Notes on Dynamic Portfolio Choice (based on Back’s textbook)
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1 Stochastic Discount Factor Process

Some preliminaries

Definition 1 (Stochastic Discount Factor Process). For a discrete time dynamic problem, the sequence of
random variables My, Mo, ... is called a stochastic discount factor process if

1. M, depends only on date—t information (often this is called F;-measurable where JF; — filtration at time t)

2. For alli and t
M Py = E[My+1(P; 141 + Dit))

Definition 2 (Self-Financing Wealth Process). Given a portfolio process w such that w'c = 1 the process defined

by
Wt+1 =W (wlRt+1)

starting from Wy > 0 is called a self-financing wealth process
Self-Financing Wealth Process is a particular case of the intertemporal budget constraint
Wis1 =Yg + (Wi = C)(w'Ryya)
where Y11 =C; =0
Definition 3 (Martingale Property). A stochastic process {X} is said to be a martingale if for all t
Xp = Ey[Xi41]

This is an important concept in finance since it defines a notion of fair game. If a gamble is a fair game you
don’t expect your wealth to go up or down. This is not directly applicable to asset markets since it goes up on
average. However, under a proper normalization wealth is going to be a martingale. Thus for any self-financing
wealth process we have

MWy = E[My 11 W]

This follows from the definition of stochastic discount factor process in return form

My = E[Myy1R; 141]



stack these equations for all ¢ to get
My = E[My41 Ry41]

and multiply both sides by w’ and by W;

MtWt (w/L> = Et [MtJrl Wt(w/Rt+1)] — MtWt = Et [MtJrl Wt+1]
Valuation over Finite Horizons Using the definition of self-financing wealth process and iterating it forward

M, M, M,y M, M
Wy = E; [ ]\t/;l Wt+1} =E,; [ ]\2-+1]Et+1 [Mt 2Wt+2:|:| =E,; [ J\?Q Wt+2:| =---=E |:TWT:|
t t+2

for all T > t. This shows that the cost of getting Wy at time T is given by W;.
For non-self financing wealth processes this is a little bit more complicated and needs to be proven by

induction .
Ms MT
W, + Z E, { ] =Y E {Mtcs} +Eq {MtWT]
s=t+1 s=t+1

First note that it holds for ¢ = T as we left with only W; = Wyp. Next, suppose that it is true for ¢ =
T4+ 1,7+ 2,...,T and let’s prove that it is true for t = 7. Multiply the intertemporal budget constraint by
M+, and take expectations at time ¢:

Wt+1 = Yt+1 + (Wt - Ct)(w/RtJrl) — Et[Mt+1Wt+ﬂ = Et[Mt+1Yi+1] + (Wt - Ct)w/Et[Mt+1Rt+1]
Use the definition of SDF process to substitute E;[My11Riyr1] = My
E¢[My41Wig1] = E¢[My41Yia] + (Wi — Cr)w' My

B (M1 Wiga] = E[My 11 Y] + (Wi — Cp) M,
Use the conjectured solution at time 7 + 1 (premultiply it by M, 1)

M Wyt + Z Er 1 [MY] Z Ery1 [MCs] +Eppq [MrWr]

s=T17+2 s=17+2
T T
Mg Wey = — Z Erp1 [M,YS] + Z Erq1 [MCs] 4+ Eryy [MpWr]
s=7+42 s=7+42

Plug this into the modified intertemporal budget constraint

E- [MT+1WT+1] =E; [MT+1YT+1] + (W‘r - CT)M

T T
= > Brpa MY+ Y Byt [MuCy + Eryy [MpWr) | = B [Mr 1Y, 0] + (W — Cr )M,
s=T1+42 s=T17+42
T T
= > B MY+ Y E, [MC]+E, [MpWr) = B [My 1 Y] + (Wr = C)M
s=T+2 s=7+2

Rearrange this to obtain the result.

2 Dynamic Programming for Portfolio Choice

Define value function to be a function of two variables Vi(W, X) where W — wealth and X is a vector of
relevant state-variables that can for example influence returns. Dynamic programming only works in Markovian
settings, hence, the state vector X is a Markov process meaning that the distribution of X, ; conditional on
all information at date ¢ is the same as conditional only on X;. We assume that distribution of Y;,; — labor



income and R;;1 — vector of returns on assets conditional on all information at date t is the same as conditional
on Xt~
If the agents maximizes the utility of terminal wealth E.[w(W7)], then his Bellman equation takes form

Ve(W, X) = max E[Vy41(Xep1, Vegr + Ww'Ryy1)|X; = X]

where the fact that the value function is indexed by time means that it can changes as there are fewer periods
left until the terminal period.
If there is an intermediate utility flow §*u(C;) then Bellman equation becomes

Vi(W, X) = max {6 u(c) + E[Vis1(Xeg1, Yier + Ww'Req) | Xy = X1}

It is useful to normalize the value function by V; — d=tV; to get a more familiar representation

Vi(W, X) = max {u(c) + OE[Vi1(Xep1, Yigr + Wuw'Rypq)| Xy = X}

Inifinite Horizon If the horizon is infinite Bellman equation simplifies to

V(W, X) = max {u(c) + 0BV (Xy11, Vg1 + Wuw'Rip1)[ Xy = X}

where V(-,-) doesn’t depend on time anymore.

3 CRRA utility

When per period utility function is CRRA, value function is CRRA in wealth with the same coefficient of
relative risk aversion. In particular, value function V;(W, X) takes the following form

Vi(W, X) = fl(X)W' ™7

where f;(-) doesn’t depend on wealth. To see this in finite horizon case suppose use induction. For ¢t = T we
have that the value function is equal to utility function
il owe 1
Vr(W,X) =L =1 == X
7( ) -7 1-4 fr(X)
Now suppose that the value function has the conjectured form for t+1,t42,...,T. Then the Bellman equation
at period t is given by
VAW, X) = max {u(e) + 08 [Via1 (Xes1, (W = e)u' Rey)|Xo = X1}

= rg?vx {U(C) +0E [ft+1(Xt+1)((W —)w'Re1)' Xy = X]}

:ﬁ

= [Denote z = ¢/W — consumption propensity]

1—
= max {(ZI/V_)’Y’Y +0F [ft+1(Xt+1)(W(1 — Z)w’Rt+1)1—’Y|Xt = X]

1—
= W' max { 1Z ~ o [fer1(Xer)((1 = 2)w'Reyn) 7 |Xe = X }

zZ,w

fr(X)

which verifies the conjecture for the finite horizon problem. We can show using the same argument that for log
utility value function has the form
Vi(W, X) = aylog(W) + g:(X)

When the horizon is infinite, we can show by the same argument that CRRA over wealth is one of the
solutions to the Bellman equation. In principle, there can be multiple solution to this Bellman equation.
Therefore, CRRA over wealth is indeed the unique solution to the Bellman equation and we have the following
expressions
VW, X) = f(X)W when v # 1
VW, X) =alog(W)+g(X) wheny=1



4 CAPM, ICAPM and CCAPM

Here we derive approximate CCAPM and ICAPM and these approximations are exact in continuous time.
CCAPM says that the risk premium is determined by covariances with consummption. ICAPM says that
risk premium is determined by covariance with returns on wealth portfolio as well as on future investment
opportunities — state variables. The two models are not inconsistent: since optimal consumption depend on
wealth and state variables then covariance with wealth and state variables can be collapsed to covariance with
consumption.

4.1 Conditional CAPM
Conditional CAPM is the following statement

covy (R 141, R 141)
vary(Rm t+1)

Ei[Ri+1 — Reps1] = Ei[Rpn, 141 — Rz 141]
where R, ;11 is a zero beta return which in the presence of risk free asset is just the risk free rate. Here we since
the zero beta rate is known in advance it doesn’t affect the covariance so we can omit it. Conditional CAPM

is useful to understand market timing strategies: increasing investment in the asset when the risk premium is
high. Contrast conditional CAPM with the traditional CAPM

cov(R; — R., R, — R,)
var(R.y,)

First note that we have the zero beta rate inside the covariance since it is allowed to vary over the sample.

If the excess returns R; — R, and R,, — R, are iid across time conditional and unconditional CAPM are
the same since conditioning on time ¢ infromation doesn’t change any moments. Otherwise, the two models are
different. To see this denote the conditional CAPM beta for asset i at time ¢ as 8;;. Then take the unconditional
expectation of the conditional CAPM

E[Ri,t+1 - Rz,t+1] = E[Bit]Et[Rm,tJrl - Rz,t+1]]
=E[Bit|E[Rm t+1 — Rz 141] + cov (Bit, Ee[Rm 141 — Rz 141])

To see how the covariance term is related to market timing consider the following example of a market timing
strategy

Example 4.1 (Condional CAPM and Market Timing). Suppose that the market return is given by Ry, 141 =
te + €¢41. Suppose that py = Ry — A or py = Ry + A with equal probability. Consider o strategy that invests
100% in the risk free asset when py = Ry — A and 100% in the market when pu, = Ry + A. Denote the return
of this strategy as Ry.

Consider the elements of unconditional CAPM. The unconditional expected market return is 0.5(Ry + A) +
0.5(R; — A) = Ry. The unconditional CAPM then says that all unconditional returns should equal to the risk
free rate. However, the unconditional expected return of this strategy is

1
E[R]=  05R;  + O05(R;+A) =Rp+3A> Ry
when py = Ry — A when uy = Ry — A

which is higher than the unconditional expected return predicted by unconditional CAPM. The discrepancy comes
from the covariance term: when expected market return is low the beta of this strategy is 0 and when expected
market return is high the beta of this strategy is 1.

4.2 Consumption CAPM

Consumption CAPM states the risk premium of the asset is determined by covariances with aggregate con-
sumption growth. Here to derive it we use a Taylor approximation that is exact in continuous time. The first



step is to use the SDF formula for the expected return on any asset:

1 =E¢[Zi11Ri 141]
1 =E¢[Zi1)Ee[Ri t41] + cove(Ziyr, Rit41)

1 1
E i = - Z y A4
t[Rit+1] B Zi ]EtZchovt( 41, Riey1)
where Z; 1 — one period SDF. Use investor’s MRS as one period SDF: Z;,; = ﬂ“;(,%t)l)
w(Ch) u'(Cy) ( u'(Ceq1) >
E:[R; = - cov. ———= R;
t[ ,t+1} /BIEtU/(CtJ'_l) IB]Etu/(Ct+1) t /B U(Ct) Jg+1

U/(Ct) 1

_ B ) |
 BE/(Ciqr) Etu’(CtH)COUt (@' (Cr41), Rip1)

In principle, we can assume the existence of a representative investors and this equation will be valid for
aggregate consumption. We can also take another route that will require approximation that becomes exact in
continuous time. Suppose that time periods are small so that we can approximate

W (Cpi1) = ' (C) + 1" (Cr)(Crpn — Cy)
= U/(Ct) + U/,(Ct)ACt+1

reasonably well. Plug this back into the expression for expected return on asset i

) _ u,(ct) 1 / " )
E¢[Rit41] = BE (Copr) Etu’(CtH)covt (u'(Cy) +u"(Cy)ACt11, Ryt 41)
u'(Cy) u”(C)

= — A i
ﬁEtUI(Ct+1) Etu’(0t+1) ot ( Ot-H’ R 7t+1>

U/(Ct) U//(Ct) (AC,;+1 )
- e cov R
BEu' (Cry1) "B/ (Cry1) Ci A

In continuous time the following approximation is exact

U//<Ct) - Ctu’(Ct)
Etu’(CtH) U”(Ot)

Cy

hence, we have

u’(Ct) C’tu”(Ct) ACH—I
Ei[Riti1] — m—— = \R;
t[Ri 1] BE, (Cort) () covi | =& 41
N————’ ————
zero-beta return Relative-Risk Aversion

Consumption CAPM says that risk-premium (expected asset return over the zero beta return) depends on the
covariance of return with aggregate consumption growth and the price of this risk in the representative investor’s
relative risk aversion.

We can also proceed without assuming a representative investor. Suppose that each investor has utility



up(Cht) and sum the previous equation across agents

U/ (Cht) U/I(Cht)
E: | R; h - h cov (AC , R;
Fia] = BEu) (Chiv1)  Epu) (Chisr) ¢ (AChe+1, Rig)
Eyuy, (Ch,e+1) uy, (Che)
L Rii] = gl = covy (AChap1, Ry
u%(cht) t[R ,t+1] B H(Cht) CO’Ut( Ch,tJrl R ,t+1)
Ewu) (C (C
Z WE!& i, t+1 Z Uh C},l}t — COV¢ (Act+1, Ri,t+1)
h h t zt
-1
Esuj, (Ch t+1) u, (Chye) Eyu}, (Ch+1)
E¢|R; = — A - — "= cov (ACi11, R;
t[ ;t+1] l; u%(cht) Z 51/’ Cht ; U,}Z(Cht) t( t+1 ,t+1)
Ry t41
Eu) (C AC,
Et[Ri,tH] R, A+1 T Ct/z W] COUy <CZ+17Ri,t+1>
r

Price of risk (the ugly thing that multiplies the covariance term) is consumption multiplied by the aggregate
absolute risk aversion A%9Y that is defined as follows
1 1 C 1 C
= Z — where A; = — u/h( nt) ~— /uh( wt)
Aegg o= Ay, Eu, (Chir1)  uh(Chiegr)

so that
I'=C,A%99

Since relative risk aversion is absolute risk aversion multiplied by consumption, we can think about I' as aggregate
relative risk aversion.

4.3 Intertemporal CAPM

Intertemporal CAPM provides a theoretical foundation for macroeconomic variables to be priced risk factors. If
such factors affect investment opportuinities ICAPM says that they are priced risk factors and command a risk
premium. Since we can replace any factors with their projections on returns or excess returns we can extend
this approach to returns. If we find that some returns or excess returns are priced risk factors, then it is at least
theoretically possible that they work because they are projections of macroeconomic variables.

To understand this logic it is useful to work with the dynamic programming approach interoduced earlier as
the macroeconomic variables will affect state X; that affects the value function. We start with the same formula
for the risk premium on an asset

w(C)
BE (Cyy1)  Epu/(Ciyr)

and going to work with the following infinite horizon Bellman equation

Et[Ri,tH] = Covy (U/(Ctﬂ), Ri,t+1)

V(W, X) = max {u(c) + B[V (X¢y1, YVie1 + Ww'Rep1)| Xy = XT}

w,c

Instead of approximating marginal utility around the time-t consumption we are going to use the envelope

theorem
Vir (X, W) =4/ (c)

to substitute marginal utility out of this equation. We get

Vi (X W) 1
BEVw (Xer1, Wer1)  EeViw (Xeg1, Wega)

E¢[Rii11] = covy (Viv (Xyq1, Wig1), Rijt41)



Next, we do a Taylor expansion of marginal value of wealth Viy (X41, Wi41) around X, — time-t state variables
(recall that X is a vector) and W; — C; — funds at time—t allocated to investments. The approximation is the
following

K
Vv (Xiq1, Weg) = Vi (X, W — Cy) + Z Vi x, (X, Wy — Co) AX 141 + View (X, Wy — Cp) (Wi — (Wi — Cy))
i=1
K
= Vi (X0, Wy = C) + Y Vi, (X, Wy = Co)AX 11+ Vivw (Xe, Wi — C) (AW, + Cr)

i=1
Plug the approximation of Viy (Xty1, Wet1) into the expression for risk-premium from above
Vi (X, W) B 1
BE VW (Xev1, Wig1)  EdViw (Xeq1, W)
WXy, W)
BEVw (X1, Wiy1)

E, [Rz t+1] CoV¢ (VW(XtJrh Wt+1)7 Ri,t+1)

K

1
- EVir (Xor1, Wt+1)001}t (; Vv x, (Xe, Wy — C))AX; 101 + Vivw (Xe, Wy — Cp) (AWi1 + Cy), Ri,t+1>

_ Viv (X, W)
ﬂEtVW(XH-l; Wit1)

*Z Xt Vi, (X, We — Ct)cov(AXj’tJrl R't+l)
Es Vi (Xtq1, Wig) X "

Jt
( + — Co)Vww (Xo, Wi — Cy) (AWt+1 + Gy )
_ covy R 1
E Vi (Xev1, Wis) W —Cy
Recall that the intertemporal budget constraint is
Wip1 =Y + (Wi = Cow'Riyy
AWt+1 + Ct _ Y—t+1 + (Wt - Ct)w/Rt+1 - Wt + Ct
— Ct Wt — Ct

)t+1
W H/t — Ct

Hence, the fully expanded expression for ICAPM is
Vv (X¢, Wi)
ﬂEtVW (Xt41, Wigr)

XtV x,; (Xe, Wi — Cy) <AXj,t+1 >
— Z cov R i1
E:Viv (Xe41, Wegr) X
B ( t — C)Vww (Xe, Wi — Cy)
E Vv (Xiq1, Wiya)

(Wt - Ct)VWW(Xt, Wy — Ct) < Y )
- COU , R t+1
EtVW(XtJrh Wt+1) Wy —Cy

E¢[Rit41] =

COoU (w/RtJrl» Ri,t+1)

Interpretation There are many terms to deal with

1. First, consider the price of risk for the covariance cov,(w'Ry41, R; 14+1). If we use approximation E,[Viy (Xy41, Wit1)] =

VW(Xt, Wt - Ct) then
Wi = C)Vww (Xe, Wi = Ct) (Wi = Co)Viww (Xe, Wi — Cy)

EViw (Xip1, Wipr) V(X Wi = Gy)
is the relative risk aversion of a representative investor’s value function. Recall that when we deal with
CRRA utility function, value function inherit the same risk aversion coefficient. Hence, with CRRA utility
this term is approximately ~.




2. Next, consider the price of risk for covariances with the state variable covt(AXj’tH/th, Ri141). Using
the same approximation we can write it as
X Vwx, (X, W = Cy) XV, (X, Wi = Cy) — 9log Vin (X, W)
EViv (Xig1, W) Viv (X, W — Cy)) dlog X X=X, W=W;—C,

Hence, it is the elasticity of the marginal value of wealth with respect to the state variable X;. What
does it mean? To get a better understanding let’s focus on a particular case of CRRA per-period utility
function and no labor income. As we know the value function inherits the same coefficient of relative risk
aversion

VW, X) = f(X)Ww' when v # 1
VW, X) =alog(W)+¢g(X) when~vy=1
Marginal value of wealth is
VW, X) = (1 =) f(X)W™"  when y#1
Viv(W, X) =aW ! when v =1

and its derivative w.r.t. state variable X

9f(X)
X;
Vwx,; (W, X) =0 when v =1

Vivx, (W, X) =1 -y)W™? when vy # 1

and derivative of value function w.r.t state X; is

Vx, W, X) = W“W% when v # 1
J
99(X)
Vx, (W, X) = when v =1
0X;

Hence, the ratio of the marginal value of wealth and the value function w.r.t. state X is

Viwx,(W.X) 1-~

= h 1
V., (W, X) W when ~y #
Vi x; (W, X)
RAAET RSO el h -1
Ve, (W, X) when ~

We have the following observations

e When v = 1 marginal value of wealth doesn’t respond to changes in state variables. This is the case
of the absence of intertemporal hedging demand: changes in investment opportunities don’t affect
portfolio allocation of a log-investor. Therfore, for such investor the price of return-state-covariance
risk is zero.

e When v < 1, marginal value of wealth and value function move in the same direction with state
variables. Suppose that X is state variables increases of which mean ”good times” in a sense of good
investment opportunities. X; 1 increases the value function of any investor. However, when v < 1,
i.e. the investor is very aggressive this also corresponds to increase in marginal value of wealth. When
there are better investment opportunities an aggressive investor wants more wealth to invest more
during such times. In the opposite case, when X; | investment opportunities deteriorate meaning
that the value goes down, but marginal value of wealth goes down because aggressive investor doesn’t
want to invest in times of bad investment opportuinities. This is the case of negative intertemporal
hedging demand. Hence, for such aggressive investor the price of return-state-covariance risk is
negative, meaning that this investor values assets that go up when future investment opportunities
improve and (weirdly) values assets that go down when future investment opportunities deteriorate.



e When v > 1 marginal value of wealth and value of wealth move in the opposite direction with states.
In line with the previous argument, when the future opportunities deteriorate and the value function
goes down, the marginal value of wealth goes up. Therefore, for such investor the price of return-
state-covariance risk is positive meaning that this investor values assets that perform well when
future investment opportuinities deteriorate. This is the case of positive intertemporal hedging
demand.

3. Lastly, we have covariance covy(Yy+1, R;i¢+1) which is straightforward: the price of this return-labor-
income-covariance-risk is positive since Viy W < 0. Therefore, the investor values assets that performs
well when labor income goes down.
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