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Here, and throughout this paper, a hat (*) over a variable indicates percent deviation
from its nonstochatic steady state. That is, if x is the steady state value of x;,
then £, = (x, — x)/x. Most of the variables in Z, have been defined before. One
exception is real marginal cost for intermediate-good producers

1-a o o 1—a
s,=( 1 ) (1) (rill + WRD w1 + wiRD'™™ A1)

1—a o &

In addition, we adopt the following scaling of variables:

i b
_ Wt _ QK’,t _ NH—I IE _ Kt+1 b __ Mt
Wt__’ qt__’ nt+1 - 5 I+l - b mt =
P, P, Pz, 2t Pz
M, C I
= = T — T
M? % %

Finally, e,, is the ratio of real excess reserves to value-added in the banking sector
A+ X - A+ X+ SH)P,
vt — PR
(1 = vuk, / n)*(z(1 — vt)lt)l ¢

To solve for the 23 variables in Z,, we linearize 23 equations of our model.
We express these in matrix form as follows:

Ef0oZ+1 + 042 + 0pZi—1 + Bo¥s + B1¥P] =0. (A2)

e

We seek a solution of the form, Equation (19), which ensures that Equation (A2)
is satisfied for all possible Z,—; and ¥,, and which is covariance stationary. This
requires an A and B that satisfy

a0A2+a1A+(le=0,
0(AB + Bp) + auB + Bop + B1 =0.

We found that there is a unique A with eigenvalues inside the unit circle that satisfies
the first equation. Conditional on this value of A, the second set of equations is linear
in B.

To complete our discussion of the solution method requires explaining how 0oy,
oy, O, By, and B; were computed. This requires a discussion of the steady state of
the model and of the actual equations in Equation (A2).

A.l Model Steady State

This section describes our strategy for computing the steady state for our model.
In many models, solving for the steady state is straightforward because one can
find a recursive ordering among the equations. We were not able to do so for our
model, and so the computation of the steady state represents a considerable challenge.
We developed two strategies. In the first one we set some of the endogenous variables
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of the model to values that seem reasonable based on empirical evidence, making
these variables exogenous in the steady state calculations. We moved an equal
number of the model’s exogenous variables into the list of variables that were
endogenous in the steady state calculations. This approach allowed us to reduce
the problem of computing the steady state to the relatively manageable one of
solving a single equation in a single unknown. This approach works well for solving
our baseline model. However, it is impractical when we considered a counterfactual
experiment in which it was desired to change the value of one (and only one)
exogenous variable.*> A second strategy was developed for this. We now describe
the two strategies. Our description refers to the steady state formulas which are
derived subsequently.
For the first strategy, the set of exogenously set variables are

tl, B7 F(G)), l‘l’ X, “’z’ A:ﬂ A’w’ a, ka ‘II[’ 8,
™% T, 0, §, 0, 6,0, W', v, m, m, 7.

The variables to be solved for are

¢, 7 R, Ry, her, R, R:, @, k, n, i, w, L, c, ul, mb,

}\'z9 WLa e; ey, xba §9 thv y9 g»c .

The equations available for solving for these unknowns are summarized below. The
first three variables are trivial functions of the structural parameters, and from hereon
we treat them as known. In addition, R, can be solved using Equation (A23) below.
There remain 22 unknowns. Below, we have 22 equations that can be used to solve
for them.

The algorithm involves finding a value of R that solves Equation (A12). To
evaluate Equation (A12) requires first solving for the other “endogenous” variables.
For a given R, we proceed as follows. Solve for i, using Equation (A18). Solve
for R using Equation (A8); solve for @ and the two parameters of F (a mean param-
eter and ©) using (A9), the given value of F(®) and the condition, E®w = 1; solve
for k and n using Equations (A10) and (A1l); solve for i using Equation (A7);
solve for w using Equation (A3); solve for / using Equation (AS); solve for ¢ using
Equation (A27); solve Equation (A28) and Equation (A26) for g and y; solve for
1% using Equation (A24); solve for m® and A, using Equations (A21) and (A22);
solve Equation (A25) for y;; solve for e} using Equation (A20); solve & from
Equation (A19); solve e, from Equation (A15); solve x from Equation (A14);
hgb from Equation (A13). Vary R until Equation (A12) is satisfied. In these calcula-
tions, all variables must be positive, and

0<m<1+x0<E<1, A, >0,k>n>0.

Our second strategy solves the steady state when the exogenous variables are the
economically exogenous ones and the endogenous variables are the economically
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endogenous ones. In particular, consider the situation in which the exogenous vari-
ables are

dBuxru A A ow m.S\l’g’g’

S P et g Yo ewe M0 YRy Y Y

™7, T, 61, §, 6,4, 0, 0, W%, N, 1.
and the variables to be solved for are
q, ™, R, Ry, by, 7%, R:, ®, F(®), k, n, i, w, 1, ¢, il
mb, R, Ay € e, hxb, vy, 8, v, m.

We solve for the 26 variables above as follows. The first three are solved in the
same way as before. The remainder are solved by solving three equations, Equation
(A12), (A14), and (A18), in the three unknowns, rk, v, and R. Ideally, we start in a
neighborhood of the solution obtained in the previous calculations. Fix a set of
values for 7, v, and R. The basic sequence of calculations is the same as above.
Solve for R* using Equation (A8), and then ®, F(®) using Equation (A9) and
the value of 6. Then, solve for k, n, and i using Equations (A10), (A1l), and (A7),
in that order. Next, we obtain w from Equation (A3) and / from Equation (AS5). The
resource constraint, Equation (A27), can be used to obtain c; and Equations (A28)
and (A26) can be used to compute y, g. Then, obtain A, and «% from Equations
(A24) and (A25). Solve Equations (A21), (A22), and (A23) for R,, m, and mP.
This can be made into a one-dimensional search in m. In particular, for a given
m, solve for R, from Equation (A23) and for m? from Equation (A21). Vary m until
Equation (A22) is satisfied. In this search, the lower bound on m is zero, while the
upper bound is 6(1 + x) , and is dictated by R, > 0. Compute k., hgb, e, and e,
using Equations (A13), (A15), (A19), and (A20). We can now evaluate Equations
(A12), (A14), and (A18). Vary 7, v, and R until these equations are satisfied.

The equations that 7, v and R solve are not well behaved. They are not well
defined for all possible values of 7, v, and R. Typically, this happens because there
is no m that satisfies Equation (A22). We found that if the equations are defined
for a particular set of values of *, v, and R, then they are not defined for what
seems like a tiny perturbation. Equations of this type are hard to solve with standard
Gauss—Newton algorithm, unless one has an extremely good idea of the exact
solution. To find such a solution, we applied a random search method. We made a
guess of the true solution and then constructed an interval about that solution. We
drew randomly from that interval and recorded the parameter constellation which
produced the outcome closest to zero for the equations of interest. After the algorithm
ran for 5 minutes or so, it had found a solution close enough that a Gauss—Newton
method could take over and productively drive into the exact solution for * v,
and R.

We now describe the equations of the steady state.

Firms. From the equations that characterize the firm sector and the assumption
that there are no price distortions in a steady state, we have
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1

s=—.

As

Also, evaluating Equation (A1) in steady state
1-a o

%f: (ﬁ) (é) (P11 + yRD*W[1 + yR])' ™. (A3)

In addition to Equation (A1), real marginal cost is also equated to the ratio of the
real marginal cost of renting capital to its marginal product

_ rill + YR

o (A4)
O d; / ki)
Combining Equation (A1) with (A4) in steady state
+

wil +yRl 1-o k

Capital producers. The first-order necessary condition for maximization of /; for
the capital producers is

Et[}\'tPIQIFl,t - AP+ B}"t+lP1+lqt+1F2,l+I] =0.

Here, F|, and F,; denote the derivatives of the adjustment cost function with respect
to its first and second arguments. Multiplying the first-order condition by z,/z, we
obtain, in steady state

AgF) — A, + HE qF> =0, (A6)

Z
wher A, = APz. Since F; =1, and F, = 0,

q=1.
Also

_ 1 - 1
kv = (1 — 8)—k, + [1 - S(lfuz")]i, s
7.t -1
so that in steady state, when S = 0,
L
k M,

(A7)

Entrepreneurs. From the entrepreneurs:
*=a.
Also
u=1.

The after-tax rate of return on capital, in steady state, is
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R=[1-+10-8In+76-1. (A8)

Conditional on a value for R, R, the steady state value for @ may be found using
the following equation:

1+ R 1 [1 + RF

[1 — I'(@)] — (T(®) — uG(®)) — 1] =0, (A9
1+ R 11— por(dL] + R
where the hazard rate, A, is defined as follows:
1 - Flw)

This equation has two additional parameters, the two parameters of the lognormal
distribution, F. These two parameters, however, are pinned down by the assumption
E®w =1 and the fact that we specify F(®) exogenously. With these conditions,
Equation (A9) forms a basis for computing ®. Note here that when p = 0, Equation
(A9) reduces to R* = R. Then, combining Equation (A8) with the first-order
condition for time deposits, we end up with the conclusion that * is determined as
it is in the neoclassical growth model.

From the single first-order condition for k in the costly state-verification problem
and conditional on F(®) and @ , we may solve for k, thus obtaining*®

1
1= (1 + RY(1 + R)T(@®) ~ hG(@)
The law of motion for net worth implies the following relation in steady state
;ZT[R" — R — pG@)(1 + RYIk + w*

n= . (Al1)
1=y + RYm)(1/u,)

(A10)

S | &

Banks. The first-order condition associated with the bank’s capital decision is

Rh
1+ wiRyk = :; . (A12)

The first-order condition for labor is redundant given Equations (A3), (AS5), and
(A12), and so we do not list it here. In Equation (A12)

1-a

heo = aW(ev)“&(“f’) , (A13)

her = (1 = E)x(e,) ", (A1)
and
, == omb(1 — m + x) — Wwwl + (Vp)wrk)
' (M)A = DX — D'~

The first-order conditions associated with the bank’s supply of deposits to house-
holds, A,, and working-capital loans, S}, are, respectively

(A15)
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»1
—Ry + )\'tF[(l —Ths—11=0, (A16)
t

R, — M’%[ther‘, +1]1=0, (A17)
t

where A? is the multiplier on the technology associated with the provision of bank
deposits. Hence, another efficiency condition for the banks can be obtained by taking
the ratio of Equations (A17) to (A16). Rewriting that ratio, we obtain

R _ ok _
1+ R ho(1 T)Ra 7]. (A18)

Substituting out for a”xl’(eu)_g from Equation (A14) into the scaled production
function, we obtain

her b IE
—_f=mP(1 — m+ x) + ywl + Y, (A19)
1-9" AT
where
=1 —1mP1 —m+x) — t(ywl + W"'kif—) ) (A20)
Z

Households. The first-order condition for T is
.
1+ R =%,
B

The first-order condition for M

) S ]
D[c(l) (;) ‘ [2 - _1"_?__‘(,,#)0‘1—2 — AR, =0.
m/ \l1 —m+ x m 1—m+x

The first-order condition for M”

ool |

- 235

The first-order condition for consumption corresponds to

(A21)
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1 —Ogq

0 1-0
T

Taking the ratio of Equation (A21) and the first-order conditions for m®, and rearrang-
ing, we obtain

ue = A, = v~ (mb)%a!

_ (1 —m+xmB — (1 — 0)(my, )
R, = bl |
1-m+xmB8 \P
_fpo_m a- 9)]Re. (A23)
1—-m+x ©

Note that nonnegativity of R, requires m < (1 + x). The marginal utility of consump-
tion is

= te__pp LB B (A24)
M, —b M, —b M, — b
The first-order condition for households setting wages is
A1 —7
WZ(—LW—) = Ly, ot (A25)
Monetary authority
+
T = d+x .
M,

Resource constraint and zero profits. After substituting out for the fixed cost in
the resource constraint using the restriction that firm profits are zero in steady state
and using

g§="Ng, (A26)
we obtain
LN e o k]
c =1 —n)|—{—vk|] (vD) — uG(@®)(1 + RY)y—| —i. (A27)
7"f M, u.r

The object in square brackets is GNP, y, so that Equation (A27) corresponds to
¢ + i+ g =y. To see that the object in square brackets indeed is y, consider

LI .
y (uzvk) i) o — uG(@®)(1 + R )M, (A28)

Write the first two expressions after the equality as F — ¢. These are the revenues,
in units of goods, paid to the typical intermediate-goods producer. The total cost of
producing these goods is sF, where s denotes marginal cost. In steady state,
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s = 1/Aq. Zero profits requires that revenues equal costs, so that F/A; = F — ¢, or,
¢ =F(1 — 1/A, or

o
o= (V—k) vp'™ (1 - l) : (A29)

U, )‘f
We obtain the expression for GNP in the square brackets in Equation (A27) by

substituting out for ¢ in Equation (A28) from Equation (A29).

A.2 Linearizing the Model Economy

This section describes the 23 equations that characterize the equilibrium for our
model economy. In each case, we present the log-linear expansion of the equation
about the nonstochastic steady state. With a few exceptions, we also present the
nonlinear representation of the equation.

Firms. The log-linearized expression for inflation in our model is taken directly
from Christiano, Eichenbaum, and Evans (2004)

Lo B L A=B)A-8) s ]=
E\T, 1+B”t—1 1+Bnt+l a +B)§p S + M) 0. (A30)

Linearizing the expression for the real marginal cost for a firm producing intermediate
goods, Equation (A1), we obtain

. R (I—-yR], . .
(1 — o, + | R —¢—5=0. A31
afy + ( o)W, 1+ yR 1+ R 1 t — St ( )
Linearizing Equation (A4)

4+ ViR R—&—-0-oi—[kh+a])—5=0. (A32)

1+I|[kR

Capital producers. Following Christiano, Eichenbaum, and Evans (2004), we
suppose that F(1,, I,_,) has the following form:
F(Ipli-y) = [1 — SA/L-)M;
where S§” denotes the second derivative of S, evaluated at the steady state value of
I/I,_ . In addition, we suppose that S = §” = 0 in steady state. Arguing as in (A6), the
first-order necessary condition for maximization of I, for the capital producers can
be written as

E, }"zt q Fi;— }Vz,t + —[3—7»2,,+1q,+1F2J+1 =0.
z,t+1

We linearize this expression as
Elg, — S"u2(1 + B)iy + S"pEi—y + BS"W2i1] = 0. (A33)

Entrepreneurs. There are five equations pertaining to entrepreneurs. The first
is the optimality condition associated with the entrepreneur’s capital utilization
decision ¥ — a’(u,) = 0.
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After linearization, this reduces to
Eff — 0,4, =0, (A34)

where 6, = a”/a’ and a”,a” denote the second and first derivatives of a, respectively,
evaluated in steady state.

Of the other four equations corresponding to the entrepreneurial sector, two
characterize the loan contracts received from banks. The third defines the law of
motion of entrepreneurial net worth. The fourth defines the rate of return on capital
earned by entrepreneurs.

The necessary condition associated with optimality of the loan contract received
by entrepreneurs from banks is

1+ R4

€
t+1

Ef[1 — T'(®+1)]

F@.) |1+ R,
C'{@+1) =~ WGH@1)[1 + R,

(Tl®+1) — MG;(GJ:H)) -1 =0.

Here, R;, is the rate of return received by households, which is constrained not to
be a function of the realization of date r + 1 random variables. The functions G,
and T, are defined as follows:

By

G = | © dF(®).
0

Ly(@11) = G)H-][l - Ft(6)1+l)] + G(®;+1)

where F, denotes the cumulative distribution function for ®,+,. Here, a prime indi-
cates derivative with respect to @, . We assume that F; corresponds to a lognormal
distribution with a mean of zero and a standard-deviation, G,. The second equation
that characterizes the optimal contract corresponds to the condition that bank profits
are zero in each state of nature

Ko 1+ RE K
Qefint LRy, ) — nGi@ ) - R 41—
Nt 14 Ry, Ni+1

After scaling, this reduces to

o _
a1 L2 R raih) - nG@ll) - 254141 =0,
N1 1+ RY, Mi+1

For a detailed discussion of the two equations that characterize the optimal contract,
see BGG.
Linearizing the efficiency condition associated with the optimal contract, we obtain
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k pk e pe + k = _ ol .
E,{x(R Ry R R,H) =t R{Toe® _ Ml qu]o)] b,

1+R* 1+F 1+Rl T T,
1+ R

+ (G[ —TI's + M5 — uGy)] — [1 — T
1+ K¢

[r(ooG _ MI o6 — “’Gmo]c] 6,} =0. (A35)
| S | 1PN

Here, 'y, and G, denote the second derivatives of I and G with respect to ®,
evaluated in steady state. Also, I'; and G, denote the derivatives with respect to 6
in steady state, and I'ys and G, represent the corresponding cross derivatives.
Finally, A denotes the steady state value of the multiplier on the bank zero-profit
condition in the Lagrangian representation of the problem solved by the optimal
contract. It is

Iy — Gy .

The linearized zero-profit condition is

(E_l) R Rf_(’_"_l) R ﬁf+(§—1)w®&

n 1+ R n J1+FRe (C-uG)
k I's — UGs) . . a
+ (; - 1)((%::7(),) O00;—1 — (qt—] + k, - n,) =0. (A36)

The law of motion governing the evolution of aggregate net worth is, after scaling

Y @
N1 = — {Rf - R — H[f‘ﬂ dF,_ (o )]
o 5

1z

_ 1+ R4\1
a1+ Rf)}ktqt—l +wi + Yt( t)

t -

T, z

Here, v, is the probability that an entrepreneur survives from time-¢ to time-¢ + 1.
Also, wi = W;/(z,P;) and W7 is a transfer made to each entrepreneur in existence in
time-¢ + 1. This includes the Y, who were alive in time-# and survive into time-
t+ 1, as well as the 1 — vy, new entrepreneurs born in time-z. The linearized law
of motion for scaled net worth is

—f + aORf + QIRf + aZ(Et +§i-1) + a4(’?t - ﬁt)
+ agd), + agﬁ, + a106,_1 =0. (A37)

where
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a0 = (1 - pGIIR",
T, n

Z

= (1 - S
n /T,

-

ar = (R — R — pG(1 + RYYE
T, n
¥ + R

pr

ay=ay +

ag = — Gyl + R e,
T, n

Y(l + Re)l
Qg = —
L O

a0 = UGy + R .
T, n

We define the rate of return on capital as follows:

R, = A Olbeirin — a1 + (0 = 8 os g
q:

where T is the tax rate on capital. Linearizing this expression, we obtain

. -tk + (1 -
B _(1-1) ] (1 B)qn
Rq

% (1 = %0 + (1 = 8)gdess t R —al=0.

A —™F+ (1 - d)g (A38)

Banks. Following is a discussion of the four equations corresponding to the
banking sector. For a detailed discussion of these equations, see Chari, Christiano,
and Eichenbaum (1995). It is useful to begin by developing an expression for the
ratio of excess reserves to value-added, (K2)%(z[%)! ~®. After imposing the definition
of working-capital loans, S}, and imposing our scaling convention, Equation (A4)
reduces to

A= om(d = m+ x) = Wywd + V)wertk,)

(V)1 = vk) (L = vl @

Linearizing this expression about the steady state

€yt
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—8y + mbE A+ gty + gy + (e — dYE, + 4] + npE + i,

+ (n — d)l, — dpvE — dy¥i = 0. (A39)

Here, we have used the condition k, = ku, Also

n, = (1 —vmP(1 — m + x)/n,

= —(1 — vmPm/n,

n, = (1 — vymbyi,

n, =n = —tywln,

n," =n = — T&\V}Jkk/ﬁ ,

Z
1 _
ny, = T 1,
M,
where

a=0—-1vm( —m+x) — t(w,wl + ulwk/‘k) )

2

Also
—a((1/)(1 = VX1 = v))' ™
dl»‘-z = = -,
(/)1 = V*H( —v)' ™
dy =,
df = —o A s
1—-v
dl =1—-0 N
df= —(1 - o—,
1—v
where

o
1
d= (—(1 - v)k) (@ =wn'=e.
M,
The technology associated with the provision of bank deposits is

e,y -bref = Ml — M, + X + S
VL. t Pt ’

where the term on the right corresponds to the real value of deposits, and e} represents
the real value of excess reserves. It is useful to develop expressions for the partial
derivative of the function on the left of the equality, which we denote by A, with



LAWRENCE CHRISTIANO, ROBERTO MOTTO, AND MASSIMO ROSTAGNO : 1183

respect to real excess reserves and labor. The derivative of 4 with respect to real
excess reserves is

- P e« h. «—F.
hey = (1 — GxX7(&yy)
which, in linearized form, is

ﬁe’,t = _[1_1—'5 + log(ev)]gét - E.;év,t .

The derivative of & with respect to labor is

-

hip, = (1 — a)grxb(ev,t)l—gt(u‘l‘j‘lt) %t
t
Defining h, b, = hp, /z, and linearizing h,p,
. s X vk Ve
hpr=11— log(ev)E.']EJt +(1 - E..)eu,t - a{—l - ] +h+ 1 tk — k.
-V -V

The first-order conditions in the Lagrangian representation of the bank problem
associated with A, and S} are given in Equation (A16) from Equation (A17) above.
The first-order condition for  is

(1 + Y R)W, + AMhp, = 0. (A40)

Substituting for Al in Equation (A40) from Equation (A17) and taking into account
our scaling convention, we obtain

_ Rhp,

= — (1 + yR)w,.
1+ thy, ( ViR)w,

Linearizing this, and taking into account the expressions for ﬁerv, and ﬁz,lb,, , We obtain
0 = IR, + I, — W, + Lé,, + L, + iy, (A41)

where
l; = k; for all i, except

1R=[1— ViR ]
1+\|IIR

ll=k1_1,

lkzkk+1,

and
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YR ] _ the[(1/1 — & + log(ev)]E_,
ke = |1 — . L =1—log(e)t +
* [ L+ yRrl © og(es 1+ th,s

th, €
I,=1-&+ —2—,
¢ 5 1 + th,
l

ki=—(1 -0 , kxp=(1-0) ,
_vl 1 k

-V
hk=0-0), k=—-(1-0).

Recalling that the ratio of Equation (A17) to Equation (A16) is
_(=vhe =1
The, + 1

at

we can linearize this expression. Taking into account the expressions for A ., and
h .2, We obtain

Rat - he'[ Lt - i ]
A=—Dhy—1 thy +1

[_(1 - et log(ev))ﬁét - &év,,] - R=0.

(A42)
Then we scale the production function for real deposits
e,y ber, = MM A X+ W+ PrK) L
P,
where
my = m?(l —m+x),
2w = Ywil; + ‘l’k’jtckt/ Mz,
e;,t = e—;‘
3t
Linearizing this, we obtain
. 2 m (1 —1m ]
0=2¢é,; + log(e + [ -
& vt g( v)E.vE.ut m + m2 (1 _ 1:)m1 — m,
+
[mf —m, xx,] Tm, ] (A43)
1-m+x m1+m2 (1 —1tm; — tmy

x [ﬂ_l___(wt + i;) + _ﬂ(;{c + /Qt)] .
ywl + yirr ko, ywl + gk,

It is of interest to note that monetary policy cannot exactly neutralize the ét shock
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From Equation (A39), we see that the impact of £, on é,, is determined by n,. So,
according to Equation (A39), neutralizing the &, shock requires setting the component
in £, pertaining to &, , £, as follows:

. 1

1 .
X = n_x(—l_—z + log(ev))gt .

The same reasoning applied to Equation (A43) implies
R 1 A
S, = 5 loge)l.

Evidently, the previous two equations cannot both be satisfied at the same time.
Households. We now turn to the equations associated with the household sector.
It is useful to define u,, as the derivative of the present discounted value of utility
with respect to C,
Efuc, — w(C; — bCy—y) + bBu'(Cr4y — bC)} = 0.

Using the definition, ¥, = zu,, and our functional form assumption, this reduces to

i, ——Pe g1 =0.
cM, — bei—y Cr+1ly — bey

E,

Linearizing this expression

2 2
El “iﬁf‘t —+ M_Cét
’ 2 2
c“(u; — b)
L SV G (A44)
g SO T iy .
C (uz b) c (UZ b)

The household’s first-order condition with respect to time deposits is
E{—N + BAisq[l + Ri1} = 0.
To scale this, we multiply by z,P,

E,{—?»z,, + Apset[l + Rf+1]} =0,
zVt+1
where A, = AzP,. Linearizing this expression
s s R
Ey — )"z,t + A'z,t-H — Ry + t+10=0. (A45)
1+ R

The household’s first-order condition with respect to currency, M,, is
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0r 1-6:,1—0g

P.C P.C
Et Ut t~t - ~t
M) \Mb — M, + X,

We scale this by multiplying both sides by z,P;

N

Linearizing this expression

o (-8
M, M?—

{u, + (1 -0y + [ (1- oq)( -1 - 9)——m)
_(®/m) + (1 = 0)/(1 — m + x)’m "
O®m)— (1 —-0/1-—m+x) 1"

A ) (1-0y/(1—-—m+x*

A

I—m+x  @m—(—-0=+0-m+a)l"

+ [ —(1 — o,)(log(m) — log(1 — m + x))

1+x
+
01 +x)—m

The first-order condition with respect to M, is

]eét -2- Gq)fﬁf - (}:z,t + Ra,t)} =

1 Or+1 1
Et{BUtﬂ(l —0r+1) Pt+1Ct+l(M ) (
1+1 1~ M1 + Xt
1
X + BArs1[1 + Rypea] — )"t} =0.

Mbyy — Moy + Xoiy

Scaling this by multiplying by Pz,

)(1—6;+1)]1_0q
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e | (1-6n]' %
EI{BUH-I(l - et+l)[ct+l( ) ( l
[ [ Ve = myy + x4
Z—O'q
1 1 1 1
X( b ) + B 7\'z,t+l
m?y | Tyl I — my g + X1 Ty 1My

x[1+ Ra,t+]] - )‘z,t} =0.

Linearizing
0,1-0g (1-8)(1-og) + 1 2—o0q
g o)) == G
T, m l-m+ux m?
. 06,

x {001 = oL+ (1 = Gt = (1 = 6,) logm)96.

1
— 01 — o)y — [(1 -0l -0y + 1](1_—m‘+—x)[Xf;+I — mHy 4]

+ (1= 0plogl = m + 06, — 2 — oyt |

+ nlul + RyJAgiy + P AR R — Ml + fm.]} =0. (A46)

2 2

The household’s first-order condition for consumption is

P Ot p 1-6r 1-0q
1 ML B Wy
M) \MP — M, + X,
Scaling this by multiplying by z,, we obtain
~6q

0r 1-6¢ !
o) =)
mP\m) \1 — m; + x,

Linearizing this expression,

o,

Et{ui’,t =, M
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1/1 6 1 1-6
ES Ui, — ve™ % —(—) (—-—)
mb\m/ \1 —m + x
b N -—m ” X o
- -0, —(1—806 +
( m; e — ( t)(l E— xmt TR— xx,))

+(1 - Gq)[log(%) - 1og(1—_—r1;;-;)]eé,l - xziz,,} =0. (A47)

The linearized expression for wages is taken directly from Christiano, Eichen-
baum, and Evans (2004)

E{noW,—1 + Ny + MoWy + Nsfe—y + MR, + MRy

I"Gq

X [f), =046+ (1 -0y

+ nSit + Ny + MG =0, (A48)
where

wa,uw No
(_bw(l + BEL) + o7y, (ﬂl
ngbw N2
buSw ns
n= _E.hwbw(l + ﬁ) =M
buBE, N4
—or(1 — A,) Ns
1—-A, Ne
(1 =2 M7

Monetary policy. The monetary base evolves as follows:
W+1 = M?(l + xt) ’

where x, is the net growth rate of the monetary base. The law of motion of the
scaled monetary base, mﬁ’ = Mb/(Pz), is

M Pz, M
t+1 Kt _t(l +x),
Piizevr Prvizer1 Py
or
b _ b
My = m/(1 + x) .
T+ 1M

Linearizing this expression



LAWRENCE CHRISTIANO, ROBERTO MOTTO, AND MASSIMO ROSTAGNO : 1189

A bk — R, — =0, (A49)
1+x

Monetaiy policy has the following representation:
P
2= i (AS0)
i=1

where the x;s are functions of the underlying shocks, as discussed in Section 2.7.
Aggregate restrictions. The condition that the use of final goods equals the supply
of final goods implies:

o,

k[ 0dF @)1 + RYZESIR, + aw)k, + G+ €,

0 t
+ I, < Ztl_as(Vth)a(VtLt)l_a —z0.

Here we have ignored additional terms in the aggregate resource constraint which
appear when labor and capital are misallocated across the intermediate goods firms.
For a justification, see the argument in Christiano, Eichenbaum, and Evans (2003),
which builds on the important work of Yun (1996). Scaling the goods constraint by z,

o
1 . | _
d+ alu)—k + g +ct+i< et(ut_vtkt) (Vth)l ‘-0,

2t 2t
where
d; = pG(®,0,-1)(1 + Rf)q,_lé l, k.
Linearizing the goods constraint
Go.~» , G Rt

Rf"'ér—l +Et_ftt

0 = d)|—®®, + —06,— +
G G 1+ R

. R -
+ wyl, + )6 + kyl—zlt —odg, +k—(1—)l—¢€)

-—(1-w,—¢, (A51)
where
c d
oy=——, dy=—,
yt+o+d y+o+d
1 i
uy = — 2k
y+o+d

k

bTvera

The capital accumulation equation is
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Kiy1=01-9K + F(,1,y).
Scaling, by dividing both sides by z,

F(I, I,-y)

_ 1.
ki = (1 — 8)—k, +
My 3t

Linearizing and taking into account the restrictions on F discussed above

A T PO
k,ﬂ—u—(k,—uz,t)—%zso. (A52)
Z

NOTES

1. There are numerous other quantitative analyses of the Great Depression, with perhaps the first
being that of Lucas and Rapping (1972). In addition, there is the work of Bordo, Choudhri, and Schwartz
(1995), Bordo, Erceg, and Evans (2000), Christiano (1999), Cole and Ohanian (1999, 2001, 2003a,
2003b), McCallum (1990), and Sims (1999).

2. An alternative strategy for stimulating the economy when the nominal rate of interest is near
zero is to drive the rate to its lower bound and hold it there for a while (for a discussion see Eggertsson
and Woodford, 2003). Because the policy involves an occasionally binding constraint, studying it requires
confronting substantial computational challenges, which we have not pursued here. Computational strate-
gies for imposing constraints that bind occasionally are discussed in Christiano and Fisher (2000).

3. Recently, several analysts have voiced skepticism that the sort of monetary policy we study has
credibility. They argue that central bankers—either as a result of a careful assessment of their incentives
and constraints or because of an unreasoned preference—may have an unshakable commitment to low
inflation at all times. (See, for example, Krugman, 1998, Eggertsson, 2003, Eggertsson and Woodford,
2003, Sims, 1999, and others.) There are two ways to interpret the fact that we abstract from these
concerns in our study. First, a convincing demonstration that temporarily high inflation in the wake of certain
types of shocks would have had desirable consequences during the Great Depression may help promote
the institutional or other changes necessary for such a policy to be credible in the future. Second, a
case can be made that the policy would in fact have been credible in the U.S. in the 1930s. Reinforced
by the gold standard, the price level had been stable throughout the previous decade. So, it might have
seemed natural for the public to expect at least some inflation after the initial price level drop in the early
1930s. Moreover, as the Great Depression proceeded, a political constituency in favor of inflation began
to take hold (Kennedy 1999). Much of this constituency was in the Democratic Party, which was the
party of the president after Roosevelt was elected in the fall of 1932. On this basis, we conjecture that
a policy of temporary inflation, even one that somewhat exceeded what was implied by a price level
target, would not have been incredible in the U.S. in the 1930s. (However, as argued recently by
Orphanides, 2003, such a policy would have required some changes at the Federal Reserve, whose
officials had a low tolerance for inflation.)

4. That the operating characteristics of monetary policy depend sensitively on the assumptions one
makes about fiscal policy has been emphasized recently in the literature on the fiscal theory of the price level.
See, for example, Leeper and Sims (1994), Sims (1994), and Woodford (1994, 1996). (A critical review
is provided by Christiano and Fitzgerald, 2000.)

5. Concerns about fiscal solvency motivated Herbert Hoover to ask for the sizeable tax increase
that became the Revenue Act of 1932 (Kennedy 1999, p. 79). Roosevelt was also concerned about fiscal
solvency. He pushed for one bill to reduce government spending and another to raise taxes because “For
three long years the Federal Government has been on the road toward bankruptcy” (Kennedy 1999, p.
138). These bills were the Economy Act of March 20, 1933 and the Beer—Wine act of March 22, 1933.

6. For a related discussion, see Field (1984), who argues that a money demand shock played an
important role during this time.

7. This is consistent with Sims (1999), who finds that disturbances that resulted in a flow out of
bank deposits and into currency were important during the Great Depression.

8. This work builds on Gale and Hellwig (1985) and Townsend (1979). Related models include
those of Carlstrom and Fuerst (1997, 2000).

9. Cole and Ohanian (2001) cite evidence that business loans remained relatively strong during the
contraction phase of the depression. They suggest that this evidence represents an embarrassment for
models of financial frictions. It is useful to note that it is not necessarily a problem for the model
considered here. In the model, the fall in asset prices triggered by a liquidity preference shock is expected
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to be undone over time. By creating anticipated capital gains, this raises the prospective return on capital.
The nature of the loan contract is such that when this happens, the amount of loans an entrepreneur
receives for a given level of net worth goes up. During the first few years of the Great Depression
people, in fact, did think that the end of the output decline was near and things would return to normal
soon (see Kennedy 1999.)

10. This is where our model differs from that of BGG. Because their model is nonmonetary, they
cannot capture the debt-deflation mechanism. Our way of incorporating this mechanism is consistent
with the remarks in the conclusion of BGG.

11. In our model there are additional sources of nonneutrality associated with the entrepreneurs. These
stem from the fact that the liquidity preference shock generates a rise in bankruptcies, which generate real
resource costs.

12. To the extent that the Fed chose not to accommodate money demand shocks because it felt
constrained by the gold standard, our analysis of the contraction phase of the Great Depression is
consistent with the analysis of Eichengreen and others, who lay the blame for the Great Depression with
the gold standard. There is some debate over how binding a restriction the gold standard was for monetary
policy (Bordo, Choudhri, and Schwartz 1995).

13. Sims (1999) uses methods based on vector autoregressions to conclude that monetary policy
shocks were not an important source of variation in economic activity.

14. See Bordo, Erceg, and Evans (2001) for a formal representation of the notion that the Great
Depression reflected the effects of contractionary shocks to monetary policy operating on the economy
through a sticky wage mechanism.

15. Nominal GNP data were taken from Balke and Gordon (1986). GNP was converted to 1929
dollars using the GNP deflator taken from the National Bureau of Economic Research’s Macro History
database at http://www.nber.org/databases/macrohistory/contents/. Real GNP was converted to per capita
terms by a measure of population from Chari, Kehoe, and McGrattan (2002), who derive it from Kendrick
(1961) (the data were taken from Ellen McGrattan’s website). Their measure of population is linearly
interpolated to construct quarterly figures. Nominal investment includes household purchases of durable
goods, investment in equipment, investment in residential and nonresidential structures, and change in
inventories. This was taken from Balke and Gordon (1986), and it was converted to per capita 1929
dollars using the GNP deflator and the measure of population. Nominal consumption is household
consumption of nondurable goods and services and is taken from Balke and Gordon (1986). It is
converted to per capita 1929 dollars using the GNP deflator and the measure of population. Hours worked
is the number of hours of all employees, plus the self employed, plus those involved in unpaid family
work. It includes government hours, except for hours worked in the military. It is expressed as a ratio
to the annual endowment of hours and taken from Chari, Kehoe, and McGrattan (2002), who build on
data from Kendrick (1961). The DOW is taken from the NBER data set. It is converted to real per
capita terms using the GNP deflator and population. Monetary variables are taken from Friedman and
Schwartz (1963) and are converted to per capita terms using our population measure. The short-term
interest rate is the three-month rate on Treasury securities, and it is taken from the NBER database.
The interest rate spread is the difference between yields on Baa and Aaa corporate bonds, which
are obtained from the NBER database. The real wage is hourly compensation. It is constructed as follows.
Total compensation from NIPA, available at an annual frequency starting from 1929, is divided by our
measure of hours worked and interpolated to obtain quarterly figures using the related series of average
hourly earnings in manufacturing from Hanes (1996). For the period 1923-28 we used average hourly
earnings in manufacturing from Hanes (1996). The two series were spliced together. Finally, the series
is converted to real terms using the GNP deflator. We did not use earnings in manufacturing from
Hanes (1996) for the whole sample because wages in manufacturing experienced a much stronger rise
than wages in the other sectors during the 1930s (see Cole and Ohanian 1999). On the other hand,
the measure of hourly compensation we constructed is not totally satisfactory, as self-employed
and unpaid family workers are included in hours worked but are excluded from the NIPA measure
of total compensation.

16. See, for example, Christiano, Eichenbaum, and Evans (2004).

17. In 19291V the real monetary base was 5% lower than it was in 19281. Also, Bernanke (2002)
reports that the Fed’s portfolio of government securities fell in the period before the crash.

18. See, for example, Figure IV in Mills (1934).

19. The two assumptions just described correspond to Equations (1) and (2) of the model used by
Bernanke and Carey (1996). They state that in using this model to analyze the Great Depression, they are
following the lead of Eichengreen and Sachs (1985).

20. Although the sticky wage mechanism is often attributed to Keynes, he himself changed his mind
about the relationship between real wages and output after the famous critique by Dunlop and Tarshis.
At that time, Keynes blamed Alfred Marshall for the idea that real wages and output necessarily move
in opposite directions. He referred to Marshall’s view as a “dogma” which was, in fact, not consistent
with the data. Upon examining data from 1880 and after, Keynes concluded that the negative relationship
between real wages and output held only in the first six years of this period, “the formative period in
Marshall’s thought in this matter...but has never once held good in the fifty years since [Marshall]
crystallized it!” (Keynes 1939, p. 38).
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21. Using postwar U.S. data, Christiano, Eichenbaum, and Evans (2004) present evidence based on
minimal model assumptions (using vector autoregression techniques) to argue that a contractionary shock
to monetary policy produces a small drop in the real wage. They estimate a dynamic, stochastic, general
equilibrium model that is consistent with this finding.

22. Cole and Ohanian assume a trend growth rate of 1.9% per year for the manufacturing real wage.

23. One way to make Margo’s estimate concrete is as follows. According to Cole and Ohanian (1999,
Table 11), the detrended real wage in 1932 stood at 105, with its 1929 value equal to 100. Margo’s
calculation suggests that if composition biases are eliminated from the data, then if the typical wage
earner’s wage in 1929 were 100, that worker earned only 0.52 X 105 = 54.6 in 1932. Unlike the Bureau
of Labor Statistics data that Margo is referring to, Hanes’ (1996) data attempt to correct for some sources of
composition bias. The exact magnitude of the composition bias is controversial, with at least one author
(Dighe 1997) claiming it is negligible.

24. Sometimes, the wholesale price index is used to deflate the manufacturing real wage (see Bernanke
and Carey 1996, and Bordo, Erceg, and Evans 2001.) However, as emphasized by Mills (1934, Table 2),
the prices of manufactured goods rose substantially relative to wholesale prices. So, deflating nominal
manufacturing wages using the wholesale price index overstates the real cost of labor to manufactur-
ing firms.

25. For an excellent review, see Kennedy (1999).

26. This approach has been advocated in Cole and Ohanian (1999, 2003a).

27. An example is Bliss (1934, p. 6): “A period of depression is conducive to improvement in labor
productivity. Faced with narrowing profit margins, businessmen strive for cheaper, more direct, more
efficient methods of production. With overhead costs per unit increasing special effort is made to
reduce direct costs per unit, largely by laying off the less efficient workers and by improving management.”
Commenting on his estimates that the productivity of employed labor exhibited strong growth in the
period 1929-32, Bliss (1934, p. 7) remarks, “Taken together, these estimates indicate an increase in
output per man-hour of approximately 25% in four years, an amazing advance indeed.” Mills attributed
some, but not all, of the advance in productivity to temporary factors.

28. See, for example, Bernanke (2002), Cecchetti (1998), Fisher (1933), Mishkin (1978), Romer
(1993), and Temin (1976).

29. A related possibility is raised by the analysis in Bernanke (1983). This suggests that the rise in
the risk premium and the fall in investment may both have been a consequence of the damage done
to the banking system by the banking panics. See Gertler (2001) for a more extensive discussion of
the premium in Baa over Aaa bonds. He expresses skepticism that the premium reflects risk alone.

30. See Bordo, Erceg, and Evans (2000), Cole and Ohanian (2003b), and Temin (1989, 1990).

31. This aspect of the model follows Christiano, Eichenbaum, and Evans (2004), who in turn build
on Erceg, Henderson, and Levin (2000).

32. Various authors, such as Fuhrer (2000), McCallum and Nelson (1999), and Christiano, Eichenbaum,
and Evans (2004), have argued that b > 0 is important for understanding the monetary transmission
mechanism in the postwar period. In addition, habit formation is useful for understanding other aspects
of the economy, including the size of the premium on equity (see, for example, Boldrin, Christiano, and
Fisher 2001.)

33. See Woodford (2003, chap. 5) for additional discussion.

34. The arbitrage condition is:

b Ry

"the,+ 1]
where h,t denotes the derivative of the right side of Equation (6) with respect to real excess reserves,
e; = EY/P,.

35. These assumptions make it hard to interpret the shock, w,, literally as measurement error. For
data such as aggregate output it seems likely that statistical agencies apply some optimal smoothing
before release, and this has the consequence that measurement error in the published data are correlated
with true values.

36. Suppose the shock of interest is y,. In the case of shocks with hats, a one-standard-deviation
innovation represents a perturbation to §, = (y, — y)/y, which translates into a 6 X y shock to y,. So, for
a variable with a hat, Table 6 displays (y,y + oy). For a variable with a d, a one-standard-deviation
innovation represents a y(1 — y)o shock to y,. So, for a variable with a d, Table 6 displays
O:y(1 — y)o).

37. Note from Equation (23) that there is considerable structure on v,. The Kalman filter algorithm
produces E(v,]Q) that respects this structure. Thus, although there are many ways to recover E(¢,Q)
from E(v/Q), they all produce the same result.

38. The analysis of TFP in a previous section suggests that if TFP had been included in the data
used for estimation, the role assigned to technology might have been greater.

39. This mechanism has also been emphasized in Romer (1990).

40. In some models an appropriately designed feedback rule can exactly neutralize the impact of
money demand shocks on the economy. In our model, this is not the case, even though we consider monetary
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base rules that react to individual shocks. This can be seen by studying the equations that characterize
equilibrium in our model (these are listed in Appendix A). A given money demand shock and the money
base growth rate appear asymmetrically across more than one equation. As a result, it is not possible
to set the monetary base to exactly extinguish a shock.

41. The contemporaneous response to an innovation of ¢ in a shock is computed as
o X x X 0 x 100, where o is found in Table 6. The eventual response is ¢ X x x 6] x 100/(1 — 67).

42. To see why, note from Equation (8) that since the currency-to-household deposit ratio exceeds
unity, one of the effects of an increase in 6, is to raise the marginal utility of consumption. See Table
5 for the currency-to-household deposit ratio. (Note that the currency-to-deposit ratio is well below
unity.) Given our parameterization, this is the dominant effect of an increase in 6,, and this is why a
positive innovation in this shock stimulates output.

43. Recall that the estimation strategy chooses parameter values of the stochastic processes in order
to make the actual and model data in Figure 4 as close as possible. We abstract from the model’s mean
implications by adjusting the model data by a constant to ensure that model and empirical sample averages
coincide. The variables in Figure 5 are just the variables in Figure 4, transformed. The baseline simulation
reported in Figure 10 corresponds to the dotted line in Figure 5, except that no constant adjustments
were made.

44, Thus, we replaced 87 with 67 = 0.69 x 6}/(1 — 67).

45. In the main text, we discuss the results of this experiment, where we change the value of the
money growth rate, L.

46. See BGG for details.
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