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1 Introduction

Since the global financial crisis, a number of central banks have conducted large-scale asset
purchases, often called 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 US 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 others. Similar evidence for the Bank of England’s QE
programs are provided in Joyce et al. (2011) and Christensen and Rudebusch (2012).

Despite its success, how exactly QE helps lower long-term interest rates is not well under-
stood. 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 expectations about fu-
ture monetary policy (see Christensen and Rudebusch 2012 and 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 in-
different 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 price and lowers their return (see 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. The supply of central bank reserves hence increases one for one with
the reduction in the purchased assets. Such reserve expansions per se may play an important
role for the transmission of QE to interest rates, as suggested by Bernanke and Reinhart
(2004). 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 on benchmark Swiss Confederation bonds fell following the QE announcements.
Furthermore, CK show that the fall in rates could not be explained by a lower expected path
of short-term interest rates, thereby ruling out the signalling 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.?

!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 (2015) for discussions and analysis in the context of US QE
programs.

2 Another notable exception is Kandrac and Schlusche (2016), who take a step beyond the immediate portfolio



The main theoretical reference for portfolio effects caused by QE is the model described in
Vayanos and Vila (2009), which features preferred habitat behavior among investors. Unfor-
tunately, 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 and depository commercial
banks in an otherwise simple portfolio model of financial markets in the spirit of Tobin (1969).
In the model, two financial frictions are key to our results. First, central bank reserves can
only be held by banks (a specific type of market segmentation), while the assets that the
central bank purchases can be held by banks and nonbank financial firms alike. Second,
assets, including central bank reserves, deposits and bonds, are imperfect substitutes, and
asset substitutability can differ across market participants.

The model exhibits the traditional portfolio effects as in Vayanos and Vila (2009) arising
from the reduced supply 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 port-
folio balance effects on asset prices more broadly. These arise when QE asset purchases are
performed as transactions with nonbank entities. Since they are not banks, they cannot be
paid for their assets in reserves. Instead, they are paid in bank deposits by their correspon-
dent 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 deposits on the liability
side. Importantly, banks are passive observers of these transactions that dilute the average
risk and return (or duration) of their asset portfolios. To offset this dilution, banks increase
their demand for long-term bonds (or other risky assets), which pushes up the prices of these
assets further in equilibrium and hence reinforces the supply-induced portfolio balance effect.
It is worth stressing that such reserve-induced portfolio effects are independent of the partic-
ular assets that the central bank purchases and arise due to the segmentation of the market
for central bank reserves in combination with imperfect asset substitution. Without either of
these two financial frictions, the reserve-induced portfolio balance channel highlighted in this
paper and empirically investigated in CK shuts down.

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. Section 4 briefly reviews the US experience with QE and assesses whether

the model’s predictions are consistent with the data. Section 5 concludes and discusses some

balance impact of QE on bond yields and assess the effect of QE-induced reserve accumulation on bank-level
lending and risk-taking activity in the US. Their results also suggest that reserve accumulation per se matter
for the transmission of quantitative easing.



potential policy implications. The appendix contains an 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, banks, nonbank financial
firms, and a central bank. 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 the outstanding stock of bonds is also taken
as given. The purpose of the model is to assess the short-term impact of QE transactions on
asset prices, before the latter affect real economic outcomes.

The market for tradable securities comprises one asset. Because we have recent QE
programs in mind where long-term bonds have been acquired in exchange for reserves, we
refer to this asset as a long-term bond with predetermined supply L and price Pr. In general,
though, we can think of it as any traded asset in the economy, including short-term bonds,
risky bonds, or equity.

In addition to holding the long-term bond, banks can hold reserves with the central
bank, denoted R, and trade them amongst each other. 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 of imperfect
asset substitutability, which is widely used 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 (one) can be interpreted as capturing the term premium
on long-term bonds

TP=1-Pp. (1)

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 as these are
assumed away. Unlike a deposit, which is on demand, 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.

Having only one traded asset makes the model tractable and suffices to demonstrate
the existence of the reserve-induced portfolio balance channel we highlight. However, we
acknowledge that 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.

Therefore, in the appendix, we consider the case with two traded assets and both confirm the



findings from the one-asset model presented here and demonstrate that they extend to this
more general case. Importantly, we show that the reserve-induced portfolio balance channel
can affect long-term bond prices even when no long-term bonds are purchased as argued by
CK.

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 The Central Bank

The balance sheet of the central bank is given by
PrLog = Ecp + R, (2)

where Lo p is the central bank’s holdings of long-term bonds, Ecp is the value of the central
bank’s initial level of equity, and R is the amount of outstanding reserves. Also, there are no
cash balances in the model. To study QE, we assume that Lcp is the central bank’s policy
tool, which then determines the level of reserves R as a residual. Equation (2) implies that

the change in the central bank’s equity can be written as
dEcp = dPrLep + PrdLop — dR. (3)

In our simple set up, changes in reserves are matched by changes in the central bank’s bond
holdings, i.e., dR = PrdLcp. As a consequence, 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 US Federal

Reserve.

2.2 The Nonbank Financial Sector

There is a continuum of nonbank financial firms (e.g. pension funds, money market mutual
funds, asset managers, hedge funds etc.), which 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
PLLy + Dyp = By (4)

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

dEYyp = dPL Ly + PLdLyp + dD . (5)

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} y = —PrdL . (6)

Equations (5) and (6) imply that changes in firm j’s equity value derive from changes in

the price of the long-term bond only
dEY 5 = dPp Ly 5. (7)

We assume that the firm balances its liquid portfolio between deposits and bonds, de-
manding positive amounts of both. This portfolio balancing arises because deposits provide
liquidity without any return, while bonds generate positive returns, but with less liquidity.

Firm j’s demand for bonds is hence a function of the bond price and its equity
Lyp = Ins(PrL Ejp), (8)

and it has standard preferences so that its demand is declining in the bond price

dfnp(Pr, By p)
oPr,

< 0. 9)

Furthermore, even though its equity is determined as a residual by the change in the bond
price as stated in equation (7), we assume that the firm will not respond to such equity value

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

dfnp(Pr, By p)
OENB

~0. (10)

This assumption allows us to abstract from interaction terms that would make the model quite
untractable, but would not be central to the mechanisms we are interested in describing. It

now follows that changes in firm j’s demand for bonds are purely driven by changes in the



bond price _
dfns(PL, E\p)
oPy,

Finally, we know from equation (6) that firm j’s demand for deposits is a function of the

ALy = dPy,. (11)

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

to .
Ofng(Pr, EX )
ory,

dD% g = —Pr dPy,. (12)

2.3 The Banking Sector

There is also a continuum of banks. Bank ¢’s assets and liabilities must satisfy
R'+ PLLy = Ej; + Dj, (13)

where L% 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,
for simplicity, normalized to zero. 3'9 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 horizon considered. We hence define changes in deposits by equation (12) 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{VB. Finally, EfB denotes bank i’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. As a consequence, 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%; — PpdL’. (14)

In general, changes in bank equity are determined as a residual from the flow equivalent
of equation (13)
dR' + PrdLiy + L5dPp, = dEY + dDY,. (15)

From equation (14), which shows the change in bank i’s reserves, it follows that
dEY = LiydPy. (16)

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 portfolio 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 do assume that banks’ business models are such that they do
respond to autonomous changes in reserves and deposit funding, with a portfolio balancing
motive in mind. Specifically, individual banks aim for a certain balance between risk (or, since
we are assuming that the alternative asset to reserves is long bonds, duration mismatch) and
return on their liquid asset portfolios. We summarize these considerations in the following

equation for bank i’s bond demand
Ly = (P, Ex + Dj), (17)

where bank i’s funding is Fjy = Bl + D%f)’
The demand for reserves is determined as a residual from the demand for bonds given

available funding
Ry = Ejp + Dy — Ppfp(Pr, Ep + Dp). (18)

Similar to nonbanks, we assume that banks have standard preferences for bonds and

exhibit downward sloping demand as a function of the bond price

ofs(Pr, Ely + D)
OPy,

< 0. (19)

Finally, the response of bank i’s demand for bonds to a change in its funding satisfies the

restrictions ) .
< 0fp(Pr, Ep + DY)
0Fg

This final restriction is crucial in the model. If the individual bank leaves all autonomous

new deposit funding in reserves, i.e., W%TEI;B*—% = (0, we show in Section 3 that the

0

<1. (20)

reserve-induced portfolio balance channel shuts down.

The flow equivalent of bank i’s bond demand in equation (17) is given by

aPL aFB

(dEj; + dDl). (21)

Since banks cannot respond to changes in equity valuations over the short horizon con-
sidered in the model, changes in equity valuations are determined as a residual after other
changes have taken place and hence 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 therefore not available to fund bond purchases. Either way, this implies

3Note that equity and deposits are treated as equal, which is without loss of generality for our results.



that . .
ofp(Pr, Ey + D%)

EL = 22

which reduces equation (21) to

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

Db, 2
opry OFg D} (23)

2.4 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 have banks’ demand for reserves equal the central bank determined supply given prefer-
ences 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
Pr(L—Lcp) = PL(Lp+ LnB), (24)
where the flow equivalent is

dPL (L — LC’B) + PL (dL — dLCB) = dPL (LB + LNB) + PL (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 the bond price. First, we consider the economy with one
traded security analyzed so far before we proceed to a brief analysis of the case with two
traded securities. We note that a key purpose is to illustrate how the effects depend on the

preferences of the private sector 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 central bank bond purchases. To



aid intuition on how this expression relates to the asset substitutability of the two types of
agents, we then consider two special cases. In the first case, nonbanks exhibit very low asset
substitutability and all assets are purchased from banks. In the second case, banks exhibit
very low asset substitutability and all assets are acquired from nonbanks. The resulting
portfolio balance effects on asset prices differ substantially between these two cases. Finally,
we also consider the solution with specific functional forms for the asset demand equations
to further build intuition.

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. (25)

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 (11) and the bank bond demand

response in equation (23) into equation (25) to obtain

8fNB(PL,ENB)dPL _ Ofs(PL,Ep + DB)dPL ~ 0fB(PL,Ep + Dp)

dlep == P, P, OF g

dDp. (26)

Next, insert the nonbank deposit response in equation (12) to arrive at

_3fNB(PL,ENB)dPL_3fB(PL,EB + DB)dPL+PL Ofne(Pr,Eng) 0fs(PL,E + DB)

dles = Py Py Py OFg

dPy. (27)

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

dPy, -1
dLcg afNB(al;LZENB) + 3fB(PL6,gLB+DB) -5 afNB(al;LL7ENB) afB(PLagBB-l-DB)' (28)

Equation (28) 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 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 (28)

into the market aggregate version of the nonbank deposit response in equation (12) to get

dDp _ , 9fnp(Pr, Enp) dPy

= 29
dLcp L oPy, dLcp (29)
or, equivalently,
Dy PLafNBg?L,ENB) %
dLcp ~ 0fnB(PL,ENB) + ofB(Pr,Ep+DB) P OfnB(PL,Eng) 0fg(PL,Eg+Dg) ( )
oP, oPL L OPL 9Fp

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

folio balance effects based on these expressions.

3.1.1 The 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

OfnB(PL,ENB)
0Py,

changes in the bond price, that is, = 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 (30) shows that ddLDC i = 0. The quantity of bank
deposits remain unaffected by the central bank asset purchases. Banks will simply sell bonds
in exchange for reserves. This leaves the size of banks’ aggregate balance sheet unchanged,
and it also leaves nonbank balance sheets unchanged in terms of both size and composition.
Equation (28) shows that, in this case, the outright asset purchases would lead to an increase
in the bond price equal to

L _ ! > 0. (31)

dLcg afB(P%7£f+DB)

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. While 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 The Corner Solution with Bond Purchases From Nonbanks

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

demand for bonds, %}w = 0. In this case, there is no bond price increase that

10



would make banks substitute away from bonds and toward reserves. Assuming that the price
sensitivity of nonbank’s demand for bonds is different from zero, the bond purchases of the
central bank would induce the nonbank financial sector to be 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., dDg = PrdLcp. In response to this
increase in deposit funding, banks reallocate some of their new reserves toward bonds as
assumed in equation (20). 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

dDB PL
= > Pp, 32
dLcn 1— PL_afB(PIéFE:"i‘DB) L (32)

while the associated equilibrium bond price increase is given by

dPry, -1
dLcp  9/nB(PL.Enp) _ P Ofnp(Pr.Enp) 0f5(PL,.Ep+Dp) >0, (33)
P, L P, OFp
where both inequalities follow from 0 < Pr, < 1 and 0 < W&T}?—M < 1.

Equation (33) 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 (33). 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

0fB(Pr,Ep+DBg)
OFp

this requires the nonbank sector to be willing to sell additional bonds, which gives rise to the
0fNnB(PL,ENB)
oPy,

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

additional weight Pr, . Importantly, because the two terms in the denominator

of equation (33) have opposite signs, it follows that the reserve- and supply-induced portfolio

effects reinforce each other and make the full effect larger than either viewed in isolation.
From the two corner solutions it follows that the initial price impact of QE asset purchases

will tend to be large whenever O/ g;LL’EN B) and /5 (P%’gf +Dp)

are small, i.e., whenever bond
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 and accordingly it will require

large amounts of QE bond purchases to have a notable price impact.

11



3.1.3 A Simple Example

We end this section with a specific example of functional forms for the demand functions
that can provide further intuition. Assume that banks’ demand for bonds has the following

functional form consistent with the restrictions laid out in Section 2

fB(PL,Ep + Dp) = 1;)LPL(EB+DB) = <%L _1>(EB+DB)7 (34)
where we restrict the possible values of the bond price to P, € (%, 1). This ensures that bond
demand is smaller than the available funding, F'g + Dp, and that no asset positions taken by
banks can be negative.

Assume also that the demand for bonds by the nonbank financial sector has the following

functional form
fnB(PL, ENg) = Enp — Py, (35)

where we impose the restriction that 0 < o < Enp to ensure that the bond demand is smaller
than the available equity for similar reasons as above.

Now, if we calculate the relevant derivatives with respect to the bond price and bank
deposits and insert the results in equation (28), we obtain the effect of central bank bond

purchases on the price of the bond

dpPy, 1
dLep  a+E2EPE 01— Pp)
L

. (36)

The first term in the denominator is the price sensitivity of the demand for bonds by
nonbanks. The second term in the denominator is the sensitivity of banks’ demand for bonds
to a change in their price. The greater these two price sensitivities, the smaller is the increase
in the price of bonds due to supply-induced portfolio balance effects. The last term represents
the reserve-induced portfolio balance effect. This term is an interaction between the price
sensitivity of the bond demand by nonbanks and the sensitivity of banks’ bond demand to
changes in deposit funding. Under our functional assumptions, the reserve-induced portfolio
balance effect will tend to be smaller as the term premium falls. In the case of a zero term
premium (1 — P, = 0), there is no reserve-induced portfolio balance effect on bond prices
from central bank asset purchases since, in this case, banks will not increase their demand

for bonds in response to an increase in deposit funding.

3.2 The Case of Two Traded Securities

To demonstrate that supply- and reserve-induced portfolio balance effects are distinct, we
now consider the case with two traded securities, a short bond S and a long bond L. We

note that, for the US and the UK, the relevant case is one in which long-term bonds are
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purchased as discussed so far. However, to demonstrate that the reserve-induced portfolio
balance channel can affect long-term bond prices without any purchases of long-term bonds
as argued in CK, we need to study the augmented model with two traded securities described
in the appendix and briefly summarized in the following.

To map to the analysis in CK, we consider a situation in which the central bank is
implementing a QE program through purchases of short bonds only, i.e., dSep > 0 and
dLcp = 0.

Using notation similar to the one introduced in Section 2, banks’ demand for short and

long bonds are given by
Sp = f3(Ps,Pr,Eg+ Dp) and Lp = f§(Ps,PL,Ep + Dp),
while the corresponding demand functions of the nonbank institutions are
Svp = fyp(Ps,PL,Exp) and Lng = fp(Ps,Pr, Eng).

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

L L
+%_%(P 6fNB+P

ofL
Py s+ ore — ore 9Ps 8PS) (37)

dScp A

where

_ (Ofkp Of  OfE,, OfNp Ofks\\(0fs . Ofs
A = (aPS oPs  oFy S aps T ops ))( op, +8PL>
ofks , 0fF  Ofk,, Ofng Ofkp\\ (OfNB
<8PL top, " or, T op, o, >>(

N 6f§>
0Pg OPg/’

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

e . . . .. . afs
institutions is characterized by perfect price elasticity, i.e., ggf — o0o. 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. These assumptions ensure that the central bank purchases will
be performed with nonbank entities as counterparties, which allows us to demonstrate the
reserve-induced portfolio balance effect most clearly, but we stress that these assumptions are

not necessary to ensure its existence. Combined the two assumptions reduce equation (37) to

off
dPp ary s (39)
~ afL ofS fs ofk ofL  ofk ofS ofL )
Won —GhPs(ChE + i) - (TR + 5 - s (P T + PR

Second, we assume that all cross price elasticities are zero, say, af £ =(, i.e., we are in
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the extreme case of no substitution effects between assets. This reduces equation (38) to

_9Ep
by, _ oFp_ % >0 (39)
dScp  Of%s | 0I5 _ p Ofkp 0I5 .

o T ar — PL557 o

. afk afkL
Since we assume standard preferences for banks and nonbanks, g gLB < 0 and (f)fTi < 0, and

we continue to assume that banks respond to changes in their funding conditions by balancing
their portfolios, i.e., % € (0,1), it follows that the long bond price response to QE short
bond purchases in equation (39) is positive.

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. This makes the point that in a general setting with multiple securities, supply-
and reserve-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 balance
effect on long bond prices. However, reserve-induced portfolio balance effects can continue
to exist provided the QE transactions are performed with nonbank financial institutions and
runs 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 supply- and reserve-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.

4 Empirical Support for Reserve-Induced Portfolio Effects

The portfolio model analyzed in the previous sections predicts that if central bank asset
purchases are conducted in short-term assets only, standard supply-induced portfolio bal-
ance effects would not materialize, and bond risk premiums would only be affected provided
reserve-induced portfolio balance effects are operating. CK present evidence for exactly such
reserve-induced portfolio balance effects on long-term bond prices around three announce-
ments of central bank reserve expansions in Switzerland in August 2011. These expansions
were achieved without any purchases of long-term securities.

When the central bank is buying long-term bonds, however, both supply-induced and
reserve-induced portfolio balance effects can affect bond risk premiums. The QE programs
of the Federal Reserve, the Bank of England, the Bank of Japan, and the ECB all included
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purchases of long-term securities, and the many event studies of the financial market reactions
to the announcements of these programs hence cannot identify supply- and reserve-induced
effects separately. Despite this inability to distinguish between supply- and reserve-induced
effects directly, it is still possible to empirically verify whether the necessary conditions for
reserve-induced portfolio balance effects to exist are satisfied. When central bank asset pur-
chases are conducted with a range of financial intermediaries that includes an important
share of nonbank entities, commercial bank balance sheets 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 this paper. Instead, as a case study, we take a closer look at the literature and available
data for the QE programs conducted by the Federal Reserve since the global financial crisis.
As we explain below, the evidence suggests that the Federal Reserve’s later QE programs
in particular were conducted mainly with nonbanks, that bank balance sheets increased in
connection with the asset purchases, and that banks indeed did respond to these changes in
their portfolio compositions. There is hence ample scope for reserve-induced portfolio balance
effects to have played a central 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. (2015). They analyze data on US financial flow 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 US 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. During the second QE program (QE2) from November 2010 to
June 2011, in contrast, 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.

The analysis of Ennis and Wolman (2015) unfortunately does not extend to the Federal

“In the case of the UK, Joyce et al. (2011) describe how the Bank of England’s asset purchase programs
initially were 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 US 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 US bank liabilities are measured as the two-month moving average change in total bank

liabilities less borrowing from US banks, also measured in billions of dollars. Sources: Federal Reserve,
SOMA accounts, and FRB.HS.

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 MBS 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 direction 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 bank balance sheets of very similar size to
the asset purchases. This association is statistically highly significant. Thus, this evidence
is consistent with the findings reported in Carpenter et al. (2015) and suggests that the
necessary conditions for reserve-induced portfolio balance effects to exist likely were 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 necessary key
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assumption in our theoretical portfolio model for reserve-induced portfolio balance effects to
exist.

Overall, we find that the necessary conditions for reserve-induced portfolio balance effects
to have played a role for the financial market response to the Fed’s QE programs are likely
satisfied. The extent to which they have mattered for the transmission of QE in the US is

ultimately an empirical question that we leave for future research.

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 to 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 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 as there is no
expansion of banks’ balance sheets in this case.

The model gives a theoretical characterization of the circumstances under which reserve-
induced portfolio effects can exist. Reviewing recent research and data, we find that these
circumstances are likely to have been met for recent Federal Reserve QE programs. Unfor-
tunately, the data do not allow us to empirically identify the importance of reserve-induced
effects relative to supply-induced effects in contributing to the transmission of QE to asset
prices. Hence, we leave this important question for future research.

More generally, the model suggests that financial market structure, the business models of
financial market intermediaries and their portfolio optimizing methods, and bank regulation
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
entities. Thus, a promising avenue of future research could be to analyze the implications of
bank regulation such as the enforcement of leverage ratios for the transmission of QE to asset
prices.

Finally, the existence of a reserve-induced portfolio balance channel may also have impli-

17



cations for monetary policy itself. For example, at the operational level, QE programs may
be effective in 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 limited

supply of long-term securities of sufficiently high credit quality.
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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 ¢ and j superscripts.
The Central Bank

The central bank balance sheet is now given by
PsScp + PLLce = 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 + dPp Lo + PrdLeop — 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
PsSnpg + PLLng + Dng = EnB, (42)

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

Changes in its equity position is determined as a residual from the flow identity
dEnp = dPsSnp + PsdSnpg +dPLLng + PLdLnp +dDnB. (43)
When it sells assets, the nonbank financial sector gets deposits
PsdSng + PrdLng = —dDnB. (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

Svs = fup(Ps,Pr,Enp), (46)
f%5(Ps, PL,EnB), (47)

LnB

while the amount of demand deposits is determined as a residual from the budget constraint and given in
equation (44).

We assume standard preferences with negative own-price effects

OfNs Ofks
0 d 0 48
OPs < an oL < (48)
and positive cross-price effects
Ofxs Ofks
0 d 0 49
oL > an OPs > 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.,

of%s _ Offs
8ENB aENB

=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

_ Of%s OfNB

dSnye = OPs dPs + op, dPy, (51)
_ Offks dfie

dLnp = 9Ps dPs + oP, dPy. (52)

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

changes is given by

s s L L
dDnp = —Ps (%fg: dPs + %fgLB dPL) - Pr, (aafgsB dPs + %fgLB dPL)- (53)

The Banking Sector

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

where Sp represents banks’ holdings of short bonds, Lp is their holdings of long 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. As a consequence, 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 banks’ reserve holdings

dR =dDp — PsdSp — PrdLp. (55)

Changes in bank equity are determined as a residual from the flow equation (54)
dEB = PsdSg + PsdSg + LdPr, + 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 are given by

SB
Lp

f3(Ps, Pr,Ep + Dp), (56)
f&(Ps, P, Eg + Dp). (57)

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

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

of3 ofs
ap. >0 and Fol >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 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 leads to increased demand for short and long bonds
afy

0< 7=-<1 and 0<8f}§<1 (60)
8FB 8FB '

These bond demand sensitivities to changes in deposit funding are crucial for our results. Specifically, demand
for long bonds is positive as banks who 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 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 therefore not available to fund bond purchases.

Either way, this implies that

Of3(Ps, Pr, Ep + Dp) o OJE(Ps, Pr, Bp + Dp)
O0Fp OFgp

dEp = 0. (61)

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

_ 0f5 ofp ofs
_ 9fE of5 afs
dLp = FprdPs+ ZpdPi+ 5edDs. (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 that we think are appropriate in order to capture the zero lower bound
environment in which QE is usually performed, and evaluate the model implications under those assumptions.

To begin, equilibrium in the bond markets requires that

dSng +dSp +dSce = 0, (64)
dLng +dLg +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
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_ i Offip 0f5 ofk 015
dlyp+dly = —FEdPs+ JFLAPL + gl dPs + 5Py + 52 dDp (66)
ok ork ok ork
= —af g: dPs + 6f gLB dPp + aj:i dPs + 8{5 Py (67)
0% Ofne OfNe Ofe Of%p
—E(-P dP dP) — P, dP dP
+ o~ Po(GpedPs + GpEAPL) = Pu(GREdPs + RAPy))
= 0.

This can be rearranged to yield

orkn 01k 01k p 0I%s

ofie ofks  Ofk Ofk  , Offs  , Offs\\ _
oPs oPs 0F ))+dpy (G5B (P +P AR ) = 0. (68)

P 9/B _
T P, TopP. oFs" S 0P op;,

® 9Ps dPs

dPs (

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

_ Ofnm fyp ofs ofs ofs
dSnyp +dSp = OPs dPg + ap, dPr, + 8PSdPS+ 8PLdPL+ 8FBdDB (69)
ofs oFfs ofs ofs
= éfgf dPs + ggLB dPr, + a}’;i dPs + ag dPy, (70)
ofp fxs fxs ks dfis
ZB(_p dP. dP;) — P (ZNB gpg + ZINB p
+8FB( s(Gpg W05+ p, 4Pr) = PulZp 2dPs + -5 L))
= —dScp.

This can be rearranged to yield

dfnp %_afg fnp OfNs ofns %_Bfg fnp OfNs _
ops Tors o, ops TP ops ))+dPL( or, Top, ars 5 op, Tt op, )) = —dScp. (71)

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

responses to the central bank short bond purchases (%7 d‘éiSB) that we are interested in solving for. This

system can be written on matrix form as

(o)) (i ) ™
v 8 dPr, —dSca

where
_ 9f%p | 31K _ 9tk (p_9ixm CIS TR
o a=GEE 4 5 — G (Psop2 + P
dPg dPg dFp 9Pg oPg /2
_ 9ikp | 3E _ Off (p 9ixE CIS TR
o B= + o5 _ 05 (pSNe 4 p N
opPr, opP;, = OFp oPL, opr;, /)
_ OfR afg  of N Ofk .
* V= by T aps ok Fsope + PLgpl);
afs afs afs afy afk
° 6: NB + B __ B(PS NB +PL NB).

oPL, 9P, ~ OFp

Solving for the two bond price changes, we have that

BdS
s\ 1 [0 P 0 _( w5 ). (73)
dPry, ad — By - o« —dScs %

Thus, the general result is that

dPs 3 Py a
_ d - , 4
dScs a0 — By % 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. As a consequence, we assume the short bond price
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to be one, 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

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 get as their deposits increase following the QE
of8 _

purchases, so oFe 0. Now, we can focus on the response of the price for the long bond
rk off _ oJf afR af K
dP _ _ aps T ore — ary Psapy + PLop) (75)
dScm A ’
where
A = ad-—py
- (Mhw | Otk OFb p Ofs | p Okn)) (01 015
OPs 0Ps OFp OPs OPs OPr, OPr,
(kw0108 01 | p, Olkn)) (OFs | 015
OPr, 0P, 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., ag gSB — 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
dpPr aF}‘; Ps (76)
dScp = _ofk AfR afg ark ofk  ork Afy ark ’
_OFips( agLB + BPji) - agLB + ﬁ - BF}; (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

ork
dP, —aFr, 1S
L= L LBFB 7z > 0 (77)
dSCB 8fNB + 8fB _ 8fB 8fNB
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
infinitisimally 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, no prices would change any further. But we assume that banks do
react, by increasing their demand for long bonds in an effort to seek 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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