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Bifurcations in nonlinear dynamical systems

Consider the nonlinear dynamical system

dx

— = f(=x, 1

=l M)
where 4 is a real parameter which we are allowed to vary'. In this course note we study bifurcations of the
flow generated by (1) as we vary the parameters. Such bifurcations can be defined as topological changes

in the flow map and they can be grouped into two broad classes

e Local bifurcations: these bifurcations involve a small portion of the phase space. Examples of local
bifurcations are bifurcation of equilibria, e.g., zero-eigenvalue bifurcations (saddle-node, transcritical,
subcritical /supercritical pitchfork), Hopf bifurcations, Bogdanov-Takens bifurcation, etc.

e Non-local bifurcations: these bifurcations usually involve large portions of the phase space. Ex-
amples of non-local/global bifurcations are homoclinic and heteroclinic bifurcations (see Figure 1),
saddle-node bifurcation of cycles, etc. Non-local bifurcations are usually associated with significant
changes in the phase portrait.

Bifurcations are related to the notion of structural stability of a dynamical system. Roughly speaking, if
the qualitative behavior of the system remains the same for all vector fields nearby a particular f(x, u)
then the system (1) (or the vector field f(x,p)) is said to be structurally stable. Mathematically we can
define structural stability as follows.

Definition 1 (Structural stability). A continuously differentiable vector field f is said to be structurally
stable if there exists € > 0 such that for all continuously differentiable g that are “close enough” to f, i.e.,

If =gl <e (2)

we have that f and g are topologically equivalent, i.e., there exists a homeomorphism whih maps trajectories
of & = f(x) onto trajectories of & = g(x) and preserves their orientation by time.

Note that this definition relies on finely detailed information about the structure of flows generated by
nonlinear dynamical systems, which is often very hard to obtain, especially in high dimensions. However,
in two-dimensions things are way more manageable due to topological constraints on 2D flows such the
Poincaré-Bendixson theorem. As a matter of fact, in 1962 Mauricio Peixoto proved the following Theorem,
which completely characterizes structural stability in 2D systems.

Theorem 1 (Peixoto - Structural stability for planar systems). Let f(x, 1) be a continuously differentiable
field on a compact subset U of the phase plane. Then f is structurally stable if and only if: (i) the number
of fixed points and cycles U is finite and each is hyperbolic?; (ii) there are no trajectories connecting saddle
points (see Figure 1 for a counterexample); iii) the nonwandering set in U? consists of periodic orbit and
fixed points alone.

According to this theorem, planar systems with non-hyperbolic fixed points are not structurally stable.
Unfortunately, no generalization of Peixoto’s theorem is available in higher dimensions (even in three
dimensions). The reason is that the definition of structural stability (Definition (1)) relies on finely detailed

'More generally, the dynamical system (1) can depend on multiple parameters

N:(M17"'7/1/M)‘

2It is possible to have bifurcation of periodic orbits, e.g., saddle-node bifurcation of cycles.
3A point @ € U is called “nonwandering” if, for any neighborhood B of x , there exists T such that X (¢, B) N B # 0 for
all ¢ > T'. The nonwandering set consists of all nonwandering points.
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Figure 1: Examples of homoclinic and heteroclinic bifurcations in two-dimensional dynamical systems. An
example of a two-dimensional system that yields the heteroclinic bifurcation shown above is 1 = 2 — 1,
To = —Xox1 + ,u(:c% — 1).

information about the structure of flow and its perturbations, which is not generally available. This is one
of the reason why attempts to construct a systematic bifurcation theory for general nonlinear dynamical
systems led to very difficult technical questions. Of course, we can just focus our analysis on specific
types bifurcations of dynamical systems, e.g., local bifurcations of equilibria. In this case, there is a rather
systematic theory that allows us to come up with quantitative results.

Local bifurcations of equilibria. As is well known, the fixed points (equilibria) of the system (1) are
solution of the algebraic equation

f(x,p) =0. (3)

By using the implicit function theorem, it is immediate to conclude that as the parameter p varies, the
fixed points x*(u) are described by smooth functions of p, except at points (x*, u*) where the Jacobian
J¢(x, 1) is not invertible, i.e., it has at least one zero eigenvalue.

Theorem 2 (Implicit function theorem). Let f(x, 1) be continuously differentiable in a neighborhood of
a fixed point (x*, pu*), i.e., a point such that f(x*, u*) = 0. If the Jacobian matrix

Oh(a' ) Of )
ox1 Oy,
(@™, p*) = : : (4)
Ofn(x,p*)  Ofalz”, p")
8.731 81’n

is nonsingular (invertible) then there exists a neighborhood B of p* (i.e., an interval that includes p*) in
which the zero level set of f(x,u) can be represented as a graph of a smooth function x*(u), i.e.,

f@*(n),u)=0 for all 4 € B. (5)
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Figure 2: Bifurcation diagrams corresponding to a saddle-node bifurcation and a supercritical pitchfork
bifurcation in a two-dimensional dynamical system. The stability properties of each of the fixed points can
change as p is varied. For instance, a stable node can turn into a stable spiral as p is varied.

The function x*(u) is continuously differentiable with respect to p in B, and it interpolates (a*, u*).

Moreover?,
of (z*, 1)
o

da™(p*)

0 (8)

= _Jfl(w*a /‘L*)
Broadly speaking, the implicit function theorem asserts that if J¢(a*, u*) is invertible (no-zero eigenvalues)
then the graph of each function x*(u1) is a smooth branch of equilibria of (1) (see Figure 2). On the other,
hand if J¢(x*, 1*) is not invertible at some point (x*, 1*) then several branches of equilibria may (or may
not) intersect there. In this case, (x*, u*) is potential bifurcation point.

In Figure 2 we sketch the bifurcation diagrams corresponding to two rather common bifurcations, i.e., a
saddle-node bifurcation and a pitchfork bifurcation in two dimensions. Both these bifurcations are called
zero eigenvalue bifurcations, because they are characterized by a single real eigenvalue of the Jacobian
matrix crossing the imaginary axis as the parameter p is varied.

Hereafter we study two types of local bifurcations of equilibria depending on one real parameter u:

1) Zero-eigenvalue bifurcations: These bifurcations are characterized by a single real eigenvalue
crossing the imaginary axis as p is varied (see Figure 3). Examples of zero-eigenvalue bifurcations:

e Saddle-node bifurcation,

e Transcritical bifurcation,

Supercritical /Subcritical pitchfork bifurcation,

o (...).

4Property (8) follows by differentiating (5) with respect to u and evaluating the derivative at at p = p*. In fact,

This equation can be written as
Ty (o) 0 = O (wafj‘)’ v, ”)

Recalling that ™ (™) = @ and evaluating (7) at p = p* yields (8).
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Figure 3: Zero eigenvalue bifurcations are characterized by a single real eigenvalue crossing the imaginary
axis as the parameter p is varied. Shown is a sketch of the eigenvalues \;(u) of the Jacobain matrix
Jy(x* (1), p) evaluated at the fixed point x*(p). As p is varied the eigenvalues move from the red dots to
the black dots. At p = p* one real eigenvalue crosses the imaginary axis.

2) Hopf bifurcations: These bifurcations are characterized by a pair of complex conjugate eigenval-
ues crossing the imaginary axis as p is varied (see Figure 8). There are two main kinds of Hopf
bifurcations:

e Supercritical Hopf bifurcation,
e Subcritical Hopf bifurcation.

To study bifurcations of equilibria it is convenient to write the parametric dependence in (1) in terms of
an additional ODE as

C% = f(z, 1)

p 9)
o

dt

This is called extended system. By using the normal form theorem and the local center manifold theorem
(see the course note 5) applied to the extended system (9), it is possible two write the local behavior of
the system at any bifurcation point. The normal form of the system at the bifurcation point depends on
the particular bifurcation.

Zero-eigenvalue bifurcations. Zero eigenvalue bifurcations are characterized by a single real eigenvalue
Ai(p) of the Jacobian matrix Jg(x*(u), ) crossing the imaginary axis with non-zero “velocity” dA;/dpu
as the parameter p is varied (see Figure 3). Let us begin our analysis of zero-eigenvalue bifurcations by
considering two-dimensional systems of the form

&1 = fi(xy, 22, 1)

(10)
Ty = fa(1, 22, 1)

In this case, zero-eigenvalue bifurcations have a clear geometric interpretation.
Theorem 3 (Zero-eigenvalue bifurcations in two-dimensional systems). Zero-eigenvalue bifurcations in

two-dimensional systems of the form (10) occur at points where the nullclines of the system are either
tangent to each other, or at points® where one of the gradients V f1 or V fy is zero.

"Note that the gradient of f;(x1,x2) is zero at points in which the zero level set of f; intersect itself, e.g., the point
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Figure 4: Graphical illustration of Theorem 3 for saddle-node and pitchfork bifurcations. The bifurcations
occurs at locations where the nullclines are tangent. This makes the Jacobian matrix of the the vector
field not invertible, i.e., the Jacobian has one zero eigenvalue.

Proof. Let us recall that the nullclines of a two-dimensional system are defined to be the zero level sets of
fi(z1, 22, 1) and fi(21, 22, p), ie.,

fi(x1,22,1) =0 (&1 = 0 nullcline), fa(x1,22,1) =0 (&2 = 0 nullcline). (11)
We also know that the gradients
ofi 0f1 dfz 0fr
g _— = — 12
vfl (axlv 8332) ) va (aiﬁl’ 8(172 ( )

are orthogonal to each level set of fi and fo, respectively. In particular, they are orthogonal to the zero
level sets of f1 and fa. The Jacobian matrix of (10) can be written as

on o
_ Ooxr1 Oxo B Vf1:|
Jr= Ofs  0f2 _[Vﬁ' 13)
dr1  dxy

At this point we notice that if the vector V fi is a scalar multiple of the vector V fs, i.e., if Vf; and V fs
are parallel then the Jacobian (13) Jg is rank one. Therefore det(J¢) = 0, implying that there exists
a zero eigenvalue with algebraic multiplicity one or two. Similarly, if Vf; = 0 or/and Vf; = 0 then
det(Jg) = 0. OJ

In Figure 4 we provide a graphical illustration of Theorem 3 for saddle-node and pitchfork bifurcations.
It is important to emphasize that the tangency condition of the nullclines mentioned in Theorem 3 is not
necessary nor sufficient for a bifurcation to occur. In fact, V f; and V fy can be parallel at some fixed point
and yet not generate any bifurcation.

Ezample: The nonlinear dynamical system

i’l = T1T2 — (IZ% — T
(14)
To = X9 — x% — i
undergoes a saddle-node bifurcation at p* = 1.25, and a transcritical bifurcation at u* = 1. In Figure 5 we
show the phase portraits of (14) as p is varied within the range [0.9, 1.35]. The Jacobian of (14) is

(z1,22) = (0,1) in Figure 5.
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Figure 5: Phase portraits of the system (14) for different pu. For g = 1.25 the system undergoes a saddle
node bifurcation at 4 = (0.5,1.5). Note that for ;1 = 1.25 the nullclines #; = 0 and &2 = 0 are tangent at
x 4. For 1 = 1 the system undergoes a second zero-eigenvalue bifurcation at 7 = (0,1). Such bifurcation
is a transcritical bifurcation where two fixed points “exchange stability”. At both bifurcation points there
is a single real eigenvalue of the Jacobian crossing the imaginary axis with non-zero velocity .

To — 211 — 1 xl} (15)

@) = [ —21y 1
For p* = 5/4 the system undergoes a saddle-node bifurcation at the fixed point

_ @ 2) . (16)

Evaluating the Jacobian (15) at (a%, %) yields
L 111
I =5 |y - (1)

Hence, the two nullclines &1 = 0 and @2 = 0 are tangent at «. Note, in fact, that that the rows of J¢(x7%)
(which represent the gradients of f; and fa2) are linearly dependent. The eigenvalues of (17) are

A== Ay=0. (18)

As seen in Figure 5, as we decrease . we have that the parabola representing the level set 22 = 0 translates
downward, and the fixed point = splits into two (hyperbolic) fixed points. As we keep reducing p, one
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of the two fixed points that came out of the saddle node bifurcation heads towards the fixed point fixed
point *(p) = (0, ). The Jacobian at x*(u) is

st = " (19)

and has eigenvalues
M(p)=p—1  dop) =1. (20)

As seen in Figure 5, at u = pj = 1 the fixed point x*(p) = (0, ) collides with one of the two fixed
point that came out of the saddle-node bifurcation. This yields another zero-eigenvalue bifurcation, i.e., a
transcritical bifurcation. Note that at the transcritical bifurcation point

2= (0,1) pp=1 (21)

the nullcline @1 = 0 intersects itself, and therefore the gradient V f; is zero at &}; = (0, 1), consistently
with Theorem 3. The eigenvalues of J¢(x}) are (A, A2) = (0,1).

Normal form of dynamical systems at zero-eigenvalue bifurcations. The normal form a dynamical
system at zero eigenvalue bifurcations can be computed using the normal form theorem and the local center
manifold theorem applied to the extended system (87) at the bifurcation point. The main steps are:

e Write the extended dynamical system (87) at bifurcation point (x*, u*) via the simple change of
coordinates n = x(t) —x*, r = p — p*.

e Expand the system at the bifurcation point as

n=Jgx", 1 )n+gn,u), (22)

where Jg(x*, u*) is the Jacobian at (x*, u*) and g represents the residual of the Taylor series. The
spectral decomposition of Jg(x*, u*) yields stable (V¢), unstable (V*), and center (V¢) subspaces,
and corresponding phase variables (see the course note 5).

e Compute the local center manifold of the extended system at the bifurcation point, and write the
system in a normal form in the neighborhood of (n,r) = (0,0).

In Appendix A we provide two examples of calculation of normal forms in two-dimensional dynamical
systems using this procedure. Specifically, we study a transcritical and a saddle-node bifurcation. The
examples in Appendix A clearly demonstrate that by using local center manifolds analysis applied to
the normal form of the extended dynamical system at the bifurcation point it is possible to characterize
the zero-eigenvalue bifurcation in terms of a decoupled system that involves the center manifold and the
stable/unstable manifolds. The bifurcation process develops entirely on the center manifold of the extended
system. The dynamics on the stable/unstable manifolds is trivial. In Figure 6 we sketch the flow defined by
the normal form of a two-dimensional dynamical systems that undergoes a saddle-node and supercritical
pitchfork bifurcations.

The results obtained for the two-dimensional systems in Appendix A can be generalized to n-dimensional
dynamical systems. For example, the normal form of a supercritical pitchfork bifurcation in a n-dimensional
system is

é¢=cr—c® (center manifold)
$= Bs (stable subspace) (23)
u=Cu (unstable subspace)
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Figure 6: Normal form of two-dimensional saddle-node and supercritical pitchfork bifurcations. In these
plots we assume that the bifurcation point is characterized by center (c variable) and stable (s variable)
manifolds.

3

where B has eigenvalues with negative real part, and C has eigenvalues with positive real part.

In Figure 7 we provide an example of a thermal-fluid system that undergoes a supercritical pitchfork
bifurcation at the onset of convective instability. The bifurcation diagram is computed numerically, and
the type of bifurcation is identified using Sotomayor’s Theorem 6.

Conditions for existence of saddle-node, transcritical, and pitchfork bifurcations. Is it possi-
ble to identify which type of zero-eigenvalue bifurcation takes place in an n-dimensional system without
computing the normal form? The answer, is yes and the procedure is given in the following theorems due
to Jorge Sotomayor.

Theorem 4 (Sotomayor’s theorem for saddle-node bifurcations). Suppose that the system (1) has a fixed
point (x*, u*) satisfying the following conditions

a) Jg(z*, u*) has a simple eigenvalue 0 with right eigenvector v and left eigenvector® w, and k eigen-

5The left eigenvector of a square matrix A is a row vector such that wA = \w. Taking the transpose, we see that the left
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Figure 7: Onset of convective instability in a square cavity heated from below and cooled from above
(isothermal horizontal walls), and adiabatic sidewalls. This fluid system transitions from a state of no-
motion to a one-roll stable convection pattern via a supercritical pitchfork bifurcation. The bifurcation
parameter is the Rayleigh number Ra = gBL3AT/(va). Here g is gravity, (3 is the isobaric compressibility
of the fluid, L is the side length of the cavity, AT is the temperature difference between the horizontal
walls, nu is the kinematic viscosity and « is the thermal diffusivity of the fluid.

values with negative real part,

n

87{ *’ *
b )

n n

c) Zwi Z

i=1 Lp=1

82fi($*7ﬂ*)

axlaxp ?é 0-

V1Vp

Then there is a smooth curve of equilibrium points of (1) passing through (*,*). Depending on the
signs of the expressions in b) and c¢), there are no equilibrium points of (1) near * when p < p* (or when
> "), and there are two fixed points points of (1) near when p > p* (or when p < p*). The two fixed
points are hyperbolic and have stable manifolds of dimensions k and k + 1 respectively; i.e., the system (1)
experiences a saddle-node bifurcation at the equilibrium point «* as the parameter p passes through the

eigenvector A is a right eigenvector of the matrix transpose AT.
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bifurcation value pu = u*.

Ezxample: Let us apply Theorem 4 to the system

.fl = T2
(24)
fg=mx9— 22 — p
As discussed in Appendix A, the Jacobian of (24) at (z*, u*) = (0,0)
0 1
J(0,0) = {0 1] (25)
has one zero eigenvalue Ay = 0 and one positive eigenvalue Ao = 1. The left and right eigenvectors

corresponding to the zero eigenvalue are, respectively

[ -[3)

Let us now check if conditions b) and c¢) in Theorem 4 are satisfied.

2

Z _0—1_—17é0 (27)
2 82 £:(0,0)

Z Z dnid, ————u, | =—-2#0. (28)

=1 l,p=1
Hence, the system (24) undergoes a saddle node bifurcation at (x*, 1*) = (0,0).
Theorem 5 (Sotomayor’s theorem for transcritical bifurcations). Suppose that the system (1) has a fixed
point (x*, u*) for which the following conditions are satisfied:
a) Jg(x*, u*) has a simple eigenvalue 0 with right eigenvector v and left eigenvector w,

n

0 % *7 * - 0 % ) 82 7 )
b) Zwlf(g“) =0, C)sz [Z J;Laxl:“) ] £0, d) z; lzl gxlax/‘ v, | # 0.

i=1 K i=1 =1

Then the system (1) undergoes a transcritical bifurcation at the equilibrium point &* as the parameter
varies through the bifurcation value p*.

Ezxample: Let us apply Theorem 5 to the system

.fl = I
(29)
B9 = —x9 + pwy — 23
As discussed in Appendix A, the Jacobian of (29) at (z*, u*) = (0,0)
0 1
J#(0,0) = [0 1] (30)
has one zero eigenvalue A\; = 0 and one negative eigenvalue Ao = —1 The left and right eigenvectors

corresponding to A\; = 0 are, respectively
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Let us now check if conditions b), ¢) and d) in Theorem 5 are satisfied.

b S w00, (32)
=1 K
n 2
9%£(0,0
) Yw nggn)vl =140, (33)
i=1 =1
n 2
ani(CL'*, M*) B
d) ; w; lz—l Taxp'l)ﬂ)p =—1 7é 0. (34)

Hence, (29) undergoes a transcritical bifurcation at (x*, u*) = (0,0).

Theorem 6 (Sotomayor’s theorem for pitchfork bifurcations). Suppose that the system (1) has a fixed
point (x*, p*) for which the following conditions are satisfied:

a) Jg(x*, u*) has a simple eigenvalue 0 with right eigenvector v and left eigenvector w.

L Ofiat ) =N ofi@t )
b) ZWT:O, c) sz’ ZWW # 0,
i=1 =1 Li=1
8 fi(x B n "9 fi(a
sz Z 6:161890 Ulvp =0 9 ;wz }gl Gwlﬁxp&rq vlvpvq 70

Then the system (1) undergoes a pitchfork bifurcation at the equilibrium point x* as the parameter pu
varies through the bifurcation value p*.

Theorem 6 was used to identify the pitchfork bifurcation in the high-dimensional nonlinear dynamical
system discussed in Figure 7.

Hopf bifurcation. So far we studied bifurcations of equilibria characterized by a single real eigenvalue
crossing the imaginary axis as a real parameter p is varied. We called such bifurcations zero eigenvalue
bifurcations, and studied their properties using center-manifold theory applied to the extended system (87).
At the beginning of this course note we emphasized that local bifurcations of equilibria can occur at any
non-hyperbolic fixed point (see, e.g., Peixoto’s theorem 1 on the structural stability of two-dimensional
systems). Hence, it is natural to ask what happens to an equilibrium point x(u) if the Jacobian Jg(x* (1), 1)
has a pair of complex conjugate eigenvalues A\ 2(p) crossing the imaginary axis with nonzero velocity
dA12(p)/dp # 0 as p is varied (see Figure 8).

In this case the system undergoes a Hopf bifurcation. Such bifurcation is not characterized by fixed points
merging together or branching out of a fixed point, but rather by a local change of stability that yields
the creation or annihilation of a limit cycle surrounding the fixed point. The normal form theorem gives
us all required information about the structure of the local center manifold in a neighborhood of a Hopf
bifurcation point.

Theorem 7 (Hopf bifurcation (1942)). Suppose that the system (1) has a fixed point (z*, u*) at which
the following properties are satisfied:

a) The Jacobian matrix Jg¢(x*, u*) has a pair of pure imaginary eigenvalues A;2(1*) = Fwi and no
other eigenvalues with zero real part’.

"If condition a) in Theorem 7 is satisfied then there exists a smooth curve &* (1) representing the location of the fixed point
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Figure 8: Hopf bifurcations are characterized by a pair of complex conjugate eigenvalues crossing the imag-
inary axis with non-zero velocity. Shown is a sketch of the eigenvalues of the Jacobain matrix Jg(x* (1), i)
evaluated at the fixed point &*(u). As p is varied the eigenvalues move from the red dots to the black
dots. At u = u* one we have a pair of imaginary eigenvalues and no other eigenvalue with zero real part.

b) The complex conjugate eigenvalues A\ 2(p) cross the imaginary axis with non-zero “velocity”

dRe [A12(1")]

7 =D#0. (35)

Then there exists a unique three-dimensional center manifold passing through (z*, 1*) and a smooth
coordinates system for which the Taylor expansion of degree 3 on the center manifold is given by

R=7rDR+ AR? + O(r*R,rR? R®)
) (36)
¥ =w+rC+ BR? + O(r?,rR?, R*)
where
_ dIm]y ()]
dp
r = p — p* is the transformed bifurcation parameter (r = 0 corresponds to u = u*), (R,?) are polar
coordinates, D is given in (35), and A and B are constants that depend on the system.

C : (37)

The system (36) can be written in local Cartesian coordinates as

é1=rDcy — (w~+7rC)ez + Acy (¢} + c3) — Bea(ed +c3) + - -
(38)
éo = (w+7rC)ey +1Deg + Bey (2 + ¢3) — Aca(c? +c3) + -

(see Appendix B for the derivation).

Existence of limit cycles. The normal form (36) appearing in Hopf’s bifurcation Theorem 7 implies
that for A # 0% there exists a limit cycle surrounding the fixed point located at R = 0. Note that the fixed
point at R = 0 in normal coordinates corresponds to some fixed point x*(u) in Cartesian coordinates.

as a function of u in a neighborhood of p*. The existence of such smooth curve follows immediately from the implicit function
Theorem 2.

8If A = 0 the Taylor expansion in (36) is insufficient to describe the system. This implies that if A = 0 then we need to
add more terms.
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Figure 9: Stable and unstable limit cycles associated with a supercritical and a subcritical Hopf bifurcation
in normal coordinates.

In fact, the analysis of the Hopf bifurcation is performed by setting up a local coordinate system that is
constantly sitting at the fixed point, very much in the same way as in (22).

Setting R = 0 in (36) yields two equilibrium solutions

D
R =0 (fixed point), and R= —% (limit cycle). (39)

The solution to the second equation at R = \/—rD/A is easily obtained as

I(t) = Yo + (w +rC— rBf> t. (40)

Hence, the Hopf bifurcation yields a limit cycle the radius of which is grows like the square root of the
bifurcation parameter » The analysis of the vector field

R=rDR+ AR? (41)
allows us to study the stability of the limit cycle (see Figure 9). Specifically, we see that

e for A > 0 the limit cycle is unstable and it exists for rD < 0,

e for A < 0 the limit cycle is stable and it exists for rD > 0.

Supercritical and subcritical Hopf bifurcations. Depending on the sign of the parameter A in (36),
(38) and (41) we can have two different types of Hopf bifurcations, namely

e a supercritical Hopf bifurcation for A < 0,

e a subcritical Hopf bifurcation for A > 0.
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Figure 10: Supercritical (A < 0) and subcritical (A > 0) Hopf bifurcations on the three dimensional center
manifold mentioned in Theorem 7.
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To understand these two bifurcations it is convenient to set D = 1 (complex conjugate eigenvalues are
crossing the imaginary axis from left to right with velocity one as p increases) and C' = 0 in (36). This
yields the simplified system
R=rR+ AR® + --.
(42)
0=w+BR>+ -

The phase portraits of the system (42) are sketched in Figure 10 for different values of u, and different A.

It is important to emphasize that the direction in which the complex conjugate eigenvalues cross the
imaginary axis during the bifurcation process do not identify the type of Hopf bifurcation. In other words,
it is possible to have a supercritical Hopf bifurcation with complex conjugate eigenvalues crossing the
imaginary axis from left to right or from right to left. Similarly it is possible to have a subcritical Hopf
bifurcation with complex with complex conjugate eigenvalues crossing the imaginary axis from left to right
or from right to left. This symmetry is due to the fact that the radius of the limit defined by (39) depends
on the product rD, where D represents the velocity (with sign) by which the eigenvalues are crossing the
imaginary axis (see Eq. (35)).

Supercritical Hopf bifurcations are usually associated with transitions from steady states/equilibria to
periodic states. In Figure 11 we show one of such transition in a high-dimensional fluid system described
by the Navier-Stokes equations (incompressible fluid flow past a circular cylinder).

Hopf bifurcations in two-dimensional systems. For large systems of equations, computation of the
normal form (36) and the cubic coefficient A, which determines the stability of the limit cycle, can be a
substantial undertaking. However, for two-dimensional systems the calculation of A is not too difficult,
and can be done directly by writing the system at the bifurcation point in a canonical form shown below
(Eq. (49)), and then using center manifold theory. To this end, consider the system (10), and suppose
that there exits a fixed point *(p) with Jacobian that has two complex conjugate eigenvalues crossing the
imaginary axis at p = p* with nonzero velocity. How do we figure out what kind of Hopf bifurcation is
taking place? As we know, this is determined by the value of the parameter A in (36). To determine such
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DNS results for the Navier-Stokes equations

Flow patterns (modulus of the normalized velocity)

Re=20 Re=47 Re=100
20~ 20 20 -
: 1.1 1.2
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15 15 15 p
0.9 - 1
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9 0.2 D 0.2 0 0.2
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Re =10 000 Re = 10 000 000 Steady flow Hopf bifurcation Periodic flow

Supercritical Hopf bifurcation at Re~ 47
(transition from steady-state to periodic motion)

ou

L oo
§+(U-V)u—ﬁv u—Vp

V-u=0

Figure 11: Transition from steady flow to periodic flow (Von-Karman periodic wake wake past a cylinder)
via a supercritical Hopf bifurcation at Re = 47 in a fluid system. In this application, the bifurcation
parameter is the Reynolds number Re = 6U/v of the flow, which depends on the cylinder diameter §, the
upstream fluid velocity U, and the kinematic viscosity of the fluid v.

parameter, let us first write the system

i1 = fi(x1, w2, 1) (13)

Ty = fo(wy, 22, 1)

in a normal form. To this end, we first change the coordinates and rewrite the system at the Hopf
bifurcation point (x*, u*) as

dn
o = @ (W), n)n +g(n, 1), (44)
where

n = X(t,zo) — " (). (45)

The Jacobian matrix Jg(x*(1*), 1) has a pair of imaginary eigenvalues of the form
A2 = *wi, (46)

where w is a real number (positive or negative). By computing the real Jordan form? of J¢(z*(u*), u*) and
the corresponding similarity transformation P defined by the real and imaginary parts of one eigenvector
(see Appendix A in the course note 5) we can change the variables as

-1
q=P 'n. (48)
9The real Jordan form of a 2 x 2 matrix J with complex conjugate eigenvalues \; » = Fiw is
0 Zfw
K = [:Fw 0 ] . (47)

The similarity transformation P that takes the matrix J into the skew symmetric matrix K = PJP ™! has the real and the
imaginary parts of one eigenvector of J as columns.
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Figure 12: Phase portraits of the system (51) for different . The system undergoes a supercritical Hopf
bifurcation at * = (1,2) for u* = 2.

and transform the dynamical system (44) into the standard form

d
% =wq + Hi(q1,¢2)
(49)

dqo
g+ H
7 wqr + Ha(q1,q2)

where w can be positive or negative. The coefficient A appearing in (36) can be now expressed in terms of
Hi, Hy and w by the formula!®
FER [83H1 PH, | 0°H, 83H2] .
16 | Jq} 01095 0¢?0qs g3
1 [ 0°H, (9*°H, 0*H, O*Hy (0°Hy  9%H,
16w [quaqz < oq? oq3 )  9q10qy < oq? dq3 > a

0*H,0*Hy  0°Hy 0°Ho (50)
Oq; Oqi g5 gy |
where all derivatives of Hi(q1,q2) and Ha(q1,q2) are evaluated at (0,0).
Example: The nonlinear dynamical system
i1 =1—(u+ Dy + 23z
(51)

3 2
Ty = HUT1 — T1T2

undergoes a supercritical Hopf bifurcation at * = (1,2) for p* = 2. To show this, let us first notice that
the system has only one fixed point located at

@ (p) = (1, ), (52)
(see Figure 12). The Jacobian of (51) is
o —(N + 1) + 22129 x%
Iyl = | TV R, (53)

The proof of (50) is given in the book by Guckenheimer and Holmes, “Nonlinear oscillations, dynamical systems and
bifurcations of vector fields” at page 154.
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Evaluating (53) at the fixed point (52) yields

i 11
Jp(@™ (1), 1) = [ : 4 } : (54)
The eigenvalues of J¢(x*(p), 1) are

(k=2)+(p—2)>—1
5 .

Ara(p) = (55)
Clearly, at u* = 2 the complex conjugate eigenvalues (55) cross the imaginary axis (from left to right as u
increases) with nonzero velocity

dRe(A 1
D— e(dl,z(u)) -1 (56)
H =
Therefore there is Hopf bifurcation at «*(u*) = (1,2), u* = 2. Which one? Subcritical or supercritical?
To answer this question, we rewrite the system (51) at the fixed point (52). This is achieved by shifting

the phase variables as
n(t) = x(t) — " (p), (57)
ie.,
m=x1—1 m=x2—p, (58)
and expanding the system in the new variables at (1, ) via Taylor theorem. A substitution of (58) into
(51) yields
= (= 1)m + 02+ ninz + 2mip + g

(59)
. 2 2
T2 = =1 = T2 = 1M172 — 272 — Py
At the bifurcation p* = 2 point we have
=+ 12+ in2 + 2ma + 27
(60)
il = =2 — N2 — NNz — 2mng — 207
This system can be written in the form (45), i.e.,
n=Jg(@ (1), 1 )n+gn,p), (61)
where
Jpa ("), mn) =1 5 (62)
is the Jacobian (54) evaluated at p* = 2, and
gr(n, 1*) = nima + 2mne + 200, ga(m, p*) = —nin2 — 2mng — 2077 (63)

The real Jordan form of (62) is

I A A A (61

P g (@*(pn*),n*) p-t

The matrix P has the real and the imaginary part of one eigenvector of Jg¢(x*(1*), 1*) as columns, and it
defines a transformation between n and new set of variables q as (see equation (48)

q=P ', (65)
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i.e.,
m=q, N2 = —q1 — . (66)

Such a transformation allows us to write the system (61) in the form (49) as

d
% = —q2 + Hi(q1,¢2)
(67)
9 gt H (91, 42)
ar 1 2(q1, 92
where
Hi(q1,02) = —ai —diaz — 2q1q2,  Ho(q1,42) = ¢f + aiae + 20192 = —Hi(q1, @2)- (68)
At this point we can evaluate the coefficient (50). The only nonzero terms are
1 83H1+ OHy | 1[ 641 = 5 (69)
16 | 9¢}  0qlog2| 16 16

Hence, the fixed point (52) undergoes a supercritical Hopf bifurcation at p* = 2. This implies that there
exist a stable limit cycle surrounding the fixed point «*(p) = (1, u) for p > 2.

Bifurcations depending on multiple parameters. There are many other bifurcations of equilibria that
can take place in dynamical systems. Some of these bifurcations are characterized by multiple parameters.
For instance,

e Bogdanov-Takens bifurcation. The Bogdanov-Takens bifurcation is a local bifurcation of an
equilibrium point at which the Jacobian of the system has a zero eigenvalue of algebraic multiplic-
ity two (see the book of Gukenheimer and Holmes, Section 7.3). The bifurcation depends on two
parameters. For nearby parameter values, the system has two equilibria (a saddle and a nonsaddle)
which collide and disappear via a saddle-node bifurcation. The nonsaddle equilibrium undergoes an
Andronov-Hopf bifurcation generating a limit cycle. This cycle degenerates into an orbit homoclinic
to the saddle and disappears via a saddle homoclinic bifurcation.

e Saddle-node Hopf bifurcation. The saddle-node Hopf bifurcation is a bifurcation of an equilib-
rium point in a two-parameter family of autonomous ODEs at which the Jacobian of the system has
a zero eigenvalue and a pair of purely imaginary eigenvalues. This bifurcation is described in the
book of Gukenheimer and Holmes, Section 7.4.

Appendix A: Calculation of the normal form of zero-eigenvalue bifurcations in 2D

In this Appendix we provide a detailed calculation of the normal form of two zero-eigenvalue bifurcations
(transcritical and saddle node) arising in two-dimensional dynamical systems. In particular, The procedure
can is general and it can be applied to other zero eigenvalue bifurcations.

Transcritical bifurcation. Consider the two-dimensional system

l"l = X9
(70)
g = —xy 4 pay — o7

In Figure 13 we plot phase portraits of the system (70) for different p. The system has two fixed points
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Figure 13: Phase portraits of the system (70) for different . Note that the system seems to have a spiral
before and after the bifurcation, but actually when p approaches zero such spiral becomes a stable node
as predicted by the normal form in Figure 15. Note also that since the bifurcation is local we have that
index is preserved before and after the bifurcation. In other word, the index of the non-hyperbolic fixed
point at (z1,x2, ) = (0,0,0) is zero (saddle node + attractor).

located at
2= (0,00 and @} = (,0). (71)

The Jacobian of the system evaluated at x4 = (0,0) is

sptasm=°, ] 1)

and it has eigenvalues (see Figure 14)

—1+1-14
Map) = ——5—F. (73)
For p* = 0 the two fixed point are both located at (0,0) and the system has eigenvalues
M) =-1, X)) =0 (74)

Hence for p* = 0 the fixed point (0, 0) is non-hyperbolic. The eigenvectors of J¢ corresponding to Ay (")

and \o(u*) are
w=[t] w=[] -

To study the normal form of the system at the fixed point (0,0), we include p as phase variable, i.e., we
consider the extended system

il = X9
To = —To + pxr1 — m% (76)
ji=0
The Jacobian at (x1,z2, 1) = (0,0,0) is
0 1 0
J(0,0,0)= {0 —1 0 (77)
0 0 0
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Figure 14: Eigenvalues of the Jacobian matrix (72) as a function of u.

and it has eigenvalues
A1 =0 (multiplicity 2), Ao = —1 (multiplicity 1). (78)

Therefore the system has a two-dimensional center subspace V¢, and a one-dimensional stable subspace
V¢ spanned by the eigenvectors

1 0 1
V¢=span< |0]|, |0] ;, V% =span{ |[—1 (79)
0 1 0

We choose the similarity matrix P that transforms J¢(0,0,0) to a diagonal form as

1 1 0
P=1|0 -1 0f. (80)
0 0 1
In this way we have
0 0 O
J;(0,0,0) = PAP™'  where A=[0 -1 0 (81)
0 0 O
That matrix factorization (81) defines the change of variables!!
c 1 1 O0f |z T+ x2 T 1 1 0| |c c+ s
s| =10 =1 0f (zaf = | —ao & ol = |0 =1 0] |s| = | —s (84)
r 0 0 1| |u W W 0 0 1§ |r r
| —
p-t! P
1Recall that we can always write a nonlinear dynamical system & = f(x) at a fixed point * as
n=Jg(x")n +g(n)
=PAP 'n+g(n). (82)
Defining ¢ = P~ '7 and substituting it in the equation above yields
d=Aq+ P 'g(Pg). (83)
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This allows us to transform the system (70) in coordinates (c, s, r) as
¢ =iy +dy = xp — 2y + pry — 2t = r(c+s) — (c+5)%, (85)
§=—idg=mx9— px1 + 27 = -5 —r(c+s)+ (c+s)? (86)
ie.,
¢=r(c+s)—(c+s)?
§=—s—r(c+s)+(c+s)? (87)
F=0

Now we calculate the center manifold of the system (87). Such manifold must be: 1) pass through the
point (¢, s,7) = (0,0,0), be tangent to V¢ at (¢,s,r7) = (0,0,0), be invariant under (87), 2) The vectors
defining the center subspace V¢ in the new coordinate system (c, s,r) are (see V¢ in equation (79))

1 1 o]t 1 1 1 o]0 0
0 —1 of [o] = o], 0 —1 0| |o| =0 (88)
0 0 1] [0 0 0 0 1|1 1

P-1 P-1

The local center manifold can be represented by the two-dimensional polynomial
s = h(e,r) = ag + arc + aor + azc® + ager + asr’ + - - - . (89)

By definition, the center manifold passes through the fixed point (¢, s,7) = (0,0,0) and is tangent to

1 0
V¢ =spanq [0], |0 (90)
0 1

at (¢,s,r) = (0,0,0). Imposing these two conditions yields
h(0,00=0 = ag=0, Vh(0,0)=(0,0) = a;=0, ay=0. (91)
Hence we are left with the expression
s =h(c,r) = azc® + ager + asr® 4 -+ (92)

The coefficients {as,aq,...,} can be determined by imposing that the center manifold is an invariant
manifold, i.e.,

. Oh(c,r), Oh. Oh., Oh_  Oh,
T o Tal T BCC+<9TO_ ac” (93)
Substituting the equations of motion (87) into (93) yields
—s —7r(c+5)+ (c+ s)* = (2azc + ayr) (r(c+s)—(c+ 8)2) : (94)

Now we replace s with the power series expansion (92) and we match the coefficients multiplying the same
powers of ¢ and r. This yields (after some algebra)

asz = 1, a4 — —1, a5 — 0. (95)
Therefore the local center manifold (92) can be written as

s=h(c,r)=c*—rc+--- (96)
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Figure 15: Sketch of the 2D transcritical bifurcation process described by the normal form (98).

Substituting this result back into (87) and assuming that ¢, s and r are very small yields the system

é=r(c+c®—rc)—(c+c?—re)? ~rc—c?

s§=—-s—r(c+s)+(ct+s)?~—s (97)
7 =0
Hence, in a neighborhood of the the fixed point (¢, s,r) = (0,0,0), the system (87) can be written as

¢ =rc—c?

(98)
5= —5
This is the normal form of a transcritical bifurcation in two dimensions. The phase portraits of (98) for

different r are sketched in Figure 15.

Saddle-node bifurcation. Consider the two dimensional system
T1 = X9
To = T — ac% — U
For ;1 < 0 the system has two fixed points located at
25 = (V=7 0). (100)

Clearly, for © = 0 these two points coincide and they both disappear for p > 0 (see Figure 16). So, it
seems that the system is undergoes a saddle-node bifurcation. Let us verify analytically that this is indeed
the case. The Jacobian of the system evaluated at the fixed point (z7, 25, u*) = (0,0,0) is

01
and it has eigenvalues (see Figure 14)
A1 =0, A2 = 1. (102)

the corresponding eigenvectors are

v = H L w— m . (103)
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Figure 16: Phase portraits of the system (99) for different . Note that the system seems to have a spiral
before and after the bifurcation, but actually when p approaches zero such spiral becomes a stable node
as predicted by the normal form (123). Note also that since the bifurcation is local the indez is preserved
before and after bifurcation. Therefore, the index of the non-hyperbolic fixed point at (z7, x5, u*) = (0,0,0)
is zero (saddle node + repellor).

To compute the normal form of the system at the bifurcation point (Jacobian non-invertible) we consider
the extended system

.flz.%'g
iy =x9 — 23 — (104)
=20

The Jacobian of the extended system (104) at (z1,z2, ) = (0,0,0) is

01 0
J£(0,0,0) |10 1 -1 (105)
00 O
and has eigenvalues
A1 =0 (multiplicity 2), Ao =1 (multiplicity 1). (106)

In this case the eigenvalue A\; = 0 has geometric multiplicity one and therefore the center subspace V¢ is
spanned by

1 0
V¢=spanq [0| (eigenvector), |[1| (generalized eigenvector) p . (107)
0 1

The unstable subspace V* is spanned by the eigenvector

V% =spanq [1] p. (108)
0
We consider the similarity transformation
110
P=1]0 11 (109)
0 0 1
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P transform J¢(0,0,0) into the Jordan form

K=

o O O

0 1
10 via  J#(0,0,0) = PKP . (110)
00

The transformation P also defines the coordinate change

c 1 -1 1 T T1— T2+ 1 T 1 1 0 c c+u

ul =10 1 =1 |z = To — JU & zo| =10 1 1| |u| = |u+r|. (111)

r 0 0 1 L L W 0 0 1] |r r

pP-1 P
The center subspace and the unstable subspace can be written in coordinates (c,u,r) as'?
1 0 0
Vé=span¢ |0],|0]| ;, V% =gpanq |1] 5. (113)

0 1 0

Similarly, the system (99) can be written in coordinates (¢, u,r) using the mapping (111) as
b=k —dotfi=x0— 2o+t tpu=a+pu=(ctu)?+r, (114)
U=do—fi=a0— 25 —p=(utr)—(c+u)?—r=u—(c+u) (115)
This yields the following extended system in coordinates (c,u, r)
é=(c+u)’+r
i =u— (c+u)? (116)
=0

This system is completely equivalent to (104). Next, we calculate the center manifold v = h(c,r) at
(c,u,7) = (0,0,0). As before, such center manifold must pass through (c,u,r) = (0,0,0), be tangent to
V¢in (113), and be invariant under (116). This immediately implies that the polynomial expansion of the
local center manifold is

w=h(c,r) = a1c® + ager +azr® + - - - . (117)

By imposing that the center manifold is invariant manifold we obtain

. Oh. Oh. Oh,
U= %c—f— o = Bt (118)
=0

Substituting (116) and (117) into (118) yields

u— (¢c+hc,r)? = (2a1c+agr +---) ((c+ h(c, )% + r), (119)
2Note that
1 -1 1 1 1 1 -1 1 0 0 1 -1 1 1 0
0o 1 —=1]10f=10], 0o 1 -1 11 =10{, 0o 1 -1 1| =1(1]. (112)
0 0 1 0 0 0 O 1 1 1 0 0 1 0 0
—_— —_— —
p-1 eve p-1 ev p-1 ev
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i.e.,

(a1¢® + ager + agr® + -+ ) — [e+ (alc2+agcr+a3r2+--')]2 =

(2a1c+ agr+--+) [(c—i— (a1c2 + ager + asr? + ))2 +7“} . (120)

By matching the coefficients multiplying the same powers in the previous equation we obtain (after quite
a bit of algebra)
a] = 1, ag = 2, az = 2. (121)

Hence, the local center manifold is
u=hlc,r)=c+2rc+2r  + ... (122)
Substituting this manifold into (116) and assuming that ¢, u and r are very small yields

c=c+r
(123)

U=1u

which is the normal form of a saddle node bifurcation in two dimensions.

Appendix B: Hopf bifurcation in Cartesian coordinates

Any trajectory (ci(t),ct)) in a Cartesian plane (ci,c2). can be equivalently expressed in polar coordinates
(R(t),9(t)) and vice versa via the well-known transformation

c1(t) = R(t) cos(V(t)) R2(t) = ci(t) + 3(t)
& es(t) (124)
co(t) = R(t) sin(V(t)) tan(¥(t)) = o (0)

Differentiate these formulas with respect to time

¢ = Reos(¥) — Rsin(¥)d = %cl — o0

) (125)
) . R )
¢o = Rsin(d¥) + Rcos(0)d = R + v
and substitute the expressions for R and ¥ appearing in (36) to obtain
DR+ AR?
¢ = Lcl —¢3(w+ CH 4 BR?) = (rD + AR%)¢; — co(w + rC + BR?),
" ) (126)
D AR
Cg = %02 +c1(w+7rC + BR?) = (rD + AR*)c2 + ¢1(w + rC + BR?).
Recalling that R? = ¢} + ¢} these expression can be written as
¢ = [rD+ A(cf +c3)] c1 —ea [w+7C + B(c} +c3)]
(127)

Co = [T‘D + A(c% + c%)} o+ [w +rC + B(cf + c%)] ,
which coincide with (38).
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Lorenz equations

In 1963 Ed Lorenz published a paper titled “Deterministic non-periodic flows” in the Journal of Atmo-
spheric Sciences in which he studied an idealization of a hydrodynamical system represented by a fluid
layer between two free surfaces. The system is sketched in Figure 1.

FREE SURFACE

/ (coLp)

H FLUID LAYER

_ _ > __
0 X
k FREE SURFACE
(HoT)

Figure 1: Fluid layer between two free surfaces. The “free surface” boundary conditions are defined by
setting vertical component of the fluid velocity v, equal zero at z = 0 and z = H (Dirichlet boundary
conditions), and the derivative of the horizontal component with respect to the vertical axis dv,/Jz equal
to zero at z = 0 and z = H (Neumann boundary conditions). The free surfaces are kept at constant
temperature Tt (bottom surface) and Teolq < Thot (top surface).

The equations of motion for this system are'

ot oz ox oz 0z a’
0 ovon 0w
ot " 0z0x dwo: H Oz

where ¥(z, z,t) is the streamfunction that defines the fluid velocity components as

oY (z, z,t)
9z

_0¥(z, 2, 1)

ox (2)

vg(x, 2,t) = vy(z, 2,t) =
0(z, z,t) represents the deviation of the temperature distribution in the fluid layer from the pure thermal
conduction state, i.e.,

0(z, 2,t) = Tz, 2,t) — (A;z> , (3)

AT = Tiot — Teolq is the temperature difference between the isothermal horizonal fluid layers at z = 0 (hot)
and z = H (cold), H is the depth of the fluid layer, and g, 3, v and k are, respectively, the acceleration of
gravity, the isobaric compressibility, the kinematic viscosity, and the thermal diffusivity of the fluid. When
studying natural convection problems it is convenient to define the following dimensionless number

B gBH3AT

VK

Ra (Rayleigh number) (4)

which represents the relative importance between the effects of the buoyancy forces due to temperature
differences, and the effects of the viscosity forces.

The model equations (1) are called Oberbeck-Boussinesq approximation of the natural convection problem. The first
equation in (1) is the Navier-Stokes equation written in a 2D streamfunction-vorticity formulation. The second equation is
the Fourier equation governing the the propagation of temperature within the fluid layer due to diffusion and transport by
the fluid velocity.
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Figure 2: One-roll convection patterns arising in the infinite fluid layer system sketched in Figure 1. The
convection patter is generated for Rayleigh numbers Ra slightly above the critical one Ra. = 657.5 (onset
of convective instability).

Intuitively, when the buoyancy forces exceed some threshold depending on thermal diffusivity and viscosity
the fluid then the system transitions from a state of pure thermal conduction to natural convection,
with an infinite number of one-roll patterns as shown in Figure 2. The critical Rayleigh number that
characterizes the transition point between thermal condition and natural convection is called onset of
convective instability. For the system sketched in Figure 1 the critical Rayleigh number can be computed

analytically as

277
Ra, = 4” = 657.5. (5)

For Ra < Ra. the fluid does not move, while for Ra slightly above Ra. we have an infinite number of one-roll
convection patterns (see Figure 2). The system transitions from the no-flow state to the one-roll convection
pattern state via a supercritical pitchfork bifurcation. By expanding # and ¥ in (1) in a double Fourier series
as and projecting onto the Fourier basis it is possible to transform (1) into a finite-dimensional nonlinear
system of differential equations for the time-dependent functions (Fourier coefficients) representing the
coefficients of the expansion.

In certain cases, all except three Fourier coefficients eventually tend to zero, and those three modes undergo
irregular non-periodic fluctuations. Lorenz observed that the same solutions would have been obtained if
the Fourier series had at the start been truncated to include a total number of three terms. Accordingly,
he looked for time-dependent solutions of (1) in the form

U(z,2,t) =3rX () sin <\/7§er> sin (%z) , (6)
Oz, 2, 1) —A:]f“c [\@Y(t) cos < \/ng> sin (72) — () sin (Zzﬂ , (7)

a

where X (), Y (t) and Z(t) are the Fourier coefficients (functions of time alone). By substituting (6)-(7)
into (1) and omitting trigonometric terms other that those occurring in (6)-(7) we obtain

X=-0X+0Y
Y=rX-Y-XZ (Lorenz system) (8)
Z=XY -bZ

In ODE system above, the time derivative is with respect to the dimensionless time
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and the parameters r, o and b are defined as

r= fta (relative Rayleigh number)
Ra.
o="Y (Prandtl number) (10)
K
8
b= -
3

The system of equations (6)-(8) represents a simplified solution to the natural convection equations (1).
In fact, with X (¢), Y(¢) and Z(t) available from (8) we can then reconstruct the velocity and temperature
fields within the fluid layer by using (6) and(7).

Properties of the Lorenz system. The Lorenz system is a three-dimensional nonlinear dynamical
system with quadratic polynomial non-linearities. Additionally, it possesses the following fundamental
properties.

e Symmetry. The transformation (X,Y) — (=X, —Y) leaves the system (8) invariant. This implies
that the phase portrait is symmetric with respect to the Z-axis. As a consequence, trajectories with
initial condition on Z-axis stay on the Z-axis for all times. This can be also seen by noting that the
initial condition (0,0, Zp) yields a trajectory described by the system X=0,Y=0,2Z=-bZ.

e Volume contraction. The volume of any compact region D(t) C R? advected by the flow of any
three dimensional system evolves in time as (see Theorem 2 in Appendix A)

/ v (11)

The divergence of vector field at the right hand side of the Lorenz system (8) is
8f 1 ok fy  Ofs

VeF= oy "oz
0 0
8X( 0X +0Y) 4 5o (rX —Y = XZ) 4 (XY ~b2)
=—(o+b+1). (12)

Recalling that ¢ and b are positive numbers we see that V - f < 0 at each point in phase space. By
substituting (12) into (11) we obtain

w——a r=—(o
- = +b+1)/D(t)1d (0 +b+ 1)V (1), (13)

' V(t) = V(0)e—(o+r+ DL, (14)

Hence, the volume of any compact region advected by the flow generated by (8) shrinks to zero
exponentially fast in time, independently of where we pick the region, or its initial shape.
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Figure 3: Trajectories of the Lorenz system do not escape the ellipsoid (15) if @ is chosen large enough.

e Trajectories are bounded. Consider the ellipsoid
B(Q) ={(z,y,2) e R?:rz® + oy* + o(z — 2r)* = Q}, (15)

where @ is a positive number representing how big the ellipsoid is?. The outward normal to the
surface of the ellipsoid is (see Figure 3)

n = (2rz,20y,20(z — 2r)) (18)
and it coincides with the components of the gradient of
F(z,y,2)=rz® + 0y’ +0(z —2r) — Q (19)

evaluated at the zero level set of F'. The tangent vector to an arbitrary trajectory intersecting the
surface of the ellipsoid (15) at a point (ze,Ye,2e) € E(Q) is given by the right hand side of (8)
evaluated at (e, Ve, 2¢), i.€.,

t= (_O'xe + OYe, TLe — Ye — LeZe, Tele — bze) . (20)

Taking the dot product between the outward normal vector (18) and the vector tangent to a trajectory
passing through an arbitrary point on the ellipsoid (15) yields

n -t =2rr.(—0xc + 0Ye) + 20Ye (e — Yo — Teze) + 20(2e — 21)(Teye — bze)
=—20 (r:vg + 92 +b(ze — 1) — br2) . (21)

Clearly, if
m‘g + yg +b(ze — 1) > br?, (22)

*Note that the ellipsoid (15) is centered at (x,y, z) = (0,0,2r) and it can be written as

z? > (z —2r)?

Qr QT Al

=1. (16)

In this form we see that the semi-axes are

0,1:\/§7 a2=\/§, a3:\/§. (17)
T (2 [
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Figure 4: Fixed points of the Lorenz system for r» > 1.

then n -t < 0, i.e., the vector tangent to the trajectory intersecting the surface of the ellipsoid points
inward. Of course, if @ in (15) is sufficiently large, then all points on the surface of the ellipsoid
E(Q) will satisfy condition (22). This proves that the ellipsoid itself will serve as the boundary for
the trajectories corresponding to any initial condition on its surface or inside it.

Stability analysis of fixed points. The nullclines of (8) are

X=Y

Y=rX-XZ (23)
XY

4 =—
b

Substituting last equation into the second and taking the first into account yields

X3 X? X*=0
X—7rX4+—=0 = X(l—r—i—)—O = (24)
b b X* = +/b(r — 1)

By Substituting this back into (23) we obtain the following three fixed points:
(0,0,0) for all r (25)

and

Cct = (i\/b(r 1), /b0 — 1), — 1) for r > 1. (26)

These fixed points shown in Figure 4 for » > 1. The stability of the fixed points is determined by the
eigenvalues of the Jacobian matrix

—0 o 0
Je( XY, Z)=|r—-2Z -1 =X (27)
Y X b

evaluated at (X*,Y*, Z*) = (0,0,0) and (X*,Y*, Z*) = C*.
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Figure 5: Stability analysis of the origin. Shown are eigenvalues of the Jacobian matrix (28) as a function

of r for b = 8/3 and o = 10. The origin undergoes a zero-eigenvalue bifurcation (supercritical pitchfork)
for r = 1.

e Stability analysis of the origin. Evaluating the Jacobian (27) at (X*, Y™, Z*) = (0,0,0) yields

-0 0o 0
J¢(0,0,0)=|r -1 0 (28)
0 0 -b

The eigenvalues are the roots of the third-order characteristic polynomial
p(A) =det (Jg—AI)=—=(b+N)[(c+ N1+ A) —r0], (29)

ie.,

—(c+1) £/ (c+1)2—4do(1—7)
2 Y
It is easy to show that all eigenvalues are real® for each r (see Figure 5).

A2 = A3 = —b. (30)

Specifically,

a) For r < 1 we have that A\j 23 < 0, i.e., the origin is a stable node. Such stable node is globally
attracting, i.e., it attracts all trajectories disregarding where the initial condition is.

b) For r =1 we have that Ay 3 < 0, and A\; =0, i.e., the origin is a non-hyperbolic fixed point. For
r = 1 the Jacobian (28) has one zero eigenvalue, i.e., the system undergoes a zero-eigenvalue
bifurcation. Using Sotomayor’s Theorem 6 in course note 9, it can be shown that such bifurcation
is a supercritical pitchfork bifurcation representing the onset of convective instability of the fluid
layer (note that for r = 1 we have Ra = Ra, in (10)). Such bifurcation generates three fixed
point for 7 > 1, i.e., the origin (which becomes a 3D saddle node) and two stable nodes C'*.

c) For r > 1 we have that Ay 3 < 0, and A\; > 0, i.e., the origin is a three-dimensional saddle node
with two stable manifolds and one unstable manifold. The eigenvectors corresponding to Ay < 0
and Ay > 0 lie in the (X,Y)-plane, while the eigenvector corresponding to A3 = —b < 0 lies on
the Z-axis.

3Note that the smallest value of the quantity within the square root in A1 2 defined in (30) is positive. In fact, such value
is achieved for r = 0 and can be written as
(c+1)° —40=(c—1)>>0. (31)
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Eigenvalues at C*
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Figure 6: Stability analysis of C*. Shown are eigenvalues of the Jacobian matrix (32) as a function of r
for b =8/3 and ¢ = 10. The fixed points C* undergo a subcritical Hopf bifurcation for r = 24.74.

e Stability analysis of C*. Evaluating the Jacobian (27) at (X*,Y*, Z*) = C¥ yields

—0 o 0
—1 F/b(r —1) (32)

1
+/0(r—1) +/b(r—1) —b

The eigenvalues of J f(Ci) are roots of the characteristic polynomial

Jj (CF) =

p(A) =det (Jg—AI)=—(c+N)[(1+XN)(b+X)+b(r—1)]+0[(b+ ) —b(r—1)], (33)

ie.,

N+ (0 +b+ DA+ (1 +0)bA + 2bo(r — 1) = 0. (34)

In Figure 6 we plot the eigenvalues of (32), i.e., the roots of (34), as a function of r. We see that
a) For 1 < r < 1.35 the fixed points C* are stable nodes.

b) For 1.35 < r < 24.74 the fixed points C* are still stable but there exist two complex conjugate
eigenvalues with negative real part. The real Jordan form of (32) allow us to identify a plane on
which the local dynamics around C¥ is equivalent to a stable spiral (see Figure 7 in the course
note 4).

c¢) For r = 24.74 both fixed points C* undergo a subcritical Hopf bifurcation. To identify the value
of r at which such Hopf bifurcation occurs we set A = wi in (34), i.e.,

—iw — (0 + b+ 1D)w? +i(r + o)bw + 2bo(r — 1) = 0. (35)

In other words, we look for the value of r that yields an imaginary eigenvalue. Setting the real
and the imaginary parts of the complex number at the left hand side of (35) equal to zero yields,

respectively,
2bo(r — 1)
2 = —-—— 2 pr—
W= — T w” = (r+o)b. (36)

By substituting w? from one equation into the other we obtain

c+b+3

O bty
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Figure 7: Homoclinic butterfly for » = 13.92655741, ¢ = 10 and b = 8/3. For r > 13.92655741 a
complicated set is created at the origin of the system via a process called “homoclinic explosion”. This
process is described, e.g., in the book “The Lorenz Equations: Bifurcations, Chaos,and Strange Attractors”,
by Colin Sparrow (Springer 1984). The set arising form the homoclinic explosion can yield transient chaos
(see Figure 8).

This is the critical value of the relative Rayleigh number r at which the subcritical Hopf bifur-
cation occurs. For 0 = 10 and b = 8/3 (37) yields rg = 24.74 (see Figure 6).

d) For r > 24.74 the fixed points C* are unstable spirals in 3D, with a stable manifold of dimension
1 (we have a one-dimensional eigenspace corresponding to a negative eigenvalue).

Summary of the bifurcation analysis of equilibria. Let us provide a brief summary of our findings
related to the stability analysis of the fixed points as a function of the relative Rayleigh number r.

For r < 1 there is only one fixed point at the origin (stable node) and it is globally attracting.

For r = 1 the origin is non-hyperbolic (but still a stable node). The origin undergoes a supercritical
pitchfork bifurcation, which yields two new fixed points C*.

For 1 < r < ry the origin is unstable (3D saddle node with a one-dimensional unstable manifold)
while C* turn from stable nodes to 3D stable spirals. Such transition happens at r = 1.35 for o = 10
and b = 8/3. As r approaches ry from the left, two unstable limit cycles approach the stable spirals
at C*.

For 7 = rp both fixed points C* undergo a subcritical Hopf bifurcation in which the unstable cycles
mentioned above are created and exist for » < ry. As we reduce r below ry, the two unstable
cycles become bigger and bigger and they eventually end up touching each other at the origin for
r* = 13.92655741, creating the so-called homoclinc butterfly shown in Figure 7. For r > r* a
complicated set is created at the origin via a bifurcation process called “homoclinic explosion”. This
process is described, e.g., in the book “The Lorenz FEquations: Bifurcations, Chaos, and Strange
Attractors”, by Colin Sparrow (Springer 1984). The set arising form the homoclinic explosion can

yield transient chaotic trajectories, as shown in Figure 8.

For r > ry the fixed points C* are both three-dimensional unstable spirals. Both spirals have a
one-dimensional stable manifold.

Hence, for r > rp there are no stable fixed points as both the origin and C* are unstable. However, we
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Figure 8: Transient chaos for » = 20, 0 = 10 and b = 8/3. Note that for ¢ > 75 the trajectory is spiraling
towards C" and will eventually get there in an infinite time.

have seen that volumes in the phase space shrinks to zero asymptotically fast in time. Moreover, there
exists an ellipsoid that behaves like a trapping region (positively invariant set).

The natural question at this point is: is what is attracting the trajectories entering the ellipsoid for r > 77
Of course it cannot be any of the fixed points since they are all unstable. How about a stable isolated limit
cycle living within the ellipsoid?

Ruling out stable limit cycles. Lorenz came up with an ingenious heuristic approach to rule out the
existence of stable limit cycles within the ellipsoidal trapping region for » > ry. To this end, let us set
o =10 and b = 8/3. This set of parameters yields g = 24.74. We choose r = 28, which is greater than 7
so that no stable fixed points exist, and plot one trajectory of the system corresponding to and arbitrary
initial condition for sufficiently long time. With such trajectory available we can identify the relative
maxima of the phase variable Z(t) (see Figure 9) Let us call such sequence of relative maxima

{21,22,23,...}. (38)

Next, look for a map f that takes in one relative maximum and it returns the next one, i.e.,

Zny1 = [(zn). (39)

The map f is called Lorenz’s map and it is plotted in Figure 10 using simulation data shown in Figure 9.

Period-1 orbits: A period-1 orbit, i.e. a state in which the previous relative maximum is mapped
to itself, is identified by the condition

zt = f(z"), (40)

i.e., it is a fixed point of the Lorenz map (see Figure 10). Of course if such fixed point is stable then
Z(t) should eventually hit the basin of attraction of such point and settle to a period-1 orbit. To
study stability of z* we investigate the dynamics of a small perturbation 7y via the iteration

2t g = f(2"+ ) = (&) + (). (41)
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Figure 9: Trajectory of the Lorenz system (8) for » = 28, ¢ = 10 and b = 8/3. Shown is the phase variable
Z(t) and its maxima z,. A necessary condition for the system to settle on a stable periodic orbit is that
Z(t) repeats itself after some finite period of time.
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Figure 10: Lorenz’s map for r = 28, 0 = 10 and b = 8/3. Note that blue points are not exactly sitting on
a line but rather on an very thin set.

Recalling (40), we see that the perturbation 7, satisfies
I (42)
Taking the absolute value and iterating back to the initial perturbation yields
st] = £ G 1l =[£G Il = =[£G ol - (43)
This equation shows that |7,+1] — 0 as n goes to infinity if and only if
|f'(z9)] < 1. (44)
However, the numerical results shown in Figure 10, suggest that the Lorenz map satisfies instead
() >1  forall z. (45)

Hence, period-1 orbits are unstable.
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Figure 11: (a)Lorenz’s attractor for » = 28, ¢ = 10 and b = 8/3. Shown is one orbit converging to
the attractor as t increases. (b) Sensitivity to initial conditions. Integration of the Lorenz system with
parameters r = 28, 0 = 10 and b = 8/3 is restarted at ¢ = 20 with an initial condition taken from the
non-restarted simulation and rounded to three decimal digits.

Period-2 orbits: By following a similar argument it is possible to rule out stability of period-2
orbits. Such orbits define a cycle satisfying

= f(f(2")). (46)

The stability of period-2 orbits can be studied as before, by investigating how a small perturbation
no in a neighborhood of z* propagates as the Lorenz map is iterated (46). We have,

2t = f(F(ET ) = F(FE) + f1()m) = F(FED) + £ (N, (47)
i.e., (using (46))

M1 = (P ENF ) = il = [P ED)FED] - (48)
Hence a necessary and sufficient condition for stability of period-2 orbits is
[P ENFE)] =[P ENFED] <1, (49)

which is impossible because of (45). Hence there are no stable period-2 orbits.

Period-p orbits: By following a similar argument it is straightforward to show that if (45) is satisfied
then there are no stable period-p orbits.

In summary, there is no stable limit cycle within the ellipsoidal trapping region. What is attracting all
trajectories then?

The Lorenz attractor. What actually happens to the trajectories of the Lorenz system (8) for r = 28
(0 = 10 and b = 8/3) is that they are all attracted by a “non-standard” geometric object (a strange
attractor) with Hausdorff dimension* 2.0627, i.e., not a surface nor a volume but something in-between,
i.e., “almost a surface”. The “almost” part (and the reason why the Hausdorff dimension is not an integer)
is related to the roughness of the surface, which makes it look like a fractal object. The existence of the

4The Hausdorff dimension is a measure of dimension that was introduced in 1918 by the mathematician Felix Hausdorff.
Hausdorff dimension coincides with regular dimension of smooth objects such as surfaces (dim=2) and volumes (dim=3).
The calculation of the Hausdorff dimension is usually done numerically, e.g., in the paper “The fractal property of the Lorenz
attractor”, Physica D, vol. 190 (2004) 115-128.
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Figure 12: (a)Lorenz’s attractor for r = 28, ¢ = 10 and b = 8/3, sensitivity to initial conditions. Shown
are trajectories corresponding to a small ball of initial conditions placed nearby the attractor. As time
increases such small ball of red initial conditions paints the entire attractor.

strange attractor for the Lorenz system was established in 1999 by Warwick Tucker in his PhD thesis, and
in a follow-up paper titled “The Lorenz attractor exists” (C. R. Acad. Sci. Paris, vol. 328, pp. 1197-1202).
The proof was based on a combination of normal form theory and rigorous numerical computations. In
other words, rather than producing a traditional mathematical proof, Tucker constructed an algorithm
which, if successfully executed, proves the existence of the strange attractor.

The Lorenz attractor yields long-term aperiodic behavior of all trajectories not sitting on the Z-axis, and a
high sensitivity to initial conditions. In Figure 12(a) we plot one trajectory of (8) for r = 28, o = 10 and
b = 8/3. It is seen that such trajectory settles to an attractor that resemble a butterfly (hence the name
“butterfly attractor”). In Figure 12(b) we demonstrate what happens to a trajectory if the integration
process is restarted at ¢ = 20 with an initial condition taken from the non-restarted simulation and rounded
to three decimal digits. The sensitivity to initial condition is also demonstrated in Figure 77

Appendix A: Liouville’s theorem

In this appendix we study how the volume of a compact region Dy C R™ changes in time when all of its
points g € Dy are advected by the flow generated by the n-dimensional dynamical system

dx
% - f(iL‘), (50)
xz(0) = xo.

To this end, we assume that f(x) is at least continuously differentiable in m and recall that the volume
of a region D(t) advected by the flow generated by (50) can be expressed as (see Figure 13)

V(t) = /D . ldz (51)

where dx = dx; - - - dx,. Since the flow X (¢, ) is invertible, we can transform the coordinates back to xg

and write the integral (51) as
X
V(t) = / det <‘9(tm0>> da, (52)
Do Oxq
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X (t, %o)

Figure 13: Sketch showing how a domain Dy C R? is transported to D(t) C R? by the flow X (t,x)
generated by the the dynamical system (50). The rate of change in time of the volume/area of D(t), i.e.,
dV(t)/dt is given by Liouville’s Theorem 2.

where
8X1(t,$0) o 8X1(t,:r;0)
0xo1 Ozon
det (W) = det : : (53)
0 OXn(t,mo)  OXn(t,m)
81‘01 axOn

is the Jacobian determinant of the coordinate change® X (¢, x) > xo at each time ¢.

Theorem 1. Let X (¢, x) be the flow generated by (50). Then the Jacobian determinant of X (¢, x¢), i.e.,
(53), satisfies
0 OX (t

( ( awo) (54.)

- det
¢ 8£B0

o ) =V £ 00 der (P50,

8%0

Proof. Let us prove the theorem for two-dimensional dynamical systems. In this case, the determinant
(53) can be written as

8X(t, iBQ) 8X1 8X2 8X2 8X1
det = — .
¢ ( amo ) 81‘01 8([)02 61’01 8:302 (55)
Differentiate (55) with respect to time to ¢ to obtain
ﬁ det 8X(t,aco) . 0 Xm(t,wo) 6X2(t,a:0) n 8X1(t,ac0) 19} dXQ(t,mo) B
8t 8%0 N 89010 dt 81'20 8:510 81'20 dt
8 Xm(t,.’BQ) 8X2(t,:130) . 8X1(t,:120) 8 ng(t,iL'o) (56)
Ox90 dt 0z10 Oxog  Oz10 dt '
At this point we recall that
dXZ t, xr .
B20) _ f (Xa(tao) Xolta)). =12, (57)

®We know that the flow map X (t,20) generated by a smooth (at least C') dynamical system is invertible at each point
where the solution to (50) exists and is unique (see the course note 3).
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which implies that

dX1 t :BQ _ 8f1 X1 t CBQ) XQ(t, $0)) 8f1 0X1 0f1 0Xo
81'10 8{[}10 8::31 81‘10 61’2 31‘10
Xm t CBO _ 8f1 Xl t :L'Q) Xg(t, mo)) 8f1 8X1 8f1 8X2
8x20 8.%20 8%1 8$20 81’2 85620
dX2 t .’130 _ 8f2 X1 t :130) Xg(t, .’Eo)) :% 6X1 %8)(2
8.%'10 6&310 81‘1 a.rlo 81’2 8(13107
dX t 260 an X1 t iBQ) XQ(t, $0)) :% 6X1 %8)(2
81’20 8.%‘20 81‘1 01)20 6:U2 8.%‘20 '

A substitution of these expressions back into (56) yields

D ot (2XEm0)\ _0f1 0%, 0Xy 01 0X5 0Xs 0> 0X1 90Xy 0> 0X, 0,
ot _8351 8.1’10 81‘20 8952 8:B10 6:B20 61’1 81‘20 81‘10 8%2 (91'20 61’10
0h 0X1 09Xy 0fy 0X;5 0Xy _ 0fs 0X3 0X1 _ 0fs 0X5 0X3

8.1'1 81‘20 81‘10 8.%'2 81’20 81’10 8951 8:(}10 81‘20 8332 89010 89020’
oft  0fa 0X (t, )
== det | ———
<8x1 t or, 0z 0xg ’
—————

V-f

81:0

which proves the theorem. A similar proof can be given in n dimensions using the expression of the
determinant of a n X n matrix in terms of the Levi-Civita symbol.

O
Note that at t = 0 we have X (0,x¢) = xo and therefore
det <8X8(0m,::0)> =det(I) = 1. (58)
With this initial condition it is immediate to integrate the (separable) ODE (54) to obtain
det (W) = exp {/Otv - f(X (1, 20))dT (59)

We now have all element to prove the following theorem due to Liouville.

Theorem 2 (Liouville’s theorem). The volume V' (¢) of a compact region D(t) C R™ advected by the flow
X (t, ) generated by a smooth dynamical system of the form (50) satisfies

av(t) _
= D(t)V-f(m)da: (60)

Proof. The volume of D(t) can be expressed as (see equation (52))

V(t) = /D do (W) dz, (61)
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Differentiating with respect to time and using (54) yields

v o DX (t, o)
at ot / det( omg )

B 0 0X (t, x)
_/Do 5 det( Dz >d930

— [ V£ (Xt o)) det (W) dag

= V- f(x)dx. (62)
D(#)
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