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Abstract

Bounds on the distribution function of the sum of two random vari-
ables with known marginal distributions obtained by Makarov (1981) can
be used to bound the cumulative distribution function (c.d.f.) of indi-
vidual treatment effects. Identification of the distribution of individual
treatment effects is important for policy purposes if we are interested in
functionals of that distribution, such as the proportion of individuals who
gain from the treatment and the expected gain from the treatment for
these individuals. Makarov bounds on the c.d.f. of the individual treat-
ment effect distribution are pointwise sharp, i.e. they cannot be improved
in any single point of the distribution. We show that the Makarov bounds
are not uniformly sharp. Specifically, we show that the Makarov bounds
on the region that contains the c.d.f. of the treatment effect distribution
in two (or more) points can be improved, and we derive the smallest set
for the c.d.f. of the treatment effect distribution in two (or more) points.
An implication is that the Makarov bounds on a functional of the c.d.f.
of the individual treatment effect distribution are not best possible.
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1 Introduction

The key problem when estimating the effect of a treatment or intervention on
a population is that we cannot observe both the treated and non-treated out-
comes for a unit in the population, but at most either its treated or non-treated
outcome. As a consequence, we can only identify treatment effect parameters
that depend on the marginal distributions of the treated and control outcomes
and, in general, not parameters that depend on the distribution of individual
treatment effects. The only exception is the mean of the individual treatment
effect distribution, the Average Treatment Effect (ATE), which, given linearity
of expectations, can be identified from the marginal distributions of treated and
control outcomes.

Under the assumption that the social welfare function (SWF) is a functional
of the distribution of outcomes, gains or losses in social welfare due to an in-
tervention can be measured as the difference of functionals on the marginal
distributions of treated and non-treated outcomes. For instance, we may be
interested in the effect of a program on the inequality of outcomes in the pop-
ulation. If we choose some inequality measure, say the variance, then the effect
of the program on the variance is equal to the difference of the variances of the
marginal distributions of the treated and control outcomes. Such an approach
has been used, for example, in Imbens and Rubin (1997), Abadie, Angrist Im-
bens (2002), Abadie (2002, 2003) and Firpo (2007). Therefore, if our goal is to
assess the effect of an intervention on social welfare and not individual welfare,
then the marginal outcome distributions suffice.

There are some other treatment effect parameters that are defined as func-
tionals of the distribution of individual treatment effects. FExamples of func-
tionals of the distribution of individual treatment effects are the fraction of the
population that benefits from a program, the total and average gains of those
who benefit from the program, the fraction of the population that has gains or
losses in a specific range, and the median (or other quantile) of the treatment
effect distributionﬂ Heckman, Smith and Clements (1997) discuss a number of
parameters that depend on the distribution of individual treatment effects.

We show that a general reason why we should be interested in functionals
of the distribution of individual treatment effects is that individuals in a pop-
ulation may be loss averse. Loss aversion has been shown to be a feature of
individual preferences if an individual faces an uncertain outcome (e.g. Tversky
and Kahneman (1991) and the large literature on non-expected utility). With
loss aversion at the individual level a utilitarian social welfare function will ex-
hibit aversion to redistribution. As a consequence the social welfare function
depends on the distribution of individual treatment effects.

Point identification of parameters that depend on the distribution of individ-
ual treatment effects requires knowledge of the joint distribution of treated and
non-treated outcomes, as the marginal themselves do not contain enough infor-

1Because the difference of quantiles is not equal to the quantile of the difference, we can-
not estimate this parameter by the difference of the medians of the treated and non-treated
outcome distributions.



mation to identify the distribution of the difference. If the treatment effect is the
same for all members of the population or of subpopulations characterized by
a vector of observable variables, this (conditional) joint distribution is singular
and the (conditional) distribution of individual treatment effects is degenerate.
However, in most cases the observed (conditional) marginal distributions are not
related by a simple location shift. In that case we can either introduce addi-
tional information that allows us to point identify the distribution of treatment
effects, or we can as e.g. Heckman, Smith and Clements (1997) derive bounds
on the distribution of treatment effects.

Bounds on the cumulative distribution function (c.d.f.) of the sum of two
random variables with known marginal distributions were first obtained by
Makarov (1981) and the generalization to the difference is trivial. Fan and Park
(2007) were the first to apply these bounds to the distribution of treatment
effects with an emphasis on the statistical inference for these bounds.

This paper will disregard inference completely and will focus instead on the
nature of the Makarov bounds. An important property of a bound is whether it
is sharp or best possible. Our results show that Makarov bounds are pointwise
but not wniformly sharp. This implies that Makarov bounds on functionals
of the distribution of individual treatment effects are in general not sharp. In
the case of a scalar parameter bounds are defined by a set of restrictions on
the parameter. Assume for simplicity that these restrictions imply that the
parameter is in a closed connected interval. A lower bound on the parameter
is sharp if every parameter value that satisfies the restrictions is not smaller
than the bound and the bound itself satisfies all the restrictions. In the case
that we bound a function defined on some domain the definition of a sharp
bound is not as simple. Again the bounds are defined by a set of restrictions.
In our case we consider all c.d.f. of a distribution of Y7 — Y where Yy, Y7 have a
joint distribution with given marginal distributions. If the bounding functions
satisfy all the restrictions we call them uniformly sharp. This corresponds to
the usual definition of sharpness for a scalar parameter. The Fréchet (1951) (see
also Hoeffding (1940)) bounds on the joint distribution of two random variables
with given marginal distributions are uniformly sharp. It is however possible
that the bounding functions do not satisfy all the restrictions. This is the case
with the Makarov bounds. In that case it is possible that the bounds are best
possible in a point (and every point) of the domain. This occurs if there is a
function that satisfies all the restrictions and is equal to the bounding function
at that point (and such a function exists at every point)ﬂ We call such a bound
pointwise sharp. The Makarov bounds are pointwise, but not uniformly sharp.

If a bound is uniformly sharp, then the joint bound on the set of function
values in two (or more) points on the domain derived from the uniformly sharp
bound and possible other restrictions like monotonicity is also sharp. This is
not true if the bounds are pointwise sharp.

In this paper, we show that a joint bound of c.d.f. points using the Makarov
bounds is not best possible. Moreover, we derive more informative joint bounds,

2The supporting function cannot intersect the bound, but touches the bound at the point.



i.e. a smaller region, for the c.d.f. of the individual treatment effect in two
(or more) points. This result is not at odds with the sharpness of the Makarov
bounds in a single point, because the projections of the smaller higher-dimensional
region coincides with the one-dimensional Makarov bounds. Bounds on the
treatment effect c.d.f. in two (or more) points imply bounds on functions of
the treatment effect c.d.f in those points. We consider linear functionals of the
treatment effect c.d.f. and derive conditions under which the bounds on this
functional can be improved.

A second contribution of this paper is that we show that if the outcomes are
correlated with covariates, then averaging the bounds obtained from the condi-
tional (on these covariates) outcome distributions gives bounds that are more
informative than the bounds obtained from the unconditional outcome distribu-
tions. This result holds both for the one-dimensional pointwise Makarov bounds
and for the improved higher dimensional regions. Hence, even if treatment is
randomly assigned it is useful to have covariates that are correlated with the
outcomes in order to improve the bounds on (functionals of) the distribution of
the individual treatment effects.

There is a small literature on bounds on the treatment effect c.d.f. in a
point for given marginal outcome distributions. None of it considers bounds
on the c.d.f. in two or more points or bounds on functionals of the c.d.f. We
already mentioned Fan and Park (2007) who use the pointwise sharp Makarov
bounds. Most papers introduce additional restrictions, as a factor structure or
rank preservation that narrow the bounds or even lead to point identification
of the treatment effect distribution. In chronological order contributions can be
found in Heckman and Smith (1993, 1998) and in particular Heckman, Smith
and Clements (1997), Aakvik, Heckman and Vytlacil (2005), Carneiro, Hansen
and Heckman (2003), and Wu and Perloft (2006). Djebbari and Smith (2008) use
the Heckman-Smith-Clements boundsﬂ in an empirical study of the distribution
of treatment effects in a conditional cash transfer program in Mexico.

The plan of he paper is as follows. In section 2 we show that if individuals are
loss averse then the social welfare function is a functional of the distribution of
individual treatment effects. In section 3 we discuss the Makarov bounds on the
cdf of treatment effects and we introduce the concepts of pointwise and uniformly
sharp bounds. Section 4 establishes that the Makarov bounds are pointwise,
but in general not uniformly sharp. In section 5 we show that averaging over
covariates that are correlated with the outcomes improves the bounds. In section
6 we obtain higher dimensional Makarov bounds and we derive a necessary
condition for a vector of function values to be compatible with a treatment
effect distribution. We then use this necessary condition to show that the higher
dimensional Makarov bounds are in general not sharp and we derive improved
bounds. In section 7 we use these improved bounds to obtain improved bounds
on functionals of the treatment effect distribution. Section 8 concludes.

3These bounds are derived from the Fréchet-Hoeffding bounds on the joint distribution of
treated and non-treated outcomes and are not best possible.



2 Welfare and the distribution of treatment ef-
fects

Consider an intervention with potential outcomes Yp; and Yi; for individual
1 of the population. The individual has a vector of characteristics X;. An
experiment is performed in a randomly selected sample from this population
and treatment assignment 7; in the sample is either random or unconfounded
given X. Hence, if the sample is large we can identify Fy(.|«) and Fy(.|z) for all
r € X with X the support of the distribution of X. Let us define D; = Y7y; — Y,
and assume that all i know Y{,;, their non-treated or status quo outcome, but
not necessarily Y7;, their treated outcome at the time of treatment. In general
Y1; can be thought of as a function of X; and &;, where X; is a vector of
characteristics that is known to the individual and ¢; is a random term that
may or may not be known to individual ¢ at the time of the intervention. We
assume that Yp; is known to the individual at the time of the intervention even
if ¢ undergoes the intervention. If ¢ undergoes the intervention, then Y{; is not
known to the econometrician or the social planner. The vector X; is observed
irrespective of treatment assignment (and not affected by that).

Note that the treated and control outcomes are treated asymmetrically. Of-
ten individuals can predict their outcome under the status quo accurately but
not necessarily their outcome under the treatment. We consider both the case
that Y7; is known at the time of the treatment and the case that this outcome
is not known at that time. Moreover, we consider two types of preferences. The
first type corresponds to expected utility in the case that Y7; is unknown to i
at the time of the treatment. The second type assumes that individuals are
loss averse, as introduced by Tversky and Kahneman (1991) and extensively
discussed by Rabin (1998). For the second type of preferences we need the dis-
tribution of D at the time of treatment. We also consider the utilitarian social
welfare functions corresponding to these individual preferences.

The social welfare functions are our main focus in this section. They are the
same irrespective which assumption we make on knowledge of Y7 at the time
of treatment (we consider the unknown Y] case only for expositional purposes).
If we start from individual preferences that exhibit loss aversion we obtain a
social welfare function that has redistribution aversion. In particular, if we
fix the average benefit of an intervention, i.e. the Average Treatment Effect
(ATE), then society will prefer an intervention that spreads the gains evenly
in the population over an intervention that achieves the same ATE with large
losses for some and slightly larger gains for others in the population. Easterlin
(2008) discusses the relevance of the distribution of gains and losses for social
welfare in a transition economy.

First, we assume that Y7; is not known (but Yy, is) to ¢ at the time of the
treatment. Both outcomes are net of the private cost of treatment and non-
treatment. If the utility of outcome Y is u(Y") with u concave if ¢ is risk averse,
then the expected utility of treatment for ¢ is E[u(Y7;)|Yo:, X;] and the expected
utility of the status quo is u(Yp;). The utilitarian social welfare that sums these



individual preferences over all members of the population is
Wi = E[E[u(Y1)[Yo, X]] = E[u(Y1)]

and
Wo = E[u(Yy)]

Both individual and social welfare only depend on the marginal distributions
of Yy and Y7 (given X). If we assume that both Yp; and Yj; are known to
i at the time of treatment then the individual utilities of treatment and non-
treatment are u(Yp;) and u(Y3;), respectively. Therefore, the utilitarian social
welfare function assigns W7 and Wy to treatment and non-treatment, which are
the same values as in the case that Y7; is not known at the time of treatment.
The obvious conclusion is that utilitarian social welfare depends only on the
marginal outcome distributions and the distribution of D does not play a rold?]

As Tversky and Kahneman (1991) have pointed out, individual preferences
are actually not as in the standard expected utility theory. In (cumulative)
prospect theory preferences exhibit the so-called “framing effect”, because peo-
ple tend to think of possible outcomes relative to a reference value. In the
simple potential outcome model the natural choice for the reference value is
the status quo outcome Yy;. Moreover, individuals have different risk atti-
tudes towards gains Yy; — Yy; > 0 and losses Yy; — Yo; < 0 and the disutil-
ity of a loss is in general larger than the utility of an equal gain. This is
called loss aversion. If we denote the valuation function of gains/losses by
U(Yi — Yo) = U+(Y1 — }/0)1(le — YO > 0) + ’U_(Yl — YQ)l(Yi — Yb < 0) then
the utility of non-treatment is 0 (essentially a normalization) and the utility of
treatment id’]

E [v" (Y1 — Y0i)1 (Y1 — Yoi > 0)[Yos, X;]+E [0~ (Yi; — Yo:)1(Yas — Yo < 0)[Yos, X, ] -
Hence the utilitarian social welfare is V5 = 0 and
Vi=E[vT(Y1 - Yo)1(Y1 — Yo > 0)] + E [v™ (Y1 — Yo)1(Y1 — Y < 0)].

Two interesting particular cases of valuation functions are the following. If
v (Y] —Yy) =1 and v~ (Y] — Yy) = —1 then V; is the difference of the fractions
of the population with a positive and a negative treatment effect respectively.
This majority parameter is mentioned by Heckman, Smith and Clements (1997).
It
vt (Y1 = Yo) = v (Y1 — Yo) = u(Y1) — u(Yo),

then the expected utility and loss aversion social welfare functions are the same
(up to normalization).

In general, the valuation functions are such that v*(0) = v=(0) = 0, v+ (z) >
0 for 2 >0, v (2) <0 for 2 <0, and v7(2) < —v~(—z), where the final

4We could also let the utility function depend on X, i.e., consider u(Y, X). In that case
knowledge of the conditional distributions of Yy and Y7 given X is sufficient.

5In cumulative prospect theory we would also weight the cdf of gains and losses with a
weighting function. This is not essential for our argument.



condition is loss aversion. Also, it is often assumed that v is concave and v~
is convex, and both are increasing in z.

Now, suppose we want compare two possible treatments, A and B. Both
treatments have the same ATE, E[Y;] — E[Y;]. However, for treatment A every
individual has a gain equal to the ATE and for treatment B some individuals
have a large loss while an equal fraction of the population has a gain that
exceeds the (opposite of the) loss by the ATE. It is obvious that treatment A is
preferred over treatment B if individuals are loss averse. Treatment A does not
involve any redistribution of gains while under treatment B gains and losses are
unequal. Therefore we can say that a social welfare function derived from loss
averse individual preferences shows redistribution aversion.

The loss aversion social welfare function is also relevant if individual treat-
ment effects are nonnegative, i.e. if all individuals benefit from the treatment.
Individuals may still use the status quo outcome as a reference. As a conse-
quence, society may prefer less variation in the distribution of individual gains.

Although we derived the social welfare function on the assumption that
individuals use the known non-treated outcome as a reference, the analysis is also
relevant in the case that treated individuals only learn Y7 (so that the reference
value is unknown) and control individuals only learn Y. Let us first assume
that the identified Fy and F; are known. For individuals who are in the control
group the expected utility under loss aversion is as above (the expectation is
over F1). For individuals who are treated the expected utility is of the same
form except that the expectation is over Fyy. The social welfare function does not
change. If individuals only learn Yj or Y7 and not their marginal distributions,
then the social planner may still care about the distribution of gains and use the
redistribution averse social welfare function. Of course, because only Fj and F}
are identified the social planner can only prefer treatment A over treatment B
if the lower bound on the social welfare of A exceeds the upper bound on the
social welfare of B. If the bounds overlap the social planner has to use some
criterion to rank the treatments, e.g. the largest lower bound.

The social welfare function that assumes that individual preferences exhibit
loss aversion depends in general on the distribution of the individual treatment
effect D. By partial integration we find

0

Vi = /OOO vH(2) - (1 —G(z))dz—/ v(2) - G(2)dz

—00

where v1'(z), v™/(2) are the derivatives of v (z), v~ (2) and G is the cdf of D. As
noted, the functions v+ and v~ are in general nonlinear increasing functions. An
obvious specification is a linear spline with nodes 0 =dp < dy < ... < dg =
andfua':O7 v,j>0

K
vt(z) = Z[v,‘:(z —di—1) + v di]U(dg—1 < 2 < di)
k=1

and a similar specification for v~. With this specification the derivatives of vT



and v~ are step functions so that

e K dg
'U+/ z — z Z = 'U+ — z yA
/0 ()1 -GNz =3 0f [ (1= Gl

k=1 k1

In section 7 we consider bounds on integrals f;:il (1—-G(2))d=.

3 Pointwise and uniformly sharp bounds on the
distribution of treatment effects

Let G be a set of distribution functions on R, i.e. a set of non-decreasing and
right-continuous functions on R that are 0 in —oo and 1 in co. All distribution
functions in G satisfy a set of restrictions. In this paper the restriction is that
each G € G is the c.d.f. of D = Y; — Y} for given marginal c.d.f. of Y;, de-
noted by Fp, and Yy, denoted by Fj, but unspecified joint distribution of Yy, Y7.
We are interested in bounds on the distribution functions in G, which is the
set of distributions of individual treatment effects for given marginal outcome
distributions. We often have a vector of covariates X with a distribution with
support X that are correlated with Y; and Yj, so that in the statement above we
can replace the treatment effect distribution by the conditional treatment effect
distribution given X and the outcome distributions by conditional outcome dis-
tributions. The bounds on the distribution of the treatment effect are obtained
by averaging the conditional bounds over the distribution of X. Sometimes it is
convenient to ignore the fact that we are dealing with conditional distributions
and only to introduce the covariates in the final result. In general, averaging
makes the bounds more informative.

An upper and lower bound on G(d) for G € G was derived by Makarov (1981)
(see also Frank, Nelsen, and Schweizer, 1987). Note that this is a bound for the
c.d.f. in a single point. We extend the Makarov bound to the case that we
observe conditional marginal distributions of the outcomes Fy(.|z) and F(.|z).

Theorem 3.1 (Makarov, 1981) Let the conditional c.d.f. of Yo|X and Y1|X
be Fo(.|X) and F1(.|X) and G € G be the c.d.f. of D = Y; — Yy, then for
—o00 < d < 00

Gur(d)=E SLtlpmax{Fl(ﬂX) —Fo(t—d|X)_,0}| <G(d) <

E [inf min{ F3 (¢]X) = Fo(t — d|X)_ +1, 1}} = Grru(d)

(1)
with Fy(.)— the function of left-hand limits of the c.d.f.. The bounds Gprr(d), Gpru(d)
are c.d.f., i.e. non-decreasing, right-continuous, and 0 and 1 for d | —oco and
d T oo, respectively.



Proof:See Appendix B.

Are the Makarov bounds on the treatment effect c.d.f. the best possible
bounds? The answer to this question depends on our definition of best possible
bounds. Because we are bounding a function we can consider bounds in each
point d or joint bounds for all d. If we consider bounds in a single point d,
then the relevant notion is pointwise sharpness. To keep the notation simple

the discussion is for unconditional c.d.f. but it applies directly to conditional
c.d.f.

Definition 3.1 (Pointwise sharp bounds on a c.d.f.) LetG be a set of c.d.f.
and let G (d) < G(d) < Gy(d) for alld € R and G € G. We say that G, is a

pointwise sharp lower bound on G, if for all dy there is a c.d.f. Ggq,1, € G such

that Gr(do) = Ga,1(do). Gu is a pointwise sharp upper bound on G, if for all

dy there is a c.d.f. Gqou € G such that Gy (dy) = GdoU(do)H

Note that the c.d.f. that supports the lower bound may depend on dy. If
for all dg the supporting c.d.f. does not depend on dy we call the lower bound
uniformly sharp. A uniformly sharp upper bound is defined analogously.

Definition 3.2 (Uniformly sharp bounds on a c.d.f.) LetG be a set of c.d.f.
and let G (d) < G(d) < Gy(d) for alld € R and G € G. We say that G, is a

uniformly sharp lower bound on G, if G € G. Gy is a uniformly sharp upper
bound on G, if Gy € G.

It should be noted that if the bounds are uniformly sharp they have all the
properties of the set G. If they are pointwise sharp, the bounds will have some
but not all properties of G.

Theorem 3.2 If G is a set of c.d.f. with pointwise sharp bounds G,,Gy, then
G1,Gy are non-decreasing, right-continuous and 0 and 1 at —oo and oo, re-
spectively, i.e. the bounds are themselves c.d.f[]

Proof:See Appendix B.

4 Makarov bounds are pointwise sharp
We are now able to answer the question whether the Makarov bounds are best

possible. Frank, Nelsen, and Schweitzer (FNS) (1981) construct for any dj joint
distributions Hg,r, and Hg,rr of Yo, Y7 such that

0o v+dg o0 v+do
Garr(do) =/ / dH g1 (u,v) Gao(do) =/ / dHg,v (u,v)

6 Although we define these concepts for sets of c.d.f. they apply to any set of functions on
R.

"The same argument as in Theorem 2.1. can be used to find bounds on the distribution of
the sum of three or more random variables with given (marginal) distributions (see Kreinovich
and Ferson (2005)). These bounds are in general not a c.d.f. and hence are not pointwise
sharp.



i.e. these joint distributions support the lower and upper bounds. It is instruc-
tive to show the result of the construction, because it clearly illustrates that
the supporting c.d.f. are local, i.e. they depend on dy, so that the Makarov
bounds are pointwise sharp. To keep the notation simple we consider the case
that the marginal c.d.f. Fy and Fj are strictly increasing on the respective sup-
ports. We only consider the supporting c.d.f. Gg4,r, of the lower Makarov bound
in dp. Instead of the joint c.d.f. of Yi,Ys, Hy,r, we consider that of Y7, —Y,
fIdOL that has a simpler form. Define ug = F; *(Garr(do)) , vo = do — up, and

v, = —F0_1(1 — Gurr(dp)) where v1 < wg. The supporting c.d.f. is obtained
from
ﬁdOL(u,v) = Fi(u) u < ug,v > U
= min{F;(u),1 — Fy(—v)} u < ug,v < g
= min{l — Fy(—v), Gpr(do)} u>up,v < dp—u
= max{F1(u) — Fo(—v),Gpr(do)} u > ug,v>wvgoru>dy—v,v1 <v<up
= 1— Fy(-v) u>do—v,v<v

The regions are as in Figure 1. Using this figure it is easily checked that the
c.d.f. has the correct marginal distributions Fy(y) and 1 — F;(—y).

The joint distribution of Y7, —Yj is singular, because all probability is con-
centrated on two curves

St ={(u.v)|v = —F; (1= Fi(u)),u < up}

and
SQ = {(U,U)|U = —Fo_l(Fl(’U,) — GML(dO)),u > UO}

If Garrn(dp) > 0 (we only consider this case; if Gpr(dp) = 0 the analysis is
slightly different), the curve S; is increasing in w and is equal to vy if u = ug.
The curve Sy is oo if u = ug and converges to v; as u — oo. Moreover if
@ minimizes F;(u) — Fo(—(do — u)) (the minimand need not be unique), then
Fl(ﬁ) — Fo(—(d() — ’EL)) = GML(dO)) so that

do — @ = —Fy "(Fy(@) — Garr(do))

and we conclude that Sy touches the line u + v = dy at all minimands @. The
same argument shows that Sy cannot be below the line v + v = dy. The two
curves are drawn in Figure 1 for the case that there is a unique minimand 4.

The c.d.f. Gg,1(d) that supports the lower Makarov bound in dj is obtained
by computing the probability mass in the set {(u,v)|u+v < d}. For d < dg

Gaor(d) = Gurr(do) ug+v1 <d<do
Fi(u(d)) d < ug + v (2)

with u(d) the solution to

Fi(u(d)) =1 — Fo(—(d — u(d))) 3)

10



Fig 1. Definition and support of Gg,r, if there is a unique minimand.
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i.e. & intersects u +v = d at u = u(d),v = d — u(d). Note that Gg,1(d) is
constant if ug + v1 < d < dgy, because the line u + v = ug + v intersects S at
u = ug,v = v1 and

Gaor(uo +v1) = Hayr (ug, v1) = F1 (uo) = Garr.(do)

For d > dy
Gaor(d) = Fi(uz(d)) — Fo(—(d — ui(d))) (4)
where u1(d) < us(d) are the two solutions to

w=d+ FyY(F (u) — G (do))

i.e. the two points of intersection of Sy and d — u.
Note that for do, dl GdOL(d) = GdlL(d) forall d € §R iff GML(dO) = GML(dl)
Therefore

Theorem 4.1 The lower Makarov bound Gyrp is uniformly sharp on a set
where Gyrp, is constant. The same holds for the upper Makarov bound. On sets
where the bounds are not constant the bounds are pointwise, but not uniformly
sharp.

11



Although according to Theorem 2.2 pointwise sharp bounds are c.d.f. they
need not have all the properties of G. We show this in an example which we
will use as an illustration throughout this paper.

Example 1: Difference of normals with the same variance.

Consider
Yy ~ N(pg, 0?) E=0,1

Define the ATE by 6 = 1 — pio. The lower bound on the c.d.f. of the treatment
effect is

Gur(d) = 0 ifd<¥6
= 2q><d_9)—1 ifd>0

The corresponding density is

gvr(d) = 0 ifd<6
1 _

_ ¢(d 9) ifd>0
o 20

Note that this is the density of a halfnormal distribution with begin point 6.
Hence the mean of the lower bound distribution is

2v/2

i > 9

T

and the mean of the lower bound distribution is strictly larger that the mean of
the distribution of Y7 — Yy. The upper bound is

0+ o

d—10 .
GMU(d) = 2@( 20_) ifd<@

= 1 ifd>0

The corresponding density is

1 [(d—0 .
guu(d) = qu( 20) ifd<®o

= 0 ifd>~6

which is the density of a halfnormal distribution distribution with end point 6,
so that the mean of the upper bound distribution is equal to

The bounds are drawn in Figure 2 for § = 1 and ¢ = 3. Note that the bounds
are not informative if d = 6.

0—o
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Fig 2. Makarov bounds on the treatment effect c.d.f.: Normal outcome distri-
butions with equal variance § = 1,0 = 3.
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0.1
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It is also illustrative to give the supporting c.d.f. that passes through the
lower bound G 1, (dg). For d < dy from (3

d+ po +
“(d>:f

Also

ug = M1 + Uq)_l(GML(do)) Vo = do — Up V1 = — Mo — 0'@_1(1 - GML(dO))

8This holds for all symmetric outcome distributions.
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Therefore

d—0
Gaor(d) = (I)( 20_) d<wug+v;
- 2q><d0_9>—1 uo +v1 < d < do
20
_ @(“2(d)_“1)—cb(_(d_”l(d))_“°> d > do
g g

with u1(d) < uz(d) the solutions to

uw=d+ po+od ! <<I> (U—Ml> - GML(dO))

g

The conclusion is that although all c.d.f. in the set of treatment effect
distributions have mean 6, the c.d.f. that correspond to the lower and upper
Makarov bounds have a mean that is strictly larger and smaller than 6. Hence
they do not have all the properties of the set of c.d.f. that they bound. The
Makarov bounds are envelopes of the c.d.f. that support them, i.e. the c.d.f. in
and . These envelopes need not have a mean equal to 6.

5 Averaging over covariates

The conditional on X Makarov bounds on the conditional treatment effect distri-
bution in a point d are pointwise sharp. If we average these conditional pointwise
sharp bounds over X we obtain pointwise sharp bounds on the unconditional
treatment effect distribution. To see this we construct the supporting joint
c.d.f. conditional on X as in the previous section where we substitute condi-
tional outcome distributions for unconditional ones. Averaging this supporting
conditional joint c.d.f. over X we obtain the unconditional joint c.d.f. that has
marginal distributions equal to the given (unconditional) outcome distributions
of Yy and Y;. The distribution of Y; — Yy derived from this average supporting
c.d.f. has a c.d.f. that is equal to the lower or upper average Makarov bounds
in d, depending on which supporting c.d.f. we use.

The pointwise sharp average Makarov bounds improve on the bounds derived
from the average, i.e. unconditional, outcome distributions.

Theorem 5.1 Averaging over covariates gives tighter bounds, that is,

Sltlp max{E[F, (¢|X)]-E[Fo(t—d|X)]-,0} <E [sgpmax{Fl(ﬂX) — Fo(t —d|X)_,0}

(5)
E [ntlf min{ Fy (H)X) — Fo(t — d|X)_ +1, 1}} < inf min{E[F (t]X)]~E[Fo(t—d| X)]_+1,1}

(6)

14



Proof:See Appendix B.

The theorem shows that the average Makarov bounds are more informative
than the Makarov bounds on the average distribution. This means that even
in a randomized experiment covariate information can be useful in narrowing
the bounds on the c.d.f.. The next example illustrates the role of averaging for
normal outcome distributions.

Example 2: Conditional normal outcome distributions.

The conditional outcome distributions are
Yi|X ~ N(ag + 81X, 0?) k=01

i.e. they are obtained from linear regression models with normal errors with
the same variance that does not depend on X. The ATE given X is 0(X) =
a1 —ag + (81 — Bp)X. The conditional lower Makarov bound is

Gy (d|X) 0 if d < 0(X)

20 (Cl_;;X)> —1 if d>0(X)

and the conditional upper Makarov bound is

20
= 1 ifd>0(X)

Guu(dlX) = 20 (‘j_e(X)) if d < 6(X)

Hence the average lower bound is

EdeaXﬂ:EPuzmxn@é(w;%m>_Q}

o
and the average upper bound is

d— 0(X)

EWMMdXﬂ:EPMdgﬂX»©< -

) +1(d> Q(X))}
If X is itself normally distributed then the unconditional outcome distributions
are normal

Vi ~ N(ay + Brpx, Bpokx +0°)
The Makarov bounds for normal outcome distributions with different variances
have an explicit expression that is given in Appendix [A] In Figure 3 we plot
the average bounds (dashed line) and the bounds for the average (solid line)
population for ag = 0,1 = 1,60 = 1,61 = 1.5,0 = 1. The mean and standard
deviation of the normal distribution of X 1 and .8, respectively. The implied
R? in the two outcome distributions are .39 (control) and .59 (treatment). Note
that the average bounds show that less than half of the population has a negative
treatment effect, but that the bounds on the average outcome distributions do
not allow such a conclusion.
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Fig 3. Average Makarov bounds and Makarov bounds for the average population:
conditional Normal outcome distributions with Normally distributed covariate.
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6 Bounds on the distribution function of treat-
ment effects in two points

6.1 A necessary condition for being compatible with a
treatment effect c.d.f. in two points

Because the Makarov bounds are pointwise, but not uniformly sharp, the region
that these bounds imply for the vector of values of the treatment effect c.d.f.
in a vector of points is not necessarily best possible. Let dy < ... < dg be
K ordered real numbers. We are interested in obtaining bounds on the set of
K-vectors B(dy,...,dx) = {((G(d1)---G(dk))',G € G} with as before G the
set of c.d.f. of treatment effect distributions for given (conditional) outcome
distributions. To keep the notation simple we consider unconditional outcome
distributions and the case K = 2. Because G(d1) < G(dz) and both G(d;y) and
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G(dy) are within the Makarov bounds we have that
B(di,d2) € M(dy,ds) =

{(G(d1),G(d2))|Gnrrr(dr) < G(di) < Gupu(dy), Gur(dz) < G(d2) < Gyu(dz), G(dy) < G(d2)}

The set M(dy,dz) is drawn in the bottom panel of Figure 5. It is the
region bounded by the extreme points A, B, C, D, E. For obvious reasons we call
M(dy,ds3) the two-dimensional Makarov bounds on G(d;), G(dz2). The analysis
is somewhat different for the case that di; < do are ‘close’ in the sense that
Guu(di) > Gar(de). If dy, do are not close in this sense, the two-dimensional
Makarov bounds are a rectangle, because the monotonicity restriction is not
binding. Because we are interested in functionals of the treatment effect c.d.f.
that can be approximated by the value of that functional in a finite (but possibly
large) number of points on the support of the treatment effect c¢.d.f. the case
that G (di) > Garr(di41) is the most relevant case.

The two-dimensional Makarov bounds M on the treatment effect c.d.f. in
d; < do contain B. The two-dimensional Makarov bounds are sharp if and
only if M = B. Therefore they are not best possible, if we can find points in
M that are not in B. To establish that a point, e.g. point C in Figure 5 is
in B, we would have to construct a joint c.d.f. of Yy,Y7 with given marginal
distributions, such that the c.d.f. of Y7 — Yj, i.e. the supporting c.d.f. G¢,
satisfies Go(dy) = Guu(dy) and Ge(da) = Guu(da). A simpler procedure is
to find necessary conditions for the existence of a supporting c.d.f. G¢. If these
conditions do not hold in C, then C ¢ B. The same is true for all points in
M where the necessary conditions do not hold. Therefore, the set B is strictly
smaller than M and by eliminating all points where the necessary condition does
not hold, we obtain the maximal reduction relative to the necessary condition.
We have been unable to show that our necessary condition for membership of
B is also sufficient. So strictly speaking we cannot call our improved bounds
sharp.

To derive the necessary condition for C' € B, we note that if Go € G, then
Gur(d) < Ge(d) < Gyu(d) for all d and the corresponding treatment ef-
fect distribution has mean E(Y7) — E(Yp). In addition, if G¢ exists it is larger
than the smallest c.d.f. Gy < Gox < Gpu and smaller than the largest
cdf. Gyr < Geg < Guu with Geg(d1) = Geg(dy) = Gyu(dy) and
Gek(d2) = Geg(da) = Gypu(de). A cdf. F is smaller than a c.d.f. G if
G first-order stochastically dominates F. Of course, this implies that the mean
of the distribution of G cannot be smaller than the mean of the distribution of
F. Combining these observations we conclude that if G¢ exists, then the mean
of Geok is not greater than E(Y7) — E(Yy) and the mean of Gog not smaller
than E(Y7) — E(Yp). If this necessary condition does not hold then C ¢ B. We
show how to check the necessary condition and find the smallest set in M where
this condition is satisfied.

As a first step in the derivation of the necessary condition we derive the
stochastically smallest distribution G4, x that is within the Makarov bounds and
passes through G (dp) and the stochastically largest distribution Gy, that
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is within the Makarov bounds and passes through Gpsp(dp). The construction
is illustrated in Figure 4.

Gax(d) = Guu(d)  d<Gyy(Gurldo))
= Gurld)  Gyy(Gurldo)) <d < do (7)
= GMU(d) d > dy

GdoG(d) = GML(d) d< do
= Guu(do) do < d < Gy (Guu(do)) (8)

= Guw(d) d > Gy, (G (do))
Note that GdoK(dO) = GMU(dO) > GML(dO) = GdOK(dQ),. HOWGVGI‘, GdoK is

Fig 4. The smallest c.d.f. G4,k through the lower Makarov bound, the largest
c.d.f. Gaya through the upper Makarov bound and the c.d.f. Ga,r, Ga,u that
support the bounds.

smaller than all c.d.f. that have G4,k (do) = Gar(do) and calling Gy, x the
smallest c.d.f. that passes through Gy (dp) is appropriate.
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Because G4, is the smallest c.d.f. within the Makarov bounds that passes
through Gprr(dp), it is first-order stochastically dominated by the c.d.f. Gy,r
that supports the lower bound G 1. (dp). Because this distribution has a mean
equal to E(Y7) — E(Yp) we conclude that the mean of the distribution of Gy, x
cannot be larger than E(Y;) — E(Y)). In the same way the mean of the distri-
bution of G4,¢ cannot be smaller than E(Y;) — E(Yp). Therefore the necessary
condition is met for the Makarov bounds in a single point, because the largest
c.d.f. corresponding to Gsr.(dg) and the smallest corresponding to Gsp(dp)
are the Makarov bounds Grr, and Gyy. Note that Gg,x and Gg,¢ are mixed
discrete-continuous distributions with a support that is the union of two disjoint
sets and an atom in dg.

Stochastically smallest and largest c.d.f. that are within the Makarov bounds
and pass through a particular point can also be constructed in the two-dimensional
case.

Lemma 6.1 Let d; < dy be such that Gpyu(di) > Gar(da). The mean of the
smallest c.d.f. that passes through B,C,D, and E and is within the Makarov
bounds is smaller than or equal to (Y1) —E(Yy). The mean of the largest c.d.f.
that passes through A,B,D and E and is within the Makarov bounds is larger
than or equal to E(Y1) — E(Yp).

Proof:See Appendix B.

Consider a point in B(d1, d2) which is equal to G(dy), G(dz) for some G € G.
The c.d.f. G first-order stochastically dominates the smallest c.d.f. that passes
through G(d;) and G(d3) and is within the Makarov bounds, Gg,d,x, and it
is first-order stochastically dominated by the largest c.d.f. that passes through
G(dy) and G(dz) and is within the Makarov bounds, G4, 4,¢. Hence a necessary
condition for (G(dy),G(dz2)) € B(dy,d2) is that Gg,4,x has a mean that does
not exceed the ATE and Gg4,4,¢ has a mean that is not smaller than the ATE.

Theorem 6.1 If (G(d1),G(d2)) € B(d1,ds) for some G € G, then the mean
of the distribution with c.d.f. Ga,a,x 15 less than or equal to E(Y7) — E(Yp)
and the mean of the distribution with c.d.f. Ga,a,c s greater than or equal to
E(Y1) — E(Yo).

Lemma implies that B,D, and E are in B(dy,ds2). However, it is not
obvious that A and C are in this set. To decide this we construct the smallest
c.d.f. that passes through A (see Figure 5). We only need to consider the
smallest c.d.f. because the largest c.d.f. that passes through A is equal to the
lower Makarov bound and has a mean that is larger than or equal to the ATE.
If d; < dg are close so that G (dy) > Garr(da), the smallest c¢.d.f. that passes
through A is

Gak(d) = Guu(d) d<Gyy(Gurld))
= Gur(d) Gyy(Gurld)) <d<dy
= Gur(de) di <d<ds 9)
= Guu (d) d>dy
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We show that this c.d.f. can have a mean that is larger than the ATE and in
that case A ¢ B(dy,ds). For C the smallest c.d.f. that passes through this point
and is within the Makarov bounds is the c.d.f. of the upper Makarov bound
with a mean that is smaller than or equal to the ATE. The largest c.d.f. within
the Makarov bounds that passes through C is (if di < da are close as defined
above)

Goold) = Gui(d) d<d
= Gupu(d) di <d<dy
= Guu(dy) dy <d <Gy (Guu(dy)) (10)
= Guz(d) d>Gy(Guulds))

and this c.d.f. may have a mean that is less than or equal to the ATE, and in
that case C' ¢ B(d1,d2).

We compute the mean of the distribution in @[) by subdividing the sup-
port in the interval (—oo, G,y (Garr(d1))), the point dy, the point da and the
interval [d2,00). The distribution corresponding to the c.d.f. assigns positive
probability to these points and intervals and zero probability elsewhere. By
partial integration we find

oo

SdGMU(S) —|—/ SdGMU(S) + (11)

da
d1[Gyr(d2) — Gy (dy)] + d2 |Gy (d2) — G (de)] =

Giiv(Gurr(di))
HAK = /

— 00

1 Gx/llu(G]WL(dl)) oo
Gy (d)G oy (Gur(dy)) — / Gyu(s)ds +/ (1-Gpu(s))ds

— 00 dz

+d1[Gprr(ds) — Garn(di)] + da[l — Garrn(dz))

An analogous argument gives the mean of Gog

dq [e%s)
Hea = / sdGML(s)—l—/ sdgnrr(s) + (12)

—00 G;;L(G]\/IU(CZQ))
d1[Gyu(dy) — Gurr(dy)] + do[Guu(d2) — Gy (dy)] =

o) di

G&IL(GMU(dQ))(l — GMU(dQ)) + /071 @ y ))(1 — GML(S))dS - - GML(S)dS

+d1Grru(di) + do|Guu (d2) — G (da)]

Example 1, continued: Difference of normals with the same variance.
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Because the density gp;y is the density of a halfnormal distribution with
endpoint €, we can use the truncated normal mean formuleﬂ to derive

’ b=y _ b0 .
/ SdGMU(S):{ 29@( ())) 40¢( o’) llff“ll))éz

— 00

and

/: sdGaru(s) = 26 (2 -0 ( 209>>+4a (¢ (a2—09> — ¢(o)) ifa <0

In this example Gyp(di) > Gup(ds) iff do > di > 6 or di < dy < 6 or

dy < 0 <dy and
o 20 2

This restriction is assumed to hold in the rest of the example.

Upon substitution of the integrals above in we obtain the mean of
the smallest distribution that passes through A. If d; < do < 6, then be-
cause Gyr(di) = Gur(de) = 0, so that in the truncated mean formula b =
Gy (Gurr(dy)) = —oc0 and a = da

Ak =26 ( ) <d22; 9)) + 40 <¢ <d22; 9) - ¢>(0)) + 2dy® (dQQ; 9) .

Thus, because do — 8 < 0, we have that pax < 6 since

do — 0 do — 0 dy — 0
—0=4 — - P <0.
=0 =ao (6% ) o0+ (%2) 0 (B57)) <o
Therefore if d; < dy < 0, then A € B(dy,ds).

If o < d1 < dg, we have GMU(dg) == 1, b = G]T/IlU(GML(dl)) = 9+
20071 (@ (4=2) — 1) <0 and a = dy > 0. Thus

o = o (550) 5] a0 (o(757) -3))
s [o ()~ (U0 [ 2o (%57

If for example, 8 = 1,0 = 3 and dy = 1.5,ds = 2.5, then psx =1.3814 > 1 =146
so that A ¢ B(dy,ds).

\Y4
SHIES

91f Y has a normal distribution with mean p and variance o2, then
_ b—

o (1)~ (")

w(15) - o ()
o [ed

EYla<Y <b)=p+o
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Finally, if di < 6 < ds then because Gpr,(d1) = 0,Gpp(d2) =1 and in the
truncated mean formula b = G}y, (Garr(di)) = —oc and a = dy > 0 (so that
the truncated means are 0)

wak = d [2@ (d2 —9) _ 1} + 24, {1_@ (d2 ‘9)]
20 20

If, for example, §# = 1,0 = 3 and d; = —1 and ds = 2, then psx = 1.60290 >
1 =0 so that A ¢ B(dy,ds).

The density gasr, is the density of halfnormal distribution with support [6, co)
and again using the truncated normal mean formula

e | 0+4+40¢(0) ifa<0
/a sdgnmr(s) = { 20 (1_(1)(@))4_40(;5 (%) ifa> 0

g

[t -a(o(057) 1) e (om-o(5)

If we substitute these expressions in we obtain an expression for ucg. We
distinguish between the cases that d; < de < 0, that 8 < d; < do, and that d; <
0 < dy. We maintain the restrictions that ensure that Gy (di) > Garr(ds).

If 6 < dy < dy, we have Gy (de) = 1, Gprp(di) = 1, a = G (Gap (do)) =
00, b = dj, so that

o = 26 [cb (d12; 9) - ﬂ ‘o [qs(o) .y (d12; 9>}+2d1 {1 o <d12; 9)}

and therefore

,U,CG797 dl—ﬂ d179 dlfé) d170
20 2{¢(0)¢< 20 )]+2< 20 )2< 20 >(I>( 20 )ZO

Hence if 6 < dy < da, then C € B(dy,ds).
If di < d2 < 0, we have Gpsr(d1) = 0 and in the truncated means a =
Gt (Guu(dz)) = 0+ 2007 (@ (252) + 1), b=d; <0, so that

(e o5 3)
dy— 0 dy— 90 dy — 0
+2ds [CI)( % > —<I>< By >:| +2d1q>< oy )

If for example, § = 1,0 = 3 and dy = —0.5,dy = 0.5, then pcg = 0.6186 <1 =146
and C ¢ B(dy,ds).

Finally, ifdi < 6 < dy then GML(dl) =0, GMU(dQ) =1l,a= G]T41L(G]V[U<d2)) =
00, and b = dy < 6, so that

pee = 2d1® <d1_9)+d2 [1-2@ (dl_eﬂ
20 20

If, for example, 0 = 1,0 =3 and d; = —1, ds = 2, then ucg = —0.2166 < 1 =46
and C ¢ B(dy,ds).0

and
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6.2 More informative bounds on the treatment effect c.d.f.
in two points

The example shows that pax can be larger and pcg can be smaller than the
ATE so that either A or C' (or both) are not in B(dy,ds). By continuity, if
e.g. A ¢ B(dy,ds), then the points in a neighborhood of A are also not in that
set. We will determine the (largest) subset of M(dy, d2) that is not in B(dy, d2).
That subset is drawn in Figure 5, i.e. the region bounded by A,F and G. If
C ¢ B(dy,ds), then the largest subset of M(dy,ds) that is not in B(dy,ds) is
bounded by I,H, and C in Figure 6.

Theorem 6.2 If the smallest c.d.f. Gy < Gax < Gpyu that passes through
Gur(di) and Garr(da) has a mean pagx > E(Yy) — E(Yy) then all points in
M(dy,d3) below the convexr curve Gy = P(G1) defined by

GJ_WlU(Gl)
E(Y1) —E(Yy) = / sgmu(s)ds + di[min{Ga, Gy (di)} — G4 (13)

—0o0

oo

G;VIIU(GQ)
—I—/ sgmu(s)ds + do[Garu (da) — Go] +/ sgmu(s)ds
i d

2

GIT;U (G1)

= Gyy(G1)Gy — [ Guu(s)ds
G;llU(Gz)
—‘rl(Gz > GMU(dl)) GX/[IU(GQ) - d1GMU(d1) —/d GMU(S)dS]
+d1[min{G2, GIMU(dl)} — Gl] + dz[l — GQ] + /doo(l — GMU<S))dS

(where we adopt the convention that an integral is 0 if the upper integration limit
is smaller than the lower integration limit and 1(.) is the indicator function) are
not in B(dy,ds).

If the largest c.d.f. Gy < Gog < Gpu that passes through Gy (di) and
Guu(d2) has a mean poe < E(Y7) — E(Yy) then all points in M(dy,ds) above
the concave curve Hy = Q(Hy) defined by

dl d2

E(Y1) — E(Yp) = / sgymr(s)ds + dy[Hy — G (dy)) +/ ( sgnvr(s)ds+
—o0 G;;L Hy)
(14)
d2[H2 —max{Hl,GML(dg)}]—l—/ SgML(S)dS:
GJQIL(H?)
d1 d2
— GML(S)dS+d1H1—|-1(GM'L(d2) > Hl) dgGML(dQ) — G]T;L(Hl)Hl —/ GML(S)dS +
— 00 G;JlL(Hl)
dy[Hy — max{Hy, Garr(do)}] + Gy (o) (1 — Hy) + / (1 Carzlods
G;llL Hy
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are not in B(dy,ds). The set C(dy,ds) bounded by M(dy,ds) and the curves
and is convez.

Proof:See Appendix B.
If Go < Gprp(dy) the curve P has an explicit expression

~(E(Y2) ~ E(Yp)) +da + [55 (1~ Gagor(s))ds — diGi + Gyhy (G1) Gy — [F20 D) Gy (s)ds
do — dy

P(Gy) =
and the same is true for Q if Hy > Gprp(da)

—(E(Y1) —E(Y0)) +daHa — [ 4y, (1 = Garr(s))ds + Gy, (Ha)(1 — Ha) — J& G (s)ds
do — dy

Q(Hl) =

Theorem defines a subset C(dy,ds) of M(dy,ds) that contains B(dy, dz).
If the mean of the smallest c.d.f. that passes through A is larger than the
ATE and/or the largest c.d.f. that passes through C is smaller than the ATE,
then C(d1, d2) is a strict subset of M(d;,d2) and we have bounds that are more
informative than the two-dimensional Makarov bounds.

It follows directly from the construction that Gz, (d1) < G (dz) so that
in Figures 5 and 6 G is below I. This implies that the projection of C(dy,ds)
are the original Makarov bounds in d; and ds, respectively. In other words,
although C(d1, d2) may be smaller than M(d;, ds), the projections are equal to
the Makarov bounds in a single point.

All results until now hold also for the conditional (on X) bounds. We now
show that the specific shape of the improved bounds implies that averaging
over X makes them more informative. By Theorem C(dy,ds) is bounded
by the one-dimensional Makarov bounds (vertical and horizontal bounds) , the
curves and , and the 45 degree line. If the bounds are obtained from
conditional outcome distributions, then it follows from Theorem that the
horizontal and vertical lower bounds cannot decrease if we average, that the
horizontal and vertical upper bounds cannot increase if we average. Finally, by
Jensen’s inequality the convex curve cannot decrease and the concave curve
cannot increase if we average. Together with the observation that the 45
degree line is unaffected by averaging, we have

Theorem 6.3 Let C(dy,d2)(X) be the convex set defined in Theorem as
derived from the conditional outcome distributions, then E[C(dy,d2)(X)] cannot
be larger than C(dy,d2) that is derived from the unconditional outcome distribu-
tions.

Example 1, continued: Difference of normals with the same variance.
We found that for § = 1,0 = 3 and d; = 1.5,dy = 2.5 A ¢ B(dy,ds). For

these values pcg = 1.4834 > 1 so that C' € B(dy, dz2). Therefore we only have a
more informative lower bound. This bound is drawn in Figure 7.
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For dy = —0.5,d2 = 0.5, we found that C' ¢ B(dy,ds). However, usx =
.5166 so that A € B(dy,ds) and we only have a more informative upper bound
that is drawn in Figure 8.

Finally, for dl = —1 and d2 = 2, A ¢ B(dl,dg) and C' ¢ B(dl,dg). Both
the lower and upper Makarov bound can be improved and the more informative
bounds are in Figure 9. O

7 Bounds on functions of the distribution of treat-
ment effects

The bounds C(dy,ds) on the c.d.f. of the treatment effect distribution in d; and
ds imply bounds on functions of the treatment effect c.d.f. in d; < do. Here we
consider linear functions of G(dy), G(d2)

B(G(d1),G(d2)) = b1G(d1) + b2G(d2)

If by = 1, b2 = —1 this function is equal to the interval probability G(d2)—G(d1).
Another parameter that can be approximated by B is the total net gain for those
individuals whose net gain is between 0 and C.

C
/ (1— G(s))ds
0

If we divide the integration region in two intervals [0,c¢) and [¢, C], then an
approximation is

C —cG(c/2) — (C—c)G((c+ C)/2)

If we pick d; = ¢/2,ds = (¢4 C)/2,b; = ¢,by = C' — ¢ we obtain bounds on the
total gain from bounds on B. In the sequel we can, without loss of generality,
assume that by > 0.

Manski (1997b), (2003) introduces the concept of a D parameter which is
some increasing functional of a c.d.f. where the c.d.f. are ordered according
to first-order stochastic dominance. The linear functional that we consider is
a D parameter iff b1, by > 0. An interval probability, and in general the linear
functional with b > 0 and by < 0, is not a D parameter, but it can be expressed
a difference of D parameters. Manski derives bounds for D parameters and
differences of D parameters. These bounds are different from ours, because he
assumes that outcomes are weakly increasing in the level of treatment. We
do not make his assumption, in particular we do not assume that everybody
benefits from the treatment.

In Figure 10 we draw the set C(dy,dz2). In the sequel we use the notation
G1 = G(d1) and Gy = G(d2). The bounds on B(Gy,G2) depend on whether
HAK E 0 and uca E 0. B(G1,G>) is minimal in D, E or A if pax < 6 and in
D, E, a point at which B touches P(G1), F or G if uax > 6. The latter is a
direct consequence of the convexity of P(G1). If pagx < 6 the point at which
B(G1,Gs) is minimal is determined by the slope of B(Gy,G2), i.e. fz—;. If
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tar > 0, then the point at which B(G1,G2) is minimal is determined by the
slope of B(G1,G2) and the slope of P(Gy) in F and G. The upper bound of
B(G1,Gs) is determined in a similar way. Therefore we define

Pph=P'(P~M(Garn(da)))
Py = P (Gui(dy))
Qy = Q' (Gyu(dy))

Q1 = Q(Q HGumu(d2)))

The bounds on B(G1, G>) that we denote by By, < By are given in the following
theorem.

Theorem 7.1 If pax < 6, then the lower bound on B(G1,Gs2) is

Br = b0Guu(di) +b2Gpu(dy)  if by < —bo
blGML(d2)+b2GML(d2) if —by<b; <0
blGML(d1)+b2GML(d2) if by >0

If pak > 0, then the lower bound on B(G1,Gs) is

B, = bGumu(di)+b2Guuldr) if by < —by
= b1Gur(da) + b2Garr(ds) if —by<b <0
= 0P Y Gur(d2)) + boGarr(de)  if 0 < by < —byPp
= Gy +byP(GY) if —byPp < by < —boP

= biGur(di)+b2P(Grrr(dy)) if by > —by Py,

where Gy is the untque solution to

P'(Gy) = b
ba
If pea > 0 then the upper bound is
By = bGurp(di) +b2Gpu(da)  if by <0

= blGMU(dl) + bQGMU(dQ) if by >0

and if peg < 0

By = b1GML(d1) +b2GMU(d2) if b1 <0
= bQ N (Gumu(da)) + baGrru(da) if 0 <b < —baQy
= biH; +b2Q(Hy) if —b2Q < b1 < —b2Qf
= 0Gumu(di) +b2Q(Guu(dr)) if by > —beQ’
where Hy is the unique solution to
by
4 —_
Q) =~
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Example 1, continued: Difference of normals with the same variance.

We consider bounds on the functions
Bi(G1,G2) = G2 — Gy

and
By (Gh,G2) = G1 + Go

If0=1,0=3and d; = 1.5,d; = 2.5 the bound in Figure 7 implies that
0 < B1(G1,G2) < .934
with no improvement over the Makarov bounds. For By(G1, G2)
298 < By(G1,Gs) <2
and this improves on the Makarov bounds that are
263 < B3(G1,G2) <2
For d; = —0.5,ds = 0.5 we obtain from the bound that is drawn in Figure 8
0 < B1(G1,G2) < .934
with no improvement and
0 < B3(G1,G2) < 1.703

where the upper bound improves on the Makarov bound that is 1.737. Finally,
for d; = —1 and dy = 2 the bound are in Figure 9 gives

0< Bi(Gy,G2) <1
which is noninformative and
617 < By(G1,G2) <1.630
which improves considerably on the Makarov bounds

132 < By(Gy,Gs) < 1.739

8 Conclusion

If a function is not non-parametrically identified we may be able to bound the
set to which it belongs. Bounds on sets of functions can be best possible just as
bounds on sets of finite dimensional parameters. If we can establish that these
bounds are best possible, it may be that the bounds are pointwise or uniformly
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sharp with the latter implying the former, but the former not implying the
latter. Uniformly sharp bounds are members of the set that is being bounded.
Pointwise sharp bounds share some of the properties of the set, but not all.
This fact implies that K dimensional bounds on the value of the function in K
points may not be best possible. We consider bounds on the set of treatment
effect c.d.f. with given marginal outcome distributions. The Makarov bounds on
this set are pointwise sharp but in generaﬂ not uniformly sharp, because their
mean is in general not equal to the Average Treatment Effect. We have shown
that this allows us to narrow the higher dimensional Makarov bounds. Because
the set bounded by the improved bounds is convex, it is straightforward to use
these bounds obtain bounds on linear functionals. In some cases the improved
higher dimensional bounds narrow the bounds on the functionals substantially.
We give explicit expressions for the bounds on the set and on linear functionals
for K = 2. These expressions can be generalized to arbitrary K. Moreover,
because the set is convex, averaging over covariates that are correlated with the
outcomes will narrow the bounds even further.
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A Makarov bounds on the treatment effect dis-
tribution if the marginal outcome distribu-
tions are normal with unequal variances

If Y ~ N(ug,02),k = 0,1, then with 0 = pu3 — po

—o1(d—0) + Jo\/(d —0)2+2(02 — 02)In %

o1

Gur(d) = @ s -
0 1
—oo(d — ) +01\/(d— 6)2 +2(03 — o) ln 2
® "
—o1(d— ) — ao\/(d— 6)2 +2(03 —0?)In 2
Guu(d) = @ s -
0 1
—oo(d—6) — 01\/(d— 8)2 4 2(03 — o) In 2
) s +1
0o Y1
B Proofs
Proof of Theorem

First consider the lower bound. We have for all v, v with v+u = d and using
the Bonferroni inequality

G(d|z) =Pr(Y1+ (-Yo) <d|X =2) > Pr(Y; <u, Yy <v|X =2x) >
max{Pr(¥; < u|X = z)+Pr(-Yy < v|X = 2z)-1,0} = max{F; (u|z)—Fy(—v|z)_,0}
Hence if we define t = u,d =u+v

G(d) > E |sup max{F, (¢|X) — Fy(t — d|X)_,0}

For the upper bound we have
1-GUz) =Pr(Y1 4+ (-Yo) >d| X =2) > Pr(Y1 >u, Yy >v|X =2x) >

max{Pr(¥; > u|X = z) + Pr(-Yy > v|X =2) — 1,0}

Taking the opposite on both sides of the equation, adding 1, substituting ¢t =
u,d = u + v, and taking the expectation gives

G(d) < E [inf min{ i (1| X) — Fo(t - d|X)_ +1, 1}}
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We show that the bounds are themselves c.d.f. Consider the lower bound for
G(d|z)
G (d|z) = sup max{F} (t|x) — Fo(t — d|x)_,0}
t

Now if d’ > d, then for all ¢
max{F (t|x) — Fo(t — d'|z)—,0} > max{F(t|x) — Fo(t — d|z)_, 0}

so that G (d'|z) > G (d|z). Next we show that G (d|z) is right continu-
ous. Consider a sequence d,, | d. First the sequence G psr,(d,,|2) is nonincreasing
and bounded from below, so that it has a limit. Obviously 0 < d,, — d < ¢ iff
0 < (t—d)—(t—d,) < e independent of t. Hence for all 6 > 0 and n large
enough

Fo(t —dp|z) > Fo(t —dlz)- =6

because t — d,, Tt — d and Fy(.)— is the left-hand limit. Using this inequality
we have for all ¢

Fi(tlx) — Fo(t — d|z)— < Fi(t|x) — Fo(t — dplz) - < Fi(tlx) — Fo((t —d)|z)- + 6
Taking the sup over ¢ from right to left we obtain
Gur(dlz) < Gur(dnlz) < Gur(dlx) + 6

Taking the limit we obtain, because § is arbitrary, that lim,, ., Gasr(d,|z) =
G (d|z), so that the lower bound is right-continuous. Note that

Gur(d|z) > Fi(d/2|z) — Fo(—d/2|z)

so that limg—,o Garp(d|z) = 1. Taking the expectation over X we conclude
that the lower bound is indeed a c.d.f. (by dominated convergence limits and
expectations can be interchanged). The proof that the upper bound is also a
c.d.f. is analogous. [

Proof of Theorem [3.2}

Let G, be decreasing in dy, so that for some d’ < dy G(d') > G (dp). The
supporting c.d.f. Gg,r, is such that Ggyr(do) = Gr(do). Therefore Gy, (d") <
G (d") which implies that G4, ¢ G. In the same way we show that the lower
bound is 0 and 1 at —oco and oo, respectively. If G is discontinuous at dy
and not right-continuous, then Gr,(do) < Gr(do)+. The supporting c.d.f. Gg,r
satisfies Gg,1(do) = Gr(do) and because Gg,1, € G also Gg,r.(d) > Gr(do)+
for d > dy. Therefore the supporting c.d.f. is not right-continuous in dy, a
contradiction. We prove in the same way that Gy is a c.d.f. O

Proof of Theorem [5.1k
Forall z € X and all s € &

sup max{F; (t|X = z)—Fy(t—d|X = z)_,0} > max{Fi(s|X = z)—Fo(s—d|X = x)_,0}
¢
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Hence for all x € X and all s € R

supmax{F(t|X =z)—Fo(t—d|X =z)_,0} > Fi(s|X =) —Fo(s—d| X =z)_
¢

and
supmax{F;(t|X =z) — Fo(t —d|X =2)_,0} >0
¢

Averaging over the distribution of X gives that for all s € R
E {Sup max{Fy(t|X) — Fo(t — d|X)_, 0}} > E[F(s|X)] — E[Fy(s — d|X)_]
t

and
E {supmax{Fl(ﬂX) — Fo(t — d|X)_,O}} >0
t

Hence for all s € R
E [sgp max{Fy(t|X) — Fo(t —d|X)_, 0}} > max{E[F}(s|X)]|-E[Fy(s—d|X)_],0}

so that we obtain (5], because by dominated convergence E[Fy(s — d|X)_] =
E[Fy(s — d|X)]-. The proof of inequality (6) is analogous. O

Proof of Lemma [6.1k

We only prove the first part of the lemma. The proof of the second part
is analogous. First, consider C. The top panel of Figure 5 draws the smallest
c.d.f. that is within the Makarov bounds and passes through C (labeled by C).
Note that it is just Gy that has a mean that cannot be larger than the ATE.
Next, consider B. The smallest c.d.f., labeled by B, is the smallest c.d.f. that
passes through the lower bound Gjsr(dy) on G(dy). Because this corresponds
to the construction for the one-dimensional case as in , such a c.d.f. has a
mean that does not exceed the ATE. The smallest c.d.f. that passes through E
is the smallest c.d.f. that passes through the lower bound Gjsr(d2) on G(ds)
and therefore it is like and has a mean that is not larger than the ATE.
Finally, the smallest c.d.f. that passes through D is stochastically dominated by
a c.d.f. that is the smallest c.d.f. that is within the Makarov bounds and passes
through the lower Makarov bound at d = G}, (Garu(d1)), again a c.d.f. as in
and has a mean that cannot be larger than the ATE, so that c.d.f. labeled
D has a mean that cannot exceed the ATE. O

Proof of Theorem [6.2}

First we show that the smallest c.d.f. that passes through F and G, Grx and
Gk respectively, have a mean equal to the ATE. Moreover F is to the left of E
and G is below B. We have Gpg (d2)—- = Gapr(de) and Garp(dh) < Grr(di)- <
Grk(dy) with Gy < Geprx < Gpp the smallest c.d.f. that passes through E.
Gri(di)- > Gpr(dy) because the smallest c.d.f. that passes trough A has a
mean strictly larger than the ATE and Grg(di)- < Ggk(dy) because Ggi is

33



the smallest c.d.f. that passes through E and by Lemma has a mean that
is less than or equal to the ATE. Because the mean of Gpg is decreasing in
Gri(dy)— there is a value Gpr(d1) < Gri(di)— < Ggk(dy) such that the
mean of Grk is equal to the ATE. For G we have Ggi(d1)— = Garr(dy) and
GML(dQ) < GGK(dQ), < GMU(dQ) Note that if GGK(dQ), = GA[L(dQ) then
Gaorx = Gak with a mean that is strictly larger than the ATE. If Ggi (d2)— =
Guu(de) then Gogx = Gk and by Lemma G pBKr has a mean less than or
equal to the ATE. Because the mean of G is decreasing in G (da)_ there is
a value of Gg i (d2)— such that the mean of Gg is equal to the ATE. Note that
Gear(de)— can be larger than Gyp(dy and in that case Ggi has continuous
support on three disjoint sets.

We now find an expression for the curve that connects F and G. The smallest
c.d.f. that passes through F on the curve is determined by G = Gy (dy)— and
Gy = GFK(dQ)— with GFK(dl)_ <G < GGK(dl)_ and GFK(dQ)_ < Gy <
Gak (d2)—. The curve is the solution to the equation that sets the mean of G z
equal to the ATE. The expression for the mean is different if Go > Gy (dy),
because there is an additional disjoint interval in the support. The expression
is given in . The distribution corresponding to Gz, is continuous up to
GﬁU(Gl), has an atom at di, possibly is continuous between d; and GA_/[lU (Gs)
if Gyu(di) < Gg, has an atom at ds, and finally a continuous part on the
interval [da, 00).

The derivative is

—1 o
PGy =-—wlB =
max{G ;;;(Gz),d1} — da

because G; < Gupu(dy) and Go < Gpp(da). The second derivative if Gy <

Guu(dy) is )
PG = (d2 — d1)grnu (G (Gr)) =0

and if Go > GMU(dl)

1 P/(Gl)Z

PG = (d2 — G (G2)) g (G (Gh)) i (ds — G (G2)) g (G (Go))

so that the curve is convex. The extreme points F and G in Figure 5 are found by
setting Go = Gy (dz2) (and solving for Gy) for F, and by setting Gy = G, (dy)
(and solving for G) for G.

If e strictly smaller than the ATE, then C is not in B(d;,d3). The same
reasoning as above shows that we can find c.d.f. marked by H and I in Figure
6 that have a mean equal to the ATE. The c.d.f. corresponding to H on the
curve in Figure 6 is characterized by Hi = Gg.(di) and Hy = Gpgo(da).
The corresponding distribution is continuous up to di, has an atom at dy, if
H, < Gpr(dy), a continuous part between G;}L(Hl) and ds, an atom at ds,
and finally a continuous part on [G;; (Hz),00). Hence the curve as in .
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The derivative is

_min{Gyyp (Hy) da} —dy _ 0
Gy (Ha) —dy T~
>

Q'(H,) =

because Hy > Gpr(di) and Hs
Gur(dg) < Hy

Garr(d2). The second derivative is if

" _ Q/(H1)2
Gt = GX;L(HQ)QJVIL(GX;L(HQ)) =0

and if GML(dQ) > H,

—— 1 B Q'(Hy)?
@) = G (H2)gun (Gofy (H)) G (Ha)garn (G (Hs)) ="

so that the curve is concave. O
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Fig 5. The smallest c.d.f. that passes through A,B,C,D,E.
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Fig 6. The largest c.d.f. that passes through A,B,C,D,FE.
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Fig 7. Improved lower bound on G(dy) and G(dz2) for d; = 1.5, dy = 2.5.
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Fig 8. Improved upper bound on G(d1) and G(dz) for dy = —.5, do = .5.
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Fig 9. Improved upper and lower bound on G(dy) and G(d3) for dy = —1,
dy = 2.
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Fig 10. Bounds on the sum and difference of the treatment effect c.d.f. in two
points
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