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Abstract

We develop a model in which capital moves quickly within an asset class, but slowly between
asset classes. While most investors specialize in a single asset class, a handful of generalists can
gradually reallocate capital across markets. Upon the arrival of a large supply shock, prices of risk
in the directly impacted asset class become disconnected from those in others. Over the long run,
capital flows between markets and prices of risk become more closely aligned. While prices in the
directly impacted market initially overreact to the supply shock, we show that prices in related asset
classes underreact under plausible conditions. We use the model to assess event-study evidence on

the impact of recent large-scale asset purchases by central banks.
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1 Introduction

How do large supply shocks in one financial market affect asset prices in other markets? For example,
in recent years the Federal Reserve and other major central banks have purchased large quantities of
long-term government bonds in an attempt to drive down long-term borrowing rates throughout the
economy. In response, there has been an active debate amongst academics and policymakers about the
extent too which these “quantitative easing” policies have impacted the prices of financial assets—such
as corporate bonds and equities—outside of the market for government bonds.

If all investors can frictionlessly trade each different asset class, then financial markets are fully
integrated and all investors will price exposure to common risk factors in the same way. Furthermore, a
shock to the supply of one asset class will lead all investors to identically adjust the way they price risk.
However, if markets are more segmented—i.e. if some assets are held by specialists who are unable to
trade across different markets, then in the wake of a large supply shock the way that specialists in one
market price risk may become disconnected from the way it is priced by those in other markets. For
example, interest rate risk may be priced differently by specialists in the government and corporate
bond markets following a large shock to the supply of government bonds.

Over the longer run, however, the forces of arbitrage should ensure that capital will flow from mar-
kets where prices of risk are low to markets where prices of risk are high, narrowing these differences.
But the process of market integration can be slow, because generalist investors with the flexibility to
trade across asset classes can do so only gradually. For example, investment committees at pension
funds and endowments—who have this flexibility—typically only reallocate capital annually or bian-
nually. And, cross-market arbitrage is risky because risks cannot be easily unbundled from assets, so
generalist investors may not aggressively trade across markets, even when they can. As a result, it
may take time for a large supply shock in one market to fully propagate into other markets.

In this paper, we explore how the pricing of two risky asset classes, denoted assets A and B,
responds to a large shock to the supply of one asset class, say asset A. In our model, risk-averse
investors absorb shocks to the supply of these two assets, which are exposed to a common risk factor.
Since the two assets are close substitutes, in the absence of asset-pricing frictions, their prices would be
tightly linked by cross-market arbitrage. Our key contribution is to show how a shock to the supply of
asset A is reflected over time in the price of asset B in a setting where there are two key asset pricing
frictions. First, the markets for the two asset classes are partially segmented as in Gromb and Vayanos
(2002). Specifically, a first group of investors (“A-specialists”) can only trade asset A, a second group
(“B-specialists”) can only trade asset B, and only a final group (“generalists”) can trade both asset

A and asset B. Second, the generalist investors can only rebalance their portfolios gradually over



time as in Duffie (2010), so capital moves slowly between the two markets. In combination, these
two frictions imply a rich and realistic set of asset price dynamics following a supply shock that only
directly impacts one market.

For concreteness, we focus our main analysis on a setting where asset A represents long-term
default-free government bonds and asset B represents long-term defaultable corporate bonds. We
have chosen this setting since we believe that our model provides a useful framework for understanding
how quantitative easing policies might impact asset classes not directly purchased by central banks.
However, we show that the insights from our model are quite general and emerge so long as the two
assets are exposed to a common risk factor. For example, we show that our model can be easily adapted
to understand how a shock to the demand for U.S. stocks would impact the prices of European stocks.

In the setting we have just described, what happens when there is an unanticipated supply shock
in one market? Suppose, for example, that the Federal Reserve announces that it will sell a large
portfolio of long-term U.S. Treasury bonds, permanently expanding the amount of interest rate risk
that investors must bear in equilibrium. Treasury market specialists react immediately to this shock,
absorbing the increased supply into their inventories. The risk premium on long-term Treasury bonds
will rise, lifting their yields. However, Treasury yields will overreact—the short-run price impact will
exceed the long-run impact—because the amount of capital that can initially accommodate the shock
is limited to specialists and a handful generalists. Over the long-run, generalist investors will allocate
additional capital to the Treasury market, reducing the price impact of the supply shock at longer
horizons. Price dynamics of this sort are similar to those described in Duffie (2010), who explores the
pricing implications of slow-moving capital for a single asset.

Our key contribution is to show how prices evolve in the second related market that is not directly
impacted by the supply shock. Specifically, consider how corporate bond prices will react to a large
shock to the supply of long-term Treasuries. Corporate bonds are indirectly affected by this shock
because generalist investors respond by increasing their holdings of long-term Treasuries and reducing
their holdings of long-term corporate bonds. These cross-market capital flows drive down the prices
of corporate bonds and push up corporate bond yields. In this way, the trading of generalist investors
transmits the supply shock across markets, serving to increase market integration.

Under plausible parameter values, we show that corporate bond yields will underreact to this shock
to the supply of government bonds: the short-run price impact is less than the long-run impact. This
stands in contrast to the initial overreaction of Treasury yields. The simultaneous overreaction and
underreaction in different markets is driven by the fact that generalists only reallocate capital slowly.
As a result, it takes time for financial markets to fully digest large supply shocks.

The price dynamics in our model depend critically on the fractions of specialists in each mar-



ket, the number of time periods it takes generalists to rebalance their portfolios, and the degree of
substitutability between the two assets. The fraction of specialists and generalist investors play an
especially important role. When there are a small number of slow-moving generalists, the Treasury
market overreacts while the corporate market underreacts to the shock to Treasury supply. However,
if there are many slow-moving generalists, both markets overreact to the Treasury supply shock.

Importantly, we show that both partial segmentation and slow-moving capital between markets
are needed to generate short-run underreaction in the indirectly affected market. Specifically, if there
is only slow-moving capital—i.e., if all investors can trade both assets, but some investors can only
rebalance their portfolios gradually—then we always obtain short-run overreaction in both markets.!
This is because, in this case, prices in both markets reflect a common set of factor risk prices charged by
fast-moving generalist investors. To be sure, these prices of risk will initially overreact to a large supply
shock because some investors are slow-moving, but the overreaction is the same in both markets.

A natural application of our model—and one that motivates our analysis—is the assessment of
large-scale asset purchases by central banks. A key question about these “quantitative easing” policies
is whether they impacted prices outside the market in which the central bank is directly transacting.
The favored methodology for answering this question—and one used in dozens of recent papers—
has been a short-run event study approach that examines price changes on days when purchases are
announced. Some studies have concluded that the impact is most pronounced in the directly impacted
market, with only modest spillovers to other related markets (Krishnamurthy and Vissing-Jorgensen
[2011, 2013] and Woodford [2012]). Others have suggested that, at longer horizons, the spillovers to
other markets are more significant (Mamaysky [2014]).

The short-run event study methodology was originally developed in the 1960s to assess whether
prices rapidly impound news about fundamentals (Fama, Fisher, Jensen, and Roll [1969]). However,
in recent years, event studies have increasingly been used to measure changes in risk premia. Our
model crystallizes the limitations of this approach, particularly when one is interested in assessing
price impact across partially segmented markets. Specifically, even if prices immediately impound
fundamental news—as they do in our model—it may take time for risk premia to normalize across
markets following a large supply shock.

Our model is closely related to three strands of research in financial economics. The idea that front-
line arbitrageurs in financial markets are highly specialized traces back to Merton (1987) and Grossman
and Miller (1988), and is a central tenet of the theory of limited arbitrage (De Long et al [1990], Shleifer
and Vishny [1997], and Gromb and Vayanos [2002]). A small literature in finance describes asset prices

and returns in partially segmented markets (Stapleton and Subrahmanyam [1977], Errunza and Losq

'This corresponds to a multi-asset version of Duffie’s (2010) model which is developed in Bogousslavsky (2016).



[1985], Merton [1987]). More recently, a number of researchers have demonstrated downward-sloping
demand curves for individual financial asset classes, which would be puzzling if markets were fully
integrated (Gabaix, Krishnamurthy, and Vigneron [2007], Garleanu, Pedersen, and Poteshman [2009],
Greenwood and Vayanos [2014], and Hanson [2014]). These researchers often motivate their analysis
by positing an extreme form of market segmentation, in which a different pricing model is used to price
the securities in each distinct asset class. In our model, trading by slow-moving generalists links these
market-specific pricing models together over time, offering a middle ground between models positing
extreme segmentation and traditional models featuring perfect integration.

Second, our paper is related to research on “slow-moving capital,” which is the idea that capital
does not flow as quickly towards attractive investment opportunities as textbook theories might suggest
(Mitchell, Pedersen, Pulvino [2007], Duffie [2010], Acharya, Shin, and Yorulmazer [2013]). Here, our
model draws most heavily from Duffie (2010), who studies the implications of slow-moving capital for
price dynamics in a single asset market. Compared to his paper, our key contribution is to analyze
the price impact of supply shocks across multiple partially-segmented asset markets as well as the
resulting patterns of cross-market arbitrage.?

Third, our model is a overlapping-generations, rational-expectations model in which mean-variance
investors with finite investment horizons trade an infinitely-lived asset that is subject to supply shocks.?
From a technical standpoint, we show how to incorporate both partial market segmentation and slow-

moving capital into this workhorse class of asset pricing models.

2 Model

We develop the model in three steps. First, we develop a stylized, linear model for pricing long-term
default-free bonds and long-term defaultable bonds. Second, we introduce our two key asset pricing
frictions, namely, partial market segmentation and slow-moving capital across markets. Finally, we
solve for the rational expectations equilibrium in this setting. While we focus on two fixed-income
asset classes in our main analysis, the insights from our model are completely general and emerge so
long as the two assets are exposed to a common risk factor. Indeed, in the Internet Appendix, we
develop a model for pricing two risky equity claims that shares the same formal structure and delivers

the same insights as the model we develop below.

?Duffie and Strulovici (2012) present a model of the movement of capital across two partially segmented markets, but
their focus is on the endogenous speed of capital mobility, which we take as exogenous.

3Thus, many of the technical issues that we must address are foreshadowed in this literature, including De Long,
Shleifer, Summers, and Waldmann (1990), Spiegel (1998), Bacchetta and van Wincoop (2010), Watanabe (2008), Banerjee
(2011), Greenwood and Vayanos (2014), and Albagli (2015).



2.1 Long-term bonds

We consider a model with two perpetual risky bonds, A and B. Both A and B bonds are exposed to
interest rate risk. The B bonds are also exposed to default risk, making them a partial substitute for

the A bonds.

A-bonds The A perpetuities are default-free and pay a coupon of Cy4 each period, so the gross

return on A bonds from time ¢t to £t + 1 is

Paii1+Ca

1+ Rap1 = P
,t

where P4 in the price of A bonds at time ¢.

To maintain tractability, we must assume that asset prices (or yields) and expected returns are
linear functions of a vector of state variables. Although stylized, this linearity assumption is common
in rational expectations models like ours where mean-variance investors absorb stochastic supply
shocks. In order to apply our model to fixed income assets, we (i) substitute log returns for simple
returns throughout and (ii) use a Campbell-Shiller (1988) linearization of log returns. This modelling
approach is also used in Hanson (2014) and Hanson and Stein (2015). We view (i) and (ii) as linearity-
generating modelling devices that do not impact the qualitative conclusions that we draw from the
model. Together these modelling devices allow us to develop a discrete-time analog to the continuous-
time term structure models in Vayanos and Vila (2009) and Greenwood and Vayanos (2014).

Consider the Campbell-Shiller (1988) log-linear approximation to the return on A perpetuities.
Specifically, defining 84 = 1/ (1 + Cy4) < 1, the one-period log return on A bonds is approximately

Dy Djy—1
— ——
1 04
a1 =In(14+ Rag41) ® ——Yat — — YA+l (2)
1-04 1—-04

where y 4 is the log yield-to-maturity on A bonds at time ¢ and

1 Ca+1

D — —
A 1—-04 Cy

3)

is the Macaulay duration when the bonds are trading at par.* Thus, the log excess return on A bonds

*This approximation for default-free coupon-bearing bonds appears in Chapter 10 of Campbell, Lo, and MacKinlay
(1997) and is an approximate generalization of the fact that the log-return on an n-period zero-coupon bond from ¢ to
t+ 1 is exactly Tn,t41 = NYn,t — (N — 1) Yn—1,+41 where, for instance, yn,: is the log yield on n-period zero-coupon bonds
at time ¢. We review the derivation in the Internet Appendix. Our approximation for defaultable bonds in equation (6)
then follows trivially since we assume that default losses are a random fraction of market value.



over the short-term interest rate from time t to ¢t 4+ 1, denoted 74, is

N 1 04
TTAL+1 =~ myA,t - 1_ HAyA,tJrl —Tt. (4)

B-bonds The B bonds are also exposed to default risk. Specifically, consider a homogenous portfolio
of perpetual, defaultable bonds each of which promises to pay a coupon of C'p each period. Suppose
that a random fraction h¢y1 of the B bonds default at ¢ + 1 and are worth (1 — L¢y1) (Pri41 + C)
where 0 < Ly41 < 1 is the loss-given-default as a fraction of market value. The remaining fraction
(1—hy¢41) of the B bonds do not default and are worth (Pp 11 + C). Thus, the return on the portfolio

of B bonds is
(1= Zy1) (Ppiy1+Cp)

1+ Rpty1 = oy ; (5)

where Z;11 = hyy1 L1, satisfying 0 < Z;41 < 1, is the random portfolio default realization at time
t+1. This stylized formulation of default risk follows Duffie and Singleton’s (1999) “recovery of market
value” assumption which has become standard in the credit risk literature.

As a above, we use a Campbell-Shiller (1988) log-linear approximation to the return on these

perpetual bonds. Specifically, the log excess return on B bonds from time ¢ to ¢ + 1 is

: L (6)
- —Zty1— T
1— 05 YBt — 1 05 YBt+1 — Zt+1 — Tt

rTR 41 ~

where 0p = 1/(1+ Cp) and 2z, = —In (1 — Z;) is the log default loss at time ¢. Relative to equation

(4), the additional z;11 term in equation (6) reflects the default realization that is specific to B bonds.

Risk factors There are three different sources of risk in our model: interest rate risk, default risk,
and supply risk. First, both the A and B bonds are exposed to interest rate risk. There is an exogenous
short-term interest rate that evolves randomly, so both long-term bonds will suffer a capital loss if
short-term rates rise unexpectedly. Second, the B bonds are exposed to default risk: the future period-
by-period default realization is unknown and evolves randomly. Finally, both bonds are exposed to
supply risk: there are random supply shocks which impact the prices and yields on long-term bonds,
holding fixed the expected future path of short-term interest rates and expected future defaults. Thus,
using Campbell’s (1991) terminology, interest rate risk and default risk are forms of fundamental “cash
flow” risk, whereas supply risk is a form of “discount rate” risk.

Concretely, we make the following assumptions:

e Short-term interest rates: The log short-term riskless rate available to investors between

time ¢ and t 4+ 1, denoted 74, is known at time ¢. The short-term rate r; follows an exogenous



AR(1) process
T4l =T+ pp (re —T) +Erpa1, (7)
where Vary [eri41] = 03. One can think of the short-term rate as being determined outside

the model either by monetary policy or by a stochastic short-term storage technology that is

available in perfectly elastic supply.

e Default losses: The default process z; also follows an AR(1) process

241 =2+ p, (2t — Z) + €2041, (8)

where Varg [e,+41] = Ug. The variance of z;y1 influences the degree of substitutability between

the A and B bonds.

e Supply: Both bonds are available in an exogenous, time-varying supply. The two bonds are
subject to different supply shocks which also limits their substitutability for generalists investors.

Specifically, the supply that investors must hold of A bonds evolves according to

SAt+1 =54+ ps, (844 —54) +Esq 041, 9)

where Vary [e5, 1+1] = o? .+ Similarly, the supply that investors must hold of B bonds evolves as

5Bt+1 = 5B + Ps, (5Bt — 8B) + Esp 41, (10)

_ 2
where Vary [esp 141] = 0%, -

Note that we have made no assumptions about the correlation structure among the four underlying
shocks €, 141, €2,t4+1, €sa,t+1, and €55 ¢+1. Indeed, our model can be solved for any arbitrary correlation
structure among these shocks. However, in our numerical illustrations in Section 3, for simplicity we
will assume that the four underlying shocks are mutually orthogonal. Because of the clarity that it

affords, this assumption is common in asset pricing models with noisy asset supply.

2.2 Market structure

There are three types of investors—A-specialists, B-specialists, and generalists—all with identical risk
tolerance 7. Investors are distinguished by their ability to transact in different assets and the frequency

with which they can rebalance their portfolios.” Because only a subset of generalist investors can trade

® Allowing for heterogeneity in risk aversion does not change the asset-pricing implications of our model. Indeed, an
economy with arbitrary heterogeneity in risk aversion is isomorphic to the economy we describe below. With hetero-



both the A and B bonds, the markets are partially segmented. Furthermore, capital moves slowly

between the two markets because the generalists can only rebalance their portfolios gradually.

A-specialists Fast-moving A-specialists are free to adjust their holdings of A bonds and the riskless
short-term asset each period; however, A-specialists cannot hold B bonds. A-specialists are present
in mass g4 and we denote their demand for A bonds by b4 ;. Fast-moving A-specialists have mean-

variance preferences over 1-period portfolio log returns. Thus, their demand for A bonds is

E; [T$A7t+1]
Vary [rea]

(11)

bA,t =T

B-specialists Fast-moving B-specialists can adjust their holdings of B bonds and the riskless short-
term asset each period, but cannot hold A bonds. B-specialists are present in mass ¢g and their
demand for B bonds is denoted bp ;. B-specialists also have mean-variance preferences over 1-period

portfolio log returns, so their demand for B bonds is

Eilrep 1]

. 12
Vary [rep¢41] (12)

bB,t =T

Generalists Slow-moving generalists can adjust their holdings of both A and B bonds, as well as
the riskless short-term asset, but can do so only every k periods. Generalists are present in mass
1 — qa — qp. Fraction 1/k of these generalists investors are active each period and can reallocate
their portfolios between the A and B bonds. However, they must then maintain this same portfolio
allocation for the next k periods. First introduced in Duffie (2010), this is a simple way to model
the frictions that limit the speed of capital flows across markets and is reminiscent of New Keynesian
models of nominal price rigidity in which firms only adjust their nominal prices every k periods (e.g.,
Fischer [1977] and Taylor [1979]).

Slow-moving generalist investors have mean-variance preferences over their k-period cumulative
portfolio excess return. Defining rxa—i1r = Zle TTA 4+ and rTR 4k = Zle rTR+4; as the
cumulative k-period returns from ¢ to ¢+ k on A and B bonds, the k-period portfolio excess return of

generalists who are active at ¢ is

TTd, t—t+k = dAt X TTA itk + ABt X TTB t—ttk- (13)

Thus, generalist investors who are active at time ¢ choose their holdings of A and B bonds, denoted

geneous risk aversion, one should interpret 7 as the aggregate risk tolerance of all investors in the economy, g4 as the
fraction of aggregate risk tolerance attributable to A-specialists, gp as the fraction attributable to B-specialists, and
1 — ga — qB as the fraction attributable to generalists.



das and dp, to solve

max { By [raa, k] — 27) 7 (Var [rza, i) |- (14)
da,t,dB ¢
This implies that
-1
dA,t - Vary [rxA,tﬂt%*k] Covy [TSL'A,thJrka pr,tﬂt%*k] L [T«'L’A,tﬂtﬁ»k] (15)
dB,t Covy [rxA,th%»k? TxB,thJrk] Vary [pr,th+k] E, [T$B,tﬁt+k]

E; IirxA7t~>t+k):| E¢ [TCL‘B t~>t+k]
Vardreai—itri) ﬁB\A Vardrep t—i+k)
1— R2(k) Ei[rep i —iik] ﬁ Ei[rzaiiir

Varirep itk A|BVart[rea t— i+

T

where, for example, ﬁ AlB is the coefficient from a linear regression of rz g 4 yr on 1z 144 and RZ( )
is the goodness of fit from this regression.%:”

Equation (15) says that, all else equal, generalist investors allocate more capital to market B
when the expected return on B bonds is higher. Furthermore, assuming that A and B bonds comove
positively (i.e., Bff')B > 0), generalists allocate less capital to market B when the expected return on
A bonds is higher. In this way, the response of generalist investors transmits shocks to the supply of
A bonds to the B market, promoting cross-market integration over time. Cross-market capital flows
become more responsive to differences in expected returns between the two markets when the two
bonds are closer substitutes (i.e., when R B is higher). In the limit as the two bonds become perfect

substitutes (i.e., as R?A(g approaches 1), generalist investors become extremely aggressive in exploiting

any cross-market pricing differences.

Remarks on market structure The market structure we have described is a natural way to cap-
ture the industrial organization of real world asset management. Due to agency and informational
problems, savers are only willing to give asset managers the discretion to adjust their portfolios quickly

if the manager accepts a narrow, specialized mandate. These same agency and informational frictions

% All investors in our model are myopic—i.e., they make a one-time decision to maximize expected utility over terminal
wealth at some future date—which means that we are shutting off intertemporal hedging motives that stem from time
variation in risk premia. However, introducing these intertemporal hedging motives would not qualitatively alter our
main conclusions. This is because, in settings like ours where risk premia are mean-reverting (here due to mean-reverting
supply shocks), these intertemporal hedging motives tend to push in the same direction as myopic, mean-variance motives
for holding risky assets (see e.g., Campbell and Viceira (1999) and Albagli (2015)).

"We obtain similar results if we alter equation (14) to reflect the fact that the cumulative return from rolling over
an investment at the short rate for k periods, Zi:ol Ti4s, is unknown at time ¢. As in Campbell and Viceira (2001),
this adds a hedging motive for holding long-duration assets that have high excess returns when short rates turn out to
be lower than expected. Formally, this means that generalists solve maxa, , ap , {Et [rpt—t+k] — % (Vars [TPJ_;tJ'_k])}
where rp itk = (Zf_ol Tegi)+dae X (Zf LT A t4i) —|—dB + X (ZZ L 7B t+:). The solution takes the same form as (15),
replacing E; [Z _ TTA i) with Ey [Z L TTA) — T L Covs [Zle rm,ﬁr“ Zf:() r+4:] and similarly for the B bonds.



also mean that savers are only willing to give managers the discretion to adjust quickly if the manager
gives them an open-ended claim (Stein [2005]). As a result, fast-moving investors often have endoge-
nously short horizons. By contrast, most institutions, such as endowments and pensions, that have
longer horizons and possess greater flexibility to reallocate capital across asset classes are subject to
governance mechanisms—themselves a response to informational and agency frictions—that limit the
speed of any such capital movements.

In this paper, we regard the parameters governing market structure—i.e., g4, ¢p, and k—as fixed
and exogenously given. To be sure, the relevant empirical values for these parameters depend crucially
on the two asset classes being considered. Taking these parameters as fixed and given allows us to
draw out the asset-pricing implications arising from partial segmentation and slow-moving capital.
In this regard, we are following Bacchetta and van Wincoop (2010, 2017), Duffie (2010), Chien,
Cole, and Lustig (2012), and Bogousslavsky (2016) who all assume a fixed, exogenous rebalancing
frequency. Endogenizing these parameters is challenging and is beyond the scope of the present paper.
In principle, one could consider an equilibrium in which g4, qg, and k take on a set of fixed values such
that A-specialists, B-specialists, and generalists all have the same expected utility in the long-run (see
Oehmke [2009] for such an analysis). Relatedly, one could also allow generalists’ rebalancing frequency
and, hence, the speed of capital flow across markets could vary over time as in Duffie and Strulovici

(2012).

2.3 Equilibrium

To solve for a rational expectations equilibrium of our model, we need to clear the market for both
the A and B bonds in a way that is consistent with (i) optimization on the part of A-specialists,
B-specialists, and generalists and (ii) where all agents correctly perceive the laws of motions for all

exogenous and endogenous variables.

Market clearing In market A at time ¢, there is a mass g4 of fast-moving specialists, each with
demand by ¢, and a mass (1 — g4 — gg) X (1/k) of active slow-moving generalists, each with demand
da ;. These investors must accommodate the active supply, which is the total supply of s4; less any
supply held off the market by inactive generalist investors, (1 — g4 — qp) k™! Z?;% da¢—j. Thus, the

market-clearing condition for A bonds is

Inactive generalist

Specialist Active generalist Total bond
demand demand supply holdings
p—— — R 1
qabag  +(1—qa—qp)k~ day = SAt —(1—qa—qB)(k 1Zi:1 dai—i)- (16)

10



The market-clearing condition for B bonds is analogous.

Equilibrium conjecture We solve for a rational expectations equilibrium in which equilibrium
yields and generalist demands are linear functions of a state vector, x;, that includes the steady-state
deviations of the short-term interest rate, the default realization, the supply of A bonds, the supply
of B bonds, inactive generalist holdings of A bonds, and inactive generalist holdings of B bonds.

Formally, we conjecture that the yields on A and B bonds are

YA = g0 + 41Xy, (17)

YB: = apo + QX (18)
and that the demands of slow-moving generalists are

dat =040+ 641xy, (19)

dp = 0po + 01X, (20)
where the 2 (1 + k) x 1 dimensional state vector, x;, is given by

— — — — /
Xt= [Tt—razt—Z,SAt—SAaSB,t—SB,dA,t_1—5A07 T ,dA,t_(k_l)—fSAO;dB,t_1—5Bm T 7dB,t_(k_1)—5Bo] .

(21)

These assumptions imply that the state vector follows an AR(1) process
X1 = I'xy + €141, (22)

where €141 = [Ert+1,E2441,Es4,t41>Espt+1,0,-++, 0]’y Var[e1] = =, and the transition matrix T

depends on generalists’ demand functions (i.e., I' depends on d 41 and dp1).

Equilibrium bond yields Equilibrium bond yields in our model take a natural form. To understand

the equilibrium yield on asset A, rewrite equation (4) as
Yae = B [(1=04) (e + 12a541) + 0ayasi] = Bel(1 = 04) (re+ 7 Vb)) + 0y,

where the second equality follows from equation (11) and Vf(ll) =Vari[reas] =Var [(0a/ (1 —04)) X yass] =

04/ (1 —04))> a'y; Xy is the equilibrium variance of 1-period excess returns on asset A. Iterating
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this expression forward, we find that

Risk premium
Short rate e e
1 A~ — 1
yar= (1= 02) S 04l 70 47V basd. (23)

The equilibrium yield on the default-free A perpetuity is a weighted average of expected future short
rates and future risk premia, where expected risk premia depend on the expected future bond holdings
of A-specialists. (The equilibrium bond holdings of A-specialists are a linear function of the state

vector, x;.) Proceeding similarly for asset B, we obtain

Risk premium

Short rate Default loss e e
yps = (1—08) S 20 05E T + Zont +7 Vi bg ). (24)

The equilibrium yield on the defaultable B perpetuity is a weighted average of expected future short
rates, future default losses, and future risk premia.
Finally, making use the assumed AR(1) dynamics for the exogenous state variables and the market-

clearing condition for asset A, the equilibrium yield on asset A satisfies

Expected future short rates

YAt = {r+ (11__;3) (ry — r)} (25)

Unconditional term premia

+ -(QATY1 V/(ll) (54— (1 —-qa—qB) 5Ao)]

Conditional term premia

1-6,4
+ | (gar) ViV N
—(1=04) (1 —qa—qB) k™" 3720 0 Be[> 5= (datti—j — 040)]

(sat—354)

Thus, for instance, the unconditional, steady-state term premium on the A market perpetuity, depends

on the steady-state bond holdings of A-specialists, namely (54 — (1 — g4 — gB) 0 40) /qa. The yield for
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asset B has an extra term relating to expected future defaults, but is otherwise similar:

Expected future short rates Expected future default losses

Vi — {r + <11—_p053> (re — r)} T {z+ f_‘pf 0o (e z)} (26)

Unconditional term/credit premia
7\

+ [(asm) ™V 5 — (1= a4 — a5) O10)

Conditional term/credit premia
-

1-9 -
() =055, (5Bt~ 5B)

-1
+(gB7)" " Vg 100 i Ee1
(1 =05) (1 —qa—ap) k™ 220 O Be[> 50 (dB,t+i—j — p0)]

Although equations (25) and (26) show that yields in markets A and B take a similar algebraic form,
the risk premia in the two markets will not be the same because of the different risks that market

specialists must bear in equilibrium.

Equilibrium solution As shown in the Internet Appendix, a rational expectations equilibrium of
our model is a fixed point of a specific operator involving the “price-impact” coefficients, (a4, a'5;),
which show how bond supply and inactive generalist demand impact bond yields, and the “demand-
impact” coefficients, (8’41, ’51), which show how bond supply and inactive generalist demand impact
active generalist demands. Specifically, let w = (a1, &gy, 0’41, 0'51) and consider the operator f (wp)
which gives (i) the price-impact coefficients that will clear the two markets and (ii) the demand-impact
coefficients consistent with optimization on the part of generalists when agents conjecture that w = wy
at all future dates. Thus, a rational expectations equilibrium of our model is a fixed point w* = f (w*).

In any rational expectations equilibrium of our model, bond yields always reflect the expected
path of future fundamentals (short rates and default losses). As a result, equilibrium bond holdings
do not depend on fundamentals. This implies that an equilibrium of our model is a solution to a
system of 8k nonlinear equations in 8k unknowns. Specifically, we need to determine how equilibrium
yields and active generalist demand in markets A and B respond to shifts in the supply of A and
B bonds: this generates 8 unknowns and 8 corresponding equations. We also need to determine
how equilibrium yields and active generalist demand in markets A and B respond to the holdings
of inactive generalists: this generates 8 (k — 1) unknowns and 8 (k — 1) corresponding equations. We
solve the relevant system of 8%k nonlinear equations numerically using the Powell hybrid algorithm
which performs a quasi-Newton search to find solutions to a system of nonlinear equations starting

from an initial guess.® To find all of the solutions, we apply this algorithm by sampling over 10,000

$Rational expectations models with noisy asset supply can only be solved in closed-form in very simple, special cases.
For instance, we have only been able to obtain closed-form solutions to our model if we turn off the two key asset pricing
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different initial guesses.

As we detail in the Internet Appendix, when asset supply is stochastic, an equilibrium solution only
exists if investors are sufficiently risk tolerant (i.e., for 7 sufficiently large). When an equilibrium exists,
there are multiple equilibrium solutions. Equilibrium non-existence and multiplicity of this sort arise
in overlapping-generations, rational-expectations models such as ours where risk-averse investors with
finite investment horizons trade an infinitely-lived asset that is subject to supply shocks.’ Different
equilibria correspond to different self-fulfilling beliefs that investors can hold about the price-impact
of supply shocks and, hence, the risks associated with holding the two assets.

The intuition for equilibrium multiplicity can be understood most clearly in the relatively simple
case when there is just a single risky asset and when there are only fast-moving investors. To clarify
the relevant issues, we treat this special case in the Internet Appendix. If investors are sufficiently
risk tolerant there are two equilibria in this special case: a low price impact (or low return volatility)
equilibrium and a high price impact (or high return volatility) equilibrium. If investors believe that
supply shocks will have a large impact on prices, they will perceive the asset as being highly risky. As
a result, investors will only absorb a positive supply shock if they are compensated by a large decline
in prices, making the initial belief self-fulfilling. However, if investors believe that prices will be less
sensitive to supply shocks, they will perceive the asset as being less risky and will absorb a supply
shock even if they are only compensated by a modest decline in prices.

Things are slightly more complicated in our more general model. Specifically, the addition of
multiple risky assets, the partial segmentation of markets, and the introduction of slow-moving capital,
give rise to additional unstable equilibria. However, we always find a unique equilibrium that is
stable in the sense that equilibrium is robust to a small perturbation in investors’ beliefs regarding
the equilibrium that will prevail in the future. Formally, letting w®) = w* + ¢ for some small ¢
and defining w™ = f(w™ V), an equilibrium w* is stable if lim, o w™ = w* and is unstable if
limy, 00 @™ # w*. Let {\i} denote the eigenvalues of the Jacobian D,f (w*). If max; |A;| < 1, then
w* is stable; if max; |[\;| > 1, then w* is unstable.

Consistent with Samuelson’s (1947) “correspondence principle,” which says that the comparative
statics of stable equilibria have certain properties, this unique stable equilibrium has comparative
statics that accord with standard economic intuition. By contrast, the unstable equilibria have com-

parative statics that run contrary to standard intuition.'? Since we will be interested in comparative

frictions—partial segmentation and slow-moving capital—that are the focus our of paper.

For previous treatments of these issues, see Spiegel (1998), Bacchetta and van Wincoop (2003), Watanabe (2008),
Banerjee (2011), Greenwood and Vayanos (2014), and Albagli (2015).

YFor instance, in the simple case discussed above, the low price-impact equilibrium is stable and the high price-impact
equilibrium is unstable. At the stable equilibrium, an increase in the volatility of fundamental shocks or the volatility of
supply shocks is associated with an increase in the price-impact coefficient and an increase in the volatility of returns.
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statics, we focus on this unique stable equilibrium in our numerical illustrations in Section 3. However,

the Internet Appendix discusses the main properties of the model’s unstable equilibria.

2.4 Defining market integration

What do we mean by “market integration”? In well-integrated financial markets where all investors
can frictionlessly adjust their holdings of each asset, each investor prices exposure to common risk
factors in the exact same way.'! For instance, if a set of investors differ in their risk preferences and
their exposures to background risks, then, so long as they all can frictionlessly buy or sell each risky
asset, they will all price exposure to common risk factors in the same way.'> However, all investors will
not price risk in the same way if, as in our model, different investors are bound by different frictional
constraints—e.g., different constraints on the assets they can trade. Below we clarify what it means
for markets to be integrated at different horizons.

Thus, we define markets to be fully integrated in the short run if, at each date, all investors price
exposures to common risk factors in the same way. For example, the pricing of interest rate risk is
integrated in the short run if, at each date, all investors demand the same the expected return per
unit of marginal exposure to short-term interest rate shocks. Similarly, we define markets to be fully
integrated in the long-run if all investors price exposures to common risk factors in the same way on
average—i.e., in the model’s long-run, steady-state. Long-run integration is therefore a weaker form
of market integration than short-run integration. Since investors have the same risk preferences and
face no background risks in our model, investors will price exposures to common risk factors in the
same way if and only if they all hold the same portfolios, which is only possible if all investors hold
the market portfolio.'

The degree of market integration depends on which investors can bear risk at different horizons.

By contrast, these comparitive statics take the opposite sign at the unstable equilibrium.

"Tn frictionless markets the only binding constraint that investors face are their budget constraints. Investors cannot
face binding short-sales constraints, borrowing constraints, or constraints on the set of assets they can trade.

2More generally, if markets are complete (the set of traded assets spans the set of risk factors) and all investors can
frictionlessly adjust their asset holdings, then all investors must share the same stochastic discount factor (SDF)—risk
sharing will be perfect—and this unique SDF will price all assets. If markets are incomplete and all investors can
frictionlessly adjust their asset holdings, then each investor’s SDF will price all assets. While investors’ SDFs may not
be equated state-by-state in incomplete markets—risk sharing may be imperfect, every investor’s SDF must share the
same linear projection onto the space of excess returns—i.e., there is a unique “SDF-mimicking portfolio.” Thus, any
investor’s SDF equals this unique SDF-mimicking portfolio plus a residual term that is orthogonal to all of the excess
returns. This implies that all agents price risk in the same way—i.e., all agents charge the same prices of risk for bearing
additional factor risk at the margin, irrespective of their risk preferences or exposures to other background risks.

13T see the factor risk prices charged by A-specialists, write rza,i+1 — Bt [rxa 1] = ¢/AEt+1 where €41 are the four
factor innovations and ¢, = —[#a/ (1 — 04)] cca1 are the equilibrium factor loadings for A bonds. Since Ey [rxa,y1] =
T Wary reae1]bae = ¢y (7'712(1)1417,4,,5) = @4 a1, the risk prices charged by A-specialists are Aa; = 77 'S 4ba .
Proceeding similarly for B-specialists, we have E; [rzpi+1] = 7 *Vars [rzp,t+1] b = ¢’z (7_12¢Bb3¢) = P5ABt
where ¢ = — [0/ (1 — 0B)] ap1 — e.. Thus, the risk prices charged by B-specialists are A+ = 7712¢Bb37t.

In partially segmented markets the risk prices charged by A-specialists are not consistent with the pricing of asset B
and vice versa (i.e., when (1 —qa —qB) < 1, E¢ [rep,t+1] # @'gAa,c and Ei [rza 1] # @4 AB.t)-
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It is driven by two parameters: (1 —ga —qg) and k.'* The first parameter, (1 — g4 — qg), is the
population share of generalists. This parameter determines the degree of long-run integration between
markets. For instance, if (1 — g4 — ¢p) = 1, markets will be well-integrated in the long-run even if
k is large. When (1 — g4 — g) < 1, specialists in the two markets price risk differently on average;
this is the sense in which the two markets are partially segmented in the long-run. By contrast, active
generalists price risk consistently across the two markets on average; this is the sense in which the two
markets are partially integrated in the long-run.

The second parameter, k, indexes the speed with which generalist capital can flow between markets.
Thus, k& determines the degree of short-run integration between the two markets, holding fixed the
degree of long-run integration. Markets are perfectly segmented if (1 — g4 —¢p) =0 or k — oco. If
either of these conditions holds, the two markets operate independently of each other.

Formally, collect all of the 1-period returns in a vector rxy41 = [r@a41,72B++1) and the asset
supplies in a vector s; = [sa¢,spy)’. Letting rxpy, 141 = sirxy11 denote the excess returns on the

current market portfolio, we define markets to be fully integrated in the short-run if

By [rxi1] = 77 'Wary [1x1] 8¢ = By [1%e41, @01, 441) Bt [reag, 4] (27)

where 3, [tX¢11,7T0m, 141) = Vary [rxe1]se/ (siVarg [rx4—i45]s¢). In other words, markets are fully
integrated in the short-run if, at each date, a conditional-CAPM based on the current market portfolio
prices both the A and B assets. In our model, markets are fully integrated in the short-run if and only
if (1—ga—gp)=1andk = 1. By contrast, when (1 — g4 — ¢p) # 1 or k # 1, this conditional-CAPM
will not price the 1-period returns on the A and B assets.”

Similarly, we define markets to be fully integrated in the long-run if

Erxi k] = 7 Wary rx k] E [st] = BrxXs—irk T237 4 Breag o nls (28)

where B[rX¢ ik, 72374 40 p) = Vare Xk Ese] / (E [sj] Vary [rxsx) E [s¢]) and Elragr, gl =

E[s}] E [rx¢—¢+k]. In other words, markets are fully integrated in the long-run if the same unconditional-

“In our model, news about fundamentals—short-term rates and default losses—is reflected immediately in both
markets. Thus, market integration has nothing to do with the speed at which fundamental news is reflected in prices.

150f course, there is always a unique SDF-mimicking portfolio ¢; = 7 (Var, [rxt+1})71 E; [rx¢41] such that Ey; [rxi41] =
T War, [rx¢+1]ec; = B, [I‘Xt+1,7“$ct*,t+1] N [rmct*,tH] where TTCY 441 = c/'rxi11 and B, [rxtj‘_l,rxc;,t_,.l] =
Vary [rxi41] ci/ (c'Vars [rxi+1] ¢f). However, unless k = 1 and (1 —qa —gg) = 1, we will have ¢} # s; (i.e., the
SDF-mimicking portfolio will differ from the market portfolio) and different agents will price risk in different ways.
When k£ > 1 and (1 — ga — ¢B) < 1, no individual investor will hold the portfolio ¢;. When k =1 and (1 — ga — gB) < 1,
generalists will hold ¢} (i.e., d¢ = ¢f) but A- and B-specialists will clearly not hold c;.

To see the prices of risk implied by cf, let ® = [p, ¢p] denote the matrix of equilibrium factor loadings and
note that By [rxi+1] = 7 'Var, [rxi+1]c; = @ (7_12 (cj"t(ﬁA + cgﬂtqu)) = ®A¢c+ . Thus, the implied risk prices are
Aot =7 'S (cady +cBidp).
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CAPM based on the average market portfolio (rogz, ., = E'[sj]rx4s4x) prices k-period returns
on both the A and B assets on average—i.e., in the model’s steady state where asset supply equals
the long-run average E [s;]. In our model, markets are fully integrated in the long-run if and only if
(1 —gqa —gp) =1, irrespective of k. By contrast, when (1 — g4 — ¢p) < 1, this unconditional CAPM
will not price the k-period returns on the A and B assets in the model’s steady state.

The reason markets are not integrated in our model is because cross-market “arbitrage” is risky
for generalists. Unless (1 — g4 — gp) = 1 and k = 1, full short-run integration fails because generalists
demand compensation for the risk associated with the short-run trades they place to exploit the
differences in the way that A-specialists and B-specialists price risk. Similarly, unless (1 — g4 — gB) =
1, full long-run integration fails because generalists are engaged in a risky cross-market arbitrage trade
even in the model’s long-run steady state. Specifically, when (1 — g4 — ¢p) < 1, generalists will not
hold the market portfolio in the steady state (i.e., E'[da;] # E [sa] and E [dpy] # E [sB:]). Relative
to the market portfolio, generalists’ portfolio will incorporate a tilt that reflects average cross-market
pricing differences. And, generalists will demand compensation for bearing the risks stemming from
this portfolio tilt.'® Thus, in the general case where (1 — g4 — ¢g) < 1 and k > 1, we obtain neither

full short-run nor long-run market integration.

3 Market integration following large supply shocks

In this section, we use our model to illustrate the asset price dynamics following a large supply shock
in one asset market. We relate these dynamics to the model’s two key asset pricing frictions, namely

partial market segmentation and slow-moving capital.

3.1 Parameters for baseline illustration

Table 1 lists the set of parameter values that we use in our numerical illustrations. For the purposes
of these illustrations, it will be helpful to think of market A as the U.S. Treasury market and market
B as the corporate bond market and we have picked parameter values to approximate the behavior
of these markets. Thus, for example, we choose o, and p, to approximately match the volatility and
persistence of short-term nominal interest rates. Each period in our numerical illustrations corresponds
to one quarter of a year. However, we report annualized values for both risk premia and bond yields

by multiplying the corresponding quarterly risk premia and yields by four.

YFor instance, when ga = ¢ and 54 = Sp, generalists will be overweight B bonds and underweight A bonds relative
to the steady-state market portfolio. The reason is that B bonds are riskier than A bonds since the former are exposed
to default risk. As a result, B-specialists will hold less of the B bonds than A-specialists hold of the A bonds.
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Our goal is to use the model to draw structural impulse response functions that trace out the
causal impact on asset prices following a shock to asset supply. Thus, for simplicity and clarity of
interpretation, we assume that the four exogenous shocks in the model-—¢, 11, €, 41, €s,4,641, and
E€sp,t+1—are mutually orthogonal.

We begin our analysis by choosing k = 8 quarters and ¢4 = qg = 45%, but later show comparative
statics for these parameters. Based on these values, our illustrations assume that most risk-bearing
capital is controlled by specialists, with 10% being controlled by flexible generalist investors, one-eighth
of whom reallocate their portfolios each quarter. Our choice of £k = 8 quarters is somewhat arbitrary,
but we think of this as capturing the empirically relevant case of pension funds or endowments who
typically review their asset allocations on an annual or biannual basis. As shown below in Table 2, all
the main results carry through if we instead assume that k = 4 quarters, but the dynamics are easier
to see in a graphical format when we assume k = 8 quarters.

The parameter 7 should be interpreted as the aggregate risk tolerance of all investors in the economy
and should not be equated with the risk tolerance (i.e., inverse CARA parameter) of any individual
investor. We normalize the volatility of shocks to the supply of A and B to one (05, = 05, = 1)
and then choose an aggregate risk tolerance of 7 = 1.75 to obtain realistic values for equilibrium risk

premia.!” We assume a steady-state supply of both A and B of five units (54 = 55 = 5).

3.2 An unanticipated supply shock
3.2.1 Baseline illustration

We first consider the impact of an unanticipated supply shock that doubles the supply of asset A in
quarter 5—i.e., s4; jumps from 5 to 10 units between quarters 4 and 5. To make the illustration as
stark as possible, we study a near-permanent supply shock and set p,, = 0.999.

Figure 1 illustrates the impact of this shock, plotting the evolution of expected annual returns
on both bonds in Panel A, the holdings of specialists and generalist investors in Panel B, the active
supply of both bonds in Panel C, and bond yields in Panel D. Prior to the supply shock, Panel A
shows that the steady-state risk premium in market B is 1.07% per annum versus a risk premium
of 0.79% in market A. The additional risk premium of 0.28% arises because market B is subject to
default risk, which exposes investors to an additional source of fundamental risk and amplifies the
supply risk facing B bond holders. The initial yield in market B is 5.47% per annum versus a yield of
4.79% in market A. The steady-state yield in market A equals the average short-term riskless rate of

17 As is common in models where mean-variance investors face stochastic supply shocks, equilibrium prices and risk
premia only depend on the ratio of asset supply to investors’ aggregate risk tolerance. Thus, papers studying models of
this sort either (i) normalize 7 = 1 and then choose the volatility of supply shocks to obtain realistic results or (ii) they
normalize the volatility of supply shocks to 1 and then choose 7. We opted for the latter approach.
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7 = 4.00% plus a steady-state risk premia of 0.79%. The 0.68% steady-state yield spread between the
B and A markets equals the difference in steady-state risk premia of 0.28% plus market B’s expected
default losses of Z = 0.40% per annum.

When the supply shock hits the market A at ¢ = 5, expected returns and yields in both markets
react immediately. Panel A shows that expected returns in market A overreact: they jump from 0.79%
to 1.59% before ultimately falling back to a new long-run level of 1.35%. The overreaction of expected
returns on A bonds reflects the relative steepness of short-run demand curves and relative flatness of
long-run demand curves. Unlike textbook theories in which asset prices are determined solely by the
stock of risky assets supplied, our approach suggests that supply flows—the rate at which the stock is
changing—also matter in the short run. As explained in Duffie (2010), these are general properties of
models featuring slow-moving capital and are not unique to our model.

In contrast, Panel A shows the key novel implication of our model: expected returns in market
B actually underreact to the shock to the supply of A, rising slowly from 1.07% prior to the shock
to a new long-run level of 1.30%. Why does market A overreact to the supply shock while market
B underreacts? Panel B shows how the positions of different market participants evolve over time.
Following the initial supply shock in market A, both specialist holdings of A (b4 ) and active generalist
holdings of A (da:) spike upwards. As a partial hedge against their increased holdings of A, active
generalists reduce their holdings in market B. This reduction in generalists’ B holdings is motivated
by a need to reduce the common short-term interest rate risk across their holdings in both markets.
As time passes and more generalists reallocate their portfolios in response to the shock, B-specialists
must hold more of the B bonds to fill the void left by the generalists. Thus, the expected returns on
B bonds rise gradually over time.

The dynamics of risk premia are closely tied to the dynamics of the “active supply” of A and B
that must be absorbed by active market participants each period. For instance, the active supply of
A bonds is given by the right-hand-side of equation (16): sa: — (1 — g4 — ¢5)(k™? Zf:_ll das—i)—ie.,
the total asset supply less the assets that are being held off the market by inactive generalists. The
evolution of the active supplies is shown in Panel C and mirrors the path of bond risk premia shown
in Panel A. The initial supply shock to A at ¢ = 5 immediately increases the active supply of A bonds
but has no immediate effect on the active supply of B bonds. This is because slow-moving generalists
have yet to reduce their holdings in market B. Over the ensuing periods, generalists gradually increase
their holdings of A and reduce their holdings of B. Therefore, the active supply in A gradually declines
while the active supply in B gradually rises, paralleling the movements in bond risk premia.

By t = 12 all generalist investors have reallocated their portfolios in response to the supply shock

at t = 5 (recall that k = 8 in this illustration). However, the gradual adjustment of generalists gives
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rise to modest echo effects after ¢ = 12, generating a series of damping oscillations that converge to
the new long-run equilibrium. As in Duffie (2010), these oscillations arise because generalists who
reallocate soon after the supply shock lands take large opportunistic positions. These large positions
temporarily reduce the active supply of A and then need to be absorbed in later periods.'®

In market A, risk premia charged by A-specialists are the sum of risk premia related to shocks
to short-term interest rates, shocks to the supply of A, and shocks to the supply of B. Changes
in total risk premia are primarily driven by the pricing of interest rate risk. In market B, the risk
premia charged by B-specialists can be similarly decomposed into its components, which also includes
a premium for default risk. Following the supply shock, the risk premia associated with interest
rate risk differs significantly between the two sets of specialists. As generalists react to this pricing
discrepancy, the difference in interest rate risk premia charged by the two sets of specialists gradually
narrows. However, the difference does not vanish in the long run because of the permanent risks
associated with cross-market arbitrage.

In Panel D, we shift from risk premia to bond yields. The overreaction of the A market and the
underreaction of the B market are more muted in yield space than in risk premium space: market A
yields overreact by 7% and market B yields underreact by 12%. This is natural since, as shown in
equations (23) and (24), bond yields reflect the weighted average expected risk premia over the life of
the bond with risk premia in the near future having a larger effect on the weighted average than those
in the distant future.

Panel D also shows that shock to the supply of A bonds leads the yield spread between default-
able and default-free bonds, yg — y4, to decline. However, because yield A overreacts and yield B

underreacts to the shock, the yield spread overreacts even more (19%) than the yield on A bonds.

3.2.2 Unpacking the role of the two key frictions

Our model combines two key asset pricing frictions, namely partial market segmentation and slow-
moving capital. In this subsection, we show that both of these frictions are necessary to generate
underreaction in market B following a shock to the supply of the A bonds.

To understand how these two frictions interact, Figure 2 shows asset price dynamics following the
same near-permanent shock to the supply of the A bonds considered above: the supply of the A bonds
unexpectedly doubles in quarter ¢ = 5. The four panels of Figure 2 show the risk premium dynamics

as we switch these two asset pricing frictions on and off.

e Panel A: Benchmark with no frictions (Upper left): Here all investors are fast-moving

'8 Exploiting this feature of Duffie’s (2010) model, Bogousslavsky (2016) argues that infrequent rebalancing can explain
the echo effects found intra-day and daily stock returns.
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generalists who can invest in both assets and can rebalance their portfolios each period. This is
a special case of our model where g4 = qg = 0 and k = 1—i.e., where both markets are fully
integrated in the short run. In this case, there is no overreaction and the risk premia on the A
and B bonds move in near-perfect lockstep following the shock to the supply of the A bonds.
This is because the price of interest rate risk jumps and both bonds have the same exposure to

this risk factor.?

Panel B: Only partial segmentation (Upper right): Here all investors can rebalance each
period, so capital is not slow-moving. However, markets are partially segmented: there are
specialists who can trade each bond and as well as a subset of generalists who can trade both
bonds. This is a special case of our general model when g4 > 0, gg >0, (1 — g4 — gp) > 0, and
k = 1. Relative to the frictionless case, partial segmentation raises the steady-state risk premium
in both markets because a large fraction of total risk is now born by undiversified specialists.
And, the shock to the supply of A bonds has a larger impact on risk premia in market A and
a smaller impact on those in market B—i.e., the cross-market spillover is smaller—than in the
benchmark case with full short-run integration. However, since all agents can rebalance each
period, there is no difference between short-run and long-run demand curves. As a result, the

short-run price impact is the same as the long-run price impact.

Panel C: Only slow-moving capital (Lower left): This case corresponds to a multi-asset
version of Duffie’s (2010) model and is considered Bogousslavsky (2016). Here all investors can
trade both the A and B bonds; there is no market segmentation. However, fraction ¢ of investors
are fast-moving and can trade each period, while fraction (1 — ¢) are slow-moving and can only
trade every k periods. This is not a special case of our general model. When the two assets
are exposed to a common risk factor, the two-asset Duffie model will always deliver short-run
overreaction in both assets A and B. Factor risk prices overreact in the short-run because short-
run demand curves are steeper than long-run demand curves. However, since fast-moving agents
price risk similarly in both markets, we will always see similar short-run overreaction in both

the directly impacted market (A) and the market that is not directly impacted (B).2°

19The risk premia do not move in perfect lock step because (i) the prices of A-supply risk and B-supply risk also jump
and (ii), when o2 > 0, the B bonds have a larger exposure to these two risk factors than the A bonds. Thus, the risk
premium on the B bonds rises slightly more than that on the A bonds following the supply shock. However, this effect
is tiny when o2 is small. (i.e., when A and B bonds are close substitutes) and is not visible in the plot.

20To see this formally, note that we can always write rx;11 — E; [rX:41] = ®esq1 for some set of equilibrium factor
loadings ® = [¢p, @], so that Var, [rx;4+1] = X P’. In the multi-asset version of the Duffie (2010) model, the market
clearing conditions can be written as gb; + (1 — q) k! Z;:é d;—; = s; where by = 7 (Var, [rxtjq])f1 Ey [rx¢41] is the

demand of fast-moving investors. This implies that E; [rx:41] = (¢7) " Vars [rxeq1] (s — (1 — ¢) k71 25;3 di_j) =D\

where A; = (q7) ' B®'(s; — (1 — q) k= 3252 d;_;) are factor risk prices charged by fast-moving investors.

=0
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e Panel D: Both partial segmentation and slow-moving capital (Lower right): Our
model features both partial market segmentation (g4 > 0, gg > 0, (1 — g4 — gg) > 0) and slow-
moving capital between markets (k > 1). Our model will always generate short-run overreaction
in the A market that is directly impacted by the supply shock. However, our model can either
generate short-run overreaction or underreaction in the B market that is not directly hit by
the supply shock. Specifically, as we show below, when there is minimal segmentation between
the two markets—i.e., when (1 — g4 — ¢p) is sufficiently large—our model delivers short-run
overreaction in both markets as in the multi-asset version of the Duffie (2010) model. However,
when the two markets are sufficiently segmented—i.e., when (1 — g4 — gg) is sufficiently small,

our model delivers short-run underreaction in the indirectly impacted market.

One additional contrast between the models in Panels C and D is worth noting. In Panel C where
there is only slow-moving capital, there is almost no abnormal trading in the B bonds following the
shock to the supply of the A bonds.?! In other words, the response of B’s price to the shock to the
supply of A is not mediated by trade. By contrast, in Panel D where there is also partial segmentation,
the only reason that B’s price responds to increase in the supply of A is because generalist investors
are engaged in a long-A, short-B trade—i.e., the response of B’s price to the shock is entirely mediated

by trade.

In summary, both partial segmentation and slow-moving capital are necessary to generate short-
run underreaction in market B. However, these two frictions are not jointly sufficient. Instead, to
guarantee short-run underreaction in market B one needs both slow-moving capital and a meaningful

degree of segmentation between the two markets.

3.2.3 Comparative statics

In Table 2, we perform a variety of comparative statics exercises to illustrate how the price dynamics
following a large shock to the supply of A depend on the parameters of our model. We primarily focus
on the parameters governing our two key asset pricing frictions: the population shares of A-specialists,
B-specialists, and generalists as well as the frequency at which generalists can rebalance (k).

We again study the same supply shock considered in Figure 1: the supply of asset A unexpectedly

doubles at time ¢. For each different set of model parameters, Table 2 summarizes the impact of this

2IThere is a tiny amount of abnormal trading in B bonds in Panel C following the shock to the supply of A bonds.
This is because mean-reverting supply shocks generate negative serial correlation in returns, so the variance ratio
Vari[rza —i+k]/k is decreasing in k. As a result, longer-horizon investors worry less about transitory discount rate
risk, leading them to take larger positions than short-horizon investors in both risky bonds following the supply shock.
However, this is a second order effect in our illustration.
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supply shock on both the A and B markets by listing the yields and expected annual returns in (i)
at time ¢t — 1 before the shock arrives (labeled as “pre-shock level”), (ii) the short-run change from
time ¢ — 1 to time ¢ when the shock arrives (labeled as “short-run A”), and (iii) the long-run change
from time ¢ — 1 to time ¢ + 2k (labeled as “long-run A”). We define the degree to which bond yields
overreact in the short run as the difference between the short-run change and the long-run change,

expressed as a percentage of the long-run change??

Yt — yt—l) - (yt+2k - yt—l)

%S hort-Run-Over-React(y) = (
(Ye+2k — Ye—1)

Our measure of short-run overreaction for risk premia is defined analogously.

The first row in Table 2 shows the results for the baseline set of parameters used in Figure 1. Risk
premia in market A overreact by 42% in the short-run using our baseline set of parameters, while risk
premia in market B underreact by 83% in the short-run. Similarly, yields in market A overreact by
7%, while yields in market B underreact by 12% in the short-run.

The second row in Table 2 shows that, if market participants are more risk tolerant, this reduces
the price impact of the supply shock on both market A and market B. However, changing investor
risk tolerance has a similar impact on the short- and long-run response to the supply shock. Thus,
the degree of overreaction or underreaction in each market is unchanged in percentage terms.

Recall that ¢4 and gp indicate the relative fraction of specialists in market A and B, respectively.
In row 3, we set g4 = gp = 0.5, so there are no generalists and the two markets are completely
segmented. In this case, the supply shock in market A is no longer transmitted to the market B.

We next change the mix between A-specialists and B-specialists, holding fixed the overall mix
between generalists and specialists. Row 4 shows that if we hold the total number of specialists fixed
at g4 +qgp = 0.9, then as we increase the share of B-specialists and decrease the share of A-specialists,
we get more overreaction in A. Market B is only modestly affected by this change because the supply
shock is primarily being absorbed by generalists. Similarly, row 5 shows that if we increase the share
of A-specialists, holding fixed the total number of specialists, we see less overreaction in A.

Recall that k is the number of quarters that it takes for generalists to fully reallocate their portfolios
following a supply shock and that & = 8 quarters in in our baseline example. In row 6 we instead set
k = 12 quarters. Naturally, this larger value of k increases the short-run overreaction in market A

and increases the short-run underreaction in market B. Similarly, when we set £ = 4 in row 7, there

?2Since our supply shock is not quite permanent, we subtract off the constant (1 — p%’i\)/p%’; from %Short- Run-Over-
React to ensure that our measure is zero if markets are perfectly integrated in the short run (1 — qa — g = k = 1).
In this case, there is no “over-reaction” but only “reaction” and we have [(y¢ — ye—1) — (Ye+2k — Yt—1)] / [Yt426 — yr—1] =
[sq5a. — asAsA,tpgi] /aSAsA,tpgi =(1- pgi)/pii. For k =8 and p,, = 0.999, this constant is 1.6%.
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is less short-run overreaction in market A and less short-run underreaction in market B.

In row 8, we continue to assume that k = 4 quarters, but we now assume that g4 = gg = 0.2
as opposed to g4 = ¢gp = 0.45 as we did in row 7. In this case there are many generalists and few
specialists, so the markets are well-integrated in the long-run. Both the A and B markets overreact
to the shock to the supply of asset A in this case. Intuitively, the two markets behave like two
well-integrated markets where the only asset pricing friction is slow-moving capital. As a result, the

dynamics are similar to those in the multi-asset version of Duffie’s (2010) model discussed above.

3.3 A pre-announced increase in supply

We next study asset price dynamics following the announcement of a large future change in asset
supply. As an example of a large pre-announced supply change, consider the large-scale asset purchase
programs initiated by the Federal Reserve between 2008 and 2013. The Fed’s initial announcement
of long-term bond purchases occurred on November 25, 2008, but asset purchases did not begin until
January 2009 and continued in the months and years thereafter.

To mimic the announcement at time ¢ of a future increase in the supply of asset A, we assume that
54+ jumps up and that the amount of asset A held by inactive generalists also jumps up such that
the active supply of asset A does not change at time ¢.23 (Duffie (2010) uses a similar approach to
model price dynamics following a pre-announced supply shock.) This means that, unlike the case of
an unanticipated supply shock, it would be possible to clear the market at time ¢ without any increase
in the holdings of A-specialists or active generalists. Thus, the only reason that prices change when a
future supply change is announced is because the announcement leads active long-horizon generalists
to opportunistically adjust their asset holdings. Formally, letting €; [X;] = X; — F;_1 [X;] denote the
time t innovation or surprise to some random process Xy, an anticipated supply shock is defined so

that the innovation to the right-hand of equation (16) is zero when it is announced at time ¢:
erfsad] — (1= qa—g) K5 elday ] =0. (30)
’ ]:1 )

We examine the pre-announcement of a one-time, near-permanent jump in the supply of asset A:
market participants learn in quarter ¢ = 5 that the supply of asset A will double in quarter ¢t = 8.
We continue to assume that k = 8 quarters which means that, by the time the supply of A jumps at
t = 8, half of all generalists investors have had the opportunity to adjust their portfolios following the

23 Normally, the holdings of inactive generalist investors evolve deterministically and do not jump. Thus, a pre-
announced supply increase is an event that agents assume is impossible, which is a drawback of this analysis. Greenwood,
Hanson, and Vayanos (2016) develop a term structure model where agents receive news about the likely future path of
bond supply. However, their model does not feature slow-moving capital.
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announcement at ¢t = 5.24

Figure 3 shows the dynamics of risk premia, investor positions, active asset supplies, and bond
yields following the pre-announced supply increase. Panel A shows that annual risk premia in market
A actually decline slightly after the announcement at t = 5 and before the supply rises at ¢t = 8. And
risk premia in market A still jump up when bond supply jumps to its new level at ¢ = 8. The risk
premium in market B, which is only indirectly affected due to cross-market arbitrage by generalists,
rises gradually over time.

What drives these dynamics? Panel B shows how the positions of market participants evolve
over time in response to this pre-announced supply increase. Upon the announcement, generalists
begin to opportunistically adjust their portfolios in direction of the anticipated shock, increasing their
holdings of A (d4) and decreasing their holdings of B (dg). A-specialists provide temporary liquidity
to generalists, planning to replenish their inventories once the supply shock actually lands.?®> The
gradual build up of generalist demand for asset A is responsible for the slight decline in the risk
premium on asset A from ¢t = 5 to 7 before its upward jump at ¢ = 8. Similarly, the gradual reduction
of generalists’ demand for B results in a slow increase in the risk premium on asset B.

In contrast to the generalists, the specialists’ demand in market A (by) decreases initially then
increases. This is because specialists can adjust quickly, and thus they have the ability to front-run the
anticipated change in supply—specialists reduce their portfolio holdings of A just before the positive
supply shock and increase holding of A immediately after the shock.

Panel C summarizes the evolution of the active supplies of assets A and B. By construction, the
active supplies of both assets do not change at quarter ¢t = 5 when the increase in the supply of asset
A is pre-announced. Instead, the active supply of asset A jumps at ¢ = 8. However, the active supply
of A does not jump by the full 5 units at ¢ = 8 because pre-announcing the supply shock mobilizes
slow-moving generalists beginning at ¢ = 5.

Panel D shows the evolution of bond yields in response to the pre-announced supply shock. Follow-
ing the announcement, there is now short-run underreaction in both markets: yields in both markets

gradually rise to their new steady-state levels. The yields in market A underreact by 13% and the

24y implement this announcement, we assume that sa,; and (1 —ga — ¢s)da,¢+—5/8 both jump by 5 units at t = 5
relative to their steady-state values. Thus, if the generalists who are active at ¢ = 5, 6, and 7 did not react to this
pre-announced supply increase, the active supply of asset B would jump by 5 units at ¢t = 8.

However, active generalists do react to the pre-announced supply increase: we have JA,t =da+—0da0 > 0att=05,6,and
7. As a result, when the supply shock lands at ¢ = 8, the active supply that must be absorbed is 5— (1 — ga — gB) (JA75 +
JA,g + CZA77)/8 < 5. As discussed below, this early mobilization of generalist investors reduces the active supply of asset
A that must be absorbed when the shock lands at ¢ = 8, damping the overreaction of market A.

2>Why do generalists buy A bonds in advance of the supply increase? Generalists have long-horizons (k = 8 in this
example), but can only adjust their portfolios slowly. Although generalists expect A bond yields to rise over the next
several quarters and, therefore, expect to suffer a capital loss on A bonds, they expect this capital loss to be more than
offset by an increase in income from holding A bonds. As a result, the expected cumulative 8-period excess return from
holding A bonds rises when a future supply increase is announced.
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yields in market B underreact by 16%. Why do A yields rise gradually when the supply shock is pre-
announced but overreacted in Figure 1 when the same shock was unanticipated? First, risk premia in
the near future have a larger effect on bond yields than those in the distant future. Second, risk-premia
in the A market are only expected to rise significantly once the supply actually increases at quarter
t = 8. In combination, these two facts imply that yields in market A must rise gradually over time
following a pre-announced supply increase.

We can compare the dynamics of prices in the case of pre-announced increase in supply in Figure 3
to the unanticipated increase in supply in Figure 1. The long-run impact on yields and risk premia is
the same in either case. However, the short-run effects can be quite different whether or not a shock is
anticipated. When the shock is a unanticipated, yields and risk premia in the A market overreact more
strongly at announcement. Pre-announcing the supply shock mobilizes slow-moving generalists before
the supply of A actually rises. As shown in Figure 3 Panel C, this early mobilization reduces the active
supply of asset A that must be absorbed when the shock lands, damping the overreaction of market
A. While introducing a delay between announcement and the increase in supply limits overreaction,
this also lengthens the amount of time it takes for the full impact to be reflected in prices.

To put this in more concrete terms, consider a central bank that is seeking to reduce long-term
interest rates by purchasing long-term government bonds. Allowing for a long period of time between
announcement and implementation of the asset purchases will result in lower profits to market spe-
cialists who must accommodate the shock in the short-run. Of course, doing so also delays the desired
impact on asset prices. In this way, our model highlights an important trade-off that central bankers

face when designing asset purchase programs.

4 Multiple assets per market

In describing the model so far, we have made no distinction between “asset” A and “market” A.
This distinction takes on meaning when market A contains many different securities. For example, in
the Treasury market, there are many different securities with different maturities and thus different
exposures to interest rate risk.

In the Internet Appendix, we show how to extend our model to a more complex setting in which
there are multiple risky securities trading in each market. Specifically, suppose there are multiple
default-free bonds in market A which have different durations. Similarly, there are multiple bonds in
market B which differ in terms of their duration or their exposure to default risk. Fast-moving A-
specialists are free to adjust their holdings of all securities in the A market (and the riskless short-term

asset) each period, but cannot hold securities in market B. The B-specialists face an analogous set of
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constraints. Generalists can invest capital in both markets, but, as in our baseline model, generalists
can only gradually reallocate their portfolios over time.

Subject to some mild conditions which guarantee that cross-market arbitrage remains risky for
generalist investors, the intuitions from the two asset model carry over to this richer setting with more
securities.?® Specifically, a CAPM-like pricing model based on the portfolio of A-specialists prices
all assets in the A market and a different CAPM-like pricing model—with different prices of factor
risk—based on the portfolio of B-specialists prices all assets in the B market. These two market-
specific pricing models are linked over time by the cross-market arbitrage activities of the slow-moving
generalists, who take steps to align the way that risk is priced by the two groups of specialists. And,
much as before, the degree of market integration over time depends on the risks faced by cross-market
arbitrageurs.

We illustrate the impact of a supply shock on two different markets that each contain multiple
assets using an example. Here we use an annual calibration—i.e., one period corresponds to a year—
and solve the model in the case where generalists reallocate their portfolios every k = 2 year and
with V = 2 assets in both the A and B markets. The two assets in each market differ solely in their
durations. The short-term bonds, denoted A; and By, have a duration of 5 years (i.e., D4, = Dp, = 5).
The long-term bonds, denoted Ay and Bs, have a duration of 10 years (i.e., D4, = Dp, = 10). As
before, the two bonds in market A are default free whereas the two bonds in market B are exposed
to default risk. We assume that B; and By have the same exposure to the common default process,
zt, and that there is no idiosyncratic default risk.

Figure 4 shows the evolution of risk premia following an unexpected shock in year 10 which per-
manently increases the supply of long-term default-free bonds (Az) by 3 units and reduces the supply
of short-term default-free bonds (A1) by the same amount. This scenario corresponds to a “reverse
Operation Twist” in which the Federal Reserve sells long-term Treasuries and reinvests the proceeds
in short-term Treasuries. Figure 4 shows that the risk premia for all four assets rise after impact.
Naturally, this supply shock has a larger impact on the risk premium for long-maturity bonds in
each market, leading both the A and B yield curves to steepen. These patterns are consistent with
existing term structure models in which bond supply shocks impact bond yields because the demand
for bonds is downward-sloping (e.g., Greenwood and Vayanos [2014] and Greenwood, Hanson, and

Vayanos [2016]).

26The key condition is that generalists are unable or unwilling to use only the securities in market A and only securities
in market B to construct factor-mimicking portfolios that isolate exposure to each of the underlying risk factors present
in each market. If the generalists can do this in both markets—i.e., if both markets are complete, then there is a riskless
arbitrage unless all agents charge the same prices of factor risk. The Internet Appendix spells out these conditions more
formally.
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While risk premia on all securities in each market move in lockstep, risk premia in the A and B
markets do not move in lockstep. As in our simpler model, it takes time for the slow-moving generalists
to integrate the A and B markets following the shock, leading the risk premia of the two bonds in
market A to initially overreact and the risk premia of the two bonds in market B to initially underreact
in Figure 4. Furthermore, market integration remains imperfect even in the long run. Specifically, even
many period after the supply shock, Figure 4 shows that the yield curve in market A has steepened

more than the yield curve in market B.

5 Application: Event studies and changes in the price of risk

In response to the rapidly evolving financial crisis and global recession in late 2008 and early 2009,
central banks around the world announced their intentions to purchase substantial quantities of gov-
ernment bonds and other long-term debt securities. A central question in assessing the effectiveness
of these large-scale asset purchase programs is whether they impacted assets prices beyond the bonds
specifically targeted by central banks. Suppose, for example, that the impact of asset purchase pro-
grams was limited to asset classes in which the purchases were being made (Treasury bonds and
mortgage-backed securities in the case of the Federal Reserve), perhaps because these markets are
almost completely segmented from other financial markets. Such a finding should dampen central
bankers’ enthusiasm for these programs, and cast doubt on the idea that asset purchases could affect
broader economic activity.

Our model provides a natural framework for understanding how these large-scale asset purchase
programs should spill across financial markets over time. According to our model, the largest short-run
effects of these quantitative easing (QE) programs should be felt in the asset classes that are directly
targeted. In the long run, however, changes in risk premia should spill over to non-targeted markets.
Differences between the short-run and long-run price impact should reflect the degree to which the
programs were anticipated, the length of time between the announcement and implementation, the ef-
fective degree of segmentation between different markets, and the speed at which capital flows between
markets.

Most empirical studies of these asset purchase programs have used an event study methodology,
focusing on the one day or intraday impact on bond yields following announcements of future asset
purchases. In one of the first of these event studies, Gagnon, Raskin, Remache, and Sack (2011) report
the cumulative interest rate changes on a set of dates between November 2008 and January 2010 when
the Federal Reserve made major announcement dates associated with its first round of quantitative

easing (QE1). Looking at the two asset classes that the Fed was directly targeting, they report a
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91 basis points decline in 10-year Treasury yields and a 113 basis points decline in mortgage-backed
security yields. However, the find that Baa-rated corporate bond yields, which the Fed was not directly
targeting, declined by only 67 basis points on these same days. Swanson (2017) also finds that the
Fed’s asset purchase announcements had a larger impact on Treasury yields than on Baa corporate
bond yields.

Krishnamurthy and Vissing-Jorgensen (2011) extend this analysis to the Fed’s second round of
quantitative easing (QE2) and also discuss the impact on other assets, including high yield corporate
bonds. After controlling for other factors, Krishnamurthy and Vissing-Jorgensen conclude that the
effects of asset purchases were most pronounced among the assets being purchased (MBS and Trea-
suries in QE1 and Treasuries in QE2), suggesting a high degree of segmentation between different fixed
income markets.

At the same time, some researchers have recognized that short-horizon announcement returns may
not capture the full impact of these asset purchase programs. In their empirical assessment of the
Bank of England’s quantitative easing program, Joyce, Lasoasa, Stevens and Tong (2011) suggest that
these programs may have gradually impacted corporate bonds and equities. Fratzcher, Lo Duca, and
Straub (2013) suggest that the Fed’s asset purchase programs triggered portfolio flows that ultimately
impacted emerging market asset prices and foreign exchange rates.

Researchers have used different approaches to measure the long-run effects of large-scale asset
purchases. Joyce, Lasoasa, Stevens and Tong (2011) report the cumulative change in asset prices
for the longer period between March 4, 2009 and May 31, 2010 in addition to 1-day announcement
returns. They show that corporate bond yields fall by a cumulative 70 basis points around the Bank of
England’s asset purchase announcements, but by 400 basis points over the longer period. Mamaysky
(2014) takes a more tailored approach to each asset market, choosing an announcement window that
maximizes the statistical power of measured returns. Using this approach, he shows that the impact
of quantitative easing on both equity and high yield bond markets is much larger after 15 days than
what one would measure using a 1-day window. But even this approach may significantly understate
the long-run effect, because, as we have noted, it may take several quarters or even years for the full
impact of a large supply shocks to register.

Our model clarifies the broader issue at stake: event studies are a useful methodology for detecting
short-run price changes, but often lack the statistical power to detect changes in risk premia occurring
at longer horizons. Indeed, the event study methodology was originally developed in the 1970s to tackle
questions of informational efficiency of stock prices, not changes in risk premia, but has increasingly
been used in other settings, such as in event studies assessing quantitative easing.

The limitations of event studies are particularly severe when there is noise from “cash flow” news.
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For instance, consider the effects of o,—the volatility of fundamental cash flow shocks in market
B—on our ability to detect the impact on prices in market B stemming from a supply shock that
hits market A . When o, is large relative to o,, there is insufficient power to detect changes in risk
premia in market B. The statistical power would increase with the number of events, but power is
nonetheless decreasing in o,. Thus, our model suggests that short-run event studies may have a hard
time detecting spillover effects on markets, such as equities and high yield bonds, where there can
be significant confounding news. More generally, our framework suggests that event studies are an
inappropriate methodology for measuring cross-market price impact, especially at long horizons.

In summary, our model suggests that researchers should be cautious in using event studies to assess
the long-run impact of large supply shocks on market prices and risk premia. Measuring the long-run
impact of supply shocks across markets is inherently difficult because the full economic impact may

occur over such a long time that it is swamped by other factors.

6 Conclusion

We have studied how security prices react when there is a large shock to the supply of one asset
class, such as when central banks embark on a large-scale purchase of government bonds. Our model
incorporates two key asset pricing frictions: partial segmentation between markets and slow-moving
capital. The presence of these two frictions means that when one market is hit with a supply shock,
prices of risk in that market become disconnected from prices in other related markets. In the longer
run, however, there is convergence in the pricing of risk as capital flows across markets. In summary,
it takes time to digest large supply shocks and for the impact to fully spill over to related markets.
Our findings sound a note of caution for researchers who seek to measure the impact of quantitative
easing policies on asset prices, a topic that has attracted considerable attention in recent years. We have
shown that the standard technique for measuring price impact—through an event study of short-run
price responses to central bank announcements—is poorly suited to measuring long-run changes in risk
premia across markets. While prices in neighboring markets will often change at short horizons, these
near-term changes are likely to reveal more about the short-run capacity of specialists to accommodate

asset flows than about the ultimate long-term changes in risk premia.
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Figure 1: Impact of an unanticipated shock to the supply of A bonds. This figure shows the impact
of an unanticipated shock that doubles the supply of A bonds in quarter 5. The model parameters
for this illustration are shown in Table 1. Panel A shows the evolution of annual bond risk premia
in market A, E[rx4 1], and market B, E)rxp..], over time. Panel B shows the evolution of specialists
holdings in markets A and B (b4, and bg,) as well as the positions of active generalists (d4, and dp,).
Panel C shows the evolution of the “active supplies” of A and B bonds. The active supply of A4 is
Sae— (1 —qa—qp)k™?! P dy¢—; and the active supply of 5 is defined analogously. Panel D shows

the evolution of bond yields in market A, y4,, and market B, yz,, over time.
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Figure 2: Unpacking the two key asset-pricing frictions. This figure shows the response of annual
bond risk premia in market A, E,[rx4 .|, and market B, E[rxz. ]|, to an unanticipated shock that
doubles the supply of A bonds in quarter 5. Each panel corresponds to a different configuration of
the two key asset pricing frictions in our model. Panel A shows the response in benchmark case with
no frictions. This is a special case of our model where g4 = qg = 0 and k = 1. Panel B shows the
results when there is only partial segmentation. This is a special case of our model where g4 > 0,
qg >0, 1—q4—qp > 0, and k = 1. Panel C shows the response with only slow-moving capital. This
case corresponds to a multi-asset version of Duffie’s (2010) model and is not a special case of our
model. We set the fraction of fast-moving investors to q4 + qg. Finally, Panel D shows the response
in our general model featuring both  partial = segmentation (qa >0, gz >0,
1—g4 —qp > 0) and slow-moving capital (k > 1). The other model parameters for this illustration

are shown in Table 1.
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Figure 3: Impact of a pre-announced increase in the supply of A bonds. This figure shows the impact
of pre-announced supply increase: there is an announcemement in quarter 5 that the supply of A4
bonds will double in quarter 8. The model parameters for this illustration are shown in Table 1.
Panel A shows the evolution of annual bond risk premia in market A, Ejrx,..], and market B,
E[rxp 1], over time. Panel B shows the evolution of specialists holdings of A and B bonds (b, and
bg.) as well as the holdings of active generalists (d,, and dp,). Panel C shows the evolution of the
“active supplies” of A and Bbonds. The active supply of A is sg¢ — (1 —q4 — qp)k™* PN dgr—; and
the active supply of B is defined analogously. Panel D shows the evolution of bond yields in market

A, ya., and market B, yz,, over time.
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Figure 4: Price impact with multiple securities in each market. This figure shows the impact on bond
risk premia of an unexpected supply shock that permanently increases the supply of long-term
default-free bond (A4,) by 3 units and decreases the supply of short-term default-free bond (4,) by
the same amount in year 10. In Figure 4, one period corresponds to a year. We choose the annual
persistence parameters for short rates, default losses, and bond supply to be consistent with the
quarterly persistence assumed in Table 1. The volatility of annual shocks are then chosen so that the
unconditional volatility of each process is the same in the annual and quarterly calibrations. We
assume T = 2,k = 2, and q4 = qg = 40% in this figure. Panel A shows the evolution of risk premia
for short-term securities in each market (4; and B;). Panel B shows the evolution of risk premia for
long-term securities in each market (4, and B,).
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Table 1: Illustrative model parameters for numerical exercises. This table presents the illustrative
model parameters that we use throughout our numerical exercises. One period corresponds to one
quarter of a year. We report annualized values for the mean and standard deviation of shocks to
both the short rate and default losses on asset B.

Parameter Description Value
qa, 95 Percentage of investors that are specialists in 4 and B 45%
k Number of quarters between generalist portfolio rebalancing 8

T Average annualized short-term riskless rate 4%

oy Volatility of quarterly shocks to annualized short-term riskless rate  0.64%
Dr Quarterly persistence of short-term riskless rate 0.96
Z Expected annualized default losses on asset B 0.4%
o, Volatility of quarterly shocks to annualized default losses on asset B 0.4%
0y Quarterly persistence of default losses on asset B 0.96
54,55 Average asset supplies 5

s, Osp, Volatility of quarterly supply shocks 1

Ps 4 Psg Quarterly persistence of supply shocks 0.999
Dy, Dg Macaulay duration in years (implies 6, = 85=0.95) 5 years
T Aggregate investor risk tolerance 1.75
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Table 2: Model comparative statics. This table shows how the price impact of the same supply shock—an unanticipated shock that doubles the supply
of asset A—varies as we change key model parameters one at a time. All other parameters are held constant at the values listed in Table 1. For a
given set of model parameters, we summarize the impact of the supply shock on both the A and B markets by listing (i) the yields and expected
annual returns in the period before the shock arrives (labeled as “pre-shock level”), (ii) the changes in yields and expected annual returns in the period
when the shock arrives (labeled as “short-run A”), and (iii) in 2k periods after the shock arrives (labeled as “long-run A”). Finally, we report the
degree to which bond yields over- or underreact as the difference between the short-run change and the long-run change, expressed as a percentage of
the long-run change

%Short-Run-Over-React(y)= (e = 32”) — (y‘”k)_ Vs
Yisok — Yia

Our measure of over-reaction for risk premia is defined analogously.

Market A Market B

Risk premia, Ei{rxa 1] Yields, yu. Risk premia, Efrxpe] Yields, ys.

shf)’(fli Short  Long  Over- sh](;)’(l;li Short  Long  Over- shi)gl’i Short  Long  Over- shf)tli Short  Long  Over-

level Tun A run A react leve] TUn A run A react level Tun A  run A react level Tun A  run A react
Supply shock hits market A
(1) Baseline example in Figure 1 0.79 0.80 0.56 42% 479 059  0.55 % 1.07  0.04 023 -8% 547 020 022 -12%
(2) More risk tolerant 7 =200 0.67 0.68 047 43% 467 050 0.46 % 0.90 0.04 019 -8% 530 0.17 019 -12%
(3) No generalists qa=qg =05 081 081 08 0% 481 08 079 0% 133 000 000 N/A 573 000 000 N/A
(4) More B specialists qa=03,q5 =06 1.01 128 075 68% 501 083 074 10% 0.92 0.05 024 -8% 532 021 023 -11%
(5) More A specialists q4=106,q3 =03 071 059 046 27% 471 048 045 4% 151 005 024 -82% 591 021 023 -12%
(6) Slower-adjusting generalists ~ k = 12 080 0.82 055 46% 4.80 0.61 054 10% 1.08 0.03 023 -89% 548 0.19 0.23 -18%
(7) Faster-adjusting generalists k= 4 079 076 056 33% 479 057 055 3% 107 008 022 -66% 547 021 022 -5%
(8) Many generalists q,=02 qs=02

k=4 077 112 041 174% 477 044 039 12% 094 042 035 18% 534 038 036 4%

(9) Greater default risk for B oz = 0.64%
083 0.83 063 30% 483 0.66 0.62 5% 1.85 0.03 019 -8% 625 0.16 0.18 -13%
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