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ABSTRACT. Adverse selection is a version of the principal-agent problem that includes monopolist non-
linear pricing, where a monopolist with known costs seeks a profit-maximizing price menu facing a pop-
ulation of potential consumers whose preferences are known only in the aggregate. For multidimensional
spaces of agents and products, Rochet and Choné (1998) reformulated this problem to a concave maximiza-
tion over the set of convex functions, by assuming agent preferences combine bilinearity in the product and
agent parameters with a quasilinear sensitivity to prices. We characterize solutions to this problem by iden-
tifying a dual minimization problem. This duality allows us to reduce the solution of the square example
of Rochet-Choné to a novel free boundary problem, giving the first analytical description of an overlooked
market segment.
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1. INTRODUCTION

The principal-agent problem has provided an important framework for modeling economic questions
involving asymmetric information since the 1970s. In the context of nonlinear pricing, the principal
represents a monopolist who wishes to maximize her total profit over all possible price menus, facing a
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given distribution of agent (i.e., consumer) types, while each consumer aims to optimize his utility by
choosing one product anonymously and paying its price to the monopolist.

The monopolist faces a bi-level optimization problem. Every time she changes the price menu, the
consumers’ choices of products may change in response, resulting in a different distribution of the
products sold and corresponding change to the monopolist’s profit. However, this bi-level optimization
can be reformulated as a (single-level) problem, with nonlinear constraints on the product-price pair to
enforce incentive compatibility and individual rationality. The former condition ensures that the product-
price pair reflects the choices of consumers facing the price menu. The latter reflects the existence of
an outside option, whose price the monopolist cannot control. For example, public transportation might
represent an outside option relative to a vehical-selling monopolist.

Under suitable assumptions on the consumers’ direct utility, this problem can also be reformulated as
a maximization problem with generalized convexity constraints on indirect utilities. This reformulation
exploits the natural duality between the monopolist’s price menu and the agents’ indirect utilities, and
the implementation result that each consumer’s best choice lives in a generalized subdifferential of their
indirect utility function. For unidimensional consumer types, this dual approach can be traced back to
Mirrlees (1971) work on optimal taxation. A dual approach for multidimensional consumer types with
bilinear preference functions was developed by Rochet and Choné (1998), in a landmark contribution
among the vast subsequent literature on mechanism design with multidimensional types. Analogous
implementability, existence, and stability of optimal strategies for more general quasilinear preferences
can be found in Rochet (1987), Carlier (2001) and Figalli et al. (2011) respectively. Such results were
recently extended to fully nonlinear preferences by Noldeke and Samuelson (2018) and McCann and
Zhang (2019). A control-theoretic approach to the quasilinear case was developed by Basov (2005).

The early literature focuses on the one-dimensional version of such questions, where products are
parameterized by quality and agents by wealth, as in the classical studies of Mirrlees (1971) on taxation
and Spence (1974) on educational signaling. In some cases, explicit solutions can be obtained on interval
domains, as in Mussa and Rosen (1978). Here the principal’s optimization separates the domain of the
agents into two parts: a bottom region where the participation constraint binds; and a top region where
agents choose customized products according to their types. All the agents choose the same product in
the bottom part: the outside option. In one-dimensional cases, the fraction of types choosing the outside
option may be positive or zero, whereas for multidimensional strictly convex sets of types, Armstrong
(1996) showed a non-participation region of positive measure always exists.

Multidimensional versions of the problem, in which both agents and products require several vari-
ables to describe, have proven much thornier to analyze; see e.g. McAfee and McMillan (1988) or
Wilson (1993). Explicit solutions are extremely difficult to obtain except on radially symmetrical do-
mains (Zhang (2018)). One must now solve partial in addition to ordinary differential equations, subject
to the nonstandard convexity constraint arising from incentive compatibility. For example, in the case
of bilinear preferences on the plane, the monotone (scalar-increasing) map from agents to products rep-
resenting agents’ optimal choices must be replaced by the gradient of the agent’s convex indirect utility.
Furthermore, the optimal solution has regions displaying different behaviour according to the rank of
the Hessian of this convex function, as discovered by Rochet and Choné (1998). Between Armstrong
(1996)’s positive bottom fraction of agents who select the outside option, and the product-customizing
top market segment, (where the Hessian matrix of indirect utility has zero versus full rank respectively),
a bunching region can lie, which is foliated by families of agents (isochoice sets) who select the same
product type in the optimal solution, as Rochet and Choné discovered in their two-dimensional square
model. The indirect utility in this region has a Hessian matrix of rank (and corank) 1. Moreover, the
Euler-Lagrage equation of the optimization takes on a different character in each of these regions, so
that an analytical solution to the problem requires matching (or “smoothly pasting”) a solution of a par-
tial differential (Poisson) equation in the top region, to the solution of an ordinary differential equation
in the bunching region. Finding the boundary between these regions, whose geometry is a priori un-
specified, becomes part of the problem: we shall show it does not generally reduce to a point (as in
one-dimension), nor to a line (or hyperplane) as Rochet and Choné hypothesized. Finally, the problem
requires appropriate boundary conditions and is highly sensitive to the shape of the domain.



The contributions of the present work are two-fold. First we develop a duality theory which char-
acterizes the solution to the multidimensional adverse selection problem, under Rochet and Choné’s
assumptions of bilinearity of agent preference in product type, and quasilinearity in price. Second, we
introduce a new free-boundary problem which characterizes the solution to the Rochet-Choné square
example analytically. This requires us to derive a Euler-Lagrange equation for a segment of the market
overlooked by Rochet and Choné, in which the isochoice segments vary in slope as well as in length, as
suggested by numerical simulations of Mirebeau (2016).

Duality has proved a powerful tool for characterizing solutions to other revenue optimization prob-
lems. For instance, Daskalakis et al. (2017) developed a strong duality theory to find the optimal mech-
anism for selling multiple goods to a single additive buyer, generalizing the single good auction of
Myerson (1981). Later Kleiner and Manelli (2019) provided another approach to this duality. Gian-
nakopoulos and Koutsoupias (2018) studied the optimal (auction) strategy for selling multiple goods to
multiple buyers and found a (different) duality theory for the single bidder case. A duality approach
for multi-bidder multi-item auctions was discovered by Kolesnikov et al. (2022+) in parallel with the
present manuscript; they interpret their dual as a continuous optimal flow problem whose prescribed
divergence second-order stochastically dominates a certain neutral measure inferred from the data. We
hope to convince the reader that the simpler duality relation introduced below is as effective in the
present context.

Although inspired in part by this literature, our duality theory for the monopolist’s optimal pricing
problem differs from the above multi-good auction optimization in several ways:

(a). In the auction setting, each item can only be sold to at most one buyer, resulting in Lipschitz
constraint in the single bidder problem (which becomes a nonlocal constraint on the assign-
ment with multiple bidders), while in the nonlinear pricing model, bunching can occur in which
multiple agents choose the same product.

(b). In the auction settings, each buyer can get multiple goods, while in nonlinear pricing, each buyer
would choose exactly one product which might be the outside option.

(c). In the auction setting, the seller has no manufacturing costs, and thus the objective functional is
linear with respect to the indirect utility, whereas ours is nonlinear.

In this paper, we specify a minimization problem that is dual to the nonlinear pricing problem over
indirect utilities and prove that the primal and dual optima are both attained and their values are equal.
In Section 2, we introduce the multidimensional nonlinear pricing problem, including the dual approach
initiated by Mirrlees (1971) and extended to multidimensional types by Rochet and Choné (1998). Then
we present the main strong duality and attainment results in Section 3. The resulting complementary
slackness conditions characterize the unique optimal solution to the Rochet-Choné model. In Section 4
we describe the analytical solution to the square version of problem detailing three regions: the non-
participation region, the bunching region, and the customization region. It is worth emphasizing that the
bunching region we characterize as the solution to a free boundary problem is not the one described by
Rochet and Choné (1998), which turns out to lack consistency, but instead coincides with the numerical
solution of Mirebeau (2016).

2. A MODEL

2.1. Monopolist’s problem. A monopolist who produces and sells products aims to find the best price
menu, knowing only the manufacturing cost and the distribution of consumer types. Let X C R"
denote the set of consumers and Y C R" the set of products. Assume X is a compact convex set with a
nonempty interior Int(X') and f : X — [0, cc] be a positive probability density on Int(X). Assume Y
is a closed convex cone.

A measurable map z € X — (y(z),z2(z)) € Y x R of agents to (product, price) pairs is called
incentive compatible if and only if = - y(x) — z(z) > x - y(z') — z(2') for all z,2’ € X. This
condition ensures agents have no incentive to hide their types when choosing products. The map is
called individually rational if and only if x - y(z) — z(x) > = - yy — zp for all z € X, where yy and 2
represents the outside option and its price; for convenience we take yp = 0 and zy = 0 henceforth. This
participation constraint guarantees no individual strictly prefers the outside option to the assignment
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under the (product, price) pair. In the context of bi-level optimization, given a price menu v : ¥ — R,
the map z € X — (y(z),v(y(z))) is incentive compatible and individually rational if for each z € X,
y(x) solves the consumer z’s problem of choosing the optimal product to maximize his utility z-y—v(y).

Let ¢ : R™ — R be the manufacturing cost, extended by setting ¢(y) := 400 for y ¢ Y. Denote by
¢* the Legendre-Fenchel transform of ¢, i.e.,
2.1) (y') = sup (y,y') — c(y).

yeR”

Assume c is non-negative, continuously differentiable, strictly convex (so ¢** = ¢), ¢(0) = 0, and
c(y) > aoly|* — a1 holds for all |y| > M with constants ag, M > 0 and a1 € R..

The monopolist’s problem can be formulated as follows:

sup Ty, o] i= [ (v(y()) — e(y(@))) f(z)dz  subject to
(2.2) x € X — (y(x),v(y(x))) is incentive compatible, individually rational
and v : Y — R is lower semicoutinuous with v(yp) < zp.

2.2. Dual approach. For any fixed price menu v, define agents’ indirect utility u : X — R as
u(z) = sup z -y —v(y').
y' ey
That is, the indirect utility is the Legendre-Fenchel transform of the price menu. As a supremum of
linear functions, u defined above is convex and thus differentiable almost everywhere by, for instance,
Rademacher’s theorem. Define the subdifferential of u as follows. For any x € X, let

ou(x) ={yeR":z-y—u(x) > -y—ua), foralla’ € X}.

When u is differentiable at x, the subdifferential of u at x is a singleton set containing its gradient:
{Du(z)}. Denote by uy : X — R the utility of agents from purchasing the outside option, i.e.,
ug(x) = x - yp — 2y for any z € X. Assume yy = 0 and 2y = 0 so that uyg = 0. In the context of
Rochet and Choné (1998)’s model, the following lemma and its corollary are well-known: facing any
price menu v, they assert a convex gradient gives the map from each consumer type to the product he
selects.

Lemma 2.1 (Indirect utility encodes products selected). For an agent x € X facing a price menu v,
suppose his indirect utility is attained by an optimal product y € Y. Then y € 0v*(x) (i.e., y = Dv*(x)
if v* is differentiable at x).

Proof. By definition of v*, for any 2’ € X, v*(2) > 2’-y—wv(y). Since y is an optimal choice for agent
x, one has v*(x) = x -y — v(y). Therefore, for any 2’ € X, x -y —v*(z) = v(y) > 2’ -y —v*(a’). By
the definition of subdifferential, one has y € 0v*(x).

If v* is differentiable at «, Ov*(x) = {Dv*(z)}. In this case, y = Dv*(z). O

As a direct consequence of the above lemma, we have the following result exhibiting the explicit
dependence of agents’ optimal choice on the pricing menu, which could also be obtained independently
from the Envelope theorem.

Corollary 2.2. Lety : X — Y represents the map from an agent to a product that maximizes his utility
facing a price menu v. Then y(x) = Dv*(z) for almost every x € X.

Proof. Apply Lemma 2.1 to all the agent x where v* is differentiable, then the conclusion follows from
the observation that v* is differentiable almost everywhere. U

Denote by H} = H}(X : R) the weighted homogeneous Sobolev space of real-valued functions on
X equipped with the inner product

(u, U)H} = /X Du(x) - Dv(x) f(z)dz,

so that elements u, v € H} are identified if u — v = constant on Int(X).
4



Let
(2.3) U= {u € H}' | wis convex, Du(X) C Y, and u > uy = 0}

denote the set of admissible indirect utilities that corresponds to the individually rational and incentive
compatible (product, price) pair. Then U is a pointed convex cone, i.e., Y N (—U) = {0} and syu; +
soug € U for any scalars sy, 59 > 0 and uy,us € U.

It is also well-known that the problem (2.2) can be reformulated as the following maximization prob-
lem over indirect utilities as was done in Rochet and Choné (1998):

(2.4) sup {Cb[u} = / [z - Du(x) — u(x) — ¢(Du(z))] f(a:)dac} :
ueU X

2.3. Notation. In the following, we introduce some function spaces equipped with integral norms and

fix a few notations to prepare for the analysis in the next section. For p > 1, and Z a Hilbert space, let

L?(X ; Z) denote the set of u : X — Z satisfying

1/p
@5 lullzgixzy = ( [ ol sta)ae) <o

in case Z = R we write L%, := L}(X) := LE(X;R). Foru € L} we define (u)f := [y u(z)f(x)dz.
Similarly, whenever G1,G2 : X — R" yield G; - Gy € L} we define (G1,Ga)r = fX Gi(x) -
Go(z) f(z)dx.

Denote by X := L}(X ; R™) the weighted Lebesgue space of square-integrable vector fields on X
equipped with the inner product (-, -)  such that elements G, G2 € X are equivalent if G; = G holds
f-a.e.. One can check that X and H } are Hilbert spaces.

Except in Section 4, we consider agents’ population density f beyond the case of uniform distribution.

Assume the Poincaré inequality holds with weight f, meaning there exists a constant C'y > 0 such that
uwe L} (X)and Du € L?C(X; R") (defined just after (2.5)) imply u € L?c and

(2.6) ((w=(u)p)*); < Cr(|Duf),.
Note that this property holds for the uniform distribution on X.

3. ABSENCE OF DUALITY GAP AND ATTAINMENT

In this section, we begin by presenting a dual infimum, whose value coincides with the principal’s
profit maximization assuming preferences are bilinear. We then demonstrate that the values of the supre-
mum and dual infimum are both attained. From this duality and attainment we obtain necessary and
sufficient conditions which characterize the solutions of both optimization problems, and show both are
attained uniquely.

Define

(3.1) T:= {G € X:=L}(X,R")

sup/X (x - Du(x) —u(x) — G(z) - Du(x)) f(x)dz < 0} .

ueU

By definition, I" is convex and contains the identity map.
By choosing a price menu (e.g. u*), the principal aims to maximize her expected profits (2.4):

(3.2) Olu] := /X (z - Du(z) — u(x) — c(Du(z))) f(x)dz,

among the resulting indirect utilities u € U.
Our first proposition is a weak duality in which the maximization problem is bounded above by a
convex minimization problem.

Proposition 3.1 (Weak Duality).

(3.3) ilglgﬂﬂ] < Inf (c(G))y-
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Proof. For any v € U and G € T', one has

(3.4) D [u] ::/ (z - Du(z) — u(z) — c(Du(x))) f(x)dx
X
(3.5) §/ (G(x) - Du(z) — c¢(Du(x))) f(z)dz
X
(3.6) < / " (G(x)) f(x)dx
X
(3.7) —(c"(@));.
Here the first inequality is due to the definition of ", while the second comes from y -y’ < ¢(y) + ¢*(y')
forany y € Y,y € R™. O

This duality result yields the following corollaries:

Corollary 3.2 (Optimality condition). Assume that u and G are feasible for the maximization and min-
imization problems (3.3), respectively. Then ®[u] = (c*(G))¢ if and only if the following conditions
hold:

1. G(x) = De(Du(x)) holds f-almost surely.

2. / (z - Du(z) — ulx) — G(z) - Du(x)) f(z)dz = 0.
X

Proof. These conclusions follow from the conditions under which the two inequalities used in the pre-
ceding proof become equalities. U

Corollary 3.3 (Strong duality implies unique optimizers). Ifu € U and G € T satisfy ®[u] = (c*(G))y,
then any mimimizer G € T" of (3.3) satisfies G = Dc(Du) f-a.e., while any maximizer u € U satisfies
u=1u f-ae.

Proof. Since Proposition 3.1 asserts ®[u] < (c¢*(G))s for all w € U and G € T, the assumption
®[u] = (c*(Q)) shows @ to be a minimizer and G to be a minimizer. Any other minimizer G € T
satisfies G(z) = De(Du(x)), f-almost surely, by the previous corollary. Similarly, any other maximizer
u € U satisfies G = Dc o Du hence Du = Dc* o G = Du f-a.e. (by the strict convexity of c). Now
f > 0 implies u — u is constant on each connected component of Int(X). Since Int(X) is convex thus

connected, ®[u] = ®[u] implies this constant must vanish. O

We shall next establish strong duality, meaning the values of the maximization and minimization
problems introduced above coincide. An interpretation of this duality is as follows. Compare the mo-
nopolist to a co-operative, which is able to offer its members products y € Y at a prices ¢(y) given by
the monopolist’s costs. The monopolist’s maximum profit coincides with the utility of such a co-op ,
minimized over all possible distributions of its membership G' f, satisfying the strange constraint that
if G(x) is the true type of any agent who (irrationally) displays the anticipated behaviour of type 2 when
faced by the monopolist, then for any price menu uv* the latter proposes, the expected direct benefit to the
agents carrying out this deception (neglecting their costs) exceeds the monopolist’s expected revenue.

Let us first sketch a proof of the complementary inequality to (3.3), by interchanging the order of the
infimum and supremum to find the saddle in an optimization which is (separately) linear in w but convex
in G:

sup(z - Du(x) — u(zr) — c(Du(x))) s
ueU
=sup _inf (z-Du(z) —u(zx) — S(Du(z)) - Du(z) + c*(S(Du(x)))) s
weld 'Y —R%
>sup inf  (z- Du(z) —u(z) — G(x) - Du(z) + c*(G(x))) s
ued G X—RY

= ™ gy € (C@))y + suple - Du(a) - u(e) ~ G(a) - Dulz)

= inf (¢* .
B e O



To justify this argument rigorously requires approximating both problems before applying Fenchel-
Rockafellar duality to obtain an infinite-dimensional version of the von Neumann min-max theorem.
Therefore, recall the following strong duality theorem from (Borwein and Zhu, 2004, Theorem 4.4.3).

Theorem 3.4 (Fenchel-Rockafellar Duality Theorem (Borwein and Zhu, 2004, Theorem 4.4.3)). Let A
and B be Banach spaces, ¢ : A — R U {+oo} and ¢ : B — R U {+o0} be convex functions, and
T : A — B* be a bounded linear map where B* is the Banach space dual to B. Denote by ¢* and 1*
the Legendre transforms of ¢ and 1, respectively, and by T* the adjoint of T'. Suppose that ¢, y* and T
satisfy

(3.8) T (dome) N contey™ # (),
where conty* C dom(1)*) represents the set of all points where 1)* is finite and continuous. Then
3.9) inf {¢(z) + 9" (Tx)} = sup{—¢"(T"y) — ¥(-y)}-

€A yeB

In addition, the supremum in the right hand side is attained if finite.

We apply the above theorem to a perturbed version of both problems. Denote by
Celu] := Plu] — el|ull

Theorem 3.5 (Strong duality for perturbed problems). Let € > 0. Then
3.10 ) = min (c* .
(3.10) max @clu] = min (c"(G))y

Remark 3.6 (Optimality conditions and uniqueness). Assume 7. and G are the corresponding opti-
mizers of the e-perturbed maximization and minimization problem (3.10), respectively. Then the same
proofs as Corollaries 3.2 and 3.3 yield

e G.(z) = Dc(Dic(x)) holds f-almost surely.

o [y (2 Duc(z) — ue(x) — Ge(z) - Duc(2)) f(zx)dax = (| Duc|?) 3.
o The optimizers in (3.10) are uniquely determined f-a.e.

Proof of Theorem 3.5. 1. Define ¢(G) := (c*(G)) ¢ forany G € X. For each u € H}, define

(3.11) Ve (u) := {fx (z - Du(r) —u(z)) f(z)dx + 5<|Du\2>]%c, we—U
+OO, u gé —Z/{.

‘hm\»—-

It is easy to see that both ¢ and ). are convex. Define a linear mapping 7" : X — H }* such that
(3.12) Yu € H}, (u, TG)H} = / G(z) - Du(x) f(z)dz.
X

From the definition, we know 7" is bounded and the dual map 7™ : H} — X* satisfies (T™u,G)y =
(u,TG)H} for any u € Hl and any G € X. Thus, for any u € HE,

¢"(T"u) = Sup<G T u)s — &(G)

(3.13) —sup/ G(z) - Du(x f(x)dx—/Xc*(G(x))f(x)dx

Gex

X
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For any G € X, one has
(3.14) ()" (TG) = sup (u, TG)H1 — e (u)

1
uer

(3.15) = sup /X (—G(x) - Du(z) + = - Du(x) — u(x)) f(z)dx — (| Dul?)

uel

~hol=

516 _ {0, ifGeT.;

400, otherwise.

Then Hypothesis (3.8) is satisfied since T'x € T'(dom¢)Ncont (¢ )*. Hence, the Fenchel-Rockafellar
Duality Theorem implies

GAD - dof (¢ (G))s = BLIAG) + (o) (TG} = mae(—9" (") = o(—u)} = mac el

2. It remains to show that the infimum of the first minimization problem in (3 17) is achieved.

Let G be the identity map on X, B := {G € %|<|G! )¢ < (|Go|?) s} and T := T. N B. Tt is clear
that T, # () since it contains Gy. Because I'; is closed, I, is weakly compact as is B, which is implied
by the Banach-Alaoglu theorem. In addition, the existence of this minimization problem follows from
the lower semi-continuity of (c*(-)) y under the same topology.

Claim: (c*(-)) s is lower semi-continuous under weak topology.

Proof. For any sequence {G;};°; on I'. and G, € I'. such that G; 2 Gs, the convexity of c*
implies

" (Gi(x)) = (G () > Dc*(Goo(2))(Gi(z) — Goo(x)), YV € X.
Thus,
(€(Gi)); = (€ (Goo)) g 2 (D (Goo), Gi = Goo) -
Therefore,
liminf(c*(G;))r — (¢"(Gx)) ¢ > liminf(Dc* (G ), Gi — Goo) 5 = 0.

11— 00 11— 00

By taking the limit of (3.10), one has the following result:

Theorem 3.7 (Strong duality and attainment). Suppose the density f is positive on Int(X) and satisfies
one of the following: (i) f is bounded below by some positive constant on Int(X); (ii) f is lower
semi-continuous on Int(X). Then the primal supremum and dual infimum are both attained:

3.18 ®[u] = min(c* .
(3.18) max ®[u] = min(c*(G))
Remark 3.8 (Necessary and sufficient conditions for optimality). Theorem 3.7 implies u € U is optimal
if and only if there exists G € 1 such that 1-2 of Corollary 3.2 hold; similarly, a feasible G is optimal if
and only there exists a feasible u satisfying 1-2 of Corollary 3.2. From Corollary 3.3, one also sees that
both optimizers in Theorem 3.7 are unique ( f-a.e.).

Proof of Theorem 3.7. For each ¢ < 1, denote by %, and G an optimizer of each side in (3.10), re-
spectively. It is clear that there exists constant C; > 0 such that (| Di.|?); < Cj forall ¢ < 1, since
otherwise lim sup,_,+ (| D |?) f = +oc and thus

0= ©.[0] < .fi.] < —{c(Da.)) s + (2 (| D)2

1 1
implies 0 < liminf,_,+ (—(c(Da5)>f + (|27 <\Da€|2>]%> = —o0, which is a contradiction.
1. Foralle <« 1,

1

_ 2\ 2

6.19) sp o> ma { ol (D) |
(IDu|2) p<Cy (IDu|2)p<Cy
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1
(3.20) > sup Ou] — eC} }
ueU
<|Du\26>fs01

(3.21) = sup Pfu] —eCE.
ueU
(ADul) <oy

This implies

|

o=

(3.22) sup  ®u] =lim max {@[u] — (| Dul?)
ueU e—0 ueU
(IDu|?) p<Cy (IDu|?) p<Cy

1
2 = li ®fu] —e(|Dul*)3? ¢.
(3.23) tig e o] - (1)
The compactness properties of U N {u € H} : {|Dul?) ¢ < C1} described in Carlier (2002) combine
with the upper semi-continuity of ® to imply the existence of maximizer. Let & be a maximizer.
Suppose that

supP[u] > max  Plul.

ueU
uett (IDui2) ;<0

1
Then there exists u; € U and € > 0 such that ®[u;] — 5(]Du1|2)]% > ®[u]. Thus,

1 1
Dlu.] — e<|Dﬁg|2)]% > dlug] — e<|Du1|2>fc > ®lu] = max Dlu] > Plue].
(I1Du|?) p<Cq

This is a contradiction. Thus,

(3.24) supP[u] = max Pu].
weld uQEM
(1Duf?) p<Cy

Moreover, @ is also a maximizer of ®[u| in U. Thus,

1
I 2 b I

(3.25) max &fu] = lim max{®[u] — e{|Dul) } } = lim max O [u].

2. On the other hand, since {i}. is uniformly bounded in W'!(w) for ¢ < 1 and every convex
w CC Int(X), by (Carlier, 2002, Corollary 1), there exists a convex function @ and a subsequence
{te, } 1 such that { Du,, }1 converges to Du pointwisely outside a set of zero volume.

Recall that, from the complementary slackness (Remark 3.6), G. = Dc(Di) holds fdz-almost
surely. Therefore, {G, }i converges to G' := Dc(Du) fdz-almost surely . Moreover, since T, is
closed under the weak topology, G € T'., for any k > 0 and thus G € T. Therefore,

(3.26) liminf min (¢*(@))s = iminf(c*(G:,))s > (¢*(G))s > inf (¢*(G)); > min (¢*(G));.

k—+4o00 GeTe, k—+o0 ~ Ger Gele,
This implies,
3.27 liminf mi (@) = min(c* (G
(3.27) klgligoGrggk@( )¢ = min(c"(G)),

and G € argmingcp(c*(Q)) .
3. Taking limits of (3.10) yields

(3.28) max Olu] = IGI’1€111;1<C* (G))f- O
9



4. APPLICATION TO MONOPOLIST NONLINEAR PRICING ON THE SQUARE

In this section, we apply the duality theory above to the 2D square model of Rochet and Choné
(1998), whose proposed solution to this model provided a seminal example of the optimality of product-
line bunching in multidimensions, beyond Armstrong (1996)’s desirability of exclusion. More generally,
Rochet and Choné gave an abstract characterization of the unique optimal solution to the multidimen-
sional analog of Mussa and Rosen (1978)’s problem in terms of the existence of suitable Lagrange
multipliers whose positive and negative parts are in convex order on each bunched group of consumers.
Unfortunately, the consequences of this characterization are delicate to work out in examples. Indeed,
some aspects of their predicted solution « to the 2D square model turn out not to supported by Mirebeau
(2016)’s subsequent numerics. To resolve this discrepancy, in Lemma 4.2 we show that the proposed
solution of Rochet and Choné is not self-consistent; it contradicts their own continuity claim for the
assignment map Du : X — Y, which has been rigorously established up to the boundary of the square
by Carlier and Lachand-Robert (2001). This regularity was subsequently improved in the interior of X
by Caffarelli and Lions (2006+), whose results combined with Carlier and Lachand-Robert’s yield

(4.1) ue CHX)NCL (Int X).

Using our aforementioned duality along with perturbation techniques from the calculus of variations,
we go on to describe how the conjectured solution can be modified to restore its consistency with both
theoretical and computational predictions, by allowing the bunched lines of consumers freedom to vary
in their direction as well as their length. This leads to a novel free boundary problem in partial differential
equations, as we detail below.

In Section 4.1, we introduce Rochet-Choné’s 2D square model and our proposed solution in terms of
a free boundary problem which allows an overlooked form of bunching to be selected by a significant
fraction of the agents. Section 4.2 applies the strong duality theory of Section 3 above to show that
any convex solution to this free boundary problem is indeed the unique maximizer of Rochet-Choné’s
2D square model. Section 4.3 contrasts our solution to the one originally proposed by Rochet and
Choné (1998), and shows consistency of the latter must fail. In Section 4.4 we interpret our results
economically and relate them to other recent developments. Finally, in Section 4.5 we derive our free
boundary problem from a solution ansatz using the calculus of variations, to show that the optimal payoff
u satisfies our free boundary problem as soon as it is consistent with the ansatz (which is necessarily
more general than that of Rochet and Choné (1998)). Although the boundary of the region separating
bunching from customization is still selected by matching the values and derivatives of the solution of
an ODE (in the bunching region) to a PDE (in the unbunched region), the geometry of our bunching is
more complicated than Rochet and Choné proposed and the ODE (4.22)—(4.24) derived below which
govern it are new.

4.1. A free-boundary reformulation of Rochet-Choné 2D square model. For a > 0, let the square
X = [a,a + 1]? denote the set of consumer types equipped with density f(x) = 1 on X. For each
product y € Y = [0,00)%, let ¢(y) = 3|y|® represent the manufacturing cost. The outside option
is (0,0) € Y whose price is set to be no greater than 0. Thus the monopolists problem (2.3)—(2.4)

becomes

4.2) U={ue H} | wis convex, Du(X) C [0,00)?, and u > uy = 0}

1
(4.3) 21615 {Q)[u] = /X:[a,a+1]2 (;p - Du(z) —u(zx) — 2|Du(g;)|2) dx} :

Guided by theoretical and numerical evidence, we follow the strategy of Rochet and Choné (1998), by
making a series of ad hoc assumptions to identify a candidate optimizer u for (4.2)—(4.3), whose opti-
mality can then be confirmed by duality (thus affirming validity of the ad hoc assumptions a posteriori).

Any convex function v is twice differentiable Lebesgue a.e., hence divides almost all of X into
three different regions €y, Q, and 5, according to the rank (0,1 or 2) of its Hessian matrix D?u.
The uniqueness of the optimal payoff u = w established by Rochet and Choné (1998) (also implied
by Corollary 3.2) ensures the resulting regions are symmetrical under reflection 1 <> xo through the
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diagonal. Since they can be interpreted as an excluded region 2y of low types (where the participation
constraint binds), a bunching region €2; of intermediate types (where incentive compatibility, hence the
convexity constraint on %, binds), and an unconstrained region 2o of high types, we shall assume they
are ordered from the lower-left to the upper-right corner of the square. More precisely we assume there

are upper semicontinuous functions ¢;5 : [—1,1] — [2a,2a + 2] over the antidiagonal, satisfying
to.5 < t1.5, which parameterize the boundaries between these regions:

4.4) {Au =0} C Qo ={(z1,22) € X : 21 + 22 < to5(x1 —x2)}

(4.5) {det D*u=0< Au} C Q ={(z1,22) € X 1 tos(r1 — x2) < 21+ 22 < t15(21 — x2)}
(4.6) {det D?u > 0} C Qo ={(z1,22) € X : t15(x1 — m2) < 21 + T2}

with €; having connected interior and §2; C cl[Int ;] for each ¢ € {0,1,2}. Although the geometry
encoded in this assumption can probably be relaxed to account for subdomains €2; with boundaries
parameterized in different ways, we do not know how to relax or confirm the topology encoded in
this assumption: namely that {2; separates {1y from €25 and that all three have connected interiors, as
suggested by Mirebeau (2016) and others’ numerics. In the region {21, it then follows that all bunches
Q1N (Du)~!(y) are given by line segments with endpoints on the boundary of €21, meaning the graph of
@ is a ruled surface: for u € C%(Int X) this is a classical fact, which is extended to the lower regularity
(4.1) available in our context by Cale Rankin in Lemma A.2 below.

So far, our assumptions are consistent with all available theoretical and numerical evidence concern-
ing the problem, but we shall now depart from Rochet and Choné (1998), who suppose all of the bunches
in € have endpoints on 9X and cross the diagonal, and hence that %(x) depends only on t = x; + x5 in
Q1. Although the affine behaviour of u in the interior of {2y rules out the possibility of bunches ending
on 99 \ 90X, it is perfectly plausible that some of the bunches in 2; have endpoints on 9€s. Therefore,
inspired by Mirebeau (2016)’s numerics, we allow for the possibility that some of the bunches in €);
have one endpoint on X and the other on 9¢2,. More precisely, we postulate the existence of a constant
t1.0 € [tos(s), t1.5(s)] such that u depends only on ¢t = 1 + x2 in the subdomain

4.7 Q) = {(21,22) € U : 21 + 22 € (to5(x1 — 22),t10]},
but depends on varying convex combinations of 21 and x2 in the complementary ranges
(4.8) OF == {(z1,22) € 0\ QO : £(z1 — 22) > 0}

of 1, below and above the diagonal.

(a,Z2)

(a, Ci'2)

(a,z5)

FIGURE 1. Partition of X

By z1 <+ x2 symmetry, it suffices to describe u in just one of the these two regions, say (2. From

Lemma A.2 we know €2 will be foliated by line segments along which « is affine, also called isochoice
11



sets, bunches, or leaves of the foliation. It will prove convenient to parameterize the leaves of this
foliation by their angle 6 to the horizontal and their lengths R(#). The explicit formulation of our
free boundary problem for the solution @ to Rochet and Choné’s square example requires us work out
some details of this parameterization to express equations (4.21)—(4.24) below for the slope m(6) and
(unknown) left boundary value b(6) of @ along the leaves of this foliation in 7 .

(a7 j2)

(a, h(0))

(a7 5,2)

FIGURE 2. Q)

For each = € Q7 , let () denote the angle the line segment through 2 makes with the horizontal and
r(x) the distance along it relative to some fixed point (a, h(6)) which is the endpoint of the segment on
0X. Inverting this change of variables yields

4.9) z(r,0) = (a,h(#)) + r(cosb,sinf),

with the Jacobian of this transformation having inverse

4.10) 857“,9) :<C980 ,—rsin9 )1: 1 (h’+7jcos,9 rsinG)
A(z1,T2) sinf h'+4rcosd h cos® +r —sinf cos 6

so that

(4.11) dzidze = (r + h' cos §)drde.

The fact that @ is affine along each such segment means there exists real functions m(6) and b(6)
(representing the slope and boundary value of u along the segment passing through (a, h(6)) at angle ¢
to the horizontal), so that

(4.12) u(r,0) == u(z(r,0)) =: b(#) +rm(6).
Differentiating with respect to r and 6 yields

ou . 0u '
(4.13) m(0) = cos Qa—xl(x(r, 0)) + sin Ha—m(m(r, 0));
, g 0u ou .
(4.14) m'(f) = —sin Q—axl (Z(r,8)) + cos 978:1:2 (z(r,0));
o - e
KO = WO @ 0)

while inverting (4.13)—(4.14) gives

(e )= (ot ) (o))

12
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Therefore, b must satisfy the consistency condition

(4.16) v(0) = h'(ﬂ)%(i’(r, 0)) = h'(0)[m(0) sin 6 + m' () cos 4].
L2
Moreover, (4.15) also implies ((%‘1, %) (z(-,0)) is independent of f for each 6, which coincides

the fact that all the types of consumers on this line segment Z(-,#) would choose the same product
Du o z(-,0). On ], combining (4.15) and (4.10) with the chain rule yields

&g 582311 m” +m in’ 6 in 6 cos
2/ — Oxs 1012 _ Sin — sin ¢ cos
@.17) D u(z(r,0)) = < ok 9%a ) W cosf +r <— sin 0 cos 0 cos? 6 > )
Ox20x1 Ox3

We now construct the optimal solution 4 = u; on each set €2; as follows. Given t1 9 = a + Zo with
h = &3 € [a,a + 1] to be determined:

i). On Qg = {(21,22) € [a,a + 1] : 1 + 22 < a + x5} with g, = HVI2+E0 \/‘:1))‘12%, one has

(4.18) u=0.
ii). On QY = {(z1,72) € [a,a+1)2: a+ 2y < 21 + 72 < a+ T2}, we have
3 a 1
4.19) ﬂ(wl,l‘z) =§(x1 + 1‘2)2 — 5(1‘1 + .7}2) — 5 111(.1‘1 + 19 — 2&) + Cy,
where Cy = —% V4a?+6 %ln <72“+7 54“2%). From (4.19) we can calculate the value

of @ and D on 999 N 89%, which gives the boundary conditions appearing on the right hand
side of (4.21) and (4.24) below, in view of the known regularity (4.1).

iii). Index each isochoice segment in 2] by its angle 6 € (—7, 6] where = % for convenience. Let
(a, h(#)) denote its left-hand endpoint and parameterize the segment by distance r € [0, R(6)]
to the point (a, h()). Along this segment of length R(6) assume

(4.20) uy ((a7 h(8)) + r(cos 6, sin 9)) =m(0)r + b(0).
Forh := & € [a,a+1]and R : [-Z,Z] — [0, v/2) upper semicontinuous with R (—%) = %(ﬁ —a),
solve
(4.21) m(=5) =0, m(-5) = V2 (S ) such tha
(4.22) (m"(0) + m(0) — 2R(9))(m'(0) sin @ — m(0) cos O + a) = gRQ(Q) cos .
Then set
23 W) = hed [ ) me) —2mw) 2
' T3 _W/4m +mv) = cos 1’
0
(4.24) b(#) = u(a,h) +/ (m/(9) cos ¥ + m(9) sin9)h' (9)dd.
—7/4

Given h and R, the triple (m,b,h) satisfying (4.22)—(4.24) exists and is unique provided
m/(0)sin® — m(6) cosf + a # 0 and R is locally Lipschitz where positive. Subject to these
conditions, the shape of 2] and the value of ] there will be uniquely determined by any h and
R: (—%, g] — [O, \/5) We henceforth restrict our attention to choices of A and R for which
the resulting set €] lies above the diagonal. In this case Qf and the value of 4 = uf on Qf are
determined by reflection symmetry x; <> x5 across the diagonal. Together, uf and/or (4.19)
define & = wu; on €2y and provide the boundary data on 02; N 9€2y for the Poisson equation

(4.25) below.
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iv). On Qg = cl(X \ (Q0 U Q)) where Q; = Q) U QF, solve:

Aus = 3, on Int(Qs);
(4.25) (Dug(z) —x) -7i(x) =0, ondQyNIX;
ug —up =0, on 01 N 9.
v). Forh € [a,a+ 1] and R : [—%, g] — [0, \/5), the mixed Dirichlet-Neumann Poisson problem
(4.25) has a unique solution uy as long as 2 is Lipschitz. We finally select & and R : [-%,5] —

[0, ﬂ), or equivalently the shape of ()" and hence the Lipschitz domain {25, by the additional require-
ment that uy satisfy the Neumann condition

(4.26) D(UQ — ul) . ﬁ(l‘) =0, on 91 N INs.

This is the free boundary problem which needs to be solved; (4.26) is necessary for the disjointly defined
functions u; on €2; to piece together to form @ € C'*(X), as required by (4.1).

Heuristically, the numbers of equations and unknowns coincide: our freedom to select 99 \ 0X is
precisely constrained by the compatibility condition (4.26) on it. This suggests that the free boundary
problem is neither over- nor underdetermined, and should admit a solution: i.e. a quadruple (h, R, uf, ug)
that solves (4.22) — (4.26), or equivalently a triple (ﬁ, R, u) that solves (4.18) — (4.26). If the resulting
u is admissible (4.2), our next theorem shows it to be the unique optimal solution of the Rochet-Choné
model on the square.

4.2. Sufficiency: any convex solution of our free boundary problem is the unique optimizer. The
following theorem shows any solution to the free boundary problem described above which is admissible
(4.2) is the unique optimal solution to the monopolist’s profit maximization problem on the square.

Theorem 4.1 (Free boundary solutions optimize if convex). If u € U satisfies (4.18) — (4.26) and both
u and Qg are Lipschitz, then u is the unique maximizer to (4.3).

Proof of Theorem 4.1. Our duality result, Theorem 3.7, asserts that if
(i) Du €T from (3.1) and
(i) ®[a] == [y[o- Du(z) — u(z) — 3|Du(z)Plde = (3| Daf?) =1,
then « is the unique (Lebesgue-a.e.) maximizer of (4.2)—(4.3).
Thus, it is sufficient to show (i) that

(4.27) /X[x - Du(z) — u(z) — Du(x) - Du(x)]de <0, forallu el

and (ii) that equality holds at « = %. Let us remark that any convex Lipschitz function has a distributional
Hessian which is a matrix-valued measure on X of finite total mass. This provides sufficient regularity
to just the necessary integrations by parts.

Using (4.9) to define U(r, 0) := u(Z1(r,0), Zo(r, 0)) + u(Z2(0,8), Z1(r, §)), and the Lipschitz con-
tinuity of the convex function % and 2, to integrate by parts, combining the area element (4.11) with
expressions for the gradient (4.15) and Laplacian (4.17) of % in €2 we find

(4.28) / [z - Du(z) — u(x) — Du(z) - Du(z)|dz
X
(4.29) = /X(Au($) —3)u(x)dxr + /8X<x — Du(z),ni(x))u(x)dS(x)
(4.30) =-3 /Qo u(z)dx — /(momaX au(z)dS(z) + /Q(I)(Aﬁ(x) — 3)u(z)dx
ou ou

4.31) + /amm{mgza} <6$2 — a> u(x1,a)dry + /amm{mlza} <6:Ul — a> u(a, x9)dzs

0 R(6) -
(4.32) + / / [m(6) +m" () — 3(h'(6) cos 6 + )] U(r,0)drdo

-z Jo

14



(4.33) + / ' (m(6) cos§ — m/(6) sin 6 — a) U(0,0)R'(0)do

us

4

where (4.25)—(4.26) have been used to show that the contributions from % = ug on {25 and its boundary
are cancelled by the boundary contributions of % = u; on dQ; N 9Q. Here we may take = 5 or
6 =sup{d € [-F,%] | R(6) > 0}.

From the explicit formula of @ on Qg U Y, it is not hard to see that (4.30) + (4.31) < 0 for any v € U
where equality holds for u = @. To complete the proof, without loss of generality, we only need to show
(4.32) + (4.33) < 0 for all w € U and equality holds for u = .

Since h satisfies (4.23), it follows that

(432) = / ) / 3) U (. 0))drdo

/_ . / 9)( 2R(0 )%U(r 0)drdd + / ' %RQ(G)U(R(Q),Q))dQ,

™

Using the fact that m also satisfies (4.22) we deduce

0
(4.33) = —/ %RQ(H)U(O,G)dG.

Thus,
(4.32) + (4.33)

/_/ e>< 2R(0 1"—1—) %U(T,H)drd9+/_a %RQ(G)(U(R(G),H)—0(0,0))d9

jus
4

/ / ( 0) — 2R(0)r + 2) E;g(r 6)drdd

Denote ((r,0) := %R2(9)—2R(0)r+%. Then, for each § € [—7, 6], one has (R(#)—3r)((r, ) >

so ¢ changes sign at r = £ R(6). Moreover fOR(g) ¢(r,8)dr = 0. Since u is convex, we know %U( 0) is

increasing for each fixed §. This implies

oU oU (R(e)

o (r,0) < ((r, )87" 3,9), forall (0,r) € [—

¢(r,0) =~

Therefore,

6 R(0) 86*
(432) + (4.33) = / / (r,0) (. 0)drdf
~z Jo

6 RO oU [ R(6)

_ (79U (R(O) )\ [FO _
_/_er i (3,9)/0 ¢(r,0)drdd = 0.

Note that when u = 1, for any ¢ € [—7, 6], one has BU( ,0) = 2m(0) and fOR(e) ¢(r,8)dr = 0. In
this case,

0 R(6)
(4.32) +(4.33) = 2/ / m(0)drdf = 2/ m(@)/ ¢(r,0)drdd =0
_x 0

_
4

as desired. O
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4.3. Comparison of our solution to Rochet and Choné’s: an overlooked market segment. In the
preceding sections, we have established a free boundary problem corresponding to the profit maximiza-
tion problem and reduced the process of characterizing the maximizer to that of verifying the existence
of an admissible (i.e. convex) Lipschitz solution to this free boundary problem. Let us now compare our
proposed solution to that of Rochet and Choné.

Qs

O
Qo

FIGURE 3. Partition of X according to the rank of D2 given in Rochet and Choné (1998)

As shown in Figure 3, Rochet and Choné (1998) claimed that the regions (4.4)—(4.6) where the
Hessian has rank 7 € {0, 1,2} are separated by two segments parallel to the anti-diagonal, so ; =
{(z1,22) € X 1 tgs < 1+ 22 < t15} with g5 = dat+v4a“+6 V34“2+6 and t15 = 2a + @. Thus they do not
consider the possibility of a non-empty subset Q{E C Q) where u(x) does not just depend on x; + z
(nor any system of equations comparable to (4.20)—(4.24), which are enunciated here for the first time).
Apart from that, their proposed solution is identical to ours, except that they fail to take into account
that enforcing both the Dirichlet and Neumann conditions (4.25)—(4.26) on the line separating {25 from
Q3 overdetermines the Poisson problem. As a result, we now show their solution to be inconsistent
with the continuous differentiability (4.1) up to the boundary which Carlier and Lachand-Robert (2001)
established.

Lemma 4.2 (An overlooked market segment). If u € U satisfies (4.18) — (4.26) but Qf have zero area,
then i ¢ C'(X) (hence cannot maximize (4.3)).

Proof. Rochet and Choné (1998) showed that if u € U satisfies (4.18) — (4.26) but Qli has zero area,
then

O ={(z1,22) € X | tos < @1+ 22 < t15}

is bounded by g5 = datvda+6 V34a2+6 (as in Lemma 4.8 below) and ¢1 5 = 2a + @.
Differentiating (4.19) at x; + x2 = t; 5 implies their solution to (4.25) also satisfies

(4.34) Du(x) = (a,a) on 02 N 0.

Assume that Rochet and Choné’s solution of (4.25) exists, and that the resulting # € C'!(X) is convex,
as required for u € U. This convexity implies @y, ,, > 0 on Int({23), hence the Poisson equation implies
Ugoas < 3 there.

Set 2’ = (a,a+ @) C 0X NI NON,. From (4.34), 1y, (2') = a. From (4.1), there exists a point
2" € Int(£2) that has the same x5 coordinate with 2’ such that @iz, (z") < a + 5.

Denote by 2/ = (zf,a + 1) € 09X the point on the top edge of the square having the same x4
coordinate as 2. Then the Neumann condition (4.26) implies 4, (z"') = a + 1.

But

a+1
By (") — iy (a) = / Bagas (), T2)d2
a

+1/2/3
< 31— /2/3))

contradicting @iz, (2") — Uiz, (2") > (a4 1) — (a + 15) = 5.



This contradiction shows the C! differentiability of the maximizer established up to the boundary
by Carlier and Lachand-Robert (2001) is inconsistent with the convexity of Rochet and Choné (1998)’s
alleged solution to (4.18) — (4.26) in which Q{‘ have zero area. O

Motivated by Rochet and Choné (1998), different numerical approaches to variational problems with
convexity constraints have been proposed by a number of authors: Carlier et al. (2001), Ekeland and
Moreno-Bromberg (2010), Oberman (2013), Mérigot and Oudet (2014), and Carlier and Dupuis (2017).
Our observation is supported by these numerics: simulations carried out by Mirebeau (2016) in particular
highlight that the boundary between the rank-1 and rank-2 regions of D% (i.e., the boundary between
1 and €22 shown in the left picture of Figure 4) is not a line segment. Moreover, in the same paper
Mirebeau also showed that the corresponding products, purchased by consumers on this boundary under
the optimal pricing menu, form the non-zero curvature part of the red curve (as the boundary of the
yellow/green region) in the right picture of Figure 4. In the left picture of Figure 4, the two ends of the
boundary between €21 and €25 bend towards the anti-diagonal, providing more room for D4 to grow. Still
our Lemma 4.2 sheds new light by showing the optimal # must assign positive area to the overlooked
regions Qgﬂ for any separation a > (0 between the normalized square of consumer types and the origin.

0.5 1.0 1.5 20

FIGURE 4. Numerics from Mirebeau (2016). Left: level sets of det D@ with @ = 0 on
Qo and det D?% = 0 on oUS; Right: distribution of products sold by the monopolist.

4.4. Economic interpretation and related phenomena. Let us now discuss a few aspects of our pro-
posed solution. Recall that the optimal indirect utility @ is related to the optimal price menu v through
the Legendre transform (2.1). More precisely, letting u, be the largest extension of @ from X = [0, 1]?
to R? which remains convex and coordinatewise non-decreasing, so that Vu, (R?) C Y = [0, 0]?,
Theorem 4.6 of Figalli et al. (2011) shows

(4.35) v>ul onY =0, oc]?, with equality on Va(X),

so ¥(y) = u’_(y) for each product y actually sold.

It is well-known that any failure of w to be strictly convex at x (in direction p) corresponds to a failure
of u* to be differentiable at y = Vu(x) (except in directions p) and vice versa; e.g. Rockafellar
(1970). For example, the differentiability of u4 which follows from (4.1) implies that ¥ coincides
with the restriction to Vu(X) of the strictly convex function u* . More significantly, for any bunch
(Vi)™ (y) consisting of more than one point, differentiability of u7 and hence o fails at y. Thus, on
the red part Vi (29) of the diagonal depicted in Figure 4 (corresponding to the lower bunching region),
v is differentiable only in the diagonal (and not the transversal) directions. Similarly, along the upper
bunching regions V#(25), & cannot be extended differentiably across the boundary of Vi(X); i.e. o
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may be tangentially but not transversally differentiable along the corresponding red curves in Figure 4.
In economic terms, if one tries to extend v differentiably across either of the red curves bounding Vu(X)
at y, options which the monopolist does not wish to produce would be priced attractively enough to be
chosen by some of the types in the bunch Vu~!(y) and their neighbours, an adverse selection which
spoils maximality of the monopolist’s profits. Alternatively: the price singularity caused by failure of the
inner and outer normal derivatives of v to agree at those boundary points y of Vu(X) where bunching
occurs, leads a positive fraction Area[Qli] of agents to select products on each of the red curves. As in
Chiappori et al. (2017), we expect it is possible to derive a differential equation reflecting the fact that
the market must clear, by relating the local discrepancy between the inner and outer normal derivatives
of v (or more precisely, of u* < v) at such points y to the one-dimensional density of products which
the monopolist should produce along the red curves at y.

Let us also remark that in a recent investment-to-match taxation model proposed by Boerma et al.
(2022+), simultaneously and independently of the present work, a similar phenomenon has been numer-
ically observed and discussed: in their terminology and transformed coordinates, {2; decomposes into
a blunt bunching region QY in which the optimal product line does not differentiate between buyers ac-
cording the sign x1 — x2 distinguishing their dominant trait, as opposed to the targeted bunching regions
Qli in which the optimal product line sorts along the dimension of their dominant trait and bunches in
the other dimension. In our case, the two regions can also be distinguished by the fact that the indirect
utility %(z) is constant on each bunch in the blunt bunching region 2}, whereas it varies along generic
bunches in the targeted bunching region QS—L since (4.22) ensures the slope m of «# along the segment
(V)= (y) cannot generally vanish.

4.5. Necessity: a conditional argument that the optimizer satisfies our free boundary problem.
The new form of free-boundary problem whose solution we have just shown to optimize the Rochet and
Choné (1998) model on the square may appear mysterious. We now motivate it by deriving the equa-
tions to be satisfied by the profit-maximizing payoff « using perturbation arguments from the calculus
of variations. Outside QF this reaffirms what was found by Rochet and Choné; inside Q" it is new.
However, this derivation depends (a) on u satisfying the ansatz that X decomposes into three regions
Q; C cl[Int §2;] with connected interiors ordered ordered along the diagonal (4.4)—(4.6) according to
the rank i of D?%; (b) that )y is further subdivided (4.7)-(4.8), with @ being a function of z; + 2 on
segments which foliate (), while being affine along segments which start at X and end on 9, whose
slope tan @ varies monotonically (and boundary intercept i (#) increases locally uniformly) in €; and
(c) that Aw is bounded away from zero on each compact subset of Int(€2; ), while both Aw and det D24
are bounded away from zero on each compact subset of {22. These hypotheses are consistent with all
prior theoretical and numerical results concerning the problem that we know of.
For each fixed y € Y, the isochoice set

is convex, being a level set of the convex function € X ~ @(z) —z-y. On Q := QYU QT UQT,
Lemma A.2 guarantees these isochoice sets consist of line segments whose endpoints lie on 0€2;; here
QY corresponds to the region where all isochoice sets are parallel to the anti-diagonal. On )y, each
isochoice set is a O-dimensional convex set and thus a point. See Figure 1 for the regions in X and their
boundaries.

4.5.1. Details on Qg and 2. In the sequel, we first have a close look at the behavior of % on Qg and 9.
The next lemma shows either the exclusion region € or its complement X \ € is an isosceles triangle.
See the figures below for these two possibilities.

Lemma 4.3 (Shape of exclusion region). Under ansatz (a)—(c), Qo surrounds the lower left corner (a, a)
of the square X = [a,a+ 1]2, and either Qg or its complement is an isosceles triangle. Moreover, u = 0
on Qq, and QY # (0 in (4.7).
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(zy,a+1)

(a,z5)

Qo
Qo

(a) Case (i) (b) Case (ii)

FIGURE 5. Shape and position of {2y: two possibilities

Proof. The known regularity (4.1) is sufficient to ensure « is affine on the (connected) interior of
Qo C cl[Int Qp], since its Hessian vanishes there. By symmetry, Du(£2y) = (const, const); unless
this gradient is zero, max{@ — €, 0} will generate larger profits than @, hence @ = 0 on € and the latter
is a convex set which is reflection symmetric around the diagonal (by the uniqueness of optimizer as-
serted e.g. in Corollary 3.2). Recall (4.4) implies (a,a) € Qp. Choose a point 2’ = (d, d) € 9Q\ (a, a).
Our ansatz (a) implies 2’ € 921, hence is approximated by points x on the diagonal in the interior of
Q1. Our ansatz (b) implies each point z; belongs to a segment in )y symmetric around the diagonal
with endpoints on 9€2; on which @ is a non-zero constant. For sufficiently large k, the endpoints of these
segments cannot lie on cl[{22] (which is disjoint from cl[2y] by hypotheses (4.4)—(4.6)). Nor nor can
they lie on g, since @(xy) # 0. Thus the endpoints must lie on X, hence 2) # (). The limit of these
segments is a boundary segment of €2 parallel to the antidiagonal and starting and ending on 0.X. [

From now on, we continue the following analysis based on Case (i). The same characterization
argument works equally well in Case (ii). Lemma 4.8 will specify z, and eliminate the second case.

Since Y represents the region where all equivalence classes are parallel to the anti-diagonal, by
symmetry, we know D (€2) is a subset of the diagonal 31; = 5 in the space Y of products. Denote by
i1 the unit direction parallel to the anti-diagonal of X. Then 97, % = 0 on QY. A perturbation argument
on the function class where the directional derivatives along 77; vanish now yields the following lemma.

Lemma 4.4 (Lower bunching region). On QV, the Euler-Lagrange equation for (4.2)—(4.3) under ansatz
(a)-(c), implies

3 a
ﬂ(Il,xg) = g(arl + x2)2 — §($1 + 332) -1 ln(:cl + 2o — 2a) + CY,

where Co = —3 (25 4+ a)? + % (29 + a) + C1 In(zy — a) and Cy = 3(z,)? — Laz, — a? are constants.

Proof of Lemma 4.4. Since 5,4 = 0 on QY, denote u(z1, 2) := g(x1+x2). The hypothesized positive
lower bound (c) for g” ensures g can be perturbed within ¢/ by any smooth function h(z; + 22) on Q(l’
vanishing in a neighbourhood of 909 N Int(X). This perturbation yields

(4.36) (2-2¢"(t)) (t—2a) +t—2¢'(t) =0, onzy+a<t<iz+a,

in the distributional sense, hence g € C’llo’c1 on this interval. With boundary conditions g(z, + a) =
0 = ¢'(z4 + a), it is not hard to find the explicit formula of g by solving the above ordinary differential
equation (ODE). O

From the explicit solution above, one can see that the optimal solution is constant along the isochoice
segments in 2 and that the Cllo’cl(lnt X) regularity provided by Caffarelli and Lions (2006+) cannot be
improved to C? (Int X) in any neighbourhood of the segment 92 N 0.

loc
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4.5.2. A verification of the Euler-Lagrange equation on )s.

Lemma 4.5 (Customization region for top types). If u € U optimizes the monopolist’s profits (4.3)
under ansatz (a)-(c), then it satisfies

{Au =3, on Int(Qs);

4.37) (Dii(z) — z) - 7i(x) =0, on0X N INs.

Proof of Lemma 4.5. Let v be any smooth function supported on a compact subset of {2o. The hypothe-
sized lower bound (c) for D?@ in the support of v ensures % + cv € U for |¢| < 1. Since @ is optimal,

Dlutev]—Pla] -
€

0= lim implies

e—0

0= /92[(93 ~ Da(x)) - Do(z) — v(z)|dz
- / (Ad(z) — 3)v(z)dz + / (z — Di(z), 7#(z))o(z)dS ().
Qo

0
Since u is convex, its continuous differentiability (4.1) to the boundary provides sufficient regularity to
justify this computation. Noting that 1 C cl[Int Q1] and (4.4)—(4.6) give #(cl[0X N Qs \ Q2) = 2,
the arbitrariness of v on compact subsets of {25 yields the Poisson Neumann problem (4.37) in both the
distributional and (noting (4.1)) the pointwise a.e. senses. U

4.5.3. The ODE implied by the Euler-Lagrange equations on €); . Recall by symmetry and uniqueness
that the solution @ is symmetric across the diagonal. Without loss of generality, we may therefore focus
on Q7 rather that Q. Our ansatz (b) assumes €2 is foliated by line segments Z(-, §) along which the
optimizing payoff « is affine (4.12). Taking Q% to be held fixed for the moment, there are two types of
functions we need to consider for perturbations around this optimizer.

1. Outer perturbations u + ew where w is affine along the same segments (4.9), i.e.
(4.38) w(r,0) == w(z(r,0)) =: wo(0) + rwy(0).

2. Inner perturbutations: functions u* that are affine on the segments of perturbed foliations with
coordinates z°(r, ) := (a, h(0) + €h(#)) + r(cos 0,sin h).

Proposition 4.6 (Outer perturbations on upper bunching region). Let u be the maximizer of (4.3). Under
ansatz (a)-(c), )] is foliated by line segments along which  is affine. If each fixed leaf of the foliation
is parameterized by {z(r,0) = (a,h(0)) + r(cos@,sin@) : r € [0, R(0)]}, while the different leaves

are parameterized by 0 € (—%,0), then each segment Q7 (0) := {Z(r,0) : r € [0, R(0)]} corresponds
to a length R(0) bunch of agents who prefer the same product. Moreover, u(z(r,0)) = m(0)r + b(0)

satisfies
8 -
(4.39) 0=p5(0) + (21 (0) sinf — h"(8) cos b) / a(9)dy + a(0)h'(0) cos 6 on <_Z’ 6) )
0

where () == (m(0) +m" (0) — 30 (0) cos 0) R(0) — 2R*(0) + (m(0) cos § — m/(0) sin 6 — a) h'(0)
and B(0) := 1 (m(0) + m”(0) — 3h'(0) cos ) R*(0) — R3(9).

Proof of Proposition 4.6. The regularity (4.1) known for & combines with Lemma A.2 to give the folia-
tion of £2;. Suppose the foliation can be parameterized by (4.9) in Q2 , with r € [0, R(6)], where all the
leaves of the foliation intersect 0.X and each leaf corresponds to a line segment at an angle § € (-7, 0]
to the horizontal. Now consider perturbations & + ew of « which are affine (4.38) along the same seg-
ments. In the interior of R~1((0, 00)), we are free to prescribe any (C? smooth) w (), but, similarly to
(4.16), the choice of w1 (#) determines wy(6) up to an additive constant:

0
(4.40) wy(0) = h'(@)a—w(:f(r, 0)) = h'(0)[sin Qw1 (0) + cos Bw (0)],
Z2
i.e., apart from an additive constant of integration, wy is the linear image of w; under a particular
integro-differential operator (and in fact depends bilinearly on h(6) and wy).
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Assume w = 0in Qo U QY U Qf One can easily check that u + ew stays non-negative with non-
negative partial derivatives for |¢| < 1. Analogously to (4.17) we compute

52w 9w " . 9 .
2o(z(r0)) = 0 Pupwm | _wiO) +wi(0) [ sin?6 - —sinfcosd
4.41) D w(z(r,0)) := (88225]1 ((9;%; )  Wcosh+r \—sinfcosb cos? 6 '
X X 332

Since D?u and D?w are multiples of the same rank-one matrix (namely, projection orthogonal to the
bunch) we see det(DQiL + 5D2w) = 0 on 2] . Moreover, @ + ew inherits a positive Laplacian (c) from
u hence remains in U for |e| < 1.

Now compute the Euler-Lagrange equation satisfied by @ using an arbitrary perturbation w; (and the
corresponding wp). Since @ is optimal, using the area element (4.11) and expressions for the gradient

(4.15) and Laplacian (4.17) of w in §27, from 0 = lim w and (4.37) on )5 we deduce

e—0

Oz/ﬂluﬂz[(x—Du)-Dw—w]dl’

= / (Au(z) = 3)w(z)dr + / (x — Du(x), ni(z))w(z)dS(x)

I aXNaNT

0 (RO /0 !
:[ /0 (M - 3> (wo(0) + rw1(0)) (R () cos O + r)drdd

0
+ / (m(0) cos@ —m/(0) sin @ — a) wo(0)R'(0)do

0
— [ lal®)un(6) + 5(0)uwr (6)a8

where a(6) := (m(0) + m” (6) — 31’ (0) cos ) R(0) — 3R*(6) + (cos Om () — sin m/(0) — a) 1'(0)
and B(0) := % (m(0) + m/"(0) — 31/ (0) cos §) R*(9) — R3(6). Once again, this integration by parts can
be justified since convexity of the Lipschitz function (4.1) imply its Hessian is a matrix-valued Radon
measure.

Note that wo(—7F) = wi(—%) = 0 and w((6) = h'(0)(sin Ow (#) + cos Ow](6)). Thus,
4.42)

[
0= / o (@)wo(0) + A(6)wi (6)d0

[ 0
_ / o(6) /_ B (9) (sim 9w (9) + cos 9!, (9))d9 + B(0)w1 (0)d6

s
4

[ 0
_ / {a(Q) [ / (21 (9) sin @ — B(9) cos 9) wi (9)d9

™
4

+ a(0)R'(0) cos Owr (0) + B(0)w (9)} db

0 0
_ / {(2h’(9)sin9—h”(9)cos€)w1(0) [ / () d
6

+ a(0)R'(0) cos Ow (0) + B(0)w (0)} db

0 6
= / {(zh'(e) sin 6§ — h"(6) cos ) [ / a(d)dd
0

The above equality holds for any smooth wy on [—%, 8] such that wq(—%) = 0. This implies

+ a(0)1 (0) cos O + 5(9)} wy(0)db.

e

0
(21(6) sin 6 — " (9) cos ) / a(0)di + a0l () cosh + 5(6) =0 on(~7,0). O
0
Proposition 4.7 (Inner perturbations on upper bunching region). Let 4 be the maximizer of (4.3). Under

ansatz (a)-(c) with o and 3 from (4.39), u satisfies

(4.43) a(8) =0 on (—%,9’) .
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Proof of Proposition 4.7. Let h¥(0) := h(6) + h(0) where h : [—%,6] — R such that B(—%) =
h(6) = 0 and (h)'(#) > 0 for any 6 € [—Z,0].

Consider perturbations «° that are affine on the segments of perturbed foliations with coordinates
z(r,0) := (a, h*(0)) + r(cos #, sin #) such that

ué(r,0) == a°(z°(r, 0)) := b°(0) + rm(h),
where b° is determined by m and A® as in (4.16):
(65)(0) = (h®)'(0)[m(0) sin 6 + m’(6) cos 0]
with b°(—7) = b(—7). Moreover, as in (4.13)—(4.15) we have

m(8) = cos 00 (2 (r, 0)) + sin 02 (3 (r, 0)),
3 T 8 x2
NN s ous , . ous 2
m'(0) = sm@az1 (z°(r,0)) +C0898x2( (r,0)),
O e ooy O
s (z°(r,0)) = cosOm(0) — sinOm'(0) = 83:1( z(r,0)),
ous ,_ ou

e (z°(r,0)) = sinf@m(0) + cos Om’(0) = D5 —(z(r,0)).

In particular, (g—gj, gg;) (z°(-,0)) is constant for each 6, i.e., all the types of consumers on this line

segment z° (-, #) would prefer the same product Du® o z°(-, ) over all the other products.
Noting that (@, Da®) = (a, D) on 9Qy N 00y, gL = DU at (“5%2, 42 and Duf = Da at
(a,72) = 7(0,0) = 7°(0, 0), we extend ©° to X such that
1. @ = 1w on Qo UOY;
2. uf on Qf is symmetric along diagonal;
3. @f convex on (2o with g—z loen{zi=a}= @ for' i = 1,2 and Jo, 1D [@(z) — a(x)] |2dz = o(e).
From the equation Du* o z°(r,0) = Du o Z(r,6), we know that Du® inherits the correct sign from Da.

Since @ = @ > 0 on QY N 9Q7, the fundamental theorem of calculus yields %€ > 0 on €2 . Taking

’
additional derivatives of Du¢ yields D?u® = MDZ'E, so @ inherits convexity from % on §27 .
 r+(he)(0) cos b 1

By symmetry, @, D@®, and D%u® also have the correct signs on 2. Since ggi l00sn(601Ufz1=a}) > 0s
the convexity of % on €2y 1mp11es > 0 on . Similarly, - 8“ > 0 holds on Q9. In addition, Du® > 0

implies u® > 0 on €2y since u° > O on 01 N Os. Thus, u remams inU for |g| < 1.
Now, let’s compute the Euler-Lagrange equation satisfied by @ using perturbations u°.

O[uf] — P[u]

1
:/ (az . D (@ — a) — (@ —u) — (D@ — Du, Du) — =|Daf — Du|2)dg:
QiUQQ 2

- / | (@ @) (AT —3)ds + / (@ — @) (x — Du(x), il(z))dS(z)
QFuQ,

((8QFUN2)NAX)U(IQENONY)
1
— / ~|Du — Duf’dx
QEun, 2

:2/ (u® —u) (Au — 3)dx + 2/ (u® —u) (x — Du(x),7(x))dS(x)

00 NoX
1 —€ —12
- = |Du® — Dul|*dx.
2 Jarua,
1Erom Lemma 4. 5, we know @ satlsﬁes |@QZQ{1 —ay=afori=1,2.
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0] and r € [0, R(6)], define r°(r,6) € [0,00) and ¢°(r,0) € [—%,6] such that
aﬁ(r 6). Note that r* and ¢° are well defined since (h¢)" > 0.
re, ¢° and h®,

For any 0 € [T,
z=(r=(r,0), ¢°(r,0)) :
ion

From the definition of

re(r,0) cos ¢*(r, 0) = r cos 0;
h&(¢%(r,0)) + r¢(r,0) sin ¢°(r,0) = h(0) + rsin b

while for |¢| < 1:

{re(r, 0) =r — €hrgec)osslgir +o(e),

h(9) cos 6
0°(r,0) = 0 — eqgyiesyys + 0(e):
Taylor expanding yields

us(2(r,0)) — u(z(r,0))
=u*(z°(r(r,0), 0" (1, 0))) — u(z(r,0))
=b"(¢°(r,0)) — b(6) + (1, O)m(¢°(r,0)) — rm(6)
h(6)
_Eh’(9)0089+r

9 :
= [0 = @y @10 - =5 07 6) + o)

((6°)'(0) cos 0 + m(0)r cos § + m(8)r sinf) + o(e)

0 _, 7
:5/_ h (9)[m(9) sin ¥ + m’ (9) cos 9] dv) — 5:,((00)) (b)'(0) + o(e).

Forevery 6 € [—7, 6], denote Og(6) := m(0)+m” (6)—3K () cos 0, 01 (6) := ffl h/(ﬁ)[sin Im(9)+
4
cos ¥m/(¢)]dd, and O3 (0) := cos Om(6) — sin #m'(0) — a. Therefore,

0 [R(0) m m/
:/ (@ (z(r,0)) — a(z(r,0))) <;W

g RO -
:/"u/ <dh@)—5§w>®YW)+o@0(Ddﬂ—ﬁﬂdmw
—= Jo

(DM@RM)—gR%®>d0+o@)

- 3) (h'(0) cos O + r)drdf

|
—
—~
s
~—
|
>
—~
>
~—
—~
=
SN—
/—:
s
~—
[ I S

h'(6)

and
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P2 mplies

= = 27 _ _
Note that fQ%EUQQ |D (uf(x) — u(zx)) |*de = o(e). Since w is optimal, 0 = 21_%
that

(DO(G)R(G) - ;RQ(G)) do

+f " (oom0) - o)1) o
_ /é {ml(e) (mo(e)R(e) 3R2(9) (G)h’w))

7 / 2
- h(he)(be;e) (mo(e)R(e) 3R Dz(e)h’(9)> }da

holds for any £ : [—7%, 0] — R such that B(—%) = h(h) = 0.

Recall that O (8) = [?, B'(9)[sin 9m (9)+cos Im/ (9)]d= ff% B (9) 355 di and a(6) = Oo(0) R(0)—
4

3R? ( ) + O9(0)K' (). Therefore, Fubini’s theorem tells

AT oy
0:_/_77 [/_ W‘/_ h(ﬁ)z,((g))dﬁ] a(6)do

jus
4

6 -, ’ 7 0 7 /
/ h(g)zl((z))/e a(¥)dvdo — WQ(Q)CM

0 / 7 Y " 0 / 0 7 /
— _/ ﬁ(e){h(e)b ((9}2,(9;’)2(% (9)/0 a(9)d — b<6)a(0)}d9—/ Lg,)b (e)a(é?)dH

:_/9 5(9){cos9[m(e)+m”(9)] /ja(ﬁ)dﬁ}d&

-z
4

ISE

S

holds for any h € C?((—%,0)) of compact support, due to the the locally uniform bound (b) 1/(6) > 0.
Then the fundamental lemma of the calculus of variations tells

(4.44) cos O[m(0) + m" ()] /: a(@)dy =0, Voe (—%, 9) .

Recalling (4.17), the locally uniform rank 1 property (c) of D% on Q7 implies that m(6)+m” (0) # 0
forall 6 € ( z 0) Since cos ¢ > 0 forall 6 € ( 0) one has

/(fa(ﬁ)dﬁ —0, Voe (—%,9‘) .

a(6) =0, vae< %9)

Thus,

(]

Combining the conclusions from Proposition 4.6 and Proposition 4.7, one has () = 0 and 5(0) = 0
for any 6 € (—%, 9). That is to say, the Euler-Lagrange equations on {2, imply

m(0) +m”(0) — 3h'(0) cos§ = 2R(0), T =
(445) {(m(&) cosf —m’(0) sin6 — a) h'(0) + 2 R*(0) = 0, onf € <_Z’ 0) ’

or equivalently (4.22)—(4.23).
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Lemma 4.8 (Size of exclusion region). If g is connected and Qo N cl(Q2) = 0, then Qg is a right
triangle occupying the left-bottom corner of X and the hypotenuse of this triangle is located on the line

{(x1,72) € X : 11 + 19 = a + 2y} with p, = 2TV HE V?‘,)“2+6. Moreover, & = 0 on Q.

Proof of Lemma 4.8. Based on the results provided in Lemma 4.3, we only need to show that (g is a
right triangle with z, = 2+v2e°+6 V‘é‘ﬂ%.

(1). Assume (g is a right triangle. Integrating the ODEs and PDEs obtained from perturbation argu-
ments on X \ € as shown in Lemma 4.4, 4.5, and Proposition 4.6, one has

0= /X\QO (Aw — 3)dx + /8X\BQO (x — Du(z),n(z))dS(x).

On the one hand, for any smooth function h on X, one has

1
<1>[u+h]—c1>[u]:/ <Dh.x—h—2\Dh|2—Du-Dh> da
X

1
:/ (h- (Aw—3) — \Dh[2> dx +/ h(z — Da,7i(z))dS(x).
X 2 ax
Taking h = 1, it follows that

o[a+ 1] — o[a] :/ (AT — 3)dz + / (z — Da, fi(z))dS(z)

X 0X
:/ (Aw— 3)de + / (¢ — Da, ii(x))dS(z)
Q0 XN

_ / 3dz+ / (2, 7(x))dS(z)
Qo 0XNoNo
30| — alOX N O%y|

3
= 5@2 —a)? = 2a(zy — a).
On the other hand, ®[u + 1] — ®[u] = [, —1da = —1. The resulting quadratic equation
0=3(z —a)® +4a(x — a) — 2

. . /4aq2
implies zy = W.

(ii). Assume () is an irregular pentagon described in Figure 5b with one side located on the line
{(z1,22) € X : x1+22 = a+1+z, }. Following the same calculations as above, one will get z; = a+1
and thus p = X. This implies that the optimal solution % = 0 on X. However, one can check that
®[u] = 0 is not optimal because u(z1,x2) 1= 27%0'01(@ + 1‘2)% € U and ®[u] > 0 = P[ul.

(iii). Therefore, g is a right triangle described in Figure 5a with z, = 4tv22=+0 V‘éa2+6. (]

Plugging the value of z, into the explicit formula of @ on Y, one obtains the following corollary.

Corollary 4.9. In Lemma 4.4, Cy = —% Vda®+6 + %ln (L 34&4—6) and C7 = %

5. CONCLUSION AND FUTURE WORK

This paper establishes a strong duality with attainment for the monopolist problem with bilinear
preferences. We apply this duality theory to analyze the Rochet-Choné bidimensional square model
with quadratic costs. This leads to a free boundary problem, that requires identifying the unique domain
boundary for which the solution of a new ODE (describing a targeted bunching region in which the
isochoice segments rotate) on one side of the boundary can be differentiably matched to the solution
of a Poisson Neumann problem that characterizes the optimal payoff on the other side of the boundary.
Under an ansatz more general than Rochet and Choné’s, we show that solving this free boundary problem
is both necessary and sufficient for optimality. We show each bunch corresponds to a price gradient
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discontinuity across the boundary of the optimal product line. It remains a challenging open problem to
give a rigorous proof either that this free boundary problem admits an admissable (i.e. convex) solution,
or alternately, that the optimal payoff satisfies the hypotheses of our necessity ansatz.

We close this paper by conjecturing the existence of a convex solution to free boundary problem. This
conjecture is consistent with all theoretical and numerical evidence concerning the problem that we are
aware of. We hope to tackle this conjecture in the future, perhaps using a fixed-point or dynamical flow
argument, or a variational principle.

APPENDIX A. ON CONVEX RULED SURFACES WITHOUT SMOOTHNESS. BY CALE RANKIN

In this appendix we confirm that the graph of the optimizing indirect utility is a convex ruled surface in
the region where rank(D?u) = 0 holds. For u € C?(X) this is a classical fact, known to geometers such
as Monge since the eighteenth century: one obtains the rulings (segments) along which w is affine by
integrating the continuous vector field given by zero-eigenvalue eigenvectors of the Hessian D?u. The
point of the present appendix is to extend this result to the merely Cllo’cl regularity (4.1) guaranteed for the
optimal indirect utility % by the work of Caffarelli and Lions (2006+). For this we recall the definition
of the Monge-Ampére measure for C!' convex functions. The Monge-Ampére measure, denoted /i,,, of
such a function is the measure defined for £ C R" by

pyu(E) = vol[Du(E)).

For a proof that this quantity is a measure and other basic properties see the book of Figalli (2017). The
Monge-Ampere measure extends the measure det D?u dz to functions which are not twice differentiable
and we employ it in conjunction with the Aleksandrov maximum principle, stated here as in Theorem
2.8 of Figalli (2017).

Theorem A.1 (The Monge-Ampere measure controls deviation from linearity). Let X C R’ be an
arbitrary convex set and u : X — R a convex function. Assume the restriction of u to 0X is affine, that
is there is [(z) = p - x + a such that w = | on 0X. Then there is a constant C depending only on the
dimension such that the following estimate holds for all xt € X

lu(z) — U(2)|" < Cdiam(X)" dist(z, 0X) jtu(X).

This theorem simplifies considerably when w is C’ﬁ)’cl. Indeed, the Lipschitz continuity of the first
derivatives implies almost everywhere second differentiability. Subsequently the Monge-Ampeére mea-
sure is absolutely continuous with respect to Lebesgue and given by s, = det D?u(z) dx where we
may set D?u(x) = 0 at points where u is not twice differentiable (Trudinger and Wang, 2008, Lemma
2.3). Now we extend the classical result on ruled surfaces as follows.

Lemma A.2 (Ruled surface). Let u € C’llO’Ll(Q) be the restriction of a convex function u : R?> —
R U {400} which, throughout a bounded open set Q@ C R?, satisfies det D*u = 0 < Au at points of
second differentiability. If y € Du(RQ), each connected component of Du~'(y) N Q is a line segment

with endpoints on 0f).

Proof. Take yo = Du(xg) for some xg € 2. Let [ denote the corresponding support [(z) := u(xg) +
Yo - (x — x0). We claim the intersection of the convex set Sy := {u = I} = Du~1(yo) with 2 consists
of line segments with endpoints on 0f2.

First note xg € SoN 2. Now Awu > 0 implies « is not affine on any open set and thus S is at most one
dimensional. Next, det D?u = 0 a.e. on Q combines with u € C’llocl(Q) to imply the Monge-Ampere
measure of u vanishes on (2, that is 1,,(€2) = 0. For a contradiction suppose a connected component of
So N does not intersect the boundary. To avoid a contradiction, the convex set

Se:={zx e R":u(z) <l(z) + €}

which contains xg € SpN{2 must be strictly contained in €2 for € > 0 sufficiently small. The Aleksandrov
maximum principle implies the contradiction via Theorem A.1.
Thus Du~1(y) is a line segment with an endpoint on 9. To see both endpoints lie on I we again
suppose otherwise. Without loss of generality 2o = 0 and Du~!(y) = {te1;a <t < b} with b > 0 and
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be; € int(2) . Then, by tilting the support, we see for € > 0 sufficiently small the convex set
S!={rx e R":u(x) <l(x)+ex1},

again contains x( and is compactly contained in {2. This yields the same contradiction to the Aleksan-
drov maximum principle as above. Thus Du~!(y) is a line segment with both endpoints on 9f). ]
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