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Abstract

We examine a model of price competition with strictly convex costs
where the firms simultaneously decide on both price and quantity, are
free to supply less than the quantity demanded, and there is discrete
pricing. If firms are symmetric then, for a large class of residual de-
mand functions, there is a unique equilibrium in pure strategies when-
ever, for a fixed grid size, the number of firms is sufficiently large.
Moreover, this equilibrium price is within a grid-unit of the competi-
tive price. The results go through to a large extent when the firms are
asymmetric, or they are symmetric but play a two stage game and the
tie-breaking rule is ‘weakly manipulable’.
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1 Introduction

Let us consider a Bertrand duopoly where the firms decide on both their
price and output levels and the firms are free to supply less than the quantity
demanded. Edgeworth (1897) argues that in such models equilibria in pure
strategies may not exist (see Dixon (1987), or Friedman (1988) for formal
statements of the problem). In the literature this is often referred to as the
Edgeworth paradox. In this paper we seek to provide a resolution of this
paradox.

We focus on the case where the firms make their price and output deci-
sions simultaneously, though we also examine a variant where the firms first
decide on their prices, and then on their output levels (we restrict atten-
tion to pure strategies). We assume that the price level varies over a grid,
where the size of the grid can be arbitrarily small. There are generally two
problems associated with the existence of pure strategy equilibrium under
price competition. The first reason has to do with the well known open-set
problem. The second one has to do with the fact that the profit function
of a firm may not be quasi-concave in its own price. The grid assumption
allows us to side-step the open set problem, and focus on the second one.
This assumption can also be motivated by appealing to the practice of inte-
ger pricing, or to the fact that there are minimum currency denominations.
Other papers that model such discrete pricing include Dixon (1993) and Roy
Chowdhury (1999).

We examine two main classes of residual demand functions, one where
the tie-breaking rule (henceforth TBR) is ‘weakly manipulable’ (and the
rationing rule is satisfied by a parametric class of rationing rules, though
not the proportional one),! and another where it is ‘strongly manipulable’.
Suppose that several firms are charging the same price. If the TBR is weakly
manipulable, then, up to a level, the residual demand coming to such a firm is
responsive to an increase in its own output level. Beyond this level, however,

the residual demand may be insensitive to an increase in own output (this

From now on, for ease of exposition, we shall often use the shorthand - weakly manip-
ulable TBR - to refer to this combination of a weakly manipulable TBR along with the
associated restriction on the rationing rule.



happens whenever the output levels of the other firms charging this price
are ‘reasonably large’). If, however, the TBR is strongly manipulable, then,
irrespective of the output levels of the other firms charging this price, such
a firm can increase the residual demand coming to it by increasing its own
output level. (Later, in Remarks 2 and 6, we argue that there are very few
papers in the literature that analyze the case where the TBR is effectively
strongly manipulable). Further, both kinds of TBRs allow for spill-overs
in the sense that, in the event of a tie in price, it cannot be that there is
unmet demand at this price, while some of these firms have output that they
cannot sell for lack of demand.

We first consider the case where firms are symmetric (we later analyze
the asymmetric case also). To begin with we examine the setup where the
firms simultaneously decide on both their prices and quantities. For both
kinds of TBRs we demonstrate that if, for any given grid-size, the number of
firms (n) is large enough, then there is a unique Nash equilibrium where the
equilibrium price is within a grid-unit of the competitive price. Moreover,
the output levels of individual firms become vanishingly small as n becomes
very large.

The proofs of the existence results work as follows. Suppose all firms
charge the lowest possible price in the grid that is greater than the marginal
cost at zero. If the TBR is weakly manipulable and n is large, then the
residual demand coming to every firm is small, so that it is residual demand
rather than marginal cost which determines firm supply. In that case price
would not equal marginal cost, and firms may have no incentive to increase
their price levels. Next consider strongly manipulable TBRs. For n large,
competition among firms may lead to excess production so that a firm that
deviates and charges a higher price may have no demand at all.

We then turn to the aggregate output level. If the TBR is weakly manip-
ulable, then, in equilibrium, aggregate output equals demand. If, however,
it is strongly manipulable, then interestingly every firm produces more than
what it sells, so that the equilibrium involves excess production. For this
case, consider the limiting value of the aggregate output as n is taken to
infinity. It turns out to be finite if the marginal cost at the origin is strictly

positive. Otherwise, aggregate output diverges to infinity.



We then examine the case where, for a fixed n, the grid size is taken
to zero. We find that, for all sufficiently small grid sizes, no single price
equilibrium (i.e. equilibrium where all firms that supply a positive output
charge the same price) exists. Whether, for small grid sizes, there exists
equilibria involving different prices is an open question. In case they do, all
such equilibria are bounded away from the competitive price if the grid size
is sufficiently small.

We next examine the case where the firms are asymmetric. The results
for the symmetric case generalize in a natural fashion when the marginal cost
at zero is the same for all firms. Otherwise, the earlier results go through if it
is the number of ‘efficient’ firms (a firm is said to be efficient if its marginal
cost at zero is less than equal to that of any other firm) that is taken to
infinity. Further, the results for the one-stage game ‘go through’ if the TBR
is weakly manipulable and symmetric firms play a two stage game, where,
in stage 1, they decide on their price, and in stage 2 on their output levels.

Next Section 2 describes the basic framework. Section 3 analyzes a one
stage game with symmetric firms, while the asymmetric case is examined
in Section 4. Section 5 analyzes the two stage game. Section 6 relates the
paper to the literature and concludes. Finally, some proofs which are either

too long, or of mainly technical interest, are in the Appendix.

2 The Framework

There are n identical firms, all producing the same homogeneous good. The
market demand function is ¢ = d(p) and the common cost function of all
the firms is ¢(q).

Al. d: [0,00) — [0,00). The function d(p) is continuous on [0, 0c0).
Further Ip™, 0 < p™ < oo, such that d(p) > 0 if 0 < p < p™™, and
d(p) = 0 if p > p™a. Moreover, V p/, p”, such that p™®* > p” > p' > 0, it is
the case that d(p’) > d(p”).

A2. ¢ :[0,00) — [0,00). The function ¢(q) is continuous, increasing
and strictly convex on [0,00) and twice differentiable on (0, c0). Moreover,



c(0) = 0 and p™®* > lim,_04 ¢'(¢) = ¢(0).

We assume that prices vary over a grid. The set of feasible prices F' =
{Po,p1,--}, where pp = 0, and p; = p;—1 + o, Vj € {1,2,---}, where o >
0. Let p; (respectively g;) denote the price charged (respectively quantity
produced) by firm i, where p; € F' and ¢; is a continuous variable ranging
over [0, 00).

Let P = (p1,---y0n), @ =(q1,---,qn) and P,Q = (D1, -, Pns @1y -+ 5 Gn)-

For any P,Q, let @, (respectively Q) denote the vector generated
from @ by deleting all ¢;, j € {1,2,---,n}, such that p; > p; (respectively
pj < p;). Clearly, Qp, (respectively QP?) denotes the output vector of the
firms charging less (respectively more) than p;. Similarly, let PPi denote the
price vector of the firms charging more than p;.

Let R;(P,Q), R; : [0,00)?" — [0,00), denote the residual demand facing
firm ¢ as a function of the price quantity vector in the market.

If S(j) denotes some statement involving firm j, then 3 4 gk gx denotes
the sum of g over all k, k € {1,2,---,n}, such that S(k) holds.

A3. (i) Vp >0, if 3, a; > d(p), then Ri(P,Q)|p,;>p = 0.
(il) Vp > 0, Xijpiep Ri(P, Q) < d(p).

(iii) For any P, Q, and Vi, j such that i # j, let PY, QY = (plij, P qij, .

satisfy p/ = Djs p;j = pi, ¢7 = 4, q;j = qi, and Yk ¢ {i,7}, ij = pi and
gy = q. Then R;(P,Q) = R;(PY,QY).

(iv) VP, Q, R;(P, Q) is independent of both QP and PP:.

(v) VP, Q, Ri(P,Q)lvji, pj#p; 18 continuous in ¢;. Furthermore,

maXg, Ri(Pa Q) |Vj7£i, either p;>p;, or p;<p; and ¢;=0 = d(pz)

(vi) Consider P,Q = (p1,- -, Pnsq1,---,qn) and P'.Q" = (p), ..., L., di, - -

(where m > n) such that p; = p) for some i < n, no firm other than
i charges p; (respectively p}) in P,Q (respectively P, Q') and, Vp < p;,
Y klpr=p Tk = Zmlp, —p m- Then the residual demand of firm i is the same
irrespective of whether it faces P,Q or P, Q’.

For any price p, A3(i) states that if the total output of all firms charging
p is at least d(p), then all firms who charge prices greater than p obtain
no demand. A3(ii) states that the aggregate residual demand of all the

L q)
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firms charging some price p can be at most d(p). A3(iii) is a symmetry
assumption. A3(iv) states that the residual demand of firm 4, say, is inde-
pendent of the price and output levels of the firms who charge prices higher
than p;. Next, note that given A3(ii), maxgy,>0 Ri(P, Q)lvjzi, pj#p; equals
maX, jo<q; <d(p:) L (P Q)|vjsi, pj#p;» Which, given the continuity assumption
in A3(v), is well defined. A3(v) states that if there is a single firm, say 1,
charging the effectively lowest price, then its maximal residual demand is
d(p;). Finally, A3(vi) states that in case firm ¢ is the only firm charging p;,
then the residual demand of firm 4 remains unchanged at any other price
quantity vector (with possibly different number of firms) where (a) firm 4
alone charges p; and, (b) Vp < p;, the aggregate output of firms charging p
is the same as that under the original vector.

For any P, define P(i) = (p1(i),...,pn(7)), such that p;(i)|jzi, p;=p; =
X pi(i) = pi and pr(i)puzp; = D

Given A3(iii) and A3(v), Vp; < p™®* we can define

p

Given any P, @ such that p; < p™®* RPi(P, () denotes the maximal residual
demand for firm ¢ if all other firms charging p; switch to charging p™®*, and,
given this new price vector, firm ¢ sets ¢; appropriately.

Given A3(iii), Vi, such that i # j, RP/(P,Q) = maxy Ri(P(i),Q) =
max, iy R;(PY()),QY) = RP§ (P, Q). Thus RPi(P,Q) depends on the
magnitude of p;, but not on the identity of the firm charging p;. Hence

we can define

RP(P,Q) = RP(P,Q)|p,—p-

2.1 Weakly Manipulable TBR

In this sub-section we introduce the notion of weakly manipulable TBRs.
Assumption 4(i) below is a restriction on the TBR, whereas 4(ii) is a restric-
tion on both the rationing rule, as well as the TBR. For any set S, let N(S)
denote the number of elements in S.



4.(i) Vp, such that 0 < p < p™, define M, = {i| p; = p} and
Ky = {J\ p; = p, ¢ = 0}. Further, let N(M,) = m, and N(K,) = (

myp). Then R;(P,Q)licn,— Kk, = @, if either Zﬂ — q; < RP(P, Q)

Silyersy x, 4> BP(P,Q)and g < 77 BUED)  Otherwise, Ri(P, Q)licn, K, >

RP(P,Q)

mp—kp *

Next, Vp;, p satisfying p™®* > p; > p > 0, define

(s — , 2
ripip,n) = T (P Q)’Vj#i, pj=p and ¢;=%2) and p;>p.

Given A3(ii) and the first sentence in A3(v), 7i(pi, p,n) is well defined for
pi > p. Moreover, from A4(i), 7;(p;, p, n)|p,—p is well defined and, from A3(ii)
and A4(i), equals (p )

AA4.(ii) Consider P,Q such that 3p',p”, p™®>* > p”’ > p’ > 0, such
that firm i (< n) is charging a price p;, where p” > p; > p/, there are
m' (n—1 > m' > 1) firms (other than i) charging p’, and no other
firms charge any price p, p” > p > p/. Then max, R;(P,Q) is twice
differentiable in p; over (p/,p”), maxy R;(P,Q) is decreasing in p; over

O[maxg; Ri(P,Q)]

[p',p"), and p; and Q[max‘gp?i(P’Q)} are both (weakly) decreas-

ing in p; over (p/,p"). Further, define P* Q% = (p},- - pk,qf, -, qf)
such that k is some integer satisfying k& > n, P", Q" = P,Q (where P,Q
is as defined in A4(ii) earlier), and, VI > n, we have that le pé-
+1’ . RP (Pl+1 Ql+1)

+1 , and

: +1 _ s l+1 _
VJ <l D1 =P 4 ‘k;ﬁi,p?‘lyﬁp’ - qk’ 4q; j;ézp =p’ = m/'+l+2-n
gt = max i1 R;(P*1 Q). Let RF(P*, Q%) denote the residual demand
8[maqu Rf(Pk,Qk)]

of firm ¢ when facing P* QF. Then hmpk_>p n ooF

Ofmax, . RE(P*.Q")] '
increasing in k£ and limg_, o hmpk*)p/ I T < 0. Finally, VP, @

s.t. ri(pi, p,n) is well defined, 7;(p;, p,n) is (Weakly) concave in p;.

is (weakly)

Given A4(ii), note that lim,, a[max‘%—;m, lim,,, 4

B[maqu Rf (P*,Q%)]
and limp_, ].lmpk_)p_,’_ P

creasing in p; and lim,, o limy, 4 i (pi,p,n) <O.

9?[maxq; Ri(P,Q)]
Gp?

are well defined, r;(p;,p,n) is de-

2For ease of exposition we suppress the fact that r;(p;,p,n) is a function of ¢;, j # .



We next relate Assumption 4 to the literature. We first consider A4(i).

Note that any firm 4, i € M), — K, can increase the residual demand coming

to it by increasing its output level g; till % (in fact the residual demand

equals ¢;). Beyond this output level %, however, the residual demand
of firm ¢ may not respond to an increase in its output level. Suppose all

other firms in M, supply at least %. Then, from A4(i), all these firms

have a residual demand of at least %. Thus, from A3(ii), the residual
demand coming to firm 7 is at most %. This formalizes the notion that
the TBR is weakly manipulable.
Further, note that A4(i) allows for the possibility that if some of the
RP(P.Q)

firms supply less than ey then the residual demand facing the other

firms may be greater than %. Such spill-over of unmet residual demand
is, in fact, allowed for by Davidson and Deneckere (1986), Deneckere and
Kovenock (1996) and Kreps and Scheinkman (1983). (This TBR is also
discussed in Vives (1999).) Thus the TBR formalized through A4(i) is in
the spirit of the above literature.?

We then claim that the restrictions on r;(p;, p,n) are satisfied by a
parametric class of rationing rules (though not the proportional one). Us-
ing the combined rationing rule introduced by Tasnddi (1999b), suppose
ri(pi,pin) = max{d(p;) — "2d(p)[(1 — )52 + ], 0}, where A € [0,1].
For A = 1, this satisfies the efficient rationing rule, whereas for A = 0, this
satisfies the proportional rationing rule. For intermediate values of A, other
rationing rules emerge (see Tasnddi (1999b) for an interpretation). Clearly,
if d(p;) is concave then r;(p;, p,n) is decreasing and concave in p;. More-
over, it is the case that lim, o limy, p4 75 (ps, p,n) = Ad'(p). So VA > 0,

and Vp < p™®, limy, 0 limy, .yt 7% (pi, p,n) < 0.

2.2 Strongly Manipulable TBR

We then define strongly manipulable TBRs.

3Papers which consider TBRs that do not allow for such spill-over, include Dixon
(1984), Maskin (1986), Levitan and Shubik (1972) and Yoshida (2002).



A5. Consider any P, Q. Let Mz = {j| pj = p} and N(M;) = my. Then

qi, if ZjleMﬁ QJ S Rﬁ(Pa Q)v
7<Qi72j\j€Mﬁ,j;ﬁi Qj)Rﬁ(Pa Q), if Zjb—eMﬁ q; > Rﬁ(R Q)

(1)
where 7 : [0, 00) x [0, 00) ={(0,0)} — [0,1] and > =i rr, V(¢ 2 jjens, 54 95) =
1.

Ri(P, Q)liens, = {

The first line of Eq. (1) captures the idea that the TBR allows for spill-
overs of unmet residual demand. We assume that ~(g;, Dt q;) satisfies the

following assumption.

A6. (1) v1(Gis 2025 G5)s 111(ais 22541 @5) and Y12(qi, 2254, ¢5) are well de-
fined on (0, 00) x (0, 00).

(1) v1(qi, 20525 45) > 0, M1(@i 2252 45) < 0 and v11(qis 20525 45) < 112(Gis 22521 @)
Moreover, vi2(qi, 32 ¢;) < 0 whenever 37, q; > ¢;.

(iii) 1 (z, (n—1)z) is decreasing in both = and n. Moreover, limg,_.o v1(x, (n—
1)z) — oo and limg;_,oo y1(2, (n —1)x) = 0.

(iv) If lim, oo a(r) = 0 and lim, . b(r) = L, where 0 < L < oo, then
lim, o0 y1(a(r),b(r)) = £ if L > 0, and lim, .o v1(a(r),b(r)) — oo, if
L =0.

(v) If lim, o0 a(r) = 0 and lim,_,» b(r) — oo, then lim, .o y1(a(r),b(r)) =

(vi) If, for any strictly increasing sequence of natural numbers < n,, >,

limy,— 00 2(nm) = D > 0, then limy,— o0 Y1 (2(nm), (nm — ) (ny,)) = 0.

Consider any price p; such that RPi(P, Q) > 0. Then, irrespective of the
output levels of the other firms charging p;, any firm charging p; can increase
the residual demand coming to it by increasing its own output level. This
formalizes the idea that the TBR is strongly manipulable.

Papers in the literature that adopt a strongly manipulable TBR include,
for example, Allen and Hellwig (1986, 1993), Osborne and Pitchik (1986),
Maskin (1986) (the first example provided by him) and Tasnadi (1999b).
Appropriately extending the TBRs in these papers to the present context,



one can write that
Gi
7(%2%’) = miz
j;ﬁl 7j=1 q]

Observe that in this case v1(gi, >, ¢j) = (ZZ%% and yi(z,(n — 1)z) =
j=14

(Z;;) so that A6 goes through.

This paper covers the case where the rationing rule is efficient (and the

TBR is either weakly, or strongly manipulable), as well as the case where
the rationing rule is proportional and the TBR is strongly manipulable.
What happens in case a proportional rationing rule is coupled with a weakly

manipulable TBR is an open question.?

3 Omne-stage Game: The Symmetric Case

In this section we consider a one-stage game where the i-th firm’s strategy
consists of simultaneously choosing both a price p; € F and an output
gi € [0,00). All firms move simultaneously. We solve for the set of pure
strategy Nash equilibria of this game.

We follow Edgeworth (1897) in assuming that firms are free to supply less
than the quantity demanded, rather than Chamberlin (1933), who assumes
that firms meet the whole of the demand coming to them.

Next let p* be the minimum p € F such that p > ¢/(0). Thus p* is the
minimum price on the grid which is strictly greater than ¢/(0). We assume
that « is not too large in the sense that p* < p™®*. Since p* € F', let p* = p;
for some integer j.

Let ¢* = ¢~1(p*)® and let n* be the smallest possible integer such that
VN > n*,

")
N

Thus for all N greater than n*, if a firm charges p* and sells %, then the

< lel(p*) — q*‘

price p* is strictly greater than marginal costs.

“While Roy Chowdhury (1999) does consider a similar case, the cost function used is
discontinuous at zero and the TBR does not allow for spill-overs.

®Since, Vg > 0, c/(q) is well defined and strictly increasing, ¢'~*(p) is well defined
Vp > ¢ (0). For p < ¢/(0), we define ¢'~*(p) = 0.



3.1 Weakly Manipulable TBR

For this case we argue that for a given grid size, p* can be sustained as the
unique Nash equilibrium price of this game whenever n is sufficiently large.

Let n be the smallest possible integer such that VN > n,

N d(p*) ‘ d(p*)
[p* — C’(T)]TZ{(Z%P s N)lpimpr+ + N ° 0.%

Comparing the definitions of n* and 7, we find that n > n*.

We next define 7 to be the profit of a firm that charges p* and sells d(p 7).
Thus # = 2 i(* ) _ c(dgf**)). Since % < q*, it follows that 7 > —c(O),
where —¢(0) denotes the profit of a firm which does not produce at all.

Now consider some p; € F, such that p; > p*. Let §; satisfy p; = ¢/(§).

Next consider a firm that charges p; and sells @. Clearly the profit of
- dlps d(pi

such a firm is pi% - c(%).

We then define n; to be the smallest possible integer such that Vk > n;,

L(Zi) < ¢; and

Pidépi) B C(d(llsz)) R
Suppose that in any equilibrium the number of firms charging p;, say m,
is greater than or equal to n;. Then at least one of these firms would have
a residual demand that is less than or equal to ( i) Since ( ) < - L),

d(pz)

this firm would sell at most and have a proﬁt less than 7.

max

Let p be the largest price belonglng to F'such that pp <p
Definition. Ni = Zf:jﬂ n; +n*—158

For the case where the TBR is weakly manipulable, Proposition 1 below
provides a resolution of the Edgeworth paradox.

d(p* )}

®Notice that lim,_.o[{p* — c( )}r (pi, p*sn)|py—p*+ + = limp—oo[(p* —
c(0)ri(pi, p*,n)|p;—p=+]- Since, p* > ¢ (0) and limp—oo 7 (ps, p*, n)|p1_,p*+] < 0 (A4(id)),
this term is negative.

"Clearly the left hand side of this inequality is decreasing in k. Moreover, as k goes to
infinity, this term goes to —c(0) < 0. Thus n; is well defined.

8Note that the assumption that the demand function intersects the price axis is required
for this definition.

10



Proposition 1. Suppose Assumptions 1, 2, 8 and 4 hold. If n >

max{n, N1}, then the unique equilibrium involves all the firms charging a
d(p*)

price of p*, and producing = —.

Proof. Ezistence. From the definition of p*, undercutting is not prof-

itable. We then argue that for the i-th firm, charging a higher price, p;,
is not profitable either. We first claim that r;(p*,p*,n) = d(ﬁ 1),

A3(v) and A4(i), r(p*,p*,n) > @, and Vj # i, R;(P,Q) > dp*)

n

From
Thus

> k<n Bi(P, Q) > d(p*). The claim now follows from A3(ii).

Since n > 7 > n*, 42 < d~1(p*). Hence for any p; > p*,

d(p”)

¢Hpi) > ") > = 7i(pi; "5 1) [pi—prt 2 ilpis ), (2)

where the last inequality follows from A4(ii). Since ¢/~(p;) > ri(pi, p*, n),
for any p; > p*, the deviant firm supplies the whole of the residual demand
coming to it. Hence the profit of a firm which charges a price p; (> p*)

7(pi, 7i(pi p*,n)) = piri(ps, 0, n) — c(ri(ps, p*, n)). (3)
Clearly

on(ps, ri(pi, p*,n))

8]7 :r;(plap*7n)[p’b_C,(Tl(plap*7n))]+7ﬂl(p'“p*’n) (4)

Next from equation (1) it follows that Vp; > p*, p; > ¢ (ri(p:i, p*,n)). Hence
from the concavity of r;(p;, p*,n) it follows that m(p;, r;(pi, p*,n)) is concave
in p;.% Moreover,

on(pi, ri(pi, p*,m)) d(p*) )

ok
apz |Pi*>p + — [p c ( n

. (5)

N7 iy P, ) py—prs +

Since n > n, we have that %W‘pi—m“r < 0. Next, from the

concavity of m(p;,ri(pi,p*,n)) it follows that Vp; > p*, the profit of any

deviant firm is decreasing in p;.

9This follows since

O*n(pi,ri(pi, p*,n))
op?

=7 (pi,p",n)[pi — ' (ri(pi,p",n))] + 2ri(pi,p",n)

’

— "(ri(pi,p", )" (pi, p* ).

11



—

Next, from A3(v) and A4(i), all firms, by producing dv") can have a

n

residual demand of at least @. Thus, given that @ < d7Y(g"), all firms
produce at least @. Hence, from A3(ii), the residual demand facing all
d(p™)

firms is exactly = —.

Uniqueness. Step 1. We first claim that there cannot be an equilibrium

where the output level of some of the firms is zero. This follows since these

firms can always charge p* and obtain a residual demand of at least @

(A3(v) and A4(i)). Since p* > ¢/(0), producing a small enough positive
output would increase their profit from —c(0).

Step 2. We then argue that there cannot be some p; (€ F) > p*, such
that some of the firms charge p; and supply a positive amount. Suppose to
the contrary that such a price exists. This implies that the total number
of firms charging p*, say 7, can be at most n* — 1. Otherwise, given A3(v)
and A4(i) and the fact that ") - d~1(p*), all firms must be supplying at

least 222 From A3(ii), all firms have a residual demand of @

= . Hence all
d(p*)

firms would supply and the residual demand at any higher price, p;,

would be zero.
Now consider some p; > p*. Clearly, the number of firms charging p; is
less than n;. Otherwise, some of these firms would have a profit less than

7. Hence such a firm would have an incentive to deviate to p*, when it can
supply at least % and earn 7. Thus the total number of firms producing
a strictly positive amount is less than Nj, thereby contradicting step 1.

d(P*)’ all
n

Step 3. Finally, note that by charging p* and, by supplying
firms can earn a strictly positive profit. Hence, from step 2, all firms charge
p*. Moreover, for a firm charging p*, its profit level is strictly increasing
in the output level till @. Thus, given A3(ii), A3(v) and A4(i), all firms
supply exactly ") [ |

n

Note that the equilibrium price is within « of the competitive price. The
idea behind the existence result is simple. Consider a market price of p*. If
n is large then the residual demand coming to every firm is very small, so
that it is residual demand rather than marginal cost which determines firm
supply. In that case price would not equal marginal cost, and, given A3 and

A4, firms may no longer have an incentive to increase their price levels.
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3.2 Strongly Manipulable TBR

To begin with define ¢/(n — 1) as satisfying the following equation:

P d(p")m(g, (n — 1)q) = ¢ (¢). (6)

Thus if the market price is p* and all the firms produce ¢'(n — 1), then,

for all firms, marginal revenue equals marginal cost. It is easy to see that

q'(n — 1) is decreasing in n.19

We are going to argue that for n large, the outcome where all the firms
charge p* and produce ¢'(n — 1), can be sustained as a Nash equilibrium.

We then introduce a series of lemmas that we require for our analysis.!!

Lemma 1. limy—oc p*d(p*) 71 (527, d(p")) > limy—oo ¢ (527)-

n—1" n—1
Given Lemma 1, define M7 to be the smallest integer such that Vn > M,

p*d(p*)vl(i(f*i Z(ﬁ?

yd(p")) > c( )-

Lemma 2. Vn > M, (n—1)¢'(n—1) > d(p*).

Consider an outcome such that all the firms charge p* and produce ¢'(n—
1). Then Lemma 2 suggests that if n > M;, then the residual demand facing
any firm that deviates and charges a price greater than p* would be zero.
This follows since the total production by the other firms will be enough to
meet d(p*). Moreover, Lemma 2 also implies that Vn > My, ¢'(n — 1) > 0.
Next define

{ prd(p*)v(q, (n* = 1)g*) — c(q), if ¢>d(p*) — (n* — 1)¢",
p*q —c(q), otherwise.

>

= Inax
q

(7)
Suppose that n* of the firms charge p*, and all other firms charge a higher
price. Moreover, out of the n* firms, suppose (n* — 1) of the firms produce

YNotice that given A6(iii), ¢'(n — 1) is well defined. That ¢’(n — 1) is decreasing in n,
follows from Eq. (6) and the fact that v;(x, nz) is decreasing in = and n.

"The proofs of lemmas 1-4, as well as Proposition 4 later, are in the appendix. The
proofs of other lemmas and propositions are available from the author.
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¢* and the remaining firm produces ¢q. Then 7 denotes the maximum profit
that this firm can earn if it chooses its output level optimally.
Next consider some p; (€ F) > p*. Recall that §; satisfies p; = /(§;)-

Let n; be the minimum integer such that Vk > n;, @ < ¢; and
5:d(D: d(H:
Dbi k(:pl) o C( (]Z{?l)) < ﬁ'

Lemma 3. If the number of firms charging p; is greater than or equal
to n;, then the profit of some of these firms would be less than «.

Lemma 3 provides an interpretation of ;. We need a further definition.
Definition. M, = Y[ 7y +n* — 1.
We then state and prove the next proposition.

Proposition 2. Suppose Assumptions 1, 2, 3, 5 and 6 hold and, more-
over, let n > max{Mi, Ma}. Then the unique equilibrium involves all the
firms charging p*, producing ¢'(n — 1) and selling @.

Proof. Existence. Step 1. Since, from Lemma 2, (n—1)¢'(n—1) > d(p*),
it is not possible for any firm to increase its price and gain, as the deviating
firm will have no residual demand. Of course, from the definition of p* it
follows that undercutting is not profitable either.

Step 2. We then argue that none of the firms can change its output
level and gain. Suppose firm i produces ¢;, while the other firms produce
¢'(n —1). Then the profit of the i-th firm

mi(qi, ¢, p*) = p*d(p* )V (g, (n — 1)q') — cai). (8)

Aa: a p* b
Observe that the profit function is concave in ¢; '? and %ﬁ’p)mzo >0.13

2 __ . ok
2This follows since % =p*d(p*)m1(g, (n — 1)¢") — " (¢:) < 0.

13Suppose not, i.e. let p*d(p*)v1(0, (n — 1)q’) — ¢’(0) < 0. Then,

d(d(n=1) = pdp)nld(n—-1),(n—1)d(n—-1))
< pd(P )M, (n—1)¢'(n—1)) (asy1 <0) < (0),

14



We then notice that

87ri<Qi7 q/a p*)

94, lgi=q = P"d(p" )M (¢, (n = 1)¢") = (') =0, 9)

where the last equality follows from Eq. (6). Thus none of the firms has an
incentive to change their output levels. Finally, given that ~(qg;, > ki q;) is
symmetric, all the firms must be selling an identical amount, i.e. @.

Uniqueness. Step 1. We first argue that all the firms must be producing
strictly positive amounts in equilibrium. Suppose to the contrary that firm
i has an output level of zero.

(i) First consider the case where the total production by the firms charg-
ing p* is less than d(p*). (Clearly, all firms charging prices less than p* would
have an output level of zero). Let the i-th firm charge p*. Since p* > ¢/(0),
the profit of firm ¢ would increase if it produces a sufficiently small amount.

(ii) Next consider the case where the total production by the firms charg-
ing p* is greater than d(p*). Without loss of generality let these firms be
1,---,m, where m < i, and let ¢; > 0. Note that
on; * * S /

g w0 = P )71(07;1%) ~(0)

m
> (Y 6) — @) (since i — 2 < 0) = 5 0.
j=2
But then firm ¢ can increase its output slightly from zero and gain.

Step 2. We then argue that there cannot be some p; (€ F') > p* such
that some firms charge p; and supply a positive amount.

Suppose to the contrary that such a price exists. This implies that the
total number of firms charging p*, say n, can be at most n* — 1. Suppose
not, i.e. let the number of firms be n* or more. Moreover, let the aggregate
production by these firms be less than d(p*). Clearly, all 7 firms must
be producing ¢*. (Since there is excess demand at this price, the residual
demand constraint cannot bind, and the output level of all firms must be
such that price equals marginal cost.) But, from the definition of n*, this

implies that total production is greater than d(p*), which is a contradiction.

which is a contradiction.
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Now consider some p; > p*. Clearly, the number of firms charging p; is
less than n;. Since otherwise some of these firms would have a profit less
than 7. But they can always ensure a profit of 7 by charging p*. Thus the
total number of firms producing a strictly positive amount is less than No,
thus contradicting step 1. Hence all the firms must be charging p*.

Step 3. Let ¢ = (q1, -, qn), denote the equilibrium output vector. First
note that it cannot be the case that >, ¢ < d(p*). Since n > My > n* — 1,
for some j, §; < ¢~!(p*), and this firm will have an incentive to increase its
output.

We then establish that the equilibrium output vector must be symmetric.
Suppose not, and without loss of generality let go > ¢; > 0. Then,

om - - -
Sola = PAE)n(@, 3 a) — @)
q1 1
* * ~ ~ 1/~ 6772
> pd(p )G, > d@) —¢(q) (asy —m2 <0) = 3, la-(10)
i#2 q2
. . c . . . ey P N Oma.
This, however, is a contradiction, since in equilibrium &7 j=0= a—q§|q.

Step 4. Finally, we argue that there cannot be another symmetric equilib-
rium where the (common) output level of the firms is different from ¢'(n—1).
Clearly, in any symmetric equilibrium, the production level of all the firms
must satisfy Eq. (6) which has a unique solution. [

The idea behind the existence result is as follows. If the number of firms
is large enough, then competition will drive all the firms to excess production
in an attempt to manipulate the residual demand. This excess production
ensures that if any of the firms charges a price greater than p*, then the
residual demand facing this firm will be zero. Thus none of the firms have
an incentive to charge a price which is greater than p*.

We then turn to the limit properties of the equilibrium output levels as

n becomes large.
Lemma 4. lim,, . ¢'(n —1) =0.

Lemma 4 demonstrates that the output level of each firm becomes van-
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ishingly small as the number of firms becomes very large. Recall, however,
that the equilibrium involves excess production. The next proposition ex-
amines whether in the limit aggregate production, ng’(n — 1), approaches
the demand level, d(p*), or not.

Proposition 3. Suppose Assumptions 1, 2, 3, 5 and 6 hold.
(i) If ¢(0) = 0, then lim, o ng'(n — 1) — oco.

(it) If ¢(0) > 0, then lim, oo ng’ = d(p*)c,p(g).

Therefore the limiting behavior of the aggregate production level, ng’(n—
1), depends on the value of ¢/(0). If ¢(0) = 0, then aggregate production

increases without bounds. Whereas it converges to d(p*)cf’(z) if ¢(0) > 0.
As « goes to zero this term goes to d(c/(0)).

The folk theorem of perfect competition suggests that the perfectly
competitive outcome can be interpreted as the limit of some oligopolistic
equilibrium as the number of firms becomes large. While this issue has
been thoroughly investigated in the context of Cournot competition (e.g.
Novshek (1980), Novshek and Sonnenschein (1983) and Ruffin (1971)), in
the Bertrand framework it remains relatively unexplored.'

The analysis so far allow us to discuss if, in the present framework, the
folk theorem holds or not. From Propositions 1 and 2 we know that, for
a given grid size «, there is a unique equilibrium price that is within a of
the competitive one whenever n is sufficiently large. Also, from Proposition
1 and Lemma 4, the output levels of the individual firms are close to zero
whenever n is large. Furthermore, the aggregate output is well behaved if
the TBR is weakly manipulable, and reasonably so if the TBR is strongly
manipulable and ¢/(0) > 0.

Hence, for the case where the TBR is weakly manipulable, or it is
strongly manipulable and the marginal cost at the origin is positive, our
results, perhaps, provide a non-cooperative foundation for the theory of
perfect competition, and hence for the folk theorem.

" There are notable exceptions though, e.g. Allen and Hellwig (1986) and Vives (1986).
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3.3 Limit Results for a Fixed n and o« Small

Note that, in Propositions 1-3, the analysis is carried out for a given grid
size o, while n is taken to be large. In this sub-section, for a given n, we
focus on examining if, for all sufficiently small «, a single price equilibrium
(defined below) exists. The objective is to examine the sensitivity of the
analysis to the nature of the limiting process.

Definition. A Nash equilibrium PN, QN = (p,---,pN, ¢V, .-, pl) is
said to be a single price equilibrium (henceforth SPE) if, Vi # j, ¢V > 0
and qév > 0 imply that pﬁv = pé-v .

We require a few more assumptions and notations. A7(i) below imposes
a lower bound on R;(P,Q), whereas A7(ii) states that R;(P, Q) is decreasing
in the output of the other firms charging p; or less.

AT. (1) VPv Q7 Rz(Pa Q) > maX{07 d(pl) - Z]\];ﬁz, P;<p; QJ}
(ii) VP, @Q and j, such that j # i and p; < p;, R;(P, Q) is weakly decreas-

ing in g;.
Assumption 8 is a continuity assumption.

A8. Consider P, such that all firms other than i charge p’ and sup-

ply %pl), and firm i charges p; > p’ and supplies max,, R;(P,Q). Then

dlmaxy; Ri(P,Q)]

o is continuous in p'.
i

limy, —p 4+

Next we define p.(n) as solving p = c’(@).
Given Al and A2, it is easy to see that p.(n) is well defined, p™®* >
pe(n) > (0), pe(n) is decreasing in n and lim,, .o pe(n) = ¢/(0).

Next, Vn > 2, and Vp > 0, let m,(p) = pdlp) _ C(M).

n n

A9. (i) Vn > 2, and Vp s.t. p™®* > p > 0, m,(p) is concave in p.
(if) Vps.t. ¢/(0) < p < pe(n), lim_an , pd(p)7(a, (n—1)12) < ¢/ (422).

A9(i) is a concavity assumption. A9(ii) is satisfied by the example of a
strongly manipulable TBR that follows A6.
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For any vector A = (a1, -+, am), let A = {a1,--,an}. Proposition 4

below is the central result of this sub-section.

Proposition 4. (i) lim,—op*(a) = ¢(0).

(ii) Suppose Assumptions 1, 2, 3 and 4 hold.
(a) limy—o Ni(a) — 00.
(b) Let Assumptions 7, 8 and 9(i) hold and let n be fized. (A) o’ > 0,
such that Vo, 0 < a < o/, no SPE exists. (B) Further, 3p(n) > ¢/(0)
and &(p(n)) > 0, such that Va, 0 < a < &(p(n)), in any equilibrium
P,Q, min{P} > p(n).

(iii) Suppose Assumptions 1, 2, 3, 5 and 6 hold.
(a) limqy—o Ma(a)) — 0.
(b) Let Assumptions 7, 8 and 9 hold and let n be fized. (A) o' >0
such that Vo, 0 < a < &, no SPE exists. (B) Further, 3p(n) > ¢/(0)
and a(p(n)) > 0, such that Vo, 0 < oo < a(p(n)), in any equilibrium
P,Q, min{P} > p(n).

Let us fix n. Proposition 4 shows that, for all sufficiently small a, no
single price equilibrium exists,'® and all equilibria (in case they exist) are
bounded away from the competitive price. Thus Proposition 4 demonstrates
that for the earlier results to go through, n needs to be increasing at a

‘relatively’ faster rate compared to the rate of decrease in a.

4 One-stage Game: The Asymmetric Case

Deneckere and Kovenock (1996) is one of the very few papers that exam-
ine Bertrand-Edgeworth competition in an asymmetric framework. In a
price-setting duopoly where the firms differ in both their unit costs and ca-
pacities, they characterize the set of equilibria and then, as an application,
re-examine the Kreps and Scheinkman (1983) model with asymmetric costs,
demonstrating that the Cournot equilibrium capacity levels need not emerge

15\Whether there can be equilibria that are not single price is an open question. Other
papers to focus on SPE include Dixon (1993).
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in equilibrium. In keeping with our approach, however, in this section we
shall be interested in the case where the number of firms is large.

Let there be m types of firms with the cost function of the [-th type
being ¢;(q). The number of type [ firms is denoted by n!, where 3, n! = n.

4.1 Weakly Manipulable TBR

Let p; denote the minimum p € F such that p > ¢/(0). Let R;;(P, Q) denote
the residual demand function facing the ¢-th firm of type . Moreover, let
ri(pi,p,n) = Ry(P,Q), if p; > p, and, Vj # i, pj = p and ¢; = @. The
residual demand satisfies appropriately modified versions of A3 and A4.16
Next define n; and 7; in a manner analogous to that of n* and 7 respectively,
only taking care to use the cost function of the [-th type, ¢;(¢), instead of
¢(g) in the definitions. (We can argue, as before, that, Vi, i, > nj.)

Definition. N = max{f,---,7m}.
We require some further notations. Let

__ pd) ( d(p;)
i C]

- * ® /"
man nq man nq

Next consider some p, € F, such that p, > p;. Let g, satisfy p, =

¢)(Qiz)- Clearly if a type [ firm charges p, and sells @, then the profit of

such a firm is ﬁm@ — cl(@)-

We then define n; to be the smallest possible integer such that Vr > ny,;,

dps) Qi and

T

_ d(p2)

Dz r _Cl(

d(Px)

)<7~Tl.

Suppose that in any equilibrium the number of firms charging p,, say
m, is greater than or equal to max,ng;. Then at least one of these firms,

say of type [, would have a residual demand that is less than or equal to

%. Since UP2) ~ cg_l(ﬁac), this firm would supply at most %

= and have

a profit less than 7.

Y6 A4(ii) should be modified so that, the restrictions are on R;(P,Q), rather than on
R;(P,Q). The changes needed in A4(i) and A3 are equally obvious.
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We restrict attention to two cases, though we also briefly discuss the
other cases.

Case (i). ¢|(0) = 4(0) =--- = ,(0).

Note that if, at a given price, any firm finds it profitable to produce a
strictly positive amount, then so will all other firms. For this case let us
redefine p* =p} =--- =pJ,.

Definition. Ny =3, _ .1, .. max;n; +max;n; — 1.
We can now state our next proposition.

Proposition 5. Suppose Assumptions 1, 2, and appropriately modified
versions of 3 and 4 hold, and let ¢;(0) = &(0) = --- = ,(0). If n >
max{N ,]\71}, then the unique equilibrium involves all the firms charging a

a(p*)

price of p*, and producing = —.

Case (ii). ¢1(0) < &(0) <--- < ¢, (0).

Consider any p such that ¢{(0) < p < ¢,(0). While at this price pro-
ducing a small enough positive level of output is profitable for type 1 firms,
firms of other types will not find it profitable to supply a positive level of
output. Hence type 1 firms are, in some sense, the most efficient.

Definition. Let p} = pj, (say). N = D aehil, M 07— 1.

Proposition 6 below solves for the case when n' is large.

Proposition 6. Suppose Assumptions 1, 2, and appropriately modified
versions of 3 and 4 hold, and let ¢{(0) < 4(0) < -+ < ,(0). If a<
b (0) — ¢ (0) and n' > max{N} Ny}, then there is an equilibrium that

involves all firms of type 1 charging p} and producing d(ﬁ), and firms of all

X

other types charging p™®* and having an output level of zero. Furthermore,

any equilibrium involves all firms of type 1 charging p] and producing %,

and all other firms having an output level of zero.

In any equilibrium, note that all firms producing a positive amount (i.e.
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type 1 firms) have the same strategies. Further, interpreting ¢} (0) as the
perfectly competitive price, p} is within « of the competitive price.

Next suppose that ¢} (0) = c3(0) = --- = ¢}(0) < ¢},1(0) < --- < ¢, (0).
From Propositions 5 and 6, for a given «, if the number of firms of type 1 to
j is large enough, then there is an equilibrium where all such firms charge
p7, and all other firms charge p™** and have an output of zero. Furthermore,
any equilibrium involves all firms of type 1 charging pj, and all other firms
having an output level of zero.

Finally, consider the case when nq,---,n; are exogenously given. In this
case one can construct examples where no equilibrium may exist even if the

number of firms of type j + 1 to m is very large.”

4.2 Strongly Manipulable TBR

Let A1, A2, an appropriately modified version of A3, A5, and A6 hold for
this case.!®

We then define ¢}, ¢, q{(nl —1), At, M! and MY} in a manner similar to
that of ¢*, g, ¢'(n — 1), n;, M7 and M> respectively, only taking care to use
the cost function of the I-th type, ¢;(q), instead of ¢(q).

We restrict attention to two cases, though we briefly consider the other

cases.
Case (i). ¢|(0) = 4(0) =---=,(0) = ¢(0) (say).
Let (Qih T 7Q;111a T q/1m7 T ,anmm) solve

P A )i, > aik — qa) — ¢i(ga) =0, Vi, (11)
ik

where ¢}, denote the output level of the i-th firm of type I.
If, Vi, l, >0 > 1 qab — qit > gyt > 0, then we can use the Gale-Nikaido
(1965) univalence theorem to show that Eq. (11) has a unique solution (the

"The proof is available from the author.

BThus fy(qi,zj# g;) is assumed to be independent of firm type. This is for nota-
tional reasons alone. Let (g, Zj i q;j), the gamma function for type [ firms, satisfy
appropriately modified versions of A5 and A6. Under the additional assumption that
lima 074 (¢, X) = lim,—0 v¥ (a, X), X > 0, it is simple to check that all our results in this
sub-section go through.
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proof is available from the author). Moreover, the solution is symmetric, i.e.

v, Qil == qqlzll = q;- Thus (q’l, s ,qfn) solves:
prd(p* )i (a, (nl - g + anqj) —cj(q) =0, V. (12)
J#l

The proofs of these lemmas 1’ — 4’ below are very similar to that of the

corresponding lemmas 1-4 earlier, and hence omitted.

Lemma 1. lim, o0 p*d(p*)71 (D22, d(p*)) > limy, o0 ¢} (22, VL.

n—1"7 n—1

Given Lemma 1’, we can define M\l to be the smallest possible integer
such that VI and Vn > Mj,

d(p”)

*d *

) > (2

Lemma 2. If 3", n! > ]\71, then, VI, (n! — 1)q) + >4l njq; > d(p*).

We need some more notations.
n** = max nj.

q = max, ., > g such that 37, njgf < d(p*).

(13)

_ { p*d(p*)v(a.q) — alq), if ¢>dp*) —q.

T = max )
p*q — ¢(q), otherwise.
Note that 7r; represents the least possible profit that an [ type firm can obtain
by charging p* when the aggregate output level of the other firms charging
p* is g, or less. Since ¢ < d(p*), T, > —¢;(0). Moreover, let T = min; 7.
Next consider some p; € F, such that p; > p*. Let n; be the minimum

integer such that Vk > ny, @ < @i and
D;d(Pi d(pi .
P k(: )_Cl( (If))<7r

Lemma 3’ below provides an interpretation of 7;;.

Lemma 3'. If the number of type | firms charging p; (€ F) > p* is
greater than or equal to Ny, then the profit of some of these firms would be

less than 7.
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Definition. My =n** — 1+ Zf:jJrl max; 7.

Proposition 7. Suppose Assumptions 1, 2, an appropriately modified
version of 3, 5 and 6 hold and ¢} (0) = &(0) = --- = ,(0) = £(0). If,
> nt > max{]\//?l,]\//fg}, then there is a unique Nash equilibrium where all
firms of type I charge p* and produce q;. Moreover, all firms of the same

type sell the same amount.

We then turn to the limit properties of the equilibrium outputs. We
first impose some structure on the limiting process. Let us fix some vector
(n',---,n™). We then define an r-economy to be one where the number of
type [ firms is rn!. Let (¢{(r),---,q.,,(r)) solve an appropriately modified

version of Eq. (12) for the r-economy.
Lemma 4. lim, o ¢/(r) =0, VI.

We then examine whether in the limit the aggregate production, »; rn’ q; (r),

approaches the demand level d(p*) or not.

Proposition 8. Suppose Assumptions 1, 2, an appropriately modified
version of 3, 5 and 6 hold and ¢} (0) = c4(0) = --- = ,,(0) = ¢(0).

(i) If ¢(0) = 0, then lim, . 3°; rnjgé(r) — 00. )

(i) If ¢(0) > 0, then lim, o0 >-; 707 (1) = d(p*)%.

Therefore, as in the case with symmetric firms, if ¢/(0) = 0, then ag-
gregate production increases without bounds, whereas if ¢/(0) > 0, then
aggregate production converges to d(p*)%.

It is natural to ask if Lemma 4’ and Proposition 8 go through in case,
say, n! is taken to infinity, while Vj # [, n? is kept constant. We can mimic
the proof of Lemma 4’ to show that lim,;_, . ¢ = 0. Moreover, we can
mimic the proof of Proposition 8 to demonstrate that if ¢/(0) = 0, then
lim,i 0 225 njq;-(nl) — o0, and, if ¢(0) > 0, then lim,; >, njqé-(nl) =

*

d(p*)(f(o) 19 However, what happens to qg»(nl)|j¢l, as n! is taken to infinity,

9This is true since, for a corresponding version of Proposition 8 to go through, it is

sufficient that lim,;:_, . q; = 0.
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is an open question.

Case (ii). ¢}(0) < &(0) < --- < ,(0).

Proposition 9 below examines the case when n' is large.

Proposition 9. Let Assumptions 1, 2, an appropriately modified version
of 8, 5 and 6 hold and ¢} (0) < c4(0) < --- < ¢,,(0). Moreover, suppose that
a < ch(0)—c4(0) and n' > max{Mi, M}}. Then there is an equilibriurr;(thgzt

Py

nl?

involves all firms of type 1 charging p}, producing ¢} (n'—1) and selling
and all other firms charging p™®* and having an output of zero. Furthermore,
any equilibrium involves all firms of type 1 charging p}, producing ¢} (n' —1)

and selling dg‘:’;{), and all other firms having an output of zero.
Next suppose ¢;(0) = c4(0) = -+ = ¢j(0) < ¢},1(0) < --- < ¢,,(0).

Combining Propositions 7 and 9, it is easy to see that if Zjl n! is large
enough, then there is an equilibrium where all firms of type 1 to j charge
p], and all other firms have an output of zero. What happens in case there
are a large number of firms of type 7 + 1 to m, and firms of type 1 to j are

relatively few in number, is an open question.

5 Two-stage Model

We then examine the case where the firms are symmetric and play a two
stage game where, in stage 1, the firms simultaneously announce their prices,
and in stage 2, they simultaneously decide on their output levels. Moreover,
in stage 2, the price vector announced in stage 1 is common knowledge.
Fudenberg and Tirole (1987) and Tirole (1988) both employ such two-
stage models to provide a game-theoretic foundation of contestability. In
a two stage framework with continuous prices, convex costs, and costs of
turning customers away, Dixon (1990) finds that if the industry is large
enough, then the competitive price will be an equilibrium. Moreover, if costs
of turning consumers away are small, then all equilibria will be close to the
competitive one. Maskin (1986) shows that under a two-stage framework
an equilibrium exists (for general TBRs). Whereas in a symmetric two-
stage framework with strictly convex costs, efficient rationing, and the equal-
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shares TBR, Yoshida (2002) characterizes the symmetric mixed strategy

equilibrium.

5.1 Weakly Manipulable TBR

We then solve for the subgame perfect Nash equilibrium (spNe) of this game.

We need some further notations. Consider some P, (). Given A3(iv),
Vp; < p™* we can define RPi(P,Q),) = RPi(P, Q).

Next let (Py,...,Pn, q1(P),...,q,(P)) denote a spNe, where p; denotes
firms i’s stage 1 strategy and g;(P) denotes its stage 2 strategy (as a function
of the stage 1 price vector P).

Finally, if Vi, firm ¢ produces g,;(P), then let @pi(P) denote the output
vector of all firms charging less than p;.

Proposition 10. Suppose Assumptions 1, 2, 3, and 4 hold. If n >

max{n,n* + 1, N1}, then, the unique spNe of the two stage game involves

RPI(P,Q, (P))
m;(P)
the number of firms charging p;.

pj=p" andqj(P) = min{ , c’*l(pj)}, Vj, where m;(P) denotes

Note that along the equilibrium path, in stage 1 all firms charge p*, and
d(p*)

in stage 2, all firms produce = —.

5.2 Strongly Manipulable TBR

In this case we find that a subgame perfect equilibrium may not exist. The

problem is as follows. In stage 1, suppose that there are m (> 1) firms

charging the lowest (say) price p. In case ¢'~!(p) > 4®) then, given that the

m
strategy space is not bounded, an equilibrium for the stage 2 game may not
exist. Since m can be small, we cannot use the techniques used in Section

3.2 to resolve this problem.
qi

Example. Suppose n = 2, d(p) = a —p, V(4 ¢;) = ;4 and c(q) =

%. Suppose that both firms charge p, where a/2 > p > a/3. Let ¢'(p, 1)
solve pd(p)v1(q,q) = ¢(¢q). Observe that 2¢'(p,1) = /Dla —p) < a — P, so

that both firms producing ¢'(p, 1) cannot be an equilibrium. Whereas since
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7 Yp) =p > %ﬁ, both firms producing ¢~1(p) cannot be an equilibrium
either. Finally, suppose to the contrary there is an asymmetric equilibrium,
where firm ¢ produces g;. Clearly, §; + Gy > d(p). Thus, from the first order
conditions, pd(p)v1(q1,72) = (1) and pd(p)11(q,71) = ¢/(G2). But taken
together, these equations imply that §; = g5.

6 Conclusion

To begin with we discuss the relationship of this paper to the literature. For
convenience the discussion is organized around a few remarks.

Remark 1. Our results are consistent with Shubik (1959, Chapter
5) who demonstrates that, under Bertrand-Edgeworth competition (both
one stage and two stage) with continuous prices and strictly convex cost
functions, any pure strategy equilibrium must involve the competitive price.

In general of course, no pure strategy equilibrium exists. Dixon (1987,
1993) solves the non-existence problem for one stage games by introducing
various rigidities, e.g. menu costs (formalized through the notion of epsilon-
equilibrium in Dixon (1987)), and integer pricing (Dixon (1993)). In a two
stage game, Dixon (1990) introduces rigidities that take the form of costs
involved in turning consumers away. These papers demonstrate that, in the
presence of the appropriate rigidities, there are “equilibrium” prices which
are arbitrarily close to the competitive price whenever the industry is large
enough, results that are close in spirit to the present one.

Remark 2. Next consider price competition with linear and capacity
constrained cost functions. In a model with the efficient rationing rule, Vives
(1986, proposition 2(iii)) shows that, for a given firm size, one obtains the
perfectly competitive price as the number of firms goes to infinity. For
the parallel rationing rule Borgers (1992) shows that iterated elimination of
dominated strategies yields prices close to the competitive price.

For the proportional rationing rule, however, Allen and Hellwig (1986)
demonstrate that in general, there is no pure strategy equilibrium. More-
over, in the limit, the mixed strategy equilibrium does not converge in the
support. Since the cost functions are linear and capacity constrained, firms
produce till capacity if at all (provided there is demand), but not beyond
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that. Thus, given the nature of the cost functions, the TBR is effectively
weakly manipulable. Since in this paper we do not consider the case where
a proportional rationing rule is coupled with a weakly manipulable TBR,
the results in Allen and Hellwig (1986) are not inconsistent with ours.

Remark 3. In the present paper the limiting procedure involves taking
the number of firms to infinity, while keeping the grid-size constant.?° Ar-
guably there are other papers in the literature that follow a similar limiting
procedure, e.g. Dixon (1987, 1990, 1993) and Roy Chowdhury (1999). All
these papers use limiting procedures that involve taking the number of firms
to infinity, while keeping constant the size of some relevant rigidity in the
model. In Dixon (1993) and Roy Chowdhury (1999) this rigidity takes the
form of grid-pricing. While prices are modeled continuously in Dixon (1987,
1990), both involve rigidities (described in Remark 1 above).

Remark 4. Next note that in Allen and Hellwig (1986), Dixon (1987,
1990, 1993) and Vives (1986), the limiting procedure not only involves taking
the number of firms to infinity, but also involves taking “firm size”, relative
to market demand, to zero. In Allen and Hellwig (1986) and Vives (1986)
this is done by taking the capacity level of the firms to zero, while in Dixon
(1987, 1990, 1993) this is done by replicating the market demand function.
Under our approach, however, relative firm size is kept unchanged.

The idea is as follows. Under our approach the number of firms is exoge-
nous (so that there is no exit) and there are no setup costs, so that one can as-
sume, without loss of generality, that ¢(0) = 0. Moreover, since the cost func-
tion is strictly convex, the efficient scale of production is zero.?! Hence, given
that the firms are already ‘very small’ compared to market demand, the lim-
iting procedure only involves taking the number of firms to infinity. Other
papers to employ a similar limiting procedure include, Tasnadi (1999a) and
Roy Chowdhury (1999) (Bertrand-Edgeworth), Novshek and Roy Chowd-
hury (2003) (Bertrand-Chamberlin) and Ruffin (1971) (Cournot).

Dixon (1993) shows that if one replicates both demand and firms, then

200f course, in Section 3.3 we also examine the effect on equilibrium outcomes if the
grid-size is taken to zero.
21 Alternatively, given that there is no exit, the appropriate measure of efficient scale in

this paper is argminqc(q);ic(o) =0.
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in a one stage model with weakly manipulable TBRs, Nash equilibria are
non-unique. This demonstrates the importance of the replication procedure.

Remark 5. In this paper the equilibrium profit levels of the firms de-
pend on the TBR. Given that there is grid-pricing and there is a unique
single price equilibrium such that the residual demand binds strictly, this
dependence is to be expected. In the context of grid-pricing, such depen-
dence is not new in the literature though, e.g. Harrington (1989) and Maskin
and Tirole (1988, footnote 13). Of course, the TBR will not affect the profit
levels if the equilibrium is in atomless mixed strategies (e.g. Vives (1986),
and Allen and Hellwig (1993) for the symmetric case).??

Remark 6. Interestingly, for strongly manipulable TBRs the equilib-
rium involves excess production, which is inefficient. Given the nature of
the TBR, this result is, perhaps, only to be expected. While Allen and
Hellwig (1986, 1993), Osborne and Pitchik (1986), and Tasnadi (1999b), all
have srongly manipulable TBRs, these papers assume that the cost func-
tions are linear and capacity constrained. Hence these TBRs are, in effect,
not strongly manipulable, so that a similar effect does not appear in these
papers. Thus the present paper is one of the very few that deal with strongly
manipulable TBRs, in particular the limit properties of equilibrium when
the TBR is strongly manipulable.

In conclusion, in this paper we re-examine the non-existence problem
associated with pure strategy Nash equilibrium under price competition (i.e.
the Edgeworth paradox). We consider a model of Bertrand-Edgeworth price
competition with strictly convex costs and discrete pricing. If firms are
symmetric than, for a large class of residual demand functions there is a
unique equilibrium in pure strategies whenever, for a fixed grid size, the
number of firms is sufficiently large. Moreover, the equilibrium price is
within a grid unit of the competitive price. Our analysis also has interesting
implications for the folk theorem of perfect competition. To a large extent,
the results go through when the firms are asymmetric, or they are symmetric
but play a two stage game and the TBR is weakly manipulable.

*Deneckere and Kovenock (1996) show that, for the classical Bertrand-Edgeworth
model, equilibrium profits are invariant with respect to the TBR.
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7 Appendix

Proof of Lemma 1. Notice that

W) 4y = prde) o (from Aoiv)

= p*>d(0) = lim c/(d(p*)

n—o00 n—1

lim p*d(p”™)yi(

n—00 n—1’

=

) [ ]

Proof of Lemma 2. Suppose not, i.e. let ¢'(n — 1) < dr”) " Ohserve that

n—1

d(p*)

> d(d(n 1) (sinceq/(n—1) <

).
This, however, violates Eq. (6). [

Proof of Lemma 3. Let the number of firms charging p; be k, where
k > n;. First consider the case where none of the other firms charge prices
that are less than p;. Clearly, if all the firms charging p; produce identical
amounts then the maximum profit of all such firms is %@i) — c(@). Since
k > n;, this is less than 7.

Now consider the case where the output level of the firms charging p;
are not the same. Clearly, if the aggregate production by all such firms

are less than equal to d(p;), then some of the firms would be producing

and selling less than @, and consequently would have a profit less than
I%(pi) — c(%) < 7. Whereas, if the aggregate production of such firms

is greater than d(p;), then some firms would sell less than @, while their
production would be larger. Again their profit would be less than 1%(“) —
d(pi)
c(=5)-
Finally, if some of the other firms charge less than p;, then the residual
demand at p; would be even less than d(p;). We can now mimic the earlier
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argument to claim that some of the firms charging p; would have a profit
ﬁid]gﬁi) - C(d(ﬁi)). |

less than i

Proof of Lemma 4. Suppose to the contrary that lim, .~ ¢'(n —1) = D,
where D > 0. Then

Tim p*d(p*)n (g (n— 1), (n—1g(n—1)) = 0 (Erom AG(vi)
< d(D)= lim d(¢'(n—1)).

n—oo

This, however, violates Eq. (6). ]

Proof of Proposition 4. (i) Follows since ¢/(0) < p*(«a) < /(0) + .

(ii)(a) Define n**(«) = %. Since n**(a) < n*(a) < Ni(a), from
Proposition 4(i) it is sufficient to observe that lim,—.on**(a) — oo.

(ii)(b)(A). To begin with, consider a candidate SPE where all firms
charge p.(n). Clearly, the optimal quantity decisions must involve all firms
supplying dpe(n) ( )
equilibrium. Con51der P, @ such that all firms other than i charge p.(n) and
supply M, and firm ¢ charges p; > p.(n) and supplies maxy, R;(P, Q).
Let m;(p;, maxy, Ri(P,Q)) = pimaxy, R;(P,Q) — c(maxy, R;(P,Q)). Since,
pe(n) = c’(d(pjl(”))), it follows that 8”"(”1"”135‘;; Ri(P7Q))‘p¢~>pc(n)+ = [pe(n) —

C’(d(pz(n)))]a[maxqzapl Sz |lpi—pem)+ + d(p;(n)) = d(p(;l(n)) > 0. Thus, by in-

creasing its price from p.(n) by a sufficiently small amount, firm ¢ can

. We argue that such an outcome cannot be sustained as an

increase its profits. Next consider a SPE where all firms charge p’. For
p' < pe(n), the outcome must involve all firms producing ¢'~!(p’), whereas
for p’ > pc(n), the outcome must involve all firms producing d(p ),
as p' converges to p.(n), these output levels converge to w
from A8, there exist @ > 0 and € > 0, such that VO < a < @ and
Vp € [pe(n) — €, pe(n) + € such that p € F(a), in any candidate SPE

where all firms charge p, firm 4 can deviate to p + « and gain.

d n aﬂ'z(pumax i Z(P»Q)) _ d(pe
Note that : |p—>pc(’fl)+ - 8Zz |pi_’Pc(n)+ - (pn(n)) > 0.

Let p'(n) be a global maximizer of 7, (p) over [p.(n), p™**], such that m,(p)

Clearly,
Hence,

is strictly increasing for p € [p.(n),p'(n)). Hence p.(n) < p'(n) < p™.

Next, Vp > 0, let 7(p) = pmin{c'"!(p),d(p)} — c(min{c'~(p),d(p)}) (given
Al and A2, 7(p) and 7,(p) are continuous in p). Note that (a) Vp such
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that p™® > p > p.(n), ¢~(p) > d®) g that w(p) > mn(p), and (b)

pop
7(pe(n)) = T (pe(n)) (since ¢~1(pe(n)) = A2,

Next we consider a sequence < p" > such that p! = p/(n) and Vi > 2,
p' is the minimum p such that 7(p) = 7,(p'~!). From property (a) in the
earlier paragraph, < p" > is a decreasing sequence. (Consider some p,
p'(n) > pt > pe(n), i > 1. Thus 7(p*) > m,(p') > mu(pe(n)) = 7(pe(n)).
Hence, from the intermediate value theorem, there exists some p < p*, such
that 7(p) = m,(p’). Clearly, p’(n) > p'™!t > p.(n).) Further, from property
(b), < p™ > is bounded below by p.(n), so that it converges to p.(n).
(Suppose it converges to some p”; p’(n) > p” > p.(n). Then 7, (p") = = (p"),
which contradicts property (a).) Thus, whenever p.(nye < p'(n) (where
€ > 0 is as defined earlier in the first paragraph of this proof of Proposition
4(ii)(b)(A)), there exists N > 1 such that pV =1 > p.(n) + e > pV.

Next, since p.(n) — € < pe(n), 370" > 0 be such that V0 < a < ")
d(pe(n) — e+ a) — (n — 1) Hpe(n) — €) > " Hpe(n) — € + a). Consider
p < pe(n) —e. Then d(p+a) — " Hp+a) > d(pe(n) —e+a) — " Hpe(n) —
e+a) > (n— 1 Hpe(n) — €) > (n— 1)¢~1(p). Hence, Ya < “@ and
P <pe(n) — €, d(p+a) — (n— 1)1 (p) > ¢ (p+ a).

Define o/ = min{pn—pn_1, fa\, @} and consider 0 < o < . Consider
some candidate single price equilibrium where the active firms charge p €
F(a). Since firms can always charge p*(«) and sell W, all firms must
be active in this equilibrium.

First, we can rule out any candidate SPE p, such that p < p.(n)—e. Since
a < ’a\, we can show that a firm can deviate to p+«a and make a gain. The
output levels of the other firms who charge p, are ¢/~!(p). Given A7(i), the
residual demand facing the deviating firm is at least d(p+a)—(n—1)c'~!(p).

Next note that since a < ’?«\,
dp+a)—(n—1d7p) > Hp+a).

Thus, if a firm charging p deviates to p+a, then it can supply till its marginal
cost. Since p + o > p, its profit will increase.

Next, consider a candidate SPE p, such that p € [p.(n) — €, p.(n) + €.
Since @ < @, a firm can charge p + a and gain. Next consider p such

that p'(n) > p > p.(n) + €. Since a < p%¥ — pV~1, a firm can undercut by
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charging p — « and gain. (Of course, if p.(n) + € > p/(n), then this step is
redundant.) Next, for p.(n) < p < p'(n), let p(p) be the maximum price
such that m,(p) = m,(p(p)) and p(p) > p. For some candidate SPE where
all firms charge p, where p'(n) < p < p(pe(n) + €), a firm can deviate to
p~(p) — a, and gain. Finally, for any candidate SPE where all firms charge
p, where p > p(pc(n) + €), a firm can deviate to pl,, where p/, € F(«) is the
price on the grid which is closest to p’(n), and gain.

(ii)(b)(B). Fix n. Let p(n) (5 from now on) satisfy ¢'~L(p) < 5alyy.
Such a p exists since (n — 1) ~1(¢'(0)) < w. Let P, denote the smallest
p € F(a) such that p > p. Next, let @(p) be such that, Va < a(p), (n —

1 (pa) < @ (such an &(p) exists since limy—0 Ppa = P)-

Suppose to the contrary there is an equilibrium where the lowest price
charged p’ < p. The profit of a firm charging p’ is at most pc’~1(p) —
c(d71(p)). Now suppose a firm charging this price deviates to p, < p + a.
The output levels of the other firms who charge p, or less, are at most
" Y(pa). Given A7, the residual demand facing the deviating firm is at
least d(pa) — (n — 1)1 (Ps). Next note that

d(Pa)
2

d(pa) = (n = 1)~ (pa) > > (n = 1) (Ba) > ¢ (Ba).

Thus, if a firm charging p’ deviates to p,, then it can supply till its marginal
cost. Since p, > p/, its profit will increase.

(iii)(a) The proof mimics that of Proposition 4(ii)(a).

(iii) (b) The proof is similar to that of Proposition 4(ii)(b) and is available
from the author. [ ]
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8 Some Additional Proofs

Proof that n > n*. Suppose that N > n. Then, from the definition of 7,
it follows that 7/ (p;,p,n)(p* — c’(%)) < 0. Since 7}(pi,p,n) < 0, p* —
c’(%) > 0, so that N > n*. |

Proof of Proposition 3. From Lemma 4, lim, .~ ¢’(n — 1) = 0. Hence
limy, 0o n¢’ (n—1) = lim,, o0 (n—1)¢'(n—1). Moreover, from Eq. (6), A6(ii)
and the fact that ¢’(n — 1) is decreasing in n, it follows that (n —1)¢'(n —1)
is increasing in n.?3

(i) Let ¢(0) = 0, and suppose to the contrary that lim, . (n —1)¢'(n —
1) =, where [ is finite. Then

lim p*d(p*)y1(q'(n = 1), (n — 1)¢'(n — 1))

n—oo

= p*dl(p*) (from A6(iv))

> 0=¢(0) = lim ¢(¢'(n - 1)),

n—oo
where the last equality follows from Lemma 4. But this contradicts Eq. (6).
(ii) Let ¢/(0) > 0 and suppose to the contrary that lim, . (n—1)¢'(n—1)
diverges to infinity. In that case

lim p*d(p*)y1(q'(n —1),(n=1)¢'(n = 1)) = lim (¢'(n 1)),

n—0o0 n—oo

which, from A6(v) and Lemma 4, implies that ¢/(0) = 0. But this is a
contradiction. Hence let lim,, o (n — 1)¢’'(n — 1) = L, where L is finite. We
then mimic the earlier argument to show that L = d(p*)%. ]

ZSuppose the number of firms increase from n to n 4+ 1, so that ¢'(n) < ¢'(n —1). Now
suppose to the contrary that (n — 1)¢’(n — 1) > ng’(n). Then

pd(p")71(d (n),ng'(n))

“d(p)m1(qd (n — 1),ng'(n — 1)) (since 71 (z, nx) is decreasing in x)
“d(p*)m
= '(ql(n 1)) (from Eq. (6)) > ¢'(¢'(n)),

which contradicts Eq. (6).

> P )mlq
> p)m(qd (n = 1), (n—1)¢ (n — 1)) (since y1(x, nz) is decreasing in n)
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Properties of p.(n). (i) Note that ¢/(d(0)/n) > 0, ¢ (d(p™**)/n) = ¢(0) <
p™@* and ¢/(q) is continuous and increasing in q. Hence p.(n) is well defined.

(ii) Suppose pe(n) > p™**. Then p™™* < p.(n) = ¢(d(P™>)/n) =
c'(0), which contradicts A2. Next suppose p.(n) = ¢/(0). Then, ¢/(0) =
d(d(¢(0))/n), so that d('(0)) = 0, which is a contradiction.
(iii) Since d(p) is decreasing in p, and ¢(q) is convex, p.(n) is decreasing
in p.

(iv) Since p.(n) is decreasing in n, and bounded below by ¢/(0), lim,, .~ pe(n) =
p is well defined. Thus p = lim,, . ¢/(d(p)/n) = ¢(0). ]

Proof of Proposition 4(iii)(b)(A). Consider a P, ) where all firms charge
pe(n). We then argue that, given P, the optimal quantity decisions must
involve all firms supplying W.

Suppose not. Then the aggregate output must be greater than demand
at p.(n) (otherwise one of the firms will have an incentive to change its
output). Hence the quantity decisions must be symmetric (we can mimic
the argument in step 3 of Proposition 2 to show this), so that all firms
supply ¢'(pe(n),n —1). Thus ¢'(p.(n),n —1) > M. Hence, from Eq.
(6), Pe(n)d(pe(m))y (L2 (1, — 1) 22y 5 (1) () ) o (pe(m), 2 —
1), (n—1)¢ (pe(n),n—1)) = (¢ (pe(n),n—1)) > ¢(42=l))y Note, however,
that this contradicts A9(ii).

Now suppose all firms other than i charge p.(n) and supply ¢~ (p.(n)),
and firm 4 charges p; > p.(n) and supplies max,, R;(P,Q). Next suppose
mi(pi, maxy, Ri(P,Q)) = p;maxy R;i(P,Q) — c(maxy, R;(P,Q)). Since, at
pe(n), price equals marginal cost, milp i’ma;;j Ri(P W >
0.

‘piﬂpc(”

Next, from A9(ii), pe(n)d(pe(n))y: (22t (n — 1) dleelmly o o dlpelm)y
Hence, from continuity, for p’ close enough to p.(n), p'd(p’ )’yl(d(fz /), (n —
1)Lp/)) <d (%p/)). Consider some SPE where all firms charge such a p’

n

close to ps(n), p’ # pe(n), but the output vector do not involve every firm
producing min{c'~!(p’), @}. Then the output vector must involve excess
supply, and hence, mimicing step 3 of Proposition 2, be symmetric. Thus all

firms supply ¢'(p’,n — 1) > %p/). This is a contradiction since, from A6(iii)
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and A9(ii), p'd(p" )1 (¢ (p',n—=1),(n—=1)¢'(p',n—1)) < ¢(¢'(p',n—1)), which
violates Eq.(6). Hence, for all such p’ > p.(n), the only possible equilibrium
involves the firms supplying d(p’)/n. Whereas, for p’ < p.(n), the outcome
must involve all firms producing less than equal to M Since there is excess
demand, all firms must supply ¢ ~*(p’). Then, from contlnulty (A8),da >0
and € > 0, such that V0 < a < @ and Vp € [p.(n) — €, p.(n)+ €] such that
p € F(«), in any candidate single price equilibrium where all firms charge p,
firm ¢ can deviate to p+« and gain. Next define py —py_1 as in Proposition
4(ii)(b)(A). (We can adopt the same notation since we can assume, w.l.o.g.,
that e = €, where € is as defined in Proposition 4(ii)(b)(A)).

Next consider a candidate SPE P, such that all firms charge p <
pe(n) — €’. We then argue that such a candidate SPE must involve all firms
supplying ¢ 1(p). (Suppose not. Then the aggregate output must be greater
than demand at p (otherwise one of the firms will have an incentive to change
its output). Hence the quantity decisions must be symmetric (we can mimic
the argument in step 3 of Proposition 2 to show this), so that all firms supply
¢ (p,n—1). Thus ¢'(p,n—1) > @. Hence, from Eq. (6), pd(p)y1(¢'(p,n —
1), (n— ¢ (p,n — 1)) = (¢ (p,n — 1)). Since p < /(42 )) from A9(ii) it
follows that pd(p)vl(@, (n — l)d( )) < d( (p)). Since ¢'(p,n — 1) > %,
it must be that pd(p)y1(¢'(p,n — 1), (n — 1)¢'(p,n — 1)) < d(¢'(p,n — 1)),
which is a contradiction.) Next, since p.(n)—¢' < p.(n), 3 Q@ > 0 such that
V0 < a < < d(pe(n)—€ +a)—(n—1) " (pe(n)—€) > " L(pe(n) —€ +a).
Consider p < pe(n) — €. Then d(p + a) — " L(p+ a) > d(pe(n) — € + a) —
I pe(n) — € +a) > (n— 1) pe(n) — €) > (n — 1)~ 1(p). Hence,
Va < o andp < pe(n) — €, dlp+a) — (n—1)d"p) > " L(p+ a).

Next define o = min{p"v —pN_l,H,Qoﬁ_/}, and let o < o”.

To begin with since a < L, we can rule out SPE where firms charge
p < pe(n) — €. This follows since in this case a firm can deviate to p + «
and gain. This follows since such a firm can sell ¢~!(p + «), and charge
p+ a > p. Whereas for any p € [p.(n) — €, pc(n) + €], one of the firms
can increase its price to p + « and gain (since @ < ‘@). Finally, for any
candidate SPE where the firms charge p, such that p € [p.(n) + €, p™],
we can mimic the argument in Proposition 4(ii)(b)(A) to show that a firm
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can undercut and gain. This follows since in any such equilibrium the profit
N—1

of the firms are bounded above by 7,(p) and a < p" —p
4(iii)(b)(B). Fix n. As in Proposition 4(ii)(b)(B), let p(n) (p from now
on) satisfy (n —1)c~1(p) < @.

Next let ¢/(p,n—1) solve pd(p)y1(q, (n—1)q) = ¢ (q). Let p(n) > ¢(0) (p
from now on) be such that, ¥¢'(0) < p < p, (n — 1)¢'(p,1) < d(p) — ¢ 1(p).
Such a p exists since, from A6(iii) and A9(ii), ¢/(0)d(¢/(0))y1( (n/ (P),(
1)4 (0))) <c (d(c( D). Thus, d(:( D > ¢/(¢(0),1). (Sucha ¢'(¢(0),1) exists
since, from A6(iii), limg—o ¢/(0)d((0))y1(g, (n — 1)g) — o0 > (0).)
the claim.

Define p(n) = min{p(n)/B,p(n)/5}, where 8 > 1 (p from now on).

Let p, denote the smallest p € F(«) such that p > p. Next, let &(p)
be such that, Yo < &(p), (n — 1)1 (pa) < @, and (n — 1)¢'(Pa, 1) <
d(pa) — ¢ (Pa)-

Suppose to the contrary there is an equilibrium where the lowest price

Hence

charged p' < p. The profit of a firm charging p’ is at most pc’~1(p) —
c(d71(p)). Now suppose a firm charging this price deviates to p, < p + a,
where p,, is smallest price on the grid that is greater that p. The output levels
of the other firms who charge less than p,, are at most max{c’~!(pa), ¢’ (Pa, 1)}

The argument is as follows. Consider some other firm j. If it produces
less than or equal to ¢/ *1(pj), then there is nothing to prove. Hence suppose
it is producing more that ¢’~!(p;). Then there must be other firms charging
this price, and the total output of all such firms must exceed the residual
demand at p;. Since this residual demand is bounded above by d(p;), we
assume, without loss of generality, that the residual demand equals d(p;).
We can mimic the argument in step 3 of Proposition 2 to show that the
output level of all such firms are symmetric. Clearly, given A6(iii), ¢'(p,n—1)
is decreasing in n, and for p < p, increasing in p. Hence the output of such
a firm is bounded above by ¢'(pa, 1).

Given A7, the residual demand facing this firm is at least d(po) — (n —
1) max{c' "1 (pa), ¢ (Pa, 1)}. Since o < &(p), note that

d(pa) — (n — 1) max{c'"" (ba), ¢ (Pas 1)} > ¢ (Pa).
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Thus, if a firm charging p’ deviates to p,, then it can supply till its marginal
cost. Since p, > p/, its profit will increase. [

Proof of Proposition 5. Ewistence. Undercutting p* is clearly not prof-
itable. We then argue that for the i-th firm of type [, charging a higher

price, p;, is not profitable either.

As in Proposition 1, ) — ri(p*,p*,n). Notice that since n > nj,

d(p*) N
p* /—1
n < cl

(p*). Hence for any p; > p*,
¢ Mpi) = ¢ ") = ralpi, p*,n). (14)

Since cg_l(pl-) > ry(pi,p*,n), the deviant firm supplies the whole of the
residual demand coming to it. Hence for a firm charging p; (> p*)

m(pi, ra(pi, p*, m)) = pira(pi, p*, ) — ci(ra(pi, p*, n)). (15)

om(pi, ra(pi, p*, n))
Ip;
Next from equation (5) it follows that Vp, > p*, p; > ¢(ra(pi, p*,n)).

=i (pi, p*,n)[pi — ¢y (ra(pi, p*, n)) |+ ru(pi, p*,n). (16)

Hence from the concavity of r;;(p;, p*,n) it follows that m;(p;, 7i(pi, p*, 1))
is concave in p;. Moreover,

87Tl(p7rl(pap*7n)) d(p*) d(p*)
Z z{“)piZ |pi—pr+ = T;l(pi,p*7”)’pi—>p*+[p* — ¢ n )]+ n
(17)
Since n > 7, we have that %W‘Piﬁp“r < 0. Next, from the

concavity of m(pi, ra(pi, p*,n)) it follows that Vp; > p*, the profit of any
deviant firm is decreasing in p;.

Next, from Assumption 4(i), all firms have a residual demand of at least
d(z oy Thus, given @ < cfl(q*), all firms produce at least @. Hence,

from A3(ii), A3(v) and A4(i), the residual demand of all firms is dp")

n_ "

Uniqueness. Step 1. We can first mimic the proof of Proposition 1 to
argue that there cannot be an equilibrium where the output level of some
of the firms is zero.

Step 2. We then demonstrate that there cannot be some p, (€ F) > p*,
such that some of the firms charge p, and supply a positive amount.
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Suppose to the contrary that such a price exists. This implies that
the total number of firms charging p*, say n, can be at most max, n; — 1.

Otherwise, 7 > max, n; and the residual demand facing all these firms
would be exactly @.24 Since @ < &7 (p*), Vi, all such firms would
supply @ and the residual demand at any higher price would be zero.
Now consider some p, > p*. Clearly, the number of firms charging p,
is less than max, ng,. Otherwise, some of these firms, say of type [, would

have a profit less than 7;. Hence such a firm would have an incentive to
d(p*)

*
maxgq 1y

deviate to p*, when it can supply at least and earn 7;. Thus the

total number of firms producing a strictly positive amount is less than Ny,
thereby contradicting step 1.
Step 3. We can finally mimic step 3 of Proposition 1 to argue that all

firms have an output level of @. [ |

Proof of Proposition 6. Step A. Erxistence. Notice that since v < ¢5(0) —
1 (0), it follows that Vi > 2, p} < ¢}(0). Thus no firm of type i, where i > 2
can profitably charge a price of p] and produce a strictly positive output
level. For type 1 firms we can simply mimic the proof in Proposition 1 to
claim that they cannot have a profitable deviation.

Step B. We first argue that in equilibrium all firms of type 1 charge p*

d *
(7511) 9

First note that there cannot be an equilibrium where the output level of

and produce and all other firms have zero output.
some of the type 1 firms is zero.

We then argue that there cannot be some p, (€ F') > pj, such that some
of the type 1 firms charge p, and supply a positive amount. Suppose to the
contrary that such a price exists.

This implies that the total number of type 1 firms charging pj, say n, can
be at most n] — 1. Otherwise the residual demand facing these firms would

be exactly @.25 Since i > n}, we have that @ < 7N (p}). Hence all

24Given that d(%*) < c;_l(p*), Vi, all firms must be supplying at least ) - The

n

assertion now follows from an analogue of Assumption 4(i).
ZFirst note that firms of type j > 1, even if they charge p}, would have an output of
zero. Thus the residual demand facing all firms of type 1 charging p] is at least dlpy)

n
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such firms would supply @ and the residual demand at any higher price,
Pz, would be zero.

Next consider some p, > pj. Clearly, the number of type 1 firms charging
Dz is less than nq,. Otherwise, one of the type 1 firms would have a residual
demand that is less than or equal to (p ””) Since (p ”‘) < ¢ H(Py), this firm

d(p=)

T and have a proﬁt less than 71. Hence such a firm

d(p7)
n*

would supply at most

would have an incentive to deviate to p], when it can supply at least
and earn 7. Thus the total number of firms producing a strictly positive
amount is less than NQ, a contradiction.

We can then mimic step 3 of Proposition 1 to argue that all type 1 firms
( )

have an output level of . Finally, since type 1 firms exhaust the demand

at p}, producing a pos1t1ve amount is not profitable for other firms. [ |

Proof of the example following Proposition 6. Let there be two
types of firms with c¢1(q) = ¢ and c2(q) = g + ¢2, so that ¢} (0) < c(0).
There are 2 firms of type 1 and n? firms of type 2. The demand function is
q = 4 — p, and the residual demand function is as follows:

Suppose there are m firms charging p;. Then R;(P,Q) = ¢, if ei-

ther 32, _, ¢ < max|[0, d(pi) — 2, <p; k], OF pi=p GG > max|[0, d(p;) —

maX[O,d(pi)*Z q] max[O,d(pi)prk<pi

D ope<p: Q) and ¢; < — Pe<Pi _ Qtherwise, R;(P, Q) > qk}‘

Let o = 0.01, so that pj = 0.01 and p35 = 1.01.
Step 1. We first argue that for n? large enough, any possible equilibrium

m

must involve all firms of type 2 charging the price p5 and supplying the
whole of the residual demand coming to them.
la. We first claim that there cannot be an equilibrium where the output

level of some of the type 2 firms is zero. This follows since these firms can

d(pg) 20/2 l(pg) > 0

always charge p5 and obtain a residual demand of at least )

(follows from the nature of the residual demand function).

(from A3(ii)), A3(iv) and A4(i)). Given that (pl) < ¢ (p*), all such firms of type 1
a(p7)

must be supplying at least . The assertion now follows from an analogue of A3(ii).
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Next let

;L d(ps) —2¢5 (p3)
T —p2 *
ny + 2

d(p}) — 20’2_1(193))
nj + 2 '

—C(

1b. We then argue that there cannot be some p; (€ F) > p5, such that
some of the type 2 firms charge p; and supply a positive amount. Suppose to
the contrary that such a price exists. This implies that the total number of
type 2 firms charging p3, say 7, can be at most n5—1. Otherwise, the residual
demand facing these firms would be less than @. Since @ < 5 (ph),
all such firms would supply the demand coming to them and the residual
demand at any higher price, p;, would be zero.

Now consider some p; > p*. Clearly, if the number of firms charging p;
is large, then some of these firms would have a profit less than 7’. Hence
such a firm would have an incentive to deviate to p3, when it can earn at
least /. Thus, if the total number of type 2 firms is large, then all of them
must be charging p3.

Step 2. Next consider type 1 firms. For n? large, neither of these firms
can be charging p3, since, in that case, the profit of the type 1 firm will be
small, and it can do better by charging ¢, (0).

Step 3. Given step 2, the only possible equilibrium must involve both
the type 1 firms charging ¢4(0) = 1 and supplying 0'1_1(1) = 0.5 when they
have a profit of 0.25 each.

3a. Given that all type 2 firms are charging p3, in equilibrium the type
1 firms cannot be charging a price strictly greater than p3, since in that case
the type 1 firms will have no demand.

3b. Whereas if they charge a price strictly lower than ¢,(0), then their
profit will be lower compared to what they obtain from charging ¢4(0). This
follows since the maximum possible output of the other type 1 firm is ¢5(0),
so that for all p < ¢(0), the residual demand facing this type 1 firm is less
than ¢~1(0).

Step 4. We finally argue that both the type 1 firms charging ¢, (0) cannot
be an equilibrium. Since both the type 1 firms supply ¢, ' (1) = 0.5, the total
amount supplied by the type 2 firms will be 1.99 (= 4—p35—1). Next suppose
that a type 1 firms deviates to 1.02 (= p5+«). Given that the rationing rule
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is efficient, it can supply the residual demand 0.49 (= 4—p5 —a—1.99—-0.5)
and increase its profit level to 0.2597. Hence no equilibrium exists. [ |

Proof that Eq. (11) has a unique solution. Consider the negative of
the Jacobian of Eq. (11), [J], where the first row refers to the first firm
of type 1, the second row refers to the second firm of type 1, and so
on. Clearly, jrr = ¢(qu) — p*d(P*)111(qit, Yo0 2op dab — qat) and ezl =
—p*d(p*)v12(qit, > Dop dab — ¢i1), such that k refers to the appropriate firm
i of type I. Let [J!1,] denote the n — 1 x n — 1 matrix obtained from [J] by
deleting the first row and the first column.

For the Gale-Nikaido (1965) univalence theorem to hold, it is sufficient
to show that [J] is positive definite. (The other condition that Vi,1, g is
defined over a convex domain, is clearly satisfied.) Note that Yk, jr. = jk,
whenever z # k. Moreover, Yk, jerz > jr > 0 (this follows since Vi,l,
> 2op Gab — it > qir > 0, so that y12(gi, 2552 ¢5) <0, and v11(qi, 35 ¢5) —
M2(i; 22 45) < 0)- i

Define [J], such that, j;1 = ji, and, Vkl # 11, ju = ju. Let [J?2]
denote the n — 1 x n — 1 matrix obtained by deleting the second row and
second column of [j] Moreover, Vi, define ¢; = ji; — j; > 0. Finally, let
[Z] denote the matrix where, Ya # 1,2, 24, = jap and, Vb, z1p = 295 = 1.
Clearly, |Z| = 0.

The proof is by induction on the size of the matrix.

Induction Hypothesis: All principal minor of order m of [J] are positive.
Moreover, all principal minor of order m of [j ] such that the first row is kept
unchanged, are positive.

Clearly the induction hypothesis holds for m = 2. Next suppose that
it holds for m < n — 1. To show that it holds for m = n. Note that
|Jn| = 2| J?2 || +j1j2]Z| > 0, where the inequality follows from the induction
hypothesis and the fact that |Z| = 0. Next, |.J,,| = 1] |+]Jp| > 0, where
the inequality follows from the induction hypothesis and the previous step.

The argument for the principal minors of [J], and principal minors of [J]

where the first row is kept unchanged, are similar. [ |
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Proof of Lemma 1'. Notice that

W) 4y = prdpr)-

lim p*d(p”*)yi(

n—00 n—1

Proof of Lemma 2'. Suppose not, i.e. there is some [ such that

(n' = 1)gj + D nlq; < d(p"). (18)
i
Then
d(p*) _ d(p)
1< < . 1
qz_(nl—l)_n—l (19)
Next observe that
P (g, (' =g+ > n'q))
7
> p*d(p*)v1(q, d(p*)) (from Eq. (18) and since in this case 12 < 0)
d >k
> prdpim (2P i,d(p*)) (from Eq. (19) and the fact that v1; < 0)
n—
d(p* —~
cg(n(f )) (since n > M)
> ¢(q)) (from Eq. (19)). (20)
However, this violates Eq. (12). [ ]

Proof of Lemma 3'. Let the number of type [ firms charging p; be k,
where k > n;. First consider the case where none of the other firms charge
prices that are less than p;. Clearly, if all the type [ firms charging p;
produce identical amounts then the maximum profit of all such firms is
I%(ﬁi) - C(@). Since k > n;il, this is less than 7.

Now consider the case where the output level of all the firms charging
p; are not the same. Clearly, if the aggregate production by all such firms

is less than equal to d(p;), then some of the firms would be producing and
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selling less than @, and consequently would have a profit less than Z%(ﬁi) —
cl(%) < 7. Whereas, if the aggregate production of such firms is greater
than d(p;), then some firms would sell less than @, while their production
ﬁidliﬁi) _ Cl(d(gi))-

would be larger. Again their profit would be less than
Finally, if some of the other firms charge less than p;, then the residual
demand at p; would be even less than d(p;). We can now mimic the earlier

argument to claim that some of the firms charging p, would have a profit
ﬁid]gﬁi) _ Cl(d(gi))- u

less than

Proof of Proposition 7. Step 1. We first argue that all the firms must be
producing strictly positive amounts in equilibrium. Suppose to the contrary
that firm ¢ of type [ has an output level of zero.

(i) If the total production by the firms charging p* is less than d(p*) then
firm 4 of type [ can charge p*. Since p* > ¢/(0), its profit would increase if
it produces a sufficiently small amount.

(ii) Next consider the case where the total production by the firms charg-
ing p* is greater than d(p*). Without loss of generality let firms 1 to m
charge p*, and, moreover, let firm 1 (of type k) have a strictly positive level
of output, i.e. g1 > 0. Note that

0 (Qit, Yoa 2op Gab — Gil)
0q;1

o = PAE MO, 3 g) — (0)
j=1
(0,3 g;) — ch(0) (since cj(0) = ¢l (0))
j=1

m
> pd(pIm(que Y 4j) — ¢ lqw) (since y11 — y12 < 0),
j=2
_ Omu( @iy o0 2o Gab — Q1k) 0
9q1k

But then firm ¢ of type [ can charge p* and, by producing a sufficiently small
level of output, increase its profit level.

Step 2. We then argue that there cannot be some p; (€ F) > p* such
that some firms charge p; and supply a positive amount.

Suppose to the contrary that such a price exists. Then the total number
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of firms charging p* can be at most n** — 1. Suppose not. Clearly, the
aggregate production by these firms be less than d(p*). Hence, all firms
of type | must be producing ¢;'. But this implies that total production is
greater than d(p*). (This follows from the definition of n**). But this is a
contradiction. Thus the total number of firms is at most n** — 1. Moreover,
the aggregate output of these firms can be at most ¢ (this follows from the
definition of §).

Now consider some p; > p*. Clearly, the number of firms charging p; is
less than max; n;;. Since otherwise some of the firms charging p; would have
a profit less than 7. But such a firm can ensure a profit of at least 7 by
charging p* (since the aggregate output of the firms charging p* is at most
G). Thus the total number of firms producing a strictly positive amount is
less than ]\72, thus contradicting step 1. Hence all firms charge p*.

Step 3. We can mimic step 3 of the uniqueness part of Proposition 2
to claim that any equilibrium must be symmetric. Then, assuming that VI,
n! > 2, we have that Vi, l, >, 3 qab — @it > Gir-

Note that given steps 1 and 3, we can restrict attention to g;; such that,
Vi, b, >0 Db qab — @it > gy > 0, while solving Eq. (11).

Step 4. Next consider the game where all firms charge p* and compete
over quantities. Note that the profit function of the i-th firm of type I,
p*d(P*)Y(Gits 2ok 2 om Tem — Qi) — €i(qir), is continuous in the output levels
and strictly concave in g;;. Moreover, note that we can restrict attention to
strategy spaces of the form [0, ], where ¢ is such that p*d(p*) — ¢i(q) <
0, Yqg > §;. Since these are non-empty, compact and convex subsets of
Euclidean spaces, we can use the Debreu (A social equilibrium existence
theorem, Proceedings of the National Academy of Sciences 38, 1952, 886-
893.) fixed point theorem to argue that this game has a solution in pure
strategies. From step 1, this equilibrium must be interior. Moreover, given
that 3, n' > ]/\4\1, the equilibrium must involve an aggregate output greater
than d(p*), and hence will be characterized by Eq. (11). Therefore Eq. (11)
has a solution. Moreover, the solution is symmetric and characterized by
Eq. (12).

Step 5. We finally argue that the outcome described in Proposition 7

indeed constitutes an equilibrium.
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(i) Given Lemma 2’, no firm can increase its price and gain, as the
deviating firm will have no residual demand. Clearly, undercutting is not
profitable either.

(ii) We then argue that none of the firms can change its output level and
gain. Suppose firm i of type [ produces ¢;;, while the other firms stick to
the suggested output. We can argue as before that

Talga, (' = 1)qp + Y nlqh) = p*d(p*)y(qu, (' — Vg + Y nq}) — eilaa)
i i

Oy (qz'z,(nlfl)qlurzj-# nd
91

. . q;)
is concave in ¢; and 2= |gu=0 > 0. Then

O (qir, (n' — 1)q] + 32,7 q}) . . '
T A AL S A S AR
il j#l
(21)
Given Eq. (12), the firms have no incentive to change their output. Finally,
given that v(qi, 3,4 gj) is symmetric, all the firms of the same type must

be selling an identical amount. [ |

Proof of Lemma 4'. Suppose not, i.e. 3l such that lim, . ¢;(r) = D > 0.
Then we have that

Jim 7 (gi(r), (rn' = D)gi(r) + 3 rnlg5(r))
J#l
lim 51(gj(r), (rn' = 1)gj(r)) (since for rn' —1> 1, 15 < 0)
= 0 (from Assumption 6(vi))
< (D) = lim ¢j(g)(r)-

However, this is a contradiction. ]

Proof of Proposition 8. Recall, from Lemma 4, that lim, . ¢;(r) = 0,
V1. Hence lim, oo Y- ;717 ¢(r) = lim, o0 (rn! — 1)q)(r) + ST g (7‘)', vi.

(i) Suppose to the contrary that for some [, < (rnl—l)q{(r)%—zj# rnd q;(r) >
does not diverge. Then there is a convergent subsequence < r; > such that
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limg— o0 (rint — 1)q) (1) + >4l rknjqé»(rk) = X, where X is finite. Then

Jim p*d(p")y (qi (), (ren’ = D)agi(re) + 3 ran? (i)
i
*d *
= pX(p) (from Assumption 6(iv))
> 0=/(0)= klim e (q(ry)),

where the last equality follows from Lemma 4’. But this is a contradiction.

(ii) We show that for all I, there cannot be any subsequence of < (rn! —

Daq(r)+34 rn’ q;j(r) > that either diverges, or converges to some limit dif-
ferent from d(p*) c,p(:)). To begin with suppose that for some I, lim, o (rn! —

Daq(r) + X4 rnqu. (r) diverges to co. From Eq. (12) it follows that

. * * l j :
Tim p*d(p*)y1(gi(r), (rn' = )gi(r) + Y _rnlgi(r)) = lim cj(g(r)).
J#l
Given Assumption 6(v) and Lemma 4’, the above equation implies that
d(0) = 0, which is a contradiction. We can then mimic the earlier ar-

gument to claim that all convergent subsequences of < (rn! — 1)q)(r) +
> q;(r) > converge to d(p*)%. ]

Proof of Proposition 9. The idea of the proof is very similar to that in
Proposition 2.

Step A. Ezistence. Notice that since a < ¢5(0) — ¢} (0), it follows that
p; < ci(0), for all ¢ > 2. Thus no firm of type j, where j > 2 can profitably
charge a price of pj. For type 1 firms we can simply mimic the proof in
Proposition 2 to claim that they cannot have a profitable deviation.

Step B. We first argue that in equilibrium all firms of type 1 charge p*,

produce ¢} (n! — 1) and sell d(ﬁ).

must be producing strictly positive amounts in equilibrium. The proof
is in several steps.

Step 1. We first argue that all the firms of type 1 must be producing
strictly positive amounts in equilibrium. Suppose to the contrary that firm
i (of type 1) has an output level of zero. Consider the aggregate output

produced by all the firms charging pj.

47



(i) Suppose its less than d(p}). Let the i-th firm charge pj. Since pj >
d'(0), for a sufficiently small output level, the profit of firm ¢ would increase.

(ii) Next consider the case where the total production by the firms charg-
ing p} is greater than d(pj). Without loss of generality let these firms be
1,---,m, where m < i, and let g; > 0. Note that

Omi

aq,lqz:o = pid(p)(0,> q;) —(0)

J=1

m
> prd(p)m(a, ) g5) — ¢ (@) (since y11 — 712 < 0),
j=2
Oq
But this implies that firm 7 can increase its output slightly and gain.

Step 2. We then argue that there cannot be some p; (€ F) > p} such
that some firms of type 1 charge p; and supply a positive amount.

Suppose to the contrary that such a price exists. This implies that the
total number of type 1 firms charging pj, say n, can be at most nj — 1.
Suppose not, i.e. let the number of such type 1 firms be n] or more. In that
case, if the aggregate production by these 7 firms is less than d(p}), then
all n firms must be producing ¢j. But this implies that total production is
greater than d(p7). (This follows from the definition of nj). But this is a
contradiction.

Now consider some p; > pj. Clearly, the number of type 1 firms charging
p? is less than 7). Thus the total number of type 1 firms producing a strictly
positive amount is less than M, thus contradicting step 1. Hence all firms
of type 1 must be charging pj.

Step 3. Let ¢, denote the equilibrium output vector of type 1 firms. We
first establish that this vector must be symmetric. Suppose not, and without
loss of generality let Ga > ¢1 > 0, where both the firms are of type 1. Then,

on .k - - -
S s = Pl (@, Y @) - (@)
q1 i1
> pid(p)n(Ge, > @) — ¢ (G2) (since 11 — 712 < 0)
i#2
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Oy
= = 22
8q2 |q ( )

. . .. . . e Imi|. . Oma|.
This, however, is a contradiction, since in equilibrium i j=0= B0 |g-

Step 4. Finally, we argue that there cannot be another symmetric equi-
librium where the (common) output level of the firms is different from
¢;(n' —1). Clearly, in any symmetric equilibrium, the production level
of all the firms must satisfy

pid(p)m (g, (n' —1)q) = ci(q).

It is easy to see that this equation has a unique solution. The argument is
similar to that for the uniqueness of ¢’(n — 1).

Finally, since type 1 firms exhaust the demand at pJ, the output level of
all firms of other types must be zero. [ |

Proof of Proposition 10. FEzistence. We first argue that the quantity
decisions are optimal. Let p’ denote the lowest price in {P}. Given A3(v),
Rp/(P, @p,(P)) is well defined. Next, given the quantity decisions of the
other firms, the output decisions of the firms charging p’ are clearly optimal.
Next from A3(iv), RP' (P, Qp,) is well defined. Moreover, given the quantity
decisions of the other firms, the output decisions of the firms charging p; are
clearly optimal.

Next note that the stage 2 strategy implies that if, in stage 1, all the
firms charge p*, then, in stage 2, all the firms produce @. Similarly, if
in stage 1, (n — 1) of the firms charge p*, while one of the firms charges a
price strictly greater than p*, then, in stage 2, the firms charging p* produce

d(p*)
n—17

The pricing decision is also optimal since if any of the firms increase its

while the output level of the other firm is zero.

price then, in stage 2, the output level of the other firms are such that the
deviant firm has zero residual demand.

Uniqueness. It is easy to see that we cannot have an equilibrium where
the output level of some of the firms is zero, since it can always charge p*
. d(p*)
in stage 1 and supply —— in stage 2.

n
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Next observe that the definitions of 7, n; and n* are valid for this case
also. Hence we can mimic step 2 of the uniqueness part of Proposition 1 to
argue that the only price that is sustainable in equilibrium is p*. Finally,
we can mimic step 3 of Proposition 2 to argue that all firms supply exactly
a0, m

n
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