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What is at stake?



• Introduce frictions that will make money non–neutral • Why? • If monetary policy is not fully perfectly observed, then the central bank may fool the agents • If agents do not really understand money (unlike in the standard ﬂexible price model) then they may respond to monetary policy



• How to introduce it? • Introduce some noise in the model (Lucas’ Island model) • Confusion between shocks (Kalman Filtering) • Delays in information processing
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The Lucas’ Island Model



The Lucas’ Island Model



• Lucas (1972, 1973, 1975): Attempt to explain the procyclicality of output and inﬂation in the short-run ⇐⇒ Phillips curve • Constraint: Maintain Money neutrality in the long-run • Simple model featuring 1. Competitive markets 2. Rational Expectations 3. Imperfect Information



• Extremely inﬂuential (series of ) paper.
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Basic setting



• Continuum of island (i ∈ (0, 1)). • Prices are perfectly ﬂexible and the environment is fully competitive. • BUT ﬁrms only have imperfect information about aggregate prices (monetary policy)
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Island i



• Each island produces a speciﬁc good i. • The demand for the good is given (in log-linear terms) by: yit = zit + yt − η(pit − pt ) zit ⇝ N (0, σz2 ). pit is the price on island i, pt (resp. yt ) denotes aggregate price level (resp. output). ∫1 • zit is idiosyncratic ⇐⇒ 0 zit di = 0.
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Island i



• Production function Yit = Hit =⇒ Wt = Pit • Utility: Cit − Hγit /γ • Budget constraint: Wt Hit = Pt Cit • Output is then determined as the solution to max Yit



• such that Yit =



1 ( ) γ−1



Pit Pt



⇐⇒ yit =



Yγ Pit Yit − it Pt γ



1 γ−1 (pit



− pt ).
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Aggregates



• Aggregate demand is given by yt = mt − pt • Remarks: 1. Not a policy rule, it will be hard to interpret shocks to mt 2. Means that the model is about pt and its correlation with yt and nothing else!
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Perfect Information case



• Aggregate supply is given by ∫ yt =



0



1



yit di =



1 γ−1



∫ 0



1



(pit − pt )di



• It is then immediate that yt = 0. • Using aggregate demand, it is immediate that pt = mt . • All variations in money are fully absorbed by prices since ﬁrms realize that this is purely nominal.
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Imperfect Information case



• Assume now that ﬁrms only observe local prices, but are uncertain regarding the aggregate price. • Island i’s supply curve becomes yit =



1 1 (pit − E[pt |pit ]) = E[qit |pit ] γ−1 γ−1



• Technical problem: How to solve E[pt |pit ] (or identically E[qit |pit ])? • Importance of the rational expectation assumption. • We only have to run regressions
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Imperfect Information case



Theorem (Optimal Linear Predictor) Let Y, X1 , . . . , Xm be normally distributed random variables with ﬁnite variance and let L be the class of linear functions: {[1|X]β : β ∈ Rm+1 }, then the optimal predictor in the class L with respect to the quadratic loss function, ℓ2 (x) = x2 , is the linear predictor E[Y|X1 , . . . , Xm ] := E(Y) + ΣXY Σ−1 XX (X − E(X)) The optimal linear predictor is unique.
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Imperfect Information case



• Our problem is therefore to obtain: E[qit |pit ] • Note that qit = pit − pt ⇐⇒ pit = pt + qit , then E[qit |pit ] = E[qit |pt + qit ] = E(qit ) +



cov(qit , pt + qit ) (pit − E(pit )) var(pt + qit )



• Under the assumption that pt and qit are normally distributed and independent, then E[qit |pit ] = E(qit ) +



σq2 (pit − E(pit )) σp2 + σq2



• But by symmetry of the model, E(qit ) = 0 and E(pit ) = E(pt ) (no departure of island prices from average)
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Imperfect Information case



• The expected relative price is then E[qit |pit ] =



σq2 (pit − E(pt )) σp2 + σq2



• This is a signal extraction problem: ﬁrm i wants to sort out how the aggregate price moved, while it only receives a noised signal pit . • σp = 0: All variability in the relative price is due to island speciﬁc phenomena, and is threfore only related to pit − E(pit ). • σq = 0: All variability in the relative price is due to the aggregate price which the ﬁrm does not observe. Its best prediction is therefore to expect 0.



12/61



Imperfect Information case



• The supply curve is then given by yit =



σq2 1 (pit − E(pt )) = θ(pit − E(pt )) γ − 1 σp2 + σq2



• Aggregating across islands yt = θ(pt − E(pt ))
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Imperfect Information case: Equilibrium • Equating aggregate demand and aggregate supply mt − pt = θ(pt − E(pt )) • Therefore pt =



mt θ + E(pt ) 1+θ 1+θ



• Taking expectations on both sides, E(pt ) = E(mt ), such that pt = E(mt ) +



1 (mt − E(mt )) 1+θ



• Plugging back in aggregate demand yt =



θ (mt − E(mt )) 1+θ 14/61



Imperfect Information case: Equilibrium • To sum up: pt = E(mt ) + yt =



1 (mt − E(mt )) 1+θ



θ (mt − E(mt )) 1+θ



• The predicted component of aggregate demand, E(mt ), affects only prices, not output. • The unpredictable component of aggregate demand, mt − E(mt ), has real effects: • A surprising increase in mt increases aggregate and individual demands; • Since mt is not observed by the ﬁrms =⇒ the rise in demand is partially attributed to relative price shocks; • The ﬁrms then responds positively. 15/61



Imperfect Information case: Extras • Note that σp and σq are endogenously determined (not needed to make the point) • From the price equilibrium and using E(pt ) = E(mt ) σp2 =



2 σm (1 + θ)2



• From the individual demand curve, and using the aggregate supply curve: yit = θ(pt − E(pt )) + zit − η(pit − pt ) • Equating to the individual supply curve (rewritten as yit = θ(pit − pt ) + θ(pt − E(pt ))) pit − pt =



zit σz2 =⇒ σq2 = θ+η (θ + η)2 16/61



Imperfect Information case: Extras



• Then the parameter θ solves θ=



σq2 1 1 ⇐⇒ θ = 2 γ − 1 σp + σq2 γ−1



σz2 +



(



σz2 η+θ 1+θ



)2



2 σm



• Needs to be solved for θ. No analytical solution, except for unitary demand elasticity, in which case 1 σz2 θ= 2 2 γ − 1 σz + σm
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Some Concerns



• How to justify that ﬁrms do not have access to aggregate information? • Big data are available • Aggregate prices are freely available • Econometric techniques are easy to implement



• Money non-neutrality lasts one period only: the time of the surprise • Difﬁcult to generate persistence, but it has some potential. • Alternative model: ﬁrms do not process information in each and every period.
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Sticky Information Models



Sticky Information Models



• Model that will be used consistently in the sequel • Features • 3 agents (Households, Firms, Monetary authorities) • Imperfect competition (price setting behavior) • Information/nominal frictions
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The Households



• Representative household with preferences of the form [∞ ( ∫ 1 1+ν )] ∑ hit s Et β log(Ct ) − di 0 1+ν s=0



• Key assumptions: • Time separability of preferences; • Complete markets; • Households have complete information;



• Unimportant assumption: • Functional forms
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The Households



• Budget Constraint



∫ Pt Ct + Bt ⩽ Rt−1 Bt−1 +



0



1



Wit hit di + Ωt



• Key Assumption: Households are price takers • Unimportant assumption: Riskless bond
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The Households



• Program of the household max



{(Ct ,hit )1i=0 ,Bt }∞ t=0



Et



[∞ ∑



( β



s



∫



log(Ct ) −



s=0



1



0



h1+ν it di 1+ν



)]



subject to ∫ Pt Ct + Bt ⩽ Rt−1 Bt−1 +



0



1



Wit hit di + Ωt
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The Households



• First order conditions hνit =



Wit Pt Ct



[ ] 1 1 = βRt Et Pt C t Pt+1 Ct+1 lim β j



j→∞



Bt+j =0 Pt+j Ct+j



• Only departure from classical model: Explicit consumption bundle (important)
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The Firms: Final Good Producers



• One representative ﬁnal good producer • Assemble intermediate goods, Yt (i), i ∈ (0, 1), to form a ﬁnal good Yt (∫ Yt =



0



1



θ−1 θ



Yit



θ ) θ−1 di



with θ > 1 • Key Assumption: Homotheticity across varieties • Unimportant assumption: Dixit–Stiglitz
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The Firms: Final Good Producers • Optimal demand for good i so as to maximize proﬁts ∫ 1 max Pt Yt − Pit Yit di {Yit ;i∈(0,1)}



subject to



0



(∫ Yt =



1



0



• First Order Condition



( Yit =



• Using zero proﬁt condition



(∫ Pt =



0



1



θ−1 θ



Yit



Pit Pt



θ ) θ−1 di



)−θ Yt



1 ) 1−θ



P1−θ it di
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The Firms: Intermediate Goods Producers



• Firms maximize proﬁts. • Since consumers want to consume each good, each ﬁrm has local monopoly power =⇒ Firms are price setters (Key assumption!) • Technology: Yit = At nit • Aggregate technology shock: At • Unimportant assumptions: • Labor is the only input • Constant returns to scale



26/61



The Firms: Intermediate Goods Producers • Key assumption: Firms potentially have imperfect information. b it • Captured by the use of the special expectation: E • Maximize proﬁts while manipulating the demand they face • Program of the ﬁrm: b it max E



[



Pit



Pit W Yit − it nit Pt Pt



]



subject to ( Yit =



Pit Pt



)−θ Yt



Yit = At nit 27/61



The Firms: Intermediate Goods Producers



• The problem reduces to b it max E



[(



Pit



• First order condition: b it (θ − 1)E



[(



Pit Pt



Pit Pt



)1−θ



)−θ



Yt Pt



W Yt − it Pt



] b it = θE



(



[(



Pit Pt



Pit Pt



)−θ



Yt At



)−θ−1



]



Wit Yt At P t P t



]
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Towards Equilibrium



• Market clearing • Labor markets: hit = nit • Good markets: Cit = Yit • Bond market: Bt = 0



• Monetary policy picks an exogenous nominal output Mt = Pt Yt • Remarks: 1. Not a policy rule, it will be hard to interpret shocks to Mt 2. Means that the model is about Pt and its correlation with Yt and nothing else!



29/61



Full Information



• Useful to get the full information solution prior to imperfect information • Gives us a benchmark b it = Et , so: • Then E Pit =



θ Wit θ − 1 At



constant markup (θ/(θ − 1)) over marginal cost.
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Full Information • Equilibrium relations (using market clearing) ( )−θ Pit Yit = Yt Pt hνit Yt = Wit /Pt Yit = At hit θ Wit θ − 1 At 1 (∫ 1 ) 1−θ 1−θ Pit di Pt =



Pit =



0



Mt = Pt Yt



[ ] 1 1 = βRt Et Pt C t Pt+1 Ct+1 31/61



Full Information



• Log–linear approximation around the steady state bit − p bt ) + b b yit = −θ(p yt bit + b bt b it − p νh yt = w bit bt + h b yit = a bit = w bt b it − a p bt = p bt + b m yt ∫ 1 bit di bt = p p 0



bt − Et [p bt + b bt+1 + b −(p yt ) = R yt+1 ]
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Full Information



• Reduces to bit = p bt + γ(b bt ) p yt − a bt = p bt + b m yt ∫ 1 bt = bit di p p 0



bt − Et [p bt + b bt+1 + b −(p yt ) = R yt+1 ] where γ ≡ (1 + ν)/(1 + νθ) < 1.
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Full Information



• Solution (the f denotes full information solution) bt b yft = a bft = m bt − a bt p bf = Et m b t+1 − m bt R t



• Same dichotomy as in the classical model (This is the classical model!) b t only affect prices and not output 1. m 2. Productivity moves output and prices



• Let us now move to the imperfect information case
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Incomplete Information • Only ﬁrms’ behavior is affected • In this case, recall that the price setting equation is [( ) ] [( ) ] −θ −θ−1 P Y P W Y t t it it it b it b it (θ − 1)E = θE Pt Pt Pt At P t P t • the log–linearized version reduces to b it [w bit = E bt ] b it − a p • Using labor supply and technology this rewrites b it [p b it [(1 − γ)p bit = E bt + γ(b bt + γ(m bt )] ⇐⇒ p bit = E bt − a bt )] p yt − a • γ ∈ (0, 1) implies strategic complementarities. 35/61



Incomplete Information • Equilibrium is given by b it [p bit = E bt + γ(b bt )] p yt − a bt = p bt + b m yt ∫ 1 bt = bit di p p 0



bt − Et [p bt + b bt+1 + b −(p yt ) = R yt+1 ] • Further reduces to bt = p bt + b m yt ∫ 1 b it [p bt + γ(b bt )]di bt = E yt − a p 0



bt − Et [p bt + b bt+1 + b −(p yt ) = R yt+1 ] 36/61



Incomplete Information



• Key difference with full information case: bt = p



∫ 0



1



b it [p bt + γ(b bt )]di E yt − a



b it • Everything is in E • We need a theory for it!
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Incomplete Information: A Simple Theory



• Assumption: the economy is composed of two types of ﬁrms • Those which have full information, with measure ξ ∈ (0, 1) • Those which only learn information with one period delay, with measure (1 − ξ)



• If ξ = 1 we are back to the full information case. b t will have an effect on output. • If ξ = 0 any news about m =⇒ ξ is a measure of informational frictions
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Incomplete Information: A Simple Theory



• The fundamental equation of the model then becomes bt = p



∫ 0



1



b it [p bt + γ(b bt )]di E yt − a



bt + γ(b bt )) + (1 − ξ)Et−1 [p bt + γ(b bt )] = ξ(p yt − a yt − a bt + γ(m bt − a bt )) + (1 − ξ)Et−1 [(1 − γ)p bt + γ(m bt − a bt )] = ξ((1 − γ)p • Note immediately that bt = Et−1 (m bt − a bt ) Et−1 p
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Incomplete Information: A Simple Theory bt − Et−1 p bt ) • Finding the solution involves writing the model in terms of innovations (p • This is the Wold representation • Rearranging the preceding equation: bt − Et−1 p bt =ξ(1 − γ)(p bt − Et−1 p bt ) + ξγ(m b t − Et−1 m b t) p bt − Et−1 a bt ) + γ Et−1 [m bt − a bt − p bt ] − ξγ(a | {z } =0



bt = Et−1 (m bt − a bt )) • Solution (making use of Et−1 p bt = p



ξγ ξγ b t − Et−1 m b t) − bt − Et−1 a bt ) (m (a 1 − ξ(1 − γ) 1 − ξ(1 − γ) b t − Et−1 a bt + Et−1 m 40/61



Incomplete Information: A Simple Theory



bt = p bt + b • Recall that m yt • Output is then given by b yt =



1−ξ ξγ b t − Et−1 m b t) + bt − Et−1 a bt ) + Et−1 a bt (m (a 1 − ξ(1 − γ) 1 − ξ(1 − γ)



• No longer the classical dichotomy: news about monetary developments lead to a one period increase in output (as ξ ∈ (0, 1)) • More strategic complementarities (low γ) means bigger response of output and weaker response of prices
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Incomplete Information: A Simple Theory



• Case ξ = 1: back to full information b t =m bt − a bt p bt b yt =a



• Case ξ = 0: Full rigidity bt =Et−1 m b t − Et−1 a bt p b t − Et−1 m b t + Et−1 a bt b y t =m
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Incomplete Information: A Simple Theory



• Very basic form of rigidity • Does not allow for persistence in the response • Not in line with the observation • We now move to a more sophisticated form of rigidities: Sticky information
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Sticky Information • Based on Mankiw and Reis (QJE, 2002) • Basic idea: In each and every period a share ξ ∈ (0, 1) of the population learns the more recent news about monetary developments • People that learn are randomly drawn from the whole population (Key for ease of calculation) • Important to note that some people are using information learnt in period t − 1, some in period t − 2, … • So: • • • •



ξ learn in period t ξ(1 − ξ) learn in period t − 1 ξ(1 − ξ)2 learn in period t − 2 ξ(1 − ξ)j learn in period t − j 44/61



Sticky Information



• The fundamental equation of the model then becomes bt = p



∫



1



0



b it [(1 − γ)p bt + γ(m bt − a bt )]di E



bt + γ(m bt − a bt )) =ξ((1 − γ)p bt + γ(m bt − a bt )] + ξ(1 − ξ)Et−1 [(1 − γ)p bt + γ(m bt − a bt )] + . . . + ξ(1 − ξ)2 Et−2 [(1 − γ)p =ξ



∞ ∑



bt + γ(m bt − a bt )] (1 − ξ)j Et−j [(1 − γ)p



j=0
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Sticky Information



• We have to solve bt = ξ p



∞ ∑



bt + γ(m bt − a bt )] (1 − ξ)j Et−j [(1 − γ)p



j=0



• 2 main problems 1. It is not recursive 2. No “start data” to take expectations



• Difﬁcult problem • Before solving it, a little detour by the Phillips curve
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Sticky Information



• The model gives rise to an “expectations augmented” Phillips Curve • Rewrite the fundamental equation as bt = ξ p



∞ ∑



bt + γ(b bt )] (1 − ξ)j Et−j [p yt − a



j=0



bt − p bt−1 and differentiate to get • Denote π bt = p ∞



π bt =



∑ ξγ bt ) + ξ bt )] (b yt − a (1 − ξ)j Et−1−j [b πt + γ(∆b yt − ∆a 1−ξ j=0



• Forward looking from an outdated past
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Sticky Information



• Standard Phillips curve: πt = πte + κyt • Accelerationist view: πte = πt−1 in the simplest case • New Keynesian view: πte = Et πt+1 • Sticky information uses a sum of lagged expectations of the present =⇒ reconciles the accelerationist and the new–Keynesian views.



48/61



Solution • Let’s go back to solving the model. • Given the difﬁculty, we will use an undetermined coefﬁcient method • Assumption: both shocks admit the following Wold representation bt = m



∞ ∑



ϕm,k εm,t−k



k=0 ∞ ∑



bt = a



ϕa,k εa,t−k



k=0



where εm,t and εa,t are innovations. • Guess for solution bt = p



∞ ∑



(αm,k εm,t−k + αa,k εa,t−k )



k=0 49/61



Solution



• From the properties of conditional expectation bt = Et−j m



∞ ∑



bt = Et−j a



ϕm,k εm,t−k



k=j ∞ ∑



ϕa,k εa,t−k



k=j



• Therefore bt = Et−j p



∞ ∑



(αm,k εm,t−k + αa,k εa,t−k )



k=j
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Solution



• Plug this in the fundamental equation to get ∞ ∑



(αm,k εm,t−k + αa,k εa,t−k ) = ξ



k=0







(1 − γ)



∞ ∑



(1 − ξ)j ×



j=0 ∞ ∑



(αm,k εm,t−k + αa,k εa,t−k ) + γ



k=j



∞ ∑ (



)







ϕm,k εm,t−k − ϕa,k εa,t−k 



k=j



• This has to hold for any arbitrary εa,t and εm,t
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Solution • True if and only if αm,k = ξ



k ∑



(1 − ξ)j [(1 − γ)αm,k + γϕm,k ]



j=0



αa,k = ξ



k ∑



(1 − ξ)j [(1 − γ)αa,k − γϕa,k ]



j=0



• Rearranging



(



αm,k αa,k



) γ(1 − (1 − ξ)k+1 ) = ϕm,k γ + (1 − γ)(1 − ξ)k+1 ) ( γ(1 − (1 − ξ)k+1 ) ϕa,k =− γ + (1 − γ)(1 − ξ)k+1
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Solution • We have now the full solution bt = p b yt =



∞ ∑ k=0 ∞ ∑



(αm,k εm,t−k + αa,k εa,t−k ) ((ϕm,k − αm,k )εm,t−k − αa,k εa,t−k )



k=0



with



(



αm,k αa,k



) γ(1 − (1 − ξ)k+1 ) = ϕm,k γ + (1 − γ)(1 − ξ)k+1 ) ( γ(1 − (1 − ξ)k+1 ) =− ϕa,k γ + (1 − γ)(1 − ξ)k+1
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Response to a Money Shock (Random Walk)



bt = m b t−1 + εm,t , then ϕm,k = 1 ∀k. • Assume that m b t in period t • Assume that there is a positive innovation on m
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Autocorrelated Shocks



• The model generates humps • After a positive monetary shock • Inﬂation and output rise • Their response is hump shaped • inﬂation is more responsive than output



b t suggests that • Estimation of m b t = 0.5∆m b t−1 + εt ∆m • Responses with this process.
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Autocorrelated Shocks
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Inflation Persistence



• The model generates inﬂation persistence (related to previous point) 1 0.9 0.8 0.7 0.6 0.5 0.4



1



Sticky Info GDP Def CPI Core CPI



2



3



4



5



6



7



8



Horizon
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Inflation Acceleration



• The model can account for the acceleration phenomenon



GDP Def CPI Core CPI Model



corr(yt , πt+2 − πt−2 )



corr(yt , πt+4 − πt−4 )



0.48 0.38 0.46 0.43



0.60 0.46 0.51 0.40



Note: yt corresponds to the HP–ﬁltered cyclical component of log GDP for the period 1960–1999 (US Quarterly Data).
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Co-movements • Finally the model can account for the correlations between inﬂation and money, output



Std(πt ) corr(πt , ∆mt−1 ) corr(πt , ∆mt ) corr(πt , ∆mt+1 ) corr(πt , ∆yt−1 ) corr(πt , ∆yt ) corr(πt , ∆yt+1 )



Data



Model



0.0062 0.40 0.43 0.38 -0.25 -0.27 -0.16



0.0059 0.42 0.37 0.36 -0.24 -0.24 -0.21



Note: US Quarterly data for the period 1960–2003.
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Implications for Recessions



• Disinﬂations lead to recessions: One of the most robust pieces of knowledge from central banking. • The sticky information model generates it • Seen from the Phillips Curve ∞



π bt =



∑ ξγ bt ) + ξ bt )] (b yt − a (1 − ξ)j Et−1−j [b πt + γ(∆b yt − ∆a 1−ξ j=0



• Cannot decrease inﬂation without reducing output gap! • Not so simple to achieve in a sticky price model
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Final Remarks



• Model puts forward informational problems • Clearly relevant (price setting policy of most ﬁrms) • Matches some aspects of the data • Not the deﬁnite story
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