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Abstract

We document a new disintermediation channel driving the decline in the interbank lending.
In the early 2000s, over 80% of the interbank loans were intermediated, i.e., lent by banks who
borrowed from others. By 2024 the number of intermediating banks has reduced by 85% and their
borrowing by 93%. To explain this new channel, we devise an endogenous search model of divisible
assets, solve the equilibrium in closed form, and derive testable implications from unconventional
monetary policy (UMP) and regulation. Instrumented by granular IV and high-frequency monet-
ary policy surprises, the bank-level data shows robust evidence supporting the model. We estimate
the structural model and decompose the channel into five factors - (1) narrowing policy spread
due to UMP, (2) abundant reserves injected by UMP, (3) Basel III regulations, (4) elimination
of reserve requirements and (5) changes in reserve distribution. The disintermediation channel
driven by (1) accounts for the largest portion of the decline in the interbank lending. The micro
and macro reserve-demand elasticities (RDE) from our structural model are significantly different
from the reduced-form estimates, highlighting the importance of our structural model for policy
implications. Unlike typical search models, we prove that the equilibrium is constrained inefficient
where banks actually intermediate too often and too much. Despite significant disintermediation,
the welfare cost of implementing monetary policy in the decentralized interbank market has been
much lower than before.
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1 Introduction

The Federal funds market, probably the most important market for monetary policy implementation,
has been continuously shrinking since 2008, in spite of the fact that the US banks are larger than ever.
The market volume of Federal funds by the end of 2019 (before the pandemic) has dropped to less
than 20% of its peak in 2007, while the total assets of banks have expanded by 4.5 times during the
same period. Although it has become a concern of policymakers, this secular decline of the Federal
funds market is still largely a puzzle.

In this paper, we propose a new mechanism to explain the puzzle: the disintermediation channel.
Specifically, the decline of Federal funds volume is driven by the decline of intermediated trading,
where a Federal funds trade is intermediated if the reserve-purchasing bank is also selling reserves on
the same day, i.e., the bank borrows to lend.! Our new mechanism is motivated by an observation
that the Federal funds market was once heavily intermediated. Before 2008, typically more than 80%
of the Federal funds were purchased by intermediary banks, i.e., the banks who do intermediated
trading. This feature is distinct from the markets where the tradings of participants are usually
one-sided. However, as illustrated in Figure 4, since the forth quarter of 2008, the decline in the
Federal funds market is largely driven by the decline in the number of intermediary banks, as well as
the volume of intermediated trades. We call the above phenomenon as the disintermediation of the
Federal funds market.

To find out the sources of disintermediation, we notice that the timing of the disintermediation
coincides with the time when the Federal Reserve implemented a series of unconventional monetary
policies and regulation changes. The implementation started with the introduction of IOER, followed
by three rounds of quantitative easing (QE hereafter) and the changes in regulation, such as the
introduction of Basel III and widening of the basis of the FDIC’s deposit insurance assessment fee.
These policy and regulation changes greatly impacts the payoff and transaction cost of banks’ Federal
funds trading. In particular, the introduction of IOER changes the policy spread between the discount
window rate and IOER, and the changes in regulation increase the balance sheet cost of holding
reserves.

We argue that the adoption of unconventional monetary policies and changes in the transaction
costs due to the regulation changes are among the main sources of disintermediation. While the
disintermediation effect of transaction costs may seem straightforward, the disintermediation effect
of the unconventional monetary policies calls for an explanation. It is puzzling since it is commonly
thought that government sponsored enterprises (GSE) like Fannie Mae, Freddie Mac and Federal
Home Loan Banks are not entitled to the IOER. It implies that under the unconventional monetary

policies, there should be more Federal funds trades between GSEs and non-GSEs, and intermediated

'For readers not familiar with the jargons, Federal funds purchased are borrowing of reserves by buying the Federal
funds today and selling back tomorrow. The price difference is the interest rate associated, i.e., the Federal funds rate.
Similarly, Federal funds sold are lending of reserves.



loans in general, to earn the abitrage of the IOER. Our explanation is that unconventional monetary
policies also amplify the disintermediation effect of transaction costs.

To illustrate the above mechanism of disintermediation, we develop a tractable continuous-time
search-and-bargaining model of the over-the-counter Federal funds market. Our model extends the
random search model in Afonso & Lagos (2015b) by allowing banks to choose their search intensities
endogenously subject to transaction costs on holding reserves. This setup distinguishes our model
from the standard random matching models, such as Afonso & Lagos (2015b), in multiple dimensions.
First, on the effects of monetary policy and regulation on the Federal funds trading, the standard
random matching models predict that any changes in the policy spread between the discount-window
rate and IOER or the balance sheet cost do not affect the level of intermediation — all the effects are
absorbed by the changes of the Federal funds rates. Moreover, the random matching models predict
that the vast increase of reserves injected by QEs should have increased the level of intermediation
instead. The reason is that, since matching is costless in Afonso & Lagos (2015b), banks always search
for counterparties in the market, and they always trade to split their reserve holdings equally once
they match with each other. It also implies that banks should trade more reserves when their average
holding of reserves increases proportionally, ceteris paribus. Therefore, in the standard random
matching models, the level of trades, along both the extensive and intensive margins, does not change
even though the policy spread or the balance sheet cost changes the marginal value of holding reserves,
as long as it is diminishing. On the contrary, our model shows that the endongenous search intensities
and bilateral transaction volume respond endogenously to the gains of trade, which are determined by
the policy spread, transaction cost and the aggregate reserve balances. Hence, our model predicts that
the decline of policy spread and the reserves injection by QEs can reduce the level of intermediation
and lower Federal funds trade on both the extensive and intensive margins. In addition, the increase
of transaction cost raises the extensive margin of Federal funds trade and lowers the intensive margin.

Second, in the standard random matching models, the assumption of cost-free search implies
that the constrained efficient allocation coincides with the equilibrium, where banks should always
search and share the reserve holdings equally. However, our model shows that these features no
longer hold when choosing search intensity becomes costly. Specifically, banks’ search intensities are
complementary in terms of bilateral matching, hence the equilibrium is constrained inefficient. But
banks are not supposed to under-search due to the positive externality. Instead, they trade too much
and search too much in the equilibrium compared with the constrained optimum.

To identify the theoretical predictions on the effects of unconventional monetary policies on the
Federal funds trades and intermediated trades, we perform a series of instrumental variable regressions
on a panel dataset of bank-level Federal funds trade volume. The dataset is collected from various
sources, such as FFIEC Call Reports, Form FR-Y9C and SEC 10-Qs and 10-Ks. We find that
the unconventional monetary policies significantly decrease the level of intermediated trades on both

extensive and intensive margin, and also impede the allocation of Federal funds from net lenders to net



borrowers. These findings are robust to alternative specifications. Therefore, the disintermediation
channel is empirically and economically significant.

We further calibrate our theoretical model with the empirical data via simulated method of
moments, and conduct counterfactual analysis to evaluate the magnitudes of unconventional monetary
policies and regulations on the disintermediation. We find that the disintermediation is mostly driven
by the declining policy spread and the rising transaction cost, while the effect of excess reserve balances
is small. In particular, in the year of 2018, the share of intermediation volume in total Federal funds
volume doubles if we increase the policy spread to its 2006 level, and the share increases by four times

if we decrease the estimated transaction costs to the 2006 level.

Literature. Our paper relates to several strands of literature. First, starting with Poole (1968),
there has been a series of researches on the Federal funds market in partial equilibrium or general
equilibrium models. Hamilton (1996) provides a partial equilibrium model to study the effects of
transaction costs on the daily dynamics of the Federal funds rates. More recently, some studies
focus on the monetary policy implementation and passthrough efficiency in the environment of excess
reserves, such as Duffie & Krishnamurthy (2016), Bech & Keister (2017). In the meantime, other
papers discuss the role of interbank markets and unconventional monetary policies on the aggregate
outcome and welfare, such as Kashyap & Stein (2012), Ennis (2018), Williamson (2019), Bigio &
Sannikov (2021) and Bianchi & Bigio (2022).

Another strand of literature focuses on capturing the over-the-counter (OTC) nature of the Federal
funds markets and its implications. On the one hand, some reserches develop two-sided matching
models to capture the search and matching frictions between lenders and borrowers, such as Berentsen
& Monnet (2008), Bech & Monnet (2016), Afonso et al. (2019) and Chiu et al. (2020). These
models are able to fit a number of aggregate empirical moments of the interbank markets in the U.S.
and Europe and provide fruitful policy implications. However, the intermediation trades, which are
important features of OTC markets, are missing in those models. On the other hand, people use
continuous-time one-sided matching models to capture the intermediation feature of OTC markets.
The one-sided matching models are pioneered by the seminal works of Afonso & Lagos (2015b) and
Afonso & Lagos (2015a). Our model endogenizes the time-varying search intensity to study the
disintermediation trades. The related papers include Duffie et al. (2005), Lagos & Rocheteau (2009),
Trejos & Wright (2016), Farboodi et al. (2017), Lagos & Zhang (2019), Uslii (2019), Hugonnier et al.
(2020) and Liu (2020).

There have been other papers that use network approach to study the interbank markets. For
example, Bech & Atalay (2010) explores the network topology of the Federal funds market, and
Gofman (2017) builds a network-based model of the interbank lending market and quantifies the
efficiency-stability trade-offs of regulating large banks. Chang & Zhang (2018) develops a dynamic

model that allows agents to endogenously choose counterparties and form network structure. They



find that some agents specialize in market making and become the core of the financial network, with

the purpose of eliminating information frictions.

Outline. The remainder of the paper is as follows. Section 2 describes the institutional background
and the aggregate empirical facts that motivate our paper. Section 3 presents the a search model
of Federal funds market that allows for closed-form solutions and comparative statics. Section 4
documents the empirical evidence on the disintermediation effect of unconventional monetary policies
at the individual bank level via testing the predictions of the theoretical model. Section 5 structurally
estimates the theoretical model and quantitatively decomposes the effects of unconventional monetary

policies on Federal funds intermediation. The final section, 6, concludes the paper.

2 The Landscape of the Federal Funds Market

This section introduces the institutional features, the policy and regulatory environment and the
aggregate trade dynamics in the Federal funds market to motivate our estimation and theoretical
model in the following sections. We will focus on the change of the landscape of this market before
and after the Great Recession as the market has changed drastically since then. To measure the
aggregate and composition of the Fed funds trade activity, we aggregate the data from a set of
regulatory filings, including the quarterly Consolidated Report of Condition and Income for U.S.
banks and branches (Call reports), the Consolidated Financial Statements (Form FR Y-9C) for bank
holding companies (BHC) and SEC 10-Ks and 10-Qs for other eligible entities.

2.1 Institutional Background

The Federal funds market is a market for unsecured loans of dollar reserves held at the Federal Reserve
Banks. The market interest rates on these loans are commonly referred to as the Federal funds rates.
Most of the Federal funds transactions are overnight (99%). Financial institutions (FIs) rely on the
Fed funds market for short-term liquidity needs: First, the Federal funds is not considered as the
deposits to the borrower bank under Regulation D, thus it is useful for borrower banks to satisfy their
reserve requirements and payments needs. Second, the lender Fls can lend excess reserves and earn
overnight Fed funds rate. Regarding the market structure, the Federal funds market is an over-the-
counter (OTC) market without centralized exchange. A borrower bank (Federal funds purchased) and
a lender bank (Federal funds sold) meet and trade bilaterally, and the transfer of funds is completed
through the Fed’s reserve accounts.

The market of Federal Funds has been the epicenter where monetary policies are implemented.
Before the Great Recession, the Federal Reserve adjusted the supply of reserve balances, by the
purchase and sale of securities in the open market, so as to keep the Fed fund rates around the target

of monetary policy. Since the Great Recession, the landscape of the market has changed drastically



due to a series of unconventional monetary policies and regulations. Figure 1 plots the timeline of
these changes, which start with the introductin of interest on excess reserves (IOER), followed by
three rounds of quantitative easing (QE) as well as changes in regulation, such as the widening of the

basis for FDIC assessment fee and the introduction of Basel III regulations.

Figure 1: Timeline of unconventional monetary policy and regulation
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Notes: This figure plots the timeline of unconventional monetary policies and regulations since the Great Recession.

The numbers on the timeline represents the date (year-month) when the policy or regulation is introduced.

Due to the changes in policy and regulations, the Fed funds market has entered a stage with excess
reserves, and the Federal Reserve relies on two new policy tools to implement its desired target range
for the Federal funds rate: the IOER, which it offers to eligible depository institutions, is set at the
top of the target ranges; and the rate of return at the overnight reverse repurchase (ON RRP) facility,
which is available to an expanded set of counterparties including government-sponsored enterprises
(GSEs) and some money market funds, is set at the bottom of the rage. Figure 2 shows the time
series of the unconventional monetary policies. Panel (a) plots the path of IOER, which has been
steadily increasing between 2008Q4 and 2018Q4. Panel (b) plots the mean and standard deviation of
individual excess reserve balances in the same period , which has grown drastically since the Great

Recession.

2.2 (Dis)intermediation in the Federal funds market

Due to the over-the-counter structure, the Fed funds trades involve a significant share of intermedi-
ation trading. A group of banks act as intermediaries by borrowing reserves from the lender banks and
lending them to others on the same day. We find that the intermediary banks are responsible for most
of the decline in Fed funds volume. Specifically, by consolidating the individual balance sheet data,
we decompose the total Fed funds volume into three groups: intermediary banks, non-intermediary
banks and government-sponsored enterprises (GSEs). As illustrated in Panel (a) of Figure 3, the
decline of Fed funds purchased (borrowing) is entirely driven by intermediary banks, whose volume
of borrowing sharply declined from the peak of $195 billion in 2007Q2 to an average of $22 billion
in 2018. At the same time, the volume of borrowing by other groups stayed stable over time. Panel
(b) of Figure 3 suggests that, on the supply side, the depository institutions account for most of the
decline of Fed funds lending. In particular, the lendings by intermediary banks was more than $60

billion on average before 2008, but decreased sharply to almost zero right after the Great Recession.



Figure 2: IOER and Excess Reserves
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Notes: This figure plots the sequences of IOER, the mean and standard deviation of individual excess reserve balances
from 2006Q1 to 2024Q2. Data source: FRED, Call reports, FR Y-9C.

The non-intermediary banks accounted for about $50 billion lending before the Great Recession, and
shrank gradually to less than $5 billion over time in 2018.

The decline of borrowing and lending by intermediaries imply the decline of Fed funds reallocation.
We find that this decline occurs on both extensive and intensive margin. As plotted in Panel (a) of
Figure 4, a significant share (more than 15%) of Fed funds volume is traded for intermediating
purposes. However, since the financial crisis has declined by more than two thirds to less than 5%.
Moreover, Panel (b) of Figure 4 shows that the number of intermediary banks has also decreased
from 600 in 2006 to less than 100 at the end of 2018.

Why did disintermediation happen? Certainly, the Federal funds market has been going through
a transition from the Great Recession, but it is worth noting that the timing of the disintermediation
coincides with the changes in the monetary policies and regulations, as plotted in Figure 1. All these
changes closely relate to banks’ incentive to trade Fed funds. For example, the introduction of IOER
raises the return of holding reserves, which lowers banks’ lending incentives and raises their borrowing
incentives. The QEs have left banks flush with excess reserves. As a result, the demand for borrowing
reserves to meet the reserve requirement and payment needs has become rare. The regulation changes
The widening of FDIC assessment base and Basel III regulations increase the balance sheet cost of
holding reserves. For example, FDIC insurance premium is now charged according to the size of FI's
assets (instead of the size of deposit), which is increasing in the Federal Funds borrowed. Furthermore,
Basel III now imposes a cap on the FI’s leverage ratio and a floor of the holding of liquid (and usually
low-return) asset to cover potential cash outflow, increasing the regulation cost.

Our empirical facts about the disintermediation coincide with the existing literature. For example,



Figure 3: Decomposition of Federal funds volume

(a) Federal funds purchased (b) Federal funds sold
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Notes: This figure plots the decomposition of the aggregate Federal funds purchased and sold by groups from 2006Q1
to 2024Q2. Data source: Call reports, FR Y-9C, SEC 10-K and 10-Q.

Keating & Macchiavelli (2017) find that the proportion of intermediated funds declined sharply after
the financial crisis. On the daily level, the domestic banks keep more than 99% percent of Fed
funds borrowed and foreign banks keep more than 80%. These evidence document the importance
of intermediation to the substantial decline of Fed funds volume. We will focus on examining banks’

incentive to intermediate and its implications for the monetary policy implementation.

3 A Baseline Search Model

Overview. To highlight our new channel, our baseline model closely follows Afonso & Lagos (2015b)
and Uslii (2019) but endogenizes search intensity.?

Time is continuous. A unit measure of agents (interpreted as banks) each holds a divisible amount
k¢ of a liquid asset (reserve balances). From these holdings, banks derive two sources of payoff. First,
they earn a flow payoff u (k;) continuously from time 0 to 7', capturing intraday liquidity benefit from
holding balances for payments or other operations. Second, they receive a terminal payoff U (kr) at
time T, reflecting the portfolio benefit from holding balances for their returns and meeting regulation
requirements. Additionally, at time T + A, a centralized market opens where banks trade illiquid
assets and balances at a linear payoff, representing the rebalancing of their portfolios. We assume
banks endow with sufficiently large amounts of illiquid assets, or can hold negative amounts, to ensure

their rebalancing is never constrained.

2Other differences from Afonso & Lagos (2015b) include divisible reserve balances (rather than discrete) and various
extensions considered in Section XXX. Different from Uslii (2019), we solve the entire transitional dynamics rather than
focusing on the steady state. Beyond the Federal funds market, the model can be applied to any decentralized markets
of credit or of asset with delayed settlement.



Figure 4: Aggregate Fed funds intermediation
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Federal funds market. Following Afonso & Lagos (2015b), banks begin with heterogeneous initial
balances kg and can trade bilaterally in the federal funds market, which opens continuously from time
0 to T. Trading in the federal funds market is decentralized and subject to search frictions, so it
takes time for each bank to find a counterparty. Consequently, a bank’s balances evolve according to

the jump process:

k‘t=k0+ZQtn7 (1)

b <t
where t, denotes the moment the n-th counterparty is found, from whom ¢, units of balances are
purchased. These balances are repaid at time T+ A, using proceeds from the sale of illiquid assets.
The paramenter A > 0 captures the repayment delay in reality.

Unlike in Afonso & Lagos (2015b), banks can choose their trade frequency and counterparty-
finding rate at time ¢ by exerting higher search intensity ¢; € [0, 1], which is costly. As banks adjust
their search intensities and execute trades, the distribution of balances evolves endogenously, denoted
as Fy (+).

Search. For two banks exerting search intensities ¢ and €, they find each other at the Poisson arrival
rate m (¢,€').> We assume that the matching function is symmetric, increasing, supermodular, and

additive in the counterparties’ search intensities, satisfying

mlag’ + (1 —a)e’ el =am(e,) + (1 —a)m(ee"). (2)

?For readers unfamilar with the Poisson model: if a bank follows a contingent plan of search intensity {e:},_,, then its

probability of finding a counterparty bank within 7 units of time is Pr{t; <7} =1—exp {f fOT ij[O,l] m (st, 5{) djdt}.



Let ¢} (k) denote the (equilibrium) search intensity strategy of a bank holding & units of balances (a

"k-bank") at time t. We denote e* = {e} (k) },c[o 1] ker 25 the complete profile of all banks’ strategies.

Preferences. The bank’s objective is to choose a search intensity strategy € = {e¢ (k)},ci0.77 4er

that maximizes the expected discounted payoff (3):

€

T
max Ef / e ", (k¢) dt + e Ty (kr) — [e”ﬂtnx (EtpsQtn) + 67T(T+A)ptnqtn , (3)
0

subject to (1).

Inside the integral and the terminal term, w (k;) and U (k) capture the present value of the
liquidity payoffs and the portfolio payoffs from holding balances. The last term of (3) reflects the
two key costs of trading in the federal funds market: the cost x (e, q) of exerting search intensity e
to purchase (or sell, if negative) ¢ units of balances, and the federal funds rate p applied to those
transactions. These costs are incurred ex post, i.e., only once counterparties are found and trades
occur, making the model highly tractable.

To obtain closed-form solutions, we follow Uslii (2019) and Babus & Kondor (2018) and assume
quadratic payoffs:

u(k):—a(k—/%)z,U(k):—A(k—z%)2. (4)
An interpretation is that k = k captures the bank’s desirable level of balances for liquidity needs
during the day, whereas k = k captures the desirable level of balances for the portfolio purpose by
the day’s end. In general, these two targets differ from the bank’s initial holdings, thus trading in
the federal funds market allows banks to dynamically rebalance their holdings toward each target as
time goes by. Although this quadratic assumption is stronger than strictly required for some results,
we adopt it for clarity from the outset.

Similarly, we assume that the quadratic cost:

x(e,9) = r () ¢
The model in Afonso & Lagos (2015b) corresponds to the special case of x (g,q) = 0. Beyond
these particular choices for the payoffs and costs, we do not impose any additional functional-form

assumptions on either the matching function m (e, e’) or the search cost function « (¢).

Bargaining. When two banks find each other, they negotiate the terms of trade (specifically ¢ and
p) via a Nash bargaining protocol, spliting their trade surplus. For a bank holding £k unit of balances

at time ¢, having exerted search intensity e, and purchasing ¢ additional units at the federal funds



rate p, the trade surplus is
Bi(q,pik.e) = Vi(k+q) — e " pg — x (,q) = Vi (),

where V; (k) denotes the maximal attainable continuation value of a k-bank at ¢. Similarly, the trade
surplus of another bank with holdings k' and search intensity &’ is By (—q, p;k’,e’). The terms of
trade ¢ and p solve the following Nash bargaining problem:

max By (q, p; k,e) By (—q, p; k', €') . (5)
q?p

Let ¢ (k,K';e,€") and p, (k,k';e,€") be the solutions to (5). Given a strategy profile €* adopted by
other banks, let By (k,e; k') = By [qt (k,K';¢,¢f (K)), p, (k, k5,65 (K')) ; k, €] denote the corresponding

trade suplus under the Nash bargaining solution.

Value and distribution. Given an equilibrium strategy profile ¢} (-) and a distribution F; (-), the

value function V; (k) satisfies following Hamilton-Jacob-Bellman (HJB) equation®

PVe(k) = Ve (k) +u k) max / By [k, 20 (k) : K] m 21 (k) , f (K')] dF, () . (6)
subject to the terminal condition Vr (k) = U (k).

The intuition behind the HJB equation is as follows. Following the equilibrium strategy profile
ef (+), each k’-bank exerts search intensity e; (k'). A k-bank exerting any arbitary search intens-
ity &, (k) finds a k’-bank at the arrival rate m [, (k), e} (k')], from which it earns a trade surplus
By [k, et (k) ; k']. The expected gain from trading is thus given by integrating over all potential trad-
ing counterparties of k’-bank. In equilibrium, the strategy e; (k) = ¢f (k) also maximizes (6) for all k
and ¢.

Next, considering the inflow and outflow of banks’ balances, the distribution F; (-) evolves accord-

ing to the following Kolmogorov forward equation (KFE)?

- /k w [ fet (8) et ] 1 {0+ (Wbt ()t (1)) > b} s 10)ar ()

~~

outflow

+/kb>k/m [5: (k:b> et (ks)} 1 {kb + g (kb,ks;a;‘ (k:b) el (kS)) < k:} dF, (k*) dF, (kb>

J/

Y

inflow
(7)

given the terminal condition Fy (k).

‘For readers unfamiliar with the HJB equation, we derive (6) in the online Appendix C.2. The discretized version
of (6) without search cost or transaction cost is Proposition 1 of Afonso & Lagos (2015D).

For readers unfamiliar with the KFE, we derive (7) in the online Appendix C.2. When k is discrete, F; (k) is
probability mass function shown in Proposition 2 of Afonso & Lagos (2015b).
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Intuitively, F; (k) is the fraction of banks holding at most k£ units of balances at ¢. Balances-
buying banks with at most k units of balances (the first term of outflow) may move out of the set
{kb +q < k:} after trading, while balances-buying banks with more than & units (the second term of

inflow) may move into that set if their trades push them below k.

Equilibrium. The equilibrium dynamics are fully described by the backward PDE of the value
function (6) and the forward PDE of the distribution function (7). Specifically, from the choice of
search intensity in (6), the equilibrium search profile ¢} (-) is a fixed point function to the following
functional:

T (5 (K); Vi, Fy) (k) = arg pmax | {/B: (koo (k) ;K] m e (k) &5 (K')] dFy (k/)}_ (8)

et(k)e€|0,

Denote Q (V;, F;) C [0,1]% as the set of fixed points to T, i.e., ef (k) = [ (e} (K'); V4, Fy) (k) for all
e; € Q(Vi, F;). The following lemma guarantees that the set of equilibrium strategies Q (V;, F}) is

never empty.
Lemma 1 Q(V;, F}) is not empty for any V; and F;.

Having ruled out non-existence, as in many supermodular, multiple equilibria may nevertheless
arise, necessitating an equilibrium-selection rule.® We impose an equilibrium-selection rule £ (V;, Fy) €
Q (V4, F}) that selects the equilibrium strategy with maximal aggregate joint surplus:

(Vi F) Zars_max / / (B [kl (k)5 K] + B K21 (k) s ] Y [ (k) o2 ()] dEs (K) dE (k).

joint surplus

(10)

We are now ready to define a symmetric subgame-perfect equilibrium:

Definition 1 An equilibrium consists of {€*, V,F} = {e} (k),V; (k) , F}; (k) }tc0,1),ker Such that,
(a. Value) given €* and F, V solves the bank’s problem (6);
(b. Distribution) given €* and V, F satisfies (7);
(c. Search) given V and F, banks choose the strategy €* = {&€ (Vi, Fi) }yeo 1y of (10).

%Because m and S are supermodular, coordination failure can lead to multiple equilibria. Furthermore, it is well-
known that forward—backward differential equations can admit multiple solutions. For example, a simple system of
forward-backward ODEs

y(t) = —x (t), where y (2w) =0, (9)
z (t) =y (t), where z (0) =0,

has a continuum of solutions {z (t) = Asint,y (t) = Acost}. In macroeconomics, the literature on equilibrium inde-
terminacy after the seminar work of Benhabib & Farmer (1994) shows how standard neoclassical growth models (which
typically involve a forward-looking capital-accumulation equation and a backward-looking Euler equation) can yield
multiple equilibria. Our setting features partial differential equations in which the state variable is the distribution of
balances—an infinite-dimensional analog—which likewise permits multiplicity.
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Proposition 1 An equilibrium {*, V,F} ezists and is unique under the rule (10).

The proposition establishes that, despite the possibility of multiple equilibria arising from super-
modularities and the forward—backward structure of the model, a unique equilibrium emerges once
we impose the equilibrium-selection rule (10). First, the Hamilton—Jacobi-Bellman (HJB) equation
(6) determines the bank’s optimal continuation value V; (k), given both the prevailing distribution
of balances F} (k) and other banks’ strategies. Meanwhile, the Kolmogorov forward equation (7) de-
scribes how Fj (k) evolves in time. Supermodularity—where each bank’s best response increases with
the strategies of others—can generate multiple solutions to these equations. However, by selecting the
strategy profile that yields the highest overall surplus, the equilibrium-selection rule narrows the set of
equilibria to a single outcome: there is only one profile that simultaneously solves the HJB and KFE
equations and maximizes total gains from trade at any point of time. Even so, the forward—backward
nature of the model can, in theory, give rise to multiple solutions of the PDE system. Nonetheless,
as shown in the proof of Proposition 1, a solution to the PDE system exists and is uniquely pinned

down by this surplus-maximizing criterion.

3.1 Characterization

We guess and verify that the second derivative of the value function is degenerate, meaning there
exists a time function H; such that V" (k) = —2H, for all k. As in many models featuring Nash
bargaining, the bargaining solution—and thus the equilibrium allocation of balances—depends on
the marginal value of balances, reflecting the bilateral demand and supply curves. The model’s
tractability follows from the fact that this degenerate (yet time-varying) second derivative serves as
a sufficient statistic for determining the marginal value of balances. Consequently, we need not track

the entire distribution of the marginal value of balances over time.

Equilibrium federal funds trade. Given the premise V/’ (k) = —2H; and an equilibrium search

intensity ¢; (+), the balances traded and federal funds rate under the Nash bargaining are given by

H, " K —k
H; + H[E?(k)]J;ﬂ[EI(k/)] 2 ’

- efficient bilateral trade without cost
precaution—speed trade-off

q; (k. k') = (11)

Vi) +VI(K) | mler (B)] = mlef (K)]
2 2

sharing marginal valuation speed premium (discount)

L+ pf (k) = " THA70

time cost

q (k,K)|. (12)

Afonso & Lagos (2015b) corresponds to the special case k (¢) = 0. In this case, the two banks that

meet exchange the efficient trade size (k' — k) /2, , leaving both with the same post-trade balances.
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Because they have equal bargaining power, they agree on a price that equals the average of their
marginal valuations of reserves. Once we introduce transaction costs and endogenous search intensity,
however, the bilateral trade size falls below this efficient level. Higher &, € or €’ raise the marginal cost
of transactions, reducing the equilibrium trade amount. This captures a precaution—speed trade-off:
while a higher search intensity enables banks to find counterparties more quickly, it is also more
costly, so they trade smaller orders in each match.

Endogenous search intensity likewise generates a speed premium or discount on the bilateral
federal funds rate, mirroring a similar insight from Uslii (2019). The premium depends on both trade
size and the difference in search intensities. Specifically, when k¥’ > k and ¢’ > ¢, or k' < k and &’ < ¢,
the seller bank searches more intensively than the buyer bank. This benefits the buyer, who faces
less delay, while the seller bears a higher cost. Under Nash bargaining, some of that cost is shifted
to the buyer via a premium on the federal funds rate. Conversely, when the buyer’s search intensity
exceeds the seller’s (i.e.,k’ > k and &/ < ¢, or k' < k and &’ > ¢), the seller faces less urgency, inducing

a discount in the federal funds rate.

Trade frequency. Given the premise V” (k) = —2H;, the search intensity profile chosen by the

equilibrium-selection rule & (V4, F}) is also degenerate, as established by the following proposition.

*

Proposition 2 (Degeneracy) Suppose V' (k) = —2Hy, then for any k and F; we have e} (k) = &}

that solves

2 m
e = X (1) = 2L max {}%} (13)

The degeneracy rests on the complementarity of the matching function and the convexity of
transaction costs. When two banks have different search intensities, their expected bilateral surplus
is always greater if both adopt the average of their intensities. By doing so, the bilateral transac-
tion cost decreases via Jensen’s inequality, while the bilateral matching rate increases due to the
complementarity property of the matching function.

Define P; (k) as the probability of a k-bank that will trade some balances in some future time

z > t. Using Proposition 2, P, (k) has a closed-form solution:

T
P (k) =1—exp <—/ m:dz) , (14)
¢
where mj = m (e}, &}).

Net positions. Define the expected amount of net trades from time ¢ to T of a bank holding k

units of balances at time ¢ as

Li(k)=E > g (ki k) stk =k (15)
tie[t)T}
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Using the equilibrium bargaining solution (11) and Proposition 2, the individual net trade admits a

Lt(k):{1—exp<—/tT1T%/Zdz>}(K—k), (16)

where Y; = 1+ 2k (gf) /Hs.

closed-form solution:

Other closed-form solutions. With quadratic payoffs and degenerate equilibrium search intensity
profile, there exists a unique equilibrium under the refinement. The following proposition further

shows that the equilibrium admits an analytical solution.

Proposition 3 (Value function in closed-form) In equilibrium, the value function is given by
‘/t (k) = —_Htk2 + Etk + _Dt, where

Ht =rHy —a+ X (H), where Hp = A, (17)
E, =rE; — 2ak + 2K X (H¢), where Ep = 2Ak; (18)

Having solved the time path of H;, we are able to characterize the path of equilibrium reserve

distribution as in the following lemma.

Proposition 4 (Moments of distribution in closed-form) In equilibrium, the balances distri-

bution solves the following PDE:
Ey (k) =m} [/ F [(1+Y) k- Yk dF, () — F, (k)] , (19)

given the initial condition Fy (k). Denote the n-th moment of the balances distribution at time t as

M+ = [k"dF; (k). The moment function is given by the following ODE:

. no Yi
My =m} Cl—t M, i My — M,.|, 20
=My LZ% TV My ,t] (20)
with Moy =1, My = K and
tomry,
Mo :K2+ Mgo—Kz exp I:—Q/ szz]. 21
R ( 3 ) 0 (1 +Yz)2 ( )

Thanks to Fourier transform, the model allows for an analytical expression for the paths of mo-
ments of the reserve distribution. In particular, equation (21) implies that the variance of the reserve
distribution converges to zero at the speed of 2m;Y;/ (1 + Y;), which is endogenously determined. In

particular, a higher H; implies a faster speed of convergence.
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3.2 Constrained efficiency

In this section we examine the constrained efficiency of the federal funds market. Consider a social
planner that dictates search decision {£! (k)} and bilateral exchange of reserve balances {¢ (k,k’)}

to maximize the following utilitarian welfare function.

Definition 2 A constrained efficient allocation consists of {e¥ (k) , Ff (k) , ! (k, K)}ow ek teo,r) that

solves

W — o S et [u (k) dE? (k )dt+e*rT [U (k) dFP (k) (22)
—Jo JJeTXIEL (k) qf (kK me] (k) ef (k)] dFY (K) dFY (k) dt

subject to the law of motion of reserves

P () = { S S8 (k)8 (W01 {k +qf (k. K) < K} dE] (K) dEY (k) } 3)
t — Jycpo S ML () &L ()L {E + ¢ (koK) > K} dEP (') dFY (k) |
gwen Y (k%) = Fy (kY).

The constrained efficient allocation {£} (k) , ¢} (k, k’)} maximizes the Hamiltonian. Denote V (k) as

the co-state to dFY (k), the Hamiltonian is given by

= [k ar? / / (k. K) m [F (k) € (k)] Y (K) dFY () (24)
b [ [l o, ()] V2 [ (6, K)] = VP (0} dFY () dFY (1)
//nt kk: kk)—i—qt (k:’ k)]dFtp(k’)dFtp(k:),

where 7, (k, k") is the multiplier to the bilateral trade constraint ¢f (k,k') + ¢/ (k',k) = 0. The

evolution of the co-state solves’

rVP (k) = V7 (k) +u (k) (25)
VI Ik +q (kKD + VI K — g (kKD = V7 (k) / /

m |} (k), el (K')]| dFY ('),

+/{ VP (K) = x[ef (k) qf (k, k)] — x[ef (K), —qf (k, k)] } < (k)5 ()] aF (%)

with V7' (k) = U (k). The optimal allocation {q; (k,%")}; . ci satisfies

af (k') = argmax {VF (k +q) + V" (K = q) = x (] (k) ,0) = x (] () , —0) }

"We derive (25) in the Appendix C.9.
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and the optimal search profile {e} (k)},cx is

W=y | mox [ [ 80k ) ()] m e )2 ()] dr? (k) dFE () (20

where

SP (k,k’,a,s’) = max
q

VI (k+q) = VP (k) = x (e,9)
{ V(K —q) = VI (K) = x (€', —q) } '

Note that the constrained-efficient search intensity £/ (k) of (26) also maximizes the joint surplus
from reallocating balances. Like the equilibrium, the banks’ search intensities are degenerate in the
constrained optimal allocation and banks share the same path of optimal search intensity. However,
observe that the equilibrium HJB (6) for V; (k) differs from the co-state HIJB (25), because the
bilateral gains from trade in the co-state HJB are twice those in the equilibrium HJB. As a result,
the proposition below shows that banks oversearch in equilibrium relative to the constrained-efficient
level. Therefore, the equilibrium allocation is generally not constrained-optimal: the welfare theorem

is violated.

Proposition 5 (Inefficiency) Equilibrium is not generically constrained optimal, and the equilib-
rium search intensity and balances traded exceeds the constrained-optimal level, i.e., b (k) < ef (k)

and |¢ (k,k")| < |qf (k,k")|. It becomes constrained-optimal only if x = 0.

Although the matching function implies complementarity in banks’ search decisions, hence pos-
itive externality, banks do not undersearch in equilibrium. Instead, they are, in effect, over-trading
along the extensive margin compared to the constrained optimum. This feature is different from the
typical logic behind the Hosois condition. The reason is that, in the Federal funds market, banks
rely on bilateral trades to reach their target level of balances. Because trading in an OTC market
is opportunistic—owing to search frictions—banks tend to search more intensively to offset these
frictions. If transaction costs are not sufficiently sensitive to increases in search intensity, banks may
also trade more whenever an opportunity arises. In short, banks over-trade in equilibrium because of
a precautionary motive amplified by search frictions.

Our results are novel. While Afonso & Lagos (2015b) show that the welfare theorem holds when
banks are homogeneous (beyond initial balances), Proposition 5 shows it is no longer the case when
there is search cost or transaction cost. Uslii (2019) shows that the welfare theorem does not hold
when banks are ex-ante heterogeneous in payoff functions and exogenous counterparty-finding rates,
because of the composition externality. Proposition 5 shows that even banks are ex-ante homogeneous,
the welfare theorem still does not hold when counterparty-finding rates are endogenously chosen by

banks via their search intensity.®

8Farboodi et al. (2017) obtains the similar finding for a different reason. The matching function in their model
exhibits negative congestion externality, so agents oversearch in a steady state equilibrium. Our model has no congestion
externality: matching function is increasing returns to scale, and the trading game is supermodular.
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3.3 Testable Implications

This section provides the comparative statics of the closed-form solutions to policy and search cost
parameters, which will serve as our testable implications for the later empirical investigation. Consider
a regulation parameter kg that measures how regulation makes trading balances costlier such that
the trading cost is given by

k(e) =ko+k(e).

E DW > iER

Consider the discount window rate i?" and the interest rate on excess reserve (%, where i
that enters the portfolio payoff of banks such that there exists ky and k_, where k. > k_, that the

marginal terminal values of balances are given by
U(k_K) =14, U (k, K) =1+ "E,

In other words, banks will use the discount window when its balances fall to k = k_K so that the

marginal terminal value of balances becomes U’ (k_K) = 14 4PW. It implies

;DW _ ER (1+iPW) &y — (1 +iPR) kiK

A=—0u k=
2K (ky — k)’ DW —BR

We are interested in how those parameters impact banks’ search intensity, bilateral trade volume and

net Federal funds borrowing. The following Proposition summarizes the comparative statics.

Proposition 6 The comparative statics are

e Imig] Lo (k)
PW —GER 4 sgn(K — k)
K - - + (—) for large (small) k&
Ko + — sgn(k — K)

The above proposition characterizes the effects of policy variables (i”" — "% K and rg) on the
search intensity e¢, expected trade volumen flow |m;q:| and net Federal funds purchase Lo (k). The
symbols + and — represent positive and negative effects, respectively. The function “sgn” is the sign
function. The proposition has the following testable implications. First, the search intensity ¢; and
expected flow of bilateral trade volume |m;q| increase in the policy spread i?" —iFf and decrease in
the aggregate excess reserves K. This is the disintermediation effect of policy spread and aggregate
excess reserves: the bilateral gains of trade and intermediation decreases under a lower policy spread
or a higher aggregate excess reserves, reducing banks’ incentive to search and trade. Second, a higher
transaction cost kg raises the search intensity and lowers the expected flow of bilateral trade volume.
This is the disintermediation effect of balance sheet cost: the bilateral transaction size ¢; decreases in

the transaction cost kg, thereby gives banks more incentive to search due to pre-cautionary savings.

17



However, the disintermediation effect on the intensive margin of k¢ dominates, reducing the expected
flow of bilateral trade volume. Finally, the disintermediation effects impact the net Federal funds
borrowing of individual banks. A lower policy spread i?" — PR a higher aggregate excess reserves
K, or a higher transaction cost kg reduce the expected flow of bilateral trade |m,q;|, thereby impedes
the reallocation of reserves from lender banks to borrower banks. This implies that the net borrowers
will borrow less and the net lenders will lend less as well, giving rise to the comparative statics of

Lo (k).

3.4 Extensions and Robustness

Our closed-form model has focused on homogeneous banks except initial reserve balance so far.
However, it allows for a set of extensions, in which we are still able to get closed-form solutions
and conduct comparative statics analysis. In the appendix, we introduce four pieces of extensions

separately to discuss the effects of other Federal funds market factors on the trade dynamics.

GSE and ON RRP. Our main extension is a heterogeneous-agent model, where we add peripheral
traders, e.g. government-sponsored enterprises and other financial institutions without Fed Reserve
accounts, to the existing group of banks. We assume the peripheral traders contact banks at a
constant search intensity, and obtain closed-form solutions. Instead of conducting comparative statics,
we estimate this extended model via simulated method of moments and evaluate the quantitative
importance of the disintermediation effect of unconventional monetary policy. Section 5 describes the
model setup and presents the quantitative analysis, while Appendix E provides the derivations for
the closed-form solutions. ONRRP

FBO and balance-sheet cost. Our main extension is a heterogeneous-agent model, where we add
peripheral traders, e.g. government-sponsored enterprises and other financial institutions without Fed
Reserve accounts, to the existing group of banks. We assume the peripheral traders contact banks at a
constant search intensity, and obtain closed-form solutions. Instead of conducting comparative statics,
we estimate this extended model via simulated method of moments and evaluate the quantitative
importance of the disintermediation effect of unconventional monetary policy. Section 5 describes the
model setup and presents the quantitative analysis, while Appendix E provides the derivations for
the closed-form solutions. ONRRP

Federal funds brokerage. Appendix I' introduces Federal funds brokerage to the market to study
how the unconventional monetary policies affect the size of brokerage. We assume the brokers compete
for matchmaking services via free entry with non-zero entry cost. Thus the size of brokerage is
endogenously determined. In particular, IOER has disintermediation effect on brokerage by lowering

the equilibrium size of active brokers in the market.
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Intraday payment shocks. Appendix G considers the effects of payment shocks on the market
trade dynamics. We introduce both lumpy and continuous shocks to payment flows. In particular, we
find that the payment shocks do not impact the equilibrium length of search and bilateral transaction

size.

Counterparty risks. Appendix H discusses the effects of counterparty risk on the Federal funds
trade. By counterparty risk, we assume both counterparties of a meeting could default on the trade
independently with some constant probabilities. We find that the effects of higher counterparty risk

are isomorphic to the effects of higher transaction costs or lower search intensity.

4 Empirical Evidence

In this section, we document the empirical relationship of Federal funds trades and the unconventional
monetary policies. Our focus is to test the comparative statics predictions of Proposition 6 in the
theoretical model. In particular, we test the following hypotheses using U.S. bank-level data described

in Section 4.1.1:

Hypothesis 1 The number of intermediary banks and the individual bank’s volume of Federal funds
intermediation increase in the policy spread (the difference between Discount-window rate and

IOER) and decrease in the aggregate excess reserves.

Based on the facts shown in Figure 4 and the prediction of Proposition 6, the first hypothesis
tests the causal effect of the policy spread and the aggregate excess reserves on the intermediation
trading in Federal funds market. We examine the impact on both extensive margin and intensive
margin. In addition to testing the impact on intermediation trades, we also investigate whether
the disintermediation effect of IOER and aggregate excess reserves affect the allocation of reserves

between the reserve net lenders and net borrowers.

Hypothesis 2 A lower policy spread and a higher aggregate excess reserves reduce the net Federal
funds purchased by net borrowers (banks that have net borrowing of Federal funds) and the

net Federal funds sold by net lenders (banks that have net lending of Federal funds).

This hypothesis examines whether borrower banks are less able to find lenders if the intermediation

trades decrease. The following sections describe the data and estimation results.

4.1 Data
4.1.1 Bank-level data

The bank-level financial data are collected from various sources. We use the quarterly Consolidated

Report of Condition and Income for U.S. banks and branches (commonly known as “Call reports”)
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and Consolidated Fiancial Statemennts (Form FR Y-9C) for Bank Holding Companies (BHCs).? The
call reports and Form FR Y-9C are quarterly filed with the Federal Reserve by all U.S. banks and
branches, and form FR Y-9C is filed by all U.S. holding companies with total consolidated assets
of $1 billion or more (prior to 2015, this threshold was $500 million. Since September 2018, this
number changes to $3 billion). These files report the balance sheet data of US banks at the end of
each quarter, including the Federal funds purchased (Fed funds borrowing), Federal funds sold (Fed
funds lending) and other balance sheet characteristics. Given the Fed funds are mostly overnight, the
volume of Fed funds trade reported in these files measures banks’ Fed funds borrowing and lending
on the last business day of each quarter. Our data covers the period going from 2003Q1 to 2018Q4.1°
We measure each variable at the consolidated top holder level. Aggregating the variables to the
top holder level not only avoids double counting, but also eliminates the bilateral trades between
subsidiaries of a bank holding company that are not implemented in the Fed funds market.

For each top holder in each quarter, we construct the following variables: (1) Net volume of Fed

funds purchased normalized by total assets (f™¢), i.e.

Fed funds purchased — Fed funds sold
total assets '

fnet —
It measures a bank’s net borrowing of Fed funds as a share of bank assets. (2) Volume of Fed funds
reallocation normalized by total assets (f7), i.e.

Fed funds purchased + Fed funds sold
total assets

fint — _ |fnet| )

This variable follows the definition of Fed funds reallocation in Afonso & Lagos (2015b), which is
equal to the Fed funds trade in excess of the net borrowing. (3) Excess reserve balances before Federal

funds trade normalized by total assets before Fed funds trade, i.e.

b excess reserve balances before Federal funds trade

total assets

The excess reserve balances before Federal funds trade represent a bank’s holdings of Federal reserves
balances in excess of its reserve requirement when it enters the Federal funds market. It captures
individual heterogeneity of trade incentives in the Fed funds market. It is equal to a bank’s excess
reserve balances recorded in the bank balance sheets minus the net Federal funds purchased (Federal
federal funds purchased minus Federal funds sold). Moreover, for individual controls, we include the
following balance-sheet variables: (1) logged value of total assets; (2) total loans normalized by total

assets; (3) total nonperforming loans normalized by total assets; (4) total high-quality liquid assets

9 Appendix A describes the detailed data source and construction process.
10We also use the data in 2002Q4 as the lagged values of variables in 2003Q1.
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normalized by total assets; (5) total equity normalized by total assets; (6) tier-1 leverage ratio; (7)

ROA; (8) dummies of top holders’ entity types.

4.1.2 Aggregate-level data

We use two sets of aggregate variables. The first set includes interest rate on reserves (i)

(i”")

, primary
credit rate , quarterly real GDP growth rate, quarterly unemployment rate, standard deviation
of the Fed’s general treasury account in a quarter. All these variables are measured at the end of
a quarter. The interest rate on excess reserves and primary credit rate are the main regressors of
monetary policy. They represent the outside return of holding reserves by lender banks and borrower
banks at the end of a trading session, respectively. The other variables are the aggregate controls in
regressions.

The second set of aggregate-level variables are obtained from bank-level data. For the cross section
of top holders in each quarter, we construct the moments of excess reserve distribution: (1) aggregate
excess reserves normalized by aggregate bank assets (K); (2) standard deviation of excess reserve
balances normalized by the mean;!! (3) skewness of excess reserve distribution. The aggregate excess
reserves K is the third main regressor of monetary policy. It captures the effect of the Fed’s total
reserve balances on Fed funds trade. Meanwhile, we control the standard deviation and skewness to

capture the effect of reserve distribution.

4.2 Effects on intermediation trade

Our first specification explores the impact of IOER and aggregate reserves on banks’ intermediation
trading. Note that in the data sample, only a fraction of banks are intermediaries, and the measure of
individual bank’s intermediation, ffreallo assets, is non-negative. Thus we study how IOER and
aggregate reserves impact both the probability of intermediation trades (extensive margin) and the
volume of intermediation (intensive margin). In particular, we run probit and tobit regressions on
the following specification on the sample of banks that hold positive total reserves at the Fed account

and intermediate Federal funds at least once in the data sample:

Yir = ao + Bokit + By (i — il F) + By (1P — il ) X kip + By Ky + ByKe X Ky (27)

+7 - controls; s + €; 4,

where y; ¢ = 1{ Z”tlt > 0} in probit regression, and y;; = Z"tlt in tobit regressions. The variable
Z'PW — z'fR is the policy spread between the primary credit rate and IOER. The term controls;;
includes individual-level characteristics and aggregate-level variables. The key coefficients are §; and

Bs. According to Hypothesis 4, we expect a positive 5; and a negative [35. Moreover, by adding the

Using standard deviation of excess reserves normalized by average assets produces similar results.
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interaction between the policy variables and individual excess reserve balances, we also investigate
the potential heterogeneous effects of the unconventional monetary policies across banks.

The probit and tobit estimation assumes exogeneity of the regressors. However, the Fed funds
trade volume could depend on unobserved factors that correlate with the main regressors. For ex-
ample, a bank’s Federal funds trade volume and excess reserve balances could be driven by some
common unobserved factors such as sophistication of balance sheet management. Moreover, a bank’s
incentive to trade Federal funds could be driven by some unobserved aggregate shocks that are correl-
ated with the changes in IOER, primary credit rate and aggregate excess reserves. Thus we augment
the estimation with instrumental-variable probit and tobit regressions to examine the potential endo-
geneity of excess reserves, aggregate policies and Federal funds trades. First, the instruments for the
policy spread are the cumulative monetary policy shocks (policy news shocks) over past 4 quarters,
which are obtained from Nakamura & Steinsson (2018).!2 Second, the instrument for the aggregate
excess reserves is the one-period lag of 4-quarter change in aggregate excess reserves to aggregate bank
assets ratio. Third, the instrument for individual excess reserves is one-period lag of individual excess
reserves. For the instruments of interaction terms, we use the interactions between the corresponding
instruments mentioned above.

The results of probit regressions are shown in Table 3, where we report three groups of estmation:
column (1) and (2) reports the standard Probit estimation, Column (3) and (4) report the estim-
ation of a random-effect panel probit model, and column (5) and (6) report the estimation of the
instrumental-variable probit model. In all columns, the probability of intermediation trade increase
in the policy spread and decrease in the aggregate excess reserves. Except the coefficient of the policy
spread in column (5), all the other coefficients of policy spread and aggregate excess reserves are
significant and robust. This implies that the unconventional monetary policies have strong disinter-
mediation effect on the extensive margin. Moreover, by adding the interaction terms, we find that
the impact of policy spread and aggregate excess reserves on the probability of intermediation trade
can be heterogeneous across banks, but the signs of the coefficients for the interaction terms are not
consistent and robust across the columns.

The results of tobit regressions are reported in Table 4, where we also have three groups of
estimation. The main results of tobit regressions are similar to those of probit regressions. On
average, under a lower value of policy spread or a higher value of aggregate excess reserves, banks are
less likely to do intermediation trades. The signs of coefficients are of expectation, and the values of
the coeflicients are significant and robust across columns. In summary, the estimation results of probit
and tobit regressions imply significantly and consistently negative effect of unconventional monetary

policies on intermediation trade, which reveals a strong disintermediation channel.

12The original sample period of the policy shocks end in 2014, and Acosta & Saia (2020) update the shocks to 2019.
We use the later in our estimation.
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4.3 Effects on Net Borrowing of Fed Funds

Our second specification relates the net Fed funds borrowing to a bank’s excess reserve balances,
IOER and aggregate reserve balances. We estimate the following equation on the sample of banks
that hold positive total reserves at the Fed account and trade Federal funds at least once in the data

sample:

P = i + Bokig + By (1P — il ) + By (i — il ) X iy + B3 Ky + ByKt X ki (28)

+7y - controls; ; + €; ¢,

where i represents a bank and ¢ denotes the last business day of a quarter. The parameters «; represent
the bank fixed effects. The control variables controls;; include both the bank-level controls and the
aggregate controls mentioned above. This regression examines how the level of policy spread and
aggregate excess reserves impact individual banks’ net Fed funds borrowing. The interaction terms
allow us to investigate the heterogeneous effects of the monetary policies across banks. According to
Hypothesis 4, we expect a negative 39 and a positive 3,. Note that the dependent variable is the
net borrowing of Federal funds. Thus a negative 8, means a higher policy spread increases the net
borrowing of a net borrower (small k) and the net lending of a net lender (large k). A positive 3,
means a higher aggregate excess reserves reduces the net borrowing of a net borrower and the net
lending of a net lender.

Colums (1) to (3) of Table 5 report the results of OLS estimation. Column (1) does not include
the interaction terms, thus estimates the average effect of the monetary policies on banks’ net Fed
funds borrowing. Column (2) reports the estimation of our baseline specification (28), while Column
(3) additionally controls the time fixed effects. We have the following findings. First, the coefficient
of individual excess reserves, f3, is significantly negative across all the columns. It implies that banks
with more excess reserves borrow less Federal funds. Second, the OLS estimation shows significant
and robust heterogeneous effects of monetary policies on net Fed funds borrowing. In particular, the
coefficient of the interaction between policy spread and individual excess reserves, 3, is significantly
negative. The coefficient of the interaction between the aggregate excess reserves and individual
excess reserves, (4, is significantly positive. Therefore, the OLS estimation results are consistent with
our theoretical predictions.

Column (4) to (6) of Table 5 report the results of 2SLS estimation, where the specification of
each column corresponds to Column (1) to (3). The results are consistent with the OLS estimation.
In Column (4), we find that banks net Fed funds borrowing increases in policy spread and decreases
in aggregate excess reserves on average. In Column (5) and (6), the coefficients of all interaction

terms are significant and consistent with the OLS estimation. Thus our estimation documents robust
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positive effect of policy spread and negative effect of aggregate excess reserves on Federal funds

reallocation. This verifies our second hypothesis.

5 Quantitative Analysis

This section provides a quantitative evaluation for the effects of unconventional monetary policy on
disintermediation. The evaluation is based on an extended model that captures the main institutional
features of the Federal funds market. The setup is as follows. There are two groups of agents: a
unit continuum of banks as in the baseline model, and a continuum of peripheral traders that have
no Federal reserve accounts. The peripheral traders represent government-sponsored enterprises and
other financial institutions that participate in the Federal funds market but have no access to IOER.
The mass of peripheral traders is ©/. We assume a peripheral trader only contacts banks at a constant
arrival rate ¢. Moreover, the banks choose search intensity € in the contact with other banks, at
an arrival rate m (g,&’). The bargaining power of banks in the meeting with peripheral traders is
6 € (0,1). Each peripheral trader is endowed with some reserve balances l~€, and we denote the
distribution of peripheral traders’ reserve balances as F} (l?:), with Fy (l?:) given.' We assume the
peripheral traders have no flow payoff of reserve holdings, but only enjoy the end-of-period payoff
from the overnight reverse repurchase facility (ON RRP), i.e. U (l;) = (14 FRP) k.

For quantitative motivation, we assume the transaction cost of a bank in a meeting is x; (¢,¢q) =
(Kot + K1€) q?, where Ko, is a time-varying parameter that captures the regulatory changes on bank
balance sheet. The peripheral traders are not subject to balance sheet regulations, thus their trans-
action cost is assumed to be 0. Since banks do not choose search intensity in contacting peripheral
traders, their transaction costs in such contacts is /107tq2. This extended model has closed-form solu-
tions and Appendix E presents the derivations. In particular, we find the banks’ value functions are
still quadratic and the peripheral traders’ value functions are linear in their reserve balances.

To capture the change in the regulatory requirement on bank balance sheet and the opportunity
cost of liquidity, we allow for time-varying transaction cost and liquidity benefits. Specifically, we

assume kg and y change over years in the following form:

Koyr = K0,2006 X €XP [gro (yr — 2006)], (29)

Yyr = Y2006 X €XP (9~ (yr — 2006)],

where yr denotes a year and takes values from 2006 to 2018. In our estimation, we set 2006 as the
first year and 2018 as the last year of the sample. Therefore, instead of estimating g., and g, we

estimate 02018 and Ya05.

3 As is shown in Appendix E, the distribution F} (12) is redundant in equilibrium.
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5.1 Estimation

Instead of calibrating the deterministic theoretical model, we conduct a simulated method of moments
estimation on a discretized version of the model to pin down the parameters. In the discretized
version, we assume the reserve distribution is atomic (so there is a finite number of banks) and given
by the empirical distribution of reserve balances in the data. The outcome of the discretized model is
random since each bank faces idiosyncratic random meetings. We estimate the model parameters via
simulated method of moments. The Appendix | describes the algorithm of simulation and estimation.

In the current version of estimation, we first normalize r = a = 0, and set T' = 2.5/24 to
represent the 2.5 hr trading session of the daily Federal funds market. Second, we normalize the size
of peripheral traders ¥ = 1 since it cannot be identified separately from the contact rate . Third,
the individual excess reserves are the quarterly bank-level data (Call reports and Form FR Y9-C)
of individual excess reserves before Federal funds trade divided by bank assets. The data of IOER,
primary credit rate and ON RRP are obtained from FRED. We conduct the simulated method of
moments based on the data over 2006Q1-2018Q4 to estimate the following parameters

{/\, A0s bty ks Ya0065 V20185 05 05 K1, K0,2006 H0,2018} .

The moments for estimation are (1) the regression coefficients of i¥% x k and K x k in the Federal
funds net purchase regressions 28; (2) the banks’ aggregate share of intermediation volume in 2006
and 2018; (3) the aggregate Fed funds sold by intermediaries normalized by aggregate bank assets
in 2006 and 2018; (4) the aggregate Fed funds purchased by intermediaries normalized by aggregate
bank assets in 2006 and 2018; (5) the aggregate fraction of trading banks in 2006 and 2018; (6) the
average effective Fed funds rates in 2006 and 2018. The parameter estimation results are listed in
Table 6. The simulated moments are listed in Table 7 and 8.

We find that the estimated transaction cost kg increases from 2006 to 2008, while the liquidity
benefit v decreases in the same period. This implies the rise of bank balance sheet cost due to stronger
regulations, and the declined liquidity benefit due to the increasing aggregate excess reserves. The
moments produced by our estimation are close to the targets. In particular, the simulated regression
coefficients have the correct signs and similar magnitudes, and the fraction of trading banks and

effective Federal funds rates are almost exactly calibrated.

5.2 Counterfactual Analysis

Given the estimation we conduct counterfactual analysis to evaluate the quantitative importance of
unconventional monetary policies and regulations to the disintermediation channel. In particular, we
consider the following exercises and examine how the level of intermediation in 2018 changes: (1)

Change the paths of IOER, primary credit rate and ON RRP in 2018 to the paths in 2006. This
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exercise investigates how the level of intermediation changes in 2018 if the Federal Reserve recovers
the policy spread in 2006. (2) Proportionally change individual banks’ reserve balances in 2018, such
that the average individual reserve balances are equal to the levels in 2006. This exercise examines the
effect of aggregate excess reserves on disintermediation. (3) Change ko 2018 to k0,2006. This exercise
evaluates the impact of rising transaction cost on disintermediation.

Table 9 reports the results of counterfactuals. We find that recovering the policy spread in 2006
doubles the intermediation volume share in 2018, while reducing the transaction cost can increase
the level of intermediation by about 4 times. However, the effect of aggregate excess reserves on
disintermediation is small, since the intermediation share almost doesn’t change in the counterfactual

analysis.

6 Conclusion

This paper proposes a new channel of monetary policy and regulation on the monetary policy im-
plementation, the disintermediation channel. When the policy spread between discount-window rate
and interest rate on excess reserves decreases or the balance sheet cost rises, the intermediation
trades by banks decline in the Federal funds market. We rationalize this channel in a continuous-
time search-and-bargaining model of divisible funds and endogenous search intensity, which nests the
matching model of Afonso & Lagos (2015b) and the transaction model of Hamilton (1996). A lower
policy spread decreases the spread of marginal value of reserves, and balance sheet cost increases the
marginal cost of holding reserves, both of which lower the gains of intermediation. We find that the
equilibrium is constrained inefficient as banks trade too frequently. The disintermediation channel is
both empirically and quantitatively important. Empirically, it significantly impede the reallocation
of reserves from lender banks to borrower banks. Quantitatively, eliminating IOER and reducing
the balance sheet cost can greatly raise the level of intermediation during the period after the Great
Recession. For further research, we will focus on the investigating how the disintermediation channel
impacts the effects of current monetary policy framework on the Federal funds rate and real economy,

as well as characterizing the optimal monetary policy and regulation via quantitative analysis.
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Appendices

A Details of Data and Measurement

In this section, we describe how we collect the data and construct various measurement we used for

the summary statistics and estimation.

A.1 Sources

Financial data of the Federal funds market participants come from the following;:

e Call Reports. This is the source of the subsidiary-level data. In particular, we use form FFIEC
031 for banks with both domestic and foreign offices, form FFIEC 041 for banks with domestic
offices only, and form FFIEC 002 for U.S. branches and agencies of foreign banks (FBO). These
forms are available for download at the Federal Financial Institutions Examination Council
(FFIEC) and the Federal Reserve Bank of Chicago.'*

e FR Y-9C. This is the source of the consolidated data at the level of holding companies (for bank
holding companies, savings and loan holding companies, and intermediate holding companies)
with total consolidated assets of $1 billion or more (prior to 2015, this threshold was just $500
million). This is available for download at the Federal Reserve Bank of Chicago and National

Information Center (NIC).15

e Attributes, relationships, and transformations tables. This is the source of the owner-
ship structure of holding companies upon their subsidiaries. They are available for download

at National Information Center (NIC).!6

e 10Q and 10K. This is the source of government sponsored enterprises (GSE) data. These
forms are available for download at the Security Examination Commission (SEC).!” The GSE

data is fully available since 2006Q1.

e H.4.1. This is the source of the balance sheet of the Federal Reserve System and factors

affecting reserve balances of depository institutions. This is available for download at the

Board of Governors of the Federal Reserve System.'

Yhttps://cdr.fiec.gov/public/ and https://www.chicagofed.org/banking/financial-institution-reports/commercial-
bank-structure-data

Yhttps://www.chicagofed.org/banking/financial-institution-reports/bhc-data and ht-
tps://www.fliec.gov/npw/FinancialReport/FinancialDataDownload ?selectedyear=2021

Yhttps://www.fliec.gov/npw/FinancialReport/DataDownload

"https://www.sec.gov/edgar /searchedgar /companysearch.html

Bhttps://www.federalreserve.gov /releases/h41/
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e Time series of the economy. It is available for download at the Federal Reserve Bank of St
Louis (FRED).?

A.2 Consolidated sample

Whenever possible, we always measure variables at the holding-company level. We think that holding
companies are desirable sample unit because first, usually the subsidiaries’ reserves, which are not
directly observable in the Call reports, are corresponded by their holding company’s master accounts
in the Federal Reserve Banks, which are observable. Second, sometimes the decision of Federal Funds
trading is delegated to the holding company. Third, it avoids double-counting the intra-holding-
company Federal Funds trades, which are different from those normal interbank transactions.
Consolidation is done by referring to items filed in FR Y-9C. For the holding companies not
eligible to file FR Y-9C, or items not available from FR Y-9C, we directly consolidate the Call report
items from the subsidiary level up to the topmost holding-company level, based on the relationships
table from NIC. In this appendix, we always refer ¢ as the index for holding companies and j as the
index for ¢’s subsidiaries. We focus on banks that have positive amounts of asset and total reserve

balances, and trade at least once in the Federal funds market in the data sample.

A.3 Excess Reserves

The formula to measure excess reserves bank 7 holds at the Federal Reserve account at the end of

quarter ¢ is given by

FExcess Reserves;; = Total Reserves;s - {Z Required Reservesjt - Vault Cashit}
J +

Total Reserves;; is measured by item RCFD0090 in FR Y-9C (“Balances due from Federal Reserve
Banks”). Vault Cash;; is approximated by item RCONO0080 in FR Y-9C (“Currency and coin”). The
formula to calculate Required Reserves;; is based on subsidiary j’s net transaction accounts. For

example, the formula of reserve requirement in 2010 is given by the following table:

Table 1: Reserve requirement in 2010

Net transaction accounts % required
$0 to $10.7 million 0
More than $0.7 million to $55.2 million 3
More than $55.2 million 10

Yhttps://fred.stlouisfed.org/
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The table is updated every year.?’ To estimate net transaction acccounts, we substract item
RCON 2215 of j’s Call Report (“Total Transaction Accounts”) from the sum of item RCFD 0083
(“Balances due from depository institutions in the U.S.: U.S. branches and agencies of foreign banks
(including their IBFs)”), item RCFD 0085 (“Balances due from depository institutions in the U.S.:
Other depository institutions in the U.S. (including their IBFs)”) and item RCON 0020 (“Cash items
in process of collection and unposted debit”). Then we apply the historical reserve requirement
formulas on net trans accounts to calculate Required Reservesj;.

To measure the excess reserves bank ¢ holds before entering the Federal funds market, we subtract
the net Federal funds purchase from FEzxcess Reserves;;. Thus the pre-trade excess reserves is given
by

FExcess Reserves pre-trade;; = Excess Reserves j; - Federal funds purchased; (A1)

+ Federal funds sold;,.

By dividing the pre-trade excess reserves by bank assets, we obtain the measure exres assets in the

regressions.

A.4 Federal Funds Trades and Intermediation

We compute the net Federal funds borrowed by substracting item BHDM B993 in FR Y-9C (“Fed-
eral funds purchased in domestic offices”) from item BHDM B987 (“Federal funds sold in domestic

offices”). We measure bank’s intermediation by Reallocated Funds;:

Reallocated Funds;; = Federal funds purchased;, + Federal funds sold;; (A.2)

- |Federal funds purchased;, - Federal funds sold;,| .

By dividing the net Federal funds borrowed and Reallocated Funds by bank assets respectively, we

obtain the measure ffnet assets and f freallo _assets in the regressions.

A.5 Bank-level Controls

We use the following items from Call report to measure various attributes of banks.
e Size and scope

— logarithm of assets (item RCFD 2170 “Total assets”).

— bank equity (item RCFD 3210 “Total bank equity capital”) over bank assets.

e Marginal benefit of liquidity

20The historical reserve requirement can be found on https://www.federalreserve.gov/monetarypolicy /reservereq.htm
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— ROA

— High-quality liquid assets (HQLA) over total assets (Ihrig et al., 2019)
e Risk

— ratio of non-performing loan (sum of items 1 through 8.b of Column B and C in Schedule

RC-N) over bank assets, as in Afonso et al. (2011)

— ratio of loan (item RCFD 2122 “Total loans and leases held for investment and held for

sale”) over bank assets
e Regulation
— Tier-1 leverage ratio (item RCFA 7204 “Tier 1 leverage ratio”)
e Other indicators

— bank entity type (in the NIC attributes table)

— Fed District dummy (in the NIC attributes table)

A.6 Economy-wide Controls

e quarterly real GDP growth rate (available from FRED)
e quarterly unemployment rate (available from FRED)

e standard deviation of the Fed’s general treasury account in a quarter (available from H.4.1)
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B Tables

B.1 Summary statistics

Table 2: Summary statistics

Variable Obs Mean Std. Dev. Min Max
Net Fed funds purchase/Assets | 92,785 -0.0068 0.0347 -0.8742  0.6852
Ex. res. pre-trade/Assets 92,785 0.0348  0.0618 -0.6622  4.1827
log (Assets) 92,785 13.7081 1.2849 4.6728  21.6874
Dummy: reallocation 92,785 0.0932  0.2907 0 1

Fed funds reallocation/Assets | 92,785 0.0006  0.0033 0 0.0259
IOER (%) 64 0.3602  0.5470 0 24
Primary credit rate (%) 64 2.0781  0.1804 0.5 6.25
Agg. ex. res./Agg. assets 64 0.0428  0.0410 -0.0084 0.1070

Notes: This table presents the summary statistics of key variables. The observations for the first 5 variables are bank-
quarter. “Net Fed funds purchase/Assets” is a bank’s net Federal funds purchase divided by bank assets. “Ex. res.
pre-trade/Assets” is a bank’s excess reserve balances before Federal funds trade divided by bank assets. “log(Assets)”
is the log value of bank assets. “Dummy: reallocation” is equal to 1 if a bank intermediates Federal funds on a day,
and equal to 0 otherwise. “Fed funds reallocation/Assets” is a bank’s volume of Federal funds reallocation divided by
bank assets. “Agg. ex. res/Agg. assets” is the aggregate excess reserve balances before Federal funds trade divided by
the aggregate bank assets. The sample consists of U.S. banks that hold positive total reserves at the Fed account and
trade Federal funds at least once in the data sample. The sample period is from 2003Q1 to 2018Q4.
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B.2 Regression results

Table 3: Probit on Reallocation

Dep. Var. Dummy: Intermediation or not
Probit (Pooled) Panel Probit (RE) IV Probit
M ) @) ) ) (©)
iPW —ER 0.0256***  0.0229%%* | 0.0524%%*%  (.0452%** 0.0445 0.0483*
(0.0067) (0.0072) (0.0124) (0.0126) (0.0275) (0.0282)
(PW —iFR) x k -0.3939 -0.8649** 0.6663
(0.2678) (0.3784) (0.9171)
K -7.4060%**  _7.2581**F | _13.1188***  -13.8352%*F* | -6.3200%**  _5.7380**
(0.7000) (0.7508) (1.2348) (1.3013) (2.3488) (2.4261)
K xk 23.0237 -64.0178** 76.4506
(24.2872) (27.0229) (69.9103)
k -4.5381***  _4.9683*** | -11.0011***  -6.8335*** | -4.5048***  _9.3636*
(1.1315) (1.2377) (1.0379) (1.6515) (0.1754) (5.0332)
Bank controls Y Y Y Y Y Y
Agg. controls Y Y Y Y Y Y
Specification tests
Wald test of exogeneity
X2 stat 1.27 4.51
p-value [0.5312] [0.3419]
Weak instrument test
x? stat 224.51 220.82
p-value [0.0000] [0.0000]
Pseudo R? 0.1822 0.1840
Wald x? 2412.84 2408.41 6789.89 6637.70
Number of observations 81,255 81,255 81,255 81,255 77,506 77,506
Number of banks 3,022 3,022 3,022 3,022 3,000 3,000

Notes: This table presents the estimation results on the Probit regression of Federal funds intermediation (27). The
sample consists of U.S. banks that hold positive total reserves at the Fed account and intermediate Federal funds at
least once in the data sample. The sample period is from 2003Q1 to 2018Q4. Standard errors clustered by banks are
reported in parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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Table 4: Tobit on Reallocation

Dep. Var. Intermediation/Assets
Tobit (Pooled) Panel Tobit (RE) IV Tobit
0 ) ©) @ ) ©)
iPW — ER 0.0004***  0.0003*** | 0.0003***  0.0003*** | 0.0007*  0.0007*
(0.0001) (0.001) (0.0001) (0.0001) (0.0004) (0.0004)
(iPW —iFR) x k -0.0027 0.0013 0.0105
(0.0037) (0.0010) (0.0121)
K -0.1144%%*  _0.1107***% | -0.1119***  -0.1132*** | -0.0965*** -0.0861**
(0.0107) (0.0112) (0.0056) (0.0056) (0.0341) (0.0346)
K xk 0.4710 -0.1863*** 1.3220
(0.3575) (0.0640) (0.9272)
k -0.0586***  _0.0706*** | -0.0343***  _0.0303*** | -0.0697*** _0.1357**
(0.0151)  (0.0165) | (0.0020)  (0.0047) | (0.0023)  (0.0667)
Bank controls Y Y Y Y Y Y
Agg. controls Y Y Y Y Y Y
Specification tests
Wald test of exogeneity
X2 stat 0.89 2.59
p-value [0.6422] [0.6280]
Weak instrument test
x? stat 247.15 248.02
p-value [0.0000] [0.0000]
Pscudo R? -1.0076 -1.0249
Wald x? 3029.94 3028.46 4116.20 3902.30
Number of observations 81,255 81,255 81,255 81,255 77,506 77,506
Number of banks 3,022 3,022 3,022 3,022 3,000 3,000

Notes: This table presents the estimation results on the Tobit regression of Federal funds intermediation (27). The
sample consists of U.S. banks that hold positive total reserves at the Fed account and intermediate Federal funds at
least once in the data sample. The sample period is from 2003Q1 to 2018Q4. Standard errors clustered by banks are
reported in parentheses. *** p<0.01, ** p<0.05, * p<0.1.

36



Table 5: Effects of IOER and aggregate excess reserves on net Federal funds purchased

Dep. Var. Net Fed Funds Purchased/Assets
OLS 2SLS
(1) (2) (3) (4) (5) (6)
iPW —ER -0.0007%**  -0.0008*** 0.0005*  0.0005%*
(0.0001) (0.0001) (0.0003) (0.0002)
(iPW —iFR) x k -0.0893%%%  -0.0893%** -0.0615%*  -0.0623**
(0.0102) (0.0103) (0.0310) (0.0309)
K 0.0747*%**  0.0784*** -0.0815%**  _0.0637***
(0.0118) (0.0090) (0.0212) (0.0185)
K xk 2.5696%** 2.5568%** 4.3948** 4.2226**
(0.7597) (0.7579) (1.7435) (1.7294)
k -0.3127FF*  L0.3719%*F*  _0.3725%*F* | -0.3145%F*  _0.4685***  -0.4682***
(0.0320) (0.0494) (0.0495) (0.0324) (0.1065) (0.1062)
Bank FE Y Y Y Y Y Y
Quarter FE N N Y N N Y
Bank controls Y Y Y Y Y Y
Agg. controls Y Y N Y Y N
Specification tests
Underidentification test
X2 stat 1800.8 28.92 29.05
p-value 0.0000] 0.0000] 0.0000]
Weak Instrument test
F stat 5366.2 5.435 10.90
Relative OLS bias>10% (p-value) [0.0000] [0.0873] [0.0000]
Relative OLS bias>30% (p-value) [0.0000] [0.0060] [0.0000]
Adj. R? 0.664 0.786 0.789 0.286 0.535 0.546
Number of observations 81,240 81,240 81,240 77,486 77,486 77,486
Number of banks 3,022 3,022 3,022 3,000 3,000 3,000

Notes: This table presents the estimation results on the net Federal funds purchased regression (28). The sample

consists of U.S. banks that hold positive total reserves at the Fed account and trade Federal funds at least once in

the data sample. The sample period is from 2003Q1 to 2018Q4. Standard errors clustered by banks are reported in

parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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B.3 Tables in Quantitative Analysis

Table 6: Parameter estimation

Parameter A Ao/ Mo k- k_ 0 P
Estimated Value 20.1987 0.5605 2.9480  —0.0596  0.7005 0.2000
Standard deviation | 0.0007 3.6 x 107° 0.0038 0.0048 0.0043 1.3 x107°
Parameter K1 K0,2006 K0,2018 V2006 Y2018

Estimated Value 0.00568 0.00001 0.000705 0.00035 0.00028

Standard deviation | 0.0054 0.0038 0.0024 0.0062 0.0019

Notes: This table lists the estimated values and standard deviations of the model parameters from simulated method

of moments.

Table 7: Simulated regression coefficients

Moments Target Simulation 95% CI
Coef of ind. ex. res. -0.468 -0.199 [-0.252,-0.151]
Coef of ind. ex. resx (dw—ioer)T -0.0623  -0.0107 -0.0152,-0.006]
Coef of ind. ex. resxagg. ex. res.|  4.223 2.2829 [1.548,3.069]

Notes: This table presents the simulated coefficients of Federal funds net purchase regressions under the estimated
parameters. The column “Target” lists the estimated coefficients from the original regressions. The column “Simulation”
lists the simulated coefficients. The column “95% CI” lists the 95% confidence interval of the simulated coefficients.
The sign T represents the target is used in estimation. “ind. ex. res.” is the individual excess reserves divided by
individual bank assets. “ioer” is the interest rate on excess reserves. “dw” is the primary credit rate. “agg. ex. res.”

is the aggregate excess reserves divided by aggregate bank assets.

Table &: Simulated moments

Year 2006 2018
Target Simulation | Target Simulation
Intermediation volume share 0.2150 0.1715 0.0663 0.0726

FF sold by intermediary 0.0045 0.0034 0.0002 0.0009
FF purchased by intermediary | 0.0107 0.0062 0.0013 0.0031
Fraction of trading banks 0.8894 0.8805 0.6896 0.6985

Effective Federal funds rate 0.0514 0.0511 0.0204 0.0207

Notes: This table presents the simulated moments under the estimated parameters. The column “Target” lists the
moments from the data. The column “Simulation” lists the simulated moments. All the targets are used in estimation.
“Intermediation volume share” is the share of Federal funds reallocation in total Federal funds volume. “FF sold by
intermediary” is the volume of Federal funds sold by intermediary banks as a share of aggregate bank assets. “FF
purchased by intermediary” is the volume of Federal funds purchased by intermediary banks as a share of aggregate
bank assets. “Fraction of trading banks” is the fraction of banks that trade in the total number of banks. All the

moments are average values across quarters within each year.
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Table 9: Counterfactual analysis

Counterfactual analysis
(1) (2) (3)
Moments in 2018 Target Simulation | IOER  Agg ex res Transct cost
Intermediation Volume Share | 0.0663 0.0726 0.1328 0.0654 0.3025
FF sold by intermediary 0.0002 0.0009 0.0019 0.0006 0.0166
FF purchased by intermediary | 0.0013 0.0031 0.0041 0.0029 0.0382
Fraction of trading banks 0.6896 0.6985 0.8802 0.6985 0.6985
Effective Federal funds rate 0.0204 0.0207 0.0318 0.0203 0.0331

Notes: This table presents the simulated counterfactual analysis under the estimated parameters. The column “Target”
lists the moments from the data. The column “Simulation” lists the simulated moments of the estimated model. The
columns under “Counterfactual analysis” lists the simulated moments. under the corresponding counterfactual exercise.
“IOER” represents the exercise that changes the values of IOER, primary credit rate and ON RRP from 2018 to 2006.
“Agg ex res” represents the exercise that changes the aggregate excess reserves from 2018 to 2006 by proportionaly
scaling individual excess reserves. “Transct cost” represents the exercise that changes the transaction parameter ko
from the 2018 value to 2006 value. “Intermediation volume share” is the share of Federal funds reallocation in total
Federal funds volume. “FF sold by intermediary” is the volume of Federal funds sold by intermediary banks as a share
of aggregate bank assets. “FF purchased by intermediary” is the volume of Federal funds purchased by intermediary
banks as a share of aggregate bank assets. “Fraction of trading banks” is the fraction of banks that trade in the total

number of banks. All the moments are average values across quarters within each year.

C Proofs and Derivations

C.1 Derivation of the general form of m (¢,¢’)

For any ¢,¢’ € [0, 1], equation (2) implies that

m(e,e') =e'm(e, 1)+ (1 —&)m(e,0) (C.3)
= [m(e,1) —m(g,0)] e +m(e,0).

By symmetry we have

m(e, 1) =m(l,e) =[m(1,1) —m(1,0)]e + m(1,0), (C4)
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Thus we can get

m(g,e') = [m(e,1) —m(g,0)] e’ +m(e,0) (C.5)
={[m(1,1) =m(1,0)]e +m(1,0) — [m (0,1) —m(0,0)]e —m (0,0)} &’ (C.6)
+[m(0,1) = m (0,0)] € + m (0,0) (C.7)
=[m(1,1) —m(1,0) —m(0,1) + m(0,0)] e’ + [m (0,1) — m (0,0)] e (C.8)
+[m (1,0) — m (0,0)] &’ +m (0,0) (C.9)

= (A =2\ +Xo)ee’ + (A1 — Xo) (e +€") + Xo.

C.2 Derivation of HIJB (6) and KFE (7)
For all k£ € K and ¢ € [0,T7], the value function is given by

fomin{t“’T}_t e "u (k) dr + 1, s7e " TTOU (k)
Vi b+ o [k ket (69)

Vi (k) = E° m e,y e, (67 :

+1t+1§T6r(t+1t)/ —X [5t+1aQt+1 koK e,y et (k) Mdﬂ“ (k)

m(et .8,
_e—r(T+A—t+1)Rt+1 ko kO ey, €8, (ka):|
(C.10)

where

gt (k, k%, e,e%) = argman{V% (k+q) + Vi (k" —q) —x(e,9) —x (¢%, =)}, (C.11)

€_T‘(T+A—t)Rt (k7 ka, g, 6“) = 1 Vi [k +q (k’ ka’ = 5(1)} - Vi (k) - X {5’ qt (kv k.a’ & 5a)]
2 V;g (ka) - ‘/t [ka —qt (k7 ka7 g, Ea)] + X [€a> —qt (ka ka> g, 5a>]

and ¢4 is the random time of matching the next counterparty, arriving at the rate m (g4, ¢). The
costs of search intensities, x (¢, ¢) and x (&', ¢), are shared in the bargaining; it creates the cost shifting
effect.

By the property of Poisson process, the equation (C.10) for value function V; (k) can be rewritten

as

Vi (k) (C.12)

‘/Z [k + qz (kv kJa €2,&2 (k/))]
ftT e~ Ji[rtm(es s)lds w(k)+ fk, _X—[SFTZ—(ZZA(_k’)klv €z, E'Z/ (k/)>] /
= {az}ze[ﬁﬁgwt,ﬂ e T AR, (kK e.,e. (k)
xm (e, €. (k') dF; (K')
+e~ ftT [r+m(es ,ES)]dsU (/{3)

Denote e} (k) as one equilibrium search profile. By taking the first-order derivative of V; (k) w.r.t. ¢
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and plugging in the solution to e "TT2"2R_ (k, k' e., ¢, (K')), we can obtain
rVi (k) = Vi (k / Ly Ik es (B) 3 ()] m[ef (R) &5 ()] dF (R').

To derive the optimality condition for €} (k), let B denote the space of bounded real-valued functions

defined on K x [0, 7]. Define a mapping M on B as follows:

(Muw) (k,t) (C.13)
wlk+0b, (kK e,,e. (K)), 2]
f lrtm(esznlds ) U () + [ 8 —x[ex b (kK esy e, (K)] &
= max —e " (THA=2)Y, (kK e, e, (K))

- 0,1)®]
tezheum €0l wm (22, 2. (K)) dF. (k)

| e [ Irrmes sy (k)

where

k+b,t) —w(k,t) — b
by (kvkl7€,5/) € arg max w( 0 ) w( ’ ) X(& )
o e (W = bt —w (K1)~ x (¢, D)

and

e*T‘(TJrA*t)}/t (k, kl7€,€/> — 1 w<k+bt (kak/,gygl)at) _w(kat) _X(E:y bt (k, k/,E,EI)) '
2 +w (k,’ t) —w (k/ - bt (ka kla g, 5,) 7t) +X (8/7 _bt (k7 k,a &, 5/))

It is clear that the solution V; (k) to the HJB (6) is a fixed point of the mapping M. Therefore, e} (k)
must be the solution to the right-hand side of (Mw) (k,t) if we replace w with V. Note that since
the time variable ¢ is continuous, we have a continuum of control variables. We follow the heuristic
approach in van Imhoff (1982) to derive the condition for ¢} (k). This approach relies on interpreting
the integral in (Muw) (k,t) as a summation of discrete variables over intervals with widths dz and
dt. Then the Lebesgue dominated convergence theorem guarantees that the summation converges to

the original integral as the widths of intervals approach 0. Then the terms in (Mw) (k,t) which are
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related to &; (k) can be written as

w [k' + bt (ka k,a Et (k) » Et (k/)) ’t]
e ftt+dt[r+m(€t(k),§t)}ds U (k) + fk’ —X [Et (k) » bt (kv K et (k) = (k,))]

dt C.14
—e "THADY, (kK ey (), e (K)) e
xm (e (k) e (K')) dFy (')
tem tt+dt[7.+m(5t(k-)’§t)]dsw (l{;,t _ dt) (015)
( w [k + by (kK g0 (k) e (K)) 1]
—w (k,t —dt
ulpy + WD
= (1—rdt)w(k,t —dt)+ o (|dt]) + —x €1, b (K, K ey (K) e (K))] dt.

—e T THADY, (kK ey (k) &0 (K))
[ xm (e (k) e (K)) dFy (K')

Thus the maximizer of ¢; (k) to the above equation when dt — 0 is given by

1| wlk+be (kK e 60 (K) 1] —w (k. ) = x [e, b (K, K, 2,60 (K))]

cu(k) € ang max &7 | b 7 = by (182,20 ()] = w (1, 0) = xlex (F) = (1, 2,20 ()
| xmiec (k) e (K)) dF (K)

where we plug in the solution to e "(T+A-DY; (k, k' e, (k')). This gives the HIB (6).
Next we take a heuristic approach to derive the KFE. Let A be a small time interval that is close
to 0. Then by definition of F} (k), we have

Fion (k%) =[1—A-m(e (k),5)] Fy (k) (C.16)
+/k o k,A'm(Et (k),ee (k) 1{k + gt (k, k') <k} dF, (K') dFy (k) (C.17)

+/ A (0 (k)0 () L{k + g0 (k) < k) dF, () dF (k).
k>kw JE!

On the right-hand side, the first term represents the mass of banks that do not meet counterparties
during [t,t + A]. The second term represents the banks that have meetings during [¢,¢ + A] and hold
reserves no more than k% both before and after the meeting. The third term represents the banks
that have meetings during [t,¢ + A] and hold reserves more than k" before meeting and no more

than k% after the meeting. These three groups of banks constitute the mass of banks with reserves
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no more than k" at ¢t + A. By rearranging terms, we can get

Fion (k%) — Fy (k)
A

m (&1 (k) &) Fi (k*) (C.18)
* /M /k m (1 (k) ,er (K)) 1{k + g (k, k) <k} dF} (K') dF; (k)C.19)
+ /Mw /k m (g0 (k) &0 (k') 1{k + g (k, k') < k" } dF, (k") dF} (k)C.20)

/k m (e¢ (k) & (k) 1{k + g (k. K') > k*} dF; (F) dF, (k(C.21)

/ / (et (k) et (K')) 1{k+ q (k, k') < K"} dF; (K') dFy (k)
k>kw JE

where in the second equality we expand m (e; (k) ,&¢) Fy (k") to

[ [ eats) @)y ) a5,

and combine it with [, .. [, m (¢ (k) e () 1{k + q; (k, k') < k*} dF, (k') dF; (k). Then we can
take A — 0 and obtain the KFE (7).

C.3 Proof of Lemma 1

Proof. Define

£ (W,G) = arg max / / Sk Kz (k)2 (K) ;W] m [z (k) o (K)] 4G (K) dG (k). (C.22)

x€01

Obviously, £* (W, G) exists. The first order condition of (C.22) with respect to x is

> 0if & (W,G) (k) =1
=0 if £* (W, G) (k) € (0,1)
= (WEK) < 0 if £ (W,G) (k) =0
(C.23)

Obviously, if £* (W, G) is an equilibrium search profile, it maximizes the aggregate joint surplus. So

[ AS kK, x5 (W,G) (K'); W]m [z, £ (W,G) (K)]} dG (K)
+ [ A{SK k£ (W,G) (K), z; W]m [E* (W,G) (K'), 2]} dG (K

what we need to prove is that £* (W, G) is an equilibrium search profile. Suppose not, hence the

following first order condition of (10) with respect to x is is violated

G
/ LS [k K, £ (W,G) (K) W] m [,€ (W, C) ()]} dG (K) 0 £ (W, G) (k
z z=E*(W,G)(k) G
(
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Since S [k, k', x (k) ,z (E'); W]m [z (k),z (k)] is symmetric in k and &/, we have

% {5 [k K, € (W, C) (k) , ;W] m [€ (W, G) (k) 2]} (C.25)
= % (S K, ka, & (W,G) (K) ;W] m [z, (W,G) (K)]} (C.26)
< / % {8 [k, K, &5 (W.G) (k) , ;W] m [€ (W, G) (k) , 2]} dG (k') (C.27)

=/ZjH%MMWW®%MWmMNW®%MﬂNw
Thus, (C.23) implies

[ LS [k, K 2, & (W,G) (K); W]m[z,E (W, G) (K')]}dG (k')

(C.28)
+ [ LS K k£ (W,G) (K), ;W] m[E (W, G) (K) , 2]} dG (')

L:s*(w,c;)(k)

= [ LS [k (,0) () : W m [, (9,6) ()] 146 (K) (©29)

z=E*(W,G)(k)

>0 & (W, Q) (k) = 1
= 0if & (W,G) (k) € (0,1)
<0 & (W,GQ) (k) =0

which leads to contradiction. Q.E.D.

C.4 Proof of Lemma 1

Proof. Given x* = {2f (k)}yck 1e0,r) and G = {Gt (k) } ek sepo,77- let B denote the space of bounded
real-valued functions defined on K x [0, T]. Define a functional M of W = {W; (k)};ck 1e0.m) € B as

M(W;x*, G) (k,t) (C.30)
= u (k) [1 — e_T(T_t)} + e 7Ty (k) (C.31)
T
+;/t {e (r+2)( g?%/s [k, K, (k) , 28 (K) s W] m [z, (k) , 22 (K')] dG., (k:’)}dz

A value function V. = {V; (K)}rek tefo,r] solving the bank’s maximization problem (6) is the fixed
point of M given F ={F} (k) }xex teo.17, 1-e., V=M (V;e®,F). Given G = {G¢ (k) }yck 1e(0,77, define
the metric D : B x B — R as

D (W, W) = sup {7 Wi (k) — Wi (k)] },

where [ is a constant satisfies

max {0,\ — 7} < < o0.
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The metric space (B, D) is complete. M is a contraction mapping on the complete metric space

(B, D). Thus, there exists unique V solving (6). Q.E.D.

C.5 Proof of Proposition 7

Proof. Denote v’ as the co-state to a;, the Hamiltonian is thus given by

Y=y ( a ) — e T THA g5, 4 < P g+ d(St) .

L+ pf 1+ p}
. - w  ew  OHY .
The evolution of costate is given by rv’ — 0" = Zok, i.e.
_ 1 a pY
v =rv) — o S A—
S (1+p%”) "1ty

The first order condition with respect to dd; is

Uzu _ 6—r(T+A—t) .

(C.32)

(C.33)

(C.34)

Since the first order condition is independent to a; and d;, all banks must have the same value of

costate. But since the evolution of costate, C.33, depends on ay, the only possibility is that all banks

have the same a; for all ¢ > 0. This implies d; (a) is given by result (b), such that they hold K units

of reserve balance for all ¢ > 0. Substituting (C.34) to the evolution of costate, (C.33), we have

p;U — _eT(T+A7t)u/ (K) ]

The solution to the above ODE is

u'(K)

r

p;u _ p% + erA [er(T—t) - 1}
Notice that at 1" the bank problem is
max {U (k +gr) = ™" (1+ pf) ar} -

To yield k£ + qr = K, we have
pip =" (K) - 1.

Q.E.D.
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C.6 Proof of Lemma 2

Proof. Suppose W = —Hk? + Ek + D, then we have

9 m (e, )
&)l 2H + Kk (e) + k(g

S (kK e,esW)m (e,&') = [H (K —

Using Lemma 1 we have

ma / / Sk K. (k). (K) ;W] m [z (k) 2 ()] dG (K) dG (k)
=mmu%ﬁ(%w>www
m (g,¢€’) )
Se,ggi[,())(’l]{2H+K B }H2 / / (K — (k') dG (k) (C.35)

We want to show £ = ¢’. Suppose not, i.e., € > & maximize (C.35). Consider a deviation £’ =

(e + ') /2. Note that convexity of x implies that 2k (¢”) < k (¢) + k (¢/). Additivity of m implies
m (6”,6”) —-m (6,5/) = (A =2\ + N\o) [(5’/)2 B 66/} =0

where the last inequality follows the fact that the arithmetric mean is always greater than the geo-

metric mean. Thus we have contradiction as

m (", e") m (e, ")
2H +2k(e") = 2H + k() + K (e’

Finally, we want to show z (k) = ¢ that maximizes (C.35), i.e. (k) =& (H) € argmax.c[ 1] %,

is an equilibrium. Given x (k') = ¢ for all k¥’ # k, the search intensity of a k-bank is

arg maX/S (kK 2 (k) z (K);W]m [z (k),z (k)] dG (k) (C.36)
m [z (k) ,é] 2 /
—argrn(a})</2H+R[m(k)]+,{( ] (K" — k) dG (K') (C.37)
= arg max m o (k). €]

e(k) 2H + k [z (k)] + K ()
with the following first-order condition:

(A =2M + Ao)z + (M = M) 2H + w[z (k)] + £ (2)] —m [z (k) , 2] &' (z (k)

F.O.C.: 3
2H + k [z (k)] + & (2)]

(C.38)

Note that the numerator of the above equation is decreasing in z (k) since its derivative is

—m|z (k),z] k" (z (k)) <0,
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which implies that the individual optimal z (k) is unique. The first-order condition for @ (H) €

m(z,x) -
arg MaXee(0,1] Hip(z) S

2[A =2 14+ X))z + (M — No)][H + k(x)] —m (z,z) K (x)

F.O.C.: 3
[H + £ ()]

(C.39)

Note that the FOC (C.39) is proportional to the FOC (C.38) when z (k) = x, thus ¢ and &’ that

maximize (C.35) is an equilibrium. Q.E.D.

C.7 Proof of Proposition 3

Proof. Define 7 =T —t and v, (k) = V;—, (k). We prove the proposition by real induction. We need
to establish the following three conditions: (a) vg (k) is quadratic; (b) if v, (k) is quadratic, then there
exist b > a such that v, (k) is quadratic for any 7 € [a, b); (c) if v, (k) is quadratic for any 7 € [0, b),
then vy, (k) is also quadratic. If condition (a), (b) and (c) are satisfied, then by the principle of real
induction v; (k) is quadratic for all 7 € [0, 7.

Condition (a) is automatic as vg (k) = U (k) is quadratic. Suppose v, (k) is quadratic. Taking the

Taylor expansion along the time dimension around a, for all 7 € [a, b) we have %UT (k) given by

o o o~ O o" (r—a)
g ) = gt B+ 2 g gt B _ T

Note that in the equilibrium, we have

0

(k) = —rur (k) + ru (k) + - / S [k K% (k) e () sur] m [22 () <% (K)] dF, (K) . (C.40)

where €2 satisfies (10). Note that given that v, (k) is quadratic, the RHS of (C.40) is quadratic at

7 = a. Differentiating (C.40) with respect to k for n times, n > 3, at 7 = a, we have

o o"

E%U(L (k) = 0.

Thus we have %%UT (k) = 0 for any n > 3 and ¢ > 1, i.e., v; (k) is quadratic for any 7 € [a,b).

We establish condition (b).
Suppose v, (k) is quadratic for any 7 € [0,b) but vy (k) is not quadratic. Integrating (C.40) from
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any 7 € [0,b) to b, we have
vy (k) = vy (k) — / o, (k) dz (C.41)
b
=uwup (k) —ru(k)(b—7)+ r/ v, (k)dz (C.42)
/ /s Tk, <0 (k) <@ (K) s0s] m [e2 (k) @ ()] dF. () d.

Since vy, (k) is not quadratic, although all other terms are, we have v, (k) is not quadratic for any

7 € [0,b). It contradicts the premise and we establish condition (c¢). Q.E.D.

C.8 Proof of Lemma 4

Proof. Plug the closed-form solution (??) and ¢; (k) = &; into the KFE (7), we can get

Jiopo S 1o+ 5HS 0 < kv ) dF, () dF (k)

Fy (k%) = m (g4, &) - (C.43)
~ Jra J1{R+ o > kw} dF, (K') dFt (k)
Jiopo B |2 (14 552 ) kv — k| dF;
— m(€t,€t) B B |:}7 2 (1 (> ) kw QH 5t dF (044)
fkékw |: t ( + ) - :| t

— m (1,0 [/Ft [2<1+”I(;t))k—<1+2 ) ] (k’ ]

Then the probability density function solves the following PDE:

) [ 52 (- 52) ] s ]

(C.45)

To characterize the dynamics of moment function, we take advantage of the Fourier transform. We

follow the definition of Bracewell (2000) for the Fourier transform:

ol =m ez [2 (145

R* (v) = / e 2™ (1) de,

where h* (-) is the Fourier transform of the function A ().
Let f7 () be the Fourier transform of the equilibrium pdf f; (-). Then the Fourier transform of
equation (C.45) is

The PDE (C.46) cannot be solved in closed form. However, it facilitates the calculation fo the moment
function which is the derivative of the transform, with respect to v, at v = 0. Let us denote ft* () (v)

be the n-th derivative of f;* (v) with respect to v. By taking n-th derivative with respect to v to both
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sides of (C.46), we can obtain

n o (H)"(Hy A 26 (20) e(nei) H, ) @ Hy 4 25 (g¢) U)oy,
S e 5 (s een) 5 (2 enen”) ”]

i ) =m(ene) )
(C.47)

Evaluating the above equation at v = 0, we can get

(Ht)" "(He + 26 (1)’

Mn,t =m (5t75t) (Ht Tk (61,))”

ZC”

Mn—i,tMi,t - Mn,t] .

In particular, by definition we have My, = [ fi (k)dk =1 and My, = [ kf; (k) dk = K. Moreover,

the second moment of reserve distribution satisfies

Moz = m (0,20) [_ Hy (Hy + 25 (g¢)) Y H, (H; + 2k (5t))K2}

2(H,+ k() 0 2(H+ ki (e))

Solving this first-order ODE gives rise to the solution (21). Q.E.D.

C.9 Derivation of Equation (25)

Following Uslii (2019), the planner’s current-value Hamiltonian can be written as

= [ ar? / [l 00 k) o ) ()] A7 () aFE () (C.A8)
//m & (k)& (K)] V2 [k + ¢ (k k)] — VP (k) dEP () dFY (k)
//m (koK) [ (kW) + @& (K, K)] dFP () dFP (k).

Applying the feasibility condition of asset reallocation,
@ (k,K) + 4 (K, k) =0,
and the symmetry of matching function,

m(e,e') =m(g,e),

we can rewrite the Hamiltonian as
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we= [uary (0 -5 [ [ xlet o ()] m (<0 () cf ()] dF? (k) dF ()
5 [ X = () [ () < ()] aFY (k) aFY ()
g [ [ mlet ) e (W) (V2 Tt of (b k)] = V7 (k) Y (k) dFE (1)
wy [ [ mle () e G (V0 I = af (W R)] = V7 ()} dFE (k) dFY ()
— [y 5 [ [0 ()2 () m (<0 ) (K)] dEY (K) dEY (0)(C.19)
where

St (kK e e') = VP [k+qf (k. K)] = VP (k) = x [e. ] (k. K)] (C.50)
+VP K —q (kK] - VF(K) —x [, —d (k,K)].

Optimality condition for {} (k)},cx and {g; (k,k')}; jscx- Since the planner solution maximizes

the Hamiltonian, the optimal search intensity profile must maximize the second term of (C.49), i.e

(& (M)}ex =arg  max / / Sk, K e (k) e ()] m [e (k) e ()] dFP (K) dFP (k).

{e(k }keKG[Ol

Moreover, due to the feasiblity condition of asset reallocation, the optimal asset reallocation profile

must maximize the bilateral joint surplus, i.e.
ar (k. K) = argmax {V{" (k+q) + V" (K = q) = x (¢f (k) @) = x (e (¥') , =) } -

ODE for co-state variables. Following Uslii (2019), the co-state variables must satisfy the fol-

lowing ODEs in an optimum:
Vi HE (FF) = vV (k) = VI (k)

where n; (k) is the degenerate measure with all the probability on bank &, and v,, denotes the Gateaux

differential in the direction of measure n:

HY (F) +a-n) —H (FY)

«

Vo HY (E}) = lim
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For small «, we obtain up to second-order terms:
HY (FF + a-n) — HY (FP) (C.51)
—a / w (k) dng (k / / SP (kKb (k) &8 (K)) m [€F (k) &8 (K)] dEP () dnq (k) (C.52)

+5 / / SP (kK8 (k) &8 (K)) m [0 (k) , €2 ()] dny (K) dFP (),

Thus, by applying the symmetry of S¥ (k, k', el (k), el (k') and m [} (k) , €l (K')] w.r.t. k and &/,

VuutoH (FD) = (k) + [ SE (0 () () m <1 (k) oo ()] dEY (K)

Therefore, the ODE for the co-state variables in an optimum is
PVZ(R) = V2 () + )+ [ SE (e () e (K)) m 1 (k) oF ()] dEF (K)

First-order conditions. First, take any optimal ¢f and

G (k,K') = ¢ (k,K') + gL {V¢ (k) > V£ (K') } — aq1 {V (k) < V¢ (K')} (C.53)
=qf (k, k') + agA¢ (K, K)

where o is an arbitrary scalar. Second, take any optimal ef (k), an arbitrary admissible deviation
0t (k) and a scalar ag, let
é‘t (k) = 6? (k’) + o - 6t (k) .
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For small o and a., we obtain up to second-order terms:

2 4r) (C.54)

q
X1 [ef (k). af (k, k') m [ef (k) ef (K')] 01 (K)
——ac [ [ xlei () (6 R [ (1) 5 9100 () dFY () dFY () (©:55)
+x [ef (k) ,qf (k, k") ma [ef (k) , f (K')] ¢ (K')
[5 (k 8 (k/)]ét(k) D e / _ /P D ! D
va [ [ { e ) }{v; -+ gt (1 k)] = V7 ()} dFY (K) dEY (k) (€50
cay [ [ ) gt ()] (o ) 5 (K)] A (k) dBF () dEY () (C57)
taq / / m NIV [+ gf (kK)] A (, K) dFP () dE? () (C.58)
taq / / me (6, K) [A (b k) + A (K, k)] dEP () dFP () (C.59)
my [ef (k) ,ef (K)]{V [k + qf (k, k")) — V" (k)}
+my [ef (k') e (R)]{V)" [K' — qf (k, K")] — V{" (K)}
o [ [ ) R 0 )] 8 () AFY () AT (b (C:60
—x [ef (k) , qf (k, k") ma [ef (k) ,ef (K)]
\ —x [ef (K'), —ai (k, k') ma [ef (K') , &f (k)] )
+% / / m (€5 (k)5 ()] (V7 [k + a5 (ka k)] = xo [£5 (k) . qf (ko K)] Y Ay (k,K) dEP () dEP (k) (C.61)
5[ [l st ()] 4V 1+ (40)] = o 65 (1) i (1))} A (1K) dFY () dFY () (C.62)
ma e (k) ef (R)AVE [k +af (kK] = VP (R)} )
m (2 (8) & (W) (V2 1 = of (1 )] = V(1)
—oc [ [S W K R )8 ) AR () aFE () (69
—x [ef (k) ,qf (k, k") m1 [ef (k) ,ef (K')]
\ —x [ef (k). —q (k, k")) [ (k) , e (K)]
o 1) o (i V' [k + g5 (k,K)) = V' [K — g (k, k)] N 2P (1) 4P
Y[ [ [ee (k)€ (k Ay (k&) dEP (K') dFP (k) ,
+5 [ @ ) o €5 (k) gt (ko k)] + xo €5 () , —gf (k. K] } (o ) 4FF (K) 47 ()

where we apply Ay (k, k') + A (K, k) = 0 in the second and third equality and ¢f (k, k') +¢f (K',k) =0
in the third equality.
If {&£,¢f} is optimal, this must be negative. Thus the integrand in the second term must be zero

everywhere. Then the FOC for ¢f (k, k') becomes

VP [kt i (kK] = V7 (K = af (B K)] = xa [¢F (R) . gf (R K)] o+ xo [ef () —af (k)] =

52



In other words, ¢! (k, k') is the solution to
ar (k. K) = argmax {V{’ (k+q) + V" (K = q) = x (¢f (k) @) = x (e (V') , =) } -

Moreover, for the FOC of ¢f, since d; (k) is an arbitrary admissible deviation, we must have

e VI [k +qf (B, K] = VP (k) = x [eF () , a7 (k. )]
mle )| AL O D EG L co
+VI K —qp (kK] = VP (K) = x[ef (K) , —q;’ (K, K)]
[ (B) s af (kW) o [e5 (k) 5 ()] (C.65)
<0, ifef(k)=0,
=0, ifef(k)e€(0,1), ,
>0, ifef(k)=1
Thus the constrained efficiency solution of £/ must satisfy
P (D) (k) = arg m[%] {/Sf (kK e,e (K))m [e,€} (K)] dF, (k:’)} :
e€|0,
where
SP (kK e.') = VP [k+f (k)] = VP (k) = x [e.qf (k. K)] (C.66)

VK —at (kK)] =V (F) = x [, —af (k. K) ]

C.10 Derivations of positive measures of liquidity

Price impact. Note that the terms of trade between k and k' are
Lty (k) = THAD (B, H, (k4 K)].

Ht<k‘/—]€) jk,:k+2(fi<€t)+Ht)

2 (ki (e¢) + Hy) H, g (k,K) .

qt (k:7 k,) =
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Therefore, given k and ¢, we can infer the reserve holding of the counterparty k' (k,q). Thus the

Federal funds rate of a bank k that trades reserves ¢ is given by

log (14 p; (k,q)) =7 (T +A—1t)+1log [Ey — Hy (k+ K (k,q))] (C.67)
2 H
=r(T'+A—t)+log[E: —2kH;] + log |1 — W (C.68)
t— t
2 H
~r(T+A—t)+log [V (k)] — w (C.69)
Vi (k)
2 (ki (e1) + Hi) g KV} (K)
—r(T+A—t)+log [V/ (k)] - kd :
v/ (k 1
=7r(T+A—1t)+log [V} (k)] + t,()-q' ———
Vi (k) 1— (1=
2n(at)
— V') _ v\t :
Denote Oy (k) = — O and w; = (1 - m) , we get equation (148).
f t
Return reversal. The average Federal funds rate is
140, =" T+AN B, — 9H,K], C.71
t

then the difference between individual Federal funds rate and the average Federal funds rate is
py (k,K) — 0, = " THAD (2K — | — k) H,.

Differentiating the rates with respect to time:

o, = " TTA—Y) (Et — 2KH,5) —r (14 g) = T2 (203K — ay), (C.72)
pr (koK) = T B 1 (k+ 1) | = (14 py (k1)) (C.73)
_ 2K — k — K H2m (1,&)

_ r(T+A-t) | _ / t ) €t
e [ a1+(k‘+k)a2+ 1 R(Et)—l-Ht]'

This implies

o (k) — )] = T (2K — o — &) [—aQ n (C.74)

1 Hfm (et ¢t)
dt

4 key + Hy

_ as 1 Htm (€t, Et) ’
—- & i |l ) ).
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Price dispersion. The standard deviation of the bilateral Federal funds rates is

Opt = { / / [y (k,K') — 0] dF; (K) dF; (k)}1/2 (C.75)
e (T+A-) . [ / / (2K —k— k) dF; (K) dF (k)] " (C.76)

1/2

_ (Tt {// (K = ) + (K — K)? +2(K—k)(K—k')}dFt(k:’)dFt(kz)} (C.77)

=" r(T+A—t) Ht . \/§O'k’t.
This gives our measure of price dispersion.

Intermediation markup. By definition, the rate spread is

Ny (k,q) (C.78)
— / o (k + g, k') dFy () — py (K, ) (C.79)
= / e THAN B — Hy (k+q+ k)] dF; (k) — " T4 [Et —H, (k +k+ W@.}o)
=" TP AD [ Hy (k + g+ K) + 2kH, + 2 (5 (1) + Hy) q] (C.81)
= " THAD [ H, (K — k) + (26 (e¢) + Hy) q] -

Thus the intermediation markup is given by taking A, ; (k, q) differentiation with respect to q.

Unilization rate of trade opportunities. By definition,

Ji Jsim (etsed) @ (k, k') dFy (K') dF (k)

Ul = B TO, (C.82)
fk fk-/>k % (e, e¢) dFy (K') dFy (k)
TO;, (C.83)
~ Hm(ee) Ji Jwsiw (W = k) dF (K) dF; (k) (C.84)
© 2(k () + Hy) TO, .
_ Him(er,e0)
k(ee) + Hy

Extensive margins. We provide a heuristic approach to derive the dynamics of the extensive
margins. Let A be a small time length, and denote m; = m (g4, £;) as the equilibrium matching rate.

Then by definition,

1P = (1— A my) [ — Pl k)

+A-my -0,
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where 1 — Ptq(k:) denotes the probability of no trade over [¢t,T] conditional on k; = k, 1 — A - my
represents the probability of no meetings during [t,¢ 4+ A], and 0 means the probability of no trade
is 0 given a meeting arrives at t. Take A — 0, we can obtain

i 0
BV 1) — tim Frea (0= P ()

A—0 A

= —MmMy |:1 — Pt()/(k):| .
The evolution of P? (k) and P# (k) can be derived similarly as follows.

1— PP (k)= (1—A-my) [1—Pf+A(k)]+A-mt/

1= Pla (ka0 (k)] dF, (K),
k' <k

V=P = (0 A (1= Pha ]+ A [ 1= P (ot () a2 1),

Take A — 0 gives

B (k) = =my (1= Fu(0) [1 = P 0] = e [

[P (k+ qu (k) = PP (k)] dFy (K).
<k

P (k) = —muFy (k) [1 — P (k)] — my /k - [P? (k+ g (k, K)) — P (k)] dFy (K) .

Then the evolution of P{™ (k) is
Bt (k) = B () + By (k) - P (k) (C.85)
S— / P (k+au (k1)) = P ()] dFy (K) (C.86)
k' <k

T /k,>k [PF (k+ q (k,K')) — P™ (k)] dFy (K') .

Intensive margins. We provide an heuristic derivation of the absolute trades and net rades. First,
for the individual absolute trades, let A be an infinitesimal time period. Then by the property of

Poisson process,

Qi (k) =A-m (e, &) M g (k,K')| dF; (K) + /k Quin (k+aq (k. K)) dF, (K')|  (C.87)

+[1—A-m(et,er)] Qera (K).-
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Thus the aggregate absolute trades is given by
Qt = /Qt (k) dFy (k) (C.88)
= A -m (e, &) / @ (k,K')| dF; (K') dF; (k) (C.89)
kJE
‘|‘/k {A -m (Et,ét) . /k/ Qt+A (k’ + gt (k?, k,)) dFt (]C,) + [1 —A-m (615,615)] QH—A (k)} dFE@i‘f)O)

=A-m (e, &) /k ; \gr (k, k') | dF; (') dF; (k) + Qusa,

where the last equality is given by the definition of Q¢ (k) and Q. Taking A — 0, we can obtain the
following ODEs for Q; (k) and Q4:

Qi+a (k) — Q1 (k)

Qe (k) = Jim, N (C.91)
= m(enz) | [ o (6 K) [ B () + [ Quea (6 ar () By ()] 4,2 @1 ),
and
Q= lim w (C.92)
= —m (e, &) - /k/k @ (k,K')| dF; (K') dF; (k) (C.93)
- —m(st,at)Q(,%ﬁHt)/k [ |1~ k[ aFi () dr (1)
This implies
Q- /OTm (e0, 1) 2(%;{th) (/k / ¥ — k| dF, () dF, (k)> dt. (C.94)

Second, for the individual net Federal funds purchase, it satisfies

Lo(k) = A-my Mdﬂ (K) +A-m / Lisa (k+q (b, K)) dE, (K)  (C.95)
+(1—A-my) Lipa (k) (C.96)
N mtm 8 [ Liea b+ (1)) dF () (C.97)

+(1 —A'mt)Lt+A (]{I)

We guess and verify that L; (k) = ©1; — O3 k. Plugging the guessed formula into the above equation

and matching the coefficients, we can get

91,t : my Hy
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With terminal condition ©1 1 = ©2 7 = 0, we have the following closed-form solution:

T m,H,
O =1— — ———dz|, C.98
2t P [ /t 2 (ke + H) Z] ( )

O14 = K - O9;.

Thus the individual net trades is given by

Lt(k‘):{l—exp [—[T%dz]}(K—k),

and the aggregate net trades is

L:/|L0 (k)| dFp (k) = {1—exp [— /OT ﬂmsz)dz]}/u(—mdFo (k). (C.99)

ke, + H,

Federal funds rate. The average Federal funds rate at ¢ is given by equation (C.71). It satisfies the
ODE (C.72) with terminal condition 1 + o = e"® [A; — 2A45K], which has the following closed-form

solution:
200K —
L+, = e (A1 — 24pK) - 22— [er(ﬂkt) B 6m} (€100
T
B DW _ - ‘ER _
_ A [1 - (ky —1)i (k— — 1)1 ] 20K —a |:er(T+A—t) _ erA] (C.101)
ly — k_ r

_ D gy BR g R T A 20K ma |:6T(T+A—t) _erA},

ke — r

When r is closed to zero, the spread between the federal funds rate and IOER is

. ke —1 .
gt—ZER:’)/—‘rﬁAZ—(2&2K—G1)(T—t>
+_ -

C.11 Proofs on comparative statics

To prove Proposition 6, we first present the following lemmas. Define

N Hm (g,e)
T ) = o e @) 7 1 (@)
and
- Hm (e, &)

= max .
ee'e0,1] 2H + K (e) + & (¢7)
Next, we conduct comparative statics of model parameters, including H, Ac, A1, Ao, & (+), on the equi-

librium search intensity. Since the set argmax.cp,1] T (H,e,e) may not be a singleton, we apply

monotone comparative statics.
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Lemma 2 The set argmax.¢jo1) T (H,e,¢) isincreasing in H, A\c, A1, and decreasing in A\g. Moreover,
if the search cost function belongs to a family {k (-;s)} that is increasing in s and obeys single crossing

differences, then arg max.c(o 1 Y (H,€,¢) is decreasing in & (-).

Proof. According to Milgrom & Shannon (1994), it suffices to show that the family of functions

{ giié))} obeys single crossing differences in H, m and . Note that for all ¢ > ¢ and H' > H, we

have
m(z',2)  m(x,x) m(x',2') _  H+4+rk(2')  H +k(2) m(z',2)  m(z,2)
H+k(z)) H+r(z) m(z,z) — H+k(x) >H’+/<;(x):>H’+m(x’)_H’+/<;(x)>0'

Thus ;ﬁ(ié)) obeys single crossing differences in H.

Moreover, taking derivatives with respect to A¢c, A; and Ag implies that %éi;) is increasing in
Ao, Ar and 1/)g for all 2’ > x, it follows that
m (2, x") m (z, ) :>H+/<a(a:’) <m(x’,x’) ﬁl(x’,:c’):> m (2, 2') m(z,x) -0
H+k() H+r(z) ™ H+k(x) = m(z,x) m(z,x) H+r(z) H+k(x) )
Thus ISH_&Q) obeys single crossing differences in (A¢, A, 1/Ag).
Finally, for any two « (+;s) and & (+; s’) such that s’ > s, and any 2’ > z, a sufficient condition for

m(z'x’)  m(z,x)
H+r(x';s) H+rk(z;s)

m(z’z") m(z,x) .
Z 0= H—H@(x/;s’) - H+N(I;S') Z 0 is that

m(z,2) k(s 8) —m (&, 2) & (238) > m (5, 2) 6 (5 8) —m (&, 2) & (),
which is equivalent to
m (2, 2) [k (2:8') — & (2:8)] > m(z,2) [5 (s ') — & (5 )] -
The above condition holds if
k (z;5) increases in s

and

K (93'; s) —k(z;8) > K (x'; s’) —K (93; 5’) .

If  (¢) = ko+F (g), then an increase in kg is equivalent to an increase in H, thus arg max.¢jo ) Y (H, €, €)
is increasing in Kg.

Q.E.D.

Therefore, if the set of refined equilibria is not unique, we focus on the one with the largest search
intensity, i.e. max {arg max.cp,1) T (H, ¢, 5)} The comparative statics of the largest search intensity

follows the above lemma.
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Next, we show that the time paths of H; and e; are monotone, which is implied by the following

lemma.
Lemma 3 Y*(H) is continuous and increasing in H.

Proof. By the maximum theoreom, Y* (H) is continuous in H. For the monotonicity, note that
for any ¢,¢’ € [0,1], T (H,¢,¢’) is continuously differentiable and concave in H. This guarantees that

Y (H,e,e) is absolutely continuous in H for all e,&" € [0,1]. Moreover, note that

m (e, &) [k () + K ()]
[2H + K (¢) + £ (/)]

S’m(;’l)ﬂ[;fl(m"

Ty (H,e,&)| =

(C.102)

m(1,1) k(1)
2 H[H+x(1)]

Milgrom and Segal (2002), T* (H) is absolutely continuous with the derivative

where is integrable over an arbitrary interval H &€ [ﬂ ,m. Then by Theorem 2 in

Y (H) =Ty (H,e"e%) >0

almost everywhere. Thus Y* (H) is increasing in H. Q.E.D.
Thus the right-hand side of (??) is monotonically increasing in H with a unique positive zero

point. We also have the comparative statics of Y* (H) on function m (-,-) and & (+).

Lemma 4 For any m(-,-) and m(-,-) such that m(g,e’) < m (e, &) for all e, € [0,1], we have
T*(H;m () < YT*(H;m(,-)). For any k(-) and k() such that k(¢) < K (e) for all € € [0,1], we
have Y* (H;k (-)) > T* (H;k(")).

Proof. For m (-,-), denote the solution of search intensity as * (m(-,-)) and &* (m(-,-)). By

definition,

T (Him () = T (Hoe" (m (), (m () sm () (C.103)
<Y (H.e" (m ()& (m () sm(, ) (C.104)
<1 (Hym ()

T (H; R () = T (H,e* (7 ()& (R ()57 () (C.105)
<Y (Hoe" (7). (R () ir () (C.106)
<1 (Hiw ()

Q.E.D.
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The above lemmas imply
Lemma 5 H; increases in As and k (-), and decreases in m (-,-).

Proof. Note that
. H
Hy=rH;—a+ ?tT* (He;m, k).

By 4, T* (H;; m, k) increases in m and decreases in k, it follows that H; decreases in m and increases
in k. For the former argument, note that Hyp increases in m, thus in the neighborhood of T, we have
H; decreases in m. If there is a sufficiently small ¢ such that H; increases in m, then the two curves
must interact with H; decreases in m, contradiction. Similar arguments apply for the latter. Q.E.D.

Finally, we prove Proposition 6 as follows.

Proof of Proposition 6. [g;] For the comparative statics of ; w.r.t. iPW _iER and K, it sufficies
to show that &; is increasing in As. This is established by Lemma 2 and 5, which show that H;

increases in As and ¢; increases in H;. For comparative statics of ¢; w.r.t. kg, note that the monotone

m(z,z)

Hin(a) } increases in H and kg. Since H also increases

comparative statics shows that arg max,e¢(o,1] {

in Ko, it follows that e; increases in kq.

Htm(s’a)} ‘% . The envelope theorem implies that |myq;]

Ht-‘rli(t’;‘
increases in H;. Since H; increases in As, it follows that |m;q| increases in iP?W — iF

[|mq:|] Note that |myq| = maxg{
R and decreases

in K. For the effect of ko on |mq|, rewrite (17) as
Hym (e,¢) N + H,
max{q —————% o = —r|.
e | H+k(e) H,

Since H; increases in ko, H, decreases in Ko, and a + H, > 0, it follows that

a+Ht
H;

decreases in Kg.
This implies |mq;| decreases in kg.

[Lo (k)] By Lemma 3 and 5 we have

OY* (Hy) _ 0" (Hy) oMy 0 {1 — exp [— S, (1) dz} }

0Ay  OH; 0A 0Az =0

Since ;‘g% <0, a?éﬁv > 0 and % < 0, we can get

n (aaLfE(:)> = sgn (;f;lf% (K — kz)) = sgn (k- K),

n (aai%%)) = sgn <£ﬁ§v (K — k:)) = sgn (K — k).
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For the comparative statics w.r.t. K, note that

alg}gg) _ 8{1—exp [-;j:T* (Hz)dZ}}aaj;l; (K k)4 {1—exp [_/tTT* (Hz)dz}}

whic is positive iff
1 —exp [— ftT T* (H,) dz}

B{lfexp[f ftT T*(Hz)dz]} Ay '
0A2 0K

k>K+

Next, for the comparative statics w.r.t. kg, it suffices to show that the equilibrium ftT T*(H,)dz

is increasing in m and decreasing in x. Note that
: H
H =rH; —a+ ?tT* (Hi;m, k),

which implies

T THZ— H, T
/ T*(Hz)dzzg/ Hy=rf.+a, lnAzlnHtT(Tt)+/ 20\
t t Hz f Hz

Since Lemma 5 shows that H; increasing in kg, this gives comparative statics of Lo (k). Q.E.D.

D Walrasian benckmark

To see the role of search intensity, consider the Walrasian benchmark where there is no search fricton
(Ao = o0) and trades are organized in a competitive market. Banks are free to trade at any t € [0, 7],
taking the competitive Federal funds rates p}’ as given. It will be useful to express the bank’s problem

in term of its value of reserve balances, a; = (1 + p}”) k:. The evolution of a; is thus given by

W

Pt
da; = dt + dé D.107
ag 1+ pg} agat + ty ( )

where the first term is the appreciation of the reserve value due to the appreciation of Federal funds
rate and the second term, d¢, is the value of Federal fund purchased up to ¢. Notice that we allow dd;
to be infinitesimal or lumpy. At 7'+ A the bank will settle the accumulated Federal funds purchased,
which is 7. Similar to (3), given the path of competitive Federal funds rates {p}"}, the bank problem

is given by
T ag ar A
%aicE {/ e "y (1 n p“’) dt+e7"TU <1 n pw> — (T )5T} , s.t. (D.107). (D.108)
t 0 t T
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Denote ¢ (ag) as the solution chosen at t by a bank that holds ag units of reserve value at ¢t = 0. In

the competitive equilibrium, pj’ clears the market clearing such that for all ¢
0= / 50 [(1+ o) k] dFy (k). (D.109)

Proposition 7 In the competitive equilibrium, we have
(a) ot = e {U (1) + [er @0 — 1] ULy

T

(b) 6¢(a) = 1+ py) K —a for allt € [0,T].

In the Walrasian benchmark, banks trade instantaneously at ¢ = 0 such that every bank maintains
K units of reserve balances throughtout the horizon. In the competitive equilibrium, the Federal funds
rate is decreasing over time, in order to compensate for the utility from holding reserve. Also, notice

that the Walrasian benchmark is the first-best allocation.

E Extension: Heterogeneous agents with peripheral traders

We guess and verify the closed-form solutions. First, we guess the banks’ value function is V; (k) =
—Hk? + Eik + Dy, and the peripheral trader’s value function is f/t (I;) = —ﬁtlp + E}Z: + Bt. Since
the matching between banks is independent of the matching between a bank and a peripheral trader,
banks are only choosing the search intensities in contacting other banks, we can impose the same
refinement and obtain the same equilibrium solution to the bank meetings as the baseline model.

For the meetings between a bank and a peripheral trader, they solve

s [Vi (k- 6) = e T DR V() x 0,0)] (E.110)
[V (k—q) +e @R 7, (7)] =

The maximized surplus and optimal trade size are given by

[Et B 42 (ﬁtlé — Htk)r

S, (k k> - ’ [Ht T HO} , (E.111)
o Et—Et+2(ﬁt1%—Htk)
Qi (k. k) = ; [Ht i HO] (E.112)

Therefore, the HJB for peripheral traders is

7V (k;) — 7, (k) +(19)¢/§t (kk) dF, (k).
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By matching coefficients we can obtain

- - 1 —0) pH?
Ht:rHt—l—%, with Hp = 0; (E.113)
Ht—i-Ht-i-lﬁ;O
. . - F,— E, — 2H,K .
Et:rEt—(l—H)wHt L2 with Bp = 14 iRRP; (E.114)
H; + Hi + Ko

~ 2
[Et _E - 2Htk]

Dt:rﬁt—(l_H)QO/ dFy (k) , with Dy = 0.

4m+i+ﬂ

Given fIT =0, ET =14 i"BP we can get that fIt = 0 and Et = (1 —I—iRRP) e "=t Thus the

bilateral Federal funds rate in a meeting between bank and peripheral trader is

1+ p, (k; k:) = r(T+A-1) {1;‘9 ( — B, — 2Hk ) ] (E.115)
— r(T+A-1) [( — 0) (Hy + 1) it (k; k) }
On the other hand, the HJB for banks is
Vi (k) = Vi (k) + u (k) +/;5t (k, k') m (e1,21) dFy (K +9m9/5*t (k:k) dF, (k)

which implies

. H? m(x,x) O H?
Hy=rH; —as + — E.116
t= Ty Jéﬁ%’i{ﬂtm( )}+Ht+n(0) (E.116)
H? ) Et
By =rE — a1+ K, 00 H E.117
£ =rhe— ot e :pe[01]{Ht+/€ }+ P, kR (0) (E.117)
E - E
: m (x,x) 2 / [ ¢ t}
Dy = rD; — AT U e2aE () — 9Lt E.118
=D s e [ R ) e (B-118)
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It follows that

M _ ( n W) (Et _Et) a6 e {W}E.ng)

dt "TH, 1 k(0 2 welon] | Hy + & (2)
d (Et - E;t_ 2Hth) _ <T N %) (Et _ Et) —ay + thfxrg[%ﬁ] {IM}(EJQO)
9K, [THt —as+ If max { HTS:Z:) } + 172 fffo)} (E.121)
_2Ht¢z9Et2_[£t+_:£;f(t (E.122)
_ (T _ %) <Et - 2Hth> — a1 + 203K (E.123)
and ~ o
e e S

2 [Hﬁﬁﬁm(o)}

with the boundary condition K¢y = K and FEr — ET = A; — 1 — 7P We use the above equations in

numerical simulations.

F Extension: Federal Funds Brokerage

In this section we model the brokerage of Federal funds following Lagos & Rocheteau (2007). In
practice, Federal funds brokers reach out their banks’ contact for matchmaking. Consider the follow-
ing timing of actions. Having secured a pair of banks for potential Federal funds trading, the broker
negotiates with each banks about its brokerage fee. In this stage, the broker does not reveal the iden-
tities of counterparties but informs the banks about the reserve balances held by their counterparties
(the sufficient information banks need to know to initiate Federal funds trade in this model). This
prevents the side-trading between the counterparty banks circumventing the broker’s fee. Having
determined the brokerage fees, the identities are revealed and the two banks negotitate the terms
of trade like any bilateral Federal funds trades we described before. The brokerage fee is settled in
numéraire at T+ A. We assume the matching rate between a broker and the bank counterparties
is «, thus the contact rate of banks with a broker is ar, where v is the measure of active brokers.
Brokers are free entry with entry cost ¢ per broker.

We solve the outcome backward. Consider that a broker has identified a k-bank and a k’-bank
at t. Each bank anticipates their trade surplus from trading with the arranged counterparties as
0.55; (k, k). Denote Y; (k, k') as the brokerage fee paid by k-bank for arranging the match with
k'-bank; vice versa for the brokerage fee Y; (k', k) paid by k’-bank. To the k-bank, the surplus of
brokerage is 0.55; (k, k") — Yy (k, k). To the broker, the surplus of brokeraging the side of k-bank is
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simply Y; (k, k). Thus, the brokerage fee solves the following Nash bargaining problem:
Y; (k, k:/) = arg m;tx {y [0.5St (k:, k') — y]} .
Hence the bargaining solution is
Vi (k, k') =Y, (K k) = 0.255; (k, k') .
The value of the broker, J;, solves the following HJB equation
rJy = Ji + a// Vi (k, k') + Y (K, k)] dF; (k') dF; (k) , where Jp = 0.

Denote the dependence of J; on the broker size v as J; (). In the equilibrium, v is determined by

the free-entry condition to the brokers:

v =Jy(v).

The bank’s HJB is

rVi (k) = Vi (k)+u (k)+ max / 55 (k. K20 () m (e (K)) dF, () +ov / 15 (., 0,0) dF; (K)

€t€[0,1]

With quadratic utility function, we guess and verify V; (k) = —Hk? 4+ E;k + Dy, the solution is

2
rVi (k) = Vi (k) +u (k) + % <(§{f . (ES f; i / (K — k)* dF, () (F.125)

K
av
+ S [ (- 0k (1)
By matching coefficients we obtain

1 Ht (St,Et)

<r n §> Hy = Hi+a3— 1~ O (F.126)
thus av changes the discount rate to the banks. The surplus function is
60 (koK) = LB =B
0k Kt) = 5 e + )
and the broker’s HJB is
rJy = Jp + / / Sy (k,K',0) dFy (K') dFy (k) (F.127)

=Ji+ ZH,: U k2dF; (k) — K2]
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The solution is

Jo (v) = Z/OT e T H, U k2dF, (k) — Kz] dt, (F.128)
where
/ E*dF; (k) (F.129)
- / k2dFy (k) exp {— /0 tm(ez,ez) };Z(iz::(ijjg)dz - O;Vt} (F.130)
+K? /0 exp {_ / " (enres) zs(if:gi;g)ds ST Z)} [m (2n22) zz(gf:(’z <§)§> + éiﬂsdz)
= K2+ [ / K2dFy (k) — KQ] exp {— /0 " (€2,65) }‘;z((fiz:jéi;g) dz — O;Vt}

Thus the solution to Jy (o) can be written as

Jo(v) = % [ / k*dFy (k) — K2] /0 ' e " Hyexp { /0 t m(ez,ez) zz(%::(’i‘;;?dz - O;”t} dt.

Thus the equilibrium matchmaking is

Y= % [/ K*dFy (k) — KQ] /OT e " H, exp {— /Utm (e2,€2) ZZ(iZ::(iS;Q))dZ - O;Vt} dt.
(F.132)

The following proposition characterizes the comparative statics of the equilibrium measure of brokers

with respect to policy and technology parameters.

Proposition 8 Suppose k is sufficiently small. The comparative statics of v are

Z'ER Z‘DW K

v | — + —

Proof. Note that Jy(co) = 0 and Jp(0) > 0. For the existence of equilibrium we assume

1 < Jy (0). Due to free entry, we focus on the equilibrium v* with J (v*) < 0. We define

¢ H, (H, + 2k (e,
M, = e " H;exp {—/ m (e, €z) (H: + 2k (e g)dz — Owt} ,
0 2(Hz +’€(5Z)) 2

which implies

M, H, 2
t 3 a9 ’I’I’L(&t,€t) t ( /i(é:t) ) n 1> < 0’

Mt_ 8aV_E_ 4 H; + ke Ht—|—/{(5t

a(M)_az_m@t,st) k (e1) (4n(et) _1>
OH, \ M; | — H; 4 (Hy+r(g0)* \He + 5 (e1) '
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Thus a sufficient condition for ath <%) > 0 is Htli:()gt) < i, which requires a sufficiently small x.

Given this condition and note that My = Hy, we can obtain that the path of M; shifts upward if the
path of Hy shifts upward. Combining with the result that % > 0, we can obtain that

T
8J0 (l/) _ / 8J0( )8Mt dt > 0.
8A2 0 aMt 6142

By implicit function theorem, we can obtain g—zz > 0. Given (%gQR <0, 5 DW > 0 and aAQ < 0, this

establishes our proposition. Q.E.D.

G Extension: Payment Shocks

Since Poole (1968) there has been a long history of analyzing the effects of payment flow on the
Federal funds market. In this extension we study the role of payment on disintermediation. Suppose
that banks are receiving and sending exogenous and stochastic payment flows of reserve balances.
There are two types of payment flows: lumpy or continuous. Lumpy payments occur occasionally at
the arrival rate ¢, with the amount w (negative value means outflow of reserve balances) drawn from
a symmetric distribution G with mean 0 and standard deviation or. Continuous payments occur
continuously that follows a Brownian motion with mean p and volatility oc. Thus the aggregate

inflow of reserve balances from payment flow is ;. The HJB equation becomes

PV (k) = Vi (k) + u () + max / 550 (kK oo (F)) m (e, (W) dFy (K)  (G133)

€€[0,1]
0 0% 9?
+¢ [ Ve (k4 w) = Vi (k)] dG (w) + M%VZ (k) + TWV): (k).
Given {F;}, the value function in an equilibrium is given by
Vi (k) = —H;k? + Eik + Dy, (G.134)

where Hy, Fy and D, are given by the solutions to the following initial-value ODE problems

. 1H m(et,et)

H, =rH, — il A R 24 G.135

EE T T e Y (G.135)
Kth (5t75t)

E,=rE, —ay + — LtV 4 9y H,, G.136

t riy —al 2/€(t)+Ht 22827 ( )

1H'm (815 8,5)
Dy=rD v | K2AE (k H, E G.13
\=rD; - 4ﬁ(gt)+Ht/ (k) + (Co% + 0%) H— B, (G.137)
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where Hp = Ay, Ep = Aj and Dy = 0. The equilibrium search profile of Q (S, F}) is given by

Zm (e, e
et (k) = arg max {M} (G.138)

The Federal funds purchased ¢; (k, k") and the Federal funds rate p, (k, k") are given by

Hy (K — k)
2 (ki (e0) + Hy)’
py (k&) = " THAD (B, — Hy (k+ )] (G.140)

a (k,K) = (G.139)

Note that H; does not depend on the payment shocks, while F; is only affected by p. The following

Proposition summarize the grid-locking effect of payment shocks.

Proposition 9 The comparative statics of the length of search, T, the amount of Federal funds pur-

chased, q; (k, k") and the Federal fund rates, p, (k, k') are given by the following table

7 qkK,7) p(k K, 7)
¢lo 0

0 0 -
o |0 0

Proof. Since H; is independent of the payment shocks, the comparative statics of 7 and ¢; over
payment shock parameters are zero. For p,, the comparative statics is non-zero only for p. Note that
a higher p means a higher K; and a larger 2uH;. This implies a larger E,. Since Ep is given, it
means F; decreases in pu. Thus p, decreases in p. Q.E.D.

Intuitively, a larger p means the excess reserves increase faster. This implies a lower marginal

value of holding reserves, leading to lower Federal funds rates.

H Extension: Counterparty Risk

Afonso et al. (2011) documents the importance of counterparty risk in explaining the rise of Federal
funds rate and decline Federal funds trade during the crisis. Our model can be extended to incorporate
two kinds of counterparty risk. Consider that there is probability 1 —py, that, after the terms of trade
is determined, the Federal funds lender cannot deliver the corresponding reserves to the borrower and
the trade has to be cancelled. Also, there is a probability 1 — pp that the Federal funds borrower

cannot repay R when it is due. The borrower’s surplus is thus given by

pr Vi (k+q) — ppe "THFADR] — prVi (k) — x (e, q) -
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The lender’s surplus is given by
L [Vt (K —q) + pBe*"(TM*t)R] —pLVi (K') = x (¢',—q).

The solution to Nash bargaining problem becomes

H, (K — k)
kK N = H.141
qt( ; 7575) (H(E)+/€(EI))/pL+2Ht’ ( )

r(T+A—t) _ /
Ry (k, K e,e') = [Et CH (k) - O EED) g’)} a (kK e, e), (H.142)
PB 2pr,
R(k,k,7) e T+AD) k(e)— k(g
kK = = E,—Hy (k+F) - ——2q (kK ! H.14

P( ) 7T) q(k,k,T) DB t t( + ) 2pL Qt( ) 7876) ) ( 3)

pr [Hi (K = k)]
(k(e)+ k() /pL +2H

The optimal search intensity in the refined equilibrium is

H?m (g,¢) }
k(e) /oL +He )

Sy (kK e,€') =

(H.144)

€; = arg max {
€

The solution to the value function is that V; (k) = —H;k?> + Eik + D, where

: pr Him (s, er)
H, =rH,; — _—— h Hp = Aoy H.145
t =71y —az+ 1w o+ H where T 23 ( )

KpL thm (Et, 615)

B, =rE, — here Ep = Aq: H.146

t L CLl+ 2 K'/(St) /pL‘I‘Ht’ wiere L 1 ( )

D; =rD; — pL_Him(ener) / K*dF, (K'), where Dy = 0. (H.147)
4 k(e) /pr + Hy

Overall, the effects of higher counterparty risk (a higer 1 — pr) are isomorphic to the effects of

higher transaction cost x and lower matching rate A and Ag.

I Algorithm of Simulation and Estimation

Simulation. Let us denote N as the number of banks, i € {1,2,..., N} as the index of individual
banks. Since the size of peripheral traders is redundant for simulation, we assume there is only one
peripheral trader and denote it as ¢ = N + 1. We also denote m € N as the index for bilateral
meetings, where a smaller m means an earlier meeting. Since the number of banks is finite, the
total number of meetings is also finite. Moreover, denote kg (i) as the initial reserve balances of
bank i before entering the Federal funds market, and k,, (i) as the reserve balances of bank 7 after

meeting m takes place. Note that kg (i) is given by banks’ empirical excess reserves divided by
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bank assets, and ky, (i) # km—1 (¢) only if bank ¢ is one of the counterparties in meeting m. It is
important to note that the mass of an individual bank is normalized to 1, and the search intensity
A, Ao and ¢ represent the search intensity for an individual bank. Thus the total mass of banks is

N, and the contact rate for a bank with another bank is m(etee)

. There are w pairs of bilateral
meetings between banks and N pairs of bilateral meetings between a bank and a peripheral trader.

All these meetings are independent Poisson process. Thus the sum of all these meetings follows

s ,b
a Poisson process with intensity %m(et’st) + Ny = —1 m (gt,et) + Ne. N(]gfl) m(atj\ft ) +
Npgm (5?’9 v ) + Npupm <€t’f 1o ) + pghpm (€ ( 9.f fg)We simulate the discretized version of the

model via the following algorithm.

1. Given the model parameters and policy parameters, we numerically solve the paths of H;, &;
via Proposition ?? and solve the paths of E; and K; via the ODEs (E.119) and (E.124).

2. Given the path of ¢, simulate a Poisson process for bilateral meetings up to time 7T via a

thinning algorithm:?!

(a) Set a sufficiently large Amayx (such that Amaxy > A). Generate a random integer M dis-
tributed as Poisson with mean (%)\maX + ng) T. (% + Npg + Nuf + uguf) Amax 1
If M =0 stop.

(b) Generate M random numbers distributed as i.i.d. uniforms on (0,1), i.e. Uy, ..., Uy, and
reset Uy, =T - Uy, m € {1, ,M}

(c) Place the Uy, in ascending order to obtain the order statistics U1y < Upgy < ... < U(M)

(d) Set t,, = Utm)-

(e) For each %,,, generate an i.i.d. uniform on (0,1), U,,. If

then keep t,,. Otherwise, drop it.

(f) For each kept #,,, draw a pair of integers p,, = {i,5} with 1 <i < j < N +1 from the
weighted distribution j

N—-1
TTn(a{’m’85771,) 2 . . . <
Pr(i,5) = R CAC )+N¢; Nv-1) 4,5 <N,
" ifj=N+1

%m(atm Etm)+NSO N ’

(g) For each kept ,, and p,,, we relabel them with {t,,, pm} where t,, < t;,+1 and M is

m=1’

the number of kept t,,. The sequence of {tm, pm}m:1 is the Poisson process for bilateral

218ee Sigman (2007) for a detailed description and proof of the thinning algorithm.
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meetings for our simulation. and denote the number of kept trade according to the rule.
Update ky, (i) and &, (j).

3. Update individual reserve balances and bilateral terms of trade: denote ky, (i), g, () and p,,
as bank ¢’s reserve balances after meeting m, bank ¢’s cumulative absolute Federal funds trade
after meeting m, and the bilateral Federal funds rate in meeting m. We start with the data
ko (i) and set qg (i) = 0 by definition. For each meeting m, if i € p,,, then update ki, (i), ¢ (7)
and p,,, according to the theoretical formulae. For any ¢ ¢ p,,, do not update k,, (i) and g, (3).

4. Use the sequence {kp, () ,qm (), p,,} to calculate the aggregate moments and regression coef-

ficients.

Estimation. The simulated method of moments estimation follows a standard two-step proced-

ure.?? For each quarter, we simulate the model for S = 2,000 times.

6.1 Positive Implications on Liquidity

The closed-form solution allows us to obtain a set of measures on liquidity in analytical form. We list
these measures in this section for possible quantitative analysis. The derivations of all the measures

are provided in the Appendix C.10.

Price impact. The price impact of a trade measures how much the Federal fund rate changes in

response to a given Federal fund purchased. The higher the price impact, the more expensive to

borrow reserve balances, reflecting lower liquidity. In the Walrasian benchmark, the price impact is

always zero. Log-linearizing (12), the Federal fund rate of a k-bank borrowing ¢ units of reserves is
Ov,e (k)

pr(k,q) =r(T+A—t)+ logV/(k) — ——— q, (148)
~—— N—_—— 1—wt

time effect bank fixed effect .Y
price impact

where 0y (k) is the elasticity of value function and w; is the equilibrium precaution-speed trade-off:

H,

HV,t (k) = ‘/t/ (k)’ (149)
_ H 17
“ [1+ﬂ(€t)] '

The price impact depends on the ratio between the elasticity of value function and the precaution-

speed trade-off.

228ee Adda & Cooper (2003) for the reference on simulated method of moments.
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Return reversal. If the Federal funds market is liquid, the price impact is transistory and the
Federal fund rate will swiftly reverse to the mean. The return reversal measures how swift the
Federal fund rate stablizes disturbances. In the Walrasian benchmark, the return reversal is always

infinity. In our model, the dynamics of the Federal fund rate is given by

d a— X (Hy)
%log Hpt (kvk/) _QtH = - Tt 3

return reversal

where g, is the average Federal funds rate defined by o, = [ [ p; (k, k') dF} (k') dF} (k). Note that the

value of V}” (k) and the search intensity both control the speed of return reversal.

Price dispersion. The law of one price tends to apply when the Federal fund market is extremely
liquid. The price dispersion measures the prevalence of arbitrage opportunity arise of the search
friction. In the Walrasian benchmark, the price dispersion is always zero. In our model, the price
dispersion is given by

Opt = \/ier(T+A_t)HtUk,ta

~

price dispersion

where 0, is the standard deviation of Federal fund rate and oy ; is the standard deviation of reserve
balances. Since the Federal fund rates are more dispersed when banks hold more dispersed reserve

balances, we normalize the price dispersion with the standard deviation of reserve balances.

Intermediation markup. Recall that banks intermediate by purchasing Federal funds to sell.
Intermediation is not risk-free as the bank exposes itself to the risk of selling Federal funds at a lower
price than the purchasing price. The rate spread is the between the expected Federal fund rate of
the selling leg and the realized Federal fund rate of the purchasing leg:

Api(kyq) = / o (k+ . K') dF, (K) — py (k,q).

The intermediation markup measures the change in the rate spread in response to the size of the

intermediation trade. In our model, the intermediation markup is given by

8Ap,t (ka Q)

dq
—_———
intermediation markup

= " THAD 95 () + Hy) .

Utilization rate of trade opportunities. The total trade opportunities in this economy is

K-k
TO, = dF; (K) dF, (k).
kJesk 2
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The utilitzation rate of trade opportunities measure how fast the trade opportunities are realized.

In Afonso & Lagos (2015b), the utilization rate is the exogeneous matching rate. In our model, the
utilization rate is

UR fk fk’>k m (Et, €t) qt (k, k‘/, Et, Et) dFt (k‘/) dFt (k‘)
t = =

_ Htm (Et, Et)
TOy

K(Et) +Ht '

Thanks to the closed-form solution, we also derive the comparative statics of L; (k) on policy
parameters in Section 3.3.

Given the individual net trade volume, the aggregate volume of the
absolute net trade is

LE/|L0(k)|dF0(k:):{1—exp [—/OTmczt”/|K—k|dFo(k).

Given the aggregate volume of absolute trade and net trade, we define the level of intermediation and
fraction of intermediation as

Int =Q — L, (150)

Q—-L

IntR = ——.

Q
Federal fund rate. The average Federal fund rate at ¢ is given by
140, = / / [1+p, (k, k)] dFy (K') dF; (k) = e"THAD (B, — 2H, K] (151)
-1 2a (K — k
— ™ |y 14 PR LAi _ M [er(T—l—A—t) _ erA:| ’
k+ —k_ T
1—k- gp  ki—1 .
= Ai—a(K)(K-K)T 152
E

0 — i R: (1+ZER) (6TA71)+
where Ai = iPW — iER ig the policy rate spread. Compared with the frictionless Federal fund rate,
the liquidity effect is weaker with seach frictions. The range of the Federal funds rates is given by
1+ py (k, k') € [1+ pPin 1 + p<], where

1 + p;nin — er(T#’A*t) [Et — 2Htkmax] )

(153)
1+ p?lax — 61’(T+A7t) [Et o 2Htkmin]
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