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1.1 Ordinary linear differential equations

® Consider the problem of the falling particle again. Suppose it is held by a spring
(satisfying Hooke’s Law ) attached to the starting point , z = h. We will assume that the
force due to the spring is Fepring = A(h — 2)e., where A > 0 is the “spring constant”.
The equation of motion written this time for w(t) = h — z(t) is:
d?u du N+ 0
— = —V— — AU
dt? dt g
where \ = % We must solve this equation, subjectto «(0) = 0; z2(0) = h;u’(0) = 0.
We take Laplace transforms on both sides and obtain:

s?u(s) = —wsa(s) — Aa(s)+ %

A g
p— 2
N s(s?2 4+ vs+ A) @

The Laplace inversion formula  then gives for ¢ > O:

1 c+100 estg
t = d 3
u(®) 278 Je_ioo S(8%2 +vs+A) ’ ©)
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1.2 Falling particle

» We can evaluate the integral in Eq.(3) using the Residue theorem for ¢ > 0, we close on
the left-half plane on a large semi-circle. The integrand has simple poles at

2 . .
so = 0;s4 = —% + (% — \)1/2 with residues,
g
o = X
g68_|_t
T f—
" S(s4 —s-)
es_t
N g

s—(s— —5+)

the complete solution is then given by:

J [ - @)

t —
ult) 2(YL — N)/2° sy S5

g
)\—i-

® |t is easily checked that the two initial conditions are indeed satisfied. In a problem, | ask
you to consider various cases of this interesting solution based on the relative sizes of
the damping rate » and the “reduced spring constant”, .
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1.3 Coupled oscillators

® Mechanical systems are often coupled: consider two oscillators connected to each
other- an example is provided by two weights hanging from the same taut string. We will
assume, for simplicity, the motion is in one dimension and consider the pair of equations:

d2m1 dxq 2 dza
gty ki = b ®)
d2m2 dxo 2 dxzy
a2 k - 6
m2— 3 + m2 B2 7 + maok3x2 7 (6)

Here mq > are the masses, 31 2, the “damping coefficients”, k%yQ are the spring
constants) and b is an “interaction” constant, which dynamically links the two oscillators.
Note that this interaction conserves the total kinetic energy of the two particles.

» We must solve this set of coupled equations, given initial data. For simplicity, | assume
that z1,2(0) = 0; 221 = vy, %22 = 0 at the initial instant, as an illustration. Taking
Laplace transforms, we get:

2’\ A 2/\ A
s°%1 4+ P1s21 + kiz1 = —sTa2+v1

2 . . 2 . .
s°%Zo + PB2sta + k32 = ——sI1
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1.4 Coupled oscillators: formal solution

® The pair of simultaneous linear algebraic equations for £1 o are easily solved. The
inversion formula can be evaluated by using the residue theorem, noting the poles which

OCCur.
A b 85?31
To = —
ma (s2 + B2s + k3)
A V1
T —
1 D(s)
ct+100 st

x1(t) = s ©  ds

271 C— 100 D(S)

(2 2 b2 2
where D(s) = (s + B1s + k1) + (57703 )(32+;28+k§ ).
The zeros of the function D(s) contribute, via residues there to the final solution. In the

problems some special cases will be considered.

® |f b =0, the oscillators do not interact and the second oscillator is not “excited”: D(s)
becomes a quadratic and we get a damped simple harmonic motion  in the first oscillator. If
B1 = B2 = 0, D(s) becomes a quadratic in s and the solution is easily obtained. The
motion is interesting as the energy “sloshes” back and forth, undamped between the two
oscillators! AT - p5/20



1.5 Electrical circuit applications

® In electrical circuit theory, there are two Kirchoff laws which are ultimately derived from
Maxwell's equations (See Feynman Lectures on Physics  for a full discussion of elementary
circuit theory). If V() is an externally applied voltage (say, a battery) and i(t) is the
current flowing in the circuit, the laws lead to the following “circuit equation”:

di q
L=+ Ri+L1 = V(t
a Tt (*)
. dq
— _1 7
? 7t (7)

Where L is the self-inductance of the circuit, R is the resistance and C, the capacitance .
q(t) is the charge on the capacitor of the circuit. Here, the three elements (and the
battery) are in series. This is the simplest electrical circuit imaginable.

® As an example, we will consider the following problem: suppose V (t) = 0;t < 0 and is
turned “on” suddenly to be V. fort > 0. Suppose further that C' = oo (this means
there is no capacitor in the circuit), and ¢(0) = 0. Describe the rise of the current in the
circuit. We must solve for ¢ > 0 the equation:
di

dt+ ) (8)
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1.6 LR circuit

® Taking Laplace transforms, we obtain,

R R V.
Lsi+ Rt = —
S
A V* 1
1 —
L s(&£+s)
We have already solved this equation since Eq.(27) of Lecture 12 is exactly the same
(with the identifications —¢g — %; v — %;vz (t) — i(t) ) as EQ.(8)! Using the famous
Feynman Principle: “same equations, same solutions!” we may write down the answer:
Vi R
1(t — Zf1—e Tt 9
(t) 7| ] (9)

Suppose that at some time ¢ = ¢, > 0, an “impulsive voltage” (say “surge”) is applied.
What is the solution? We simply add a Dirac delta function ~ Viurged(t — t4) to the right of
Eq.(8)! The Laplace transformed equation is now:

Vi

Lsi+Ri = — +/ e 5 Waurged (t — ts)dt
S 0

Vi
—st
= — + sturge6 St
S
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1.7 LR circuit: impulsive response

® The complete solution is simply the sum of the solution Eq.(9) added to the
“impulsive/surge response” obtained by the inversion of the second term. This is the
Principle of superposition ~ which applies to all linear problems . Consider then,
1 c+1i00 ‘/surge es(t—tx)

1 t = — ds
Surge( ) 271 c—100 L S + %

We see something interesting: if ¢ < t., ie before the surge , the integrand is analytic in
the right-half plane and the contour may be closed by a large semi-circle there. Cauchy’s
theorem then gives isurge(t) = 0;t < t«, as it should be! For ¢ > t., we can choose
the Bromwich contour to the left and evaluate the integral using residues:

Lfsurge —B(t—t,)
L *
( L e

isurge (t) —

The complete solution can now be wriiten down:

Vi _R Vsur
i) = Zh—e B Bu

L

VH(t — ty)e™ L (t=ts) (10)

where H(t — t.) is the Heaviside function (Lec. 12.2). Note that it is multiplied by the
exponential term, which is the solution of the homogeneous circuit EQ.(8). It describes

how a given current resistively decays in the circuit if no external voltage is applied.
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1.8 Green’sfunction

® The linearity of the problem and the nature of the impulsive response suggests the
following enormously fruitful idea: suppose we are given a continuous forcing voltage
V' (t) (non-zero only for ¢ > 0 ) applied to the circuit. From the properties of the Dirac
delta, it is clear that we may write this as follows:

/ V(r)5(t — 7)dr

This says that the voltage function can be regarded as a continuous series of impulses!
Since we know that the system response to each “elementary impulse” V(7)6(t — 7)dr
is none other than, V(T)clrM AU ) the complete solution must be a simple
superposition of the individual impulsive responses:

’I,(t) — / V t B 7_) %(t_T)dT

B t—71)

- [ v g 11
_ /O (r) S —dr 1)

® You should show, by direct differentiation with respectto ¢, that i(t) satisfies the equation,
LdZ + Ri =V (t)fort > 0andi(0) = 0. The solution for V (¢) = Vi is also immediate!
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1.9 Convolution of functions

® Definition 13.1: I £(¢), g(¢) are any two Laplace-transformable functions defined over
[0, c0), their convolution or “faltung” IS a function of ¢t denoted by f * g[t], defined by the

integral:
fxglt / f(u)g(t —u) (12)
Plainly, the solution we found in the last section is a convolution of the applied voltage,
_R
V (t) and what is called the Green’s function/system response function , g(t) = < LL

Theorem 13.1: For any pair of admissible functions  f (%), g(t):

fxg = g*f= / F(t — u)du

Proof: We may write without loss of generality, using the Heaviside functions properties
and by setting t — v = v and adjusting the limits accordingly, we obtain:

Frall = [T rHE—wet—wdu== [t =0 HE)@)

= /0 f(t—v)g(v)dv=g=x* f[t] (commutativity)
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1.10 The convolution theorem

® Theorem 13.2 (The Laplace convolution theorem):  For any pair of admissible functions  f(t), g(t),

Lifxgl(s) = f(s)i(s) (13)

Proof: Consider,
Lif xgl(s) = / —St/ F(w)g(t — u)du)d
— /0 e ® [/0 f(w)H(t —u)g(t — u)duldt
- /O /0 e (=W e f(u) H (¢ — u)g(t — u)dudt(= I(f, g)(s), say

Setting v = t — uw and inverting the order of integration, we get upon using the
properties of H(x), the stated result:

1(f,9)(s) = /Ooofw)e—w(/ e g(v) H (v)dv)du

_ /OOO f(u)esu(/ooo e~ g(v)dv)du
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2.1 Applications of L aplace transforms

» We can apply the convolution theorem to solve the following inverse problem : if we know
the voltage V(¢) and the current i(¢) in an LR circuit, can we calculate the circuit
response function, G(t)? We are required, in this case, to solve a Volterra convolution
integral equation:

i(t) = /Ot V(t—71)G(T)dr (14)

Note that we have re-written Eq.(11) using the commutativity of the convolution. The
solution is immediate upon taking Laplace transforms and using the Convolution theorem

we have:
Gls) = )
V(s)
1 c+100 o A
G(t) = — e’ G(s)ds (15)
270 J e— oo

This is a typical inverse problem: we supply an input to some “black box” linear system and
we record the output. We can, subject to some assumptions, determine how the system
will respond to any input! This “input-output” analysis can be, and has been very widely
applied in science, enegineering and even economics!
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2.2 Solving Volterra integral equations

» We can formally solve the Volterra convolution integral equations  using Laplace transforms.
The equation is of the form:

F6) = gt + /O K(t —7)f(r)dr, (t>0)

where ¢(t) is aknown function which vanishes for ¢ < 0 and K(u) is called the kernel
function of the equation, also defined for ¢t > 0. We are required to solve this equation
for the solution , f(¢). Taking Laplace transform of the equation and using the Convolution
theorem , we have:

f(s) = a(s)+K(s)f(s)

; B g(s)

o = 783

f(t) = /O g(t — 7)K*(7)dr
1 c+100 eST

K*(t) = — ——————ds

271 Je—ico 1 — K ()
For obvious reasons we call K*(7) the resolvent kernel of the equation.
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2.3 Examples

B Abels equation:  The following integral equation occurs widely in physics, particularly in
plasma diagnostics:

g(t) = /Ot(f&du O<a<l)

t—u)®

where ¢(t) is a given function for ¢ > 0 and we are required to find f(¢). Evidently,
this is particular case of the Volterra equation. Taking Laplace transforms, and setting
K(u)=u"¢

9(s)

o = 9
f(s) R(s)
K(s) = / e_Stﬁ = s7IT(1 — @)
0 L
fs) _ gls)s—
S 'l — «
Ob h = 1o S = Ra(s), Kat) = b = 12
servethat § —1=—-a —,8=1—q; FA-E) — «(s), Ki(t) = FI—p) — T(a)"
t : t
/ flu)du = s1n7ra/ g(T)l dr (16)
0 T Jo (t—T7)t7@

AT - p.14/20



2.4 Examples

® Integrating the RHS by parts, we see that,

t () ) 1t
/O( ir = +a/og”“ )od

t—T7)l—@ Q

Differentiating Eq.(16) w.r.t t, we obtain the solution:

sin o

i) = g0+ | g (Pt = r)°dr] an

70

B Kinematic waves: Hitherto we have considered ordinary differential equations ~ With constant
coefficients . Let us consider some examples of partial differential equations . The following
equation describes traffic flow in a model and also occurs in collisionless kinetc theories.
We are required to solve for f(x,t) where the function satisfies the so-called kinematic

wave equation:

of of
ot +u8x =0 (19)

where w is a constant "wave speed”. We require thatat ¢ = 0, f(z,0) = g(x) be a
given function of = € (—oo, 00).
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2.5 Wave propagation: kinematic waves

® Let us take Laplace transforms with respect to ¢, after setting,
f(s,z) = Jo° f(z,t)e*tdt. Then, we derive:

R of B
Sf+u8_:c = g(=)

ST

To solve this, we must multiply both sides by the "integrating factor", %eT and obtain,

O sz g®) sz
oole flo = = e
;o= / 9(v) 52 g
0 Uu
c+100 x .
fat) = oo [ et gl Feduds
2T J e —joo 0

e
= / g(v)d(x — ut — v)dv = g(x — ut)
0
where use is made of §(t) = 2#7” Ccf;;f eStds and some simple manipulations with the
integrals. This result shows that the solution after a time ¢ is simply the initial
disturbance, g(x) translated to the right with the wave speed u > 0, without any change in

shape! It can be directly checked by substitution in the kinematic wave equation.
AT — p.16/20



2.6 D’ Alembert’s Wave Equation: 1-d

® The one-dimensional propagation of waves (sound or electromagnetic disturbances) is
governed by D’Alembert's Wave Equation:

10% 0%
2 otz Qa2
where ¢ is the constant wave speed. Since the equation is second order in ¢, we must

specify, at ¢ = 0 both ¢ (x,0) = F'(x) and %—‘f(m, 0) = G(x) in the domain,
—o00 < x < oo. This example illustrates the combined use of Laplace and Fourier transforms

(19)

» We take simple conditions. At ¢ = 0 we assume an "impulsive" disturbance at = = zg
such that F(z) = 0;G(x) = c¢d(x — x). Taking Laplace transform of the equation w.r.t ¢,
we have,

oo 2 oo 2
0 C2 8t2 0 (95132
d(x — 2
e T0) 4 5 sy =
C

C

0%
Ox2

where we use the fact that F'(z) = 0 and the Laplace transform w.r.t "commutes" with
spatial differentiation.
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2.7 Solving D’ Alembert’s equation

B Note that we now have to solve a second-order, inhomogeneous o.d.e ! Let us set
U(x,s) = Wiz, s); treating s, as a parameter, we must solve,

d?W

dx?

o(x — xo)

C

()W -

We now take Fourier transforms  W.Ir.t = on both sides by multiplying by e~*** and
integrating from —oo to +o0o, assuming that the function goes to zero at infinity:

A

s2W e~ #A%o

“NW = _
c2 c
N e—i)x:z:() 1
W = "
cC  \2 4 s

Using Fourier's inversion formula  derived in the Problem set 12, we obtain,

R /oo et (z—z0) d\
—oo € 2m[A2 4 5]
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2.8 Completing the solution-1

® Applying next the Laplace inversion formula , we see that,

w(xﬂfrr()) — o -

' : 2 4 s
21 cC—100 — 00 c 27‘(‘()\ + - )

1 ct+i00 St[/oo ei)\(a:—xo) d\
&

We invert the order of integration and do the s integral first:

1 c+100 d
5(>\a t) - o GSt—Sg
271 C—100 A2 + i_Q
C

ﬁ [eic)\t o e—ic)\t]
1

using the Residue theorem for ¢ > 0. Asusual, for ¢ < 0, £(A,t) = 0 by Cauchy’s theorem
upon closing the contour in the right-half plane. We can now evaluate the Fourier inverse

transform:
oo Lid(xz—z(q) d\
€
v tizo) = [ EA 1)
o C 2T
_ l - [6i)\(a:—a:0—|—ct) o ez’)\(a:—xo—ct)] dA
21 J_ 2T\
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2.9 Completing the solution-2

® Differentiating w.rt ¢, we see upon using §(z) = [ ' % that,

a_¢ B E/oo [ei)\(a:—:c0—|—ct) _|_ei>\(:c—x0—ct)]@
ot 2 J_ 27

= g[d(w —xo — ct) + 6(x — xo + ct)]

Uv(x,t;xg) = %[H(x—xo—l—ct) — H(x — xg — ct)]

AT - p.20/20
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