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Abstract

We study the implications of having different sources of nominal rigidities on the
relationship between productivity growth and shocks volatility in a model with pro-
cyclical R&D and imperfect competition in goods and labour markets. We show that
the effects of uncertainty on long-term growth not only depends on the source of fluc-
tuations, as recent literature shows, but also, and crucially, on whether prices and/or
wages are rigid.
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1 Introduction

Traditionally macroeconomists considered growth and business cycles as two different fields
of research. It wasn’t until the Eighties, with the advent of the Real Business Cycles Theory,
that scholars started questioning this view on the grounds that fluctuations are persistent
and output does not show a strong tendency to return to its long-run trend after a shock.
An explanation for this evidence is provided by endogenous growth models, where any
temporary disturbance may affect growth-enhancing activities (i.e. savings, investments,
R&D activities) thus producing everlasting effects on the level of output. The goal of this
paper is to study how different sources of nominal rigidities affect the relationship between
short-run fluctuations and productivity growth.
In the presence of market failures business cycles are likely to involve ineffi cient fluc-

tuations in the allocation of resources, in the sense that the surplus lost from a low level
of economic activity during recessions is larger than the gain from a symmetric deviation
(see Galí et al., 2007). In a standard New Keynesian model the key distortion producing
this effect is market power in the goods and labour markets, which introduces a wedge
between the marginal product of labour and the household’s marginal rate of substitution
between consumption and leisure. As Galí et al. (2007) note, this ineffi ciency wedge can
be decomposed into the product of a price markup (the ratio of the marginal product of
labor to the real wage) and a wage markup (the ratio of the real wage to the household’s
marginal rate of substitution): both these markups will induce a level of employment below
its natural rate. In this paper, first, we show analytically how uncertainty will push up both
of these markups on average, if there are price and wage rigidities.1 Second, we show how
the ineffi ciency caused by fluctuations, through their effects on markups, will compound
over time. This happens in our model because R&D activity is positively influenced by the
level of employment and aggregate demand which translates into a larger market size for
innovations, with permanent effects.2

Three sets of basic stylized facts are relevant for this paper: the first one is the existence
of nominal rigidities, both in the goods and in the labour markets, the second is the strong
procyclicality of both total factor productivity and R&D and the third refers to the evidence
of a relationship between business cycle fluctuations and growth.
Recent direct evidence on price/wage rigidities for developed countries is provided by

Dhyne et al. (2006), Dickens et al. (2007) among others. In general, a marked heterogeneity
in the frequency of price adjustment is found across sectors. Further, prices seem to change
less frequently in Europe than in the United States. With reference to wage rigidities,
data show that the wages of most workers typically change only annually and depend on a
complex set of institutional factors.
Coming to the second set of facts, there is strong empirical evidence in favour of the

procyclicality of R&D expenses (see e.g. Barlevy, 2007, Comin and Gertler, 2006, Walde

1While New Keynesian contributions are generally made in calibrated models, here we take a comple-
mentary line and consider a model with an explicit solution so as to make more transparent the mechanisms
at work.

2In the Appendix we show that there will be long-run effects of volatility on TFP, even if the assumption
on the presence of constant returns to the current level of technology in the innovation activity is dropped,
so that sustained growth disappears. We show that in this case uncertainty has level rather than growth
effects, but that the mechanisms at work are the same.
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and Woitek, 2004). The positive comovement between R&D activity and output is a puzzle
for theorists, since innovating has a cost in terms of current production, which is likely to
be lower during recessions.3 A possible explanation for the puzzle is that credit constraints
are pervasive and, as a result, R&D has to be financed by current profits (see e.g. Aghion
and Saint-Paul, 1998, Aghion and Banerjee, 2005, Aghion et al., 2010). The different —but
by no means alternative —explanation for the puzzle we incorporate in our model is closer
to Fatàs (2000), who shows that exogenous cyclical shocks may have persistent effects on
growth through the impact they have on aggregate demand. The mechanism we focus on
is the following: R&D activity is stronger during expansions, even if its opportunity cost
is higher, because its rewards are higher too, since the innovation creates monopoly power,
which however lasts only one period, and will therefore be exploited on a bigger scale when
aggregate demand is higher.
With respect to the relationship between business cycle fluctuations and growth, Barlevy

(2004) and Comin and Gertler (2006) observe that, over the postwar period, many industri-
alized countries have experienced significant oscillations between periods of robust growth
versus relative stagnation, and suggest that these medium-frequency oscillations may, to a
significant degree, be the product of business cycle disturbances at the high frequency. Fatàs
(2000) shows that empirical evidence from a large sample of countries suggests that there is
indeed a correlation between how persistent fluctuations are and the long-term growth rates
of GDP.
Also relevant for our analysis is the empirical evidence on the relationship between un-

certainty and growth. Since the seminal paper by Ramey and Ramey (1995), cross-country
studies have found that output growth uncertainty has a significant negative relationship
with long-run (trend) growth (see Bredin and Fountas, 2009, Hnatkovska and Loayza, 2005,
Martin and Rogers, 2000, Badinger, 2010 among many others). However, other empirical
analyses, such as Fountas et al. (2006), Grier et al. (2004), Andreou et al. (2013) and Chat-
terjee and Shukayev (2006), suggest that more risky output growth is positively correlated
with average output growth, while Grier and Perry (2000) find no evidence. On the other
hand, there seems to be greater consensus in the empirical literature about the negative
relationship between inflation and money supply uncertainty and output growth.4

Our paper contributes to an expanding theoretical literature that studies the relation-
ship between the business cycle and growth.5 A first theory due to Black (1987) points to a
positive relationship between uncertainty and growth: when agents may choose from a menu
of high-variance, high-expected-returns technologies and low-variance, low-expected-returns
technologies, communities with high risk tolerance get high expected returns which imply
higher growth at the cost of greater business cycle fluctuations. On the other hand, a high

3The so called Schumpeterian approach has particularly stressed that to the extent that the opportunity
cost of R&D is lower during recessions, these may have a positive impact on growth.

4Inflation uncertainty is found to be negatively correlated with output growth by Elder (2004), Fountas
et al. (2006), Grier and Perry (2000), Grier et al. (2004) and Judson and Orphanides (1999). Mone-
tary volatility is shown to have negative impact on growth in Andreou et al. (2013) and Turnovsky and
Chattopadhyay (2003).

5Studies in this literature include Acemoglu and Zilibotti (1997), Francois and Lloyd-Ellis (2003), Jones
et al. (2005), Blackburn (1999), Pelloni (1997), de Heck (1999), Canton (2002), Martin and Rogers (1997),
Blackburn and Galindev (2003), Blackburn and Varvarigos (2008), Evans and Kenc (2003), Dotsey and
Sarte (2000), Varvarigos (2008), Annicchiarico et al. (2011a, 2011b).
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degree of risk aversion will induce more saving and thus more growth in the presence of
uncertainty, when there is just one technology available (see Jones et al. 2005). In models
where technological change is the result of deliberate (internal) learning or R&D activity,
through actions which substitute production activities, increased uncertainty is likely to
enhance the long-run growth prospects of the economy (i.e. Aghion and Saint-Paul, 1998;
Blackburn, 1999); on the other hand, when technological change is due to serendipitous (ex-
ternal) learning, then higher business cycle volatility is likely to worsen the growth potential
(i.e. Martin and Rogers, 1997, 2000). A further ingredient for the generation of a negative
relationship between uncertainty and growth are nominal rigidities. In particular, in models
with technology à la Romer (1986) and one-period preset wages, Blackburn and Pelloni
(2004, 2005) show the existence of an unambiguous negative relationship between nominal
volatility and growth, while the relationship between real volatility and growth crucially
depends on the source of fluctuations and on labour market organization.
A common limit of the papers with nominal rigidities is that no R&D activity is intro-

duced. This activity is explicitly modelled here. Moreover we study the role of both wage
and price rigidities on the relationship between long-term productivity growth and uncer-
tainty due to different sources of stochastic fluctuations (i.e. technology and money supply).
We solve the model under the assumption that both wages and prices are set prior to the
realizations of the shocks on the basis of one-period-optimal contracts. This is done in the
context of a simple stochastic OLG endogenous growth model with imperfect competition in
goods and labour markets, where money is the only store value and functions as a medium
of exchange.
We find that, in general, the relationship between volatility and productivity growth is

negative or null when technological uncertainty predominates, depending on whether prices
are predetermined or not. When monetary volatility is concerned instead, we find that under
nominal rigidities uncertainty tends to always have a negative effect on long-run productivity
growth, but that the strength of this channel crucially depends on the source of nominal
rigidities. In the model inflation volatility positively depends on both technological and
money volatility, so the model is able to match the empirical evidence on the relationship
between growth and inflation volatility, which is mainly found to be negative.
The paper is organized as follows. Section two describes the setup of an OLG stochastic

monetary growth model with market power. In Section three we study a benchmark case
where prices and wages are set when all shocks have already materialized. In Section four
we derive the relationship between long-term productivity growth and volatility under the
assumption of different sources of nominal rigidities: (i) preset wages, (ii) preset prices, (iii)
preset prices and wages. Finally, some concluding comments are offered in Section five.

2 A simple endogenous growth model with procyclical
R&D and market power

There is a continuum of firms indexed by j ∈ [0, 1] operating in a monopolistically compet-
itive market. Productivity is endogenously determined and depends on the R&D activity
of firms. The demand side is described by a two-period overlapping generations monetary
model. The labour market is characterized by the presence of a monopolistic union setting

4



nominal wages, whereby firms determine the level of employment. Time is discrete and
indexed by t ∈ {0, 1, ...∞}.

2.1 Firms

Each firm produces a differentiated good Yt(j) by combining LY,t (j) units of labour according
to the following technology:

Yt(j) = At(j)LY,t (j)α , α ∈ (0, 1), (1)

where At(j) is firm’s j total factor productivity (TFP) given by the stock of knowledge at
its disposal. By doing R&D firms can increase their TFP in the current period:

At(j) = ΩtAt−1L
φ
RD,t(j), (2)

with

Ωt = Ω exp

(
εΩ,t −

σ2
Ω

2

)
, εΩ,t ∼ iid.N

(
0, σ2

Ω

)
, (3)

Ω > 1, φ ∈ (0, 1) , α + φ < 1,

where LRD,t(j) is the quantity of labour inputs devoted to the R&D activity, At−1 is publicly
available (that is the productivity of individual firm’s R&D activity increases with the stock
of technology). According to equation (2) at the beginning of period t, starting from a
common level of productivity At−1, each firm can raise its productivity by devoting labour
inputs to R&D activity. Putting it in another way, equation (2) captures the so called
“standing on shoulders”effect of knowledge accumulation, indicating that the productivity
of researchers increases with the stock of ideas that have already been discovered. We
also assume that the monopoly power of the firm over the results of its innovative activity
only lasts one period. This simplification, also adopted by Strulik et al. (2011) avoids
intertemporal (dynastic) problems of patent holding, but keeps the basic incentive to create
new knowledge intact. The specification of the exogenous variable Ωt implies that E(Ωt) = Ω
and therefore enables us to capture the pure effect of volatility.6

A more general formulation than (2) for the productivity process would be: At(j) =

ΩtAt−1

[
LφRD,t(j) + 1− δA

]
, where δA can be interpreted as the obsolescence rate of technical

knowledge and 1− δA as the survival probability of technologies.7 With δA = 1 we get our
specification. The assumption of 100% depreciation of accumulable factors, used to build an
analitically solvable stochastic model, is rather common in works on growth and volatility.
It can be found as regards the accumulation of technology in Blackburn and Galindev (2003)
and as regards the accumulation of human capital in Jones et al. (2005) and in Varvarigos
(2008).8

6An increase in σ2
Ω, in fact, implies an increase in the variance of Ωt, which is found to be

Ω2
[
exp

(
σ2

Ω

)
− 1
]
, leaving its mean unchanged, since E

[
exp

(
εΩ,t − σ2

Ω

2

)]
= 1.

7Comin and Gertler (2006) posit a annual rate of obsolescence of 0.03.
8In fact with this formulation technical regress is possible in principle, even if its probability will be low

if the coeffi cient of variation of the shocks is low. This possibility is also an implication of the representation
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Equation (2) also assumes constant returns to the level of technology in the innovation
activity. This assumption generates long-run growth in the model. An implication of this
assumption is, however, that larger economies would grow at a faster rate and that an
increasing population would trigger explosive growth. In Jones (2005) parlance the model
exhibits ‘strong’scale effects. In the Appendix we extend our analysis to the case in which
the assumption is dropped, so that the model only delivers level (‘weak’) rather than growth
scale effects.
Finally, parameter φ in (2) is less than one in order to capture the possibility of decreasing

returns to labour in R&D.9

Firm j faces a demand function of the form:

Yt (j) =

(
Pt (j)

Pt

)−θ
Yt, (4)

where Pt is the aggregate price level, Yt aggregate production, Pt(j) the price of good j and
θ > 1 the elasticity of substitution between any pair of goods. Firm’s j will set LY,t (j)
and LRD,t (j) so as to equate their marginal product. Moreover firms are assumed to be
symmetric so we can drop the index j. At an optimum, writing Lt = LRD,t +LY,t, we have:

LRD,t =
φ

α
LY,t, (5)

Yt = ΨΩtAt−1L
α+φ
t , (6)

where Ψ ≡ [φ/ (α + φ)]φ [α/(α + φ)]α and

LRD,t = φLt/(α + φ). (7)

The condition for the optimal price is contingent on the timing of its fixing, so we will
consider it later.

2.2 Households

The typical household born at time t supplies labour Nt, consumes Ct in period t and C
′
t+1

in period t+ 1. The expected value of lifetime utility is

Ut = Et

(
logCt +

1

γ
logC

′

t+1 − η
1

v
N v
t

)
, γ > 1, v > 1, η > 0, (8)

where Ct is a consumption index given by Ct ≡
[∫ 1

0
Ct(j)

θ−1
θ dj

] θ
θ−1

with Ct(j) being the

quantity consumed of good j, 1/γ is the discount factor and η weights the disutility of

of the (exogenous) evolution of technology in many DSGE models. In these models, in fact, the technology
shifter in the aggregate production function is often represented as an exogenous autoregressive process
with drift. Such a process can in principle deliver technology regress when the disturbance term is negative
enough.

9In reality, there could also be an externality due to the duplication of research activity taking place in
other firms. This so called “stepping on toes”effect could induce an even stronger curvature of the aggregate
knowledge production function with respect to labour.

6



working. To simplify the algebra and without loss of generality, we set the coeffi cient in
the disutility of labour such that η ≡ (1 + γ) /γ. With reference to labour inputs, the
above formulation has three main implications: (i) preferences are consistent with balanced
growth, in the sense that on balanced growth path doubling a household’s income doubles
its consumption, but does not affect its labour inputs choice; (ii) the marginal utility of
consumption is independent of the worker’s leisure; (iii) the Frisch elasticity of labour supply
is constant and equal to 1/(v − 1).
At the optimum the demand for each good j ∈ [0, 1] is Ct (j) = (Pt (j) /Pt)

−θ Ct, where

Pt =
[∫ 1

0
Pt(j)

1−θdj
] 1
1−θ
. It follows that

∫ 1

0
Pt(j)Ct(j) = PtCt. Households save in the form

of money (at time t, denoted byMt) which is the unique asset of the economy. Their budget
constraints in the two periods are given by:

PtCt +Mt = WtNt + Πt, (9)

Pt+1C
′

t+1 = µt+1Mt, (10)

µt = µ exp

(
εµ,t −

σ2
µ

2

)
, µ > 1, εµ,t ∼ iid.N

(
0, σ2

µ

)
, (11)

where Πt denotes firms’nominal profits, µt is a stochastic multiplicative monetary shock
and εµ,t is a monetary innovation.10

The representative household will choose Ct and C ′t+1 to maximize (8) subject to the
budget constraints (9) and (10). By using the fact that in general equilibrium all markets
must clear, so that Ct + C ′t = Yt and Mt = Ht, with Ht being money supply which evolves
as Ht = µtHt−1, we have that (10) can be rewritten as PtC

′
t = Mt, so that money is entirely

held by the old who spend all of it. The consumption function of the young is then found
to be

Ct =
γ

1 + γ
Yt, (12)

and the condition for the money market equilibrium is

Mt

Pt
=

Yt
1 + γ

. (13)

3 Volatility and growth with flexible prices and wages

In this Section we present the remaining equilibrium conditions and model solution under
the assumption that both wages and prices are flexible. By ‘flexibility’we mean that the
current realizations of the shocks are observed when prices and wages are set.
Firm’s j will set Pt(j) to maximise current profitsΠt(j) = Pt (j)Yt (j)−Wt [LY,t (j) + LRD,t(j)]

given the wage Wt, the demand for its own good (4) and the technology equations (1) and
(2). We have already seen that (5) and (6) will hold. A further optimizing condition dictates
that the optimal price will correspond to a markup over the marginal cost

Pt = Θ
WtLt

(α + φ)Yt
, (14)

10For simplicity we assume that households start off with no money. This assumption is not crucial for
our results and is consistent with the role of money as a reserve value and a medium of exchange.
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again omitting the j index to save on notation and with Θ ≡ θ/(θ−1). Clearly, when prices
are set after the realizations of the shocks the price markup, which we labelMUP for future
reference, is always constant and equal to Θ. Finally, using (6) and (14) we can express
labour demand as

Lt =

(
Θ

α + φ

Wt

ΨΩtPtAt−1

)− 1
1−(α+φ)

. (15)

Coming to the labour market functioning, we adopt a “right to manage”assumption: a
monopolistic trade union sets the nominal wage in order to maximise households’expected
utility (8), given labour demand (15). As hinted above, we distinguish between the case in
which this is done after the current shock is revealed (the “flexible wages”case), and the
case in which this is done before (“preset wages”case), presented in the next section. Given
(15), at the optimum we have:

Wt

Pt
=

1

α + φ

(1 + γ)Lv−1
t Ct

γ
, (16)

where we have used the fact that in equilibrium Lt = Nt..
Notice that market power in the labour market introduces a wedge between the real

wage rate, Wt/Pt, and the marginal rate of substitution between leisure and consumption,
[(1 + γ) /γ]Lv−1

t Ct. Henceforth, we will refer to this wedge as the wage markup labeled as
MUW . This is constant and equal to (α + φ)−1 when wages are set after all shocks have
materialized.
By combining (16) with (15) and using (12), the equilibrium level of employment is then

found to be:

Lt = L ≡
[

(α + φ)2

Θ

]1/v

. (17)

From (17) the equilibrium level of employment is increasing in the elasticity of production
with respect to labour α+φ and in the elasticity of substitution between intermediates θ, i.e.
decreasing in the market power of producers. Finally, employment is higher the lower is the
Frisch elasticity of labour supply 1/(v − 1). Notice that neither nominal nor technological
shocks have an effect. For the former this is not surprising as with price and wage flexibility
money is a veil. For technological shocks, this depends on preferences: an increase in the
real wage brought about for instance by a positive technology shock through an increase in
labor demand has offsetting income and substitution effects, so that labour supplied does
not change. So a technology shock will have a positive effect on income and the real wage
and a negative effect on prices, with no effect on employment. By combining (14), (13)
and (16), while considering (17), we note that the nominal wage will stay put in the face
of a technological shock, a fact which will be exploited for interpreting the reaction of the
economy to a technological shock when wages are preset.
Let gA ≡ Ω

[
φL/(α + φ)

]φ
denote the deterministic growth rate of productivity,11 i.e.

the growth rate prevailing in the absence of shocks. Due to the fact that productivity growth
11It can be easily shown that by removing producers and unions market power from the economy, the

deterministic growth rate of productivity will be gA ≡ Ω [φ/(α+ φ)]
φ

(α+ φ)
φ/v

, being Lt = (α+ φ)
1/v

the equilibrium level of employment which differs from (17) by two constant factors of proportionality:
(α+ φ)

1/v and (1/Θ)
1/v

, the first one reflecting the effect of monopolistic wage setting and the second one
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is a linear function of the technological shocks and is not affected by money shocks, we can
immediately infer the following:

Proposition 1 In the absence of nominal rigidities the equilibrium growth rate of produc-
tivity between two consecutive periods and its average are given by:

At
At−1

= Ωt

(
φ

α + φ
L

)φ
, (18)

E

(
At
At−1

)
= gA ≡ Ω

[
φL/(α + φ)

]φ
, (19)

implying that long-run growth is not affected by shocks volatility.

Proof. Using LRD,t = φLt/(α+φ) in At = ΩtAt−1L
φ
RD,t, given (17), delivers the result (18).

Taking expectations, given (3), yields (19).
Summing up, without nominal rigidities, long-run growth is not affected by uncertainty.

Producers and unions, in fact, set prices and wages after the shocks have materialized, being
so able to keep price and wage markups at the desired optimal levels, i.e. Θ and (α+ φ)−1,
as implied by equations (14) and (16).
Our model also has predictions on the distribution of inflation, as reported in the Appen-

dix. In particular we show that, in all the different cases we consider as regards price and
wage flexibility, the variance of inflation is increasing in real and nominal volatility. This
finding is of particular interest since, as shown below, under different assumptions about
wage and price settings, the model is able to predict a negative correlation between inflation
uncertainty and long-run growth, although the model does not demontrate that inflation
uncertainty itself is harmful to productivity growth. Moreover, again in all cases considered,
the model predicts a positive relationship between the average and the variance of inflation,
whose size, however, changes with the source of volatility and the nature of the nominal
rigidities.12

4 Volatility and growth with nominal rigidities

In this Section we study, in turn, the case of preset wages, preset prices and preset prices
and wages.

4.1 Preset wages

Consider the case in which in each period monopolistic unions set the nominal wage prior
to the realizations of the shocks, so as to maximise the expected utility function of those

the ineffi ciency of the monopolistic competition in the final goods market. The presence of market power
leads, in fact, to underemployment and low growth.
12In the Appendix it is also shown how technology and money uncertainty impacts average inflation under

the four different assumptions about price and wage setting. In parituclar, when wages are preset the sign
of the relationship between money uncertainty and average inflation depends on the parametrization.
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working in the period (i.e. the young) given firms labour demand (15). The optimal nominal
wage set at the beginning of period t is such that

Wt =
1

α + φ

(1 + γ)Et−1L
v
t

γEt−1

(
Lt
PtCt

) . (20)

In equilibrium the nominal wage, employment and its mean are then seen to be (see the
Appendix for the full derivation):

Wt =
(1 + γ) (α + φ)

Θ
L
−1
Mt−1µ

[
exp (v − 1)

σ2
µ

2

]
, (21)

Lt = L
µt
µ

exp

[
− (v − 1)

σ2
µ

2

]
, (22)

so that:

E (Lt) = L exp

[
− (v − 1)

σ2
µ

2

]
. (23)

This yields:
Lemma 1 When wages are preset on the basis of one-period contract before the realiza-
tions of the shocks, the nominal wage is increasing in money volatility while equilibrium
employment (and its average) is decreasing in it.
Proof. From inspection of (21) and (22), recalling that v > 1.
Not surprisingly from what we know from the analysis of the case of wage flexibility,

technology shocks have no effect on labour. We have seen, in fact, that a technology shock
would not imply any change in the nominal wage, even if the wage were free to move.
So basically nothing changes with respect to the previous case as regards technological
uncertainty.13 As a contrast, the nominal wage is increasing in money volatility, and, through
labour demand, employment (and its expected value) are correspondingly decreasing in it.
To understand these effects intuitively consider that, while under certainty the marginal
rate of substitution between consumption and leisure is always equal to the real wage (bar
the constant monopoly wedge), under uncertainty people will have to work more (i.e. at
a higher marginal rate of substitution) when the real wage is lower and less when the real
wage is higher. The way to reduce these deviations from the (private optimum) is to make
them happen around a lower average level of employment (so the increases and decreases in
the marginal disutility of labor will be smaller) and therefore set a higher nominal wage. In
fact, it can be easily shown that on average the wage markup will be higher, the higher the
level of monetary uncertainty (see the Appendix for details):

E(MUWt ) =
1

α + φ
exp

(
v2σ2

µ

)
. (24)

The presence of the wage friction is then a source of economic ineffi ciency made worse
by volatility. The size of the effect depends on the preference parameter v. The higher is v,
in fact, the lower is the Frisch elasticity of labour supply. In the limiting case where v = 1,

13This result is consistent with the findings of Blackburn and Pelloni (2005).
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a mean preserving spread increase in money uncertainty will leave expected employment
unchanged. Conversely, higher α and φ will reduce the positive effect of money volatility on
the expected markup. This is because the marginal productivity of labour and, therefore,
the real wage will be less influenced by changes in employment, the higher these parameters
are. From the above results we have the following proposition:

Proposition 2 When wages are preset on the basis of one-period contract before the real-
izations of the shocks, the equilibrium growth rate of productivity and its average are given
by:

At
At−1

= Ωt

(
φ

α + φ
L

)φ(
µt
µ

)φ
exp

[
−φ (v − 1)

σ2
µ

2

]
, (25)

E

(
At
At−1

)
= gA exp

[
−φ (v − φ)

σ2
µ

2

]
, (26)

Proof. Using LRD,t = φLt/(φ+α) and (22) into At = ΩtAt−1L
φ
RD,t delivers the result (25).

Taking expectations, given (11) and (3), delivers (26).
From (25) we notice that the equilibrium growth rate of productivity is a linear function

of Ωt, as in the previous case with flexible wages. On the other hand, an increase in money
supply in period t has now a positive effect on growth, through the effect that a monetary
surprise has on aggregate demand and so on employment (22) and TFP growth (since R&D
activity is procyclical). In this context, the effect of money volatility on long-run growth
is negative, while the effect of technology volatility is null. Since the rate of technology
growth is linear in technology shocks, its expected value is not influenced by their volatility.
The negative effect of money volatility is mediated by the effect on employment and, in
particular, by the degree of disutility deriving from non-leisure activity, measured by the
parameter v, on which the Frisch elasticity of labour supply depends inversely, and by the
parameter φ. However, the effect of φ is two-fold: on the one hand a higher value of φ
has a moderating influence on the wage markup and, therefore, limits the negative effect of
money volatility on average employment and so on average productivity growth, which is
an increasing function of labour. On the other hand, a higher value of φ implies a stronger
contribution of labour to innovation and so a more detrimental effect of lower employment
on productivity growth.

4.2 Preset prices

We now introduce nominal rigidities in the form of preset prices, while moving back to
the assumption of flexible wages. Producers set prices for period t before observing the
realizations of the shocks in order to maximise expected profits. At time t − 1 firm j
will set the price Pt(j) in order to maximise the expected profit, Et−1Πt(j), subject to the
technological constraints represented by (1), (2) and (4) and given the wageWt. First notice
that (5) and therefore (6) are still valid, as necessary conditions for optimality. Under
symmetry of firms, the optimal pricing decision taken at time t− 1 is then:

Pt =
ΘEt−1WtLt

(α + φ)Et−1Yt
, (27)

11



which now replaces (14), which holds only if prices are flexible. In equilibrium we then have
(see the Appendix):

Pt =
L
−(α+φ)

(1 + γ)µMt−1

ΨΩAt−1

exp

[
α + φ+ v

α + φ

(
σ2
µ

2
+
σ2

Ω

2

)]
, (28)

Lt = L

(
Ω

µ

µt
Ωt

) 1
α+φ

exp

[
−α + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)]
, (29)

and, taking expectations:

E (Lt) = L exp

[
− v − 1

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
− 1

α + φ
σ2
µ

]
. (30)

This yields:
Lemma 2 When prices are preset on the basis of one-period contracts before the real-
izations of the shocks, the price level are increasing in money and technological volatilities,
while equilibrium employment (and its mean) are decreasing in them.
Proof. From inspection of (28)-(30).
From (29) employment depends on both the realizations and the variances of the shocks.

Since nominal wages are flexible, they will react to all changes in technology and money
supply. Positive money shocks will translate into higher employment and positive technology
shocks into lower employment. This is because an unexpected monetary expansion, with
given prices, pushes demand up and so output and employment increase even more than
with fixed nominal wages. On the other hand, a positive technological innovation increases
total factor productivity in (2), but leads to an employment decline, because price rigidities
prevent an increase in aggregate demand, given the quantity of money: the same production
will then be obtained with less labor.
A higher level of volatility, whatever its source, is always harmful to employment. To

understand why, let us consider the effect of volatility on price markups. While the wage
markup will be constant and equal at (α + φ)−1, price markups will now depend on the
realizations of the shocks and on their variances. From the convexity of both the cost
function of firms and of the labour disutility function of workers, higher uncertainty in
production and employment implies higher expected marginal costs and so a higher price
level. On average firms’price markup is found to be (see the Appendix):

E
(
MUPt

)
= Θ exp

[(
v

α + φ

)2

σ2
Ω + v

v + α + φ

(α + φ)2 σ
2
µ

]
, (31)

which is clearly higher than its deterministic counterpart Θ.
The effect of volatility on the price markup is weaker the higher the elasticity of the

aggregate production function with respect to labour (α + φ) and the higher the elasticity
of labor supply. It is worth noting that for v = 1 a mean preserving spread increase
in nominal volatility will still have negative effect on employment contrary to the case of
preset wages analyzed in the previous section. The effect of money volatility is stronger
than the effect of technology volatility: this is because with money volatility firms will have

12



to produce more (less) just when the real wage is higher (lower), as nominal wages are free
to move procyclically: this will increase the convexity of the firms’cost function in general
equilibrium that is when taking into account the reaction of the wage. With technological
volatility real wages move in the opposite direction to employment which flattens the cost
curve with respect to the case of money volatility.
Given the above results we have:

Proposition 3 When prices are preset on the basis of one-period contract before the real-
izations of the shocks, the equilibrium growth rate of productivity and its average are given
by:

At
At−1

= Ωt

(
φ

α + φ
L

)φ(
Ω

µ

µt
Ωt

) φ
α+φ

exp

[
−φα + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)]
, (32)

E

(
At
At−1

)
= gA exp

[
−φ2α + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)]
. (33)

Proof. Using LRD,t = φLt/(φ + α) and (29) into At = ΩtAt−1L
φ
RD,t gives us (32). Taking

expectations given (3) and (11), gives us (33).
Recalling the results of Proposition 2, we notice that nominal volatility is more detri-

mental to productivity growth under preset prices than under preset wages, as φ (v − φ) <
φ2α+φ+v

(α+φ)2
. Moreover we have a negative effect of technology volatility, which was absent in

the previous case. All these effects work through employment which is ineffi ciently low as a
result of price rigidities.

4.3 Preset prices and wages

Finally, we solve the model of Section 2 under the assumption that both prices and wages
are set on the basis of one-period contract before observing the shocks. In this case the
optimal price and wage decided at time t− 1 are

Pt = Wt
Θ

α + φ

Et−1Lt
Et−1Yt

, (34)

and

Wt =
Pt

α + φ

(1 + γ)Et−1L
v
t

γEt−1

(
Lt
Ct

) . (35)

The above equations now replace (14) and (16), implying that the real wage is now preset
at time t−1. In equilibrium prices, wages, employment and its mean are (see the Appendix
for the full derivation):

Pt =
L
−(α+φ)

(1 + γ)µMt−1

ΨΩAt−1

exp

[
α + φ+ v

α + φ

(
σ2
µ

2
+
σ2

Ω

2

)
−B

σ2
µ

2

]
, (36)

Wt =
α + φ

Θ
(1 + γ)L

−1
µMt−1 exp

[
v − 1

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
+

1− α− φ
v (α + φ)

σ2
µ

]
, (37)
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Lt = L

(
µtΩ

µΩt

) 1
α+φ

exp

[
−α + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
+

B

α + φ

σ2
µ

2

]
, (38)

E (Lt) = L exp

[
− v − 1

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
− 1− α− φ
v (α + φ)

σ2
µ

]
, (39)

where B ≡ 2 {1− [1− (α + φ)] /v} > 0.
The above expressions deliver the following result:

Lemma 3 When both prices and wages are preset on the basis of one-period contract
before the realizations of the shocks an increase in money and technological uncertainty has
a positive effect on the equilibrium price and wage levels and a negative one on employment
and its mean.
Proof. From inspection of (36), (37) and (38) and by noting that − [1 + v/(α + φ)]+B < 0.

Notice the effect on nominal wages is stronger for nominal uncertainty than for real
uncertainty. To gain intuition as to why we observe the above results consider the markups.
We have:

E
(
MUP

)
= Θ exp

[
1

(α + φ)2σ
2
Ω +

1− α− φ
(α + φ)2 σ

2
µ

]
, (40)

and

E
(
MUW

)
=

1

α + φ
exp

[
v (v − 1)

(α + φ)2 σ
2
Ω +

v (v + α + φ− 1)

(α + φ)2 σ2
µ

]
. (41)

Derivations are in the Appendix. It can be easily seen that, again, both price and wage
markups are higher on average than without uncertainty. However the price markup is lower
than when nominal wages are flexible, so to some extent, the two kinds of frictions offset each
other. This is because with fixed nominal wages, the elasticity of labour supply is no longer
relevant as regards the movements of the real wage over the business cycle. Higher volatility
of employment implies higher expected marginal costs for firms and therefore a higher price
level. However, the convexity of the cost function of firms is now reduced by the fact
that nominal wages cannot move procyclically, so that firms’marginal costs tend to be more
stable. Conversely, the wage markup is higher than when prices are flexible. First of all, since
a technology shock does not influence the real wage but does push employment up or down, to
minimize the deviations of the marginal rate of substitution from its (privately) optimal level,
the average labour supply moves down in the face of increased technological uncertainty, an
effect that was absent with predetermined wages and flexible prices. Moreover, the effect
of money uncertainty on the wage markup is also higher than with flexible prices, (just by
comparing (24) and (41) and noticing that v(v+α+φ−1)

(α+φ)2
> v2). In fact, with preset prices an

increase in aggregate demand will not be (partially) absorbed by inflation, so employment
will fluctuate more. Unions will then find it optimal to set a higher nominal wage, so that
the gap between the marginal rate of substitution between consumption and leisure and the
real wage is smaller.
From the above analysis, this result immediately follows:
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Proposition 4 When both prices and wages are preset on the basis of one-period contract
before the realizations of the shocks, the equilibrium growth rate of productivity and its av-
erage are given by:

At
At−1

= Ωt

(
φ

α + φ
L

)φ(
µtΩ

µΩt

) φ
α+φ

exp

[
−φα + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
+ φ

B

α + φ

σ2
µ

2

]
, (42)

and

E

(
At
At−1

)
= gA exp

[
−φ2α + φ+ v

(α + φ)2

(
σ2
µ

2
+
σ2

Ω

2

)
+ φ

B

α + φ

σ2
µ

2

]
. (43)

Proof. Using LRD,t = φLt/(φ + α) and (38) into At = ΩtAt−1L
φ
RD,t delivers (42). the first

result. Then take expectations, given (3) and (11) and note that −2α+φ+v
α+φ

+B < 0.

From (43) it should be noted that the coeffi cient on real volatility is as in (33), since it is
only through price stickiness that technology uncertainty reflects on employment and hence
on growth. As regards money volatility, we note that the the effect of nominal uncertainty is
lower than when only prices are sticky by virtue of the more muted response of real marginal
costs to money shocks.

5 Conclusions

In this paper we construct an analytically solvable monetary model with endogenous growth
driven by R&D to study the effect of wage and price rigidities on the relationship between
long-term productivity growth and short-term volatility. We find that both nominal and
real uncertainty may be harmful to secular growth, in the presence of nominal rigidities.
In the model, R&D is more profitable the higher the level of economic activity. This

explains its observed procyclicality. On its turn, the level of economic activity is reduced by
market power by firms and workers, as this inserts a wedge between the marginal product
of labour and the marginal rate of substitution between leisure and consumption. We show
that price and wage rigidities induce fluctuations in this wedge making it higher on average
than its deterministic counterpart. We analyse how price and nominal wage distortions
interact with each other in propagating real and nominal shocks. In particular, we show
that the effects on growth depend critically on the source of uncertainty and on the type of
nominal rigidities. From this point of view, we argue that the frequency of price and wage
changes across countries may influence the way in which uncertainty impacts productivity
growth.
The main contribution of this paper lies in highlighting the importance of nominal rigidi-

ties as a possible conditioning factor for the effects of uncertainty on growth. At the same
time we recognize that many important channels studied in the literature on growth and
volatility are absent from our model, which was kept deliberately simple. However, as there
is no reason for presupposing that growth should occur on the basis of one mechanism alone,
we plan in further research to embody the effect that uncertainty may have on pricing de-
cisions, which is the exclusive focus of this paper, in a more general model, which might be
able to match the empirical evidence along more dimensions than the one presented here.
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