O(2P™), p=2,3,....

Then if ab > 0 there is a C* increasing conjugacy between f and g on neighbourhoods of the
origin, and in particular f is differentiably conjugate to y — y + sign(a)y?. If f is C* then
there is a C'*° increasing conjugacy to

Yn+1 = Yn + sign(a)yﬁ + O‘nyz—l—l?

. r . . . %1 (p+1)
where, if f( )(x) is the ' derivative of f, a, = <|f(£!(0)|> P f(;+1)(!0)'

\/§ .f:c:c:c:c
) Q3 = o
=0 3 8 |fxxx|%

which are quantities that appear in our results below.

To the best of our knowledge it is not known whether the conjugacy can be made smoother
under the assumption that f and g are C", 3 < r < oo. The statement of Kuczema et al. [10]
allows for non-integer values of p but we have stated the result for the cases needed below.
However, their construction is for the half neighbourhood [0, a) and to extend to (—a, 0] as a
C* function the transformation z — —z can be used giving coefficents (—1)?*'a and (—1)P™'b
which lead to the same derivative for the conjugating function at 0 when transformed back
to x < 0.

As mentioned in {Il the main tool for proving the existence and persistence of periodic
orbits is the Implicit Function Theorem. This comes in many forms. For our purposes the
statement below, from [3] (Theorem 2.1), gives the important smoothness conditions we need.

Note that
32

(2.1)

(&%)

)
=0

Theorem 2.5. (Implicit Function Theorem) Let U be an open neighbourhood of (xq,y0) €
RP xRY. Let F: U — R? be a C" function where 1 < r < oo and suppose that F(xo,yy) = 0.
If DF,(x0,yo) is non-singular then there exists an open neighbourhood V  of (zo,yo) with



V C U, such that DF,(x,y) is non-singular for all (x,y) € V and an open neighbourhood of
x =1z, W CRP, and a unique function f: W — R? which is C" such that f(x¢) = yo and,
for all x € W,

(x, f(x)) €V and F(z, f(z)) =0.

Moreover,
D f(x9) = —[DF, (0, y0)] "' DFy(z0,0)-

If p = ¢ = 1 the condition that DF,(x¢,yo) is non-singular, i.e. det(DF,(0,0)) # 0, is
equivalent to %(zo,yo) # 0 in which case y = f(z) = f'(zo)(x — o) + o|x — x¢|) locally,
with )

oF T OF
f'(wo) = _<8—y(x0’y0)) %(xmyo)-

To summarise, given ¢ C" real equations in p + ¢ variables, the Implicit Function Theorem
provides conditions under which there is a locally unique C” function determining ¢ of the
variables as a function of the remaining p variables on which the original ¢ real equations are
satisfied.

3 Bifurcation Theorems

The conditions of Belitskii’s Theorem do not imply the existence of global conjugacies, so
the best we can hope for in general is local. This is reflected in the theorems below.

Each theorem concerns a map x,.1; = f(z,, ) and an extended normal form. For the
saddle-node bifurcation this form is

yn-i-l:g(ym%a):yn_‘_y_yi_l_ayz' (31)
Theorem 3.1. (Saddle-node bifurcation) Suppose f is C", r > 4, and
f(0,0)=0, f.(0,0)=1, [f.(0,0)>0, and f.(0,0)<O0. (3.2)

Let g be the truncated normal form (31). There exists a neighbourhood N of x = 0 and
to > 0 such that if p € (—po,0) then f has no fized points in N, and if p € (0, po) then f
has two fixed points in N. Moreover, there exists a neighbourhood M of y = 0 and continuous
functions v(p) and a(p) with

v(0) =0, lim V/'(u) = _Jufes a(0)

0+ 2 o0’

©3f2 L0y

(3.3)

such that with g(y, 1) = g(y,v(p), a(p)),
i) if p € (—po,0) then f|n is C"-conjugate to g|ur,

i) if i =0 then f|y is C*-conjugate to g|y, and



iii) if u € (0, o) then fln and glyr are C"1-conjugate on the basins of attraction/repulsion
of their corresponding fized points.

Note that the signs of f,(0,0) and f,,(0,0) (provided they are non-zero) can be chosen as
stated without loss of generality by using the orientation-reversing transformations x +— —zx
and p +— —p where necessary. The extra differentiablility (C", r > 4) is required for the
application of the Implicit Function Theorem to obtain the parameters v and a of the normal
form as a function of p. The maps remain C” so the conjugacies in neighbourhoods of the
fixed points are C"~! by Theorem

One can show that v(u) is C'' except possibly at 4 = 0. The value of the derivative v/(1)
as 1 approaches 0 from the right is well-defined and takes the value 1 “g” 0.0) 3 indicated
above. This value represents the rate at which p unfolds the bifurcation relative to v in the
extended normal form. Furthermore, as evident in the proof below, for u € (0, ug) if we treat
v and a as functions of m = /i, then v is C"~? and a is C"~*. The value of a(0) is precisely
Takens’ ay in ().

For the remaining bifurcations we make the (standard) simplification of assuming the
origin is always a fixed point. Specifically we assume

f(O,p) =0, for all p in a neighbourhood of 0. (3.4)
For transcritical the extended normal form is
Ynt1 = 9(Yns v, @) = Yo + VY0 — Yo + ay, (3.5)
Theorem 3.2. (Transcritical bifurcation) Suppose f is C", r > 4, satisfying ([3.4) and
f2(0,0) =1, f,,(0,0) <0, and f,,(0,0)>0. (3.6)

Let g be the truncated normal form (32). There exists a neighbourhood N of x = 0 and
to > 0 such that if p € (—po, po) \ {0} then f has two fixed points in N. Moreover, there
exists a neighbourhood M of y = 0, a C™' function v(p), and a C™3 function a(u) with

32 o)

v(0) =0, (0)= f;.(0,0), a(0) (3.7)

such that with §(y, p) = gy, v(1), a(n)),

i) if u € (—po, po) \ {0} then f|n and gl are C"'-conjugate on the basins of attrac-
tion/repulsion of their corresponding fixed points, and

ii) if =0 then f|y is C*-conjugate to gy

Next we consider the pitchfork bifurcation. This bifurcation involves one more fixed point
than the last two cases so we need an extra parameter in our extended normal form in order
to be able to match the derivatives of all the fixed points. Specifically we use the form

Yni1 = G(Yn, v, 0, b) = Y + vyn — 2 + ay’ + bvy? . (3.8)

8



In this form the bifurcation is supercritical in that the pair of fixed points that bifurcate from
zero are stable. Unlike the previous cases, the subcritical bifurcation, in which the non-trivial
fixed points are unstable, cannot be obtained from transformations of the supercritical case.
The methods are of course analogous and we will not go through the argument again here.

Theorem 3.3. (Supercritical pitchfork bifurcation) Suppose f is C", r > 7, satisfying (B4)
and

£2(0,0) =1, f20(0,0) =0, f2,(0,0)>0, and frz0(0,0) < 0. (3.9)

Let g be the truncated normal form (3.8). There exists a neighbourhood N of x = 0 and
to > 0 such that if p € (—po,0) then f has one fized point in N (xr = 0 which is stable),
and if i € (0, po) then f has three fized points in N (x = 0 which is unstable and two stable
fized points). Moreover, there exists a neighbourhood M of y = 0, a C' function v(u), and
continuous functions a(p) and b(u) with

I/(O) = O, ]//(O) = fw((), 0), (3 10)
a0) = (o = )| ooy MO =V (i +52)]

such that with g(y, u) = g(y, v(i), a(p), b)),

i) if i € (—po, po) \ {0} then fly and gl are C"~ -conjugate on the basins of attrac-
tion/repulsion of their corresponding fized points, and

ii) if i =0 then f|y is C*-conjugate to gy

Finally we treat period-doubling for which

Yn+1 = g(yna v, a) = —Yn — VYn + yz + ayi . (311)

Theorem 3.4. (Supercritical period-doubling bifurcation) Suppose f is C", r > 7, satisfying

B4 and
£2(0,0) = =1,  (3f2, +2fuuu) }(0,0) >0, and f.,(0,0) <0. (3.12)

Let g be the truncated normal form (3I1). There exists a neighbourhood N of x = 0 and
to > 0 such that for all p € (—po, po) f has one fized point in N (x = 0 which is stable for
i < 0 and unstable for p > 0), and if p € (0, po) then f has a stable period-2 solution in N .
Moreover, there exists a neighbourhood M of y = 0, a C* function v(u), and a continuous
function a(p) with

V(O) = 0’ V/(O) = _fxu(0> 0),

1 45 39 6
(©) (3 §x+2fm)2<4 y Jasl el 5/

(3.13)

(0,0)’

such that with g(y, 1) = g(y,v(p), a(p)),

i) if i € (—po,0) then f|y and gy are C™t-conjugate on N,

9



i) if p =0 then f|y is Ct-conjugate to g|ar, and

i) if ;€ (0, o) then fly and G|y are C"" -conjugate on the basins of repulsion of their
fized points, and C"'-conjugate on the basins of attraction of their stable period-2
solutions.

In the case of the period-2 solution the basin of attraction is all points in N\{0}.

4 The transcritical bifurcation

The transcritical bifurcation provides an instructive first example of our approach. Following
most textbooks we treat the case in which the bifurcation occurs at 4 = 0 and x = 0 is
constrained to be a fixed point for all values of 1 in a neighbourhood of 0. To make the main
idea of our approach clear, we will not specify neighbourhoods and other details for the local
results to be true (again, this follows the standard textbook approach). In the next section
when the saddle-node bifurcation is described it will be necessary to be careful about how
local neighbourhoods are defined.

Suppose f is C" (r > 4) satisfying ([B4]). A transcritical bifurcation occurs at (x, u) =
(0,0) assuming

[2(0,0) =1, f:,(0,0) #0, and f;,(0,0) # 0. (4.1)
By the transformations z — —z and/or p — —p if necessary we may assume
f22(0,0) <0, and f,,(0,0) > 0. (4.2)

The standard normal form (or truncated normal form) for this bifucation up to reversal of the
x-direction is  — x +x(v — x), see Table[[l We will add a cubic term and look for functions
v(p) and a(p) for which ([BX) is not just a convenient form, but a map that is (locally)
differentiably conjugate to f. We cannot expect to obtain a differentiable conjugacy on the
whole of the neighbourhood we are working on, unless © = 0, because there are two fixed
points; but there will be two open sets whose union is the whole neighbourhood and such
that on each of these sets the dynamics is differentiably conjugate to the corresponding set.
This formalizes the idea that it is not just the location of fixed points, but the details of the
dynamics which is captured by the normal form, and that this is the result of a differentiable
change of coordinates. The functions v(u) and a(p) are solutions of explicit equations and
the proof of their existence follows from the Implicit Function Theorem, so no new technical
apparatus needs to be introduced for this part of the analysis.

4.1 Step 1: the standard skeleton

By definition x = 0 is a fixed point for all u. A standard application of the Implicit Function
Theorem shows that there is a unique C"~! curve of non-trivial fixed points z (1) (see e.g. [4l
[17]). By a routine calculation (see Appendices [Bl and [C] for details),

2f. 1
- ‘fx: (0,0) - 3—3(4fxxx ;B2u - 6fxxu.fxu.fxx + 3fxu ;p2;p)

z(p) =

2 3
. 4.
O (43)

10



The derivative of the map evaluated at the origin (i.e. the multiplier of the fixed point = = 0)
is

Duf1) = 1+ Fuul0,0)1-+ 5 Fy 0,0 + O, (4.4)

Similarly the multiplier of z(u) is

1+ O, (4.5)
(0.0)

Dl(:u) =1- fxu(oao):u + (372“ - if:cuu)

and both Dy and D; are C"~! functions.

4.2 Step 2: fixed points of the normal form
The normal form (B.3]) has

ng(O? 0) = 1? g:L‘:L‘(O) O) = _2) gxxx(o, O) — 12@,

and all other derivatives are zero. Thus expressions for the fixed points of g and their
multipliers can be read off from the previous subsection. The multiplier of y = 0 is

do(v,a) =1+, (4.6)
with no error terms. The non-trivial fixed point is
y(v) =v+av? + 07,
with multiplier

di(v,a) =14 v — 2y + 3ay*. (4.7)

4.3 Step 3: multiplier equivalence

A necessary condition for the existence of a differentiable conjugacy between two maps is
that the multipliers at corresponding fixed points are equal, i.e.

dO(chL):DO(:u)v dl(yva):Dl(M)‘

We can view this as a pair of equations to be solved for v and a in terms of u. The first of
these equations yields an immediate relationship between v and p:

V() = o0, 1) = 1= Fop(0,0)p+ 5 0,00 + O(*). (4.8)

The second equation also needs to be satisfied, and this is where the new normal form
parameter a comes in. Let

1+ 0(p?),
(0.0)

D(a,p) = di(v(p),a) — Di(p) = <a 5# Y

11



so multipliers at the non-trivial fixed points are equal if D(a, u) = 0. The Implicit Function
Theorem cannot be applied to this equation directly so we use the standard trick and consider

the zeros of Dla)
0
pw#0
28 p="y
3

This is now is well-defined locally and C" ™ with

oG 1 0*D
—(a,0
The function G is amenable to a standard application of the Implicit Function Theorem

provided we choose a(0) = ag such that G(ap,0) = 0 and ensure G is at least C', i.e. r > 4.
This implies

(a 0).

2
S (4.9)
3f:mv ((] 0

and since e

%(am O) = fxu(oa 0)2 7é O>

the Implicit Function Theorem guarantees a unique branch of C”~3 solutions transversely
through (ag, 0).

4.4 Step 4: differentiable conjugacies

If 11 = 0 then the map f is © — = + 5 f,,2? + O(2®) and so it is differentiably conjugate to
x +— z + 2% (the normal form ([3H) with v = 0) by Theorem 24 [10, 14} 16}, 18]. This is the
source of the common view of normal form theory: the non-hyperbolic cases, having only
one fixed point, are smoothly conjugate to the normal form on an open neighbourhood of
the fixed point; there is no need for conjugacies on different subsets of the neighbourhood.

Suppose all the conditions described hold. If x> 0 then there is a neighbourhood N of
x = 0 such that if u € (—po, po)\{0} there are two fixed points z; < x5 in N. Similarly there
a neighbourhood W of y = 0 such that the modified normal form has corresponding fixed
points y; < vy in W if v # 0. Moreover there are C"~3 functions v(u) and a(p) such that by
Belitskii’s Theorem (Theorem 2.2)) for each u locally there is a C"~!-conjugacy between the
two maps at corresponding values of p and v on N N {x < 22} and N N {x > x,}; these sets
are the basins of attraction and repulsion of the fixed points in N.

Remark: Although the differentiable conjugacy is on two intervals if p # 0, rather than
one for the non-hyperbolic case x = 0, it can be smoother on its domain of definition. There
are obstructions to making the local differentiable conjugacy C? in the non-hyperbolic case
which are not present in the hyperbolic cases [I§].

It could be argued that the expressions here are complicated by the fact that we chose to
have a coefficient of unity on the x*-term of the normal form. This does indeed complicate
the calculation of the connection between the two maps, but retains the simplicity of the
normal form as far as possible and we prefer not to add further constants into the normal
form.
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5 The saddle-node bifurcation

In this section we provide an alternative approach to the saddle-node bifurcation theorem.
This relies on the standard approach to the existence of fixed points using the Implicit
Function Theorem (IFT) but then uses the results of §2] to create a differentiable conjugacy
on different neighbourhoods of the bifurcation point.

Suppose

xn—‘,—l = f(xnvlu’)u f(07 0) = 07 fiE(Ov 0) = 17 (51)
where fis C" with » > 4. If f,(0,0) and f,,(0,0) are both non-zero, the standard genericity

conditions for the saddle-node bifurcation, then by a change of the sign of z and p where
necessary we may assume that

f22(0,0) <0, f,(0,0) > 0. (5.2)

5.1 Step 1: the standard skeleton

We start with a standard result regarding the fixed points of f, though usually the Implicit
Function Theorem is used to obtain pu(z) instead of z(u). See Appendix [D for the full
calculation.

Lemma 5.1. Consider [51) satisfying (2.2). There is a neighbourhood Ny of (0,0) such that
for (xz, ) € Ny the only fized points of (21]) are two branches in p > 0 which can be written
as functions of m >0, m* = u, with, for k € {1,2},

zp(m) = (=1)* 2 m + (f“fxm _23fwfm) m? + O(m?). (5.3)
(0,0) ’
Moreover, their multipliers are
2 xxrx
Folan(m), ) = 1 (<) 2T | g = 3255| wEo@). (6a)
’ zz (0,0

5.2 Step 2: fixed points of the normal form
The normal form (3.1]) has

9(0,0) =0, g,(0,0) =1, g,(0,0) =1, gy(0,0) = =2,  gy,,(0,0) = 6a.
So applying the results of the previous section we have for v = n?, n > 0, fixed points
() = (~1)'n + san’ + O(n),
for k € {1,2}. Moreover from (5.4]) their multipliers are
9y (yr(n),n*) = 1+ (=1)"12n + 2an® + O(n?). (5.5)

13



5.3 Step 3: multiplier equivalence

The two equations that equate the multipliers of the corresponding fixed points of f and g
are

fo(zp(m), m?) = gy(yk(n),nz), k=1,2.

We wish to solve these equations to obtain n = n(m) and a = a(m). However, the Implicit
Function Theorem cannot be applied directly to these equations as the first derivatives vanish,
so we use a standard trick (e.g. [9]) and set n(m) = mp(m). Let

Kk(aap> m) = gy(yk(pm)> (pm)2) - fx(xk(m)>m2)> k=12

Then our problem is to solve these equations for solutions a(m) and p(m). Yet the Implicit
Function Theorem cannot be applied directly to the equations K; = 0 and Ky = 0, as these
have a similar structure, so we instead consider the combination K; = 0 and K; + Ky = 0.

Set . :
219.5.m) if m#£0
P , m ’
(@, m) = {8K1(a p,m) if m=0.

Then from (&4]) and (5.5
2fu.fx:c:c
P(a7p7 _2p V _2f,ufxx}00 3f
Thus P(a,po,0) = 0 if p(0) = py with

3V 2T | #0 69

m+ O(m?).

(0,0)

Similarly write

K1+ Ky if m=#0
4 s s = ’
Q(&pm) {182 (K1+K2) 1fm:0

2 Om?

From (5.4) and (5.3,

f fSCSCSC
Q(a,p,m) = ap® + L= +O(m)’
3f1‘1‘
and so Q(a(]vav 0) =0 lf
1 (fufmm) 2fmw
aO — fr— . (57>
Pi\ 3fee oo 3f3 oo

We now look for solutions to the pair P(a,p,m) = 0 and Q(a, p, m) = 0 through (ag, po).
This pair is at least C! because K; and Ky are C"!, so P and Q are C"2 and C"3
respectively, and by assumption r > 4. For the matrix of partial derivatives,

or  op
det<[g_gg _QD _ i
da op

so the Implicit Function Theorem can indeed be applied resulting in unique local C" =3 solu-
tions a(m) and p(m) with a(0) = ag and p(0) = py.
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5.4 Step 4: differentiable conjugacies

The previous subsections establish the conditions that allow Belitskii’'s Theorem (Theo-
rem [22)) to be applied directly to give the following corollary if x> 0.

Corollary 5.2. There exist Xo > 0 and My > 0 such that if 0 < p < My and x € [—Xg, Xo]
then the map x,+1 = f(x,, 1u) with f being C”, r > 4, satisfying (21]) and (5.2) has a stable
fized point x1(p) and an unstable fived point xo(p) in [—Xo, Xo]. Moreover there exists a
C"2 change of parameter v(u) and a C™=2 function a(p) such that the map is differentiably
conjugate to y,i1 = v(i) + yn — y2 + alp)yd on the basin of attraction of x1 in [—Xq, X
and the basin of attraction of the corresponding fixed point of the normal form on a suitably
chosen interval [—Yo, Yo|, and another differentiable conjugacy on the basin of repulsion of
xT9.

Now we need to consider the case p < 0. The issue here is the number of iterates the
right hand end-point of the neighbourhood of = 0 takes to leave the neighbourhood.

Lemma 5.3. Suppose that the conditions on [ of Corollary [Z.2 hold. Then there ewist
Xo >0, N >0 and M; > 0 such that fN(Xo,—M,) = —Xy and there exists a unique
increasing sequence ji, € (—Mi,0) such that f™(Xo, ) = —Xo with g, — 0 asn — oo. Let
Yo, Vi and v, be equivalent quantities for the normal form map (31). Then there exists a C*>
function v : [—=My,0) — [-V1,0) with v(w,) = v, for alln > N such that the normal form
with a(p) = ag defined by (5.7) on [—Yo, Yo] is differentiably conjugate to f on [—Xo, Xo].

Proof. First note that X, and M; can be chosen so that f,(x, ;) and f,(x, ;) are both positive
and f(x,pn) < x for all (z,u) € [—Xo, Xo] x [~M;,0). Thus by the mean value theorem

[l ) < flz,fia) i i < fi;
flzy,p) < flxo,p) if 21 < x9; and so (5.8)
i@, ) < f™(w,fi2) if i < fiz, n>1

These imply that there exists N > 0 such that f¥(Xy, —M;) < —X;. If the inequality is
strict, then f¥(Xy,0) > 0 and the intermediate value theorem imply that there exists py >
— M, such that f¥(Xg, uny) = —Xo. Redefining M; by py = —M; implies that the statement
about M, is true. The existence of the values pu,, n > N follow by a similar argument,
using the intermediate value theorem inductively to show that f"*(Xy, u,) < —X, and
71 X,0) > 0 > — X, implies that there exists pi, 1 > p, such that f*"(Xo, p,11) = —Xo.
The uniqueness follows from the third inequality of (5.§).

Of course, the analogous statements hold equally for the saddle-node normal form map
on [—Yp, Yyl so for each p € (fun, piny1) the map is differentiably conjugate to the saddle-node
map for any v € (v, V,41) using the construction of the sketch proof of Theorem with
initial intervals (f(Xj), Xo) and (g(Yo), Yo).

Now let v : [=M;,0) — [=V1,0) be any C'* function such that v(u,) = v, and note that
lim,po v(p) = 0. For each p in [—M;,0) the map f is differentiably conjugate to the normal
form with parameters v(u) and ag. O

If 4 = 0 then the map is differentiably conjugate to the normal form map by standard
results for non-hyperbolic fixed points, Theorem 2.4l
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6 The pitchfork bifurcation

As in the case of the transcritical bifurcation we make the simplifying assumption ([B.4]) that
x = 0 is a fixed point of f for all sufficiently small values of p. This enables us to write

Try1 = f(Tn, 1) = T + 2, K (20, 1) (6.1)

with
K(0,0) = K,(0,0) =0, K,(0,0)>0, K,(0,0)<0. (6.2)
These are equivalent to the constraints ([3.9) on f and assume a change in the sign of u

has possibly been applied. (Note the analysis for the subcritical pitchfork bifurcation is
essentially the same, but in that case fy, fzze > 0.)

6.1 Step 1: the standard skeleton

Fixed points of (6.1]) are x = 0 and solutions to K (x, ) = 0. The function K (z, u) satisfies
the same conditions as f(z, ) — x in the saddle-node bifurcation setting except has one less
degree of differentiability. So for g > 0 we set g = m? and in Lemma 5.1 replace derivatives
of f with those of K to obtain C"~2 non-trivial fixed points

zp(m) = (—1)%/ i = ( K e K ) m? + O(m?), (6.3)
100 w (0.0)

for k € {1,2}. The cubic term in ([6.3) will be needed below and a derivation of its coefficient
is outlined in Appendix [El The multiplier of the trivial fixed point x = 0 is

1
fo(0, ) = 14 K (0, 1) = 1+ fa (0,001 + 5 fopu (0, 0)p” + O(1?). (6.4)
Similarly the multipliers of z;(m) are
fu(xp(m), m2) =14 zx(m) K, (x(m), m2),

since K (zp(m), m?) is identically zero by definition. By using (G.3) and re-expressing the
multipliers in terms of the derivatives of f,

fe(@p(m),m?) =1 —2£,,(0,00m* + (=1)*Bm* + Cm* + O(m?), (6.5)

_3f
B = _ zp)rrre 2 zxx)xx ) .
S o+ 2l (6:6)

and C' is a function of the derivatives of f given in Appendix [E]

where
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6.2 Step 2: fixed points of the normal form

The corresponding normal form g, given by (B.8]), has trivial fixed point y = 0 with multiplier

g,(0,v) =1+ (6.7)

For the non-trivial fixed points of g, we assume v > 0 and set v = n?, then apply the formula
63) to g to obtain

b

yp(n) = (=1)*n + 5712 +0(n?). (6.8)

It should not come as a surprise that we need coefficents on two nonlinear terms. This is

because there are three fixed points if ¥ > 0 and so three multipliers need to be matched.

We achieve this by solving for v, a, and b in the matching equations. Possibly the surprising

choice for our normal form is y? rather than say y:. This is because if a y} term is included

then the equations for the coefficients at ;1 = 0 are quadratic rather than linear. By separating

out the orders of the terms in the normal form we can solve for by at order m? and then for ag

at m* without needing to solve nonlinear equations. This does mean however that the fixed

points need to be computed to third order. As mentioned above this calculation is outlined
in Appendix [El The result for the normal form is

ue(n) = (—1)*n + §n2 + (—1)k%(4a + )+ O(n), (6.9)

and the multipliers are

Gy (e(n), n?) = 1 — 20 + (—1)F b + %(4@ Pt + Ond). (6.10)

6.3 Step 3: multiplier equivalence

Equating the multipliers (6.4]) and (6.7)) of the trivial fixed points gives a simple relationship
for v as function of u:

v= K (O, 1) = Fanl0, 001+ 3 fenu0, 00 + O, (6.11)

By substituting this into (6.10) we eliminate n so now the multipliers of the non-trivial fixed
points of g are

Dy(a,b,m) =1 —=2f,,(0,0)m* + (=1)*'b £, (0,0)

+ (%(40' - b2)fxu(0> 0)2 - fxuu(oa O))m4 + O(m5) (612)

W

m3

To equate the multipliers at corresponding fixed points we match (€3) and ([6.I2) for each
k € {1,2}. That is, we seek zeros of

Ji(a,b,m) = Di(a,b,m) — fo(zi(m), m?)
= (=1 (b£2(0,0)% + B)m?

+ (%(zm ) £u0(0,0)% = fun(0,0) — C) mt 4+ Om),  (6.13)
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for k € {1,2}. To use the Implicit Function Theorem we will adopt the strategy in §5l and
define

XU if m#0
R ’ 7m — m3' 9
and
JitJ2 if m # 0,

S(a,p,m)Z{ "

R(a,b,m) = bf,,(0,0)2 — B+ O(m),

, , (6.14)
S(a7 bv m) = (4@ —b )fxu(ov 0) - 2fm,u,u(07 0) —2C + O(m),

and these are C"~° and C"~% respectively because ([63]) is C"2. We can solve R(ag, by, 0) =
S(ag, b, 0) = 0 for ap and by by using (6.14) and our formulas for B (6.6) and C' (given in
Appendix [E]). The result is that ag and by are given by the values in (B.I0). At (ao, by, 0),

det( [%:2 f]) — —4£,,(0,0)% £0,

Oa  0b

so by the Implicit Function Theorem there exist locally unique C"~% functions a(m) and b(m)
with a(0) = ap and b(0) = by such that if 4 > 0 then R(a(m),b(m), m) = S(a(m),b(m),m) =
0. With this the corresponding fixed points of f and ¢ have the same multipliers for suffi-
ciently small values of u > 0.

6.4 Step 4: differentiable conjugacies

Since the multipliers are the same, the p > 0 part of Theorem follows from Theorem
For ;1 < 0 we only need to impose (6.I1) to match the multipliers of the trivial fixed points
and this case too follows from Theorem 2.2l Finally the y = 0 part of Theorem follows
from Theorem 2.4 with p = 3.

7 The period-doubling bifurcation

Period-doubling bifurcations occur as a multiplier of a fixed point (possibly of an iterate
of a map) passes through —1, so restricted to the one-dimensional centre manifold we have
a decreasing map. The only periodic orbits of a decreasing map have periods one or two,
and there is at most one fixed point. Within an open interval that maps into itself there is
precisely one fixed point.

If f is a decreasing map with a fixed point, then f? is an increasing map and so the results
of §2 can be applied to the second iterate. Monotonicity implies that fixed points of f2 which
are not fixed points of f come in pairs which are images of each other under f, and if there
are n hyperbolic orbits of period two then these are ordered so that

2 < < zZ 1< << <zy
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with f(z_p) = 2z, k = —n,...,n. As in §2 we write z_(,11) = —00, 2,41 = 00, and
Ur = (2k-1,2k+1), kK = —n,...,n. The monotonic nature of f implies that f(Uy) = U,,
fUr) = Uy, 0 < |k| < n, and f(U_(nt1)) C Upy1 and f(Upy1) C U—_(ny1y. Belitskii’s
Theorem (Theorem 22) implies that for any two maps f and g with the same structure
of periodic points, multipliers of f? at the periodic points and sign of f?(x) — z on each
corresponding interval Uy, the second iterates f? and ¢? are smoothly conjugate on Uj.
The first question for the period-doubling bifurcation is therefore to determine whether a
differentiable conjugacy between f? and g? implies a differentiable conjugacy between f and
g. This question has been answered in detail in [I3] for more general maps allowing the fixed
points of f? to be non-hyperbolic (and even non-isolated).

We will start with some preliminary remarks. First note that if f2 and ¢? are differentiably
conjugate on some domains then

fP=htog’oh=h"togo(hoh)ogoh=(h"togoh)

in other words f2 = w? where w = h™! o g o h is differentiably conjugate to g. This function
w can be used to show that g and f are differentiably conjugate.

Theorem 7.1. Suppose that f and g are C" strictly decreasing functions, r > 1, and f* and
g* satisfy the conditions of Theorem[Z2. Let Uy, be the intervals (2,1, zp+1) defined above and
Vi the corresponding intervals for g. Then if 1 < k < n there exists h: U_,uU, = V_LUV,
which is C™ on each component such that h o f=go h, i.e. f and g are C" conjugate on
corresponding pairs of intervals. Moreover, f and g are also C" conjugate on Uy.

Proof. Fix k > 0. Let h : U_, UU, — V_,, UV, be the C” conjugacy between f? and ¢* of
Belitskii’s Theorem (Theorem 22)) and let w = h™' o g o h. Then, as noted above, f? = w?>.
Define hl : U_k U Uk — U_k U Uk by

hi(z) =2, €U, h(x)=wof(z), zeUy.
Note that f~ : U, — Uy and w : U, — U_y, so hy(Uy) = Uy and hy(U_;) = U_;. Then
since f(x) e U_y if x € Uy and f(z) € Uy if z € U_y (k> 0) then
if t € U_y, then hyo f(x)= f(z) € Uy, and
if v € U, then hio f(z) =wo fo f(x) =w(x) € U.
Similarly (remember & > 0)
if v € Uy then wohy(z) =w(x) € Uy, and
if v € U_j, then woh(z) =w?o fx)= f2o f ! z)= f(z) € UL

Hence wo hy = hyo f. Thus f is C" conjugate to w which is C" conjugate to g.

In the case of the remaining interval, W, which contains the fixed point zy of f there
is an added complication: the conjugating function hy is defined on Wy N {x > 2z} and
Wo N {x < 2z} but the C” differentiability needs to extend to the point zy itself. This
involves a further technicality described in detail in [13]: the functions z and w o f~! to be
equal up to C" terms at the origin, which is enough to imply that f and w are C" conjugate.
Details of this part of the proof can be found in [13] and we will not go through the argument
here. O
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Having established the foundations of decreasing maps, we can move on to the period-
doubling bifurcation. As above we assume z = 0 is a fixed point for all small x (3.4). This
allows us to write

Tpi1 = f(Tn, 1) = —Tp + 20 P20, ). (7.1)
For a period-doubling bifurcation we require
fx(07 0) = -1, (3 x2x + 2f:c:c:c) ‘(070) # 0, fSUM(O> 0) # 0. (72)

We shall choose to work with maps f giving a supercritical period-doubling bifurcation and
non-trivial fixed points existing for p > 0 which means

(3f7% + 2fuae) g9 > 00 fau(0,0) <0, (7.3)

as in (BI2). As with the pitchfork bifurcation, the subcritical case can be treated almost
identically.

7.1 Step 1: the standard skeleton

The trivial fixed point x = 0 has multiplier

1
F2(0, 1) = =1+ fa(0, 001 + 5 fay (0, 0)12” + O(1%). (7.4)
The second iterate f? is increasing, at least locally. From (Z.I]) we can write
Tny2 = Tn + InG(xna ,[L),
where
From this formula we find that

1
G12(0,0) = _5(3 v & 2re) ‘(om <0,

G,.(0,0) = —2f,,(0,0) > 0.

(7.5)

Non-trivial fixed points of f? (these are period-two points of f) satisfy G(z,u) = 0. In
view of (IZH) the problem of solving for these fixed points is the same as in the pitchfork
case. Thus f? for u > 0 has non-trivial fixed points zj(m), for k € {1,2} and with p = m?,
given by (6.3), but with G instead of K.

The subsequent manipulations are now equivalent to those of §6] although there are some
interesting aspects of the iterated map in terms of dependence on p rather than m = ,/pu.
These are described in Appendix [El

In particular the points x;(m) and z3(m) have the same multiplier because they form
a period-two solution for f. For brevity we denote this multiplier D(m). This is a O 2
function of m with first few terms

D(m) =1+ 4f,,(0,0)m* + Mm* + O(m?), (7.6)

where a formula for M is given in Appendix [El
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7.2 Step 2: periodic orbits of the normal form

The normal form (3.I1]) has trivial fixed point y = 0 with multiplier
g9,(0,v) =—-1—w. (7.7)

The second iterate g2 is close to the normal form of the (supercritical) pitchfork bifurcation.
For v > 0 it has two non-trivial fixed points yi(n), for k& € {1,2} and with v = n% By
applying the general formula (Z€) to the normal form we find that the multiplier of each
yr(n), write it as d(a, n), is

d(a,n) =1 —4n* +4(1 — a)n* + O(n®). (7.8)

7.3 Step 3: multiplier equivalence

By equating the multipliers (7.4]) and (7)) of the trivial fixed points of f and g, we obtain
v as a function of p with

=~ L0, 01— 5 fa0, 00 + O, (7.9)

and recall f;,(0,0) < 0 by assumption.
Next we equate the multipliers of the non-trivial fixed points of f? and g¢2. Already
n = n(m) via ([Z9), so our task is to solve V(a,m) = d(a,n(m)) — D(m) for a in terms of m.
By subtracting (L8] from () and using (Z9),
Via,m) = (4(1 = a) fuu(0,0)* 4+ 2f4,,(0,0) — M)m* + O(m”°).

Thus we define Vam)

=T ifm #£ 0,

W(a,m) = { Loy f

T oma iftm=0.
This function is C"~¢ and W (aog,0) = 0 if
2 fupu(0,0) — M

4£.,(0,0)2

Since 2% (ag, 0) = —4f,,(0,0)? # 0 and r > 7, the Implicit Function Theorem implies the

existence of a unique C"~% function a(m), with a(0) = ag, such that W (a(m), m) = 0 for all
sufficiently small values of m.

7.4 Step 4: differentiable conjugacies

We can now complete the proof of Theorem [3.4l For ;1 > 0 we have identified functions v(u)
and a(m) (which can be reinterpreted as a function of p) such that, locally, the fixed points
of 2 and ¢? have the same multipliers. Thus there is a differentiable conjugacy with the
dynamics on the interval with the origin removed, and on the interval between the points of
period two by Belitskii’s Theorem (Theorem 2.2]) and Theorem [[.J Moreover, the formulas
BI13) follow from (Z9]) and (ZI0) where M is given in Appendix [El

If 1 < 0 there is a local differentiable conjugacy between f and g by Sternberg’s Theorem
and the extension of Taken’s Theorem to the decreasing case.
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8 Conclusion

In this paper we have shown how the reasonable expectation that truncated normal forms
provide information that is more than simply topological is realised. By introducing one or
two extra terms in the most simple ‘normal forms’ (Table 1) we have shown that the resulting
maps are typically locally differentiably conjugate to the general maps under consideration.
These additional terms and their coefficients satisfy simple equations which mean that they
can be calculated explicitly (at least from a numerical point of view). This amounts to a
differentiable conjugacy on basins of attraction and repulsion, so the different invariant re-
gions have their own differentiable conjugacies. Global differentiable conjugacies are unusual
because of the multiple conditions on multipliers that need to hold (see [7] for an interesting
example), so the reduction to local conjugacies is natural.

A calculation of the coefficients of the new terms we have introduced in practical problems
should give some sense of how far the map is from the standard truncated normal forms of
the literature, and hence they provide additional information about how close the bifurcation
behaves to that of the standard form. A similar analysis is possible in the continuous time
case, and we will report on this separately [6].

The differentiably conjugate normal forms we consider are not unique. We have chosen
the standard truncated normal forms to have coefficients which are as simple as possible; we
could have chosen coefficients that meant they were as close as possible to the Taylor series of
the general system, though this adds extra special coefficients to the normal forms. Equally,
there is an element of choice about the additional terms used.

Our belief is that the calculation of these higher order coefficients and their dependency
on parameters should become a natural part of investigating important bifurcations; they
give a more nuanced description of the dynamics than topological equivalence used hitherto.
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A Sketch proof of Belitskii’s Theorem

Sternberg [I5] proves that for every hyperbolic fixed point x; of f there exists a neighbour-
hood U of z; and a neighbourhood V' of 0 such that f on U is differentiably conjugate to
the linear map Az on V where A = f'(x) # 1. Belitskii [2] uses a slight generalization of the
push-forward argument of the previous theorem to extend this to a diffeomorphism on the
whole of Uy = (xp_1, T11)-

Fix k and suppose f(x) —x > 0 on (2, Tk41), SO o is unstable and orbits are strictly
increasing in (zg, x4 1). Suppose a € UN(xg, Txy1), so f~1(a) € UN (zg, z141) but f(a) may
not be in U N (g, Txs1). By the definition of U, h is continuously differentiable at a and we
will extend h to (a, f(a)) by defining

h(z) = (goho f)z), € (a, f(a)).

22



Thus for = € (a, f(a))

U @)

S VI I .
and

U )R (S )

M) = = ey (A2

But in (f~(a),a), ho f = go h and h is differentiable as it is in U, so

W(f(@)f' () = g’ (h(x))h'(x),

and so to evaluate the limit of /'(a) from below we consider the limit of this equation with
r — f~!(a) from below, giving the same expression as the right hand side of (A.2)). Hence h is
differentiable at a and is differentiable by construction on (a, f(a)). Thus the neighbourhood
on which A is a diffeomorphism can be extended out to the open interval with upper limit f(a).
The same argument on (f(a), f*(a)) shows that i can be extended as a diffeomporphism to
an open interval with upper bound f?(a), and then by induction to the open interval with
upper bound lim; ., f*(a) = Tpy1.

The argument if f(z) — x < 0 and on the interval (zy_1, x)) is analogous.

O

Note that in general the differentiable conjugacy cannot be extended beyond Uy. This is
because the convergence rates of iterates of Az (or its inverse) do not generally match the
convergence rates of other fixed points of the map when these exist. Belitskii and others (see
[13]) have developed invariants which determine whether the conjugacies can be extended to
include more fixed points, but since these conditions are not generic we will not pursue this
possibility. Theorem does not deal with the case in which there are no fixed points.

B Calculations for the Transcritical Bifurcation

Here we derive formulas for the fixed points of f and their multipliers in the transcritical
bifurcation case. This is done by directly manipulating power series. In the next section we
illustrate how the calculations can instead be done by implicit differentiation.

We write the map as f(z,u) = x + xH (x, ;1) where

H(z, 1) = e1x + ot + c3a® + capur + csp® + O((|| + |p])?), (B.1)

with ¢; < 0 and ¢o > 0. In terms of the derivatives of f,

1 1
c = Qfmm(0,0)g Co = f:vu(ovo)v C3 = gfxxw(ovo)u

and so on. Fixed points are z = 0 and x(u) solving H(x(u), ) = 0. Since H is C™' and
c1 # 0, the Implicit Function Theorem guarantees a unique local C"~! solution

2
o) =~ 2t (—02—53+C2—?—§)u2+0(u3), (B.2)
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where the coefficients are obtained by matching terms in a power series. In terms of f the
coefficients are,

_G_ 2w
“ Jez 0,0
and ) .
C5C3 CoCy Cy 2 2
c A 3 jﬂ”m( f w = Ofaepfon] Jountzz) (0,0)

The derivative of the map is

folz,p) =1+ H(z,p) + xHy(z, 1)

=14 2c12 + cop + 3es” + 2capz + e + O((|z| + |u])?). (B.3)
We evaluate this at the fixed points to obtain
Fo(0,12) = 14 copp 4 esp® + O (1), (B.4)
cie
Folalp = 1= cant (T = o)+ 00 (55
1
Once again we can write these in terms of f and its derivatives:
1
F2(0, 1) = 1+ fou(0, 0)pp + 5 Lo (0, 0)p* + O(r”), (B.6)
2fufeen 1 2 2
Falw(p), ) =1 = fou0,0)p + { =55 = 5 fann p+O”). (B.7)
Tx (0,0)

C Transcritical Bifurcation: implicit differentiation

Since many textbooks use implict differentiation to determine coefficients of expansions in
bifurcation problems, for comparison here we repeat the first steps of the analysis of the
transcritical bifurcation using this method.

Assume there exists a solution z(u) to f(z,u) —x = 0. By differentiating this equation
with respect to u we obtain

fo2'+ f,— 2" =0.
At the origin f,(0,0) =1 and f,(0,0) = 0 so this equation is automatically satisfied. Differ-
entiating again gives
Faat'? + 2fupd’ + foa" + fup — 2" =0,

and evaluating at p = 0 (giving f,,(0,0) = 0 because the origin is constrained to be a fixed
point), either
s

Z(0)=0 or 2'(0)= .

The first possibility is the value for the trivial fixed point, the second describes z/(0) for the
nontrivial fixed point and matches the coefficient of 1 given in the previous section. Finally,
differentiating again gives

Frao®’® + 3 frop®’® + 3 frata” + 3 fuppd + 3fupd” + fupu + foa” — 2" = 0.
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By substituting the expression for 2’(0) into this equation and noting that f,,,,(0,0) = 0 we
recover the second coefficient given above.
Calculations of the multipliers can be achieved in the same way.

D Calculations for the Saddle-node Bifurcation

We write the map as f(z,u) = x + H(z, n) where
H(z, 1) = copp + c32” + capx + esp® + cgx® + -+, (D.1)

with ¢ = £,,(0,0) > 0 and ¢3 = 5 f,,(0,0) < 0. To find fixed points of f we solve H(z, 1) = 0.
Since ¢y # 0 the Implicit Function Theorem could immediately be used to solve H = 0 for
(. But we wish to solve for x, and this requires a little more work.

We first assume g > 0 and write 4 = m?. Then write = mz and define

H(mz,m?) - 7£ 0’

G(z,m) = {1 372712 ’

imH(mZ,'fTﬂ), m = 0.
Since H is C", this function is C"~2 and using (D.I]) we obtain
G(z,m) = ¢y + c32° + cazm + cz°m + O(m?). (D.2)

Since ¢ # 0 the Implicit Function Theorem can be applied to obtain z = z(m) solving
G(z,m) = 0 provided we choose z(0) = zy such that G(z0,0) = 0. There are two choices,
20 = /72, and with either z(m) is C"~2.

By multiplying each z(m) by m we obtain the desired fixed points, call them z;(m) and
x9(m). These are C"~! and by using (D.2]) and matching terms of power series we readily

arrive at
—C CoCg — C3C
zp(m) = (1) [ —2m + 222 4 O(m?), (D.3)
3 2c3

for k € {1,2}. By substituting ¢; = f,,2(0,0) and ¢ = % f24,(0, 0) (also ¢ and ¢3 given above)
we obtain the expression for zj(m) given in the main article.
By (D.)), the derivative of the map is

fol@,m?) =1+ 2c30 + cam® + 3cez”® + O((|z] + |m])?), (D.4)

and by substituting (D.3)

Fulan(m), m?) = 1+ 2(—1) 'y =aa m — 22% w2 4 O(m?), (D.5)

C3
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E Calculations for the Pitchfork Bifurcation

The map is f(x, u) = 2+ K (z, 1) and we write
K(z, 1) = copt + c32® + capx + csp® + cex® 4 crpa® + cgx* 4+ -+ (E.1)

with ¢; = f,,(0,0) > 0 and ¢35 = § f14.(0,0) < 0. In (E) we have included only the terms
that are fourth order or lower in z and m, where u = m?.

The trivial fixed point is x = 0; the non-trivial fixed points, valid for small p > 0, are
xp(m), k € {1,2}, satisfying K (z(m), m?) = 0. This last equation is identical to that in the

saddle-node case, so by importing (D.3)) we have

wi(m) = (~)f [ m o+ FE

C1\kT,.3 4
5 22 4 (—1)*Lm? + O(m?), (E.2)

for some L € R. For the pitchfork case we unfortunately need a formula for L, so substitute
(E2) into K (x1(m), m?) to obtain

—Co (CQCG — CgC4)2 CoCyCq — 030?1
K(zi(m), m?) = [2(—=1)%¢c L+
(au(m),m?) = | 2(=Desy |~ o S
3cocg(coceg — C3c CoCr  CEe
+05 2 6( 2 63 3 4) . 207 —I— 228 m4+0(m5) (E3)
2c3 C3 3
We then set the m?* coefficient to zero to obtain
I 1 _503;% 3020;106 B c_i fe CoCr N igg
2\/ —C9C3 403 203 403 C3 C3

We now evaluate the multipliers of the fixed points. The derivative of the map is

folz,m?) =1+ K(z,m?) + 2K, (x, m?)
=1+ com? + 3¢z + 2eam®z + csm® + dega® + 3eym*a? + Hega?
+ O((Jz| + |m])?).

We evaluate this at the fixed points to obtain (after simplification involving substituting in

the above formula for L):
f2(0,m?) = 14 com? 4 esm* + O(m®), (E.4)
folzi(m),m?) =1 = 2com® + (—1)"Bm® + Cm* + O(m?),
where
B=,—2
3
3cic2 2
=-S5 G0y | Gy, 2500 (E.7)
C3 3 2c3 3

These are easily rewritten in terms of the derivatives of f at (x, ) = (0,0) by using (ETI).
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F Calculations for the Period-doubling Bifurcation

The map is f(x, u) = —x + xP(x, u) and we write
P(z, 1) = bz + bop + bsa® + bypix + bsp® + bgx® + bypax® + bgx* +- -+, (F.1)

where, as in the pitchfork case, we have included only the terms that are fourth order or
lower in 2 and m, where = m?. The trivial fixed point is x = 0 with multiplier

f2(0,m?) = =1+ bym? + bsm* + O(m°). (F.2)
By direct calculations we obtain f2(z, u) = x + G (z, 1) where
Gz, 1) = copt + 32 + capx + csp® + cex® + crur® + cgat + -+ (F.3)
with
= —2by = —2f,, > 0,

1

ey = —biby = _%fxxfxua

s =0y — 205 = f2, + foup) -

o = (0 + bs) = o 3%+ 2 o), (F.4)
¢ = —2b7 — Abyby + 262by + Abybs

1
= E(?)fmmfmcu +6 gmfm,u + Sfxufmmm - Sfmmmp) 5

cg = —2byg — 6b1bg — bibs + 3b3
1 1 1, 1,

where all derivatives of f are evaluated at (x,u) = (0,0). The non-trivial fixed points of f?
are given by ([E.2) with (E.4). They have the same multiplier, call it D(m), given by (E.5]).
By substituting (E.4) into (E.5]) we obtain

D(m) = 1+ 4bym® + Mm* + O(m®), (F.5)
where the m? term has vanished because cocg + c3cq4 = 0, and
b3
M = 4bs — W(b‘f + 5b7bs — 4b3 + 12b1bg + 4bs). (F.6)

The normal form ¢ has by = —1, b3 = 1, and bg = a. By substituting these into the above
formulas we find that the trivial fixed point of ¢ has multiplier —1 — v and the non-trivial
fixed points of g* have multiplier d(a,n) = 1 —4n? +4(1 — a)n* + O(n°) (where v = n?). By
matching the multipliers of the trivial fixed points we obtain

v = —bop — bsp® + O(i?). (F.7)
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By using this and equating the multipliers of the non-trivial fixed points we obtain

0= (4(1 — a)b3 + 4bs — M)m* + O(m°).

In order for the m* term to vanish we must have

1 3 13

1 45 , 39 , 6

(0,0)
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