1. Problem 1

(a) Assume that, u(x,t) = F(z)G(t) then uz, = F"(x)G(t) and u; = F(x)G'(t) and the 1-D heat equation becomes,

where we have introduced the separation constant A.! From this equation we have the two ODE’s,

G'(t) + \*G(t) = 0, (2)
F"(z) + \F(z) 0. (3)

Each of these ODE’s can be solved through ‘elementary methods’ to get,?

AER : G(t)=Ae 't A€eR, (4)
AeRT F(z) = ¢; cos(VAz) + 5 sin(VAx), (5)
AeR™ F(z) = cg cosh(v/|A\|z) + casinh(y/|A|x), (6)

A=0 F(z) = ¢5 + cox. (7)

Each of the functions F'(z) must also satisfy the boundary conditions, u,(0,¢) = 0 and wu,(L,t) and so we won’t need

all of them. Notice that the boundary conditions imply that,

us(0,t) = F'(0)G(t) =0, 8)
ug(L,t) = F'(L)G(t) =0, 9)

which gives F’(0) = 0 and F’(L) = 0.3 So, we now have to determine, which of the previous functions, F(z), satisfy

these boundary conditions. To this end we have the following arguments,

AeRY 1 F(0) = —e1VAsin(VA0) + caVAcos(VA0) = 1 VA - 0+ caVA -1 = ¢ = 0,
AMeRY . F'(L) = —c1VAsin(VAL) 4 caVAcos(VAL) = eV - sin(VAL) 4+ 0 - VA cos(VAL) =
= VA sin(VAL) =0 <= ¢ =0 or sin(VAL) = 0.

If we consider the case that ¢; = 0 then we have F(z) = 0 for A € R but we should try to keep as many solutions as
possible and we ignore this case. Thus assume that ¢; # 0 we have that sin(v/AL) = 0, which is true for v\ = nx/L

and we have the following eigenvalue/eigenfunction pairs indexed by n,

n?n?

Fo(z) = chcos(VAz), A, = PR

n=123.... (10)
We now consider the A € R™ case to find that,

AER™ : F'(z) = c3v/|A sinh(v/|A]0) + cav/|A| cosh(v/|A]0) = ¢35 -0+ c4-1=0= ¢4 =0,
AeR™ : F'(z) =c3/|\ sinh(\/|A|L) + cav/|A| cosh(v/|A| L) = c3+/|A| sinh(y/|A| L) + 0 - /| A cosh(y/ |\ L) =
AL _ o=VIME
= c3w/|/\‘e 26 =0=c3=0,

which means that for A € R~ we only have the trivial solution F(x) = 0. Lastly, we consider the case A = 0 to get,

A=0 : F'(0)=F(L)=ce=0=c5€R, (11)

IThis occurs in conjunction with the following argument. Since (25) must be true for all (z,t) then both sides must be equal to a function that has
neither ¢’s nor x’s. Hence they must be equal to a constant function. To see that this is true put an « or t on the side that has A and test points.

2These elementary methods are those you learned in ODE’s and can be found in the solutions to Homework 9 problem 1la.

3We assume that G(t) = 0 because if it did then we would have u(z,t) = F(z)G(t) = F(z) - 0 = 0, which is called the trivial solution and is ignored

since it is already in thermal equilibrium. We care about dynamics!



which gives the last eigenpair,*
Fo=cp€eR M=0. (12)

Noting that there are infinitely many A’s implies now that there are infinitely many temporal solutions (4) and we
have,

n?m?

2’
For the case where A = 0 we have the ODE G’(t) = 0, whose solution isGy(t) = Ap € R. Thus we have infinitely many
functions, that solve the PDE, of the form:

Gn(t) = Ape*<t, A= n=1,2,3,.... (13)

Up(x,t) = Frp(2)Gr(t), n=10,1,2,3,... (14)

Hence since the PDE is linear superposition implies that we have the general solution,

u(z,t) = Z Un(x,t) = uo(a,t) + Z Up (2, 1) (15)
n=0 n=1

= Fy(2)Go(z) + Y Fu()Gnl(t) (16)
— - Ao+ i Apcn cos(v/ Anz)ene’t (17)
n=1

= ap+ Z ag cos(y/ )\nx)e)‘"czt, (18)
n=1

which is the general solution of the heat equation with the given boundary conditions.
(b) Describe the long term behaviour as k is increased and as p is increased.

If k(thermal conductivity) is increased, the temporal solution decays faster and the system reaches equilibrium
sooner.
If p(density) is increased, the temporal solution decays slower and the system takes longer to reach equilibrium.

(¢) To find the unknown constants present in the general solution we must apply an initial condition, u(x,0) = f(x).

Doing so gives,

u(z,0) = f(z) = aop+ Z ag sin(\/xbx)e%c?'o (19)

ap + Z ag cos(v/ An), (20)

which is a Fourier cosine half-range expansion of the initial condition. Thus the unknown constants are Fourier

coefficients and,

L
ag = %/0 f(z)dz, (21)

9 L
an, = Z/o f(@) cos(v/ Ana)da. (22)

If we note homework7 probleml1 then we known these Fourier coefficients as,

k
ag = 5, (23)
4k nm n

Moreover, if we take L = k = 1 we see that tlim u(z,t) = ap = .5, which implies that under these insulating boundary
— 00
conditions the equilibrium state for the medium is a constant function u = .5 and that this is nothing more than the

average of the initial configuration.

4Here we have used the subscripts to denote that these are all associated with the A\ = 0 case. We have also trivially changed c5 to cg.



2. Problem 2 : Recall the 1-D conservation law

ou 09
= ky,  ©®)

(a) Assume that ¢ is proportional to u, to derive the convection/transport equation u; + cu, = 0

¢ = au
9 _ ou
or Yoz
ou 0Q  Ou Ju _
5 = _k;%éa_—ak%éut—kcux—()

(b) Given that u(x,0) = ug(z) show that u(z,t) = ug(xz — ct) is a solution.

u(z,t) = wolx —ct)
_ / L
u = —cuy Uy =
u+ecu, = —cuy+cuy=0

(c) If ¢(x,t) = cu — duy, derive from (8) the convection-diffusion equation us + cu, — dugy

06 _ w0
ox Cax ox?

ou d¢  Ou ou 0%u
a - P T a T Car Tl

(d)

Up = Dgy — g — MU (9)

Assume that u(z,t) = w(z,t)e** P and show that (a) can be transformed into a heat equation on the variable w

Whereaziandﬂ:)\—i—%

2D
u = wteaw—ﬁt + wﬁeaa:—ﬁt
Up = wee P 4 waetr Pt
Upy = wmeazfﬁt + 2w$ae°‘m7ﬁt + waler Pt
U = Dugy —cugy — Au
wpe® Pt _ e Pt = Duwge®® Pt + D2w,ae®® Pt 4 Dwale®* Pt —
—cw e Pt — cwae® Bt — \we*® Pt

= wy — Pw = Dwyy + 2Dow, + Dwa? — cw, — caw — Aw

w; = Duwge+ (2D — c)w, + (B8 — ca + Do’ — Nw
c c? c? D¢é?
= Dwgy, +2D (7 - ) z Ad — — — -5
e wee +205p C“)+(*MD 2D+4m>w
wy; = Dw,, < heat equation on variable w

3. Problem 3 : The only difference between this problem and problem 1 are the time dynamics specified by the PDE. This
gives a second-order ODE in time and from this ODE we have oscillations of Fourier modes instead of exponential decay.

Work showing this follows.

(a) Assume that, u(x,t) = F(z)G(¢t) then uy, = F"(x2)G(t) and u; = F(x)G"(¢) and the 1-D heat equation becomes,

G”(t) — F”(I) —
2G(t) ~ F(z) A (25)




where we have introduced the separation constant A.> From this equation we have the two ODE’s,

G"(t) + A\PG(t) = 0, (26)
F'(z) + A\F(x) = 0. (27)

Each of these ODE’s can be solved through ‘elementary methods’ to get,%

AeRT i G(t) = Acos(VAct) + A*sin(VAct), A, A* €R, (28)
A=0 : Gt)=A+ A"t A A" €R, (29)
AERT F(z) = ¢; cos(VAz) + ¢z sin(VAx), (30)
AeR™ F(z) = c3cosh(v/|A|x) + cq sinh(y/|A|z), (31)
A=0 F(z) = ¢5 + cpx. (32)

Notice there are different time functions than before. This highlights the departure from the heat equation dynamics.”

Each of the functions F(z) must also satisfy the boundary conditions, u,(0,t) = 0 and wu,(L,t) and so we won’t need

all of them. Notice that the boundary conditions imply that,
uz(0,t) = F'(0)G(t) =0, (33)
wa(Lt) = F(L)G(E) =0, (34)

which gives F’(0) = 0 and F’(L) = 0.® So, we now have to determine, which of the previous functions, F(z), satisfy

these boundary conditions. To this end we have the following arguments,

AeRY 1 F(0) = —e1VAsin(VA0) + caVAcos(VA0) = 1 VA - 0+ caVA -1 = ¢ = 0,
AMeRY . F/(L) = —c1VAsin(VAL) 4 caVAcos(VAL) = e VA - sin(VAL) 4+ 0 - VA cos(VAL) =
= VA -sin(VAL) =0 <= ¢; =0 or sin(VAL) = 0.

If we consider the case that ¢; = 0 then we have F'(z) =0 for A € RT but we should try to keep as many solutions as
possible and we ignore this case. Thus assume that ¢; # 0 we have that sin(vAL) = 0, which is true for v\ = nz/L

and we have the following eigenvalue/eigenfunction pairs indexed by n,

n?n?

Fo(z) = cncos(VAz), A, = Tz = 1,2,3,.... (35)

We now consider the A € R~ case to find that,

AeER™ : F'(z) = c3v/|A sinh(v/|A]0) + cav/|A| cosh(1/|A]0) = ¢35 -0+ c4-1=0= ¢4 =0,

AeR™ : F'(z) =c3/|\ sinh(\/|A|L) + cav/|A| cosh(v/|A| L) = 34/ |\ sinh(y/|A|L) + 0 - \/|\| cosh(y/ |\ L) =

AL _ o=VIME
= 03\/|)\‘e 26 =0=c3=0,

which means that for A € R~ we only have the trivial solution F'(x) = 0. Lastly, we consider the case A = 0 to get,

A=0 : F(0O)=F(L)=c=0=c5 €R, (36)
which gives the last eigenpair,®

Fo=ceR X=0. (37)

5This occurs in conjunction with the following argument. Since (25) must be true for all (x,¢) then both sides must be equal to a function that has
neither ¢’s nor z’s. Hence they must be equal to a constant function. To see that this is true put an = or t on the side that has A and test points.

SThese elementary methods are those you learned in ODE’s and can be found in the solutions to Homework 9 problem 1la.

"Based on problem1 and our studies in class we do not seek to find a time function for A < 0 since we know that the spatial function associated with
these eigenvalues will not satisfy the boundary conditions.

8We assume that G(t) = 0 because if it did then we would have u(z,t) = F(x)G(t) = F(z) -0 = 0, which is called the trivial solution and is ignored
since it is already in thermal equilibrium. We care about dynamics!

9Here we have used the subscripts to denote that these are all associated with the A\ = 0 case. We have also trivially changed c5 to cg.



Noting that there are infinitely many \’s implies now that there are infinitely many temporal solutions (28) and we
have,

2.2

Gn(t) = Ap cos(v/Anct) + A% sin(y/Anct), A= % n=123,.... (38)

For the case where A = 0 we have the ODE G”(t) = 0, whose solution isGo(t) = Ao + Ajt. Thus we have infinitely
many functions, that solve the PDE, of the form:

un(x,t) = Fp(2)Gp(t), n=0,1,2,3,... (39)

Hence since the PDE is linear superposition implies that we have the general solution,

u(z,t) = Z Un(x,t) = ug(x,t) + Z U (z, 1) (40)
n=0 n=1

= Fy(z)Go(x) + Z Fp ()G (t) (41)
= (Ao + Ajt) ZA ¢n, cos( \/>x Anc’t (42)

= ap+ajt+ Z [an cos(v/Anct) + aX sin(\/gct)} cos(v/An), (43)

which is the general solution of the wave equation with the given boundary conditions.
(b) To find the unknown constants present in the general solution we must apply an initial condition, u(z,0) = f(x) and
ut(x,0) = g(x). Noting that g(x) = 0, since there is no initial velocity, implies that af = a = —. Calculating the rest

we find,

u(z,0) = f(x) ag + Z ag sin(\/xx)ek"cz'o (44)

ao + Z ag cos(v/ A\p), (45)

which is a Fourier cosine half-range expansion of the initial condition. Thus the unknown constants are Fourier

1 [E

i |t (46)
L

%/0 f(x) cos(v/ Anz)da. (47)

If we note homework7 problem1 then we known these Fourier coefficients as,

coefficients and,

ao

a n

k

aop = 5, (48)

4k nm "
= 53 [2 cos (730) — (=" = 1} . (49)

4. We begin with,
1 l-‘rCt

dspu(z,t) = 3 [uo(x — ct) + up(x + ct)] + % / vo(y)dy. (50)

r—ct

To show that this is a solution to the wave equation we find its partial derivatives, u;; and u,, and see if they maintain
equality in the wave equation. First note that the chain rule implies,
Oug(x — ct) Oz — ct]
Oz — ct] ot
= up(z —ct) - (—0), (52)

—ug(x — ct)

ot




and that the chain-rule with the fundamental theorem of calculus implies,

g [t Oz + ct]
&/0 'U()(y)dy = UO(SU + Ct) . T

= wolz+ct)-c.

Thus we have that,

1 1

= 3 [Puf (x = ct) + Cuf(x + ct)] + % [Pv(z + ct) — vz — ct)]
1 1

Ugy = B [ug (z — ct) + ug (x + ct)] + % [v(x + ct) — vj(x — ct)],

which implies that g = c2ugy.

. Consider the non-homogeneous 1-D wave equation

Pu  ,0%u

Letting F(x,t)=Asin(wt) gives the following Fourier Series for F

F(s,t) = i f,Jt)sin(?) (14)

fult) = 220 (Cmysinty  (15)

nm

(a) Show that substituting (14)-(15) into (10) gives

2 A
Gt (55 G = 22 (1 (-1))sin(ut)  (16)
Fle,t) = Fu(@)fa) = falysin ()
n=1
= Bl = Y sin ()
u(z,t) = Fo(t)Gn(t)
0? , S
g FOG0 = 3 610s (*5)
92 o L\2 . /T
oL - FA’(t)Gna):;—(m) Ga(t)sin (“77)
% = 62% +F($7t)
= 3 G sin il 3 G, or 25in ) + 3 fn(t)sin =
5= oan (752) - 350 (%) o () + 5 rn (°5)
= 3 G sin (o) = 3 {— or 2Gn+fn(t):| sin (7
; ( L ) ; ( L ) ( L )
1 for this statement to be true, the coefficients must be equal
2
2 A
= G+ (BT 60 =220 - (1) ysin(un)

(b) The solution to (16) is given by

G(t) = B,cos (%t) + B sin (?t) + Gp(t)



i

ii

iii

. If w # <%, what would be your choice for G, (t)if you were using the method of undetermined coefficients?
Gp(t) = Acos(wt) + Bsin(wt)
. If w = <% what would be your choice for G, (t)?

Gp(t) = Atcos (?t) 1 Btsin (%)

. For (ii), what is the lim; o u(z,t)?

lim u(z,t) = oo

t—oo
. What does this limit imply physically?
This is called resonance and implies that the magnitude of oscillation approaches infinity as t gets larger

and likely the object/string would break under these forces.



