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In this article, we study the optimal regulation of a dominant firm when an unregulated
[firm actively competes. Generally, the existence of an active rival imposes new and binding
constraints on regulatory problems. We characterize optimal policies both when demands
are known (complete information) and unknown (incomplete information) to the regulator.
Optimal policies under complete information may set the price at the dominant firm above
or below its marginal cost. Optimal policies under incomplete information may be either
pooling or separating, constant over a range of the prior distribution of the firm’s private
information, and leave no information rent to the firm.

1. Introduction

® Most of the previous theoretical regulation literature concentrates on the study of
monopoly; see, for example, Baron and Myerson (1982), Laffont and Tirole (1986), and
Lewis and Sappington (1988) and the references they cite. Although the monopoly model
is a convenient and sometimes realistic model for analysis, most regulated firms do face
rivals. In many major industries, such as telecommunication, energy, and express mail,
a dominant, regulated firm has to compete with unregulated firms; in addition, the entry
of unregulated firms may be encouraged by a process of deregulation. For example, before
and after its divestiture, AT&T was a regulated, dominant firm in the long-distance tele-
phone market and was competing vigorously against unregulated rivals such as MCI and
Sprint.

In this article, we investigate the optimal regulation of a dominant firm that faces an
unregulated rival. Our model embodies two central assumptions. First, we assume that
the regulated firm possesses private information about the relative demands of the firms,
but that the firms’ cost information is common knowledge. Second, we suppose that the
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unregulated firm possesses some market power, acting as a Stackelberg follower by choos-
ing its price after the dominant firm’s price is set via a regulatory mechanism.

Our focus on an asymmetry of information about relative demands is particularly
appropriate in light of the recent wave of deregulation. Very often when competitors are
allowed to enter previously foreclosed markets, the incumbent firm is still subject to reg-
ulation. With the entry of a new firm and the introduction of a new or differentiated
product, previous history about demand need not give the regulator sufficient information
about relative demands of the dominant firm and its new rival. On the one hand, it is
natural to assume that firms possess better information about consumer preferences and
proclivity to choose one product over another because of their contact with consumers
from past transactions or market surveys. On the other hand, it is plausible that firms’
private information about costs is of second-order importance because the regulator has
seen past cost realizations.

The assumption that the unregulated firm possesses some market power is a signif-
icant departure from the existing literature on regulation of a firm facing unregulated ri-
vals. In this literature, the usual assumption has been that the unregulated firm is a competitive
fringe that either produces outputs to satisfy residual demand until the point at which price
is equal to the fringe firm’s marginal cost of production (Cournot competition), or sets a
price equal to its marginal cost (Bertrand competition); see Caillaud (1990) and Lewis and
Sappington (1989).

In the case of the regulation of a monopolist, Lewis and Sappington (1988) dem-
onstrate that, when a monopolist’s marginal costs are nondecreasing, its private infor-
mation about demand is inconsequential for the design of optimal regulatory mechanisms.
That is, the regulator will implement the same allocations as if the monopolist’s knowledge
about demand were public information. Thus, none of the incentive constraints is binding;
the monopolist earns no information rent and will supply socially efficient levels of outputs.

The information structure of our formal model resembles that of Lewis and Sapping-
ton (1988), and we assume constant marginal costs of production. However, we obtain
strikingly different results. The cause of these differences can be traced to the market
power exercised by the unregulated firm. Indeed, although the existence of the unregulated
firm strictly enhances welfare, the design of regulatory policies must consider a tradeoff
between the efficient distribution of consumers across firms and the welfare loss due to
excess profits, even under complete information.

This tradeoff arises because the unregulated firm’s profit-maximizing price is nega-
tively related to the consumers’ demand for the dominant firm’s product. Furthermore,
this price is always above marginal cost, thus enabling the unregulated firm to earn a
strictly positive profit. Given this reaction, the regulator can implement the efficient dis-
tribution of consumers among the two firms only by setting the regulated firm’s price
above marginal cost. When the social welfare function puts more weight on consumer
surplus than on profits, the regulator will wish to distort the distribution of consumers
across firms to reduce profits. In fact, the higher the welfare weight for consumer surplus,
the lower is the optimal price at the regulated firm and the more distortionary the allocation
becomes. In the extreme, as the weights on firms’ profits in social welfare approach zero,
the dominant firm’s price is set below marginal cost.

Hence, the complete-information benchmark already is a second best, and prices at
the firms are not equal to marginal costs. As a result, an information rent for the regulated
firm may exist when the regulator does not observe the firms’ demand information. Thus,
in addition to correcting for the misallocation due to the excessive profits and inefficient
distribution of consumers across firms, the optimal (third-best) regulatory policy must limit
the dominant firm’s information rent.

The third-best, incomplete-information policies exhibit a rich variety of properties.
First, if the welfare weight on consumer surplus is low, the optimal policy can be either
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separating or pooling. Also, for a range of the regulator’s prior beliefs, identical separating
policies may be offered and the regulated firm may not earn information rent. In addition,
in a separating equilibrium, a dominant firm with a high demand will be offered a price
identical to the optimal price under complete information; in a pooling equilibrium, the
price will be between the complete-information optimal prices for low- and high-demand
dominant firms. Second, if the welfare weight on consumer surplus is sufficiently high,
the optimal policies must be separating. The optimal price for a dominant firm with low
demand will be the optimal price under complete information. But again, for a range of
the regulator’s prior beliefs, the same optimal policies will be offered, and the information
rent is entirely extracted.

Thus, our policy recommendations differ markedly from those in the literature, such
as Baron and Myerson (1982) and Laffont and Tirole (1986), in which separation is gen-
erally optimal and the optimal incentive scheme depends strictly monotonically on the
regulator’s prior beliefs. Also, although pooling mechanisms are known to be important
because of countervailing incentives (Lewis and Sappington, 1989), or the regulator’s lack
of commitment ability (Laffont and Tirole, 1988), such problems are absent in our model.
Here, pooling arises because the complete-information optimal prices may be decreasing
with respect to the dominant firm’s demand, whereas incentive-compatibility conditions
require a nondecreasing relationship between prices and demand. Because the relationships
between prices and demands implied by optimality and incentive compatibility are op-
posites of each other, optimal mechanisms may set identical prices for firms with different
demands.'

The article that is closest in spirit to ours is Caillaud (1990). He found that in a Baron-
Myerson (1982) class of regulation models of cost uncertainty, the existence of a set of
competitive fringe firms that charge prices equal to (ex post) marginal cost can help limit
a monopolist’s informational advantage. Although fringe firms are passive in Caillaud’s
model, we think that his basic result will hold when they behave as Stackelberg followers
(as in our model). A few articles in the public enterprise literature also consider the effects
of strategic rivals on regulatory policies; see Harris and Wein (1980), Braeutigam (1984),
and Ware and Winter (1986). In these models, the public firm is controlled directly by
the regulator, who picks the product price at the public firm to maximize an index of
social welfare. The public firm may have to compete with an unregulated private firm in
an imperfectly competitive market. The main focus of these models has been the effect
of competition on the Ramsey pricing formulas and social welfare. None of these models,
however, allows any asymmetry of information. Furthermore, the regulated firm in our
model remains private and seeks only to maximize profits.’

We present our model in Section 2. In Section 3, we derive the efficient planning
benchmark and the optimal regulatory mechanism under complete information. In Section
4, we analyze the optimal policies under incomplete information. Finally, in Section 5,
we draw conclusions. All proofs are found in the Appendix.

2. The model

®  We consider regulating a dominant firm, firm D, when regulatory policies cannot be
imposed on a rival, firm R. Our concern is the design of optimal regulatory mechanisms

' Lewis and Sappington (1988) also show that, if a monopolist’s marginal costs are decreasing and it
possesses private information about demand, the optimal mechanism to regulate it must be pooling.

* Recently, a group of articles considered the direct regulation of industry structure. Auriol and Laffont
(1992), Dana and Spier (1994), and McGuire and Riordan (forthcoming) allow the regulator to determine
whether a market should be served by one firm or two firms when the regulator is uninformed about costs.
Wolinsky (1993) also lets the regulator split the market unevenly between the regulated firms. Our model differs
from these models in two ways: we consider demand uncertainty, and we do not allow the regulator to control
the regulated firm’s rival. Because of these differences, results here are not directly comparable to those in the
above articles.
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when firms possess private information about consumer demands. This private information
about demands is characterized by a parameter K, commonly known to firms but unknown
to the regulator. One interpretation of the asymmetry of information is that firms can
predict relative demands more accurately than can the regulator.

Formally, K represents consumers’ valuation differentials between products of the
dominant firm and its rival. Thus, the demand parameter K may reflect consumers’ per-
ceived quality differences between, or proclivities for, the two firms’ products. For sim-
plicity, we assume that K is a binary random variable, with support {K,, K,}, where
0 < K, < K,. The probabilities on K, and K, are u and 1 — u, respectively; these
probabilities are common knowledge. Let K denote uK, + (1 — K. Even though both
firms know the value of the demand parameter, it is convenient to describe the information
structure only in terms of firm D’s knowledge. A firm D who knows that the demand
parameter is K; is called a type-i firm D, often abbreviated firm to D,, i = L, H.

Both horizontal and vertical product differentiations are present in the model. We
assume a continuum of consumers with total mass / and density normalized to one. Each
of these consumers values the products sufficiently highly and will buy a good from either
the dominant firm D or the unregulated firm R. Consumers’ valuations in the horizontal
product differentiation dimension are described by a uniform distribution. Let x be uni-
formly distributed on the interval [0, /]. If the demand parameter is K, a consumer with
index x obtains a (gross) benefit of K — tx if he buys from firm D, where # > 0 is a
parameter. If a consumer with index x buys from firm R, he obtains a benefit of
—1(! — x). Equivalently, the distribution of valuations can be interpreted as horizontal
product differentiation a la Hotelling: consumers are uniformly distributed on a line of
length /, with firm D being located at the origin and firm R at point /. A consumer located
at x, where 0 = x = /, has to incur either a disutility of zx if he purchases from firm D,
or a disutility of #(/ — x) if he purchases from firm R, where ¢+ > 0 can be regarded as
the “mismatch” or “transportation cost” parameter.

Consumers’ utility functions are linear in benefits from products and money. If
Pp and Pg are the respective prices at firm D and firm R, then K — =x — P, and
—1(I — x) — Py are the respective net utilities for the consumer with index x if he purchases
a good from these firms.

Each consumer buys from the firm that offers the higher utility. Hence, firm D’s
demand function is easily derived:

I <K —Py+ Py
XK,Pp, PR) =1/2+ (K —Pp+Po)/2t if O0<K—Po+Pe=<ty. (1)
0 K—Pp+Pp<0

Firm R’s demand function is simply / — x(K, P, P;). We shall assume that K, < #/, so
that, in all the allocations to be derived, both firms will obtain strictly positive market
shares.

The unit cost of production at each firm is constant and normalized to zero. Each
firm maximizes expected profits. We assume that firm R is an active Stackelberg follower;
it reacts to firm D’s action through its pricing policy.® Under this assumption, the unregulated
firm has more flexibility when adjusting its pricing policies than does the regulated firm.
This appears to be a realistic assumption and is consistent with the regulatory practices in
the telecommunication and other industries. For example, until recently, AT&T’s price

" In Section 5, we shall discuss the alternative assumptions that the firms move simultaneously and that
the regulator can commit to a policy of adjusting firm D’s price contingent on firm R’s reaction to firm D’s
initial price.
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change applications went through a hearing process at the Federal Communications Com-
mission before their final approval, whereas MCI, Sprint, and other unregulated companies
were free to change prices.

The unregulated firm’s price response distinguishes our model from those in the lit-
erature, in which the usual assumption is that the unregulated firm is a passive fringe with
no market power. We believe this assumption severely limits the range of applications of
those models. In the context of the regulation of a dominant firm, unregulated rival firms
often have significant market power. Thus, our model captures a very important aspect
of the market structure that often has been ignored.

Given P, and K, firm R chooses Py to maximize profit, Pg(! — x(K, Pp, Pr)) . When
firms have positive market shares, firm D’s demand is given by the middle part of (1).
Thus, firm R’s price best-response function is given by

il—K+P,

P(K, Pp) = >

(2

If we substitute firm R’s best-response function (2) into firm D’s demand function (1),
then we obtain firm D’s reduced-form demand function:
K - PD

3
X(K,Pp)=-1+ . 3
(K, Pp) 3 o 3

This reduced-form demand function is also firm D’s market share.

Although firm R’s pricing policy is positively related to firm D’s price, its optimal
price reaction is only half of firm D’s price change. Moreover, firm R’s optimal price is
negatively related to K: it charges a lower price to compensate for its disadvantage due
to consumers’ higher valuations of firm D’s products. Finally, even if the regulator sets
firm D’s price at marginal cost, firm R has no incentive to do so. Instead, by (2), firm
R will price above marginal cost and profit by reducing its market share.

The regulator’s policy instruments for the dominant firm are menus of two-part tariffs,
each of which consists of a lump-sum transfer and a per-unit product price. Although in
principle the dominant firm’s product price and transfer can be functions of its sales, we
believe that such policies are difficult to implement in practice. As other authors have
argued, quantity and accounting information can be hidden or manipulated easily (Lewis
and Sappington, 1988, 1989).

In regulatory regimes, the regulator’s objective is to maximize a welfare index equal
to the weighted sum of aggregate consumer utility* less any lump-sum transfer firm D
receives, firm D’s profit, and firm R’s profit, with corresponding weights 1 — a;, — ag,
ap, and agz, where each « is strictly between zero and one-third. Aggregate consumer
utility is

!

X(K,Pp)
j (K — Py — txldx + f [—Pe(K, Py) — I — x)ldx,
0

X(K,Pp)
or, equivalently,
tX(K, P)*
(K — RIX(K, ) — S F(K, Pl — X(K, Pp)]

1l = X(K, Py)T’

5 @

4 Because consumers’ utility function is separable in benefits and money, aggregate utility is the same as
(gross) consumer surplus.
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Although the unregulated firm does not necessarily price at marginal cost, welfare
always improves by its presence in the market. If firm D is a monopolist, then the optimal
regulatory policy sets its price at marginal cost (Lewis and Sappington, 1988). With the
unregulated rival in the market, a feasible policy is to price firm D’s product at marginal
cost. Compared to the monopoly case under optimal regulation, welfare must increase:
those consumers who continue to buy from firm D are equally well off, whereas those
who switch to buy from firm R must be better off, profits at firm D remain at zero, and
profits at firm R must be positive. The argument is equally valid when firms possess
private information about demands. Hence, even in the incomplete-information model in
Section 4, welfare improves from firm R’s presence in the market.

3. Efficient allocation and complete-information
optimal regulation

B We now establish two benchmarks. We start by deriving the efficient allocation when
firm D’s knowledge about demand is public information. In this planning regime, the
regulator can directly allocate consumers and control productions at the two firms. There-
fore, an allocation is simply defined by x, where consumers with indexes in [0,x] obtain
the product from firm D and the remaining consumers obtain the product from firm R.
The efficient allocation, X”, is one that maximizes aggregate consumer utility,
Kx — tx*/2 — (I — x)*/2. Straightforward computation yields X" = (K + #[)/2¢. Observe
that, when the regulator can set prices at both firms, the efficient planning allocation can
be implemented by setting prices at both firms equal to their marginal cost of zero and
then asking firms to satisfy demands.

Even if firm R is unregulated and sets its price according to (2), the efficient allocation
of consumers is still feasible. From firm R’s best-response function (2), we know that,
if Pp is set at #/ — K, then firm R will respond by choosing the same price. With
equal prices at the two firms, firm D has a market share of X”. Nevertheless, when
P, = Pp = tl — K, both firms earn strictly positive profits. Although firm D’s profit may
be taxed away through a transfer, firm R’s profit may be undesirable because the regulator
puts a relatively smaller weight on the firm’s profits than on consumer surplus (a; < 1/3).
Thus, even under complete information, the regulator faces a distribution tradeoff. The
implementation of the efficient allocation results in a welfare loss due to the excessive
profits at firm R. Likewise, reducing the profit at firm R by lowering firm D’s price results
in an inefficient allocation of consumers among the two firms.

We characterize the complete-information optimal regulatory policy for firm D when
firm R is unregulated. A regulatory policy on firm D is a two-part tariff, (T,, Py). Given
the policy and price Py at firm R, the aggregate consumer utility is (4) less T}. Profits at
firm D and firm R are P, X + T, and Pg(I — X), respectively. The regulator’s objective
is to choose a policy (Tp, Pp) to maximize a weighted sum of aggregate consumer utility
and profits at firm D and firm R subject to (2) and (3). As both «a, and a; are less than
one-third, for any P,, T, will be chosen to make firm D’s profits zero. Hence, we have

T, = —P,X. Substituting this expression for T, into the objective function, we eliminate
the T}, instrument. We can now write out the program as follows: choose P, to maximize
tX? (- X)*
(1 —ap —ag) 1 KX —T—PR(I —X)_T + ag(Pr(l — X))

subject to (2) and (3). The next proposition characterizes the optimal regulatory policy.

Proposition 1. Suppose firms’ knowledge about demand is public information. The op-
timal regulatory policy sets firm D’s product price at

I —ap ~ 3a

P = (K —tl) - X

3 - 3ap — Sa, (%)
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The optimal transfer T* is chosen to make firm D’s profit zero when its product price is
P},. Moreover, firm D’s market share is always greater than its efficient share X”.

Proposition 1 says that the optimally regulated price for firm D depends crucially on
A, where

1 —ap — 3ag

As——m——
3 - 3aD - SaR

Because K < ¢, firm D’s regulated price P}, has the opposite sign of A. For a, and a,
close to one-third, A is negative; however, as they decrease, A becomes positive. So when
the regulator has a large valuation for profits (a, and a4 close to one-third), the dominant
firm’s price is above marginal cost, and vice versa for a low valuation. It is easy to verify
that, when ap, and a, are both decreased from one-third to zero, the solution P}, is de-
creased from #/ — K to (K — t])/3 < 0 and firm D’s market share is increased from X*
to (5d + K)/6.

The intuition for Proposition 1 is as follows. First, consider the limiting case
ap = ag = 1/3. In this case, the objective function puts equal weights on consumer utility
and profits. Thus, there is no welfare loss due to excess profits. From (5), P}, then becomes
tl — K and firm D’s market share becomes X”. This confirms our earlier intuition that the
efficient allocation X” is feasible and implemented when excess profits do not decrease
welfare.

For a;, and ay less than one-third, profits at the firms become a welfare loss. It is
straightforward to verify that the firms’ equilibrium profits are increasing in Py, so to
reduce firms’ profits, P}, must be decreased from # — K. Firm D’s market share increases
from X” as a result of a decrease in price from P},. Depressing P;, thus reduces the welfare
loss due to excessive profits at the expense of allocating too many consumers to firm D.
As the welfare weights a,, and a5 continue to decrease from one-third, the regulated price
at firm D must also continue to decrease from # — K. In the extreme, when ap and ag
are sufficiently close to zero, P}, will be less than marginal cost.

Observe that the larger the value of K, the smaller is the deviation of P, from marginal
cost. In equilibrium, a larger value of K increases firm D’s market share (and reduces
firm R’s) and lowers firm R’s price. It can be shown that the effect of a marginal change
in P, on welfare is proportional to both firm R’s market share and price. Thus, as the
value of K increases, the change in welfare due to a change in P,, becomes smaller, and
there is less gain in welfare from deviating from marginal cost pricing.’

From the discussion of the effects of changing a;, and a on the optimal policy, it is
clear that P, is set so as to reduce firm R’s profits at the expense of distorting the efficient
allocation of consumers. Because K measures consumers’ higher valuation of firm D’s
products over firm R’s, a higher value of X means that firm D has larger market power
and that firm R will earn less profits. Thus, setting firm D’s price different from marginal
cost to reduce firm R’s profit becomes less important for larger values of K.

Finally, observe that optimally regulated prices under complete information may be
nonmonotonic with respect to the demand parameter. Suppose P} and P}, are, respectively,

* Suppose P, is raised from 0, while a transfer T compensates firm D’s profit. This has two first-order
effects in the regulator’s objective function: P, constant, and P with P, constant. The first is the change in
firm R’s profit, Xg(0Xz/9Pp)dPp, where X, = 1 — X; because of T and the marginal consumer’s indifference,
consumer welfare is constant. The second concerns only consumers buying from R, Xw(0P/0Pp)dP,—by the
envelope theorem, firm R’s profit is unchanged. With firm R’s optimal price for P, = 0 and X; = P;/2t, we
have 8Px/dPp = t0X/0P, = 1/2. So the objective function varies according to Xy, which is proportional to
K — 1. With P, at other prices, there are other terms proportional to P,. We thank Michael Whinston for this
interpretation.
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the prices from Proposition 1 for K = K, and K = K, with K, < K,,. Then, if A > 0,
we have P}, > P]. But if A < 0, then we have P}; < P}. So for A > 0, the higher the
demand parameter, the higher is the optimally regulated price for firm D. But for A < 0,
the higher the demand parameter, the smaller is the optimally regulated price (compare
Figures 1 and 2 below). As we shall see, this nonmonotonicity property turns out to be
important for characterizing the incomplete-information optimal regulatory policy.

In summary, optimal regulation under complete information already incorporates sec-
ond-best distribution considerations. When firms possess private information, the regulator
must consider the distortion due to information rents. Hence, regulatory mechanisms must
consider three kinds of tradeoffs: efficiently allocating consumers between firms, limiting
firm R’s profits, and limiting firm D’s information rents.

4. Optimal regulation under incomplete information

B We now study the regulation model when firm D’s relative demand is unknown to
the regulator. A regulatory policy on firm D is a menu of two-part tariffs (items in the
menu are allowed to be identical). Because there are two possible values for the demand
parameter, K; and K}, we assume that a menu contains two schemes: {(7,, P,), Ty, P},
where P; denotes a product price and T, denotes a lump-sum transfer, i = L, H. The
dominant firm will select a scheme from the menu.

Recall that a firm D with demand parameter K; is called firm D,. Without loss of
generality, suppose that, in an equilibrium, firm D, selects (7;, P,) and firm D, selects
(Ty, Py). Using firm D’s reduced-form demand function (3), we can compute firm D,’s
profits when (7, P,) and (T, Py) are selected. These are, respectively,

3 K, - P, 3 K, — Py
PL _l + + TL al'ld PH _l + + TH'
4 4 4 4

Firm D, selects (T;, P,) when the incentive-compatibility constraint (IC-L) holds:

p |24 K P v zp |2 Kz Pu| o IC-L
‘la 4t i 4t # ac-L
Similarly, the incentive-compatibility constraint for firm Dy, (IC-H), is
3 KH - PH 3 KH - PL
P(—lﬁ-— +Ty=P |-l +—| +T,. IC-H
4 4 ] " ‘[4 4t t ac-t

Moreover, each firm must earn nonnegative profits to participate so that the respective
participatory constraints, (PC-L) and (PC—H), are

3 KL - PL

P |=l+—|+T,=1IK,) = 0, (PC-L)
4 4t
3 KH - PH

Pal gl = |+ T =Tl = 0, (PC-H)

Consider an equilibrium in which firm D; selects (T}, P), i = L, H. Suppose firm
D’s relative demand is K;, then aggregate consumers’ utility less transfer becomes

X2 t(l - X))
(Ki*Pi)Xi__—PRi(l_Xi)-_—_—TiEUi,
2 2
where

_tl—K,-+P,- 3 K, — P,

Ppp=———— and X, ==+
2 4 4¢

(6)
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The regulator’s objective function is the expectation of his payoffs over states of firm
D’s relative demands:

F"{(l —ap — ap)U, + ap II(K,) + ag[Pe (! — X))
+ (1 = A — ap — ap)Uy + ap II(Ky) + oxlPra(l — Xp)l}.  (7)

The regulator chooses P, Py, T;, and Ty to solve the following program: maximize (7)
subject to the incentive and participatory constraints (IC-L), (IC-H), (PC-L), and (PC-H).

The constraints in the above program are identical to those that would arise if firm
D were a monopolist facing a demand function given by (3).° If either firm D is a mo-
nopolist or firm R is a passive firm always charging price at marginal cost, then the optimal
regulation is for firm D’s price to be marginal cost. This implements the efficient allocation
even if firms possess private information—a simple extension of the Lewis and Sappington
(1988) efficiency result when marginal cost is nondecreasing.

Our model is different from the usual monopoly model, because the dominant firm’s
rival sets its price strategically. Whereas firm D cannot benefit from its private information
if the regulator sets its price at marginal cost and transfer at zero, a discrepancy between
price and marginal cost can turn into a source of information rent when firms possess
private information about demands. Suppose that the price at firm D is set above marginal
cost, a regime in Proposition 1 in which firms’ profits are given large valuations, or
A < 0. Then, from (IC-H) and (PC-L), we get II(Ky) = P, (Ky — K,)/4t > 0. Thus,
firm D, will earn strictly positive profits, or information rent. Likewise, suppose that the
price at firm D is set below marginal cost, a regime in Proposition 1 in which firms’
profits are given small valuations, or A > 0. From (IC-L) and (PC-H), we obtain
(X, = Py(K, — K;)/4t > 0. Here, firm D, will earn information rent. Thus, optimal
policies must suppress information rent, and which of the two types of firm D may earn
information rent is directly dependent on the value of A.

Before presenting the next result, we define

1—2aD—aR

B=—+-———>0
3 e 3aD - SaR
_ 2(1 - 2aD - aR)(KH - KL) _ 1
£= 2(0 = 2ap — ap)(Ky — K;) = (1 — ap — 3ap)(tl — K;) a A(K, — ) +1
ZB(KH - K,;)
_ 2(1 - ZaD - aR)
=

1 —3ap + ag

IfA<Oand Ky < tl, we have 0 < p < g < 1. Let (Pf, T7) denote the complete-
information optimal policy for firm D;, i = L, H; from Proposition 1, P! = (K, — thA.
The next proposition completely characterizes the optimal regulatory policies when the
welfare weights on profits are relatively large.

Proposition 2. Suppose A < 0. At the solution to the program for the incomplete-infor-
mation optimal policy, incentive constraint (IC-H) and participatory constraint (PC-L)
always bind. The optimal regulatory policy {(T¥, P§), (T#, P#)} is given as follows.

¢ Observe also that, because demand functions are linear, on any isoprofit curve firm D’s marginal rate
of substitution between price and transfer is monotonic in its demand K; the “single-crossing” property is
satisfied. (That is, the ratio between the partial derivatives of profit with respect to price and transfer is monotonic
in K.)
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1. For 0 = u = p, where u is the prior probability of K = K, incentive constraint (IC-L)
does not bind and participatory constraint (PC—~H) binds. The optimal prices are

PE=0  Py=P,,
and the optimal transfers are
3 Ky — P}
Tr=0 T¥=—-P% —1+—4— =Tk,
1

2. For p < p = fi, neither incentive constraint (IC-L) nor participatory constraint (PC—H)
binds; firm Dy earns strictly positive profit. The optimal prices are

Pt =P} — 2B(Ky, — KL)—“ >0 P} =P,
Mn
and the optimal transfers are
K, — P¥
4t

KH_KL

3
T = —P*[—l +
4t

3 Ky — P
- P} [—1 + 2|
4
3. For g < p = 1, incentive constraint (IC-L) binds and participatory constraint (PC—H)
does not bind. The optimal prices are

P} =P} = (K —thA — 2B(Ky — K, )(1 — p) > P},
and the optimal transfers are
Tt =14 = —pp| 2+ B
" “la 4 |

Figure 1 illustrates the optimal prices in this proposition. We provide the intuition
for our results. Under the hypothesns in Proposmon 2, the complete-information optimal
policies for firm D satisfy 0 < P}; < P} and ensure that each firm D earns zero profit.
To begin, observe that the properties of the complete information p011c1es imply that firm
Dy, will prefer the policy intended for firm D, if {(P}, T}), (P},, T},)} is offered:

3 Ky,-—P
0=Py|-l+——|+7T}
"[4 4 #

3 K - P 3  Ky-—P}
— pt L L H L
= PL[Z[ + o ] + T} <P{[21 + — |t T}.

Because its demand is higher, firm D, will benefit from the higher price—lower transfer
policy for firm D,. So constraint (IC—H) should be binding: the incomplete-information
optimal policy must deter firm D,, from mimicking firm D,.

Next, from incentive constraints (IC-L) and (IC-H), we have
(Ky — K)(Py — P) = 0, so that P, < Py. These two conditions—binding (IC-H) and
prices nondecreasing in firm D’s demand—are common in asymmetric information models;
see Cooper (1984). In fact, they will also imply that the remaining incentive constraint
(IC-L) is satisfied. Indeed, if (IC-H) binds, it can be rewritten as

3 K, -P, 1 3 K, -P
Pyl +——=|+Ty+ (P, ~P)Ky—K)— =P, |21 + "L
H[4 a7 ] u t (Py — P Y(Ky L)4t L[4l % +7,.

Clearly, with P, = P, this equation implies (IC-L). Thus, it is sufficient to maximize
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FIGURE 1
OPTIMAL REGULATORY PRICES IN PROPOSITION 2 (A< 0).
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the objective function (7) subject to (IC-H), (PC-L), (PC-H), and the monotonicity con-
straint P; < P,. Obviously, at a solution, participatory constraint (PC—L) must bind so
that I1(X,) = 0.

As we discussed before Proposition 2, we can combine constraints (IC-H) and (PC-L)
to obtain II(Ky) = II(K,) + P (Ky — K,)/4t. Hence, the term P,(Ky — K;)/4t is firm
D,’s information rent. Notice that this information rent is positively related to the price
for firm D,. So, to reduce information rent, P, should be lowered. Moreover, because
(PC-L) binds and II(X;) = O, the participatory constraint (PC—H) is satisfied if and only
if P, = 0. Thus, (PC—H) can be replaced by P, = 0.

The optimal policies in our model are different from those of the standard model in
two ways. First, in the solution to the standard model, the monotonicity constraint
P, = Py does not ordinarily bind, from which complete separation follows readily. Sur-
prisingly, in the solution to our model, this monotonicity constraint may bind and identical
policies may be offered to both types of firm D. Second, in the standard model, the
participatory constraint on the type for whom the incentive constraint binds, namely, (PC-H)
for firm Dy in our model, can be ignored. Again, surprisingly, both (PC-L) and (PC-H)
may bind in our model; firm Dy need not earn information rent, and the optimal policy
for firm D, will become identical to its corresponding complete-information optimal policy.
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The first possibility comes from the following property of the complete-information
optimal policies: 0 < P;; < P}; that is, the ranking of complete-information optimal prices
is opposite to that of the monotonicity requirement. When the prior probability for firm
D,, w, is close to one, it becomes important to set P, close to Pi. To satisfy the mono-
tonicity constraint, however, P, must be raised accordingly. Because P}, < P}, when P,
is close to PZ, the monotonicity condition P, < P, must imply that P, > PL; that is,
monotonicity already pushes P, higher than P:,. Setting P strictly above P, therefore
exacerbates the distortion on firm Dy. Hence, when u is sufficiently high, the monoton-
icity constraint binds: P, = P,.

Next, observe that the (identical) price for both types of firm D will never be above
P;]. Lowering any price above P to P} will eliminate distortion for firm D, and decrease
information rent for and distortion on firm D,. Furthermore, the closer M is to one, the
closer P, should be to Pj. These observations together explain the last part of Proposition
2: whenever u is sufficiently close to one, P, = P, < Pl, and P; will increase toward
P} as p tends to one.

The smaller the prior probability u of firm D,, the lower is the cost of setting P,
different from P,. For medium values of M, the tradeoff between the benefit from limiting
firm Dy’s information rent (by lowering P,) against the cost of maintaining a small dis-
tortion on firm D, (by increasing P, toward P}) will favor the former. Hence, when u is
sufficiently smaller than one, it becomes optimal to set P, strictly less than P,,: the mono-
tonicity constraint does not bind, and different policies will be offered to the two types
of firm D. In this regime, because (IC-H) binds, the price for firm D, will be distorted
below Py, whereas firm Dy’s price will be set equal to PI,. This summarizes the result in
the second part of Proposition 2.

Finally, for p sufficiently close to zero, the tradeoff is further in favor of limiting
firm Dy,’s information rent; it becomes optimal to depress P, all the way to marginal cost
(zero), because the effect of the distortion on firm D, is less significant. Observe that
setting price below marginal cost is both infeasible and suboptimal even if it were feasible.
First, it is infeasible because when (IC-H) binds, (PC~H) is satisfied if and only if P, =
0. Second, even if setting P, below marginal cost is feasible, it will not be used. This is
because the information rent for firm D, already vanishes when P, = 0 and firm Dy is
offered its complete-information optimal policy. Moreover, as P} > 0, reducing P, below
marginal cost further exacerbates the distortion on firm D,. These reasons explain the first
part of Proposition 2.

We now consider the optimal policies when the welfare weights on profits are rela-
tively low. We define

. _ (l - 3aD - 3aR)(tl - KH) _ 1
21 =20 — an) (K = K + (1 - 3ap — el — Koy |, 28K~ K’
AUl - K,)

which satisfies 0 < " < 1 for A > 0.

Proposition 3. Suppose A > 0. At the solution to the program for the incomplete-infor-
mation optimal policy, incentive constraint (IC-L) and participatory constraint (PC—H)
always bind, whereas incentive constraint (IC—H) never binds. The optimal regulatory
policy {(TF, P¥), (T#, P¥)} is given as follows.

1. For 0 = u < ', the participatory constraint (PC-L) does not bind. The optimal prices
are
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PL=P,  Ph=Pj+ 28Ky~ K)o,
and the optimal transfers are
Tf =P —— — P}~ + ———— T} =-P|-l + ——1|.
I=pP; 4 L[4 4t " ﬁ 4 4t

2. For p° < p = 1, the participatory constraint (PC—L) binds. The optimal prices are
Pf=P, P} =0,

and the optimal transfers are
3 KL - PT t
Tf=-Pf|-l+——|=T, T% =0.
4 4t

Figure 2 illustrates the optimal prices in the proposition. Under the hypothesis in
Proposition 3, the complete-information optimal regulatory policy sets firm D’s prices
below marginal cost, and the corresponding optimal transfers compensate firm D for its
operating losses. In this regime, if the complete-information optimal policies are offered,
firm D, will prefer the policy intended for firm Dy
K, —-P ;,:I

0=P*[§1+ +T]
L4 L

3 Ky-P! 3 K -P!
=PL[;[+%]+TL<PL[;I+—£TH:|+TL

because P} < P}, < 0 and K, > K,. Due to its smaller demand, firm D, will reduce its
operating loss by picking a higher price. We conclude that constraint (IC-L) should be
binding: the incomplete-information optimal policy must deter firm D, from mimicking
firm Dg.

Again, the incentive constraints imply the monotonicity condition P, < Pj. In ad-
dition, from a similar argument in the discussion of Proposition 2, any policy that satisfies
the binding constraint (IC-L) and monotonicity also implies that (IC-H) is fulfilled. Thus,
it is sufficient to maximize the objective function (7) subject to (IC-L), (PC-L), (PC-H),
and the monotonicity constraint P, < P,. Clearly, at a solution, participatory constraint
(PC-H) must bind so that II(X;;) = 0. Combining the binding constraints (IC-L) and
(PC—H), we obtain II(KX,) = Py(K, — Ky)/4t, firm D,’s information rent. Notice that
(PC-L) is satisfied if and only if Py < 0.

Observe that P} < Pj, < 0: the ranking of complete-information optimal prices with
respect to firm D’s demand is in line with the monotonicity condition P, < P,. To reduce
firm D,’s information rent (P(K, — K})/4t), price Py, for firm Dy must be increased from
P};, resulting in slack in the monotonicity condition. Thus, the optimal policy must always
be separating. Also, because (IC-H) does not bind, distorting P, from P; is unnecessary.
We conclude that P, = P}.

When the prior probability for firm Dy is high (a small value of w), distorting Py
upward from P}, is relatively costly. So, for u sufficiently small, the increase of P, from
P}; will be small. When g gradually increases, the cost due to the distortion on firm Dy
from raising P, above P}; becomes less severe. Hence, P} gradually increases as well.
When u becomes sufficiently large, it becomes optimal to raise Py all the way to marginal
cost (zero) to reduce firm D, ’s information rent. Last, observe that raising P, above marginal
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FIGURE 2
OPTIMAL REGULATORY PRICES IN PROPOSITION 3 (A > 0).
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cost both violates (PC—L) and exacerbates the distortion on firm D,. These observations
explain the results in Proposition 3.

We can compare the distributions of consumers between the two firms under optimal
regulatlon First, consider Proposition 2. From Figure 1, we see that P¥ is always less
than P;, and therefore more consumers will use firm D, under 1ncomplete information
than under complete information. Also, from Figure 1, for u < g, P§ = P}; the distri-
butions of consumers among firm D, and firm R are identical under complete and incom-
plete information. But when u > @&, P§ > P}; firm D;,’s market share becomes smaller
under 1ncomplete information. Second, consider Proposition 3. From Figure 2, we know
that P¥ = P always; hence, the distributions of consumers among firms are identical
under both information assumptions. Last, P§ > P}, so that fewer consumers buy from
firm D, under incomplete information.
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Propositions 2 and 3 together illustrate that the optimal policies are particularly sen-
sitive to the value of A at A = 0. For example, suppose u is sufficiently large (see part
3 of Proposition 2 and part 2 of Proposition 3); then, when A changes from negative to
positive, the optimal policy switches from pooling to separating. Moreover, firm D, may
earn information rent only if A < 0, whereas firm D, may earn it only if A > 0. Notice,
however, that the optimal policies are continuous in A. As A converges to zero from below,
P}, P};, P¥, and P} all converge to zero from above. Symmetrically, as A converges to
zero from above, P}, P}, P¥, and P§ all converge to zero from below.

Proposition 1 points out that a departure from marginal cost pricing is necessary under
complete information; moreover, the magnitude of the price-cost distortion depends neg-
atively on the value of K. Interestingly, under incomplete information, the optimal policy
on some type of firm D may simply be marginal cost pricing, as in part 1 of Proposition
2 and part 2 of Proposition 3. Except in part 3 of Proposition 2, the optimal price-cost
margin for a given type is never more than that under complete information. This is be-
cause, in our model, marginal cost pricing eliminates information rent altogether: irre-
spective of its demand, a firm earns zero profit if its products sell at cost. Hence, the
predominant feature of the optimal prices in Propositions 2 and 3 is a smaller price-cost
margin (in absolute value) as compared to optimal prices under complete information.

Firm D always (weakly) prefers to face an unregulated rival. Whereas a monopolist
will not benefit from private information about demand in our model, a dominant firm
may, because the regulator may allow it to earn information rent in order to constrain the
unregulated firm. The unregulated firm R may or may not be able to earn a higher profit
relative to the complete-information regime. Firm R’s profit function is increasing in Pj,.
Thus, whenever firm D’s price is raised from the corresponding optimally regulated price
under complete information, firm R earns a higher profit, as in part 3 of Proposition 2
and in Proposition 3.

For parameter values satisfying the hypothesis of Proposition 3, firm D’s price will
be set below marginal cost. Although this situation may resemble predatory or limit pric-
ing, the actual interpretations are quite different. First, as we demonstrated at the end of
Section 2, social welfare improves when firm R enters the market, regardless of whether
firms possess private information on demand. Thus, entry by firm R will be encouraged
by the regulator. Second, although the regulator may set firm D’s prices below marginal
cost, those prices are never set low enough to keep firm R from entering and making
positive profits. Indeed, under the optimal regulatory policies, the strategic behavior of
firm R is made more in line with the social objective but is not entirely eliminated.

5. Conclusion

B In many situations, regulated firms face competition from unregulated firms. Under
demand uncertainty, if the regulated firm competes with passive firms, then optimal reg-
ulatory policies will be similar to those obtained by Lewis and Sappington (1988); the
regulated firm’s private information about demand does not always create regulatory trade-
offs. In particular, when marginal costs are constant, a maintained hypothesis in our article,
all distortions can be avoided. In this article, we have shown that when the unregulated
firms compete strategically, one must consider the tradeoffs between efficiently allocating
consumers across regulated and unregulated firms, lowering the unregulated firm’s excess
profits, and limiting the regulated firm’s information rent. Generally, the existence of
strategic rivals imposes new and binding constraints on regulatory problems.

We have used a few strong assumptions: constant marginal costs, linear demands,
and a binary information random variable on a demand parameter. It remains an open
question whether the specific form of the optimal policies is sensitive to these assumptions.
Nevertheless, the insights from our results appear illustrative: in a general model, new
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regulatory tradeoffs will be created by the existence of the unregulated rival; whether the
optimal mechanism is pooling, separating, or constant will depend on the welfare weights
and belief parameters; information rent may be completely extracted, whereas the equi-
librium allocation remains inefficient.

We have assumed throughout this article that the unregulated firm is a Stackelberg
follower reacting to the dominant firm’s strategies. We believe that this is an appealing
assumption in regulatory settings. Generally, the filing and hearing processes and the ad-
ministrative lags associated with them impose significant delays when prices at regulated
firms are changed. Thus, it is reasonable to assume that an unregulated firm can change
its price more easily. One can, however, imagine an alternative model in which the reg-
ulated firm’s choice from the policy menu and the unregulated firm’s choice of price are
performed simultaneously. Although we suspect that intuitions in our model will remain
valid, it turns out that the simultaneous-move model is much more awkward to solve,’
and we have been unable to verify our conjectures.

Our regulatory games implicitly assume that the regulator’s pricing policy for firm D
cannot be made contingent on firm R’s pricing strategy; that is, we rule out a policy that
adjusts firm D’s price based on firm R’s reaction to an initial price for firm D.® Such a
“reactionary” regulatory policy appears to endow too much commitment power to the
regulator in our static model. If such a policy were feasible, then the regulator would set
firm D’s price at marginal cost, and if firm R reacted by setting a price different from
marginal cost, then firm D’s price would be decreased sufficiently to drive firm R out of
the market. Such a regulatory policy would implement the first-best allocation, because
firm R setting its price equal to marginal cost would become a best response. We believe
that regulatory responses and commitment issues are best analyzed in a multiperiod model
in which the market opens in each period and the regulator can react to the unregulated
firm’s pricing policy in one period by adjusting the regulated firm’s price in the following
period. Although commitment and regulatory responses are important research topics, these
problems are beyond the scope of this article.

Our model can be extended in various directions. It may be interesting to examine
how asymmetry in the firms’ cost functions will affect the optimal mechanisms. Gener-
alizing the market structure by letting many unregulated firms enter the market may be
worthwhile. Furthermore, firms may have private information about cost, and regulators
also may be concerned with cost reductions, quality enhancements, product innovations,
and capacity utilizations. Incorporating these elements in a more general model may be
fruitful research.

Appendix
®  Proofs to Propositions 1-3 follow.

Proof of Proposition 1. We will only provide a sketch of the proof, because it involves straightforward com-
putation. As we argued earlier, T will be chosen to make firm D’s profits zero. Hence, we have T = —P,X.
The program for the optimal price at firm D is the following: choose P, to maximize

2

tX Wl - Xy
(1 —ap — ap) KX—T—PR(I—X)—T + ap(Px(l — X))

subject to
H—K+ Py 3 K -P,
Pp=———— and X =-1+ .
2 4 4t

7 First, for a given policy menu, it is no longer true that the continuation equilibrium must be unique.
Second, incentive constraints no longer imply that the regulated prices of the dominant firm are monotonic
with respect to the demand parameter. Third, the standard techniques of omitting incentive constraints in one
direction may fail.

* This is because, in the regulatory games, the market opens immediately after firm R’s price response,
and the regulator is no longer allowed to change firm D’s price.
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Because firm R can always set its price at marginal cost, a participatory constraint for firm R is unnecessary.
After substituting the constraints for P and X in the objective functions, we obtain the following first-order
condition with respect to P, after simplification:

K —-3P,—u tt — K+ P,
(l—ap—ag) | ——— | tay | ———| =0
8t 4t

Solving this equation for P, yields (5). It is straightforward to confirm that firm D’s market share is always
greater than X*. Q.E.D.

Proof of Proposition 2. We begin by arguing that incentive constraint (IC-H) must bind. Suppose this is not
true; that is, suppose that (IC—H) is not binding. Then, the solution will be given by the solution of a relaxed
program in which (7) is maximized subject to (IC-L), (PC-L), and (PC-H). At a solution to this relaxed
program, (IC-L) does not bind. Indeed, the complete-information solution, {(T}, P}), (T}, Pi)}, where P! and
T/ are given by Proposition 1 for K = K,, i = L, H, is the solution to the relaxed program. To see this, simply
note that {(7}, P}), (T. P})} satisfies the incentive constraint (IC-L), because, according to the hypothesis of
the proposition, P} > P, > 0. But routine computation shows that the policy menu {(T;, P}), (T},, P})} violates
the omitted incentive constraint (IC—-H). Hence, the solution cannot be obtained by omitting incentive constraint
(IC-H). We conclude that (IC-H) must be binding.

Second, we show that incentive constraint (IC-L) does not bind if and only if p = g. We do this by
considering a relaxed program (re.P) in which (IC-L) is omitted, and later verify that the solution to program
(re.P) satisfies (IC-L) if and only if & < f.

So consider program (re.P): the maximization of (7) subject to (IC-H), (PC-L), and (PC—H). Obviously,
(IC—H) binds at the solution to (re.P). Also, (PC—L) must bind; otherwise, T, could be reduced, thus increasing
the value of (7) without violating any constraint in (re.P). Using (PC—L) as an equality, we can solve for 7.
Upon substituting 7, to the binding constraint (IC-H), we have

3 Ky — Py K, — K,

We also can use this equation to solve for 7},.

Observe that the last equation implies that (PC-H) is equivalent to P, = 0. Furthermore, with (IC—H)
holding as an equality, (IC-L) is fulfilled if and only if P, = P, = 0.

We substitute for 7, and T, in the objective function, which then reduces to

X3 Wl - X))y
py(l —ap — )| K. X, — T = Pl — Xp) "2— + ag(Fr (! — X))

X3 Wl — X,
H_PRH(I_XH)_(T”)]

t
+ (1 - M){(l —ap — ak)[KHXH - + ap(Fen(l — XH))}

Ky — K,
+d —#)auPLT, (AD)

where Pg; and X; are defined in (6). Let us choose P; to maximize (A1) subject to (PC—H), or simply P, = 0.
Let P#¥ and P% be the solution. By inspection, P§ = P}, Next, by using the definitions of P, and X; and
putting the first-order partial derivative of (Al) with respect to P, to zero, we obtain

l—ao—3a,,] 1 — 2ap — ag 1-pn

P.= (K. - tl)[ T3 3a — 5a 2Ky — K)—— (A2)
— dap T Jag M

3 —3a, — S5a,

the right-hand side of which is the expression for P} in part 2 of Proposition 2.

Define p and g by solving for s when (A2) is set to zero and P}, respectively. It is easily verified that
p and & are those in Section 4.

For u < p, the expression in (A2) yields P, < 0, which implies that (PC—H) is violated. Hence, for
u=p, P} =0 Forp = pu = g, the expression in (A2) yields P, > 0 and (PC—H) is satisfied. Now, because
# = [, we have P¥ < Pj, implying that (IC-L) holds. Therefore, we conclude that, for g < ji, the solution
to (re.P) solves the original program.

Finally, for u > £, the expression in (A2) yields P, > P%. Hence, the solution to program (re.P) violates
(IC-L). Because (re.P) omits only constraint (IC-L), we conclude that, for s > 4, both (IC-L) and (IC-H)
must bind. It follows that, at a solution, P, = P, and 7, = T,. The result in the last part of the proposition
is obtained simply by maximizing (7) subject to P, = P,,, T, = T}, and I1(X,) = 0. At this solution, it is easy
to verify that 1I(K,,) > 0. Q.E.D.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18 / THE RAND JOURNAL OF ECONOMICS

Proof of Proposition 3. For this proof, we follow along a similar line as that of Proposition 2; hence, we
provide only a sketch of the proof. We begin by showing that (IC-L) must bind at a solution to the constrained
maximization. Indeed, if (IC-L) were not binding, then the complete-information solution would be feasible:
by the hypothesis of the proposition, the complete-information optimal regulatory prices, P}, i = L, H, satisfy
P! < P}, < 0. It is easy to demonstrate that, at the complete-information solution, (IC—H) is satisfied. But the
complete-information optimal regulatory policy violates constraint (IC-L). This contradiction implies that (IC-L)
must bind.

Then we consider a relaxed program in which (7) is maximized subject only to (IC-L), (PC-L), and
(PC-H); constraint (IC-H) is ignored. Using an almost identical argument as in the proof of Proposition 2,
we can show that (IC-L) and (PC—H) must bind. This allows us to solve for 7, and T, in terms of other
variables and parameters and to obtain

3 K, - PL] K., — K,
P|=l + + 7T, =P, —.
‘[4 4 Y

Clearly, (PC-L) is fulfilled if and only if P, =< 0. Also, with (IC-L) holding as an equality, (IC-H) is satisfied
if and only if P, = P, < 0.
Upon substituting for 7, and T}, in the objective function (7), we simplify it to

tX7 W - X,y
pil —ap —ag)| KL X, — —2" = Par(l — X)) — —2_ + ag(Pr(l — X))

¢ ' W — X,y
+ (1= p)(l —ap — ag)| KuXy — —2_ = Pen(l — Xy) — _—2— + ag(Frn(! = Xu))
K, — K.
+ u(l = 2a, — ax)Py —41—_’ (A3)

where P, and X; are defined in (6). Let us choose P; to maximize (A3) subject to (PC-L), or simply P, < 0.
Denote the solution to this program by P} and Pj. Clearly, P¥ = P|. Setting the first-order partial
derivative of (A3) with respect to P, to zero yields

l—aD—3aR]+l—2aD—aR 24

(Ky — K))—. (A4)

P, = (K, —tl)[
S 3 — 3a, - Sag 1-p

3 —3ap — Sag

Notice that the right-hand side of (A4) is the same as P} in part 1 of Proposition 3.

Define u' by solving for u when (A4) is equated to zero. This expression for u’ can be shown to be the
one in Section 4. For 0 = pu =< ', Py in (A4) is strictly negative; (PC-L) is satisfied. Conversely, for
@ < p =1, the value for P, in (Ad) is strictly positive, violating (PC~L). In sum, P = Owhen o’ < p < 1
and is given by (A4) otherwise.

Finally, the missing incentive constraint (IC-H) is always satisfied at a solution to the relaxed program.
This is a consequence of the fact that, at the solution, (IC-L) holds as an equality and P¥ < P§ < 0. Q.E.D.
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