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Abstract

We develop a dynamic model of decentralized finance (DeFi) lending that incorporates
two/these key features: 1) borrowing and lending are decentralized, anonymous,
overcollateralized and backed by the market value of crypto assets where contract terms are
pre-specified and rigid; and 2) information friction exists between borrowers and lenders. We
identify a price-liquidity feedback: the market outcome in any given period depends on
agents’ expectations about lending activities in future periods, with higher price expectations
leading to more lending and higher prices in that period. Given the rigidity inherent to smart
contracts, this feedback leads to multiple self-fulfilling equilibria where DeFi lending and asset
prices move with market sentiment. We show that flexible updates of smart contracts can
restore equilibrium uniqueness. This finding highlights the difficulty of achieving stability and
efficiency in a decentralized environment without a liquidity backstop.

Topics: Digital currencies and fintech; Financial stability
JEL codes: G10, GO1

Résumé

Nous élaborons un modele dynamique du crédit octroyé par I'entremise de la finance
décentralisée qui intégre ces principales caractéristiques: 1) les emprunts et les préts sont
décentralisés, sont anonymes, font I'objet d'unsurnantissement et sont garantis par la valeur
marchande des cryptoactifs dans le cadre d'un contrat dont les modalités sont préétablies et
rigides; 2) il y a une asymétrie d'information entre les emprunteurs et les préteurs. Nous
constatons un effet de rétroaction entre les prix et la liquidité : I'évolution du marché durant
une période donnée dépend des attentes des agents a I'égard des activités de prét dans
I'avenir, et des attentes de prix plus élevées entrainent une augmentation des préts et des
prix au cours de cette période. Compte tenu de la rigidité des contrats intelligents, cet effet
de rétroaction mene a de multiples situations d'équilibre autoréalisateur dans lesquelles le
crédit par la finance décentralisée et les prix des actifs s'alignent sur I'hnumeur du marché.
Nous montrons que des révisions souples de contrats intelligents peuvent rétablir I'unicité de
I"équilibre. Cette constatation fait ressortir la difficulté d'atteindre la stabilité et I'efficience
dans un environnement décentralisé qui n'offre pas de facilité de liquidité.

Sujets : Monnaies numériques et technologies financieres; Stabilité financiere
Codes JEL : G10, GOT



1 Introduction

Decentralized finance (DeFi) is an umbrella term for a variety of financial service protocols and applica-
tions (e.g., decentralized exchanges, lending platforms, asset management) that operate on blockchain
technology. They are anonymous permission-less financial arrangements implemented via smart contracts—
immutable, deterministic computer programs—on a blockchain that have been designed to replace tra-
ditional financial intermediaries (TradF1i).

Among the many promises DeFi offers, two stand out. First, DeFi protocols have the potential to
democratize the provision of and also expand access to financial services, especially for individuals who
are under-served by TradFi, improving social welfare. Second, by automating contract execution, DeFi
could resolve incentive problems associated with human discretion (e.g., fraud, censorship, racial and
cultural bias) and, hence, complement TradFiE|

The growth of decentralized finance has been substantial since the “DeFi Summer” of 2020. According
to data aggregator DeFillama, the total value locked (TVL) of DeFi had risen to 230 billion U.S.
dollars as of April 2022, up from less than one billion two years prior to that time. As DeFi grows in
scale and scope and becomes more extensively connected to the real economy, its vulnerabilities might
undermine financial-sector stability (Aramonte, Huang, and Schrimpf (2021))). As a result, policymakers
and regulators have raised concerns about the implications of DeFi for financial stability (FSB 2022;
10SCO 2022)E| Yet formal economic analysis of this issue remains very limited. In this paper, we
examine DeFi lending protocols—an important component of the DeFi eco-system—and the sources
and implications of their instability. For example, DeFi lending is much more volatile than traditional
lendingﬂ In addition, Aramonte et al. (2022) argue that DeFi lending generates “pro-cyclicality,” the
co-movement between crypto prices and lending activities. We develop a dynamic model to capture
key features of DeFi lending and explore its inherent fragility and its relationship to crypto asset-price

dynamics.

1The collapse of the cryptocurrency exchange FTX, an unregulated centralized blockchain trading firm, has further
pushed investors away from centralized blockchain platforms towards self-custodial DeFi platforms. For example, it has
been reported that Uniswap, one of the largest decentralized exchanges, registered a significant spike in trading volume on
November 11, 2022, the day F'TX filed for bankruptcy. The subsequent increase in its trading volume has been much higher
than similar increases on many centralized exchanges (https://cointelegraph.com/news/after-ftx-defi-can-go-mainstream-

if-it-overcomes-its-flaws).
2URLs of reports: https://g20.org/wp-content /uploads/2022/02/FSB-Report-on-Assessment-of-Risks-to-Financial-

Stability-from-Crypto-assets_.pdf and https://www.iosco.org/library /pubdocs/pdf/IOSCOPD699.pdf
3For instance, the coefficients of variation for the total values of Aave v2 loans and deposits in 2021 were 73 and 65,

respectively. The corresponding statistics for US demand deposits and C&I loans were 10.4 and 2.7, respectively.



In Figure [] we present a stylized display of the structure of lending protocols. Anonymous lenders
deposit their crypto assets (e.g., stablecoins denoted as $) via a lending smart contract to the lending
pool associated with the corresponding crypto asset. Anonymous borrowers can borrow the crypto asset
from its lending pool by pledging any crypto collateral accepted by the protocol via a borrowing smart
contract. The collateral composition of a lending pool is not readily observable, implying that borrowers
are better informed about collateral quality than lenders are. Collateral assets are valued based on
price feeds provided by an oracle, which can be either on-chain or off-chain. Since crypto assets are
volatile, overcollateralization is a key feature of DeFi borrowing. The rules for setting key parameters
(e.g., interest rates and haircuts) are pre-programmed in smart contracts. The protocol is governed in a
decentralized fashion by holders of governance tokens. DeFi lending is typically short term because all

lending and borrowing can be terminated at any minute.

Figure 1: Stylized Structure of a DeFi Lending Protocol
@
[T

Borrower

%
Lender

@
PRy

Borrower

$
; ]
3 ﬁ Borrower
/ $
%,
$ %’6/

Borrower

g
Lender

%
Lender

Governance
token holders

DeFi lending differs from TradFi lending in four unique respects. The first key difference involves
anonymity: TradFi borrowers are typically identified while DeFi agents are anonymous in crypto space,
where credit checks and other borrower-specific evaluations are not feasible. The second difference
concerns the collateral asset. In TradFi, standard assets are available as collateral. In DeFi, however,
only tokenized assets can be pledged as collateral, and such assets tend to exhibit very high price
volatilities. Moreover, these risky assets are often bundled into an opaque asset pool so that, while

DeFi borrowers can choose to pledge any acceptable collateral assets, lenders can neither control nor



easily monitor the composition of the underlying collateral pool. As a result, DeFi lending is subject
to information asymmetry between borrowers and lendersﬁ The third difference is related to loan
contracts. TradFi loan contracts can be quite flexible, with loan officers modifying terms according
to the latest hard and soft information. These features help to improve loan quality and enforce loan
repayments in TradFi but are not applicable to DeFi lending, which is based on a public blockchainﬂ
In DeFi, a smart contract is used to replace human judgment, and all terms (e.g., loan rate formulas,
haircuts) need to be pre-programmed and can only be contingent on a small set of quantifiable, real-
time data. As a result, DeFi lending typically involves linear, non-recourse debt contracts that feature
over-collateralization as the only risk control. Furthermore, the decentralized nature of DeFi implies
that even a slight modification of a contract can involve a lengthy decision process among governance
token holders. Consequently, smart contract terms are modified only occasionallyﬁ The fourth difference
concerns regulation. There are so far no meaningful regulatory or oversight controls on DeFi lending,
while TradFi is heavily regulated.

Motivated by these observations, we develop a dynamic model of DeFi lending with the following
features. Borrowing is decentralized, over-collateralized, backed by the market value of various crypto
assets, and governed by a linear borrowing contract, while the terms of the borrowing contract (such
as the rule for haircuts) are pre-specified and rigid. Moreover, borrowers are better informed about the

fundamental values of the crypto collateral assets than lendersm

4Borrowers can also have an information advantage relative to the lending protocol when a smart contract relies on an
inaccurate price oracle. The price feed of an oracle involves a trade-off between latency and accuracy. For example, the
reference implementation to Uniswap’s oracle averages prices over a 24-hour window, meaning that short-lived shocks to
the price are largely ignored and even a large and sustained shock (e.g., 20% for an hour) will move the oracle price by less
than 1%. When the price falls because of falling fundamentals, the oracle price will lag the asset’s “true” price significantly.
Because crypto is a volatile asset class, with frequent intraday spikes and drops, informed borrowers can take out large
loans backed by a crypto asset with a suddenly inflated price from a delayed oracle and default on loan obligations, leaving

the lending protocol with a collateral whose value is far below the face value of the loan.
5Some intertemporal and/or non-linear features of loan contracts cannot be implemented. For instance, reputational

schemes become less effective (individuals can always walk away from a contract without future consequences). If loan size

is used to screen borrower types, users may find it optimal to submit multiple transactions from separate addresses.
6To amend or upgrade smart contracts, proxy contracts and implementation contracts are deployed to swap old contracts

for new smart ones. DeFi protocols are, however, typically controlled using on-chain governance, where token holders vote
to modify certain parameters of the smart contracts, resulting in only occasional risk-parameter changes. We find that,
for example, the AAVE protocol was subject to only 13 risk-parameter changes in its first two years of operation. There
are calls for technology developments to make decentralized governance semi-automatic and data-driven. So far, however,

choosing these parameters has been a manual process (see Xu (2022)).
"In fact, this information friction need not reflect the quality of the asset. In the appendix, we show that an alternative



In our model, borrowers would like to borrow funds (e.g., stablecoins) from lenders through a lending
platform using their crypto asset holdings as collateral. There is asymmetric information regarding the
asset’s quality between borrowers and lenders. Borrowers who are privately informed that their crypto
assets are low quality have stronger incentives to borrow than those who are privately informed that their
crypto assets are high quality. Lenders cannot control the collateral mix directly, so this information
friction results in the classic lemons problem (Akerlof (1970))) and can severely reduce gains from trade
by driving out high-quality borrowers. The DeFi platform imposes a haircut on the crypto asset, which
reduces the loan’s information sensitivity and mitigates the adverse-selection problem.

Interestingly, the lemons problem gives rise to a feedback effect between price and liquidity: the
price of collateral assets affects the borrowing volume which, in turn, affects the equilibrium collateral
price. In particular, this feedback is dynamic: the crypto market outcome in any given period depends
on agents’ expectations of crypto market conditions in future periods. Higher expectations regarding
future crypto asset prices improve DeF1i lending and support higher crypto prices in the present, leading
to multiple self-fulfilling equilibria that make DeFi lending fragile. There exist “sentiment” equilibria in
which sunspots generate fluctuations in crypto asset prices and DeFi lending volume. Assets of lower
average quality are used more extensively as collateral during periods when negative sentiment runs
high. In addition, crypto asset prices and DeFi loans are more sensitive to fundamental shocks and more
volatile.

We then show that the rigidity of a smart contract (e.g., specifying a constant haircut) plays an im-
portant role in driving the above mentioned outcomes. Under a flexible smart contract where the haircut
can be updated nonlinearly in response to changes in market prices and the information environment, it
is possible to support a unique equilibrium with high and stable lending volume and asset prices. Such
contracts are, however, costly and difficult to implement in a decentralized environment, pinpointing the
inherent fragility of DeFi lending protocols. To improve stability, it is necessary to give up a certain
degree of decentralization in DeFi. For example, some platforms need to re-introduce human actors
to provide real-time risk management—an arrangement that would force the decentralized protocol to
rely on a trusted third party. While decentralization in participation and governance is fundamental to
DeFi’s exciting prospects for democratizing finance, our finding highlights the fact that decentralization
also imposes limitations on DeFi’s efficiency, complexity, and flexibility.

Our study is the first economics paper to develop a dynamic equilibrium model for studying decen-

information friction, unobservable private valuation, leads to the same price-liquidity feedback effects and multiple equilibria

in the outcomes.



tralized lending protocols such as Aave and Compound. While there is a new and growing body of
literature on decentralized finance, there is limited work on DeFi lending platforms. Most DeFi papers
study decentralized exchanges to understand how automated market-makers (e.g., Uniswap) function
differently from a traditional exchange (e.g., see Aoyagi and Itoy (2021)), Capponi and Jia (2021)), Lehar
and Parlour (2021)), Park (2021))). There are also papers investigating the structure of decentralized
stablecoins such as Dai issued by MakerDAO (e.g., d’Avernas, Bourany, and Vandeweyer (2021)), Li
and Mayer (2021)), Kozhan and Viswanath-Natraj (2021))). Lehar and Parlour (2022)) empirically study
the impact of collateral liquidations on asset prices. For a general overview of DeFi architecture and
applications, see Harvey et al. (2021)) and Schar (2021)). Chiu, Kahn, and Koeppl (2022)) study the value
propositions and limitations of DeFi. Vulnerabilities that make DeFi lending protocols fragile (e.g., price
oracle exploits by borrowers) have been studied in recent computer science literature. These computer
science papers focus mainly on the efficiency of the design features of these protocols (e.g, see Gudgeon
et al. (2020)), Perez et al. (2021)), Qin et al. (2020)), Qin et al. (2021)).

Our model is related to theoretical work on collateralized borrowing in a general equilibrium set-
ting, such as Geanakoplos (1997)), Geanakoplos and Zame (2002)), Geanakoplos (2003), and Fostel and
Geanakoplos (2012)). Building on Ozdenoren, Yuan, and Zhang (2021), our model captures some essen-
tial institutional features of DeFi lending to facilitate our study of the joint determination of lending
activities and collateral asset prices, which helps us understand how information frictions and smart
contract rigidity contribute to the vulnerabilities of crypto prices and DeFi lending.

This paper is organized as follows. In Section 2, we provide a brief description of the features of
and frictions that affect lending protocols using Aave as an example to motivate the model assumptions.
We describe the model setup in Section 3 and derive the equilibrium lending market in Section 4. In
Section 5, we establish the inherent fragility of DeFi lending and discuss how flexible contract design

can improve stability and efficiency. Section 6 concludes.

2 Lending Protocols: Features and Frictions

To motivate our model setup, we now describe some key features of and frictions associated with DeFi
protocols based on Aave, the largest DeF'i lending protocol.

Key players. The Aave eco-system consists of several types of participants. Depositors can deposit
a crypto asset into the corresponding pool of the Aave protocol and collect interest over time. Borrowers

can borrow funds from the pool by pledging any acceptable crypto assets as collateral to back the



borrowing position. A borrower repays the loan in the same borrowed asset. There is no fixed time
period within which to pay back the loan. Partial or full repayments can be made at any time. As
long as the position is safe, the loan can continue for an undefined period. As time passes, though, the
accrued interest on an unpaid loan will grow, which might make it more likely that the deposited assets are
liquidated by liquidators. This eco-system also includes AAVE token holders. Like shareholders, token
holders act as residual claimants and vote when necessary to modify the protocol. The daily operations
are governed by smart contracts stored on a blockchain that runs when predetermined conditions are
met.

Loan rate and liquidation threshold. Loan and deposit rates are set based on current supply
and demand in the pool according to formulas specified in the smart contracts. In particular, as the
utilization rate of the deposits in a pool rises (i.e., a larger fraction of deposits are borrowed), both rates
will rise in a deterministic fashion. The loan-to-value (LTV) ratio defines the maximum amount that
can be borrowed with specific collateral. For example, at LTV = .75, for every 1 ETH of collateral,
borrowers can borrow 0.75 ETHs’ worth of funds. The protocol also defines a liquidation threshold,
called the health factor. When the health factor is below 1, a loan is considered undercollateralized and
can be liquidated by collateral liquidators. The collateral assets are valued based on price feeds provided
by Chainlink’s decentralized oracles.

Risky collateral. Aave currently accepts more than 20 distinct crypto assets as collateral, including
WETH, WBTC, USDC, and UNI. The market value of most non-stablecoin collateral assets is highly
volatile. The prices of stablecoins such as USDC and DAI (top panel) are not particularly volatile and
they are typically loaned out by lenders. Other crypto assets, which are used as collateral to back
borrowings, are extremely volatile compared with collateral assets commonly used in TradFi (bottom
panel). For example, ETH, which accounts for about 50% of non-stablecoin deposits in Aave, exhibits
daily volatility of 5.69%. The maximum daily price drop was over 26% during the sample period.
The most volatile asset is CRV, the governance token for the decentralized exchange and automated
market-maker protocol Curve DAQO. The maximum CRV price change within a day was over 40%. For
risk-management purposes, Aave has imposed very high haircuts on these crypto assets. For example,

the haircuts for YFT and SNX are 60% and 85%, respectively[|

8More recently, Aave has begun accepting tokenized real-world assets (https://medium.com/centrifuge /rwa-market-
the-aave-market-for-real-world-assets-goes-live-48976b984dde). Aave also plans to accept non-fungible tokens (NFTs) as
collateral (https://twitter.com/StaniKulechov/status/1400638828264710144). As non-standardized assets, NFTs are likely
to be subject to even more severe informational frictions. Popular DeFi lending platforms for NFTs include NFTfi, Arcade,

and Nexo.



Collateral pool. Loans are backed by a pool of collateral assets. While the borrower can pledge
any one of the acceptable assets as collateral, lenders cannot control or easily monitor the quality of the
underlying collateral pool. As a result, DeFi lending is subject to asymmetric information: borrowers
can freely modify the underlying collateral mix without notifying lenders. Naturally, borrowers and
lenders have asymmetric incentives to expend effort acquiring information about pledged collateral (e.g.,
monitoring new information, conducting data analytics).

Pre-specified loan terms. Aave lending pools follow pre-specified rules to set loan rates and
haircuts. As a smart contract is isolated from the outside world, it cannot be contingent on all available
real-time information. While asset prices are periodically queried from an oracle (Chainlink), the loan
terms do not depend on other soft information (e.g., regulatory changes, projections, statements of future
plans, rumors, market commentary) as they cannot be readily quantified and fed into a contract.

Decentralized governance. Like many other DeF'i protocols, Aave has deferred governance to the
user community by setting up a decentralized autonomous organization (DAO). Holders of the AAVE
token can vote on matters such as adjustments of interest rate functions, addition or removal of assets,
and modification of risk parameters such as margin requirements. To implement such protocol changes,
token holders need to make proposals, discuss them with the community, and obtain enough support in a
vote. This process helps protect the system against censorship and collusion. Decentralized governance
by a large group of token holders is, however, costly in both time and resources. Hence, it is not possible
to update the protocol or the smart contract terms very frequently. As a result, when compared with
a centralized organization, a DeFi protocol may be slower to make necessary adjustments in response
to certain unexpected external changes (e.g., changes in market sentiment) in a timely manner. This
problem is well documented. For instance, a risk-assessment report issued by Aave in April 2021 pointed
out that “as market conditions change, the optimal parameters and suggestions will need to dynamically
shift as well. Our results suggest that monitoring and adjustment of protocol parameters is crucial for
reducing risk to lenders and slashing in the safety module.’ﬂ In practice, between the setup of Aave
v2 in late 2020 and May 2022, the risk parameters have been updated only 13 times. All updates were
conducted after Aave DAO elected Gauntlet, a centralized entity, to provide dynamic risk-parameter
recommendations.

These features of Aave are common among the DeFi lending protocols, highlighting three key frictions
that affect DeFi lending. First, there is a lack of commitment from DeFi borrowers and, hence, the

borrowings have to be (over-)collateralized. Second, information asymmetry between DeFi borrowers

9Source: https://gauntlet.network /reports/aave



and lenders can occur because lenders cannot control the collateral mix in the collateral pool. Third,

DeFi contracts are rigid and based on quantifiable information stored on the blockchain.

3 The Model Setup

The economy is set in discrete time and lasts foreverm There are many infinitely lived borrowers with
identical preferences. There is a fixed set of crypto assets. Every borrower can hold at most one unit.
There are also potential lenders who live for a single period and are replaced every period. The lending
protocol intermediates DeFi lending via smart contracts. All agents can consume/produce a numeraire

good at the end of each period with a constant per-unit utility /cost.

Gains from Trade and the Lending Platform A borrower needs funding that can be provided
by lenders. There are gains from trade as the value per unit of funding for a borrower is z > 1, while
the per-unit cost of providing funding by lenders is normalized to one. In the DeFi setting, borrowers
are anonymous and cannot commit to paying their debt. To overcome the commitment problem, loans
must be backed by collateral. DeFi lending relies on smart contracts to implement collateralized loans.
The DeFi intermediary determines the terms of a smart contract. Collateral is locked into the smart
contract and released to the borrower if and only if repayment is receivedH

In DeFi lending protocols such as Aave, borrowers borrow predominantly stablecoins such as USDT
and USDC, using risky crypto assets as collateral (e.g., ETH, BTC, YFI, YNX). As stablecoins are
regarded as a medium of exchange and a unit of account in DeFi, they are used to fund various trans-
actions or to increase leverage in crypto investment. We interpret z as the value accrued to borrowers

when using stablecoins borrowed from lenders for speculative or productive purposesE

Crypto Asset Properties and the Information Environment We assume that all crypto assets
are, ex ante, identical and pay random dividends, g, in each period and survive to the next period with

random probability, §H The dividend ¢ captures both the pecuniary payoff that the asset generates

10In reality, interest payments on the borrowing in the lending protocols are compounded continuously and can be

terminated at any time. Therefore, time periods in our model are relatively brief.
11 Chiu, Kahn, and Koeppl (2022) study how a smart contract helps mitigate commitment problems in decentralized

lending.
121t is straightforward to introduce governance tokens issued by the intermediary—the lending platform. Governance

token holders then provide insurance to lenders by acting as residual claimants. Given risk neutrality, the equilibrium

outcome remains the same.
13We use “to denote random variables.



(e.g., staking returns to the holder) and other private benefits that accrue from holding the crypto asset
(e.g., governance rights). At the beginning of a period, each asset receives an iid quality shock that
determines its current- and future-period payoffs. Specifically, with probability 1 — A, the quality of an
asset is high (H) and with probability A it is low (L). The distribution of (5,5’) is Fq if asset quality is
Q € {H,L}. We assume that Fy first-order stochastically dominates Fj, and denote expectation with
respect to Fy by Eq.

To simplify the analysis, we make further assumptions regarding the distributions. We assume that
a high-quality asset pays dividend 6 > 0 at the end of the period and survives to the next period with
probability s = 1. A low-quality asset does not pay any dividends in the present (§ = 0) and survives to
the next period with probability s € [0,1]. The survival probability of the low-quality asset, s, is drawn
from a distribution F' before the end of the period. Here, 1 — s captures whether the quality shock has
persistent effects on the dividend flow from the crypto asset.

We assume that the crypto asset pays positive dividends in some states. The main role of this
assumption is to eliminate a non-monetary equilibrium. In our model the asset has collateral service and
can have a positive price even if it pays no dividend. There can, however, be an equilibrium where the
asset is worthless because current lenders believe future lenders will not accept the asset as collateral. A
positive dividend eliminates the latter equilibrium. As we show later, in our model multiple monetary
equilibria emerge when there is asymmetric information about the asset’s payoff (which includes the
asset’s dividend and price) and its survival probabilitym

At the beginning of each period, the borrower of a crypto asset privately learns the asset’s quality
(i.e., whether it is high or low). After observing the quality shock, the borrower decides whether and
how much to borrow from the platform. The borrower then receives the private return from the loan
(which is z times the loan size) and observes the realization of (4,%). Given the information, the borrower
decides whether to repay the loan or default. The asset’s quality and the state (5,5) are both publicly
revealed at the end of each period. In the next period, some low-type assets do not survive and are
replaced by new assets that are, ex ante, identical. In the main model, we assume that borrowers

receive private information in every period. In the Appendix, we consider the more general case where

14 Although we demonstrate the existence of multiple equilibria in a setting with asymmetric information about both

components, the result would go through as long as there is asymmetric information about either one of these components.
150ur results do not depend on asymmetric information about the common value component of the dividends. In

Appendix we explore an alternative setup where there is asymmetric information concerning borrowers’ private
valuations. The main results hold. In Appendix E we show that our setup can also be extended to time-varying

information frictions.

10



private information arrives only infrequently with probability y, which captures the degree of information

imperfection.

Asset Price At the end of each period, agents meet in a centralized market to trade the assets by
transferring the numeraire good. At this point, the private information is revealed publicly. The end-
of-period ex-dividend price of a crypto asset that will survive to the next period is denoted as ¢;. The
pre-dividend price is thus ®; = § + ¢; for a good asset and s¢, for a bad asset with survival probability
s. In the centralized market, each borrower can acquire at most one unit of the crypto asset that is held

into the next period[™|

Smart Contracts As discussed in the introduction, DeFi lending is anonymous and collateralized
via smart contracts. A smart contract is a debt contract that specifies, at each time ¢, the haircut and
interest rate (h, R;) set by the lending protocol. The haircut defines the debt limit per unit of collateral
according to

Dy = ®,(1 — h), (1)

where ®; = § + ¢;.

In reality, the floating loan interest rate in the smart contract is a function of the utilization ratio, that
is, the ratio of demand and supply for funding, and the collateral-specific haircut is updated infrequently.
To capture the economic impact of these features, we assume in our main model that the smart contract
specifies a flexible market-clearing interest rate and a fixed haircut. We investigate the flexible haircut

case in an extension.

DeFi Lending € Borrowers In each period, if the borrower borrows ¢; units of funding, the face
value of the debt is R:¢;. After observing the asset quality, the borrower raises funding from a DeFi
protocol by executing the lending contract. Given (R, D), a type @ = H, L borrower chooses the

amount of collateral a; to pledge and the size of the loan ¢; to take from the pool,

max z{; — Eg min{¢, R;, at(g—k 30¢)},

at, bt
subject to collateral constraint

LRy < auDy,

where D; is the debt limit pinned down by . By borrowing /; and pledging a;, the borrower obtains

zl; from the loan but needs to either repay ¢; R; or lose the collateral value at((5~—|— $¢¢). The collateral

16The dynamic structure of the model is based on Lagos and Wright (2005)).

11



value discounted by the haircut needs to be sufficiently high to cover the loan repayment. Note that,
without loss of generality, we assume that the collateral constraint is binding: ¢;R; = atDtE So the
solution for the borrowing decision is given by

a;; € arg m:[%xl] at[zDy/R; — Eq min{ Dy, 5+ 54} (2)

at€|0,

Hence, it is optimal to set a; € {0,1}. When the term inside the square bracket is positive, the borrower
pledges a; = 1 to borrow ¢; = D;/R; and promises to repay D;. Default occurs whenever D; > g—l— Sty
When the term inside the square bracket is non-positive, the borrower does not borrow: a; = ¢; = 0.
Because Eg min{D;,d + ¢+} = Dy > Er min{D;, 5¢:}, we have ar: > agt and £ > gy, that is, low-
type borrowers have stronger incentives to borrow than high-type borrowers. When both types borrow,

we have a pooling outcome. When only low-type borrowers borrow, we have a separating outcome.

DeFi Lending and Lenders The intermediary has no initial funding. It obtains funding ¢; from
lenders to finance loans to borrowers. When a loan matures, the intermediary passes the cash flows—
either a borrower’s repayment or the resale value of the collateral (in case of a default)—to the lenders
after collecting an intermediation fee (discussed below). Note that the borrower’s borrowing decision,
a; where i € {L, H}, is quality-dependent, meaning that lenders face adverse selection in DeFi lending.
Inasmuch as lenders are unable to distinguish between low- and high-quality borrowers at the time of
lending, the choice of funding size ¢; does not depend on the underlying asset quality. Of course, in
equilibrium, lenders account for the expected quality of the collateral mix that backs the loan.

We assume that the lending market is competitive, that is, given {aiat}ie{L,H}’ Dy, and ¢y, funding

supply q; satisfies the following zero-profit condition:

1 1 . ~ .
q = T {aL,t)\ o (=) [ap 4 AEr min {D¢,5¢:} + ap, (1 — A) min {Dy, § + ¢t}]} , (3)

where f < z — 1 is a fixed fee charged by the intermediary per unit of loanE

When ar; = agy = 1 (both types are borrowing) or when ar, = 1, ag,; = 0 and the realized type
is L, the funding supply is fully utilized and the funding market clears. In the separating case, if the
realized type is H, then there is no demand for funding. In this case, we assume that the intermediary

returns the funding supply to the lenders without charging a fee.

17To see this, suppose (£*,a*) is optimal and ¢*R < a*D. Because the objective function is (weakly) decreasing in a,

lowering a (weakly) increases the objective. The increase is strict if as¢ < £R for some realization of s.
18When the loan matures, the intermediary takes qf either from the repayment or from the resale value of the collateral.

The remaining amount goes to the lender. The assumption of f < z —1 ensures that the net gain from the loan is positive.
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The intermediary’s payoff is given by
fhars + (1= X) am ilg:. (4)

In section [5.5] we consider the case where the intermediary flexibly chooses the haircut. In that case,

the intermediary chooses h; to maximize , taking (am)iE (L.H} and ¢; as given.

Determination of the Crypto Asset Price The price of a crypto asset at the end of period ¢, ¢,

is given by

¢r = B{NELS) i1 + (1= A) (0 + Pr11)} ()

Fundamental Value
Aar t41Er (2Dgy1/Repr — min{ Dy 11, 80¢11)}))
+ (1= A amt41 (2Dey1/Reyr — min{ Dy 11,6 + ¢rp1})

Collateral Value

+8

where f is the discount factor such that 0 < § < 1/z. The continuation value of the asset is simply
the sum of two terms: the fundamental value of the asset, which is the discounted value of the future
dividend and asset resale price, and the collateral value. Importantly, the collateral value of the asset
depends on endogenous variables, (ai7t+1>ie{L,H}’ Dyy1, Riq and ¢441, which in turn depend on the

extent of asymmetric information in future DeFi lending markets.

Timing The time line is summarized in Figure . At the beginning of each period, the smart
contract specifies the debt limit D; (or equivalently, the haircut h) and the loan interest rate. Next,
the borrower receives private information about the quality of the asset and decides whether to borrow
from the lending platform by pledging collateral to the smart contract. Lenders supply funding subject
to the zero-profit condition. After this stage, the borrower’s type is revealed and the borrower either
repays the loan or defaults and loses the collateral. If the asset survives, then its price is determined,
consumption occurs, and the borrower works to acquire assets for the next period.

Note that on this time line the lending platform is exposed to information friction, the asset market
is frictionless, and we assume that they do not open simultaneously, which reflects the natural timing
of the information-revelation process. In reality, a privately informed borrower can choose to offload the
underlying asset to a lending platform by borrowing a stablecoin loan against it or conducting an outright
sale in an exchange (i.e., an asset market). Theoretically, however, it may not be optimal for a borrower

to conduct an outright sale to raise money when there is adverse selection related to asset quality. The
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Figure 2: Time Line
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] ]
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contract arrival

adverse-selection problem is more severe in an asset exchange because the borrower is selling an equity
contract but less so in a lending platform because the borrower is selling a debt ContractE Empirically,
other technical frictions occur when selling crypto assets on decentralized and centralized exchanges on
blockchains. Transferring crypto assets to an off-chain centralized exchange is often subject to a long
time lag before the assets can be traded, while transactions on an on-chain decentralized exchange are
often subject to market illiquidity and price slippage. Therefore, for expositional clarity and without
loss of generality, we assume that the asset market with frictions does not open simultaneously with the

lending platform.

Equilibrium Definition Given haircut h and fee f, an equilibrium consists of asset prices {¢: }52,
debt thresholds {D;}$2,, loan rates {R;}$2,, funding size {¢:}$2, and collateral quantities {ar+, ap+}$2,

such that
1. borrowers’ loan decisions are optimal (condition ,

2. lenders earn zero profit (condition ,

w

. funding supply equals funding demand, that is, ¢t = D;/R;, and

4. the asset-pricing equation is satisfied (condition .

4 Equilibrium in the Lending Market

We begin the analysis by describing the equilibrium in the DeFi lending market for a given asset price

qﬁ@ To study the borrowers’ decision, we first define the degree of information insensitivity as the

190zdenoren, Yuan, and Zhang (2021) have shown the optimal security for privately informed borrowers to sell in a
similar setting consists of a debt contract (which both high- and low-quality borrowers sell) and a residual equity contract

(which only low-quality borrowers sell).
20Tn this section, for ease of notation, we drop the time subscript t from all the variables.
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ratio of the expected value of the debt contract for type L to the expected value of the debt contract
for type H, that is, ((¢;h) = Ermin{D,s¢} /D € (0,1], where D = (§ + ¢)(1 — h). As this ratio
increases, the expected values of the debt under the low- and high-type borrowers become closer and the
adverse-selection problem becomes less severe.

There are two cases, depending on whether the high-type borrowers are active. In the pooling case,
condition implies that the equilibrium funding supplied by lenders is

qF = %[AEL min{D, 3¢} + (1 — \)D].

The interest rate is pinned down by ¢ = D/RF | that is,

RP — D(1+ f)
AEz [min{D, 36} + 1 - ND

In the separating case, the funding from lenders is given by

1
qS — 1 n fEL mln{D,§¢},

and the interest rate is pinned down by ¢° = D/R?, that is,

D1+ f)

S _
R = Ep [min{D,3¢}]

Define ( =1 — z_;)\_f . The next proposition characterizes the equilibrium in the DeFi lending market

for a given asset price ¢.

Proposition 1. Given asset price ¢, if the degree of information insensitivity ¢ (¢;h) > C, then borrow-
ers’ equilibrium funding obtained from DeFi lending is ¢ = q*, the interest rate is R = RY and collateral
choices for H-type borrowers and L-type borrowers are ar, = ag = 1. If the degree of information in-
sensitivity ¢ (¢;h) < C, then borrowers’ equilibrium funding from DeFi lending is ¢ = q°, the interest
rate is R = R®, and the collateral choices for H-type borrowers and L-type borrowers are a;, = 1 and
ag = 0. The former condition, for a pooling equilibrium, is easier to satisfy when asset price ¢, haircut

h, or productivity from borrowers’ private investment z are higher.

Proposition |1f implies that, given asset price ¢, there is a unique equilibrium in DeFi lending. This
equilibrium is pooling (separating) when the debt contract is sufficiently informationally insensitive
(sensitive). In particular, when the degree of information insensitivity ¢ (¢;h) is above the threshold
¢, the adverse-selection problem is not particularly severe and both types of borrowers borrow. In this

case, the loan size is the pooling quantity ¢ = ¢©. When the degree of information insensitivity is below
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the threshold, the adverse-selection problem is severe and only the low-type borrower borrows. In this
case, the loan size is the separating amount ¢ = ¢°. Furthermore, the loan rate in a pooling equilibrium
is lower than that in a separating equilibrium.

Note that ¢ (¢;h) = Ep min{1, (quﬁ} As a result, the debt contract becomes informationally
less sensitive for a high ¢ and a high h. The above proposition also indicates that, in addition to the
parameter A that characterizes type heterogeneity, the net gains from trade, z/(1 + f), are also an
important determinant of adverse selection: a lower z/(1 + f) leads to a higher . In particular, even
if there is very little asymmetric information about the quality of the debt contract (i.e., when { (¢; h)
is slightly below 1), as z/(1 + f) approaches 1 (so that ¢ is close to 1), the DeFi lending will be in

a separating equilibrium. In other words, when net gains from trade are low, even a slight degree of

information asymmetry results in an adverse-selection problem.

5 Multiple Equilibria in Dynamic DeFi Lending

The analysis presented in the previous section takes the asset price as given. In this section, we char-
acterize the stationary equilibrium where asset prices are endogenously determined. We demonstrate
that DeFi lending is fragile in the sense that it exhibits dynamic multiplicity in prices. Specifically,
we show that there might be multiple equilibria in the DeFi lending market justified by varying crypto
asset prices. The multiple asset prices are, in turn, justified by the multiple equilibria in DeFi lending.

Inasmuch as we focus on stationary equilibria, we drop the time subscripts.

5.1 Characterization of Stationary Equilibria
5.1.1 Pooling Equilibrium

In a stationary pooling equilibrium, all borrowers borrow (a;, = ay = 1). This equilibrium exists when

there is an asset price ¢ that satisfies the equation
¢" =Bz = 1= f)g"] + B = N3+ BAELZ + (1 - ))o". (6)
The loan size is given by

o = e (O D" 367+ (- 0D).
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where D = (6 + ¢”) (1 — h). In addition, the high-type borrower’s incentive constraint to pool with
the low-type borrower must hold:
sof

Grema-n) = "

C(d)P;h) = E; min{1,

5.1.2 Separating Equilibrium

In a separating equilibrium, only the low-type borrowers borrow (i.e., ag = 0, ar, = 1). This equilibrium

exists when there is an asset price ¢° that satisfies the equation
¢ =BAz—1-£)¢°+ 1 - N5+ (AELS+ (1 —N))¢”). (8)

The loan size is given by
DS 4 1
rR-T Tiyy

where DS = (5 +¢° ) (1—h). In addition, pooling violates the high-type borrower’s incentive constraint:

E; [min{D?,35¢°}],

¢ (6% h) < (. (9)

5.2 Existence and Uniqueness
We first focus on the asset-pricing equations @ and .

Lemma 1. FEquation (@ has a unique solution ¢¥, and equation (@ has a unique solution ¢°. Also,
of > 6.

Lemma [I] implies that there exists at most one pooling and one separating stationary equilibrium.
If these equilbria co-exist, the price in the pooling equilibrium is higher than that in the separating

equilibrium. It is also easy to show that both prices are higher than the fundamental price of the

B(1-N\)3
T—BOAE(sp)+(1—2

equilibrium asset price above its fundamental level. Lemma [I|implies that ¢(¢;h) > ¢(¢°; h). Hence,

asset in autarky, ¢ = e This means that the introduction of DeFi lending raises the

we have the following proposition.

Proposition 2. There always exists at least one stationary equilibrium:
- it is a unique pooling equilibrium when ¢ < ((¢%;h),
- it is a unique separating equilibrium when ¢ > C(¢T; h),

- a pooling equilibrium and a separating equilibrium coezist when ¢ € [((¢°;h),(oF;h)].

In the next section, we examine the conditions under which the multiplicity arises.
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5.3 Haircuts and Multiplicity

In Proposition [2] multiplicity arises as a result of a dynamic price-feedback effect, described in Figure
When the collateral asset price is high, the degree of information insensitivity of the debt contract,
C(¢%; h), is above the threshold (. Hence, the adverse-selection problem is mild and the high-type
borrowers are willing to pool with the low-type borrowers. In turn, if agents anticipate a pooling
equilibrium in future periods, the expected liquidity value of the asset in the next period is high and,
hence, the asset price in the present is high. Conversely, when the asset price is low, the degree of
information insensitivity of the debt contract, ((¢%; k), is below the threshold ¢. Therefore, the adverse-
selection problem is severe and the high-type borrower retains the asset and chooses not to borrow. In
turn, if agents anticipate separating equilibria in future periods, the liquidity value of the asset is limited

and thus the present asset price is low. As a result, the asset prices in this economy are self-fulfilling.

Figure 3: Dynamic Feedback Loop

To

1 collateral | adverse
value selection

Tq

The haircut is a key parameter that controls the degree of information sensitivity. Setting a lower
haircut makes the debt contract informationally more sensitive, magnifying the adverse-selection prob-

lem. Defining two thresholds

_ ¢
P BT = N + O
Kg = ; < Kp
BlI—A) +Cre] -

we have the following result.

Proposition 3. Suppose that the expected survival probability of the crypto asset satisfies Eps €

(kp,ks). There exists a threshold for the haircut such that when h is below this threshold, there are
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multiple equilibria.

5.3.1 Example: Two-Point Distribution

We now use an example to illustrate the effects of h on the equilibrium outcome. The full analysis is given
in the Appendix. Suppose s is drawn from a two-point distribution such that s = 1 with probability 7
and s = 0 with probability 1 —n. Consider the separating equilibrium. When s = 0, a low-type borrower
always defaults. When s = 1, the low-type borrower defaults if DS = (6 + ¢° ) (1 —h) > ¢° and repays
if DS < ¢°. We can rewrite this condition to show that there exists a threshold level QS such that when
s = 1, the low-type borrower defaults if h < 1 and repays if h > h°. In the former case, the low-type
borrower always defaults so neither the face value of the loan nor, consequently, the loan size depends
on the haircut. In the latter case, the low-type borrower repays the loan in the good state (i.e., s = 1);
hence, the loan size depends on the face value of the debt. The face value of debt declines as the haircut
increases, so the loan size decreases in h.

We define ¢° (h) = ((¢° (h); h), that is, we obtain ¢ (h) by substituting the price ¢° as a function
of the haircut, given fixed values for all other exogenous variables. We define ¢ (h) similarly. Using
@), a separating equilibrium exists if ¢ (h) < ¢. The threshold ¢ (k) is strictly increasing in h for
h < h¥ because the high-type borrower never defaults, so the expected value of the contract with the
high-type borrower declines as h increases. The low-type borrower, on the other hand, always defaults,
and the expected value of the contract with the low-type borrower is independent of h. Hence, the
information sensitivity of the contract decreases as h increases and it becomes harder to support a
separating equilibrium. For h > ho, ¢ (h) = 7 and a separating equilibrium exists whenever 7 < (,
that is, once the haircut is large enough, increasing it further does not affect the information sensitivity
of the contract because, in this case, the high-type borrower always pays the face value and the low-type
borrower pays the face value only in the good state. As the haircut increases, the face value decreases
but the value of the contract declines at the same rate for both types of borrowers so its information
sensitivity remains constant.

We analyze the pooling equilibrium similarly and find a threshold P < b® such that when s = 1, the
low-type borrower defaults if h < A and repays if k > h*. A pooling equilibrium exists if ¢¥ (h) > ¢.
The threshold ¢¥ (h) is strictly increasing in h and ¢ (h) > ¢ (k) for h < h*'. For h > b, ¢F (h) ==
and a pooling equilibrium exists whenever 7 > (.

Putting these facts together, we see that whenever h < h¥ we have ¢° (h) < ¢P (h). Hence, when

is in this range the two equilibria coexist. When the haircut exceeds Lo, only a unique equilibrium can
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exist, depending on whether ( is above or below 7.

In Figure [4 we plot the effects of h on the asset price, the loan size, the debt limit, and the degree of
information insensitivity of the contract. The red and blue curves indicate the separating and pooling
equilibria, respectively, assuming their existence. The parameter values used are z = 1.1, A = 0.5,
B8=0906=1 7=0.92 and f = 0, which satisfy the condition E;5 € (kp,ks) in Proposition 3| In
the bottom right plot we compare the degrees of information insensitivity to the threshold ¢, which is
captured by the dashed horizontal line. When h is close to zero, the dashed line appears above the red
curve and below the blue curve, confirming the multiplicity result specified in Proposition [3] The other
three plots also confirm the earlier result that the asset price, loan size, and debt limit are all higher in

a pooling equilibrium. In this example, multiplicity can be ruled out and pooling can be supported by

setting h > h = 7.1%, where ¢ = CS(iL)

5.4 Sentiment Equilibrium

In the middle region where multiple self-fulfilling equilibria coexist, it is possible to construct sentiment
equilibria where agents’ expectations depend on non-fundamental sunspot states (Asriyan, Fuchs, and
Green (2017))). Suppose that there are K sentiment states indexed from 1 through K. We let oy be
the Markov transition probability from sentiment state k to &’.

In the presence of sentiments, we modify the model as follows. Let ¢* be the price of the asset, R* the
loan rate, and D* = (6 + gbk) (1 — h) the debt limit in sentiment state k. Quantities of collateral a¥ , a¥,
chosen by each borrower type must be optimal given the asset price and loan rate at each sentiment

state k. The loan size chosen by the lender in sentiment state k is given by

¢" = MEr, [min{D*, s¢*}] + (1 — \)D*.

The price of the crypto asset in sentiment state k is given by

K 5
o =53 o {2 [ s arn -0 (5+0)
k=1 =

+Aak /S (zD’“//R’“/ — min{D", quf)k’)}) dF(sp) + (1 — \) ) (sz//R’“/ - Dk/)} .

We want to construct a non-trivial sentiment equilibrium such that the economy supports a pooling

outcome in states k = 1, ..., k and a separating outcome in states k = k+ 1, ..., K. By continuity, we can

21'When h > iL, the separating equilibrium cannot be sustained and, hence, in Figurethe red lines depicting separating

equilibria become red dotted lines in this region.
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Figure 4: Effects of Haircut h

2 - : : 0 - '
0 h 0.2 0.4 0 h 0.2 0.4
h h
15 : ' 11 Separating eq
: Pooling eq
AN - ¢
=< 09 /
o : \\\\
o8f ~~ T T T T T T T T
0 , 0.7} : ,
0 h 0.2 0.4 0 h 0.2 0.4
h h

obtain the following result.

Proposition 4. Suppose that E(s) € (kp,ks) and the haircut is not too large. Then, for sufficiently

large oy, there exists a non-trivial sentiment equilibrium.

To demonstrate the non-trivial sentiment equilibrium and examine equilibrium properties, we provide
the following two numerical examples. In both examples we assume that s is drawn from a two-point
distribution such that s = 1 with probability 7 and s = 0 with probability 1 — 7.

Example 1. Suppose that K = 3 and k = 1. The economy remains in the same state with
probability o and moves to the next state with probability 1 — o, where the next state from 1 is 2, from

2 is 3, and from 3 is 1. We can interpret the three states as follows:

21



e k = 1: Boom state
—ap =ay=1,¢" = dmin{(6 + ¢")(1 = ), } + (1 = A\)(6 + ¢")(1 = h)
e k = 2: Crash state

1,a% =0, ¢* = 7min{(6 + ¢)(1 — h), ¢}

_ a%
e k= 3: Recovery state
— a3 =1,a% =0, ¢® = mmin{(6 + ¢*)(1 — h), ¢*}
The asset prices are then given by

¢* =Bor [(z = 1)g" + (L= N6+ (Ar + (1 — X))¢']
+Boka [A(z = 1)@ + (1 = A3 + (M1 + (1 — \))¢?]
+Boks [A(z — 1)@ + (1 — A)d + (M + (1 — \)o?] .

Figure [5] plots the effects of sentiment states on asset prices and total lending. When o = 0.95, the
sentiment state is sufficiently persistent so that the above sentiment equilibrium exists. As shown, the
sentiment dynamics drive the endogenous asset-price cycle: The asset price declines when the economy
enters the crash state, jumps up when the economy moves from the crash state to the recovery state,
and jumps up further when the economy returns to the boom state. Note that the total lending,

()\a’f; +(1- /\)a’}j,) g*, is “pro-cyclical” in the sense that it is positively correlated with the asset price.

Next, we reveal a similar pro-cyclical pattern of lending and asset prices in an example where there
are more (than three) states and a state moves to an up or down state with equal probability. In this
example, equilibrium lending and asset prices are more volatile.

Example 2. Let K = 10. If the economy is in state k in a given period, in the next period sentiment
remains the same with probability o. From states k € {2,..., K — 1}, the economy moves to state k — 1
with probability (1 — o) /2 and to state k + 1 with probability (1 — o) /2. From state 1, the economy
moves to state 2 with probability 1 —o. From state K, the economy moves to state K —1 with probability

1 — 0. Figure |§| plots a simulation for 5,000 periods when o = 0.95 and k = 6.

5.5 Uniqueness Under Flexible Design of the Debt Limit

We have shown that when DeFi lending is subject to a rigid haircut, multiplicity occurs if the debt
contract is too informationally sensitive. We now show that a flexible contract design supports a unique

equilibrium and generates higher social surplus from lending than in the case with a rigid haircut.
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Figure 5: Sentiment Equilibrium, Example 1

Ky

lending

Under flexible design, the smart contract is no longer subject to constraint . Instead, in each period
the intermediary, in this case the DeFi protocol, can choose any feasible debt contract, y(D;, S+ Soy) =
min( Dy, S+ S¢y) for 0 < Dy < d+¢;. Let Z denote the marginal value of obtaining funding from lenders

after deducting the intermediation fee f that is paid to the intermediary:

z
1+ f

2:

Recall from @ that the intermediary maximizes the expected loan size times the intermediation fee:
SN+ (L= X) anelae (y(Dtag‘f‘ §¢t)) ~

The loan size is

_ 1 PEL+ap:(1-NEg] y(Dy, 6 + 3¢1)
].+f )\+CLH,t(1_)\) ’

q (y(Dt, 3+ §¢t)>
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Sentiment Equilibrium, Example 2

Figure 6:

lending

where
1 if ZAEL 4+ (1 = N)Eg] y(Dy, 6 +3¢;) > Epy(Dy, 6 + 5¢1)

aHt =
0 otherwise

Equivalently, the intermediary maximizes
(12)

AEL + ams (1 — A Egy(Dy, 6 + 5¢y),

subject to . In other words, the intermediary takes the price ¢; as given and sets the debt threshold

D to maximize the expected loan size, taking into account the impact of the contract on the funding
that lenders are willing to supply. The value of the asset to the borrower is

A {2% (y(Dta 5+ §¢t)) —Ery(Dy, 5+ s¢r) +Er (54' §¢t):| (13)

" 0B,
+ (1= [ane {Za (y(D1.5+560)) —Eny(De, 3 +500) | +Enr (5+56: ) |
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Given the optimal design, the asset price at the end of the previous period equals

Pr—1 = V4. (14)

An equilibrium under flexible smart contract design is debt face value D;, the borrower’s value for the
asset at the beginning of period ¢ V; and the resale price of the asset at the end of period t ¢;, such that
(i) Dy maximizes taking ¢; as given, and (ii) V4, and ¢; satisfy and (14).

We also make the same simplifying assumptions regarding the distribution of (5~, f§) that we make in
the rigid haircut case, that is, we assume that a high-quality asset pays dividend § > 0 at the end of the

period and survives to the next period with certainty, which implies
Erry(Dy, 8 + 361) = y(Dy, 8 + 6r);

and the low-type asset pays no dividends and it survives to the next period with probability s € [0, 1],

which is drawn from a distribution F', which implies

Evy(De, 8+ 56:) = / y(Dy. 51.60)dF (s1).

The following proposition describes the optimal debt threshold and the implied haircut as a function

of the asset price ¢;.

Proposition 5. IfEps <1+ %3 — %, then let s* be the unique solution to
Z[AEL min(s*,s) + (1 — A\)s*] = s™.
In this case, the equilibrium contract is a pooling contract (apy = 1) with face value Dy = s*¢, when
AEz min(s*,s) + (1 — X)) s* — AEps > 0.

Otherwise, the equilibrium contract is a separating contract (ag, = 0) with face value Dy = § + ¢. The

implied haircut is

" 0 if AEL min(s*,s) + (1 — A)s* — AErs <0,
;=

1 if AEf min(s*,s) + (1 — A) s* — AELs > 0.

_ 5*¢7t
O+
IfEps > 1+ )\ig - %, the equilibrium contract is a pooling contract with face value D = d* + ¢, where

2AErs+(1- X)) -1
1—2(1—\) d’}'

d* = min {(5,
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The implied haircut is

h; = max {0, 1 AELs i } .

T 1-Z(1 =)+ ¢y
Moreover, given any end-of-period price ¢y, the asset price in the previous period and the lending volume

are higher than those under the rigid DeF'i contract.

Note that the optimal haircut rule is not a fixed number or a simple linear rule but is non-linear in
price ¢;. The proposition shows that a flexible contract generates a higher social surplus. For example,
when ¢; is high (which makes the debt contract informationally less sensitive), the intermediary can
increase D; to induce a higher lending volume, which raises the surplus gained from lending. In contrast,
when ¢; is low (which makes the contract informationally more sensitive), the intermediary may choose
to lower D; to maintain a pooling outcome. Depending on the parameter values, the intermediary may
also choose to raise D; to induce a separating equilibrium. This flexibility in adjusting D; implies that,
given any end-of-period price ¢;, the price of the asset in the previous period and the loan size are weakly
greater than those under the rigid DeFi contract.

The following proposition shows that flexibility in setting the haircut optimally in response to changes

in the asset price leads to a unique stationary equilibrium with a fixed realized equilibrium haircut.

Proposition 6. Under a flexible optimal debt limit there exists a unique stationary equilibrium that

Pareto dominates the equilibrium under DeFi.

The above result suggests that the rigid haircut rule imposed by the DeFi smart contract gen-
erates financial instability in the form of multiple equilibria and potentially sentiment-driven equilibria
(e.g., Asriyan, Fuchs, and Green (2017))) while reducing welfare. Can a DeFi smart contract be pre-
programmed to replicate the flexible contract design? This can be challenging to execute in practice.
First, a flexible contract cannot be implemented using simple linear haircut rules that are typically
encoded in DeFi contracts. Second, the optimal debt threshold depends on information that may not
be readily available on the blockchain (e.g., 2, A). Alternatively, the lending protocol can replace the
algorithm with a human risk manager who can adjust risk parameters in real time according to the
latest information. Relying fully on a trusted third party, however, can be controversial for a DeFi pro-
tocol. Our results highlight the difficulty involved in achieving stability and efficiency in a decentralized

environment that is subject to informational frictions.
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6 Conclusion

In this paper, we study sources of fragility in DeFi lending caused by several of its fundamental features.
These features are informational frictions, such as asymmetric information about collateral quality, oracle
problems, and rigid contract terms. We demonstrate the inherent instability of DeFi lending that results
from price-liquidity feedback exacerbated by informational frictions, leading to self-fulfilling sentiment-
driven cycles. Stability requires flexible and state-contingent smart contracts. To achieve that end, a
smart contract may take a complex form. Such a contract also requires a reliable oracle to feed real-
time hard and soft information from the off-chain world. Alternatively, DeFi lending could abandon
complete decentralization and re-introduce human intervention to provide real-time risk management—
an arrangement that would force the protocol to rely on a trusted third party. Our finding highlights a
trilemma faced by DeFi protocols: the difficulty involved in achieving simplicity in smart contracts and

stability in asset prices while maintaining a high degree of decentralization.
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A Appendix

A.1 Proof of Proposition

Condition implies that in a pooling equilibrium, the high-type borrower is willing to borrow if and
only if
2¢” > Emin{D,§ + ¢},

which is equivalent to

Eyr(sr, ¢)/Byu(¢) > ¢.

If Eyr(sz,¢)/Eym(4) > ¢, then it is optimal for the intermediary to set R = R¥. To see this, note
that at this rate lenders provide loan ¢ and, by assumption, the high-type borrower indeed chooses
to borrow. This is clearly optimal because setting a higher rate reduces total lending and at a lower
rate lenders do not break even. If By (sr,®)/Eyu(¢) < ¢, then the intermediary’s problem is solved
by setting R = R°. In this case, if the intermediary lowers the rate sufficiently below RY, then the
high-type borrower will borrow. At that rate, however, lenders would earn negative profit.

Eyr(sp,d)/BEyn(¢) = Emin{l, Wﬁ—h)}’ so a higher ¢ or h will make it easier to satisfy the

condition for the pooling outcome.

A.2 Proof of Proposition

First, we define functions

1 .
= mE [min{(1 — h)(¢ +9),sL0}],

q"(¢) = —=E[Amin{(1 - h)(¢ +6),s50¢} + (1 = A)(1 — h)(¢ + 5)].
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Note that their difference is
i"(9) — ¢°(9)
1-—A )
=7l = N = )6 +8) ~ Emin{(1 = N)(1 = B)(6+ ). 310}
>0

)

and 0 < ¢%(¢) < ¢"'(¢) < 1. Similarly, we define functions

(@) =B[(z—1— )@" ()] + B(L— N5+ BAE(sz) + (1 — \))¢,

¢%(¢) = BA(z — 1 — )@%(9) + B(L — N)d + B(AE(sz) + (1 — N)),

which have the following properties,

(z—1— )1 =N)(1—h)
1+ f

oP(0) =BA - N3+ > B(1— )5 = ¢%(0),

o™ (¢) > 6% (¢) > 0,
() =B[(z—1— £)i” ()] + BAE(s) + (1 — X)) < 1,
6% () = BA(z — 1 = )§%¥(¢) + BOE(sL) + (1 = \)) < 1,

and the difference between the two functions is
o (¢) = 0°(9)
=B(1 =N (z—1-1)§"(¢) + BAz — 1= )(G"(¢) - §°(¢)) > 0.

The above properties imply that both functions have a unique fixed point and that ¢* > ¢°.

A.3 Proof of Proposition

Separating Equilibrium
Consider first a separating equilibrium where a borrower chooses ay, = 1 and ag = 0:

Debt limit:
DS = (6+¢°) (1-h)

Loan size:
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lp=¢°=E [min{DS7 s¢s}]
Asset price:
¢° =B (A [2¢° —Emin{D?, 5¢6"}] + (1 = \)d + (AE(s) + (1 — A))¢")
Existence of separating equilibrium:
Ery  Emin{D?% s¢°}

Eay 0105 -h) ~°

We now look at the limiting case as h — 0:

Debt limit:
D% = (5 + ¢°)
Loan size:
¢° = E(s)¢”
Asset price:
B(1—A)d

65 =
1 — BAZE(s) + (1 — A)]

Existence of separating equilibrium:

Ery Emin{ D, s¢°} B E(s)¢® <¢
Egy — (0+¢%)(1—h)  (0+¢9)

Hence, a separating equilibrium exists when

¢ _
S ((EPVETv it

Pooling Equilibrium
We now consider a pooling equilibrium where a;, =1 and ag = 1:
Debt limit:

DP = (6+¢")(1—h)

Loan size:

0, =ty = q¢" = \E [min{D", s¢"}] + (1 — \)D*
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Asset price:

of =8 [qu — AEmin{D? 5"} — (1 — /\)DP]

+ B(1 = N6 + BOAE(s) + (1 — \))o”

Existence of pooling equilibrium:

Ery Emin{D?, s¢"} ¢
Eny  (6+¢7)(1—h)

As h — 0, we have
Debt limit:
DP = (6 +¢")

Loan size:

by =ty =q" = XE(s)¢” + (1 = N\)(6 + ¢7)

Asset price:

Bz(1— )6

oF =
1— Bz[AE(s) + (1 — A)]

Existence of pooling equilibrium:

Ery _ Emin{D% s¢”}  E(s)¢”

= = >
By~ Gto)0-h)  0+o7) ¢
Hence, a pooling equilibrium exists when
E(s) > s =kp < Kg.
Bz[(1 = A) + CAl

Therefore, when E(s) € (kp, ks), there are multiple equilibria in the neighborhood of h = 0.

A.4 Two-Point Distribution Example
A.4.1 Separating Equilibrium

Suppose that s, =1 w.p. mand s, =0 w.p. 1 — 7.
In a separating equilibrium:
Debt limit:
DS = (5+6%) (1 - 1)
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Loan size:

lp=¢°=FE [min{DS7 S(bs}] = 7min{ D%, $°}
There are two cases.

Case (i) D > ¢°

This is true when

1-h
o—— s,
o9
We then have

q° =m¢",

1—Bzr+(1-N\)]

The existence of a separating equilibrium requires

wd°

S _
WG <
We define a threshold:
LS — 6 1=pBem+ (1-N)]
T 5+ 1— BXzm ’

When the haircut is lower than the threshold h, the low-type borrowers default even when s;, = 1.
In this case, the loan size is equal to the expected value of the asset, 7¢°, which does not depend on the
haircut. Hence, the asset price is also independent of h. An increase in h, however, makes it harder to

support a separating equilibrium as the contract becomes less informationally sensitive.

Case (ii) D% < ¢°
This is true when

1-h g

5T < ¢°.
We then have
¢® =m(0+¢°)(1—h)

B BA(z—=1Dr(1—=h)+ (1—X))d
S 1-BAMz—D7m(1—=h)+ (1 =X+ ]’

(bs
The existence of a separating equilibrium requires
¢P(h)=m <.
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When the haircut is higher than the threshold h, the low-type borrower pays back the loan to retain the
collateral when sy, = 1. In this case, the loan size is equal to the wD. Hence, the asset price is decreasing
in h. A separating equilibrium exists whenever m < (, as h does not affect the information sensitivity of

the contract.

A.4.2 Pooling Equilibrium

In a pooling equilibrium:
Debt limit:
DP = (6+¢")(1—h)

Loan size:
q” = AE [min{D", s¢”}] + (1 — A\)D” = Armin{D", 6"} + (1 — A\)D”

There are two cases.

Case (i) D > ¢”
This is true when
1—h

- 4P
6h>¢.

We then have

¢ = et + (1 - \)D”

B(L—=No[(z—1)(1 —h)+1]

¢F =
1-BAz—Dr+ (DA -NA-h) +Aar+1- N

The existence of a separating equilibrium requires

oL

CM=Grmasn

> (.

We can again define a threshold

p 1-BXAE-1r+(E-1DA-X)+AIr+1-2) g
b 1= 280 — Bz — 1)1 —N) <k

such that this case holds when h < h.

Case (ii) D < ¢”
This is true when

§ﬂ<¢P
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We then have

¢ = DP + (1 -\)DF
=1\ +1-=XN1=-h)+(1-2A)
Bllz—1)Ar+1-=XNA—-h)+AIr+1-)]

P
= fd
oF = Bo—
The existence of a pooling equilibrium requires

¢F(h)=m>¢.

A.5 Proof of Uniqueness Under a Flexible Smart Contract

Denote the debt contract as y(D,gqL S¢) = min(D,gqL S¢). We prove the result for the main model

where

Eny(D,6 +56) = y(D,5 + ¢)

and —,
Evy(D,5 +5) = / y(D, sd)dF (s).

The arguments, however, generalize to the more general case with modifications.
Denote D* < § + ¢, the maximum face value, such that the incentive constraint of the high-type

borrower is satisfied as
2 [NBLy(D,5+56) + (1 = NEny(D,3 +750)| > Exy(D,5+50),

in which case there is a pooling equilibrium.

When the intermediary designs the smart deposit contract flexibly, it aims to maximize the ex-
pected trading volume. Specifically, the intermediary chooses D, or equivalently, a haircut, to maximize
expected trade volume [AEf, + apg ¢ (1 — A) Eg] min(D, 5+ 35¢), taking ¢ as given. Note that the interme-
diary’s payoff is increasing in D as long as the equilibrium does not switch from pooling to separating.
Hence, if the intermediary chooses a contract that leads to a pooling outcome, then D = D* and if the
intermediary chooses a contract that leads to a separating outcome, then D = § + ¢.

Next we look at the two cases:

Pooling case:

If D < ¢, we can denote § = D/¢. In this case, all terms in the incentive constraint for the high-type

borrower are proportional to the asset price ¢, which drops out of the constraint. So, the high-type
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borrower’s incentive constraint is satisfied if and only if
Z[AEL min(§,s) + (1 — \)§] > 8.

Let F(8) = Z[AEL min(8, s) + (1 — A\)§] — § and note that the high-type borrower’s incentive constraint
>

is satisfied if and only if F(§) > 0. F(8) has the following properties:

F0)=z-1>0
F"(3) = =2Af(5) < 0.
So, F(§) is concave and strictly positive when § is close to 0. Suppose that the information friction is
severe enough so that (1) = Z(AELs+(1 — A))—1 < 0, or equivalently, Ers < %;)‘)2 =1+L—1 <1
In this case, there exists a unique threshold 0 < s* < 1, such that F(s*) = 0. Because the asset price ¢
drops out, threshold s* does not depend on ¢.
Taking the next period asset price ¢ as given, the asset price in the current period under a pooling

equilibrium is
¢¥(¢) = B[(Z— 1) AEL min(s", 5) + (1 = A) s*) ¢ + ASELs + (1L — X)(3 + ¢)], (A1)

which has the following property:

96" (9)
o

¢"(0) = (1~ N)d.

=0[(Z—-1)(AEL min(s*,s) + (1 = A)s™") + AErs+ (1 = M) < 1

So, ¢ (¢) is a straight line with slope %ﬁb) and intercept ¢* (0) = B(1 — \)6. Hence, there is a unique

steady-state price that satisfies ¢’ (¢)) = ¢.
Suppose that information friction is too severe so that F(1) > 0, or equivalently, 1 > Ers > 1—1—%2—%.
In this case, the face value of the debt is D* > ¢. Let d* (¢) = D* — ¢. There are two possibilities:

either the high-type borrower’s incentive constraint is binding and there is d* (¢) < d, which satisfies

Z[AELs + (1 = A)(d* (¢) + ¢)] = d () + ¢,

or the high-type borrower’s incentive constraint is slack for all D. In the former case,

AELs+(1—\)]—1
1—2(1—))

d*(¢) == 6.
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In the latter case, d* (¢) = 4. If ng <4,

AZ

6°(6) = B |1 E Buso + (L= N6+ )] (A2)

Note that
¢"(0) = B(1 - N)g,

9" (4) _ AZ
30 _B<1—3(1—)\))\ELS+1_/\)'

Hence, ¢*'(¢) is a straight line with slope 8¢§(¢) and intercept ¢ (0).

It DEEN

¢"(¢) = BZ[AELsp + (1 — X) (6 + ¢)]
= B2[(1—=A) 3+ (AELs + 1 — \)g].

Note that
¢"(0) = BZ(1—N)4,
8¢;§¢) =pzZAELs+1—-)) < 1.

By comparing the slopes of ¢*(¢) when

SAELs+(1-))]
1-z(1-X)

concave with a slope of less than 1 when %gﬁ > 4.

¢ is below and above §, we can see that ¢*(¢) is

Note that when D* > ¢ in a pooling equilibrium or Ers > 1+ %2— %, the value of a pooling contract is
always greater than that of a separating contract. This is because the intermediary designs the contract
optimally to maximize the expected trade volume. The expected value of a loan for a low-type borrower
is the same in a separating equilibrium and a pooling equilibrium when D* > ¢. So the intermediary
strictly prefers designing a pooling contract, as the revenue from the pooling contract strictly dominates
that of a separating contract.

Hence, when Ep s > 1+%27 L

%> we can focus on the pooling equilibrium. From the analysis above, we

know that ¢”(¢) is concave with a slope of less than 1 when Wqﬁ > 4. Hence, in this part of

the parameter space there exists a unique equilibrium where the loan is traded in a pooling equilibrium.

Separating case:

As argued above, when analyzing the optimal contract in a separating equilibrium, we can focus on the

parameter space where

1 1
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If the optimal contract supports a separating equilibrium, the intermediary would set D = § + ¢
to maximize the loan size to the low-type borrower. In the special parameterization of the model, any
face value between ¢ and ¢ + ¢ generates the same revenue from borrowing because a low-quality asset
pays no dividend. More generally, low-quality assets could pay positive dividends. So the maximum face
value D = § + ¢ is a more robust form of debt design in the separating case.

Given face value D = § + ¢, the incentive constraint for the high-type borrower not to borrow is

5+ ¢ > ZEps¢. (A.4)
Note that condition (A.3)) implies that
~ ~ 1
zELs<1+(z—1)(1—X) < 1.

The condition for the existence of a separating equilibrium,(A.4)), always holds.

In a separating equilibrium, the asset price is
6%(9) = BI(Z— DAELs¢ + \ELsp + (1— \)(3+ ¢)], (A.5)
which has the following property:

¢5(0) = B(1 = A)d

99°(¢)
)

B(ENELs +1—\).

So, in this case, ¢°(¢) is a straight line with slope %f) and intercept ¢°(0) = B(1 — \)d.

The intermediary chooses the pooling contract if and only if
MEr + (1 — N Eg]y(D, 6 +56") > AELy(D,§ + 5¢°)

or

[AE min(s*, s) 4+ (1 — ) s*] ¢¥ > ¢ \Eps,
where s* is the unique solution to
Z[AEL min(s*,s) + (1 — \)s*] = s*.

Plugging in for ¢ and ¢, we can rewrite the inequality as

[MEL min(s*,s) + (1 — A) s*] S AELs
1-p(Z—-1)(AELmin(s*,s) + (1 =A)s*) + AErs + (1 = X)] — 1 =B[(Z = 1)AErs + AEps + (1 — N)],
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which holds if and only if
AEL min(s*,s) + (1 —X)s* — AELs > 0. (A.6)

In either case, the equilibrium is unique.

To summarize the equilibrium characterization, when Eps < 1 + %2 — %, the equilibrium contract
is a pooling one with face value D = s*¢ < ¢ when condition holds. Otherwise, the equilibrium
contract is a separating one with face value D = § + ¢.

When E;s > 1+ )%2 — %, the equilibrium contract is a pooling one with face value D = d* + ¢, where

d*:rmn{&EMEis+(l—Aﬂ—1¢}'

1—2(1—\)
A.6 An Alternative Setup with Unobservable Private Valuation

We briefly consider an alternative setup where the private information is related to borrowers’ private
valuations of the asset instead of to the asset’s common value. We show that the main results hold.

Suppose that with probability 1 — e, the state is good (s = 1) and the asset pays dividend . With
probability e, the state is bad (s = 0) and the asset pays no dividends. In addition, the borrower has
unobservable private valuation. A type-i = H, L borrower, if holding an asset, receives a private value
v;(s) before the asset market opens and after the loan is settled. The type-i borrower is determined
before the loan is made and the information is private. With probability A, the borrower is type i = L
and the private valuation is vy (1) = v in the good state and vz, (0) = 0 in the bad state. With probability
1 — A, the borrower’s type is ¢ = H and the private valuation is vy (1) = vy (0) = v. After observing
the private information, the borrower borrows from the platform. After observing the realization of ¢,
the borrower decides whether to repay or default. After the loan is settled, the borrower, if holding the
asset, receives the private valuation. At the end of the period, the asset is traded at d+¢ in the good
state and at ¢ in the bad state.

The debt limit is given by D = (§ 4+ ¢)(1 — h). We assume that v > §. As a result, all borrowers
repay in the good state. A low-type borrower defaults in the bad state when D > ¢. Our analysis will
focus on the case of D > ¢, as it is suboptimal to set D < ¢.

In the separating equilibrium, the loan size is

45 = D% — &(D% - ¢%)

and the asset price is

39



AMz—1)(1—-h) 1 —-e)d+(1—-¢e)d+(1—eNv
1—-B8-BAz—-1)(1-h(1l—2¢)) '

The separating equilibrium exists when

¢° =8

(1 —¢)D% +e¢®
DS

<.

In the pooling equilibrium, the loan size is

" = DY + \e(¢” — D)

and the asset price is

(z=1D01-h)(1—eXN)+B(1—e)d+p(1— 5)\)1).

P _
o =p 16— Bl - D h(1—2))

The pooling equilibrium exists when

(1 —&)DP + o?
DP ~

C.
Hence, we can reproduce the main multiplicity result.

Proposition 7. For h that is not too large, ¥ > ¢° and multiplicity exists when

) )

1—5+¢P>C>1—5+¢S.

A.7 Private Information Parameter y < 1

We have considered the case where there is private information in each period. We now introduce a
parameter, Y, to control the degree of information imperfection. With probability 1 — x, there is no
private information in the sense that there are no low-quality assets (denoted by state 0). All the

equilibrium conditions remain the same except that the asset prices satisfy

Oy = ﬂX {>\ [/ (ZEL,tJrl - min{fL,tJrlRtJrh (lL,t+1SL¢t+1)} + 8L¢t+1) dF(SL)
+X (1= A) [2lh e —min{ly 1 Repr, am41(0 + de1)} + 0 + dppa]}
+ 81— x) [z —min{€  RY 1, af (04 din)} + 6 + e ]

where a® =1, £ = ¢? = (§+¢¢)(1 —h) and R? = (6 + ¢;)(1 — h)/q). By continuity, all results hold

1
1+f
when Y is sufficiently close to 1.
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