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We obtain a recursive formulation for a general class of optimization problems with
forward-looking constraints which often arise in economic dynamic models, for exam-
ple, in contracting problems with incentive constraints or in models of optimal policy.
In this case, the solution does not satisfy the Bellman equation. Our approach con-
sists of studying a recursive Lagrangian. Under standard general conditions, there is a
recursive saddle-point functional equation (analogous to a Bellman equation) that char-
acterizes a recursive solution to the planner’s problem. The recursive formulation is ob-
tained after adding a co-state variable u, summarizing previous commitments reflected
in past Lagrange multipliers. The continuation problem is obtained with u, playing the
role of weights in the objective function. Our approach is applicable to characterizing
and computing solutions to a large class of dynamic contracting problems.

KEYWORDS: Recursive methods, dynamic optimization, Ramsey equilibrium, time
inconsistency, limited commitment, limited enforcement, saddle-points, Lagrangian
multipliers, Bellman equations.

1. INTRODUCTION

RECURSIVE METHODS have become a basic tool for the study of dynamic economic mod-
els. For example, Stokey, Lucas, and Prescott (1989) and Ljungqvist and Sargent (2018)
described a large number of applications to macroeconomic models. Under standard as-
sumptions, the optimal solution has a recursive formulation; more precisely, it satisfies
a; = ¢ (x,, s,), where a, denotes actions, s, the exogenous shock to the economy, and x,
is a small set of endogenous state variables. Importantly, ¢ is a time-invariant policy
function derived from the Bellman equation. We refer to this as the “standard dynamic
programming” case. As is well known, in this case the solution is time-consistent.

A key assumption needed to obtain the Bellman equation is that the feasible set for a,
is constrained only by (x,, s,). Unfortunately, many economic problems of interest do not
satisfy this requirement and they include forward-looking constraints, where future actions
a,y, also constrain the feasible set of a,. This occurs, for example, in problems where
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the principal chooses a contract subject to intertemporal participation constraints (see
Example 1 below), and in models of optimal policy under equilibrium constraints (see
Example 2 below). Many dynamic games share the same feature.

In the presence of forward-looking constraints, optimal plans typically do not satisfy the
Bellman equation and the solution does not have a standard recursive form. The reason is
that the choice for a, carries with it an implicit promise about a,,,; therefore, contracting
parties need to keep track of some additional variables summarizing commitments made
in the past about today’s choice. The absence of a standard recursive formulation greatly
complicates the analysis and numerical solution.

In this paper, we provide an integrated approach for a recursive formulation of a large
class of dynamic maximization problems with forward-looking constraints. Our interest
lies in solving a maximization problem PP, that depends on certain weights w. A con-
tribution of the paper is to show that the optimal solution is obtained by solving at each
point in time ¢ a continuation planner’s problem PP, (note that u now has a subscript
t) where the evolution of the weight w, is associated with the Lagrange multipliers of the
forward-looking constraints; the forward-looking constraints are embedded in the objec-
tive function of this continuation problem.

We obtain a saddle-point functional equation (SPFE) which is an analog of the Bell-
man equation, with the important difference that, while the Bellman equation solves a
maximization problem, the SPFE solves a saddle-point problem, as its name indicates.
We then show necessity; that is, under standard general conditions, solutions to PP, sat-
isty a, = ¥ (x,, u, s,) for a time-invariant policy function i, or a selection from a policy
correspondence ¥, which solves the SPFE with the weights u following a pre-specified
law of motion. We also prove sufficiency; that is, solutions to the SPFE solve the plan-
ning problem of interest PP,, when the value function of SPFE is differentiable in w,
for every (x,, u;, s;), a property which is satisfied when the solution for a, in the SPFE is
unique. For more general cases (e.g., non-concave problems, or non-differentiable value
functions, possibly with multiple solutions), we provide an intertemporal consistency condi-
tion (ICC) guaranteeing sufficiency. We show that when SPFE has solutions, there is one
satisfying ICC, which is easily obtained in computed solutions. Finally, we also provide
conditions for the existence of saddle-point solutions to SPFE and show how standard
dynamic programming results—such as the contraction property implying uniqueness of
the value function—naturally extend to our SPFE.

The fact that our formulation is based on standard optimization and dynamic program-
ming tools facilitates the analysis and permits the application of a number of algorithms
to obtain numerical solutions for dynamic stochastic models. For example, for a large
class of models, accounting for forward-looking constraints translates into introducing
time-varying Pareto weights into the objective function of PP,. The time-varying co-state
W, enters as a wedge in the stochastic discount factor of PP, showing the intertemporal
distortions due to the presence of forward-looking constraints.

PP,,, with a given initial condition (x,, s,), is labeled as the continuation problem be-
cause its solution coincides with the solution from period ¢ onwards of the original prob-
lem PP,. Having this continuation problem at hand is at the core of the proof that the
SPFE holds, and it facilitates the interpretation of time-inconsistent models. This con-
tinuation problem signals some practical advantages of our approach. A commonly used
tool for solving models with forward-looking constraints has been the promised-utility ap-
proach described in the pioneering works of Abreu, Pearce, and Stacchetti (1990), Green
(1987), and Thomas and Worrall (1988). A difficulty in using this approach to find nu-
merical solutions is that promised utilities need to be restricted so as to guarantee that
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the continuation problem is well defined. Computing the set of feasible utilities is often a
major difficulty. But—under standard assumptions—the continuation problem PP, has
a solution for any ' > 0; thus, our approach sidesteps the computation of the set of fea-
sible promised utilities. As we also discuss below, in many cases a recursive formulation
in our approach is obtained with fewer decision variables and even fewer state variables
than with promised utilities, allowing for a more efficient computation.

Our approach has already been used in many applications. A few examples are: growth
and business cycles with possible default (Marcet and Marimon (1992), Kehoe and Perri
(2002), Cooley, Marimon, and Quadrini (2004)); social insurance (Attanasio and Rios-
Rull (2000)); optimal fiscal and monetary policy design with incomplete markets (Aiya-
gari, Marcet, Sargent, and Seppéla (2002), Svensson and Williams (2008)); and political-
economy models (Acemoglu, Golosov, and Tsyvinskii (2011)). Furthermore, the intro-
duction of the co-state variable u, to account for forward-looking constraints has proved
to be a powerful instrument for analyzing and comparing other economies with frictions
(Chien, Cole, and Lustig (2012)) and, in particular, in pricing contracts that endogenize
forward-looking constraints or other frictions (Alvarez and Jermann (2000), Krueger,
Perri, and Lustig (2008)).

Section 2 provides a basic introduction to our approach. The main body of the theory
is in Sections 3 and 4 of this paper, while most proofs are in the Appendix. The relation
to the literature and the promised utility approach are discussed in Section 5. Section 6
concludes.

2. FORMULATING CONTRACTS AS RECURSIVE SADDLE-POINT PROBLEMS

In this section, we provide an outline of our approach. We show how dynamic program-
ming methods can be extended to find a recursive formulation for a large class of models
with forward-looking constraints. We leave the formal results to Sections 3 and 4. This
section should be self-sufficient for a user of the method.

The class of models under study is characterized as dynamic planning problems (PP,)
with a return function as follows:

| Nj
PP, : V(xo,8)=sup B ) Y Bwhi(x, a,s) ey
{ar,xc} .
Jj=0 =0
St X = L(Xy, A,y S141),s p(xi,a,,8)>0 allt>0, )
N/'+1
E, Z ﬁnh{)(xt+n, Arins Stn) + h{(xz’ a,s;) >0, j= 0,...,1,
n=1
all £ > 0, given (xg, o). 3)
Here ¢, p, hy, hy are known functions; B, xo, 5o and u = (u’, ..., u') € R are known

constants or vectors, and {s,}2, an exogenous stochastic Markov process. We denote as

h! the jth element of the function A; for i = 0, 1. The solution is a plan' a = {a,}:°,, where
a;(s') € A C R™ is a state-contingent action; as usual, we take s' = (sg, ..., S,).

The forward-looking constraints (3) are at the core of our analysis. We only consider
N; =0 or co. Without loss of generality, we assume N; = oo for j=0,...,k,and N; =0
for j=k+1,...,[ for a nonnegative k < I. Note that this implies Ny = oo.

'We use bold notation to denote sequences of measurable functions.
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The case N; = oo covers a large class of problems where discounted present values are
part of the constraint, as in models with intertemporal participation constraints (see Ex-
ample 1 below). Constraints with N; = 0 cover cases where the planner must take into
acccount intertemporal reactions of agents, as in dynamic Ramsey equilibria (see Exam-
ple 2 below).?

Letting (a*, x*) = {a}, x}}3°, denote a solution of PP, at (xo, sy), the value of the ob-
jective function—parameterized by u—is given by V,,(x, so) = E, Zézo Zfﬁo B'wi b (x*,
ay, s;).

It is without loss of generality that the same function 4, appears in the objective func-
tion and in the constraints (3).’> Note also that even though u could be normalized without
affecting the solution (e.g., taking u” = 1), the value function V, is defined for all u € R"™.
Both of these features are needed to deliver the continuation problem that suitably char-
acterizes a recursive solution in Proposition 1 below.

Standard dynamic programming considers the following special case of PP,,: (i) forward-
looking constraints (3) are absent or never binding, and (ii) the objective function is a
discounted infinite sum, that is, u/ = 0 for j > k. As is well known, a standard Bellman
functional equation holds in that case under very general assumptions.* This guarantees
the powerful result that the optimal solution to PP, satisfies a; = i, (x}, s,) for a time-
independent policy function i, derived from the Bellman equation. This result is very
often used in the literature to characterize and compute solutions to PP,,. Furthermore,
the solution is time-consistent.

Unfortunately, as Kydland and Prescott (1977) pointed out, in the presence of forward-
looking constraints (3), these dynamic programming results no longer hold, and the solu-
tion is often time-inconsistent.

2.1. An Intuitive Argument

We now provide an intuitive argument showing how the Lagrangian of (1) can be for-
mulated in recursive form, with respect to the constraints (3). This formulation is very
convenient technically and conceptually, since using a standard Lagrangian approach pro-
vides the basic framework to derive our recursive formulation and enlightens the key fea-
ture of our approach: forward-looking constraints can be summarized in a co-state vector,
. A formal analysis is given in Section 3.

A Lagrangian of PP, that incorporates forward-looking constraints can be written as

| Nj

L,.(a,v: %0, 5) =Eq [Z > B Whi(x, ai )

j=0 =0

00 1 Nj+1
+ Z Bt Z 'Y{Ez Z Bn(h{)(xt+n, Qiyns Si4n) + hj1 (x¢, a, S;)):| s (4)

=0 j=0 n=1

Intermediate cases with finite N; > 0 can be treated as a special case of N; = 0. We discuss such a case at
the end of Section 5.

SExample 2 below substantiates this claim.

*More precisely, the value function satisfies V, (x, s) = sup, {uho(x, a,s) + BE[V,(x',s') | s]} s.t. (2). We
denote wh;(x,a,s) = Zj‘:o whi(x,a,s).
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where v, is the Lagrange multiplier associated with (3).> To simplify the exposition, the
remaining constraints are imposed separately; hence, £, is defined for a satisfying (2).

Using the law of iterated expectations to eliminate E, and simple algebra, one can show
that, for each argument (a, ¥), we can rewrite £, as®

L,(a,v; xo,5) =Eo [Z B'[miho(x., ar, s,) + yihi(x,, a,, s,)]}, Q)

t=0

where w1 = @, v,) for ¢ : R\ — R'F! given by

¢ (m,y)=p +vy forj=0,...,k,

o ©)
=y forj=k+1,...,1,
and with initial conditions wy = w.

Upon inspection of (5)—(6) and (2), it should be “intuitive” that £, can yield a recursive
structure similar to the programs amenable to dynamic programming; namely, the objec-
tive function (5) is a discounted sum with time-invariant return functions (A, ;) and
past shocks enter into the transition functions (6) and (2), and into the return function
at ¢, only through the “state variables” (x,, u,). This interpretation relies on the fact that
(a, ) are decision variables of the Lagrangian and on the introduction of p = {u,}2,
as a co-state variable with transition function given by (6). This suggests that, to the
extent that solutions of £, (+; xo, o) are solutions to PP, the solution we seek satisfies
(a;,v:) = P (x,, us, s;) for some time-invariant function .

2.2. An Alternative Functional Equation

The intuition in the previous paragraph cannot be formalized by appealing to standard
dynamic programming. This is because the Bellman equation is shown to hold for dynamic
maximization problems, but the above Lagrangian—that is, (5) subject to (6)—(2)—gives
the desired solution to PP, if we find the saddle-point of that Lagrangian. Therefore, to
conclude that the solution to PP, has a recursive formulation including u, as a co-state,
one needs to derive an analogous functional equation for saddle-point problems. The task
of this paper is to prove the connection between the saddle-point functional equation and
the problem of interest PP,,.

To this end, we first introduce notation for saddle-point problems. Given a function F :
Y x Z — R, we define a saddle-point of F as (y*, z*) C Y x Z satisfying

F(y*,z) = F(y*,z") = F(y,z*) foranyze ZandyeY. (7

The problem of finding such a (y*, z*) is called a saddle-point problem, which we denote
as

SP ingsup]-'(y, z).

yey

SIn fact, we should refer to v, as a “normalized” multiplier. Strictly speaking, the Lagrange multiplier of the
jth constraint (2) at ¢ for a realization s’ is given by By, (s")P(s’ | o), where P is the probability measure (or
density)of s'.

%See Appendix A for the algebra.
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The set of (potentially multiple) saddle-points (y*, z*) that solve this problem is denoted

argSP ing supF(y, z).

2€Z yey

Note that there is no ordering or sequentiality of the inf and sup operators in the above
definition: a saddle-point satisfies both inequalities in (7) simultaneously; “inf” and “sup”
in this definition only denote which variables are on the right or the left side in the string
of inequalities (7).

We now define a functional equation analog to Bellman’s that characterizes recursively
a saddle-point of £, denoted (a*, y*). This will be useful because, as is well known, under
suitable conditions, a* is then a solution to PP, and y* are the Lagrange multipliers of
constraints (3).

We show that the saddle-point value function W : X x R x § — R defined as
W(x,u,s)=L,(a*,y*) satisfies the following saddle-point functional equation:

SPFE
W(x, . s)=SPinfsup{uh(x, a,s) + yhi(x, a,s) + BE[W (x', ', 5)Is]}  (8)
720 4e4
s.t.x' =¢(x,a,5), p(x,a,s)>0, 9)
and u'=o(u,7y). (10)

Given a value function W satisfying this SPFE in any possible state (x, u, s) € X x R/f! x
S, the corresponding saddle-point policy correspondence (SP policy correspondence) is
defined as

Yy (X, w, §) = argSPingsup{uho(x, a,s)+yhi(x,a,s)+ BE[W(x', ', s)Is]}
YZU 4uea

subject to (9)-(10).%

Note that (8) has three additional features that are not found in the Bellman equation:
(i) it is a saddle-point problem rather than a maximization problem; (ii) u is an argument
of the value function W, and (iii) the law of motion for u is added as a constraint.

As with the Bellman equation, the SPFE gives the solution we seek. Our approach is
to show, first, necessity of SPFE, namely, that, under standard assumptions (convexity of
the constrained set, etc.), a solution to PP, {a;}2, satisfies (a], y}) € Yw(x}, u},s,), for
some vy’ > 0. If, in addition, W, is single valued, we denote the resulting function by ¢,
the solution satisfies (a;, y;) = yw(x}, ur, s,), and we call it a saddle-point policy func-
tion (SP policy function). Furthermore, the value function of PP, satisfies this functional
equation, that is, W (x, u, s) = V,(x, s) satisfies the SPFE (Theorem 1).

"For clarity, we denote inf,ez[sup,.y F(y, 2)] a sequential problem where first one finds sup .y F(y, z)
for each given z and the resulting sup (itself a function of z) is minimized over z. It is well known that the
ordering may matter for this sequential problem, that is, it may be that arginf[sup F] # argsup[inf 7] and
inf[sup F] # sup[inf F], and in this case, a saddle-point may not exist. We focus on problems where the saddle-
point exists, and provide conditions guaranteeing existence (Theorem 3).

8For an explicit definition of the saddle-point inequalities, see (19) and (20) in Section 3.
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We also provide a set of general conditions’ guaranteeing sufficiency of SPFE, namely,
that if a value function W satisfies (8) for all (x, u, ), and (a**, y**) satisfies (a**, y**) €
Yy (X, w*, s,), then a** is a solution of PP,."

In sum, from the user’s perspective, what needs to be retained is that a recursive solu-
tion is obtained by adding a co-state variable w that is a function of the Lagrange multi-
plier of the forward-looking constraints in previous periods. As seen from (6), this state
variable follows the recursion u;;, = u;" + y/" for j < k (i.e., for constraints involving
discounted sums with N; = c0), and it is the previous multiplier u), = y;” for j > k (i.e.
for constraints involving one future period with N; = 0). One needs to initialize uj; = .

The examples in Sections 2.2.2 and 2.2.3 show how this idea can be applied to obtain
recursive solutions in problems with forward-looking constraints.

2.2.1. Time-Inconsistency and the Continuation Problem

In programs where the standard Bellman equation applies, the program is time-
consistent: reoptimization at the new state in future periods is also a continuation solution
from the original state. However, as is well known, in the presence of forward-looking con-
straints (3), the solution may be time-inconsistent: the value of a} for a given realization
of s, differs from the value a; that would optimize PP, if initial conditions at = 0 were
(.X'T > 81 ) . 1

The key to our approach will be that if one optimizes PP,.- (note the subscript is now u7)
with initial conditions (x7, s;), the solution coincides with the continuation of the original
solution {a;, x}}?°,. To see this intuitively, expand the above Lagrangian (5):

L,.(a,v;xo,5) =E, {Z B'[miho(xy, ary 50) + yihi (x4, ay, st)]}

t=0

= Eo[moho(xo, ao, So) + yohi (xo, ao, So)

+B Z B[[,U«H—lho(xtﬂ, ity Seet) + Verthi(Xeg1, Qi Sz+1)]]
t=0

= poho(Xo, ao, $o) + Yohi(xo, ao, So) + BEO[EM (a’, Y X1, 51)],

where a = {a,}{%,, and a' = {a,}?2, denotes its continuation, similarly for y and ¥y’
That is, if (aj, y;) is the first component of a saddle-point of £, (-; xo, 5,) determining
x;=4L(x,a},s) and i = @(u, ), then the saddle-point of Eui‘('? X7, s1) must coincide
with (a*,y*)."> Furthermore, ,C,q(a*’, v"; x7,s1) is the Lagrangian of PP,: at (x},s1),
therefore the solution of PP, coincides with the “sup” argument of the sacfdle-point of
L. A formal argument is given in Proposition 1.

°As we show in Section 3, the constrained set may not be convex.

0We are ignoring, in this informal description, some delicate issues related to the fact that ¥, may be
empty or it may be a multi-valued correspondence.

"More formally, leaving explicit the dependence on initial conditions, let {a;(xo, )}, denote
the solution of PP,. Then, absent forward-looking constraints, time-consistency holds; in particular,
ay(L(xo, aj(xo, So), $1), $1)) = aj(xg, s1). With forward-looking constraints, this equality may not hold.

2This is because if the saddle-point of Ly differed from (a*, y*), then the latter would not be a saddle-
point of £,, since the continuation of £, satisfies all the constraints and has the same objective function as
Ly
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In this sense, we can say that in our approach, PP, is a continuation problem. This gives
the following characterization of time-inconsistency: in cases when u} # u (i.e., y; # 0),
the solution to PP, at (x7, s,) is generally time-inconsistent; obviously, these are precisely
the cases where forward-looking constraints are binding.

The transition PP, —PP,. captures several advantages of our approach. First, we use
it as a step in proving the necessity of SPFE. Second, it shows one key advantage over the
promised utility approach of Abreu, Pearce, and Stachetti: the only constraint on the co-
state variable is that u, € R, under mild standard assumptions the continuation problem
PP,. has a solution for all ., € R'*!, as it involves maximizing a continuous objective
function over a compact set. This sidesteps the complications of having to find the set
of feasible promised utilities; we give a more thorough discussion in Section 5. Third,
PP, provides a natural way to check for time-consistency: the solution to PP, is time-
consistent when its objective function coincides with (or is proportional to) the objective
function of PP,.. Fourth, our approach often provides a useful economic intuition about
how to design optimal contracts (institutions or mechanisms) subject to intertemporal
incentive constraints and on how to “price” the costs of these constraints, in order to
decentralize these contracts.

2.2.2. Example 1: Risk-Sharing With Limited Enforcement

Consider a model of a partnership with limited enforcement, where several agents
can share their individual risks and jointly invest in a project which can only be under-
taken jointly. There is a single consumption good and / + 1 infinitely-lived consumers
indexed by j =0, ...,/ + 1 with standard preferences E, ZZO B'u(cl), where c is indi—
vidual consumption. Agent j receives a random endowment of consumption good y/ at
time ¢, y, = (y°,..., y!). Agent j has an outside option that delivers total utility vi (%) if
he leaves the contract in period ¢, where v* is some known function.” Production of the
consumption good is F(k, 0), where k is capital and 6 a productivity shock. Production
can be split into consumption ¢ and investment i; capital depreciates at the rate 6. The
process {6,, y,}%°, is assumed to be jointly Markovian and the initial conditions (kg, 6y, o)
are given; ¢, and i, are chosen given information on (', y*).

The planner solves

0 !
maxE, Z B Z a'u(c])
=0 j=0

{cr,ic}

stk == 8k, +i, (11)

! !
F(ki,0)+Y y/=Y cl+i, and
j=0 j=0

E,» B'u(cl,) = vi(y), forallj=0,...,/and >0, (12)

n=0

13 A common assumption is that the outside option is autarky, where agent j consumes only his endowment

from ¢ onwards, v}’ (o) =E[Y o2, B u( ¥/0) | y:]. It should be noted that one can allow for the outside option to
be endogenous, for example, to exit and enter another partnership contract with some transitional cost, which
requires to solve a fixed-point problem between the postulated outside options and the realised contracts (e.g.,
Cooley, Marimon, and Quadrini (2004)).
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to find Pareto optimal allocations subject to enforcement constraints (12) and initial con-
ditions (ko, Yo, 60)

It is easy to map this planner’s problem into our PP, formulation if we take u =
(a?, a)—a s_(0 y),x_k a=(ic); Lx,a, s) 1 -8k +1i; px,a,s) =
F(k 0) + Zk o VF (Zk o CE+0); hli(x,a,s)=u(c); W(x,a,s)=u(c) — Vi), j =
0,...,1

The Lagrangian £, can be found to be

00 !
Lo(a,v; ko, yo, 00) =Bo Y B " [mlqu(cl) — vivi(y)],

=0 j=0

for feasible consumption allocations. In this case, all the forward-looking constraints have
N; = o0, hence w41 = u, + 7, with initial conditions u, = «.
The SPFE takes the form

Wk, p,y,0)
!
=SPinfsupi > [w'u(c’) — Yo (0] + BE[W (K, ', ', 0) 1y, 6]
c,i j=0
subjectto u'=p+v, (13)

and feasibility constraints. Our results in Sections 3 and 4 guarantee that W (k, u, y,
0) =V,(k,y, 0) solves this functional equation and, recalling that ¢ is the saddle-point
that solves the SP problem in the right-hand side of (13), the solution to the problem of
interest (11) satisfies

(vi,cit) =yw(ki, ui, 0., y) and

(14)
/"'“t+1 =M, T

with initial conditions (ky, po, 60, o) Where wo = a.
The continuation problem PP, replaces the objective function of (11) by E; 3~% x

B> =0 wl*u(c)) for w; = a + y; and initial conditions (k7, y;, 6,), leaving technological
and forward-looking constraints unchanged. This means that the solution after period
t =1 coincides with the solution of the original problem when the weights « of the agents
in the objective function of (11) are replaced by the co-state variables w}; therefore, the
variable uj, together with (k7, y;, 6;), is all that needs to be remembered from the past at
t=1.

A solution to the continuation problem PP, exists generically for any u, € R'f'; there-
fore, we completely sidestep the complication of having to compute the set of feasible
continuation promised utilities as would happen with the promised-utility approach—see
Section 5.

The evolution of the weights u; determines agents’ consumption. Every time that only

the enforcement constralnt for agent j is binding (e.g., ;" > 0), given the optimality

*

condition

,(C’ 5= £, the ratio - increases “permanently.” This avoids default while
G Lt : 0t

optimally smoothmg consumption to the extent possible. This ratio will decrease in the
future if the forward-looking constraint is binding for other agents.
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Various papers in the literature have exploited these features to describe the evolution
of consumption in several related setups.'* Various contributions show how this planner’s
problem can be decentralized.

The intertemporal Euler equation of PP, at ¢ is given by

/J~{+1 u/(c{) = BE, [M{+2u/(cg+])(FkH»l +1- 8)] (15)

In the first best allocation, this equation holds for constant u/ = o/, for all j and ¢; hence,
the w’s cancel out from this equation. The presence of time-varying w in this equation
shows how limited enforcement constraints introduce a wedge in agents’ stochastic dis-
T
Piiot (Criy)

J J
Byt ()

count factors: 8 —that is, it shows how these constraints distort consumption

allocations.

The existence of a time-invariant policy function (14) is key in finding numerical solu-
tions guaranteeing that (15), the participation and the feasibility constraints hold. A use-
ful property is that the vector u, can be normalized—for example, with @] = !/ >\, ut.
In Section 4, we provide conditions for the existence of a time-invariant policy function
(Theorem 3).

2.2.3. Example 2: A Ramsey Problem

We present an abridged version of the optimal taxation problem under incomplete mar-
kets studied by Aiyagari at al. (2002). This example serves various purposes: it is an exam-
ple of one-period forward-looking constraints when N; = 0, it demonstrates that there is
no loss of generality in having the same /4, in the return and constraints, and it shows why
we need a weight u” in the first element of 4, in the formulation of PP,,. It will be useful
also in Section 5 to compare our approach with the promised utility approach.

A government must finance exogenous random expenditures g with labor tax rates
7 and issuing real riskless bonds b, given initial bonds by. A representative consumer
maximizes utility Ey >, B'[u(c,) + v(e,)] subject to a budget constraint ¢, + b, ; pb=
e,(1 — 7,) + b,. Here ¢ is consumption and e is effort (e.g., hours worked), p’ is the bond
price, and 7, tax rates. The process {g;}°, is Markovian and, since government bonds b,
are not contingent, markets are incomplete. Feasible allocations satisfy ¢, + g, = e,. The
bond and labor markets are competitive and (g, ..., g/) is public information at ¢. The
government’s budget mirrors that of the representative agent; Ponzi games are ruled out.

In a Ramsey equilibrium, the government chooses optimal taxes and debt subject to
competitive equilibrium and full commitment. Using a familiar argument, one can sub-
stitute out bond prices and taxes by equilibrium relationships so that the Ramsey equilib-
rium can be found by solving

max Fy > B'lule) +v(en)] (16)
1,01 —0
S.t. Et[ﬁb[_,_lu/(cwl)] >u'(c,)(b,—c¢,) —ev'(e) (17)

given by and for e, = ¢, + g;.

4 Among others, Marcet and Marimon (1992) studied one-sided constraints in a small open economy, Broer
(2013) characterized the stationary distribution of consumption, Abrahdm and Laczé (2018) characterized
analytically the solution.

13See, among others, Alvarez and Jermann (2000), Kehoe and Perri (2002), Krueger, Lustig, and Perri
(2008), and Abraham and Cérceles-Poveda (2010).
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Unlike Example 1, the forward-looking constraint (17) involves one-period-ahead ex-
pectation; furthermore, the objective function is not present in the forward-looking con-
straints. Formally, this problem is a special case of PP, for variables s = g; x = b,
a = (c,b). Taking hj(x,a,s’) = u(c) + v(e) and u = (1,0) ensures that the objec-
tive function of PP, coincides with (16). Letting ¢(x, a,s') = b/, hl(x,a,s') = bu/'(¢c),
hi(x,a,s)=u'(c)(c—b)+ ev'(e), and N; = 0 makes (17) a special case of (3) for k =0
and [ = 1. We can incorporate the objective function 4j) as part of a constraint by intro-
ducing h{ arbitrarily large, ensuring that y” = 0 so that u? = 1 for all 7.

The objective function of the Lagrangian (5) becomes

o0

Lu(a,y;x,s) =Eo) B'm(ulc)+uv(e))

=0
+ ulbad (¢)) + v, [U () (e — b)) + e/ (e)]]. (18)
The SPFE takes the form

W (b, p,g) = SP inf sup{u’[u(c) + v(e)] + u'bu'(c)

yt>0 c, b’
+9'[u(c)(c —b) +ev'(e)] + BE[W (b, i, g)lg]}
s.t. MO/ — MO’ Ml/ — '}’1-

The continuation problem PP, is obtained by replacing the objective function in (16)
with E; Y%, B'[u(c,) + v(e,)] + wmy*biu/(c,) where u;* =y, and for initial conditions
(b7, g1). In this example, ,u,?* =1 for all ¢. Allowing for an arbitrary value, ), as an argu-
ment of W guarantees its homogeneity of degree 1, with respect to u, a property that we
use in some of our theorems.

The key to finding numerical solutions to this problem is that the optimal policy sat-
isfies (¢}, b, v;) = Yw(b:, vy, g) with initial conditions (b}, y*,) = (b, 0) for a time-
invariant ¢, that satisfies (17) and optimality conditions of the Ramsey problem.

Aiyagari et al. (2002) discussed how a near-unit root behavior of v, influences optimal
debt and taxes and that debt acts as a buffer stock for adverse shocks. Faraglia, Marcet,
Oikonomou, and Scott (2016) showed that the role of the co-state 7, is to enforce a
promised tax cut that, in equilibrium, lowers current interest rate costs for a government
currently facing high deficits. Various papers exploit and extend the recursive formulation
described here in models of Ramsey taxation.!'

3. THE RELATIONSHIP BETWEEN PP, AND THE SPFE

This section contains the main result of this paper, namely, that the maximization prob-
lem PP, is equivalent to the SPFE, under fairly general conditions. In particular, we
show necessity: solutions to PP, are solutions to the saddle-point functional equation SPFE
(Theorem 1). We also show that PP,: defines the continuation problem in our approach

18 Among others: Faraglia, Marcet, Oikonomou, and Scott (2019) in a model where the government has to
choose a portfolio of maturities; Marcet and Scott (2009) in a model with capital. Schmitt-Grohé and Uribe
(2004) and Siu (2004) introduced nominal bonds and the role of monetary policy; Adam and Billi (2006)
introduced a zero lower bound to interest rates.
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(Proposition 1); this formalizes the discussion in Section 2.2.1. We also show sufficiency:
if the SPFE value function W is differentiable in u, then under minimal additional as-
sumptions, its allocation-solution is a solution to PP, (Theorem 2). We close the section
showing that if the allocation-solution is unique, then W is differentiable in u (Lemma
1) and that, in the absence of differentiability, a more general Intertemporal Consistency
Condition, which is always satisfied when a solution to SPFE exists (Corollary to Theorem
2), ensures sufficiency. First, we lay out the different assumptions used to obtain these
results.

3.1. Assumptions About PP,

We consider the following set of assumptions:

Al. s, takes values from a set § C R¥. {s,}%°, is a Markovian stochastic process defined
on the probability space (S, S, P).

A2. (a) X C R" and A is a closed subset of R™. (b) The functions p: X x A xS — R?
and £: X x Ax S — X are continuous on (x, a) and, given (x, a), they are S-measurable;
furthermore, for any (x, s), the set {a € A : p(x, a, s) > 0} is bounded.

A3. For all (x, s), there is a program {a,},, with initial conditions (x, s), which satis-
fies constraints (2) and (3) for all # > 0.

A4. The functions hf X xAxS—-R,i=0,1,j=0,...,/, are uniformly bounded,
continuous on (x, a) and, given (x, a), they are S-measurable. Furthermore, 8 € (0, 1).

AS. The function £(-, -, s) is linear and the function p(, -, s) is concave. X and A4 are
convex sets. _

A6. The functions A}(-,-,s),i=0,1,j=0,...,1, are concave.

A6s. In addition to A6, the functions 4 (x, -, s), j=0, ..., [, are strictly concave.

A7. For all (x,s), and j =0,...,1, there exists a program'’ {@,}°,, with initial con-
ditions (x, ), satisfying (2), such that E, nglﬂ B’h{](fft, ry S¢) + h{ (x,dp, s) > 0 and, for
i# J,Eo o0y By (R, oy i)+ hi(x, Tp, 5) = 0.

A7s. In addition to A7, there is an € > 0 such that, for all (x,s), and j =0, ...,/ the
inequality in A7 can be replaced by E, ngrl B’h{)(ff, da,s)+ h{ (x,dy,s) > e.

Assumptions A1-A3 are standard, they hold in most applications, and we treat them
as our basic assumptions. Assumption A4 guarantees bounded returns and does not pre-
clude sustained growth of the endogenous state x (provided its growth rate is lower than
B~1).!8 Assumptions A5-A6—in particular, the concavity of the 4/ functions'>—are not
satisfied in some models of interest; however, they are not used in our sufficiency results
(e.g., Theorem 2). Assuming linearity of £ in Assumption A5 is the natural consequence
of decomposing the action, or control, @ from the endogenous state x—which in many
applications allows for a reduction of the dimension of the state space—while keeping
convexity of the overall feasibility set.”” Assumption A7 is a standard interiority assump-
tion (with A6 , equivalent to the Slater condition), only needed to guarantee the existence

17We will refer to it as the j-interior program.

180ur theory can be extended to unbounded returns in the same way that standard dynamic programming
can (see, e.g., Alvarez and Stokey (1998)). For simplicity, we focus here on the case of bounded returns.

YNote, however, that this assumption can be relaxed since what is needed is the convexity of the constraint
set (3).

2More precisely, convexity of I'(-,s,s’), where I'(x,s,s') = {x' : da € A s.t. p(x,a,s) >0 and x' =
£(x,a,s)} (e.g., Stokey, Lucas, and Prescott (1989, Assumption 4.8)).
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of Lagrange multipliers in R’ that guarantee the saddle-point, and Assumption A7s
guarantees that the sequence of multipliers is uniformly bounded (Theorem 3).*!

3.2. The Recursive Formulation of PP, (Necessity)

We first show that, under certain standard assumptions, solutions to PP, satisfy SPFE.

Given a value function W satisfying the SPFE (8) in any possible state (x, u, s) € X x
R x 8, the corresponding saddle-point policy correspondence (SP policy correspondence)
Yy X x R x S — A x R (ie., Ww(x, p, s) is a subset of A x RIM) is

Yy (X, 5 8)
={(a*, y*) € A x R/ satistying p(x,a*,s) >0
s.t. who(x, a*, s) + yhy(x, a*, s) + BE[W (¢(x, a*, 5), @(w, ), 5')Is]
> who(x, a*,s) +y*hi(x,a*,s) + BE[W (¢(x, a*,5), o(n, v), s )Is]  (19)
> pho(x, a,s) + vy hi(x,a,s)+ BE[W(€(x, a,s), o(r, v*), s)ls] (20)
for all (a,y) € A x R satisfying p(x, a, s) > 0}.

The results below assume existence of a saddle-point (a*, y;) of the Lagrangian that
only accounts for the forward-looking constraint (3) of period zero. More precisely,
(a*, ;) is a solution to the following problem:

SPP,: SV (x,u,s)=SP inf sup {umho(xo, ao, So) + vhi(x0, ao, So)

YERY i+ {ar}?2,
! Nj ‘
+ BEU Z QDJ(,U«a v) Z ,Bth{)(xtﬂ, i1y Sev1) (21)
j=0 =0

S.t. X1 =€(xy, Ay, Se11), p(x,a,8)>0, t=>0, (22)
Nj+1

E, Z ,Bnh{)(xt+m Qiyns Si4n) + hjl (x,a,8)>0, j=0,..., Lit>1, (23)
n=1

Nj+1

where (21) is obtained by adding the term y[E, Y_,”, B’ h! o0(Xet1,s Ay, Se1) +ha (X0, ag, So)]
to the objective function of PP, and rearranging. Note how (23) only holds for ¢ > 1, that
is, this Lagrangian only attaches a multiplier to the forward-looking constraint (3) at t =0,
while the remaining constraints (3) for ¢ > 0 are kept as constraints; furthermore, (a*, ;)
solves SPP, at (x, s) if, given y; € R, the path a* is maximal for (21) with respect to all
the paths satisfying (22)—(23) and, given a*, y; is a minimal element for (21) in R''".

The following theorem guarantees that the value function V, and the solution of PP,
satisfy SPFE.

210ne can show that, for any (x, s), there exists a solution to PP, if Assumptions A1-A6 are satisfied (Propo-
sition 1 in the 2011 version of this paper).
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THEOREM 1—PP, = SPFE: Assume A1-Ad. Assume, for any p € R'T" and any initial
condition (x, s), there is a saddle-point (a*, ;) of SPP,. Then a* solves PP, the function
W(x, u,s) =V,(x,s) satisfies the SPFE (8), and (a;, v;) € Yw(x, u, 5).

PROOF: See Appendix B. Q.E.D.

This result assumes the existence of a saddle-point (a*, ;) of the Lagrangian in SPP,,.
This assumption is a standard way to proceed in optimization theory; see, for example,
Section 8.4 of Luenberger (1969). Existence can be checked directly in a given model for
a solution obtained using a number of algorithms at hand that can solve SPP,, using our
recursive formulation.

The existence of a saddle-point (a*, ;) can be guaranteed if we strengthen the assump-
tions of Theorem 1 by requiring concavity and interiority; formally, we have the following.

COROLLARY TO THEOREM 1: Assume A1-A6 and A7 and fix u € R'. Let a* be a so-
lution to PP, with initial conditions (x, s). The function W (x, w, s) =V, (x, s) satisfies the
SPFE (8) and there is a v € R, such that (a}, v;) € Yw(x, 1, s).

PROOF: See Appendix B. Q.E.D.

Note that the results of the corollary can be obtained from assumptions on the primi-
tives. However, Theorem 1 holds more generally; for example, there are many problems
where the feasible set of PP, is not convex but its solution a* has a saddle-point (a*, y;)
of SPP,, (e.g., in Example 2, functions A}, 4l may not satisfy Assumption A6; nevertheless,
Theorem 1 applies).

The following result shows that PP, is the appropriate continuation problem in our
approach, formalizing our discussion in Section 2.2.1.

PROPOSITION 1—Continuation Problem: Assume A1-A4. Fix u € R’ Assume that
SPP,, has a saddle-point (a*,y;), hence a* solves PP,. Then, the continuation of this so-
lution, namely, {a}}2,, solves PP, at (x7, 51) almost surely in s\, where x; = £(x, aj;, s;) and
mi =@, ¥5)-

PROOF: See Appendix B. Q.E.D.

Note that if a* solves PP, at (x, s) and u} # u, then the solution of PP, at (x7, s;) may
differ from the continuation of a*. As explained in Section 2.2.1, in this case there is time-
inconsistency.?” The results in this section guarantee that even under time-inconsistency,
the solution can be formulated recursively using the co-state u?.

A result analogous to the above corollary can be stated as follows: if Assumptions A5—
A6 and A7 are also required, then the continuation of any solution to PP, solves PP,,.

3.3. The Sufficiency of SPFE

We now turn to our sufficiency theorem: SPFE = PP,, where the value function W,
satisfying the SPFE (8), is assumed to be continuous in (x, u) and convex and homo-
geneous of degree 1 in w, for every s, properties which are satisfied by the Lagrangian

22Strictly speaking, time-inconsistency arises generically if there is no scalar £ such that u = &u;.
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L,—as a function of (x, u)—associated with the value function V, of PP,. We obtain this
result assuming that W is also differentiable in w, a property that is satisfied when the so-
lution a* generated by ¥y is unique (Lemma 1). In the next subsection, we dispense with
this assumption and replace it with a weaker intertemporal consistency condition (ICC),
which is satisfied when W is differentiable in w: the intertemporal Euler equation with
respect to u must be satisfied. We also show that when SPFE has a solution—possibly
not unique—there is always a solution satisfying ICC (Corollary to Theorem 2).

THEOREM 2—SPFE = PP,: Assume A4 and that W , satisfying the SPFE, is continuous
in (x, u) and convex, homogeneous of degree 1, and differentiable in ., for every s. Let Wy,
be the SP policy correspondence associated with W which generates a solution (a*, ¥*) ...
satisfying lim,_, ., B'W (x}, u;, s,) = 0; then a* is a solution to PP, at (x,s), and V,(x,s) =
W(x,w,s).

As a theorem of sufficiency, the main assumption is the existence of a saddle-point
Bellman equation (SPFE) with its corresponding solution, but the assumptions on the 4/
functions are minimal—in particular, we assume boundedness (A4) but not concavity—
and with respect to W, the only “stringent” assumption is its differentiability with respect
to w, an assumption which—as Lemma 1 shows—is satisfied if the solution a* is unique, as

it is the case when W is concave and the /), functions strictly concave in x (i.e., Assumption
A6s).”

PROOF OF THEOREM 2: The proof is divided into two parts. Part I shows that when W
satisfies SPFE (8), then the forward-looking constraints of PP, are satisfied and W takes
the form of the objective function of PP,. Part II shows that a* is a maximal element
of PP, and, therefore, that V,(x, s) = W(x, u, s) (see Appendix B). The differentiability
assumption is only used in Part L.

FPart I: Note that if W is homogeneous of degree 1 and differentiable in w, then, by
Euler’s theorem, it has a unique representation W(x, u, s) = Zé:o wWwl(x, p,s), where
o’ is the partial derivative of W with respect to u’/. Given this Euler representation, the
minimality condition (19) takes the form

pho(x, a*,s) +yhi(x, ", s) + BE[e(u, o (E(x, a*,5'), ¢(u, ¥"), 5')Is]
= /‘LhO(x7 a*’ S) + Y*hl(X, a*y S)
+ BE[o(1, v)w(E(x, a%,5), o(1, ¥), 5')Is], (24)

and, by convexity of W in p, it is satisfied if and only if the following Kuhn-Tiicker condi-
tions are satisfied:*

; (25)
(26)

h{ (x, ar, s) + BE[wj(x*/, qo(,u, y*), s’)|s] >
YL (. 5) + BE[ (57, (. ). ) 1] =

Z8ee, for example, Theorem 4.8 in Stokey, Lucas, and Prescott (1989).

%Note that in the left-hand side of (24), we have w(€(x,a*,s),o(u,y"),s) instead of
w{(x,a*,s"), o(u,y),s). This follows from the fact that (24) and (19) have the same Kuhn-Tucker
conditions (25) and (26); see Fact F4, Lemma 4A in Appendix C.
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Alternatively, in order to obtain a Euler equation for the intertemporal minimization
problem, the minimality condition (24) can also be written as a choice of u': for j =
0,....,k,w' > (le,u/—pw =y >0)andforj=k+1,...,L,u’ >0 (i.e, u/ =7 >0),
in which case the envelope theorem, with respect to u, takes the form

AW (x*, u*, 5) = o' (x*, u*, 5)

_ hé(x*, ar,s) — h{(x*, a*,s)+ M ifj=0,...,k, 27
| hy(xt, ar,s) ifj=k+1,...,1,

where A* is the Lagrange multiplier for the constraint u’* — u/* > 0. Therefore, for j =
k+1,...,1, o (x*, u*,s) is already defined and, for j =0, ..., k, we use the first-order
condition with respect to u”, to obtain

h(x*, a*,s) + BE[w (x™, w*, s;|s] — M* =0. (28)
Substituting (28) into (27) results in

h)(x*, a*, s) + BE[w/(x", u*,s")Is] ifj=0,...,k,

~ | mi(xt, 0t s) timk+1,....0. &

W/ (5 1", 8)

Note that, for j =0, ..., k, the equation is the intertemporal Euler equation—that is, in
our approach it is a result of the dynamic optimization problem, while in the “promised-
utility” approach it is a constraint: the “promise-keeping” constraint.

The boundedness assumption A4, together with (25) and lim,_.. B'W (x%, ut,s,) =0,
imply that lim,_ ., B'@/(x?, uf,s,) =0, for j =0, ..., k. Therefore, we can iterate (29)
and obtain

Nj
o' (x1, ut,s) =E, Z B (X s G5 s Stin)- (30)

n=0

Equation (30) has two implications. First, it shows that the Kuhn—Tiicker conditions (25)
can be expressed as

N;j

Ry (x7, a5, 8) + BEY [B" 1y (X}1ni1> @7 irs Sinn)151] = 0, for j=0,...,land > 0;

n=0

in other words, that when W is differentiable in w, solutions to SPFE satisfy the forward-
looking constraints of PP,. Second, it shows that the unique Euler representation of W
at (x, u,s) is

! 1N
W, p,8) =) waol(x,p,s) = E{ZZBW%(& aj, s,)IS}, (31)
=0 j=0 1=0

with (x}, so) = (x, s). That is, W takes the form of the objective function of PP,. These
are the two results we wanted to obtain in Part 1. Q.E.D.
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Uniqueness and Sufficiency Without Differentiability of W with respect to

If W satisfies SPFE, for any (x, s), the function W (x, -, s) : Rf ' — R is finite and, we
assume, it is continuous and convex, therefore it is almost surely differentiable—that is,
for almost any p € R, it is differentiable (1970 (1970, Theorem 25.5)). However, W
is an endogenous function and, in particular, at (x*, u?,s;) the value function W may
be non-differentiable with probability 1 since (x}, u}) is an endogenous choice; in other
words, while non-differentiability with respect to w may not be an issue “at the start”, it
can be a problem “along a solution path”. Furthermore, differentiability of W may not be
an easy condition to check. To analyze these issues and to obtain sufficiency results (SPFE
= PP,), when W is not necessarily differntiable, we use subdifferential calculus.”

Let d,W (x, u, s) denote the subdifferential of W at (x, u, s) with respect to u—that is,

IWx,p,s)={weR™ | Wk, &) =Wk, up,s) +(E—po foral geR.

For any w(x, u,s) € d,W(x, u,s), W has a Euler representation W (x, u,s) = pow(x,
w,s). We call w(x, u,s) a Euler representation selection. In particular, if w,(xF, ut,s,) €
W (X}, uy,s,), there are selections o, (x7,;, (1], ¥)),ss1) € W (X7, o], V))s
§,41)—for every s,,1, following s,—satistying

,uw,(xf, s s[)
= who(x?, af,s) +v;hi(x], al, s,)
+ BE[@ (17> vi) @i (€(x7 a}, su), o(17, 77)> 81 ) 1]
< who(x}, a;,s:) + yhi(x}, af,s;)
+ BE[@(uf, v) @ (€(x], a7, si1), @ (1415 ¥7)» Sean) 18] (32)

for all y € R'"!, and a* is a maximal element in the corresponding saddle-point problem
(i.e., given the selections and y*). Furthermore, the corresponding Kuhn-Tucker (com-
plementary slackness) conditions

hq (xf, a;, s,) + ,BE[wf(x:‘H, My s,+1)|st] >0, (33)
‘yjj[hq (x7 afy st) + BE[Q)?(X:;D /J“;k+17 st+l)|st]] = 07 (34)

are necessary and sufficient for (32) to be satisfied (Lemma 5A in Appendix C).

The subindex ¢ in w,(x}, u,s,) € d, W (x}, ur, s,) denotes that the Euler representation
selection is made at (x}, u;, s;) and w,(x},,, @(u;, ¥;), 5;+1) denotes a contingent selection
of d,W(x}, ., e(1;,¥;), si+1) made at (xj, u;, s,), while choosing a;.

The value W (x, u, s) is independent of its Euler representations; in particular, u;,, x
(X7, ;u,j;rl, Siv1) = My @ (X5, ,qfﬂ, s.+1). However, for j =0, ..., k, it may be the
case that o] (X7, ,, w1, Sir1) # @1(X5,, i1, Si1); In other words, the selection of
AW (X} s iy y» Sivr) made at (x7,,, i, S.1) may be inconsistent with the contingent se-
lection made at (x}, u;, s;), which can only happen if d, W (x},, u},,, S.+1) is not a sin-
gleton (i.e., if W is not differentiable, with respect to w, at u;,,), resulting in multiple
saddle-point solutions. In fact, this inconsistency is the problem that may arise when W is

See Appendix C for definitions and supporting results.
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not differentiable. For instance, Messner and Pavoni’s (2004) example relies on this in-
consistency to show that there are cases where solutions to SPFE are not solutions to PP,,.
We now discuss three different conditions guaranteeing that such an inconsistency prob-
lem does not arise. However, before we can state these conditions, we need to develop
more our results.

Our starting point is the Euler representation (31), which we have derived in the proof
of Theorem 2 (Part I) using the Kuhn-Tucker conditions (25) and differentiability (the
envelope theorem). In fact, we have derived (30)—the key result to show that the forward-
looking constraints of PP, are satisfied—to obtain (31). But, as we now show, the latter
can be satisfied even when W is not differentiable in u. To see this, first note that, by (34),
the value function has the following recursive representation:

W(xp, s 0) = (X))
= piho(x;, ay,s,) + v (x], a),s,) + BE[W(XLD o (i, 7)), St+1)|Sx]
= purho(x}, a;, s0) + vih(x}, af, s,)
+BE[e(n], V) oLy, @ (175 7)) Siv1) Is:]

k
= who(x}, a},s) + BY  w'Ell(x},y, (1, v7)s sis1) 5]
j=0

+vi[m(x;, @}, 5) + BEw, (x5 (k75 v)), si1) 18]

_I'Lth()(xt7at’st +BZI—L1 [+17 (/‘Lz’ %) sl+1)|st]; (35)

j=0

however, to have (30), a more strict recursive representation is needed (note the change
of subindex on the right-hand side w):

M:‘w[(x:‘,p,:‘,s,):,u,fho(x’f,a’f,s +,BZ/M t+1 Xipps @ (Ml’yt) s’+1)|s’]'

To obtain this representation, we need to be more explicit about the fact that solutions
(2%, ¥*)x.us) generated by ¥y, are given by saddle-point policy selections 3, of ¥y, In
particular, among all solutions, it is always possible to choose one where the selection is
fixed from the beginning: at (x, u, s). In other words, one needs to make these choices
along the solution path, (a¥, y¥) = ¢}, (x*, ut, s,), where ¢}, is the original selection given
by 5, (x, u, s) € Wy (x, u, s) and satisfies lim,_, ., B'W (x}, u;, s,) = 0. Given this saddle-
point policy selection, we now sequentially unfold the saddle-point value function W, say

from (x*, u¥, 5,):%

/'L;kwt(xra /'L;ka st)

= prho(x7, a7, 5.) + i ha(x7, af, s.) + BE[W (7,1, @ (17, 7)) s 1]

2To simplify our expressions, we introduce a new notation: given x € R'*!, let I*x/ = x/ if j = , k and
I'xi =0ifj=k+1,...,1
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=piho(xF, af, s) + vihi(x}, af,s;)
+ BE[17 1 ho (X711 afers i) + v (67, @y S
+ BE[W (x]0 @11 Y1) Sis2) e ] 5]
= [ho(x7, i, 5:) + BE[I*ho(x7,15 a7y, Si) 1]
+vi[m(x, a7, 1) + BE[ho(x7,15 a7y, Se1) 1]
+ BE[%H (xt+1’ a5 St+1) + ﬁE[ (xt+2’ ¢(Mf+1’ 7f+1)’ s,+2)|s,+1]|s,]
= wilho(x7s als si) + BE[I ho(xl.ys afy s si1) + B o (x5, @755 5042) I51]]
+ i [(x, a7, 1) + BE[ho(x7.y afy s 801) + Bho(x]2, 6720 Si2) 5151 ]s:]
+ BE[vi [l (x),1s af iy, se01) 4 Bho(X) s, af1s, Se2) |Sisalse]
+B E[W(xwrza (ri1s Vi) s,+2|s,]

T
= ,u,;‘ |:h0 (xt > a[ 5 S ) +BE |:Ik Z ,B"ho(x;;”n, aj+1+na st+1+n) |St:|:|

n=0

+’)’;¥|:h (x[,a[,s)+BE[h0( t+l’ [+1’St+1)

T-1
+ Blk Z Bnho(x;:_z_;_n, a>;+2+n9 St+2+n) |St:|:|

n=0

+ IBE|:7:+1 |:h1(xf+1: a::rl ’ St+1)

sf]

T2
+ BE |:h0 (x7+2’ a;:-z, St+2) + :Blk Z B" hO( Xit34n0 z+3+n’ St+3+n) |St+1i|i|

n=0

+ BTE[7?+T[h (xH—T’ H—T’ sl+T) + IBhU( [+T+19 a[+T+17 st+T+1)]St+T|st]
+ BT+1E[ ( t+T+l’ (I‘LI+T’ ’yH.T)’ St+T+1) |sl+T|St]'

Note that, by our boundedness assumption (A4), the terms in brackets multiplying the
Lagrange multipliers converge, as T — oo; say, for v, to

|:h1(xt+m’ at+m’ SH-m) + BE |:h0( Xirmr1 az+m+17 St+"1+1)

o0
k
+ 'BI Z Bnho(x:ﬂ+M+2+n’ a;ﬂ+m+2+n’ st+m+2+’l) |S,+m:|:| .

n=0
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But given that the saddle-point policy selection 3, is the same in all iterations, the term
in the inner bracket is just @, (X}, 1> iy i1> Seeme1). Therefore, as T — oo,

wy (X7, 17, 50)

—E[ZZBn ]hj t+n’ t+n’st+")|st:|

j=0 n=0
+ ;[ (x5, a7, 50) + BE[: (¥, 17415 811 I51]]
+ BE[7?+1[hl (x;:.p a St+1) + BE[thrl (x;:_z’ TN Sz+2) |St+1]] |St]

I Nj
= E|:Z Z B i by (x5, aFys Siin) |st:| ,

j=0 n=0

where the last equality follows from the “slackness condition” (34). In sum, we have ob-
tained (31) and, in particular, that ], (X%, ,, wr,,, Si1) = @I(X,, KEyps Sip) = @ (X7,
;.5 Si+1). This derivation of (31) has two implications, which correspond to the first two
conditions that guarantee that inconsistency problems do not arise.

First, the role of uniqueness. If a* is unique, then, by (31), the Euler representation is
unique.”’ However, since the subdifferential of W is composed of Euler representation
selections, this means that J, W is a singleton and, therefore, more formally, we have the
following:

LEMMA 1: If W, satisfying the SPFE, is continuous in (x, u) and convex in w, for every s,
and for (a*, ¥*) (x5 € Yw (X, 1, s) a* is unique, then W is differentiable in u at (x, u, s).

In fact, what Lemma 1 says is that “uniqueness” is not a new condition with respect to
Theorem 2, but a relatively simple condition to check, which guarantees differentiability.

Second, the role of fixing the saddle-point policy selection. What our derivation of (31)
shows is that if; as it is usually done in computations, the saddle-point policy selection is
the same in the sequential iterations of SPFE, the forward-looking constraints are con-
sistently defined and, therefore, (30) is satisfied.”® However, if, at (x?, u¥, s,), W is not
differentiable in u and SPFE is restarted with a different saddle-point policy selection,
say, i}, then, for some j, (I){(x;‘, Wi, s) # w{fl(x’;, w;,s,), and the resulting solution—up
to ¢ with i3, and from 7 with ¢%,—may not be a solution to PP, at (x, s).

Therefore, there is a need to provide a condition (our “third”) guaranteeing consistency
that can be checked.

ICC. A solution (a*, ¥*)(, .5 generated by the SP policy correspondence ¥y, associated
with W satisfies the Intertemporal Consistency Condition if, for t >0 and j =0, ..., k,
its Euler representation selections satisty the intertemporal Euler equation (29); that is,

?"Note that if, in addition, y* is also unique, then there is a unique saddle-point policy selection i, that is,
the saddle-point policy function ¢y .
BIn the derivation of (31), by keeping the same selection, we had, for j = 0,...,k and ¢ > 0,

[+1(x[+17 M1 Si1) = @ (xprl! IMH, Sit1)-
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if
o' (x5, ul, ) = hé(x*, a;,s) + BE[ o/ (X}, miyy, Se)Ise]-

COROLLARY TO THEOREM 2: Assume A4 and that W , satisfying the SPFE, is continuous
in (x, ) and convex and homogeneous of degree 1 in u, for every s. Let Wy be the SP
policy correspondence associated with W, which generates solutions (a*, y*) . .5, satisfying
lim, . B'W (x¥, u¥, s;) = 0. If a solution also satisfies the ICC, then a* is a solution to PP,
at (x,s),and V,(x,s) = W(x, u, s). Furthermore, there is a solution which satisfies the ICC.

The previous discussion provides the proof to this corollary, since the only missing piece
of the proof of Theorem 2, if differentiability of W in w is not assumed, is the Euler equa-
tion (30), which is provided by ICC, and we have also shown how to obtain a solution
that satisfies ICC, provided that SPFE has a solution. Nevertheless, we have not provided
a recursive algorithm that guarantees the Euler equation (30) is satisfied. This can be
found in Marimon and Werner (2019), who also provided a more comprehensive discus-
sion of the inconsistency issues discussed here, based on their envelope theorem without
differentiability which, in our context, generalizes (27).

4. EXISTENCE OF SADDLE-POINT VALUE FUNCTIONS

In this section, we address the issue of the existence of value functions satisfying the
SPFE (Theorem 3(i)). The existence of saddle-points is needed to show that there is
a well-defined contraction mapping generalizing the contraction mapping theorem to a
dynamic saddle-point problem corresponding to the SPFE (Theorem 3(iii)).

We first define the space of bounded value functions (in x) which are convex and ho-
mogeneous of degree 1 (in w):

My={W:X xR" xS—R
(i) W (., -, s) is continuous, W (-, u, s) is bounded when || <1,
and W (x, u, -) is S-measurable,
(i) W(x, -, s) is convex and homogeneous of degree 1},

and we also define its subspace of concave functions (in x): M,. = {W € M, and (iii)
W (., u, s) is concave}. Both spaces are normed vector spaces with the norm

W = sup{|W (x, 1, 9)|: Il < 1,x € X, s € S}.

We show in Appendix D (Lemma 8A) that these are complete metric spaces and, there-
fore, suitable spaces for the contraction mapping theorem. Note that V,(x, s), the value
of PP, with initial conditions (x, s), can also be represented as a function V.(-, -)—at
(x, ., s)—which is in M, whenever Assumptions A2-A4 are satisfied, and in M, if, in
addition, Assumptions A5-A6 are satisfied (See Lemma 1A in Appendix B.).

Let M denote either M, or M,,.. Then the SPFE defines a saddle-point operator
T*: M — M given by

(T*W)(x, o, S) = SPI?zi(IJl m;dx{,uho(x, a,s)+vyhi(x,a,s)+ BE[W(x/, o, s/)|s]}
s.t.x'=¢(x,a,5), p(x,a,s)>0,

and  u' =o@(u,y). (36)
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In defining T* as a saddle-point operator, we have implicitly assumed that there is a saddle-
point (a*, y*) satisfying

/uho(x, ar, s) + 7h1(x, a*, s) + ,BE[W(x*/, o, s/)|s]
> lu‘h(J(xa a*a S) + ’Y*hl (x’ a*7 S) + BE[W(-X:*,? ,U/*/, S,)|S]
2 [.Lh()(x, a, S) + '}’*h1 (X, a, S) + BE[W(X/, /-L*/a S,)|S]7

Vye R, ' = @(u, y) and a with p(x,a,s) > 0,x' =£(x, a,s).

To guarantee that the T* operator preserves measurability, we strengthen Assumption
Al:

Alb. s, takes values from a compact and convex set S C R¥. {s,}°, is a Markovian
stochastic process defined on the probability space (S, S, P) with transition function Q
on (S, S) satisfying the Feller property.”

As we have seen in Section 3, any W € M has a—possibly non-unique—FEuler repre-
sentation W(x,u,s) = pw(x, u,s) (see also Appendix C). Furthermore, with this rep-
resentation, (a*, y*) is a saddle-point of SPFE if, and only if, it is a saddle-point of the
Lagrangian

k
L(a,y; (x,p,8)) = :U«|:h0(X, a,s)+ BE [Z o (x', ', 8) ISH

=0
+ [ (x, a,5) + BE[w(x, ', 5')Is]],

vy e R, w' = @(u, y) and a with p(x, a,s) > 0,x' ={(x, a,5).
Note that y* plays the double role of being a Lagrange multiplier to the forward-looking
constraints #,(x, a, s) + BE[w (£(x, a,s), ¢(u,v),s)|s] >0 and an argument in the co-
state transition ¢(u, y). To prove the existence of such a saddle-point, we decompose
these two roles. First, we show that for any y € R’j L in ¢(u, ), there is a saddle-point
(a*(¥), y*(¥)); then we use a fixed point argument to show that there is a y* satisfying
(a*(y*), v*(y*)). The former—that is, the existence of Lagrange multipliers—requires an
interiority (or normality) condition, the latter to strengthen such interiority condition to
guarantee that Lagrange multipliers are uniformly bounded. These conditions can take
the following form:

IC. W, with W = pw, satisfies the interiority condition if, for any (x,s) € X x §, p €
R, and j,j=0,...,/, there exists @ € A, satisfying p(x,d,s) >0, and hj(x,d,s) +
BE[w/(¢(x,d,s), u,s")|s] > 0, and, for i # j, hi(x,d,s) + BE[w'(L(x,d,s), u,s)|s] >
0.30

SIC. W, with W = pw, satisfies the strict interiority condition if it satisfies IC and there
exists an & > 0 such that, for any (x,,s) € X x S, p € Rfl and j,...,/, the inequal-
ity hi(x,4,s) + BE[w/(£(x,d,s'), u,s')|s] > 0 in IC can be replaced by hj(x,d,s) +
BE[w/(L(x,d, "), u, s)Is] = &.

PRecall that Q satisfies the Feller property if whenever f is bounded and continuous in S, the function Tf
given by (Tf)(s) = ff(s’)Q(s, ds'), for all s € §, is also bounded and continuous on S. Assumption Al can be
alternatively strengthened by assuming that § is countable and S is the o-algebra containing all the subsets of
S (see Stokey, Lucas, and Prescott (1989, 9.2)). _

Note that w/(€(x, d, 5'), , s') can be replaced by ’/(£(x, d, s'), (1, ¥), s), for any y € R+
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The following lemma, which proof is immediate, provides a condition, easy to check,
guaranteeing that these interiority conditions are satisfied.

LEMMA 2: W € M, with W = pw, satisfies IC (SIC) if, for all (x,s) € X x S, u € R,
and j=0,...,1,

N;

E[w’(€(x, Gy, $0), 1, 51)150] = E[Z B'hy(F,, A, Sr+1)|sﬂ}’

t=0

for any i-interior program®" {a,}°°, of Assumption A7 (A7s), i =0, ..., 1. Furthermore, if
W e M satisfies IC (SIC), then T*W also satisfies IC (SIC).

In other words, it is enough that W € W takes the value of the interior programs of
Assumption A7 (A7s) as a lower bound to satisfy IC (SIC); for example, in the Section 2
example with limited enforcement constraints, IC (SIC) is satisfied if W guarantees that
at any state (x, s), weights ¢(u, ), and j, there is an interior (e interior) allocation a that
allows agent j to satisfy its forward-looking constraint with strict inequality (e inequality)
while maintaining the forward-looking constraints of all the other agents. As Lemma 2
shows, given specific functional forms for PP,, it is not difficult to have W € M satisfying
these interiority conditions. Note that the last statement of Lemma 2 provides a guide
to obtaining W € M through value function iteration: start with a value function that
satisfies the conditions of Lemma 2.

We can now state the main theorem of this section.

THEOREM 3: Assume Alb and A2-AS and SIC, and A6 when M refers to M.

(i) Let W e My.. Forall (x,p,s) € X x R’jl x S, there exists (a*, ¥*) x ..5) generated by
Yyw(x, 1, s); that is, (8%, ¥*) (x5 Satisfies (19)-(20). Furthermore, if A6s is assumed, then
(2*) (x.u.5) 1S uniquely determined.

(i) Let W € M if, for all (x,p,s) € X x R x S, Wy (x, w, s) # 0, then T*W € M,
that is, T*: M —> M.

(ili) Let W e M, if, forall (x, u,s) € X x R xS, Wy (x, w, s) # 0, then T*: M — M
is a contraction mapping of modulus .

PROOF: See Appendix D. Q.E.D.

Theorem 3(i) provides conditions for the existence of a saddle-point; (ii) establishes that
the SPFE mapping is well defined by showing that 7* maps M onto itself, and finally,
(iii) shows that 7™ is a contraction mapping, therefore there is a unique value function
W e M, W =T*W, satisfying SPFE. This last result (iii) follows from the second (ii),
Feller’s property (Alb), and the fact that 7™ satisfies Blackwell’s sufficiency conditions for
a contraction.

Theorem 3 shows how the standard dynamic programming results on the existence and
uniqueness of a value function and the corresponding existence of optimal solutions gen-
eralize to our saddle-point dynamic programming approach, provided that an interior-
ity condition is satisfied (e.g., SIC). As in standard dynamic programming, if W € M,
and the strict concavity assumption A6s is satisfied, then (a*), ., is uniquely determined.

31See Footnote 17.
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Also as in standard dynamic programming, if these conditions are not satisfied and saddle-
point solutions are not unique, an SPFE solution is a selection from the saddle-point cor-
respondence. However, as we have seen in Section 3, when W is not differentiable in
w, a new kind of multiplicity arises.*” Finally, Theorem 3 also shows that the contraction
property—very practical for computing value functions—also extends to our saddle-point
Bellman equation operator.

By Theorem 2, if W = T*W is differentiable in w and (a*, ¥*) .. 1S generated by
Yy (x, u,s), then a* is a solution to PP, at (x,s). Unfortunately, the subspace of dif-
ferentiable functions is not a complete metric space and, therefore, 7* does not neces-
sarily map u- differentiable functions into u-differentiable functions. However, we can
provide more structure to 7* to guarantee that the generated solutions (a*, y*) . ., sat-
isty the Intertemporal Consistency Condition ICC, and for this we define the 7™ map.
T+ : M — M solves the same saddle-point problem as the 7* map, that is,

(T*W)(x,1,s) = SPmi(I)lmax{,u,ho(x, a,s) +yhi(x,a,s)+ BE[W(x', w,s)Is]}
y=0 a

st.x' =¢(x,a,5), p(x,a,s)>0,
and u' = @(u,y),

but given W e M, takes a specific Euler representation W = uw to define the Euler
representation of 7**W according to

(T ') (x, w, 8) = hj(x,a"(x, 1, ), 5) + BE[ 0/ (x”'(x, , 8), " (x, , ), 5')Is],

if j=0,...,k,and
(T**w-f)(x,u,s)=h{,(x,a*(x,/u,,s),s), ifj=k+1,...,L

Given that 7** solves the same problem as 7*, the results of Theorem 3 hold for 7** and
there is a W € M such that W = T*W but, in addition, o/ = T*w’, for j =0, ..., [. Note
that, even if W is unique, when it is not differentiable in u it has multiple Euler repre-
sentations and, correspondingly, the 7** map generates multiple solutions. Nevertheless,
the ICC condition is satisfied. In sum, based on our Corollary to Theorem 2, we have the
following result:

COROLLARY TO THEOREM 3: Let W € M satisfy W = T**W, for a specific Euler repre-
sentation W = pw, and (a*, y*) .5, be generated by Wy (x, u, s); then a* is a solution to
PP, at (x,5s).

Note that this corollary provides a guide to the user who is uncertain about whether
W e M is differentiable in u : use the 7** map to get the PP, solution, which simply
takes the unique Euler representation when W is differentiable in w, that is, in this case,
T** does the same as T*.

32Note that it differs from the multiplicity in standard dynamic programming problems—that is, problems
without forward-looking constraints—in an important aspect: in a standard dynamic problem, if at (x} s,) there
are multiple solutions, once one is “selected” leading to (xj,;, s11), the latter is a “sufficient statistic” in order
to follow up on a solution path started at (x, So); in contrast, if at (x¥, u¥, s,) there are multiple saddle-point
solutions (due to the fact that W is not differentiable in w), once one is “selected” leading to (x*, u*, s'), the
latter may not be a “sufficient statistic” in order to follow up on a solution path started at (x, o, So)-
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5. RELATED WORK

Forward-looking constraints are pervasive in dynamic economic models. Early work in-
troducing Lagrange multipliers as co-state variables in models of optimal policy are found
in Epple, Hansen, and Roberds (1985), Sargent (1987), and Levine and Currie (1987) in
linear-quadratic Ramsey problems, justified by the observation that past multipliers ap-
pear in the first-order conditions of the Ramsey problem. But this is only indicative of a
recursive formulation. Our work provides a formal proof that introducing past multipliers
as co-states delivers the optimal solution recursively in a general framework.

The promised-utility approach has been widely used in macroeconomics. Some appli-
cations are by Kocherlakota (1996) in a model with participation constraints similar to
our Example 1, and Cronshaw and Luenberger (1994) in a dynamic game.*® Moreover,
Kydland and Prescott (1980), Chang (1998), and Phelan and Stacchetti (2001) studied
Ramsey equilibria using promised marginal utility as a co-state variable, and they noted
the analogy of their approach with promised utility.*

The promised-utility and our approach provide recursive characterizations of the so-
lution to PP,. Obviously, both approaches provide the same solutions {a}, x}}, but they
are conceptually and practically quite different. In our approach, the co-state variable is a
vector p, satisfying a simple exogenous constraint: u, € R\, while in the promised-utility
approach, it is a vector—say, w,—which must satisfy an endogenous “promise-keeping”
constraint.

A key difference between the two approaches lies in the fact that they define very dif-
ferent continuation problems. In the promised-utility approach, promised utility w, is a
decision today for each possible future state, and this defines a state variable tomorrow,
making the problem amenable to a standard Bellman equation treatment. This needs the
computation of a correspondence for feasible utilities (denoted C,) that is very hard to
compute. However, as we have emphasized in Section 2, the continuation problem in our
approach (namely, PP,:) is guaranteed to have a solution for any u} € R''. This entirely
sidesteps any computation of the feasible set of co-state variables.

We now discuss these issues more concretely by formulating a recursive solution to Ex-
ample 2 in the context of promised utilities. For ease of exposition, assume the exogenous
shock g, is i.i.d. and it can take v possible values g“, k = 1, ..., v, each with probability
7*. Constraint (17) can be rewritten as

b.i1B Z u’(ct+1(§"))ﬂ"‘= u'(c,) (b, —c)—e,V (e,). (37)
k=1

Equation (37) is the “promise-keeping” constraint and ¢,,(g") is the promised consump-
tion in period ¢t + 1 if g,,; = g* is realized. The key insight of the promised-utility approach
is that by including all promised consumptions (CM(?), ..., C41(g")) in the vector of to-
day’s decision variables a,, equation (37) becomes a special case of a standard (backward-
looking) constraint (2). This suggests we can apply the Bellman equation to conclude
that the problem is recursive as long as realized consumption w, = ¢,(g;) is included as a
co-state variable.

3L jungqvist and Sargent (2018) provided an excellent introduction and references to most of this recent
work.

3 As we clarify in this paper—for example, in the discussion of Example 2 below—our approach is not the
same as the approach of these papers.
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But applying the Bellman equation to this reformulated problem without any further
constraint would induce the planner to choose a ¢,.1(g") that cannot be supported by any
taxation scheme in equilibrium, so in this case the Bellman equation does not provide a
feasible solution. To avoid this problem, one needs to compute for each « the correspon-
dence C,.: R — &, where S is a collection of subsets of R, such that, if ¢,,1(g") € C.(b,11)
and if g, = g, then a continuation tax and allocation process {7, ¢}, b/+j11, ) exists
that is a competitive equilibrium with ¢,,; = ¢,11(g") and corresponding inherited govern-
ment debt b,,,. Since the correspondence C,(+) is an endogenous object, its computation
is very complicated. For example, if there were J types of consumers in the above Ramsey
model, J promised consumptions would have to be carried over as state variables, and
in that case, we would need to compute multidimensional sets C(b) C R’.. Even though
considerable progress has been made in the computation of the correspondence C,, ei-
ther by improving algorithms or by redefining the problem at hand,® this computation
often leads to serious numerical difficulties. Most applications in the literature of the
promised-utility approach assume there is no dependence on state variables (i.e., b does
not influence C,) and the sets in S are subsets of R.

As we have seen in Section 2, the issue of computing a feasible set for promised con-
sumption is entirely sidestepped in our approach. This is because any y;!, gives a well-
defined continuous objective function of PP, so that this continuation problem always
has a solution.*

An additional advantage of the Lagrangian approach is that it leads to a reduction in
the number of decision and state variables. We have only two decision variables (¢, b,;;)
in Example 2 under our approach at ¢, while in the promised-utility approach, there are
v + 1 decision variables (c,+1(§1), ces Ciy1(8), b)) at t.

As is well known, the highest computational savings come from a reduction in the di-
mension of the state vector. In some cases, the recursive Lagrangian has many fewer state
variables. Consider generalizing Example 2 to the case where the government issues one
long bond that matures in M periods and long bonds are not repurchased by the govern-
ment, as in Faraglia, Marcet, Oikonomou, and Scott (2016, 2019). In this case, the bond
price depends on the expectation of marginal utility M periods ahead, so that the analog
of (37) gives

M , ~ ~ [~ ’ /
BELBT Y e, (80 8)FEY)=u ) (b )., — a)—ew' (e, (38)
Z,;MEGM
where we denote G’ the set of all possible realizations of (g,,1, ..., &), and 7<(g") the
probability of each sequence. Clearly, the co-state using promised-utility includes w, =

(¢, [Ciyi(gi, & )];elg,f’M ). For a 10-year bond, even if g only takes two possible values so

v=2a quarterly version of the model has more than one trillion state variables, since
G' has 2’ elements.’” By comparison, the Lagrangian approach can be implemented with
“only” 2M + 1 = 81 state variables (y,_1, ..., Yu, b}, ..., b, 1, 807

3See, for example, Abraham and Pavoni (2005) or Judd, Yeltekin, and Conklin (2003).

%*See the discussion following equation (18).

3There are ways of reducing this problem; Lustig, Sleet, and Yeltekin (2008) provided a recursive formula-
tion with long bonds by adding the yield curve as a state variable. The issue then becomes one of formulating
a very high-dimensional feasible set for the yield curve which ensures that the continuation problem is well-
defined.

8See Faraglia, Marcet, Oikonomou, and Scott (2019, Section 3 for details, and Sections 5, 6, 7 for the state
variables in several variations of the model).
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There are some additional differences between the two approaches. Initial conditions
for the co-state variables in our approach are known from the outset to be uj = 1, u, =0,
but in the promised-utility approach, the initial condition is ¢y, which needs to be solved
for separately, since it is an endogenous variable. This is because, as pointed out before,
the promised-utility approach determines the variable one period ahead, so it needs an
ending boundary condition, while our approach starts out from a given initial condition.
It is well known that to find ¢y, the Pareto frontier has to be downward sloping; otherwise,
the computations can become very cumbersome.

The co-state variables in our approach often have an economic interpretation. We have
already described in Section 2 how the evolution of u; can unveil the reason for time-
inconsistency problems. Also, u; can be interpreted as time-varying Pareto weights in
Example 1 and a time-varying deadweight loss of taxation in Example 2.

Early versions of this paper conceded as an advantage of promised-utility that it could
be applied to models under moral hazard and incentive constraints. However, Messner,
Pavoni, and Sleet (2012) and Mele (2014) have extended our approach to address moral
hazard problems, and Abraham, Carceles-Poveda, Liu, and Marimon (2019) study a risk-
sharing partnership with intertemporal participation and moral hazard constraints. Thus,
the initial advantages of the promised-utility approach seem to have mostly vanished.

6. CONCLUDING REMARKS

We have shown that a large class of problems with forward-looking constraints can be
conveniently formalized as a saddle-point problem. This saddle-point problem obeys a
saddle-point functional equation (SPFE) which is analogous to the Bellman equation. The
approach works for a very large class of models with incentive constraints: intertemporal
enforcement constraints, intertemporal Euler equations in optimal policy and regulation
design, etc. We provide a unified framework for the analysis of all these models. The key
feature of our approach is that instead of having to write optimal contracts as history-
dependent contracts, one can write them as a time-invariant function of the standard
state variables together with additional co-state variables. These co-state variables are
recursively obtained from the Lagrange multipliers associated with the forward-looking
constraints, starting from pre-specified initial conditions. This simple representation also
provides economic insight into the analysis of various contractual problems. For example,
with intertemporal participation constraints, it shows how the (Benthamite) social plan-
ner changes the weights assigned to different agents in order to keep them within the
social contract; in Ramsey optimal problems, it shows the cost of commitment when the
policies of a benevolent government are not time-consistent.

This paper provides the first complete account of the basic theory of recursive contracts.
We have already presented most of the elements of the theory in our previous work (in
particular, Marcet and Marimon (1998 and 2011)), which has allowed others to build on
it. Many applications are already found in the literature, showing the convenience of our
approach, especially when: natural state variables, such as capital or debt, are present; the
solution (of a planner’s or Ramsey problem) is not time-consistent; our co-state variable
w plays a key rule in determining constrained efficiency wedges, or contracts need to be
decentralized and, therefore, priced. Similarly, extensions are already available, encom-
passing a wider set of problems than those considered here (moral hazard, endogenous
participation constraints, etc.). Our sufficiency result when the value function is differen-
tiable (in u)—as in the case that the constrained efficient allocation is unique—already
covers a wide range of frequently studied economies. We broaden this range to a larger
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set of economies (e.g., weakly concave with multiple solutions) by providing the infertem-
poral consistency condition (ICC) that must be satisfied when there are forward-looking
constraints—a condition that is always satisfied when the value function is differentiable
(in w). In the more general case, we show how ICC can be guaranteed when the saddle-
point functional equation has a solution.*” Finally, we also provide conditions for the
existence of solutions to our saddle-point functional equation (SPFE) and extend the main
results of dynamic programming to our saddle-point formulation.

APPENDIX A: REARRANGING THE LAGRANGIAN

Here we show that £, as defined in (4) is equivalent to (5). Shifting E, in the second
line of (4), we can rewrite £, as

L.(a,y;x,s)

1N
=E, |:Z Zj B' W hi(x:, ar, )

j=0 =0
0 1 Nj+1
+E, Z Bt Z ')’{ Z B" (h{)(xt+n7 Qrins Sen) + h1 (x¢, ay, sr)) |So:|- (39)
=0 j=0 =1

This holds because there is one forward-looking constraint (3) for each possible se-
quence of shocks s’, hence v/ is a function of s* and can be included inside E,. Using the
law of iterated expectations, this implies that E, can be deleted from the second line of
(39). We take this for granted in the remainder of Appendix A.

Now, fix a period > 0 and a j < k, so that N; = co. We see that in the total sum defining
L, the term hj(xz, az, s;) appears in the first line of (39)—the objective function of PP,—
premultiplied by B’w/. This term also appears in the second line of (39) in the forward-
looking constraints (3) at all # < 7; in the second line, it is multiplied by the discounting B”
for n =7 —t and then again by B’. Therefore, in the total sum in (39), Q(s'|sy) k) (x7, az, s7)
is multiplied by the following term:

-1
Bw + B +BYIB 4+ By B = F [Z v+ P«’} =Bl

i=0

The equalities follow from simple algebra, (6), and j < k. This gives that (4) and (5) are
equivalent for j < k.

Similarly, fix 7 > 0 for j > k so that N; = 0. Then h{(x;, az, s;) for 7 > 0 appears in the
first line of £, premultiplied by B’/ and it does not appear in the second line. For 7 > 0,
the term appears once in the forward-looking constraint of 7 — 1, therefore multiplied by
B"~'y!_,B'. Given (6) for j > k, we have pu! =1y, , for 7 > 0 and pu) = p’, so that the term
I (x;, az, s7) is multiplied in the total sum above by B'ul.

Hence (4) and (5) are equivalent.

¥Cole and Kubler (2012) provided a generalization to the non-uniqueness case for a restricted class of
models. Marimon and Werner (2019) follow our approach more closely and, applying their extension of the
envelope theorem, provide a recursive formulation for the non-differentiable case.
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APPENDIX B: PROOFS OF THEOREMS 1 AND 2 AND PROPOSITION 1
The Infinite-Dimensional Formulation

For some of the proofs, it is convenient to describe the infinite-dimensional formulation
of PP,. The underlying uncertainty takes the form of an exogenous stochastic process
{s,}°%, s, € S, defined on the probability space (S, S, P). As usual, s denotes a history
(S0, ..., 8) €8, S, the o-algebra of events of s* and {s,}°, € S, with S the corresponding
o-algebra. An action in period ¢, history ', is denoted by a,(s"), where a,(s') € A C R™.
When there is no confusion, it is simply denoted by a,. Plans, a = {a,}?2,, are elements
of A={a:Vt>0,a,:S, — A and a, € L (S,, S;, P)}, where L7 (S;, S;, P) denotes the
space of m-valued, essentially bounded, S,-measurable functions. The corresponding en-
dogenous state variables are elements of X = {x: V¢ >0, x, € L (S,, S, P)}.

We now define preferences, sets of feasible actions, and problems, given initial condi-
tions (x, s). A plan a € A and a corresponding x € X" are evaluated in PP, by

1Ny

f(x,;L.s)(a) = EO Z Z Btﬂjh{)(xt: a;, St)-

j=0 =0

We can describe the forward-looking constraints, coordinatewise, g..,(+), : A —
‘cgl(sta Sta P) by

Nj+1

g(x,s)(a){ =E, |:Z ﬁ"hé(xt+n, Aiin, Sl+n):| + h{(xl’ a, ;).

n=1
The corresponding feasible set of plans is then
B(x,s)={aeA: p(x,,a,,5)>0,8u5(a),>0,xeX,
X1 =4(x,,a,,s.4) forall t >0, given (xg, sp) = (x, s)}.

Therefore, the PP, can be written in compact form as

® Sup f(x,/.b.s)(a)- (40)

acB(x,s)

PP

We denote solutions to this problem as a* and the corresponding sequence of state
variables as x*. When the solution exists, the value function of PP, can be written
as V,(x,8) = fi,us(a*). It will be useful to consider a feasible set that disregards the
forward-looking constraints in the initial period, resulting in

B(x,s)={aecA: p(x;,a,5)>0,8:(a)1>0;xeX,
Xep1 = L(X,, a,, Siyy) for all £ > 0, given (xg, $o) = (x, 8)}.
Then, the SPP, problem defined above can be written using this formulation as

SPP, SPinf sup {fi,..(@) +¥8u.n(a)}.

yeRL acB/(x,5)

PROOF OF THEOREM 1 PART I (SPP, = PP,): It follows from Theorem 2, Section 8.4
in Luenberger (1969, p. 221) that a* solves PP, and the value at the saddle-point is the
same as the value at the maximum, hence SV (x, u, s) =V, (x, s). O.E.D.
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PROOF OF THEOREM 1 PART II (SPP, = SPFE): We need to show that W(x, u,s) =
V.(x,s) =SV (x, u,s) satisfies the SPFE and that the period-zero solution of SPP, at
(x, s), namely, (a, v;), is a saddle-point of SPFE at (x, u, s).

First, we show that, given vy;, a; satisfies the maximand part (20) for W = SV'. Take
any @ € A such that p(x,d,s) > 0. Consider the sequence obtained by starting at @ and
then continuing to the optimal solution of PP,,: from ¢ = 1 onwards given initial condition
X1 ={(x,4,s). To properly express this, we introduce some notation. Let the shift op-
erator o : §*' — §' be given by o (s) = o (59, 51, ..., 8) = (81, 52, - .., 8;), and—denoting
(a*(x, p,s), ¥y (x, u,s)) a solution to SPP,, at (x, s)—let the solution plan following a
deviation @ have the following representation:

do(x, mw,s)=d and
a,(x, m,8)(s") = a_ (X1, wi(x, , 8), 81)(o(s7)) forallz>0.

Part I of this theorem and the definition of PP, imply that

! N;j
E[SV(’il, T 51) |S] = E[V;q (X1, 51)|S] =E, Z IJJ? Z ,Bth{)(xprl; Gy, Sev1)- (41)

j=0 =0

Since the sequence 4 is feasible for SPP, (i.e., @ may fail the forward-looking constraint
at t =0, but recall that this constraint does not constrain the feasible set in SPP,) and
since a*(x, u, s) solves the sup part of SPP,, given (41) we have the first inequality in

ILLhU(x5 a’ S) + ')’*hl(X, 59 S) + .BE[SV(%D /“LTy S1)|S]

! Nj
= lu’hO(-x7 a37 S) + '}’*hl (x7 a87 S) + BEOZILY} Zﬁthé(xiq? a;k+|7 sl+1)

j=0 1=0
= who(x, aj, s) + v*hi(x, a, s) + BE[SV (x7, u}, s1)Is].

The equality follows because (41) also works when @ is replaced by a*(x, u, s).
This proves that a;) satisfies (20) when W = SV'.
To show that v; satisfies (19), note that, given any ¥ € R\,

E[SV(XT7 (P(I*La ?)a S1)|S] = E[th(,uﬁ) (xTa S1)|S]
1 . Nj _
> E[Z ¢(M7 ?)] ZBth{)(xj+17 a):+17 st+1) | S:| s
Jj=0 t=0

where the inequality follows from the fact that the continuation of a* is feasible but not
necessarily optimal for PP, 3 at (x}, s;). Using this and the fact that y* solves the min
part of SPP,,, we have

pho(x, ay, s) + Yhi(x, aj, s) + BE[SV (x}, ¢(i, ), 51)Is]

l Nj
> who(x, aj, s) +¥hi(x, a;, s) + BE [Z O, V)Y B (Xf s ey Si1) | S}

j=0 =0

= I*‘Lh()(x’ a;a S) + y*hl (x7 a;’ S) + BE[SV(-XT: (P(I“La y*)a S1)|S]'
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This proves that (a;, v5) € sy (x, u, ). Finally, using the definition of SV in (21), we
have

SV (x, w, 8) = pho(x, ag, s) + vl (x, ag, s) + BE[SV (x7, @(w, v*), 8')Is].  (42)
Therefore, SV satisfies SPFE. O.E.D.

PROOF OF COROLLARY TO THEOREM 1: We have to show that, with the additional as-
sumptions, (PP, = SPP),, that is, there exists a y* € R’j ! such that (a*, y*) is a solution
to SPP, with initial conditions (x, s). With the above formulation (40), this is an imme-
diate application of Theorem 1 (8.3) and Corollary 1 in Luenberger (1969, p. 217). To
see this, note that 5'(x, s) is a convex subset of A, g (<)o : A — LI;;I(S(], Sy, P), and by
Assumption A7,* there is an @ € B'(x, s) such that g, (@), > 0. Q.E.D.

PROOF OF PROPOSITION 1: Let 3\1 C S be the set such that, if s; € §,, then

| Nj
Vi (x5, 81) > E[ZZB’MT’%()C;], a i, Se) | s1:|.

j=0 1=0

We will show that S, has probability zero.
The constraints in PP, s are a subset of the constraints in PP,. Therefore, the continu-

ation for a*, namely {a} }, 1» 1s feasible for PPu]‘ with initial conditions (x7, s;). If 5, € 3‘\1,
there must exist a plan {a,}°°, achieving a higher value than the value achieved by {a}%,
for PP, with initial conditions (x3,71) so that

|:Z:u ZBhl z+17 t+1ast+1)|sl—51:|
t=0

t=0

Nj
< E|:Z,u ZB h! X, a8 | s_s1:| (43)

Denote by @ an allocation such that g, = a; it maintains the saddle-point for ¢ > 0 so
(@), ={a;}2, if s; € S\S), while the solution switches so {a,}°, = {@,}°, if 5, € S;. If
Prob(S,;) > 0, we have

Nj
,LL/’Z()(X(),CZS, SO) +yoh (X(],ao,S() +BE{Z/‘L ZB h] [+17 [+]7St+l) |SO}

Jj=0 t=0

< pho(xo, @, o) + vyl (xo, a5, o)

+BE|: |:ZM Zﬁh(xt,a[,s,)lsleSl}) }
t=0

“As already noted, Assumption A7 is weaker than the standard Slater’s condition but, when the concavity
assumption A6 is satisfied, it is equivalent.
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+BE|: [ZM ZBhJ l+l’at+1,st+1)|S1€S\S1j||S0j|

t=0

! N;j
= :U«ho(x(h ap, o) + ’Yo hi(x9, do, So) + BE|:Z,U~ ZB h (xt+1a iyt Si41) | S0i| 5

j=0 t=0

where the inequality follows from (43).

Finally, note that the plan @ is feasible for SPP,. This is because since {@,}%, solves
PP, it satisfies the constraints in (23) (note that @ will generically violate the forward-
looking constraint at ¢ = 0, but this constraint is absent in (23)). Therefore, the above
inequality contradicts that a* solves the max part of SPP, with initial conditions (x, s)
and it contradicts the assumption that (a*, v;) is a saddle-point of SPP, . It follows that
Prob(S,) =0 or, equivalently, V.- (x}, s1) <E[}_ Ozt B W) (X} 15 @ys Sip1) | 811 @,

Using, again, the fact that the continuation of/ a feasible sequence for PP, satisfies the

constraints of PP, we have V: (x}, s1) > E[Z} Ozt B k) (Xops @ ys Si1) | 1]

Therefore, V. (xl, 1) = E[Z} OZ, BT R (xr,, at, ), s) | si] as. and {a)2, solves
PP, : with 1n1t1al conditions (x7, s;) a.s. QO.E.D.

PROOF OF THEOREM 2 PART II: We need to show that if (a*, y*). . Is generated
by the saddle-point policy correspondence ¥y (ie., (al,vy;) € Yw(x;, ul,s,) for ev-
ery (t,s;)), then a* is a solution to PP, at (x,s), already knowing that it satisfies the
constraints of PP,. In particular, if there is a program {a,}?°,, and {X,}?°,, given by
Xo=x, X1 = 0(X,, d,, S,11), satisfying the constraints of PP, with initial condition (x, s),
then this program cannot result in a higher value than W (x, u, s). To this end, note that
the maximality condition (20) can be expressed as

pho(x, a*, s) + v"hi(x, a", s) + BE[@(u, y) o (x", @ (1, v*), 5')Is]
> pho(x,a,s) + vy hi(x,a,s) + BE[e(n, v ) o (¥, o(u, v*), )] (44)

and

W(x;kall’;kast) I-Lth()(xta ,,St)+'yth( [7 [’St)+BE[ ( z+17 QD(M:, ’y:)asﬂrl)lsl]- (45)

Furthermore, to simplify the notation, let u! = ¢(u, y), &5 = ¢ (ui, v;(X1))*! and, for
t>1, wr, = e(@r, v (X,)); that is, i is the co-state for the deviation plan. In what fol-
lows, we proceed by iteration of the SPFE (max) inequality, (44), and we expand the
value function according to (45). In particular, inequalities (46), (48), and (51) apply the
inequality (44), and the equalities (47) and (50) apply the equality (45), while equality (49)
simply rearranges terms and (52) uses the transversality condition, lim;_ ., B7W = 0. We
conclude the proof of the max part of SPP by showing that the left-hand side of (46) is
greater than or equal to (53):

who(x, aj, s) + vihi(x, ay, s) + Be(u, v;)E[@(€(x, a5, 51), (1, v5), 51)15]
> pho(x, @, 8) + yihi(x, do, 8) + B (e, v5)E[@(£(x, Do, 1), (1, ¥5), s1)Is] — (46)

#'We also simplify notation by writing simply v} (¥;) instead of v} (X1, u}, s1).



RECURSIVE CONTRACTS 1621

= pho(x, dy, 8) + yghi(x, do, $)

+ BEw[ho(X1, aj(X)), s1) + BE[I* 0 (€(X1, a;(X1), 52), @(1}, vi(F1)), 52) 1] 5]

+ BEy; (X)) [ (X1, af (X)), 51)

+ BE[w((%1, a[(%)), 52), @ (1], ¥i(FD), 1) I51]15] (47)
> pho(x,do, 8) + vohi(x, do, 5)

+ BEwi[ho(X1, @1, 81) + BE[I* w(€(X1, a1, 50), @ (15, ¥ (1)), 82)s1]s]

+ BEY;(X)[M (X1, a1, 81) + BE[w(¢(X1, Ty, 52), (1], vi(FD)), 52) 1] 5] (48)
= u[ho(x, @y, s) + BE[I* ho(X1, a1, 51)I5]]

+ v5[h1(x, o, 8) + BE[ho(X1, @y, s1)Is]] + BIFE[ v (X)) (X1, a1, 51) 5]

+ BE[e(u, vi(FD)) 0 (E(F1, @1, 52), (11, ¥ (R1), 82)Is] (49)
= uf[ho(x, @y, s) + BI*E[ho(X1, a1, 51) + BE[ho(X2, a5(X>), 82)Is1]s]]

+ Yihi(x, Gy, 8) + BE[ho(X1, @1, 51) + BIYE[ho(%2, a5(X5), 1) Is1] 5]

+ BEy; (X)[hi(X1, a1, 51) + BE[ho(%2, a5(X2), 82) Is1] 5]

+ BI'E[y; @) (%2, a3(R2), ) Is]

+ BEg(us, v3 (X)) [w(£(X2, a5(R2), 53), @(13, v5(X2)), 53)15] (50)

T-1
> Ar = M|:h0(xa dy, §) + ,BIkE|:Z Btho(%tﬁ»l’ 5t+1, st+1)|si|i|
=0

T-1
+ % |:h1(X, dy, §) + BE|:h0(}1, dy,s1) +1F Z B'ho(Xis1, drsa, Sz+1)|5i|i|

t=1

-1
+ BE|:YT(351) |:h1(f1, a, ) + /3|:h0(352, Uy, $5) +1* Z B ho(X i1, s Sz+1)j|j| ‘Sj|

=2

+ B"E[y;(Xr)hi (X7, @z, s7)15]
+ BTHE[‘P(IJ«’}, Y;(fr))w(ﬁ(fr, ar, S741), ‘P(,U«*T, Yi(fr))y ST+1)|S], (51)
Iim Ar

T— 00

= M|:h0(X, dy, §) + ﬁlkE|:Z BthU(%t+l, EH—l, St+1)|s:|:|

t=0

t=1

-1
+v |:h1(X, dy, §) + 3E|:h0(f1, dy,81) +1* Z B'ho(Xei1, iy, Sz+1)|s:|:| (52)
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= who(x, 4y, 8) + yghi(x, g, 5)

1 Nj
+ BE|:Z @’ (,U«’ '}’3) Z Bth{)(fwl, i1, st+1)|si| . (53)

j=0 t=0
In sum,
W(‘x7 M S) > ,u,ho(x, Zi(): S) + y;hl(xa Zi(): S)

N:

j
¢’ (,U«a 73) Z .Bth{)(%tﬂ, ﬁH—la St+1)|s:| 5

I
j=0 =0

+ BE[
and, therefore, W(x, u, s) =V, (x, s). O.E.D.

APPENDIX C: PROPERTIES OF VALUE FUNCTIONS AND SUPPORTING RESULTS ON
SUBDIFFERENTIAL CALCULUS

Some Properties of V,,(x, s) and SPFE

LEMMA 1A: Assume PP, has a solution at (x,s) with value V,(x,s), for x € X and
w € R Then (i) V,.(x, s) is convex and homogeneous of degree 1in ., (ii) if Assumptions
A2—-Ad4 are satisfied, V, (-, s) is continuous and uniformly bounded, and (iii) if Assumptions
AS and A6 are satisfied, V,,(-, 5) is concave.

PROOF: (i) To simplify notation, denote the solution of PP, at (x,s) by (ay, ;) and
note that, by the definition of f, given any a, u, u' € R’j ! and scalars A, X, we have

ﬂx,AM+A’M’,s)(a) == Af()c,,w,s)(a) + /\,f(x,y.’,s)(a) (54)

and, in particular, that f, . (@) = Af .0 (a).
To prove convexity, note that, given any u, u' € Rfj I'and a scalar A € (0, 1), we have

Vit (X,8) = M s (ajp,ﬂl—/\)u’) + A=V fows (ajuﬂl—)\)u’)
=< )\f(x,,u.,s) (a:) + (1 - /\)f(x,p/,s)(a:/)
= AVu(x,8) + (1 = M)V (x, ),

where the first equality follows from (54) and the inequality follows from the fact that a,
and a;, maximize SPP, and SPP,,, respectively.

To prove homogeneity of degree 1, fix a scalar A > 0. Then, using (54) and the fact that
a;, and a;, are maximal elements attaining V,,(x, s) and V,,(x, s), respectively:

Vaiu(x,,8) = f(x,)\,L,s) (ajﬂ) = f(x,)\,L,s) (02)
= Af(x,/u»‘) (a:) = /\Vu(x> §) > /\f(x,u,S) (af\#)

= fnwn (@h,) =Vau(x, ).

The proofs of (ii) and (iii) are straightforward: in particular, (ii) follows from applying
the theorem of the maximum (Stokey, Lucas, and Prescott (1989, Theorem 3.6)) and
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(iii) follows from the fact that the constraint sets are convex and the objective function
concave. O.E.D.

LEMMA 2A: If the saddle-point problem SPFE at (x, u, s), has a solution, its value is
unique.

PROOF: It is a standard argument: consider two solutions to the right-hand side of
SPFE at (x, u, s), (a,%) and (@, ¥). Then, by repeated application of the saddle-point
min and max conditions:

who(x,d,s) +¥hi(x,d,s) + BE[W (¢(x,4,5'), e(u, ¥), 5)Is]
> pho(x,a,s) +yhi(x,a,s)+ BE[W(¢
> pho(x,a,s) +vhi(x,a,s)+ BE[W(¢
[
[

!

,5), (. ¥),8')Is

(x,a.
(x,a,
(x,ﬁ
(x,a

)
,5), e(m, ),
)

/!

ZMhO(x’ays)—f_fy\hl(xaa’S)_f—BE wi(¢ |S

/

s)ls]

5), (1, ), 8)ls]
s)ls]

)is]

> pho(x,d,s) +yhi(x,4d,s) + BE[W(¢(x,d, ), e(n, ¥), 5)s].

Therefore, the value of the objective at both (@, ¥) and (@, ¥) coincides. Q.E.D.

Properties of Convex Homogeneous Functions

To simplify the exposition of these properties, let F : R — R be continuous and convex,
satisfying F(x) < oo for some x >> 0. The subdifferential set of F at y, denoted JF(y), is
given by

IF(y)={zeR"|F(y)=F(y)+(y —y)zforall y e R7}.

The following facts, regarding F, support our discussion on “uniqueness and sufficiency
without differentiability” in Section 3 and, in particular, are used in proving Lemma 1 and
Lemma 5A (below):

F1. (i) dF(y) is a closed and convex set; (ii) if y € R7_, dF(y) is also non-empty and
bounded, and (iii) the correspondence JF : R! — R is upper hemicontinuous.

F2. F is differentiable at y if, and only if, JF(y) consists of a single vector; that is,
dF(y) ={VF(y)}, where VF(y) is called the gradient of F at y.

F3.

LEMMA 3A—Euler’s formula: If F is also homogeneous of degree 1 and z € dF (y), then
F(y) = yz. Furthermore, for any A > 0, dF(Ay) = dF (y), that is, the subdifferential is homo-
geneous of degree 0.

F4.

LEMMA 4A—Kuhn-Tucker: x* minimizes F on R’} if and only if there is a f(x*) €
dF (x*) such that: (i) f(x*) =0, and (ii) x*f(x*) = 0.

F5. If F=)"" o;F', where,fori=1,...,m, a; >0 and F' : R? — R is convex, then
IF(y) =1 a;dF(y).

Facts F1 and F2 are well known and can be found in Rockafellar (1970): F1(i) follows
immediately from the definition of the subdifferential (Chapter 23); F1(ii) from Theorem
23.4; F1(iii) from Theorem 24.4, and F2 from Theorem 25.1. Similarly, Fact F5 follows
from Theorem 23.8.
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PROOF OF LEMMA 3A: Let z € dF(y). Then, for any A > 0, F(Ay) — F(y) > (Ay — y)z,
and, by homogeneity of degree 1, (A — 1)F(y) > (A — 1)yz. If A > 1, this weak inequality
results in F(y) > yz, while if A € (0, 1), it results in F(y) < yz. Therefore, F(y) = yz. To
see that dF(y) is homogeneous of degree zero, note that, for any A > 0,

IF(Ay)={zeR"|F(y) = F(Ay) + (y — Ay)z forall y’ € R7}
={zeR"|F(\y')=F(Ay)+ (Ay" — Ay)z forall y" € R7}
={zeR"|F(y")=F(y)+ (y' —y)zforall y' € R7}
=dF(y). Q.E.D.

PROOF OF LEMMA 4A: The proof is based on Rockafellar’s (1981, Chapter 5) charac-
terization of stationary points using subdifferential calculus (R81 in what follows). First,
we prove necessity: let x* minimize F on R’. Since the constrained set is convex with
a non-empty interior, x* minimizes F(x) — A*x, where A* € R”! and A =0if x¥ > 0;
otherwise x* would not be a minimizer. By R81, Proposition 5A, 0 € J{F(x) — A*x} and,
since {x € R |F(x) < oo} # 0, d{F(x) — Mx} = JF(x) + d{—A*x} (R81, Theorem 5C);
that is, there exists f(x*) € dF(x*) such that f(x*) — A* = 0. Therefore, f(x*) >0 and
xX*f(x*) = NMx*=x"f(x*)=0.

To see sufficiency, note that since F is convex and f(x*) € dF(x*), for any x € R,
F(x) — F(x*) = (x — x*) f(x*), but given (i) and (ii), the inequality simplifies to F(x) —
F(x*)>0. O.E.D.

Sufficiency (Without Differentiability): Supporting Results

LEMMA 5A: Let W be continuous in (x, u) and convex and homogeneous of degree 1 in
W, for every s.

(1) If W(x, p,s) is finite, ,W(x,u,s) # 0 and if o(x,u,s) € d,W(x,pu,s), then
W(x,u,s)=pw(x,u,s)and, forall A >0, w(x, u,s) € d,W(x, Aw, s). Furthermore, W
is differentiable in u at (x, w, s) if, and only if, d, W (x, w, s) is a singleton.

(i) (a*,y*) € Yw(x, u, s) if and only if, for all s' reached from s, thereisa w (x*, w*,s') €
W (x¥, w”,s) with x* =4L(x,a*,s') and u*' = o(u, y*), such that

pwho(x, a*, s) +v"hi(x, a", ) + BE[@ (1, v) o (x", @ (1, v*), 5') Is]
> pho(x,a,s) + v hi(x,a,s)+ BE[e(u, ¥ )o (X', ¢ (1, %), s)ls], (55)

forall a e Aand x' =4(x, a, s') satisfying p(x, a,s) >0, and, for j=0,...,1,

I, (x,a*,s) + BE[/ (¥, ¢(1, ¥*), 5')Is] = 0, (56)
y*f[h{ (x, a*, s) + BE[wj(x*/, QD([.L, y*), s/)|s]] =0. (57)

PROOF: Part (i) follows from Facts F1-F3. In particular, F3 implies that if z € dF(y),
then z € dF(Ay). The saddle-point max inequality condition of part (ii) (55) is the same
as the max saddle-point condition of SPFE expressed with its Euler representation. Since
by (i) W always has at least one Euler representation, the proof of (55) is immediate. To
see the min inequality of part (ii), begin by rewriting the first inequality of ¥y (x, u, s),
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(19), as
yhi(x,a*,s) + BE[W (¢(x, a,s'), e(r, ¥), 8')Is]
> y*hi(x,a*,s) + BE[W (€(x, a*, '), o(u, v*), 5')Is].
Then, let
Fiowrn(y) = vhi(x, a*, s) + BE[W (x, o(, v), 5)Is].
By Fact F5,

IF (0 (¥) = hi(x, a*, s) + BE[0. W (x*, @(1, ¥), 5)Is],

and it follows from F4 (Lemma 4A) that the Kuhn—Tucker conditions (56) and (57) are
necessary and sufficient. Q.E.D.

APPENDIX D: PROOF OF THEOREM 3

The proof of Theorem 3(i) is based on the following two lemmas and Kakutani’s fixed
point theorem.

LEMMA 6A: Assume A4 and that W € M, satisfies SIC. There exists a C > 0 such that
if (a*,v*) € Yw(x, p,s), then || y*|| < Cllull.

Before we prove Lemma 6A, note that condition SIC implies the following condition,
which is a version of Karlin’s condition:*

SK. W, with W = uw, satisfies the interiority condition if there exists an € > 0, such
that for any (x,s) € X x S, u € R, and y € R'f", y # 0, there exists @ € A, satisfying
p(x,d,s)>0,and y[h(x,a,s) + BE[w(£(x,d,s"), 1, 5)|s]] > €.

PROOF: Lemma 6A is trivially satisfied if y* = 0; therefore, let (a*, v*) € Yy (x, u, s)
with y* # 0 and the Euler representations W (£(x, a*, s'), ¢(u, v*), §') = w*w (x™*, w*,s'),
and let @ € B(x, s) be the interior allocation of the SIC condition. Using the notation of
Section 3 (Footnote 26), the slackness condition y*[4;(x, a*, s) + BE[w (x™, w™*, s")|s]] =
0, and SIC, the max inequality can be expressed as

wlho(x, a*,s) + BE[I*w(x™, w*, s')Is] — (ho(x,a,s) + BE[I*w(¢(x,a,s), ", 5)s])]
oy (e, 7, 5) + BE[w(¢(5,3, ), %, 5)Is]] = ¢

y*

If there is no uniform bound, then, for any é > 0, there is a Kuhn-Tucker multiplier y*
such that 6||y*|| > ||wll, but in this case it must be that

Bﬁ[ho(x, a*,s) + BE[I*w(x™, w*, )]
m
— (ho(x, 4, 8) + BE[I*w(£(x, 4, s'), w*, )Is])]

(2l .9) + BEL/ (0. 5), %, )1

=

#2See Takayama (1985).
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— (ho(x, 4, 8) + BE[I* w(t(x, 4, s'), u*, 8')Is])]

*

Y

*

Y

z

[hl(X7 a,s)+ BE[w(Z(x, a, s'), w*, s’)|s]] > g,

which, by SIC, is not possible for 6 small enough, since all the terms in the main brackets
are bounded. Therefore, there exists a C > 0 such that || v*|| < C||u|.

The next lemma requires some additional notation. Let B(x,s) ={a€ A: p(x,a, s) >
0}, and G(n) ={y € R’ : ||yl < Cllnll}, where ||u|l > 0. Define

SPY e (V)

a€B(x,s): who(x,a,s)+yhi(x,a,s)+ BE[W(L(x,a,s), o(u,y),s)ls] }
> who(x,d, s) + yhi(x,d,s) + BE[W (¢(x, 4, '), e(u, ¥),5)Is], Va € B(x, )|’

SPZV(X)N) (a)

y € G(p) : pho(x,a,s) +yhi(x,a,s)+ BE[W(€(x,a,s), o(u,7),s)Is] }

and SPy .5 : B(x,s) x G(u) — B(x,s) x G(u) by SPy s (a,y) = (SP?V(M,S)()/),
SPY ) (@)). QE.D.

LEMMA 7A: Assume Al1-AS and that W € M, satisfies SIC. The correspondence
SPy x u.5) IS non-empty, convex-valued, and upper hemicontinuous.

PROOF: SPy (. . is @ max and min problem of continuous functions on compact sets
with non-empty interiors and, therefore, for all (a, y) € B(x, s) x G(u) is non-empty and,
given our concavity assumptions, it is convex-valued. To see that it is upper hemicontin-
uous, let (a,, v,) — (a,y) with a, € SPy, . (vy,) and v, € SP}, ., (a,)—that s, for all
deB(x,s),a, 7 a, andforall y € G(w), v, = v, for all n, but, by continuity of the implied
functions, a 7 @ and y 7 ¥, therefore (a, y) € SPy (. (a, v). O.E.D.

PROOF OF THEOREM 3(1): The assumptions of Lemmas 6A and 7A are also assumed
in Theorem 3(i); therefore, the correspondence SPy (. . 5 : B(x,s) x G(n) — B(x,s) X
G () mapping non-empty, convex, and compact sets to themselves, is non-empty, convex-
valued, and upper hemicontinuous, and by Kakutani’s fixed point theorem (e.g., Mas-
Colell, Whinston, and Green (1995)), there exists (a*, y*) € SPy . .5 (a*, v*). Finally, that
a* is unique when W € M, and Assumption A6s is satisfied, is a standard result (see
footnote 23). Q.E.D.

Before we prove Theorem 3(ii), note that, given the assumptions of Theorem 3,
(a*, v*) € SPwyu5(a*,vy*) if and only if (a*, v*) € Yy (x, w, 5). If (a*, v*) € SPy(y u.5 (a*,
v*), then (a*, y*) satisfies inequalities (19)—(20), with the former restricted to G(u),
but by Lemma 6A this restriction is not binding once SIC is assumed. Conversely,
if (a*,y") € Yw(x,u,s), then a* € SPy, ., (y*) and y* € SPj, ., (a*). Obviously,
only when saddle-point solutions are unique—that is, (a*, y*) = ¢ (x, p, s)—we have
(!/W(xa D) S) = SPW(X,,U.,S)(a*’ ’Y*) = (d*, 7’*)

PROOF OF THEOREM 3(11): First we show that, given W e M, T*W (., -, s) is also con-
tinuous by extending the theorem of the maximum to saddle-points. That SPy . , ,, satis-
fies the closed-graph property (Lemma 7A) implies that Wy (x, n,s) C B(x,s) x G(u)
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is closed. Furthermore, B(-,s) : X — A and G(-): R'"' — R'*' are continuous cor-
respondences. Now, to show that ¥ is an upper hemicontinuous correspondence,
fix (x, n) and let the sequence (x,, u,) — (x,u) and (ai,v:) € Wy (x,, ws, s), for all
n. Since B(-,s) and G(-) are upper hemicontinuous, there exists a subsequence (aj,k,
Y,,) = (@, y*) € B(x,s) x G(u) with (a,., v,) € Yy (Xp, > Mn» §). Given an arbitrary
(a,¥) € B(x,s) x G(u), since B(-,s) and G(-) are lower hemicontinuous, there exists
a subsequence (@, , ¥,, ) — (@, ) with (@,,, ¥,,) € B(x,,, s) x G(u,,); that is,

Pon, o (X s @ s 8) + T (X5 @ o 8) + BE[W (€5 @ s 8')s @By s V)5 8')I5]
> i o (X @55 8) + Vo i (> @5 8) + BE[W (€(x, 45,5 8'), @ (1> 73, )» 8)18]
> o Bo (X By > 8) + ¥ P, B 8) + BE[W (€(x0,, T 8'), @ (1> v )5 8')18]s
and by continuity,
who(x, a*,s) +7vhi(x,a*, s) + BE[W (€(x,a%,5), o(u,¥), s')Is]
> pho(x, a*,s) +y*hi(x, a*, s) + BE[W (€(x,a*, ), o(u, ¥*), 5')Is]
> who(x,a,s) +y*hi(x,a,s)+ BE[W (£(x,a,s), ¢(u, ¥*), 8')ls],

therefore (a*, y*) € ¥y (x, u, s). Now we can show that T*W (-, -, s) is continuous. Again
let the sequence (x,, w,) — (x, w) and (a;, y;) € Yw(x,, wn, §), for all n; then,

T*W (X, tons ) = pon[ B0 (X0, @, 8) + BE[I* 0 (€(x,, a3, 8), @ (> V), 8')15]]
+ yi[hi(xa, @l s) + BE[w(€(x, af, 8'), @(1tns ), 8')Is]]
= wu[ho(xn, @, 5) + BE[I*w(€(x, @}, '), @(1ns ¥2), 5')Is]]-

Since the last equality is satisfied for every sequence and subsequence, we only need

to consider the last term. In particular, if we let W =lim sup T*W (x,, tn,s) and W =
liminf T*W (x,, w,, 5), then there is a subsequence {x,, , w,, } such that

W =limp, [ho(x,, @, s) + BE[I*0(C(x,,, @}, . '), @ (tn> ¥}, )» 8')Is]]
and, by the upper hemicontinuity of Wy, there is a further subsequence (a;kr, y;kr) €

Wi (X, > My, » $) CONVErging to (a*, y*) € Wy (x, w, s); therefore, W =lim W (x,, , pn,
s) =T*W(x, u,s). Since the same argument applies to W, it follows that T*W (x,, w,,
s) —> T*W(x, u,s). We now show that the remaining properties of M are preserved.
That 7*W is also bounded follows from Assumptions A3—-A4 and the boundedness con-
dition on W. Furthermore, by Assumption Alb, T*W is measurable; therefore, it sat-
isfies (i) of the definition of M,. To see that T*W is homogeneous of degree 1 (i.e.,
T*W (x, A, 8) = AT*W (x, u, s), for any A > 0), let (a*, y*) be a solution to the saddle-
point Bellman equation at (x, u, s)—that is, (a*, v*) € ¥y (x, u, s). It is enough to show
that, for any A > 0, (a*, Ay*) € Yy (x, A, s)—that is, y*(x, Au, s) = Ay*(x, u, s)—since

MT*W)(x, p, ) = A who(x, a*, s) + y*hi(x, a*, s) + BEW (x*, ¢(u, v*), 5')],

and W (x*, o(Ap, Ay*),s') = AW (x*, ¢(u, v*), s'). For any y > 0, let y, = yA~'; then, for
any a € A(x, s) (resulting in x' = £(x, a,s’)) and y > 0,

Apho(x, a*, s) + yhi(x, a*, s) + BEW (x”, (A, y), §)
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= Auho(x, a*, s) + Ayahi(x, a*, s) + BEW (x7, (A, Ayy), 8)

= )\[,uho(x, a*, s) + y)\hl(x, a*, s) + ,BEW(x*/, (L, Ya), s/)]

> Mpho(x, a*, s) + v*(x, w, $)hi(x, a*, s) + BEW (x, (u, v*(x, 1, 8)), 5')]

= Apho(x, a*, 8) + v*(x, A, $)hi(x, a*, s) + BEW (x*, @(Aw, ¥* (x, A, 8)), 8)
> Mpho(x, a, ) +v*(x, p, $)hi(x, a,5) + BEW (x', (1, y*(x, 1, 8)),8)]

= Auho(x,a,s) + " (x, A, $)hi(x, a, s) + BEW (X', @(Aw, ¥*(x, A, 5)), §).

The three equalities follow from the above definitions and the fact that W is homogeneous
of degree 1 in w, while the two inequalities follow from the fact that (a*, y*(x, u, s)) €
Yirswy(x, w, s). This shows that (a*, y*(x, Au, 5)) € Yr+w)(x, Au, s) and, in fact, the sec-
ond equality shows that (T*W)(x, Aw, s) = M(T*W)(x, w, ).

To show that T*W is convex, choose arbitrary « € (0,1), w, &, in Rﬂfl and (x,s).
Let Mo = QL + (1 - 0[)[.7:, (a:U ’Y:;) € lI’(T*W)(-x, Mas S), le = Z(x7 aZ’S/)a and (a*a 7*) €
W(T*W)(x’ My S)s xX* = E(xa a*y S/)(Zi*7 7*) € W(T*W)(x’ la:, S), %*/ = E(xa 5*7 S/)7 and :S;Z =
ay* + (1 — a)¥*; then

(T'W) (5, s )
= palto (¥, @, 5) + vVl (x, @, 5) + BE[W (x7, ¢(1as v2), 8)15]
< paho (%, @, 8) + Vol (x, g, s) + BE[W (x7, ¢ (ks 7o), ) I5]
< paho(x, @, 5) + Vol (x, @, 5) + BE[aW (¥}, ¢ (1, v"). 5')
+ (=)W (xy, (i, 7) s')Is]
= a[pho(x, a%,s) + v hi(x, a’, s) + BEW (x, o(r, v*), )]
+ (1 —a)[Rho(x, a%, s) + ¥ hi(x, a’, s) + BEW (x, o(&, ¥*), )]
< a[,uho(x, a*, s) + y*hl(x, ar, s) + BEW(x*’, qo(,u, y*), s/)]
+ (1= a)[ho(x,a*, s) + ¥ hi(x,a", s) + BEW(X", o(i, 7). 5)]
= a(T*W)(x, 1, $) + (1 — ) (T W) (x, i, 9),

where the first inequality follows from the fact that y* is a minimizer at (x, w,, s), the
second from the convexity of W, and the third from the maximality of a* and @* at (x, w, s)
and (x, {, s) respectively. O.E.D.

PROOF OF THEOREM 3(111): This is just an application of Blackwell’s sufficiency condi-
tions for a contraction (e.g., Stokey, Lucas, and Prescott (1989, Theorem 3.3)). The fol-
lowing Lemmas 8A-10A show that 7™ satisfies the conditions of the contraction mapping
theorem and Blackwell’s sufficiency conditions. Q.E.D.

LEMMA 8A: M is a non-empty complete metric space (recall that M denotes either M,
or Mbc)-

PROOF: It follows from the definition of M that it is non-empty. Without accounting
for the homogeneity property, it follows from standard arguments (see, e.g., Stokey, Lu-
cas, and Prescott (1989, Theorem 3.1)) that every Cauchy sequence {W"} € M converges
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to W e M satisfying (i) and the convexity property (ii) (and (iii) if W € M,,.). To see that
the homogeneity property is also satisfied, note that for any (x, u, s) and A > 0,

|W (x, A, ) — AW (x, ., 5)|
= |W(x, A\, s) — W"(x, A, 8) + AW (x, , 8) — AW (x, ., 5)|
< |W(x, A, 8) — Wh(x, A, s)| + /\|W”(x, un,s)—Wix,u, s)|
— 0. Q.E.D.

LEMMA 9A—Monotonicity: Let W e M and W € M be such that W < W. Then
(T*W) <(T*W).

PROOF: Given (x, u, s), let (a*, ¥*) and (a@*, ¥*) be the solutions to (T*W) and (T*W),
respectively. Then,

(T*W)(x, 1, 5)
=SPmin max {uhy(x,a,s)+ yhi(x,a,s)+ BE

>0 acA(x,s)

)
=

= pho(x, @, s) + 3l (x, @, s) + BEW (¢(x, @, 5), o (1, 7). 8)

(x, @, s)
< wpho(x,a*,s) +¥hi(x,a",s) + BE
(x, @, s)

(x,
a (1, 77)
a W( (x,a,s), (1, ¥), 8)
< who(x,a*,s)+ 7 hi(x,a",s +,8EW( (x ,’d*,s’),go(,u,?*),s’)
< Mho(x,&'*, s) + y*hl(x, ar, S) + ,BEW( ( ’), go(,u, 7*), s’)
=SPI£12i£1a£rA}2§S){,uho(x,a,s)+yh1(x,a,s)+BEVT/(Z(x,a,s/),go(,u,y) s')}

= (T*W)(X, , S),

where the second inequality follows from W < W, and the first and the third inequalities
follow from the minimality of 7* and the maximality of @*, respectively. Q.E.D.

LEMMA 10A—Discounting: Forall W e M,andr e R, T*(W +r) < T*W + Br.

PROOF: First, note that (W +r)(x, u, s) = pw(x, u, s) + r, therefore ¥y, (x, u, s) =
1I’W(x: o, S)' Let (a*a ')’*) € 1-pW(xa M S)7 then

(T*(W 4+ 1) (x, w, s) = pho(x, a*, s) + y*hi(x, a*, s) + BE[W (x*, o(u, ¥*), )Is] +7)
= (T*W)(x, . $) + Br. QE.D.
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