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D. Continuous-time new Keynesian Phillips curve A continuum of firms indexed by i ∈ [0, 1] produces output Yi with the technology Yi (t) = A(t)Li (t). where A is aggregate productivity and Li is labor input. I assume that labor is perfectly mobile across firms. Relative demands for each firm are, Pi (t) P (t)



Yi (t) =



!−θ



Y (t).



where Pi is the nominal price of variety i, P is the aggregate price index and θ > 1 is the elasticity of substitution across goods. Aggregate output is defined as, Z 1



Y (t) = 0



θ−1 θ



Yi (t)



θ  θ−1



di



.



and aggregate price index is, Z 1



P (t) = 0



1−θ



Pi (t)



1  1−θ



di



.



The gross inflation rate of the aggregate price index is denoted by Π(t). With Poisson intensity λdt a firm can reset its nominal price. The optimal reset price Pi∗ (t) maximizes the sum of discounted profits while the price is not reset, max ∗



Z ∞



Pi (t)



P ∗ (t) W (s) (1 + τ ) i Yi (s) − Li (s) ds, P (s) P (s)



" −(ρ+λ)(s−t)



e



t



−σ



C(s)



#



where ρ is the discount rate, C −σ captures the contingent valuation of real profits, τ is an output subsidy and



W P



is the real wage. Because labor is perfectly mobile, the latter is the



same across firms. Substituting for relative demand and the production function yields, max ∗ Pi (t)



Z ∞ t







Pi∗ (t) e−(ρ+λ)(s−t) C(s)−σ (1 + τ ) P (s) 1



!1−θ



W (s) Y (s) − P (s)



Pi∗ (t) P (s)



!−θ



!



Y (s)  ds. A(s)



The first order condition for the firms real reset price is, Pi∗ (t) P (t)



!



θ = (θ − 1)(1 + τ )



 −θ   R ∞ −(ρ+λ)(s−t) Y (s) e C(s)−σ W (s) P (t) ds t



P (s)



R∞ t



e−(ρ+λ)(s−t) C(s)−σ







P (s)  P (t) 1−θ P (s)



A(s)



.



Y (s)ds



Since the right-hand-side is independent of i, each firm would pick the same reset price at t. I assume that the output subsidy is set such that the steady state mark-up is zero, τ =



θ −1. θ−1



The log-linear approximation around the zero-inflation steady state is, b(t) = (ρ + λ)



Z ∞



" −(ρ+λ)(s−t)



e



t



#



1 ω(s) − a(s) + π(s) ds ρ+λ



∗



(t) (t) where b(t) = log( PP (t) ), ω(t) = log( W )−log( W ), a(t) = log(a(t))−log(a), y(t) = log(y(t))− P (t) P



log(y) and π(t) = log(Π(t)). We can rewrite this first order condition as a differential equation, "



!



#



1 αθ db(t) = −(ρ + λ) ω(t) − a(t) + 1+ π(t) dt + (ρ + λ)b(t)dt ρ+λ 1−α Without indexation, the gross inflation rate is solely a function of the reset price and the Calvo intensity, 



π(t) =



∗



λ  P (t) 1−θ P (t)



!1−θ







− 1



The log-linear approximation to this law of motion is, π(t) = λb(t), which implies, dπ(t) = λdb(t). Combining these two expressions for b(t) and db(t) with the firm’s first order condition yields, dπ(t) = −κ [ω(t) − a(t)] dt + ρπ(t)dt where κ = λ(ρ + λ). 2



Equation (2) obtains with period utility function ln C(t) − χL(t), ω(t) = c(t) = y(t) κ∗ = κ where the first equation is the first order condition for household labor supply. The new Keynesian Phillips curve with government spending obtains with period utility 1+ν



function ln C(t) − χ L(t) 1+ν



and a steady state share of government spending sg > 0,



ω(t) = c(t) + νl(t) = (1 + ν(1 − sg ))c(t) + νsg g(t) − νa(t) κ∗ = κ(1 + ν(1 − sg )) ψa = 1 + ν ψg = νsg



3



E. Model with explicit zero lower bound This section shows that an interest rate peg yields the same outcome for the negative productivity shock as a scenario where the zero lower bound binds until T . I now allow for a shock to the natural rate of interest r(t) as in Werning (2012) and explicitly incorporate the zero lower bound in the interest rate rule, dc(t) = i(t) − π(t) − r(t) dt dπ(t) = ρπ(t) − κ∗ [c(t) − a(t)] dt i(t) = max{ρ + φπ(t), 0},



φ>1



As before there is a productivity supply shock until time T , a(t) = a ¯


0 ≤ t < T, t ≥ T.



a(t) = 0



I also assume that the natural rate of interest is sufficiently negative that the zero lower bound binds until time T ,1 r(t) = r¯ < 0



0 ≤ t < T, t ≥ T.



r(t) = ρ



After T , the central bank implements π(T ) = 0 per the usual equilibrium selection. This immediately implies that c(t) = π(t) = 0 for t ≥ T . The model dynamics for 0 ≤ t < T are, dc(t) = −π(t) − r¯ dt dπ(t) = ρπ(t) − κ∗ [c(t) − a ¯] dt 1



A sufficient condition is   κ∗ 1 1 κ∗ (1 − e−λ2 (T −t) ) − (1 − e−λ1 (T −t)) r¯ + (e−λ1 (T −t) − e−λ2 (T −t) )¯ a < −ρ λ1 − λ2 λ2 λ1 λ1 − λ2



for all 0 ≤ t < T .
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(1) (2)



This model is linear with boundary condition π(T ) = 0, which can be solved using standard methods. The solution is, "



#



1 λ1 λ2 c(t) = (1 − e−λ2 (T −t) ) − (1 − e−λ1 (T −t) ) r¯ λ1 − λ2 λ2 λ1 h i 1 + λ1 (1 − eλ2 (T −t) ) − λ2 (1 − e−λ1 (T −t) ) a ¯ λ1 − λ2   1 1 κ∗ κ∗ (1 − e−λ2 (T −t) ) − (1 − e−λ1 (T −t) ) r¯ + (e−λ1 (T −t) − e−λ2 (T −t) )¯ a π(t) = λ1 − λ2 λ2 λ1 λ1 − λ2 The coefficients on a ¯ are identical to those reported in the text, as was to be shown.
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F. A small-open-economy model with oil imports I consider the case of a small open economy that imports oil for the purpose of production. It pays for these imports by exporting the produced output. Home agents maximize the stream of utility, Z ∞



" −ρt



e



0



#



C(t)1−σ − χL(t) dt, 1−σ



where C(t) is domestic consumption and L(t) is labor. The inverse of the intertemporal elasticity of substitution is σ and χ is a parameter that determines steady state labor supply. Domestic consumption C(t) is an aggregate of a produced good C y and consumed oil Oc , 



1 ζ



y



C(t) = (1 − γ) C (t)



ζ−1 ζ



1 ζ



c



+ γ O (t)



ζ−1 ζ







ζ ζ−1



.



The produced good is a combination of individual varieties, Z 1



y



C (t) = 0



Ci (t)



ε−1 ε



ε  ε−1



di



.



Home asset holdings of the risk-free bond D(t) evolve according to dD(t) = [i(t)D(t) − P (t)C(t) + W (t)L(t) + Π(t)]dt, where i(t) is the nominal interest rate, W (t) the wage rate, and Π(t) are profits from firms. Firms produce output Yi (t) of variety i according to a CES technology, 



1 ψ



Yi (t) = (1 − ξ) [A(t)Li (t)]



ψ−1 ψ



+ξ



1 ψ



ψ−1 Oiy (t) ψ







ψ ψ−1



where Oi (t) is oil input, ξ the share of oil in production, and ψ its elasticity of substitution with labor input. Firms face standard Calvo pricing frictions. Total imports of oil by the small home economy are O(t) =



Z 1 0



Oiy (t)di + Oc (t)



The foreign economy is large relative to the domestic economy. It exports oil to the home economy in exchange for produced goods C yH∗ (t), where H∗ denotes an import of the home 6



good by the foreign country. Its consumption bundle is given by 



∗



1 ζ



y∗



C (t) = (1 − γ) C (t)



ζ−1 ζ



1 ζ



c∗



+ γ O (t)



ζ−1 ζ







ζ ζ−1



.



which is analogous to the home country. I denote foreign quantities with a ∗, i.e. C ∗ (t) is foreign consumption. Foreign consumption of produced goods is a combination of imported goods and locallyproduced goods, 



1



C y∗ (t) = (1 − α) η (C yF ∗ (t))



η−1 η



1



+ α η (C yH∗ (t))



η−1 η







η η−1



where α is the share of foreign goods in consumption produced consumption and η the elasticity of substitution among home and foreign goods. Because the foreign economy is large, the share of home goods in foreign consumption is close to zero, α∗ → 0. The foreign economy is endowed with an exogenous supply of oil O∗ (t) and the real price of oil in foreign goods



P o∗ (t) P ∗ (t)



will adjust such that the oil market clears, ∗



O (t) =



Z 1 0



Oiy∗ (t)di + Oc∗ (t)



Note that because the home economy is small, it has no influence on the oil market and thus no influence on the foreign real oil price. In all other aspects the foreign economy has identical preferences and constraints. I assume that the law of one price holds. I then define the following relative prices. The real exchange rate Q(t) is equal to Q(t) =



E(t)P ∗ (t) , P (t)



where E(t) is the nominal exchange rate. The terms of trade, S(t) =



P o (t) , P y (t)



is equal to the ratio of the domestic oil price P o and the consumption good price P y . The net foreign asset position of the home economy (denominated in home currency) 7



evolves according to dN F A(t) = [P y (t)C yH∗ (t) − P o (t)O(t)]dt + i(t)N F A(t)dt,



F.1. Log-linearization



The log-linearized equations of the domestic economy are dc(t) = σ −1 [i(t) − ρ − π(t)]dt π(t) = π y (t) + γdpo (t)/dt dπ y (t) = ρπ(t)y dt − κ mc(t)dt i(t) = max{r(t) + φπ π(t), 0},



φπ > 1



ω(t) = σc(t) y(t) = (1 − ξ)a(t) + (1 − ξ)l(t) + ξoy (t) y(t) = (1 − ξ)(1 − γ)cy (t) + [1 − (1 − ξ)(1 − γ)]cyH∗ (t) cy (t) = oc (t) +



ζ po (t) 1−γ



c(t) = (1 − γ)cy (t) + γoc (t) mc(t) = ω(t) − ψ −1 (y(t) − l(t)) − (1 − ψ −1 )a(t) oy (t) = l(t) − ψ(po (t) − ω(t)) − (ψ − 1)a(t) o(t) =



γ (1 − γ)ξ oc (t) + oy (t) (1 − γ)ξ + γ (1 − γ)ξ + γ



po (t) = po∗ (t) + q(t) cyH∗ (t) = c∗ (t) + η



1 γ q(t) + ζ po∗ (t) 1−γ 1−γ



where lower-case letters denote log-deviations from steady state. po is the (domestic) real price of oil in terms of the produced good. An analogous set of equations governs the foreign 8



economy, with the exception that y ∗ (t) = cy∗ (t) since that economy only exports oil, dc∗ (t) = σ −1 [i∗ (t) − ρ − π ∗ (t)]dt π ∗ (t) = π y∗ (t) + γdpo∗ (t)/dt dπ y∗ (t) = ρπ y∗ (t)dt − κ mc∗ (t)dt i∗ (t) = max{r(t) + φπ π ∗ (t), 0},



φπ > 1



ω ∗ (t) = σc∗ (t) y ∗ (t) = (1 − ξ)a(t) + (1 − ξ)l∗ (t) + ξoy∗ (t) y ∗ (t) = cy∗ (t) cy∗ (t) = oc∗ (t) +



ζ po∗ (t) 1−γ



c∗ (t) = (1 − γ)cy∗ (t) + γoc∗ (t) mc∗ (t) = ω ∗ (t) − ψ −1 (y ∗ (t) − l∗ (t)) − (1 − ψ −1 )a(t) oy∗ (t) = l∗ (t) − ψ(po∗ (t) − ω ∗ (t)) − (ψ − 1)a(t) o∗ (t) =



γ (1 − γ)ξ oc∗ (t) + oy∗ (t) (1 − γ)ξ + γ (1 − γ)ξ + γ



The log-linearized equations of the domestic economy can be reduced to dc(t) = σ −1 [i(t) − ρ − π(t)]dt π(t) = π y (t) + γ[dpo∗ (t) + dq(t)]/dt dπ y (t) = ρπ y (t)dt − κ{(1 − ξ)σc(t) − (1 − ξ)a(t) + ξ[po∗ (t) + q(t)]}dt while the foreign economy is rewritten as dc∗ (t) = σ −1 [i∗ (t) − ρ − π ∗ (t)]dt



(3)



π ∗ (t) = π y∗ (t) + γdpo∗ (t)/dt dπ y∗ (t) = ρπ y∗ (t)dt − κ{(1 − ξ)σc∗ (t) − (1 − ξ)a(t) + ξpo∗ (t)}dt



The real price of oil is determined by market clearing in the foreign economy, po∗ (t) = Qc c∗ (t) − Qo o∗ (t) − Qa a(t) 9



(4)



where the constants Qc , Qo , Qa are positive, γ + (1 − γ)ξ + σψξ(1 − γ)(1 − ξ) (1 − ξ)[γζ + (1 − γ)ξψ] γ + (1 − γ)ξ Qo = (1 − ξ)[γζ + (1 − γ)ξψ] (1 − γ)ψξ Qa = γζ + (1 − γ)ξψ Qc =



The negative supply shock is a temporary disturbance to world oil supply, o∗ (t) = o¯ < 0



0 ≤ t < T,



o∗ (t) = 0



t ≥ T.



To solve for the domestic economy’s allocation, I also need to specify the degree of market (in)completeness.



F.2. Case 1: complete international financial markets When financial markets are complete, domestic and foreign consumption are related by the Backus-Smith condition 1



C(t) = ΘC ∗ (t)Q(t) σ , where Θ is the relative Pareto weight. The log-linearized equation is c(t) = c∗ (t) + σ −1 q(t) I report solutions for two cases. First, when both economies follow an active interest rate policy, i(t) = ρ + φπ(t), i∗ (t) = ρ + φπ ∗ (t), where φ > 1 and second, when both economies follow an interest rate peg i(t) = ρ i∗ (t) = ρ 10



Define the following parameters: σ −1 (φ − 1) >0 1 − γQc " # σ −1 (φ − 1)γQo = κ ξQo + {(1 − ξ)σ + ξQc } 1 − σ −1 (φ − 1)γQc σ −1 = −κ[(1 − ξ)σ + ξQc ] 


M N T = κ[(1 − ξ)σ + ξQc ] KNT M ZLB K ZLB



The solution for active monetary policy is h i 1 ˜2 (1 − e−˜µ1 (T −t) ) K N T o¯ µ ˜1 (1 − eµ˜2 (T −t) ) − µ µ ˜1 − µ ˜2 1 π y (t) = π y∗ (t) = (e−˜µ1 (T −t) − e−˜µ2 (T −t) )K N T o¯ µ ˜1 − µ ˜2



κc(t) = κc∗ (t) =



where the eigenvalues are, ρ µ ˜1 = + 2



q



ρ2 − 4M N T , 2



ρ µ ˜2 = − 2



q



ρ2 − 4M N T . 2



The solution for the constant interest rate rule is i h 1 ˜ 1 (1 − eλ˜2 (T −t) ) − λ ˜ 2 (1 − e−λ˜1 (T −t) ) K ZLB o¯ λ κc(t) = κc∗ (t) = ˜ ˜2 λ1 − λ 1 ˜ ˜ π y (t) = π y∗ (t) = ˜ (e−λ1 (T −t) − e−λ2 (T −t) )K ZLB o¯ ˜ λ1 − λ2



where the eigenvalues are, ˜1 = ρ + λ 2



q



ρ2 − 4M ZLB > 0, 2



˜2 = ρ − λ 2



q



ρ2 − 4M ZLB < 0. 2



If inflation rises at the zero lower bound given o¯ < 0, it must be that K ZLB > 0. It then immediately follows that the negative supply shock raises consumption, c(t) = c∗ (t) > 0. GDP in the model is equivalent to labor input l(t), which also expands !



!



γζ γζ l(t) = 1 − σξψ + ξψQc + Qc c(t) − ξψ + Qo o¯ > 0 1−γ 1−γ |



{z



}



>0



This verifies the claim in the text. 11



F.3. Case 2: incomplete international financial markets



For this case, I assume that the only asset traded internationally is a one-period bond. While the equilibrium under complete markets featured Θ = 1, in the equilibrium under incomplete markets N F A(0) is given. Farhi and Werning (2016) show that the incomplete market allocation is the sum of two components – the complete market allocation, denoted CM , and an additional term, denoted δxIM for variable x, cIM (t) = cCM (t) + δcIM ,



π IM (t) = π CM (t) + δπIM ,



oy,IM (t) = oy,CM (t) + δoIM y ,



y IM (t) = y CM (t) + δyIM ,



oc,IM (t) = oc,CM (t) + δoIM c , lIM (t) = lCM (t) + δlIM ,



q IM (t) = q CM (t) + δqIM . I solve for the incomplete market terms using the relationship between foreign and home consumption, c(t) = θ + c∗ (t) +



1 q(t). σ



where θ = ln Θ is new (post oil supply shock) Pareto weight. One can interpret θ < 0 as a wealth transfer to the foreign economy. Given θ, we can calculate the incomplete market component of the home allocation as follows δcIM = ξθ,



δyIM = −(1 − ξ){ξ(ση − 1) + γξ + γ(1 − ξ)σζ +



γ ση}θ, 1−γ



δqIM = −(1 − ξ)σθ, δlIM = δyIM − σξψθ, δπIM = 0,



δoIM = δyIM + σ(1 − ξ)ψθ, y δoIM = [ξ + (1 − ξ)σζ]θ, c



Thus, the δ IM -terms are constant because the home economy is forward looking and thus instantaneously adjusts to the new wealth level. The value for θ is determined by the balanced-trade condition. C(s)−σ N F A(t) P (s)



˜ A(t) = Define N F



as real financial assets in utility units. I let zero net financial assets, N F A(0) =



˜ A(t) must satisfy, 0, be the initial condition. Given the no-Ponzi scheme condition, N F ˜ A(t) = NF



Z ∞ t



C(s)−σ P (s) P o (s) yH∗ C (s) − y O(s) ds. P (s) P (s) P (s) !
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˜ A(0) = 0 we obtain, Log-linearizing this condition and using N F Z ∞



e−ρs cyH∗ (s)ds =



0



Z ∞



e−ρs [



0



1 o p (s) + o(s)](s)ds, 1−γ



which states that trade must be balanced in the long-run. Substituting the linearized equation into the international budget constraint yields a solution for the wealth effect θ, 1



θ=



σ(η − 1)(1 − ξ)(1 − γ)−1 +



Z T δoIM c γ (1−γ)ξ+γ θ



+



(1−γ)ξ δoIM y (1−γ)ξ+γ θ



[c∗,CM (s)−



0



1 o∗,CM p (s)−o∗,CM (s)]ds 1−γ



Thus consumption, gross output and employment (GDP) are equal to, cIM (t) = cCM (t) + ξθ y IM (t) = y CM (t) − (1 − ξ){ξ(ση − 1) + γξ + γ(1 − ξ)σζ +



γ ση}θ 1−γ



lIM (t) = lCM (t) − (1 − ξ){ξ(ση − 1) + γξ + γ(1 − ξ)σζ +



γ ση}θ 1−γ



− ξσψθ



where the variable θ is a constant function of the oil supply shock, which ensures balanced trade over the long-run. Under standard parameterizations,2 ση > 1, and a decline wealth lowers consumption and unambiguously raises GDP as in a standard real-business-cycle model. Thus, if a foreign, negative oil supply shocks reduces domestic wealth, then we may observe a decline in consumption (if cCM (t) + ξθ < 0), but the expansion of gross output (y) and GDP (l) in the complete markets model would be amplified, y IM (t) > y CM (t) and lIM (t) > lCM (t). Therefore, a negative oil supply shock that reduces domestic wealth is also expansionary at the zero lower bound in the standard new Keynesian model under incomplete markets.



2



For example, Ferrero, Gertler, and Svensson (2008) set σ = 1 and η = 2, while Bodenstein, Erceg, and Guerrieri (2011) set σ = 1 and η = 1.5. Obstfeld and Rogoff (2005) argue that η = 2 is a reasonable calibration balancing micro and macro estimates. However, they also suggest that micro estimates, which imply larger values for η, are likely less biased. If we set η ≥ 2, then any intertemporal elasticity of substitution σ −1 ≤ 2 will satisfy this condition. Bayesian estimation of medium-scale macroeconomic models typically produce estimates in that range (e.g., Smets and Wouters, 2007).
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G. Are oil supply shocks forecastable? I use the futures data available on the U.S. Energy Information Administration website,3 which provides 1, 2, 3, and 4-month crude oil future prices at daily frequency since 1983. The one-month contract expires on the third business day prior to the 25th calendar day of the month preceding the delivery month. If the 25th calendar day of the month is a nonbusiness day, trading ceases on the third business day prior to the business day preceding the 25th calendar day. All subsequent contracts are for delivery on the months following the one-month contract. Thus, for each contract I use the price the day before trading ceases for the one-month contract. I then construct changes in futures prices for the same delivery month. Let pt,t+k be the log price at time t for oil delivered at time t + k. The s-month change in the futures price for the same deliver month t + k is given by, ∆s pt,t+k = pt,t+k − pt−s,t+k , s = 1, ..., 4 − k, k = 1, .., 3 I then regress VAR-identified oil supply shocks on changes in oil price futures for that delivery month, oilt = α + β∆s pt−1,t + εt , s = 1, ..., 3. That is, I test whether past changes in oil futures can forecast today’s oil supply shocks. Table 1 reports the result for s = 1, ..., 3. In all cases the coefficient β is small and insignificant. For example, in the first column a 1% increase in futures prices forecasts an (insignificant) -0.0035 standard deviation negative oil supply shock. Overall, little of the variation in oil supply shocks appears to be forecastable using changes in oil price futures. A concern with this analysis is that time-variation in oil futures risk premia may swamp any information about changes in expected prices. Baumeister and Kilian (2017) analyze a wide range of term structure models to determine what combination of them generates the smallest mean square predictor error for oil price forecasts. They conclude that the Hamilton and Wu (2014) term structure model does best, and they provide the corresponding oil price 3



http://www.eia.gov/dnav/pet/pet_pri_fut_s1_d.htm



14



Table 1 – Predictability of Oil Supply Shocks using Futures Prices Dependent variable: Oil Supply Shock in the Following Month Futures Price Growth over past Growth of Futures Price R



2



1 month



2 months



3 months



(1)



(2)



(3)



−0.0020



−0.0028



−0.0027



(0.0046)



(0.0033)



(0.0021)



0.001



0.003



0.004



367



387



365



Observations



Notes: The dependent variable is the oil supply shock in the following month. The independent variables is the log change in the crude oil futures price over the past s months for crude oil delivery next month. Newey-West standard errors with 12-month bandwidth in parenthesis. + p < 0.1, ∗ p < 0.05, ∗ p < 0.01.



forecasts at horizons of 3, 6, 9 and 12 months ahead from 1992 onwards. I construct the forecast revisions as before, but with the three-month ahead forecast as a baseline (rather than the one-month ahead), ∆s pt,t+k = pt,t+k − pt−s,t+k , s = 3, 6, 9, k = 3 and the corresponding regression is oilt = α + β∆s pt−1,t+2 + εt , s = 3, 6, 9. Table 2 reports these results. Again the coefficient β is small and insignificant in all cases. Overall, the results for both futures and risk-adjusted prices suggests that oil supply shocks I identify are unlikely to be confounded by anticipated demand shocks.
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Table 2 – Predictability of Oil Supply Shocks using Baumeister and Kilian (2017) Oil Price Expectations Dependent variable: Oil Supply Shock in the Following Month Expected Price Growth over past Growth of Expected Price R2 Observations



4 months



6 months



9 months



(1)



(2)



(3)



−0.0012



−0.0021



−0.0015



(0.0030)



(0.0018)



(0.0016)



0.001



0.005



0.003



281



278



275



Notes: The dependent variable is the oil supply shock in the following month. The independent variables is the log change in Baumeister and Kilian (2017) expected oil price over the past s months for crude oil delivery in three months. Newey-West standard errors with 12-month bandwidth in parenthesis. + p < 0.1, ∗ p < 0.05, ∗ p < 0.01.
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where A is aggregate productivity and Li is labor input. I assume that labor is perfectly mobile across firms. Relative demands for each firm are,. Yi(t) = (Pi(t). P(t). )âˆ’Î¸. Y (t). where Pi is the nominal price of variety i, P is the aggregate price index and Î¸ > 1 is the elasticity of substitution across goods. Aggregate output is defined ... 
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