ODE - boundary value problems ver. 29.3.2024

ODE - second-order boundary value problems

We want to find a solution y(z) of a linear, second-order, self-adjoint boundary value
problem with Dirichlet boundary condition on the interval (a, b):

—(p(@)y' () + q(@)y(z) = f(z), yla)=yo, y(b) =yn, (1)
or its special simple case with p(z) = 1:
=y (x) + q@)y(z) = f(z), yla) =vo, y(b) =yn. (2)

Existence and uniqueness of the (exact) solution

Sufficient conditions for existence of a unique solution of the problem (1):
e functions p(x), p'(z), ¢(x), f(x) are continuous on the interval (a, b), and

e p(z) >0, g(x) >0 on (a,b)

Numerical solution by the finite-difference method

Choose a suitable step size h, set n = b’T“ and define n — 1 equidistant nodes inside
the interval (a,b): a =29 <21 <...2, =b, ;41 —x;=hforalli=0,1,2,...n— 1.
Denote by y; an approximate value of y(z;). Values yo and y,, are given by the boundary
conditions, remaining values y; for ¢ = 1,2,...n — 1 can be computed from a system

of linear equations
Pt Yier + (D1 +RPq+pi1) Yi = D Yirn = B2y (3)

using the notation ¢; = q(z;) , fi= f(x;), Pixl = ple; £ %) .

Specially in the case (2), the formula (3) is simplified to
—Yic1+ 2+ 12q) yi —yirn = W2 fi . (4)
If p(z) > 0 and ¢(x) > 0 on (a,b), then the matrix of the system is strictly diagonal

dominant — so it is nonsingular and the system can be solved by Jacobi or Gauss-Seidel
iterative method.
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Inference of systems (3) or (4) from the equations (1) or (2), respectively

Let us start with the simple case (2). The equation (2) is expressed in every inner
node z; fort=1,2,...n—1 as

—y" (@) + qlwg) y(z:) = f(2) ,

then the second derivatives are approximated by the second central differences:

Cy(@ic) — le;xi) T y(i) +O(?) + qla;) y(x) = f(w:) .

Omitting the consistence error, using the approximate values y; instead of y(z;) and
notation ¢; = q(x;), fi = f(x;) leads to

Yi-1 = 2Ui + Yitr
_ o

+q yi = fi

and after multiplying by h* and rearranging, the formula (4) is obtained.

Inference of the numerical formula (3) for the more general equation (1) is less
straightforward. Again, the first step is to express the equation in every inner
node z; fort:=1,2,...n—1:

—(p(x:) Y (z:)" + q(x:) y(zi) = f(@:) - (5)

Then the first derivatives are approximated by central differences with %, in two steps:

1. Denote z(z) = p(x) ' (x) and use the central difference: 2'(x;) ~ Z(Iﬁh/z);‘z(“*h/z)

then the first term of equation (5) can be approximated as
—(p(x:) ' (2:)) = =2 () = =3 [p(xi + 5) ¥/ (i + §) = plai = §) ¢/ (@i = §)] =
= 5 Piory/ (@i — 5) — Py (wi + 3)]
2. Use central differences at mid-points:

—(p(z;) Z/'(l’i))/ ~ % [—PH% y(xi+h)+(pi—% +pi+%) ?J(xi)_pz_% y(ri—h)]. (6)

System (3) is obtained by substituting (6) into (5), using y; =~ y(z;) and rearranging.
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Problem 1
23

Consider the equation — —(z%y/(z)) + y(r) =4+

2+4+x
with boundary conditions y(—5) = =2, y(—3) = 2.

a) Prove the existence of a unique solution of the given problem.

b) Choose step size of h = 0.4 and using the finite difference method put together
the system of linear equations for computing an approximate solution at the
nodes of the mesh.

Solution

Using the notation of the general problem (1) we have

x3

:2+x

plz) =2, q(x) . fl@)=4+z .

a) Verify the conditions sufficient for the existence of an unique solution of the problem:

3

x
e functions 22, 2z, G 4 4 z are continuous in the interval (—5, —3),
x

3

2+ x

o 22 >0, >0 in (—5,-3),

so there exists a unique solution of the given problem.

b) First of all, let us divide the interval with step size h = 0.4 (it has to be chosen so
that both endpoints of the interval are nodes of the mesh), compute coefficients needed
for assembling the system of equations and store them into Table 1:

h2q = 0.42 - g(—4.6) = 0.16 - S — 59899
h2gy = 0.4% - q(—4.2) = 0.16 - S22 — 53889
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HENF*SREEE
-4.8 | 23.04

11]-4.6 5.9899 | -0.096
-4.4 1 19.36

2|-42 2.3882 | -0.032
-4.0

31-3.8 4.8775 | 0.032
-3.6 | 12.96

41-34 4.4919 | 0.096
-3.2 1 10.24

Table 1: Coefficients needed for assembling the system of equations for Problem 1.

Use the coefficitents for assembling 4 equations for 4 unknowns y; az y, :
the first equation (i = 1):

—23.04 yo + (23.04 + 5.9899 + 19.36) y; — 19.36 yo = —0.096

substitute the boundary value yy = —2 and move to the right hand side:

48.3899 y; — 19.36 yo = —0.096 + 23.04 - (—2) = —46.176

the second equation (i = 2):

—19.36 y1 + (19.36 + 5.3882 + 16.00) g5 — ys = —0.032
—19.36 1y + 40.7482 5 — 16.00 y5 = —0.032

the third equation (i = 3):

—16.00 ys + (16.00 + 4.8775 + 12.96) y3 — 12.96 y4 = 0.032
—16.00 5 + 33.8375 y5 — 12.96 34 = 0.032

the fourth equation (i = 4):
—12.96 y3 + (12.96 + 4.4919 + 10.24) y4 — 10.24 y5 = 0.096
substitute the boundary value y5; = 2 and move to the right hand side:

—12.96 y3 + 27.6919 y4 = 0.096 + 10.24 - 2 = 20.576

Resulting system of equations in matrix notation:

48.3899 —19.36 0 0 Y1 —46.176
—19.36 40.7482 —16.00 0 y2 | —0.032
0 —16.00 33.8375 —12.96 ys | 0.032
0 0 —12.96 27.6919 Ya 20.576

The solution of the system of equations is the vector
Y = (-1.1719, -0.5440, 0.0345, 0.7592)T

representing approximate values of the solution at inner nodes of the mesh, it means
approximate values of y(—4.6), y(—4.2), y(—3.8) and y(—3.4) .
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Problem 2 - a harmonic oscilator (damped oscillations)

Consider the equation y” + 2y’ +y = e~ with boundary conditions y(0) = 2, y(2) = 0.
Find numerically an approximate value of the solution y(0.2) at the time ¢ = 0.2.
Solution

First of all, the given equation need to be transformed to the self-adjoint form (1).
This can be done by the following four steps:

e perform the differentiation of the first term of (1):

—p(@)y"(z) = P'(2)y'(2) + q(z)y(z) = f(z) (7)

e multiply the given equation by —p(x) (variable ¢ is now renamed to z):

—p(x)y"(x) = 2p(2)y'(z) — p(x)y(x) = —p(z)e™ (8)
e compare the coefficients of (7) and (8):
p'(x) =2p(x), q(z) = —p(x), f(z)=—p(z)e™
e solve for p, ¢ and f (hint: suppose p(z) = e, then p'(x) = ce™ = cp(x) ):
pa) =¥, gla) = =¥, flz) = ~c e = ¢
The self-adjoint form is —(e*y/(t))" — e*'y(t) = —e’.

This problem does not comply with the conditions sufficient (not necessary) for the
existence of unique solution listed above, so it is not guaranteed that we obtain a
meaningful result when solving such equation numerically. Nevertheless, we try our
hand at the numerical solution of this illustrative problem.

Note: For this specific problem, however, we know there exists unique solution, as we
are able to solve it analytically — general solution of the equation is y = (¢; + cot +
0.5t%) e~t and using the boundary conditions we have unique solution ¢; = 2, ¢y = —2.

In order to find approximate solution at ¢t = 0.2, we have to compute approximate
solution on the whole interval. First divide the interval with the step size h = 0.2 (it
has to be chosen so that both endpoints of the interval are nodes of the mesh) and
prepare coefficients needed for assembling the system of equations into Table 2:

We have p(t) = e*, q(t) = —€** a f(t) = —¢,

pr = p(0.1) = %2 = 1.2214

Py = p(0.3) = %0 = 1.8221

W2 = 0.2% - (0.2) = 0.04 - (=¢**) = —0.0597
h2qs = 0.2% - q(0.4) = 0.04 - (—e®®) = —0.0890
h2fi =0.22- £(0.2) = 0.04 - (—e®?) = —0.0489

") = —0.0597

W2 fy =022 f(0.4) = 0.04- (-
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’ 1 ‘ t; Pixl ‘ hq; ‘ h? fi ‘
0.1 ] 1.2214

1102 -0.0597 | -0.0489
0.3 ] 1.8221

2104 -0.0890 | -0.0597
0.5

31 0.6 -0.1328 | -0.0729
0.7 | 4.0552

410.8 -0.1981 | -0.0890
0.9 | 6.0496

51 1.0 -0.2956 | -0.1087
1.1 | 9.0250

61|12 -0.4409 | -0.1328
1.3 | 13.4637

7114 -0.6578 | -0.1622
1.5 | 20.0855

81 1.6 -0.9813 | -0.1981
1.7 | 29.9641

9118 -1.4639 | -0.2420
1.9 | 44.7012

Table 2: Coefficients needed for assembling the system of equations for Problem 2.

Now we use the prepared coefficients for assembling 9 equations for unknowns y; to yo:
the first equation (for i = 1):

—1.2214 yo + (1.2214—0.0597 + 1.8221) y; — 1.8221 yo = —0.0489

substitute the boundary value yo = 2 and move the corresponding term to the rhs:
2.9838 y; — 1.8221 yo = —0.0489 + 2 - 1.2214 = 2.3939

the second equation (for i = 2):

—1.8221 y; + (1.8221—0.0890 + ) Yo — ys = —0.0597
—1.8221 y; + 4.4514 yo — 2.7183 y5 = —0.0597

.. ete.
the last equation (for ¢ = 9):
—29.9641 yg + (29.9641 — 1.4639 + 44.7012) yo — 44.7012 y19 = —0.2420
substitute the boundary value y;9 = 0 :
—29.9641 ys + 73.2014 yg = —0.2420
The solution of the system of equations is a vector
Y = (1.3259, 0.8574, 0.5373, 0.3230, 0.1836, 0.0961, 0.0442, 0.0161, 0.0033)7.
An approximate value of y(0.2) is y; = 1.3259

(for comparison: exact value of y(0.2) is 1.3263).
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