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SECTION I

1E Groups, Rings and Modules
(i) Suppose that A is a matrix over Z. What is the Smith normal form for A? State

the structure theorem for finitely-generated modules over Z.

(ii) Find the Smith normal form of the matrix

(
−4 −6
2 2

)
. Justify your answer.

Suppose that M is the Z-module with generators e1, e2, subject to the relations
−4e1 + 2e2 = −6e1 + 2e2 = 0. Describe M in terms of the structure theorem.

(iii) An abelian group is called indecomposable if it cannot be written as the direct
sum of two non-trivial subgroups. Show that a finite group is indecomposable if and only
if it is cyclic of prime power order.

2G Geometry
Given a smooth function h : R2 → R, show that the graph

Γ = {(x, y, z) : z = h(x, y)}

is a smooth surface in R3. Write down a parametrisation of Γ, and compute the first
fundamental form and Gauss map with respect to it.

3B Complex Methods
State Cauchy’s theorem.

Calculate the Fourier transform of the function

fa,b(x) = exp[−ax2 + ibx],

where a > 0 and b are real numbers, making sure to justify any change of variables you
use.

[Take the Fourier transform f̂ of a function f : R → C to be given by
f̂(k) =

∫ +∞
−∞ e−ikxf(x)dx.]
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4C Variational Principles
Given a Lagrangian L(x, ẋ, t), what is the momentum p conjugate to x? What is

the Hamiltonian? Under what circumstances is energy conserved?

The dynamics of a particle with position x = (x, y, z) is governed by the Lagrangian

L = mc
√
ẋ · ẋ− V (x), (1)

where m and c are positive constants, and V (x) is a potential.

Determine the momentum p conjugate to x. Determine the Euler-Lagrange
equation.

Show that p·p is constant. Determine the Hamiltonian. Is it possible to reconstruct
the Lagrangian from the Hamiltonian?

5B Methods
Let u(r, θ) satisfy the Laplace equation

∇2u ≡ ∂2u

∂r2
+

1

r

∂u

∂r
+

1

r2
∂2u

∂θ2
= 0

in the annulus A given in polar coordinates by

A = {(r, θ) : a < r < b , 0 ⩽ θ < 2π} .

Use separation of variables to derive a general expression for u. Given boundary conditions
u(a, θ) = 0 and u(b, θ) = cos 2θ, find u explicitly.

6A Quantum Mechanics
Consider a one-dimensional system described by a wavefunction ψ for which ⟨p̂⟩ = 0

and ⟨x̂⟩ = 0.

(i) Write down the commutation relation between x̂ and p̂.

(ii) Define the uncertainty ∆O of an observable Ô in terms of ⟨Ô⟩ and ⟨Ô2⟩.

(iii) Considering the one-parameter family of states defined by

ψs(x) = (p̂− isx̂)ψ(x),

where s ∈ R, derive the Heisenberg uncertainty relation between ∆x and ∆p.
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7D Fluid Dynamics
Starting from Euler’s equations for steady, inviscid flow u of an incompressible

fluid of uniform density ρ, subject to a body force −∇χ, prove that u · ∇H = 0, where
H ≡ 1

2ρ|u|2 + p+ χ and p is the fluid pressure. Interpret this equation physically.
[You may use the identity u× (∇× u) = ∇(12 |u|2)− u · ∇u.]

Fluid initially occupies a tank with uniform horizontal cross-sectional area A. It
is syphoned out of the tank using a tube of cross-sectional area a ≪ A as shown in the
diagram below, in which flow directions (not magnitudes) are indicated. One end of the
tube is held at a distance h0 below the initial position of the free surface of the fluid in
the tank, while the other end is held at a distance H below that. The tube is full of fluid
and drains freely from its lower end into the surrounding air. Assuming the flow to be
quasi-steady, show that the fluid level in the tank reaches the upper end of the tube after
a time

t =
√
2

(
A2

a2
− 1

)1/2 √
H + h0 −

√
H√

g
.

h0

H

8H Markov Chains
Let {Xn : n ⩾ 1} be independent, identically distributed, integer-valued random

variables. Define

(i) Sn =
∑n

i=1Xi

(ii) Ln = min{X1, X2, . . . , Xn}
(iii) Kn = Xn +Xn−1, with X0 = 0.

Which of the sequences {Xn}, {Sn}, {Ln}, {Kn} are necessarily Markov chains?
Justify your answers.
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SECTION II

9G Linear Algebra
Let V be a finite-dimensional complex inner product space with inner product ⟨·, ·⟩.

A map f : V → C is conjugate-linear if f(λv + µw) = λ̄f(v) + µ̄f(w) for all v, w ∈ V and
λ, µ ∈ C. A map θ : V × V → C is a sesquilinear form if the map v 7→ θ(v, w) is linear for
each w ∈ V and the map w 7→ θ(v, w) is conjugate-linear for each v ∈ V . Show that for
each such θ, there is a unique map β : V → V such that θ(x, y) = ⟨x, β(y)⟩ for all x, y ∈ V ,
and moreover that β is linear.

Let α ∈ End(V ). Use the results above to show the existence and uniqueness of the
adjoint α∗ of α. Prove the following statements. [Standard properties of adjoints can be
assumed.]

(a) For a subspace U of V , α(U) ⊆ U if and only if α∗(U⊥) ⊆ U⊥.

(b) If ⟨α(x), x⟩ = 0 for all x ∈ V , then α = 0. Does the same hold in a real inner
product space? Justify your answer.

(c) αα∗ = α∗α if and only if ∥α(x)∥ = ∥α∗(x)∥ for all x ∈ V . Does the same hold in a
real inner product space? Justify your answer.

(d) If αα∗ = α∗α, then there is an orthonormal basis of V consisting of eigenvectors
of α.

Part IB, Paper 3 [TURN OVER]



6

10E Groups, Rings and Modules

(a) (i) Let R be a commutative unital ring. Show that an ideal I of R is prime if and
only if R/I is an integral domain.

(ii) R is said to be Boolean if r2 = r for all r ∈ R. If R is Boolean, prove that
r + r = 0 for all r ∈ R. Show also that if R is a non-zero integral domain and is
Boolean, it is isomorphic to the field of two elements. Deduce that in a Boolean
ring every prime ideal is maximal.

(b) (i) Let R be a commutative unital ring and let R[X] be the ring of polynomials in
X, with coefficients in R. Let I be an ideal of R and let I[X] be the ideal of R[X]
consisting of all polynomials with coefficients in I. [You may assume I[X] is indeed
an ideal.] Show that R[X]/I[X] ∼= (R/I)[X]. Deduce that if I is a prime ideal of R
then I[X] is a prime ideal of R[X].

(ii) Give an example to show that if I is a maximal ideal of R then I[X] need not
be a maximal ideal of R[X].

(c) In this part, we assume the prime number p is odd.

Let Fp be the field of p elements. Prove that its multiplicative group F×
p = Fp \ {0}

is a cyclic group.

Consider the group homomorphism ϕ : F×
p → F×

p given by x 7→ x2, and let H be
its image. Show that H has index 2 in F×

p and deduce that one of 2, 3 or 6 is a
square in Fp. Deduce that the polynomial f(x) = x6 − 11x4 + 36x2 − 36 has a root
modulo p.

Part IB, Paper 3
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11F Analysis and Topology
Let X,Y be non-empty sets.

(a) Let dX , dY be metrics on X, Y , respectively. Define what it means for a function
f : X → Y to be uniformly continuous.

We say that a sequence of functions fn : X → Y converges uniformly to a function
f : X → Y with respect to dY if for all ϵ > 0, there exists N ∈ N such that for all
n ⩾ N and for all x ∈ X, dY (fn(x), f(x)) < ϵ.

Show that a uniform limit of uniformly continuous functions fn : X → Y is
uniformly continuous. Give an example to show that the conclusion is false if
convergence is pointwise but not uniform.

(b) Recall that two metrics d1 and d2 on X are equivalent if the identity map
id : (X, d1) → (X, d2) is a homeomorphism.

Show that if d1 and d2 are such that there exist constants α, β > 0 with the property
that for every x, y ∈ X,

αd1(x, y) ⩽ d2(x, y) ⩽ βd1(x, y),

then d1 and d2 are equivalent.

Does the reverse conclusion hold? Give a proof or a counterexample as appropriate.

If d3 and d4 are equivalent metrics on Y , is it true that a sequence of functions
fn : X → Y converges uniformly with respect to d3 if and only if it converges
uniformly with respect to d4? Give a proof or a counterexample as appropriate.
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12E Geometry
Consider the Poincaré disc model of the hyperbolic plane, with Riemannian metric

4(dx2 + dy2)

(1− x2 − y2)2
.

Let D0, . . . , Dn be distinct closed hyperbolic discs of hyperbolic area π
2 , such that D0 is

centred at the origin O and each successive Di is centred on the positive real axis and
tangent to Di−1, as shown in the figure below. Show that the hyperbolic centre of Dn is
at (4n − 1)/(4n + 1). [If you use any formulae for hyperbolic lengths or areas then they
should be proved.]

O

D0
D1

D2

Now consider the upper-half-plane model. Let D′
0, . . . , D

′
n be distinct closed

hyperbolic discs of hyperbolic area π/2 such that D′
0 has hyperbolic centre at (0, 1) and

each successive D′
i has hyperbolic centre on the line y = 1 and is tangent to D′

i−1. For
n ⩾ 3, is there an isometry from the Poincaré disc model to the upper-half-plane model
which carries each Di to D

′
i? Briefly justify your answer.

Part IB, Paper 3
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13F Complex Analysis
Define the winding number of a closed curve γ : [a, b] → C about a point w ∈ C

which is not in the image of γ. [You do not need to justify its existence.]

State the argument principle on a domain U bounded by a closed curve γ.

Deduce Rouché’s theorem, which you should state carefully.

Let f be non-constant and holomorphic on an open set containing the closed unit
disc D. Suppose that |f(z)| ⩾ 1 for all z satisfying |z| = 1, and that there exists z0 in the
unit disc D such that |f(z0)| < 1. Show that the image of f contains D.

Let g be holomorphic and non-zero on the punctured unit disc D∗ = D \ {0} such
that g′/g has a simple pole at 0. Show that there exists a non-zero integer k such that
h′/h has a removable singularity at 0, where h is defined by h(z) = z−kg(z).

14B Methods
Transverse oscillations y = y(t, x) of a string in a resisting medium are governed by

the damped wave equation

∂2y

∂t2
− ∂2y

∂x2
+
∂y

∂t
= 0 , 0 < x < 1 , t > 0 .

Assuming the string is fixed at x = 0 and x = 1 so that y(t, 0) = 0 = y(t, 1), use separation
of variables to derive an expression for the solution with given initial values

y(0, x) =

∞∑

n=1

an sinnπx ,
∂y

∂t
(0, x) = 0 . (∗)

Calculate the Fourier coefficients {an} in the particular case

y(0, x) =

{
x if 0 ⩽ x ⩽ 1

2

1− x if 1
2 ⩽ x ⩽ 1 .

For (∗) in the case of general coefficients {an}, use the Parseval identity to calculate
the energy

E(t) =
1

2

∫ 1

0

(
∂y

∂t

)2

+

(
∂y

∂x

)2

dx

at time t in terms of the coefficients {an}. Hence, or otherwise, show that the energy is
decreasing.
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15C Electromagnetism
Explain why all points of a conductor must sit on an equipotential. What does this

imply for the electric field near the surface of a conductor? Derive an expression for the
surface charge of a conductor in terms of the electric field.

Two spherical conducting shells, with radii R1 and R2 > R1 are connected by a long,
thin conducting rod of length d≫ R1+R2. A charge Q is deposited on the spheres. What
fraction of this charge resides on each shell? [You may ignore the effect of the electric field
from one shell on the other, and neglect the charge on the rod.]

The same two spherical shells are are now placed concentrically around the origin.
Again, they are connected by a thin conducting rod. What fraction of the charge Q sits
on each shell? [Again, you may neglect the charge on the rod.]

A neutral conducting sphere of radius R is placed in a constant electric field E = Eẑ.
Work in spherical polar coordinates, with z = r cos θ, and find a solution for the potential
Φ outside the sphere of the form

Φ = α

(
r +

β

r2

)
cos θ

for some α and β that you should determine. What is the induced surface charge on the
sphere? Confirm that the sphere is indeed neutral.

16D Fluid Dynamics
A solid sphere of radius a moves in a straight line with speed U through fluid of

density ρ that is at rest far from the sphere. Calculate the velocity potential ϕ for inviscid,
irrotational flow of the surrounding fluid. Calculate the velocity components in the frame
of reference in which the fluid is at rest far from the sphere. Hence calculate the total
kinetic energy of the fluid.

Now suppose that the sphere has density ρs > ρ and falls with speed U under
gravity g. Write down the rate of change of the potential energy of the system (sphere
plus fluid). By considering the rate of change of the total energy of the system (potential
plus kinetic) or otherwise, show that

dU

dt
=

ρs − ρ

ρs +
1
2ρ
g.
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17A Numerical Analysis
For a function f ∈ C4[−1, 2] consider the following approximation of f ′′(−1):

f ′′(−1) ≈ η(f) = a−1f(−1) + a0f(0) + a1f(1) + a2f(2),

with the error
e(f) = f ′′(−1)− η(f).

We want to find the smallest constant c such that

|e(f)| ⩽ c maxx∈[−1,2]|f ′′′′(x)|,

where f ′′′′(x) is the fourth derivative of f .

State the necessary conditions on the approximation scheme η for the inequality
above to be valid with some c <∞. Hence determine the coefficients a−1, a0, a1, a2.

State the Peano kernel theorem.

Assuming that the Peano kernel is non-negative in x ∈ [−1, 2], use the Peano kernel
theorem to find the smallest constant c.
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18H Statistics
Suppose X1, . . . , Xn is an i.i.d. sample from a N(µ, 1) population, and we wish to

test the hypothesis
H0 : µ = 0 against H1 : µ ̸= 0.

(a) Define a level-α hypothesis test based on X̄ = 1
n

∑n
i=1Xi, and find an expression for

the p-value p(x̄) corresponding to a value X̄ = x̄ in terms of the standard normal
cumulative distribution function Φ.

Now consider a prior distribution on µ, defined as follows: with probability 1
2 , take µ = 0,

and with probability 1
2 , draw a value of µ from a N(0, τ2) distribution, where τ is known.

(b) What is the conditional probability density function of X̄|µ? Derive an expression
for the marginal probability density function m(x̄) of X̄ under the prior distribution
described above.

[Hint: The formula
∫∞
−∞ e−ax2−bxdx =

√
π
ae

b2/(4a), for a > 0, may be helpful.]

(c) Find an expression for the posterior probability q(x̄) that H0 is true, defined by
q(x̄) = P(µ = 0|X̄ = x̄).

(d) Suppose we fix n = 100 and τ = 1. Compare the probabilities p(x̄) and q(x̄)
obtained in parts (a) and (c):

(i) Which probability is larger when x̄ is close to 0?

(ii) Which probability is larger when |x̄| is large?

[You may use the Taylor series approximation 1 − Φ(x) ≈ e−x2/2

√
2πx

, which holds for

large values of x.]

[Standard results can be quoted without proof.]

Part IB, Paper 3
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19H Optimisation

(a) For n > 1, consider a directed graph G with vertices V = {1, 2, . . . , n} and edge
set E. Following the usual convention, if (i, j) ∈ E, then G has a directed edge
from vertex i to vertex j. Each edge (i, j) ∈ E has an associated capacity Cij ⩾ 0.
Vertex 1 is designated as the source and vertex n is designated as the sink. State
and prove the max-flow min-cut theorem.

(b) Consider the directed graph with edge capacities as shown in the figure below, with
source s, sink t, and an intermediate vertex r:
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7

<latexit sha1_base64="NkzigU/whPBn945O6vSZbum/3Us=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVKEcSLx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlxnW/WHLL7gJknXgZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgr9BKNMWUTOsKupZKGqP10ceiMXFhlQIaRsiUNWai/J1Iaaj0NA9sZUjPWq95c/M/rJmZY9VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldl76ZcaVRKtWoWRx7O4BwuwYNbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH2RjLY=</latexit>

3

<latexit sha1_base64="kg0FFV3VrjOJfFbfbwLe9s1DzQc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY4kXjxCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mFmMfkjHko84o8ZKzcqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU81Mu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2pWyd1OuNqulei2LIw8XcAnX4MEt1OEeGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/fA2MtQ==</latexit>

2

<latexit sha1_base64="r6olBFY4nIrDJ2gU4SV9goCWpBM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeomMtA==</latexit>

1

<latexit sha1_base64="cVkupCd8hWFVEYOhktPlTiKcNfI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNKkcSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFS47pfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1Y9adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl76ZcaVRKtWoWRx7O4BwuwYNbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AICZjLg=</latexit>

5

<latexit sha1_base64="u+qJ37HRyi+3J+2Mm93ddqBpl9o=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpwXMH5YpbdRcg68TLSQVyNAflr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5qw7mdcJqlByZaLwlQQE5P522TIFTIjppZQpri9lbAxVZQZG07JhuCtvrxO2ldV77pau69VGvU8jiKcwTlcggc30IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AehejO4=</latexit>

10

<latexit sha1_base64="H0dJp7NSzCwnDwZmTWffvwDBxTA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY4kXjxCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU81Mu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2jdlr1quNCulei2LIw8XcAnX4MEt1OEeGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/gh2MuQ==</latexit>

6

<latexit sha1_base64="W53lgNgmGcCxR3zmWj5JoRk4WSA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHhSWMuw==</latexit>

8

<latexit sha1_base64="t9Jm4LpDFwWSuSmikUvZOrEwOVA=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp2mPBi8cK9gPaUDbbSbt2swm7G6GE/gIvHhSv/iZv/hu3bQ7a+mDg8d4MM/PCVHBtPO/bKW1t7+zulffdg8Oj45OKe9rRSaYYtlkiEtULqUbBJbYNNwJ7qUIahwK74fRu4XefUWmeyEczSzGI6VjyiDNqrPRQH1aqXs1bgmwSvyBVKNAaVr4Go4RlMUrDBNW673upCXKqDGcC5+4g05hSNqVj7FsqaYw6yJeHzsmlVUYkSpQtachS/T2R01jrWRzazpiaiV73FuJ/Xj8zUSPIuUwzg5KtFkWZICYhi6/JiCtkRswsoUxxeythE6ooMzYb14bgr7+8STrXNf+mVq82G0UYZTiHC7gCH26hCffQgjYwQHiBN3h3npxX52PVWHKKiTP4A+fzBxSvi40=</latexit>

4

<latexit sha1_base64="Q0RbyGjG3v2dKVCiGCm+pFcK2io=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XvpnrdvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB3pGM9g==</latexit>s
<latexit sha1_base64="ncEfr42h+bqFyl0EBXzfyvh/PTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeimHNz4RKUuSKLReFqSQYk/nXZCg0ZyinllCmhb2VsDHVlKHNpmRD8FZfXiftq6p3U71uXlfqtTyOIpzBOVyCB7dQh3toQAsYcHiGV3hzHp0X5935WLYWnHzmFP7A+fwB4BWM9w==</latexit>

t

<latexit sha1_base64="NkzigU/whPBn945O6vSZbum/3Us=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVKEcSLx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlxnW/WHLL7gJknXgZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgr9BKNMWUTOsKupZKGqP10ceiMXFhlQIaRsiUNWai/J1Iaaj0NA9sZUjPWq95c/M/rJmZY9VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldl76ZcaVRKtWoWRx7O4BwuwYNbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH2RjLY=</latexit>

3

<latexit sha1_base64="uvvbfj8q2flK51xBCY0PkuKzAbM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XvpnrdvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB3Q2M9Q==</latexit>r

(i) Let the capacity of the edge from s to r be x. Find the maximum flow from
s to t when x = 4. Verify your answer by identifying a cut whose capacity
equals your answer.

(ii) Let δ∗(x) be the maximum flow from s to t, as a function of x. Derive a
formula for δ∗(x) when x ⩾ 0.

END OF PAPER
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