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Reading these notes

The reader is expected to know basic stochastic analysis and ideally a little bit of
financial mathematics. The notation and basic results used throughout the notes are
in Appendix A.



Section 1 is introduction. Section 2 is a brief introduction to the controlled Markov
chains: a discrete space and time setting for stochastic control problems. Section 3 cov-
ers basics of stochastic differential equations and is essential reading for what follows.
Section 4 introduces the Bellman principle / Dynamic Programming Principle and
the Bellman PDE / Hamilton-Jacobi-Bellman PDE for controlled diffusions. This is
the first set of tools that can be used for solving control problems involving controlled
diffusions. Section 5 extends Section 4 to the case of jump diffusions (without giving
proofs) and then focuses on some applications in algorithmic trading and market mak-
ing. Section 6 takes a “calculus of variations” approach to solving control problems
by establishing a “first order condition” by calculating the derivative of the objective
functional w.r.t. a perturbation in control. This is known as the Stochastic Maximum
Principle or Pontryagin’s maximum or optimality principle. Sections 4 and 6 are ba-
sically independent of each other as provide two independent ways of solving control
problems.

Exercises

You will find a number of exercises throughout these notes. You must make an effort
to solve them (individually or with friends).

Solutions to some (most) of the exercises are available but remember: no one ever
learned swimming solely by watching other people swim (and similarly no-one ever
learned mathematics solely by reading others’ solutions).

Other reading

It is recommended that you read the relevant chapters of Pham [15, at least Chapters
1-3 and 6] as well as Touzi [19, at least Chapters 1-4 and 9.

Additionally one recommends Krylov [14] for those wishing to see everything done in
great generality and with proofs that do not contain any vague arguments but it is not
an easy book to read. Chapter 1 however, is very readable and much recommended.
Those interested in applications in algorithmic trading should read Cartea, Jaimungal
and Penalva [4] and those who would like to learn about mean field games there is
Carmona and Delarue [3].



1 Introduction to stochastic control through examples

We start with some motivating examples.

1.1 Discrete space and time

We start with an optimal stopping example.

Example 1.1. A very simple example of an optimal stopping problem is the following:
given a fair die we are told that we’re allowed to roll the die for up to three times.
After each roll we can either choose to stop the game and our gain is equal to the
number currently apearing on the die, or to carry on. If we choose to carry on then
we get nothing for this roll and we hope to get more next time. Of course if this is
the 3rd time we rolled the die then we have to accept whichever number it is we got
in this last roll.

In this case solving the problem is a matter of simple calculation, working backward
in time. If we’re in the third round then we stop, because we have no choice.

In the second round reason as follows: our expected winning in round three is

1 21
6(1+2+3+4+5+6):F=3'5'

So we stop in the second round if we rolled 4, 5 or 6 as that’s more then our expected
outcome from continuing.

In the first round we reason as follows: our expected winning from continuing into
round two are

1 121
GAH5+6)+ 5= =25+ 175 =4.25

The first part corresponds to the decision to stop in round two. The second part
corresponds to the decision to continue, weighted by the respective probabilities. So
in the first round it is optimal to stop if we got 5 or 6. The optimal expected “payoft”
for this optimal stopping problem is 4 + %

Example 1.2. There is a biased coin with p € (0,1), p # 3, probability of getting
heads and ¢ = 1 — p probability of getting tails.

We will start with an initial wealth = = ¢d, ¢ € N with ¢ < m, with some m € N fixed
reasonably large.

At each turn we choose an action a € {—1,1}. By choosing a = 1 we bet that the
coin comes up heads and our wealth is increased by ¢ if we are correct, decreased by ¢
otherwise. By choosing a = —1 we bet on tails and our wealth is updated accordingly.

That is, given that X,,_; = z and our action a € {—1,1} we have

P(X, =2+ ad| X1 =z,a) =p, P(X,=2-adlX,—1=2,a)=q.

The game terminates when either z = 0 or = md. Let N = min{n € N: X,, =
0 or X, =md}. Our aim is to maximize

Jz) =E [meo - .r}

over functions a = a(z) telling what action to choose in each given state.



1.2 Merton’s problem

In this part we give a motivating example to introduce the problem of dynamic asset
allocation and stochastic optimization. We will not be particularly rigorous in these
calculations.

The market Consider an investor can invest in a two asset Black-Scholes market: a
risk-free asset (“bank” or “Bond”) with rate of return r > 0 and a risky asset (“stock”)
with mean rate of return p > r and constant volatility o > 0. Suppose that the price
of the risk-free asset at time ¢, By, satisfies

—L =rdt or B;= Bye", t>0.

The price of the stock evolves according to the following SDE:

ds,

= pdt aw;
St 2 +o ty

where (W;)¢>0 is a standard one-dimensional Brownian motion one the filtered prob-
ability space (Q, F,F = (F;)e>0,P).

The agent’s wealth process and investments Let X denote the investor’s
wealth in the bank at time ¢ > 0. Let 7 denote the wealth in the risky asset. Let
X = Xto + m; be the investor’s total wealth. The investor has some initial capital
Xop = x > 0 to invest. Moreover, we also assume that the investor saves / consumes
wealth at rate C; at time t > 0.

There are three popular possibilities to describe the investment in the risky asset:

(i) Let & denote the number of units stocks held at time ¢ (allow to be fractional
and negative),

(ii) the value in units of currency m = &S, invested in the risky asset at time ¢,

(iif) the fraction 1, = %£ of current wealth invested in the risky asset at time ¢.

The investment in the bond is then determined by the accounting identity X =
X; — m. The parametrizations are equivalent as long as we consider only positive
wealth processes (which we shall do). The gains/losses from the investment in the
stock are then given by

X
Tt ds;, tVt

d —
gt Sta St St

ds; .

The last two ways to describe the investment are especially convenient when the model
for S is of the exponential type, as is the Black-Scholes one. Using (ii),

Xt—:z:—i-/SdS—i-/X ® dBs /Cds

—x—i-/ [Ws(,u—r)—i—rXs C’S]ds—i—/ mso dW
0 0



or in differential form

dX; = [Trt(,u —7r)+rX;— Ct] dt + mo dW,, Xo=z.

Alternatively, using (iii), the equation simplifies even further.! Recall 7 = vX.

ds dB
dXt = th/t—t + Xt(l - Vt)—t - Ct dt
St B,

= [Xt (I/t(y, — T’) + T’) — Ct] dt + th/tO' th

We can make a further simplification and obtain an SDE in “geometric Brownian
motion” format if we assume that the consumption C; can be written as a fraction of
the total wealth, i.e. Cy = k;X;. Then

dX; = X; [Vt(,u —r)+r— mt] dt + Xyvio dWy . (1.1)

Exercise 1.3. Assuming that all coefficients in SDE (1.1) are integrable, solve the
SDE for X and hence show X > 0 when Xy =2 > 0. See Exercise 1.14 for a hint.

The optimization problem The investment allocation/consumption problem is
to choose the best investment possible in the stock, bond and at the same time con-
sume the wealth optimally. How to translate the words “best investment” into a
mathematical criteria?

Classical modeling for describing the behavior and preferences of agents and investors
are: expected utility criterion and mean-variance criterion.

In the first criterion relying on the theory of choice in uncertainty, the agent com-
pares random incomes for which he knows the probability distributions. Under some
conditions on the preferences, Von Neumann and Morgenstern show that they can be
represented through the expectation of some function, called wtility. Denoting it by
U, the utility function of the agent, the random income X is preferred to a random in-
come X" if E[U(X)] > E[U(X")]. The deterministic utility function U is nondecreasing
and concave, this last feature formulating the risk aversion of the agent.

Example 1.4 (Examples of utility functions). The most common utility functions
are

e Exponential utility: U(z) = —e~**, the parameter a > 0 is the risk aversion.
e Log utility: U(z) = log(z)

e Power utility: U(x) = (27 — 1)/~ for v € (—00,0) U (0,1).

e Iso-clastic: U(z) = x'=*/(1 — p) for p € (—o0,0) U (0,1).

In this portfolio allocation context, the criterion consists of maximizing the expected
utility from consumption and from terminal wealth. In the the finite time-horizon
case: T' < oo, this is

T
supE [ / U(keX,") dt+U(X7")| . where X;"" = X; must satisfy (1.1). (1.2)
0

VK

INote that, if v, expresses the fraction of the total wealth X invested in the stock, then the fraction
of wealth invested in the bank account is simply 1 — v.



Note that we could also consider the problem including a constant discount factor
~ # 0. This will lead to a problem that different to (1.2) above:

T
supE [/ e U (ke X) dt + e*VTU(X;"i) , where X;”" = X; must satisfy (1.1).
0

V,K

Without consumption, i.e. Vt we have k(t) = 0, the optimization problem (1.2) can
be written as

supE [U(X7)] , where X/ = X; must satisfy (1.1). (1.3)

Again, we could have included discounting but it’s not essential.

In the infinite time-horizon case: T' = oo and we must include a discount factor
~v > 0 so that the integrals coverge. The optimization problem is then (recall that
C; = Hth/7H)

oo
supE {/ e MU (ke X,") dt, where X;"" = X; must satisfy (1.1). (1.4)
0

K,V

Let us go back to the finite horizon case: T < oo. The second criterion for
describing the behavior and preferences of agents and investors, the mean-variance
criterion, relies on the assumption that the preferences of the agent depend only on
the expectation and variance of his random incomes. To formulate the feature that
the agent likes wealth and is risk-averse, the mean-variance criterion focuses on mean-
variance-efficient portfolios, i.e. minimizing the variance given an expectation.

In our context and assuming that there is no consumption, i.e. V¢ we have Cy = 0,
then the optimization problem is written as

inf {Var(X%) : E[X4]=m, me (0, oo)}.
We shall see that this problem may be reduced to the resolution of a problem in the
form (1.2) for the quadratic utility function: U(z) = A —22, A € R. See Example 6.12.

Exercise 1.5. Consider the problem (1.3) with U(z) = 27, v € (0,1]. Assume
further that you are not allowed to change your investments as time goes by: i.e. you
must choose the allocation vy and v, = vy for all ¢ € [0,7]. You should solve the
problem (1.3) in the following steps:

i) Use Exercise 1.3 to obtain the solution to (1.1).

ii) Substitute this into (1.3) and use the fact that Wy ~ vTN(0,1) to express (1.3)
as a function of 1.

iii) Use calculus to maximize the above mentioned function.

Exercise 1.6. List some of the ways in which the model above may be considered
to simplify reality too much. If you can, propose a different model or changes to the
model that would rectify the issue you identified.



1.3 Optimal liquidation problem

The optimal liquidation problem is faced by a trader wishing to sell (large) amount of
a certain asset within a limited time while trying to achieve the best execution price
despite the fact that their trading in the asset has temporary and permanent price
impacts. Trader’s inventory, an R-valued process:

dQ, = —ay du with @y = ¢ > 0 initial inventory.

Here o will typically be mostly positive as the trader should sell all the assets. We
will denote this process @, = b2 Kecause clearly it depends on the starting point
q at time t and on the trading strategy «. Asset price, an R-valued process:

dSy = —Aagdu+odW,, Si=S.

We will denote this process S, = S’Z’S’a because clearly it depends on the starting
point S at time ¢ and on the trading strategy. Here the constant A controls how much
permanent impact the trader’s own trades have on its price. Trader’s execution price
(for k > 0):

St = St — RO .
This means that there is a temporary price impact of the trader’s trading: she doesn’t
receive the full price Sy but less, in proportion to her selling intensity.
Quite reasonably we wish to maximize (over trading strategies «), up to to some
finite time 7" > 0, the expected amount gained in sales, whilst penalising the terminal
inventory (with 6 > 0):

T
J(t, q, S, a) = E|:/ SZ,S,Q Qy, du + Q?q,a S;S,oz . 9 ‘Q?q7a|2
t N—— N—

- val. of inventory  penalty for unsold
gains from sale

The goal is to find
V(tv q, S) ‘= sup J(ta q, S’ Oé) :

In Section 4.2 we will show that V satisfies a nonlinear partial differential equation,
called the HJB equation which will allow us to solve this optimal control problem and
we will see that, in the case A = 0, the value function (see also Figure 1.1) is

V(t.q,8) = aS +~(t)¢*,
whilst the optimal control (see also Figure 1.2) is
. 1
a (taqv S) = __V(t)qa
K
where

() = — <é+ 1(Tt)>_1 .

It is possible to solve this with either the Bellman principle (see Exercise 4.16) or with
Pontryagin maximum principle (see Example 6.11). Problems of this type arise in
algorithmic trading. More can be found e.g. in Cartea, Jaimungal and Penalva [4].



Value function for problem with no permanent price impact, S = 100

value

Figure 1.1: Value function for the Optimal Liquidation problem, Section 1.3, as func-
tion of time and inventory, in the case A\=0,T7 =1,0 =10, k =1 and S = 100.

Selling intensity for problem with no permanent price impact
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Figure 1.2: Optimal control for the Optimal Liquidation problem, Section 1.3, as
function of time and inventory, in the case A=0,7 =1, 0 =10 and x = 1.



1.4 Systemic risk - toy model

The model describes a network of N banks. We will use X} to denote the logarithm
of cash reserves of bank ¢ € {1,..., N} at time t € [0,7]. Let us assume that there
are N + 1 independent Wiener processes WO, W1, ... W/ Let us fix p € [-1,1]. Each
bank’s reserves are impacted by B} where

Bl = /1 - p2Wi + pW).

We will have bank 4’s reserves influenced by “its own” i.e. “idiosyncratic” source of
randomness W* and also by a source of uncertainty common to all the banks, namely
WO (the “common noise”). Let X; := + Zfi X} i.e. the mean level of log-reserves.
We model the reserves as

dX} = [a(X, — X}) +a]du+odB,, uelt,T], X;=2a".
Let us look at the terms involved:

i) The term a(X, — X!) models inter-bank lending and borrowing; if bank i is below
the average then it borrows money (the log reserves increase) whilst if bank ¢’s
level is above the average then it lends out money (the log reserves decrease).
This happens at rate a > 0.

ii) The term a! is the “control” of bank 7 and the interpretation is that it represents
lending / borrowing outside the network of the N banks (e.g. taking deposits
from / lending to individual borrowers).

iii) The term stochastic term (with o > 0) models unpredictable gains / losses to the
bank’s reserves with the idiosyncratic and common noises as explained above.

iv) The initial reserve (at time t) of bank i is x;.

v) Note that we should be really writing X2 for X! since each bank’s reserves
depend on the starting point = = (2!,...,2") of all the banks and also on the
controls a,, = (a,...,al) of all the individual banks. The equations are thus
fully coupled.

We will say that in this model each bank tries to minimize
i ! i (2 i (st it €\ it i t2,00|2
Ttma) = B| [ (Glalf — qal (it - Xjtne) + SIxie - Xitno ) du
t
¢ it ARXIP)
Let’s again look at the terms involved:

i) The term %|af|? indicates that lending / borrowing outside the bank network
carries a cost.

i) With —qad (X5 — X54") for some constant ¢ > 0 we insist that bank i will
want to borrow if it’s below the mean (o, > 0) and vice versa.

iii) The final two terms provide a running penalty and terminal penalty for being too
different from the average (think of this as the additional cost imposed on the
bank if it’s “too big to fail” versus the inefficiency of a bank that is much smaller
than competitors).

10



Amazingly, under the assumption that ¢ < ¢ it is possible to solve this problem
explicitly, using either techniques we will develop in Sections 4 or 6. This is an
example from the field of N-player games, much more can be found in Carmona and
Delarue [3].

1.5 Optimal stopping

Consider a probability space (2, F,P) on which we have a d’-dimensional Wiener
process W = (Wy)ye(o,r) generating F, := o(Ws : s < u). Let Ty be the set of all
(F¢)-stopping times taking values in [t, 7).

Given some R%valued stochastic process (ijx)ue[t’T], such that X} = z, adapted
to the filtration (]:u)ue[t,T} and a reward function g : R? — R the optimal stopping

problem is to find

w(t,z) = sup E[g(X5)]. (1.5)

T€7;7T
Example 1.7. A typical example is the American put option. In the Black—Scholes
model for one risky asset the process (ijx)ue[t,T] is geometric Brownian motion, W
is R-valued Wiener process (and P denotes the risk-neutral measure in our notation
here) so that
dX, =rXydu+oX,dW,, vet,T], X;==

where 7 € R and o € [0,00) are given constants. For the American put option
g(x) := [K — x]+. In this case w given by (1.6) gives the no-arbitrage price of the
American put option for current asset price x at time ¢.

It has been shown (see Krylov [14] or Gyongy and Siska [8] )that the optimal stopping
problem (1.6) is a special case of optimal control problem given by

T
olt,x) = S“&E[/ G(XE) py e 00 4 g(xb) = I nr (L6)
pE< t

so that w(t,z) = v(t, ). Here the control processes p, must be adapted and such that
for a given p = (pu)uep,) there exists n € N such that p, € [0, N] for all u € [t, T].

1.6 Basic elements of a stochastic control problem

The above investment-consumption problem and its variants (is the so-called “Merton
problem” and) is an example of a stochastic optimal control problem. Several key
elements, which are common to many stochastic control problems, can be seen.

These include:

Time horizon. The time horizon in the investment-consumption problem may be
finite or infinite, in the latter case we take the time index to be ¢ € [0, 00). We will also
consider problems with finite horizon: [0,7] for T' € (0,00); and indefinite horizon:
[0, 7] for some stopping time 7 (for example, the first exit time from a certain set).

(Controlled) State process. The state process is a stochastic process which de-
scribes the state of the physical system of interest. The state process is often given by
the solution of an SDE, and if the control process appears in the SDE’s coefficients it
is called a controlled stochastic differential equation. The evolution of the state pro-
cess is influenced by a control. The state process takes values in a set called the state

11



space, which is typically a subset of R%. In the investment-consumption problem, the
state process is the wealth process X in (1.1).

Control process. The control process is a stochastic process, chosen by the “control-
ler” to influence the state of the system. For example, the controls in the investment-
consumption problem are the processes (v4); and (Cy); (see (1.1)).

We collect all the control parameters into one process denoted o« = (v, C'). The control
process (at)te[o,T] takes values in an action set A. The action set can be a complete
separable metric space but most commonly A € B(R™).

For the control problem to be meaningful, it is clear that the choice of control must
allow for the state process to exist and be determined uniquely. More generally, the
control may be forced satisfy further constraints like “no short-selling” (i.e. 7(t) > 0)
and or the control space varies with time. The control map at time ¢ should be decided
at time ¢t based on the available information F;. This translates into requiring the
control process to be adapted.

Admissible controls. Typically, only controls which satisfy certain “admissibil-
ity” conditions can be considered by the controller. These conditions can be both
technical, for example, integrability or smoothness requirements, and physical, for
example, constraints on the values of the state process or controls. For example, in
the investment-consumption problem we will only consider processes X* for which
a solution to (1.1) exists. We will also require the consumption process Cy such that
the investor has non-negative wealth at all times.

Objective function. There is some cost/gain associated with the system, which may
depend on the system state itself and on the control used. The objective function con-
tains this information and is typically expressed as a function J(z, ) (or in finite-time
horizon case J(t, x, «)), representing the expected total cost/gain starting from system
state x (at time ¢ in finite-time horizon case) if control process « is implemented.

For example, in the setup of (1.3) the objective functional (or gain/cost map) is
J(0,z,v) =E[U(X"(T))] . (1.7)

as it denotes the reward associated with initial wealth x and portfolio process v. Note
that in the case of no-consumption, and given the remaining parameters of the problem
(i.e. pand o), both x and v determine by themselves the value of the reward.

Value function. The value function describes the value of the maximum possible gain
of the system (or minimal possible loss). It is usually denoted by v and is obtained,
for initial state x (or (¢,z) in finite-time horizon case), by optimizing the cost over
all admissible controls. The goal of a stochastic control problem is to find the value
function v and find a control o whose cost/gain attains the minimum/maximum
value: v(t,z) = J(t,z,a*) for starting time ¢ and state x. For completeness sake,
from (1.3) and (1.7), if v* is the optimal control, then we have the value function

v(t,x) =supE [U(XY(T))| Xy = z] =sup J(t,z,v) = J(t,z,v"). (1.8)
12 v
Typical questions of interest Typical questions of interest in Stochastic control
problems include:

e Is there an optimal control?

e Is there an optimal Markov control?

12



e How can we find an optimal control?
e How does the value function behave?

e Can we compute or approximate an optimal control numerically?

There are of course many more and, before we start, we need to review some concepts
of stochastic analysis that will help in the rigorous discussion of the material in this
section so far.

1.7 Exercises

The aim of the exercises in this section is to build some confidence in manipulating
the basic objects that we will be using later. It may help to browse through Section A
before attempting the exercises.

Exercise 1.8. Read Definition A.18. Show that H C S.

Exercise 1.9 (On Gronwall’s lemma). Prove Gronwall’s Lemma (see Lemma A.6) by
following these steps:

i) Let .
z(t) = (e_ Js MT)dT)/O A(s)y(s) ds.

and show that .
2(t) < A(t)e” o X0 () — a(t)) .

ii) Integrate from 0 to t to obtain the first conclusion Lemma A.6.
iii) Obtain the second conclusion of Lemma A.6.
Exercise 1.10 (On liminf). Let (ay)nen be a bounded sequence. Then the number

lim (inf{ay : k > n})

n—oo

is called limit inferior and is denoted by liminf, . a.

1. Show that the limit inferior is well defined, that is, the limit lim,,_,~ (inf{ax : &k > n})
exists and is finite for any bounded sequence (a,).

2. Show that the sequence (ay, )nen has a subsequence that converges to lim,, o inf ay,.

Hint: Argue that for any n € N one can find ¢ > n such that
. . 1
inf{ay : k > n} <a; <inf{ay : k >n}+ —.

n

Use this to construct the subsequence we are looking for.

Exercise 1.11 (Property of the supremum/infimum). Let a,b € R. Prove that

if b> 0, then sup {a + bf(x)} =a+bsup f(x),

zeX reX
if b<0, then sup{a+bf(z)} =a+binf f(z).
reX zeX

13



Exercise 1.12. Assume that X = (X;);>0 is a martingale with respect to a filtration
F := (Fi)t>0. Show that:

1. if for all + > 0 it holds that E|X;|?> < oo then the process given by |X;|? is a
submartingale and

2. the process given by | X¢| is a submartingale.

Exercise 1.13 (ODEs). Assume that (r;) is an adapted stochastic process such that
for any t > 0 fg |rs| ds < oo holds P-almost surely (in other words r € A).

1. Solve
dBt = BtT'tdt, BQ = 1. (19)

2. Is the function t — B; continuous? Why?

3. Calculate d(1/By).

Exercise 1.14 (Geometric Brownian motion). Assume that p € A and o € S. Let
W be a real-valued Wiener martingale.

1. Solve
ClSt == St [,qu dt + Ot th] y S(O) = S. (110)

Hint: Solve this first in the case that y and o are real constants. Apply It6’s
formula to the process S and the function x + In .

2. Is the function t — S continuous? Why?
3. Calculate d(1/S;), assuming s # 0.
4. With B given by (1.9) calculate d(S¢/By).

Exercise 1.15 (Multi-dimensional gBm). Let W be an R%-valued Wiener martingale.
Let p € A™ and o € S™*¢. Consider the stochastic processes S; = (Si(t))tefo,r) given
by
S} = Sjpidt + 8} of AW}, Sh=si,i=1,...,m. (1.11)
j=1

1. Solve (1.11) for i =1,...,m.
Hint:  Proceed as when solving (1.10). Start by assuming that p and o are
constants. Apply the multi-dimensional Ité formula to the process S; and the
function x — In(z). Note that the process S; is just R-valued so the multi-
dimensionality only comes from W being R? valued.

2. Is the function t — S} continuous? Why?

Exercise 1.16 (Ornstein—Uhlenbeck process). Let a,b,0 € R be constants such that
b> 0,0 > 0. Let W be a real-valued Wiener martingale.

1. Solve
dry = (b— ary) dt + op dWy,  r(0) = ro. (1.12)

Hint: Apply It6’s formula to the process r and the function (¢, ) — e%z.
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2. Is the function t — r; continuous? Why?
3. Calculate E[r;] and E[r?].
4. What is the distribution of 7;?

Exercise 1.17. If X is a Gaussian random variable with E[X]| = p and Var(X) =
E[X? — (E[X])?] = 0? then we write X ~ N(u,0?). Show that if X ~ N(u,0?) then

o2
E[eX] = et 7.

1.8 Solutions to Exercises

Solution (Solution to Exercise 1.9). Let

2(t) = <e* s A(T)d") /Ot A(s)y(s) ds.

Then, almost everywhere in I,

2 (t) = A(p)e™ Jo A" <y(t) - /Ot A(s)y(s) d5>,

<b(t)—a(t)

by the inequality in our hypothesis. Hence for a.a. s € I
2/(s) < As)e™ Jo X (b(s) — a(s)).

Integrating from 0 to ¢ and using the fundamental theorem of calculus (which gives us
fot Z'(s)ds = z(t) — z(0) = z(t)) we obtain

/ t A(s)y(s)ds < elo Ardr / t A(s)e™ Jo Adr (h(5) — a(s)) ds
0 0
_ / MBI XD (4(5) — a(s)) ds.
0

Using the left hand side of above inequality as the right hand side in the inequality in our
hypothesis we get

y(t) + alt) < b(t) + / A(s)el MO0 (b(s) — a(s)) ds,

which is the first conclusion of the lemma. Assume now further that b is monotone increasing
and a nonnegative. Then

y(t) +a(t) < b(t) +b(t) /0 t A(s)el: Adr g

t
= b(t) + b(t) / —delI DA — by 4 b(t) (—1+efJA<T>dr)
0

= b(t)elo ) dr,
Solution (Solution to Exercise 1.10). Let n € N.
1. The sequence b, := inf{ay : £ > n} is monotone increasing as {ax : k > n+ 1} is a
subset of {ar : & > n}, hence b, < b,41. Additionally, the sequence is also bounded

by the same bounds as the initial sequence (a,,). A monotone and bounded sequence of
real numbers must converge and hence we can conclude that liminf,,_, . a, exists.

15



2. Tt follows from the definition of infimum that there exists a sequence i = i(n) > n such
that

1 1
by, =inf{ayx : k >n} <a; <inf{ap:k>n}+-—=0,+—.
n n

The sequence of indices (i(n)) might not be monotone, but since i(n) > n it is

neN

always possible to select its subsequence, say (j (n))n N’ that is monotone.

Since |a;(n) — bn| — 0 and (b, )nen converges to liminf, . ay,, then so does (a;(n))n-
As (@j(n))n is a subsequence of (a;(,))n the same is true for (a;(,))n. Hence the claim
follows.

Solution (Solution to Exercise 1.11). We will show the result when b > 0, assuming that the
sup takes a finite value. Let f* :=sup,cx f(z), and V* := sup,ex {a + bf(z)}.
To show that V* = a + bf*, we start by showing that V* < a + bf*.

Note that for all x € X we have a + bf* > a + bf(z), that is, a + bf* is an upper bound for
the set {y : y = a+bf(x) for some x € X}. As a consequence, its least upper bound V* must
be such that a + bf* > V* = supzex{a+ bf(z)}.

To show the converse, note that from the definition of f* as a supremum (see Definition A.1),
we have that for any € > 0 there must exist a ¥ € X such that f(z%) > f* —e.

Hence a + bf(Z°) > a + bf* — be. Since Z° € X, it is obvious that V* > a + bf(Z°). Hence

V* > a+bf* — be. Since € was arbitrarily chosen, we have our result: V* > a + bf*.

Solution (to Exercise 1.12).

1. Since X, is F;-measurable it follows that |Xt|2 is also F;-measurable. Integrability holds
by assumption. We further note that the conditional expectation of a non-negative
random variable is non-negative and hence for ¢ > s > 0 we have

0< E[‘Xt - X5|2|.7:s] = E[|Xt|2|]:5] - 2E[XtXS|}-s} + E[|XS|2|]'—S]
= E[‘Xt|2|]:5] - QXSE[Xt|f3] + |XS|2 = IE[|4X7t|2|~7:s>’] - ‘XS|27
since X is Fs-measurable and since X is a martingale. Hence E[|X,|?|Fs] > | X,|? for
allt > s> 0.

2. First note that the adaptedness and integrability properties hold. Next note that

|E[X:|F]| < E [|Xt|‘]-"s] by standard properties of conditional expectations. Since

X is a martingale we have
]E[Xt|f9] == Xs

and taking absolute value on both sides we see that

1X| = [ELX.| 7] <E [1X,|

A
Solution (Solution to Exercise 1.13). Let t € [0, 00).

1. We are looking to solve:
t
B(t)=1 —|—/ B(s)r(s)ds,
0
which is equivalent to

%Sf) = r(t)B(t) for almost all ¢, B(0) = 1.

Let us calculate (using chain rule and the above equation)

d _dB(t) 1
4 B = =5~ oy =)
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Integrating both sides and using the fundamental theorem of calculus

In B(t) —In B(0) = /0 r(s)ds

B(t) = exp (/Otr(s) ds> .

2. First we note that for any function f integrable on [0,00) we have that the map ¢ —

and hence

fo f(z) dx is absolutely continuous in ¢ and hence it is continuous. The function z — e*
is continuous and composition of continuous functions is continuous. Hence ¢ — B(t)
must be continuous.

3. There are many ways to do this. We can start with (1.9) and use chain rule:

o) = Cww) =0 (5m)

d (%) - —r(t)%dt

Or we can start with the solution that we have calculated write
d[ 1 d t
i I _ d
i [z = i (-] o)
¢ 1
= —r(t)exp </0 r(s)ds> = —r(t) <B(t)>

which leads to the same conclusion again.

and so

Solution (Solution to Exercise 1.14). 1. We follow the hint (but skip directly to the gen-
eral g and o). From Itd’s formula:

1 1 1

d(InS(t)) = %dS(t) 0 dS(t)-dS(t) = (,u,(t) - ;O'Q(t)> dt + o (t)dW (t).

Now we write this in the full integral notation:

In S(t) = n S(0) + /0 t {u(s) 502(5)] ds + /O ()W (s).

o S(t) = s exp ( /0 t [,u(s) _ %UQ(S)} ds+ /O t o(s)dW(s)) . (1.13)

Now this is the correct result but using invalid application of It6’s formula. If we want
a full proof we call (1.13) a guess and we will now check that it satisfies (1.10). To that
end we apply Itd’s formula to  — sexp(z) and the Ité process

t 1 t
X(t) = /0 [u(s) — 50'2(8):| ds —1—/0 o(s)dW (s).
Thus
dS(t) = d(f(X(t)) = seXPdX (t) + %sex(t)dX(t)dX(t)
= S(t) [(u(t) - %&(t)) dt + a(t)dW(t)} - %S(t)aQ(t)dt.

Hence we see that the process given by (1.13) satisfies (1.10).
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2. The continuity question is now more intricate than in the previous exercise due to the
presence of the stochastic integral. From stochastic analysis in finance you know that
Z given by

2(t) = /0 o (5)dW (s)

is a continuous stochastic process. Thus there is a set @' € F such that P(Q') =1
and for each w € Q' the function ¢t — S(w,t) is continuous since it’s a composition of
continuous functions.

3. If s # 0 then S(t) # 0 for all t. We can thus use It6’s formula

d (%) _ _SLdS(t) + S%(t)dS(t)dS(t)

(t) 2(t)
_ 7ﬁ [u(t)dt + o (£)dW (t)] + ﬁﬂt)dt

)
= [(—p(t) + o2(t)) dt — o (£)dW (1)] -

4. We calculate this with It6’s product rule:

d (gi’?)) — S(t)d <Btt)) 4 %d&‘(t) +dS(t)d <Btt))

= ()2 gt + u(t)%dt + a(t)%dW(t)
S(t)

= B [(40) = r(e) di - o (D)W (1)

Solution (Solution to Exercise 1.15). 1. We Itd’s formula to the function  — In(x) and
the process S;. We thus obtain, for X;(t) := In(S;(t)), that

1 1 1
50 " 350

dX;(t) = dIn(S;(t)) = dSi(t)dS;(t)

= (e + Y o (W0 — 5 > % (0

- lm - 1_20;-3@)] dt+ 3 oy (O 1)
Hence
:/t ui(s)—lzn:a?,»(s) ds—l—zn:/ta»»(s)dwx(s).
0 2j:1 1] = 0 3 J
And so
i(t) = 5;(0) ex t -s—lncf?-s S . ta--s i(s
Si(t) = 5:(0) p{/0 {m() 2; i >] d +;/0 i3 (5) AW ( )}.

2. Using the same argument as before and in particular noticing that for each j the function
t— fg 0i;(s)dW;(s) is continuous for almost all w € © we get that ¢ — S,(t) is almost
surely continuous.
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Solution (to Exercise 1.16). 1. What the hint suggests is sometimes referred to as the
“integrating factor technique.” We see that

d(e™r(t)) = e dr(t) + ae®r(t)dt = e [bdt + adW ()] .

Integrating we get

¢ ¢
er(t) = r(0) + / e**bds + / e*®odW (s)
0 0

and hence . .
r(t) = e *r(0) —I—/ e (=) ds —I—/ e =) g dW (s).
0 0

2. Yes. The arguments are the same as in previous exercises.

3. We know that stochastic integral of a deterministic integrand is a normally distributed
random variable with mean zero and variance given via the It6 isometry. Hence

b

Er(t) = e~"r(0) + (1 — =)
and
Er3(t) = (Br(t)? + e~ 20°E [( / t e‘“dW(S)> ]
0
= (Er(t))* + 6_2at02/0 e***ds = (Er(t))* + o7 (1—e20).
Hence

Var [r()] = g—a (1— 20y,

4. Stochastic integral of a deterministic integrand is a normally distributed random vari-
able. Hence for each ¢ we know that r(t) is normally distributed with mean and variance
calculated above.

Solution (to Exercise 1.17). Let Y ~ N(0,1). Then
X Y 1 _1.2 1 74[( _ )24 _9 }
Ee :Eeu-i-o - = eu-‘,—o’ze 35y = —— e 3llz—o o Bl dz
R v
_ ettt L / O S P L
R

V2r

1

since z \/%6_2(2_0)2 is a density of normal random variable with mean ¢ and variance 1
and thus its integral over the whole of real numbers must be 1.
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2 Controlled Markov chains

In this section we consider the control problem in the setting of discrete space and
time. This will allow us to introduce the dynamic programming principle and the
Bellman equation in a simpler setting that that required for controlled diffusions: in
particular most of the tricky problems around measurability won’t arise here.

2.1 Problem setting

Let S be a discrete state space. Let 9S C S this is the set of absorbing states (often
we'll think of this set as the boundary). Let A be an action set which will be assumed
to be finite in this section. Let (Q, F,P) be a probability space. For a € A, y,y' € S
assume we are given p®(y,y’) which are the transition probabilities of a discrete time
Markov chain (X )n=o,1,... so that

P(Xy =y | Xy =y) =p""(v,y).

Here « is control process. We require that «;, is measurable with respect to o (X} :
k < n). We will label the collection of all such controlled processes by .A. This covers
the description of the controlled Markov chain.

Let v € (0,1) be a fixed discount factor. Let f: A xS — R and g : S — R be the
given “running reward” and “terminal reward”. Assume that f(a,z) =0foralla € A
and x € S (in other words in the stopping states the running reward is zero). Let

N :=min{n =0,1,...: X;; € 0S and X§ =z} (2.1)
be the first hitting time of one of the absorbing states. Let E*[-] := E[-|Xy = z| and
let

N
J(x) =B Y A" flom, X5) + 97 g(XR) | - (2.2)
n=0

Our aim is to maximise J over all control processes a which are adapted as described
above (i.e. over all @ € A). Finally, for all x € S, let

v(x) == max J(z). (2.3)

Note that from (2.1) we have N** = 0 for € 9S. So for x € 95 we have v(z) = g(z),
due to (2.2)-(2.3) and since we are assuming that in the stopping states the running
reward is 0.

2.2 Dynamic programming for controlled Markov chains
Theorem 2.1. Let f and g be bounded. Then for all x € S\ S we have

() = max P [f(z) + yo(X{)]. (2.4)

Proof. Fix the control process . From (2.2) and the tower property we get

J(z) = flao, ) + E

N
E[Zv"ﬂan,m +ng<X%>|X?H @)

n=1
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Consider now a control process S given by 5, = ay+1 and the associated controlled
Markov chain Y7 s.t. YOB = X{ with the transition probabilities given by p®(y, /).
This means that Yf_l has the same law as X and so

N N
E[ZV"f(%Xﬁ) +7N9(X%)!Xf“} = 'YE[Z'Yn_lf(»Bnl,Yfl) + N (VY = x¢p

n=1 n=1

—WE[ZV S5 ¥) + N1g<Y£_1>|YB:X%]=wﬁ<X?>,

since N — 1 is the first hitting time of 3S for the process Y. Hence from (2.5) we get

J*(2) = f(ao, @) + B [1J7 (X))
< flao,@) + E*[yo(X7)] < max [f(a,2) + E"[yo(x7)] |

Taking supremum on the left hand side over all control processes « leads to

(o) < magE [ 7(0) + o(X7)|.

a€A

It remains to prove the inequality in the other direction. Let a* € A be the action
which achieves the maximum in max,ec 4 E* [f“(:n) + 'yv(Xil)] . Let a¥ be the control

process which, for a given y € S, achieves the maximum in (2.3) (with z replaced by
y). Define a new control process

B, = a* if n=0
"l a?, if n>0 and X =y
We see that the processes (z, Yoa*’x% ,Yf"*’x‘f ,...) and (Xg, Xlﬂ, XQB, ...) are identic-
ally distributed. Then, since N — 1 is the first hitting time of S by the process

.
*,X”‘
Y« , we have

E”[f(a*, @) + yo(X{7)]

r N-1 .
x * x X0 o XT —
=E"| f(a",2) +1E {Zv Flan™ Yoy Nl (vgty )!Yo—X1 H
L n=0
- N xa* ot
ZWfWM+WﬂZ¢1N%f%ﬁ1HﬁNWW1)%—&I
L k=1
r N
=E| f(fo, X) ‘f"Y{Z’Yklf(/BkaX}?) +7N19(Xf;)“
L k=1
- N
=E* Zv"f(&Xﬁ)Jr’yNg(va)] <w().
-n=0
This completes the proof. O

An immediate consequence of the Bellman principle is that among all control processes
a it is enough to consider the ones that depend only on the current state. Indeed,
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define a function? a* = a*() as

a*(z) € argmax E* [ f°(z) + yv(X?V)] .
beA
Define X* as X3 = z and for n € N define X by P(X = ¢/) = p*a-0)(X* |, 4/).
Define the control process o, := a*(X). Then

v(a) = E°[f7 (2) +70(X7)]

i.e. the optimal payoff is achieved with this Markov control.

2.3 Bellman equation for controlled Markov chain

Note that
E* [v(X1)] =Y v(m)p*(z,y)
yes

Define the following two vectors and the matrix:

Vii=wv(x;), F:= fla,z;), i=1,...,|5], a€ A,
P o= p*(ziyzj), i,5=1,...,]S|, a€A.

Then (2.4) can be stated as the following nonlinear system which we will call the
Bellman equation:
Vi = max [F{* +~(P*V);] for i such that z; € S\ 98,
ae

(2.6)
Vi = g(x;) for i such that z; € 9S.

Note that if we have managed to solve (2.6) then we can very easily obtain the op-
timal control for each state ¢ = 1,...,|S|. Indeed we just have to solve the (static)
maximization:

a; € argmax [F{' +~v(P*V);] .
acA

On the other hand if we somehow figure out the optimal decision a; to be taken in
each state x; € S then the Bellman equation reduces to a linear problem:

V,=F“ 4 y(P%V);, i=1,...,]9).

There are two basic numerical algorithms that can be used to solve the Bellman
equation.

Value iteration Start with an initial guess V(©) € RISI. For k > define V(¥ ¢ RIS
recursively as

‘/z(k) _ meaj{ [Fia _‘_,}/(Pav(kfl))i] , 1= 17 ey ‘S‘ , X € S\@S
Vl(k) =g(x;), x; € 0S.

It can be shown that (often) limy_,o, V®) = V and moreover this convergence is fast
(e.g. exponential). See Puterman [16, Ch. 6, Sec. 3.

*Since there may be multiple b which maximize the expression E*[f’(z) + yv(X})] we need to
make a choice of a specific b to make a* = a*(z) into a function taking values in A. Since A is
countable this is easy. We may, for example, index the elements of A and then always choose the one
with the lowest index.
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Policy iteration Start with an initial guess of al(o) foreachi=1,...,5. Let Vi(k)
and agk), forall t =1,...,95 be defined through the iterative procedure for & > 0:

i) Solve the linear system

o

(k)
U=F" +~vP% U, i=1,...,|5
and set V*+1) = 7 on S\ 9S and set Vi(kﬂ) = g(a;) for all z; € 0S.

ii) Solve the static maximization problem

agkﬂ) € argmax [F{' + v(PaV(kH))i] :
acA

Again, it can be shown that (often) limg_, o V() =V and moreover this convergence
is fast (e.g. exponential). See Puterman [16, Ch. 6, Sec. 4].

2.4 Q-learning for unknown environments

So far we assumed that p = p®(y,v), f = f*(y), g = g(y) are known. If they are
unknown then Q-learning provides an iterative method for learning the value function
and hence for obtaining the optimal policy. There are other numerical methods, see
Barto and Sutton [18] for a comprehensive overview of Reinforcement Learning.

Define the Q-values (or action values) as:
Qlr.a) = f*(x) + 7B [o(X7)] (27)

We see that this is the (discounted) expected reward for executing action a in state x
and then following the optimal policy thereafter. Let us now take the maximum over
all possible actions a € A. Then

max Q(r,a) = maxE* [ f*(z) + 70(X7)]

From Theorem 2.4 we then see that

max Q(z,a) =v(x).

From this and the definition of Q-function (2.7) we have
Q(w,a) = f*(x) +7E" | max Q(X{,b)]
€
which we can re-arrange as
— B[ f° X{,b) - .
0 = E*[f*(x) + ymax Q(X{.b) ~ Q(x.a)]

At this point we are close to formulating learning the Q-function as a “stochastic
approximation” algorithm. If our state space S and action space A are finite (as
we assumed earlier e.g. in Section 2.3) then the @ function can be thought of as
a matrix Q with |S| x |A| entries® i.e. Q € RISIXIAl Then Qi = Q(z;,ax) with
S = {.’L’l,...,$|5|} and A = {al,...,aw}.

3For a finite set S we write |S| to denote the number of elements in S.
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Define
‘F(QaX) T, U,k) = fak (xl) + ,y]g/EIllaXA‘ Q(X7 ak’) - Q(xla ak) .

—1,.0)

To find Q we need to solve
0= ]E[}'(Q,X“’ak,xi,ak)] forall i=1,...,|S|, k=1,...,|A|,

where X*9% is the r.v. representing the state the system will be when action ay is
taken in state x;.

2.5 Robbins—Monro algorithm

Forget for a moment everything about control and Q-learning and consider the prob-
lem of finding 6 € R? such that

0=E[c(Xx%0)],

where X? is an R%valued random variable which depends on the parameters 6 and
¢ = c(z,0) is function of 2 and the parameters 6. Le. we can say X? ~ my for some
family of distributions (mg)gerr and write the problem equivalently as

0= /Rd c(x,0) mp(dx) .

The Robbins—Monro algorithm starts with a guess 6y and then updates the estimate
as
Orr1 = 0 + 5kc($9’“) ,

where (2%) are samples from mg,- 1t is possible to prove that under fairly weak
assumptions this sequence converges to the true solution as long as (Jx)xen are such
that >, 6 = 0o and ), 62 < oo.

Example 2.2. You can think about the problem if finding implied volatility in the
Black-Scholes model.* Let and X¢ = S exp((r—(1/2)6?)T+6/TZ) with Z ~ N(0,1).
Let ¢(X?) = e7"T[X% — K], — C. Here S, the current stock price, T, the maturity,
r, the risk-free rate, K, the strike and C' the market price of the call are fixed and
known. The implied volatility is 6 such that

C=e¢"TE [[Xo - K]J equivalently 0 = E[C(Xe)] .

Example 2.3 (Ordinary least squares). Consider some R%-valued r.v. X. We wish to
find a linear approximation of f : R* — R? so that f (X) ~ WX 40 for amatrix W €
R%*? and vector b € R which minimizes the mean-square error E|f(X) — WX —b[2.

If we had a finite number N of samples from X to estimate this we will solve this as
by finding the minimum of + SN | f(xk) — Wy, — b2, The minimum is achieved
when the gradient is 0 i.e. when

N

N
> 22 (f(xx) — Wap —b) =0 and > (f(ax) — Wag) — Nb=0.
k=1 k=1

4In practice you would of course use the Black-Scholes formula and a nonlinear solver like the
bisection method or Newton method.
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Now we could solve this for the optimal (W, b).

If, however, our observations arrive in time as a sequence (a:(k)) keN, we don’t know how
many there will be and we want to keep a running estimate of the optimal (W, b) then
we would start with a guess (W, b(o)) and then update these using Robins—Monro:

Wkt — k) _og, (k) (f(x(k))fwx(k)fb(k» and p*tD) = pk) 25, (f(x(k))fwx(k)fb(k» .
The reason for this is that we want

Vv [E|f(X) WX - bﬂ —0 and V, [E|f(X) WX - bﬂ ~0.
This is

—]E[z)((f(X) WX - b)} — 0 and —]E[f(X) WX - b} ~0.
So in the notation above our § = (W, b) and the nonlinear function c is

[ 2X(f(X) WX —b)
C<X’9>_<—(f(X)—WX—b) )

2.6 The Q-learning algorithm

Coming back to Q-learning we will formulate the algorithm as a version of the Robins—
Monro method. We need to fix the learning rate at each step: (dx)ren such that
5k € (0,1), 32,62 < 0o and Y, 6 = oo. We can take &), = % if we wish to.

We start by making an initial guess for Q, call it Q©© = Q©)(z,a). The learning

proceeds in episodes, where at the k-th episode:

i) We are in the state z(k) (this can be either the resulting state of a previous episode
or one chosen at random).

ii) We select and perform action ak) (randomly, or cycle through all possible actions
systematically, or using some e-greedy heuristic®).

iii) We observe the state we landed in, denoting it y*). This is our sample from
x=®a® y*) € 98 then set R®) = f(a®), ")) + g(y*)) and we will re-start.
If ) € S\ 9S then set R®) = f(a® z*)) + 4V E=D(y*)) where

VED (®) = max QD (y M), b).
beA

iv) We adjust the Q=D () a®)) to QW) (2(¥) o)) using 6y, as
QW @y, ar) = QW (ay, a) + 5 F(Q,y™, 2™, a®)) = (1 — 6) Q1 (xr, ar) + 6 R
and we leave the remaining values of Q) set as Q*~1 in this episode. Finally,

if y®) € 98 then (1 is chosen at random from S, while if y*) € S\ 95 then
(k1) = (k)

SWith probability e € (0,1) we choose a random action (exploration), with probability 1 — & we
choose the optimal action according to our best knowledge at episode k (exploitation):

a® e arg max Q(kfl)(:c, b).
beA
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That’s all. If the algorithm converges so that Q(z,a) = limy_e Q*)(x,a) we then
have v(x) = max, Q(z,a) for all z and a, as we have seen above.

An optimal behaviour in an unknown environment would then balance exploration
and exploitation. You can find more on this in Sutton and Barto [18] and the proof
of convergence of the Q-learning algorithm is in Watkins and Dayan [20].

2.7 Exercises

Exercise 2.4 (Simplified version of Example 1.2). There is a biased coin with p €
(0,1), p # %, probability of getting heads and ¢ = 1 — p probability of getting tails.
We will start with an initial wealth x = ¢, ¢ € N with ¢ < m, with some m = 2.

At each turn we choose an action a € {—1,1}. By choosing a = 1 we bet that the
coin comes up heads and our wealth is increased by 1 if we are correct, decreased by 1
otherwise. By choosing a = —1 we bet on tails and our wealth is updated accordingly.

That is, given that X,,_; = = and our action a € {—1,1} we have

P(Xp,=z+4+a|Xp-1=2,0)=p, PX,=z—-a|Xp_1=2,a)=q.

The game terminates when either t =0 or z =m = 2. Let N = min{n € N: X, =
0 or X, =m}. Our aim is to maximize

Jz) = E [meo - x}
over functions a = a(z) telling what action to choose in each given state.

1. Write down what the state space S and the stopping set 0.S are and write down
the transition probability matrix for P® for ¢ = 1 and for a = —1.

2. Write down the Bellman equation for the problem.

3. Assume that p > 1/2. Guess the optimal strategy. With your guess the Bellman
equation is linear. Solve it for V.

2.8 Solutions to Exercises

Solution (to Exercise 2.4).

1. First, S = {0,1,2} and 95 = {0,2}. The transition probability matrices for

a =1 and a = —1 are, respectively,
1 00 1 00
Pe=V=1|q 0 p|, P=V=|p 0 ¢
0 0 1 0 0 1

2. There is no running reward and v = 1 so the Bellman equation is

V=, [T

3. Ifp> % then we want to bet on heads i.e. a = 1. To solve the Bellman equation:
we know that Vy = 0, Vo = 2 so we only need to find V;. From the Bellman
equation with a = 1 we have

Vi=q¢gW+0Vi+pVa=2p.
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3 Stochastic control of diffusion processes

In this section we introduce existence and uniqueness theory for controlled diffusion
processes and building on that formulate properly the stochastic control problem we
want to solve. Finally we explore some properties of the value function associated to
the control problem.

3.1 Equations with random drift and diffusion

Let a probability space (2, F,P) be given. Let W be a d’-dimensional Wiener process
and let ¢ be a R%valued random variable independent of W. Let F; := o(£, W, : s <
t). We consider a stochastic differential equation (SDE) of the form,

dX; = bt(Xt) dt + O't(Xt) dWy , te [O,T] R Xo=¢. (31)

Equivalently, we can write this in the integral form as
t t
Xy =¢ —1—/ bs(Xs) ds +/ os(Xs) dWs, te0,7]. (3.2)
0 0

Here 0 : Qx[0, T]xR* — R¥>*¥ and b : Qx[0,T] xR% — R%. Written component-wise,
the SDE is

dl
dX] =b(t, Xo)dt + Y o (t, Xp)dW}, te[0,T], X;=¢, ie{l,--,m}.
j=1

The drift and volatility coefficients
(t7 W, $) = (bt(wv $)7 Ut(w7 33))

are progressively measurable with respect to F; ® B(Rd); as usual, we suppress w in
the notation and will typically write b;(x) instead of b;(w,z) etc. Note that ¢ = 0
plays no special role in this; we may as well start the SDE at some time ¢t > 0 (even
a stopping time), and we shall write X% = (Xé’x)se[t’ﬂ for the solution of the SDE
started at time ¢ with initial value x (assuming it exists and is unique).

Definition 3.1 (Solution of an SDE). We say that a process X is a (strong) solution
to the SDE (3.2) if

i) The process X is continuous on [0, 7] and adapted to (F)e(o,1),

ii) we have
T T
IP’[/ ]bS(Xs)]ds<oo} =1 and IP’[/ los(X,)|Pds < 00| =1,
0 0

iii) The process X satisfies (3.1) almost surely for all ¢ € [0,T] i.e. there is Q € F
such that P(Q2) = 1 and for all w € Q it holds that

t t
X,(w) :g(w)+/0 bs(w,Xs(w))ds+/O (w0, Xo(w)) dWi(w) , VE € [0,T]. (3.3)
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GivenT' > 0, and m € N, we write H7' for the set of progressively measurable processes

¢ such that
T 1
lollag = (& [ 1o ar) " < o,

Proposition 3.2 (Existence and uniqueness of solutions). Assume that for all x € R?
the processes (by())iepo,r) and (o¢(x))iejor) are progressively measurable, that E|¢|* <
oo and that there exists a constant K such that a.s. for allt € [0,T] and z,y € R? it
holds that

16(0) Iz, + [lo/(0) |z, < K,

(3.4)
bi(z) = be(y)| + |ow(z) — oe(y)| < Kz —y].

Then the SDE has a unique (strong) solution X on the interval [0,T]. Moreover, there
exists a constant C = C(K,T) such that

E | sup |X:°| < C(1+E[[¢?).

0<t<T

We give an iterative scheme which we will show converges to the solution. To that
end let Xy = ¢ for all t € [0,7]. For n € N let, for ¢ € [0, 7], the process X" be given
by

t t
X{L=§+/ bs(Xgl)der/ os(XP ) aw, . (3.5)
0 0

Note that here the superscript on X indicates the iteration index.® We can see that
X0 is (Ft)ejo,m-adapted and hence (due to progressive measurability of b and o) X 1
is (Ft)tepo,r)-adapted and repeating this argument we see that each X" is (F¢).e(o,7-
adapted.

Before we prove Proposition 3.2 by taking the limit in the above iteration we will need
the following result.

Lemma 3.3. Under the conditions of Proposition 3.2 there is a constant C, depending
on K and T (but independent of n) such that for alln € N and t € [0,T] it holds that

EIX]]? < C(1+El¢P)eC.

Proof. We see that

2

t 2 t
Bl < asieP + a5 ([ e las) o ([ o law )
0 0
Using Holder’s inequality and It6’s isometry we can see that
¢ t
E|XP|? < 4E|¢]? + 4tIE1/ b5 (X212 ds + 4]E/ los(XTPH) 2 ds .
0 0

Using the Lipschitz continuity and growth assumption (3.4) we thus obtain that

t t t t
IE/ lbs (X2 ds < QIE/ |bs(0)]2ds+2K2E/ X712 ds < 2K <1+E/ \Xg—ly2ds>
0 0 0 0

SInstead of a power or index in a vector.
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and similarly
t t
E/ los(XTH 2 ds < 2K? <1+E/ \X§_1]2ds> :
0 0
Thus for all ¢ € [0,7] we have, with L := 16K>2(¢ \V 1), that
t
EIX7? < L(1+E|£?) + L/ E| X" 12 ds.
0

Let us iterate this. For n = 1 we have
E|X}|? <L (1+E|(?)+LEE? < L (1+E[¢*)+LtL(AI+E|)*) = L (1 +E[¢[*) [1 + Lt] .

For n = 2 we have

t Lt 2
EIX?? < L(1+E|EP) + L/ E|X!|?ds<L(1+E|¢*)+L-LA+E|(*)t+L- ( 2)
0
Lt)?
L(1+E|¢P) [1 + Lt + %] .
If we carry on we see that
Lt)? Lt)n -
E|X7|> < L(1 4+ E|¢%) [1+Lt+%+...+ ( m) ] < L(1 +E|¢?) Z
! ! =
and hence for all ¢ € [0,T] we have that
E|X['[* < L(1 + E[¢[*)e™
O

Proof of Proposition 3.2. We start with (3.5), take the difference between iteration
n+1 and n, take the square of the R? norm, take supremum and take the expectation.
Then we see that

Esup [ X7+ — X7
s<t
2

+ 2E sup
s<t

< 2B sup / b (X7) — b, (X2 1)) dr
s<t 0

= QIl(t) + 2[2(t> .

[ o) =,z

We note that for all ¢ € [0, 7], having used Holder’s inequality in the penultimate step
and assumption (3.4) in the final one, it holds that

I(t) = Esup
s<t

t 2 t
swz( / |br<Xf>—bT<Xﬁ—1>rdr> <& [ (X - b 06 P
0 0

2 s 2
< Esup ( e = dr)
0

s<t

[ eexn = e nar

t
< K2tIE/ X" — X2 ar.
0
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Moreover M; = fot[ar(Xf) — 0,(XP1)]dW, is a martingale and so (|Mt))eepo,r) is
a non-negative sub-martingale. Then Doob’s maximal inequality, see Theorem A.14
with p = 2, followed by Itd’s isometry implies that for all ¢ € [0, 7] it holds that

2

2
I>(t) = Esup < 4E

s<t

[t =z aw,

/0 on(XD) — oy (X)) dW,

t t
= 4IE/ o (X)) — o (X2 Y 2 dr < 4K2]E/ |X" — X2 dr
0 0
Hence, with L := 2K?(T + 4) we have for all ¢ € [0,T] that

t
Esup | X2 — X772 < L/ E| X" — X" Y2 dr. (3.6)
s<t 0
Let
C* .= supE|X} —¢|?
teT

and note that Lemma 3.3 implies that C* < co. Using this and iterating the estim-
ate (3.6) we see that for all ¢t € [0, 7] we have that
Lmn

n!

Esup | X! — X172 < C*
s<t

(3.7)

For f € C([0,T]; R?) let us define the norm || f|| := supsefo,77 | fs|- Due to Chebychev—
Markov’s inequality we thus have

1 1
+1 _ +1 2
P HXn _Xn”oo > 2n+1:| =P |:HX” _Xn“oo > 22(n+1)
nyn nyngm
<qior Ty
n! n!

Let B, = {w € Q: [| X" (w) — X"(w)|lsc > 57} Note that clearly” it holds that

o0
Z]PEn < 0.
n=0

By the Borel-Cantelli Lemma it thus holds that there is Q) € F and a random variable
N : Q — N such that P(2) = 1 and for all w € Q we have that

[ X" (W) — X (w)||oo < 27D Wi > N(w).

For any w € Q, any m € N and n > N(w) we then have, due to the triangle inequality,
that

m—1
X" (W) = X" (@)oo < ) IX™ 7 (w) = X" (w)loo
=0
< 2—(n+j+1) — 2—(n+1) 2 < 2—n .
= = 1 _ % =

This means that the sequence X"(w) is a Cauchy sequence in the Banach space
C([0,T);R?) and thus a limit X(w) such that X"(w) — X(w) in C([0,T];R%) as

"Indeed for any = € R we have S.°° £~ = ¢® < oo.

n=0 n!
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n — oo. Moreover for each n € N and each ¢ € [0,7] the random variable X" is F;
measurable which means that X; = lim,,_,o X} is F; measurable.

Finally we have to show that the limit X satisfies the SDE. On the left hand side the
convergence is trivial. To take the limit in the bounded variation integral we can use
simply that for all w € Q we have that || X (w) — X™(w)|lecc < 27" for n > N(w). This
follows by taking m — oo in (3.8) with n € N fixed. Then

t t t
/Obs(w,XS ((,u))als—/O bs(w, Xs(w)) ds SK/O | X (w) — Xs(w)|ds — 0

as n — oo due to Lebesgue’s theorem on dominated convergence.
To deal with the stochastic integral we need to do a bit more work. We see that for
any t € [0,77] it holds that

m—1
E|th+m _ XZZ|2 —F Z n+]+1 n+j)2—(n+j)2n+j
7=0

Using Hélder’s inequality we get that for any ¢ € [0, 7] it holds that

m—1 m—1
E‘ther — sz < Z 4~ (n+7) Z E|th+1+1 _ th+g|2 gnti
7=0 7=0

We note that

From (3.7) we thus get that for all m € N and for all ¢ € [0, 7] it holds that

4 ' (4Lt)t
EXn+m_Xn2<_ = *4Lt4 n.
| X t|—3 z:% n+]|_3C

Hence for any t € [0, 7] the sequence (X*),en is Cauchy in L?(Q2) and so X* — X in
L%*(Q)asn — oo forall t € [0, T]. Finally E|X;|? < liminf, o E|X]|> < C(1+]¢]?)e
due to Lemma 3.3. Thus for each n € N we have

E|X]" — Xi|? < 2B|X]']* + 2E|X,|? < 40(1 + |€]?)e™ =: g(t).

Noting that g € L'(0,T) we can conclude, using Lebesgue’s theorem on dominated
convergence that

T T
lim [ E[X!—X|?dt = / lim E|X} — X? =
O n—oo

n—oo 0

This, together with It6’s isometry and assumption (3.4) allows us to take the limit in
the stochastic integral term arising in (3.5). O

Remark 3.4. In the setup above the coefficients b and o are random. In applications
we will deal essentially with two settings for b and o.

i) b and o are deterministic, measurable, functions, i.e. (¢,x) + by(x) and (¢, ) —
o¢(x) are not random.
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ii) b and o are effectively random maps, but the randomness has a specific form.
Namely, the random coefficients b(t,w, z) and o(t,w, z) are of the form

b(w, ) = Eft(w)(x) and oy(w,x) = 5;3“(“))(3:)

where b, & are deterministic measurable functions on [0, 7] x R4 x A | A is a com-
plete separable metric space and (a);c(o,7) is @ progressively measurable process
valued in A.

This case arises in stochastic control problems that we will study later on, an
example of which can already be seen with SDE (1.1).

Some properties of SDEs

In the remainder, we always assume that the coefficients b and o satisfy the above
conditions.

Proposition 3.5 (Further moment bounds). Let m € N, m > 2. Assume that for
all z € R? the processes (by(x))sejor) and (o¢(x))ieor) are progressively measurable,
that E|€|™ < oo and that there exists a constant K such that a.s. for allt € [0,T] and
x,y € R? it holds that

16(0) ez + llor(O)[Jrzye < K,
[b:(x) = br(y)| + loe(x) — ou(y)| < Kl -y

Assume that X is a solution of (3.1). Then there exists a constant C = C(K,T,m,d,d)
such that

E

sup \Xt’m

< C(1+E[|€]™).
0<t<T

This can be proved using similar steps to those used in the proof of Lemma 3.3 but
employing the Burkholder—-Davis—Gundy inequality when estimating the expectation
of the supremum of the stochastic integral term.

Proposition 3.6 (Stability). Let m € N, m > 2. Assume that for all x € R? the
processes (bi(x)).ejo,r) and (01(x)).ejo,r) are progressively measurable, that E[§|™ < oo
and that there exists a constant K such that a.s. for all t € [0,T] and x,y € R? it
holds that

16(0) [z + [l (0) |z < K,
[be(2) = be(y)| + |ov(x) — ou(y) < Kl —yl.

Letz,2' e R and 0 <t <t' <T.

i) There ezists a constant C' = C(K,T,m) such that

E | sup | X% — X0 || < Cla — 2/|™.
t<s<T
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ii) Suppose in addition that there is a constant K' such that

/

E/ B(0)]2 + | (0)2 dr | < K'|s — |

for all0 < s < s <T. Then there exists C = C(K,T) such that

E| sup |Xb*— XU®

v <s<T

2] < C(K + |z)?)|t —1].

To prove the above two propositions one uses often the following inequalities: Cauchy-
Schwartz, Holder and Young’s inequality; Gronwall’s inequality (see Lemma A.6);
Doob’s maximal inequality (see Theorem A.14) and Burkholder-Davis-Gundy in-
equality.

Proposition 3.7 (Flow property). Let z € R™ and 0 <t <t' <T. Then

’ t,x
X}
S

X =X , s €[t T).

(This property holds even if t,t' are stopping times.)

See Exercise 3.17 for proof.

Proposition 3.8 (Markov property). Let € R? and 0 <t <t' < s <T. Ifb and o
are deterministic functions, then

X" is a function of t, x, s, and (W,n — Wt)re[t o

Moreover,
E[®(X/*, ¢ <r<s)|Fy] =E [@(X}ivf, t'<r< s)|Xf;ﬂ
for all bounded and measurable functions ® : CO([t', s]; R™) — R.

On the left hand side (LHS), the conditional expectation is on Fy that contains all
the information from time ¢ = 0 up to time ¢ = ¢’. On the right hand side (RHS), that
information is replaced by the process Xtt,’m at time ¢ = t/. In words, for Markovian
processes the best prediction of the future, given all knowledge of the present and past
(what you see on the LHS), is the present (what you see on the RHS; all information
on the past can be ignored).

3.2 Controlled diffusions

We now introduce controlled SDEs with a finite time horizon T' > 0; the infinite-
horizon case is discussed later. Again, (2, F,P) is a probability space with filtration
(F:) and a d'-dimensional Wiener process W compatible with this filtration.

We are given an action set A (in general separable complete metric space) and let
Ap be the set of all A-valued progressively measurable processes, the controls. The
controlled state is defined through an SDE as follows. Let

b:[0,T) xR x A—RY and o:[0,T] x RY x A — R*¥

be measurable functions.
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Assumption 3.9. Assume that for each ¢ € [0, 7] that (z,a) — b(t,z,a) and (z,a) —
o(t,x,a) are continuous, assume that for each ¢ € [0,7] we have x — b(t,z,a) and
x + o(t,z,a) continuous in x uniformly in a € A and that there is a constant K such
that for any t,z,y,a we have

|b(t,z,a) —b(t,y,a)| +|o(t,z,a) —o(t,y,a)| < K|z —y|. (3.9)
Moreover for all ¢, z, a it holds that

|b(t,z,a)| + |o(t,z,a)] < K(1+ |x| + |a]). (3.10)

We will fix m > 2 and refer to the set
A:={acH} :Vwe Q,t€[0,T] u(w) € A and « is progressively measurable }

set as admissible controls.

Given a fixed control a € A, we consider the SDE for 0 < ¢ < T < oo for s € [t, T

dX, :b(s,Xs,as) dt—I—a(s,Xs,as) dWs, X, =¢. (3.11)

With Assumption 3.9 the SDE (3.11) is a special case of an SDE with random coef-
ficients, see (3.1). In particular, if we fix @ € A then taking b;(z) := b(t, z, ;) and
5i(x) := o(t,x, ;) we have the progressive measurability of b and & (since b, o are
assumed to be measurable and « is progressively measurable. Moreover

T T
15(0)]2, = ]E/ Ib(£, 0, )2 dt < E/ K2(1+ |ag))? dt < 2K°T + 2K2[lal2, < oo

and similarly [|(0)||5. < oo. Finally the Lipschitz continuity of the coefficients in

[
T
space clearly holds and so due to Proposition 3.2 we have the following result.

Proposition 3.10 (Existence and uniqueness). Lett € [0,T], £ € L*(F;) and a € Ay.
Then SDE (3.11) has a unique (strong) Markov solution X = X%&% on the interval
[t,T] such that

supE sup |Xs|? < c(1+E[|%).
acA  selt,T)

Moreover, the solution has the properties listed in Propositions 3.5 and 3.6.

3.3 Stochastic control problem with finite time horizon

In this section we revisit the ideas of the opening one and give a stronger mathematical
meaning to the general setup for optimal control problems. We distinguish the finite
time horizon T' < oo and the infinite time horizon 1" = oo, the functional to optimize
must differ.

In general, texts either discuss maximization or a minimization problems. Using ana-
lysis results, it is easy to jump between minimization and maximization problems:
max, f(x) = —min, — f(x) and the 2* that maximizes f is the same one that minim-
izes —f (draw a picture to convince yourself).

34



Finite time horizon

Let
T
J60) =5 | [ 106, X51 0 ds g 05)
t

where X ¢ solves (3.11) (with initial condition X (t) = &£). The J here is called the
objective functional. We refer to f as the running gain (or, if minimizing, running
cost) and to g as the terminal gain (or terminal cost).

We will ensure the good behavior of J through the following assumption.

Assumption 3.11. There is K > 0, m € {0,1,...} such that for all ¢, x,y, a we have

lg(x) =g+ |f(t,z,a) = f(t,y,0)] < K1+ [2]™ + [y|™)]x —yl,

1£(£,0,a)] < K(1+al?).

Note that this assumption is not the most general. For bigger generality consult
g. [14].

The optimal control problem formulation We will focus on the following stochastic
control problem. Let ¢ € [0,7] and z € R?. Let

v(t,z) := sup J(t,z,a) = sup E[ F(s, X207 ag) ds + g(X5"7)
(P) a€A[tT] Q€ A[LT]

and X solves (3.11) with X" = z.

The solution to the problem (P), is the wvalue function, denoted by v. One of the
mathematical difficulties in stochastic control theory is that we don’t even know at
this point whether v is measurable or not.

In many cases there is no optimal control process a* for which we would have v(t, z) =
J(t,z,a*). Recall that v is the value function of the problem (P). However there is
always an e-optimal control (simply by definition of supremum).

Definition 3.12 (s-optimal controls). Take ¢t € [0,7] and x € R™. Let ¢ > 0. A
control o € A[t,T] is said to be e-optimal if

v(t,x) <e+ J(t,z,a). (3.12)

Lemma 3.13 (Lipschitz continuity in x of the value function). If Assumptions 3.9
and 3.11 hold and if A C H?H then there exists C' = Cr g m > 0 such that for all
t €[0,T] and x,y € R? we have

St 2, 0) = J(ty, )| < OO+ []™ + [y[™) ]z -y

and

l(t, z) — vt y)| < OO+ [z[™ + [y[™)]z —yl.
Proof. The first step is to show that there is Cr gk ,, > 0 such that for any o € U we
have

=[]tz 0) = J(t,y,a)] < Cr(1+ |2|™ + [y|™) |z — yl.
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Using Assumption 3.11 (local Lipschitz continuity in x of f and g) we get
T
P<B| [ 17X 0) = fls. X0 0l ds + g5 - g6
t
T
< KE| [ (4 X 4 xivepmxese - xioe| ds
t

(L [ X0+ | X

m)|X;fE,Ol _ X;iy’a|:| )

We note that due to Holder’s inequality

m 1

T m+1 T
I §CK,m (E/ (1 + |X§,w,a|m+1 + |X§,y,a|m+1) ds) <E/ |X§7z,a _ X;ﬁ,y,a|m+1 d5>
t t

+1

_m_ _1
+ CK,m (E(l + ‘X;x,a m+1 + |X;,y,a‘m+1)> m+1 (E|X§l$’a _ X;y,a m+1) m+1 .

Then, using Propositions 3.5 and 3.6, we get

1

m—+1 m—+1
I< CT,K,m sup E |:|X£7$7Oc|m+1 + ‘X§7y7a|m+1} sup ]E|X£’$’O‘ _ X?y,a‘m—i—l
t<s<T t<s<T

< Orgm(1+ 2™ + Jy|™)|z -yl -

We now need to apply this property of J to the value function v. Let € > 0 be
arbitrary and fixed. Then there is a® € A such that v(t,z) < e+ J(t,z,a%). Moreover
v(t,y) > J(t,y,ac). Thus

U(t,l‘) - U(tvy) <e+ J(t,l‘, aE) - J(t,y’ae) <e+ 0(1 + |33|m + |y|m)‘$ - y| .

With ¢ > 0 still the same and fixed there would be 5 € A such that v(t,y) <
e+ J(t,y, 5%). Moreover v(t,x) > J(t,z,3°) and so

v(t,y) —v(t,x) <e+ J(t,y,0°) — J(t,x,5) <e+ C(1+ |=|™ + |y|™) |z — y|.
Hence
—e = C(L+[z[™ 4+ [y[")]z —y| <o(t,z) —v(t,y) < e+ OO+ [z|™ + [y|")]z -yl
Letting € — 0 concludes the proof. O

An important consequence of this is that if we fix ¢ then = — v(¢, x) is measurable (as
continuous functions are measurable).

3.4 Exercises
Exercise 3.14 (Non-existence of solution).

1. Let I = [0, %] Find a solution X for

ax,

7 =X, tel, Xo=1.
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2. Does a solution to the above equation exist on I = [0,1]7 If yes, show that it
satisfies Definition 3.1. If not, which property is violated?

Exercise 3.15 (Non-uniqueness of solution). Fix 7" > 0. Consider

dX
d—tt:2 1X,|, te[0,T], Xo=0.

1. Show that X; := 0 for all ¢ € [0,7] is a solution to the above ODE.
2. Show that X; :=t2 for all ¢ € [0, 7] is also a solution.

3. Find at least two more solutions different from X and X.

Exercise 3.16. Consider the SDE
t t
thg—i—/ bs(Xs)ds—i—/ oo(X)dW,,  te0.T]. (3.13)
0 0

and assume that the conditions of Proposition 3.2 hold. Show that the solution to the
SDE is unique in the sense that if X and Y are two solutions with X¢ = £ = Y|y then

P[sup | Xt =Y >0 =0.
0<t<T

Exercise 3.17. Consider the SDE
X5 = b(XE%) ds + o (XE%)dW,, t<s<T, X" =z.

Assume it has a pathwise unique solution i.e. if Y5 is another process that satisfies
the SDE then

P [ sup |XI* —YET| > 0] =0.
t<s<T

Show that then the flow property holds i.e. for 0 <t < t' < T we have almost surely
that

’ t,x
tX};
S

Xt =X . Vselt,T).

3.5 Solutions to Exercises
Solution (to Exercise 3.14).
1. We can use the following method to get a guess: from the ODE we get X ~2dX = dt

which means that, after integrating, we get —X 1 =t+C. So X; = —(t+C)~!. Since
Xo =1 we get C = —1. Thus

_ 1 1
thl—_t, telo,i].

We check by calculating that %t = (1 —¢)~2 = X? so the equation holds in [0,1/2].

2. We can see that lim; »~; X; = oo and so the ¢ — X, is not continuous on [0, 1].

Solution (to Exercise 3.15).

1. Clearly X, = 0 and for ¢ € [0, 7] we have dit =0=2|Xy].
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2. Clearly Xo = 0 and for ¢ € [0, 7] we have &t = 2t = 2v/12 = 2,/|X;].
3. Fix any 7 € (0,7T") and define

X(T) — 0 for tG[O,T),
T\ (t-1)? for telr,T].

Then, clearly, dXéT) = 0 and moreover if ¢t € [0,7) then we have

ax(™ =
M _p=2y/|X
dt 0 | t |7

while if ¢ € [7,T] then we have

ax{™

=2t - 1) =2/[E - 1) =2y X{7.

So, in fact, there are uncountably many different solutions.

Solution (to Exercise 3.16). We will use exactly the same estimates as in the proof of Pro-
position 3.2, up to (3.6). We start with (3.13) written once for X and once for Y and take the
difference, take the square of the R? norm, take supremum and take the expectation. Then
we see that

Esup | X, — Y|?
s<t
s 2
< 2Esup / oK) — by (V)] dr| 4 2Esup / (0(X,) — o0 (V)] dW,
s<t |Jo s<t

We note that for all ¢ € [0,7], having used Holder’s inequality in the penultimate step and
assumption (3.4) in the final one, it holds that
s 2
I,(t) = Esup / [br(X,) — b (Y)] dr < E sup (/ b (X )|dr>
s<t s<t

<IE</ b (X |dr> <t]E/ b (X Y,)12 dr

< KztE/ | X, — Y, |2dr.
0

Moreover M; = fo 0 (Xy) —0,(Y:)] dW, is a martingale and so (|M¢|):c[o, 1) is a non-negative
sub-martingale. Then Doob’s maximal inequality, see Theorem A.14 with p = 2, followed by
It6’s isometry implies that for all ¢ € [0,T] it holds that

2 2

I7(t) = Esup < 4E

s<t

/0 (0,(X,) — 0, (Y;)] WY,

/Os[a,xx )~ oy(¥,)] dW,

t t
= 4IE/ lo (X)) — 0 (Ye) |2 drr < 4K2E/ | X, — Y, |*dr.
0 0
Hence, with L := 2K?(T + 4) we have for all ¢ € [0, 7] that

t
Esup|Xs — Yi|? < L/ E|X, — Y, |*dr.
0

s<t

Hence

t
Esup | X, — Y;|? < L/ Esup | X, — V|2 dr.
s<t 0 s<r
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From Gronwall’s lemma (applied with y(t) := Esup,<;|Xs — Y|?, a(t) = 0, b(t) = 0 and
A(t) = L) we get that for all ¢ € [0,7] we have

Esup |X, — Y,|> <0.
s<t
But this means that

P |sup | X, — Yi|>=0| =1.
t<T

Solution (to Exercise 3.17). Let Y; := X0 for s e [t/,T] and note that the process Y

solves the SDE for s € [/, T] with Yy = X,,"¥ = X", Let X, := X' for s € [/, T] and

note that this also solves the SDE for s € [t/, T with
Xt’ = X:/”I: = Yt/ .

Hence both Y and X solve the same SDE with the same starting point. By the pathwise
uniqueness property of the solutions of this SDE we then have

P| sup |X;-Y,|=0]|=1
t<s<T

but this means that almost surely it holds that for all s € [t/,T] it holds that

’ t,x
XY

Xs = )/s = Xs = Xz’z .
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4 Dynamic programming and the Hamilton—Jacobi—-Bellman
equation

4.1 Dynamic programming principle

Dynamic programming (DP) is one of the most popular approaches to study the
stochastic control problem (P). The main idea was originated from the so-called Bell-
man’s principle, which states

An optimal policy has the property that whatever the initial state and initial
decision are, the remaining decisions must constitute an optimal policy with
regard to the state resulting from the first decision.

The following is the statement of Bellman’s principle / dynamic programming.

Theorem 4.1 (Bellman’s principle / Dynamic programming). For any0 <t <t <T,
for any x € R?, we have

v(t,z) = sup E
a€A[t,f]

i
/t F(5, X204 ) ds + (i, X)

Xt = x] : (4.1)

The idea behind the dynamic programming principle is as follows. The expectation on
the RHS of (4.1) represents the gain if we implement the time ¢ until time ¢ optimal
strategy and then implement the time # until 7" optimal strategy. Clearly, this gain
will be no larger than the gain associated with using the overall optimal strategy from
the start (since we can apply the overall optimal control in both scenarios and obtain
the LHS).

What equation (4.1) says is that if we determine the optimal strategy separately on
each of the time intervals [t,] and [£, T] we get the same answer as when we consider
the whole time interval [t,T] at once. Underlying this statement, hides a deeper one:
that if one puts the optimal stategy over [¢, t) together with the optimal stategy over
[£, T this is still an optimal strategy.

Note that without Lemma 3.13 we would not even be allowed to write (4.1) since
we need v(i, X?’t’z) to be a random variable (so that we are allowed to take the
expectation).

Let us now prove the Bellman principle.

Proof of Theorem 4.1. We will start by showing that v(¢,2) < RHS of (4.1). We note
that with o € A[t, T] we have

J(t,z,a) =

/sts,as ds+/ f(s, X¢', as)ds + g(X7)

Xf‘:x] )

We will use the tower property of conditional expectation and use the Markov property
of the process. Let ]-"EXG =0(X¢:t<s<t). Then

J(t,z,a)

_E [/tf(s,Xsa,as)ds—l—]E [/T (s, X2, a,)ds + g(X2)

]-"EXQ} ’Xf‘ = m]

ta} ’Xf‘ :m] .

= [/sts,asds—i-]E[/ f(s, X, as)ds + g(XT)
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Now, because of the flow property of SDEs,

T
E [ / F(s, X0, a)ds + g(X30)
t

th,t,x] —J (f, Xf"t’gg, (as)se[i,T}) <w (5, X?,t,x) _

Hence

J(t,x,a) < supE

i
/ f(s, X3 as)ds +v <f, X?’t’m) ‘Xﬁ =z
acA t

Taking supremum over control processes « on the left shows that v (¢, z) < RHS of (4.1).

We now need to show that RHS of (4.1) < v(t,z). Fixe > 0. Then thereis of € Alt, ]
such that

i
RHS of (4.1) < +E / Fs, X970, af) ds +v(t, X7H)
t

<t
Xta”m:x].

Let us write X := X fg’t’z for brevity from now on. We now have to be careful so
that we can construct an e-optimal control which is progressively measurable on the
whole [t,T]. To that end let 6 = §(w) > 0 be such that

2"C(1 + | Xp(w)|™)d(w) < & and 2™ (W)™ < 1.

where C' is the constant from Lemma 3.13. Take (x;);en dense in R?. By density of
(z;); we know that for each d(w) there exists i(w) such that |z;q,) — X;(w)| < 6(w).
Moreover

C(1+ |zi|™)6 < O(1 + 2™ Hay — X™ + 2™ HX,™)8 < 2MO(1 + | X;[™)d < €.

The open covering of R? given by Uwea Bs(w) (Ti(w)) has a countable sub-cover [,y Bs,, (1)
Let (Q) be constructed as follows:

k-1

Q1 = Bs, (1) and Q= By, (xx) \ | Qu -

k'=1

Then for each x; there is a®% € A(t,T] such that v(f,z;) < e+ J (I, z;, o). Moreover
if X; € Q; then | X;|™ < 2" X; — ;™ + 2™~ |2;|™ and due to Lemma 3.13 we have,

o(f, X;) — v(f,2:)| < C(1+ | X|™ + [ ™) X; —
<O+ 2" X — ™ 4 2™ Y[ ™) | X —
< C(1+2mtem 4 2=t 2, ™)6
< (2427 ™6 < 2 C(1 + ™) < e

Similarly we have

|J(t, 2, 05%) — J(E, X;, 05| < e.
Hence we get
v(t, X;) < v(t, o) +e<e+ It z,a5) +e<e+ J(E, X5 a5 + 2.

And so ,
’U(f, X{) <3e+ J(f, X{, Oég’l) .
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Therefore RHS of (4.1)

t
< 3e+E / (s, X0 af) ds
t

T 3 ; £,1
B[ e g ds g (v) |,
t

YAaa,i = Xt?a’t’m:| )X;)ce,t,x = 13] .

Regarding controls we now have the following: of € Alt,f] and for each i we have
at' € .A(f, T]. From these we build one control process 3¢ as follows:

g m a; SsE€ [tﬁﬂ )
5 ag" s € ((,T] and X7 b e Q.

This process is progressively measurable with values in A and so 8¢ € A[t,T]. Due to
the flow property we may write that RHS of (4.1)

<3 +E

£ T
/ F(s, X550 52) ds +/ f(s, X7, B5)ds + g (Xff) ‘Xgit,r - x] :
t i
Finally taking supremum over all possible control strategies we see that RHS of (4.1) <
3e 4+ v(t,x). Letting e — 0 completes the proof. O

Lemma 4.2 (3-Holder continuity of value function in time). Let Assumptions 3.9
and 3.11 hold. Let A C HZFH. Then there is a constant C = Cr g m > 0 such that
for any x € R?, 0 < ¢, < T we have

lo(t,z) —v(t,z)] < O + |z|™)|t — f|1/2 .
Proof. Still needs to be written down.
O

Corollary 4.3. Let Assumptions 3.9 and 8.11 hold. Let A C H’T”H. Then there is a
constant C' = Cr i ,m > 0 such that for any x,y € R%, 0 < s,t <T we have

[v(s,2) = vt )| < C(1+Jal™ + y™) (Jt = 82+ |z = y1) .
This means that the value function v is jointly measurable in (¢, x). With this we get

the following.

Theorem 4.4 (Bellman’s principle / Dynamic programming with stopping time).
For any stopping times t,t such that 0 <t <t < T, for any v € R, we have (4.1).

The proof uses the same arguments as before except that now have to cover the whole
[0, 7] x R? and we need to use the %—Hélder continuity in time as well.

Corollary 4.5 (Global optimality implies optimality from any time). Take z € R?. A
control 5 € A[0,T] is optimal for (P) with the state process X = xpoe for s € 10,7
if and only if for any t € [0,T] we have

o, X) = J (8 X5 (B)regi) -
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Proof. To ease the notation we will take f = 0. The reader is encouraged to prove
the general case.

Due to the Bellman principle, Theorem 4.4, we have

v(0,2) = sup E [v (f, Xg’ovl‘)} >E [U (i, Xf“)] . (4.2)

a€Al0,f)

If 8 is an optimal control
v(0,2) = J(0,z,8) =E[g (X7)],

where the first equality follows from S being assumed to be an optimal control and
second equality is definition of J. From this, using the tower property of conditional
expectation, we see

v(0,2) =E [E [¢(X7) |F]] =E[J (£, X;,8)] <Ev(tX;)] <v(0,2),

where the last inequality is (4.2) again. Since the very left and very right of these
inequalities are equal we get that

E[J(tX;8)] =E[v (i X;)]

Moreover v > J and so we can conclude that v (f, XtA) =J (f, Xy, ,6’) a.s. The completes
the first part of the proof. The “only if” part of the proof is clear because we can take
t =0 and get v(0,z) = J(0,z,3) which means that 3 is an optimal control. O

From this observation we can prove the following description of optimality.

Theorem 4.6 (Martingale optimality). Let the assumptions required for Bellman’s
principle hold. For any (t,x) and o € A let

g [ o (X0 dr o, X072 (13)

Then the process (ML™* )selt,T] 8 an FX = o(XPM:t < r < s) super-martingale.
Moreover « is optimal if and only if it is a martingale.

Proof. We have by, Theorem 4.1 (the Bellman principle) that for any 0 <t < s < § <
T that

t,x,o A
v(s, X0") = supE U FE (XXT8) dr oo (5, X2 ’“)‘Xgm] :
acA
From the Markov property we get that
t,x,x ~
v(s, X;™*) = supE [/ for XSX Y dr (8, X ’a)‘]-"sX] :
aeA

Hence

s T,
v(s, X)) 2 E [ / for (X3XE0) g 4 (5, XX
S
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and so, using the flow property of the SDE,
Mt:ra>/ ar Xtma dT‘+E|:/ ar tha d?"+U( Xé,m,a)‘fé)(:|
t7 b
—E [Mg e Fx]

This means that M»*“ is a super-martingale. Moreover we see that if « is optimal
then the inequalities above are equalities and hence M%® is a martingale.

Now assume that My™® = E[M™*|FX]. We want to ascertain that the control a
driving M%%® is an optimal one. But the martingale property implies that J (¢, z, o) =
E[My"] = E[M}"*] = v(t,z) and so « is indeed an optimal control. O

t,x,a

One question you may ask yourself is: How can we use the dynamic programming
principle to compute an optimal control? Remember that the idea behind the DPP is
that it is not necessary to optimize the control « over the entire time interval [0,7] at
once; we can partition the time interval into smaller sub-intervals and optimize over
each individually. We will see below that this idea becomes particularly powerful if we
let the partition size go to zero: the calculation of the optimal control then becomes a
pointwise minimization linked to certain PDEs (see Theorem A.29). That is, for each

fixed state x we compute the optimal value of control, say a € A, to apply whenever
X(t) =x.

4.2 Hamilton-Jacobi-Bellman (HJB) and verification

If the value function v = v(t,z) is smooth enough, then we can apply Itd’s formula
to v and X in (4.3). Thus we get the Hamilton-Jacobi-Bellman (HJB) equation (also
know and the Dynamic Programming equation or Bellman equation).

For notational convenience we will write o(¢, x) := o(t, x, a), b*(t,z) := b(t,x,a) and
f4(t,x) == f(t,z,a). We then define

1
L% := §tr [J“(J“)Tamv + b%0,v.

Recall that trace is the sum of all the elements on the diagonal of a square matrix i.e.
for a matrix (a ”)d _, we get trfa] = Zgzl a® | that d,,v denotes the Jacobian matrix
i.e. (Opav)ij = 0, 6 .50 whilst 0, v denotes the gradient vector i.e. (9,v); = O,iv. This
means that

d d
tr aa(a“)Tamv} = Z [0%(0%) "9, ,5v and b*Dv = Z(ba)’ﬁxw.
ij=1 i=1

Theorem 4.7 (Hamilton-Jacobi-Bellman (HJB)). Assume that the Bellman principle
holds. Assume that b and o are bounded and continuous in (t,x). If the value function

v for (P) is C12([0,T) x RY), then it satisfies

O + sup (L“v + fa> =0 on[0,T) x R?
acA (4.4)

o(T,z) = g(z) VoreRe.
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Proof. Let x € R and t € [0,7]. Then the condition v(7T,z) = g(x) follows directly
from the definition of v. Fix a € A[t,T| and let M be given by (4.3) i.e.

M, = / £27 (XE52) dr £ (s, X559
t
Then, It6’s formula applied to v and X = (X5™%) scft,7) yields
aM; = [ (9w + L0 + o) (5, X20) | ds + (9,0 07%) (5, X200 | aw,.

For any (¢,x) € [0,7] x R and R > 0 take the stopping time 7 = Tg’m given by

t/
7 :=inf {t’ >t: / (Ozv U"‘s)(s,X;"’t””))2 ds > R} .
t

We know from Theorem 4.6 that M must be a supermartingale. On the other hand
the term given by the stochastic integral is a martingale (when cosidered stopped at
TR). S0 (Miar): can only be a supermartingale if for any stopping time 7 < 7" we have

TATR
/ 9 (5, X.) + (8w + L0) (s, Xa) ds < 0.
t

Taking R — oo we can replace 7 A 7r by just 7. Since the starting point (¢,z) and
control o were arbitrary we get, using continuity of dv + L% + f* in (t,x) and a
stopping time argument (see Exercise 4.9), that

(O + L%+ f4)(t,x) <0 Vi, z,a.

Taking the supremum over a € A we get
o(t,z) + sup[(L* + f*)(¢t,z)] <0 Vt,z.
acA

We now need to show that in fact the inequality cannot be strict. We proceed by
setting up a contradiction. Assume that there is (¢,2) such that

Opv(t, ) + sup[(L* + f*)(t,x)] < 0.

acA

We will show that this contradicts the Bellman principle and hence we must have
equality, thus completing the proof.

Now by continuity (recall that v € C*2([0,T) x R?)) we get that there must be & > 0
and an associated § > 0 such that

O +sup[(L + f*)] < —e <0 on [t,t+ ) x Bs(z).
acA

Let us fix o € A[t, T] and let X, := X:™*. We define the stopping time
T =70 = 1inf{s >t : | X" — x| > S} A (E+9).
Then

/t "o X)) dr 4 0(r, X))
— ot 2) 4+ /t "o X, dr + o, X)) — vt )
=o(t,x) + /tT [(@v + L% v + f‘”) (r, XT)] dr + /tT [(va) U"‘T] (r, Xy) dW,

<o(t,r)—e(r —t)+ /tT [(axv) UO‘T} (r, Xr) dW, .
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Now we take conditional expectation E“® := E[|F;¥] on both sides of the last inequal-
ity, to get

Eb® [/T for(r, Xo) dr + v(r, XT)] <wo(t,r) — eBH [7% — 1] .
t

Now we first take infimum over all controls « € A[t, 7] on the RHS and then supremum
over all controls o € Alt, 7] to get

sup EH* [/ [ (s, Xs)ds + v(r, XT)] <wv(t,z) —einf EM [7* — ] .
acA t o

From Exercise 4.10 we have that inf, Eb* [t — ¢] = m > 0 and so
sup EH* [/ fe (s, Xs)ds + v(r, XT)] <wv(t,x) —em < v(t,z).
acA t

But the Bellman principle states that:

v(t,x) = sggEt’m [/t fe (s, Xs)ds + v(, XT)} .
«

Hence we’ve obtained a contradiction and completed the proof. O

Exercise 4.8. Assume that X is a solution to d X = bs(Xs) dt +0s(Xs) dWs, Xy = z,
s € [t,T] Assume that b and o are bounded such that

esssup sup sup |bs(w,z)|+ |os(w,x)] < K < o0.
weN s€[0,T] z€R4

1. Show that for any m € N there is ¢ > 0 (depending on 7', m and bound on b and
o) such that for all z € R? we have

E|X5T — XM <l — s™.

2. Use Kolmogorov’s continuity, see Theorem A.25, to obtain Hélder continuity of
sample paths of solutions.

Exercise 4.9. Let X%® be the solution to the SDE dX = bs(X) dt + o5(Xs) dWs,
Xy =, s € [t,T] with b and o like in Exercise 4.8.

Assume that h : [0,T] x R — R is continuous. Assume that for any stopping time
T>1

/ h(s, Xb%)ds <0 Y(t,z) € [0,T] x RY.
t

Show that h(t,x) < 0 for all (t,x) € [0,T] x RZ.

Exercise 4.10. Let X%® be the solution to the controlled SDE d X, = by(Xs, as) dt +
0s(Xs,a5) dWs, Xy = x, s € [t,T] with a adapted to the filtration generated by W.
Assume
sup sup sup |bs(x,a)|+ |os(z,a)] < K < oo.
a€A s€[0,T] zeR4
Let
7= 7Y = inf{s >t : | X" — g > 6}.

Show that inf, E[76:%% —¢] > 0.
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Theorem 4.11 (HJB verification). If, on the other hand, some u in C*2([0,T) x R%)
satisfies (4.4) and

i) if we have that for all (t,x) € [0,T] x R? there is some measurable function
a:[0,T) x R* — A such that

alt, z) € arg max ((La'u)(t,x) + fa’(t,x)> , (4.5)
a’'€A
it) and if
dXY=0b(s, X} a(s, X)) ds+o(s, X}, a(s, X)) dW,, X;=u

admits a unique solution,

i11) and if the process

tl

t'— Owu(s, X3)o (s, X3, a(s, X7) dW; (4.6)
t
is a martingale in t' € [t,T],

then
of = a(s, X7) set,T]

is optimal for problem (P) and v(t,z) = u(t,x).

Proof. Let o} = a(s,X}). Apply Itd’s formula to u and X* to see that
/ fa )ds + g(X7) — u(t,z) / fa )ds +u(T, X7) — u(t,z)
-[ [atucs, X3) + L% (s, X3 uls, X5) + (X:)} ds

t

T

+/ Ouu(s, X)o (s, X5, a(s, XT) dW;

t

T
= / Opu(s, X3)o(s, X5, a(s, X}) dWy,
t
since for all (¢,z) it holds that

sup[L%(t, z)u(t, ©) + f*(t, 2)] = L*OD (8, w)u(t, x) + f*C0 (¢t 2) .
acA

Hence, as the stochastic integral is a martingale by assumption,
[/ f" N ds + g(X7) — ult, x)] =0.
So

[ / Fo5 (X ds-i—g(XT)} < sup JE[ /t " o (xtn0) dsag (x40 Z ot ).
(4.7)

47



The same calculation with an arbitrary o € A and It formula applied to u and X%«
leads to

T
E[/ I (Xz’x’a) ds + g(Xf,:T”a) — u(t,a:)} <0.
t

Hence for any € > 0 we have
T £ € £
v(t,z) <e+E [/ fE (X ) ds + g(X;fE’a )} < wu(t,z).
t

Hence v(t,z) < u(t,z) and with (4.7) we can conclude that v = u.
Let <
M, ;:/ for(X7) dr +u(s, X7) .
t

We would first like to see that this is a martingale. To that end, let us apply Itd’s
formula to v and X™* to see that

dM, = fos (X3)ds+ dv(s, X7)
— |Oru(s, X3) + L% (5, X2 )u(s, X2) + 25 (X2) | ds + 0uv (s, X3)or (5, X2, als, X7) dW,
= O,v(s,X3)o(s, X7, a(s, X7) dW,

since v = u satisfies (4.4). By assumption this stochastic integral is a martingale

and hence M is also a martingale. By Theorem 4.6 «® must be an optimal control
process. Ul

Theorem 4.11 is referred as the verification theorem. This is key for solving the control
problem: if we know the value function v, then the dynamic optimization problem
turns into a of static optimization problems at each point (¢,z). Recall that (4.5) is
calculated pointwise over (¢, ).

4.3 Solving control problems using the HJB equation and verifica-
tion theorem

Theorem 4.7 provides an approach to find optimal solutions:

1. Solve the HJB equation (4.4) (this is typically done by taking a lucky guess and
in fact is rarely possible with pen and paper).

2. Find the optimal Markovian control rule a(t,z) calculating (4.5). If you can,
use calculus and anyway you probably had to do this in the step above anyway.

3. Check the optimally controlled SDE X* has unique solution.

4. Verify the martingale condition.

This approach may end up with failures. Step one is to solve a fully non-linear second
order PDE, that may not have a solution or may have many solutions.

In step two, given w that solves (4.4), the problem is a static optimization problem.
This is generally much easier to solve.

If we can reach step three, then this step heavily depends on functions b and o, for
which we usually check case by case.
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Example 4.12 (Merton problem with power utility and no consumption). This is the
classic finance application. The problem can be considered with multiple risky assets
but we focus on the situation from Section 1.2.

Recall that we have risk-free asset B, risky asset S; and that our portfolio has wealth
given by

dXs = Xs(vs(p—1)+7)ds + XgvgodWs, se€[t,T], Xy =x>0.

Here v, is the control and it describes the fraction of our wealth invested in the risky
asset. This can be negative (we short the stock) and it can be more than one (we
borrow money from the bank and invest more than we have in the stock).

We take g(z) := 27 with v € (0,1) a constant. Our aim is to maximize J"(t,x) :=
E4* [g(X%)]. Thus our value function is

o(t, ) = sup J¥(t, z) = sup B [g(X4)] .
vel veu

This should satisfy the HJB equation (Bellman PDE)

1
Opv + sup §U2u2x28mv +a[(p—r)u+7r]dyv| =0 on [0,T) x (0,00)
v(T,x) =g(x) =27 Yx >0.

At this point our best chance is to guess what form the solution may have. We try
v(t,x) = A(t)xY with A = A(¢) > 0 differentiable and A\(T") = 1. This way at least the
terminal condition holds. If this is indeed a solution then (using it in HJB) we have

N(t) + sup BaQuzfy(’y -1+ (p—r)yu+ r'y] A(t)=0Vte[0,T), NT)=1.

since 7 > 0 for x > 0 and thus we were allowed to divide by this. Moreover we can
calculate the supremum by observing that it is quadratic in u with negative leading

term (v — 1)y < 0. Thus it is maximized when u* = % The maximum itself is

1 * *
Bt) = 5o (W) y(y = 1) + (n—r)yu” + 7.
Thus -
N = —BOAL), AT)=1 —> A(t) = exp </ B(s) ds) .
t
Thus we think that the value function and the optimal control are

o*(1—7)"

This now needs to be verified using Theorem 4.11. We’ve already carried out the
maximization and found that u*(¢t,z) = % is a constant and hence it’s clearly

v(t,x) = exp </tTB(s) ds) 27 and u* =

measurable. Hence i) in Theorem 4.11 is satisfied.

Next, we note that the SDE for X* always has a solution since plugging in the u*
we have an SDE with linear coefficients (thus Lipschitz) and Proposition 3.2 provides
existence of unique solution. Hence ii) in Theorem 4.11 is satisfied.

49



Finally, we would like to check that ¢ — fot 0,v(s, X)X iu*o dW s is a martingale. We
note that 9,v(s, X7) = yA(s)(X)?~1. To check that we have martingale it suffices to
show that EfOT IVA(s) (X)L X Fu*o|? dt < co. Moreover

T T
E / VA (X2 X o2 dt < 42 sup A(H)2(u")0°E / (X5 dt.
0 t€[0,T] 0

We see that we have to focus on the moments of (X*)27. At this point we could use
Proposition 3.5 but instead we proceed manually. From It6’s formula

S

* * — * ]‘ * — * *
d(‘)(s)?y = 27(X5)2’y 1dXs + 527(27 - 1)(Xs )’Y 2d(Xs>d(X )
= (X)) [29[u*(u —r) +r]ds + (v = Du*o dW,] .
We can solve this (like the SDE for geometric brownian motion) and see the solution

is log-normal so it will have 1st and 2nd moment bounded uniformly in ¢ € [0,T].
Hence

T
E/ymgWﬁ<m.
0

Hence we verified iii) of Theorem 4.11. Thus v is indeed the value function and u* is
indeed the optimal control.

Example 4.13 (1d Linear-quadratic control problem). This example is a classic en-
gineering application. Note that it can be considered in multiple spatial dimensions
but here we focus on the one-dimensional case for simplicity. The multi-dimensional
version is solved using HJB in Exercise 4.15 and also later using Pontryagin optimality
principle, in Example 6.11.

We consider
dXs =[H(s)Xs+ M(s)as|ds + o(s)dWs,s € [t,T], Xy = x.

Our aim is to maximize
T
JO(t,x) := B [/ (C(s)X2 + D(s)a?)ds + RX?| ,
t

where C' = C(t) <0, R <0 and D = D(t), are given and deterministic and bounded
in t s.t. for some 6 > 0 we have D(t) + ¢ < 0 for all ¢. The interpretation is the
following: since we are losing money at rate C' proportionally to X2, our aim is to
make X? as small as possible as fast as we can. However controlling X costs us at a
rate D proportionally to the strength of control we apply.

The value function is v(¢, x) := sup,, J*(t, ).

Let us write down the Bellman PDE (HJB equation) we would expect the value
function to satisfy:

1
Opv + sup 502851)—1—[H:c—l—Ma]@mv—FC’:Ug—i-Daz =0 on[0,7) xR,
a

v(T,z) = Rz? Yz € R.

Since the terminal condition is g(x) = Rz? let us try v(t,z) = S(t)z% + b(t) for some
differentiable S and b. We re-write the HJB equation in terms of S and b: (omitting
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time dependence in H, M,o0,C and D), for (t,z) € [0,T) x R,
S'()x? + b (t) + o%S(t) + 2H S(t) 2* 4+ C x* + sup [2M a S(t) x + DaQ] =0,
S(T) =R and b(T) =0.
For fixed t and z we can calculate sup,[2M (t)aS(t)z + D(t)a?] and hence write down
the optimal control function a* = a*(t,x). Indeed since D < 0 and since the ex-

pression is quadratic in a we know that the maximum is reached with a*(t,z) =
—(D7M S)(t)z.

We substitute a* back in to obtain ODEs for S = S(¢) and b = b(t) from the HJB
equation. Hence

[S'(t) + 2H S(t) + C — D' M?S*(t)] 2 + V' (t) + 0*S(t) = 0,
S(T)=R and b(T)=0.

We collect terms in x? and terms independent of 2 and conclude that this can hold
only if
S'(t) =D *M?S*(t) —2H S(t) - C, S(T)=R

and
V(t)=—a*S(t), b(T)=0.

The ODE for S is the Riccati equation which has unique solution for S(T") = R. We

can obtain the expression for b = b(t) by simply integrating:

T
b(T) — b(t) = — /t o2(r)S(r) dr
Then
T
o (t,x) = —(D7IMS)(t)x and v(t,z) = S(t)z> +/ a?(r)S(r) dr. (4.8)
t

We'll do verification in the general multi-dimensional case in Example 4.15.

Exercise 4.14. This is a bit of linear algebra to make reading Example 4.15 easier.

1. Let M € R¥™4 and 2z € R Then ' Max=2"M'x.

2. Let M € R4, Show that 9,[x" Mx] = M "2+ Mz and if M is symmetric then
Ou[x " M2z] = 2Mz.

3. Let L, M € R™9 and 2 € R%. Show that ' L' M oz =2 "M L.
4. Let L € R M e S and show that LT M + ML is symmetric.

Example 4.15 (Linear-quadratic control problem). This is the multi-dimensional
version and the only additional difficulty is from linear algebra. See also Example 6.11.

We consider an R¥-valued Wiener process W, R™-valued controls as, H = H(t)
taking values in R%¢ and M = M(t) taking values in R¥™ ¢ = o(t) taking values
in R with supyepo,7 lo(t)] < 00, x € R and a controlled SDE

dXs =[H(8)Xs + M(s)as|ds + o(s)dWs,s € [t,T], Xy = x.
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Our aim is to minimize, for any (t,z) € [0,T] x R? the objective
T
Jo(t, ) 1= B [ / [XTC(s)Xs + o) D(s)as) ds + X7 RX7|
t

over square integrable, adapted controls processes «, where C = C(t), D = D(t), R,
are given, symmetric, measurable, deterministic and bounded in ¢. For any z € R?
and t € [0,7] we have z"Cx > 0, " Rz > 0. Moreover, there is § > 0 such that for
all a € R™ and t € [0,T] we have a' D(t)a > 4.

The value function is v(t, z) := inf, J*(¢, z) since we’re minimizing.

Let us write down the Bellman PDE (HJB equation) we would expect the value
function to satisfy:

1
O + ierﬂlg §tr [UO’TagU] +"H +a"M"ov+2"Cz+a"Da|l =0 on [0,T) x R,
a m
v(T,z) = x" Rz Yz € R?.

Since the terminal condition is g(z) = z'Rx let us try v(t,z) = x' S(t)x + b(t)
for some S € C*([0,T];S%,) and b € C([0,T];R).®8 We are asking for S(t) to be
symmetric and positive definite for all ¢ which makes sense as that’s the form of the
terminal condition. Note that this means that d,v = 25(t)x. We re-write the HJB
equation in terms of S and b: (omitting time dependence in S,b, H, M, 0,C and D),
for (t,z) € [0,T) x R,

'S+ +trfoo’ S|+ 2 2H Sz + 2 Ca+ i%f [QaTMTSx—FaTD a} =0,
a€R™

S(T)=R and b(T)=0.

For fixed t and = we can calculate inf,[a" M T (ST + S)2 +a' Da] using the first order
condition
0=2M"Sz+2Da

and hence write down the optimal control function a* = a*(¢,z). Indeed, since D
is invertible and since the expression is convex in a we know that the minimum is
reached with a*(t,x) = —(D*M T S)(t)x.

Note that (a*)T = —2TSMD~! and so
20" )" M"Sx=-22"SMDIMT"Sx

and
(@) Da=(a")" =2"SMD'M" Szx.
Thus
infla" M (ST 4+ S)x4+a'Da) = —2x"SMD'M"Sz.
a
Substituting back into the HJB and using 2H'S = H'(ST + S) and 2" H' Sz =
t"H'STx =278 Hax we get

o' S'e 4+ +trfoo S|+ (H' S+ SH)z+a2 ' Cox—ax' SMD'M'Sz=0.

85%0 == {M e R™?: Vi, j =1,...,d we have M;; = M;; and Vz € R? we have z' Mz > 0}.

52



Collecting terms we thus get ODEs for S = S(t) and b = b(t) from the HIJB equation
as follows

S'(t)=SH)MD*MTS(t)—H"St)—St)H—-C, S(T)=R

and
V(t) = —trloo ' S(t)], b(T)=0.

The ODE for S is the Riccati equation which has unique symmetric positive definite
solution for S(T) = R under our assumptions.” We can obtain the expression for
b = b(t) by simply integrating:

T
b(T) —b(t) = —/t tr[oo T (r)S(r)] dr.

Thus, in conclusion,
T
o (t,x) = —(DIMTS)(t)x and v(t,z) =2’ S(t)x ~|—/ troo ' S](r)dr.  (4.9)
¢

It is time to perform verification. We see that the control function is linear in x,
continuous in ¢ and hence jointly continuous and thus measurable. We will now check
conditions of Theorem 4.11. The SDE with the optimal control is

dX? = p(s)X:ds +o(s)dWs, s € [t,T], X; ==,

where p:= H — D™' M T S M. This is deterministic and bounded in time. The SDE
thus satisfies the Lipschitz conditions and it has a unique strong solution for any %, x.

Since dyv(r, X7) = 28(r) X}, since sup,¢p 1 S2(r) is bounded (continuous function on
a closed interval), sup,.ci; 7 lo(r)|? < oo by assumption and since sup,cp, 1) E[| X7 %] <
oo (moment estimate for SDEs with Lipschitz coefficients) we get

T
E / IS(r) 21X Plo ()2 dr < oo
t

and thus conclude that s — [’(S(r)X;)"o(r)dW, is a martingale. Thus The-
orem 4.11 tells us that the value function and control given by (4.9) are indeed optimal.

4.4 Policy Improvement Algorithm

As in the controlled Markov chain case (see Section 2.3) one can solve the control
problem using the policy improvement algorithm, stated below.

9 We can see the symmetry of the solution by considering a Picard iteration; we know that at least
locally the solution is a limit of Picard iteration procedure. We have S(T) = R symmetric. Then if
the previous iterate is symmetric then the ODE right-hand-side is also symmetric which means that
the new value obtained by Picard iteration is also symmetric.

An important point is that H'S 4 SH is symmetric when S is symmetric (but H doesn’t need to
be). If we didn’t do the substitution 2z H' Sz =z (H 'S + SH)z earlier we would have been left
with 2H TS in the equation and H'S is only symmetric if H is itself symmetric. In that case the
solution of the quadratic equation wouldn’t have been symmetric.
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Algorithm 1 Policy improvement algorithm:

Initialisation: make a guess of the control a® = a%(t, z).
while difference between v"*! and v" is large do
Given a control a” = a"(t, x) solve the linear PDE

1 n "
O™ + §tr(ggTngn) + b D" + fa =0 on [O’T) X Rd’ (410)

v"(T,") =g onz € R?.
Update the control
a"t(t,z) € arg max [(b"Dgv™ + f) (¢, x)] . (4.11)
ac

end while
return o",a"t1.

Of course to solve the linear PDE one would need to employ a numerical methods (e.g.
finite differences). Convergence and rate of convergence of the policy improvement
algorithm can be found e.g. in [11] and in references there.

4.5 Exercises

Exercise 4.16 (Optimal liquidation with no permanent market impact). Solve the
optimal liquidation problem of Section 1.3 in the case A = 0 (i.e. there is no permanent
price impact of our trading on the market price).

Exercise 4.17 (Unattainable optimizer). Here is a simple example in which no op-
timal control exists, in a finite horizon setting, 7' € (0,00). Suppose that the state
equation is

dXs =asds+dWy set,T], Xi=xz€R.

A control v is admissible (a € A) if: « takes values in R, is (F)eo,rj-adapted, and
E fOT a?ds < oo.

Let J(t,z,a) := E[| X525
v(t,x) > 0.

’]

. The value function is v(¢, ) := infyea J (¢, z, ). Clearly

i) Show that for any t € [0,T], z € R, a € A we have E[|X;"*|?] < cc.
ii) Show that if oy := —cX; for some constant ¢ € (0,00) then a € A and

N . 1 1—2ca? o .
J (t,x):JX(t,:c):%—Te 2(T t).

Hint: with such an «, the process X is an Ornstein-Uhlenbeck process, see Exer-
cise 1.16.

iii) Conclude that v(t,z) =0 for all t € [0,T"), z € R.

iv) Show that there is no o € A such that J(¢,x,«a) = 0. Hint: Suppose that there
is such a « and show that this leads to a contradiction.
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v) The associated HIB equation is

1
Oyv + inf {—8mv + a@mv} =0, on][0,7)xR.
acR L2
o(T,z) = 22

Show that there is no value a € R for which the infimum is attained.

Conclusions from Exercise 4.17: The value function v(t,z) = inf,c4 J(t, x, ) sat-
isfies v(t,z) = 0 for all (¢,z) € [0,7] x R but there is no admissible control o which
attains the v (i.e. there is no a* € A such that v(t,z) = J(t,z,a")).

The goal in this problem is to bring the state process as close as possible to zero at the
terminal time 7. However, as defined above, there is no cost of actually controlling
the system. We can set o arbitrarily large without any negative consequences. From
a modelling standpoint, there is often a trade-off between costs incurred in applying
control and our overall objective. Compare this with Example 4.15.

Exercise 4.18 (Merton problem with exponential utility and no consumption). We
return to the portfolio optimization problem, see Section 1.2. Unlike in Example 4.12
we consider the utility function g(z) := —e™ 7, 4 > 0 a constant. We will also take
r = 0 for simplicity and assume there is no consumption (C' = 0). With X; denoting
the wealth at time time ¢ we have the value function given by

v(t,z) = sggE {g <X§:t$>} .
s

i) Write down the expression for the wealth process in terms of 7, the amount of
wealth invested in the risky asset and with r =0, C' = 0.

ii) Write down the HJB equation associated to the optimal control problem. Solve
the HJB equation by inspecting the terminal condition and thus suggesting a
possible form for the solution. Write down the optimal control explicitly.

iii) Use verification theorem to show that the solution and control obtained in previ-
ous step are indeed the value function and optimal control.

Exercise 4.19 ([17]*p252, Prob. 4.8). Solve the problem

max E[ — /T V(1) e 0 dt + eX(T)]
0 2 7

where v takes values in R, subject to dX (t) = v(t)e=X® dt+o dW(t), X(0) = 29 € R,
o € (0,00), 0,z are fixed numbers.

Hint: Try a solution of the HJB equation of the form v(t,x) = ¢(t)e” + ¥(t).

For more exercises, see [17, Exercise 4.13, 4.14, 4.15].

4.6 Solutions to Exercises

Solution (to Exercise 4.8). First part: Clearly

2m 2m

+2

’

/S " b(X.) du
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From Holder’s inequality we have

/: b(Xu)du| < (s'—s)™ (/tT |b(Xu)|2du)

From the Burkholder—-Davis—Gundy inequality, Holder’s inequality and then with the growth assump-
tion and moment bound

2m m

T m
< (s —s)" (/ K? du> <TMK*™(s —s)™.
t

o 2m ” om o m
E / o(Xy)dW, <E [ sup / o(X,)dW, ] < emE [(/ lo(Xu)[? du) ]
s s<r<s’ |Js s
s m—1 s
< cnE [(/ 1wt du) (/ o (X)) |*™ du)}
< (s =)™t </ K*™ du) < em K|S — ™.
Altogether

E[X5" — XDP)P™ < KP™(T™ + cm)|s’ — s|™,
where ¢, is the constant from the Burkholder-Davis—Gundy inequality.

Second part: Using the meaning of «, 8 from Theorem A.25 we have « = m — 1 and 8 = 2m so there
is a version of X which satisfies that there is a r.v. C(w) > 0 such that for a.a. w, any z and any
t<s<s <T that

X507 (w) = Xe7 ()| < Cw)ls = s

with § € (0, 2=1). That is we get % — ¢ Hélder continuity for any € > 0.

2m

Solution (to Exercise 4.9). Assume, that there is (t,z) € [0,T] x R? such that h(t,z) > 0. Then
there is £ > 0 such that h(t,z) > 2¢ > 0. By continuity of h there is § > 0 so that

|h(s,y) — h(t,z)| <& V(s,y) € [t,t + ) x Bs(x).

Let
ri=inf{s > t:|X" —2| > 8} and 7:= (t+ ) AT.

Then for all s € [t,7) we have h(s, X)™) > ¢. Hence
/ h(s, Xs)ds > / eds=¢e(T—1t).
t t

Note that from Exercise 4.8 we have that § = |z — X,| < C|7 — t|” and so (%)1/7 < 7 —t. Hence
%—tZé/\(%)lM > (%)1/7 if we assume § < 1 and C > 1.

/ h(s, X0%)ds > (7 —t) > 0,
t

is a contradiction. This implies that h(¢,z) < 0.

Solution (to Exercise 4.10). From Exercise 4.8 we have that § = |z — X2™%| < O(7%®* —t)7. Here
C = C(w) but does not depend on «, only on the bound K. Hence

. 1
12f]E[Tt’m’a —t] > E[(%) /W] >0,
since an integral over a random variable which is strictly positive must be strictly positive.

Solution (to Exercise 4.14). 1.

QTTMw = ZCCiMijl‘j = Z.’Bi(MT)jixj = ZZEj(MT)]'iZL‘i = .’BTMT.’B.
i, ©,J

@]
2. Let I € R¥? be the identity matrix. Then
8901‘ [ZETMZC] = 83% [Zw]'Mjkmk} = ijMjink + leiMjkCCk = Z.Tiji =+ ZMlkxk
Ik J.k 3k j k
= Z(MT)H% + ZMszTk =(M"z+ Mz);.
J k

If M = M7 then we get 9y, [z Mz] = 2(Mz);.
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3. From part 1. we have
2 L'M'z=2"(L'M") 2=2"MLz.
4. We have M = M. Then
(L'M+ML)" =(L"M +ML)" =M"L+L"M=L"M+ ML.
Solution (to Exercise 4.16). Recall that we have: the inventory process:
dQ. = —ap du with Q¢ = ¢ > 0 initial inventory
and the asset price, an R-valued process:
dSy = —Aaydu+ocdW,, S;=S5.
Moreover the temporary price impact means that the execution price is
Si = S: — kot .

Here A > 0,0 > 0 and x > 0 are constant. For given T' > 0, # > 0 we wish to maximize (over adapted,
square integrable trading strategies «/), the expected amount gained in sales, whilst penalising the
terminal inventory (with 6 > 0):

T
J(t,q,S,a) = IE[/ [535’& o — mi} du + QLT S5 — 9 |QLY?| .
t

The goal is to find
V(t,q,S):=supJ(t,q,S,a).

From Theorem 4.7 we can write down the HJB equation for V. = V(¢,S,q). To do that we have

to figure out what the “drift” and “diffusion” coefficients are for this problem. We effectively have
z = (q,9), in the notation of Theorem 4.7 we have d = 2, d = 1 and the drift is

(a,t,q,8) = (a,t,z) = b*(t,x) = < :fa )

while the diffusion matrix'® is

(at,q,8) = (a1, 2) — 0°(t,z) = ( . ) .

s%(c%)T = ( 0 )

L*V(t,q,S) = %UQGSSV(t,q, S) —ad,V(t,q,S) — XadsV(t,q,S).
Finally we note that the “running gain” is
F(ta) = £(t,0,8) = (S — ka)a.

Hence, in our case when \ = 0, the HJB equation is

Note that

and so

Vi + %(72855‘/ +sup {(S — ka)a —ad,V} =0 on [0,T) xR xR, (4.12)
acA

with the terminal condition

V(T,q,5) =qS —0¢* V(¢q,S) e RxR. (4.13)
Next we note that
a— (S —08,V)a—ka® attains its maximum with a* = % .
Hence the HJB equation (4.12) becomes
oV, + %agassv + i (S—9,V)>’=0on [0,T) xR xR. (4.14)

%0ne has to be careful to distinguish the constant o and the diffusion coefficient which is a matrix-
valued function o
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We now have to “guess” an ansatz for V' and, observing the similarities here with the linear-quadratic
case of Example 4.15, we try

V(t,q,9) = B(t)gS +()g”.
With S(T) = 1 and y(T) = —6 we have the terminal condition (4.13) satisfied. To proceed we
calculate the partial derivatives of V' and substitute those into the HIB (4.14) to obtain

B'(t)gS ++' ()" + i [S—B@1)S+ 27(1t)q]2 =0 V(t,q,5)€[0,T) xRxR. (4.15)
This is equivalently
B'(t)as + 7 (t)g*
+i%wa—2mwSW~h@ms+ﬂ@fs?wwaw@ms+4ww%ﬂ
=0 V(t,¢,5)€[0,T) x RxR.
This has to hold for all $2, ¢* and ¢S. Starting with S terms we get that
1—-28(t)+B1t)* =0 Vtelo,T)

which can only be true if 3(¢t) = 1 (since 8(T") must be 1 and we need 3 differentiable). Considering
now the ¢S term we have (3'(t) = 0 since we now have §(t) = 1):

—4~(t) +4y(t) =0 Vte[0,T)
which holds regardless of choice of 4. Finally we have the ¢ terms which lead to
1
5 (t) + ;7(15)2 =0 Vte[0,T).

We recall the terminal condition (7)) = —6 and solve this ODE'! thus obtaining

11 -t
H=—(=+—-(T-t .
1) == (5+5+0-1)
This fully determines the value function
V(t,q,5) = g5 +~(t)¢”
and the optimal control
* 1

We note that the optimal control is independent of S and in fact the entire control problem does not
depend on the volatility parameter o.

Solution (to Exercise 4.17).

i) We use the fact that E fOT a? dr < oo for admissible control. We also use that (a+b)? < 2a%+2b°.
Then for, any s € [t, T,

s 2
E[X?] < 42° + 4E (/ ar dr) + 2E(Ws — W;)2.
t
With Holder’s inequality we get

s T
E[X?] §4x2+4(s—t)]E/ aidr+2(s—t) <er (1+x2+E/ a?dr) <oco.  (416)
0

t
ii) Substitute as = —cX,. The Ornstein-Uhlenbeck SDE, see Exercise 1.16, has solution

T
Xr=e Ty —|—/ e T qw, .

t

We square this, take expectation (noting that the integrand in the stochastic integral is determ-
inistic and square integrable):

T 2
EX2 =e 2T 02 L | (/ e e(T=m) dWT) )
t

"' You can for instance recall that if f(t) = —1 then f'(t) = & and so f'(t) = f(t)%. Manipulating
expressions of this type can lead you to the correct solution.
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With It6’s isometry we get
T
EX2Z = ¢~ 2(T=1)52 +/ e 2= g .
t

Now we just need to integrate to obtain J(t,z) = J°X (t,z) = EX?.
iii) We know that v(¢,z) > 0 already. Moreover

1 1—2cx® _our_
ot z) = inf J°(t,) < lim J¥(t,z) = lim { ST T .

2c 2c

iv) Assume that an optimal o € A exists so that ]E[X%*‘t’z] = J* (t,x) = 0 for any ¢t < T and any
. We will show this leads to contradiction.

First of all, we can calculate using It6 formula that
dIXI]? =2Xralds +2X:dWs +ds.

Hence

T T
0=E[(X;)?] =2+ IE/ (2XZal +1)ds + 2IE/ XIdw,.
t t

But since o is admissible we have ftT E(XZ?)*ds < oo due to (4.16). This means that the
stochastic integral is a martingale and hence its expectation is zero. We now use Fatou’s lemma
and take the limit as t /' T. Then

T T
_x2:2limianE/ (X:a:—f-l)dsZQE{liminf/ (X:oz:—i—l)ds] =0.
tAT . AT J,

So —z2 > 0. This cannot hold for all z € R and so we have contradiction.

v) If Ozv(t,x) # 0, then a = +oo. If 9,V (¢,z) = 0, then a is undefined. One way or another there
is no real number attaining the infimum.

Solution (to Exercise 4.18). The wealth process (with the control expressed as 7, the amount of
wealth invested in the risky asset and with » = 0, C' = 0), is given by

dXs =mepds +msodWs, s€[t,T], Xe =z >0. (4.17)
The associated HJB equation is

1
O + sup [§p2028mv —l—pu(%v} =0 on [0,7) x R,

pER

v(T,z) = g(z) Yz € R.

We make a guess that v(¢,z) = A(t)g(x) = —A(t)e” " for some differentiable function A = A(t) > 0.
Since we can factor out the non-negative A(t)e™ 7" we get

o 1 .
~XN(t)e™ " + sup [—§p20272 +p,u7] At)e™ " =0 on [0,T) x R, \(T) = 1.
pER
We can divide by e # 0 the HJB equation will hold provided that
1
—X(t) +sup [—§p20272 —|—p,u'y] A(t) =0 on [0,T), \(T) = 1.
peER

The supremum is attained for p* = # since the expression we are maximizing is quadratic in p with
negative leading order term. Thus X' (t) = SA(t) and A\(T) = 1 with

* * 2
Bi=—3(") 0" +p py =55

We can solve the ODE for A to obtain
A(t) = e PTD
and hence our candidate value function and control are
12
v(t,z) = —e 22T D™ and p* =

N
o2y’
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We now need to use Theorem 4.11 to be able to confirm that these are indeed the value function and
optimal control.

First of all the solution for optimal X™ always exists since we just need to integrate in the expres-
sion (4.17) taking 7, := p*. We note that the resulting process is Gaussian.

Now d,v(s, XZ) = A(t) ye ™5 . We can now use what we know about moment generating functions
of normal random variables to conclude that

T
/ A(s)? e %5 ds < 0.
t

The process
t
t— / A(s) e s aw,
t
is thus a true martingale and the verification is complete.

Solution (to Exercise 4.19).

0_2

_ _ 2\ —o2T/2
= m, C = (1 + o )6 .

P(t)=0, ()

5 Applications in algorithmic trading and market making

In this section we extend results from Section 4 (Bellman principle aka DPP and the
Hamilton—Jacobi-Bellman equation) to the simplest possible jump-diffusion setting.
This will allow us to talk about controlled counting processes (integer valued) which
is useful for modelling algorithmic trading and market making problems. Those who
find this interesting can find lot more applications and details in [4].

5.1 Poisson process with controlled jump intensity

A stochastic process (N¢)¢>0 is a homogenous Poisson process with intensity A > 0 if
the following conditions hold true.

1. Ng =0, N; € Z and for any s <t we have Ng < Ny.

2. It has independent increments: for t; < t9 < t3 < t4 the random variables
Ni, — N, is independent of Ny, — IV, .

3. For any t > 0 and J > 0 we have
(Ad)"

n!

P(Nis — Ny =n) = e ne{0}UN.

We see that in any infinitesimally small interval [t,¢ + dt) the process either stays at
a given value (level) or jumps up with a jump size 1 (so it stays integer-valued and
increasing as per point 1). We can write P(Nyy g = n+ 1[Ny = n) = Adt. It can be
shown that the process has a “cadlag”'? modification, that is there is a modification
which is continuous from the right (i.e. lims\o Ni¢ts = Ny) with left-hand limits (i.e.
lims\ o NV;—s5 exists and we call the limit Ny_).

Condition 3. says that the increment Nyys — N; is distributed as Poisson random
variable with intensity Ad. This implies that E[Nt+5 - Nt] = A0 which in turn,

together with condition 2. implies that the process (Nt)tzo defined Nt =Ny — Atis a
martingale.

121t stands for continue & droite et limite gauche i.e. right continuous with left hand limits.
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We also see that the process is generating a sequence of jump times (7;)$2; and that
Ti+1 — Ti ~ Exp(A).

Recall that for any process the infinitesimal generator is the operator which takes a
bounded measurable function f and outputs

(L)(E) = lim SE [F(Nivs) = FNDIN, = ]

For the homogenous Poisson process with intensity A > 0 this can be calculated as
follows. First note that

Ef(Nes) — FNINe = ) = 3 P e (100 1) — 1)
n=0 :
Y i (A6)”
=e N (f(k+1)— f(k)) +e ZT(f(kJrn)—f(k)).
n=2 '

We trivially see that

%e"\‘s)\é(f(k +1) = f(k)) = M f(k+1) — f(k)) as 6 \,0.

What remains is to consider

=" OO (10 +m) - f(k))‘ < 2|rfr\ooe‘”(2_; SRS M)

=2 fllce™ (e —1 - 20),

where in the last equality we recongized the Taylor series expansion of the exponential
function. Using Taylor’s theorem again we see that

Y Ad
2 lloce (X —1-A8) = 2||f||soe / eV (N5—y) dy < 2||f[loce / PNy dy = N[ loed?.

Hence %L; — 0 as § \( 0 and hence
(Lf)(k) = A(f(k + 1) — f(k))
is the infinitesimal generator for a homogenous Poisson process with intensity A > 0.

Let’s now have a look at what an Itd6 formula might look like for this pure jump
process for a function f = f(¢,k) which is bounded, measurable and continuously
differentiable in . First let us note that f(¢, Nyis) — f(t, N¢) converges to either 0 if
AN := Ny — N =0or to f(t, Ny- +1) — f(N;—) if AN; = 1. Next note that from
Taylor’s theorem applied to the time component we get
f(t+06,Niys) — f(t,Ne—) = f(t + 0, Neys) — f(t, News) + f(t, News) — f(8, Ne—)

= F(t Niss) = F(6Ni) + )t Nigs)d + RN Negs)o? + -+
Given T'> 0 and M € N we take § = T//N and get

M
F(T,Ng) = (0, No) = > _ f(n6, Nus) — f((n = 1)8, Nu—1)s-)

M i M
=" f((n=1)8, Nys) — f((n = 1)8, Niy_1y5-) + > _(0ef)((n — 1)8, Nyys)d
n=1 . n=1
+83 L@ ) ((n—1)8, Nus)d +
n=1
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Taking the limit as M — oo we get
T
N =[O0 = Y (FeN) — feNO) + [ @,
AN>0, 0<t<T 0
We will write
T
S (FEN) ~ f6N) = [ (N + 1) - fN)
AN;>0, 0<t<T 0

At first glance the above doesn’t look like the It6 formula we're used to. We expect
to see

T
f(T, X7)—f(0,X0p) = / (Op+ “infinitesimal generator of X7)f(t, X;) dt+ “local martingale term” .
0
But in fact we can write the above in this way by recalling that dN; = dN; — \dt:
T T
f(T,Nt) — f(0,No) = / (f(t,Ne— +1) — f(t,Ny—)) dNy +/ (Bef)(t, Ny) dt
0 0

T ) T T
= / (f(t, Ne— +1) — f(t, Ni—)) dN; + / (f(t, Ne— +1) = f(t, Np)) A dt + / (Ocf)(t, Nt) dt
0 0 0

and so
T T A
AN = 0N = [ (@0uf + LA N dt+ [ (7t N 1) = 16 N2 .

Let us move away from A > 0 constant and allow the intensity to be itself a stochastic
process (A¢):>0 adapted to some filtration (F;):>0. A stochastic process (Ni)i>o is
called doubly stochastic Poisson process (or a Cox process) with stochastic intensity
(At)¢>0 if the following conditions hold true.

1. Ng =0, N; € Z and for any s <t we have Ny < Ny.

2. It has independent increments: for ¢; < t, the random variable N;, — Ny, is
independent of F, .

3. For any ¢t > 0 and § > 0 we have

A(t,t+6)

n
P(Niys — Ny =n) = e MU e {0} UN,

n!

where

t+46
A(t,t+0) = / As ds
t

We can write the last condition as P(N;_ g — Ny > 0) = A\;_ dt. Again we define
N; = N; — fg As ds and note that (Nt)tZO is a martingale.

We can carry out similar analysis to what we’ve done in the case of constant intensity.
In particular it would be possible to prove the following It6 formula:
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Lemma 5.1. Let N = (N¢)t>0 be a doubly stochastic Poisson process with intensity
(At)e>0. Let f = f(t, k) be a measurable function which is continuously differentiable
m t. Then

T T X
F(T, Nr) — £(0, No) = /0 (O0f + Lof)(t, Ny dt + /0 (F(t. N+ 1) — f(£. N,_)) dIy

where (Lif)(t, k) = X\ (f(t, k+1) — f(t,k)).

Note that while (Ny)¢>0 has finite variation it has quadratic variation equal to itself
so dNydNy = dNy and dtdN; = dNydt = 0. Moreover if W is a Wiener process
independent of (Nt)tzo then th dNt = dNt th = 0.

Theorem 5.2. Let X = (X;)i>0 be an R¥-valued process given by
dX¢ = o dt + By dW; + 'Ytht s

where (ou)i>0 is R -valued, (B;)i>0 is R _yalued, (Wi)e>0 is an RY _yalued Wiener
process, (Vi)i>o s RI*P_yalued and (Nt)e>0 is RP-valued Poisson process with in-
tensities (M\t)i>0 that are RP-valued. Let dX{ = aidt + BydW;. Then for f €
C2([0,00) x R?) we have

df (t, Xe) = 0uf (1, X0) dt+23xzftXt) d(X; + Zamgftxn d(X); d(X)]

=1 ij=1
p ' ‘
30 (£t X0 +77) — F(6. X)) AN
7j=1

Here ’yij denotes the j-th column vector (in R?) of the matriz ;.

Example 5.3. Let us consider
dX; = X, <udt + odW; + K(dNY — dN{’)) Xo=z>0€eR

i, o, k € (0,1) and A > 0 real constants with N* and N 4 two independent Poisson
processes with intensity \. Let N; = N — N¢. Then by the It6 formula (Theorem 5.2)
we have (ignoring for now that z — In(z ) isn’t C2(R))

1
dIn(X,) = th(u dt + o dW;) — o2 X2 AWy dW; + (In(X;) — In(X;_) dN;

1
2 XQ
= (pu— %02) dt + o dW;

+ (m(xt + X)) — ln(Xt)) AN} + (m(xt ~RX) — ln(Xt)) AN

= (1= So?)dt + 0 AW, + In (XXt ) dNp 4 In (X ) avy
= (u— $0%)dt + o dW; +In(1 + k) AN} + In(1 — k) dNZ .
Hence
In X — In(Xo) = (u — 303t + oWy + In(1 + &) N* + In(1 — &) N/
and so

X; = wexp ((u — 10%)t + oW, + RN} — ﬁNtd) ,
where ® :=In(1+ k) > 0 and k := —In(1 — k) > 0.

In general we will work with intensities of the form A\, = A\(¢, Ny—, ;—) where \ =
A(t,n,a) is a measurable function and o = (a¢)¢>0 is some adapted stochastic process
which will play the role of control.
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5.2 Controlled diffusions with jumps

We will now take the doubly stochastic Poisson process introduced in Section 5.1 and
use it drive a controlled diffusion with jumps, building on Section 3.2.

We assume there is a probability space (€2, F,P) and a filtration F := (F),c[o,7] for
some fixed T" > 0.

Assume that A is the space of actions (complete separable metric space or just a
subset of R™). Admissible controls will be processes o prog. meas. w.r.t. F with
some integrability properties (e.g. m/-moments, this will depend on applications). We
will denote the set of admissible controls by A.

Take N to be a d’-dimensional doubly stochastic Poisson process controlled by o with
intensity A\, := A(t, N;—, oy ) for some R% -valued measurable function A\ = A(t, n, a).
Let W be a d’-dimensional Wiener process with increments independent of F (so that
it’s a martingale w.r.t. this filtration).
The controlled SDE for R%valued X with jumps we wish to consider is

dX55 = b(s, X15 ag)ds + o(s, X5 ag) dW,

5.1
+ V(S,Xﬁm,a’as) AN®, se[t,T], X:,a:,oz _ (5.1)

Sob:[0,T]xR¥x A = R o : [0, T]xREx A — R and v : [0, T] xR x A — R*?",
We shall not go into details on existence and uniqueness of solutions for these equations
like in Section 3.2 as we wish to see the applications.

Assume that we are given reward functions b: [0,7] x R? x A = R and g : R — R.
Our objective is to maximize

T
J(t,z,a) = EH* {/ f(s, X as)ds + g(X7)| (5.2)
t

over a € A, subject to X solving (5.1). We will also define the value function for
this control problem as

v(t,z) :=sup J(t,z, ). (5.3)
acA

5.3 Bellman principle and Bellman PDE for diffusions with jumps

As we have seen in Section 4 a very useful tools for solving the control problems
and for devising algorithms are the Bellman principle / Dynamic Programming Prin-
ciple (DPP) and the Bellman or Hamilton—Jacobi-Bellman PDE. We will now state,
without proofs, what they are for the case of controlled jump diffusions.

Theorem 5.4 (Bellman principle for controlled jump diffusions). Let appropriate
assumptions on b, o, v, f and g hold. Let (t,x) € [0,T] x R%. Let 7 be a stopping
time such that t <7 <T. Then

v(t,z) = sup Eb* {/ f(s, X, as)ds + v(r, Xf_“)] .
acA t

Given the preceding discussion we can see that the infinitesimal generator is

Liv(t,z) = b(t,x,a,)0zv(t, z) + %tr[(aa—r)(t, ,0)Opzv(t, )]
dll

+ Z Aj(t,z,a) (v (t,z +v.j(t, z,a)) —v(t, a:))
j=1
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for v € CY2((0,T) x RY). We now have what we need to state the Bellman PDE we
expect v given by (5.3) to satisfy.

Theorem 5.5 (Hamilton-Jacobi-Bellman PDE for controlled jump diffusions). As-
sume that the Bellman principle holds and b, o and v are sufficiently reqular. If v
given by (5.3) is in C12((0,T) x RY) then

Opv + sup (Lav + fa> =0 on[0,T) x R?

acA (5.4)

o(T,z) = g(x) VoeR?.

If we solve (5.4) then we should again be applying a verification theorem similar to
Theorem 4.11 to ensure that we really obtained the value function (5.3) for our control
problem. Since we haven’t given conditions under which (5.1) has unique solution we
won’t be able to use such a theorem - hence we omit it. But bear in mind that without
the verification we don’t really know what we found by solving (5.4).

Exercise 5.6 (Merton’s problem with jumps and logarithmic utility). Let us consider
a risk-free asset dB,, = rB, dt for u € [t,T] and B; = b and a risky asset of the form

dS, = Su(,udu + odW, + k(dNY — dN;j)) L uelt,T], S;=5>0.

Here W is a Wiener process and N* and N¢ are Poisson processes with intensity
A > 0; all three are independent.

Let X" be the wealth of an investor who started with = > 0 at ¢ € [0, 7] following
strategy v which specifies the fraction of total wealth invested in the risky asset. Our
aim in this exercise is to find

v(t,x) :=supE; ,, [In(X7)] .

i) Assume an investor invests £ “units” (can be fraction / negative) into the risky
asset and the remaining wealth in the risk-free asset. Show that their wealth
evolves as

dX, = X, (yu (,u—r)+7“> dut Xy (a quM(dN;;—ng)) L uelt,T), Xi=z,
where v = v,, denotes the fraction of wealth invested in the risky asset.

ii) Use It6 formula to show that with Y; := In X; we have
dy, = (yu(u—r) +r— %0'2%%) dt+ vy dWy +In(1+ kv )N +In(1— kv, )dNZ.
iii) Thus we may equivalently search for
w(t7 Z/) ‘= Sup ]Et,y,u [YT]

with y = Inz so that v(t,z) = w(t,Inx). Write down the Bellman equation for
this problem, in particular write what the infinitesimal generator for the process
Y is.

iv) Let us assume w(t,y) = ¥ (t)y + v(t) with ¢,y € C*([0,7]) and ¢ > 0. Use this
ansatz to solve the problem up to the static maximization

Ao i=max |a(p — 1) + 1 — 1o%a® + Aln(1 — a2/<;2)] .
a

Since this doesn’t, in general, have a neat solution write down v in terms of A,
T, t, and x.
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Bid vol Ask vol Price Cumulative vol
0.00 1,828.33 1,651 28,426.81

.00 3,539 1,650 26,598.
) 3,034. 1,649 23,059.
.00 2,730. 1,648 20,024.
.00 9,897. 1,647 17,293.
.00 2,408. 1,646 7,396.
1,304. 1,645 4,988.

919. 1,644 3,683.
2,764. 1,643/2,764.16/0.
1,642 3,481.

0
0
0
0
0
0.
0.
0.

3,481.
3,635.
7,013.
20,414.
21,041.
18,607.¢
5,086.
5,439.

1,641 7,116.
1,640 14,130.
1,639 34,544.
1,638 55,585.
1,637 74,193.
1,636 79,279.
1,635 84,719.

© © © © ©o ©o o o

Figure 5.1: Typical limit order book (LOB). Left half: shows the cumulative ask
volume (red) and the bid volume (green) at various price levels (y-axis) on either side
of the mid price of about 1643. Right half: shows volumes at various bid (green) and
ask (red) levels with mid-price about 1 643.

5.4 Optimal execution with limit orders

In this section we will consider the problem of optimal order execution in a limit order
book (LOB) market placing limit orders only. This is similar to Section 1.3 where we
considered optimal execution (liquidation) using market orders only.

A market order specifies whether it’s to buy or to sell and then desired volume. It
then executes against existing limit order volume on the order book at the wolume
weighted average price (VWAP) implied by the state of the book. E.g. in Figure 5.1
a market buy order for volume of 5000 will achieve VWAP of

(2764.16 x 1643 + 919.77 x 1644 + 1304.21 x 1645 + 11.86 x 1646) /5000 ~ 1643.71.

A limit order specifies whether it’s a buy or sell order, price and volume. Once
submitted it will be placed on the order book at the price level specified. An exception
is if it’s a buy order and there is already sell volume at that price or if it’s a sell order
and there is already buy volume at that level. In that case the portion of the volume
that would cross trades and what remains (if any) is placed on the book.

Let us now consider the simplest possible model for inventory liquidation. We have

i) An agent wishing to sell N units of a certain asset until time 7' > 0.

ii) The market mid price is driven by dS, = odW, with W a Wiener process, o > 0
constant.

iii) The agent places sell LO for volume A at distance (Jt);c[o,) taking values in R*
from the mid price (we ignore that LOBs have ticks). So the price at which the
LO sits is St + 6;. We assume that the agent continuously amends the order so it
stays at that level. This is the control. We must have that N is divisible by A.
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iv) The number of market buy orders that arrive in the market is given by Poisson
process (M);e(o,r) With rate A > 0.

v) Not all market buy orders hit the volume of our agent. In fact their volume
only trades with probability e *°, with x > 0 a constant. We call this the fill
probability. If our agent’s volume trades then they immediately replace it distance
6 > 0 from the mid.

vi) We count the market buy orders which hit our agent’s volume as (N} )eefo,r]- This

is a doubly stochastic Poisson process with the controlled intensity e "%,

As a consequence the agent’s inventory, which is (Qt)te[O,T] with Qo = N evolves as
dQP = —AdN? .
In fact it is Q) = N'— AN). The agent’s cash balance changes as

dX; = A(S; + 6) dN} .

You may be asking: where did the order book enter the picture? The answer is in
the fill probability e~*°. If you look at Figure 5.1 it is clear that the further the sell
order is from mid price (on the red side of the book) the lower the probability that
market orders will “eat up” the volume in front of it and that it will trade. There is
more discussion in [4, Chapter 8.1] justifying this modelling choice.

Assume agent wishes to maximize their cash while disposing of as much inventory
as possible. Let 7,5 := T' A min(s > ¢t : Qts’q’é = 0). Then their objective can be
expressed as

J(t7 57 z,q, 6) = Et,S,x,q,é Xf— + STQ?’ - a(Qf—)z y

where a > 0 captures the unsold inventory penalty. The agent’s tradeoff is thus clear:
choose high § and sell at (possibly much) better price than midprice but with high §
run the risk of not selling all by time 7T". The value function is

v(t, S, z,q) =sup J(t,5,x,q,9).
deA

The admissible strategies are progressively measurable, square integrable and non-
negative. Using Theorem 5.4 we can write the corresponding Bellman PDE on the
domain in space D = R x RT x {A,2A,...,N'} as

Oy + %0285511 + sup [/\e_’“s (v(t, S,x+A(S+90),q—A) — v)} =0 on [0,7) xD,
6>0
v(t,z,8,0) =2 Vt€[0,T),z € R" SR,
v(T,x,8,q) =z +qS — ag® Y(x,8,q) € D.
The boundary at ¢ =T corresponds to the situation when the agent ran out of time,
they have cash z, accounting value of ¢S for the unsold inventory ¢ and penalty ag?

for the unsold inventory. The boundary at ¢ = 0 corresponds to the situation when
the agent successfully sold everything and they hold cash .

An ansatz which allows us to match the boundary conditions is

v(t, S,x,q) =z + ¢S + 0(t, q)
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as long as 0(T,q) = —ag®. Let us now solve the Bellman PDE with this ansatz. We
note that

r+AS+6)+S(q@—A)+0(t,q—A)—x—q¢gS—0=A6+6(t,qg—A)— 6
and hence

040 + sup {)\e_"“‘s (A6 +0(t,g— A) — 9)] =0 on [0,T)xD,
6>0
0(t,0) = 0 Vt € [0,T),

0(T,q) = —aq® Yg={0,A,2A, ..., N'}.

e(tvq_A)_e
A

Letting g(t,q) = we observe that we need to maximize the function

e ™ +g).

Calculating derivatives we see this is concave on [0, 00) and from the first order con-
dition we see that
e — (54 g)re ™™ =0

i.e. 1
0" (t,q) = Pl g(t,q).

To substitute this back into the equation for 6 we see that

sup {e_’“s ((5 + g(t, q))} — ¢ Llerg(tg) L

K

6>0
and so
1 O(t,g—A)—10
010 + A exp @%) =0 on [0,7) x {A,2A,..., N},
6(t,0) =0 Vt € [0,T),
0(T,q) = —aqg® Yg={0,A,2A,... . N}.
There is one more trick needed and we are done: let w(t,q) := erATH0(L9) 5o that
%0(t,q) = Inw(t,q). Then 0;0 = %%8{[1) and the equation for w is
A1 1 _qw(t,g —A)
- t i VAV Cpt e S T A2A ...
Kw(t,q)atw(’q)+/i e w(t.d) 0 on [0,7) x {A,2A,..., N}
which is

dw(t,q) + e lw(t,g —A) =0 on [0,T) x {A,2A,...,N}.

The terminal condition is w(T,q) = e "2 27" and w(t,0) = 1.

5.5 Optimal limit order spread in market making

We will now consider a problem which arises in market making. A market maker is an
agent who’s objective is to stay market neutral (so ideally 0 position) while profiting
from the bid-ask spread while providing liquidity (volume that can be traded) at all
(or most) times. A possible model is the following.
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i)
ii)

iii)

iv)

vi)

vii)

We fix a finite time horizon T > 0.

The market mid price is driven exogenously by dS, = odW, with W a Wiener
process, o > 0 constant.

The agent places a buy LO for volume A at distance (5f)t€[07T] and sell LO for
volume A at distance (6f);e[o,r) from the mid price (we ignore that LOBs have
ticks). Both 67 and &' take values in R*. So the price at which the buy LO sits
is Sy — 6% and the price at which the sell LO sits is Sy + 62 (buy low, sell high).
We assume that the agent continuously amends the order so it stays at that level
as the mid price moves. In this case &; = (62, 6¢) is the control.

The number of market buy / sell orders arriving in the market is given by two
independent Poisson process (Mtb)te[(],T] and (M{')e(o,m) with rates AP >0,0¢>0

Not all market buy orders hit the volume of our agent. In fact their volume
only trades with a buy LO with probability e‘”b‘s, with k* > 0 a constant and
with a sell LO with probability e=*“9, with k% > 0 a constant. We call this the
fill probabilities. If our agent’s volume trades then they immediately replace it

distance 6° > 0 or 6% > 0 from the mid.

The agent is allowed to only carry finite inventory, so Q; € [kA, kA] for some
k,k € Z. In case Q; = kA we set 6 = oo and if Q; = kA we set 67 = co. With
the fill probabilities above this means that we place no orders when we’ve hit the
boundary and hence our inventory cannot decrease or increase respectively.

We count the market buy orders which hit our agent’s buy volume as (Ntb’J)te[O,T]
and those that hit our agent’s sell volume as (N;' ’6)t€[O,T]. These are doubly

stochastic Poisson processes with the controlled intensities Ae "% and \e~""%%
respectively.

As a consequence the agent’s inventory, which is (Q¢)e(o,r) With Qo = N evolves as

dQS = AN — AdNY’, we [t,T], Qi=q.

The agent’s cash balance changes as

dX% = —A(Sy, — %) AN’ + A(Sy +62)dN® , we[t,T], X;==x.

The objective of the agent should express that they want to maximize cash, they don’t
want to hold inventory, they account for the mark-to-market value of their inventory
at time 7' and that they penalise any terminal time inventory holdings. Thus their
aim is to maximize:

T
J(t,8,2,q,0) =By 5245 | X+ ST Qr — |Qr|* — ¢/ 1Qu? du] :
t

The value function of the control problem is

U(ta S?£7Q) ‘= sup J(ta S7x1q, 6) .
1)

Recall that our state process is

dS, = odW,,, ue[t,T], S;=S,
dX% = —A(S, — 6%) N2 + A(S, + 64 AN | we [t,T), X; =,
dQ° = AdNY® — AdN®° | we [t,T], Qi =q.
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The infinitesimal generator is

L(sf(S,l‘,q) :%aSSf(Saxvq)
+ NPT (£(S,w = A(S = 8"),q + A) — £(5,2,0))
+ AT (F(S,+ A(S +0%),0— A) — f(S,7,9)) -

Hence the Bellman equation for v is

1
0 =0 + 58551} - ¢\q|2
+ \super?" (v(t, S, — A(S =), g+ A) — v) 1i,cin) (5.5)
51)

+ Xsupe " (v(t, S,z + A(S 4+ 6%), g — A) — ) Liskayo
sa B

in [0,7)x RxR x {kA : k € [k, k]NZ} with the terminal time condition (T, S, z, q) =
z + Sq — alq*.

Solving the Bellman equation for the market making problem

We will assume that A> = A’ > 0 and k% = k* = k. We will use the ansatz
v(t,S,z,q) = =+ Sq + 0(t,q) with & € CY([0,T]) and 6(T,q) = —alq/®>. Let us
first work out the difference terms in (5.5). The first one is:

v(t, S,z — A(S —6°),q+A) —v=2—-A(S -0 +S(g+A)+0(t,g+ A) —x — Sq—0(t,q)
= —AS+ AL+ 8¢+ SA+0(t, g+ A)— Sqg—0(t,q) = AS® +0(t, g+ A) — 0(t,q) .

The second one is
v(t,S,x +A(S+6%),¢g—A) —v=A6"+0(t,qg — A) — 0(t,q) .

Hence the Bellman equation (5.5) transforms to

0=0,0 — ¢|q*> + AX sup e (5” +g°(t, q)) Li<kny
5 (5.6)
+ AN S:slap e 0 (0" 4+ g(t,q)) 1{q>kA} J

where
Pt q) = LLatA0GD)  jagy gy Uba=R)-00a)

From the first order condition we see

0= %e—’“; (5b + ¢(t, q)) =70 — ge " (5b +4°(t, Q))

and hence ]
5% == —g"(t,q).
t K g ( >Q)
Similarly
1
0 == —¢%4,q).
t K g ( 7Q)
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Substituting these back into (5.6) we have
li 1 li 1
0= 00 — plq® + Ade Lerd" (1) = —Lygera) + AN Lerg® (ta) — 1o ka)

with t € [0,7), ¢ € [kA, kA]N{kA : k € Z} and with the terminal condition 6(T, q) =
—alg|?>. While this is still a non-linear equation we can transform it into a linear
one. Let f(t,q) = & ~logw(t,q) or equivalently w(t,q) = erAT10(t9) - Notice that

00(t,q) = ﬁw(t 7 &gw(t q) and the equation for w is
Al A —lw(t7Q+A) A _1'LU(t,q—A)
w

2
0= ;*atw Plg|” + )\ L<iny + ;)\e w 1{q>1_<A} ’

with t € [0,7), q € kA, k’A] N{kA : k € Z} and with the terminal condition w(T, q) =
e~"A7aldl* | Thig simplifies to

0= 6tw—§¢\q]2w+)\e_1w(t,q—i—A)—l—)\e_lw(t,q—A) , t€]0,T), qe (kA kA)N{EA :

We can write this an ODE system. Let N =k —k + 1. Let

e ! ifm=n—-—1and n<N
Apn = —Ro|mA? ifm=n (5.7)
e ! ifm=n+1and n>1.

Then W(t) = (w(t, kA))ke[k frz Satisfies the linear ODE
W/ (t) + AW(t) =0, te[0,T],

with W(T);, = e~ "2 "alkA" Note that the solution is, in terms of the matrix expo-
nential, W(t) = exp((T — ) A)W(T).

5.6 Solution to Exercises
Solution (to Exercise 5.6). i) An agent running a self-financing strategy in those two assets
has portfolio evolution given by
= &, dS, + X255 4B,
= qujrdqurX HwedB,

- X, (uu (wdu+ o dW, + k(AN — AN)) + (1 — v,)r dt)
=X, (uu (u —r)+ r) du + X,v, (a dW,, + k(dN} — def)) )

ii) For Y; := In X; we get

1 11
dlnXt = ZdeC 2 X2 dXCdXC (tht - tht_)th 5

where d.J; = X;v5(dN — dN§). Hence
(InX; —In X, )dJ; = (In X; — In X;_ ) Xy k(AN — dNF)
= Xk(In Xy — In Xy )dN} — Xyvik(In Xy — In Xt_)dNtd
= (In(X;— + X;—vp—k) —In X, )dN* 4+ (In(X,— — Xy_v;_k) —In X;_))dNZ

:hl(xt +XtXVt K— Xt—>dNu+1n<Xt— XtXVi K— Xt—>de

= In(1 + &y )dN¥ 4+ In(1 — kv, )dNPE .
Hence

dy, = (yu(u —r)+r— 50 % ) dt 4+ vyo dW, +1In(1 + kv )N 4 In(1 — kv, )dNZ.
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iii)

iv)

The diffusion generator for Y is
Lf(t,y) = (a(u —r)4+r— %02a2)3yf(t,y) + %02a28yyf(t,y)
+A(S by + (1 +am) = £(t,9) + A (St y+In(1 = ar) = F(t,1))
The Bellman equation is given by Theorem 5.5 and since there is no running gain it reads
Opw + sup L*w =0 in [0,7T) x (0,00),
a

with the terminal condition w(7T,y) = y.

We need ¥(T) = 1, v(T) = 0 and the Bellaman equation becomes (pulling ¢ > 0 out of
the supremum over a):

P (&) y+ (&) +(t) sup [a(u—r)—l—r—%02a2+)\((y+ln(1+an))—2y+(y+1n(1—a/-€)))} =0
for (t,y) € [0,T) x R*. Note that
/\<(y +1In(l+ar)) — 2y + (y + In(1 — cm))) = An(1 — a?k?).
We thus need to maximize
arra(p—r)+r—Loc%a® + An(1 — a’k?).
Two observations: one this is independent of (¢,y) and two it’s concave (we can see that
with a bit of work) so the maximum is achieved. The expression isn’t tidy in the general
case so let’s just write
Apronn = max [a(u —r)+r—10%® + An(1 — a®k?)|.

We can collect terms with and without y in the Bellman equation to see that

U

t)y=0, t€[0,T], ¥(T)=1,
Y () + () A=0

, te€[0,T], ~(T)=0.

So (t) = 1 for all t € [0,T] and ~(t) = A(T —t). Then w(t,y) = y + A(T —t) and so
v(t,x) =lnx + A(T —t).
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6 Pontryagin maximum principle and backward stochastic
differential equations

In the previous part, we developed the dynamic programming theory for the stochastic
control problem with Markovian system.

We introduce another approach called Pontryagin optimality principle, originally due
to Pontryagin in the deterministic case. We will also study this approach to study the
control problem (P).

6.1 Non-rigorous Derivation of Pontryagin’s Maximum Principle

Consider the control problem

Maximize, over a € A the functional

T
J(e):=E [/O f(s, X80, a) ds +g(X$*07x)} 7

where X' 0 uniquely solves, for t € [0, 77, the controlled SDE

t t
Xt=x+/ b(s,Xs,as)ds+/ o(s, Xs,as) dWs.
0 0

\

Going back to what we know about calculus, if a maximum of a certain functional
exists then it satisfies a “first order condition” which postulates that the derivative is
zero “in every direction”. Let us try to derive such first order condition.

The simplest interesting case: f =0, 0 =0, d=1and A C R. So we just
have a deterministic problem with 1-dimensional state and 1-dimensional control. Let
r € R and o € A be fixed. Let 5 € A. Then

iJ(a +e(f—a))

_ a i ate(f—a)
de = (0:9)(X7) gXT

e=0 d e=0

We see that to proceed we need to calculate how the controlled process changes with
d Xa—l—a(ﬁ—a)'
de“*t =

._o- From the equation for the

a change of control. Let us write V; :=
controlled process we see that

t t
v, :/ (8xb)(s,X§,a5)Vsds+/ (ub) (5, X2, 1) (Bs — ) ds.
0 0

Note that the equation for V is affine and can be solved using an integrating factor!'3
so that

V= /0 exp ( / (0ub)(r X ) dr) (0ub) (5, X2, ) (B — ) ds

Hence

d
d—EJ(a—i-E(B—a))

~@0)(x5) | " ( / (@8)(r. X0 1) dr) (0u) (5. X2 02) (Bu—crs) ds.

e=0

13This works in the 1-dimensional case here. In higher dimension there still is an integrating factor
but it no longer has the explicit form written above.
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To simplify notation let us introduce the “backward process”

Ve = @) ew ([ (@), X2, a) or)

and note that that the backward process satisfies an equation which we will refer to
as the “backward equation”:

dY; = —(0:0)(t, X[, o) Y dt, t €[0,T], Y = (0:9)(XF).
Furthermore let H(t,x,y,a) := b(t,z,a)y (we will refer to H as the “Hamiltonian”)

so that (9,0)(t, X§*, ) Y,* = (0, H)(t, X§, Y, o). Then

L Jate(f—a))

T
e :/0 (0aH) (s, XYV as)(Bs — as) ds . (6.1)

e=0

If v is a (locally) optimal control then for any other control 8 we have, for any € > 0,
that
J(a+e(B —a)) < J(a)

and so
0> lim é (J(a Yelf—a)) - J(a))

T
- /0 (OuH)(t, XE, Y, ) (B — o) dt

So
T
02 [ (@uH)(t. X7 Y ) (60— ).
0

Finally from the definition of the derivative we get that for almost all ¢t € [0,7T] we
have

1
lim ~ (FL(t, X7, V2, abe(B—an) = H(L XE Y ar) ) = (@aH) (8 X7,V a0) (Br—aq).

e—0 €

Hence there are € > 0 (small) such that
H(ta Xta’ Yta7 o + S(Bt - O[t)) < H(ta Xta7 }/150{7 Oét) .

From this we can conclude that any optimal control “locally maximizes the Hamilto-
nian” and any optimal control, together with the forward and backward processes
must satify

ap € argmax H(t, X;*, Y a),
acA

dXta = b(t7X?>O‘t) dt> te [O,T] ) Xgé =7, (62)
dY;a = _(axH)(t, Xtav}/tavat) dtv te [OaT] ) Y’Ig = (&;g)(X%) .

Stochastic case but with f = 0 for simplicity. Now ¢ # 0 and we have processes
in higher dimensions. Then
5:0:| '

a d a+te(f—a
=E[<axg><XT>—XT+ (3-e)

iJ(a-}-é‘(,@—a)) R

de

e=0
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As before, to proceed, we need to calculate how the SDE changes with a change of
control. Let us write V; := %XSOHFE('B_O‘)‘&:O. From the SDE we see that

t t
- / (9a) (5, X2, 0g) Vi ds + / (9ab) (5, X, c13) (B — v5) ds
0 0

t t
+ / (0z0) (s, X&', as) Vs dWs + / (020) (s, X&' as)(Bs — avg) dW .
0 0

Now we will work with a backward equation directly, setting Y7 = (0,9)(X¢) as
before. It’s not so clear what its dynamics should be so let it just be a general It6
process

A, =Updt + Z dW,, t€[0,T), Y7 = (0.9)(XF).

Recall that we are interested in E[YTVT]. We see that
T T T
E[YTVT]—E[/ Y}th—i-/ thYt—i-/ dY}dV}]
0 0 0
T T
:IE/ Yi(0:0)(t, X, o) Vi dt + E/ Yi(0ab)(t, X', o) (B — ) dt
0 0

T T T
+E/ V;ﬁUt dt+E/ Zt(ﬁxa)(t, X?,Oét)‘/t dt+E/ Zt((?ao)(t,Xf‘,at)(ﬁt —Oét) dt .
0 0 0
(6.3)

We would like to derive something that looks like (6.1) i.e. keep 5 — « terms but avoid
V in the dynamics. To that end we choose

Up = —(0:0)(t, X', )Yy — (0,0)(t, X7 o) Zy
Then

d
d_sj(a +e(8—a))

= E[Y7Vy]
e=0

T T
= E/ (8ab)(t, Xta, at)Yt(Bt — at) dS + E/ (8a0')(t, Xta, at)Zt(Bt — Ozt) dt .
0 0
So if we let the Hamiltonian to be
H(t,z,y,z,a):=b(t,z,a)y + o(t,x,a)z

then

iJ(a +e(f— )

T
de = E/ (8(1H)<t7 X??Kaazgaat)(ﬁt - Oét) dt. (64)
0

e=0
Arguing as before, see the argument going from (6.1) and (6.2), we arrive at
oy € argmax H(t, X', Y, Z,a),
a€A
AX& =b(t, X*, op) dt + o(t, X, ap) dWy, t€[0,T], X§ ==z, (6.5)
A = —(0.H)(t, X2, Y, oq)dt + Z7dWy, t € [0,T], Y§ = (0.9)(XF).

You may ask why not take Z = 0, since then (6.3) would be simplified. We would
have been able to only keep 3 — « terms as we wished. But without Z we would have
no reason to hope that (Y;f)te[O,T} is Fi-adapted since we are specifying a terminal
condition. This in turn would mean that « is not F;-adapted which would render the
optimality criteria useless.
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6.2 Deriving a Numerical Method from Pontryiagin’s maximum prin-
ciple

Imagine we have chosen a control a € A and solved the corresponding forward and
backward equations so that we have X and (Y%, Z%). How would we go about finding
a control that’s “better”?

Looking at (6.4) we would say that a better control would make the derivative positive
(so that we change the control in a direction of the maximum): this means we will
choose 3 such that

Bt —ap = V(OGH)(ta X?? }/tav ZtO‘? at)

for some v > 0 because then

4 Ja+eB-a)

T
4 _ VE/O (D H)(t, X, Y, 22, a) 2 dt > 0.

e=0

Of course a full algorithm would need to solve the forward SDE (easy) and the back-
ward SDE (not so easy) and carry out the update step repeatedly. In the deterministic
case solving the forward and backward ODEs is easy and the method is known as
“method of successive approximations” (MSA). It can be shown that a modification
of this algorithm converges under appropriate conditions, see [12].

6.3 Backward Stochastic Differential Equations (BSDEs)

For a deterministic differential equation

dx(t
355) =b(t,x(t)) t€[0,T], (T)=a
we can reverse the time by changing variables. Let 7:=T — ¢ and y(7) = x(t). Then
we have J
W) — o —7y(r) 7€ 0,11, (0)=a.

So the backward ODE is equivalent to a forward ODE.

The same argument would fail for SDEs since the time-reversed SDE would not be
adapted to the appropriate filtration and the stochastic integrals will not be well
defined.

Recall the martingale representation theorem (see Theorem A.24), which says any
£ e LZ;T can be uniquely represented by

T
§=E[£]+/O b AW .

If we define My = E[¢] + fot ¢sdWs, then M; satisfies
dM = ¢y dWy, Mrp =¢.

This leads to the idea that a solution to a backward SDE must consist of two processes
(in the case above M and ¢).

Consider the backward SDE (BSDE)
dY; :gt(Y;g,Zt) dt + Zy dWry, Y(T) =¢£.

We shall give a few examples when this has explicit solution.
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Example 6.1. Assume that ¢ = 0. In this case, Y; = E[¢|F;] and Z is the process
given by the martingale representation theorem.
Example 6.2. Assume that ¢;(y, z) = . In this case, take f =&— fOT ¢ dt. We get
the solution (Y, Z) to X A X )

dYy = ZydWy, Yp =¢

as
T
Gi=E[éF] =E [5 - / 7t dt’ft}
0
and we get Z from the martingale representation theorem. Then with V; = Y; +

J. Y yeds, Z; := Z; we have a solution (Y, Z) so in particular

0
T t T
YtzE[f—/ %dt‘ft]+/%d~s:lﬁl[€—/ %dsft]-
0 0 t

Example 6.3. Assume that ¢;(y,2) = awy + iz + 1 and a = oy, 8 = By, 7 = Y4 are
real-valued adapted processes that satisfy certain integrability conditions (those will
become clear). Assume that W is only real valued.* We will construct a solution
using an exponential transform and a change of measure.

Consider a new measure QQ given by the Radon—Nikodym derivative

dQ_ 1 T ) T
dTP—exp<—§/0 Bsds—/o ﬁdes>

and assume that E[%] = 1. Then, due to Girsanov’s Theorem A.23, the process
given by Wt(@ =W+ fg Bs ds is a Q-Wiener process. Consider the BSDE

dYy =3, dt + Z dW2, Yp =E, (6.6)
where 74y := vy exp (— f(f Qg ds) and & = £exp <— fOT a ds). We know from Ex-
ample 6.2 that this BSDE has a solution (Y, Z) and in fact we know that

T
)_/%:]EQ |:§e_foTa8dS_/ ,}/se—fo ardrds
t

J—"t] |
We let Y; := Y, exp <f(f o ds) and Z; := Z; exp (fot o ds). Now using the It6 product
rule with (6.6) and the equation for W@ we can check that
o[l s ds Jrasds 7y Q
dy, :d(Yte o o ) = Yy dt + eh %8 4, = Yy dt + v dt + Z, AW,
= (Oth;g + BtZt + ")/t) dt + Zt th

and moreover Y7 = £. In particular we get

T
Y; = E? [{e_ S asds —/ vs€~ Jiardr gg
t

]-'t] . (6.7)

To get the solution as an expression in the original measure we need to use the Bayes
formula for conditional expectation, see Proposition A.49. We obtain

i [(56 [ esds [T o [i erdr d8> e~ 3 Jo B2ds—[5 BsdWs

g

Y, =
E {e;foT B2 ds— [} Bs AW,

7

147t is possible to find a solution in higher dimensions but the integrating factor doesn’t have this
nice explicit form and we cannot apply Girsanov’s theorem in the same way. See [9, Section 3].
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Proposition 6.4 (Boundedness of solutions to linear BSDEs). Consider the linear
backward SDE with gi(y, z) = oy + Bz + - If a, B,y and & are all bounded then the
process Y in the solution pair (Y, Z) is bounded.

Proof. This proof is left as exercise. O

Example 6.5 (BSDE and replication in the Black-Scholes market). In a standard
Black-Scholes market model we have a risk-free asset dB; = r By dt and risky assets

dSt = dlag(,u)St dt + O'St th .

Here p is the drift (column) vector of the risky asset rate, o is the volatility matrix.

Let 7 denote the cash amounts invested in the risky assets and Y the replicating
portfolio value (so Y — 3", () is invested in the risk-free asset). Then the self-
financing property says that (interpreting 1/S to be diag(1/S1,...,1/Sm))

Y, — E:ll ”gi)
By

1
dy; = ﬂjdiag<—) dS; +

dB
S, ¢

i.e.

aY, = [rY, + 7] (u—r)] dt + 7 o dW; .

We can define Z; = 7/ 0 and if 0! exists then 7, = Z;0~! and so
dYy = [tV + ZoH(u" — )] dt + Z, dW;.

For any payoff £ at time T', the replication problem is to solve the BSDE given by this
differential coupled with Yp = £. If £ € L%T the equation admits a unique square-
integrable solution (Y, Z). Hence the cash amount invested in the risky assets, required
in the replicating portfolio is 7rt—r = Z;0~ 1, and the replication cost (contingent claim
price) at time ¢ is Y;.
We see that this is a BSDE with linear driver and so from Example 6.3 we have, due
to (6.7), that
Y; = E2 [¢e 0| F]

where

dQ _ o (uer)PT—(uT ) e W

dP
In other words we see that Q is the usual risk-neutral measure we get in Black—Scholes
pricing.

A standard backward SDE (BSDE) is formulated as
dYs = g¢(Ys, Zs) dt + Zy AWy, Y(T)=¢, (6.8)

where g = g1(w, y, z) must be such that g;(y, 2) is at least F;-measurable for any fixed
t,y,z. We will refer to g is called as the generator or driver of the Backward SDE.

Definition 6.6. Given ¢ € L?(Fr) and a generator g, a pair of (Ft)tejo,m-adapted
processes (Y, Z) is called as a solution for (6.8) if

T T
Yt:g—/ 9s(Ys, Zs) ds—/ ZsdWs, Vte€[0,T].
t t
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Theorem 6.7 (Existence and uniqueness for BSDEs). Suppose g = ¢:(y, z) satisfies
(i) We have g(0,0) € H.
(ii) There exists a constant L > 0 such that
196(y,2) = 9:(1,2)| < L(ly =9l + |2 = 2]) , a.s. VE € [0, T], Yy, 2,9, 2.
Then for any & € L2T , there ezists a unique (Y, Z) € H x H solving the BSDE (6.8).
Recall that #H is the space introduced in Definition A.18.

Proof. We consider the map ® = ®(U, V) for (U, V) in H x H. Given (U, V) we define
(Y,Z) = ®&(U,V) as follows. Let £ := £ — fOT 9s(Us, Vs) ds. Then

T T
E/ 195 (Us, Va) [P ds < E/ 2195 (Us, Vi) — 95(0,0)* + 2|g4(0,0)[*] ds
0 0 (6.9)

T
gIE/ RI2(|UJ2 + [Vi[?) + 21g5(0,0)[2] ds < oo,
0

since U and V and g(0,0) are in H. So £ € L*(Fr) and we know that for ¥; := E[£] 7]
there is Z such that . . .
dYy = ZydWy, Yp=¢.

Take YV := Y; + [} g5(Us, Vs) ds. Then

T T
Ytzg—/ gs(Us,vs)ds—/ Zy dW, . (6.10)
t t

The next step is to show that (U,V) — ®(U,V) = (Y, Z) described above is a con-
traction on an appropriate Banach space.

We will assume, for now, that [{|] < N and that |[g| < N. We consider (U,V) and
(U',V'). From these we obtain (Y, Z) = ®(U,V) and (Y',Z') = &(U’,V’). We will
write

o, V)=U-U, v -V, V,2)=Y-Y Z-7), g:=gUV)-gU, V).

Then
dYs = gy ds + ZsdW,

and with It6 formula we see that
dY? = 2Y,gsds + 2Y, Z, dW, + Z2ds .
Hence, for some 5 > 0,
d(ePY?) = P [2Y,gs ds + 2Y, Zs AW, + Z2 ds + BY.2 ds] .

Noting that, due to (6.10), we have Y7 = Y7 — Y/ = 0, we get

T T
0=Y2+ / e’ [2Ysgs + Z2 + BY2] ds + / 2675V, Zy AW .
0 0
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Since Z € H we have
T o T
]E/ 4€2P3\Y, 12| Z,|? ds < e*PTAN?(1 + T)Q]E/ |Zs|?ds < oo
0 0
and so, the stochastic integral being a martingale, we get
T - - - T - T -
E/ e’ [Z2 + Y2 ds = —EY§ — ]E/ P32, g, ds < 21[-3/ eP%1Y,||gs| ds .
0 0 0
Using the Lipschitz continuity of g and Young’s inequality (with e = 1/4) we have
_ _ _ _ _ 1 _ _
NYsl[gs| < P\ V| L(|Us| + [Vi|) < 202V + geﬁs(lUsl + Vi)
_ 1 _ _
<2L2B|V, 2 + LU + ViP2).

We can now take 3 = 1+ 4L? and we obtain

T T
_ _ 1 _ _
IE/ P[22+ V7] dSS§E/ 5 (|UL[2 + |Val?) ds (6.11)
0 0

We now need to remove the assumption that [{| < N and |g| < N. To that end
consider ¢V := —~NAEV N and ¢V := ~NAgV N (so [¢€V] < N and [gV]| < N). We
obtain YV, ZV as before. Note that

Y; =E[¢|F]=E [ lim §N|]-"t} = lim YY
N—oo N—o0

due to Lebesgue’s dominated convergence for conditional expectations. Indeed, we
have |EV] < |¢] + fOT |9s(Us, V)| ds and this is in L? due to (6.9). Moreover

T T 2
IE/ |ZtN—Zt|2dt:IE</ (ZtN—Zt)th) —E (Y - Yr+Y - Y)®
0 0

<2B|YE —Yr|* + 2EYy — YV - 0 as N — o0

due to Lebesgue’s dominated convergence theorem. Then from (6.11) be have, for
each N,

T T
_ - 1 _ _
B[ [0+ VIP) ds < 5B [ (0P + Vi) ds.
0 0
But since the RHS is independent of N, we obtain (6.11) but now without the as-

sumption that || < N and |g| < N. Consider now the Banach space (H x H, || - ||),
with

T
(V. 2) = [ [22+72) ds.
0
From (6.11) we have
1
“CI)(U, V) - (I)(Ulv V/)H < §H(U7 V) - (U,v Vl)” :
So the map @ : H x H — H x H is a contraction and due to Banach’s Fixed Point

Theorem there is a unique (Y*, Z*) which solves the equation ®(Y*, Z*) = (Y*, Z*).
Hence

T T
Y:=f—/ gsog*,zzms—/ 7t dw,
t t

due to (6.10). O
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Theorem 6.8. Let (Y1, Z') and (Y2, Z?) be solutions to BSDEs with generators and
terminal conditions g, &' and g%, &% respectively. Assume that €' < €2 a.s. and that
Gt (Y2, Z2) < gt (V}H, Z}) ace. on Q% (0,T). Assume finally that the generators satisfy
the assumption of Theorem 6.7 and &', &% € L*(Fr). Then Y < Y?2.
Proof. We note that the BSDE satisfied by Y := Y2 - Y1 7 := 72— Z' is

aY = g} (Y7, Z7) — 9; (', Z0)) dt + Zy Wy, Yp =€ =€ =€
This is
Y, =[g} (Y2, Z}) — gi (V' Z0) + i (V' Z0) — gt (Y, Z)) + gi (Vi Z1) — g/ (Vi Z¢)) dt

+ Zt th ) YT = g

which we can re-write as

dYy = (Y + B2y + i dt + Zy dWy, Yr =¢,

where
= }/;2 _ Ytl Yr#YZ, Pt ZtQ _ Ztl VAL VA
and where

=g (YL Z) — g (Y Z)).

Due to the Lipschitz assumption on g we get that o and /3 are bounded and since
Y, Z' are in H we get that v € H. Thus we have an affine BSDE for (Y, Z) and the
conclusion follows from (6.7) since we get

T
1 e B e I F A
%,—/ t
>0
<0
from the assumptions that ¢! < ¢2 a.s. and that g2 (Y2, Z?) < g} (Y}, Z}) ae. O

6.4 Pontryagin’s Maximum Principle as Sufficient Condition

We now return to the optimal control problem (P). Recall that given running gain f
and terminal gain g our aim is to optimally control

dXta = bt(Xt, O[t) dt =+ O't(Xt, O[t) th, t S [O,T] s X(()l =,

where a € A and we assume that Assumption 3.9 holds. Recall that by optimally
controlling the process we mean a control which will maximize

T
J(a) =E [/0 F(6 X2, ) dt + g(X3)

over a € A. Unlike in Chapter 4 we can consider the process starting from time
0 (because we won’t be exploiting the Markov property of the SDE) and unlike in
Chapter 4 we will assume that A is a subset of R™.

We define the Hamiltonian H : [0,T] x R? x A x R? x R¥*% — R of the system as

Ht($7a7y7 Z) = bt(xaa)y +tr[0t—r(x7a) Z] + ft(xva) .
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Assumption 6.9. Assume that  — Hy(x,a,y, z) is differentiable for all a, ¢, y, z with
derivative bounded uniformly in a,t,y,z. Assume that ¢ is differentiable in z with
the derivative having at most linear growth (in x).

Consider the adjoint BSDEs (one for each o € A)
dY;® = =0, Hy(t, Xy, 00, Y, Z&) dt + Zy dWy, Y& = 0,9(X$).
Note that under Assumption 6.9 and 3.9
E[|0:g(X7)]%] < E[(K(1+|X7)%] < oo,

Hence, due to Theorem 6.7, the adjoint BSDEs have unique solutions (Y, Z¢).

We will now see that it is possible to formulate a sufficient optimality criteria based
on the properties of the Hamiltonian and based on the adjoint BSDEs. This is what
is known as the Pontryagin’s Maximum Principle. Consider two control processes,
a, B € A and the two associated controlled diffusions, both starting from the same
initial value, labelled X®, X?. Then

T
53) = @) =& | [ 1005750~ 10X 0] de-+-90) — 9(x5)]

We will need to assume that g is concave (equivalently assume —g is convex). Then
g(x) — g(y) > Ozg(x)(z — y) and so (recalling what the terminal condition in our
adjoint equation is)

E [g(X7) - 9(X8)] 2 B[ (X7 - X$)2.9(X7)] = E | (X7 - X§)¥7| -

We use It6’s product rule and the fact that X§ = Xg. Let us write Ab; := bt(Xf, Br)—
b (X, o) and Aoy := O't(Xtﬂ,,Bt) — o1 (X, ay). Then we see that

T
(] - xp)77] 2 B| [ —(xf - x00u(xf 1,0 2
0
T T
+/ AthfdtJr/ tr [AUJ Zf} dt].
0 0

Note that we are missing some details here, because the second stochastic integral
term that we dropped isn’t necessarily a martingale. However with a stopping time
argument and Fatou’s Lemma the details can be filled in (and this is why we have an
inequality). We also have that for all y, z,

F X0, B) = Ho(X], Broy, 2) — be(X7, Be)y — telo) (X[, Bi)2],

f(taXtaa Oét) — Ht(Xéxa ag, Y, Z) - bt(Xg704t)y - tr[o’;l—(Xtaa at)z]

and so
Ft, X7, B) — f(t, X7 00) = AH, — AbY) — tr(Ao) Z))
where
AI_It = Ht(Xth/Btay;fﬂv ZtB) - Ht(X?,ahY;fﬁa Ztﬁ) .
Thus

E UOT [f(t,Xf,ﬁt) —f(t,Xg,at)} dt] ~E [/OT [AHt ~ AbYS — tr(Ao] ZE)} dt} .
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Altogether
T
J(8) = J(a) > E [ / AH, - (X[ - XP)0.HU(X], 8,7/ 27| dt}
0

If we now assume that (z,a) — Hy(z,a, Ytﬂ , ZtB ) is differentiable and concave for any
t,y, z then

AH, > (X[ = XP)0: HU(X] i, Y], 2)) + (B — ) 0aHU(X] B, YL Z7)
and so -
96) = 3(@) 2 B | [ (6 a0@u it 50 ¥ Z0)
Finally we assume that (3; is a control process which satisfies

Hy(XP B, YP, 20y = ?eacht(Xf,a, Y/, ZP) < 0o a.s. for almost all ¢.

Then J(B) > J(«) for arbitrary «. In other words, such control g is optimal. Hence
we have proved the following theorem.

Theorem 6.10 (Pontryagin’s Maximum Principle). Let Assumptions 3.9 and 6.9
holds, let C R™. Let g be concave. Let B € A and let XP be the associated controlled
diffusion and (YP, ZP) the solution of the adjoint BDSE. If B € A is such that

Ht(XtB,Bt,Y;B, Zf) = maj(Ht(Xf,a,Kf, Ztﬁ) < 00 a.s. for almost all t. (6.12)
ac
holds and if
(l‘a CL) = Ht(‘/L‘a a, Y;tﬁa Ztﬁ)

is differentiable and concave then J(3) = sup,, J(«) i.e. 5 is an optimal control.

We can see that the Pontryagin maximum principle gives us a sufficient condition for
optimality.

Example 6.11 (Linear—quadratic control revisited). Take W to be RY -valued Wiener
process and let the space where controls take values to be A = R™. Consider X; =
X" taking values in R? given by

dXy = [L(t) Xy + M (t)oy] dt + o(t) dW; for t € [0,T], Xo==x,

where L = L(t) € R™4 M = M(t) € R™™ and ¢ = o(t) € R*? are bounded,
measurable, deterministic functions of ¢.

Further'® let C = C(t) € R¥4 D = D(t) € R™™ F = F(t) € R™ be determin-
istic, integrable functions of ¢t and R € R%*¢ be such that C, D and R are symmetric,
C=C(t)<0,R<0and D= D(t) < -6 < 0 with some constant § > 0. The aim
will be to maximize

T
J(z) := E& [ /O [XJ C(t)X; + o D(t)ay + 2X, F(t)ay| dt + X7 RXT]

5 For any matrix M we will write M < 0 to denote negative definite matrices i.e. matrices such
that for any € € R™ we have €' M¢ < 0. Similarly M < 0 denotes strictly negative definite matrices
i.e. those such that for any £ € R™ we have €T M¢ < 0.
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over all adapted processes « such that E fOT a? dt < oo (we will call these admissible).

The Hamiltonian is
Hy(z,a,y,2) =x L{t)y+y M(t)a+tr [o(t)Tz] +2'C(t)x+a ' D(t)a+2z  F(t)a.

We see that as function of (a,z) it is a sum of linear and quadratic functions and
hence differentiable. Moreover since C' < 0 and D < 0 we see that it is concave.

We see that
0 Hy(7,a,y,2) = L(t)y + 2C(t)x + 2F (t)a

and so the adjoint BSDE (Y, Z) for the optimal control & is

v, = — [L(t)fft 120X, + 2F(t)&] dt + 2, dW, for t € [0,T], Vo =2RX7.

Note that x + x' R is concave (since R < 0) and so the Pontryagin’s maximum
principle applies. If & is the optimal control, X is the associated diffusion and (Y, Z)
is the solution to the adjoint BSDE for & then the maximum principle says that

Ht(Xt, OAét,Yt, Zt) = maﬁiﬂt(Xt, a, Yt, Zt) .
ac

In this case the maximum is achieved when (Hamiltonian is quadratic in @ with neg-
ative leading coefficient so we just differentiate w.r.t. a and see for which value this
is 0):
0=M®)"Y; +2D(t)a+2F(t) "X,
ie.
Gy = —%D(t)_l (M0)TY+ 27 ()7 K)

Inspecting the terminal condition for the adjoint BSDE leads us to “guess” that we
should have Y; = 25(t)X; for some S € C*([0, T]; R¥*%), S symmetric and S < 0 with
S(T) = R. We rewrite the optimal control with our guess for Y:

& = —D(t)"! (M(t)TS(t) + F(t)T) X,
and we can also write the optimally controlled SDE:

dX, = {L(t) + M(t) [—D(t)—l (M(t)TS(t) + F(t)T)] } Xpdt +o(t)dW,.  (6.13)

Since our guess is that Y; = 25(t)X; we have, due to It6’s formula

dY; = 28" (t) X, dt + 25(t) dX;
— 25'(1) X, dt + 25(t) {L(t) + M(t) [—D(t)*l (M(t)TS(t) + F(t)T)] } X, dt
+25(t)o(t) AW, .

On the other hand the adjoint equation for Y gives

Y, = —2 [L(t)S(t) +O(t) — F()D(t)™! (M(t)TS(t) n F(t)Tﬂ Xedt + Z,dW, .
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Since both must hold we get that Z; = 25(t)o(t) and that
S'() + S()L(t) + S()M (1) [_D(t)—l <M( TS T)}
= —L(®)S(t) - C(t) + FO)D®)™ (M) TS(t) + (t)T)
so that for ¢ € [0, 7]

S'(t) = [S(t)M(t) + F(1)|D(t) ! (M(t)TS(t) + F(t)T) — L(t)S(t) = S@)L(t) — C(t)
with S(T') = R. Under our assumptions the Ricatti equation has a unique solution
such that S is symmetric and S < 0.

The equation (6.13) for X is linear and clearly has unique solution and all the moments
are bounded.

We observe (recalling Y; = 25(¢)X;) that

T
2X]} RX7p =2X} S(T) X1 = X} Y = X} Yr— X, Yo+ X| Yy = / d( X, ;) +22" S(0)z.
0
(6.14)

A~

dX; = [L(t) + M (t)(t)] X; dt + o(t) dW;
dYy; = =2 [L(t)S(t) + C(t) + F(t)p(t)] Xy dt + 2S(t)o dW; .

Let us write ¥(t) := “L(M(t)TS(t)+ F(t)"), so that
(

Moreover!6

SAKTT) =4 (X S(0)dx, + X ¥ + d(X] ¥,
=X, S(t)L(t) X, dt + X, S(t)M (t)p(t) X, dt + X, S(t)o(t) dW;
—XTL(t) () Xidt — X, C(t)X; — X F(t)p(t) X,
 S(t)o(t) AWy, + tr[o(t)(S(t)o(t)) ] dt
Hence,
SACKTT) =+ KT S(0)M (1) (1) X, di
- X[ C)X, - X[ F(tyy(t) X, (6.15)
+2X," S(t)o(t) dW; + tr[o(t)(S(t)a(t) ] dt .
We also have

Joz) =E [ /0 ! (XJ C(t)X, + & D(t)éy + 2X,7 F(t)cit) dt + RX%} . (6.16)

Noting that o D(t)a; = —X, (M(t)TS(t) + F(t)")T4(t)X; and substituting (6.15)
into (6.14) and using this in (6.16) we see that most terms cancel and hence

J4z) =E [ /0 i [U(t)(S(t)a(t))T] dt + / TQXJ S(t)o(t) dW; + 2" S(0) x} .

0

16 We have S symmetric. Then
' SLz = (S"z) Lo = (Sz)" (Lz) = (Lz) " Sz = 2" LSz

where the first and last equalities are AB = (BTAT)T, the second equality is symmetry of S and the
third equality is properties of dot products.
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Since the solution of the SDE for X has all moments bounded we have
T R T
IE/ ASORIo )1 %2 dt < N/ E|%,2dt < Np < oo.
0 0

The stochastic integral is thus a martingale and so

T
v(z) = Jo(2) = 2 S(0)z + /0 tr [a(t)(S(t)a(t))T] dt .

Example 6.12 (Minimum variance for given expected return). We consider the
simplest possible model for optimal investment: we have a risk-free asset B with
evolution given by dBy; = rB;dt and By = 1 and a risky asset S with evolution given
by dS; = puSydt + 0S¢ dW; with Sy given. For simplicity we assume that o, u, r are
given constants, o # 0 and p > r. The value of a portfolio with no asset injections /
consumption is given by Xg = z and

Xt — O
By

dXp = g—z dS; +

dBt )

where oy represents the amount invested in the risky asset. Then
dXy = (rXi + au(p — 7)) dt + ooy dWy. (6.17)

Given a desired return m > 0 we aim to find a trading strategy which would minimize
the variance of the return (in other words a strategy that gets as close to the desired

return as possible). We restrict ourselves to a such that E fOT a?dt < co. Thus we
seek
V(m) := inf {Var(X¢) : EX3 =m} . (6.18)

See Exercise 6.13 to convince yourself that the set over which we wish to take infimum
is non-empty. Conveniently, if, for A € R, we can calculate

v(A) == infE [|X¢ — A%
then [15, Proposition 6.6.5] tells us that

V(im) = ilelg [v(A) = (m — )\)2} .

Furthermore
v(A) = —supE [ X¢ — AP .
«
Thus our aim is to maximize

Jy(@) == E[g(X)] with g(z) = —(z — N)?.

Since g is concave and differentiable we will try to apply Pontryagin’s maximum
principle. As there is no running gain (i.e. f = 0) and since X is given by (6.17) we
have the Hamiltonian

Hi(z,a,y,2) =[re +alp—r)y+oaz.

This, being affine in (a,x), is certainly differentiable and concave. Moreover, if there
is an optimal control 5 and if the solution of the adjoint BSDE is denoted (YB A
then

max Hy(XP a,Y, 20y = max [rXtBYf +a(p—r)Y/ + aaZﬂ .
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The quantity being maximized is linear in a and thus it will be finite if and only if
the solution to the adjoint equation satisfies

(1w — T)Yt’B + UZ,;B =0 a.s. for a.a t. (6.19)
From now on we omit the superscript § everywhere. Recalling the adjoint equation:
dY; = —rYidt + Zy dW, and Yp = 0,9(X7) = —2(X7 — ). (6.20)

To proceed we will need to make a guess at what the solution to the adjoint BSDE
will look like. Since the terminal condition is linear in X7 we will try the ansatz
Y; = ¢(t) Xt +9(t) for some C! functions ¢ and 1. Notice that this is rather different
to the situation in Example 6.3, since there we obtain a solution but only in terms of
an unknown process arising from the martingale representation theorem. With this
ansatz we have, substituting the expression for Y on the r.h.s. of (6.20), that

dY; = —ro(t) X, dt — r(t) dt + Z, dW, (6.21)

and on the other hand we can use the ansatz for Y and product rule on the lLh.s.
of (6.20) to see

dYy = o(t) dX; + Xe' (t) dt + /() dt

= o(t) [rXe + Be(p — )] dt + p(t)o By AW, + Xy (t) dt + o' (t) dt . (6.22)

The second equality above came from (6.17) with S as the control. Then (6.21)
and (6.22) can simultaneously hold only if Z; = ¢(t)oS; and if

e(t) [rXe + Be(p — )] + Xep (1) + ' (1) = —rp(t) X — r1)(2) .
This in turn will hold as long as

_ 2ro(t) X +r(t) + ' ()X + ¢ (1)
e(t)(r —p)

On the other hand from the Pontryagin maximum principle we conculded (6.19) which,
with Y; = o(t) X¢ + ¢(t) and Z; = p(t)op: says

(1 =) Xe + ()] + () = 0,

B : (6.23)

ie.

(r — wle) X + p(0)]
a2p(t)

But (6.23) and (6.24) can both hold only if (collecting terms with X; and without)

B =

(6.24)

1) = (4 —2r) p(t), (1) = -2

2 (6.25)

() = (S =) v, w(@) =22,
Note that the terminal conditions arose from Y7 (rather than from the equations for
B). Also note that 1 clearly depends on A but for now we omit this in our notation.
Clearly

_((7“—5)2
p(t) =—2e \ 7

_27«) (T—t) M—r) (T—t) .

and 1)(t) = 2)\e_< o (6.26)
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We note that from (6.24) we can write the control as Markov control
(n=r)lp(t)z + 9 ()]
o%p(t) '

Thus X driven by this control is square integrable. Indeed S is a linear function in x
and together with (6.17) and Proposition 3.6 we can conclude the square integrability.

,B(t,l') ==

Thus we also have E fOT 32 dt < oo and so the control is admissable.

We still need to know
v(A) = —J(B) =E[|Xr — \?] .

We cannot calculate this by solving for X as in Exercise 6.13 (try it). Instead we note
that

1
E| X7t - A*=E —§<,0(T)X% —p(T) X7 4+ N2 .
From Ito’s formula for & = —3¢(t)X}? — ¢(t)X; we get that
—d& = (3¢'(OX7 + ¢/ ()X0) dt + [p(t) Xy + $(1)] dXe + 500(t) dX (£)dX (t) .

And we have that
dX; = (rXy + Bi(p—r)) dt + o dW,;.

Hence

T
_Eer = & +E /0 (%so’(t)Xf ()X,

+ro(t) X7 + rop(t) X,
+ Be(p — 1) [o(t) X + (t)]

+ %cp(t)aQﬁt2> dt .
From the optimality condition (u — 7)B¢[¢(t) X; + i) + 020 (t)B? = 0 we get

1o2p(t) B} = —L (1 — ) Bel(t) Xe + 1]

and so
T
~Bér =t +E /0 (%w’(t)Xf + /()X
+ () X7 4 (1) Xy
+ 38:(n = 1)) X + w(t)]> dt .
This is

r— 2 T 2vy2 2
~E¢r = —& + T4 E /0 (%so(t)Xf +(t)X, — § e XX ) dt.

So

Lrew? [T w2
0
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Due to (6.26) we have

T r— 2
Ber = g - O [0 g,
7 Jo

Hence

(r—p)?
Eép = & — A2 [1—6 o T] .

But E| X7 — A\? = E&é7 + A? and so

2

(r—p)
E|Xp — A2 =&+ A% o2 .

Moreover & = —2¢(0)z? — (2)z and so

Finally

PR G UL T | \2 G=DEP T\2
EXr— A" =e 07 * [z%e®" —2zX™ + N =¢ o7 T (A—we)".

which means that )
v(N) = -k (A — a:eTT) ,

=
where Kk :=e o2 > 0. We thus get

V(m) = sup [—n ()\2 — 2z’ + 1‘262TT) — N+ 2 m — m2] )
AER

This is achieved when
0=—r\+rxe'l —X+m

rxe™ T +m

i.e. when \ = P

6.5 Variational connection to HJB equation

In this section we want to formally derive the HJB equation as a necessary condition
for optimality using a variational argument. We consider the control problem

Maximize, over a : [0, 7] x R? — R™ the functional

T
J(a):=E [ / f (5, X208, ay(X¢0%)) ds + g(X%’O’S] ,
0

where X' ’0’5, t € [0,T], is the weakly unique solution of

t t
thf—{—/ b(s,XS,as(Xs))ds—}—/ o(s, Xs,a5(Xs))dWs.
0 0

Let us assume that b and o are smooth and uniformly bounded and moreover oo ' > \I
for some A > 0. Assume £ ~ pg. The controlled Fokker—Planck—Kolmogorov equation
(FPKE), see Section A.2.2, for the density of X**%, ¢ € [0,T] is

o= 5V2 ((007)(a)p) + V- (b(-,a)p) =0 in (0,T) xR, (6.27)
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together with p(0,-) = pg on R%. Note that p = p® in that it depends on the Markov
control chosen.

We will use the convention that V = V, and integrals over domain of integration left
unspecified are over R%,

We will now mimic the argument from Section 6.1 but instead of perturbing controlled
processes we’ll perturb the Markov controls and instead of working with the SDE we
will work with the controlled FPKE. Let us fix Markov controls (¢,z) — a(t,z) and
(t,z) — d'(t,z). Then

Ta) = [ ' [ tsant dwde+ [ gpi s

and hence (using product rule)

iJ(a +e(d — a))

/ /fs , as)vs + pl(al as)aafs(~,as)]dmdt+/gde:c,

where vy 1= dsp? =) and where a,a’ are two fixed Markov control functions. To

proceed we’d like an equation for v and to that end we need to take derivative in (6.27).
Note that

= b(-, ar)ve + pEVab(-, ar)(a; — ay)

d e
a [b(-,at +e(a) — ap))py e at)] e=0

de

and

d a al—a
e |:(O'O'T)(', ay + e(a, — at))ptt+a( ¢ t)]

o (00 ") (-, ar)ve+p} (Va(aaT)) (-, ae)(d)—ay) .

Hence from these and (6.27) we get
0= at’l)t — %VQ [(O'O'T)(-, at)'vt +p? (va(O'O'T)> (.,at)(a; — at)]
+ V- [b(-, ar)ve + pfVab(-, ai)(a; — ar)] in (0,T) x RY .

Next, we would like to find a “backward” equation for an unknown function, say
(t,x) — uy(z), such that up = g and in terms of the backward equation we have

d /
£J(a +e(a —a))

T
= / / ... Hamiltonian involving ... (a' — a)dz dt.

0
At this point we don’t know exactly how the Hamiltonian should look and we don’t
know what the backward equation should be exactly. Nevertheless, since vy = 0, we

get from the product rule that

iJ(a +e(ad — a))

/ [ ao + e~ a)dufoa)] dwds + [ urerds

T T
=/ /[ft(',at)vt-l-p?(aé—at)aaft(',at)] dxdt—i—/ /ut&gvtda}dt—i-/ /vtﬁtutdﬂcdt.
0 0 0
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We now want to choose the evolution of u i.e. choose 0yu such that all the terms not
involving (a; — a;) cancel out. To that end we note that

/ wdyvy da dt = / udV? [(00T)( ave + i (Valoo ™)) (an)(af — ap)] da
— /utV . [b(-,at)vt + ¥V ab(-, ar)(a, — at)] dx .
Since we are in the business of deciding what u should satisfy let us demand that

ut, Vug — 0 as z — oo “sufficiently fast” (we could quantify this if we quantify how
p§ behaves at infinity). Then, using integration by parts

/utatvt dz dt = /% {tr(o’aTVQUt)(-,at)vt + p¢ (Vatr((JUT)(-,at)Vzut)> (ag — at)] dx
+ / Vg - [b(-, ar)ve + pfVab(-, ai)(a; — ar)] da.
Hence if we take w such that

Opu = —%tr(UUTV%t)(‘,Gt) = b(-,at) - Vug — fi(-, ar)

then

d /
d—gJ(a +e(a’ —a))

e=0

T
= / / (Vafi(- ar) + Vab(-, a)) Vuy + 3 <Vatr((UJT)(-,at)V2ut)> (a; — ar)p}] dz ds
0
T
= / /VaH(', Vg, Vg, ar) (ay — a)pf de dt
0

where we defined, for € R?%, y € R?, 2 € R*? and a € R™ the Hamiltonian as

H(z,y,z,a) = %tr((JUT)(aj, a)z) + b(z,a)-y+ f(x,a). (6.28)

Now we observe that if a is a (locally) optimal control then for any small € > 0 we
have

02 liny 2 (J(a+ela’ ~ @) - (@) = I +el@ = )| _

T
=/ /VGH(-,Vut,Vzut,at)(ag—at)pfdxdt.
0

Since we are assuming oo | > Al for A > 0 we get that p¢ has full support and so for
Lebesgue-almost-every ¢, x we have € > 0 such that

0 > H(z, Vuy(z), Viuy(z), ai(z) + e(a’ — a(x))) — H(z, Vug(x), V>us (), as(x)) -
Hence the optimal control and forward and backward equations satisfy

ai(z) € argmax H(x, Vuy(z), V2uy(z),d') (t,x) € (0,T) x R?,
a’eR™

0= 8tpa - %vz ((UUT)(’a a>pa) +V- (b('7a)pa) in (O7T) X Rd7
0= 0w+ %tr(aaTvzut)(-, ar) +b(-,a) - Vug — fi(+,a¢) in (0,7T) X RrR?

ur =4g.
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We note that this implies that the backward equation is

Opu + max [%tr(aaTvzu)(-,a') +b(-,a')-vu—f(-,a’)] =0 in (0,7) x R

a’ eER™

with the terminal condition ur = g. This is exactly the HJB equation we’ve derived
from the Bellman principle in (4.4).

What if we wanted to see if the HJB will arise from concavity-type consideration? Let
us consider two Markov controls a’ and a. Then

J(@)— J(a) = /OT/fto,a;)p;d:cdt+/gp’Td:c—/OT/ft(-,aoptdxdt—/ngdx,

(6.29)
where for brevity p* = p’ and p® = p are the densities of the controlled SDEs controlled
with Markov controls a’ and a’ respectively.

Let u be the solution to the linear equation

Opu = —%tr(aaT(-,a)VQUt) —b(-,a)-Vu— f(-,a) in (0,7) x R,
with w7 = g. This is the equation for the value function arising from using the Markov
control a. If we want to, we can write an equation for value function arising from a’

and label it »/. This is the “backward” equation. The forward equations are given
by (6.27) and we know that pj = pp and so we can write

T
(9o = pr) = e = pr) — (wo.sty — o) = [ dluspl = i)
0
where we adopted the notation (u,v) = [wvdz whenever the integral can be well

defined. Then, using some kind of product rule and plugging in the “forward” and
“backward” equations we should have, that

T T T
| st =) = [ twdth =)+ [ 1= produ)
T
- /O (uts |39 (00 ) apt) = V- 0 ap)pp) = 392 ((00T) (o an)pe) + V- (b ae)p) | ) dt
T
4 [ (= [ - drlooT (@) VPu) < o) Vu - fa)] ).
0
If we can justify that integration-by-parts leads to no boundary terms then

(w39 (00N appt) ) = (3r((o0 ) a)V2u). 1)

and
—<Ut, V. (b(a a;)p;)> = <VUt ' b(" ag)’p£>

and similarly for the terms without the prime and so
r T
(9.9 — pr) = / (3tr(00 T (- a))V?u), v} ) + (Vur - b(-,af), ) dt
T
= [ (ot [3t0(00 (o) VPun) + ) - Vi 4 £a0)] )
0

+ /OT <pt,f(',at)>dt-
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From this and (6.29) we have that
T
J(d') = J(a) = /0 (fe( at), pi) — (fe( ae), pe) dt + (g, pp — pr) dt
4 / / 1 T I\72 / / /
= /0 (fe(- ar),p) + <§(UU ) a)V utapt> + <VUt : b(',at),pt>
— (pi, [3tr(00T (@) V2u) + by ar) - Vu+ f(ar)| ) dt

T
= [ (ol (oo ) + T )+ e
— %tr(aoT(-, a;)V2us) — b(-, a) - Vu — f('aat)> dt.

Using the definition of the Hamiltonian (6.28) we get
T
J(a") = J(a) = / <p;,H(~, Vg, V3uy, a}) — H(-,Vut,v2ut,at)> dt.
0

Assuming the Hamiltonian is concave in a for every z,y, z we have
H(‘/Ea Y, 2, CL,) - H(l'a Y, z, (Z) < (VGH)(:Uv Y, z, a)(a/ - (L)

and so .
J(a') = J(a) < / <P£a (VoH) (-, Vg, V3us,ar) - (@' — a)> dt. (6.30)
0
Now assume that
a(z) € argmax,cpy H(x, Vug, V3uy, b)

then (Vo H)(-, Vg, VZuy, ay) - (@' —a) = 0 and so J(a') — J(a) < 0.

6.6 Exercises

Exercise 6.13 (To complement Example 6.12). Show that, under the assumptions
of Example 6.12, the set {Var(X$) : EX® = m} is nonempty.

Exercise 6.14 (Merton’s problem with exponential utility, no consumption, using
Pontryagin’s Maximum Principle). Consider a model with a risky asset (S);c(o,r) and
a risk-free asset (B¢);ec(o,7) given by

dS; :/Lstdt—l—O'Stth te [O,T] ,S0=29,

dBy =rB;dt t € [O,T],S() =5,By=1,
where u,7 € R and o > 0 are given constants. Let (Xt)te[o,T] denote the value of a
self-financing investment portfolio with Xg = « > 0 and let a; denote the fraction of

the portfolio value X; invested in the risky asset. We note that X; depends on the
investment strategy a; and so we write X; = X;*. We will only consider o that are

real-valued, adapted and such that E fOT a? dt < oo, denoting such strategies A and
calling them admissable.

Our aim is to find the investment strategy & which maximizes, over a € A,
J(o) = E[—exp(—X7)]

for some v > 0.
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i) Use the definition of a self-financing portfolio to derive the equation for the port-
folio value:
dXt = Xt [Oét(u — 7“) + 7“] dt + XtOztO'th .

ii) Write down the Hamiltonian for the problem and the adjoint BSDE for the op-
timal portfolio (use & to denote the optimal control, (Y, Z) to denote the BSDE).

iii) Explain how Pontryagin’s maximum principle implies that

Z=-lTy

g

iv) Noting that Yr = ’ye*VXT use the “ansatz” Y, = qﬁte*wat with some ¢, €
C1([0,T)) such that ¢7 =~ and ¢ = 7. Hence show that

o?

6.7 Solutions to the exercises

Solution (to Exercise 6.13). We start by solving (6.17) for some a;x = a constant. Note that (with
X = X°)

dle™ X)) = e " [dX, —rXedt) = e " la(p — ) dt + oadWy] .
Thus

T T
e T Xr =2+ / efrta(u —r)dt+ / cae " AW, .
0 0
Since the stochastic integral is a true martingale
r 1
EXr =e x4 e a(u—r) / e "dt=e"Tx +alp—r)- (eTT - 1) .
0 r
Thus with
m—e Tz

TEDICEES
we see that EX7 = m and so the set is non-empty.

a=r

Solution (to Exercise 6.14). i) We have

ia:“?ﬂﬁﬁf&}thwp:mmuﬁ+mxmum+xnﬁ—mxwﬁ
t t

SO
dXt = Xt [Clt(,u*’f') +T’] dt+XtCMtO'th .

ii) Let us write down the Hamiltonian:
Hy(z,a,y,z) =zla(p—7)+ 1]y +zaocz

SO
0zHi(z,a,y,2) =[a(p—71)+rly+aocz.
The adjoint BSDE for the optimal portfolio X, which we denote (Y, 2) then is

dYy = —[at(u — 1) + r)Yedt — dwoZp dt + Zy dWy t € [0,T],Yr = yexp(—yXr). (6.31)

We can show that X; > 0 since z > 0. Hence |Yr|? :A'y2Aexp(—2'yXT) <~?*and so Yr € L*(Fr).
The above affine BSDE thus has a unique solution (Y, Z) and we may proceed.

iii) We note that the terminal reward function g(x) = —e™ 7" is concave. We can check that the
Hamiltonian is concave in z as well as in a but not in (z,a), so the optimality principle as a
sufficient condition doesn’t apply.

Nevertheless, according to the optimality principle the optimal control & must satisfy

Ht(Xt,dt,Yt, Zt) = meaﬁc [Xt (a(u —r)— T)Yt + Xtaa'ZAt} .
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We need the Hamiltonian to be finite which in turns means that it must hold that
th/t(/,b - ’I") + XtZtO' =0.

Hence

Zt:—M;T?;. (6.32)

iv) We will use the “ansatz” Y; = (z)te*’“f(t with some ¢, € C*([0,T]) such that ¢r = v and
Y = 7. We note that

A= Xt) = b Xelé (u — 1) + 7] dt — 1 Xedwo dWy — ) X dt
so that
dV; = drd(e” V150 + e VXt g,
= iXe [¢td(—¢tf(t) + %¢td(—¢tXt)d(—¢tXt) + d¢>t]
= et [ — prdpd Xy — Kecpedipy + %qﬁtwfdf(tdf(t + d¢t]
— i Xe [ — e Xe [ (Ge(p — 1) + 1) dt + Guo dW] — Xeget)) dt + %Wp?d?f(fﬁ dt + ¢} dt] :

If we now go to the adjoint BSDE (6.31) and substitute for Z; from (6.32) we see that we must
also have

Ay, = —rVidt — “=Tv, aw, .
o

Equating the “dW terms” leads to

n—r
o2

w—r
0'2’1Z)t ’
Equating the “dt terms” will let us identify ¢ and ¢. Indeed we get

:1/)tXtdt = Xtdt:

—rue™ R = T g R (G 1) )] — Rueh + G ouiad KEo® + 61

Substituting the control and dividing by the exponential term leads to:

2 ~ ~ 2
—rge = —¢0 (VS5 4 vekir) = Kt + 560 oE + 6

This simplifies to

A~ 2 A~
—rge = —Pudi Xer — 5o U — Xidut + ¢
From this we get (equating the terms with X; and without):

o = (3455 = 1) 60, 9r =1
W= e, Yr=7.

Hence

¢r = yexp ((T—t) (%(”;—5)2 —r)) , t€0,7T7,
Y =yexp(r(T —t)), t€0,T].

So finally the optimal control is:

A Appendix

A.1 Basic notation and useful review of analysis concepts

Here we set the main notation for the rest of the course. These pages serve as an easy
reference.
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General For any two real numbers z, y,

+

r Ay =min{z,y}, xVy=max{z,y}, 2" =max{z,0}, 2z~ =max{—z,0}.

Sets, metrics and matrices N is the set of strictly positive integers and Ng =
Nu{0}.

R? denotes the d-dimensional Euclidean space of real numbers. For any « = (X1, ,24q),
y = (y1, -~ ,yq) in R% we denote the inner product by 2y and by | - | the Euclidean
norm i.e.

d d 1
2
xy = g xy; and x| := < E xf)

i=1 =1

R¥" denotes the set of real valued d x m-matrices; I,, denotes the n x n-identity
matrix. For any o € R4 ¢ = (0ij)1<i<n,i<j<d We write the transpose of o as
ol = (0ji)i<j<d,1<i<n € R4 We write the trace operator of an n X n-matrix o as

Tr(o) = > | 0. For a matrices we will use the norm |o| := (Tr(aa—r))l/z.

Definition A.1 (Supremum/Infimum). Given a set S C R, we say that p is the
supremum of S if (i) u > x for each x € S and if (ii) for every € > 0 there exists an
element y € S such that y >y —e. We write p =sup S.

The infimum is defined symmetrically as follows: A is the infimum if (i) A < x for each
x € S and if () for every € > 0 there exists an element y € S such that y < A + «.
We write A = inf S.

Note that supremum is the least upper bound, i.e. the smallest real number greater
than or equal to all the elements of the set S. Infimum is the greatest lower bound, i.e.
the largest number smaller than or equal to all the elements of the set S. It is also
important to note that the infimum (or supremum) do not necessarily have to belong
to the set S.

Functions, derivatives For any set A, the indicator function of A is

La(x)=1ifx € A, otherwisel 4(z) =0if z ¢ A.

We write C*(A) is the space of all real-valued continuous functions on A with con-
tinuous derivatives up to order k € No, A C R”. In particular C°(A) is the space of
real-valued functions on A that are continuous.

For a real-valued function functions f = f(¢,z) defined I x A we write 0, f, 0, f and
Opz; f for 1 <, j < n for its partial derivatives. By D f we denote the gradient vector
of f and by D?f the Hessian matrix of f (whose entries 1 < i,j < d are given by

Oz, f (L, ).

Consider an interval I (and think of I as a time interval I = [0,T] or I = [0,00)).
Then C12(I x A) is the set of real valued functions f = f(t,2) on I x A whose partial
derivatives O f, Or, [ and Op,q, f for 1 <4, j < n exist and are continuous on I x A.

Integration and probability We use (2, F,P) to denote a probability space with
P being the probability measure and F the o-algebra.
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“P-a.s.” denotes “almost surely for the probability measure P” (we often omit the
reference to P). “u-a.e.” denotes “almost everywhere for the measure p”; here
will not be a probability measure. This means is that a statement Z made about
w € Q holds P-a.s. if there is a set £ € F such that P(F) = 0 and Z is true for all
weE =Q\E.

B(U) is the Borel o-algebra generated by the open sets of the topological space U.

E[X] is the expectation of the random variable X with respect to a probability P.
E[X|J] is the conditional expectation of X given G. The variance of the random vari-
able X, possibly vector valued, is denoted by Var(X) = E[(X — E(X))(X —E(X))"].

Since we may define different measures on the same c-algebra we must sometimes
distinguish which measure is used for expectation, conditional expectation or variance.
We thus sometimes write E2[X], E2[X|G] or Var? to show which measure was used.

General analysis definitions and inequalities
Definition A.2 (Convex function). A function f: R — (—o0, 00] is called convex if

Vie0,]Va,yeR  f(Az+(1—=Ny) <Af(z)+ (1= N)f(y).

If a function f is convex then it is differentiable a.e. and (with f denoting its left-
derivative, f’ its right-derivative) and we have

Vi) e qi LW = @) L )~ f(2)
fi(z) = ;\m y—z = y>£ y—a )
! (%) = lim f(y) — f(x) e f(y) — f(x)
J-(@) ?}/‘w y—x y<€ y—x

So, from the expression with infimum we see that,

fly) — f(=)

if then f!(z) <
if y > x then f (z) < -

which implies f(y) > f(z)+ [} (z)(y—z) for y > z.

Moreover, from the expression with supremum we see that!7,

L 1w - 1@

if y < x then [’ (z)
y—z

which implies f(y) > f(x)+f_(z)(y—z) for y < z.

We review a few standard analysis inequalities, some not named and some others
named: Cauchy-Schwarz, Holder, Young and Gronwall’s inequality.

Ve eR x§1+x2
Va,b e R 2ab < a®+b?
VneNVa,beR la+b|" < 2"_1(\a|”+ b]™)

Lemma A.3 (Cauchy—Schwarz inequality). Let H be a Hilbert space with inner
product (-,-) and norm |- |g. If x,y € H then (x,y) < |z|g|y|u-

Example A.4. i) If z,y € R? then zy < |2||y|.

17As y < & we multiply by negative number, flipping the inequality.
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ii) We can check that L?(£2) with inner product given by E[XY] for X, Y € L?(Q)is a
Hilbert space. Hence the Cauchy—Schwarz inequality is E[XY] < (E[X?]) 12 (E[Y?)) 12,

Lemma A.5 (Young’s inequality). Let a,b € R. Then for any ¢ € (0,00) for any
p,q € (1,00) such that 1/p+1/q =1 it holds that

[P 11[b]7
ab<e— + ———.
p € q

The above inequality is not the original Young’s inequality, that is for the choice ¢ = 1.
The one here is the original Young’s inequality with the choice (ab) = (ea)(b/¢).

Lemma A.6 (Gronwall’s lemma / inequality). Let A = A(t) > 0, a = a(t), b = b(t)
and y = y(t) be locally integrable, real valued functions defined on I (with I = [0,T]
or I =0,00)) such that \y is also locally integrable and for almost all t € [0,T]

o0+ alt) < 0) + [ Nouls)ds.
Then
y(t) +a(t) < b(t) + /Ot )\(s)efst AN (p(s) — a(s))ds  for almost all t € 1.
Furthermore, if b is monotone increasing and a is non-negative, then
y(t) +a(t) < b(t)efot A dr - for almost all t € 1.

If the function y in Gronwall’s lemma is continuous then the conclusions hold for all
t € I. For proof see Exercise 1.9.

Some fundamental probability results

(Following the notation established in SAF) we define liminf and lim sup.

Definition A.7 (limsup & liminf). Let (a,)nen be any sequence in R = RU{—o00, 00}

liminf a, := lim lim min{ay,apt1,an+2,...,a,} = infsup ag,
n— 0o n—00 k—o0 N k>n
limsup a, := lim lim max{ay,an4+1,0n+2,--.,ar} = sup inf ai.
n— oo n—00 k—00 n k>n

Clearly lim inf,, ,~ a,, < limsup,,_,., @, and if lim,,_, @y, =: @ exists, then liminf, , a, =
limsup,,_,, an = a. On the other hand, if liminf,, . a, > limsup,,_,. ap, then
lim,, o0 a, = a exists.

Exercise A.8 (limsup and liminf of RV are RV). Show that liminf,, . X, and
lim sup,,_,~, X, are random variables for any sequence of random variables X,,.

Lemma A.9 (Fatou’s lemma). Let (X,,)nen be a sequence of non-negative random
variables. Then

E [hm inf Xn] < liminf E[X,].

n—oo n— o0

Moreover,
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i) If there exists a r.v. Y such that E[|Y]] < 0o and Y < X,, Vn (allows X,, < 0),
then

E [lim inf Xn] < liminf E[X,].

n—o0 n—o0

ii) If there exists a r.v. Y such that E[|Y|] < 0o and Y > X,, Vn, then

E [lim sup Xn] > limsupE [X,,].

n—o0 n—oo

The first part of the above lemma does not require integrability of the sequence of
(Xn)nen due to the use of the Monotone Convergence Theorem in its proof. The
enumerated statements follow as a corollary of the first statement. Of course, a version
of Fatou’s lemma using conditional expectations also exists (simply replace E[-] with
E[F)).

Lemma A.10 (Holder’s inequality). Let (X, X, ) be a measure space (i.e. X is a
set, X a o-algebra and p a measure). Let p,q > 1 be real numbers s.t. 1/p+1/qg=1
orletp=1,4g=o0. Let f € LP(X,u), g € LUX, ). Then

Joialan< ([ |frpdu>’l’< / Iglqdu>;

In particular if p, ¢ are such that 1/p+1/g=1and X € LP(Q), Y € LI(Q2) are random
variables then

E[|XY|] < E[|X[P]E[|Y]*]1.

Lemma A.11 (Minkowski’s inequality or triangle inequality). Let (X, X,u) be a
measure space (i.e. X is a set, X a o-algebra and p a measure). For any p € [1,00]
and f,g € LP(X, )

(frvsen)f =(fora) + (fows)

Lemma A.12 (Jensen’s inequality). Let f be a convez function and X be any random
variable with E[|X|] < co. Then

F(EX]) <E[f(2)].

A.2 Some useful results from stochastic analysis

For convenience we state some results from stochastic analysis. Proofs can be found
for example in Stochastic Analysis for Finance lecture notes, in [15], [2] or [10].

Probability Space

Let us always assume that (Q, F,P) is a fixed probability space. We assume that F is
complete which means that all the subsets of sets with probability zero are included
in 7. We assume there is a filtration (F¢);cjo,r) (Which means Fs C F; C F) such
that Fo contains all the sets of probability zero.
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Stochastic Processes, Martingales

A stochastic process X = (X;):>0 is a collection of random variables X; which take
values in R%,

We will always assume that stochastic processes are measurable. This means that
(w,t) = X (w)¢ taken as a function from Q x [0, 00) to R? is measurable with respect
to o-algebra F ® B([0,00)).!® This product is defined as the o-algebra generated by
sets E x B such that E € F and B € B([0,00)). From Theorem A.35 we then get that

t — Xi(w) is measurable for all w € Q.

We say X is (Ft)i>0 adapted if for all t > 0 we have that X; is F;-measurable.

Definition A.13. Let X be a stochastic process that is adapted to (F;):>0 and such
that for every ¢ > 0 we have E[|X;|] < co. If for every 0 < s < t < T we have

i) E[X:|Fs] > X a.s.then the process is called submartingale.
ii) E[X|Fs] < X5 a.s.then the process is called supermartingale.

iii) E[X¢|Fs] = Xs a.s.then the process is called martingale.

For submartingales we have Doob’s maximal inequality:

Theorem A.14 (Doob’s submartingale inequality). Let X > 0 be an (Fi)icpo,1)-
submartingale and p > 1 be given. Assume E [X%] < 00. Then

p
E| swp X7 < <L> E[X2].
0<t<T p—1

Definition A.15 (Local Martingale). A stochastic process X is called a local mar-
tingale if is there exists a sequence of stopping time (7,,)nen such that 7, < 75,41 and

Tn, — 00 as n — oo and if the stopped process (X (t A 7,))i>0 is a martingale for every
n.

Lemma A.16 (Bounded from below local martingales are supermartingales). Let
(Mt)icjo,m be a local Martingale and assume it is positive or more generally bounded
from below. Then M is a super-martingale.

Proof. The proof makes use of Fatou’s Lemma A.9 above. Since M is a local Mar-
tingale then there exists a sequence of stopping times (7, )nen increasing to infinity
a.s. such that the stopped process M{" := M, is a Martingale. We have then,
using Fatou’s lemma for any 0 < s <t < T
E[M|Fs] = E[lim inf M]*|Fs] < liminf E[M]'|F;] = liminf M = M,
n—oo n—oo

n—oo

and hence M is a supermartingale. O

Exercise A.17 (Submartingale). In view of the previous lemma, is a bounded from
above local martingale a submartingale?

18 If the process is almost surely continuous i.e. if the map [0,00) 3 t — X;(w) € R? is continuous
for almost all w € Q then Q x [0,00) 3 (w,t) — Xw) € R? is a so-called Carathéodory map the
stochastic process will be measurable due to e.g. Aliprantis and Border [1, Lemma 4.51].
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Integration Classes and It6’s Formula

Definition A.18. By H we mean all R-valued and adapted processes g such that for

any T > 0 we have
T
ol = | [ lo.Pas] < .
0

By S we mean all R-valued and adapted processes g such that for any 7" > 0 we have

T
P {/ |lgs|?ds < oo} =1
0

The importance of these two classes is that stochastic integral with respect to W is
defined for all integrands in class & and this stochastic integral is a continous local
martingale. For the class H the stochastic integral with respect to W is a martingale.

Definition A.19. By A we denote R-valued and adapted processes g such that for

any T' > 0 we have
T
P [/ lgs|ds < oo] =1
0

By 14", §4%" we denote processes taking values the space of d x n-matrices such that
each component of the matrix is in H or S respectively. By A% we denote processes
taking values in R? such that each component is in A

It6 processes and It6 Formula

We will need the multi-dimensional version of the Ité’s formula. Let W be an n-
dimensional Wiener martingale with respect to (F);>o. Let ¢ € S™*? and let b € A™.
We say that the d-dimensional process X has the stochastic differential

dXt = bt dt + ¢ th (Al)
for t € 0,7, if
t ¢
X; :X0+/ bsds—i—/ osdW(s).
0 0

Such a process is also called an Ité process.

The It6 formula or chain rule for stochastic processes Before we go into the
main result, let us go over an example from classic analysis. Take three functions,
u=u(t,z), g = g(t) and h = h(t) given by h(t) := u(t,g(t)). Let us compute %h(t).
Since h is given as a composition of functions, we use here is the standard chain for
functions of several variables (this takes into account that the variation of h arising

from changes in ¢t comes from the variation of ¢ and also from the first component in
u). Thus we have

%h(t) = (0pu) (t, g(t)) + (Ozu) (t,g(t))%g(t)-

We want to see the contrast with It6 formula, which has to be written in integral form
(since W has almost everywhere non-differentiable paths). To that end, we integrate

/O%h(s)ds:/o (atu)(s,g(s))ds+/0 (axu)(s,g(s))%g(s)ds
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and use the Fundamental theorem of calculus

t t
h(t) — h(0) = /0 (Ou) (s, 9(s)) ds + /0 (0zu) (s, 9(s)) dg(s)
which can be written in the differential notation as

dh(t) = 0, f (t, g(t)) dt + 05 f (t, g(t)) dg(t). (A.2)

Compare (A.2) with (A.3) below. You see a fundamental difference: the second deriv-
ative term! It appears there exactly because the Wiener process has non-differentiable
paths and hence a correction to (A.2) is needed.

We have then the following important result.

Theorem A.20 (Multi-dimensional It6 formula). Let X be a m-dimensional Ité pro-
cess given by (A.1). Let u € CY2([0,T] x R™). Then the process given by u(t, X;) has
the stochastic differential

d
du(t, Xt) — 8tu(t, Xt) dt + Z &rzu(t, Xt) dXZ
i=1

d
1 ¥he.
+5 D Onyu(t, Xo) dX] dX],
i.j=1

where fori,j=1,...,m

dtdt = dtdW; =0, dWjdW] = &;; dt.

We now consider a very useful special case. Let X and Y be R-valued It6 processes.
We will apply to above theorem with f(z,y) = xy. Then 0,f =y, 0yf =z, Opaf =
Oyyf = 0 and Opyf = Oyaf = 1. Hence from the multi-dimensional Itd formula we
have

1 1
df (X4, Yy) = Y, dX, + X, dY; + 5 AYidX; + 5 dX, Y.
Hence we have the following corollary

Corollary A.21 (It6’s product rule). Let X and Y be R-valued Ité processes. Then

d(XyY;) = Xy dYy 4+ Yy dX;y + dX, dY.

Martingale Representation Formula and Girsanov’s theorem

Theorem A.22 (Lévy characterization). Let (Fi)iejo,r) be a filtration. Let X =
(Xt)tep,1) be a continuous m-dimensional local martingale with respect to (Ft)ic(o,1)

such that Xo = 0 and dX] ng = 0;;dt fori,j = 1,...,d. Then X is a Wiener
martingale with respect to (F)ieo,1]-

So essentially any continuous local martingale with the right quadratic variation is a
Wiener process.
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Theorem A.23 (Girsanov). Let (Fi)ejo,r) be a filtration. Let W = (Wy)icpo,r) be a
d-dimensional Wiener martingale with respect to (Fi)cjo,m)- Let o = (pt)iepo,r] be a
d-dimensional process adapted to (Fi)iejo,r) such that

T
E[/ |<,03|2d5] < o0.
0

t t
I, exp{_/ %TdW(s)—%/ ycpSst} (A4)
0 0

and assume that E[Lt] = 1. Let Q be a new measure on Fr given by the Radon-
Nikodym derivative dQ = L(T)dP. Then

Let

¢
W= Wt—l—/ psds
0
is a Q- Wiener martingale.
We don’t give proof but only make some useful observations.

1. Clearly Ly = 1.

2. The Novikov condition is a useful way of establishing that E[Ly] = 1: if
B[ o] < o
then L is a martingale (and hence E[Lr]| = E[Lg] = 1).

3. Applying It6’s formula to f(x) = exp(z) and
1
dXy = —p, dW; — §\g0t|2dt

yields
dL; = —Lyp] dW;.

Theorem A.24 (Martingale representation). Let W = (Wy),cpo,1] be a d-dimensional
Wiener martingale and let (Fi);cio,m) be generated by W. Let M = (My)ejo,r) be a
continuous real valued martingale with respect to (Ft)ie[o,1)-

Then there exists unique adapted d-dimensional process h = (ht)te[o,T] such that for
t €10, 7] we have

d ot
M, = M0+Z/ B AW
i=1 70
If the martingale M is square integrable then h is in H.

Essentially what the theorem is saying is that we can write continuous martingales
as stochastic integrals with respect to some process as long as they’re adapted to the
filtration generated by the process.

Theorem A.25 (Kolmogorov continuity criteria). Let (X¢)e(o,m) be a stochastic pro-
cess taking values in a separable Banach space (E,|| - ||) such that for some C > 0,
a >0, 8> 1 we have that t,s € [0,T] it holds that

E||X; — X,||° < CJt — s[>,
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Then there is a version of X such that for any 6 € (0,a/B) and for almost all w € 2
there is a random variable ¢ = c¢(w)sr such that

[Xe(w) = Xs(w)] < e(w)lt — s

That is, the sample paths are §-Hélder continuous.

A.2.1 PDEs and Feynman—Kac Formula

(This section can be traced back to either [15] or SAF notes (Section 16).)

In the case of deterministic maps b and o in (3.1), the so-called diffusion SDFE, we can
give the following definition of Infinitesimal generator.

Definition A.26 (Infinitesimal generator (associated to an SDE)). Let b and o be de-
terministic functions in (3.1). For all ¢ € [0, T, the following second order differential
operator L is called the infinitesimal generator associated to the diffusion (3.1),

Lo(t,z) = b(t,x)Dp(t,x) + %Tr(aaTchp)(t,x), o € C%2%([0,T] x R™).

Although the above definition does seems weird and unfamiliar, the operator £ appears
every time one uses the It6 formula to ¢(t, X;) where the process (Xi)icpo,r) is the
solution to (3.1).

Exercise A.27. Let (Xt);c(0,7] be the solution to (3.1).
Show that for p € C12([0,T] x R), we have

do(t, Xy) = (Orp + L) (t, Xy) dt + (0p00) (8, Xy) dWr.
It is possible to see that expectations of functions of stochastic process satisfy certain

PDEs.

Exercise A.28. For any (¢,x) € [0,T] x R, define the stochastic process (X£7$>Se[t7T]
as
Xg’le‘—l—Ws—Wt.

Let Eb*[.] := E[- | X; = z]. Define a function v = v(t, x) as

o(t,z) =E""[g(Xr)]  V(t,z)€[0,T) xR.

Assume that v € C12([0,T') xR) and that (9,v(s, X))
that

s€lt,T) € L2([O7T] XQ§R)- Show

1
o + iamv =0 on [0,T) xR,
v(T,-) =g on R.
Hints:

i) Apply Ito formula to the function v and process X%* between t and some 7 >t
a stopping time.
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ii) Use the Markov and flow properties to show that (v(s,Xﬁ’J”))se[t,T] is a mar-
tingale. Use fact that the stochastic integral is a martingale (the condition
(8zv(s,Xs))se[t7T] € L%([0,T] x R) ensures stochastic integral is a martingale).
Conclude that the “ds” integral terms from the It6 formula must be 0.

iii) Convince yourself that the PDE must hold; you can use the conclusion of Exer-
cise 4.9.

Solution (to Exercise A.28). First we trivially observe that v(T, z) = E[g(X7)| X1 =
x] = g(z) and so the terminal conditon holds. It remains to verify the PDE holds.

Let us treat (t,z) as fixed and we omit it from notation for a moment. We have
dXs = dWy and with It6 formula we get

1
dv(s, Xs) = Opw(s, Xs) ds + 0,v(s, Xg) dXs + §8MU(S,XS) dX.dX,
1
- (at n §am)v(s,xs) ds + Dyv(s, Xs) AW .

Integrating from ¢ to an arbitrary stopping time 7 > t we get
T 1 T
v(r, XE%) —v(t,x) = / <8t + 5GM)U(S,X;’:"’) ds +/ 0,v(s, Xs) dWs.
t t

Next we show that (v(s, Xﬁ’x))se[t’T] is a martingale. Take s > s’ > ¢ and observe that

t,x
s\ X

E[v(s, X%)|Fy] = E[o(s, X07)| X" = v(s, Xs 77 ) = v(s, X;%)

where the first equality holds by Markov property, second equality is just what the con-
ditional expectation is while third equality is the flow property. Thus (v(s, X)) s€[tT]
is a martingale.

t,x
We note that v(r, X4*) = E[g(X;’X’ )} = E[g(Xf,,m)] = v(t,x) again due to the flow
property. Hence

0=ov(r,X"") —v(t,z) = / (8,5 + %@Cx)v(s,X;’x) ds + / Ogv(s, Xs) dWs.
t t

Moreover, since we're assuming (9,v(s, Xs))se[t 1) € L?([0,T] x R) we know that the

stochastic integral is a martingale i.e. almost surely
T 1
0 :/ (0 + 05z ) v, X17) ds
t

with 7 > ¢ an arbitrary stopping time. This can only be true if d;v + %&mv = 0, which
we prove in Exercise 4.9.

It is possible, for certain classes of SDE and differential equations, to write the solution
to a PDE as an expectation of (a function of) the solution to the SDE associated to
the differential operator appearing in the PDE; it is not surprising that the PDE
differential operator must be the infinitesimal generator. That is the core message of
the next result.
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Theorem A.29 (Feynman-Kac formula in 1-dim). Assume that the function v :
[0,T] x R — R belongs to C*2([0,T) x R) N C°([0,T] x R) and is a solution to the
following boundary value problem

O (t,x) + b(t, x)0v(t, z) + %02(25, x)Opzv(t, ) — ro(t,x) = 0, (A.5)
(T, z) = h(x), (A.6)

where b and o are deterministic functions.

For any (t,x) € [0,T] x R, define the stochastic process (Xs)secp,) as the solution to
the SDE

dXs =b(s,Xs)ds + o(s, Xs)dWs, Vselt,T], X =uw. (A.7)
Assume that the stochastic process (e""sa(s,Xs)axv(s,XS))SG[t 7 € L%([0,T] x R).

Then the solution v of (A.5)-(A.6) can be expressed as (with B .[-] = E[-| X} = z])

o(t,z) = e TR [(Xr)]  V(tz) €[0,T xR

Proof. The proof is rather straightforward and is based on a direct application of 1t6’s
formula.

Define the process (Ys)ep, 17 as Ys = e "v(s, Xs) where X is given by (A.7). Applying
[t6’s formula to Y, i.e. computing dY; gives

dYs = d(e_rsv(s,Xs))
= (—r)e "vds+e "0vds+ e PO vdXs + %e‘” 20 dXS,)2
=e " —rv+ 0w + byv + %JQOMU} ds + e " [0dyv] dW,

where the v function is evaluated in point (s, X). Using the equality given by (A.5)
we see that the ds term disappears completely leaving

dY, = d<e*”v(s,Xs)) = e[ o(s, Xo)0pv(s, X5) | dW..

Integrating both sides from s =t to s = T gives

[e " u(s, XS)} =

s=t

T
:/ e "o (u, Xy)0pv(u, Xy) dW,
t
T
e "t Xy) = e "Tu(T, X7) — / e "o (u, Xy)0zv(u, Xyy) dWy,
t
T
s ot, X)) = e "TDy(T, X7) — / e g (u, Xy)Dpv(u, Xy) AW,
t

Taking expectations E(; ,[-] on both sides (recall that the process X starts at time ¢
in position x; this is the meaning of the subscript (¢, x) in the expectation sign),

o(t, Xy) = e "TIE, L [o(T, X7)] = e "TIE, , [M(X7)],

where the expectation of the stochastic integral disappears due to the properties of
the stochastic integral, since by assumption we have (e""sa(s, Xs)0pv(s, Xs))se[t 7 €

L?([0,T] x R). 0
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Exercise A.30 (Two extensions of the Feynman-Kac formula). a) Redo the previous
proof when the constant r is replaced by a function r : [0,7] x R — R; assume 7 to
be bounded and continuous. Hint instead of e~"%, use exp{— [;’ r(u, X,,) du}.

b) Redo the previous proof when the PDE (A.5) is equal to some f(¢,x) instead of
being equal to zero.

A.2.2 Fokker—Planck—Kolmogorov equation
Let us fix a reference probability space (2, F,P). Let B(R%) denote the set of all

R-valued, bounded measurable functions on R?. Let P(R?) denote the set of all
probability measures on R%. For any u € P(RY) and any ¢ € B(R?) let

1.0 = | olan(da).

Recall that if ¢ : Q — R? then Law(¢) € P(R?) is given by Law(¢)(B) = P(¢ € B) for
all B € B(R?). Note that for any ¢ € B(R?) we have

(Law(©).0) = [ o()Law()(do) = EIG(6)]
Let us introduce L : CZ(R?) — B(RY) as
Lp:=b-Vo+ %tr[aaTVng] , (A.8)

where V¢ is the gradient vector of all the first order partial derivatives of ¢ and V?¢
is the Hessian matrix of all the second order partial derivatives of ¢.

Theorem A.31. Assume that there is K such that |b(x)| + |o(z)] < K(1+ |z|). Let
X be a solution to

t t
X; = §—|—/ b(Xs)ds +/ o(Xs)dWy, tel, & a given Ri-valued r.v.  (A.9)
0 0

on I such that for any T > 0 there is Cp > 0 so that sup;<7 E|X¢|* < C7E[¢|?. Let
vp = Law(Xy). Then v is a solution to

t
(v, &) = (0, 6) + /0 (v, Lé) ds V6 € CR(RY), te 1. (A.10)

Proof. Let us fix t € I. Let us apply Itd’s formula to the process X and the function
¢. We get

o) = 0(%0) + | Tb(XL) - Vo(X,) ds+ / (VX)) To(X.) W,

o [ S o) TV,

— oo+ [ (L)X, ds + [ oot aw,.

Due to our assumptions

t t
E/ lo(X,)|?ds < IE/ K21+ |X;])?ds < 2Kt + 2K %t sup B| X |* < o0
0 0

s<t
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and so the stochastic integral above is a martingale. Thus taking expectation we get

E[6(X,)] = E[6(Xo)] + /0 E[(Lé)(X,)] ds

Since v = Law(X;) we get

t
:6) = (0,9) + [ (v L6) ds
0
Noting that t € I and ¢ € CZ(R?) were arbitrary concludes the proof. O

We give the following result without proof.

Theorem A.32. Assume that there is K > 0 such that for alli, j we have [0y, bi| 00 may <

K and |03,0z;a; 5| oo (ray < K. Show that if v is a measure valued solution to (A.10)

such that there is ug € L*(R%) and ug(z)dx = vo(dx) then there is u : R4 x I — R
such that u(t,z) dx = vi(dz) and for any t' > 0 we have u € L>®(0,t'; L*(R%)).

It is further possible to show that (under further assumptions) this density has more
regularity (e.g. by showing it belongs to appropriate Sobolev space and then using
Sobolev embedding [5, Ch. 7]). We won’t do that here but just note that in that case
the FPKE equation has a classical solution.

Alternatively it is possible to develop a strong solution theory for these equations
using what is sometimes referred to as the “paramterix” method, see [6]; in fact the
book covers both forward and backward equations.

Corollary A.33. Let v = (v)ier be as in Theorem A.31. If there exists u € C*'(R% x
I) such that u(t,-) is the density of vy w.r.t. the Lebesgue measure (i.e. we have
vi(dx) = u(x,t)dx) for every t € I\ {0} then u solves

O = L*u on RY x (I'\{0}),

where

Ly =V (—¢b+%v- (007 )).

Proof. In this proof all integrals without explicitly specified domain of integration are
over R? and all summation indices run from 1 to d. From Theorem A.31 we get

/u(t,-)qbd:v:/ qbda:+// JLpdx .

From integration by parts (noting ¢ has compact support) we get

/u(s, )b-Vodr = —/V - (u(s,-)b) ¢ dx

and

/ ( )tr[UUTV2 dr = Z/ Uzjamlazj¢d-%'
= Z 0,0z, [oiju(s, )| pda = [ VV - [oi5u(s, )] ¢ dx.
i / " / ’

Hence for all ¢ € C2(RY) we have

/u(t,~)¢d:)::/ ¢dm+/ /L* Vo dz .

From this and differentiablity in time of u the conclusion follows. O
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A.3 Other useful results

The aim of this section is to collect, mostly without proofs, results that are needed
or useful for this course but that cannot be covered in the lectures i.e. prerequisites.
You are expected to be able to use the results given here.

A.3.1 Linear Algebra

The inverse of a square real matrix A exists if and only if det(A4) # 0.

The inverse of square real matricies A and B exists if and only if the inverse of AB
exists and moreover (AB)~! = B~1A~L.

The inverse of a square real matrix A exists if and only if the inverse of A” exists and
(AT)—I — (A—I)T.

If 2 is a vector in R? then diag(z) denotes the matrix in R%*? with the entries of =
on its diagonal and zeros everywhere else. The inverse of diag(x) exists if and only if
x; # 0 for all i =1,...,d and moreover

diag(x) ™! = diag(1/z1,1/z,...,1/24).

A.3.2 Real Analysis and Measure Theory

Let (X, X, 1) be a measure space (i.e. X is a set, X a o-algebra and p a measure).

Lemma A.34 (Fatou’s Lemma). Let fi, fa,... be a sequence of non-negative and
measurable functions. Then the function defined point-wise as

f(z) ;= liminf fi(x)

k—oo

is X -measurable and
/ fdu < liminf/ frdu.
X k—o0 X

Consider sets X and Y with o-algebras X and ). By X x )Y we denote the collection
of sets C = A x B where A € X and B € ). By XY ® Y = o(X x )), which is the
o-algebra generated by X x ).

Theorem A.35. Let f : X xY — R be a measurable function, i.e. measurable
with respect to the o-algebras X ® Y and B(R). Then for each x € X the function
y — f(x,y) is measurable with respecto to Y and B(R). Similarly for each y € Y the
function x — f(z,y) is measurable with respecto to X and B(R).

The proof is short and so it’s easiest to just include it here.
Proof. We first consider functions of the form f = 1o with C € X ® ). Let

H={CeXRY:y~— lc(x,y) is F — measurable for each fixed z € E}.

It is easy to check that H is a g-algebra. Moreover if C' = A x B with A € X and
B € ) then

y = lo(z,y) = La(x)lp(y).
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As x is fixed 1 4(x) is just a constant and since B € ) the function y — 1 4(z)15(y)
must be measurable. Hence X x Y C ‘H and thus Y@ Y CH. But H C X ® Y and so
H=X®Y. Hence if f is a simple function then the conclusion of the theorem holds.

Now consider f > 0 and let f,, be a sequence of simple functions increasing to f. Then
for a fixed x the function y — ¢, (y) = fn(z,y) is measurable. Moreover since g(y) =
lim,, 00 gn(y) = f(z,y) and since the limit of measurable functions is measurable
we get the result for f > 0. For general f = f* — f~ the result follows using the
result for f© > 0, f~ > 0 and noting that the difference of measurable functions is
measurable. O

Consider measure spaces (X, X, 12), (Y, Y, 1y). That is, X and Y are sets, X and Y
are o-algebras and p, and p, are measures on X and ) respectively. For all details
on Fubini’s Theorem we refer to Kolmogorov and Fomin [13].

Theorem A.36 (Fubini). Let j1 be the Lebesque extension of p, @ . Let A€ X @Y.
and let f : A — R be a measurable function (considering B(R), the Borel o-algebra on
R). If f is integrable i.e. if

/ (@, y)ldp < oo
A

/Af(w,y)du = /X [/A f(w,y)duy] dps :/y [/AJ f(wvy)dux] dpuy,

where Ay =={y €Y : (z,y) € A} and A, :={zx € X : (z,y) € A}.

then

Remark A.37. The conclusion of Fubini’s theorem implies that for p,-almost all
x the integral [ A, f(z,y)dpy exists which in turn implies that the function f(z,) :
A; — R must be measurable. This statement also holds if we exchange x for y.

A.3.3 Conditional Expectation

Let (2, F,P) be given.

Theorem A.38. Let X be an integrable, F-measurable, random variable. If G C F
s a o-algebra then there exists a unique G measurable random variable Y such that

VG e g /XdIP’:/Y/dIP’.
G G

The proof can be found in xxxx xxxx but an outline is as follows. Let us write L?(G)

for the space of all G-measurable r.v.s Y such that ||Y||2 := (E[\Y\Q])l/z < 00. Then
we have the following:

Lemma A.39. Let G C F be a sub-o-algebra and let X € L*(F). Leta = infyerz2g) | X—
Y|l2. Then there exists Y € L*(G) such that | X —Y ||z = a.

Proof. xxxx XxXX O

Corollary A.40 (Orthogonal projection). Let G C F be a sub-o-algebra and let
X € L2(F). LetY be given by Lemma A.39. Then for all Z € L*(G) we have

E[(X -Y)Z] =0.
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Proof. Let a be also given by Lemma A.39. Fix Z € L?(G). If Z = 0 a.s. then the
conclusion is true so we can assume that Z # 0 a.s. Then for any ¢ € R we have

o’ <X = (Y +2)|3 = IX = V|3 - 2l(X = V)eZ[3 + |23
=ao? - 2E[(X - Y)Z] + t*E[Z?].

Since this must hold for all £ € R it must also hold for the one minimizing the right
hand side. Thus we must have

s (E[(x -1)7])
- E[Z?]

But this can only be true if E[(X —Y)Z] = 0. O

Now take G € G and apply Corollary A.40 with Z = 1. Then

E[X1g] = E[Y1g].
This proves Theorem A.38 for X € L?(F). This can be extended to X € L'(F) by
approximation (consider X > 0 first and take X, = X An € L?(F).

Definition A.41. Let X be an integrable random variable. If G C F is a o-algebra
then G-measurable random variable from Theorem A.38 is called the conditional ezx-
pectation of X given G and write E(X|G) :=Y.

Conditional expectations are rather abstract notion so two examples might help.

Example A.42. Consider G := {),Q}. So G is just the trivial o-algebra.

First note that any random variable Z measurable w.r.t. G must be a constant. Indeed
if Z is G-measurable and non-constant, then it assumes at least two values ¢; and c».
The set Z~1({c1}) must be in G (as {c1} is a closed set) but this set is non-empty (as
c1 is a value of Z) and not € (as the points w where Z assumes the value ¢y are not
in it). So this set cannot be in G leading to a contradiction.

For a random variable X we then have, by definition, that Z is the conditional ex-
pectation (denoted E[X|G]), if and only if

/Zd]P’:/Xd]P.
Q Q

The right hand side of the above expression is in fact just EX and so the equality
would be satisfied if we set Z = EX (just a constant). Indeed then (going right to

left)
EX:/Xd]P’Z/ZdP:/EXdP:EX/dIP’:EX.
Q Q Q Q

Example A.43. Let X ~ N(0,1). Let G = {0,{X < 0},{X > 0},9Q}. One can (and
should) check that this is a o-algebra. By definition the conditional expectation is a
unique random variable that satisfies

/Q (x>0 ZdP = /Q 1x-0) X dP,

/ZdIP:/XdIP.
Q Q
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It is a matter of integrating with respect to normal density to find out that

0 1 /2 1 /2
| toegxa = [ aowis - 5[; - ]I{XSO}XdIP’——§\/;. (A12)

Since Z must be G measurable it can only take two values:

g s on {X >0},
| 22 on {X <0},

for some real constants z; and 23 to be yet determined. But (A.11) and (A.12) taken
together imply that

1 /2 )
5\/; = /Q]l{X>O}ZdP = /Q]I{X>O}Zldp = zl]P’(X > 0) — 521.

Hence z; = /2/m. Similarly we calculate that zo = —y/2/7. Finally we check that
the third equation in (A.11) holds. Thus

E[X|0] = 7 — \/g on {X >0},
on {X <0}.

N

Here are some further important properties of conditional expectations which we
present without proof.

Theorem A.44 (Properties of conditional expectations). Let X and Y be random
variables. Let G be a sub-o-algebra of F.

~

I G ={0,Q} then E(X|G) = EX.
2. If X =x a. s. for some constant v € R then E(X|G) =z a.s..
3. For any o, € R
E(aX + BY]9) = aE(X|G) + BE(Y|G).
This is called linearity.
4. If X <Y almost surely then E(X|G) < E(Y|G)a.s. .
5. [E(X]9)] <E(|X]|9)-

6. If X, = X a. s. and |X,| < Z for some integrable Z then E(X,|G) — E(X|G)
a. s. . This is the “dominated convergence theorem for conditional expectation”.

7. If Y is G measurable then E(XY|G) = YE(X|G).
8. Let H be a sub-c-algebra of G. Then
E(X[H) = E(E(X|G)|H).
This is called the tower property. A special case is EX = E(E(X|G)).

9. If o(X) is independent of G then E(X|G) = EX.

112



Example A.45. Let X and Z be F-measurable, integrable and independent. Let
Y = f(X)+9(2)

for some deterministic functions f and g s.t. E[|f(X)|] + E[|g(Z)|] < co. We would
like to calculate E[Y|X] = E[Y|o(X)]. Clearly

ElY|X] =E[f(X) + ¢(2)|X] = f(X) + E[g(2)],
due to points 7. and 9. of Theorem A.44.

Definition A.46. Let X and Y be two random variables. The conditional expecta-
tion of X given Y is defined as E(X|Y) := E(X|o(Y)), that is, it is the conditional
expectation of X given the o-algebra generated by Y.

Definition A.47. Let X a random variables and A € F an event. The conditional
expectation of X given A is defined as E(X|A) := E(X|o(A)). This means it is the
conditional expectation of X given the sigma algebra generated by A i.e. E(X|A) :=
E(X[{0, A, A, Q}).

We can immediately see that E(X|A) = E(X|14).

Recall that if X and Y are jointly continuous random variables with joint density
(z,y) + f(x,y) then for any measurable function p : R? — R such that E|[p(X,Y)| <
oo we have

Ep(x.Y) = [ [ )ty

Moreover the marginal density of X is

g(x) = /Rf(ﬂf,y)dy

while the marginal density of Y is

h(y) = /Rf(fv,y)dw-

Theorem A.48. Let X and Y be jointly continuous random wvariables with joint
density (z,y) — f(xz,y). Then for any measurable function ¢ : R — R such that
Elo(Y)| < oo the conditional expectation of p(Y') given X is

E(p(Y)|X) = ¢(X)
where ¥ : R — R is given by

(@) = Lig)=0} Je SO(ZJ;{QSL‘

Proof. Every A in o(X) must be of the form A = {w € Q: X(w) € B} for some B in
B(R). We need to show that for any such A

/A (X)dP = /A o(Y)dP.

,y)dy
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But since E|p(Y)| < oo we can use Fubini’s theorem to show that

/ B(X)dP = ELy(X) = B (xepy(X) = / b(2)g(a)dz
A B

_ /B /R () f (. y)dyda = /R /R 15(2)0(y) f (2, y)dady
= El{xepye(Y) :/Acp(Y)dIP

O

Let on (£2, F) be a measurable space. Recall that we say that a measure Q is absolutely
continuous with respect to a measure P if P(E) = 0 implies that Q(F) = 0. We write
Q<< P

Proposition A.49. Take two probability measures P and Q such that Q << P with
dQ = AdP.

Let G be a sub-o-algebra of F. Then Q almost surely E[A|G] > 0. Moreover for any
F-random variable X we have

EQ[X|G] = %. (A.13)

Proof. Let S := {w : E[A|G](w) = 0}. Then S € G and so by definition of conditional
expectation

Q(S):/Sd(@z/SAle’z/SIE[A]g]dIP’z/SOdIP’zo.

Thus Q-a.s. we have E[A|G](w) > 0.

To prove the second claim assume first that X > 0. We note that by definition of
conditional expectation, for all G € G:

/GIE[XA\Q]dIP’:/GXAdIP’:/GXdQ:/GIEQ[X\g]dQ:/GE@[X\Q]AdP.

Now we use the definition of conditional expectation to take another conditional ex-
pectation with respect to G. Since G € G:

/ EQ[X|G|AdP = / E [E@[Xyg]/\\g} dP,
G G
But EQ[X|G] is G-measurable and so
/ E [E@[Xyg]Ayg] dP = / EQ[X|G|E [A|G] dP.
G G
Thus, since in particular Q € G, we get
/ E[XA|G]dP = / EQ[X|G)E [A|G] dP.
Q Q

Since X > 0 (and A > 0) this means that P-a.s. and hence Q-a.s. we have (A.13).

E[XA|G] = EX[X|G]E [A|G].
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For a general X write X = X* — X~ where X* = Tx>03X > 0 and X~ =
—]l{X<0}X > 0. Then
E[XTA|G] E[X AlG] E[XT—-XAlG]

EQ X+ — X~|G] = EAG] | ERAG E[A|G]

A.3.4 Multivariate normal distribution

There are a number of ways how to define a multivariate normal distribution. See
e.g. [7, Chapter 5] for a more definite treatment. We will define a multivariate normal
distribution as follows. Let 1 € R? be given and let ¥ be a given symmetric, invertible,
positive definite dx d matrix (it is also possible to consider positive semi-definite matrix
Y but for simplicity we ignore that situation here).

A matrix is positive definite if, for any & € R? such that  # 0, the inequality

z7¥x > 0 holds. From linear algebra we know that this is equivalent to:

1. The eigenvalues of the matrix ¥ are all positive.

2. There is a unique (up to multiplication by —1) matrix B such that BBT =%,

Let B be a d x k matrix such that BBT = X..

Let (X;)%_, be independent random variables with N(0,1) distribution. Let X =
(X1,...,X4g)T and Z := pu+ BX. We then say Z ~ N(i,%) and call ¥ the covariance
matrix of Z.

Exercise A.50. Show that Cov(Z;,Z;) = E((Z; — EZ;)(Z; — EZ;)) = ;5. This
justifies the name “covariance matrix” for .
It is possible to show that the density function of N(u,) is

1
(2m)/2, /det (%)

f) = o (-0 @) ()

Note that if ¥ is symmetric and invertible then =1 is also symmetric.

Exercise A.51. You will show that Z = BX defined above has the density f given
by (A.14) if u = 0.

i) Show that the characteristic function of Y ~ N(0, 1) is t ++ exp(—t2/2). In other
words, show that E(e®) = exp(—t2/2). Hint. complete the squares.

ii) Show that the characteristic function of a random variable Y with density f given
by (A.14) is

E (ei(zflﬁ)TY) = exp <—1€TE_1§> .
2
By taking y = X ~'¢ conclude that

, 1
E (eZyTY> = exp <—§yTZ_1y> .

Hint. use a similar trick to completing squares. You can use the fact that since
¥~ 1 is symmetric 7Yy = (271 .
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iii) Recall that two distributions are identiacal if and only if their characteristic func-
tions are identical. Compute E (einZ> for Z = BX and X = (X1,...,Xy)" with

(X;)%_; independent random variables such that X; ~ N(0,1). Hence conclude
that Z has density given by (A.14) with pu = 0.

You can now also try to show that all this works with p # 0.

A.3.5 Stochastic Analysis Details

The aim of this section is to collect technical details in stochastic analysis needed to
make the main part of the notes correct but perhaps too technical to be of interest to
many readers.

Definition A.52. We say that a process X is called progressively measurable if the
function (w,t) — X (w,t) is measurable with respect to F; @ B([0,t]) for all ¢ € [0,T].

We will use Prog, to denote the o-algebra generated by all the progressively measur-
able processes on 2 x [0, 7.

If X is progressively measurable then the processes ( fg X (5)ds> o0 and (X (t A
te(o,

7))telo,7] are adapted (provided the paths of X are Lebesgue integrable and provided
7 is a stopping time). The important thing for us is that any left (or right) continuous
adapted process is progressively measurable.

A.3.6 More Exercises

Exercise A.53. Say g : R — R is bounded, measurable with compact support and
W = (Wi)iepo,r) is @ Wiener process.

i) Show that if X,Y € H then

E/OTXs}st:E[(/OTXSdWS></0TstWs>].

ii) Assume that u € C’;’Q([O, T) xR), so u, dyu, d,u, Au are continuous and bounded,
satisfies

1
Oru + iAu =0 on [0,7) xR
u(T,)=g¢g on R.
Show that T
Apu(t,z) = E[w/ dWS] )
T—t J

iii) Hence calculate
E[g(Wr)Wr].
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A.4 Solutions to the exercises

Solution (to Exercise A.53). i) Due to It6’s isometry we have

ii)

iii)

E[[)Txfds+2/0szysds+/oTdes} :E[AT(XS+YS)2ds}
o[ (f[exsaam)]
([ v ) ([ ) ([ )]

Due to Ito’s isometry again we have E[( fOT X dWS)z] =E| fOT X? ds] and similar identity with
Y. Hence, cancelling equal terms above, we get

]E{2/OTXSYSds} :IE{Q(/OTXSdWs)</OTYSdWS)}.

Due to It6’s formula applied to u and the process X:® = x + W._; we have for any t <t < T
that

T
u(T, X5%) = u(t', X};") + / [(%u—l— Au](s X" ds+/ zu(s, X0T) dW
(A.15)
u(t’, X“7 8,cu (s, X:")d

t!

Since the derivative is bounded the stochastic integral is a martingale and so

Eu(T, X5*) = Bu(t',z5"), t<t' <T.

PRt 4
Hence u(t, =) = E[g(X%")] and moreover
duu(t,z) = O.Bu(T, X3*) = 0, Eu(t', X};7), t <t' <T.

So 0,Eu(t', X;") is constant in ¢’ € [t,T]. Hence (assuming we can interchage derivative and
expectation) we have

T
Voult,z) = ﬁ E[(@u) (¢, X570, X57] dt'
t

But here atht;z = Oy [:L' + Wt,S] = 1. Then, due to part i), we get

Voult,z) = %E{(/tT(é)zu)(t’,Xf;z)th/> (/tTth,)] .

From (A.15) we then get

Vaou(t,z) = T%]E[(u(T, X77) — u(t,x)) (/tT 1th/>}

:E{ u(T, X4)

" (WT—Wt)].

We see that
E[g(WT)WT] = Td,u(0,0)
and that u(0,z) = ]E[g(m + WT)] We know that  + Wr ~ N(z,T) and so

1 |z—y|?

0,2) = W dy.
u(0.3) = [ gl ay

Differentiating we get

2

9yu(0, 7) = —/Rg(y)%\/%e*‘?f% dy = —%U(O,x).

So finally
lE[g(WT)WT] = T0,u(0,0) = 0.
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