09 - Phase portraits for planar systems

Consider the two-dimensional linear differential equation system X' = A X, where
x(t)
y()
ThenY'=PX'=PAX=PAP'Y.So the differential equation system for the new variable is
Y'=BY whereB=PAP .

AeR*?%and X(t) = ( ) Let Y = PX where P e R>? is an invertible matrix (from here X = P~1 V).

Definition. The matrices Aand B are similar, if there exists an invertible matrix P such that
B=PAP™.

Theorem. If A and B are similar then they have the same eigenvalues.

Consequence. It is enough to determine the phase portrait of the system Y' = BY since the phase
portrait of the system X' = A X can be obtained from this by the linear transformation
X=P1ly.

Theorem. Any 2 x 2 matrix is similar to one of the following three matrices where A, y, a, 8 eR:

0(z.) @) o)

These matrices are in Jordan canonical form.

First suppose that in the system X' = A X, the coefficient matrix Ais nonsingular (that is, det(A)*0,
or zero is not an eigenvalue of A). In this case, X' =0 = X =0, that is, the origin is the only equilibrium
point (x(t) = y(t) = 0).

Case (1): real eigenvalues, two eigenvectors

A0 x'=Ax, x(0)=xq
X'=( )X = { ,
0y y'=uy, y0)=yo

x(t) = xp et

The solution is{ :
y(t)=yo€e”

From here y can be expressed by x such that t is eliminated:

X”:Xop'e’\”t xH Xoﬂ yOA
- — = — =>y= —_

1/A
K = y(x) = CxH
y'=yot-ett ooy Xo”]

It means that the trajectories are graphs of power functions.

If Aand p are of the same sign and if%l > 1 then the graphs are similar to a standing parabola.

If Aand p are of the same sign and if 0 < 'L}I < 1then the graphs are similar to a lying parabola.

If A and p are of the opposite sign then the graphs are similar to a hyperbola.
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400, ifA>0, x>0

Observation: limx(t) = limxg e’ ={ -0, if A>0, X, <0
t-oo t-oo
0, ifA<0
Examples.
){x'=2x, x(0) =xo {x=x0e2t {x5=x05-e1°t X x° = s
, = = —=— = y(x)=Cx2
y'=5y, y(0)=yo y=yoe! V=yre® 2

The phase portrait in the case when A >0, > 0: the trajectories tend away from the origin.

x'=-5x, x(0)=xg x=xpe>t x% = xg%-e710t X2 X2 2
){ . { o = { s s =— = y()=Cxs
y'==2y, y(0)=yo y=yoe y’'=yo-e Yo

The phase portrait in the case when A <0, u < O0: the trajectories tend towards the origin.
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X|=—2X, X(O):XO X:Xoe_Zt X3:XO3,e—6t P
){y'z 3y, y(0)=yo {y=y0e3t = {y2:y02.66t = Cy=x’y’ =yK)=Cx7:

The phase portrait in the case when A< 0, p> 0: the trajectories on the x axis tend towards the
origin and the trajectories on the y axis tend away from the origin.
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Definition. Consider the system X' = ( . )X, where Ay 0.
u

a)If A>0, p>0then the originis a source.
b) If A<0, p<0then the originis a sink.
c) If Aand p are of the opposite sign then the origin is a saddle.

Other terms: real source or nodal source; real sink or nodal sink; node: sink or source.
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1 4
Example. Sketch the phase portrait of the system X' =AX, where A= ( 1-2 )

. . -1 4
The eigenvalues and eigenvectors of Aare A; = -3, u=( 1 ) and A, =2, v=(l )

The straight-line solutions are:

Xi(t)=c e t( 1

)—)(g)ast—> +0c0.

4 .
X(t)=c; e“( 1 ): tends away from the origin ast — +oo.

The general solution is X(t) = X1(t) + X5(t). It can be seen that X(t) — X,(t) as t — +o0 and
X(t) — Xy(t) as t — —oo. The origin is a saddle.

Case (2): double real eigenvalues, one eigenvector only
X‘—(A l)X {X‘:Ax+y, x(0) =X
02 y'=Ay, y(0)=y,

From the second equation y(t) = y, €*!. Substituting into the first one, we obtain a first-order linear
nonhomogeneous differential equation with constant coefficients, where there is outer resonance:

X'=Ax=y e

The general solution of the homogeneous equation is x(t) = c e*t.
The particular solution of the nonhomogeneous equation is x,(t) = At e’ =

Aty AAtr - AAter =y ettt = A=y,

The general solution of the nonhomogeneous equation is x(t) = x4(t) + x,(t) = ¢ ety tert,

From the initial condition: x(0) =x, = c=xq

The solution of the initial value problem is x(t) = e*!(xo + y t)

y(t) =yoet
The phase portraits can be seen in the following figures. If A > 0 then the trajectories
tend away from the origin and if if A < 0 then the trajectories tend towards the origin.
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Al
Definition. Consider the system X' = ( @A )X, where A 0.

a) If A> 0 then the origin is a degenerate source.
b) If A < 0 then the origin is a degenerate sink.

Other terms: improper node: improper sink/source.

Case (3): complex eigenvalues

(5 2 )= Loy e

In order to plot the solutions, we introduce polar coordinates:

x(t) =r(t)- cos(e(t))
y(t) =r(t)-sin(e(t))

Then from the equation system we obtain:

{(1)f'COS<p—rcp'sin(p=arcos @-Brsing
(2)r'sing+r @' cosgp=Lrcos@+arsin@

(1)-cos@+(2)-sin @ = r'(cos? @ +sin” @) = ar(cos® ¢ +sin® g), thatis, r'=ar

(2)-cos@ - (1)-sin @ => r @' (cos® @ +sin® ) = Br(cos” ¢ + sin® @), that s, ¢' = B
Thus, the differential equation system in polar coordinates is the following:

{ r'@=ar(), r0)=ro
¢ (t)=h ®(0) = %o

The solution of the initial value problem is:

{ r(t)=roe®t
P(t)=Bt+ @
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Consequence: The trajectories are such curves that go around the origin infinitely many times.
The stability of the origin depends on the sign of a. (It depends on the sign of 8 whether the curves
go in positive or negative direction around the origin.)

a)a>0 = limr(t)=limrye* =0 = the trajectories tend away from the origin as t increases since

t—oo0 t>o

r(t) is an increasing function.

x'=x-3y X'=x+3y

y'=3x+y y'=-3x+y
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b) a<0 = limr(t)=limrye*' =0 = the trajectories tend towards the origin as t increases since

t—o0 t>o0

r(t) is a decreasing function.

x'=-x-3y Xx'=-x+3y
y'=3x-y y'=-3x-y
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Definition. Consider the system X' = ( 5 : )X, where the eigenvalues of the coefficient matrix

areAp=axBi

a) If a > 0 (the real part of the eigenvalues are positive) then the origin is a spiral source.
b) If a < 0 (the real part of the eigenvalues are negative) then the origin is a spiral sink.
c) If @ =0 then the origin is a center.

Other terms: focus: spiral sink or spiral source.

Case (4): Singular coefficient matrix

Now suppose that in the system X' = AX, the coefficient matrix A is singular (that is, zero is an
eigenvalue of A). In this case the origin is not the only equilibrium point but also all points of a
straight line passing through the origin (this is the line of the eigenvector that corresponds to the
zero eigenvalue). It can also be the case that all points of the plane are equilibrium points.

There are four possible phase portraits (degenerate cases):

. 00 i
a) In case (1), A=0, N>0’that'5’A=(o u) ﬁ{

y'=py
¢ oo, Ifyo >0
= x(t) = constant and y(t) =y, e!* — { . ast — oo.
—oo, ifyg<0

= All points of the x axis are equilibrium points. All the other trajectories are vertical half-lines
that tend away from the x axis.

00 x'=0
b) In case (1),A=0, /J<0,thatis,A=( ) = { ,
0u y'=uy

= x(t) = constantand y(t) = ype’' — 0 ast — oo.

= All points of the x axis are equilibrium points. All the other trajectories are vertical half-lines
that tend towards the x axis.
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) 00
¢)Incase (1),A=0, y:O,thatls,Az(o 0) =

= x(t) = constant and y(t) = constant
= All points of the plane are equilibrium points.

oo) ={

xincreasesifc>0

x'=y

d) In case (2),A=0, that s, A =( .
y'=0

t)= tant dx'(t)= {
= y()=c(constant) and x*(f) =¢ = x decreasesifc<0
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= All points of the x axis are equilibrium points. All the other trajectories are horizontal lines

such that above the x axis the trajectories move in positive direction and below the x axis the

trajectories move in negative direction.

The inverse transform

So far we have determined the phase portrait of the linear system X' =AX where Aisin Jordan
canonical form. We have seen that with the substitution ¥ = P X, the above linear system can be

transformed into Y'=BY where B=PAP™.

Thus, the phase portrait of an arbitrary linear system can be obtained from the phase portrait

corresponding to a Jordan canonical form by applying the inverse linear transformation PL.

During this linear transformation, in cases (1) and (2), the axes of the sink, source and saddle will be
rotated and the axes will be identical to the straight lines of the eigenvectors of the coefficient matrix.

In case (3), the spirals around the origin may be distorted, and in the case of a center, we obtain

ellipses instead of circles.

Finding the Jordan canonical form of a matrix

5 . . . .
Example. LetA= ( ) 9 ) Find the matrix T that puts A in canonical form.

ab
Remark: Let P = ( cd ) wheredetP=ad-bc+0. Then theinverseof Pis P! =

ad-bc

(

d—b)
- al
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Solution: The eigenvalues and eigenvectorsof Aare A; =4, u= ( 1 ) and Ay =-1, v= ( 5 )
. . 31
Let T be the matrix whose columns are the eigenvectors: T = ( 15 )

. ) 1/2 -1
Theinverse of T is T‘1=—( ) So
s\-1 3

ey [ 1 B ey o B A T



