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Abstract

This paper studies the concept of instantaneous arbitrage in continuous time
and its relation to the instantaneous CAPM. Absence of instantaneous arbi-
trage is equivalent to the existence of a trading strategy which satisfies the
CAPM beta pricing relation in place of the market. Thus the difference be-
tween the arbitrage argument and the CAPM argument in Black and Scholes
[3, 1973] is this: the arbitrage argument assumes that there exists some port-
folio satisfying the capm equation, whereas the CAPM argument assumes,
in addition, that this portfolio is the market portfolio.



1 Introduction

This paper studies the concept of instantaneous arbitrage in continuous time
and its relation to the instantaneous CAPM.

An instantaneous arbitrage trading strategy is an instantaneously riskless
trading strategy whose instantaneous expected excess return is always non-
negative and sometimes positive.

We define a market to be instantaneously arbitrage-free if it is not possible
to construct a zero-value instantaneous arbitrage trading strategy. This def-
inition is independent of any choice of a potentially non-unique interest rate
process, because for trading strategies with zero value (zero cost), the excess
return equals the return and does not involve the interest rate.

If the market is free of instantaneous arbitrage according to this definition,
then it follows that any interest rate process is unique in the sense that two
money market accounts must have associated interest rate processes that are
almost everywhere identical.

Once a particular interest rate process has been fixed, absence of instanta-
neous arbitrage can be defined in various equivalent ways. It is equivalent
to the non-existence of an arbitrage trading strategy (zero-value or not),
and to the non-existence of a self-financing arbitrage trading strategy. It is
also equivalent to the condition that every instantaneously riskless trading
strategy has zero expected excess rate of return almost everywhere.

Apart from the various ways it can be defined, absence of instantaneous
arbitrage is equivalent to the existence of a vector of prices of risk, and it is
equivalent to the existence of a trading strategy whose dispersion is a vector
of prices of risk. The dispersion of such a trading strategy is in fact a minimal
vector of prices of risk, in the sense that it is shorter than any other vector
of prices of risk.

Most importantly, absence of instantaneous arbitrage is equivalent to the
existence of a trading strategy which satisfies the CAPM beta pricing relation
in place of the market.

According to the CAPM, in equilibrium, the expected excess return to any
asset equals its beta with respect to the market portfolio times the expected



excess return on the market portfolio. It is well known that this CAPM
relation may be satisfied by portfolios other than the market portfolio, even
if the market is not in equilibrium. Indeed, Roll [11, 1977] showed that
irrespective of the equilibrium assumption, a portfolio satisfies the CAPM
relation if and only if it is on the mean-variance frontier.

In continuous time, it is equally true that the CAPM relation may be satisfied
by some portfolio even if it is not satisfied by the market and even if the
market is not in equlibrium. What is required is that the market should be
free of instantaneous arbitrage opportunities. The main result of this paper
says that there exists a trading strategy that satisfies the CAPM relation if
and only if the market is instaneously arbitrage-free.

This throws light on the two competing approaches used by Black and Scholes
[3, 1973] in deriving their derive their partial differential equation: absence
of instantaneous arbitrage, and the CAPM.

Black and Scholes [3, 1973] attributed the instantaneous-arbitrage argument
to Robert C. Merton. See also Black [2, 1989]. Merton used the argument in
(7, 1973]. Duffie [4, 1998] wrote that it “truly revolutionized modern finance
theory”, and Schaefer [12, 1998] described it as a “seminal” and “critical”
observation.

Our result implies that although the assumption of absence of instantaneous
arbitrage is somewhat weaker than the statement that the market satisfies
the CAPM relation, it is not fundamentally different, because it is exactly
equivalent to the statement that some trading strategy satisfies the CAPM
relation. The latter is clearly sufficient in the derivation of the PDE from
the CAPM in Black and Scholes [3, 1973].

Recall that none of these assumptions is sufficient for deriving the Black—
Scholes formula. See the discussion in Nielsen [9, 1999, Section 6.12]. At
best, they imply the Black—Scholes PDE. However, as Black [1, 1976] ac-
knowledged, the PDE does not have a unique solution. Therefore, the PDE
alone does not imply that the option price must be given by the Black—Scholes
formula.

The paper is organized as follows. Section 2 describes the model. It is a
continuous-time trading model with It6 gains processes and general dividend
processes, as in Nielsen [10, 20036]. Section 3 defines instantaneous arbi-



trage in various equivalent ways and observes that the interest rate process
is unique in an instantaneously arbitrage-free market. Section 4 shows that
absence of instantaneous arbitrage is equivalent to the existence of a vector
of prices of risk, to the existence of a trading strategy whose dispersion is a
minimal vector of prices of risk, and to the existence of a trading strategy
which satisfies the CAPM relation.

The proofs are in Appendix A. They involve a combination of linear algebra
and measure theory. Because we are dealing with stochastic processes, we
need to know that solutions of linear equations, when they exist but are
not unique, can be chosen so as to be measurable functions of the vectors
and matrices that define the equations. These things are spelled out in
Appendix B. In particular, the proof that absence of instantaneous arbitrage
implies the existence of a trading strategy whose dispersion is vector of prices
of risk relies on a dual characterization of the existence of a measurable and
adapted solution to a linear equation whose parameters are measurable and
adapted processes.



2 Securities and Trading Strategies

We consider a securities market where the uncertainty is represented by a
complete probability space (2, F, P) with a filtration F' = {F;};c7 and a
K-dimensional process W, which is a Wiener process relative to F'.

A cumulative dividend process is a measurable adapted process D with D(0) =
0.

Suppose a security has cumulative dividend process D and price process S.
Define the cumulative gains process G of this security as the sum of the price
process and the cumulative dividend process:

G=S+D

Assume that G is an Ito process. It follows that G will be continuous,
adapted, and measurable. Since D is adapted and measurable, so is S. Since
D(0) =0, G(0) = S(0).

An (N + 1)-dimensional securities market model (based on F' and W) will
be a pair (S, D) of measurable and adapted processes S and D of dimension
N + 1, interpreted as a vector of price processes and a vector of cumulative
dividends processes, such that D(0) = 0 and such that G = S + D is an Ito
process with respect to F and W. The process G = S + G is the cumulative
gains processes corresponding to (S’ , D).

Write . .
G(t) = G(0) + [ juds+ [ oaw
0 0
where i is an N + 1 dimensional vector process in £! and 5 is an (N+1) x K
dimensional matrix valued process in £2.

Here, £ is the set of adapted, measurable, and pathwise integrable processes,
and £? is the set of adapted, measurable, and pathwise square integrable
processes.

A trading strategy is an adapted, measurable (N +1)-dimensional row-vector-
valued process A.

The value process of a trading strategy A in securities model (S, D) is the
process AS.



The set of trading strategies A such that Al € £' and Ag € £2, will be

denoted L(G).

Generally, if X is an n-dimensional [t6 process,
t t
X(¢) :X(0)+/ ads+/ bdW
0 0

then £(X) is the set of adapted, measurable, (n x K)-dimensional processes
7 such that yu € L' and yo € L2

If A is a trading strategy in £(G), then the cumulative gains process of
A,_me_asured relative to the securities market model (S, D), is the process
G(A; G) defined by

forallt € 7T.

A trading strategy A in £(G) is self-financing with respect to (S, D) if
or

Generally, if A is a trading strategy in £(C_J)_Which may not be self-financing,

then the cumulative dividend process of A with respect to (S, D) is the
process D(A; S, D) defined by

A5 +D(A;5.D) = G(A; G)
The process D(A; S, D) is adapted and measurable and has initial value
D(A; S, D)(0) = 0.
A money market account for (S, D) is a self-financing trading strategy b
(or a security that pays no dividends) whose value process is positive and

instantaneously riskless (has zero dispersion). We denote its value process
by M: M = bS.



If M is the value process of a money market account, then it must have the
form

t
M(t) = M(0)exp {/ rds}
0
for some r € L' (the interest rate process) and some M(0) > 0.

In changing to units of the money market account, we rely on the general
theory developed in Nielsen [10, 20036].

Let D be a cumulative dividend process. Then Dr € L' if and only if
D e L(1/M) = L(M). If so, then the cumulative dividend process in units
of the money market account is

t
DY (1) = D(t) /M (1) + [ D~ ds
o M
If (S,D) is a security model with D € L£(M), and if the associated gains
process G = S + D has differential
dG = pdt + o dW

then the cumulative gains process in units of the money market account is
t
@W@:G®Mﬂwf/D%%
0

and

— S
R gt Zoaw

1M (4 _
AGM (t) = E— =

3 Definitions of Arbitrage-Free Markets

To begin with, we define instantaneous arbitrage in a way that does not
assume the existence of a money market account or an instantaneous interest
rate process. On this basis we show that absence of instantaneous arbitrage
implies uniqueness of the instantaneous interest rate process and of the value
process of the money market account (up to a positive scaling factor). We
then re-formulate instantaneous arbitrage in various equivalent ways which
do involve the instantaneous interest rate process.
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If A is a trading strategy (not necessarily self-financing), then the processes
AGaTAT and VAGFTAT will be called the instantaneous dollar return vari-
ance, and the instantaneous dollar return standard deviation of A, respec-
tively.

A trading strategy A is instantaneously riskless if AG = 0 almost everywhere.

A zero-value instantaneous arbitrage trading strategy is an instantaneously
riskless trading strategy A such that AS = 0 almost everywhere, Ag > 0
almost everywhere, and Aji > 0 on a set of positive measure.

A zero-value instantaneous arbitrage trading strategy is not supposed to
be self-financing. Since its value is always zero, it will normally be paying
dividends all the time.

Say that a securities market model (S, D) is instantaneously arbitrage-free if
there exists no zero-value instantaneous arbitrage trading strategy.

Proposition 1 Suppose the securities market model (S, D) is instantaneously
arbitrage-free. If by and by are money market accounts with interest rate

processes r1 and ro and value processes My and My, then r1 and ry are almost
everywhere identical, and My /M;(0) and My/M(0) are indistinguishable.

The proofs of Propostion 1 and other results in this and the following section
are in Appendix A.

Now let b be a money market account with value process M and interest rate
process 7.

If Ais a trading strategy (not necessarily self-financing), then the processes
A —rS) will be called the instantaneous excess expected dollar return of
A.

Assume that D € £(1/M).

An instantaneous arbitrage trading strategy is an instantaneously riskless
trading strategy A € L(G'YM) such that A(fi — rS) > 0 almost everywhere,
and A(f —rS) > 0 on a set of positive measure.



Recall that ) .
~M Lo 3§ A
dG M(u rS)dt + MadW

It follows that a zero-value trading strategy is in £(G) if and only if it is
in £L(GYM). Therefore, the definition of an instantaneous arbitrage trading
strategy is consistent with the earlier definition of a zero-value instanta-
neous arbitrage trading strategy. A zero-value instantaneous arbitrage trad-
ing strategy is nothing other than instantaneous arbitrage trading strategy
A such that AS = 0 almost everywhere.

The following proposition shows that a number of possible definitions of
the concept of an instantaneously arbitrage-free securities market model are
equivalent.

Proposition 2 The following statements are equivalent:

1. (S, D) is instantaneously arbitrage-free (there exists no zero-value in-
stantaneous arbitrage trading strategy)

2. There exists no instantaneous arbitrage trading strategy
3. There exists no self-financing instantaneous arbitrage trading strategy

4. Fvery instantaneously riskless trading strategy has zero instantaneous
expected excess return almost everywhere

4 Prices of Risk and the CAPM

Proposition 3 states the main characteristics of an instantaneously arbitrage-
free securities market model.

Proposition 3 The following statements are equivalent:

1. (S, D) is instantaneously arbitrage free



2. There exists an adapted measurable process \ such that
o—rS=a\"
almost everywhere
3. There exists a trading strategy 1) such that
p—rS=a5"¢"

almost everywhere

An adapted measurable process A such that
p—rS=a\"

almost everywhere, as in statement 2 of Proposition 3, may be called a vector
of instantaneous prices of risk'. 1If v is the trading strategy from (3) of
Proposition 3, then according to Proposition 4 below, the process \* = ¥&
will in fact be the minimal vector of prices of risk, in the sense that for any
other vector \ of prices of risk, A*A*T < A\T almost everywhere.

Proposition 4 Suppose X\ is an adapted measurable process such that
o—rS=a\"
almost everywhere and v is a trading strateqy such that
p—rS=a5""

almost everywhere. Set \* = 1&. Then N*X*T < AT almost everywhere.

If A is a trading strategy, let bz be the vector of fundamental betas of the
individual securities with respect to A:

b = | meeraToo AT if AgoTAT £ 0

A 0 otherwise

INielsen [9, 1999] required, in addition, that A € £2.



Probably, A can be chosen to have positive value process, so that we can
pass to portfolio strategies.

Say that a trading strategy A satisfies the CAPM equation if
fi— 1S =bsA(n—1rS)

almost everywhere.

Theorem 1 (S, D_) 1s instantaneously arbitrage free if and only if there exists
a trading strateqy A which satisfies the CAPM equation.

Theorem 1 implies that the difference between the arbitrage argument and
the CAPM argument in Black and Scholes [3, 1973| is this: the arbitrage
argument assumes that there exists some portfolio satisfying the capm equa-
tion, whereas the CAPM argument assumes, in addition, that this portfolio
is the market portfolio.

A Appendix A: Proofs

Most proofs are in this appendix. The proofs of Theorems 1 and 7?7 depend
on some concepts of “measurable linear algebra,” which are developed in the
next appendix.

PROOF OF PROPOSITION 1:

Suppose it is not true that r; and r, are almost everywhere identical. Assume
without loss of generality that ro > r; on a set of positive measure.

Define a trading strategy b by

_ 1 - 1 - 1 - 1 -
b= 17‘127‘2 <—b1 - —b2> + 17’2>7‘1 <—b2 - —b1>

M, M, M, M,
Then
55 — 11>2(i515_i525>+1 § (im_iz}lg)
e M, M, e M, M,
e (- Lag) e (- L)
r12>T2 M1 M2 r9>T1 M2 2 M1 1

= 0
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B = Lyiow (—obifi— —b Ly (o — =5
I > (M 144 A 2#)"‘ > (M2 2/ A LU)

- 11“127“2 (M TlMl - MT2M2> + 1r2>7‘1 (M TZMQ — MT1M1>
= 17‘127’2 (Tl TQ) + 17‘2>r1 (TQ 7“1)

which is non-negative almost everywhere and positive on a set of positive
measure, and

) 1 1 1. 1.
b6 = 1pyom, (—b17 — —b Lo (—=bs5 — —B15 ) = 0
o= nz (M1 1L 20) > (M2 27 70 10)

almost everywhere. Hence, A is a zero-value instantaneous arbitrage trading
strategy, a contradiction.

It follows that r; and ry are almost everywhere identical. This implies that
M, /M;(0) and My/M>(0) are indistinguishable.

O

Lemma 1 Let b be a money market account with value process M. Assume
that D € L(1/M). Let A be a trading strategy. The trading strategy

6= A+D(A;S/M, D)

18 self-financing with

65/M = G (A; G'V)

If A is an instantaneous arbitrage trading strateqy, then so is ©.

PROOF: It is easily seen that
D(6;5/M, D) =D (A;S/M, DV™) =D (A; §/M,DM) =0
which implies that © is self-financing. The process
D (A; S/M, Dl/M) b
has zero cumulative gains process with respect to (S/M, D'/M). Hence,
OS/M =G (6;G™M) =G (A;GVM)

11



Observe that B B B B
O —rS) = Al —rS)
and ©7 = A almost everywhere. It follows that if A is an instantaneous

arbitrage trading strategy, then so is ©. O

PROOF OF PROPOSITION 2:

It is useful to observe that Statement (4) is equivalent to the following:

(5) There exists no trading strategy _A such that on a set of positive mea-
sure, Ao AT =0 and A(ji —7S) >0

It is obvious that (5) implies Statement (4) in the proposition. Conversely,
to show that (4) implies (5), suppose there exists a trading strategy A as in

(5).
Let A C 2 x T be the set of (w,t) such that

Aw, t)(p(w, t) —r(w,t)S(w,t)) >0

Then the indicator function 14 is a measurable and adapted process, and A
is measurable with positive measure.

Define the process © by © = A on A and © = 0 outside of A. Then O is
measurable and adapted, and, hence, it is a trading strategy. It is an in-
stantaneously riskless trading strategy with positive instantaneous expected
excess return on a set of positive measure, contradicting (4).

(2) equivalent to (3): Follows from Lemma 1.
(5) implies (2): Obvious.
(2) implies (1):

If (S, D) is not instantaneously arbitrage free, then there exists a zero-value
instantaneous arbitrage trading strategy, which is, in particular, an instan-
taneous arbitrage trading strategy.

(1) implies (5):

12



Suppose there exists a trading strategy A such that on a set of positive
measure, Agg' AT =0 and A(ji —rS) > 0.

Let A C 2 x T be the set of (w,t) such that
Aw, )5 (w, t)a(w, t) "Aw,t)T =0

and

Aw, t)(p(w,t) —r(w,t)S(w,t)) >0

Then the indicator function 14 is a measurable and adapted process, and A
is measurable with positive measure.

Define a process © by

on A and © = 0 outside of A. Then © is measurable and adapted, and,
hence, it is a trading strategy.

On A, 65607 =0,
bS =0

U

05 =AS -

a5
M

and _
S

>

O = A — —bii=A(i—rS) >0

Outside of A, © = 0, and, hence, ©56'0" = 0, ©S = 0, and Of = 0.
This implies that © is a zero-value instantaneous arbitrage trading strategy.
Hence, (S, D) is not instantaneously arbitrage free.

O

PROOF OF PROPOSITION 3:

(3) implies (2):

Set A = G1).

(2) implies (1):

If an instantaneous arbitrage trading strategy A exists, then
A(fi —7rS) =d6\" =0

13



almost everywhere, a contradiction.
(1) implies (3):

From (5) of the proof of Propostion 2, we know that there exists no trading
strategy A such that on a set of positive measure, AGg' AT = 0 and A(fi —

rS) =

From Proposition 7 in Appendix B, it then follows that there exists an
adapted, measurable process (a trading strategy) v such that

i—1rS=a51¢"
almost everywhere.

O

PROOF OF PROPOSITION 4:

Observe that B B
A—=5)g" = (p—rS)T —XF" =0

almost everywhere. Hence,
MT = (A= d0) + da][(A — ) + o]
= (A —vo)(A—va)" +yao’
> Y55 YT
_ A*)\*T
almost everywhere.

O

PROOF OF THEOREM 1:
Suppose the trading strategy A exists.

Pick a measurable set N C Q) x 7 with zero measure such that

i — 1S = bxA(ji — rS)
outside of N.

14



Suppose 7 is a trading strategy such that on a set C of positive measure,
465 "4 =0 and (i —rS) > 0. Then ji —rS # 0 and, hence, Agg AT >0
on C \ N. But then

_ _ _ - 1
(i —1rS) = baA(i —rS) = o6 T AT <

Aoo AT =0

on C\ N, a contradiction.

Conversely, if (S, D) is instantaneously arbitrage free, then it follows from
Proposition 3 that there exists a trading strategy A such that

p—rS=a5" A"
almost everywhere.

Pick a measurable set N’ C Q) x 7 with zero measure such that

p—rS=a5" A"
outside of N.

Set
A={(w,t) € Ax T : A(w,t)5(w, )5 (w,t) "A(w,t)" > 0}

and
B={(w,t) e QAxT:A(w,t)d(w,t)5(w,t) Aw,t)" =0}

Then the indicator functions 1 4 and 15 are measurable and adapted processes,
and in particular, A and B are measurable.

On B\ N, ) ) )
f—1rS=66"AT =0=0bxA(1—1rS)
On A\ N,
R A(jfi —rS) . -
TAT TAT
p—rs = A RooTAT A =bzA(p—rS)

15



B Appendix B: Measurable Linear Algebra

A linear equation may have zero, one, or infinitely many solutions. This
appendix shows that where at least one solution exists, a particular solution
may be chosen as a measurable function of the parameters of the equation.
In the case where the parameters are stochastic processes, we give a dual
characterization of the existence of a solution process.

Let
AMJ( C ]RM X ]RMXK

be the set of pairs (y, V') of an M-dimensional column vector y and an (M x
K)-dimensional matrix V' such that y is in the span of the columns of V', or
equivalently, such that there exists a K-dimensional column vector z with
y="Vux.

Proposition 5 The set Ay is measurable, and there exists a measurable
mapping
¢M,K . AM,K - BK

such that y = Vo(y, V) for all (y,V) € Apn k.

Proposition 5 follows directly from Proposition 6 below by transposition.

Consider the correspondence ® from Ay i to IR given by
d(y,V)={z € R* :y=Vaz}

The theory of measurable correspondences and selections, as in Hildenbrand
[5, 1974, Part I, Section D.I1.2, Theorem 1] and Kallenberg [6, 1997, Appen-
dix A.1, Theorem A.1.8], implies that there exists a measurable mapping ¢
from Ay x to R™ such that ¢(y,V) € ®(y,V) for almost all (y,V), with
respect to some measure. Proposition 5 is stronger, since it implies that the
mapping ¢, x has the property that ¢u x(y, V) € ®(y, V) for literally all
(y s V) c AM7 K-

Let
By C RF x RM*K

16



be the set of pairs (y,V) of a K-dimensional row vector y and an (M X
K)-dimensional matrix V such that y is in the span of the rows of V, or
equivalently, such that there exists an M-dimensional row vector z with
y=aV.

Proposition 6 The set By x is measurable, and there exists a measurable

mapping
77Z)M,K : BM,K - ]RM

such that y = ¢ (y, V)V for all (y,V) € By k-
The proof of Proposition 6 will be given below after a series of lemmas.

Proposition 7 LetY and X be adapted, measurable processes with values in
RM and IRM*K | respectively. There exists an adapted, measurable process X
with values in IR® such that Y = XX almost everywhere if and only if there
does not exist an adapted measurable process Z with values in IRM such that
ZY =1 and Z¥ =0 on a set of positive measure.

PROOF: By Proposition 5, Ay i is measurable, and the mapping ¢n k :
Anx — IRE is measurable and has the property that y = Vi (y, V) for
all (y,V) € Ay k.

If (Y,Y) € Ay k almost everywhere, then define X = ¢(Y,¥). Then X is
measurable and adapted and Y = XX almost everywhere. Hence, a process
like X exists.

Suppose a process like X exists. Then almost everywhere, (Y, X) € Ay g. If
a process like Z exists, then on a set of positive measure, (Y,%) & Ak, a
contradiction. Hence, no process like Z exists.

Finally, if no process like Z exists, then (Y, %) € Ay almost everywhere.
To prove this, assume to the contrary that (Y,%) & Ak on a set of positive
measure.

Let B be the set where (Y,X) & A k. Then the process 15 is measurable
and adapted.

17



By Proposition 6,
BMKJrl C RKJrl % R(KJrl)XM

is measurable, and the mapping
77Z)M,K+1 : BM,K+1 - ]RM

has the property that

(1,0) = 1/)M,K+1((1v 0), (y, V))(y, V)

for all (y,V) € RM x IRM*X such that ((1,0), (y,V)) € Barx+1. By elemen-
tary linear algebra, these are exactly those (y, V) such that (y, V) &€ A k.

Define a process Z by Z = 0 outside of B and
Z = tar+1((1,0), (Y, X))
on B. Since 1 is measurable and adapted, so is Z. On B,
(1,0) = Z(V,Y)
which is equivalent to ZY =1 and Z¥» =0. O

We proceed to the proof of Proposition 6.
Let 0 <r < min{M, K}.

Lemma 2 says that we can select, in a measurable manner, a set of r inde-
pendent linear combinations of the rows of an (M x K')-dimensional matrices
with rank 7.

Let D, C IRM*X denote the set of (M x K)-dimensional matrix with rank
r. Then D, is a measurable subset of IRM*X.

Lemma 2 There exists a measurable mapping
H:D, —» R™M

such that for each'V € DT, the rows of H(V)V span the same linear subspace
of IR® as the rows of V.

18



PROOF: Let j; be the first of the numbers {1, ..., M} such that the j;th row
V;,— of V is non-zero. Let j, be the first of the numbers {j; +1,..., M} such
that Vj _ and V},_ are linearly independent. Whenever ji,..., j, have been
chosen, and n < r, let j,,1 be the first of the numbers {j, + 1,..., M} such
that Vj,_ and Vj,,,_ are independent. Set H(V); = e’ for each i =1,...,r.
Then H is a measurable mapping, and for each ¢ = 1,... 7,

HV),V =&V =V, _

Hence, the r rows of H(V)V are a linearly independent subset of the rows of
V. O

Lemma 3 says that it is possible to orthonormalize the rows of an (r x K)-
dimensional matrix with rank r in a measurable manner.

Let
Dr C R’I”XK

be the set of matrices with rank 7.

Lemma 3 There exists a measurable mapping
G:D,— IR™"

such that for each V€ D, the rows of G(V)V are orthonormal and span the
same linear subspace of IR® as the rows of V.

PrROOF: We shall use the Gramm-Schmidt orthonormalization procedure to
construct G and the mapping

0:V—GV)V:D, — R

simultaneously. The mapping 6 will be measurable and will have the property
that for each V' € D,, the rows of §(V') are orthonormal and have the same
span as the rows of V.

For notational simplicity, in this proof, write V; = V;_ for the ith row of V,
and write 0; = 0(V);_ for the ith row of 0 = 0(V),i=1,...,7.

19



Set ;1 = V7 and .

1]
Then 6, is a measurable function of V. Set

1

I

0, =

Gy (1,0,...,0)

Then (G is a measurable function of V', and

1
le - —‘/1 - (91
]l

Next, project V5 on #q, let x5 be the residual, and let #5 be the normalized
residual. Specifically,
Vo =t3101 + 9

where x5 is orthogonal to 6;. Now,
‘/'29; = t2,19101r + 33'20? = t2,19191T

so that
to1 = VZ@I
2,1 — 910]—

which is a measurable function of V. Furthermore,
o = Vo —19101 #0

since V5 and 6 are independent. Set

1
= —‘/L‘2
2

)

Then is 65 is a measurable function of V. Set
1
Gy = —[(0,1,0,...,0) — t21G1]

[l

Then (G5 is a measurable function of V', and

1
GV [Vo —t910:1] = m% =0,
2

A

20



Once 64,...,0, have been chosen, where n < r, construct 6, inductively
as follows. Project Vi, 41y on 6y,...,0,, let 2,4, be the residual, and let 0,
be the normalized residual. Specifically,

n
Vo1 = Z tnt1,07 + Tnga
=1

where x,41 is orthogonal to 6; for j =1,...,n. Now, for k =1,...,n,

V10 = tni1,050k + 21O = toi1 1050,
=1

so that .
" _ Vn-l-lek
n+1,k lel;r

which is a measurable function of V. Furthermore,

Tnt1 = Vg1 — Y tngr,;0; # 0

j=1
since V41 is not spanned by 6y,...,0,. Set
1
en-‘rl = Tni1
[em

Then is 6,11 is a measurable function of V. Set

1
Gy = ——

[[n 1

n
|:6n+1 = tn1,;G
-1

Then G, 1 is a measurable function of V', and

1
GriaV = ———

Tpy1 = ‘9n+1
[l

sl

n

Vat1 — Ztn+1,j9j
j—1

This completes the construction of G and 6. O

PROOF OF PROPOSITION 6:
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For each r with 0 <r < min{M, K}, let
B, = {(y,V) € By : rank(V) = r}

Then B, is measurable, and By x is measurable since

min{M,K}

BM,K - U Br
r=0

To complete the proof, it suffices to show that for each r with 0 < r <
min{ M, K}, there exists a measurable mapping

¢ : By — RY
such that y = ¢, (y, V)V for all (y,V) € B,.
Let }

H:D, —» R™M
be the mapping from Lemma 2, and let

G:D, — IR™
be the mapping from Lemma 3. Then the mapping

J:D, — R™M .V — GHV)V)H(V)

is measurable and has the property that for each V € DT, the r rows of
J(V)V are orthonormal, or equivalently, J(V)VVTJ(V)T = I,, the (r x r)-
dimensional unit matrix. Furthermore, the rows of J(V)V span the same

linear subspace of IR¥ as the rows of V. Hence, if (y,V) € B,, then there
exists z € IR" such that y = zJ(V)V. This implies that

yVIIWV)T =2J(V)VVT V)T =2
and
y=2J(V)V =9V JV)TJ(V)V

Define the mapping
Up: By — RM

by
Oy, V) =gV JI(V)TJ(V)
Then v, is measurable, and for all (y,V) € B,,

Ue(y, VIV =yVTI(V)TJ(V)V =y
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