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Abstract

We study the feedback from hedging mortgage portfolios on the level and
volatility of interest rates. We incorporate the supply shocks resulting from
hedging into an otherwise standard dynamic term structure model, and de-
rive two sets of predictions which are strongly supported by the data: First,
the duration of mortgage-backed securities (MBS) positively predicts ex-
cess bond returns, especially for longer maturities. Second, MBS convex-
ity increases yield and swaption implied volatilities, and this effect has a
hump-shaped term structure. Empirically, neither duration, nor convexity
are spanned by yield factors. A calibrated version of our model replicates
salient features of first and second moments of bond yields.
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The effect that the hedging of large mortgage portfolios has on the term structure
of interest rates is a concern for policy makers and practitioners alike. For example, the
recent decision by the Federal Reserve to initiate a third round of quantitative easing
by purchasing mortgage debt has created widespread expectations that lower hedging
volume will lead to lower bond volatility.! Indeed, right after Chairman Bernanke’s
announcement, yields on agency mortgage bonds and Treasury bond implied volatility

fell to a record low.

Mortgage loans and mortgage-backed securities (MBS) expose investors to interest
rate risk. Unlike with regular bonds, this exposure can change significantly with interest
rate conditions.? Mortgages typically feature an embedded prepayment option that
makes the convexity of mortgage-backed securities negative: Lower interest rates increase
the prepayment risk of outstanding mortgages and thereby considerably decrease their
duration. This is equivalent to a negative shock to the supply of long-term bonds and
can have an effect on their prices. Mortgage investors who aim to keep the duration of
their portfolios constant (either for hedging or portfolio re-balancing reasons) take a long
position in bonds, which pushes interest rates further down. Thus, negative convexity

creates an amplification channel for interest rate shocks.

In this paper, we formally model the term structure of interest rates as resulting
from the interaction between (i) exogenous shocks to the short rate and (ii) changes in
the net supply of long-term bonds that are endogenously driven by the interest rate risk
exposure of mortgages. The latter effect is in line with recent literature where the net
supply of bonds is held by risk-averse financial intermediaries in exchange for a premium

(e.g., Vayanos and Vila (2009)).

The term structure model we derive takes the form of a standard Vasicek (1977)
short rate model augmented by an additional factor that represents the duration of

outstanding MBS. This factor drives the market price of interest rate risk and affects

1See Bloomberg (2012).

2The upper panel of Figure 1 plots the 10-year yield together with the duration of a MBS portfolio
and the duration of a generic portfolio consisting of Treasury bonds with maturities ranging between 5
and 7 years. The figure clearly reveals the tight relationship between the interest rate environment and
MBS duration, as well as the apparent lack of significant variation in the Treasury duration.


http://www.bloomberg.com/news/2012-09-20/bond-volatility-approaches-record-low-as-fed-drains-convexity.html

the risk premia of long-term bonds but not the dynamics of the risk-free rate itself. Its

contribution tends to zero if hedging activity is small or market liquidity is high.

The model has two sets of testable predictions pertaining to both levels and volatil-
ities of yields and bond returns. First, the duration of outstanding MBS predicts bond
excess returns. Moreover, this effect is stronger for longer maturity bonds. This happens
because the market price of interest rate risk is proportional to the quantity of dura-
tion risk that investors have to hold. Longer maturity bonds with a higher exposure to

interest rate risk are more strongly affected through this channel.

Second, the average volatility of all yields is increasing in the convexity of outstanding
MBS through the negative convexity amplification channel discussed above. This effect
has a hump-shaped pattern across maturities with intermediate maturities being most
strongly affected. In the model, supply shocks create transitory variations in the market
price of interest rate risk. Short-maturity bonds are a close substitute to the short rate
and are not very sensitive to variations in the market price of risk, while for very long
maturities, the market price of risk is expected to mean revert. This explains why the
effect is strongest on the volatility of bonds with intermediate maturities. A similar
intuition applies to the implied volatility of interest rate derivatives: Our model is able

to accommodate a hump-shaped term structure of implied volatility of swaptions.

Finally, our model has implications regarding the spanning of MBS duration by
yield factors. The model captures the fact that mortgage refinancing depends on the
current level of interest rates relative to past rates at which outstanding mortgages
were originated. Because of this history dependence, duration cannot be expressed as
a function of the current short rate. This motivates us to investigate the way in which

the cross-section of yields empirically spans the duration factor.

As a first test we calibrate our model. We find that MBS duration is well described
by a process buffeted by the same innovations as long rates but with higher mean-
reversion. This behavior would, for instance, result from a model where MBS duration
is driven by a mortgage refinancing incentive, i.e. the difference between the current
level of long rates and the average coupon paid on outstanding mortgages, which itself

is akin to a weighted average of past interest rates. Higher mean-reversion captures



the refinancing burnout effect: Aggregate MBS duration tends to revert back up when
refinancing activity lowers the average coupon. We observe that the half-life of duration
is about six months, suggesting that it varies at a much higher frequency than the
business cycle or the supply of government debt. Calibrated to MBS duration dynamics,
our model matches the upward sloping term structure of predictability of bond excess
returns by MBS duration together with the hump-shaped term structure of unconditional

bond yield volatilities and implied volatilities on swaptions.

We then take the model to the data and test the aforementioned theoretical predic-
tions using linear regressions. We first regress bond yields and bond excess returns onto
measures of MBS duration and find a strong positive link between duration and levels
of bond yields and returns. Moreover, the link becomes stronger as maturity increases.
The relationship is also economically significant: A one standard deviation change in
MBS duration implies a change of 47 basis points in bond yields at longer maturities and
expected 10-year bond returns over one year change by 210 basis points. These numbers
are comparable to results reported for the first round of quantitative easing by the Fed
(QE1). For example, Gagnon, Raskin, Remache, and Sack (2010) estimate that QE1
operations, which mainly involved the purchase of mortgages in 2008 and 2009, lowered

the ten year term premium by between 30 and 100 basis points.

For second moments of bond yields, we find that higher MBS convexity (in absolute
terms) increases bond yield volatility significantly. For example, a one standard deviation
change in MBS convexity implies an up to 40 basis point change in bond yield volatilities.
As implied by the model, the effect is strongest for intermediate maturities between two
and three years. Moreover, this strong link remains if we add other determinants of
bond yield volatility. Hedging of prepayment risk is mostly done through swaption
contracts. We therefore test the implications of convexity onto the implied volatility of
swaptions with different maturity. We find that the effect is hump shaped and highly
significant, in line with the theory. We also test how MBS convexity affects bond return
volatility—both implied and realized—and find that the estimated slope coefficients are
highly significant. To test how MBS convexity affects compensation for volatility risk in

fixed income markets, we use measures of bond variance risk premia and straddle returns



from at-the-money options on Treasury futures. In line with intuition, we find that MBS

convexity loads positively and highly significantly on these proxies of volatility risk.

Since both MBS duration and convexity depend on interest rate conditions, it is
natural to ask whether duration and convexity contain any information above the one
encoded in yields. We find that neither duration nor convexity are spanned by bond yield
factors. Running regressions from bond excess returns and bond volatility on duration
(or convexity) and the bond yield factors still produces statistically and economically
significant estimates. Moreover, we find that MBS duration partially drives out the level

factor of bond yields as a predictor of future excess returns.

Our work is related to several strands in the asset pricing literature. We make use of
the preferred habitat model of the term structure developed by Vayanos and Vila (2009).
In their model, the term structure of interest rates is determined by the interaction of
preferred habitat investors and risk-averse arbitrageurs. The latter incorporate expected
short rates into bond prices and bring yields in line with each other by smoothing demand
and supply pressure. These arbitrageurs trade the slope of the term structure by buying
long-term bonds and selling short-term securities and vice versa. Since arbitrageurs
are risk-averse, they demand higher risk premia as their relative exposure to long-term
bonds increases. Thus, excess supply matters. Greenwood and Vayanos (2012) use this
theoretical framework to study the implications of a change in the maturity structure of
government debt supply, similar to the one undertaken in 2011 by the Federal Reserve
during “Operation Twist”. Our paper is different in at least three respects. First, in our
model the variation in the net supply of bonds is driven endogenously by hedging activity
and not exogenously by the government. Second, the supply factor in Greenwood and
Vayanos (2012) explains low frequency variation in risk premia. As the authors point out,
movements in maturity-weighted government debt to GDP occur at a lower frequency
than movements in the short rate. Our hedging demand factor, on the other hand,
explains variations in risk premia at a higher frequency than movements in the level
of interest rates. Finally, Greenwood and Vayanos (2012) posit that the government
adjusts the maturity structure of its debt in a way that stabilizes bond markets. For

instance, when interest rates are high, the government will finance itself with shorter



maturity debt and thereby reduce the quantity of interest rate risk held by agents. Our
effect goes exactly in the opposite direction: Because of the negative convexity in MBS,

hedging activity amplifies interest rates shocks.

This paper contributes to the literature on equilibrium term structure models, e.g.,
Le, Singleton, and Dai (2010), Xiong and Yan (2010), Ehling, Gallmeyer, Heyerdahl-
Larsen, and Illeditsch (2013), Bansal and Shaliastovich (2013), and Le and Singleton
(2013), among others. Contrary to these papers, in which bond risk premia are de-
termined by macroeconomic fundamentals or differences in beliefs about these funda-
mentals, we focus on the aggregate demand and supply of bonds as the main driver of
risk premia. Recent empirical work by Joslin, Priebsch, and Singleton (2012) and Le
and Singleton (2013) document the existence of unspanned factors that are unrelated
to the cross-section of yields but have a significant impact on risk premia. Moreover,
Le and Singleton (2013) show that time-varying market prices of risk, in addition to
time-varying quantities of risk, are required to explain bond risk premia. In our model,
duration drives the variation in the market price of risk and hence, bond risk premia.
Moreover, duration is unspanned by the yield factors. Finally, Joslin, Le, and Single-
ton (2013) and Fenou and Fontaine (2013) develop term structure models that include
additional lags in the dynamics of yield factors. Similarly, in our paper, MBS duration

depends on both current and past yields.

There is an important literature that studies the optimal prepayment in the MBS
market; see, e.g., Schwartz and Torous (1989) for an example of a prepayment model,
and Stanton (1995), Stanton and Wallace (1998), Longstaff (2005) and, more recently,
Agarwal, Driscoll, and Laibson (2013) for examples of optimal prepayment. Closest to
us are Gabaix, Krishnamurthy, and Vigneron (2007), who study the effect of limits to
arbitrage in the MBS market and show that mortgage prepayment risk carries a positive
risk premium. The authors do not study the term structure of interest rates and are

mainly interested in the risk premium due to mortgage prepayment risk.

Our paper is also related in spirit to the recent literature that studies the role of

hedgers and arbitrageurs in the determination of market prices of risk in commodities



futures (Acharya, Lochstoer, and Ramadorai (2013) and Hamilton and Wu (2012b)) or
equity options markets (Garleanu, Pedersen, and Poteshman (2009)).

This is not the first paper that studies how hedging in fixed income markets af-
fects bond volatilities. For example, Duarte (2008) and Perli and Sack (2003) test the
presence of a linkage between various proxies for hedging activity and either implied
or realized volatilities. Duarte (2008) assumes that hedging in bond and interest rate
options markets have separate effects on implied and realized volatilities. In contempo-
raneous empirical work, Hanson (2012) studies the impact of MBS duration onto bond
excess returns. Li and Wei (2013) study a no arbitrage model of the term structure that
includes an un-spanned MBS supply factor. Hamilton and Wu (2012a) estimate a no ar-
bitrage term structure model with a Treasury supply factor to study the implications of
“Operation Twist”. In our paper, we build a micro-founded model that allows us to in-
spect the mechanism through which hedging affects long-term interest rates. The model
is embedded in a standard dynamic term structure framework and has implications for

bond risk premia, and both implied and realized volatilities.

Finally, our paper is related to the literature that studies the effect of the recent Fed’s
purchase of long-term assets on interest rates (see e.g., Gagnon, Raskin, Remache, and
Sack (2010), Krishnamurthy and Vissing-Jorgensen (2011), D’Amico, English, Lopez-
Salido, and Nelson (2012), D’Amico and King (2013)). While our model mainly fo-
cusses on the relationship between long-term yields and volatilities and hedging in MBS
markets, other papers present evidence for alternative channels. For example, Krishna-
murthy and Vissing-Jorgensen (2011) report that QE1, which involved large purchases
of agency MBS, led not only to large reductions in mortgage rates, but also helped drive
down Treasury yields and caused a drop in the default risk premium of corporate bonds.
They interpret their findings as evidence for a long-term safety channel. D’Amico and
King (2013) emphasize a scarcity channel, i.e. a localized effect of supply shocks on

yields of nearby maturities.

The remainder of the paper is organized as follows. Section 1 sets up a model of the

term structure of interest rates and hedging demand, and presents a calibration of this



model. Section 2 describes the data used and Section 3 empirically tests our hypotheses.

Finally, Section 4 concludes. Proofs are deferred to the Appendix.

1 Model

Our model builds on the premise that bond prices are determined by the actions of
different market participants: The supply of Treasuries by the government (Greenwood
and Vayanos (2012)), demand by pension funds and other preferred-habitat investors
(Vayanos and Vila (2009)), foreign investors (Beltran, Kretchmer, Marquez, and Thomas
(2012)), and institutional investors like hedge funds and mutual funds (Lou, Yan, and

Zhang (2013)).

In this paper, we propose a new channel founded in the interaction between institu-
tional investors in mortgage-related securities, and risk-averse financial intermediaries.
We proceed as follows. First, we describe the variation in the net supply of bonds
resulting from hedging and portfolio re-balancing by mortgage investors. Then, we ex-
plicitly model intermediaries who behave as the marginal investors in bond markets and
determine asset prices as a function of the net supply provided by all other market par-
ticipants. We derive equilibrium prices in closed form and study how mortgage duration

and convexity affect the first and second moments of bond yields and returns.

1.1 Bond market

Time is continuous and goes from zero to infinity. We denote the time-t price of a zero
coupon bond paying one dollar at maturity ¢+ 7 by A], and its yield by y; = —% log A7].
The short rate 7, is the limit of yJ when 7 — 0. We take r, as exogenous and assume

that its dynamics under the physical probability measure are given by
th = /i(@—rt) dt"‘UdBt, (1)

where 6 is the long run mean of r;, x is the speed of mean reversion, and ¢ is the volatility

of the short rate.



At each date ¢, there exists a continuum of zero-coupon bonds with time to maturity
7 € (0, 7] in total net supply of s7. We think of the net supply as the difference between
the maturity structures of government debt and holdings of institutional investors. We
focus exclusively on the transitory changes in the supply driven by the variation in the
interest rate risk exposure of mortgage-related positions. Motivated by the data, we im-
plicitly take the view that the interest rate risk exposure of mortgages with an embedded
prepayment option varies more and at a higher frequency than other participants in the
bond market adjust their issues and holdings. Specifically, we assume that the dollar
duration of the net supply of all bonds depends exclusively on the MBS duration factor,
Dy, that has the following dynamics

dD; = —kpDedt + 1y (dy] — B¢ [dy/]), @)

where Dy = —dM BS,/dy] is the observable sensitivity of the aggregate MBS portfolio
to the changes in a reference long-maturity rate y;. Note that D is itself buffeted by

innovations to long rates and hence its dynamics are to be determined endogenously.?

Financial intermediaries invest in the bond market. Intermediaries are competitive
and have mean-variance preference over the instantaneous change in the value of their
bond portfolio. If 2] denotes their holdings in maturity-7 bonds at time ¢, the interme-

diaries’ budget constraint becomes
g TAT g T TdAz—
dW, = | W, — xy A dr | rdt + vy Af —dr, (3)
0 0 A
and their optimization problem is given by

max E; [dW;] — %Vart [dW,], (4)

{27} e,

3Intuitively, we think of the reference maturity 7 as ten years. Our model could accommodate a more
elaborate form for the dependence of the duration factor on yields. Yet, the parsimonious specification
we propose captures the key property that the duration factor, which in our model determines bond
risk premia, itself depends on long-term yields. Moreover, it provides an excellent empirical description
of MBS duration dynamics. Figure 1 illustrates the close relationship between MBS duration and the
ten-year yield (the plot looks virtually the same if we use the five-year yield instead, whose duration is
closer to the average MBS duration).



where « is their absolute risk aversion. Since intermediaries have to take the other side

of the trade in the bond market, the market clearing condition is given by
CHEE (5)
for all ¢t and 7.

1.2 Equilibrium term structure

Before solving for equilibrium yields, we determine the market price of interest rate risk.

Lemma 1. Given (1), (3), (4), and (5), the unique market price of interest rate risk is
proportional to the dollar sensitivity of the total net supply of bonds to the changes in

the short rate:
d ( Is SZAZCZT)
d’l"t .

(6)

At = QO

Lemma 1 follows from the absence of arbitrage and implies that, regardless of the
specific maturity composition of the net supply of bonds, the market price of interest
rate risk is determined by its dollar duration. In particular, this means that in order
to derive the equilibrium term structure, it is not necessary to explicitly model the full
dynamics of the net supply of bonds, but it is sufficient to capture the sensitivity of the
net supply of bonds to movements in interest rates, or the dollar duration of the net

supply of bonds. Omitting constants, we rewrite (6) as
)\t = —OZO'ZDt, (7)

where O’Z , the volatility of the reference yield y/, is a constant to be determined endoge-

nously.

Equations (1), (2) and (7) together imply that the dynamics of the short rate and

the MBS duration factor under the risk-neutral measure become

dry = [k(0—r)+ aaaZDt} dt + odB? and (8)

dD; = —kPDydt+n,0,dB?, (9)

9



where k% = rkp — an, (o

7

y)2 is the speed of mean reversion of MBS duration under the

risk-neutral measure.

We now have all the ingredients to solve for the equilibrium term structure.

Theorem 1. In the term structure model described by (8) and (9), equilibrium yields

are

yi = A(r)+ B(r)r +C(7) Dy, (10)

where

1 _ e—HT
= 11
B(r) — (11)
= Q
OéO'O'T 1 _ e—m— 1 _ e—KDT

C T = — Y - ) 12
( ) K — KJ% RT KJ%T ( )

A(7) is given by (A-8), and o} solves

o l—e™  kp—kKD [l—e" 1—e"

v _ - | (13)

o KT K — /{% KT /{%7_'

Equation (13) has a solution whenever « is below a threshold & > 0.

Two comments are in order regarding our assumptions. First, as can be seen from
equation (2), the duration of MBS is itself driven by innovations to interest rates. In
reality, MBS duration depends primarily on the likelihood that borrowers re-finance their
mortgages, which itself depends on the level of interest rates.* Lower rates increase the

probability of borrowers pre-paying their mortgages, leading to a lower duration. In

4The likelihood of refinancing depends also on other factors and not just the level of interest rates (see
Boudoukh, Richardson, Stanton, and Whitelaw (1997)). For example, Chen, Michaux, and Roussanov
(2012) show that mortgage holders are more likely to refinance when macroeconomic uncertainty is
high even conditioning on the level of interest rates. Also, the choice between fixed and adjustable-rate
mortgages, that influences the aggregate duration of outstanding mortgage portfolio, could depend on
the entire term structure rather than a specific maturity. Koijen, van Hemert, and van Nieuwerburgh
(2009) study the link between the term structure of yields and households’ mortgage choice. The
authors find high predictive power from the long-term bond risk premium onto the share of adjustable-
rate mortgages.

10



other terms, the short American option embedded in mortgage loans is the source of

negative (dollar) convexity, which is formally equal to:

d*M BS; D,

d (y])? dy; !

Second, while a unique shock is buffeting both the short rate and the MBS duration
factor, the latter has its own frequency (kp # k) and cannot, in general, be expressed
as a function of the former. The resulting additional factor allows us to interpret MBS
duration as depending on the history of interest rates.” This is important because the
borrowers’ incentive to re-finance their mortgages is a function of the current level of
interest rates relative to the average coupon paid by them on outstanding loans, which

is akin to a weighted average of past interest rates.

1.3 Model implications

Our model has a series of implications regarding the effect of hedging demand on yields,
expected returns, bond and yield volatility. We summarize them in two propositions

from which we derive our empirical hypotheses.

Proposition 1. The dollar duration of MBS positively predicts excess bond returns for
all maturities and the effect is stronger for longer maturities. The effect of the dollar
duration of MBS on yields is positive and, for a bounded set of maturities, is either

increasing or hump-shaped in maturity.

Proposition 1 is equivalent to the main result in Greenwood and Vayanos (2012) on
the duration of government debt. The market price of interest-rate risk depends on the
quantity of this risk that intermediaries hold to satisfy the hedging demand. In turn,
bonds with higher exposure to interest-rate risk are more affected. As a result, MBS
duration should predict excess bond returns and the effect is stronger for longer maturity

bonds.

SFormally, when kp # k, interest rates in our model are non-Markovian with respect to the short
rate m; alone. However, their history-dependence can be summarized by an additional Markovian factor,
namely the duration D;.

11



More formally, for the slope coefficient 37" of the regression of excess returns on
bonds with maturity 7 over horizon h on the MBS duration factor Dy, we verify that
lim,_, 87" = 0 and dB™"/dr > 0 and hence ™" is positive and increasing across

maturities.

Note that the effect of MBS duration on the level of yields is not necessarily mono-
tonic in the maturity. A yield depends on the average of risk premia over the life of
the bond. Higher risk premia increase yields. However, because of mean reversion in

interest rates and hedging activity, we expect risk premia at longer horizons to be lower.

Proposition 2. The volatility of all yields is increasing in the negative convezity of
MBS and the effect is strongest for intermediary maturities, i.e. is hump-shaped. The
effect of negative convexity on the volatility of bond returns is positive and increasing in

maturity.

Higher MBS convexity implies that the quantity of duration risk and therefore the
market price of risk are more sensitive to changes in interest rates. Moreover, because
MBS convexity is negative, hedging activity amplifies, rather than offsets, the effect that
the initial shock to the short rate has on long-term interest rates. As a result, interest

rate volatility is higher.

The link between convexity and volatility has a term-structure dimension. Short-
maturity yields are close to the short rate and therefore are not significantly affected by
the variations in the market price of risk. For long maturities, we expect the duration of
MBS to revert to its long-term mean. At the limit, yields at infinite horizon should not
be affected by current changes in the short rate and MBS duration at all.® As a result,

the effect of MBS convexity on yield volatilities has a hump-shaped term structure.”

6This is just an application of a more general argument by Dybvig, Ingersoll, and Ross (1996) on
why the yield volatility curve for long maturities should be downward sloping.

"When the negative convexity effect is strong enough, our model generates a hump-shaped term
structure of unconditional yield volatilities. Note that under the risk-neutral measure, our model can
be represented as an additive two-factor short rate model in which the factors are perfectly negatively
correlated when kp > k. Additive two-factor models with negatively correlated factors are known for
being able to generate hump-shaped term structures of interest rate volatilities; see Brigo and Mercurio
(2006).

12



Finally, even for low levels of intermediary risk aversion «, hedging activity can cause
potentially significant volatility in yields and risk premia. This is because in addition to
the direct amplification effect, where the fluctuations in the market price of risk amplify
the effect of short rate shocks on long rates, negative convexity also creates a feedback
loop effect. Through the latter, movements in long rates caused by fluctuations in MBS

duration themselves affect MBS duration.

More formally, the effect of MBS convexity on interest rate volatility can be under-
stood in two steps. First, for the instantaneous volatility of the maturity-7 yield, o, and
v = —%?St, we verify that do /d~ > 0. Moreover, lim,_,o o, =0 and lim, .07 =0
are both independent of v. Hence, yield volatility is increasing in =, and since it does

not change for extreme values, the effect is hump-shaped across maturities.

Next, we can relate the (negative of the) observed convexity 7, to 7. We show that

around a = 0,

- hon,
Y~ )
1— Oéhlﬂy

where both linearization coefficients are positive: hg, hy > 0. Compared to the a = 0

case where MBS duration has no effect on interest rates, MBS duration sensitivity to

1

ol In other words, because of the feedback

short-rate shocks increases by a factor

between long rates and duration, a smaller shock to the short rate is required to produce

an equilibrium change in duration of a given magnitude.

1.4 Calibration

With the model solutions at hand, we can now calibrate our model to the data. The
goal is to check whether our model can jointly replicate the first and second moment
features in the data, namely the predictive power of duration for bond excess returns
and the hump shape of the term structure of bond yield and swaption implied volatility.
To estimate the parameters of the duration and short yield, we discretize the processes
and estimate them using weekly data from 1990 to 2012. Appendix B outlines all the

calibration steps in detail.
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We first estimate a simple duration model that captures the intuition that MBS
duration depends on the current level of interest rates relative to a weighted average of
past rates. Using the estimates, we set the parameters of the duration factor to kp = 1.48
and 1, = 0.95. In addition, we calibrate the short rate process (1) to historical data
and obtain that its mean reversion and volatility are given by x = 0.13 and o = 0.0133,
respectively. Finally, we match the volatility of the ten year yield by choosing a.. Table 1

summarizes all parameters.®

Figure 2 illustrates the model fit for the duration time series. As we can see, the
model explains almost all of the variation in MBS duration: The autoregressive part
of the model produces an R? of 68%, adding the yield innovation increases the R? to
87%. This becomes even more evident if we compare our model to a model where we
include all yield principal components and other potential factors that predict MBS
duration. For example, following Chen, Michaux, and Roussanov (2012) who argue that
macroeconomic uncertainty affects the refinancing activity of mortgage holders, we add
as measure of macroeconomic uncertainty the level of VIX. As we can see in Figure 2,
our model captures better the time series behavior of duration than a “PCA+” model,

which includes all the yield principal components together with the VIX.

[Insert Table 1 and Figure 2 here.]

From Table 1, we note that the MBS duration factor has a higher frequency than
the short rate, i.e., kp > k. This implies that the short rate has a half-life of about
five years whereas the half-life of duration is much shorter at six months. The higher
mean-reversion captures the refinancing burnout effect. Low interest rates increase the
probability of prepayment and lower the duration of MBS. However, aggregate MBS
duration tends to reset when mortgages are eventually prepaid or simply mature and
new MBS are issued based on new pools of mortgages with lower coupons. It is also
interesting to compare the half-life of MBS duration to the numbers reported in Green-
wood and Vayanos (2012). The calibrated parameters in their paper imply that shocks

to government supply work at a much lower frequency than our duration factor. In their

8Calibrating the model to the five-year yield instead gives virtually identical results.
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model, the half-life of government supply is around 33 years. This suggests that their
factor moves at an even lower frequency than the business cycle, whereas aggregate MBS

duration has a higher frequency.

Using these parameters, we can now check whether the model is able to reproduce
several stylized facts in the data. We are first interested in whether the model can
reproduce the hump shape in the term structure of yield volatility. The upper left panel
of Figure 3 plots the term structure of bond yield volatility in the model and in the
data. Overall, the fit is good and more importantly, consistent with the data, the model

produces a hump at a maturity of two years.

Recall that in addition to the direct effect of MBS duration on long-term yields,
negative convexity creates a feedback from yields to duration. To assess the importance
of the feedback loop on yield volatilities, we compare our calibration results to the case
where we allow only for a direct channel from duration onto yields.” In the upper right
panel of Figure 3, we plot three different term structures of bond yield volatility: (i)
Based on a Vasicek model, (ii) based on a model that allows for the feedback and finally
(iii) based on a model without feedback effects. We note that allowing for the additional
duration factor but shutting down the feedback channel leads to an overall lower term

structure of volatility, however, the hump shape is still present.

An additional way to illustrate the effect of convexity on volatility is to consider
volatilities implied by swaptions. Because our model falls into the two-factor additive
Gaussian class, swaption pricing is straightforward (see Appendix B). The lower left
panel of Figure 3 reports implied volatilities on swaptions written on the 10-year swap
rate. We note two things: First, the overall fit is very good, second, as volatilities of
bond yields, the term structure of volatilities implied by swaptions displays a pronounced

hump.

9Formally, this is done by replacing the endogenously determined duration factor volatility nyag by

nyB (7) o, which still gives (13) for o to solve in Theorem 1, but this time with kY = kp—an,B(7) ooy
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The other main prediction from our model, related to Proposition 1, is that MBS
duration predicts bond excess returns. To test this, we run regressions from model-

implied bond excess returns onto duration:
T _ T T T
T!L’t+1—a +/8 Dt+€t+1)

where 77, are annual bond excess returns and D, is the duration factor. Model-implied
coefficients 57 are available in closed form. The lower right panel of Figure 3 depicts the
model-implied (solid line) and the empirical (dashed line) slope coefficients, 37, for each
maturity 7. Consistent with the model prediction, we find that the effect of duration is
increasing with maturity. Model-implied slope coefficients compare reasonably at short

maturities, but underestimate the effect at longer maturities compared to the data.
[Insert Figure 3 here.]

An important question is how the duration factor and yield factors are linked. In
our model, duration is not directly determined by the current level of interest rates,
the past levels matter as well. However, because risk premia depend on MBS duration,
the cross-section of yields should span the duration factor. In the calibrated model, the
first principal component explains 99.94% of the variation in yields, with the second
component fully accounting for the remaining 0.06%. At the same time, regressing the
duration factor on the first principal component yields an R? of 36%.'° In other words,
the yield factor that accounts for virtually all of the variation in the shape of the yield

curve does not span Dy, which is the variable relevant for forecasting excess returns.

We summarize that our model is able to accommodate salient features of first and
second moments of bond yields. Moreover, the model is also able to replicate the hump
shape found in the term structure of volatilities of interest rate derivatives and the

predictability of duration for bond risk premia.

ONote that the structure of our model allows us to compute the unconditional covariance matrix
of yields in closed form and obtain the numbers above theoretically, rather than via simulations. See
Appendix B.
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2 Data

We use data from several sources. From Bloomberg, we collect data on mortgage securi-
ties and mortgage issuance. Furthermore, we use Treasury data from the Federal Reserve
Board and agency bond index data from Datastream. Data are weekly and span the

time period from January 1997 through December 2012 for a total of 835 observations.

2.1 Mortgage data

We use estimates of MBS duration and convexity from Barclays. The Barclays US MBS
index covers mortgage-backed pass-through securities guaranteed by Ginnie Mae, Fannie
Mae, and Freddie Mac. The index is comprised of pass-throughs backed by conventional
fixed rate mortgages and is formed by grouping the universe of over one million agency
MBS pools into generic pools based on agency, program (i.e., 30-year, 15-year, etc.),
coupon (e.g., 6.0%, 6.5%, etc.), and vintage year (e.g., 2011, 2012, etc.). A generic
pool is included in the index if it has a weighted-average contractual maturity greater
than one-year and more than USD 250 million outstanding. The average duration in
our sample is 4.5 years. The low average duration is mainly driven by the prepayment
option of the underlying mortgages. There are two major drops in the duration time
series: The first one in May 2003 and the second one in January 2009. We note that the
first drop corresponds to the record high refinancing rate in the second half of 2002 and
first half of 2003 due to exceptionally low levels of yields. The second fall corresponds to
the Federal Reserve’s MBS purchase program which was announced in November 2008
but did not actually commence before January 2009 (Hancock and Passmore (2010)).

MBS display negative convexity and the average convexity in our sample is around —1.5.

2.2 Interest rates and excess returns

We use the Giirkaynak, Sack, and Wright (2007, GSW henceforth), zero coupon yield
data available from the Federal Reserve Board. Unlike the Fama and Bliss discount
bond database from CRSP, the GSW data is available at the weekly frequency. We use

the raw data to calculate annual Treasury bond excess returns for two to ten year bonds.
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We denote the return on a 7-year bond with log price A7 by r7,; = A7, — A]. The
annual excess bond return is defined as razf,; = r],, —y;, where y; is the one year yield.
As we have weekly data, the annual excess returns are overlapping by 51 weeks. From
the same data, we also construct a tent-shaped factor from forward rates, the Cochrane

and Piazzesi (2005) factor (CP factor, labeled cp,).

We also calculate the slope of the term structure as the difference between the ten
year and the one year zero coupon yield (labeled slope,). For short term interest rates,

we take one-month and three-month USD LIBOR rates from Bloomberg.

2.3 Bond volatility

Using the GSW yields ranging from six months to ten years, we estimate a time-varying
term structure of yield volatility. We sample the data at the weekly frequency and
take log yield changes. We then construct rolling window measures of realized volatility
which represent the conditional bond yield volatility. The resulting term structure of
unconditional volatility exhibits a hump shape consistent with the stylized facts reported

in Dai and Singleton (2010), with the volatility peak being at the two year maturity.

Mueller, Vedolin, and Yen (2012) calculate measures of model-free implied and re-
alized bond market volatilities for the one-month horizon using Treasury futures and
options data from the Chicago Mercantile Exchange (CME). We use their data for the
30-year Treasury bond and henceforth label the realized volatility trv;, and the implied
volatility tiv,. Moreover, the difference between the expected variance under the risk-
neutral (tiv?) and physical probability measure (trv?) is defined as the variance risk
premium (vrp, = tivZ — trv?). We also construct a measure of volatility of variance
for both the realized and implied proxies. Rolling volatility is calculated using a 52
week window and we label the two time-series tivov, and trvov,, for implied and realized

volatility of variance, respectively.

From Bloomberg, we also get implied volatility for at-the-money swaptions for dif-
ferent maturities ranging from 1 to 10 years and we fix the tenor to 10 years. We label

these swaption implied volatilities by iv7¥!'% where 7 = 1, ..., 10.
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Another way to capture bond price volatility risk is through returns on at-the-money
straddles, which are portfolios mainly exposed to volatility risk (see Collin-Dufresne and
Goldstein (2002)). We construct monthly straddle returns using at-the-money options

written on the 30-year Treasury bond. We label this time-series straddle;.

2.4 Other variables

Motivated by Hu, Pan, and Wang (2012) who report a link between swaption implied
volatility and measures of liquidity in bond markets, we use their proxy of noise illiquid-
ity, which measures an average yield pricing error from the Nelson, Siegel and Svensson
model (see Svensson (2004)). We also us the funding liquidity proxy of Fontaine and
Garcia (2012) which measures the on-/off-the-run premium across bonds with different

maturities.

3 Empirical analysis

Based on our model, we deduce a number of empirical predictions that we now proceed to
test in the data by running linear regressions. All regressions are standardized, meaning
that we first de-mean and then divide each variable by its standard deviation to make

slope coefficients comparable across different regressors.

3.1 Bond risk premia and bond yields

Hypothesis 1. A regression of bond excess returns on the dollar duration of MBS yields
a positive slope coefficient for all maturities, moreover the effect is stronger for longer

maturities. The same applies to yields.

This hypothesis is equivalent to Proposition 1. To test Hypothesis 1, we run linear
regressions of excess returns and yields on MBS duration. The regression for excess

returns is as follows:

ray,, = Biduration, + B3slope, + B3cp; + €141,
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where slope, is the slope at time ¢ and cp, is the CP factor at time ¢. The univariate
results are depicted in Figure 4 (middle two panels) and multivariate results are presented

in Table 2.

The univariate regression results indicate that MBS duration is a highly significant
predictor of bond excess returns at all maturities. The link has the expected positive sign
and is increasing with maturity: For any one standard deviation increase in duration
there is a 210 basis point increase in expected bond returns at the ten year maturity.

Adjusted R? range from 2% for the shortest maturity to 14% for the longest maturity.

Adding regressors does not deteriorate the significance of duration, moreover, esti-
mated slope coefficients on duration remain remarkably stable. When we include the
slope of the term structure and the CP factor to the regressions, the estimated coeffi-
cients on duration remain highly significant for five year maturities and longer. All three
regressors combined explain between 21% and 46% of the time variation of annual bond

excess returns.

The second part of Hypothesis 1 implies that higher duration increases yields and
that the effect should be more pronounced for longer maturity bonds. We run the

following regression:

y; = Piduration; + f3slope, + Sicp, + €,

where slope, is the slope at time ¢ and cp, is the CP factor at time ¢. The univariate
regression results are presented in Figure 4 (upper two panels) and multivariate regres-
sion results are reported in Table 3. The slope coefficient has the expected sign and is
highly significant as indicated by the 95% confidence intervals. Adjusted R? range from
18% for the shortest maturity to almost 30% for the ten year yield. The relationship
between duration and bond yields is also economically significant: For a one standard
deviation change in duration, there is a more than 50 basis point change in ten year
yields. To relate our results with other work in the literature, we can compare these
numbers to the findings in Gagnon, Raskin, Remache, and Sack (2011) and D’Amico,
English, Lopez-Salido, and Nelson (2012), who report that the Fed’s QE1 and QE2 com-
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bined lowered the ten year term premium by between 30 and 100 basis points. Since
only QE1 involved the purchase of MBS, our numbers align nicely with these estimates.
As for the multivariate regressions, we find that duration remains highly significant if
we add the slope of the term structure or the CP factor to the regression. Furthermore,

the effect of MBS duration on yields is still increasing with maturity.
[Insert Figure 4 and Tables 2 and 3 here.]

We conclude that there is a strong link between bond risk premia and levels of bond
yields and MBS duration. The effect is stronger for longer maturity bonds and remains

significant when we add other predictors to the regressions.

3.2 Bond yield volatility

Proposition 2 states that bond yield volatility is endogenously stochastic and driven
by convexity, moreover, the effect should be the strongest at intermediate maturities

(hump). We therefore test the following hypothesis in the data.

Hypothesis 2. The volatility of all yields is increasing in the negative convezity of MBS.

Moreover, the effect is the largest for intermediate maturities, i.e. is hump-shaped.

We run the following regression from conditional bond yield volatility onto convexity

and a set of other predictors:
vol] = f{convexity, + B5tiv, + S3illiq, + €,

where vol] is the conditional bond yield volatility at time ¢ of a bond with maturity
7 =1,...,10 years, tivy, is the Treasury implied volatility at time ¢ and illiq, the illig-
uidity factor at time t. The univariate results are presented in the lower two panels of
Figure 4, which plot the estimated slope coefficients of convexity, i.e. Bl (left panel),
and the associated adjusted R? (right panel). In line with our model predictions, we

find a significant effect from convexity onto bond yield volatility and the effect is the
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largest for the intermediate maturities. The estimated slope coefficients produce the
hump shaped feature similar to the one observed in the unconditional averages of yield
volatility. Adjusted R? range from 6% for the shortest maturities, increase to 7% for
the two and three year maturities and decrease again to 3% for longer maturities. Es-
timated coefficients are not only statistically but also economically significant: For any
one standard deviation change in the MBS convexity, there is a 0.3 standard deviation
change in the bond yield volatility, which corresponds to approximately 120 basis points.

Multivariate regressions are presented in Table 4.

[Insert Table 4 here.]

When we add implied volatility or illiquidity into the regression, convexity still re-
mains highly statistically significant. The estimated coefficients reveal that the effect
is the largest for the intermediate maturities of five years as indicated by the size of
the coefficient. This also makes sense economically because the average duration in our
sample is around 4.5 years and hedging is therefore expected to focus on this maturity.
Unsurprisingly, implied volatility loads positively on bond yield volatility. Higher bond
yield volatility goes hand in hand with higher implied volatility in bond option mar-
kets. Illiquidity has the expected positive sign as bond volatility tends to be high when
markets are illiquid. However, the effect becomes insignificant as we add the Treasury
implied volatility into the regression. All three factors together explain between 50%

and 62% of the time variation in bond yield volatility across different maturities.

3.3 Other volatility regressions

As outlined in Proposition 2, our model implies that the volatility of bond returns is
positively related to the hedging demand. We formulate a testable empirical prediction

in the following hypothesis:

Hypothesis 3. Bond return volatility, both implied and realized, are increasing as MBS
convezity is increasing. Moreover, the associated volatility of volatility and variance risk

premia are increasing as well (in absolute terms).
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In the following, we use both implied volatility from options on Treasuries and swap-
tions. The reason is that hedging activity could potentially affect both. For example,
Wooldridge (2001) notes that non-government securities were routinely hedged in the
Treasury market until the financial crisis of 1998 when investors started hedging their
interest rate exposure in the swaption market. This point is also made in Perli and Sack

(2003), Duarte (2008), or Feldhiitter and Lando (2008).

To test the above hypothesis, we run regressions of the following type:
tiv,/trv, /ivT¥'% /vrp, /straddle, /tivov, /trvov, = Biconvexity, + Bailliq, 4+ fslagged, | + €,

where tiv; (trvy) is the implied (realized) volatility of the 30 year Treasury bond at
time ¢, iv7¥'% is the 7 year maturity implied volatility from swaptions on the 10-year
swap rate, vrp, is the associated variance risk premium defined as the difference between
the implied and realized measure, tivov, (trvovy) is the volatility of implied (realized)
variance, illiq, is the illiquidity measure and lagged, ; are the LHS variables lagged for
one period given the high persistence in the time-series itself. The volatility of variance
regressions are motivated by the results in Perli and Sack (2003), who find that mortgage
hedging has not only a direct effect on the level of volatility but also on the changes
in expected volatility, which is larger whenever hedging is intense. The results of these

regressions are found in Tables 5 and 6.

[Insert Tables 5 and 6 here.]

The data confirms our model predictions. The estimated coefficients are significant
and also carry the expected sign: Higher MBS convexity implies a larger variance risk
premium, larger implied and realized volatility, and a larger volatility of variance. In eco-
nomic terms, this implies that for any one standard deviation increase in MBS convexity
there is a 60 (40) basis point increase in implied (realized) volatility. MBS convexity
also helps to explain returns of straddle strategies. The estimated slope coefficient of

convexity is significant, albeit only at the 10% confidence level.
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When we add other regressors, Bl remains significant. Illiquidity is significant and
carries the expected positive sign: Higher illiquidity implies higher volatility, a higher

associated variance risk premium, and higher returns on a straddle strategy.

The same picture emerges for implied volatilities from swaptions: Higher convexity
induces higher volatility on swaptions. Estimated slope coefficients are significant and
robust to the inclusion of other regressands. Interestingly, in the univariate regressions,
we also find a hump shaped pattern similar to the one observed in the bond yield

volatility regressions.

Overall, we conclude that both MBS duration and convexity are significantly linked
to first and second moments of bond yields and bond returns. The empirical results are
in line with the theoretical predictions and also hold when adding other control variables

to the regressions.

3.4 What is MBS duration and convezity capturing beyond information in yields?

Households refinance mortgages when interest rates drop and it is therefore tempting
to assume that MBS duration is a mere reflection of information already contained
in yields. Most models in fixed income decompose movements in yields into principal
components and argue that the first three factors explain most of the variation in yields.
In the following, we ask whether MBS duration encodes any information that helps us
to predict bond returns which is not already contained in bond yields. As a first test,
we look at unconditional correlations between MBS duration and the first five principal
components (PCs) given in Table 7 (Panel A). Unsurprisingly, we find that MBS duration
is highly correlated with the first PC, the level factor, but has almost no correlation with
higher order PCs. To test more formally whether duration is spanned by the yield factors

we run the following regression similar to Joslin, Priebsch, and Singleton (2012):
duration; = a + Silevel; + Baslope, + fscurvature; + €,

where level;, slope, and curvature; are the first three PCs from the cross-section of yields.

The residual ¢, represent the risks which cannot be replicated using the yield PCs,
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henceforth, we label this residual duration,. For our sample period, the projection of
duration onto the first three PCs of yields gives us an adjusted R? of 25%. This means
that 75% of the variation in MBS duration arises from risks which are distinct from
these PCs. Moreover, a regression from the duration time series on bond yields should
produce fitted residuals which are close to uncorrelated. In our regression, we find that
the AR(1) of residuals is 0.94 and the associated Durbin and Watson statistic is 0.1,

which clearly rejects the null of zero autocorrelation.

This now begs the question of whether duration contains any information beyond
these principal components to predict bond returns. To test this, we regress bond
excess returns on MBS duration and the first three PCs. Panel B of Table 7 shows the
results. Once we add MBS duration into the regression, the coefficient for the level factor
becomes insignificant for maturities equal and larger than five years. The significance of
the duration factor, however, remains qualitatively very similar to the results reported
in Table 2. Finally, Panel C reports the slope coefficients for the orthogonalized duration
time series, duration,. Comparing significance of the coefficients for duration between
Panel B and C, we virtually do not find any difference whether we use the orthogonalized

or non-orthogonalized time series.

[Insert Table 7 here.]

Finally, it is also natural to investigate how MBS convexity is related to level, slope,
and curvature of yields. Running a regression from MBS convexity onto the first three
PCs, we find that the regressors explain around 40% of the variation and the AR(1)
coefficient of residuals is 0.85. We therefore conclude that—just as duration—convexity
is not spanned by the yield factors. Since in our model, convexity is mainly related to
bond yield volatility, we repeat the same exercise using the PCs calculated from the cross-
section of bond yield volatilities. Similar to the cross-section of yields, three factors are
essentially enough to fully capture the dynamics of bond yield volatilities: The first three
factors explain 91.8%, 6.5% and 1.15% of the overall variation, respectively. Running a
regression from convexity onto the first three volatility PCs, we find that they explain

little of the variation in convexity as the adjusted R? is only about 10%.
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3.5 MBS duration and other funding factors

Le and Singleton (2013) demonstrate excellent forecasting power of proxies of funding
risk for bond excess returns beyond the information contained in yields. In particular,
the authors show that the realized jump mean constructed by Wright and Zhou (2009)
has substantial forecasting power for bond excess returns relative to yield PCs. Interest-
ingly, this jump amplitude factor is highly correlated with the funding liquidity proxy of
Fontaine and Garcia (2012). In the following, we ask whether the MBS duration factor
is subsumed by these proxies of funding risk. Our motivation is twofold: First, we note
the rather high (negative) correlation between MBS duration and realized jump mean
which is depicted in Figure 5. Secondly, similar to MBS duration, the mean jump size
exhibits low correlation with the yield PCs: The highest correlation is with the 4th PC
which is 25%. Running a regression from the mean jump size onto the yield PCs leads

to an R? of only 14%.

If the mean jump size and MBS duration are both unspanned factors and both are
possibly related to friction-like phenomena, then it is natural to ask how each of these
factors would perform in multivariate predictive regressions of bond excess returns. To
answer this question, we run monthly regressions from bond excess returns onto duration
and measures of funding risk like the jump amplitude factor, J; and the funding liquidity
proxy of Fontaine and Garcia (2012), F;. The results are reported in Panel A of Table
8.

[Insert Figure 5 and Table 8 here.]

The economic and statistical significance of MBS duration is not affected if we add
either the funding liquidity or jump amplitude factor into the regression. Estimated co-
efficients for duration are significant for all maturities and remain quantitatively similar
to the ones reported before.'! In Panel B, we report adjusted R? from regressing bond

excess returns onto the same factors but including the yield PCs. In line with the weekly

1 One could suspect that multicollinearity affects the results. To check this, we run the same regres-
sions, but use the residual from a contemporaneous regression from the jump amplitude onto duration.
The results do not change qualitatively with respect to those reported in Table 8.
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results in Table 7, the first two lines reveal that including duration into the regression
almost doubles the R? for long maturities. While adding the funding liquidity proxy
does not alter the R? much, including J, does increase the R? by another 10%.

3.6 MBS duration and macro factors

MBS duration depends on interest rate conditions, and hence, we expect some variation
of duration to be driven by the macroeconomy. However, from our previous analysis, we
know that duration moves at a much higher frequency than the business cycle since the
half-life is only 6 months. In the following, we study whether duration explains anything

of bond risk premia beyond macroeconomic factors.

Ludvigson and Ng (2009) exploit information in 132 different realized macroeconomic
and financial series and explore the predictive content of these series for bond risk premia.
The authors find that the main principal components extracted from this panel are
statistically significant even in the presence of the CP factor and substantially improve
predictability. To test whether our MBS duration factor is robust to the inclusion
of these macroeconomic factors, we compute the eight static macroeconomic factors,
Fi j=1,...,8, for an updated data set through December 2012. In the following, we
report regressions from bond risk premia onto duration and the macroeconomic factors
at the monthly frequency. To save space, we defer the bond yield regressions to the

Online Appendix.

[Insert Table 9 and Figure 6 here.]

Table 9 presents the results. While the effect of duration at the shortest maturities
is negligible, at longer maturities, the impact remains almost unaltered compared to
the results for weekly returns reported in Table 2. At longer maturities, almost none
of the macroeconomic factors is significant and more importantly, the significance of
the duration factor is virtually unchanged when moving from the univariate regression

results to the regressions which include the macro factors. This is intuitive, as the macro
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variables mainly affect the short-term rates because of monetary policy, whereas MBS

duration mainly influences longer maturity assets.

To further improve our understanding of how duration affects bond risk premia,
we plot in Figure 6 (upper panel) fitted values from an univariate regression from the
10-year bond risk premium onto duration. We can compare this with predicted values
from a regression using the CP factor, which is said to be business cycle related. Two
observations are noteworthy: First, the fitted values from the duration regression pick
up some of the cyclicality of the bond risk premium, similar to the CP factor. Second,
duration does exceptionally well in predicting the bond risk premium in two distinct
periods: 2003 and 2008. Reverting back to Figure 1, these are exactly the periods when

refinancing activity was the highest.

Lastly, we can compare the predictive power of the jump amplitude factor which is
plotted in Figure 6 (lower panel). Interestingly, the jump factor also tracks nicely the

downturns in the bond risk premium in 2003 and 2008, similar to MBS duration.

We summarize our findings as follows: MBS duration is a strong predictor of bond
risk premia at longer horizons and its predictive power is not subsumed by macroeco-

nomic factors. Moreover, MBS duration seems to be related to friction-like phenomena.

3.7 The impact of MBS duration and convezity over time

Figure 7 plots the ratio of mortgages outstanding and GDP from 1990 to 2012 together
with the amount outstanding in mortgages and Treasuries. As one can see, the im-
portance of the mortgage market vis-a-vis both GDP and Treasuries has increased over
the past 20 years. Both ratios peak in 2010 and since then have declined. If mortgage
markets have become more important over time, one would expect the effect of MBS
duration and convexity to increase over time. To test this hypothesis, we run similar re-
gressions as above but interact the duration and convexity measures with the mortgage

and GDP ratio. The results are reported in Table 10.

[Insert Figure 7 and Table 10 here.]
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The results indicate that MBS duration and convexity are still highly significant
predictors of bond excess returns and bond yield volatility. For the bond yield volatility
regressions, we find that the interaction term is able to explain 24% of the time variation
in long term bond yield volatility. Overall, we conclude that MBS duration and convexity

are robust predictors for levels and second moments of bond yields.

3.8 Robustness

One issue with using annual bond excess returns is the low number of independent
variables. In our data sample of 16 years, we have a maximum of 16 independent
observations. To address this issue, we use actual bond returns for different maturity
bins available from CRSP. Data is monthly and represents an equally-weighted average
of holding period returns for each bond in the portfolio. We calculate excess returns
by subtracting the T-bill. Because of the large impact of monetary policy on T-bills in
the past couple of years, we also use the 1-month Eurodollar deposit rate. Results are

reported in Table 11.

[Insert Table 11 here.]

We note that while the adjusted R? almost halves compared to the previous results,
the estimated coefficient of duration is still significant. Moreover, these results hold

whether we use the T-bill or the Eurodollar rate to construct the excess returns.

4 Conclusion

This paper studies the effect of dynamic hedging of large positions in mortgage backed
securities on the term structure of bond yields, expected returns, and bond volatilities.
We first build a micro-founded model of these demand pressures in bond markets and
build it into an otherwise standard one factor term structure model. Despite its simple

structure, our model has interesting implications for first and second moments of bond
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yields: Our model is able to replicate the predictive power of MBS duration for bond ex-
cess returns and also features a hump shaped term structure of bond yield and swaption

implied volatilities.

We then empirically test our model predictions using 16 years of data and find our
hypotheses confirmed. For example, we find a strong positive link between measures
of MBS duration, bond yields, and bond excess returns. The relationship is not only
statistically significant but also economically relevant. This relationship remains strong
when we add other standard regressors. We then proceed to study the relationship
between MBS hedging and bond yield volatilities and bond variance risk premia. In
line, with our theoretical predictions, we find that MBS convexity significantly affects
bond yield volatilities and it produces the predicted hump shaped feature. A higher
MBS convexity not only significantly increases bond yield volatility but also measures

of bond return volatility and bond variance risk premia.

While MBS duration and convexity are naturally related to information in the term
structure of bond yields, we provide novel evidence that duration and convexity are
not spanned by the usual bond yield factors (principal components). For example, we
show that MBS duration contains information which is beyond the one captured in the
level factor. A more formal investigation of unspanning and its implications for second

moments of bond returns is an exciting avenue which we leave to future research.

30



References

AcHARYA, V. V., L. A. LOCHSTOER, AND T. RAMADORATI (2013): “Limits to Arbitrage and

Hedging: Evidence from Commodity Markets,” Journal of Financial Economics, 109, p. 441
— 465.

AGARWAL, S., J. C. DriscoLL, AND D. I. LAIBSON (2013): “Optimal Mortgage Refinancing:
A Closed Form Solution,” forthcoming, Journal of Money, Credit, and Banking.

BANSAL, R., AND I. SHALIASTOVICH (2013): “A Long-Run Risk Explanation of Predictability
Puzzles in Bond and Currency Markets,” Review of Financial Studies, 26, p. 1 — 33.

BELTRAN, D. O., M. KRETCHMER, J. MARQUEZ, AND C. P. THOMAS (2012): “Foreign
Holdings of U.S. Treasuries and U.S. Treasury Yields,” Working Paper 1041, Board of Gov-
ernors of the Federal Reserve System.

BoupoukH, J., M. P. RICHARDSON, R. H. STANTON, AND R. WHITELAW (1997): “Pricing
Mortgage-Backed Securities in a Multifactor Interest Rate Environment: A Multivariate
Density Estimation Approach,” Review of Financial Studies, 10, p. 405 — 446.

BriGo, D., AND F. MERCURIO (2006): Interest Rate Models — Theory and Practice. Springer.

CHEN, H., M. MicHAUX, AND N. RoussaNOv (2012): “Houses as ATMs? Mortgage Refi-
nancing and Macroeconomic Uncertainty,” Working Paper, MIT.

COLLIN-DUFRESNE, P., AND R. S. GOLDSTEIN (2002): “Do Bonds Span the Fixed Income

Markets? Theory and Evidence for Unspanned Stochastic Volatility,” Journal of Finance,
57, p. 1685 — 1730.

Da1, Q., AND K. SINGLETON (2003): “Term Structure Dynamics in Theory and Reality,”
Review of Financial Studies, 16, p. 631 — 678.

D’AmMico, S., W. EncLisH, D. LOPEZ-SALIDO, AND E. NELSON (2012): “The Federal Rer-
seves Large Scale Asset Purchase Programs: Rationale and Effects,” forthcoming, Economic
Journal.

D’Amico, S., AND T. B. KING (2013): “Flow and Stock Effects of Large-Scale Treasury
Purchases: Evidence on the Importance of Local Supply,” Journal of Financial Economics,
108, p. 425 — 448.

DUARTE, J. (2008): “The Causal Effect of Mortgage Refinancing on Interest Rate Volatility:
Empirical Evidence and Theoretical Implications,” Review of Financial Studies, 21, p. 1698
- 1731.

DyBvia, P. H., J. E. INGERSOLL, AND S. A. Ross (1996): “Long Forward and Zero-Coupon
Rates Can Never Fall,” Journal of Business, 69, p. 1 — 25.

Enring, P., M. F. GALLMEYER, C. HEYERDAHL-LARSEN, AND P. K. ILLEDITSCH (2013):
“Disagreement about Inflation and the Yield Curve,” Working Paper, Norwegian Business
School.

FELDHUTTER, P., AND D. LANDO (2008): “Decomposing Swap Spreads,” Journal of Financial
FEconomics, 88, p. 375 — 405.

31



FENOU, B., AND J.-S. FONTAINE (2013): “Gaussian Term Structure Models and Bond Risk
Premia,” Working Paper, Bank of Canada.

FONTAINE, J.-S., AND R. GARcIA (2012): “Bond Liquidity Premia,” Review of Financial
Studies, 25, p. 1207 — 1254.

GABAIX, X., A. KRISHNAMURTHY, AND O. VIGNERON (2007): “Limits of Arbitrage: Theory
and Evidence from Mortgage-Backed Securities Market,” Journal of Finance, 62, p. 557 —
595.

GAGNON, J. E.;, M. RAskIN, J. REMACHE, AND B. P. SAck (2010): “Large-Scale Asset
Purchases by the Federal Reserve: Did They Work?,” Working Paper, Board of Governors
of the Federal Reserve System.

GARLEANU, N., L. PEDERSEN, AND A. M. POTESHMAN (2009): “Demand Based Option
Pricing,” Review of Financial Studies, 22, p. 4259 — 4299.

GREENWOOD, R., AND D. VAYANOS (2012): “Bond Supply and Excess Bond Returns,” Work-
ing Paper, London School of Economics.

GURKAYNAK, R., B. SACK, AND J. WRIGHT (2007): “The U.S. Treasury Yield Curve: 1961
to Present,” Journal of Monetary Economics, 54, p. 2291 — 2304.

HaMILTON, J. D., AND J. WU (2012a): “The Effectiveness of Alternative Monetary Policy

Tools in a Zero Lower Bound Environment,” Journal of Money, Credit and Banking, 44, p.
3 — 46.

Hamirton, J. D., aAnD J. C. Wu (2012b): “Risk Premia in Crude Oil Futures Prices,”
Working Paper, UCSD.

HAaNcock, D.; AND W. PASSMORE (2010): “Did the Federal Reserve’s MBS Purchase Pro-
gram Lower Mortgage Rates?,” Working Paper, Board of Governors of the Federal Reserve
System.

HANSON, S. G. (2012): “Mortgage Convexity,” Working Paper, Harvard Business School.

Hu, G. X., J. PAN, AND J. WANG (2012): “Noise as Information for Illiquidity,” Working
Paper, MIT.

JAFFEE, D. (2003): “The Interest Rate Risk of Fannie Mae and Freddie Mac,” Journal of
Financial Services Research, 24, p. 5 — 29.

JosLIN, S.; A. LE, AND K. J. SINGLETON (2013): “Gaussian Macro-Finance Term Structure
Models with Lags,” forthcoming, Journal of Financial Econometrics.

JosLIN, S., M. PRIEBSCH, AND K. J. SINGLETON (2012): “Risk Premiums in Dynamic Term
Structure Models with Unspanned Macro Risks,” Working Paper, Stanford University.

KowEeN, R., O. vAN HEMERT, AND S. VAN NIEUWERBURGH (2009): “Mortgage Timing,”
Journal of Financial Economics, 93, p. 292 — 324.

KRISHNAMURTHY, A., AND A. VISSING-JORGENSEN (2011): “The Effects of Quantitative Eas-
ing on Interest Rates: Channels and Implications for Policy,” Brookings Papers on Economic
Activity, 2, p. 215 — 287.

32



LE, A., AND K. J. SINGLETON (2013): “The Structure of Risks in Equilibrium Affine Models
of Bond Yields,” Working Paper, UNC.

LE, A., K. J. SINGLETON, AND Q. DAI (2010): “Discrete-Time Affine 3 Term Structure
Models with Generalized Market Prices of Risk,” Review of Financial Studies, 23, 2184 —
2227.

L1, C., AND M. WEI (2013): “Term Structure Modeling with Supply Factors and the Federal
Reserve’s Large Scale Asset Purchase Programs,” Working Paper, Board of Governors of
the Federal Reserve System.

LONGSTAFF, F. (2005): “Borrower Credit and the Valuation of Mortgage-Backed Securities,”
Real Estate Economics, 33, p. 619 — 661.

Lou, D., H. YAN, AND J. ZHANG (2013): “Anticipted and Repeated Shocks in Liquid Mar-
kets,” forthcoming, Review of Financial Studies.

LupviGsoN, S. C., AND S. NG (2009): “Macro Factors in Bond Risk Premia,” Review of
Financial Studies, 22, 5027-5067.

MUELLER, P., A. VEDOLIN, AND Y.-M. YEN (2012): “Bond Variance Risk Premia,” Working
Paper, London School of Economics.

NEwWEY, W., AND K. WEST (1987): “A Simple, Positive Semi-Definite, Heteroscedasticity
and Autocorrelation Consistent Covariance Matrix,” Econometrica, 55, p. 703 — 708.

PARKINSON, P., M. GIBSON, P. MOSSER, S. WALTER, AND A. LATORRE (2005): “Con-
centration and Risk in the OTC Markets for U.S. Dollar Interest Rate Options,” Working
Paper, Board of Governors of the Federal Reserve System.

PERLI, R., AND B. P. SACK (2003): “Does mortgage hedging amplify movements in long-term
interest rates?,” Journal of Fized Income, 13, p. 7 — 17.

SCHRAGER, D. F.; AND A. A. J. PELSSER (2006): “Pricing Swaptions and Coupon Bond
Options in Affine Term Structure Models,” Mathematical Finance, 16, p. 673 — 694.

SCHWARTZ, E. S., AND W. ToroUS (1989): “Prepayment and the Valuation of Mortgage-
Backed Securities,” Journal of Finance, 44, p. 375 — 392.

STANTON, R. S. (1995): “Rational Prepayment and the Valuation of Mortgage-Backed Secu-
rities,” Review of Financial Studies, 8, p. 677 — 708.

STANTON, R. S., AND N. WALLACE (1998): “Mortgage Choice: What’s the Point?,” Real
Estate Economics, 26, p. 173 — 205.

SVENSSON, L. (2004): “Estimating and Interpreting Forward Rates: Sweden 1992-1994,”
National Bureau of Economic Research Working Paper No. 4871.

VASICEK, O. (1977): “An Equilibrium Characterization of the Term Structure,” Journal of
Financial Economics, 5, p. 177-188.

VAYANOS, D., AND J.-L. VILA (2009): “A Preferred-Habitat Model of the Term Structure of
Interest Rates,” Working Paper, London School of Economics.

33



WOOLDRIDGE, P. D. (2001): “The Emergence of New Benchmark Yield Curves,” Bis Quar-
terly Review.

WRIGHT, J., AND H. ZHOU (2009): “Bond Risk Premia and Realized Jump Risk,” Journal
of Banking and Finance, 33, p. 2333 — 2345.

XI10NG, W., AND H. YAN (2010): “Heterogeneous Expectations and Bond Markets,” Review
of Financial Studies, 23, 1433 — 1466.

34



Appendix A Proofs and derivations

Proof of Lemma 1. For notational simplicity let us suppose that bond prices are in the form

dAT
A7

= pidt — o] dB;. (A-1)
Substituting (A-1) into intermediaries’ budget constraint, (3), we get
T T
dW; = [rtWt +/ xp Al (ug —re) dT:| dt — [/ xtTAtTJtTdT] dBy,
0 0

therefore (4) simplifies to
T al [T 2
max / xf Al (uy —ry)dr — — [/ (L’ZAZO’Z—dT:| . (A-2)
{rI}Te(O,T] 0 2 0

Because markets are complete, by no-arbitrage, there exists a unique market price of interest
rate risk across all bonds that satisfies

_ _ M
At - 1 dAT - —oT (A_3)
Fd_rto- t
and introducing
a(Jy «rATdr T At LT
Ty = ar > :/0 x; dT: dr = —;/0 xy A o] dr, (A-4)

for the total exposure of interest rate risk borne by intermediaries, their maximization problem
(A-2) reduces to

max A&y — %:17?. (A-5)

T 2
The first order condition of (A-5) together with the market clearing condition (5) determine
the equilibrium market price of risk and provides (6). O

Proof of Theorem 1. We conjecture equilibrium yields in the model defined by (8) and (9) to
be in the form (10), i.e. bond prices can be written as

AZ’ —e [TA(T)+7B(7)ri+7C(7) D] )

Writing down the standard pricing PDE, we obtain an equation that is affine in r; and Dj.
Collecting the r;, Dy, and constant terms, respectively, we get a set of ODEs:

= 1B (1) +B(1) + kB (1), ) (A-6)
0 = 7C" (1) +C(7)+ K%TC (1) —aco,7B(7), and (A-7)

0 = 7A (1) + A(r) — kOTB (1) + %027282 (1) + % (05)2 2C% (1) + 0’0;728 (r)C (1),
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with terminal conditions A (0) = B(0) = C(0) = 0. The solution to (A-6) is then given by
(11), and the solution to (A-6) is (12). Moreover, the function A(7) is given by

2
A(r) = 6bw(kr)+ Z—z (%) Bw (2KT) —w (/{7’)] (A-8)
o? KD — K3 ?
+ (,5%)2 ( :_ ,.;%D> [%w (2/{%7’) —w (/1%7’)]
2 Q

g KD —RpR—K
+ 7 D QD (g [w <<;{+;{%> 7-> —w(kT) —w (/{%7’)} )

where the function w (.) is defined as w (z) = 1 — 1=¢— for all = # 0.

Finally, from (10), the volatility of the reference yield has to solve

o, = B(7)o +C(7)nyoy. (A-9)

Substituting (11) and (12) into this equation, we obtain (13).

To complete the proof of the Theorem, we show that there exists & > 0 such that (13)
has a meaningful solution for all 0 < o < &. First, we show that all 05 solutions of (13) are
non-negative. It is straightforward from (11) that B (7) is positive and decreasing. Also, as
the function z — 1=¢— is decreasing, from (12) it must be that C () and o, have the same
sign. However, as 7, > 0, the right-hand side of (A-9) is then positive, implying both oy > 0
and C (1) > 0.

Second, following Greenwood and Vayanos (2012), a sufficient condition for the existence
of a solution to (13) is that the left-hand side is greater than the right-hand side when /ﬁl% =0
- this means that under the risk-neutral measure the model does not explode. After some
algebra, this is equivalent to

a< D —. (A-10)
Ny (ml—e_*'” i H_D) o2

K KT K

Defining @ as the right-hand side of (A-10), which is certainly positive, (13) has at least one
solution whenever o < . ]

Proof of Proposition 1. The theoretical slope coefficient of the regression of excess returns over
horizon h on maturity-7 bonds on the duration factor D, is equal to

g = 1C(r) = hC(h) — (r — h)C (T — h) e "P",

_ _aJUZe_“Dh [1 — e BN (1 B e—(n‘%—np)h> e A <1 — e_(H—HD)h>] ‘

Q Q
K—Kp KD K

Regarding the sign of 7" and its behavior across maturities, first we have lim,_,; 7" = 0.
Moreover,

dﬁT’h aaaZe‘“Dh

- 3 [6_“%(T—h) (1 — e_(“%_“D)h) — e K(T=h) (1 - e_(“_“D)h)] .
K— K]
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We focus only on the case when kp > k, because it holds for the parameters we obtain from
calibrating the model, see Table 1. If also /1% > K, the term inside the bracket is positive, and
dBT’h/dT > 0. If, on the other hand, KJ% < Kk < Kp, the term in the bracket is negative and
dB™" /dr > 0 again. Therefore, it is sufficient that k < kp to have d™"/dr > 0, and hence
B7" being positive and increasing in maturities.

The effect of duration on yields, from (10), is given by C (7). From the Proof of Theorem
1, C (1) > 0. Moreover, it is easy to show that
;13%6 (1) = TILIEOC (1) =0,

which implies that the effect is either increasing across maturities if 7 is small, or first increasing
then decreasing if 7 is sufficiently large. This completes the proof. O

Proof of Proposition 2. From (10), bond yield volatility is given by

o), =B(1)o +C (1) nyoy. (A-11)

We determine the effect of convexity —n, on yield volatilities in two steps.

__d’MBS,

57 L. Straightforward from its definition, we have
t

. do?
First, we focus on o where v =

2

Vo =Ty (U )27 (A-12)

< 3

and hence /1% = kp — ac?y. Using (12) and (A-12) we rewrite C (1) Ny as

3 —KT —HQT
- ac’y [l—e 1—e™"p
C(r)nyo!r =— — ,
()yy H—H% RT H,%T

and since B (7) is only a function of k, we obtain

doT™ 3 1 — e KT 1 — —KQDT
a0y _ (6702 e . % (A_13)
d,}, (/q;— 5%) KT KpT
3 _LQ _ _Q _Q Q_ _.Q
(6702 KD K}D 1—c¢ KT 1—c¢ KpT 0 1—e HDT—H}DTG KpT
+ — 0 + (/i— /ﬁ}D)

2
Q RT KT
</{—/¢D D

(+3) ~

As the function f (x) = 1=¢""" i5 decreasing for any 7 > 0, the first term on the RHS is always

xrT
positive. Moreover, it is also a convex function, hence

1—6_“7_1—6_“%T+( Q)l—e_“%T—/i%

R—K
Q D 2 =
(<5) =

RT K’DT
and the second term on the RHS of (A-13) is also positive. Therefore, C?—j > 0.

0
Te ®DT

Second, we relate 7 to 1, by considering (A-12) around a = 0. From (A-11) we have

g

<”_5>2 = (B +c@) %D)z ~ ho + ahyy, (A-14)

37



where )
ho = (B() +C(7) 22) Jamo = B (7), and

7 7) 22)? o? — e hT — e RDT
hlzld(B()JrC()g) oo = —2B(7) <1 1 >

~y do K— KD KT KDT

Combining (A-12) and (A-14), we obtain that around a = 0,

_ hony
=
1 — ahiny,

Since hg, h1 > 0, 7 is increasing in 7,, and together with the first part of the proof we get

d T
Yy S0, (A-15)
dn,

Third, we trivially verify that

lim 0; = ¢ and lim 0; =0.
7—0 T—00

Therefore, the effect of negative convexity on yield volatilities tends to zero at very short and
very long maturities, and hence it must be hump-shaped.

Finally, since bond return volatility satisfies of = 70y, (A-15) also implies that bond return
volatility increases when convexity becomes more negative. O

Appendix B Calibration

Duration dynamics. The discrete-time dynamics of the duration factor and the reference 10-
year yield in our model can be approximated (omitting constant terms) by'?

Yyrn | |1 —rKA (k—kp)AC| |y Bo +Cop
|:Dt+A:| o |: 0 1—:‘<LDA Dt + op \/ZEt

We specify the following model for duration that has two components. First, duration is
affine in the reference 10-year yield, y”, and a “coupon variable”, w;, that captures the path-
dependence of duration

Dy = Wyyf + NwWy.

Second, average mortgage coupons change with actual yields, we assume that
dw; = Ky, (yf — wt) dt, (A-16)
where (A-16) can be approximated in discrete time by

WA = (’{wA) yf + (1 - ’{wA) We.

12The factor dynamics are approximated by

riea | [1—KA 0 T o
sl =10 ] [p) L] v
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We can then substitute out the coupon variable w;. Estimating this equation using monthly
data (A = 1/12) on MBS duration and 10-year yields, we find the following point estimates

Ditn=1=kuA) D4+ 1y ylin + Mukwd —ny (1 — k)] ], (A-17)
~—_—— ~—
0.89 (32.37) 0.94 (17.47) —0.92 (—16.54)

where the numbers in parentheses are Newey and West (1987) corrected t-statistics. The
regression yields an adjusted R? of 87%.

Figure 3 illustrates the model fit. Using the above estimates of 7, and Nk A—1y (1 — Ky A)
note that if interest rates are persistent enough we have that

Ny (1 = KA) + [Nkw — 1y (1 — Ky A)] = 0

and
—Nyk + (77y + Nw) kw = 0.

In other words, duration is well described by a process buffeted by innovations to the 10-year
yield but with a mean reversion different from that of interest rates

dDy = [—Ky + 1yC (kK — kp)] Dedt + my (dyf —E; [dyﬂ) ,
thus justifying the form of the process (2).

We re-estimate (A-17) explicitly imposing the restriction (2) and obtain the following point
estimates

Dt—i—A = (1 - "iwA) Dt + Ty y;—A + [nwﬁwA — Ny (1 - H/wA)] yfa (A—18)
—_——— ~—
0.91 (40.49) 0.95 (17.74) —0.94 (—17.74)

with an adjusted R? of 87%. Finally, we calibrate the parameters of the duration factor such
that
— ko + 1, C (k — kD) = kD

and
op =1y (Bo+Cop) .

Swaption implied volatility. At time t the k-year forward swap rate that starts at ¢t +7 and
pays every h years is given by
A — ATTF
ST,T—i-k _ t t

Ly vy A
WS AT

which is also the strike rate of the corresponding ATM swaption.

Since our model falls into the two-factor additive Gaussian class, exact swaption prices can
be numerically computed based on Theorem 4.2.3 of Brigo and Mercurio (2006). Alternatively,
we can use an approximation based on Schrager and Pelsser (2006). After some algebra, the
price at time ¢ of an ATM payer or receiver swaption with maturity 7 and tenor k (i.e., the
underlying swap starts at ¢t +7 and ends at ¢t + 7+ k) that pays every h years, is approximately

g

\/—2—7_‘_27',7-‘,-]67

PSATM —
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where

2 N2\ 2
2 _ [r—kD) T -1, any (o) €257 — 1 2
T T+k T Q 2 51 + Q Q 52
K—Kp K K — K 2K
7\2 Q T
of — KD Qany (Uy) e(FHep)T 15
K—Kp K—RKp K+ Kp
with kb
- ih ih
& = e RTAT — e—n('r-i—k)AT—l—k _ A7+k AT Zi:l € wlrvi )AZ—H
1 — t t t t k/h A’T-‘rih
Dt A
and

kfh k@ (7+ih) A T+ih
52 = e—H%TAT — e—H%(7+k)AT—|—k _ (AT—i—k _ AT> Zi:l € Dl )At
t t t t Zk/h A'r-i-ih
i=1""t

From here, the swaption implied volatility, v,, solves

PSATM — gtk {2@ <”;/F> ~ 1] .

Setting the year fraction to be h = 0.25 and the tenor k = 10 years, the lower left panel

of Figure 3 plots the swaption implied volatility for different maturities 7 in our model, a

one-factor Vasicek model (i.e., when setting o = 0), and constrasts them with the data.
Principal components. The unconditional covariance matrix of F; = [rt Dt] T

ﬁ ogop
o 2K k+KD
E]: = vop 0% .

Kk+KD 2Kkp

is given by

Equation (10) implies that yields are affine in factors and the vector of yields for maturities of
interest can be written y; = A+ BJF;. The unconditional covariance matrix of yields is readily
obtained as
Y, = BYzB'.
Principal components of yields are
pee = Q i,

where Q is the matrix of ordered eigenvectors of X,. Given the overall affine structure, it is
possible to calculate the theoretical covariance matrix of principal components and factors,
theoretical regression coefficients and RZs.
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Appendix C Tables

Table 1
Calibrated parameters

This table reports parameters used for the calibration exercise. Appendix B outlines all
the calibration steps in detail. Data is weekly and runs from 1990 through 2012.

K 0.1300
o 0.0133
KD 1.4800
My 0.9500
oo’ 45
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Table 2
Bond risk premia regressions

This table reports estimated coefficients from regressing annual bond excess returns,
ray,,, onto a set of variables:

ray,, = Biduration, + B;slope, + B3cp; + €, 1,

where slope, is the slope of the term structure at time ¢ and cp, is the CP factor at time
t. t-Statistics presented in parentheses are calculated using Newey and West (1987). All
variables are standardized to have mean zero and a standard deviation of one. Data is
weekly and runs from 1997 through 2011.

2y 3y 4y 5y 6y Ty 8y Oy 10y
duration 0.116 0.167 0.212 0.251 0.285 0.314 0.340 0.362 0.381
(1.63) (2.28) (2.88) (3.38) (3.80) (4.16) (4.46) (4.72) (4.96)
Adj. R? 1.34% 2.78% 4.48% 6.29% 8.11% 9.87% 11.53% 13.07% 14.51%
duration 0.121 0.197 0.263 0.319 0.367 0.408 0.442 0.471 0.495
(1.60) (2.51) (3.37) (4.17) (4.91) (5.58) (6.18) (6.73) (7.24)
slope 0.022 0.137 0.229 0.306 0.370 0.421 0.461 0.491 0.513
(0.21) (1.32) (2.25) (3.10) (3.87) (4.55) (5.14) (5.64) (6.06)
Adj. R? 1.26% 4.43% 9.35% 15.09% 21.02% 26.64% 31.66% 35.95% 39.48%
duration -0.006 0.080 0.152 0.215 0.269 0.316 0.357 0.392 0.423
(-0.07) (0.94) (1.81) (2.63) (3.39) (4.11) (4.77) (5.39) (5.95)
slope -0.186 -0.056 0.047 0.134 0.208 0.270 0.321 0.362 0.394
(-1.86)  (-0.57) (0.49) (1.44) (2.27) (2.97) (3.56) (4.03) (4.40)
cp factor 0.502 0.464 0.437 0.413 0.389 0.364 0.338 0.312 0.287
(6.49) (6.23) (5.88) (5.49) (5.09) (4.68) (4.28) (3.89) (3.52)
Adj. R?  21.57% 21.83% 24.76% 28.87% 33.23% 37.32% 40.87%  43.79%  46.09%
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Table 3
Bond yield regressions
This table reports estimated coefficients from regressing bond yields, y;, onto a set of variables:
y; = [ duration; + 3slope, + B3cp, + €,

where slope, is the slope of the term structure at time ¢ and cp, is the CP factor at time t. t-Statistics presented in parentheses are calculated using
Newey and West (1987). All variables are standardized to have mean zero and a standard deviation of one. Data is weekly and runs from 1997 through
2012.

ly 2y 3y 4y oy 6y Ty 8y 9y 10y
duration 0.400 0.442 0.470 0.491 0.507 0.519 0.528 0.534 0.537 0.539

(5.31) (5.83) (6.11) (6.24) (6.27) (6.24) (6.16) (6.06) (5.96) (5.87)
Adj. R? 16.04% 19.52% 22.07% 24.08% 25.69% 26.95% 27.87% 28.49% 28.85% 29.01%
duration 0.215 0.268 0.308 0.341 0.368 0.391 0.410 0.425 0.437 0.446

(4.42) (4.88) (5.02) (5.05) (5.04) (5.02) (4.98) (4.95) (4.91) (4.88)
slope -0.854 -0.801 -0.745 -0.691 -0.639 -0.589 -0.542 -0.499 -0.460 -0.425

(-27.40)  (-21.12)  (-17.00)  (-14.28)  (-12.28)  (-10.71) (-9.42) (-8.36) (-7.48) (-6.74)
Adj. R? 85.57%  80.58%  74.93% = 69.55%  64.56%  59.99%  55.86% = 52.18%  48.96% = 46.18%

duration 0.039 0.079 0.101 0.115 0.125 0.133 0.139 0.144 0.148 0.152
(2.32) (3.24) (3.39) (3.43) (3.43) (3.41) (3.38) (3.34) (3.29) (3.24)

slope -1.031 -0.998 -0.970 -0.945 -0.921 -0.896 -0.869 -0.841 -0.813 -0.784
(-44.82)  (-29.29)  (-22.93)  (-19.72)  (-17.69)  (-16.18)  (-14.94)  (-13.84)  (-12.86)  (-11.97)

cp factor 0.261 0.283 0.320 0.362 0.403 0.442 0.476 0.505 0.528 0.545
(12.69)  (10.00) (9.21) (9.22) (9.48) (9.77) (9.98)  (10.09)  (10.09)  (10.00)

Adj. R? 95.94% 92.05% 88.31% 85.22% 82.59% 80.18% 77.83% 75.46% 73.05% 70.62%




4%

Table 4
Bond yield volatility regressions

This table reports estimated coefficients from regressing bond yield volatility, vol;, onto a set of variables.
vol{ = B convexity, + S3illiq, + B3tiv, + €],

where tivy, is the implied volatility of options on the 30-year Treasury at time ¢ and illiq, the illiquidity factor at time t. t-Statistics
presented in parentheses are calculated using Newey and West (1987). All variables are standardized to have mean zero and a
standard deviation of one. Data is weekly and runs from 1997 through 2011.

ly 2y 3y 4y oy 6y Ty 8y Iy 10y
convexity 0.248 0.264 0.258 0.247 0.231 0.213 0.195 0.180 0.166 0.154
(3.24) (3.38) (3.32) (3.19) (3.01) (2.81) (2.61) (2.44) (2.28) (2.15)
Adj. R? 6.17% 6.96% 6.66% 6.10% 5.34% 4.54% 3.82% 3.22% 2.75% 2.38%
convexity 0.301 0.312 0.307 0.299 0.286 0.271 0.257 0.243 0.231 0.220
(4.51) (4.50) (4.49) (4.46) (4.38) (4.27) (4.15) (4.01) (3.87) (3.73)
illiq 0.478 0.438 0.450 0.474 0.505 0.535 0.560 0.579 0.592 0.601
(6.52) (5.37) (5.20) (5.17) (5.19) (5.18) (5.10) (4.95) (4.78) (4.61)
Adj. R? 28.64% 25.82% 26.54% 28.21% 30.40% 32.68% 34.69% 36.25% 37.34% 38.02%
convexity 0.183 0.167 0.159 0.152 0.142 0.130 0.118 0.108 0.099 0.092
(3.51) (3.29) (3.18) (3.08) (2.94) (2.79) (2.63) (2.48) (2.34) (2.21)
illiq -0.035 -0.190 -0.193 -0.165 -0.124 -0.081 -0.041 -0.006 0.021 0.042
(-0.43) (-2.16) (-2.04) (-1.67) (-1.24) (-0.79) (-0.39) (-0.06) (0.20) (0.38)
tiv 0.685 0.840 0.858 0.854 0.840 0.822 0.802 0.782 0.763 0.746
(8.69) (10.41) (10.30) (9.92) (9.44) (8.98) (8.56) (8.21) (7.91) (7.67)

Adj. R? 49.16% 56.68% 58.80% 60.12% 61.32% 62.27% 62.83% 62.99% 62.82% 62.40%




Table 5
Swaption implied volatility regression

This table reports estimated coefficients from regressing 7-year maturity implied volatil-
ity of swaptions written on the 10-year swap rate, iv;'". onto a set of variables.

.. Tyl0o . 11 .. Tyl0o
iv;""Y = pconvexity, + B3illiq, + S3ivi? Y + €,

where illiq, is the illiquidity factor at time ¢. t-Statistics presented in parentheses are
calculated using Newey and West (1987). All variables are standardized to have mean
zero and a standard deviation of one. Data is weekly and runs from 2002 through 2011.

ly 2y 3y dy oy Ty 10y
convexity ~ 0.272  0.281 0.270  0.270  0.262 0245  0.215
(2.33)  (2.39)  (2.29) (2.26)  (2.14)  (1.87)  (1.54)
Adj. R? 742%  7.89%  7.31% 7.28%  6.89% = 6.02%  4.64%
convexity ~ 0.309  0.316  0.306  0.306  0.298 0280  0.248
(3.09)  (3.06) (2.91) (2.83) (2.61) (223) (1.82)
illiq 0.622  0.598  0.608  0.610  0.602  0.581 0.553
(9.08)  (8.59)  (8.96)  (9.12)  (9.00)  (8.75)  (7.92)
Adj. R?2  45.82% 43.37% 44.05% 44.21% 42.91% 39.54% 34.99%
convexity ~ 0.038  0.040  0.044  0.047  0.048  0.051 0.053
(2.95)  (3.00) (2.87) (2.77)  (2.64)  (249)  (2.49)

illiq 0.042  0.042  0.046  0.048  0.049  0.048  0.047
(1.61)  (1.51)  (1.54)  (1.51)  (1.51)  (1.40)  (1.28)
lagged 0.945 0942 0934 0928 0923 0918 0916

(53.08) (51.14) (44.61) (39.93) (37.33) (34.12) (30.95)
Adj. R2  97.29% 96.73% 95.93% 95.18% 94.48% 93.38% 92.76%
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Table 6
Bond return volatility and bond variance risk

This table reports estimated coefficients from regressing treasury implied volatility (tiv),
realized volatility (trv), the bond variance risk premium (vrp), returns on a monthly
straddle strategy (straddle), implied and realized measures of volatility of volatility
(tivov/trvov) on a set of variables:

tiv, /trv,/vrp,/straddle, /tivov, /trvov, = [iconvexity, + [eilliq, + fBslagged, | + €,

where illiq, is the illiquidity factor at time ¢ and lagged,_; is the LHS variable lagged for
one period. t-Statistics presented in parentheses are calculated using Newey and West
(1987). All variables are standardized to have mean zero and a standard deviation of
one. Data for tiv, trv, vrp, tivov, and trvov are weekly and straddle returns are monthly.
All data runs from 1997 to 2011.

tiv trv vIrp straddle tivov trvov
convexity 0.186 0.146 0.187 0.090 0.152 0.159
(2.47) (1.75) (3.29) (1.93) (2.69) (2.59)
Adj. R? 3.45% 2.12% 3.48% 1.10% 2.32% 2.52%
convexity 0.267 0.232 0.262 0.096 0.213 0.212
(3.65) (2.87) (4.41) (1.95) (4.11) (3.86)
illiq 0.684 0.700 0.628 0.106 0.545 0.473
(14.06) (15.57) (6.11) (2.52) (4.86) (6.14)
Adj. R? 49.28%  50.18%  42.06% 1.30% 31.55% 24.55%
convexity 0.027 0.017 0.064 0.096 0.004 0.005
(2.61) (1.81) (2.96) (2.18) (1.31) (1.76)
illiq 0.071 0.053 0.159 0.105 0.032 0.022
(3.33) (3.14) (3.20) (2.53) (3.74) (3.05)
lagged 0.900 0.928 0.749 0.005 0.982 0.987
(44.82) (60.50) (18.80) (0.07) (164.54) (103.67)
Adj. R? 90.68%  93.57%  T4.87% 1.00% 99.74% 99.57%
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Table 7
Duration and yield factors

Panel A reports the unconditional correlation between MBS duration and the first five
principal components (PCA) of bond yields. Panel B reports estimated coefficients from
regressing bond excess returns onto duration and the first three PCAs.

rx;,, = (iduration; + 3;level;, + S3slope, + B;curvature, + €4,

where level;, slope, and curvature; represent the first three principal components of bond
yields. Panel C reports the estimated coefficients from a regression of bond excess returns
onto the orthogonalized duration time series, duration,. We orthogonalize duration with
respect to the first five PCs by running a contemporaneous regression of duration on
the PCs and take the residual. t-Statistics presented in parentheses are calculated using
Newey and West (1987). All variables are standardized to have mean zero and a standard
deviation of one. Data is weekly and runs from 1997 through 2011.

Panel A: Unconditional Correlations

PC1 PC2 PC3 PC4 PC5
0.55 0.12 -0.14 -0.01 -0.11

Panel B: Bond Excess Return Regression

2y 3y 4y S5y 6y Ty 8y 9y 10y
duration 0.064 0.144 0.216 0.278 0.331 0.374 0.409 0.438 0.462
(0.87) (1.88) (2.84) (3.70) (4.45) (5.05) (5.54) (5.93) (6.24)

level 0420 0318 0233 0164 0108  0.063 0028  0.001 -0.020
(3.78)  (3.01)  (2.26)  (1.59)  (1.03)  (0.58)  (0.25)  (0.00) (-0.17)
slope 0.334  0.374 0403 0428 0449 0466 0480  0.491  0.497

(2.68)  (2.94) (3.20) (3.50) (3.81)  (4.13)  (4.43)  (4.70)  (4.93)
curvature  0.318  0.284 0270  0.262  0.254  0.246 0237  0.228  0.218
(2.75)  (246)  (2.37)  (238)  (242)  (247)  (251)  (252)  (2.51)
Adj. R?2  14.54% 14.36% 17.19% 21.49% 26.33% 31.07% 35.36% 39.04% 42.08%

Panel C: Bond Excess Return Regression with Duration only

duration 0.020  0.084  0.144 0196 0242 0281 0314 0342  0.366
(0.30)  (1.22)  (2.05) (275) (3.31)  (3.74)  (4.07)  (4.33)  (4.56)
Adj. B2 0.04% 0.71% 2.06% 3.86% 5.85% 7.89%  9.84% 11.68% 13.39%
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Table 8
Duration and other proxies of frictions

Panel A reports estimated coefficients from regressing bond excess returns onto duration,
funding liquidity, and a mean jump factor.

roy, ., = PBiduration, + B3 F, + B3 IM, + €, 4,

where F; and JM; are funding liquidity and realized jump mean, respectively. Panel
B reports adjusted R? from regression bond excess returns onto the first three PCs,
duration, funding liquidity, and the realized jump mean. All variables are standardized
to have mean zero and a standard deviation of one. Data is monthly and runs from 1990
through 2011.

Panel A: Bond Excess Returns

2y 3y 4y 5y 6y Ty 8y Oy 10y
duration 0.191 0.210 0.230 0.249 0.267 0.284 0.299 0.314 0.328
(2.20) (2.48) (2.78) (3.04) (3.26) (3.43) (3.57) (3.68) (3.79)
funding liquidity =~ -0.121  -0.119  -0.111  -0.102  -0.093 -0.084  -0.075  -0.067 -0.059
(-1.32)  (-1.34) (-1.30) (-1.22) (-1.11) (-0.98) (-0.85) (-0.73) (-0.63)
jump amplitude -0.485  -0.513 -0.524  -0.527 -0.523 -0.514 -0.500 -0.483 -0.464
(-3.33)  (-4.05) (-4.78) (-5.45) (-5.93) (-6.12) (-6.05) (-5.78) (-5.42)
Adj. R? 33.57% 37.74% 39.99% 41.26% 41.71% 41.49% 40.77% 39.73% 38.55%

Panel B: Adj. R?

PC1-3 18.30% 13.09% 11.44% 11.43% 12.24% 13.43% 14.70% 15.86% 16.81%
PC1-3+D 20.92% 18.34% 19.52% 22.30% 25.73% 29.24% 32.49% 35.29% 37.60%
PC1-34+-D+F 22.92% 19.73% 20.26% 22.56% 25.66% 29.01% 32.23% 35.13% 37.61%
PC1-3+D+F+J  48.02% 44.73% 43.89% 44.42% 45.53% 46.78% 47.92% 48.83% 49.50%
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Table 9
Bond Risk Premia Regressions Monthly with Macro

This table reports estimated coefficients from regressing bond excess returns, rz7,,, onto
a set of variables:

8
rx;,, = (jduration, + 3;slope, + B3cp; + Z F; + e,
i=1

where slope, is the slope at time ¢, cp, is the CP factor at time ¢, and F! are the Ludvigson
and Ng (2009) macro factors. t-Statistics presented in parentheses are calculated using
Newey and West (1987). All variables are standardized to have mean zero and a standard
deviation of one. Data is monthly and runs from 1997 through 2011.

2y 3y 4y 5y 6y Ty 8y Oy 10y
duration 0.133 0.168 0.201 0.231 0.259 0.285 0.310 0.333 0.354
(1.25) (1.60) (1.95) (2.27) (2.56) (2.84) (3.09) (3.32) (3.53)
Adj. R? 1.77% 2.83% 4.03% 5.34% 6.72% 8.15% 9.61% 11.07% 12.50%
duration 0.081 0.142 0.189 0.229 0.264 0.297 0.327 0.356 0.382
(0.63) (1.04) (1.38) (1.67) (1.96) (2.23) (2.51) (2.78) (3.04)
slope -0.612 -0.507  -0.410 -0.317 -0.229 -0.145 -0.067 0.004 0.066
(-3.48) (-2.91) (-2.42) (-1.94) (-1.45) (-0.95) (-0.45) (0.03) (0.48)
cp factor 0.584 0.548 0.519 0.496 0.474 0.451 0.428 0.404 0.381
(5.86) (5.88) (5.73) (5.56) (5.37) (5.15) (4.90) (4.61) (4.28)

F! -0.588  -0.535  -0.476  -0.418  -0.361  -0.307  -0.257  -0.211  -0.168
(-5.21)  (-4.88)  (-4.52)  (-4.15)  (-3.76)  (-3.34)  (-2.91)  (-2.45)  (-1.98)

F2 -0.111  -0.111  -0.110  -0.108  -0.105  -0.101  -0.096  -0.089  -0.082
(-2.75)  (-2.60) (-2.57) (-2.57)  (-2.56)  (-2.52)  (-2.44) (-2.31)  (-2.13)

F3 0322  0.386 0427 0449 0456 0452  0.442 0427  0.410
(3.58)  (4.13)  (4.56)  (4.80)  (4.88)  (4.82)  (4.66)  (4.42)  (4.14)

F* 0.016  0.015  0.024  0.033  0.041  0.047  0.050  0.053  0.055
(0.17)  (0.15)  (0.23)  (0.32)  (0.40)  (0.47)  (0.53)  (0.57)  (0.62)

PP 0025 0018 0012 0007 0004 0002 0001 -0.001 -0.002
(0.49)  (0.37)  (0.25)  (0.16)  (0.09)  (0.05)  (0.01) (-0.01)  (-0.04)

F¢ 20.067  -0.091  -0.095 -0.090  -0.080  -0.068  -0.056  -0.045  -0.034
(-0.83) (-1.12)  (-1.20) (-1.16)  (-1.07)  (-0.93) (-0.78)  (-0.63)  (-0.49)

FT 0116  -0.121 -0.123 -0.125 -0.125 -0.124  -0.121  -0.117  -0.111
(-1.44)  (-1.48) (-1.52)  (-1.56)  (-1.58)  (-1.58)  (-1.56)  (-1.53)  (-1.48)

F8 -0.014  -0.017  -0.020  -0.021  -0.020 -0.018  -0.015  -0.011  -0.007

(-0.22)  (-0.25)  (-0.28)  (-0.29)  (-0.29)  (-0.26)  (-0.22)  (-0.17)  (-0.11)
Adj. B2 39.04% 37.12% 37.41% 38.76% 40.58% 42.52% 44.37% 46.01% 47.36%
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Regressions with interaction terms

Table

10

This table reports estimated coefficients from regressing annual bond excess returns
(Panel A) and bond yield volatility (Panel B) onto MBS duration and convexity inter-
acted with the ratio between total mortgages outstanding and GDP. t-Statistics pre-
sented in parentheses are calculated using Newey and West (1987). All variables are
standardized to have mean zero and a standard deviation of one. Data is quarterly and

runs from 1997 through 2011.

Panel A: Bond Excess Return Regression

2y 3y 4y 5y Gy Ty 8y 9y 10y
duration x ratio 0.131 0.216 0.270 0.305 0.326 0.339 0.346 0.350 0.351
(0.83) (1.39) (1.77) (2.01) (2.15) (2.22) (2.25) (2.25) (2.24)
Adj. R? 1.70% 4.68% 7.31% 9.29% 10.65% 11.50% 11.99% 12.23% 12.31%
duration X ratio 0.134 0.213 0.263 0.293 0.312 0.322 0.328 0.330 0.330
(0.82) (1.36) (1.73) (2.00) (2.18) (2.31) (2.38) (2.43) (2.45)
slope -0.042 0.037 0.096 0.142 0.180 0.210 0.233 0.251 0.264
(-0.27) (0.25) (0.65) (0.99) (1.27) (1.50) (1.68) (1.82) (1.92)
Adj. R? 0.74% 3.711% 7.16% 10.27% 12.85% 14.90% 16.45% 17.56% 18.32%
duration X ratio 0.329 0.396 0.435 0.458 0.470 0.476 0.478 0.477 0.474
(2.39) (2.93) (3.32) (3.59) (8.77) (3.89) (3.95) (3.97) (3.97)
slope -0.197 -0.124 -0.075 -0.038 -0.008 0.016 0.035 0.050 0.062
(-1.18) (-0.76) (-0.48) (-0.26) (-0.06) (0.12) (0.27) (0.39) (0.48)
cp factor 0.564 0.543 0.533 0.526 0.522 0.518 0.514 0.510 0.506
(3.94) (4.12) (4.43) (4.75) (5.03) (5.20) (5.28) (5.26) (5.18)
Adj. R? 25.25% 26.89% 29.13% 31.04% 32.51% 33.57% 34.26% 34.64% 34.77%
Panel B: Bond Yield Volatility Regression
ly 2y 3y 4y 5y 6y Ty 8y 9y 10y
convexity X ratio 0.404 0.422 0.439 0.453 0.461 0.467 0.472 0.477 0.484 0.492
(2.48) (2.77) (2.89) (2.99) (3.08) (3.16) (3.23) (3.30) (3.37) (3.43)
Adj. R? 16.35% 17.82% 19.30% 20.49% 21.23% 21.76% 22.25% 22.80% 23.44% 24.17%
convexity X ratio 0.347 0.364 0.382 0.396 0.406 0.413 0.419 0.425 0.432 0.440
(3.25) (3.83) (4.10) (4.30) (4.47) (4.62) (4.76) (4.87) (4.97) (5.06)
illiq 0.635 0.647 0.639 0.623 0.608 0.596 0.587 0.579 0.572 0.566
(10.02)  (10.44) (10.08) (8.91) (7.82) (7.14) (6.74) (6.52) (6.40) (6.36)
Adj. R? 55.58%  58.52% 59.04% 58.25% 57.17% 56.25%  55.62%  55.26%  55.12%  55.14%
convexity X ratio 0.211 0.218 0.240 0.258 0.271 0.280 0.287 0.293 0.300 0.308
(2.76) (3.31) (3.74) (4.02) (4.25) (4.46) (4.66) (4.86) (5.04) (5.23)
illiq 0.229 0.209 0.214 0.209 0.203 0.197 0.191 0.184 0.176 0.168
(2.06) (1.86) (1.85) (1.75) (1.65) (1.57) (1.50) (1.44) (1.37) (1.30)
tiv 0.596 0.642 0.623 0.607 0.594 0.585 0.581 0.580 0.581 0.583
(5.04) (4.88) (4.76) (4.77) (4.74) (4.70) (4.65) (4.59) (4.52) (4.44)
Adj. R? 71.55% 77.22%  76.58% 74.87% 73.03% T71.62% 70.73% 70.31% 70.23%  70.36%
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Table 11
Robustness Checks

This table reports estimated coefficients from regressing bond portfolio excess returns
onto duration.
rxply,; = ffduration; + €/, ;,

where rxpf, ,; are monthly excess returns on the CRSP bond portfolios with maturities
between 5 and 10 years and larger than 10 years. Returns are in excess of either the
1-month T-bill or Eurodollar deposit rate. All variables are standardized to have mean
zero and a standard deviation of one. Data is monthly and runs from 1990 through
2011.

T-bill ED rate

> 5y <10y > 10y > 5y <10y > by < 10y

duration 0.159 0.163 0.156 0.161
(2.88) (3.17) (2.79) (3.11)

Adj. R? 2.53% 2.67% 2.42% 2.60%
duration 0.267  0.268 0.266 0.268
(3.73) (3.84) (3.80) (3.89)

slope 0.226  0.220 0.230 0.222
(2.69) (2.69) (2.85) (2.78)

Adj. R? 6.05% 5.99% 6.09% 6.01%
duration 0.231 0.244 0.229 0.243
(2.72) (3.11) (2.78) (3.15)

slope 0.174 0.185 0.177 0.187
(1.58) (1.85) (1.67) (1.91)

cp factor 0.087  0.058 0.089 0.059
(1.24) (0.86) (1.28) (0.88)

Adj. R? 6.18% 5.82% 6.25% 5.85%
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Appendix D Figures
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Figure 1. MBS duration
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The upper panel plots MBS duration together with the 10y yield and the duration of
a generic bond portfolio consisting of bonds with maturities ranging between five and
seven years. The lower panel plots MBS duration together with the Mortgage Bankers
Association (MBA) refinancing index (in hundreds). The refinancing index covers all
mortgage applications to refinance an existing mortgage. Data is weekly and runs from
January 1990 to December 2012.
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Actual and fitted MBS duration, corr = 0.90
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Figure 2. Actual and fitted MBS duration

This figure plots actual MBS duration (data) together with the fitted time-series as
implied by our model (model) and a model which includes all yield PCs together with a
measure of macroeconomic uncertainty (VIX). Our model is described in equation A-17.
The “PCA+" model looks as follows:

10

duration; = a + 5; Z PC; + i VIX, + €,

i=1

where PC; are the yield principal components and VIX; the model-free implied volatility
on 1m options on the S&P500. Data runs from January 1990 to December 2012.
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Term structure of bond yield volatility Bond yield volatility: different components
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Figure 3. Calibrated term structure of volatility and predictability of bond
excess returns

The left upper panel plots the term structure of bond yield volatility as implied by
our model using the calibrated parameters in Table 1 (solid line) together with the
data (dashed line). The upper right panel depicts the term structure of bond yield
volatility from a simple one-factor Vasicek model (dotted line with markers), a model
that only allows for the direct effect of duration on yields while shutting down the
volatility feedback loop (dashed line), and our benchmark model (solid line). The lower
left panel plots swaption implied volatility with different maturity on the 10y swap rate
for our model (solid line), a one-factor Vasicek model (dotted line with markers) and
the data (dashed line). The lower right panel plots the estimated slope coefficients from
the following regression:
reiy = a4+ 0D+ €y,

where 77, is the excess return of a bond with maturity 7 = 2,...,10 and D, is MBS
duration as implied by our model. The dashed line depicts the empirical coefficients
while the solid line depicts the model implied coefficients that can be calculated in
closed form.
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Bond Yields Bond Yields: Adj. R
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Figure 4. Univariate regression coefficients

This figure plots estimated coefficients and adjusted R? from univariate regressions of
bond yields (upper panel), bond excess returns (middle panels) and bond yield volatilities
(lower panels) onto MBS duration (bond yields and bond excess returns) and MBS
convexity (bond yield volatilities). All variables are standardized, i.e. mean of zero and
standard deviation of one. Data is weekly and runs from 1997 through 2011. Shaded
areas represent confidence levels on the 95% level.
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Figure 5. MBS duration and jump amplitude

This figure plots MBS duration together with the jump amplitude measure of Wright
and Zhou (2009). Data is monthly from 1990 through 2012.
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Figure 6. Actual and fitted bond risk premia

These figures plot actual and fitted 10y bond risk premia. The upper panel plots the
fitted time-series from a predictive univariate regression using MBS duration, the middle
(lower) panel plots the same for the CP factor (jump amplitude). Data is monthly from

1990 through 2012.
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Figure 7. Total mortgages and treasuries outstanding

=
a1

mortgages / treasuries

This figure plots total nominal value outstanding of all mortgages divided by GDP (left
axis) and the total amount outstanding of mortgages divided by amount outstanding in

Treasuries (right axis). Data is quarterly from 1990 to 2012.

o8



Online Appendix to “Hedging in Fixed
Income Markets”

This online appendix consists of two section. We first give some institutional background on
mortgage backed securities (MBS). The reason for this is that we often get asked whether
MBS really constitute an important asset class. Our answer is: They are. A second question
which repeatedly pops up is whether we have any evidence of significant hedging activity in
the MBS market. One standard approach usually taken in the literature (see e.g., Acharya,
Lochstoer, and Ramadorai (2013)) is to look at net positions of hedgers in the futures market
through data provided by the U.S. Commodity Futures Trading Commission. While there is
data available for Treasury options and futures, it would be farfetched to assume that this
data really represents the hedging incentives of MBS holders alone. Another way to pin down
hedging activity is to directly look into the annual filings of large players in the MBS market.
According to the Financial Accounting Standard (FAS) 133, any firm is required to publish
the fair value of derivatives designated as hedging instrument. One of the largest holders of
MBS are the government sponsored enterprises such as Fannie Mae and Freddie Mac. In the
following, we hand collect hedging demand of Fannie Mae from their 10K filings and relate
this to our proxy of MBS duration.'

The second part of this appendix looks into the significance of duration for bond yields in
the presence of macroeconomic variables. Since macroeconomic variables are not available on
a weekly frequency, we run similar regressions as in the main part of the paper but instead of
using weekly data, we run regressions at the monthly frequency.

Mortgage Backed Securities

Mortgages, together with U.S. Treasuries and corporate bonds, constitute almost 70% of the
total outstanding U.S. bond market debt. Figure OA-1 plots the time series of average daily
trading volume in the U.S. debt market. While in the beginning of the 1990ies mortgage backed
securities (MBS) only made a small fraction of overall trading, nowadays MBS are the second
largest asset class in the U.S. fixed income market.

Mortgage-related issuance increased from 500 USD billions in 1996 to 2000 USD billions
in 2012. The peak has been in 2003 when issuance has been at 3172 USD billions. Since 2008
almost 100% of mortgage issuance has been through the three major agencies, Fannie Mae,
Freddie Mac, and Ginnie Mae. Up until autumn 2008, the major players in the MBS market
were the two GSEs (Fannie Mae and Freddie Mac), financial institutions and foreign investors
like central banks and sovereign wealth funds. Since 2008, foreign buyers and sovereign wealth
funds have greatly curtailed or ceased their purchases of MBS due to the large mortgage
purchases of the Federal Reserve. Figure OA-2 summarizes the average holdings from 1996 to
2012.

As the U.S. residential mortgage market has grown tremendously over the past couple of
years, the Federal National Mortgage Association’s (Fannie Mae) portfolio has grown in tan-
dem. As of December 2012, Fannie Mae’s portfolio of mortgage assets is worth approximately

Unfortuntaly, Freddie Mac’s 10K filings are not as detailed as the ones by Fannie Mae, therefore,
we cannot carry out a similar exercise for Freddie Mac.
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Figure OA-1. U.S. Bond Market Daily Average Trading Volume (USD bn)

This figure plots daily average trading volume in USD billions. Source: Securities In-
dustry and Financial Markets Association (SIFMA).
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Figure OA-2. MBS Holders (USD mn)

This figure plots holdings of Agency- and GSE-Backed Securities in USD billions. Source:
Flow of Funds Tables Federal Reserve.

USD 633 billions of which USD 184 billions are MBS. In addition, Fannie Mae issued USD 865
billions in MBS in all of 2012. Over the past couple of years, critics of GSEs have argued that
the GSEs’ retained portfolios of mortgages and mortgage securities are so large and contain



such high levels of risk from changes in interest rates that they threaten the stability of the fi-
nancial system. The large market concentration and the associated hedging activity makes the
market more vulnerable and is hence a concern for policymakers (see e.g., Parkinson, Gibson,
Mosser, Walter, and LaTorre (2005)). A natural question is therefore, whether this hedging
activity of a small group of investors really has an impact on say duration and convexity of
MBS. Fannie Mae and Freddie Mac together rank among the world’s largest buyers of inter-
est rate derivatives. They use these assets to either transform short-term debt into synthetic
long-term debt and thereby reduce a potential duration mismatch or to hedge the prepayment
options on their mortgage assets. The latter is implemented through a so called imperfect
dynamic hedging strategy in the interest rate derivatives market (see Jaffee (2003)).

In the following, we study the relation between Fannie Mae’s hedging demand and average
MBS duration. To this end, we construct a proxy of hedging demand from the annual reports of
Fannie Mae. To this end, we use data on hedging activity from Fannie Mae’s 10-K SEC filings
available through EDGAR. The EDGAR database contains quarterly and annual reports in
electronic form from 2000 onwards. We are particularly interested in the Financial Accounting
Standards Board’s (FAS) 133 regulation which requires firms to report the amount of hedging
using derivatives at fair value. Both GSE’s actively manage their interest rate risk through
the use of derivatives. The 10-K filings mention three sources of risk: (i) interest rate risk,
(ii) liquidity risk, and (iii) spread risk. The exposure to interest rate risk relates to the cash
flow and/or market price variability of their assets and liabilities attributable to movements
in market interest rates. Liquidity risk is the potential inability to meet funding obligations.
And the exposure to spread risk relates to the possibility that interest rates in different market
sectors, such as the mortgage and debt markets, will not move in tandem. While Fannie Mae
historically has actively managed the former two, they do not risk manage spread risk. In their
2012 10-K filings, Fannie Mae stresses the role of duration and prepayment risk:

Risk management derivative instruments are an integral part of our management of inter-
est rate risk. We supplement our issuance of debt securities with derivative instruments to
further reduce duration risk, which includes prepayment risk. We purchase option-based risk
management derivatives to economically hedge prepayment risk.

To get a grasp of how much Fannie Mae hedges, we manually collect data on their hedging
activity from the 10-K filings in the section “Interest Rate Risk Management and Other Market
Risks”. We define as hedging activity the total notional amount of derivatives used for risk
management purposes, labeled as “Total risk management derivatives”. The time series is
plotted in Figure OA-3 together with the MBS duration time series. T'wo things are noteworthy.
First, there is a large negative correlation between the two time series which is more than -50%.°
Also, both time-series experience two peaks namely during 2003 and 2008 when refinancing
was large.

Robustness Checks

Regression with Macro Variables

In Section 3.6 of the main paper, we study the predictive power of MBS duration beyond
macro variables for bond excess returns. In the following, we run the same regressions using

2The small number of data points is obviously too small to draw any statistical conclusions.
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Figure OA-3. Fannie Mae hedging volume and MBS duration

This figure plots derivatives hedging positions (in USD mn) from the 10-K SEC filings
of Fannie Mae together with MBS duration. Data is annual and runs from 2000 to 2010.

bond yields as the LHS variables. Table OA-1 reports the results. We note two things. First
of all, the statistical significance of the duration factor is not reduced when we switch from
the weekly to the monthly frequency. Secondly, adding the macro factors into the regressions
does not have an effect on the economic or statistical significance for duration. In terms of
economic significance, none of the Ludvigson and Ng (2009) factors is nearly as large as the
duration factor. We conclude that similar to the bond excess return regressions presented in
the paper, macro variables do not deter the predictive power of duration for bond yields.



Table OA-1
Bond Yield Regressions Monthly

This table reports estimated coefficients from regressing bond yields, 47, onto a set of variables:

8
y; = B duration; + B3slope;, + B3cp; + Z Fi + e,

=1

where slope, is the slope at time ¢, cp, is the CP factor at time ¢, and Fi are the Ludvigson
and Ng (2009) macro factors. t-Statistics presented in parentheses are calculated using Newey
and West (1987). All variables are standardized to have mean zero and a standard deviation
of one. Data are monthly and run from 1997 through 2012.

ly 2y 3y 4y 5y 6y Ty 8y 9y 10y
duration 0.423 0.464 0.492 0.513 0.528 0.540 0.549 0.554 0.557 0.558

(3.86) (4.21) (4.38) (4.45) (4.45) (4.40)  (4.33)  (4.25)  (4.17)  (4.09)
Adj. R? 17.92% 21.54% 24.19% 26.27% 27.93% 29.21%  30.13% 30.73%  31.07% = 31.19%

duration 0.055 0.118 0.152 0.175 0.191 0.205 0.216 0.225 0.230 0.233
(2.60) (4.32) (4.57) (4.59) (4.57) (4.54)  (4.50)  (4.46)  (4.40)  (4.32)

slope -0.985  -0.912  -0.859  -0.817  -0.782  -0.748  -0.713  -0.677  -0.639  -0.600
(-28.65)  (-19.66) (-15.48) (-13.05) (-11.35)  (-10.03)  (-8.94)  (-8.02)  (-7.22)  (-6.54)

cp factor 0.248 0.259 0.291 0.329 0.368 0.404  0.438 0.467  0.492 0.513
(7.22) (6.42) (6.32) (6.42) (6.54) (6.62)  (6.63)  (6.59)  (6.51)  (6.42)

Fl 0.002 0.025 0.040 0.046 0.047 0.046 0.044  0.043 0.045 0.050
(0.07) (0.84) (1.16) (1.21) (1.13) (1.00)  (0.88)  (0.81)  (0.79)  (0.84)

F? -0.003 0.018 0.030 0.035 0.037 0.037  0.036 0.035 0.035 0.036
(-0.21) (1.35) (1.81) (1.86) (1.79) (1.66)  (1.53)  (1.43)  (1.36)  (1.35)

F3 -0.003  -0.041  -0.064  -0.073  -0.075  -0.075  -0.074  -0.074  -0.077  -0.081
(-0.12)  (-1.40)  (-1.87)  (-1.92)  (-1.81)  (-1.66)  (-1.52)  (-1.43)  (-1.39)  (-1.40)

F4 -0.014  -0.049  -0.068  -0.079  -0.086  -0.090  -0.093  -0.095  -0.096  -0.096
(-0.91)  (-250)  (-2.88)  (-2.93)  (-2.87)  (-2.79)  (-2.71)  (-2.64)  (-2.57)  (-2.50)

F5 -0.006  -0.002 0.000 0.000 0.000  -0.001  -0.001  -0.002  -0.003  -0.004
(-0.33)  (-0.09)  (-0.02) (0.00)  (-0.01)  (-0.02)  (-0.03)  (-0.05)  (-0.07)  (-0.09)

F6 0.071 0.074 0.081 0.089 0.100 0.110 0.121 0.130 0.139 0.146
(2.96) (2.62) (2.47) (2.44) (2.45) (2.49)  (2.53)  (2.56)  (259)  (2.62)

F7 0.030 0.052 0.064 0.073 0.079 0.084  0.089 0.094  0.098 0.102
(2.02) (2.60) (2.71) (2.70) (2.67) (2.64)  (2.62)  (2.60)  (2.60)  (2.60)

F8 0.048 0.074 0.091 0.104 0.114 0.122 0.129 0.135 0.140 0.145

(3.73) (4.17) (4.22) (4.23) (4.23) (422)  (421)  (420)  (4.18)  (4.17)
Adj. R2  96.78%  94.54%  92.34%  90.28% = 88.28%  86.27%  84.26%  82.28%  80.39%  78.64%
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