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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 as-
sets purchased. The results imply that central bank reserve expansions can affect
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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 additional economic stimulus beyond lowering conventional policy rates to their
effective lower bound. 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. The success of recent QE programs conducted by the U.S. Federal
Reserve, the Bank of England, and the ECB in reducing long-term interest is well estab-
lished empirically (Gagnon et al. 2011, Krishnamurthy and Vissing-Jorgensen 2011, Joyce
et al. 2011, Christensen and Rudebusch 2012, and Eser and Schwaab 2016, among many
others). More generally, there is a consensus that monetary policy can affect long-term in-
terest rates even 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 evidence, how exactly QE transmits to long-term interest rates is
not well understood. Research so far has focused on two main channels.® One is a signaling
channel, as asset purchases send a signal to market participants about the central bank’s
future monetary policy intensions, which can affect the expected future path of short-term
policy interest rates (Christensen and Rudebusch 2012, Bauer and Rudebusch 2014). If
financial market participants expect short-term interest rates to 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, however, it does not just reduce the supply of
these assets in the market. It pays for the assets with new issues of central bank reserves.
Hence, the supply of central bank reserves increases one-for-one with the reduction in
the supply of the purchased assets. Bernanke and Reinhart (2004) suggest that such
reserve expansions per se may play an important role in the transmission of QE to interest
rates and asset prices more broadly. Consistent with this suggestion, Christensen and
Krogstrup (2018, henceforth CK) provide empirical evidence that reserve expansions can

have portfolio balance effects on long term bond yields even in the absence of changes in

IThere are other potential channels for QE to work. For example, it may affect liquidity and market
functioning; see Kandrac (2014) and Christensen and Gillan (2018) 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).



the supply of long-term bonds. They examine three unique episodes in 2011 when the
Swiss National Bank expanded reserves by purchasing only short-term debt securities, and
document that the term premium on benchmark Swiss Confederation bonds fell following
the QE announcements.?3

However, the role of reserve expansions in the transmission of QE programs to long-
term interest rates has received little attention in the theoretical literature. Bernanke
and Reinhart (2004) do not propose a mechanism by which the transmission could work.
The main reference for portfolio effects of QE 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). But 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 as well
as depository commercial banks and nonbank financial institutions in an otherwise sim-
ple portfolio model of the liquid asset portfolios of financial market participants, in the
spirit of Tobin (1969).5 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
market participants. Imperfect asset substitutability is the key friction driving traditional
supply-induced portfolio balance effects in models such as Vayanos and Vila (2009). With-
out it, there are no portfolio balance effects. The second financial friction is that central
bank reserves can only be held and transacted in by banks, i.e., the market for reserves
is segmented. Both frictions are empirically relevant. Imperfect asset substitutability and
the associated existence of portfolio balance effects of supply on asset prices has ample

empirical support (Laubach 2009, Krishnamurthy and Vissing-Jorgensen 2012, Greenwood

2Kandrac and Schlusche (2017) 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.

3Hancock 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.

4See 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.

°In related work, Lenel (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.



and Vayanos 2010, 2014, and Hamilton and Wu 2012).® Moreover, the market for reserves
is institutionally segmented. Only financial institutions that are direct counterparties to
the central bank can hold and transact in reserves. Usually, these are 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. This is a supply-induced portfolio balance effect.
Furthermore, the model shows that the reserve expansions that accompany QE may lead
to portfolio balance effects on asset prices more broadly. This possibility arises when
nonbank portfolio preferences are such that asset purchases are executed with nonbank
financial institutions. Since nonbanks 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 correspondent banks—and, hence, the
banking sector as a whole—see an expansion of their balance sheets with reserves on the
asset side and new deposit funding on the liability side. Importantly, banks are passive
observers of these transactions, which are initiated by their customers. Banks simply
observe an increase in deposit funding and a dilution of the duration of their liquid asset
portfolios. We show that if, in response, banks seek to partly or fully restore the duration
or pre-expansion share of non-reserve assets in their liquid asset portfolios, then banks will
increase their demand for long-term assets. But the new reserves must stay within the
banking sector as a whole. The increased long-term asset demand from banks will hence
push up long-term asset prices further, until banks are content with the lower duration
and a higher share of reserves in their portfolios. This increase in long-term asset prices
reinforces the supply-induced portfolio balance effect on long-term yields. We refer to this
additional portfolio balance effect as a reserve-induced effect.

Critically, reserve- and supply-induced portfolio effects are distinct channels of the
transmission of QE. In contrast to supply-induced effects, reserve-induced effects are in-
dependent of the particular assets the central bank purchases. A necessary requirement
for their existence is imperfect asset substitutability and the segmentation of the market
for central bank reserves, and they arise whenever banks do not back new deposit fund-
ing entirely by reserves, but choose to diversify their liquid asset portfolios. Without this
behavioral assumption on the part of banks, the reserve-induced portfolio balance channel
shuts down.

The model implies that financial market structure, the business models of financial

6The nature of the asset substitutability in question has been described in different ways in the literature,
e.g., as imperfect substitutability 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).



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

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,
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 suggests 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

"For example, Thrig et al. (2017) find that the introduction of the leverage coverage ratio in the Basel 111
framework appears to have affected large banks’ demand for high-quality liquid assets.

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.

9Related theoretical papers are Gertler and Karadi (2011, 2013) and Farmer and Zabczyk (2016).



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

In this section, we present a portfolio balance model of banks, nonbank financial firms and
the central bank with the purpose of describing the short-term impact of QE transactions
on asset prices before those prices affect real economic outcomes. The goal is to derive a
tractable and intuitive model that includes only the essential components and assumptions
necessary to illustrate how including central bank reserves and reserve-holding banks can
affect the transmission of QE. We characterize the financial asset markets in a zero lower
bound environment, and abstract 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 model can easily
be extended with additional relevant features that may interact with the transmission of
QE, such as a positive interest rate environment, credit expansion, or alternative portfolio
optimization behavior of financial market participants. We leave such extensions for future
work.

In our baseline version of the model, 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. The extended version confirms the findings from the one-asset model
and demonstrates the general nature of our findings.

In addition to holding the long-term bond, banks can hold and transact in central bank
reserves, denoted R. 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. It does not contain any
liquidity or credit risk premiums, because they are assumed away. 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.

While the central bank is modeled as a single, large actor, the bank and nonbank finan-
cial sectors each consist of a continuum of small firms, such that there is no potential for
strategic interactions or market power of financial firms to influence asset prices. Variables
for individual banks and nonbanks are characterized by superscripts ¢ and j, respectively,

while sector-aggregates for the relevant variables do not have superscripts.

2.1 Key Behavioral Assumptions

We first highlight the few key behavioral assumptions that are crucial for driving the
response of asset prices to QE in the presence of central bank reserves.

First, the demand for bonds by a nonbank financial firm, denoted LgVB, is charac-
terized by a general function (one that would allow for a multitude of different types of

microfoundations) of the bond price and their equity funding E7,

Lyp = fne(Pr, EXp). (1)



The only assumptions we make on how nonbanks respond to bond prices is that their pref-
erences are standard and asset substitutability is imperfect, such that the price sensitivity

of nonbanks’ demand for bonds is finite and negative:

_ Ofw(Pr, Ely)
oP;,

< 0. (2)

A further assumption, which allows for tractability, is that nonbanks do not respond in
real time to short-term changes in their equity values by changing their demand for bonds,

ie., ‘
Ofns(Pr, Exp)
OFY 5

—0. (3)

In a similar way, we summarize banks’ bond demand by the following general expression:

where banks’ funding is F; = F% + D%.'° Banks’ preferences are standard and described
by imperfect asset substitutability. Hence, their demand is a downward sloping function
of the bond price: ' .
o < BB B+ D) (5)
0P,

Finally, we assume that banks’ business models are such that they respond to au-

tonomous changes in reserves and deposit funding with a portfolio balancing motive in
mind. The response of banks’ demand for bonds to a change in their funding thus satisfies

the restriction: . .
Ofp(Pr, By + DY)

0< .
OF}

< 1. (6)

This requirement is a crucial part of the model. It can be interpreted as reflecting that
individual banks do not aim to back new deposits fully by reserves, but instead aim for a
certain duration or return in their liquid asset portfolios.!! If banks would opt to back all
0fp(Pr,EL+DY)

W = 0 and we

show in Section 3 that the reserve-induced portfolio balance channel shuts down.

autonomous new deposit funding by central bank reserves, then

Equipped with these key behavioral assumptions, we are now ready to describe the

individual components of the model.

1ONote that equity and deposits are treated as equal, which is without loss of generality for our results.
"Haddad and Sraer (2015) present evidence on bank behavior consistent with our assumptions.



2.2 The Central Bank

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

where Lop is the central bank’s holdings of long-term bonds, E¢p 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 =dPpLop + PrdLop — dR. (8)

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

The continuum of nonbank financial firms (e.g., pension funds, money market mutual
funds, asset managers, hedge funds etc.) are fully financed by a predetermined 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
PLL?VB + Dg\fB = E?VBv (9)

where L), ; is firm j’s holdings of bonds, D% p is its holdings of bank deposits, and E2,; is
its initial equity value. Changes in the firm’s equity are determined as a residual from the
flow identity

dE}y = APy Ly + PrLdLyp + dD} . (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%p = —PrdLi . (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
dF) 5 = dPLL7 5. (12)

We make the general assumption that the firm balances its liquid portfolio between
deposits and bonds, demanding positive amounts of both. This portfolio balancing arises
because deposits provide liquidity without any return, while bonds generate positive re-
turns, but with less liquidity. We do not provide micro-foundations for these assumptions,
but instead 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 '

_ Ofnp(Pr, Eyp)

ALy, = oD, dPy. (13)

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

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

Ofnp(Pr, Eyp)
oP,

dD%p = — Py, dPy. (14)

2.4 The Banking Sector

There is also a continuum of banks. Bank i’s assets and liabilities must satisfy
R+ PLLYy = EY + D, (15)

where LY is bank 4’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. D% is bank 4’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 Di, = DY . Finally, E% denotes bank 7’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 7’s reserve holdings
dR' = dD'; — PrdLY,. (16)

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

From equation (16), which shows the change in bank i’s reserves, it follows that
dEYy = L'ydPy. (18)

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

Banks hold bonds and reserves in their liquid asset portfolios and consider them imper-
fect 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 in-
crease 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’ respond to autonomous changes
in deposit funding by increasing their demand for bonds, as discussed earlier and described
by equation (4).

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

given available funding
s = FEy+ Dy — Ppfg(Pr, Ely + D). (19)

The flow equivalent of bank i’s bond demand in equation (4) is given by

Ofp(Pr, Ey + D%)dPL n Ofs(Pr, Ey + DY)

dLi, =
B Py OFg

(dEy + dDY). (20)

10



Since banks cannot respond to changes in equity valuations over the short horizon con-
sidered 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. Alter-
natively, changes in equity valuations can be interpreted as profits that are paid out to
shareholders and, therefore, are not available to fund bond purchases. Either way, this

implies that we can reduce equation (20) to

ofp(Pr, Bl + D%)dP n Ofs(Pr, Ey + DY)
P, L OF g

dLy = 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 ¢ 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 partici-
pants 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 preferences for assets and the total stock of bonds L.

The balance sheets of the banking and nonbanking sectors and, hence, their budget
constraints are linked through deposits. We can write the consolidated budget constraint

as
Po(L — Leg) = P (L + L), (22)

where the flow equivalent is

dPp (L — Leg) + P (dL — dLeg) = dP, (Lp + Lyg) + P (dLg + dLyg) .

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 trans-
mission 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

11



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 deriva-
tive of the price change of the long-term bond with respect to the central bank bond pur-
chases. 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
dLCB >0 and dL=0 = dLCB = —dLNB — dLB. (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 versions of the nonbank bond demand response in equation (13) and the bank

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

_afNB(PLa ENB)dPL B Ofs(Pr, Ep + DB)dPL B Ofs(Pr, Eg + Dp)

dLep =
oB oP; oP; OF 5

dDyp. (24)

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

afz\/B(PL,ENB)CUDL _Ofs(Pr, Ep +DB)dPL +PLafNB(PL7ENB) 9fs(Pr, Ep + Dp)

dlep == P, P, P, oFg

dPy.
(25)

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

isolated

12



dPp —1 9%
dLcp  9Ine(Pr.Eng) + 0fp(PL.Ep+Dp) _ p 9f/ne(PL.ENp) 0f5(PL.Ep+Dp) (26)
oPL oPL L aPy, 9Fp

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
jLi L=-P o NB%P;L’ i) ddL};LB (27)
or, equivalently,
dDy _ i 8)
dLop 8fNB(81;LL7ENB) n 8fB(P%711;JLB+DB) B pLafNB(aFI;LL,ENB)6fB(PL87PJ§;+DB)‘

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

OfnB(PL,ENB) __ 0
oPy, -

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

to changes in the bond price, that is,

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

shows that ddLD E. = (. This implies that the quantity of bank deposits remains unaffected
CB

by the central bank asset purchases as banks simply sell bonds in exchange for reserves.

This leaves the size of banks’ aggregate balance sheet unchanged, and it leaves nonbank

balance sheets unaffected in terms of both size and composition.
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In this case, equation (26) shows that the asset purchases would lead to an increase in

the bond price equal to

dpy, —1
dLcp ~ 9/5(PL.EptDp) > 0. (29)
oPy,

This is a pure supply-induced portfolio balance effect that reflects the price increase
necessary 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

0fp(PL,Ep+D . . oo
M%’#LBJFB) = 0. 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 = PpdLcp. 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

4Dp _ i > Py, (30)

dLop 1 — p2lellLletDe)

while the associated equilibrium bond price increase is given by

dP; .
dLCB = %PLL’EM _ PLafNBgPIﬁ,L,ENB) afB(P%§;+DB) > O, (31)

0fB(Pr,Ep+DBg)
OFp

Equation (31) shows that the effect on bond prices from central bank bond purchases

where both inequalities follow from 0 < P, < 1 and 0 < < 1.

with the nonbank financial sector as the counterparty comes from two sources that reinforce
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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

9fp(PL.Ep+Dp)
OFp :

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

0fnB(PL,ENB)
oPy, :

in the denominator of equation (31) have opposite signs, it follows that the reserve- and

some of it towards bonds according to their preferences, as reflected in

gives rise to the additional weight Pp, Importantly, because the two terms

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

OfnB(PL,ENnB) and dfp(PL,Ep+Dp)
0Py, 0Py,

whenever bond demand is price inelastic and investor behavior could be characterized by

purchases will tend to be large whenever are small, i.e.,
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 in-
deed distinct and that reserve-induced effects are independent of the types of assets pur-
chased, 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 dLcp = 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

SB:fg(P&PLaEB“‘DB) and Lp :fé(PS,PL,EBﬂLDB),
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while the corresponding demand functions of the nonbank institutions are
Snp = f}\q/B(PS, P, Eyp) and Lyp = fﬁB(PS, P, Exp).

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

ofks |, oI g s ofkp
dpPy, :_aPS""ﬁ_@(PSaPS + Prgpr) (32)
dScg A ’
where
ofks , OfF  Off,, Ofvs ofks\ (0fns = Off
A = — P P
(aps T ops " or, S op, T ap, )( op, +8PL>

B (af]%fB X ofh _ ofk (Psaff\qu _|_PLaf]%fB)> (aff\qu I afé)
opry, oP;, 0Fp ory orr 0Pg 0Pg
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

S
financial institutions is characterized by perfect price elasticity, i.e., aggsB — 00. 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

arL
dPL o ﬁps (33)
dS - afL 6]05‘ 6]05‘ 8fL 8fL 8fL 6]05‘ 8fL :
or P ) - (e + - SRR PR
S
Second, we assume that all cross-price elasticities are zero, say, % =0, i.e., we are in

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

_dEp
Py _ OFs_° >0 (34)
dS - 8fL 8fL 8fL 8fL .
B SR tam — PLon R,
L L
Since we assume standard preferences for banks and nonbanks, 8{{ < 0 and gfﬁ <0,

and we continue to assume that banks respond to changes in their funding conditions by
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ofk
» OFp

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

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

This shows that the price of long bonds can be positively affected when a central bank
engages 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 affect 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 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

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).
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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 typi-
cally 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 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:

3 Jfl BLZ.B > 7, (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
operating 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 (%) and to changes in deposit

; oPr,
funding ( g];Bi ).

To see this, totally differentiate equation (35) (with equality imposed) and make use of

equation (17) to get

dR' + (PLdLy + LizdPp)(1 — A7) = dD". (36)

3Note that our model is not suitable for analyzing an unweighted leverage ratio that applies to the entire
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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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:

Of _ 0Ly  Ligl—\r
8PL_8PL_PL AT

> 0. (37)

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

its demand is independent of its funding level:

0

55 = 0. (38)

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

dPp, -1

dLcp N 9fnp(PL,ENp) + Ly 1) (39)

OPy, Pr, AT

where we assume 2N (aI;LL’EN ) 4 % LT (0.1 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
regulatory 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,

141y the case where 2xe(PEnp) | L—B% > 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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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 ca-
pacity 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 Relevance of Reserve-Induced Effects

In this section, we first discuss the circumstances under which reserve-induced portfolio
balance 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
executed with nonbank financial institutions, appears to have been satisfied in the case of

U.S. QE programs.

4.1 Identification

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 simultaneously, 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 occurrence, but are silent about their relative importance. Our analysis
points to two potential avenues for empirical identification of reserve-induced portfolio
balance effects.

The first 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 fac-

tors, including other QE transmission channels—it could be possible to detect and isolate
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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 announce-
ments 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 reac-
tion.

The other avenue for identification is related to the exit from QE, when the central
bank balance sheet is being normalized. If exit is achieved by letting assets mature and
roll off, 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 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 to conduct as the Fed normalizes its balance sheet in
coming years. 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

15See Greenwood and Vayanos (2014) for analysis of the maturity profile of U.S. Treasury securities.
16See 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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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 Indirect Empirical Support

Rather than looking for outright identification of reserve-induced portfolio effects, it is pos-
sible to verify whether the necessary conditions for their existence are 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 countries 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. In-
stead, 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 ad-
dressed 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, and insurance companies.'”

Ennis and Wolman (2015) study the reaction of individual U.S. commercial bank bal-
ance 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 pro-

gram (QE2) that operated from November 2010 to June 2011, commercial bank deposits

Tn 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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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.

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
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
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Carpenter et al. (2015a) and suggests that the conditions necessary for reserve-induced
portfolio balance effects to be active were likely met for the Fed’s QE2 and QE3 programs.

Finally, Kandrac and Schlusche (2017) 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 port-
folio 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 Au-
gust 2011, lends strong empirical support to the existence of reserve-induced effects as
documented in CK. Moreover, the conditions necessary for reserve-induced portfolio bal-
ance 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 imperfect substitutes for each other. We use this model to study how central bank
asset purchases 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 per-
formed with nonbanks, they can give rise to two separate portfolio effects on bond prices.
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 fric-

tion expands banks’ balance sheets, dilutes the duration of their portfolios, and makes them
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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.

Reserve-induced effects are likely to be empirically relevant. A review of recent research
and data suggests that the necessary conditions for reserve-induced effects to have been
operating during the Fed’s two most recent QE programs were met. The model suggests two
ways of identifying reserve-induced effects empirically. One is to investigate QE programs
that entail substantial expansions of central bank reserves achieved without acquiring any
long-term securities. One such program was carried out in Switzerland in 2011, and lends
support to reserve effects. The other way of identification has yet to be explored, as it is
related to the exit from QE when the balance sheet of the central bank is being normalized.
We leave that for future research.

The existence of reserve-induced portfolio balance effects suggests that financial market
structure, the business models of financial market intermediaries, their portfolio optimizing
tools, and bank regulations may affect the transmission of QE to long-term interest rates.
Regulation of financial institutions has changed dramatically since the onset of the global
financial crisis and the implementation of the first QE programs, and this may have af-
fected the transmission of QE across time. An important avenue for future research would
therefore be to explore 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.

This paper has offered a first exploration of reserve-induced portfolio balance effects.
The existence of such effects can have implications for the design of future QE programs, for
the exit from such programs, and for central bank communication. It also suggests that QE
programs can be effective at lowering long-term bond interest rates even in the absence
of long-term bond purchases. Therefore, more research is needed to better understand
the relative importance of reserve- and supply-induced portfolio balance effects in the

transmission of QE.

25



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+ PLLeg = Ecp + 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
dEcp = dPsScp + PsdScp + dPpLep + PrdLep — dR. (41)

We now assume that Sc¢p 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
PsSnp+ PLLnp + Dng = Eng, (42)

where Sy p 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 = dPsSnp + PsdSyg +dPLLng + PrdLyg + dDnp. (43)
When it sells assets, the nonbank financial sector obtains deposits
PsdSnp + PrdLng = —dDyp. (44)
By implication, changes in its equity value derive from changes in the prices of its bond holdings
dEnp = dPsSnp +dPrLLnB. (45)
The demand for bonds by the nonbank financial sector is a function of the bond prices and equity

SNB = f]?/'B(PSWPInENB)u (46)
LNB = f]%B(PSWPInENB)u (47)

while the amount of demand deposits is determined as a residual from the budget constraint and is given

in equation (44).
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We assume standard preferences with negative own-price effects

ofy ofk
éfgf <0 and ggLB <0 (48)
and positive cross-price effects
0fN 5 OfN 5
—= >0 d >0, 49
P, e TP (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 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.,

Offp _ Offp _
0Eng OFEnB

(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

_ Ofys dfNp

dSn = 9Ps dPs + oP, dPry,, (51)
_ Of%p Of ks

dLnyg = OPs dPs + aP; dPry,. (52)

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

changes is given by

afs afs afL afL
dDy B :—PS( ggSBdPg+ éfgLBdPL) —PL( ggSBdPg+ éfgLBdPL). (53)

The Banking Sector

There is a continuum of banks in the economy, and their aggregate balance sheet is characterized by
R+ PsSp+ PLLp = Ep + Dp, (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 — PsdSp — PrdLg. (55)
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Changes in bank equity are determined as a residual from the flow equation (54)
dEp = PsdSp + PsdSp + LpdPr, + dR — dDp.

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

Sp
Lp

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

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

effects ofs ofL
B d B
9Ps <0 an ap, <0 (58)
and positive cross-price effects
of3 off
——= >0 d ==>0 59
9P, > an 9Pe > 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
Ofg o5

— <1 d — < 1.
O<8FB< an 0<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

5(Ps, P, E D L(Ps,Pp, E D
afB( S L B+ B)dEB:O and 8fB( S L B+ B)

dEg = 0. 1
8FB aFB B 0 (6 )

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

_ Ofp Of3 of3

ASp = GpidPs+ gpldPy+ Sl dDp, (62)
_ Off 015 015

dLp = 8PSdPS+ 8PLdPL+ 8FBdDB' (63)
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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

dSyp +dSp +dScp = 0, (64)
dLnyp+dLp+dLcg = 0. (65)

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., dScp > 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

ofk ofk ofk ofk ofL
L L — ZNBPp Z/NBJp B 4p, B p 9B 4p
dLyp +dLp 8Psd s + aPLd L+8P5d S+8PLd L+5F3d B (66)
Of¥ s Ofks Ofg Ofg
= dP dP dP dP 67
P T T TR (67)
ork OfNp OfNE Ofks Ofkp
—2( - P dP dP;) — P dP dP,
+8FB( s(gpy s+ 5p, 4P = PLlmprdls + 55 1))
= 0.
This can be rearranged to yield
Ofkps  0f  Ofk ., Ofxs ks Ofkp , 0f 01k ., Ofxs fNm\) _
aps ( 0Py Taps ar, S ops TR, ) +P o, Tap, ok, 5 op, TR, ) =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

_ 0¥ OfNp afp of3 ofp
dSyg +dSp = 9Pq dPs + oP; dPL—I—apsdPS—I—aPLdPL—I-@dDB (69)
afs afs afs ofs
_ 8f gSB dPs + —af gLB Py, + 822 dPg + 8£§ dPy, (70)
or OfnE OfNp Ofke OfNg
+E(—Ps( 5Pq dPs + oP; dPr) — Pr( D Pq dPs + op, dPL))
= —dScp.
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This can be rearranged to yield

Ofys  Of8  Of8 . 0fNB Of ks ofys , 08 Ofg  , OfNb Offe
— P P dP, — P P = —dScp.
(8P5 aps ars 5 aps TRy ))+ L( o, Top, oFs S ap, T, )) (CB)
71
The two market equilibrium conditions give us two equations with two unknowns, namely, the bond
dP,  dPs

price responses to the central bank short bond purchases ( 1555 dSCB) that we are interested in solving

for. This system can be written in matrix form as
dP. 0
IV ) = , (72)
Yy 5 dPL —dSCB

_ Ofkp | 05 _ Off (p 9fNp OfxNp).
o o=5"+ o~ ams P ps T PLgR0);

_ Ofnp | Off _ OfF Afnp ofkBy.
o B=FRE + 58 — 5 (Ps 52 + PL5ER);
_ OfNs , Ofs _ Ofp ofns Offim .
¢ = OPs + OPs - OFpB (PS OPs + PL OPs )7

_ OfN afs _ ofp fN afk
* 0= 3pE + 58 — 575 (Ps 5Bt + PL5pk).

Solving for the two bond price changes, we have that

BdScs
dpPy, ad =By \ -y « —dScp fa%d_SB%B

Thus, the general result is

dScp  ad — By a dScm ad — By

dPS ﬂ dPL (&% (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 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 dcgz SB = 0. To simplify things further, we assume that banks, faced with higher
deposits, will demand more long bonds to increase the duration of their portfolios. At the same time, we
assume that they will not increase 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

dPy _  5pPs T 9Ps ~ 9Fp 9Ps 9Ps (75)
dScs A ’

Oftip + ofk ofk (Psaffus _i_PLafJI\‘rB)
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where

A = ab— By
_ (Ofks  OfF  Ofk of s ofks N\ (0f8s . Ofp
= (aps 9y " ars 5 ops T ops ))(8PL +8PL)

_(8f]%B 3f§ 8fB (P 8fNB +p 3f1%/3))(3f1§/3

B S oP;, Lop;,

0 f‘SB
) '
(9P[ (9P[ 8FB

0Psg 0Ps

Next, we assume that the demand for short bonds by nonbank financial institutions is characterized
8fNB

by perfect price elasticity, i.e., — 00. We also assume that banks do not vary their demand for short

bonds in response to changes in the short bond price, i.e., 8{33 = 0. This gives
) L
dPL 6{7'}; PS

_ . 76)
dsS, Of org of ark org ofs ofk (
cn  _SlEpy(SfEn + 38 - (Yo 4 S - SE (PR + P YR))

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

_ OfE P
alp _ oy "% >0 (77)
ds af ofk ofL ofk '
“B - St ap, — PLar, ory

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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