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AN EXISTENCE THEOREM FOR GENERALIZED QUASI-VARIATIONAL
INEQUALITIES INVOLVING THE GRASSMANNIAN MANIFOLD
WITH AN APPLICATION

MARIA B. DONATO ¢ AND ANTONIO VILLANACCI *

ABSTRACT. We present an existence theorem for a class of generalized quasi-variational
problem involving Grassmannian manifolds. This class is directly inspired by a general
equilibrium problem with time, uncertainty and incomplete financial market with real
assets. The problem of the existence of this equilibrium cannot be analyzed using standard
techniques employed in similar models. Then, we show how the concept of equilibrium is
strictly related to the concept of Grassmannian manifolds. Finally, we present a variational
inequality problem, whose solutions are equilibria of the proposed model.

1. Introduction

We present a generalized quasi-variational inequality problem involving Grassmannian
spaces, i.e., the families of given dimension vector subspaces of a (finite dimensional) real
vector space, endowed with both a topological and smooth abstract manifold structure.

The theory of variational inequalities was introduced in the seventies by Fichera (1964)
and Stampacchia (1964), as an innovative and effective method to solve equilibrium prob-
lems arising in mathematical physics. Some years later, Bensoussan et al. (1973) introduced
the quasi-variational inequalities as an important generalization of the variational inequali-
ties. Starting from 1985, this theory was applied to numerous equilibrium problems arising
from the applied world as traffic equilibrium problem, spatial price equilibrium problem,
oligopolistic market equilibrium problem, general equilibrium problem (see Dafermos
(1980), Nagurney (1993) and bibliography therein, De Luca and Maugeri (1989), Maugeri
(1987), Jofré et al. (2007)). Subsequently, the question of how to introduce time in the
variational inequality framework has been investigated (see Daniele et al. (1999), Daniele
(2006) and bibliography therein). Due to its powerful capacity of application, nowadays
variational inequality theory represents an excellent tools in the analysis of unsolved prob-
lems in real-life situations. (see e.g. Barbagallo et al. (2012), Colajanni et al. (2018), Donato
et al. (2018), Donato et al. (2020), Donato et al. (2014), Scrimali and Mirabella (2018)).
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It is important to stress that a crucial assumption in the variational inequality theory is
the convexity of the main involved sets. On the other hand, Grassmannian manifolds are
clearly not convex,' a fact that makes mathematically interesting the result we get. Indeed,
using a fixed point theorem involving Grassmannian manifolds presented by Bich and
Cornet (2004), we prove a variational inequality version of that result which is novel in the
literature.

Moreover, a general equilibrium economic model with time, uncertainty and financial
market with real assets is proposed as a framework to apply the above results. The first paper
on that topic is the one by Duffie and Shafer (1985) which are the first authors to introduce
Grassmannian in the above mentioned models. After that path-breaking contribution,
several other proofs of existence have been provided in the literature. While that paper
uses a degree/homotopy argument, Husseini ez al. (1990) use a fixed point argument on
Grassmannian manifolds that generalizes a result by Dierker (1974); on the other hand,
Bich and Cornet (2004) provide a more standard fixed point approach (see also Villanacci
et al. (2002)).

The paper is organized as follows. In Section 2, definitions and main results on Grass-
mannian manifolds are presented. In Section 3, the result on variational inequalities dealing
with Grassmannians is presented. Finally, in Section 4 we present the set-up and the main
features of the economic model referred to above.

2. Some results on Grassmannian manifolds

In this section some basic results on Grassmannian manifolds are recalled. To reach
that goal, we use the classical and standard reference of Milnor and Stasheff (1974). Some
results are also taken from Bich and Cornet (2004). Milnor and Stasheff (1974) uses an
atlas different from ours. The proof that our proposed triple is indeed an atlas and that ¢4 s
satisfies all properties we need in our analysis is not presented in a complete manner in any
published (or unpublished) work we know the existence of.

We proceed as follows. We first present the definition of Grassmannian set ¢4 s; then we
endow that set with a topology and show that it is a Hausdorff topological space. Then, we
recall the definition of abstract C* manifold and show that ¢4 s satisfies all the requirements
of that definition; finally, we show that ¢ ¢ has some “nice” properties which are crucial in
our analysis (in particular, it is a metrizable topological space).

Definition 1. Given A,S € N with A < S, we denote by 9, s the set of all A dimensional
vector subspaces of RS. Y s is called a Grassmannian set.

Definition 2. An A-frame in RS is a collection of A linearly independent vectors in RS. We
denote by Vy (RS) the family of all A-frames. Vy (RS) is called Stiefel manifold.

We can identify V4 (RS) with the family M*(S,A) of full rank S x A matrices.

Proposition 3. V4 (RS) is € diffeomorphic to an open subset of R5 (with the Euclidean
topology).

'Indeed, it is enough to observe that “a convex combination of the horizontal and vertical axis in the plane is
equal to the plane itself".
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Proof. Given M € M(S,A), let .# be the family of all square submatrices of M. Define
F :M(S,A) — R such that F (M) = ¥ j«c.# | det M*|. Then F is continuous and M*(S,A) =
F~1(R\{0}) is therefore open. O

We now endow %4 s with a topology using the Euclidean topology of V4 (RS).
Definition 4. Given the function q : V4 (RS) — 9y s such that
q('xl ) ...,XA) ‘= span (.X'] ) "'axA) )

we say that a set U C 9y s is open if and only ifg " (U) is open in Vy (RS). Let T be the
Sfamily of so defined open sets in Gy g.

Proposition 5. (¥ 5,.7) is a topological space.

Proof. Clearly @ =g~ (@) and V4 (RS) = ¢~ ! (% ). Furthermore, take a family

{Sy A F} of ¥4 s - open sets. Then, forany y €T, q! (Sy) isVy (RS) - open. We get our
desired result observing that ¢! (UyerSy) = Uyerq’l (Sy) is open and ¢! (ﬂyerSy) =
Nyerq ' (Sy) is open if [I'| € N. O

Remark 6. By definition 4, q is a continuous function. Moreover, it is easy to show that q
is onto: for any L € 9y s, take a basis 9 of L; then, q(#) = L.

We can also give the following alternative description of ¥4 s.
Definition 7. We denote by VX (RS ) the family of all orthonormal A-frames.
We can then endow % s with a topology using V{ (R¥).

Definition 8. Given the function q : VX (RS) — %4 s such that

go(x},...,x%) :=span (x},...,x3) ,

we say that a set U C 9y s is open if and only ifqa1 (U) is open in V£ (RS). Let 9 be the
Sfamily of so defined open sets in 9y s.

We now want to show that 7 = .%. To accomplish that goal we need some preliminary
results.

Definition 9. Define the inclusion map from VX (RS ) to Vy (]RS) as
in: VY (RS) — Vy (RS) such that in(x}, ...,x3) = (xV,...,2%)
and the Gram-Schmidt function
g:Va (RS) = V) (RS) such that g(x1,...,xa) = (x3,...,x3),
where (x(l), ...,xg) is obtained using the Gram-Schmidt orthonormalization process.

Remark 10. From standard linear algebra (see for example Section 6.6, page 212 of
Lipschutz (1991),), the function g is continuous. Moreover, (x1,...,x4) € V4 (Rs) and
(x9,...x%) eV (RS ) are a basis of the same vector space.
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Proposition 11. The following diagram commutes®.

V9 (RS) oy, RS) £ V) (RS)
q0 4 . ql ' q0 4
Gus -, Gu.s N Yus
Proof. The result follows from the definition of gg := o (rS)> the definition of g and

Remark 10. In particular, g = gg o g, which is a consequence of the basic fact that the span
of a basis and the span of the orthonormal basis obtain from it, using Gram-Schmidt, do
coincide (see also Remark 2 page 213 of Lipschutz (1991)). O

Remark 12. By definition 8, qq is a continuous function. Moreover, qq is onto, because of
the following simple argument. Since q is onto, for any L € 9y s, there exists (x1,...,Xa) €
Va (]RS) such that span (xi,...,x4) = L. From Remark 10, there exists (x(l), ...,xg) € VX (IRS)
such that span (xY,...,x) = span (x1,....xa) =L, i.e., go (x?,...,.x3) = L, as desired.

Proposition 13. .7 = .%.

Proof. Indeed, S € J < q;' (S) is open in V) (RS) <2 ¢71(S) = g7 (¢, (5)) is open
inVy (R¥) & Se 7. O

Lemma 14. (Checcucci et al. (1968), Proposition 8.1) Let (Y, ") be a topological space,
given f: %y s — (Y, 7") and q : Vo(RS) — Y s (continuous function), then f is continuous
& fogq is continuous.

Proof.
Vi (RS) -4 G, s L (v, 7)

[=] From Remark 6, ¢ is continuous. Then f o g is continuous because composition of
continuous functions.

[«=] We want to show that if A is Y- open, then f~! (A) is %4 s - open. Indeed, since A
is open and f o g is continuous, then (foq) (A) =g~' (f~'(A)) is open in V4 (R¥). From
Definition 4, £~ (A) is %4 s - open, as desired. O

We need some preliminary results.

Proposition 15. (Ostaszewski (1990), page 41) For any real matrix M € I\/Jl(mm),4

ImM” = (kerM)™*.
Proposition 16. If L € 9, s, then Lte Ys_a.s.

Proof. The desired result is an immediate consequence of the following basic linear algebra
results (see, for example, Theorem 6, page 436, of Nicholson (1990)). For any L € ¥ s,
RS =L@ L+ and RS = dimL +dimL*. O

2A commutative diagram is a collection of functions {f; : A; — B; : I = 1,...,n} in which all function compo-
sitions starting from the same set and ending with the same set give the same result.

31t follows from the fact that g is continuous.

“Below, we identify a matrix M € M(m,n) with Iy; € £ (R",R™).
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Corollary 17. Given M € M (m,n), then
R" = ImM” @ ker M.

Proposition 18. Let M and M' € M*(S — A,A) be given. Then, kerM = kerM' if and only
if there exists B € M*(S — A, S — A) such that M’ = BM.

Proof. [=] Define L := kerM = kerM’. Then,
L" = (kerM)" = (kerM')" =TmM” =Im (M')" .
Since M,M' € M*(S — A, S), then MT,(M')" € M*(S,S —A) and their S — A columns
are a basis of L. Then, the rows of M and M’ are a basis of L. Defined
m m)
M= .. and M =| .. ,
ms—a ms_y
by definition of basis each row m; can be written as a linear combination of the rows

(m/17 ey A) through well chosen, uniquely determined vectors b; € RS™4. In other

words,
nmj bl . M/
ms—A bs_a-M
and then defined
by
B=| .. ,
bs—a

we get M = BM’'. We are then left with showing that B is invertible. Indeed,
S — A = rankM = rank BM’ < min {rank B,rank M/} .

If our claim were false we would have S — A < min {rank B, rank M } < S—A, acontradic-
tion.

(<]

We first show that kerM C kerM’.

—Aq!
xekerM & Mx=0=BMx=0""S" M'x=0 o x e kerM'.
We now show that ker M’ C ker M.

x e kerM' < M'x = 055 Byx = 0 B ML b — 0., 0

Proposition 19. LerY,Y' € M* (S,A) be given. Then
ImY =ImY' & there exists C € M* (A,A) such thatY' =YC.

Proof. [=]
From, Proposition 15, we have that

(kerY)" =Imy”,

and therefore,
kerY” = (Imy)* = (ImY’)L =ker(Y')T.
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A6-6 M.B. DONATO AND A. VILLANACCI

Then, since Y, Y’ € M* (S,A), from Proposition 18,
there exists B € M* (A,A) such that Y7 = By”.
and
Y =YB",

and it is then enough to take C = BT

(<]

We first show that ImY C ImY’. w € ImY = 3z € R4 such that w =Yz =Y'C 1z =
37 =CzeRAsuchthatw=Y'7 < w e ImY'.

We now show that ImY’ C ImY. w € ImY’ = 37 € RA such that w =Y'7 =YC7 =
Jz=C7 e R4suchthatw =Yz < w € ImY. O

In order to prove that ¢4 s is a Hausdorff space, we need to introduce the following
preliminary results (for details on the results we do not provide proofs of, see Munkres
(1975)).

Definition 20. A topological space (X, T) is a Ty space if

x,y€X, x#y=3G,,Gy € T suchthatx € Gy, y ¢ Gyand x ¢ Gy, y € Gy,
where the open sets Gy and G, are not necessarily disjoint.
Proposition 21. Let a topological space (X, T) be given.

X,7)isTi & VxeX, {x} isclosed .

Definition 22. A topological space (X, ) is a Ty or Hausdor{f space if

x,yeX, x#y = 3G:,Gy € T such that x € G,y € Gy and GyN G, = @.
Remark 23. If (X,.7) is T, then (X, 7 ) is Ti.

Definition 24. A topological space (X, T) is a regular space if

(1) itis Ty (Munkres 1975);
(2) F closed, x ¢ F = 3 Gy, Gr € F such that x € Gy, F C Gr and GyNGp = &.

Definition 25. A topological space (X, .7 ) is a normal space if
(1) itis Ty (Munkres 1975);
(2) Fy and P> are disjoint closed sets = 3 G, Gy € T : F; C Gy, P, C G, and
GINGy,=2.

Remark 26. If a space is normal, then it is regular.

Definition 27. Let (X,d) be a metric space. A set U in X is open with respect to
d or it is (X,d) open if for any x € U, there exists 6 > 0 such that Bx 4)(x,0) :=
{yeX:d(y,x) <6} CU. The topology induced by the metric d on X is the collection of
sets in X which are (X,d) open.

Definition 28. Let X be a topological space. X is said to be metrizable if there exists a
metric d on the set X that induces the topology of X.
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Definition 29. Let X and Y be arbitrary nonempty sets. Then, the family of functions
S ={fi: X = Y}, is said to separate points (in X) ifV a, b € X suchthata#b,3i €l
such that f;(a) # f; (D).

Proposition 30. Let (X,.7) be a topological space. If €° (X,R) separates points, then
(X,.7) is Hausdorff.

To prove that ¥4 s is Hausdorff, we apply Proposition 30, i.e., we find a continuous
function f : %4 s — R such that for any Ly, L € %4 s with L; # Ly, we have f (L) # f (L2).
Observe that f may depend on L; and L. The desired function f is defined as follows.
Taken v € RS, f, : %45 — R, f, (L) =d (v,L), where d (v,L) is the distance of v from L.
To prove the desired results we present some Lemmas (see Section 3.6, pages 55-58 of
Luenberger (1969).)

Given 71, ..., 2, vectors in RS, define the continuous function

g:(RS)" =R, glz1,....zm) = det [(zi,2)]

Proposition 31. (Proposition 1, page 56 of Luenberger (1969)) g(z1,...,zm) 7 0 if and only
if 21, ..., zm are linearly independent.

mxm "

Proposition 32. (Theorem 1, page 57 of Luenberger (1969)) Let y1,...,ya be linearly inde-
pendent vectors in RS, The distance § between x € RS and the vector space span (y1, ...,ya) €
s 4 is such that
52 _ g(yla“wyAvx)
8 (y] 5 "'7yA)

Remark 33. Let (RSA)* = {y1, VA € (RS)A 2Y1,..., Y4 are linearly independent}. The

following function
1

f: (]RSA)* x RS — R such that f(y1,...,ya,x) = (7&7()’1"”’”")‘))z

81 --va)
is continuous. Furthermore, if x € span (y1,...,ya), then f(y1,...,ya,x) = 0, simply
because x is a linear combination of y1,...,ya and then (y1,...,ya,x) are linearly dependent.

Proposition 34. 9, s is a Hausdorff topological space.

Proof. Let Ly,L, € 9, s such that Ly # L, be given. For any v € RS, define
fv:9% s — Rsuchthat f,(L) =d (v,L).
Then, from Lemma 14, f, is continuous iff

8 (5)\17"'75;\A7x>

8 (5)\17 "'75)\A>
is continuous, which is the case for what said above.
Now, take x € L; such that x ¢ L,. Then f, (L;) = 0. Observe that if C is closed and
x ¢ C, then d (x,C) > 0. Then since L, is a finite dimensional vectors space and therefore it
is closed, we have that f, (L) > 0, as desired. O

froq:Va (RS) =R, (fioq)(x1,....,xa) =d(span(xy,,...,x4),v) =

We are now ready to show that ¢ s is a C* manifold. For the redear’s convenience we
present below that definition.
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Definition 35. A ropological space M is a said to be an m-dimensional topological manifold
if there exists a collection of triples (¢;,U;,V;)icr such that

(1) {Vi};c; is an open covering of M, i.e., for any i € I, V; is open in M and M C Ujc[V;;
(2) foreachie I, U;is an open subset of R™;
(3) foreachicl, ¢;: Ui — V; is a homeomorphism.

Every triple (¢;,U;,V;) is called a local parametrization of M and the set of local
parametrizations is called a system of local parametrizations. Conversely, (;,Vi,U;),
where W; = ¢, is called a chart of M and {(y;,V;,U;)} .., is called an atlas of M.

1

Definition 36. Ler M be an m-dimensional topological manifold. Consider an atlas

{(wi,Vi,Ui) }ic; of M, and let r € NU {+oo}. M is said to be an m-dimensional C" manifold
if, for every i, j € I such that V;N\V; # 0,

wio (v )\1,,, wirwy P WiVinVy) CR™ = y;(VinV;) CR™ )]

is a C" diffeomorphism.
The family {(y;,V;,U;)},c; is called a C" atlas of M and every triple (y;,V;,U;) is a C"
chart. The corresponding parametrizations (¢;,U;,V;) are called CT local parametrizations.

The proof that ¢4 5 is a € abstract manifold requires some preliminary work and it is
finally presented in Proposition 46.

_ —1\A _
Observe that L € ¥ s, (LL) , 1.e., the Cartesian product A times of LL, is isomorphic
to RS—4)4,

An atlas for ¢, g can be constructed as follows. Given an orthonormal basis (fl, ,fA)
of L, we can define

or: (ZL)A — Y5,

o7 (u',...,u") = span (?1 Tl —l—uA) .

Observe that the above function is well defined, i.e., @7 (ul s een MA) S %5, as verified below.

Lemma 37. Given an orthonormal basis (?1 , ,fA) of L€ 95 and (ul, ey uA) € (ZL)A,
then

span(f +u', fA+uA)€%A7S.
Proof. To get the desired result, it suffices to show that (f] +ul, ,YA +u?) is linearly
independent, i.e., that ¥4_, B, (?ﬂ +u®) = 0 implies that for any a € {1,..,A}, B, = 0.
Indeed, Y4, Ba (' +u) = 0 implies that ¥4_, B.f* T = — YA Baut -7'. Moreover,
YA Buf" - f' = P, because (fl, ,YA) is an orthonormal basis, and — Y_, B,u® -?1 =0,
because 71 € Land (ul, e uA) € (ZJ‘>A. Hence ) = 0; similar procedure can be used to
show that B, = ... = B4 = 0, as desired. O
Proposition 38. The function @f is one-to-one and continuous.
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Proof. To prove that ¢y is one-to-one, we want to show that if

or (u',...,u?) ::span<f +u', fA+u )

—span( fA+vA) .,vA)
then (u',...,u?) = (v',...04).
Since for any a € {1,...,A}, we have that f* 4+ u® € span( f +vl, fA +v4) ) then
there exists (la,-)?z | € R4 such that

Fut = iﬂtm- (7++) @
i=1

Multiplying by f*, we get (7, ) + (u’, 7*) = (L Aa(F +v)). %),
and using the assumptions that (? sy fA ) isa orthonormal basis of L and
_\A
(ot () € () 3)

we get

1= ﬂvaa- “4)
Multiplying (2) by £, with j € {1,...,A} \ {a}, we get

T I P
FF +uF =Y dat (FF+9'7).
i=1

and again using the assumptions that (fl , ,?) is a orthonormal basis of L and (3), we
get
forany je{1,...,A} \ {a}, 0=4,. ®)
Inserting (4) and (5) in (2), we get
Faut =74

Repeating the same argument for any a € {1,...,A}, we get the desired result.

_\A
To prove that ¢ is continuous, define y: (LL) — V4 (RS) such that
Y, i) = (F T ).
Then ¢ =govy:

) v (RS) ., Gy s

(u',. ) = (71+u1,...,?A—|—uA) — span(f +ul, fA—Ht)

Since ¢ and y are continuous, then @7 is continuous. O
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Lemma 39. (see page 169 of Bich and Cornet (2004)) For any u € ((Z)L)A ,
¢z (0) N (¢ ()™ = {0} and @y (u) N (¢ (0))" = {0},

Moreover, we define

Uf =L ((LL)A> {span( P bt ) (u,...ut) € (LL)A} CYys

A
and, using the fact that @ is one-to-one , yz: UX — (ﬁ-) such that
wr(L) = (u',...,u") with span (?1 +ul, ,fA +uA> =

Proposition 40. v is the inverse function of @f and it is continuous.

Proof. Firstly, we want to show that Yo @ = id (Z L)A and Qpoyy = idUZ»«.

(1) (yroor) (ul, ,uA) (span(f +ul, 7A+uA>>:(u17...,uA).

) (¢rowp) (L) = ¢p(u',...,u") such that span (f NI MA) =
Then @p(u', .. ):spanf +ul, fA—i—u L’,hence (proyg) (L) =L
Now, we define g = yrog:
_\A
WE) L g B ()

(x',....x") = span(x',..x*)  —  (u',..,u") such that span ((x!,...,x")) =
:span<f +ul, fAJruA)
If we show that g is continuous, then from Lemma 14 , we do have that ¢y is continuous

as desired.
We want to show that g above defined is a continuous function of (x',...,x*). For

simplicity, define F := (fl,...jA>, X = (xl,...,xA) and U := (u',...,u*). From the

definition of g, we do have span (X) = span (F +U). Then, from Proposition 19 , there
exists an invertible matrix C such that X = (F 4+ U)C and then UC = X — FC. Hence

gX)=U=XxC""-

and therefore g is a continuous function of X. O

Let L € ¢, 5 be given. Since RS = L@ L*, for any v € RS, there exists a unique
(ve,v;1) € L x L+ such that v = v + v, . and the following definitions are well given.

The projections on L and L* are defined as follows, respectively,

mp=7n:RS =L@ L+ — L, such that m(v) = vy,
m=m RS=L®L — L such that T, (v) = v, ..
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Furthermore,
Uy = {L’ €Yy L NL: = {0}} .
Proposition 41. 'L+ = {0} if and only if ' © L+ = RS and therefore
U ={l es: oL =R},
Proof. As it is well known, if W; and W, are vector subspaces of a vector space V, then

V=WioW, & V=W +Wand WinW, = {0} .

(1) L' L+ =RS, then L' N L+ = {0}, as recalled above.
(2) If L' NL* = {0}, then we have to prove that L’ @ L+ = R5.
It suffices to show that L' + L+ = RS.
From Proposition 16, L+ € Gs_as. Let (vl , ...,VA) be a basis of L' and

(VA+1 s vAJr(S’A):S) a basis of L. We want to show that

ZO"""‘ZﬁAﬂ"A I=0 = a =t =B = =B5=0.
Indeed, Y4 |, ap' = —Zj;l Bas 7 € {0} =L'NL*. Then,

A 5—A '

Z (X,'vl =0and Z ﬁAJerA-H =0

i=1 =1

and the desired result follows from the assumption that (vl, ey VA) is a basis of L'
and (v“‘le ; ...,VA“S’A):S) a basis of L.
g

Proposition 42. Let L' € 9y s be such that L' N L+ = {0}. Then, the restriction of m, to
L' CRS ie, 7y denoted by 7 1 - L' — L, such that 70, (v) = vy, is an isomorphism.

Proof. We have to prove that 7/ is linear, one-to-one and onto.

(1) m p is linear because it is the restriction of a linear function to a vector subspace of
the domain.

(2) m 1/ is one-to-one. We want to show for any v/,v" € L', my (V') = mz (v") implies
V/ — V//.

Observe that if v € L', then 7/ (V') := 1, |y (V') = i (V/). Moreover,
there exists a unique (v',v!) € L x L* such that v/ = v! 4+ v!

and

there exists a unique (v,v3 ) € L x L* such that v/ = v* +13 .

2

Then, 7, (v') = 7, (v") implies v! =1? := v* and then

* _ 1 _ . 2
La>vi=v—v, =V —v].
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A6-12 M.B. DONATO AND A. VILLANACCI

Since L' N L+ = {0}, then from Lemma 41, we have RS = L' @ L+.Then v* €
L C RS can be written in a unique way as the sum of vectors in L and L*. Then,
v =" (and v =17), as desired.
(3) m 1 is onto. Take v € L; we want to find v/ € L' such that 71 (V') = v. Since ve L C
RS = L' @ L*, then there exist a unique (v, v, ) € L' © L* such that v =1/ +vt.

er eLt
Then, Vv = 5 + (—VL> , and then, by definition of 7, we do have 7, (V') = v,

as desired.
O

Corollary 43. For any basis (hy,..,ha) of L, there exists a basis (fi, ..., fa) of L' such that
my (f1) = hi, e, M (fa) = ha.
Proof. Since m/ is an isomorphism, then it is onto and

Vae{l,..,A}, 3f, €L suchthat 7w (fs) = ha. (6)

Since dimL’' = A, to show that (fi,..., f4) is a basis of L', it is enough to show that
they are linearly independent, i.e., YA_ B,f, =0 = B;=..= s =0. Indeed, 0 =

):‘2:1 Bafa 7 ligear () _ 2‘2:1 Bam (f2) © 22:1 Bah, and the desired result follows from the
fact that (hy,..,ha) is a basis of L. O

Proposition 44. For any L € 9, 5, one has that U} = Uy.

Proof. 1. Uf CUpy.

Taken L' € U}, then there exists u = (ul, ...,uA) S (LL)A such that ¢, (u) = L. Then,
from Lemma 39 we do have @, () N (¢ (0))* = {0}, i.e., L' NL+ = {0}, ie., L' € Uy.

2.Up CU;.

Taken L' € Uy, from Lemma 43, there exists a basis (f1,..., f4) of L' such that 7, (') =
hy,..., Ty (fA) = hg, i.e., by definition of My =T |1

ﬂL(fl):hl,...,ﬂL(fA):hA
Then define vi = 7,1 (f1),..., va = 7;1 (fa). Then,
fi=m(fi) 7 (fi) =k +vi,e, fa =70 (fa) + 70 (fa) = ha +va.

Hence

A
L' =span(fi,..., f4) = span (h; +v1,...,ha +va), where (v{,...,va) € (Ll>
and therefore L' € U =0 ((LL)A) , as desired. O

Proposition 45. For any L € 9, 5, Uy is open.
Proof. First of all, given any basis (vy,...,vs_a) of L*, we prove that

g (UL) = {(1,34) €VA(R®) : (1,004, V1, - v5-a) € Vs (R®) }.
We have
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g (U) = {(yl,...,yA) cVy (RS) sspan (yq,...,ya) L+ = {0}} =
={(y1,.-,ya) € Va (R®) s span (y1,...,ya) ®L- =R%} =
= {(yh...,yA) 7 (RS) S (V1yees VA5 V1, -y VS—a) 1S @ basis ofRS} =

={(1,-v4) €Va(RS) : (31,9415, vs—a) € Vs(RS) }.
To prove that Uy, is open in ¥4 g, we prove that g ' (Up) is open in Y4 5. Since

qfl (UL) = {(yl,...,yA) eVy (RS) . (yl,...,yA,vl,...,vs_A) e Vs (RS)}

={(1,--ya) € Va (RS) :det[y1,....ya,v1,...,vs-a] #0},
g~ ' (Up) is open in V4 (RS) and then Uy is open in % s. O

_\A
Proposition 46. ¥, s is a €~ manifold of dimension equal to the dimension of (LL) ,i.e.,
_\A
(S—A)A and (v, Uy, (LJ‘) )Tey, ; defines an C* atlas for Gy s.
Proof. The thesis follows from following facts.

(D) (Uz*)zeg“ is an open cover of ¥, s (Proposition 45);

(2) yrand (%)_1 are continuous (Proposition 38 and Proposition 40);

(3) For any (Ug, &) and (Ur, W) two local charts at E, F' € ¥, s, respectively, such
that Ug N Ur # 0, the function yr o (wg)~! is a C* diffeomorphism (see Bich and
Cornet (2004) page 169).

O

We can show that ¢4 s has further topological properties.
Proposition 47. 9, s is a compact topological space.

Proof. We are going to show that V) (RS) is compact. Then since g : V{ (R%) — %  is
onto and continuous from Remark 12 , the desired result follows.
We endow V (RS) with the Euclidean metric® of R4, i.e., for any M € V{ (RS)

A
M2 := Y (C (M) ,C* (M))s = A,

a=1
C“ (M) denote the a-th column of M. It then follows that V) (RS) is bounded.
Now, take a sequence {M, },en C V) (RY), where for any n € N

M,:=[C'(M,) .. C'(M,) .. C*(M,) ]
and M, % M. We want to show that M € VX (RS). Observe that for any a € {1,...,A},
we do have that C* (M,,) = C° (1\71) Moreover, since for any n € N, M, € V{ (RS), then

Observe that in a finite dimensional vector space any metric induces the same topology.
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A6-14 M.B. DONATO AND A. VILLANACCI

foranyi,je {1,..,A},

<ci(Mn),cf'(Mn)>s{(l) i lzjéjj

Since the inner product is a continuous function, then
i (T P~ . ; ; 1 if i=j
i j _ i Jj _
(e ) (), = i coma o= {1
ie,Mec VY (RS), as desired.
We are left with showing that & g5 is metrizable. O

Proposition 48. ¥, s is second countable, i.e., it has a countable basis.

Proof. Since {Uy, : L € 94 s} is an open cover of %4 s and ¥4 s is compact, that open cover
admits a finite subcover say {U; :i € {1,...,m}}, with m € N, and (yli,U,-, (L})A) '
1

is still an atlas for ¥4 5. Since (Lf-)A is isomorphic to R<S—A)A, foranyie€ {1,...,m}, U; is
diffeomorphic to RS~4)4 say via a;. Let € be a countable basis of R(S—4)4,

Since second countability is preserved under homeomorphisms, then, for any i €
{1,...,m}, U; has a countable basis %; = {0;(C) :C € €}. Define now % = U" | %,;.
We are left with showing that 2 is a countable basis for ¥4 s.

4 is countable because it is the finite union of countably many sets. To show that & is a
basis for ¢4 s we have to check the following conditions.

1. 8C 7, and

2.VLe 9,5, VSe T suchthat Le S, 3B € % suchthat L€ BCS.

1. Since %; = {0; (C) : C € €}, Cis open in RS~ and ; is a diffeomorphism from
R~ to U;, then o (C) is open in U; and therefore in %4 , as desired.

2. Take L € 9 s and S € 7 such that L € S. We want to show that there exists By, € #
such that L € By C S. Since %4 s C U | U;, then there exists j € {1,...,m} such that L € U;
and there exists EL € %Bjsuchthat L € EL C U;. Observe I§L Nns C EL C Uj is an open set
containing L. Then, since % j is a basis of Uj, then there exists By € B i C 2 such that
L < By QELOSQS, as desired. O

Further properties of ¢4 s immediately follow from the above results and the following
Proposition (for more details see Munkres (1975)).

Proposition 49. Let X be a topological space which is second countable, i.e., it admits
a countable basis, (indeed, first countable suffices), Hausdorff and compact. Then the
following statements hold true.

(1) Every convergent sequence converges to a unique limit.

(2) X has a so called nested countable local basis at any x € X, i.e., a countable local
basis # = {Bp }nen such that ¥n, Byy1 C By,

(3) Let a nested local basis {Bp}nen at x be given. Assume that {x, }neny C X is such
thatVn € N, x,, € B,,. Then x,, — x.

(4) Let S be a subset of X. x € C1(S) if and only if there exists a sequence of points of
A converging to Xx.

(5) Sis closed if and only if it sequentially closed.
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(6) Compact sets are closed.
(7) Let a topological spaces (Y, T") and a function f : X — Y be given. Then, f is
continuous if and only if it sequentially continuous.
(8) If X is second countable, then S C X is sequentially compact implies it is compact.
(9) If X is Hausdorff, then S C X is compact implies it is sequentially compact.
(10) X is normal.
(11) X is regular.
(12) X is metrizable.

Remark 50. The main consequences of above Proposition are the following ones.

i. What we defined to be an open set in 7, the topology we endowed Gy s with, is indeed
open with respect to a metric; i.e., 94 s is a metric space whose induced topology is exactly
T - defined in Definition 4 and Proposition 5 above;

ii. the fact that 9, s is a metric space allows to apply standard theory on set-valued
functions; indeed, standard theory requires domain and codomain of set-valued functions to
be metric spaces.

Remark 51. We conclude the section with a simple crucial consequence of all above
analysis. We have seen that there exists m € N such that

{omou ()}

is an atlas for 94 5. Therefore, for any L € 9y s there exists i € {1,..,m} and an associated
chart (y,,Ur,, (Lf)A) such that L € Uy, and

L =span (%, + i, (L)),

where Z, is a basis of L;. Observe that

A
Wi UL C9as — (Lf) ) (RS, y (L) =T+, (L),

where Fi,+ i, (L) is an S x A full rank matrix and it is a homeomorphism.

3. Existence result for GQVI involving Grassmannian manifolds

In the present section, we first recall the definition of variational inequalities and then we
present an existence result on generalized quasi-variational inequalities involving Grass-
mannian manifolds.

Definition 52. Let C C R” be a nonempty, closed and convex set and let S : C = R" and
D : C = R” be set-valued maps. A Generalized Quasi-Variational Inequality associated
with C,S,®, denoted by GQV], is the following problem

Find x € S (X) such that there exists ¢ € ® (%) with (¢, x—%) >0, Vxe S(X). (7)

In particular, when S(x) = C for any x € C, (7) is a Generalized Variational Inequality,
GVI; when ® is single-valued, (7) reduces to the Quasi-Variational Inequality, QVI. When
both ®(x) is singleton and S(x) = C, for any x € C, we have the classical Stampacchia
Variational Inequality, VL
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Now, we introduce a variational inequality theorem involving the Grassmannian manifold
using the result below, presented and proved by Bich and Cornet (2004).

Theorem 53. Let C be a nonempty, convex, compact subset of R"; for any a € {1,...,A},
let Wy : 9 sxC— RS be a continuous function and let ® : 9, s x C = C be a convex
valued and compact valued set-valued map which is either lower semicontinuous or upper
semicontinuous. Then, there exists (E,?c) € Ya s x C such that

foranya e {l1,...,A},
¥, (E,x) €E; ®)

either ® (E,x) =@ or x€ ® (E,X). Q)

Theorem 54. Let C be a nonempty, convex and compact subset of R". Let F : G4 s xC =2 R"
be a nonempty valued, convex valued, compact valued and upper semicontinuous set-
valued function; let K : 94 s x C = C C R" be a nonempty valued, convex valued, compact
valued, closed and lower semicontinuous set-valued function and for any a € {1,...,A}, let
Y): 9 sxC— RS be a continuous function. Then there exists (Ef) €K (F,X) and there
exists i € F (E,X) such that,

(U,z—x), >0, Vze K (E,X) (10)
and for any a € {1,...,A},
¥, (E.x) €E. (11)
Proof. First of all observe that ¢, s is a metric space. Since C is compact by assumption,
9 s is compact from Proposition 47 and F is upper semicontinuous and compact valued on
C by assumption, we have that
F (95 xC) is compact. (12)

Define H := convF (¥4 s x C) which is compact and convex. Moreover, define T :
Yas X Cx H= C such that T (E,x,u) = argmin ¢ g g) (4,2 — X),, -

Observe that, by definition of K, z € C and therefore T is well defined. Observe also that
8ux : K — R such that g, »(z) = (u,z —x), is a continuous function.

From assumptions on K, we can apply the Maximum Theorem and then T is

nonempty and compact valued, upper semicontiunuous, closed and also convex valued.
13)
The last property is a consequence of the following standard argument. Take y;,y2 €
T (E,x,u) and A € [0, 1]. Then,

VzeK(x,E), (u,y; —x) <{u,z—x), (14)
and
Vze K(x,E), (u,y2—x) < (u,z—x). (15)
Multiplying (14) by (1 — 1) and (15) by A and summing up, we get
VzEK(x,E), (u,[(1=A)y1+Ay2] —x) < (u,2—x),
as desired.
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Now, define P: %4 s x C x H =2 C x H such that P(E,x,u) :==T (E,x,u) X F (E,x).

Observe that the above definition is well given because by definition of 7', Im7T C C, and
F<gA,S XC) CH.

Observe that C x H is nonempty, convex and compact and by definition, P is nonempty,
convex, closed valued and compact valued. Moreover P is upper semicontinuous (from
Proposition 4 page 25 of Hildebrand 1974.) Then, we can apply Theorem 53 and we have
that there exists (E,X,4) € %5 x C x H such that for any a € {1,...,A}, ¥, (E,X) € E and,
since P is nonempty valued, (¥,%) € P (X,i,E).

From the last statement, X € T (,%,E), i.e., X € arg min, _ K(<F) (1,7 —X), that is equiva-

lent to (ii,z—X), > (4,x—X), =0, Vz € K (%,E), and moreover, i € F (%,E). Combining
all the above, we get the desired results.

Remark 55. A converse of Theorem 54 does hold true, i.e., if conditions (10) and (11)
do hold true then condition (8) and (condition (9) with P in the place of ®) hold true
as well. Indeed, to get the above result we have to show that (X,i) € P (X,E,E), ie.,
xeT (X,E,F) = argminzeK(Xf) (#,z—%), andu € F (X,F), which follows immediately

from assumption (10).

4. Motivating example

In this Section, we present a framework the above analysis can be applied to. The model
we analyze was first studied in the seminal paper by Duffie and Shafer (1985).

The chosen model builds on the standard two-period, general equilibrium model of pure
exchange with uncertainty. In the commodity markets, C > 2 different physical commodities
are traded, denoted by ¢ € ¥ = {1,2,...,C}. In the final period, only one among S > 1
possible states of the world, denoted by s € {1,2,...,5}, will occur. The initial period
is denoted by s = 0 and we define the set of all states .7° = {0,1,...,S} and the set of
uncertain states . = {1,2,...,S}. In the initial period, asset markets open and A > 1 assets
are traded, denoted by a € o7 = {1,2,...,A}. We assume A < S. Finally, there are H > 2
households, denoted by h € 57 = {1,2,... ,H}.

The time structure of the model is as follows: in the initial period, households exchange
commodities and assets, and the consumption takes place. In the final period, the uncertainty
is resolved, households honor their financial obligations, exchange commodities, and then
consume commodities.

We denote x;° € R and ¢;° € R as the consumption and the endowment of commodity ¢
in state s by household /, respectively®. We define x5 = (1) cew € RC, xp = (x)) e 00 € RC
x = (x4)nesr € RO and similarly e} € RS, e, € RY, e € RY# | where G =C(S+1).

Household /’s preferences are represented by a utility function u;, : RG — R. We denote
by % the set of vectors u = (u)pe-

Moreover, we denote by p* € R, the price of commodity c in state s, by ¢* € R
the price of asset a and by b} € R the quantity of asset a held by household 4. We

Given v,w € RN we denote by v>>w, v > w and v > w the standard binary relations between vectors. Also
the definitions of the sets ]RX and Rﬁ . are the common ones.
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define p* = (p*)ces € RS, p' = (p*)ser € RS, p = (p*)se0 €RY. g = (¢")acr €RA,
by = (b acor € RY, b= (bp)per € RAH.

We denote by y**“ € R the units of commodity ¢ delivered by one unit of asset a in state
s and we define y** = () ey € RC, y* = (%) .y € RAC, y = (¥*),e.» € RSAC. Note in
particular that, in state s, asset a promises to deliver a vector y** of commodities. The above
described assets are usually called real assets in the literature.

Define the return matrix function as follows

R : RS x RSAC — M(S,A),

(p'yMe - Pty e o (plyM)e
‘%(plvy) = <pS7yS]>C <Ps7)’m>c <psaySA>C )
(PSyNe o (PS50 o (PSy)e

where M((S,A) denotes the set of real S x A matrices, R*(p',y) := ((p*,y**)¢)ac.r is the
s—th row of matrix Z(p!,y) and “R (pl,y) = ({p*,y**)¢)se. s the a — th column of

Z(p'.y)-
We define the set of economies as E := REH X U x RSAC with generic element € := (e, u,y).
Definition 56. A vector (55,5, D, 67) € ROH x RAH R(j x R4 is an equilibrium for the
economy € € E if
(1) forany he 57, (fh,zh) solves the following problem. Given € € E and (p,q) €
RS x R4,
max up \Xj,
(Xh,bh)EREXRA ( 1)

st (p0xh) — e+ (g, buya <0 (16)

<ﬁsaxziei1>ci <Rs(ﬁlay)7bh>/-\ < 07 Vs € y’

2) (35, E) satisfies market clearing conditions

a. foranys € .#% and c € €,
Yar< Y i pr=0

heH he
Z f;f _ Z ezc lf ﬁsc > 0;
heAt het
b. foranya € o,
Y b =o. (17)
het

In what follows, we first explain why the problem of existence of an equilibrium cannot
be analyzed using standard techniques employed in similar models, as Kakutani fixed
point theorem or homotopy arguments. Then, we show how the concept of equilibrium is
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strictly related to the concept of Grassmannian manifolds. Finally, we present a variational
inequality problem whose solutions, under suitable assumptions, are indeed equilibria we
are trying to prove the existence of. We warn the reader that our goal below is to convey
the general idea of the link between an interesting specific problem and the Variational
Inequality result in terms of Grassmannian we presented in Theorem 54. Indeed, the matter
is more complicated then what described below: a rigorous, complete analysis of the proof
of existence is presented in a companion paper by the authors (see Donato and Villanacci
(2020)).

The first step in our strategy is to introduce the definition of fixed - image equilibrium
which can be shown to be equivalent to the definition of equilibrium under a simple condition.
Before presenting the definition of fixed - image equilibrium, we describe and motivate
the two differences between that definition and the definition of “true”equilibrium, i.e.,
Definition 56.

In the definition of equilibrium, as a consequence of standard monotonicity assumptions
on the utility functions, for any household it is the case that each budget inequality in (16)
does hold true as an equality. Therefore, it must be (( P’y — ef))s s € span% ( ﬁl,y) .
Observe that span (p',y) is a linear subspace of RS of dimension equal to rankR (p,y)
and represents the space of potentially available values of excess demands in period 1. When
the endogenous variable p changes, that dimension may change. That drop of rank leads to
a discontinuity of the demand function which constitutes a major problem in the application
of standard proof techniques. The above observations motivate the need to “fix the linear
subspace of potentially available values of excess demand” and leads to the concept of a
fixed - image equilibrium. In that concept, the value of the excess demands in period 1
has to be contained in a linear subspace of RS which is independent of prices and of fixed
dimension A, i.e., ((p“,x;l — eZ>)S€S € L where L is an element in ¢ g, the Grassmannian
manifold of A dimensional subspaces of RS,

Using the properties of the Grassmannian manifold we have seen that for any L € ¥4 5
there exists i € {1,...m} and an § x A matrix y;" (L) such that

L=1Imy}(L) (18)

- see Remark 51. That observation allows to rewrite (< Xy — ei))s cg € L as “there exists

by € R* such that ((p*,x} —e})) o = W (L)-b,”, as we do in the definition of fixed -
image equilibrium (see Definition 57).

That definition contains also the requirement that the image of the return matrix % (;71 ) y)
has to be contained in the linear subspace L, which is a crucial condition to preserve the

link between the newly introduced notion of equilibrium and the original one.

Definition 57. A vector ()7, 5, D, Z) € ROH x RAH x RS x G, g is a fixed - image equilibrium
for the economy € € E if
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(1) forany h € 2, (fh,zh) solves the following problem. Given € € E and (p, Z) €
RJGr X g&s

max  up (xp)
(xh J?/JERJGr xRA

st (P00 — e+ (15w (L), bha < 0 (19)

((p“‘,x;; — e%))ses — Y (L)by <0,
(2) X satisfies the market clearing conditions. For any s € #° and ¢ € €,

Z f;lc S Z ezc lf ﬁsc — O,

het het
Z f;lc — Z e;‘lc lf ﬁsc > O;
het het
3)
Im% (;51, y) CL. (20)

The definition of the fixed-image equilibrium presented above can be characterized in
terms of a suitable generalized quasi-variational inequality, a simplified form of which is
presented below.

Find ((fh,zh)hef,ﬁi) €B (ﬁ,Z) XAXGssand g = (gn)hew € H T;,(Xy,) such that
het

((—&n)ner0as (Y, (Rn—e}))ses0)s (6,0, p,L) = (%,b,5,L)) <O 21
heA

for any ((xp,bp)nesws p;L) € B(p,L) X AX Gy s,
and ImZ(pl,y) C L
where A is the simplex in R, the set-valued map T}, : R = RY is defined as

T(xp) := conv(Nh> (xn) N S(0, 1)),

with $(0,1) = {x € RY : ||x|| ¢ = 1}, the unit sphere of R®, and N;” (x;), the normal cone to
the strict upper level set U;( )= {x e R" s u(x) > up(xp)},

*h

By :Ax %y s 2 RY xRA,
B((p,L) ==
{ (xp,bn) € RS x RA : there exists (yz,, UL, (Lf)A) € A such that L € Uy, and
(p%,xy —ep)c+ (1sw (L) bu)a <0,

((P*,2, —€})) ses — Wi (L) by < 05 }
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and B(va) = Hhe%”Bh(P7L)~

Observe as the variational inequality in (21) has a simple structure, made up by two
parts. A first one, involving (x,b), relates to the households’ maximization problems, and
the second one, involving (p, L) to market clearing conditions.

In according to Definition 52 and to Theorem 54, the problem (21) represents a general-
ized quasi-variational inequality where

C:=conv(B(A X%y 5)) XA,
K(x,b,p,L):=B(p,L) x A

F(x,b,p,L) = —( H Th(xh)) X {OA} X { Z (xh—eh)}.

het het

Remark 58. As already pointed out above, the proof of the existence of equilibrium for the
model presented in the section requires a further modification of the concept of equilibrium,
suitable assumptions and further remarks. We analyze in detail that problem in a companion
paper (see Donato and Villanacci 2020).
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