
Anderson, Edward; Holmberg, Pär

Working Paper

Price instability in multi-unit auctions

IFN Working Paper, No. 1095

Provided in Cooperation with:
Research Institute of Industrial Economics (IFN), Stockholm

Suggested Citation: Anderson, Edward; Holmberg, Pär (2015) : Price instability in multi-unit auctions,
IFN Working Paper, No. 1095, Research Institute of Industrial Economics (IFN), Stockholm

This Version is available at:
https://hdl.handle.net/10419/129646

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/129646
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


 

Research Institute of Industrial Economics  
P.O. Box 55665  

SE-102 15 Stockholm, Sweden 
info@ifn.se 
www.ifn.se 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
IFN Working Paper No. 1095, 2015 
 
 
Price Instability in Multi-Unit Auctions    
 
Edward Anderson and Pär Holmberg  
 



Price instability in multi-unit auctions∗

Edward Anderson†and Pär Holmberg‡

November 23, 2015

Abstract

We consider a procurement auction, where each supplier has private
costs and submits a stepped supply function. We solve for a Bayesian Nash
equilibrium and show that the equilibrium has a price instability in the sense
that a minor change in a supplier’s cost sometimes result in a major change
in the market price. In wholesale electricity markets, we predict that the
bid price of the most expensive production unit can change by 1-10% due to
price instability. The price instability is reduced when suppliers have more
steps in their supply functions for a given production technology. In the
limit, as the number of steps increases and the cost uncertainty decreases,
the Bayesian equilibrium converges to a pure-strategy NE without price
instability, the Supply Function Equilibrium (SFE).
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1 Introduction

Each year multi-unit auctions trade divisible-goods worth trillions of dollars, for
example in wholesale electricity markets and treasury bond auctions. Most multi-
unit auctions are organized as uniform-price auctions, where each accepted bid
is transacted at the clearing price. The bidding format is typically such that
each bidder submits a set of bids that together form a stepped bid function. Von
der Fehr and Harbord (1993) showed that this type of bidding format introduces
price instability; in procurement auctions there are large changes in bid prices for
small realized changes in the production cost of a supplier. They therefore argued
that approximating Nash equilibria (NE) of stepped supply functions by smooth
supply function equilibria (SFE), as in Green and Newbery (1992), is inappropriate
since this approximation cannot capture price instability. However, suppliers in
von der Fehr and Harbord (1993) can only choose one bid price for their whole
production capacity and Newbery (1998) conjectured that the price instability
would become smaller with more steps in the bid functions and disappear in the
limit when the number of steps increases towards infinity. In this paper we analyse
the price stability issue in detail and we are the first to prove that Newbery’s
conjecture is correct. However, our results also predict that the price instability
can be significant in practice where the number of steps is finite. We focus on
procurement auctions, but results are analogous for sales auctions.
The mechanism behind von der Fehr and Harbord’s result is similar to the

Bertrand-Edgeworth game (Edgeworth, 1925). A supplier would find it optimal to
undercut a competitor’s bid unless the bid price is suffi ciently uncertain or unless
its mark-up is non-positive.1 If the cost uncertainty is small, the bid price variation
therefore needs to be much higher than the cost variation in equilibrium, i.e.
price instability. In the limit where the cost uncertainty is zero, price instability
corresponds to a mixed-strategy NE as in von der Fehr and Harbord (1993).2

We consider cases where each producer submits a set of bids that together form a
stepped supply function. Thus the quantity increment of each bid becomes smaller
when each bidder submits supply functions with more steps. This decreases the
incentive to undercut one of the competitor’s bid prices, because there is less to
gain from undercutting if it has less impact on sales. This explains our convergence
result: the bid price uncertainty of each bid can be smaller if bidders make more
bids with smaller quantity increments.

1Von der Fehr and Harbord (1993) consider uniform-pricing, which is different to the Bertrand
model. Unlike the Bertrand model, there are cases where asymmetric pure-strategy Nash equi-
libria with positive mark-ups can exist in von der Fehr and Harbord’s model. When demand
is suffi ciently certain and one producer is suffi ciently dominating, then there is a pure-strategy
equilibrium where the dominating supplier makes an offer at the reservation price which is ac-
cepted. The competitor bids at a suffi ciently low price to avoid that the dominating supplier
undercuts. Fabra et al. (2006) generalize this type of NE to cases with multiple bids per bidder
that form stepped supply functions.

2This is in accordance with Harsanyi’s (1973) purification theorem, which generally proves
that a mixed strategy NE corresponds to a Bayesian NE where small changes in an agent’s
private payoff has a large impact on its chosen equilibrium action.
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We generalize von der Fehr and Harbord’s (1993) model by considering a pro-
curement auction where each supplier sells a number of homogenous indivisible
units. Indivisible units could arise from restrictions in the bidding format, which
we are interested in, but also from constraints and non-convexities in the produc-
tion technology. Each supplier offers each of its indivisible units at a unit price.
Suppliers have private and independent costs; each supplier receives a signal with
full information about its own production costs, but is generally imperfectly in-
formed of the competitors’costs. A supplier makes a higher bid for a higher signal
(cost), which gives rise to a bid range for each indivisible unit of the supplier, as
illustrated in Fig. 1.
We show that if the cost uncertainty is suffi ciently small and indivisible units

are suffi ciently small, then there exists a Bayesian Nash equilibrium where the bid
ranges for the different units of a supplier will not overlap, as illustrated in Fig.
1. We call this property step separation. In this case we can explicitly solve for
equilibria in the multi-unit auction. We prove that this is the unique equilibrium
if the auctioneer’s demand is uncertain and suffi ciently evenly distributed. We
also show that the size of the bid range for a supplier’s unit n (the n’th cheapest
unit of a supplier) is approximately given by (I − 1) (pn − cn) /n, where I is the
number of symmetric producers and pn − cn is the approximate mark-up for the
unit. From this formula and stylized facts of wholesale electricity markets, we
predict that a minor change in the cost of the most expensive production unit
could change its bid by between 1% and 10%. We predict that price instability
will be less pronounced for less expensive units in wholesale electricity markets.
As conjectured by Newbery (1998), it follows from our results that the price

instability would decrease if each supplier was allowed to submit more bids. In
our model this corresponds to a reduction in the size of indivisible units. In the
limit where costs are common knowledge and units are infinitesimally small, our
Bayesian Nash equilibrium converges to Klemperer and Meyer’s (1989) smooth,
pure-strategy supply function equilibrium (SFE), which does not have this type of
price instability. This gives support to the use of smooth supply function equilibria
to approximate stepped supply function equilibria in wholesale electricity markets
(Anderson and Hu, 2008; Green and Newbery, 1992; Holmberg and Newbery,
2010) and treasury auctions (Wang and Zender, 2002). This type of equilibrium
convergence also appears to occur in practice. Empirical studies of the wholesale
electricity market in Texas (ERCOT) show that offers of the two to three largest
firms in this market, who submit many bids per supplier, roughly match Klemperer
and Meyer’s first-order condition for continuous supply functions, while the fit is
worse for small producers with fewer bids per supplier (Hortaçsu and Puller, 2008;
Sioshansi and Oren, 2007). Thus, the smooth supply-function approximation is
rough in some circumstances, and models that consider details in the bidding
format are sometimes preferable in practice (Kastl, 2011; Kastl, 2012; Wolak,
2007).
A supplier’s optimal set of bids for its indivisible units is determined from the

characteristics of its residual demand curve.3 When submitting its set of bids, a

3The residual demand at a specific price is given by demand at that price less competitors’
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Figure 1: Illustration of price instability where small variations in costs introduces
large changes in the bid prices of a supplier. Bid and marginal cost ranges of its
indivisible units are non-overlapping in this example. In addition, the maximum
bid of one unit equals the minimum bid of the next unit. We refer to this as
step-separation without gaps.

supplier’s residual demand curve is uncertain. This is due to uncertainties in the
auctioneer’s demand and/or uncertainties in competitors’ stepped supply func-
tions, because of imperfect knowledge of competitors’costs or because they ran-
domize their bids. A methodological contribution in this paper is that we develop
a discrete version of Anderson and Philpott’s (2002b) market distribution function
and Wilson’s (1979) probability distribution of the market price to characterize
the uncertainty of a producer’s residual demand. We also derive optimality con-
ditions for the best response of a producer facing a stochastic residual demand
process that has been characterized by a discrete market distribution function.
This new tool should be of general interest for theoretical and empirical studies of
auctions with multiple indivisible units. Kastl (2012) and Wolak (2007) present
related necessary optimality conditions; our main contribution is that we establish
suffi cient conditions for global optimality of stepped offers, which are crucial when
Nash equilibria are constructed in multi-unit auctions with indivisible units.
Similar to Holmberg et al. (2013), our equilibrium convergence proof partly

relies on the convergence theory for Ordinary Differential Equations (ODEs). How-
ever, note that Holmberg et al. (2013) prove convergence for the case when quan-
tities are chosen from a continuous set and bid prices are chosen from a discrete
set; a setting for which price instability is not an issue.4 In our model, as in von

sales as that price.
4Pure-strategy NE exists even if supply functions are stepped and costs are common knowl-

edge.
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der Fehr and Harbord (1993), bid prices are chosen from a continuous set, while
permissible quantities are discrete, which introduces price instability.
Except for Holmberg et al. (2013), our purpose, methodology and results

significantly depart from previous convergence studies of equilibria in multi-unit
auctions by for example Reny (1999) and McAdams (2003). These approaches use
existence of Nash equilibria for a discrete strategy space and equilibrium conver-
gence to establish that there exists equilibria in the limit game with a continuous
strategy space. Unlike them, we use a constructive approach to establish existence
by deriving expressions for the Nash equilibria. Because of the controversy raised
by von der Fehr and Harbord (1993) and Newbery (1998), we are interested in the
properties of the Nash equilibria in multi-unit auctions and the extent to which
they exhibit price instability.
There are a number of papers (Hortaçsu and McAdams, 2010; Rostek and

Weretka, 2012; Vives, 2011; Wilson, 1979) that analyse multi-unit auctions with
divisible-goods where bidders have private information and submit smooth bid
functions. Anwar (2006) and Ausubel et al. (2014) are more similar to our study
in that they analyse Nash equilibria of stepped bid functions. However, our main
contributions do not overlap with their results, because they do not explicitly
solve for Nash equilibria in this setting, quantify the price instability or prove
equilibrium convergence. In particular, the analysis of stepped bid functions in
Ausubel et al. (2014) is limited to cases where each bidder submits two bids.
We introduce the model in Section 2. In Section 3 we derive necessary and

suffi cient conditions, explicitly solve for Bayesian NE and prove equilibrium con-
vergence for our baseline model with a symmetric duopoly. Section 4 extends this
to multiple firms for the special case when costs are common knowledge. Section
4.1 uses stylized facts to predict price instability in wholesale electricity markets.
Section 5 concludes. All proofs are in the Appendix.

2 The model

In our baseline model, I = 2 producers compete in a single-shot game by bidding
in a uniform-price auction. Each firm hasN production units of equal size h with a
total production capacity q = Nh.5 Producers have private and independent costs.
The cost of each firm i is decided by a private signal αi, which is chosen by nature
and which is not observed by the competitor.6 There is no loss in generality in
assuming that the range of αi values is uniformly distributed on [0, 1], so that the

5Production capacities in our procurement setting corresponds to purchase constraints in
sales auctions. As an example, the U.S. Treasury auction has a 35% rule, which prevents anyone
from buying more than 35% of the auctioneer’s supply. This is to avoid a situation where a
single bidder can corner the market.

6Our results would change if suppliers’ costs were dependent. It is less critical whether a
producer receives a one-dimensional or multi-dimensional signal, such as a vector with individual
cost information for each of its production units. The Bayesian NE with step separation that
we solve for would still be the same as long as each unit has the same probability distribution
for its costs, even if the production costs of a supplier’s units are imperfectly correlated.
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probability distribution of a signal is G (αi) = αi.7 We assume that suppliers are
symmetric ex-ante; the marginal cost for the n’th unit of firm i is given by cn(αi).
We suppose that cn(αi) is weakly and continuously increasing in αi and strictly
increasing in n. In the special case where costs do not depend on signals, i.e.
costs are common knowledge among producers, independent signals effectively act
as randomization devices that help producers to independently randomize their
strategies in a mixed-strategy NE, as in the purification theorem by Harsanyi
(1973). We write Cn(αi) = h

∑n
m=1 cm(αi) for the total cost for producer i of

supplying an amount nh. We assume that the highest marginal cost, cN(1), is
strictly smaller than the reservation price p. In Section 4, we extend the duopoly
model to multiple suppliers.
We consider Bayesian Nash equilibria, where each producer i first observes

its signal αi and then chooses an optimal bid price pin(αi) for each unit n ∈
{1, . . . , N}. We consider cases where pin(αi) is a continuous, piece-wise smooth,
strictly increasing function of its signal αi and strictly increasing with respect to
the unit number n. Thus outcomes where a sharing rule is needed to clear the
auction can be neglected.
Given a value of αi, we can calculate the stepped supply of firm i as a function

of price as follows:
si(p, αi) = h sup{n : pin(αi) ≤ p}.

Note that si(p, αi) is a weakly decreasing function of αi and weakly increasing
with respect to p.
Similar to von der Fehr and Harbord (1993), we assume that demand is un-

certain and inelastic up to the reservation price. The demand shock β is realized
after producers have submitted their bids and is independent of producers’sig-
nals. In wholesale electricity markets the shock could correspond to uncertainty
in consumers’demand (including own production, e.g. solar power) and uncer-
tainty in the output of renewable power (e.g. wind power) or must-run plants
from non-strategic competitors.8

We consider a similar discreteness on the demand side, which is natural if
the discreteness has been imposed by the bidding format. We assume that the
demand shock β can take values on the set Q (h) = {0, h, 2h, 3h..., 2Nh}, where
each element in the set Q (h) occurs with a positive probability. We let F (β) be
the probability distribution of the demand shock β, i.e. F (b) = Pr (β ≤ b) with
b ∈ Q (h), and let f (β) be the probability mass function f (b) = Pr (β = b) > 0
for b ∈ Q (h).
The auctioneer clears the market at the lowest price where supply is weakly

7Note that we are free to choose the cost parameterization to achieve this. Assume that there
is some signal α̃ with the probability distribution G̃ (α̃) and cost function c̃n(α̃), for which this
is not true. Then we can always define a new signal α = G̃ (α̃) and define a new cost function
cn(α) = c̃n(G̃

−1 (α)), which would satisfy our assumptions.
8There is an analogous supply shock in many multi-unit sales auctions. In treasury auctions

there is often an uncertain amount of non-competitive bids from many small non-strategic in-
vestors (Wang and Zender, 2002; Rostek et al., 2010). Thus the remaining amount of treasury
securities available to the large strategic investors is uncertain.
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larger than demand.

p = inf {r : β ≤ s1(r, α1) + s2(r, α2)} .

We consider a uniform-price auction, so all accepted offers are paid the clearing
price p. Thus, the payoff of a producer i selling n units at price p is:

πi = pnh− Cn(αi).

3 Analysis

3.1 Optimality conditions

We start by deriving the best response of a producer to a stochastic residual
demand. As a characterization of the residual demand, we let Ψi (n, p) be the
probability that the offer of the nth unit of producer i is rejected if offered at the
price p. This probability depends on the random demand shock β and the cost
signal αj of the competitor j 6= i. Thus

Ψi (n, p) = Pr(β − sj(p, αj) < nh).

It follows on our assumptions that Ψi (n, p) will be continuous and piecewise
smooth as a function of p. This probability is a discrete version of Anderson and
Philpott’s (2002b) market distribution function, which corresponds to Wilson’s
(1979) probability distribution of the market price. We can now show that

Lemma 1

∂πi (r1, r2, ...rN , αi)

∂rn
= nh (Ψi (n+ 1, rn)−Ψi (n, rn)) (1)

−∂Ψi (n, rn)

∂rn
h (rn − cn(αi)) ,

provided that ∂Ψi(n,rn)
∂rn

exists.

In the case where the left and right derivatives of ∂Ψi(n,rn)
∂rn

do not match, then
it is easy to see that (1) will still hold provided we choose either left or right
derivatives consistently. The result in (1) can be interpreted as follows. Assume
that firm i increases the offer price of its unit n, then there are two counteracting
effects on the expected pay-off. The revenue increases for outcomes when the
offer for unit n is price-setting, which occurs with the probability Ψi (n+ 1, rn)−
Ψi (n, rn). Thus the first term in (1) corresponds to a price-effect; the marginal
gain from increasing the bid price of the nth unit if acceptance was unchanged.
On the other hand, a higher bid price means that there is a higher risk that the
offer of the nth unit is rejected. This is the quantity effect. The marginal loss
in profit is given by the increased rejection probability ∂Ψi(n,rn)

∂rn
for the nth unit
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times the pay-off from this unit when it is on the margin of being accepted. Thus
∂πi(r1,r2,...rN ,αi)

∂rn
equals the price effect minus the loss related to the quantity effect.

We can identify the right-hand side of (1) as being a discrete version of An-
derson and Philpott’s (2002b) Z function for uniform-price auctions.9 Thus we
define:

Definition 1

Zi (n, rn, αi) = nh (Ψi (n+ 1, rn)−Ψi (n, rn))− ∂Ψi (n, rn)

∂rn
h (rn − cn(αi)) , (2)

where we take the right hand derivative of Ψi if left and right derivatives do not
match.

Hence, Zi (n, rn, αi) is the right hand derivative of πi with respect to rn, which
is independent of other bid prices rm, where m 6= n. We use Z−i (n, rn, αi) to
denote the left hand derivative of πi (r1, r2, ...rN , αi) in the following result.

Lemma 2 A set of bids {r∗n}
N
n=1 is globally optimal for producer i for signal αi if:

Zi (n, rn, αi)
≤ 0 for rn ≥ r∗n
≥ 0 for rn < r∗n.

(3)

If πi is differentiable at r∗n then a necessary condition for bids {r∗n}
N
n=1 to be optimal

for signal αi is
Zi (n, r

∗
n, αi) = 0.

In case, the left and right derivatives differ at r∗n, the necessary condition general-
izes to

Zi (n, r
∗
n, αi) ≤ 0 and Z−i (n, r∗n, αi) ≥ 0.

Intuitively, we can interpret Lemma 2 as follows: an offer r∗n (αi) is optimal for
unit n for signal αi if the quantity effect dominates for all prices above r∗n (αi) and
the price effect dominates for all prices below this price.

3.2 Necessary properties of an equilibrium

In this subsection, we use the optimality conditions to derive necessary properties
of an equilibrium. We will show that in many cases the equilibrium must have
the property that the lowest bid in the bid range of unit n is at exactly the same
price as the highest offer in the bid range for the previous unit n − 1. We first
prove that there are no gaps between the bid price ranges of successive units of a
supplier.

Lemma 3 In a Bayesian Nash equilibrium, pik−1 (1) ≥ pik (0) for each k ∈ {2, . . . , N},
i.e. there are no gaps between the bid ranges of successive units of a supplier
i ∈ {1, 2}. Moreover, for the highest realized cost, the highest bid of supplier
i ∈ {1, 2} is at the reservation price, i.e. piN (1) = p.

9Note that we have chosen our Z function to have a sign opposite to Anderson and Philpott
(2002b). Thus there is also a corresponding change in our optimality conditions.
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This result is established by showing that if player i has a gap with pik−1 (1) <
pik (0) so there is no offer in this range of prices, then player j 6= i can always
improve an offer in this range by increasing it. Thus, in equilibrium, there will
also be a matching gap in the offer of player j. But this implies that player i will
gain from increasing the bid pik−1 (1). This contradicts the optimality of player i’s
bids.
Next, we will show that price ranges of successive units do not overlap; a prop-

erty we call step separation. However, proving this requires additional conditions
on costs and the demand uncertainty. The first condition we make use of is related
to the cost functions where we require successive units of supplier i ∈ {1, 2} not
to have overlapping ranges for their marginal costs, as illustrated in Fig. 1.
Assumption 1: For all n = 2...N and α ∈ (0, 1)

cn−1(α) < cn(0). (4)

In order to characterize the uncertainty of the auctioneer’s demand, we find it
useful to introduce:

Definition 2
τm =

f(mh)− f((m− 1)h)

f((m− 1)h)
. (5)

Note that both f(mh) and f((m− 1)h) are non-negative, so τm ≥ −1.
Assumption 2: Demand is suffi ciently evenly distributed so that

|τm| < 1/(3m) (6)

for m ∈ {2, . . . , 2N}.

Lemma 4 Under Assumption 1 and 2, bid ranges for successive units of sup-
plier i ∈ {1, 2} do not overlap in an equilibrium, i.e. pik−1 (1) ≤ pik (0) for
k ∈ {2, . . . , N}.10

It follows from Lemma 3 and Lemma 4 that equilibria must necessarily have
step separation without gaps, as illustrated in Fig. 1, if cost uncertainty is suffi -
ciently small and the demand density is suffi ciently even. In this case, we can also
prove that the Bayesian equilibrium must be symmetric.

Lemma 5 Under Assumption 1 and 2, the Bayesian NE must be symmetric, i.e.
p1
n (α) = p2

n (α) for α ∈ [0, 1] and n ∈ {1, . . . , N} .
10Lemma 10 in the Appendix proves that this statement would also hold for a less stringent,

but also more complex inequality than (6).
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3.3 Existence results

In the previous section we derived necessary properties for an equilibrium - sym-
metry and step separation without gaps - for cases where the cost uncertainty
is suffi ciently small and the demand shock is suffi ciently evenly distributed. In
this section we establish existence of such an equilibrium for a weaker assumption
on the demand uncertainty by explicitly solving for a symmetric Bayesian Nash
equilibrium with step separation and no gaps. If the stricter condition in (6) is
satisfied, then we can prove that this equilibrium is the unique Bayesian NE.

Proposition 1 The set of solutions {pn (α)}Nn=1 as defined by the end-conditions

pN (1) = p

pn (1) = pn+1 (0) ∀n ∈ {1, . . . , N − 1}

and

pn (α) = pn (1)
(ατ 2n + 1)1/(nτ2n)

(τ 2n + 1)1/(nτ2n)

+ (ατ 2n + 1)1/(nτ2n)

∫ 1

α

cn(u) (uτ 2n + 1)−1/(nτ2n)−1

n
du (7)

constitutes a symmetric Bayesian Nash equilibrium, if Assumption 1 is satisfied
and

|mτm+n̂ − (m− 1) τm−1+n̂| ≤ 1 (8)

for all (m, n̂) ∈ {1, . . . , N} × {1, . . . , N}. The equilibrium is unique if, in ad-
dition, Assumption 2 is satisfied. Mark-ups are strictly positive in equilibrium,
pn (α) > cn(α) for α ∈ [0, 1].

Note that the condition in (8) is always satisfied if indivisible production units
are suffi ciently small. In the special case when demand is uniformly distributed
(τ 2n → 0), then (7) can be simplified to:

pn (α) = pn (1) e
α−1
n +

∫ 1

α

cn(u)e
α−u
n

n
du.

Proposition 1 simplifies as follows when costs are common knowledge. In this
limit of our model, the private signals do not influence costs; they are simply used
as randomization devices by the producers when choosing their bids. Thus our
symmetric Bayesian Nash equilibrium corresponds to a symmetric mixed-strategy
Nash equilibrium.

Corollary 1 The set of solutions {pn (α)}Nn=1 as defined by the end-conditions

pN (1) = p,

pn (1) = pn+1 (0) ∀n ∈ {1, . . . , N − 1} ,
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and

pn (α) = (pn (1)− cn)

(
ατ 2n + 1

τ 2n + 1

)1/(nτ2n)

+ cn, (9)

constitutes a symmetric mixed-strategy Nash equilibrium, if costs are common
knowledge and

|mτm+n − (m− 1) τm−1+n| ≤ 1 (10)

for all (m,n) ∈ {1, . . . , N}×{1, . . . , N}. The equilibrium is unique if, in addition,
Assumption 2 is satisfied.

3.4 Equilibrium convergence

The supply function equilibrium (SFE) is a pure-strategy Nash equilibrium of
smooth supply functions when costs are common knowledge and units are perfectly
divisible. We know from Holmberg (2008) and Anderson (2013) that there is a
unique symmetric supply function equilibrium for production capacities q when
inelastic demand has support in the range [0, 2q]. We let C̃ ′ (Q) be the marginal
cost of the divisible output Q. The unique, symmetric SFE for duopoly markets
can be determined from Klemperer and Meyer’s (1989) differential equation

P ′ (Q) =
P (Q)− C̃ ′(Q)

Q
(11)

and the boundary condition P (q̄) = p. Note that we have rewritten the differential
equation so that it is on the standard form. In this section we will refer to the
solution of this differential equation as the continuous solution.
In this subsection we consider the special case where costs of the indivisible

units are common knowledge; this is in line with standard SFE models and the
model in von der Fehr and Harbord (1993). Hence, it follows from Corollary 1 and
pn−1 (1) = pn (0) that equilibrium bids for the highest signal can be determined
from the following difference equation:

pn−1 (1) = (τ 2n + 1)−1/(nτ2n) (pn (1)− cn) + cn. (12)

A solution to this difference equation is referred to as a discrete solution.
In the equilibrium convergence proof below, we consider a sequence of auctions

with successively smaller units h and larger N = q
h
, such that the exogenous

shock distribution has a well-defined continuous probability density in the limit
f (b) = limh→0

f(b)
h
and where f

′
(β) /f (β) is bounded in the interval [0, 2q]. Below

we will show that mixed-strategy NE of auctions in this sequence converges to the
SFE model in the limit as the size of the indivisible production units h decreases
towards 0. Our convergence proof goes through similar steps as in the proof of
convergence of stepped pure-strategy NE by Holmberg et al. (2013).
We first show that the difference equation in (12) converges to Klemperer and

Meyer’s (1989) differential equation. This type of convergence is referred to as
consistency in the numerical analysis of differential equations (Le Veque, 2007).
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Lemma 6 The difference equation

pn−1 (1) = (τ 2n + 1)−1/(nτ2n) (pn (1)− cn) + cn (13)

can be approximated by

pn (1)− pn−1 (1) =
pn (1)− cn

n
− τ (pn (1)− cn)

2n
+O

(
h3
)

and is consistent with the differential equation in (11) if

nh → Q

cn → C̃ ′(Q)

and
cn < pn (1)

when h→ 0.

If we let the error be the difference between the continuous and discrete so-
lutions, then the convergence of the differential and difference equations (consis-
tency) ensures that the local error that is introduced over a short price interval
is reduced as the size of the production units, h, becomes small. However, this
does not ensure that the discrete solution will converge to the continuous solution
when h → 0, because accumulated errors may still grow at an unbounded rate
along a fixed interval as h becomes smaller and the number of production units
increases. Hence another step in the convergence analysis is to establish stability,
i.e. that small changes in pn (1) does not drastically change pn (0). This is verified
in the proposition below. The proposition also shows that the converging discrete
solution is a mixed-strategy equilibrium.

Proposition 2 Let P (Q) be the unique pure-strategy continuous supply function
equilibrium for divisible units, then there exists a corresponding mixed-strategy
NE for indivisible units with properties as in Corollary 1, which converges to the
continuous supply function equilibrium in the sense that pn (αi) → P (nh) when

h→ 0 and cn → C̃ ′(nh). If |f
′
(x)|

f(x)
< 1

3x
, i.e. the slope of the probability density of

the demand shock is relatively small in the limit, then this ensures that the mixed-
strategy NE is the unique equilibrium in the auction with indivisible units when
h→ 0.

As shown by Klemperer and Meyer (1989), the SFE for divisible units is ex-post
optimal and it does not depend on the demand shock distribution. This is different
to our model for indivisible units where equilibrium bids do depend on the demand
uncertainty when h > 0. If indivisible production units are suffi ciently small or if
demand shocks are suffi ciently uniformly distributed, then τm is close to zero, and
second-order effects are negligible. For such cases, Lemma 7 below establishes that
the bid price pn increases when the difference f(2nh) − f((2n− 1)h), and hence
τ 2n, increases. Recall that we consider a symmetric duopoly with step separation,
so the bid price of a supplier’s unit n, pn, is influenced by the properties of the
demand shock distribution near 2n units, which is captured by τ 2n.

12



Figure 2: Bids for the unique, symmetric mixed-strategy NE in a duopoly market
with uniformly distributed demand where each producer has 5 indivisible units,
each with the size 2.

Lemma 7 ∂pn(αi)
∂τ2n

∣∣∣
τ2n=0

≥ 0 for every n ∈ {1, . . . , N} and αi ∈ [0, 1]. The in-

equality is strict unless n = N and αi = 1.

We end this section with some simple examples. When the demand is uniformly
distributed (so τ 2n = 0), we obtain from (9) that:

pn (α) = (pn (1)− cn) e
α−1
n + cn.

We illustrate this formula in Figure 2 and Figure 3 for 5 and 20 units per firm,
respectively. In Figure 3 we also compare our equilibrium for indivisible units with
the supply function equilibrium for divisible goods. Formulas for the latter can be
found in Anderson and Philpott (2002a) and Holmberg (2008). The comparison
illustrates that the supply function equilibrium approximation works well in this
example.

4 Extension: Multiple firms

In this section we generalize results to I ≥ 2 firms for the special case when costs
are common knowledge. We use K = I − 1 to denote the number of competitors
of a supplier.

13



Figure 3: Bids for the unique, symmetric mixed-strategy NE in a duopoly market
with uniformly distributed demand where each producer has 20 indivisible units,
each with the size 0.5. The equilibrium is compared with an SFE for divisible-
goods.

Proposition 3 In an oligopoly market with I = K + 1 ≥ 2 symmetric producers
with costs that are common knowledge, the set of solutions {pn (α)}Nn=1 as defined
by the end-conditions

pN (1) = p

pn (1) = pn+1 (0) ∀n ∈ {1, . . . , N − 1}

and
pn (α) = cn + (pn (1)− cn) e−

∫ 1
α g(u)du/n, (14)

where α is a random variable that is uniformly distributed in the interval [0, 1] and

g (u) =

K−1∑
v=0

K!
(K−1−v)!v!

uv (1− u)K−1−v f ((n+ v +K(n− 1))h)

K∑
v=0

K!
v!(K−v)!

uv (1− u)K−v f ((n+ v +K(n− 1))h)

, (15)

constitutes a symmetric mixed-strategy NE, if

|mτm+Kn − (m− 1) τm−1+Kn| ≤ 1 (16)

for all (m,n) ∈ {1, . . . , N} × {1, . . . , N}.

(16) is satisfied when demand is suffi ciently close to a uniform distribution or
when units are suffi ciently small. In case demand is uniformly distributed, we
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have from Proposition 3 and the binomial theorem that

g (u) =

K
K−1∑
v=0

(K−1)!
(K−1−v)!v!

uv (1− u)K−1−v

K∑
v=0

K!
v!(K−v)!

uv (1− u)K−v

=
K (u+ 1− u)K−1

(u+ 1− u)K
= K.

This gives the result below, where the approximation in (18) follows from a Taylor
expansion of (14).

Corollary 2 In an oligopoly market with uniformly distributed demand and I =
K + 1 ≥ 2 symmetric producers with costs that are common knowledge among
bidders, the set of solutions {pn (α)}Nn=1 as defined by the end-conditions

pN (1) = p

pn (1) = pn+1 (0) ∀n ∈ {1, . . . , N − 1}

and
pn (α) = cn + (pn (1)− cn) eK(α−1)/n, (17)

where α is a random variable that is uniformly distributed in the interval [0, 1],
constitutes a symmetric mixed-strategy NE. The bid range of the mixed-strategy
NE can be approximated from:

pn (1)− pn−1 (1) =
(pn (1)− cn)K

n
+O

(
h2
)
. (18)

It follows from Corollary 2 that equilibrium bids for the highest signal can be
determined from the following difference equation:

pn−1 (1) = pn (0) = cn + (pn (1)− cn) e−K/n. (19)

Similar to the proof of Lemma 6 in the Appendix, we can use (18) to prove that
this difference equation is consistent with the first-order condition of an SFE for
multiple firms. It follows from Corollary 2 that

∂pn−1 (1)

∂pn (1)
= e−K/n ∈ [0, 1] , (20)

which ensures that the discrete solution is numerically stable also for multiple
firms. Thus we can use an argument similar to the proof of Proposition 2 to show
that the mixed-strategy NE in Corollary 2 converges to a pure-strategy SFE also
for I ≥ 2 firms.
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4.1 Price instability in wholesale electricity markets

In Figure 4, we illustrate Corollary 2 for 6 firms and 20 indivisible units per firm.
Each indivisible unit has the size 0.5, so that each firm has the maximum output
10. As expected from the theory on smooth SFE (Holmberg, 2008), this graph also
illustrates that mark-ups tend to be convex with respect to output in oligopoly
markets. This becomes even more pronounced in a more competitive market,
where mark-ups are essentially zero far below the production capacity and then
take off near the production capacity. This is consistent with hockey-stick bid-
ding that has been observed in practice, i.e. observed bid prices and estimated
mark-ups become drastically larger near the total production capacity of the mar-
ket (Hurlbut et al., 2004; Holmberg and Newbery, 2010). In this case, mark-ups
will be largest and the bid range will be widest for units with the highest mar-
ginal cost. Typically wholesale electricity markets have reservation prices in the
range $1.000-$100.000/MWh (Holmberg et al., 2013; Stoft, 2002), which normally
is significantly higher than the marginal cost of the most expensive unit. Mar-
ket concentration in wholesale electricity markets as measured by the Herfindahl
Hirschman Index (HHI) is typically in the range 1000-2000, both in Europe (New-
bery, 2009) and U.S. (Bushnell et al., 2008). This degree of market concentration
can be represented by 5-10 symmetric firms. From the discussion in Holmberg et
al. (2013) and Green and Newbery (1992), it is reasonable to assume that each
representative firm submits 50-500 bids each. From these stylized facts, it follows
from (18) that the bid range of the most expensive unit is significant, 1-10% of
the reservation price. However, it is rare that bids from the most expensive units
are accepted in wholesale electricity markets. Typically this only occurs 0.1% of
the time or even more seldom. The price instability is expected to be lower for
less expensive units that typically have smaller mark-ups. In practice producers
have sold some of their output in advance with forward contracts. As shown by
Newbery (1998) and Holmberg (2011) this lowers mark-ups in electricity markets,
and accordingly it should also mitigate price-instability.

5 Conclusions

We consider a procurement multi-unit auction where each supplier makes a bid
for each of its homogenous indivisible units. This set-up can represent restric-
tions in the bidding format, which is our main interest, but also restrictions in
the production technology, such as production constraints or non-convex costs.
Producers have private information on their costs. A producer submits a higher
bid for a unit when its costs are higher. This gives a bid range for each unit of the
supplier. We show that if the cost uncertainty is suffi ciently small and units are
suffi ciently small, then there exists a Bayesian Nash Equilibrium in which the bid
ranges for the different units of a supplier do not overlap. We call this property
step separation. In this case we can explicitly solve for equilibria in the multi-unit
auction. We prove that this is the unique equilibrium if the auctioneer’s demand
is uncertain and suffi ciently evenly distributed. This Bayesian NE has a price in-
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Figure 4: Bids for the unique, symmetric mixed-strategy NE bids in an oligopoly
market with 6 firms and uniformly distributed demand.

stability. A small cost change for a unit can have a much larger impact on the bid
price of the unit. The length of the bid range for a production unit n (which is the
n’th cheapest unit of a supplier) is approximately given by (I − 1) (pn − cn) /n,
where I is the number of producers and pn − cn is the approximate mark-up for
unit n. We estimate that minor cost changes can change the bid price of the most
expensive unit in wholesale electricity markets by 1-10%. We predict that the
price instability will be lower for cheaper units in electricity markets, and when
producers hedge their output by selling forward contracts.
As price instability worsens welfare for risk averse market participants, there

are advantages with market designs that mitigate price instability. The price
instability decreases when producers are allowed to submit more bids. We prove
that the Bayesian NE of our set-up converges to a pure-strategy, smooth supply
function equilibrium (SFE) without price instability when both the unit size and
cost uncertainty decreases towards zero. This result gives support to the use of
smooth SFE to approximate bidding with stepped supply functions in wholesale
electricity markets, as in Green and Newbery (1992). Previously, the convergence
of stepped SFE to smooth SFE has been established by Holmberg et al. (2013)
for cases where ticks-sizes are large and the size of indivisible units is small, so
that price instability is not an issue. We also believe that price instability can
be avoided in market designs with piece-wise linear supply functions, as in the
wholesale electricity markets in the Nordic countries, Nord Pool, and France,
Power Next.
The paper also contributes by introducing a discrete version of Anderson and

Philpott’s (2002b) market distribution function and Wilson’s (1979) probability
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distribution of the market price. We use this tool to characterize the uncertainty
in the residual demand of a producer. We also derive conditions for the globally
best response of a producer facing a given discrete market distribution function.
These conditions can be used in both empirical and theoretical studies of auctions
with multiple indivisible units.
Similar to SFE (Anderson, 2013; Holmberg, 2008) our uniqueness result relies

on the auctioneer’s demand varying in a suffi ciently wide range. More equilibria
would occur if this demand range was reduced. If demand was certain and pro-
duction capacities non-restrictive, then there is likely to be a continuum of similar
equilibria for indivisible units, as is the case for continuous SFE of divisible units
(Klemperer and Meyer, 1989). In this case, it has been popular in the literature
that analyses bidding formats with stepped bid functions to select the equilib-
rium that does not have price instability. When bidders’costs/values are common
knowledge this corresponds to selecting a pure-strategy NE, as in von der Fehr
and Harbord (1993), Kremer and Nyborg (2004a;2004b) and Fabra et al. (2006).
These NE are rather extreme, the market price is either at the marginal cost or
reservation price. Similar bidding behaviour has been observed in the capacity
market of New York’s electricity market, which is dominated by one supplier and
where the demand variation is small (Schwenen, 2012). Still, we are not convinced
that NE without price instability will always be selected when the demand vari-
ation is small. Especially as the price instability becomes smaller if bidders are
allowed to choose more steps in their supply functions. With suffi ciently many
steps, a market participant would not be able to notice the price instability in
markets or experiments, it would become negligible in comparison to erratic be-
haviour of the agents and other types of noise. Under such circumstances it does
not seem likely that price instability would be a reliable criterion for equilibrium
selection.

References

Anderson, E.J., 2013. On the existence of supply function equilibria. Mathematical
Programming 140(2), 323-349.
Anderson, E.J., Philpott, A. B., 2002a. Using supply functions for offering

generation into an electricity market. Operations Research 50(3), 477-489.
Anderson, E. J., Philpott, A.B., 2002b. Optimal offer construction in electric-

ity markets. Mathematics of Operations Research 27, 82—100.
Anderson, E. J., Xu, H., 2004. Nash equilibria in electricity markets with

discrete prices. Mathematical Methods of Operations Research 60, 215—238.
Anderson, E. J., Hu, X., 2008. Finding Supply Function Equilibria with Asym-

metric Firms. Operations Research 56(3), 697-711.
Ausubel, L.M., P. Cramton, M. Pycia, M. Rostek, and M. Weretka. 2014.

Demand Reduction and Ineffi ciency in Multi-Unit Auctions. Review of Economic
Studies 81(4), 1366-1400.
Bushnell, J., E. Mansur, and C. Saravia (2008).Vertical Arrangements, Market

Structure and Competition: An analysis of Restructured U.S. Electricity Markets.

18



American Economic Review 98(1), 237-266.
Edgeworth, F., Papers Relating to Political Economy. London: Macmillan,

1925.
Fabra, N., von der Fehr, N-H. M., Harbord, D., 2006. Designing Electricity

Auctions. RAND Journal of Economics 37(1), 23-46.
von der Fehr, N-H. M., Harbord, D., 1993. Spot Market Competition in the

UK Electricity Industry. Economic Journal 103(418), 531-46.
Genc, T., Reynolds, S., 2011. Supply Function Equilibria with Pivotal Elec-

tricity Suppliers. International Journal of Industrial Organization 29(4), 432—442.
Green, R.J., Newbery, D.M., 1992. Competition in the British Electricity Spot

Market. Journal of Political Economy 100(5), 929-53.
Harsanyi, J., 1973. Games With Randomly Distributed Payoffs: A New Ra-

tionale for Mixed Strategy Equilibrium Points. International Journal of Game
Theory 2, 1-23.
Holmberg, P., 2008. Unique supply function equilibrium with capacity con-

straints. Energy Economics 30, 148—172.
Holmberg, P. (2011). Strategic forward contracting in the wholesale electricity

market. Energy Journal 32(1), 169-202.
Holmberg, P. and Newbery, D.M., 2010. The supply function equilibrium and

its policy implications for wholesale electricity auctions. Utilities Policy 18(4),
209—226.
Holmberg, P., Newbery, D., Ralph, D., 2013. Supply Function Equilibria: Step

functions and continuous representations, Journal of Economic Theory 148(4),
1509-1551.
Hortaçsu, A. and McAdams, D., 2010. Mechanism Choice and Strategic Bid-

ding in Divisible Good Auctions: An Empirical Analysis of the Turkish Treasury
Auction Market. Journal of Political Economy 118, 833-865.
Hortaçsu, A., Puller, S., 2008. Understanding Strategic Bidding in Multi-Unit

Auctions: A Case Study of the Texas Electricity Spot Market. Rand Journal of
Economics 39(1), 86-114.
Hurlbut, D., K. Rogas, and S. Oren. 2004. Hockey Stick Pricing: How the

Public Utility Commission of Texas is Dealing with Potential Price Gouging. The
Electricity Journal 17(3), 26-33.
Kastl, J., 2011. Discrete Bids and Empirical Inference in Divisible Good Auc-

tions. Review of Economics Studies 78, 978-1014.
Kastl, J., 2012. On the properties of equilibria in private value divisible good

auctions with constrained bidding. Journal of Mathematical Economics 48(6),
339-352.
Klemperer, P. D., Meyer, M.A., 1989. Supply Function Equilibria in Oligopoly

under Uncertainty. Econometrica 57(6), 1243-1277.
Kremer, I., Nyborg, K.G., 2004a. Divisible Good Auctions: The Role of Allo-

cation Rules. RAND Journal of Economics 35, 147—159.
Kremer, I., Nyborg, K.G., 2004b. Underpricing and Market Power in Uniform

Price Auctions. The Review of Financial Studies 17(3), 849-877.

19



LeVeque, R., 2007. Finite Difference Methods for Ordinary and Partial Differ-
ential Equations, Philadelphia: Society for Industrial and Applied Mathematics.
McAdams, D., 2003. Isotone Equilibrium in Games of Incomplete Information.

Econometrica 17, 1191-1214.
Newbery, D. M. (1998). Competition, contracts, and entry in the electricity

spot market’, RAND Journal of Economics 29 (4), 726-749.
Newbery, D.M., 2009. Predicting market power in wholesale electricity mar-

kets. EUI Working Paper RSCAS 2009/03.
Reny, P., 1999. On the existence of pure and mixed strategy Nash equilibria

in discontinuous games. Econometrica 67, 1029—1056.
Rostek, M. and Weretka, M., 2012. Price inference in small markets. Econo-

metrica 80(2), 687-711.
Rudkevich, A., Duckworth, M., Rosen, R., 1998. Modelling electricity pricing

in a deregulated generation industry: The potential for oligopoly pricing in poolco.
The Energy Journal 19(3), 19-48.
Schwenen, S., 2012. Strategic bidding in multi-unit auctions with capacity con-

strained bidders: The New York capacity market. European University Institute,
Florence, EUI Working Papers.
Sioshansi, R., Oren, S., 2007. How Good are Supply Function Equilibrium

Models: An Empirical Analysis of the ERCOT Balancing Market. Journal of
Regulatory Economics 31(1), 1-35.
Stoft, S., 2002. Power System Economics: Designing Markets for Electricity.

IEEE Press.
Wang, J. and J. Zender. 2002. Auctioning divisible goods. Economic Theory

19, 673-705.
Vives, X. 2011. Strategic supply function competition with private informa-

tion. Econometrica 79(6), 1919—1966.
Wilson, R., 1979. Auctions of Shares. Quarterly Journal of Economics 93(4),

675-689.
Wolak, F.A., 2007. Quantifying the Supply-Side Benefits from Forward Con-

tracting in Wholesale Electricity Markets. Journal of Applied Econometrics 22,
1179-1209.

Appendix A: Optimality conditions

In the proofs, we find it convenient to identify the values of α that give rise to bid
prices for given units n. We define

α̂i(p, n) = sup(αi : si(p, αi) ≥ nh), n = 1, 2..., N,

with α̂i(p, n) = 0 if si(p, 0) < nh. Thus α̂i is the probability that firm i will sell
at least n units at the clearing price p. It follows from our assumptions for pin(αi)
that α̂i is increasing, continuous and piece-wise smooth with respect to the price
and decreasing with respect to n. To simplify our equations, we set α̂i(p, 0) = 1
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and α̂i(p,N + 1) = 0. We let

∆α̂i(p, n) = α̂i(p, n)− α̂i(p, n+ 1) ≥ 0.

Thus ∆α̂i(p, n) is the probability that an αi value is chosen by nature such that
an agent will sell exactly nh units at price p.

Lemma 8 The expected profit of producer i for a set of bids {rn}
N
n=1 and a signal

αi is given by:

πi (r1, r2, ...rN , αi) =
N∑
n=1

(Ψi (n+ 1, rn)−Ψi (n, rn)) (nhrn − Cn(αi))

+
N∑
n=1

∫ rn+1
rn

∂Ψi(n+1,p)
∂p

(nhp− Cn(αi)) dp,

(21)

where we choose ∂Ψi(n+1,p)
∂p

to equal the right hand derivative of Ψi at the points
where left and right derivatives do not match.

Proof. We first calculate the probability that producer i sells exactly n units.
This can occur under two different circumstances. In the first case, rn is price-
setting. This occurs when the nth unit of producer i is accepted and the com-
petitor’s last accepted unit has a bid below rn. The probability for this event is
Ψi (n+ 1, rn)−Ψi (n, rn).
Next we consider the case where producer i sells exactly n units at a price

p ∈ (rn, rn+1), which is set by the residual demand of producer i. This occurs when
the nth unit of producer i is accepted and the competitor’s last accepted unit has
a bid in the interval (rn, rn+1). The probability that the competitor has its last
accepted bid in an interval [p, p+ ∆p] is given by Ψi (n+ 1, p+ ∆p)−Ψi (n+ 1, p).
When the derivative exists, this approaches ∂Ψi(n+1,p)

∂p
∆p as ∆p→ 0. Thus we can

write the total expected profit of the firm as in (21). By assumption Ψi (n+ 1, p)
has only isolated points where it is non-smooth, and consequently the choice of
derivative value at these points will not affect the integral.
Proof. (Lemma 1) We have from (21) that

∂πi (r1, r2, ...rN , αi)

∂rn
=

(
∂Ψi (n+ 1, rn)

∂rn
− ∂Ψi (n, rn)

∂rn

)
(nhrn − Cn(αi))

+nh (Ψi (n+ 1, rn)−Ψi (n, rn))

+
∂Ψi (n, rn)

∂rn
((n− 1)hrn − Cn−1(αi))

−∂Ψi (n+ 1, rn)

∂rn
(nhrn − Cn(αi)) ,

which can be simplified to (1).
Proof. (Lemma 2) Suppose (3) is satisfied and that there is another set

of bids {rn}
N
n=1, such that πi (r

∗
1, r
∗
2, ...r

∗
N , αi) < πi (r1, r2, ...rN , αi). This leads to

a contradiction, because it follows from (3) and (2) that ∂πi(r1,r2,...rN ,αi)
∂rn

≤ 0 for
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almost all rn ≥ r∗n and that
∂πi(r1,r2,...rN ,αi)

∂rn
≥ 0 for almost all rn ≤ r∗n. Thus

the profit must (weakly) decrease as the set of bids is changed from {r∗n}
N
n=1 to

{rn}
N
n=1. We realize that this change can be done in steps without violating the

constraint that bids must be monotonic with respect to n. Hence, the necessary
conditions follow straightforwardly from the definition in (1).
We can derive the following result for the duopoly market that we are studying.

This shows how Ψi and Zi can be expressed in terms of α̂j values.

Lemma 9 In a duopoly market

Ψi (n, p) =

N∑
m=0

∆α̂j(p,m)F ((n+m− 1)h) , (22)

and

Zi (n, rn, αi) = nh

N∑
m=0

∆α̂j(rn,m)f((n+m)h)

−h (rn − cn(αi))
N−1∑
m=0

∂α̂j (rn,m+ 1)

∂rn
f((n+m)h) (23)

where we interpret ∂α̂j
∂rn

as a right derivative where left and right derivatives differ.

Proof. An offer of n units at price p by producer i is rejected if the competitor
j 6= i offers exactlym units at the price p, which occurs with probability∆α̂j(p,m),
when demand at this price is less than n + m units, which has the probability
F ((n+m− 1)h). We get Ψi (n, p) in (22) by summing across all m ∈ {0, . . . , N}.
It now follows from Lemma 1 and (22) that

Zi (n, rn, αi) = nh

(
N∑
m=0

∆α̂j(rn,m)f((n+m)h)

)

−h (rn − cn(αi))

N∑
m=0

(
∂α̂j (rn,m)

∂rn
− ∂α̂j (rn,m+ 1)

∂rn

)
F ((n+m− 1)h)

= nh

(
N∑
m=0

∆α̂j(rn,m)f((n+m)h)

)

−h (rn − cn(αi))
N−1∑
m=−1

∂α̂j (rn,m+ 1)

∂rn
F ((n+m)h)

+h (rn − cn(αi))
N∑
m=0

∂α̂j (rn,m+ 1)

∂rn
F ((n+m− 1)h) .

which can be simplified to (23), because ∂α̂j(p,0)

∂rn
=

∂α̂j(p,N+1)

∂rn
= 0.
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Appendix B: Necessary properties of a duopoly
equilibrium

Proof. (Lemma 3) Assume to the contrary that pik−1 (1) < pik (0) for some
k ∈ {2, . . . , N}. Thus for any price in the range

(
pik−1 (1) , pik (0)

)
agent i sells

exactly (k − 1)h units. In other words ∆α̂i(p, k − 1) = 1 and ∆α̂i(p,m) = 0 for
p ∈

(
pik−1 (1) , pik (0)

)
and m 6= k − 1.

Now, first suppose that producer j makes some offer in this price range. Hence
there is some ñ, α̃ with p̃ = pjñ(α̃) ∈

(
pik−1 (1) , pik (0)

)
. Then ∂α̂i(p,m)

∂p
= 0 at p̃, and

so, from Lemma 9 and Definition 1,

Zj (ñ, p̃, α̃) =
∂πj (r1, r2, ...rN , α̃)

∂rñ
= ñh

N∑
m=0

∆α̂i(p̃,m)f((ñ+m)h)

= ñhf((ñ+ k − 1)h) > 0

because f((ñ+ k − 1)h) > 0 (we assume that every value of demand up to 2N is
possible). Hence producer j would gain from increasing its bid for unit ñ when
observing signal α̃. This cannot occur in equilibrium, and so we deduce that
there is no offer from producer j in the range

(
pik−1 (1) , pik (0)

)
. This implies that

∂α̂j(p,m)

∂p
= 0 for p in this range. With a similar argument as above, it now follows

that

Zi(k − 1, p, 1) =
∂πj (r1, r2, ...rN , 1)

∂rk−1

= (k − 1)h
N∑
m=0

∆α̂j(p,m)f((k − 1 +m)h)

= (k − 1)hf((2k − 2)h) > 0,

for p ∈
(
pik−1 (1) , pik (0)

)
. Hence, producer i will gain by increasing its bid for unit

k−1 when observing signal αi = 1. Hence the strategy is not optimal for producer
i and again we have a contradiction. We can use the same argument to rule out
that piN (1) < p.

Lemma 10 Under Assumption 1, bid ranges for successive units of supplier i ∈
{1, 2} do not overlap in an equilibrium, i.e. pik−1 (1) ≤ pik (0) for k ∈ {2, . . . , N},
if

f ((n− 2)h) < Γnf ((n− 1)h) and f ((n− 1)h) < Γnf (nh) (24)

where

Γn =

(
n− 1

n− 2

)
min [f ((n− 3)h) , f ((n− 2)h)]

max [f ((n− 2)h) , f ((n− 1)h)]

for n ∈ {3, . . . , N}.

Proof. We let piZ be the highest price at which there is an overlap for i, thus
we have piZ = piki−1 (1) > piki (0) for some ki, and pik−1 (1) ≤ pik (0) for k > ki.
Without loss of generality we can assume that piZ ≥ pjZ and we will need to deal
separately with the two cases piZ = pjZ and p

i
Z > pjZ .
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First we take the case that they are equal. By assumption, bid prices are
strictly increasing with respect to the number of units for a given signal, so
piki (1) > piZ > piki−2 (1) and piZ > pjkj−2 (1). Thus we may find p0 with piZ >

p0 > max{piki−2 (1) , pjkj−2 (1) , piki (0) , pjkj (0)}. In this case, we can identify signals
αjX , α

j
Y , α

i
X , α

i
Y in the range (0, 1), such that p0 = pjkj−1

(
αjX
)

= pjkj
(
αjY
)

=

piki−1 (αiX) = piki (αiY ) in the equilibrium. By assumption pin (α) is strictly increas-
ing with respect to n and α below the reservation price. Thus αiX > αiY and
αjX > αjY . Moreover,

α̂j (p0, n) =


1 for n ≤ kj − 2

αjX for n = kj − 1

αjY for n = kj
0 for n ≥ kj + 1,

and

∆α̂j (p0, n) =


0 for n ≤ kj − 1

1− αjX for n = kj
αjX − α

j
Y for n = kj

αjY for n = kj + 2
0 for n ≥ kj + 3.

It now follows from Lemma 9 that :

Zi
(
ki, p0, α

i
Y

)
= kih(1− αjX)f((ki + kj − 2)h) (25)

+kih
(
αjX − α

j
Y

)
f ((ki + kj − 1)h)

+kihα
j
Y f ((ki + kj)h)

−h
(
p0 − cki(αiY )

) kj∑
m=kj−1

∂α̂j (p0,m)

∂p
f ((ki +m− 1)h) ,

Zi
(
ki − 1, p0, α

i
X

)
= (ki − 1)h(1− αjX)f((ki + kj − 3)h) (26)

+(ki − 1)h
(
αjX − α

j
Y

)
f ((ki + kj − 2)h)

+(ki − 1)hαjY f ((ki + kj − 1)h)

−h
(
p0 − cki−1(αiX)

) kj∑
m=kj−1

∂α̂j (p0,m)

∂p
f ((ki +m− 2)h) .

From (24) we observe that

η =
(
αjX − α

j
Y

) (
Γki+kjf ((ki + kj − 1)h)− f ((ki + kj − 2)h)

)
(27)

+αjY
(
Γki+kjf ((ki + kj)h)− f ((ki + kj − 1)h)

)
> 0

We will write

fmax = max [f ((ki + kj − 2)h) , f ((ki + kj − 1)h)] ,

fmin = min [f ((ki + kj − 3)h) , f ((ki + kj − 2)h)] .
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Then

Γki+kj
(
p0 − cki(αiY )

) kj∑
m=kj−1

∂α̂j (p0,m)

∂p
f ((ki +m− 1)h)

=

(
ki + kj − 1

ki + kj − 2

)fmin

(
p0 − cki(αiY )

) kj∑
m=kj−1

∂α̂j (p0,m)

∂p

f ((ki +m− 1)h)

fmax︸ ︷︷ ︸
≤1



≤
(
ki + kj − 1

ki + kj − 2

)fmin

(
p0 − cki−1(αiX)

) kj∑
m=kj−1

∂α̂j (p0,m)

∂p

f ((ki +m− 2)h)

fmin︸ ︷︷ ︸
≥1


So we have from (25) and (27):

Γki+kjZi
(
ki, p0, α

i
Y

)
≥ kihΓki+kj(1− α

j
X)f((ki + kj − 2)h)

+kih
((
αjX − α

j
Y

)
f ((ki + kj − 2)h) + αjY f ((ki + kj − 1)h)

)
+ kihη

−h
(
ki + kj − 1

ki + kj − 2

)(p0 − cki−1(αiX)
) kj∑
m=kj−1

∂α̂j (p0,m)

∂p
f ((ki +m− 2)h)

 .

Now
(
ki+kj−1

ki+kj−2

)
≤
(

ki
ki−1

)
and so ki ≥

(
ki+kj−1

ki+kj−2

)
(ki − 1). We deduce from (26)

that

Γki+kjZi
(
ki, p0, α

i
Y

)
≥ kihΓki+kj(1− α

j
X) (f((ki + kj − 2)h)− f((ki + kj − 3)h))

+

(
ki + kj − 1

ki + kj − 2

)
Zi
(
ki − 1, p0, α

i
X

)
+ kihη. (28)

It follows from our assumptions that α̂j (p0,m) is piece-wise differentiable. We
consider a presumed equilibrium. Hence, provided that we do not choose p0 where
some α̂j (p0,m) is non-smooth, we deduce from the necessary conditions in Lemma
2 that

Zi
(
ki − 1, p0, α

i
X

)
= 0 (29)

and
Zi
(
ki, p0, α

i
Y

)
= 0. (30)

By assumption pin (α) is continuous with respect to α. Thus by choosing p0 below
and suffi ciently close to piZ , and thereby αX close enough to 1, we can ensure that
the right hand side of (28) is strictly greater than zero, which would contradict
(30). This leads to the conclusion that piZ = pjZ cannot occur in equilibrium.
The next step is to consider the case where piZ > pjZ . We choose p0 with

piZ > p0 > max{piki−2 (1) , piki (0) , pjZ}. In this case, we can identify signals αiX , αiY
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in the range (0, 1), such that p0 = piki−1 (αiX) = piki (αiY ). Moreover from Lemma
3 we can deduce the existence of mj and αj for which p0 = pjmj(α

j). Thus

α̂j (p0, n) =


1 for n ≤ mj − 1
αj for n = mj

0 for n ≥ mj + 1,

and

∆α̂j (p0, n) =


0 for n ≤ mj − 1

1− αj for n = mj

αj for n = mj + 1
0 for n ≥ mj + 2.

Now we can use Lemma 9 to show

Zi
(
ki, p0, α

i
Y

)
= kih

(
(1− αj)f((ki +mj − 1)h) + αjf ((ki +mj)h)

)
−h
(
p0 − cki(αiY )

) ∂α̂j (p0,mj)

∂p
f ((ki +mj − 1)h) ,

Zi
(
ki − 1, p0, α

i
X

)
= (ki − 1)h

(
(1− αj)f((ki +mj − 2)h) + αjf ((ki +mj − 1)h)

)
−h
(
p0 − cki−1(αiX)

) ∂α̂j (p0,mj)

∂p
f ((ki +mj − 2)h) .

The rest of the proof follows from a contradiction achieved using the same argu-
ment as above, with mj instead of kj and a single term

∂α̂j(p0,mj)

∂p
.

Proof. (Lemma 4) Below we show that (6) is suffi cient to satisfy the
conditions for Lemma 10. We can deduce immediately from Definition 2that
|τn| < 1/(3n) implies that:

f((n− 1)h) >

(
3n

3n+ 1

)
f(nh), (31)

and

f(nh) >

(
3n− 1

3n

)
f((n− 1)h). (32)

There are two inequalities in (24) that we need to establish. The first inequality
can be written

(n− 1)f ((n− 1)h) min [f ((n− 3)h) , f ((n− 2)h)]

> (n− 2)f ((n− 2)h) max [f ((n− 2)h) , f ((n− 1)h)] .

We have to check four cases.
(a) (n−1)f ((n− 1)h) f ((n− 3)h) > (n−2)f ((n− 2)h) f ((n− 2)h): From (31)
applied at n− 2 we have

f ((n− 3)h) >

(
3n− 6

3n− 5

)
f((n− 2)h) (33)
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and with (32) applied at n− 1 we have

f((n− 1)h) >

(
3n− 4

3n− 3

)
f((n− 2)h). (34)

Since

(n− 1)

(
3n− 6

3n− 5

)(
3n− 4

3n− 3

)
=

(
3n− 4

3n− 5

)
(n− 2) > n− 2,

we establish the inequality we require.
(b) (n−1)f ((n− 1)h) f ((n− 2)h) > (n−2)f ((n− 2)h) f ((n− 2)h): From (34)
we can deduce

(n− 1)f ((n− 1)h) >

(
n− 4

3

)
f((n− 2)h) > (n− 2)f((n− 2)h),

which immediately implies the inequality.
(c) (n−1)f ((n− 1)h) f ((n− 3)h) > (n−2)f ((n− 2)h) f ((n− 1)h): From (33)
we obtain

(n−1)f((n−3)h) > (n−1)

(
3n− 6

3n− 5

)
f((n−2)h) = (n−2)

(
3n− 3

3n− 5

)
f((n−2)h),

which immediately implies the inequality.
(d) (n − 1)f ((n− 1)h) f ((n− 2)h) > (n − 2)f ((n− 2)h) f ((n− 1)h): This is
immediate.
Now we turn to the other inequality, we need to establish:

(n− 1)f (nh) min [f ((n− 3)h) , f ((n− 2)h)]

> (n− 2)f ((n− 1)h) max [f ((n− 2)h) , f ((n− 1)h)] .

Again we have four cases to check.
(a) (n− 1)f (nh) f ((n− 3)h) > (n− 2)f ((n− 1)h) f ((n− 2)h): Using (32) and
(33) we have

(n− 1)f (nh) f ((2n− 3)h) (35)

> (n− 1)

(
3n− 1

3n

)(
3n− 6

3n− 5

)
f((2n− 1)h)f((n− 2)h). (36)

Since (n− 1) (3n− 1)− n(3n− 5) = n+ 1 > 0 we have (n− 1)
(

3n−1
n

) (
1

3n−5

)
> 1

which is enough to show the inequality we require.
(b) (n − 1)f (nh) f ((n− 2)h) > (n − 2)f ((n− 1)h) f ((n− 2)h): Since (n −
1) (3n− 1)−3n(n−2) = 2n+1 > 0, we deduce that (n−1)

(
3n−1

3n

)
> n−2. Then

the inequality follows from (32).
(c) (n − 1)f (nh) f ((n− 3)h) > (n − 2)f ((n− 1)h) f ((n− 1)h): From (31) at
n− 1 we see that

f((n− 2)h) >

(
3n− 3

3n− 2

)
f((n− 1)h). (37)
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Together with (35) we deduce that

(n− 1)f (nh) f ((n− 3)h)

>
(n− 1)

n

(
3n− 1

3n− 5

)(
3n− 3

3n− 2

)
(n− 2)f((n− 1)h)f((n− 1)h).

Since (n − 1)(3n − 1)(3n − 3) − n(3n − 5)(3n − 2) = 5n − 3 > 0, we have
(n−1)
n

(
3n−1
3n−5

) (
3n−3
3n−2

)
> 1 and the result is established.

(d)(n − 1)f (nh) f ((n− 2)h) > (n − 2)f ((n− 1)h) f ((n− 1)h): But from (32)
and (37) we deduce

(n− 1)f (nh) f ((n− 2)h) > (n− 1)

(
3n− 1

3n

)(
3n− 3

3n− 2

)
f((n− 1)h)f((n− 1)h).

However since (n− 1)(3n− 1)(3n− 3)− 3n(3n− 2)(n− 2) = 3n2 + 3n− 3 > 0 we
have (n− 1)

(
3n−1

3n

) (
3n−3
3n−2

)
> n− 2, and the inequality follows.

Lemma 11 Consider a duopoly market where each producer has step separation
without gaps in its bidding strategy and consider a price p where there is a unique
unit n̂ (p) such that α̂j(p, n̂) ∈ (0, 1), where producer j 6= i is the competitor of
producer i. In this case,

Zi (n, rn, αi) = nhα̂j (rn, n̂(rn)) (f ((n+ n̂(rn))h)− f ((n+ n̂(rn)− 1)h))

+nhf ((n+ n̂(rn)− 1)h)

−h (rn − cn(αi))
∂α̂j (rn, n̂(rn))

∂rn
(rn) f ((n+ n̂(rn)− 1)h) ,(38)

The first-order condition of a symmetric Bayesian Nash equilibrium, so that n̂(rn) =
n and α̂i(rn, n) = α̂j(rn, n) = α̂(rn, n) is given by:

(α̂(rn, n)τ 2n + 1)n = (rn − cn(α̂(rn, n)))
∂α̂ (rn, n)

∂rn
. (39)

Proof. For m < n̂(p) we have α̂j(p,m) = 1 and for m > n̂(p) we have
α̂j(p,m) = 0. Thus it follows from Lemma 9 that

Zi (n, rn, αi) = nh (α̂j (rn, n̂(rn))− 0) f ((n+ n̂(rn))h)

+nh (1− α̂j (rn, n̂(rn))) f ((n+ n̂(rn)− 1)h)

−h (rn − cn(αi))
∂α̂j (rn, n̂(rn))

∂rn
f ((n+ n̂(rn)− 1)h) ,

which gives (38). In a symmetric equilibrium n̂(rn) = n, which yields (39), because
the first-order condition is that Zi (n, rn, αi) = 0 and we can divide all terms by
hf ((2n− 1)h).
Proof. (Lemma 5) It follows from the necessary first-order condition im-

plied by (38) and Zi (n, rn, αi) = 0 that pin (αi) > cn(αi) for αi ∈ [0, 1] and
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n ∈ {1, . . . , N}. Using a similar argument as in the proof of Lemma 3, it can be
shown that firms must submit identical bids for the lowest cost realization, i.e.
p1

1 (0) = p2
1 (0). The two firms also have identical costs ex-ante, before signals have

been realized. Thus it follows from the Picard-Lindelöf theorem that the solution
of the symmetric system of differential equations implied by (38) can only have
a symmetric solution, such that p1

1 (α) = p2
1 (α) for α ∈ [0, 1]. Under the stated

assumptions, it follows from Lemma 3 and Lemma 4 that steps are necessarily
separated without gaps, so that pik (1) = pik+1 (0). Thus, we can repeat this argu-
ment N − 1 times to show that p1

1 (α) = p2
1 (α) for α ∈ [0, 1] and n ∈ {1, . . . , N} .

Appendix C: Existence results

Lemma 12 The first-order conditions for the symmetric Bayesian equilibrium
when cn (1) < pn (1) = pn+1 (0) has a unique symmetric solution for unit n:

pn (α) = pn (1)
(ατ 2n + 1)1/(nτ2n)

(τ 2n + 1)1/(nτ2n)

+ (ατ 2n + 1)1/(nτ2n)

∫ 1

α

cn(u) (uτ 2n + 1)−1/(nτ2n)−1

n
du

> cn(α),

where
p′n (α) > 0. (40)

Proof. In order to solve (39) we write the bid price as a function of the signal.
We have ∂α̂(rn,n)

∂rn
= 1

p′n(α)
where rn = pn (α) and α = α̂(rn, n). Thus

(ατ 2n + 1)n =
(pn (α)− cn(α))

p′n (α)

p′n (α)− pn (α)

(ατ 2n + 1)n
= − cn(α)

(ατ 2n + 1)n
. (41)

Next we multiply both sides by the integrating factor (α + 1/τ 2n)−1/(nτ2n).

p′n (α) (α + 1/τ 2n)−1/(nτ2n) − pn (α) (α + 1/τ 2n)−1/(nτ2n)−1

nτ 2n

= −cn(α) (α + 1/τ 2n)−1/(nτ2n)

(α + 1/τ 2n)nτ 2n

,

so
d

dα

(
pn (α) (α + 1/τ 2n)−1/(nτ2n)

)
= −cn(α) (α + 1/τ 2n)−1/(nτ2n)−1

nτ 2n

.
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Integrating both sides from α to 1 yields:

pn (1) (1 + 1/τ 2n)−1/(nτ2n) − pn (α) (α + 1/τ 2n)−1/(nτ2n)

=

∫ 1

α

−cn(u) (u+ 1/τ 2n)−1/(nτ2n)−1

nτ 2n

du,

so

pn (α) = pn (1)
(α + 1/τ 2n)1/(nτ2n)

(1 + 1/τ 2n)1/(nτ2n)

+ (α + 1/τ 2n)1/(nτ2n)

∫ 1

α

cn(u) (u+ 1/τ 2n)−1/(nτ2n)−1

nτ 2n

du,

which can be immediately written in the form of the Lemma statement. Thus

pn (α) ≥ pn (1)
(α + 1/τ 2n)1/(nτ2n)

(1 + 1/τ 2n)1/(nτ2n)
+

(α + 1/τ 2n)1/(nτ2n) cn(α)
[
− (u+ 1/τ 2n)−1/(nτ2n)

]1

α

= (pn (1)− cn(α))
(α + 1/τ 2n)1/(nτ2n)

(1 + 1/τ 2n)1/(nτ2n)
+ cn(α) > cn(α).

Finally, it follows from (41) that p′n (α) > 0, because we know from Definition 2
that ατ 2n + 1 ≥ 1− α ≥ 0.
Proof. (Proposition 1) The solution is given by the end-conditions and

Lemma 12 above. We will now verify that this is an equilibrium using the opti-
mality conditions in Lemma 2.
i) Prove that Zi (m, p, αi) ≤ 0 if p ∈ (pm (αi) , pm (1)). It is known from Lemma
12 that the first-order solutions are monotonic. Thus α̂i (p,m) ≥ αi and so
cm(α̂i (p,m)) ≥ cm(αi). Thus, it follows from Lemma 11 that

Zi (m, p, αi) ≤ mhα̂j (p,m) (f (2mh)− f ((2m− 1)h)) +mhf ((2m− 1)h)

−h (p− cm(α̂i (p,m)))
∂α̂j(p,m)

∂p
f ((2m− 1)h) = Zi (m, p, α̂i (p,m)) = 0.

(42)
ii) Prove that Zi (m, p, αi) ≤ 0 if p ∈ (pn (0) , pn (1)) where n > m. For any price
p ∈ (pn (0) , pn (1)), we can find some signal α̃i such that pn (α̃i) ≤ p. It follows
from the argument above that

Zi (n, p, α̃i)

f ((2n− 1)h)h
= nα̂j (p, n)) τ 2n + n− (p− cn(α̃i))

∂α̂j (p, n)

∂p
≤ 0. (43)

Now consider unit m < n with signal αi at the same price p.

Zi(m,p,αi)
f((n+m−1)h)h

= mα̂j (p, n) τn+m +m− (p− cm(αi))
∂α̂j(p,n)

∂p

≤ mα̂j (p, n) τn+m +m− (p− cm(1))
∂α̂j(p,n)

∂p
= Zi(m,p,1)

f((n+m−1)h)h
.

(44)
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We have from the inequality in (8) that α ((m+ 1) τn+m+1 −mτn+m) + 1 ≥ 0 for
α ∈ (0, 1), so

Zi(m,p,αi)
f((n+m−1)h)h

≤ Zi(m,p,1)
f((n+m−1)h)h

≤ (m+ 1) α̂j (p, n) τn+m+1 +m+ 1

− (p− cm+1(α̃i))
∂α̂j(p,n)

∂p
= Zi(m+1,p,α̃i)

f((n+m)h)h
.

(45)

Starting with (43), we can use the expression above, to recursively prove that

Zi (m, p, αi) ≤ 0,

if m ≤ n− 1.
iii) Prove that Zi (m, p, αi) ≥ 0 if p ∈ (pm (0) , pm (αi)). It is known from

Lemma 12 that the first-order solutions are monotonic. Thus α̂i (p,m) ≤ αi and
so cm(α̂i (p,m)) ≤ cm(αi). Thus, it follows from Lemma 11 that

Zi (m, p, αi) ≥ mhα̂j (p,m) (f (2mh)− f ((2m− 1)h)) +mhf ((2m− 1)h)

−h (p− cm(α̂i (p,m)))
∂α̂j(p,m)

∂p
f ((2m− 1)h) = Zi (m, p, α̂i (p,m)) = 0.

iiii) Prove that Zi (m, p, αi) ≥ 0 if p ∈ (pn (0) , pn (1)) where m > n. For any price
p ∈ (pn (0) , pn (1)), we can find some signal α̃i such that pn (α̃i) ≥ p. It follows
from an argument similar to (42) that

Zi (n, p, α̃i)

f ((2n− 1)h)h
= nα̂j (p, n) τ 2n + n− (p− cn(α̃i))

∂α̂j (rn, n)

∂p
≥ 0. (46)

Now consider unit m > n with signal αi at the same price p.

Zi(m,p,αi)
f((n+m−1)h)h

= mα̂j (p, n) τn+m +m− (p− cm(αi))
∂α̂j(p,n)

∂p

≥ mα̂j (p, n) τn+m +m− (p− cm(0))
∂α̂j(p,n)

∂p
= Zi(m,p,0)

f((n+m−1)h)h
.

(47)

We have from (8) that α (− (m− 1) τn+m−1 +mτn+m) + 1 ≥ 0 for α ∈ (0, 1), so

Zi(m,p,αi)
f((n+m−1)h)h

≥ Zi(m,p,0)
f((n+m−1)h)h

≥ (m− 1) α̂j (p, n) τn+m−1 +m− 1

− (p− cm−1(α̃i))
∂α̂j(p,n)

∂p
= Zi(m−1,p,α̃i)

f((n+m−2)h)h
.

(48)

Starting with (46), we can use the expression above, to recursively prove that

Zi (m, p, αi) ≥ 0,

if m ≥ n+ 1.
Finally, the uniqueness result follows from the necessary conditions in Lemma

3, Lemma 4 and Lemma 5. We can rule out symmetric equilibria where pN (α) = p
for some α ∈ [0, 1). This would imply that events where both firms have offers
at the reservation price at the same time would occur with a positive probability.
Due to the properties of the sharing rule, a firm would then find it profitable to
unilaterally deviate by slightly undercutting p for signal α.
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Appendix D: Equilibrium convergence

Proof. (Lemma 6) A discrete approximation of an ordinary differential equa-

tion is consistent if the local truncation error is infinitesimally small when the
step length is infinitesimally small (LeVeque, 2007). The local truncation error
is the discrepancy between the continuous slope and its discrete approximation
when values pn in the discrete system are replaced with samples of the continuous
solution P (nh). The difference equation can be written as follows:

pn−1 = (τ 2n + 1)−1/(nτ2n) (pn − cn) + cn

We have τ 2n = f(2nh)−f((2n−1)h)
f((2n−1)h)

, so τ 2n → f ′(2nh)h
f(2nh)

when h → 0. By assumption
f ′(2nh)
f(2nh)

is bounded, so τ 2n = O (h). By means of a MacLaurin series expansion we
obtain:

pn−1 = cn + (1− 1/n)
(

1 +
τ

2n

)
(pn − cn) +O

(
h3
)

pn−1 = cn +
(

1− 1/n+
τ

2n

)
(pn − cn) +O

(
h3
)

pn − pn−1

h
= (pn − cn) /(nh)− τ (pn − cn)

2nh
+O

(
h2
)
.

This gives a discrete estimate of the slope of the continuous solution if we
replace values in the discrete system are replaced with samples of the continuous
solution P (nh). To calculate the local truncation error, υn, subtract this discrete
estimate of the slope from the slope of the continuous solution, so

υn =
P (nh)− C ′(nh)

nh
− (pn − cn) /(nh) +O (h) , (49)

Hence, it follows from our assumptions that lim
h→0

υn = 0.

Proof. (Proposition 2) Lemma 6 states that the discrete difference equation

is a consistent approximation of the continuous differential equation. To show that
the discrete solution converges to the continuous solution, it is necessary to prove
that the stepped solution exists and is numerically stable, i.e., the error grows at
a finite rate over the finite interval [a, b], where a = C̃ ′ (0) and b = p. The proof is
inspired by LeVeque’s (2007) convergence proof for general one-step methods. It
follows from Lemma 6 that

dpn−1 (1)

dpn (1)
= (τ 2n + 1)−1/(nτ2n) =

1

(τ 2n + 1)1/(nτ2n)
∈ [0, 1] ,

because τ 2n + 1 ≥ 1 when τ 2n ≥ 0 and τ 2n + 1 ≤ 1 when τ 2n ≤ 0. Thus
we can introduce a Lipschitz constant λ = 1 (LeVeque, 2007) that uniformly

bounds
∣∣∣dpn−1(1)
dpn(1)

∣∣∣ for each h. Define the global error at the quantity nh by En =
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pn (1) − P (nh). It follows that the global error satisfies the following inequality
at the unit N − 1:∣∣EN−1

∣∣ = |pN−1 (1)− P (nh)| ≤ λ
∣∣EN

∣∣+ h
∣∣υN ∣∣ , (50)

where υN is the local truncation error as defined by (49). Similarly∣∣Ek
∣∣ = |pk (1)− P (kh)| ≤ λ

∣∣Ek+1
∣∣+ h

∣∣υk+1
∣∣ . (51)

Let υmax ≥
∣∣υk∣∣ for k ∈ {1, . . . , N}. From the inequality in (51) and λ = 1, we can

show by induction: ∣∣Ek
∣∣ ≤ λN−k

∣∣EN
∣∣+

N∑
m=k+1

h |υm|λm−k−1

≤
∣∣EN

∣∣+ (N − k − 1)hυmax

≤
∣∣EN

∣∣+Nhυmax =
∣∣EN

∣∣+ υmaxq.

(52)

The consistency property established in Lemma 6 ensures that the truncation error
υmax can be made arbitrarily small by decreasing h. Moreover, pN (1) = P (q) = p,
so
∣∣EN

∣∣ = 0. Thus from (52),
∣∣Ek
∣∣ → 0 when h → 0, proving that the discrete

solution converges to the continuous one.
We note that the inequality (8) is satisfied when h is suffi ciently small. Hence,

it follows from Corollary 1 that the discrete solution corresponds to a mixed-
strategy NE. The uniqueness condition corresponds to Assumption 2 when h→ 0.

Proof. (Lemma 7) We have from Corollary 1 that

pn (αi) = (pn (1)− cn)

(
αiτ 2n + 1

τ 2n + 1

)1/(nτ2n)

+ cn

It can be shown that

∂pn (αi)

∂τ 2n

∣∣∣∣
τ2n=0

= (pn (1)− cn)
e
1
n

(αi−1)

2n

(
1− α2

i

)
≥ 0.

Thus for the same or higher pn (1), a higher τ 2n will result in a higher pn (αi) if
h is suffi ciently small, so that τ 2n → 0. We have pN (1) = p irrespective of τ 2n.
Thus for symmetric mixed-strategy equilibria with step separation without gaps,
so that pn−1 (1) = pn (0), and suffi ciently small h, a weakly higher τ 2n will weakly
increase pn (αi) for n ∈ {1, . . . , N}.

Appendix E: Multiple firms

Consider an oligopoly market with I producers. Let ϕ−i (p,m) be the probability
that the K = I − 1 competitors of firm i together offer at least m units at price
p. We also introduce

∆ϕ−i (p,m+ 1) = ϕ−i (p,m)− ϕ−i (p,m+ 1) ,

the probability that competitors of firm i together offer exactly m units at price
p.
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Lemma 13 In an oligopoly market

Zi (n, p, αi) = nh
N∑
m=0

∆ϕ−i (p,m+ 1) f ((n+m)h)

−h (p− cn(αi))
N∑
m=0

∂∆ϕ−i(p,m+1)

∂p
F ((n+m− 1)h) ,

(53)

where Zi (n, p, αi) is defined.

Proof. (Lemma 13) An offer of n units at price p by producer i is rejected if
the competitors together offer exactly m units at the price p when demand is at
most n+m− 1 units. Thus

Ψi (n, p) =
N∑
m=0

∆ϕ−i (p,m+ 1)F ((n+m− 1)h) . (54)

(53) now follows from Definition 1, Lemma 1 and (54).

Consider an outcome with price p, where the K competitors of producer i
together sell m units. In case of step separation this means that one of the com-
petitors will sell either

m̂ =
⌈m
K

⌉
units or m̂− 1 units at this price.

Lemma 14 Consider step-separated offers that are symmetric ex-ante (before pri-
vate signals have been observed) from K competitors, then ∆ϕ−i (p,m+ 1) can be
determined from a binomial distribution.

∆ϕ−i (p,m+ 1)

=

(
K

m−K(m̂− 1)

)
(α̂ (p, m̂))m−K(m̂−1) (1− α̂ (p, m̂))Km̂−m

if (m̂− 1)K ≤ m ≤ m̂K and α̂(p, m̂) ∈ (0, 1). Moreover,

∆ϕ−i (p,m+ 1) = 0, (55)

if m < (m̂− 1)K and m > m̂K.

Proof. ∆ϕ−i (p,m+ 1) is the probability that competitors together sell ex-
actly m units at price p. Competitors’offers are symmetric ex-ante and have step
separation. Moreover, the price is such that α̂(p, m̂) ∈ (0, 1). It follows that each
producer sells either m̂ units (with probability α̂ (m̂, p)) or m̂− 1 units at price p
(with probability 1 − α̂ (m̂, p)). This immediately gives (55). It also follows that
m−K(m̂− 1) producers are selling exactly m̂ units and the other producers are

selling exactly m̂ − 1 units. There are
(

K
m−K(m̂− 1)

)
such outcomes each
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occurring with a probability (α̂ (m̂, p))m−K(m̂−1) (1− α̂ (p, m̂))Km̂−m, which gives
the result.
Note that the binomial coeffi cient in Lemma 14 is defined as follows:(

K
m−K(m̂− 1)

)
=

K!

(m−K(m̂− 1))! (Km̂−m)!
. (56)

It follows from Lemma 13 and Lemma 14 that:

Corollary 3 In an oligopoly market where producer i has K = I − 1 competitors
that submit step-separated offers that are symmetric ex-ante (before private signals
have been observed), then

Zi (n, p, αi)

= nh
Km̂∑

m=K(m̂−1)

(
K

m−K(m̂− 1)

)
(α̂ (p, m̂))m−K(m̂−1) (1− α̂ (p, m̂))Km̂−m f ((n+m)h)

−h (p− cn(αi))
Km̂∑

m=K(m̂−1)

(
K

m−K(m̂− 1)

)
∂((α̂(p,m̂))m−K(m̂−1)(1−α̂(p,m̂))Km̂−m)

∂p
F ((n+m− 1)h)

for p, such that α̂ (p, m̂) ∈ (0, 1), and αi ∈ (0, 1).

Proof. (Proposition 3) In an equilibrium that is symmetric ex-ante, we have
n = m̂. Hence, Corollary 3 gives the following symmetric first-order condition:

n
Kn∑

m=K(n−1)

w (α̂,m−K(n− 1)) f ((n+m)h)

= (p− cn)
∂

∂p

 Kn∑
m=K(n−1)

w (α̂,m−K(n− 1))F ((n+m− 1)h)

 ,

where we write

w (u, t) =

(
K
t

)
ut (1− u)T−t

for the probability of t out of K to be chosen where each component has a prob-
ability u of being chosen. So after differentiation

n

p− cn

Kn∑
m=K(n−1)

w (α̂,m−K(n− 1)) f ((n+m)h)

=
∂α̂

∂p

Kn∑
m=K(n−1)+1

w (α̂,m−K(n− 1))

α̂
(m−K(n− 1))F ((n+m− 1)h)

−∂α̂
∂p

Kn−1∑
m=K(n−1)

w (α̂,m−K(n− 1))

1− α̂ (Kn−m)F ((n+m− 1)h) .

The differential equation above can be written in the following form:

n

p− cn
= g (α)

dα

dp
, (57)
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where

g (u) =

Kn∑
m=K(n−1)+1

w (u,m−K(n− 1)) (m−K(n− 1))F ((n+m− 1)h)

u
Kn∑

m=K(n−1)

w (u,m−K(n− 1)) f ((n+m)h)

−

Kn−1∑
m=K(n−1)

w (u,m−K(n− 1)) (Kn−m)F ((n+m− 1)h)

(1− u)
Kn∑

m=K(n−1)

w (u,m−K(n− 1)) f ((n+m)h)

.

We can simplify this to:

g (u) =

K−1∑
v=0

w (u, v + 1) (v + 1)F ((n+ v +K(n− 1))h)

u
K−1∑
v=0

w (u, v) f ((n+ v +K(n− 1))h)

−

K−1∑
v=0

w (u, v) (K − v)F ((n+ v +K(n− 1)− 1)h)

(1− u)
K−1∑
v=0

w (u, v) f ((n+ v +K(n− 1))h)

.

Next, we use (56) to simplify this further.

g (u) =

K−1∑
v=0

K!
v!(K−v−1)!

uv (1− u)K−1−v F ((n+ v +K(n− 1))h)

K−1∑
v=0

w (u,K, v) f ((n+ v +K(n− 1))h)

−

K−1∑
v=0

K!
v!(K−v−1)!

uv (1− u)K−1−v F ((n+ v +K(n− 1)− 1)h)

K−1∑
v=0

w (u,K, v) f ((n+ v +K(n− 1))h)

,

which can be simplified to (15). The differential equation in (57) can be separated
as follows:

ndp

p− cn
= g (u) du.

We integrate the left hand side from pn (α) to pn (1) and the right-hand side from
α to 1. Hence,

n ln

(
pn (1)− cn
pn (α)− cn

)
=

∫ 1

α

g (u) du,

which gives (14). Using Corollary 3 in Appendix E, it can be verified that this is
an equilibrium with a similar argument as in the proof of Proposition 1.
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