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Appendix A. Model
A.1. Final Goods Producers

The final good Y, is a composite made of a continuum of goods indexed by ¢ € (0,1)

1 | 144,
Y, = [/ Y,(i)Wdz} .
0

(A1)

The final goods producers buy the intermediate goods on the market, package Y,, and resell it to
consumers. These firms maximise profits in a perfectly competitive environment. Their problem

18

-1

maXnm(i)Pth—/ P(i)Y,()di
JO

1 : 1+
s.tY; = [/ Y,(i)Wdz} (1r0)-
0

The first order conditions (FOCs) are

O] : Pi= .

Y] =P+ | VAT G =0,

Note that

Vo 1
|:/ Yl(l)1+/fd1:| — )/l 'f.
0

From the FOCs one obtains

(A.2)

* The content of this paper does not necessarily reflect the views of the Federal Reserve Bank of New York

or the Federal Reserve System.
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= (B2) 7,

Combining this condition with the zero-profit condition (because these firms operate in a
perfectly competitive market), one obtains the expression for the price of the composite good:

,Aj

P = VOI P,(i)’%dz} . (A.5)

Note that the elasticity is (1 + A;)/4s. Ay = 0 corresponds to the linear case. 1, — oo corresponds
to the Cobb-Douglas case. We will constrain ;€ (0,00).

A.2. Intermediate Goods Producers
Intermediate goods producer ¢ uses the following technology:
Y,(i) = 21K, () L (i) (A.6)
The log of the growth rate of productivity z, = log (%) follows the process
%= Pz + € 6~ N(0,02). (A7)
The firm’s profit is given by
P0)Y(0) = WL (i) — REKD).
Cost minimisation subject to (A.6) yields the conditions:
[OL(3)] V() (1 = ) 72K (i) L))" = Wi
(0K, ()] Vi (i)oz, 7 Ki(i)* ' Ly(i)' " = RY,
where V,(i) is the Lagrange multiplier associated with (A.6). In turn, these conditions imply:

K@) o W
L(i) 1—aRl

Note that if we integrate both sides of the equation with respect to i and define K; = [ K,(i)di
and L, = fL,(i)di, we obtain a relationship between aggregate labour and capital:

W
1—oR}
The marginal cost MC, is the same for all firms and equal to:
K(D)] - (K(i)\
MC, = |W, + Rl === 7,
= e m gl (66
= o X1 =) TIWH R 4 )e)

K,

L. (A.8)

(A.9)

Profits can then be expressed as [P,(i) — A;,MC]Y,(7), where /;, is a shock to the time-varying
price markup, assumed to follow the exogenous process:

Wy = p; g1 + €061~ N(O, ;). (A.10)

Prices are sticky as in Calvo (1983). Specifically, each firm can readjust prices with probability
1 — {,in each period. We depart from Calvo (1983) in assuming that for those firms that cannot
adjust prices, P,(7) will increase at the steady-state rate of inflation n. For those firms that can

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.



THE MACROECONOMIC EFFECTS OF LSAP PROGRAMMES 3

adjust prices, the problem is to choose a price level P;(i) that maximises the expected present
discounted value of profits in all states of nature where the firm is stuck with that price in the
future:

max E, Z Cp‘—‘H—s - j~f t+sMCt+s] Yt+8( )
N L (A.11)
. P,()IT°] 7
S.t. Yt+s(l) = |: T[()) :| 1+
t+s

where IT =1 + 7, and Eflﬂ is today’s value of a future dollar for the average shareholder. This
variable is the appropriate discount factor of future dividends because we assume that ownership
of intermediate goods producing firms is equally distributed among all households. The
definition of average marginal utility is

§ : sl
“t+r w?ﬁ =t+ts

where w; represents the measure of type j in the population.

The FOC for the firm is

<171+//) 1+//
0= Pt [Et Z C;:flﬂ ; P/+s Yigs

lw My

- 1+4 : .
- & Z CIS)'J‘H L TP YirshpirsMCrys. (A.12)

Note that all firms readjusting prices face an identical problem. We will consider only the
symmetric equilibrium in which all firms that can readjust prices will choose the same (i), so we
can drop the ¢index from now on. From (A.5) it follows that

_1 | —2
P = l:(l _é,p)lst v +§p(HPrfl)7? /- (A.l?))

A.3. Capital Producers

There is a representative firm, owned by all households, that operates under perfect competition,
invests in capital, chooses utilisation and rents it to intermediate firms. By choosing the utilisation
rate u, capital producers end up renting in each period ¢ an amount of ‘effective’ capital equal to

K = wK,_1, (A.14)

where RF is the return per unit of effective capital. Utilisation, however, subtracts real resources
measured in terms of the consumption good

a(u)K, 1.

The law of motion of capital is
. . L
K=01-0)Ki—1+ 1, {l - S(I )}It, (A.15)
-1

where 0 € (0,1) is the depreciation rate and S(-) is the cost of adjusting investment, with
S(¢)>0and S () > 0.
Capital producers maximise expected discounted stream of dividends to their shareholders:

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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o0

Ilzna)i E, Z( uﬂx—wﬂ + wvﬁsutﬂ)[RthrsuH-YKFrifl - PT+«‘a(ut+5)kf+S*1 - P’HIH-‘]
Uty 1y =0

subject to the law of motion (LOM) of capital (A.15), with Q, the Lagrange multiplier associated
with the constraint and consider that the multiplier for time ¢ + s constraint is premultiplied by
(0 LEN 4+ @, BEL). FOC are:

[Ow] : 0 = Rf — Pid (w), (A.16)

—p,u =P
_ Wyup B + P,
[0K]: 0 = [E,{ _;j}l Eﬁ,f“ (R weer — Pra(ue) + (1 — 6)Q¢+1}} -Q, (A17)

Wy =y + w2y

Q Q o L\ L
I, =—14+—=pu|1- - el R
[8 1] 0 +P My S ]l 1 P, ﬂtS Li1) I
»,B,E B,EP, I\ (I
b o ot G, () (5] aan

+E -
‘ (wu:fuw,:f )P, P L)\ 1,

A.4. Households

The key modification relative to the standard model is the introduction of long-term bonds and
segmentation. We follow the formulation in Woodford (2001) and consider long-term bonds
with coupon equal to k' paid at time ¢+ 1 + s, for s > 0. This implies that the gross yield to
maturity is given by
1
Ry, = P + K, (A.19)

Lt

or, equivalently, the price of such bond is given by

(A.20)

The duration of this bond is Ry ,;/(R;,, — ), which we will match to the average duration of 10-
year Treasury Bills. Notice also that the price of a bond issued s periods before is given by
Pr,(s) = k*Pr,, which will be used to write the flow budget constraint as a function of the stock
of total long-term debt, BF, instead of the current period’s purchases of long-term debt. As in
standard models, short-term assets B; are one-period bonds, purchased at time ¢, which pay a
nominal return R, at time ¢ + 1.

Households are ordered on a continuum of measure 1. A fraction w, of households (unre-
stricted, or u) trades in both short-term (one-period) and long-term (L-period) bonds. The
remaining fraction w, = 1 — w, (restricted, or 7) only trades in long-term bonds. Additionally,
unrestricted households pay a transaction cost {, per-unit of long-term bond purchased while
restricted households do not.

The flow budget constraint differs depending on whether the household is unrestricted
orrestricted. For an unrestricted household who can trade both shortand long-term bonds, we have

PG+ B+ (1+(,)Pr, B <R_,B" *Z"S VB W)LY (i) + P+ PP+ P — T (A21)

where CtPLJBlI"” is paid to the financial institution who redistributes the proceeds 73},? to the

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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household. For a restricted household who can only trade in long-term securities but does not
pay transaction costs, we have

o0 .
PG+ PrBE <> BEL + W ()L() + P+ P+ P - T (A.22)
s=1

In (A.21) and (A.22), P, is the price of the final consumption good, W/ (i) is the wage set by a
household of type j = {u,7} who supplies labour of type i, P, and P{’ are profits from ownership
of intermediate goods producers and capital producers, respectively, and 7} are lump-sum taxes.

One advantage of assuming that the entire stock of long-term government bonds consists of
perpetuities of this type is that the price in period ¢ of a bond issued s periods ago Py ,(s) is a
function of the coupon and the current price

PLJ(S) = KSPLJ.

This relation allows us to rewrite the household budget constraint in a more convenient recursive
formulation. One bond of this type that has been issued s — 1 periods ago is equivalent to k'
new bonds. By no arbitrage at time { — 1

o0
PLiaBly = PLs)B,
s=1
o0
PriaBl, = Z P,k "B
s=1
o0
Bl =) kB
at time ¢, BL | is worth BF (1 + xPr,) = BL {1 + [k/(Rr, — x)]} = Pr.Ri, B .
The budget constraint of an unrestricted household becomes
PG+ B4 (10 PLBP " < Ry BY o+ PR B + W ()L + P+ PY 4+ P — 1) (A23)
For a restricted household, we have

P.Cl + Pr,BY" < PRy BX" + W ()L (i) + P, + P + P — 17, (A.24)

where Ry, is the gross yield to maturity at time ¢ on the long-term bond’

1
Ry, =—+k
‘TP,

Household j consumption-saving decisions are then the result of the maximisation of (A.25)
subject to (A.23) if j = wor (A.24) if j =1
Households enjoy consumption C;,and dislike hours worked L;,. The objective function for all

households is
. . 1-g;
C{Jrs —h C]+xl)

0 Zits Zivs—1 (/” Jai (i I+v
s t+s s i)
E > Bbies T - (A.25)

s=0

where j = {u,r}, f; € (0,1) is the individual discount factor (which may differ between restricted

! We match the duration of this bond Ry, /(R;, — k) to the average duration of 10-year US Treasury Bills.

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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and unrestricted households), o; > 0 is the individual coefficient of relative risk aversion (which
may also differ between the different types of households), v > 0 is the inverse elasticity of
labour supply, 4] is a preference shock to individual j and ¥, is a labour supply shock.

Define =" as the Lagrange multiplier associated with the budget constraint (A.23) and =
the Lagrange multiplier associated with the budget constraint (A.24). Households perfectly share
their consumption within their groups (restricted and unrestricted). This assumption implies
that the multipliers =" and E"" are the same for all households of a certain type in all periods
and across all states of nature.

The first-order conditions for consumption and bond holdings for an unrestricted household

are
o L8 (G, Gn) "
e\ \z 7

.—.[)1

Cu Cu —Oy
—B,hE, ‘“( tl h—f) ]} =g A.26
d {Z, Zin Z ! ( )
(0B,(w)] : 2" = B, RE(EV), (A.27)
1+Ct —_p,u RL t+1 —_p,u
Bl (u)] : 2= B E, [t mh ) A
(0B, (u)] A B. t(Rm_K m (A.28)

The first-order conditions for consumption and bond holdings for a restricted household are

1 (o /cr cr "
oCm]: Pt{zr(zf " 1)

o (A.29)
CT Cf r
hE t+1( 1+1 h,—’) }} :E’”,
~F: 1{4 Zin 7 '
1 0 Riiv1 —pr
B- B = B, 2t g A.
o8] =t = g (et ) (30)

Households are monopolistic suppliers of labour inputs L,(i), which perfectly competitive
labour agencies aggregate into a homogeneous labour composite L, according to the technology

1 1+
L = U Lt(i)l/H)‘”dz} , (A.31)
0

where 7, > 0 is the steady-state wage markup. The first-order condition for the demand of

labour input i is
) W, (i (1+2w)/
Li(i) = (’7(1)) L. (A.32)

Combining this condition with the zero-profit condition for labour agencies, we obtain an
expression for the aggregate wage index W,as a function of the wage specific to the ith labour input

L

W, = Uol V[/t(i)_%wdi]iw. (A.33)

Household members set wages on a staggered basis (Calvo, 1983) subject to the demand for
their specific labour input (A.32). The wage gets reset with probability 1 — {,, in each period,

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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while with the complementary probability the wage grows at the steady-state rate of inflation and
productivity. Formally, the problem for a household member i of type jwho can reset his or her
wage at time ¢ is

o0

j (P[+S J 1+v;
min E lw s L, i A.34
min, S (Cul) ooy LoD (234

subject to the budget constraint (A.23) or (A.24), the demand for labour (A.32) and the wage
updating scheme

W, (i) = (ILe') W ). (A.35)

The first-order condition for this problem is

S—=p, NS TE7] 7 ¢ 5 b] SQD/- &L] s i ki
Z(Cm[)’ VL) | () WD) — (14 4,) eiliald]) g, (A.36)
s=0 =i+s

In the absence of nominal rigidities, this condition would amount to setting the real wage as a
markup over the marginal rate of substitution between consumption and leisure.

All agents of type j = u,r resetting their wage face an identical problem. We focus on the
symmetric equilibrium in which all agents of type j that can readjust their wage choose the same
W/, in which case we get

i E S (Gl syl ) j (e (1+1])W T (1+»1)L1+:’/
( z])Hl;”” = (14 L) 1 2o (Cal) Bl @l ) - e ts (A.37)
E > 20 wﬁ )S—*ﬁs( ) (-5 )VVz+s Ligs
for j = u,r.
Therefore, the aggregate wage index (A.33) can be written as
VV! = {(1 - Cw) [wu(ﬁ/ruyﬁer'(vf/;) /“:| + Czu(HB VV[ 1) E} N (A?)S)

A.b. Government Policies

The central bank follows a conventional feedback interest rate rule (Taylor, 1993) with

smoothing
1-p,
E_ R, P E ¢r Yt/yt—él [ P o
R \ R 1 et ’
where p,, € (0,1), ¢ > 1and ¢, > 0.

The presence of long-term bonds modifies the standard government budget constraint

B+ P BE=R_1,B_1+ (1 +KP)B", + PG — T,. (A.39)

The left-hand side of expression (A.39) is the market value, in nominal terms, of the total
amount of bonds (short-term and long-term) issued by the government at time ¢ The right-hand
side features the cost of servicing bonds maturing at time ¢ as well as spending G, and taxes T,

We assume that the government controls the supply of long-term bond following a simple
autoregressive rule

PpB PriaBE "
LDy :S( Li-1 t—l) eBe, (A.40)
PtZ[ Ptflztfl

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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where pp € (0,1) and €5, is an i.i.d. exogenous shock. S is whatever constant needed to make
the above equation an identity at the steady state. We interpret LSAP programmes as shocks to
the outstanding government long-term liabilities compared with the historical behaviour of these
series.

Finally, we set taxes according to the feedback rule

1 B 3 (2%
b7, t bz
T G R — Z,t—1 s
LT, = B TR et (A.41)
P77 [P
RL — K z

where e, follows a stationary AR(1) process and the term in parenthesis on the right-hand side is
the ratio of total debt value in period ¢ to its steady-state value.

A.6. Term Premium and Preferred Habitat

Our baseline formulation of the relation between transaction costs and the quantity of debt is

PL“BL Pr
¢ = ( P:Ztt) exp(ez ).

The Euler Equation of an wunrestricted household for investing in long-term bonds is
(1 + gt)PL,lEi;hu = ﬁu[El(PLJ-FlRLJ‘HEi)fl)' (A42)

Define PP and RF! the price and yield to maturity of the long-term bond that would arise in
the absence of transaction costs, holding constant the path for the marginal utility of consump-
tion. In defining Rfﬁ', we also adjust the parameter x so that in steady state the counterfactual

long-term bond has the same maturity of the bond in the model with transaction costs, that is
R, RM
RL — K REH — K

Dy =D (A.43)

The counterpart of (A.42) in this counterfactual world is
Pflllafu = ﬁulEt(PII‘:I;I-HRIIfIlI-HEItJJ:lI) (A44)

No arbitrage implies that the counterfactual long-term bond should have the same risk-
adjusted return as the long-term bond in the actual economy with transaction costs. Rearranging
(A.42) and (A.44) and taking the difference yields

b-o

2t
E
Ef., u

Up to a first-order approximation, the previous equation becomes

EH
PL,t+1 PL,t+1 REH

o R D
(1 Cop, et = Tppar M

[Er[pl‘,rérl - pLJ - Cz + }?L,Hl - (PIDZH - ﬁ[’;’ + RLF,]?H)} =0.
Also up to the first order, from (A.43) the relation between price and yields is
P =—-DiRy,.

We define the risk premium as the difference, in log-deviations from steady state, of the yield to
maturity with and without transaction costs

R/ﬁt = R]ﬂt — RE’;’

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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We can then combine the approximation of the no arbitrage condition and the relation between
price and yield to obtain a first-order forward looking difference equation in the risk premium

(Dr. = DERPy = DLRP + (= 0.
Because D; > 1, the previous equation can be solved forward to obtain

_ 1 00 DL—l s
RPZ:FLZ( D, )[EtCtJru

s=0

which corresponds to the equation in the text.

A7, Aggregation
A.7.1. Resource Constraints

Budget constraint for the unconstrained household:

1+€t er

PG B o = B = Rea Bl +
Lt — Lt —

B[ s / W ()L (i) + P, + P +P) — T".

Budget constraint for the constrained household:

: 1
PG+ . B“+/W’ i)+ P+ PPl T
Rpp—x R, —x
Government’s budget constraint
1 L RL,t I -
Bi+ R, — KBl =RaBa+ R, — KBz—l +PG —T,.

Next, realise that

P / Pi)di = / Pi)Y,(i)di — WL, — RFK,,

where L, = [ L,(i)di s total labour supplied by the labour packers and demanded by the firms.
= [ K,(i)di. We substitute the definition of I1,into household’s budget constraints and realise
that the profit of labour packer and good packer is zero.
It must be the case that

W= [wrriaie [ WL
and
PY, = /P,(i)Yt(i)di.
The capital producer’s profit is

RFK, — Pia(w)Ki—y — P,

The financial institution’s profit is

; &
Pl =a, B
Lt — K

Finally the budget constraint is

wucru + wrC: + G + a(u,)K_l +hL =Y. (A45)

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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A7.2. Exogenous Processes

The model is supposed to be fitted to data on output, consumption, investment, employment,
wages, nominal interest rates and market value of bonds.

e Technology process: let z, = In(e 7%,/7,_)

2 = P2+ €y (A.46)
e Preference for leisure:
Ing, = p,Ing, 1 + €y, (A.47)
e Price Mark-up shock:
Inis, =€, (A.48)
e (Capital adjustment cost process:
Ing, = p,Inpy, g + € (A.49)

e Intertemporal preference shifter:

Inb, = pylnb; 1 + €. (A.50)

e Government spending process:

Ing, = Pg Ing 1+ € (A.51)
e Monetary Policy Shock ¢, ,.
e Exogenous risk premium shock:
€1 = PreCi-1 —+ €01 (A52)

e Fiscal shock ey,
e Long-term bond supply shock €g,

Appendix B. Normalised Equations

Consider the following normalisations:

° le. = RYP; w,, = W/(ZP); me, = MC,/P; ¢ = QP
o T =Elj)ZP, V)
o x., = x/7Z, Vx, except for the cases below
. plL — pL . — . —
2, 2, N . {
e B, Bt/(PtZt)s B r = Bt /(P,Z,), G, = Gt/Zt, T., = Tt/(PtZr)

Real marginal cost

me, = o7 (1 —a) 0 (rh) ! ) (B.1)
Capital demand
o wy,
K., = =Ly B.
SR T (B2)

t

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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Technology
Y'Z‘l:KxLlfat.

2zt
Price setting

n.u n,r
- 0, X o, X

t i, dr”
@, X+ w0, X

with
]+/Zj
i _ i W\ 7 i | -
X" =Y. (1 + Ap) Ay me; + B E Vi X )=,
Nl L
dj _ wi o 1\ pd,
ti ! :-:']zYz,t'f'ﬂ;Qp[Et ( 1[-; ) X,Ijr1] J = U, T
LOM prices

_1
1=(1-2¢,) 0, X" + o, X" it <H>7
P wqu/?d,u + (DY}(![NLT 4 l’It :

Effective capital
K., = e A uzkz,l—b
Law of motion of capital

_ . " _ I
K,=(1-0)e¢" K 1+u {1 ) (evﬂl Iz—t)} L,

z,t—1

Capital utilisation

Law of motion of Q

=u =r
g=E {wuﬂu:‘HH + o, B,E}, -
=L

t k S
Bl T 0,5 e = alua) +(01= b)q’“}}'

Investment decision

prn L T YT
0=—-1+qu {l - S(e"“’ —)} — qu,S (e’“‘ —) et
Bible L, bl L1 L,

+ E, s L
0,2 + w, &

z,t [zil
Marginal Utilities for each type:

i . . . _ . - - 76] .

=)= 0(CLy = L, ) = B W (L — L) g =

Euler equation: Unconstrained, short

) = B RE [T T

© 2012 The Author(s). The Economic Journal © 2012 Royal Economic Society.
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(B.3)

(B.4)

(B.5)

(B.12)

(B.13)

(B.14)
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Euler equation: Unconstrained, long

Ry, —
14+ ¢)8" = p,E, I ek g .
( Ct) ! B { +1€ IRLt T~k LAt+1:|

Euler equation: Constrained, long

R
= /3[Et|:z+leizunl L

—RL +1
Ry — K

Wage setting

wn,j
Ttlw J

(ﬂfiz)H =

1 .
deJ,]—u,r.
t

w y I1 Z1+1 /u (1+‘) wn.i
Xt Y (1+/Lw)b t]L1+\ 7_/ (1+ +Cwﬁj[Et (L) Xt+nIJ

I

Il

wd.j —_7 T
X" =B Lw + Cwﬁj[Et

Law of motion of real wages

Budget constraint

1 I R Ry, 1
== 2z, 0—1 o
Ry, —x »  etuIl, ™ Ry, — keIl

Bz.t +

Long-term bond policy
PryBl, = S(Pi1BL,_ ) e

Transfers feedback rule

I1 1+1 w .
] e
Xum«u % Xﬂ/’ﬂ r 7% 1—[
— R T T W1
wz,t - |:(1 - CW) <C’Ju (thd,u) +U)r (W) ) + Cw( HleZt

e
z,l+

1 I b1
——=<B7,1t Bz
Ry, — Z,1—1 iy
T, — G, =0, =2 1" : expT.
RL — KB7 + BZ

Monetary policy

1=p,,

&: R[_l & & - —YZJ 61;73+~~-+z,¢ ¢J’ ecmt
R R I Y.i4 '

CI, = C(PL,IB£[7 E;l)

Term premium

Aggregate resources constraint

0, Cly 4+ 0, CL + L+ Gy + e a(u) Koy = Yy
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(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.24)

(B.25)

(B.26)
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Appendix C. Model Steady State

In steady state, the log of productivity grows at the constant rate y and inflation is constant and
equal to II.

We choose a functional form for a(w,) such that » =1 in steady state and a(l) = 0 (See
Christiano et al., 2011). Furthermore, we consider:

Y.=1,

and estimate
CU Eu
crE
and let the levels of 4" and b" be whatever they need to be to allow these ratios to be consistent

with each other and the resources constraint in levels.
Euler equations imply

1= ﬁuReiynih (Cl)
Ry
1 == C.
A+ =, (C2)
B =B, (1+0). (C.3)
Risk premium relation determines level of long debt
B = 71(0). (C4)

Govt BC determines taxes

L
T.=G —(1-8,")B. - S AN I 1 (C.5)
" Rl —x Rf—kell)

Unit MEI shock implies

1=y¢q (C.6)
Unit utilisation implies
r=d(1), (C.7)
which pins down @ (1) given 7.
FOC for investment implies
t=pe - (1-9), (C.8)

with
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B2 _ O ,+w/s

wu = +cu,

— opE" "+
p= =
w,E" + o

which is a function of Z*/E". Hence, 1" is also known given the estimate/calibration of Z*/Z".

Price setting implies
1

mczm.

Definition of marginal cost implies
with

Technology function implies

L=K ™
and plug into capital demand implies
K.=RK("),
with
P
44
which then implies that
L= L(r",
with
) y \ T
- (1 + /1f>
Effective capital
K. =R (")7!

Investment
L=~ (1-0)K(") "
Resources constraint
0, C'+w,C =1-1— G,
and given the ratio of consumptions, we get

r

1-1,-G,

Cz (vuia
My Cr + o,

cro,
G =5C
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Furthermore, notice that

XPnu XPd:u zu]l — ﬁré’p

= E— , C.18
Xpnr o Xpdr 7] — ﬁuC,, ( )
which is known.
For the wages, we have
Xwng . . ];)’"‘»'bi(Pi
i = (1+ Zo) L w; =
and in the log-linearisation, we will need the ratio
Xwnu
Xwdu bu(pu = (C 19)

xXwnr — br(ﬂr ?7
de,r

or
wu

SN R
b " = ) 7w TH(U ) [ 7]V

Lwu =

=u

Wy + O (br(pr =

which, given 5"/b" and E"/Z" is given by ¢"/¢". Let us then estimate/calibrate this ratio, Y.,
which has to be between 0 and 1.
Rest of steady-state relations (not explicitly needed for the numerical analysis)

FY,(1+ Ap)me

Xt = = u,r, C.20
1- .B]'Cp ] ( )
) =y,
Xt — = i c.21
= = W1 = BRI - )=, (C.22)
iy, (1)
) b Ll-H/ Zw
X — (1 + ;Vw) (P] = ;)ZB 7]' =u,r, (C??))
wly
. Lty
- Lw.™
Xt == - J= T, C.24
1- Cwﬁj / ( )
Xwn,u —m Xwn,r _;,l,“ N
Wy = | Wy (de,u) - —‘—(Dr (qudm) (C25)

Appendix D. Log-linear Approximation
Consider in general that
x = In(x;/x)

for any variable x, except for éz =In (11 _:% , 7 = In(R/R), and r, = In(Ry,/Ry)
Real marginal cost
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me, = off + (1 — o). (D.1)
Capital demand
Kz,t =W, — ’A",k + L. (D.2)
Technology
Yz,l = flkz,l + (1 - “)it- (D%)
Price setting
5 pn.j 2 5 B _— 1+ ;L/ AR
X =(01- ﬁjC/')(:’ Yot At mcf) + BipEs 5, Tt X )=, (D.4)
oo 2, v 1 Spdj\
tid'] = (1 - ﬁij) (511 + Yz,t) + ﬁijEt (Z Tl + thflj) y] = U, T (D'5)
LOM prices
I_C Shn, Shn,r b, Shd,r
P
with
T = o
= [ N
0y + o, T (2"/2)
Effective capital
kz,t = —z+ Uy + I%z7tfl~ (D7)
Law of motion of capital
Kii=1-08)e" (Koo —z)+[1— (1=8)e7"|(jt, + L) (D.8)

Capital utilisation

it = . (D.9)
Law of motion of Q
G = BeTE[r iy + (1= 0)gent] — Eidr
+E, {qu (11+—+(f§ Bl — Ey) +(1—q) (%%C I E,)] 7 (D.10)

with

Investment decisions
0=q +f, —¥S" (2 + Ly~ L) + ¥ S"Ei[zr + L1 — L. (D.11)
Marginal Ultilities for each type
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0 A7 .
h{(1+ﬁ W)CL = B~ hC = (D12)
(D.13)

1 .y .y
e LR
Euler equation: Unconstrained, short

Su r + [Et(ézrl —

I]>

Zip1 — Tig1)-

Euler equation: Unconstrained, long
s Au L A K
L+E = R L +E, |::'t+] —Z1 — My — mrLHrl]- (D.14)
Euler equation: Constrained, long
o o K
= = Ry — et [Et["‘ 1 T Al T Tl — — 7L,t+1:|- (D.15)
Wage setting
wn,j 1+ /lw N
X" = (1= CuB) |6+ @+ (1 + V)L + (1+ V)i,
144 Y , (D.16)
+ é’wﬁ] |: = (1 + v)(nl+l + ZH—]) + Xmﬂ]:| =ur
w ~J - 1 + jvw ~
d] (1 - gwﬁ ) |:‘=‘]t + Lt + ) 7Uz«,t:|
A'IU
I . (D.17)
+ P [Et[ (M1 + 2i41) + Xm ]:| =u,r
Law of motion of real wages
ﬁ}“ — (1 o Cw) g Aw [qu (thwn,u o thwd,u) + (1 o qu)(Xwnr o de,r)]
1+ P (D.18)
+ Cw(ﬁ}z,l—l - — ZI)
with
wu
Lwu = 1
wu + w wur} +<1+} )
BzL/Bz -1 pL
. Pr Bz,l—l
(D.19)

— K

Budget constraint
—1 5
= ﬁu (Bz,t—l + Vt—l) + R,

BL/B.
B,
t+R[‘ K
(1—eI"'x)R, BL/B,
RL — K RL — K

G, YZ BL B, _

+EGZI Bz (ﬁu +R / ﬁrl)(’zl +7tt)7
with
- - . T,
r..=T.+Y.T,=T,6 = Y’ - -
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Long-term bond policy

Ry

AL L s
_ o KVLJ + BZIJ = pp(— R, — KTLJ_] + Bz’,t—l) + €y (D.20)
Transfers feedback rule
. R,
7 A B, 1+ BL -1t (Bt B,
Tz,l_ GZGZJ Ji—1 RL ( / zl 1 (RL—K)Q( z/ ) Lt—1
T _G dr i " +ery (D.21)
z Z 1 + RL — K(B{/Bz)

Monetary policy

3
n=p, -1+ (1 - Py) [(1571777; + ¢y <th =Y. a4+ Z Zt—l) + €m- (D-22)
=0
Term premium
L=UB + e (D.23)
Aggregate resources constraint
., C a)C 11 G, K
th:#cft zt+ Gzt+e / ?Ut- (D.24)

Appendix E. Data

We use quarterly data for the US from the third quarter of 1987 (1987q3) to the third quarter of
2009 (2009q3) for the following seven series: real GDP per capita, hours worked, real wages, core
personal consumption expenditures deflator, nominal effective Federal Funds rate, the 10-year
Treasury constant maturity yield, and the ratio between long-term and short-term US Treasury
debt. All data are extracted from the Federal Reserve Economic Data (FRED) maintained by the
Federal Reserve Bank of St. Louis. The mapping of these variables to the states is

AY[)’M =100(y + ?zt - Yz,t—l + %),
Ll‘”"‘ =100(L + Lt)
Aw;’bs =100(y + @y — Woy—1 + 2),
" =100(x + 7,),
" =100(r + 7),
(rz

r;”’; =100(r, + 77.,),

PLB ’

oo = 2125 (1 4 P, 4 BY — Buy),

Z

where all state variables are in deviations from their steady-state values, 7 = In(IT), » = In(R) and
1, = In(Ry).

We construct real GDP by dividing the nominal GDP series by population and the GDP
deflator. The observable AY/* corresponds to the first difference in logs of this series, multiplied
by 100. We measure the labour input by the log of hours of all persons in the non-farm business
sector divided by population. Real wages correspond to nominal compensation per hour in the
non-farm business sector, divided by the GDP deflator. As for GDP, Aw;”” is the first difference in
logs of this series, multiplied by 100. The quarterly log-difference in the personal consumption
expenditures (PCE) core price index is our measure of inflation. We use the effective Federal
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Funds Rate as our measure of nominal short-term rate and the 10-year Treasury constant maturity
rate as our measure of nominal long-term interest rate. Finally, we identify long-term bonds as US
Treasury securities with maturity greater than one year, consistent with the announcement of
LSAP II, and construct the ratio to short-term bonds as our measure for the quantity of debt.

Appendix F. Implementing the Commitment to the Zero Lower Bound

In this Section, we describe how we implement the commitment to the zero lower bound. This
same approach is also used to guarantee that none of simulation paths violates the non-negative
interest rate constraint.

F.1. Canonical Model
Consider the economic model in its canonical form, as in Sims (2002):

I (0)z = T + T0(0) 20 + T3 (0)e + T3 (01, (F.1)
where s(f) € {n,zlb} refers to the state of the economy, with n referring to normal times and zlb
for times of in which the zero lower bound is binding; z is the vector of state variables, whether
they are endogenous or exogenous; ¢, is a vector of exogenous i.i.d. innovations; 7, is a vector of
endogenous expectational errors; and {1“,‘“)((9)}1:071‘2_3_4 are matrices defining the state space for
any given vector of parameters 0. '

For simplification of notation, below I will omit the reference to the vector of parameters when
writing the matrices.

With some restrictions it is possible to break the system in (F.1) into two blocks: a forward
looking one and a backward looking one. So for each equation, we can write:

je LT (NEz =T () + T (), (F.2)

i€ BL: T\ i)z = T3 (0) + TV ()2 + T3 (i)ey, (F.3)

where i denotes BL equations and j the FL ones.

F.2. Perfect Foresight Solution Method

Consider a sequence of periods {s(¢)}% , such that for ¢ > Kwe have s(¢) = nand ¢, = 0 — i.e.
n eventually becomes an absorbing state and no additional innovations are expected beyond K.
In this case, we can solve for the rational expectations equilibrium (REE) solution backwards.

F.2.1. Absorbing state

In normal times, for ¢ > K, the REE solution can be represented by

7 =0y + DYz + Dye. (F.4)

F.2.2. Before the absorbing state
We need to solve for the REE matrices recursively.

Notice first that for the last period before the absorbing state kicks in, and using (F.4), we can
write the forward looking component of the system as

T GIEA®G + @z + Der) = T3 () + T3 ()
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which we can rewrite as
57 G)ey = T ()lz = 057 G) — T3 G)(@F + @)

and combine this with the backward looking to get the full system written as

Ty()z = To(t) + T1(0)z1 + Ta()ey, (F.5)
with
i (1), =
Fa) = {H e (1,)) h “)} , (F.6)
4 (i
Fol) = [rgm () = T2 () [qalgg(tt)?)l) + O3t + 1)) } ’ E7)
0 1
()= {Ff(g(i)]’for 1=1,2, (F.8)
and
®,(t+1)=d for t=Kand 1 =0,1. (F.9)
Now, we can solve this system for z, and write
= (I)()(t) + (Dl(t)zlf71 -+ (I)g(t)st, (FlO)
with
Dy (1) = [Fa(8)] ' To(1), (F.11)
@) = [F4(0)] T (), (F.12)
Dy () = [Ta(8)] ' Tol), (F.13)

and notice that we need to use a pseudo inverse, to account for the fact that I'y(¢) might not be
invertible.

Notice that (F.10) is in the exact same form of (F.4). So, iterating backwards, the system (F.5)
and the REE solution (F.10) are valid for Vi < K

F.3. Implementing the ZL.B Commitment

We use the convention in our simulations that period ¢ = 0 is the period in which LSAP is
announced and implementation started, and the commitment to the zero lower bound applies to
the first four periods, including period ¢ = 0. Given the framework just described, then imple-
menting the commitment to the ZLB implies setting a sequence of states {s(¢)}~, such that s, =
zlb for t = 0,1,2,3 and s, = n for ¢t > 3. Then, iterate backwards, starting in period 3 towards the
initial period to find the REE solution matrices for periods ¢ = 0,1,2,3. For periods ¢ > 3, the
solution is the usual one in the absence of policy regime change.
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For the zlb regime, we have exactly the same equations as in regime n but replace the interest
rate rule equation with one setting the interest rate to zero.

F.4. Enforcing Non-Negative Interest Rate

We can also use this same framework to enforce the non-negative interest rate constraint after
the commitment to the zero lower bound is lifted. This is relevant because for some parameter
draws we get this constraint to be violated. To accomplish this we use a guess and verify
approach.

In the first step, we make the simulation under the assumption that the sequence of states
{s(t)}X, is the one described above. Then, we check for any violations of the non-negative
interest rate constraint and switch the regime for those periods from 7 to z/b, and solve again for
the solution. We keep doing this until there are no violations.

Appendix G. Robustness

This Section considers four robustness exercises. First, we consider the implications of extending
the duration of the LSAP programme. Second, we consider a longer commitment to the zero
lower bound by the monetary authority. Third, we ask how sensitive the model is to the degree of
market segmentation. Fourth, we study the role of nominal rigidities.

The first two robustness check has obvious policy interest and implications. The motivation for
the other two exercises is that the financial crisis may have introduced a (possibly temporary)
change in regime, both in the financial market structure and in the price setting mechanism.
Ideally, we could capture these phenomena with a regime-switching model. Beside the technical
complications, the main limitation of this approach is that the change in regime is probably one
of a kind and occurred at the very end of the sample. As such, regime-switching techniques may
not have enough data to identify the change in the economic environment. The less formal
robustness analysis presented here is still informative to document this point, while further
research on this is left for future work.

G.1. The Role of the Length of LSAP Programmes

In our baseline simulation, the central bank accumulates assets over four quarters and holds the
balance sheet constant for the next two years, before gradually winding down the programme
over two additional years. This assumption is fairly arbitrary. Depending on the economic con-
ditions, policy makers may change the length of the programmes, as the recent US and UK
experience suggests. Without undertaking an exhaustive analysis, this subsection considers one
alternative path: the central bank still accumulates assets over the first year (as per the FOMC
announcement in November 2010) but then holds the balance-sheet constant for four years,
instead of two, before gradually exiting. Figure G1 shows the corresponding responses, in the
same format as the Figures shown in the article, with red continuous line for the this simulation,
with grey shaded regions representing the uncertainty and the dashed blue line showing the
baseline simulation effects for easy comparison.

Not surprisingly, this change in the time profile of the asset holdings by the central bank
induces a stronger response by the risk premium, with a median peak response of —16 bp
(instead of —11 bp). As a result, output and inflation respond more strongly. However, while the
inflation response roughly doubles compared with the baseline scenario (median response at the
peak of 0.059%, compared to 0.031%), the response of output is only 50% stronger (median
response of 0.19%, instead of 0.13%, for GDP growth). Not surprisingly, the uncertainty around
the median is larger, with the 95th percentiles increasing proportionally.
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Fig. G1. Responses to Simulated Shock to Market Value of Long-term Debt (As Shown in Figure 1) in
the Case in Which the Central Bank Keeps the Purchased Assets for Four Years (Instead of Two)
Note. All Responses are in Annualised Percentage Rates (Except the Output Level, Shown in Per-
centage Deviations from the Path in the Absence of the Shock). The Continuous Line Corresponds to
the Posterior Median Response and the Grey Shades to Different Posterior Probability Intervals
(50%, 60%, 70%, 80% and 90%, from Darker to Lighter Shading). The Dashed Line is the Posterior

Median Response of the Variables in the Baseline Simulation, Shown in Figure 3.

In sum, if the central bank holds the purchased assets for longer, the stimulative impact on
output and inflation increases and becomes more persistent. Moreover, the additional boost is
stronger for inflation than for output. Nominal rigidities play an important role in this respect.
Because the shock lasts longer, more firms and workers are expected to change their prices and
wages over time, which in turn leads the firms and workers who can change their prices and wages
early to do so more aggressively.

G.2. The Role of the Length of the ZLB Commitment

In the article, we discuss how important is the commitment of the central bank to keep the
interest rate at zero to boost the effects of the LSAP programme. Here, we take that analysis one
step further by considering a longer commitment. Instead of four quarters, we consider five
quarters of commitment. Figure G2 shows the corresponding responses, in the same format as
Figure G1.

Figure G2 gives a strong message: adding just one more quarter to the commitment gives a
powerful boost to the effects of LSAP. GDP growth increases on impact by 0.22% (instead of
0.13%) and inflation increases by 0.045% instead of 0.031. So the effects on the real economy are
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Fig. G2. Responses to Simulated Shock to Market Value of Long-term Debt (Shown in Figure 1) in
the Case in which the Central Bank Keeps ZLB for Five Quarters (Instead of Four)

Note. All Responses are in Annualised Percentage Rates (Except the Output Level, Shown in
Percentage Deviations from the Path in the Absence of the Shock). The Continuous Line
Corresponds to the Posterior Median Response and the Grey Shades to Different Posterior
Probability Intervals (50%, 60%, 70%, 80% and 90%, from Darker to Lighter Shading). The
Dashed Line is the Posterior Median Response of the Variables in the Baseline Simulation,
Shown in Figure 3.

stronger by a between 50% and 70%, depending on the variable considered. This means that the
effects of additional quarters of commitment to the ZLB are highly non-linear, due to the power
of the expectations channel. As a result skewness also increases.

This result also confirms the importance of looking at the effects of interest rate policy and
asset purchases in combination. They interact with each other and thus can and should be used
in a coordinated fashion.

G.3. The Role of Market Segmentation

The baseline experiment suggests that the effects of LSAP II are fairly modest on GDP and quite
small on inflation. One reason why our results may underestimate the effects of asset purchase
programmes is that the degree of financial market segmentation may have recently increased due to
the financial crisis.? As discussed earlier, our reduced-form friction for market segmentation aims at

? Baumeister and Benati (2010) estimate a VAR with time-~varying coefficients and stochastic volatility to
account for this type of effects, on top of other changes in the structural relations among macroeconomic
variables potentially triggered by the financial crisis.
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Fig. G3. Responses to Simulated Shock to Market Value of Long-term Debt (Shown in Figure 1) in the Presence
of a High Degree of Market Segmentation (By Considering the Lower Half of the Distribution of ®,,)
Note. All Responses are in Annualised Percentage Rates (Except the Output Level, Shown in Per-
centage Deviations from the Path in the Absence of the Shock). The Continuous Line Corresponds to
the Posterior Median Response and the Grey Shades to Different Posterior Probability Intervals
(50%, 60%, 70%, 80% and 90%, from Darker to Lighter Shading). The Dashed Line is the Posterior

Median Response of the Variables in the Baseline Simulation, Shown in Figure 3.

capturing a combination of preferences for certain asset classes and institutional restrictions on the
type of investments certain financial intermediaries undertake. By shifting the true and perceived
distribution of risk, the financial crisis may have induced a fraction of investors previously active in
multiple segments of financial markets to concentrate on one particular asset class.

For this purpose, we repeat the baseline experiment in the presence of a high degree of market
segmentation. Figure G3 shows the results of the same simulated LSAP II experiment as in the
baseline case. The difference is that, in this case, we only draw from the lower half of the
posterior distribution of the parameter w,. All other parameters are drawn from the same pos-
terior distribution as before.”

The median responses of GDP growth and inflation with the ZLB commitment are about 50%
bigger than in the baseline case, at +0.21% and 40.044% respectively (compared with 0.13% and
0.031%). Upside posterior uncertainty is now more pronounced. The 95th percentile now nearly
reaches 1% for GDP growth and 0.2% for inflation, compared to 0.6% and 0.15% before.

% To be precise, this is a counterfactual simulation. As for the main simulations, we draw a parameter vector
from the MCMC posterior sample. However, we then perform a resample exercise for the w, parameter in
which we extract the marginal sample for this parameter, perform an ascending ordering and keep only the
lower half of it. Then, for each parameter vector used in the simulation, we draw independently the w,
parameter value from this modified subsample.
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Fig. G4. Responses to Simulated Shock to Market Value of Long-term Debt (Shown in Figure 1) in
the Presence of Lower Price Rigidities ({, = 0.75)

Note. All Responses are in Annualised Percentage Rates (Except the Output Level, Shown in Per-

centage Deviations from the Path in the Absence of the Shock). The Continuous Line Corresponds to

the Posterior Median Response and the Grey Shades to Different Posterior Probability Intervals

(50%, 60%, 70%, 80% and 90%, from Darker to Lighter Shading). The Dashed Line is the Posterior

Median Response of the Variables in the Baseline Simulation, Shown in Figure 3.

The stronger response of macroeconomic variables requires the central bank to increase the short-
term nominal interest rate by two additional basis points. As a consequence, given that the drop in
the risk premium is the same, long-term rates decrease one basis point less.

The bottom line from this exercise is that allowing for a higher degree of segmentation does
increase the response of GDP growth and inflation to the stimulus of asset purchase programmes.
However, unless segmentation becomes really extreme, the macroeconomic effects of LSAP
remain quite small, especially for inflation.

G.4. The Role of Nominal Rigidities

One reason for the small response of inflation to LSAP II is that the estimated degree of nominal
rigidities, especially for prices, is quite high. While our priors for the probability of holding prices
and wages fixed in any given period ({, and {,,) are both centred at 0.5, the posterior medians for
the two parameters are 0.93 and 0.73 respectively.

A high degree of stickiness in prices and wages is not an uncommon finding in the DSGE
literature, especially in the absence of real rigidities like in our case (Del Negro and Schortheide,
2008). In addition, Hall (2011) has recently emphasised how prices have failed to fall substan-
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tially in the last recession. As in the case of segmentation, the financial crisis may have caused a
structural change in the price setting process that the model interprets as an increase in price
rigidities (the same consideration applies to wages).4

Nevertheless, we want to quantify the sensitivity of our results to a lower degree of nominal
rigidities, more in line with standard values from the empirical literature that uses micro data
(e.g. Nakamura and Steinsson, 2008). Figure G4 shows the results of the baseline LSAP II
experiment when we fix {, at 0.75, more in line with the recent empirical evidence. All other
parameters are drawn from the same posterior distribution as before.

The Figure shows that nominal rigidities play an important quantitative role in the response of
inflation to asset purchases. When prices are more flexible, the median response of inflation to
LSAP II on impact is more than two times bigger than when we use the estimated posterior
distribution. The counterparts are a less persistent inflation process and a slightly smaller effect
on GDP growth. Notice that the effects on the GDP level are now considerably smaller and less
persistent. In equilibrium (i.e. taking into account the endogenous response of monetary policy),
the two effects roughly compensate each other. The increase in the short-term interest rates is
almost the same in the two cases. Therefore, also the behaviour of long-term rates is very similar.
The increase in upside uncertainty for inflation is roughly proportional to the changes in the
median. The 95th percentile of the response in inflation is 0.4%, compared to just above 0.15%
in the baseline experiment.

In sum, higher price flexibility shifts the adjustment in response to asset purchase programmes
from GDP growth to inflation, by making its process more front-loaded.

Appendix H. Diagnostics

This Section provides more detailed analysis of the empirical diagnostics for the model. As stated
in the main text of the article, since we include the long-term bond as an observable, switching on
all the shocks, we should match the short rate and long rate perfectly. To evaluate how the model
performs empirically, we want to compare the model-generated moments with those of the data.
In the rest of this Section, we analyse variance, variance decomposition and historical shock
decomposition in turn.

H.1. Variance

In this Section, we compare the variance of each variable in the data with that predicted by our
model. For the model variance we compute for each parameter draw the unconditional vari-
ance of the relevant state variable and then take the median across draws. We focus on the
short-term interest rate and long-term interest rate for this model diagnostics exercise. The
model’s unconditional variance for the short rate is 0.44, which is just above half of that
observed in the data (0.81) while the model’s unconditional variance for the long rate is 0.12,
which is only one fourth of that observed in the data (0.47). This model does a decent job in
terms of explaining the variance of the ratio of the long bond to the short bond (the data
variance is 0.08 and the unconditional model variance is 0.07). This suggests that this model has
a limited ability to match properties of the yield curve in the data. However, our main purpose
is not to explain yield curve shape or dynamics, rather, we are interested in analysing how
changes in the risk premium affect macroeconomy and the monetary transmission mechanism
of the Fed’s unconventional policy.

* Indeed, if we consider a sample that ends before the recent crisis (second quarter of 2007), the posterior
median for {, is somewhat smaller
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H.2. Variance Decomposition

Here, we compare the relative importance of different shocks in determining some of the vari-
ables of interest, from an unconditional perspective. Table H1 shows the median percentage
contribution of each shock to the unconditional variance of some variables of interest. Figures
H1-H3 show the variance decomposition at different forecasting horizons for the federal funds
rate (FFR), long yield and slope of the yield curve. Yield curve slope is defined as the difference
between the long and short rate v, — 1. For the definition of risk premium and the long rate
implied by the expectation hypothesis, see Section A.6.

Table H1
Variance Decomposition for Short and Long Rates, Slope of the Yield Curve, Risk Premium Component of the
Slope and Expectations Hypothesis Component of the Long Rale. For Each Variable, the Table Shows the
Median Marginal Contribution of Each Shock to the Unconditional Variance of that Variable, Shown in
Percentage Points

Short rate Long rate Slope Risk premium Long rate (EH)

Productivity (&) 4.8 9.4 14 0.1 12.2
Markup (¢,) 0.2 0 0.2 0 0

Investment (g,) 58.4 21.7 52.3 0.1 31.6
Discount factor (&) 1.8 0.5 1.5 0 0.7
Labour supply (&4) 18.8 24 5.6 0.1 30.8
Long bond supply (&p7) 0.1 0.7 0.4 0.6 0.2
Tax (&) 0.0 0 0 0 0

Monetary policy (¢,,) 0.6 1.2 6.9 0 1.6
Risk premium (&) 5.7 38.6 29.1 98.8 15.7
Government spending (&,) 0.1 0 0 0 0

1 4 8 12 16 20 24 28 32 Inf
(W z ), B W b W B, W T e gl

Fig. H1. Variance Decomposition for the FFR at Different Horizons
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Fig. H2. Variance Decomposition for the Long Yield at Different Horizons

1 4 8 12 16 20 24 28 32 Inf
|, L W B, e T e e g

Fig. H3. Variance Decomposition for the Yield Curve Slope at Different Horizons

The marginal efficiency of the investment shock (u) is the single most important factor in
determining the short rate at the business cycle frequencies, which is consistent with the findings
in Justiniano et al. (2010). In the very short run (less than two years), the short rate is also
somewhat influenced by the policy shocks. Preference shock (shock to the discount factor)
becomes relatively more important to the short rate in the medium to long run, climbing to as
much as 19%.
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On the contrary, shock to the risk premium is the most important driver for the long yield
volatility, accounting for 64% in the short run and 39% in the long run. In second place come
the shock to the discount factor (ranges between 13% and 24%) and the shock to the marginal
efficiency of investment (ranges between 13% and 22%). Productivity shock accounts for very
little in the short run (3%) but rises to 9% in the long run.

The largest contributor to the volatility of the slope of the yield curve is the monetary policy
shock. On impact it accounts for 57% and decays to only 7% in the long run. The risk premium
shock accounts for as much as 42% two to three quarters ahead, and keeps its important role
throughout by fluctuating around 30%, depending on the horizon. The shock to the marginal
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Fig. H4. Historical Shock Decomposition: Contribution of the Shock to the Risk Premium to Path of
the Short Rate
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Fig. Hb. Historical Shock Decomposition: Contribution of the Shock to Monetary Policy Rule to the
Short Rate
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efficiency of investment has a more limited role in the short run but becomes the single most
important driver for the volatility of the yield curve slope over the medium and long run,
accounting for more than 50% for horizons of eight quarters and longer. Discount factor shock
plays a more or less residual role and contributes mostly in the long run, reaching eventually 6%.
If we look at the expectations hypothesis component, then the contributions are similar to the
long rate, but now the contribution of the shock to the risk premium is smaller, as expected.
The only reason the risk premium shock even shows up here is due to the real effects and the
endogenous response of the economy and monetary policy to the shock to the risk premium.
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Fig. H6. Historical Shock Decomposition: Contribution of the Shock to the Marginal Efficiency of
Investment to the Path of the Short Rate
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Fig. H7. Historical Shock Decomposition: Contribution of the Shock to the Risk Premium to the Long
Rate
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Fig. H8. Hustorical Shock Decomposition: Contribution of the Shock to Long Bond Supply to the Path
of the Long Rate
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Fig. H9. Historical Shock Decomposition: Contribution of the Shock to the Discount Factor to the Path
of the Long Rate

H.3. Historical Shock Decomposition

In this exercise, we use a disturbance smoother (as described in Carter and Kohn, 1994) to
recover draws for the historical paths of the shocks. We then feed these shocks to the model, one
at a time, to generate the counterfactual path of each variable, which gives us the marginal
contribution of each shock to the evolution of each variable at each point in the sample. We show
the median across parameter draws. Figures H4-H14 show select contributions of shocks to the
yield curve-related variables. The black line shows the median estimated path for the variable
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under consideration and the vertical bars show the marginal contribution of each shock in each
period in time to that variable’s path.

In terms of the short rate, Figure H4 shows that shock to the risk premium has been pushing
the FFR down since 1994 by 2-3% points. Interestingly Figure H5 demonstrates that monetary
policy shock has been pushing the FFR up since 2007. This means that the recent low interest
rates are more likely to be explained by the economic conditions, as opposed to being artificially
low due to discretionary policy decisions. As Figure H6 shows, the marginal efficiency of
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Fig. H10. Historical Shock Decomposition: Contribution of the Productivity Shock to the Path of the
Long Rate
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Fig. H11. Historical Shock Decomposition: Contribution of the Shock to Risk Premium to the Path of
the Slope of the Yield Curve
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Fig. H12. Historical Shock Decomposition: Contribution of the Shock to the Discount Factor to the
Path of the Slope of the Yield Curve
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Fig. H13. Historical Shock Decomposition: Contribution of the Shock to Monetary Policy to the Path of
the Slope of the Yield Curve

investment, the key factor in the unconditional analysis, captures fairly well the cyclical move-
ments in the FFR except the early 90s and the recent period of time. Finally, the productivity
shock has been pushing the FFR down since the beginning of 2000.

In the 1990s the risk premium shock (Figure H7) contributes heavily to the movements in the
long rate and was compensated down by other shocks. In the most recent period leading to 2009,
the risk premium contributes to increase in the long rate, with help from the increasing ratio of
long-term debt in the hands of the public. (Also see Figure H8 for the long-term bond supply
shock.) On the other hand, Figure H9 shows that the shock to the discount factor has been
pushing the long rate down at the end of the sample. Similarly Figure H10 demonstrates the
productivity has been pushing down the long yield.
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Fig. H14. Historical Shock Decomposition: Contribution of the Shock to Marginal Efficiency of
Investment the Slope of the Yield Curve

The volatility of the slope of the yield curve is mostly explained by the evolution of the risk
premium shock (Figure H11). At the end of the sample, the risk premium shock is pushing the
slope up, helped a bit by the shock to the discount factor and the shock to the long-term bond
supply that increases the ratio of the long debt to the short debt in the hands of the public.
However, the effects are countered by the negative contributions by the monetary policy shock
and the shock to the marginal efficiency of investment (See Figures H12-H14).
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