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Abstract

This paper presents a portfolio model of asset price effects arising from central bank large-
scale asset purchases, or quantitative easing (QE). Two financial frictions—segmentation
of the market for central bank reserves and imperfect asset substitutability—give rise to
two distinct portfolio effects. One is well known and derives from the reduced supply
of the purchased assets. The other is new, runs through banks’ portfolio responses to
reserves expansions, and is independent of the types of assets purchased. The results
imply that central bank reserve expansions can affect long-term bond prices even in the

absence of long-term bond purchases.
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1 Introduction

Since the global financial crisis of 2007-2009, a number of central banks have conducted large-
scale asset purchases, frequently referred to as quantitative easing (QE), in order to provide
monetary policy stimulus. Although the stated aims of such purchases have differed across
countries, a common objective has been to reduce long-term interest rates, either broadly or
in specific markets. In the case of the U.S. Federal Reserve, the success of its QE programs
in reducing Treasury yields and mortgage rates appears to be well established; see Gagnon
et al. (2011) and Krishnamurthy and Vissing-Jorgensen (2011), among many others. Similar
evidence for the Bank of England’s QE programs is provided in Joyce et al. (2011) and
Christensen and Rudebusch (2012). More generally, it is well established that monetary
policy can affect long-term interest rates when short-term policy rates are constrained at the
effective lower bound (Ball et al. 2016, Swanson and Williams 2014a,b, Wright 2012).

Despite the empirical success of QE, how exactly it helps lower long-term interest rates is
not well understood. Research so far has focused on two main channels.! One is a signaling
channel, which means asset purchases send a signal to investors that lowers market expecta-
tions about future monetary policy (Christensen and Rudebusch 2012, Bauer and Rudebusch
2014). If financial market participants perceive that short-term interest rates will be lower in
the future, this should translate into lower long-term interest rates today to make investors
indifferent between rolling over a short-term loan and committing to a long-term loan. The
other channel is a supply-induced portfolio balance channel. When a central bank purchases
long-term bonds, it reduces the amount of these bonds available in the market and thereby
raises their prices and lowers their returns (Gagnon et al. 2011).

When a central bank purchases assets as part of a QE program, however, it does not just
reduce the supply of these assets in the market. It pays for these assets by issuing new central
bank reserves. Hence, the supply of central bank reserves increases one-for-one with the
reduction in the purchased assets. Such reserve expansions per se may play an important role
in the transmission of QE to interest rates, as suggested by Bernanke and Reinhart (2004).2
Nevertheless, the reserve expansions from QE programs have received little attention in the
literature.

A notable exception is Christensen and Krogstrup (2016, henceforth CK), who examine
three unique episodes in which the Swiss National Bank expanded reserves by purchasing
only short-term debt securities. First, CK document that, although the supply of long-term

Swiss government bonds and their closest substitutes remained unchanged, long-term yields

!There are other potential channels for QE to work. For example, it may affect liquidity and market functioning;
see Kandrac (2014) and Christensen and Gillan (2017) for discussions and analysis in the context of U.S. QE
programs. Also, it may affect the perception and pricing of risk, leading to a so-called “risk-taking channel,”
as discussed in Borio and Zhu (2012).

2Lenel (2017) argues that asset price effects from QE transactions may be a function of how the asset purchases
and associated reserve creations affect the relative supplies of short- and long-term safe assets in the economy
and their use in collateralized transactions.



on benchmark Swiss Confederation bonds fell following the QE announcements. Furthermore,
CK show that the fall in rates cannot be explained by a lower expected path of short-term
interest rates, thereby ruling out the signaling channel. Instead, they conclude that the
anticipated creation of reserves was responsible for the fall in longer-term yields. Thus, there
is empirical evidence that the creation of reserves from QE could matter for its transmission
to long-term rates.?*

The main theoretical reference for QE to give rise to portfolio effects is the model described
in Vayanos and Vila (2009), which features preferred habitat behavior among investors, as
originally proposed by Modigliani and Sutch (1966, 1967). Unfortunately, this model cannot
account for any reserve-induced portfolio effects because it does not contain a central bank
or central bank reserves. It models QE transactions as exogenous reductions in the supply
of long-term bonds, thereby abstracting from the implications of the increase in central bank
reserves for the balance sheets and asset demands of the private sector.’

This paper attempts to fill this gap by including a central bank balance sheet and modeling
depository commercial banks and nonbank financial institutions separately in an otherwise
simple portfolio model of the liquid asset portfolios of financial market participants, in the
spirit of Tobin (1969). Our approach is to make a minimum of additional assumptions and
modifications to this basic portfolio model necessary to illustrate that accounting for cen-
tral bank reserves and the segmentation of their market is important for the transmission
of QE to long-term yields. In the model, two financial frictions are key to our results. The
first friction is standard, namely that assets, including central bank reserves, deposits, and
bonds, are imperfect substitutes, and asset substitutability can differ across financial mar-
ket participants. Imperfect asset substitutability is also the key friction driving traditional
supply-induced portfolio balance effects in models such as Vayanos and Vila (2009). Without
it, there are no portfolio balance effects. We additionally model the financial friction that
central bank reserves can only be held by banks, i.e., segmentation of the market for reserves,
while the assets the central bank purchases can come from banks and nonbank financial in-
stitutions alike. Both frictions are clearly empirically relevant. The requirement that asset
substitutability is imperfect and can give rise to supply effects on asset prices has ample em-
pirical support (Laubach 2009, Krishnamurthy and Vissing-Jorgensen 2012, Greenwood and
Vayanos 2010, 2014, and Hamilton and Wu 2012). The nature of the asset substitutability in

question has been described in different ways in the literature, e.g., as imperfect substitutabil-

3 Another notable exception is Kandrac and Schlusche (2016), who take a step beyond the immediate portfolio
balance impact of QE on bond yields and assess the effect of QE-induced reserve accumulations on bank-level
lending and risk-taking activity in the U.S. Their results also suggest that the accumulation of reserves per
se matters for the transmission of QE.

*Hancock and Passmore (2015) stress the role of the increase in the amount of bank deposits held by the private
sector for the QE-induced portfolio rebalancing effects they document in the prices of U.S. mortgage-backed
securities during the 2009-2013 period, but they do not quantify its effect.

5See Hamilton and Wu (2012) and Greenwood and Vayanos (2014) for empirical applications of the Vayanos
and Vila (2009) model to the U.S. Treasury market.



ity between specific securities leading to local supply effects (D’Amico and King 2013), or as a
more broad-based imperfect substitutability of duration risk in private portfolios (Gagnon et
al. 2011 and Li and Wei 2013). Moreover, markets for reserves are institutionally segmented.
Only certain types of financial institutions that are direct counterparties to the central bank
can hold reserves. Usually, this is limited to depository banks.

Our model features the traditional portfolio effects as in Vayanos and Vila (2009) arising
from the reduction in the stock of assets available to financial market participants when the
central bank conducts QE—a supply-induced portfolio balance effect. Furthermore, the model
shows that the reserve expansions that accompany QE asset purchases may lead to additional
portfolio balance effects on asset prices more broadly. This possibility arises when QE asset
purchases are executed with nonbank financial institutions. Since they do not have reserve
accounts with the central bank, they cannot be paid for their assets in reserves. Instead,
they receive the proceeds as deposits with their correspondent banks, and the correspon-
dent banks—and, hence, the banking sector as a whole—see an expansion of their balance
sheets with reserves on the asset side and deposits on the liability side. Importantly, banks
are passive observers of these transactions that dilute the average return (or duration) of
their asset portfolios. We show that if, in response to such a dilution, banks increase their
demand for long-term bonds, then reserve expansions per se can produce portfolio balance
effects on long-term yields.% In this case, the increased long-term asset demand from banks
pushes up the prices of these assets further in equilibrium and hence reinforces the supply-
induced portfolio balance effect. Importantly, an extended version of the model with two
traded securities—a short bond and a long bond—shows that reserve- and supply-induced
portfolio effects are distinct channels for the transmission of QE. It also shows that reserve-
induced portfolio effects are independent of the particular assets the central bank purchases
and arise due to the segmentation of the market for central bank reserves, imperfect asset
substitutability, and banks’ portfolio response to changes in deposit funding. Without either
of these components, the reserve-induced portfolio balance channel highlighted in this paper
and empirically investigated in CK shuts down.

The model implies that financial market structure, the business models of financial market
intermediaries, their portfolio optimizing tools, and bank regulations may play crucial roles
for the transmission of QE to long-term interest rates,” as these factors affect the substi-

tutability between short- and long-term assets in the portfolio choices of banks and nonbank

SHaddad and Sraer (2015) demonstrate that the net interest rate exposure of U.S. banks is a significant
determinant of U.S. Treasury bond excess returns. They argue that this pattern is explained by banks
requiring a higher return to offset the increased interest rate risk caused by increased demand for long-term
fixed-rate loans or reduced supply of deposits. This represents an example of bank behavior consistent with
our assumptions.

"For example, Ihrig et al. (2017) find that the introduction of the leverage coverage ratio in the Basel III
framework appears to have affected large banks’ demand for high-quality liquid assets.



financial institutions.®:? As an example, we specifically consider how different types of leverage
constraints may affect the transmission of QE to asset prices through banks’ balance sheets.

Our analysis is related to recent theoretical work on unconventional monetary policy
transmission by Farmer and Zabczyk (2016), who demonstrate how, in a general equilibrium
overlapping generations model, a change in the risk composition of the central bank balance
sheet can affect equilibrium asset prices. Unlike the QE analyzed in this paper, there is no
expansion of the central bank balance sheet in their analysis, which focuses on central bank
balance sheet compositional changes (qualitative easing rather than quantitative easing). The
key friction generating the results in Farmer and Zabczyk (2016) is related to incomplete
markets for financial contracts across generations, with some yet to be born. Their frictions
hence work across time, while ours relate to the opportunity sets across agents. In this sense,
the two analyses complement each other.

The model gives a theoretical characterization of the circumstances under which reserve-
induced portfolio effects exist, and points to two potential avenues of empirically identifying
them. First, QE programs that entail substantial increases in the amount of central bank
reserves achieved without acquiring any long-lived securities would not affect the market
supply of long-term securities. They hence would not give rise to any supply-induced portfolio
balance effects on long-term interest rates. Portfolio balance effects from such programs can
hence be attributed to the reserve expansion per se, after appropriately controlling for other
factors as done in CK. Second, during the exit from a standard QE program, if the central
bank balance sheet is normalized by letting assets mature, and if these assets are government
securities rolled over into new short-term government debt (bills), then there is no change
in the market supply of long-term assets coinciding with the normalization. All else equal,
portfolio balance effects on long-term yields arising from such a normalization must hence be
driven by reserve-induced portfolio effects, and not by standard supply effects. Future exits,
if these are communicated in clear unexpected announcements, will allow us to make such
assessments. Meanwhile, we note that reserve-induced effects are likely to be an empirically
relevant part of the transmission of QE programs. In addition to the evidence provided by
CK for the Swiss reserve expansions in August 2011, a review of recent research and data for
U.S. QE programs suggests that the conditions necessary for the reserve channel to be active
were met for the two most recent Federal Reserve QE programs. To fully understand the
transmission of QE in the U.S.; it may therefore be important to be mindful of the reserve
channel and how it is influenced by bank balance sheet constraints.

Finally, the presence of reserve-induced portfolio balance effects has implications for both

8There is a growing literature underscoring the importance of financial intermediaries for asset prices, see
Brunnermeier and Pedersen (2009), He and Krishnamurthy (2013), and Brunnermeier and Sannikov (2014),
among many others.

9See Certler and Karadi (2011, 2013) for analysis of a DSGE model that features financial intermediaries with
endogenously determined balance sheet constraints and a central bank that can engage in QE by acting as
an intermediary without constraints, but doing so less efficiently than its private-sector counterparts.



the design of future QE programs and for the exit from existing programs. One key implication
is that QE may be effective at lowering long-term interest rates even in the absence of long-
term bond purchases. This could matter for central banks that have to operate in markets
with a limited supply of long-term securities of sufficient quality. Another implication is that
the exit from QE could produce reserve-induced portfolio balance effects on long-term interest
rates that result in a greater tightening of financial conditions than intended.

The remainder of the paper is structured as follows. Section 2 presents the model, while
Section 3 investigates the effect of central bank asset purchases on equilibrium asset prices
within the model. This section also analyzes a version of the model with two traded assets and
details how constraints on bank balance sheets and leverage may influence the transmission of
QE. Section 4 describes the empirical challenges of identifying reserve-induced portfolio effects,
briefly reviews the U.S. experience with QE, and assesses whether the model’s predictions are
qualitatively consistent with U.S. data. Section 5 concludes and provides directions for future
research. The appendix contains the details of the augmented version of the model with two

traded assets.

2 The Model

We develop a model of a financial market with three types of agents: a central bank, nonbank
financial firms, and banks. The model characterizes asset markets and abstracts from its
links to the real economy. Importantly, we assume that over the horizon of the model, banks’
credit portfolios do not adjust. For the same reason, we take the outstanding stock of bonds
as given. The purpose of the model is to assess the short-term impact of QE transactions on
asset prices before those prices affect real economic outcomes.

In the model we present here, the market for tradable securities comprises one asset.
Because we have recent QE programs in mind in which long-term bonds have been acquired
in exchange for reserves, we refer to this asset as a long-term liquid and safe bond with
predetermined supply L and price Pr. In general, however, we can think of it as any traded
asset in the economy, including short-term bonds, risky bonds, or equity. We briefly consider
the case of a risky asset in Section 3.3. Having only one traded asset makes the model
highly tractable and suffices to demonstrate the existence of the reserve-induced portfolio
balance channel we highlight. However, this is a limitation when it comes to illustrating
how central bank asset purchases of one asset can affect the prices of other assets through
reserve-induced effects. We therefore consider the case with two traded assets in Section 3.2,
which confirms the findings from the one-asset model and demonstrates the general nature
of our findings. Importantly, we show that the reserve-induced portfolio balance channel can
affect long-term bond prices even when no long-term bonds are purchased consistent with the
empirical findings of CK.

In addition to holding the long-term bond, banks can hold reserves, denoted R, with



the central bank and trade them with other banks. A key friction in our model—as in the
real world—is that nonbank financial firms cannot hold reserves; instead they hold deposits
with their correspondent banks. Another central assumption is that assets are imperfect
substitutes, as is common in the portfolio balance literature.

Without any dynamic description in the model, the difference between the price of the
long-term bond and its notional value of 1 can be interpreted as capturing its term premium.
In our model, this term premium arises solely from imperfect substitution between bonds,
reserves, and deposits and does not contain any liquidity or credit risk premiums because
they are assumed away.

Unlike a deposit, which is on demand, in order to recover the money on a bond, the
owner must find a buyer, which requires time and effort and involves some uncertainty about
the achievable price. Investors are aware of this, and forward-looking behavior on their part
provides the rationale for the existence of the term premium. Within the simplified world of
the model, we think of the term premium as being positive, and without it, all agents would
prefer to hold deposits.

To keep the model as simple and tractable as possible, we analyze the link between central
bank asset purchases and asset prices considering a static asset market equilibrium, relying
on total differentiation and comparative statics. Specifically, we study how marginal changes
to the central bank asset holdings matched by similar changes in the outstanding amount of
central bank reserves affect the equilibrium bond price. There are no dynamics in the model,
and when we refer to changes or flows in the following, we are talking about differences

between two static equilibria.

2.1 Key Behavioral Assumptions

Up front we highlight a few key behavioral assumptions that are crucial for the outcome of
the model.'?
First, the demand for bonds by firms in the nonbank financial sector, denoted Lyp, is

assumed to be a function of the bond price and their equity Enp:

Lng = fnB(PL, ENB). (1)

Also, they are assumed to have standard preferences so that their demand is declining in the

bond price
0fnB(PL, ENB)
0Py,

Finally, we assume that these firms do not respond in real time to short-term changes in their

< 0. (2)

10T keep the description in this section general, firm-specific identifiers have been dropped in the notation.



equity values by changing their demand for bonds, i.e.,

0fnB(Pr, ENB)
OENB

= 0. (3)

This assumption allows us to abstract from interaction terms that would make the model quite
intractable, but it would not be central to the mechanisms we are interested in describing.
In a similar way, to avoid detailing how banks’ bond demand comes about as a solution
to the optimization of their liquid safe asset portfolios, we summarize their bond demand in
the following equation
Lp = fp(Pr,Ep + Dp), (4)

where banks’ funding is Fg = Eg + Dg.!!
As for nonbanks, we assume that banks have standard preferences for bonds. Hence, their

demand is a downward sloping function of the bond price

0fp(Pr,Ep + Dp)
ory,

<0. (5)

Finally, the response of banks’ demand for bonds to a change in their funding satisfies the

restrictions
Ofp(Pr,Ep+ Dp)

0Fp

This restriction is crucial in the model. If banks place all autonomous new deposit funding

in reserves, i.e., W&T?M = 0, we show in Section 3 that the reserve-induced portfolio

0<

<1 (6)

balance channel shuts down.
Equipped with these key behavioral assumptions, we are now ready to describe the indi-

vidual components of the model.

2.2 The Central Bank

The balance sheet of the central bank is given by
PrLop = Ecp + R, (7)

where Lop is the central bank’s holdings of long-term bonds, Ecp is the initial value of the
central bank’s equity, and R is the amount of outstanding reserves. Also, there are no cash
balances in the model. To study QE, we assume that Lop is the central bank’s policy tool,
which then determines the level of reserves R as a residual. Equation (7) implies that the

change in the central bank’s equity can be written as

dEcp = dPrLep + PrdLop — dR. (8)

"Note that equity and deposits are treated as equal, which is without loss of generality for our results.



In our simple setup, changes in reserves are matched by changes in the central bank’s bond
holdings, i.e., dR = PrdLcp. Consequently, changes in the central bank’s equity are due solely
to changes in the bond price. One practical implication of this is that a central bank engaging
in QE is exposed to interest rate risk on its balance sheet; see Christensen et al. (2015) for a

detailed discussion along with an empirical assessment for the U.S. Federal Reserve.

2.3 The Nonbank Financial Sector

We assume that there is a continuum of nonbank financial firms (e.g., pension funds, money
market mutual funds, asset managers, hedge funds etc.) that are fully financed by a predeter-
mined amount of equity. The representative nonbank financial firm holds some combination
of bonds and bank deposits as assets. Bank deposits do not pay interest. This simplifying
assumption is without much consequence in the kind of environments with near-zero interest
rates that typically prevails when central banks launch and operate QE programs. The assets

and liabilities of firm j must satisfy
PrLiyp+ Dy = Ekps (9)

where LgVB is firm j’s holdings of bonds, D{VB is its holdings of bank deposits, and E{V B is
its initial equity value. Changes in the firm’s equity are determined as a residual from the
flow identity

dEYyp = dPLLy s + PrdLyp + dDy . (10)

Firms cannot issue new debt or equity, which is another assumption justified by the short-term

nature of the model. Therefore, firms can only obtain deposits by selling assets
dD} z = —PrdL . (11)

Equations (10) and (11) imply that changes in firm j’s equity value derive from changes

in the price of the long-term bond only
dEY 5 = dPLLY . (12)

We make the general assumption that the firm balances its liquid portfolio between de-
posits and bonds, demanding positive amounts of both. This portfolio balancing arises be-
cause deposits provide liquidity without any return, while bonds generate positive returns,
but with less liquidity. We do not provide micro-foundations for these assumptions, but in-
stead note that any type of micro-foundations of the portfolio optimization behavior that
conform with these minimal assumptions would produce the results we are presenting in this
paper.

Thanks to the behavioral assumptions about nonbanks’ demand for bonds described in



Section 2.1, it now follows that changes in firm j’s demand for bonds are purely driven by

changes in the bond price _
dfne(Pr, Eyp)
0Py,

Finally, equation (11) shows that firm j’s demand for deposits is a function of the change

ALy 5 = dPy,. (13)

in its bond holdings. Therefore, its deposits will change with the bond price according to

dfnp(Pr, By p)
0Py,

dDY z = — Py dPy,. (14)

2.4 The Banking Sector

There is also a continuum of banks. Bank i’s assets and liabilities must satisfy
R+ P Ly = E + Db, (15)

where LfB is bank i’s holdings of bonds and R’ is its holdings of central bank reserves. As
mentioned earlier, banks’ credit portfolios are assumed fixed in the short run and hence,
are normalized to zero for simplicity. DiB is bank i’s deposits from nonbank financial firms.
Deposits from nonbanks are endogenously determined, and the bank cannot influence them,
given that it does not create new deposits by extending credit or change deposit rates within
the time horizon considered. We hence define changes in deposits by equation (14), and
to keep things simple, we assume symmetry across banks and that there is an identical
number of banks and nonbanks. This implies that D% = D?V p- Finally, Efg denotes bank
’s initial equity level. Over the horizon considered in the model, a bank cannot issue new
equity or debt as this is time consuming and requires board approval, etc. Consequently,
it can only actively increase its holdings of reserves by selling bonds. On the other hand,
reserves can fluctuate autonomously as the bank’s customers vary their deposits with the
bank. Importantly, banks cannot take actions to change their deposit holdings and therefore
consider them as exogenously given. To summarize, we have the following relationship for

the change in bank 4’s reserve holdings
dR' = dD; — PrdL’,. (16)

In general, changes in bank equity are determined as a residual from the flow equivalent
of equation (15)
dR' + PrdLy + LizdPy, = dE% + dDY. (17)

From equation (16), which shows the change in bank i’s reserves, it follows that

dEY = LydPy. (18)



Thus, variation in bank i’s equity is solely due to changes in the bond price.

Banks hold bonds and reserves in their liquid asset portfolios and consider them imperfect
substitutes. Without loss of generality, we assume that neither reserves nor deposits pay any
interest, but the long bond does because P;, < 1. In principle, then, an equal increase
in deposits and reserves on a bank’s balance sheet has no impact on its profitability in this
model. Crucially, however, we assume that banks’ business models are such that they respond
to autonomous changes in reserves and deposit funding, with a portfolio balancing motive
in mind. This assumption can be viewed as reflecting that, given asset prices, individual
banks aim for a certain duration in their liquid asset portfolios. We summarize these general
assumptions about the bank’s liquid safe asset portfolio optimization behavior in the demand
equation (4).

The bank’s demand for reserves is determined as a residual from the demand for bonds

given available funding
5 = Ep + Dy — Prfp(Pr, E + Dj). (19)
The flow equivalent of bank i’s bond demand in equation (4) is given by

aPL 8FB

(dE% + dD%). (20)

Since banks cannot respond to changes in equity valuations over the short horizon consid-
ered in the model, they are determined as a residual after other changes have taken place, and
hence, they are assumed not to affect the bank’s demand for bonds. Alternatively, changes in
equity valuations can be interpreted as profits that are paid out to shareholders and, there-
fore, are not available to fund bond purchases. Either way, this implies that we can reduce

equation (20) to

dLi, — afB(PL’EB +DB)dPL + afB(PL’EB +DB)

aPL 8FB

dD%,. (21)

2.5 Equilibrium

Under the assumption that there is a continuum of banks identical to each other and an-
other continuum of nonbanks also identical to each other, we can use the above equations
to characterize the aggregate banking and nonbanking sectors, respectively, by dropping the
1 and j superscripts. Since we normalize the continuum of institutions in each category to
one, we can further use the individual demand equations as characterizing aggregate sectoral
demand. The total offered supply of bonds from the three types of market participants must
equal their total demand for bonds, while reserves and deposits are determined as a residual.

The market equilibrium is characterized by the bond price that clears demand for bonds

and makes banks’ demand for reserves equal the central bank-determined supply given pref-

10



erences for assets and the total stock of bonds L.
The balance sheets of the banking and nonbanking sectors and, hence, their budget con-

straints are linked through deposits. We can write the consolidated budget constraint as
Py (L - Leg) = Pr (L + Lxg) (22)
where the flow equivalent is

dPy, (L — LCB) + Py, (dL — dLCB) = dPy, (LB + LNB) + Py, (dLB + dLNB) .

3 The Transmission of QE to Bond Prices

In this section, we analyze the effects of central bank bond purchases in exchange for reserves
on the balance sheets of banks and nonbanks in order to shed light on the transmission
mechanism of such purchases to bond prices. First, we consider the economy with one traded
security, as analyzed so far, before we proceed to a brief analysis of the case with two traded
securities. We end the section by considering how constraints on banks’ balance sheets and
leverage may influence the transmission of QE. A key purpose throughout is to illustrate how

the effects depend on the preferences of financial market participants.

3.1 The General Solution with One Traded Security

To arrive at the general solution with one traded security, we first derive the partial derivative
of the price change of the long-term bond with respect to the central bank bond purchases.
To aid intuition on how this expression relates to the asset substitutability of the two types
of private-sector agents in the model, we consider two special cases. In the first case, the
nonbank institutions are characterized by very low asset substitutability, and all assets are
purchased from banks. In the second case, the roles are reversed and banks exhibit very low
asset substitutability so that all assets are acquired from nonbanks. The resulting portfolio
balance effects on asset prices differ substantially between these two cases.

The specific situation we consider is one in which the central bank increases its reserve
liabilities and bond holdings in tandem without changing the total supply of bonds. Thus, the
increase in central bank bond holdings must be offset by an identical decline in private-sector
holdings

dLecp >0 and dL=0 = dLgp=—dLyp—dLp. (23)

Note that these assumptions map in a direct way to the QE programs conducted by major
central banks in recent years.
First, we investigate the impact of the change in bond supply and reserves on the price

of bonds using the flow equations derived previously. To do so, insert the market aggregate

11



versions of the nonbank bond demand response in equation (13) and the bank bond demand

response in equation (21) into equation (23) to obtain

3fNB(PL,ENB)dPL _ Ofp(Pr, Ep + DB)dPL _ 9f(Pr,Ep + Dp)

L = —
dles P, Py OFg

dDp. (24)

Next, insert the nonbank deposit response in equation (14) to arrive at

_3fNB(PL,ENB)dPL_ dfs(Pr,EB + DB)dPL+PLafNB(PL,ENB) dfs(Pr,EB + DB)

dles = Py Py Py OFg

dPry,. (25)

Now, the equilibrium bond price response to the central bank bond purchases can be isolated

dPp -1 9%
dLcg o 3fNB(81;LL7ENB) + 3fB(PL6,£LB+DB) . PLafNBg}L,ENB) 6fB(PLé7FEBB+DB). (26)

Equation (26) shows that the reaction of the equilibrium bond price to the central bank
bond purchases depends on the sensitivity of market participants’ demand for bonds to
changes in the bond price. The first two terms in the denominator capture standard supply-
induced portfolio balance effects of the central bank bond purchase on the price of bonds that
arise from the reduction in the stock of bonds available to the private sector. The third term,
however, captures the reserve-induced portfolio effects. Note that if the asset price sensitivity
of nonbanks’ demand for long-term bonds is zero, or if banks do not respond to a change in
deposit funding by changing their demand for long-term bonds, the reserve-induced portfolio
balance channel shuts down.

To support intuition for the two distinct portfolio balance effects in the special cases
investigated below, we also derive how the quantity of deposits and, hence, the size of banks’
balance sheets react to the central bank bond purchases. To see this, insert equation (26)

into the market aggregate version of the nonbank deposit response in equation (14) to obtain

dD P E dP,
B :_PLafNB( L, Enp) dPp (27)
dLcp oPy, dLcp
or, equivalently,
dDp PLafNBg?L’ENB) (28)
= fnp(PLE 9/5(PL.Ep+D 9fnp (PL.Eng) 05 (PLEp+Dg) "
dLcg NBE();L NB) + B( Lé)PLB B) -5 NBE();L ~B) 9fB( LﬁF; B)

Below, we discuss in more depth the nature of reserve- and supply-induced portfolio

balance effects based on these expressions.

3.1.1 Corner Solution with Bond Purchases from Banks

To better describe the standard supply-induced portfolio balance effect, we first consider the

extreme case where the bond demand of the nonbank financial sector has zero sensitivity to
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changes in the bond price, that is, %PLL’EM =0.

This implies that the nonbank sector holds a fixed amount of the bond that does not vary

with changes in either the supply of the bond or its price. In turn, equation (28) shows that

dDg __
dLcp —

bank asset purchases as banks simply sell bonds in exchange for reserves. This leaves the size

0. This implies that the quantity of bank deposits remains unaffected by the central

of banks’ aggregate balance sheet unchanged, and it leaves nonbank balance sheets unaffected
in terms of both size and composition.
In this case, equation (26) shows that the asset purchases would lead to an increase in the

bond price equal to

dPr, -1
ilop  OaPrBgibg) = (29)
oPy,

This is a pure supply-induced portfolio balance effect that reflects the price increase nec-
essary to make banks willing to substitute away from bonds and into reserves to meet the
central bank bond purchases. Although the ultimate underlying cause for the effect is rooted
in banks’ aversion to holding more reserves at the expense of bonds, we label it a supply-
induced portfolio balance effect because it can equally well be viewed as arising from the

reduction in the bond supply generated by the QE bond purchases.

3.1.2 Corner Solution with Bond Purchases from Nonbanks

We now consider the alternative extreme, where banks are the ones with price-insensitive

%ﬁ?w = (. In this case, there is no bond price increase

demand for bonds, that is,
that would make banks substitute away from bonds and toward reserves. Assuming that the
price sensitivity of nonbanks’ demand for bonds is different from zero, the bond purchases
of the central bank would have to be executed with the nonbank financial sector on the
selling side. Importantly, these bond sales would result in an autonomous creation of bank
deposits matched by an increase in central bank reserves on banks’ balance sheets, since the
nonbank financial sector cannot hold reserves. At first, the increase in deposit funding for the
banks equals the total amount of bonds purchased by the central bank, i.e., dDp = PrdLcp.
In response to this increase in deposit funding, banks reallocate some of their new reserves
toward bonds, as assumed in equation (6). In turn, this puts additional upward pressure
on bond prices and gives rise to further bond sales by nonbanks to banks. This will further

expand banks’ balance sheets with bonds on the asset side and more deposits on the liability

side. Thus, the total change in bank deposits in the new equilibrium is

dDpg Py,
— P 30
dLcg 1— PLafB(PLé,FE;-FDB) =L (30)
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while the associated equilibrium bond price increase is given by

dPy -1 0 11
dLcg " 0fnB(PL,EnNB) _p OfnB(PL,Eng) 0fB(PL,E+DR) > (31)
dPL, L dPL, OFp
where both inequalities follow from 0 < Pr, < 1 and 0 < M&T}?—M < 1.

Equation (31) shows that the effect on bond prices from central bank bond purchases with
the nonbank financial sector as the counterparty comes from two sources that reinforce each
other. The first is the supply-induced portfolio effect that equals the price increase needed
to make the nonbank financial sector willing to give up bonds and hold deposits instead.
This is captured by the first term in the denominator of equation (31). The other is the
reserve-induced portfolio effect that results from the financial friction that only banks can

hold reserves. Since banks now have more deposit funding, they will want to reallocate some

Ofp(Pr,Ep+Dg)
OFp

this requires the nonbank sector to be willing to sell additional bonds, which gives rise to the

of it towards bonds according to their preferences, as reflected in . However,
additional weight PL%PLL’EM. Importantly, because the two terms in the denominator
of equation (31) have opposite signs, it follows that the reserve- and supply-induced portfolio
effects reinforce each other and make the full effect greater than either in isolation.

From the two corner solutions it is clear that the initial price impact of QE asset purchases

O/ BE()I;LL’EN B) and B(P%’gf +D8) are small, i.e., whenever bond

will tend to be large whenever
demand is price inelastic and investor behavior could be characterized by preferred habitat.
On the other hand, when bond demand is very price sensitive and the derivatives above are
large for that reason, the price impact will tend to be modest. Accordingly, it will require large

amounts of QE bond purchases to have a notable price impact under those circumstances.

3.2 The Case of Two Traded Securities

To further demonstrate that reserve- and supply-induced portfolio balance effects are indeed
distinct and that reserve-induced effects are independent of the types of assets purchased, we
develop a more general version of the model with two traded securities, a short bond S and
a long bond L. The full model is described in the appendix and briefly summarized in the
following.

Consider a situation in which the central bank is implementing a QE program through
purchases of short bonds only, i.e., dScp > 0 and dLop = 0. This was the type of central
bank asset purchases enacted by the Swiss National Bank in August 2011 and studied by CK.

Using notation similar to that introduced in Section 2, banks’ demand for short and long

bonds is given by

Sp = f3(Ps,Pr,Ep + D) and Lp= f5(Ps,Pr,Ep + Dp),
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while the corresponding demand functions of the nonbank institutions are
Sng = fup(Ps, Pr,Exp) and  Lyp = fip(Ps, P, EnB).

Calculations provided in the appendix show that the equilibrium response of the long bond

price to short bond purchases by the central bank is, in general, given by

ofky | ork  ork . ofs
APy ops tops —oms s s 1L 8PS =) (32)
dSca A ’
where
A — <af]%fB ofp _ ofp (PsafffB _‘_PLaf]%IB))(((?ﬂ%B i 3fg>
dPs  0Ps OFp O0Ps J0Ps opP, 0P

ofks , 0ff  Ofk . Ofvg Ofkp\\ (0fys  Ofs
- P P, .
<8PL op, ~ors S op, T op, )>< DPs +8PS>

This is a complex expression, and we impose a number of simplifying assumptions to make

our point clear. First, we assume that the demand for short bonds by nonbank financial

institutions is characterized by perfect price elasticity, i.e., gﬁB — oo. Also, we assume
that banks do not vary their demand for short bonds in response to changes in the short
bond price, i.e., % = 0. Under these assumptions, the central bank purchases will be
performed exclusively with nonbank entities as counterparties, which allows us to demonstrate
more clearly the reserve-induced portfolio balance effect. We stress, however, that these
assumptions are only sufficient, not necessary, to ensure the existence of reserve-induced
effects. All we need is for the price sensitivity of the demand of nonbanks for short bonds to

be strictly negative. Combined the two assumptions reduce equation (32) to

ork
arPy are Ls (33)
dScp af ofy of ok ofk  ofk  p Ofx fke )

OB G Ps(E ) — (B 5 - G (P + PR

Second, we assume that all cross-price elasticities are zero, say, 5 0/ B =0, ie., we are in

the extreme case of no substitution between the two assets. This reduces equation (33) to

_9Ep
n_ OFu_ " >0 (34)
dScp ks + o _ P Ofp 0f5 ’
oPy, oPy, oP;, OFp
Since we assume standard preferences for banks and nonbanks, fN B < ( and < 0,

and we continue to assume that banks respond to changes in their fundlng condltlons by
L

rebalancing their portfolios, i.e., % € (0,1), it follows that the long bond price response to

QE short bond purchases in equation (34) is positive.

This shows that the price of long bonds can be positively affected when a central bank en-
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gages in QE by buying short-term bonds, as was the case in Switzerland in August 2011. This
underscores that, in a general setting with multiple securities, reserve- and supply-induced
portfolio balance effects are two separate transmission channels for QE asset purchases to af-
fect long-term interest rates. Specifically, when a central bank implements a QE program by
purchasing short-term bonds, there is no supply-induced portfolio effect on long bond prices.
However, reserve-induced portfolio effects can continue to exist, provided the QE transactions
are performed with nonbank financial institutions and run through banks’ portfolio responses
to the created reserves.

This effect does not come from cross-price demand elasticities as we have fixed those at
zero. Instead, the effect comes from banks’ increased demand for long bonds in response to
the associated expansion of their balance sheets. Fixing the cross-price elasticities to zero is
not necessary to obtain this result. It remains valid as long as the cross-price elasticities are
smaller in absolute value than the direct own-price elasticities.

Finally, it remains the case that reserve- and supply-induced portfolio effects reinforce
each other. When banks purchase long bonds from nonbanks, they pay with deposits and
hence expand their balance sheets beyond what the QE purchases by themselves would imply.

3.3 The Role of Bank Balance Sheet Capacity and Regulation

The model illustrates the importance of banks’ portfolio responses to deposit funding inflows
in the transmission of QE to bond prices. In the real world, these responses are likely to
be driven by a multitude of factors, including preferences regarding risks and returns, the
presence of distortions and frictions such as limited liability, moral hazard, and leverage,
and, in turn, banks’ balance sheet capacity.'? Binding regulatory bank capital and liquidity
constraints are also likely to matter, and since bank regulation has changed substantially
since the global financial crisis, the transmission of QE may have changed too. We have
assumed general forms of banks’ demand elasticities to prices and funding, allowing our
model to capture different types of bank behavior. While including a full-fledged treatment
of micro-founded frictions and distortions to financial intermediation is beyond the scope of
this paper, we briefly illustrate how the model could be extended to discuss the role of leverage
and balance sheet capacity in banks’ demand for long-term bonds and their effects for the
transmission of QE.

First, note that the general model presented in Section 2 is intended to describe banks’ and
nonbanks’ holdings of safe and liquid bonds, such as government bonds, which typically have
zero risk weights for regulatory purposes. A risk-weighted leverage constraint that exempts
reserves and bonds will therefore not affect the outcome of the model, as substitution would

take place between assets with zero risk weights.'® The model should hence describe well the

12See Holmstrom and Tirole (1997) for an example. For a recent survey of the role of financial frictions in
macroeconomic outcomes, see Brunnermeier et al. (2012).
13Note that our model is not suitable for analyzing an unweighted leverage ratio that applies to the entire

16



effects of QE programs carried out in assets with zero risk weights, and both reserve- and
supply-induced effects should be present for central bank purchases of these types of assets.

Consider instead a QE program carried out in assets that are risky and carry positive
risk weights for regulatory purposes. Suppose the risk weight on the asset is A\, while reserves
have a risk weight of zero. The bank is subject to a risk-weighted leverage ratio requiring

that equity to risk-weighted assets may not fall below a certain level 7:

Ej
S 35
APLLL = (35)

where E% is given by equation (15) and the change in bank equity is given by equation (18).

Without detailing the micro-foundation underlying such a leverage constraint, which
among other things would require the introduction of risk, we follow Krugman (2008) and
assume that frictions leading to moral hazard in bank funding and risk taking (e.g., agency
problems, asymmetric information, and limited liability) imply that the bank is always op-
erating directly on its leverage constraint. In this case, the demand for long-term bonds
by the bank is directly determined by the leverage constraint imposed with equality. The
leverage constraint in turn becomes the bank’s demand function for a given amount of equity.
This then provides us with the sensitivity of the bank’s demand for long-term risky assets

in response to changes in the long-term bond price (ng%) and to changes in deposit funding

oft
(7)-
To see this, totally differentiate equation (35) (with equality imposed) and make use of
equation (17) to get

dR' 4 (PpdLi; + LiydPp)(1 — A1) = dD". (36)

Furthermore, from equation (16), which shows the changes in bank i’s reserves as a function
of deposit inflows and long-term bond purchases, it follows that both reserves and deposits
cancel out. This leaves changes in long-term bond prices as the only driver of changes in the
bank’s demand for long-term bonds:

ofi oLy  Lil-Ar

oP, — 0P, P, Mt

> 0. (37)

Regarding the bank’s bond demand function in equation (4), this result implies that its

demand is independent of its funding level:

dfh
OF?

= 0. (38)

The finding in equation (37) that % > 0, that is, banks increase their demand as bond

balance sheet of the bank because a binding ratio would imply that the bank cannot accept new deposits on
behalf of its customers, that is, it would no longer function as a bank. This is the downside to the simplicity
of the model needed to make it tractable.
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prices go up, is the standard financial accelerator result presented in Bernanke et al. (1999).
An increase in bond prices, rather than reducing demand for assets, leads to an increase in
banks’ balance sheet capacity and hence an increase in banks’ bond demand. This can drive
bond prices up further.
Inserting equation (37) into the solution for the bond price change as a response to central
bank bond purchases in equation (26), we obtain:
dPr, _ -1 (39)

dLcp OfnB(PL,ENB) + Ly 1-a’

oPr, Pr AT

where we assume 2/¥B (aI;LL’EN B) 4 % 1;i‘T < 0. When the central bank implements a QE
program through purchases of risky assets and banks are operating on the limit of a risk-
weighted leverage constraint, this result shows that a financial accelerator effect arising from
limits on banks’ balance sheet capacity works to amplify the initial supply-induced portfolio
balance effect. In contrast, the reserve-induced portfolio balance effect shuts down because
increases in deposits will have to be fully allocated to risk-free reserves to maintain the risk-
weighted leverage ratio for a given level of risky asset prices.

These calculations show that the response of the price of the risky asset to central bank
risky asset purchases now depends on the risk-weighted leverage ratio. The higher the regula-
tory leverage constraint is, i.e., the greater 7 is, the smaller is the financial accelerator effect
on asset prices arising from banks’ constrained optimization of their balance sheets, and the
smaller is the ultimate portfolio balance effect of asset purchases on the yields of risky assets.

While this is a highly stylized and simplified analysis of the role of balance sheet capacity
and risk-weighted leverage constraints, the findings suggest that the role of financial frictions
and regulation on bank behavior may be an important driver of the transmission of QE. This
represents an as of yet unexplored but promising field of research for better understanding

the transmission of QE.

4 Empirical Evidence of Reserve-Induced Portfolio Effects

In this section, we first discuss the circumstances under which reserve-induced portfolio bal-
ance effects can be empirically identified before we briefly assess to what extent the key
condition necessary for their existence, namely that the central bank asset purchases are ex-
ecuted with nonbank financial institutions, appears to have been satisfied in the case of U.S.

QE programs.

1n the case where afNBg;LL’ENB) + % 1;;\7 > 0, the financial accelerator effect would be so large as to outdo

the decline in demand from nonbanks as the bond price increases. As a result, the market demand curve
would become upward sloping, which leads to implausible equilibria that we have not explored further.
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4.1 Identification of Reserve-Induced Portfolio Effects

The portfolio model analyzed in the previous sections predicts that, when a central bank
buys long-term bonds, both reserve- and supply-induced portfolio effects can affect bond risk
premiums. The QE programs of the U.S. Federal Reserve, the Bank of England, the Bank
of Japan, and the European Central Bank all included purchases of long-term securities, and
there is broad consensus in the empirical literature that these programs indeed produced
portfolio balance effects that lowered long-term bond risk premiums; see Ball et al. (2016)
for an overview. However, because reserve- and supply-induced effects materialize simultane-
ously, the many event studies of the financial market reactions to the announcements of these
programs cannot separately identify them and therefore merely confirm their joint occur-
rence, but are silent about their relative importance. To test the existence of reserve-induced
portfolio balance effects empirically, our analysis points to two potential avenues.

The first approach is centered around the time of the launch of QE programs with the
focus limited to QE programs that target only short-term assets because, by definition, such
programs cannot produce any supply-induced portfolio effects on long-term bond prices. By
analyzing the financial market reaction and the impact on long-term interest rates in response
to the launch of such programs—while controlling for other confounding factors, including
other QE transmission channels—it could be possible to detect and isolate reserve-induced
portfolio balance effects. This is the strategy pursued by CK, who present evidence of their
existence and effects on long-term bond prices around three announcements of central bank
reserve expansions in Switzerland in August 2011. These expansions were exceptionally large
and achieved without acquiring any long-term securities, which rules out supply-induced
portfolio effects as a factor behind the documented market reaction.

The other potential window for observing reserve-induced portfolio effects arises during the
exit from QE when the central bank balance sheet is being normalized. If this is achieved by
merely letting assets mature, we have the reverse of the first approach, where the outstanding
amount of reserves are reduced by essentially selling overnight claims back to market. As
the supply of long-term assets in the economy is unchanged by definition, no supply-induced
portfolio effects can materialize. However, assuming that the maturing assets are government
securities, which is the empirically relevant case for all major central banks that have engaged
in QE, the impact will depend on how the government obtains the revenue to pay back the
principal to the central bank. If the government obtains the revenue by taxing agents in
the economy, it will cause the banking sector as a whole to see a reduction in the amount
of reserves matched by a reduction in the amount of deposits held by the agents paying the
extra taxes. All else equal, this will lead to an increase in the duration of banks’ portfolios,
which creates the potential for a direct negative reserve-induced portfolio effect on long-term
interest rates as banks reduce their demand for long-term bonds to offset the increased risk

of their portfolios. In the more likely event that the government obtains the funds by issuing
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new debt, the effect would depend on the maturity of the debt issued. If the government relies
on short-term bills for this financing need, it is again the case that the supply of long-term
assets is left unchanged and there cannot be any supply-induced portfolio effects on long-term
interest rates, only reserve-induced portfolio effects can materialize.

These considerations suggest that a careful study of the time series pattern of maturing
assets held by the central bank in conjunction with an equally careful examination of new
government debt issuance could offer evidence of reserve-induced portfolio effects on long-
term interest rates.'® In the case of the U.S. Federal Reserve, the amount and maturity
composition of its Treasury securities holdings are publicly available information.'® Hence,
this type of analysis will be feasible when it comes time for the Fed to reduce its balance sheet.
Furthermore, Lou et al. (2013) show that anticipated and repeated shocks from auctions of
new securities in the U.S. Treasury market have temporary negative effects on Treasury prices.
Thus, the key empirical question is whether the Treasury bond price reactions to Treasury

auctions will be more negative than usual during the exit.

4.2 Empirical Support for Reserve-Induced Portfolio Effects

Rather than look for outright identification of reserve-induced portfolio effects, it is possible
to verify whether the necessary conditions for their existence were empirically satisfied for
key QE programs. When central bank asset purchases are conducted with a range of financial
intermediaries that includes an important share of nonbank entities, commercial bank balance
sheets mechanically expand, and the possibility of reserve-induced portfolio balance effects
arises. The mix of counterparties to central bank asset purchases is likely to differ across coun-
tries and over time, and a fully fledged cross-country econometric analysis of counterparties
and bank balance sheets is beyond the scope of the current paper. Instead, as a case study,
we take a closer look at the literature and available data for the QE programs conducted
by the U.S. Federal Reserve in the aftermath of the global financial crisis. The evidence
suggests that the Fed’s two most recent QE programs were conducted mainly with nonbanks,
that bank balance sheets indeed increased in connection with those asset purchases, and that
banks responded to these changes in their portfolio compositions. There is hence ample scope
for reserve-induced portfolio balance effects to have played a role in the transmission of these
QE programs to the prices of long-dated securities.

The question about the counterparties to the Federal Reserve’s QE programs is addressed
in Carpenter et al. (2015a). They analyze data on U.S. financial flows of funds and find
that the Fed’s purchases are mainly associated with reductions in the holdings of the targeted

types of assets by nonbank entities, predominantly households, hedge funds, broker-dealers,

15See Greenwood and Vayanos (2014) for analysis of the maturity profile of U.S. Treasury securities.
'6See the link: https://www.newyorkfed.org/markets/soma/sysopen_accholdings.html. See also Carpenter et
al. (2015b) for analysis and projections of the Federal Reserve’s balance sheet.
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Figure 1: Fed Asset Purchases and U.S. Bank Liabilities.

Monthly Federal Reserve asset purchases are approximated using changes in the value of the Federal
Reserves’ holdings of Treasury and agency securities over the month measured in billions of dollars.
Changes in U.S. bank liabilities are measured as the two-month moving average change in total bank
liabilities less borrowing from U.S. banks, also measured in billions of dollars. Sources: Federal Reserve,
SOMA accounts, and FRB.HS.

and insurance companies.'”

Ennis and Wolman (2015) study the reaction of individual U.S. commercial bank balance
sheets to the increase in reserves during the Federal Reserve’s first and second QE programs.
Their data suggest that banks played a central role as counterparties during the first QE
program (QE1) in 2009, which would limit the role of reserve-induced effects at that time.
Thus, banks’ securities portfolios fell significantly in response to the increase in reserves during
this episode, while there are few signs of changes in bank liabilities. This was a period of
financial market stress that affected banks in particular, and QE1 may have helped banks
deleverage in an orderly way. In contrast, during the second QE program (QE2) that operated
from November 2010 to June 2011, commercial bank deposits were positively associated with
increases in reserves, while commercial bank holdings of securities did not respond. Thus,
bank balance sheets expanded. The transmission of QE2 is hence likely to have worked very
differently from the transmission of QE1, and reserve-induced effects could have been central.

Unfortunately, the analysis of Ennis and Wolman (2015) does not extend to the Federal

"In the case of the U.K., Joyce et al. (2011) describe how the Bank of England’s asset purchase programs
were initially conducted in assets held by nonbank financial institutions with the stated intention of boosting
broader monetary aggregates.
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Reserve’s third QE program (QE3) that operated from September 2012 to October 2014. To
gain further insight, Figure 1 plots the monthly changes in the Federal Reserve’s holdings
of Treasury securities and mortgage-backed securities as a proxy for monthly central bank
asset purchases and the (slightly smoothed) monthly changes in bank balance sheets net of
interbank positions from January 2009 to February 2016. The figure confirms the findings of
Ennis and Wolman (2015) for QE1 and QE2. The two series move in opposite directions in
2009 but comove strongly following the launch of QE2 in late 2010. The third wave of asset
purchases during QE3 is, moreover, characterized by consistent increases in banks’ balance
sheets very similar to the size of the asset purchases. This association is highly statistically
significant. Thus, this evidence is consistent with the findings reported in Carpenter et al.
(2015a) and suggests that the conditions necessary for reserve-induced portfolio balance effects
to exist were likely met for the Fed’s QE2 and QE3 programs.

Finally, Kandrac and Schlusche (2016) investigate banks’ reactions to increases in their
reserves holdings during all three QE programs, and find that banks increased risk taking
and expanded their loan portfolios. Thus, their analysis suggests that banks indeed have a
portfolio response to increases in their reserves holdings, which is the other key assumption
necessary in our theoretical portfolio model for reserve-induced portfolio balance effects to
exist.

In summary, there is broad consensus in the literature that QE has portfolio balance
effects on long-term interest rates, but the literature has focused almost entirely on QE
programs that do not allow for separate identification of reserve- and supply-induced portfolio
effects. Analysis of a program that does allow for such independent identification, namely
the exceptional reserve expansions carried out by the Swiss National Bank in August 2011,
lends strong empirical support to the existence of reserve-induced effects as documented in
CK. Moreover, the conditions necessary for reserve-induced portfolio balance effects to have
played a role in the financial market response to the Fed’s two most recent QE programs
appears to have been satisfied. The data thus broadly suggest that reserve-induced portfolio
effects are likely to be a relevant transmission channel of QE to long-term interest rates that
could be particularly important during the exit process when central bank balance sheets are
normalized. However, more research on the strength and nature of this role is clearly called

for.

5 Conclusion

In this paper, we augment a standard portfolio model to include a central bank that issues
reserves in exchange for bonds and a banking sector that holds reserves and bonds financed
with deposits and equity. The model contains two key frictions. First, reserves can only be
held by banks. Second, central bank reserves, bank deposits, and traded securities are imper-

fect substitutes for each other. We use this model to study how central bank asset purchases
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affect the behaviors of banks and nonbank financial institutions and their implications for
equilibrium asset prices.

We find that, provided a sufficient share of the central bank asset purchases are performed
with nonbanks, they can give rise to two separate portfolio effects on bond prices that reinforce
each other. One is due to the reduction in the available supply of bonds—a supply-induced
portfolio effect. The other arises from the expansion of reserves that only banks can hold.
This friction expands banks’ balance sheets, dilutes the duration of their portfolios, and makes
them increase their demand for bonds—a reserve-induced portfolio balance effect. In contrast,
when preferences of banks and nonbanks are such that the central bank asset purchases are
mainly executed with banks, only supply-induced portfolio effects materialize because there
is no expansion of banks’ balance sheets.

More generally, the model suggests that financial market structure, the business mod-
els of financial market intermediaries, their portfolio optimizing tools, and bank regulations
may affect the transmission of QE to long-term interest rates, as these factors affect the
substitutability between short- and long-term assets in the portfolios of banks and nonbank
financial institutions. Regulation of financial institutions has changed dramatically since the
onset of the global financial crisis and the implementation of the first QE programs. Regu-
latory changes may have affected the transmission of QE across time. A promising avenue
for future research would be to investigate in more depth the connection between changes in
bank regulation and bank balance sheet capacity and the strength of the transmission of QE
to asset prices.

The analysis suggests two potential avenues to address the empirical challenge of distin-
guishing between reserve- and supply-induced portfolio balance effects and hence separately
identify reserve-induced portfolio effects. One focuses on QE programs that entail substantial
increases in the amount of central bank reserves achieved without acquiring any long-lived
securities. By design, such programs would not affect the market supply of long-term secu-
rities and hence not give rise to any supply-induced portfolio balance effects on long-term
interest rates. The other opportunity for detecting reserve-induced portfolio effects arises
during the exit from QE when the balance sheet of the central bank is being normalized. If
this is achieved by letting assets mature, and assuming that these are government securities
that are rolled over into new short-term government debt (bills), we have a situation with no
change in the supply of long-term assets in the economy coinciding with a reduction in banks’
balance sheets. In principle, this could provide a chance to quantify reserve-induced portfolio
balance effects on long-term interest rates. We leave it for future research to explore these
possibilities.

The model also gives a theoretical characterization of the circumstances under which
reserve-induced portfolio effects can exist. A review of recent research and data offers strong

support for portfolio balance effects in general and for the existence of reserve-induced port-
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folio effects in particular, in the rare cases where they can be independently identified. In
addition, the necessary conditions for reserve-induced effects to have been operating during
the Fed’s two most recent QE programs appear to have been met.

Finally, the existence of a reserve-induced portfolio balance channel may have implications
for monetary policy itself. It could matter for the design of future QE programs, for the exit
from such programs, and for central bank communication. Also, at the operational level,
QE programs may be effective at lowering long-term bond interest rates even in the absence
of long-term bond purchases. This could matter for central banks that have to operate in
markets with a limited supply of long-term securities of sufficiently high credit quality. Hence,
our analysis shows that more research is needed to better understand the relative importance

of reserve- and supply-induced portfolio balance effects and their role for the transmission of

QE.
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Appendix: A Portfolio Model with Two Traded Securities

In this appendix, we present an extension of the baseline model considered in the main text with two
traded securities in addition to central bank reserves and bank deposits. To keep the exposition simple, we go

straight to the aggregate market equations and ignore the ¢ and j superscripts.
The Central Bank

The central bank balance sheet is now given by
PsScp + PLLces = Ecs + R, (40)

where Scp is the central bank’s holdings of short-term bonds. The change in the equity value of the central
bank is given by
dEcB = dPsScp + PsdScs + dPrLcp + PrdLcg — dR. (41)

We now assume that Scp is the central bank’s policy tool and that it determines R, keeping its long-term

bond holdings constant, i.e., dLcp = 0.
The Nonbank Financial Sector
The aggregate balance sheet of the nonbank financial sector is characterized by
PsSyg + PLLng + Dng = EnB, (42)

where Snp represents the short-term bond holdings of the nonbank financial sector.

Changes in its equity position are determined as a residual from the flow identity
dEnp = dPsSng + PsdSvp +dPLLng + PrdLng +dDnE. (43)
When it sells assets, the nonbank financial sector obtains deposits
PsdSnp + PLdLnp = —dDnNB. (44)
By implication, changes in its equity value derive from changes in the prices of its bond holdings
dENp = dPsSnp +dPLLNg. (45)
The demand for bonds by the nonbank financial sector is a function of the bond prices and equity

Sxs = fxs(Ps,Pr,Exp), (46)
Lns = fxp(Ps, Pr, Eng), (47)
while the amount of demand deposits is determined as a residual from the budget constraint and is given in

equation (44).

We assume standard preferences with negative own-price effects

OfNs dfxNp
9Ps <0 and oP; <0 (48)
and positive cross-price effects
Ofxs ofxs
9P, >0 and 9P > 0, (49)

so that short and long bonds are imperfect substitutes.

Furthermore, even though the equity of the nonbank financial sector is determined as a residual by the
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change in the bond prices as stated in equation (45), we assume that it will not respond to such equity value

changes in real time by changing its demand for bonds, i.e.,

dfns _ dfkp
O0Ens OEnNB

=0. (50)

Combining this with equations (46) and (47), we obtain the bond demand response of the nonbank financial

sector to changes in the bond prices

_ OB OfNs
dSng = OPs dPs + P, dPr, (51)
L L
dLyg = 88’0 g: dPs + %f gLB dPr. (52)

From equation (44), it then follows that the change in deposit holdings as a consequence of bond price

changes is given by

ofs ofs ofL ork
dDNB :—Ps< gg:dPSJr ggLBdPL) —PL< gg:dPs—&- ggLBdPL). (53)

The Banking Sector

There is a continuum of banks in the economy, and their aggregate balance sheet is characterized by
R+ PsSp+ PLLp = Eg + Ds, (54)

where Sp represents banks’ holdings of short bonds, Lp is their holdings of long-term bonds, and R is their
reserves, while Dp and Ep represent their deposits and equity, respectively. As in the main text, deposits are
endogenously determined by the transactions of the nonbank financial sector.

Note also that we continue to assume that, over the horizon considered in the model, a bank cannot
issue new equity or debt as this is time consuming and requires board approval etc. Consequently, it can
only actively increase its holdings of reserves by selling bonds. On the other hand, reserves can fluctuate
autonomously as the bank’s customers vary their deposits with the bank. Importantly, banks cannot take
actions to change their deposit holdings. Banks consider them as exogenously given. To summarize, we have

the following relationship for the change in banks’ reserve holdings
dR = dDp — PsdSg — PrdLp. (55)
Changes in bank equity are determined as a residual from the flow equation (54)
dEp = PsdSB + PsdSg + LpdPL + dR — dD5.

Banks hold long and short bonds and reserves in their liquid asset portfolios. While banks consider short
and long bonds to be imperfect substitutes, we assume that they see short bonds and reserves as near-perfect
substitutes when the yield of short bonds is near zero, i.e., near the zero lower bound.

Formally, banks’ demand for short and long bonds is given by

f3(Ps, Pr,Ep + Dp), (56)
f5(Ps, P, Eg + D). (57)

S
Lp

Again, we assume banks have standard preferences for both types of bonds with negative own-price effects

o138 oJ5
aPs <0 and 9P, <0 (58)
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and positive cross-price effects

af3 af5
9P, >0 and OPs >0, (59)

so that short and long bonds are imperfect substitutes, as intended.
Finally, the demand for reserves is determined as a residual from the demand for bonds given the available
initial equity funding and deposits.
As in the main text, it is key for the existence of the reserve-induced portfolio balance channel that changes
in available funding lead to increased demand for short and long bonds
ofs ofk

0< =<1 d 0< =<1 60
<8FB< an <8FB< (60)

These bond demand sensitivities to changes in deposit funding are crucial for our results. Specifically, demand
for long bonds is positive, as banks that receive increased deposit funding seek to convert some of the additional
liquidity into assets with positive duration.

Since banks cannot respond to changes in equity valuations over the short horizon considered in the model,
changes in equity valuations are determined as a residual after other changes have taken place, and hence, they
are assumed not to affect the bank’s demand for bonds. Alternatively, changes in equity valuations can be
interpreted as profits that are paid out to shareholders and are therefore not available to fund bond purchases.

Either way, this implies that

S L
8fB(PS7PL7EB+DB)dEB:0 and 8fB(PS7PL7EB+DB)
8FB 8FB

dEg = 0. (61)

This reduces the flow equivalents of banks’ demand for short and long bonds in equations (56) and (57) to

_ Ofp af3 oS3

dSn = FprdPs+ ZpdPL+ 5r2dDp, (62)
_ 9fE a5 af5

dLp = e dPs + P dPr, + e dDg. (63)

The Market Equilibrium

The equilibrium in the model is characterized by a set of bond prices and a set of bond allocations
across the private sector agents that ensure that the markets for short and long bonds are in equilibrium.
Compared to the model with one traded security considered in the main text, we now have interaction terms
due to the substitutability between short and long bonds and between bonds and reserves and deposits. This
substantially complicates the derivation of the market equilibrium. Therefore, we first present the equilibrium
expressions. Second, we make several assumptions we think are appropriate in order to capture the zero lower
bound environment in which QE is usually performed. We then evaluate the model implications under those
assumptions.

To begin, equilibrium in bond markets requires that

dSnp +dSp+dSce = 0, (64)
dLnp +dLp +dLcB

Il
=)
—
)
&N
=z

In the following, to highlight the existence of the reserve-induced portfolio balance channel, we consider
the case when the central bank implements a QE program by buying short bonds only, i.e., dScr > 0 and
dLcp = 0. Inserting the flow demand equations of banks and nonbanks, including demand due to changes in
nonbanks’ demand for deposits, yields the two market clearing conditions.

First, use equations (52), (63), and (53) to determine how the demand for long bonds responds to changes

in the relative asset prices
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dPs (

ffip ffip ok ofh Ok
dL dLp = dP dP dP. dP. dD 66
NBtaLp oprs St ap, ML op s T gp, L T g, B (66)
Ok dffip O ofk
— dP dP dP dP
ops St ap, ML gp s T gp, ¢ (67)
ofk OfN B dfyp ffip ffip
“JB( _p, dP dpP;) — P, dP dP
+8FB( s( ors 5t op, 1) = P ors 5t op, L))
- 0.
This can be rearranged to yield
ofks , Off Ofh AfN s fk s ofks , Oft Ofk AfN s offm\\ _
dPs< pZ G g (PR 4P ))+dPL( ANE - S (P N P )) —0. (68)

Second, use equations (51), (62), and (53) to determine how the demand for short bonds has to balance

out purchases by the central bank and the resulting relative asset price changes

_ 9fis Offs ofp of5 ofy
dSnp +dSp = JpLdPs+ FpBdPL+ 2 dPs + 5ptdPL + S22 dDp (69)
ofy ofx ofg ofs
= gggB dPs + éf gLB dPy, + a{i dPs + azfai Py, (70)
o3 Ofxs OfNp Offs Ofks
o (=Pl GpdPs + SR B APL) — PP + aP,))
= —dScs.

This can be rearranged to yield

ofvs , Of38 Of8 ., Ofvs
oPs Tops oy 5 ops T Db

The two market equilibrium conditions give us two equations with two unknowns, namely, the bond price

responses to the central bank short bond purchases (%, ddsiSB) that we are interested in solving for. This

dfks ofvs  Of5 Of8 ,, OfNe OfNs Y _
))+dPL( o, Tap, ors 5P, "1 P, )) = ~dSes. (1)

system can be written in matrix form as

a B dPs _ 0 (72)
) aP, )\ —dScs |’

where
o o= 5 - Sh (e 1+ PR,
o 5= Yin + 35 - SE(Ps2En + PLYER);
o = e o - S (e 1 p R,
o 5=Yny Ok Ok (pin | pon)

Solving for the two bond price changes, we have that

BdSc
s\ 1 [ 0 P 0 _( e ). (73)
dPyr, ad =By \ —v « —dSce ;a(gdfgf

Thus, the general result is

dPs 8 dPr, «@
Y d = — . 74
dSep  ad — By an dScr ad — By (74)

However, these are very complicated expressions, so to help build intuition, we now focus on the case

when short-term interest rates are near the zero lower bound. Consequently, we assume the short bond price

to be 1, and we assume that the demand for short bonds is characterized by perfect own-price elasticity in
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the neighborhood of Ps = 1. We operationalize this by assuming that either banks, nonbanks, or both have

demand for short bonds with perfect price elasticity. An immediate consequence of these assumptions is that

dPg
dScp

long bonds to increase the duration of their portfolios. At the same time, we assume that they will not increase

= 0. To simplify things further, we assume that banks, faced with higher deposits, will demand more

their demand for assets that are similar to the reserves they obtain as their deposits increase following the QE

purchases, so % = 0. Now, we can focus on the response of the price for the long bond
rk off _ ok afR af K
dP _ _ aps T ore — arg Psapy + PLopl) (75)
dScm A ’
where
A = af— Py
- (Yhw | 01k Ofb p Ofn | p Ohn)) (01 015
OPs 0Ps OFp OPs OPs OPr, OPr,
B (afﬁB of  Ofs (Ps Ofxs L p, Ofks )) (afzsws afﬁ)
OPr, oPr, OFg OPr, OPr OPs OPs/’

Next, we assume that the demand for short bonds by nonbank financial institutions is characterized by

S
perfect price elasticity, i.e., ngss — 00. We also assume that banks do not vary their demand for short bonds
S
in response to changes in the short bond price, i.e., ng]: = 0. This gives
ork
dpPp aF}; Ps (76)
dScp ~ _ /% AfR ofg g off _ ofg afry ark '
_OFips( agLB + BPji) - agLB + api - OF}; (Ps agLB + Pr agLB)

Assume further that all cross-price elasticities are zero, i.e., we are in the extreme case of no substitution

effects between assets. This reduces the expression to

ark
dPy _ —ory ts >0 (77)
dSop ~ 20ku | F _ p 09F 0ky
oPy, oP;, L3Fg opr,,

This shows that the price of long bonds can be positively affected when the central bank engages in quantitative
easing by buying short-term bonds, as was the case in Switzerland in August 2011.

Finally, we note that fixing the cross-price elasticities to zero is not necessary to obtain this result. It
remains valid as long as the cross-price elasticities are smaller in absolute value than the direct own-price
elasticities.

The condition for positivity makes economic sense. It says that the rate at which banks increase their
purchases of long-term bonds in response to an increase in deposit funding, times the value of those bonds,
should not be larger than the increase in deposits itself.

Under our zero lower bound assumptions, with nonbanks being the marginal sellers of short bonds in a
central bank QE program where only short bonds are bought, all short bonds are sold by nonbanks. These
will, in return, hold more deposits with their correspondent bank. The price on short bonds will only increase
infinitesimally to make this shift happen, as we are at the zero lower bound. If the correspondent banks do not
react to the increase in their deposits, there would be no further price changes. However, we assume that banks
do react, by increasing their demand for long bonds in an effort to increase the duration of their portfolios.
This generates upward pressure on long-term bond prices, or a drop in their term premiums.

If, on the other hand, banks are the sellers of short-term bonds to the central bank under a QE program at
the zero lower bound, then there is no effect on asset prices. Banks effectively swap short bonds for reserves,

being indifferent between the two, and see no changes to their duration as a result.
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