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From an elementary perspective also we know that in order for the particle to move on the sphere a centra force has
to act which is a function of the radial coordinate only. But this too is constant on a sphere so that,

m~̈r = −λ2 ~r

where λ2R is the centripital force.

Q.18

g(x) = c0 + c1x+ c2x
2

f(x) = sin(x)

F [c] =

∫ π

0

dx (sin(x)− c0 − c1x− c2x2)2

= −4c0 + 8c2 +
π

2
+ (c20 − 2c1)π + (c0c1 − 2c2)π2 +

1

3
(c21 + 2c0c2)π3 +

1

2
c1c2π

4 +
1

5
(c22π

5)

Setting ∂
∂ci
F [c] = 0 we get,

c0 =
12

π3
(−10 + π2), c1 = −60

π4
(−12 + π2), c2 =

60

π5
(−12 + π2)

II. CHAPTER-2

Q.1 L(qsq̇s)− L(q, q̇) = dF (qs,q̇s)
dt . This means,

d

ds
L(qsq̇s) =

dFs(qs, q̇s)

dt

where Fs ≡ d
dsF . But,

d

ds
L(qsq̇s) =

dqs
ds

∂L

∂qs
+
dq̇s
ds

∂L

∂q̇s
=
dqs
ds

d

dt

∂L

∂q̇s
+
dq̇s
ds

∂L

∂q̇s
=

d

dt

(
dqs
ds

∂L

∂q̇s

)
Therefore,

d

dt

(
dqs
ds

∂L

∂q̇s
− Fs(qs, q̇s)

)
= 0

This means the Noether constant is,

Q =
dqs
ds

∂L

∂q̇s
− Fs(qs, q̇s)

Q.2 Make a transformation to polar coordinates. x = rcos(θ), y = rsin(θ). Then a rotation x
′

= xcos(α)+ysin(α)

and y
′

= −xsin(α) + ycos(α) would be a translation in the new coordinates since r
′

= r but θ
′

= θ − α.
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Q.3 L(sq, sq̇) = L(q, q̇). This is possible if L(q, q̇) = f( q̇q ). The Noether constant is,

Q =

(
dqs
ds

∂L

∂q̇s

)
s=1

= f
′
(
q̇

q
)

Q.4 Consider L(q1, q2, q̇1, q̇2). Here, L(sq1, sq2, sq̇1, sq̇2) = L(q1, q2, q̇1, q̇2). This is possible only if,

L(q1, q2, q̇1, q̇2) = f(
q2

q1
,
q̇1

q1
,
q̇2

q1
)

Noether’s constant is,

Q =
dq1, s

ds

∂L

∂q̇1,s
+
dq2, s

ds

∂L

∂q̇2,s

Q = q1
∂L

∂q̇1,s
+ q2

∂L

∂q̇2,s

= f2(
q2

q1
,
q̇1

q1
,
q̇2

q1
) +

q2

q1
f3(

q2

q1
,
q̇1

q1
,
q̇2

q1
)

where f2(x, y, z) = ∂
∂yf(x, y, z) and f3(x, y, z) = ∂

∂z f(x, y, z).

Q.5 The Lagrangian is, L(θ, θ̇, ..) = 1
2m(ṙ2 + r2θ̇2)− V (r, θ). The total energy is,

E =
1

2
m(ṙ2 + r2ω2) + V (r, θ)

Define,

Ω =
n

2π

∫ θ+ 2π
n

θ

dα |ω(α)|

where ω(α) is the angular velocity of the particle when its making an angle α with the x-axis. It is easy to see that
Ω is conserved.

Q.6 Now L(xµ(s, q), ẋµ(s, q)) = L(xµ(s), ẋµ(s)).

xµ(s, q) = Λµρ (q)xρ(s)

Noether’s constant is,

Q =

(
dxµ(s, q)

dq

∂L

∂ẋµ(s, q)

)
q=0

=

(
dΛµρ (q)

dq

)
q=0

xρ(s)mẋµ(s)

For boost in the x-direction,

Q =

(
dΛ0

0(q)

dq

)
q=0

x0(s)mẋ0(s)+

(
dΛ0

1(q)

dq

)
q=0

x1(s)mẋ0(s)+

(
dΛ1

0(q)

dq

)
q=0

x0(s)mẋ1(s)+

(
dΛ1

1(q)

dq

)
q=0

x1(s)mẋ1(s)

x0(s, q) = Λ0
0(q)x0(s) + Λ0

1(q)x1(s)

x1(s, q) = Λ1
0(q)x0(s) + Λ1

1(q)x1(s)
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so that ( q = v/c ),

Λ0
0(q) = Λ1

1(q) = (1− q2)−
1
2

Λ1
0(q) = Λ0

1(q) = −q (1− q2)−
1
2

Q = −x1(s)mẋ0(s)− x0(s)mẋ1(s) = −x(s)mct
′
(s) + ct(s)mx

′
(s)

A boost is a rotation in space and time. A rotation in just space leads to a conservation of angular momentum
Lz = xpy − ypx = xmvy − ymvx. The above quantity is similar. The most general situation would be

Qµν = mx
′µ(s)xν(s)−mx

′ν(s)xµ(s)

This antisymmetric tensor is conserved. The the space-space component is the usual angular momentum. The space
time component is the quantity in the problem.

Q.7 L(q, q̇) = 1
2mq̇

2 − 1
2λ

2q2 where q = (q1, q2, ...., qd). where λ is a Lagrange multiplier. Since there is a rotation
symmetry O(d), the corresponding component of the generalised angular momentum are conserved.

III. CHAPTER-3

Q.1 Consider the relations in the text,

E
′

x = Ex; E
′

y = γ(Ey −
v

c
Bz); E

′

z = γ(Ez +
v

c
By)

B
′

x = Bx; B
′

y = γ(By +
v

c
Ez); B

′

z = γ(Bz −
v

c
Ey)

E
′
·B
′

= ExBx + γ2(Ey −
v

c
Bz)(By +

v

c
Ez) + γ2(Ez +

v

c
By)(Bz −

v

c
Ey) = E ·B

Q.2

A(r, t) =
∑
k

a(k)ei(k.r−ωk)t +
∑
k

a∗(k)e−i(k.r−ωk)t

∂tA(r, t) =
∑
k

(−iωk)a(k)ei(k.r−ωk)t +
∑
k

(iωk)a∗(k)e−i(k.r−ωk)t

P = V
∑
k

(−iωk)(a(k)× a(−k))e−2iωkt + V
∑
k

(−iωk)a(k)× a∗(k)

+V
∑
k

(iωk)(a∗(k)× a∗(−k))e2iωkt + V
∑
k

(iωk)a∗(k)× a(k)


