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1 Introduction

In this paper we challenge the view that New Keynesian models with purely forward-looking wage
and price setting cannot explain inertial inflation and output dynamics in response to changes in
aggregate demand (Chari, Kehoe and McGrattan, 2000; Mankiw and Reis, 2002). We also call into
question a well-received idea that New Keynesian models must rely on a countercyclical markup
of price over marginal cost as the key transmission channel for demand shocks, something which
does not seem consistent with the data (Nekarda and Ramey, 2013). While abstracting from ad hoc
backward-looking wage and price setting mechanisms, we show that a medium-scale DSGE model
emphasizing a roundabout production structure and a working capital channel allowing firms to
cover the costs of all of their variable inputs, and not only the wage bill, can successfully address
some of these apparent failures of purely forward-looking New Keynesian models.!

To formalize these ideas, we develop a medium-scale DSGE framework in the spirit of the model
in Christiano, Eichenbaum, and Evans (2005) (hereafter CEE) (see also Smets and Wouters, 2007;
Justiniano and Primiceri, 2008; Justiniano, Primiceri, Tambalotti, 2010, 2011). It shares some
basic elements of this model like imperfectly competitive goods and labor markets, nominal wage
and price rigidities in the form of Calvo (1983) contracts, and real frictions such as consumer habit
formation, variable capital utilization, and investment adjustment costs. However, it departs from
the CEE model along three important dimensions.

First, it does not rest on assumptions like the indexation of nominal wages and prices to the
previous quarter’s rate of inflation (CEE, 2005) or rule-of-thumb behavior of price setters (Gali and
Gertler, 1999). The use of indexation has been criticized by a number of researchers. For instance,
Woodford (2007) argues that “the model’s implication that prices should continuously adjust to
changes in prices elsewhere in the economy flies in the face of the survey evidence.” Cogley and
Sbordone (2008) mention that backward wage and price setting mechanisms “lack a convincing
microeconomic foundation.” Finally, Chari et al. (2009) criticize indexation because “this feature
is inconsistent with microeconomic evidence on price setting.” In spite of these criticisms, indexation
has been routinely embedded in medium-scale models as a mechanism by which to generate more
inflation inertia.

Second, our model assumes a roundabout production structure. Working from a state-dependent
pricing model, Basu (1995) shows that the interaction between price stickiness and roundabout

production can deliver a “multiplier for price stickiness” that enhances the degree of price inertia.

1One notable exception of a forward-looking New Keynesian model that can successfully explain inflation persis-
tence is Cogley and Sbordone (2008), who incorporate a time-varying inflation trend in the New Keynesian Phillips
Curve (NKPC). Our approach is different.



Bergin and Feenstra (2000) and Dotsey and King (2006) incorporate roundabout production in
a time-dependent price setting model, showing it helps to generate stronger output persistence
in response to a monetary policy shock. Huang, Liu, and Phaneuf (2004) combine roundabout
production with nominal wage and price rigidities in a DSGE framework and endogenously explain
why real wages have changed from countercyclical during the interwar period to procyclical during
the postwar period. In our model, we show that roundabout production is one of two key factors that
a medium-scale macro model with purely forward-looking wage and price setting should include to
successfully account for inflation and output dynamics and the actual behavior of the price markup.

Third, our model includes a working capital channel. Evidence in Barth and Ramey (2002)
based on industry level data confirms the importance of a cost channel of monetary transmission.
Chowdhury, Hoffmann, and Schabert (2006) provide further structural evidence on the relevance
of a cost channel through estimation of marginal cost based Phillips curves accounting for direct
interest rate effects. They find that changes in short-run nominal interest rates exert a substantial
direct effect on inflation dynamics in most G7 countries.

We assume that working capital is required due to a delay between factor payments and sales
receipts (Fuerst, 1992). In Christiano and Eichenbaum (1992), CEE (1997, 2005) and Ravenna
and Walsh (2006) firms need to borrow funds from a financial intermediary at the start of a period
to finance their wage bill. They then reimburse the loan at the end of the period at the nominal
interest rate. We refer to this case as “Limited borrowing.” But firms may not be constrained to
finance only the wage bill with working capital. They may have access to “Extended borrowing” in
the sense that the funds they borrow can serve to finance the costs of all of their variable inputs.?
As our paper shows, extended borrowing is the second of two main factors driving our new results.

We use this framework to address several questions. A first question is: what are the conditions,
if any, that our model must satisfy to be able to generate a persistent and hump-shaped response of
inflation to a monetary policy shock in the absence of backward-looking elements in price setting?
A second and complementary question is: can the model deliver “large” contract multipliers for
output in the terminology of Chari et al. (2000)?

Our baseline model predicts a weak negative response of inflation on impact of a negative shock
to the nominal interest rate; the response will be very persistent and hump-shaped afterwards.
Accompanying our findings regarding the shape of the inflation response, we also show that our

model delivers highly serially correlated movements in inflation even at a lag of one year (Fuhrer

2Christiano, Trabandt, and Walentin (2011) combine roundabout production and working capital in a model that
features sticky prices, but abstracts from several features like nominal wage rigidity, capital accummulation (and thus
variable capital utilization and investment adjustment costs), and consumer habit formation. They use this model
to examine conditions leading to (in)determinacy in monetary policy.



and Moore, 1995; Nelson, 1998; Pivetta and Reis, 2007). The two main factors which explain
these findings are the roundabout production structure and extended borrowing. Without these
features, the peak response of inflation to a monetary shock is on impact and there is no hump-shape.
Roundabout production induces strategic complementarity into price setting, and is thus isomorphic
to prices being stickier. As such, it “flattens” the New Keynesian Phillips Curve (NKPC), making
inflation less sensitive to changes in real marginal cost by a factor of proportionality reflecting
the share of intermediate inputs into production. The inflation response to a policy shock is then
smaller and more persistent. Extended borrowing contributes to make the response of inflation very
hump-shaped. Because of working capital, the nominal interest rate has a direct effect on marginal
cost, limiting the initial increase in marginal cost associated with an expansionary policy shock.
Via the Phillips Curve, a smaller increase in marginal cost keeps inflation from initially rising by
as much. Since the cut in interest rates is only temporary, as the interest rate begins to rise after
impact due to the expansionary effects of the policy shock, marginal cost also begins to rise, which
puts upward pressure on inflation and results in hump-shaped inflation dynamics.

Output responds significantly to a monetary policy shock and in a hump-shaped, inertial fashion.
The response of output to a policy shock is significantly larger than in versions of the model without
roundabout production and extended borrowing. We find that the half-life of output conditional on
a monetary shock is fourteen quarters, or three and a half years. This is substantially larger than
the output half-life in a model without extended borrowing and roundabout production, and is also
higher than the half-life in a version of the model with backward indexation. Although wage and
price setters are purely forward-looking, our model is not prone to the criticism raised by Chari et
al. (2000) concerning the inability of general equilibrium models with nominal rigidities to deliver
large contract multipliers for output conditional on monetary policy shocks.

Interestingly, our model is able to deliver a persistent and hump-shaped response of inflation,
and a large and persistent response of output, without assuming counterfactually long waiting times
between wage and price adjustments. In our baseline model, the median time waiting time between
wage and price adjustments is 5.1 months, which is broadly consistent with the evidence in micro
data for price setting in Bils and Klenow (2004).3 The assumed median duration between wage
changes is similar to the macro estimates reported in CEE (2005) and Altig et al. (2011), and is
actually a bit conservative with respect to the micro evidence reported in Barattieri, Basu, and

Gottschalk (2014).

3Cogley and Shordone (2008) focus on evidence about the median waiting time of price adjustments which is 5.5
months in Bils and Klenow (2004) once sales price changes are removed. Nakamura and Steinsson (2008) find a longer
median duration of about eight months after excluding sales and product substitutions.



A third question which is the object of our attention is: is the model capable of generating a

)

“price puzzle,” in which inflation falls in the period of an expansionary monetary shock? Empirical
evidence, dating back to at least Sims (1992), often finds that inflation initially falls at the onset
of an expansionary monetary policy shock, before rising in a hump-shaped fashion.* Barth and
Ramey (2002) provide VAR evidence that a cost channel can be a significant factor giving rise to
a price puzzle. But the question remains open as to whether a New Keynesian model with purely
forward-looking wage and price setters could generate a price puzzle.’?

We show that our baseline model delivers a mild price puzzle in the sense that inflation does in
fact initially fall in the period of an expansionary policy shock. This drop in inflation is small and
lasts only one period. For our baseline parameterization, the coexistence of extended borrowing and
roundabout production is necessary to generate a price puzzle. Two other factors in the model can
contribute to making the price puzzle larger and more persistent. One is to increase the average
waiting time between wage adjustments to make it consistent with the microeconomic evidence
of Barattieri, Basu, and Gottschalk (2014). These authors report that the quarterly probability
of a wage change lies between 21 and 27 percent. As it happens, Justiniano et al. (2010, 2011)
report estimates in this range using multi-shock DSGE models. The other factor we identify is a
smaller cost of capital utilization in line with the parameterization in CEE (2005).% Stickier wages
mechanically limit the initial rise in marginal cost after an expansionary policy shock, which helps
to keep the response of inflation down. More variable capital utilization keeps the rental rate on
capital from rising as much, which also works to keep marginal cost, and hence inflation, from rising
initially.

The fourth main question motivating our work is the following: can our model deliver a pro-

cyclical price markup conditional on a monetary policy shock? This question follows from evidence

4We do not want to take a firm stand as to whether the price puzzle is a robust empirical fact or not. Some
evidence supports the existence of a price puzzle (CEE, 1999, 2005), while some other evidence can be used to
question the existence of a price puzzle (Bernanke and Mihov, 1998; Normandin and Phaneuf, 2004; Romer and
Romer, 2004). Carlstrom, Fuerst, and Paustian (2009) show that timing assumptions commonly used in structural
VAR identification of monetary policy shocks may produce a price puzzle and an inertial response of inflation if these
timing assumptions are inconsistent with the underlying economic model.

®The model in CEE (2005) is capable of generating a mild price puzzle without full backward-indexation, but
there are some differences relative to our setup. One important difference, which is touched on below, is that their
model is parameterized in such a way that the cost of capital utilization is virtually linear, which has the effect of
making the rental rate on capital roughly constant, which limits the increase in marginal cost after a policy shock and
therefore makes it more likely for a price puzzle to emerge. Another is that their model embeds timing assumptions
on the delayed effects of policy shocks which ours does not. A third difference is that they model monetary policy via
an exogenous money growth rule, whereas we model policy via a Taylor rule which allows for endogenous feedback
from inflation and economic activity to interest rates. Though they also consider robustness to a Taylor rule, they
do not present results for a Taylor rule without full backward indexation.

8 As described later in the text, their parameterization implies that the cost of capital utilization is nearly linear.
Our parameterization is more conservative than this and is more in-line with estimates from several papers which
structurally estimate this parameter in a model with multiple shocks.



recently reported by Nekarda and Ramey (2013), who argue that the price markup is either mildly
procyclical or acyclical unconditionally. Furthermore, their evidence suggests that the price markup
responds positively to a negative shock to the nominal interest rate. A procylical price markup runs
counter to the conventional wisdom from textbook New Keynesian models that a countercyclical
markup is the key transmission mechanism of aggregate demand shocks (e.g. Woodford, 2003,
2011).

Our model generates a procyclical price markup conditioning on a monetary shock. The cor-
relation between first-differences of the price markup and output is about 0.4, which is very close
to the unconditional correlation reported in Nekarda and Ramey (2013). Measured in log-levels
or HP-filtered log-levels, we also find a procyclical price markup conditional on a policy shock,
although the correlation is not as high as in first differences. Abstracting from roundabout produc-
tion or extended borrowing results in a countercyclical price markup. Without extended borrowing,
the price markup is very procyclical, whether roundabout production is in the model or not. With
limited borrowing, in which only the wage bill must be financed, the markup is also countercycli-
cal. Backward price and wage indexation, though capable of generating hump-shaped inflation
dynamics, cannot generate a procyclical markup without other features also in the model. Our
baseline model generates a persistent and large response of output in spite of the procyclicality
of the markup, which challenges the widely-held view that a counteryclical markup is the key
transmission mechanism for demand shocks in New Keynesian models.

Our last substantive finding concerns the unconditional first-order autocorrelation of the first
difference of inflation. This correlation is -0.29 in US data for the years 1960-2015. We augment the
model to include a productivity shock and a preference shock, the latter meant as a stand-in for an
aggregate demand disturbance other than a monetary policy shock. Our model predicts non-inertial
responses of inflation to non-monetary shocks. We argue this is consistent with evidence reported
elsewhere in the VAR literature. The first difference of inflation is positively autocorrelated condi-
tional on the monetary policy shock and negatively autocorrelated conditional on the productivity
and preference shocks. Unconditionally, our baseline parameterization of these shock processes
results in an autocorrelation of the first difference of inflation of -0.1, which is qualitatively in-line
with what one observes in the data. For point of comparison, we show that a model with full back-
ward indexation of prices and wages results in hump-shaped inflation dynamics conditional on all
shocks, and therefore generates a highly positive autocorrelation of the first difference of inflation
unconditionally, which is strongly at odds with the data.

The remainder of the paper is organized as follows. Section 2 lays out our medium-scale DSGE

model and discusses our calibration. Section 3 presents results for inflation and output dynamics,
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the price puzzle, the cyclicality of the price markup, and the autocorrelation of the first difference

of inflation. Section 4 contains concluding remarks.

2 A Medium-Scale DSGE Model with Roundabout Production

and Extended Borrowing

We propose a medium-scale DSGE model in the spirit of CEE (2005). It includes nominal rigidi-
ties in the form of Calvo wage and price contracts, habit formation in consumption, investment
adjustment costs, variable capital utilization and a Taylor rule. We augment the model to include
a roundabout production structure and an extended working capital or cost channel. The subsec-
tions below lay out the decision problems of the relevant model actors. The full set of conditions

characterizing the equilibrium are shown in the Appendix.

2.1 Good and Labor Composites

There is a continuum of firms, indexed by j € (0, 1), producing differentiated goods with the use of
a composite labor input. The composite labor input is aggregated from differentiated labor skills
supplied by a continuum of households, indexed by h € (0,1). Differentiated goods are bundled
into a gross output good, X;. Some of this gross output good can be used as a factor of production
by firms. Net output is then measured as gross output less intermediate inputs. Households can
either consume or invest the final net output good. The composite gross output and labor input

are:
0

X, = (/let(j)%ldj)e_l (1)

n=(/ 1 L) dh ) o (2)

The parameters § > 1 and o > 1 denote the elasticities of substitution between goods and labor,

respectively. The demand schedules for goods of type j and labor of type i respectively are:

Xi(j) = (Pjg))aXt vj, (3)
Lo(h) = (W)_U Li Vh. (4)

The aggregate price and wage indexes are:

1
Pl = /0 P(j)1 0 dj (5)
6



W}l = /0 1 Wi (h)1=7dh (6)

2.2 Households

There is a continuum of households, indexed by h € (0,1), who are monopoly suppliers of labor.
They face a downward-sloping demand curve for their particular type of labor given in (4). Follow-
ing Calvo (1983), each period, there is a fixed probability, (1 —&, ), that households can adjust their
nominal wage, with 0 < ¢, < 1. Non-updated wages may be indexed to lagged inflation via the
parameter ¢, € [0,1]. As in Erceg, Henderson, and Levin (2000), we assume that utility is separa-
ble in consumption and labor. State-contingent securities insure households against idiosyncratic
wage risk arising from staggered wage setting. With this setup, households are identical along all
dimensions other than labor supply and nominal wages. We therefore suppress dependence on h
except for choice variables related to the labor market.

The problem of a particular household is to optimize the present discounted value of flow utility
subject to a flow budget constraint, (8), a law of motion for physical capital, (9), the demand curve

for labor, (10), and a constraint describing the Calvo wage setting process, (11):

ma BoS 6 (In(Cy = bCy_y) — (1)
X - )=
C,Le(h), Wi (h),Ki41,Bet1,1t,Z¢ 0 = k =1 =1 1+x
s.t.
B
Pt (Ct + It + CL(Zt)Kt) + 1 _t:j S Wt(h)Lt(h) + RthKt + Ht + TtBt (8)
t
Iy
K = (1 ) (>> I + (1 - 5)Kt (9)
I
Wt(h))"
Li(h) = L 10
= (") L (10)
Wi (h b 1—¢&,
Wy (h) = r(h) w/ pro ‘ (11)
(14 m_1)Wi_1(h) otherwise

P; is the nominal price of goods, C; is consumption, I; is investment, K; is the physical capital
stock, and Z; is the level of capital utilization. W;(h) is the nominal wage paid to labor of type h,
and Rf is a common rental price on capital services (the product of utilization and physical capital).
II; represents distributed dividends from firms and a financial intermediate, which households take
as given. T} denotes lump sum transfers. By is the stock of nominal bonds with which the household

enters the period. The nominal interest on these bonds is i;. a(Z;) is a resource cost of utilization,

7



satisfying a(1) = 0, ¢’(1) = 0, and @”(1) > 0. This resource cost is measured in units of physical

capital. S (Itli1> is an investment adjustment cost, satisfying S (1) =0, S’ (1) =0, and S” (1) > 0.
0 < 8 < 1is a discount factor, 0 < § < 1 is a depreciation rate, and 0 < b < 1 is a parameter for
internal habit formation. Y is the inverse Frisch labor supply elasticity and 7 is a scaling parameter
on the disutility from labor. It is straightforward to show that all households given the opportunity

to change their wage will adjust to a common reset wage, W;".

2.3 Firms

The production function for a typical producer j is:

X(3) = max {T4()* (Rui) L) =)™ - R0} (12)

The parameter F' is a fixed cost, and production is required to be non-negative. We choose the
value of F' such that profits are zero in steady state, which allows us to ignore entry and exit. I';(j)
is the amount of intermediate input, and ¢ € (0,1) is the intermediate input share. Intermediate
inputs come from aggregate gross output, X;. K(]) is capital services (the product of physical
capital and utilization), while L;(7) is labor input.

A firm gets to choose its price, P;(j), as well as quantities of the intermediate input, capital
services, and labor input. It is subject to Calvo pricing, where each period there is a (1 — &)
probability that a firm can re-optimize its price, with 0 < §, < 1. Non-updated prices may be

indexed to lagged inflation at (, € [0, 1]. In other words, a firm’s price satisfies:

(14 m—1)*P,_1(j) otherwise

An updating firm will choose its price to maximize the present discounted value of flow profit,
where discounting is by the stochastic discount factor of households as well as the probability that
a price chosen today will still be in effect in the future. It is straightforward to show that all firms
given the ability to change their price will adjust to a common reset price, P;.

Regardless of whether a firm can re-optimize its price, it will always choose inputs so as to
minimize cost, subject to the constraint of meeting demand at its price. A key assumption is that
firms must finance some or all of their variable inputs through intra-period loans from a financial

intermediary. The financial intermediary returns the interest earned on these loans to the household



lump sum. The cost-minimization problem of a typical firm is:

. Il’[/leiIlL (1 - 1/11‘ +¢I‘(1 +’Lt))PtFt + (]. - ¢K + ’lpK(l —|— Zt))Rfk\t + (]. - 1/JL —|— ’(ﬁL(l —|-’Lt))WtLt (14)

s.t.

_ 1- Pi(i)\ 7
Iy (KpLi) ¢—}72( gﬁ) X, (15)

Here ¢y, | = T', K, L, is the fraction of payments to a factor that must be financed at the gross
nominal interest rate, 1 4+ ;. With ¢; = 0 for all [, firms do not have to borrow to pay any of their
factors. Setting ¥r = ¥ = 0 and ¥;, = 1 means that firms make use of working capital to finance
the entirety of their wage bill as in CEE (1997; 2005) and Ravenna and Walsh (2006). We refer to
this case as limited borrowing (LB). Assuming 1; = 1 for all [ means that all factor payments are
financed through working capital, so that the factor prices relevant for firms are the product of the
gross nominal interest rate and the factor price. We refer to this case as extended borrowing (EB).
To economize on notation, we define U; = (1 — ¢ + ¢y (1 +4;)) for | =T, K, L.

Applying some algebraic manipulations to the first order conditions for the cost-minimization

problem yields and expression for real marginal cost, vy = %i, which is common across all firms:
v 1 ¢ 1 \I’Krf =0 a VYiwg (1=e)(1=9) (16)
v =V¥p— | ———
P\ 1= ga Or 1—aUgrf

The variables r} and w; are the real rental rate on capital services and the real wage for labor,
respectively. This general expression encompasses several special cases. If the model excludes
roundabout production (¢ = 0) and financial intermediation (¥; = 1 for all ), then real marginal
cost reduces to its simplest expression:

S L a7
(ima)

l1—« «

The case of roundabout production without working capital yields:

w5 (75) G )T e (18)

The presence of roundabout production reduces the sensitivity of real marginal cost to variations

in the real rental on capital services and the real wage rate by a factor of 1 — ¢. For the case of



limited borrowing (LB), in which only the wage bill must be financed via working capital, and no

roundabout production, the expression for marginal cost is:

ve = (1 414)1 7 ( ! )l_a (1)0‘ (r)® (we) = (19)

11—« o
In this case the nominal interest rate exerts a direct influence on real marginal cost. Combining

extended borrowing and roundabout production yields:

1—¢ (1-a)(1—-9¢)
w=vig (2 0) 7 () 20

10} I —anr

Like the case with LB, here the nominal interest rate exerts a direct influence on real marginal
cost. Relative to (19), the effect of the nominal rate on marginal cost is stronger with EB, in which
all factors must be fully financed via working capital. Like the expression for real marginal cost
with only roundabout production, the sensitivity of real marginal cost to fluctuations in the real

rental rate and real wage is smaller by a factor of 1 — ¢.

2.4 Monetary Policy

Monetary policy follows a Taylor rule:

1+Zt _ (l‘i_it—l)pi |:(7Tt>a7r ( )/;f )Oéy:|1_pi Ei (21)
141 1+ ™ Vi !

The nominal interest rate responds to deviations of inflation from an exogenous steady-state

target, w, and to output growth, YYt .7 The exogenous variable ¢! is an i.i.d. normal process, with
t—1

a zero mean and a finite known variance s;. The parameter p; governs the smoothing-effect on

nominal interest rates while o and oy, are control parameters. We restrict attention to parameter

configurations resulting in a determinate rational expectations equilibrium.

2.5 Aggregation

Given properties of Calvo (1983) price and wage setting, aggregate inflation and the real wage

evolve according to:

1= a0 4 (1 6) ) (22)
w 7T<w 1—0
w7 = &, (W) + (1= &) () (23)

"We abstract from trend growth in output.

10



The notation here is that =, = Pfj - is aggregate gross inflation, p; = P?tj is the relative reset

price, wy = %’f is the real wage, and w; = Wff is the real reset wage. Market-clearing for capital

1 o
services, labor, and intermediate inputs requires that / Ki(j))dj = Ky, / Li(j)dj = Ly, and
0 0

1
/ I'i(j)dj = T'y. This means that aggregate gross output can be written:
0

— 1—¢
siXe =T7 (KPLi) "= F (24)
where s; is a price dispersion variable that can be written recursively:

*— —(pb
st = (1= &)pi 0 + &m nlss (25)

Using the market-clearing conditions, the aggregate factor demands can be written:

Ty = ¢u ¥t (X + F) (26)
za:aa—@¢§¢@a+F> (27)
Ut

Li=(1-a)1-¢)g—— (Xt +F) (28)

LWt

Aggregate net output, Yz, is gross output minus intermediate input:
Y, = X, — I} (29)
Integrating over household budget constraints yields the aggregate resource constraint:
Yi=Ci+ I + a(Z) Ky (30)

2.6 Functional Forms

The resource cost of utilization and the investment adjustment cost function have the following
functional forms:

a(Z) = n(Z = 1) + 22— 1) (31)

SLﬁ)=§(JL—02 (32)



where 792 > 0 is a free parameter; as yo — oo utilization becomes fixed at unity. ~; must be
restricted so that the optimality conditions are consistent with the normalization of steady state
utilization of 1. k > 0 is a free parameter. The functional form for the investment adjustment cost

is standard in the literature (e.g. see Christiano et al., 2005).

2.7 Calibration

We use the calibration summarized in Table 1. Some parameter values, like 5, b, 1, x and ¢ are
standard in the literature. Others require some explanations.

The parameter governing the size of investment adjustment costs « is 5, which is somewhat
lower than the estimate in Altig et al. (2011) but higher than the estimate in CEE (2005). The
parameter on the squared term in the utilization adjustment cost is set to v = 0.05. This is
broadly consistent with the evidence in Basu and Kimball (1997) and Dotsey and King (2006)),
and is middle range between Justiniano, Primiceri, and Tambalotti (2010, 2011), who estimate
this parameter to be about 0.15, and CEE (2005), who fix this parameter at 0.00035.% Later, we
assess the sensitivity of getting a price puzzle when varying this parameter. The parameter 0 is the
elasticity of substitution between differentiated goods and is set at 6. This implies a steady-state
price markup of 20 percent, which is consistent with Rotemberg and Woodford (1997). The steady-
state price markup is used in computing ¢ as we discuss below. The parameter o is the elasticity
between differentiated labor skills and is also set at 6 (e.g., see Huang and Liu, 2002; Griffin, 1992).

The Calvo probabilities for wage and price non-reoptimization both initially take a value of 0.66.
Bils and Klenow (2004) report that the median duration of prices is 5.5 months after removing sales
price changes. In contrast, Nakamura and Steinsson (2008) find a longer median duration of about
eight months after excluding sales and product substitutions. For a purely forward-looking Calvo
model with no backward indexation, Cogley and Sbordone (2008) approximate the median waiting
time of a price change by —In(2)/1In(§,). Setting &, = 0.66 therefore implies a median duration of
prices of 5.1 months, which is broadly consistent with the evidence reported in Bils and Klenow
(2004), but somewhat shorter than the evidence in Nakamura and Steinsson (2008).

We set &, = 0.66, which implies an average waiting time between wage adjustments of 3
quarters. This is somewhat higher than the macro estimate of 0.64 reported in CEE (2005), but
somewhat lower than the estimate of 0.71 in Altig et al. (2011). In some sensitivity analysis, we
also look at the impact of a higher average duration of wage contracts. For this, we consider the

evidence in Barattieri, Basu, and Gottschalk (2014), who analyze micro-data for the U.S. economy.

8CEE set z—f = 0.01; given the parameterization of v; to be consistent with steady state utilization of unity, this
implies 2 = 0.00035.
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They find that the average quarterly probability of a wage change lies between 0.211 and 0.266,
which would imply a value of £, in the range of 0.75-0.80. Justiniano et al. (2010, 2011) also report
higher estimates of &, in this range in Bayesian estimation of a model similar to ours augmented
with several more shocks, but without roundabout production or a working capital channel.

The parameter ¢ measures the share of payments to intermediate inputs in total production.
Nakamura and Steinsson (2010) summarize information from the 2002 U.S. Input-Output Table
published by the Bureau of Economic Analysis. They document that the weighted average revenue
share of intermediate inputs in the U.S. private sector using Consumer Price Index (CPI) expendi-
ture weights was roughly 52 percent in 2002. The cost share of intermediate inputs must equal the
revenue share times the markup. Since our calibration of # implies a steady state price markup of
1.2, this then implies ¢ = 0.624. This is lower than ¢ = 0.7 in Nakamura and Steinsson because
they assume a lower value of #, implying a steady-state price markup of 1.33.°

The parameters of the Taylor rule include the smoothing parameter set at 0.8, the coefficient on
inflation at 1.5, and the coefficient on output growth at 0.2. The standard deviation of the monetary
policy shock o, is set at 0.002, which is consistent with the estimates reported in Justiniano et al.
(2010, 2011). We assume that there is zero trend inflation, m = 0. As a baseline we also assume that
there is no backward indexation of prices or wages to lagged inflation, i.e. {, = (, = 0. Finally, we

take our baseline model to be the one with full extended borrowing, so that ¢¥r = ¢ = ¥ = 1.

3 Results

In this section we present results from the model. We take our “Base Model” to be the specification
in which there is extended borrowing (EB), in which all three factors of production must be fully
financed through working capital. We focus on impulse responses and second moments, and examine
the roles that different model features play in generating the results. Subsection 3.1 focuses on the
dynamic responses of output and inflation to a monetary policy shock. In Subsection 3.2 we examine
the extent to which our model can generate a “Price Puzzle” and which model features play a role in
that. Subsection 3.3 focuses on the cyclicality of the price markup conditional on monetary policy
shocks. Subsection 3.4 examines the implications of our model for the unconditional autocorrelation

of the first difference of inflation in relation to models with backward indexation.

“Note that Basu (1995) and Bergin and Feenstra (2000) argue for values of ¢ between 0.8 and 0.9. Huang, Liu,
and Phaneuf (2004) favor a value of 0.7. Rotemberg and Woodford (1995), Chari, Kehoe, and McGrattan (1996),
and Woodford (2003, Ch. 3) use values closer to 0.5. Thus, assuming ¢ = 0.624 seems to strike a middle ground.
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3.1 Inflation and Output Dynamics

Figure 1 plots the model impulse responses of output, inflation, and the price level to a one standard
deviation expansionary monetary policy shock (i.e. a negative shock to the Taylor rule). The solid
lines show the responses in the baseline model. For point of comparison, we also present impulse
responses under two alternative specifications. The dashed lines show responses in which there is
no extended borrowing (nor limited borrowing, so that none of the factors of production must be
financed through working capital, i.e. )p = YK = 1y = 0) and no roundabout production (i.e
¢ = 0). One can think of this specification as the “standard” medium scale New Keynesian DSGE
model. The dotted lines show responses when there is no extended borrowing and no roundabout
production, but in which prices and wages are fully indexed to lagged inflation (i.e. (), = (y, = 1).

In our baseline model output rises by about 0.2 percent on impact of the monetary policy shock.
This jump is roughly half the magnitude of the peak output response, which is 0.4 percent and
occurs about four quarters subsequent to the shock. The output response is quite persistent, and
is still positive more than five years after the shock. The impact response of inflation is slightly
negative. In other words, the model generates a mild “price puzzle” on impact, a point to which
we return in more depth in Subsection 3.2. The inflation response turns positive in the next period
and reaches its peak response after about four quarters. Like the output response, the inflation
impulse response to the policy shock is quite persistent. Consistent with the behavior of inflation,
the price level jumps down on impact but then slowly and persistently rises.

The dashed lines show impulse responses in the “standard” medium scale New Keynesian model
in which there is no working capital required for any factors and there is no roundabout production.
Relative to our baseline model, the impulse response of output is smaller on impact and at all
horizons. Though it follows a hump-shaped pattern, the peak output responses occurs sooner and
is smaller relative to the impact effect when compared to the baseline model. The response of
inflation is very different when there is no working capital channel and no roundabout production.
The peak response of inflation is on impact, with inflation jumping up substantially, and there is
no hump-shaped pattern. The response of inflation is also not very persistent, with inflation back
close to its pre-shock value after about two years. The price level rises and grows quickly.

The dotted lines take the “standard” New Keynesian model and modify it so that both prices
and wages are fully indexed to one period lagged inflation (ie. (, = ¢, = 1). This kind of
specification has been advanced in the literature as a way to generate more inertia in the response
of inflation to a policy shock. This specification does result in a hump-shaped response of inflation,

but the impact effect on inflation is still positive, so that the model is incapable of delivering a price
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puzzle. The inflation response also reverts to zero from its peak more quickly than in the baseline
model which does not feature any indexation. The inclusion of backward indexation makes the
output response to the policy shock smaller and less persistent.

Table 2 presents some statistics summarizing the dynamics of inflation and output in the impulse
response functions. We calculate the half-life of output by finding the number of quarters it takes
for the response of output to equal one-half its impact response (rounded to the nearest integer).
In the baseline model the half-life of output is 14 quarters, or three and a half years. Even though
price and wage setting is purely forward-looking in the model, it is not prone to the criticism of
Chari, Kehoe, and McGrattan (2000) that nominal rigidities are not sufficient to generate a large
contract multiplier for output in a general equilibrium framework with intertemporal links. In
the model with no working capital and no roundabout production, the half-life of output is still
substantial but half of a year shorter than in the baseline model at 12 quarters. The half-life of
output is substantially lower in the model with full backward indexation of prices and wages, with
a half-life of only one and a half years.

Table 2 also shows autocorrelation coefficients for inflation at different lag lengths. In the
baseline model the first order autocorrelation of inflation is 0.92. Inflation is highly persistent, with
an autocorrelation coefficient at a one year lag of more than 0.5. The autocorrelation coefficients
of inflation are higher (by 0.1 or more) at all lags in the Base Model relative to the version of
the model with no working capital and no roundabout production. The model without working
capital and roundabout production, but augmented with full backward indexation, produces a first
order autocorrelation of inflation that is slightly higher than our baseline model (0.95 vs 0.92),
but the autocorrelation at lags higher than 4 is higher in the baseline model than in the backward
indexation model (0.53 vs 0.49 at a four quarter lag and 0.40 versus 0.32 at a five quarter lag).

The reasons why a model with backward indexation can produce a hump-shaped response of
inflation to a monetary policy shock are well understood. But how is it that our model, which
features no price or wage indexation, can also generate hump-shaped inflation dynamics? The two
key model ingredients giving rise to this pattern are roundabout production and a working capital
channel. Both of these channels can be seen in equation (20), which is the expression for real
marginal cost in our model. Because working capital results in the nominal interest rate having a
direct effect on marginal cost, it works to limit the increase in marginal cost associated with an
expansionary policy shock. Via the traditional Phillips Curve, a smaller increase (or a decrease) in
marginal cost keeps inflation from initially rising by as much. Because the cut in interest rates is
only temporary, as the interest rate starts to rise after impact, marginal cost begins to rise, which

puts upward pressure on inflation and can result in hump-shaped inflation dynamics. Roundabout
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production works through a similar channel. Positive values of ¢ limit the sensitivity of marginal
cost to fluctuations in factor prices, and therefore allow output to expand by more without marginal
cost (and hence inflation) rising by much.

To further elucidate these mechanisms, Figure 2 plots impulse responses of output and inflation
to a policy shock for four different cases. The solid lines show the responses in our Base Model. The
dashed lines present responses when roundabout production is turned off, which amounts to setting
¢ = 0. The dotted line shows responses with roundabout production but where there is no working
capital channel, so that ¥y = ¢¥r = ¥x = 0. The dashed line with 4+ markers shows responses
when there is limited borrowing (so ¥, = 1, but ¢r = ¢y = 0) with roundabout production.

We focus first on the response of inflation to a policy shock. From the Figure one observes
that some degree of working capital (either LB or EB) is necessary to generate a hump-shaped
inflation response — when there is no working capital at all, the impulse response of inflation is
largest on impact, and exhibits no hump-shape. There is a bigger hump-shape in the inflation
response when there is EB (so all factors must be financed via working capital) than when there
is LB (so that labor is the only factor which must be financed). This is natural; when all factors
must be financed, the effect of the interest rate on marginal cost is stronger than when just one
factor must be financed. This effect can clearly be seen when comparing the expression for marginal
cost in our baseline case, (20), to the case where working capital only applies to labor, (19). In
the impulse responses roundabout production has the effect of limiting the inflation response on
impact. When comparing the impulse response in Figure 2 when there is no EB to the response
in Figure 1 where there is neither EB nor RP, one sees that the inflation response is significantly
smaller on impact with RP than without. When there is no RP but all factors must be financed via
working capital, the response of inflation is hump-shaped, but is positive on impact and the peak
response occurs roughly three quarters subsequent to the shock. When EB is combined with RP,
the impact response of inflation turns negative, and the peak response of inflation occurs about five
quarters after the shock. In other words, while a working capital channel can generate a hump-
shaped inflation response, it is the interaction between working capital and roundabout production
that can deliver a negative impact response of inflation. Roundabout production also accentuates
the persistence in the inflation response induced by working capital.

We next turn attention to the output response. It is evident that the output response is
largest and most persistent in our baseline model. In other words, working capital and roundabout
production both serve as amplification mechanisms for a monetary policy shock. Both of these
features limit the extent to which marginal cost rises after a policy shock, which therefore induces

firms to hire more factors and therefore expand production more.
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3.2 The Price Puzzle

Our model is capable of generating a “price puzzle” in the sense that an expansionary monetary
policy shock is initially associated with a decline in inflation, rather than an increase as the standard
New Keynesian model would suggest. This finding is consistent with many empirical studies often
reaching a similar finding when identifying monetary policy shocks in structural VARs.

As discussed above, our model can generate a price puzzle because of the interaction of round-
about production with the working capital channel applied to all variable factors of production.
Working capital makes the interest rate a direct component of marginal cost. A decrease in the
interest rate applies downward pressure on marginal cost, which works against the upward pressure
resulting from increases in factor prices due to an expanding economy. Roundabout production
reduces the sensitivity of marginal cost to fluctuations in factor prices. When combined, these
features result in inflation initially declining after a policy shock.

How sensitive are our results to the parameterization of the model? Figure 3 shows impulse
responses of inflation and the price level under some alternative parameterization of our baseline
model (which includes both roundabout production and working capital applied to all variable
inputs). The solid lines show the responses in our baseline parameterization. The dashed line
shows responses when we assume that wages are stickier than in our baseline, with &, = 0.75
instead of 0.66. A value of &, is consistent with the micro analysis in Barattieri, Basu, and Gottshalk
(2014), and is also consistent with estimates from medium scale DSGE models with many shocks
(e.g. Justiniano, Primiceri, and Tambalotti, 2010, 2011). With stickier wages, the initial fall in
inflation is even greater than in our baseline parameterization, and is strong enough that the price
level response does not turn positive for three quarters, and does not significantly rise for several
more quarters after that. In other words, our parameterization of the wage stickiness parameter is
conservative with respect to the magnitude of the price puzzle our model can generate. The intuition
for this effect is straightforward. The stickier are nominal wages, the less real wages increase after
a policy shock. This reinforces the effects of working capital and roundabout production in keep
marginal cost from increasing, which results in a smaller initial reaction of inflation.

The dashed lines plot impulse responses with a parameterization implying a more elastic re-
sponse of capital utilization. Our parameterization of v9 = 0.05 (the parameter which governs the
squared term in the utilization cost) is a middle ground between Justiniano, Primiceri, and Tam-
balotti (2010, 2011), who estimate this parameter to be about 0.15, and CEE (2005), who fix this
parameter at 0.00035 (in particular, their parameterization fixed % = 0.01; given the parameteri-

zation of 1 to be consistent with steady state utilization of unity, this implies v2 = 0.00035). The
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dashed lines show responses when we use the lower value of v2 consistent with CEE (2005). Like
stickier wages, this also has the effect of magnifying the price puzzle the model generates — inflation
initially falls by more, and the price level response does not turn positive for four quarters. In con-
trast to the impact effect, when capital utilization is more elastic inflation and hence the price level
actually respond more positively after several quarters than our baseline specification. The house-
hold’s first order condition for optimal capital utilization requires that rf = a’(Z;) = v1 +v2(us — 1)
(see the Appendix). A lower value of v has the effect of making the real rental rate, rf, less
sensitive to utilization. This has the effect of keeping the real rental rate from rising as much after
an expansionary policy shock, which works to keep marginal cost down, and therefore limits the

increase in inflation on impact (or in this case, magnifies the decrease in inflation on impact).

3.3 Cyclical Price Markup

The basic transmission mechanism by which positive demand shocks raise output in the textbook
New Keynesian model is via a countercyclical price markup over marginal cost (see, e.g. Woodford,
2003, 2011). Nekarda and Ramey (2013) have recently challenged the empirical relevance of this
transmission mechanism. In particular, they empirically find that the price markup is procyclical
unconditionally, as well as procyclical conditional on an expansionary monetary policy shock.

What implications does our model have for the behavior of the price markup? Figure 4 plots
the impulse response of the price markup to an expansionary monetary policy shock for several
different specifications of our model. The solid line shows the response of the markup in our
baseline model. One observes that the markup initially rises and remains positive for about four
quarters, after which time it goes slightly negative before returning to trend. In other words,
our model generates a procyclical markup conditional on a monetary policy shock, at least for a
few quarters. The response of the markup in our model is qualitatively similar to the conditional
procyclicality Nekarda and Ramey (2013) estimate (see Figure 4 in their paper). The dashed line
shows the response of the markup in a version of the model without working capital or roundabout
production (in other words, what might be considered the “textbook” medium scale New Keynesian
model). Consonant with the basic intuition from the textbook sticky price New Keynesian model
with flexible wages and without capital, the markup is very countercyclical conditional on the
expansionary policy shock in this version of the model.

The dotted line in the Figure plots the impulse response of the markup in a version of the
model in which there is neither working capital nor roundabout production, but in which prices
and wages are fully indexed to lagged inflation. Though full indexation alone is capable of gener-

ating hump-shaped inflation dynamics (see Figure 1), it does little to change the dynamic response
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of the markup. The markup is conditionally countercyclical, falling on impact and obeying similar
dynamics to the version of the model without indexation. The dashed line with “+” markers plots
the response of the markup in a version of the model with limited borrowing (so that the wage bill
is fully financed via working capital, but capital and intermediates are not), no roundabout produc-
tion, and full indexation. This is essentially the version of the model in Christiano, Eichenbaum,
and Evans (2005). This version of the model does generate an initial increase in the price markup
after an expansionary policy shock, but the increase is smaller than what our model generates and
the price markup does not stay positive for as long as in our model.

Table 3 presents some statistics for the cyclicality of the price markup in these different versions
of the model. We measure the cyclicality of the markup by the correlation with real GDP, and use
three different filtering devices — first differences, log-levels, and HP-filtered log-levels. For point
of comparison, we also include the cyclicalities of the markup estimated by Nekarda and Ramey
(2013). Some caution is in order when making comparisons between the model and their data,
because their cyclicalities are unconditional whereas ours are conditional on a monetary policy
shock. Nevertheless, the comparisons are revealing, so we have chosen to include them.

Regardless of filtering method, our baseline model generates a procyclical markup conditional
on a monetary policy shock. The correlation between the first log differences of the price markup
and output is 0.42, which is very close the unconditional correlation estimated by Ramey and
Nekarda (2013) of 0.50. In log-levels the correlation in the model is smaller but nevertheless still
positive at 0.09. When the series are HP-filtered the correlation between the markup and output is
0.16. This is a bit smaller than what Nekarda and Ramey (2013) report, but is qualitatively in-line
with their results.

None of the other specifications of the model are capable of generating a robustly procyclical
price markup. In line with the impulse responses shown in Figure 4, the versions of the model
without a working capital channel and no roundabout production deliver a highly countercyclical
price markup. This is true for all three filters and does not depend on whether there is backward
indexation or not. The version of the model with limited borrowing (only the wage bill is financed
via working capital) and full indexation is essentially equivalent to the model in CEE (2005). This
version of the model meets with some limited success when compared to the analysis in Nekarda
and Ramey (2013). While this version of the model generates a mild positive correlation between
the the first differences of the price markup and output (correlation of 0.11, far lower than the
correlation our model produces), it predicts a countercyclical price markup in either log-levels or
HP filtered log-levels (correlations with output of -0.32 and -0.31, respectively). Not only does our

model generate a procyclical price markup conditional on a monetary policy shock, relative to these
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other specifications it also generates the largest output response to a policy shock (see Figure 1).
In other words, our model delivers a highly expansionary monetary policy shock without relying
on a countercyclical markup.

Just as it is key to generating a hump-shaped response of inflation to a policy shock, the
working capital channel is the key mechanism capable of delivering a conditionally procyclical price
markup. Our baseline model assumes that all factors must be fully financed via working capital,
i.e. Yr =Yg =¥ = 1. One might wonder whether or not intermediate values of these parameters
are also capable of generating a procyclical markup. In Figure 5 we plot the cyclicality of the price
markup (with the three different filtering methods) for values of 1) between 0 and 1, where we
assume that ¢, = 9 for all three factors. When there is no working capital channel at all (¢ = 0),
the correlation of the markup with output is close to -1 regardless of filter. When focusing on the
correlation in first differences, our model generates a positive correlation between the markup and
output conditional on a policy shock for values of ¥ > 0.25. The cutoff value of ¢ for a procyclical
markup is higher when focusing on correlations in log-levels of when looking at HP filtered data.
For HP filtered data, v must be bigger than about two-thirds to generate a procyclical markup.
In levels, the cutoff value of 9 is roughly 0.85. In other words, while our model relies on at least
some working capital channel to generate a procyclical markup conditional on a policy shock, the

entirety of factor payments do not have to be financed with working capital for this result to obtain.

3.4 The Autocorrelation of the First Difference of Inflation

Our baseline model with roundabout production and working capital for all variable inputs gen-
erates a hump-shaped impulse response of inflation to a monetary policy shock. A model without
these features but with full backward indexation of prices and wages to lagged inflation can also
generate this feature.

A hump-shaped impulse response function implies positive autocorrelation in first differences.
The first inner column of Table 4 shows the first order autocorrelation of the first difference of
inflation in our base model with only the monetary policy shock. This autocorrelation is positive
at 0.29. We also show the first order autocorrelation of the first difference of inflation in a version
of the model with no working capital channel and no roundabout production, but where prices and
wages are both fully indexed to lagged inflation. This version of the model also produces a positive
autocorrelation of the first difference of inflation, although it is substantially higher than in our
baseline model (0.73 versus 0.29 in our baseline model).

While the primary focus of this paper is on the conditional responses to a monetary policy

shock, it is of interest to explore the implications of our model conditional on other shocks. While
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virtually all empirical papers find that inflation responds sluggishly and in a hump-shaped fashion
to a monetary policy shock, this is generally not the case conditional on other shocks. Gali (1999)
identifies a neutral productivity shock in a structural VAR using a long run restriction. He finds that
inflation falls sharply in the period of a positive productivity shock, and then reverts monotonically
back to trend, with no hump-shape. Using growth accounting techniques to construct a “purified”
Solow residual, Basu, Fernald, and Kimball (2006) reach a similar conclusion, finding that the price
level adjusts downward quickly conditional on a technology shock. Gali (1992) uses a structural
VAR to identify four distinct shocks — a “supply” shock, a monetary policy shock, an “IS shock”
(or aggregate demand shock), and a money demand shock. While he finds that inflation responds
sluggishly and with a hump-shape to a monetary policy shock (he also estimates a mild price
puzzle), he estimates that inflation reacts quickly and without a hump-shape to the three other
identified shocks.

We augment our model to include both a productivity shock and a preference shock, the latter of
which is meant as a stand-in for aggregate demand disturbances other than a monetary policy shock.
To include the productivity shock, we augment the production function of a typical intermediate

producter, (12), to include a shift term, Ay:

X(j) = max {ATG)° (R L)) 7 = Fuof (33)

The exogenous variable A; is common across all firms. It obeys a stationary stochastic process
with non-stochastic steady state value normalized to unity and an innovation drawn from a normal

distribution with standard deviation equal to s4:

A= AP exp (sagl'), 0<pa<l, &'~N(0,1) (34)

We model the preference shock as a shock to current flow utility:

(35)

Ui(h) = v (m (C)— bCy 1) — nW>

1+x
The exogenous variable v; is common across all households. It follows a stationary stochastic
process. Positive innovations to v; cause the household to value current utility more than future
utility, and are therefore isomorphic to a temporary reduction in the discount factor. The process
for vy is given below. The non-stochastic steady state value is normalized to one and the innovation

is drawn from a standard normal distribution with standard deviation s, :
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Pv

v =v,"exp(spef), 0<p, <1, e ~N(0,1) (36)

We parameterize these shock processes as follows. We set ps = 0.95 and p, = 0.66. The
standard deviations of the innovations are set to s4 = 0.0075(1 — ¢) and s, = 0.025.1% In our
baseline model which also includes the monetary policy shock, this parameterization generates a
standard deviation of output growth of 0.0067, which is close to its value in the data over the last
thirty years. The productivity shock explains 47 percent of the unconditional variance of output
growth, the preference shock 38 percent, and the monetary policy shock 15 percent.

Figure 6 plots impulse responses of inflation to each of the three shocks. We do so for two model
specifications — our baseline specification (solid line), as well as a specification of the model with
no working capital, no roundabout production, but full indexation of prices and wages to lagged
inflation (dashed line). Both model specifications generate a hump-shaped response of inflation to
a monetary policy shock, with our baseline specification generating a mild price puzzle. There are
important differences conditional on the other two shocks. Our model does not generate hump-
shaped responses of inflation to the productivity or preference shocks, whereas the specification
with full backward indexation does. The intuition for this result relates back to the manner in
which working capital enters the model. Conditional on a monetary shock, the interest rate falls
while factor prices rise, which exerts upward pressure on real marginal cost and hence inflation. A
fall in the interest rate counteracts the effect of rising factor prices on marginal cost, which mutes
the initial response of inflation to the shock. Conditional on non-monetary shocks, the interest rate
and marginal cost tend to move in the same direction because of the reaction of the interest rate
to inflation in the Taylor rule. A demand shock, for example, raises inflation and hence also the
nominal interest rate. The rise in the nominal interest rate works to further increase marginal cost,
which tends to make inflation increase by more than it would without a working capital channel.
The same mechanism is at work, but in reverse, conditional on a productivity shock. Hence, our
model with working capital does not generate hump-shaped inflation dynamics conditional on non-
monetary shocks. The version of the model with backward price and wage indexation, in contrast,
induces inflation inertia conditional on all shocks.

The remaining columns of Table 4 show first order autocorrelations of the first difference of
inflation conditional on the productivity and preference shocks, as well as the unconditional au-

tocorrelation of the first difference of inflation when all three shocks are included in the model.

0The reason for the scaling of the productivity shock is because A; effectively enters the aggregate production
function twice because of the presence of intermediate goods (which A impacts). This scaling ensures that the effect
of the productivity shock on TFP (output less share-weighted inputs) is invariant to the value of ¢.
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Consistent with the pattern of impulse responses, in our baseline model there is either a negative
(conditional on the productivity shock) or zero (conditional on the preference shock) first order
autocorrelation of the first difference of inflation. Unconditionally, our model generates a mildly
negative autocorrelation of the first difference of inflation (-0.09). The version of the model without
working capital and roundabout production, but with full backward indexation, in contrast, pro-
duces significantly positive autocorrelations of the first difference of inflation conditional on both
the productivity and preference shocks. Unconditionally, the model with backward indexation
produces a first order autocorrelation of the first difference of inflation of 0.49.

In the data, the unconditional first order autocorrelation of the first difference of inflation is
negative. We measure inflation in the data as the first difference of the log GDP price deflator.
The bottom rows of Table 4 show the first order autocorrelations of the first difference of inflation
for different sample periods. This correlation is robustly negative and ranges between -0.3 and -0.4
depending on the sample period. The lack of a positive unconditional autocorrelation of the first
difference of inflation in the data is consistent with many of the VAR papers cited above, which
routinely find that inflation is not particularly sluggish except conditional on monetary shocks,
which account for only a modest fraction of the overall volatility of output and prices. While our
model with roundabout production and working capital does not perfectly match the magnitude of
the autocorrelation of the first difference of inflation in the data, it correctly predicts the negative
sign. The model without these features but with full backward indexation produces a robustly
positive autocorrelation of the first difference of inflation and is therefore strongly at odds with the
data.

These results potentially shed some light on an apparent tension in the literature. Authors
since CEE (2005) have typically included backward indexation as the principal means by which
to introduce sluggish, hump-shaped inflation dynamics conditional on monetary policy shocks.
But papers which estimate medium scale DSGE models with several shocks typically do not find
backward indexation of prices and wages to be strong — examples include Smets and Wouters (2007),
who find that indexation parameters for wages and prices to be about 0.5 and 0.2, respectively; and
Justiniano, Primiceri, and Tambalotti (2011), who find the parameters governing price and wage
indexation to both be around 0.1. The fact that these papers typically find backward indexation to
be relatively unimportant is unsurprising in light of the facts that the unconditional autocorrelation
of the first difference of inflation is negative and that the estimated contribution of monetary
policy shocks to the unconditional volatilities of most variables is small. Our model potentially
provides a bridge between these disparate findings in the literature in that it can simultaneously

generate a sluggish, hump-shaped response of inflation to a monetary policy shock, while at the
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same time generating non-inertial responses of inflation to other shocks and a negative unconditional

autocorrelation of the first difference of inflation.

4 Conclusion

In this paper we have built a medium-scale DSGE model and studied its implications for the
dynamics of inflation, output, and the price markup over marginal cost. In addition to many of
the usual ingredients of these models, our model includes a roundabout production structure and
assumes a working capital channel wherein firms have to borrow to finance the cost of all factors
of production. The model is able to deliver hump-shaped and inertial inflation dynamics to a
monetary policy shock, a large and persistent response of output, and a mild price puzzle. It does
so with the price markup being procyclical, as recent empirical evidence suggests is the case. While
inflation is hump-shaped and inertial conditional on monetary shocks, it is not inertial conditional
on other shocks, and the unconditional autocorrelation of the first difference of inflation in our
model is negative, as it is in the data.

Many papers include backward-indexation or rule of thumb price setters into New Keynesian
models to help account for the sluggish behavior of inflation. These features are theoretically
unattractive and imply that prices and wages adjust every quarter, which is strongly at odds with
available evidence. Our analysis suggests that these features are not necessary to understand the
inertial behavior of inflation. Our model with purely forward-looking price and wage setting does
at least well as a model with backward-indexation in accounting for inertial inflation dynamics,
and does better along several other dimensions, including the cyclicality of the markup and the

unconditional autocorrelation of the first difference of inflation.
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Figure 1: Output, Inflation, and Price Level Responses
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Note: this figure plots the impulse responses of output, inflation, and the price level to a monetary policy shock.
The solid lines show the responses in the baseline calibrated model. The dashed lines show responses when there is
no roundabout production and no extended borrowing (“No RP, No EB”). The dotted lines show responses when
there is no roundabout production and no extended borrowing, but prices and wages are fully indexed to the lagged
inflation rate (“No RP, No EB, Full Backward Indexation”).
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Figure 2: Output and Inflation Responses: Roundabout Production and Working Capital
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Note: this figure plots impulse responses of inflation to three different shocks in the model — the monetary policy
shock, a productivity shock, and a preference shock. We do so under two cases: our base model (solid line), and a
version of the model with no roundabout production and no extended borrowing, but where prices and wages are fully
indexed to the lagged inflation rate (“No RP, No EB, Full Backward Indexation”). The processes for the productivity

and preference shock are described in the text.
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Figure 3: Inflation and Price Level Responses: Price Puzzle
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Note: this figure plots impulse responses of inflation and the price level to a monetary policy shock for four different
parameterizations of the baseline model. The solid lines depict the responses under a baseline parameterization. The
dashed line considers the case where wages are stickier, with &, = 0.75 instead of 0.66. The dotted line considers the
case in which capital utilization is more elastic. For this specification we assume that % = 0.01, as in Christiano,

Eichenbaum, and Evans (2005). annualized.
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Figure 4: Impulse Response of Price Markup
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Note: this figure plots impulse responses of the price markup to a monetary policy shock. The solid line depicts
responses in our base model. The dashed lines show response in the model without working capital and without
roundabout production (“No EB, no RP”). The dotted lines show the response when there is no working capital and
no roundabout production, but full backward indexation of prices and wages to laggged inflation (“No EB, no RP, Full
Indexation”). The dashed line with “+” markers shows the responses when there is limited borrowing (so that only

the wage bill must be financed), no roundabout production, and full backward indexation (“LB, Full Indexation”).
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Figure 5: Extent of Working Capital and the Cyclicality of the Markup
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Note: this figure plots the correlation between the price markup and output (in first log-differences (solid line),

log-levels (dashed line), and HP filtered log-levels (dotted line)) as a function of the value of 1, where we assume

that Yr = ¥k = ¥ = ¥. In other words, the parameter ¢ measures the fraction of factor payments that have to

be financed with working capital, assuming that this fraction is the same for all three factors of production. The

dashed-dotted line is drawn at zero to facilitate determining the threshold value of ¥ capable of delivering a procyclical

markup.
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Figure 6: Inflation Response to Other Shocks
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Note: this figure plots impulse responses of inflation to three different shocks in the model — the monetary policy
shock, a productivity shock, and a preference shock. We do so under two cases: our base model (solid line), and a
version of the model with no roundabout production and no extended borrowing, but where prices and wages are fully
indexed to the lagged inflation rate (“No RP, No EB, Full Backward Indexation”). The processes for the productivity

and preference shock are described in the text.
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Table 1: Parameter Values

Parameter Value Description

1] 0.99 Discount factor

b 0.8 Internal habit formation

n 6 Labor disutility

X 1 Frisch elasticity

K 5 Investment adjustment cost

1 0.025 Depreciation rate

Y1 Z* =1 Utilization adjustment cost linear term
Y2 0.05 Utilization adjustment cost squared term
&p 0.66 Calvo price

Ew 0.66 Calvo wage

Cp 0 Price indexation

Cw 0 Wage indexation

0 6 Elasticity of substitution: goods
o 6 Elasticity of substitution: labor

¢ 0.624 Intermediate share

! 1/3 Capital share

F II* =0 Fixed cost

YL 1 Fraction of labor financed

VK 1 Fraction of capital financed

Yr 1 Fraction of intermediates financed
pi 0.8 Taylor rule smoothing

fo7 1.5 Taylor rule inflation

Qy 0.2 Taylor rule output growth

" 0 Trend inflation

Si 0.002 SD Taylor rule shock

Note: this table shows the values of the parameters used in quantitative analysis of the model. A description of
each parameter is provided in the right column. The parameter on the linear term in the utilization adjustment
cost function, 71, is chosen to be consistent with a steady state normalization of utilization to 1. Given other
parameters this implies a value 71 = 0.0351. The fixed cost of production, F', is chosen so that profits equal zero in

the non-stochastic steady state. Given other parameters, this implies a value of F' = 0.0191.

Table 2: Output and Inflation Dynamics

Inflation autocorrelation

Lag
Output half-life 1 2 3 4 5
Base model 14 0.9248 0.8054 0.6682 0.5307 0.4032
No EB, no RP 12 0.8331 0.6659 0.5153 0.3877 0.2842
No EB, no RP, full indexation 6 0.9507 0.8293 0.6662 0.4893 0.3203

Note: this table shows some statistics from different versions of the model. The column labeled “Output half-life”
shows the half-life of output in response to a monetary policy shock, which we define as the number of quarters
(rounded to the nearest integer) after which the impulse response of output is one-half its impact response. The
remaining columns show autocorrelations of inflation at different lags. “Base model” refers to our baseline model.
“No EB, No RP” refers to a specification of the model in which there is no working capital channel and no roundabout
production; “No RP, No EB, Full Indexation” is similar but assumes full backward indexation of prices and wages
to lagged inflation.
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Table 3: Cyclicality of Price Markup

First Differences Log-Levels HP Filtered Log-Levels

Base Model 0.4226 0.0877 0.1589
No EB, No RP -0.9793 -0.9653 -0.9700
No EB, No RP, Full Indexation -0.9883 -0.9815 -0.9835
LB, No RP, Full Indexation 0.1068 -0.3170 -0.3109
Nekarda and Ramey (2013) 0.495 n/a 0.3250

Note: this table shows statistics for the cyclicality of the price markup (correlation of the markup with a output) in
different versions of the model for different filtering methods. The column labeled “First Differences” looks at the
correlations between the first differences of the price markup and output. The column labeled “Log-Levels” shows
correlations between the log-levels of the price markup and output (since our model abstracts from trend growth,
one can think of this column as corresponding to linearly detrended log series). The final column column presents
correlations between the HP filtered price markup and output (smoothing parameter 1600). The row “Base Model”
uses our baseline model. The row labeled “No EB, No RP” omits a working capital channel and has no roundabout
production; the row labeled “No EB, no RP, Full Indexation” is similar but assumes full backward indexation of
both prices and wages. The row labeled “LB, No RP, Full Indexation” is essentially the Christiano, Eichenbaum,
and Evans (2005) specification: it features limited borrowing (the wage bill must be financed, but not capital or
intermediate goods), there is no roundabout production, and there is full backward indexation of prices and wages.
The final row shows numbers from the data presented by Ramey and Nekarda (2013): these are correlations of the
markup with real GDP assuming that the production function is Cobb-Douglas and the data are from the private

business sector (row 1 of their Table 1).

Table 4: Autocorrelation of First Difference of Inflation

Monetary  Productivity Preference  Unconditional

Base model 0.2944 -0.1055 0.0016 -0.0858
No EB, No RP, full indexation 0.7311 0.4662 0.6988 0.4900
Data, 1960-2015 -0.2940
Data, 1960-1983 -0.2367
Data, 1984-2015 -0.3926

Note: this table presents first order autocorrelations of the first difference of inflation in different versions of the
model as well as in the data. We do so conditional on the three different shocks described in Subsection 3.4, as well
as unconditionally when all three shocks are included in the model. The parameterization of the additional shock
processes is as described in the text. “Base Model” refers to our baseline model. “No EB, No RP, Full Indexation”
omits working capital and roundabout production from the model, but assumes full backward indexation of both
prices and wages to lagged inflation. The rows labeled “Data” compute the first order autocorrelation of the first
difference of inflation in various different subsamples. We measure inflation as the log first difference of the GDP

Implicit Price Deflator.
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A Full Set of Equilibrium Conditions
This appendix lists the full set of equilibrium conditions:
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Equation (A1) defines the real multiplier on the flow budget constraint. (A2) is the optimality
condition for capital utilization. (A3) and (A3) are the optimality conditions for the household
choice of investment and next period’s stock of capital, respectively. The Euler equation for bonds
is given by (A5). (A6)-(A8) describe optimal wage setting for households given the opportunity
to adjust their wages. Optimal factor demands are given by equations (A9)-(A11). Optimal price
setting for firms given the opportunity to change their price is described by equations (A12)-(A14).
The evolutions of aggregate inflation and the aggregate real wage index are given by (A15) and
(A16), respectively. Net output is gross output minus intermediates, as given by (A17). The
aggregate production function is (A18). The aggregate resource constraint is (A19), and the law
of motion for physical capital is given by (A20). The Taylor rule for monetary policy is (A21).
Capital services are defined as the product of utilization and physical capital, as in (A22). The law

of motion for price dispersion is (A23).
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