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1. Introduction

In nature there are many dynamical systems whose dynamics is controlled by a control parameter(s). As soon it(they)
is(are) varied, the behavior of the asymptotic state can be changed in such a way that the qualitative structure of the
solution is different after and before the change. The point to where such a qualitative change happens is defined as a
bifurcation point.

The bifurcations can be classified in two main types [1,2]: (i) local and (ii) global bifurcations. A local bifurcation happens
when a variation of the control parameter leads to a change of stability of a fixed point. Hence the topological modifications
in the system can be confirmed by a local investigation near the fixed point. On the other hand, the global bifurcations are
observed mainly when invariant structures collide with each other, like invariant manifold and chaotic attractor, leading to
a destruction of the chaotic attractor. Such a destruction causes a major change in the global topology of the system which
cannot be foreseen by a local analysis of fixed point. Examples of such global bifurcations include the so called crisis event
[3-6]. In this paper we concentrate in the local bifurcations. Applications and observations of such bifurcations are wide
in the literature and include laser [7-9], population dynamics [10,11], chemical reactions [12,13], electric circuits [14,15],
discrete mappings [16,17] and many others [18-22].

Our main goal in this paper is to describe the behavior of the convergence to the fixed point and near it for three
different local bifurcations, namely: (i) saddle-node; (ii) transcritical; and (iii) supercritical pitchfork. To do so, we consider
two different approaches. The first one is phenomenological and shows that, at the bifurcation point, the convergence to the
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Fig. 1. Plot of x vs. t for Eq. (1) considering different values of xo, as show in the figure.
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fixed point is described by a homogeneous function with three critical exponents «, 8 and z. The exponent « characterizes
the dynamics for short time. We shall show that in such a domain, the dynamics is strongly dependent on the initial
distance from the fixed point. When the initial condition is given very close to the fixed point, the dynamics stays sticky
in a constant plateau for a long time. Hence, the critical exponent o« characterizes such a dynamics. For long time, the
dynamics changes from this constant regime and enters in a decay towards the equilibrium. The speed of the convergence
is given by the exponent f. The time marking the crossover from one region to the other is characterized by the exponent
z. A scaling law is obtained relating all the three exponents in a single relation. Therefore the knowledge of only two of
them is enough to determine the third. Near the bifurcation, the decay to the fixed point is exponential and the relaxation
time is given in terms of a power law from the distance (in terms of the parameter) of the bifurcation with an exponent
8. The knowledge of the four critical exponents define to which universality class the bifurcations belongs to. The present
formalism can be used as an alternative to classify the bifurcations mainly, but not only, in experimental systems when the
modeling dynamical equations are not available or unknown.

The investigation of such a convergence is made by using two approaches. The first one is phenomenological where a
set of three scaling hypotheses are presented together with a scaling function. Numerical simulations are made to obtain
an estimation for the critical exponents. The second one comes from the exact solution of the differential equation, where
the critical exponents emerge naturally from the dynamics. The second approach validates the first one. As discussed in
Refs. [1,2], a generic vector field obtained by the solution of an equation of the type x = f(x, u), where x is a dynamical
variable and g is a control parameter and f is a nonlinear function, can be Taylor expanded near the fixed point. As a result,
the dynamics can be matched in one of the three main differential equations: (a) X = u — x2 (saddle-node); (b) X = ux — x2
(transcritical); and (c) x = ux — x> (supercritical pitchfork). This is possible due to a so called normal form theory [1,2].

The paper is organized as follows. In Section 2 we describe the general aspects of the procedure illustrating how the
phenomenological investigation is made. The scaling law is derived in Section 2 too. Section 3 is reserved to described
the critical exponents in the saddle-node bifurcation while the properties for the transcritical bifurcation are described in
Section 4. The critical exponents for the supercritical pitchfork bifurcation is presented in Section 5. Our discussions and
final remarks are given in Section 6.

2. Convergence to the fixed point

To start with, let us discuss the convergence to the fixed point for the following differential equation
X=u—x% (1)

There is a saddle-node bifurcation at = 0. The fixed points are xj , = +,/it for u > 0. The fixed point x} is asymptotically
stable for i > 0 while X3 is unstable. It means that any neighboring initial condition of x; converge to it as time goes. On
the other hand, the initial conditions chosen near x% apart from it as time evolves. The two questions we can pose are: (i)
How fast is such a convergence? (ii) Could the convergence depends on the initial x, (the initial distance from the fixed
point)? We show that the convergence does indeed depend on the initial x, and that the speed of convergence depends on
the equation. Fig. 1 shows a typical behavior of the convergence to the fixed point (x vs. t) for Eq. (1), at the bifurcation in
i = 0, considering different values for xg, as shown in the figure.

We can see that, depending on the value of X, the orbit keeps sticky in a constant plateau for a long time. It then
experiences a changeover and enters in a regime of decay given by a power law, converging asymptotically to the fixed
point. The characteristic time ty that marks the changeover from the constant plateau to the regime of decay depends also
on the initial condition xg. Let us then describe the convergence to the fixed point in a phenomenological way. Later on the
paper we give a mathematical description for it.
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The behavior shown in Fig. 1 allows us to propose the following scaling hypotheses to describe the behavior of x as a
function of time t at the bifurcation.

1. For sufficiently short time t the behavior of x vs. t is given by
x(t) o x7, (2)

for t « tx, where X gives indeed the initial distance of the fixed point, « is a critical exponent and tx is a characteristic
time that marks the change from the plateau to the regime of decay;
2. For sufficiently long time t we have

x(t) o tP, (3)

for t > ty, where f is a critical exponent that defines the speed of convergence to the stationary state;
3. The characteristic time ty that marks the changeover from the plateau to the regime of decay is given by

tx o X5, (4)
where z is a critical exponent that defines the dependence of ty with the initial distance x.

The three scaling hypotheses allow us to describe the fixed point by using a homogeneous generalized function [23] of
the type

x(xo, 1) = £x(£%qg, £°t), (5)

where ¢ is a scaling factor, a and b are characteristic exponents.
Because ¢ is a scaling factor, we can choose it as

Z“xo = 1,
¢ =x,"" (6)
Substituting Eq. (6) in (5) we have
X(Xo,t) = x5 /x(1,x,"°t), (7

where the function x(1, xab/“t) is assumed to be constant for t « ty. Comparing Eq. (7) with Eq. (2) we conclude o = —%.
Choosing now
ot =1,
¢ =t (8)
and substituting Eq. (8) in Eq. (5) we end up with
x(xp, t) =t VPx(t79bxy, 1), 9)

where we assume x(t~%bxy, 1) is constant for t > t,. Comparing Eq. (9) with Eq. (3) we conclude 8 = —
Finally we can compare the two expressions obtained for ¢ and obtain

te=x5/7. (10)

1
B

A comparison of Eq. (10) with Eq. (4) gives
_— 11
2=3 (11)
Eq. (11) defines a scaling law. The knowledge of any two critical exponent allows to obtain the third.

The critical exponents «, B8 and z can be obtained from specific plots. A careful look at Fig. 1 allows us to conclude that
for short time, x(t) = xq, leading to o = 1. The exponent S is obtained from a power law fitting to the decay. As shown in
Fig. 1, we found 8 = —0.998(3) = —1. Finally the exponent z is obtained from the crossing of the constant plateau with the
curve of decay. The behavior of ty vs. xg is shown in Fig. 2. A power law fitting gives us z = —1.001(1).

The knowledge of the critical exponent «, 8 and z allows us to check the existence of an universal behavior for x(t) at
the bifurcation point. To do so, the following scaling transformations must be done to the axis of Fig. 1: x(t) — x(t)/x§ and
t — t/x§. With these two transformations, all the curves shown in Fig. 1 overlap each other into a single and hence universal
curve, as shown in Fig. 3.

Let us now discuss the convergence to the fixed point by considering p« > 0. Fig. 4(a) shows the behavior of x vs. t for
different values of u. We notice the curves converge to the fixed point at different speeds. The final convergence is shown
in the zoom-in of Fig. 4(a). We then suppose that

X(t) —x* e, (12)
where 7 is the relaxation time given by

T o b, (13)
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Fig. 4. (a) Plot of x vs. t for Eq. (1) considering @ # 0. (b) Plot of 7 vs. , hence confirming the existence of a power law with exponent § = —0.481(3) =
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and § is a critical exponent. The relaxation time is obtained when the dynamical variable x reaches a distance from the
fixed point smaller than 10~8. The exponent § can be obtained by numerical simulations. Fig. 4(b) shows the behavior of
the relaxation time t vs. u for Eq. (1). A power law fitting gives us that § = —0.481(3) = —0.5.

The knowledge of the four exponents «, B, z and & can be used to define universality classes for the bifurcations. We
discuss in what follows the procedure to obtain the critical exponents by solving directly the equations for three different
types of bifurcations: (i) saddle-node (x = u — x2); (ii) transcritical (X = ux — x2); and (iii) supercritical pitchfork (x = ux —
x3).

3. Scaling for the saddle-node bifurcation

Let us discuss in this section how to find the critical exponent «, 8, z and § for the saddle-node bifurcation considering a
direct integration of the Eq. (1). Therefore this method is analytic and reinforce our phenomenological approach discussed in
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Section 2. We consider first the case of ;= 0. The equation can be written as X = —x? that leads to the following integration
to be solved

x(t) dx t
/ = / dt. (14)
x0 X 0
Doing the integration and grouping properly the terms we obtain
Xo
x(t) = . 15
© 1+ xot (15)

A detailed look at Eq. (15) allows us to obtain the critical exponents. Firstly, for the case of xot <« 1, we have
x(t) = Xo. (16)

Comparing Eq. (2) with the first scaling hypothesis we find « = 1, as we concluded from the Fig. 1.
For xot > 1, we have

x(t) =t (17)

A comparison of this result with Eq. (3) from the second scaling hypothesis gives 8 = —1, in well agreement with our
numerical results.
Finally for xot = 1 we have

b= xs!. (18)

Comparing this result with Eq. (4) we obtain z = —1. Therefore we found analytically the critical exponents « =1, 8 = —1
and z = —1 for the saddle-node bifurcation. We have to discuss now how to find the critical exponent §.
To do so, we consider i > 0 in Eq. (1). The equation that must be solved is

x(t) t
/ dx s = / dt. (19)
xo M —X 0
A direct integration of Eq. (19) yields
X x(t)
arctanh| — = /it (20)
[ﬂ } %
From the identity
1 1+x
arctanh(x) = 5 ln[1 —x]’ (21)
we can write Eq. (20) as
14+ X x(t)
1n[1_{(’7} = 2t (22)
VI iy,
Grouping the terms properly we end up with
Xo — + + xg) 2Vt
x(t) = VI (X0 — V) + (VI +Xo) ) 23)
(VI —X0) + (VI + Xo)e
which can be written in a more convenient way as
-1
Xo— VI 5 Xo— VI 2um
x(t) = 1 = NE e W1 - [ Y E e VR 24
O ﬂ[ +<xo+m> Xo+ VIl 24)

Doing a Taylor expansion to the term inside of the second pair of square brackets and keeping only terms of order /it
in the equation, we find

X(t) — JI = [m;’j]e—zﬂf. (25)

The term on the left side of Eq. (25) does indeed give the distance from the fixed point while the right hand gives the
exponential decay properly. We see that Eq. (25) is written in the same form as Eq. (12). A comparison, particularly related

to the relaxation time given by Eq. (13) allow us to conclude that § = —1/2, which is in remarkably well agreement with
the result shown in Fig. 4(b).
We conclude then the critical exponents for the saddle-node bifurcation observed in Eq. (1) are a =1, B =-1, z= -1

and § = —-1/2.
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Fig. 5. Plot of T vs. u for Eq. (26). A power law fitting furnishes § = —0.96(1) = —1.

4. Scaling for the transcritical bifurcation

Let us now discuss how to obtain the critical exponents for the transcritical bifurcation. To do so we consider the fol-

lowing equation
X=X —X°. (26)

The fixed points are x; = 0, which is asymptotically stable for . < 0 and unstable for x4 > 0, and x5 = u which is unstable
for u© > 0 and asymptotically stable for u < 0. The change of stability among the two fixed points that happens in u =0
defines a transcritical bifurcation. For i = 0, Eq. (26) has the same form of Eq. (14). Hence, the dynamics is the same as
shown in Fig. 1 leading to the following critical exponents @ =1, 8 = —1 and z = —1. We have now to obtain 4.

For ; # 0, the convergence to the fixed point is marked by an exponential function. Fig. 5 shows the behavior of t vs. u.
A power law fitting gives § = —0.96(1) = —1.

Let us now discuss the mathematical procedure to obtain the decay for the case of i # 0. The equation to be solved is

x(t) d t
/ X 5 = / dt. (27)
Xo MX —X 0
After integration and grouping the terms conveniently, we obtain
-1
x(t) = M[l - (1 - ﬁ)e-f“] . (28)
Xo
Doing a Taylor expansion in Eq. (28) and keeping only linear terms of w in the equation, we obtain
x(£) — 0 = pe M. (29)

Eqg. (29) is in the same form as Eq. (12). A comparison with Eq. (13) leads to § = —1, which is in good agreement with
our numerical simulation, as shown in Fig. 5. Therefore, the critical exponents for the transcritical bifurcation observed in
Eq. (26)area =1, f=-1,z=-1and § = —1.

5. Scaling for the supercritical pitchfork bifurcation

We discuss now the convergence to the fixed point for the supercritical pitchfork bifurcation. The equation we consider
is written as

X=ux—x. (30)

The fixed points are xj = 0, which is asymptotically stable for 4 < 0 and unstable for u > 0, and x5 ; = /@, with 0 > 0,
which are both asymptotically stables. The supercritical pitchfork bifurcation happens at u = 0. Fig. 6(a) shows the behavior
of x vs. t at the bifurcation (; = 0). A power law fitting of the decay furnishes B = —0.4994(1) = —0.5. Since « =1 and
using the scaling law given by Eq. (11), we find z = —2. After a transformation to the axis we see that Fig. 6(a) overlap all
curves shown in (a) onto a single and therefore universal plot.

For u # 0, the relaxation to the fixed point is exponential. Fig. 7 shows a plot of t vs. . A power law fitting gives
8 =-098(1) = -1.

Let us now obtain the critical exponents directly from the solution of Eq. (30). We start first with u = 0, leading to

x(t) dx t
/XO 73:—/0 dt. (31)
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After integration and grouping properly the terms we find
Xo

X(t) = —————. (32)
V1 +2x3t
Therefore we have the following conditions:
o For 2x%t <« 1, we have x(t) = xq, leading to @ = 1;
« For 2x3t > 1, we have x(t) = %t*”z, leading to B = —1/2;
; 2 1,-2
e Finally for 2x5t = 1, we have t = ;x;“, hence z = 2.
The three critical exponents obtained above agree well with our numerical simulations.
The next step is obtain the solution for Eq. (30) considering © # 0. We have to integrate the following equation
x(t) dx t
[ @)
xp MX—X 0
Integrating and grouping the terms properly leads to
2 -12
X(t) = im[l - <°x2“>ezﬂf] . (34)
0
Doing Taylor expansion in Eq. (34) and considering only terms of order ,/ft in the equation, we obtain
x(t) F VI = i?e—w (35)

We notice again that Eq. (35) is written in the same form as Eq. (12) leading to 6 = —1. We conclude then for the supercrit-
ical pitchfork bifurcation observed in Eq. (30), the critical exponents are « =1, § =—-1/2, z=-2 and § = —1.

6. Discussions and conclusions

We have studied in this paper the convergence to the fixed point at, and near at, three different local bifurcations of
fixed points, namely: saddle-node, transcritical and supercritical pitchfork, all in differential equations. At the bifurcation
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Table 1
Table of critical exponents «, B, z and § for the three bifurcations
discussed in this paper.

Equation Bifurcation a f z 8

X=p—x>  Saddle-node 1 -1 -1 -1

X=pux—x*>  Transcritical 1 -1 -1 -1

X=px—x>  Supercritical pitchfork 1 -1 -2 -1
Table 2

Table of critical exponents «, 8, z and § ob-
served for a family of logistic-like map x,,q =
Rxn (1 —x}) (see Ref. [24] for more details).

Bifurcation a B z 5
Pitchfork 1 7% —y 1
Transcritical 1 7% -y -1
Period doubling 1 -1 -2

point, the convergence to the fixed point is given by a homogeneous function with three critical exponents «, 8 and z. All
of them are related among each other via a scaling law z = «/f8. Near the bifurcation, the convergence to the fixed point is
given by an exponential function and the relaxation time is marked by a power law with exponent §. The four exponents
define the class of universality the bifurcation belongs to. Table 1 shows the four exponents for the bifurcations considered
in this paper.

As discussed in Refs. [1,2] and due to the representation of the so called normal forms, the three bifurcations presented
here are the prototypes of such bifurcations in a widely number of systems described by differential equations. For a generic
vector field produced by a differential equation of the type x = f(x, i), where x is the dynamical variable and p is a control
parameter, the normal form allows one to Taylor expand the function f(x, 1) at the lower nonlinearity near the fixed point,
which may be fitted in one of the three cases discussed here. We have not considered the subcritical pitchfork bifurcation
X = ux + x3 since x = 0 is unstable at the bifurcation, nor the Hopf bifurcation will be made later on.

Finally we have to mention the approach used here has been applied with success in the investigation of fixed point
convergence in a family of logistic-like mappings [24] of the type X,,1 = Rx,(1 — X}/ ). The investigation was carried out for
different values of y. For any even y, R=1 gives a transcritical bifurcation and the critical exponents are summarized in
Table 2. For any other y (odd, irrational etc.), R =1 gives a pitchfork bifurcation, whose critical exponents are also shown in
Table 2. The period doubling bifurcation at R = (2 + y)/y leads to universal exponents which do not depend on y, as they
do indeed depend on the pitchfork and transcritical bifurcations. The critical exponents for the pitchfork and transcritical are
the same with 8 and z dependent on the nonlinearity of the mapping. In differential equations, the only different exponent
from the saddle-node and transcritical bifurcations is §, while it is the same for the logistic-like map. The period doubling
bifurcation in logistic-like map however shows to have the same set of critical exponents as for the supercritical pitchfork
observed in the paper. An analytical investigation confirms this finding [25].

In summary, the knowledge of the four critical exponent can be used to defined and characterize classes of universality
to bifurcations of fixed points in either mappings and differential equations. The approach can be considered an alternative
to define the bifurcation type in experimental systems when no modeling equations are available.
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