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Abstract

This document provides accessory material to the submitted version of the paper Supply Side In�ation

Persistence.

The main purpose of this document is to provide some accessory material to the shorter version of the

paper Supply Side In�ation Persistence as prepared for journal submission. We �rst provide a brief (but

slightly more detailed) review of related literature. We then present some robustness checks for the empirical

VAR analysis of the impulse response functions to monetary shocks. In the third section, we describe in

detail the model used in the main paper. Finally, we provide some robustness analysis for the theory, showing

results for a broader set of calibrations.

1 Literature Review

The empirical relevance of a cost channel of monetary transmission has been argued, for instance, in Barth

and Ramey (2001). Looking at industry-level data, they consistently observe negative correlations between

output and price-wage ratios following monetary contractions, and they make a case for strong supply-side

e¤ects of monetary policy. There is a relatively recent strand of literature that incorporates a cost channel

in the New Keynesian framework, following the contributions of Christiano and Eichenbaum (1992) and

Christiano, Eichenbaum and Evans (2005), who incorporated working capital considerations in their model.

For example, Ravenna and Walsh (2006) study the implications of the presence of a cost channel for optimal

monetary policy. Rabanal (2007), Henzel et al. (2009), and Castelnuovo (2011) investigate the relative

importance of the cost and demand channel of monetary transmission to determine conditions under which

a model-consistent price puzzle is obtained.
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Several �xes have been proposed to address the problem of in�ation persistence (or lack thereof), and they

usually imply either some sort of ad-hoc deviation from fully rational, forward looking behavior, or radically

di¤erent approaches that deviate from the present framework. Gali and Gertler (1999) were among the �rst

to comprehensively analyze the implications of "rule-of-thumb", backward looking �rms for the dynamics

of in�ation, and were followed by other studies that were similar in spirit (although not necessarily in their

conclusions).1 Mankiw and Reis (2002) provide an example of a more radical departure, in that prices are

"physically" perfectly �exible and �rms are forward looking, but the latter base their pricing decisions on

information sets that might be outdated. Other approaches introduce mechanisms to obtain higher degrees of

real rigidity/strategic complementarity in pricing: to this extent, for example, Carvalho (2006) incorporates

heterogeneous price stickiness in the Calvo model, and Dotsey and King (2005) introduce several "supply

side" features, such as produced inputs, variable capacity utilization, and variability in labor supply along

the extensive margin. We note here that models of this kind aim at obtaining more prolonged e¤ects on

monetary policy on real activity, but do not address the issue of the monotonically decaying response of

in�ation to monetary shocks.

2 The VAR Analysis

The empirical response of in�ation to monetary policy shocks is often at odds with the implications of

macroeconomic theory. Following Sims (1991) and Christiano, Eichenbaum, and Evans (1999 and 2005),

for example, a very extended empirical VAR literature has documented two main features of the in�ation

response to identi�ed monetary shocks, both for the U.S. and various other countries. The �rst is known

as price puzzle and indicates a positive response of prices and in�ation to a contractionary monetary policy

shock. The second is a high persistence of the response of in�ation, in the sense that its peak is reached

with a substantial lag, and its decay is very gradual.

The price puzzle problem can be at least partially mitigated by introducing a commodity price index in

the VAR. Regardless of how the puzzle is ameliorated, the response of in�ation to an expansionary monetary

policy shock is typically hump-shaped and this naturally increases the persistence of the response. Standard

New Keynesian models of in�ation, on the other hand, imply a monotonic response to a policy shock. As a

consequence, these models have a hard time generating in�ation dynamics as persistent as those implied by

the empirical estimates.

In this section, we estimate a VAR model with six U.S. macroeconomic variables to study the dynamic

response of these variables to monetary policy shocks. In setting up the VAR and the identifying assumptions

1See for example Rudd and Whelan (2005).
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of the monetary shock, we follow the empirical monetary VAR literature, and speci�cally Christiano et al.

(2005). The variables of interest included in the VAR model are as follows: a commodity price index, the

real GDP, the GDP de�ator, the federal funds rate, total bank reserves, and non-borrowed reserves. We

add a market loan interest rate in a second speci�cation discussed below because the loan rate enters the

marginal cost of �rms in our model. As for the bank reserves, they seem to add useful information to address

the price puzzle and they are explicitly included in our modeling of banks�balance sheets.

The data source for this set of variables is the Federal Reserve Economic Data (FRED), the online dataset

maintained by the Federal Reserve Bank of St. Louis. FRED provides the real GDP, the two interest rates,

the GDP de�ator index, and the commodity price index. We apply a log transformation to real GDP. Each

in�ation rate is constructed as the annualized quarter-to-quarter log-di¤erence of the corresponding price

index. All variables have been seasonally adjusted (if not adjusted at the source).

The impulse response functions are obtained by a Cholesky recursive decomposition of the reduced form

covariance matrix of the VAR residuals. The baseline ordering of the variables in the VAR which identi�es

the structural shocks of the model is based on Christiano et al. (2005). The identi�cation strategy for the

credit sector variables mimics that in Lown and Morgan (2006). The commodity price in�ation, real GDP,

and in�ation are assumed not to contemporaneously respond to the monetary shocks and are �rst in the

ordering. The federal fund rate comes fourth and is followed by the �nancial variables from the banking

sector. We then have a three-block structure, where the fed funds rate follows the "real" block, and is

followed by a credit sector block.

We also regard this ordering as consistent with the theoretical features of our model in which the policy

rate is set by the Central Bank according to a Taylor rule that primarily responds to in�ation and output

gap. The credit markets are assumed to clear immediately after the observation of the policy rate, but their

direct feedback to the monetary policy decision takes place with a delay of one period. While this assumption

seems fair for normal economic periods, it may be debatable when the economy is subject to large, negative

�nancial shocks and monetary policy promptly reacts to prevent the spreading of panic and liquidity crisis.

The most obvious case would be the latest "Great Recession" of 2008-09. For this reason, we exclude data

after the second quarter of 2008 from the sample we use to estimate the VAR. Other parts of the sample

could be a¤ected by the same issue, as for instance the aftermaths of the 2001 stock market crisis, but they

are de�nitely shorter and less dramatic. We further discuss this point in the robustness checks section below.

The results reported are based on a Bayesian estimate of the VAR with standard Minnesota priors. The

VAR is estimated with quarterly data over the sample 1979:3 to 2008:2 and four lags are included; this sample

corresponds to the post-Volcker era. The response functions to a one standard deviation (contractionary)

monetary policy shock are reported in Figure 1. For convenience only the response of output, prices, the fed
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funds rate, and the implied response of in�ation are illustrated. The horizon of the responses is 24 quarters;

the reported signi�cance bands correspond to the 14th/86th percentiles of the posterior distribution of the

responses.
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Figure 1: Response functions to a one s.d. contractionary monetary shock.
Notes: Three-block identi�cation scheme. Years from the impulse on the x�axis. The dashed-lines are the

14th/86th percentiles of the posterior distributions of the responses.
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Figure 2: Response functions to a one s.d. contractionary monetary shock. VAR with loan rate.
Notes: VAR speci�cation as in Figure 1, with the addition of the loan rate. Years from the impulse on the x�axis.

The dashed-lines are the 14th/86th percentiles of the posterior distributions of the responses.

It is worthwhile to stress a few points regarding the results in Figure 1.

� The response function of the in�ation rate is hump-shaped. The introduction of the commodity price

in�ation and of the bank reserves in the VAR reduces the initial positive response of the in�ation rate

(which is otherwise much stronger). Since the shock is contractionary, the hump of the response is

turned upside down and reaches its trough after about one year. As far as the in�ation response is

concerned, our results are perfectly in line with those in the previous literature.

� The federal funds rate takes about six to eight quarters to return to the pre-shock level.

� The response of GDP is inversely hump-shaped. The GDP falls initially for about two years; it remains

quite low for another year, before reverting back to the pre-shock level.

2.1 Robustness of the Response Functions

Figure 2 illustrates the response functions to a monetary shock for a VAR model that includes a loan interest

rate; the loan rate is available from 1978 only. The identi�cation of the structural shocks follows the same
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block strategy, where the loan rate is included in the last block along with the other credit variables and is

ordered right after the fed funds rate. The responses of output, prices, and the policy rate do not exhibit

noticeable changes. The loan rate�s response closely follows the fed funds rate; however, it is slightly smaller

for the �rst periods after the shock. The response of in�ation (not reported in the �gure) is still hump-shaped

and persistent as that in Figure 1, but it displays a somewhat larger short-run volatility for a few periods.

The impulse response functions are robust to changes to the number of lags and di¤erent de�nitions of

the variables used in the VAR. Virtually the same results are obtained if we use two, six, or eight lags. When

we use six or eight lags, we observe a slightly more persistent and volatile in�ation response. Four lags seems

to be a satisfactory mid point according to standard optimal lag length tests, and also re�ects the choice in

Christiano et al. (2005).

The results are more sensitive to changes in the estimation sample, even though the baseline message

remains valid. The sample selected for Figure 1 re�ects the preference of having results for the period starting

with the Volcker era. When we use the full available span from 1960 to 2008, however, the output essentially

does not change. Nevertheless, there is a noticeable increase of the persistence of GDP and in�ation. If the

sample is truncated to 1979, the price puzzle becomes a more evident characteristic of the data. Finally, no

substantial di¤erences are observed when more recent sub-samples are considered.

We conclude by checking the robustness of the identi�cation scheme. Many alternative orderings are

obviously feasible, but we focus our attention on the position of the credit block, since it is a well established

practice in the literature to identify the policy shock by putting the real sector block before the fed funds

rate.

Thus, we maintain the position of the real block, and recompute the impulse response functions ordering

bank reserves and loan rate before the fed funds rate. The response of in�ation is only marginally a¤ected

by the adoption of the new ordering. Placing the loan rate before the policy rate seems to a¤ect the response

of output, which is now positive for a few periods and follows a declining trajectory. As this result seems

especially at odds with conventional wisdom, we are inclined to disregard this ordering. Furthermore, the

key element of the ordering is the position of the loan rate relative to the fed funds rate, regardless of the

relative position of bank reserves. In fact, moving the loan rate to the last position, while keeping reserves

fourth and �fth, does not alter the results of the core identi�cation scheme. It seems, at least, an equivalently

plausible story to think that the Central Bank may look at the volume of reserves in the system in order to

set its policy, but that, at the same time, the loan rate immediately responds to changes of the funds rate.

Lown and Morgan (2006) study the macroeconomic role of bank standards, and they order them (along

with commercial loans) after the fed funds rate. They also add other credit variables and the loan rate is

always in the last block of their ordering. While the focus of their analysis is di¤erent than ours, we regard
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this approach as suitable to our context, as all these variables are �nancial in nature. We then follow it in

selecting our core identifying strategy.

3 The model

The model of the paper is a standard New Keynesian general equilibrium model with nominal rigidities only.

Both wages and prices are characterized by Calvo (1983)-style stickiness. A bank sector is added in which

the �nancial intermediaries have some monopoly power in allocating funds to �rms. We thus assume the

loan interest rate is set in a staggered fashion too. Firms are assumed to pay their wage bill in advance, as

is standard in the cost channel literature. Finally, complete �nancial markets are assumed.

In what follows, we use the indices i, j, and h to indicate �rms, households and banks, respectively. In

each of the three sectors, there is a continuum of individuals of mass one.

3.1 Households

The generic household j has preferences de�ned over consumption C and labor N , and described by the

following isoelastic period utility function, separable in its arguments

u (Ct (j) ; Nt (j)) =
Ct (j)

1��

1� � � Nt (j)
1+�

1 + �

The household lifetime utility is represented by

Et
1X
k=0

�ku(Ct+k (j) ; Nt+k (j)) (1)

where � is the inverse of the intertemporal elasticity of substitution and � is the inverse of the Frisch elasticity

of labor supply:Utility is maximized subject to a �ow budget constraint that re�ects market completeness:

PtCt (j) + Et [Qt;t+1Bt+1 (j)] +Dt (j) =Wt (j)Nt (j) +Bt (j) +RD;t�1Dt�1 (j) + Yt (2)

where Bt+1 (j) is the state-contingent payo¤ of the portfolio at the beginning of period t + 1; Qt;t+1 is the

relevant stochastic discount factor; Pt is the price level in the economy; W (j) is the nominal wage; Dt (j) are

the bank deposits of household j and RD;t is the average (gross) nominal interest rate paid on deposits by

banks. Under complete markets, all households share the same stochastic discount factor. This assumption

allows us to separate the consumption from the labor supply decisions. Household are assumed to provide

di¤erentiated types of labor, therefore the nominal wage Wt (j) is speci�c for each of them. Finally, Yt
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denotes the pro�ts earned by �rms and banks and equally distributed to the households (more on this

below). Firms employ a composite labor index with constant elasticity of substitution between labor types

�w. The total labor demand for �rm i is

Nt (i) =

�Z 1

0

Nt (i; j)
�w�1
�w dj

� �w
�w�1

This aggregator implies that the total demand for type j labor is given by

Nt (j) =

�
Wt (j)

Wt

���w
Nt (3)

in which Wt =
hR 1
0
Wt (j)

1��w dj
i 1
1��w corresponds to the average wage on the market.2

Denoting �t (j) the Lagrange multiplier of the maximization problem of (1) subject to (2), the relevant

�rst order conditions are as follows:

@C : Ct (j)
1��

= Pt�t (j) (4a)

@B : Qt;t+1 = �
�t+1 (j)

�t (j)
(4b)

@D :
1

RD;t
= Qt;t+1 (4c)

These are the standard optimal conditions of the household. In particular, equations (4a) and (4b) link the

discount factor to the intertemporal marginal rate of substitution of consumption. Since markets are complete

and the discount factor is unique, the households can achieve perfect risk sharing and the consumption

decision is the same for any j; we can rewrite (4b) simply as Qt;t+1 = � Ct+1
1��

Ct1��
Pt
Pt+1

. Equations (4b) and

(4c) de�ne the standard consumption Euler equation. Note that (4c) holds for any possible state of the

world and, therefore, it must hold in expectations too; this de�ne the deposits rate as a risk-free interest

rate: 1
RD;t

= EtQt;t+1. In equilibrium, we will assume that this rate coincides with the policy rate set by

the Central Bank.

In order to solve for the equilibrium wage, we assume nominal wage rigidities à la Calvo in the wage

setting of the households. The probability that an household j is not allowed to adjust his wage at any

period t is �w < 1; if not allowed to adjust, the worker keeps the wage of period t � 1. Since they face the

same problem, the households allowed to adjust their wages pick the same optimal wage W �
t , which implies

2 In obtaining (3), use is made of the following two de�nitions

Nt (j) =

Z 1

0
Nt (i; j) dj and Nt =

Z 1

0
Nt (i) di

7



that the average wage is Wt =
�
(1� �w)W �

t
1��w + �wWt�1

1��w
� 1
1��w . The optimal wage must solve the

life utility maximization problem modi�ed to take into account the future probabilities of not adjusting. The

household problem becomes

max
wt(j)

Et
1X
k=0

(��w)
k
u(Ct+k (j) ; Nt+k (j))

subject to the labor demand in (3) and the budget constraint (2). The solution is

W �
t =

�w
�w � 1

Et
P

k (��w)
k
Nt+k (j)

�+1

Et
P

k (��w)
k
Nt+k (j)C

��
t+kP

�1
t+k

(5)

3.2 Firms

3.2.1 Final Good

The �nal good producer bundles the intermediate goods for the �nal consumption of households. The

aggregation function displays a constant elasticity of substitution between intermediate goods �p

Yt =

�Z 1

0

Yt (i)
�p�1
�p dj

� �p
�p�1

where Yt is the �nal composite output and Yt (i) is the intermediate output of �rm i.

From cost minimization, we obtain the demand for each variety i

Yt (i) =

�
Pt (i)

Pt

���p
Yt (6)

and the corresponding price index Pt =
hR 1
0
Pt (i)

1��p di
i 1
1��p

3.2.2 Intermediate Goods

There is a continuum of monopolistically competitive intermediate-good producers of mass 1. They employ

a linear technology that uses labor as the sole factor of production

Yt (i) = AtNt (i) (7)

where At is exogenous productivity.

We assume that producers have to �nance their working capital, that is, they need to pay part or all of

their wage bill WtNt (i) before the goods market opens. They do so by borrowing from intermediaries at

the gross interest rate RL;t. With the assumed technology, cost minimization implies that the real marginal
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costs are the same for each �rm and given by:

MCt = R


L;t

Wt

PtAt

where 
 2 [0; 1] re�ects the share of wage bill that must be �nanced.3 Literature refers to this type of

marginal cost as the cost channel of monetary policy.

Firm i�s pro�ts, Yt (i), are paid to the households each period and are de�ned as

Yt (i) = Pt (i)Yt (i)�R
L;tWtNt (i)

where the labor demand Nt (i) has been de�ned above.

The �rm chooses its optimal price while taking the market prices as given. We assume Calvo-style nominal

price stickiness (Calvo 1983): each period, any �rm is able to optimally update its price with probability

1� �p (independent of the time elapsed since the last adjustment). Firms that are not able to update leave

their price unchanged. The �rm�s pro�ts maximization problem is de�ned as

max
Pt(i)

Et
1X
k=0

�kpQt;t+k [Pt (i)Yt+k (i)�MCt+kYt+k (i)]

subject to the demand for output i in (6). The solution to this problem is the price

P �t =
�p

�p � 1
Et
P

k (��p)
k
Ct+k

��MCt+kP
�p
t+k

Et
P

k (��p)
k
Ct+k��P

�p�1
t+k

(8)

with a corresponding price index given by Pt =
�
(1� �p)P �t 1��p + �pPt�11��p

� 1
1��p .

3.3 Financial Intermediaries

Financial intermediaries in this model are banks that "supply" deposits to households and lend funds to

�rms to �nance their working capital. Based on a simpli�ed balance sheet of a bank h (and abstracting from

net worth), we can write the following identity:

Rt (h) + Lt (h) = Dt (h)

3
 can be interpreted as a pass-through parameter from the working capital �nancing needs to the marginal cost.
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where Rt (h) are bank�s reserves and Lt (h) is the supply of loans: We assume banks do not hold excess

reserves, and they are required to hold reserves as a �xed proportion � of deposits, so that Rt (h) = �Dt (h).4

Hence:

Lt (h) = (1� �)Dt (h) (9)

which also implies Lt = (1� �)Dt.

The earnings from the lending activity are paid to the household each period. These earnings are de�ned

as

Yt (h) = RL;t (h)Lt (h)� (1� �)RD;tDt (h)

by construction the total pro�ts distributed by banks and �rms to the households are given by Yt =R 1
0
Yt (i) di+

R 1
0
Yt (h) dh.5

Following Henzel et al. (2009), we assume that banks provide di¤erentiated loans to �rms, so they have

some monopoly power in setting their interest rates RL;t (h). The di¤erentiation of bank loans can be justi�ed

with di¤erent types of micro-foundations, the most common of which is long-term lending relationships

between banks and �rms. The elasticity of substitution between loan types, �L, de�nes the amount of

composite loan that each �rm borrows from the bank intermediaries as

Lt (i) =

�Z 1

0

Lt (i; h)
�L�1
�L dh

� �L
�L�1

which yields the total demand of bank h loan from all �rms

Lt (h) =

�
RL;t (h)

RL;t

���L
Lt (10)

in which RL;t =
hR 1
0
RL;t (h)

1��L dh
i 1
1��L is the market loan rate.6

Analogously to the wage and price setting problems, we assume that any bank is allowed to re-set its

loan rate with probability 1 � �L in each period. If the bank is not re-setting, it keeps the loan rate from
4The assumptions adopted here de�ne the text-book notion of the simpli�ed money multiplier. We also assume that banks

receive an interest rate payment on reserves from the Central Bank which, as explained in Section 3.4, in equilibrium is equal
to the deposit rate RD;t.

5For simplicity in the analysis, households receive even shares of pro�ts at each period. Furthermore, in equilibrium total
demand and supply of deposits must be equal tooZ 1

0
Dt (h) dh =

Z 1

0
Dt (j) dj

.
6 In obtaining (10), use is made of the following two de�nitions

Lt (h) =

Z 1

0
Lt (i; h) di and Lt =

Z 1

0
Lt (i) di
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the previous period. The optimal interest rate solves the problem

max
RLt(h)

Et
1X
k=0

�kLQt;t+k [RL;t (h)Lt+k (h)� (1� �)RD;t+kDt+k (h)]

subject to the demand for loan h in (10) and the balance sheet identity (9). The solution to this problem is

R�L;t =
�L

�L � 1
Et
P

k (��L)
k
Ct+k

��Lt+k (h)RD;t+k

Et
P

k (��L)
k
Ct+k��Lt+k (h)

(11)

with a corresponding market loan de�ned by RL;t =
�
(1� �L)R�L;t1��L + �LRL;t�11��L

� 1
1��L .

3.4 Solving the model

The model is log-linearized around a symmetric steady state in which all households set the same wage, all

intermediate good producers set the same price, and all banks set the same loan interest rate, with zero

steady state in�ation. The main paper reports the equations of the linearized model, but here we provide

more details on its derivation. In what follows, lower case letters indicate to the log-deviations from the

steady state of the corresponding upper case variables. Any exception in the notation will be individually

pointed out.

Combining equations (4a)-(4c) in expectations de�nes the households�Euler equation

C��t = �RD;tEt
�
C��

�t+1

�

where �t+1 =
Pt+1
Pt
. In log-linear form this equation is

ct = Etct+1 �
1

�
(rD;t � Et�t+1) + ut

where in�ation is de�ned as �t = pt � pt�1 and an ad hoc demand side shock ut = �uut�1 + "u;t, with "u;t

iid, is added to the equation.

From the production function in (7) for �rm i, we integrate over the index i to obtain aggregate produc-

tion. Since the TFP shock At is common across �rms, the linear aggregate output is

yt = at + nt

where the exogenous process for the TFP shock is at = �aat�1 + "a;t, with "a;t iid.

From staggered price setting in the three sectors of the economy we obtain the equations for price and
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wage in�ation, and the loan rate dynamics. The derivation of these three equations follow similar steps.

First, the optimal prices in equations (5), (8), and (11) are linearized to obtain

p�t = (1� �p�)Et
1X
k=0

(�p�)
k
(mct+k + pt+k)

w�t =
1� �w�
1 + �w�

Et
1X
k=0

(�!�)
k
(�ct+k + �nt+k + �w�wt+k + pt+k)

r�L;t = (1� �L�)Et
1X
k=0

(�L�)
k
rD;t+k

where mct = 
rL;t + (wt � pt) � at is the log-deviation of the marginal cost MCt. Second, the average

aggregate price equations are log-linearized to obtain

pt = (1� �p) p�t + �ppt�1

wt = (1� �w)w�t + �Lwt�1

rL;t = (1� �L) r�L;t + �LrL;t�1

Finally, the optimal prices and the aggregate price dynamics are combined to obtain the in�ation equations

used in the main paper

�t = �Et�t+1 + ��mct (12)

�wt = �Et�wt+1 + �w (�ct+k + �nt+k � (wt � pt)) (13)

rL;t = ��LEtrL;t+1 + �LrL;t�1 + �DrD;t (14)

where �wt = wt � wt�1 is the wage in�ation and the � coe¢ cients are functions of the deep parameters

�� =
(1� �p) (1� ��p)

�p

�w =
(1� �w) (1� ��w)
�w (1 + �w�)

�D =
(1� �L) (1� ��L)

1 + �2L�

�L =
�L

1 + �2L�

Equations (12) and (13) are standard New Keynesian Phillips curves for price and wage in�ation under

nominal rigidities à la Calvo (see for example Woodford, 2003 and Gali, 2008). Equation (14) shows that

the loan rate depends on its future and past values with practically identical coe¢ cients (since � is very close
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to one) and a markup over the deposit rate which represents the bank marginal cost. Note that, in contrast

to the price and wage in�ation equations, nominal rigidities in the setting of the interest rate are su¢ cient

for the lagged term in rL;t�1 to show up in (14).

The model is completed by the marketing clearing condition in the goods and loan markets and by a

Taylor rule for the policy rate. The goods market clearing condition implies yt = ct. On the loan markets,

total loan supply must be equal to total deposits from the aggregate balance sheet of the banks lt = dt.

From the cost function of the �rms and the funding needs of working capital, total loan demand is equal to

the aggregate working capital of �rms lt = wt + nt. In equilibrium supply and demand of loans are equal.

Finally, to close the model, we assume that the monetary authority sets the policy interest rate according

to a Taylor-type rule (see Taylor 1993). For sake of simplicity, we assume that in equilibrium the deposit

rate paid by banks to households is equal to the policy rate. The Taylor rule can be expressed as

rD;t = �DrD;t�1 + ���t + �yyt + vt

where we potentially allow for some degree of interest rate smoothing (as governed by the parameter �D)

and the exogenous monetary shock follows an AR(1) processes vt = �vvt�1 + "v;t with the usual "v;t iid.

4 Calibration

4.1 Baseline scenario

The calibrated parameter values for the baseline scenario are reported in Table 1. Figure 3 shows the response

function of the main variables of the model to a contractionary monetary shock for this calibration. It turns

out that a relatively broad set of calibrations can generate a hump-shaped response of in�ation in our setup,

in that di¤erent combinations of coe¢ cients return similar results both in qualitative and quantitative terms.

In keeping with the idea of sticking to the standard model, we use typical values found in recent literature.

Most of the parameters are relatively non-controversial, at least in the context of said literature. We set

� = 0:99 to imply a steady-state annualized risk-less return of about 4% with quarterly data. We use � = 2,

which is somewhere in between the typical range of 1 to 5 for the coe¢ cient of risk aversion in this family of

utility functions. We assume � = 2, so that the elasticity of labor supply is 12 . The coe¢ cients in the interest

rate rule are set to �� = 1:5 and �y = 0:2 (in line with Taylor 1993). We experiment with di¤erent values

for the interest rate smoothing parameter �D between :4 and :8 and we select �D = :7. We note here that

values for this parameter in recent, related literature are found to be quite high (Steinsson 2008, Castelnuovo

2011).
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Key coe¢ cients for the calibration are the three stickiness parameters in the three sectors of the economy.

The Calvo non-adjustment probability for the intermediate �rms�price is �p = 0:75, which gives an average

duration of price spells of one year. While this value is on the high end, as argued by recent studies that

use micro-level price data (e.g. Bils and Klenow 2004), it is, once again, a widely used standard. The wage

rigidity is set at �w = :6, again in the normal range of this parameter; while the elasticity of substitution

between di¤erentiated labor types is �w = 6, which is in the lower end for this type of parameter. There

is less guidance for the non-adjusting probability of the loan rate. In a model similar to ours, Henzel et al.

(2009) estimate this parameter in the :4� :5 range; therefore, we set �L. = :4. The �rst-order autocorrelation

of all exogenous shocks is set at :4.

Finally, a crucial parameter in our exercise is 
, which represents the share of wage bill to be paid in

advance: we set 
 = :9. A "full" cost channel would correspond to 
 = 1; we can shut down this channel by

setting 
 = 0. We obtain some degree of hump in the in�ation response with a relatively broad set of values

for 
. Di¤erent combinations of 
 and the other parameters are studied in the next section.

In Figure 3, we see that in�ation response reaches its minimum after 4 or 5 quarters and it reverts to the

initial point in about 3 to 4 years. The response is qualitative and quantitative in line with the empirical

responses in Figure 1. In particular, the size and the relative response of the loan rate rL and the policy

rate rD is consistent with the data. We can replicate the hump-shape of the in�ation response without

relying on unreasonable movements on the loan rate, which is the new key component of �rms�marginal

costs. The marginal cost and the real wage w � p are illustrated in the last subplot of Figure 3. In the

�rst few periods after the shock, the loan rate has a stronger response than the real wage, which drives the

initial positive response of marginal costs and, importantly, the observed shape in the in�ation response.

This key mechanism of the model is fully explained in Section 4.3. Finally, the response of the price level

is decreasing, which shows we do not need to generate a model-consistent price puzzle to obtain the desired

shape of the in�ation response. The response of consumption (equivalent to income in this closed economy

model) is negative, as we should expect, but monotonic. It is known that a convex shape for its response

(as observed in the data) is easily obtained with additional features in the model, such as habit formation in

the utility function. We abstract from these features in order to isolate the contribution of the cost channel

to in�ation persistence from other sources of real rigidities (including this extra component in the model,

however, does not alter our basic conclusions).
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Table 1: Baseline calibration of main parameters

Discount factor � = 0:99
Utility � = 2; � = 2

Taylor rule �D = :7; �� = 1:5; �y = 0:2
Price rigidities �p = :75
Wage rigidities �w = :6; �w = 6
Loan rigidities �w = :4
Cost channel 
 = :9

Innovations AR(1) �a = �v = �u = :4
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Figure 3: Response functions to a one s.d. monetary shock from the model with baseline calibration.
Notes: Years from the impulse on the x�axis.
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4.2 Robustness checks

As a �rst robustness check, we study the implications of di¤erent values of 
 (given the other parameters

in the model). As we reduce the value of 
, the hump progressively disappears, along with the persistence

of the in�ation response. When the cost channel is shut down (
 = 0), the response behaves monotonically

as in the standard Calvo model with pure nominal rigidities. This is illustrated in Figure 4; the response

exhibits a hump for 
 values as small as :45 � :4. For 
 = 0 the half-life of the response from its trough

is about 4 quarters, while under the baseline calibration it is roughly between 7 and 8 quarters. Thus, the

increase in persistence due to the cost channel is very substantial, and it is achieved without adding any

extra real rigidities to the original Calvo mechanism. We also note that this result does not require a large

and implausible trough of the response on impact.
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Figure 4: In�ation responses to a monetary shock. Years from the shock.
Notes: Changes in the response of in�ation in function of 
. Years from the impulse on the x�axis.

Disentangling the e¤ects on the results of the changes in the values of other parameters requires a better

understanding of the determinants of the in�ation response. Here, we explore two other combinations of

parameters that yields similar results and we compare those calibrations to the baseline case. We examine

the e¤ects of individual parameters more thoroughly in Section 4.3, where we explicitly link the response

of in�ation to the response of the components of marginal costs and discuss the mechanism underlying the

hump-shaped response.

The �rst alternative calibration considers the impact of higher price �exibility. The choice of �p = :75

implies an average duration of price spells of one year, which we have argued might be too long, in light of

more recent micro-level empirical evidence (e.g. Bils and Klenow 2004). Therefore, we lower �p to :5. We

obtain very similar in�ation responses by either lowering the share of working capital paid in advance or

increasing the sluggishness of the loan rate. Figure 5 illustrates this point using 
 = :65, but the same result

could be obtained setting �L = :55. The response of in�ation is more negative, but still hump-shaped. The

overall degree of persistence generated by the model decreases, as we would expect with less price stickiness.
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The relative response of the interest rates, however, is very similar to the baseline case (compare to Figure

3).

The second alternative calibration explores the e¤ects of more persistent innovations by increasing the

AR(1) parameter of the monetary shock to �v = :6. Focusing only on the in�ation response, this change

can be compensated by higher wages stickiness, for instance, or more �exible loan rates. However, reducing

�L makes the response of the loan rate implausibly strong. On the other hand, a small increase in �w to :7

is enough to restore the results obtained under the baseline calibration. The impulse response functions for

the latter parametrization are reported in Figure 6, where we also observe a very small increase of in�ation

on impact.
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Figure 5: Response functions to a one s.d. monetary shock from the model with �rst alternative calibration.
Notes: Calibration with �p = :75 and 
 = :65. Years from the impulse on the x�axis.

4.3 Discussion

In order to gain a more comprehensive understanding on the determinants of the in�ation response in models

of this kind, it is useful to write the structural in�ation equation (12), the so-called New Keynesian Phillips

Curve, in its closed form, conditional on marginal costs. Repeated substitution yields :

�t = ��

1X
i=0

�iEtmct+i (15)

which says that current in�ation is determined by a weighted average of expected future real marginal costs.

This solution makes clear that, in the context of the Calvo model of price stickiness (in its simplest form with

nominal rigidities only), in�ation is a purely forward looking variable. It also provides the basis for much

of the criticism regarding the model�s counterfactual implications for in�ation dynamics (see for example
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Figure 6: Response functions to a one s.d. monetary shock from the model with second alternative calibra-
tion.

Notes: Calibration with �v = :6 and �w = :7. Years from the impulse on the x�axis.

Mankiw 2001 for theoretical considerations, Gali and Gertler 1999 and Rudd and Whelan 2005, for empirical

analyses based on the above speci�cation).

Importantly, absent further modi�cations to the baseline model, in�ation displays no "intrinsic" persis-

tence, simply inheriting the persistence properties of its driving process mc.7 As we have mentioned, another

speci�c aspect of persistence that the basic model fails to match is the inertial, hump-shaped response to

monetary policy shocks that is typical in VAR evidence. Our model looks in more detail at the determinants

of �rms�marginal cost to uncover an additional channel of the monetary transmission mechanism which can

generate such a response. In a similar vein to the analysis of the real exchange rate in Steinsson (2008), we

write (15) using our expression for marginal costs:

�t = ��

1X
i=0

�iEt(
rL;t+i + wt+i � pt+i � at+i) (16)

At each point in time, �t is given by an in�nite sum of terms. If we want its response to a (contractionary)

monetary shock to be hump-shaped, we want the �rst few terms of the summation to be positive as a

consequence of such shock. As time goes on and these terms drop out of the sum, �t becomes more negative

until it reaches its trough: the crucial point is that, because of this mechanism, the trough is reached later

and not on impact. In order for this to happen, the response of the real marginal cost to a monetary shock

must be itself hump-shaped and positive on impact and for a few periods.

We now have a framework to understand the model�s impulse response functions shown above. Monetary

policy shocks a¤ect marginal costs through two channels: First, a typical demand channel that impacts

7See also Walsh (2003).
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household�s intertemporal decisions, in turn a¤ecting labor supply (through the marginal rate of substitution

between consumption and leisure) and thus real wages. Second, a cost channel that more directly a¤ects

marginal costs through the e¤ect of monetary policy on the loan interest rate rL; this can be de�ned as a

supply side e¤ect. At a basic level, we are looking for a combination of these two channels such that, on

impact and for a few periods, the decrease in real wages w � p is more than counteracted by an increase

in rL: according to (16), this would generate the "desired" response of marginal costs and hence in�ation.

Figure 3, for example, clearly shows this type of response for the mc and its two components.
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Figure 7: Calibration of selected parameters.
Notes: Blue line: responses under baseline calibration. Red lines: responses under new calibration. Each column
(three plots) corresponds to the scenario indicated by the parameter value in the header. The scale of the response

functions of in�ation is 104; the scale of the other responses is 103. Years from the impulse on the x�axis.

Three aspects of this model are especially important for the resulting properties of the in�ation response.

First, we need some sort of sluggishness in the response of real wages. Without any kind of wage rigidity,

the e¤ect of the cost channel (for reasonable parameters) is not strong enough to counteract the traditional

e¤ect of policy shocks on marginal costs. However, even a moderate degree of wage rigidity can produce a

hump-shaped response of in�ation. Moreover, and importantly, it�s worth noting that nominal wage rigidities

alone cannot produce this type of result within the Calvo model, as made clear in equation (16): the response

of marginal costs (and thus in�ation) will be more sluggish, but all terms in the summation will be negative.

Second, the stickiness of the loan interest rate matters. It is possible to intensify the e¤ects of the cost

channel by increasing the �exibility of the loan rate setting mechanism (decreasing �L), and even obtain
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responses that include an initial model-consistent price puzzle. However, some degree of stickiness in the

response of the loan rate to monetary shocks relative to the response of the policy rate seems to be more in

line with the empirical evidence provided by the VAR. As explained above, the goal of our model is providing

a mechanism that generates higher in�ation persistence through a more realistic hump-shaped response to

monetary shocks rather than using the cost channel to provide theoretical justi�cations of the price puzzle.

Third, we can relate these results to the role of strategic complementarities/real rigidities for the dynam-

ics of in�ation. It is well understood in the literature that, given reasonable degrees of nominal rigidity, it is

hard to generate inertial responses of in�ation (and thus signi�cant real e¤ects of monetary policy). Hence,

mechanisms need to be introduced that slow down price adjustment beyond the e¤ects of nominal stickiness,

that is, mechanism that introduce strategic complementarity in pricing (or real rigidities). Examples include

heterogeneous labor markets, �rm speci�c capital, and non-constant elasticities of demand. In the context

of the class of models we analyze here, the elasticity of marginal costs to output is the relevant parameter

to determine whether price setting is characterized by strategic complementarity or, rather, strategic sub-

stitutability.8 Given our assumptions (speci�cally that of homogeneous labor market), the elasticity in this

model is � = �+�, which is greater than 1 (thus implying strategic substitutability) with our calibration. In

this sense, our results do not need to rely on a high degree of strategic complementarity.

In light of the above discussion, we conclude by providing a brief analysis of the e¤ects on the results of

di¤erent calibrations of individual parameters. Figure 7 summarizes this analysis. In general equilibrium,

each parameter can have a potentially large impact on both components of the marginal cost. With this

exercise, we focus on a subset of the parameters of the model that we regard as especially relevant. The

�gure compares responses of the real wage and loan rate (�rst row), the marginal cost (second row), and

in�ation (third row) in four di¤erent cases. We change one parameter at a time, as represented by each of

the four columns in the �gure. In each scenario, all the remaining parameters are calibrated at their baseline

values. A blue line is used to represent the responses for the baseline calibration, while red lines show the

response under the new parameter value. The scale of the response functions of in�ation is 104; the scale of

the other responses is 103.

In the �rst scenario, we increase �L to :7 which dampens the response of rL. The response of the loan

rate in the �rst row becomes �atter; w � p is slightly smaller too, but the reduction of rL dominates. The

marginal cost is entirely negative now, and the in�ation response doesn�t exhibit a hump-shape. Decreasing

�w to :45 makes for a stronger response of w � p and reinforces the demand channel. This e¤ect dominates

over the smaller change in the loan rate; the marginal cost is negative and, again, we do not have a hump-

shaped response. Setting �p = :9 increases the sluggishness of w� p, without a noticeable e¤ect on the loan
8This is what Woodford (2003) refers to as the elasticity of the notional Short-Run Aggregate Supply (SRAS).
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rate. The marginal cost still switches sign after a few periods and, therefore, the hump of � is preserved.

However, the change in �p also reduces the slope of the Phillips Curve ��, which in turn dampens the shape

of the in�ation response. For high values of �w and low values of �p, the cost channel dominates on the

demand channel, to the point where we have both a hump-shaped response of in�ation and an initial price

puzzle. Finally, higher risk aversion � = 3 implies marginally larger initial responses of the interest rates,

rD and rL, due to a smaller intertemporal substitution in consumption. This change generates a very mild

price puzzle, as illustrated by the fourth scenario in the �gure. Higher � similarly causes small changes in

the real wage w � p and and a mild price puzzle.
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