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Preliminary and incomplete

ABSTRACT. We analyze the doubling strategy in static and dynamic settings
with a countable state space. We apply the no-arbitrage and no-free-lunch de-
finitions of Kreps (1981), which (in the dynamic setting) put the focus on the
gain produced by a self-financing trading strategy, rather than on the strategy
itself. By applying the Krepsian notions of no arbitrage and no free lunches to
dynamic models, instead of the notions common in standard practice, we avoid
the situation where there are no free lunches at the same time there are arbi-
trage opportunities. Depending on the topological space one adopts, the doubling
strategy is either (7) not in the space of payouts (and hence not a free lunch),
(i) in the space and a free lunch, or (éii) in the space but not a free lunch. In
the latter case, which requires ‘near risk-neutrality’, the doubling strategy has a
bubble component in the sense of Gilles and LeRoy (1997).

INTRODUCTION

In their seminal paper, Harrison and Kreps (1979, p. 400) refer to

the well known doubling strategy by which one is sure to win at
roulette: Bet on red, and keep doubling your bets until red comes
out. To effect this strategy, you must be able to bet a countable
number of times, although you will only bet a finite number of times
in any particular state. [Emphasis added.]

This strategy is almost universally viewed as a pathological problem in dynamic
security market models with infinite state spaces—a problem that requires side
conditions to rule it out. Yet no special side conditions are required to rule out
the doubling strategy in static models with infinite state spaces. We show that
the static analysis can be applied to the dynamic setting in a natural way, thereby
rendering the side conditions unnecessary.

The doubling strategy poses a problem because it costs nothing and but converges
with probability one to something positive. The side conditions typically restrict
the trading strategies in such a way as to remove the doubling strategy from the
choice set. By contrast, we view the convergence of the doubling strategy as a
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topological issue. We see no compelling reason to adopt the topology of convergence
in probability that underlies the convergence of the doubling strategy according to
the standard analysis. With a stronger topology—such as the norm topology—fewer
sequences converge and more functions are continuous. In many cases, the doubling
strategy fails to converge in the norm topology.

A benefit of our approach is that the notions of arbitrage opportunities and free
lunches that Kreps (1981) formalizes in the static setting can be directly applied to
the dynamic setting. According the Kreps, ‘no arbitrage’ is a linear-algebraic con-
cept, while ‘no free lunches’ is a topological concept. Moreover, there is a hierarchy:
‘no free lunches’ implies ‘no arbitrage opportunities’. This contrasts with what has
become standard practice in dynamic security market models: The linear-algebraic
notion of ‘no arbitrage’ is missing. In its place, the dynamic notion of ‘no arbitrage’
is built on an implicitly topological foundation: A gain process generated by a self-
financing trading strategy is allowed to converge in the topology of convergence in
probability, regardless of the topological space on which preferences are defined. It
should not be surprising that two distinct topologies would be at war with each
other. Indeed, we provide an example in which, according to standard practice,
there are no free lunches and yet there are arbitrage opportunities.

The doubling strategy can be viewed as the archetypical free-lunch sequence in
the sense of Kreps (1981). Kreps emphasized the importance of fixing a space
X of commodity bundles (security payouts) over which utility is defined, a cone
K to determine positiveness, and a topology 7 to determine continuity. Pricing
operators, preferences, and free lunches can only be defined in terms of the triple
(X, K,7). Whether a sequence (or net, more generally) converges to a payout
in chosen space depends crucially on the chosen topology. Whether an agent’s
preferences are continuous depends crucially on the chosen topology. By the same
token, whether a linear functional (such as a price system) is continuous depends
on the topology.

We embed the doubling strategy in a simple countable state space that we treat
first in a static setting and then in a dynamic setting. In the static setting, we
consider a number of topological spaces, including the space of charges. Depending
on the topological space one adopts, the doubling strategy is either (i) not in the
space of payouts (and hence not a free lunch), (i7) in the space and a free lunch,
or (#4) in the space but not a free lunch. In the latter case, which requires what
we call ‘near risk-neutrality’, the doubling strategy has a bubble component in the
sense of Gilles and LeRoy (1997).! One of the examples we treat is a static version
the example of Back and Pliska (1991).2

In the dynamic setting, we append a filtration to the probability space of the
static setting and introduce stock-price dynamics adapted to the filtration. After
characterizing the gain processes from self-financing trading strategies and intro-
ducing the state-price process, we identify the space of marketed securities with the

1Gilles and LeRoy (1997, Section 6.3) describe how their analysis applies in this case.

2Werner (1997) provides extensive treatment of the same static version of their example that we
present here. In a related static model Gilles and LeRoy (1998) discuss many of the issues raised
by Back and Pliska.
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set of stopped gain processes. This identification allows us to directly apply Kreps’
analysis in the dynamic setting, which is the primary contribution of the paper. As a
consequence, we are able to identify (¢) the absence-of-arbitrage conditions with the
existence of a state-price process (we include strict positivity by definition) and (74)
the existence of an equivalent martingale measure with the existence of a uniformly
integrable state-price process. Moreover, we show that if the state-price process has
limit points in the topological dual space, then there are no free lunches.

Arbitrage and free lunches are about getting something for nothing. As such they
are about the gains that are produced by self-financing trading strategies rather
than the trading strategies themselves. Our approach puts the focus on the gain
process rather than on the trading strategy that generates the gain. In addition,
our topological approach enables us to accommodate the Gilles and LeRoy (1997)
model of rational bubbles; we incorporate their analysis of the doubling strategy
into an explicitly dynamic model.

To highlight the differences between our approach and the standard approach
of analyzing dynamic security market models, we revisit the example of Back and
Pliska (1991) in their dynamic setting. We keep the probability space and the
underlying state prices that are generated by their stock-price dynamics. We then
modify the stock-price dynamics and apply the analysis of Kreps. We find there
are no free lunches (in L*> equipped with the sup norm topology), and a fortiori
there are no arbitrage opportunities. This is not surprising since we have changed
neither the measure nor the state prices. However, if we were to adopt the standard
definition of no arbitrage (as Back and Pliska do), the very same economy must be
said to have arbitrage opportunities, even though there are no free lunches. The so-
called arbitrage opportunities appear because the trading strategy that implements
the doubling strategy is fundamentally bounded: The number of shares of the stock
that are held is bounded, the amount borrowed is bounded, and the gain is bounded.
This allows the doubling strategy to be an arbitrage by their definition, even though
it is not a free lunch because it does not converge in the topological space.

Although we restrict ourselves to the countable case in this paper, our approach
applies more generally. As part of our ongoing research, we are in the process of
extending our approach to the continuous-time Black—Scholes model and to the
general class of semi-martingales.

Outline of paper. In Section 1, we provide a quick summary of Kreps (1981). In
Section 2 we present the model in its static setting, and in Section 3 we present the
model in its dynamic setting.

1. KREPS: ARBITRAGE AND FREE LUNCHES

In this section, we provide a quick summary of Kreps (1981), focusing narrowly
on what is important for our analysis.

In what follows, X is a real linear space, K is a cone in X with the origin deleted,
T is a linear topology on X. V¥ is the set of 7 continuous and K strictly positive
linear functionals on X. M is a subspace of X that represents marketed bundles of
goods that can be constructed from a set of marketed securities My C X. (We will



4 MARK FISHER AND CHRISTIAN GILLES

typically assume there are an infinite number of marketed securities.) In particular,
M is the span of My, such that m € M if m = >, \;m; for m; € My where there
are a finite number of non-zero \;. 7 is a linear functional on M C X (representing
the market prices of payoffs in M) constructed from a function my : My — R as
follows: 7(m) = >, \imo(m;) for m =", A\iym; € M.

Kreps defines what he calls a free lunch in an infinite-dimensional space: A free
lunch is a net {(ma,z4)} € M x X and a bundle k € K such that?

(1) Mo — To € K U{0} for all a, (i) zo — k, and (i) lim 7(my) < 0.  (1.1)

We cannot emphasize too strongly that the convergence of z,, to k in (1.1) depends
on the topology 7. The absence of arbitrage is defined as follows: The pair (M, )
admits no arbitrage opportunities if

meMNK = w(m) > 0. (1.2)

The absence of arbitrage is necessary for the absence of free lunches, but not suffi-
cient in general. Note that the absence of arbitrage pertains only to the marketed
subspace M, while the absence of free lunches pertains its topological closure [M].

Kreps defines the wviability of preferences. An agent is specified by a complete
and transitive binary relation 2~ on X representing the agent’s preferences for net
trades. Preferences are conver, T continuous, and K strictly increasing if they
satisfy (respectively) the following three conditions:

z,2' = 2" and X € [0,1] imply Az + (1 — \) 2’ = 2" (1.3a)

for all z € X, the sets {2/ € X : x - 2’} and {2’ € X : 2’/ - x} are closed in T
(1.3b)

foralz€e X and ke K, x + k > z. (1.3c)

The pair (M, 7) is said to be viable if there is some convex, T continuous, and
strictly increasing preference relation - on X and some m* € M such that

m(m*) <0 and m* 2z m for all m € M such that m(m) <0. (1.4)

Here are two of the main theorems that Kreps presents. Take as given the space—
cone-topology triple (X, K, 7).

Theorem 1.1 (Extension). The pair (M, ) is viable if and only if there exists
¥ € U such that i extends 7 to all of X.

Theorem 1.2 (No free lunches). If the pair (M, ) is viable, then the pair admits
no free lunches.

3Nets are generalizations of sequences. In some topological spaces, sequences are insufficient
to characterize convergence. Clark (1993) provides a stronger notion of a free lunch (for which
m(me) < 0) that is for all intents and purposes equivalent.
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2. STATIC SETTING

Here we present the ideas in this paper in a simple static setting where we apply
the Krepsian analysis.* We refer the reader to Appendix A for omitted details.?

Let N = {1,2,3,---} be the set of natural numbers. All the spaces we consider
are subspaces of RY, the vector space of all real sequences on N. Take as given
the measure space (N,2N, P), where 2V is the set of all subsets of N, and P is a
probability measure characterized by P, := P[{w}] > 0 and ., P, = 1. For
example, P, = p (1 — p)“~ !, where 0 < p < 1.

The set of marketed claims My is comprised of a complete set of Arrow—Debreu
securities 0;(w) = 1(;3(w) and a ‘bond’ that pays one unit in every state, B(w) = 1.
The given prices of the marketed securities are my(d;) = I; and mo(B) = 1. By
definition, m € M if and only if m = a9 B + 22;1 a; 0;, for some i* € Z, =
{0,1,2,---}. The state-by-state payoffs for m € M are

< g
m(w) = {ao Tow wst (2.1)
fo) w > 1",

Define the pricing functional 7 : M — R as

7(m) := agmo(B) + Z a; mo(0s)
i=1
:ao—i—ZaiFi (2'2)
i=1

,Z:* ,Z:*
S (a0 + a0 Ty + a0 (1—zn).
i=1 i=1

The last line of (2.2) expresses m(m) in terms of the prices of the first i* Arrow—
Debreu securities and the price of the portfolio’s ‘tail’. It is convenient to reexpress
the pricing functional:

m(m) = E¥[my] + ag (1 — EP[y]) (2.3)
where
y(w) =TI,/P,
EP[my] = Zm(w)y(w) P, = Zm(w) I,
Efly] =) yw) Py =) I..

“Werner (1997) analyzes a static version of the example in Back and Pliska (1991).
5Appendix A is incomplete.



6 MARK FISHER AND CHRISTIAN GILLES

Absence of arbitrage. We now address the absence of arbitrage opportunities.
For m € M N K, we must have m(w) > 0 for all w € N, with at least one strict
inequality. If every Arrow—Debreu security and every tail has a positive price, then
there are no arbitrage opportunities. Specifically, if

I;>0frallieN and » I <1, (2.4)
=1

thenm € MNK = m(m) > 0. We can reexpress (2.4) in terms of y:
yw)>0forallwe N and EF[y] <1. (2.5)

No free lunches. Before we address free lunches per se, we consider the closure
of M in the topological space (X, 7). Let ?(P) = LP(N, 2", P) denote the space
of sequences for which z € (P(P) if ||z||} < oo, and let 7" denote the topology of
convergence in the ¢P(P) norm.

Closure of M in (X, 7). Let (X,7) = (¢°(P),7l). Note that M # X even though
there is a complete set of Arrow—Debreu securities in M. Let [M]; denote the
topological closure of M in 7. We now show that [M], = X = (P(P) for p < oc.
Every element x € X can be expressed in terms of Arrow—Debreu securities: = =

3%, @; 8, where [|z]|F = (X2, |aw|? P.)"? < oo. Define z; := °0_, a; §;. For

P
p < o0, limj o0 [z — 2|7 = 0, confirming z; "?, 2. The situation is different for
¢>*(P). For example, for {1,1,1,---}, the sup norm does not decrease in the tail.
Without access to the bond,

[M], = {z € RN : lim; o, x; = 0}.
With the bond, the closure is larger, but still not the entire space:
[M]; ={x € RY : 2o = lim;_,oo ; exists in R}.

Finally, let (X,7) = (¢1(P)*,w*). The closure of M in ¢!(P) with the weak
topology is ¢!(P) as before. Since ¢!(P) is dense in £}(P)**, the weak* closure
is [M], = ¢*(P)**. The use of nets, however, is required to achieve the closure.

No free lunches. As noted in Section 1, ¥ C X* is the set of strictly positive
continuous linear functionals on (X, 7). Theorems 1.1 and 1.2 imply the following:
If 7 extends to some 1) € ¥, where ¥)(m) = w(m) for all m € M, then there are
no free lunches. We investigate the possibility of extending 7 in various topological
spaces. In all cases, let K = X \ {0}.

First let (X, 7) = (?(P),7L), where 7, is the topology of convergence in measure.
As shown in Appendix A, ¥ = & in this case. Therefore, a strictly positive 7 cannot
be extended and there exist free lunches.5

6Kreps showed in an example that it is not be possible to generate any free lunches if the market
is sufficiently incomplete. However, the market here is sufficiently complete to ensure the existence
of free lunches absent a suitable extension of .
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Next let (X,7) = (¢P(P), Tf) where 1 < p < o0, in which case X* = (4(P),
where ¢ = p/(p — 1). Every continuous linear functional ¢ on (X, 7) has a Riesz
Representation

= 2@ y(w) Py = E[zy], (2.6)
w=1

where y € X*. Comparing (2.3) with (2.6), we must have E¥[y] = 1. Assuming
this holds, the condition for 7 to extend to v reduces to

(Iy17) qum=2mm%ﬁy%HmWw<m 2.7
w=1 w=1

for p > 1. For p = 1, the condition is that y be bounded. On the other hand, if
EFP[y] < 1, then ¥(B) # mo(B) = 1. In this case, 7 cannot be extended.

Now let (X,7) = (£*(P),7p), where 737 is the Mackey topology; i.e., the
strongest topology for which X* = ¢'(P). Since y € ¢!(P) by construction, we
only need to check ¢(m) = w(m) for all m € M. In this case, the representation for
Y(z) is given by (2.6); hence, extension requires E¥[y] = 1.

Now let (X, 7) = (£2°(P),7L). The dual space is X* = £>°(P)* = (*(P)**, where
¢Y(P) C £1(P)**. In this case, the Krein-Rutman Theorem guarantees the extension
property in L of the pair (M, 7) whenever the absence of arbitrage is satisfied (by
virtue of the non-empty interior of LS:’).7 There are two cases to consider. First,
suppose EP[y] = 1. In this case, the extension of m has the representation given
n (2.6), which indeed agrees with m on M. Second, suppose E¥[y] < 1. In this
case, the extension of m does not have such a representation. A more general
representation involving finitely-additive set functions does exist. For x € {>°(P),
we have

_ P.’L‘ T
w@—E[m+A i,

where & € pa is a pure charge such that [, md® = ag (1 — E”[y]) for all m € M.
It should be noted that @ is not uniquely identified, which is not surprising given
the incompleteness of the market in (¢>°(P),7L).

Finally, let (X,7) = (£}(P)**,w*), the dual of which is £*°(P). If y € £>(P),
then 7 extends to v, where for € £1(P)**, we have

_ Pml
Y(z) =E7| M+Ayw,

where z = z! 4+ z+, with 2! € £1(P), - € ¢1(P)*, and ¢ € pa is the pure charge
that corresponds to z=.

"On may think of the Krein—-Rutman Theorem as the ‘flip side’ of the Hahn—Banach Theorem.
Here is a statement of the theorem in its geometric form [see Holmes (1975)]:

Theorem 2.1 (Krein—-Rutman). Let X be an ordered linear space, M be a subspace of X, K be
the positive cone, and M N K have an interior point of K. Then any positive linear functional on
M admits an extension as a positive linear functional on X.
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Bubbles a la Gilles and LeRoy. Gilles and LeRoy (1992, 1997) present two concep-
tually different models of bubbles, both of which appeal to the theory of charges for
the representation of values. Gilles and LeRoy (1992) model bubbles in the price
system, while Gilles and LeRoy (1997) model payout bubbles.

First, we address bubbles in the price system. Let (X,7) = (¢*°(P),7L) and

assume E¥[y] < 1. Given x € X, Gilles and LeRoy (1992) define the fundamental
component as E¥[zy] and the bubble component as y(z) — EX[zy] = [,z d®.

Given z =} 22, a; dj, define z; := 3 72| a; d;. Note z; Ly 2. If 3; -7 z, then the
bubble value is zero. The bubble in the price system is reflected in the value of the
bond: The fundamental value is E”[y] and the bubble value is 1 — E”[y] = [, d®.
In this case, the value of the probability limit is greater than the limit of the values.

Now we address payout bubbles. Let (X,7) = (¢}(P)**,w*) and assume y €
(®(P) so that 7 extends to 1. Given z € X, where z = z! + z*, Gilles and
LeRoy (1997) define the fundamental value as E¥'[z! y] and the bubble component
as ¢¥(z) — EP[z'y] = [,ydp. Consider {z;}°,, where x; € ¢}(P) for all i € N,

sup;ey |lzil|f < oo, Loal e Y(P), and v = lim; ,o ¥(7;) exists. Alaoglu’s
Theorem guarantees the existence of limit points in £*(P)**, all of which have value
v. Then the fundamental value of the limit points is E¥[z! 3] and the bubble value
is v — EP[z!y]. For example, let y = 1 and 2; = I, ' §;, so that ¥(z;) = 1 and
|zi||¥ =1 for all i € N, and = 0. Consequently, the fundamental value is 0
and the bubble value is 1. In this case, the value of the probablity limit is less than
the limit of the values.

Equivalent measure. Consider a topological space (X, 7) = (¢7(P),7}) and a mar-
keted subspace M C X. Assume y(w) > 0 for allw € N and EF[y] = 1. These condi-
tions are sufficient to define an equivalent measure @, where Q[{w}] = y(w) P[{w}].
The Radon—Nikodym derivative is dQ/dP = y € ¢*(P) and dP/dQ = 1/y € £1(Q).
Whenever EP[|zy|] < oo, we have EF[zy] = EQ[x].

We now show that if an equivalent measure () exists, m extends to ¢ € ¥ for
(X,7) = (El(Q),TlQ). First, note M C X. Let o(x) = E9[z] for all z € X, so that
Y(m) = E9m] = EP[my] = n(m) for all m € M. This does not require y € X*
and we cannot conclude E¥ [z y] exists for all z € X unless X = ¢*°(P). Therefore,
there are no free lunches in (X ,7) regardless of whether there are free lunches in
(X, 7).

We now show that X ¢ X. Given dQ/dP =y € {1(P), if z € X and y € X*,
then zy € ¢1(P) and = € ¢}(Q). We also have dP/dQ = 1/y € ((Q). However,
1/y ¢ X without further conditions. Under what conditions is |1/ y||;f,3 finite?

[e%¢) 1/p
I1/yll), = <ZFJPP$“) -

w=1

For P, = p(1 —p)* " and I}, = ¢ (1 —¢)“*, we have [|1/y[|] < oo if p = ¢ or
p > 1—(1-¢)P/(+4P) Compare this with the no-free lunch condition ||yH§/(p_1) < 00,
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which is p = or p<1— (1 —¢)?. For ¢ =1/2 and p = 1, we have 1 — (1/2)%/2 <
p<1/2.

Preferences. We want to emphasize that the choice of the topological space of pay-
outs (X, 7) is a choice about the continuity of preferences. Kreps’ Extension Theo-
rem 1.1 says that if 7 cannot be extended, there are no continuous preferences (that
are also strictly increasing and convex) that can support the price system. Thus,
the adoption of the topological space (¢/(P), 7L, for which extension can never oc-
cur (owing to ¥ = @), rules out such continuous preferences. For example, consider
the following ‘risk-neutral’ utility function: U(z) = EF[z] = >°°° | z(w) P,,, which

is linear and convex. This utility function is not continuous on (¢7(P), 7).

r'm

The doubling strategy. Here is an informal statement of the classic doubling
strategy. Make a bet that pays 1 if ‘red’ occurs on the first spin of the wheel and
pays —1 otherwise. Stop if ‘red’ occurs (and keep 1); otherwise borrow 1 to pay
the loss and double the bet to 2 for the next spin. Stop if ‘red’ occurs (pay off
the debt and keep 1); otherwise borrow 3 to payoff the loss and the accumulated
debt and redouble the bet to 4. Continue this pattern, but stop after the n-th
spin regardless of the outcome. The doubling strategy refers to the limiting case
as n goes to infinity; in other words, continue until ‘red’ first occurs. This limiting
strategy converges in measure to the number 1.

Now we turn to a formal statement. Assume there are no arbitrage opportunities.
The doubling strategy is a sequence of portfolios {z;}?°; C M with the following

two features: m(z;) =0 for all i € N and z; P, 1. The i-th portfolio is given by

i
1
zi = (1— ;) B+ f; Zéj, where 3; := ————.
=1 DY EY
The state-by-state payouts to z; are

Zi(w):{1 w<i

1-06; w>i.

(2.8)

The doubling-strategy sequence {z;} converges almost surely to 1:
lim z(w)=1 forallweN.
1— 00

Almost sure convergence implies convergence in measure.

In the classic doubling strategy (described above), I3 = 27% and 3; = 2¢, so that
each time ‘red’ fails to appear, there is a literal doubling. In general, however, the
sequence {(;} does not literally involve doubling. It is increasing, with 8; > 1. It
is unbounded if Y7 | I}, = 1; otherwise, it is bounded.

If the pricing functional 7 extends to ¢ € ¥, then there are no free lunches, and
consequently the doubling strategy has no limit points in K. We now consider a
number of topological spaces to examine the conditions under which the doubling
strategy does in fact converge or have limit points in K. First, the doubling strategy
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is always a free lunch in (¢?(P),7[l), because ¥ = @. Next, let us examine the
convergence of {z;} in (X, 7) = (/P(P), T;D). In particular,

0o >1/p (1 _ 22:1 pw>1/p

11—zl = B < Z P, = - : (2.9)
: w=i+1 1 - zwzl Iy

Clearly, if Y071 I, < 1, then lim;_,o [|1 — 2[|] = 0 for 1 < p < oo, but not for
p = oo. On the other hand, if > 7, I, = 1, the convergence of {z;} depends on
the limiting properties of P, and I,.

Under what circumstances is the doubling strategy not a free lunch and yet is
in (X,7) = (1(P)**,w*)? We assume Y oo, I, = 1, for otherwise the doubling
strategy would be a free lunch in ¢}(P) C ¢}(P)*. In addition, we require y €
(>(P); i.e., the boundedness of y. If {2} is bounded in ¢!(P), then it will have
limit points in ¢£!(P)**:

‘|Zi||f:;Pw+(ﬂi—1) > P“’Zl_Q(Z Pw>+%.

w=i+1 w=i+1 w=it+l =

We see that the boundedness of {z;} in ¢!(P) requires 1/y € £>°(P).® We refer
to the case where both y and 1/y are bounded as ‘near risk neutrality.” The risk
neutral case is characterized by y = 1.7

The suicide strategy. The suicide strategy is closely-related to the doubling strategy:
{Z;}$°,, where Z; =1 — z; [see (2.8)]. Note that Z; il 0, 7(Z;) =1 for all i € N,
and ||Zi||5 =1 - zi||5 [see (2.9)]. If {Z;} is bounded in ¢!(P), then it has pure
charge limit points. If it converges in £(P), then it converges to zero.

Two examples. Here we provide two arbitrage-free examples that we will use
throughout the paper to investigate free lunches in general and the doubling strategy
in particular. In both examples, we adopt the probability measure P,, = p (1—p)“~1,

where 0 < p < 1.

Ezample 1. In this example, I}, = ¢ (1—¢)*71, where 0 < { < 1,sothat >0 | I}, =
1 and y(w) = I,/P, = (¢/p) (1-¢)/(1 - p))w_l. There are no arbitrage opportu-
nities and an equivalent measure exists: (., = I,. The doubling strategy sequence
is B; = (1 — {)~". The classic doubling strategy is given by p = ¢ = 1/2. If p < (,
then y is bounded and y € ¢°°(P). The ¢4(P) norm is given by

1 p=C

ol =3 (=S )Uq <1-(1- ()@
a =p)—(1—p) 1—0)° p
00 otherwise.

81f 1/y is bounded, then no pure charges have zero value (other than the zero charge). If
yi — 0, then all pure charges have zero value. Otherwise, (1/y is not bounded and y; 4 0) some
pure charges have zero value and others do not.

9Risk neutrality is sufficient for y = 1, but not necessary.
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Given ¢ = p/(p—1), the condition ||y||5 < oo is equivalent to p = Cor p < 1—(1-()P.
We consider two topological spaces. First, let (X,7) = ((#(P),7}), so that
X* =p/=)(P). If p<1—(1—C)P or p=(, then y € X*, in which case there

are no free lunches. For the doubling strategy, we have

¢ 1 p=1-(1-¢F
0 p>1—(1-¢)P.

1—00 1—00

p\! o p<l—(1-¢)P
lim [|1 -z} = lim (“7”)) -

Clearly, the doubling strategy does not converge when 7 extends. There is one
case where the doubling strategy does not converge even though 7 does not extend:
p=1—(1-¢) for p > 1. Nevertheless, there are free lunches in this case,'® but
the doubling strategy is not one of them.

Second, let (X,7) = (¢*(P)**,w*). In this case, X* = ¢>°(P). Therefore, there
are no free lunches if p < (. There will be limit points in X if the doubling-strategy
gain is bounded in ¢!(P). We have

i 0o p<(
. P . i 1—p
lim ||z =lm 1-21-p)'+|(—=] =42 p=¢(
i—00 1—00 1—4
1 p>¢

which shows that {z;} is bounded for p > (. For p < (, there are no free lunches,
but {z;} is not bounded in £}(P), and there are no limit points. For p > (, there
are free lunches, and {z;} is bounded in ¢!(P), and therefore it has free-lunch limit
points in X. For p = (, there are no free lunches, and the sequence {z;} is bounded
in ¢1(P). Consequently, Alaoglu’s Theorem guarantees limit points in £}(P)**. As
Fisher and Gilles show, the ¢*(P) component of every limit point is B. The ¢!(P)+
component is not uniquely identified by the sequence {z;}. However, if {G,}aca is

a convergent subnet of {z;}, then G, “gert (P)**, where G = B+G., B € (}(P),
and G, € /* (P)L; note that B > 0, but G, < 0, so G € K. In conclusion, the
only case for which the doubling strategy is in the space and not a free lunch is the
‘risk-neutral’ case p = (.

Note the following about the limit of the ¢!(P) norm of the suicide strategy and
the limit of 1/y:

oo p<(
1 P: 1 —_— pu—
B N1zl = Jim oo =31 =<

0 p>C.

For p > ¢, the suicide strategy converges in the ¢!(P) norm to zero (since y is not
bounded). For p < ¢, y — 0 and all pure charges have zero value. [So why does the
norm explode?]

10WWe need to show one.
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Ezample 2. This example is related to Back and Pliska (1991) and Werner (1997).1*
In this example, I}, = ((2w) (1 + w))_1 > 0, where > I, = 1/2. Let (X,7) =
(eP(P), T;D ). For 1 < p < oo, m cannot be extended and there are free lunches. For
p = 00, the Krein—-Rutman Theorem guarantees 7 can be extended and consequently

there are no free lunches. The doubling strategy sequence is 3; = 2 (1 +1)/(2 + 7).
We have

2(1+i)(1—p)i/P_{o 1<p<oo

lim |1 —z|f =k
i I = illy e 241

2 p=oo,

which shows that the doubling strategy converges if and only if 7 fails to extend.

3. DYNAMIC SETTING

We adopt the measure space from the preceeding section, (N, oN, P), to which we
add a filtration. The information structure is given as follows. Define the following
partition of the state space into 7 + 1 sets:

Let F; be the set consisting of all unions of sets from R;. Then {F;}?2, is a sequence
of increasing o-algebras that we take as the filtration, where Fy = {@,N} and
lim; oo F; = F = 2N,

We interpret P, as the probability that ‘red’ first occurs on spin w of (possibly
biased) roulette wheel. The conditional probability that ‘red’ occurs on the next
spin given that it has not yet occured is given by

Pit1
> omiv1 B
Obviously, P[{w : w > i+ 1}lw > i] = 1 — ¢;41. These conditional probabilities
will be used in computing conditional expectations. The geometric distribution is
a simple example: P, = p (1 — p)*~! and ¢; = p.

Define EP[z] := EF[z|F;] and note that Ef'[z] = EF[z]. In a discrete-index
setting (such as we have here), a process X is a martingale [relative to ({F;}, P)] if
X is adapted to {F;}, X; € £1(P) for all i > 0, and E[X;1|F;] = X; for all i > 0.12

Consider a market for trading two securities at a countable number of times
0=ty <t <---<T. An example of the topological space of payouts at time
T is (X, 7) where X = (P(P) = ¢P(N,2N, P) for 1 < p < oo and 7 is Tf, the (P (P)
norm topology.'* The price of one security (the bond or ‘money-market account’)
at time t; equals 1 in every state: B;(w) = 1. The state-by-state price of the second
security (the ‘stock’) at time ¢; is given by

Si(w) = {f“’ W (3.2)

gi w>ia

giy1 = P{i+ 1w > i] =

Hgee also Gilles and LeRoy (1998), who address, many of the issues in a related setting.
12Gee Williams (1991).

BFor example, T < oo and t; = T (1 — (1/2)%).

HMRecall, K = X, \ {0}, so that z € K if z; > 0 for all i € N and z; > 0 for at least one i € N.
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for i € N, where f,, and g; are finite and Sp(w) = go = 1.!°> However, the sequences

{fi} and {g;} are not necessarily bounded. Note that S;(w) is constant on each of
the sets in R; and thus measurable with respect to F;, so that {S;} is adapted to
the filtration.'¢

For fixed i, S;j(w) is a random variable; for fixed w, S;(w) is a ‘path’. In the
following matrix, the rows are the random variables and columns are the stock
price paths:

w

1 2 3 4 5
to 1 1 1 1 1
i oo o (3.3)
to fi fo 92 92 g2 -

ts fi fo f3 93 g3

Every price path starts at one (the value of the stock before the first flip). We may
think of (3.3) in terms of a tree structure:

tg 1
N

t1 f1 o
VAN

ta f1 fo 92 (3.4)
NN ANAN

t3 fi fo f3 93

On each path, S;(w) converges to f,. More formally, define So(w) := f,, and note
that S; =% S.o, since

lim S;(w) = Se(w) for all w e N.

1—00

Even though S; € ¢>°(P) for all : € N, if {f;} is unbounded, S, & ¢>°(P).

Self-financing trading strategies. A trading strategy is a sequence of pairs
{(62,67)} adapted to the filtration, where 67 (w) is the number of bonds held at
time ; in state w and 67 (w) is the number of shares of stock held at time ¢; in state
w. The interpretation is that 6; is constant on the half-open interval [t;, t;11), while
the (i + 1)-st spin of the wheel occurs sometime in the open interval (¢;,¢;41). A
self-financing trading strategy is a trading strategy that satisfies the self-financing

condition:
0F — 02, + (07 — 07 ,)S;i=0, fori=1,2,3,--. (3.5)

15T allow for a non-zero interest rate r, let B; (w) = e"* be the money-market account and
deﬁne §~L = El Sl Then Bi = Ez/éz and SZ = ,AS?,L/EZ

16Indeed, any stochastic process adapted to the filtration must have a similar structure as the
stock price.
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In other words, any change in the value of the stock holdings that comes from
rebalancing must be offset by an equal change in the opposite direction of the
value of the bond holdings. We refer to the value of the self-financing portfolio at
time ¢; as the gain: G; = 68 + HZS S;. Using the self-financing condition (3.5), we
can express the dynamics of the gain as

i
Gi =Go+ Z 6’3{1 ASj, (3.6)
j=1
where Gy = 6’(])3 + 05 So = 063 + 6’5 is the initial cost of the self-financing trading
strategy and the change in the stock price is

0 w <1
ASZ-(w) = Sz(w) — Si_l(w) = fl —0gi-1 W= 7
gi — Gi-1 w > 1.
Thus, conditional on the specified dynamics for the stock and bond prices, the gain
for a self-financing trading strategy is completely specified by the initial investment
Gy and the sequence of stock holdings {Hf (W) }320-
The value of the stock (and hence the value of the portfolio) does not change

once ‘red’ first occurs, and thus the amount invested in the stock is irrelevant at
that point. Therefore, for simplicity we can specify

0 w<iqg
ef(w):{f' w >

With this normalization, a self-financing trading strategy is completely specified by
(Go,{€}520)- The gain generated by (Go, {;}52) is

Gilw) = {f‘”(“) o (3.7)
where
w—1
Goo(w) = Go + &ufl (fw - gwfl) + Z gjfl (gj - gjfl) (383)
j=1
cii=Go+ Y &-1(95 — gj-1)- (3.8b)
j=1

By construction, G; 2% G
We can design a trading strategy to generate Goo = = € X if the ‘spanning
condition’ holds: f; # g;_1 for all i € N. The trading strategy that generates this
gain is
it1

&= al(Gulj) — Go), (3.9)
=1
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where .
(95-1=9) [Tamjir (Fs—g9s) .
of = T (fo—go1) J=1
J 1 .
fiv1—9: j=i+l

The preceding trading strategy involves a fundamental indeterminacy: Gg is a
free parameter in (3.9). As a consequence of this indeterminacy, any G, can be
paired with any Gg. In other words, there is no connection between the initial
investment at time 0 and the payout on the terminal date 7" that the gain process
converges to almost surely. In particular, the doubling strategy is a gain process for
which Gp = 0 and G (w) = 1, which satisfies (3.9).

To remove the indeterminacy, we consider only those trading strategies that have
a finite number of non-zero &. (We are no longer able to choose Goo = z € X
arbitrarily.) Let i* be the maximum index of the set of non-zero &; and let n = i*+1.
Then & = 0 for all ¢ > n. In addition, G; = G = Gy, for all ¢ > n. In effect, all
proceeds are frozen at time t,, and carried forward to time 7' in the money-market
account. We will refer to a gain with this property as a gain stopped at time ¢,, (or
simply a stopped gain). For a stopped gain, G; — G« in all modes of convergence.

There is no indeterminacy for a gain stopped at ¢,. Applying (3.9) to &, = 0

shows that Gy is uniquely determined by {Go () ;‘+11
n+1 a™ 1
Gy = n—]) I'; Goo ( = ) Go(n+1), (3.10)
jZ:; (Es+11 a? Z kn+1
assuming f; # g; (in addition to f; 7é gj_l) where
g] 1
I; .= = (1—Fks) andk; 3.11
j m =k H — (3.11)

Since the gain process is stopped at time n, Goo(n+1) is the payout for all w > n+1.
Given the form of I'j in terms of {ks})_,, we have

ZF+

Dot _ (3.12)
+1

n

Consequently,

n+1
lim e =1- Z I,. (3.13)
Let the gain stopped at t,, equal the payout of the n-th Arrow—Debreu security,
G, = 6. From (3.10) we see that I, is the initial investment for this trading
strategy, which we will refer to as the price of an Arrow—Debreu security. The k;
are ‘conditional’ state prices: Given w > 4, the price of an Arrow—Debreu security
in state ¢ 4+ 1 is k;11. Arrow—Debreu security prices are all positive if and only if

0<k;j<1l forall jeN. (3.14)

The price of a unit tail starting at n + 1 is given by I},41/kpt+1. Therefore, the
positivity of the Arrow—Debreu security prices is sufficient for the positivity of all
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tails. Given (3.13) and (3.14), we have Y 7, I, < 1 or equivalently I;q/kiy1 >
Y oir1 Lo If, in addition, {k;} is bounded away from zero, then 27 | I, = 1, in
which case i1 /kiv1 =Y o iq Lo

State-price deflator. We define the state-price process as follows:'” Yy = 1 and

; 1 w <1
Y, = H Z;, where Z;(w) := % w=1 (3.15)
j=1 ok >

—_

—qi
We require, as part of the definition of the state-price process, the strict positivity of
Y;(w).ls Thus, a state-price process exists if and only if the Arrow—Debreu security
prices are all positive, the condition for which is given by (3.9). We can express the
state-price process as follows:

- {1 2

where

y(w):=—= and h;:=y(i+1) (qu) :
kiv1

Note that Ef” | [Z;] = 1 for all i and all w, and therefore EX |[Y;] = Y;_1 EF |[Z;] =
Y;. Moreover, given the positivity of Y;, EF[|Y;|] = EP[Y;] = 1 for all i € N. Conse-
quently, (i) Y; is a martingale and (ii) the sequence {Y;} is bounded in ¢!(P). Mar-
tingale convergence guarantees {Y;} converges almost surely (and hence in measure)
to an element in ¢'(P). Indeed, we see from (3.16) that ¥; = y. Whether {Y;}
converges to y in 7{ depends on whether {Y;} is uniformly integrable (UI). In our
setting, the following five condtions are equivalent:'®

(1) {3} is UI

(2) Vi Ly

(3) Y; = EF[y] for all i € Z,

(4) EP[y] = lim, o0 BF[V]] =1

(5) 2o lw =1
To summarize, if a uniformly integrable state-price process exists, it is given by
(3.16) where the following holds:

I,>0 foralweN and Y I, =1 (3.17)
w=1

175ee Appendix B for a method of computing the state-price process from the dynamics of the
stock price.

18T allow for a non-zero interest rate r, let Bi(w) = "% be the money-market account and
define Y; := Yz/éz Then Y; = Y; B;.

9In Condition (3), {Y;} is said to be closed by y.
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Deflated gains are martingales. Define the deflated stock and bond prices: S =
S;Y; and B; := B;Y; = Y;. The State—priAce process has the property that the
deflated asset prices are martingales: EiP_ 118i] = Si—1 and Eip_ 1[Bi] = Bi—1 (which
amounts to Eﬁl[Yi] = Y;_1). The deflated gain, G, = QY = HZB B; + 9;9 S’i,
inherits the martingale property: EF [Gi] = Gi_1.
It remains to show EZ-P_ 1[AS’¢] = 0, where AS; .= S; — S;_1. Note that
AS; =Y, (Zi AS; + (1 — Z;) Si—1),

and therefore Eip_l[ASi] =Y, Eip_l[Zi AS;]. Since AS; = 0 for w < i—1, it is
enough to show that EX |[Z; AS;] =0 for w > i — 1, in which case

EEA(ZAS] = (%) (fi—gm) + (1= 0) (=) =) =0, (319

(2
where we have used the conditional probabilities ¢; and 1 — ¢; in computing the
conditional expectation.

Equivalent measure. Proposition: There exists an equivalent measure if and only
if there exists a uniformly-integrable state-price deflator. Proof of the ‘if’ part: If

P
{Y;} is UI, then Y; Iy yed (P) and E¥[y] = 1. These conditions guarantee the
existence of an equivalent measure @), with Radon—Nikodym derivative d@/dP =y,
so that Q. = Q[{w}] = y(w) P[{w}] = I}, for all w € N. Conversely, if there exists
an equivalent measure, then there is a Radon-Nikodym derivative y € £!(P), such
that y is strictly positive and EP[y] = 1. Then Y; = EF[y] is a UI state-price
process.

Arbitrages and free lunches. In order to apply Kreps’ definitions of arbitrage
and free lunches to the dynamic setting, we need a correspondence between the
space of stopped gains and the marketed subspace.

The marketed subspace. Here we define the marketed subspace and a linear pricing
functional on it. We show that the space corresponds the set of stopped gain
processes of self-financing trading strategies and the pricing functional corresponds
to the initial investment.

Let the set of marketed securities be given by My = {B} U{S; : i € N}. Then
m € M (the marketed subspace) if and only if m = ny B + 22;1 1; S; for finite i*.
Note that

w—1 *
m(w)=no+ Y _njg;+ fo DM (3.19)
j=1 j=w

where n; = 0 for j > ¢*. Let mo(B) = mo(S;) = 1. For m € M, define n(m) :=
o mo(B) + 30y mi mo(Si) = St mi.

For any m € M, define the following self-financing trading strategy: Gy = 7(m)
and & = Z;*:Z +17;- This trading strategy produces Goo(w) = m(w). In addition,
since §; = 0 for ¢ > n = ¢* + 1, the gain is stopped at t,, so that G; = G,, = m for
all 7 > n. Conversely, for any self-financing trading strategy that is stopped at t,,
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there is an m € M, where m = G,, is given by (3.19) such that 7y = Gy — &y and
1 = &+1 — &. Moreover, w(m) = Gy.

The preceeding correspondence establishes the following two facts: m € M N
K <— G, € K and 7(m) >0 < Gy > 0.

Arbitrage opportunities. Fix a space X DO M and a cone K = X, \ {0}. The
Krepsian statement of no arbitrage opportunities is m € M N K = 7(m) > 0.
This is equivalent to G,, € K = G > 0 where G,, is any stopped gain process
generated by a self-financing trading strategy.

There are no arbitrage opportunities given a state-price process: Given Y, > 0
and ET[G, Y,] = Gy, we conclude G,, € K = Gy > 0. Conversely, if there are
no arbitrage opportunities, we can construct a state-price process.

Free lunches. Fix a topological space (X, 7) where X D M and the positive cone
K = X \{0}. Applying the Krepsian analysis, there are no free lunches if 7 extends
to ¢ € ¥. We show that if there exists a state-price process that has limit points
in X*, then there exists a 1) € ¥ that extends 7 to of all X.

Consider (X,7) = (°(P),7l), where 1 < p < oo, for which the dual space is

(X*,7) = (¢4(P),, U P, where ¢ = p/(p—1). If Y; AN y € X*, then ¥(z) = EF [z y]
for all z € X and ¥(m) = w(m) for all m € M.

Now consider (X, 7) = (£X(P)**,w*), for which (X*,7*) = ({>(P),7L). If Y; AN
y € X*, then for all z € X, where x = 2! 4+ 2 is the Yosida-Hewitt decomposition,
Y(x) = B[zl y] + fnydgo, where ¢ € pa is the pure charge that corresponds to
zt € ((P)*, and ¢(m) = EP[my] = n(m) for all m € M C ¢*(P).

Finally consider (X,7) = (£>°(P),7L), for which (X*,7*) = (¢1(P)**,w*). Since
{Y;} is bounded in ¢!(P) and Y; il y € £*(P), there exist limit points of {Y;} in

P

£Y(P)**, all of which have the form y+ 71, where T+ € ¢1(P)*. (If Y; Ly 4, then y
is the only limit point and 7™+ = 0.) Then for all z € X, ¢(z) = E [z y] + [, 2 d®,
where @ € pa is the pure charge that corresponds to 7+, and ¥ (m) = 7(m) for all
me M.

Let {G;}2, be any gain generated by a self-financing trading strategy and let
{Ga}aca be any subnet of {G;}°,. If there are no free lunches, then G, xe
K — Gy >0.

The doubling strategy. The doubling strategy is characterized by Gy = 0 and
Goo(w) = 1. Referring to (3.9), the trading strategy that generates this gain is

—1
i+1

S (it - (St ) o

k+1

The trading strategy involves taking an initial position in the stock of 1/(f; — 1)
and financing it with the bond so that no funds are invested. The first time ‘red’
appears, the stock position is closed and all proceeds are invested in the bond
thereafter. If the first ‘red’ has not appeared after the i-th spin, the position in
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the stock is increased by the factor (f; — g;)/(fi+1 — gi), ‘doubling’ as it were. The
boundedness of {{;} depends on S (w) = f,, [see the rightmost expression for &; in
(3.20)]. For example, if f{ =a > 1 and f; = 1/a for i > 2, then

1
fo=—— and § =
a—1

a
(a—1)(1+a)ks —1)
In this case, the amount invested in the stock does not change after the second
spin of the wheel. It is important to recognize that the boundedness of the trading
strategy {&} plays no role in determining the existence of arbitrage opportunities
or free lunch opportunities.

Note that G; = z; for all i« € N, where z; is given in (2.8), where ¢; = 1 — f3;.
Therefore, we have already examined the properties of ||Gy[[l’. The only novelty
here is to recognize 3; = k;11/I5+1, so that for 1 < p < oo,

Hl—GHP: ki+1 -Zi_i,-l 1/17
(3 D ] . Y
lz—‘rl qi+1

7 i
IGillT =Y Po+h' Y I,
w=1 w=1

for i > 1. (3.21)

and

lim [|Gi||f = lim 1+h; !
1—00 1—00

where h; is given following (3.16).

The suicide strategy. The suicide strategy is characterized by Gp = 1 and G (w) =
0. The trading strategy that generates this gain is simply the negative of that given
in (3.20).

The buy-and-hold strategy. The buy-and-hold self-financing trading strategy
for the stock is characterized by Go = 1 and 7; = 1 for all j € Z,. The gain
generated by this trading strategy is G; = 1+ E?:l AS; = S;. As noted above,
S; L% S, where Seo(w) = f.. Two questions arise. First, is So, € X? By
construction, S; is bounded for every ¢ € N. Nevertheless, S need not be bounded,
in which case Sy & £°°(P). For p < 0o, the /P norm of Sy, is given by

o] 1/p
||SOOH5 - (Z’fwvjpuz) >
w=1

which may or may not be finite. Second, assuming S, € X, does S; — S,.? For
example, given (X, 7) = (¢/(P),7}), consider

o] 1/p
lim [[S; — Ssoll; = lim ( > o= £l Pw) :
w=i+1
which may or may not be zero.

Examples. We revisit the two examples in the dynamic setting. Recall P, =
p(1—p)“~1 where 0 < p < 1.
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Ezample 1. Recall I; = ¢ (1 — ()", In this case, k; = (. Since Y22, I = 1, {V;}

+P w—
is UL and Y; — y, where y(w) = (¢/p) (1= ¢)/(1 = p))* .20
Let the stock-price dynamics be given by

fi= <1+M<TC)> (1—p)'", and gi=(1-p)"
where 0 < ( <1land —¢/(1 —¢) <pu <1, p#0. In words (assuming p > 0), the
stock price falls by 100 p percent until ‘red’ first occurs, at which point it rises by
100 (p/¢) (1 —¢) percent and does not change thereafter. In this case, the doubling-
strategy trading strategy is

“ 1 ( : ) ( : )Z
Cop\1-¢ 1-0—-p)) "’
which is unbounded.

If £ < 0, Seo & £ (even though every element in the sequence is in £*°) since
Seo is not bounded in that case. The ¢P(P) norm of S is given by

(o u ()0 )"
1—(1—=pP(1-p)

This condition does not impose a constraint unless 4 < 0. In order for both the
no-free-lunch condition and the condition for So, € ¢P(P) to hold, we must have
1-(1-p) P <p<1—(1—-¢)P. For p = —(1—)/¢, one of the two conditions must
be violated; in addition, So = 0, so that the buy-and-hold strategy is the suicide
strategy.

Now let the stock-price dynamics be given as follows: f; =a > 1, f; = 1/a for
1> 2, and

1Ssolly = <oo, ifp>1—(1—p)?

1+ (a—1)(1-¢)

" .
The trading strategy that generates the doubling strategy, which is given by (3.21),
is bounded. Note that

-1 1— p)l/p ’
||sz-—soo||;j:<aa ><(1—p)< ) for i > 2.

Hence, the condition for S; — S is p = C or p < 1 — (1 — ¢)P. In other words,
Soo 1s in the space if and only if there are no free lunches.

gi =

Ezample 2. Recall, I; = ((2i)(i+ 1)) > 0 and > 07 I, = 1/2. The state-
price process is not UL Note that k; = (1 + i)72. The doubling-strategy gain

P
is characterized by ¢; = —i/(i + 2), which is bounded. Of course, G; 751 for
1 < p < oo, but {G;} does not converge in 7£, for which there are no free lunches.

20For w > 4, the price of risk is A (w) = (p — ¢) (p(1— p))_l/Q. See Appendix B.
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Back and Pliska (1991) present an example that fits into this case.?l 22 They
choose the following stock-price dynamics: f; = 27% (2 + 24 + 2) and g; = 27%. For
this choice of stock-price dynamics, the doubling-strategy trading strategy is

22+i
ST PiEive

which is unbounded. Of course, we can choose different stock-price dynamics: f; =
a>0, fi=1/a for ¢ > 2, and

o l1-it+(—a)a(l+9)
9= 2a (24 1)

For these stock-price dynamics, the doubling-strategy trading strategy, which is
given by (3.21), is bounded.

Back and Pliska define arbitrage opportunities differently than defined here. Ac-
cording to their definition, there are no arbitrage opportunities in their example. A
necessary component of the absence of arbitrage opportunities is lim; ,», f; = 0.
Thus, our modification of their example is subject to arbitrage opportunities accord-
ing to their definition because lim; o, f; = 1/a > 0. In terms of our definitions, the
free lunches available in ¢P(P) for p < co do not require unbounded trading strate-
gies {&;}. Thus, according to their definitions, our example presents the following
situation in (¢>°(P),7L): There are arbitrage opportunities, but their are no free
lunches.

APPENDIX A. MATHEMATICAL PRELIMINARIES

Take as given a measure space (£2,F,u), where 2 = N := {1,2,3,---} is the
set of natural numbers, F = P(N) is the set of all subsets of N, and p is a finite
measure characterized by p[{w}] > 0 for all w € N, where u[N] < oco. For the
space of commodity bundles (security payouts), let X = ¢P(u) = LP(N,P(N), ),
for 1 < p < 00.2324 The (P(u) spaces of sequences are characterized as follows:
x € (P(p) if ||z||h < oo, where

||| = (22 Iw(w)lpu[{w}])”p 1<p<oo
sup,, [z(w)] p = oo.

21Back and Pliska do not address viability per se. Instead, they consider the existence of an
‘optimal demand.’ For an agent constrained to consume in the positive orthant, an optimal demand
can exist even absent viability when the agent is driven to a corner. Thus, Back and Pliska find
an optimal demand exists in ¢? for p < oo, even though the pair (M, ) is not viable.

22Their W corresponds to our Gy, their ¢; corresponds to our &_1, and they set p = 1/6.

23The only set in the o-algebra P(N) with measure zero is the null set @. As a consequence,
given z,y € X, x = y almost everywhere if and only if z(w) = y(w) for every w € N.

240ur use of #7 is a bit nonstandard. Ordinarily, the measure is restricted to the counting
measure. In fact, we exclude it because it is not finite.
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Let 7 denote the £°(p) norm topology. Convergence in the ¢P(u) norm of a sequence

m
{z;} to an element z (denoted z; LN x) is characterized by

lim ||z — z;[|; = 0.
1—00

If u[N] = 1, then  is a probability measure, and the expectation operator is defined
by Bfla] = 3205, a(w) ul{e}) for @ € € (1)

In all cases, let K = X \ {0} be the positive cone of X with the origin deleted;
ie., z € K if z, >0 for all w € N and z,, > 0 for at least one w.?> Consequently, it
is sufficient to specify a topological space (X, 7).

Let ¢P(u)* = (¢P(u), 75')* denote the topological dual space of £°(u). The elements
of /P(u)* are continuous linear functionals on /P(u). For 1 < p < oo, P(p)* = £4(p),
where 1/p+1/q =1; for 1 < p < oo, the bi-dual (i.e., the dual of the dual) of /7 (1)
is the space itself: ¢P(u)** = P(u).

Note that 1(u)* = ¢°°(u) and therefore ¢1(p)** = £°°(u)* However, £>°(u)* #
¢*(p) and hence £ (p)** # ¢1(u). Nevertheless, 1 (u) C £2°(u)* = £1(u)**. In fact,
every z € £1(u)** has the unique decomposition z = y + 2, where y € ¢! (u) and z €
¢ (u)*, where £1(u)+ denotes the orthogonal complement of £* () in £1(u)**.26 We
can make the following three identifications: (1) identify ¢! (u)** with ba(B(N)), the
space of all signed charges (i.e., finitely-additive set functions) of bounded variation
on the o-algebra PB(N) of all subsets of N; (2) identify ¢!(u) with ca(B(N)), the
band of all o-additive signed measures in ba(B(N)); and (3) identify £*(u)* with
pa(P(N)), the band of all purely finitely additive signed measures of ba((N)).?”
Let 7 = w* be the weak* topology. With this topology, the topological dual of
O (p)** is its pre-dual £1(u)* = £°°(p).

[Discuss weak and weak* convergence.]

[Discuss weak topology w}’]

Define the indicator function:

1 wed
Lalw):= {0 :;A

where A is some set. An Arrow—Debreu security pays one unit in one state of the
world. The payout on the i-th Arrow—Debreu security (the security that pays 1 in
state i) is 0;(w) := 1453 (w)-

25X+ ={z:2, >0, Vwe N} and X414 :={z:2, >0, Vw € N}.

26Let X = £*(u)**. Note that z € K = X \ {0} implies y € X; and z € X and at least one
of the two not 0.

27See Aliprantis and Border (1999, Chapter 15) for further details.
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Let 7., denote the topology of convergence in measure.?® The topology of con-
vergence in measure is generated by the metric

i () - gl
d(f’g)_/n1+|f—9!d“_§_:1(1+|f(w)—g(w)l)u[{w}]' (A1)

In particular, f, & f <= d(f,, f) — 0. Also note that f, =% f = d(fn, f) —
0, where f,, &% f is shorthand for

ILm fo(w) = f(w) forallw e N.

Consider the topological space (¢P(u),7m), where 1 < p < oco. The problem
with this space (with respect to viability) is that ¥ = &; in other words, the set of
strictly positive continuous linear functionals on (¢P(u), 74, ) is empty. Here is a proof
adapted from Kreps.?? If ¢ is a K strictly positive continuous linear functional, then
¥(d;) > 0. Let y; = 61 — [¢(61)/(8;)] ;. By linearity ¥ (y;) = 0. Now consider

o0 1/1(51)51,(“])

; Y(61) . .
d(yi,ao—; % ul{w}] = (m) ul{i}] < ul{i)]-

By the finiteness of pu, lim; .o, d(y;,d1) = 0 and therefore y; £ 5. Thus, if ¢ is
continuous it follows that ¢ (d1) = 0, a contradiction.

The linear vector space £°(u) = LO(N,B(N), 1) is the space of all u-measurable
sequences with the metric topology of convergence in measure.?? L0 is a Fréchet
space (it is topologically complete), but it is not a Banach space (it does not have
a norm).

APPENDIX B. COMPUTING THE STATE-PRICE DEFLATOR FROM THE
STOCK-PRICE DYNAMICS

We can compute the price of risk and the state-price process from the dynamics
of the stock price by using conditional expectations to decompose changes in the
stock price into expected and unexpected components. The conditional expectation
of the stock price next period is

fw wﬁi

. (B.1)
Qit1 fir1 + (1 — qiv1) giv1 w > i,

El[Sin](w) = {

28Convergence in measure and L° are discussed in Aliprantis and Border (1999, Chapter 12, pp.
446-451). On a finite measure space (as we assume), pointwise convergence implies convergence in
measure. Also, norm convergence in any LP(u) space implies convergence in measure u. Therefore,
if {fn} converges pointwise to f, then it converges in measure, and hence f is the only candidate
for norm convergence.

2gKreps presents his proof (p. 24) in terms of pointwise convergence in the context of an example
that illustrates the proposition that the absence of free lunches does not imply viability. In his
example, there are no free lunches because the marketed subspace is one-dimensional.

30Neither ¢° or £ depends on pu.
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Define the expected change in the stock price, m; := EF[AS; 1], where
0 w <1
m;(w) = .
(gi+1 = kiv1) (fiv1 — giv1) w >,
and define the volatility of the change in the stock price

() 0 w<1
ag; = .
gi+1 (1 — Giy1) (fix1 — Git1) w > i

Now define the ‘shock’ process:

0 w <1
—a\ /2 .
Agi(w) := 1qiqz> w=1
S \1/2
- (13’%) w >,
where EP[Ag;] = 0. In addition, Ae; has the following conditional properties:

EFP[Ag;11](w) =0 for all w € N and

0 w<z

Eﬁmﬁmm={1w>i

Note the Ae; are not independent, since Ae; = 0 implies Ae;y; = 0 for all j € N.
Nevertheless, they are conditionally independent in the sense that, for w > 4, future
values are independent of current and past values. We express the change in the
stock price as sum of the expected change plus the volatility of the change times
the change in the shock:

ASZ(w) = ml;l(w) + Ui,l(w) Aé—:i(w),

where

0 w <1

oici(w) Agi(w) = 1—q) (fi—g) w=1i
—qi (fi — 9i) w > .

Now construct the price of risk from the drift and diffusion:

A(w) {0 o= (B2)
W) = 9 m;(w) _ Git1—kit1 ; :
oi(w) Vaiv1 (1—gqis1) Wt

‘Risk-neutrality’ can be characterized by ¢; = k; for all 7. At this point, we can
construct the state-price process using Z; =1 — \;_1 Ag;.

In our definitions of the ‘drift’ and ‘diffusion’ of the stock price, we have not
normalized per unit of time. We could easily do so, but the results would not
change, since the differential ‘dynamics’ are derived from the given level processes.
In particular, let

ASl == 77~”Li_1 Ati + 5i_1 Agl and Zz‘ =1- )\i—l Aa,
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where Ati =1; — ti—l, ﬁ%‘—l = mi_l/Ati, 51':1 = 0'7;_1/\/ Ati, Xi—l = )\i—l/\/Ati,
and Ag; := y/At; Ag;. Although m;, 7;, and \; may be explosive, the properties of
S;, Z;, and Y; are unchanged.
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