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Abstract

This paper examines the impact of banking regulation on the trading behavior of bank-
affiliated dealers in over-the-counter (OTC) financial markets. I micro-found the regulatory
costs of holding OTC traded assets using an equilibrium search model of a two-tiered OTC
market in which risk-averse dealers facilitate trades for investors. Dealers choose portfolios
of risk-free and risky OTC assets, and since they are bank-affiliated, are subject to a regula-
tory balance sheet constraint: a Basel-style risk- weighted asset ratio. Formally, I show that
acquiring additional inventories tightens regulatory requirements and raises the shadow value
of capital when regulatory slack is low. Regulatory balance sheet costs are heterogeneous and
state-dependent, increasing with a dealer’s distance-to-constraint and their inventories. In a
calibration to the pre-2008 US corporate bond market, I show that as constraints bind, dealers
reduce inventories at fire sale prices and only purchase assets at extreme discounts; however,
trading costs rise. A policy experiment shows that stricter regulation increases trading costs
and reduces intermediation quality in the investor market on average.
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1 Introduction

In the aftermath of the Great Financial Crisis (GFC), policymakers enacted a series of reforms to
enhance financial stability and curb systemic risk in the banking sector. International standards such
as Basel 1.5 and Basel I1I, as well as the US Dodd-Frank Act, updated or introduced new rules and
regulations to prevent excessive risk-taking by financial institutions. Central to these reforms were
changes to balance sheet based regulation, such as higher capital requirements, stricter leverage
ratios, and revised risk-weighted asset ratios.

An unintended consequence of these regulations has been their impact on dealer trading behav-
ior in over-the-counter (OTC) financial markets, such as those for corporate bonds or treasuries.
Many dealers in OTC markets are bank-affiliated, that is, they operate as subsidiaries of a large
bank holding company (BHC).! Balance sheet regulatory ratios are calculated based on a BHC’s
consolidated balance sheet, which includes all subsidiary dealer trading assets used for market-
making activities (Adrian et al., 2018; Cimon & Garriott, 2019). Accordingly, when making trading
decisions, a bank-affiliated dealer anticipates the consequences for their parent BHC’s regulatory
position.

This paper studies how regulatory balance sheet ratios affect bank-affiliated dealer intermedia-
tion in OTC markets; specifically, the impact of risk-weighted asset ratios established by the Basel
accords.? A risk-weighted asset ratio requires affected financial institutions to hold a minimum level
of high-quality liquid capital relative to their risk-weighted assets such that the ratio is higher than
a given percentage referred to as a capital requirement. The risk weights, the risk weight classifica-
tions of specific assets, and the capital requirement are determined by policy. There were two key
changes to this ratio after the GFC. First, Basel 11.5’s market risk framework and Basel I1I revised
risk-weighted asset classifications, moving some assets into higher risk weight categories. Second,
Basel III increased the minimum capital requirement itself from 4% pre-crisis to 6%, phased in

between 2013 and 2015 within the US. For large systemically important institutions, an additional

' A BHC may have many subsidiaries, including but not limited to: commercial banking, specialty lending, asset
management, underwriting, and, of course, dealer trading desks for multiple OTC markets (Cetorelli & Stern, 2015).
2Qther important ratios being the supplementary leverage ratio (SLR) and the liquidity coverage ratio (LCR).



cyclical capital buffer of 2.5% was phased in starting in 2015 and fully implemented by 2019 in
the US. Basel III Endgame, to be implemented between 2025 and 2028, is expected to introduce
additional revisions that further tighten these risk-weighted capital requirements.

A large body of empirical evidence documents a few key shifts in OTC markets following the
adoption of these regulatory changes: dealers now maintain smaller trading inventories and trading
costs for investors have increased (Adrian et al., 2017; Bao et al., 2018; Bessembinder et al., 2018;
Breckenfelder & Ivashina, 2021a; Choi et al., 2024; Cohen et al., 2024; Dick-Nielsen & Rossi,
2019; Duflie, 2023). The evidence on changes in various other liquidity measures (e.g., turnover,
trade volumes, price impact) is heterogeneous, differing by market, time period, and study design.
Although the empirical literature demonstrates the relevance of these regulations for OTC markets,
the precise mechanism through which they affect dealer decision making to produce these outcomes
is less well understood. Theoretical work addressing this question has thus far modeled regulatory
balance sheet costs in a reduced-form or ad-hoc manner, for example, by either imposing a regu-
latory cap on OTC inventory stock, as in Duffie et al. (2023), or placing a holding cost per unit of
inventory, as in Cohen et al. (2024).

In contrast, this paper aims to micro-found the regulatory balance sheet costs of OTC inven-
tories.> To do so, I develop an equilibrium search model of a two-tiered OTC financial market
in which bank-affiliated dealers intermediate trade for investors. As in Garleanu (2009), all agents
(dealers and investors) are risk averse and face idiosyncratic uncertainty regarding their endowment
income and their private valuation of the OTC asset’s return. Furthermore, these two processes may
be correlated, reflecting the agent’s liquidity preference. Investors’ liquidity preferences change
over time, whereas dealers’ liquidity preferences remain constant. Dealers choose a portfolio of

assets, including risky OTC traded assets, under a balance sheet level regulatory constraint: a risk-

3In this model, I focus exclusively on how regulation affects market making through inventory balance sheet costs,
abstracting from funding costs. Usually, dealers finance their positions via short-term funding on the repo market;
tighter regulation reduces a dealer’s ability to obtain such funding (Adrian et al., 2018; Cimon & Garriott, 2019). I also
abstract from competition from non bank-affiliated dealers and focus solely on the choices of bank-affiliated dealers.
The rise of non-bank dealers to fill the immediacy gap left in recent years is thus an observed trend that this model
cannot explain. Lastly, I abstract away from dealers’ choice between risky-principal and agency trades, considering
only risk-principal trades (An & Zheng, 2023; Cimon & Garriott, 2019; Saar et al., 2019).



weighted asset ratio. Investors, on the other hand, face only a non-negative equity requirement.
Because endowment and dividend income are stochastic and trade in the OTC asset is frictional,
both dealers and investors must satisfy a Value-at-Risk (VaR) condition to ensure compliance with
their respective constraints. Dealers in this model facilitate trades in the OTC asset for investors in
a decentralized investor market and can trade with other dealers in a more liquid yet still decentral-
ized inter-dealer market. Each market is characterized by random pairwise meetings; when agents
meet, they engage in proportional bilateral bargaining with equal bargaining power.

First, I show formally that the regulatory costs of OTC inventories borne by dealers arise en-
dogenously from the balance sheet regulatory constraint and are heterogeneous, depending on a
dealer’s stock of OTC assets and how much regulatory slack they have (Proposition 1). Larger
OTC positions directly raise minimum equity requirements, requiring dealers to commit more cap-
ital to remain compliant. The requirement induces an indirect precautionary savings motive: as
regulatory slack shrinks, the shadow value of capital rises, making dealers more inclined to sell
inventories as trading opportunities arise. Furthermore, because OTC assets are risky, the pressure
to offload inventory when regulatory slack is low increases as a dealer’s OTC assets grow. Search
frictions are crucial to this mechanism, since infrequent trading opportunities prevent dealers from
continuously re-balancing their portfolios.

Given the model’s complexity, I solve the steady state numerically using a novel iterative pro-
cedure that addresses the high-dimensional fixed-point problem involving agent value functions,
trading rules, and distributions. Specifically, I extend the finite difference algorithm developed
by Achdou et al. (2022) to account for what is essentially a state-based endogenous borrowing
constraint, as well as transition intensities across agent states that are determined through bilateral
bargaining. I calibrate the baseline model to the pre-GFC period using BHC level quarterly balance
sheet data (FR-YOC filings) and corporate bond transaction level data, focusing on risky-principal
trades in investment-grade bonds (Academic TRACE). I use a capital requirement of 4% as a base-
line and compare it to an economy in which dealers face no risk-based capital requirement.

I find that the presence of a risk-weighted asset ratio creates a regulatory motive for trade:



dealers trade not only to earn intermediation profits, but also to manage their distance from the
regulatory constraint. Because the regulatory constraint causes the marginal value of an additional
unit to decline sharply as dealers become more constrained, dealer buy and sell prices in both
investor and inter-dealer markets also fall: dealers are willing to sell at low prices, and to buy only
at deep discounts in the region near the constraint. At the same time, the expected spread, or the
wedge between the two, rises as dealers demand higher compensation for round-trip trades. Using
their balance sheets to facilitate trades bears a larger regulatory cost when dealers are less well-
capitalized, consistent with the empirical evidence that more constrained bank-affiliated dealers
charge higher trading costs (Adrian et al., 2017; Breckenfelder & Ivashina, 2021a). Furthermore,
this effect scales with dealer OTC holdings.

I also find that OTC inventories are mean-reverting, consistent with both theoretical (Uslii,
2019) and empirical (Dick-Nielsen & Rossi, 2019) evidence. However, I also show that target
inventories decline as agents become less well-capitalized. When capital is tight, agents reduce
their target risky OTC holdings to relax balance sheet constraints and lower portfolio volatility.
Finally, I show that constrained dealers are worse intermediaries, in that they are less willing to
both buy and sell in high trade volumes. This result also matches the empirical evidence that bonds
handled by constrained dealers are less liquid, with reduced turnover and volumes (Adrian et al.,
2017; Bao et al., 2018).

I use this model to study the impact of stricter regulation by increasing the capital requirement
from 4% to 8.5%. Under stricter regulation, investor spreads rise in the cross-section: more con-
strained dealers charge higher spreads for the same amount of regulatory slack. Consistent with
post-GFC patterns, average investor spreads rise and dealers reduce their inventories. Further-
more, investors adopt less extreme positions due to these higher trading costs. Stricter regulation
also leads dealers to intermediate less in the investor market, reducing investor turnover, while re-
lying more on the inter-dealer market to reallocate inventories among themselves to manage their
balance sheet constraints. Under stricter regulation, dealers lean away from using their balance

sheets to facilitate investor trades, preferring instead to trade in the more liquid inter-dealer market



for regulatory reasons.

This paper is organized as follows. Section 2 reviews the related literature. Section 3 outlines
the model and establishes the micro-foundations of regulatory costs. Section 4 discusses the method
used to solve the model, the calibration, and baseline model outcomes. Section 5 explores the case

when capital requirements increase due to stricter regulation. Section 6 concludes.

2 Related Literature

Many search-theoretic approaches to studying OTC markets follow the seminal works of Duffie et al.
(2005) and Lagos and Rocheteau (2009), in which dealers can intermediate trades in an illiquid asset
for investors. However, in this setting the study of dealer inventory management is limited: dealers
have no private valuation of the OTC traded asset, are risk-neutral, and have access to a centralized
inter-dealer market. Consequently, dealers do not hold steady state inventories and engage only in
matchmaking activities for investors. Weill (2007), Rocheteau and Weill (2011), and Fleskes (2025)
extend this framework to study the out of steady state dynamics of dealer inventory, identifying
under what conditions dealers use their inventory capacity temporarily to smooth imbalances in
customer trading needs due to unexpected liquidity crises. In Cohen et al. (2024), the authors
impose an asset-in-advance constraint: dealers must hold assets to fulfill customer orders, and so
have incentive to hold inventories in the steady state. The regulatory cost of inventories is modeled
in their work as an ad-hoc per-unit cost; the authors show that when this cost increases, dealer
intermediation falls. In this paper, I micro-found regulatory inventory costs through a constrained
portfolio problem.

Dealer inventories play a more natural role when markets are fully decentralized.* Hugonnier

4 Another parallel literature that studies dealer inventory management is based on a class of search models in the
tradition of Rubinstein and Wolinsky (1987), such as in Gu et al. (2024), Johri and Leach (2002), Masters (2007),
Nosal et al. (2015, 2019), Shevchenko (2004), Watanabe (2010, 2020), and Wright and Wong (2014) and Gong and
Wright (2024). These types of inventory models differ from the previously discussed works in that they primarily study
three-sided goods markets: there are usually distinct sellers, middlemen, and buyers who all occupy different roles
in the economy and face different frictional markets. The middleman’s inventory management problem is therefore
summarized by their pricing strategies on both sides of the market, wholesale and investor. Carrasco and Harrison
(2023) and Carrasco and Smith (2017) focus on the pricing strategies of a dealer liquidating their assets.



et al. (2020) allow for fully decentralized two-tier markets for trade in an OTC asset. Risk-neutral
dealers and investors are heterogeneous in their private valuations of the asset and engage in bi-
lateral trade with binary asset holdings. A key result is that, in the steady state, only dealers with
middle-of-the-road private valuations provide intermediation services, and that dealer intermedia-
tion is characterized by intermediation chains. Yang and Zeng (2021) use a similar two-tier market
framework in which risk-neutral dealers can now hold multiple units of the asset. By relaxing the
binary asset holding assumption, the authors show that there are multiple equilibria in which dealers
coordinate their liquidity provision depending on asset fundamentals.

In the above models, dealers have a special exogenous ability to intermediate in an investor
market. Other works in this literature focus instead on one-tier fully decentralized markets to study
endogenous intermediation: which agents decide to become intermediaries. Rather than designat-
ing a special set of agents who exogenously have the ability to intermediate, heterogeneous agents
all can trade with each other. These markets are characterized by a core-periphery structure and
intermediation chains: at the core of the trading network are agents who engage heavily in interme-
diation, and at the periphery are those who behave more as value investors. The agents that arise as
intermediaries tend to be those whose type allows them to extract better terms of trade: they have
faster meeting technologies, better information, or more bargaining power (Bethune et al., 2022;
Donaldson et al., 2018; Farboodi et al., 2023; Hugonnier et al., 2021; Jarosch et al., 2016; Uslii,
2019). In contrast to these works, I show that it is certain agent states rather than fixed agent types
which drive the heterogeneity in intermediation behavior attributable to balance sheet regulation.
In this model, dealers are all identical in that they face the same risky income processes. However,
realizations for each dealer generate heterogeneity in the first dimension, equity, leading dealers to
have differing levels of regulatory slack and desire to intermediate.

In the vast majority of studies of OTC markets in this literature, dealers are risk-neutral. Duffie et
al. (2007) and Garleanu (2009) are the foundational works that depart from this assumption, relying

on CARA utility preferences to micro-found quadratic utility over multiple units of the OTC asset.’

>The same method is used to micro-found the reduced form utility specifications in Vayanos and Weill (2008),
Praz (2014), and Uslii (2019).



Kargar et al. (2023) is the exception, explicitly considering risk-averse investors and aggregate risk.
However, their work focuses on the pricing of the OTC asset and the portfolio choice problem
of investors; dealers act as simple risk-neutral profit-maximizing matchmakers. In contrast, this
paper investigates the portfolio problem of risk-averse dealers subject to a regulatory balance sheet
constraint. Liquidity is therefore a consequence of dealers’ constrained portfolio decisions.

There is also a literature on inventory management by dealers in OTC markets in the finance
tradition based on the seminal works of Amihud and Mendelson (1980) and T. Ho and Stoll (1981)
and T. S. Y. Ho and Stoll (1983).® Works in this tradition primarily focus on the determination of
bid-ask spreads set by a (usually) monopolistic risk-neutral dealer, with investors arriving at the
OTC market with fixed trading demands. Duffie (2023) extends Amihud and Mendelson (1980) by
imposing a maximum level of inventory that the dealer can hold: the higher the balance sheet costs
of inventories, the lower the inventory cap. As the level of inventories approaches the regulatory
implied limit, bid-ask spreads widen to account for the increasing marginal cost of dealer balance
sheet space. Similarly, Wang and Zhong (2022) study the impact of the Basel III risk weight changes
by varying the maximum level of inventories a dealer can hold: they find that the increased capital
requirements result in an increase in order rejection rates by dealers. Adrian et al. (2020) study the
impact of increased overnight inventory costs and show that dealers adjust their pricing strategies
to offload inventories as the end of the trading day approaches.

In contrast to this model style, in this work all agents engage in bilateral trade and I focus on
an equilibrium in which investor distributions and investor demands are endogenous equilibrium
objects. Furthermore, inventory costs are endogenous, derived via a balance sheet constraint rather
than through an exogenous inventory cap. This paper is, to the best of my knowledge, the first to

study dealer inventory management from a joint portfolio-choice and OTC search perspective.

®Both this literature and the middlemen literature a la Rubinstein and Wolinsky (1987) have origins in Garman
(1976).



3 A portfolio choice model with decentralized trade

Time is continuous and infinite. All agents, dealers and investors, are infinitely lived and discount
time at a constant rate r € (0, 1). There is a numeraire good called consumption ¢, a risk-free asset
w in perfectly elastic supply, and a risky over-the-counter (OTC) traded asset n in some positive
supply in shares S > 0. The risk-free asset can be invested in an outside account that pays the
discount rate and can be costlessly converted into the numeraire. Alternatively, agents can borrow
in the risk-free asset at the discount rate: w denotes the stock of net risk-free assets an agent holds.
The risky OTC asset earns a risky dividend d D, and all agents earn income from a risky endowment
dny, both paid out in units of the risk-free asset. Agents can hold multiple divisible units of the risk-
free asset w and the risky OTC asset n > 0.

I frame the preceding setup as the problem of a trading desk manager operating as a subsidiary
of a larger institution (i.e., a bank holding company). The risk-free asset is interpreted as cash, or
another equally liquid and safe asset such as reserves, which serves as the unit of account. The
trading desk manager uses their cash holdings to buy and sell the OTC asset, and all income (from
dividends or endowments) is realized in this unit of account. The outside account paying the dis-
count rate r is interpreted as a reserve account if positive; alternatively, agents can borrow from
an outside market at the same rate. The manager controls their trading strategies and portfolio
decisions: their holdings of cash (the risk-free asset) and OTC asset inventories (the risky OTC
asset). However, they do not control the activities of the rest of the institution. The endowment
is interpreted as any non-trading income the parent institution may periodically receive from their
other lines of business. Dealers are subsidiaries of a BHC. Therefore, their outside income is that
from other BHC subsidiaries (e.g., commercial banking, investment banking, etc.). Investors are
institutional investors such as mutual funds, pension funds, etc. Their outside income is derived
from other investments they make or other business activities.

All agents have constant absolute risk aversion (CARA) utility over consumption of the nu-
meraire good with risk aversion parameter x: u(c) = —e ", As such, consumption of the nu-

meraire good can be negative. Consumption can be interpreted as profits remitted from the trading



desk to the shareholders of the larger institution, with negative consumption indicating realized
losses. Agents have idiosyncratic uncertainty over their endowment income and their private val-
uation of the OTC traded asset’s dividend. Let Z, = [Z,,, Zp,|' be a two-dimensional standard
Brownian motion for ¢ > 0 defined on a filtered probability space (€2, ', P) where Znyand Zp
are independent. Following Duffie et al. (2007), Garleanu (2009), and Praz (2014), the stochastic

cumulative dividend process per unit of risky OTC asset n follows for constants pp and op:
dD, = ppdt +opdZpy. (D)
The stochastic endowment process follows for constants y,, and o,):
dn, = pydt + 02, ,. (2)

Zy , is defined as:
Zyy = PidZps+ |1 = (b)) 02y 3)

An agent’s endowment process is stochastic with drift 4, and with an element of uncertainty
oy dem. An agent’s type ¢ determines how correlated their endowment is with their private valuation
of the OTC asset’s dividend: p! is the instantaneous correlation for an agent of type i between the
OTC asset dividend and their endowment. If an agent’s OTC asset dividend income is negatively
correlated with their endowment income, the OTC asset dividend acts as a hedge.

Up to this point, dealers and investors are identical. I will now discuss the first of two fundamen-
tal ways in which they differ. Investors are labeled so because they have a fundamental trading need
that dealers do not: their liquidity preferences, captured by p?, vary over time. Specifically, they
receive idiosyncratic preference shocks that arrive according to a Poisson process with intensity
~ > 0, and with probability (') > 0 they switch to type ¢’ with correlation parameter o . This is
what drives investor trading in the OTC market. For example, an investor of type 7 that holds their

perfect amount of OTC assets n may receive a liquidity preference shock and become type ', at
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which time they would like to change their OTC asset holdings to n’. To adjust their holdings, they
take advantage of the periodic trading opportunities in the OTC market, to be described shortly. In
contrast, dealers have fixed liquidity preferences, maintaining the same correlation p over time.
Each agent records on the asset side of their balance sheet their marked-to-market net holdings
of the risk-free asset w at a reference price normalized to 1, and the OTC asset n at reference price
D, to be defined precisely shortly. An agent’s equity £ is the sum of the market value of their net

assets:

E=w+pn.

There is a unit measure of a continuum of both dealers and investors. Denote the distributions
of dealers and investors to be F'(E,n) and H(FE,n, i) respectively, where i denotes the investor’s
type. Let the relative prevalence of dealers in the economy be p, € (0, 1). In reality, there are very
few dealers (a few hundred) and a large mass of investors (a few million), and so p, is quite small.
However, the identity of dealers and where they can be found is generally known; therefore, the
relative prevalence of dealers in the economy matters only for market clearing and not for finding
a trading partner in the OTC market.

Trade in the risky OTC asset is fully bilateral. Investors are only permitted to trade the OTC
asset through dealers, whereas dealers can trade both with investors and with other dealers. Agents
meet according to a Poisson process with intensity A. > 0 between investors and dealers, and with
intensity Ay > A. > 0 between dealers: the inter-dealer market is more liquid than the investor
market. Upon receiving a trade opportunity, an agent draws a counter-party from the relevant dis-
tribution, either F'(E,n) or H(F,n,i). Once a trading partner is drawn, agents engage in propor-
tional bargaining, otherwise known as Kalai (1977) bargaining, over the terms of trade of the OTC
asset where agents have equal bargaining power. Consequently, the OTC asset trades at different
prices depending on which agents meet.

The market value of the OTC asset, captured by reference price p, is defined as the average

volume-weighted price of the risky OTC asset based on realized trades. The average price is used
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to value agent asset holdings as it best reflects current accounting standards in the United States.
According to Financial Accounting Standards Board (FASB) regulation’, assets for which there are
active (even if decentralized) markets must be marked-to-market using recently quoted prices for
that particular asset or a similarly classed asset.

The second fundamental difference between dealers and investors concerns regulation. In-
vestors are subject to a simple non-negative equity requirement to prevent default: £/ > 0. However,
dealers are subject to a risk-based capital requirement in the spirit of Basel II and Basel III, which
stipulates that they must maintain a level of high-quality liquid capital relative to their risk-weighted
assets of at least A%. In this model, this liquid capital is simply agent equity, F, and risk-weighted
assets are calculated as the sum of the market value of dealer risk-free and risky OTC asset holdings,
where risk-free assets have a 0% risk weight and risky OTC asset inventories have some positive
risk weight set by policy, v%. The risk-weight v% typically ranges from 0% to 250% in increments
of 50%, with cash and US treasuries using a risk weight of 0%. The risk-based capital requirement

in this model is in practice a risk-weighted assets ratio:

E
— > A. “)
0Xw+rvxpn

Define the minimum level of equity required by this regulation for a dealer with a stock of risky
OTC assets n to be:

E(n) = Avpn. (5)

The regulatory capital requirement faced by dealers is stricter than the non-negative equity
condition faced by investors. If a dealer holds non-zero OTC inventories, their regulatory minimum
level of equity is strictly positive if A > 0 and v > 0. When dealers take on OTC inventories, their
minimum required equity level rises, all else equal.

Due to the definitions of the above stochastic processes, income from agent endowments dr; and

dividends dD; are random variables with unbounded support and are not known ex-ante of agent

"FASB ASC 820-10 (Fair Value Measurements and Disclosures)
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consumption and portfolio decisions. This differs from other standard continuous-time incomplete-
markets models with borrowing constraints, as in Achdou et al. (2022), in which income at each
instant is known, although it may evolve over time via a diffusion or jump process. In these stan-
dard models, there is a finite level of maximum consumption implied by the savings function that
ensures that agents never violate their borrowing constraints. Because time is continuous, agents
continuously approach their borrowing constraints in small increments; unlike discrete time, there
are no jumps. As a result, there is a level of small but finite consumption such that at the borrowing
constraint, the agent’s wealth exclusively drifts back into the unconstrained region. This is possible
exclusively because income is known when agents make their consumption decisions, so they will
never violate the constraint with certainty.

Because in this model income is random and on an unbounded domain, the level of consump-
tion needed to ensure that agents never violate their constraint is —oco. Agents do not know their
income realizations before making their consumption decisions, and these income realizations can
be negative infinity. This is permissible because of CARA utility, but less than ideal for obtaining
theoretical and computational results. Therefore, I make an assumption regarding how agents can
satisfy their constraints: either the non-negative equity condition for investors, or the regulatory

capital requirement for dealers.

Value-at-Risk (VaR) constraint. The Value-at-Risk (VaR) constraint requires that agents must
act in such a manner that the chance of violating their relevant constraint, even under more extreme
negative income shocks, is very small. Specifically, this means that, given a stock of OTC assets n,
agents must manage their risk-free assets such that within the next At period of time the probability
of violating their constraint is no more than €%. Formally, the regulatory VaR is the e-quantile Vn

of the distribution of an agent’s regulatory compliance:

VaR(Rai(n)) = inf{qg € R : Pr(Rai(n) < q) > €}.

13



Where the degree of an agent’s compliance for each type of agent is defined Vn as:

Eianr — E(n) for dealers;
RAt (n) =
Eiine —0 for investors.

If Ra(n) is negative, this indicates that an agent is in violation of their regulatory minimum

level of equity. The regulatory requirement is then Vn:

VaR.(Rai(n)) >0 (6)

which ensures that the probability at time ¢ of violating the regulatory constraint over the horizon
t + At is less than €%. The VaR constraint (6) guarantees that the agent remains compliant with
probability of at least (1 — €)%. Smaller values of € or longer time horizons ¢ + At tighten the
constraint, making dealers more conservative and leading to more severe portfolio adjustments.

What this assumption provides is a very low but finite closed-form maximum level of con-
sumption at the constraint point, ¢V *?(FE, n) for dealers and c¢"*f*( E, n, ) for investors, such that
the agent’s equity drifts back into the unconstrained region with a very large probability. It also
allows me to fine-tune through my choices of At and € how risk-averse dealers are with respect
to regulation, in addition to their general risk aversion x. In practice, when solving this model
computationally using finite difference methods following Achdou et al. (2022), the effective prob-
ability of agents violating the regulatory constraint is zero. What this VaR assumption determines
is the shape of the value function near the constraint and thus the degree to which the balance sheet
regulation shapes agent trading behavior.

Furthermore, this assumption reflects how institutional and dealer investors manage risk in the
real world. Internal risk limits determined by VaR constraints calculated using a variety of different
methods or simulations are actively used by financial institutions to manage risk and have been

shown to directly affect dealer risk-appetites when making the market (Anderson et al., 2023).
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3.1 Agent problems

All agents are born with an initial level of the risk-free asset, wy, > 0. Agents receive income from
their endowment dn;, their holdings of the risk-free asset rw;dt, and their holdings of the risky OTC
asset n,dD;. Agents consume the numeraire good c;dt, and can trade a; units at price F; determined
by bargaining when trading opportunities arrive (described in the next section). An agent’s equity

therefore evolves according to:

dEt :dT]; — Ctdt + TEtdt + 1y (d.Dt + dﬁt - Tﬁtdt)

(N
+ (pr — Py)dny.
An agent’s OTC asset holdings evolve according to:
dn; = 1{OTC trade opportunity }a;. (8)

Higher endowment income, d;, and higher direct income from the risk-free and risky OTC
assets, rFydt and nyd Dy, increase an agent’s equity. When an agent consumes, c¢;dt, equity falls.
dp; captures the change in equity per unit of risky OTC asset due to changes in the reference price
(capital gains). The term rp;dt captures the per-unit opportunity cost of holding a risky OTC as-
set, the value p; of which otherwise could be earning the discount rate r. Finally, when an agent
trades, they balance their effective trade price, P;, relative to the reference price at which the asset
is recorded on their balance sheet, p;. The term p, — P, is called slippage by practitioners and cap-
tures the net gain or loss to an agent’s equity when trading the illiquid asset. In centralized markets,
slippage is always zero as the trade price coincides with the reference price.

At time ¢, a dealer of state (F,n) maximizes their expected discounted value of consumption

subject to equations (7), (8), as well as the regulatory VaR constraint (6):

Wy(E,n)= sup FE, { / —e"e Ve s | By = E,ny = n . ©)
{e(s)}32, t
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Similarly, an investor of state (F,n, ) solves:

Vi(E,n,i) = sup E, {/ —e" 57t gmrels) g | B, = E,ng =n,i, =1 . (10)
{e(s)}e2s t

3.2 Trade in the OTC asset
When agents meet in the OTC market, they engage in proportional bilateral bargaining (Kalai,

1977) with equal bargaining power over the terms of trade (a, P) where « is the trade size.

Inter-dealer trade. First, consider inter-dealer trade. When a > 0, this indicates a “home” dealer
(E,n) buy and an “away” dealer (E’,n') sell. The home dealer maximizes their post-trade surplus

with respect to (a, P),

max [W(E + (p— P)a,n+a) — W(E,n)], (11)

P>0,a

subject to the following constraints:

W(E+ (p— P)a,n+a) —W(E,n)=W(E" - (p— Pa,n' —a) —W(E',n),

E+(p— P)a> E(n+a),

E' —(p— P)a

v

E(n' — a).

The first constraint is the surplus sharing Kalai (1977) constraint, which stipulates that the post-
trade surplus of each dealer must be equal when there is equal bargaining power. The second
equation reflects feasibility: dealers can trade only assets they have. Since dealers cannot consume
simultaneously with trading, the last two equations ensure that post-trade both agents remain in
compliance with the regulatory constraint given by (4). Note that agents do not necessarily always

trade, as a = 0 is in the set of possible outcomes.
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Investor trade. Investor trade occurs in a similar manner. Let @ > 0 denote a dealer buy and an

investor sell. The dealer maximizes their post-trade surplus with respect to (a, P),
max W(E + (p— P)a,n+a) —W(E,n)], (12)

subject to:

W(E + (p— P)a,n+a) —W(E,n)=V(E'— (p— Pla,n' —a,i)—V(E' n i),
—n<a<n/,
E+(p—Pla> E(n+a),
E' —(p— P)a>0.
Again, the first constraint is the Kalai (1977) surplus-sharing constraint, the second is feasibility,

and the third is the dealer’s regulatory compliance constraint. The last line reflects the investor’s

non-negative equity requirement.

3.3 Stationary equilibrium

I consider a steady state in which the reference price p is constant (dp; = 0).

3.3.1 Dealer value function and optimal consumption policy

Assuming appropriate differentiability and using Ito’s Lemma, the dealer’s Hamilton-Jacobi-Bellman

(HJB) equation is:

rW(E,n) = max {u(c) + OEW (E,n) (uy +7E — c+n(up — 7p))

1
+ ia%W(E, n) (03 + opn® + 2npo,op)
(13)
+ A (W(E+ (p—P*)a*,n+a*) = W(E,n)|" dH(E', 1, 1)

E'n'q

+)\d/El ,[W(E+(15—P*)a*,n+a*)—W(E,n)]+dF(E',n’)},
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The first term is the flow utility that dealers earn from consuming the numeraire good c; the second
and third terms capture risk aversion due to the stochastic nature of the endowment and the OTC
asset dividend (drift and volatility, respectively); the final two terms capture the expected change
in value due to inter-dealer and investor trade, where (a*, P*) are determined by the bargaining
process outlined in the previous section, and so are functions of the trade counterparty type - either
(E',n')or (E',n,7).

Now consider the dealer’s optimal consumption policy. The dealer maximizes their consump-
tion ¢ given their current level of equity F and a fixed stock of OTC risk assets n. As stated previ-
ously, the dealer must satisfy the regulatory VaR constraint as defined by (6). As a consequence a

dealer’s consumption policy ¢*( £, n) must satisfy at all times:

¢ (E,m) < B n) = iy + 1 (up — 15)) + —— ("NE = B(n)
(14)

11
\/—— 02 +n20} + 2pnoyop) (24 —1).

e'rAt 2

Where ®~!(¢) is the inverse cumulative distribution function (CDF) of a standard normal, oth-
erwise known as the quantile function. This maximum level of consumption, ¢V*%(E, n), follows
directly from the regulatory VaR constraint as defined in (6) as shown in Appendix A.1. To satisfy
the regulatory VaR constraint, dealers must consume in such a way that the drift in their equity,
given the nature of the stochastic processes of the endowment and dividends, is large enough to

recover the regulatory minimum over the time horizon ¢ + At with probability (1 — €)%.

A state-based boundary condition. I implement this regulatory VaR implied maximum con-
sumption through a state-based boundary condition following the logic of Achdou et al. (2022).
Achdou et al. (2022) handle constraints in continuous time by implementing what is essentially a
constraint on the shape of the value function: as agents realize negative income shocks and ap-

proach their constraints, the boundary condition ensures that agents consume in such a way that

18



they drift away from the constraint. The state-based boundary condition in my framework is Vn:
oW (E,n) > u' ("“"(E,n)). (15)
Under this condition, optimal consumption is characterized by the standard Euler equation
' (c*(E,n)) = 0gW(E,n), (16)

which, given that (15) holds, always satisfies the regulatory VaR constraint as in (6).

There are two key differences between the implementation of the state-based boundary condi-
tion in this framework and that of Achdou et al. (2022). First, in theory, dealers can potentially
realize a negative income shock such that the regulatory constraint is violated despite their efforts
to remain in compliance (with probability ¢%). In practice, when solving the model numerically,
however, the discretization of the value function required by the numerical solution renders the ef-
fective probability of realizing a negative income shock that pushes dealers into violation is zero.
As a consequence, in the computed equilibrium solution, the regulatory constraint is violated due
to income shocks with effective probability zero. Second, the state-based boundary constraint in
this framework is endogenous: dealers can periodically adjust their stock of risky OTC assets n,

and thereby adjust the regulatory minimum level of equity they must hold £(n).

3.3.2 Investor value function and optimal consumption policy

The investor’s HIB equation takes a similar form to that of dealers, with two key changes that
reflect the two fundamental differences between dealers and investors. The first difference is that
an investor’s liquidity preference, the correlation parameter p’, changes periodically. The second
is that, while dealers have access to both the investor and inter-dealer markets, investors can trade
only with dealers in the investor market. The investor’s Hamilton-Jacobi-Bellman (HJB) equation

is:
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rV(E,n,i) = max {u(c) + OgV (E,n,i) (uy +rE — c+n(pup — D))
1 , .
+ iﬁ%V(E, n, 1) (0727 +opn? + 2np'oyop)
a7
+ 7 (i) [V(E,n,i) — V(E,n,i)]

Y UNE—@—fﬂaﬂn—ﬁj%ﬁdﬂn@ﬁdﬂE%ﬁ}.
E'n'

The first term is the flow utility that investors earn from consuming the numeraire good c; the
second and third terms capture risk-aversion due to the stochastic nature of income that depends
on the investor’s type 7; the fourth term denotes the investor’s change in value due to the liquidity
preference type switching process; the final term captures the expected change in value due to
investor trade where (a*, P*) are determined by bargaining with a dealer of type (E’, n’).

The investor’s consumption policy, like dealers, is also implemented via a boundary condition,
as discussed in the previous section. Optimal investor consumption always satisfies the standard
Euler equation

u'(c*(E,n,i)) = 0gV(E,n,i), (18)
given the following boundary condition is satisfied:
OV (E,n,i) > (¢"**(E,n,i)). (19)
Where ¢V%(E, n, 1) is defined as:

. 5 r .
" *(E,n,i) = (p, +n (up — rp)) + —— (e AE)
erat — 1 20)

r 11 |
T orAt _ 1@_1(5) \/5; (J% + n203 + 2pino,op) (272 — 1).

Therefore, investors always satisfy their non-negative equity VaR constraint as defined in equa-
tion (6).

The steady state distributions of agent types, the reference price of the risky OTC asset p, the
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market clearing condition, and the stationary equilibrium definition are all relegated for brevity to

Appendix B.

3.4 The regulatory cost of OTC inventories

The regulatory costs of OTC inventories in this model arise endogenously from dealers’ risk-based
capital requirements. The risk-based requirement induces regulatory costs through two mecha-
nisms. The first is by directly increasing dealer capital requirements. By definition of the risk-
weighted capital ratio, a larger OTC position raises the minimum equity requirement: 9, (n) > 0.
As inventories increase, dealers must commit more capital to satisfy the requirement, reducing their
flexibility to handle adverse income shocks.

The second is through an indirect precautionary savings mechanism, summarized by Propo-
sition 1. In line with standard incomplete markets models, for any given inventory level n > 0
there are precautionary savings. Specifically, the regulatory constraint raises the shadow value of
equity as a dealer’s regulatory slack shrinks, and as a consequence, for a fixed stock of inventories,
dealers cut their consumption and boost their savings in the risk-free asset to move away from the
constraint. However, what is novel is that since OTC assets are risky, a dealer’s portfolio volatility
increases with their OTC inventories. As a consequence, the precautionary savings effect becomes
larger the more OTC assets a dealer has (Proposition 1.1).

Although dealer OTC inventories are sticky, they are not fixed: dealers can adjust them as
OTC trading opportunities arrive. A novel result of the model is that, since the marginal value of
equity varies with OTC inventories, so does the marginal value of an additional unit of OTC assets.
Specifically, the reservation value (willingness to pay) for a trade in which a dealer buys one unit
of the OTC asset and their regulatory slack remains fixed is declining as a dealer becomes more
constrained (Proposition 1.2). In other words, a dealer approaching their regulatory limit wishes to
reduce their inventories in order to create additional regulatory slack through (1) holding more cash
and (2) reducing the volatility of their portfolio. Again, because of the OTC asset’s risk profile, this

effect is larger the more OTC assets a dealer has.
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Figures la and 1b plot the marginal values of equity and OTC inventories, respectively, as a
function of a dealer’s distance-to-constraint for different asset levels: n” > n’ > n > 0. As shown,
as a dealer becomes more constrained (distance-to-constraint falls), the former increases and the
latter decreases. In between infrequent trading opportunities, dealers cut their consumption and
boost their savings in the risk-free asset to move away from their bound. When a trading opportunity
arises, they wish to offload OTC inventories to hold more cash and reduce the volatility of their

portfolio. This effect is larger the more assets a dealer has.

Proposition 1.  Define for regulatory slack s > 0 the corresponding level of equity given a stock of

OTC inventories n > 0: Es(n) := E(n) + s. Assume that the reference price is such that jip — rp,

if positive, is sufficiently small. In the neighborhood of the regulatory constraint:

1. The marginal value of equity increases as a dealer becomes more constrained (regulatory
slack s declines), and this increase is steeper the larger the dealer’s OTC inventories. That
is, forn’ > n:

OsW (Ey(n'),n') > 95W (Es(n),n) > 0.

2. Fortrade size a = 1 and trade price P such that regulatory slack s is constant, the reservation

value is:

AW (Es,n) = W(E,(n+1),n+1) — W(Es(n),n).

The reservation value of an additional unit of OTC assets in a fixed-slack trade declines as
a dealer becomes more constrained (regulatory slack s declines), and this decline is steeper
the larger the dealer’s OTC inventories:
OpAW (Eg,n) > 0.
Proof: see Appendix A.2.
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To illustrate, Figure 2 plots an example of two dealer value functions for different stocks of OTC
inventories, n’ > n for orange and blue, respectively. The vertical dashed lines at £/(n) denote the
minimum regulatory level of equity. F(n) denotes the level of equity for a given level of regula-
tory slack, or distance-to-constraint. Say that the dealer with n assets considers buying OTC assets,
increasing their inventory level to n’. The minimum level of regulatory slack the dealer needs to
maintain their same pre-trade value, W (E,(n),n) is greater at n’ assets than at their current level.
Recall that when buying an asset, a dealer considers their total slippage, the difference between the
reference price and the realized trade price: p — P. Under the first direct capital requirement mech-
anism, the dealer needs a sufficiently low buy price for the purchase to be regulatory-compliant.
That is, the transaction must raise equity to at least the new minimum: F(n’). Due to the second in-
direct precautionary savings mechanism, the dealer requires an additional discount on the buy price
for the purchase to be incentive compatible. To execute the trade the dealer requires more regula-
tory slack at the new inventory level: E* > F¢(n’). As dealer inventories increase, the amount of
post-trade regulatory slack required to make a purchase incentive compatible also increases.

Thus, the true “balance sheet cost” of holding OTC inventories is measured by the additional
equity a dealer demands due to this balance sheet level regulation when increasing their OTC inven-
tories. As dealer inventories grow or capitalization falls, the marginal regulatory cost of holding
additional OTC inventories also increases. This is in stark contrast to models in which balance
sheet costs are modeled as per-unit linear costs or even quadratic costs. This work emphasizes how
regulatory costs can vary over time as income shocks change dealer capitalization.

The fact that the risky OTC asset is traded in a market characterized by search frictions is
critical to this dynamic. In a model with centralized trading, agents could continuously re-balance
their asset levels freely. Agents with CARA utility would simply hold a fixed level of assets either at
their preferred level or up to the regulatory limit. Unless agents face frictions in buying and selling

the OTC asset, the threat of violating the constraint holds no power.

23



—_n —n

n' n'

------ n// ------n//
"
S
® =

= ~ g

IS &
S
=

Distance from constraint (£ — E(n)) Distance from constraint (E — E(n))
(a) Marginal Value of Equity vs. Distance- (b) Marginal Value of OTC Assets vs.
to-Constraint Distance-to-Constraint

Figure 1: Marginal Values vs. Distance-to-Constraint

In each graph, on the z-axis is the distance-to-constraint, E — E(n) of a dealer of state (E, n) with equity E
and inventories n; 0 indicates that the dealer is just at the regulatory minimum level of equity, E = E(n).
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Figure 2: The regulatory cost of OTC inventories

This figure plots two example value functions W (E, n) as a function of Equity (x-axis) for different levels
of OTC inventories n’ > n. The dashed vertical lines indicate the minimum level of equity a dealer with
given OTC assets n or n’ must hold, E(n) and E(n') respectively. s > 0 denotes a fixed level of regulatory

slack such that F(n) = E(n) + s.

24



4 Quantitative Application

Solving the steady state numerically amounts to a high-dimensional fixed point problem in the
reference price p, agent value functions {W (E,n), V(E, n,i)}, agent trading rules {a*, P*} for all
possible trades, and agent distributions { F'(F,n), H(FE,n,i)}. Because the regulatory constraint
introduces wealth effects into the bargaining process, standard tools in the search OTC literature
cannot be applied to obtain analytical solutions to these objects.

In a similar environment without any regulatory capital requirement on the part of dealers, as in
Duffie et al. (2007), Garleanu (2009), Praz (2014), and Uslii (2019), CARA utility implies that an
agent’s valuation of assets is always independent of her equity position, given the assumption that
agents are always well-capitalized. In these frameworks, one can replicate the risk-return trade-off
faced by risk-averse agents using risk-neutral agents with a reduced-form quadratic utility over OTC
assets. However, when a strict balance sheet constraint is introduced, the assumption that agents are
always well-capitalized becomes unrealistic. As a consequence, this equity-independence feature
of CARA utility no longer holds: agents must now also track their equity position and proximity to
the regulatory constraint, and take their position into account when trading in the OTC asset. This
introduces wealth effects into the bargaining problem, preventing the use of linearization techniques
that allow these authors to obtain closed-form solutions.

The algorithm I have developed to solve the model numerically is available in Appendix C.
At the heart of the algorithm is the method I use to compute agent value functions, given agent
distributions and trading patterns. I extend the finite difference methods proposed by Achdou et
al. (2022) to solve continuous-time heterogeneous-agent models with exogenous borrowing con-
straints. I adapt their method to account for what, in this model, is essentially a state-based and
endogenous borrowing constraint.®

I discretize the state space for liquid risk-free assets to be Ej, € [0, 10] with K = 70 points and

80ne can re-arrange the risk-weighted asset ratio defined in (4) as w > —(1 — Av)pn, which, since 1 — Av > 0,
is a constraint on borrowing as it provides a lower bound for net risk-free assets, w. Holding more OTC assets n
allows dealers to back more borrowing; stricter regulation (higher A or ) reduces the collateral value of OTC assets.
The borrowing constraint is endogenous and state-based since it depends on dealer OTC asset holdings n, which in
equilibrium are the outcome of dealer trading decisions.
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risky OTC assetstobe n; € {0,1,2,3,4,5}. As the solution method requires obtaining the terms of
trade (a, P) for each pair of agents, to reduce computation time, I assume unit trade a € {0, —1, 1}.
I restrict investors to only two types, high (: = H) and low (i = L), where p’ < 0 < p*. High type
investors have a stronger hedging motivation to hold OTC assets than low type investors. Finally,
to better match the data, I incorporate two additional quantitative parameters.” First, I add a stock
of non-trading risk-weighted assets v» > 0, which is fixed and constant across dealers. Second, to
ensure that holding n; = 5 units of the OTC asset constitutes a very large position relative to equity,
I introduce the regulatory parameter ¢ > 0 to scale asset holdings within the regulatory constraint.

The minimum level of equity with these two new quantitative parameters is:

E > E(n) =A@+ vpn x ¢)

Externally set parameters. Table 1 presents the externally set and policy-determined parameters.
The following parameters are set externally. The discount rate is set to an annual rate of » = 5%,
and the supply of assets is S = 2. The prevalence of dealers in the economy relative to investors is
set to pp = 1%. Conditional on receiving a preference shock, the probability an investor becomes
a high type is 7y = 25% and a low type is 7, = 1 — my = 75%. I assume that dealers have no
hedging need for holding the OTC asset: p = 0. Dealers have no correlation between the dividend
paid out by the OTC asset and their endowment income. I assume that low and high type investors
have symmetric but opposite correlations: pl = |pf| where pf < 0 will be calibrated. I also
choose the VaR settings such that the probability of violating the regulation constraint (for risk
management purposes) is € = 0.01% over a time horizon of one quarter At = 1.

Policy parameters are chosen in accordance with US regulations prior to the GFC. I set the
regulatory capital requirement to A = 4%. As a baseline risk-weight, [ use v = 50%. Risk weights
are most often set in 50-percentage-point increments, with a 50% risk weight used for relatively

liquid investment-grade corporate bonds.'® To study stricter regulation, I specifically examine a

Proposition 1 is unchanged with the addition of these parameters.
10Risk weights of up to 200%, 250%, or even 500% can be used, depending on the asset’s risk profile.
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change in the capital requirement A from 4% to 8.5%, mirroring the changes to the common equity
tier 1 risk-weighted asset ratio introduced by Basel I1.5 and III for large, systemically important
institutions. To compare model outcomes to a world without a risk-based capital requirement, I
consider A = 0%. In this case, dealers are simply subject to the same non-negative equity condition

as investors.

Externally set parameters

Variable Parameter Value
Discount rate (annual) r 5%
Asset supply S 2
Prevalence of dealers DD 1%
Investor type-switching, high TH 25%
Investor type-switching, low T 1—7y
Dealer corr. p 0
low type investor corr. p* |pH |
VaR probability € 0.01%
VaR time horizon (qtr) At 1

Policy parameters

Variable Parameter Value
OTC asset risk weight v 50%
Capital requirement A 4%

Table 1: Externally set & policy parameters

Estimated parameters. The parameters of the stochastic process (i,), 0, jtp, and o are directly
estimated using quarterly balance sheet level data from the FR-YOC filings of bank holding com-
panies (BHCs). The data and the maximum likelihood procedure used are outlined in Appendix D.
Table 2 presents the parameter estimates. As shown, the endowment is a low-return, low-volatility

income stream, whereas the OTC asset has a higher return with higher volatility.

Calibrated parameters & moments. The remaining parameters to be calibrated are: \;, A,
p, K, 7, 1, and ¢. I calibrate the baseline model to the pre-GFC period using investment-grade,

risky-principal corporate bond transaction-level data from Academic TRACE (with the total sample
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(1) (2)
Endowment dn; Dividend d D,

. 0.0101
K (0.00076)
R 0.0717
Tn (0.00078)
N 0.0615
1D - (0.0024)
. 0.1875
oD - (0.0026)
N 50,704 10,081
LL -103,086 -6,052.24
BHC controls v v
Sample controls v v
Crisis controls v v
Seasonality controls v v

Table 2: Stochastic process MLE estimates

Column (1) presents the maximum likelihood estimation (MLE) estimates of the parameters (i, o) for
the process defined by equation (2). Column (2) presents the MLE estimates of the parameters (up,op)
for the process defined by equation (1). Estimation details can be found in Appendix D.

Variable Param. Value Moment Model Data
Risk aversion K 0.4  RWA ratio, mean (%) 21.61 11.14
Rate of investor pref. shock y 0.083 RWA ratio, std. dev. 11.48  8.66
high type investor corr. pH -0.5  Investor Spread, mean (bps) 6.05 15.05
Meeting intensity, Investor (qtr) Ae 12 Investor Spread, std. (bps) 546 18.40
Meeting intensity, Inter-dealer (qtr) Ad 25  Investor / Inter-dealer Turnover 3.88 1.69
Non-trading RWA P 80 RWA ratio, mean (95pct. TA) (%) 17.21  8.78
Regulatory scaling parameter ) 3 TA / Total Assets, mean (95pct. TA) (%)  17.5 1.53

Table 3: Calibrated parameters & moments

Note that RWA: risk-weighted assets and TA: trading assets. 95pct. TA indicates that variable is calculated
using the BHCs that have trading assets > the 95th percentile of trading assets.

varying from 2006 to 2024). Table 3 presents the calibrated parameters, the target moments, and
the model’s moments relative to the data. Since \; controls how fast dealers trade in the inter-
dealer market, I target the ratio of investor turnover to inter-dealer turnover. Since p’! determines
the hedging need of the high type investor and \. controls how often investors receive trading
opportunities, I target the average spread in the investor market and standard deviation, respectively.

I use the spread definition of Choi et al., 2024, defined as the difference between the trade price
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relative to a dealer reference price. For a given trade ¢ in bond b, the spread in basis points is:

Spready; =2 x Q x (log(Pyz) — 10g(Feqier)) X 10, 000. (1)

From the dealer’s perspective, () = 1 if the trade is a sale and () = —1 if the trade is a buy.
A positive spread indicates a profit for the dealer buying or selling to investors or other dealers.
Following Choi et al., 2024, in the data I use as the dealer reference price the volume-weighted
average (using trades with volumes greater than $100,000) of the inter-dealer price for each bond
in each quarter. In the model, the dealer reference price is the volume-weighted average price using
inter-dealer trades.

Spreads are calculated in the data and in the model as follows. To find the average investor spread
across all investment-grade corporates in the data, I first compute the volume-weighted average
spread for each bond over all investor trades within a quarter. I then average of these volume-
weighted quarterly investor spreads across all bonds traded in the investor market pre-GFC. In the
model, for each potential trade I calculate the spread using the dealer reference price. Using the
agents’ steady state distributions, I obtain the average spread for realized investor trades.

The remaining parameters are calibrated to moments from the balance sheets of the top 25%
largest BHCs pre-GFC. Agent risk aversion « and the rate at which investors receive preference
shocks ~ are calibrated using the first and second moments of dealer risk-weighted asset ratios.
The stock of non-trading risk-weighted assets 1 is calibrated to the average risk-weighted ratio
of BHC:s that hold a high amount of trading assets (specifically, more than the 95th percentile of
trading assets). For the regulatory scaling parameter ¢, I target the average ratio of trading assets

to total assets for these same BHCs with high trading asset holdings.

4.1 Baseline model outcomes

Summary statistics for each of the three capital requirement cases A = {0%, 4%, 8.5%} are pre-

sented in Table 4 columns (1) to (3) respectively. Consider the baseline, A = 4% as in column
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Policy (A, v)

(1) (2) 3)
Statistic (0%, 0%) (4%, 50%) (8.5%,50%) As 3%
Equilibrium reference price (p) 4.878 4.878 4.875 -0.08
Average inter-dealer price 4.877 4.877 4.876 -0.01
std. dev. inter-dealer price 0.00080 0.00084 0.000897 +6.79
Average investor price 4.878 4.878 4.874 -0.08
std. dev. investor price 0.00159 0.00167 0.00181 +8.38
Average inter-dealer spread (bps) -2.86e-17 -0.013 -0.017 -32.54
std. dev. inter-dealer spread 3.314 3.475 3.678 +5.83
Average investor spread (bps) 5.760 6.048 6.578 +8.78
std. dev. investor spread 5.015 5.462 6.134 +12.30
Inter-dealer trade (%) 9.467 10.164 11.175 +9.95
Investor trade (%) 70.952 70.940 70.155 -1.11
Investor / inter-dealer trades 4.163 3.877 3.488 -10.03
Inter-dealer turnover, qtr (%) 42.600 45.740 50.286 +9.90
Investor turnover, qtr (%) 177.380 177.350 175.389 -1.10
Inter-dealer Intermediary Index, mean 0.0381 0.0417 0.0435 +4.31
Investor Intermediary Index, mean 0.6371 0.6126 0.5935 -3.11
Equity
Mean 15.006 16.550 18.070 +9.18
Std. dev. 9.572 8.570 7.540 -12.03
25th pct. 5.652 8.260 10.434 +26.27
50th pct. 15.217 16.520 18.261 +10.55
75th pct. 24.347 24.780 25.652 +3.52
Risk-weighted asset ratio (%)
Mean - 21.610 23.638 +9.36
Std. dev. - 11.480 10.120 -11.84
25th pct. - 10.430 13.734 +31.66
50th pct. - 20.870 23.070 +10.54
75th pct. - 31.860 31.998 +0.43
Dealer OTC assets
Mean 2.289 2.239 2.189 -2.23
Std. dev. 0.936 0.950 0.950 -0.05

low type Investor OTC assets

Mean 1.974 1.975 1.973 -0.10
Std. dev. 1.002 1.011 1.012 +0.05

high type Investor OTC assets

Mean 2.066 2.065 2.076 +0.53
Std. dev. 0.979 0.986 0.986 -0.02
30

Table 4: Model statistics for different capital requirements A
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Figure 3: Prices & Spreads by market

In each graph, on the z-axis is the distance-to-constraint, E — E(n), of a dealer of state (E,n) with equity
E and inventories n; 0 indicates that the dealer is just at the regulatory minimum level of equity, £ = E(n).
On the y-axis is the dollar value of the variable plotted. Expected Sell Price (Expected Buy Price) is the

average price at which a (E,n) dealer expects to sell (buy) one unit of the OTC asset for, based on the
equilibrium distribution of agents.
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Figure 4: Agent Distributions

Each heatmap shows the steady state equilibrium distributions of dealers, low type investors, and high type
investors. On the z-axis is an agent’s OTC asset holdings n, and on the y-axis is the agent’s equity £. For
dealers, the solid gray step function denotes the regulatory minimum level of equity they must hold E(n)
for each stock of OTC inventories n. The darker the color, the more often agents spend time in that state.
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Figure 5: Intermediation quality by market

Each heatmap represents the intermediation index for the inter-dealer and investor markets as defined in
equation (22). On the z-axis is a dealer’s OTC asset holdings n and on the y-axis is the dealer’s equity E.
The solid gray step function denotes the regulatory minimum level of equity they must hold F(n) for each

stock of OTC inventories n. The darker the color, the higher the index, and the better an intermediary an
(E,n) dealer is.
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(2). As Proposition 1 shows, the regulatory constraint distorts dealers’ marginal valuations of both
equity and the risky OTC asset near the regulatory bound. These distortions affect dealer market-
making behavior and, in turn, equilibrium outcomes. In this section, I discuss three key implications
of balance sheet constraints for dealer trading behavior across the distribution of dealer states.

First, the regulatory constraint affects dealer pricing strategies. Figures 3 (a)-(d) show how a
dealer’s expected sell and buy prices in both the inter-dealer and investor markets vary with their
distance-to-constraint. On the z-axis is the dealer’s distance from their constraint, their regulatory
slack. Each line color and style denotes a different OTC inventory level n, from 1 to 4. The Expected
Sell Price (Expected Buy Price) is the average price at which a (E, n) dealer expects to sell (buy)
one unit of the OTC asset for, based on the equilibrium distribution of agents. As a dealer’s distance-
to-constraint falls, their sell price declines; they are willing to sell their OTC inventory at fire sale
prices. Additionally, this effect is stronger the more assets a dealer has, due to the OTC asset’s
risk profile. Similarly, as a dealer becomes more constrained, they are less willing to buy the asset
and will do so only at a steeply discounted price. Both price declines directly reflect the changing
marginal values of dealers in the region near the constraint.

While both expected buy and sell prices fall as a dealer becomes more constrained, the wedge
between them rises. Figures 3 (e) and (f) plot the difference between the expected sell and buy
prices for a dealer of state (¥, n) for both the inter-dealer and investor markets. The difference, or
spread, reflects how costly it is for investors to trade with that type of dealer. As each graph shows,
as a dealer’s slack declines, the wedge between their expected sell and buy prices increases. This
effect is more pronounced the more OTC assets a dealer has. Unlike other models with ad-hoc
regulatory costs, this framework can match the cross-sectional empirical evidence from Adrian et
al. (2017) and Breckenfelder and Ivashina (2021a), among others, who show that bonds traded by
more constrained dealers have higher trading costs.

Second, OTC inventories exhibit mean-reversion, and, as agents become less well-capitalized,
their target inventories fall. In other words, agents have a preferred asset level they would like

to hold; when they are close to their regulatory constraint, this desired inventory level is lower.
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Figure 4 presents a heatmap of the distribution of agent types, where the gray step function for
dealers represents the minimum level of equity £(n) they must have for each level of risky OTC
asset n. Figure 4 shows that agents maintain a target inventory, generally holding n = 3 units of
the risky OTC asset when they are well-capitalized. When well-capitalized agents receive trading
opportunities, they balance the future trading value of assets against any deviation from their target
inventory level. This result is consistent with Uslii (2019), in which the author shows that risk-
neutral traders with quadratic utility over OTC assets have a target inventory.'' It is also consistent
with the empirical evidence, for example from Dick-Nielsen and Rossi (2019), which shows that
dealer inventories are mean-reverting.

However, Figure 4 also shows that there are significant masses of agents with low OTC invento-
ries and low-capitalization. As agents receive negative income shocks, they would rather exchange
some of their risky OTC inventories not only to hold more cash to relax their regulatory constraint
(for dealers) or to satisfy their non-negative equity constraint (for investors), but also to reduce the
overall portfolio volatility. As a result, their desired inventories of risky OTC assets decline.

The third and final observation about the cross-section of dealers is that more constrained dealers
tend to be worse intermediaries. Figure 5 presents the intermediation index for each dealer type
(E,n) in each market, inter-dealer and investor. The intermediary index is a simple measure of

how much trading volume a dealer of state (¥, n) expects to facilitate on each side of the market:

Intermediary Index(E, n) = \/ E[Trade Volume,.; |E, n] x E[Trade Volumey,,|E,n].  (22)

A dealer of state (E,n) is a “good” intermediary if they are willing to both buy and sell at
high volumes. As shown, dealers intermediate much more in the investor market than they do
for themselves. What is common across the two markets is that the best intermediaries tend to
be dealers who are reasonably well-capitalized (i.e., have sufficient regulatory slack) and have an

intermediate amount of assets, n = 2. As a dealer’s regulatory slack declines, they become less

T As shown in the Appendix of Uslii (2019)’s paper, behind this risk-neutral-quadratic-utility trader is the assump-
tion that they are always well-capitalized.
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willing to buy the asset, and so are a worse intermediary by this definition. This effect is consistent
with the empirical evidence from Adrian et al. (2017) and Bao et al. (2018) that shows that bonds
traded by more constrained dealers are generally less liquid, with lower turnover and trade volumes.

Consider now dealers with fewer assets, n = 1. They are weaker intermediaries than those with
n = 2 assets because they are generally less willing to sell. However, as these dealers approach
their regulatory limits, they become “better” intermediaries because they are more willing to sell

to move away from the constraint.

4.1.1 No-constraint benchmark

To understand how the presence of the regulatory constraint affects market outcomes on average,
I compare the baseline economy in column (2) of Table 4 with the economy without a regulatory
constraint, column (1). That is, all agents are only subject to a simple non-negative equity condition.

Using the equilibrium distribution of agents, I obtain summary measures of trading costs for
each market, captured by spreads. First, the introduction of the regulatory constraint increases
average spreads and price dispersion. On average, investor spreads, as calculated using equation
(21), rise from 5.760 to 6.048. Because the minimum regulatory level of equity £/(n) has shifted
upward for positive OTC inventories n > 0, dealers now spend more time in the region near the
constraint where trading is most costly for investors. There is also more price dispersion: the
standard deviation of investor trade prices rises from 0.00159 to 0.00167.

There is also higher turnover in the inter-dealer market when the regulatory constraint is in place,
compared to a simple non-negative equity requirement. Since the regulatory requirement is stricter,
dealers trade more actively to re-balance their portfolios to maintain enough regulatory slack. As a
result, assets change hands more frequently, leading to higher turnover. At the same time, dealers
hold smaller inventories overall, as maintaining their previous OTC inventory positions has become
more costly. Furthermore, the OTC asset positions of high- and low-liquidity investors are less

extreme, since it is now more expensive for them to reach their preferred allocations.
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Figure 6: Change in the average return on purchases of the OTC assets following an increase in the
risk weight v%

In each graph, on the z-axis is the distance-to-constraint, E — F(n) of a dealer of state (E,n) with equity E
and inventories n; 0 indicates that the dealer is just at the regulatory minimum level of equity, £ = E(n).
On the y-axis is the dollar value of the variable plotted. Plotted is the difference in Expected Sell Price-
Expected Buy Price from Figure 3 for the same distance-to-constraint following stricter regulation.
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Figure 7: Change in Intermediation Index by market

Each heatmap represents the change in the intermediation index for the inter-dealer and investor markets
from Figure 5. On the z-axis are the dealer’s OTC asset holdings n, and on the y-axis is equity E. The
solid gray step function denotes the regulatory minimum £(n). Green indicates a positive change; red a
negative change; darker colors indicate larger magnitudes.
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5 Stricter Regulation and OTC trade

Now consider the counterfactual of stricter regulation in which the capital requirement, A, increases
from 4% to 8.5%. Column (3) of Table 4 reports the corresponding model statistics for this new
steady state, while column (4) shows the percentage change relative to the low capital requirement
economy, column (2). Compared with the benchmark case, dealers must hold a higher minimum
level of equity, and they spend more time, on average, in the region near their constraint. This
section highlights three important consequences for OTC market outcomes.

First, stricter regulation leads to higher investor spreads, both in the cross-section and on av-
erage, given the new equilibrium distribution of agents. Figure 6 presents the change in dealer
expected spreads as a function of their distance-to-constraint for both the inter-dealer and investor
markets. Specifically, I compare expected spreads (the difference between the dealer’s expected
sell and buy prices) in both regulatory cases (A = 4%, A = 8.5%) for a fixed amount of regula-
tory slack. As shown, expected spreads rise as dealers become more constrained in both markets.
Consequently, average investor spreads rise, as does spread variation. These patterns are consistent
with the higher observed average costs for trades facilitated by bank-affiliated dealers post-GFC, as
documented by Adrian et al. (2017), Breckenfelder and Ivashina (2021b), and Choi et al. (2024).

Second, stricter regulation results in a decline in average dealer inventories, mirroring what has
been observed post-GFC (Bessembinder et al., 2018; Dick-Nielsen & Rossi, 2019; Goldstein &
Hotchkiss, 2020). This occurs for two reasons. Near the constraint, the marginal value of the OTC
asset falls while the marginal value of equity rises, which reduces dealers’ willingness to hold risky
OTC assets. Moreover, since the minimum equity requirement is now higher, dealers spend more
time near their regulatory constraint where their target inventories are lower. Consequently, dealers
have, on average, fewer OTC inventories. The model also adds nuance regarding investor behavior:
since trade is more costly, investors take less extreme positions. Because of lower demand, the
reference price p falls.

Third, stricter regulation reduces dealer intermediation in the investor market, thereby lowering

investor turnover. There is a decline in the average intermediation index and turnover in the investor
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market. Again, this is consistent with empirical evidence showing that bank-affiliated dealers deploy
less capital and provide less liquidity due to tighter post-crisis regulations (Adrian et al., 2017; Bao
et al., 2018; Bessembinder et al., 2018; Dick-Nielsen & Rossi, 2019). Figure 7 shows how the
intermediation index changes following an increase in the capital requirement A across dealer states
(E,n) in both markets: green areas indicate an increase in the intermediation index, while red areas
indicate a decline. Compared to Figure 5, Figure 7 shows that dealer states that were previously
good intermediaries before the regulatory change, facilitating both high buy and sell volumes, are
now closer to their regulatory constraints since equity minimums have increased. As a consequence,
they are less willing to buy and therefore act as worse intermediaries in both markets.

At the same time, however, dealers rely more on the inter-dealer market to reallocate inven-
tories among themselves: stricter regulation results in a smaller ratio of inter-dealer to investor
trades, higher inter-dealer turnover, and higher inter-dealer intermediation on average. Dealers tap
the inter-dealer market more often to facilitate fewer investor trades. Because dealers now have,
on average, less regulatory slack, their own trading needs increase for risk-management purposes.
In equilibrium, this shift generates a reallocation of intermediation activity: a rise in inter-dealer
market trade, intermediation, and turnover, but a decline in these same values in the investor mar-
ket. This dynamic, absent in frameworks that impose ad-hoc trading costs or assume centralized
inter-dealer markets, provides a novel explanation for the post-GFC decline in investor liquidity
attributable to regulatory changes.

In summary, the model captures how tighter regulation reshapes OTC market dynamics in three
key ways that not only reflect the empirical evidence but also highlight important nuances that ad-
hoc modeling approaches fail to capture. With stricter regulation via higher capital requirements,
investor spreads rise both on average and in the cross-section when dealers are constrained and have
large OTC inventories; dealers hold smaller inventories and investors take less extreme positions;
and intermediation quality in the investor market declines as dealers increasingly turn to the inter-

dealer market to manage their regulatory compliance.
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6 Conclusion

In this paper, I ask how post-GFC regulatory changes in Basel risk-weighted capital requirements
have affected dealer market-making behavior in OTC markets. To answer this question, I develop a
model of a two-tiered dealer-intermediated OTC market in which risk-averse dealers choose portfo-
lios of risk-free liquid assets and risky OTC traded assets subject to a risk-based capital requirement.
This regulatory constraint alters the marginal valuation of the risky OTC traded asset for dealers
near their regulatory bound on equity. I solve the model numerically using an original iterative
algorithm based on the finite difference methods proposed by Achdou et al. (2022). The model
shows that dealers alter their trading behavior near the regulatory bound, charging higher transac-
tion costs when they have less regulatory slack. Following an increase in the capital requirement,
the distortions introduced by this constraint raise investor trading costs and reduce intermediation
quality on average. Dealers lean away from facilitating trades for investors, trading more often in
the more liquid inter-dealer market to manage their distance from their regulatory constraints.

To understand how these changes in dealer market-making behavior affect market resilience, I
am currently working on obtaining the transition dynamics (impulse response functions) in response
to shocks to (1) dealer capitalization and (2) investor liquidity preferences in the low and high
regulatory environments. Will better capitalized dealers provide more or less liquidity in times of
stress? Because inventory stickiness shapes the cost of holding assets, I am also extending this
steady state analysis to examine how outcomes vary with search frictions. Are regulatory costs
larger in less liquid markets?

This paper raises questions about the broader implications of post-GFC regulatory changes for
both financial markets and the real economy. Stricter capital requirements (via risk-weighted asset
ratios) can affect liquidity in financial markets and, in turn, growth, investment, and other real
outcomes. This paper also raises the question of what an optimal policy balancing reduced risk
in the banking sector against potentially reduced liquidity and resilience in decentralized financial

markets might look like.
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Appendix

A Derivations & proofs

A.1 Derivation of the regulatory VaR constraint & the implied maximum

consumption c¢"*(E, n)

The regulatory VaR constraint is defined as in equation (6), repeated here for completeness:
VaR.(Rai(n)) > 0.

The evolution of a dealer’s equity given a fixed stock of OTC inventories n can be written as a

linear stochastic differential equation:

dE, = (rE, — k) dt + o*dW,.

where
o dz
ki=—(uy—ctn(pp—rp); o=| " |; aWy=| "
nop dZD,t
Multiplying each side by e~"* and integrating over ¢ + At, I obtain:
rAt 1 rAt rAt T At —r(s—t)
Eiyng =By — k- (e — 1) + e "o e dWs.
r 0

Since W is a two dimensional Brownian motion, F;,A; conditional on E; is normally dis-
tributed:

Et+At|Et ~ N (,ut—l—Ah Ut2+At) :

Recall that the VaR is that value ¢ such that
VaR(Eyar — E(n)) =inf{g € R: Pr (Eyar — E(n) < q) > €}
Since for a fixed stock of inventories n, F/(n) is a constant,
Errar— E(M)|E ~ N (purar — E(n), 07, a) -

Therefore,

Pr [EtJrAt . E(n) < Q] —d <q - (,U/t;r-At - E(“))) '
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The VaR q is therefore
q = pyar — E(n) + 01,027 (e).

The VaR requirement is this value, ¢, is non-negative:

V@R(Et+At — E(n)) =(q 2 0.

Setting the above value of ¢ > 0 and solving for ¢ provides the solution for ¢V *%(E, n) as stated

in equation (16).

A.2 Proof of Proposition 1

Define for regulatory slack s > 0 the corresponding level of equity given a stock of OTC inventories
n > 0: Ey(n) :== E(n) + s. Assume that the reference price is such that up — rp, if positive, is
sufficiently small. In the neighborhood of the regulatory constraint:

1. The marginal value of equity increases as a dealer becomes more constrained (regulatory
slack s declines), and this increase is steeper the larger the dealer’s OTC inventories (for
n' >mn):

OgW (E,(n'),n") > 0gW (E4(n),n) > 0.

2. Fortrade size a = 1 and trade price P such that regulatory slack s is constant, the reservation

value is:

AW (Eg,n) = W(Ey(n+1),n+ 1) — W(Es(n),n).

The reservation value of an additional unit of OTC assets in a fixed-slack trade declines as
a dealer becomes more constrained (regulatory slack s declines), and this decline is steeper
the larger the dealer’s OTC inventories:

O AW (E,,n) > 0.

Sketch of proof: By optimal consumption and CARA utility, it follows that the value function
is increasing and concave in equity. I first show that at the constraint point with zero slack, F(n) =
E(n), the marginal value of equity is higher the more OTC assets a dealer has. For a given stock

of inventories n, the boundary condition (15) is such that at E(n),
OpW (E(n),n) =u' (¢"**(E(n),n)).
By definition of ¢V*%(E, n), equation (14), the partial derivative with fixed slack is:
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anCVaR(E’ TL) |slack =HUD — Tﬁ

N

r 1{11 a
+

v _1(6)5 57 (072] + n20123 + 2pn0n0D) (eth — 1)

X [%% (QnU% + QpGnUD) (eQrAt — 1)] .

Since ¢ is a small positive, ®~!(¢) is negative. By assumption, the reference price is such that
up — rp, if positive, is sufficiently small. This is a reasonable assumption as for common values of
€, say 0.0001, the magnitude of ®~1(¢) is quite large, -3.719. Therefore it is that:

8ncvaR<E7 n)|slack < 0.

Therefore for n’ > n at the constraint point:
" “B(E(n),n) > c*H(E0),n)
Because CARA utility is increasing and concave u'(c) > 0,u”(c) < 0, the above implies
u (VH(E(n),n)) < u ("(E(),n").
By the boundary condition (15):
oW (E(n),n') > 0gW (E(n),n)

Combining the facts that (1) the marginal value of equity is larger the more assets a dealer has at
the constraint point and (2) the value function is concave in equity (and is also continuous & twice

differentiable), then for some small slack s > 0 (a small region near the constraint):
OW (Es(n'),n") > 0gW (Es(n),n).

For trade size a = 1 and trade price P such that regulatory slack is constant given p, the

reservation value is:
AW (Es,n) = W(Es(n+1),n+ 1) — W(Es(n),n).

By the above, the partial derivative with respect to equity of a fixed-slack trade is therefore
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positive:
OpAW (Egs,n) = 0gW (Es(n+a),n+ a) — OgW (Es(n),n) > 0.

B Stationary Equilibrium

B.1 Equilibrium distributions of agent types

Define the probability that, post inter-dealer trade, a dealer of state (E’, n’') becomes state (E, n)
to be af;,, g, Likewise for investor trade, af; , pv . The steady state distribution of dealers
F(FE,n) with probability density function f(FE,n) satisfies the following Kolmogorov forward
(Fokker-Planck) equation:

0=—0p{(uy — " (E,n) +rE+n(up —1p)) f(E,n)}

1
+ 58]25 {(072, + opn’® + 2npo,op) f(E,n)}
+ A (/ adEvn’E,vn,f(E',n’)d(E',n’))
;o ) (23)
nd(E' 1)
+ A (/ a%mE,m,f(E’,n’)d(E’,n’))
— A f(E,n) (/ a%/,n,’Emd(E’,n')) .

Af(Eon) ( [

The first two terms capture the changes in the distribution due to the stochastic diffusion pro-
cesses on the endowment and the OTC asset dividend. The last four lines show the inflows and
outflows of agents due to trade in the OTC asset in both the inter-dealer and investor markets.

Similarly, the steady state conditional distribution of investors H (E, n, i) satisfies the following:
0=—0p{(, —c(E,n,i)+rE+n(pup —1p)) h(E,n,i)}
1 .
+ 58,23 {(07 +opn’ +2np'oyop) h(E,n,i)}
+am(i)h(E,n,i') = yr(i)h(E, n, i)

+ )\c </ aE,n,i,E’,n’,ih(Ela nla Z>d<El> nla Z))
— )\Ch(E,n,z) (/ OéE/’n/’Z"Emyid(E,,TL’,i)) .

(24)

Where o i g i 1S the probability that post-trade an investor of state (E’, n/, i) becomes state
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(E,n,i). As with dealers, the first two lines reflect changes in the distribution due to stochastic
income. The third line reflects the change in the distribution due to the changes in the investor’s

liquidity preference type 7. The last two lines are the inflows and outflows of investors due to trade.

B.2 The reference price of the OTC asset p

The reference price of the OTC asset p is the volume-weighted average of all the realized trade
prices in the economy. Denote the volume-weight of a trade between two dealers, conditional on
receiving a trade opportunity and trading a non-zero amount of the asset to be wqq.(E, n, E',n’).
Likewise for dealers and investors, wy,qq4c(E, n, E',n’, 7). Let the weights sum to 1. The weighted

reference price p is therefore:

D ://(wtmde(E,n,E',n') X P*(E,n,E'\n"))dF(E',n")dF(E, n)
(25)

—I—//(wtmde(E,n, E' n';i) x P*(E,n,E'\n' 1)) dH(E',n',i)dF(E,n).
B.3 Market clearing

Finally, market clearing requires that all asset shares S > 0 be held by agents. With two unit
measures of agents, it must be that the steady state weighted average of asset holdings of all agents

equals the supply in shares:
pD/ndF(E,n)+(1—pD)/ndH(E,n,i) =5 (26)

B.4 Stationary equilibrium definition

A stationary equilibrium is a set of value functions W (E,n), V(E,n,i), consumption policies
c(E,n),c*(E,n,i),distributions f(E,n),h(F,n,i), trading rules (a*, P*) for the OTC asset within
each market (inter-dealer, investor) between each potential pair of traders, and a reference price p
such that, taking the model primitives {7, g, Ac, iy, 0y, D, 0D Ky p, P17, T(4), A, v, pp, €, At} as

given, the following are satisfied:
1. Value functions W (E, n), V(E, n,1) satisfy (13), (17), (15) and (19);
2. Consumption policies c*(E, n), ¢*(E, n, i) satisfy (16) and (18);
3. Trading rules (a*, P*) satisfy the bargaining protocol defined in (11) and (12);
4. Distributions f(FE,n),h(E, n,i) satisfy (23) and (24);
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5. The reference price p is defined as in (25) and market clearing holds as in (26).

C Stationary equilibrium solution method

Solving the stationary equilibrium involves two main sub-problems. The first involves solving for
the intensities with which agents change their type in the £ and n dimensions due to optimal trade
outcomes as a function of value functions and distributions. This step is solved by simply finding
the grid point that best satisfies the Kalai (1977) bargaining problems for each possible trade, if
indeed one exists.'?

The second involves solving for the agent value functions (taking as given switching intensi-
ties due to trade), and then solving for the implied agent distributions. I solve for value functions
using finite-difference methods as outlined in Achdou et al. (2022) with some modifications. For
investors, I use the standard finite difference methodology. For dealers, however, due to the regula-
tory constraint, the boundary of the equity grid is staggered: dealers with more OTC asset holdings
must hold higher equity. The modifications to the finite difference method I make can be found in

the next section, Appendix C.1. I solve the steady state using the algorithm defined in Algorithm 1.

C.1 State-based boundary conditions and finite-difference methods

In this section I outline the finite-difference algorithm based on Achdou et al. (2022) modified to
handle the state-based boundary condition for dealers as it appears in this model. Let there be
I liquid asset grid points F; with step size AF in the domain [Fy, Ey| and J OTC asset holding
points n; with step size An = 1 in the domain [0, ny]|. Let T};;/;+ be the trade outcome probabilities
due to trade in the OTC market: 7;; ;+; represents the probability of switching from type ij to type
i'j" in the defined grid. Note that } _, ,, T;;;» = 1. Define the following:

Sij = g — Cij + 1 E; + nj(up — rp);

2_ 2, 2 2 om
o; =0, +opn;+2n;p"o,0p.

Note the relevant forward and backward differences are:

Wit1,; — Wiy
aE,Fwij = —AE )

Wij — Wi-1,5
aE,Bwij = AE ;

12This is a bottleneck; with 70 liquid asset grid points and up to 5 units of the OTC asset held, obtaining the optimal
trade outcomes for all agents takes about 60 seconds on a Windows laptop with a 12th Gen Intel Core i7 processor
using Python 3.11 when using parallelization.
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Table 5: Algorithm for Steady State Equilibrium

Algorithm 1: Steady State Equilibrium

Initial guess p; tolerances toly, toly; weights wq, wy; max iterations X, Y'; agent

grids on (e, n;), (ex, n;, 7). Converged reference price p, distributions f, h, and

value functions W, V.

Start:;

Define minimum equity levels k*(n) = E(n) given p.;

Solve for W(© = {W© VOV and D@ = { £ pO1 without OTC trade using
k*(n) (use finite differences; see appx. C.1).;

Solve for OTC trade T given W(® and DO ;

for z + 1to X do

// Inner loop: Value functions, 0TC trade, and

distributions

Wy,

DY + DE-D;

T T,

fory < 1toY do

Compute optimal trade intensities ’]I‘@(f) using W;“i)l and ]D)g”_)1 ;
Obtain W' ;

Solve for D{” given W ;

c11 < max{|[W{ — W(I)1|}
c13 + max{|T{"” T(‘” e

Ci3 max{\Dgf Dgﬁ)l]},

if max{ci1, c12, c13} < tol; then
WE) Wi,

T® « T(;

D@ « D§Y;

B break;
else
W w W 4 (1 —w)) W
TS < wy TS + (1 — )T;
i Dgﬂ e w DY + (1 —w) DY

// Outer loop: Reference price
Compute p, from {W@ D& T@}
¢ 4 |Do — B3
if c; < rol, then
| stop
else -
P < wap, + (1 — we)p and update minimum equity levels k*(n) = E(n)
given new p
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Wi j41 — 2Wi5 + Wi
(AE)?

ﬁéwij =
The discretized Dealer HIB is w;;, given a guess wy; the next guess w’"“rl satisfies:

wit —

ij i +Twn+1 ( )+8Ewn+1 n + 82 n—i—l 2

A () ]
n+1 n+1
+ A E 1.l — w;; ) )

The implicit guess using the upwind scheme is a system of / x .J equations:

wﬂ.“ — w™

S E— A Y +rw%+1 =u(cl )+8Epw7;+1 [SZF} + 0g, w’}“ [S%’B} + = 81251,0"“ JQ

27
+)\Z e n+1 w?j—’—l) . (27)

Note that optimal agent consumption is always:
= (u')_l(aEij).
Where the marginal value of equity is:

aEwi,j :aEw,'j’Fl{Sijf > O} + 8Ewij,31{s,»j,3 < 0}
+ U (py +rEi+n (up = rp))Hsijr < 0 < syp}
Writing equation (27) in matrix notation and using the backwards and forward difference equa-
tions, I obtain the following:

n+1 n n+l n+1 n+1 n+1

w:' —w . . — W, _
- A Lt rwlt =u(d) + ZH’JAE (st 6] "+ —E =2 87 g
w’?jllj - 2wn+1 + wZH_llj 0_]2

(AE) 2

n+1 n+1
—i—)\g i, — w; )

Which can be written for generic grid points ¢7 as:

wnﬂJ — wh

%] v n+l __ n+1 n+1 n+1
——— +rwj =u(cly) + 2w+ ynwl + alw;

] i—1,j
A (28)
+)\Z z]zj/w//
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Where:

. N 1
Yij = (E [stis] = AE [s5.6]" = o] (AE? /\> ?

n 1, 1 1 [ n ] _
.. = | —=0° — —— s .
i 2 7(AE)? AE ij,B
Up until now, this method has been consistent with Achdou et al. (2022). The modification lies

in how I handle the boundary condition. As in Achdou et al. (2022), implementing the boundary
condition requires a modification to the backwards difference of the value function at the boundary
point. The difference here is that now the boundary point for dealers is no longer the bottom of the
grid only, and I have multiple points which need to be constrained for all levels of equity that violate
the constraint: £ < FE(n;) for each n;. Therefore, for intermediate OTC asset holdings n; < ngy,
there is a region of the grid where consumption is constrained.

I impose the boundary condition as follows. For all 4, j such that £; < E(n;), the boundary
condition needs to be satisfied for the backward and forward difference. Identify the boundary point
of equity, or the minimum level of equity for each j that satisfies the constraint, as F/(n;-) and the
grid point as i*j*. The backward and forward differences for all i € {i < *} must satisfy the
boundary condition (15):

oy

Op BW;;. = u'(c :
OB FW;j. = u'(cg/diR).

Now, consider the point at which the regulatory constraint first binds, +*j*. The backward dif-

ference at point ¢*j* is:

wi*j* — wi*—l,j*

VaR)
AFE '

g

=(c

3E,sz‘*j* =
Therefore the value function at the point * — 1, 7* in the equity grid is by definition:

Wix -1 j* = Wixjx — AEU/(CX:Z}E)

Similarly, the value function for any point below the constraint point is:

w-

e = Wi — AEY (/7).

Zhj*
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Therefore equation (28) at the boundary point ¢*, j* is:

n+1
wi*j U) % j*

A il =u(cl.) — al  AB (c el

+ rw;.

n+1 n+1
+z**w*+1]*+(l*]*+yl**) i

Wix
+)\2Tw”/w,/

And for any point below the constraint point, 7 € {i < i*}, is:

wtt —
L A 2 —|—rw"+1 =u(c}. ) — 3 AEY (e VJZR)
n n+1 n n n+1
+%ﬁ%ﬂﬁ+<%ﬁ+%ﬁ>%ﬁ
1
+AY Tyagwpht.
i,’j,

The upper bound of the equity grid is handled in the standard manner as in Achdou et al. (2022)
by requiring that the marginal value of wealth at the upper most equity grid point / for all OTC

asset holdings n; be zero:
Opw(Er,n;) =0 = wi; = w1

And so equation (28) at the upper boundary point /7 is:

1 n+l

AL TA

+1 _ +1 +1
Wi+ rwy; = u(cy;) + xpwr” it (y?j + z’f]) wy T
Note that such boundary constraints are not necessary on the OTC asset grid j as the constraints
on the bargaining process prevent agents from trading in violation of feasibility or regulation.

Equation (28) can therefore be written for all valid points on the ¢, 7 grid as:

wnfl — wh

1) 2] n+1l __ n n, n+l n+1 n+1
—x + rwg; =u(cy;) + zi-wZHJ +ypwl T+ wlwl

‘I')\Z ij,' ' W

(29)

Where:
it < I,

nx __ 1]

A
0 ifi=1;

ij
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Yis if i < Jand i > ij,
Yig =i+ ifi < Tand i < i,
yis + 2 ifi =1
ne )T ifi >,
ij o .
0 if1 < i
Define A" to be a sparse matrix with I x J columns and [ x J rows with y;i* on the center
diagonal, z7.* on the lower diagonal, and z;;* on the upper diagonal. Define u;; = u(clnj) Define
w™ as a vector of length I x .J, with entries (wy1, ..., w1, Wia..., W2, Wy, ..., wry). Define b" to be
a vector of length I x J with entries:
uy — af Awu (¢} 1) if i <,

n o __ J Z'vj*

U otherwise.

n
ij

Define 7' to be a matrix with I x J columns and / x .J rows populated with the trading proba-

bilities 7;; ;7 ;. Therefore the difference equation can be written in matrix form as:

1
n+l __ n n+l _ n n n+1
(w w") + rw u + A"+ NT x w
N ~~ 7 dim=(IxJ)x1 dim=(IxJ)x(IxJ) dim=(IxJ)x1

dim=(IxJ)x1

Which can be solved following the standard iterative procedure outlined in Achdou et al. (2022).

D Estimation of stochastic processes

I use quarterly balance sheet level data from the FR-YOC filings of bank holding companies (BHCs)
to estimate the constants in the stochastic processes in equations (1) and (2), u,, 0y, up, and op,
via maximum likelihood. FR-YOC filings are publicly available financial statements that financial
institutions are required to prepare and submit for regulatory purposes. I filter the dataset to only
include domestic US based bank holding companies with strictly positive levels of assets: the data
spans 76 quarters from Q1 2006 to Q4 2024, and includes 1580 distinct BHC’s. Figure (8) displays
the count of BHC’s in the sample over time. The sample composition changes in 2015 and 2018
due to increases in the size thresholds for BHC reporting requirements.

I define an agent’s endowment income in the data, dn, as a BHC’s recorded consolidated net
income less its income from trading assets, defined as the sum of total interest on its stock of trading

assets and trading revenues. I define an agent’s dividend income per unit of risky OTC asset in the
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Figure 8: Number of bank holding companies (BHCs) in the sample over time

data, dD, to be the sum of a BHC’s total dividend income from trading assets divided by their stock
of trading assets.

Since equity in this model spans [0, 30], I need to scale d7) appropriately before estimating the
endowment process. I first normalize the line item for total equity, E between 0 and 30 after first
winsorizing at the 1% level. Then I scale the endowment income d7 proportionally using the ratio
of normalized and original equity to obtain d7*. I scale dividend income from trading assets using
this same scaling factor.

Since inventories in this model span [0, 5], I repeat the scaling procedure above. I normalize
total trading assets to between 0 and 5, after first winsorizing at the 1% level. I obtain the scaled
per unit dividend dD* by dividing scaled dividend income by scaled trading assets. Table 6 reports

the summary statistics for the scaled variables of interest.

All BHCs BHCs with Trading Assets

Mean Std. Dev. Min Median Max Mean  Std. Dev. Min Median  Max
Equity, B 0.96 3.79 0.0037 0.0775 30.00 4.27 7.82 0.0037 0.7677  30.00
Endowment income, dij*  0.03 0.14 -0.3092 0.0033 1.07 0.11 0.29 -0.30917 0.02372  1.07
Dividend income, dD* - - - - - 0.06435 0.16880 0.00000 0.006231 1.33
Total assets (log) 14.61 1.56 5.89 14.14 22.16 16.57 1.97 11.17 16.33 22.16
ROA (%) 5.78 723.15 -198.13 0.43 118,286.15 0.50 0.93 -21.76 0.46 19.37
No. Subsidiaries 1.44 1.77 1.00 1.00 57.00 1.79 2.48 1.00 1.00 40.00
Age (years) 2.45 3.00 0.000 2.00 33.00 2.41 2.61 0.000 2.00 26.00

Table 6: Summary Statistics

Variables with a * are normalized to match the equity and asset grids. Dividend income dD is reported
only for BHCs with trading assets.

I now derive the log-likelihood function for the endowment process (the procedure is identi-
cal for the dividend process). First, I allow the drift and volatility of an agent’s endowment and

dividend to vary by key BHC characteristics: size (log of total assets), age (years), ROA (%), com-
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plexity (no. of subsidiaries), and whether the BHC ever holds trading assets. I also control for the
GFC (years 2007-2009) and Covid-19 (years 2020 and 2021), in case there is exceptional volatility
during these periods. Since the reporting requirements for the sample change over time, I include a
control for the sample period (pre-2015, 2015-2017, and post-2017). Finally, since data is reported
quarterly, I include an indicator variable for Q1 to help control for seasonality. Table 6 reports the
summary statistics for these control variables. Let X;; denote a vector of all these controls, where
all continuous variables are winsorized at the 3% level.

Since the unit of time in this model is one quarter and the data are observed quarterly, the time
step is At = 1. The observed endowment income for BHC : at time ¢ then follows:

dnie = it + Eit, it | X ~ N (0, U?tAt)7

where the drift 1; is linear function of the controls:
Wir = mAL + X; )
I allow for heteroskedasticity in volatility, with the log-variance linear in the same controls:
log o2 = ag + X,1 7.
Therefore, conditional on X};, the distribution of endowment income is:
dnie | Xie ~ N (mAt + X, B, exp(ag + X, 7)At) .

The log-likelihood function for the full panel of observations is:

(mir — mAt — X1 8)°
2exp (ao + X, 'y) At

T N,
m, B, a0, ) Zi[—log (27) —%(awx ’y+logAt) (30)

t=1 i=1

I estimate the parameter vector (m, (3, ag, ) by maximizing the log-likelihood in (30) using the
observed scaled net income d7);, from the FR-Y9C filings for each BHC. The log-likelihood function
for the dividend process is of a similar form, for which the observed scaled return on trading assets
dﬁ;‘t is used.

Using the delta method, I obtain estimates and standard errors of the drift and volatility of
the endowment and dividend processes conditional on the following BHC characteristics and time
periods: (1) BHCs that, at some point in the sample, hold trading assets; (2) the time period is
pre-2015, non-crisis, non-Q1; and (3) BHCs that have an average age, size, complexity, and ROA.
The MLE estimates at these values are presented in Table 2 in the body of the text.
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