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Abstract

We prove constructively that every uniformly continuous convex func-
tion f : X — RT has positive infimum, where X is the convex hull of
finitely many vectors. Using this result, we prove that a separating hyper-
plane theorem, the fundamental theorem of asset pricing, and Markov’s
principle are constructively equivalent. This is the first time that impor-
tant theorems are classified into Markov’s principle within constructive
reverse mathematics.

Constructive mathematics in the tradition of Errett Bishop [2, 3] is charac-
terised by not using the law of excluded middle as a proof tool. As a major
consequence, properties of the real number line like the limited principle of om-
niscience

LPO Vz,ye Rz <y Vae>yVzez=y)),
the lesser limited principle of omniscience
LLPO Vz,y e R(z <y V z >y),

and Markov’s principle

MP Vz e R(—(z=0) = |z| > 0)

are no longer provable propositions but rather considered additional axioms.

In this context, reverse mathematics attempts on deciding which axioms of
this kind are necessary and sufficient to prove certain theorems. For example,
the Hahn-Banach theorem is equivalent to LLPO []]. Many properties of the
reals still hold constructively, and will be freely used in the sequel:

cr>y e <y
co—y e (=)

o [z -yl >0 < [z[>0& |y >0 (1)
o |z|>0 x>0V a<0



We cannot prove constructively that every nonempty bounded set of reals has
an infimum. This gives rise to the following definition. Fix ¢ > 0 and sets
D C C C X where (X, d) is a metric space. The set D is an e-approximation of
C if for every x € C there exists y € D with d(x,y) < e. C is totally bounded
if for every n there exist elements z1,...,x,, of C such that {z1,...,z,,} is a
1/n-approximation of C. In particular, any inhabite(ﬂ totally bounded subset
C of X is located [5], Proposition 2.2.9], which means that

d(z,C) =inf {d(z,y) |y € C}

exists for all x € X. If C is totally bounded, and f : C — R is uniformly
continuous, then

inf f =inf {f(y) |y € C}

does exist [B, Corollary 2.2.7]. In this context, Brouwer’s fan theorem can be
stated as follows [10].

FAN If f:[0,1] — R* is uniformly continuous, then inf f > 0.

Note that FAN can be deduced from LLPO [9]. There are many propositions
which are equivalent to principles like LLPO or the fan theorem. In this paper,
for the first time, we prove that important classical theorems are classified into
Markov’s principle.

Set

n

Y, = {(xl,...,xn) € R" | sz >0 and 0 < z; for allz’},
i=1
n

X, = {(xl,...,xn) eR™| inzl and 0 < z; foralli},
i=1

and

Pnz{(xl,...,xn)ER"|in:1and0<xi foralli}.

i=1
The following results on convexity, which are used for the announced classi-
fication later on, are interesting on their own.

Let C be an inhabited convex set. A function f: C — R is convex if

fOz+(1=Ay) <Af(x) + (1 =N f(y)
for all A € [0,1] and z,y € C.

The following Proposition can be considered a constructive version of the
fan theorem.

LA set is inhabited if it contains an element, which is classically equivalent to being
nonempty.



Proposition 1. Every uniformly continuous convex function f : X, — R has
positive infimum, i.e. inf f > 0.

Proof. We use induction on m to show the following statement: fix elements
Ay, ..., A, of a normed space V and a positive valued uniformly continuous
convex function f on

Then f has positive infimum.

For m = 1, the statement is trivial. Suppose that the statement holds for
m > 1. Fix Aq,..., Amny1 € V. Since the function

m—+1
Xm+1 — C(Al, ey Am+1), ()\1, ey )\m+1) — Z )\1Az
=1

is uniformly continuous, its image C(Ay, ..., A1) is totally bounded [5, Propo-
sition 2.2.6]. Now fix a uniformly continuous convex function

fZC(Al,...7Am+1) —>R+

and set a = inf f. We define a decreasing sequence of subintervals [a,,, b,] of
[0, 1] such that

® b, —a, €{0,27"}
e a,=b,=0<a
e 0<a V a=inf{f(P)|PecC,}
for every n € N, where
Cn=C(A1 4+ an(As — A1), A1 + by (A — A1), Az, ... Apet1)-

Set ag = 0 and by = 1 and suppose that a,, and b,, have been defined.
case 1 If a, = by, set any1 = bpy1 = ay.
case 2 Suppose that a,, < b,. Set ¢ = %.
case 2.1 If 0 < o, set apy1 = by =c.
case 2.2 Suppose that o =inf {f(P) | P € C,,}. Set

1
E= 51Hf{f(P> | Pe C(Al +C(A2 —Al),A3,...,Am+1)}.

By the induction hypothesis, € > 0.

case 2.2.1 If0 < «, set ap11 = b1 =c.



case 2.2.2 If a < ¢, there is

m—+1
X =M(A1 +an(A2 — A1) + A2(A1 +bp (A2 — A1) + Z ANid; € Cp
i=3
with
fX) <e. (3)
We show that
d(X,C(A; +c(Ay — A1), Az, ..., Apg)) > 0. (4)

Suppose that
d(X,C(AL + (A2 — A1), Az, ..., Apy1)) <6,
where § > 0 is such that
IP=Pll<d = [f(P)=f(P)<c (P,P'€C(AL..., Ans1)).

Then there is P € C(A; + ¢(As — A1), As, ..., A1) such that || X — P|| <6
and hence
f(X)> f(P)—e>2e—c=c¢,

in contradiction to (3)). This completes the proof of , which implies that
A1 — A2 > 0 and therefore we have either A\; > Az or A1 < Aa.

case 2.2.2.1 If Ay > Ag, then for any

m+1
P = (A1 +an(Az — A1) + p2(A1 + b, (A2 — A7) + Z HiA; € Cyp
i=3

such that puy < ps there is v € (0,1) such that v(A; — o) + (1 —v) (1 — o) = 0,
and hence

vX + (1 - V)P € C(Al + C(A2 - Al)a A37 ceey A’m-‘rl)'
We therefore obtain
2 < f(WX + (1 - )P) < vf(X) + (1 - 1) f(P) < ve + (1 - )[(P),

which implies that f(P) > . Hence, points like P are irrelevant for the calcu-
lation of o, and we may proceed by setting a,+1 = a,, and b,+1 = c.

case 2.2.2.2 Similarly, if A\ < Ao, set a,4+1 = ¢ and by41 = by,.
Let a be the limit of (a,) (and thus also of (b,)). If 0 < «, we are done. If
a<inf{f(P)|P e C(A +a(Ay— A1), As,..., Amt1)},
by the uniform continuity of f, we can find an n such that
a<inf{f(P)|PeC,},
thus 0 < a. 0



Note that the proof of Proposition [l is given for normed spaces. Indeed,
Proposition [1] is corresponds to the following seemingly stronger result:

Corollary 1. Suppose that f : C(Aq, ..., Apn) — RY is convex and uniformly
continuous, where Ay, ..., Ay, are points in a normed space, and C(Ax, ..., Ap)
18 given by . Then f has positive infimum.

The immediate correspondence between Proposition [I] and Corollary (1] fol-
lows from the fact that for any function f as in Corollary [I| the composition
[ o k satisfies the requirements of Proposition [T} where

K:Xﬁ—%CXAh.“,Am%(Ah.“,Am)F)E:AW%.
i=1

The closure Y of a set Y is the set of all limits of sequences in ).

Lemma 1. Let Y be an inhabited convex subset of a Hilbert space (H, (, )). Fiz
x € H and assume that d = d(x,)) exists. Then there exists a unique a € Y
such that |la — x|| = d. Furthermore, we have

(a—xz,c—a)>0

and therefore
(a —z,c—x)>d?

forallce Y.

Proof. Fix a sequence (¢;) in Y such that ||¢; — z|| — d. Since

lem —all® = [l(em —2) = (a2 —2)||? =
Cm + C
2llem — @l ® + 2l — 2l * = 4= —al|” <
N————
>4d?

Q(HCm—ZEHZ—dZ)+2(||Cl—33||2—d2),

(¢1) is a Cauchy sequence and therefore converges to an a € Y. Since [|¢; — z| —
lla — z||, we obtain ||a — z|| =d. Now fix b € Y with ||b — z|| =d. Then

la =% = li(a—2)— (b 2)|* =
b
2l — 2|2 +2[b - 2> — 4“2 — 2] 2 <0,

| —
>4d2

thus a = b.
Fix c€ Y and A € (0,1). Since

la—=]|* < |1 = Na+Ae—2]* = [[(a —z) + Mc —a)||* =



||a—gc||2—i—)\2 ||c—a||2+2)\<a—x7c—a>,

we obtain
0<Ac—all?+2{a—2,c—a).

Since A can be arbitrarily small, we can conclude that
(a—xz,c—a)>0.
This also implies that
(a—2z,c—2)={a—x,c—a)+{a—z,a—z)>d*.
O

Proposition [I] and Lemma [I] imply the following constructive separating hy-
perplane theorem; compare to [5, Theorem 5.2.9].

Corollary 2. Let C be a convex closed located subset of a Hilbert space (H, (,)).
Moreover, let x1,...,x, € H such that d(z,c) > 0 for allx € C(x1,...,x,) and
c €C. Then there exist e >0 and p € H such that

<p,iE70> 25
for allz € C(xq,...,x,) and c € C.

Proof. Since
|d(z,C) — d(y,C)| < d(z,y)

for all z,y € H, the function
k:C(z1,...,2n) = R,z — d(z,C)

is uniformly continuous. Since C is closed, « is positive valued, see Lemma [T}
Since C is convex, x is convex as well. By Corollary |1} inf x > 0. The set

Y={z—clzeC(z,...,xn), c€EC}
is convex. Note that d(0,)) = inf x and apply Lemma O

Vectors x1,...,x, are linearly independent if for all A € R™ the implication

=1 1=1

is valid. Such vectors span located subsets [5, Lemma 4.1.2]:

Lemma 2. If z1,...,z, € R" are linearly independent, then the set
{ng ¢ Rm}
i=1

is convez, closed, and located.



Now we are ready for the fundamental theorem of asset pricing. Consider a
portfolio of m stocks and one bond. The prices of the assets at time 0 (=present)
are known and denoted by m € R™*!. The prices of the stocks at time 1
(=future) are unknown, but we know that there are n possible developments
and we know the prices for each case. All prices are positive and the price of
the bond is always 1, also at time 1E| Let c;; denote the price of the i-th asset
in case j and set C' = (c¢;;). We assume that the first coordinate corresponds to
the bond, i.e. 1y =1 and also ¢;; =1forall j=1,...,n.

A vector p € P, is called equivalent martingale measure if C - p = 7.

A vector £ € R™*! is called arbitrage strategy if
E-n<0 and &-C€),.

Note that every ¢ € R™*! corresponds to a trading strategy, where &;, i =
1,...,m+1, denotes the amount of shares of asset ¢ that the trader buys. Hence,
the price of £ is € - w and the payoff at time 1 over all possible future scenarios
is £ - C. Thus arbitrage strategies are trading strategies which correspond to
riskless gains, since they do not cost anything ({7 < 0) and do not produce any
losses, and even a strict gain for at least one possible future scenario (£-C € ),).

Lemma 3. The following are equivalent:
1) There exists an arbitrage strategy &.

2) There exists a vector yn € R™ such that
I (C - 71—) € Vn,
where C — 7 := (Cz’j - Wi)i:2,...,m+1;j:1,...,n-

Proof. 1) = 2) Justset u= (&2,...,&m+1)-

2) = 1)  Set &:= (=2 LiTit1, i1, .- Hm). Since m = 1, we obtain

-m= *Zﬂﬂiﬂ + Zﬂﬂiﬂ =0.
i=1 i=1
Since ci; = 1, we obtain
(£-C) = pilcisny — migr) = (u- (C = m));.
i=1

Thus £-C € Y,. O

2This means that the prices are discounted.



The classically provable fundamental theorem of asset pricing states that
there exists an equivalent martingale measure if and only if there doesn’t exist
an arbitrage strategy. This is probably the most fundamental theorem of math-
ematical finance and means that in ‘fair’ markets, i.e. in arbitragefree markets,
the ‘fair’ prices are given by expectations under equivalent martingale measures.
There is a vast literature on this result; we refer to [7] for a comprehensive dis-
cussion of the fundamental theorem of asset pricing.

Let A := C'—n. By Lemma/3] excluding the existence of arbitrage strategies
is the same as claiming that

{£-A|E€eR™INY, =0.
Hence, the fundamental theorem of asset pricing reads as
{£-AlEeR™"INY, =0 & FpeP, (A-p=0). (5)
The implication ‘<=’ in is easily verified, since for any & € R™ it follows that
(€-A)-p=¢-(A-p) =0,

which implies that —(§ - A € ),,). The non-trivial implication in is ‘=". In
what follows, for technical reasons, we will assume that the rows of the matrix A
are linearly independent. This is a standard assumption even classically, since
it simply means that there are no redundant stocks in the market, i.e. stocks
that can be hedged by others. Then the non-trivial implication of reads as
follows:

FTAP For every R™*™-matrix A with linearly independent rows we have
{£-AlEeR™INY, =0 = TpeP, (A-p=0).

We will show that FTAP is equivalent to Markov’s principle and indeed also
equivalent to the following version of a classically well-known separation result:

SEP Let (H,(, )) be a Hilbert space and suppose that C C H is convex, closed,
and located. Moreover, let x1,...,x, € H and suppose that

CNC(z1,...,xy) =0.
Then there exists € > 0 and p € H such that
(p,v—c)>¢
for all x € C(x1,...,2,) and ¢ € C.

The classical version of SEP says that any two nonempty closed convex sets
may be strictly separated by a hyperplane, provided that their intersection is
void and one of the sets is compact; see for instance [I, Theorem 5.79].



Proposition 2. The following are equivalent:
a) SEP
b) FTAP
¢) MP

Proof. a) = b): Assume SEP. Fix a R™*"-matrix A with linearly independent
rows. By Lemma[2] the set

C={¢-A[eR™}
is convex, closed, and located. Assume that
CNY,=0.
Then in particular C N X,, = (), and by SEP we obtain
Je > 03¢ eR"Va € X, c € C({qg,x) > {(q,¢) +¢).

Let e; be the i-th unit vector in R™. Since 0 € C, we obtain (g, e;) > €. This
shows that all components of ¢ are positive. Now fix ¢ € C and assume that
[{g,c)| > 0. Since C is a linear space, there exists d € C such that

(g,e:) < (q,d) + ¢,

a contradiction which shows that A - ¢ = 0. Therefore,

p= ( q1 dn )
DD A DA

is an element of P, with A-p = 0.

b) = ¢): Now assume FTAP and fix a real number a with = (¢ = 0). Consider
the Matrix A = (|a|, —1). Suppose that there exists a £ € R with (£ |a|, —¢) €
Ys. In the first case, we have {|a| > 0 and —§ > 0 and therefore £ > 0 (see
) and £ < 0. In the second case, we have & |a| > 0 and —¢ > 0 and therefore
a = 0. So there cannot be such a £&. Now FTAP yields the existence of a p € Py
with py |a| = pa. This implies that |a| > 0.

c) = a): Finally assume MP. Since C N C(x1,...,7,) = 0, we obtain that
=(d(z,c) = 0) for all x € C(x1,...,2,) and ¢ € C. Now MP implies that indeed
d(z,c) >0 for all z € C(z1,...,z,) and ¢ € C. Apply Corollary O

Note that we obtain the following constructive version of the fundamental
theorem of asset pricing.

Corollary 3. Fix a R™*"-matriz A with linearly independent rows such that
d§-A,z) >0 for all £ € R™ and x € X,,. Then there exists p € P, with
A-p=0.



Remark 1. We remark that Proposition [§ implies that SEP and FTAP are
true in recursive constructive mathematics. For a discussion about the relation
of recursive constructive mathematics to constructive mathematics we refer to
Al

Remark 2. In classical reverse mathematics, the Hahn-Banach theorem, which
implies the aziom SEP, is classified into WKL [6]]. Although this paper does not
take account of set existence axioms, we claim that SEP and FTAP can be
proven in RCAy, since we did not use non-constructive choice axioms and MP
holds classically.
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