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1. I ntroduction

Since Samuelson, economists have studied and applied systematic tools for deriving
comparative statics predictions. Recently, the theory of comparative statics has received renewed
attention (Topkis (1978), Milgrom and Roberts (1990a, 1990b, 1994), Milgrom and Shannon
(1994)), and two main themes have emerged. First, the new literature stresses the utility of having
general and widely applicable theorems about comparative statics. Second, this literature
emphasizes the role of robustness of conclusions to changes in the specification of models,
searching for the weakest possible conditions which guarantee that a comparative statics
conclusion holds across a family of models. The literature shows that many of the robust
comparative statics results that arise in economic theory rely on three man properties:
supermodul arity,! log-supermodularity, and single crossing properties.

In this paper, we study comparative statics in stochastic optimization problems, focusing on
characterizations of single crossing properties and log-supermodularity (Athey (1995) studies
supermodularity in stochastic problems). Two main classes of applications motivate the results in
this paper. The first concerns investment under uncertainty, where an agent makes a risky
investment, and her choice varies with her risk preferences or the distribution over the uncertain
returns. Second, the paper considers games of incomplete information, such as pricing games and
first price auctions, where the goa is to find conditions under which a player's action is
nondecreasing in her (privately observed) type. One reason such a finding is useful is that Athey
(1997) shows that whenever such a comparative statics result holds, a pure strategy Nash
equilibrium (PSNE) will exist.

The theorems in this paper are designed to highlight the issues involved in selecting between
different assumptions about a given problem, focusing on the tradeoffs between assumptions about
payoff functions and probability distributions. The general class of problems under consideration
can be written U(x,q) = u(x,9)f(s,q)dn(s), where each bold variable is a vector of real numbers, x
represents a choice vector, and g represents an exogenous parameter. For severa classes of
restrictions on the primitives (u and f) which arise in the literature, this paper derives necessary and
sufficient conditions for a comparative statics conclusion, that is, the conclusion that the choices x
are nondecreasing with q.

The analysis builds on the work of Milgrom and Shannon (1994), who show that a necessary
condition for the optimal choice of x, x (), to be nondecreasing in q is that U(x,q) satisfies the
single crossing property in (x;q). In this paper, we show if we desire that comparative statics hold
not just for a particular utility function, but for al utility functions in a given class, it will often be

1 A positive function on a product set is supermodular if increasing any one variable increases the returns to
increasing each of the other variables; for differentiable functions this corresponds to non-negative cross-partial
derivatives between each pair of variables. A function is log-supermodular if the log of that function is
supermodular. See Section 2 for formal definitions.
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necessary that U(x,q) satisfies a stronger condition than single crossing. Once the desired property
of U(x,q) is identified, it remains to find the “best” pair of sufficient conditions on u and f to
generate the comparative statics predictions. Most theorems in the paper are stated in terms of
what we call “minimal pairs of sufficient conditions’: they provide sufficient conditions on u and f
for the comparative statics conclusion, and further, neither of the conditions can be weakened
without strengthening the condition on the other primitive.

We begin by studying log-supermodular (henceforth abbreviated log-spm) problems. Log-spm
primitives arise naturally in many contexts: for example, an agent’s marginal utility u§w+s) is log-
spm in (w,s) if the utility function satisfies decreasing absolute risk aversion, and D(p;e) is log-spm
if demand becomes less elastic as e increases. A density islog-spm if it has the property affiliation
from auction theory or if it satisfies the monotone likelihood ratio property.

Log-supermodularity is a very convenient property for working with integrals, because (i)
products of log-spm functions are log-spm, and (ii) integrating with respect to a log-spm density
preserves both log-spm and single crossing properties. However, a critical feature for our analysis
of log-supermodularity and the single crossing property in stochastic problems is that (unlike
supermodul arity), these properties are not preserved by arbitrary positive combinations.

The first main comparative statics theorem of the paper is established in two steps. We begin
by showing that log-supermodularity of U(X,q) is necessary to ensure that the optimal choices of x
increase in response to exogenous changes in g for all payoffs u which are log-spm. We then
establish necessary and sufficient conditions on the density f to guarantee this conclusion: f must be
log-spm as well. The results can be applied to establish relationships between several commonly
used orders over distributions in investment theory; they can also be used to show that decreasing
absolute risk aversion is preserved when independent or affiliated background risks are introduced.
We further consider a more novel application, a pricing game between multiple (possibly
asymmetric) firms with private information about their marginal costs. The analysis characterizes
conditions under which each firm’s price increases in its marginal cost. Finally, we show that the
results can be used to extend and unify some existing results (Milgrom and Weber, 1982; Whitt
(1982)) about monotonicity of conditional expectations, these results are applied to derive
comparative statics predictions when payoffs are supermodular.

Our second set of comparative statics theorems concern problems with a single random
variable, where one of the primitive functions satisfies a single crossing property and the other is
log-spm. We study necessary and sufficient conditions for the preservation of single crossing
properties, and thus comparative statics results, under uncertainty. The results are extended in
order to exploit the additional structure imposed by portfolio and investment problems. Further, in
a first price auction with heterogeneous players and common values, the results imply conditions
under which a player’s optimal bid is nondecreasing in her signal. Finally, in problems of the form



v(x,y,9)dF(s,q), we characterize single crossing of the x-y indifference curves; the results are
applied to signaling games and consumption-savings problems.

The results in this paper build directly on a set of results from the statistics literature, which
concerns “totally positive kernels,” where for the case of strictly positive bivariate function, total
positivity of order 2 (TP-2) is equivalent to log-spm. Lehmann (1955) proved that bivariate log-
supermodularity is preserved by integration, while Karlin and Rubin (1956) studied the
preservation of single crossing properties under integration with respect to log-spm densities. A
number of papers in the statistics literature have exploited this relationship, and Karlin's (1968)
monograph presents the general theory of the preservation of an arbitrary number of sign changes
under integration. Following this, Ahlswede and Daykin (1979) extended the theory to
multivariate functions, showing that multivariate total positivity of order 2 (MTP-2) is preserved
by integration. Karlin and Rinott (1980) present the theory of MTP-2 functions together with a
variety of useful applications, though comparative statics results are not among them. Thus, it is
somewhat surprising that results developed primarily for other applications have such power in the
study of comparative statics. Only a few papers in economics have exploited the results of this
literature. Milgrom and Weber (1982) independently discovered many of the features of log-spm
densities in their study of affiliated random variables in auctions. Jewitt (1987) exploits the work
on the preservation of single crossing properties and bivariate log-spm in his analysis of orderings
over risk aversion and associate comparative statics, he makes use of the fact that orderings over
risk aversion can be recast as statements about log-spm of amarginal utility.2

This paper extends the existing literature in several ways. The results from the statistics
literature identify a set of basic mathematical properties of stochastic problems. This paper
customizes the results for application to the analysis of comparative statics in economic problems,
especidly in relation to the recent lattice-theoretic approach, and develops the remaining
mathematical results required to provide a set of theorems about “minimal pairs’ of sufficient
conditions for comparative statics results. Each theorem is illustrated with economic applications,
severa of which themselves represent new results. Further, we identify the limits of the necessity
results: we formally identify the smallest class of functions that must be admissible to derive
necessary conditions. The applications are chosen to highlight the extent to which the additional
structure available in economic problems allows the stated conditions to be weakened, and they
motivate severa extensions to the basic theorems that exploit additional structure.

In the economics literature, many authors have studied comparative statics in stochastic
optimization problems in the context of classic investment under uncertainty problems,3 asking

2 Seedso Athey et al (1994), who apply the sufficiency conditions to an organizational design problem.

3 Some notable contributions include Diamond and Stiglitz (1974), Eeckhoudt and Gollier (1995), Gollier (1995),
Jewitt (1986, 1987, 1988b, 1989), Kimball (1990, 1993), Landsberger and Meilijson (1990), Meyer and Ormiston
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guestions about how an agent’s investment decisions change with the nature of the risk or
uncertainty in the economic environment, or with the characteristics of the utility function. This
paper shows how many of the results of the existing literature can be incorporated in a unified
framework with fewer simplifying assumptions, and it suggests some new extensions.

This work is also related to Vives (1990) and Athey (1995), who study supermodularity in
stochastic problems.4 Vives (1990) shows that supermodularity is preserved by integration (which
follows since arbitrary sums of supermodular functions are supermodular). Athey (1995) also
studies properties which are preserved by convex combinations (including monotonicity and
concavity), showing that all theorems about monotonicity of Zu(s)f(s g)ds in  correspond to

analogous results about other properties “P” of Zu(s) f(sq)ds in q, in the case where “P” is a

property which is preserved by convex combinations, and further u is in a closed convex set of
payoff functions. However, the necessary and sufficient condition for comparative statics
conclusions emphasized in this paper is a single crossing property, which is not preserved by
convex combinations; thus, different approaches are required in this paper.> Independently,
Gollier and Kimball (1995a, b) have also exploited convex analysis, developing several unifying
theorems for the study of the comparative statics associated with risk.

The paper proceeds as follows. Section 2 introduces definitions. Section 3 explores log-spm
problems, while Section 4 focuses on single crossing properties in problems with a single random
variable. Section 5 concludes and presents Table 1, which summarizes the six main theorems
about comparative statics proved in this paper. Proofs not stated in the text are in the Appendix.

2. Definitions

The following two sections introduce the main classes of properties to be studied in this paper,
and links them to comparative statics theorems. It turns out that some of the same properties,
single crossing properties, supermodularity and log-supermodularity, arise both as properties of
primitives, and as the properties of stochastic objective functions which are equivaent to
comparative statics predictions.

2.1. Sngle Crossing Properties
We will be concerned with avariety of different single crossing properties, detailed below.

Definition 1 Let g:A® A. (i) g(t) satisfies weak single crossing about a point t,, denoted
WSC1(t,), if g(t)£0 for all t<to, and g(t)2 O for all t>to, while g(t) satisfies weak single crossing

(1983, 1985, 1989), Ormiston (1992), and Ormiston and Schlee (1992, 1993); see Scarsini (1994) for a survey of
the main results involving risk and risk aversion.

4 See also Hadar and Russell (1978) and Ormiston (1992), who show that the theory of stochastic dominance can be
used to derive comparative statics results based on supermodularity.

S The single crossing property is only preserved under convex combinations if the trossing point”is fixed; see
Section 5 and Athey (1998) for more discussion of this point.
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(WSC1) if there exists a t, such that g satisfies WSCL(t,).
(i) o(t) satisfies single crossing (SC1) int if there exist toEt®such that g(t)<0 for all t<to¢ g(t)=0
for all to&t<tod and g(t)>0 for all t>t,&
(iii) h(xt) satisfies single crossing in two variables (SC2) in (x;t) if, for all x4>x,,
g(t) = h(x,;t)- h(x ;t) satisfies SC1. WSC2(t;) and WSC2 are defined analogously.
(iv) h(x,y,t) satisfies single crossing in three variables (SC3) if h(x,b(x),t) satisfies SC2 for all
b:A®A.

The definition of SC1 smply says that g(t) crosses zero, at a(t)
most once, from below (Figure 1). Weak SC1 dlows the

function g to return to O after it becomes positive. Single
crossing in two variables, SC2, requires that the incremental ,\/\ﬁ
returns to x cross zero at most once, from below, as a function

of t; it is used to derive comparative statics results in non-

differentiable problems or problems which are not quasi- Figure 1. g(t) satisfies SC1int.

concave. Milgrom and Shannon (1994) show that the set
arngag h(x,t) is monotone nondecreasing in t for al B if and only if h satisfies SC2 in (x;t);6 this

result will be applied repeatedly throughout the paper.” Finaly, Milgrom and Shannon (1994)
show that for suitably well-behaved functions, SC3 is equivalent to the Spence-Mirrlees single
crossing property, that is, hy(x,y,t)/|n2(x,y,t)| nondecreasing in t.

2.2. Log-Supermodularity and Related Properties

For bivariate functions, supermodularity and log-supermodularity are stronger than SC2.
Supermodularity requires that the incremental returns to increasing x, g(t) = h(xy;t) - h(x.;t),
must be nondecreasing (rather than SC1) in t; log-supermodularity of a positive function requires
that the relative returns, h(xy;t)/h(x.;t), are nondecreasing int. Thus, as properties of objective
functions, both are sufficient for comparative statics predictions. The multivariate version of

supermodularity smply requires that the relationship just described holds for each pair of variables.

Topkis (1978) provesthat if histwice differentiable, h is supermodular if and only if ‘ﬂx‘!]‘;xj h(x)3 0

fordlit j.If hispostive, then hislog-spmif and only if log(h(x)) is supermodular.

The definitions can be stated more generally using lattice theoretic notation. Given aset X and
a partiad order 3, the operations “meet” (U) and “join” (U) are defined as follows:
x Uy =inflldz3 x,z3 y[ and xUy=suplldz£ x,zEy[ (for A" with the usual order, these

6 Notice that the comparative statics conclusion involves a quantification over constraint sets. This is because SC2
is areguirement about every pair of choices of x. Many of the comparative statics theorems of this paper eliminate
the quantification over constraint sets. Instead, the theorems require the comparative statics result to hold across a
class of models, where that class is sufficiently rich so that a global condition is required for a robust conclusion.

7 Shannon (1995) establishes a related result for WSC2, namely, WSC2 is necessary and sufficient for the existence
of a nondecreasing optimizer.

5



represent the component-wise maximum and component-wise minimum, respectively). A latticeis
a set X together with a partial order, such that the set is closed under meet and join.

Definition 2 Let (X,2) bealattice. A function h:X® A is supermodular if, for all x,yl X,

h(x Uy) + h(x Uy) 3 h(x) + h(y) . hislog-supermodular (log-spm)8 if it is non-negative,® and,
for all x,yl X, h(x Uy)sh(x Uy) 3 h(x)(y).

Log-supermodularity arises in many contexts in economics. First, supermodularity and log-
spm are both sufficient conditions for comparative statics predictions (Topkis (1978); Milgrom and
Shannon (1994)). Further, observe that sums of supermodular functions are supermodular, and
products of log-spm functions are log-spm; thus log-spm is a natural property to study in
multiplicatively separable problems. Now consider some examples where economic primitives are
log-spm. A demand function D(P¢t) is log-spm if and only if the price
elagticity,e(P) = PxDp(P,t)/D(P,t), isnondecreasing int. A margind utility function U§w+s) is
log-spm in (w,s) (where w often represents initial wealth and s represents the return to a risky
asset) if and only if the utility satisfies decreasing absolute risk aversion (DARA). A parameterized
distribution F(s,q) has a hazard rate which is nondecreasing in q if 1- F(s;,q) is log-spm, that is, if

f(s;q)/Dl- F(s;q)g isnonincreasing in g. In their study of auctions, Milgrom and Weber (1982)
define a related property, affiliation, and show that a vector of random variables vector s is
affiliated if and only if the joint density, f(s), islog-spm (almost everywhere).

Finally, log-supermodularity is closely related to a property of probability distributions known
as monotone likelihood ratio order (MLR). When the support of F(s;q), denoted supp[F],10 is
constant in g,and F has a densty f, then the MLR requires that the likelihood ratio

f(sqn)/ f(s,q.) isnondecreasing in sfor al g, >q_, that is, f islog-spm.11 However, we wish
to define this property for alarger class of distributions, perhaps distributions with varying support
and without densities (with respect to Lebesgue measure) everywhere.12

Definition 3 Let C(sq,q,) =42-(F(sqL)+ F(s;qH)). The parameter g indexes the distribution
F(s,q) according to the Monotone Likelihood Ratio Order (MLR) if, for all q,, >q,,

dF(s,q)/ dC(s;q,,q,) islog-spmfor C-almost all s;>s. in A2

8 Karlin and Rinott (1980) referred to this property as multivariate total positivity of order 2.

9 We include non-negativity in the definition to avoid restating the qualification throughout the text. Although
supermodularity can be checked pairwise (see Topkis, 1978), Lorentz (1953) and Perlman and Olkin (1980)
establish that the pairwise characterization of log-spm requires additional assumptions, such as strict positivity (at
least throughout brder intervals).

10 Formally, supp[F] ° {slF(s+€) - F(s- €)>0 "e>0}.

11 Note that the MLR implies First Order Stochastic Dominance (FOSD) (but not the reverse): the MLR requires
that for any two-point set K, the distribution conditional on K satisfies FOSD (this is further discussed in Athey
(1995)).

12 |n particular, absolute continuity of F(xqgn) with respect to F(xqg.) on the intersection of their supports is a
consequence of the definition, not prerequisite for comparability.
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Note that we have not restricted F to be a probability distribution.

This paper further makes use of an ordering over sets when studying sets of optimizers of a
function and how they change with exogenous parameters, as well as in applications where
parameters or choice variables change the domain of integration for an expectation. The order is
known as Veinott’s strong set order, defined as follows:

Definition 4 A set Aisgreater than a set B in the strong set order (S0O), written A3 B, if, for any
ainAandanybinB,aUbT A and aUbl B. A set-valued function A(t) is nondecreasing in

the strong set order (SO) if for any ty >t, A(tn)® A(t). Aset Aisa sublatticeif and only if
A3 A,

If aset A(t) isnondecreasing int in the strong set order, then the lowest and highest elements
of this set are nondecreasing.!® Any set [a,b]” [a,,b,] is a sublattice of A?, and further such a
set isincreasing (SSO) in g and by, i=1,2. These properties arise both in the study of comparative
statics (see Topkis 1978) and in our analysis of Section 3.

3. Compar ative Statics with L og-Super modular Payoffs and Densities
This section considers objective functions of the form U(x,q)°Zu(x,s)f(s,q)dn(s).

Throughout the paper, we assume that u and f are bounded, measurable functions, bold variables
are rea vectors of finite dimension, and mis a non-negative s-finite product measure. We thus
allow for the possibility that ¢fdmis a probability measure, but do not require it.

In this section, we will focus on problems where one or both of the primitives, u and f, are
assumed to be non-negative and log-spm. Applications to investment problems and pricing games
are provided in Sections 3.1 and 3.2, while problems with conditional expectations are considered
in Section 3.3. The question we seek to ask in this context is a question about monotone
comparative statics. that is, when does the following condition hold?

X (g)= arg max U(x,q)° Z u(x,s) f (s,gq)dm(s) isnondecreasing in q. (MCSa)

By Milgrom and Shannon (1994), (MCSa) holds and further X' is nondecreasing in B, if and only if
U is quasi-supermodular in x14 and satisfies SC2 in (x;q). Since an empty set is dways larger and
smaller than any other set in the strong set order, we do not state an assumption about the
existence of an optimum (following Milgrom and Shannon (1994)). In our context, however, we
wish to alow for some generality in the specification of the primitives. Thus, we ask, when does
(MCSa) hold for al u in some class of functions? We begin by considering the question for the
class of log-spm u. The following result is the first step in the analysis of this question.

Lemma 1 Suppose u and f are nonnegative, and u¥>0 for son a set of positive mmeasure. Then
(1) (MCSa) holds for all u(x,s) log-spm, if and only if (ii) U(x,q) is log-spm for all u(x,s) log-spm.

13 For more discussion of the strong set order, see Milgrom and Shannon (1994).
141f X isaproduct set, U is quasi-supermodular if and only if it satisfies SC2 in each pair (x;,).
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Proof: If U(x,q) islog-spm, then it must be quasi-supermodular, which Milgrom and Shannon
(1994) show implies the comparative statics conclusion. Now suppose that U(x,q) failsto be
log-supermodular for some u. Our assumptions imply U(x,q)>0. Consider first xI A2 Then,
there existsan Xup > Xq1, Xon 3 X2 @Ndgy 3 gL such that U(Xqn,Xon,qn)/U (XL, Xon,gH) <
U(XlHaXZLaqL)/U(XlLaXZLaqL)- Let g:U(XlL,XzL,qL)/U(XlH,XzL,qL)>O. Then, let b(Xl) =1if Xll X1H,
and b(x;n) =g Since log-supermodularity is preserved by multiplication, v(X,%° u(x,%(x,) is
IOg-SJpGrmOdUlar. But then, V(XlHaXZHaqH)/V(XlLaXZHaqH) = w(XlHaXZHaqH)/U(XlLaXZHaqH) <l=

QU (Xan, %o, On) U (XL, XoL, OH) = V(Xan,XoL, Ou)/V (X, XoL,0L). Thus, V(Xan,XoL,du) = V(Xaw,XoL,0L)
while V(Xqu,Xon,gH) < V(Xu,Xon,gn), Violating quasi-supermodularity and thus the comparative
statics conclusion. The argument can be easily extended to multi-dimensional x.

From Milgrom and Shannon’s result, it follows that Lemma 1 (ii) is equivalent to the statement
that U(x,q) is SC2 in (x;q) for al u(x,s) log-spm. This is somewhat surprising since log-spm is a
much stronger property than SC2. However, the result then motivates the main technical question
for this section: when is U(x,q) log-spm, given that one of the primitivesis log-spm?

Observe that characterizing log-spm of U is non-trivial, since the function In(® is not a linear
function. Thus, it is not immediate that properties that hold for In(u) will hold for
In(Zu(x,s)f(s,q)dn(s)). To address this problem, we introduce a result from the statistics
literature, which will be one of the main toolsin this paper.

Lemma 2 (Ahlswede and Daykin, 1979) Consider four nonnegative functions, h, (i=1,...,4),
where h, :A" ® A . Then condition (L2.1) implies (L2.2):
hy(s) x, (s £ hy(sUsd) >h, (s Us@ for malmost all s,s¢ A" (L2.1)
Lhy(s)dm(s) >{ hy(s)dm(s) £ [ hy(s)dm(s) o h (s)d(s). (L2.2)

Karlin and Rinott (1980) provide a ssimple proof of this lemma. They further explore a variety
of interesting applications in statistics, though they do not consider the problem of comparative
statics. While we will use this result in avariety of ways throughout the paper, the most important
(and immediate) consequence of Lemma 2 for comparative statics is that log-supermodularity is
preserved by integration. To seethis, set

h(s)=9(y,9), h(9) = g(yes), hs(9) =g(y Uygs), and hy(s) = g(y UyGs).
Then (L2.1) states exactly that g(y,s) islog-spm in (y,s), while (L2.2) reduces to the conclusion is
that Zg(y,s)dn(s) islog-spom iny. Recall that arbitrary sums of log-spm functions are not log-
spm, which makes this result somewhat surprising. But notice that Lemma 2 does not apply to
arbitrary sums, only to sums of the form g(y,s") + g(y,s), when g islog-spmin all arguments.

The preservation of log-som under integration is especially useful for analyzing expected
values of payoff functions. Since arbitrary products of log-spm functions are log-spm, a sufficient
condition for Zsu(x,q,s)f(s,x,q)dn(s) to be log-spm is that u(x,q,s) and f(s)x,q) are log-spm.

Karlin and Rinott give many examples of densities that are log-spm, and thus preserve log-spm of



apayoff function.1®

Degpite the fact that log-spm of primitives arises naturaly in many economic problems, it is
still somewhat restrictive.  Thus, we consider the issue of necessary conditions for log-spm to
hold. Before stating the necessity theorem, we introduce a definition that will allow us to state
concisely theorems about stochastic objective functions throughout the paper. All of the resultsin
this paper concern problems of the form Zsu(x,s) f(s,q)dm(s), and in such problems, we wish to
find pairs of hypotheses about u and f which guarantee that a property of U(x,q) will hold. We
thus look for what we call aminimal pair of sufficient conditions, defined as follows:

Definition 5 Two hypotheses H-A and H-B are a minimal pair of sufficient conditions (MPSC)
for the conclusion C if: (i) Given H-B, H-Ais equivalent to C. (ii) Given H-A, H-B is equivalent
to C.

This definition introduces a phrase to describe the idea that we are looking for a pair of
sufficient conditions that cannot be weakened without placing further structure on the problem. In
some contexts, H-A will be given (such as an assumption on u), and we will search for the weakest
hypothesis H-B (such as an assumption on f) which preserves the conclusion; in other problems,
the roles of H-A and H-B will be reversed. Though there is no logica requirement that part (ii) of
Definition 5 will hold whenever (i) does, the main results of this paper satisfy al three parts of the
definition. This definition is used to state the following theorem.

Theorem1 Supposeu:A' " A"® A, and f :A"" A" ® A,,wheren3 2implies|,m32. Then
(A) u(x,s) islog-spma.e.-m and (B) f(s,q) islog-spm a.e.-m are a MPSC for (C)

Zsu(x, ) f(s,q)dm(s) islog-spmin (x,q).

Remark Theorem 1 requiresthat x has at least two components (I=2) if n® 2, so that the class of
u'sis sufficiently rich to make log-supermodularity of f in s a necessary condition. However,

even in caseswhere n® 2 and 1=1, log-supermodularity of f in (s,q) is necessary for the
conclusion (T1-C) to hold whenever (T1-A) does.

Theorem 1, which is proved formally in the appendix, states that, not only do (A) and (B) imply
the conclusion, but neither restriction can be relaxed without placing additional restrictions on the
other primitive. While in Theorem 1, the conditions on u and f are the same (log-spm), in our
subsequent theorems we will pair different conditions, such as single crossing and log-spm, for
different conclusions. Together with Lemma 1, this result can be used to provide necessary and
sufficient conditions for comparative statics conclusions. Before proceeding to that result, we
develop the proof of Theorem 1, and identify its limitations.

The proof of Theorem 1 can be understood with reference to the stochastic dominance

15 For example, symmetric, positively correlated normal or absolute normal random vectors have a log-
supermodular density (but arbitrary positively correlated normal random vectors do not; Karlin and Rinott (1980)
give restrictions on the covariance matrix which suffice); and multivariate logistic, F, and gamma distributions have
log-supermodular densities.



literature, and more generally Athey (1995), which exploits a “convex cone” approach to
characterizing properties of stochastic objective functions. Athey (1995) shows that in stochastic
problems, if one wishes to establishes that a property P holds for U(x,q) for al uinagiven classU,
it is often necessary and sufficient to check that P holds for al u in the set of extreme points of U.
The extreme points can be thought of as test functions; for example, when U is the set of
nondecreasing functions, the set of test functions is the set of indicator functions for sets 14(s) that
are nondecreasing in s. Athey (1995) shows that this approach is the right one when P is a
property preserved by convex combinations, unlike log-supermodularity.

Despite the fact that the “convex cone” approach does not apply directly here, an analogous
intuition can still be developed. Consider the hypothesis that the set of “test functions’ for log-
supermodular functions is the set of indicator functions of the form 1z ), where B,(x) is defined
to be a cube of length e around the point x. This set of test functions will certainly yield T1-B asa
necessary condition for T1-C: only if f(s,q) is log-supermodular almost everywhere-m will
Zslge(x) () f(s,q)dm(s) be log-supermodular in (x;q). But, it remains to establish that this set of
test functions satisfies T1-A. The following lemma can be used:

Lemma 3 Theindicator function 1a:)(S) islog-spmin (s;t) if and only if A(t) is nondecreasing

(strong set order). Further, 14(s) islog-spmin sif and only if A is a sublattice.
Proof: Simply verify the inequalities and check the definitions. 1a4)(X) islog-spmin (sit) if
andonly if: 1 )(SUS(D Xl )(SUS(D 31, .,9%,, ,(s9. Thedefinitionsimply that if the
right-hand side equals one, the left-hand side must equal one aswell. Likewise, 14(S) islog-
sominsif and only if: 1,(sUs® XL, (sUsP 3 1.(S) Xa(SO . Again, this corresponds exactly to
the definition.

It is straightforward to verify that sets of the form “[a,h] are sublattices, as desired. Further,

At At L At At L

such sets are nondecreasing (strong set order) in each endpoint. Lemma 3 leads to an important
role for the strong set order and sublattices in the analysis of stochastic optimization problems.
Lemma 3 will also be useful in many applications, for example (as the pricing game of Section 3.2)
when the choice variables or parameters affect the domain of integration.

The analogy to the “test functions’ approach, and thus the proof of Theorem 1, can be made
complete with the following lemma.
Lemma 4 (Test functions for log-spm problems) Define the set
T(b)°{ u:$ x and O<e<b such that u(x,8)= 1g,(y(s) } -
Then U(x,q):ZSu(x,s) f(s,q)dm(s) islog-spmin (x,q) whenever u(x,s) islog-spma.e.-m, if and
only if, for some b>0, U(x,q) is log-spm whenever ul T(b).
Lemma 4 establishes the limits of Theorem 1 by identifying which additional regularity properties
of u will change the conclusion of Theorem 1. For example, the elements of T(b) are clearly not

monotonic, and thus Theorem 1 does not hold under the additional assumption that u is
nondecreasing. In contrast, we can clearly approximate the elements of T(b) with smooth
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functions, so smoothness restrictions will not alter the conclusion of Theorem 1.

Together, Lemma 1, Theorem 1, and Lemma 3 can be used to establish the first main
comparative statics theorem of the paper, which states necessary and sufficient conditions for
comparative statics in problems with log-supermodular payoff functions.

Corollary 1.1 (Comparative Statics with Log-Supermodular Primitives) Consider functions
wA" A" A®A,, AT A"®A,, AA® 2%, j=1,.J. Let A(t)=C_, ;AI(t,). Letx'(qt,B)
= argmaxy sW(x,0,t)° [, . W(x,0,9) f (S g)dm(s) .

(1) (Necessary and sufficient conditions) Suppose A(t) isa sublattice, gl A, and 132 if n3 2.
Then x (.t ,B) is nondecreasing in q for all w log-spm, if and only if f islog-spm a.e.-mon A(t).

(2) (General sufficiency) x (q,t ,B) isnondecreasing in (q,t,B) if w and f are log-supermodular,
and, for eachj, A'(t,) isnondecreasing (strong set order) in't ;.

Proof: (1) Necessity: by Lemma 1, the comparative statics conclusion is equivaent to log-
supermodularity of Win (x,q). Then we can apply Theorem 1. Sufficiency follows by: (2)
Since products of log-spm functions are log-spm, the function

w(x,q,s) f(sq) ><_LA1(t ) (5) 4 « J)(s) islog-spmin (sx,q,t) by Lemma3.

Note that the objective function analyzed in Corollary 1.1 is not a conditional expectation, since
we have not divided by the probability that sl A(t). Further, observe that (1) is not stated in terms
of a minimal pair of sufficient conditions. The reason is that Lemma 1 only yields necessary
conditions for comparative statics if we quantify over all payoffs u(x,s), where u contains the
choice variables. In genera, log-spm is sufficient, but not necessary, for MCSa.

While Corollary 1.1 is straightforward given the building blocks outlined above, it shows that
problems a structure commonly encountered in economic theory can be analyzed by checking a
few simple conditions. The following applications illustrate the theorem.

3.1. Applicationsto Investment Under Uncertainty

An immediate implication of Corollary 1.1 is that a ratio orderings over distributions,
commonly used in the literature on investment under uncertainty, can be easily compared: |oosdly,
integrating a function makes it more likely to be log-spm. If a distribution satisfies the MLR order
(that is, the density is log-spm), then the corresponding cumulative distribution function F(s;q) will
also be log-spm,16 which can be shown to be stronger than First Order Stochastic Dominance.
This will in turn imply that Z_a¥ F(s;,q)ds is log-spm, which is stronger than Second Order

Stochastic Dominance if g does not change the mean of s.
More generally, we can consider any ratio ordering which specifies that g(s)/h(s) is
nondecreasing in sfor g,h>0. The easiest way to fit this into our framework is to define u(x,s) on

16 See Eeckhoudt and Gollier (1995) who term this the monotone probability ratio (MPR) order, and show that an
MPR shift is sufficient for a risk-averse investor to increase his portfolio allocation.
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{0,1}" A, and let u(x,s) = g(s) if x=1, and let u(x,s) = h(s) if x=0. Then, if f(s,q) is log-spm and
g(s)/h(s) is nondecreasing in s, E[g(s)|q]/E[h(s)[g] must be nondecreasing in . Further, Theorem
1 shows that log-spm of f is the weakest condition which preserves every ratio ordering.

An example from the economics of uncertainty is the Arrow-Pratt coefficient of risk aversion,
R(w,u)° - udw)/u€w). Suppose that an agent has decreasing absolute risk aversion (DARA) and
faces a risk s with distribution F(s,g). Let U(w;q) = a(w+s)f(s,q)ds, and observe that u§w+s) is
log-spm if and only if R(w;u) is nonincreasing in w (DARA). Theorem 1 then implies that in
response to an MLR shift in the risky asset s, the agent will be less risk averse when considering a
new, independent risk. But, observe that the fact that w and s enter u additively precludes the test
functions of Lemma 4, so necessity cannot be obtained using Theorem 1 for risk averse agents.

A further consequence of Theorem 1 is that orderings over risk aversion and related properties
are preserved with respect to background risks. Let U(w) = au(w+s)f(s)ds. If R(w;u) is decreasing,
it then follows from Theorem 1 that Ug§w+t) will be decreasing as well, implying that R(w;U) is
decreasing. Similar analyses apply to other ratio orderings, such as Kimball’s (1990) decreasing
prudence condition,1” where prudence is defined by - udw)/utw).18 More generaly, we can
consider orderings of utilities over risk aversion (not just those induced by a shift in wealth). Let q
parameterize the agent’s risk aversion directly, and let U(w,q) = alw+s,g)f(s)ds. Then if
R(w;u(xq)) is nonincreasing in w and g, U inherits these properties, so that R(w;U(xQ)) is
nonincreasing in g and w. Other ratio orderings can be similarly analyzed.

Finaly, Theorem 1 allows us to consider more general background risks, those which might be
statistically dependent on the risk of primary interest. Let z be the “primary” risk, and let s be a
vector of assets in which the agent also has a position, represented by the vector of positive
portfolio weightsa. The agent’s utility is given by U(z,q) = ai(z+a>s,q)f(s|2ds. Suppose that the
risks are effiliated, that is, f(s,2) is log-spm. But, applying the multivariate Theorem 1, the agent’s
risk aversion with respect to z (that is, R(zU,q)) will be nonincreasing in q, if u satisfies DARA
and q decreases risk aversion. An dternative, but distinct sufficient condition requires that the
conditional density of y=a>s given z, g(y|2), islog-spm.

This analysis thus provides several extensions to the existing literature. Jewitt (1987) showed
that the “more risk averse” ordering is preserved by a MLR shift in the distribution, while Pratt
(1988) established that risk aversion orderings are preserved by expectations. Eeckhoudt, Gollier,
and Schlesinger (1996) provide additional conditions on distributions under which a FOSD shift in
a background risk decreases risk aversion for a DARA investor. The above analysis generalizes

17 Kimball (1990) shows that agents who are more prudent will engage in a greater amount of precautionary

18 |t is interesti ng to observe that since a smooth function g(x+y) is supermodular if and only if it is convex, these
results can also be proved using the fact that log-convexity is preserved under expectations (Marshall and Olkin,
1979); but, the correspondence between convexity and supermodularity breaks down with more than two variables.
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these results by showing that all of the results extend to other ratio orderings, such as prudence,
and further risk aversion orderings are preserved by affiliated background risks for DARA
investors.

3.2. Log-Supermodular Games of Incomplete Information

This section establishes sufficient conditions for a class of games of incomplete information to
have a PSNE in nondecreasing strategies. Consider a game of incomplete information between
many players, each of whom has private information about her own type, t;, and chooses a strategy
Ci(t). Vives (1990) observed that the theory of supermodular games (Topkis, 1979) can be
applied to games of incomplete information. He showed that if each player’'s payoff vi(x) is
supermodular in the realizations of actions x, the game has strategic complementarities in
strategies cj(t;) (that is, a pointwise increase in an opponent’ s strategy leads to a pointwise increase
in aplayer's best response). Thisin turnimplies that a PSNE exists.

In contrast, if we consider the same problem but assume that vi(x) is log-spm, it is no longer
true that the game has strategic complementarities in stategies in the sense just described.
However, we can instead take a different approach: Athey (1997) shows that a PSNE exists in
games of incomplete information where an individua player’s strategy is nondecreasing in her own
type (i.e. ci(t")3 ci(t")), whenever all of her opponents use nondecreasing strategies.

Formally, suppose that h(t) is the joint density over types. Let player i’s utility be given by
Vi(x,t) (so that opponents’ types might influence payoffs both directly and indirectly, through the
opponents choices of actions). Thus, a player’s payoff given arealization of types can be written
ui(X%,t)° vi(x,c.i(t.i),t). Taking the expectation over opponent types yields the following expression
for expected payoffs. U;(x,t;)° Z U (%, th (t.i|t)dt.;. The following result gives sufficient

conditions for a player’s best response to nondecreasing strategies to be nondecreasing.
Proposition 1 Let h:A"® A ., where h(t) is a probability density. Assume that h has a fixed,

convex support. For i=1,..,n, let hi(t.|t;)) be the conditional density of t.; given t;, and define
payoffs as above. Then (i) for all i, ci(t) = argmax, U(X,t;) isnondecreasing (strong set order)

int; for all ¢;(t;)) nondecreasing for j* i, and v; log-spm, if and only if (ii) h(t) is log-spm almost
everywher e-Lebesgue on the support of t.
Proof: Sufficiency follows from Lemma 2 and Milgrom and Shannon (1994). Following the
proof of Theorem 1, it is possible to show that Ui(x;,t) islog-supermodular for all u(x,t) log-
supermodular, only if, for al t" >t- andal t" >t", Rt t")h (5]t 2 h(ts[th R,
But, since for a positive function, log-spm can be checked pointwise, this condition holds for
aliif and only if hislog-spm. Apply Lemma 1.

Spulber (1995) recently analyzed how asymmetric information about a firms cost parameters
alters the results of a Bertrand pricing model, showing that there exists an equilibrium where
prices are increasing in costs, and further firms price above margina cost and have positive
expected profits. Spulber’s model assumes that costs are independently and identically distributed,
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and that values are private; Proposition 1 easily generalizes his result to asymmetric, affiliated
signals, and to imperfect substitutes. Let vi(x,t) = (X- t;)°Di(x), where x is the vector of prices, t is
the vector of marginal costs, and Di(x) gives demand to firm i when prices are x.

By Theorem 1, the expected demand function is log-spm if the signals are affiliated, each
opponent uses a nondecreasing strategy, and Di(x) is log-spm. The interpretation of the latter
condition is that the elasticity of demand is a non-increasing function of the other firms prices.
Demand functions which satisfy these criteria include logit, CES, transcendenta logarithmic, and a
set of linear demand functions (see Milgrom and Roberts (1990b) and Topkis (1979)). Further,
when the goods are perfect substitutes, expected demand is also log-spm. To see this, note that
when each opponent uses a nondecreasing strategy, expected demand is given by

DiOWL, Lo (1), 00, () DL ftr)clt
and the set |t iici(t)) > xlq is nondecreasing (strong set order) in x; when c¢; is nondecreasing.
Then, by Lemma 3 and Corollary 2.1, expected demand must be log-spm when the density is.

Thus, a PSNE exists in nondecreasing pricing strategies whenever marginal cost parameters
are affiliated and demand is log-spm and continuous, or in the case of perfect substitutes.

3.3. Conditional Stochastic Monotonicity and Comparative Statics

Corollary 2.1 applies to stochastic problems where the domain of integration is restricted, but
not to conditional expectations. Conditional expectations of multivariate payoff functions arise in
a number of economic applications, such as the “minera rights auction” (Milgrom and Weber,
1982). This section studies comparative statics when the agent’ s objective takes the form

DO 1,009 (5, A AT =L, ) et
At) !

The comparative statics condition of interest in this problem is

X (g,t,B)=argmax, s U(x,q|A(t)) is nondecreasing in (g,t). (MCSb)

Before proceeding, we need another definition: we say that u(x,s) satisfies nondecreasing
differences in (x:9) if u(x",9)- u(x",s) is nondecreasing in s for all X" x". In terms of the vector s,
this assumption is clearly weaker than log-supermodularity of u in's, since no assumptions on the
interactions between the components of s are imposed; however, nondecreasing differences is
neither weaker nor stronger than log-spm, unless u satisfies additional monotonicity restrictions.

Our focus on supermodularity of U(x,g]A(t)) in the study of comparative statics in problems
for this class of payoff functions is motivated by the following result (Athey, 1995), which is
analogous to Lemma 1: for a given t, U(x,q|A(t)) satisfies SC2 in (x,q) for al u which satisfy
nondecreasing differencesin (x;s), if and only if U(x,q]A(t)) in (x;q) is supermodular for al u which
satisfy nondecreasing differencesin (x;s).

Of course, U(x,qJA(t)) is supermodular in (x,q) if and only if U(X",gJA(t)) - U(X",qlA(t)) is
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nondecreasing in q for al x"'>x', and thus the problen reduces to checking that
G(q|A(t )° Z ,9(9) f(s,g| At ))dm(s) is nondecreasing in g and t for al g nondecreasing. The

following theorem applies to this problem:

Theorem 2 Consider f:A™® A,. Then (A) g:S® A isnondecreasing a.e.-m and (B) f (s;q)

islog-spma.e.-m are a MPSC for (C) G(qJA(t)) isnondecreasingint and q for all A(t)
nondecreasing in the strong set order.

Theorem 2 is a generalization of a result which has received attention in both statistics and
economics (Sarkar (1968), Whitt (1982), Milgrom and Weber (1982)).1° To see the proof of
sufficiency using Lemma 2, consider the case where g is nonnegative. Consider t,>t, and g+ > q.,
and define the following functions:

h(S) = 9(9) s aq ) (9 xF(SAL) » () = L4 a¢ ) (9 XF(SAH),
ha(S) = 9(8) Xy At ) (9) XF(SAH), and hy(s) = 1g a¢ () XF(SAL).
It is straightforward to verify under our assumptions that h,(s) Xv(sf) £ hy(sUsf) xu(sUsf (using

Lemma 3 and the fact that log-spm is preserved by multiplication); thus, Lemma 2 gives us
Liwe , 99 F(sq0)dm(e)d, ,  f(sau)dm £, g F(san)dms)d, . | f(sa)dms).

Rearranging the inequalities gives the desired ranking, G(q.|AL)EG(Qu|AR)-

The stochastic monotonicity results can then be exploited to derive necessary and sufficient
conditions for comparative statics conclusion in problems of the U(x,q,t). In particular, we have
the following corollary:

Corollary 2.1 (Comparative Statics with Conditional Expectations) Consider any A(t), and
suppose F(s,q) is a probability distribution. Then MCSb holds for all u which satisfy
nondecreasing differencesin (s,q), if and only if f(s,q) islog-supermodular a.e.-m

Finally, we examine the limits of the necessity part of Theorem 2. The counter-examples we
construct require us to condition on an arbitrary sublattice. If the economic problem places
additional structure on the set A, log-spm is no longer necessary. Consider a particular case which
arises very commonly in applications (such as auctions): assume there is a single random variable,
and let A(t)=1;s«; . In this case, log-supermodularity of the density is not necessary for monotone
comparative statics predictions, but instead, we require the distribution to be log-spm.

Corollary 2.2 Consider a probability distribution F(s,g), Sl A, and restrict attention to
A(t)=1{st;. Then MCSb holds for all u(x,s) supermodular, if and only if F(s;q) islog-spm.

4, Compar ative Statics with Single-Crossing Payoffs and Densities
This section studies single crossing properties in problems where there is a single random

19 Sarkar (1968) establishes sufficiency, and Whitt (1982) studies conditions under which G(qg|A) isincreasing in q
for al sublattices A; Milgrom and Weber (1982) study conditions under which G(g|A) isincreasing in g and also in
alimited class of shiftsin A.
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variable. Multivariate generdizations of the results are sufficiently restrictive that they are not
considered here. However, many problems in the theory of investment under uncertainty,
auctions, and signaling games can be fruitfully analyzed with a single random variable.

Problems of the form U(x,q)° Z u(x,s) f (s;q)dm(s), where al variables are real numbers, are a

special case of those considered in Section 3. This section seeks to relax the assumption that both
primitives are log-spm. In particular, we consider the weaker assumption that u(x,s) satisfies SC2
in (x;s). Problems which fit into this framework include mineral rights auction games and
investment under uncertainty problems. The problem of interest is

X (g,B)=argmax, s U(x,q)° [ u(x,s) f (s;q)dn(s) isnondecreasinging.  (MCSC)

Our results from Section 3 give some initid insight into this problem: they imply that a
necessary condition for (MCSc) to hold for all u which are SC2 is that f(s,q) is log-spm. ae.-m
To see this, observe that since SC2 is weaker than log-spm, if (MCSc) holds for al u(x,s) which
satisfy SC2, then (MCSc) must hold for al u(x,s) log-spm. By Corollary 1.1, this implies that
f(s,q) is log-spm a.e-m However, since SC2 is weaker than log-spm, our results from Section 3
do not establish that u SC2 and f log-spm are sufficient for (MCSc). To analyze this question, it
will be useful to transform the problem by taking a the first difference with respect to x, since

U(x,q) and u(x,s) satisfy SC2 if and only if, for al x4>x, U(X4,q)- U(X,q) and u(Xu,s)- u(x.,s)
satisfy SC1. Thus, we study conditions under which G(q)° Z g(s)k(s,q)dm(s) satisfiesSCling.

Section 4 proceeds as follows. Section 4.1 analyzes SC1 of G(q) and applications which are
most easily analyzed from that perspective, such as the portfolio problem. This section develops
the main technical ideas of Section 4. Section 4.2 considers (MSCc) directly, and provides
additional applications. Section 4.3 considers comparative statics using the Spence-Mirlees single
crossing property (SC3). The main results are summarized in Table 1 in the conclusion.

4.1. SC1in Sochastic Problems

The main result of this section finds the minimal sufficient conditions for our single crossing
conclusion.
Theorem 3 Let K(s;q) be a distribution. (A) g(s) satisfies SC1in (s) a.e.-n?%; and (B) K(s,9)
satisfies MLR; are a MPSC for (C) G(q):Z g(s)dK(s;q) satisfiesClinq.
Extensions to Theorem 3:21 Theorem 3 also holdsiif: (i) there exists k and msuch that
K(s,q)= Z_S¥ k(t,q)dm(t) for all g, in which case (B) is equivalent to k islog-spm a.e.-m
(i) g depends on q directly, under the additional restrictions that g is piecewise continuousin q

20 we will say that g(s) satisfies SC1 almost everywhere-m (a.e.-n) if conditions (a) and (b) of the definition of SC1
hold for almost all (w.r.t. the product measure on A? induced by m) (s4,5.) pairsin A?such that s;>s..

21 A version of this theorem which gives minimal sufficient conditions for strict single crossing is provided in
Athey (1996).
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and g is nondecreasing in g (see also Theorem 5 below for another sufficient condition);
(i) g(s) satisfies only WSC1, provided supp[K(s;q)] is constant in q.

The theory of the preservation of single crossing properties under uncertainty has a long
history in the statistics literature. Karlin and Rubin (1956) establish sufficiency, and Karlin (1968)
(pp. 233-237) analyzes necessary conditions,22 under the absolute continuity assumption of
Extension (i) and some additional regularity conditions (including the assumption that Q has at
least three points).22 When K is a probability distribution, the ex ante absolute continuity
assumption may be undesirable; however, if k represents a utility function, it is the right
assumption.

We will outline the proof in the text. The sufficiency proof is surprisingly smple, and our
applications will show that it can be easily modified to produce extensions of Theorem 3. In
addition, in this section (as we did in Lemma 4 and Section 3.3), we identify the smallest class of
functions which is required to generate the counter-examples used to prove necessity; this will be
useful for analyzing the tradeoffs between alternative assumptions on primitives. In Section 4.1.1,
we illustrate in applications how additional commonly encountered restrictions on g or k can be
used to relax (T3-A) and (T3-B).

Consider first sufficiency. Suppose for simplicity that k(s,q)>0. Define I(S)= k(s,q,,)/k(s,q,),
which (4.1-B) guarantees is nondecreasing.  Notice first that, for a given g, >q,,
La(sk(s:an)dm(s) = [g(s)lk(sian)/k(sa)k(sia)dn(s). Let s be a point where g crosses
zero. Then:

L a(sk(s:aw)dm(s) = [ ()l (k(sq.)dm(s)

=- I3 |91 (9k(sa)dms) + [ a(9)l(9k(s:a.)dm(s) (4.1)
? - U()L5 a)k(sa)dms) +1 ()L a(9k(s:au)dms) = ()] g(9k(s.q.)dm(s)

The second equality holds because g satisfies SC1, while the inequality follows since monotonicity
of | implies the following condition, which is necessary (4.1) to hold:
I(s) £ I(s) for s<so, Whilel(s) 3 |(s) for 5. (4.2

(4.2) requires that the likelihood ratio I(s) satisfies WSC1(s). (In Section 4.1.1 below, we will
show how fixing the crossing point can allow us to exploit (4.2) as a sufficient condition). If, in
addition, I(s)£L, then [g(s)k(sian)dm(s) £0 implies [ g(s)k(sia)dm(s) £] g(s)k(s;qn)d(s);
this case arises when k(s;q) is a probability distribution (not a density). In that case, if I(S) is
nondecreasing, it must aways be less than 1, which isits value at the highest s.

The necessity parts of this theorem can be proved by constructing counterexamples, which

22| am grateful to an anonymous referee who directed me to this theorem.

23 The necessity proof provided in Karlin (1968) is designed to solve a much more general problem (about the
preservation of an arbitrary number of sign changes, and thus it requires additional regularity assumptions and a
complicated construction.
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place al of the weight on the faillures. Thus, the proof of Theorem 3 makes use of the following:
Lemma 5 (Test functions for single crossing problems) Define the following sets:
G(b)° {g: $ab>0, b>e,d>0, and s<s:st. g(s)=-afor dl (s-es+e) and

g(s)=bfor sl (s- es.+€), |g|<d elsewhere, and g satisfies SC1}
K(b)° {k: $a>0, b>e>0 and s s.t. k(s)=a for sl (- es+€), and k=0 elsewhere} .
Then Theorem 3 holds if, for any b>0, (4.1-A) is replaced with (4.1A°) g(s)I G(b); Theorem 3 also
holdsif (4.1-B) isreplaced with (4.1B’) k(s,q)l K(b).

As in Theorem 1, placing smoothness assumptions on g will not change the conclusion of
Theorem 3, but monotonicity or curvature assumptions will. 1f monotonicity of one of the
primitives is assumed (for example, if k is a probability distribution, not a density), then the
necessity parts of the theorem break down, as shown in Section 4.2.1.

Now consider how the counter-examples are used. If g fails (T3-A), then thereis g < s, such
that g(s.)2 0, but g(s4)<0, on sets S and S, of positive measure m But then, k(s;q) can be defined
so that k(s,g4) places al of the weight on high points s, while k(s;q.) places all of the weight on
the low pointss. Thisfunction islog-spm, but G(q) fails SC1 since g does. If k fails (T3-B), then
there exist two sets of positive measure, S; and S, such that increasing q places more weight on §
relative to S,. Then we can construct a g(s) that is negative on S, positive on §;, and close to
zero everywhere else.

However, the proof of necessity of (T3-B) involves some additional work. Theorem 3 does
not place ex ante restrictions on how supp[K(s;q)] moves with g. The restrictions implied when
(T3-C) holds whenever (T3-A) does are summarized in the following Lemma.

Lemma6 If Zg(s)dK(s;q) satisfies SC1 in g whenever g satisfies SC1in s, (i) for all g.>q.,

K(s,gx) is absolutely continuous with respect to K(s;q.) on (infssupp[K(s,q+)], supssupp[K(s,au)]),
and (ii) supp[K(s,g)] is nondecreasing in the strong set order.

The following applications show how additional structure present in particular problems can be
exploited; they also generalize the result to alow k to cross zero.
4.1.1. Extensions and Applications to Investment Problems

This section uses Theorem 3 to analyze two classic problems, the portfolio investment problem
and the decision problem of arisk averse firm. We develop extensions to Theorem 3 which alow
us to generdlize severa comparative statics results previoudy established only for specid
functiona forms.

Consider first the standard portfolio problem, where an agent with initial wealth w invests x in
arisky asset s, and receives payoffs u((w- x)r +sx). Thefirst order conditions are given by

Jug(w- X)r +sx)(s- r) f(s,q)ds. (4.3)

Notice that s-r satisfies single crossing, and further, the crossing point is fixed at s=r for all utility

18



functions. This section identifies how (T3-B) can be weakened using this additional structure. We
begin with an additional definition.

Definition 5 We will say that k(s;q) satisfies weak single crossing of ratios about s, denoted
WSCR(s) if (i) f(so) =limgg o k(s,g")/k(s,q") exists, (ii) supp[K(s,g)] is nondecreasing in the
strong set order, (iii) either k3 0 or k satisfies WSC1(s,), and (iv) k(s,gn)/k(s,qL) - f(so) satisfies
WSC1(s,) for s where k(s;q.)(s,gn)>0.

While the WSCR(s)) condition may appear unfamiliar, it is potentialy quite useful. In
particular, it allows that the function k could itself cross zero, though we will not exploit that fact
until the next subsection. To start, we observe that if k is nonnegative, then k(s,q) satisfies
WSCR(s) for dl s if and only if k is log-spm. Further, WSCR(s,) can be satisfied if k(s,g4) and
k(s,qL) cross exactly once, at . If kisaprobability distribution and the mean of s does not change
with g, it is known that such a single crossing property of the distribution implies that q indexes k
according to second order stochastic dominance.

To see how the weak single crossing property of ratios can be used to establish single crossing
conclusions, recall that the inequality in (4.1) holds whenever (4.2) holds. However, for afixed s
and for k30, (4.2) is equivalent to WSCR(s). Thus, if we know that g satisfies WSC1(sy), (4.1)
will hold whenever k(s,q) satisfies WSCR(S).

Theorem 4: Suppose that supp(K) is constant in g and k is nonnegative. Then (A) g(s) satisfies
WSC1(so) in (s) a.e-m and (B) k(s,q) satisfies WSCR(sy) a.e.-m are a MPSC for (C)
G(q)=L g(s)k(s,q)dm(s) satisfies SC1in q:

Consider how this result relates to Theorem 3. If we relax (T3-A) to alow for WSC1 around
any point, we must strengthen (T3-B) so that k is restricted to be log-spm. Consider an
application of thisresult. In the portfolio problem, we can apply Theorem 4 to (4.3), letting g=s-r
and k=u¢f. Then the optimal portfolio alocation x (q,B,r) is nondecreasing in q whenever f(s,q)
satisfies WSCR(r). But, if we desire a comparative statics result for al r, log-supermodularity of f
will be required. In many problems the relevant range for the risk-free rate may be smaller than the
support of the risk-free asset, and thus Theorem 4 has content.

The portfolio problem has been widely studied. However, far fewer results have been obtained
for more genera investment problems, where potentially risk-averse firms invest in arisky projects
p(x,s), or make pricing or quantity decisions under uncertainty about demand. Suppose that an
agent’s objective is as follows. max, s Zu(p(x, s),q)f (s,q)dm(s), and the solution set is denoted
X (q,B). Thus, p represents a genera return function which depends on the investment amount, x,
and the state of the world, s. The agent’s utility depends on the returns to the project as well as
some exogenous parameter ¢, which might represent initial wealth or some other factor relating to
risk aversion. Notice that in this problem, the crossing point of p is not automatically determined
asin the portfolio problem.
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When this objective function is differentiable, it suffices to check that the marginal returnsto x,
denoted Zul(p(x,s),q)px(x,s) f(s,q)dm(s), satisfy SC1. However, we might also wish to allow
for the possibility that the agent faces discrete choices between investments, or that the function p
is endogenously determined (so that regularity properties of p cannot be assumed). To analyze
this problem, we introduce another extension to Theorem 3, as follows:

Theorem 5 Suppose that (i) supp(K) is constant in g, (ii) g(s,q) satisfies WSCR(s) a.e.-mfor all
g; and (iii) k(s,q) islog-spma.e-m Then G(q):Z g(s,9)k(s,q)dm(s) satisfiesSC1linqg.

Proof: Consider the case where g crosses O (otherwise, the expectation is always non-
negative) and g=0 only at s=%,, and k>0; the other cases can be handled in a manner similar to
the proof of Theorem 3. Then, we extend (4.1) asfollows:

L 9(s;q)k(s:q )dm(s)

3 lim g(s;qu)k(squ) -5 la(sauk(sgu)dms) + [ g(s;qL)k(s;qL)dn(s)]
®s g(s;q.)K(s;qL)

. s;qn)K(s;
= ljm Q89S D)T g (s )ams)
s®s g(s,quL)k(s;q.)
The inequality follows, asin Theorem 3, because g satisfies WSC1(s), and gXk satisfies
WSCR(s) since g and k do.

Proposition 2 Consider the problem max Zu(p(x, s),q) f (s,q)dm(s) . Assume that u(y,q) is
increasing and differentiable?4 in y and p(x,s) is nondecreasing in s. Then:

(A) p(x,s) satisfies SC2 in (x;s) a.e.-m and (B) w(y,q) f(s,q) islog-som.in (sy,q) a.e-mZ area

MPSC for the conclusion (C) x*(q,B) is hondecreasing in g.
Proof: (A) and (B) imply (C): If p isdifferentiablein x and B is a convex set, we can analyze
whether Z w(p(X,9),9)P x(X,9) f(s,q)dm(s) satisfies SC1. We can let g=p,, and let k=u., and
apply Theorem 3. Now consider the investor’ s choice between two values of x, x,, > x, .
Then, let g(s,q) = u(p(x4,9),0)- U(P(x.,9),q), and let k(s;q) = f(s,q). First, observethat SC2is
preserved under monotone transformations, so that if u is nondecreasing in its first argument,
then by (A), u(p(x,s),q) must satisfy SC2 in (x;s), and g(s,q) satisfies SC1ins. Now, consider
conditions under which g(s,q) satisfiesWSCR(s,). Let s be the crossing point of p.. First
restrict attention to $* s, where p(xu,8) 2 p(x.,s). Define h(a,b,q)= Z;Za w(y,q)dy, and note that

hislog-spmin (a,b,q) for al a<b, by Corollary 2.1 and (B). Thisin turn implies that
a(s,9)=h(p(x.,9),p(x4,9),q) islog-spmin (s,g) on S s sSince p ishondecreasing in s, and thus
9(s.q,)/g(s;0, ) isnondecreasing in son s*s,. On the other hand, if s<s, p(X+,9)£pP(X.,S), and
9(s.a)= - h(p(x4,9),p(x,9),9). Then, g(s;q, )/ g(s;q,) isnondecreasing inson s<s sincehis
log-spm, and WSCR(s,) holds. Then apply Theorem 5. Necessity follows by Theorem 3 for
the case where p is differentiable; the proof is omitted for the more general case.

24 Thisis not essential but it simplifies the proof.
25 |f uis not everywhere differentiable in its first argument, the corresponding hypothesis can be stated as follows:
[u(yx,)- u(yL,q)]%(s;9) is log-supermodular in (yi,yn,q,S) for al y, < y.
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Hypothesis (B) is satisfied if (i) g decreases the investor’'s absolute risk aversion, and (ii) g
generates an MLR shift in F. This result provides a general statement of two basic results in the
theory of investment under uncertainty, illustrating that log-supermodularity is behind the
seemingly unrelated conditions on the distribution and the investor’'s risk aversion. The proof of
Proposition 2 further highlights an application of the tools from Section 3.

The analysis of this section establishes several generalizations of the existing investment
literature. This literature typically considers the problem where the objective is differentiable and
strictly quasi-concave. Landsberger and Meilijson (1990) shows that the MLR is sufficient for
comparative statics in the portfolio problem, and Ormiston and Schlee (1993) show that arbitrary
comparative statics results are preserved under the MLR, and suggest a behaviora relationship
between risk aversion and the MLR. A few papers consider comparative statics when p(x,s) =
h(x)’>s, as in Sandmo’s 1971 classic modd of a firm facing demand uncertainty. The focus of
Milgrom’s (1994) analysis was to show that comparative statics results derived for the portfolio
problem also hold for Sandmo’s model. Proposition 2 extends the analysis further, highlighting the
fact that supermodularity of p, but not multiplicative separability, is critical for the comparative
statics conclusions of Proposition 2.26 Thus, the comparative statics results from portfolio theory
and Sandmo’s model can be extended to more general models of firm objectives.

4.2. SC2 and Comparative Statics
The main comparative statics Theorem of Section 4 follows immediately from Theorem 3:

Corollary 3.1(Comparative Statics with Single Crossing Payoffs) (A) u(x,s) satisfies SC2in
(x;5) a.e.-.m and (B) K(s,g) satisfies MLR; are a MPSC for (C) MSCc holds for all sets B.27

Corollary 3.1 has an interesting interpretation. Recall that SC2 of u(x,s) (condition C3.1-A) is
the necessary and sufficient condition for the choice of x which maximizes u(x,s) (under certainty)
to be nondecreasing in s. Thus, Corollary 3.1 gives necessary and sufficient conditions for the
preservation of comparative statics results under uncertainty.28 Any result that holds when s is
known, will hold when s is unknown but the distribution of s experiences an MLR shift. Further,
MLR shifts are the weakest distributional shifts that guarantee that conclusion. The result is
illustrated with two examples.

26 Building from a paper by Eeckhoudt and Gollier (1995) for portfolio problems, Athey (1998) uses the techniques
of this paper to extend this result to incorporate the restriction that investors are also risk averse; under that
condition, it follows that the restriction that f is log-spm can be weakened to allow that only the distribution, F, is
log-spm.

27 The quantification over constraint sets B can be dropped for the conclusion that (B) is necessary.

28 Jewitt (1987) and Ormiston and Schlee (1993) also give this interpretation in their analyses. Ormiston and
Schlee (1993) explicitly analyze the preservation of comparative statics with respect to MLR shifts, and further
show, under additional regularity assumptions, that single crossing of u is a necessary condition for the result to
hold for all MLR shifts.
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4.2.1. The Choice of Distribution and Changes in Risk Preferences

This section considers the consequences for Corollary 3.1 of placing additional assumptions on
risk preferences. The context is a problem where the choice variable is a parameter of a
probability distribution (for example, the agent chooses effort in a principal-agent problem, or
makes an investment decision), and the exogenous parameter describes risk preferences. Corollary
3.1 can then be applied systematically to provide succinct proofs of some existing results, and
further to suggest some new ones.

Formally, let u(s,q) be an agent’s utility function, and let f(s;x) be a density with an associated
probability distribution F(s;x) = Z_S¥ f(t; x)dm(t). The agent solves maxX;BZSu(s,q)f(s; xX)dm(s).
Thisis an example where it is useful to have results that do not rely on concavity of the objective:
concavity of the objective in x requires additional assumptions (see Jewitt (1988) and Athey
(1995)), which may or may not be reasonable in a given application.

We will now study several sets of sufficient conditions for the agent’ s objective to satisfy SC2
in (x;q), each corresponding to different classes of applications. For smplicity, consider the case
where u satisfies enough regularity conditions so that the integration by partsisvalid. Then:2°

argmax,i s LU(s,q) f (s, X)dim(s) =argmax,is - [us(s,0)F (s X)ds

=argmax,s W(S,q)Lsf (s x)ds+ [us(s.9)[", F(t; x)dtds

The following result follows directly from these equations and Corollary 3.1. Of course, it can
be further extended to allow for restrictions on higher order derivatives.
Proposition 3 Consider the following conclusion: (C) X (g,B)=argmaxy; BZSu(s,q) f(s; x)dm(s) is
nondecreasing q for all B. In each of the following, (A) and (B) are a MPSC for (C):

Additional Assumptions A B

() | u(s0)?0, and {sJu(s,)* O} isconstanting. | u(sq)islog-spm. a.e-m | f(sx) isSWSC2in (x;s) a.e-m

(i) | u(sg)?0, and {sluy(s,): O} isconstantin | U(s,q) islog-spm. in F(s;x) isWSC2 in (x;s) a.e.-Lb.
q. (s-q) a.e-m
(iii) Zssf (s; X)ds isconstant in X, Us£0, and @us(s,g)éislog-spm. in L¥ F(t; x)dt isWSC2in

(s-0q) a.e-m

{ dJus(s,g)t 0} isconstant in q. (x;9) a.e-Lb.

In each of (i)-(iii), the fact that (B) is necessary for the conclusion to hold whenever (A) holds
relies crucialy on the nonmonotonicity of the relevant function in (A). Thus, while the sufficient
conditions and the necessity of (A) in each case are quite general, one should be more careful in
drawing conclusions about the necessity of (B). However, there are applications that are
appropriate for each of these results. Consider each of (i)-(iii) in turn.

29 The notation s and 5 indicates the bounds of the support of F.
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To begin, compare (i) with Corollary 3.1: the single crossing condition on the payoff to the
project is replaced by a single crossing condition on the density. Case (i) might apply if a principa
is restricted to offer a stochastic mechanism to an agent, and the uncertainty is about the allocation
that will be received.30 The payoff u is log-spm when higher types have a larger relative return to
s. When the support of s is fixed, WSC2 of a probability density is equivalent to weak single
crossing of ratios (WSCR), which is stronger than FOSD but weaker than the MLR.

Now, consider Part (ii). Hypothesis (A) requires that the agent’s Arrow-Pratt risk aversion is
nondecreasing in g (i.e., Us islog-spmin (s,- q)). Further, (B) requires that the distribution F(s;x)
satisfies WSC2 in (x;5). That is, F(s;xy) crosses F(s;x ) at most once, from below. Under this
assumption, it is possible that increasing x decreases the mean as well as the riskiness of the
distribution; that is, it might incorporate a mean-risk tradeoff.

In case (iii), the agents are restricted to be risk averse. We see that x aways increases with an
agent’s prudence (as defined in Section 3.1) if and only if Z_S¥ F(v,x)dv satisfiesWSC2 in (X;s).

Of these results, only (ii) has received attention in the literature. Diamond and Stiglitz (1974)
established the sufficiency side of the relationship, and many authors have since exploited and
further studied the result (such as Jewitt (1987, 1989)). The example further illustrates how
Jewitt’s (1987) analysis of risk aversion relates to this paper: Jewitt (1987) shows that (A) is
necessary and sufficient for (C) to hold whenever (B) does.

4.2.2. Mineral Rights Auction with Asymmetries and Risk Aversion

This section studies existence of a PSNE in nondecreasing strategies in Milgrom and Weber’'s
(1982) model of a mineral rights auction, generalized to allow for risk averse, asymmetric bidders
whose utility functions are not necessarily differentiable, reserve prices may differ by bidders, and
when bidding units may be discrete.3!

The analysis begins with the case where there are two bidders; difficulties will arise when we
consider n asymmetric bidders. Suppose that bidders one and two observe signals s, and s, ,
respectively, where each agent’ s utility (written u(h,s,,s,)) satisfies

u(h,s,s,) isnondecreasing in (- bi,s ,s,) and supermodular in (by,s), j=1,2.  (4.4)
The signds have a joint density h(s;,s;) with respect to Lebesgue measure, and the conditional
density of s given s iswritten f.(Si|s). To see an example where assumption (4.4) is satisfied, let
u(b,,s,s,) :ZQ(V- b)g(v|sl,sz)dv, where v is dffiliated with s, and s, and G, is nondecreasing

and concave.32

30 Such uncertai nty might arise if the principal cannot observe the agents choice perfectly, or if the principal must
design an error-prone bureaucratic system to carry out the regulation.

31 Asin the pricing game studied in Section 2, thisis not a game with strategic complementarities between players
bidding functions, so Vives (1990) may not be applied to establish existence of a PSNE.

32 To see why, note that 5 and s each induce a first order stochastic dominance shift on F, and 4, is supermodular

23



When player two uses the bidding function b (s, ), then the set of best reply bids for player one
given her signal (s;) can be written (assuming ties are broken randomly):

bi () = argmax [, th(01,$, %) () ([0, +31, (01,51, ) Lo (59) P30,

When bidder two plays a nondecreasing strategy, (4.4) implies that bidder one's payoff
function given arealization of s, satisfiesWSC2in (by;s;) . The returns to increasing the bid from
b, to by are strictly negative for low values of s,, when the opponent bids less than by; the returns
are increasing in s, on the region where raising the bid causes the player to win, where she would
have lost with b, ; and the effect is zero for s, so high that even b, does not win. For each bid, the
returns are increasing in s,. Thisyields (using Extension (ii) to Theorem 3, and Corollary 3.1):

Proposition 3 Consider the 2-bidder mineral rights model, where the utility function satisfies 4.4
above, the joint density h islog-spm almost everywhere (affiliated), and the support of the
random variablesisfixed. Suppose that bidder 2 uses a strategy b,(s;) which is nondecreasing in
S. Then bi(s) isnondecreasing (strong set order) in s,.

Athey (1997) shows that in auction games such as the first price auction described above, a
PSNE exists if the conclusion of Proposition 3 holds, and further, the type distributions are
atomless and affiliated, and either the players choose from a finite set of bids (i.e, bidding in
pennies) or else u; is continuous.

What happens when we try to extend this model to n bidders? If the bidders face a symmetric
distribution, and all opponents use the same symmetric bidding function, then only the maximum
signal of al of the opponents will be relevant to bidder one. Define s, = max(s,,..,S,). Milgrom
and Weber (1982) show that (si,sy) are affiliated when the distribution is symmetric. Further, if
the opponents are using the same strategies, whichever opponent has the highest signal will
necessarily have the highest bid. Then we can apply Proposition 3 to this problem exactly as if
there were only two bidders. Unfortunately, the results do not in general extend to n-bidder,
asymmetric auctions with common value elements. Under asymmetric distributions (or if players
use asymmetric strategies), affiliation of the signals is not sufficient to guarantee that the signal of
the highest bidder is affiliated with agiven player’s signdl.

The conclusions we can draw about the equilibria of auction games based on Proposition 3 are
stronger than those avallable in the existing literature, which has typically considered only
continuous bidding units, and either symmetry or stronger distributional assumptions, such as
private values or independent signals.33

4.3. SC3and The Spence-Mirrlees Sngle Crossing Property (SC3)

in (b,v). By Athey (1995), supermodularity of the expectation in (b;,s) and (b;,s) follows.
33 See Lebrun (1996), who uses a differential equations approach to derive existence in an asymmetric independent
private values auction.

24



This section extends the results about single crossing to consider single crossing of indifference
curves, providing general comparative statics theorems and applications to an education signaling
game and a consumption-savings problem. The SM single crossing property is central to the
anaysis of monotonicity in standard signaling and
screening games, as well as many other mechanism
design problems. The SM condition for an

arbitrary differentiable function h: A* ® A that
setisfies 7-h(x,y,t)* 0 isgiven asfollows:

;]“;h(x,y,t)/H; h(x, y,t)| is nondecreasing in

t. (SM) 0 X

When the (x,y) indifference curves are well Figure 2: h(x,y,t) satisfies SC3.
defined, SM is equivaent to the requirement that
the indifference curves cross a most once as a function of t (Figure 2). We will make use the
following assumption which guarantees that the (x,y)-indifference curves are well-behaved (it is
also possible to generalize SM to the case where h is not differentiable, but we maintain (WB) for
smplicity):

hisdifferentiablein (x,y); &h(x,y,t)1 0; the (x,y)-indifference curves are closed curves. ~ (WB)

Milgrom and Shannon (1994) show that under (WB), (SM) is equivalent to SC3 (Definition 1).

This section characterizes the SM single crossing property for objective functions of the form
V(x,y,q)° st(x, y,s) f(s;q)dm(s) , with the following theorem (anal ogous to Theorem 3).

Theorem 6 Assumethat v:A°® A satisfies (WB). Then (A) v(xy,s) satisfies SC3 a.e.-m
and.(B) f(s,q) islog-spm a.e.-m are a MPSC for (C) st(x, y,s) f(s;,q)dm(s) satisfies SC3.

Corollary 6.1 (Comparative Statics and the Spence-Mirlees SCP) Theorem 6 also holdsif 4.7-C
isreplaced with (C) X (g,B)= arg maxy BZSv(x, b(x),s) f (s,q)dm(s) isnondecreasingin q for all B
andall bA® A.

Theorem 6 is closely related to Theorem 3, although the class of payoff functions considered is
more restrictive.  Sufficiency in Theorem 6 can adso be shown usng Lemma 2. Let:
hi(9)=|vy(x,y,9)| f(saL), ha(9=V,(x.y.5) f(sq,) hs(5)=V,(x.y.5)f(sq,), h4(S):|Vy(X,y,S)|f(S:qL),
and note that A and B imply:

Vo (.8 F(Sil) o Vu(XoY,Sy) (S::00)
vy 0 yis)| F(ssa) V(Y s)| fisiin)

Thisin turnimplies by Lemma 2 that &V (x,y.d, )/HYLV (x,y,9, )|£;]’];V(x, y,dy )/H% V(x,y.d, )|.

(4.5)

This theorem can be applied to an education signaling model, where x represents a worker’s
choice of education, y is monetary income, and q is a noisy signa of the worker’'s ahility, s (for
example, the workers experience in previous schooling). If the worker’'s preferences u(x,y,s)
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satisfy SM and higher signals increase the likelihood of high ability, the worker’s education choice
will be nondecreasing in the signal g for any wage function w(x).

In another example, consider a variation on the standard consumption-savings problem. Let z
denote an agent’s initial wealth, and let x denote savings and b(x) the (endogenously determined)
value function of savings. The agent further has a non-tradable endowment (q) of arisky asset (9),
where the value of s is unknown at the time that the savings decision is made. The probability
distribution over s a the time the savings decision is made is given by F(s,q). The parameter q

might represent the quality or quantity of an exogenously (or previously) determined endowment.
The agent’s utility given a redization of s is u(z+s- x,b(x)), which is assumed to be

nondecreasing. Then, our agent solves mMaX i o, Zu(z+ s- x,b(x))dF(s;q). Then, the following

two conditions are a minimal pair of sufficient conditions for the comparative statics conclusion
that savings increases in g: (A) the marginal rate of substitution of current for future utility, u,/u, ,
is nondecreasing in s, and (B) F satisfies MLR. Thus, a FOSD improvement in the distribution
over the consumption good does not necessarily increase savings.

5. Conclusions

The goal of this paper has been to study systematic conditions for comparative statics
predictions in stochastic problems, and to show how the results can be used in economic
applications. As such, this paper derives a few main theorems (summarized in Table 1) which can
be used to characterize properties of stochastic objective functions that arise frequently in the
context of comparative statics problemsin economics. The properties considered in this paper, the
various single crossing properties and log-supermodularity, are each necessary and sufficient for
comparative statics in an appropriately defined class of problems. Severa variations of these
results are also analyzed, each of which is motivated by the requirements of different economic
problems. Because the properties studied in this paper, and the corresponding comparative statics
predictions, do not rely on differentiability or concavity, the results from this paper can be applied
in awider variety of economic contexts than similar results from the existing literature.

It turns out that a few results from the statistics literature are at work behind the sufficient
conditions for al of the properties studied in this paper. This is especialy surprising because the
statistics literature did not emphasize comparative statics. However, the common structure
underlying the results in this paper provide a useful perspective on the relationships between
seemingly unrelated problems. Building on the results from statistics, this paper characterizes the
conditions which economists can use directly for comparative statics predictions.

Finally, this paper focuses on results about necessity as well as their limitations, sharply
defining the tradeoffs that must occur between weakening and strengthening assumptions about
various components of economic models. These tradeoffs are highlighted in Table 1, which
further provides guidance about which properties will be most appropriate in different classes of
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problems. Thus, together with Athey (1995)'s analysis of stochastic supermodularity, concavity,
and other differential properties, the results in this paper can be used to identify exactly which
assumptions are the right ones to guarantee robust monotone comparative statics predictionsin a

wide variety of stochastic problems.
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Table 1. Summary of Results

Thm# | A: Hypothesis |B: Hypothesisonf | C: Conclusion MCS: Equivalent Compar ative
onu (a.e-m (a.e-m Statics Conclusion
(T:g:“lli u(x,s72 0islog- |f(s,q) islog-spm. | au(x,9)f(s,q)dn(s) islog- | ¥9Max AUX.S)f(s,q)dn(s)
spm. spm. in (x,). - in(q,B).
Thm 2, i islog- \ f(s,q) \ f(s,q)
u(x,s) isspm. | f(s,q) islog-spm.
Cor 2.1 Qu(X,9) dn(s) | argmax Qu(X,S) dn(s)
or nxs)" i ZAf(s,q)ds e ZAf(s,q)ds
isspm. in (x,q,A). - in(q,A,B).
(T:g:“;’i u(x,9) satisfies |f(s,q) islog-spm. | au(x,9)f(s,q)dm(9) argmax U(x,8)f(s,q) dn(s)
SC2in (x;9). satisfies SC2in (X,0). | - inqfor all B.
am S uxy.s) f(sq) islogspm. | axy9f(sadn(s) | FIMAXAKDE),S)f(s @)ar(s)
satisfies SC3. satisfies SC3. - ingforal bA®A.
Extensions: assume, in addition, that supp[F(s;q)] is constant in q.
Thm4 | y(x9) satisfies | f(s,q)? 0 satisfies | au(x,9)f(s,g)dm(s) arg max Qi(x,s)f(s,q) dns)
WSC2(s). WSCR(s0). satisfies SC2in (X,0). | - inqfor all B.
ThmS 1 x,9) satisfies | f(sq) islog-spm. | au(x.9f(s,q)dm() argmax U(x,8)f(s,q) dn(s)
WSCR(so). satisfies SC2in (x,0). | - inqfor all B.

In each row: A and B are a minimal pair of sufficient conditions (Definition 5) for the conclusion C;

further, Cis equivalent to the comparative statics result in column 4.

Notation and Definitions. Bold variables are vectorsin A"; italicized variables are rea numbers; f is non-
negative; spm. indicates supermodular, and log-spm. indicates log-supermodular (Definition 2); sets are
increasing in the strong set order (Definition 4); SC2 indicates single crossing of incremental returns to X,
and SC3 indicates single crossing of x-y indifference curves (Definition 1); WSC2(sy) indicates weak SC2
with a fixed crossing point, s (Definition 1); WSCR(sy) indicates weak single crossing of ratios at a fixed

crossing point s (Definition 5). Arrows indicate weak monotonicity.
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6. Appendix

Proof of Lemma 4 and Theorem 1. Sufficiency in Theorem 1 follows from Lemma 2;
sufficiency in Lemma4 will follow from Lemma 2 since the test functions are log-spm by Lemma
3. Necessity in Lemma4 will be established below in (1) and (2), noticing that our counter-
examples come from the relevant set. Necessity in Lemma 4 implies necessity in Theorem 1. We
will treat necessity for f, the argument for u is of course analogous:

(1) n=1: Let n(A|qg)= Z A F(s,g)dm(s). Pick any two intervals of length e, such that Sy(€) 2 S (€)
and Sy(e)CS.(e)=A Let u(x,,) = 1 () (), and let u(xu,S) = 1s, ) (S). Then
Lu(x.,s)f(s,q)dm(s)=n(S.|q) and [ u(xy,s)f (s,q)dm(s) =n(S.|q). Sinceu islog-spm, then
Lu(x,)f (s,q)dn(s) must be log-spm by (C), i.e,, N(S+,ax)N(S,a0)? N(S.,ax)N(S+,qu). Standard

limiting arguments (i.e. Martingale convergence theorem as applied in the appendix of Milgrom
and Weber (1982)) imply that f(s,q) must be log-spm malmost everywhere.

(2) M 2: Let n(Alg)=] L (s )dm(s). We partition A" into n-cubes of the form

[1- 50, G+ )] ®¥{in- 5. (n+ D], and let Q'(s) be the unique cube containing s. Consider at,
andtakeany a,b T A". Further, let X={y, z,y Uz y Uz, whereeach element of X is distinct.
Define u(x,s) on X asfollows: u(y,s) = 4 5(S , U(Z,S) = 1y (), Uy Uz )= Ly o (S), and
uyUz )= 1ot (aun) (9) uislog-spm. If Zu(x,s)f(s, )dm(s) is
log-spm, it follows that n(Q'(aUb)| U ¢n(Q'(@uUb) U ¢ 2 n(Q'(a) )n(Q'(b) ¢foral
g,9¢ Sincethismust hold for al t and for all a,b, we can use the Martingal e convergence theorem
to concludethat f(aUb) U ¢xf(aUb) U @§3 f(d )xf(b| ¢ for mamost al a,b (recaling
that mis a product measure).

Proof of Theorem 2: (A) and (B) imply (C): Sufficiency is shown in thetext for g3 0. If gis
bounded below, let M = ‘ispg kg(s)p‘ ; otherwise, let M be an arbitrary positive constant, and apply

the same arguments with g(s)+M, taking the limit as M approaches ¥ if g is unbounded below.
(A) and (C) imply (B): Consider a,b such that n-(Q!(b)) " (Q'(a)) >0 (otherwise thereis
nothing to check) and such that each element of {a,b,aUb,aUb} isdistinct. Let Q(S) be the unique
cube containing s defined in the proof of Theorem 1, and let , and let A,={ Q'(a),Q'(alb)} and
A ={Q'(b),Q'(aUb)}. Choose g(s) = 1c(s) so that Q'(alb),Q'(b) i C and Q'(alb),Q'(a) E C, and
further so that 1¢(s) isnondecreasing. Then, G(%A4,0+)>G(%A.,gx) if and only if
Li w99 (sa0)dm(s)d, . f(SA)dMES) £, 9O (Squ)dM(s) A . f(sq)dm(s), which
reduces to:

n-(Q'(b)){n*(Q'(@Uh)) +n"(Q'(a)] £n*(Q' (aUb)) {n(Q! (b)) +n-(Q'(aUb))].
Simplifying gives nt(Q! (b)) n* (Q!(a)) £n* (Q!(aUb)) m(Q'(aUb)). Sincethis must hold for
al t and dl a, b, we conclude that f(s,q) must be log-spm for mamost al a,b and dl q.
(B) and (C) imply (A): Consider a < b and let A =Q'(a) and A,=Q'(b). Then G($A,)>G(¥A.) if and
only if [ o 9O (40, Q! (@)dm(s) £ L o0y 9O (50, Q! (b))d(s) , which i true for all a<b and
al tif and only if g(a)Eg(b) for m-almost al a<b.

Proof of Corollary 2.2: (ii) implies (i): Since [1/ F(a;q)]Z_S¥ Lo (t)dF(t;q) isaprobability
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distribution for al a and g, we can apply aresult from Athey (1995): G(q|a) is nondecreasing in q
and a and al g nondecreasing, if and only if G(g|a) is nondecreasing in q for all a, dl g(s)= 1 ,(S),

and dl b. Rewriting the latter condition, we have [Y/ F(a;q)]Z; dF(s;q) nondecreasinginq and a
for al b<a, which istrueif and only if 1- F(b;q)/F(a;q) isnondecreasing in g for all b<a. Log-
spm of F and the fact that F isadistribution yield the result.

Likewise, G(*a) is nondecreasing in a for all g nondecreasing if and only if G(q|a) is nondecreasing
inafor al g()=1s,(s) and al b<a. From above, we check that 1- F(b;q)/F(a;q) is

nondecreasing in a, which istrue since F is a distribution.

(i) implies (ii): Simply apply (i) for al b<a, which impliesthat 1- F(b;q)/F(a;q) isnondecreasing
inq for all b<a. Thisisequivalent to log-spm of F.

Proof of Lemma6: Pick q, >q,. Define measuresn, and ny asfollows: nL(A):ZAdK(s;qL)
and ny(A) = [ dK(squ). Definea= infllgsT supplK (xq. )l and b = suplldsi supp[K(xq )]l
Define h(s,q)° dK(s,q4)/dC(s,04,q.). Let DO supp[K (%q.)]E supp[K(%qy)]. Since the behavior

of h(s;q) outside of D will not matter, we will restrict attention to D. The proof proceedsin
severa steps.

Part (a): If a® b, then the conclusions hold automatically. Throughout the rest of the proof, we
treat the case wherea < b.

Part (b): For any S° (s.,s4]1 [a,b], n.(S) > 0impliesthat n(S) > 0. Proof: Suppose that n (S
>0and ny(S) = 0. Notethat 0 < K(s.:q,) sincea<s. If supp[K(s ;qn)]£s., then define g as
follows. g(s)=-1for s1 (-¥,s.), whileg(s)=K(s.;q.)/n.([s.,¥)) for sT [s.,¥). Otherwise,
define g asfollows: g(s)=- 1 for s (-¥,s.), 9(5=K(s.;q.)/n.(S) forsl S and
9(9=.95K(s.:01)/Nu([ss,¥)) for sT [sy,¥). Now, it is straightforward to verify that SC1 is
violated for thisg.

Part (c): For any S° (s.,s4]1 [ab], nu(S) > 0impliesthat n(S) > 0. Proof: Suppose that n4(S)
>0and n(S) = 0. If K(s.;q,)=0, then define g asfollows: g(s)=- 1 for s1 (-¥,s,), while
9(9=K(s4;q1)/(2ny([s4,¥)) for sT [sy,¥). Otherwise, define g as follows:
9(9)=-n_([s1,¥))/K(s;q.) for sT (-¥,s.), 9(9=-ny([s4,¥))/nu(S) fordl S and g(s)=1 for
s1 [s4,¥). Now, it is straightforward to verify that SC1 is violated for this g.

Part (d): supp[K(%g+4)]3 supp[K(%q.)] in the strong set order. Proof: Parts (c) and (d) imply that
Ny is abspl utely continuous withAr&epect ton_on [ab], and vice versa. It now suffices to show
that if stl supp[ K(%qy)] and s@@ supp[K(%q.)], and s&>s¢ then

s¢s® supp K (%0, )]1Csupp[K(xqy)]. Since sl supp[K(xq.)] for al s>b, we may restrict attention
to s®Eb. Likewise we may restrict attention to s¢a. But, if (aswe argued in part (b)) ny is

absolutely continuous with respect to n. and vice versaon [a,b], then
supp[ K (g )] =supp[K (3q.)] on [a,b], and we are done.

Lemma Al G(q):Z g(s;q)k(s;q)dm(s) satisfies SC1 in g under the following sufficient

conditions: (i)(a) For each g, g(s,q) satisfiesWSC1 in sa.e.-m for malmost all s, g(s,q) is
nondecreasing in g. (i)(b) k(s;q) islog-spm a.e-m (i)(c) Either g(s,q) satisfies SC1in sa.e-m or
else supp[K(%q)] isconstant in g.
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Proof of Lemma Al: Pick qy >q.. Suppose that Zg(s;qL)k(s;qL)dn(s)3(>)0. Choose s, so
that g(s,q.)2 0 formamostal s>s, and g(s,q.)£0 formamostal s£ s (s, exists by the
definition of WSC1). Let § = minKs3 s, and s supp[K(>,<qL)]p. First, note that if

& I supp[K(%qn)], then supp[K(%g+)]> % since supp[K(%qy)] is nondecreasing in the strong set

order (applying Lemma 6 and (i)(b)). Thisin turn impliesthat, for all sin supp[K(%gu)],

9(s,qn) 2 9(s,q.) 2 0, whichimplies G(g4)3 0. Further, if G(q.)>0, then we can conclude that
G(gn)>0 by (i)(c). Second, observe that the case where supp[K(%Xgn)]£ & is degenerate, since this
would imply by the strong set order that supp[K(%qL)]E£S, aswell. But then our hypothesis that
G(qL) is nonnegative would imply that g(s,q.)=0 a.e.-mon supp[K(%q.)]. Since supp[K(%q)] is
nondecreasing in the strong set order, thisin turn implies G(gu)=0 by (i)(c).

So, we consider the third case where &1 supp[K(x%qy)], but there exist s¢st  supp[K(%q)] such
that s& §, <s® Notice that, by the strong set order, supp[K(%gu)]=supp[K(%q.)] on an interva
surrounding & . It further impliesthat g(s,q.)£0 for al sT supp[K(xqu)]\supp[K(xay)] (because
everything in the set lies below supp[K(%gu)], which contains §). By the same reasoning,
g(s,au)® 0 on supp[K(Xgw)]\supp[K(XqL)]-

Now, define a modified likelihood ratio [ (s), asfollows: | (9=0 for I supp[K(xq.)],

) (9=k(s;,qn)/k(s;q.) for sl supp[K(%qL)] and k(s;q.)>0, and then extend the function so that

f(s) = maxfli f(s@,li |A(S(D. for sl supp[K(xq.)] and k(s,q.)=0 (recalling that the likelihood

ratio can be assumed to be nondecreasing in s on supp[K(%q.)] without loss of generality by
(1)(b)). Thus, we know ) (&)>0, since &1 supp[K(xq.)] and since supp[K(%q+)]=supp[K(%qL)]
on an open interval surrounding &, . We use this to establish:

La(s:94)k(s;q4)dM(s) 3 | g(s;q)k(s:qn)dm(s)® [ g(s;q.) (S)k(s;q.)d(s) 60
- 1(&) 5 a(sa0k(s:a0)dms) +1(&)] g(siaok(sa)dm(s) =1(&)] a(sgok(sg)dms)
Thefirst inequality follows by the fact that g(s,q4) 2 g(s,q.). The second inequality follows by

the definition of | () and since g(s,q.)2 0 on supp[K(%gu)]\supp[K(%q.)]. The equdity follows by
WSCL1 of g. The third inequality is true because ) (s) isnondecreasing a.e.-m on supp[K(%q.)]
sncekislog-spm. The last equality is definitional. Thus, since ) (9>0, G(qL)® (>)0 implies
G(an)® (>)0.

Proof of Theorem 3 and Lemma 5: Sufficiency follows from LemmaAl. Necessity will follow
by constructing counter-examples from the relevant sets. Necessity of (T3-A) follows by
observing that for any s <sy, if welet S(e)= (s. - e,s.] and S, (€) = (s, - e,S4], the function
k(s,0")=1s,(¢)» k(50")=1s, (¢ islog-spm. Thus, (T3-C) will imply that g is SC1 a.e.-m Necessity of
(T3-B): Definea, b, h, and D asin the proof of Lemma6. It sufficesto consider log-spm of h.
Firgt, notice that if a2 b, then h(s,q) islog-spm a.e-m To seethis, observe that a3 b implies that
h(s,gn4) = 0 and h(s,q.) = 2 on supp[K(%q )], while h(s;q.) = 0 and h(s,gs) = 2 on supp[K(Xq4)] -
Thisimpliesthat h(s,q) islog-spm.

Now, suppose a<b. Let B = supp[K(%q )] C supp[K(xq )], which we have shown is equivalent
to DC[a,b]. Pick any s.,s4l B, and define S(e)= (s, - e,5.] and S, (€) = (sy - €,su], such that
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Sy - €3 s.. For the moment, we will supress the ein our notation. Suppose further that s,s4 B,
but n, (Si) N (S) <nu(S) " (Sy). By definition, if s, >a, then ny([a,s. - €]) >0; then, by
absolute continuity, n, ([a,s, - €]) >0 and thus K(s_ - €;q,) >0. Let g(s;d) be defined as
. o _dynL([SLa¥))'nL(S-|) sT (-¥,s - e) d sT [s.,¥)\S,
follows: g(s;d) = K(s. - €q.) ’ n.(S) s s,
-1 sl S n (&)

It is straightforward to verify that there exists a d>0 such that the single crossing property fails
with this g. But thisimplies that for any e positive and in the relevant range,

ny(Si(e)n (S.(e) 2 ny(S.(e)n (Si(e)). Butthisimpliesthat h(s,q) islog-spm a.e.-C on B.
Since supp[K(xq4)] 3 supp K(%q.)] inthe strong set order, thisimplies that h(s,q) islog-spm
ae-ConD.

Proof of Theorem 6: (i): Under the assumptions of the theorem, v(Xx,y,s) has SC3 if and only if
u(x,s;b) ° v(x,b(x),s) has SC2in (x;s) for al functionsb. Furthermore, V(x,y,q) has SC3 if
and only if U(x,q;b)° V(x,b(x),q) has SC2in (x;q) for al functionsb. So, if we know that
V(X,Y,S) has SC3, then u(x,s;b) has SC2 in (x;s) for all functionsb. If kislog-spm a.e.-m then
Theorem 3.1 implies that U(x,q;b) has SC2 in (x;s) for all functionsb. But thisin turn implies that
V(Xx,y,q) has SC3.

(i1): Consider any f(s,q). Let F(s,q) = Z_S¥ f(t;q)dm(t) . The working paper showsthat if F(s,q)
does not satisfy (MLR), then there exists a continuous g which satisfies SC1 so that dy(s)dF(s,q)
fails SC1 (thisis a continuous approximation to the test functions from Lemma5). Consider this
function g. We know that, since g is continuous and crosses zero only once, it must be monotone

nondecreasing in some neighborhood of the crossing point/region. Now, define the following
points, which are the boundaries of the region where g(s) = 0: ¢ © infg a{s/g(s) =0},

d © supg a{s/g(s) =0}. Now, we can find ad > 0 and two corresponding points,

Ca © SUPs<{59(s) =-d} and dy ° infeqe{S/g(s) =d}, such that (c,d)l (cq,dg) and g is
nondecreasing on (cg,dg). Let us define anew function, a(s), asfollows: a(s) = d for sT (cg,dy),
a(s) = |g(s)| elsewhere. Now, pick any xy > X, , and let v(X,Y,s) = x>X3(S)/(Xx - X.)+a(s)xy.
Since a(s) and g(s) are continuous and a(s) > 0, v satisfies (WB). Findly,

= g(s)/a(xH - x.)a(s)] isnondecreasingin's. Thus, v satisfies the assumptions of the

theorem aswell as SC3. Now, &/(x,y,s)dF(s,q) satisfies SC3 if and only if a/(x,b(x),s)dF(s,q)
satisfies SC2 in (x;q) for al b. Let b(x) =0. But, v(x4,0,8) - v(x.,0,8) =g(s), and by
construction @(s)dF(s,q) fails SC1, whichin turn implies that a/(x,0,5)dF(s;q) fails SC2 in (x;q).
Thus, a/(x,y,s)dF(s,g) fails SC3.

(iti): 1f v(xy,s) fails the SC3, then there exists a b(x) such that v(x,b(x),s) fails SC2 in (x;s). But
then, Theorem 3 implies that there exists an f(s,q) which islog-spm a.e.-msuch that
(x,b(x),9)f(s,q)dn(s) fails SC2 in (x;q). We conclude that a/(x,y,s)f(s;,q)dn{(s) fails SC3.
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