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Abstract

This paper studies how capital misallocation shapes optimal monetary policy
in a New Keynesian model with heterogeneous firms and financial frictions. In
the model, firms with a high return to capital increase their investment more
strongly in response to a monetary policy expansion, thus reducing misallocation.
This mechanism creates a new time-inconsistent motive for the central bank to
engineer an unexpected monetary expansion to temporarily reduce misallocation.
Nevertheless, under a timeless perspective, approximate price stability remains
optimal in response to time-preference and TFP shocks. Capital misallocation
does, however, alter the optimal response to a cost-push shock: the central bank
tolerates higher inflation to stabilize both output and TFP.
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1 Introduction

An inefficient allocation of capital across firms may significantly reduce aggregate total
factor productivity (TFP). In a market economy, capital is allocated according to the
investment decisions of individual firms. Monetary policy is an important driver of
these investment decisions, as it directly affects firms’ funding costs and indirectly
influences firms’ revenues and other costs such as wages. If firm investment responds
heterogeneously to changes in monetary policy, then monetary policy can affect capital
misallocation and thus aggregate TFP.

Traditional analyses of monetary policy design abstract from this channel. In the
workhorse model of monetary policy—the New Keynesian model—the central bank
faces a short-run trade-off between stabilizing inflation and closing the output gap,
taking aggregate productivity as exogenous. Yet if monetary policy itself affects pro-
ductivity through its impact on the efficiency of capital allocation, then it also influences
the economy’s medium-run output potential. Should the central bank take this into
account when designing optimal policy, and if so, in what way?

The objective of this paper is to shed light on the interaction between monetary
policy and capital misallocation and its implications for optimal monetary policy. To
this end, we develop a tractable framework that combines the workhorse New Keyne-
sian model with a model of firm heterogeneity, based on Moll (2014), in which capital
misallocation arises from financial frictions. The economy is populated by a continuum
of firms owned by entrepreneurs, who have access to a constant-returns-to-scale tech-
nology. Entrepreneurs are heterogeneous in their net worth and receive idiosyncratic
productivity shocks. They face financial frictions, as their borrowing cannot exceed
a multiple of their net worth. This results in endogenous capital misallocation: en-
trepreneurs with productivity above a certain threshold are constrained and therefore
borrow as much capital as possible, since their marginal revenue product of capital
(MRPK) is higher than their cost of capital. Entrepreneurs below the threshold are un-
constrained: their optimal size is zero and they choose to lend their net worth to other
entrepreneurs.! This economy allows for an aggregate representation akin to that in the
standard New Keynesian model, but with endogenous productivity dynamics driven by

the evolution of the distribution of capital across heterogeneous entrepreneurs.

IThis is the tractable limit case of an economy with decreasing returns to scale at the firm level,
in which unconstrained firms are optimally very small and the bulk of production is carried out by
productive and constrained firms.



Misallocation channel of monetary policy The tractability of the model allows
us to analyze monetary policy from both a positive and a normative perspective. Start-
ing with the positive analysis, we first analyze how monetary policy shocks affect capital
misallocation. Expansionary monetary policy relaxes the financial constraints dispro-
portionately for firms with high MRPK. This allows them to increase their investment
relative to the low-MRPK firms, reducing capital misallocation and increasing measured
aggregate TFP.2 We call this the capital misallocation channel of monetary policy.
The fact that monetary policy expansions reduce misallocation might seem in con-
flict with previous research, such as Reis (2013), Gopinath et al. (2017), or Asriyan et al.
(2025), who argue that a decline in real interest rates may fuel capital misallocation
in real economies. We show that there is no such conflict: our model also delivers a
decline in TFP in response to a fall in real rates due to a negative time-preference shock
when prices are flexible. The difference in the behavior of misallocation compared to a
monetary policy shock is due to the different natural rate dynamics: though in response
to both shocks the real rate drops, the natural rate falls only for the demand shock,
remaining constant for the monetary policy shock.? Just observing the dynamics of real
interest rates is not sufficient to infer whether misallocation will improve or worsen. In
the presence of nominal rigidities, it is the joint dynamics of real and natural rates that

matter.

Optimal monetary policy Next, we investigate the implications of this capital
misallocation channel for the optimal conduct of monetary policy by analyzing the
Ramsey problem of a benevolent central bank. This is a technical challenge, as the
state space of the model includes the distribution of net worth across firms, an infinite-
dimensional object. We overcome it by introducing a new algorithm to compute optimal
policy problems in the presence of non-trivial heterogeneity.

We first study optimal policy in the absence of shocks. The steady state of the Ram-

sey problem features zero-inflation, as in the standard complete-markets New Keynesian

2The fact that TFP increases after a positive monetary policy shock has been previously docu-
mented by Evans (1992), Christiano et al. (2005), Garga and Singh (2021), Jorda et al. (2020), Moran
and Queralto (2018), Meier and Reinelt (2024) or Baqaee et al. (2024), among others. While these
authors propose complementary mechanisms such as R&D, hysteresis effects, or markup heterogeneity
to account for it, which we abstract from, our findings suggest that capital misallocation also plays a
significant role.

3The natural rate is defined as the real interest rate in the counterfactual flexible price economy.



model, which is nested in our framework.? However, capital misallocation renders the
problem time-inconsistent, as the central bank is tempted to exploit the capital misal-
location channel. This time inconsistency manifests itself as a time-0 problem: when
starting from the Ramsey zero-inflation steady state, the central bank has an incentive
to engineer a temporary monetary expansion in the short run while still committing to
price stability in the long run. This strategy allows the central bank to temporarily im-
prove the allocation of capital, and to increase TFP, even if it means tolerating positive
inflation during a certain period of time. We find that this time-0 problem is quantita-
tively more important than the standard one in the New Keynesian literature—namely,
the temptation to exploit the short-run trade-off between inflation and the output gap
generated by steady-state markups.

Next, we analyze optimal monetary policy from a “timeless perspective” (Woodford,
2003), in which the central bank respects the commitments that it has optimally made
at a date far in the past. This allows us to study the optimal systematic response to
shocks. To eliminate the time-0 problem and restore time consistency, we augment the
Ramsey problem by adding a timeless penalty to the central bank’s objective—a term
that enforces the central bank’s steady-state pre-commitments (Marcet and Marimon,
2019; Déavila and Schaab, 2023).

We start with the analysis of time-preference and TFP shocks. The optimal policy
response to these shocks generates only small deviations from price stability. In a
simplified version of the model featuring i.i.d. shocks as in Itskhoki and Moll (2019),
we can furthermore show analytically that exact price stability is optimal. There is thus
no meaningful trade-off between price stability and managing misallocation for these
shocks, just as the standard New Keynesian model features no trade-off between price
stability and aggregate demand management (this is commonly known as the “divine
coincidence”, Blanchard and Gali, 2007). This is so because the central bank has no
incentive to systematically exploit the capital misallocation channel in response to TFP
or time-preference shocks. The logic is familiar from the New Keynesian model with a
distorted steady state (Benigno and Woodford, 2005). In other words, even though the
monetary policy can, in principle, affect TFP, the central bank finds optimal not to do
so in a systematic way, and rather sticks to price stability.

Finally, we analyze the optimal timeless response to cost-push shocks. Under com-

4Our model nests the complete-markets model as a particular case in which the borrowing constraint
is arbitrarily loose, or in which entrepreneurs’ productivity levels are arbitrarily similar.



plete markets, cost-push shocks break the divine coincidence and create an inflation—
output trade-off, prompting the central bank to contract output to curb inflation. How-
ever, in our baseline with capital misallocation, monetary policy also affects TFP, lead-
ing the central bank to tolerate higher inflation to stabilize both output and productivity
in the short run. Nevertheless, in both cases long-run price level targeting is optimal,

that is the central bank eventually brings the price level back to its original level.

Related literature This paper contributes to three strands of the literature. First,
it relates to the extensive literature on capital misallocation, and the different channels
that may affect it, such as Hsieh and Klenow (2009) or Midrigan and Xu (2014)—see
Restuccia and Rogerson (2017) for a review on this literature. Our framework builds
on Moll (2014), whose tractable heterogeneous producer model we augment with a New
Keynesian monetary block to understand how monetary policy affects misallocation.’
By incorporating monetary policy, we also connect to a second strand of the liter-
ature that studies how firm heterogeneity shapes the transmission of monetary policy.
Within this literature, a growing body of work shows that financial frictions generate
heterogeneous investment responses to monetary policy. In particular, firms’ invest-
ment is found to be more responsive to monetary policy shocks when their default risk
is low (Ottonello and Winberry, 2020), when they have high leverage or fewer liquid
assets (Jeenas, 2023), when they are young and do not pay dividends (Cloyne et al.,
2023), when their excess bond premia are low (Ferreira et al., 2023), or when a larger
share of debt matures (Jungherr et al., 2024). This paper contributes to these stud-
ies in two ways. First, we highlight that, in the presence of financial frictions, the
investment response to monetary policy varies across firms along the productivity dis-

6 Second, we move beyond the predominantly positive and empirical focus

tribution.
on firm-level behavior and highlight the normative implications of this heterogeneous
response. In particular, we examine how monetary policy affects capital misallocation

and thus aggregate productivity, and how this channel in turn influences the optimal

®Buera and Nicolini (2020) employ a discrete-time version of Moll (2014) with cash-in-advance
constraints to analyze the impact of different monetary and fiscal policies after a credit crunch.

5In complementary empirical work, Albrizio et al. (2025) analyze the impact of monetary policy
on capital misallocation in more detail, both from an intensive and extensive margin. They find
that expansionary monetary policy improves capital allocation mainly along the intensive margin, as
it relaxes financial constraints faced by productive but constrained firms and allows them to invest
relatively more.



conduct of monetary policy.” Related work emphasizes complementary mechanisms
through which firm heterogeneity matters for monetary policy and the allocation of re-
sources more generally, including heterogeneity in markups and entry-exit (e.g. Meier
and Reinelt, 2024, Bilbiie et al., 2014, Baqaee et al., 2024, or Hamano and Zanetti,
2022), risk-taking (David and Zeke, 2021), firm-level productivity trends (Adam and
Weber, 2019), or the importance of the price elasticity of investment (Koby and Wolf,
2020).8

Finally, this paper contributes to the literature analyzing optimal monetary policy
problems in heterogeneous-agent economies. A number of recent papers, such as Bhan-
dari et al. (2021), Acharya et al. (2023), Bilbiie and Ragot (2020), Le Grand et al.
(2025), Mckay and Wolf (2022), or Auclert et al. (2024) propose different approaches to
solve these problems. Similar to Nufio and Thomas (2022), Smirnov (2022), or Davila
and Schaab (2023), we set up the problem as one of infinite-dimensional optimal con-
trol. We propose a new, simple and broadly applicable algorithm to solve these kinds of
problems, which leverages the computational advantages of continuous time. We also
differ in focus: while these papers analyze heterogeneous households, to the best of our
knowledge this is the first paper to analyze optimal monetary policy in a model with
heterogeneous firms.”

The structure of the paper is as follows. Section 2 presents the model, which we
calibrate in Section 3. Section 4 analyzes the drivers and dynamics of misallocation.

Section 5 studies optimal monetary policy. Finally, Section 6 concludes.

2 Model

We develop a closed-economy New Keynesian model with financial frictions and het-

erogeneous firms. Time is continuous and there is no aggregate uncertainty. The econ-

"Monetary policy generally also affects capital misallocation in the models cited above, although
this is not the focus of their work.

8 Although some of these studies also link monetary policy to misallocation, they emphasize different
transmission channels. For example, Hamano and Zanetti (2022) show that contractionary monetary
policy discourages firm entry and protects incumbents from competition, thereby reducing aggregate
productivity. Our framework abstracts from the entry—exit (extensive) margin and instead focuses on
the expansion and contraction of incumbent firms (intensive margin). The two mechanisms can be,
however, complementary.

9Martin-Baillon (2021) studies Ramsey policy with heterogeneous firms, although her focus is on
fiscal policy rather than monetary policy.



omy is populated by six types of agents: households, the central bank, entrepreneurs
that operate input-good firms, capital producers, retailers and final good producers.
Entrepreneurs are heterogeneous in their net worth and productivity. They combine
capital and labor to produce the input good. This input good is sold to imperfectly
competitive retail firms, which produce differentiated goods and face price rigidities. A
perfectly competitive final-goods producer aggregates the differentiated retail varieties
into a homogeneous final good. The retail and final-goods sectors follow the standard
structure of New Keynesian models. There is a fixed aggregate capital stock. Although
there is no aggregate uncertainty, we consider four types of MIT shocks—that is, one-
time surprise shocks no one expects, with a known and commonly understood path
from the time of impact onward. Specifically, we analyze: (i) a monetary policy shock,
i.e., a shock to the nominal interest rate i;; (ii) an exogenous TFP shock, denoted by
&; (iii) a time-preference shock, that is, a disturbance to the household’s discount rate

pl; and (iv) a cost-push shock, modeled as a shock to the subsidy on the input good 7;.

2.1 Heterogeneous input-good firms

The heterogeneous-firm block is based on Moll (2014). There is a continuum of en-
trepreneurs. Each entrepreneur owns some net worth, which they hold in units of
capital. They can use this capital for production in their own input-good produc-
ing firm—firm for short—or lend it to other entrepreneurs. Similar to Gertler and
Karadi (2011), we assume that entrepreneurs are atomistic members of the representa-
tive household, to whom they may transfer dividends.!°

Entrepreneurs are heterogeneous in two dimensions: their net worth a;, and their

! Each entrepreneur owns a constant returns to scale

idiosyncratic productivity z.!
(CRS) technology which uses capital k; and labor /; to produce the homogeneous input
good y;:

Ye = filze, ki, 1) = (zeseke) (L)', (1)

where ¢ is the (exogenous) common component of productivity and a € (0,1) the

10This assumption is the only relevant difference between the real side of our model and the model of
Moll (2014). We consider it to avoid having to deal with redistributive issues between households and
entrepreneurs when analyzing optimal monetary policy. Both models produce linear dividend policies,
so they are equivalent from a positive perspective.

HFor notational simplicity, we use z; instead of x(t) for the variables depending on time. Further-
more, we suppress the input-good firm’s index.



capital share. Idiosyncratic productivity z; follows a diffusion process,
dzy = p(ze)dt + o (z)dWs, (2)

where p(z) is the drift and o(2) the diffusion of the process.!?

Entrepreneurs can use their net worth to produce in their firm with their own
technology, or lend it to firms owned by other entrepreneurs. Firms employ labor [,
which they hire at the real wage w;, and capital k;, which is the sum of the entrepreneur’s
net worth (a;) and what the firm borrows (b, = k; — a;) at the real cost of capital R;.
Capital is borrowed from the agents which save, i.e. both households and lending
entrepreneurs. '

Firms sell the input good at the real price m; = p{/F;, which is the inverse of
the gross markup of retail products over input goods, being p! the nominal price of
the input good and P, the price of the final good, i.e. the numeraire. Entrepreneurs’
income flow consists of their firms’ profits and the return on their capital (net worth).
Entrepreneurs use these funds to distribute (non-negative) dividends d; to the household

and to invest in additional capital at the real price ¢;. Capital depreciates at rate 9.

An entrepreneur’s flow budget constraint can be expressed as follows

i + dp = Zntft(zt, ki, lt)v_ wily — Reky + SPLt/C{ﬁ_ 52 gar| . (3)
Net investment Dividends Firm’s profits Return on net worth

Firms face a collateral constraint, such that the value of capital used in production

cannot exceed v > 1 of their net worth,*

Gtk < vqear. (4)

12The process is bounded with reflective barriers.

13Gince debt contracts are instantaneous and in units of capital, firms’ balance sheets are not exposed
to Fisherian debt deflation or financial accelerator effects (Bernanke et al., 1999). Asriyan et al. (2025)
include the latter. This keeps the model tractable. Allowing for such effects would amplify the effect
of monetary policy shocks discussed later.

14 Assuming alternatively that firms’ borrowing is constrained to a multiple of their earnings (Lian
and Ma, 2020) would amplify the effect of monetary policy shocks discussed later on. The increase in
high-productivity firms’ profits, that (as we explain below) drives the positive impact of expansion-
ary monetary policy on TFP, would relax the constraint of high-productivity firms and improve the
allocation of capital further.



Entrepreneurs retire and return to the household according to an exogenous Poisson
process with arrival rate . Upon retirement they pay all their net worth, valued ¢;a;, to
the household, and they are replaced by a new entrepreneur with the same productivity

level. Entrepreneurs maximize the discounted flow of dividends, which is given by

0
—nt
Vo (20,a0) =  max / e "Noy de  + 0@ dt, (5)
{keslesdi}y>0 Jo ~ ~
- Dividends Terminal value

subject to the budget constraint (3), the collateral constraint (4), and the productivity

1% Future profits are discounted by the household’s stochastic discount

process (2)
factor Ag;. Below we show that Ay, = e~ Jo rsds wwhere 1, is the real interest rate.

We can split the entrepreneurs’ problem into two parts: a static profit maximization
problem and a dynamic dividend-distribution problem. First, entrepreneurs maximize

firm profits given their productivity and net worth,

mﬁf( {my fi(ze, ke, ) — wily — Rk} (6)
subject to the collateral constraint (4).

Since the production function has constant returns to scale, entrepreneurs find it
optimal to operate their firm at the maximum scale defined by the collateral constraint
whenever their idiosyncratic productivity is high enough, that is whenever z; exceeds a
certain threshold level z;. Else the optimal size of the firm is k;(z;) = 0, because they
cannot run a profitable firm given their low productivity. In that case the borrowing
constraint does not bind and the entrepreneur rents out her capital. From now on, we
refer to the two groups of entrepreneurs as ‘constrained’” and ‘unconstrained’. That is,

firms’ demand for capital and labor is:

vag, if 2 >z,
kt(zt,at) = ! (7)

O, if Zt<ZZ<,

15Tn reality, other sources of misallocation other than financial frictions—such as uninsurable risk
(Boar et al., 2025)—may be equally or even more important. We view this paper as a first step toward
understanding how firm heterogeneity affects the optimal conduct of monetary policy. Our aim is for
this framework to serve as a useful benchmark that can be extended in future work to incorporate
additional sources of heterogeneity and frictions, to further explore how firm heterogeneity shapes the
design and transmission of optimal monetary policy.



Lz, ap) = (“_—O‘)W)l/a Gzke(ze, ap). (8)

Wy

Firm’s profits are then given by

11—«
1

l—a) « 1
Dy(2, ar) = max {zipr — Ry, 0} yay, where ¢, =« ( > mg. 9)

Wy

Note that the term z;p; is simply the marginal revenue product of capital (MRPK) of
the firm with idiosyncratic productivity z;. The productivity cutoff, above which firms
are profitable, is given by

Z:§t90t = Ry, (10)

This expression tells us that the MRPK of the marginal firm equals the marginal cost
of capital. Any firm with z; > 2} thus makes profits over and above the cost of capital.
These profits arise despite perfect competition, because the borrowing constraint binds.

Note that factor demands and profits are linear in net worth. This is a consequence
of the CRS technology and makes the model significantly more tractable. As discussed
by Moll (2014), the assumption of CRS in firms’ production function (1) can be seen
as the limiting case of decreasing returns to scale (DRS), y; = [(zisiki)*(l))' )", v < 1,
when v — 1. In the case with DRS, there is a threshold z; (a;) which depends on
net worth, such that the firms with z; < 2/ (a;) are unconstrained and produce at
their optimal level (k;(z;)), whereas those with z; > 2/ (a;) are constrained. When
this threshold increases, previously marginally constrained firms become unconstrained
and reduce their capital stock below the maximum implied by the constraint. When
v — 1, the optimal size of low-productivity firms, and hence their production, are very
small, k;(2),y; (2:) — 0. Therefore our model should be understood as the tractable
limit of the more realistic DRS case.!® This highlights a crucial point regarding the
interpretation of the model: the threshold z* does not capture entry/exit, but rather the
limiting case of expansions and contractions of the optimal size of active firms. Entry
and exit of firms in this model is exogenous, and given by the exogenous retirement
rate 7).

Second, entrepreneurs choose the dividends d; that they pay to the household. The

solution to this problem is derived in Appendix B.1. There we show that entrepreneurs

6 erreira et al. (2023) find that financially constrained firms are found across the entire firm-size
distribution.



never distribute dividends (d; = 0) until retirement, when they bring all their net worth
home to the household. The intuition is the following. The return on one unit of capital
in the hands of the entrepreneur is at least (R;—dq;+G;)/qs, while for the household the
return on this unit of capital is exactly (R; — dq; + Gi)/q:. It is thus always worthwhile
for entrepreneurs to keep their funds in the firm. To keep things simple, as in Gertler
and Karadi (2011) we assume the representative household uses a fraction ¢ € (0, 1) of
these dividends to finance the net worth of the new entrepreneurs, so net dividends are
(1 — %) of the net worth of retiring entrepreneurs.

Using (9) and (3), the law of motion of an entrepreneur’s net worth can thus be

rewritten as

. a
a; = q_t [7 max {Zt§t90t — Ry, 0} + R — 5%] . (11)
t

2.2 Households

There is a representative household, composed of workers and entrepreneurs, that saves
in capital D; and in nominal instantaneous bonds B{¥. Nominal bonds are in zero net

supply. Workers supply labor L;. The household maximizes

Wo (BY, Do) =  max e~ hrtdsy(C, L,)dt (12)
{Ct,Lt,BiV,Dt}DO 0

sit. Dy = (R — 0q;) Dy — S — Cy + wi Ly + T4, (13)
BY = (iy—m)BY+5),

where S} is the investment into nominal bonds and T} denotes the profits received by
the household lump sum. The profits are the sum of net dividends received from en-
trepreneurs and the profits of the capital and retail-goods producers (discussed below).

The discount rate p? is potentially time-varying.

1—¢ 9
We assume separable CRRA utility, i.e., u(Cy, L;) = Clt_ - TLlf::g . Solving this

problem (see Appendix B.2 for details), we obtain the Euler equation,

Ct _Tt—P?

a - ¢ (14)

10



the labor supply condition

TL?
Wy = Ct_ga (15)
and the Fisher equation
s = Z.t — T, (16)

where, for convenience, we have used the following definition of the real interest rate

_ R —data

Ty =
qt

(17)

which equals the real return on capital adjusted by capital gains and depreciation.
Integrating the Euler equation (14), and using the Definition (17), we can verify that

the stochastic discount factor Ay, is

t h O) t
An, = ffo phds uc ( t _ 7f0 rsds.
ot = € —UC (Co) €

2.3 Final good producers

As usual in New Keynesian models, a competitive representative final good producer

aggregates the output produced by a continuum of retailers indexed j € [0, 1],

1 e—1 5571
i = ( / v dj) , (18)
0

where £ > 1 is the elasticity of substitution across goods. Cost minimization implies

N\ E 1 ==
it (pj,t) — (%> Y;, where P, = (/ p;ytsdj> .
t 0

2.4 Retailers

We differentiate between heterogeneous input-good firms and retailers.!” Retailers pur-

chase input goods from the input-good firms, differentiate them and sell them to final

I"Distinguishing between heterogeneous input-good firms and retailers is standard practice in pre-
vious New Keynesian models featuring firm heterogeneity and nominal rigidities, such as Ottonello
and Winberry (2020) or Jeenas (2023). Besides greater tractability, it avoids the possibly implausible
countercyclical behavior of New Keynesian markups interfering with our mechanism, which we see
as an advantage. It also does justice to the fact that retail prices are significantly more sticky than
intermediate goods prices (for Europe see Alvarez et al., 2006, Gautier et al., 2023).

11



good producers. Retailers operate under monopolistic competition. Each retailer j
chooses the nominal sales price p;; to maximize real profits subject to price adjustment
costs as in Rotemberg (1982), taking as given the demand curve y;, (p;;) and the price
of input goods, p/. The adjustment costs are quadratic in the rate of price change

P;.¢/p;+ and scale linearly in aggregate output Y;,

. N

o (2) =5 (&) v (19)

Djt 2 \Pjt

where 6§ > 0. We assume the government pays a proportional subsidy 7; on the input
good, so that the net real price for the retailer is m;, = m;(1 — 7). This subsidy is
financed by a lump-sum tax on the retailers W, and it is set so as to exactly offset the
distortions caused by imperfect competition in steady state, 7 = %, as it is common
in the optimal policy literature. We allow for temporary shocks to the subsidy. These
shocks operate like cost-push shocks, as we discuss in Section 5. Suppressing notational
dependence on j, each retailer chooses {pt}tzo to maximize the expected profit stream,

discounted at the stochastic discount factor of the household,

> ygs - yg; - Dt
A — —m — Y, -V, -6, = dt. 20
[ m) (3) smmee(®) =

The symmetric solution to the pricing problem yields the New Keynesian Phillips curve

(see Appendix B.3), which is given by

Y, g, . . e—1
(rt — —t> == (my—m")+m, m"= ) (21)

where 7, denotes the inflation rate 7, = B, /P,.

2.5 Capital producer

Capital is produced by a representative capital producer owned by the household. The
capital producer inelastically supplies 0 K units of capital, where K is the total amount
of capital and § its depreciation rate, and sells them at price ¢;. As input, it uses
0K units of the final good. This assumption is to be understood as the analytically

convenient limit of a capital producer with a convex cost function = (¢), where Z’ (1) —

12



oo for any investment rate ¢ # ¢, and it implies that aggregate capital stock is fixed.'®

2.6 Distribution

As previously explained, we assume that, for each entrepreneur retiring to the house-
hold, a new entrepreneur enters operating the same technology, that is, with the same
productivity level. This new entrepreneur receives a startup capital stock from the
household in a lump-sum fashion, equal to a fraction ©» < 1 of the net worth of the
entrepreneur she replaces. Let Gy(z,a) be the joint distribution of net worth and pro-

ductivity. The evolution of its density g;(z,a) is given by the Kolmogorov Forward

equation
0 0 0 1 9
W) — e bn)al= 3o )] + gl )02
Retainegzarnings Productivity clzaglging randomly

Cg(za)  + g ( 3) L (22)
H—/ /l/}
——_— ——

Entrepreneurs retiring
Entrepreneurs entering

where s;4(2) is the entrepreneurs’ investment rate from (11)

si(z) = P q_( 7y max {25100 — Ry, O}J + Ry — 6q1), (23)
! ! Profit rate from?);erating the firm

and 1/1¢g;(z,a/1) is the density of new entrepreneurs entering.

Using this two-dimensional distribution we can define the one-dimensional distribu-
tion of net-worth shares as wy(z) = Ait I agi(z, a)da, where we have defined aggregate
net worth as A; = [ adG;(z,a). This distribution measures the share of net worth held
by entrepreneurs with productivity z. Due to the linearity of the firms’ choices in a,
it contains all the relevant information in a more compact form. Given this definition
and the structure of the problem, net-worth shares are non-negative, continuous, once

differentiable everywhere and they integrate up to 1. The law of motion of net worth

8Endogenous capital accumulation by itself introduces departures from standard New Keynesian
dynamics—see Faia (2008). Given that we focus exclusively on the allocation of capital, we abstract
from endogenous aggregate capital dynamics.
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shares is given by (see Appendix B.4)

(’ﬂgiz) B (St(z) - % - (1= w)nwt(Z)) - % [1(2)wi(2)] + %% [0®(2)wi(2)] . (24)

2.7 Market Clearing and Aggregation

Market clearing. In equilibrium, the aggregate capital used in production has to equal
the amount of capital available: K = [ ki(z,a)dGy(z,a). Define aggregate net debt as
By = [b(z,a)dGy(z,a). Since the capital borrowed by an individual entrepreneur

equals that used in production minus its net worth b, = k; — a;, we have that
K= A+ B;. (25)

Asset market clearing requires that net borrowing of entrepreneurs B; equals net savings
of the household Dy,
Bt - Dt. (26)

Let Q(2) be the cumulative distribution of net-worth shares, i.e. Q(z) = [

By combining equations (25), (26), aggregating capital used by firms (7), and solving

wy () de.

for A;, we obtain
D,
A = : 27
A -u(E) -1 1)

Labor market clearing implies

L= /0OQ li(z,a)dGy(z, a). (28)

Aggregation. Aggregating up, one can express output as a function of aggregate
factors and aggregate TFP
Y, = Z,K*L; ™, (29)

where aggregate TFP Z; is an endogenous variable given by

f;;o rwy (x) dz\ *
) :

Zy = (GE,,(. N = -
= (stBuy [2 ] 2> %)) (Qt e (30)

This highlights that, in terms of output, the model is isomorphic to a standard representative-
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agent New Keynesian model with constant capital and TFP Z;. TFP is endogenous
and evolves over time and, as we discuss below, its evolution depends on factor prices.

Note that TFP Z, serves as a measure of misallocation. The financial frictions
faced by entrepreneurs imply that capital is not optimally allocated. The entrepreneur
operating the most productive firm does not have enough net worth to operate the
whole capital stock, hence less productive firms operate as well, which is suboptimal
and reduces TFP. Thus the more misallocated capital is, the lower is TFP.

Factor prices are

Wy :(1 — Oé)thtKaLtia, (31)
0

_ a—17 11—«
Rt —OéthtK Lt Ewt(') [Z | -~ Zt*] .

(32)

Finally, the law of motion of the aggregate net worth of entrepreneurs is given by

A1
Iz = a |:")/ (1 — Qt(z:)) (OéthtKailLtlia — Rt) + Rt — 6qt — qt(l — 1/))7]} . (33)

Appendix B.5 derives these aggregate formulae step by step.

2.8 Central Bank

The central bank controls the nominal interest rate ¢, on nominal bonds held by house-
holds. For the positive analysis in Section 4, we assume that the central bank sets the

nominal rate according to a standard Taylor rule of the form

di, = [—v (i, — (p" + ¢ (m — 7) + 7)) + 1] dt, (34)

where 7 is the inflation target, ¢ is the sensitivity to inflation deviations, v determines
the persistence of the policy rule and v is a monetary policy shock. For the normative
analysis in Section 5 we assume that the central bank follows the Ramsey-optimal

policy.

2.9 Competitive equilibrium

Next, we define the competitive equilibrium. Appendix B.6 reports the corresponding

set of equilibrium conditions.
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Definition. Given initial conditions Ag, Dy and wy(z), an interest rate path {i;};>0
and exogenous paths {p?, 7;, ¢ }+>0, a competitive equilibrium is a sequence of prices
{qt, wi, e, Ry my, >0, aggregates {Ch, Yz, Ly, Ay, Dy, Zi o>, cutoff values {2} }+>o and
net-worth shares {w;(2) }+>0 such that: (i) Households, input firms, retailers and the final
good producer solve their respective problems; (ii) Net worth shares evolve according
to the law of motion stated in equation (24); (iii) Markets clear as stated in Section
2.7.

3 Numerical solution and calibration

Numerical algorithm. We solve the model numerically using a new method, de-
scribed in Appendix F. It combines a discretization of the model using an upwind
finite-difference method similar to the one in Achdou et al. (2021) with a Newton algo-
rithm that computes non-linear transitional dynamics in a single loop.'?

Calibration. Table 1 summarizes our calibration. We calibrate the parameters of
the heterogeneous firms block to match data on Spanish firms. The entrepreneur’s exit
rate () is set to 10 percent, in line with the average exit rate 2007-2020 in the data
from the Spanish Statistical Institute (INE). The other parameters of the heterogeneous-
firm block are disciplined using detailed firm-level panel data from the quasi-universe
of Spanish firms between 2000 and 2016 from the Central de Balances Integrada.?® The
fraction of assets of exiting entrepreneurs reinvested (¢) is 0.1, so that new entrants
account for 1 percent of the total capital stock, in line with the data. The borrowing
constraint parameter 7 is 1.56, implying that entrepreneurs can borrow up to 56% of
their net worth, or 36% of their total assets, which targets the aggregate debt to total
assets ratio in the data. We assume that individual productivity z follows an Ornstein-

Uhlenbeck process in logs,?! with a reflective lower (upper) barrier at some value close

Y0ur method differs from the linear approximation approaches in Reiter (2009), Winberry (2018)
or Ahn et al. (2018) since we compute the nonlinear responses to MIT shocks. However, the two
approaches coincide for small shocks (Boppart et al., 2018). Our method solves for the same solution
as the nonlinear version of the sequence space Jacobian method (Auclert et al., 2021) in a single loop.

20This data set includes not only large firms with access to stock and bond markets, but also medium
and small firms more reliant on bank credit and internal financing. This contrasts with most papers
in this literature, which use data from publicly traded firms (e.g. Compustat). Those firms can
potentially behave very differently from the rest of firms in the economy, as documented for example
by Caglio et al. (2021). Our key variable of interest is firms’ MRPK, which we proxy by value added
over capital following the literature (e.g. Bau and Matray, 2023). See Appendix A.1 for details.

21By Tto’s lemma, this implies that z in levels follows the diffusion process dz = pu(2)dt + o(z)dW,
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to 0 (very high value).?
dlog(z) = —w, log(z2)dt + o, dW;. (35)

We estimate this process using our firm panel data set, as explained in Appendix
A.3. The estimate for w, corresponds to an annual persistence of 0.83, and the annual
volatility of the shock is estimated to be 0.73.

Table 1: Calibration

Parameter Value Source/target
n Firms’ death rate 0.1 Average exit rate
P Fraction firms’ assets at entry 0.1 Capital of firms younger than 1 year / All firms capital
¥ Borrowing constraint parameter 1.56 Debt / Total Assets firms
w,  Mean reverting parameter 0.19 Estimate based on firm level data
o Volatility of the shock 0.73 Estimate based on firm level data
p" Household’s discount rate 0.01 1%
« Capital share in production function 0.35 Gopinath et al. (2017)
0 Capital depreciation rate 0.06 Gopinath et al. (2017)
¢ Inverse intertemporal elasticity of substitution 1 Log utility in consumption
9 Inverse Frisch Elasticity 1 Kaplan et al. (2018)
T Constant in disutility of labor 0.71 Normalization L = 1
K Capital stock 15 Normalization ¢ = 1
€ Elasticity of substitution retail goods 10 Mark-up of 11%
0 Price adjustment costs 100 Slope of Phillips curve of 0.1 as in Kaplan et al. (2018)
T Inflation target 0 Standard
1) Slope Taylor rule 1.5 Standard
v Persistence Taylor rule 0.2 Standard

The conventional macro parameters are set to standard values. The rate of time-
preference of the household p" is 0.01, which targets an average real rate of return of 1
percent. The capital share « is set at 0.35 and the capital depreciation rate ¢ at 0.06,
as in Gopinath et al. (2017). We assume log-utility in consumption (¢ = 1) and the
inverse Frisch elasticity ¢ is also set to 1, standard values in the literature. We set the
constant multiplying the disutility of labor T and the quantity of capital K such that
aggregate labor supply and the price of capital in steady state are normalized to one.

Regarding the New Keynesian block, the elasticity of substitution of retail goods €
is set to 10, so that the steady-state mark-up is 1/(e — 1) = 0.11. The Rotemberg cost
parameter 6 is set to 100, so that the slope of the Phillips curve is €/6 = 0.1 as in Kaplan
et al. (2018). The Taylor rule parameters take the following standard values: 7 = 0,

2
where p(z) = 2 (fwz log z + %) and o(2) = 0,2.
22We truncate the process for z at 48. This corresponds to truncating the MRPK distribution at
the same level as in the data.
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¢ = 1.5 and v = 0.2. Appendix A.2 shows that the model generates a steady-state
MRPK distribution in line with the data.

Besides the idiosyncratic shocks, the economy is also affected by aggregate MIT
shocks.?® These can be shocks to time-preference (pl'), aggregate technology (s;), cost-
push shocks (7;), or monetary policy (v ). The first three shocks follow a mean-reverting
Ornstein-Uhlenbeck process with an annual persistence of 0.8. Only the monetary policy

shock has no persistence, because the policy rule itself is persistent.

4 Monetary policy and capital misallocation

In this Section, we analyze the links between monetary policy and capital misallocation
from a positive perspective. To this end, we first delve into the theoretical mecha-
nisms through which changes in equilibrium prices affect misallocation, to then analyze
the response of misallocation in general equilibrium to a monetary policy and a time-
preference shock. Understanding these mechanisms is key to understanding the optimal

monetary policy that follows in Section 5.

4.1 The capital misallocation channel of monetary policy

As Section 2 highlighted, misallocation and thus TFP is endogenous and evolves over
time. Misallocation is driven by the investment dynamics within the heterogeneous
input-goods firms block of the model, which in turn depend on the factor prices de-

24 One can thus think about the heterogeneous firm

termined in general equilibrium.
sector as a model block that translates (sequences of) prices into (a sequence of) TFP.
As discussed above, by equation (30) and abstracting for now from the exogenous

component of TFP ¢;, TFP depends on the allocation of capital across entrepreneurs:
Zy= (Eu 2] 2> 27])" . (36)

That is, TFP is the capital-weighted average of firms’ idiosyncratic productivity. TFP

thus depends on the mass of the net-worth distribution, w; (+), above the productivity

23 An MIT shock is defined as a zero-probability event, that is, an unexpected shock that happens
once, and after arrival, its dynamics are perfectly anticipated.

240f course, this channel is not specific to the precise model outlined in this paper. Any model
featuring frictions that generate heterogeneous investment responses to monetary policy will imply
changes in capital allocation across firms and, as a result, endogenous movements in aggregate TEFP.
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threshold, z; (the shaded area in Figure 1). Entrepreneurs below the cutoff z* are
unconstrained, operate at their optimal size k(z) = 0, and lend their net worth to
constrained entrepreneurs above the cutoff. Equation (36) allows us to identify how
changes in equilibrium prices affect aggregate TFP in this economy (i) by changing the
net-worth distribution, wy (-); and (ii) by changing the productivity-threshold zf. We
now explore these two margins in isolation.

We start by analyzing the case in which the dynamics of TFP are driven purely by
changes in the net-worth distribution, which happens when the cutoft z; is constant.
In this case, the excess investment rate is key for the dynamics of TFP. We define the

excess investment rate as the ratio of profits over net worth

ét(z)E% - max{%(z—z;‘),O}, (37)

where ®,(z) is the return on net worth that a firm with MRPK ¢,z makes in excess of
the cost of capital R;. Since entrepreneurs reinvest all profits, é(z) also describes the
speed at which the net worth of an entrepreneur with productivity z grows in excess
of the growth rate of the unconstrained entrepreneurs with productivity z < z;7.?> The
slope of the excess investment rate ®(z) = % is a function of prices. Crucially, it

determines the dynamics of the net worth distribution, and thus of TFP:

Proposition 1. (TFP response to the slope %). Conditional on a constant cutoff
2*, the dynamics of Z; are fully determined by the slope of the excess investment rate,
() = 22 An increase in £t leads to an increase in the growth rate of TFP through

changes in the net-worth distribution:

_ f,:*o 22wy (2) f;o 2wy (2)

v 2 2w (2)dz a 7w (2)dz

0 dlog Z,
o) "

Proof. See Appendix B.7.1.

> 0.

This Proposition states that the slope lq“tﬁ determines how, conditional on a constant

cutoff z*, the net-worth share distribution moves, and hence in which direction TFP

25d(2) is also a measure of how constrained a firm is, since ®(z) is the Lagrange multiplier of the
borrowing constraint in the firm’s maximization problem. From the first-order condition of the firm
for k, we get that MRPK, = R, + ¢\, where \B® is the multiplier on the borrowing constraint.
Hence, YABC = &,(2).
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Figure 1: The capital misallocation channel.

(a) Chagfget i?b“t{e net-worth (b) Shift in the productivity threshold.
1Stripution.

Net worth shares, w(z)

Net worth shares, w(z)

Notes: The figure illustrates the net-worth share distribution w (2) and the productivity-threshold z* (blue). The light
blue area is the initial mass of constrained firms. Panel (a) shows the impact of a change in the net-worth distribution.
Panel (b) shows the impact of an increase in the threshold (from blue dashed line to orange dashed line). The new mass
of constrained firms after the change is depicted by the shaded orange area in both panels.

evolves. If prices change such that the slope increases, then high-productivity firms’
profitability advantage widens, such that they grow faster than low-productivity firms.
Thus the net-worth distribution shifts to the right, the allocation of capital improves,
and TFP increases, as represented in Panel (a) of Figure 1. Note that, in the model,
high-productivity firms have a high MRPK, which is given by ¢;z. So we can equiv-
alently say that an increase in the relative growth rate of high-MRPK firms improves
TFP.

We turn next to the case when the net-worth distribution remains constant and
only the cutoff changes in response to price changes.?% In this case the response of TFP
growth depends exclusively on the changes in the growth rate of the cutoff, according

to the following Proposition.

Proposition 2. (TFP response to the cutoff). Conditional on a constant density

w (+), the dynamics of Z; are fully determined by the threshold zf. The partial derivative

of TFP growth with respect to the growth rate of the threshold % 1S positive:

26This happens in the limit of iid shocks, that is, the limit as ¢, — oo, as discussed in Itskhoki and
Moll (2019).
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B ozw(z;")f;}o (z =2 w(z)dz

)
w0 ST w@EdE T (z)de

2t

0 dlogZ,
dz; dt
(%)
Proof. See Appendix B.7.2.
This Proposition implies that a change in prices that raises the threshold z; = R;/y;

> 0.

increases TFP.2” Panel (b) in Figure 1 illustrates how an increase in the threshold
decreases the share of constrained firms by crowding out low-productivity entrepreneurs.
The intuition is simple: low-MRPK constrained firms that were close to the threshold
become unconstrained and reduce their capital optimally to 0, which implies that these
entrepreneurs stop using their net worth for production, and instead they lend it to more
productive firms, decreasing misallocation. Changes in the productivity-threshold thus
capture changes in the share of constrained versus unconstrained firms. This mechanism
is different from the extensive margin: it is not meant to capture firm entry and exit,
which in our model is exogenously given by the probability of retiring n. Rather, it
captures the idea that previously constrained firms become unconstrained and vice
versa.

So far we have considered how, in partial equilibrium, price movements affect TFP
independently through the two margins. Together, these two margins simultaneously
determine the evolution of TFP. However, rather than being two independent mech-
anisms, they are tightly connected through general equilibrium forces, which tie the
price movements together. In particular, inspecting the market clearing condition for
capital allows us to conclude that, in general equilibrium, prices must move in such a

way that the two channels always work in the same direction.

Corollary 1. (Co-movement of slope and cutoff). An increase in the slope of

the excess investment rate, l;t’—t, 1s associated to an increase in the growth rate of the

dzf
threshold o
dzf
2 (%)

o (%)

Therefore, when 1{% increases TFP increases.

> 0.

2"We consider the effect of the growth rate of the threshold ddif on the growth rate of TFP %,
and not that of the level z; on the level of TFP Z;. We focus on growth rates because, in general
equilibrium, equation (27) implies that neither z; nor Z; can jump discretely in response to monetary

policy induced price changes; instead, they adjust only gradually over time.
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Proof. See Appendix B.7.35.

This is intuitive: an increase in the slope of the excess investment function %Jf—t
implies a shift of the net-worth share distribution to the right. Ceteris paribus, this
increases the demand for capital and reduces its supply. Thus, the threshold z; has to
increase to clear the capital market. Thus TFP increases through both margins.

This corollary allows us to characterize the capital misallocation channel of monetary
policy, that is, the response of misallocation and TFP to monetary policy. If expansion-
ary monetary policy shocks increase the slope %—Which is the case in a wide range
of New Keynesian models—then misallocation decreases and TFP increases. To see if

this is indeed the case, we now turn to general equilibrium analysis.

4.2 Misallocation in general equilibrium

Households’ time-preference shock without nominal rigidities. While our main
focus in this Section is on monetary policy shocks, it is instructive to begin with the
response to a time-preference shock—specifically, a temporary decline in the household’s
discount rate, p”, abstracting for the moment from nominal rigidities, or equivalently
assuming strict inflation targeting (dashed orange lines in Figure 2).2® This shock
triggers a decrease of real interest rates and a hump-shaped decline of TFP. The drop
in TFP results from a deterioration in the allocation of capital driven by the two
interconnected effects discussed above.

First, the share of net worth held by high-MRPK firms declines, because their
profitability advantage over low-MRPK firms narrows, lowering their relative growth

rate. Equivalently, the slope of the excess-investment % falls (panel i). This drop is

l—a 1
11— mtE
wt

almost entirely due to the rise in capital prices ¢; (panel e), since p; = « (
barely moves because wages and input-good prices remain essentially unchanged (panels
b and c¢). These price movements closely resemble those in the complete-markets limit
in which capital allocation is efficient and TFP is exogenous—i.e., the representative-
agent New Keynesian model (Figure 9 in Appendix C.1). Thus the price dynamics

shaping the net-worth distribution are standard.?’

28For comparability, we pick the time path for p” such that the implied real rate coincides with that
from the monetary policy shock analyzed next. This implies a drop in p" of 24.6 b.p., and a gradual
return to the steady state level.

29The complete-markets economy is the standard representative agent New Keynesian model with
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Second, some previously unconstrained low-MRPK firms expand and become con-
strained. This is reflected in a decline in the cutoft 2z} = ”qﬁ;# (eq. 10). The fall in
z; results from the drop in the real interest rate r;, only partially offset by the increase
in ¢;. Intuitively, the flatter slope of the excess-investment function shifts the net-worth
distribution leftward, reducing demand from firms above the original cutoff. The thresh-
old must therefore fall to clear the capital market. Panel (a) of Figure 3 decomposes the
TFP response into contributions from individual price movements. Input-good prices
m; remain constant and wages w; matter little. Rising capital prices ¢; raise TFP, but
the decline in real rates r; reduces it, and this negative effect dominates, producing the

overall decline in TFP.

Figure 2: Impulse responses.
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Notes: The figure shows the deviations from steady state of the economy. The solid blue line is the response of the
baseline economy to an expansionary monetary policy shock of 25 basis points. The dashed orange line is the response
of the economy to a time-preference shock in the absence of nominal rigidities, where the path for p" is chosen so as to
reproduce the path of the real rate for the monetary policy shock. The yellow dotted line is the response to the same
shock with sticky prices.

fixed capital. It represents a limit case of the baseline economy where either the borrowing constraint
is infinitely loose, so that the net-worth distribution becomes irrelevant and only the most productive
entrepreneur operates, or where the variance in entrepreneurial productivity z is 0. In this case, capital
allocation is efficient (no misallocation) and TFP is exogenous. Appendix B.8 compares the baseline
and complete-markets models.
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Figure 3: Decomposing the effect of a monetary policy shock on TFP.

(a) Time-preference shock (b) Monetary policy shock
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Notes: The figure decomposes the effect of a time-preference shock (absent nominal rigidities) and monetary policy shock
on TFP (bold blue line) into the effect of the individual factor price changes. This is done by computing how TFP would
have evolved if all prices except one had remained at steady state.

Monetary policy shock. Now we turn to the baseline model with nominal rigidi-
ties and analyze a monetary policy shock, that is, a 25 b.p. reduction in the nominal
rate (blue lines in Figure 2) when the central bank follows the Taylor rule in equation
(34). The natural rate, defined as the real interest rate in the counterfactual flexi-
ble price economy, remains constant as monetary policy does not affect real variables
under flexible prices. The decline in nominal rates causes an increase in output and in-
flation and a drop in the real rate (panels a, d, f) through the standard New Keynesian
transmission mechanism.*’

Furthermore, TFP now increases (panel g). This is so, first, because the distribution
of net worth shifts towards more productive firms as the slope of the excess investment
rate lq‘f—t increases (panel i). This increase happens because now the changes in input-
good prices m; and wages w,; cause @; to rise by more than the price of capital, ¢

(panel €).' Second, the cutoff z = ratou—d:
t

2t also increases (panel h), because the

increase in the price of capital ¢; overcompensates the decrease in the real rate r; and

30 As before, factor prices respond largely as in the complete-markets representative agent model (see
Figure 9 in the appendix).

3Input-good prices m; and wages w; affect ¢; in opposite directions, as the higher prices (panel
b) increase excess profits whereas higher wages (panel c¢) reduce them. However, the elasticity with
respect to both variables is different, being larger (1) for prices than for wages (1=2). As the increase
of wages and input-good prices is roughly of the same magnitude, the different elasticities explain why
(¢ increases.
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the increase in ¢;. In contrast to the time-preference shock, the monetary policy shock
raises the relative profitability of high-MRPK firms. As a result, the net-worth share
of constrained high-MRPK firms expands. Consequently, the threshold z; must rise to
equilibrate the capital market (see the corollary above), implying that constrained low-
MRPK firms contract their scale and become unconstrained. We refer to the impact
of monetary policy on misallocation as the capital misallocation channel of monetary
policy.

Panel b of Figure 3 illustrates how each factor price contributes to TFP dynamics.
The rise in input-good prices m;, which increases (;, raises the excess investment rate
but lowers the threshold z;. In the short run, the latter effect dominates, resulting in
a net decline in TFP, whereas in the long run, the former effect prevails, yielding a
net positive impact. The increase in wages w; has the opposite—though quantitatively
smaller—pattern. As under the time-preference shock, the decline in the real interest
rate r; exerts a negative effect on TFP, while the rise in capital prices ¢; contributes
positively, with the latter ultimately dominating.

Households’ time-preference shock with nominal rigidities. For complete-
ness we also report the response to the time-preference shock with nominal rigidities
under a Taylor rule. The response (dotted yellow lines in Figure 2) is a combination of
the response to the time-preference shock under flexible prices—or equivalently under
strict inflation targeting—and the response to a negative monetary policy shock. To
see this, note that the central bank lowers the nominal rate more gradually than under
strict inflation targeting, causing the real interest rate to remain above the natural rate
(compare the dotted yellow and dashed orange lines in panel d). The Taylor rule there-
fore implies a temporary, contractionary deviation from the strict inflation-targeting
benchmark, leading TFP to decline even more than in the flexible-price case.??

Robustness. Note that the responses of capital misallocation and TFP discussed
above depend directly on the relative movements of factor prices, which can only be
determined numerically in general equilibrium. We show in Appendix C.7 that the posi-
tive response of TFP to monetary policy shocks is robust to a wide range of parameters.
The key question, therefore, is whether the data indeed reveal a positive relationship
between expansionary monetary policy shocks, a decrease in capital misallocation and
an increase in TFP.

Empirical support. It has been widely documented that expansionary monetary

32The responses to a permanent time-preference shock are qualitatively similar - see Appendix C.2.
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policy shocks indeed raise TFP (see Evans, 1992; Christiano et al., 2005; Garga and
Singh, 2021; Jorda et al., 2020; Moran and Queralto, 2018; Meier and Reinelt, 2024 or
Baqaee et al., 2024). The peak effect on TFP predicted by our model (0.72 p.p. increase
in TFP to a 1 p.p. shock) falls within the range 0.4-1.7 p.p. of medium-run peak
responses of TFP to monetary policy shocks estimated by those papers. Furthermore,
their estimated responses are also hump-shaped over the medium-run. The model is
thus consistent with this evidence.

The mechanism proposed in this paper to explain the positive TFP response—
namely, that firms with higher marginal revenue product of capital (MRPK) exhibit a
stronger response to monetary policy shocks—is also supported by empirical evidence.
Albrizio et al. (2025), using firm-level data from the Spanish Central de Balances,
provide evidence consistent with this channel. They show that firms with a MRPK
above their industry average increase their capital investment more than the average
firm in response to monetary policy easing, thereby contributing to a more efficient
allocation of capital in the aggregate, which would be associated to an increase in TFP.33
As such, the capital misallocation channel can complement alternative explanations for
the increase of TFP in response to expansionary monetary policy shocks put forward
in the literature, including mechanisms related to research and development (R&D),
hysteresis effects, and markup heterogeneity.

Relation to the misallocation literature. Our results help reconcile the appar-
ent tension between the literature showing how monetary policy shocks affect TFP on
the one hand, and the literature finding that low real rates may fuel misallocation on
the other hand (e.g. Gopinath et al., 2017 or Asriyan et al., 2025).3% We show that
there is no such conflict: our model delivers both an increase in TFP in response to
an expansionary monetary policy shock and a decline in TFP in response to a nega-
tive time-preference shock when prices are flexible. The difference in the behavior of
misallocation is due to the different natural rate dynamics: though in response to both
shocks the real rate drops, the natural rate falls only for the time-preference shock,

remaining constant for the monetary policy shock.

33Using the same data, the working paper version of this paper (Gonzalez et al., 2023) shows that
the investment response at the firm level across different MRPK levels is also quantitatively similar to
that predicted by the model.

34They find that misallocation increases and TFP decreases in response to a decline in real interest
rates in flexible-price economies.
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5 Optimal monetary policy

Having examined the interaction between monetary policy and capital misallocation,

we now turn to the analysis of optimal monetary policy.

5.1 The Ramsey problem

We assume that the central bank sets its policy instrument—the nominal interest rate
1;—such as to maximize household utility under full commitment. That is, the central
bank solves the following Ramsey problem: it chooses time paths for all equilibrium

variables, which include the distribution w;(z), so as to maximize household welfare

max Eg /00 e b PEdsy(Cy, Ly)dt (38)
{aewe,re, Reyme,meie,Co, Yo, Loy A, Diy Zay2t wi(2) 150 0

subject to all the private equilibrium conditions defined above, the initial conditions
on state variables {wy(z), Do, Ao}, and the transversality conditions of forward-looking
variables tliglo {qt, 7, Cy, Y;}. In the Appendix D.1 we present the full problem, spelling
out all constraints (i.e. implementability conditions) and we derive the optimality
conditions.®

Relative to the standard New Keynesian framework—namely, the complete-markets
version of our model—the central bank’s problem acquires an additional dimension:
monetary policy now influences TFP through the capital misallocation channel, and
the policymaker must internalize this effect.®® This makes the central bank’s problem
more complex technically: its control variables now include the distribution of net-
worth shares wy(z). Solving for the optimal policy thus requires computing first-order
conditions with respect to an infinite-dimensional object. This complicates the ana-
lytical characterization of optimal policy and it is a challenge when solving the model
numerically. To address this complexity, we proceed along two complementary dimen-
sions.

Numerical method. First, we develop a numerical algorithm that allows us to
solve the nonlinear Ramsey problem under perfect foresight in continuous time. This

algorithm accommodates a broad class of heterogeneous-agent models with infinite-

35We focus on policies with stationary Lagrange multipliers.
36 Appendix B.8 shows the equilibrium conditions of the complete-markets model and how they
compare to our baseline economy.
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dimensional state variables in a largely automated manner. Further details are provided
in Appendix F.

Simplified model. Second, to gain additional analytical insight, we study optimal
policy in a simplified version of the model. Borrowing from Itskhoki and Moll (2019),
we assume that firm-level productivity shocks follow an i.i.d. power law distribution
with parameter & G(z) = 1 — 2% if 2 > 1 (and zero elsewhere). In this case, aggre-
gate endogenous TFP only depends on entrepreneurs’ aggregate net wealth A;, so we
no longer need to keep track of the distribution of wealth among entrepreneurs. See
Appendix E for details. To ensure stability of the equilibrium, we require risk aversion
to be sufficiently low, specifically ¢ < %. Within this simplified environment, we
derive analytical results that clarify the central bank’s problem and the nature of the

policy trade-offs.

5.2 Optimal Ramsey policy
5.2.1 Steady state

Let us focus first on the steady state of the Ramsey problem.

Proposition 3. In the baseline model, if the Ramsey problem has a steady state, it
features zero inflation as long as the household’s budget constraint is binding for the

central bank.
Proof. See Appendix D.2.

The optimality of zero inflation in the long run—a hallmark feature of the standard
New Keynesian model—thus extends to our setting. The intuition is exactly the same as
in the standard New Keynesian model (Woodford, 2003; Benigno and Woodford, 2005),
and does not depend on the misallocation channel.>” On the one hand, the central bank
considers the direct costs of inflation, due to the Rotemberg adjustment costs, which
are minimized when inflation is zero. On the other hand, the central bank trades off
the benefits and costs of inflation through the Phillips curve. The benefit of inflation
is a contemporaneous reduction in markups. The cost is that firms, in anticipation of

future inflation, increase markups. As the proof illustrates, in steady state the benefit

37Key to this result is the assumption that misallocation and nominal rigidities do not interact at
the level of an individual firm: misallocation occurs among the heterogeneous input-good producers,
while price stickiness affects the retail firms.
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and cost from the Phillips curve exactly offset each other. Thus, only the direct costs
of inflation matter, and zero inflation is optimal.

The condition that the household budget constraint is binding is mild, and holds
in the case of our calibrated economy. For the simplified version of the model, we can
furthermore prove the existence of the zero-inflation Ramsey steady state analytically—

see Appendix E.2.2.

5.2.2 Time inconsistency and the time-0 problem

Ramsey policy plans, which are devised under full commitment, are not necessarily
time-consistent. A policy is time inconsistent if it is optimal when first planned, but
the policymaker would like to deviate from it further in the future. Intuitively, such
inconsistency arises because the policymaker’s incentives change over time: after pri-
vate agents have formed expectations based on past commitments, the policymaker
may wish to deviate from them to achieve short-term gains. This dynamic tension
between commitment and discretion is at the heart of the time-inconsistency problem,
as described by Kydland and Prescott (1977).

Mathematically, time inconsistency arises when the Ramsey problem features bind-
ing forward-looking constraints—conditions linking current policy choices or prices to
agents’ expectations of the future. The Lagrange multipliers associated with these con-
straints represent the shadow value for the central bank of deviating from previous com-
mitments. If these multipliers are zero, the constraints are slack, and the policymaker
has no incentive to deviate from its past commitments—implying time consistency.
Conversely, when the multipliers are nonzero, the policymaker gains from unexpectedly
relaxing these constraints, meaning that the Ramsey plan is time inconsistent and the
central bank would prefer to deviate from its earlier announced plan.

Time inconsistency is a common feature in monetary macroeconomics, and often
affects the steady state of the Ramsey plan. Consider the standard New Keynesian
model. Here the only relevant forward-looking constraint is the Phillips curve. If an
appropriately chosen subsidy offsets the markup and renders the steady-state allocation
efficient, that constraint is slack and the Ramsey plan is time-consistent in steady state.
Otherwise, output is inefficient in the Ramsey steady state and the central bank has
an incentive to exploit the Phillips curve in order to close the output gap. The Phillips

curve thus binds and the Ramsey plan is time inconsistent (Benigno and Woodford,
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2005).

In our model with capital misallocation, there are two relevant forward-looking
conditions: the Phillips curve and the Euler equation for capital prices. Since the zero-
inflation steady state is distorted by capital misallocation, those two constraints bind
even when steady-state markups are fully offset. The reason why the Euler equation
binds in the baseline economy but plays no role in the complete-markets benchmark
is that, in the latter, it constitutes a redundant constraint and is therefore slack. In
the baseline model, by contrast, the Euler equation is no longer redundant, because
the price of capital feeds back into the dynamics of capital misallocation. Therefore,
in our model with misallocation the Ramsey plan is time inconsistent in steady state.
We prove this analytically for the simplified version of the model, by showing that the

Lagrange multipliers associated with these two constraints are non-zero in steady state:

Proposition 4. In the simplified model, the optimal policy is time inconsistent.
Proof. See Appendix FE.2.2

In the baseline model, we can only evaluate the time inconsistency numerically: we
find the respective multipliers to be non-zero in steady state.

Time inconsistency manifests itself in the form of what is commonly referred to as
time-0 problem: if the economy starts at the zero-inflation steady state, the solution of
the central bank’s Ramsey problem involves a temporary deviation from zero inflation,
even though zero inflation is optimal in the long run, i.e. in the Ramsey steady state.

Figure 4 illustrates the time-0 problem in our baseline model (solid blue lines) and
the complete-markets case (dashed orange line), which coincides with the standard New

1.3¥ Thanks to the subsidy offsetting the markup, the Ramsey plan in

Keynesian mode
the model with complete markets is time-consistent. Hence, inflation and the rest of the
variables remain constant at their steady state values, and there is no time-0 problem.
This contrasts with the baseline model, where the central bank engineers a sizable
surprise monetary expansion, increasing inflation (panel a). The resulting dynamics
are very similar to those caused by an expansionary monetary policy shock, which were
described in detail in Section 4.2: the share of capital held by high-MRPK entrepreneurs
grows such that TFP increases (panel b). Appendix C.4 shows the evolution of factor

prices and the resulting increases in both the slope of the excess investment function,

38The set of equilibrium conditions of the complete-markets economy is presented in Appendix B.8.
In Appendix E.2.4 we prove that the Ramsey plan is time-consistent with complete markets.
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Figure 4: Time-0 problem.
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Notes: The figure shows the deviations from steady state when the planner solves the Ramsey problem without pre-
commitments and in the absence of shocks. The baseline economy is the solid blue line, and the complete-markets
economy the dashed orange line. The dotted yellow line and the purple dashed line repeat the same exercise in the
absence of the subsidy that offsets the markup distortion.

%, and the cutoff z*, which drive this increase in TFP. It also shows how the net-
worth share distribution shifts to the right in response to the shock. The central bank
thus engineers a monetary expansion, tolerating a temporary increase in inflation, in
order to achieve a persistent rise in TFP, brought about by a more efficient allocation
of capital.

To assess the severity of the time-0 problem in our framework, we compare the
optimal policy described above with the one obtained in the absence of a subsidy
that offsets the steady-state markup distortion. In this case, the complete-markets
representative agent model also exhibits a time-0 problem, as illustrated by the dashed
purple lines in Figure 4. Nonetheless, the figure shows that capital misallocation
leads to a substantially more pronounced time-0 problem: the optimal inflation path
in the model with misallocation (dotted yellow line) is roughly six times higher than
in the complete-markets representative agent model, in which the markup is the only
relevant steady state distortion (purple line). We therefore conclude that the time-0
problem is not only sizable in absolute terms—with average inflation reaching about
3% in the first year—but also far exceeds the one arising from markups in the standard

New Keynesian model.

39The desire of the central bank to redistribute resources to high-MRPK entrepreneurs is reminiscent
of the case with optimal fiscal policy analyzed by Itskhoki and Moll (2019). They find that optimal
fiscal policy in economies starting at below steady-state net-worth levels initially redistributes from
households towards entrepreneurs in order to speed up net-worth accumulation, and thus increase TFP
growth.

40 Appendix C.4 presents the same exercise displaying the dynamics of a broader set of variables.
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5.3 Optimal policy from a timeless perspective

Next we analyze the optimal policy response to unexpected shocks hitting an econ-
omy initially at its zero-inflation steady state. We consider policies that are optimal
from a “timeless perspective” (Woodford, 2003). The interpretation is standard: under
timeless optimality, the central bank honors its prior commitments and refrains from
exploiting short-term incentives to deviate from them. These pre-commitments are the
ones consistent with an optimal plan chosen at a time far in the past. Timelessly op-
timal policy thus allows us to study systematic monetary policy responses to shocks
under the ex-ante optimal, time-invariant policy rule. Building on the argument by
Boppart et al. (2018) one can reinterpret the timeless response to MIT shocks as a
first-order approximation to the optimal response under uncertainty. We operational-
ize timeless optimality following the timeless Ramsey approach by Déavila and Schaab
(2023), applying the recursive Lagrangian logic of Marcet and Marimon (2019) to our
continuous-time setting. That is, we augment the central bank’s objective function
by introducing a timeless penalty. This penalty adjusts the Ramsey problem so as to
account for the central bank’s steady-state pre-commitments. It renders the problem
recursive and ensures that its solution in steady state is time-consistent.*!

The next Proposition characterizes the timeless penalty:

Proposition 5. The penalty that makes the optimal policy time-consistent at the sta-

tionary Ramsey plan, and the associated timeless objective function are given by

Timeless objective
N\

7 N
Phillips curve penalty  Euler equation penalty

© [ phds Ctl—C Li-i-ﬁ /—'_“_\C — .
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0
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TV
Timeless penalty

where Apc and Agg are the steady-state values of the multipliers associated to the

Phillips curve and the Fuler equation, respectively.

Proof. See Appendix D.3

The first component of the penalty (Phillips curve penalty), ApcCy C7r0Y0, represents

41In the Ramsey plan, these pre-commitments are encoded in the initial values of the Lagrange
multipliers associated to forward-looking equations. Therefore the penalty contains one term per
forward-looking equation, weighted by the steady state multiplier of that equation.
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the central bank’s commitment not to deviate from the firms’ expectations embedded
in the Phillips curve. The second component (Euler equation penalty), AgpCy qu,
represents the commitment not to surprise the households relative to their expectations
embedded in the Euler equation. The penalty modifies the central bank’s objective
so that the marginal benefit of deviating from zero inflation is exactly offset by the
marginal cost imposed by the penalty. In this way, the penalty induces the central
bank optimizing today to adopt a timeless perspective—namely, to internalize how its
current actions would have affected the past through the anticipation of those actions
by households and firms.

Figure 14 in Appendix C.5 illustrates these costs of anticipation. It shows how a
marginal deviation from zero inflation is no longer socially desirable when it is antici-
pated, even though it is desirable when it s not anticipated. This is because inflation
no longer leads to the same increase in TFP, once it is anticipated. The penalties encode
these costs of anticipation at the margin for the steady state.

The entrepreneurs’ savings decision does not imply a forward-looking optimality
condition, so unlike in Déavila and Schaab (2023), there is no distributional penalty in
our setting. The intuition for this is straightforward. Entrepreneurs face both a static
profit-maximization problem and a dynamic saving decision. However, the dynamic
problem yields a corner solution—entrepreneurs always fully invest their profits—so
the optimal choice does not depend on the expectation of future variables, and there is
no temptation to manipulate such expectations.

While the proof in the Appendix D.3 focuses on the baseline model, the same penalty
applies also to the simplified model and to the complete-markets economy. In the
baseline and the simplified model, both steady-state multipliers are non-zero, as we
show analytically for the simplified model in the proof of Proposition 4 and numerically
for the baseline model. In the complete-markets economy, however, the Euler equation
is slack (see Appendix E.2.4), so the second component of the penalty drops out. When
steady-state markups are offset, the Phillips curve is also slack and the first component

also drops out.

5.3.1 Time-preference and TFP shocks

We focus first on time-preference and technology shocks. For those shocks, the “divine

coincidence” holds in the complete-markets economy (Blanchard and Gali, 2007). This
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implies that, in the standard New Keynesian model, it is optimal for the central bank
to keep inflation at zero at all times in response to these shocks: once constrained by
the pre-commitments, the central bank cannot improve the flexible-price allocation (see
Appendix E.2.4).

Once we extend the model to include firm heterogeneity, inflation can also be used
to affect the allocation of capital. This raises the possibility that the divine coincidence
no longer holds in our model. We start by considering the simplified model. As the

next Proposition states, the divine coincidence extends to this case.

Proposition 6. In the simplified model with 6 =0, the “divine coincidence” holds, that
is, under the timeless optimal policy m; = 0 Vt in response to shocks to the discount
rate (pl') or to the exogenous component of TFP (s;).

Proof. See Appendix E.2.35.

The proof establishes that the Lagrange multipliers associated with the forward-
looking constraints are constant. This implies that the tightness with which the forward-
looking constraints bind is invariant to the realization of time-preference or TFP shocks.
Consequently, the penalty term disciplining the timeless policy offsets the incentive to
stimulate demand not only in steady state, but also upon the arrival of these shocks.
The intuition mirrors that in the standard New Keynesian model with an inefficient
steady state (Benigno and Woodford, 2005). In both cases, the timeless planner is
tempted to engineer an unexpected short-run stimulus: under complete markets, to
push output toward its efficient level; and in our model, to further improve the allocation
of capital. However, in both cases the central bank recognizes that, once anticipated,
such a policy loses its benefits, and therefore refrains from it in the Ramsey steady state.
Furthermore, in both cases the benefit from a surprise stimulus does not get larger or
smaller in response to a TFP or a time-preference shock. Therefore, the central bank
also does not systematically deviate from zero inflation in response to those shocks.
That is, the flex-price allocation is optimal, once taking pre-commitments into account.

While the Proposition above pertains to the fully nonlinear, perfect-foresight model,
a second-order approximation to the timeless planner’s objective function helps to fur-

ther sharpen the underlying intuition.

Proposition 7. In the simplified model with 6 = 0, the objective function under time-

lessly optimal policy can be approzimated to second order by (where variables with hats
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denote log deviations from the zero-inflation steady state)
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Proof. See Appendix E.4.

In the absence of cost-push shocks (7; = 0), only the inflation term is relevant. In
that case, the central bank faces no trade-off and zero inflation is trivially optimal,
reiterating Proposition 6. How come there is no output gap term? As we show in
the proof, in the absence of pre-commitments, the second-order approximation of the
objective around the zero-inflation steady state is the sum of four terms: the volatility
of inflation 7;; the volatility of output gap Y;;%2 the volatility of TFP, Z;; and a linear
term in TFP deviations, Z; (see Appendix E.3):

- /Oo e*ptic_cy
0 2
(40)

These four terms reflect the three potential inefficiencies of our economy. The first two
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terms—the inflation and the output gap term—are standard in New Keynesian mod-
els and capture the welfare losses from price adjustment costs and from monopolistic
markups.*® In our model, capital misallocation constitutes an additional inefficiency,
which is reflected in the TFP terms, which are now endogenous to policy. Note that the
linear TFP term points at the time inconsistency of the zero inflation Ramsey steady
state: the central bank has an incentive to increase TFP. However, when taking pre-
commitments into account, the last three of those four terms cancel out. That is, any
concerns for the volatilities of output gap and TFP, or the desire to increase TFP, that
the time-0 Ramsey planner trades off, are exactly canceled out by the pre-commitments

from a timeless perspective. By contrast, when TFP is exogenous as in the standard

42The output gap is defined relative to the flexible-price zero-markup allocation with the same TFP

2 out e
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43As standard in New Keynesian models, a constant subsidy eliminates the effect of the markup
in steady state. However, following shocks markups vary over time due to nominal rigidities. Conse-
quently, the subsidy no longer fully offsets markups, giving rise to a wedge between the marginal rate
of substitution and the marginal product of labor (the labor wedge). The output gap term reflects this
distortion.
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New Keynesian model, the terms in Z; are independent of policy and drop out, such
that the timeless objective can be approximated by the standard two quadratic terms in
7 and V;.*4 This comparison highlights that the familiar timeless incentive to manipu-
late the output gap is exactly offset by the timeless incentive to manipulate endogenous
TFP in our simplified model.

The baseline framework includes two deviations from the simplified model of Propo-
sitions 6 and 7, both of which may potentially invalidate the divine coincidence. First,
capital depreciates (§ > 0), so that under zero inflation the aggregate resource con-
straint becomes C; + 0K = Y;, breaking the identity C; = Y;. The introduction of
depreciation with constant capital is equivalent to having government consumption in
the aggregate resource constraint. Benigno and Woodford (2005) show how adding
government consumption breaks the divine coincidence in the standard New Keynesian
model when the steady state is distorted. While in that model the steady state is dis-
torted by markups, in our environment the steady state distortion is caused by capital
misallocation, but the logic is the same. Second, the presence of persistent firm-level
productivity shocks implies that the capital allocation depends not only on the total
net worth of firms, but also on its distribution across firms. This heterogeneity may
further disrupt the divine coincidence.

However, there is a special case in which the result survives in the baseline model:

Proposition 8. In the baseline model, with 6 = 0 and logarithmic utility, the divine
coincidence holds, that is, under the timeless optimal policy m; = 0 Vt in response to
shocks to the exogenous component of TFP (¢).

Proof. See Appendix D.J.

The intuition underlying the Proposition is straightforward. Suppose labor and
inflation are held constant. In that case, consumption, the real interest rate, the price
of capital and wages move one-for-one with exogenous productivity, leaving firms’ net
worth—and hence endogenous aggregate productivity—unchanged. Logarithmic utility
ensures that income and substitution effects cancel, making it optimal for the household
to keep labor supply constant. It follows that if zero inflation is optimal in steady state,

it remains optimal in the presence of productivity shocks.

4“4When the markup distortion is not corrected for by a subsidy in steady state, the timeless planner’s
objective function contains the same two terms in standard representative-agent model, but the weights
are different. See appendix E.4.3.
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The preceding propositions characterize optimal timeless policy under restrictions
introduced for analytical tractability. Once these restrictions are relaxed, timeless wel-
fare can no longer be expressed in the compact form given by (39), although the linear-
quadratic approximation to welfare in (40) remains valid. In this case, the central bank
may optimally trade off deviations from strict inflation targeting—which closes the
output gap—against reductions in timeless welfare losses from capital misallocation.
Nevertheless, we show below that for empirically plausible parameterizations, including
our baseline calibration, optimal policy remains close to the divine coincidence.

TFP shock. Figure 5 shows the optimal policy response to a negative TFP shock.
The shock is scaled so that, under complete markets, its impact effect on the real

interest rate matches (in absolute value) that of the time-preference shock discussed
next.

Figure 5: Optimal monetary policy response to an exogenous TFP shock.
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Notes: The figure shows the optimal response from a timeless perspective (in deviations from steady state) to a 12.5%
decrease in the exogenous component of TFP (¢;), which is equivalent to a 4.4% drop in TFP (due to the exponent
of ¢¢). The shock is mean reverting with a yearly persistence of 0.8. The baseline economy is the solid blue line, and

the complete-markets economy is the dashed orange line. The figure also shows the paths of the variables under strict
inflation targeting (yellow lines).

In the complete-markets economy (orange dashed line), the central bank stabilizes
inflation and the output gap at their steady-state value of zero, delivering the exact

divine coincidence. In the baseline economy with misallocation (blue solid line), the
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optimal inflation response remains quantitatively negligible. Moreover, outcomes un-
der strict inflation targeting (yellow dashed line) are virtually indistinguishable from
those under the optimal policy. Hence, the baseline model exhibits an “approximate
divine coincidence”. This result is consistent with the fact that the model departs from
the environment of Proposition 8 only through a positive but small rate of capital
depreciation.

Households’ time-preference shock. A similar result applies for time-preference
shocks. As shown in Figure 6 the optimal response is again very close to strict inflation
targeting, though deviations are somewhat larger than under a TFP shock. Recall from

Proposition 6 that the divine coincidence holds exactly in the simplified environment

with i.i.d. firm-level shocks and no depreciation. By contrast, the baseline model

features persistent idiosyncratic shocks and positive depreciation. These two departures

naturally generate somewhat larger deviations from the divine coincidence, though they
remain quantitatively modest.

Figure 6: Optimal monetary policy response to a time-preference shock.
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Notes: The figure shows the optimal response from a timeless perspective (in deviations from steady state) to a 1 p.p.
decrease in the household’s time-preference rate, p?, which is mean reverting with a yearly persistence of 0.8. The

baseline economy is the solid blue line, and the complete-markets economy is the dashed orange line. The figure also
shows the paths of the variables under strict inflation targeting (dotted yellow line).

Notice that the policy rate path that the optimal policy prescribes, however, differs

with respect to the complete-markets case. Under incomplete markets, a negative time-

38



preference shock leads to an endogenous fall in both the productivity of the marginal
firm z; and in aggregate TFP Z; through the increase in capital misallocation. This, in
turn, amplifies the reduction of the natural rate brought about by the time-preference
shock itself, such that the natural rate drops more than in the case with complete
markets. As the interest rate mimics the natural rate, it declines more, and more
persistently, than in the standard New Keynesian model.*?

These results carry important implications. In principle, monetary policy could
be deployed to mitigate the impact of shocks by exploiting the capital misallocation
channel. However, under a timeless-perspective policy, the strength of these incentives
is quantitatively weak. As a consequence, strict inflation targeting delivers allocations
that are nearly indistinguishable from those implied by the fully optimal policy. Put
differently, even in the presence of misallocation, inflation targeting emerges as a robust

approximation to optimal monetary policy.*¢

5.3.2 Cost-push shocks

Finally, we turn to cost-push shocks, which are known to break the divine coincidence in
the complete-markets model. We model cost-push shocks as temporary changes in the
subsidy 7; on the input good. We calibrate the shock so that, in the complete-markets
economy, the initial decline in the real interest rate matches the impact response under
the time-preference shock.

The dashed orange line in Figure 7 shows the timeless Ramsey plan in the complete-
markets benchmark. The reduction in the subsidy increases costs, causing firms to
produce less. This gives rise to a trade-off between inflation and output stabilization:
the central bank lets inflation increase (panel a) to partially cushion the fall in the
output gap (panel b), a strategy known as “leaning against the wind”.

With capital misallocation, the optimal prescription differs qualitatively from the
complete-markets benchmark. Here, in addition to the short-run inflation—output gap
trade-off, monetary policy also affects resource misallocation and hence medium-run

TFP. This additional channel motivates the central bank to attenuate the policy re-

45In the working paper version of this paper (Gonzalez et al., 2023), we show that, because of this,
the zero lower bound becomes more binding in the baseline model.

46 Appendix C.7 reports the sum of absolute changes in inflation following TFP and time-preference
shocks under the timeless perspective, across alternative parameterizations relative to the baseline.
The results show that, for reasonable parameter values, deviations from the divine coincidence remain
small.
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Figure 7: Optimal monetary policy response to a cost-push shock.
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Notes: The figure shows the optimal response from a timeless perspective (in deviations from steady state) to a 195
b.p. decrease in T, i.e. a ceteris paribus increase in costs of around 2%, that is mean reverting with a yearly persistence
of 0.8. The baseline economy is the solid blue line, and the complete-markets economy is the dashed orange line. The
figure also shows the paths of the variables in the baseline model under strict inflation targeting (yellow line).

sponse and tolerate a larger increase in inflation (blue solid line, panel a in Figure
7). This causes the output gap to increase on impact, rather than dropping as in
the complete-markets economy (panel b). This stance not only stabilizes the output
gap more effectively than would the counterfactual policy of replicating the complete-
markets response (yellow dashed line), but it also dampens fluctuations in endogenous
productivity (panel d).

In the long run, the central bank exactly makes up for the initial inflationary burst,
both in the complete-markets and the baseline economy, so that the price level reverts to
its pre-shock value.*” That is, the long-run price level targeting feature of the Ramsey
policy (Gali, 2008) survives in the presence of capital misallocation.

Those two features—the temporarily positive output response and the long-run price

level targeting—are robust to parameter variations.*® For the simplified model with an

4TFigure 15 in the Appendix shows this feature numerically in the baseline and the complete-markets
economy.

48 Appendix C.7 reports the at-impact output response under alternative parameterizations. In all

cases, the response is positive. Furthermore, it shows that the price level targeting feature is present
across alternative parameterizations.

40



additional analytically convenient assumption regarding capital depreciation costs, we
can prove these two features analytically using a linear-quadratic approximation to the

timeless problem.

Proposition 9. Assume that capital depreciation costs are paid lump sum by the house-
hold. Up to first order, the timeless optimal response to a cost-push shock starting from

the Ramsey steady state in the simplified model has the following features:

1. The output gap s strictly positive at some time t, while it is weakly negative in

the complete-markets economy Vt.

2. The price level converges back to its initial level in the long run, as in the complete-

markets economy.

Proof. See Appendix E.4.

5.4 Welfare implications of optimal policy

We conclude this section by summarizing the welfare implications of the different policy
regimes studied above. Using the timeless objective from Proposition 5, we quantify
the welfare differences across policies.

The time-0 optimal policy increases time-0 welfare by an amount equivalent to
raising steady-state consumption by 5% for one year (annual consumption equivalent
variation — ACEV). From a timeless perspective, however, this policy is suboptimal: it
reduces timeless welfare by 250% ACEV.* In the complete-markets model, these num-
bers are one order of magnitude smaller, stressing again that the capital misallocation
channel substantially amplifies the time-0 problem.

By contrast, the welfare differences between the timelessly optimal policy and strict
inflation targeting in response to shocks are small. For TFP and time-preference shocks,
the gap is on the order of 1075% and 1074% ACEV, respectively. Strict inflation target-
ing is therefore close to optimal, especially for TF'P shocks. For a cost-push shock, the
gains from “leaning against the wind” relative to strict inflation targeting are modest—
about 1073% ACEV-—but twice as large as in the complete-markets benchmark. Our

conclusion is that, despite the severity of the time-0 problem, the timelessly optimal

49We refer to time-0 welfare as the discounted sum of household utility, and to timeless welfare as
the augmented welfare measure defined in Proposition 5—that is, the discounted utility sum plus the
timeless penalty term.
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response to shocks is only modestly affected by the capital misallocation channel of

monetary policy.

6 Conclusions

This paper introduces a tractable model with heterogeneous firms, financial frictions,
and nominal rigidities in order to understand the link between monetary policy and
capital misallocation, and its policy implications. We establish that monetary policy
easing endogenously improves capital allocation by disproportionately relaxing financial
constraints for productive firms, thereby raising TFP.

This new capital misallocation channel generates a time-0 problem: starting from
the zero-inflation steady state, the central bank would like to engineer a one-off expan-
sion to boost TFP. Yet, once commitment is imposed (timeless perspective), we find
that the optimal policy is close to price stability when facing TFP and time-preference
shocks, similar to the complete-markets benchmark. However, the optimal policy en-
tails more aggressive and persistent interest-rate adjustments because the endogenous
response of TFP amplifies the fluctuations of the natural rate. When facing negative
cost-push shocks, the central bank tolerates a larger short-run rise in inflation and a
temporarily positive output response. This more expansionary stance stabilizes real ac-
tivity more effectively than the complete-markets benchmark and mitigates fluctuations
in endogenous productivity.

The model presented in this paper abstracts from several relevant mechanisms driv-
ing firm dynamics, such as endogenous default, size-varying capital constraints, labor
market frictions, uninsurable risk, firm-level capital adjustment cost or decreasing re-
turns to scale, among many others. This allows us to provide a clear understanding
of the forces linking monetary policy with capital misallocation, as well as highlighting
the similarities and differences with the standard New Keynesian model. A natural
extension would be to add more of these features to study their impact on the optimal

conduct of monetary policy.
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A Calibration

A.1 Firm level data

For calibration we use annual firm-level balance-sheet data from Central de Balances
Integrada (CBI) of Banco de Espana, covering 1999-2016. The CBI provides detailed
administrative information for the quasi-universe of Spanish firms (see Almunia et al.,
2018). We retain only high-quality observations as defined by the CBI. The marginal
revenue product of capital (MRPK) is proxied by the log of value added over tangible
capital, restricting the sample to firms with positive value added. We drop the top
5 percent of the capital-weighted MRPK distribution to remove outliers. All nominal
variables are deflated using industry price indices, yielding a revenue-based MRPK
measure (Foster et al., 2008). In the final sample, mean MRPK is 0.77 in levels (—0.87
in logs) with a standard deviation of 0.66 (1.39 in logs). The capital-weighted MRPK
distribution is shown in Figure 8. We use this MRPK series to compute the process of
idiosyncratic shocks - see AppendixA.3. We use aggregate total debt (short- plus long-
term) and aggregate total assets from the CBI to calibrate the borrowing-constraint
parameter. The entry size is computed as the ratio of the aggregate capital of entrants
to the aggregate capital of all active firms. Both statistics are computed annually and
then averaged over the sample period.

For the calibration of the exit rate n we use data from the Directorio Central de
Empresas, which is a data set maintained by INE, and it contains aggregate data on all
firms operating in Spain, and its status (incumbent, entrant or exiter). The data set

can be accessed here.

A.2 MRPK and its steady state distribution

A firm’s MRPK is no directly observable. However, in a Cobb-Douglas production
framework, such as the one presented in Section 2, a firm’s MRPK is proportional to

its average revenue product of capital (ARPK):

MRPK, = ok 'I}™* < ARPK, =y, /k; = k2 1}

We thus use the easily measurable ARPK as an empirical measure for the unob-
servable MRPK, following the literature (see for instance Bau and Matray, 2023). To

o1


https://www.ine.es/dynt3/inebase/es/index.htm?padre=51&dh=1

account for the use of intermediate inputs, which we don’t model explicitly, we use
value added (sales minus intermediate inputs) instead of sales.

However, capital shares o may differ across sectors. This would imply that the
ARPK is no longer a valid proxy for the MRPK in cross sectoral comparisons. In the

following we explain that all our results are robust to this concern.

Steady state MRPK distribution Figure 8 shows that the model predicts a steady
state MRPK distribution that is in line with the MRPK distribution implied by the
data, assuming a uniform capital share for all sectors (panel a). In Figure 8 panel b, we
relax this assumption and allow for sectoral difference in the capital shares. Following
Hsieh and Klenow (2009) and Gopinath et al. (2017), we take the sectoral capital shares
of a relatively undistorted economy such as the United States. The fit of the model
worsens only slightly in the direction of underpredicting the measured misallocation.

The baseline calibration can hence be considered conservative.

Figure 8: MRPK distribution
(a) Uniform capital shares (b) Sectoral capital shares

Steady state distribution of MRPK

I dlata (left axis)

s modlel (right axis)

0.8

0.6

0.4

0.2

Notes: Panel (a) shows the steady state distribution of firms MRPK in the model (orange solid line) and compares it
to the data (histogram with blue bars). Panel (b) shows the robustness to differences in sectoral capital shares. We
drop observations above an MRPK of 0.82, which implies dropping firms in the 5% upper tail of the capital-weighted
MRPK distribution. Note that, by construction, the model cannot explain firms with an MRPK below the cost of capital
(R=r+ 46 =0.07 in steady state), which we also drop in this figure.

A.3 Estimating the process for idiosyncratic productivity shocks

We assume that individual productivity 2 in logs follows an Ornstein-Uhlenbeck process

dlog(z) = —w, log(z)dt + o,dW,.

02



To estimate this continuous time process on discrete data, we approximate it by an

AR(1) process using an Euler-Maruyama approximation

lOg(Zg) = Pz IOg(Zz—l) + Ety &~ N(07 02V At):

where p, = 1 — w, At ~ exp (—w,At).
In the model, firm level productivity z is proportional to firm level MRPK

MRPK(z) = zp;

Using this we can rewrite the discretized process for z as
log(MRPK,(])/p¢) = p.log(MRPK,_ (% )/ @i—1) + €, et~ N(0,0,)

log(MRPK(2])) = p:log(MRPK,-1(2]1)) + f (1, 01-1) + 1,

We estimate this equation using OLS on our panel data specified above, capturing
the term f(p;, 1) by using year fixed effects. We find p, = 0.83, and the standard
deviation of the shock is ¢ = 0.73. This estimate is robust to including sector fixed
effects to account for sectoral differences in capital shares (see Appendix A.2). As the
data frequency is annual, At = 1, we back out the implied to continuous time parameter
w, = —log(p,) = 0.189.
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B Further details on the model

B.1 Entrepreneur’s intertemporal problem

The Hamilton-Jacobi-Bellman (HJB) equation of the entrepreneur is given by

oV 2(2) 0%V oV
=42 (z)ern(qta—Vt(z,a))Jrf-

ov
rVi(z,a) = maxd; + sf(z,a,d)— + p(z) P 5 5.2 o

di>0 da

We guess and verify a value function of the form V;(z,a) = k; (2) ¢a. The first-order

condition is

ke (z) — 1 = Ag and min{ )\, d;} =0,

where A\; = 0 if xi(2) = 1. If ki(2) > 1 Vz,¢t, then d; = 0 and the firm does not pay
dividends until it closes down. If this is the case, then the value of ; (z) can be obtained

from

(re +m) ke (2) @ =

Oy o*(z) ks O (quke)

9 2 Mmoo
(41)

ng: + (ymax {Gzepr — Ry, 0} + Ry — 6qp) ke (2) + pu(2)q

Lemma. r;(z) > 1Vz,t
Proof. The drift of the entrepreneur’s capital holdings is

1 R, — 46
sy = q_ [(ymax {¢zepr — R, 0} + Ry — dqu) > tq—qt
t t

which is expected to hold with strict inequality eventually if 3 P (z; > 2) > 0 (which

is satisfied in equilibrium since z is unbounded), and hence

t Rs—dqs ds

t .a
Eoa; = anoefo sudt 5 qoelo Ta ) (42)

The value function is then

Kto (Z) oty = V;fo (z, ato)

o0 t
= Eto / e ftU (rs+m)ds (dt + nqtat) dt
0

o4



-
0o ” 00
> Eto/ e jto(rs-l-n)dantatdt _ Eto/ e
0 0

qs

—_——
Ry —0qs + gs
-+

n | ds

ngiardt

oot M+ ds—1 4t o0 _ (t (Rs—dgs
_ Eto / e ft0< s 77) s—log at thatdt — Eto / e ft0< ra— +n)d57’]QtOCLtdt
0 0

o0 rt Re—6 t Re—6 o0
_] S ds _,’_77 ds S gs ds —nt
> Eto / € to( s ) 77(1150 at()efo s dt = € K TIQt()at()dt - qt()at(n
0 0

where in the first equality we have employed the linear expression of the value function,

in the second equation (5), in the third the fact that dividends are non-negative, in the
fourth the definition of the real rate (17) and in the last line the inequality (42). Hence

Kty (2) > 1 for any t.

B.2 Household’s problem

We can rewrite the household’s problem as

00 leC L1+19
W, = max Eo/ et ( L _r 2t dt.
0

Ct,Lt,Dt,Bg\[,SiN 1 - C 1 —|— 19
s.t. Dt = [(Rt —6q) Dy +w Ly — Cy — ng + Tt] /at,
BN = SN+ (i—m) B,
where S is the investment into nominal bonds. The Hamiltonian is

[ Ctl—C B TL%—I—ﬁ
1—C  1+9

+XH,t [((Rt - 5%) Dt + ’UJtLt - Ct - StN + Tt) /qt]
+p (S + (in — m) B

The first-order conditions are
C;C - XH,t/Qt =0
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(43)

(46)



— YL + xuwi/q = 0 (47)

— X/ +m =0 (48)
XH,t = p?XH,t — XHt (Rt - 5%) /C]t (49>
e = pime— e [(ic — )] (50)

(46) and (47) combine to the optimality condition for labor

L}
Wy = ——¢
o
(46) can be rewritten as
XHt = ngqta

Now take derivative with respect to time

Xt = G ¢ — O Cugy,

and plug this into (49)
Ci* o — G Gy = p}Cifqr = G qu (R — 641) /-

Written this way, the Fuler equation is linear in a single time derivative, that of the
costate xp; = C’;th. It is in this form that the Euler equation enters the central bank’s
problem. If we divide by C,;th( and rearrange, we get the Euler equation in the form

we are used to have

Ct Rtiz(tlﬁqt B p?
G ¢
(48) can be rewritten as
M= Xmt/ G
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Now take derivative with respect to time

. XH,tQt - XH,tq
=5
qi

Use these two expressions and the definition of g in (50) to get the second Euler

equation .
Q _ (i — ™) — P}
Gy ¢

Combining the two Euler equations, we get the Fisher equation

Ry —0q: +¢G .
SO (g, )
qt
Finally using the definition of r, = W we can rewrite the first Euler equation and

the Fisher equation as in the main text.
The profits received lump-sum by the household, 7T}, are the sum of net dividends

received from entrepreneurs and the profits of the capital and retail-goods producers,

0
T, =(1—my) Y, — 5771:2Yt+Qt(1 — YA+ (¢ — 1) 0K.

B.3 New Keynesian Phillips curve

The proof is equivalent to that of Lemma 1 in Kaplan et al. (2018), though we follow
the Hamiltonian approach. We assume the government pays a proportional subsidy 7

on the input good, so that the net real price for the retailer is m; = m;(1 — 7). The

P P\ 9
(7-m) (5) vime

retailer’s problem is

o0 t
max / elo —rsds dt
{ﬂ:pt}tzo 0

subject to

Note that
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Plug this into the objective, dropping the constant Cy we can define the Hamiltonian

H, where xz; is the multiplier on the constraint:

be - e\ 0
(7= (5) vima

The first-order condition (FOC) with respect to p; is

1 (p\ °© Dy 5 o1
_ I _ v & P<E
P, (Pt> c (Pt mt) be t

The first-order condition with respect to m; is

+ XFiTPt-

Cr Y, — PeXFe + XFe + T XFe = 0.

Ct_ceﬂtyt = XFtPt-
Solving the latter FOC for xp; and differentiating with respect to time, we get

0 (C R+ G omy = COT T Yy ) = iy C0mY,
: |
Dy

XFt =
We multiply the first FOC by p; and use the latter two equations to eliminate x g,

peo(p\T (e 5 e
P \P, p )

+ o0 (C{Cfrth Oy — gC;C*lcm;)
Gy,
yg;

0 = C'%Y, — pCy Oy,

C; C0Y,m?.

Since z—z = m, the last two terms cancel. Now use symmetry P, = p; and divide by 6 to

get

1 — . .
%ﬁn(€5+m>—mz%n+@mﬁn+q%meaz<mezn

dC; S m Yy
dt

the Phillips curve is linear in a single time derivative, related to the firm’s costate x p;.

Notice that the last term in parenthesis is equal to . Thus, written this way,

We exploit this feature when we derive the timeless penalty, and it is in this form the
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the Phillips curve enters the Ramsey problem.

If we divide by C, ‘Y, we obtain the New Keynesian Phillips curve

E 1_€+~ _|_' — C£_|_ _E
0 - Ty T = c, Pt Y, Ty

The total profit of retailers, net of the lump-sum tax, which is transferred to the

households lump sum, is

0
I, = (1—my) Y, — §7rfYt. (51)

B.4 Distribution

The joint distribution of net worth and productivity is given by the Kolmogorov Forward

equation
zZ,Q 2
WD — D (e apsu(z)al— Loz (g gl @) (g2, a) bz /),

(52)
where 1/1¢;(z,a/1) is the distribution of entry firms.
To characterize the law of motion of net-worth shares, defined as w;(z) = A% fooo ag:(z,a)da,

first we take the derivative of w;(z) wrt time

Owy(z) Ay 1 Ig:(z,a)
=—— + — ————da.
" 2 /0 agi(z,a)da /) a " a (53)

Next, we plug in the derivative of ¢;(z,a) wrt time from equation(52) into equation
(53),

Ouwi(2) Ay [ 1 [ B
o - A agi(z,a)da + a4/ a (—%[gt(z,a)st(z)a]) da
o 1 [ 10 , 1 [
_ gu(z)z/o agi(z,a)da + 3927 (Z)Zt/o agi(z,a)da

1 > 1 >
_ L 7mwmm+—/7wwwwwm
At 0 At 0

29



Using integration by parts and the definition of net worth shares, we obtain the second
order partial differential equation that characterizes the law of motion of net-worth

shares,

A, 5, 1 02

= [s(2) = — U =vn| wi(z) = u()wz) + 5 550" (Dwilz). (54)

Owy(2)

The stationary distribution is therefore given by the following second order partial

differential equation,

1 9

0= (5() — (1~ PIm)lz) — mopu(z)uz) + 3 250 (2Nal). (55)

B.5 Market clearing and aggregation

Define the cumulative function of net-worth shares as

Q(2) = /OZ wi(z)dz. (56)

Using the optimal choice for k; from equation (7), we obtain

K, = / (2, a)dgy(, a) = / h [ / 7aAitgt(z,a)da} dzAy = A(1— QN4 (57)

By combining equations (25), (26) and (57), and solving for A;,we obtain

Dy
(1 =9Q(z)) - 17

Ay = (58)

Labor market clearing implies

L= /000 li(z,a)dgi(z, a). (59)

Define the following auxiliary variable,

X = /00 2wi(2)dz =Bz | 2 > 2] (1 — Q(z})). (60)

"
2t

Using labor demand from (8) , X; and using the definition of ¢;, we obtain
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L, = / /( ) Gzyaugi(z, a)dadz = ( L ) h yAG X (61)
amy Qi

Plugging in (8) into production function (1), and using again the definition of shares,

we obtain
G2 .
Y, = / / t @tvagt (z a)dadz—gt P Xy Ay = (76 X Ay) Li ) (62)
amt my
yt(za

If we employ equation (57), we get

X “
Y, = — | K8L = Z,K*L,}'™° 63
= (staimy) Ko -zt o

where the TFP term Z; is defined as

Xi " 2|z >z
2= (sq—amy) = El1=> =" (69

Aggregate profits of retailers are given by
99 — /vmax {stzpr — Ry, 0} adGy(z,a) = [sepe Xy — Ry (1 — Q(2))]vAi. (65)

Aggregating the budget constraint of all input good firms, using the linearity of
savings policy (11) and using (58), we obtain

A, = /adG(z,a,t) —n/(l —)adG(z,a,t) =
> q

:/ . — [ymax {gz¢s — Ry, 0} + Ry — 0qr — q:(1 — ¥)n] adG(z, a), (66)
0 t

Dividing by A; both sides of this equation, using the definition of net worth shares and

the fact that these integrate up to one, we obtain

At 1
At 4
Using the definition of Z;, and substituting ¢, using equation (61), we can simplify

—(ypeseXe — Rey(1 — Q(27)) + Ry — 61 — q:(1 — ¥)m). (67)

equation (67) as
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A l(1 — Q) (ame Ze L' = (1 = Q(2)7A) “ ' = Ry) + Ry — 0qs — qi(1 — ).

Xt N 4t
(68)
Using (57) and (58) we can replace (1 — Q(z]))yA: by K, which delivers equation
(33).
Finally, we can obtain factor prices
Wy :(1 - a)ththoth—oc (69)
Z*
Rt :CW’ntZt}—(,gli1[4751704ry—)l;,_iE (70)

where wages come from substituting the definition of ¢, into equation (61); and
interest rates come from plugging in the wage expression (69) into the cutoff rule (10)
and using equation (58). We could equivalently write equation (70) in terms of real

rate of return r; :

qt 7YXy qt

We can easily get these equations in terms of aggregate net worth instead of capital

1 . ‘
Te=— (athtK?_lLtl‘“Z—t) —s4+ 4 (71)

by simply using equation (57), i.e. A;v(1—Q(z})) = K}, and using that GE [z | z > z}| =
I3 stawi(2)dz '
Ct(l_éfzm = EI_Q(Z:)) (see equation 64).

B.6 Full set of equations

Conditional on some monetary policy, the competitive equilibrium is described by the
following 14 equations, for the 15 variables {w(2),w,r,q, R, A, L,C, D, Z, z*, 7, m,i, Y }.
Remember that p(z) = 2 (—wz log z + %2) and o(z) = 0,2, and that government bonds
are in zero net supply (BY = 0, hence S = 0). Note that there are more variables
here than in the equilibrium definition, because we have introduced several auxiliary
variables.

To close the model we need to define a particular policy. This can be a simple Taylor

rule, such as the one we assume for the positive part of the paper:
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di = —v (iy — (p} + ¢ (m, — ) + 7)) dt.

or it can be Ramsey policy. When we consider Ramsey policy, these 15 equations (in

appropriate transformations) are the constraints of the Ramsey problem.

e Household block:

g _ Ty — pz}tl
C, ¢ ’
Ty =1y — Ty,
Ry — 0q; + gy
=,
qt
rIY

Wy = )

—C
t
D, = (Rt — 0q¢) Dy +w Ly — Cy + T3] [y,

0
where T}, = (1 —my) Y; — §7rt2Yt +q(l —yY)nAr+ (¢ — 1) 0K.

e Production block:

Owy (2) A,
5 = (St(z) -1 —=y)n- At) we (2)

1
where s;(2) = q—(y max {zSepr — Re, 0} + Ry — dqy)
t

(1 _a))(la)/a 1

and ¢ = ( mg,
wy
Wt = (1 — Oé)thtKaLt_a,
R, = 7 KaflL 11—« 2t ,
t A t Elz |z > z{]
Zy = («E [z | 2> #])"
f;; zwyi(2)dz

* (1-9(z))

and Qt(z*)z/ wy (2)dz,
0

where E [z | z > z/]
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A
A L (1 - Q) (amZeK T L — Ry) + Ry — 0gt — a1 — ¥)n)]

At @

(82)
Y, —1
(Tt_Y;> T = g(mt(l—n)—m*)-i-ﬁt, m* == p (83)
Y; = Z KO L. (84)
e Market clearing:
K = At + Dt, (85)
D

At - L (86)

Y1 -90) -1
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B.7 Proofs of subsection 4.2

To isolate the role of endogenous TFP, we consider the case without aggregate exogenous

TFP shocks, i.e. ¢ =1 Vt. In this case, total factor productivity is given by

[7 2w (2) dz\ ©
AR - S
[ wi (2)dz
We compute the growth rate of TFP

1 dZ dlog 7 d > d =
Zd_tt = dgt t— o [dt (log/Z? 2Wy (z)dz) 7 <1Og/zg Wt (Z)d2>]

J?z%?wz—am@a% —f”%”wz+w<>%
= -+ ,
fz;‘ 2wy (2) dz fzt* wi (2)

where the dynamics of the density are

Owy (Z) TPt maX{(Z . Z*) ’0} + M — é — (1 — ”lb)ﬂ Wt(z) (87)

ot qi qi A, |

N J/ N

+ e (log(=Jeaz)) + T A ealz)

From there we can analyze two limit cases.

B.7.1 Constant cutoff z*

First, we analyze the case in which the cutoff remains approximately constant. In this

case, the growth rate is

1 dZ, B [ zawat—t(z)dz B I awat—gz)dz

z

7, dt . [Zaw(2)dz [T w(z)dz

We now show that, in this case, (i) prices only influence TFP though changes in the

slope of the excess investment rate, %; and (ii) that this response is positive. The
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derivative of the TFP growth rate with respect to a price or a function of prices x; is

0 dlogZ| [ za“éiff dz [T %5z
Ox, dt . fz 2wy (2) dz fzoo wy (2)dz
where
a@t (Z) . 0 ~ ~
|l = o (¥1(2)+ =) @),

given the definitions of ®;(z) and Z; above. Then we have:

o dlogZ| [T 5w ()dZ_f;oag;gEf)wt(z)dz
Oxy dt |, [ 2w (2) dz [Zwi(2)dz

N =h foo 2wy (2)dz X wi(2)dz
Oxy \ [ 2wy (2) dz Twi(2)dz)

z* z*

-~

0

This expression shows how only the excess investment rate ®(z) matters to understand
the impact of changes in prices on the growth rate of TFP. Conditional on z*, price
changes affect the excess investment rate by affecting its slope %. So the effect of a
shock on TFP growth is determined by its effect on 22, This proves claim (i).

To prove that an increase in the slope % increases TFP growth, we compute

f z (§> dz f;o;(%xgwt(z)dz

o B [ 2w (2) dz [ wi(2)dz

[Zz2(z=2)w(2)dz [T 2(z—2")wi(2)dz

[ 2w (2) dz [Zwi(2)dz ’

To uncover the sign, we analyze the term

s <z—z*>zwt<z> Re-—MaE) [Pl [T

[ 2wy (2) dz [Fwi(2)dz [ 2w (2)dz [ w(2)dz (88)
We define w;(z2) = %HDZ* and @ (z) = %LN*. These are continuous

probability density functions over the domain [2*,00), as they are non-negative and
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sum up to 1. They satisfy the monotone likelihood ratio condition as

We(2) _ Zfzoo 2wy () dz

wi(2) Y w (2)dz

2%

I(2)=

is non decreasing. This implies that function @;(z) dominates w;(z) first-order stochas-

tically. Hence

7wy (2) < = - [ 2w (2)
m = Ewt(z) [Z] = /* zwt(z)zdz < /* ZWt (Z) dZ = E@t(z) [Z] = m

Therefore, equation (88) is positive. An increase in the slope of the excess investment

rate, %, thus increases TFP growth, which proves claim (ii):

0 dlog Z;
e

qt

B [7 22w (2) [ 2w (2)

= — 0.
o fz;o 2wy (2) dz f;o we (2)dz ~

B.7.2 Constant w(z) : the limit with iid shocks

Next, we consider the limit of iid shocks, that is, the limit as ¢, — oo. In this case, as
discussed in Itskhoki and Moll (2019), the distribution w (z) is constant and the growth
rate of TFP simplifies to

1 dZ, (o JZG=)w(z)dz gz
—— = aw(2}) =5 = :
Zy dt ! fzzﬁ w(z)dz fz? 2w (z)dz dt

. * fzof(z_zf)w(z)dz
Notice that aw(zt) fzotg wt(z)dz [f’: 2w(z)dz

growth rate of TFP depends linearly with the growth rate of the cutoff: if the later

> 0 for any value of the cutoff. In this case, the

increases, so does the former.

B.7.3 Corollary 1

The market clearing condition for capital ((27)) can be rewritten as

*
t

K = An / " o () do (89)
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Take the time derivative on both sides, taking into account that aggregate capital is

constant and manipulating the right-hand side,

. . % O [ wi (z) do
K, = At’y/ wy () de + Ay tat ,

- > * Owy (2 0z
0 = Aﬁ/ wt(x)dx—l—At’y</ %dz—wt(zt)az:).

t

Now take the derivative with respect to the slope qu—t,

{Atfyf w; ( da:+A”y(f°°6wt dz—wt(zt)aaz;)}

0 — o (90)
qt
{A,ﬁf wy ( dx} Q{Aﬂ (f;o Our(z dz—wt(zt)a(;Z)}
- S + am (91)
00 Qwi(z 8zt
o DA, 0 (fzt Tot eldz — wi(2) 3¢ )
= o [ o+ an 7 (92)

Note that here we have used the fact that w; () and A; do not depend on current prices
because they are states, but A, does. Furthermore, note that z; also does not depend
on current prices, by the capital market clearing condition (2.7).

By (87) we have that

dnlz) 5, (2
o =2 ).

By (66), and the definition of z; ((10)), we have that

A = /00 {% max {z — z;,0} + B _ d—(1 ¢)n] wi(2)Adz,
0

de qt
_ / {mmax{z_zg,()}ﬁ—f%— —(1—@/))77} wi(2) Ardz,
0 qs 7 4

oxreL .

t

o oA / (c = (A + L ()4

Using these two equations in (90), we get the following
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Thus
0 (JF G-+ a) [Fu @ [ G- a el
012 B we(2f) ~

This expression is positive. Thus we have shown that an increase in the slope of the
excess investment function (%) is associated to an increase in the growth rate of the
threshold (%). Combining this with propositions 1 and 2, we can conclude that an

increase in 1;:_75 is associated to and increase in TFP.

B.8 Baseline vs complete markets

In this Appendix we want to highlight the differences between the model presented in
this paper and the standard representative agent New Keynesian model with fixed cap-
ital (complete markets). Note first that the baseline economy collapses to the standard
complete-markets economy if the collateral constraint is made infinitely slack (assuming
that the support of entrepreneurs productivity distribution is bounded above). In that
case entrepreneurial net worth becomes irrelevant and only the entrepreneur with the
highest level of productivity z; produces, since she can frictionlessly lend all the capital
in the economy. Her productivity determines aggregate productivity Z, = (2/"**)*.In
contrast, in the baseline model with incomplete markets, entrepreneurs’ firms can only
use capital up to a multiple v of their net worth , i.e. va; < k; . Thus entrepreneurs
need to accumulate net worth (in units of capital) to alleviate these financial frictions.
Hence, in the baseline model, the distribution of aggregate capital across entrepreneurs
and the representative household matters and aggregate productivity depends on the ex-
pected productivity of constrained firms, Z; = (¢E [z | z > 2;])“. The rest of the agents
(retailers, final good producers, capital producer) are identical in both economies.

Below we report the equilibrium conditions for the complete-markets economy.
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Comparing them with those of the baseline economy shows that they are identical
except for the treatment of productivity: in the baseline, TFP is endogenous, Z; =
(GE[z | z > zf])", whereas under complete markets it is exogenous, 7, = (). In ad-
dition, the condition equating the cost of capital R; to the marginal return on capital
differs only by the presence of an endogenous adjustment term in the baseline model.
The competitive equilibrium of the complete-markets model with capital consists of

the following 13 equations for the 13 variables {w,r, R, q, L,C, D, 7, m,m,1,Y,T}:

ﬁlt = mt(l — Tt>
Wt = (1 - O[)thtKaLt_a
Ry = amyZ K 'L

K:Dt

g Tt_P?

Cy ¢
TL?

Wy =

—C
t
Dt = [(R: = 0q¢) Dy +we Ly — Cy + Ty /g

Ty =1 — Ty
:Rt—5Qt+Qt
qt

Y} 5(~ Y 4 ., €—1
re—— | m=-(m—m s m* =
t }/;/ t 9 t ty

Tt

Y't — ZtKaLtlfa
0
Ezﬂ—n@ﬁ—ﬁﬁE+MrJMK

di = —v (i — (p} + ¢ (1, — ) + 7)) dt.
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C Further numerical results

C.1 Baseline vs complete markets

Figure 9: Impulse responses.
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Notes: Deviations from steady state. The semi- transparent blue line is the response in the baseline model to a 25bp
monetary policy shock. The semi-transparent orange solid line is the response of the baseline model with flexible prices
to a time-preference shock whose path is chosen such that the path of real interest rates coincides with that of the
monetary policy shock, as in Figure 2. Note that the two semi-transparent lines for the real interest rates are on top of
each other, appearing in a brown color. The semi-transparent yellow line is the response to the same time-preference
shock, but in the baseline model with nominal rigidities. Those three lines coincide with those in figure 2. The dashed
lines correspond to the complete-markets counterpart. The blue dashed line is the response in the complete-markets
representative agent New Keynesian model to a 25bp monetary policy shock. The dashed orange and dashed yellow
lines are the responses to the same time-preference shock as in the baseline model, but in the complete-markets economy
without nominal rigidities (dashed orange) and with nominal rigidities (dashed yellow).

C.2 Dynamics after a permanent real interest rate decline

Figure 10 displays the transition dynamics toward a new steady state following a per-
manent decline in the household discount rate, p, from 1% to 0.5%. It shows that the
decline in real rates (solid blue line) is accompanied by a decline in TFP (dashed orange
line). This is both a consequence of the decline in the threshold (dotted purple line)

and the lower slope of the excess investment rate (dashed-dotted yellow line), which
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increase the share of low-MRPK firms in production. The initial increase in real rates
is a consequence of the nominal rigidities and the Taylor rule: as nominal rates do not
decrease as fast as the natural rate on impact, it initially produces a fall in inflation
that mechanically increases the real rate. As nominal rates progressively adjust, this

effect disappears after one year.

Figure 10: Transition to a low-real-rate steady state.
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Notes: The figure shows the paths after an unexpected and permanent decline in the household’s discount rate from 1%
to 0.5% expressed in deviations from the initial steady state. The lines depict real rates r (solid blue), TFP Z (dashed
orange), the slope of the excess investment function (dashed-dotted yellow) and the threshold z* (dotted purple line).

C.3 Robustness of misallocation channel

We perform a sensitivity analysis of the capital misallocation channel, that is, the
increase in TFP following an expansionary monetary policy shock, when the Central
Bank follows a standard and exogenous Taylor rule. We vary, one at a time, the key
structural parameters ¢, a,n, 9,9, €, @., 02,7, pn, 0,%,T,v,¢ by +50% and recompute
the general equilibrium response to the monetary expansionary shock of -25bps. A
few parameters require restricted changes: for v, the 50% decrease would violate the
lower bound, so we set v = 1; for o, we increase it by 25% to remain within plausible
values; for risk aversion, we reduce { by 25%; for the steady state subsidy, we set it to
zero, 7 = 0. For each parameter, we only show the results of the variation for which
the peak of TFP is the lowest. We also solve the model under 6 = 0 and show it for
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Figure 11: Sensitivity of TFP response to monetary policy expansion.
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Notes: This figure reports the sensitivity analysis of the response of TFP after an expansionary monetary policy shock
ok -25bps. The Figure shows the peak response of TFP, in % deviations from steady state.

completeness. As Figure 11 shows, there is always a positive response of TFP following

an expansionary monetary policy shock.

C.4 Time-0 problem

We complement Figure 4 by reporting the full set of nine equilibrium variables under
the Ramsey problem without pre-commitment and in the absence of shocks. The solid
blue line corresponds to the baseline economy, while the dashed orange line depicts
the complete-markets benchmark. The dotted yellow and purple dashed lines repeat
the same experiment but without the subsidy that offsets the steady-state markup
distortion. As already emphasized in the main text, these additional panels make clear
that the time-0 problem is far more pronounced in the baseline incomplete-markets

economy than in the standard complete-markets model.
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Figure 12: Time-0 problem
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Notes: The figure shows the deviations from steady state of the economy when the planner solves the Ramsey problem
without pre-commitments and in the absence of shocks. The baseline economy is the solid blue line, and the complete-

markets economy the dashed orange line. The dotted yellow line and the purple dashed line repeat the same exercise in
the absence of the subsidy that undoes the markup distortion.

Figure 13 illustrates the distributional effects associated with the time-0 problem in
the baseline economy. The solid lines show the deviations of the net-worth share dis-
tribution from its steady state at three horizons: 6 months (blue), 12 months (orange),
and 36 months (green). The corresponding vertical dashed lines, in matching colors,
display the movements in the productivity threshold at each horizon.

The figure shows a clear reallocation of net worth toward more productive en-
trepreneurs: their wealth shares rise, while those of low-productivity entrepreneurs
fall. Consistent with the previous figure, the threshold shifts to the right, implying that
the marginal entrepreneur shrinks their optimal size to 0. This movement in the dis-

tribution is the mechanism through which the time-0 policy intervention affects capital
allocation and endogenous TFP.
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Figure 13: Time-0 problem: distribution
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Notes: The figure shows the changes in net-worth share distribution from SS at ¢t = 6 (blue), after 12 months (orange),
and after 36 months (green), together with the threshold z* at each of these points in time in an horizontal dashed line.

C.5 Inflation from the perspective of time-0 and from the time-

less perspective

Figure 14 illustrates the intuition behind why the Ramsey steady state features zero
inflation (Proposition 3 ), and why the penalty makes the Ramsey steady state optimal
(5). It shows the effect of a temporary positive deviation from the zero inflation policy
in the absence of any fundamental shocks, starting at the zero-inflation steady state.
Inflation quickly reverts back to 0 in an autoregressive manner. This can be seen as a
particularly short-lived monetary policy shock, or, equivalently, as a marginal deviation
of policy from the Ramsey plan in steady state. We compare two cases. One where
the deviation is not anticipated, that is it happens in ¢ = 0; and another where it is
anticipated very far in advance (it was known since time ¢ = —o0). In both cases we
center the impulse responses around the time of the policy shock.

The unanticipated shock is qualitatively similar to an expansionary monetary policy
shock and causes an increase in TFP. Naturally, it has no effect before it happens.

The anticipated shock however has fundamentally different effects as there is a strong

5



negative anticipatory effect on TFP.%°

Figure 14: Anticipated vs unanticipated shocks
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Notes: IRFs of a 1 month inflation shock, which is either unanticipated or anticipated from the far away future.

Using the linear quadratic approximation to the welfare function discussed in Section
5.3.1 and derived in Section E.3

g O D+a\ o, J+1 (-1 4 A
_/0 efopsdT<e7rt2+(C+E>Yt2+(1_a)<+mzf—2zt>,dt

11—«

we can compare those two policies in terms of welfare. The unanticipated policy shock
increases TFP Z, at the expense of some volatility in output gap Y;2, inflation 72 and
TFP Z2. The effect of the linear term dominates and this policy is thus improving
welfare (from the time-0 perspective) relative to the steady state.

The anticipated shock also causes costly volatility in all three variables. However,
the effect on average TFP is much less benign. Just before the implementation of
the temporary inflation policy, it drops dramatically, as firms increase their markups
(which causes a decline in the output gap) in anticipation of future inflation. Upon
implementation, TFP raises again, undoing the previous decline. Thus the benefits
from the linear term no longer outweigh the costs resulting from the quadratic terms,
and this policy is welfare reducing. Symetrically, a temporary reduction in inflation
would have the opposite effects and also be welfare reducing. Zero inflation is thus

optimal in steady state.

%Note that the variables do not jump for the anticipated shock (blue lines). Rather, they move
smoothly, but very quickly.
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C.6 Price-level targeting after a cost-push shock.

Figure 15 shows that, following a cost-push shock, the optimal timeless response drives
the price level back to its pre-shock value (blue solid line). Thus, the well-known long-
run price-level-targeting property of the Ramsey policy in the standard New Keynesian

model (orange dashed line) persists even in the presence of capital misallocation.

Figure 15: Price-level targeting after a cost-push shock.
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Notes: The figure shows the optimal response from a timeless perspective (in deviations from steady state) to a 195 b.p.
decrease in T, i.e. a ceteris paribus increase of costs of around 2%, that is mean reverting with a yearly persistence of
0.8. The baseline economy is the solid blue line, and the complete-markets economy the dashed orange line. Percentage
deviations from the steady state price level.

C.7 Sensitivity of optimal monetary policy results with respect

to model parameters

As in the positive Section, we perform a sensitivity analysis of the optimal timeless
policy results. In particular, we examine whether the quasi-divine coincidence under the
timeless Ramsey policy holds in response to TFP and preference shocks, and whether,
following a cost-push shock, the initial output response remains positive, suggesting
a less powerful “leaning against the wind”. Specifically, we assess how the optimal
policy results change under alternative parameterizations of key structural parameters:

Ca,m,9,06,€,w@.,02,7, pn, 0,1, 7. For each parameter, we vary its baseline value by

7



Figure 16: Sensitivity of optimal monetary policy from a timeless perspective with
respect to parameters: TFP and time-preference shocks.

(a) TFP shock. (b) Time-preference shock.
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Notes: This figure reports the sensitivity analysis of the optimal timeless policy results, following a shock of the same
size as the one in the main text. Panels (a)—(b) show the absolute cumulative deviation of inflation.

+50%—increasing and decreasing it one at a time—and recompute the optimal timeless
Ramsey allocation for each shocks.?!

When analyzing TFP and time-preference shocks—reported in panels (a) and (b)
of Figure 16, respectively—we compute the absolute cumulative deviation of inflation.
Within each parameter sensitivity, we keep only the simulation exhibiting the largest
deviation compared to the benchmark. The figure includes only those cases in which this
deviation exceeds that of the baseline calibration, with the exception of the case d =0,
which we always include for completeness. Across all alternative parameterizations, we
find that the quasi-divine coincidence continues to hold, as deviations are quantitatively
small. Note that when we have 0 = 0, we verify numerically the results of Proposition
8: the divine coincidence exactly holds for this case.

When analyzing cost-push shocks (Figure 17), panel (a) shows the percentage change

5IThere are a few exceptions where we cannot increase or decrease a parameter by the full 50%.
For example, for ( v ), we apply a 50% increase ( 1.56 x 1.5 = 2.34 ), but since the lower bound for
this parameter is 1, we set ( v = 1 ) in the alternative case. Other instances where we deviate from
the +50% rule include: increasing the persistence of idiosyncratic shocks so that the correlation rises
from 0.8 (baseline) to 0.9; raising the capital share ( « ) by only 25% ( 0.35 x 1.25 ) to keep it within
reasonable bounds; and reducing risk aversion to (¢ =1 x 0.75). For the steady state subsidy, we only
set it to zero, 7 = 0. In addition, we also run the model with ( § =0 ), in combination with the £50%
parameter variations.
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Figure 17: Sensitivity of optimal monetary policy from a timeless perspective with
respect to parameters: cost-push shocks.

(a) Output deviation at impact. (b) Price level targeting.
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Notes: This figure reports the sensitivity analysis of the optimal timeless policy results, following a shock of the same
size as the one in the main text. Panel (a) displays the output change (%) at impact following a cost-push shock. Panel
(b) shows the price level deviations in percentage terms for all the alternative parametrizations (in black) and for the
baseline (red).

in output at impact, and panel (b) shows the percentage price deviations for all simu-
lations. Within each parameter sensitivity, we keep only the simulation exhibiting the
lowest output deviation at impact. In panel (a) we report only those cases where the
deviation is below that of the baseline calibration, with the exception of the case 6 =0
which we include for completeness. In the complete-markets benchmark, the at-impact
output deviation would be zero. Across all alternative parameterizations in the baseline
model, this deviation remains positive, indicating that the central bank is willing to
tolerate greater inflationary pressures so that output temporarily rises on impact. In
panel (b), we report the path of prices for all the simulations performed in black, and
the baseline simulation in red. It shows that the price level targeting feature survives

in the baseline model across all alternative parametrizations.
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D Analytical characterization of optimal policy in the

baseline model

D.1 The central bank’s problem

The Ramsey problem is given by

00 Cl*( L1+19
t
max / e Jopids LA gt dt
{mt,A2,De,Ye, Le, Rewe,qe,me,Cr o2y wi(2),Zt }y5 0 1—-¢ 1+

subject to the following equilibrium conditions for all ¢ > 0
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where I'y(z]) = f 2wy (2)dz and Qu(zf) = fo wi () dz and subject to the initial

conditions {wy(z2), DO, Ao} and the transversality condltlons for {Cu, Yoo, Moo, @oo }-

Note that we have written the dynamic equations in a specific way such that the time
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derivatives can be summarized by one single time derivative which appears linearly.>?
Also note that we eliminated the auxiliary variables r; and removed the redundant
equation for ;.

The Lagrangian is:
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e
To derive the first-order conditions for the planner’s problem, we apply calculus
of variations. Whenever the Lagrangian contains time derivatives, we need to apply

integration by parts. The following general rule is useful: Consider the following general

term (which may form part of the Lagrangian)

- / eip?t)\tjftdt,
0

where x is a variable and A is a Lagrange multiplier. We integrate this term by parts:

52Note that we have already plugged in the conditions xp; = C;th and xr: = C;thYt. In the

—¢ .
Euler equation the single time derivative is: a’é‘j L= 80:% & = G,C; - CiCq:Cy =1 In the Phillips

—¢ . _ . o .
curve: ai‘;’t = BCtatht =C, $irY; + C, “mY; — ¢C, CmYyy
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—/ 6_p?t/\tlttdt = )\01’0 — tllIIl e_pélt)\tl't + / G_p?txt ()\t - P?%) dt.
0 —00 0

We take the Gateaux derivative of this general term

i [/\0 (xo + Kkhy) — lim e_p?t)\t (xy + khy) + / e Pt (x¢ + Khy) </\t — p?)\t> dt}
d/{, t—o0 0

= Aoho — Jim e\, + /0 et (At - p?At) dt
First-order optimality requires the Gateaux derivative of the Lagrangian to be zero
for any function h. Thus, the first-order condition will contain the term A\; — PR
Furthermore, optimality will demand a initial condition or a terminal condition for the
multiplier )\, depending on whether x is a forward-looking variable or a predetermined
state variable. In the former case, we get an initial condition for Ay and in the latter
case a terminal condition for A\,

Applying this rule to the law of motion of wealth and household savings is straight-
forward. To make it easier to understand the first-order conditions resulting from the
application of this rule, we report the Lagrangian after integrating by parts the parts
related to the Euler equation, Phillips curve and the law of motion of the distribution.

This part of the Lagrangian can be rewritten as follows
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7< .
where we have simply used the fact that dC&t = 4O - CiCq:Cy ¢! and that
—¢ . .
% = C, <7'TtY} +C, CmY} - (Cy CilCﬂtY}. This is convenient, because now we

can apply the above rule, (with these two terms corresponding to the x). That is, we

integrate the second, fourth and sixth line of the (trimmed) Lagrangian by parts with

respect to time, and the fifth line with respect to state 2%
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Note that the terms lim,_,, e~ Jo pgdsAPC7t {Ct_cﬂth} and lim, ., e~ o P?ds)\EE’t {th’t_C

are zero by the transversality condition.?® We can drop the term ¢q (2) wp (2) since the
wo(z) is predetermined. Taking the Gateaux derivative directly leads to the below first-
order conditions (FOCs), which include initial conditions. The first-order conditions

are:

e Inflation. The FOC with respect to inflation is

0 = Apoe { PGV} + (Apew = piAror) O Vi = AsubmY,,

0 = ApcoCy Y.

53We ignore the boundary terms for z. See F.7 for why we can do that.
54 Recall that we focus on the case that multipliers do not explode.
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e Wages. The FOC with respect to wages is
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e Intermediate-good prices. The FOC with respect to intermediate-good prices

is
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e Cutoff. The derivative with respect to the cutoff is
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e Density. When taking the Gateaux derivative with respect to w; (2), the result
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and the transversality condition is limy_, ¢7 (2) = 0. Notice that no derivative
is taken with respect to wy (z) as it is predetermined. We have applied the fact

that the Gateaux derivative of Q(z) = [wy (2) L.<.;dz with respect to w; (2) is

]-z<z,§k .

e Consumption. The FOC with respect to consumption is
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+ )\5’t(1 - Oé)ZtKaLt_a.

e TFP. The FOC with respect to TFP is
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e Entrepreneur’s net worth. The FOC with respect to net worth A, is
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e Household’s wealth. The FOC with respect to wealth Dy is

. R, —9
0 = Aap— Aer + Mgt + Asy (—t p & P?) ;
t
0 = lime b p?ds)\&t.
t—o0

e Output. The FOC with respect to output Y; is

Notice the initial and terminal conditions resulting from the FOCs wrt. the dynamic
variablesA, w(z),C, Y, 7, q .

86



D.2 Proof of Proposition 3

As shown above in Appendix (D.1), the FOC with respect to. m; is

oL

om

0 = Apcy {ptCt_CY;t} + (APC,t — pt)\PC,t) Ct_CY;t - g0, Y, ;
. v S———

J

-~

~~ . f
Marg. benefit of inflation Marg. cost of inflation anticipation Marg. price adjustement cost

Consider the sources of those three terms in the Lagrangian above. The first term in
the FOC results from the m; term in the Phillips curve: it reflects the contemporaneous
benign effect of inflation. The second term results from the growth rate 7;: it reflects
the negative effect of the anticipation of inflation. The third term comes from the total
resource constraint: it reflects the Rotemberg resource cost of price adjustments.

We can simplify this to
0 = ApcaCr oYy + As 0mY,.

Notice that this simplification is possible because the firm and the central bank use the
same discount rate: the p;-term in the marginal benefit results from the integration by
parts of the firm’s Lagrangian and thus reflects the firms’ discounting, while the p;-term
in the marginal cost of inflation results from the integration by parts of the planner’s
Lagrangian.

In steady state ()\ pct = 0), this simplifies further
0 = )\897TY.

If the multiplier on the budget constraint Ag is strictly positive in steady state and such
a steady state exists, m must be 0 in steady state. This proves Proposition 3.

In Section C.5, we illustrate this result numerically.

D.3 Proof of Proposition 5

As shown in above in Appendix (D.1), the FOCs with respect to ¢, Cy, o and Yy,

yield the following initial conditions:
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Since Cy, Yo, ¢o > 0 these four conditions boil down to the two initial conditions Apc o =
0 and Aggo = 0.

We derive the penalty term using a guess-and-verify approach. We guess that time-
less penalty is (—)\EECO_CQO — )\pCC'O_CWOYO) . We therefore add this penalty to the

objective function, and the respective FOCs become

JL _
8_% 0 = (/\EE,O - )\EE) 0 C)
Lo =i A Cot™h=(A Apc) CCy ¢ imoYs
a_cvo : = —( EE0 — EE‘) <q0 0 - ( PC0 — PC)C 0 ToXo,
oL _
Er 0 = (Apco— Apc) G Cyba
o
oL -
8_Y0 0 = ()\pc,o — Apc) Cy C7T0-

Since Cy, mp and Y, are all strictly positive, these conditions are equivalent to the
condition that the two Lagrange multipliers on the forward looking constraints are

equal to their steady state values.

AEEO = AEBE

Apco = Apc

Thus, with the timeless penalty, the central bank’s problem is now time-consistent in

steady state. This verifies that our guess was correct, and proves Proposition 5.
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D.4 Proof of divine coincidence for log utility and 6 =0

The set of constraints of the planner’s problem from Section D.1, after eliminating 7,

and breaking each of the forward looking constraints into two

1 = 1
Ow (2) - ( lfymax {gtza ( > mg — Rt,()} + R,
81? qt
1
2

0 9?
—a[()()] 67[()()],
Wi = (l—oz)thtLt s
1—Q(zf)
= YK "z —*1~
Rt QM Xt Zt F(sz) 5
At 1 [ ( < I'(z) )a 17 1— )
— = — 1 - Q= amy | g————— ] K "Ly *“—Ri |+ R — qe(1 — ,
At qt ,7( ( t)) t t]. _Q(Z?) t t t Qt( w)n)
K = A+ Dy,
_ F(Zt*) “ «@ 11—«
Y, = (gtl_Q(Z;)> KLy ™7,
Dy = A(v(1-9Q(2)) - 1),
F(Zt) “
Zy = _—
' ( 10 )) ’
QtDt = RiDi+wly—Ci+(1—my)Ys
0
—§7Tt2YZ+Qt(1—¢)77At,
LY
wy = 7_47
Cy
xmept = (Re—0a:) /arXme + Xz,
XHt — C;tha
h _ Exrt (l=e
PeXFt = XrFtTt 5 ( 6 +(1 T)mt>7
XFt = Cfcﬁtyp

Now we divide the 2nd, 3rd, 6th, 9th, 10th equation by ¢/*. Furthermore we multiply
and divide the RHS of the 1st, 4th, 11th and 14th equation by ¢* and use ¢ =1

8wét)t(Z) — (Ztt |:ymax{za ((1_a)zt>(1—a>/“m§—Zf,o}Jrij —( —¢)n_jz> wy (2)
A MEIE) FE S EYE) ]
% = (1—a)mt;Lt ;
R R P
F o
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Ay C?{ ( ( I'(z) )a 11— Rt> Ry @
— = = 1—-Q(2F am Kot -« . 7
At @ ’Y( (t)) t 1—9(2:) gta gil gta( w)n)
K = A;+ Dy,
ﬁ — ( F(Z:)* >aKoth1—a’
' 1—Q(2)
Dy = A(v(1-9(z)) - 1),
D'(z)
Z =
' (H—Q@n ’
R C
%Dt = %Dt+%Lt—%+(l—mt)%,
§t gt gt t gt
0 2Yt qt
i — 4+ = (1— Ag,
9 tgta ta( 1/’)77 t
oo T
St St
R
XH,tP? = <t>/ XH,t + XH.zt
gt gt
(&) 4
XHt =
St gzs
€ 1—c¢
P?XF,t = XFt+0X;t< . +(1_T)mt>7

(8) =%

o Tt —

Sf S

Now we define X; = % for any arbitrary variable and use this definition, and drop the
equation defining Z;, which is now redundant

w; (2 (1-a)/«a B ~ ~ 't
88715) = ( fymax{za< z, > mg — Ry, }JrRt)(lz/J)ni)wt(z)

XF,t

0 1 92
e+ 5 L [0 (2]

’lI)t = (l—a)thtLt s

5 - am Y Z*].—Q(Z:)

Ry = (Yo TG

é _ l _ o am F(sz) “ a—1l7 1-a _ p > _
2= 2ha-ae (am (UL ke - k) + Re-a - o)
K = At+Dt7

</ _ F(Zz‘) “ fe% 11—«

W= (aey) A

Dy = A(v(1-Qz))-1),
@Dy = (Rt - 5@) Dy + Ly — Cy 4+ (1 —my) Yy,

0 50 | -
—5mi Ve + @l = )nAs

W, = YLVC,,

90



Ri/GrXm.t + X

XH,iP!

N
XHt = (Ct) qt,
. € 1—¢
piftLXF,t = Xrtt+ Eﬂtxp,t < 6 +(1- T)mt> ,
N—1
XFt = (Ct) T Y3

The central bank’s objective function including the timeless penalty is given by the
following expression, and can be re-expressed in therms of normalized variables as

follows

TL%—W
log(Cy) — o (MeeCy g0 + ApcCy ' moYo)
~ YL - - .
= log(Cis") — o (AEEC§1§0 + )\PCCJIWOYEJ>
- YL - N -
= log(Cy) + alog(s;) — 0 ()\EECglqo + )\chngOYO)

We have thus rewritten the original planner’s problem in normalized form. The normal-
ized problem is to choose 7y, Ay, Dy, Vi, Ly, Ry, 0y, G, my, Cy, 2, wy (2) s0 as to maximize
the normalized objective subject to the normalized constraints. This normalized prob-
lem is equivalent to the original problem. Given a solution to the normalized problem,

the original variables can be backed out inverting the definition X; = i%

Note that the exogenous component of TFP ¢, does no longer apptear in the con-
straints of the planner. Instead, it now appears in the objective. But since it appears
additively there, it does not affect the planner’s first-order conditions. Thus, the plan-
ner’s choices of m, Ay, Dy, Yy, Ly, Ry, Wy, G, my, Cy, 2, wy (2)are independent of .

Thus, the inflation rate does not respond to shocks to the exogenous component of
TFP ¢. In particular, if the Ramsey steady state features zero inflation (as we have
shown before) zero inflation is also optimal after a shock to the exogenous component

of TFP under timeless policy. This is the divine coincidence.
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E Analytical characterization of optimal policy in the

simplified model and complete-markets economy

In this Appendix we present a simplified version of the model that is analytically
tractable. This formulation allows us to derive several key results that, in the baseline
model, can only be obtained numerically, and to provide a clearer comparison with the
complete-markets (RANK) benchmark.

E.1 Overview of the simplified model

We consider now a simpler version of the model. The only difference, borrowed from
Itskhoki and Moll (2019) is to assume a different process for firm-level productivity.
Instead of following a persistent OU-process, we now assume that firm-level productivity

shocks are iid and follow a power law distribution with parameter & > 1:
G(z) =1 ().

Such that Q(z}) = 1—(2f) “and E[z | z > 2] = Ef—lzf This leaves us with the following

system of equilibrium conditions:

we = (1 — Ol)thtKaLtia, (93)
R = amiZ Ko 'Lz 27, (94)
A 1 _
Xt = @ [V (#7) ¢ (OéthtKa_lLtl_a — Ry) + (R — 0q¢) — q:(1 — 1/1)77)} 5 (95)
t t
K = A +D, (96)
Y, = Z,K°L)°, (97)
D = A (v 1), (98)
£ N\
Zy = (gté—lzt , (99)
QtDt = (Rt—90q)Di+wily —Ce+ (1 —my) Vs (100)
0
—57&25/} +q(1—Y)nAy+6 (¢ — 1) K,
rLY
wy = @7 (101)
Crlapl = (Be—0a) O ¢ + (4:Cr ¢ = CicaCr ). (102)
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— &

_ _ _ . 1 _ 1
e mY, = (ct S Yy + O SmY, — CC7C 1C7rth> + %Ct ‘Y, ( +(1- T)mt> .(103)

Reduction in the number of variables. These two assumptions not simplify
the system of equilibrium conditions and allow us to reduce the system substantially.

First, combining (96) and (98) to eliminate D; we get

A 1/¢
o= (%) | (104)

Plugging this into (99), we get that aggregate TFP only depends on entrepreneurs’
net wealth A; and exogenous TFP shocks ¢

o § “ Apy o/t
Zt—(§t§_1) (K) , (105)

13
Atngf/ (%) . (106)
d (10

Second, combining (93), (97) an

or, equivalently,

1) to eliminate L and w we get

TK —atD —(@+1)
ﬁyl aC<Z : (107)
—

my =

Using (107) to eliminate m in (103) we have

ACT Y, = (CrRYe+ G omY; — (07 omy,) (108)

—a(9+1)
e e [1-¢ YK e ot o -(41)
+5Ot gY;( - +(1—7)WY1 QOCZ 1o ) s (109)

Third, using (94), (104) and (106) we get

€1

Rt = Oéthil}/; g

and using (107) we have

T —(+1)
@ otz e (110)

a(19+1) _1 1
—_— Y o
i—a)

§—1
Rt:—
§
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Fourth, using equations (97) and (104) in (95) to eliminate z*and L we get

P A _
Ay = A (OéthtK - Rt) (Re —dqi) — qi(1 — w)n)] :
4t t

Using (110) and (107) to eliminate R and m we get

a(19+1)
, = ol ] Ay

Fifth, we can replace (100) by the aggregate resource constraint

Y, (1 - gwt) Cy + 6. (112)

Sixths, we plug (110) into (102) to eliminate R

- 1 OCT a(19+1) 1 0‘+1 *g"itw
65 (1—-a) 1Y © 4 + <QtC —CtCQtC < 1)

(113)
This leaves us with a nonlinear system of 5 equations (102), (112), (108), (111),
(113) in 6 unknowns (Cy, Yy, 7, Zy, qi, A):

(P? + 5) Ct_CQt =

—a(¥9+41)
. TK 1a o+ —(0+1) | A
At = &myl ¢ OCZ 1o E (1-'—},;(&-—1)) _At ((1-’1#)7’]“!‘5)@114)
« A a/é
Z, = <<t£ f 1) <I?> , (115)
6
Ci+d0K =Y, (1 — 27r,?) , (116)
-1 a —a(o+1) Ota g (04D L . e
(of+0)Cr¢q = ST Aok Sy ety e (th’t < Cyeqort 1) 117
Oy, = (o;%'rtyt + O Cm Y, — cc;C—lc'th) (118)
e 1-¢ YK Toa ke o —toen
+§C{CYt —+0 fr)ﬁyfll—“cfzt e (119)

The first equation is the law of motion of entrepreneurial net worth, which deter-
mines TFP via the second equation. The third is the total resource constraint. The
fourth equation is the Euler equation for capital. The last equation is the Phillips curve.

The last three equations also hold in the standard representative agent New Keynesian
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model with fixed capital. However, the fourth equation is block recursive and thus
usually ignored, while the third and the fifths together yield the Phillips curve in its
usual formulation.

E.1.1 Zero-inflation steady state

In the zero-inflation steady state we have

—a(941)
YK e ssayy o ocwnl (A
0 = « q(l—a) YT CSZ 1=a §<1+K(£ 1)) A((l ¢)?7+5),
; _ E a ﬁ al€
E—1 K ’
C+6K = Y,
¢ §-1 af —a04l) g vta g, —(04))
(p * 6) ¢ ¢ 1—a)
(g — 1) C’*C B T 7(11(19:” ‘f""—o‘Z_YH—I)‘
e(l—r1) N (1—-a)

We can solve for A and Z in closed form

(p +5) 1
(1—¢)n—p

e

The total resource constraint and the Phillips curve can be combined to

A

a(9+1)
((81__17))04 = <—TK —(C+0K)RZ 57931)),

Y = C+K,
E—1 oY P
§(p"+0)(1—a) '

q =

The first equation implicitly defines the steady state value C', conditional on the Z
above. Since the left hand side is decreasing in C' and takes any value in (0, 00) for

positive C, and the RHS increasing in C' and positive, such a value exists. The second
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equation then defines Y, and the third ¢q. Thus, it exists a steady state of the private

equilibrium withe zero inflation.

E.2 Nonlinear Ramsey problem

Now we set up the Ramsey problem and characterize its solution, starting with the
steady state, then turning to the divine coincidence. Finally we compare the case of

the complete-markets textbook economy.

E.2.1 Optimal monetary policy of simple model: first-order conditions

We now set up the Ramsey problem and determine its first-order conditions.

Central bank objective. The central bank objective is

140 =049 (149)
R A U ) K O o
1—¢ L+9 1—¢ 1+9 '
Lagragian. The Lagragian is
. B e
L [ R N i
0 1-¢ 149
t ks . T frayy . =G40 ] A,
e Jorsdey, | —A + amytlw Cez, 3 (1 K (e 1)) — A (A=) +9)

t h
+e~ fo Ps ds)\Zﬂg

€\ (A"
(o) (5) "]

[ 0
+e Jo psds)\TR)t —Ct + 1/,{ (1 — 27('752) — (5K:|

-Jo [ - . -1 oY Ca(91) . e —(0+1)
+e ‘f‘:p?dsAEE,t pixH 1+ 0C; CQt_XH,t_L £ (l—a)K = lytte g e ]

— Jpld h .
te Jors *Apcy [PEXFL — XE]
—a(¥9+1)
1

t h [ ef[l—¢ 0 =< YK T-a  #ta_ ] =—(+1)
t+e 0p‘]"‘ds>\PC,t ( (Yf (127&2>5) Yi+(1—m7) 0—a) Yt1_0+ Zy " )1

0 €

"t _h _
e Jo s B Npr [Ct g — XH,t}

e b (O Sy — X
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We integrate by parts as above:

1He  —a+9)
/OO o= Iy olds (Yo (1 —§m7) =)< Y2 K
. 1-¢ 140

—a(9+1)

t YK 1T-« LR 0 —(19+1) 1 A
reJorkdsy,, [a(l - vt (Yt (1 —~ 2w§> - 5) zZ, " ¢ (1 + = (€- 1))]

el PR Ny [ Ay (1= ) + 0)]
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2 () (4)"]

te ko p?ds)\TR)t |:_Ct +Y; (1 - 277752> B 5K}

t _h
+e~Jors LIV
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o, 0 2 2t
+e Jo Pt N gy | Pt X+ 0 <Yt <1 - 27Tt2> - 5K) R G R %
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Lo o plds [/\ PCAPIXFL+ (/.\PC,t -t /\Pc,t) XF,t}
te b pgdS)\H,t [C;C% - XH,t]

e Joridsyg, {C{gﬂth - XF,t] dt

+Apco {XFo} + AeE0 {XH0} — Moo {Asc}

The first-order conditions with respect to Cy, Y}, 7, Zy, g1, A, X, X1t ave

dL e e
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+ </'\A,t - P?/\A,t) + At (—(1 —=9)n —9)

o) ()

)

+Az4

dL

7 10 = Apoy+ Apcapt — Apcupl — Ari,
XF,t
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7 10 = Nppi+ prABEL — PPNEEL — At
XH,t

The boundary conditions are

Apco = Argo=0,

. _ [t h
lim e~ Jo psds/\A,t
t—o00

|
e

E.2.2 The Ramsey SS and time inconsistency

Consider the SS. We guess that m = 0, Ay = Ap = Arg = 0. The planner’s FOCs in

steady state now read

dL
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—a(9+1)
—(0+1) YK 1=a _ via ¢ =t g1 A
| e g YT K 2 (e -z
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dL
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Note that 4 conditions are immediately satisfied. Now we need to show that values of
Agg and Ape exist that satisfy the other 2 conditions.

Using the zero-inflation steady-state versions of the private equilibrium conditions
from Section E.1.1, we can simplify a bit

dL -1
0 = ¢ S__S7 o<

dy - e(1—7)
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Now we solve
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Thus

1+ Apc [Mg(l - T)}

11—«

Aeg =
-1 |:p5 F [79+1g]]
g(ph_Hg) pt+d K P liak

Plug this in the FOC for Y to solve for the multipliers:

h9+1 « e—1 §
N = 0 Piae T (5(1—7) 1) P
PC 1—5z9+1p_6+(1_cx) 941 ha _ po )
T pt c)\1aP ¢~ 55
_ <1 Y 4 on (zf+1>>
App = £-1 9+1 pd Y_E 19_? s\’
- 941 _pd_ _ oYY (941 ha P
(ph+6)K <1—0‘P+ +(1-¢z) (1_ap £ ot ))
y | e(l—7) (9+1)
- <1 —Cet = 1 ) §qC~¢

Az =

a 1, &1
(2255 + (1-ch) (2222 - 75)) G+ 5 o

This verifies our initial guess and specifies the Lagrange multipliers.

Together with the existence of a private equilibrium steady state with zero inflation

Time inconsistency. If the steady state is time-consistent, the central bank has

102

shown above, this proves that a Ramsey steady state with 0 inflation exists.

no incentives to deviate from the initial allocation, when the latter coincides with the
steady state of the optimal Ramsey problem. In this case, an economy starting at the
zero-inflation steady state remains there indefinitely in the absence of exogenous shocks.
To analyze whether the Ramsey plan is time-consistent in steady state, we need to check
whether the (backward-looking) Lagrange multipliers associated with forward-looking
equations are zero. This is because in the standard Ramsey problem, the initial value of

these multipliers is zero, and thus the problem can only be time-invariant if the initial



and steady-state values of those multipliers are zero. In our problem, the Lagrange
multiplier on the Phillips curve Apc, and the Lagrange multiplier on the capital Euler
equation, Agg, are non-zero, and therefore the Ramsey plan is time inconsistent in
steady state. Since any Ramsey plan we consider converges to the steady state, the

optimal Ramsey policy is time inconsistent.

E.2.3 Divine coincidence for § =0

Consider now the special case of no depreciation 6 = 0. In this case the same steps as
in the previous Section, but outside the steady state, lead to the conclusion that the
divine coincidence holds for TFP and time-preference shocks. Consider that there are
no cost-push shocks, that is 7, = 7.

We guess that m, = 0, Az; = Aa+ = Agt = Apt = AMrry = 0 and that Apcy = Ape

and Agg; = Agp, The planner’s dynamic FOCs now read
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dL
—:0 = 0,
dqy

dL
E.O - 0-

dL

dXF,t .
dL
dXH,t '

Note that six conditions are immediately satisfied. Now we need to show that values

of Agg and A\pc exist that satisfy the other 2 conditions.
—a(@+1)  94a  —(9+1)

The Phillips curve, given our guess m; = 0, is — (11_5 C¢ = TK(lT_;‘Yl‘“ Z,

Also Y, = C;. We can use this to simplify the previous condition, and rearrange
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G CE= R e T I
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We can rearrange the FOC for Z;
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Thus

9+1) e
L+ dpe | 22501 - 1)
App = = (0+1) -1
ok

l1-a
Plug this in the FOC for Y; to solve for the two multipliers:

0
‘e = A0

App = = 0+1) €=

This verifies our initial guess and specifies the Lagrange multipliers. Note that these
expressions do not depend on exogenous TFP shocks ¢; or on time-preference shocks pl.
Thus our guess is valid not only in the Ramsey steady state, but even in the presence
of these shocks: The divine coincidence holds for TFP and time-preference shocks.
Note that Agg contains 7, which we have assumed to be constant. Thus the divine
coincidence does not hold for cost-push shocks.

While we do not formally prove this, the divine coincidence generally fails for the case
that 6 > 0. The role played by depreciation is similar to that played by government
spending in Benigno and Woodford, 2005:f it is zero, such that C' = Y in the zero-
inflation steady state, the divine coincidence holds despite an inefficient steady state,

if it is nonzero it fails.

E.2.4 Comparison to the case with complete-markets economy

We briefly compare these results to the well known counterparts in the textbook
complete-markets economy.

The complete-markets model can be seen as a particular case of our model, where
Azt = Aas = Appy = 0, and Z; and A; are not choice variables. For simplicity we focus
on the case of § = 0. In this case there are 5 FOCs:

dL e ——
ac, 10 = —Argt — AHCq:C -1 AriCC; s,
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140 —(4+9)  _a(149)

dL 0 ,\'"C L 1+9Y, " Z 77 K i
—:0 = Y (1-cnf) -7 : :
dv, t ( 27rt> 1-a 1+9
+)\TR,t (1 — 7th)
2
Y+« E—1 aY —a@+1) , Ote W+
—A 1 K 1« Y itez e
EE,t<1_a+> ¢ I—a) t t
_ 0 S1-¢
Mradg(i - v (1- gt
e (V+a YRR ot oy _
—)\Pcytg <1 N + 1> (1 - T)W tlia Zt 1me + )\F,tCt Cﬂ't,
dL ~ 0 ,\ ¢
p 0 = ¢ (1 — 27r752> Oy — AR, [Yi0]
_ efl—e_4_ 0 —¢-1
dL .
7 10 = Apoy+ Apcapl — Apcapl — Ap
XFt
dL .
7 :0 = Appg+ p:ﬁl)\EE,t — Pf)\EE,t — AH t-
XH,t

Now we guess that m, = 0, Ay = A\py = AMrry = Agee = 0 and that Apcy = Apc.
Notice that the Lagrange multiplier on the Euler equation is now slack. The planner’s
FOCs now read

dL
E:O = 0,
t
40 g 049 _aa4w)
dL ¢ 1+9Y,' " Z, "% K 1-a
—:0 = Y, °-=-70
dYy 11—« 14+ 9
€ ¢l—e ¥+« TK_Oi(itl) 4o —§ﬁ+1)
- - 1-0Y, 1)1 1—-7)——Y, 727, ¢
ro |5 | -0y = +(1_a+->< e
dL
—:0 = 0
dﬂ't ’
dL
:0 = 0,
dxF
dL
:0 = 0
dXH,t
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Using again the Phillips curve, the FOC for Y; can be solved to find the multiplier Ap¢:

I R e R T Gt o R R I

l1-a €
1—¢ l1—¢ 9+ 1—¢
- 14— 1- - 1
0 +5(1— 7) )\PCG<( % 5 <1—a+) 5 >’
—14 D

E—

<1—T>§(<—1+%)'

Apc

This verifies our guess and shows the well known results that in the complete-markets
model the Ramsey steady state feature 0 inflation and that the divine coincidence holds
for TFP and time-preference shocks. Notice, when the optimal subsidy is in place

—1 4+ 2(1 7') —1+ (1 1/&)

Otherw1se, the Ramsey Steady state is time inconsistent.

= 0,s0 that Apc = 0 and the problem is time-consistent.

E.3 A linear-quadratic approximation of the objective function

In this and the next two sections we employ local approximations to derive further
insights about the Ramsey problem. First we derive a second order linear-quadratic ob-
jective function. Second, in Section E.4 we then show how we can express the objective
as a purely quadratic function, for both the simplified model and the complete-markets
model. Using those results, in Section we E.5 we then derive the linear FOCs to the
planner’s linear quadratic problem. Finally, we use the resulting system of optimality

conditions to characterize optimal policy in response to cost-push shocks 7.

A linear quadratic approximation of welfare. We now approximate the welfare
function up to second order around the zero-inflation steady state. We approximate all
variables, endogenous or exogenous, except the time-preference shock, which we keep
nonlinear except indicated otherwise. We denote a log-linearized variable 7; = log %
In the case of inflation, we just linearize around the steady state z; = z; — x.

Using the total resource constraint and the production function, the period utility

18

149 —(1+9) —a
Gt L (M- ba) oK) vy e kR
1-¢ 1+ 1-¢ 1+ ’
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which can be expressed as

(v (1 - 4a3) - oK >1C I G A S
1—-¢ 149
The first-order approximation is
149, —(49) -, —a(1+9) 140 _ —(4+9) __ —a(1+9)
o YioZ 1ma K 1o 1449 YiaZ1mam K1 (0+1) 4
Y =8 YY, T Y+ T Z.
( ) ! 1+9 —at™ 1+ 1—a '
—a(9+1) _
Taking into account the steady-state relationship Y C'—¢ _1 TK 1o yitg i

this simplifies to

e—1

Yt(Y—éK)_CY[l—m

} +(Y—5)—<Ym

The second-order approximation is

cer{ni- 5] s | | w5 ) o

1 e-1 (1+9 22 e—1 (W+1), 5
2:61—-7)\1—a) "

1
+C~°Y {—297%3 —

A second order approximation to welfare is thus:

e - faa)er (-] )
_/0 o= Iy phds o—Cy (% Hl—QY —Y(SK] — 8(81__17> sz)] % dt

&0 t 1 1 e—1 1+19
_ —Jortds—Cy [ _Zgn2 _ =
/0 «” ( 2" Tl —n) \1—a

o ¢ -1 (v
_/ e~ hrkdso—Cy (£ Uy )Y;tZt dt,
0 e(l—7) 1—«

dt

dt

With the appropriate subsidy such that 5(81;—17) = 1 and with 6 = 0 and noting that

m = 7y by definition, we get the expression reported in the main text:
_ o0 fgﬂhdSC Y 92 Q9+Oé }72 19+1 C—]. 22_22 dt
/0 ‘ 2 Sy R e ponere S B
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where Y} is the output gap relative to the flexible-price zero-markup allocation with the

same TFP th = Yt o —1 gz 8”3 Z;. If we also consider a second-order approximation

to the time-preference shock the expression becomes

W, 07%Y 9+ o 9+1 (-1 b
_ pre= "L 2 _
/0 e 5 <97rt (g+ a)Yt A )Hwaz 22t< /Opsd8>> dt.

Notice that this approximation also holds in all versions of the model we consider: in

the baseline model, in the simplified model with iid shocks and in the complete-markets

textbook economy, where Z, is a term independent of policy.

E.4 A purely quadratic approximation of the objective function

The results in this Section are derived in a version of the model that deviates slightly
from the simplified model used elsewhere in the paper. Specifically, we assume that cap-
ital depreciation costs, d K, are not borne by the owners of capital per unit (households
and entrepreneurs) but are instead covered by the household in a lump-sum manner.
This assumption removes the § term from the law of motion for entrepreneurial capital

and from the Euler equation, although it remains present in the household’s budget

constraint:
. K —EE pia —(941) | A,
Ao = e ez (14 6= ) - A - v, (20
_ 1 af —a(9+) Sta g (1) o . o
pgct th = é‘5(1 _ Oé)K 1Y;f Zt T+ (tht ‘- CtCQtCt ¢ 1) ) (125)
6
Ci +0K =Y, (1 — 27r§> : (126)

Consistent with the earlier sections of this appendix, we consider the case 6 = 0 where
these costs are zero when analyzing TFP and time-preference shocks. For the cost-push
shock, however, we assume JK to be strictly positive (though possibly very small).

This assumption is intended to balance tractability and closeness to the main model.
Why not simply set § = 07 Retaining some form of depreciation—or, equivalently, any
other exogenous expenditure—is necessary to ensure the existence of a stable equi-
librium under cost-push shocks, even if § is arbitrarily small. This existence issue is

specific to the simplified model; in the baseline model, an equilibrium exists even when
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9 = 0. Why not model depreciation as we do elsewhere (see Section E.1)? Doing so
would render the analytical treatment of the cost-push shock intractable. ® However,
we have solved the simplified model numerically using the depreciation specification
from Section E.1, and verified that the qualitative results established for the cost-push
shock remain robust. As shown numerically in the main text, these results also extend
to the baseline model.

Repeating the same steps as in Section E.2.2 under this modified assumption yields
the following steady-state values for the multipliers on the Phillips curve and the Euler
equation, while all other multipliers remain zero in steady state:

1

Apg = — 127
S EYe e

1 9+1e(l-7)
s S

l1-a ¢

For 06 = 0 we have that C' =Y such that these multipliers collapse to those in Section
E.2.2.

E.4.1 General approach to finding the quadratic objective objective

The second-order approximation of the objective (122) contains linear terms in Y, and
Z,. These terms are a result of the steady state inefficiencies (capital misallocation,
markups) and are indicative of the time inconsistency of the problem. They also imply
that a naive linear quadratic approach, which maximizes this quadratic objective sub-
ject to linear approximations of the private equilibrium conditions is not appropriate,
as shown by Benigno and Woodford (2005).

In this Section we provide a general approach to find a purely quadratic objective
that approximates the timeless planner’s objective up to second order. This procedure is
the continuous time counterpart of the procedure suggested by Benigno and Woodford
(2005) and detailed in Debortoli and Nunes (2006). The main idea is that a purely

quadratic approximation to the planner’s objective under the timeless perspective is

55 Adding the term 6C; °q; to the Euler equation would require solving a system of 7 ODEs, for
which no analytical solution exists.
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always feasible, even when the steady state is distorted, as it is the case of our baseline
model. This requires adopting the timeless perspective assumption, since then (and
only then) the linear terms in the second-order Taylor expansion of welfare can be
eliminated, making policy analysis around distorted steady states as tractable as in
efficient ones.

We now explain this procedure in general terms, before we then apply it to our
problem in the next Section.

Take as given an objective u(z;) where x; is an n—dimensional vector of variables.
There are also n — 1 constraints g; (x;) + fi@; = 0,where g; is a nonlinear function, f; is
a constant vector, and ¢ = 1,..,n — 1. In our problem, x; = (ﬁt, ﬁ, Zt, ét, XHits )A(Fi).

1.- Linearize the nonlinear FOCs. The nonlinear problem is®®

max/ e Pru(x,)dt
0

subject to g; (z;) + hi% = 0. The FOCs are

du_ | dg; o
>\i — 7.1 - : — O, 128
- +Z[ ) ( - +ptf,]) _ ] (128)

where the last term comes from®”

d o0

da o

Aige ? [Qi (@) + fijde + Oéfi,jht] dt

= / Aige Js p'sdsfi,jhtdt7
0

a=0
and integrating by parts-
lim Ao o fon o fohe— [ f (A-te—fépsd5> hadt.
T oo 1, 2,J1 1, 2,7 0 (2%} dt 2,
As the FOC equals zero for any h; this implies (128).
In steady state, (128) implies
n—1

d dg;
“ + Z )\i,ss ( J + pfi,j) = 07 (129)

dfﬂj,ss praw df,Ej,ss

56For expositional purposes, we limit ourselves to the case with a constant discount p.
57f; ; is the j—th element of vector f;.
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2.- Derive a linear-quadratic approximation. Now, consider a second-order

approximation to the utility function
u(zy) ~ ugs + Z (Tj1 — xjss) + 5.0t = U(xy).
d:v],SS

where s.0.t. are second order-terms. Similarly, the constraints can be approximated as

dg;
de] ss

Js »88 i, .', o0t =g ) Ct),
(xje — x5 )+Zf~ja:]t+30t Gi(xy, &)
J

-il?t, iUt

In equilibrium, up to second order we have that §;(z;, ;) = 0. We can thus add the
term Z?:_ll NissGi(xe, T¢) to our second order objective, without changing the welfare

measure:

/000 Pt <ﬂ($t) + Z i ss0i (T, xt)> dt, (130)

If we just focus on the linear terms, we get

/ <Z dI] o 513'53 + Z )\z ss [Z ddgz xj,t — xj,ss) + Z fi,jx.j,t] ) dt
J

L ss

Integrating by parts the last term, we get

oo L)
i t . — t
)\i,ss/ e pfi,jxj,tdt: )\i,ss/ e ppfi’jl'j’tdt,
0 0

plus the boundary conditions. We can then subtract the term independent of policy
IS €77 pX; ss fijjss, SO that we get

Tiss -
7 J

* du dg;
0 € de ‘rjt Zj ss +Z)\z ss Z d xj,t _mj,ss) +pr’b,j (xj,t _xj,ss) dt.
J 88

Grouping all the terms in each variable j, we get

) - du dg dg
& z : )\z ss : : it — L ss dt
/0 ) J [ <dxjyss " Z 7 <dxj785 - pdi‘j,ss ) > (xj’t Lj, )] )
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As ﬁ + Z;;l i ss (djiis + p%) = 0 due to equation (129), the first order terms

must sum to 0.

Thus we have derived a purely quadratic objective, which is given by

e n—1
/ e (uss 0 () + Y N, ift)> dt,

2nd Qnd(

where @*"*(x;) and §;*"*(x, ;) denotes the second order terms of the approximation.

E.4.2 The purely quadratic objective in the simplified model

Now we apply this procedure to our model. First, following the aforementioned steps, we
need to derive second-order approximations to the equilibrium conditions with nonzero
steady state multipliers. Having eliminated consumption in the Phillips curve using
the resource constraint, just as we did when we set up the Lagrangian, we thus need to
approximate:

dxar &—-1 aTf —o@4n g 94l (4D
0 = h — LA K 1-a yi-e gz ia
pt XH7t dt é— (1 _ a) t t ’
b dxr: € 0 , o 1-—¢ TK_{Q:U 241 —(641)
0 = pt XF,t — dt, — 5 <K <]_ — 27Tt) — 6K> K - + (1 — Tt)ﬁ}@ Zt 5

We need second-order approximations. First, we express the quantities as log (or linear)
deviations, which we denote by hats.?® In particular, we consider linear deviations of
X, Xrt and m; from their steady state values (which is zero for xr and 7) and log
deviations otherwise. In the case of the cost-push shock we define 7; = log(1 — 1) —

log(1 — 7). Thus we can write:

. dxg: €&—1 oY —a(9+D) _q 941 —(9+1) 9+1, 9+1
h ) 1
e — — — K - Ylfa 11— Y —
dx . 0 - N1 —
0 = o (ke = b= [ (Yexp (Vi) (1-572) =K ) Yexp (Vi) —=
dt 2 ]
Y em=r (9+1) 9+1. 9+1
15 I-a 941 —(9+1 A A
l—f)—— Y1l i-a Y, — 7, + 4
il eXp<1—at 1-a “L”)

Using the steady-state relations from Section E.1.1, we have that

"8We do not consider (yet) any approximation to the time-preference shock.
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E—1 a¥ —a(@+l) ;941 —(9+1)
11—«

> K 1o " "Yia/ 1-a — qph0_<7
£ (1-a)
TK 5 D41 —(9+1) e—1
Y1 aZ W = YO ¢ ———.
(1—a) e(1—1)

We can thus simplify the system as

. dx _ v+« 5 9+ 1) 4
0=ﬂhm—:$“wMC%m(G a+0h—< )%)

X
dt

<_1;5~((YEXp<g>(ﬁ__gﬁ?-_aK)_cYexp(ﬁ>>

_1—5(_YCC@m<ﬁ+1ﬁ_(ﬁ+1)}+ﬁ))'
1—«a 1—«a

Taking a second-order approximation

. _ d+1Y\ 9+1) 4 dx
0 = piXue—qp'C C((—)Y;:—( )Zt)_ AH

1—« 1—« dt
1/9+1~ O+1~)\2
— gqphC = Y, — Z
qp"C 2(1_at 1—a t) )
R dyrp: 1—¢ ,_ Y V+1, 9+1.
0 = plyp, — =2 — CY(([1-¢=)Y,— [ —Y, — 7z
P XFyi dt 9 (( CC’) t (1—a tT 1, t+Tt>>

11—¢

_ Y . Y Y\?\ .2
5 0CNY(@%VK+G_%5+@+MKE>>E>>

11—¢ 94+1. O+1 .- 2
_ 1 v [ _ _ .
2 9 C Y( (1—04}/; l—aZt—i_Tt)).

Now, as in equation (130) in the general case, the purely quadratic objective can be
obtained by adding the SS multipliers times the constraint to the second-order utility
(122):

o0 t h
W~ / e~ Joridso—Cy
0
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V]t s ]~ ()

. R 1 e—-1 1+9)\ 52 e—1 (W+1)4 4
fo psds—Cy —— 02 - \Zz Y, Z, ¢ dt
+/0 ¢ ¢ { S 2e(1—1) (1—@) ‘ +€(1—7‘) T1—a 71

—/\Pcl o- Y(< > 19+1A z9+1Zt+Tf>>
] 1—
_ Y+1 +1
~Aerqp"C <<(1 )YZ (@+1) t)
« —
11—¢ Y ., Y Y2\ 2
5 9 <§90m +<13<C+(C+1)§ (C) >Yt>
11—¢ 9+1. 9+1 2
2 9 <_<1 Yooz Zt+”)>

(941N e a2
~Appqp"C <§ (1—a> (Yt_Zt) dt,

where we have already canceled out the terms pl'Xp, — piXg, and pixp; — phiXr,
Rearrange the constraints, one line for each variable as

W o~ / e~ loridsg—Cy
0

- e—1 e—1 - 1 Y e—1 1+9 ~2
X{Yt[le(l—ﬂ]*s(l—ﬂz”z“lcc}s<1—7><1—a>}“}dt
> _j'(fpgds _<Y _1 AQ_l 5—1 1""[9 22 6—1 (19"‘1)}}2
/0 ¢ ¢ { 2 o \1ma ) T 1o oy

- —1 Y 1 1
+Y; Ape——CY [1-¢= - vALy Aepgp"C~¢ vl
0 C 11—« l1-«o

Lo- CYﬁiJr)\ 9p"C

+Zt [APC

c—<Y

—TiApC

11— Y Y Y\?) .2
A ¢ L2 _3ct r
APC? 5 ~fo- Y(cecm +<1 3CC+(C+1)¢<C>>Yt>

11— O+1, O+1, .\

2 ( (1 Y- 1aZt+Tt)>

(91N s N2
~Aprgp"C <§ (l—oz> <Yt_Zt> dt,

1 9+1 e—1
17@% 1-a e(1-7)

Notice that ApcCY 152 = lc e and A\grqp"C—¢ = ) Y C~¢. Substitute

11—«

these terms:
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o0 t _h
W o~ / e horsdso—Cy
0

‘ {Y [1‘ s(al_—lf)} F ity Hl‘cﬂ <€1_—17> (ifi)} e

o0 L 1., 1 e—1 1+9 Z e—1 (I+1), Z
+/0 e e { " s i) Ty e A

% —<¢ . e—1
+Y,.C Y[ 1+€(1_7)]

-1

_2,0-¢y-2
OV

+7HC™Y
Tt 1_C%

1 CSY Y Y Y2\ 2 O+1, 9+1, .\’

*5@ ((Cecﬂt +<13CC+(C+1)C (C’) )Yt ) (1_aYt1_aZt+Tt>
1 941 e—1 L (01N fn 52

_<1—ggl—a_s(1—7)>yc 2<1—a> (Yt_ZO at,

The linear terms in Yt and Zt in the welfare function cancel (and 7; drops as t.i.p.) and

we have a purely quadratic objective

> t h 1 Y e—1 1+ ~ 2 1
~ _.fopsds —¢ _ | = - _ Zps2
wos [ s |- e ()] -

71 571 1+19 Zt2 571 (19+1)}//\;Z/\t
2¢e1—-7) \1—« e(l—-7) 1—«

1 C-SYy Y Y Y\ o2
10y I+1. O+1 2
21-¢X <_<1—0‘Yt l-a Zt+7t>>
1 941 e—1 9+ 1 2
(1—§Y1—a (1—7’)>CCY (1—a>(Yt Zt) }dt’
Y e—1 1+
[ Rt (e IR A T

1
2
1 e—1 [(149) 2 e—1 (19+)
- L /4 ALLTA '/
{ 2¢(1—7) (1a) K +5(1f7) l—a ! t}dt
1
2

1 Y . Y Y\?) o2
e <<C90m2+ (1—3<C+(<+1)< (c) )Yt ))}dt
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o0 \ 1 9+ 1 e—1 ¥+1 52 5 5
—plt ~—¢ . _ _ 2
+/0 cre Y{ 2(1_ Y1 a 5(1T)> (104)(% QYtZ“LZt)}dt’
Simplifying terms, we get an approximation of welfare containing only second order

terms:

0o 2
W = /0 o~ Jo Phds o—Cy {[1—(2}—1_10/(1—3§g+(g+1)c<g>)};Yf] dt.
C
¢ Y 1 941 /5 4\.
1+1-<§C]+1_ggl—a<m_20”

0 5

§7Tt dt.

o0 .
+/ e Jorsdso—Cy
0

Special case with 6 = 0 When there is no depreciation (6 = 0) the expression

simplifies and the first term drops out:

< 0 1 1 9+1 /4 N
/‘e_%£“Y+{ T2 + + <E«—Z>ﬁ dt.
; 2T _¢ " 1-¢1-a

Taking a second-order approximation around the time-preference shock, we get

o0 0 1 1 9+1 /- .
W o~ —ptty1—¢ | U2 (Y——Z)A dt.
A ¢ SR pr B ) I

w

Q

That is, welfare depends only on inflation and the cross-term between the cost-push
shock and the difference of the log-deviations of output minus TFP. This expression
makes evident why, in the absence of cost-push shocks (i.e., with TFP or preference

shocks), the optimal policy features zero inflation and divine coincidence holds.

E.4.3 The purely quadratic objective with complete markets

We proceed as above in the case of complete markets, adding the quadratic constraints

from above times the steady-state multipliers to the objective, we have
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7/ e JoPids \ b <(1<) }155 - >dt
0
_ o0 _jgpfslds 1— Yl ¢ e—1 7.9"‘1}} 19+1Z
/0 e /\pc< ( T) (1_7_) 1~ a t— = ++ Tt dt
o0 t X 1-—
- [ e tanpeg (o2 + 01— ) YHE) “
0 0
9+1 2
(72) (i-2) )dt

5
_/ e ]Uﬂgds/\PC Y=< -1
0
o ¢ -1 941 9+
7/ effopgds)\PC% (5 1—7’)Y17< c |: * Y;STt*Q ZtTt+ :|>dt
0

e(1-7)
( - -
0 e(l—-7) | 1
Dropping the t.i.p. terms in Z, and 7

W~ / effotpfds{)}tyl—( [17 e—1 }JrlYl C[(lfg’) e—1 (1+19)}Yt2}dt
0 e(l—1) 2 e(l—-7)\1—-«
"o 't h — 1) -
/ o= I pls {71Y17<9ﬁ_t2+ylf<¥(19+ )YtZt}dt
0 2 e(l—7) 1—

© 4o 1 0+1
+/ e o Pldsy A pe S Ty 1=¢ (1 ( . i) dt
0 9 (0%

%0 -11 5
+/ e Jopbdsy o y1-¢E— 22 <<<07Ft2 +(1- 4)2Yt2) -
0 0 2

(fj;) <Yt 7ZAt>2 +2f

+1 Yﬁt]) dt.
—
1 (1- e(eflf))

Notice again that now \pcS~ = —-525.Substituting this term, we get
T ()
W o~ /OO e Jo plds {Y;YH {1 _et
0

1o ¢ e—1 1+ 9 2
o) e 00 0y (1) e
L L MULS A
0 e(l—-7) 1—«
7/ 6ffgpgds}}t {1 e—1 }ylcdt
0 e(1—r1)
o0 . 1- &L R
Jr/ e— Jopids Myl = (<9 (1,02)@2) dt
A GEE
9+1 A~ 2\2 I+1 .
(1(1) (Y;_Zt) +2170zYtTt

The linear term in Y; in the welfare function cancels and we have a purely quadratic

+/ e o Plds y Loy 1—¢E T dt.
0

9 2
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objective:

N N ¢ S N T BN ET AT
wos [Fende{pla-o- 505 (1) e

S | -1 (W+1), ,
+/ e—fopﬁdé{—2Y1—<0ﬁ§+yl—<€5( i )Y;Zt}dt
0

1-7) 1-«

N /oo o {WWC; ((C%f +(1— <)2}>t2)) } dt
0

© (1*%> 1 0+1\ /o o 1
+ o Jiotas ] T f07D)) ¢l vtl (5/}2 —2YtZt) +2ﬂiyﬁt dt.
0 (C— 1+119i1) 2 11—« e

Next, we collect all the terms

o0 t hog. 1
W =~ / e Jo peds (—Y1—<9
0 2

1- —(1_ (1%17)) g] wf) dt

o)

0 . 1— e—1 )
_ / e~ Is lasy1-¢ ( 8(1:91)1 (ff;)ffmdt
o (ree)

o —jgpgdsl 1—¢ . _ e—1 1+’19 ~ 2
+/0 ¢ Y [(1 O-za=9 (l—a Y. di
> ‘t h 17% 2 ~
+/ e lirkas Lyc ( - )) <(1—O2 B (19+1) ) Yy di

0 2 (C—l-f-%) 1—a
00 1— —&=1_ 2
+/ e*fgﬂ?ds <Y1C e—1 <19+1>+ ( 6(177‘)) <19+1)
: (

e(l—-7)\1-a §71+%) e
Now divide and multiply the last 2 lines of the expression by the coefficient of Y/tz

50 1— e—1
W o~ / e Jo plds (;yl%r}? [1 “;flc}) dt
: (or )
0o _e—1 _ 1
+/ e o ”stﬁftY1_<{ e 041 (f+1) dt
o o) e

0o _ _e=1 2
[t ptdsy ¢ o e—1 (1+19) 1 A-r)e B 2_(19+1)
+/0 e Jorsdsy {(1 O-a-n i +(<f1+fjl) 1-9 s

1—_&=1 2
e—1 (9+1) a-ne 9+1
l—«a

e(l—-7) 11—« (<71+1197i)
- dt

[(1-0- =% (2)] + % ((1 —2 - (%)2)

Ytz}) dt.

~21 ~ A
X | Yy - +YeZy
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Consider the large fraction at the end. After some algebra we get

1 <z9+1>+(1—<f—?1>e (wf

e(l-7) 1—« <_1+719_LC1¥) 11—« (¥+1)

11—«

(-0 - 2% (22)] + M <(1_Q2 _ (Hy) (e )

1

Also the coefficient in the third line can be simplified further to yield:

oo-d () iy v (o ()

0

1—c¢ d4+1

:_(1_0(1—7’)5_1—@'

Thus we can write

00 _e—1
W o= o~ Jo Plds _lyl—CQﬁf 1_1(;”54“ dt
T i R e
o0 t A =Ll -1 ¥+1
: (c-1g) Moo

S| 9+ 1 e—1 e 2
_/ e lo phds 2y 1-¢ | YT L (1-¢) Y, — 1——02} dt
0 2 l-a (1-7)e <C_1+119i1)

o 1 1 =
_ / e~ Jortds [ _Zyl=Cor2 iy~ 07T 1)
0 2 (C -1+ %)
00 R _e—1 1
+ / e ortds | Yyt ¢ | T (f - 1) o
0 (C -1+ %) -
R tphds _lyl—C E —(1— e 1 Y2 dt
+/0 © < 2 11—« ( C)(I—T)g t 7

(9+1)
_ 11—«

Y=Y, — —m——< 7.
t t (C—l—i—f_l;) t

is the output gap relative to the efficient level of output. This coincides with the result

where

~
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in Benigno and Woodford (2005).

Note that, with the markup-offsetting subsidy in place, the welfare function becomes

> t h 0 1 (941 ~
L A e e e R S I

and taking a second-order approximation for the time-preference shock

e g 1 (J9+1 ~
W = S (e Y (- —(1=0¢) Y2 at.
/0 € 7Tt2 2 1_Oé ( C) t

We can also write the linear Phillips curve in terms of Y;:

Phﬁtz%t‘i‘lgs({(1_0_&}&—7%)' (131)

11—«

E.5 The Linear-quadratic problem

Now we are ready to express and solve the planner’s problem as a simple linear quadratic
problem. That is, we maximize the purely quadratic objective subject to linearized
constraints.

E.5.1 Linear-quadratic problem of the simplified model

We analyze the problem in the presence of only cost-push shocks. The central bank

maximizes

* o [omey [[1o X o L (15X (2))} v

/0 e~ P {C Y{[l gc} 174% (1 3¢C+(C+1)c e 2Yt dt
< =t 1 ¢ v L d+1o oy 1],

+/O e + :|+ (t t)Tt t

1-¢Zc] " 1-¢X1-a
+/ e_phtj\At |:AddAtt — A AQ1 - w)n] dt
JO

oo TKioi(lwrl) 9+1 W+1) 1
hy~ —a ¥ —
+/ e Pt Ay {a( yi-attz - :|
0 q

2

C<Y{—9ﬁ§

1—a) 3
X [(Hg(gq)) ((%)YQJrCCAEf%Zt*@)+%(§*1)At dt

R hy o~ A~ A
+/ e P tArRy [*Ct +Yt] dt
0

% They consider a more general version of the complete-markets model. Our version is nested in
theirs.
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oo o 1 T —a(W+1) | dta —(9+1) 9+1\ 9+1) -
+/ efpht)\EEt |:_f (e} K 1o = 1Y1""+1Z T—a ((1 + )}’t (1 * )Zt>] dt
0 —a —
o0 hy o dx
+/ e P App {PhXH,z - XH’t} dt
0 dt

R 2 dx 1-— Y\ - 9+1 941 4
+/ "3 pcy {phxn e e 1 ((1 fc—) Vi — (th ARy ++t))} dt
0 ’ ’ dt 6 C 11—« 11—«

o hyo N
[T e R [0 CaC+ O i — ] at
0

®_ hys —Cyn R
+/ e P AR [C Yty — XF,t] dt,
0

with respect to 7, Yt, ét, Zt, Gt At, Xm.t, XrFe- 1f we integrate by parts, we get

e ferorf{l-l-eg - +<<+1><<?> >}1Yt I

2
+/ooe"’t CCY | =72 ¢ Y ! 19+1
0 1-¢5C] 1-¢51-a

S hyq hoa 2 ~
+ / e "R [0 AL — AeA( - w)n] dt
0

oo TK_al(ﬂ-H) 19+1 (W+1) 1
0 q(1—-a) 3

[l ) (22 e 92 dnafa

di
+/ ="t g 4, L0A gy
0 dt

1+

_hys A N
+/ e P >\TR,t |:—Ct +th:| dt
0
+ / eiphtj\zﬁt |:7ZAt + gAt:| dt
Jo 3

oo . —1 T —a(@+1) _, Y9+« —(9+1) I+1\ - 94+1) -~
+/ e " App, [_g @ KT lyTatlzrea (( + )Yt—( * )Zt)] dt
JO

& 1-a) 1—«a 11—«

oo < 1— Y\ 941 941
+/ e Spor |——cCy ((1-=¢Z) v, - + Yt—iZf+7—t dt
Jo ' 0 C 1—a 1—a

e hy A
[T e R [0 CaC+ O — ] a
0

%) hon
+/ e A, [C—CYﬁt - ch,t] dt,
0

The first-order conditions

—cx(19+1)

dL “ YK T-a  _ 941 ~w+1 1
= .0 = \ L v e e |
ac; S Ny ( *

=

(€ - 1)) — MRt — AgaCC ¢,
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L A TP B S SRS Yy’ L V41,
0= Y{P Cc} 1__C,é<13cc+(<+—1)<(c)>}+1_CglO[c Y

—a(9+41)

. TK 1-a 941 <ﬁ+1)1 A 9+1
— YTtz e (14 = 1
LR s( TrE- )> <1—a>

+ XTmt—XEE¢§:31 X zg‘Tﬁ”—lyf%+4Z$g)<ﬁ+1>
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0 1_a
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dZt ° O 1 _ CY 1 — C Tt
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\ —© 941 (9+1)
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dL 3 —olo 941 X
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The boundary conditions are

Apct = Agpt =0,
lim e~?"t\ =0
Ar = U

t—o00

Notice that those first-order conditions (by construction) coincide with the (log)linearized
versions of the first-order conditions of the nonlinear Ramsey problem E.2.1. The only
difference regards the initial conditions: While there we solved the problem from a time
0 perspective, here the initial conditions reflect the timeless perspective: the require
that the multipliers for the Phillips curve and Euler equation start at their steady state

values.

E.5.2 Optimal response to cost-push shocks

Simplifying the system of ODEs We can write this system of ODEs in a com-

pressed way, bunching terms depending only on parameters:

0 = Q15\A7t — S\TR,t — QQS\H,ta

0 = QuY;— Qa7 + Q45\A,t + 5\TR,t — Q55\EE¢ — QGS\PC,t;

0 = 37 — Q45\A,t — 5\Z,t + QSS\EE,t + QSS\PC,t

0 = _QQ;\A,t + QlOS\H,t ;
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0 = Qll;\A,t"‘QlQ

dApc
dt

dAgEyt
dt

where we have used the following definitions

1

Qp
Q3

—a(941)
TK 1-a o1, (19+1>1< A )
o Vit gz 1+ 2 -1,
(Cq,
- 1yz9+1C_CY
1-CX1-a
—a(@+1)
TK 1-a 941 =041 1 A J+1
11—« l-a — 1 _ _1
S f(rren) (70)
E—1 ot FeTSEED y de gy =) v+1 |
¢ (1—a) -«
1—c¢ Y J+1
—C _
e <1 gc 1_a),
¢ _
6|1 —|Cc %Y.
1ot
1—c¢ ¥+1
_ —¢
0 Yo 1—a’
TK_—oi(f;rl), D41, —(19+1)1(1+A(§ 1)>
o— 11—« l-aa — _ J— s
q(1 —a) 3 K
C~¢q,
TR 1A
Ao XETT e LA gy,
p A=) 5K(f ) — Al =)
A,
@
§
Y 1 Y Y\ ?
Y |1—=(=] - 1-3¢C= ¢ =
¢ {[ ) 1_%( 3t (C+ ><(0)>}
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The boundary conditions are

5\Pc,t = 5\EE,t =0,
lim e_pht;\Ai = 0.
t—o00
We may simplify the system as
. X Qo \ < . .
0 = QuY, — Q7+ | U+ — QQQ_ At — 5 e — QeApoy,

10

0 . Qyo d\ R R
1 )AA,t+ 222 L Qsdpey + Qsdpey

B YE S [ ERY
0 3Tt+<Q 4

13 Qg dt

d\ .

O == CIZDtCJ +Q77Tt7

dj\EEt Qg 2

0 = —/= —_—2)
dt Qo M

We integrate the latter two equations

- t
/ dA\pcy = \poy = _Q7/ Teds = —Q7pt,
o dt ’ 0
"dppy D 75 o 5
t_ = — [ Aasds==—Acay.
/o dt BE Qo Jo T

(132)

where the first equation in each line results from the fact that these two co-states are

predetermined and cannot jump, and the last equation defines the price level deviation

P = f(f msds and the accumulated Lagrange multiplier on the net worth equation

S\CA,t = fg 5\A7sds. Notice that lim; ,o, #; = 0 (because lim; ,o, z; = 0) and z¢y = 0 for

Tr = ACA,t) Pt

Using this, we now eliminate A PCits A B and A 4, in the first 2 equations:

Qo \ dAcay Qg
Qo dt Qo

0 = QuY;— Q7+ <Q4 +0 -y — Qs —Aoas + Qs B,
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. dhcar Dy dQS\CA,t Qg 2 ~
0 = Qth + (_ - Q4) dt + 9_13 di2 + 959—10)\014715 - QgQ7Pt. (134)

We multiply the first equation by g—z and obtain

— Oty = Ot B0 — Q2 O Mk Akl 00 P,
0 g Y 3QGTt+QG 4+ 200 7 50 O cay + 2882075,

Qs o, Qs . 98( Qg)d&m Qs Qo <

and adding the two equations we get

Qs Q%\) . (% Q\ QO dAca
= Qu—Y, Qs [1— = — | Q 0 — Qy—— — =0 ’
0 14QG t+( 3( QG)>Tt+<Q6< 4+ 2Q1o>+913 4> 2t

Oy 2\ 0 O\ -
el (1 - —8> ACA-

Qg

We can re-write it as

PAcay dAcay .
/] L Uohoa, = F
P + Wy dt + WaAca t
where
Q13 QS Q9 Qll
U, = B0, +0,-Q-2)+2_0q
LT 0, (QG( 1A 2910) Qs 4)’
QlS QQ QS
P, = Q. B 9 (1 _ 2%
2 5912910( Q)
Q13 Q8
P, = —- B, (1-=2 1
D= (1), (135)
¢
U, = —QMQ—S, (136)
6

F, = U7+ U,Y,.

Solving the forward-looking ODE This is a non-homogeneous linear second order

ODE. The characteristic polynomial is

TQ + \I/1’I“ + \IJQ.
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Its roots are
-, + \I/% — 4P,
r= )

2

We focus on the case where one root is positive and one negative and both are real.

(137)

The solution has two roots, r; and ry, with r9 > r;. The first root r; will be negative,

while the second root ro will be positive. A solution to the homogeneous ODE

d2)\ d\
CAt U, CAt

Uodoa; =0 138
de? a e (138)

is
N _ rit rot
>\CA,t = Ci€ + coe s

where ¢; and ¢, are constants. The boundary condition lim; 5\0 4 = 0 implies co = 0.

A particular solution to the ODE can be obtained by variation of coefficients:

S\CAJ = ; </°° e ds — /OO e_m(s_t)Fst) ,
(ro —11) t t

A general solution to the equation is thus

N 1 (o) . o0 . )
Aoas = o </ e—mi(s—t) (\Ilgfs + \1141/5) ds — / e—r2(s—1) (\Ilgf's 4 \1/4Y5) ds> + et

r2 —r1) \J; t
(139)
where the constant ¢; is determined depending the initial conditions.
Assuming an auto-regressive process for the cost-push shock 7, = Toe_Tlt,we can
express Ao At as
< Uy70cT't 1 1
A = — + et 140
ca ro—r1 \ri+7t ro+7! ! (140)
1 o .
+ (/ [6—7"1 (s—t) _ €_T2(s_t)} ‘114)/;618) 7
(re —r1) \Js
3 WyrOrle T 1 1
A = — — +ricie™t 141
cat ro — 71 ri+7l rg 47! i (141)
1 o .
+— (/ [7’16’”(5’” — rge’”(s’t)] \IJ4YSds> ,
(re =m1) \Js
= U,y70 (7‘1)2 et 1 1
A _ . 4 2 rit 142
e To —7T1 r+Tt e 47! e (142)
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1 o0
+—> (/ [7’%6_”(3 t_ r%e‘” s=t) ] ,Y, ds) .
t

(7”2—7“1

Using the initial condition 5\0 4,0 = 0, we compute the constant ¢y,

Wyr0 1 1 1 o0 .
87 T T - / [e7" — e ™| Wy Yids ). (143)
(rg—r1) \m+7 ro+ T (ro —1r1) \UJo

Price level targeting In the limit ¢ — oo, 7; = 0, because the shock is temporary.
In the limit ¢ — oo, since the 2nd order ODE (138) has no unit root (r # 0),°° by (140)
we also have that S\CAJ = d;\gf’t = de\ifQA’t = (0. Thus, by equation (134), in the limit
¢t — oo it must be that P, = 0.

Ccl = —

Weaker “Leaning against the wind” Consider equation (133). It must also hold

at t = 0. Since these variables are predetermined that 5\0 A0 = ]50 = 0. Solving it for Yy
t (133) reads

v Qs Qs+ —ng—ﬂ) dﬂcA’o
0 QI4T Q4 dt

Plugging in (141) and (143), we get

Yy = B —
0 Q14T0 Q4
L[ (s = )+ (5 e e it
T | o {0 (b ) (- e o)

0
Y, = 0 &+Q4+91—QQQT% Ug <1_'r1+71>
Q14 Q14 (rg —m1) ro 4+ 7!

QU+ —-Q o0 .
n 4 1= 2(21() <\1J4/ [6—7’28] 1/st> )
Q14 0

Now using (135) and (136):

Q13 Qg 1-c% : . .
60By (137) Uy = Q5 &z 8190 ( Sls) Qs — o Ouo ﬁ , a unit root exists only if 1 —C% =
—_————

>0
0 . However, in that case no Ramsey SS exists by 127.
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Q 1951 Q
1 <Q4 +Q — Qzﬁ) 941293 <1 — #;) ;

Vo= — | Q. —
" Qu ’ ro + 71 T
6,
Qg \ Qs [, _ N
— (0 Q-0 — ] = 728 )/Sd
\< 4+ 291())96//0 [e ] s
o1

Using the definitions of the €2s, and assuming that 1 > ¢ %, we can evaluate the terms

as follows
Q 951 Q
o = 1 O <Q4 + Q) — Qzﬁ) LS (1 — ﬁ)
PT o ’ ro + 7!
a 2~ 1-¢X
1 V41 %ph<é+§>g(%)cc}/W ;
— _ o > :
E- |1 =
and
9\ s
0, = — ([ WY+ —Q— | =
i ( S 2Q10) Qs
2
1 A (1)
= YKC" <— - —) e <0.
1K) (- - £
Therefore,
b= 0, 7+ O, [e_TQS] Y.ds
- =~/
+ —
where

_ —U) + /U2 — 40, .
2

T

where, in turn,

v +1 Y ¢ 1— Y
wo= (12) i (o) “‘W<1—<EC—CM><O’




U, =

Y\‘a —1+¢5 9+1 Y\¢ N
(&) i grta | amom (1)

This means that either Yy > 0 or I leme] Y,ds > 0 or both. That is Y; either jumps
up on impact or is positive when integrated across time with discount rate ro > 0, which

requires it to be positive at least for some t.

E.5.3 Comparison to the case with complete-markets economy

For brevity we focus on the case with and undistorted steady state, that is when the
appropriate subsidy is in place. The planner chooses 7, Y, Xr: to maximize welfare

subject to the Phillipscurve. The planner’s Lagrangian is

o 6 1 (9+1 -
/0 e Y C[—W?§—§{m—(1—é)}ﬁ2}

TR R dy 1—e_ 9+1]~
+e pht}\PC,t {PhXF,t - % - TYI ¢ ([(1 - C) - 1 a} Y, — Tt):|

+€_phtj\p7t |:Y1_C7f-t — )A(Fﬂf] dt,

where the two constraints together are the Phillips curve. If we integrate by parts, we

% o[ a0 1(0+1 !
/0ephtyl<[—Wf§—§{1_a—(1—0}5§2}
v hnes [~V ([0 -0 - 1| Tima))

get

11—«

The FOCs are

_97Tt+5\F,t = 0,

~ o 1—¢
—Yt-i‘/\Pc,t[ 7 } = 0,



Simplifying, we get:

. d\ 0 dy,

or equivalently: .
1 dy;

= —. 144

. e dt (144)

This target rule, by which the central bank accepts a reduction in output gap in ex-

change to contain inflation is known as leaning against the wind .

Now, using the Phillips curve (equation 131), we solve for Y;

v %(Phﬂt—fﬁ) + 7
t = I+1
(1-¢) -

Next take the time derivative of Y; and plug it into the target rule (144) to get:

S 1 &(ﬁt—phﬁt)—%
el (1-¢) -2

-«

Assume again that 7, = 7°%exp (—7't), we can write this condition as
- = = _= 14
Ty + 2T + S0y = Z3 €XP (—7’ ) ,

where

=1 = =P <0,

_ (1—¢) 041
Do = — -1 R
Py = _(1;5)707_1 >0

The characteristic polynomial

B £4/E7 45,
2 Y
which has two real roots z; < 0 < x3. The homogeneous solution has a solution

h x1t

xot
T, =pie’t + paet,
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where p; and py are constants. The limit condition lim;_,, 7y = 0 implies that py = 0.

The solution is of the form

71215 — p1€x1t+ E3 ) |:ezlt /OO e—(x1+7—1)sds_ex2t /'OO €_<$S+T1>Sd5}
t t

(I2 — I
= 1 1 1
— ezlt + 3 _ e T t7
P (x9 — 21) |:131+T1 5(32+T1:|
or
7= 100se” "t + pre™t, (145)

where

(e=1) 1

=T

Ty = 0

(o + 1Y) (2 +71)°

To find p; we use the initial condition on m; implied by the initial condition on the

PC multiplier A POt

0 = Apco,
=
1—¢] & ~
0 = [ 7 :|)\PC,O:YE)
%(7%0—&7%0)—70
NI =
1 (=m0 +aapy — p' 0Ty — ppy) — 7
(1-¢) -

=
o (TP T+ 1

&(1‘1 —ph)

P =

where the first line is the initial condition for the PC multiplier chﬁo, the second line
uses the planners FOC for Y;, the third line uses the PC to substitute for Y, and the
fourth line plugs in the solution for pi 145, which we can then solve for p;. Notice that

the second line implies that Y, (and thus for cost-push shocks f/t) can’t jump on impact.
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So

# =10 <T3e*7” + T4em> , (146)
(7’1+ph 7_1
) S

(za ) (w1 +71) '

128 (zl—ph)

where Ty = p; /70 =

Price level targeting Integrating the target rule 144 we get

t 1 [ty 1 -
/wtdt:— a1y
0 1l—¢ejy dt 1—e¢

where the second equality is because Y; can’t jump on impact under OMP. Note that
fot 7, = P, is the price level. Since Y, (and thus Y;) has to return to its steady state of
0 for t — oo, and the price level must also return to 0. This is the well known price

level targeting feature of the standard New Keynesian economy under Ramsey policy.

The sign of the IRFs We can now determine the impact value of inflation as

7f0 = (Tg -+ T4) TO,
e—1
0(1’2 + 7'1)

N

o)

-

>0

70,

That is if 7° is positive (a reduction in the subsidy) then inflation jumps up on
impact. Since inflation is the sum of two exponentials, and since the price level has to
return to its original value, inflation then gradually falls below zero before it converges
to zero from below.

Since fot mdt = %_61?} as just discussed, this means that output gap, which is con-
stant on impact, gradually drops below 0 before it returns to zero from below. It is

thus always negative along the impulse response.
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F Numerical Appendix

In this Appendix we present the new computational method used to (i) solve continuous-
time heterogeneous-agent models in sequence space, and (ii) compute optimal policies

within those models.

F.1 Overview

The central bank’s Ramsey problem in the heterogeneous-firm economy is computation-
ally more demanding than in a standard representative-agent framework, because the
distribution of net worth, w;(2), is now both a state variable in the private equilibrium
and a control variable for the planner.’ Notice that the density w;(z) varies over time
and across idiosyncratic productivity z. This poses a challenge when solving optimal
monetary policy, since the first-order conditions (FOCs) must be taken with respect to
an infinite-dimensional object.

There are a number of proposals in the literature to deal with this problem. Bhan-
dari et al. (2021) make the continuous cross-sectional distribution finite-dimensional by
assuming that there are N agents instead of a continuum. They then derive standard
FOCs for the planner. In order to cope with the large dimensionality of their problem,
they employ a perturbation technique. Le Grand et al. (2025) employ the finite-memory
algorithm proposed by Ragot (2019). It requires changing the original problem such
that, after K periods, the state of each agent is reset. This way the cross-sectional dis-
tribution becomes finite-dimensional. Nuno and Thomas (2022), Smirnov (2022) and
Davila and Schaab (2023) deal with the full infinite-dimensional planner’s problem.
This implies that the continuous Kolmogorov forward (KF) and the Hamilton-Jacobi-
Bellman (HJB) equations are constraints faced by the central bank. They derive the
planner’s FOCs using calculus of variations, thus expanding the original problem to also
include the Lagrange multipliers, which in this case are also infinite-dimensional. These
papers solve the resulting differential equation system using the upwind finite-difference
method of Achdou et al. (2021).

While we follow the latter approach in spirit — and we indeed use the analytical

planner’s FOCs to derive some analytical results — we propose a new algorithm that

61Tn our model, we do not need to keep track of the firm’s value function since the firm’s problem has
a simple closed form solution. In a more complex heterogeneous agent models, one would additionally
have to keep track also of the value function. Our method would accommodate that.
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automates this procedure. Below we summarize the main steps of the algorithm, with

the following subsections providing detailed explanations of each step.

1. First, we discretize the planner’s problem with regards to the idiosyncratic state
space using finite differences using a finite difference approach. This transforms
the original infinite-dimensional-state continuous-time problem into a high-dimensional-
state continuous-time problem, in which the value function and the state density
are replaced by large vectors with a dimensionality equal to the number of grid

points used to approximate the individual state space (200 in our application).

2. Next we use symbolic algebra to determine the continuous-time, discrete-state
first-order conditions. Then we discretize time. This delivers a large-dimensional

system of difference equations.

3. Now we find the Ramsey steady state by solving this system at steady state. To
do so, we compute the steady state of the private economy conditional on the
steady-state level of the policy instrument with a conventional iterative method,

and then back out the associated multipliers.5?

4. Finally, we solve for the nonlinear transitional dynamics under perfect foresight
after unexpected “MIT” shocks. That is, we solve the non-linear system of dif-
ference equations resulting from step 2 in the sequence space using the Newton

method, as already described in Section 3.

This algorithm can be employed to compute optimal policies in a large class of continuous-
time models with either heterogeneous or representative agents. We provide a toolbox

that allows to apply this algorithm in a largely automated manner.

F.2 Detailed general algorithm

1. Finite difference approximation of the idiosyncratic state Consider an
arbitrary heterogeneous-agent model in continuous time continuous-time with a contin-

uous idiosyncratic state space. Its private equilibrium conditions will typically contain

52In our application we know the value of the instrument in the Ramsey steady state (7 = 0). In
other applications this may not be the case, then finding the steady state boils down to solving a
nonlinear equation (system) in x variables, where z is the number of instruments (1 in our case).
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a Hamilton-Jacobi-Bellman (HJB) and a Kolmogorov forward (KF) equation. That is
the equilibrium is defined by a set of partial differential equations.
We first discretize with respect to the continuous state the KF equation. The

dynamics of the (now finite-dimensional) distribution p, at period ¢ are given by

ar Bt”’tv (147)

where By is a matrix whose entries depend nonlinearly and in closed form on the
idiosyncratic and aggregate variables in period ¢.%% Similarly, the HJB equation is
approximated as®
th
PV = Uy —+ AAtVt7 —_ . (]_48)
ot
Together with additional static equations, such as market clearing conditions or bud-
get constraints, and aggregate dynamic equations, including the Euler equations of
representative agents (if any) and the dynamics of aggregate states, these conditions
characterize the private equilibrium in continuous time with a discretized state space..
We have transformed the equilibrium from a set of partial differential equations (PDEs)

to a set of ordinary differential equations (ODEs).

2. Symbolic derivation of planner’s FOCs Once we have a continuous-time
discrete-space model, we can derive the planner’s FOCs by symbolic differentiation. To
do so we take the discrete-state-continuous-time equilibrium conditions from the pre-
vious step, define the planner’s objective and then use symbolical math (in MATLAB)
to derive the planner’s FOCs. For this purpose we provide a toolbox, which basically
follows the same steps as those followed in D.1, but in an automated fashion and with-
out having to deal with the continuous state dimension. The result is a large set of
FOCs in continuous time, which together with the private equilibrium conditions, form
a large system of ODEs.

We then discretize time. We use the following convention: Forward-looking variables

are approximated by forward differences and vice versa: % ~ T and % ~
%. In other words, the KF equation is approximated implicitly, and the HJB

63Technically, this matrix results from the discretization of the infinitesimal generator of the id-
iosyncratic states. In the example of Section 2, p, = wy.

64Tn the model presented in this paper the HJB can be solved analytically and hence there is no
need to solve it computationally.
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equation explicitly. We end up with a large set of difference equations.

A natural question at this stage is whether the result of our algorithm differs from
that of the approach of Nuno and Thomas (2022), Bigio and Sannikov (2021), Smirnov
(2022) and Davila and Schaab (2023), who derive the planners FOCs from the original
continuous-time-continuous-state Ramsey problem and the discretize time and state.
The following Proposition shows that two solutions coincide in models where exogenous
states feature reflective boundaries and where the endogenous state is unconstrained.
While many models in the heterogeneous agent literature do feature constraints also on
endogenous variables (e.g. borrowing constraints), those can often be approximated by
a smooth cost function, in which case the below proof applies again

Proposition E.1 : The system of difference equations resulting from the our al-
gorithm and the "first optimize then discretize” algorithm used in Nuno and Thomas
(2022), Smirnov (2022) and Davila and Schaab (2023) coincide in models where ex-
ogenous states feature reflective boundaries and where the endogenous state is uncon-
strained.

Proof: See Appendix F.7.

The Proposition shows that our approach adds no additional approximation error
relative to the manual method. But it allows to automate the finding of first-order
conditions with standard symbolic math.

Though we have ended up with a discrete-time approximation, casting the original
model in continuous time is central to our method. The discretized dynamics of the dis-
tribution and Bellman equation present two advantages compared to their counterparts
in the discrete-time continuous-state formulation typically employed in the literature.
First, the analytical tractability of the original continuous-time model implies that the
agents’ optimal choices in the discretized version are always “on the grid”, avoiding the
need for interpolation, and are “one step at a time” making the matrix By sparse.®®
Second, the private agent’s FOCs hold with equality even at the exogenous boundaries

(see Achdou et al. (2021) for a detailed discussion of these advantages).

3. Solving for the Ramsey steady state Before we can solve for the dynamics
we need to know the Ramsey steady state, both to determine initial and terminal
conditions and to provide an initial guess for the transition paths of the dynamic prob-

lem. In our setup, we determine the value of the policy instrument (inflation) in the

65The introduction of Poisson shocks would not change the sparsity of matrix By.
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Ramsey steady state analytically. Given this inflation rate, we use a standard iterative
procedure (explained in Section F.6) to solve the (steady state) private equilibrium
conditions for the steady state values of the prices and quantities. Given those values,
we solve the (steady state) planner’s first-order conditions for the steady state Lagrange
multipliers. This step is trivial, since this system is linear in the multipliers. Our tool-
box automatically produces a function that delivers those values. If the steady state
value of the policy instrument were unknown, it would be easy to find it by solving a

uni-variate nonlinear equation, using the automatically generated function.

4. Newton algorithm to solve the optimal policy problem non-linearly in
the sequence space Finally, we use the discretized optimality conditions of the
planner to compute non-linearly the optimal responses to a temporary, unexpected
change in parameters (an "MIT shock") under perfect foresight. Finding the optimal
policy in the sequence space (and not in the state space) helps to overcome the curse
of dimensionality since in the sequence space the complexity of the problem grows only
linearly in the number of aggregate variables, whereas the complexity of the state-
space solution grows exponentially in the number of state variables. This approach
has been made popular in discrete-time models by Juillard et al. (1998) (Dynare with
perfect foresight) and more recently been extended to heterogeneous agent economies
by Auclert et al. (2021) (Sequence Space Jacobian toolbox in its nonlinear version).
We build on these contributions when we compute the optimal transition path. The
solution to the perfect foresight problem can be easily reinterpreted for the case with
aggregate shocks. As Boppart et al. (2018) show, the perfect-foresight transitional
dynamics to an "MIT shock" coincides with the solution of the model with aggregate
uncertainty using a first-order perturbation approach.

To find the paths for all our equilibrium variables, including our discretized distri-
butions and value functions, we use a global relaxation algorithm. This approach
has traditionally been applied to discrete-time representative agent models, especially
since it became easily available through Dynare’s perfect foresight solver (Juillard et al.
(1998)). It is somewhat less common in continuous-time models (e.g. Trimborn et al.,
2008). We apply this method to our continuous time heterogeneous agent economy
under Ramsey policy.

For convenience, and in order to reach a wider audience, we use Dynare to per-

form this step. Specifically, our tool automatically translates the system of difference
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equations obtained in step 2 into Dynare syntax. We then employ Dynare’s nonlinear
Newton solver to compute the optimal transition path under perfect foresight. Al-
though this is the most computationally intensive part of the algorithm, it typically
takes only 1-2 minutes to run for our model on a standard laptop.

Our hope is that by relying on the popular and time-tested Dynare toolbox where
possible, and by providing a new, user-friendly extension that broadens its scope to
optimal policy problems in continuous-time settings with heterogeneous agents, we
make the analysis of optimal policy in such models more accessible to a wider community

of researchers.

F.3 The continuous time Ramsey tool for Dynare

Our tool allows solving Ramsey problems in a large class of continuous-time heteroge-
neous agent models.%® The toolbox requires Dynare and Matlab. It is available from the
authors’ websites, and in the GitHub repository https://github.com /beagzl/ OMPH.git.

As inputs, the user has to provide the following:

e The dynamic private equilibrium conditions and the planner’s objective, dis-
cretized with respect to the state space according to a valid discretization scheme.
Equations are entered very much as they would typically appear in a paper, with
dot_X denoting the time-derivative of a variable X, sorted by their type (backward-
looking, forward-looking, static). Parameters and variables, which can include
vectors for discretized idiosyncratic variables / parameters, need to be declared as
such. Variables need to be declared by type (backward-looking, forward-looking,
static). Dynamic auxiliary variables, which are defined purely for notational con-
venience (such as a real interest rate in our case), must not be used, as this would

create incorrect initial commitments under the timeless Ramsey plan.

e A file that computes the steady state of the private equilibrium, conditional on (a

guess for) the steady state value for the policy instrument and parameter values.

e A set of parameter values, including the models parameters, the parameters of

the discretization scheme and the aggregate shock sequence.

66The toolbox could also be useful for continuous-time models with exogenous policy or without
heterogeneity.
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The user has to manipulate two files: the file “buildfile.m”, where he has to declare the
model and the parameters and variables; and the file ‘HANK.mod” and “RANK.mod”for
the baseline model and the complete-markets model, respectively, where the steady state

of the private equilibrium and the particular simulation need to be defined.

F.4 Comparison to other solution methods

We are aware of four methods to solve Ramsey problems in general heterogeneous
agents models. We have already mentioned them above, and we compare them in more
detail in this table.®” The purpose is not to argue that one approach dominates the
others, but to show similarities and differences. An advantage of our method is that it
allows for an arbitrary path of the distribution while allowing for occasionally binding
constraints and being highly automatized.

The approach most similar to ours is that of Nunio and Thomas (2022), Smirnov
(2022) and Déavila and Schaab (2023). Relative to them, we deviate in two important
ways. On the one hand, we first discretize the planner’s problem with respect to the
continuous state and then find the FOCs, as opposed to first deriving the FOCs by
hand using calculus of variations and then discretizing them. Above we presented a
Proposition showing that the two approaches are equivalent. On the other hand, we
automate much of the process. All the user has to do is (i) to provide the dynamic
continuous-state continuous-time private equilibrium conditions and to discretize them
with respect to the continuous state variable (step 1), and (ii) to find the steady state
of the private equilibrium given (a guess for) the steady state instrument (part of step
3). Deriving the planners FOCs, computing the Ramsey steady state, and computing
transitional dynamics is all automated. We provide a toolbox that automates the second
step and translates the resulting equation system into dynare, which we then use to
solve for the Ramsey steady state and the transitional dynamics.

When it comes to solving the nonlinear perfect foresight dynamics (step 4), we use
a global relaxation algorithm. This approach has been made popular in discrete-time
representative agent models by Juillard et al. (1998) (dynare), but it is somewhat less
common in continuous-time models (e.g. Trimborn et al., 2008). We build on these
contributions when we compute the optimal transition path. In doing so we deviate

from the two loop approach traditionally used in the heterogeneous agent literature,

67"Note that grouping 4 papers as one conceptual method glosses over some differences.
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which solves the heterogeneous agents block conditional on a guess for aggregates and
then updates the guess for the aggregates. Recently Auclert et al. (2021) have proposed
a particularly efficient variant of this approach, the Sequence Space Jacobian toolbox.
In principle, our approach would also be compatible with the non-linear sequence space
Jacobian toolbox. Indeed using the SSJ toolbox (in its non-linear mode) in step 4
instead of dynare would deliver the exact same solution. We leave linking our toolbox
with the SSJ toolbox for future work.

Our approach to solving for the equilibrium dynamics is different from the one in
Winberry (2018) or Ahn et al. (2018). These papers expand the seminal contribution by
Reiter (2009), based on a two-stage algorithm that (i) first finds the nonlinear solution
of the steady state of the model and (ii) then applies perturbation techniques to produce
a linear system of equations describing the dynamics around the steady state. Winberry
(2018) illustrates how this can be also implemented using Dynare, and Ahn et al. (2018)
extend the methodology to continuous-time problems. The key difference is that these
methods are linear in aggregates, while ours is non-linear. That said, in principle one
can easily modify our algorithm to employ a linear approach in step 4.

None of the methods discussed in the last two paragraphs, however, are meant
for finding Ramsey optimal policies, which is the focus and main contribution of our

algorithm.
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F.5 Finite difference approximation of the Kolmogorov Forward

equation

The KF equation is discretized with respect to the idiosyncratic state space by a finite
difference scheme following Achdou et al. (2021). It approximates the density w; (2) on a
finite grid z € {2!, ..., 2/ }with steps Az. We use the notation w] := w;(27), j = 1, ..., J.
The KF equation is then approximated as

E—(St(z)—z—(l—?ﬂ)ﬂ wy
_ wip(2) —wi (27 n w] T2 () 4wl 152 () — 2w] 52 ()

Az 2 (Az)°

Y

which, grouping, results in

Bt _ [(stw’) - 1/1)77) JuE) T,

ot A Az (A
p(z") 52(2“]_1)] -1 {52(2']*1)} j+1
+ + wi A+ | |w
{ Az 2(Az)? | 2(Az)* |
~ ~ g _ ——
o7t xitt

The boundary conditions are the ones associated with a reflected process z at the

boundaries:%®
Ow} ,
- = (Bl x) e+ Xpw!
ow?!
- = B+ o) + o7

68Tt is easy to check that this formulation preserves the fact that matrix B™ below is the transpose
of the matrix associated with the infinitesimal generator of the process.
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If we define matrix

[ Bl+xt X2 00

o FoX:
0 o B x{
Bt: . . . . ’
J—2 J—1
o t X%]

0 o' B+ |

then we can express the KF equation as

0
=t =Buw, (149)
T
where w! = [ w w? o oWt W

F.5.1 Extension to non-homogeneous grids

Our model can be solved using a homogeneous grid. However, we use a non-homogeneous
grid for the state z to economize on grid points. This is useful for two reasons: First, it
allows us to concentrate grid points around z;, which is convenient since z; does not live
on the grid, which introduces additional approximation error. Second, numerical error
may pile up at the lower end of the grid. We could not find a universally applicable
way to implement non-homogeneous grids in the economics literature, so we propose
the following discretization scheme.%”

Be z = [2', ..., 27] the grid. Define Az’ = 2" — 2 and let

1
AZ:§|:AZL2, A3 AP AR AT

We approximate the KFE (24) using central difference for both the first derivative

and the second derivative.

ow] i A R N A i
E = <5t(z ) - Xt - (1 - 1/])77 Wy — Azi—1j+1

690ur approach builds on the one in the Appendix of Achdou et al., 2021. It differs from theirs
in two ways. First, it can be derived as a finite difference scheme over the KFE. Second, it relies on
central differences for the first order derivative, and hence it is not an upwind scheme.
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1 Az 12 (70T 4 Aphitlo? (271wl ™1 — AZi= 1t 162 (2 w" ()

Y

2

which, grouping, results in

J
ow

ot

% (AZI=LI+1) Azdd+1Azi =1

a*() :
(1 - w>77> - AZj’j+1AZj_1’j] wg

/

~
J
it
[ (2 o?(z771) j—1
Azi=Litl T (Azi—Li+l) Azii=1 |
- ~- /
ol ™!
_p(Eh o*(2) j+1
Azi=LiH1 T (AZi=LiHl) Agiitt |
L ~ g
"

The boundary conditions are the ones associated with a reflected process z at the

boundaries:

Ow;
ot
Ow;
ot

(B! + xi) wi + xjwi,

J-1, J-1

(6214‘92])%{‘*'@15 Wy

where we define Az%! = Az12 and Az = Az/-17,

The law of motion of w can equivalently be written in matrix form

where

0

B+ xi X
o

2
t

07

X}

3
t

Xt

—Bt(—dt,
0 .
0
0
dtw
0 o B+

Ay (1-— 1/1)77>, which is independent

Abstracting for brevity from the term <st(zj v
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of the grid, and spelling out B; we have

o2(z1)  _ oplz) _ _20%(z1) _ u(z2) o?(22) 0 T
Azy2Az1 2 Az 2 Azy2Az1 2 Az 2 Azy 2Az1 2
mu(z1) + o2(21) _ o%(22) _ p(z3) + o2 (z3)
Azy 3 Az1,3Az1 2 Az 2Az3 3 Azy 3 Azy 3Az2 3
dwy 0 w(z2) | o2(z2) ___o%(3)
ot Az 4 Azg 4Aza 3 A22,3A§3,4 Wt
0 0 n1(z3) + o (23)
Az3 5 Az3 4Az3 5
We can rewrite this as follows
[ _nG) PG _ n(z2) Az3307(22) 0 ]
Azy,2 Az 2Az o Azy,2 Azg 3(Az1,2021,2)
p(z1) o2 (21) (Az1,2+Az23 3)0% (22) u(z3) Azz 402(23)
Azi,3 Az 3Az) 2 - Azly3(A2112Az213) 7Azl,3 A2314(A2173A22)3)
% . 0 w(z2) + Azy p0%(22) _(A22,3+A23,4)02(23)
ot - Az24 Azlyg(Az2y4A2213) Az2y4(Azgy3Az3)4) Wt-
0 0 w(z3) Azp 30°(23)
Az3z,5 A22yg(Azg,4Azsy5)

Note that the bold terms in row i are equal to 1/Az;, where Az; is the i-th element
of Az. Furthermore note that, up to the bold terms, the columns sum up to 0. Thus
AzB" = 0 . Therefore

Ow;  0Azw;

A
“ot ot

= Athwt =0.

Thus our central difference approximation scheme on an non-homogenous grid is mass
preserving. That is, given that we start with a properly defined distribution of mass
one Azwg = 1 we have Azw; = 1Vt > 0, where Azw; = Zj ngzj is the trapezoid-rule

approximation of the integral [ wy(z)dz.

F.5.2 Finite difference approximation of the integrals

To approximate the integrals in [ w; (2) dz and [ zw(z)dz we use the trapezoid rule.
t
Le. if f(2) is either w; (2) or zw(2) and 27 < z < 297! then the integral from the closest

gridpoint below z to Z is given by

[ r@a=[r @)y ) -1 ()] ] -2

We use this formula to construct the integrals over a larger range piecewise. For
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example:

f(=h
2N 2
/ [ de= a2y | T
f(Y)
and
_ £ (o) -
z* 2
[ = axeoy| T
e |
x ]_ - Sk *— ‘]*_1 * R __
+ I:f <zj 1) + B {f (z] ) —f (z] 1)] 72* _sz*_1:| (2" =27 1)
where j*= arg min {j <JZ > z*},
j
where Az(z',27) = 1 [ AV AN A2 L AT AT } is defined

as in the previous Section.

F.6 Algorithm to solve for the steady state of the private equi-
librium

Here we present how to solve for the steady state of the private equilibrium, that is
for the steady state when the central bank sets a certain level of the nominal interest
rate in SS i. We normalize the price of capital ¢ = 1 and a labor to L = 1. ™In SS

consumption does not grow, hence from (14)

r=p" (150)

Combining (150) with the Fisher equation and the fact that the planner sets a certain

nominal rate ¢ we get that

T=1i—p" (151)

70VYe calibrate the capital stock K and the constant 1" to ensure that the conditions ¢ = 1 and
L = L =1 hold respectively.
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In steady state, 7, = 0 and Y, = 0. Hence, from equation (21) we obtain

(ree2)
m = m—i—pﬂg.

Using equation (32) and (150),

h

Pl = <amZAa1L1°‘Z—) -0

v X

|

From equation (33) and (150),

% =0=[y(1 -Q(") (amZK*'L'"™* = R) + R — dq — q(1 — ¥)n)]

Plugging the latter equation into the former, we obtain:

*

Pl =[(0" +0) (v(1 - Q") = 1) + (L= ¥)n+ ] ;X'

(152)

(153)

(154)

(155)

In the algorithm, we use a non-linear equation solver to obtain z* from this equation.

The Algorithm.

e Set L =1L and ¢ = 1.

e Getr =ph, m=7andi=p'+ 7 and R = q(p" + ) andm:m*—i—phwg.

e Let n now denote the iteration counter. Make an initial guess for the net worth

distribution wyg.

1. Use a non-linear equation solver on equation (155) to obtain z from equation

(155) and obtain X,, = [ zw,(z)dz.
2. Get Z, = (vX,)".
3. Find A, from equation (31),

1
gp" +dq |
amZnLlfaf—:L '

n

A, =

4. Find the stocks K,, = v(1 — Q,(2%))A,, D, = K,, — A,.
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(1-a)/«
5. Compute w, = (1 — a)mZ,A,*L~% ¢, = « <M> me .

6. Get aggregate output Y = Z, ASL'~*, transfers T, = (1 — m) Y, —% (m)? Y+
q(1=v)nA, — K,6(1—q) , and consumption C,, = w,L + (R,, —0q)D,, + T,.

7. Update 87 = %(’y max {zp, — R,0} + R — d¢q) and employ it to construct
matrix B".

n+1 : : wtl—w” _ pn, ,n+l
8. Update w using equation “—*- = B"w" ™.

9. Check for convergence. If the net worth distribution does not coincide with

the guess, set n =n + 1 and return to point 1.

c—¢ .
e Set T = %5~ to ensure our guess for L is correct.

F.7 Proof of Proposition F.2

The proof has the following structure. First, we set up a generic planner’s problem in
a continuous-time heterogeneous-agent economy without aggregate uncertainty. This
problem features reflective boundaries on exogenous states. The endogenous states
are unconstrained. Second, we derive the continuous-continuous-time-continuous-state
optimality conditions of the planner’s problem and discretize them. Third, we discretize
the planners problem with respect to the idiosyncratic state space and then derive
the optimality conditions and then discretize them with respect to time. Fourth, we

compare the two sets of discretized optimality conditions.

1. The generic planner’s problem The planner’s problem in an economy with

heterogeneity among one agent type (e.g. households or firms) can be written as’

Ztvut(wl)r,lu%é),vt(x) /o exp(—ot) fo(Z;)dt (156)
s.t. Vt

» B hiz (157)

" B 2 (158)

0 = s t(z)ve(x) f3(Z4) (159)

"I'We abuse notation and employ the dot both as a partial derivative with respect to time,;(z) =

avéigm),and as derivative with respect to time X, = dﬁt.
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U, = /f4 (x,u(x), Zy) e (z) do (160)
pue(z) = oz )+f5(l“ u(z), Zt) (161)
0vt el )ik 0oz
+Zb x,u (), Zy) oz, +;Z : axia(xlz,‘v’x
fig(x) = =) o [b; (2, we(), Zt) pue ()] (163)
+% Z 61’8@1’k |:(O'(JI)O'($)T)”€ Hi (a’:)} ’ Ve
i=1 k=1 "
Xy = X, (164)
po(z) = [o(x), (165)
0o = tlggo exp(—ot)Uy, (166)
0 = tliglo exp(—ot)vy(x), (167)
0 = (b2 ) - 2 [ >])| e
 Ov(x) |
0 = o |mz,i:fz,i’ (169)

where we have adopted the following notation:

e Variables (capitals are reserved for aggregate variables):

x individual state vector with I elements. x contains I,, endogenous states

and [, exogenous states © = [z, z,], [ = I, + I,.

w individual control vector with J elements

v individual value function vector with 1 element

u(z) control vector as function of individual state

p(x) distribution of agents across states

v(x) value function as function of individual state

X aggregate state vector (other than u)

U aggregate control vector of purely contemporaneous variables
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— U aggregate control vector of forward-looking variables. These are typically

the multipliers of representative agents in the economy.
— U control vector of aggregator variables

— 7y = {Ut, U, Uy, Xt} vector of all aggregate variables
e Functions

— b function that determines the drift of x
— fo welfare function

— fi1, f2, f3 aggregate equilibrium conditions
— f4 aggregator function

— f5 individual utility function

Line (156) is the planner’s objective function.” Equations (157)-(159) are the aggre-
gate equilibrium conditions for aggregate states, jump variables and contemporaneous
variables. Notice that the variable U should be the multiplier associated to a backward-
looking constraint in the optimization problem of a representative agent. In our model,
examples for each of these three types of equations are the budget constraint of the
household, the household’s Euler equation and the household’s labor supply condition,
respectively; and U = [yg, xr| are the multipliers of the household (on the budget
constraint) and the retail firm (on the LOM of its price). Equation (160) links aggre-
gate and individual variables, such as the definition of aggregate TFP in our model.
Equations (161) and (162) are the individual agent’s value function and first-order con-
ditions, which must hold across the whole individual state vector . In our model we
do not have these two types of equations since we can analytically solve the individual
optimal choice. The Kolmogorov Forward equation (22) determines the evolution of the
distribution of agents. Finally (164)-(167) are the initial and terminal conditions for the
aggregate and individual state and dynamic control variables. In our model these are
the initial capital stock and firm distribution and the terminal conditions for variables
such as consumption. The last two lines (168,169) are the boundary conditions of the

KFE and the HJB associated to reflective boundaries on the exogenous states.

"2Notice that the planner’s discount rate, g, can be different to that of individual agents, p.
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2. Optimize, then discretize First we consider the approach introduced in Nuno
and Thomas (2022), namely to compute the first-order conditions using calculus of

variations and then to discretize the problem using an upwind finite difference scheme.

2.a The Lagrangian The Lagrangian for this problem is given by:™

- Tee {fo(Zt)

- 11(2))

(
Yo (U0 = £2(22)

0
A (X

Ast (f3(Z1))
U, — /f4 (z,ur(x), Zt) pe () d:c)

+ o+ + o+

Adt

_|_

[ D@ (=puu(o) + 6u(o) + fo(a,wa(o), Z0)) do
) () o3 (x) 9Pvy(x)
+ /l)\g,t (Zb x,u(x), Zt) oz, —|—2; 5 P2z, )] dzx
J
3 [ Puasts (ﬁu{i 3 aiit )|

I I

2
v f [Azt(x) (—m<x>+<—zaii by (a2, Z0) )] + 5 3 [?(w)umx)]))]dx}dt

i=1 izl

where A\; to A7 denote the multipliers on the respective constraints. For convenience,
we write the time derivatives in a separate line at the end. The Lagrangian becomes:

- /0 egt{fo(Zt) (170)

+ o+ o+ o+

Aa (Ut — | fa(zyui(x), Zy) p () d;z:>

I

o ot (ot it 20+ S e 2 2 3 )

=1 i=1

"SFor simplicity, we assume that the Wiener processes driving the dynamics of the state z are
independent, though the proof can be trivially extended to that case, at the cost of a more cumbersome
notation.
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e +i£§f?£ﬁ)]dw
+ /[)\n ( Z@x, (z,ue(x), Z) it ( i o (m)])} dm}dt
+ /OOO {e“’t )\1,tXt+)\2,tUt+/[)\5’t1}t($6)] dgc—/[,\mu't (2)] dm}dt.

We have ignored the terminal and initial conditions but we will account for them
later on. Now we manipulate the Lagrangian using integration by parts in order to
bring it into a more convenient form. We start with the last line. Switching the order

of integration, the last line becomes
/ e ¢ )\l,tXt dt +/ e )\Z,tUt dt + / / [efgt)\g),t(:c)?}t(x)} dt dz
0 0 0

-/ / T [ (@) (2)] dt

Now we integrate this expression by parts with respect to time ¢, using

/ e by dt = [e_gtatbt}go — / e (a1 — 0ay )by dt
0 0

= lim e %ab; — agby — / e (a; — oaz)b; dt
0

t—o00

to get

t—o0

lim e"2\; Xy — A\ 0Xo — /Ooo e A1y — oM ) Xodt + Jim ™22, Uy — A2,0Uo

- /(;OO efgt().\g,t — 0o )Usdtx
+ / (tliglo e N5 4 (z)vi(x) — /\570($)’U0(l‘)) dx — //000 e Ns.() — oXs () ve () dtd
- / (hm e Ny 1 (2) e () — )\7,0(95);10(:1:)) dx + / /000 e A\ri(x) — oAgo(x)) s (z) dida

t—o0

Now we use the initial and terminal conditions to drop some lim;_,., and ¢t = 0

terms,™

Jlim €720, X, — g0l — / e (A1t — oM1 o) Xpdt — / e (Aat — oNa ) Updt
e 0 0

"We focus on the case that multipliers do not explode.
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- /)\570(x)v0(x)dx + //000 e_Qt().\57t(a:) — 054 (x))ve(z)dtdx

B / lim e ¢ A7 y(@)ue(w)da + / /OOO e (Ara(@) — oAy (2))p (x) dide

Next we integrate lines 6 to 8 of the Lagrangian (170) by parts with respect to z.
Using the notational convention that x; = z|,,—z,, this yields:

[ e [ Cora@no) + duste) fote wle), 20) da (171)

I

R L 00 (2, ue(), Ze) Mo () 1 2 .,
+/0 e / <_§ o 5 ve(x) + 3 Z 92z, [07(2) A5t (2)] ve(x) | do
I,

+ Z/ Lnlim bi (z,u(2), Zy) s p(x)vg(x) —  lm b (w,u(2), Zy) /\5)75(33)1),5(33)} dx_;

i—1 Tn,i—>00 Ty, —>—00
I
30 [ (b o) aalaoon) = b (2) dslai)un(e) doy
i=In+1
I
As i (7)o () Oy () As.t(x3)0? () Ovy (2) ‘
+Z /( 2 0x; \m:x*-_ 2 0x; |z=2; i
i=I,+1 i %
I
s u(@)a () vy (27) | OXs(x)of () vy (27) _
- Z /< 8']:1 |z=x3 2 * axl |z=x; 2 e
i=I,+1
ofse 40 asale) ]
+ ]z_;/ ()\gjt(x)a ” —; oz, v(z) | dz
J I
- . 0b; ) 0b;
+j; ;/ (Jl_r}noo )\671315(96)87“%(95) — Ml_l)l{loo )\G,j,t(lﬁ)%w(iﬂ)> do_;
I
OA7.4() 0 M74(x) 0 ()
D e L e e I
17L
> (=t Aoty (o). Z0) s )+ T Ve o), 20) s (0)) s
I
+ > /(—)\7,t($z)bi (25, we(7), Zi) g (7) + Az (2)bi (26, we (), Z2) e (1) ) dw s
i=1,+1
! B B
) 2 _ 39 12 )
+i:l +1/ (M’t(xi)axi (77 @) (x)]\wzwz A7’t(xl)6xi (i (@) (x)]lf—wz) i
I
Oz 4(x) CHED) o, OAa() LHED) ) ,
+ i_;:ﬂ/( 9r: oew. 2 pe (23) + 9r: s, 2 pe (z7) | de—y o dt.

Using the boundary conditions (168) and (169) we can drop the fifth, eleventh and

twelfths lines of this expression. Reordering equations, and putting all this together
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the Lagrangian (170) becomes

L = /OOO e o {fO(Zt)

+ A (—f1(Ze)

+ Aot (—fa(Zy))

+ A3 (—f3(Z))

+ ( fa(z,ug( Zt)Mt()d)

N / ( st (2)00(2) + st () fo (2, e (), Z2) Z 0 [b; (x, ut(al,iZt) /\s’t(x)]vt(x)> de

! 2

+ / (; ' 82@ [Uf(x))\57t(x)] vt(o:)> dx
J I X jit( ib_i

+ Z [)\G,j,t Ofs.s Z [ ° )3 ]J vt(x)] dx
j=1 L A —

+ /KZ a)\;x: we(x), Ze) s ( +Zag)\” )Mt (m))] da

I,

+ Z/ L hrgoob x,up(x), Zt) s e(z)ve() — zn,}iinfoobi (x,u(z), Zy) )\57t(x)vt(:v)] dzr_;
i=1

~

+ 7) As.e (@) v (z7) — b (23) Ao (@) v (2 )) dx_;
oy

('3)\5 ¢( Vg (xg) 05 t( oz (x) vy (27)
dx
" / ( al.z |z=a; 2 axl |e=x; 2 v
i=I,+1 . !
J I, o
+ ;;/ <I1Lr>noo)\61t J’t’Ut(l')_ gmw X6, jt(T )%w(x)) dx_;
I,
+ Z/< lm A7e(2)b; (z, we(x), Zy) pe () + Hm A7 (2)b; (2, ue(2), Z2) e (:v)) dr_;
=1 T;—00 T;——00
(9)\7 +( .2(33-.) O\ 4() o2 (a5)
R i ) : =) ) de_; p dt.
" i= +1/ ( axl le=a; 2 pe (2) 0T;  |p—z, 2 e (7) | dx

oo

+ hm e N\ 4 Xy — A20Uo — / (>\1 ¢ — 0A1,) Xpdt — / t(j\z,t — oA )Usdt

+

/ so(@)vole da:—i—// €0 (g 1 () — 0N o ()0 ()t e
- /11m €0 A 4 (@) (o dx—l—//o e~ () — oArg ()1t () dida

t—
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2.b Optimality conditions in the continuous state space We take the Gateaux
derivatives in direction h;(x) for each endogenous variable x. These derivatives have to

be equal to zero for any hy(x) in the optimum. This implies the following optimality
conditions:

Aggregate variables:

U : 0= _(}\2,t - Q)\Q,t)

3fo,t_/\ Ofis A Ofay 1 Ofse Mo O0far
oU, Lou, “aUt SO0, oo, *

af5t abztavt
+/ As (0 <8Ut Z oU, dx, )] dx

J I
82f5,t abi,t avt@)
+ Z/ [/\G,j,t(x) <3uj,t3Ut + ZZI 00, O, dz

wy (x) dx

I
o [0b;,
vt > 0,
O: )\2’0
Xt 0= _(j\l,t - Q)\l,t>
0 foz Ofis 0 fau Ofs / O fas
X, Avt X, A2 5, 8Xt Mgy, X, —M X, ax, (@) de

8f5t 8bztavt
Xsi( <8Xt Z&Xt P )]dm
af5,zt I (%zt 3% )
+jz_;/[)\6,],t<$) (antaXt 2 8ujt(3Xt oz, )] dx
I
0 |0b;,
Al < Zaxz {8Xt )D]dx,
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0= lim e %\ (z).

t—o00

U: 0= 0
fot — At f},t o Jou g LBt [ ~ s f4t (3:) de
8Ut @Ut aUt 8Ut aUt
Ofsa | o~ Obig Ovy(2)
T (Asald) | D=m ) o — | | da
[ e >( Tuvy Sl

1

J
0 fs. Ob;y  Ouy(x)
+ e (1 t oy 2 p
Z/ [ 67]7t( ) <8uj,taUt ; an7taUt (%:z z

Ofr 0 fa Ofss Ofas
— Aot — Azt — Ay
oU, " oU, " oU, LU, a0, "

Noal() (8f5t +Z 81)3-7,5 8vt(g;)>] o

pe () de

aUt i=1 8Ut 81‘1

1

2 .
+Z/ X6t () 0 f5’t~ + ‘%z,t~ Ovy(x) 0
j=1 Ou; OU, = Ou;,0U, 0O

i >

v (-3 ] o

vt > 0.

Value function, distribution and policy functions

I
ve(z): 0= <_)‘5,t(x)p _ Z O[5 ¢(w)b; 8(; ug (), Zy)] %Z

Astm)])
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Vit > O> V~”C|L.<xi<@\ﬁ<1n>

0= lm Xs5:(z) Vaili < Ip,
T;—>00

0= lim MXs5(z) Vayli < I,
T;—>—00

0= bo(z3) Ase(z;) — 30, (A5t ()0 (z2)] o=z VL, >i>1

10
0= by (1:1) Asi(zi) — 20m, [)\5,15(33)0 (xg)}l‘ . V| I, > 1> 1,
0= )\570(56)
pe(x): 0= =g fa(x,u(z), Zy)

I
8A7t($) 8 )\715
. )y Zt)
+<i:1 Ox; bi (e, t+z

+(Are(@) — oAra()),

Vt Z 0) vx|§l<xl<§?7ﬁ/z<1n)

0= hm A i(2) Vaili < I,

T1—
0= lim A7i(x) Vayli < I,
Tr1—>—00
7))
0= D@ Vai| I, > i > 1,
ox le=x;
o\
RG] V| I, > i> I,
ox [|lz=x;

0= lim e %\ 4(7).

t—o00
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1

J
0% fs 0%b;  Ovy(x)
+ JZ /\6,],75(1') <8ul,t8ujvt + ; 3ul7tauj7t ox;

- Zm” ) Dia
81‘1 a’UJl,tMt

Vj, Vt, Vz,

0= lim >\6]t( x) Va;li < I,

xTi—
0= mil_l)ﬂ_loo X6 j () Vi < I,

2.c Discretized optimality conditions Now we discretize these conditions with
respect to time and idiosyncratic states.

The idiosyncratic state is discretized by a evenly-spaced grid of size [Ny, ..., Nj]
where 1, .., I are the dimensions of the state x. We assume that in each dimension there
is no mass of agents outside the compact domain [x;1,z; n,]. The state step size in di-
mension 7 is Az;. We define 2™ = (215, ..o Timys -, T1my ), Where ny € {1, Ny}, ...,ns €
{1, N;}. We are assuming that, due to state constraints and/or reflecting boundaries,

the dynamics of idiosyncratic states are constrained to the compact set [z1 1,1 n,] X
1

[T2.1, Ta.Ny] X oo X [T11, 21 N, ]. We also define 2™ = (21,0, ooy Tipyt1s ooy Trpy )y T
(Thmys oo Tims—1s s oy ) f = f @0, Zy), [0 = f(a™ hup, Z) and fH =
f(x™tt ul Z,). Te. the superscript n indicates a particular grid point and the super-
script n; + 1 and n; — 1 indicate neighboring grid points along dimension 1.

To discretize the problem we now (i) approximate time derivatives of forward-looking
(backward-looking) variables and multipliers by forward (backward) derivatives, (ii)
replace integrals by sums (iii) approximate derivatives with respect to x by the upwind

derivatives V or V :

v [ n] -]1 U:LiJrl N U;«L I o — U;” 1
iU = b7, >0 b7, <0
t i 1,t sz 1,t sz ?
B ni+1 n;—1
. L+t gite™ ™ — Dopcopty” p,soptd — Lni-1g oty
n _ i,t > ’ it
Z; £y

for any discretized functions v}, iy’ In particular, we use the first derivative V; for the
value function v;(z) and the multiplier on the KFE A7;(z), and the second derivative
V; for the distribution p(x) and the multiplier on the HJB \;4(z), since those are
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the appropriate upwind discretization schemes consistent with the respective boundary
conditions in the z-dimension reported above. We simplify the notation for sums ) =

Z'I’LlE{l,..,Nl},..,nIE{l,..,NI} :
The second-order derivative is approximated as

(W) + () = 2(v)

AVEUAI I (Aay)2

We maintain the subscript ¢ even if it refers now to discrete time with a step At,

that is, X, is the shortcut for X;, o;. To discretize time, for the state variables Z° =

{X, e (), Ag, As(x)} we replace the time derivative Z§ by Z AZtt L . For the forward-
looking control variables Z/ = {U, v, (), A1, A7(z)} we replace the time derivatives Z;
21!
by =5
We start with the optimality condition for Uy
Aot — Agp—1
U: 0= —|——"——0\ 172
t ( Al 0 2,t> (172)
Ofo \ Of \ Ofh \ 0fs , -~Off
—A —A A A ¥
o0, o, 2"faU MU, 2 gt

"2

", (a I 86” ) ]

j=1 n
n va Znt n
vt > 0.

X0 0= —(%—gm (173)
Ofo 0fi Ofs Ofs ofr y
0X, Mgy 0X, — A tox, Aty 0x, At Z ax, M
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I
n - abzt n
vt >0
0 (174)
dfo ofi dfs Ofs ofr
+— — — — A - —
ou,  ““am,  ar, "oy, M 2 o0, "

Y b (2B s g
. P\ w00, = ouoU,

j=1 n
. [ovy,
+> —X;tZVZ[ ot t}
n =1 a t
Vi >0
A4t (175)
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The discretized optimality condition with respect to the value function v (x), the

distribution g (z) and the individual jump variable w;,(x) are.

I
v(): 0= —Alyp—Y Vi [ALb)] (176)
i=1
1 2 ny\n
+§ Z Az [Uz )‘5 t}
i=1
J n
)
AP, — AP,
_( 5,t At5t 1 —Q)\gt)
Vvt > 0.
Lt (Zlf) 0= —)\47th,5 (177)
I I
n 1 n n
(om0 v b + 33 00 52D
i=1 i=1
A2 = AT
7,t+1At [ Q)‘?,t
vt > 0.
0fs
D 0= A=} 178
up g () 4.t o, Hy (178)
J 2 I 2
0° f3 07bi,
A?’L B B i n
+; Oikit <8u}ft8u§it oug,0u, 7]
I
ob?,
— Vi (20| —==u?
; [ 7,t] au“ﬂt
vt > 0.
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3. Discretize the state first, then optimize, then discretize time Now we
apply our alternative approach. We first discretize the state space, then we solve the

planners problem, then we discretize time.

3.a The discretized planner’s problem Now first discretize the optimization

problem with respect to the idiosyncratic state (N grid points, grid step Ax;).

max / eXP<_Qt)f0(Zt)dt
Zty“?ﬂ“’??v;tn 0
s.t. Vt
Xt — fl(Zt)
U, = fZ(Zt)
0 = f3(Zy)
i N
Uy = Z fa(2™,uf, Zy) py!
n=1
I
o= b S Z) S b (g, Z) V)]
i=1
1
+§; (01'2) AF[vp], Vn
ofr. I o
0 = B PG v
aum — 3uj7t
I
[ = — Z Vi [b?,t/v‘ﬂ
i=1
1 J
+§ Z VAV [01‘2#?]
i=1
X() — XO
N
0 = lim exp(—ot)U,
t—o0
0 = tlgglo exp(—ot)vi ()
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Note: The boundary conditions in the xz-dimension are absorbed in the upwind deriva-

tives.
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3.b The Lagrangian The Lagrangian is

L = / e 2 fo(Zy)dt
0
+/ e Ay {Xt - fl(Zt)} dt
0
[ e (U - pzo}ar
0
+ / 0 Ng s {—f(Z))} dt
0
+/ e gy {ﬁt - Z fa (@™ ui, Zy) N?} dt
0
+/oo ethW/\?,t{ —pvit + 07 + fs(a™, upt, Zt) + Zz 21
+Zz 1( ) A [ ]
f5t ! oby',
—ot t 2) n
/ @ZZB 6Jt{ %ntvi[w] dt
;e
oo ot 6
+/ 6_‘Qt Zﬁt/\?,t Mtl z]:z—l . 7tlu't dt
0 n 5 2imr D (o7 up]
3.c The optimality conditions The FOCs are
oL . Ofor | Ofie . Ofa
o0, 0 = v, Al a0, — (Mgt — 0Mat) — Aot au, )\3t
R i
Z )\ { - val [Ut ]
92 f5t ! a%n
+;;A6]t{ un aUt aun ]
! n n —1 abzt /’LZL ! n;+1
+; lzzl A7i— {]Ib;ﬁﬁo aU, Az, +izzl()\7't
Vt>0
oL ~ Ofor Of1e B Ofa B O0fs
X, 0 = ax, ()\u 0A1t) — ALy 9X, Aot aX, A3t 9xX,
Ofs

+ZA;}¢{

SO
+ P aXt 7 [vt ]
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0Xy

bi (", uit, Z) Vi [vf']

}dt

f4t n
au, H

AMZ

(179)
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R R

DWW
J

I
ob?
n n;—1 i, Hw
+;{;( fa =) [Hb <09X, A;z
Vit >0
oL 0 0 0 0
— .0 = f?vtfxu f}tAz,t f“fxgt EX
oU, oU; oU; oU, oU,

I n
+Z/\5t{ 8f5t+zab” n}

Py N PV
+ZZ Ot anaUﬁ;au;gt

1 B o, un Lo oy, iy
+Z{Z< o) oG] 4 2 0 < [ e ]

n =1
Vit >0
L
aA 0 = af?’t — A af}’t — Aoy af?’t A3t aff)’t
o0, aU, a0, o, o,

I
n n iy pp
} + ; ()\7;+1 _ 7,t) [Hb;po 8XZ A;z] }

ofs
e = Aae y =t (181)

oU,

afp
—Nag Yty (182)

OL Ty <o - an>0 L2 (%‘2)”
—:0 = b" — 183

_O\g,t - Q)‘E) t)
—1

I
b >0
n;—1 nlfl
+ Z ALY

Z
B Z)\n1+1 pritl bzt 2;
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J n i—1 L on,—1
o}, Tpr, <0 — Ipr, >0 ATt Lyriisg
)\n ) 1, it it /\ni'fl i.t it
+ Z Z { 6,5,t {8“}% AZL’l + 6,7,t au;}i—l Al’l

j=11

Il
—

J

I 74 1 n;
_ Z Z AmitL { abi,t+ ]Ibi,;,+l<0 }
6,7,t n;+1 .
j=1i=1 7 0ug Az
Vi>0
oL
OL 184
x et (184
I I "
b, 2 (02)
AN =S (T, 0 — T ] - ;
n{ ; [( b7 >0 bw<0) Az; ; 2 (Az;)?
I n
Ipn, <0b7y (o7)
S P -
{ ; 7t Ax; 12:; 2 (Ami)Q
I I "
Ipr, > 007", (o?)
_ ni+1 G777 C
Jr{ Z)\” { Ax; ]+ZQ(A.T)2
i=1 =1 ¢
+()‘?t Q/\7 t)>
VvVt >0
OL ofiy
R 185
3ufft 4.t auﬁt Hi (185)
I
n obr
BT ot + SV [vf]
5,t {a o — aulﬂg t
32 5"t I aant
+ )‘n n n n S n l[ n]
Zj: 6,t {5%,155“1,:5 - ouy ,ou, !

~

s " oy
+ ZZ: (/\7ft+1 _ )\7,t) [Hb?;t>0 au;{ A;i

By the individual agents’ optimality condition, line 2 of this expression is equal to 0.

3.d Discretize time Finally we discretize time. As before, for the state vari-
ables Z° = {X, ju; (z), A2, \s(x)} we replace the time derivative Z; by Zglztig‘l . For

the forward-looking control variables Z/ = {U,v; (z), A\, \7(x)} we replace the time

. f _zf
; ; f Zep1—Z
derivatives Z; by ——

transformation is trivial.

. The resulting equations are skipped for brevity, since this
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4. Compare Finally, by comparing the respective discretized optimality conditions,
we show that the two procedures yield the same equilibrium conditions. Consider first

the condition for U;. The optimize-discretize condition is given by (172), which we
reproduce here

Mo — Aoy
U 0— (% _ MM)
L9 df1 dfs Afs O ff
— A A A g
Tou, " Man, e, Mau, 2 go, '

of: oby
+ZA?,t{aiUt+ZaUt i [v] ]}

Pl u;ft 8u aUt
I
n = 6b2t n
R2 Zv[a t]
Vt>0

The respective conditions from the second approach, equation (179) (after discretiz-
ing time), is
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The first to fourth lines are evidently identical. The last line also coincides once
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The same argument applies to the optimality conditions with respect to X; . The

optimality conditions with respect to U, and U, are identical, that is, there is no differ-

ence.
Next consider the two discretized optimality conditions with respect to v}* (176) and

(183). After some rearranging they are given by
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Again these, two expressions are identical.
Next, consider the two discretized optimality conditions with respect to uf (177)
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and (184). After some rearranging they are given by
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which again are identical.
Finally, consider the two discretized optimality conditions with respect to uj, (x),
(178) and (185). After some rearranging they are given by
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which are identical.
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To summarize, whether one discretize the optimality conditions of the planner and
then discretizes them, or one discretizes the planner’s problem with respect to the
idiosyncratic state and then derives the optimality conditions and finally discretizes

time, one arrives to the same set of optimality conditions.
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