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Abstract

We consider a classical auction setting in which an asset/project is sold to buyers
who privately receive independently-distributed signals about expected payoffs, and
payoffs are more sensitive to the signal of the bidder who controls the asset. We show
that a seller can increase revenues by sometimes allocating cash-flow rights and control
to different bidders. Allocating both cash-flow rights and control to the highest bidder
only maximizes seller revenue when his signal sufficiently exceeds the next highest.
When signals are closer, the seller optimally splits rights between the top two bidders,
with the second-highest bidder receiving control if and only if the degree of common
values in asset payoffs is high enough.
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1 Introduction

The starting point for our paper is a classical auction setting in which a seller seeks to sell
a single asset /project to risk-neutral bidders who privately receive signals about the asset’s
expected future cash flows. When a bidder wins control, the asset’s payoffs hinge on both
his signal and those of rival bidders. The existing literature studies mechanisms in settings
where only the bidder who controls the project receives cash flows (possibly splitting them

with the seller), but no other bidder receives cash flows.

Our paper shows that a seller can do better by sometimes allocating control to one bid-
der and (some or all) cash flows to other bidders. We establish that as long as expected
cash flows are more sensitive to the signal of the bidder who controls the project than to
those of other bidders—so that project payoffs have both private value and common value
components—expected seller revenues are strictly higher when the seller sometimes allocates
control and cash-flow rights to different bidders, and that the bidder who should be assigned
control may not be the one that would generate the highest project payoffs. We believe our
paper is the first to propose a “separation” mechanism of this form, to establish its revenue

advantages, and to identify the sources of those advantages.

To highlight how outcomes in our separation framework differ from those in the “no-
separation” frameworks of existing studies, we focus on settings with ex-ante identical bid-
ders. In the classical no-separation framework, given a standard monotone-hazard condition,
it is optimal for a seller to always award both control and cash-flow rights to the highest
bidder. This result reflects that (i) allocating control to the bidder with the highest signal
maximizes social welfare, and (ii) allocating cash flows to the highest bidder reduces rents
earned by bidders with lower signals, thereby minimizing bidders’ total rents (reflecting the
envelope theorem logic that rents earned by lower types cumulate to carry over to higher
types). Our paper derives the surprising result that violating either (i) or (ii) can increase
seller revenue. We show that separating control and cash-flow rights among different bidders
facilitates rent extraction, the benefit of which will strictly outweigh the costs of not always

assigning both cash flow rights and control to the highest bidder.

To see the benefit of separation, consider a simple example where two bidders receive



independently-distributed signals ¢; and t5. The asset generates cash flows of v; = Flp (t; + pt_;)
if i € {1,2} has control, where p € (0,1) means that cash flows are more sensitive to the
controlling agent’s signal than the rival bidder’s signal. For simplicity, assume it is costless to
run the project. First consider standard English auctions where cash-flow and control rights
are not separated. The equilibrium bidding strategy is (;(¢;) = t;, and the bidder with the
th—ts

higher signal ¢;, > t; wins. The seller’s revenue is t; and the winning bidder’s payoff is gl

Now consider the following two-stage separation mechanism. The first stage is an “always-
separating” English auction in which the highest bidder pays the exit price of the second-
highest bidder and receives cash-flow rights, but, unlike in a standard no-separation auction,
the second-highest bidder receives control. In the second stage of the mechanism, the seller
offers the first-stage winner an option to override the first-stage outcome: he can pay the seller

a small fixed extra payment of p..re to acquire control, while still retaining all cash flows.

One can show that bidding S;(t;) = t; still constitutes an equilibrium to the first stage
of our separation mechanism. Thus, considering the first stage outcome alone, seller rev-

enue is the same as in the no-separation auction, but the winning bidder’s payoff is reduced

tp—ts
1+p

by a factor of p to p : only bidders bear the efficiency loss from assigning control to
the lower-valuation bidder. Adding the second stage recovers some of this efficiency loss,
leading to a Pareto improvement: as the asset generates more cash flows under the winning

bidder’s control, the winning bidder will pay to acquire control whenever the efficiency gain

(1—p) t’lljrff exceeds the price pesirq. Both the seller and the winning bidder benefit, implying

that expected seller revenue strictly exceeds that in the standard English auction.

These insights extend, holding for any number of bidders, general signal structures and
valuation functions where cash flows strictly increase in the controller’s signal and are weakly
(strictly so for a positive measure) more sensitive to the controller’s signal than those of the
other bidders. We allow p..iro to depend on the exit prices of losing bidders and derive the
form that maximizes seller revenues. We also show that the bidding equilibrium is ez-post
incentive compatible. That is, our separation mechanism has the virtue that it is an ex-post
equilibrium (Bergemann and Morris (2008))—ex post, no bidder regrets. Since it always
generates (weakly and sometimes strictly) higher revenue than the optimal no-separation

mechanism event by event, its advantages extend directly to risk-averse sellers.



The source for the benefits of separation is that the project’s payoff is most sensitive to
the information of the bidder who controls the project. As we know from standard auction
theory, a bidder’s information rent depends on the importance of his private information for
project payoffs. Allocating both control and cash flow rights to the same bidder maximizes
his informational advantage. Allocating cash flows, instead, to a bidder who does not control
the project, reduces the sensitivity of project payoffs to this bidder’s private information,
lowering his informational advantage. When the two highest signals are sufficiently close, the
inefficiency cost from allocating control to a lower signal bidder and the cost of increased bid-
der rents due to allocating cash flows to a lower signal bidder become arbitrarily small, leaving
only the benefit from the reduced sensitivity of a bidder’s payoff to his signal. Thus, when

the difference in the two highest signals is small enough, separation dominates no-separation.

We then consider the possibility that the controller must receive a minimum share ¢, of
cash flows, for example to satisfy corporate regulations that mandate minimum equity stakes
for control, or to assuage moral hazard concerns. We observe that one can split rights in
two ways: instead of (1) always giving cash flow rights to the highest bidder and sometimes
giving control to the second-highest bidder, one could (2) always give control to the highest
bidder and sometimes give the second-highest bidder some cash flows. In each of these two
separation mechanism designs, the highest bidder only receives all rights when his signal suf-
ficiently exceeds the second highest. We show that for any ¢, € (0,1), at least one of these
two types of separation mechanisms can be designed to (i) be ex-post incentive compatible,

and (ii) generate strictly higher expected revenues than no-separation English auctions.

We extend our analysis to characterize when one of these two types of mechanisms is
optimal among all incentive compatible separation mechanisms. To do this, we specialize to
settings where cash flows are linear functions of signals that are independently-distributed
across bidders and satisfy the standard monotone hazard condition that ensures global incen-
tive compatibility of no-separation mechanisms. We show that with significant common val-
ues and ¢,,;, small, it is optimal to split by assigning control to the second-highest bidder and
cash flow share 1 — g,,;, to the highest bidder. When, instead, ¢, is large enough relative to

the extent of common values (gumin > 50% suffices), it is optimal to reverse this split of rights.

Finally, we show our qualitative findings extend to a setting where bidders receive multi-



dimensional signals. We assume the cash flows generated by a bidder’s control are the sum
of a bidder-specific component and a common component, and bidders receive signals about
each component; in addition, a bidder privately observes his cost of running the project.
Mechanism design is challenging with multi-dimensional signals.! We identify a class of
separation mechanisms in which the three-dimensional signals can be reduced to a single di-
mension, rendering analysis tractable. In this mechanism class, the asset is always sold with
the controller receiving a fixed share ¢ of cash flows, and each rival bidder receiving share
1—q

—=. We derive closed-form solutions for bidding strategies, and show that this mechanism

can generate both higher revenues and greater social welfare than no-separation mechanisms.

Lastly, we highlight a useful interim result in our analysis: we identify necessary and
(sharp) sufficient conditions for direct-revelation separation mechanisms to be globally in-
centive compatible. This result is of independent interest, as it simplifies establishing ex post
and interim global incentive compatibility in many settings. To understand this result, note
that a standard way to think about incentive compatibility is to examine what happens if
we fix an agent’s true type but vary his reported type. We show that one can instead fix the
reported type and vary the true type. Our approach eases analysis for two reasons: a bidder’s
payoft is typically continuous in his true type, but it may not be continuous in his reported
type (as is often true off the equilibrium path); and reported types affect auction outcomes,

but true types do not, so the derivative with respect to the true type takes a simpler form.

Other researchers have examined settings where a single bidder splits cash flows with
the seller. Ekmekci, Kos and Vohra (2016) consider the problem of selling a firm to a single
buyer who is privately informed about post-sale cash flows and the benefits of control. The
seller can offer a menu of cash-equity mixtures, and the buyer must obtain a minimum equity
claim to cash flows (with the seller retaining any residual cash flows) to gain control rights.
They provide sufficient conditions for the optimal mechanism to take the form of a take-it-
or-leave-it offer for either the minimum stake or for all shares. In contrast, we examine a
multi-bidder auction setting in which the seller can allocate control and cash-flow rights to

different bidders, showing that such separation among bidders increases seller revenues.

Mezzetti (2003; 2004) also studies two-stage mechanisms with interdependent valuations

1See Vohra (2011) and Ekmekei et al. (2016) for details on these challenges and ways to addressing them.



where first allocations are determined and then transfers are determined depending on the
information revealed in the first stage. Mezzetti largely focuses on efficiency, showing that
one can implement the ex-ante efficient allocation in an ex-post incentive compatible way
using contingent transfers. He then adds an assumption that bidders at the first-stage per-
fectly observe their realized outcome-decision payoffs at the second-stage and shows that
one can extract full rents. When signals perfectly reveal future realized cash flows—when
realized cash flows are not subject to any noise or shocks—it allows for a “shoot the liar”
design that asks bidders to report their types at the first stage and their realized payoffs at
the second stage. With perfect observability, if a bidder misreports at the first stage, no one
is subsequently fooled, so a designer can perfectly cross-check against bidders’ reports, and

thus detect and punish lying at the first stage.

The bankruptcy resolution, private equity/venture capital, and M&A settings that mo-
tivate our analysis do not feature deterministic relationships between signals and realized
cash flows, rendering Mezzetti’s cross-checking design infeasible. Instead, our mechanism
exploits the feature that when the payoff of the auctioned asset depends more strongly on
the information of the bidder who controls the asset, any cash flows that a bidder receives
are less sensitive to his signal if he does not have control. Our design leverages this novel
channel of lowered sensitivity to reduce a bidder’s informational advantage by splitting con-
trol and cash flows, awarding control or cash flows to the second-highest bidder when signals

are close, thereby raising seller revenues.

The literature has examined optimal designs of no-separation auctions with common valu-
ations in many settings. McAfee, McMillan, and Reny (1989) derive conditions under which,
with common values, the optimal no-separation selling procedure is implemented by a simple
mechanism in which a seller solicits reports from one bidder and offers the asset to another.
Bergemann, Brooks, and Morris (2016) and Brooks and Du (2018) identify robust auctions
in pure common value settings that yield maximum revenue guarantees. Lauermann and

Speit (2023) study bidding in common-value auctions with an unknown number of bidders.

Other researchers have examined the consequences of separating ownership and control
in the market for corporate control in the context of agency issues, free riding problems and

information aggregation (see, e.g., Bagnoli and Lipman 1988, Ekmekci and Kos 2016, Voss



and Kulms 2022). Our paper contributes to this literature by identifying an advantage of

the separation of ownership and control from the perspective of optimal auction design.

2 Base Model

There are n > 1 ex-ante identical bidders who bid for an asset/project.? The project can
be controlled (run) by only one bidder who incurs a publicly-known opportunity cost 7 > 0
from running the project that then generates a stream of future cash flows. The bidders
and the seller are risk-neutral. Bidders do not discount future cash flows, whereas the seller

values only current cash payments from the auction, discounting future cash flows to zero.

Each bidder 7 receives a private signal ¢; that is informative about the project’s future
cash flows. We sometimes refer to t; as bidder i’s type. We use t = ({1, t2, ..., t,) to denote
the vector of all bidder types and t_; = (t1,...,t;_1, tiy1, .., tn) to denote the vector of bidder
types other than i. We use f(t) to denote the joint density of t with associated cdf F'(t).
We assume that signals are weakly affiliated, nesting independently-distributed signals as
a special case. We further assume that f(t) is symmetric in its arguments, and uniformly

continuous and strictly positive over its support [t, ¢]".

Valuations are interdependent: expected future cash flows from the project under bidder
i’s control, v; (¢, ..., t,), depend on the signals of all bidders. We assume v; is nondecreasing
in its arguments, twice continuously differentiable, and strictly increasing in ¢;. Valuations
are also symmetric:
Vi (1, .oy tn) = u(ts; t—;), for all 4, (1)
where the function u is the same for each bidder and symmetric in its last n — 1 components.
Valuations satisfy a single-crossing condition: given any signal vector t = (¢4, t2, ..., t,),

ov; ov;
(A > ]
ot, (t) = ot;

(t), for all i and all j # 1. (2)

The single-crossing condition implies that a bidder’s signal has a greater influence on cash

flows if he runs the project than if another bidder runs the project. Given the symmetry

2We focus on ex-ante identical bidders to emphasize that always assigning cash-flow rights and control to
the same (highest) bidder does not maximize seller revenues. Our insights extend to heterogeneous bidders.



condition in (1), the single-crossing condition reduces to requiring that

wy (tr5ta, oy tn) > ug (tosty, oy tn) (3)

where u; is the derivative with respect to the " argument.

These assumptions on the signal distribution and valuations are standard in studies of
auctions with interdependent values (e.g., they are identical to those in Krishna (2010),
Chapter 6). We add a mild assumption that there exist signals t; > t3 > ... > ¢, with ¢ > t5
and t, > t, such that (3) holds as a strict inequality at t; = to:

U1 (tz;tg,...,tn) > U (tg,tQ,,tn> (4)

We sometimes specialize to bidder valuations that are linear in the signals,

u (ti, t_i) = An (tz + pth), (5)

J#

where A is a normalizing parameter that sets u(t,t,....,t) = t, and p < 1 implies

_ 1
= I (n-1)p
that expected project payoffs are more sensitive to the controller’s signal than to the signals
of other bidders. We can rewrite this as u(t) = A, (,0 doiti+ (1= p)ti>, i.e., a bidder’s
valuation is the sum of common value and private value components, where p measures the

degree of common valuations: a higher p implies a higher degree of common valuations.

Our key departure from the literature is to consider settings in which a seller can allocate
control and cash-flow rights to different bidders. That is, a bidder who does not control the

project may nonetheless receive some or all of the future cash flows generated.

Formally, we consider direct-revelation mechanisms that allow for the separation of con-
trol from cash-flow rights. Let R;(t) € [0, 1] be the probability bidder j is assigned control
when bidders report t. Let Q;;(t) € [0, 1] be the fraction of the total cash flow that i gets
when bidders report t and control is assigned to 7.3 Let M;(t) be i’s expected cash payment
to the seller when bidders report t. We use M;(ti;t_;) = M;(t1,...,ti—1,ti, tiv1, ..., tn) tO
denote i’s expected cash payment from reporting ¢, when other bidders report truthfully;

and we use R;(t};t_;) to denote the probability ¢ receives control when i reports t; and other

3If given report t, j is never assigned control, then the value of Q;;(t) is irrelevant.



bidders report truthfully. We require that
ZRj(t) <1, forallt, (6)
J

and

ZjS(t) =1, for all j and all t. (7)

One can interpret » | i R;(t) < 1 as the seller retaining the project with some probability, in

which case the project does not generate any cash flows.*

We also impose a minimum control stake requirement for the bidder who is given control:
Qj;(t) = g for all j and t, (8)

where ¢, > 0. Our insights hold regardless of whether ¢,,;, = 0 or ¢, > 0. We allow for
Gmin > 0 to capture settings in which a controller may need to retain a claim to cash flows,

for example, to address moral hazard concerns (Ekmekci, Kos, and Vohra (2016)).

We term our mechanism a “separation mechanism” to contrast with the standard “

separation” mechanisms that impose Q;;(t) = 1 for all j and Q;;(t) = 0 for all 7 # j, for all t.

Define U;(t;, ti; t—;) to be bidder i’s expected profit when he is type t; and reports ¢, and
all other bidders truthfully report t_;:

U(t; t ;) = ZR t_)Qji(t t_i)v;(t) — Mi(thit_;) — TRi(t); t_,). (9)

The first term ) i R;Qjiv; on the right-hand side is the expected value of the cash flows
awarded to bidder 7, where the summation over j reflects that bidders other than ¢ may run
the project when 7 receives cash flows. The second term is the expected value of payments
that ¢ makes to the seller. The third term is the expected cost that ¢ incurs from running

the project, which is 7 multiplied by the probability that ¢ is assigned control.

“One may weaken (7) to >, Q;i(t) < 1. >, @;i(t) < 1 corresponds to the seller receiving share
(1 =73, Qji(t)) of future cash flows, which she fully discounts and hence does not value. Vis a vis this
weaker version, (7) is without loss of generality: if ). @Q;;(t) € (0,1) at some t and some j, then one can
adjust the mechanism by multiplicatively scaling down R;(t) by >, Q;i(t), and multiplicatively scaling up
Qji(t) by 1/>°,Qji(t) for all 7, so that ), Q;i(t) = 1. With this adjustment, bidder j runs the project
with a reduced probability and hence incurs weakly less opportunity costs (since 7 > 0), so we can increase
j’s payment to the seller (weakly raising her revenues) while leaving j’s payoff unchanged.



For any given bidder ¢ with signal t;, define

[t )
Jo T (it dt;

to be the conditional marginal density of t_; given ¢;, where ,,_; = [t, ﬂ"_l is the space of in-

f-i (bifts) = (10)

tegration over the signals of bidders other than i. Let U;(t;,t;) be i’s expected profit when he
has type t; but reports t; and all other bidders report truthfully. Integrating (9) over t_; yields

Uit 1) / ZR Qs by (1 6 S (6lt) db

Qpn_1
The first term on the right-hand side of (11) is the expected value of cash flows awarded to
bidder ¢ when he reports ¢;. The second term (without the minus sign) is bidder i’s expected
cash payment when he reports t.. The third term (without the minus sign) is the expected
opportunity cost to i of running the project when he reports ¢..
The equilibrium expected profit for bidder i of type t; is U;(t;, ;). Equilibrium requires
that both the (interim) incentive compatibility condition,
Ui(ti, t;) = max U; (t;, ), (12)

t

(3

and the (interim) individual rationality condition,
Ui(ti t;) >0, (13)
hold for all ¢ and t;. We later characterize when the optimal auction design satisfies the

stronger requirements of ex-post rationality and ex-post incentive compatibility.

The seller’s expected revenue is the sum of the expected cash payments of all bidders,
Z [ M;(t)f(t)dt. Equivalently, seller revenue equals the total gain in social welfare

less total bidder rents. To see this, let g(¢;) be the marginal density distribution of ¢;. Then

:/ZRj(t)jS(t)Uj t)dt — Z/ i(ti, 1) (ti)dti—TZ/ R;(t)f(t)dt. (14)

Equation (14) is intuitive: expected revenue is the expected increase in social welfare gross
of the costs of running the project (first term on the right-hand side) less the sum of bidders’

expected rents (second term) less the expected costs of running the project (third term).

9



Our objective is to identify the mechanism that maximizes expected seller revenue (14)
subject to the feasibility conditions (6) and (7), the incentive compatibility (12) and indi-

vidual rationality (13) conditions, and the minimum control stake requirement (8).

Our characterizations hold regardless of whether bidder signals are correlated or inde-
pendently distributed. With correlated signals, we know from Cremer and McLean (1988)
that a seller can design a mechanism that exploits the correlation to achieve full extraction.
However, such mechanisms require large side bets that may lead to large regrets, rendering
an assumption of risk-neutral bidders problematic. This leads us to focus on separation
mechanisms that either take an English-auction format or are direct-revelation mechanisms
that are ex-post incentive compatible. We show they can always be designed to generate

higher expected revenues than English no-separation auctions.’

2.1 Discussion

The intuition for the advantages of separation can be understood by applying the envelope

theorem to (11) and (12), which yields

dU;(t; t tiit_
U — / ZR )Qji(t) 8%(“ Z) Joi(tg|ts)dt

df—i(t—i|t:)
St (1)

7

T / D R(OQutuy (st — Mi(t) = TR()

The first term is the contribution to a bidder’s rents due to his private information regarding
the value of the cash flows, while the second term is the contribution to bidder rents from any
correlation in bidder signals. The first term is the key for understanding advantage of separa-
tion: as in the standard no-separation setting, allocating cash flows to a bidder ¢ with signal
t; enables him to earn differential rents relative to when ¢ has a lower signal, as reflected by
the term R,;(t)Q;;(t); but, unlike the no-separation case, the differential rents are scaled by
%;’) That is, bidder ¢’s differential rents are weighted by the sensitivity of the value of

his awarded cash flows to his signal when the project is run by bidder j. Because a bidder’s

signal has a greater influence on cash flows when he runs the project than if another bidder

®Lopomo (2000) and Chung and Ely (2007) provide general conditions under which the English
no-separation auction yields the highest seller revenue among all ex-post incentive compatible no-separation
mechanisms.

10



runs it, awarding bidder ¢ cash flows when the project is run by a different bidder reduces

1’s overall rents, vis a vis awarding bidder i cash flows when ¢ also runs the project himself.

Our separation mechanism extends the existing framework of mechanism design by in-
corporating the assignments of rights into the design consideration. In practice it loosely
corresponds to settings in which, for example, an entrepreneur “sells” a project idea to a syn-
dicated VC group, where the lead VC is directly involved in the project management, while
the other VCs only contribute funding in return for claims to future cash flows. Private equity
clubs (e.g., club deals) and limited partner frameworks feature a similar separation, where the

limited partners provide capital and other inputs, while the general partner runs the business.

Our model considers an impatient seller who does not value retention of cash flows. This
assumption is standard in the security design literature where a seller owns an asset that
generates future cash flows, but has a higher discount rate than buyers, creating gains to
trade (see, e.g., Biais and Mariotti 2005). In this setting, existing studies focus on revenue-
maximizing mechanism that do not feature separation: given standard regularity conditions,
the highest bidder receives both control and cash flow rights. Our paper shows that separa-
tion can improve seller revenue further. Our insights extend when the seller is as patient as
bidders, but has to raise cash to cover an upfront investment or other liquidity need. Exist-
ing studies have examined such settings when cash-flow rights and control are split between
the seller and a single bidder, with the seller awarding both control and a share of cash-flow
rights to the (same) highest bidder in exchange for the cash needed for investment but no
other bidder receives cash flows. Our insights apply here, too: a seller can do better by some-
times splitting a share of cash flows among different bidders—while retaining the remaining

cash flows for herself, or awarding control to a bidder who is not the highest bidder.

Our framework assumes that cash flows are contractible and they are split in the form
of equities. This assumption captures many settings—e.g., bankruptcy resolution, takeover
auctions, private equity or venture capital—that fit our framework in many ways: (i) equity
is commonly used, (ii) cash flows arrive over time and are subject to shocks, making bidder
signals noisy indicators of future cash flows, (iii) sellers are impatient and must be paid before
those cash flows arrive. In mergers and acquisitions, our mechanism can be implemented by

having bidders take equity shares or dual class shares where only one class of shares has con-

11



trol rights, both of which are used in practice. In the market for corporate control, the use of

equity is especially natural as regulations mandate a minimum equity share to gain control.®

2.2 Two-stage separation mechanism when ¢,,;, = 0

In a standard no-separation English auction, the auctioneer continuously increases price
and the auction stops when second highest bidder exits, with the winner pays that exit price.
As is well known (see equation 6.5 in Krishna 2010), bidding strategies in the symmetric equi-
librium take the following form: if bidders k+1, k42, ..., N have dropped out, with their exit
prices revealing their signals ¢y 1,tx12, ..., tx (strategies are monotone) to the remaining k ac-

tive bidders, then the strategy of a remaining bidder ¢ with signal ¢; is to drop out at the price
ﬂk (ti, tk+1, ceey tN) =Uu (ti; ti, SR ti, tk+1, ceey tN) — T, (16)

which is the expected value of the cash flows generated by bidder ¢ when all k active bidders
have signal ¢;, while those bidders who exited have signals as revealed by their exit prices

minus the opportunity cost for bidder ¢ of running the project.

Next we describe our two-stage auction:

Definition 1 (two-stage auction) The first stage is a standard English auction, i.e., the auc-

tioneer continuously increases price and the auction stops when the next-to-last bidder exits.

In the second stage, the seller offers the first-stage winner a choice of whether to receive
cash-flow rights but give control rights to the highest losing bidder or to pay an additional fee
to obtain both rights. If the winner only chooses cash flows then she pays the seller T plus the
exit price of the highest losing bidder, and control is assigned to the highest losing bidder who
18 paid T in return for running the project. If, instead, the winner pays to obtain control then
she pays the exit price of the highest losing bidder plus an extra payment of Pezira(-) > 0 minus

T, where Pegira(+) can be any (symmetric) function of the exit prices of the losing bidders.

The auction rules, including pesuq(+), are public information before the first stage. One
can interpret this two-stage mechanism as follows. The first stage corresponds to an always-

separating English mechanism in which the second-highest bidder (who, in equilibrium, has

6Tt may also be practically difficult to pay bidders with other securities whose values depend non-linearly
on a stream of future cash flows that arrives over time.

12



the second-highest valuation) always receives control and the highest bidder always receives
cash-flow rights. In the second stage, the seller offers the winner the option to override the

first stage outcome by paying the seller an additional peg-q(+) to acquire control.

Define A(tq;ts,t3, ..., t,) to be the difference in expected cash flow gains from giving con-

trol to a generic bidder 1 rather than a generic bidder 2, when the other signals are t3, ..., t,:
A (tl, tQ, tg, ceey tn) =1U (tl, tg, tg, cees tn) — U (tg, tl, tg, ceey tn) .

Obviously, A (t1;ts,...,t,) weakly increases in t; and is nonnegative given t; > t,.” When
bidder 1 has a higher signal than bidder 2, A(t1;ts, ..., t,) is the “efficiency gain” from allo-
cating control to the higher bidder 1 rather than bidder 2.

Proposition 1 Part A: In the symmetric equilibrium of the two-stage auction:

(i) In the first-stage, bidding strategies are given by (16), as in a no-separation English

auction, regardless of the functional form of peytra(-)-

(i) In the second stage, without loss of generality let t, be the winner’s type and let tq

8

be the highest losing bidder’s type as inferred from the exit prices.® The first-stage winner

acquires control if and only if pestra < A(t1;ta, ... t,).

Part B: Given any pegira(+), this equilibrium is ex-post incentive compatible.

Proof: Consider a generic bidder 1 with signal #; (not necessarily the highest) when all
other bidders follow their posited equilibrium strategies. We show bidder 1 is weakly better

off following his equilibrium strategy for any realization of his rivals’ signals t,, ..., t,,.

In stage 2 only the winner’s strategy is relevant, so assume without loss of generality that
bidder 1 won the first stage (but he need not have followed his equilibrium strategy in the
first stage). The difference in bidder 1’s profit from receiving both rights versus just receiving
cash flow rights is A (t1;ta, ..., 1) — Dextra- This difference in profits is positive if and only if
Pextra < A (t1;ta, ..., t,). This establishes the optimality of the bidding strategy in stage 2.

In stage 1, we decompose analysis into two cases.

Case 1: t; > t5. Then bidder 1 will win the first stage if he follows his equilibrium strategy.

If he deviates and still wins the first stage, the deviation does not affect his profits because

THEA (b taetn) = gEo1 (1t b)) — G0 (b1 o, oobn) = wn (b5 b, o) — ug (fas by, ) > 0.
8Types can be inferred because the bidding strategy (16) is strictly increasing and hence invertible.
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the winning price does not depend on his bid. If he deviates and loses the first stage, then his

profit is zero, and hence deviation is not profitable (because his equilibrium profit is positive).

Case 2: t; < ty. Bidder 1 will lose the first stage if he follows his equilibrium strategy. If he
deviates and still loses the first stage, then his profit is unaffected. If he deviates and wins
the first stage, then his profit is negative if he does not pay pesso in stage 2 (so bidder 2
retains control and the value of the cash flows under bidder 2’s control is less than bidder
1’s payment), and his profit is even more negative if he pays pesso to obtain control (since

bidder 1 generates even lower cash flows than bidder 2 and pegirq > 0). [

Proposition 1 implies that seller revenue is always weakly higher than in the standard
English no-separation auction. In the first stage, the bidding strategy, and hence seller
revenues, is the same as in the English auction where the outcome is efficient with the best
bidder type receiving both control and cash flow rights. The efficiency loss in our mechanism

from assigning control to the less productive bidder 2 is borne entirely by the winning bidder.

In the second stage, the seller offers the winner an opportunity to Pareto-improve on the
first-stage outcomes, which benefits both the seller and the winner. The design extracts more
rents from the winner when his type exceeds the second-highest type by enough to make
the efficiency gain to the winner from running the project high enough that he would make
an additional payment to achieve an efficient assignment of control. Thus, if the winning
bidder chooses not to pay pest-o to obtain control then seller revenue is the same as in the no-

separation auction; and if the winner pays to obtain control, then revenue is higher by pestra.

Via a simple choice of peyirq, Our mechanism can always generate strictly greater expected

seller revenues than the standard English auction in a robust, detail free, way:

Result 1: Let peyira > 0 be a constant. Then there exists a p* > 0 such that for all
Pextra € (0,p"), the two-stage no-separation auction design generates strictly higher expected

revenues than the no-separation English auction.
Proof: See the appendix. [

Next we derive the pe,io(+) that maximizes expected revenue in the two-stage mechanism.
To do this, we write pestre as a function of the losing bidders’ types, which can be inferred

from the exit prices by inverting (16). We use pezira(ta, ..., ts), where to, ..., ¢, denotes the
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(inferred) types of the losing bidders, with 5 being the highest among them.

Result 2: The seller’s optimal choice of peyira(ta, ..., tn) is

P (2, oy ta) = A (E7 g, o ) |

extra

where
Pt = argmaXA (t;to, .ty / fi (x|t
and f; (+|t_1) is the conditional marginal density of ¢; given the losing signals t_1,
fla;toy)
filalta) = 77—
ft2 flx;t_

That is, the optimal price pegira(t2, ..., tn) is the monopoly price conditional on the highest

signal ¢ being at least 5.

We next analyze mechanisms for settings where the agent controlling the project must
receive a share of at least ¢, > 0 of cash flows. The two-stage mechanism just analyzed
does not satisfy this minimum stake requirement because when the auction winner does not
pPay Pestra(ta, ---, tn) to gain control, the bidder who controls the project retains no cash flows.
When ¢,,,;,>0, we focus on direct-revelation separation mechanisms that are ex-post incentive

compatible, and show they generate higher revenues than English no-separation auctions.

As a precursor to this analysis, we provide a useful result identifying necessary and suf-
ficient conditions for direct-revelation mechanisms to be globally IC (incentive compatible).
This result simplifies establishing ex post and interim global IC in both separation and no-

separation settings, where a bidder’s payoff is often not continuous in his reported type t'.

2.3 Conditions for Global Incentive Compatibility

Lemma 1 Suppose L(t,t') is a function of t,t' € [t, | with the following properties:

2 1(t,¢) and & L(t,t)

(a) L is continuous and twice differentiable with respect tot, i.e., 5; 2

exist for all t and t';

(b) L is differentiable with respect to t' for all t' except possibly for a set S,ero—m of

DLt ), SLL(t ) and 2 25 Lt ) exist for all t

, ,
t' € [t,1] that has zero measure, i.e., 5 ) BT B T

(J/ﬂd CLH t/ - [t,ﬂ \Szero—m;'
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(¢) L is continuous in t' at t' =1t for all t, and %L(t,t’)h/:t =0 for allt ¢ S.ero—m.-
Then: 1. Necessary condition for global IC. If, for all t, t' =t maximizes L(t,t’)
over t' € [t,t], then at any t € [t,t] and t' & S.cro—m, %%L (t,t") |yr=t > 0.

2. Sufficient condition for local IC to imply global IC. If, for allt, %L(t, t') weakly

increases in t' over t' € [t,t], then t' =t mazimizes L(t,t') overt' € [t,t] for allt.

Proof: See the appendix. [

Here, one should interpret ¢ and ¢’ as a bidder’s true type and reported type, respec-
tively, and L as the bidder’s payoff function. One can further interpret L(¢,t’) in two ways.
First, L(t,t') can be the unconditional payoff of a bidder who has type t but reports t', i.e.,
integrating over all other bidders’ types, assuming other bidders report truthfully. In this
case, Lemma 1 provides conditions for an equilibrium to be interim incentive compatible.
Alternatively, L(t,t") can be the conditional payoff of a bidder who has type t but reports t’,
conditional on the other bidders’ (truthfully-reported) types. In this case, Lemma 1 provides

conditions for an equilibrium to be ex-post incentive compatible.

The lemma says that the necessary condition for IC is that %L(t, t') must weakly increase
in ¢ for ¢ in the neighborhood of ¢. A sufficient condition for local IC to imply global IC is

that 2 L(t,t') weakly increase in ¢’ over the entire domain of ¢'.

To understand what is new in Lemma 1, note that a standard way to think about incentive
compatibility is to examine what happens if we fix ¢t but vary ¢’. Lemma 1 says that rather
than fix ¢ and vary t/, one can instead fix ¢ and vary t. The necessary condition for incentive
compatibility in the standard approach is that the second-order condition be negative, i.e.,

%L(t,t’) =2 (&L(t,t')) <0. Part (1) of Lemma 1 “replaces” this condition with the

requirement that the cross-partial be positive, i.e., % (%L(t, t/ )) > 0, when that derivative
exists. That is, %L(t, t') is replaced by %L(t, t'), and the sign “< 07 is flipped to “> 0”. The

sufficient condition features a similar replacement: a standard sufficient condition for local IC
to imply global IC is that -2 L(t,t') weakly decrease in t' over t' € [t,1]; part (2) of Lemma 1
replaces this condition with the requirement that 2 L(t, ') weakly increase in ¢’ over t' € [t, .

The approach in Lemma 1 of fixing ¢’ and varying ¢ is useful for two reasons. First, the

payoff function is often not differentiable with respect to ¢’ at all ¢ and t'. Discontinuities

16



arise even in simple no-separation mechanisms where a bidder’s payoff may be discontinuous
at the boundary between winning and losing, and the payoff depends on whether the bidder’s
reported type is the highest.” In addition, our separation mechanism has a second source
of discontinuity: even when a bidder’s report is the highest, there is a discontinuous change
in allocations depending on whether his report exceeds the second highest by a sufficient
amount. The second reason why the approach of fixing ¢ and varying t is useful is that
for typical payoff functions %L (t,t') takes a simpler form than %L(t,t’ ) because bidders’
reported types (t') affect auction outcomes (winning and allocations) and hence affect bidder

payoffs, but bidders’ true types (t) do not affect auction outcomes.°

2.4 Minimum control stake

With Lemma 1 in hand, we now analyze direct-revelation separation mechanisms that are
ex-post incentive compatible, in settings where the agent controlling the project must receive
a share of at least ¢,,;, > 0 of cash flows. For notational ease, when we say t; is a “generic”

signal, we mean that t; € [t,¢] but it is not necessarily the signal of bidder i.

Definition 2 (Separation function and its inverse) For any n—1 “generic” signalsty, ..., t,_1,
denote the highest signal by t, and the second-highest by ts. A “separation function” S (t1,...,t,_1)
is a symmetric function of ty,...,t,_1 with S(t1,...,t,_1) € [tn,t] that weakly increases in ty,.
For n = 2, the “inverse” function S™'(t;) is given by the minimum value of t € [t,t]
such that S(t) > t1. Forn > 2, S7'(ty,....,t,_1) is given by the minimum value of t € [ts, 11
such that S (t1, .., th_1,t, thi1, oy tn_1) > tn, where (t1,..,th_1,t,ths1, .., tn_1) is the vector of

n — 1 signals formed by replacing t, with t in (t1,...,t,_1).

To illustrate, with two bidders who receive signals in [0, 1], an example of a separa-

tion function and its inverse is S(t;) = wt; + 1 — w for some w € (0,1) and S™!(¢;) =

9E.g., in a second-price no-separation mechanism where bidders have private valuations and ¢; is bidder
’s valuation, consider a bidder 1 with valuation t; who reports t{ when everyone else reports truthfully. His
conditional payoff (given other bidders’ types) is (t1 — max;x1 {t;}) 1{t,12maxi;é1{ti}}7 where l{t’12maxi¢1{ti}}
is an indicator function: payoffs are discontinuous in ] off the equilibrium path, i.e., for t| # ¢;.

10While we use Lemma 1 to establish incentive compatibility of separation mechanisms, it is also useful for
no-separation mechanisms. With linear valuations, Lemma 1 is not needed for no-separation mechanisms be-
cause the necessary and sufficient condition for global (interim) incentive compatibility can be derived by not-
ing that payoff functions are affine, and the maximum of a family of affine functions is convex. With non-linear
valuations, payoff functions are not affine but Lemma 1 can be used to identify sharp sufficient conditions.
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max (%, O). We call S a “separation function” because it determines when assignment
of cash flow and control rights are separated in our mechanisms. Separation occurs only when

the reported types are “close enough”, and S determines what comprises “close enough.”

Our mechanisms have the property that a bidder ¢ receives control and all cash flows
(i.e., control and cash flows are not separated) if and only if his reported type ¢, > S (t'_ i),
where t’; denotes the reported types of all bidders other than i. We focus on two classes
of mechanisms, A and B, which reflect two ways to divide control and cash flow rights. In
Mechanism A, when the two highest reported types are sufficiently close, the second-highest
bidder receives control and a share ¢ of cash flows, and the highest bidder receives share 1 —¢q
of cash flows. Thus, assignment of control is inefficient. Such a mechanism generalizes the
two-stage mechanism detailed in Proposition 1, reducing to it in the limit as ¢ goes to zero.
Mechanism B has the opposite design: when the reported types are sufficiently close, the
highest bidder receives control and a share g of cash flows, and the second-highest bidder
receiving share 1 — ¢ of cash flows. Thus, assignment of control is efficient.

We show that for both classes of mechanisms, we can always design separation functions

that generate strictly higher revenues than no-separation English auctions.

2.5 Inefficient splitting of cash flow and control rights
For notational ease, we use t’ ; to denote the reported types of all bidders other than 7.

Definition 3 (Mechanism A: inefficient splitting of rights) Suppose gmin < 0.5 and consider
q € [@min,0.5). Without loss of generality, let the reported types be t|) > th > th > ... > t!.

Ift, > S(t'), bidder 1 receives control and all cash flows and pays

My = w(SEL)sth, ty) — (L= q)u (ty; S(L), s ty) + (1= 2q) u(ty;th, ..os 1)

tqu (ST, th, . th) — T (17)
All other bidders receive nothing and pay nothing.

Ift) < S(th,...,t0), bidder 2 receives control and a fraction q of cash flows, and bidder 1

receives fraction 1 — q of cash flows. Bidder 1 pays
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and bidder 2 pays
My = qu (S7H(t1,);th, by, s th) — 7. (19)

All other bidders receive nothing and pay nothing.

We next identify conditions under which Mechanism A is ez-post incentive compatible

and generates higher revenues than no-separation English auctions. Define

_ Ovy(t) ,0vy(t)
Pmin :Hltln 8151 / 8t1 .

Ova( t) /81}1

Here, ST e

is the ratio of the influence of a bidder’s signal on cash flows if an-
other bidder runs the project relative to when he runs the project. Thus, puni, is a mea-

sure of the minimum common-value component; when valuations are linear, v; (t1,...,t,) =

An (tz + PZ#Z tj)v we have Pmin = P-

Proposition 2 Suppose the common-value component in valuations is large enough that

Pmin > ﬁ. Then for Mechanism A

(i) truthful reporting is an ex post equilibrium given any separation function S.
(ii) there exist separation functions S for which Mechanism A generates strictly higher

seller revenues than no-separation English auctions.

Proof: See the appendix. [

With Mechanism A, when the highest reported type ¢} does not exceed the second high-
est reported type t;, by enough, i.e., when | < S(t’ ), control and cash flow rights are split
with control being assigned inefficiently to bidder 2. When, instead, the highest reported
type is high enough that ¢} > S(t’ ), bidder 1 receives both control and all cash flows.

The logic for the ex-post incentive compatibility extends that for standard English no-
separation auctions to settings where control and cash flow rights can be assigned to different
bidders and more than one bidder may receive allocations. In the direct-revelation mecha-
nism of the English no-separation auction, a bidder’s payment and allocation only depend
on which of two “report-regions” his reported type falls into—it only depends on whether it

is the highest report or not. A bidder’s payoff is non-zero only when his report is the highest.

Mechanism A retains the feature that a bidder i’s payment and allocations do not depend

on where his reported type is in a given report-region. However, it has four report-regions
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(reflecting the additional ways to separate control and cash flow allocations): region 1, ¢
exceeds the second-highest report by enough that ¢, > S(t’,); region 2, t; is the highest
report, but now t; € (tg, S(t" 2)), region 3, t; is the second-highest report but close enough
to the highest, t; € (S7'(t";),2); region 4, t; is lower yet with t; < S7!(t";), i.e., ¢} is either
lower than the second-highest or sufficiently lower than the highest. In regions 1 through 3,

bidder 7 receives allocations and make payments, receiving a non-zero payoff.

We now explain how Mechanism A delivers ex-post IC. First, consider (19), which is bid-
der 2’s payment in region 3,!' where his reported type is the second highest but close enough
to the highest reported type. Net of compensation for the cost of running the project, this
payment equals the monetary value of the ¢ shares of cash flows awarded to bidder 2 when his
type is the minimum, #, = S~! (t",), that he can report in order to still receive ¢ shares.?
This leaves this boundary bidder type indifferent between reporting any type in regions 3

and 4 (the reports yield a payoff of zero), eliminating incentives for a local deviation.?

Next, consider bidder 1’s payment in (18). This payment can be rewritten as
My =(1—q)u(tyty,...t,) — A, (20)

where A, = q(u(th; th, ..., ) —u(STHt",); th, ..., t,,)) is the differential rent of bidder 1 when
he has type t; = t, and reports truthfully vs. when he has the lower type S~! (tL 1) and
reports truthfully. The first term in (20) is the value of the share 1 — ¢ of cash flows awarded
to bidder 1 when he has type t,, which is the lowest type that he can report and still receive
share 1—¢g. Mechanism A reduces what the highest bidder has to pay by A, to dis-incentivize
him from reporting a lower type in hope of being the second-highest bidder. This payment
reduction leaves a bidder 1 with boundary type t; = ¢} indifferent between reporting any type

in regions 2 and 3 (such reports yield payoff A,), eliminating incentives for local deviations.

To understand (17), which is bidder 1’s payment when his reported type sufficiently

1The numbering of regions is from the perspective of the bidder referred to in the context. Thus, region 3
is from bidder 2’s perspective. When we discuss bidder 1’s payments, the numbering reflects his perspective.

12The feature mirrors that in a English no-separation auction where the winner’s payment is the value of
the auctioned asset when the winner’s type is replaced by the minimum that he can report and still win.

13Thus, our mechanism satisfies the premise in part (c¢) of Lemma 1 regarding the continuity of bidder
1’s payoff at this boundary (in fact this premise is satisfied at all points).
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exceeds the second-highest reported type so that ¢} > S(t’ ), rewrite it as
My =u (St ) th, . th) — Ay — Ay — 7, (21)

where Ay = (1 — q)(u(th; S(t7,), ... 1)) — u(th; th, ..., t,)) is the differential rent of bidder 1
when he has type S(t’_;) and reports truthfully vis a vis when he has a lower type t, and
reports truthfully. The logic for (21) mirrors that for (18). The first term in (21) is the value
to bidder 1 of receiving all cash flows when he has type S(t" ), which is the lowest type that
he can report and still receive all cash flows. The payment reduction of A, leaves a bidder
1 with boundary type t; = S(t’_;) indifferent between reporting any type in regions 1 and 2

(such reports yield payoff A, + Ap), again eliminating incentives for a local deviation.

Bidder 1’s payment in (21) is reduced by two terms: A, and A,. When bidder 1’s type
sufficiently exceeds t}, he can deviate by reporting a lower type and still receive allocations in
two ways. First, his reduced reported type can still exceed t,. Second, he can report an even
lower type that falls slightly below t,. Each of these deviations yields differential rents (re-
flecting the allocation received for that type of deviation), and the differential rents earned at
lower types add up and carry over to higher types reflecting the standard envelope theorem

logic. This leads to the greater reduction in payments in (21) than (20) (A, + Ap vs. A,).

The payments can alternatively be understood as follows. When bidder 1’s report is
not sufficiently above t}, (18) implies that bidder 1 pays for his awarded cash flows at two
different unit prices. The second term means he pays for ¢ shares at the lower unit price of
w(STHt ) th, ..., 1)), and he pays for the remaining (1 — q) — g = 1 — 2q at the higher unit
price of u(th; t,, ...t ). This reflects that bidder 1 can deviate by bidding below ¢}, but above
S71(t";). This would give him a share ¢ at the lower unit price of u(S™(t",);t), ..., t,).1
The payment in (18) rewards him for bidding truthfully by giving him the same benefit as
if he had deviated (and hence would receive ¢ shares at that lower price); he only pays the

higher unit price for the remaining cash flows that he would not receive if he deviates.

The payment features detailed above make deviations unprofitable if they are within a
given report-region, or if a bidder’s type is at the boundary of two regions and he deviates

locally. However, global ex-post IC further requires that given any realizations of the types

4Note that if bidder 1 deviates by bidding below 5, the highest among the n reported signals will be t}.
This, by (19), yields bidder 1’s (deviation) payment.
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of other bidders, deviation be unprofitable for the remaining bidder when his true type falls

in the interior of any of the four regions and he deviates to the interior of any other region.

To illustrate the added requirements needed for global IC, we revisit our example from
the introduction where two bidders receive independently-distributed signals ¢; and ¢, 7 = 0,
and the asset generates cash flows of ﬁp (t; + pt_;) ifi € {1,2} has control. Let bidder 2 with
to bids truthfully and consider bidder 1 with t; € (3, S (¢t2)). If bidder 1 reports truthfully, he
receives 1—q shares and bidder 2 receives control. Thus, bidder 1’s expected profit is the value

of those cash flows, (1 — ¢q) ﬁp (ta + pt1), less his payment (1 — 2q) to +qﬁp (St (t2) + pta):

/ 1 1 _

If bidder 1 deviates to report a type of to—¢, he receives control and ¢ shares. His expected
profit is the value of those cash flows, q#ﬂ (t1 + pta), less his payment qﬁp (S71 (t2) + pta):®
1 1 _
Uty t) =ts — e;ty) = q?p (t1 + pta) — q?p (571 (t2) + pt2) -
His gain from deviation is the difference in these two expressions:

t1 — to
1+p

(=1 =q)p).

This gain is non-positive under the premise of Proposition 2 that py, > yunt

In principle, we have to consider all such deviations. In the appendix, we circumvent hav-
ing to exhaustively rule out these many possibilities by exploiting Lemma 1 to simplify the
establishment of IC. We show that pyi, > %_q suffices to ensure the ex-post incentive compat-

ibility of Mechanism A for any number of bidders and general (nonlinear) valuation functions.

When ¢ = 0, the premise of Proposition 2 that pni, > 2 always holds. Proposition 2 ex-

—q
tends the ex-post incentive compatibility of our two-stage mechanism in Definition 1, which
corresponds to Mechanism A with ¢ = 0, to settings where the minimum stake ¢ is small
enough relative to the minimum degree of common values p,,;,. Broadly, the intuition for why
truthful reporting is an ex-post equilibrium is that when the high bidder does not receive con-
trol, (i) he still receives a sufficient share 1—q of cash flows, and (ii) the common value compo-

nent p is large enough that the efficiency cost of having the bidder with the second-highest sig-

nal run the project is not too high. Obviously, the larger is 1—g, the smaller is the requisite p.

15This follows from (19) after switching the index “1” and “2” as bidder 1’s report is now the second highest.
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The intuition for why separation functions exist that generate strictly higher revenues is

the same as that for Result 1: when the two highest types are close enough, the seller strictly

gains from separating cash-flow rights and control. A direct corollary of part (ii) is that for all

Gmin € [0,0.5), separation mechanisms exist that generate strictly higher expected revenues

than no-separation English auctions as long as the common value component is large enough.

2.6 Efficient splitting of cash flow and control rights

We now construct mechanism B in which the highest reported type always receives control.

Definition 4 (Mechanism B: efficient splitting of rights) Consider q € [qmin, 1)-

loss of generality let the reported types be t) > th, > t5... > t,. Then

Ift, > S(t',), bidder 1 receives control and all cash flows, and pays

My = (1= q)u (S(E0); th o th) + (20 — Dy (B 1)

+(1—q)u (75’2;5_1 (t'_l) ,...,t;) — T

All other bidders receive nothing and pay nothing.

Ift, < S(t' ), bidder 1 receives control and a share q of cash flows, and pays
My = (2¢ — 1) u(ty;ty, ..., 1)+ (1 —q) [u (t’2; St (t'_l) , ,t;)} -7,
while bidder 2 receives fraction 1 — q of cash flows and pays
My = (1—q)u(ty;S7"(t,), th ... t)) .

All other bidders receive nothing and pay nothing.

Without

(22)

(23)

(24)

With Mechanism B, when the highest reported type ¢} does not exceed the second highest

reported type t, by enough, i.e., when #| < S(t’_;), then the bidder 1 who reports the highest

type receives control and share ¢ of cash flows, and the second highest bidder 2 receives share

1 — q. When, instead, the highest reported type is sufficiently higher so that ¢} > S(t",),

then bidder 1 receives control and all cash flows.

Although the assignment of control is the opposite of Mechanism A, it shares key features:
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e There are four report-regions; and a bidder i’s payment and allocations do not depend

on where his reported type is in a given report-region.

e When a bidder’s type is at the boundary of any two adjacent regions, the payments
leave the bidder indifferent to reporting any type in those regions. Thus, there is no
incentive for local deviations, and when bidders bid truthfully, the differential rents

earned at lower types add up and carry over to higher types.

e Truthful bidding is rewarded by a price discount. If a bidder would receive a share x of
cash flows at a lower unit price by deviating to report a lower type, then when he bids
his true type, he pays for the share z at that lower unit price; he only pays the higher

unit price for the remaining cash flows that he would not have received if he deviated.!®

These features deliver the local IC of Mechanism B. The additional requirements that
ensure global IC are the opposite of those for Mechanism A, reflecting their opposite control
assignments upon splitting. Mechanism A is ex-post IC when the cost of inefficient control
assignment and share ¢ for control are small enough. Mechanism B is ex-post IC in the
opposite scenario where ¢ is sufficiently large relative to the common-value component in
valuations. We measure the maximum common-value component by:

81}2(’5)/81}1(1:)
Oty oty '

Pmax = Max

With linear valuations, i.e., with v; (t1,...,t,) = A, (ti + pZ#i tj), we have pua.c = p. Rou-
tine modifications of the proof of Proposition 2 yield the ex-post IC of Mechanism B:

Proposition 3 Suppose the common-value-component in valuations is sufficiently small and

q is sufficiently large that pmax < ﬁ. Then in Mechanism B
(i) truthful reporting is an ex post equilibrium given any separation function S.

(ii) there exist separation functions S such that mechanism B generates strictly higher

seller revenues than no-separation English auctions.

16Tf a bidder would receive more cash flows by deviating to reporting a lower type, the “remaining”
cash flows would be negative. In this case, the bidder effectively “sells” the difference in the two cash flow
amounts back to the seller at a higher unit price. Relatedly, unlike in no-separation mechanisms where
global IC typically requires higher type bidders to receive greater allocations, in our separation mechanisms
a higher type bidder may receive a reduced cash flow allocation if it is accompanied by a change of control.
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When the highest bidder receives “enough” cash flows for control and the cash flow con-
sequences of inefficiently assigning control matter enough, it reduces the value to the bidder
with the highest signal of receiving cash flows but not control. This dis-incentivizes the bid-
der with the highest signal from reducing its bid to be the second-highest bidder, rendering

Mechanism B ex-post incentive compatible.

The broad intuition for why separation functions exist that generate strictly higher rev-
enues is the same as that for Mechanism A: when the two highest types are sufficiently close,
the seller strictly gains from separating control and cash flows. Separation involves a cost-
benefit tradeoff. Here, when cash flows (but not control) are assigned to the second-highest
bidder, the seller benefits from bidders’ reduced information rents due to cash flows being less
sensitive to the signal of the bidder who receives the cash flows; while the costs are those of in-
creased bidder rents due to assigning cash flows to a lower signal bidder. The key is that this
cost increases from zero in the distance between the two highest signals, reflecting the stan-
dard envelope logic that rents earned by lower types cumulate to carry over to higher types.
In contrast, the benefit due to reduced sensitivity is positive even when the difference in sig-

nals is zero. Thus, with sufficiently little separation, the benefit always outweighs the cost.

Proposition 3 is notably useful because a sufficiently large ¢ (i) always satisfies the propo-
sition’s premise that ppa., < %} for Mechanism B to be ex-post incentive compatible;and
(ii) it always satisfies the minimum-stake requirement that g > @i, for any ¢, € [0,1).
For example, if moral hazard is a sufficient concern that the bidder with control must always

receive a majority of cash flow rights then ¢ > 1/2 and hence ﬁ > 1> prae-

Thus, Mechanism B can always be designed to generate strictly higher seller revenues
than no-separation English auctions by choosing ¢ sufficiently high. If, instead, we fix ¢ at

any ¢min € (0, 1), then observing that Proposition 2 holds for py, > %} and Proposition 3

holds for ppax < 1%(1, we obtain:

Corollary 1 Fiz any ¢ = ¢min € [0,1). Then there exist separation mechanisms that gen-

erate strictly higher seller revenues than no-separation English auctions.

We next specialize to independently-distributed types to characterize optimal designs.
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3 Optimal separation mechanisms: independent types
Assumption 1 Bidder types are independently (and identically) distributed.

Recall that g(t;) denotes the marginal density of ¢;, which is continuous and strictly pos-
itive over [t,t]. Let G(t;) be the associated cdf. By independence, the joint density of t is
f(t) = I}_, g(t;) and the conditional marginal density of t _; given ¢; is f_; (t_4[t;) = I}, 9(t:).

With independent types, (15) reduces to

dUi(t:, i) Avj (ti;t_;)
T at, /Qn_l z]: R (t)Qﬁ(t)a—QH#z‘g(tj)dt—i' (25)

Equation (25) conveys the advantages of separation in a more straightforward way than (15).
With independent types, the terms in (15) related to signal correlations vanish, rendering the

8’0]' (tz‘;t,l‘)

effects of separation more transparent: in (25) the differential rents are scaled by =25

That is, bidder 7’s differential rents are weighted by the sensitivity of the value of his awarded

cash flows to his signal when the project is run by bidder j.

Rewrite (25) as CET = J;(t;), where
/ ZR )Q;i(t) 8%(' ) I;2ig(t;)dt;. (26)

Integration yields U;(t;,t;) = [ J;(£)dt + Uy(t, ). Substituting this into seller revenues, and

applying standard (mtegratlon by parts) mechanism design techniques yields:

Lemma 2 (Revenue Decomposition) In any incentive-compatible mechanism, the seller’s

expected revenue (14) is given by

ws:/ (O gt dt—ZUtt (27)

where
=2 BOQu00(4Q) (28)
and
o) = (0 - ;ggti) a?t(f) T (20)

is the matriz-form virtual valuation for cash flows generated by bidder j and assigned to i.
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Proof: See the appendix. [

Bidder rationality implies that — Y, U;(¢,t) is non-positive, and it reaches its maximum
when U, (t,t) = 0 for all . The virtual valuations underlying 7, arise from the envelope theo-
rem, which reflects local incentive compatibility. We next derive an upper bound on 7, and
then explore which allocations achieve this upper bound and hence maximize 7, deferring

the question of whether a mechanism with such allocations is globally incentive compatible.

Unlike standard settings where control and cash rights are not separated (i.e., where
(), (t) is constrained to equal one), the virtual valuation in our separation framework takes a
matrix form: it depends both on which bidders receive cash flows and which bidder generates
them. Intuitively, ¢;; measures the rents a seller can extract per unit of cash flows generated
by 7 and assigned to ¢. That is, the rents a seller can extract by assigning control to a bidder

j depend on how she assigns cash-flow rights among bidders, conditional on j having control.

We now rewrite bidder valuations so as to account for the minimum stake requirement.

Definition 5 Forany j=1,....,n andi = 1,...,n, the minimum-stake-adjusted matriz-form
valuation s

1 — G(1;) Ov;(t)
g(t;) O

1 G(t) 0wyt
— (1 = Grain) ) o T. (30)

Vji(t) = v;(t) — Gmin

Here, (30) is defined for both i # j and ¢ = j. When ¢ # j, (30) represents the rents that

the seller extracts from assigning control and share ¢,,;, of cash flows to j, and share 1 — g,,in

_ 1=G(t)) ov;(t)
gt;) Ot

is the virtual valuation in a standard no-separation setting, and it represents the rents that

of cash flows to another bidder i. When i = j, (30) reduces to v;(t) — 7, which

the seller extracts from assigning control and all cash flows to a single bidder j.

Lemma 3 Given any t, among assignments that satisfy the feasibility conditions (6) and (7)

and the minimum stake requirement (8), the following assignments of rights mazimize 4(t):
(i) If max;; ;i (t) <0, then there is no sale (i.e., R;(t) =0 for all j).
(11) If max;;1;;(t) > 0, then assign control and share q¢m, of cash flows to j, and assign

share 1 — @uin of cash flows to i, where the pair (j,7) mazimize 1j;(t):

(j,2) € arg r?a)x ji(t). (31)

J7Z
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Proof: See the appendix. [

In essence, Lemma 3 says that for assignments that maximize 74(t) under the minimum
stake requirement it is without loss of generality to assume that either the constraint binds
(Qj;(t) = @min) or it is completely slack (i.e., no separation with Q;;(t) = 1).

We now specialize to linear valuations and identify conditions under which either Mech-

anism A or B is optimal. Qualitatively similar results obtain with nonlinear valuations.

3.1 Linear Valuations

Suppose valuations are linear as in (5). To ease notation, define the inverse hazard function,

1-G (1)

L(t)= o)

Assumption 2 L (t) is strictly decreasing.
Assumption 3 t — A,L(t) > 1.

Assumption 2 is a sufficient condition for the standard regularity condition that ensures
the global IC (not just local IC) of the “no-separation” mechanism that always assigns control
and cash flow rights to the bidder with the highest virtual valuation. Assumption 3 ensures
that 1;;(t,Q)) (equation (30)) is nonnegative for any j and 4, implying that always selling the
asset is optimal (i.e., part (ii) of Lemma 3 holds). Under Assumptions 2 and 3, standard
English auctions with no reserve price maximize seller revenues among all no-separation
mechanisms. These assumptions simplify characterization of the optimal mechanism when

control and cash flow rights can be separated.
By (5), the minimum-stake-adjusted matrix-form valuation (30) simplifies to

Wii(t) = { V;(t) =T = GuminL (t;) Ap — (1 = Guin) L () Anp if i # . (32)

We now explicitly characterize the 7s(t)-maximizing allocations in Lemma 3. Let “A” and

“s” index the highest and second-highest bidders, and let their associated signals be ¢;, and .

Lemma 4 7,(t)-mazimizing allocations only allocate cash flow and control rights to h and s.
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Proof: See the appendix. [

Lemma 4 implies that the allocations that maximize 74(t) take one of three forms: give
control and all cash flows to the highest bidder; give control and cash-flow share ¢,,;, to the
highest bidder and share 1 — ¢,,;, to the second-highest bidder; or give control and cash-flow
share ¢,,;, to the second-highest bidder and cash-flow share 1 — ¢,, to the highest bidder.
We now pin down when each of these allocations maximize 74(t). From (32), the associated

virtual valuations are given by

whh(t) = Uh(t) — T — L (th) An (33)
Uns(t) = vp(t) =7 — quinL (th) Ap — (1 = Guin) L (ts) Anp (34)

and
wsh(t) = 'Us(t) - T = QminL (ts) An - (1 - Qmin) L (th> Anp (3’5>

From Lemma 3, the 7,(t)-maximizing allocation is associated with the highest virtual
valuation. Allocating control and all cash flows to the highest bidder is optimal if and only

if Yy > max{eps, Vs }. We have
Unh = ¥ns = (1 = qm) An (pL (ts) — L (t4)) (36)
which yields ¥, > e if and only if
th > Kp (t:) = L7 (pL(t)), (37)

where L™ is the inverse function of L. L is decreasing by Assumption 2 and L (¢) = 0, so

Ka(ts) € [ts, ] is increasing in ¢,. Similarly,

~

Unh = Ysn = A (1= p) (th = ) + quin L () = (1 = (1 = guin) p) L (tn)) = Ka (ts,n) - (38)

Let K4(ts) be the value of ¢, that sets K (ts,tn) to zero. K,(ts) increases in ¢y (since
KA(y, x) strictly increases in y, KA(x,x) < 0 and kA(x,ﬂ > 0). It follows that ¥, > g,
if and only if ¢, > K4 (ts). Thus, allocating control and all cash flows to the highest bidder

is optimal if and only if
th > maX{KA(ts),KB(tS)} = K(ts) (39)
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It remains to determine the optimal way to divide control and cash flow rights. We have

Yhs — 77ZJ5h = Ay ((1 - p) (th - ts) - ((1 - C]min) p— C]min) (L (ts) - L(th))) : (40)

The right-hand side of (40) strictly decreases in p, and it equals zero at

(1 — 2¢min) (L (s) — L(t1))
(th —ts) + (1 — qmin) (L (t5) — L(tn))

That is, when splitting is optimal, control rights should be assigned to the bidder with the

p=1-— > 0. (41)

second-highest valuation if and only if the associated efficiency cost in terms of lost cash flows

is sufficiently small, i.e., if and only if the common value component is large enough, p > p.

Combining these results, we have established:

Proposition 4 The following allocations maximize w,:

(i) If ty, < K(ts), then cash-flow rights and control are split between bidders h and s.

If p < p, then assign control and quin cash flows to bidder h and 1 — quin cash flows to bidder s.

If p > p, then assign control and qui, cash flows to bidder s and 1 — qui, cash flows to bidder h.
(i) If ty, > K(ts), then assign bidder h all cash flows and control.

Note that if ¢y, > 0.5, then (41) yields p > 1. Therefore, the condition p < p in part (i)
of Proposition 4 always holds, so that if ¢, < K(t), then the T,-maximizing allocations are

to assign control and ¢,;, cash flows to bidder h and 1 — g,;, cash flows to bidder s.

We next construct optimal separation mechanisms. Define

d d
= max —L (¢ d & = min —L(¢). 42
01 max (t) and & mmin (t) (42)

By Assumption 2, d < §; < 0. Observing that K4(t;) and Kpg(ts) correspond to the

separation functions for Mechanisms A and B, we establish:

Proposition 5 (i) If gumin > 0.5, then Mechanism B with ¢ = qmin and separation function

Kpg is the optimal separation mechanism.

(ii) If Gmin < 0.5 and p < min {1 + 1(71(712:1;“@);5;2, pain }, then again Mechanism B with

q = Qmin and separation function Kpg is the optimal separation mechanism.
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(i) If qmin < 0.5 and p > max {1 + 1(_1(_12:1;““,‘);21, o }, then Mechanism A with ¢ = Gmin

and separation function K is the optimal separation mechanism.

Proof: See the appendix. [

The proposition says that if ¢,.;, is large, then it is optimal to always have the highest
type control the project; but, if ¢, is smaller, the optimal way to divide rights depends on
the degree of common valuation. For example, with ¢, = 0.4 and uniformly-distributed
signals, Mechanism A is optimal for p > 7/8, and Mechanism B is optimal for p < 2/3.17
Thus, either Mechanism A or B is the optimal no-separation mechanism unless p is in a
small interval, p € (2/3,7/8).

However, optimal mechanisms only require interim incentive compatibility, and the mech-
anisms identified in Proposition 5 are ex-post incentive compatible. We now use Lemma 1 to
identify the weaker conditions needed for interim incentive compatibility, interpreting L(¢, ')
as U;(t;, t;), i.e., L(t,t") is i’s expected profit when he has type ¢; but reports t; and all other
bidders report truthfully. With independent types, (11) simplifies to

i) = [ SR e O )

- / M (156 ) T g (t)dt i — 7 / Ry(ts t )L, ug(t,)dt s, (43)
Qn—l

Qn—l

which yields

ity = [ PILTERENCE e 22t (44

With linear valuations, 87(’;# = Wj;, where W, = A, for i = j and Wj; = A,p for i # j.

Comparing (44) with (26) and noting that W}, are constants, we have

O Ot b)) — B,

o 5 At Q)W (45)

where E_; denotes expectation over t_;. U;(t;, 1) is the expected payoff after integrating

over other bidders’ type, so it is continuous and differentiable with respect to t;. Therefore,

I7To see these results, note that 7 q “4 = % Further, with a uniform distribution §; = d = —1, and
(1 2Qmm)5 (1 2Qmm)5 _ 7
hencel—&-ﬁ—l—&-ﬁ—g.
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the associated S.ero_m in Lemma 1 is the empty set. Part 1 of Lemma 1 says that a nec-
essary condition for global IC is that for all ¢; € [t, 7], 2 Ji(t})]y—, > 0 for t; € [t, ], where
J; = % is given in (26). As J;(t;) does not depend on ¢; (with linear valuations 8”84)5(1_‘“)
does not depend on t;), this necessary condition is equivalent to requiring - J;(¢}) > 0 for all
t: € [t,t]. Relabeling t! as t;, this necessary condition is equivalent to requiring d%Ji(ti) >0
for all ¢; € [t,t]. This, by Part 2 of Lemma 1 and (45), is also the sufficient condition. Thus,

with linear valuations, the necessary and sufficient conditions coincide:!®

Lemma 5 The condition that J;(t;) be weakly increasing in t; overt; € [t,t] is both necessary

and sufficient for local interim IC to imply global interim IC in the separation mechanism.

In standard no-separation mechanisms with linear valuations, the necessary and sufficient
condition for local interim IC to imply global interim IC is that the expected allocation be
non-decreasing. In contrast, for our separation mechanism, the analogous condition is that
the expected allocations weighted by W;; (the sensitivity of cash flows under one bidder’s
control to the signals of other bidders) be non-decreasing. Thus, in separation mechanisms
a bidder’s expected allocation can decrease in his type if this decrease is compensated by
an increased probability for control. Intuitively, separation mechanisms provide two distinct
ways to incentivize a high type bidder not to deviate to reporting a lower type: (i) as in a no-
separation mechanism, rewarding a high report by assigning more allocations; (ii) rewarding
a high report by assigning a higher probability of control (conditional on given allocations).
The increased probability of control is a reward for a high type because a higher type benefits

more from running the project by himself rather than having it run by another bidder.

This latter channel,'® which is novel, is closed in standard no-separation mechanisms
because there, any cash flow allocation assigned to a bidder is always generated by that
bidder’s control—the probability of control conditional on being given cash flows is always
one. Lemma 5 is more general than the standard result for IC in no-separation mechanisms,
reducing to the latter if we set Q);; = 1 and @;; = 0 for all ¢ # j. Our separation mechanism
allows the conditional probability of control to be less than one and vary with bidder type.

This gives a seller more leeway in the mechanism design, facilitating rent extraction.

18With non-linear valuations, one can use Lemma 1 to derive necessary and sufficient conditions.

19This logic also underlies the conditions ppin > ﬁ in Proposition 2 and ppax < ﬁ in Proposition 3.
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With this result, parts (ii) and (iii) of Proposition 5 generalize as follows:

Proposition 6 (i) Suppose qmn < 0.5 and p < 1+ %. Then Mechanism B
with ¢ = qumin and separation function Kg is the optimal no-separation mechanism if and
only if the associated J;(t;) weakly increases in t; € [t,t]. (i) Suppose qmm < 0.5 and
p> 1—1—%. Then Mechanism A with ¢ = quin and separation function K 4 is the opti-
mal no-separation mechanism if and only if the associated J;(t;) weakly increases int; € [t,1].

Proof: See the Appendix. [

The parameter space identified in Proposition 6 is (weakly) larger than that identified in
Proposition 5—where the extent to which it is “larger” varies with the number of bidders.
This differs from standard no-separation mechanisms in which the regularity condition for

global IC does not depend on the number of bidders.

4  Multi-dimensional signals

We now illustrate that our qualitative findings about the advantages of separation mecha-
nisms do not hinge on the one-dimensional nature of signals. To show this, we consider two
additional sources of bidder private information. First, the cash flows generated by a bidder
i’s control are given by (1 — p)f; + ,u(% doe Vk)a where 0; € [Q, ﬂ is a privately-observed,
bidder-specific component that reflects i’s skills, ~v; € b, 7] is a privately-observed common
component, and p measures the extent of common valuations.?’ Second, bidder i’s oppor-
tunity cost 7; € [, 7| can be i’s private information, and 7; can take on negative values, i.e.,
the bidder may receive a benefit of control that is his private information (see, e.g., Ekmekei,

Kos and Vohra (2016)). We assume that 6;,7; and 7;, are independently distributed.

When ¢ has control and receives cash flow share g;, his expected payoff is

v = q; | (1 — p)b; +#<%Z’Yk>} = T

200ur base model essentially assumed that ; and 6; were perfectly correlated. One can motivate this
structure in a two-bidder setting where the project has two divisions (lines of business) with values of vy
and vo, and total value v; + vo, where each bidder is an expert in one line of business. The expert in
line 7 receives a private signal ¢; about v;, and he is more efficient at running line 7 than the other line.
Specifically, the project’s value is (1 + «)t; + t—; when run by expert i rather than by —i, where where
a > 0 captures the feature that the expert for line i is more efficient at running .
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When, instead, a bidder j # i has control, i’s expected payoff is
v = q;| (1 — p)o; +u( kaﬂ

With multi-dimensional signals, mechanism design is challenging. We next identify a
class of separation mechanisms in which the three-dimensional signals reduce to a single

dimension, rendering analysis tractable.

Restricted mechanism: The project is always sold with one bidder receiving control and

a fixed share ¢ > quin of cash flows, and each other bidder receiving share E.

The no-separation mechanisms considered previously allowed a single bidder to receive
control and all cash flows. The restriction to mechanisms in which all losing bidders receive
a common share of cash flows obviously reduces a seller’s ability to extract rents. Nonethe-
less, we identify conditions under which this restricted design still generates strictly higher

expected revenues than the English no-separation mechanism.

We denote bidder i’s type by t; = (6;,7;, 7;); all other notation is unchanged. We have:

Us(ti, tit—s) = qRi(t;;t ) ((1 — p)0; + % Z%) (46)
711:? ;( ( (1 — )by + = ka>) — Ri(tht_)m — M(t;t,).

Using (1) D p v = D Ve +vi and (i) > -, Ri(t;t-) = 1 — Ri(t;t-;) (because the

asset is always sold in the restricted mechanism), we substitute

_ ng—1
yi= (L= @i + 5y = T (47)

to rewrite bidder i’s expected payoff in (46) from reporting ¢, given t; and t_; as
Ui(ti, tit ) = ysRi(t}; ) — My(ti; t_;) + U7,
where

=t (E ) A D (b (0 - £ )+ A0

This reveals that auction outcomes (R and M) only interact with ¢’s private information via a

single dimension y; in bidder i’s expected payoff. In particular, 6;,~;,7; and R do not interact
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in U;. Tt follows that auction outcomes only depend on i’s private information via y;.2! This
dimension reduction preserves tractability. Note that this does not mean that ¢’s payoff only

depends on one dimension of private information; indeed, U; also depends directly on ~;.%2

Proposition 7 Truth telling is an equilibrium to the direct mechanism below in which each
bidder i reports a single quantity y;. In this direct mechanism, when, without loss of gener-

ality, the reported types are y; > yy > ... >y,

(i) bidder 1 receives control and cash flow share q, and pays

M=+ S E bl = A (15)
where y = q(1 — pn)d + Zg:i,uy — T 1s a function of 0,7, T as in (47).
(i) each bidder i > 1 receives cash flow share :L%‘{ and pays
Migser = -4 [(1= B [6ly = 1] + & > 2y =i+ ] (49)

Proof: We show that when bidders’ true types y; are such that y; > yo > ... > y,, each
bidder ¢ is weakly better off reporting y; if all other bidders truthfully report.

First consider ¢ = 1. Then bidder 1 wins control by truthfully reporting. Bidder 1’s
equilibrium expected profit is the expected value of cash flows awarded to him less his op-

portunity cost and less the expected payment:

p P 7 l—qp
mo= q|0-wo+ 53 Bhly =+ | - n— (Y Ehly—wl - - —25)
n n n n—1n
k#1 k#1
1—
= Q[(l — o + H%] — T (yz + —qﬁv) .
n n—1n—
If bidder 1 deviates to y; < y2, then he does not win control, obtaining expected profit
; l—qu
deviate __ ~ _ > (. 50
i — (-2 = (50)
Algebra yields that such a deviation is unprofitable:
: l—qp [ 7 l—qp
deviate
o £ =) = (a1 = o+ ]~ — (o 1202
U T n—ln(% j) <Q< M)l‘i‘n’h Ti y2+n—1n1
= Y-y <0.

ZMore generally, this holds when for any two reported type profiles, t; and t/, the difference
Ui(ts, th;t—;) — U;(¢;,t7;t_;) depends on the components 6;,;, and 7; of ¢; only via y;.
22Bidder i’s payoff net of H wy; depends only on one dimension of private information.
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Finally, (50) yields wfeviate > 0. Thus, wdeviate — 71 < 0 yields 71 > 0, i.e., bidder 1’s

individual rationality constraint is satisfied.

Next consider ¢ > 1. Then ¢ does not win control by truthfully reporting. Bidder ¢’s

equilibrium expected profit is

zl_qﬁ(%—y)zo. (51)

i
n—1n -

If i deviates by reporting y; > vy, then ¢ wins control. His expected deviation profit is the ex-

pected value of share ¢ of cash flows less his opportunity cost and less the expected payment:

eviate 1% % H ]-
mieviate — q[(l—u)9i+;ZEMy=yk]+ﬁ%}—n—(y1+qﬁZEhly=yk]+nT—’y
ki ki
1—¢q
= Q[<1 — )i + H%] —Ti— (yl + —H1> .
n n—1n

Algebra yields that such a deviation is unprofitable:

eviate I 1—q,u 1—q/1j
e — = Q[(l—u>9i+—%]—n— o) ol ¢Cle)
n n—1n n—1n

= yi—y <0
Finally, (51) yields m; > 0, i.e., bidder 4’s individual rationality constraint is satisfied. [

For no-separation mechanisms, plugging ¢ = 1 into (47) yields that outcomes only depend

on bidder ¢’s private information via

no—sep __ /'1/
yi = (1= )b + i T (52)
Assume without loss of generality that y]° ** > y3° % > ... > ¢ 5P Then in the

symmetric equilibrium of the no-separation English auction, bidder 1 wins control and all

cash flows, and bidders ¢« > 1 pay nothing. Bidder 1’s payment to the seller is obtained by

no—sep
7

replacing y; with y and plugging ¢ = 1 into the right-hand side of (48):

Miﬁ,o—sep _ y;o—sep + % Z E [/7|y _ yzo—sep} ) (53)
k#1

One can show that for any ¢ and n, the restricted-class separation mechanism gener-

ates greater revenues than no-separation English auctions for all p sufficiently small and
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sufficiently limited private information about ;.23

We finish with an observation about social welfare. The point is clearest with no asym-
metric information about 7, so we first set 7 = 0. Then (47) yields y; = ¢(1—p) (0; + k*P;),
where k*P = L2011 and (52) yields y'* *% = (1 — p) (6; + k™°~*P~;), where k"5 =

gn?—-nl—p’ i

ﬁ. Thus, our separation mechanisms select the bidder with the highest 8; + k**P~; to run
the project, whereas no-separation mechanisms select the one with the highest 8; + k™°~~,.
Social welfare maximization requires the bidder with the highest 6; run the project: welfare is
higher when the coefficient k on ~; is smaller. Crucially, k™°~*® > k5P > () for all g € [%, 1).
This means that controller-selection in the separation mechanism yields higher welfare than
no-separation mechanisms.?* In particular, k*” = 0 when ¢ = % It follows that social
welfare is maximized by the separation mechanism that gives each bidder the same cash flow
share, and that no-separation mechanisms do strictly worse. When the extent of information

asymmetry on 7 is not zero but small, continuity of the separation mechanism in Proposition

7 implies that it still generate higher social welfare than no-separation mechanisms.

This has implications for bankruptcy resolution. As Hart (2023) points out, there are
different approaches to bankruptcy resolution reflecting the conflicting possible objectives
(e.g., welfare maximization versus revenue maximization) and hence there is no one-size-fits-
all approach. In this regard, our analysis of separation mechanisms suggests an advance. In
bankruptcy resolution settings, agents likely have multiple dimensions of private informa-
tion, the court cares about both revenues and efficiencies, and the court’s strong bargaining
power gives it more leeway than a typical seller in structuring allocations. We identify when
separation mechanisms can improve outcomes, leading both to higher revenues (presumably
reducing the probability of bankruptcy and any resulting deadweight loss) and to higher so-

cial efficiency in terms of assigning control to the agent who generates the highest cash flows.

ZFor example, solving equations (48), (49) and (53) with two bidders and 8 ~ wuniform/[,0 + 1],
v ~ uniform b,’y—i—l}, and 7 ~ uniform|r,T+ A7] with At > 0, yields that when g = 0.4 and
q = 0.8, the restricted-class separation mechanism generates higher expected revenues than no-separation
mechanisms as long as A, < 0.36; when p = 0.1, it does so for all A; < 4.3; and a larger ¢ raises the range
for which the restricted-class mechanism generates higher expected revenues. Note also that the values of
0, ~v, and 7 do not affect revenue comparisons of the two mechanisms.

24Thus when bidders have multiple-dimensional private information, standard no-separation mechanisms
typically do not lead to efficient allocations even if bidders are ex ante identical.
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5 Conclusions

Our paper revisits the classical auction setting in which a seller seeks to sell a single
asset/project to potential bidders who privately receive independently-distributed signals
about the asset’s future cash flows. The asset’s payoffs hinge on both the signal of the bidder
who controls the asset and those of rival bidders. The literature characterizes optimal mech-
anisms when bidders who do not receive control receive no cash flows. We show that a seller
can increase expected revenues by sometimes allocating cash flows to a bidder who does not
control the project. The qualitative nature of these findings extend when bidders have pri-
vate information over both private and common values of cash flows and private information
about their opportunity costs: we identify when a simple separation mechanism generates

both higher seller revenues and higher social welfare than no-separation mechanisms.

Separating control and cash-flow rights helps rent extraction because a bidder’s valua-
tion is more sensitive to his private information than to that of other bidders. This means
that the expected value of cash-flow rights is less sensitive to a bidder’s signal when he does
not control the project, reducing his informational rents. When the two highest signals are
sufficiently close, this benefit of separation outweighs its costs. We prove that a seller should
award both rights to the bidder with the highest signal only when his signal sufficiently
exceeds the second-highest signal. When the two highest signals are close, we character-
ize how optimal divisions of cash flow rights and control hinge on the private vs. common
value composition of bidder signals and the minimum share that the controller must have to

ameliorate moral hazard.

A final contribution is to identify necessary and (sharp) sufficient conditions for direct-
revelation mechanisms to be globally incentive compatible. These conditions simplify estab-
lishing both ex-post and interim global incentive compatibility in many common settings

where a bidder’s payoff is not continuous in his reported type.
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7 Appendix

Proof of Result 1: Recall there exist signals ¢ > ty > t3 > ... > t,, > t such that the strict

*

single-crossing condition (4) holds. Denote one such signal vector by t5, ..., t*.

For any € € (0, min {¢ — t3,t} —t}), define the set

2y n

{ (t3, ..., t,) = 3 (xF,...,x}) that is a permutation of (¢}, ...,t*) such that }

“ey n

He= t; € [xf —e,xf] foralli=3,...,n

H. includes all points (3, ...,t,) in an e-neighborhood of (¢, ...,¢}) and their permutations.

From the continuity of wu(t;...,t,) and its derivatives, there exists an w > 0 and an € €
(0, min {t — t5,¢* — t}) such that for all ty € [t5, 15 + €/2], t1 € [ta,t5 + €], and t3, ..., t,, € H,
inequality (4) holds with:

Ul (tl; tg,tg, ceey tn) — U9 (tg;t1, tg, ,tn) Z Ww. (54)

£

We now show that a price offer of p* = §

w > 0 will be accepted with strictly posi-
tive probability, which establishes the result. To proceed, consider n signals 4, ...,t,, where
(wlog) t; and ty are the highest and second-highest signals. Suppose ¢, is in the interval
[t;,t; + g}, and t3, 4, ..., t, are in H.. When t; € [t5 + €, ], we have
t1
U(tl;tg,...,tn)—U(tg;tl,...,tn) = / (Ul (t;tg,...,tn) — U9 (tg;t,...,tn))dt

t2

> w(ty —t2) > -w,

N
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* — €

Thus, for all ¢, € [t; + €, 1], a price offer of p* = $w > 0 is accepted. O

Proof of Lemma 1: Define

D (t,t)y=L(t,t)— L(t,t). (55)
Claim 1: ¢’ =t maximizes L(t,t") over ¢’ € [t,t] for all given ¢ if and only if

D(t,t') >0 forallt and .

Proof: Immediate. By construction D (t,t) = 0 at all ¢.

Below, to economize on language, whenever we mention ¢ and t/, we assume that ¢,t' €

[t,t]. For any t' ¢ S.ero—m and t, we have

0 d 0 0 0 0
—D = —L —L(t,t") = = L(t, )|y + == L(t, )|y — =L(t, 1
0 : 9 :
- aLGat)’t’:t - EL(tat) (56>
where we have used (i) for ' ¢ S.eromm, 2 2L (1, t’) exists, and hence £ L (t,t) = 2 L(t,t')|y—+

D L(t,t')|y=; and (ii) the lemma’s premise that 3. L (¢,¢') [y= = 0.

Differentiating both sides of (56) with respect to t yields

82 82 2 32
/ / /
@D (t t) ‘t/zt = 8t (t t) ‘t -+ == oot (t,t )’t’:t — %L(t,t} for ¢ ¢ Szerofm- (57)
Att =1t ¢ S,ero—m, the first and third terms in (57) cancel out, so (57) reduces to
0? 0?
— Dt 1) |y = Lt )|y (58)

0%t otot

Now we prove necessity. The premise that “for all given ¢, ' = ¢ maximizes L(t,t") over
"€ [t,t]” and the “only if” part of Claim 1 together imply that for all given ¢, ¢ = ¢’ mini-
mizes L(t,t'). Further, (58) holds for ¢ ¢ S.ero—m. The second-order condition for minimiza-

tion, 32 D (t,t') |[p= > 0, reduces to a?at/L (t,t') |#=¢ > 0 via (58). This establishes necessity.

Next we establish the sufficient condition for Global IC: for all ¢, gtL(t t') weakly in-

creases in t' over t' € [t, 1]).

Claim 2: D (t,t') > 0 for any ¢ ¢ S.ero—m and any t.

Proof: Suppose t' ¢ S.cro—m. Then (56) holds. By the premise in part 2, if ¢ > ¢/, then
%L(t,t’)h/:t > %L(t, t'). Via this, (56) yields %D (t,t') > 0 for t > t'. By the same logic, if
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t <t then 2L (t,t)|y=e < 2L (t,t'), and hence 2D (t,t') <0 by (56). Thus, fixing ¢’ and
varying ¢, D (t,t’) is minimized at ¢ = t'. Therefore, D (t,t') > D (t',t') = 0 for all t.

Claim 3: D (t,t') > 0 for any t' € S.¢ro—m and any t.

Proof: By contradiction. Suppose instead that D (t*,¢**) < 0, for some t* € [t,t] and
t** € S,ero—m, where, throughout the proof, we use the short-hand notation D (t*,¢**) to
refer to D (t = t*,¢' = t**). For any t*** € (¢, 1), the definition of D in (55) yields

which we rewrite as
Dt ™) = L (t*, ™) — L (t", ™) + D (t",t"). (59)

By the premise that D (t*,t**) < 0, we have t* # t**. Now we prove Claim 3 for the

following two collectively exhaustive scenarios.
Scenario 1: t* > ¢**. Because t* < t, we have t** < ¢. Consider t*** € (¢**,t). By the
premises that (i) 2 L(t,¢') weakly increases in ¢/, (ii) t* > ¢** and, (ili) ¢** > t**, we have
L(£,6%) — L (£, %) < L (£, £°) — L (£, ). (60)
Rearranging terms yields
L(£,6%) < L (£, 67) + L (%, £°) — L (£, ).
Substituting this into the right-hand side of (59) yields

Because L(t,t') is continuous in ¢’ at ¢ = ¢, there exists € > 0 such that L (t**,t*) —
L (™, ) < —D (t*,t*) for all t*** € (¢**, min (e + t**,t)). Here, note that —D (t*,¢**) > 0
because D (t*,t**) < 0 by the contradiction premise. Next, note that because the points in
S.ero—m are of zero measure, there exists a t*** € (¢**, min (e + ¢**, )) such that t*** ¢ S0 .

Then (61) yields D (t*,t**) < 0, which contradicts Claim 2, proving Claim 3 in Scenario 1.

Scenario 2: t* < t**. Because t* > t, we have t** > t. Consider t*** € (t,t**). By the
premises that (i) 2L(t,t') weakly increases in ¢/, (i) t* < ¢**, and (iii) ¢"** < t**, equation

(59) from Scenario 1 also holds in Scenario 2. Similarly, (61) also holds in Scenario 2.
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Because L(t,t') is continuous in ¢’ at ¢’ = ¢, there exists € > 0 such that L (¢**,t**) —
L(t™, ™) < =D (t*,t*) for all t** € (max (t** — €,t) t**). Further, because the points in
S.ero—m are of zero measure, there must exist some t*** € (max (t** — €,t),t™) such that
t* ¢ S,ero—m. Then (61) yields D (t*,¢***) < 0, which contradicts Claim 2. This proves

Claim 3 for Scenario 2.

Claims 2 and 3 yield that D (¢,¢') > 0 for all ¢ and ¢. This and the “only if” part of
Claim 1 establish the sufficiency of the conditions in 2. [

Proof of Proposition 2 (i): We use Lemma 1 to prove that mechanism A is ex-post incen-
tive compatible, interpreting L(t,t") as U;(t;,t};t—;) in (9), and taking t_; as given. Without
loss of generality, consider bidder 7 = 1 and assume ty > t3... > t,,.

W “ 2

We now show that Mechanism A satisfies the premises “a” — of Lemma 1. Premise

(a) is satisfied since U;(ty, t};t_1) is continuous and differentiable with respect to ¢;. Premise

(b) is also satisfied: S.¢o_m consists of three points, i.e., S.crom = {S7! (Lo, t3, ..., 1n) , t2, S (Lo, ...

and Uy (t1,t);t_1) is continuous and differentiable with respect to t| for all ¢} & S,cr0_m-
Premise (c) is also satisfied: U;(t1,t];t_1) is independent of ¢} when ¢} is in any of the four
report-regions defined in the text, which are partitioned by the elements in S...,_,. Hence,
forall t; ¢ S,ero—m, Ui(t1,t];t_1) is continuous in ¢} at ¢t} = ¢;, and A O Uy (ty, )t =, = 0.

It is also easy to show that if ¢; € S,epo—m, then Uj(ty,t);t_1) is continuous in ¢} at t] = ¢;.

Next, refer to (9). For given t_;, we compute the derivative

d v, (t)
a_tlUl(t17t17 ) - Z R tl? Q]l(tla 1) a]tl . (62>

Mechanism A has the feature that a bidder receives neither control nor cash flows if his
reported type is not among the two highest reported types. Thus, in (62) we only have to
sum over j = 1,2, because (a) bidders 2 through n report truthfully and ty > t3... > ¢, so ty
must be one of the two highest reported types, and (b) if bidder 1 is awarded any cash flows,

e., if Q1 (t1;t-1) # 0 for any j, then ¢} must be among the two highest reported types.
Thus, t3 through ¢,, are outside the two highest reported types, so R;(t};t_1) =0 for j > 3.

Therefore, (62) reduces to

(b1, i t1) = Ralths 1)@ (5 0) o

Dva (t)
ot ‘

p (63)

+ RQ(tlv >Q21(t17 1)
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We use (63) to show that Mechanism A satisfies the premise in part B of Lemma 1. In our con-
text this means that for all ¢,, -2 3 Ui (t, 115 t-1) weakly increases in t; for ¢} € [¢,#]. For Mech-
anism A, recall that U; (1, t};t_1) is independent of ¢} for ¢} in any of the four report-regions.
Hence, for all #} ¢ S.cro—m, e 9.1, (ty,t;t_1) is independent of #,—and hence is weakly in-
creasing in t}. Thus, we only need to show that for any given t_;, the right-hand side of (63)

is nondecreasing in ¢} when t| € S,er0—m. Consider, in turn, the three such realizations of ¢].

Scenario 1: ¢, = S~! (tz,tg, e tn). I t) < S7Y(ty, t3, ..., t,), then bidder 1 would receive no
cash flows and hence 5 DU (1t ) = 0; and if t] > S! (¢, 13, ..., t,), then the right-hand
side of (63) is nonnegative. Thus

below S~ (ty, 3, ..., t,) to above.

) B DUy (ty, th;t_1) weakly increases when t; increases from

Scenario 2: t| = t5. Refer to the right-hand side of (63). When ¢} — t5 from below,
Rl(tl, )Qu(tll, ) =1x q=4q, and Rg(tll, ) O SO Rg(tl, )le(tll, ) =0. ThllS,

81)1 (t)
oty

0
lhm 8—U1(t1,t/1;t,1) =(q
17 —tq (31

where lim,, _,,— denotes the left limit. When #} — t; from above, Ry(t};t-1)Qa(t};t-1) =
1 —gq, and Rl(tl; 1) =0s0 Ry(th;t-1)Qu1(t};t-1) = 0. Thus,

8 81}2(t)
hm — U, (t, 1)t 1-— ,
—>t2 8 1 ( LU ) ( q) (9151
where limt,1 tf denotes the right limit. Hence,
0 0 avg(t) 81}1 (t)
hm — Ui (ty, th;t_ lim —U,(t,t);t-1) = (1— -
t+al (1 ! ) th =ty 81 1(1 ! 1) ( Q) 8251 g (?tl
o Ou(t) (11— q8v2(t)/3v1(t) .
- o \Tq Ton /on ’
where the inequality follows from the premise that pug, > %q. Hence, 5U (t1,t);t_1)
weakly increases when t| increases from below ¢, to above t,.
Scenario 3: t| > S(ta,...,t,). When ¢} — S(ta, ..., t,,) from below, Ro(t};t_1)Q21(t;t-1) =

1—q,and Ry (#);t_1) = 050 Ry (t};t_1)Qui(t);t_1) = 0. Thus, 2 3
When t| — S (ta, ..., t,) from above, R2<t/1, )QQl(tll, 1) =0, and Ry (t;t_ )Qn(tl, 1) =

1. Thus, 22U, (t;, t};t_1) — 8”1 . Clearly, 8”1 ) > (1 —q)alg—t(lt). Hence, 2-U,(t;,t};t_1)

ov
Ur(ty, tht6-1) = (1— q) 2218,

T » Bty

weakly increases when t] increases from below S (ta,...,t,) to above. 0O

44



Proof of Proposition 2 (ii): Recall there exist n — 1 signals such that the strict single-
crossing condition (4) holds. Denote one such signal vector by t3, ..., %, where ¢ > t5 >t >
2>t >t

For any € € (0, min {¢ — t5,t} —t}), define the set

o= (t3, ..., ty,) = 3 (xF,...,x%) that is a permutation of (¢3,...,t*) such that
T t; € [xf —e,xf] foralli=3,...,n '

H. includes all points (3, ..., t,) in an e-neighborhood of (¢, ...,¢}) and their permutations.

From the continuity of w(ty;...,t,) and its derivatives, there exists an w > 0 and an
€ € (0,min {t — t5,¢* — t}) such that for all to € [t5,t5 + €], t1 € [ta,t5 + €] and t3, ..., t, € H,,
inequality (4) holds with:

up (15 ta, 3, .o tn) — ua (o5 t1, 13, .0 1) > w. (64)

Fix such an e. For any § € (0,¢] and t5 > t3 > ... > t,, define the “d-separation function”
5(5 (tQa “'7tn) by

Ss (ta, .., tn) = ty+0ifty € [t5,t5+ 6] and ts,...,t, € H;

Ss (ta,...,tn) = to otherwise.

This d-separation function has the feature that separation occurs if and only if the highest of

the n — 1 signals is in [t}, 5 4 6] and the other n — 2 signals are in H,. Its inverse is given by

T (tg,.nty) = thifty €[ty t5+ 0] and ts,...,t, € H;

1 (ty, ..., ty) = ty otherwise.

We show that for all ¢ sufficiently small, the Mechanism A that uses the J-separation
function generates strictly higher seller revenues than no-separation English auctions. Given
any n signals tq, ..., t,,, denote seller revenue in the §-separation mechanism minus that in the
no-separation English auction by D(ty,ty;ts,...,t,). Note that D(ty,ts;t3,...,t,) # 0 only

when the second-highest signal among t1, ..., ¢, is in [t5, £ + 0] and all lower signals are in H..

To fix ideas, consider n signals t1, ..., t,, where t; and ¢, are the highest and second-highest

signals, with ¢y € [t5,t5 + d] and (¢s, ..., t,) € H.. Consider two cases:
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Case 1: t; > t5 + 0. Seller revenue in the d-separation mechanism is bidder 1’s payment in

(17):
u(ty +0ite, tn) — (L—q)u(te;ts + 0, ..., 1) + (1 — 2q) w (ta; ta, ..., tn)
+qu (t5,ta, ..., t,) — T.
Revenue in a no-separation English auction is u(ty; to, ..., t,) —7. Algebra yields the difference:
D (ty,to;ts, ... tn) = Dy (t1,to; ts, .oy ty) + Do (1, ta5 ts, .. )

where
Dy =(1—q)[u(ty+ 6;tay.tn) —u(te;ts+ 0, ..., t)] (65)

Dy = qlu(th+0;ta, ..., ty) — 2u (to; ta, ...y ty) + u (ts; tay .oy tn)] - (66)

Case 2: 1) € [ty, t5 + d). Seller revenue in the d-separation mechanism is the sum of bidder

1’s payment in (18) and bidder 2’s payment in (19):
(1 = 2q) u(ta, to,...stn) + qu (ty, ta, .o ty) + qu (t5, t1, L3, ..., ty) — T.
Seller revenue in the no-separation English auction is w (¢, ta, ..., t,) — 7. The difference is

D(tl,tQ;tg, ,tn> = ( [U(tz,tg, ,tn) + U(t;, tl,tg, ,tn) - ZU(tQ, tg, ,tn)] = Dg(tl,tg; tg, ceey tn)
(67)

We can write the expected revenue difference as:
346 ol
E [D] =N (TL — 1) / / / D(tl, tg, tg, ceey tn)f (t) ]-tg,...,tnEHedtldtht?)“'dtna
Qn_o t; to

where €2,,_o = [g,ﬂ”‘Q is the space of integration for ts,...,%,, and 14 4 cm. is an indica-
tor function that equals 1 if (ts,...,t,) € H., and zero if ts,...,t, ¢ H. (recall D = 0if
(t3,...,tn) ¢ H.). The factor n reflects that any of the n signals, not necessarily ¢;, can be
the highest signal, and the factor n — 1 reflects that any of the remaining n — 1 signals, not

necessarily t9, can be the second-highest.

Breaking up the integration of ¢; from ¢ to ¢ into the sum of integrations from ¢y to t5+9

and from ¢ 4 0 to ¢, and using (65), (66) and (67), we have
E[D]=n(n—-1)(ED,+ EDy+ EDs),
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where

t5+6  pt
EDZ = / / DZ (tl, tz, t3, ceny tn) f (t) 1t37m,tneH€dt1dt2dt3...dtn, for i = 1, 2.
Qpn_o J 15 t5+6

2

548 pt54s
EDs; = / / / D3 (ty,ta;t3, ..., tn) f(t) 1yy,.t,cm dtidtadts..dt,.
Qn_o t; to

Next, we show that for ¢ sufficiently small, FD; exceeds a term that is positive and

quadratic in 8, and ED, and E D5 each exceed a term that goes to zero at a rate faster than §2.

Step 1: By (65) we have
545 L
ED1 = (]_ — q) / / / (U(t; + (5, tg, ceey tn) — U(tg, t; + 5, ceey tn))f(t)1t37._.7tn6H€dt1dt2dt3...dtn.
Qo t; t;+(5
Note that

t5+6
u(t;+5>t25>tn>_u(t2at;+577tn) = / (ul (t;t2>"'7tn)_u2 (t27t77tn))dt

[2)

> W(t;+5—t2),

where the inequality follows from (64). Defining fui, = ming, ., f(t), we have

3+ pf
ED1 > (1 - q) LU/ / / (t; + o — tg) f (t) 1t3’._.7tn€Hedt1dt2dt3...dtn
Qo t; t§+5
340 pf
Z (1 — q) mein/ / / (t; + o — tg) ]-tg,...,tneHedtldthtS---dtn
Qo t; t;+(5

B t5+4
= (1 - q) mein (t — t; - 5) / / (t; + 5 - tg) 1t3,...,tneH5dt2dt3---dtn
Qp_2 t;

N | —

(1 — q) wfmin (t_— t; — 5) (52 / 1t3,...,tn€Hedt3-~-dtn
Qn72

where we use ff” (ty — t5) dty = 16%. For 6 < PT%, we have (£ —t5 — &) > 5 (¢ — ¢3). Thus,
2
t

for 6 < ;tg, the above yields

1 _
EDy > | 7 (1~ ) fin (F — 13 / Loy o dbs...db,| 62
Qn—Q

Step 2: Define

k‘max(tg, t4, tn, 5) = max U1 (tl, tz, tn) and kmin(tg, t4, tn7 5) = min Ui (t17 tQ, tn)
tr,ta€[t5,t5+9] t,ta€[t3,t5+0]

(68)
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Note that k. and ky, are functions of 0, ts, ..., t,, and kypax > knin > 0. Using the Taylor

series expansions
w(ty 4+ 0,ta, .oy ty) > u(ty, to, ooy ty)+hmnd and w (ta, to, ...itn) < w (t3, toy .oy ty)Fhmax (to — t3) .
for the right-hand side of (66), we have

w(ty 4 0,ta, .y ty) — 2u (to, to, ooy ty) + u (3, tay s tn) = q (kmind — 2kmax (t2 — 13)) .

Thus,
t5+6
ED2 Z / / / km1n5 kmax (t2 - t;)) f(t)1t3,...,tn€H6dt1dt2dt3---dtn
n 2 th +(5

t5+0
= Q/ / / (kmin5 - 2kmax (t2 - t;)) f(t)1t3,...,tn€H6dt2dt1dt3---dtna
n—2 ti+4d 5

where the second equation switches the order of integration. Define

fa (tl,tg,t4,...tn;(5> = min f(tl,tg,...tn) and fb(tl,tg,t4,...tn;6> = max f(tl,tg,...tn).
ta€[th,t5+0] ta€[th,t5+9]

Note that f, and f, are functions of ty,ts, ..., t,, and f, > f, > 0. Integrating over t, yields:

t545
/ (R1n0 — 20 (b — 1)) F(6)dty > (fukln — i) 6

*
2

where we use ft2+5 — t3) dty = 362

Claim 1: For any constant » > 0, there exists a 6(x) > 0 such that fyk°. — f.k3. € [0,k)
for all § < §(k) and all tq,t3, ..., t,.

Proof of Claim 1: Define ¢; = maxy, 4, \%u (t)| and co = maxy, 4, |%u1(t)\. Refer
0 (68). Tt follows from the Taylor series expansion that kS, — k%, < (c; + ¢z) 8.2 Thus,

fb max fa min (fb ftl) max+fa( max kfmn)
< (fb fa) max+fa<cl+c2)6'

is obtained at (t1,t2) = (¢7**, t***) so that ko

max

25To see this, assume Ko

sk, gokokok
0 ax =y (675515 ts, ...y ty,), and

assume that kfnm is obtained at (t1,t2) = (¢1*,¢5*) so that kS, = wuy (t1*;t5*, t3,...,tn). Then
kfnax kfnln u1 (t){**;t;**vt&“'vt ) u1 (ti*’tQ 7t37"'7tn)

= (wg (67585 ta,...) —uy (6775857 ts, ...)) + (wy (8775657 b3, ...) — uy (877657, t3,...))
Cl|t*** t41<*| +C2|t*** t;* .

IN
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Because f, < fmax and hence is bounded, the second term f, (c; + ¢3)d goes to zero as
0 — 0. For the first term, uniform continuity of f yields that f, — f, — 0 uniformly as

5 — 0. Since k°

max

< maxy, 4, ui(ti;te, ..., t,) and hence is bounded, (fy — fo) ko, — O

uniformly as 6 — 0. This establishes Claim 1.

By Claim 1, for any constant x > 0, there exists a §(x) > 0 such that for all § < 6(k) :

t
EDy > —qm52/ / Ly ocm dtidts...dt,.
Qp_o Jti5+6

Step 3: By (67) and t; > to, we have:
Dy > 2q [ (85,85 by, oo ) — (£ + 0,8+ 5, 1) > —2qk°S,

where

K (st tss  t)
= max —u (ty, 11,3, ..., )
t1€[ta,t5+0) 3, tneHe ditq b3 "

Define fuax = maxy, ¢, f(t). Then we have

t5+6 t5+6
ED3 Z —2qk’*5/ / / f(t)1t37“_7tneH€dt1dt2dt3‘..dtn
Qp_2 t; to

> — (zqk*fmax / dtg...dtn) 5,
Qn72

548 ptidd
where we use f 2 .
2 2

f(t)dt1dty < fraxd®.

Step 4: Steps 2 and 3 show that when ¢ is small, EDy and E D3 exceed a term that ap-
proaches zero faster than §2. Hence, for § sufficiently small, ED; > |EDy+ EDj3|. Thus, the
expected revenue difference is strictly positive, i.e., the d-separation mechanism generates

strictly higher expected revenues. [J

Proof of Proposition 3: The proof for part (i) follows from the same logic as that for
Proposition 2 (i). The proof for part (ii) also uses a similar logic to that for Proposition 2
(ii). More specifically, we define €, the set H,, and the J-separation function in the same way.
So, too, we consider n signals tq,...,t, where t; and ¢, are the highest and second-highest

signals, with to € [t3,t5 + d] and (ts,...,t,) € H.. There are two cases:

Case 1: t; > t5 + 0. Seller revenue in the d-separation mechanism is bidder 1’s payment in

(22):
(1= @)t + 0t t) + (24 — 1) (tgitas o) + (1 — @)t (tgs o) — 7
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Revenue in a no-separation English auction is: u(ta;ts, ..., t,) — 7. The revenue difference is

Dt toity, otn) = (1= q) [t + 0o, s tn) — 20 (b3 ta, o) + 1 (F 83, o )]

= D1 (tl,tg;tg, ,tn) + D2 (tl,tg;tg, ,tn> s

where

Dy =(1—¢q)[u(te;ts, ... tn) — u(th;te, ..., tn)]
Dy =(1—=q)[u(ty+ 05t .itn) — 2u(ta; ta, oy tn) +u (ty; ta, ...  ty)] .

Case 2: t; € [tg,t5 4 ). Seller revenue in the J-separation mechanism is the sum of bidder

I’s payment in (23) and bidder 2’s payment in (24):
(20— 1)t (a2, t) + (1= ) [ (15 - )] = 7+ (1= @)t (B 65 b, 1)

Seller revenue in the no-separation English auction is u (¢, ta, ..., t,,) — 7. Thus, the difference

in revenues is

D(ti, oty cotn) = (1—q) (u(toith, oy ta) +u(trsthts, oy ta) — 2u (toita, ooy )

> 2 (1 - Q) (u (tQ;t; 7tn> —u (t2;t27 7tn>) = D3 (t17t2;t37 ~'-7tn)7

where the inequality follows from ¢; > t5 and that u weakly increases in its arguments.

Using a similar logic to that in the proof for Proposition 2 (i), one can show that for
0 sufficiently small, the contribution to the expected revenue difference from D; exceeds a
term that is positive and quadratic in §, while the (possibly negative) contributions from
D, and Ds exceed terms that go to zero at rates faster than §%2. Hence, for ¢ sufficiently
small, the expected revenue difference is strictly positive, i.e., the d-separation mechanism

generates strictly higher expected revenues. [

Proof of Lemma 2:

t;
t

m. = [ S R ®eon O3 [ f ( | n@d o z)) ot Y [ R0t

where Q,, = [¢,#]" denotes the space of integration for all n bidders. That is, expected seller
revenue equals the expected increase in social welfare gross of the costs of running the project

(first term on the right-hand side) less the sum of bidders’ expected rents (second term) less

20



the expected costs of running the project (third term). Applying integration by parts to the

second term on the right-hand side (without the summation) yields:

/ ( / "R GeD)alt)dn — - / t_ ( / " @i+ Ui@,z)) (01— Gt)

- Gien+ [a-aea( [ a@a o)

= Ui(t,t) —|—/t o) Ji(t:)g(t;)dt;. (69)
Substituting (26) for J;(¢;) into the right—hand side of (69) yields

= Tit.1)+ / / . 1_—t ()Qﬂ()a%’t( Dot dgtode

- tl (91)»(t)
= U(t,t ( R;(t)Qji J )H”_ t;)dt.
w0+ [, o (RO F it
Hence, expected seller revenue is:

- [, Sroaenonanae- 3 [ 2 j<t>@ﬁ<t>&gf_t))n?lgm)dt
-ry / RO g0t — 3 UL, 0).

Proof of Lemma 3: Claim 1: For any given j*, consider any vector ();-;(t) (where i runs
from 1 through n) that satisfies (7) and (8) (i.e., > i Qj+(t) = 1 and Qj+j=(t) > Gumin)-
Then, 327, Qj+i(t)d;-i(t,Q) < ¥(t).

To prove the Claim, note that (29) and (7) yield

Z Qji(t)Pi(t,Q) = -7 Z Qjei i( ! avétz( )
- L Glty) oy (8) 1= G(tj+) 9vj- (1)
= v(t) = 7 — Gmin 9(60) ot + (Qjj+(t) — Gmin) ( g(t;+) Ot j )
— G(t;) 0v;- (t)
- ; Qj+i( ( gty oL, ) ' i

Define
1 — G(t;) Ov«(t)

g(t;) ot;

o1

7" = arg min




Then given the constraints Q;«j=(t) > gmi, and Q;+; > 0 for all 4, (70) yields

— G(t;+) Qv (t)
<(Q; ** (L) = Gmin +ZQ3 K > ( g(ti) Ot )

1#5*
1 — G(t;) avj*(t))

> Qii(6)05i(£.Q) < v(t) = T — Guuin

o 1=G) v
= UJ*(t) T Gmin g(tj*)] ajt]* <1 len) ( g(tz*) atz*
= i (b) < U5(t),

1-G(tx) 903+ (8) - 1-Gl(ts) dv;()
gltix) Ot —  g(ti) ot;

where the first inequality follows from (71) that for all 7 (in-

cluding when ¢ = j*), and the first equality follows from ) . Q;+ = 1. This yields Claim 1.
We now prove Part (i) of the lemma by contradiction. Suppose to the contrary that
some vector of control rights R(t) and cash flow rights matrix Q(t) satisfy > . ; R;(t)Q;i(t)¢si(t,Q) >
0. Then there must exist a j such that ). Q;;(t)#;i(t,QQ) > 0. Then Claim 1 yields that
Pu(t) > . Qji(t)0;(t,Q) > 0, contradicting the premise of Part (i) that max;;1;;(t) < 0.
To prove Part (ii), consider any vector R(t) and any matrix Q(t) such that (6), (7) and
(8) hold. Then

ZR sz ¢]z 7@ < ZR wjl ) < wﬁ(t)

The first inequality follows from Claim 1, and the second follows from (6) and the premise of
Part (ii) that 15 (t) > 0. This means that no assignment can achieve a higher value of 74(t)

than assigning control and ¢,,;, cash flows to j and assigning 1 — @i, cash flows to 2. [

Proof of Lemma 4. Claim 1: Assigning all cash flow rights and control to i achieves a

higher 74(t) than assigning all cash flow rights and control to any other bidder.
Proof: Consider any bidder k # h. Then (32) yields

Unn(t) = Yir(t) = An(1 = p) (tn — tr) + An (L (tx) — L (tn)) > 0,
where the inequality follows from ¢, > t; and L (tx) > L (t5) from Assumption 2. [

Claim 2: In the 7,(t)-maximizing allocation characterized in Lemma 3, a bidder who is not

among the two highest receives neither cash flow rights nor control.

Proof: Let k be a bidder who is not among the two highest. We must show that k& # 7 and
k # i, where (j,7) maximize 1;;(t) as in (31).
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Case 1: Suppose instead that k = j (i.e., k receives control in the 74(t)-maximizing alloca-
tion). Then 7 # k by Claim 1. Then tx;(t) = vg(t) — min L (tx) Anp— (1 = Guin) L (t;) App—T.
Clearly, either 7 # s or @ # h (or both) must hold. If i # s, then ¥4(t) — ¥p(t) =
An(1 = p) (ts — tk) + qminAnp (L (t) — L (ts)) > 0 (because ts > ¢ and L (tx) > L (ts)).
Thus, assigning control to k does not maximize 74(t), because assigning control to s (leaving

i unchanged) would do better. An analogous contradiction arises if 7 # h.

Case 2: Suppose instead that £k = 2. We next assume j # 2, which is without loss of gen-
erality (since the proof in Case 1 applies if 7 = 7). Then j # k by Claim 1. Clearly, either
i # sori# h (or both) must hold. If j # s, then v;5(t) — ¢ (t) = (L (tx) — L (t5)) Anp > 0.
This implies that ¢ = k does not maximize 7,(t), because 2 = s (leaving j unchanged) would
do better. An analogous contradiction arises if J # h.

This completes the proof. [
Proof of Proposition 5: We have shown that if ¢y, > 0.5, then p > 1 > p for all ¢, > ¢,

where p is defined in (41) and used in Proposition 4.

Claim 1: If g,;, < 0.5, then for all ¢, > t,,

1-2 min _ 1-2 min
L (1= 2Gumin) <5<1- (1 = 2Gumin)
(]‘ - qmin) - 52 (]- - Qmin) - 51
Proof: Rewrite (41) as
_ 1— 2Qmin
P = 1— ( ) 1 ’
(1 = Gmin) — Top—tag
th—ts

L(tn)=L(ts

which increases in =--— ) under the premise guin < 0.5. This and (42) yield Claim 1.
h s

Claim 2: (i) If p > p for all ¢, > tg, then Kp(ts) > K4(ts) so that K(ts) = Kp(ts), where K
is defined in (39). (ii) If p < p for all ¢, > t;, then Kp(ts) < Ka(ts) so that K (ts) = Ka(ts).
Proof: The right-hand side of (40) strictly decreases in p, and it equals zero at p < p. Thus,
for any t, > t,,

Uns 2 Yan i p = p and Prs < Yo if p < p. (72)
Next, fix a given ¢ and consider t, = Kpg(ts). Then (36) and (37) yield ¢y, = ¢ps. If p > p for
all t, > tg, then (72) yields 15 > 14, hence we have (by ¥nn, = ¥ns) Vnn > Vg, Hence (38)
yields ¢, > K4 (ts), which yields (by our assumption that ¢, = Kp (ts)) Kp (ts) > Ka (ts).
This establishes part (i) of Claim 2. A similar argument establishes part (ii) of Claim 2.
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Next refer to (27). Note that the second term of the right-hand side of (27) is zero for
both Mechanisms A and B. Further, Mechanism A is incentive compatible if p > ﬁ (by
Proposition 2) and Mechanism B is incentive compatible if p < 1%(1 (by Proposition 3). These
properties, combined with Claims 1 and 2 and Proposition 4, establishes Proposition 5. [

Proof of Proposition 6: From the proof of Proposition 2, Mechanism A satisfies ex post

local IC, regardless of whether ppi, > ﬁ holds (i.e., pmin > ﬁ is only needed to ensure
global ex post 1C). Hence, Mechanism A satisfies local interim IC with ¢ = g, regardless
of the value of ¢u;,. Similarly, Mechanism B satisfies local interim IC with ¢ = qui,. With
these results and Lemma 5, the same logic as that for parts (ii) and (iii) of Proposition 5

implies the result. [J
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