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Abstract This paper is concerned with a general model of financial flows and prices related
to individual entities, called sectors, which invest in financial instruments as assets and as
liabilities. In particular, using delicate tools of Functional Analysis, besides existence results
of financial equilibrium, in the dual formulation, the Lagrange functions ,0;‘] (¢) and ,0;‘2 (1),
called “deficit” and “surplus” variables, appear and reveal to be very relevant in order to
analyze the financial model and the possible insolvencies, which can lead to a financial
contagion. In the paper the continuity of these Lagrange functions is proved. Finally, a
procedure for the calculus of these variables is suggested.
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1 Introduction

The first authors to develop a multi-sector, multi-instrument financial equilibrium model,
using the variational inequality theory, were Nagurney et al. in [32]. These results were,
subsequently, extended by Nagurney in [33,34] to include more general utility functions and
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by Nagurney and Siokos in [35,36] to the international domain (see also [27,37] for related
papers). In [20], the authors apply for the first time the methodology of projected dynamical
systems to develop a multi-sector, multi-instrument financial model, whose set of stationary
points coincides with the set of solutions to the variational inequality model developed in
[33], and then to study it qualitatively, providing stability analysis results.

Very recently, a general equilibrium model of financial flows and prices, evolving in time,
is studied in [3,5].

The problem of financial equilibrium is a global optimization problem in the feasible set
of a utility function, given by risk-aversion and profit. More precisely, we consider a financial
economy consisting of m sectors, with a typical sector denoted by i, and of n instruments,
with a typical financial instrument denoted by j, in the time interval [0, T']. If s;(¢) denotes
the total financial volume held by sector i at time ¢ as assets, and /; () denotes the total
financial volume held by sector i at time ¢ as liabilities, then, the set of feasible assets and
liabilities for each sectori =1, ..., m,is

P = [(x,m,yi(r)) € L*([0, TLR™) : D xij() =si(1), D yij(®) =Li(1) ae.in [0, T,

j=1 j=1

xi(t) >0, y;(r) >0, a.e.in [0, T]] Vi=1,....,m
In such a way the set of all feasible assets and liabilities becomes

P=[(x(o,y(z))eL2<[0,T1,R2'""): D oxii) =si(t), D yij(t) =1Li),
j=1 j=1

Vi=1,...,m, ae.in[0,T], x;() >0, y;®) >0, Vi=1,...,m, ae.in[0,T]¢,

whereas the set of feasible instrument prices is:
={re L*(0.TLR") : r;(t) <rj(t) <7;(t), j=1,....n, ae.in[0,T]},

where r and 7 are assumed to belong to L2([0, T1, R™), (for a detailed description of the
model see Sect. 2).

In order to determine for each sector i the optimal composition of instruments held as assets
and as liabilities, we consider, as usual, the influence due to risk-aversion and the process
of optimization of each sector in the financial economy, namely the desire to maximize the
value of the asset holdings while minimizing the value of liabilities. Moreover, the equilibrium
condition for the prices, which expresses the equilibration of the total assets, the total liabilities
and the portion of financial transactions per unit F; employed to cover the expenses of the
financial institutions including possible dividends and manager bonus r; of instrument j is
the following:

>0 if r*(t) =r;(®)

Z(l —1;j(1) [xl,(o (1+h; (r))y,,(r)]+F =0 ifr, HO) <r*<r> <7t (1)
i=1 <0 1fr*(t)_rj(t)

where (x*, y*, r*) is the equilibrium solution for the investments as assets and as liabilities
and for the prices.

Let us explicitly remark that the definition of equilibrium conditions (see Definition 2) of
the financial model may be also expressed in the following form:
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Definition 1 A vector of sector assets, liabilities and instrument prices (x*, y*, r*) € P xR
is an equilibrium of the dynamic financial model ifandonly if Vi = 1, ..., m,Vj =1, ..., n,
and a.e. in [0, T'], it is a solution to

T
max/0 {Mi(t,Xi (1), i) + (1 =5 (O)r* () x [xi(t) — (1 + h(1))yi (t)]}dt

Pi
Y(xi,yi) € P,

and verifies condition (1).

Let us note that the term —u; (¢, x; (¢), y; (t)) represents a measure of the risk of the financial
agent, r;(t)(1—1;;(t))[x; (t) — (1+h (t))y; (t)] represents the value of the difference between
the asset holdings and the liabilities.

In [5] these equilibrium conditions are expressed in terms of an evolutionary variational
inequality and some existence theorems are provided. Moreover, it is possible to consider the
so-called shadow market, namely the dual Lagrange problem, when the Lagrange variables
p;’fl(t) and p;’.‘z (), called “deficit” and “surplus” variables, appear. These variables play a
fundamental role in order to analyze the model and to achieve suggestions for the manage-
ment of the world economy (see the Deficit formula, the Balance Law and the Liabilities
Formula).

On the other hand, in [10] by means of these Lagrange variables the authors study
the possible insolvencies related to the financial instruments and analyze, in terms of
> pj(l)*(t) -2 pJ(Z)*(t), when the insolvencies propagate to the entire system, pro-
ducing a “financial contagion”.

In [4] the regularity of the solutions of the evolutionary variational inequality, governing
the financial model, is investigated. In particular, the authors are able to obtain a continuity
result of the equilibrium solution (see [1,2] for the study of continuity of solutions to general
evolutionary variational inequalities).

Because of the relevance and importance of the “deficit” and “surplus” variables
p}” (t) and ,0;‘2 () in the study of the evolutionary financial equilibrium problem, it
remains to investigate regularity properties of these Lagrange variables. In this paper the
authors, analyzing the model already introduced, in which the equilibrium is expressed
in terms of a global maximum, are able to prove, first, the continuity of the equilib-
rium solution and then, under the same conditions, a continuity result of the “deficit”
and “surplus” variables ,o*l(z) p*z(t) These regularity results allow us to apply a cal-

culus procedure in order to compute the equilibrium solution and, then, the Lagrange
variables.

The paper is organized as follows: in Sect. 2 the model is presented in detail, together with
the equilibrium conditions and their evolutionary variational inequality formulation; in Sect.
3 we give the dual formulation in which the Lagrange variables ,071 (t) and p}fz (t) appear; in
Sect. 4 we state the main result of the paper; in Sect. 5 we provide the proof of our result;
in Sect. 6 we give a computational procedure and we stress the relevance of these variables
in order to analyze the financial contagion; in Sect. 7 we provide a numerical example and
finally Sect. 8 summarizes our results.

It is worth stressing that variational inequality theory has revealed to be a powerful instru-
ment in order to study equilibrium problems, for example Walrasian equilibrium problem
(see [17-19]), the oligopolistic market equilibrium problem (see [6,7]), the weighted traffic
equilibrium problem (see [25,26]), Signorini problem (see [21] and references therein) and
many others.
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2 The financial model and the equilibrium conditions

Now, we describe the financial network we are dealing with (for more details we refer
to [3,5,11]). In the general competitive financial equilibrium models here considered, the
equilibrium yields both asset and liability volumes, as well as the instrument prices.

Then, we consider a financial economy consisting of m sectors, for example households,
domestic business, banks and other financial institutions, as well as state and local govern-
ments, with a typical sector denoted by i, and of n instruments, for example mortgages,
mutual funds, saving deposits, money market funds, with a typical financial instrument
denoted by j, in the time interval [0, T]. Let s;(#) denote the total financial volume held
by sector i at time ¢ as assets, and let /;(¢) be the total financial volume held by sector
i at time ¢ as liabilities. In general, the investments of markets in assets and liabilities,
si(¢) and [;(¢), may be different and depending on time, since we are in the presence of
uncertainty and risk perspectives. At time ¢, we denote the amount of instrument j, held
as an asset in sector i’s portfolio, by x;;(#) and the amount of instrument j, held as a
liability in sector i’s portfolio, by y;;(¢). The assets and liabilities in all the sectors are
grouped into the matrices x(¢) = [x((t),...,x;(t),.. LxaO)T = {xij (O} and

i=

We choose as a functional setting the very general Lebesgue space L2([0, T], R?) =

T
[f 1[0, T] — RP : /0 If@)5dt < —|—oo].

As it is well known, the dual space of L2([0, T'], RP) is still L>([0, T'], R”) and we define
the canonical bilinear form in L2([0, T'], RP) x L2([0, T], R?) as

T
(g, x)) =/0 (). x(O)dr, g.x € L2([0, T1, RP).

Then, the set of feasible assets and liabilities, for each sectori = 1, ..., m, becomes

P = [(xi (0, yi(1)) € L* ([0, TL,R*") : D" xi(t) = si (1),
j=1

z%’j([) =[;(t)a.e.in[0,T], x;(t) >0, y;(t) >0, a.e.in [0, T]];
j=1

and the set of all feasible assets and liabilities becomes

P= [(x(t), y(0) € L2(10, T1L,R¥™) = D xij (1) = si(0),

Jj=1

n
D i =L@, Yi=1,....m, ae.in[0,T],
j=1

xi(t) >0, yi(t) >0, Vi=1,...,m, ae.in [0, T]].

We denote the price of instrument j, held as an asset at time ¢, by r;(¢) and the price of
instrument j, held as a liability at time ¢, by (1 + h;(¢t))r;(t), where h; is a nonnegative
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function belonging to L*>°([0, T']). The term £ (¢) describes the realistic behaviour of the
markets, for which the liabilities are more expensive than the assets. We group the instrument
prices, held as assets, into the vector r(t) = [r1(t), r2(t), ..., ri(t), ..., ra(®)]T and the
instrument prices, held as liabilities, into the vector (1 + h(¢))r(¢t) = [(1 4+ h1(t))r1(t), (1 +
ho()ra @), ..., L+ R O)ri @), ..., (1 + hy@)re(O]F . In our problem the prices of each
instrument appear as unknown variables.

As in [5], we consider a more complete definition of equilibrium prices r*(¢), based on
the demand-supply law, imposing that the equilibrium prices vary between floor and ceiling
prices.

To this aim, we denote the nonnegative floor price and the ceiling price, associ-
ated with instrument j, by r; (t) and 7;(t), respectively, with 7;(t) > r; (t) a.e. in
[0, T], and we group the instrument ceiling prices 7 () into the column vector 7(f) =
[F1(0), ..., 7i(®), ..., 7x(®]F and the instrument floor prices r(¢) into the column vector
ri(0) =Iry@),....,r;@0),....,r,O1.

The set of feasible instrument prices becomes:

R ={reL*(0,T],R"): ri@) <rj(t) <r;@®), j=1,...,n, ae in[0,T]}

where r(¢) and 7(¢) are assumed to belong to L%([0, T], R™).

In this way, to each investor a minimal price r j () for the assets held in the instrument j is
guaranteed, whereas each investor is requested to pay for the liabilities, in any case, a minimal
price (1 + hj)r (. Similarly, each investor cannot obtain, for an asset, a price greater than
7 j(t) and, as a liability, the price cannot exceed the maximum price (1 + h;(2))7;(t).

Moreover, we incorporate policy interventions in the financial equilibrium in form of taxes
and price controls. We denote the tax rate levied on sector i ’s net yield on financial instrument
J as 7;;(t) and group it into the matrix 7 (t) = {7;; (1) }i=1,...m, j=1,...n-

We assume that each sector i seeks to maximize its utility, with the utility function,
Vi =1,...,m, given by

Ui(t, xi(1), yi (1), r (1))

n
= u; (£, x; (1), yi (1)) + D rj ()1 = 135 (0)[xij (1) = (1 + hj ()i (D)1,
j=1
where the term —u; (¢, x; (t), yi (t)) represents a measure of the risk of the financial agent,
ri(t)(1—7;j()[x;(t) — (1 +h;(t))y;(t)] represents the value of the difference between the

asset holdings and the liabilities. First, we make the following assumptions, called Hypotheses
1, which will be denoted by Hp. I:

— The sector’s utility function U;(t, x;(t), yi(t)) is defined on [0, T] x R" x R" x R", is
measurable in t and is continuous with respect to the other variables.
— 0u;/0x;j and du;/dy;; exist and they are measurable in t and continuous with respect

to x; and y;.
-Vi=1,....m,Vj=1,...,n,and a.e. in [0, T}, the following growth conditions hold
true:
i (t, x, )| < ;@ xNllyll, Vx,yeR", (2)
du;(t,x,y) du; (1, x,y)
[FEE < 0l [T < vk, 3
dxij dyij

where «;, Bij, yij are non-negative functions of L*°([0, T']).
— The function u;(t, x, y) is concave.
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— —0u; (t, x;(t), yi(t))/0xij, —0u;(t, x;(t), y; (t))/0yij are strongly monotone functions
(for the definition, see for example [8]).

We remind that the time-dependent Markowitz utility function verifies conditions (2) and
(3) (see [28,29]).

The equilibrium condition for the prices expresses the equilibration of the total assets, the
total liabilities and the portion of financial transactions per unit F;. Hence, the equilibrium
condition for the price r; of instrument j is the following:

Z(l —73;(1) [x;kj(f) —(1+ h,'(t))y,-*j(t)] + Fi(t)

i=1
>0 if V;F(t) =r;®)
=0 ifgj(t)<r;‘(z)<7j(t) 4)
<0 if r;'.‘(t) =7;(1)

where (x*, y*, r*) is an equilibrium solution belonging to P x R for the investments as assets
and as liabilities and for the prices. F;(¢) is the portion of financial transactions per unit,
employed to cover the expenses of the financial institutions, including possible dividends
and manager bonus.

In other words, the prices are determined taking into account the amount of the supply,
the demand of an instrument and the charges F';, namely, if there is an actual supply excess
of an instrument as assets and of the charges F; in the economy, then its price must be the
floor price. If the price of an instrument is positive, but not at the ceiling, then the market of
that instrument must clear. Finally, if there is an actual demand excess of an instrument as
liabilities and of the charges F; in the economy, then the price must be at the ceiling.

Let us note that, if r(z), r(t) are continuous functions, then the equilibrium price r*(r)
can be also chosen as a continuous one.

Hence, the definition of equilibrium conditions is the following one.

Definition 2 A vector of sector assets, liabilities and instrument prices (x* (¢), y*(r), r*(¢)) €

P x R is an equilibrium of the dynamic financial model if and only if, Vi = 1,...,m,
Vj=1,...,n,and a.e.in [0, T], it satisfies the system of inequalities
du;(t, x*, y*)
e = (=)0 = w0 2 0, ©)
xij
ou;(t, x*, y*
—% + (1= ;)1 +hp(0)rE (@) — w?* (1) = 0, ©)
ij
and equalities
ou; (¢, x*, y*)
3] = = — A= oo - u 0] = o, )
x,‘j
Ou; (1, x*, y*)
0] - T A=)+ O 0 1P 0] =00 @)
ij
where u(l)*(t) M(z)*(t) e L?([0, T]) are Lagrange multipliers, and it verifies conditions (4)
ae.in [0, T].

It is worth remarking that the equilibrium definition is, in a sense, the same as given
by Wardrop’s principle, which states that, in the case of user optimization on congested
transportation networks, the user rejects the less convenient (or more costly) choice.

@ Springer



J Glob Optim (2016) 65:575-596 581

OL @)=

The functions u (¢) and p;”"" (1) are Lagrange multipliers associated a.e. in [0, T'] with

the constraints Zx, (@) — si(t) = 0 and Z vij(t) — l;(t) = 0, respectively. They are
1 1
unknown a prioii but this fact has no inﬂueéce because the following Theorem states that
Definition 2 is equivalent to a variational inequality in which ,u(l)* (t) and ;/,(2)*([) do not
appear.
The following Theorem, which provides the variational inequality formulation of the
equilibrium conditions, is proved in [5] (see Theorem 2.1).

Theorem 1 A vector (x*, y*,r*) € P x R is a dynamic financial equilibrium if and only if

it satisfies the following variational inequality:
Find (x*, y*,r*) € P x R:

m T n . * *
z/o ‘Z[_ aul(l,xi (t)! yi (t)) _(1 _tlj(t))r;k(t):l X [xlj([)—xl*,([)]
i= j=1

0x;j

! u; (t, x* (1), yF(t . «
+§[_ i ( xai,) ) L —‘c,-j(t))rj(t)(l—i-hj(t))] x [y,»j(z)—y,.j(t)]]dt

+Z/ Z (I =7 () [x,,(t) (I+h; (t))yu(t)]—i-F(t)}
X[rj(l) - rj(t)]dt >0, Y(x,y,r) € P xR. )

Let us observe that the first part of variational inequality (9) is equivalent to the utility
maximization problem in P, whereas the second part expresses conditions (4). It is worth
remarking that a solution (x*(¢), y*(¢)) of the first part of (9) is unique and does not depend
on the equilibrium price *(¢), but only on floor and ceiling prices, r(¢) and 7(¢), as proved
in Sect. 5.

We refer to [8] for an existence theorem of the equilibrium solution for the financial model.

3 The deficit and surplus variables: the shadow market

In order to better understand the behavior of the financial equilibrium, in [5] the authors,
applying to the general financial model a very recent infinite dimensional duality theory
introduced and developed in [12,14-16,31], obtain an interesting and useful output as
the Deficit Formula, the Balance Law and the Liability Formula, from which important
suggestions and remarks follow for the management of the world economy. In this frame-
work, the Lagrange variables surplus and deficit, p(l)*(t) and p(z)* (1), appear and play a
fundamental role. For analogous results on the relevance of the Lagrange multipliers see
[13,22-24].
Indeed, first the authors introduce the Lagrange functional

Ll y,r A 2@ O @ )0y

T 3 / Wy -3 3 / A2 vy di

i=1 j=1 i=1 j=1
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m T n m T n
—Z/O w0 | D xij(0) = si(0) dr—Z/o wP @ | Dy — L) | ar
i=1 j=1 i=1 j=1

n T n T
+> /0 PO (1) = rj@)dt+ /0 PP (1) —F () dt,
j=1 j=1
where

S, y,r)

3 *
/ [ZZ[ kb O —u,,-(r))rjf(r)] X [xiy (1) — x3; (1]
’./

i=1 j=1

n

8 *
+ZZ[ uill X (’; ) +(1—rij(r)><1+hj<r>)r;f<r>} X 131 (1) = ¥75 (0]

i=1j=1

£y [Z(l — iy ) [x50) = (L + B0 ] + F (r)} x[ri = r;0] ] dr

j=1 Li=1

with (x, y, r) € L2([0, T], R¥™+m) D 3@ e L2([0, T1, RT™), uD, @ e L2([0, T1,
R™), pM, p® € L2([0, T1, RY).

It is worth noting that 2(D, k(z) oD, p@ are the Lagrange multipliers associated, a.e. in
[0, T'], to the sign constraints x; () > 0, y;(z) > 0, r;(¢) — r; ri(t) =0,7;(t)—rij(t) =0,
respectively. The functions p (1 (r) and 1? (¢) are the Lagrange multipliers associated, a.e.

n n

n [0, T, to the equality constraints »  x;;() — s;(t) = 0 and »_y;;(t) — li(t) = 0,

j=1 j=l1
respectively.
Then, they prove the following Theorem (Theorem 6.1 in [5]).

Theorem 2 Let (x*,y*,r™) € P x R be a solution to variational inequality (9) and
let us consider the associated Lagrange functional (10). Then, there exist x(V*, A% ¢
L2([0, T1, R7™), pD*, u@* e L2([0, T1,R™), pV*, p@>* e L2([0, T],RY) such that
(x*, y*, r*, A @ W @ M%) s g saddle point of the Lagrange func-
tional, namely

L%,y r, k(l), )\(2)’ M(l)’ M(2)7 p(l), ,0(2))
<£(x* y* ¥ )»(1)* )\(2)* N(l)* M(z)*,p(l)*,p(z)*)
< L0x, s ADF 2@ D% @ pDx @20 (10)

Y(x,y,r) € L2([0, T], R¥m+my wi a@ e 120, T1, R™), YD, u® e L2([0, T],
R™), VoM, p® e L2([0, T1,R) and, a.e. in [0, T1,

du; (1, x*(1), y*(1))
B ax,’j
Vi=1,....m, Vj=1...,n
dui (t, x* (1), y*(1))
dyij
Vi=1,....m, Vj=1...,n

— (L= 7O} @) = 2 0 — {0 =0,

+ (=7 ) A +h O (1) — A5 (1) — uP*0) =0
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> =) [0 = A+ hO50 ]+ Fio + "0 = o),

i=1

Vi=1,. : (11)
0 (r)_o W OyE@ =0, Vi=1,....om ¥j=1,..n (12)

(o) Zx,,(z) si) )| =0, w0 | Dy — ) | =0,
j=1 Jj=1
Vi=1,. (13)

(”*(n(r - r*(r)) =0, o (OO —Fj(1) =0, Vj=1, (14)
Formula (11) represents the Deficit Formula.

pﬁl)*(t) represents the deficit per unit, whereas ,0](.2) *(1) is the positive surplus per unit.
From (11) it is possible to obtain the Balance Law

Zl (1) = Zs, (0 - sz(z) [0 = y50)]

i=1 j=1

—ZZU 7ij (D) 1)y} (1) + ZF (") - Zp‘”*a) + Zp<2)*(t>. (15)

i=1 j=1

Finally, assuming that the taxes 7;;(¢),i = 1,...,m, j = 1, ..., n, have acommon value
6(t), and the increments /;(t), j = 1, ..., n, have a common value i (¢), otherwise we can
consider the average values (see Remark 7.1 in [5]), the significant Liability Formula follows

m ¢ —9(1))2&0)—}-2]7 (,)_Zp(l)*(t)+zp;2)*(t)
j=1

Dl =
o i —smi+ z(r))

The financial problem can be considered from two different perspectives: one from the
Point of View of the Sectors, which try to maximize the utility and a second point of view, that
we can call System Point of View, which regards the whole equilibrium, namely the respect of
the previous laws. For example, from the point of view of the sectors, /; (¢), fori =1, ..., m,
are liabilities, whereas for the economic system they are investments and, hence, the Liability
Formula, from the system point of view, can be called “Investments Formula”. The system
point of view coincides with the dual Lagrange problem (the so-called “shadow market”) in
which pj(.l) (¢) and pj(.z) () are the dual multipliers, representing the deficit and the surplus per
unit arising from instrument j. Formally, the dual problem is given by

Find (0%, p®*) € L*([0, T], R?") such that

n T
Z. /0 (0§ @0 = o O (1) — rr(e)at
+Z / (0P (@) = pP* ) (1) — 7 (1)d1 <0,

V(p“% p®) e L*([0, T1, RY"). (16)

@ Springer



584 J Glob Optim (2016) 65:575-596

In fact, taking into account inequality (10), we get

m n T m n T
-> Z/O Oy @0 = 28 @)y 0 dr = Z/O 2 = A5 dt

i=1 j=I i=1 j=1

m T n
-2 /O i) = w0 | Do) = si@) | di
i=1 j=1

S ! @) ()= 5 * .
> WO =wre) [ Do yin —L@ ] dr
i=170 =1

n T
+> /O i @) = PN ;) = ry@)) dt

j=1

noo.T
+2. /O (P (1) = o)} (0) =T () di <0
j=1

VA @ e L2(0, T1L R, u D, n® e L2(10, T R™), pV, p® € L2([0, T, RY).

Choosing A = (Dx @) = )@ ud) = M= u(z) = M(z)*, we obtain the dual

problem (16)

Note that, from the System Point of View, also the expenses of the institutions F;(¢) are

supported from the liabilities of the sectors.

Remark 1 Let us recall that, from the Liability Formula, we get the following index E(¢),

called “Evaluation Index”, that is very useful for the rating procedure:

DL

E(t) = — i=1 _ 7
D s+ D Fi)
i=1 j=1
where we set
TS R 4 CE R
+i®) L+i() —60() —0@®)i()

From the Liability Formula we obtain

n

1
> o0
Jj=1

E(t)=1-
A=0@)A+im) [ D50+ D Fi@
i=1 j=1
PO
+ =

A=A +i@) [ D50+ D Fij®

i=1 j=I
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If E(t) is greater or equal than 1, the evaluation of the financial equilibrium is positive
(better if E(¢) is proximal to 1), whereas if E(¢) is less than 1, the evaluation of the financial
equilibrium is negative.

Remark 2 In [10] the authors note that, if

n n
P IRCED WG} (18)
j=1 j=1

the balance of all the financial entities is negative, the whole deficit exceeds the sum of all the
surplus, a negative contagion appears and the insolvencies of individual entities propagate
through the entire system. It is sufficient that only one deficit pj(.l) *(1) is large to obtain a
negative balance for the entire system, even if the other ones are lightly positive.

When condition (18) is verified, we get E(¢) < 1 and, hence, also E(¢) is a significant

indicator that the financial contagion happens.

4 Main result

In the previous section the shadow market is introduced, in which the Lagrange variables

p;l)* (1), ,0](.2)* (t) appear. These variables represent the deficit and the surplus per unit, respec-

tively, and constitute a very important instrument in order to analyze the financial model.
Now, in order to present the main achievement of the paper, namely a regularity result of

pj(.l)*(t), ,0;.2)* (1), let us set:

F(t) = [Fi(t), F2(t), ..., Fa(D1";

v=(x,y,r)= (xij)l

i=1,....m 1....m =~ 77 T e
j=1,...n j=l1,...n
[ Qu;(t, x,
A = (|29 o ,
L 3)6,'/‘ i=1,...m
j=1,...n
[ Qu;(t,x,y)

+ —Tij(l))(l-l-hj(t))rj(l)] e

.....

L 0yij

Z(l —7ij () (xij (1) = A+ hj(@)yi; ) + Fj(t):| );
j=1,...n

Li=1

A: K — L*([0, T], RZmtmy (19)

.....

with
K=PxTR.

Letus note that K is a convex, bounded and closed subset of L2([0, T'], R2mn+n ). Moreover
assumption (3) implies that A is lower semicontinuous along line segments.
We are able to prove the following result:

Theorem 3 Let A € CO([0, T, R¥"™™*7) be strongly monotone in x and y, monotone in r,
namely, there exists a such that, fort € [0, T],
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(At v1) — A(t, v2), v1 — ) > a(llx] — x20* + Iyt — 2012, (20)

Vv = (x1, ¥1,71), v2 = (X2, ¥2,12) c R2mn+n_
Let r(1), 7(1), h(t), F(t) € CO([0, T1,R%), let T(t) € C°([0, T],R™) and let 5,1 €
CO([0, T1, R™), satisfying the following assumption (B):

— there exist 81(¢) € L2([0, T1) and ¢ € R such that, fora.a.t €[0,T],
Is@I <81 (1) + ci;

— there exist 85(t) € L2([0, T)) and ¢3 € R such that, fora.a.t €[0,T],
@O0 < 82(8) + ca.

Then the Lagrange variables, pV*(t), pD* (1), whose existence is ensured by Theorem 2
and which represent the deficit and the surplus per unit, respectively, are continuous too.

5 Proof of the theorem

In order to prove the regularity of the deficit and surplus variables, we start from the following
result, which ensures the continuity of the equilibrium solution only if the operator A is
strongly monotone with respect to (x, y, r) (see [4]).

Theorem 4 Let A € C°([0, T, R?""*") be strongly monotone. Let s, 1 € C°([0, T], R™),
let r(t), 7(t) € C°([0, T, R'}). Then variational inequality (9) admits a unique continuous
solution.

Let us note that the operator of the financial equilibrium problem (19) is strongly monotone
with respect to the variables x and y, but only monotone with respect to r (see [8] Section
3). Then, Theorem 4 cannot be directly applied. However, here we are able to prove, under
the assumptions of Theorem 3, the existence of a continuous equilibrium solution.

To this aim, let us consider the variational inequality (9):

T ey Buile X @), 3 (1) . .
> / [Z}[— T — (=T )0 ] x Ly (0 = x50

. dui(t, x} (1), yi(1) . .
+Z (==, =m0+ )] < Do) - y,~,-<r>]]dr

+Z / Z (=50 [x550) — A+ by @50 ] + F50)
x [rj(t) -] (t)]dt >0, V&, y,r)ePxR.

The existence of a solution to (9) is ensured by Theorem 2.3 in [8].

Let us prove that, assuming r(¢), 7(¢) continuous functions, we can find continuous solu-
tions to (9).

Indeed, let (x*(¢), y*(¢), r*(¢)) be a solution to (9). Setting in (9) x;; = xl.*j and y;; = yl.*j
it follows that the equilibrium price r*(¢) verifies variational inequality:
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Find r* € R such that

Z / Z (1= 70 [0 = A+ b)) + F )]

x ['”j(t> ~r5(0]dt =0, VreR. o

Let us note that, as in Theorem 4.4 in [3], it is possible to prove that variational inequality
(21) is equivalent to conditions (4).
Now, let us define, for j =1, ..., n,

E; = {z €0, T1: ri(0) zfj(z)};

— . ek _ .
E;={rel0.11:r0 =r;0};
Ej={rel0.11:r,00 <ri) <750}

Since r(t), r(z) are assumed to be continuous functions, each continuous function
) = (rf* (@), ..., ry* (1)), that is equal to r}*(t) inEjand E; andr;(t) < r;_‘* (t) <7,(t)
in E;f, still verifies variational inequality (21), since in E;‘ the coefficient Zm 1(1 —

=

7 (1)) [xf; ) = (L+h;0)y; (t)] + F;(1) is equal to zero due to (4). As a consequence,
r**(t) also verifies condition (4).
On the other hand, setting in (9) r; = r , (x*™(1), y*(¢)) verifies variational inequality:
Find (x*, y*) € P such that

m T n . * *
Z/ [ Z [ B ou; (t, x; (1), y; (1)) — (- fij(t))r;f(t):l x [xj (1) —X;;-(t)]

0x;j

" dui(n X, yE() )
+Z[_ N +(1 —Tij(l))rj(t)(l-i-hj(t))]

x[yij (1) = yi*j(t)]]dt >0, V(x,y)eP. (22)
Arguing as in the proof of Theorem 2.1 in [5], it is possible to prove that variational
inequality (22) is equivalent to conditions (5)—(8).

Moreover, following the proof of Theorem 5 in [3], we may prove the equivalence between
problem (22) and the optimization problem

m T n
mgXZ/O (ui (@, xi (1), yi (1)) + zr;f(t) {(1 = Tij (O))[xij () — (1 + hj(l)))’ij(t)]})dt-
i=1 j=l1
(23)

If (x*, y*) is a solution to (23), it is still a solution to

m_ .7
mgxz /0 (i (¢, xi (1), 31 (0))
+ Zr O {(1 = (N (0 — (L + By O + Fxohdr.  (24)
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Since r** coincides with r* in E,- and £ j and in E;‘ the coefficient

m

Do {0 = mj )i (6) — (L + b)) yip (O] + Fj}

i=1

is equal to zero, it follows that (x*, y*) is still a solution to
max Z / (i (£, x; (1), yi (1))

+Z O {1 = 7 ) xij (1) = (L4 hj(0))yij (O] + Fj . (25)

j=1

Then, for the already cited equivalence, (x*(¢), y*(¢)) verifies

moT (1 X (0), v
> [ X[~ o]
i= =1

Bx,-j
x [xi (1) — x5 (1)]

u Qui(t, x (1), yF(t
#>0 [ 2B ONO) 4+ 0]
=1

dyij
X [)’ij(t) - y?}(t)] ]dt >0, V(x,y)eP. (26)

The operator in (26) is strongly monotone with respect to (x, y) and then, by virtue of
Theorem 4, the unique solution (x*(¢), y*(r)) is continuous too.

Then, we may conclude that the solution (x*(¢), y*(¢), r**(¢)) is continuous, generalizing
Theorem 4.1 to operators which are strongly monotone with respect to (x, y) and only
monotone with respect to r.

Let us stress that (x*(7), y*(¢)) is unique and does not depend on the equilibrium price
r**(t), but only on floor and ceiling prices, r(¢) and 7(¢).

Now, we are able to prove our main result, Theorem 3.

Letusset, forafixed j =1,...,n,

It =1{r €10, T1: p{"* @) > 0}
1, ={tel0.71: p{"" ) =0}.

From the Deficit Formula (11) we have,Vj =1, ..., n,

Bi(1) = (1= 0) [0 = A+, 00350 | + Fy0) = o 0) = pP" 0.

i=1

(1) *(1) is a continuous function in /; + -In fact, in 1}/ + , from (14) it follows p(z) *

t)=20
and then from Deficit Formula (11), in I W,

P (1) = Bj(1) = Z(l — ) [x50 = A+ OO+ Fio, @)

i=1

(1)*

namely, p: " () is the sum of continuous functions.
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Let us remark that the continuity of pj(.l) *(t)in I 1+ j implies that / 1+ ; is an open set.

In the interior of the closed set I} j ,oj(.l)*

p;l)* —0

(t) is a continuous function, since in this set

Let us examine the continuity of pﬁl)*(t) in 811+/. = BIIOJ. Lettg € 8110,. and let us prove

the continuity of ,0](.1)* (1) in tg. Since 8110j C Iloj, it results p;l)*

continuity of B;(z), it results to be

(to) = 0. Because of the

(2)=

fim Bj(6) = lim (—p;”"(1)) = Bj(to)
telp; tel};

and
tll>nt]0 Bj(t) = IIL% p; (t) = B (t0).
telfj telfj
Then, we may conclude
oy o (D (D
Bj(io) = Jim p""* (1) = lim (=p{* (1)),
telﬁ_j te]ﬂj

O
J

and the only possibility, taking into account the nonnegativity of p ;2)*

Bj(tp) = 0. This means that

(¢) and p~"" (), is that
; My _ 1 My (D
tlglgo p; (1) = tlgrtlo p; () =0=p; " (10).
tel}t; telp;
In a similar way, we may prove the continuity of pj(.z)*(t) in [0, T'].
In the following Section we also provide a procedure in order to compute numerically the
deficit and surplus variables (see [9]).

6 Computational procedure
First, it is worth noting that variational inequality (9) is equivalent to the problem: Find
v* € K = P x R such that

(A(t,v*(0), v(@) —v @) >0 Yvek, ae.in[0,T], (28)
(see [9]).

As we already proved in Sect. 5, we may construct a continuous equilibrium solution to
(28). For example, we may find a continuous solution »**(¢) to (4) in the following form

N0 i€ E;
PO = )+ 222 gy e B
Y il n=i ! j
rj(t) teEjs

E ; or E; may eventua e empty).
(Ej or E; may Ily b pty
Then, if v* = (x*, y*, r**) is the continuous equilibrium solution constructed, it satisfies:

(A(t,v*(1)), v(@®) —v*()) >0 Vre [0,T]. (29)
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Consider, now, a sequence of partitions m,, of [0, T], such that:

1 Ny _ .0 1 Ny _
tyyoonnty”), 0=t <t, <...<t,"=T

0
Ty = (t,, t,,

ne

and

n

8,1=max[tk— ,’:_1: k=1,...,N,,]

with lim,,_, o 6, = 0. Then, for each value t,’f_], we consider the variational inequality

(AT v =1y, v — vy = 0 v e k@t (30)

n

where

n
K@t = [v = (x,y,r) €RM N iy = si(th ),
j=1

n
Dovii=ht) xi =0,y =0, Vi=1,....m,
j=1

P < <Y =10 n]

Using the well-known methods for the finite dimensional variational inequality, we can
construct an interpolation function v, () such that

ll}'ln ||\)n([) - U*(Z)”Lco([oy]"],RZmn-%—n) =0.

Once achieved the equilibrium solution, we may obtain the surplus and deficit variables
from (11) and (14). In fact, if r;.‘*(t) =r;(), from (14) it follows pﬁz)*(t) = 0 and we may
calculate pjl’*(t) from (11). Analogously, if r¥*(r) = 7 (¢), from (14) it follows pj(-l)*(t) =0
and we may calculate ,01(.2)* (t) from (11). Finally, if r; () < r;.k*(t) < 7j(t) from (11) it
follows o (1) = p{?*(1) = 0.

We would like to remind the importance of the calculus of the variables deficit and surplus.

In fact, from the difference

n n
1 2
> o0 =D e )
j=1 j=1

it depends if a negative contagion appears on the financial system (see [10]). In fact, if

n n
PN MOED IO 31)
j=1 j=1

the balance of all the financial entities is negative, the whole deficit exceeds the sum of all the
surplus, a negative contagion appears and the insolvencies of individual entities propagate
through the entire system. As we can see, it is sufficient that only one deficit p}l)*(t) is large
to obtain a negative balance for the entire system, even if the other ones are ligthly positive.
Moreover we would like to stress that, even if for only a sector there is a big insolvency
related to the instrument j, we can have p;l)* (r) > 0.
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7 Numerical example

Let us analyze a numerical financial example, in which we consider a utility function of
Markowitz type with memory, namely in which the risk aversion function u; is given by the
sum of the one suggested by H.M. Markowitz in [28] and [29], which expresses at each instant
t € [0, T'] the risk aversion by means of variance-covariance matrices, denoting the sector’s
assessment of the standard deviation of prices for each instrument, and of the memory term.
As it happens in real life, we even assume in the example that the amount of the investments
as assets and liabilities depends on the expected solution (see [8]).

In detail, we consider an economy with two agents and two financial instruments. The
variance-covariance matrices of the two agents are:

1 0 —05 0 10 0 0
0 1 0 0 0 1 —050

- 2 _
Q=1 0950 1 ofl ™M 2=|y_05 1 0
0 0 0 1 00 0 1

In the time interval [0, 1], the risk aversion function u; (¢, x; (¢), y; (t)) is given by:

T t T
xi (1) i | xi(0) } / [Xi(l - Z)] i [xi(l - Z)]
it xi (1), yi(1)) = — dz.
it i@, i) [y,-@) ] ¢ [yim T o Lwt=a] @ Lye-2]"
We choose as the feasible set for assets, liabilities and prices:

K(w*) = [w = (x(t), y(), r(1)) € L*([0, 11, RYY) :

1 1
xll(t)+x12(f)=6/ ri(s)ds + 3, le(l)+x22(l)=6/ ry(s)ds +3,
0 0

yir () + yi2(t) =11, y21(t) + y22(t) = 1ae.in [0, 1]

3
and 2t < ri(t) <3t, t <rp(t) < 5t a.e. in [0, 1]]

Moreover, we choose t;; = %,Vi,j =1,2andh; =1Vj=1,2.
It follows that quasi-variational inequality (9) becomes: Find w* € K(w*):

1 1 3
/0 [2@1 (1) — 0.5y, (r))+/0 2(x7; (r) — 0.5y7,(x))dT — 2 r;*(t)} (x11() — x7, (1))

. . 3
+ [ 2x5@) +/0 2x1(v)dT — Zrg‘(z)] (x12(t) — x}, (1))

d 3
+ | 2x3, () +/0 2x5(v)dt — 2 rf‘(t)] (x21(t) — x5, (1))

! 3
+ [ 2(x3, (1) — 0.5y5, (1)) +/0 2(x3,(7) — 0.5y5,(t))dt — 1 rik(t):l (xzz(t) — x;z(l))

! 3
+ 1207711 = 0.5x7, (1)) +/0 20y11 (1) = 0.5x7; (T)dT + 3 rl*(t)} CHOESHIG)

! 3
+ 2)’]3(1‘)-1-/0 2yT2(r)dT+§r§k(t)] (vi2(1) =y (1))

! 3
+ 12031 (1) = 0.5x5, (1)) +/0 2(y3)(7) = 0.5x5, (1))dT + 5 rT(t)} (v21(0) = ¥3, (1))

@ Springer



592 J Glob Optim (2016) 65:575-596

_ . 3
+ 2y’zkz(t)+/0 2y§kz(t)df+§r§k(t)] (y22(0) = ¥5, (1))

3 3
+17 [x;1 () =2y 0]+ 2 [x31 () —2y5,(0] + Fy (t)] (ri() = ri(®)

3 3
+ 1 [xTz(t) - 2YT2(f)] + 1 [X;Z(t) - 2y§k2(f)] + Fz(f)] (rz(f) —r3(0) ]df >0,
Yw € K(w*). (32)

We can apply to problem (32) the method described in Sect. 6, but, in this case, it is more
convenient to apply the direct method (see [9,30]). So, we can first derive from the constraints
of the convex set K(w™) the values of some variables in terms of the others, namely, a.e. in
[0, 1],
1 1
x12(t) = 6/0 ri(s)ds —xp1(t) + 3, x21(t) = 6/0 ry(s)ds — xp(1) + 3,
yio(t) = —ynu (@) + 11, y21() = —yn() + 1.

Substituting in the quasi variational inequality (32), we have:

1 t t 1
/ ([4xf1(z) + 4/ X () dr — yi() — / yi (@) dr — 12/ r¥(s) ds
0 0 0 0

ropl
— 12/ / ri(s)drds — 6 — 61 — §rik(t) + §rf(t):|(x11(t) —x};@®)
0o Jo 4 4

t

- ' 1
+|4x5,@) + 4/ X3 (r)dt + yi (1) + / v (t)dr — 12/ ry(s)ds
0 0 0

ropl
— 12/ / ry(s)drds =7 =Tt + Eri“(t) — §rf(t)](xzz(t) —x3,(1))
o Jo 4 4

r t t
+4yh @) + 4/ yii(@dr — xf;@) — / x{j(r)ydr — 22 — 22¢
0 0

+

N T

3 t

) — Erf(z)] On@ =y ) + [4y3‘2(t) + 4/0 Y3 () dt + x35(1)
! 3 3

+/0 xy(r)dt — 2 — 2t — Erm) + Erf(t)](mz(t) —yn®)

1
+[% |:6/ ry(s)ds — x3,(t) +3 — 2( —¥3,@) + 1)]
0

3
+ Z[xikl(t) =2y 1+ F1(f)](r1(t) —ri(0)

1
+[§ |:6/0 ri(s)ds —xji; (1) +3 —2(—yi‘1(t) + 11)]

3
+ Z[xg*z(t) —2y5 0]+ Fz(t)](rz(t) —r5() )dt >0,

for all x11(2), x22(¢), y11(t), y22(t), r1(t), r2(t) such that
1

1
05X11(t)56/ ri(s)ds +3, 0§xzz(t)56/ r3(s)ds +3, 0<y;@) <11,
0 0

3
O0=yn@) =1 2t=n(@) =3t t=n@) =<7t aein [0, 1]. (33)
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Then, the solution to the quasivariational inequality (33) is obtained by solving the system:

1

t 1
N =4xf,@) + 4/0 xf @ dr — yi(0) — /(; i@ dr — IZA ri(s)ds +

t 1 3 3
— 12/ / ri(s)ydtds —6—6r——ri +-r;(t) = 0
o Jo 4 4
t t 1
Dh=4x5@0) + 4/ x5 (1) dt + y3,(t) —|—/ i (1) dr — 12/ ry(s)ds +
0 0 0

t ol
3 3
— 12/ / ry(s)ydtds =7 =Tt +-rf —=r;(t) = 0
o Jo 4 4
t t 3 3
I"3=4yik1(t)+4/ yfl(l)dr—xikl(l)—/ xfl(l)dr—22—22t—|—§ri‘—Eré‘zo
0 0

t

! 3 3
Iy :4y§2(t)+4/ y;‘z(t)dr—{—x;‘z(t)—i—/ x5 (t)dt —2 —2t — Erf—i-ir; >0
0 0

3 3 !
Is== [xikl(t) —Zyikl(l)] + 1 |:6/ rf(s)ds—x§‘2+3—2(—y;‘2+ 1)] + Fi(t) >0
0

~

37, /! 3
Is = 1 |:6/ ri(s)ds —xj; +3 — 2( -y + 11)i| + y [x3,(1) = 2y3, ()] + F2(1) > 0.
0

Since I'y > 0, I's > 0 and I > 0, the direct method allows to find the following solution,
a.e.in [0, 1],

1 191
)= ot it
mO==-p¢ + 75
1 79
349 xh(t) = —e '+ —
xikz(t) = T6€ t + E 10 30
7 403 x5, (1) = i + l
_ 21 v T/
i = 20 ¢ ' 60 and 16 16
ey L 25T
VH(n =0 =g gy
i) =2t 5 @) = 1.
ryt) =t

From (11) and (14), taking into account that 7{'(t) = r(t), and 5 (t) = r,(¢), we get:

(1) = X3 (1) = 2311 (1) + 25, (1) + 4] + F1(1)

*
X11
1471
e |+ F@ =oY@ >0
[ +240]+ @) =p; () >0,

-Mw

[T
3
4
Is = [ xll(l)+x22(t)+2yn(z) 25, (1) — 13] + Fa (1)

-lk\b-)-lk\w

(D%
Fr (1) =
240i| + (@) =p, () >0,
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provided that, a.e. in [0, 1],

Fiy = 379 iy 147
3 1471
! 4]80°¢ 240 |’

By = [0 i, 689
> [—= — .
2 41780°¢ T 240

Since the deficit variables pfl)*(t), ,oél)*(t) are positive, then the economy is in a phase of

regression. The same conclusion is confirmed by the evaluation index. In fact, setting, a.e. in
[0, 1],

F=2 [E e+ E] +¢1(0),
480 240

F=> [—B e+ 6&] + $2(0),
41 80 240

¢1(1), ¢2(t) >0 in [0, 1],

and, taking into account that,

2
> i

i=1

E@) =~ 2
> sWm+ D Fi)
i=1 j=1
S Fi(0) s L
with F;(t) = 1510 —00) 600’ si(t) = i i(t) =1,0(t) = 4, asimple
calculation gives
12
E(t)

= 5 <1
12+ 5 (41(1) + ¢2(2))

Finally, since it results

2 2
1 2
> 00 > > o),

j=1 j=1

as noted in Remark 2, a negative contagion can appear and the insolvencies of individual
entities can mutually propagate through the entire system.

8 Conclusions

In the paper a general equilibrium model of financial flows and prices is studied. In particular,
considering the Lagrange dual formulation of the financial model, the Lagrange variables,
which represent the deficit and the surplus per unit, are considered and the continuity of these
variables is proved. Finally, a procedure in order to compute numerically these variables is
provided.
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