NASA/CR-201749
ICASE Report No. 97-54

Dynamical System Analysis of Reynolds Stress
Closure Equations

Sharath S. Girimaji
ICASE

Institute for Computer Applications in Science and Engineering
NASA Langley Research Center
Hampton, VA

Operated by Universities Space Research Association

National Aeronautics and
Space Administration

Langley Research Center Prepared for Langley Research Center
Hampton, Virginia 23681-2199 under Contracts NAS1-97046 & NAS1-19480

L

October 1997



Available from the following:

NASA Center for AeroSpace Information (CASI) National Technical Information Service (NTIS)
800 Elkridge Landing Road 5285 Port Royal Road

Linthicum Heights, MD 21090-2934 Springfield, VA 22161-2171

(301) 621-0390 (703) 487-4650



DYNAMICAL SYSTEM ANALYSIS OF REYNOLDS STRESS CLOSURE EQUATIONS

SHARATH S. GIRIMAJI*

Abstract. In this paper, we establish the causality between the model coefficients in the standard
pressure-strain correlation model and the predicted equilibrium states for homogeneous turbulence. We
accomplish this by performing a comprehensive fixed point analysis of the modeled Reynolds stress and
dissipation rate equations. The results from this analysis will be very useful for developing improved pressure-

strain correlation models to yield obscrved equilibrium behavior.
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1. Introduction. The equilibrium states of benchmark turbulent homogeneous flows have long been
used to develop, calibrate and validate pressure-strain correlation models, Speziale et al (1991). The bench-
mark flows have typically been plane shear and strain-rate dominated flows such as plane strain and ax-
isymmetric expansion/contraction. When these pressure-strain models are used to compute slightly more
complex flows which contain the effects of both rotation and strain (elliptic flows), the model results are
inconsistent with linear stability theory and direct numerical simulation (DNS) data, (Speziale et al 1996,
Blaisdell and Shariff, 1996). Improved predictive capability of elliptic flows requires a better understanding
of the physics of turbulence as well as the dynamics of the model equations. This calls for an intimate un-
derstanding of the model equations, especially the causality between the model constants and the predicted
long-time behavior. For the special case of shear flow in rotating coordinate frame, the equilibrium state
predicted by two-equation turbulence models and linear pressure-strain models have been investigated by
Speziale and Mac Giolla Mhuiris (1989, 1990). These studies have lead to models with better predictive
capability in those selected flows.

The objective of the present study is to perform dynamical system analysis, i.e., fixed point and bifurca-
tion analyses, of the anisotropy, kinetic energy and dissipation closure equations with aid of representation
theory for all elliptic flows (with two-dimensional mean velocity field) to establish for the first time exact
(analytical) relationship between turbulence model (pressure-strain correlation and dissipation equation)
coefficients and the asymptotic behavior of the equation. The results from our study enables us to classify
completely the turbulent asymptotic state predicted by a model as a function of the mean strain and rotation
rates. The knowledge of this causality can be used in closure model development to yield the required asymp-
totic (equilibrium) behavior. Quasilinear pressure-strain model which includes the entire class of Launder,
Reece and Rodi (1975), referred to as LRR, models are considered here. This study also sheds light on the
strategies that can be employed to develop non-equilibrium algebraic Reynolds stress models starting form
the Reynolds stress closure equations.

In this study we will restrict ourselves to turbulence in inertial frames which includes elliptic flows.

Turbulence modeling in non-inertial rotating frames will be considered in future work.
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2. Turbulence Closure Equations. In homogeneous turbulence, the exact Reynolds stress transport
equation in an arbitrary inertial reference frame is given by

) d,::-J =Py — &5 + &4

The terms, respectively, are the time rate of change, production (P;;), dissipation (£,;) and pressure-strain
correlation (¢;;) of Reynolds stress:

aU; aU;
(2) P:g = _u‘luka_'$; - “’""a_a:,,’
Bu,- 3’U,J' _ Bu,- Buj
&ij = 2"axk oz’ Pig ——p(a:rj + Oz; )-

The production and dissipation rate of turbulent kinetic energy are, respectively, P = %Pu and e = %si,-. In
high Reynolds number flows, dissipation is generally treated as being isotropic:
2

(3) Eij = 565,']'.

Closure models are needed for the pressure-strain correlation (¢;;) and dissipation rate ().

In this study, we focus on the quasilinear class of pressure-strain correlations models of the general form:
(4) ¢ij = —(Ce + C{ P)by; + C2K Sy; +
2
CgK(bikS;k -+ bij;‘k - Ebm,,S,‘nnéij) +
C4K(bikWJ?k + bjkwi‘;;),

where the C’s are numerical constants and
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We choose this form of the pressure-strain model for two reasons. First, this form of the model permits
analytical treatment of the asymptotic behavior. Second, this is the form most frequently used in practical
Reynolds stress closure calculations: this form includes all linear-pressure strain models (e.g. LRR model)
and some of the non-linear models (such as the quasi-linear SSG model) can also be reduced to this form

near equilibrium. For the LRR model, the coefficients are
C?=3.0;Cl=0;C,=08; C3 =1.75; C4, = 1.31
The coefficients for the Gibson and Launder (1978) model are
CY=36;Cl=0.;C,=08; C3=12;Cy=1.2
For the quasilinearized SSG model, the coefficients are
C?=34,Cl=18; C,=036; C3 =1.25; C;, =04

The anisotropy evolution equation can be derived from the Reynolds stress equation and the pressure

strain correlation model:

db;" £ * *
(6) dt.J = —b;; (L?E — LibmnSms) + L2S;;

2
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+L4(bikW;k + bxWi)



The pressure-strain correlation model coefficients are redefined as:

4
(7) LI=CY -2, Li=2Ct+4; Ly=Cy — =,

3
L3EC;3—2; L4EC4-—2.

The turbulent kinetic energy evolves according to

dK
8 =P-
®) dt* ©
and the modeled evolution equation of dissipation is
de € 2
®) g = CagP~Cag

The model constants Ce; and Ce2 are typically given values of 1.44 and 1.90 respectively.
Equations (6), (8) and (9) constitute the second order closure equations in homogeneous turbulence.

These equations can be non-dimensionalized using the norm of the deformation rate tensor:

(10) n= 8585+ WhEW;,

17~1) tj?

The non-dimensional quantities are

(11) S = Si/vm Wiy = Wi/ /n;
dt = \/pdt*; w = e/ (1K),

where w is the relative strain rate, i.e., the ratio of the turbulence to mean flow strain rates. In the
above equations, asterisk is used to represent dimensional quantities and the corresponding non-dimensional
quantity is written without the asterisk. In dimensionless time, the anisotropy transport equation is

db;;

(12) dt

= —b;;(LIw — L1bmnSmn) + L2S;;

2
+L3(Sikbr; + bikSkj — EbmnSmnéij)

+L4(Wikbkj — b,‘kaj).

Two points are worthy of note here. In dimensionless time the anisotropy evolution is (i) independent of the
magnitude of deformation (17) and depends only on the ratio of strain to rotation rate; and (ii) dependent only
on the relative strain rate and not individually on kinetic energy and dissipation. The evolution equation of
the relative strain rate, w, is easily obtained from those of the turbulent kinetic energy and dissipation:
(13) %‘f = —2w(Ce1 — 1)bmnSmn — (Cez — 1)w?.

The first term on the right hand side of equation (13) represents the production of the relative strain rate
whereas the second terms represents its destruction.

In homogeneous turbulence, the above non-linear dynamical system of equations represents an initial
value problem. The Reynolds stress, kinetic energy and dissipation may grow unbounded from their initial
values. However, it is known that for some benchmark flows such as (homogeneous) plane shear, plane strain
and axisymmetric expansion/contraction the normalized turbulence parameters b;; and w evolve from their
specified initial conditions according to the equations and asymptote to finite-valued fixed points (equilibrium
turbulence), provided such a state exists. The fixed point or the equilibrium state of turbulence is described
by
dbi;

dw
2t =0; and — =0.

(14) 7



2.1. Representation theory. We are interested in the asymptotic behavior, long after the influence
of the initial conditions has diminished. At this stage of flow evolution, it can be argued that the Reynolds
stress can be a tensorial function of only the mean strain and rotation rates. Representation theory can
then be invoked to determine the most general tensor function that can be constructed with the strain
and rotation rates. The most general, physically permissible tensor representation for the Reynolds stress

anisotropy in terms of the strain and rotation rates in the case of two-dimensional mean flow is given by
(Girimaji 1996a)
(15) bij = G1Si; + G2(Six Wi; — Wik Sk;)
1
+G3(SikSk; — §n15ij),
where,
(16) ™m — S,'jS,‘j; and = WijW,'j.

In the above equations G; - G3 are yet to be determined scalar functions of the invariants of strain and
rotation rate tensors. During the evolution of b;;, G) - G3 will be functions of time as well. Also note that,
by definition, 7; + 72 = 1.

The representation for b;; is now substituted into equation (12) and the resulting equation is simplified

using the following identities valid for all two-dimensional mean flows:

1 1
(17) SikSkj = 5"7163);Wikwkj = —57?25,(,2)3
1 1
SikSrSi; = §nlsij;sikalSlj = -5711Wij;
1
Wi SuWi; = Emsij;smnbmn =G,

where 6}?) and d;; are the two and three dimensional delta functions respectively. We retain terms up to
quadratic power (in strain and rotation rate) in their original form and invoke their two-dimensional property
only when these terms appear in cubic and higher power terms. For example, S;xSk; is retained as such
when it appears by itself: whereas, when it appears as a part of a cubic or higher power term we invoke
SikSkj = %1;1653) to write SixSk; S = %m Si. By invoking the two-dimensional property for reducing only
cubic and higher power terms, it is hoped that the three-dimensional effect is approximately accounted for
upto the quadratic term. Using these rules, we write

2 1
(18) Sikbrj + bix Sk — gbmnsmnéij = gthssz'j

1
+2G1(SikSkj — 57715.'3')
Wikbk; — bixWij = —G1(SixWij — Wik Sk;)
+21’)2G25,'j.

Substitution of equation {15) into equation (12) yields the anisotropy evolution equation in terms of coef-
ficients G; - G3. After substitution, the coefficient of each tensor on either side of equation (12) has to be
equal due to the linear independence of the generators of the integrity basis. Comparing the coefficients of

the three representation tensors on either side we get

dG 1
(19) —df + G4 (L?w — L%Glm) = Lo+ §L3G37]1



+2L412Go

dG
EZ +G2(Liw — LiGim) = —G1 L,
dG
—a—t}— + G3(L(1’w - L%Glnl) = 2G1L3.

Equations (19) along with (13) constitute the new non-linear system of evolution equations for Reynolds

stresses in homogeneous turbulence.

3. Dynamical System Analysis. Fixed point and bifurcation analyses of the new system is now

performed.
The fixed point equations (14) can now be restated as

dGy  dGy; dG3 dw

(20) A I A

Using the notation that the fixed point values are denoted by a superscript 0, the algebraic fixed point

relations are (using b,unSmn = G1m1):

(21) 0 = 2w%(Ce1 — 1)GIm + (Cez_1 — 1)(w®)?
0=-GY(L%w — L1G%) + Ly + ngcgm
+2L42 G
0= Gy(LIw — LIGIn) + GVL,4
0= Gg(Llw — LiGim) — 2G7Ls

This system of equations leads to the five fixed points:
=0, G=0, Lo+ 1L3G3m +2LypGe = 0];

=0, GY= \/_Ql, = - GO:—LA_L%-
W0=0, GF=+4Qi, 69= Ly, G = -2
[ = —28a=1G0ny, GO = §= G = L.n , G = —F&);
W = —282=1Gm, GY = +§=, Gy = pei, Gy = —Fk2).
In the above equations @1 and Q* are defined as
(22) Q1=\/ T+ 3@ -,

Lo 2L2 Lil”‘nl
* 2
@ \/L*+3L*2 L2 gy

where

+ L}.

C,
(23) L* =292
Ce2 -
It should be pointed out that a negative value of GY is consistent with a gradient-diffusion type effect and
energy flow from the mean to the fluctuating velocity field. A positive value would imply count-gradient
diffusion and a negative value of production — i.e, flow of energy from the turbulent fluctuations to the mean

flow.



3.1. Bifurcation analysis. The qualitative behavior of the solution of a set of differential equations
may depend on the parameters of the system. For example, the nature and even the number of fixed points
of a system can change with changing parameter values (bifurcation). The parameters of the present system
of equations are the constants of the pressure-strain correlation model and the mean strain-rate to total
deformation ratio 7,. (Note that, by definition, 772 = 1 — 71, and hence 7 is not considered an independent
parameter.) In this paper, we restrict our attention to bifurcation due to 7, alone for a given pressure-strain
correlation model.

The system has five fixed points when 7, is such that both @; and @Q* are real. If only one of Q, or Q*
is real, then the system has three fixed points. If both are not real, then there is only one fixed point. It is
important to establish the conditions under which ¢; and Q* are real.

For ;1 to be real we require
L, 2, Lj

L 1-
2 442 m
L A (=) =) ——— >0

24 ,
(24) —
implying that 7; should be greater than a critical value n{:

2L}
—L,L} + 2L} + 2L

(25) m>n =

Similarly, Q™ is real only when

2
(26) m> = 224 -
- —L,L* + 2L% +2L2

For all the pressure-strain correlation models considered in this paper, Lo is negative and L* > L} leadin
p 1 g

to
27) 1>n2>n8>0.

When 7, is in the interval (1,7%), the system has five fixed points. The system has three fixed points in the
interval (n¢,n%). Finally, for n; < 7%, the system has only one fixed point.

In summary, the nonlinear set of equations governing the (modeled) evolution of the Reynolds stress has
two bifurcation points 7% and 7. The behavior of the solution for various values of 7; depends upon the
stability of the various fixed points.

3.2. Stability of fixed points. In order to establish the stability of a fixed point, we need to examine
if any small perturbation of the system away from the fixed point eventually returns to the fixed point after
a sufficiently long time. The most expeditious way of establishing this is by investigating the Jacobian of
the system at the fixed point. If an eigenvalue of the Jacobian is negative, solution trajectories are attracted
towards the fixed point along the corresponding eigenvector. On the other hand, if an eigenvalue is positive,
the solution trajectory is repelled away from the fixed point along the corresponding eigenvector. For a fixed
point to be stable all the eigenvalues must be negative, so that all trajectories in the neighborhood of the
fixed point are attracted towards the fixed point. If all permissible initial conditions are attracted to the
fixed point, such a fixed point is called globally asymptotically stable. The set of all initial conditions that
ultimately evolve to a stable fixed point is called the basin of attraction of that fixed point. For a nonlinear
set of equations, such as the one considered here, it is difficult to establish the basin of attraction and will
not be attempted here. We will only seek to establish the local asymptotic stability of each of the fixed
points. First, the various types of fixed points are listed.



1. When all the eigenvalues of the Jacobian are real and negative, then the fixed point is a stable fixed
point also called an attractor or a sink.

2. If all the eigenvalues are real and positive, then the fixed point is a source or repellor. All solution
trajectories in the neighborhood of the fixed point are repelled away from it.

3. If the eigenvalues are real with some positive and the others negative, then the fixed point is of the
saddle type. The solution trajectories are attracted towards the fixed point in some directions and
repelled away in other directions.

4. If the eigenvalues are complex and the real part is positive, then the fixed point is a spiral source.
The solution to the system fluctuates about the fixed point with the amplitude of the fluctuation
getting larger with time.

5. If the eigenvalues are complex with a negative real part, then the fixed point is a spiral sink. The
solution is oscillatory with decreasing magnitude about the fixed point.

6. If the eigenvalues are purely imaginary, then the fixed point is classified as a center. The asymptotic
solution then displays an oscillatory behavior.

The sink and spiral sink fixed points are attracting fixed points and, hence, stable. Saddle and source fixed
points are unstable.
Fized point # 1.. This fixed point is given by

1
wo =0, G(l) =0, L+ §L303771 + 2L4T}2G2 =0,

This is the only fixed point that exists for the entire range of 7; values.
The Jacobian at this fixed point is

00 0 0
(28) 00 2Ly(1-m) 3Lsm

0 L'mGY-L, 0 0

0 LimGY+2L; 0 0

The eigenvalues of the Jacobian are
A1 =0, A2 =0, d3=+MLiQ, M\ =—ymLiQ,

and the corresponding eigenvectors are

(29) v] = [1,0,0,0],
L3771
vy = 10,0, - —r———,1],
2=| 6L4(1—m) ]

v3 = [0, +/M LiQ, LimGY — Ly, L1 G3 + 2L3),
va=[0,—/mLiQ,LimG) — Ly, Lim G + 2L3).

Since two of the eigenvalues are zero, this fixed point is classified as a non-hyperbolic fixed point. So long
as Q is real (m > %), A3 is positive and Ay is negative leading to this fixed point being a saddle and hence
unstable. When 71 < 7} the eigenvalues A3 and A4 are both purely imaginary; the fixed point is a center and
the asymptotic solution is oscillatory. The stability of non-hyperbolic center fixed point cannot be gleaned
from a linear approximation. The stability can be evaluated only from a center manifold theory which is
not attempted here. It suffices here to say that for 7; < n?, the long-time behavior of the Reynolds stress in

oscillatory.



Fized points #2 and #3.. These fixed points are given by

1 L 2L

0 0 4 0 3

W=0 =1+ Qi, G5 = — ==
v v b M2 T Tag T3 L*m

and exist only in the range n; > n§. The Jacobian at this fixed point is

0 o 0 0
(30) -G} 2G* 2Li(1-m) 3Lam

-G§ 0 G** 0

-G} 0 0 G**

where G* = G{m1 (L} + Ce1 — 1) and G** = Gy (L} + 2C,; — 2).

The eigenvalues are given by

(31) A = —2(Ce1 — 1)Gm1, Ag = 2L,
A3 = Ay = LiGim.

The eigenvectors are,

(32) vi = [%(L} +2Ce; — 2),
1
GIM(L} +2Cez — 2) + 2Lamn + 3 Lam L1
2G(1)T]1(L% + Ce1 — 1) D
Vy = [0, 1,0,0],
2L4(1 —m)
=10 ———71a0 )
vo =0, O
Ly
=10, —2_0,1].
va=10, 3GOL1 )

Since all the eigenvalues are non-zero this an hyperbolic fixed point. In all the models considered, L! and
(Cer — 1) are both positive and 7, is positive by definition. As a result, irrespective of the sign of G?, some
of the eigenvalues will be positive and others negative and the fixed point is a saddle. These two fixed points
are unstable when 7; > ¢ and do not exist otherwise. They do not play an important role in the long-time
behavior of the Reynolds stresses.

Fized point #4.. This fixed point is given by

Ca—1
Cez — 1

1
33 Wl =-2 GCnm, G¥ = ———Q*
( ) 1™ 1 \/m

Gy = — =— .
L P L*m

This fixed point exists only for 7; > n%. Due to the complex nature of the Jacobian, it is difficult to obtain
all the eigenvalues and eigenvectors symbolically. However, one eigenvalue is easily obtained by inspection:

(34) Al == G{ljnlL‘; Vi = [0’0’ 1, -ﬁéi(l—_—n—l)]
Lim

The eigenvalues evaluated numerically are plotted in Figure 1(a) as a function of the parameter 7, for
the linearized-SSG pressure-strain correlation model. All of the eigenvalues are non-zero (hyperbolic fixed
point) and negative indicating that this is an attractor. (Note that the quantity plotted is the negative of



the actual eigenvalues.) Another important point to be gleaned from the the figure is that eigenvalue )4 is
always about an order of magnitude smaller than the other eigenvalues. This indicates that the evolution
equations evolve slowly along the eigenvector associated with A4 and rapidly along all other direction. The
eigenvector direction corresponding to A4 is shown in Figure 1(b) and it is almost coincident with the w axis.
The behavior of the eigenvalues of this fixed point with LRR pressure-strain correlation model is qualitatively
and, even, quantitatively similar to that of SSG model.

Fized point #5.. This fixed point

(35) W= -2

Ce1 —1 0 0 1
Gim, Gy =+—Q*
Ce2 —1 1771 1 \/mQ
0 Ly GO — 2L4

=4 Gi=-228
2 L*nl 3 L*’fh

also exists only for 71 > n?. The eigenvalues calculated numerically are all positive indicating that the fixed
point is a source or a repellor and, hence, unstable.
All the stability and bifurcation results for G are summarized in Figure 2. The bifurcation diagram of

w is given in Figure 3.

4. Summary and Discussion. The long-time behavior of the standard Reynolds stress closure equa-
tion depends upon the value of the parameter 7;, the fraction of deformation that is strain. The asymptotic
behavior undergoes bifurcation at 71 = n}. For values of 7; higher than s, the solution of the equation set
asymptotes monotonically to an attractor. For smaller values, the long-time behavior is oscillatory.

Asymptotic behavior for ;1 > n%.. The solution is attracted to fixed point 4. The production to dissipa-
tion ratio at this equilibrium state is
Cer—1
Ce1 —1

(36) g(equilibrium) =

independent of 7;. In appropriately normalized time, the turbulent kinetic energy and dissipation grow
exponentially at rates independent of n;:

dinK P dlne P
= -1 = el__Ce2a
dr I3 dr €

(37)

where 7 = wgt.

Longtime behavior for ;1 < n?.. The long-time behavior in this case is dictated by fixed point 1 which
is non-hyperbolic (has zero eigenvalues). Linear analysis about the fixed point is inadequate to determine
its stability. Numerical calculations indicate that (i) w decays monotonically (exponentially?) to zero, (ii)
G oscillates about zero, (iii) G2 and G3 converge to non-zero values, (iv) with decreasing 7, the asymptotic
growth rates of kinetic energy and dissipation decrease. In fact, for small enough 7; values kinetic energy
and dissipation decay in time leading to relaminarization.

Implications to pressure-strain correlation modeling.. It is reasonable to demand that future models
yield bifurcation diagrams consistent with experimentally (laboratory and numerical) observed behavior of
the Navier-Stokes equation. At the very least, for the sake of qualitative consistency with true physics, the
bifurcation points of the model equation set should coincide with that of Navier-Stokes statistics.

The DNS data of Blaisdell and Shariff (1996) appears to indicate that the asymptotic growth rate of
kinetic energy is always positive and nearly independent of 7;:

dinK
dt

(38) ~ Const.(>0), for 1 > n; > 0,



a result that is consistent with linear stability analysis. The lack of qualitative (or, even, quantitative) change
in the behavior of the kinetic energy growth rate appears to imply that there is no bifurcation, contrary
to model predictions. This can be interpreted as the bifurcation taking place at 7, = 0. If this is indeed
true (further work is currently underway), then, in order for the pressure strain model to be consistent with
physics we need:

_ 213 o
T —LpL*+2L%+21F
leading to Ly = 0, implying Cq = 2.

(39) m

This should be the behavior of Cy4 in the limit of vanishing values of 7. The currently used values of Cy
yield good agreement with data in homogeneous shear and strain dominated cases. This clearly suggests
that C4 and perhaps all other coefficients should be functions of 7; and 72. These ideas will be explored in
future works.

Non-equilibrium algebraic stress modeling.. Non-equilibrium algebraic Reynolds stress model can be
considered as the approximate solution of the Reynolds stress closure equations away from the equilibrium
state. When 7, > 7, the solution approaches the equilibrium state (fixed point 4) along the invariant
manifold corresponding to eigenvector v4 for nearly all initial conditions. This is because the corresponding
eigenvalue (\4) is much smaller than the rest (Figure 1a). (From a random initial condition, the solution
evolution along the other eigenvector directions is very rapid, so that the trajectory after a short initial stage
is nearly aligned with the slowest eigen-direction.) In Girimaji (1996b), it was suggested that the invariant
manifold of v4 be used as the non-equilibrium Reynolds stress model and a strategy for determining the
manifold was presented. When 7; < 7%, the strategy for non-equilibrium algebraic modeling in not yet clear.

Central manifold reduction may be the answer and that approach is currently under investigation.
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Eigenvalues of stable fixed point (SSG)
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Bifurcation diagram of G, (SSG)

0.5 T T T ] T T T T T
0.3 /_77’ .
a4

- / 7 B
/ /
0.1 'l ', -]
S L
14
01+ Gy L _
2 |
- 01 \\ .
--------- ¢3 N
-0.3 1 _
4 —_________ T
"""" Gy Sennmzzmmmmees T
S .
ob— It b ]
0.0 0.2 0.4 0.6 0.8 1.0
e

Fi. 2. Bifurcation diagram of G1. Fixed point G1: unstable (saddle) for > n? and center for 7 < . G2, Ga:
unstable (saddle). Gj: stable (attractor). Gs: unstable (repellor).

Bifurcation diagram of w (SSG)
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