HW10: Calculus of Variations, Phys3355,Fall 2005, with solution 1

1 Shortest Path in Between Two Points

Show that the shortest path between two points in three-dimensional space is that of a straight line. Hint: Use Euler’s
equations with several dependent variables x(t), y(t), and z(t), with ¢ being the independent variable.

* | 1.0 solution | *

We minimize

J= / ds—/ V(@) + (dy)? + (d2) (1.1)

where dz, dy, and dz, are the differentials of the Cartesian coordinates x, y, and z respectively, and z1 and x5 correspond
to two fixed positions in the Cartesian space. Since x = x(t), y = y(t), and z = z(¢), we have

dx dy dz

de = —dt=2'dt dy dt =y/dt  dz= —dt = 2/dt. 1.2
YT . T Y T (1.2)
So
to
J:/ \/(x’dt)2+(y’dt)2 + (2 dt)? / oy 427 dt, (1.3)
ty

where t1 and ¢y are the corresponding values of the variable t at positions 1 and zs. We define the functional

f=y2?+y?+ 27 (1.4)
where we require that it satisfy the following FEuler equations

af d of of dof ﬁ_iﬁ_
Ox  dt ox’ =0 dy  dt oy =0 92  dt oz =0, (1.5)

which will make J at least stationary, but we will guess that it’s a minimum. Doing this gives

d ' d Y d 2
’ dt (\/(El2+y/2+2/2> 0 0 dt (‘/$/2+y'2+2/2> 0 0 dt <, /x’2+y’2—|—z’2> 0, ( 6)

which gives

/ / /!
* =0 Y =Cy = Cs, (1'7)

/(EI2 +y/2 +Z/2 /(EI2 +y/2 +Z/2 /(EI2 +y/2 +Z/2

where C, Cs, and Cs, are constants of integration. We may rewrite equations 1.7 as

x/ y/ ZI
F _ /.’,C/2 4 y/2 4 ZI2 F — /.’,C/2 + y/2 + ZI? F — /.’,C/2 + yl2 + 212' (18)
1 2 3

So
! y' k4 1 da 1 dy 1 dz 1 1 1
— == = — —dt = ——=dt = ——dt = —dax = —dy = —d 1.9
& Oy Cs Cq dt CQ de C5 dt & v Oy y= Cs = ( )
which may be integrated to give
/—dx /—d —/—dz = ix—i—C * +C—iz+C’ (1.10)
= 02y c; 4—02y 5—03 6 | .

which is a general equation of a straight line, where the integration constants may be adjusted to fit the line to the end
points.

{ }
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2 Stationary Integral

Find y(z) such that the following integral is stationary,

T2
J:/ Vzy/1+y?de, (2.1)
1
where 3y’ = g—g.
* | 2.0 solution | *

The functional

f=Vr\1+y? (2.2)

must satisfy Euler’s equation

of d of

oy Aoy 0, (2.3)
where 3y’ = S_Z' So
d yl I
O—a (ﬂﬁ) =0 = \/_W c1, (24)

where we introduce the constant of integration ¢;. We may rewrite equation 2.4 as

Vay =ey1+y? = ay®=d (1+y) = =3+ = w-&=a

2
2 2 2 2 ‘1 / ‘1 _adr
vV — (’1

| Va —c?

d(:v—c%)
= y=Z4c¢ | ——= = |y=2F2c11/r - +c2}, 2.6
— Jo- & (26)

where ¢, is another integration constant.

{ }

3 Geodesic: Shortest path on a Circular Cylinder, Three Ways
3.1 Using One Dependent Variable z(¢)

Show that the shortest path between two points on a circular cylinder is along a helix. Do this with the assumption that,
2(¢) may be written as a function of ¢ in cylindrical coordinates (r, ¢, z) with r being a constant. The equation of a helix
in cylindrical coordinates is z = C ¢ + C5 where C; and Cs are constants.

* | 3.1 solution | *

The length of the line using cylindrical coordinates (7, ¢, z) can be written as

/\/dr (rdo)? /\/ Rd$)? + (d2)? (3.1)
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where the integration limits are at two points on the cylinder, and we have imposed the equation of a cylinder r = R,

where R is the constant radius of the cylinder. Since we only have two variables, z and ¢, we can choose that the z is the
dependent variable, and ¢ is the independent variable giving

J:/\/(Rd¢)2+ —d¢> /\/md¢, (3.2)

where 2/ = g—;. We make J stationary with Euler’s equation,
of dof (3.3)
Jz d¢ 0z
where
R2 4 2%, (3.4)
This gives

d 2 z
— J—— :O :> —_— = C 5 3.5
d¢ (\/R2+z’2> VR2 + 27 ' (35)

where ¢; is a constant of integration. Solving for z we get

R
Y=cVR2+2? = = (R2+z) = 2’2(1—0%):0%]%2 = =t

2
1—ct

ca R aR caa R
= Z'd 2/ d¢ = /dz—i +e = |z=——=0+cal 3.6
[#o= | =0 gt VA 30

which is an equation of a helix.

{ }

3.2 With Two Dependent Variables

Show that the shortest path between two points on a circular cylinder is along a helix. Do this using cylindrical coordinates
with the variables (r, ¢(t), z(t)). That is ¢(¢), and z(¢) are dependent on an independent variable ¢, and r being a constant.
Note: You do not have to solve the ¢ dependence of ¢ and z.

* | 3.2 solution | *

The length of the line using cylindrical coordinates (r, ¢, z) can be written as

/\/dr (rd¢)? /\/ Rd¢)® + (dz)* (3.7)

where the integration limits are at two points on the cylinder, and we have imposed the equation of a cylinder r = R,
where R is the constant radius of the cylinder. Given that ¢(t), and z(¢) are dependent on an independent variable ¢ we

have
B do 2 dz 2 B 0 2 12
J = / \/(R T dt) + (_dt dt) = / R2¢'* + 2/~ dt, (3.8)

where 2/ = (dii, and ¢’ = dt We make J stationary (minimum) with the Euler equations,

9z  dtoz 8¢  dtog
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where
f= VR (3.10)
This gives
d 2! _ 2/ B P B e P
_E<‘/R2(b’2—|—z’2>_0 = \/m_cl = a—\/R¢ +27, (3.11)
and

d R2 / R2 / R2 /
BN RN N 0 = __ B cs = ¢ =/ R2¢/? + 2, (3.12)
dt \ /R2¢/? + 272 VR2? + 27 c2
where ¢; and ¢y are constants of integration. Subtracting the last equation in 3.12 from the last equation in 3.11 gives

ZI R2 ¢I

1 1 1 1
=0 = —Jdt=—R*dt = —/dz: —R2/d¢ = |2=2R¢+es) (3.13)
C1 C2 C1 C9o C1 C9 C2

which is an equation of a helix.

3.3 With an Equation of Constraint and Three Dependent Variables

Show that the shortest path between two points on a circular cylinder is along a helix. Do this using cylindrical coordinates
with the variables (r(t), ¢(t), z(t)) all dependent on an independent variable ¢, and with the constraint that r = a, where
a is a constant. Note: There’s not much different between this and the last sub-problem.

* | 3.3 solution | *

The length of the line using cylindrical coordinates (7, ¢, z) can be written as

J= /\/dr + (rdg)® + (dz)* (3.14)

where the integration limits are at two points on the cylinder. Given that r(t), ¢(t), and z(t) are dependent on an
independent variable ¢ we have

2
J= /\/ —dt + r%dt) +<—dt> /\/r’2+r2¢’2+2’2dt (3.15)

where 7’ = ‘;:, ¢ = dt, and 2/ = ‘31; We make J stationary (minimum) with the Euler equations,
aof d of dg of d of dg af d of dg
e YO L 2L\ = = 2L LA = = 1
ar @ W5 =0 g5 way Mg, =0 5 T @man T =0 (3.16)
where A(t) is the Lagrange undetermined multiplier,
f=1/r+ r2¢/? + 212, (3.17)

and we have the equation of constraint g(r) = r — R = 0, where R is the constant radius of the cylinder. The equation of
constraint g(r) makes solving for r(¢) trivial, giving r(¢t) = R and ' = 0. The Euler equations for ¢ and z give

2 4/ 2 4! 2 41
I N 10=0 = R =c = B¢ =/ R2¢/? + 2%, (3.18)
dt /R2¢/2+Z’2 /R2¢’2+Z’2 C1
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and

d 2/ 2 7 2 2
0——|———=]4+0=0 = ———m—"=cy = —=1/R2¢"+2", (3.19)
dt \ VR2¢? 4 272 VR 4 2 c2

where ¢; and ¢ are constants of integration. Subtracting the last equation in 3.18 from the last equation in 3.19 gives

ZI R2 ¢I

1 1 1 1
0 = —Zdt=—R*dt = — /dz = —R? /d(b = |:=2R+cs), (3.20)
Co c1 Co Cc1 Co C1 C1

which is an equation of a helix.

{ }

4 Minimum Area of Revolution

A surface is generated by revolving a curve y(x), that connects two points in the 2-y plane, around the = axis. Find this
curve such that the surface area is a minimum. Consider using the second form of Euler’s equation.

* | 4.0 solution | *

We minimize

J = / 2mryds = 277/ y\/ (dz)? + (dy)* = 271'/ yy\/ 1+ y?de (4.1)

1

where 3y’ = d—g. For J to be a minimum, J must be stationary. J will be stationary if

f=y/1+y? (4.2)

satisfies Euler’s equation,
9 497 _y, (4.3)

Plugging in f into Euler’s equation gives

/ d vy’ / yy” y'”? yy'y"
1+y/2_@<7\/1+/2 - 1+y/2_\/l+ 71+ T =0 (44)
Yy y y

(1+y7?)?
where 3y = 32712’. Multiplying by (1 + y’2)% gives
(1 + y’2)2 —yy” (1 + y’2) —y”? (1 + y’2) +yy*y =0 (4.5)
= 142y -y -y Y -y Yy =0 (4.6)
= 1497w =0 = 1+y°=yy" (4.7)

Assuming that 3’ can be expressed as a function of y we get,

W W
dr  dydz dy”°
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Therefore

/2
1+ =y=Ly = L= - = /—':—/7 = In :—ln(1+ ’)—|—c, 4.9
vT=vg,Y Y 1147 , 2 e y=3 y 1 (4.9)

where ¢ is a constant of integration. This gives

In| - = = L:Cl, (4.10)
Vi+y?

where C7 = e“t. So

y=Cil+y? = P=ci(1+¢°) = P=Ci+0® = y-ci=chy” (4.11)
o - ceoy = dre L9 (4.12)
' Vy? = Ct
dy 1y z—Ch

= de=C, | ——— = ax=Cicosh " =—+(Cy = = cosh . 4.13

/ x 1 / N x 1 COS cn + Cs y(x) = cos c, (4.13)

If we used the second form of Euler’s equation,

aof d ,0f
- = A 4.14
Oz dz <f Y oy’ 0 (4.14)

with f from equation 4.2 we get

d / 2 yy'"” / 2 yy'"

where C} is an integration constant. By multiplying by \/1 + y'* we get

= gty -y =014y = y=Ciy1+y? (4.16)

which is the same as the first equation in 4.11. So the result will be the same and we see this way is a little quicker.

{ }

5 Shape of a Hanging Cable

A cable with uniform linear mass density, and a fixed length [ is hung across space while gravity pulls down on it causing
the cable to sag between the two points at the ends of the cable. The total gravitational potential energy (mgy) from the
earth pulling down on the cable is a minimum. What is the general shape of the cable, y(x). Hint: Use the method on
page 222 of Thorton and Marion.

* | 5.0 solution | *

Let p be the linear mass density of the cable. Letting gravity act in the minus y direction, the gravitational poten-
tial energy of the cable is

J=/ (dm)gy=/ (pd8)9y=pg/ y\/ 14y da. (5.1)

1
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The constraint that the cable has a total length [ can be written as

l:/ ds:/ /14 y?da. (5.2)

We set f =yv/1+ 1% and g = \/1+ 3% so for J to be a minimum, it must be stationary, and so (from equation 6.78 in
Thorton and Marion)

of d8f+)\(8g dc‘?g)

Oy dx oy

Ay dz oy =0 (5:3)

where )\ is a Lagrange undetermined multiplier constant. This gives

~.
N

PTPE R G 7/ BN B (AN B
y dx /1+y/2 dx /1—|—y/_2 -

U
—_
+
td\
L]
|
£
8
VR
—
+ (=
td\
L]
~
|

1 /2 /2 1
1 Y (1+y)—yy 1 "y 12,00 12 1
= 72—(y+>\) - =0 = 72—(+/\)y vy §yy =0
/1_|_y/ (1+y/2)2 1+y/ (1+y/2)2
1 i
= = —(y+A) Y =0 (5.4)
1"‘;1// (1+y/2)2

3
Multiplying by (1 +v 2) * gives

dl
= 149" @+ Ny =0 = 1+ =@y+Ny = 1+y’2=(y+A)%y’

dy _ y'dy / dy _/?/d?/ N /MZE/M, (5.5)

ytA 1+y2 ER N T ytx 2] 142

We note that we just solved an equation like this from the previous problem in 4.9, but with y + A\ — y, and so the
solution, from equation 4.13, is

T L) = —A+ cosh 292 | (5.6)
1 Cq

y + A = cosh

so the general shape is a hyperbolic cosine function.

{ }




