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1 Introduction

Amid major central banks’ purchases of longer-term government bonds under uncon-
ventional monetary policy with possible bond sales at the exit stage, there is growing
interest in the role of supply and the maturity structure of government bonds in their
yields and excess returns. How are supply factors related to yields and excess returns
in a zero-lower bound (ZLB) environment compared with a normal environment?

This question is of particular importance for Japan, a country in which government
debt is well above 200 percent of GDP—mostly in the form of Japanese government
bonds (JGBs)—with potentially high vulnerability to large yield movements in the JGB
markets. In Japan, a “preferred habitat” motive (Vayanos and Vila, 2009) in the JGB
markets appears to be strong for the following reasons: (i) the Bank of Japan (BolJ) has
increased the duration of its long-term JGB purchases under its quantitative-qualitative
easing (QQE) since April 2013; (ii) due to the increased and large presence of insurance
companies and pension funds in the JGB markets,! supply factors can affect yield curves
regardless of monetary policy.

To date, relatively few studies, which are predominantly empirical, have examined
the effect of supply and maturity structure of JGBs on bond yields and expected re-
turns. Oda and Ueda (2007), an earlier study that analyzes up to the quantitative
easing period of 2001-2006, find that the BoJ’s purchases of JGBs have no statistically
significant effect on term premium.? More recent studies after the introduction of the
QQE emphasize more on the effect of maturity structure of JGBs on bond yields—these
studies generally find positive bond-supply effects on long-term interest rates but differ
in the ways that they construct bond supply measures and in their empirical specifica-

tions. Iwata (2014) applies the regression approach of Chadha et al. (2013) to estimate

' Related statistics and figures are extensively discussed, for example, in Fukunaga, Kato, and Koeda

(2015).
2During the quantitative easing period from 2001 to 2006, the BoJ purchased JGBs (and other non-

monetary assets) to smoothly meet its current-account balance operating target. These JGB purchases,
however, did not have an explicit duration target. The average maturity of JGBs held by the BoJ had
actually declined during this period.



the supply effect on five-year forward ten-year yield. He uses a measure of the average
maturity of JGBs held outside the BoJ as the bond supply measure. Fukunaga, Kato,
and Koeda (2015) estimate supply-factor effects on term spreads using two types of em-
pirical specifications: single-equation regression and model-based specifications, which
are related to Greenwood and Vayanos (2014)% and Hamilton and Wu (2012, hence-
forth HW), respectively. Furthermore, they take into account insurance companies and
pension funds in addition to the BoJ as preferred-habitat investors and construct the
corresponding supply measures.

Recently, following the seminal work of Vayanos and Vila (2009),* there is a de-
velopment of term-structure models with preferred-habitat investors and arbitrageurs
where supply factors are explicitly modeled in an arbitrage-free framework. The exist-
ing models vary in how preferred habitat investors’ bond supply or demand is modeled.
HW assume that preferred-habitat investors’ specific maturity of bond supply depends
linearly on the corresponding bond yield; Greenwood and Vayanos (2014) assume that
preferred-habitat investors’ demand is driven by a stochastic demand factor that follows
the Ornstein—Uhlenbeck process; Fan, Li, and Zhou (2013), seeking to explain Chi-
nese bond markets, assume that preferred-habitat investors’ demand depends on official
lending rates. Li and Wei (2013) introduce preferred-habitat investors’ supply factors as
additional yield-curve factors with the restrictions that conventional yield-curve factors
do not depend on past supply factors, and vice versa. They also introduce an agency
MBS supply factor, in addition to a Treasury supply factor, to examine the effects of
the Federal Reserve’s large-scale asset purchase programs. Kaminska, Vayanos, and
Zinna (2011) identify foreign central banks as the primary preferred habitat for the US
investors.

We estimate a discrete-time version of Vayanos and Vila’s (2009) preferred habitat
term-structure model using Japanese government bond data. Our model is based on

HW because their model of two regimes—the normal regime (in the absence of the

$Funayama (2014) applies the regression approach of Greenwood and Vayanos (2014) using the

Ministry of Finance’s net marketable bond issuance as a supply measure.
4For more discussion of Vayanos and Vila (2009) in the context of unconventional monetary policy,

see for example, Joyce, Miles, Scott, and Vayanos (2012).



ZLB constraint) and the zero lower bound regime (at the ZLB)—can address differences
between yield curve properties at the ZLB and those in normal times in Japan in a
tractable way.” We extend HW’s model by (i) allowing the coefficients in yield-curve
factor dynamics as well as the prices of risk to change at the ZLB to allow greater model
flexibility addressing differences in yield curve properties across regimes, (ii) using latent
factors instead of observable factors to improve model fit to the data, (iii) writing out
arbitrageurs’ portfolio optimization problem at the ZLB solving for the bond market
equilibrium price, and (iv) performing estimations using Japanese government bond
data.

We then examine how much risk premiums must adjust for arbitrageurs to fully ab-
sorb preferred-habitat investors’ bond supply shifts under each regime. As a benchmark,
we assume that the required adjustment for arbitrageurs is to sell long-term (say, 10- or
20-years) bonds and buy short-term (say, 1-year) bonds by one percent share of their
total holdings under the ZLB regime, while we consider the opposite transaction under
the normal regime. The estimated results indicate that if the degree of arbitrageurs’ risk
aversion were the same as that calibrated for the US by HW®, bond risk premium (one-
month holding period excess returns at an annualized rate”) would decrease by 1.5 basis
points for 10-year bonds and 6 basis points for 20-year bonds, with little change in the
short-term bond risk premiums under the ZLB regime; on the other hand, they would
increase by 7 basis points and 24 basis points respectively under the normal regime. The
higher sensitivity of bond risk premiums to supply factors in the normal regime stems
from the higher volatilities of yield-curve factors and the greater responsiveness of yields

to yield-curve factors. The model-implied risk-premium changes, however, multiply with

5Their model with regime shifts addresses nonlinearlity that arises at a ZLB within the tractable
affine framework. For discussion beyond the affine framework on the performance of different families
of term structure models that enforce a ZLB, see for example, Singleton and Kim (2012) and Ichiue

and Ueno (2015).
6Tt appears that the degree of arbitrageurs’ risk aversion for JGB markets can take a similar or even

higher value than HW’s calibrated value (see for e.g., Fukunaga, Kato and Koeda (2015)), even though

we use lower frequency data than HW (monthly rather than weekly data) to estimate our model.
"Excess returns are the standard measure for bond risk premiums in the term-structure literature

(Cochrane and Piazzeti, 2005).



the degree of arbitrageurs’ risk aversion, which appears to swing over time in Japan.
Section 2 describes the model. Section 3 discusses the Japanese authorities’ (the

Ministry of Finance (MoF') and the BoJ) bond-by-bond holding data and how the data

is related to the net bond demand of arbitrageurs. Section 4 explains the estimation

strategy used and describes estimated results. Section 5 concludes.

2 The model

Following Vayanos and Vila (2009), we assume that there are two types of agents in
the government bond markets: preferred-habitat investors and arbitrageurs. Arbi-
trageurs maximize the mean-variance expected returns on their government bond port-
folio. Preferred-habitat investors prefer to hold particular maturities of government
bonds. The bond market equilibrium price is determined by equating arbitrageurs’ net
demand and preferred habitat investors’ net supply for different maturities of bonds.
Specifically, our model extends HW by (i) allowing the coefficients in yield-curve
factor dynamics as well as the prices of risk to change at the ZLB to allow greater
model flexibility. For notational consistency, we put a superscript of “1” on the normal-
time model coefficients and a superscript of “0” on the ZLB regime model coefficients,
except for transition probabilities; (ii) using latent factors instead of observable factors to
improve model fit to the data; and (iii) writing out arbitrageurs’ portfolio optimization

problem at the ZLB solving for the bond market equilibrium price.

2.1 The set up and normal-time bond pricing

Bond pricing in “normal” times (in the absence of the ZLB) follows the same specification
as in HW. HW define the arbitrageurs’ rate of return from period ¢ to period ¢ + 1 on

their portfolio (r:,11) by
N

Tit+1 = Z ZntTntt+1, (1)

n=1

where 2, is the fraction of their portfolio in bonds of maturity n and 7,41 is the

holding-period return from period ¢ to t + 1 on n-period bonds. Because arbitrageurs



are assumed to care only about the mean and variance of 7,41, their optimization
problem is given by

N
max {E (realfe) — (v/2) Var (reealf)} s t. Z Znt =1, (2)
n=1

Z1ty--sZNt

where 7 captures arbitrageurs’ risk aversion and f; is the 3 x 1 vector of pricing factors
assumed to follow a VAR (1) process with normalization that gives the identity matrix

Y1 and a 3 x 1 vector of zeros c'.
f, 1 =ct+ @, + Zlu,,,

The preferred habitat’s net supply of bonds relative to arbitrageurs’ net wealth ()

is assumed to be
Tpt = ftl’n — QYim, forn=1,...N, where ftlyn =&+ orf, (3)

where y; ,, is the log yield for n-period bond in period ¢. The risk-free one period rate

(Y1) is assumed to follow an affine function of the yield-curve factors

HW show that at the bond market equilibrium (z,; = x,; for n = 1,...,N), the
n-period bond price approximately follows the standard affine term-structure model,
P}, = exp (@ + bif;), where a} and b} are yield curve coefficients that have the usual

recursive structure.

2.2 Bond pricing at the ZLB

Arbitrageurs now face two types of regimes: the ZLB regime where the ZLB binds and
the normal regime where the ZLB does not bind (denoted by s = 0 and s = 1 re-
spectively). They maximize mean-variance expected returns weighted by the transition
probability that the ZLB will continue to bind in the next period (mo) or that it will be
lifted (710). These transition probabilities (7, for i = 0, 1) are assumed to be exogenous

and constant and add up to 1 (Z mio = 1). The arbitrageurs’ optimization problem at
i=0,1
the ZLB can be given as



z1maXN E T30 [E (Tt,t+1|5t+1 =1,8 =0, ft) - (7/2) Var (Tt,t+1|5t+1 =1,5 =0, ft)] )
tyeees? tz‘:O,l
(4)

subject to

N
Z Znt = 1, (5)
n=1

where f; are the pricing factors assumed to follow a VAR (1) process.
ft+]_ = Ci + @lft =+ Eiqu. (6)

For parsimonious purpose, we assume that X° is a diagonal matrix. Using the FOCs
of the above optimization problem, we can approximately solve for the arbitrageurs’
demand equation, z; = (2, ..., zx¢)’ (see Appendix A for derivation). z, depends on ex-
pected excess one-period holding period returns on different maturities of bonds. Given
z;, the arbitrageurs’ demand for short-term bonds (zy;) can be derived from eq. (5).
The preferred habitat’s net supply of bonds () is modeled in the same manner as
the normal-time model except that the supply-equation coefficients are allowed to take
different values at the ZLB. The risk-free one period rate (y;¢) is also modeled in the
same manner as the normal-time model except that we impose zero restrictions on the

coefficients for factors (87) as in HW,
ypy = 6g + 83f;, 65 ~ 0 and 67 = [0,0,0].

At the bond market equilibrium, the arbitrageurs’ net demand should equal the pre-
ferred habitats’ net supply. Appendix A shows that by equating the demand and supply
functions for the n-period bond, the equilibrium bond prices (Py, for n =1,...,N,) can

be derived as follows.

Pin = Gy +byfs, (7)
@) = al+ Yy mo |ah ,+ bl {=TN} +(1/2)BL ,BBIBL L[, (8)
i=0,1 T
by, = Y mob, {®-X'A"} +1, (9)
i=0,1 T



where p?,, = In (P?,), @ and b}, are yield curve coefficients at the ZLB. ¢? and & are
factor-dynamics coefficients under the risk-neutral (Q) measure, and are, as in HW,

assumed to be the same across regimes. The prices of risk coefficients are expressed as

N N
AN =Z"> bl (60 + (an/n) @), AN=~2" b (9 + (al/n) BY).
n=2 n=2

Thus, in equilibrium, bond prices at the ZLB follow the standard affine term structure
model with regime shifts. Furthermore, it can be shown (see Appendix A) that the prices

of risk can be expressed as a function of z,

N
A =N AT =57 bt (10)

j=2
2.3 Risk premium

At the bond market equilibrium, the model-implied one-period holding-period excess

log return under each regime can be expressed as follows. Under the normal regime

N
E, (Tx%—&-l,n) = (p%—&—l,n—l) - pz},n - y%,t =C'+ 752—12121’ Z zth}/—l' (11)
=2

Under the ZLB regime,

N
Ly (rxg+1,n) = (Z WiOpiJrl,nl) - p?,n - y?,t =C%+ Y Z 7Ti052712i2ﬂ Z thl_);"lfl-

i=0,1 i=0,1 =2
(12)

C' and C° are constant.® The second terms on the RHS in egs. (11) - (12) can be
further rewritten as an affine function of yield-curve factors by using eq. (3) and the

market clearing condition.

3 Bond-by-bond data for z,;

This section discusses data for the net bond demand of arbitrageurs (z,;).” Because zy,;

equals to the net bond supply of preferred habitat investors at the bond market equilib-

Swith C! = — (1/2) b}, _;Z'SVBY ; and C° = — > m (1/2) B}, 2'SbY/_,.
i=0,1
9Note that such data is, however, not needed for the model estimation per se (see Section 4.1 for

estimation strategy)



rium, we may construct data for z,; from the supply side, specifically by constructing
data on 1) preferred habitat investors’ net bond supply and 2) arbitrageurs wealth, and
dividing 1) by 2).

Suppose preferred habitat investors in Japan consist of only fiscal and monetary
authorities (i.e., the MoF as the issuer of JGBs and the BoJ under unconventional
monetary policies). This assumption is consistent with Iwata (2014) because he uses
the average maturity of JGBs held outside the BoJ as a bond supply measure. Under
this assumption, preferred-habitat investors’ net supply variable can be constructed by
subtracting the stock of BoJ’s bond holdings from that of JGB net market issuance
(i.e., initial issues plus reopened issues minus buybacks). This supply variable can be
constructed on a bond-by-bond basis at a monthly frequency, using BoJ’s bond-by-bond
holding data from its official website (available only from June 2001), and using JGB net
market issuance data from the Ko-Shasai-Binran (Japanese bond handbook) of Japan
securities dealer association. We use data on the fixed-rate JGBs, thus excluding data
on floating-rate bonds, inflation-linked bonds, and treasury bills (i.e., bonds with less
than one year of maturity). We also focus on JGBs financed in the markets excluding

directly underwritten bonds. Data on arbitrageurs wealth can be constructed by adding

the preferred-habitat investors’ net supply over maturity (i.e., w; = Z Zjt)-

Figure 1 reports the BoJ’s JGB holdings in billions of yen (Figure 1a) and its share of
total net market issuance (Figure 1b) from June 2001 to December 2014, corresponding
to each specified range of bond maturities. Since the QQE began in April 2013, the BoJ’s
holdings, in terms of level, have rapidly increased, notably with respect to maturities
between (i) four and five years followed by those between three and four years (Figure
la, the second chart); (ii) nine and ten years followed by those between eight and nine
years (Figure la, the third chart); and (iii) ten and twenty years (Figure la, the bottom
chart). In terms of share, however, only bond purchases with maturities from eight to
ten years stand out relative to the quantitative easing period from 2001 to 2006 due to
the increased net market issuance in other maturities.

Figure 2 reports the net bond supply of preferred habitat investors from April 2013
to December 2014. We focus on this short period to examine the QQE period and to



exclude a period of rapid adjustment in maturity structure by insurance companies.'’

Since the QQE began, the net supply of bonds with maturities between three and five
years and between eight and ten years has declined by a few percentage points, whereas

the net bond supply with maturities over ten years somewhat has increased.

4 Estimation

4.1 Estimation strategy

For bond yield data, we use Bloomberg’s zero yield curve data (end-of-month) for Japan.
The sample period for the normal-time model starts after the collapse of the bubble and
ends a month before the BolJ started the zero interest rate policy (February 1992-
February 1999). The sample period for the term-structure model at the ZLB starts
from the latest ZLB regime period identified by Hayashi and Koeda (2014) (December
2008-December 2014). We use bond yields of 3, 24, 60, and 120 month maturities for
estimation, allowing the 60-month bond yield equation for measurement error. Table 1
reports summary statistics.

Our model estimation is based on Hamilton and Wu’s (2012b) minimum-chi squared
estimation and asymptotic standard error calculation method. As in Hamilton and
Wu (2012a), we estimate model parameters under each regime separately. We apply
their estimation method to the just-identified three latent factor model to estimate the
normal-time term structure coefficients (c?, ®%, al, b, ®'), normalizing 3'and c' to a
3 x 3 identity matrix and a 3 x 1 zero vector, respectively. We then apply their method
to an overidentified model to estimate the ZLB regime term structure coefficients (g,
68, c?, X0 &) taking the normal-regime model parameters as given. As in HW, model’s

deep parameters (v, A, ..., o'y, £, ..., €y, for i = 0, 1) cannot be estimated by this term-

10Tt may be natural to treat insurance companies and pension funds as additional preferred habitat
investors. However, their bond-by-bond holding data is not publicly available. Using disclosures infor-
mation, Fukunaga, Kato, and Koeda (2015) construct bond holding data including insurance companies
and pensions as additional preferred habitat investors. See Appendix A of their paper for a detailed

description of data construction.

10



structure model estimation method. Appendix B provides a detailed description of the

estimation strategy for the ZLB regime coefficients.

4.2 Estimated results

The average yield curve under each regime (Figure 3a) indicates that the yield curve
has flattened on average at the ZLB (consistent with previous findings such as those of
Okina and Shiratsuka, 2004, Oda and Ueda, 2007, and Koeda, 2013), and factor loadings
under each regime (Figure 3b) indicate that yields became less responsive to yield-curve
factors at the ZLB, especially the third yield-curve factor (lower right in Figure 3b).

Table 2 reports estimated parameters. The probability that the ZLB regime contin-
ues into the next month (mgg) is estimated to be 0.93. The first and second yield-curve
factors become much less volatile (compare the (1,1) and (2,2) elements of 3! and X°)
under the ZLB regime, while the third yield-curve factor becomes more volatile under
the ZLB regime, although its link with yields notably weakens.

How are supply factors related to excess bond returns under each regime? This
question can be examined, given the estimated model parameters and the degree of
arbitrageurs’ risk aversion (), using egs. (11) - (12). For the benchmark case, we
assume that arbitrageurs are required to sell long-term (say 10- or 20-year) bonds and
buy shorter-term (say 1- or 5-year) bonds by one percent share of their total bond
holdings under the ZLB regime, whereas they are required to perform the opposite
transactions under the normal regime. The corresponding changes in expected risk
premium (one-period holding period excess returns) for n-period bond can be computed

by

AEt (T‘T%Jrl,n) &52712121/ <_0'0]'Bi;wrt—1 + O'OIB%ng—l) ) (13)
AB (rad,) = 73 bl 587 (0.01B},,, —001bY,, ), (14)

i=0,1
where long = 120 or 240, short = 12 or 60, and n = short or long. Parameters
denoted by “hat” are estimated values while 4 denotes a candidate value. Because y
is a deep parameter that cannot be estimated via the estimation procedure described

in the previous section, we have attempted to estimate v using either the prices-of-risk

11



equation (eq. (10)) or the risk premium equations (egs. (11)-(12)), replacing the model
parameters with estimated values and z,; with data described in Section 3. However,
the estimated v turns out to be highly time varying under either method.

We thus report results with different values of v. Table 3 reports model-implied risk
premium changes in response to the supply shift in the benchmark case for v = 50, 100,
200 and 500. For example, if v = 100 (which corresponds to HW’s calibrated value
for the United States), short = 12, and long = 120, the 10-year bond risk premium
is expected to increase by 7 basis points under the normal regime (by eq. (13)), while
it is expected to decrease by only about 2 basis points under the ZLB regime (by eq.
(14)). On the other hand, the corresponding risk-premium changes for one-year bonds
are small (see “l-year” columns in Table 3), implying that the effect of BoJ’s long-
term bond purchases that involves reserve accumulation should be similar to that of its
maturity swaps that involve no reserve changes.

Not surprisingly, the supply effect on risk premium intensifies with maturity. If
the long-term bonds were 20-year bonds instead of 10-year bonds (i.e., set long = 240
instead of 120), then the 20-year bond risk premium is expected to increase by 24 basis
points under the normal regime and it is expected to decrease by about 6 basis points
under the ZLB regime. Thus the supply effect of 20-year bonds is three or four times
larger than that of 10-year bonds.

The higher sensitivity of long-term bond excess returns to supply factors in the
normal regime stems from the higher volatilities of yield-curve factors (X! compared
with X9) as well as the greater responsiveness of yields to yield-curve factors (Figure
3b). These risk premium changes multiply with the value of . If v doubles to 200,
changes under the normal regime double to 15 basis points for 10-year bonds and 48
basis points for 20-year bonds. This implies that the degree of arbitrageurs’ risk aversion,
which could take a much higher value than 100 in Japan under some circumstances,'! is

a key determinant of the sensitivity of bond yields or excess returns to supply factors.

"For more discussion see Fukunaga, Kato and Koeda (2015). They attempt to estimate this deep

parameter () and find that the estimated value is sensitive to both time and bond maturity.
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5 Conclusion

This paper finds that bond excess returns can be more sensitive to supply factors in
normal times unless arbitrageurs become willing to take on more risks. Looking ahead,
there is much concern about the impact that exit from the current unconventional
monetary policy will have on JGB markets. How much supply factors affect bond
yields and bond risk premia at the exit depends on how quickly arbitrageurs can adjust
their risk appetite to a more volatile market environment. If arbitrageurs cannot favor
volatility in the normalization process—for example, under new stricter regulation of
interest rate risk—then the yield-curve steepening effect of bond sales at the exit by BoJ
could easily outweigh the flattening effect of its bond purchases at the ZLB. Furthermore,
the choice of bond maturity sold at the exit seems to be important. For example, the
estimated results imply that doubling the maturity from 10 to 20 years would more than
triple the supply effect on risk premium.

Going forward, the existing term structure model with preferred habitat could be
further developed in several ways. First, existing models usually assume that arbi-
trageurs’ risk aversion is constant over time. Given the weak empirical support for this
assumption, arbitrageurs’ risk aversion could be allowed to be time varying. Second, the
preferred habitat investors’ supply equation may explicitly take into account different

types of investors to analyze each of their roles in the bond markets.
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A Approximated term structure model at the ZLB

This appendix solves for the equilibrium bond prices by equating the preferred habitat
investors’ net supply function and the arbitrageurs’ demand function. As mentioned in

Section 2.2, the net supply equation for the preferred habitat investors is assumed to be
Ty = f?’n — Yty forn=1,..N, &, = €0+ 90f,. (15)

The arbitrageurs’ demand function can be derived by solving their optimization problem

(i.e., eq. (4), subject to egs. (5)). The corresponding FOCs are given by

21t - Tige+1 = ¢; (16)
6 .
== F(r Sey1=1,8 = 0.1
Znt Z Tio azgt (reasalser =1, t £) =¢, n=2,...,N (17)
i=0,1 —%aznt Var (Tt,t+1|5t+1 =1i,8=0,f)

where ¢ is the Lagrange multiplier and the arbitrageurs’ rate of return on their portfolio
(rt++1), which is defined by eq. (1), is the sum of holding-period returns on an n-period
bond (7, +++1) weighted by the fraction of their portfolio in the bond of maturity n (2).

We derive the net demand function of arbitrageurs given the conjecture that the
zero-coupon bond price can be expressed as an exponential affine function of yield-curve
factors (P, = exp (a5 + Bffft)). Using an approximation of exp(x) — 1 ~ z, the

portfolio mean return and variance (E; (7:441) and V; (1:441)) can be approximated by

E(rig|siy = 1,8 =0,£) ~ —2y4 (@(1) + B(l)ft) (18)
at_, +bi_, (c'+ ®f)

N
+ Dt _ o _
; +(1/2) bl SISB | — a® — BYf,
N _ N B
V (’rt,t—i—llst—i—l = i’ Sp = 07 ft) ~ (Z thb;._1> ZZEZ’ <Z thb}/_1> . (19)
j=2 =2

Therefore the two derivatives that appear in eq. (17) can be expressed as

) , at_, +bi_, (c+ ®f)
5. B (reenlsin =i,50=0,f) ~ (@
v 0 =
o) azmv (Feagalsien = 1,5 = 0,£) ~ 4Dl TS " z;,bY . (21)

J=2
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Using the above approximated egs. (20) and (21), the combined FOCs are given by

_ ai_,+bi_ (c+ ®f o _
ap +byfi = Y o S 3 e V|- > miob,  ZUA +a} + b, (22)
i=0,1 +(1/2) b, X'2"b;,_, i=0,1

i . . !/
where )} is a function of z; = (2o, ..., 2nt)

N
o= 43 Z zb! . (23)

Jj=2

Because eq. (22) holds for all f; we can solve for z; as

1
Al + B (¢’ + D, _
7~ Q7Y m ! .1( o f) ~ A B+ | ¢ | (@ +DBS) g,
=01 + (1/2) B >X'¥"B" )/ .
(24)
where
s b as bi
ay b aly_ biy_,
Q0 = > mB,IE(B,).
i=0,1

Eq. (24) is the arbitrageurs’ demand equation. Given z;, the arbitrageurs’ demand for
N

the short-term bond, z14, can be derived by z; =1 — Z Zni-
n=2
At the bond market equilibrium, the arbitrageurs’ net demand should be equal to
the preferred habitats’ net supply (z,; = x,; for all n). Equating the demand and supply
functions, the equilibrium bond prices satisfy the following equation:
B = 3w [aiy + By (¢ + @) + (1/2) Bl SISB_]
i=0,1
N 0 0
_ o -+ U _
— Z Wiﬂbzl,lEZ/’YEu Z B 63 ]_t b
i=0,1 j=2 +b? (&? + bgft)
+al +blf,. forn=2,.. N.
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The above equation can be rewritten as

a,_, + Biﬁlc
0 = ¢ —a+al+ Z mio | +(1/2)bi_,2'%Vb | (25)
= —bi,_ XN
n {_Bg +B)+ Y o {5;_1<1>i_5;_1zw}} f,,
i=0,1
where
AN =957 bV (& + (affd)a)), A=) B (9 + (af/45) DY) .
J=2 Jj=2

Because eq. (25) must hold for all f;, the two expressions in the curly brackets on the
RHS must equal zero. Thus, for n = 2, ..., N, the following equations must hold:

a, = al+ Y mola, ,+b} {2} +(1/2)bl, 22D _],

i=0,1

b) = b+ ) meb, , {®-T"A'}.

i=0,1
The above recursions are consistent with the standard affine term structure model with
regime shifts.

For n = 1, by combining the following two conditions, the one-period bond price can

be represented as an affine function of the yield-curve factors (eq. (26)).

2y = a1 =&+ 9, — aly,; (equilibrium condition)
N
zip = 1— Z znt (bond portfolio condition)
n=2
N N
o = (1/a}) [0+ (&) +ada)/i) | =1+ (1/a}) |9)+ > 05 + (af/j) BY| £i. (26)
=2 =2
—af B¢

B Estimating the ZLB regime model

Define Ry1 = [y.3, Yroa, Y.120] (3-month, 2-year and 10-year yields) as the 3 x 1 vector

of yields without measurement error and R;2 = 60 (5-year yield) as the yield with
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measurement error. Using the factor dynamics equation for the ZLB regime (eq. (6)),

the corresponding yield equations can be rewritten as

Ry = (AY+ Bc” — B)®°A}) + B{®°R, 11 + B=w,, (27)
3x1
Rip = (48— B3 (BY) " AY) + BY (BY) ™ Ry + 37, (28)
1x1

where

—a3/3 —b3/3
A= | agy | BI= | By

—a%40/120 —b9,/120
Ay = —ag,/60, B = —bg,/60.

Denote by A, Bf", Qf the OLS coefficients obtained by regressing R;; on a constant
and R;_1; (corresponding to the constant, R;_;;, and covariance terms respectively)
and Aj, By, and Q as the OLS coefficients obtained by regressing R; 5 on a constant
and R;; (corresponding to the constant, R;;, and variance terms respectively).

The parameters for the ZLB regime model (g, 63, c®, X2 ®°) can be estimated
in the following steps. First, given the recursive equations for b? (which are func-
tions only of 7y given the normal-regime model parameters and the zero-lower re-
striction of bY = [0,0,0], see eq. (9)) estimates of 3° and ®° can be obtained by
numerically solving for 303 =B 'Q BV and ®°=B;'Bf (see eq. (27)). Sec-
ond, given 3% and ®°, the estimate for ¢® can be obtained by numerically solving
for @ = By' (Af — Ay + Bi®%4,) (see eq. (27)). Third, mg can be estimated via
the minimum chi-square estimation procedure for an overidentified case, as proposed by

Hamilton and Wu (2012b) using eq. (28).
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Figure 1. The BoJ’s JGB holdings by maturity.
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This figure plots BoJ’s JGB holdings for specified ranges of maturities (a) in billions of yen and (b) as a fraction
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of the corresponding maturities of net market MoF’s issuance. Net market issuance is MoF’s initial plus
reopening issues minus buybacks. The sample period is from June 2001 to December 2014.



Figure 2. Preferred-habitat investors’ net JGB supply.
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This figure plots the total JGB net market issuance minus the stock of BoJ's bond holdings for each specified
range of maturities of bond as a fraction of arbitrageurs’ wealth. The sample period is from April 2013 to
December 2014.



Figure 3a. Average yield curve under each regime
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This figure plots average yield curves, i.e. the model-implied yield curve calculated with the
average values of estimated factors under each regime. Z stands for the zero rate regime and P

stands for the normal regime.

Figure 3b. Factor loadings under each regime
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The upper left, upper right, lower left, and lower right charts correspond to the constant term, the
first factor, the second factor, and third factor respectively. Z stands for the zero rate regime and
P stands for the normal regime.



Table 1. Summary statistics.

(a) The normal regime period (February 1992--February 1999)

Central moments Autocorrelations
Mean Stdev Skew Kurt Lag 1 Lag 2 Lag 3
3-month 1.561 1.418 0.845 2.593 0.991 0.979 0.969
24-month 1.821 1.302 0.592 2.042 0.982 0.963 0.934
60-month 2.678 1.385 0.469 2.124 0.977 0.951 0.914
120-month 3.537 1.300 -0.098 2.024 0.975 0.947 0914
Excess returns (10y bond) 0.691 2.845 -0.736 4978 0.045 0.077 -0.274
Excess returns (20y bond) 0.899 5.146 -0.759 5.404 0.050 0.011 -0.283
(b) The zero rate regime period (December 2008--December 2014)
Central moments Autocortelations
Mean Stdev Skew Kurt Lag 1 Lag 2 Lag 3
3-month 0.110 0.059 0.455 4.571 0.953 0913 0.880
24-month 0.155 0.093 1.210 4.218 0.974 0.934 0.894
60-month 0.371 0.199 0.705 2.574 0.965 0.925 0.880
120-month 0.990 0.315 -0.090 1.819 0.967 0.940 0.910
Excess returns (10y bond) 0.303 0.799 -1.034 5.173 -0.090 0.006 -0.086
Excess returns (20y bond) 0.544 1.767 -1.009 4.865 -0.095 -0.002 -0.100

Risk premium is one-month holding period excess returns. Normal distribution has skewness of

zero and kurtosis of 3.



Table 2. Estimated parameters.

Yield curve coefficients Transition probability
a' x1200 b} x1200 a’ x1200 Too
0.00 0.04 0.07 0.17 0.05 0.930
0.92) 0.63) 0.36) 0.01) 0.09) 0.01)

Factor dynamics

c' @' !
0.00 0.91 0.10 0.03 1.00 —- —-
— (1.22) (1.15) (0.83) — — —
0.00 0.04 0.78 0.09 —- 1.00 —-
— (1.15) (1.22) (0.27) — — —
0.00 0.00 0.18 0.85 - - 1.00
— (1.58) (0.07) (0.05) — — —
o ®° x’
0.57 0.97 0.26 0.04 0.45 - —-
0.32) (0.00) 0.16) 0.16) 0.013) — —
-0.62 0.13 0.64 -0.01 - 0.30 -
(0.38) 0.02) (0.06) (0.06) — (0.002) —
2.84 0.51 1.00 0.94 - - 2.06
(0.59) 0.03) (0.08) 0.08) — — (0.007)
c® ®° ¥ %1200 x° x1200
0.03 0.99 —- —- 0.03 0.12
(1.53) (0.26) — — (0.002) (0.009)
0.17 0.03 0.99 —
0.23) 0.01) (0.26) —
-0.04 -0.03 0.20 0.86
(0.18) (1.73) 0.27) (0.06)

Values in parenthesis are standard errors. ¢' and 2. 'are a 3X 1 vector of zeros and a 3 X 3 identity matrix.



Table 3. Changes in excess returns in response to supply shifts
V4 P V4 P
Y 10-year 1-year 10-year  l-year 10-year 5-year 10-year 5-year
50 -0.8 -0.02 3.7 0.2 -0.5 -0.2 2.1 0.9
100 -1.5 -0.03 7.4 0.3 -1.0 -0.3 4.3 1.8
200 -3.1 -0.1 14.8 0.7 -1.9 -0.7 8.6 3.5
500 -7.6 0.2 36.9 1.6 4.8 1.7 21.5 8.8
V4 P V4 P
YV 20-year l-year 20-year 1-vear 20-year 5-year 20-year 5-year
50 28 -0.03 12.1 0.2 23 -0.4 9.5 2.0
100 -5.6 -0.05 242 0.5 -4.5 -0.8 19.0 4.0
200 11.1 -0.1 48.3 1.0 9.1 -1.6 38.0 8.0
500 -27.8 -0.3 120.1 2.5 227 4.1 95.1 19.9

In annualized rate in basis points. This table reports changes in one-month holding period excess
returns to a supply shift that requires arbitrageur to sell (buy) the longer-term bonds and buy (sell) the
shorter-term bonds by one percent share of their holdings under the zero rate regime (the normal
regime) at the bond market equilibrium. We treat 10- or 20-year bonds as “longer-term” and 1- or 5-
year bonds as “shorter-term.”
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