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Abstract

We examine how intermediary capitalization affects asset prices in a framework
that allows for intermediary market power. We introduce a model in which
capital constrained intermediaries buy or trade an asset in an imperfectly com-
petitive market, and show that weaker capital constraints lead to both higher
prices and intermediary markups. In exchange markets, this results in reduced
market liquidity, while in primary markets, it leads to higher auction revenues
at an implicit cost of larger price distortion. Using data from Canadian Trea-
sury auctions, we demonstrate how our framework can quantify these effects by

linking asset demand to individual intermediaries’ balance sheet information.
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1 Introduction

What moves asset prices is one of the oldest questions in finance. The intermediary asset
pricing literature suggests that the prices of many assets depend not only on the prefer-
ences of households, but also on the equity capitalization of financial intermediaries, called
dealers (e.g., Gromb and Vayanos (2002); Brunnermeier and Pedersen (2009); He and Kr-
ishnamurthy (2012, 2013); Brunnermeier and Sannikov (2014)). In this literature, dealers
typically face funding or capital constraints and execute trades in perfectly competitive mar-
kets. In practice, however, dealers enjoy market power—as documented for various trade
settings, including Treasury, repo, foreign exchange, mortgage backed securities, and equity
securities lending markets (e.g., Wallen (2022); Allen and Wittwer (2023); An and Song
(2023); Chen et al. (2023); Huber (2023)).

Our contribution is to study how dealer capitalization affects asset prices and markups,
and quantify the effect, in a framework that allows for dealer market power (as in Wilson
(1979); Klemperer and Meyer (1989); Kyle (1989); Vives (2011); Rostek and Weretka (2012);
among others). We introduce a model in which capital constrained dealers buy (or trade)
assets in an imperfectly competitive market, and estimate it with data on Canadian Treasury
auctions.!

In the model, presented in Section 2, risk averse dealers compete to buy (or trade) multiple
units of an asset that pays out an uncertain return in the future. They are subject to a capital
constraint, which depends on the auction outcome, and may have private information about
their own balance sheet. In addition, they may be uncertain about the auction supply.
The market clears via one out of two auction formats, which represent different financial
markets, including primary auctions and exchanges. In the benchmark model, dealers submit

decreasing demand functions that specify how much they are willing to pay for different units

LCapital requirements aim to strengthen the risk management of banks and avoid the build up of
systemic risks. Our analysis does not incorporate how these risks change when relaxing constraints.



of the asset; the market clears at the price at which aggregate dealer demand meets supply,
and each dealer wins the amount it asked for at that price (uniform price auction). In the
extended model, winning dealers pay the prices they bid (discriminatory price auction).

Solving for an equilibrium is challenging, because point-wise maximization—a common
approach in the literature—does not work when bidders face outcome-dependent constraints.
Instead, we must consider all feasible demand functions. By doing so, we derive necessary
conditions for symmetric Bayesian Nash Equilibria (hereinafter referred to as equilibria).
Moreover, we establish that there is no linear equilibrium when bidders have private infor-
mation, but derive a unique symmetric linear equilibrium for auctions in which bidders face
common uncertainty about supply.

Our model highlights two effects of relaxing capital constraints. On the one hand, the
market price increases. This is due to the fact that as the shadow costs of the capital
constraint decrease, it becomes cheaper for dealers to purchase larger quantities of the asset.
On the other hand, dealers exert greater influence on the market price, deviating it further
from the price that would result if the market was perfectly competitive. This means that the
price distortion due to market power increases, which reduces market liquidity in exchange
markets. The effect is absent in models with perfect competition, and intuitively stems from
the increased flexibility of dealers to manipulate market outcomes to their advantage when
they face fewer constraints.

To quantify these effects, we use data on Canadian Treasury auctions, presented in Section
3, leveraging two attractive features. First, dealers submit entire demand curves. We can
therefore observe whether demand is flat or steep, which is the main mechanism through
which shadow costs affect prices in our model. Alternatively, we would need to aggregate
individual demands from secondary market trades. Second, we can link the dealers’ demand
curves to balance sheet information, which is crucial for establishing a connection between
dealer demand and capitalization.

Our data combine bidding information on all Canadian government bond auctions be-



tween January 2019 and February 2022 with balance sheet information of the eight largest
dealers (at the company holding level following He et al. (2017)), and trade-level information
from the secondary market. We observe all winning and losing bids, and can identify each
bidder thanks to unique identifiers. In addition, we see the Basel III Leverage Ratio (LR) of
each dealer, which is the Canadian equivalent to the Supplementary Leverage Ratio (SLR)
in the U.S. It is reported quarterly, measures a bank’s Tier 1 capital relative to its total
leverage exposure, and must be above a regulatory threshold, which we also observe. Lastly,
we gather data on all secondary market trades conducted by dealers to observe the volatility
of the returns they obtain from purchasing bonds at auction and subsequently selling them in
the secondary market. To make bonds with different maturities and coupon payments more
comparable, we express all empirical findings using yields-to-maturity rather than prices.

In Section 4, we estimate the two key parameters of the model: the dealer’s risk aversion
and the shadow costs of the capital constraint. To accomplish this, we employ estimation
techniques from the auctions literature (introduced by Guerre et al. (2000); Hortagsu and
McAdams (2010); Kastl (2011)) to estimate each bidder’s willingness to pay at a discrete
number of points. Then we fit the model-implied functional form for the willingness to pay
through these points. Finally, we take advantage of a temporary exemption of domestic
government bonds from the LR during the COVID-19 pandemic to identify the degree of
dealer risk aversion and their shadow costs of the capital constraint by analyzing how the
willingness to pay varies around the policy change.

We find that dealers are moderately risk-averse and face sizable shadow costs of the
capital constraint. In fact, the median cost (of 3.5%) is as high as the typical markup a
dealer charges its clients (i.e., the median difference between the price at which a dealer
buys a bond at auction and the price at which she sells this bond in the secondary market).
This suggests that dealers barely break even, and might explain why so many dealers have
left the market (as documented by Allen et al. (2023)).

A back-of-the-envelop calculation tells us that the market yield decreases and the yield



distortion due to bid shading increases by 3.4 bps when the shadow cost of capital decreases
by 1%. This highlights that relaxing capital constraints leads to a reduction in bond yields,
which overall increases auction revenues, at an implicit cost of larger yield distortion due to
market power. When the interest rate level is high, these effects are economically meaningful.
In our sample period, where rates are low, however, the effects are small. This suggests that
the Canadian regulator did not face a quantitatively meaningful trade-off when deciding
whether to relax or tighten capital constraints during the COVID-19 pandemic.

To conclude our study, in Section 5 we draw a closer connection to the intermediary
asset pricing literature by extending our analysis to study how intermediary market power
affects whether commonly considered intermediary frictions (such as moral hazard or capital
constraints) matter for asset prices. We show that the price effect of these frictions depends
on the degree of market power. Hopefully, this motivates future research that can analyze
the implications of intermediary market power in a macroeconomic model of intermediary
asset pricing, and empirical research to assess the degree of competition in different financial

markets.

Related literature. We contribute to five distinct strands of the literature.

The paper’s topic fits into an ample intermediary asset pricing literature that examines
the impact of dealer capitalization (or leverage) on asset price behavior due to constraints on
debt (e.g., Brunnermeier and Pedersen (2009); Pedersen and Garleanu (2011); Adrian and
Shin (2014); Moreira and Savov (2017); Elenev et al. (2021)), or constraints on equity (e.g.,
He and Krishnamurthy (2013, 2012); Brunnermeier and Sannikov (2014)). Given our focus
on banks, we follow He et al. (2017) and rely on equity constraints. The key difference relative
to these (macroeconomic) models is that we zoom in on the market in which intermediaries
buy or trade assets, and allow dealers to impact prices as a result of market power in the

tradition of Kyle (1989).

20ur extended model, presented in Section 5, is more similar to the intermediary asset pric-



The market clears via a multi-unit auction following Wilson (1979), Kyle (1989), and
Klemperer and Meyer (1989). More recent contributions include Vayanos (1999); Vives
(2011); Garleanu and Pedersen (2013); Rostek and Weretka (2012, 2015); Malamud and
Rostek (2017); Du and Zhu (2017); Kyle et al. (2017); Bergemann et al. (2021); Wittwer
(2021); Rostek and Yoon (2021); Zhang (2022). Our innovation in this literature is introduc-
ing bidder constraints that are dependent on the auction outcome, such as capital constraints
(which can be generalized to other constraints such as budget constraints). The presence of
such constraints implies that common tools of the literature are not applicable. For instance,
it is no longer possible to solve for a linear equilibrium by point-wise maximization.

Our empirical analysis adds to a growing literature on the relation between intermediary
costs or constraints and asset prices (e.g., Adrian and Shin (2010); Ang et al. (2011); Adrian
et al. (2014); He et al. (2017, 2022); Du et al. (2018); Check et al. (2019); Gospodinov and
Robotti (2021); Kargar (2021); Haddad and Muir (2021); Baron and Muir (2022); Fontaine
et al. (2022); Du et al. (2023a,b); Huang et al. (2023)). Most existing studies use market-level
data, such as cross-sectional returns of different asset classes, and rely on proxy variables to
capture intermediary costs, such as the VIX, or aggregate capital holdings. We zoom in on
one market in which we can link dealer demand with balance sheet information to establish
a direct relationship between dealer capitalization and asset demand. Further, we estimate
two important parameters: the shadow costs of the capital constraint and the dealer’s degree
of risk aversion. For this, we construct our own volatility measure using secondary market

trade data.

ing literature, which abstracts from market power with few recent exceptions (e.g. Corbae and
D’Erasmo (2021); Jamilov (2021); Villa (2022); Wang et al. (2022)). These papers introduce mo-
nopolistic or oligopolistic (Cournot) competition of banks vis-a-vis firms or consumers, while we
analyze market power in a trade setting. Therefore, our insights, especially those on the linkage
between intermediary market power and capital constraints, are fundamentally different from those
found in this literature. For instance, Villa (2022) finds that banks exert more market power on
firms that are more financially constrained. In our setting, banks, i.e., dealers, exert less market
power when constraints tighten.



For estimation, we adopt techniques from the literature on multi-unit auctions, developed
by Guerre et al. (2000), Hortagsu and McAdams (2010) and Kastl (2011) and extended by
Hortagsu and Kastl (2012), and Allen et al. (2020, 2023). This literature commonly assumes
that financial institutions are risk-neutral, with the exception of Gupta and Lamba (2017),
who exogenously choose a risk aversion parameter to simulate their model. However, the
assumption of risk-neutrality stands in contrast to the related market microstructure liter-
ature which builds on Kyle (1989), and assumes that financial institutions have preferences
with constant absolute risk aversion (CARA). We follow this literature and impose CARA
preferences to circumvent the impossibility result by Guerre et al. (2009) that one cannot
non-parametrically identify risk aversion (in first-price auctions).

This approach is similar to a handful of papers that estimate risk-aversion in auctions
for procurement, timber, and other non-financial goods (e.g., Campo et al. (2011); Campo
(2012); Bolotnyy and Vasserman (2023); Héfner (2023); Luo and Takahashi (2023)). It
complements the common macroeconomic practice of calibrating risk aversion for households
using Euler equations (e.g., Attanasio and Weber (1989); Vissing-Jgrgensen (2002)). Since
the risk aversion of intermediaries plays a crucial role in intermediary asset pricing models,

our estimate can provide valuable input for calibrating these models.

Convention. Throughout the paper, we denote random variables in bold, and refer to the
markup as the difference between the price at which the market would clear if it was perfectly
competitive and the price at which it clears under imperfect competition; or equivalently, as
the difference between the yield at which the market clears under imperfect competition ver-
sus perfect competition. In a uniform price auction, the markup increases in price impact—a

common object of interest.



2 Model

Our goal is to study how both the market price and the markup change when capital con-
straints are relaxed and dealers have market power. In our benchmark, we model market-
clearing via a uniform price auction, in which winning bidders pay the market clearing price.
In Appendix A we derive analogous results for discriminatory price auctions, in which win-
ning bidders pay their own bids. The market may be one-sided, meaning that bidders buy
but not sell, or double-sided, so that bidders buy and sell. In order to facilitate the compar-
ison with the empirical analysis, we present our framework using a one-sided market, but
explain how to adjust it to represent a double-sided market.

In practice, some primary markets, for instance in the U.S., clear via one-sided uniform
price auctions, while others, for instance in Canada, clear via one-sided discriminatory price
auctions. Trading on an exchange can be approximated via a double-sided uniform price
auction, where packages of limit orders form demand schedules (e.g., Kyle (1989)).3

Proofs are in Appendix E.

2.1 Players, preferences, and constraints

There are N > 2 dealers who compete for units of an asset in an auction. When there are
finitely many dealers, each one has some market power in that it can impact the market
clearing price. When N — oo each dealer is a price-taker, and the market is perfectly
competitive.

Total supply A is random; it is drawn from some continuous distribution with support

[0, A] and has a strictly positive density.* In our empirical application, supply is random

3The exchange market we model is populated by dealers (who are strategic traders that face
capital constraints) and noise-traders. We abstract from strategic investors (who don’t face capital
constraints). This reflects the fact that it is common for non-dealers to invest via dealers (or
brokers) on exchanges, rather than directly.

4The support could equivalently be [0, 00), but all proofs would need to be adjusted slightly.



because dealers don’t know the issuance size when they compete. In other settings, the
supply might be random due to noise traders.

One unit of the asset pays a return of R ~ N(u,0) in the future. In our empirical
application, where the asset is a government bond, R represents the price obtained from
selling the bond post-auction, which is unknown at the time of the auction.

Before bidding, each dealer draws a multi-dimensional signal, ;. This signal includes
information about the balance sheet: dealer i has an existing inventory 2; of the asset and
holds E; in equity capital—we normalize the rest of each dealer’s balance sheet to zero.
The signal is either the private information of dealer ¢ or commonly known by all dealers.
When the signal is private, it is drawn independently across dealers from some continuous
distribution on bounded support and strictly positive density. In this case, dealers face
private and aggregate uncertainty when bidding. When the signal is observed by all dealers,
we assume that all dealers are identical: F; = F, z; = z. We introduce the framework for the
more general case with private information. Without private information, we simply omit 6;
in all expressions.

Given signal 6;, each dealer submits a decreasing (inverse) demand schedule: p;(-,6;) :
R* — R*, which specifies how many units of the asset, a, the dealer seeks to buy for price,
pi(+,0;). We denote it’s inverse by a;(p,0;) = p~'(p, 6;), if it exists. In a double-sided market,
such as an exchange, the demand schedule represents demand net of supply.

To develop the theory, we assume that demand functions are twice continuous and strictly
decreasing, and denote the set of functions with that property by B. Working with continuous
demand functions is common in the related theory literature in order to achieve tractability,
even though in practice demand functions are often discrete. For example, bidders must
submit step functions in most Treasury auctions. Therefore, we also provide equilibrium
conditions for step-functions in Appendix A.

Once all dealers have submitted their demand curves, the auction clears at the price, P¢,



such that aggregate demand meets total supply:

Py " ai(PC,0;) = A. (1)

7

Each dealer pays the market clearing price, P¢ = p;(a$,;), for the amount won, af =
a;(P¢,0;) at that price. To highlight equilibria, we refer to the equilibrium market clearing
price by P* and the winning amount by a;.

Each dealer chooses their demand function to maximize their expected CARA utility

from earning wealth, w;(a$, P¢), that is generated at market clearing:

Upi(+,0:) =E [1 — &Xp ( - pwi(af,P‘)) ‘0,} . (2)

Parameter p > 0 measures the dealer’s degree of risk-aversion.® Future wealth, w;(a$, P¢), is

equal to the asset payoff, R, net of the price paid,
w;(af, P¢) = |ai + z]R — P¢a;. (3)

Motivated by the Basel I1I requirement that states banks must hold sufficient equity capital,

E;, relative to its total balance sheet exposure, P¢[a$+ z;], each dealer faces capital constraint,
KE[Pa; + z;]|0;] < E;, where k > 0. (4)

For example, according to Basel III, « is 3%. We denote the Lagrange multiplier of this
constraint by A; > 0.

When bidding, the dealer does not yet know where the auction will clear, and therefore

5A common alternative to CARA preferences are preferences with constant relative risk aver-
sion (CRRA) (e.g., Bajari and Hortagsu (2005); Vissing-Jorgensen (2002); He and Krishnamurthy
(2013); Gupta and Lamba (2017)). With uniform price auctions, this alternative is intractable.



takes an expectation of the capital constraint. This timing assumption is motivated by the
fact that capital requirements must be reported at the end of a quarter, rather than on
a daily basis, and that dealers anticipate that they must provide evidence that they were
holding sufficient capital, on average, over the course of the quarter.

As an alternative to the capital constraint, we could assume that each dealer faces a
balance sheet cost that depends on the nominal amount of the asset that the dealer holds
on her balance sheet post-auction. One simple functional form for such a balance sheet cost
is me; P¢la$ + z], with me; > 0. If me; is private information to the dealer, this specification
is essentially equivalent to assuming that dealers face capital constraint (4) if we are only
interested in the size of cost mc;, or, equivalently, the size of the shadow cost of the capital

constraint, \;k.

2.2 Equilibria
We focus on symmetric equilibria since dealers are ex-ante identical.

Definition 1. A symmetric equilibrium is a collection of demand functions p*(-,0;) that for
each dealer, and almost every 0;, mazimizes expected surplus (2) subject to capital constraint
0:)

. An equilibrium is linear if 2229 s constant at all a.
q da

To characterize equilibrium function p*(-, 6;), take the perspective of dealer ¢ with information
g;, and assume that all other bidders j # ¢ play the symmetric equilibrium strategy, p*(-, ;)
or it’s inverse, a*(-,6;). To determine her best-response, p;(-,6;), dealer i seeks to maximize
her expected surplus (2). Following the related literature (e.g., Malamud and Rostek (2017)),
we can simplify the maximization problem by leveraging the fact that the asset’s return is

Normally distributed, R ~ N(u,0):

10



%néa)XBE [Vi(a$,0;) — pi(ag, 0;)as|0;] with Vi(a$,0;) = plas + z;] — %p[af + 2;]? subject to
pi(+,0i)€

capital constraint: <E[p;(a, 0;)[ai + z]|0;] < E;, and
market clearing: af = A — Z a*(pi(ag,;),0;), (5)
J#i
as well as natural boundary conditions.® A solution to this problem characterizes a dealer’s
best-response, which must coincide with the strategy chosen by some other dealer j with the

same information as i in a symmetric equilibrium (see Appendix E).

Proposition 1. In any symmetric equilibrium, dealer i submits demand function, p*(-,6;),

such that p*(a,0;) = p for all a, given by

__vi(a) .
p= 1 hading(a. i) ©)
where vi(a) = u — opla + 2] (7)

is the dealer’s marginal utility from amount a, \; > 0 is the Lagrange multiplier of the capital

constraint, \;|E;—kE[p*(af, 0;)ai+2]|0;]] = 0, and shading(a, p|6;) = —a(aG(gf‘ei)/aG(gfwi)) >

0, where G(a,p|0;) = Pr(A =3, a*(p*(a,0:),6;)) < alt) is the probability that dealer i,

who bids price p = p*(a,0;), wins less than a at market clearance given that the other agents

play the equilibrium demand a*(-, ;).

Propositions 3 in the Appendix outlines the equilibrium for discriminatory price auctions

6To see why this is the case, re-write (2) as U(p;(-,60;)) = E[E[1 — exp(—pw;(af, pi(af, 6;))] |6i],
where the first expectation is w.r.t. af and the second expectation is w.r.t. R ~ N(u,0). Now
insert w;(af, pi(af,6;)) given by (3) and take the expectation w.r.t. R to obtain: U(p;(-,6;)) =
E[1 — exp(—p{Vi(a§, 0;) — pi(af, 0;)a})|0;] with Vi(ag,0;) = pla§ + z] — %[a§ + 2%, Given that
1—exp(—py) is strictly increasing for any y € R, maximizing U (p;(+, 0;)) is equivalent to maximizing
E [Vi(af,0;) — pi(af, 0;)af|6;]. This transformation is valid when adding capital constraint (4).

11



and step-functions, with the only difference being the shading factor in these alternative
settings. In all scenarios, a dealer’s true willingness to pay, denoted as v;(a), is determined
by the marginal utility derived from the asset a, given the dealer’s gross utility, V;(a, 6;). The
dealer’s willingness to pay decreases as the amount of the asset increases. For the initial unit
of the asset, the dealer obtains the per-unit return p, while the marginal benefit diminishes
for subsequent units based on factors such as the asset’s return variance, o, and the dealer’s
risk aversion, p.

The key insight is that the dealer bids as if participating in a standard multi-unit auction

without capital constraints, where their willingness to pay is adjusted as
5:(a) = vila)(L + Ak) (®)

We refer 0;(a) as pseudo willingness to pay (or pseudo-value). To minimize payments, the
dealer shades their pseudo willingness to pay, unless the market is perfectly competitive. For
example, in a uniform price auction with smooth functions (considered as the benchmark in
Proposition 1), the extent of shading depends on the distribution of the dealer’s equilibrium
winnings, denoted as G(a, p|0;).

The capital constraint becomes binding when the Lagrange multiplier, \;, is strictly pos-
itive, while it is slack otherwise. Notably, ); is a function of the dealer’s private information,
0;, since it relies on the dealer’s expectations of winning, which, in turn, is influenced by the
dealer’s bidding behavior that is shaped by 6;.

Deriving sufficiency conditions under which a symmetric equilibrium exists is challenging
even for uniform price auctions with smooth demand functions. This is because the slope in
the dealer’s pseudo willingness to pay changes randomly in the dealer’s private information—
as if the dealer had private information about her effective degree of risk aversion, p(1 +
M)~ t. With random slopes there is no linear equilibrium when dealers have market power.

To see why, assume that all dealers other than dealer ¢ submit a linear demand curve. The

12



necessary equilibrium conditions imply that dealer i’s best-response is linear if and only if
observing price realization p does not update the dealer’s belief about the other dealers’
constraints. However, even if we assume that this holds for all dealers, the market clearing
price is a function of the Lagrange multipliers of all dealers (the full proof is in Appendix

E).

Corollary 1. (i) There is no linear equilibrium when dealers have private information and
face capital constraints, unless the market is perfectly competitive. (ii) Under perfect compe-

tition, i.e., when N — oo, dealer i submits her pseudo willingness to pay, v;(a).

Corollary 1 implies that the common tools of the related literature—which almost exclusively
focuses on linear equilibria to obtain tractability—do not apply. For instance, it is not
possible to solve for a dealer’s best-response by point-wise maximization. We can, however,
solve for a unique symmetric linear equilibrium when abstracting from private information.
Alternatively, we could solve for an equilibrium when dealers are asymmetric, for instance,
due to different inventory positions, but face no uncertainty. This equilibrium is analogous

to Proposition 2, but is not unique—a common feature in uniform price auctions (Klemperer

and Meyer (1989)).

Proposition 2. Let all dealers share the same information with inventory position z € R,
and equity capital £ > 0. There exists a unique symmetric linear equilibrium in which each

dealer submits

) 1 N-1

p) = (- (=) @+ 2) )
0 if£>nB A N-1 A ?
B-1s0 ifZ<nB

Intuitively, an equilibrium bid p*(a) for amount a equalizes the marginal utility (LHS) with

13



the marginal payment (RHS) of the following optimality condition:

w—opla+z] = (1+ A&)(p*(a) + [a+ z]A), (10)

1 ap

Where A = N_11tr s

measures the dealer’s price impact. A is known as Kyles’ lambda and is
0 when the market is perfectly competitive so that dealers are price-takers. The inverse of
the price impact is a common measure of liquidity in exchange markets (e.g., Vayanos and
Wang (2013); Malamud and Rostek (2017)).

The marginal utility is the analogue to v;(a) in Proposition 1. The marginal payment
has several components and depends on the regulatory shadow cost of the capital constraint
(Ak > 0), and the dealer’s price impact, A. When the constraint is not binding (A = 0) and
dealers are price-takers (A = 0), the marginal payment is just the price that the dealer has to
pay for amount a. When the constraint binds (A > 0) and dealers are price-takers (A; = 0),
the marginal payment is the price they have to pay plus a shadow cost that comes from
the capital constraint, which is similar to an ad-valorem tax. When dealers face a binding
capital constraint (A > 0) and have market power (A # 0), Aa measures by how much a
dealer’s choice impacts the effective price. Not only does this depend on their risk-aversion
and the number of players in the market, it also depends on the shadow cost of capital.
Finally, when z # 0, there is an extra term, AxAz, which reflects the regulatory cost that
comes from the fact that a dealer’s existing inventory, z, is evaluated at the market price in
the capital constraint.

To illustrate how to solve for an equilibrium in uniform-price auctions in which bidders
face outcome-dependent constraints, we sketch the proof of Proposition 2. A reader who is
not interested in technical details, may skip ahead to Section 2.3.

“

Proof of Proposition 2: We guess that there is a symmetric linear equilibrium, a%(p) =

a — [Bp with o, f > 0, and assume that all dealers other than dealer ¢ play this equilibrium

guess. Dealer i takes the behavior of her competitors as given and chooses points on the

14



residual supply curve RS;(p) = A—>_ i ajG (p), which shifts randomly only in parallel. This
implies that, for ever price p on every demand function that the dealer may submit, there
is unique (random) point at which the residual supply curve intercepts the quantity axis:
Z=A—(N-1)a.

Rather than maximizing over demand functions p(-) that map from prices to quantities
directly, it is easier to maximize over bidding functions, b(-), that map from realizations
of Z to prices, and then derive the uniquely implied demand function. Imposing market
clearance, by inserting RS(b(Z),Z) = Z + (N — 1)8b(Z) into the objective function, the

dealer’s maximization problem—the analogue of problem (5)—reads as follows:

max E[U(RS(/2). 2)) ~ b(Z)RS(b(2), 2)]

subject to: KE[b(Z)[RS(b(Z),Z) + z]] < E. (11)

Abbreviating b(-) by b with derivative ', this problem is equivalent to: maxyep (b) subject to
L(b) > 0with [(b) = [ F(b, 2)¢(Z)dZ, where F(b, Z) = [u—b|[RS (b, Z)+2]—2[RS (b, Z) +
22, and L(b) = E — [ H(b, Z)$(Z)dZ, where H(b, Z) = kb[RS(b, Z) + 2]. Here ¢(Z) is the
density function of Z which has support [Z, Z].

With this, function b* is optimal if L(b*) > 0, AL(b*) = 0, A > 0, 2L d (O LAT))

evaluated at the optimum is 0 for all Z:

ORS(b*, Z))l]7 (12)

p—op[RS(V*,Z) + 2] = (1 + \r) b*+[35(b*az)+z]< ab

and the natural boundary conditions are satisfied—which is always the case. Note that
this condition is equivalent to condition (10). Importantly, density function ¢(Z) does not
depend on b. Therefore we can show that function b* that fulfills the necessary conditions is

indeed optimal.”

"This follows from the fact that F(b,Z) and K(b,Z) = F(b,Z) + AH(b,Z) are for any Z,
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From here it is straightforward to solve for an equilibrium, and show that it is unique
within the class of symmetric linear equilibria, by matching coefficients of the dealer’s best re-

ply in (12) with the equilibrium guess, and showing that these coefficients are unique.® In this

equilibrium, each dealer wins % and the market clears at P* = 5 Jrl/\n (u —op (%) (% + z))
Depending on the exogenous parameters of the model, the capital constraint either binds
or not. When % > uE [% + z] —op (%) E [(% + 2)2], the constraint is not binding, and

A = 0. Otherwise, the constraint binds and pins down A\ > 0. O]

2.3 How capital constraints affect prices and markups

The main prediction of the model is about what happens when the capital constraint is
relaxed, for instance, because the minimal capital thresholds decrease. We examine three
effects: the impact on price, price impact (and consequently market liquidity), and markup.
While all of these effects are derived from our own model and offer novel insights, we par-
ticularly emphasize the effects on price impact and markup. These effects are absent in the

existing literature, which assumes perfectly competitive markets.

Corollary 2. Let P*(0) denote the equilibrium market price when dealers are price-takers
and P*(A) when they have market power, and consider a relaxation of capital constraints
which decreases the shadow costs of capital for all dealers.

(i) When dealers face only aggregate uncertainty, demand p*(-) of each dealer i becomes
steeper, and market price P*(A) increases. Further, the price impact A = ﬁ% of each

dealer i, and the markup = P*(0) — P*(A) increase, while market liquidity, 1/A, decreases.

and A > 0, strictly concave as functions of b. Strict concavity implies that K (b, Z) — K(b*,2) <
%(b —b*) <0 for any b and any Z. Multiplying both sides with ¢(Z) and integrating, we see
that [ K(b, 2)p(2)dZ < [, K(b*,Z)¢(Z)dZ, and similarly for F(b, Z).

8For this, note that condition (12) implies that the following equation p — opla + 2] = (1 +
A&)[p + [a + 2]((N — 1)3)~], which characterizes the dealer’s best-reply demand function in the
price-quantity space must hold at all a; and that in any symmetric equilibrium the slope of the

dealer’s best reply must equal to 3.
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(i) When dealers have private information, a dealer’s demand v;(-) becomes steeper, and
the market price P*(0) increases if the market is perfectly competitive. When at least some
dealers shade their bids due to market power, the effects depend on the distribution of signals

and supply, and the number of competing dealers.

Figure 1 illustrates two types of effects from relaxing capital constraints. The first type
is non-strategic. Since the effective price, (1 + Ak)p, decreases, it becomes cheaper for the
dealer to buy larger amounts. The dealer’s pseudo willingness to pay shifts upward and
becomes steeper.” As a result, the market price would increase if the market was perfectly
competitive, unless supply adjusts. This prediction is in line with He and Krishnamurthy
(2012, 2013) and Brunnermeier and Sannikov (2014). In their models, a positive shock to
the net worth, i.e., equity capital, of a dealer increases its risk-bearing capacity, which leads
to higher asset prices. In our model, risk aversion is constant.

The second type of effect is strategic, and is absent of existing models that feature perfect
competition. Dealers have higher price impact, and thus enjoy more market power, when
their constraints are relaxed. Higher market power leads to lower market liquidity, and
stronger bid-shading, resulting in a larger markup. This pushes down the market price rela-
tive to the price that would arise in a perfectly competitive market. When dealers face only
aggregate uncertainty, the non-strategic price effect which pushes the price upward domi-
nates the strategic price effect, so that the market clearing price increases when constraints
are relaxed.

To understand these effects, it helps to go through how the dealer determines her best
response in a simplified environment with complete information. Then, she trades against
a known residual supply curve, RS;(p) = A — Zj 2i (p), and chooses the point on that

curve that maximizes her own surplus. If the other dealers submit flatter demand curves,

9The willingness to pay becomes steeper rather than just shifting in parallel because the capital
constraint depends on the nominal, not the real, value of the amount the dealer wins at market
clearance. If the constraint was in real values, the willingness to pay would only shift in parallel.
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the residual supply curve is flatter. A flatter curve, in turn, implies that the dealer impacts
the market clearing price more strongly by her own demand—moving along a flat residual
supply curve changes the price more strongly than moving along a steep residual supply
curve. The dealer’s price impact and the markup increase.

When dealers face uncertainty, a similar logic applies. The difference is that the dealer
now trades against a random residual supply. With aggregate uncertainty about the supply,
the residual supply shifts randomly in parallel (for any fixed A € RT). A dealer now goes
through all possible realizations of supply and chooses the optimal demand point on each of
them. Each of these realizations is flatter, and hence the dealer’s price impact is larger.’
When there is private information, the residual supply curve moves randomly in arbitrary
ways. Therefore, we cannot make a clear prediction on the effect on the price impact and
the markup.

Taken together, Corollary 2 highlights that the effect of capital constraints on prices, price
impact, and markups depends on whether dealers have access to private information when
bidding, and the degree of competition in the auction. When dealers face only aggregate
uncertainty or the market is perfectly competitive, we can derive by how much the price, the
price impact, and the markup change in response to a change in the shadow cost of capital,

ie., \K.

Corollary 3. (i) When dealers have market power but no private information, a 1% decrease

in the shadow cost of capital (Ak), leads to an increase in the market price, the price impact,

- Jrl/\n — 1! %. (ii) When the market is perfectly competitive

and the markup equal to n = ’
so that the markup and price impact are zero, the market price increases by n when dealers

TR 1|% when they do.

don’t have private information, and by n>™ =

Summarizing, our model helps explain how capital constraints affect asset prices, price im-

pact (and with that liquidity), and markups. When dealers have no private information,

0Tn equilibrium the A must be consistent with the submitted demand curves.
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Figure 1: Non-strategic and strategic effect when capital constraints are relaxed.

(a) Dealer’s pseudo willingness to pay 0;(a) o (b) Residual Supply;(p)

Figure 1 illustrates the change in the dealer’s pseudo willingness to pay and her residual supply

curve, conditional on one realization of supply, when capital constraints are relaxed in (a) and (b),

respectively, for the case without private uncertainty and zero-inventories (z = 0). In gray we see

the initial pseudo willingness to pay, 9;(-), and residual supply curve, RS;(-). Demand becomes

steeper and the residual supply curve becomes flatter, as shown by the black line, when constraints

are relaxed. In (a) we see how this increases the market clearing price, P*, when supply is fixed

in a perfectly competitive market. In (b) we see the increase in the price impact, which measures

by how much the clearing price changes, P> — P;, when the dealer marginally changes her demand

from aq to as.
their demand becomes steeper, the price, price impact, and markup increases when capital
constraints are relaxed. For primary markets, this highlights that relaxing capital constraints
increases auction revenues at an implicit cost of larger price distortion. In the context of ex-
change markets, where higher markups indicate reduced market liquidity, our model reveals
a negative side-effect of relaxing capital constraints.

In the presence of private information, it becomes an empirical question whether, and
to what extent, capital constraints affect demand, prices, price impact, and markups. In
Sections 3 and 4 we illustrate how to use our framework to empirically analyze how prices
and markups change when capital constraints change, using data on Canadian Treasury
auctions. These auctions utilize the discriminatory price format, where price impact is not

well defined. Hence, we exclude price impact (and market liquidity) from the remainder of

the paper.
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3 Institutional setting and data

Canadian Treasury auctions have the attractive feature that dealers submit entire demand
curves, which we can link to balance sheet information of each dealer—a unique feature of

our data.

Market players. There are eight deposit-taking primary dealers in Canada who are fed-
erally regulated.! They dominate the Canadian Treasury market and intermediate the
vast majority of the daily trade volume in government bonds. More broadly, these banks
dominate the Canadian banking sector and hold over 90% of the sector’s assets.

Primary dealers have a responsibility, as market-makers, to buy bonds from the govern-
ment and trade them with investors, brokers, or one another to provide liquidity. They hold
a substantial amount of bonds on their own balance sheets (see Appendix Figure Al). In
exchange, primary dealers enjoy benefits, including privileged access to liquidity facilities

and overnight repurchase operations at the central bank.

Treasury auctions. Governments issue bonds of different maturities in the primary mar-
ket via regularly held uniform price or discriminatory price auctions. In Canada, auctions
are discriminatory price. Fach bidder submits a step-function with at most K = 7 steps,
which specifies how much a bidder offers to pay for specific amounts of the good for sale.
Auctions take place several days a week. Anyone may participate, but most of the supply is
purchased by dealers. The largest eight dealers purchase the majority of the Treasury supply

in order to sell (or lend) on the secondary market.

HTn total there are eleven primary dealers. One of these dealers is provincially regulated and
two are private securities dealers. They face different capital regulation than the eight dealers we
study. We therefore do not observe any balance sheet information for these players. Technically,
two of the eight banks have multiple dealers. For example, the Bank of Montreal has two dealers
(Bank of Montreal and BMO Nesbitt Burns) who attend different Treasury auctions, and therefore
do not compete or share information within an auction. We treat them as one dealer.
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Capital constraints. According to a survey among market participants, the Basel III
LR represents the most relevant capital constraint when trading government bonds (CGFEFS
(2016)). This regulatory requirement came into effect in September 2014 to reduce systematic
risk—a benefit which we do not consider in this paper. We focus on the cost-side of the
constraint, which was emphasized by Duffie (2018), He et al. (2022), and others.

Formally, the LR measures a bank’s Tier 1 capital relative to its total leverage exposure,

and must be at least 3%:

regulatory capital of bank ¢ in quarter ¢

LR = total leverage exposure of ¢ in ¢
Tier 1 capital consists primarily of common stock and disclosed reserves (or retained earn-
ings), but may also include non-redeemable non-cumulative preferred stock; the leverage
exposure includes the total notional of all cash and repo transactions of all securities, includ-
ing government bonds, regardless of which securities are used as collateral (for more details
see OSFI (2023)).

In reality, banks refrain from getting close to the minimal Basel III threshold (see Figure

12 One reason for this is that each institution faces an additional

2b, explained below).
supervisory LR threshold that reflects the underlying risk of the bank’s operations. Another
reason is that banks tend to hold sufficient conservation buffer for Tier 1 capital so as to avoid
punishment in the form of restricted distributions (including dividends and share buybacks,

discretionary payments and bonus payments to staff).

Regulatory change. To separately identify shadow costs of capital and risk aversion, we
rely on a regulatory change that temporarily eliminated the capital constraint for Treasuries.
When dealers failed to absorb the extraordinary supply of government bonds in March 2020,

government bonds, central bank reserves, and sovereign-issued securities that qualify as High

12Barth et al. (2005), Berger et al. (2008) and Brewer et al. (2008) document that bank capital
is substantially above the regulatory minimum in countries other than Canada.
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Figure 2: The effect of the exemption on Treasury positions and the LR

(a) Aggregated positions in Treasuries (b) Time series of LR for an average bank
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Figure 2a shows the aggregated amount of Canadian government bonds that the biggest six Cana-
dian banks hold in long (in green) and short (in red) positions in millions of C$ from January 2019
until February 2022. The vertical line is April 9, 2020, when government bonds were exempt from
LR. Figure 2b shows the time series of the LR (in %) of an average bank. In blue, we show the
actual LR. In red the counterfactual LR that the average bank would have had if government bonds,
central bank reserves, sovereign-issued securities that qualify as HQLA, and exposures related to
the PPP were not exempt. In 2022ql, the LR does not get back to its original level, partially
because central bank reserves are still exempted.

Quality Liquid Assets (HQLA) were temporarily exempted from the LR constraint—starting
on April 9, 2020.1% As a result, the LR spiked upward, moving away from the constraint (see
Figure 2b). The exemption of government bonds and HQLA ended on December 31, 2021,

while reserves continued to be excluded.

Data. We combine multiple data sources. First, we obtain bidding data of all regular
government bond auctions between January 1, 2019 and February 1, 2022 from the Bank of

Canada. We see how much is issued of which security, and the maturity category of which

13Exposures related to the US Government Payment Protection Program (PPP), which are
minor in the case of Canadian banks, were also temporarily exempted. The announcement
to start the exemption period is available at: www.osfi-bsif.gc.ca/Eng/fi-if/in-ai/Pages/
20200409-dti-let.aspx; the one to end it is here: www.osfi-bsif.gc.ca/Eng/fi-if/in-ai/
Pages/lrfbunwd.aspx, both accessed on 05/31/2022.
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there are five (2Y, 3Y, 5Y, 10Y and 30Y). We also observe who bids (identified by a legal
entity identifier) and all winning and losing bids at auction closure. For consistency, we
restrict attention to bids of the eight dealers who are deposit-taking throughout most of the
paper.

Second, we collect balance sheet information for these eight dealers at the company
holding level. Specifically, we obtain the LRs of each daeler, which is reported quarterly, at
the end of January (first quarter), April (second quarter), July (third quarter) and October
(fourth quarter of the reporting year) from 2015q1 until 2022q1 from a data source, called
LR." In addition, we obtain the daily aggregated long and short positions in government
bonds of the six largest dealers from the Collateral and Pledging Report (H4). Finally, we
collect information on who holds government bonds—banks versus other investor types—
from the National Accounts (Statistics Canada).

Third, we gather information on the volatility of the return, i.e., the price, that a dealer
expects to obtain from selling government bonds in the secondary market. For this we
leverage the fact that dealers start selling bonds (that are about to be issued at auction)
when the tender call opens, which happens one week before the auction closes. They observe
the distribution of prices at which they can sell a particular bond before the auction closes,
which gives them a precise idea about the return volatility from buying a particular bond
at auction and selling it in the secondary market. To also observe this price distribution,
we obtain prices (and yields) of essentially all trades with Canadian government bonds from
January 1, 2019 until February 1, 2022. These data are collected by the Industry Regulatory
Organization of Canada in the Debt Securities Transaction Reporting System (MTRS2.0)
and are made available for research with a time lag.

Fourth, we collect the Implied Volatility Index for Canadian Treasuries over the same

4One of the banks, HSBC, has a different reporting schedule than the others. Its fiscal year
ends in December, instead of October. In our empirical analysis this difference is absorbed when
we include dealer fixed effects.

23



Table 1: Summary statistics

Mean Median Std Min Max
Supply (in bn C$) 4.12 4.00 1.23 1.40 7.00
Average bid yield (in %) 1.04 1.09 058 0.20 2.18
Years to maturity 8.40 5.03 9.62 2.0 32.62
Number of (deposit-taking) dealers 8 8 0 8 8
Number of steps in demand curve 4.80 5 143 1 7
Maximal amount demanded (in % of supply) | 7.28 6.25 3.84 0.07 35
Amount dealer won (in % of supply) 6.55 498 622 0 44.22
Quarterly LR (in %) 4.41 436 028 - -
Return volatility (normalized) 1 076 090 0 7.93

Table 1 shows the average, median, standard deviation, minimum and maximum of key variables
in our sample. Our auction data goes from January 1, 2019 until February 1, 2022 and counts 176
bond auctions. The LR data goes from 2015ql until 2022q1. The min and max LR are empty
because we cannot disclose this information.

time period. This index measures the expected volatility of the market over the next 30
days and is based on option prices on short-term interest rate futures (Chang and Feunou

(2014)). It is similar to the VIX, which measures volatility in equity markets.

Summary statistics. An overview of the main variables is presented in Table 1.

Note that for our empirical findings we express bond values in yields-to-maturity, rather
than prices. This makes the value of bonds that have different maturities and coupon
payments more comparable, and implies that demand schedules are increasing.

In line with this convention, we compute the auction-specific return volatilities as stan-
dard deviation of yields (expressed in %) at which a dealer sells a bond that is to be auctioned
during the week preceeding the auction. To avoid our estimates being driven by the absolute
magnitude of the volatility, we normalize the return volatility by its average. Figure 3 shows

that the resulting return volatility is similar, yet not identical, to the Implied Volatility Index
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Figure 3: Return volatility

(a) Across maturities (b) Over time
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Figure 3a shows the distribution of the normalized return volatility for each maturity category,
excluding outliers. Figure 3b shows a binned scatter plot of the return volatility (in circles) and the
implied volatility index in % (in pluses) across time. The correlation between these two volatility
indices in 0.3. The black lines mark the beginning and end of the exemption period (09 April 2020)
and (01 January 2022).

for Canadian Treasuries (in %). One reason for the difference is that dealers sell bonds they
buy at auction very quickly, if not before the auction occurs, so that their time horizon is

shorter than 30 days.

4 Quantification

To quantify by how much the yield and markups change when capital constraints are relaxed,

we adjust the benchmark model to better fit the data generating process.

Model adjustments. Consider an auction ¢ that issues a bond of maturity m={2Y", 3Y’,
5Y, 10Y'}. In line with the institutional setting, the auction is discriminatory price and
bidders submit step functions, i.e., sets of K > 1 quantity-price tuples, {ax, pr}1,. Thus, a

dealer’s equilibrium demand satisfies the condition of Proposition 3 (i) in the Appendix.
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As predicted by our theory, a dealer who draws #id private information 6;; from some

auction-specific distribution on the day of auction ¢ is willing to offer

Pm

Vsl = 0i) — B ik, With 8 = ———
Uik ft(t) Btat@tk W1 5t 1+ Ay

(13)

for amount ay, where fi(+) is some continuous function, for instance, pi; — pmo¢24. Parameter
pm > 0 measures the degree of risk aversion for a bond with maturity m, i.e., we allow, but
do not impose, risk aversion to vary in the bond’s maturity to reflect the fact that longer
bonds may be risker to hold than shorter bonds. Further, parameters Ax;; > 0 represent the
shadow costs of capital. Note that we estimate the product of the Lagrange multiplier of
the constraint and the capital threshold to avoid having to specify a capital threshold. To
highlight this, we relabel the shadow costs Aky; instead of Ayk.

Identification and estimation. To identify our main parameters of interest, the shadow
costs of the capital constraint, Ak, and the dealer’s risk aversion, p,,, we proceed in three
steps. First, given bids in the auction, we back out how much dealers are truly willing to
pay at each step k they submit, i.e., for each submitted amount, under the assumption that
all bidders are rational and play the equilibrium.

For this, we need to estimate the distribution of the market clearing price, P, from the
perspective of each dealer, 6;;. To do this, we adopt the resampling procedure introduced
by Allen et al. (2023), who build on Hortagsu and Kastl (2012), Kastl (2011), and Hortagsu
and McAdams (2010).

This resampling procedure takes institutional details of Canadian Treasury auctions,
which are omitted in our theoretic model, into account, so as to obtain an unbiased estimate
of the price distribution. For example, it adjusts for the fact that there are not only dealers,
but also customers who bid via dealers. Importantly, these details only affect the way we

estimate the price distribution, but not the equilibrium condition itself (for a given price
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distribution). For example, a dealer’s information set, 6y, includes a customer’s bid if the
dealer observed a customer’s bid before bidding (see Hortagsu and Kastl (2012) and Allen
et al. (2023) for more details).

Once we know all elements of the equilibrium condition, we can solve for the unique
pseudo-value, vy, that rationalizes the observed bid in each auction t of each dealer i at
each submitted step k (Kastl (2011)).

Second, we fit the model-implied functional form of the dealer’s pseudo willingness to
pay (13), and estimate the slope coefficients, B;; = pn(1 + Aky) ™!, using variation in the
pseudo-values across steps. For this, we use functions with at least two steps, which represent
99% of all functions, and the fact that we observe the volatility term, o;.

Finally, we separately identify two sets of parameters with the degree of risk-aversion
and shadow costs, by comparing slopes in auctions around the two policy changes, under the
assumption that risk-aversion (per maturity class) is constant around the policy changes.!
Given that capital requirements must be fulfilled quarterly, we use auctions in the 2020q1—
2020q2 period when Treasuries were exempt, and auctions in the 2021q4 and 2022q1 period
when the exemption period ended. Formally, we find parameters {p,,, Ak} for all m, ¢, i, by

fitting

Vg = Cpi — Z Brl(dealer = i)l(auction = t)oiay + €, (14)
it
with data from 2020q1-2020q2, and from 2021q4-2022q1, respectively. Here (;; = pn,(1 +
)\Hti)_l such that Ak; = 0 for all dealers ¢ and auctions ¢ when Treasuries are exempt,
Aky; > 0 otherwise, and p,, > 0; (i is a dealer-auction fixed effect, o; is the return volatility
plotted in Figure (3), and €, represents (finite sample) measurement error in the pseudo-
values.

We express quantities in percentages of auction supply to avoid that changes in the

15 An alternative would be to set risk-aversion constant across maturities—this is rejected by the
data as shown in Figure 6.
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supply, which increased substantially during the COVID pandemic, affect our estimates. In
Appendix D, however, we also show our estimates when using quantities in absolute terms.
With values expressed in percentages of yields, §;; measures by how many percentage points
the dealer’s pseudo willingness to pay decreases when demand increases by 1% of auctions

supply in an auction with average return volatility (o, = 1).

Estimation findings. Before identifying our parameters of interest, we analyze the slope
coefficients, (3, from regression (14), when estimated without constraints, and using all
auctions from 2019 onwards as our starting point (see Figure 4). We do this using estimated
pseudo-values as well as observed bids.

Our theory predicts that true demand curves, i.e., equation (13), becomes steeper when
Treasuries are exempt from the constraint if constraints bind. Thus, if the shadow costs of
the constraint are non-zero, slope coefficients, [, should be larger during the exemption
period than in regular times. This would also be true for submitted demand functions, i.e.,
bids, when competition is sufficiently strong or dealers face little private information.

Indeed, we find that the slope coefficients of both values and bids are higher when Trea-
suries are exempt. The median slope during the exemption period when using values is lower
than when using bids, because shading decreases in quantity. This is shown in Figure ba
and implies that the dealer’s pseudo willingness to pay is steeper than the bidding function
she submits.

Next, we separate the degree of risk aversion form the shadow costs by estimating regres-
sion (14) with constraints using data of auctions around the policy changes.

We find that risk aversion is relatively low for all bond-types with no clear pattern with
respect to maturity length (see Figure 6). The median degree of risk aversion is 0.006.
This implies that a typical dealer is willing to pay 0.6 basis points less for 1% more of the
auction supply in an auction with average return volatility. If dealers were risk neutral, their

willingness to pay would be perfectly flat.
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Figure 4: Slope coefficients of estimated value and observed bids
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The white boxplots of Figure 4 show the distribution of the estimated slopes coefficient of the
dealers’ pseudo willingness to pay in auction ¢ of regression (14) without imposing restrictions on
p or Aky; for three time periods: before the exemption of Treasuries from the LR (2019q1-2020q1),
during the exemption period (2020q1-2021q4) and after the exemption (2022q1). The gray boxplots
show the analogue when using bids instead of estimated values. Dealer values and bids are in %,
quantities are in % of auction supply.

In comparison, the existing auction literature estimates risk aversion of similar, yet typ-
ically larger, magnitudes in non-financial settings (but given CARA preferences).!® Most
papers consider single-unit auctions. For instance, Bolotnyy and Vasserman (2023) estimate
a median degree of risk aversion of firms in procurement auctions to be 0.08. One exception
is Héfner (2023), who analyzes discriminatory price auctions for Swiss tariff-rate quotas. He

finds that the majority of bidders exhibit a risk aversion parameter of 0.007.

16We are not aware of papers that estimate CARA risk aversion for financial intermediaries.
The related macro-finance literature on intermediary asset pricing calibrates dynamic models with
CARA utility. For instance, He and Krishnamurthy (2013) assume that financial intermediaries
have a constant relative risk aversion of 2. More remotely related is a literature that estimates
the intertemporal elasticity of substitution, which equals the inverse of CRRA risk aversion (e.g.,
Vissing-Jorgensen (2002)). However, the CRRA parameters are not comparable to our estimate
given that we are relying on CARA preferences.

One way of quantifying the degree of risk aversion is to compute the certainty equivalent. We
refrain from doing so, because it is not straightforward in our case. The reason is that there are
two layers of uncertainty. The first layer comes from the fact that the asset’s return is random.
The second layer comes from the fact that the auction outcome is uncertain.
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Figure 5: Shading
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Figure 5a shows box plots of how much dealers shade their bids (in %) at each of the seven steps.
It is the difference between the submitted yield bid and the estimated value, both in percentage.
The distribution for each step is taken over dealers and auctions. Shading factors are small in
absolute terms, and comparable to those in the literature (e.g., Chapman et al. (2007); Kang and
Puller (2008); Kastl (2011); Hortagsu et al. (2018); Allen et al. (2020, 2023)). Figure 5b shows the
distribution of shading across auctions, dealers and steps in 2020q1 (pre-exemption), 2020q2 and
2021q4 (exemption), and 2022q1 (post-exemption).

Shadow costs, which are shown in Figure 7, vary substantially across dealers and auctions,
reaching higher values in 2020, when dealers struggled to absorb excess supply of Treasuries
onto their balance sheets, than in 2022 when markets had calmed down. The long tail in
the distribution of shadow costs suggests that there are some auctions in which some dealers
expect to take losses. The median shadow cost is 3.5%.

Our cost estimates are in the range of existing estimates found in other markets using
different data and different methodologies. For instance, Du et al. (2018) use the overnight
spread between the interest rates on excess reserves paid by the Federal Reserve and the
Fed Funds as proxy for the shadow costs of bank’s balance sheets, which is a couple of basis
points. Adrian et al. (2014) fit an augmented Fama-French factor model using quarterly
balance sheet data from U.S. security broker-dealers from 1968ql to 20094 and U.S. stock

returns. They compute a price of leverage (which proxies for the funding constraint of
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Figure 6: Risk aversion bond type
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Figure 6 shows the risk aversion estimates, p,,, around both policy changes in 2020q1-202q2
(in circles) and in 2021g4-2022ql (in stars). It also plots the 95% confidence intervals for
m = {2Y,3Y,5Y,10Y} for 2021q4-2022q1, but given that these intervals are very tight, they are not
visible. To compute standard errors and these intervals, we fit equation (14) for each bootstraped
estimate of pseudo-values. Each coefficient is measured in % of yield relative to % of supply.

Brunnermeier and Pedersen (2009), among others) of roughly 10% per year.

To get a better sense of how large the median shadow cost is in our setting, we compare
it to the typical markup a dealer charges when selling the bond. Specifically, we compute
the median difference between the bid yields at auction and the average yield obtained
from selling one week before or after the auction. This difference is identical to the median
shadow cost, suggesting that dealers barely break even in a typical auction. This is in line
with the fact that primary dealers have steadily exited the Canadian Treasury market since
the establishment of the primary dealer system, in which primary dealers are responsible for
regularly buying Treasuries from the government to actively trade them in the secondary
market (see Allen et al. (2023)). This finding also suggests that it might be valuable to carry

the primary dealer status to generate revenues outside of the Treasury market.!'”

"For instance, primary dealers have access to central bank liquidity facilities and can use their
position in the government bond market to cross-sell to investors other investment products, such
as underwriting or trading corporate debt. They are also more likely to attract foreign investors
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Figure 7: Shadow costs
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The LHS of Figure 7 shows a distribution of shadow cost point-estimates, Ax:;, over auctions ¢
around the two policy changes in 2020 and 2021-2022, excluding outliers. The RHS shows the
distribution of the lower and upper bounds of the 95% confidence intervals for each point-estimate
(CI-LB and CI-UB, respectively), in addition to the distribution of the point estimates (Estimates)
pooled across all auctions, and excluding outliers. The confidence intervals of the shadow costs are
bootstraped, analogous to those of the degree of risk aversion.

Discussion. To separate shadow costs from the degree of risk aversion we rely on three
main identifying assumptions. Here we discuss what happens when they don’t hold.

First, we assume that dealers are rational and play the equilibrium strategy of our em-
pirical auction game. This assumption seems reasonable given that dealers are experienced
financial institutions trained to participate in these auctions. Despite this, we also estimate
the model under the assumption that dealers bid their true willingness to pay plus a random
error term. We find risk aversion is smaller when using bids than when using values because
of bid-shading (in line with Figure 4). However, the median shadow cost of 3.1% closely
aligns with the median obtained from estimates based on willingness to pay.

Second, we assume that a dealer’s pseudo willingness to pay is given by function (13),
but this might not be the case. For example, there could be other balance sheet costs faced

by banks apart from those arising from the capital constraint. In such a scenario, what we

since the primary dealer status signals trustworthiness and stability.
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are actually identifying is the change in the total balance sheet cost as regulations change.
To examine this, we could compare the median slope coefficient in Figure 4 across different
periods, and would conclude that balance sheet costs were smaller during the exemption
period.

Another concern to consider is the potential variation in risk aversion across quarters.
This is particularly relevant in 2020, during market turmoil, as opposed to 2021/2022 when
markets stabilized and most policies, such as Quantitative Easing, ceased. Therefore, it is
reassuring to find shadow cost estimates of similar magnitudes for both periods. However, if
we wish to allow for varying degrees of risk aversion across quarters, regression (14) identifies
the change in the dealer’s “effective” risk aversion, [y, which may depend on shadow costs
and other factors in complicated ways.

Third, we assume that we can observe the volatility of the return that a dealer expects
to generate from buying bonds at auction and selling them in the secondary market (from
prices at which dealer sell bonds in anticipation of the auction). This assumption seems
reasonable as dealers actively trade in anticipation of auctions. However, with finite data
there may be measurement error in the observed volatility variable, which could potentially
bias our slope estimates downward. If we didn’t observe the volatility, we would need to
impose more structure on the data, for instance, by taking a stance on the data generating
process of secondary market prices. Further, it would make identifying our parameters of

interest more challenging. For more details, see Appendix C.

Counterfactual. We could use the model to precisely quantify by how much the auc-
tion yield and markups changed because capital requirements were relaxed (tightened). In
practice, this involves computing counterfactual bidding step-functions, which is not straight-
forward. Only recently has Richert (2021, 2022) introduced a numerical method to compute
counterfactual bids in multi-unit auctions in which bidders don’t face constraints. Even in

standard auctions, this method is complex, computationally intense, and requires making
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assumptions on the distribution of bids, which is endogenous.
As an alternative, we provide a back-of-the-envelope calculation, which leverages our

tractable theory of Section 2. In particular, Corollary 3 tells us that the market price (yield)

increases (decreases) and the markup increases by 7 = |5 Jrl/\n — 1‘ % when the shadow cost
of capital decreases by 1%.1® The corollary generalizes to discriminatory price auctions with
ex-ante identical dealers that face aggregate uncertainty and submit linear demand schedules
(excluding the statement on price impact). This does not fit our empirical setting—where
dealers submit step functions which are only approximately linear (see Appendix Table A1),
and dealers are heterogeneous thanks to private information—perfectly. But we can get a
rough sense of magnitudes.

Using the median shadow cost of capital (across all auctions and dealers) the 7 elasticity is
about 0.034% or 3.4 bps. To see what this implies for the auction yield and markup consider
the first auction in 2022 after the exemption period ended. This auction cleared at a yield of
1.77%, and the average amount by which a dealer shaded her bid, which approximates the
markup due to market power, was roughly 3 basis points. Had the exemption not ended—
implying an 100% reduction in the shadow cost of capital—the auction would have cleared
at a yield of (1-0.034)1.77% =~ 1.71%, with a markup of (140.034)3 bps ~ 3.1bps.

This approximation suggests that the Canadian regulator did not face a quantitatively
meaningful trade-off when deciding whether to relax or tighten capital constraints—in addi-
tion to the way the LR affects trading in the secondary market and concerns about systematic
risk. Relaxing capital constraints decreased yields and increased markups by small amounts.
This is in line with the insignificant change in bid shading we observe when the policy

changed, as shown in Figure 5b.

18Note that this statement hinges on the assumption that volatility is independent of Ax. In
practice, this might not always be the case. For instance, Du et al. (2023a) show that regulatory
constraint affects the stochastic discount factor of an intermediary. In this case our back-of-the-
envelope calculation neglects the indirect effect that a change in Ax has on the price and the markup
via a change in the volatility.
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Robustness. We conduct a series of robustness checks in Appendix D. For example, we
explain what happens when we rely on different volatility indices. We also show that we
obtain similar risk-aversion and shadow cost estimates when estimating the model with
quantities expressed in absolute terms rather than in percentage of supply, or when including

different sets of value functions in the estimation.

5 Implications for intermediary asset pricing

The main focus of this paper is on analyzing the effect of changing capital constraints on
the price of an asset and markups that arise due to dealer market power. To draw a closer
connection to the intermediary asset pricing literature and inspire future research, we extend
our formal analysis in Appendix B to study how intermediary market power affects whether
commonly considered intermediary frictions (such as moral hazard or capital constraints)
matter for asset prices. Here we only briefly mention the main take aways from this exercise
and refer to the appendix for details.

Our first finding highlights that intermediary market power matters for intermediary
asset pricing (see Corollary 4). We show that it is not possible to eliminate both moral
hazard frictions and frictions that arise due to imperfect competition by hiring a manager
who competes for the asset and is paid a fraction of the return that the asset will generate.
In this sense, intermediary financing frictions always affect the asset price when the asset
market is imperfectly competitive.

Our second finding highlights that capital constraints affect the asset price differently
depending on the degree of competition (see Corollary 5). We show that when fewer inter-
mediaries compete for an asset, frictions that arise from capital constraints distort the price
more or less strongly, depending on asset-market competition. To be more concrete, consider
a market in which many intermediaries compete for the asset. If the number of intermedi-

aries decreases, the asset price moves further away from the price that would arise without
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capital constraints. The reason is that each intermediary wins more of the asset when fewer
of them compete. This increases total exposure, and tightens the capital constraint. The
opposite is true in a market with few intermediaries. Now, even though each intermediary
wins more, the less competitive auction clears at a sufficiently low price. The price effect
dominates the quantity effect and relaxes the constraint.

Taken together, these findings underline that it matters to take imperfect competition
into account when analyzing how intermediary frictions affect asset prices, and motivates

future research to assess the different degrees of competition across asset markets.

6 Conclusion

This paper studies if and how the capitalization of dealers affects asset prices when dealers
have market power. We introduce a model to show that weaker capital requirements lead
dealers to demand more of the asset at higher prices but also higher markups. We test
the model’s prediction and estimate the model with data on Canadian Treasury auctions,
where we can link asset demand to balance sheet information of individual intermediaries.
Our findings highlight that weaker capital requirements reduce the funding cost of debt but

increase market power, and reduce market liquidity.
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ONLINE APPENDIX

Intermediary Market Power and Capital Constraints

by Jason Allen, and Milena Wittwer

Appendix A generalizes our benchmark model to incorporate private information in uniform
price and discriminatory price auctions. Appendix B generalizes the model to draw impli-
cations for the intermediary asset pricing literature. Appendix C explains why it is useful
to observe return volatility. Appendix D presents our robustness analysis. Proofs are in

Appendix E.

A Discriminatory price auctions and step-functions

Here we adjust our benchmark model to the case of discriminatory price auctions, in which
bidders pay the prices they offered to pay for all units won, rather than the market clearing
price. We consider two settings, one in which dealers submit continuous demand functions,
as in our benchmark model, and one in which dealers must submit step functions as in Kastl
(2012). With slight abuse of notation we use the same notation for continuous demand
curves, a;(+,0;), the probability that dealer ¢ who bids price p = p(a, §;) wins less than a at
market clearance given that other dealers play the equilibrium demand a*(-, 6;), G(a,p|6;) =
Pr(A — >, a"(p(a,0;),0;)) < ald;), and the Lagrange multiplier, \;, even though all of

these are auction-format specific.

Proposition 3.
(i) In any symmetric equilibrium with continuous demand curves, dealer i submits de-
mand functions, p*(-,0;), such that p*(a,0;) = p for all a, given by

v;(a)

b= 1 + )\i/’f/ - shadmg(a,pwi), (15)



where v;(a) and N\; > 0 are as in Proposition 1, and shading(a, p|0;) = —%‘2"2%) > 0.

Op
(i) When demand curves are step functions {ak,pk}sz"l, dealer i’s equilibrium function

satisfies

_ vifa)  Pr(pes1 > P*|0;)
1+ XNk Pr(py > P* > prial6:)

Pk (16)

at every step but the last one; at the last step, the dealer bids truthfully.

The equilibrium condition is like the condition in a uniform price auction, with a different
shading factor, which comes from the fact that dealers pay the bids they place for all units
won rather than the market clearing price.

When dealers only face aggregate uncertainty and submit continuous demand functions,
we can solve for a symmetric equilibrium. For this we assume that all dealers share the same
information with inventory position z € R, and equity capital £ > 0. Further, we let supply
follow a Generalized Pareto distribution, so that the amount a dealer wins in equilibrium,
A has ODF: 1 — (“HANY ¢ with ¢ < No1 oy = —¢(4).

Proposition 4. Let all dealers share the same information with inventory position z € R,

and equity capital E > 0. There exists a symmetric linear equilibrium in which each dealer

submits

)

1 N—-1 if£>nB

pi(a) =5 g (u—pa (m) (a+z)> with A =

&3]l

3=

>0 if£<B,

o [(ut NvpotuN(E-1))= Y Nvpo+uN(E—1)  po(2+N(E—2))= (N=1)po
where B = E [ : 1iN(Z~_1) +poz® — A (u N(liN(Z—l))) - pN(1+N(5—1)) ) +A2'N2(1+N(§__1)) ,
ptuN(E—1)+po(1+N(N—2—Né+v))z
1+N(—149) ‘

and i =

The demand functions are analogues to those in Propositions 1 and 2. Therefore Corollary 2
generalizes to discriminatory price auctions; with the exception of the statements about price

impact and market liquidity, which are not clearly defined in discriminatory price auctions.
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B Intermediary asset pricing implications

Here we study whether the degree of competition between intermediaries affects the way
intermediary frictions—specifically, moral hazard and capital constraints—affect asset prices.
Technically, we rely on a simple version of the He and Krishnamurthy (2012, 2013) models,
presented in He and Krishnamurthy (2018), that builds on Holstrom and Tirole (1997). Our
contribution is to introduce imperfect competition in the asset market by relying on insights
from the literature on auctions and market microstructure. We consider the simplest auction
environment without private signals and known supply. It is straightforward to introduce

supply uncertainty as in Proposition 2.

Model with moral hazard. The economy runs for three periods, ¢t = 0,1, 2.1 There is
one risky asset of aggregate supply A that pays out a return R ~ N(u, o) per unit, and a
numeraire (cash). The return is unknown to all agents in all periods but the last one.

There are 2 < N < oo intermediaries (banks), indexed by I. Each bank serves a unit
mass of households (H) who never consider switching banks, i.e., there are fixed households-
bank pairs. In addition, each bank has a trading desk ¢ who is responsible for trading the
risky asset.

Households cannot directly invest in the asset market, but must invest via a bank. For
this, households and their bank contract with trading desk i (of the bank that serves the
households) who invests in the risky asset on the households’ behalf.

Banks and households have CARA preferences, that is, holding wealth w; generates the
following utility for an agent of type j € {H,I}:

uj(w;) = 1 —exp (—pjw;), (17)

with risk aversion p; > 0. A trading desk and its bank share the same utility function.

19 Alternatively, we could merge ¢t = 0 and ¢ = 1 into a single period.
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Wealth comes from buying and holding the asset. For instance, if agent j gets a; at price p,
the wealth is w; = a;(R — p).

The sequence of events is as follows: In period 0, each households-bank pair chooses
what fraction ¢; of the total wealth (that will be generated from investing in the asset)
will be paid to trading desk i in period 2.2° The contract is chosen to maximize their joint
expected utility obtained at the end of the game. Alternatively, you may think of a market
designer who chooses ¢;’s to maximize expected welfare of the economy subject to incentive
constraints. In period 1, all N trading desks compete in a uniform price auction to buy a;
of the risky asset, submitting continuous and strictly decreasing demand functions: a;(-).
Each trading desk may decide to shirk or exert effort; s; € {0,1}, where s;=1 is shirking.
When a trading desk chooses to shirk, the wealth of its bank falls by A, but the trading
desk gains a private benefit of b. In period 2, the asset pays its return and supply realizes.

All transactions take place.

_1
14+m~’

. opr N-1\ A
P =pu— —. 18
. (1—|—m> (N—z)N (18)
Trading desk i buys amount ]AV, its bank obtains ¢%, and each mass of households receives

(1-¢)4.

Proposition 5. Define m = % —1 > 0. There exists an equilibrium in which ¢; = ¢ =

and the clearing price is

In this equilibrium, the market clearing price has the familiar functional form of a uniform
price auction with N bidders (here trading desks). m = % — 1 is the maximum amount of
dollars that households can invest (per dollar that the trading desk purchases) so that the

trading desk exerts effort in the auction. If the moral hazard friction is small, which happens

20We could let the pair choose an affine contract parametrized by (Kj, ¢;), where ¢; is the linear
share of the return generated by the investment that is paid to the trading desk, and K; is a
management fee that is paid to the trading desk independent of the return. In the case of CARA
preferences, the lack of a wealth effect implies that K; plays no role in asset demand and equilibrium
prices.
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when the benefit b from shirking is small, the trading desk can be incentivized to exert effort
with little skin in the game, that is, with a small ¢;. The more beneficial it becomes to shirk,
the higher ¢; must be.

When the asset market is perfectly competitive, as in He and Krishnamurthy (2018),
there are two cases depending on how attractive it is for the trading desk to shirk. In the
first case, shirking is attractive so that the constraint that incentivizes trading desk i to
exert, effort, ¢; A > b, binds. As a result, the intermediation frictions affect the asset price.
In the second case, the incentive constraint doesn’t bind, and the first-best solution can be
obtained through choosing the optimal contract ¢;.

When the asset market is imperfectly competitive, intermediation frictions always affect
the asset price. Intuitively, this is because one instrument (per households-bank pair), ¢;,

cannot correct two frictions: moral hazard and imperfect competition.

Corollary 4. There is no contract ¢; = ¢ Vi that implements the price and allocation of a
frictionless market, in which both banks and households have access to and compete in an

auction that induces truthful bidding, that is, avoids bid shading.

Model with capital constraints. So far, the intermediation friction came from moral
hazard. Now we add capital constraints. Suppose that each trading desk purchases a;(p) of
the asset if the asset market clears at price p, and makes loans L to an un-modeled sector of
the economy, which we normalize to 0 w.l.o.g. The desk is subject to a Basel I1I-type capital
constraint: kpa;(p) < E, where E denotes the total equity capital.

From He and Krishnamurthy (2018) we know that the capital constraint binds only if
the moral hazard incentive constraint binds. Given this, it is not surprising, that the auction
clearing price is analogous to the price of Proposition 2, where dealers face a similar capital

constraint.



Proposition 6. In equilibrium ¢; = ﬁ for all v, and the market clears at

pr_ 1 _( op1 N—-1\ A
"1\ \ N2 ) v )

0 if£>DB A N—-1) A?
with \ = withB:uN—(lj_pI >(N 2>N (19)
B _l1s9 iE<B "

Trading desk i buys amount %, its bank obtains gb%, and each mass of households receives

(1-¢)4.

Does competition matter? We now analyze whether imperfect competition in the asset
market matters for whether and how the asset price is affected by intermediary frictions.
To vary the degree of competition, we vary the number of banks (or trading desks) who

compete for the asset. More bidders in an auction translates into greater competition.?!

Corollary 5. Define N : ji = (4+N%]E§’2)J)$’"UA and let p > 0.

(i) Intermediary financing frictions always affect the asset price.

(ii) Let the asset market become less competitive in that N decreases to N'. For N' > N,
the shadow cost of the capital constraint increases, so that the market price is more
strongly affected by the capital constraint. For N' < N, the shadow cost decreases and

the market price is less strongly affected by the capital constraint.

21Note that this is different from the main text, in which we measure competition by the extent to
which the market price that arises in the market with market power differs to the price that would
arise in a perfectly competitive market. Measuring this price wedge directly gives a more precise
idea of the impact of market power on prices than counting the number of market participants.
However, since this wedge is endogenous, it is less useful for analyzing how changes in market power
affect prices. Crucially, both measures of competition are qualitatively identical in that the price
wedge (and the price impact) decreases monotonically when the number of market participants
increases.
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Competition matters in two ways. First, with imperfectly competitive asset markets, it is no
longer the case that intermediation frictions—either moral hazard or capital constraints—
can be corrected by choosing intermediary remuneration, ¢;, optimally. To overcome (or at
least reduce) the extra friction which arises from the fact that the asset market isn’t perfectly
competitive, a more complex remuneration scheme would be necessary.

Second, when the market is less competitive as a result of fewer intermediaries competing
for the asset, the shadow cost of the capital constraint changes. Intuitively, a positive shadow
cost guarantees that the capital constraint binds: kP*a;(P*) < E. The shadow cost is higher,
the larger P*a}(P*) would be relative to E in a setting without the constraint. Thus, to
understand how the shadow cost changes, we must think through how P*a(P*) changes as
the number of bidders N decreases.

There are two opposing effects. On the one hand, each bidder wins more: af(P*) = %
increases. On the other hand, the less competitive auction clears at a lower price: P*
decreases. When the quantity effect dominates the price effect, the shadow cost increases as
N decreases. Whether this is true or not depends on how competitive the market is, i.e., the

number of bidders. If the degree of competition is sufficiently strong (N’ > N), the quantity

effect dominates, otherwise (N’ < N) the price effect dominates.

C Return volatility

We illustrate why observing volatility, oy, facilitates identification by means of an example.

Recall that we construct return volatility from the prices, pfij, a dealer charges when
selling a to-be-issued bond to a trader j prior to the auction, that is, before observing her
value realization, ¥y;(-), on auction day: o, = Var(pj,;). Further, refer to the distribution of
04;(+), specified in equation (13), by F} and the distribution of the shadow cost (which is a
random variable given its dependence on ;) by F*.

Assume that we do not observe o;. Then we need some structure on the data generating
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process to identify our parameters of interest. Here we provide one example of this process,
which is by no means exclusive.

Each dealer charges a common price to its clients, that may depend on the value dis-
tribution, F}, and a trade-specific markup. This markup depends on the shadow cost of
capital that the dealer faces at that moment. To formalize this idea, let dealer ¢ observe
a realization of the shadow cost, Ak, from the distribution F* before selling to buyer
j. The dealer charges a markup of 7;(Aky;), where 7;(-) maps the shadow cost draw into
R. To identify our parameters of interest, we would need to replace o; in equation (13) by
Var(n:(Ake;)). From here we see that identification becomes challenging. For instance, we
would need to specify a functional form for 77,(-), and estimate a system of equations, which

includes equation (13), the distribution of shadow costs, and function 7;(-).

D Robustness analysis

We conduct a series of robustness checks to validate our risk-aversion and shadow cost
estimates. All risk-aversion estimates are presented in Appendix Table A2; Appendix Figure
A2 shows the distribution of shadow cost estimates for all specifications.??

We start by analyzing the sensitivity of our parameter estimates to the number of steps
included in the values functions. In our benchmark specification, we include all functions
with at least 2 steps (which are essentially all functions) to avoid a potential bias coming
from omitting functions. Given that we linearly interpolate between steps using our model,
we might be concerned about doing this when there are few steps. Our results, however, are
robust to using value functions with more steps—3 to 6, where we do not include robustness
for 7 steps since not all dealers use the maximum allowable number of steps in all auctions.

Next, we estimate equation (14) with quantities expressed in million C$. In our bench-

mark specification, we normalize quantities by the auction supply to avoid our estimates

22A robustness analysis of the value estimates is provided in Allen et al. (2023).
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being affected by the fact that the Bank of Canada issued larger amounts of debt during
the exemption period than in regular times. Given that dealers have an obligation to ac-
tively participate in the auctions, the increased supply implies that dealers demanded larger
amounts (see Appendix Figure A3). Further, since dealers are supposed to bid competitively,
and are given a price range when bidding, increasing the total demand decreases the slope
in the dealer’s bidding function and willingness to pay during the exemption period (relative
to the case in which we normalize demand by the supply). The model rationalizes smaller
slopes by smaller risk-aversion and shadow cost parameters.

Third, we verify robustness with respect to our measure of volatility. In our benchmark
specification, we construct volatility using trades where we observe dealers selling the to-be-
auctioned security in a five day window prior to auction. This is natural given that most
trading prior to an auction occurs in the one week between the tender open call and the
auction close. The more days we include, the larger the volatility. This effect is stronger
during the exemption period than during regular times, so that the slope in the dealer’s
willingness to pay is steeper when assuming zero shadow costs. To rationalize that the
observed slope is lower, the shadow costs are higher than in the benchmark specification.
This effect goes in the opposite direction when including fewer days to construct the volatility
index. Moreover, the fewer days we include, the more likely it becomes that a security is
not traded, so that the volatility index is missing for the auction of that security. To avoid
dropping these auction entirely, we use the average volatility of same maturity-type auctions
within the quarter—in our benchmark specification there is no need to do this.

In addition, we could estimate our model using different volatility indices. One alternative
is to use the Implied Volatility Index for Canadian Treasuries, which measures the expected
volatility in the Treasury market over the next 30 days (Chang and Feunou (2014)). Given
that this volatility drops more strongly during the exemption period than our volatility
index, shadow cost estimates are higher when relying on the implied volatility.

Another alternative is to construct return volatility using post-auction trades. We refrain
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from doing so, because dealers do not know what happens after the auction at the time they
bid, so that it seems unnatural to assume that they know the volatility in prices obtained
after the auction. Further, post-auction prices likely depend on the realization of the dealer’s
private information, and with that their willingness to pay, in the auction. This implies that
the post-auction volatility—an independent variable in equation (14)—is a function of the

dependent variable, and would lead to a simultaneous equation bias.

E Proofs

We first present the proofs of all propositions, and then of all corollaries.

Proof of Proposition 1. We consider the case in which supply has bounded support,

[0, A], but the proof generalizes to the case of unbounded support. For ease of notation, we

omit the type 6; in this proof, and instead include an i—subscript, e.g., p;(a) = p(a, 6;).
Consider dealer ¢, and fix all other demand schedules at the equilibrium. To determine

her best-response, dealer i solves maximization problem (5). To simplify this problem, let

vi(a) = mgia), denote pi(a) = apgia), and abbreviate all functions, for instance, p;(-) by p;.

Further, let @ be the largest amount that bidder ¢ can win when submitting any demand
function given others play an equilibrium function, and @; be the largest amount the bidder
wins when playing the equilibrium strategy. With this, and auxiliary distribution G;(a, p)

(which is defined in Proposition 1), the dealer’s maximization problem becomes:

max I(p;) subject to L(p;) > 0, with (20)
pi€

A
Ii(pi) = /0 Fi(pi(a), pi(a), a)da with Fy(pi(a), pi(a),q) = [vi(a) = pi(a) — api(a)][1 — Gi(a, pi(a))],
A
Li(pi) = E — /0 H;(pi(a), pi(a), a)da with Hi(pi(a),pj(a), a) = k[pi(a) + pj(a)al[l — Gi(a, pi(a))].

Here we have integrated by parts to obtain I(p;) and L(p;). A function p} is optimal if the



following conditions are satisfied:

O(F; + \iH;) : d<mF+AH)

oy i) (@),0) — g (R

7 (PP i), (0).0) ) =0 for il a e o), (21)

Li(p;) >0and \; >0, (22)

(P} (@), v} (@)),a;) = 0. (23)

!/

O AH) (1(0) e (0),0) =

op’

)

O(F; + \iH;)
op,

7

The last two conditions are the natural boundary conditions. They hold automatically given
that ZE5 (pr (a), py (a),0) = —(1+ Aw)all — Gi(a, pi(a)), and G;(0,pf(0)) = 0, and
Gi(a;,pi(a Z)) = 1 by definition of G;.

Simplifying (21) gives: —(1+Ai)[1—Gi(a, 7 (@) —[vi(a)—(1+Ar) (7 (a)a+pi (@) 22L00i0)
da (= (L4 Xik)a[l = Gila,pi(a)]) = 0, where (a[l — Gi(a,pi(a)]) = [I — G(a,p}(a))] -

a[ac"(gfi( @) | 9Gs (“ pZ( 9 p (a )]. This rearranges to condition (6). O

Proof of Proposition 3. The proof of statement (7) is analogous to the proof of Propo-
sition 1. There is only one difference, which comes from the fact that bidders pay the prices
they bid for all units that they win instead of the market clearing price. This implies that

I;(p;) in maximization problem (20) is

Mm=Z]mmwmmWMmemw=mw—m@m—@@m@n

With slight abuse of notation, we are using the same labels as for the uniform price auction.
The proof of statement (i7) follows from Kastl (2012)’s original proof. The only difference

is that the objective function is the Lagrangian, which is analogous to (20). [

Proof of Proposition 4. When supply follows a Generalized Pareto distribution, we can
solve for a function that fulfills condition (15) of Proposition 3. For this, we combine the

insight that a dealer bids as if her true willingness to pay was for any given A > 0, with

1+)\

a known result form the literature on equilibrium existence (e.g., Proposition 7 of Ausubel
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et al. (2014), Theorem 2 of Wittwer (2018))). In equilibrium, A > 0 is pinned down by the

capital constraint if the constraint binds, and is zero otherwise. O]

Proof of Proposition 5. To derive the equilibrium of the proposition, we guess and

verify. We guess that there is a symmetric equilibrium in which all contracts are the same,

N-2
N-1

) = (u — p), for each

¢; = ¢, and all trading desks i choose the same demand, a(p) = ( s

p, and level of effort, s; = 0. To verify that this equilibrium exists and derive the functional
form for ¢, we begin in the auction stage. We let all trading desks other than ¢ play the
symmetric equilibrium and determine trading desk i’s best-response in the auction. Then,
we find contract ¢; that trading desk ¢’s intermediary and households choose assuming that
¢; = ¢ for all j # i. The proof is complete when we have shown that the best-responses
equal the guessed equilibrium.

A trading desk with contract ¢; chooses her demand function a;(-) and whether to exert

effort or not, s; € {0, 1}, to maximize the expected utility she obtains from wealth

wi(ai(p), si) = ¢i{ai(p)(R —p) — siA} + ;b (24)

point-wise for each p and subject to market clearing, i.e., Y. a;(p) = A. If the trading desk
exerts effort (s; = 0), her wealth in period 2 is ¢; of the return that the asset will generate,
which is a;(p)(R — p). If she shirks (s; = 1), she obtains benefit b but suffers a loss which
comes from the fact that the total generated wealth reduces by A. Given her contract, the
trading desk’s loss is ¢; of that. Thus, the trading desk exerts effort if the benefit of doing

so is larger than the cost, which is the case when

A
gb,-AZb@@(l—l—m)zlwheremZE—l. (25)

Maximizing the objective function point-wise and imposing market clearance, we find that

desk ¢ chooses
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a;(p) = < ;3[)102 + @ma) _ (k—p) (26)

in response to all other trading desks choosing the equilibrium guess, and that the auction

clears at

(N — 1)¢¢z’PIUA
N —=2)(¢+ (N —1)¢;)

P - (27)
(

Anticipating how trading desks behave in the auction, households and the bank choose ¢;

for trading desk ¢ to maximize their joint expected utility from wealth. Given CARA utility,

this is equivalent to

1
max Welfare(¢;) = Z a;(P°)(p— P°) — éai(Pc)pja subject to ¢;A > b, (28)
> Je{H,I}
where ap(p) = (1 — ¢i)ai(p),ar(p) = ¢iai(p), and a;(p), and P° are given by (26) and
(27), respectively. The solution to this problem pins down a mapping between ¢; and ¢.

In the symmetric equilibrium, ¢; must equal ¢. Depending on the size of A and b, or
A

equivalently m, there are two solutions to this. For m > 0, the solution is ¢; = ¢ = 7, or
equivalently, ¢, = ¢ = HLm For m < 0, which is not the case we focus on, the solution is
o =1+ m. Inserting this ¢; = H#m into the market clearing price completes the
proof. O

Proof of Proposition 6. Since the moral hazard incentive constraint binds, so that ¢; =
HLm, whenever the capital constraint binds, the proof is analogous to the proof of Proposition

d. O

Proof of Corollary 1. (i) To show that there is no linear equilibrium, we take the per-
spective of dealer ¢ and fix all other dealers’ demand functions. Dealer ¢ chooses an optimal

quantity point a for each price p at which the market might clear. The point-wise first-order
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condition, which is the analogue to conditions (10) an d (12), is

— pola + z;

ap

where A; = 27

is dealer ¢’s price impact, and \; denotes the Lagrange multiplier of her capital

constraint. In equilibrium, dealer ¢’s price impact is equal to the slope of his inverse residual

Oa; ()
Op

supply curves, i.e., for each 7, A; = — (Z i )_1. From the first-order condition, we
know that dealer i’s best-response is linear if and only if E[A;|[p, \;] = E[A;]|\;], or equiva-
lently, observing price realization p does not update the dealer’s belief about other dealer’s’
constraints. However, even if we assume that this holds for all dealers ¢, the equilibrium
price is a function of A; of all i. Therefore, there cannot be a linear equilibrium.

(77) Now let N — oo, so that each dealer’s price impact converges to 0, and the market

becomes perfectly competitive. Then, the following condition

1 — pola+ =]

I Wttt vi(a) = (1 4+ Nk) " (1 — po(a+ z)) (30)

characterizes the equilibrium demand of dealer ¢. This equilibrium exists if there are A; > 0

for all ¢ such that the capital constraints are satisfied. The market clears at

p—op(%+ %22  p—opElz]

P> =1 = 1
Nooo 1+ %> Nk 1+ E[N]x (31)
as limy_o0 % > % = Elz] and limy_, % > i = E[A;] by the law or large numbers. O

Proof of Corollaries 2 and 3. (i) When dealers only face aggregate uncertainty, equilib-

rium demand is given by Proposition 2. Further, we can infer the price impact A = ﬁ%

and the market clearing price: P*(A) = 1+1M (L3 — =2 20p), with p; = — 0pz;. In

contrast, when bidders are price-takers and submit their true willingness to pay the market

clears at: P*(0) = 175= (% X2 mi — %op). Thus, markup = P*(0) — P*(A) = 143,\5%ﬁ0p'
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From here it is easy to see that the slope of equilibrium demand (9), the market price P*(A),
price impact and the markup increase when Ax decreases. Further, we can compute the

following elasticity

n— Omarkup Ak P*(A) Ax OA Ik 1

- SR S 32
OANe  markup  OAk P*(A)  OAk A 14Xk (32)

(77) Now consider the case in which dealers have private information, so that Proposition
1 applies. When the market is perfectly competitive and all dealers are price-takers, dealer
demand is given by ¥;(a) = (1+ \;k) "' (1 — po(a+ z;)) according to Corollary 1. The market
clears at the price given in (31). When shadow costs decrease for all i, the demand curve
becomes steeper and the market price increases. Further, we can compute elasticity n>
analogously to before. When at least some dealers share their bids, the effects depend on the
way the shading factor changes relative to the true willingness to pay. This, in turn, depends

on the distribution of signals, and supply, and the number of competing dealers. O

Proof of Corollary 4. To show that there is no ¢; = ¢ for all i that implements the
price and allocation of a frictionless market, we compute the price and allocation of such a
frictionless market and compare both to the analogue in our market setting.

In the frictionless market, agent of type j € {H, I} submits the following demand a;(p) =
p]%,(/i — p). Intuitively, each agent submits the marginal utility she achieves from winning
amount a;(p), conditional on the auction clearing at p. The market would clear at price
P = p— (pg + pr)oZ at which Nay(P¢) + Na;(P°) = A. Households obtains ay(P¢) =
%’J};%; the bank obtains a;(P¢) = %"Hp#.

Comparing this price and the allocation to the one presented in Proposition 5, we see

that it is not possible to obtain the frictionless price and frictionless allocation with the same

¢. We can only obtain one of the two. O]

Proof of Corollary 5. Statement (7) follows from Proposition 5 and Corollary 4. To show

statement (i7) we only need to determine how A > 0 changes in N, since we already know
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that the market price increases when A decreases.

ON  A(—p(N —2)°N + (44 N(2N —5))ppi0A)

oN E(N —2)°N?
oA | <0 i > o) = RN e
ON

> (0 otherwise

Note that cutoff ¢(IV) strictly decreases in N, and converges to 0 as N — oo. Therefore,

given p > 0, there is some N at which y = ¢(N) so that for N > N, g—]i‘[ < 0and for N < N,
g—]’\\,>0. Ifu>%p10(bA,g—])\‘,<0f0ranyN. n

Appendix Table Al: Bid functions are approximately linear

mean median sd
8, 021 016 0.13
R? 0.72 0.74  0.11
Adj. R? 0.64 0.67 0.15
Within R?  0.54 0.56  0.15

Appendix Table Al shows the point estimate and R? from regressing bids on quantities in each
auction: byp = Gy + Brasik + €15 The subsample are bidding-functions with at least 2 steps. Bids
are in yields (bps) and quantities in percentage of supply.
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Appendix Table A2: Robustness w.r.t. risk aversion

(All) (2020) (2022)
Main specification 0.0065 ( ) 0.0065 ( ) 0.0074 ( )
Number of steps > 3 0.0067 ( ) 0.0065 ( ) 0.0076 ( )
Number of steps > 4 0.0066  ( ) 0.0063 ( ) 0.0077 ( )
Number of steps > 5 0.0066 ( ) 0.0058 ( ) 0.0076 ( )
Number of steps > 6 0.0061 ( ) 0.0046 ( ) 0.0086 ( )
Quantities in mil C$ 0.0002 ( ) 0.0001 ( ) 0.0002 ( )
Volatility using 1 day 0.0063  ( ) 0.0059 ( ) 0.0067 ( )
Volatility using 2 days | 0.0056 (0.0054) 0.0046 (0.0037) 0.0067 (0.0069)
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

Volatility using 3 days | 0.0061 0.0056 0.0066
Volatility using 4 days | 0.0066 0.0064 0.0073
Volatility suing 6 days | 0.0066 0.0066 0.0074
Volatility using 7 days | 0.0067 0.0067 0.0071
Volatility using 8 days | 0.0069 0.0067 0.0069
Volatility using 9 days | 0.0068 0.0067 0.0068
Volatility using 10 days | 0.0071 0.0071 0.0067

Appendix Table A2 presents the median of all risk-aversion estimates for all specifications in column
(All), the median of estimates around the exemption in column (2020) and when the exemption
ended in column (2022). The main specification uses functions with at least 2 steps, expresses
quantities in percentage of supply, and relies on the volatility index that uses trades during 5
business days before the day of the auction. The second to fifth row show robustness with respect
to the number of steps of the bidding/willingness to pay functions. The sixth row presents results
when using quantities in million C$. The remaining rows display the results for different volatility
indices, constructed using N trading days prior to the auction, for N=1, ..., 10. Standard errors are
presented in parentheses. They are stated in multiples of 100 to reduce the number of zeros.
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Appendix Figure Al: Holders of Canadian government bonds
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Appendix Figure A1l shows who holds Canadian government bonds and bills from 2007 until 2021
in percentage of par value outstanding: Bank of Canada, Non-residents, Canadian pension funds,

Canadian banks, Canadian insurance companies, and other private firms.

The bank category

holdings are mostly driven by the eight banks we focus on. They hold over 80% of the assets.
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Appendix Figure A2: Robustness w.r.t. shadow costs

(a) Main specification
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(j) Volatility (4 days) (k) Volatility (6 days) (1) Volatility (7 days)
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Appendix Figure A2 shows the distribution of the lower and upper bounds of the 95% confidence intervals for each
point-estimate (CI-LB and CI-UB, respectively), in addition to the distribution of the point estimates (Estimates)
pooled across all auctions, and excluding outliers for all model specifications. Panel (a) is identical to the RHS of
Figure 7. In (b) we use quantities in million C$, in (c)-(f) we change the number of steps of value functions that
are included in the estimation, in (g)-(o) we use different volatility indices, that are constructed pooling trades
during 1-10 business before the auction takes place.



Appendix Figure A3: Variation in quantities

(a) Supply and total demand (b) Total demand in percentage of supply
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Appendix Figure A3a shows the distribution of the total amount a dealer demands in an auction before,
during and after the exemption period (in white), and the distribution of the supply (in gray). Demand
is expressed in million C$, and supply is in 10 million C$ to make the two comparable. Appendix Figure
A3b shows the distribution of the total amount demanded as percentage of supply across periods.
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