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Abstract

Repo markets trade off the efficient allocation of liquidity in the financial sector with resilience to
funding shocks. The repo trading and clearing mechanisms are crucial determinants of the
allocation-resilience tradeoff. The two common mechanisms, anonymous central-counterparty
(CCP) and non-anonymous over-the-counter (OTC) markets, are inefficient and their welfare
rankings depend on funding tightness. CCP (OTC) markets inefficiently liquidate high (low) quality
assets for large (small) funding shocks. Two innovations to repo market design contribute to
maximize welfare: a liquidity-contingent trading mechanism and a two-tiered guarantee fund.
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Abstract

Repo markets trade off the efficient allocation of liquidity in the financial sector with re-
silience to funding shocks. The repo trading and clearing mechanisms are crucial deter-
minants of the allocation-resilience tradeoff. The two common mechanisms, anonymous
central-counterparty (CCP) and non-anonymous over-the-counter (OTC) markets, are
inefficient and their welfare rankings depend on funding tightness. CCP (OTC) mar-
kets inefficiently liquidate high (low) quality assets for large (small) funding shocks.
Two innovations to repo market design contribute to maximize welfare: a liquidity-
contingent trading mechanism and a two-tiered guarantee fund.
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1 Introduction

Repo markets are an integral component of the financial plumbing of any modern economy
(BIS, 2017). Repurchase agreements, or repos are the primary source of short-term funding
for banks with outstanding repo volumes amounting to several trillion dollars both in the
United States (Gorton and Metrick, 2012; Copeland et al., 2014; Krishnamurthy et al., 2014)
and Europe (Mancini et al., 2016).! Repo markets are instrumental for the implementation
and transmission of monetary policy (Bianchi and Bigio, 2020) and financial stability (Martin
et al., 2014a,b), and they were at the heart of the Great Financial Crisis (GFC) in 2008
(Brunnermeier, 2009), the repo blowup? in September 2019, and the Covid-19 pandemic
in March 2020 (Duffie, 2020). In response to the funding crises, observers have repeatedly
called for reforms to the functioning of repo markets.

Repo markets serve two conflicting objectives, the efficient allocation of short-term fund-
ing in normal times and the resilience to funding shocks in crisis times. In this paper we
show that the trading and clearing mechanisms are crucial determinants of this tradeoff.
Existing repo markets are different in the trading rules affecting the information environ-
ment and price setting, the clearing mechanism affecting counterparty risk, and collateral
requirements affecting ease of access to funding. To capture these differences, we compare
anonymous to non-anonymous repo trading and bilateral to central clearing with novation
and alternative guarantee funds. We find that existing market designs are inefficient and their
welfare rankings depend on funding tightness. An optimal repo market reform achieves first
best, resolving the allocation-resilience tradeoff, and we show how to implement it through
innovations in the repo trading and clearing mechanism.

Trading in over-the-counter (OTC) repo markets is non-anonymous. OTC markets ef-
ficiently allocate funding to high-quality borrowers. But they are prone to narrow runs on
low-quality borrowers through a credit rationing channel. By contrast, trading in most repo

markets with a central clearing counterparty (CCP) is anonymous. Anonymous trading cre-

'Repurchase agreements are collateralized loans based on a simultaneous sale and forward agreement to
repurchase the securities at the maturity date. A broad array of assets are financed through repos, the
most commonly being U.S. Treasuries, federal agency and mortgage-backed securities, corporate bonds, and
money market instruments.

2See, e.g., Tilford, C., J. Rennison, L. Noonan, C. Smith, and B. Greeley, “Repo: How the financial markets’
plumbing got blocked” in Financial Times, November 26, 2019.



ates asymmetric information about the borrowers’ credit risk. CCP markets thereby provide
insurance against narrow runs. But they allocate insufficient funding to high-quality bor-
rowers and are prone to systemic runs leading to market breakdown. As a result, the welfare
ranking of OTC and CCP markets switches repeatedly and depends non-monotonically on
the magnitude of funding shocks.

We show that existing repo markets can be improved by changing the trading protocol and
the clearing mechanism. For OTC markets, central clearing of bilaterally negotiated trades
helps to avert narrow runs and improve financial stability. For CCPs, a liquidity-contingent
trading mechanism makes funding allocations more efficient. In particular, anonymous trad-
ing in CCP markets during normal times needs to switch to non-anonymous trading when
funding becomes tight. This hybrid trading mechanism is similar to the downstairs/upstairs
market system in equity markets (Burdett and O’Hara, 1987; Seppi, 1990; Grossman, 1992),
except that the switch occurs depending on aggregate funding conditions in the market.
Still, none of these reforms achieve first best. A collateral transfer or upgrade mechanism
is required to maximize welfare and financial stability. This can be implemented through a
two-tiered guarantee fund. The CCP’s default fund covers lenders’ losses in case of insol-
vency and, in addition, the CCP’s liquidity fund transfers collateral to low-quality borrowers
in case of illiquidity. While the former is standard, a liquidity fund is a novel feature to
avert fire sales. Alternative implementations are ex-ante agreed upon collateral swaps be-
tween borrower banks or ex-post collateral upgrades, as the ECB and Federal Reserve have
implemented through emergency facilities (Carlson and Macchiavelli, 2020).

Several repo market structures coexist around the world with a variety of alternative
trading and clearing mechanisms in place in different market segments. The customer repo
market in the U.S. is non-anonymous, with bilaterally-cleared OTC trades negotiated be-
tween cash borrowers and money-market funds as the dominant cash lenders.® In contrast,
interdealer repo markets (i.e., GCF Repo and FICC DVP) are anonymous and centrally

cleared as almost all trades are executed through centralized platforms or interdealer bro-

3Two variants exist based on differences in settlement—bilateral and triparty. Bilateral repo is used when
market participants want to interact directly with each other or if specific collateral is requested. Triparty
is the preferred segment for general collateral funding given the efficiency gains from delegated collateral
management. Triparty agents are not CCPs because they do not novate contracts and do not assume credit
risk. The triparty market is effectively the same as the bilateral market for the purpose of our study.



kers (e.g., BrokerTec) that provide anonymity to both parties of the trade.* Similarly, the
vast majority of repo trading in Europe is executed anonymously and centrally cleared by
a central counterparty (CCP).° CCP markets generally feature anonymous trading via a
centralized order book (COB) or masked bilateral negotiation. Through novation of con-
summated repo contracts the CCP becomes the legal counterparty to both borrower and
lender. The default fund to which all participants contribute protects lenders against bor-
rower default. Other structures exist where two market participants execute a trade with one
another on a non-anonymous basis, e.g., on request-for-quote platforms (BrokerTec Quote,
Tradeweb AiEX), and then have it centrally cleared.

Prior research has documented that during the GFC lending to low-quality borrowers
halted in the non-anonymous OTC segment (Copeland et al., 2014; Krishnamurthy et al.,
2014). The empirical evidence for CCP markets is mixed. Mancini et al. (2016) document
for a European CCP market that lending activity was uninterrupted during the GFC. The
repo blowup in September 2019 and the interruption of the repo market at the onset of the
Covid-19 pandemic (Duffie, 2020) took place in the CCP based interdealer segment.

This empirical evidence raises a number of issues: Which repo market features make
funding markets resilient to funding shocks and at the same time allocate funding efficiently?
Which market reforms improve financial stability? What is the role of collateral played in
different repo markets? Why do convenience yields on collateral spike or collapse with
tighter funding conditions? To address these questions, we develop a model that captures
the most salient features of repo markets. The model shows how different repo trading and
clearing mechanisms affect funding allocations, financial stability and welfare, repo rates,
and convenience yields on collateral.

The model setup is as follows. Borrowers (cash-strapped banks) have access to a long-
term technology (LTT) that they finance through short-term collateralized loans (Brunner-
meier and Ochmke, 2013).° There are two sources of uncertainty, borrower’s credit quality

and lenders’ funding condition. Borrowers differ in the quality of their LTT, high or low,

4GFC Repo is a small part of the overall U.S. repo market (Baklanova et al., 2017).

SEurex, BrokerTec, and MTS are leading trading platforms and LCH.Clearnet is a major clearing house in
Europe.

SLTT captures assets on the borrower’s balance sheet with maturity larger than that of repos. Typical
maturities of repos are a few days.



which is private information. They roll over their loans at an intermediate stage after they
learn their LTT quality. Borrowers own risk-free assets that they can use as collateral to
mitigate credit rationing. To repay initial loans, borrowers use new loans, and collateral and
LTT liquidation. Early liquidation is costly.

We establish a pecking order according to which collateral is liquidated before LTT.
Short-term lenders (cash-rich banks, money-market funds) provide funding, but they are
subject to funding shocks at the time when borrowers roll over their repos.” The funding
shock is zero or f > 0. The larger the realized funding shock f, the more collateral and
eventually LTT have to be liquidated, as done for example by Lehman Brothers and Bear
Stearns in 2008. Rational second-round lenders anticipate the borrower’s solvency which is
determined by the size of the funding shock and the cost of liquidating collateral and LTT.
Lenders stop providing loans when the expected borrower solvency does not guarantee the
repayment of their loans—a rational incentive-based run occurs.

Two types of runs occur in the model: A narrow run on low-quality borrowers when
funding tightness exceeds an endogenous threshold, or a systemic run on all borrowers that
leads to market breakdown. Repo market structure determines the run type and, as a
result, affects the tradeoff between funding allocation and the resilience to liquidity crises.
A key feature of OTC markets that we focus on is non-anonymous trading. Knowing your
counterparty diminishes adverse selection risk and allows lenders to condition loan terms on
borrowers’ credit quality and, if needed, ration repo credit. Through discriminatory repo
pricing, OTC markets allocate financing efficiently so long as funding shocks remain modest.
However, OTC markets are susceptible to narrow runs on low-quality borrowers at the repo
rollover stage for intermediate funding shocks.

By contrast, borrowers and lenders in anonymous CCP markets agree on the loan terms
through a COB without observing the counterparty’s identity. The anonymity maintained
in trading and clearing requires nondiscriminatory pricing of all repo loans and this way
provides insurance to low-quality borrowers at the rollover stage. The one-fits-all loan yields

that in case of a funding shock, low- and high-quality borrowers have to liquidate the same

"Sources for funding shocks are fund outflows, margin calls, and balance sheet constraints. He et al. (2020)
document that dealers’ balance sheets were constrained during the Covid-19 pandemic.



amount of collateral and LTT. While anonymous markets are resilient to narrow runs, they
are susceptible to systemic runs on all borrowers for large funding shocks, leading to market
breakdown.

Systemic runs can be averted by novation. The CCP novates the loan contract by be-
coming the legal counterparty to both the borrower and lender. Through novation, the CCP
effectively excludes low-quality borrowers for large funding shocks, so that lenders continue
to provide loans to high-quality borrowers which prevents adverse selection. The implica-
tion is that an anonymous COB market must be paired with a novation process involving a
rigorous vetting procedure of borrowers by the CCP in order to prevent market breakdown.

The default fund covers the lenders’ losses in case of a borrower’s default.® Through the
default fund, the resilience to funding runs increases as it allows to transfer profits from
solvent to insolvent borrowers. The default fund is individually rational only if borrowers
commit to their contribution before they know their credit quality. We compute the size of
the default fund. Only a sufficiently equipped default fund is effective in instilling confidence
in lenders to provide funding.

Collateral plays two important roles in repo markets. High-quality liquid collateral im-
proves both efficiency and resilience independent of repo market structure. Collateral quality
however impacts differently OTC and CCP markets. When the borrower’s LTT is illiquid,
an increase in collateral liquidity makes the CCP market more resilient than the OTC mar-
ket, and vice versa. This prediction is consistent with the stylized fact that CCPs impose
stringent collateral requirements.

The convenience yield on collateral, or collateral premium stems from the usage of the
risk-free asset as collateral. In the model, the convenience yield switches between two regimes
depending on borrowers’ credit quality, and the probability and size of funding shocks. As
a result, the convenience yield can rise or fall with funding tightness. The latter dynamics
are consistent with the fall in treasury convenience yield documented by He et al. (2020).

The two common market structures, non-anonymous bilaterally-cleared OTC market or

CCP market with anonymous COB, novation and default fund, neither welfare dominate

8CCP participants make contributions to the default fund that are regularly updated based on exposure and
activity. We focus on the life cycle of a single project for which CCP participants contribute once at the
investment stage.



each other nor achieve first best for all levels of funding shocks. The resilience to funding
runs depends crucially on the liquidity of the LTT. For a given size of funding shock, the
CCP is more resilient against runs than the OTC market when the LTT is illiquid. This
highlights the insurance effect of the CCP in crisis times when funding is scarce and assets
are illiquid.

The ranking of market resilience echoes the empirical evidence from the GFC and the
repo blowups in 2019/20. The halt of the repo market during the GFC occurred in the OTC
market, whereas the repo blowups in 2019/20 occurred in the CCP based interdealer market.
The outbreak of the GFC was characterized by both a funding crisis and a decline in asset
liquidity which, in line with our model, makes the OTC market more susceptible to runs.
In contrast, during the 2019/20 blowups, funding dried up but asset liquidity was hardly
affected indicating that the CCP market is more susceptible to runs than the OTC market.

We derive a privately optimal market solution that achieves first best. The optimal mar-
ket solution entails two types of transfers from high- to low-quality borrowers—a collateral
transfer for small and moderate funding shocks, and both collateral and profit transfers for
large funding shocks. The collateral transfer ensures efficient resource allocation by prevent-
ing liquidation of the low-quality borrowers’ LTT. The profit transfer increases the threshold
up to which lenders are willing to fund low-quality borrowers, increasing market resilience.

The optimal market solution shows that the two common market structures can be im-
proved by combining existing market features. The CCP market needs to switch from an
anonymous to a non-anonymous trading mechanism for large funding shocks. This liquidity-
contingent switch in trading technology improves resource allocation over existing CCP mar-
kets. The resilience of bilateral OTC markets can be improved by adopting a central-clearing
mechanism that requires participants to contribute to a default fund. To this extent the
optimal market solution in our model offers insights to the ongoing policy debate in the
U.S. about whether to move repo contracts, after they have been agreed OTC, on a central-
clearing platform (Duffie, 2020). To achieve first best, an incentive compatible two-tiered
guarantee fund is needed. The fund features two types of transfers, a collateral transfer for
moderate funding shocks to prevent liquidation of the low-quality borrowers’” LTT, and a

profit transfer for large funding shocks to prevent inefficient defaults.



Literature. Our paper relates to several strands of literature. Martin et al. (2014a,b)
and Heider et al. (2015) study the breakdown of different interbank markets. Martin et al.
(2014a,b) show that non-anonymous triparty repo markets are subject to runs and bilateral
repo markets suffer from drawn out losses of funding and eventual collapse. In their model
runs occur due to coordination failure in a maturity-mismatch model with homogeneous
borrower quality. Heider et al. (2015) study the adverse-selection problem of unsecured
loans in anonymous markets. We study the difference between non-anonymous OTC and
anonymous CCP markets in a dynamic model of collateralized lending with heterogeneous
borrower quality and a rational incentive-based run mechanism. We vary the information
environment and highlight how the tradeoff between market resilience and resource allocation
depends on the degree of asymmetric information and funding tightness.

A growing literature discusses the role of CCPs in derivatives markets and their welfare
implications. Duffie and Zhu (2011) show that in derivatives markets a single CCP, through
multiple netting, can reduce counterparty risk. Biais et al. (2016, 2020) study optimal risk
sharing in derivatives markets and show that novation in CCP markets and optimal margin
requirements can provide insurance against counterparty risk. These papers focus on the role
of derivatives markets in risk sharing. Our paper focuses on lending markets and their ability
to allocate funding efficiently while providing financial stability. In addition, we highlight
the different roles played by anonymity, novation, default fund, and collateral.

Our paper also intersects with the optimal opacity literature (Bouvard et al., 2015; Dang
et al., 2017; Goldstein and Leitner, 2018) and the maturity mismatch literature (Diamond
and Dybvig, 1983; Postlewaite and Vives, 1987; Goldstein and Pauzner, 2005). In the op-
timal opacity literature, our model is closest to Dang et al. (2017) who assume that the
economy’s endowment is large enough to satisfy consumption needs and investment, ruling
out runs. Transparent capital markets in Dang et al. (2017) are similar to our OTC markets
in that lenders condition their loans on borrowers’ type, while their opaque bank setting is
similar to our CCP market as lenders provide one-fits-all loans to different borrowers. We
complement their analysis by allowing for scarce funding such that the economy’s endow-
ment is insufficient to fully fund both consumption needs and investment. We show that

anonymity in the CCP market in the presence of scarce funding has important welfare effects



arising from the tradeoff between efficient resource allocation and financial stability.

In line with the literature building on Diamond and Dybvig (1983), we consider risk
about borrowers’ liability side.” We augment the maturity mismatch problem by considering
risk about borrowers’ asset side. Our study contributes to the work on endogenous bank
runs (Postlewaite and Vives, 1987; Allen and Gale, 1998). Postlewaite and Vives (1987)
introduced the notion of run due to self interest. In this literature, agents run even if others
do not, unlike in panic-based runs (Chen, 1999; Goldstein and Pauzner, 2005). Following
Postlewaite and Vives (1987), lenders are subject to an observable, stochastic funding shock
at the rollover stage. We implement this idea to unite lender types (early and late) and
aggregate state of the economy (sunspot) in order to derive unique equilibria with and
without run. Our study differs along several dimensions from Allen and Gale (1998), but
most notably we consider heterogeneous borrowers and asymmetric information about their
stochastic production functions.

Finally, we contribute to the literature on collateral value (Oehmke, 2014; Parlatore, 2019;
Gottardi et al., 2019). We show that collateral has a differential effect on market resilience
depending on market structure. Our model is consistent with the different empirical patterns
of collateral convenience yields between the GFC and Covid-19 pandemic (He et al., 2020). In
addition, we derive equilibria featuring runs on borrowers due to a combination of liquidity,
counterparty and collateral risk complementing the work by Infante and Vardoulakis (2020)
and Kuong (2020).

The remainder of the paper is organized as follows. Section 2 describes the model and
derives the social planner solution. Section 3 compares anonymous and non-anonymous repo
markets. Section 4 analyses CCP market features. Section 5 explores how to implement an
optimal repo market. Section 6 demonstrates the effect of collateral. Section 7 concludes.

All proofs are contained in an Internet Appendix.

9Gorton and Winton (2003) provide an excellent survey of the maturity mismatch literature.
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Borrowers invest i in the Borrowers observe their types

long-term technology. we{L H}.

Borrowers and second round
lenders negotiate a loan (cg, ¢1).

Figure 1: Timeline
2 Model and First Best

We model an economy in which heterogeneous borrowers require short-term funding from
risk-neutral lenders to fund their long-term activity, such as trading or investment banking.
Cash-strapped banks are the borrowers in the repo market and cash-rich banks, money-
market funds, and other institutional investors are the lenders. We focus on the maturity
transformation of long-term borrowers with short-term lenders which is a key role of repo
markets.!” In contrast to the existing banking literature, we focus on how repo market
design and the information environment affect short-term lending. Borrowers differ in the
quality of their long-term technology which creates an adverse selection problem.!' Lenders

are subject to funding shocks at the repo rollover stage.

2.1 Model description

Consider a risk-neutral economy with two rounds of short-term lending at ¢t = 0, 1, terminal
date t = 2, two types of borrowers, and a continuum of lenders. At ¢ = 0, borrowers seek one-
period loans to invest in their long-term technology (LTT). At ¢t = 1, borrowers and lenders
take the rollover decision on maturing first-period loans. Second-period loans mature and
payoffs from the LTT realize at t = 2. There is no discounting. Figure 1 summarizes the

sequence of events.

OBrunnermeier and Oehmke (2013) provide a rationale for why banks borrow short-term to invest long-term.
1YWhile CCPs typically have a vetting process in place before admitting participants, there is still substantial
heterogeneity among those who are admitted.



Agents and assets. There are two generations of a finite mass of 2m lenders with unit
endowment of cash per lender. Lenders are present in the market for one period, entering at
t = 0,1 and exiting at t+1. When they exit, they consume both their initial endowment and
investment return, c;11. Second-round lenders are subject to an exogenous funding shock
f with a distribution that is known to all agents at ¢ = 0.'> With probability (1 — a) the
funding shock is f = 0 and with probability « the funding shock is f € (0,1).! If f = 0,
no funding shock hits second-round lenders and they simply replace the initial endowment.
If f > 0, a funding crisis occurs as there is less funding available at ¢ = 1 than ¢ = 0, so
that the total cash endowment drops to 2(1 — f)m < 2m. The funding shock captures in a
reduced form the lenders’ margin calls, fund outflows, or balance sheet constraints. Different
levels of funding shocks and funding shock variance characterize either different economies
at a given point in time (cross-sectional interpretation), or they characterize an economy at
different points in time (time-series interpretation).

We introduce asymmetric information in the model by assuming that there are two types
of borrowers. At ¢t = 0, each borrower invests i in a LTT that yields a gross return R“ at
t = 2 depending on type w € {L, H}. The LTT return is R with probability 8 and R
with probability 1 — 8. For the most part of the analysis we consider positive net present
value (NPV) projects, i.e., R > R > 1. We relax this assumption in Section 6.3. Early
liquidation is costly. If the LTT is liquidated before ¢ = 2, the return is below the initial
investment, A\ < 1.

Borrowers learn about the quality of the LTT over time. At ¢t = 0, agents know there
will be a high-type and a low-type borrower, but they do not know of which type they turn
out. We study the relevant case in which the two borrowers turn out to be of opposite type.

If borrowers are of identical type, resource allocation does not matter.!* At t = 1, borrowers

12This assumption renders the funding run in our model different from the global games approach in which
lenders receive idiosyncratic signals about the prior probability of the funding shock.

13The Postlewaite and Vives (1987) critique of Diamond and Dybvig (1983) says a bank run is not part of
the equilibrium which features the first-best solution. By assuming an observable stochastic funding shock
on second-round lenders, we implement their idea (Postlewaite and Vives, 1987) to unite lender type (early
and late) and aggregate state of the economy (sunspot) which allows us, as suggested by Postlewaite and
Vives (1987), to derive unique equilibria with and without run respectively. We show under which conditions
the equilibria with and without run, respectively, attain the first-best solution.

4From a welfare perspective there would be no difference if one or the other borrower obtains a larger loan.

10



learn their type. At t = 2, payoffs from the long-term technology realize.

Repo loans are collateralized. Each borrower has a collateral endowment of kg = m at
t = 0. The exogenous value of collateral is k; per unit of collateral at ¢t = 0,1, 2. We assume
that k1 < kg and ko = kg, that is, there are collateral liquidation costs at ¢t = 1 while
the long-term return on collateral is normalized to zero.!® Repo haircuts are given by the

collateral value over loan value minus one, i.e., ﬁz—ft —1.16

Repayment conditions. Borrowers require funding to invest in their LTT. At t = 0, they
enter a one-period loan contract in which they borrow £y at a gross interest rate of ¢; > 1
from first-round lenders. Borrowers invest at most the entire loan ig < ¢;. We adopt the

following assumption to define the parameter space where resource allocation matters.

Assumption 1 At least one borrower can fully roll over their initial loan from lenders’

resources, 2(1 — fim > ¢14y.

At t = 1, borrowers need to roll over maturing loans. To continue their long-term technology,
borrowers can use a mix of new loans, proceeds from liquidation of collateral, and proceeds
from liquidation of the LTT. Second-round lenders provide new loans ¢; at gross loan rate
co. Partial liquidation of collateral w; yields kiw;. Partial liquidation of the LTT 2z, < i
generates Az;. Both the proceeds from liquidating collateral and the LTT can be used to
repay maturing loans. To roll over initial loans at ¢ = 1, the repayment condition has to be
satisfied:

—cly + 01 + kywy + Az = 0. (1)

The repayment condition (1) holds because early liquidation of collateral and LTT as well

as new loans, /1, are costly.

Assumption 2 The opportunity cost from liquidating the LTT is larger than the opportunity

cost from liquidating collateral, RTL > Z—f > 1.

15We capture collateral liquidation costs in a reduced form with x; < 1. Oehmke (2014) discusses the issues
arising from liquidating collateral, justifying the assumption of collateral liquidation cost.

16Tn a model with risk-neutral agents and scarce collateral, haircuts are naturally negative (Parlatore, 2019).
If we take a broader view on collateral and consider the borrower liable for the loan not only with the asset
valued at k; but also with the LTT, then the haircut is positive. For example, the haircut on the first-round

loan is %jmk“ — 1> 0, where E(R) is the expected return of the LTT.
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Assumption 2 establishes a pecking order in which assets are liquidated. It is always cheaper
to liquidate collateral than the LTT. Moreover, early liquidation of the LTT and collateral is
costly for two reasons. It decreases the value of the initial investment by 1—\ and ko — k1 per
unit of the respective asset, and it carries an opportunity cost from foregone profits R — 1
and Ky — Ko.

Borrowers default if they do not obtain a large enough loan ¢; to roll over initial loans.
The borrower’s default value at ¢ = 1 comprises the liquidation values of LTT and collateral,
Mg + k1kg. We focus on the case in which there is insufficient liquidation value from both

LTT and collateral to repay first-round lenders:*”
Assumption 3 Collateral is scarce, c1ly > Aig + K1kg.

In default, borrowers are protected by limited liability, and therefore the liquidation value
is zero. First-round lenders are then repaid the default value ¢P < ¢;, given by P4, =
Mg + K1kg.

For borrowers to continue their LTT at ¢ = 1, the continuation value has to exceed the
liquidation value:

Rw(io — 21> — 0261 + :‘12(]{30 — wl) 2 O (2)

The continuation value is the left-hand side (LHS) of (2). The gross return R of the LTT
is scaled by (i9 — 21). The latter is the amount that is still invested in the technology after
liquidation. Borrowers have to repay csf; to second-round lenders that require a gross return
of o > 1. The gross return from collateral after partial liquidation amounts to ko (ko — wy).
Alternatively, borrowers can default on the initial loan which causes liquidation of their assets

and yields, by Assumption 3 and limited liability, a value of zero, which is the right-hand
side (RHS) of (2).

2.2  First best: Symmetric information and social planner

We start by considering the benchmark with no asymmetric information to illustrate the

role of transfers between borrowers. An important feature of the first-best solution is that

17This assumption can be relaxed without qualitatively affecting the main results by allowing LTT and
collateral returns at ¢ = 1 to be more than sufficient to repay initial loans.
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the social planner can redistribute profits between borrowers to maximize welfare.

At t = 0, first-round lenders provide equal shares of their cash endowment to each
borrower, £y = m, if lenders’ net profit is weakly positive, ¢; > 1.1® Because the expected
return of the long-term technology is positive, borrowers invest the entire loan amount in
the LTT, 19 = ¢y. From a welfare perspective, it is optimal to give zero profit to first-round
lenders, ¢; = 1, as it reduces the funding required at the rollover stage. For the remainder of
the paper we assume that at ¢ = 0, borrowers hold the bargaining power such that lenders
individual rationality constraint is binding.'’

At t = 0, the social planner maximizes ex-ante net welfare. Therefore, taking a loan and
investing it in the LTT, ig = ¢y = m, must weakly exceed ex-ante welfare from liquidating
collateral and investing the proceeds in the LTT. This outside option is strictly larger than
net welfare from merely holding collateral to maturity. A detailed derivation is provided in
Appendix A.

At t = 1, borrower types are revealed and the funding shock realizes. The social planner
can condition loan terms on borrower types, (¢§,¢y) for w € {L, H}, and on the realization
of the funding shock f. In case of a funding shock, 0 < f < %, the social planner maximizes
welfare by rolling over the H-type loan. The funding available from second-round lenders to

the L-type borrower is the residual:
t=cily=m, F=2m(l—f)—0 =m(1-2f). (3)

The pecking order dictates that the social planner first liquidates the collateral of both bor-
rowers, 2kokg, up to the point at which the funding shock exceeds the collateral endowment,
f > k1. The social planner promises the profits of the H-type as transfer to the second-round
lenders of the L-type. The redistribution of profits has no direct impact on welfare since

it is merely a transfer between risk neutral agents. In case of no funding shock, f = 0,

18We are considering the first-best solution which enforces full repayment of first-round lenders. We use this
benchmark because we want to highlight the problem of funding shortage at the rollover stage, ¢ = 1, and
how it can be mitigated through transfers. Welfare could be further maximized by letting first-round lenders
default as this would effectively eliminate the maturity mismatch problem and allow borrowers to continue
the LTT to maturity.

9This assumption can be relaxed and it can be shown that all the main results carry through if lenders at
t = 0 make a positive profit.
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both borrowers obtain equal size loans, (7 ;_, = m, that allow them to roll over their loans
without liquidating collateral or LTT.

In the next step, we derive the largest funding shock that an economy with a social
planner can withstand. We do so by deriving ex-post net welfare in the case of a funding
shock. There are two cases depending on the relation between the return of collateral and
the funding shock. First, if 0 < f < kq, there is enough collateral in the economy to make
up for the missing funding from second-round lenders. First-round lenders are repaid with

a mix of new loans and collateral, —2c¢1 ¢y + E{I + ElL + 2k1wy = 0, which yields
m
W= / (4)

The larger the funding shock, the more collateral has to be liquidated. The effect is amplified
by less liquid collateral, that is, if x; is smaller. Ex-post net welfare is then given by the

sum of borrowers’ net return from the LTT and collateral

WHE = RHiy — 01 + RMig — 0F + 2ky(ko — wy) — 2k0oko
= (R" + R" — 2)m + 2(ky — ko)m — 2f(z—? ~ )m. (5)
Since kg = kg, the collateral has zero return. Ex-post net welfare decreases in the size of
the funding shock but less so the smaller the difference between the collateral’s liquidation
value k1 and the collateral’s value at maturity ro.
The second case is when the borrowers’ collateral is exhausted and the social planner has
to liquidate the L-type LTT, that is, if k; < f < % Then the repayment condition yields
the amount of liquidation of the L-type LTT, —2c¢1y + £ + (% + 2k ko + A2 = 0, or

2= X (f = m). (6)

The larger the funding shock the more of the LTT has to be liquidated, while a larger return
on collateral, k1, reduces the amount liquidated. The more illiquid the LTT, that is the
smaller \, the more of the LTT has to be liquidated. Ex-post welfare in this case is the net
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return of borrowers” LTTs net of the cost from liquidating collateral and the L-type’s LTT

WEE = RYiy — 03 + R¥(ig — 1) — 0¥ — 2koky

L L
— (RY +R"—2)m+ 2&1(% -y - zf(RT ~1)m. (1)

Collateral helps to preserve the LTT and the positive value is reflected in the expression
RTL — :—j which is strictly positive by the assumption on the pecking order. Ex-post welfare
decreases in the funding shock and the more so the larger the difference between the L-type
LTT’s return at maturity and its early liquidation value, R* > \.

We are now ready to state the maximum funding shock the social planner economy can
withstand which is given by net welfare, in expression (7), being zero. This determines the

funding shock at which all collateral is liquidated, part of the L-type LTT and the H-type’s

profit is used up. The following proposition summarizes the results.

Proposition 1 (first-best run threshold and welfare) Given repayment of first-round
lenders, the social planner mazimizes welfare by imposing two types of transfers, the liqui-
dation of the H-type collateral and the use of the H-type profit to repay second-round lenders
of the L-type. The largest funding shock that the economy can withstand is

R+ RE—2 )\ RE A
FB
L T A s S R T W (8)
Ez-post welfare conditional on the funding shock is
(R™ + R" —2)m 4 2(kg — kg)m — 2f (22 — 1)m if 0 < f < Ky,

WhHE = (9)

(R + R™ — 2)m + 2k, (B2 — 52y — 2f (B2 —1)ym if wy < f < fF2.

K1

3 Repo Market Structure, Efficiency, and Resilience

In this section, we study the impact on resource allocation, resilience to funding shocks, and
welfare of the market clearing mechanisms in OTC and COB markets, respectively.?® The

different market clearing mechanisms impact the information environment at the rollover

20The two market structures, OTC and CCP, exist in parallel. In Appendix E we provide conditions for
which markets indeed co-exist.
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stage. In Section 4, we return to further distinguishing features of a CCP, novation and
default fund.

In the OTC market, there is no information asymmetry and, hence, lenders are able
to condition loan terms on borrower type, (¢§,¢y) with w € {L, H}. In the COB market,
there is asymmetric information about the borrower type.?! In this case, we characterize
Perfect Bayesian Equilibria in which agents contract on gross loan rate and loan amount
(ca,¢1). We focus on the pooling equilibrium in which the two borrowers obtain the same
loan (¢}, ) as a distinguishing outcome of COB markets as it represents best the idea
that lenders provide one-fits-all loans to an average borrower in anonymous centrally cleared
markets. We provide further support for the choice of the pooling equilibrium, as opposed
to the separating equilibrium, in Appendix E. We proceed by characterizing run thresholds
(which define the funding shock sets ® and ), lending terms, and welfare for the OTC and
COB markets in Sections 3.1 and 3.2. We distinguish two run types:

Definition 1 A narrow run is an equilibrium in which second-round lenders refuse to provide
loans to the L-type for funding shocks f € ®. A systemic run is an equilibrium in which

second-round lenders refuse to provide loans to any type for funding shocks f € V.

3.1 OTC market: Loans, run threshold, and welfare

Lenders in the bilateral OTC market observe borrowers’ identity and condition their loan
terms on the borrowers’ type, (¢5,¢¢) for w € {L,H}. Loan contracts, run threshold,
and welfare are the ones of a constrained first-best solution. The constrained first-best
solution deviates from the unconstrained first-best solution, derived in Section 2.2, insofar
as borrowers’ and lenders’ individual rationality constraints have to be satisfied.

The run threshold f°7¢ is the largest funding shock up to which both borrower types are
able to repay their loans ¢/, to first-round lenders. Beyond this threshold only the H-type
continues to obtain funding from second-round lenders whereas L-type borrower is refused

further loans. The L-type therefore defaults on the loans from first-round lenders and they

21For our theoretical results to hold, the lender does not need to know exactly the quality of the borrower’s
long-term technology in OTC markets. Instead, the lender has to know more about the borrower type in
OTC markets than in COB markets. That is, our model highlights the effects of an informational wedge
between OTC and COB markets.
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obtain the L-type’s liquidation value ¢P¢y. By contrast, both types of borrowers are able to
repay their initial loans when there is no funding shock. Below we derive the equilibrium
threshold fO7¢.

First-round lenders provide equal shares of their cash endowment to each borrower, £, =
m, so long as their net profit is weakly positive. The lenders’ individual rationality (IR)

constraint requires

a if f < fO7C,
Lender IR: 1< (10)

Oé(BCLf>fOTC + (1 — E)C{)) + (1 — Oé)CLf>fOTC’ lf f > fOTC.

The individual rationality constraint (10) is from a single lender’s perspective and, therefore,
the conditions are expressed per unit of loan since each lender has one unit of endowment.

We differentiate between the gross loan rate ¢, for f < fOT¢

and the gross loan rate ¢; s jorc
for f > fOT¢ With borrowers holding all bargaining power at t = 0, expression (10) holds
with equality.?? Furthermore, borrowers compute the expected profit by taking into account
the distributions of funding shock and LTT quality. Therefore, they finance the LTT with
loans, ig = fy, instead of liquidating collateral and investing it in the LTT if the expected
return from the former is weakly larger than the return from the latter.??

At t = 1, borrowers’ individual rationality constraint reflects the cash-flow as described

in expression (2) conditional on borrower type and is subject to the repayment condition of

first-round lenders:?*

Borrower IR: R (ig — 2) — &3 + Ka(ko — wy) > 0, (11)

st.  —cly+ 07 +wik + 250 =0. (12)

Last, the model is about scarcity of funding at the rollover stage. To capture this effect

in the loan terms, we make the additional assumption that borrowers compete for funding

221f first-round lenders make positive profit, borrowers’ funding need, ¢t = 1, increases at and rollover risk
exacerbates. There exists an upper bound on ¢; > 1 up to which the equilibrium in the OTC market exists.
23The explicit derivations of borrowers’ individual rationality constraint are deferred to Appendix B.
24Gince the return from liquidating both assets is weakly smaller than what is owed to first-round lenders,
K1ko + Aig < 1o, the outside option for borrowers, in expression (11), is zero due to limited liability.
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by setting interest rates at t = 1 & la Bertrand.?

Assumption 4 Lenders set interest rates at t = 1 by take-it-or-leave-it offers to perfectly

competitive borrowers.

Under Assumption 4, the loan contracts are

orc _ H _ L_RL('L.O_ZlL)"f_’{Q(k:O_wlL)
Gy =G =6 = /L )
1

8 =cily, F=21— fym— (7. (14)

Competition drives the L-type borrower’s loan rate up to their break-even condition, RZ(iy—
2By — bl + ky(kg — wh) = 0, which yields (13). The H-type borrower can attract, by
outbidding the L-type borrower by an infinitesimal amount, the funding needed to repay
maturing loans, ¢ = ¢,f,. By assumption, funding supply weakly exceeds the borrowing
need of one borrower, 2(1 — f)m > ¢1{y. Given the infinitesimally larger rate offered by
the H-type borrower, lenders compete to fund the H-type borrower by underbidding each

other until cff = ¢ = ¢§7¢. The L-type borrower hence obtains the residual funding,

h=2(1— fym — (4.
For second-round lenders to be willing to provide loans, their individual rationality con-
straint has to be satisfied.

Lender IR: ST > 1. (15)

When lenders decide on providing a loan, they contemplate the loan rate provided by the
L-type’s break-even condition in (13). In particular, knowing the size of the funding shock,
lenders know how much of collateral and LTT has been liquidated which, in turn, implies
lenders anticipate how much the L-type borrower is able to repay at t = 2. Second-round
lenders’ loan provision depends on the size of the funding shock. The larger the funding
shock, the more of the L-type borrower’s collateral and LTT has to be liquidated reducing
the capacity to repay the loan. For small realizations of the funding shock, 0 < f < 41, the

L-type has to partially liquidate collateral. For f > %, the L-type’s collateral is used up and

25While borrower competition at ¢ = 1 seems to be the natural assumption, the bargaining power can be
reversed, so that lenders are competitive, without affecting the main results.
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they have to partially liquidate the LTT. The largest funding shock up to which second-round
lenders provide loans to both types is given by their break even condition, ¢97¢ = 1, which
yields fOTC. First-round lenders do not require a risk premium and from expression (10),
we obtain ¢; = 1. For large funding shocks f > f97¢ lenders do not provide loans to the
L-type borrower. The following lemma summarizes the OTC market equilibrium depending

on the realization of the funding shock f > 0.%6

Lemma 1 (OTC equilibrium) A narrow run occurs in the OTC market if the funding
shock exceeds the threshold

/ RE 22 RL_x 2

(16)

The H-type borrower always rolls over their initial loan without liquidation of neither LTT,

2 =0, nor collateral, wi = 0. The L-type borrower adopts the strategy:

_ 2

1. For 0 < f < &, the L-type partially liquidates collateral, wk o and continues

the LTT to maturity, 2 = 0.

2. For it < f < fOTC the L-type liquidates the entire collateral, wt = ko, and partially
liquidates the LTT, zF = Qf%m.

3. For f > fOTC, the L-type liquidates both collateral and LTT.

Detailed proofs are provided in Appendix B.

Expression (16) illustrates that liquid collateral, k; > 0, increases the run threshold.
While the threshold decreases in the liquidation cost of the LTT, RY — ), it increases in the
returns from the LTT both at the rollover stage, \, and at maturity, R”. As a preparatory
step for the comparison of welfare in the OTC market to welfare in the first-best solution,

we state the following lemma.

Lemma 2 (Ranking first best and OTC thresholds) The run threshold in the first-
best solution is larger than in the OTC market, f¥8 > fOTC 5o long as Assumption 2 and

RH > 1+ kg hold.

%Note £ > fOTC > ZLif x5y + A < 1 which satisfies the initial assumption.
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The transfers imposed by the social planner in the first-best solution ensure repayment of
lenders and maximize the threshold up to which both borrowers can continue their projects
to maturity. Beyond this threshold, the social planner should not operate a repo market. The
OTC market achieves the constrained first-best solution in which there are no such transfers
and, therefore, the threshold at which the L-type borrower defaults is strictly smaller than
the first-best threshold.

We now compare ex-post net welfare in the OTC market to the first-best solution in
expression (9). Welfare in the OTC market, conditional on the funding shock, is derived in
Appendix B. The comparison allows to quantify the welfare losses from individual rationality

in the OTC market vis-a-vis the first-best solution.2’

Proposition 2 (Welfare comparison first best vs. OTC) Depending on the relationship
between collateral return, ki, LTT return, R* and X\, and the funding shock, f, welfare in

the OTC market is lower than first best by

7

0 fo<f<m,
WFB _ yyorc _ (Qf—fﬁ)(RTL—ﬁ—f)m if 5 < f <k,
2/-@1(RTL —2)m if k) < f < fOTC
| (RE—N)(1— 255 m 4 (B = 2)m if fO7 < f < fT5.

Proposition 2 is illustrated in Figure 2. For 0 < f < o, welfare in the OTC market is
identical to first-best welfare since liquidation of the L-type’s collateral prevents liquidation
of the LTT in both cases. For %+ < f < k1, in the OTC market the L-type’s collateral is
used up and LTT needs to be liquidated. By contrast, in the first best the social planner first
liquidates the H-type’s collateral and uses it to repay first-round lenders of the L-type. From
the pecking order of collateral and LTT, RTL > 22 it is clear that liquidating first the H-type’s

1 Y
collateral is less welfare detrimental than liquidating the L-type’s LTT. For x; < f < fO7¢,
the welfare difference is constant since both the social planner in the first-best solution and
the L-type in the OTC market liquidate the L-type’s LTT. For fO7¢ < f < fFB the L-type

borrower defaults and only the H-type borrower continues its LTT to maturity in the OTC

2TNote, fOTC > Ky if 2\ > RL.
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Figure 2: Welfare comparison: First best vs. OTC market

market, while the social planner uses the H-type’s profit as transfer to the L-type’s lenders
so that they continue funding the L-type. The welfare difference is decreasing in f > fO7¢

as the L-type requires larger subsidies the larger the funding shock.

3.2 COB market: Loans, run threshold, and welfare

CCP markets operate through a COB which creates asymmetric information about borrower
types. The COB allows borrowers to post loan demand specifying loan amount, rate, and
collateral. The lender can lift the post but does not observe the borrower’s identity in a
COB which precludes the lender from assessing counterparty risk. We return to the other
key features of a CCP market, novation and default fund, in Sections 4.1 and 4.2.

Starting with the COB, we derive a Perfect Bayesian equilibrium. We focus on the pooling
equilibrium as a distinguishing outcome of the COB. In the pooling equilibrium borrowers
obtain a loan contract independent of their type, (cZ, %) for w € {L, H}.*® The threshold
fOCP is the largest funding shock up to which both borrowers are able to repay their loans
c1fy to first-round lenders. Beyond this threshold lenders stop providing loans altogether,
i.e., there is a systemic run, so that first-round lenders are only repaid borrowers’ liquidation
value cP/,.

First-round lenders provide equal shares of their cash endowment to each borrower, ¢, =

28The separating equilibrium is derived in Appendix D. It exhibits the same allocation of funding as the
constrained first-best solution, i.e., full rollover for the H-type borrower and only partial rollover for the
L-type borrower. Loan rates differ from the constrained first best to satisfy incentive compatibility.
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m, so long as their net profit is weakly positive. These considerations yield the lenders’

individual rationality constraint

¢ if f < fOOP,
Lender IR:  1<{ (17)

acl + (1 — a)ey psjecr  if f > fOOF

We assume borrowers hold the bargaining power at ¢t = 0, such that expression (17)
holds with equality.?? Borrowers compute the expected profit at ¢ = 0 taking into account
the distributions of funding shock and LTT quality. Therefore, they finance the LTT with
loans, iy < ¢y, instead of liquidating own collateral and investing it in the LTT if the expected
return from the former is weakly larger than the return from the latter. The outside option is
the expected net return from liquidating collateral and investing the proceeds in the LTT.%°
Then, borrowers invest the entire loan into the LTT, iqg = /.

In a pooling equilibrium, second-round lenders at ¢ = 1 condition loan terms on the
funding shock, f. In contrast to the OTC market, lenders do not observe borrower type and
cannot condition their loan offers on w € {L, H}, that is, (c}’,¢¥') is independent of w. We
define lenders’ beliefs as

-f — P’
Pr(R"|cy) = bife=q (18)

1 otherwise.
On the equilibrium path, lenders cannot infer types from the loan contract and keep their
prior beliefs. Off the equilibrium path, lenders believe to face the H-type borrower for any
loan rate ¢,. In Appendix C, we show that this specification of lenders’ beliefs survives the
Intuitive Criterion.

Faced with a pooling contract, borrowers’ individual rationality constraint is subject to

291f first-round lenders make positive profits borrowers’ funding need increases and rollover risk exacerbates.
There exists an upper bound on ¢; > 1 up to which the equilibrium in the COB exists.
30For the formal derivation of borrowers’ IR at t = 0 refer to Appendix C.
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the repayment condition of first-round lenders:

Borrower IR: R¥(ig — 28) — 07 4 ky(kg — wh) >0 (19)

st. —ely+ 00 + A2f 4+ mw] =0 (20)

Furthermore, for borrowers not to deviate from the equilibrium path, the following incentive

compatibility constraint (IC) has to be satisfied

Borrower IC:  R¥(ig — 2{) — ¢ 0% + ko(ko — wi) > R¥(ig — 2}) — cht} + ka(ko — w)).

(21)

The LHS of expression (21) represents the equilibrium payoff of borrower type w and the
RHS of expression (21) represents the off-equilibrium payoff. The latter is determined by
lenders’ beliefs as specified in expression (18). The off-equilibrium belief prescribes that
lenders believe to face the H-type when observing a deviation (¢ = RF + ko, 0} = c1£p).3!
The off-equilibrium repayment condition yields that neither LTT nor collateral have to be
liquidated, i.e., z; = 0 and w} = 0.

At t = 1, second-round lenders require at least their initial investment back,
Lender IR: cd > 1. (22)

As long as lenders’ individual rationality constraint (22) is satisfied, they provide their entire
cash endowment as loans. The lender takes into account the size of the funding shock when
deciding on providing a loan. Knowing the size of the funding shock, lenders anticipate
how much collateral and LTT have been liquidated which, in turn, implies lenders know
how much the L-type borrower is able to repay at ¢ = 2. Since they cannot condition on
borrower types, lenders offer a one-fits-all loan that in total amounts to half of the cash
endowment per borrower, /I’ = (1 — f)m, for any size funding shock up to the run threshold,
0 < f < f9“P. Lenders’ break-even condition pins down the run threshold f¢“* when

(22) holds with equality. The following lemma summarizes the COB market equilibrium

31In Appendix C, we show that this off-equilibrium contract satisfies the Intuitive Criterion.
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depending on the realization of the funding shock f > 0.

Lemma 3 (COB equilibrium) A systemic run occurs in the COB market if the funding
shock exceeds the threshold

Rl —1 RH
CCP __

Borrowers adopt the strategy:

!

(i) For 0 < f < Ky, both borrower types partially liquidate collateral, wf = Pl and

continue the LTT to maturity, 2 = 0.

(ii) For k1 < f < fY°F both borrower types liquidate collateral entirely, w, = ko, and

partially liquidate the LTT, 2 = %m.

(iii) For f > fCCF both borrower types liquidate both collateral and LTT.

The proof is provided in Appendix C.

Second-round lenders provide a loan depending on the size of the funding shock. The
larger the funding shock, the more of borrowers’ collateral and LTT have to be liquidated
reducing the capacity to repay the loan. For x; < f, the loan rate ¢ is determined by the
H-type’s incentive compatibility constraint (21). It is the largest rate borrowers are willing

32 In case (iii), second-round lenders stop providing loans

to pay in a pooling equilibrium.
altogether, a systemic run.

The presence of liquid collateral, x; > 0, increases the run threshold, f¢“F. While the
threshold decreases in the liquidation cost of the H-type’s LTT, R” — X, it increases in the
return from the L-type LTT both at the rollover stage, A, and at maturity, R*. We defer

the characterization of parameters under which it is optimal for borrowers to take loans and

invest in the LTT ex-ante to Appendix C.

32Beyond this rate, the H-type would deviate from the equilibrium path. Notwithstanding a certain degree
of competition, both in the OTC and COB equilibrium borrowers make some profit at ¢ = 1. Clearly, it is
always possible to allow for lender competition such that the loan rate is pinned down by lenders’ IR.
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3.3 Comparison between OTC and COB market

To rank the OTC market and COB market relative to the first-best solution, we start by

comparing run thresholds.

Proposition 3 The run threshold in the COB market is larger than in the OTC market,
fOCP > fOTC 5o long as 2RY — RT > X\, k1 > 0, and kg < % The first-best solution can
fFB

fCCP’fOTC}.

withstand strictly larger funding shocks, > max{

The intuition for the difference between the run thresholds in the COB market and the OTC
market is that in the former the L-type borrower is insured by the H-type borrower. The
L-type borrower has to liquidate less of their LTT for a given funding shock in the COB
market than in the OTC market. For any given funding shock, this is due to the larger loan
in the COB market, /£, than in the OTC market, /. Pooling H-type and L-type borrower
makes the market more resilient against a funding run if the LTT is illiquid. This result is in
line with empirical evidence from the GFC where both funding and asset liquidity declined
and OTC markets experienced repo runs (Copeland et al., 2014; Krishnamurthy et al., 2014;
Pérignon et al., 2018) whereas CCP markets continued to function (Mancini et al., 2016).
Conversely, during the repo blowup in September 2019 and the interruption of the repo
market at the onset of the Covid-19 pandemic, asset quality barely changed but funding
liquidity became scarce. Our model predicts, in line with empirical evidence (Duffie, 2020),
that then CCP-based markets are more susceptible to runs.

The welfare in a pooling equilibrium in the COB market illustrates the two sides of the
tradeoff. On the one hand, the COB provides an insurance benefit. On the other hand, the
COB generates a welfare loss from resource misallocation. The next proposition compares

ex-post net welfare in the COB market to the corresponding value in the OTC market.

Theorem 1 The welfare difference between COB and OTC market can be positive or nega-
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Figure 3: Welfare comparison: Systemic run in COB market vs. narrow run in OTC market

tive depending on the relation between collateral return, LTT return, and funding shock:

(

0 if0< f <4,
2f = r) (5 — 2)m if 2 < f <,
WP - WOTE = &y (BE — m2)m — fEESRE g, if k1 < f < fO7°,
(RF = Nym — (R — 2)m oy (BIHEE=A 2y f fOTC < f < fOCP,
\ —(RH — XN+ ko — K1)m if f > fO°r.

The explicit welfare expressions for OTC market and COB market are provided in Ap-
pendix B and C . Theorem 1 is illustrated in Figure 3.

The welfare difference between COB and OTC market is identical to the difference be-
tween first-best solution and OTC market for 0 < f < k1. The COB market implements the
first-best solution through the loan contract. In the COB market, at the rollover stage when
funding is scarce, the H-type subsidizes the L-type by accepting a smaller loan amount in
return for a smaller loan rate and, therefore, the H-type leaves relatively more funding to the
L-type. This causes both the H-type and the L-type to liquidate collateral equally before
they have to start liquidating their LTT. This mechanism provides insurance for the L-type.
An economy with a COB market, due to the insurance mechanism, can withstand larger
funding shocks before borrowers have to liquidate their LTT. In the OTC market, the cost
of the funding shock is entirely born by the L-type. After their collateral endowment is used

up, borrowers have to start liquidating their LTT. Since liquidating collateral is cheaper than
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liquidating the LTT, welfare drops more in the OTC market than in the COB market after
the L-type’s collateral is used up, i.e., when % < f < k. For k1 < f < fOTC  the welfare
difference between COB and OTC market is ambiguous. In the COB market, welfare drops
more than in the OTC market, since in the COB market both the H-type and the L-type
have to liquidate their LTT while in the OTC market only the L-type liquidates the LTT,
similar to the first-best solution. The fact that also the H-type has to liquidate its LTT is
the effect of resource misallocation in the COB market.
RHE _ gy

In sum, as long as in the COB market the insurance effect from collateral, #1 (=~ — H—l)m,

RH

_RLm, welfare in the COB market dominates

outweighs the resource misallocation effect, f~—

the OTC market, and vice versa. For fO7¢ < f < fCCP welfare is always larger in the
COB market than in the OTC market, since by Proposition 3, the run on the L-type in the
OTC market occurs for a smaller funding shock than the systemic run in the COB market.
For f > f¢CP the OTC market always yields larger welfare than the COB market since

the former prevents a systemic run by allowing lenders to condition their loans on borrower

type.

4 The Clearing Mechanism of CCP Markets

So far we have compared the trading mechanisms in OTC and COB markets. We now

introduce different clearing mechanisms.

4.1 COB with novation

In a CCP market, after borrower and lender have agreed on the loan terms through the
COB, the contract is novated by the CCP. This means that the CCP becomes the legal
counterparty to both parties. In terms of the model, novation alleviates the asymmetric
information problem of the COB market in the following way. Observing both funding
shock and borrower type, the CCP only novates the repo contract of solvent borrowers. In
equilibrium, conditional on the funding shock, this implies, as long as f < f¢°F the CCP
novates the contracts agreed upon through the COB of both borrower types. When the
funding shock exceeds the run threshold, f > f¢“F, the CCP only novates the contract of
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the solvent H-type borrower and not of the insolvent L-type borrower.?* This has implications
on loan contracts both at the investment stage t = 0 and at the rollover stage at t = 1. We
proceed by highlighting the changes with respect to the COB market in Section 3.2. It will
become clear that novation only affects the equilibrium beyond the run threshold.

At the investment stage, first-round lenders require at least their initial investment back,

c if f< foor,
Lender IR: 1< 1 (24)

Oé(ﬁcl7f>focp +(1- B)c{j) +(1-— a)cl’f>fcc1> it f> fCCP.

Unlike in the COB market, there is no systemic run in a COB market with novation.
The second line of expression (24) takes into account that the H-type borrower is able to
repay first-round lenders even after a large funding shock, f > f¢“F. First-round lenders
therefore require a lower repo rate ¢; s~ jocr which enlarges the parameter space, with respect
to the parameter space for the COB market, for which a functioning lending market exists.
Moreover, a lower repo rate implies less refinancing pressure at the rollover stage t = 1. If
the realization of the funding shock is larger than the run threshold, f > f¢“F the COB
market with novation exhibits the same solution as the OTC market. Second-round lenders
know that the L-type borrower is effectively excluded from the market since the CCP only
novates repos with with the H-type borrower. There is, by assumption, enough funding to
roll over one borrower, 2(1 — f)m > ¢ s~ jecrly, and thus second-round lenders compete for
the H-type borrower such that they break even, cg o poor = 1. The loans extended to the H-
type borrower allow them to continue the LTT without liquidation, ff o pocp = Clps gocply.
Detailed derivations of the equilibria are provided in Appendix C. The run threshold and
the equilibria below the run threshold remain the same as in Section 3.2.

Novation has an important effect on the COB market. At the cost of an individual
run on the L-type borrower, it prevents a systemic run on both borrowers. The following

proposition summarizes the result in terms of welfare.

Proposition 4 (COB market with novation) A narrow run occurs in the COB market

with novation if the funding shock exceeds the threshold f€°F defined in (23). Ex-post welfare

33In practice, the CCP regularly monitors CCP members and excludes those that do not satisfy the solvency
criteria laid out in their rulebook.
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Figure 4: Welfare comparison: Narrow runs in COB vs. OTC market
in the COB market with novation welfare improves upon the COB market:

if < f<feer,

(R — N+ ko — k1)m if f > fO°F,

WCOBN _ jyCOB _

For the derivation of welfare when f > f¢CF refer to Appendix C. Figure 4 illustrates
Proposition 4. Welfare in the COB market with novation is identical to welfare in the
COB market up to the run threshold f¢“¥. Beyond the run threshold, welfare in the OTC
market and the COB market with novation are identical since both exhibit a run on the
L-type borrower and allow the H-type borrower to continue the LTT to maturity without
liquidation. Beyond the run threshold, novation helps improve welfare with respect to the

COB market by preventing a systemic run.

4.2 CCP market: COB with novation and default fund

A default fund plays an important role in a CCP market. The default fund is used in case
of a borrower’s default. CCP participants contribute ex-ante at the investment stage. It is
typically the last line of defence and only used after all of the defaulting borrower’s resources
are exhausted.

In terms of the model, as long as there are positive expected profits for borrowers at

t = 0, they are willing to contribute to the default fund. That is, for there to be a positive
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contribution to the default fund, the same condition as for borrowers’ ex-ante investment
decisions have to be satisfied.?*

To study the effect of the default fund on financial stability, we derive the threshold at
which second-round lenders stop providing loans, fS%”. Naturally, the threshold is beyond
the point at which a run would occur without default fund, f§&7 > fC¢F. At this point,
the L-type borrower has run out of own funds to repay second round lenders. The default
fund’s objective is to, nonetheless, cover second round lenders’ investment, ¢}’ = 1. In their
lending decision, lenders take into account the transfer through the default fund from the
solvent to the insolvent borrower. The maximum contribution to the default fund is given
by borrowers’ ex-ante profit in Appendix C, yielding

7857 =3 o (B 7 = 10 - ! )
+(1—a) ((BRH + (1 — B)R")ip — cgffzoeif:0> — (BR" 4+ (1 — B)R* — 1)koko |-

(25)

Indeed, the L-type borrower repays second-round lenders from both its own proceeds and

the transfer up to a funding shock defined by the condition
RM(ig — 2) — Cg,DFgf + 755 =0 (26)

From expression (26) it is clear that the CCP with default fund can withstand a larger funding
shock the larger the transfer 75% | since it increases the L-type’s repayment capacity. Notice
that the default fund, like in real world CCP markets, is only drawn upon after the defaulting
borrower’s resources, that is the proceeds from collateral and LTT, are exhausted.

Since borrowers commit to the default fund contribution at ¢ = 0, second-round lenders
take this transfer into account in their lending decision at = 1. The largest funding shock

that the CCP market can absorb is given by expression (26). The following proposition

summarizes the financial stability effect of a default fund.

34The default fund works if borrowers commit to contributing to the default fund before they learn their
type, otherwise the solvent borrower would withdraw its contribution to the default fund when types are
revealed. A well-functioning default fund thus requires ex-ante commitment.
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Proposition 5 A narrow run occurs in the CCP market if the funding shock exceeds the

threshold

cop  (RE—DA+RPr;  (A+r)RE— X AB(RY — RL) — ko RE)
PE- RH 4 RL 2\ RH + RL — 2) aB(RH + RL —2))

(27)

The run threshold in the CCP market is larger than in the COB market without default fund,

ccpP ccpP
pr > f .

Like in the first-best solution, the default fund allows to transfer proceeds from the solvent
to the insolvent borrower.*® Although the default fund enhances financial stability, the run
threshold in a CCP market with a default fund is always smaller than the run threshold in
the first-best solution, ff”. Recall, in the first-best solution the social planner redistributes
the H-type’s realized profit. In the CCP market with default fund, the transfer can be at
most the ez-ante profit of borrowers which is necessarily smaller than the realized profit of

the H-type.

5 Implementing an Efficient Repo Market

Following the financial crisis of 2008 (Brunnermeier, 2009), the repo blowup of September
2019, and the Covid-19 pandemic of March 2020 (He et al., 2020), a discussion among policy
makers and industry has emerged as to whether OTC repos should be centrally cleared
more often (Duffie, 2020). Our analysis contributes to this debate by exploring the costs
and benefits of a centrally cleared market. We proceed by establishing the optimal market
solution and then discuss how real world market features can help to implement the optimal

market structure.

35Modeling a profit-maximizing CCP is beyond the scope of this paper. Such CCP at ¢t = 1 may want to
preclude borrowers that will default at ¢t = 2 from rolling over their loans, even though rollover can be socially
optimal. The CCP’s policy ultimately depends on their objective function and broader consequences of a
borrower’s default. We conjecture an ex-ante admission fee to the CCP does not affect the central tradeoff
between market resilience and resource allocation.
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5.1 Optimal market solution

Recall from the first-best solution that the H-type makes two types of transfers to the L-
type, a collateral transfer at ¢ = 1 and a profit transfer at ¢ = 2. When the L-type runs out
of collateral, instead of liquidating their profitable LTT, it is welfare improving, due to the
pecking order of collateral and LTT, to use the H-type’s collateral to repay the L-type’s first-
round lenders at ¢ = 1, resulting in a collateral transfer. In addition, the social planner uses
the H-type’s profits at ¢ = 2 to subsidize the L-type’s repayment of second-round lenders,
resulting in a profit transfer. We demonstrate that the privately optimal market solution is a
non-anonymous OTC market with the aforementioned two types of transfers. An analogous

result holds for the anonymous CCP market.

Theorem 2 (Privately optimal repo market) The privately optimal market solution

RLfﬂ(w{{-l—wlL) FOPT
2(RE—X)m 2(RL—X)ym>

implements the first-best solution for 0 < f < fOPT = gi:/l\% +

where wi = {0,m}, with ex-ante committed total transfer equal to

7OPT — O%[aﬁ(RH — 1)+ (1 - a)B(RY — R*) = (BRY + (1— B)R* — af(1 —w!))ry). (28)

The payouts of the total transfer occur through:

e collateral transfer att = 1: w = w for k1/2 < f < k1 and

o profit transfer at t = 2: TOPT(wl =m) for f > fOPT(79PT = 0).

The proof is provided in Appendix G.

At t = 0, borrowers commit to a legally enforceable transfer 7977 that amounts up to
their expected net profit. Borrowers take into account that the transfer is due if they turn
out to be of H-type, and funding shocks as described in Theorem 2 occur. The transfer
is split into two payments: A collateral transfer, wi at ¢ = 1 to repay first-round lenders
once the L-type has run out of collateral, and a profit transfer, 7977 (w), at t = 2 to
subsidize repayment of second-round lenders. The collateral transfer at t = 1 reduces the

profit transfer at ¢ = 2. By transferring the H-type’s collateral, w > 0, at t = 1, the
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Figure 5: Welfare comparison: Hybrid CCP market (left) and centrally cleared OTC (right)

OTC market achieves allocative efficiency identical to the first-best solution.®® The profit

OPT (i) at t = 2 increases the market’s run resilience. While the profit transfer

transfer, 7
is already a feature of existing central clearing mechanisms, the collateral transfer presents

an innovation that we discuss further below.

5.2 Repo market reforms

We start by describing how and to which extent the optimal market solution derived in
Theorem 2 can be implemented with a combination of existing market features. We show
that combining existing market features improve upon current market structures. The first-
best solution is however only attainable by adopting a novel market feature—a two-tiered

guarantee fund.

Hybrid trading mechanism: To improve upon existing CCP markets with novation and
default fund, we propose a hybrid trading mechanism. CCP markets implement the collateral
transfer through one-fits-all loans for f < k;. Therefore, as we show above, they achieve

first-best welfare for small funding shocks. However, CCPs inefficiently force liquidation of

36The collateral transfer can come at the cost of reducing resilience due to the reduction of the H-type’s
profit at t = 2. Although, in general, there is a tradeoff between collateral transfer and profit transfer in
terms of welfare, the tradeoff is immaterial for the relevant parameter ranges in our model. Resilience is,
of course, higher in the first-best solution than in the market solution, f¥Z > fOPT because the privately
optimal transfer at t = 2 does not attain the socially optimal transfer.
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part of the H-type’s LTT for f > k;. To improve upon this inefficient resource allocation,
CCP markets need to switch to a non-anonymous trading mechanism for funding shocks
f > 8. The switching point S is defined by the funding shock at which net welfare in the
COB and OTC markets are equalized in Theorem 1:
H
S = <RT—:—?)RHL_ARL. (29)

The hybrid repo trading mechanism is similar to the downstairs/upstairs market system
in equity markets (Burdett and O’Hara, 1987; Seppi, 1990; Grossman, 1992), except that
the switch occurs depending on aggregate funding conditions in the market. The switch in
the trading mechanism at S prevents liquidation of the H-type LTT. At the same time, the
switch exacerbates the credit rationing for the L-type making them susceptible to narrow
runs. To improve run resilience, the CCP needs to continue using the default fund.

The largest funding shock sustainable with a default fund involving purely a profit transfer
at t = 2 is given by fOPT(wl = 0) as derived in Theorem 2. In Appendix G, we show
when the run resilience of the hybrid market exceeds the run resilience in the CCP market,
fOPT(wl = 0) > fSSP. The intuition is, since the H-type is not required to liquidate any
of the LTT in the hybrid market as opposed to the CCP, there is more profit to redistribute
which makes the hybrid market more resilient than the CCP market.

Figure 5 (left) illustrates that the hybrid trading mechanism improves upon existing CCP
markets by allocating resource more efficiently for intermediate and large funding shocks,
S < f < fOPT(wH = 0), but it does not attain the efficient resource allocation of the first-
best solution. In addition, the hybrid market improves upon run resilience, fOF7 (wf = 0) >

CCP but again does not achieve first-best run resilience.
Bilateral trading and central clearing: Centrally cleared OTC markets are an impor-
tant segment of U.S. repo markets (Duffie, 2020). Augmenting OTC markets with central
clearing and a default fund that pays in case of a borrower’s default is an alternative reform
proposal for repo markets. Central clearing improves the resilience of OTC markets and

resembles the functioning of some existing request-for-quote platforms.
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A corollary of Theorem 2 is that, when non-anonymous markets are augmented with
a default fund involving profit transfers, 7977 (wf = 0) at t = 2, financial stability is
improved: fOPT(wl = 0) > fO97¢ for any 79T > 0. Figure 5 (right) illustrates that
bilateral trading with central clearing improves run resilience, but the reform leaves allocative

efficiency unchanged.

Two-tiered guarantee fund: Both of the solutions above, hybrid CCP market and cen-
trally cleared OTC market, can be further improved to the point that they achieve first
best and resolve the allocation-resilience tradeoff. Setting up a two-tiered guarantee fund is
needed. Regardless of the trading mechanism, the two-tiered guarantee fund requires an ini-
tial contribution that mimics the two transfers, collateral transfer at ¢ = 1 and profit transfer
at t = 2, derived in Theorem 2. The contribution is agreed upon before lending and borrow-
ing take place, and it needs to be updated on a regular basis depending on participants’ net
exposure to the platform.

The two-tiered guarantee fund works as follows. Participants transfer both safe collateral
and a fraction of the risky asset, i.e., LTT, into two separate escrow accounts. Collateral is
used to support illiquid but solvent borrowers, so that, in terms of the model, the H-type’s
collateral is liquidated before the L-type’s LTT. This implies that if a borrower runs out of
collateral, the borrower is subsidized by other borrowers’ collateral within the predetermined
contribution agreed upon at the time of joining the platform.

The mechanism resembles a collateral upgrade, as implemented by the ECB and the
Federal Reserve through emergency facilities (Carlson and Macchiavelli, 2020), in which the
borrowers effectively increase their collateral endowment. The risky asset escrow is used to
bail out defaulting borrowers. This captures the profit transfer described in the optimal
repo market solution. It helps to instill confidence in lenders to continue to provide funding
as they incorporate in their lending decision that the other participants on the platform
guarantee, to a certain extent, borrowers’ repayment. This transfer therefore increases the
market’s resilience against runs.

As an alternative to the two-tiered guarantee fund, the transfer scheme from Theorem 2

can be implemented by requiring borrowers to write both a credit default swap and a col-
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lateral swap. The swap contracts grant payments, amounting to 797, from the H-type
borrower to the L-type borrower who is subject to credit rationing. Specifically, borrowers
write two types of swaps at ¢ = 0. The collateral swap is triggered if the L-type borrower
runs out of collateral and effectively transfers the H-type’s collateral to the L-type. This
prevents inefficient liquidation of the L-type’s LTT at ¢ = 1. The credit default swap is
triggered if the L-type is insolvent at ¢ = 2. In this case the H-type effectively repays part
of the L-type’s lenders. Second-round lenders take into account this transfer and provide
funding to the L-type at ¢ = 1 even for large funding shocks enhancing the resilience of the

market.

6 Collateral, Market Structure, and Financial Fragility

6.1 Collateral quality and run resilience

This section studies how collateral quality impacts market resilience. For any given level of
funding shock, riskiness of the LTT and collateral amount, a marginal increase in collateral
value affects run thresholds in the CCP and OTC markets differently. Specifically, when the
LTT is sufficiently illiquid, the CCP market benefits the most from an increase in collateral
value. To our knowledge, we are the first to point out the heterogeneous effect of collateral

quality, depending on market structure. The following proposition summarizes this result.

Proposition 6 The CCP market’s resilience to a run is more sensitive to collateral value

. TR . H_ pL
, when the LTT is illiquid, N < %,

afCCP 8fOTC

than the OTC market’s resilience, o o

and vice versa.

The proposition states that collateral value is more relevant for borrowers in a CCP
market at times when the LTT is illiquid. When the run threshold in the OTC market is
lower than the run threshold in the CCP market, fO7¢ < f¢CF one might expect that a
marginal increase in collateral value would benefit borrowers in the OTC market the most.
That is actually not the case when the LTT is illiquid, A < %. The reason is that in the

CCP market the H-type is forced to partially liquidate the LTT, which is the most valuable

asset in the economy, and its liquidation is particularly costly when A is low. Consequently,
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a marginal increase in collateral value prevents the liquidation of the H-type LTT, benefiting

the CCP market.

6.2 Collateral convenience yield

This section studies why an asset is used as collateral instead of being sold on the spot
market to finance long-term investment. The usage of the asset as collateral gives rise to
an endogenous convenience yield in excess of the assets’ face value. In line with previous
literature (Parlatore, 2019; Gottardi et al., 2019), we define the convenience yield of col-
lateral, or collateral premium cp, as the value created from financing the investment with
collateralized loans instead of liquidating the collateral asset. We show that in addition to
the liquidity of collateral and counterparty risk (Parlatore, 2019), the convenience yield of
the given collateral asset depends on the market structure and funding risk. We provide
support for the empirical evidence showing that the convenience yield increased during the
GFC and decreased in the Covid-19 outbreak.

To provide a benchmark, we derive the collateral convenience yield in the first-best solu-

tion, k, which gives an upper bound on the collateral premium:

I
|
>

v

o

(30)

3

From borrowers’ participation constraints at t = 0, we obtain that the convenience yield
depends on funding market conditions and market structure, that is, CCP and OTC mar-
ket. All derivations are deferred to Appendix F. The collateral premium is generally non-
monotone in the funding shock in both markets. Our theoretical predictions for the critical
ranges of the funding shock, i.e., k; < f < f¢“F and T<f< fOTC  echo the empirical
results from Auh and Landoni (2017) in so far as the collateral premium decreases with an

increase in collateral quality, k1.

k1

5y < f < fOT¢ where an increase in f is

In the OTC market, focusing on the range

particularly costly since it requires liquidating LTT, the convenience yield on collateral can
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be either increasing or decreasing in the size of the funding shock.?” We obtain the following

result:

Proposition 7 In the OTC market, for 5 < f < FOTC and o > R — R, the convenience

RL

yield on collateral cp®TC decreases (increases) in f if 3 > (<) gzri—gm-

The model predicts that when the economy is at the brink of a funding crisis, i.e., a is
large, the collateral premium in the OTC market increases in the size of the funding shock
if average borrower quality is sufficiently low. Conversely, the collateral premium decreases
in the size of the funding shock if average borrower quality is sufficiently high.

These predictions are in line with empirical evidence from the financial crisis when average
borrower quality was low due to large positions in asset-backed securities on banks’ balance
sheets. The model predicts a resulting rise in the convenience yield as the funding shock
hits. During the Covid-19 pandemic, by contrast, banks were better capitalized and had
higher creditworthiness than during the financial crisis. The model then predicts that the
convenience yield should decline during a liquidity crisis such as the Covid-19 pandemic.

This prediction is consistent with the empirical evidence in He et al. (2020).

6.3 Collateral scarcity and negative NPV projects

Market participants have voiced concerns that in anonymous CCP based markets low-quality
borrowers can hide amongst high-quality borrowers.?® To investigate this issue, we introduce
negative NPV projects and study the role of collateral scarcity. All derivations are relegated
to Appendix F.

Assume that the LTT of the L-type has negative NPV, RY < 1. There are two relevant
cases to consider: the L-type LTT yields a negative NPV but still larger than the return from
early liquidation, 1 > RY > X. Alternatively, the L-type LTT yields a return even smaller
than early liquidation 1 > X\ > R”. In the first case, continuation of the L-type LTT at

t = 1 is desirable from a welfare viewpoint, whereas in the second case liquidation is welfare

37To which extent the convenience yield is impacted by the OTC or CCP market is ultimately an empirical
question.

38See, e.g., Jenkins, P., and P. Stafford, “Banks warn of risk at clearing houses” in Financial Times, July 7,
2013, or Jenkins, P., “How much of a systemic risk is clearing?” in Financial Times, January 8, 2018.
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optimal. Recall, we assume collateral scarcity at ¢ = 1, i.e., fully liquidating collateral and
LTT is not enough to repay first-round lenders, c1€g > Mg + k1ko.

For 1 > R > ), lenders are willing to provide loans even to the L-type if the collateral
value, although scarce, is sufficiently large, ko > 1 — R*. From the lenders’ viewpoint,
collateral makes up for the missing return from the L-type LTT. Collateral is thus welfare
increasing for 1 > R > ).

Moving to the situation in which 1 > X\ > R, implies a decrease in the L-type’s return
RY. The OTC market implements the socially optimal solution, i.e., the L-type liquidates
the LTT and the H-type continues regardless of the collateral value. If the collateral value
is sufficiently large, the L-type borrower prefers to liquidate the LTT. If the collateral value
is so small that the L-type is indifferent between rolling over or defaulting, lenders refuse to
provide loans. That is, the L-type experiences a run.

We now turn to the question whether anonymous CCP markets allow low quality borrow-
ers to hide among good quality borrowers. Socially optimal liquidation is also attainable in
the CCP market due to novation. Even though the L-type borrower might continue the LTT
in case they are able to promise repayment to second round lenders, i.e., if ko > 1 — R, the
CCP would exclude them from the market through the novation process. As a consequence,
similar to the OTC market, there is a run on the L-type which forces them to liquidate the
LTT and the H-type continues to obtain funding in the CCP market.

Infante and Vardoulakis (2020) and Kuong (2020) also obtain run results in the presence
of collateral but the mechanisms differ. Infante and Vardoulakis (2020) show, when borrowers
internalize the risk of losing their collateral in case their lender defaults, borrowers are
prompted to withdraw it, causing a collateral run on lenders. Kuong (2020) shows in a
global games model with moral hazard how, notwithstanding collateral, runs can occur. In
our model, the run is on borrowers and causes inefficient liquidation of collateral. It is an
incentive driven run by lenders that occurs due to a combination of liquidity, counterparty

and collateral risk.
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7 Conclusion

Well-functioning repo markets are integral to an efficient banking system, effective monetary
policy transmission, and overall financial market resilience and stability. Repo market design
trades off the efficient allocation of short-term funding in normal times and the resilience
to funding shocks in crisis times. In a dynamic model of short-term repo funding with
uncertainty about borrowers’ credit quality and lenders’ funding condition, we study how
repo trading and clearing mechanisms affect the allocation-resilience tradeoff.

Two common repo market designs have emerged in practice: non-anonymous bilaterally-
cleared over-the-counter (OTC) markets and anonymous centralized order books with default
fund and novation to a central counterparty (CCP). We show that none of them achieve first
best. Non-anonymous trading in OTC markets allocates funding efficiently, but credit ra-
tioning causes narrow runs on low-quality borrowers when funding is scarce. Anonymous
trading in CCP markets provides insurance against funding shocks, but CCPs allocate fund-
ing inefficiently through insufficient repo loans to high-quality borrowers. Novation and a
well-capitalized default fund render CCPs resilient against systemic runs that cause market
breakdown.

Repo market reforms improve funding allocations and market resilience: Central clearing
of bilateral OTC trading, and a CCP market with hybrid trading protocol where anonymous
trading switches to non-anonymous trading contingent on aggregate funding conditions. The
optimal market structure achieves first best and can be implemented through a two-tiered
guarantee fund with transfers contingent on both borrower illiquidity and default.

The model explains several stylized facts on recent funding crises and the behavior of
collateral convenience yields. During the Great Financial Crisis funding was scarce and
assets were illiquid, whereas during the Covid-19 outbreak asset remained fairly liquid. In
our model, repo market resilience depends on both funding liquidity and asset liquidity.
CCP markets are more resilient than OTC markets when there is both low funding and low
asset liquidity. In turn, OTC markets are more resilient when funding is scarce while asset
liquidity is high. These predictions reconcile the halt of OTC repo markets in 2008 with the
2019/20 repo blowups in CCP markets.
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Internet Appendix

This Internet Appendix contains all proofs and derivations relevant for the results in the paper “(In)efficient
repo markets”.

A First best

At t = 0, the social planner maximizes ex-ante net welfare. For borrowers to take a loan and invest in the
LTT, ig = ¢y = m, instead of liquidating collateral and investing the proceeds in the LTT, the following
ex-ante welfare comparison has to be satisfied

af(RMio — 0f1) + (R™(io — 2') — £F) — 2koko] + (1 — ) [(R™io — 0§ ;o) + (R%io — 0] ;)]
> (RH + RV — 2)koro  (IA1)

The outside option (R¥ 4+ R —2)kgxg on the RHS of inequality (IA1) obtains from liquidating the collateral
endowment of borrowers and investing it in the LTT. Investing the proceeds from collateral liquidation is
independent of the funding shock as the financing is independent of the state of the economy. The outside
option is strictly larger than net welfare from merely holding collateral to maturity. Ex-ante welfare on the
LHS of inequality (IA1) is independent of the transfers between borrowers and lenders, ¢§¢y, since agents
are risk neutral. Recall that we consider the case that one borrower turns out to be H-type and the other
L-type and, therefore, there is uncertainty with respect to types from an individual agent’s point of view but
not from a total welfare perspective.

B OTC
B.1 Small funding shock f < fO7¢

If f = 0, both borrowers obtain sufficiently large loans to repay first-round lenders €f f=0 = E{{ f=0 = M.
Moreover borrower competition yields

RLio — czo)?goﬁff:o + Kkoko =0 (IAZ)

(9TC = RE 45y > 1.
Consider next the case in which ¢4y < €1L + K1k, ie. 0 < f < % Then

—c1by + é{‘ + wle =0 (IAS)
—ci1by + 0 = (IA4)

such that (& = 2(1 — fym — 7, wl = i—{m and zF = 0.

It is indeed more profitable to take a loan than to liquidate collateral if the L-type’s participation constraint
is satisfied

RFig — cBtF + ka(ko — wk) >0 (TA5)
RL 4+ Ko —2f52
mo>el TA
1 . 2f —62 ( 6)

RL+R2—2f:%
1—2f
marginally outbid the L-type borrower lenders provide funding to the H-type up to their capacity ¢ = ¢, ,
and thus wi’ = 0 and 2 = 0. The H-type participation constraint (they prefer continuing the LTT than to

L orc

With competition for funds among borrowers, ci = c& = c§ = Since the H-type can



liquidate it and repay the missing part with collateral) is hence:

RH iy — QT + koo >0 (TIA7)

This condition is satisfied if %% > fand Ky > ﬁ' Or simply k1 < #'
Second-round lenders require at least their initial investment back:

§T¢ > 1 (IA8)

RL + Ko — 1k

7271 > f (IA9)

K92 — K1

Note since % > 1, lenders’ participation is always satisfied.
To summarize the equilibrium at ¢ = 1 exists, if 0 < 2f < k1 < RH,?*H2 or K1(£:+£§ o S > f and
L - it 2 M1 >

Consider next the case in which ¢16y > ¢¥ + k1 ko, i.e. g<f< fOTC. Then

—c1lo + 05 + kory + 2EA =0 (IA10)
—cily+ 05 =0 (TA11)

so that ¢ = 2(1 — f)m — £§ and zf = 205%m,

It is indeed more profitable to take a loan than to liquidate collateral if the L-type’s participation constraint
is satisfied

RE(ig — 28) — bk >0 (IA12)
RL _ 2f—m

orc _ RFa-25m)
Call Cy = 1772]0)\

The H-type’s participation constraint is satisfied

RPig — ST + kyko >0 (TA14)

Observe that
if1— RHJr > K.
Moving backward to t = 0. Consider the case when - < f < fOTC The case 0 < f < 5 is satisfied by

continuity. Suppose ig = £y = m and ¢; = 1. To ﬁnance the investment with loans 1nstead of liquidating
own collateral:

© < 0. With f = K1/2, the H-type’s profit is (RY RLI )m which is weakly positive

a(B(RHiO - CQOTcﬂfl) —(1- ﬁ)ﬂ2k0> +(1-a) (ﬁ(RHzO - CQOJ:CC()@H) -(1- ﬂ)ﬁgk())
> (BR™ + (1 — B)R* — 1)koro (IA15)

B(RT — RL(a 1f2f +1-a))

> Ko, T1A16
BRA Y (L= B)RE —1+ (1) + (1—a)p = (1A16)
L 2f—r
with kg = k2. The numerator is positive if % >« and B (11—2fA ) 1> 0 since f < fore,
RS ——
1—2f



B.2 Large funding shock f > f07¢

For f =0, (H = c1, p>forcly and 0k =2m — ¢y, f>forcly. The L-type borrower breaks even when
RE(ig — 28) — ¢t + ko(ky —wh) >0 (TIA17)
st. — ¢p s porcly + Azl +wiky + 47 =0 (TA18)
Suppose that loan and collateral are sufficient to repay first-round lenders, zf = 0 and wf = 2%771

and suppose that ig = ¢y = m.
The loan rate is given by the L-type’s break even condition.

oL _RLio + HQ(/CO — u}f’)

5 V28 (IA19)
1
c —1
RL + K 1-2 1,f>f0TC
— 2( T— (1A20)
2 — Cl7f>fOTC
Due to borrower competition for funding, cZ = 0207?50.
For the H-type borrower’s profit to be non negative,

R%ig — 87507 + kako > 0 (IA21)

8.5. — ¢1_g» porcly + £ = 0. (1A22)

R a(cg ")
2(RE+k2)? 661’f>f()Tc
¢1,r>pore = 1, the H-type borrower is willing to participate since RH —RL — gy >0.

For f > fOT¢ due to lender competition for the H-type borrower, Cgf>fOTC =land (f = ¢y, 5> porcly.
Assume that ¢; s~ porcly < 2(1 — f)m.

Observe that if k1 <

|01,f>fOTc:1 < 0 and therefore it suffices to show that with

At t = 0, first-round lenders of the L-type are repaid the liquidation value of the L-type borrower

—C?@o + Xig + k1ko =0 (IA23)
e =X+ k1. (TA24)
Competitive lenders at t = 0 require
a(Bey fspore + (L= B)ef’) + (1 — a)ey fs jore =1 (IA25)
1—a(l - B)c?
== 1A26
“1f>fore af+(1—-a) ( )
Borrowers finance the investment with loans instead of liquidating own collateral if

a<B(RHi0 - cg)TCE{{) —(1- ﬁ)ﬁ;gwf> +(1-a) (ﬁ(RHiO — 620}1506{1) -(1- 5)n2k0>

> (BR¥ + (1 — B)RY — 1)koko (IA27)
RE 4y (1-2 182 0TC 71y
BIRT — (a+ (1 - a) ——5—5— -2 )e1,p>pore)

LIZ) I > Kg- (IA28)

BRH + (1= B)RL — 1+ (1 — B)(a22220 4 (1 — a))

B.3 Welfare

We consider ex-post welfare for the case in which a funding shock realizes.



If 0 < f < %, then ex-post welfare yields

Ry — CQTCE{I + REig — §TC0E — kpwl + c9TC (0 0by — 07 — L 4 2¢140 — 20, (1A29)
=R"ig + RYig — kowt — ¢ — ¢ (IA30)
=R + R — 2)m — Qf(% —1)m. (IA31)

1

If & < f < fOTC then ex-post welfare yields

Ry — c§TC0 + RE(ig — 28) — 9TC0F — koko + c§TC (01 + 01y — 0 —¢L - 2¢100 — 20y (1A32)

=R"ig + R*(ig — 2§) — kowl — 03 — ¢F (TA33)
L L g

—(RY 1 RE — 2)m — 2f(R— ~ 1+ HI(RT - ), (T1A34)

If f > fOTC ex-post welfare yields

RHiO - Cgf>fOTC€{{’f>fOTC + Cgf>fOTC£{{f>fOTC - g{{’f>fOTC + Clwf>fOTCfo + Mg + K1ko — Kok — 24g
(IA35)

=(R¥ 4+ X+ K1 — g — 2)m (IA36)

C CCP
C.1 COB market

Suppose that ig = ¢g = m and ¢; = 1.

Consider first the case in which f < k; and thus z1 = 0 since kor1 + €1 > ¢14y. Then w{) = Kilm

The H-type borrower’s participation constraint is slack and the L-type borrower’s participation constraint
is binding:

REig — B 0P + ka(ko —wh) =0 (IA37)

RE 4 k(1 — L
12_( 7 =) o (IA38)

With (¢ = RY + ko, £} = c14y), incentive compatibility for borrowers is satisfied:

R (ig — 27) = P 0P + ko (ko — wh) > R¥ (ig — 2}) — bl + ka(ko — k) (TA39)

Lenders are willing to provide funding if

21 (IA40)
RE—1
e 2 (141)
R2 — R1 Ko — K1
NOtev /f + E2REL > gy,
K2—K1 Ko—kK1
If Ky < f < fO°F, w! = ko and thus 2 = w

The H-type borrower’s participation constraint is slack and the L-type borrower’s participation constraint
is:

RE(ig — 28) — b0 + ko(ko —wl) >0 (TA42)

RL(].— f—)\m) »

R S, TA4
]-_f Z G ( 3)



The incentive compatibility of the H-type is the binding one and we obtain:

R¥(ig — 2F) — L7 + ky(ko — wl) > R¥(ig — 2}) — hlh + ko(ko — K)) (TA44)
RL _ RH f—r1

f—r f—r f—r
Observe that RL(ll__ 7 DS RL_f_Hf >, Then with k= %, lenders are willing to provide funding
if
RL _ RH f—r1
-2 >1 IA4
> (146)
RL —1 RHlil
A > 1A47
U e (1A47)

Call fOOP = Bo-1\ | Rim

At t=1if f =0, it is straightforward to show that cgf:() = RY 4 ko, gif:() =1m, kff:o =0.

At t = 0, regardless whether lenders end up facing the H-type or L-type borrower, they are always repaid
their investment, ¢; = 1.

Borrowers are willing to take a loan instead of investing the collateral value, in case k; < f < fCCF if

a((ﬁRH + (1 = B)RY)(ig — 2F) — Lol — wf) +(1-a) <(BRH + (1 = B)R)ig — cgff_ozﬁf_o>
> (BR™ + (1 = B)R* — 1)roko (IA48)

R —RE)(B+a(l - p)L5
R B 2 (1449)

Observe that (IA49) also provides a lower bound on the size of the funding shock:

(BR™ + (1 — B)R")ro — B(R™ — RT)
a(l = B)(RT — RF)

>k + A (IA50)

The intuition for why the individual rationality constraint delivers a lower bound on on the funding shock is

that the interest rate decreases faster than the loan amount in the funding shock. We consider the range of

H_ pL
funding shocks, k1 < f < f¢CP. Then with (BRY +(1—B)RE)ko—B(RE —RL) < 0, i.e. ko < %,
condition (TA50) is always satisfied.

C.2 Welfare

We consider ex-post welfare in the case of a funding shock.
Consider first k1 > f > 0, then ex-post welfare is

(R + RF)ig — 2507 — 2kowy + 2¢5 07 — 2(1 — f)m + 2¢14y — 24 (TA51)
=(RY + RE — 2)m — 2f(% ~1)m (IA52)
1

Next consider the case in which x; < f < f€°F.

Ex-post welfare is



(RH + RE)(ig — 2F') — 2e5 08 — 2kpw? + 2¢5 08 — 2(1 — fYm + 2¢140 — 20 (IA53)

R™ + RF R™ + R

=(R" + RV — 2)ym — f( T Umt (1 = 260)m (IA54)

If f > fCCP ex post welfare is the liquidation value of collateral and LTT net of their investment cost
200+ K1 — ko — 1)m

C.3 COB with novation

Suppose iy = o = m. If f > fCCF assuming novation, there is no market failure. Then, due to
lender competition for the H-type borrower, cgf>fccp =1 and Eff>fccp = ¢y, > poorly. Assume that
1, > poorly < 2(1 = f)m.

First-round lenders of the L-type are repaid the liquidation value of the L-type borrower

—ClD£0 + )\ZO + Iilko =0 (IA55)
P =X\+k. (TA56)

If f= jocp =M. Suppose that there is no liquidation of the LTT and thus the missing part to

1 >
P
C1 f>fccp€0_€1 f>fCCP

repay first-round lenders comes from liquidating collateral, wf =
The H-type borrower’s participation constraint is slack and the L-type borrower S partlclpatlon constraint
is binding:

RLiO - C§f>fccpgif>fccp + 52(]50 - k{::f>fccp) >0 (IA57)
c -1
R+ kp(1— %) > cf ;s joor (IA58)
1

R4 ks

Incentive compatibility is the same for either type with ¢j = =2~
11f>fCCP

s gll = Cl’f>fCCP£02

Rwio - C§f>fc0p£if>fcczj + KQ(ko - kf,‘f>fccp) > Rwio - 0,2511 + Hgko (IA59)
(& cop — 1
RE 4 k(1 — %) > ¢} 1 joor. (IA60)
1

& f>fCCP 1>.

Therefore 02 s focp = = RE 4 ko(1 —
For second-round lenders to provide loanb

1
RE 4 k(1 — 217" 72y 5 (1A61)

K1

Cl’f>fccp -1

Ka(1 — )>1-RE (IA62)

K1
Observe the RHS is negative and the LHS, with 1 — Quzpoor—l
At t = 0, competitive lenders require

> 0, positive.

a(Bey pspecr + (1= B)el) + (1 — a)ey s jocr = 1 (TAG63)

1—a(l—B)cP

Cl,f>fccp = —04,8 T (1 — a) . (IA64)

Recall the assumption ¢; ¢~ jeor < 2(1 — f). The assumption is satisfied if ¢ < 1.



Borrowers are willing to take a loan instead of investing the collateral value if
a(ﬂ(RHzO - C§f>fccpggf>fccp) - (1 — 5)&2]@0) (IA65)

+(1-a) <(ﬂRH +(1- ,B)RL)io — C§f>fccpffzf>fcc1ﬂ - K/lel:jf>fOCP)
> (BR™ + (1= B)R* — 1)koko (IA66)

B(RH — (OéCl’f>fCCP + (1 — a)RL))
BRI+ (1-ARL -1+ (1-a)+ta(l—p) ~ (IA67)

Welfare: If f€“F < f, ex-post welfare is

R%ig — Cg{f>fCCP£{{f>fCCP — koko + Cgf>fccpggf>fccp - ££f>fccp + 1, g poorly + Cngo — 24

(IA68)
=(R® + XN+ K1 — ko —2)m (IA69)
C.4 Intuitive Criterion: pooling equilibrium
Recall, to construct the pooling equilibrium we have considered the following specification of beliefs:
.f — P
Pr(RH|cy) = {7 Hez=c, (IAT70)
1 otherwise .

p
Consider x; < f < f€YF. Then w! = ko and thus zf’ = M. The equilibrium payoffs are

w*(L) = (R —RL)%m

u*(H) = (R" — RFym.

Equilibrium dominance: The response which maximizes the borrower’s payoff is £; = m and thus
w1 = 0.

maze, cpre, RY(ig — 21) — chly = RYm — chm + kam
Consider first the L-type borrower:

[ —r1

(R = RY) "

m >REm — chym + rkom

f—Hy

¢y >RY + Ky — (RT — RE) X

All messages ¢y > R* + ky — (R — RF)I5% are equilibrium dominated for the L-type.
Similarly for the H-type:

(R — RYYm >R m — chym + kam

ch >R + ky.

All messages ¢ > R + kg are equilibrium dominated for the H-type.
We can therefore summarize that
o ¢y c[0,RF+ky— (RH —RE) f_%) is not equilibrium dominated for neither the H-type nor the L-type,

o ¢he (Rl + Ky — (RE - RL)f_%, R + ks] is equilibrium dominated for the L-type only, and



o ¢ € (RF + Ky, 0) is equilibrium dominated for both types.

We conclude that for ¢ € (RY + kg — (RH — RL)%7 RY + ko) the Intuitive Criterion prescribes that
Pr(L|ch) = 0. For the other ranges of ¢4, the Intuitive Criterion is silent about which off-equilibrium belief
to specify. In particular, our specified off-equilibrium belief Pr(H|c,) = 1 survives the Intuitive Criterion.

D Separating equilibrium

We specify beliefs as follows:

1 ifep= cg’H,
Pr(R™|c) =40 if ey = 5", (IA71)

1 otherwise .

We first solve the roll over decision (cg’w,lf’w) and then move backward to the investment decision.
At t = 1, a borrower of types w rolls over if the participation constraint is satisfied (the outside option is
liquidation (A + k1)m — 14y < 0),

R¥(ig — 22%) — e545% + kg (ko — w™) > 0, (IA72)
the repayment condition is met,
—erly 4+ AP 009 4w =0, (IAT73)
borrowers incentive compatibility constraint is satisfied so that borrowers do not mimic each other,
R¥(ig — 2%) — 509% + kp(ko — wi) > R¥(ig — 2077%) — 5700 + kg(ko —w ™),  (IAT4)

and borrowers do not choose anything but the equilibrium quantities provided that lenders believe they face
the H-type off-equilibrium,

R¥(ig — 25) — 505 4 ky(ko — w™) > R¥(ig — 2)) — eyl + ko(ko — KY). (IA75)
Second-round lenders are willing to provide a loan if

© > 1. (IA76)

Small funding shock f < f%P: Att¢=1,if f =0, Ei’fzo = Kff o = cilo, zi’]fi() = Zf,’fL:o =0,

kls;[ 0= k:ffL o = 0. Then with borrower competition for funding,
. S,L S,L S,L
RE(ig — 27 1e0) — 62 f ol fo + K2(ko —wi,) =0 (TIATT)
L;
S R 10 + KJQ]CO
Cop 755 T (TAT78)
1,f=0
S.L _ SH
and €3’ = C3'p_-

With £y = ig = m and ¢; = 1 both incentive compatibility constraints in expression IA74 and IA75 are
satisfied provided ¢ = RY + kg, £} = c1£o and k) = 0.
Att =1,if 0 < f < &L, we construct an equilibrium with E‘f’H = c1ly, Els’L =2(1 - fym —

S, H
2 £1 s
S, H
Wy

L _ cbo—t3" L H . o
=0, wls = MTl, zf =0, zf = 0. The solutions for loan quantities Ef’w and gross loan rates

¢5® have to satisfy the conditions of the above program. With borrower competition for scarce funding at



t = 1, the L-type borrower’s participation constraint is binding:

REig — 00" 4+ ky(ko — wd™) =0 (TIA79)
RE ko — wE
gt = T H;S( ) (IA80)
1

Since the H-type borrower’s profit from deviating to the L-type borrower’s contract is strictly positive,
the H-type borrower’s incentive compatibility constraint, from expression (IA74), is binding and their par-
ticipation constraint, in expression (IA72), is slack. For the H-type not to mimic the L-type and vice versa
for the L-type not to mimic the H-type, the H-type borrower’s gross loan rate has to satisfy the following
condition

S, L S,L
row 4 ¢ E row? " 4 ¢5 K
1 SH2 > cg,H > 2 N SHQ (TA81)
5% 5%
S,L
Since upper and lower bound are identical, the gross loan rate is uniquely identified by cS A % =

Rligtrako otrzko with c;

1

Suppose 02 " 02 (with ip = ¥p = m and ¢; = 1, this is satisfied if K < RL’“‘if_Kz.), then lenders earn a
higher gross return per unit of loan from the H-type borrower than from the L-type borrower. Lenders thus
compete for the H-type borrower’s loans up to the H-type borrower’s borrowing capacity, EIS’H = c14y. The
L-type borrower is thus the residual borrower, Zf’L =2(1-f)m— éf’H.

With ¢ = R + ko, £} = c14y and k} = 0 it is straightforward to show that condition TA75 is satisfied
for both types.

Att=1,if G < f < 5P, we construct an equilibrium with Els’H = 14y, Els’L =2(1- fym— Zf’H,

S,H S,L S,L Lo—02 Pt s H . .. S
wi =0, w = ko, 277 = 2L B 27 = 0. The solutions for loan quantities /7" and gross

loan rates cg “ have to satisfy the conditions of the above program. With borrower competition for scarce
funding at ¢t = 1, the L-type borrower’s participation constraint is binding:

RE(ig — 251y — 5107 =0 (1A82)
L _

i _ R =) (st ) (IA83)
1

Since the H-type borrower’s profit from deviating to the L-type borrower’s contract is strictly positive,
the H-type borrower’s incentive compatibility constraint, from expression (IA74), is binding and their par-
ticipation constraint, in expression (IA72), is slack. For the H-type not to mimic the L-type and vice versa
for the L-type not to mimic the H-type, the H-type borrower’s gross loan rate has to satisfy the following
condition

RH 5L | g™ 4 (SLgST s RL Ly ST 4 SLgSL

S,H S,H
& &

(IA84)

The LHS, the incentive compatibility constraint of the H-type borrower, delivers the upper bound on the
gross loan rate and the RHS, the incentive compatibility constraint of the L-type borrower provides the

. o - . H L REz S L+n2w eSSt S,L
lower bound. Notice, the set for ¢35’ is non-empty since R > R™. Suppose zslH 2—1— > ¢y
With i = o = m and ¢; = 1, for 5§ < f < 9P this is satisfied if ko > 1f21' Then lenders earn a

higher gross return per unit of loan from the H-type borrower than from the L-type borrower. Lenders thus
compete for the H-type borrower’s loans up to the H-type borrower’s borrowing capacity, Kf’H = c1fy. Due

to lenders’ competition for the H-type loan, the rate, cg’H is the smallest rate still constituting a separating

RE L3 L L;
equilibrium, i.e. the lower bound of condition IA84, cSH 2 +'€2€I§1H teg et _ R 135:""“0.

With ¢ = R + ko, #) = c14y and k) = 0 it is straightforward to show that condition TA75 is satisfied




for both types.
At t = 0, consider the case for f > 0 in which 5+ < f < f Sep - As first-round lenders are repaid regardless
of the borrower type and liquidity shock they are willing to provide loans if

e > 1. (IA85)

With lender competition, ¢c; = 1. Then lender provide their funds to the borrowers and since borrowers are
ex-ante indistinguishable, each borrower obtains a loan /o = m.
Borrowers decide to invest in the long-term technology if

ﬁ(a(RHZO—CQ KSH)_AF(I—O&)(RHZO cgfoéffo)> —a(l—ﬁ)liom

> (BRY + (1 — B)RY — 1)kom (IA86)
B(RH — RL — HQ)

BRA + (1-B)RE +a(l—B)—1 - (TA8T)

with ig = g = m and kg = ka.
After having characterised the equilibrium quantities in the separating equilibrium, we provide conditions

for its existence. For the separating equilibrium to exist, CQS’L >1,ie f< f9P = gi }\;‘ + 2&/?» > f.
It is clear that fS¢r = fOTC,

Large funding shock f > f%P: If f > 0, due to lender competition for the H-type borrower,
§f>fsw 1 and E S psep = C1 f>psenly. Assume that ¢y g5 psenlo < 2(1 — f)m. First-round lenders of the
L-type are repaid the hquldatlon value of the L-type borrower

—C?éo + Nig + k1ko =0 (IA88)
P =N+ k1. (IA89)

If f = 0, we construct an equilibrium with éfifzo = ¢y j> psenlo, Effzo = 2m — f{{,f:o, w{{fzo =0,

Lot
L _ 1f>fS"P0 1,f=0 L
Wy =0 = Zlf*O_OzlfO_O

Borrowers compete for funding at ¢ = 1 up to the point at which the L-type borrower breaks even:

RLiO — cényOEf,f:O + KZQ(/{/’O - wf,f:o) =0 (IAQO)

RLiy + ko(ko — wk ,_
0 + rz2(ko — Wi s—0) (IA91)

Lo _
€2,f=0 = 22
1,f=0

For the H-type not to mimic the L-type and vice versa for the L-type not to mimic the H-type, the
H-type borrower’s gross loan rate has to satisfy the following condition

L L L L L L
RaWy y—o +Cyp=0llj=0 _ m RaWY y—o + 5 p=01 y=0
oA > Cy g > i (TA92)
1,f=0 1,f=0
The latter condition is satisfied if ¢l f—0 = M
1,f=0
With ¢, = clffi—:iﬁo My = ¢ g5 psenlp and wi = 0 it is straightforward to show that condition IA75
is satisfied for both types.
At t = 0, competitive lenders require
a(Bey pspser + (1 — B)eP) + (1 - a)cy fspser = 1 (TA93)
1—a(l—pB)cf

ep — IA.4
“Li>re af+ (1 - a) (1A94)
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Borrowers decide to invest in the long-term technology if

ﬁ(a(RHiO — b i psenli s psen) + (1 — o) (RMig — e fL oty (L 0)> — (1= B)kam
> (BR™ + (1= B)R" — 1)rgm (IA95)

B(RH — acy g pser — (1 — a)RF)
BRA+ (1-BRE—1+(1-A) +Bl—a) — " (IA96)

with Z'O = E(] = m and K92 = Rg.

D.1 Welfare

We consider ex—post welfare for the case in which a funding shock realizes.
If 0 < f < &, then ex-post welfare yields

Ry — 5ot 4 RV — 51008 — gt 4 SHeSH S0 — g g3l L 9ci 0y — 200 (IA97)
=R"iy + R%iy — ngwf L éf’H — ff’L (TA98)

=(RY + RE — 2)m — 2f(% —m. (IA99)
1

If 5t < f < 9P, then ex-post welfare yields

Rig — S0 4 RV (i — 200 — SRl — kw4 e H e o Sl — g3 g5 4 oc 0 — 20,
(IA100)
=R%ig 4+ R (ig — 277) — ko E — 075 — 03k (IA101)
RE RE
=(R" 4+ R = 2)m = 2f (5~ = Dm + k1 (- %)m. (IA102)
1

If f > 5P ex-post welfare yields

R%io — 3l ps poenl g pser + ot po psenlil o poen = U] o poen + €1, psenllo + Nio + firko — izko — 26
(IA103)

=(R" + X+ k1 — ko — 2)m (IA104)

D.2 Intuitive criterion: separating equilibrium

Recall, to construct the separating equilibrium we have considered the following specification of beliefs:

1 ifep=c"
2 — 62 9
Pr(RH|cy) =0 ifey =T, (TA105)

1  otherwise .

Equilibrium dominance: The response which maximizes the borrower’s payoff is £; = m and thus
w1 = 0.

mazgepre RY(io — 21) — cyl1 = Rm — chm + kam
Consider first the L-type borrower:

0 >Rlm — cym + kom

ch >RY + ko.

11



All messages ¢, > RT + Ky are equilibrium dominated for the L-type.
Similarly for the H-type:

(R" — REYm >R"m — chm + kom

ch >R 4 ks

All messages ¢, > RL + ky are equilibrium dominated for the H-type.
We can therefore summarize that

e ¢, € [0, RF + ky] is not equilibrium dominated for neither the H-type nor the L-type,
o ¢, € (RE + kg, 00) is equilibrium dominated for both types.

For any ¢}, the Intuitive Criterion is silent about which off-equilibrium belief to specify. In particular,
our specified off-equilibrium belief Pr(H|c}) = 1 survives the Intuitive Criterion.

E Equilibrium selection and market co-existence

The equilibrium in Lemma 3 exhibits a one-fits-all loan for any type of borrower whereas in the separating
equilibrium, in Appendix D, borrowers can signal their types through the loan contract and, consequently,
lenders provide different loan contracts to different types. In Appendices C.4 and D.2, we show that the
Intuitive Criterion does not lead to equilibrium selection. We can, however, rank the equilibria in terms of
welfare. If borrowers were to choose between separating and pooling equilibria at ¢t = 1, they would prefer the
pooling equilibrium for any f < f¢“F. The H-type borrower makes identical profits in both separating and
pooling equilibrium while the L-type borrower is strictly better off in the pooling equilibrium. The pooling
equilibrium also yields weakly larger ex-ante welfare than the separating equilibrium for most parameter
values. We provide the proof in the following subsection.

E.1 Ex-ante welfare

Ex-ante welfare in the separating and pooling equilibrium differ and are non-monotonic. To develop some
intuition for the difference, observe that welfare in the separating equilibrium is identical to welfare in the
constrained first-best solution. While separation is costly for borrowers in the separating equilibrium (in
particular the H-type has to pay a higher loan rate than in the constrained first best), it increases lenders
profit to the same extent and thus welfare is unaffected. Indeed loan rates are mere transfers and hence the
difference in loan rates between constrained first best and separating equilibrium are welfare neutral.

From Appendix B we know the welfare realizations at ¢t = 1 for any level of funding shock. Furthermore,
from Proposition 1, we can deduct that expected welfare

e is identical between separating and pooling equilibrium if the funding shock distribution is 0 < f < %
with probability a and f = 0 with probability 1 — «,

e is larger in the pooling equilibrium than in the separating equilibrium if the funding shock distribution
is 5+ < f < k1 with probability o and f = 0 with probability 1 — a,

e is larger in the pooling equilibrium than in the separating equilibrium if the funding shock distribution
is k1 < f < f5°P with probability a and f = 0 with probability 1 — o (proof below) and

e is larger in the pooling equilibrium than in the separating equilibrium if the funding shock distribution
is fS°r < f < fCCP with probability a and f = 0 with probability 1 — a.

We focus on the funding shocks 0 < f < fE“F because beyond this threshold novation and the default fund
impact on the welfare comparison.

12



The proof for the ex-ante welfare comparison for k; < f < f5°P is as follows:
WSer — o <RH1'0 €S 2 RL(Z — zf L) cg’L€1S’L K wl Ly cS HKS i S’Lﬁf’L — Kf’H — ff’L

+2¢1£p — 2@0) +(1-a) <RHZO ey tLoly g + RVig — 5 f oty i

ey (Lo ly [ + o fooly Fag — £y g — 03 f—g + 20100 — 2£0> (IA106)
RL RL
= (R" + R* = 2)m - a2f(5- = 1) — ra (- - %)) (IA107)
0

Ex-ante welfare in the pooling equilibrium is:
W kool — ((RH + RL)<Z() -z ) 2c; EP + 2%2(1@‘0 —wy ) — 2koko + 2c; fP 2€1P + 2¢14y — 2[0)

+(1 - ) ((RH + R%)ig — 2¢5 joly j—o + 265 j—olt jmo — 201 j—o + 2c1o — 2(20) (IA108)

RH 4+ RL —2) RH 4 RE  _k
D -m(—— - 2;2)) (IA109)

= (R" + R* — 2)m — a(f(

The difference in expected welfare between pooling and separating equilibrium, Wl — W9 > 0, is
positive if k1 > R

f. Since we are considering the parameter space k1 < f < 9P, we have to check

that there exists a non-empty range for k1 which is the case since RHR f<f.

E.2 Market coexistence

We study the occurrence of different market structures by comparing borrowers’ ex-ante profits. We define a
level of the LTT’s illiquidity, A, at which borrowers are ex-ante indifferent between the two markets. Different
market structures co-exist depending on the nature of borrowers’ LTT. More precisely, borrowers finance
illiquid assets rather via the COB market while they finance more liquid assets via the OTC market. The
following proposition summarizes the results.

Proposition 8 Borrowers with illiquid LTT, A < X, prefer the CCP over the OTC market, while borrowers
with liquid LTT, X > X, prefer the OTC market over the CCP, in the parameter space most relevant for
resource allocation and market resilience, i.e. k1 < f < fOTC.

Proof For this analysis we focus on the parameter range which is most relevant for both resource allocation
and market resilience, i.e. K < f < fOTC,
Consider borrowers’ ex- ante profit in the CCP market

E(TICCP) :a<(ﬁRH + (1= B)RE)(ig — 2F) — L eF — mzko) + (1 —a) ((,BRH + (1= B)RY)ig — cgff_ozﬁf_o)

f—r
N

=B(RH — RE) — kg + a(1 — B)(R” — RL) (I1A110)

And borrower’s ex-ante profit in the OTC market is

E(M9T%) =q (B(RHzo —c9TCHy — (1 - 5)/62/4;0) +(1-a) (B(RHZO c5 f= S - (1 - 5)“2k0>

2f—kK1

=B(R™ — RY) — ko + af(ko — RE 2/ -

ﬁ)' (IA111)

13



Define \ by
E(HCCP) _ E(HOTC) =0

(1= B)(R" — RY)(f — k1) + BREZL
- o 12];:];) =2/ (1A112)

Then, with "¢~ > k1, borrowers choose to borrow from the CCP (OTC) market if A < (>)\.

F Collateral and negative NPV
F.1 Convenience yield: OTC market

In case of the OTC market, borrowers finance the investment with loans instead of liquidating own collateral

o for 0 < f <4 if

a(ﬁ(RHio — CQOTCZ{{) —(1- B)ngf) +(1-a) (B(RHiO — c%ﬁoé{{) —(1- B)ngo)

> (BR™ + (1 = B)R" — 1)koro (IA113)
/S(RH - RL(al_lgf +1-— Oé))

BRH + (1= B)RL =1+ a(B52E + (1-8)2f) =+ (1—a)

1

> Ko, (1A114)

o for B < f < fOTC if
a(B(RHiO — 9Ty — (1 - B)Fagk:o> +(1—a) <B(RHi0 —§T50h) - (1- B)Hgk’o)

> (BRM + (1= B)R" — 1)koro (IA115)

1— 2f;'w‘l

B(RY — RM(a——57 +1—q))
BRH + (1 _ B)RL — 1+ (1 _ 5) + (1 _ Oé)ﬁ > Ko, (IA116)

o f> fOTC jf

a(ﬂ(RHi(] - CSTCK{{) - (]. - ﬁ)lig’ll)f) + (]. - O[) (5(RHZO - CQO,’JIJSOE{{) - (]. - 5)&2]60)
> (BR" + (1 = B)R" — 1)koko (IA117)

¢ > fpOTC 1
RY4rp(1—2 Il —

5(RH —(a+(1—-a) 5=, jore

BRH 4 (1 — B)RE — 14 (1 — B)(a2 22227970 | (1 — a))

)Clyf>fOTC)

> 1. (IA118)

The collateral premium in the OTC market is therefore defined by

B(RH¥ —RY (a7 +1—a))

=i - if 0 < f <5

BRA+(1-A)RE—1+a(d 2l +(1-p2N) L +(1-a) " o< /<%,
2f—rq
B(RY — R (a "2 +1-a)) . orc
cp?7C = 5RH+(1—23)12%L—Q5 — ko, it 5 <f<f ) (TA119)
. RL ey (12 10>70TC L
B(RY —(a+(1-a) o ors e g5 g0mC) v it f o fOTC
c —1 bl
BRH+(1-B) RE—1+(1—B) (a2 L2191 4 (1))

The ranking of collateral premia requires the parametrization for the collateral shadow values. We use
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the following parameters: R” = 1.55, RF = 1.05, A = 0.7, k1 = 0.09, ko = 0.1, ko = kg, B = 0.3, a = 0.2.
Then, the largest collateral premium is obtained for f > fOT¢ whereas the ranking of the collateral premia
for0< f< % and 3 < f < FOTC is ambiguous.

F.2 Convenience yield: CCP market
In case of the CCP market, borrowers finance the investment with loans instead of liquidating own collateral

o for 0 < f < Ky, if

o (wRH (1 B)RYig - cDel — Kizwf) (1-a) (<6RH (1= B)RDig - céffoff,fo)
> (BR™ + (1 - B)R" — 1)roko (IA120)

B(RH _ RL)
BRI 1 (1-_B)RE+(1—a) ~ " (IA121)

o for k) < f < fOCPif

a((ﬁRH + (1 =B)RM)(ig — 2{) — e 47 — 'fzko) +(1-a) <(ﬂRH + (1= B)R)io — Cif—ogff—O)
> (BR™ + (1= B)R" — 1)roko (IA122)

R — RL)(B+ a1 - p) L5
( ﬁng(ﬁ-(l—(ﬁ)RL) ) > (IA123)

o for fCCF < f if

a( — HQko) +(1-a) ((BRH +(1- 5)RL)Z'O — cgf:()ﬁif:o — kgwﬁfo)

> (BR" + (1= B)R" — 1)roko (IA124)
(1 - a)B(RY — RE)

BRH + (1— B)RE = ko (IA125)
—a H__pL H__ pL H_ pL a(l—pB)L=r1 . . .
Observe, (;Rfl)ﬁiﬁ)gﬁ < BRH+ﬁ((11EB)RRL+)(17a) < (& gRlﬁﬁlf;)Q 2 ), where the first inequality is

satisfied if % < BRH 4+ (1 — B)RY and the second inequality is always satisfied. The collateral premium
in the CCP market is therefore defined by

RH _RE .
ﬁRH+[3((1,[3)RLJr)(1,a — Ko, if 0 < f <k,
epCOl = { WIIRNEUn) ) i < f < fOOP, (1A126)

5RHH+(1zﬁ)RL
SR — ko, if f > feer.

F.3 Negative NPV and collateral

Assume that the NPV of the L-type LTT is negative, R* < 1. Furthermore, there are two relevant cases.
First, when the L-type LTT yields a negative NPV but still larger than the return from early liquidation,
1 > RY > \. Second, when the L-type LTT yields a return even smaller than early liquidation 1 > A > RE.

OTC market To highlight the role of collateral it is sufficient to show how lending is affected when no
funding shock realizes. If f = 0, both borrowers obtain sufficiently large loans to repay first-round lenders
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£1L7 f=0 = E{{ #=o = m. Moreover borrower competition yields
RPig — c§TCT 1o + K2k =0 (IA127)

Lenders provide funding to the L-type borrower as long as cg?go =R+ Ky > 1,1ie. RY > 1 — ky. Note,
the L-type borrower is indifferent between rolling over the initial loan and defaulting on it since they make
zero profit anyway. The smaller the value of collateral available, the less likely the L-type borrower to obtain
funding. Consider ko = 0, then the L-type borrower with an LTT delivering 1 > R” > X does not obtain a
second loan and has to, inefficiently, liquidate the LTT. In case 1 > RZ > )\, the use of collateral is welfare
improving if RY 4 ko > 1. Conversely, if A > R”, the LTT is liquidated early if RY + ko < 1 and efficiently
so, since the pecking order is reversed :—? >1> RTL. Therefore it is indeed socially optimal to liquidate the
L-type LTT.

The L-type borrower’s rollover problem is amplified if a funding shock, f > 0, realizes but the economics
of collateral remain as described with no funding shock.

CCP market In the CCP market the effect of collateral depends on whether the H-type borrower
is willing to pool with the L-type borrower. The L-type borrower is indifferent between liquidating and
continuing the LTT since they obtain zero profit from either option.

Therefore, with ¢, = RF + Ky and ) = m, the incentive compatibility constraint of the H-type is binding
such that

RHi() - CQP€{) + Hg(k() - U}{D) Z RHi() - C’2€/11€2]€() (IA128)
RL + Ko — f%
Tl > 05. (IA129)
with ip = fo = m and ¢; = 1 and thus, for 0 < f < k1, 2f = 0 and w! = Kilm since kok1 + £ > c14p.

Note that %m > 0 if ky > 1 — RE. The pecking order for the H-type is always intact, i.e. % > kK2,

- K
Lenders are willing to provide a loan as long as '

cf>1 (IA130)
L
-1
Ritr-l ¢ (1A131)
Ko — K1

If collateral is sufficiently valuable, k5 > 1 — R”, then borrowers roll over their loans and liquidate collateral

before the LTT. In case there is no collateral, x; = 0, borrowers have to liquidate the LTT, i.e. zf = {m.

Then, with ¢j, = R and ¢} = m, the incentive compatibility constraint of the H-type is binding such that

R (ig — 28) — &0t > RHig — cht) (IA132)
R — RHL
L _pH f
Borrowers never obtain a loan in the CCP market without collateral since for R* < 1, % < 1.

To summarize, in the case of 1 > R¥ > ), collateral helps to implement socially optimal rollover if
ko > 1 — RE. It is the latter condition which determines the socially optimal level of collateral. Combining
conditions 1 > RY > X and ke > 1 — RL, we require that the collateral value has to be sufficiently large,
ko > 1 — ), to implement socially optimal rollover. If instead 1 > A > R’ the optimal level of collateral
is given by RY < 1 — ko, such that xky < 1 — A. This level of collateral shuts down the CCP market and
requires the H-type borrower to obtain funding elsewhere.
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G Optimal market solution

G.1 Privately optimal transfers

Consider the OTC market with ¢ = ¢, ¢y and /¥ = 2(1 — f)m —c1ly. At t = 1if f > k1/2, then the H-type
can at most transfer collateral wi at t =1 and 7 at t = 2:

Ry — 9T 4 gy (kg —wH) —7>0 (TA134)
st.—crly + 071 =0 (IA135)

The L-type borrower’s participation is then given by

RE(ig — 21) — 50 + ko(ko —wi) +7=0 (IA136)
sit.—crly + 05 + ki (wE +wf) + X2k =0 (TA137)

This yields

. RI(io — 2F) + ka(ko — wi) + 7

k= " (1A138)
L - ';1(“’% + i) (IA139)
Note that the market rate is given by
RE(ig — 28) — 8T 4 ko(ko —wl) =0 (IA140)
s.t. —cily + 05 + kwF + X2F =0 (TA141)

if f < fOTC and c97¢ =1if f > fOTC.
Consider now the equilibrium when the realization of the funding shock is f = 0. Then ¢ = €ff:0 =m.
Then the market rate is

RFig — § TS r—o + Kako = 0 (TA142)
st.—crlo+ 4 —g=0 (1A143)

At t = 0 expected borrower profit is
e [B(RHZ'O — ST + Kok — wi') — T — Koko) — (1 — B)mom]
+(1—a) {5(3% — S TS + (k2 — Ko )ko) — (1 — B)nom] > (BRY + (1 — B)RF — 1)koko  (IA144)

To derive the transfer in case of default, consider f > fOT¢ such that ¢§7¢ = 1. Then from expression
(IA144), we obtain the maximum commitment borrowers are willing to make to the default fund:

1077 = (SR — ym — souf?) = (1= Bom
+(1—a) <ﬂ(RH —RM — k) —(1— B)/Qo)m — (BRY 4+ (1 — B)RE — l)mom]
% [aﬁ(RH — 1)+ (1 —-a)B(R¥ —RY) — (BRH + (1 — B)R*)ko + aB(1 — w{{)/ﬁo]m (TA145)

The transfer decreases in the liquidation of the H-type’s collateral, wil. There is hence a tradeoff for the

policy maker between increasing the repayment capacity of the L-type borrower at ¢t = 1 and ¢t = 2. We show
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below that it is socially optimal to liquidate the H-type’s collateral at t = 1, i.e. wil = kg. With wi’ = ko,
OPT e B(RT —(a+(1-a)R"))

T > 0 S gy Rr

profits which can be committed to a default fund paid out at t = 2. This expected profit already takes into

account a collateral transfer from the H-type to the L-type at ¢t = 1.

> Kg. This condition guarantees that borrowers make ex-ante non-negative

G.2 Socially optimal collateral transfer

Next, we show that it is indeed optimal to liquidate the H-type’s entire collateral, i.e. wil = kq. Therefore,
consider ex-ante welfare

« (RHZO - Cg)TCglfl + Iig(ko - w{{) - TOPT - Hoko + CQOTC@{I — g{[ + Clgo — Eo)

+ (RL(iO — 2B = §TCpE 4+ 7OPT _ joko + §TCUE — 0F 4 10 — éo)]

+(1 — Oé) (RHZQ 02 = OKH (Iig — Ko)ko + 0207?506{{ — K{i + c1by — fo)

+ (R0 — S 7500 p—o (k2 — Ko)ko + ¢S TS0 bY j—o — Uf =g + c1lo — EO)} (TA146)

= [(RHZO — KQ’U){{ — E{I) + (RL(io — ZlL) - Iiokjo - €1L>:|

+(1—a) [(RHZ‘O — ") + (R%io — 1 ;) (TA147)
RE RE
1
. L cléo—éf—nl(wf—i-w{{) .. . . S e .
with zl = 5 Observe, expected welfare is increasing in the H-type’s liquidation of collat-

eral, wi’, due to the pecking order, TL — % > 0.
Furthermore, we have to show that the H-type lender is able to make the transfer, at ¢t = 2

RHjy — cQTC¢H — 7OPT > (TA149)
if kg > %. Recall the upper bound on g required for 79F7 > 0. It is straightforward to show
that there exists indeed a non-empty range for k.

G.3 Run threshold

RE(ig — 28) — bttt + ka(ko — wl) + 7077 = 0.
Finally, we provide the condition up to which the L-type is able to repay second round lenders. Recall
from expression (IA145) that 7977 is independent of f if wi = {0, m}.

RL —1A RL H L OPT)\
e >f (TA151)
-2 2(RL — \)m 2(RE — \)m
L H L
R

G.4 Ex-post welfare

This is to show that the above mechanism implements the first-best solution up to fOF7T.
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If 5+ < f < K1, ex-post welfare is given by

(RMig — ST 4 kg(ko — wil) — 79T — koko + STCUT — 07 4 10y — {o)
+ (RM(io — 21) — 7Y + 79FT — koko + 7Y — £ + 1o — £o)
=(R%ig — kow{ — ) + (R"(io — 2{") — Koko — £1)
s.t. — cily + ky(wi + ko) + ¢F =o0. (TA152)

; Lo—rK1ko—t7 .
With w{l = 222201 ex-post welfare is

(R” + RE — 2)m — 2f(% ~ m. (IA153)
1
If k1 < f < fOPT ex-post welfare is given by
(RHio — CQOTcefl + Kz(ko - wfl) — 7OPT _ Kkoko + CQOTCE{{ — g{I + 1y — 60)
+ (RL(io —2) = ST + 7OPT — koko + §TOUY — 08 + by — o)

:(RHZO - /432]{0 - E{{) + (RL(’LO - ZL) - I{()ko - g%)

s.t. —cily + 2k1ko + g{, + /\ZIL = 0. (IA154)
With 2F = w7 ex-post welfare is
RE RE
(R + R = 2)m = 2f (= = \m + 2n1 (5 — %)m. (IA155)
1

G.5 Run threshold comparison

Recall the first-best run threshold f'? = RHR‘EIiLl\_g ‘ % + Pfi,\ TRl — RL/\_,\ - Ko-

_ L —a H__ pL
Observe that fFB > fOPT with R¥ < 2, a < 21(2@5{) and kg > aﬁﬁ(%H—)Q()lj-(l—}Z)})%L'

H L L
Observe that fOPT > fOOP jf BRT_R)H2aBR m 1) o (0

BRHE+(1-B)RE
H L L
Finally, for most admissible parameter values, fO°7 > %, in particular for BAMER _Fi B};Haf((f_ [5)21(;1)4;\’\)_1)_” >

KQ-

G.6 OTC and default fund

Suppose there is no transfer of collateral, wi’ = 0.

Lo—r1ko—LF .
Then, for 5 < f < 3, 2f = 22=520—"1 and ex-post welfare is given

RL Ko RL

(RE + RE — 2ym + m(T - ;1) - Qf(T - Lm. (TA156)
Observe that
RY _ ky 2 if 51 < f <
WOPT _ Wg{};;ro _ (ﬁ B ;)(/ﬁ +2f) 1 > <f< HéPT (IA157)
(& —22)k if w1 <f<f

G.7 Hybrid mechanism

To show that fOPT (wfl =0) > ST, we define a threshold 7 for which fOPT (wf =0) = f§&F
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oo (m(=2(A - REY(—=BRY + (B + ko)RY) + aB(2A(—1 + RY) + (3 — 26y — 3RE)RE + R (—1 + 2k + RF)))

af(—2X\ + RH + RE)
(IA158)

and then we show that 70F7 > 7 if

(RH — RE) (ko RL + beta(—RH + RL + k(=21 + RE + RL)))

p> a(2(RH — RY) (=1 + k1 + RY) + ko(—2X + RE + RL))

(IA159)
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