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CORPORATE LENIENCY PROGRAMS WHEN FIRMS
HAVE PRIVATE INFORMATION: THE PUSH OF
PROSECUTION AND THE PULL OF PRE-EMPTION*

Josepa E. HarRRINGTON, Jr.f

A corporate leniency program provides relief from government penal-
ties to the first member of a cartel to cooperate with the authorities.
This study explores the incentives to apply for leniency when each
cartel member has private information as to the likelihood that the
competition authority will be able to convict them without a cooper-
ating firm. A firm may apply for leniency because it fears being con-
victed (‘prosecution effect’) or because it fears another firm will apply
(‘pre-emption effect’). Policies by the competition authority to magnify
concerns about pre-emption—and thereby induce greater use of the
leniency program—are also explored.

I. INTRODUCTION

ONE OF THE MOST IMPORTANT POLICY DEVELOPMENTS in U.S. antitrust policy in
recent decades is the 1993 revision of the Corporate Leniency Program by
the Department of Justice (DOJ). This program allows corporations who
are engaging in illegal antitrust activity (such as price-fixing), to receive
amnesty from government penalties if they come forward and cooperate.
The appeal of such incentives for discovering cartels and acquiring the
evidence to effectively prosecute has resulted in more than 50 countries and
jurisdictions having adopted some form of a corporate leniency program.

In light of the importance of leniency programs in practice, there has
been a considerable amount of research exploring how leniency programs
affect the incentives to collude and to report cartels.! Beginning with the
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Harrington [2008], and Choi and Gerlach [2010]; experimental research includes Apesteguia
et al., [2007], Hinloopen and Soetevent [2008], and Bigoni ez al. [2010]; and empirical research
includes Brenner [2009], Miller [2009], Klein [2010], and Zhou [2011]. For a review of some of
the research on leniency programs, see Spagnolo [2008].
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2 JOSEPH E. HARRINGTON, JR.

pioneering paper of Motta and Polo [2003], the primary force in theoretical
analyses is that the competition authority may catch the colluding firms
and, in anticipation of that prospect, firms may apply for leniency; this I
will refer to as the prosecution effect. For example, in Harrington [2008],
the probability of the competition authority’s discovering and successfully
prosecuting the cartel varies over time and, when it is sufficiently high,
collusion collapses and all firms race for leniency. While the threat of the
competition authority’s catching the cartel is indeed critical, there is
another first-order effect which is absent in previous analyses. Referring to
it as the pre-emption effect, this is when a firm—which doesn’t necessarily
believe the competition authority is likely to catch the cartel—is still con-
cerned that another cartel member may apply for leniency and, because of
that concern, itself applies Indeed, in practice, it is typical that one firm
pre—empts its rivals by applying for leniency, as opposed to multiple firms’
racing for leniency. This outcome—whereby a single firm turns in its fellow
colluders—runs contrary to the prediction of all previous models which is
that either all or no firms apply.

The presence of the pre-emption effect is documented in recent experi-
ments which measure the impact of a leniency program on collusion
(Bigoni et al., [2010]). Two subjects interact in a price game with the pos-
sibility of communication. Prior to selecting price, they each decide
whether to press a button that signals a desire to communicate. If both
press the button then they are permitted to communicate about price
though this also makes them liable for penalties. After their communica-
tion, firms simultaneously choose price and decide whether to apply for
leniency. If they did communicate and neither firm applied for leniency
then there is a fixed probability p that each is assessed a penalty F.
Various values of (p, F) are considered. Let us define ‘collusion’ as when
both firms press the communicate button. The experimental findings show
that, for the same expected penalty from the competition authority (that
is, holding pF fixed), the frequency of collusion is lower when F is higher
(and thus p is lower so that pF is unchanged). This effect is consistent with
concerns that a rival will apply for leniency, holding fixed the threat posed
by the competition authority, and thus with the presence of a pre-emption
effect.”

The objective of this paper is to develop and explore a model that
encompasses the pre-emption effect in order both to better understand the
incentives of firms in an environment with a leniency program and to

21t is also shown that subjects apply for leniency even when p = 0. This behavior is
inconsistent with the theory articulated here because it is assumed firms achieve a Pareto-
efficient equilibrium, which implies that no one applies for leniency when there is no chance
of being caught by the competition authority. As a result, there must be a prosecution effect
(that is, p > 0) in order for there to be a pre-emption effect.
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THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 3

investigate how the competition authority can manipulate those incentives
through ancillary instruments in order to make a leniency program more
effective. Obviously, the key modelling modification is to allow cartel
members to have private information regarding the likelihood that the
competition authority may be able to prosecute them effectively. As the
introduction of private information is a substantive complication, I explore
its role in the post-cartel environment; that is, the cartel has collapsed for
internal reasons and the objective of each firm is to minimize its expected
penalties. Future work will consider embedding this setting into an infi-
nitely repeated game so that the impact of the leniency program on cartel
formation and the stability of collusion can be explored.

As current intuition regarding the incentive effects of leniency pro-
grams is predicated upon firms’ having common information, I begin by
comparing equilibria with private information to equilibria when there is
public information. That analysis identifies and investigates the prosecu-
tion and pre-emption effects. Whether leniency usage and the frequency
of conviction is more or less likely with private signals, compared to when
signals are public, depends on the details of the leniency program. When
leniency is sufficiently generous (that is, a high fraction of fines are
waived), firms are more likely to apply when they have private signals;
however, that need not be the case when leniency is stingy. More inter-
estingly, if enough fines are waived with leniency, firms apply for leniency
for sure with private signals. Even if the prosecution effect is very weak
(that is, a firm believes the competition authority’s case is unlikely to be
adequate to convict), it will still apply for leniency out of concern that its
rival will apply. In comparison, when there are public signals, firms do
not apply when the prosecution effect is very weak. It is also shown,
using numerical analysis, that a more aggressive competition authority
can have a significant effect on the probability of conviction through the
manner in which the prosecution and pre-emption effects interact. A
more aggressive competition authority enhances the prosecution effect
which makes firms more likely to apply for leniency. In addition, the
prospect of a firm’s rival being more likely to apply for leniency (because
of the prosecution effect) then makes a firm yet more likely to apply
(pre-emption effect) which then makes its rival yet more likely and so
forth. Thus, a rise in the prosecution effect is magnified by the pre-
emption effect so there is a big return in terms of a rise in the probability
of securing a conviction.

After describing the model in Section II, the theoretical literature on
leniency programs is reviewed in Section III as it pertains to the issue of
information. Equilibria are characterized in Section IV with a comparison
of the cases of public and private information in Section V. I then analyze
the effects of a more aggressive competition authority when it comes to
prosecuting cartels (Section VI). Section VII concludes.
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4 JOSEPH E. HARRINGTON, JR.

II. GENERAL MODEL

Consider a cartel composed of two firms for which collusion has ended and
firms are independently deciding whether or not to apply for leniency. If a
firm is convicted without having received leniency, it pays a fine F > 0; while
if it receives leniency then its fine is OF where 8 € [0, 1), so more leniency is
associated with a lower value of 6. In the European Union, all government
fines are waived for the first firm to come forward and since, at present,
those are the only corporate penalties then 8 = 0. In the United States,
corporate leniency is distinctly less than full because it waives only govern-
ment fines and a firm is still liable for customer damages though there is
some relief in that liability is reduced from treble to single damages (and the
other cartel members become liable for those double damages which are
avoided).*

A firm’s only decision in the model is whether or not to apply for
leniency, and it does so in order to minimize expected penalties. Relevant to
that decision, a primary source of uncertainty is the likelihood that it will be
prosecuted and convicted by the competition authority (CA) when no firm
has cooperated through the leniency program; that is, enforcement without
assistance of the leniency program. Let p denote the probability of a
conviction when no firm has applied for leniency. p is a random variable
from the perspective of firms and, prior to making a leniency decision, firm
i receives a private signal s; € [s, 5] of p. After learning their signals, firms
simultaneously decide whether or not to apply for leniency. A strategy for
a firm is then of the form: ¢ :[s, 5] — {Apply, Do not apply}. Though firm
i does not get to observe firm j’s signal, it will have some information if s;
and s; are correlated, which will be the case if both signals are informative
with respect to p. Let H(sjs;) be firm /’s cdf on firm j’s signal conditional on
its own signal, i,j=1,2 and i #j. To capture the positive correlation
between firms’ signals, assume Al.

Al.  H(sjls;) (j # i) is continuously differentiable in s; and s;. If s” > s” then
H(:|s; = s”) weakly first-order stochastically dominates (FOSD) H(:|s; = 5").

A higher signal for a firm results in it’s attaching more probability to high
signals for its rival.

If only one firm applied for leniency, then it pays a penalty of 6F and the
other firm pays F (hence, it is assumed conviction occurs for sure because

3 Contrary to our specification, it is also the case that firms which apply for leniency after
the first firm to be awarded amnesty can receive partial leniency of up to 50% for the second
firm, 30% for the third firm, and 20% thereafter.

4 While there is no formal partial leniency in the U.S., plea bargaining often results in
significantly lower government fines for those firms who do not receive leniency (Connor
[2008]). Individual penalties are also crucial in the U.S. in the form of prison sentences and
individual fines. Typically, the involved employees in a firm will apply for both corporate and
individual leniency.
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THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 5

of a cooperating cartel member). If both firms apply for leniency then each
has an equal chance of being the one to receive leniency, so the expected fine
is (%)F . If no one applied for leniency then firms are convicted with
probability p and each pays F, which means firm i’s expectation on its
penalty is E[p|s;]F where E[p|s;] is its expectation on p conditional on its
signal. It is assumed that:

A2. E|[p|si]:[s,5]— (0,1) is continuously differentiable and increasing
in s;.

In light of preceding research focusing on the case of public signals,
Section IV begins by comparing the incentives between when signals are
private and when they are public in order to identify the unique features
introduced by allowing firms to have private information. To do so, we will
also explore a game when firms’ signals (s, s,) are common knowledge so
that, when they simultaneously decide whether or not to apply for leniency,
they have a common expectation E[p|s; s,] on p. For that game, a firm’s
strategy is then of the form v :[s,5]* = {Apply, Do not apply}.

A3. E|[p|s,s2]:[s,5]—(0,1) is continuously differentiable, responds
symmetrically to s; and s,, and is increasing in s; and s,.

Since firms’ having different beliefs concerning the likelihood of a con-
viction is the innovative feature of my model, this section concludes by
providing some motivation for this assumption. First, asymmetric beliefs
are necessary to explain the facts. In practice, cartel members do not arrive
at the CA en masse applying for leniency as is predicted by models in which
firms have common beliefs. Rather, the first firm to apply typically arrives
by itself and there is no evidence to suggest that its fellow cartel members
anticipated the application. It is difficult to explain this fact without allow-
ing firms to have private information. Second, there are a variety of sources
of differential information that could be the basis for asymmetric beliefs.
Some cartels are identified by a CA through a customer complaint which,
in most cartels, are industrial customers. Given that different cartel
members interact with different customers, members may develop different
beliefs as to the level of customer suspicions regarding the presence of a
cartel and, therefore, assign different probabilities to a customer’s inform-
ing the authorities of their concerns. Another manner in which a cartel is
discovered is that the CA is already investigating collusion in one market
and then discovers that some of the firms colluding in that market are also
colluding in another market. Those cartel members operating in both
markets will then assign a higher probability to the investigation’s spilling
over to the second market than is assigned by cartel members who only
operate in the second market. For example, Scott Hammond, as Director
of Criminal Enforcement for the Antitrust Division of the U.S. Depart-
ment of Justice, noted that the investigation of the citric acid cartel led to
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the discovery of the sodium gluconate cartel (Hammond, [2004]). Archer
Daniels Midland was involved in both cartels and, conditional on its
having learned of the citric acid investigation, it would probably have
beliefs regarding the likelihood of an investigation into the sodium gluco-
nate market that were distinct from those of Akzo Nobel, Avebe, Fujisawa,
and Roquette Freres (who were the other members of the sodium gluconate
cartel). Firms may also have different beliefs after it is common knowledge
that an investigation has begun. For example, upon completing dawn raids,
each cartel member will have better information as to the evidence collected
by the CA from its offices and, as a result, is likely to have different beliefs
regarding the probability of a conviction.

III. LITERATURE REVIEW

Since the main modelling innovation of this paper is in terms of informa-
tion, the literature review will focus on the informational assumptions of
previous work and their implications. The initial class of models examining
the effect of a leniency program on cartel stability modified the standard
infinitely repeated oligopoly game (usually, the Prisoners’ Dilemma) by
assuming that, in each period that firms are colluding, there is a fixed
probability p that firms are caught by the CA—in which case they pay a
fixed penalty—and firms have the option to apply for leniency to receive
reduced penalties. Firms make the leniency decision simultaneously and
models differ in terms of whether it occurs after the current period’s prices
are revealed (Motta and Polo [2003]) or whether a firm makes its price and
leniency decisions simultaneously, in which case it can simultaneously
undercut the collusive price and apply for leniency (Harrington and Chang
[2009]).> With p being fixed and known over time, the stationarity of the
environment implies that if equilibrium involves firms colluding then firms
never apply for leniency. If leniency is used as part of an equilibrium then,
given stationarity, it occurs in the first period but if conviction prevents
reformation of the cartel (for a sufficiently long time) then firms would
cheat in the initial period (as they anticipate collusion’s ending because a
firm is expected to apply for leniency) which then makes collusion unstable.
In sum, a fixed and known value for p implies that leniency is not used in
equilibrium.®

In practice, firms do form a cartel and then, at some point in time, apply
for leniency. This can occur if the environment changes so that it was

3 Bigoni et al. [2010] conducts experiments and allow subjects both to apply for leniency
when setting its price or, in the event that no firm has applied for leniency, to apply after prices
are revealed and firms learn whether or not there was a deviation.

¢ There is also an equilibrium in Motta and Polo [2003] - referred to as ‘collude and
report’—for which firms collude and apply for leniency in every period. This occurs when the
cartel can immediately reform and leniency is sufficiently generous. Though it can be an
equilibrium, it would not seem to be an empirically relevant solution.
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THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 7

initially optimal for firms to collude and not apply for leniency, and at some
later time it becomes optimal to apply. This possibility is explored in
Harrington [2008] where it is assumed p is not fixed—it is iid over time—but
the assumption that p is public information among firms is maintained. A
Pareto-efficient equilibrium is now characterized by a cut-off value for p
such that if p exceeds that cut-off then firms stop colluding and all apply for
leniency—Dbecause the prospects of being caught by the CA are sufficiently
great as to cause the cartel to collapse—and otherwise firms collude and do
not apply.’

There have been some recent analyses to allow for private information in
ways distinct from how it is modelled here. Silbye [2010b] assumes p is
common knowledge but each firm possesses evidence that it could submit to
convict the other firm if it applied for leniency. € €[0, 1 — p] is the evidence
possessed by firm i to assist in convicting firm j and is private information to
firm i. If firm i receives leniency then firm ;s expected penalty is (p + €)F. If
no one applies then each has an expected fine of pF, which, as noted, is
common knowledge. Sauvagnat [2010] allows the CA to have private infor-
mation about the strength of its case and it is a strategic decision whether to
open an investigation. (Previous work implicitly allowed for such private
information but assumed the start of an investigation was exogenous.) Of
particular relevance is that the CA may open an investigation even when its
case is weak, as doing so may induce firms to apply for leniency. Finally,
Pinna [2010] considers the strategic choice of competition policy when the
firms know whether or not they are colluding but the CA does not.

IV. CHARACTERIZATION OF EQUILIBRIUM
IV(). Public Signals

To appreciate the new forces introduced with private information, let us
begin by characterizing equilibrium when firms’ signals (s; s,) are public
information. First note that there are only symmetric equilibria since
applying for leniency is optimal when the other firm applies. Hence, either
both apply or neither applies. The set of Bayes-Nash equilibria is:

Apply if (s1,5)eQ

1 =
( ) l//(sla S2) {DO not apply if (Sl, SZ) €Q

where

(2 E[plsi, 52]< 0V (51, 52) € Q.

7 Harrington [2008] also considers a policy space for which amnesty is awarded if and only
if p is sufficiently low (i.e., the competition authority’s case is not too strong). Silbye [2010a]
enriches the policy space to when the amount of leniency can depend continuously on p.
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8 JOSEPH E. HARRINGTON, JR.

If (s, 5,)€ Q, so that a firm’s rival is going to apply for leniency, it is optimal
for a firm to apply as well, as an expected penalty of (%)F is preferred to
a sure penalty of F. Now consider (s, 5,)e Q so that a firm’s rival is not
expected to apply for leniency. If a firm does not apply as well then its
expected penalty is E[p|s; s,]F, while it is OF from applying. Hence, not
applying is optimal if and only if E[pls;, s,] < 6. As long as

0>E[p|S1=£,S2=£],

so there are some signals for which it is an equilibrium for both not to
apply, there are an infinite number of equilibria as there are an infinite
number of sets Q satisfying (2).

Notice that if (s s,)& Q and E[p|s; s,] < 0 then firms are incurring higher
penalties by both applying for leniency than if both did not, as

E[pl|s1, 2] F < OF < (#)F,

where the term to the left of the first inequality is the expected penalties
from both not applying and the term to the right of the second inequality
is from both applying. This makes it useful to define the Pareto-efficient
equilibrium,

Q* = {(Sl, Sz) : E[p|s1, Sg] < 9},

which has firms not apply whenever it is an equilibrium. This equilibrium
minimizes expected penalties. Note that if

0< E[p|51,52]<1+76,

expected penalties are higher with both applying compared to both not
applying but it is not an equilibrium for both not to apply given those
signals.

IV(@i). Private Signals

Now suppose firms’ signals are private information, and consider a sym-
metric strategy profile which is a cut-off strategy:

3) o(s1) = {Do not apply if 5; €[s, x]

Apply if 5, €(x,5]
A firm applies for leniency if and only if its signal exceeds x. The set of

symmetric cut-off Bayes-Nash equilibria can then be characterized by the
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THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 9

set of values for x such that ¢ is a Bayes-Nash equilibrium. Given firm 2
uses this strategy, the expected penalty to firm 1 from not applying is

[ Elpls 2] FH (s2]s1)dsz +[1 H (x]s1)] F

or
4) H (x|s1)E[plsi, 52 £ x]F+[1-H (x|s1)] F.

If s, < x then firm 2’s signal is sufficiently low that it does not apply in which
case firm I’s expected penalty from not applying is its expectation on p
multiplied by F. This expectation, E[p]s; s, < x], is conditional on firm 1’s
signal and firm 2 having a signal that induces it not to apply for leniency.
If s, > x then firm 2 applies for leniency in which case, by not applying, firm
1 is convicted and pays F. If instead firm 1 applies for leniency then its
expected penalty is

5)  H(xls )9F+[1—H(x|s1)](l+TejF.

If s, < x then it is the only firm to apply for leniency so its penalty is 6F,
while if s, > x then both firms have applied in which case firm 1’s expected

penalty is (%2)F.

Firm 1 strictly prefers to apply for leniency if and only if (4) exceeds (5):

H (x|s1)E[pls, s2 £ x| F+[1- H (x|s1)]F
(6)
> H(x|s1)6F+[1—H(x|s1)](#)F,
where recall that each firm is making a choice to minimize expected penal-
ties. This expression can be re-arranged to

(7 E[plsi, 52 SX]>9_(1_29)[1;[I€E|);|1S)1)}'

It is optimal to apply for leniency when the expected probability of being
caught by the CA, E[p|s;, s, < x], is sufficiently large relative to the leniency
parameter 6. The relevant expectation on being caught by the CA is for
when no one applies for leniency, which is the expectation on p conditional
on a firm’s own signal and that its rival’s signal is sufficiently low that it
does not apply for leniency.®

8 The intuition is analogous to that for auctions when bidders have affiliated values. A
bidder selects its bid based on beliefs over the true value when its bid matters for its payoff,
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10 JOSEPH E. HARRINGTON, JR.

Using (7), define

s 2]

Given signal s; and threshold x, applying is optimal for firm 1 if and only
if A(s;, x) > 0. Next note that leniency becomes relatively more attractive
when a firm’s own signal is higher since a higher signal makes it more likely
it will be caught by the CA:

0A (51, X) _ AE[pls1, s < x] _(1—9){8H(X|Sl)/asl } >0

® s s 2 H (x|s )
as
aE[plsla 5y < x] >0
asl
by A2 and
oH (x|s;) <0
asl

by Al. Hence, applying for leniency is optimal when s, > x if and only if
A(x, x) =2 0 as then A(sy, x) > 0, Vis; > x. Not applying is optimal when s, < x
if and only if A(x, x) < 0 as then A(s;, x) < 0, Vs, < x Therefore, if x e (s,5)
then ¢ is a Bayes-Nash equilibrium if and only if A(x, x) = 0.

Define

D (x)=T(x)A(x, x)

—T(){E[plsi = x5 < x]—0}+(?)[l—l“(x)],

where I'(x) = H(x|x) and is the probability that s, < x conditional on s, = x.
In some of the analysis, it’ll be easier to work with ®(x) because it is
bounded as x — s. Here are some sufficient conditions for equilibrium,
with the first condition summarizing the preceding analysis.

o If ®(s') =0 then x = is an equilibrium cut-off.
e x=ys is an equilibrium cut-off. Note that

which is when its signal is the highest as then its bid is the highest so it wins the item.
Analogously, a firm evaluates the payoff from not applying for leniency using beliefs as to the
likelihood of being caught by the CA when such beliefs matter, which is when the other firm’s
signal is sufficiently low that it does not apply for leniency.

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics



THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 11

® ()= H(sls =5 Elpls = 5.5 = s]-0h+ (5 -1 sl = )

=1_—9>O,

which, by (8), means A(s;, s) >0V s, and, therefore, applying is strictly
preferred to not applying for all signals. In other words, if a rival is
going to apply for leniency for sure (that is, for every signal) then it is
optimal to do so as well.

e If ®(5)<0 then x=5 is an equilibrium cut-off. Again by (8),
A(s;,5)<0V s <5, which implies it is never optimal to apply. Thus,
not applying for all signals is an equilibrium if, conditional on the other
firm never applying, a firm prefers not to apply even when it receives the
strongest signal s.

o If

E[plsi=5,5=5]>0>E[p|s; =5]

then there are at least three equilibria: x € {s,s’,5} for some s’ € (s, ).
This follows from:

®(§)=%>0> E[pls =5]-6=d(5).

By continuity, 3s”e(s,5) such that ®(s") = 0.

It will be useful to consider the Pareto-efficient symmetric cut-off Bayes-
Nash equilibrium which is the equilibrium with the highest threshold x, as
I will show it minimizes expected penalties for firms. Given the other firm’s
threshold is x, a firm expected penalty from applying for leniency is
decreasing in x,

H’(x|sl)9F—H’(x|s1)(1+Te)F - —H'(x|s1)(1‘79jF <0,

and from not applying for leniency is decreasing in x,
—F{l-E[plsi, s = x]} H'(x[51) < 0.

For any strategy of this firm, its expected penalty is lower when the
other firm’s threshold is higher. Hence, its optimal strategy must result
in lower expected penalties when x is higher. Thus, firms rank equili-
bria according to the threshold x, and equilibria with higher x are more
preferred.

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics
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V. COMPARISON OF EQUILIBRIA WITH PUBLIC AND PRIVATE SIGNALS

With public signals and assuming the other firm does not apply for leni-
ency, a firm prefers to apply if and only if

(9) E[p|s1,sz]—9>0.

Focusing on the Pareto-efficient equilibrium, leniency is used only when the
likelihood attached to the CA’s prosecuting and convicting them is suffi-
ciently high relative to the leniency parameter. Behavior is entirely driven
by beliefs as to CA behavior.

By comparison, consider the situation when firms’ signals are private.
From (7), firm 1 prefers to apply for leniency if and only if

(10) Elplsi s <x]-6> _(1‘29)[1;[17(’;)2?)}

Prosecution effect )
Pre-emption effect

In comparing (9) and (10), first note that the LHS is different, which
encompasses what is referred to as the prosecution effect for it deals with
beliefs as to the CA’s probability of a successful prosecution (without use of
the leniency program) relative to the leniency parameter. With public
signals, the likelihood attached to the CA’s levying penalties is based on
firms’ common signals. With private signals, a firm doesn’t know its rival’s
signal and so its expectation is based on its own signal and its rival’s signal
being sufficiently low that it chooses not to apply. The relationship between
these two expectations—E[p|s|, s,] and E[p|s, s, < x]—is ambiguous. What
is not ambiguous is the relationship between the RHS of these two condi-
tions. With private signals, a firm is not assured as to what the other firm
will do. Even if firm 1’s signal is very low—suggesting that being caught by
the CA is unlikely and thus firms should not apply for leniency (that is, the
prosecution effect is weak)—it realizes that firm 2’s signal could be high in
which case it would apply. Note that 1-H(x]|s,) is the probability that a rival
applies for leniency conditional on a firm’s signal in which case the RHS of
(10) is lower, the more likely it is that the other firm will apply for leniency.
This provides a second reason for firm 1 to apply for leniency, quite
independent of whether it thinks the CA will catch them. It is referred to as
the pre-emption effect because it captures a firm’s concern with its rival’s
applying for leniency prior to the firm having information that the CA is a
serious threat.

In sum, it is not immediately clear whether information’s being private
makes firms more or less inclined to apply for leniency. While the pre-
emption effect is present only with private signals—and clearly serves to
enhance the attractiveness of applying for leniency-whether the prosecu-
tion effect is stronger or weaker with private signals is not determined. To
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clarify matters, Theorem 1 shows that a sufficiently generous leniency
program induces firms always to apply for leniency when they have private
signals. All proofs are in Appendix A.

Theorem 1. For the case of private signals, 36’ (0, 1) such that, V6 €[0,
6’), the unique symmetric cut-off Bayes-Nash equilibrium is for firms to
apply for leniency for all signals.

No matter how generous is leniency, as long as some penalties are not
waived (that is, 6> 0), it is possible that firm 1 could receive a sufficiently
weak signal that it would prefer not to apply for leniency on the basis that
the CA is sufficiently unlikely to convict; that is, E[p|s;] < 6. As 6 gets
smaller, the requisite signal for that to be true must be lower but, at least
when E|[p|s; = s]=0, such signals exist. Of course, firm 1 is also concerned
with the prospect of firm 2’s applying and if, by the same argument, it takes
a really weak signal for firm 2 not to apply then firm 1 attaches low
probability to that event. That is, even if firm 1’s signal is extremely weak,
it is very unlikely that firm 2’s signal is also extremely weak. Given that firm
1 then believes firm 2 is likely to apply, firm 1 finds it optimal to apply as
well, regardless of the signal that firm I receives. The prosecution effect can
be very weak but, due to the strength of the pre-emption effect, firms apply
for leniency. Hence, when leniency is sufficiently generous (even though it
is not complete) and signals are private, firms always apply.

Theorem 1 does not by itself prove that, when leniency is sufficiently
generous, the program is used more often with private signals than with
public signals. It shows that when 6is sufficiently low, firms use the leniency
program with probability one when signals are private. For usage to exceed
that when signals are public, the leniency program must be used with
probability less than one when signals are public which is the case only if
0> E[p|si =s,5, =s], but then there is the issue of whether 6 is low
enough for Theorem 1 to apply. This matter is resolved with the next result.

Theorem 2. There exists € > 0 such that if
E[plsi=s,5=5]<0<E[plsi =5,5 =s]+¢

then the probability of leniency usage and the probability of conviction is
higher for all symmetric cut-off Bayes-Nash equilibria with private signals
than for the Pareto-efficient symmetric cut-off equilibrium with public
signals.

The next result presumes the condition E[p|s; =5, =5]> E[p|s; =5],
which is quite natural if E[pls; =5]> E[p], so that the highest signal
causes firms to increase their expectation of p, and firms’ signals are posi-
tively but not perfectly correlated. If leniency is sufficiently weak—
E[p|s; =5] < 6—then the Pareto-efficient equilibrium with private signals
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is to never apply for leniency because, given the other firm never applies, a
firm prefers not to apply even if it receives the strongest signal. If, in
addition, leniency is not too weak — so that 0 < E[pl|s; =5, s, =5] — then
leniency is used with positive probability in all equilibria when there are
public signals; both firms receiving the strongest signals induces usage of
the program. Under these conditions, leniency is used more frequently
when there are public signals because, given that firms are initially doubtful
about the prospects of being caught, inducing them to apply for leniency
requires enough information to counteract those prior beliefs. A single
signal is inadequate but two signals could be sufficient.

Theorem 3. If
Elp|si=5]<O0<E[p|si=5,5=5]

then the probability of leniency usage and conviction is higher for all
symmetric cut-off Bayes-Nash equilibria with public signals compared to
the Pareto-efficient symmetric cut-off Bayes-Nash equilibrium with private
signals.

In Harrington [2012], an example is provided which illustrates the main
results of this section. There it is assumed that the probability of conviction
equals the sum of the firms’ signals, p = s, + 5,, where s, and s, are inde-
pendent with a uniform distribution on [0, 1/2]. It is shown that the prob-
ability of conviction with private signals is higher (lower) than that with
public signals when 8<.715 (6> .715). In fact, conviction can be signifi-
cantly more likely when 6 is moderately low and is at most mildly more
likely when 0 is high.

In concluding this section, let me draw some preliminary implications for
competition policy. The preceding analysis suggests that usage of the leni-
ency program and the likelihood of conviction may be enhanced by creat-
ing or maintaining asymmetric beliefs among firms in order to enhance the
pre-emption effect. Now suppose a CA performs dawn raids of firms 1 and
2, and assume that firm /’s private signal regarding the strength of the CA’s
case, s; 1s based on the evidence that is collected from firm i during that
raid. Should the CA share that evidence with the firms; that is, does the CA
want signals s; and s, to be public information to firms 1 and 2? Our
analysis suggests that the CA should not share the evidence. As long as the
leniency program is sufficiently generous, conviction is higher by maintain-
ing the asymmetry in beliefs coming from the dawn raids. There are prob-
ably other ways in which a CA can promote differential information among
firms and take advantage of the pre-emption effect.

A central question in the literature on leniency programs is characteriz-
ing the properties of an optimal leniency program and, in particular, deter-
mining whether complete amnesty should be given to the first firm to come
forward. There is full leniency in the EU, while leniency is less than full in
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the U.S. because a firm is still liable for single customer damages. Is full
leniency in EU desirable, and is the level of leniency in the U.S. sufficiently
generous? The body of theoretical work generally finds that maximal leni-
ency is optimal; see, for example, Harrington [2008]. In fact, if rewards are
permitted (so 6 is allowed to be negative), Spagnolo [2003] shows how all
cartels could be deterred through an appropriately chosen policy. To prop-
erly characterize the policy that maximizes social welfare, a model would
need to take account of how policy impacts the formation, duration and
severity of cartels. The model of this paper is not capable of doing so since
it takes as given that an industry has a collapsed cartel, with the focus’
being on the incentives to apply for leniency during the post-cartel phase.
Nevertheless, our results do have some insight to add to the literature on
optimal leniency programs.

In our setting, policies that increase expected penalties are attractive
because they make collusion less profitable in expectation and thereby help
to deter cartel formation. A more generous leniency program raises
expected penalties by making conviction more likely through enhanced
incentives to apply for leniency, but also lowers expected penalties since
each firm has some chance of receiving the lower penalties by being the first
to apply for leniency. The analysis here suggests that the pre-emption effect
may make the provision of full leniency unnecessary. When leniency is
sufficiently generous, the presence of private information makes it more
attractive for firms to apply for leniency. Furthermore, Theorem 1 shows
that less than full leniency can maximize the probability of a conviction. In
that case, providing full leniency lowers penalties without increasing the
probability of conviction. The pre-emption effect then results in less than
full leniency maximizing expected penalties. While our analysis questions
whether full leniency is necessary, a proper examination of this matter
requires exploring the pre-emption effect in a model that endogenizes cartel
formation and duration.

VI. IMPACT OF A MORE AGGRESSIVE COMPETITION AUTHORITY

In this section, we explore the impact of a CA’s being seen as more aggres-
sive in the sense that firms initially believe the CA is more likely to success-
fully prosecute a cartel. In order to perform this comparative static, the
model is simplified by assuming the support of p is {p, ;3} where
0< p< p<1.Iwill speak of the CA’s having either a strong case (p = p) or
a weak case (p=p). Let ybe the prior probability that the CA is strong,

and the CA is said to be more aggressive when yis higher. A CA could be
more aggressive by having a bigger budget for prosecuting cases or by
operating in a legal regime for which the evidentiary standards for convic-
tion are less demanding. f{s|p) is the density function on a firm’s signal
conditional on the strength on the CA’s case (as summarized by p). The
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associated cdf is F(s|p) and assume F(-|p) FOSD F (|p) Finally, assume
that firms’ signals are independent conditional on p.
Define x* as the maximal equilibrium:

s if ®(x)>0,Vxe[s,5]
x*=<max{x:®(x)=0} ifIxe(s,5)st.®(x)<0and ®(5)>0
3 if ®(5)<0.

where ®(x) = I'(x)A(x) and recall:

a5

Assuming the two-point distribution and conditional independence of
signals, it is derived in Appendix B that:

vf (xIp)F (x|p)+(1-7) f (x[p) F (x|p)

12 T'(x)=
(12 T V7 )+ -1/ (3]p)

and

x|p)F(x|p)p+(1— X|p)F(x
13 Elpls = x.5 < x]= 7/ ( Ip)_ ( Ip)_p (1=7) f (x|p)F (x|p)p
v.f (xIP)F (xB)+(1-y).f (x|p) F (x|p)
The next result shows that a more aggressive CA induces greater usage of

the leniency program. Recall that a firm applies for leniency if and only if
its signal exceeds x".

Theorem 4. 1f x*e(s,5) then, generically, %—‘: <0.

By Theorem 4, a more aggressive CA results in a greater likelihood of a
leniency application’s coming from a cartel, as the requisite signal to induce
a leniency application is not as high. To consider its effect on the probabil-
ity of conviction, first note that this probability equals

(14 y[p+0-p)(1-F(*Ip))J+(1-1)] p+(1-p)(1- F(+*)]p) ) |

When the CA has a strong case (which occurs with probability 9), the CA
successfully convicts with probability p regardless of whether firms apply
for leniency and, in the event that the CA does not have the evidence to
achieve a guilty verdict (which occurs with probability 1-p), may still
convict because a firm applies for leniency, which occurs with probability
1- F(x*(y)|p)* (which is the probability at least one firm receives a signal

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics



THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 17

exceeding x*). There is an analogous description when, with probability
1-v, the CA has a weak case.

In order to assess the effect of a more aggressive CA, take the derivative
of the probability of conviction in (14) with respect to ¥.

[(1-p)F(x*)]p) ~1-P)F(x*(1Ip)’ ]
=2[7(1=p)F(x*()Ip).f (x*()Ip)

+1=nfi=p)F () ()] 2 )

The first bracketed term is positive because 1—p >1—-p and that a higher
value for p causes a FOSD shift in F so F(x*(}/)|p)2 > F(x*(y)|p)*. That
expression captures the direct effect from a more aggressive CA in that it is
more likely to have a strong case and thus more likely to get a conviction,
either because it has the evidence to achieve a guilty plea or it results in a
firm’s receiving a signal that induces it to apply for leniency. The second
bracketed term is also positive and is the indirect effect coming from
increased usage of the leniency program due to a fall in the requisite signal
required to go to the CA: dx*/dy< 0. Given stronger prior beliefs that the
CA is aggressive, the signal that a firm must receive to induce it to apply for
leniency does not have to be as supportive of the CA’s having a convincing
case.

In assessing the impact of a more aggressive CA, it is important to
recognize a feedback effect that arises in the way in which the prosecution
and pre-emption effects interact. A more aggressive CA enhances the pros-
ecution effect which makes, say, firm 1 more inclined to apply for leniency
because it thinks it is more likely the CA will be able to convict them
without a firm in the leniency program. By the same argument, firm 1
realizes that a stronger prosecution effect makes it more likely that firm 2
will apply; hence, firm 1 is yet more inclined to apply because firm 2 is more
likely to do so. Again, firm 2 goes through the same calculus so firm 2 is
more apt to apply because firm 1 is more apt to do so which makes firm 1
even more inclined to apply and so forth. In this manner, there is a multi-
plier effect from a more aggressive CA in that it raises the prosecution effect
which then leads to a series of pre-emption effects.

The preceding discussion suggests that a more aggressive CA should
have an increasing convex effect on the probability of conviction. Numeri-
cal analysis is conducted to explore this conjecture. Assume the following
density function on a firm’s signal s€[0, 1],

f(slp)=2(1-p)+2(2p-1)s.
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Figure 1

Probability of Conviction, p € (0, 1)

Recall that firms’ signals are independent conditional on p.° Note that
f(s|p) is increasing in s when p < 1/2, is the uniform density when p = 1/2,
and is decreasing in s when p>1/2.! There are four parameters in the
model, (p, 0,7, 9). Numerical analysis was conducted for a wide array of
parameterizations and the results reported here are for:

(p.P)€{(0.1),(0,.79),(25.)},0 € {3, 4,...,. 7}, y € {10, 11,...,.90}

Figure 1 is when a strong CA convicts for sure (p =1) and a weak CA fails
to convict for sure (p =0). The probability of conviction is increasing and
convex in the prior probability that firms assign to the CA’s being strong
(p). It is also increasing in the extent of leniency; note that the curves shift
up for smaller values of 6. Consider, for example, 8=.5. A .10 rise in y
from .20 to .30 increases the probability of conviction by .135 (rising from

° This density function is a generalization of an example suggested by Faruk Gul.
0If p’> p” then f(s|p’)/f(s|p”) is increasing in s and therefore satisfies the Monotone
Likelihood Ratio Property.
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Probability of Conviction, p € (0, 0.75)

.251 to .398), while an additional .10 rise in yfrom .30 to .40 increases the
probability of conviction by .147 (as it rises to .553). The convexity is yet
more apparent when the strength of a strong CA is reduced to convicting
with probability .75 (Figure 2). Similar conclusions are drawn from
Figure 3 which reports when the strength of a weak CA is raised to con-
victing with probability .25."" The way in which the pre-emption effect
magnifies a rise in the prosecution effect argues for putting more resources
into a competition authority after a leniency program is instituted.

VII. CONCLUDING REMARKS

This paper has provided the first analysis of the incentive effects of leniency
programs when former cartel members have private information about the
likelihood that a competition authority can convict. The presence of private
information is compelling and was shown to have a substantive effect on

' The cases of  €{.3, .4} are not reported as the probability of conviction is one for all
yed{l, ..., .9}

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics



20 JOSEPH E. HARRINGTON, JR.

0.9

0.8

0.7

0.6

0.5

0.4

0.3 J

0.2

— =05

—— 9= 0.6

- ==-9=07
1

0 Il Il Il Il Il Il Il Il
0 0.1 0.2 03 04 05 06 07 0.8 09 1

v

Figure 3
Probability of Conviction, p € (0.25, 1)

0.1

how a leniency program generates convictions. A firm’s decision to apply
for leniency is driven not only by concerns that the competition authority
has a strong case (prosecution effect) but also with concerns that its rival
believes the competition authority has a strong case and thus will apply
(pre-emption effect). The pre-emption effect can cause firms to apply for
sure when the leniency program is sufficiently generous, and can create a
multiplier effect with a rise in the prosecution effect.

The model formulated and investigated in this paper is very simple and,
as a result, there are a variety of ways in which to enrich it to tackle other
issues related to collusion and competition policy. Thus far, the analysis has
focused on the incentives to apply for leniency after a cartel has collapsed.
By embedding this end game into an infinitely repeated game of collusion,
one can assess how leniency programs—when firms have private
information—influence the decision to form a cartel and the expected
duration of the cartel. Previous theoretical research, beginning with Motta
and Polo [2003], has developed some understanding as to how leniency
programs destabilize cartels or, in some cases, stabilize them (Chen and
Harrington, [2007]). How is that understanding changed when firms have
private information when it comes to deciding whether to apply for
leniency?
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In all previous work—including the current paper—the post-cartel envi-
ronment is static (or stationary) so that, in equilibrium, firms either apply
for leniency immediately upon collapse of the cartel or never apply. In
reality, the post-cartel environment is far richer and more nuanced. A
better description is that firms receive information over time as to whether
the competition authority will open an investigation and, if they have
already done so, the strength of the case. Firms are then engaged in a
multi-period game in which they receive signals according to some stochas-
tic process and update their beliefs over time. Now, a firm that decides not
to apply for leniency has an option value associated with applying later, at
least as long as a rival does not go to the competition authority in the
meantime. Given that set-up, it would be interesting to consider the stra-
tegic role of the competition authority in encouraging firms to apply for
leniency. The competition authority could also receive signals—in the form
of complaints and other forms of evidence—and can choose whether and
how to share them with the firms. More generally, it is worthwhile to
engage in a richer investigation of what instruments are available to the
competition authority and how it can best use them to enhance the pre-
emption effect and thereby make leniency programs more effective at pro-
ducing convictions.

APPENDIX A

Proof of Theorem 1. For this theorem to hold, it must be true that
1-6
O(x)=T(x){E[plsi=x, 52 <x]-0}+ - [1-T(x)]>0, Vx.
Set ®(x) =0 and solve for 6:

P(){E[plsi = x, 52 < x]—0}+(1_T0)[1—1"(x)] ~0

_ 1+T(x)-2T (x){1- E[pls; = x, 52 < x]}

o 1+T(x)

=60°(x)e(0,1),Vxe(s,s).

Since lim,,,'(x)=0 and lim, s '(x)=1 then

lim 6°(x)=1, lim 6°(x) = E[p|si =5]>0,
X8

X8
which is positive by Al. Hence,
0°(x)e(0,1], Vxel[s,5].

Since

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics



22 JOSEPH E. HARRINGTON, JR.

8<I>(x)=_(1+1“(x)j<0’

00 2
then
@(x)>0,V0e[0,6°(x)).
Defining
0 = min{@"(x) ixels, E]} €(0,1)
then

P(x)>0,x€e(s,5],VOe[0,6). u

Proof of Theorem 2. With public signals, the Pareto-efficient equilibrium has firms
not applying for leniency when E[pls; s,] < 0. If E[p|s; = 5,5 = s]<6 then the event,
E[pls;. s,] < 6, occurs with positive probability. Therefore, the probability of leniency
usage and the probability of conviction are both less than one.

The next step is to provide sufficient conditions for the unique equilibrium with
private signals to involve firms applying for leniency for all signals, in which case the
probability of leniency usage and the probability of conviction both equal one. The
unique equilibrium has firms always applying for leniency if and only if

(15 (@)= T)LE[plsi = x, 5 < x]—0}+(%j[l—r(x)] >0, Vx,

As an intermediate step, let us show that E[p|s; = x, s, < x] is increasing in x. Let G be
the cdf on a firm’s signal

X Gl
Elpis = .05 1= Elob = G2 oo

B G(x)
dE[p|si azxx, 5 < x| =E[plsi=x,5= X](GG,((;))j+.[j(aE[p|;1Sl= x’sz]j(Gc;Ej:))jdsz
- J;E[plsl =% SZ](G(EZ()XG);(X)stz.

Since JE[pls; = x, $,]/ds; > 0 then dE[p|s; = x, s, < x]/dx > 0 if

E[plsi=x,s = x](GG/((;))) —J;E[plsl =X, SZ](G,(S;Z()XG);(X)}ZSZ >0

Elpls = x5 =x]- [ Elplsi = x sﬂ(GG'Eiz))jdsz >0,

© 2013 Blackwell Publishing Ltd and the Editorial Board of The Journal of Industrial Economics



THE PUSH OF PROSECUTION AND THE PULL OF PRE-EMPTION 23

which is true since E[p|s; = x, 5,] is increasing in s,.
Assume

(16) Oe(Elplsi=s,5=s], E[pls =5, 5 <5]).

By continuity and that E[p|s, = x, s, < x] is increasing in x, there exists unique
s"€(s,5) defined by

Elplsi=5",5 <s']-6=0.

It follows that ®(x) >0 Vx > . To prove (15), we then need to show:
1-6
(17) T(x){E[p|si = x, 52 < x]- 0}+( 3 )[1 -T'(x)]>0,Vx<ys".

Given this expression is increasing in E[pls; = x, s, < x] and E[p|s; =x, s, < x] is
increasing in x then a lower bound is

18)  T)E[pls=s.5=s] ﬂ+(2ﬂu I

Since, by assumption E[pl|s; = s, s, = s]—6<0, (18) is decreasing in I'(x). Define

(19) X=arg n%a)gll“( X),

and note that T'(X¥)<1. Hence, a lower bound to (19) is achieved by replacing I'(x)
with T'(%). Thus, a sufficient condition for (17) to be true is

@) TEHEDl = 55 = s)-0p+ (S8 i-r @0

Re-arranging (20),

2T'(X) _ _ 1-T'(%)
21 9<(1+F(>}))E[plsl_S’Sz_s]+1+l“(5c)'

As E[plssi=s,52=s5]<l and the RHS is a convex combination of
E[p|s;=s,s0=s] and 1, then the RHS exceeds E[p|s; = s, s, = s]. Hence, if

Oe (E[P|Sl =5,5= S]a(lirlff;)]E[P|51 =5, 5 =5+ :;g;)

then (17) is true, which implies the unique equilibrium with private signals has
leniency and conviction with probability one. |

Proof of Theorem 3. First note that

E[p|S1 = E] = E[p|s1 =5,5< E],
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from which it follows that

d(s)=E[p|lsi=5]-6>0.
Therefore, x =5 is an equilibrium with private signals, and leniency is never used.
For public signals, since E[p|s;=5,s, =5]>6 then leniency is used for a positive
measure of signals for all equilibria. |
Proof of Theorem 4. 1If x*e(s,5) then

A(x)=0as x = x*
and, generically,

A(x)%Oasx%x*,xe[x*—e,l]forsomes>0.

By the differentiability of A(x), this implies dJA(x*)/dx > 0 Take the total derivative of
A(x*) = 0 with respect to ¥.

(8A(x*))(8x*]+ OA(x*) __, Ox* __IA(x*)/y

ox Noay) oy 9y 0A(x¥)jox
Therefore,
* %
it 2207 0 then 2 <o,
ay 0
Consider
dA(x) OJE[plsi=x,s<x] (1-0Y)| d'(x)/dy
(22) = | ==
dy oy 2 I'(x)
Using (12),
oar'(x) 1

oy [Vf(X|P)+(1—7)f(X|P)]
< {[f (xIp) F (x|p) - f (x|p) F (x[p) ] 7/ (x[P)+ (1= 1) £ (x|p)]
~[7/ IB)F (x|p)+ (1=7) £ (x[p) F (x[p) ][ £ (xIP) - £ (x|p) ]}

and, after performing some manipulations,
. |ar(x . _ _
sign {%} = szgn{—f(x|8)f(x|p)[F(x|B)— F(x|p)]} <0.
It is non-positive because F(x|p) FOSD F(X|B). Hence, the second term in (22) is

non-negative.
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Using (13), consider

JE (pls; = x, 52 < x) [ 1 T
Iy v/ (<) F (x|p)+(1=7) f (x|p) F(x|p)

<{[/ «lp)F (xIp)p~ f (x|p) F (x[p) o]
x[vf (xIB)F (xIp)+ (1=7)/ (x]p) F (x[p)]
[/ <P)F (x| )p+(1— /(x[p)F(x[p)p]

)
X[/ (<Ip)F (xIp)~ £ (x]p) F (x[p) ]}

and, after performing some manipulations,

sign{aE(p‘sl ;jc’ 52 = Y)} =sign{f(x\f))F(x\f))f(x‘B)F(x‘g)(f)—B)} >0

Therefore, (22) is positive. |

APPENDIX B

First note that
(23) T'(x)=Pr(s; <x|s=x)=Pr(s; <x, plsi = x)+Pr(sz <x, B\sl = x).
Given firms’ signals are conditionally independent then
(24) Pr(sy < x, pls; = x)=Pr(p|si = x)Pr(s: < x|p).
Inserting (24) into (23),
I'(x)=Pr(p|s; = x)Pr(s, < x|p)+ Pr(e\sl = x)Pr(sz < x‘g)

_(Pr(p)Pr (s = xIp) Pr(p)Pr(s: = x|p)
_(Pr(_gll)jpr(s <x\p [PI‘(MZX) Pr(szﬁx‘g)

:[yf<xp>F<xp>+(l—y>f(xp)F(xp)]
7/ (<lp)+ (1=7)/ (x[p) '

Next, let us derive

E[plsi=x,5 < x]=Pr(pl|si = x, 50 <x)p+[I=Pr(plsi = x, 52 < x)]p.
Given

Pr(p, s1 = x, 5 < x)=Pr(p)Pr(s; = x|p)Pr(s; < x|p)

and
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Pr(s;=x, 5 <x)=Pr(p)Pr(s; = x|p)Pr(s; < x|p)+ Pr(B)Pr(sl = X|B)PY(S2 < x|B).
then

Pr(p, s1 = x, 5 < x)

Pr(p|lsi=x,5 <Xx)=
(Pl 25%) Pr(s; =x, 5 <x)

_ Pr(p)Pr(s1 = x|p)Pr (s, < x|p) .
Pr(p)Pr(s; = x|p)Pr(s; < x|p) + Pr(B)Pr(sl = x|B)Pr(sz < x|B)

Hence,

Elpls = x. 53 <.x]= v/ (xIP)F (x|p)p+(1=7) f (x|p) F (x|p) p
T G Flp)+ (=) f (xle) Flx]p)
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